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Preface to ”Candida albicans: A Major Fungal

Pathogen of Humans”

Despite the tremendous advances being achieved in our understanding of the molecular

mechanisms that underpin host–pathogen interactions, Candida albicans continues to be the

most prevalent of life-threatening fungal pathogens. Exquisitely fine-tuned environmental sensing

combined with genetic plasticity and the ability to rapidly adapt to the multiple niches of the human

body make C. albicans a major adversary in medical mycology.

This book aims to highlight the increasing global threat posed by C. albicans and raise awareness

of ongoing research which aims to combat C. albicans infections. Review articles and primary research

are combined to showcase the current state of play regarding morphological switching, nutrient

sensing and metabolism, and the impact of C. albicans infections on neonates. Current research

investigating antifungal host responses and strategies toward the development of antifungal agents

is also presented.

This Special Issue is aimed at those interested in Candida albicans biology, host–pathogen

interactions, and medical mycology. I would like to thank all of the authors who contributed to

this Special Issue. Your dedication and expertise are appreciated.

Jonathan Richardson

Editor
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Editorial

Candida albicans: A Major Fungal Pathogen of Humans

Jonathan P. Richardson

Centre for Host-Microbiome Interactions, Faculty of Dentistry, Oral & Craniofacial Sciences,
King’s College London, London SE1 1UL, UK; jonathan.richardson@kcl.ac.uk

Fungal infections kill ~1.6 million people every year [1]. The fungal pathogen Candida
albicans causes > 150 million mucosal infections and ~200,000 deaths per annum due
to invasive and disseminated disease in susceptible populations. Economically, yearly
healthcare costs for Candida infections in the USA are ~$2 billion [2], with similar per capita
costs in the European Union. C. albicans accounts for ~75% of all Candida infections and is
an enormous global health burden, the severity of which continues to escalate.

This Special Issue, “Candida albicans: A Major Fungal Pathogen of Humans”, com-
bines review articles [3–7] and original research [8–12] to explore recent advances in our
understanding of C. albicans morphological switching, nutrient acquisition and metabolism,
invasive infection in neonates, antimicrobial host responses and the development of poten-
tial therapeutics.

Morphological plasticity is considered a central tenet of C. albicans pathogenicity. While
numerous forms of C. albicans are known to exist including chlamydospores, gray cells,
GUT (gastrointestinal induced transition) cells, and white/opaque cells, the reversible yeast-
to-hypha transition is widely regarded as a crucial weapon in the C. albicans arsenal. The
intracellular signaling networks that activate morphological switching and the maintenance
of sustained hyphal growth in response to diverse environmental cues are explored by
Chow et al. [3]. The importance of chromatin-mediated epigenetic regulation in C. albicans
morphological switching and biofilm formation is highlighted by Iracane et al. [4], in which
an overview of C. albicans chromatin structure, histone modification, chromatin remodeling,
and the influence of non-coding transcription and non-coding RNAs is presented.

C. albicans must assimilate nutrients acquired from a hostile host environment in order
to thrive and persist; a process which occurs in the face of an often competitive microbiota.
The versatility of amino acids as a nutrient source is addressed by Silao et al. [5], in which
nutrient sensing, amino acid uptake and metabolism are explored with a particular empha-
sis on proline catabolism. Cellular metabolism is an important component of host–microbe
interplay during commensal colonization and infection. In their review, Pellon et al. [6]
discuss the metabolic flexibility of C. albicans in the context of commensalism and vir-
ulence, and the role of host metabolism in the control of innate immune responses to
fungal infection.

Invasive fungal disease is a major cause of infection-related death among critically ill
newborns. The risk factors associated with the development of invasive Candida infections
following major surgery in neonates are investigated by De Rose et al. [7]. The authors also
discuss fungal colonization of preterm infants, innate neonatal defence, and explore the
epidemiology of fungal infection in neonatal intensive care units and the diagnosis and
financial burden of invasive Candida infections together with prophylaxis.

The production of antimicrobial proteins is a key feature of host defence against
active fungal infection. Research by Dishman et al. [8] provides an intriguing glimpse
into the mechanistic action of “metamorphic proteins”; molecules that can reversibly
switch between alternative structural conformations. One such protein is XCL1; a human
chemokine capable of killing Escherichia coli and C. albicans. By locking XCL1 into distinct
three-dimensional structures, Dishman et al. demonstrate that different conformations of
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XCL1 kill C. albicans in vitro via two different mechanisms. Such intriguing findings may
one day inform on the design of future therapeutics.

The unacceptably high mortality rate associated with invasive fungal infections is a
reminder of the current shortcomings in antifungal therapy. A limited number of antifungal
drugs combined with ever-increasing levels of antifungal resistance highlights the desperate
need for new avenues of therapeutic intervention. In their article, Faria et al. [9] explore the
antifungal activity and in vivo toxicity of a 1,3,4-oxadiazole derivative (LMM6). Application
of LMM6 to C. albicans in vitro revealed encouraging antifungal and anti-biofilm activity,
and reduced fungal burdens (kidney, spleen) in a murine model of systemic candidiasis.

The torsional stress experienced by DNA during replication and transcription is re-
lieved by topoisomerase activity. Fungal DNA topoisomerases are highlighted as a potential
antifungal target by Gabriel et al. [10], who demonstrate that capridine-β accumulates
in C. albicans cells where it undergoes subsequent biotransformation into an inhibitor of
fungal topoisomerase II activity in a strain-dependent manner.

Sphingolipids have recently garnered attention as potential targets for antifungal
therapy due to their central role in fungal growth, morphogenesis, and virulence. Aureoba-
sidin A and myriocin inhibit inositol phosphorylceramide synthase and glucosylceramide
synthase, respectively, which are enzymes required for sphingolipid synthesis in fungi.
In their article, Rollin-Pinheiro et al. [11] evaluate the antifungal activity of Aureobasidin
A and myriocin against type strains and fluconazole-resistant clinical isolates of C. albi-
cans and C. glabrata. Both compounds displayed encouraging antifungal activity in vitro
and functioned synergistically with fluconazole, highlighting potential routes toward
combinatorial therapy.

Attachment of C. albicans to epithelial cells is a prerequisite for commensal colonization
and pathogenic infiltration of mucosal barriers [13]. Chemical strategies to reduce physical
interaction between pathogenic fungi and host cells are yielding encouraging results. In
their article, Martin et al. [12] describe the synthesis of a multivalent glycoconjugate in
which an inhibitor of C. albicans adhesion is chemically coupled to a linear peptoid scaffold.
Fungal adherence to buccal epithelial cells was reduced in vitro following treatment with
the glycoconjugate formulation, and investigations to elucidate the precise mechanism of
action are currently ongoing.

Despite significant advances in our understanding of C. albicans biology and im-
munopathology, selective pressures within the host environment continue to mould C. al-
bicans into an ever-more formidable foe. Improvements in the breadth of the antifungal
armoury are required if we are to overcome the challenges associated with increasing
levels of resistance. Continued research aims to pave the way towards more positive
patient outcomes.

I thank all of the authors that contributed to this Special Issue of Pathogens. Your time
and expertise are appreciated.

Funding: This work was funded by an MSCA Individual Fellowship from the EC European Commis-
sion (VacCan: 101027512).
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Abstract: Candida albicans is a major fungal pathogen of humans, accounting for 15% of nosocomial
infections with an estimated attributable mortality of 47%. C. albicans is usually a benign member of
the human microbiome in healthy people. Under constant exposure to highly dynamic environmental
cues in diverse host niches, C. albicans has successfully evolved to adapt to both commensal and
pathogenic lifestyles. The ability of C. albicans to undergo a reversible morphological transition from
yeast to filamentous forms is a well-established virulent trait. Over the past few decades, a significant
amount of research has been carried out to understand the underlying regulatory mechanisms, sig-
naling pathways, and transcription factors that govern the C. albicans yeast-to-hyphal transition. This
review will summarize our current understanding of well-elucidated signal transduction pathways
that activate C. albicans hyphal morphogenesis in response to various environmental cues and the cell
cycle machinery involved in the subsequent regulation and maintenance of hyphal morphogenesis.

Keywords: polymorphism; hyphal morphogenesis; hyphal activation; signal transduction pathways;
cell cycle regulation

1. Introduction

Candida albicans is a commensal fungus that is usually a benign member of the mi-
croflora in the gastrointestinal tract, genitourinary tract, mouth, and skin of most healthy
individuals [1–4]. C. albicans is also an opportunistic fungal pathogen responsible for
infections ranging from mild superficial infections to life-threatening candidemia [5]. The
use of modern medical therapies such as broad-spectrum antibiotics, cancer chemotherapy,
and solid organ transplant has led to an increase in the population vulnerable to invasive
candidiasis [6,7]. C. albicans is a leading cause of hospital-acquired infections; in the inten-
sive care unit (ICU), candidemia may represent up to 15% of nosocomial infections with an
estimated attributable mortality of 47% [7–11].

C. albicans displays a wide range of virulence factors and fitness attributes, including
its capacity for rapid evolution of resistance to commonly used antifungals (e.g., azoles,
polyenes, and echinocandins) and its ability to form biofilms on medical devices, con-
tributing to its success as a pathogen. One striking feature that allows C. albicans to cross
the commensal-to-pathogen boundary is its ability to switch reversibly between two mor-
phological forms, namely unicellular budding yeast, or filamentous form (hyphae and
pseudohyphae), in response to various environmental cues that reflect the host environ-
ment [12–19].

Yeast, hyphal, and pseudohyphal forms of C. albicans are all present in tissues of human
patients and animals with systemic invasive candidiasis [20,21]. Yeast cells exhibit a round-
to-oval cell morphology that arises from budding and nuclear division [22]. In contrast,
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Pathogens 2021, 10, 859

hyphae consist of tubular cells that remain firmly attached following cytokinesis without a
constriction at the site of separation. Pseudohyphae share features resembling both yeasts
and hyphae, which are branched chains of elongated yeast cells with constrictions at the
septum. Both yeast and hyphal forms have crucial and complementary roles important for
infection [23]. For instance, the yeast form is required for adhesion to endothelial cells and
dissemination into the bloodstream, while the hyphal form is required for tissue penetration
during the early stages of infection and yielding resistance towards phagocytosis [24–29].
Hyphae-specific virulence factors such as adhesins (Hwp1, Als3, Als10, Fav2, and Pga55),
host tissue degrading proteases (Sap4, Sap5, and Sap6), and cytolytic peptide toxin (Ece1),
aggrandize the host cell damage during infection [22,30].

Although C. albicans can undergo an array of morphological transitions such as the
formation of chlamydospores, gray cells, GUT (gastrointestinally induced transition) phe-
notype, and white/opaque cells, the yeast-to-hyphae transition appears to be the most
critical virulence trait [12,15]. Mutants locked in either the hyphal or yeast form have
shown diminished virulence, suggesting that the ability to switch between the two morpho-
logical forms is essential for virulence [31,32]. Recent advances in mechanistic studies have
provided insights into the morphological regulation, coordination, and interplay between
environmental factors and genes associated with pathogenesis. This review provides an
update on the signal transduction pathways involved in activating C. albicans hyphal mor-
phogenesis and how the cell cycle progression and its machinery further aid the regulation
and maintenance of sustained hyphal growth.

2. Environmental Cues Inducing the Yeast-to-Hyphae Transition

C. albicans has adapted to growth in the human host and can transit from yeast to hyphae
under a diverse range of environmental cues, as shown in Figure 1 [16,17,19]. Depending
upon the cues encountered, morphogenesis can be triggered via several pathways which
activate different regulatory circuits.

Figure 1. External hyphal-inducing signals. The yeast-to-hyphae transition in C. albicans can be
triggered by various environmental cues such as high temperature (37 ◦C), high CO2 concentration
(~5%), pH 7, nutrition deprivation, serum, peptidoglycan, N-acetylglucosamine, and inhibited by
quorum-sensing molecules from endogenous and exogenous sources.

2.1. Host Niches

The human host presents one of the most favorable environments for C. albicans
morphogenesis due to the presence of multiple inducing factors such as elevated (body)
temperature (37 ◦C), the presence of serum, elevated carbon dioxide (CO2) levels (~5%), and
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low glucose content (0.1%) [33–36]. Hyphal initiation requires an increase in temperature
to 37 ◦C and the release of quorum-sensing molecules (e.g., farnesol) for the temporary
clearance of the major transcription repressor of hyphal morphogenesis Nrg1 [37]. Elevated
temperature is also known to promote filamentation through the molecular chaperone
Hsp90 and the transcription factor Sfl2 [38,39]. In combination with elevated temperature,
the host serum is one of the strongest inducers of C. albicans hyphal morphogenesis [40].
Our group has previously demonstrated that bacterial peptidoglycans present in the host
serum trigger the hyphal growth of C. albicans by directly activating the cyclic AMP
(cAMP)-protein kinase A (PKA) signaling cascades through adenylyl cyclase Cyr1 [35,41].
Similarly, CO2, another potent inducer of filamentous growth, is also known to activate
the cAMP-PKA pathway by binding to Cyr1 [42]. In C. albicans, a carbonic anhydrase
Nce3 is involved in CO2 signaling and conversion of CO2 to bicarbonate (HCO3

-) [33].
Especially in host niches with limited CO2 (e.g., on the skin), the CO2/HCO3

- equilibration
controlled by Nce3 is crucial for the pathogenesis of C. albicans. The G-protein-coupled
receptor Grp1 and the Gα protein Gpa2 act as the glucose-sensing network for C. albicans
morphogenesis [43]. Low glucose concentration present in the bloodstream results in
the maximal hyphal formation, while high glucose concentrations repress it [36]. The
factors mentioned above have been shown to activate the fungal cAMP-PKA signaling
pathway [33,44–46].

2.2. Hypoxia (Low Oxygen)

Hypoxia is a clinical characteristic of inflammatory conditions, representing zones
of intense immune activity [47,48]. C. albicans can modulate the host response under
hypoxia and anoxia (absence of oxygen) to evade immune responses [47]. As a commensal,
C. albicans adapts to hypoxia condition by repressing the transcription factor of filamentous
growth Efg1. Interestingly, Efg1 has a dual role in hyphal morphogenesis. Under hypoxia,
it acts as a repressor at temperatures ≤ 35 ◦C, while under normoxia (normal oxygen
level), Efg1 is a strong inducer of hyphal formation [48]. efg1Δ/Δ mutants displayed
hyperfilamentous growth at temperatures ≤ 35 ◦C during hypoxic growth on agar surface
or during embedment in agar but not during growth in liquid media [48,49]. In contrast,
Ace2 is essential for hyphal morphogenesis under hypoxia while being dispensable under
normoxia [50,51]. Efg1 and Ace2 share functional overlap; chromatin immunoprecipitation
on microchips (ChIP) analyses revealed that hypoxic repressors (Efg1 and Bcr1) and hypoxic
activators (Ace2 and Brg1) are connected in regulatory circuits in controlling hyphal
morphogenesis under hypoxia conditions [48]. Additionally, Efg1 was implicated in the
Cek1-mediated pathway under hypoxia at ≤35 ◦C; low Efg1 phosphorylation levels inhibit
Cek1 and Cph1, preventing hyphal morphogenesis. The low Efg1 phosphorylation levels
also inhibited hyphal morphogenesis through the cAMP-PKA pathway.

2.3. pH Conditions

C. albicans is constantly exposed to fluctuations in pH ranging from acidic to slightly al-
kaline in different human body niches such as the digestive tract, vagina, oral cavity, blood,
and tissues [52]. pH sensing is mediated through Rim101, an important regulator of the
yeast-to-hyphae morphological transition [53–55]. Upon activation, the transcription factor
Rim101 enters the nucleus and mediates pH-dependent responses [56]. Remarkably, C. albi-
cans is not only capable of sensing and adapting to environmental pH but can also modulate
extracellular pH by alkalinizing its surrounding environment and auto-inducing hyphal
formation [57]. Furthermore, alkalinization has been shown to counter the macrophage
acidification during engulfment, promoting its survival in the macrophage [58].

2.4. N-Acetylglucosamine (GlcNAc)

GlcNAc is commonly found as a structural component of the mucosa of the gastroin-
testinal tract, bacterial cell wall peptidoglycan, and fungal cell wall chitin [59,60]. Given
the ubiquitous nature of GlcNAc in host niches and microbial cells, it could potentially
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serve as a critical signaling molecule that regulates the switch between the commensalism
and pathogenicity of C. albicans [61]. Figure 2 depicts an update on GlcNAc signaling
pathways and their involvement in hyphal morphogenesis. Ngt1 was identified as a
membrane transporter specific for GlcNAc, indicating the importance of GlcNAc in intra-
cellular signaling [62]. However, metabolism or breakdown of GlcNAc intracellularly is
not required in the C. albicans hyphal morphogenesis as triple deletion mutants that lack
all three catabolic genes (HXK1, NAG1, and DAC1) can exhibit filamentous growth with
the addition of exogenous GlcNAc [63]. Interestingly, genetic screens have revealed two
novel transcription factors, NGS1 and RON1, which play essential roles in both the GlcNAc
catabolism and GlcNAc-induced filamentous growth [64]. NGS1 encodes a protein similar
to the GNAT family of histone acetyltransferase Gcn5, while RON1 encodes a protein
similar to the Ndt80-like DNA-binding domain [65]. Ngs1 was discovered as a novel
GlcNAc signal sensor and transducer for GlcNAc-induced transcription in C. albicans [65].
Ngs1 targets the promoters of GlcNAc-inducible genes constitutively via the transcription
factor Rep1 [65]. Ron1 was initially thought to act as both an activator and a repressor of
hyphal morphogenesis. However, ron1Δ/Δ mutants constructed using the CRISPR/Cas9
method did not display observable GlcNAc-induced filamentous growth [64,66]. It is
noteworthy that, upon the addition of GlcNAc, ndt80 ron1 double deletion mutants could
overcome the hyphal defects observed in ndt80Δ/Δ mutants. Collectively, it suggests that
Ron1 functions as a repressor of filamentous growth in the absence of Ndt80 [66]. The
GlcNAc signaling pathway was initially believed to be related to the cAMP-PKA pathway
as cyr1Δ/Δ mutants cannot form hyphae under a broad range of conditions, including
GlcNAc [67]. However, it was later discovered that the fast-growing cyr1 pseudo revertant
strains could undergo filamentous growth in a GlcNAc containing medium [68]. This
indicates that GlcNAc can stimulate a signaling pathway independent of the cAMP-PKA
pathway that has yet to be fully elucidated. An alternative pathway involved in the GlcNAc
signaling is the pH-sensing Rim101 pathway. Production of excess ammonia during Glc-
NAc catabolism results in an increase in extracellular pH (>5), which indirectly stimulates
the hyphal induction in C. albicans via the Rim101 pathway [60,69].

2.5. Amino Acids Sensing

C. albicans can utilize amino acids as alternative carbon sources during growth in glucose-
poor, amino acid-rich conditions [57]. Amino acids that can be catabolized to arginine and
proline are potent inducers of hyphal morphogenesis [70–72]. C. albicans detects extracellular
amino acids via the plasma membrane-localized SPS (Ssy1-Ptr3-Ssy5) complex, which regu-
lates two paralogous transcription factors, Stp1 and Stp2 (Figure 2) [73–75]. In the presence of
extracellular amino acids, the amino acid sensor Ssy1 (Cys1) activates amino acid permease
(AAP) genes [76], while the peripherally membrane-associated Ptr3 recruits casein kinase
I (CKI), which activates the endoproteolytic activity of the endoprotease Ssy5 [76,77]. Ssy5
endoproteolytically cleaves the nuclear exclusion domain of Stp1 and Stp2, facilitating their
translocation to the nucleus [74]. Processed Stp1 regulates the expression of SAP2, which
encodes the major secreted aspartyl proteinase, and OPT1, which encodes an oligopeptide
transporter. The active Stp2 activates the expression of a subset of AAP genes [74,75]. The
endoplasmic reticulum (ER) chaperone protein Csh3 is required for the proper expression and
plasma membrane localization of Ssy1 and AAPs [78]. ssy1Δ/Δ, ptr3Δ/Δ, ssy5Δ/Δ, csh3Δ/Δ,
and stp2Δ/Δ mutants fail to respond to the presence of extracellular amino acids and display
impaired filamentous growth [73–76,78]. Amino acid-induced morphogenesis has recently
been shown to be dependent on proline catabolism, with a strict requirement for Ras1
activity [79]. Proline catabolism in the mitochondria leads to elevated cellular ATP levels,
which exceed the critical threshold of ATP needed to induce cAMP synthesis, leading to
hyphal morphogenesis [71,79,80].
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Figure 2. N-acetylglucosamine (GlcNAc) and amino acid-induced signal transduction pathways in C. albicans. Ngt1,
localized in the plasma membrane, transports GlcNAc into the cell. However, when GlcNAc is present in high concentrations,
it can enter the cell through diffusion. The main signal transduction pathway for GlcNAc-induced hyphal growth was
initially thought to be the cAMP-PKA pathway. Recently, the transcription factors Ngs1 and Rep1, which are involved in
GlcNAc catabolism, were found to stimulate hyphal growth via a cAMP-independent pathway. GlcNAc catabolism also
increases the extracellular pH, which favors the hyphal growth via the alternate Rim101 pathway. Extracellular amino
acids are detected via the plasma membrane-localized SPS (Ssy1-Ptr3-Ssy5) complex. The SPS-sensor activation leads to
endoproteolytic processing at the nuclear exclusion domain of transcription factors Stp1 and Stp2. Processed Stp1 regulates
the expression of secreted aspartyl proteinase (e.g., SAP2) and oligopeptide transporters (e.g., OPT1 and OPT3), while
processed Stp2 regulates the expression of amino acid permeases (APPs).

2.6. Quorum Sensing

In addition to host environmental cues, C. albicans morphogenesis is also regulated by
several endogenous and exogenous quorum-sensing molecules (QSMs) [81–85]. Tyrosol
and farnesol are well-known QSMs produced by C. albicans, which accelerate and inhibit
the yeast-to-hyphae transition, respectively [81,86,87]. C. albicans also produces aliphatic
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alcohols (e.g., ethyl alcohol, isoamyl alcohol, 1-dodecanol, 2-dodecanol, and nerolidol) and
aromatic alcohols (e.g., 2-phenylethyl alcohol and tryptophol) that inhibit filamentation
and subsequent biofilm formation [88,89]. Farnesol and 1-dodecanol were implicated in
the Ras1-cAMP signaling pathway, and hyphal defects can be restored upon the addition
of dibutyryl-cAMP [89]. Farnesol also inhibits filamentous growth through the negative
regulators Tup1 and Nrg1 [90]. The hyphal morphogenesis of C. albicans can also be regu-
lated by interaction with other microorganisms found in the host environment [91,92]. For
instance, the coexistence of C. albicans and Gram-negative bacteria, such as Pseudomonas
aeruginosa, Stenotrophomonas maltophilia, and Burkholderia cenocepacia, is commonly found
as mixed infections in the lungs of cystic fibrosis (CF) patients [93]. Exogenous QSMs,
namely, 3-oxo-C12-homoserine lactone and phenazines (pyocyanin, phenazine methosul-
fate, and phenazine-1-carboxylate) secreted by P. aeruginosa, were found to inhibit the
hyphal development of C. albicans [82,94]. Diffusible signal factor (DSF), representing a
new class of widely conserved quorum-sensing signals from Gram-negative bacteria, has
been implicated in inter-kingdom signaling between C. albicans and bacteria [95]. DSF (cis-
11-methyl-2-dodecenoic acid) produced by S. maltophilia, and BDSF (cis-2-dodecenoic acid)
produced by B. cenocepacia play a role in the yeast-to-hyphae transition [95]. DSF released by
S. maltophilia has been reported to interfere with two key virulence factors of C. albicans: the
yeast-to-hyphae transition and biofilm formation [96]. Recent microarray studies revealed
the involvement of repressors (Ubi4 and Sfl1) and the activator (Sfl2) of filamentous growth
in BDSF regulation of hyphal morphogenesis [97]. With the addition of BDSF, elevated lev-
els of Ubi4 and Sfl1 and degradation of Sfl2 block the yeast-to-hyphae transition. C. albicans
is also commonly found along with other microorganisms in inter-kingdom biofilms [98].
Many bacteria and fungi can secrete glucanases into the environment that digest glucan,
the most abundant fungal cell wall component [99,100]. C. albicans itself secretes at least
three glucanases (Xog1, Exg2, and Spr1) which are involved in cell wall remodeling during
cell division and morphogenesis [101,102]. Interestingly, it has been found that β-1,3-
glucanase, secreted by bacteria and fungi, can induce filamentous growth in C. albicans
even at low temperatures (22 ◦C), in a cell density-dependent manner [103]. cek1Δ/Δ and
efg1Δ/Δ mutants cannot form hyphae in response to β-1,3-glucanase, suggesting that the
Cek1-mediated pathway is involved [103].

2.7. In Vitro Conditions

Hyphal growth can also be induced using synthetic growth media such as Lee’s
medium (pH 7), spider medium, and mammalian tissue culture M199 under laboratory
conditions [104–106]. Nitrogen starvation-induced filamentation occurs in the low nitrogen
SLAD medium via ammonium permease Mep2 sensing [107,108]. Methionine, an amino
acid in Lee’s medium, has been reported as the main inducer of yeast-to-hyphae transition
via G-protein-coupled receptor Gpr1 sensing [36]. Recently, the methionine permease
Mup1 and the S-adenosylmethionine decarboxylase Spe2 were discovered to be crucial
for cAMP production in response to methionine [109]. Both nitrogen and amino acid
catabolism activate hyphal morphogenesis via the cAMP-PKA pathway.

3. The cAMP-PKA Pathway

The cyclic adenosine monophosphate (cAMP)-protein kinase A (PKA) pathway is
highly conserved in eukaryotes and regulates many cellular processes in C. albicans [44,110].
This pathway plays a critical role in morphogenesis, positively regulating filamenta-
tion [111–113]. One of the well-studied regulatory targets of the cAMP-PKA pathway is
the transcription factor Efg1, which stimulates the expression of numerous hyphal-specific
genes through the activation of the transcription factor Ume6 (Figure 3).
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Figure 3. Signal transduction pathways that govern hyphal growth in C. albicans. Activation of filamentous growth in C.
albicans by various environmental cues and signal transduction pathways; the cAMP-PKA pathway, the Cek1-mediated
pathway, the PKC pathway, and the embedded matrix.

The cAMP-PKA pathway is triggered either directly through the adenylyl cyclase Cyr1
or via the small GTPase Ras1, which activates Cyr1, depending upon the stimuli encoun-
tered (Figure 3) [114]. Cyr1, in direct association with Cap1 (cyclase-associated protein),
drives the conversion of ATP to cAMP [46]. PKA holoenzyme is activated upon cAMP
binding to the homodimer regulatory subunit Bcy1, inducing a conformational change
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releasing the two catalytic subunits, Tpk1 and Tpk2, which then activate downstream
target proteins or genes through phosphorylation or the binding of promoter regions to
induce transcription (Figure 3) [110,115–117]. Tpk1 and Tpk2 are partially redundant.
Tpk1 is required for hyphal formation on solid media, whereas Tpk2 is needed for hy-
phal formation in liquid media and invasive growth into solid media [116]. While the
loss of either subunit does not block filamentation, loss of both Tpk1 and Tpk2 com-
pletely blocks filamentation [39,116]. cAMP levels are negatively regulated by Pde1 (low-
affinity phosphodiesterase) and Pde2 (high-affinity cAMP phosphodiesterase), which
increase the rate of cAMP degradation [118,119]. Loss-of-function mutations or deletion of
PDE2 increase cAMP levels, leading to constitutive activation of the pathway and hyper-
filamentation [119,120]. The pde2Δ/Δ mutants exhibit reduced virulence due to reduced
adhesion capability [121]. On the contrary, the pde1Δ/Δ mutants can still undergo filamen-
tation [122]. Interestingly, pde1 pde2 double deletion mutants exhibit attenuated virulence
as compared to pde2Δ/Δ mutants [121].

The adenylyl cyclase Cyr1 is required for hyphal development and virulence but is
not essential for basal growth in C. albicans [67]. Deletion of CYR1 has a global impact on
gene expression, resulting in many alterations in response to environmental cues [67,123].
Cyr1 contains several highly conserved functional domains, which include a Gα domain,
a Ras-association (RA) domain, a leucine-rich repeat (LRR) domain, a cyclase catalytic
(CYCc) domain, and a Cap1 (cyclase-associated protein 1) binding domain (CBD) [124,125].

The small GTPase Ras1, an upstream activator of Cyr1, transduces extracellular signals
(serum in combination with elevated temperature or nitrogen starvation) to Cyr1 [44,107,114].
Ras1 usually exists in the cell in an inactive (GDP-bound) form, and its switch to the
active form (GTP-bound) is regulated by the GTPase-activating protein (GAP) Ira2; the
guanine nucleotide exchange factor (GEF) Cdc25 drives the GTP-Ras1-to-GDP-Ras1 switch
(Figure 3) [126]. Active Ras1 directly interacts with Cyr1 through the RA domain, stimu-
lating cAMP production [44,114]. Cyr1 activity depends upon the binding of Cap1 at the
CBD domain and the binding of G-actin to Cap1 to form a tripartite complex, which serves
to maintain the activation of the pathway [46,127]. Deletion of CAP1 results in lowered
cAMP levels and blocks in morphogenesis.

The presence of serum drives morphogenesis via Ras1 activation of the cAMP-PKA
pathway. Deletion of RAS1 impairs serum-induced filamentous growth, which can be
overcome by supplementation with cAMP, and overexpression of cAMP signaling com-
ponents rescues its defects [128,129]. The serum contains various active factors, such as
glucose and bacterial peptidoglycan fragments, that can stimulate the pathway. The Gα

domain of Cyr1 is the binding site for a heterotrimeric G-protein α subunit Gpa2, which
is activated by the G-protein-coupled receptor Gpr1 in response to glucose and amino
acids [34,130]. However, neither Gpr1 nor Gpa2 is required for serum-induced hyphal
formation in liquid media [43]. Glucose-induced activation of cAMP synthesis appears
to be mediated by Cdc25-Ras1 interaction and not Gpr1 binding of Cyr1 [36,43,45]. The
LRR domain of Cyr1 recognizes and binds muramyl dipeptides (MDP), subunits of bacte-
rial peptidoglycan present in serum [35,39,41]. Deletion or mutation of the LRR domain
abolishes cAMP-PKA activation in the presence of MDPs [35]. CO2 or HCO3

- bind to the
CYCc domain, stimulating the production of cAMP required for hyphal growth [33]. Both
endogenous and exogenous QSMs farnesol and 3-oxo-C12-homoserine lactone (HSL) block
the hyphal growth by binding to the CYCc domain and inhibiting the activity of Cyr1 [82].

Temperature-dependent morphogenesis via the cAMP-PKA pathway is governed by
the heat shock chaperone protein, Hsp90, whose expression is regulated by the heat shock
transcription factor, Hsf1 [131]. Under basal conditions, Hsp90 and its co-chaperone Sgt2
interact with Cyr1 and repress it [39,132]. Temperature elevation results in cellular stress
leading to an increase in competing Hsp90 client proteins, thereby relieving Hsp90 repression
of Cyr1. Inhibition of Hsp90 leads to filamentous growth under non-inducing conditions.

Cell cycle perturbation also induces morphogenesis via the Ras-cAMP-PKA signaling
pathway. Disrupting cell cycle progression by treating with the DNA synthesis inhibitor
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hydroxyurea (HU) arrests cells in the S phase, while prolonged depletion of Cln3 arrests
cells in the G1 phase [133,134]. Arrested cells switch to filamentous growth and re-enter
the cell cycle via Ras1-activation of the cAMP-PKA pathway [133,134]. However, while cell
cycle arrest in G1 and S phase induces morphogenesis, different mechanisms are involved.
HU-induced filamentation does not require the downstream transcription factor Efg1, and
the hyphal-specific transcription factor Ume6 and the G1 cyclin Hgc1 but involves other
PKA target genes [133,135]. In contrast, filamentation due to Cln3 depletion requires Efg1,
Ume6, and Hgc1 [133–135].

4. The MAPK Pathways

The mitogen-activated protein kinase (MAPK) signal transduction pathway consists
of three components: the MAP kinase kinase kinase (MAPKKK), the MAP kinase kinase
(MAPKK), and the MAP kinase (MAPK) (Figure 3). MAPK signaling is dependent on three
phosphotransfer steps. Upon activation, MAPKKK becomes phosphorylated and triggers
the phosphorylation of the MAPKK, which in turn phosphorylates the MAPK [136,137].
In C. albicans, the Cek1-mediated MAPK pathway and the PKC MAPK pathway are
activated by different stimuli. They serve as patterns of cascades that are essential for its
morphogenesis and virulence, as shown in Figure 3 [137,138]. Apart from the cAMP-PKA
signaling pathway, Ras1 also signals through the MAPK signaling cascade (Cek1-mediated)
to coordinate filamentation in response to nitrogen starvation conditions via the Mep2
sensor [107].

4.1. The Cek1-Mediated MAPK Pathway

C. albicans extracellular signal-regulated kinase (ERK)-like 1 (Cek1)-mediated MAPK
pathway is involved in cell wall biogenesis and virulence [139,140]. The Cek1-mediated
MAPK pathway also plays an important role in hyphal development through the activation
of downstream transcription factor Cph1, a positive regulator of filamentation [106,141].
This pathway can be induced by several factors such as low nitrogen, cell wall damage,
osmotic stress, and embedding matrix. Under nitrogen starvation conditions, this path-
way is activated by the ammonium permease Mep2 via a Ras1-dependent manner [107].
Cdc42, an essential GTPase, and its GEF Cdc24 are required for filamentous growth and
virulence [142,143]. Upon interactions with Cdc24 and Ras1, activated Cdc42 turns on
downstream effectors, including p21-activated kinase (PAK) Cst20 and Cla4, which then
triggers concerted phosphorylation of the Ste11 (MAPKKK), Hst7 (MAPKK), and Cek1
(MAPK) (Figure 3) [138]. Mutations in the Cek1-mediated cascade cause defects in hy-
phal development to a different degree under certain conditions and result in attenuated
virulence in animal models [144,145]. The Cek1-mediated MAPK pathway can also be acti-
vated through its upstream transmembrane proteins via cell wall damage or osmotic stress.
Sho1, Opy2, and Msb2 form a complex that interacts with Cdc42 and Cst20, triggering
Cek1 phosphorylation [144]. sho1Δ/Δ, opy2Δ/Δ, and msb2Δ/Δ mutants display altered
sensitivity to cell wall damaging agents such as Congo Red, zymoylase, and tunicamycin,
suggesting their roles in cell wall biogenesis [146,147]. sho1Δ/Δ mutants are sensitive to
osmotic stress (i.e., 1 M sodium chloride), suggesting its additional role in osmotic stress
signaling. The Cek1-mediated MAPK pathway responds to embedded matrix conditions
by initiating a signaling cascade that ultimately activates Cph1 via Cek1 [22]. Rac1, Lmo1,
and its exchange factor Dck1 are essential for invasive filamentous growth in the embed-
ding matrix [148,149]. In contrast to Cdc42, Rac1 is not required for serum-induced hyphal
growth [150]. rac1Δ/Δ, lmo1Δ/Δ, and dck1Δ/Δ mutants were observed to exhibit filamen-
tous growth defects on solid agar and increased sensitivity to cell wall damaging agents,
such as Calcofluor White and Congo Red [148]. Intriguingly, the overexpression of the Cek1
MAP kinase in rac1Δ/Δ, lmo1Δ/Δ, and dck1Δ/Δ mutants restores invasive filamentous
growth on solid media, suggesting that Rac1, Lmo1, and Dck1 function together upstream
of the Cek1-mediated MAPK pathway during invasive filamentous growth [148]. The
downstream transcription factor, Cph1, is essential for hyphal growth on solid agar but
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not in liquid media [106]. It was found that efg1 cph1 double deletion mutants cannot
form filaments under hypha-inducing conditions and are avirulent in animal models [31].
However, efg1 cph1 double deletion mutants can form filamentation when embedded in the
matrix, suggesting the involvement of other transcription factors for hyphal development
under this condition [151].

4.2. The PKC MAPK Pathway

The protein kinase C (PKC) MAPK pathway is commonly known as the cell wall
integrity pathway [137]. Pkc1 activation leads to a MAPK cascade activation of Bck1
(MAPKKK), Mkk1 (MAPKK), and Mkc1 (MAPK). Cellular morphogenesis in C. albicans is
a highly dynamic process controlled by a master regulator, Rho1, in response to various
stressors (Figure 3) [152]. Rho1, the master regulator of the cell wall integrity signaling
cascade, is activated by the GEF Rom2 and inactivated by the GAP Lrg1 [153]. Recently,
the PKC MAPK pathway was discovered to regulate C. albicans morphogenesis through
the co-regulation of cAMP signaling [154]. Interestingly, Rho1 plays an important role
in filamentation through Pkc1. Pkc1 was found to be a global regulator of C. albicans
morphogenesis through the regulation of adenylyl cyclase Cyr1. A reduction of Cyr1
activity was observed in pkc1Δ/Δ mutants [154]. Lrg1 deactivates Rho1 by locking it in its
inactive form, which suppresses the yeast-to-hyphae transition. C. albicans morphogenesis
is independent of its canonical MAPK cascade. Deletion of BCK1 or MKC1 does not impair
the filamentous growth in response to the Hsp90 inhibitor geldanamycin or serum [155].
Although the downstream transcription factors of Mkc1 have previously been proposed
to be Efg1, Czf1, and Bcr1, to date, C. albicans morphogenesis through distinct effector(s)
remains elusive [154,155].

5. Negative Regulators of Hyphal Morphogenesis

C. albicans morphogenesis is negatively regulated by the transcriptional repressors
Tup1, Nrg1, and Rfg1 [156–158]. Tup1 is a global transcriptional repressor, and its in-
activation leads to constitutive filamentous growth and derepression of hyphal-specific
genes [130,156,159]. Nrg1 and Rfg1 are well characterized DNA-binding proteins, which
regulate different subsets of hyphal-specific genes by recruiting co-repressor Tup1. A DNA
microarray analysis revealed significant up-regulation of 61 genes in response to serum
and 37 ◦C [160]. Approximately half of these genes are found to be repressed by the tran-
scription factors Tup1, Nrg1, and Rfg1, suggesting their importance in repressing hyphal
morphogenesis. C. albicans cells that lack these repressors develop into pseudohyphae with
the expression of hyphal-specific genes [161]. Surprisingly, only nrg1Δ/Δ mutants form
hyphae in response to serum. In addition, nrg1Δ/Δ mutants appear to display stronger
hyphal phenotypes than rfg1Δ/Δ mutants, suggesting its predominant role in the negative
regulation of hyphal growth [162].

5.1. The Farnesol-Mediated Inhibition Pathway

Though Tup1 is found to act independently of the cAMP-PKA and MAPK pathways to
regulate morphogenesis, it seems to play a crucial role in the farnesol response pathway [90,159].
Farnesol, an endogenous QSM, is produced when the cell densities of C. albicans are high.
While farnesol can block the yeast-to-hyphae transition, it cannot block the elongation
of pre-existing filaments [163–165]. Morphological and transcriptional studies, which
investigated the possible functional overlap between farnesol and hyphal transcriptional
repressors, have demonstrated the direct involvement of Tup1 in the farnesol-mediated
inhibition of filamentous growth [90]. tup1Δ/Δ and nrg1Δ/Δ mutants display elevated
levels of farnesol and are constitutively filamentous even in the presence of exogenous
farnesol. In the presence of farnesol, TUP1 levels increase, but NRG1 and RFG1 levels
are unaffected [90]. Further targeted studies on the farnesol-mediated inhibition pathway
have unraveled its dedicated mechanistic control of filamentous growth [166]. Upon
inoculation of cells, where farnesol inhibition is relieved, the transcriptional repressor Cup9
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is constantly degraded by the N-end rule E3 ubiquitin ligase Ubr1, allowing the expression
of kinase Sok1 and subsequent degradation of Nrg1. In contrast, the presence of farnesol
inhibits the degradation of Cup9, thereby repressing Sok1 expression, which in turn blocks
the degradation of Nrg1 and hyphal development [166].

5.2. The Roles of Negative Regulators Tup1 and Nrg1 in Hyphal Elongation

Critical regulators of hyphal initiation and the activation of hypha-associated genes,
such as Efg1, Cph1, Czf1, and Flo8, are shown in Figure 4. Thereafter, a second regulatory
network is required for the hyphal elongation process and long-term maintenance of
hyphal growth through Hgc1, Eed1, and Ume6, which are negatively regulated by Tup1
and Nrg1 [144,167–169]. Eed1 was first identified in oral tissue infections from patients
suffering from oral disease, and its associated regulatory network was explored through
comprehensive transcriptomics analysis [167]. Eed1 is positively regulated by Efg1 as
the overexpression of EED1 partially rescues the hyphal defects in efg1Δ/Δ mutants.
EED1 expression is significantly up-regulated in the continuously filamentous nrg1Δ/Δ
and tup1Δ/Δ mutants under non-hyphae-inducing conditions [167]. In contrast, under
hyphae-inducing conditions, EED1 levels were slightly decreased in nrg1Δ/Δ and tup1Δ/Δ
mutants, but elevated 10-fold in wild-type cells. Collectively, this suggests that EED1
is repressed by both Nrg1 and Tup1 in wild-type C. albicans. Ume6 acts downstream of
Eed1 as the overexpression of UME6 restored the hyphal elongation defect observed in
eed1Δ/Δ mutants [167]. UME6 expression levels were significantly down-regulation in
eed1Δ/Δ mutants [167]. HGC1 expression is detected within 5 min of hyphal induction,
whereas UME6 expression is only detected after 15 min upon induction [170]. This suggests
that a Ume6-independent mechanism initially induces HGC1. Nrg1 and Tup1 negatively
regulate both Ume6 and Hgc1 [161,169]. Ume6 could also be induced as a result of relief of
transcriptional repression by the Nrg1-Tup1 complex.

Figure 4. Regulation of hyphal elongation requires mechanisms for initiation and long-term maintenance. Initiation of
hypha growth requires transcription factors such as Efg1, Cph1, Czf1, and Flo8. Subsequent elongation process and maintenance
require the involvement of Hgc1, Eed1, and Ume6. Both Eed1 and Ume6 are negatively regulated by Tup1 and Nrg1.

5.3. O2 and CO2 Signaling Pathways for Sustained Hyphal Development

The stability of hyphae-specific transcription factor Ume6 is governed by two parallel
pathways in response to O2 and CO2 concentrations [171,172]. Ofd1 negatively regulates the
stability of Ume6 by E3 ubiquitin ligase Ubr1 under hypoxia conditions. ofd1Δ/Δ and ubr1Δ/Δ
mutants can maintain hyphal elongation in atmospheric O2 and 5% CO2 [171,172]. However,
deletion of UBR1 does not block Ume6 degradation in atmospheric CO2, suggesting
the involvement of additional E3 ubiquitin ligase in response to CO2 [172]. Recently, it
was discovered that CO2, an inducer of filamentous growth, also plays a critical role
in the sustenance of hyphal growth in response to high CO2 (5%) [172]. In the CO2
signaling of sustained hyphal growth, a type 2C protein phosphatase (PP2C) Ptc2 and
a cyclin-dependent kinase Ssn3 were identified to be the major positive and negative
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regulators, respectively [172]. High CO2 induces Ptc2-mediated dephosphorylation of
Ssn3. Consequently, the hypophosphorylated Ssn3 fails to phosphorylate Ume6 at the
S437 residue. This prevents subsequent ubiquitination of Ume6 by the E3 ubiquitin ligase
SCFGrr1, resulting in stabilization of Ume6 for the sustenance of hyphal growth.

5.4. Negative Regulators as Potential Drug Targets

Recent discoveries have introduced novel compounds that inhibit C. albicans hy-
phal and biofilm formation through the up-regulation of negative regulators Tup1 and
Nrg1 [173,174]. Treatment of C. albicans with novel synthetic SR analogues, 5-[3-substituted-
4-(4-substituted benzyloxy)-benzylidene]-2-thioxo-thiazolidin-4-one derivatives, resulted
in a 3 to 4-fold increase in the expression of TUP1 and a 2-fold increase in the expres-
sion of NRG1, which effectively inhibits the hyphal morphogenesis [173]. Copper oxide
nanoparticle (Cu2O-NP) was found to inhibit the yeast-to-hyphae transition through the
down-regulation of RAS1 and up-regulation of NRG1 and TUP1 [174]. Exploiting the
negative regulators as drug targets holds excellent potential for future clinical applications.
There is a growing interest in applying nanoparticles on medical devices, prosthetic devices,
and catheters to combat polymicrobial biofilms in clinical settings.

6. Mechanisms of Hyphal Morphogenesis

6.1. Septin Ring Formation

Although the septin subunits are static in budding yeast cells, upon hyphal induction,
Cdc3, Cdc12, and Sep7 form a stable core, while the Cdc10 subunit becomes dynamic,
shuttling between the septin ring and the cytoplasm [175]. Cdc3 and Cdc12 are essential,
whereas Cdc10 and Cdc11 are not. However, the deletion of CDC10 and CDC11 leads to
defects in cytokinesis. During hyphal growth, Cdc11 is phosphorylated by the cyclin-CDK
(cyclin-dependent kinase) complex Ccn1-Cdc28, and another cyclin-CDK complex Hgc1-
Cdc28 maintains its phosphorylated state; mutations to the phosphorylation sites in Cdc11
impair the maintenance of polarized growth [176]. Cdc11 phosphorylation by the septin
ring-associated kinase Gin4 primes it for further phosphorylation by Ccn1-Cdc28 [176].
Both cdc10Δ/Δ and cdc11Δ/Δ mutants have abnormalities in septum formation during
hyphal growth and form curved hyphae [177,178]. Cdc10 dynamics are dependent on
Sep7 and its phosphorylation status [175]. sep7Δ/Δ mutants can form hyphae, but the
hyphal compartments separate after cytokinesis. Ccn1-Cdc28 and Hgc1-Cdc28 phospho-
rylate Gin4, which in turn phosphorylates Sep7 [179,180]. Deletion of GIN4 disrupts the
formation of septin rings in germ tubes resulting in a severe cytokinesis defect; gin4Δ/Δ
mutants form pseudohyphae constitutively and cannot form true hyphae upon serum
induction [181]. Depletion of Gin4 in G1 cells blocks septin ring formation [180]. Sep7
is dephosphorylated by the protein phosphatase 2A (PP2A), mediated by the structural
subunit Tpd3 and the catalytic subunit Pph21 [182]. Deletion of PPH21 or TPD3 or its
regulators, CDC55 or RTS1, leads to the hyperphosphorylation of Sep7 and the disruption
of septin organization [182,183]. cdc55Δ/Δ mutants grow as pseudohyphae under yeast
growth conditions, while rts1Δ/Δ mutants grow as round, enlarged multinucleated cells.
Both cdc55Δ/Δ and rts1Δ/Δ mutants display hyphal defects.

The nucleus migrates out from the mother cell to the septin band within the developing
hyphae, and the first nuclear division occurs in this subapical compartment [184]. One
daughter nucleus migrates back to the mother cell, while the other nucleus migrates to
the apical compartment. After mitosis, the protein phosphatase Cdc14, which regulates
mitotic exit, localizes to the septum in yeast cells and dephosphorylates the Mob2-Cbk1
complex, allowing the transcription factor Ace2 to translocate to the nucleus and activate
the transcription of genes involved in cell separation [185]. However, in hyphal cells, Cdc14
does not localize to the septum, and Mob2-Cbk1 remains at the hyphal tip [185]; thus,
cytokinesis does not result in cell separation or the formation of a constriction between cells
as observed in yeast or pseudohyphae, respectively. The septin ring splits into two rings
with the formation of the primary septum dividing the hyphal compartments. Both rings
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are maintained in hyphal cells, unlike in yeast and pseudohyphal cells, where the septin
rings are dissembled after cytokinesis. However, in sep7Δ/Δ mutants, Cdc14 can localize
to the hyphal septum, activating the Ace2-dependent cell separation program, resulting in
hyphal cell separation [186]. The subapical compartment of the hyphae is vacuolated and
remains in the G1 phase.

The nucleosome assembly protein, Nap1, plays a role in septin ring formation and
dynamics [187]. Deletion of NAP1 results in constitutively pseudohyphal cells that can
transit to true hyphae under hyphal-inducing conditions. Phosphorylation of Nap1 occurs
in a cell cycle-dependent manner, which involves Gin4 and Cla4, a second septin ring-
associated kinase. Phosphorylated Nap1 translocates from the cytoplasm to the emerging
bud neck. In cdc10Δ/Δ and cdc11Δ/Δ mutants, Nap1 remains in the cytoplasm even
though it is hyperphosphorylated. After mitosis, Nap1 is dephosphorylated in a manner
that is dependent upon PP2A and Cdc14.

6.2. Polarization of the Actin Cytoskeleton

Actin cytoskeleton polarization is required for the morphogenesis of C. albicans, re-
gardless of cell type. The actin cytoskeleton, made up of actin patches and cables, maintains
directional growth by directing vesicular flow for tip expansion. In yeast and pseudo-
hyphae, polarized growth is driven by the polarisome, a complex that includes the po-
larisome scaffold protein Spa2, the formin Bni1 that serves as the actin cable nucleator,
and the formin-actin-binding protein Bud6 [188]. Actin cables, comprised of long bun-
dles of actin filaments, converge at the apical site. During polarized growth, post-Golgi
membrane-bound secretory vesicles are continuously delivered to the apical site, supplying
material required to expand the plasma membrane and synthesize new cell walls. The
vesicles are tethered to the actin cables by the Rab-type GTPase Sec4, activated by the
GEF Sec2 [189,190], while the class V myosin, Myo2, complexed to the regulatory light
chain Mlc1, provides the motive force for vesicle transport [191]. Upon arrival at the
plasma membrane, the secretory vesicles dock with the exocyst before fusing with the
plasma membrane. The exocyst is a complex that comprises Sec3, Sec5, Sec6, Sec8, Sec10,
Sec15, Exo70, and Exo84 [192]. Sec4 mediates vesicle tethering with the exocyst through its
interaction with Sec15 [189,190].

Although the polarisome and exocyst complexes also localize to the hyphal tip, polar-
ized growth in hyphae is driven by a Spitzenkörper, a vesicle-rich structure responsible for
hyphal growth directionality, which is present during all stages of the cell cycle, including
septation [193]. Spa2, Bni1, and Bud6 coordinate the functions of the Spitzenkörper and
the polarisome complex at the hyphal tip [191,193]. During hyphal growth, the post-Golgi
secretory vesicles travel along actin cables to the Spitzenkörper, which acts as a vesicle
supply center and is maintained at a fixed distance from the hyphal tip (Figure 5). The
vesicle-associated proteins Sec4, Sec2, and Mlc1 are localized to the Spitzenkörper during
hyphal growth [191,194]. At the Spitzenkörper, the secretory vesicles are loaded onto actin
cables nucleated by the polarisome and transported to the plasma membrane, where they
dock with the exocyst. Actin cables are essential in hyphal growth, as their disruption
inhibits hyphal formation [193]. Loss of BNI1 does not affect bud emergence, as germ tube
formation can be initiated in bni1Δ/Δ mutants. However, the germ tubes are wider in
diameter, and bni1Δ/Δ mutants cannot maintain polarized cell growth [195]. Deletion of
SPA2 leads to polarity and hyphal growth defects [196]. spa2Δ/Δ mutants display random
budding with multiple surface protrusions. Similar to the bni1Δ/Δ mutants, spa2Δ/Δ
mutants can form germ tubes. However, unlike in bni1Δ/Δ mutants, hyphal growth
can be maintained in the spa2Δ/Δ mutants, albeit in the form of severely swollen and
curvy hyphae. Actin depolymerizing drugs, cytochalasin A and latrunculin A, disrupt the
actin cytoskeleton, thus inhibiting hyphal growth and also suppressing the expression of
hyphal-specific genes [143,197,198]. Chlorpropham, a drug affecting actin microfilament
organization, inhibits hyphal growth [199].
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Figure 5. Schematic representation of polarized growth in C. albicans hyphal cells. Polarized growth is driven by Spitzenkör-
per, a vesicle supply center maintained at a fixed distance from the hyphal tip. Post-Golgi membrane-bound secretory
vesicles are continuously delivered to the site of polarized growth. Secretory vesicles, tethered by the Rab-type GTPase
Sec4 and the GEF Sec2, are transported to the hyphal tip via actin cables with the class V myosin Myo2 complexed to the
regulatory light chain Mlc1, providing the motive force. The vesicles accumulate in Spitzenkörper before docking with the
exocyst, which consists of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 subunits, before fusing with the plasma
membrane. Spa2, Bni1, and Bud6 coordinate the functions of the Spitzenkörper and the polarisome complex at the apical
site of the hyphal tip. Endocytosis, endocytic recycling of polarity proteins, involves the cortical actin patches at the apical
site of the hyphal tip. Actin patch organization and dynamics involve the actin cytoskeletal proteins Sla1 and Sla2, the actin
skeleton-regulatory protein Pan1, and the Vpr1-Wal1-Myo5 complex, which activates the Arp2/3 complex. The landmark
GTPase Rsr1, upon activation by its GEF Bud2, localizes Cdc24 to the site of tip growth, in addition to Ca2+ binding of the
EF-hand motif in Cdc24.

The extensive exocytosis, which occurs at the apical tip and allows for rapid cell wall
and membrane deposition, is counterbalanced by endocytosis. Endocytosis is essential for
hyphal growth. Suppression of endocytosis suppresses hyphal elongation, and inhibition
of endocytosis blocks hyphal formation, while yeast proliferation is unimpeded in both
situations. Actin patches form the sites of endocytosis, which is important for maintaining
polarity through the endocytic recycling of polarity proteins [200,201]. Before budding
or germ tube evagination, cortical actin patches cluster at the apical site [197,202]. Actin
patches are highly dynamic, with a lifetime of 5–20 s [203]. As the bud continues to enlarge
in yeast cells, the cortical actin patches are redistributed isotropically throughout the bud
surface [202]. However, in hyphal cells, the cortical actin patches remain clustered at
the hyphal tip throughout hyphal growth [202]. Endocytosis in C. albicans mainly occurs
via clathrin-mediated endocytosis, and various genes involved in the process have been
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studied. Sla1 and Sla2 are actin cytoskeletal proteins involved in actin patch organization
and dynamics, as well as actin cable polarization, and necessary for normal endocyto-
sis [204–209]. Cortical actin patches formed in sla1Δ/Δ mutants are depolarized and less
dynamic and form short filaments [206,210]. sla2Δ/Δ mutants cannot undergo hyphal and
pseudohyphal growth as the localization and orientation of actin patches and cables are
defective [204,205]. sla2Δ/Δ mutants grow slower and form enlarged cells, as Swe1, the
morphogenesis checkpoint kinase, delays cell cycle progression. Swe1 phosphorylates the
Clb2-Cdc28 complex in response to perturbations to the actin cytoskeleton, thus delaying
the normal transition from polarized growth to isotropic bud growth and delaying nuclear
division. Pan1 is a clathrin-mediated endocytosis scaffold protein that is essential for
endocytosis [211]. Depletion of Pan1 leads to the formation of thick and swollen cells
that have abnormal filamentation. The inhibitory protein kinase Akl1 interacts with Pan1
to repress endocytosis, suppressing hyphal elongation [212]. Deletion of AKL1 results in
faster hyphal elongation rates and longer hyphae, while AKL1 overexpression reduces
hyphal elongation rates. However, overexpression of PAN1 counteracts the effects of
AKL1 overexpression.

The myosin type I protein Myo5, the Wiskott–Aldrich Syndrome protein (WASP)
homolog WAL1, and the WASP-interacting protein Vpr1 form a complex similar to that in
Saccharomyces cerevisiae [213]. The Vpr1-Wal1-Myo5 complex is required for the polarized
distribution of cortical actin patches. The deletion of MYO5 leads to mislocalization of
cortical actin patches, with the patches dispersed throughout the bud and the mother cell,
resulting in excessive isotropic growth [214]. myo5Δ/Δ mutants are unable to endocytose
and cannot form hyphae [214]. Deletion of WAL1 and VRP1 leads to defects in polarized
growth [213,215]. wal1Δ/Δ mutants can initiate but cannot maintain hyphal growth.
Instead, wal1Δ/Δ mutants form elongated, pseudohyphal cells under hyphae-inducing
conditions. vpr1Δ/Δ mutants have a defect in hyphal formation that is slightly less severe
than in wal1Δ/Δ mutants. Cortical actin patches are depolarized in both the mother
cells and buds of vpr1Δ/Δ mutants. Myo5 and Wal1 activate the actin module Arp2/3
complex to initiate actin polymerization. Deleting ARP2 or ARP3 leads to an inability
to form hyphae, although endocytosis is not abolished [208,209]. Deleting RVS161 and
RVS167, which encode Bin-Amphiphysin-Rvs (BAR) domain proteins, results in defective
actin patch polarization, with the rvs161Δ/Δ mutants displaying a more severe defect in
endocytosis and morphogenesis than the rvs167Δ/Δ mutants [207].

6.3. The Role of Ras- and Rho-Family GTPase

The small Ras- and Rho-family GTPases play essential roles in hyphal maintenance.
The small Rho GTPase Cdc42 is the master regulator of polarized growth. Cdc42 affects
hyphal growth and maintenance in at least two ways. Firstly, Cdc42 affects morphogen-
esis at the transcriptional level. Reduced expression levels of Cdc42 lead to decreased
expression of hyphal-specific genes [216]. Secondly, decreasing cellular levels of active
Cdc42 results in yeast and hyphae larger and rounder in shape, indicative of polarized
growth defect [216,217]. Cdc42 cycles between GDP- and GTP-bound states. The GEF
Cdc24 mediates the formation of GTP-bound Cdc42 [142,216]. [142,216]. The GAPs Rga2
and Bem3 mediate the return of Cdc42 from the GTP- to the GDP-bound form. Cdc42 and
Cdc24, both required for viability, localize to the hyphal tip during hyphal growth [142,216].
Bem3 is localized to the apical zone of polarized growth, while Rga2 is localized to the
septum and is phosphorylated in a hyphal-specific manner [218]. Loss of RGA2 and BEM3
results in the formation of a Spitzenkörper-like structure under pseudohyphal-promoting
conditions, and the mutants have a morphology resembling true hyphae. Bem1 is a polarity
establishment scaffolding protein that binds GTP-bound Cdc42, keeping it localized to the
apical site [219].

The Ras-like GTPase Rsr1, a landmark protein that is the master regulator of the bud
site selection system, regulates the amount and distribution of Cdc42 activity at the hyphal
tip [220,221]. Rsr1 activity is regulated by the GEF Bud5 and the GAP Bud2. Bud5 is
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localized to the apical site, while Bud2 is localized to the subapical region and septin ring.
rsr1Δ/Δ mutants have defects in polarized growth; yeast cells are larger and rounder, while
the hyphae are wider than wild-type cells. Rsr1 is involved in regulating the recruitment
and spatial distribution of vesicles at the hyphal tip [220,221]. Loss of Rsr1 affects the size
of the fixed region to which vesicles are delivered and also affects the localization of exocyst
subunits [222]. Rsr1 may play a role in limiting the competition for Cdc42 between the
septum and the hyphal tip.

7. CDKs, Cyclins, and Their Roles in Hyphal Morphogenesis

Maintenance of cell signaling is important for cell cycle progression and cell growth.
The cell cycle-associated cyclins and CDKs tightly regulate the small GTPases and other
components of polarized growth. C. albicans has three G1 cyclins (Ccn1, Cln3, and Hgc1)
and two B-type mitotic cyclins (Clb2, Clb4), of which only Cln3 and Clb2 are essential. The
essential CDK Cdc28 serves as the master regulator that controls cell cycle progression at
G1/S and G2/M phases via specific cyclin interactions that dictate the timing of the phases.
Levels of the G1 and B-type mitotic cyclins oscillate during the cell cycle, and a single
cyclin-Cdc28 complex can regulate multiple events within each phase of the cell cycle.
Cdc28 is usually stable and present at constant levels throughout the cell cycle; however,
its depletion leads to filamentous growth [223]. Ccn1 and Cln3 levels in yeast cells are high
in the G1 phase, coinciding with bud emergence and apical growth, and decline in the
early G2 phase. Clb2 levels peak in the early G2/M phase, while Clb4 levels reach their
peak in the mid-G2/M phase [224]. Levels of both B-cyclins start to decline in the M phase
and disappear during exit from mitosis [185,224].

In hyphal cells, polarized growth continues at the apical site throughout the cell cycle,
indicating the decoupling of cell elongation from the cell cycle. Ccn1 and Cln3 levels
are accumulated earlier and persist for a longer time during hyphal growth [224,225],
extending the G1 phase in the early germ tube. Accumulation of the mitotic cyclins,
Clb2 and Clb4, is delayed in hyphal cells. Although it is not required for the initiation
of hyphal growth, high levels of Ccn1 are required for maintenance of hyphal growth,
along with Cln3. The forkhead family transcription factor, Fkh2, usually undergoes cell
cycle-dependent phosphorylation to induce the expression of genes that regulate cell
cycle progression [226,227]. However, upon hyphal induction, Fkh2 is phosphorylated by
Ccn1/Cln3-Cdc28 and Mob2-Cbk1 in a cell cycle-independent manner, redirecting it to
enhance the expression of hyphal-specific genes such as the hyphal-specific G1 cyclin HGC1
(Figure 6) [226,227]. fkh2Δ/Δ mutants grow constitutively as pseudohyphae under both
yeast and hyphal-inducing conditions [226,227]. During hyphal growth, Ccn1-Cdc28 and
Cln3-Cdc28 complexes phosphorylate Mob2, the activator of Cbk1, the cell wall integrity
kinase, inhibiting the activation of Ace2 (Figure 6) [228]. Cln3-Cdc28 complex regulates
cortical actin patches via phosphorylation of Sla1 [206].
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Figure 6. C. albicans morphogenesis is tightly regulated by the cell cycle-associated cyclins and cyclin-dependent kinase
(CDK). The essential CDK Cdc28 serves as the master regulator that controls the cell cycle progression at G1/S and G2/M
phases by forming CDK complexes with specific cyclins. Levels of Cdc28 are relatively stable throughout the cell cycle
and deplete during hyphal growth. In contrast, levels of the G1 and B-type mitotic cyclins oscillate during the cell cycle.
G1 cyclins Cln3 and Ccn1 peak in the G1 phase and decline in the early G2 phase, while B-type mitotic cyclin Clb2 peaks
in the early G2/M phase and declines in the M phase. Upon hyphal induction, Fkh2 is phosphorylated by Cln3-Cdc28
and Ccn1-Cdc28 complexes in a cell cycle-dependent manner to enhance the expression of hyphal-specific genes. The
Hgc1-Cdc28 complex is essential for the maintenance of hyphal growth. The exocyst subunit Exo84 is phosphorylated by the
Hgc1-Cdc28 complex for the regulation of polarized secretion. Phosphorylation of the septin subunit Cdc11 (by Ccn1-Cdc28
and Hgc1-Cdc28 complexes), GAP Rga2 (by the Hgc1-Cdc28 complex), and the polarisome protein Spa2 (by Hgc1-Cdc28
and Clb2-Cdc28 complexes) promote polarized growth. Rga2 is phosphorylated and inactivated by Hgc1-Cdc28, which
relives the repression of the GTPase Cdc42. Phosphorylation of the transcription factor Efg1 and protein kinase Gin4 inhibit
cell separation. Phosphorylated Efg1 binds to promoters of Ace2 target genes, inhibiting their transcription. Phosphorylated
Gin4 modifies the dynamics of the septin ring by subsequent phosphorylation of Sep7 and deactivating the cell separation
program via inhibition of the protein phosphatase Cdc14.

The hyphal-specific G1 cyclin Hgc1 does not regulate the cell cycle but plays a crit-
ical role in hyphal morphogenesis (Figure 6) [169]. Besides suppression by Tup1 and
Nrg1, the expression of HGC1 is positively regulated by the transcription factor Ume6,
which ensures that Hgc1 is expressed throughout the cell cycle as long as the inducing
conditions remain [169]. Hgc1 interacts with Cdc28, forming a complex regulating by
phosphorylation regulators and components of cell polarity, membrane trafficking, and
cell separation, which is required to maintain hyphal growth (Figure 6). The Hgc1-Cdc28
complex phosphorylates and inactivates Rga2, sequestering it from the hyphal tip to allow
Cdc42 localization at the hyphal tip to persist during polarized growth [217,229]. Hgc1-
Cdc28, together with Clb2-Cdc28, phosphorylates Spa2, localizing the polarisome to the
hyphal tip [230]. Hgc1-Cdc28 complex phosphorylates the exocyst subunits Exo84 and
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Sec2, allowing them to be recycled at the growing hyphal tip [194,231]. The Hgc1-Cdc28
complex phosphorylates Efg1, leading to Efg1 competitively binding to promoters of Ace2
target genes, thereby repressing the expression of cell separation activators to prevent cell
separation after cytokinesis [232]. The Hgc1-Cdc28 complex also plays a role in regulating
the septin ring dynamics during hyphal growth via Sep7 [175].

The cyclins Pcl1 and Pcl5 and the CDK Pho85, although not essential for cell cycle pro-
gression, contribute to morphogenesis in response to environmental cues. The Pcl1-Pho85
complex is required for temperature-dependent filamentation induced by Hsp90 inhibi-
tion [233]. The transcription factor Hms1 is required for filamentation induced by high
temperatures. The Pcl1-Pho85 complex phosphorylates Hms1, which then binds to hyphal-
specific genes. It also regulates the degradation of the transcription factor Gcn4, which is
indirectly involved in filamentous growth in response to amino acid starvation [234]. Gcn4
induces PCL5 expression, and the Pcl5-Pho85 complex phosphorylates Gcn4, leading to its
degradation [235,236].

8. Cell Cycle Perturbation Leads to Morphogenesis

Although hyphal growth is not directly controlled by the cell cycle, perturbing the cell
cycle can cause significant pseudohyphal growth under non-hyphal-inducing conditions or
block hyphal growth under hyphal-inducing conditions [134,135,237]. Loss of Ccn1 does
not induce morphogenesis but causes a filamentation defect under serum induction [225].
Depletion of Cln3, Clb2, or Clb4 results in filamentous growth in the absence of hyphal-
inducing stimuli [134,237]. Cells depleted of Cln3 undergo cell cycle arrest in the G1
phase and form filaments before the resumption of the cell cycle [135]. In the absence
of mitotic cyclins, polarized growth promoted by G1 cyclins is not entirely suppressed,
and filamentation occurs. Clb2-depleted cells form elongated projections during cell cycle
arrest and are inviable, whereas Clb4-depleted cells grow constitutively as pseudohyphae
and remain viable [224]. Depletion of Cdc28 also promotes filamentous growth [223].

Genotoxic stresses that disrupt cell cycle progression and activate DNA damage/replic
ation checkpoints lead to filamentation [238]. Pharmacological inhibition of cell cycle
progression by the DNA replication inhibitors hydroxyurea (HU) and aphidicolin (AC) or
DNA damage induced by UV radiation or the alkylating agent methylmethane sulfonate
(MMS) result in S phase arrest, inducing filamentous growth [133,239,240]. Checkpoint
proteins play a crucial role in response to DNA replication and DNA damage stresses.
The protein kinase Rad53 plays a central role in the DNA replication and DNA damage
checkpoint. rad53Δ/Δ mutants cannot switch to filamentous growth in response to DNA
replication inhibitors and DNA damage; mutations to the Rad53 FHA domains inhibit
filamentation in response to DNA damage, but not cell cycle arrest [241,242]. Deletion
of RAD9, which encodes a checkpoint protein upstream of Rad53, blocks DNA damage-
induced filamentation [241]. Depleting the DNA repair protein Rad52 or deleting its
gene results in the accumulation of spontaneous DNA damages that trigger the DNA
damage checkpoint, resulting in filamentous growth [243]. After the stress is relieved,
deactivation of the cell cycle checkpoint is necessary for the cell cycle to progress. Rad53
is dephosphorylated by the protein phosphatase 2A-like complex Pph3-Psy2. Deletion
of PPH3 that encodes the catalytic subunit, PSY2 that encodes the regulatory subunit,
or TIP41 that encodes the regulator of the Pph3-Psy2 complex enhances MMS-induced
filamentous growth and delays the filament-to-yeast transition following DNA damage
stress relief [239,240]. The histone acetyltransferases Hat1 and Hat2 are required for the
repair of DNA damages caused by endogenous and exogenous agents; hat1Δ/Δ mutants
accumulate DNA damages rapidly and switch to filamentous growth [244].

Perturbations to mitosis can also lead to the switch to filamentous growth under non-
hyphal-inducing conditions. The cell cycle regulatory polo-like kinase Cdc5 is required
for the early stages of nuclear division and chromatin separation and mediates spindle
formation during the S phase [245]. Depletion of Cdc5 leads to mitotic inhibition and
blocks the cell cycle in the G2 phase, leading to hyphal-like growth; however, the cells
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eventually lose viability [245]. The cytoplasmic dynein, Dyn1, mediates nuclear movement
during mitosis. Deletion of DYN1 or depletion of Dyn1 results in filamentous growth,
which requires the spindle position checkpoint protein Bub2 [246,247]. Pharmacological
perturbation of mitosis by the microtubule inhibitor nocodazole and deletion of MAD2
that encodes a spindle assembly checkpoint protein leads to pseudohyphal growth [248].

Degradation of cyclins and CDK inhibitors is regulated mainly by ubiquitin-proteasom
e-dependent proteolysis and is required for orderly cell cycle progression. Degradation
of these cell cycle regulatory proteins is mediated by two multiprotein ubiquitin ligase
E3 complexes, the Skp1-Cullin/Cdc53-F-box (SCF) complex and the anaphase-promoting
complex/cyclosome (APC/C) complex. The multiprotein SCF complex, consisting of
the linker protein Skp1, the scaffold protein Cullin/Cdc53, and a substrate recognition
F-box protein, plays a central role in regulating the temporal and spatial degradation
of cell cycle regulatory proteins. Depleting the essential CDC53 or the deletion of the
F-box protein genes CDC4 and GRR1 leads to filamentous growth. SCFCdc4 is required
for the degradation of the CDK inhibitor Sol1 and the transcription factors Ume6 and
Gcn4 [235,236,249]. Deleting CDC4 leads to constitutively filamentous growth with a mix of
hyphal and pseudohyphal cells [250]. As Sol1 represses the Clb2-Cdc28 complex, deletion
of CDC4 stabilizes Sol1, inhibiting the switch from apical to isotropic growth, resulting in a
pseudohyphal phenotype. However, deleting SOL1 in the cdc4Δ/Δ mutant background
still gives rise to constitutively filamentous growth [249]. SCFGrr1 is required for the
degradation of Ccn1 and Cln3. The deletion of GRR1 stabilizes Ccn1 and Cln3 levels, and
the grr1Δ/Δ mutants grow constitutively as pseudohyphae under yeast conditions [251].

The APC/C complex mediates protein degradation during mitotic progression [252].
While little is known about the APC/C complex in C. albicans, the two co-activators, Cdc20
and Cdh1, have been identified recently. Cdc20 is essential and mediates the degradation of
Clb2 and Cdc5. Depletion of Cdc20 results in the accumulation of Clb2 and Cdc5, leading
to a delay in metaphase and telophase; Cdc20-depleted cells grow as long filaments over
time [252]. Cdh1 likely plays a role in regulating mitotic exit by influencing Clb2 and
Cdc5 degradation; deletion of CDH1 results in a delay in Clb2 degradation and elevated
levels of Cdc5 [252]. cdh1Δ/Δ mutants display pleiotropic phenotypes, with a mix of yeast,
elongated buds, and pseudohyphae.

9. Conclusions

In summary, the extensive research findings over the years have provided us with
illuminating insights into the activation and regulation of hyphal morphogenesis in C.
albicans. The factors involved are often crucial in controlling the balance between commen-
salism and invasive infection by C. albicans. The yeast-to-hyphal transition in C. albicans is
highly dependent on the complex interplay between internal signal transduction signaling
pathways and external environmental cues that reflect the host niches. This transition is
governed by a complex network of signaling pathways, including the cAMP-PKA pathway,
the MAP kinase pathways, and the Cek1-mediated and PKC pathways. Activation of
these pathways in response to various cues triggers the activation of specific transcription
factors such as Efg1, Flo8, Ume6, Tec1, and Cph1. Crosstalk between the cAMP-PKA
and MAP kinase pathways add a further layer of complexity to the existing signaling
network as multiple signaling pathways can converge to the same set of transcription
factors. Following hyphal initiation, subsequent hyphal development requires delicate
mechanisms to maintain hyphal elongation. Polarized growth requires continuous delivery
of membrane-bound secretory vesicles, along the actin cables, to the site of polarized
growth. The vesicles accumulate as Spitzenkörper in the subapical region before docking
with the exocyst and polarisome components. This exocytosis process is counterbalanced
by the endocytosis process. Cell morphology of C. albicans is known to be tightly linked
to cell cycle progression through cyclin-CDK complexes. One of the most important CDK
complexes is the Hgc1-Cdc28 complex, which governs multiple cellular processes required
for hyphal development. The Hgc1-Cdc28 complex plays important roles in polarized
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growth, polarized secretion, and inhibition of cell separation, which ensures the formation
of long tubular cells without constriction at the septal junction. Lastly, perturbation of
the cell cycle can either induce or impair the highly polarized growth in C. albicans under
different conditions.

10. Future Directions

However, much remains to be explored and unraveled in C. albicans morphogene-
sis. While the mechanisms behind hyphal induction during cell cycle arrest have been
uncovered, there are still missing gaps. Future work could uncover the genes that regulate
filamentation in response to the cell cycle perturbation and elucidate how the signals are
transduced to the cAMP-PKA pathway and the activated downstream transcriptional
regulators. The link between nutrient and osmotic stress and filamentous growth via the
PKC pathway has been uncovered, but the downstream transcriptional regulators remain
elusive. Applying evolutionary tools of systems biology in combination with animal-based
studies will propel discoveries in this field. The recent development of the transposon-
mediated mutagenesis systems in haploid C. albicans strains would allow genome-wide
screening for novel genes with functions that influence morphogenesis [253,254]. Future
work towards identifying additional downstream transcriptional regulatory genes could
open up new avenues towards antifungal therapy development.
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Abstract: The human fungal pathogen Candida albicans is a dimorphic opportunistic pathogen that
colonises most of the human population without creating any harm. However, this fungus can also
cause life-threatening infections in immunocompromised individuals. The ability to successfully
colonise different host niches is critical for establishing infections and pathogenesis. C. albicans can
live and divide in various morphological forms critical for its survival in the host. Indeed, C. albicans
can grow as both yeast and hyphae and can form biofilms containing hyphae. The transcriptional
regulatory network governing the switching between these different forms is complex but well
understood. In contrast, non-DNA based epigenetic modulation is emerging as a crucial but still
poorly studied regulatory mechanism of morphological transition. This review explores our current
understanding of chromatin-mediated epigenetic regulation of the yeast to hyphae switch and biofilm
formation. We highlight how modification of chromatin structure and non-coding RNAs contribute
to these morphological transitions.

Keywords: Candida albicans; epigenetic; yeast; chromatin; biofilm; hyphae

1. Introduction

Epigenetics is a popular term first defined by Conrad Waddington in the early 1940s
as "the process by which the genotype brings the phenotype into being" [1]. Since then,
the meaning of epigenetics has significantly changed. Arthur Riggs defined epigenet-
ics as the study of mitotically and/or meiotically heritable changes in the gene function
that are not explained by changes in the DNA sequence [2]. Riggs’ definition focuses
on heritability: the ability of an epigenetic mark to be passed to subsequent generations
of cells and/or organisms. There is no doubt that heritable epigenetics is an important
regulatory mechanism. However, this definition excludes many important, not heritable
mechanisms often labelled as "epigenetic". For example, post-translation modifications of
histone proteins and their effect on gene expression are often described as an epigenetic
regulatory mechanism. However, chromatin marks are, in the majority of the cases, tran-
sient and not heritable. Likewise, Riggs’ definition excludes the role of non-coding RNAs
(ncRNAs) in transcription and other DNA-based organisms. To overcome this conundrum,
Adrian Bird redefined epigenetics as "the structural adaptation of chromosomal regions to
register, signal or perpetuate altered activity states" [3]. This definition focuses on changes
in gene function that are independent of changes in the underlying DNA sequence. Impor-
tantly, these changes can be heritable or not. Epigenetic regulatory mechanisms include
changes in gene expression and chromosome function triggered by chromatin modification,
chromatin remodelling and ncRNAs activity [2–8]. In this review, we will adopt Adrian
Bird’s definition.

Human fungal pathogens are microbial organisms that kill more than 1.5 million
people annually and reduce the quality of life of >1 billion people [9]. Additionally, the
recent staggering escalation in the number of invasive fungal infections and the emergence
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of antifungal drug resistance poses an ever-increasing threat to human health. Fungal
pathogens grow in association with their host, and establishing how these organisms
adapt to hostile host environments is key to understanding how they cause life-threatening
infections and develop resistance to antifungal drugs.

Chief among human fungal pathogens is Candida albicans, a CTG(Ser1)-clade organism
in which the CTG codon is translated as serine rather than leucine [10,11]. C. albicans
colonises almost every organ in the human body, and therefore, it is exposed to rapid
environmental changes [12]. Indeed, C. albicans is a harmless commensal yeast found in
the skin, gut, oral cavity and mucosa [13]. However, this fungal pathogen can become
virulent, establishing an extensive range of mucosal and systemic infections. For example,
C. albicans can cause vulvovaginal candidiasis (VVC), an infection estimated to afflict 75%
of all women at least once in their lifetime [14] or candidiasis, systemic infections that
can be life-threatening in immunocompromised individuals and are associated with high
mortality rates (up to 50%) [9]. Phenotypic plasticity is a critical regulatory mechanism
that drives rapid adaptation to hostile host environments. Indeed, environmental changes
can induce dramatic morphological changes, and phenotypic switches are critical host
adaptation and virulence drivers. For example, C. albicans can grow as a single rounded
yeast cell or as multicellular hyphae. Yeast cells are critical for host colonisation, early
infection and dissemination, while hyphae facilitate tissue invasion and damage [15,16].
Filamentous cells are also crucial for biofilm formation, a highly organised structure that
confers resistance to antimicrobial therapies and the host immune response [17]. C. albicans
cells can also switch between a white and opaque state. White and opaque cells have
different appearances, gene expression profiles and mating behaviours [18].

Epigenetic regulatory mechanisms are emerging as essential modulators of C. albicans’
phenotypic plasticity. Indeed, epigenetic regulation can sense environmental changes
leading to the rapid and reversible modulation of gene expression and adaptation to hostile
environments. Recently, Qasim et al. [19] reviewed the role of epigenetics in the white–
opaque switch extensively. This review will discuss the contribution of epigenetics to
C. albicans phenotypic plasticity by focusing on the gene-regulation changes in the yeast
-hyphae switch and biofilm formation.

2. C. albicans’ Chromatin Structure: The Basics

In eukaryotes, DNA is packed around specific histone proteins within the nucleus to
form a compact structure called chromatin. The basic unit of chromatin is the nucleosome,
formed by 147 base pairs (bp) of DNA wrapped around an octamer of histones. This
octamer is composed of two dimers of the histones H2A–H2B and the histone tetramer
(H3)2(H4)2. Nucleosomes are organised into arrays that are further packaged by histone
H1, promoting chromatin folding into compact fibres [20] (Figure 1). The diploid C. albicans
genome contains two homologous pairs of divergently transcribed histones H2A (HTA1
(orf19.6924)) and H2B (HTB1 (orf19.6925)), as well as histone H3 (HHT2 (orf19.1853) and
HHT21 (orf19.1061)) and H4 (HHF1 (orf19.1059) and HHF2 (orf19.1854)) genes. A putative
histone H1 (HHO1 (orf19.5137.1)) can also be identified [21]. Although histones are slow-
evolving proteins, variability in histone proteins has been documented in most eukaryotes
and histone variants play critical biological roles [22–24]. For example, the histone H3
variant, CENP-ACse4, epigenetically defines centromeres in each chromosome. C. albicans
CENP-ACse4 marks regional centromeres associated with its eight chromosomes [25].

Chromatin allows the packaging of DNA into a compact structure that can fit inside
the nucleus while permitting efficient accessibility to DNA-binding proteins. However,
chromatin is also an obstacle to all DNA-templated biological processes, including tran-
scription, replication, recombination and repair [26]. Consequently, changes in chromatin
structure can have a profound impact on nuclear processes, and chromatin is a crucial
regulator of DNA-based activities. For example, chromatin can be assembled into two
functionally and structurally different chromatin structures. Gene-rich regions and non-
repetitive DNA are assembled into euchromatin, an open chromatin state that is permissive
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to transcription. In contrast, heterochromatin is a transcriptionally silent chromatin state
that is associated with gene-poor and repetitive regions of the genome [27]. Chromatin
structure can be modulated by three distinct mechanisms: (i) post-translation modification
of histone proteins, (ii) chromatin remodelling and (iii) ncRNAs (Figure 2).

Figure 1. Chromatin organisation and compaction in eukaryotes. Chromatin, a DNA–protein complex, forms chromosomes
within the nucleus of eukaryotic cells. The central unit of chromatin is the nucleosome composed of a histone octamer and
DNA. Histone H1 promotes further chromatin folding in some eukaryotes.

Figure 2. Cont.

37



Pathogens 2021, 10, 1463

 
Figure 2. Mechanisms of modulation in chromatin structures. (A) Left: schematics of chromatin writers and erasers: writers,
such as HATs and HMTs, add epigenetic marks to histone proteins, while erasers, such as HDACs and HDMs, remove
epigenetic marks from histone proteins. Right: schematic of how post-translation modifications, such as histone acetylation,
can affect DNA-histone interactions. (B) Modes of action of readers and chromatin remodelers. Left: reader proteins,
components of chromatin remodelling complex, bind modified histone tails recruiting or blocking transcription factors.
Right: schematics of chromatin remodellers’ activity, including histone eviction and nucleosome sliding. (C) Mode of
action of non-coding RNAs (ncRNAs). Top: ncRNAs can recruit modifiers to chromatin or act as a scaffold promoting the
formation of protein complexes. Middle: ncRNAs can activate or repress transcription. ncRNAs can also be processed into
siRNAs by the RNAi machinery. siRNAs can seed heterochromatin formation. HAT: histone acetyltransferase; HMT: histone
methyltransferase; HDAC: histone deacetylase; HDM: histone demethylase; RSC: remodels the structure of chromatin.

3. Histone Post-Translational Modifications

Histone proteins are formed by a globular core and unstructured basic amino-terminal
tails that can be post-translationally modified. The most common post-translational modi-
fications (PTMs), also known as histone marks, include methylation, acetylation, ubiquiti-
nation, ADP-ribosylation and the sumoylation of lysine (K) residues; the methylation of
arginine (R) residues and the phosphorylation of serine (S) and threonine (T) residues. In
addition, the same amino acid can be affected by multiple modifications (i.e., mono, di- or
tri-methylated) [28].

Histone marks are differentially associated with euchromatin and heterochromatin
regions. At euchromatic transcriptionally active regions, genes promoters are assembled
into a chromatin state containing acetylated histones that are tri-methylated on H3K4
(H3K4me3), while histone H3 methylated on K36 (H3K36me) is found at gene bodies [26].
Likewise, enhancers and super-enhancers are marked by the mono-methylation of histone
H3 on K4 (H3K4me1) and the acetylation of histone H3 on K27 (H3K27Ac) [29,30]. Genome-
wide chromatin profiling demonstrates that the C. albicans transcriptionally active genome
is packaged into canonical euchromatin, where gene promoters of active genes are enriched
in H3K4me3 while gene bodies are marked byacetylated histone H3 (H3K9Ac) and H4
(H4K16Ac) (Figure 3) [31]. In many eukaryotic organisms heterochromatic regions are en-
riched in repressive histone marks, such as the methylation of K9 on histone H3 (H3K9me)
or the methylation of K27 on histone H3 (H3K27me). Furthermore, high levels of DNA
methylation on position five of cytosines (5mC) are associated with heterochromatin [26,32].
Similarly to S. cerevisiae, C. albicans is devoid of H3K9me and H3K27me [33]. Although 5mC
mark has been detected in C. albicans, it is unclear whether DNA methylation is associated
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with heterochromatic regions in this organism [34]. Instead, chromatin profiling studies
have demonstrated that C. albicans heterochromatic regions are characterised by low levels
of both histone acetylation and methylation [31] (Figure 3).

Figure 3. Histone modifications and transcriptional activity in C, albicans. (Left): schematic of histone modifications associ-
ated with active genes that are assembled into euchromatin. Coding regions (gene body) and regulatory regions (enhancer
and promoter) are shown. (Right): schematic of chromatin marks associated with gene-poor heterochromatic regions.

The post-translation modification of histone proteins is a dynamic and reversible
process catalysed by "writer" and "eraser" enzymes that add and remove epigenetic marks
(Figure 2). For example, the additions of acetyl groups to histone tails are carried out
by histone acetyltransferases (HATs), whereas their removal is conducted by histone
deacetylases (HDACs); methylation marks are added by histone methyltransferases (HMTs)
and removed by histone demethylases (HDMs). Additionally, HAT and HDAC can also
catalyse the addition and removal of acyl groups different from those in acetylation, such
as crotonyl, succinyl, β-hydroxybutyryl, and propionyl [35]. The primary histone modifiers
found in C. albicans and their orthologs found in S. cerevisiae, S. pombe and humans are
listed in Table 1.

Table 1. Candida albicans histone modifiers and RNA interference actors and their orthologs in S. cerevisiae, S. pombe
and humans.

C. albicans Gene and
Known Function

Candida Genome [21]

S. cerevisiae Ortholog
SGD [36]

S. pombe Ortholog
Pombase [37]

Human Ortholog Alliance
of Genome Resources [38]

ESA1 (orf19.5416)
NuA4 HAT complex
acts on H4K5, H4K12

ESA1 (YOR244W)
(alias: TAS1, KAT5) MST1 (SPAC637.12c)

TIP60
(alias: KAT5)SAS2 (orf19.2087)

SAS HAT complex
acts on H4K16

SAS2 (YMR127C)
(alias: KAT8) MST2 (SPAC17G8.13c)

GCN5 (YGR252W)
(alias: ADA4, SW19,

AAS104, KAT2)
GCN5 (SPAC1952.05)

KAT2B
(alias: CAF)GCN5 (orf19.705)

SAGA/ADA complex KAT2A
(alias: GCN5)

ADA2 (YDR448W)
(alias: SWI8)

ADA2
(SPCC24B10.08c)

TADA2B
(alias: ADA2B)ADA2 (orf19.2331)

SAGA/ADA complex
acts on H3K9

TADA2A
(alias: ADA2A)

RTT109 (orf19.7491)
acts on H3K56

RTT109 (YLL002W)
(alias: KIM2, REM50,

KAT11)
rtt109 (SPBC342.06c) No ortholog

YNG2 (YHR090C)
(alias: EAF4, NBN1)

png1 (SPAC3G9.08)

ING3
(alias: Eaf4, ING2)

ING2 ±
(alias: ING1L)

ING4 ±

Histone
Acetyltransferase

YNG2 (orf19.878)
(alias: NBN1)

NuA4 HAT complex
acts on nucleosomal H4

ING5 ±
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Table 1. Cont.

C. albicans Gene and
Known Function

Candida Genome [21]

S. cerevisiae Ortholog
SGD [36]

S. pombe Ortholog
Pombase [37]

Human Ortholog Alliance
of Genome Resources [38]

NAT4 (orf19.4664) NAT4 (YMR069W) naa40
(SPCC825.04c)

NAA40
(alias: NAT11, PATT1)

HAT1 (orf19.779) HAT1 (YPL001W)
(alias: KAT1) hat1 (SPAC139.06) HAT1

(alias: KAT1)

SAS3 (YBL052C)
(alias: KAT6) MST2 (SPAC17G8.13c)

KAT7
(alias: HBO1, MYST-2)

KAT6A ±
(alias: MYST-3)

KAT6B ±
(alias: MYST-4)

SAS3 (orf19.2540)

KAT8 ±
(alias: MYST-1)

HDA1 (YNL021W) clr3
(SPBC800.03)

HDAC10
(alias: HD10)HDA1 (orf19.2606)

in a complex with Hda2 and
Hda3

HDAC6
(alias: HD6)

SET3 (YKR029C)
set3 (SPAC22E12.11c)

KMT2E *SET3 (orf19.7221)
SET3 HDAC complex with

Hos2, Snt1 and Sif2
SET4 (YJL105W)
(SET3 paralog) SETD5 *

RPD3 (orf19.2834)
RPD3

(YNL330C)
clr6

(SPBC36.05c)

HDAC1
(alias: KDAC1, RPD3)

RPD31 (orf19.6801) HDAC2
(alias: KDAC2, RPD3)

HST1 (YOL068C)
(SIR2 paralog)

sir2 (SPBC16D10.07c) SIRT1 (alias: SIR2)

SIR2 (orf19.1992)
(alias: SIR21) SIR2 (YDL042C)

HST1 (YOL068C)HST1 (orf19.4761)
(alias: SIR22) SIR2 (YDL042C)

HST2 (YPL015C)
hst2

(SPCC132.02)
SIRT3HST2 (orf19.2580) SIRT2

Histone Deacetylase

HST3 (orf19.1934)
Acts on H3K56 HST3 (YOR025W) hst4

(SPAC1783.04c) No ortholog

SET1 (YHR119W)
(alias: KMT2)

set1
(SPCC306.04c)

SETD1B
(alias: KMT2G)Histone

Methyltransferase
SET1 (orf19.6009)

Acts on H3K4 SETD1A
(alias: KMT2F)

RPH1 (YER169W) jmj3
(SPBC83.07)

KDM4A
KDM4B
KDM4C
KDM4D

Histone
Demethylase

RPH1 (orf19.2743)

KDM4E
SWR1 (orf19.1871)

SWR1 complex SWR1 (YDR334W) swr1 (SPAC11E3.01c) SRCAP
(alias: SWR1)

SWI1 (YPL016W)
(alias: ADR6)

sol1 (SPBC30B4.04c)

ARID5A
(alias: MRF1)SWI1 (orf19.5657)

SWI/SNF complex ARID5B
(alias: MRF2)

SNF2 (YOR290C)
snf21

(SPAC1250.01)

SMARCA2SNF2 (orf19.1526)
SWI/SNF complex SMARCA4

STH1 (YIL126W) SMARCA2

Chromatin
Remodeler

STH1 (orf19.239)
RSC complex SMARCA4

DCR1 (orf19.3796) No ortholog dcr1 (SPCC188.13c) DICER1

No ortholog ago1 (SPCC736.11)

PIWIL1
PIWIL2
PIWIL3

RNA interference AGO1 (orf19.2903)
RISC complex

PIWIL4

(*) human orthologs are histone methyltransferase; (±) S. pombe ortholog only.

Histone marks alter chromatin architecture and its function via two main distinct
mechanisms. Firstly, PMTs can alter histone-DNA interaction modulating higher-order
chromatin structure and affecting gene expression and regulation [39]. For example, histone
acetylation reduces the net positive charge of histone tails, and therefore, will weaken
histone–DNA interaction, resulting in an open chromatin conformation that is permissive to
transcription (Figure 2A) [39]. Histone crotonylation activates transcription more potently

40



Pathogens 2021, 10, 1463

than histone acetylation [40]. This is because the crotonyl group is more hydrophobic
and rigid than acetyl groups, disrupting histone-DNA interactions [40]. Histone marks
can also be recognised by "reader" proteins, which can influence chromatin dynamics
and function via promoting or blocking the recruitment of transcription factors and/or
other chromatin-modifying factors (Figure 2B) [41]. For example, bromodomain-containing
proteins specifically bind acetylated histones, chromodomain containing proteins recognise
specific methylation marks and the YEATS domain recognises the crotonyl marks [42].

4. Chromatin Remodelling Regulates Gene Expression and Chromatin Structure

Nucleosomes deposited on DNA can be a physical barrier, reducing chromatin ac-
cessibility and gene expression. Chromatin remodelling is the regulatory process that
changes the interactions between DNA and histone proteins leading to complete or partial
disassembly of the nucleosomes (histone eviction) or nucleosome reposition (nucleosome
sliding) [43] (Figure 2C). Chromatin remodelling is catalysed by ATP-dependent multi-
subunit protein complexes known as chromatin remodelers [43]. ATP-dependent chromatin
remodelers belong to four subfamilies: switch/sucrose non-fermentable (SWI/SNF), im-
itation switch (ISWI), chromodomain helicase DNA-binding (CHD/NuRD/Mi-2) and
inositol-requiring 80 (INO80) [44]. Among those, the SWI/SNF subfamily is the primary
remodeler catalysing nucleosome sliding and eviction. Initially identified in budding yeast,
SWI/SNF complexes are highly conserved across eukaryotes [45]. The SWI/SNF complex
can be targeted to acetylated transcriptionally active chromatin, as it can bind acetylated
histones (and non-histone proteins) through a bromodomain subunit [44]. Therefore,
SWI/SNF activity generally correlates with transcriptional activation even if the complex
has also been linked to transcriptional repression [46–50].

Different yeast species contain a second remodelling complex similar to SWI/SNF,
the RSC (remodels the structure of chromatin) complex [44]. This complex is essential for
survival in S. cerevisiae, although it is not required for growth in S. pombe [51]. The RSC
complex binds promoters and intergenic regions and is specifically recruited to RNA poly-
merase II to tune gene transcription [52]. Four chromatin remodeler catalytic subunits have
been described in C. albicans: STH1, SNF2, SWR1 and SWI1. Sth1 is the catalytic subunit of
the RSC complex, which in C. albicans is composed of a total of 13 subunits, including two
CTG (Ser1)-clade-specific (Nri1 and Nri2) [53]. Snf2 and Swi1 are catalytic subunits of the
SWI/SNF complex [54], and Swr1 is the major subunit of the SWR1 complex [55].

5. Non-Coding Transcription and Non-Coding RNAs

Large fractions of eukaryotic genomes are extensively transcribed but not translated
into functional proteins. The act of non-coding transcription and its associated histone
modifications and changes in nucleosome density can interfere with the activity of nearby
genes [56]. However, ncRNAs can also regulate gene expression by interacting with DNA,
RNA and proteins and modulating chromatin structure [57]. Finally, ncRNAs can be
processed into small silencing RNAs by RNA interference (RNAi) machinery. The RNAse
III-like enzyme dicer (Dcr) and the PIWI domain-containing protein Argonaute (Ago) are
at the core of the RNAi machinery and responsible for the generation of the three major
branches of small ncRNAs—short interference RNAs (siRNA), micro RNAs (miRNAs) and
PIWI-interacting RNAs (piRNAs)—that differ in their biogenesis and mechanisms of action
(Figure 4).

In the siRNA pathway, RNAi is triggered by a dsRNA precursor that can arise endoge-
nously by transcription of repetitive DNA and by convergent transcription. This precursor
dsRNA is processed into a 20–24-nucleotide (nt) siRNA duplex by Dcr [58]. One strand of
the duplex is loaded into Ago, an effector complex. Ago uses base-pairing interaction to
target cognate RNAs for inactivation. siRNA-mediated silencing can be co-transcriptional
by seeding the assembly of repressive heterochromatin or post-transcriptional RNA cleav-
age using Ago-slicer endonuclease activity. siRNA-directed heterochromatin assembly has
been best described in the fission yeast S. pombe, wherein RNAi machinery triggers the
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formation of transcriptionally silenced hypoacetylated chromatin, methylated on lysine
9 of histone H3 (H3K9) [59]. In the miRNA pathway, short stem-loop dsRNA precursors
are pre-processed by a nuclear RNAse III complex (Drosha–Pasha) before final process-
ing into miRNAs in the cytoplasm by Dcr. miRNAs are loaded into an Ago-containing
protein complex and targeted to the 3′ untranslated region (3′-UTR) of the target mRNA
blocking its translation [60]. The piRNA pathway silences transposable elements in the
germline of many animal species [61]. In contrast to the other pathways, piRNAs are not
generated by dsRNAs precursors and their biogenesis is independent of Dcr [62]. A single
transcript is generated from a piRNA cluster and processed into piRNAs by PIWI-domain
containing proteins. The piRNA pathway controls transposons through several distinct
but interlinked mechanisms. Whereas cytoplasmic PIWI proteins silence their targets
post-transcriptionally through piRNA direct cleavage, nuclear Piwi–piRNA complexes
function at the transcriptional level via heterochromatin assembly [63]. Although we still
know very little about the nature and the putative function of C. albicans non-coding RNAs,
RNA profiling analyses have identified many non-coding transcripts whose expression
differ under distinct growth conditions [64].

Figure 4. RNA interference pathways. In the siRNA pathway, a precursor dsRNA is processed
into a siRNA duplex by dicer (Dcr), and one strand of the duplex is loaded into argonaute (Ago1),
which targets it against complementary RNAs for inactivation. In the miRNA pathway, loop dsRNA
precursors are processed, first, in the nucleus by drosha–pasha and later in the cytoplasm by dicer
to produce miRNAs. These are loaded into an Ago and targeted to the 3′-UTR region of the target
mRNA to block translation. In the piRNA pathway, a single transcript is generated from a piRNA
cluster and processed into piRNAs by PIWI-domain-containing proteins that silence their targets
post-transcriptionally in the cytoplasm through piRNA direct cleavage or, transcriptionally, in the
nucleus via heterochromatin assembly.
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Furthermore, it has been shown that C. albicans contains active RNAi machinery
in vitro and in a heterologous yeast system. CaDcr1 is a non-canonical enzyme that can
generate small RNAs and catalyse the 35S ribosomal RNA [65]. Future studies will establish
the impact of non-coding RNAs in C. albicans biology.

6. Chromatin-Mediated Regulation of the Yeast to Hypha Morphological Switch

Modulation of the yeast to hypha morphological transition relies on a complex in-
terplay of a transcriptional regulator and chromatin modifiers [66,67]. Hyphal growth
can be divided into two different stages: initiation and maintenance. In yeast cells, the
transcriptional repressors Nrg1 and Tup1 inhibit hyphal morphogenesis by blocking the
expression of a subset of filament-specific genes [68,69]. During the initiation stage, Nrg1
protein levels decrease sharply, and the Nrg1-mediated repression is cleared. After that,
during the maintenance phase, Nrg1 protein levels recover rapidly, but Nrg1 binding to
promoters of hypha-specific genes is inhibited [70,71].

Hyphal growth is induced by a broad range of environmental and host factors, includ-
ing serum, nutrient starvation, hypoxia and high CO2 concentration [72,73]. These different
host signals are integrated by redundant sensing pathways that modulate the activity of
transcriptional regulators (such as Chp1, Egf1 and Flo8), resulting in the transcriptional
upregulation of hundreds of genes such as genes encoding for cell wall proteins, adhesins
and secreted aspartyl proteinases (SAP) [74]. Chromatin modifiers are emerging as im-
portant regulators of the yeast-to-hypha transcriptional programme [75–77] (Figure 5A).
For example, the concerted and opposite activities of the NuA4 HAT complex and the
Hda1 HDAC are necessary for the initiation–maintenance transition and for activating the
hyphal-specific transcriptional programme. Upon hyphae induction, the NuA4 complex is
recruited to the promoters of hyphae-specific genes. Dynamic acetylation of histone H4
and the NuA4 components Yng2 have been proposed to be necessary for NuA4-dependent
hypha induction [75,78]. Consequently, deletion of the ESA1 gene, encoding for the cat-
alytic subunit of the NuA4 complex, hinders filamentous growth [75]. The HDAC Hda1
promotes hypha maintenance by deacetylating Yng2, and this modification is critical to
sustaining hyphal maintenance blocking Nrg1 binding to hyphae-specific promoters in
response to serum or nutrient limitation [79]. Importantly, HDA1 is not required for hyphae
maintenance or elongation in hypoxia or the presence of elevated CO2, demonstrating the
complexity of the hyphae regulatory programme [80,81].

Several other histone modifiers are important for the yeast–hyphae switch. For
example, the HAT Gcn5 is a positive regulator of hyphal growth, while the HATs Sas2
and Hat1 are negative regulators of hyphae formation [75,82,83]. The Set3/Hos2 histone
deacetylase complex negatively regulates the yeast-to-hyphae switch by modulating the
kinetics of the filamentous transcriptional programme [76,84]. Furthermore, the catalytic
activity of the HDAC Sir2 modulates hyphae formation, as the number of hyphae is reduced
in a C. albicans strain expressing catalytic inactive Sir2 [77].

It is largely unknown how chromatin modifiers modulate the yeast-to-hyphae switch,
as the critical substrates necessary for this morphological transition have not been iden-
tified yet. Identifying these substrates will be essential to unveil the role of protein post-
translation modifications in filamentous growth as chromatin modifiers modify histones
and non-histones proteins [85,86]. Furthermore, histone crotonylation is emerging as a
crucial post-translation modification regulating C. albicans filamentous growth [87]. As
HATs can catalyse both acetylation and crotonylation, it will be essential to dissect which
modifications are the key regulators of filamentous growth.

Several studies demonstrate that chromatin remodelling controls the yeast-to-hyphae
transition. Indeed, the C. albicans SWI/SNF and RSC chromatin-remodelling complexes
are required for filamentation growth [54,88,89]. However, the molecular mechanism(s)
of the SWI/SNF-mediated regulation of hypha formation is still unclear. Indeed, it has
been shown that, upon hyphal induction, the SWI/SNF catalytic subunit Snf2 binds the
promoters of the hyphae-specific genes HWP1, ALS3 and ECE1 [78]. This observation
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suggests that SWI/SNF directly controls the filamentous transcriptional programme by
chromatin remodelling of hyphae-specific genes. However, genome-wide chromatin profil-
ing of a different SWI/SNF component, Snf6, did not detect any specific interaction with
hyphae-specific genes (including HWP1, ALS3 and ECE1). Furthermore, RNA sequencing
analyses of wild type (WT) and SNF6 deletion strains suggest that SWI/SNF is a general
transcriptional regulator in both yeast and hyphal cells and that SWI/SNF controls filamen-
tation indirectly [88]. Future studies will determine whether Snf2 plays a role in hyphae
formation independently of other SWI/SNF components.

Figure 5. Influence of chromatin modifiers and remodelers on (A) the yeast–hyphae transition and
(B) biofilm formation in C. albicans. Proteins promoting the yeast-to-hyphae transition or biofilm
formation are represented on top. Proteins repressing the yeast-to-hyphae transition or biofilm
formation are represented below. Proteins influenced by the environmental conditions or temperature
are represented with (*) or (#) respectively. Writers, erasers, remodelers and histone variants are
represented in orange, white, magenta and blue bubbles, respectively.

Although the role of non-coding RNAs in the modulation of hyphal transition is
largely unexplored, genome-wide gene-expression profiling studies have identified several
novel ncRNAs specifically expressed in hyphae-inducing growth conditions [64,90]. It is
still unknown whether these ncRNAs have a function, but it is interesting to note that
some of these non-coding RNAs have expression profiles similar to the expression profile
of hyphae-specific genes. In the future, it will be essential to determine the function of
these ncRNAs.
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7. Chromatin-Mediated Regulation of the Planktonic-Biofilm Transition

C. albicans biofilm consists of a layer of yeast cells overlaid by filamentous hyphal and
pseudo-hyphal cells surrounded by an extracellular matrix formed by polysaccharides and
proteins. The formation of biofilms is a multi-step process consisting of four stages: (1) the
adherence and colonisation of yeast cells to the surface, (2) yeast cell proliferation forming
the basal layer, (3) the growth of hyphae and pseudo-hyphae with the formation of the
extracellular matrix and complex three-dimensional architecture, (4) the dissemination
of progeny biofilm cells to seed new sites [91]. Seven master regulators (Bcr1, Brg1,
Efg1, Flo8, Ndt80, Tec1 and Rob1) are critical for normal biofilm formation in vivo and
in vitro [92,93]. Of these seven regulators, Bcr1, Efg1 and Ndt80 are important modulators
of biofilm formation in non-albicans Candida species that are evolutionarily distant from
C. albicans [94]. The biofilm master regulators are transcriptional regulators controlling
the expression of thousands of genes expressed differentially between yeast and biofilm
cells [95].

An increasing body of evidence suggests that chromatin modifiers and chromatin
remodelling regulate different stages of biofilm formation (Figure 5B). Firstly, a specific
chromatin state, marked by the histone H3 variant H3VCTG (ORF19.6791), acts as a negative
regulator of biofilm formation in planktonic cells [96]. H3VCTG contains three variant amino
acids (Ser31, Thr32 and Thr80) replaced by Val31, Ser32 and Ser80. Val31 and Ser32 are
essential for the variant function. H3VCTG binds promoters of biofilm-related genes in
planktonic cells, but it does not mark these gene promoters in biofilm-inducing growth
conditions. Additionally, H3VCTG mutant strains produce more robust biofilms than WT
cells in vivo and in vitro, suggesting that H3VCTG represses biofilm formation [96]. The
role of H3VCTG in other CTG-clade yeast species is unknown. H3VCTG likely regulates
biological processes distinct from biofilm formation as this histone variant is expressed in
CTG-clade organisms such as Scheffersomyces stipitis and Debaryomyces hansenii that do not
form biofilm under several biofilm-inducing conditions [94,96].

Hyphae formation is important in the biofilm process. Therefore, it is likely that
chromatin modifiers regulating filamentous growth are also required for biofilm matura-
tion. Accordingly, deletion of the HAT GCN5 leads to a strong decrease of adhesion and
a dysregulation of Als1-mediated adhesion, which hints at the role of Gcn5 in biofilm es-
tablishment [84]. Additionally, it has been shown that chromatin-mediated transcriptional
regulation is important for regulating biofilm dispersal. Indeed, the HDAC Set3/Hos2 is
a positive regulator of biofilm dispersal. C. albicans strain deleted for the SET3 gene are
hyper filamentous and have a reduced number of yeast cells leading to a reduced biofilm
dispersal [84].

It is still unknown whether non-coding RNAs regulate biofilm formation. However,
ncRNAs might play an crucial regulatory role in biofilm formation as specific ncRNAs are
differentially expressed in biofilm cells compared to planktonic cells [64].

8. Conclusions

An increasing body of evidence demonstrates that chromatin modifiers and chromatin
remodelers modulate the gene expression programmes associated with the yeast to hyphae
switch and with biofilm formation, two interconnected processes playing important roles
for host adaption and pathogenesis, as well as the white-opaque switch (Figure 6). Despite
the emerging central role of chromatin-mediated regulation in controlling C. albicans biology,
our understanding of these regulatory processes is still in its infancy. This is because we
lack the fundamental knowledge and understanding of how chromatin structures change
in different host hostile environments and whether chromatin modulation differs among
C. albicans clinical isolates. To start filling this gap in knowledge, chromatin profiling of
different C. albicans morphological forms should be performed. Similarly, histone and
non-histone substrates of chromatin modifiers should be identified using biochemical
approaches. In addition, it will be exciting to dissect the role of non-coding RNAs and the
RNAi machinery to C. albicans morphological switches.
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Figure 6. Summary of the involvement of the main erasers, writers and remodelers (Rem.) in
the yeast–hyphae transition, the white–opaque switch and biofilm formation. The question mark
indicates a possible involvement not confirmed yet.
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Abstract: Nutrient uptake is essential for cellular life and the capacity to perceive extracellular
nutrients is critical for coordinating their uptake and metabolism. Commensal fungal pathogens,
e.g., Candida albicans, have evolved in close association with human hosts and are well-adapted
to using diverse nutrients found in discrete host niches. Human cells that cannot synthesize all
amino acids require the uptake of the “essential amino acids” to remain viable. Consistently, high
levels of amino acids circulate in the blood. Host proteins are rich sources of amino acids but their
use depends on proteases to cleave them into smaller peptides and free amino acids. C. albicans
responds to extracellular amino acids by pleiotropically enhancing their uptake and derive energy
from their catabolism to power opportunistic virulent growth. Studies using Saccharomyces cerevisiae
have established paradigms to understand metabolic processes in C. albicans; however, fundamental
differences exist. The advent of CRISPR/Cas9-based methods facilitate genetic analysis in C. albicans,
and state-of-the-art molecular biological techniques are being applied to directly examine growth
requirements in vivo and in situ in infected hosts. The combination of divergent approaches can
illuminate the biological roles of individual cellular components. Here we discuss recent findings
regarding nutrient sensing with a focus on amino acid uptake and metabolism, processes that underlie
the virulence of C. albicans.

Keywords: Candida albicans; human fungal pathogen; nutrient sensing; amino acid metabolism;
proline catabolism; mitochondria; SPS-sensor; nitrogen catabolite repression; glucose repression

1. Introduction

All organisms require nutrients to live, grow and successfully reproduce. The ability
of an organism to assimilate nutrients in a given ecological niche is dependent on its ability
to sense and respond to the availability of nutrients and on intrinsic cellular properties.
Defining the key signaling events activated by nutrient sensing systems and the metabolic
capacities of an organism provides a compelling description that reflects the organism’s
role in the niche. For opportunistic human pathogens, acquiring nutrients to support
commensal or pathogenic growth is not a trivial task as the availability of key nutrients
is dependent on several extrinsic host-specific factors. Such factors include host defense
activities that often are linked to substantial and rapid changes in biophysical parameters,
e.g., extracellular pH and the generation of reactive oxygen species (ROS), different nutrient
and metabolic activities of host tissues at sites of fungal cell colonization, and the presence
of competing microorganisms.

Of the fungal pathogens capable of infecting humans, Candida albicans is considered to
be the most important, and arguably the most successful. C. albicans is a natural commensal
of humans, capable of colonizing virtually all anatomical sites (Figure 1). This fungus can
switch from harmless commensal to pathogenic growth and thereby cause a spectrum
of pathologies, ranging from mucosal to life-threatening systemic infections, collectively
termed candidiasis. It is imperative to distinguish the difference between commensal
and invasive virulent growth; invasion is distinct from superficial colonization as the
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former is accompanied by inflammatory signals, resulting from the activated immune
response. Clinical cases presenting C. albicans infections of the urogenital tract [1–8],
kidney [1,7,9–13], liver [14,15], lungs [16–18], spleen [19,20] and even the heart [21–26]
have been reported. In rare cases, mostly in neonates, C. albicans can traverse the blood–
brain barrier, resulting in infections of the brain [27–30]. These observations indicate that
C. albicans can successfully establish and grow in different host niches. Consequently,
C. albicans must possess the means to successfully adapt in order to obtain and use a wide
range of host-derived nutrients. Given their opportunistic character, the question remains
open as to how C. albicans cells fine-tune their nutrient acquisition machineries to support
commensal and pathogenic growth under apparently disparate environmental conditions.

Figure 1. C. albicans can infect virtually all anatomical sites in the body. Infections can either be
superficial, mainly affecting the skin or mucous membrane, or invasive, involving fungal entry into
the blood (candidemia) and dissemination to other internal organs. Disseminated growth happens
when C. albicans, colonizing an anatomical site (usually the gut), catheters or other medical implants,
enter the blood and then disseminate to other organs such as the lungs (pulmonary), liver (hepatic),
spleen (splenic), pancreas (pancreatic) and kidney (renal). These infections can be localized or can
re-enter the bloodstream again, allowing them to reach additional anatomical sites, and in rare cases
the brain (cerebral). C. albicans in the blood can enter the urine via the kidney, resulting in candiduria
(yeast in the urine). Other complications of Candida infections include the appearance of fungus balls
in certain sites, resulting in obstruction in these areas and the formation of abscesses. In women,
vaginal candidiasis is an important concern since the vagina serves as a main reservoir for C. albicans.
In addition, infection of the genitourinary tract is more often diagnosed in women than in men due
to anatomical structural differences such as a shorter urethra and the close proximity of the vagina
and anus.

C. albicans requires a source of nitrogen to synthesize proteins needed to carry out
necessary cellular functions and to generate nucleotides for DNA and RNA synthesis.
There is a plethora of nitrogen sources that C. albicans can theoretically utilize in the host,
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for example, amino acids, urea, peptides, proteins and N-acetyl glucosamine (GlcNAc) and
even ammonia. Of the nitrogen sources available in the host, amino acids are preferred as
they can be easily assimilated and used as both nitrogen and carbon sources [31,32]. Most of
the current understanding of nutrient assimilation in C. albicans is inferred from extensive
studies in the non-pathogenic yeast Saccharomyces cerevisiae. However, although many of
the regulatory mechanisms operating between the two species are conserved, it is becoming
clear that substantial differences exist, likely reflecting the different environments in which
these fungi evolved. Although S. cerevisiae is readily found freely in nature, C. albicans has
evolved in close association with mammalian hosts as a commensal. Furthermore, although
S. cerevisiae prioritizes the ability to ferment sugar even in the presence of oxygen, C. albicans
relies on mitochondrial oxidative phosphorylation to generate the energy necessary to
survive in hosts. Aside from being able to thrive better at higher temperatures, i.e., 37 ◦C,
a striking and important difference between C. albicans and S. cerevisiae is that C. albicans
possesses mitochondria with all four proton-pumping and energy-conserving complexes
of the respiratory chain, including NADH dehydrogenase (Complex I). In S. cerevisiae
mitochondria, NADH is oxidized by matrix NADH dehydrogenases that are not coupled to
energy-conserving proton-pumping mechanisms; hence, the oxidation of NADH in yeast
does not directly contribute to ATP production [33].

The clear differences in metabolism between the established yeast model and the
fungal pathogen C. albicans need to be considered when analyzing its virulence properties.
In this review we focus on amino acid sensing and metabolism with an emphasis on
proline catabolism. We begin by introducing some basic concepts regarding nitrogen source
utilization and assimilation and then present a more focused discussion regarding amino
acid metabolism, the generation of ammonia and associated consequences, and the central
role of mitochondria in the production of energy for virulent growth.

2. Amino Acids as Nitrogen Sources in Host Environments

As an opportunistic pathogen, C. albicans can sense a multitude of environmental
signals, including changes in the availability of diverse nitrogen sources, including amino
acids. The signaling pathways that are induced regulate the activity of downstream
effector transcription factors that engage programs of gene expression, some that are
required for virulent growth (reviewed in [34,35]). A limited number of amino acid sensors
have been characterized in C. albicans (Figure 2), the best understood being the plasma
membrane-localized SPS sensor of extracellular amino acids [36–38]. Strains lacking a
functional SPS sensor have a diminished capacity to take up amino acids, do not filament
in the presence of serum and are less virulent during systemic infection in mice. These
results provide a clear example of how an ordinary basic physiological process, such as
nitrogen (amino acid) acquisition, can become an “accidental” but important virulence
trait of an opportunistic human pathogen. Additional sensors of external amino acids in
C. albicans have been reported, such as Gpr1, a G-protein-coupled receptor proposed to
sense methionine [39], and Gap2, a general amino acid transporter that is the functional
ortholog of Gap1 in S. cerevisiae (ScGap1) that could function as a transceptor [40]. Proteins
that sense the availability of other well-characterized nitrogen sources, e.g., Mep2 that
responds to ammonium [41], can also provide important regulatory signals governing
amino acid use. Although C. albicans cells have been shown to respond to the presence
of GlcNAc [42,43] and urea [44], active sensing mechanisms for these nitrogen sources
have not been described. Nitrogen-containing compounds (amino acids) are taken up from
the extracellular environment through a number of distinct transporters localized at the
plasma membrane (Figure 2). Activation of the SPS sensor enhances the capacity of cells
to take up and assimilate diverse nitrogen substances. This is accomplished as the signals
derived from the activated SPS sensor induce the expression of several genes encoding
amino acid permeases, secreted aspartyl protease SAP2, peptide and oligopeptide transport
proteins [36,45,46].

53



Pathogens 2022, 11, 5

 

Figure 2. Amino acid sensors and transporters localized at the plasma membrane of C. albicans.
(Left) the SPS sensor responds to the presence of extracellular amino acids. The main SPS sensor
is composed of Ssy1, a plasma membrane-bound receptor homologous to amino acid permeases
but without a capacity to transport amino acids; Ptr3, a scaffold protein that mediates intracom-
plex protein–protein interactions; and Ssy5, an endoprotease that proteolytically activates down-
stream transcription factors. The G-protein-coupled receptor 1 (Gpr1), together with intracellular
cognate protein Gpa2, has been implicated in both amino acid (methionine) and lactate sensing.
Gap2 is an ortholog of S. cerevisiae Gap1, which is thought to function as a transceptor, i.e., a func-
tional transporter capable of initiating downstream signaling events independently of transport.
(Right) uptake of extracellular amino acids is facilitated by a number of genetically distinct amino
acid permeases (AAP) that have either broad or narrow substrate specificities. Amino acids can
also enter the cell as oligopeptides taken up by Ptr2 for di-/tri-peptides, or a family of oligopeptide
transporters (OPT) for oligopeptides comprising between 4 and 8 residues.

3. Nitrogen Catabolite Repression (NCR)

In addition to sensing the availability of extracellular sources of nitrogen, yeast cells
can gauge the quality of internalized sources of nitrogen and respond appropriately to
adjust metabolism. Nitrogen catabolite repression (NCR) is a supra-pathway that controls
nitrogen source utilization through the repression of genes required for the utilization of
secondary nitrogen sources when preferred ones are available. Most of the assumptions
with respect to NCR in C. albicans are derived from extensive studies examining NCR
in S. cerevisiae. Understanding the differences between these organisms is essential to
accurately describing the hierarchy of nitrogen source assimilation and use by C. albicans
during pathogenic growth.

In S. cerevisiae, NCR is controlled by four GATA transcription factors: Gln3, Gat1, Dal80
and Gzf3, all of which possess zinc-finger DNA-binding motifs that recognize a conserved
GATAAG consensus sequence present in the promoters of target genes (reviewed in [47])
(Figure 3). Gln3 and Gat1 act as positive regulators of gene expression, whereas Dal80
and Gzf3 act in a negative manner to repress target gene expression. The ability of the
GATA factors to compete for binding GATAAG sequences is influenced by nitrogen source
availability and is even modulated by events within the nucleus [48,49]. In the presence of
preferred nitrogen sources, such as ammonium and certain amino acids, Gln3 and Gat1 are
tethered in the cytosol, restricting their translocation into the nucleus. For Gln3, nuclear
exclusion is maintained by binding to the phosphorylated species of its interacting partner,
Ure2. Gln3 and likely Gat1 can be phosphorylated, but the phosphorylation status of Gln3
does not affect its capacity to bind Ure2. Gln3 targets to and is retained in the nucleus in cells
carrying deletion or mutationally inactivated alleles of Ure2, resulting in the constitutive
expression of NCR-sensitive genes. Unlike Gln3, Gat1 is not entirely dependent on Ure2 for
retention in the cytosol, and therefore other regulatory components apparently contribute
to controlling Gat1 movement and inducing activity. Contrary to Gln3 and Gat1, Dal80
and Gzf3 are constitutively localized in the nucleus. Furthermore, in contrast to GLN3,
GAT1, GZF3 and DAL80 are expressed under the control of promoters containing multiple
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GATAAG sequences, placing their expression under NCR [50–53]. Consequently, these
factors participate in regulating each other’s expression (cross-regulation) and in certain
instances exhibit partial autogenous regulation [48,52–54] (Figure 3).

 

Figure 3. Schematic diagram of nitrogen catabolite repression (NCR) in yeast (adapted from Ljung-
dahl and Daignan-Fornier, 2012 [47]). Gln3 and Gat1 are two positive GATA effectors of NCR that are
normally excluded from the nucleus under preferred nitrogen replete conditions. Nuclear exclusion
is thought to occur via the interaction of Gln3 with the phosphorylated version of the Ure2 protein.

NCR has been described in C. albicans; however, the information available is limited to
studies using strains lacking Gln3 and/or Gat1 [55–57]. Strains lacking either or both of
these GATA transcription factors are unable to efficiently utilize a number of alternative
nitrogen sources. This has been shown to be linked to the lack of derepression of genes
necessary for their catabolism. Results from the Fonzi laboratory have shown that Gln3 and
Gat1 appear to exert both specific and overlapping functions, depending on the available
nitrogen sources [56]. Certain amino acids traditionally classified as poor, such as proline
in S. cerevisiae [47,58], are readily utilized by C. albicans lacking Gln3 and Gat1, clearly
indicating that proline utilization is not subject to tight NCR control [56]. Consistently,
recent work in our group and others have shown that enzymes of the proline catabolic
pathway (e.g., Put1 and Put2) can be induced in the presence of preferred nitrogen sources
(e.g., ammonium or amino acids) [59–61] and even in a strain lacking Gln3 and Gat1 [59].
In addition, the gene encoding glutamate dehydrogenase (GDH2), a key player in central
nitrogen metabolism, is robustly expressed when there is an abundance of preferred
nitrogen sources such as ammonium and amino acids, indicating that its expression is
independent of NCR [61]. This latter finding is in striking contrast to S. cerevisiae, with its
GDH2 subject to tight NCR control (reviewed in [47]).

These clear differences between C. albicans and S. cerevisiae are not trivial, and clearly
reflect divergent evolutionary trajectories and the need for C. albicans to rapidly respond
to distinct host environments. For example, as C. albicans cells breach epithelial barriers
and reach the blood, they are exposed to high concentrations of amino acids, a condition
that likely represses NCR-controlled genes, including those required for the assimilation of
nitrogen derived from the degradation of host proteins. The transcription factor STP1 is
NCR-controlled and under these conditions is not expressed, which limits the expression
of the Stp1-dependent secreted protease Sap2 and oligopeptide transporters.
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4. Extracellular Amino Acid Sensing and Uptake—The SPS Sensing System

The plasma-membrane-localized SPS (Ssy1-Ptr3-Ssy5) sensor of C. albicans has been
characterized [36,38,59,62]. The SPS sensor enables cells to sense and respond to the pres-
ence of extracellular amino acids (Figure 4). Again, progress has largely been guided by
ongoing studies using S. cerevisiae as a model. In S. cerevisiae, the SPS signaling pathway
controls the expression of a distinct set of amino acid permease (AAP) genes encoding
transporters catalyzing proton-driven amino acid uptake. Two homologous effector tran-
scription factors, Stp1 and Stp2, are synthesized as inactive precursors that localize to
the cytoplasm due to N-terminal regulatory domains. The regulatory domains possess
cytoplasmic retention and nuclear degron motifs, both of which are required to maintain
the “off-state” of SPS-sensor-regulated gene expression. The cytoplasmic retention motifs
prevent these factors from efficiently entering the nucleus, and the degron motif targets the
low levels of full-length Stp1 and Stp2 that escape cytoplasmic retention for degradation by
means of a novel inner-nuclear-membrane-associated degradation (INMAD) pathway. The
INMAD pathway is defined by the E3 ubiquitin ligase Asi complex (Asi1-Asi2-Asi3) [63–65].
Extracellular amino acids activate the SPS sensor by binding to the receptor component
Ssy1, which undergoes a conformational change that activates the Ssy5 protease in a Ptr3-
dependent manner: Ptr3 functions as a scaffold that mediates intracomplex protein–protein
interactions. Activated Ssy5 cleaves the N-terminal regulatory domains of Stp1 and Stp2, a
processing event that enables the cleaved factors, lacking cytoplasmic retention and degron
motifs, to efficiently translocate to the nucleus and bind to upstream activating sequences
(UASaa) in the promoters of AAP genes. AAPs are co-translationally inserted into the
endoplasmic reticulum (ER) membrane, contiguous with the outer nuclear membrane. The
movement of AAPs to the PM requires the ER membrane-localized chaperone Shr3, which
facilitates their folding and packaging into ER-derived secretory vesicles, a requisite for
their functional expression [66,67]. The SPS sensing system enables amino acids to induce
their own uptake.

Orthologs of the SPS sensing system are present in C. albicans ([36–38,59,62]; reviewed
in [35]) (Figure 4). There is, however, a major difference. In contrast to S. cerevisiae, Stp1 and
Stp2 in C. albicans activate different sets of genes that express proteins facilitating the assim-
ilation of distinct external nitrogen sources [36,62]. Stp1 regulates the expression of SAP2,
encoding the major and broad-spectrum secreted aspartyl proteinase (Sap) and multiple
oligopeptide transporters (Opts) [36]. STP1 expression is subject to NCR and controlled
by the GATA transcription factors Gln3 and Gat1 ([68], reviewed in [69]). Accordingly,
STP1 expression is repressed when preferred nitrogen sources, i.e., ammonium sulfate and
amino acids, are available and is derepressed when these nitrogen sources become limiting
or absent. STP2 is constitutively expressed and functions analogously to Stp1/Stp2 in
S. cerevisiae and derepresses the expression of multiple amino acid permeases. C. albicans
strains lacking either Ssy1 or Csh3, the latter an ortholog of yeast Shr3, fail to efficiently
respond to the presence of extracellular amino acids and have impaired an capacity to
filament in amino acid-based media [37,38]. Not all amino acids activate the SPS sensor, as
can be observed by monitoring the proteolytic processing of Stp2 [36,59]. The capacity to
activate the sensor and induce Stp2 processing is limited to a subset of amino acids; the
presence of glutamine and arginine leads to robust SPS sensor activation. Stp2 processing
is observed 5 min post-induction, indicating that the SPS sensing system rapidly responds
to the presence of extracellular amino acids.
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Figure 4. The SPS sensing system of C. albicans. Ssy1 is the primary amino acid sensor that
functions with the scaffold protein Ptr3 and the protease Ssy5 as a multimeric receptor complex.
Stp1 and Stp2 are the effector transcription factors of this pathway. ((Left panel), OFF state) In the
absence of extracellular amino acids, Stp1 and Stp2 are produced as latent cytoplasmic precursors
that are retained in the cytosol due to N-terminal regulatory domains that possess both a cytoplas-
mic retention motif and a nuclear degron, the latter recognized by the E3-ubiquitin ligase, Asi3.
((Right panel), ON state) In the presence of amino acids, Ssy1 is stabilized in a signaling conforma-
tion, which initiates downstream events, resulting in the activation of the Ssy5 protease. Activated
Ssy5 endoproteolytically cleaves the N-terminal regulatory domains of Stp1 and Stp2. The shorter,
cleaved forms efficiently translocate into the nucleus, where they bind upstream activating sequences
(UASaa) and induce the expression of SPS-regulated genes (SRG). Importantly, Stp1 and Stp2 induce
divergent subsets of genes, and STP1 expression is under NCR control; STP1 is repressed in cells
grown in the presence of millimolar concentrations of amino acids, whereas Stp2 is constitutively
expressed. Activated Stp2 induces the expression of amino acid permease (AAP) genes. AAPs are
translated and initially inserted in the ER membrane, where they require the assistance of the ER-
membrane-localized chaperone Csh3, the ortholog of yeast Shr3, to attain native structures. In the
absence of Csh3, AAPs aggregate and are retained in the ER. Activated Stp1 derepresses the expres-
sion of SAP2, a secreted protease, and multiple oligopeptide transporter genes that facilitate peptide
uptake. Stp1 triggers responses required for host protein utilization, whereas Stp2 induces amino
acid utilization.

Additional sensing systems in C. albicans, capable of transmitting signals regarding
extracellular amino acid availability, have been reported. The G-protein-coupled receptor
(Gpr1) has been proposed to sense extracellular methionine [70] or even glucose, similarly
to S. cerevisiae [71]. The idea that methionine is the primary activating ligand for Gpr1 stems
from the fact that the addition of methionine could trigger the rapid internalization of Gpr1
in a manner consistent with ligand-mediated receptor internalization ([70]; reviewed in [72]).
More recently, however, lactate has been proposed to be the primary activating ligand for
Gpr1 [73]. Hence, the role of Gpr1 in amino-acid-induced morphogenesis remains to be
defined. What is known is that ligand activation of Gpr1 stimulates GTP-GDP exchange in
its effector Gα protein Gpa2; the active GTP-bound form of Gpa2 subsequently binds to
the Gα-binding domain in the N-terminal region of the adenylate cyclase Cyr1, leading to
enhanced cAMP production (reviewed in [74,75]). Null mutations of the GPR1 or GPA2
in C. albicans diminish filamentous growth on solid media, and consistently, filamentation
can be restored via the addition of exogenous cAMP [71]. Interestingly, although Gpr1 and
Gpa2 were initially characterized on the basis of increased cAMP synthesis in response to
glucose, deletions of GPR1 or GPA2 do not affect glucose-induced cAMP signaling, and
cells remain responsive to methionine and proline [39,70]. Furthermore, the levels of cAMP
in gpr1-null mutants spike in response to serum or large amounts of glucose (100 mM, or
1.8%), suggesting that Cyr1 can be activated by Gpr1-independent processes [70].
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5. Amino Acids from Proteins and Peptides

Although free amino acids are preferred, as they can be rapidly utilized as both carbon
and nitrogen sources, the bulk of amino acids in hosts are typically fixed in proteins, e.g., the
extracellular matrix proteins collagen and mucin. Consequently, extracellular proteolytic
enzymes are required to cleave host proteins to release amino acids and peptide fragments
that can subsequently be taken up by the cell. It is important to note that the breakdown of
host proteins that occurs at sites of infection can be due to proteases secreted either from the
fungal or host cells [76,77]. In vitro, C. albicans can acquire peptides and amino acids derived
from extracellular proteins, e.g., albumin, collagen and mucin. This requires the expression
of secreted aspartyl proteases (Saps) [78–80] or the activity of matrix metalloproteinases
(MMPs) [81,82]. The host can also trigger the proteolytic degradation of tissues as observed
in some pathological conditions such as cancer [83] or sarcopenia (muscle wasting) [84].
Once internalized, peptides are then degraded to amino acids through the activity of several
intracellular proteases, e.g., metallopeptidase, dipeptidase, carboxypetidases and serine
proteases, which liberate free amino acids [85–88]. The induced expression of some of these
enzymes is complex and depends on the release from strict regulatory processes, including
NCR [68]. Although the overall effect on virulence remains to be clarified, the discovery of
the fungal toxin candidalysin is important as it can also trigger the release of free amino
acids by contributing to the lysis of host cells [89–91].

6. Amino Acid Metabolism in C. albicans

Many amino acids, derived either from extracellular uptake or oligopeptide/protein
degradation or released from the vacuolar compartment, are converted to glutamate in the
cytosol via the catalytic activity of distinct aminotransferases (ATs) (Figure 5). Specifically,
ATs transfer the α-amino group of an amino acid to α-ketoglutarate (α-KG; 2-oxoglutarate),
resulting in the formation of glutamate. ATs are defined by the amino acid that serves
as the amino group donor. ATs collectively contribute to the cytosolic glutamate pool
(Glucyto). Examples include aspartate aminotransferase (Aat1, EC 2.6.1.1), which transfers
the α-amino group of aspartate to α-KG, resulting in glutamate and oxaloacetate; ornithine
transaminase (Car2; EC 2.6.1.13), which uses ornithine, forming glutamate and glutamyl-
5-semialdehyde; alanine transaminase (Alt1; EC 2.6.1.2), which uses alanine, forming
glutamate and pyruvate; and glutamate synthase (Glt1; EC 1.4.1.14), which uses glutamine,
forming glutamate.

Glutamate is enzymatically converted to α-KG via oxidative deamination, catalyzed by
NAD+-dependent glutamate dehydrogenase (Gdh2; EC 1.4.1.2), yielding ammonia (NH3)
and reduced NADH [61,93]. At a physiologically relevant pH, ammonia is protonated
to ammonium (NH4

+). In mammalian cells, glutamate dehydrogenase is localized in the
mitochondria, whereas in S. cerevisiae, there is a lack of consensus regarding its localization;
Gdh2 has been reported to be a mitochondrial component [94,95] and alternatively a cy-
tosolic component [96–98]. The bulk of ammonia produced by C. albicans during growth
on amino acids as a sole nitrogen and carbon source comes from the reaction catalyzed by
Gdh2 [61]. Contrary to the initial publication, now corrected [61], Gdh2 in C. albicans is
clearly cytoplasmic. The correct assignment of Gdh2 as a cytoplasmic component is key to
understanding its role in cellular energy production, as the reaction reduces NAD+, forming
NADH. The ammonium pool in the cytosol generated primarily from Gdh2 activity and
possibly from the import of extracellular ammonium via the ammonium transporters Mep1
and Mep2 [57,99,100] can be assimilated by two key anabolic reactions catalyzed by the
NADPH-dependent glutamate dehydrogenase (Gdh3, EC 1.4.1.4; Gdh1 in S. cerevisiae) and
glutamine synthetase (Gln1; EC 6.3.1.2) (Figure 5). Gdh3 catalyzes the synthesis of gluta-
mate from α-KG and ammonium [93], whereas Gln1 catalyzes the synthesis of glutamine
from glutamate and ammonium in an ATP-dependent reaction [93]. In S. cerevisiae, cytosolic
glutamate can be imported to the mitochondrial matrix via transporters localized at the
inner mitochondrial membrane, such as Agc1 [101–104] or Ymc2 [104]. Putative orthologs
of these proteins exist in C. albicans (see CGD, http://www.candidagenome.org (accessed
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on 19 December 2021); C1_13400C for Agc1 and C4_02080W for Ymc2). Furthermore, in S.
cerevisiae, cytosolic α-KG can be imported into the mitochondria through oxodicarboxylate
carriers that exists in two isoforms, Odc1 and Odc2; Odc1 is used during respiration and
its expression is subject to glucose repression, whereas Odc2 is the predominant isoform
under non-respiratory conditions [105,106]. The C. albicans genome has a putative ortholog
for Odc1 (CR_05480W).

 

Figure 5. Nitrogen utilization in C. albicans. Most free amino acids, obtained from extracellular
uptake (1), vacuolar release (2) or the degradation of small peptides by intracellular peptidases (3), are
deaminated by specific aminotransferases (ATs) using α-ketoglutarate as the amino group acceptor,
forming glutamate. Many ATs are found in the cytosol and there is an abundant supply of glutamate
in the cytosol (Glucyto) (4). Glutamate can be imported into the mitochondria by transporters, such
as Agc1 (5). Arginine and proline are converted to glutamate via the proline catabolic pathway (6).
In the cytosolic portion of this pathway, arginine is converted to ornithine and urea by arginase
(Car1). Ornithine is rapidly converted to glutamate semialdehyde (GSA) by ornithine transaminase
(Car2), which is non-enzymatically converted to the cyclic Δ-1-pyrroline-5-carboxylate (P5C) and then
reduced by P5C reductase (Pro3), generating proline (Procyto). Promito) via an unidentified transporter.
Promito is catabolized to glutamate (Glumito) via the concerted activities of proline dehydrogenase
(Put1) and P5C dehydrogenase (Put2).
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Proline enters the mitochondria (Glutamate produced in the mitochondria (Glumito) (8) is thought
to exit the mitochondria and become part of Glucyto. Glucyto is used in the synthesis of proline (7);
glutamate is first activated to produce glutamate-5-phosphate (G5P) by γ-glutamyl kinase (Pro1),
followed by its conversion to GSA/P5C by γ-glutamyl phosphate reductase (Pro2) and is then re-
duced to proline by P5C reductase (Pro3). Cytosolic glutamate can be converted to α-ketoglutarate
by the NAD+-dependent glutamate dehydrogenase (Gdh2), which is critical for maintaining the
α-ketoglutarate pool in the cytosol (α-KGcyto). The reaction catalyzed by Gdh2 generates ammonia as
a by-product (9). α-ketoglutarate can be transported in and out of mitochondria via putative oxodicar-
boxylate carriers (e.g., Odc1). The mitochondrial α-KGmito pool is linked to the TCA cycle (10). Urea,
derived either from arginine or from extracellular uptake, can be converted to ammonia and CO2 via
urea amidolyase (Dur1,2) (11). When grown in the presence of N-acetylglucosamine (GlcNac), ammo-
nia is also produced when glucosamine-6-phosphate is converted to fructose-6-phosphate through
glucosamine-6-phosphate isomerase (Nag1) (12). As the cytosolic pH is maintained near neutrality
(pH~6.5), most ammonia is converted to its protonated form, ammonium (13). Free ammonia is
membrane-permeable and can readily exit cells, where it contributes to the alkalization of the growth
environment, a consequence of its conversion to ammonium (14). Ammonium in cells can be reassimi-
lated to generate glutamate by the NADPH-dependent glutamate dehydrogenase (Gdh3), which uses
α-ketoglutarate as a substrate (15); additionally, ammonium can be reassimilated via glutamine syn-
thetase (Gln1), which catalyzes the conversion of glutamate to glutamine (16). Glutamate can also be
generated from glutamine and α-ketoglutarate via the NADH-dependent glutamate synthase (Glt1)
(17). In mitochondria, the NADH/FADH2 generated by the TCA cycle and proline catabolism can be
oxidized via the electron transport chain (ETC) to generate ATP (18). Mitochondrial function and
multiple enzymatic activities are repressed in cells grown in the presence of high glucose (≥0.2%, (19)).
The localization of enzymes shown in green have been experimentally validated in C. albicans, whereas
those shown in red are based on the localization of their corresponding orthologs in S. cerevisiae and
the presence or absence of strong mitochondrial pre-sequences in the N-terminals of their respective
protein sequences (Candida Genome Database (CGD, http://www.candidagenome.org (accessed
on 18 December 2021)) analyzed using the MitoFate tool [92]. The following enzymes are present in
the C. albicans genome—PRODH = PUT1 (C5_02600W), P5CDH = PUT2 (C5_04880C), GDH = GDH2
(C2_07900W), P5CR = PRO3 (C4_00240), OAT = CAR2 (C4_00160C), ARG = CAR1 (C5_04490C), GK
= PRO1 (CR_10580), GPR = PRO2 (C3_07220C). GLN1 (CR_05050W), GLT1 (C1_06550W), DUR1,2
(C1_04660W), NADPH-dependent GDH = GDH3 (C4_06120W), AAT1 (C2_05250C) and AAT2 =
AAT21 (CR_07620W).

In addition to the cytoplasmic glutamate pool (Glucyto), a significant fraction of the
intracellular glutamate is generated in the mitochondria (Glumito) via the proline catabolic
pathway. In eukaryotes, the four-electron catabolic conversion of proline to glutamate is
carried out through the successive actions of proline dehydrogenase (PRODH; EC 1.5.5.2)
and Δ1-pyrroline-5-carboxylate (P5C) dehydrogenase (P5CDH; EC 1.2.1.88). PRODH and
P5CDH are highly conserved enzymes throughout eukaryotes and bacteria (reviewed
in [107–110]). In C. albicans, PRODH and P5CDH are called Put1 and Put2, respectively,
and both are nuclear-encoded mitochondrial proteins [59,61]; in most eukaryotes, PRODH
is associated with the inner mitochondrial membrane and is connected to complex II of
the electron transport chain (ETC; reviewed in [110]). Cytosolic proline (Procyto), derived
from uptake, biosynthetic reactions or from the catabolism of arginine or ornithine [59], is
imported into the mitochondria (Promito) via a still-unidentified mitochondrial transporter.
PRODH then transfers two electrons from proline to FAD to generate P5C and the reduced
flavin cofactor (FADH2). P5C tautomerizes spontaneously in a non-enzymatic reaction,
forming glutamic-γ-semialdehyde (GSA). The prevailing pH strongly affects the equilib-
rium between P5C and GSA; P5C formation is favored when the pH is >6.5. P5CDH then
catalyzes the oxidation of GSA to glutamate, reducing NAD+ to NADH. When high levels
of proline are available and catabolized, P5C can accumulate in the mitochondria and exert
a toxic effect [111–113]. The reduced cofactors FADH2 and NADH, generated by proline
catabolism, are oxidized by the ETC of mitochondria to power ATP generation. Since Gdh2
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catalyzes the conversion of glutamate to α-KG in the cytosol and that Gdh2-dependent
alkalization is tightly linked to mitochondrial function [61], it is highly likely that glutamate
resulting from proline catabolism (Glumito) is able to exit the mitochondria. To date, a
dedicated glutamate transporter capable of exporting glutamate out of the mitochondria
has yet to be identified. In yeast, mitochondrial glutamate is converted to aspartate by
the mitochondrial aspartate aminotransferase (Aat1; EC 2.6.1.1), and aspartate exits the
mitochondria via the Agc1 antiporter. The relevance of this transporter with respect to
the export of glutamate is not clear, as the antiporter mechanism transports aspartate out
and glutamate in. Aspartate in the cytosol can be converted back to glutamate via the
cytosolic aspartate aminotransferase (Aat2; EC 2.6.1.1). The C. albicans genome has putative
orthologs of Aat1 (AAT1; C2_05250C) and Aat2 (AAT21; CR_07620W). In yeast, cytosolic
glutamate is used in the biosynthesis of several amino acids, including proline; 85% of
the total cellular nitrogen is incorporated via the amino nitrogen of glutamate, and the
remaining 15% is derived from the amide nitrogen of glutamine [114].

7. Mitochondrial Metabolism Is Sensitive to Glucose Availability in C. albicans

Amino acid metabolism can be directly or indirectly regulated by glucose. Direct
control is exerted by Mig1 and Mig2, well-studied factors that bind promoters and re-
press transcription when glucose is abundant [115]. Indirectly, glucose can negatively and
pleiotropically regulate amino acid metabolism by controlling the function of mitochondria.
For example, we and others have shown that C. albicans mitochondrial activity can be down-
regulated by glucose in a manner similar to S. cerevisiae, albeit to a lesser extent [59,116].
Our data indicate that the repressing effect of glucose is clearly evident in C. albicans at
0.2% or higher [59], and more sensitive transcriptomic studies have noted effects of 0.01%
glucose, a very low level of glucose [116]. The more pronounced repressive effect of glucose
on mitochondrial respiration in S. cerevisiae is likely due to the limited capacity to oxidize
NADH when glycolytic flux is high [117]. This is expected to be similar in C. albicans;
however, since C. albicans has a functional complex I with a higher capacity to oxidize
NADH, the threshold level for glucose’s repression of mitochondrial respiration is higher
than that in S. cerevisiae. Consistently, we observed that the level of ATP is higher in 0.2%
glucose than in 2% glucose [59]. Consistently with the model that ATP-dependent Ras1
activation drives filamentous growth [118], filamentation is more robust when glucose is
<0.2% [39,59]. The lower ATP level observed for cells grown in the presence of 1% glycerol
is likely due to the lower levels of reduced NADH (low NADH/NAD+ ratio) that can be
oxidized to generate the membrane potential needed to generate ATP [59].

The pleiotropic effect of glucose on mitochondrial activity and amino acid catabolism
is nicely illustrated by arginine catabolism. Arginine catabolism occurs in a bifurcated
manner that generates two products that are independently catabolized either in the cytosol
(urea) or mitochondria (proline). When glucose is absent, the proline catabolic pathway
becomes essential for arginine catabolism as cells lacking PUT1 or PUT2 failed to grow
in the presence of arginine as the sole nitrogen and carbon source, whereas cells lacking
DUR1,2 grew [59]. However, when high glucose was added as the main carbon source,
the put1−/− defect was rescued as the metabolism shifted from pure respiratory to mixed
types of growth (respiratory/fermentative), shifting the metabolic burden of nitrogen
assimilation to the cytosolic Dur1,2. Strikingly, the enzymes required to catabolize proline
were still expressed; however, since the mitochondria were repressed by high glucose levels,
they were unable to carry out their catabolic functions of converting proline to glutamate.

8. Ammonia Generation and Excretion

In the human body, amino acids are an abundant source of nitrogen for C. albicans.
However, the utilization of amino acids in excess of the amount necessary to support growth
and basic cellular functions must be controlled due to the accumulation of ammonia as a
metabolic byproduct. Excess ammonia is toxic to cells. When cells are grown using amino
acids as energy sources, excess ammonia exits into the extracellular medium, resulting
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in environmental alkalization (Figure 6A). Interestingly, this capacity to increase environ-
mental pH via ammonia extrusion is believed to support the pathogenic growth of fungal
pathogens such as C. albicans in certain acidic microenvironments, e.g., the phagosome of
macrophages (reviewed in [119,120]).

 
Figure 6. Ammonia extrusion in C. albicans. (A) When C. albicans utilizes amino acids or N-
acetylglucosamine (GlcNac) as nitrogen sources for growth, ammonia is produced, promoting the
alkalization of the extracellular pH. Amino acids can be either free or derived internally from the
proteolytic degradation of oligopeptides, which are then converted to glutamate either in the cytosol
(by specific aminotransferases) or mitochondria (proline catabolism), creating a glutamate pool in the
cytosol (Glucyto). The NAD+-dependent glutamate dehydrogenase (Gdh2) catalyzes the conversion of
Glucyto to α-ketoglutarate, releasing ammonia in the process. Urea generated via arginine catabolism
(or from the extracellular environment) can also be degraded to ammonia via the urea amidolyase
(Dur1,2) enzyme. The deamination of GlcNac is dependent on glucosamine-6-phosphate isomerase
(Nag1), which catalyzes the conversion of glucosamine-5-phosphate (GN5P) to fructose 6-phosphate
(F6P). Excess ammonia produced in the cytosol must be removed in order to avoid its toxic effects;
due to the cytosolic pH of around 6.5, most of the free ammonia (NH3) is converted to ammonium
(NH4

+) (see graph below), which can be directly assimilated via central nitrogen metabolism (i.e.,
Gdh3 and Gln1), whereas a small fraction is released into the environment, where it could neutralize
the acidic pH, producing ammonium (NH4

+). Whether ammonia (or even ammonium) is exported
through simple diffusion or via exporters (Ato) requires further study. (B) At the normal cytosolic
pH of ≈6.5, ammonia (NH3) is converted to ammonium (NH4

+). We present a plot showing the
relative concentrations of NH3 and NH4

+ in aqueous solution based on pH and temperature. Image
adapted and redrawn from Huang, J; Handbook of Environmental Engineering) [121]. The ratio of NH4

+

to NH3 in this equilibrium is highly pH-dependent. At low acidic pH, the ammonium form (NH4
+)

dominates. As the pH increases, the ammonia (NH3) form also increases, and the proportion becomes
equal at the pKa value. Higher temperatures favor the NH3 gas side of the equilibrium balance
with NH4

+.

It has been proposed that ammonia derived from amino acid catabolism enables
C. albicans cells to neutralize the acidic luminal pH of the phagosome, reducing the ac-
tivities of hydrolytic enzymes with low pH optima and inducing C. albicans to switch
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morphologies, resulting in hyphal growth, thus facilitating macrophage evasion [31]. This
model was largely premised on studies using a strain lacking STP2 (stp2Δ/Δ), the SPS
transcription factor that positively regulates the expression of amino acid permeases re-
quired for amino acid uptake [31,32]. Strains carrying stp2Δ/Δ exhibit defects in both
environmental alkalization and the capacity to escape the phagosome of the engulfing
macrophage [31,32]. This model assigned the critical ammonia-generating event to the urea
amidolyase (Dur1,2), which catalyzes the conversion of urea to ammonia and CO2, as cells
lacking this enzyme (dur1,2Δ/Δ) show alkalization defects when cells are grown in media
with high glucose [32]. However, Dur1,2 has only been linked to ammonia generation in
the presence of its substrate urea, and DUR1,2 expression is under tight NCR control [44,56].
Thus, it is unlikely that Dur1,2 contributes to the alkalization of a growth medium with
abundant preferred nitrogen sources such as amino acids and even ammonium sulfate.

There is mounting evidence that alkalization of the phagosomal compartment is not
requisite for C. albicans cells to evade macrophages. Results obtained using dual-wavelength
ratiometric fluorescence imaging to quantify the pH in the phagosome revealed that in-
creased phagosomal pH is the consequence of elongating hyphal cells, physically stretching
the phagosomal membrane, causing transient leaks [122]. The induction of hyphal growth
was observed to precede alkalization. In addition, the proton-pumping activity of V-ATPase
exceeds the rate of ammonia extrusion by several orders of magnitude [122]. Recently, we
reported that Gdh2, the enzyme that catalyzes the conversion of glutamate to α-KG, is
responsible for the bulk of ammonia produced from amino acid metabolism [61]; a gdh2-
null strain is unable to alkalize a medium containing amino acids as the sole nitrogen and
carbon source. Surprisingly, the capacity of gdh2−/− mutants to escape the macrophage
phagosome or its virulence in murine systemic infection model was not affected, indicating
that amino acid-dependent environmental alkalization is not essential for the virulence of
C. albicans. Consistently with a previous report [122], we observed that viable wildtype
cells pre-stained with a pH-sensitive dye (pHrodo), of which the fluorescence intensity
varied inversely to pH, were retained in acidic phagosomes, and this observation is was
even when a high MOI (more ammonia-extruding cells) was used [61].

In C. albicans, Gdh2 is a cytosolic component [61] and its expression is independent of
NCR; Gdh2 is well expressed in cells grown in a medium with high levels of amino acids,
even when supplemented with high levels of ammonium sulfate [61]. Consistently, a strain
lacking GLN3 and GAT1, which encode for the GATA transcription factors activating NCR-
sensitive genes, remain alkalization-competent (our unpublished data). Despite its cytosolic
localization, Gdh2-dependent alkalization is tightly linked to mitochondrial function as
acute inhibition of the mitochondria with a sublethal dose of antimycin, a potent respiratory
complex III inhibitor, virtually abolished alkalization in wildtype cells even when a very
high starting cell density was used (OD600 ≈ 5) [61]. Since proline catabolism is a major
source of glutamate in the mitochondria and since this alkalization is partially dependent
on proline catabolism [61], it is likely that pharmacological inhibition of the mitochondria
pleiotropically prevented either the generation or export of mitochondrial glutamate. In a
similar way, the inability of C. albicans to alkalinize the extracellular environment when
grown in the presence of high glucose (2%) is likely due to the capacity of glucose to
pleiotropically inhibit or downregulate mitochondrial function [59,116]. Gdh2 levels appear
to be regulated by pH as the protein levels decrease as the pH of the growth medium
approaches neutrality, which is consistent with the observed dependency of alkalization on
the starting cell density [61]. In addition to amino acids, growth on N-acetylglucosamine
(GlcNac) can also raise extracellular pH via ammonia extrusion. However, the origin of
alkalinizing ammonia is distinct as it is catalyzed by the enzyme glucosamine-6-phosphate
isomerase (Nag1), which deaminates glucosamine-5-phosphate (GN5P), converting it to
fructose 6-phosphate (F6P) [123].

Regarding the fate of intracellular ammonia, in aqueous solution, ammonia can exist
either as a gas (NH3, ammonia) or as a cationic (NH4

+, ammonium) species; the ratio (am-
monia/ammonium) increases with pH (pKa = 9.25) (Figure 6B). Since the pH of the cytosol
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in actively growing C. albicans wildtype cells is maintained at ~6.5 [124], the protonated
form NH4

+ predominates and can be directly assimilated by the NADPH-dependent gluta-
mate dehydrogenase (Gdh3) or glutamine synthetase (Gln1). Due to its being positively
charged, ammonium cannot readily diffuse out of cells, but rather requires transporters
or channels to traverse the phospholipid bilayer of biomembranes. A small fraction of the
total ammonia species exists in the unprotonated form (NH3) that can be released into the
extracellular space, where it could exert its neutralizing effect by reacting to the hydrogen
ions (H+), generating ammonium (NH4

+). How ammonia traverses the plasma membrane
from the cytosol is unclear, as proposed earlier, because ammonia extrusion requires the
ammonia transport outward (Ato) proteins, a family of plasma-membrane-bound pro-
teins thought to facilitate ammonia export [32,125]. Strains lacking ATO5 (ato5Δ/Δ) or
a dominant point mutation in ATO1 (ATO1G53D) show strong alkalization defects, and
consistently, the overexpression of ATO genes accelerates alkalization [32,125]. However, it
is also known that ammonia (NH3) is membrane-permeable and can easily diffuse out of
yeast cells [126–128]. Whether ammonia (or even ammonium) is exported through simple
diffusion or via exporters (Ato) remains to be clarified.

In addition to ammonia extrusion, yeast cells have an alternative mechanism to
minimize the toxic effects of ammonia. S. cerevisiae can indirectly limit the production
of ammonia by excreting cytosolic amino acids such as glutamate to the extracellular
space via proteins that belong to the multidrug resistance transporter family that are
thought to function as H+ antiporters (e.g., Aqr1) [129]. Whether the same amino acid
extrusion process, limiting intracellular ammonia production, operate in C. albicans is not
yet known but a putative AQR1 homolog has been identified in the C. albicans genome
(QDR2/C3_05570W). Qdr2 may perform the same function, constituting a rudimentary
ammonia detoxification mechanism in C. albicans.

9. Conclusions and Outlook

C. albicans is an opportunistic fungal pathogen that is intimately linked to its hu-
man hosts. Since C. albicans grows in symbiosis with humans, fungal cells must survive
and propagate under identical physiological conditions as human cells. The capacity of
C. albicans to establish persistent infections relies heavily on their capacity to assimilate
nutrients in a competitive landscape where both hosts cells and even other members of the
microbiome compete for nutrients. Amino acids are among the most versatile nutrients
available in the hosts; they can be assimilated as both nitrogen and carbon precursors,
transformed to key metabolic intermediates or utilized to modulate extracellular pH via
ammonia formation. Although S. cerevisiae paved the way for most of our understanding
of nutrient assimilation and metabolic processes in yeasts, there are clearly significant
differences that exist in C. albicans that must be taken into account as they are crucial to our
understanding of how this fungal pathogen assimilate nutrients in the host, especially in
the context of infectious growth.

Some of the so-called poor or non-preferred nitrogen sources in S. cerevisiae, such as
proline, are efficiently utilized by C. albicans. This observation is in alignment with recent
findings that the enzymes required to utilize proline in C. albicans are independent of NCR,
allowing the unrestricted utilization of proline regardless of whether other nitrogen sources
are available [59,60]. Proline constitutes some of the most abundant proteins in humans
(e.g., collagen, mucin); thus, given that C. albicans possesses a multi-subunit respiratory
complex I (NADH dehydrogenase), similar to human cells, it is not surprising if C. albicans
evolved to prefer this amino acid as an energy source for growth. Interestingly, proline
has long been known as one of the most potent inducers of yeast-to-hyphal transitions,
a key virulence factor in C. albicans [59,130–133]. We have shown that the induction of
morphogenesis occurs via ATP-dependent Ras1 activation [59]. One molecule of pro-
line can be completely oxidized to generate approximately 30 ATP equivalents [134,135],
reinforcing the idea that proline is an important energy source for many types of cells,
especially under nutrient-limited conditions. We have shown that C. albicans growth in
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the phagosome of the macrophage is dependent on proline catabolism to obtain energy to
survive despite a multitude of environmental stresses [59]. The inadvertent replication of
our previous data [59] in the corrected paper [61] highlights the idea that proline is sensed
by C. albicans in the phagosome of macrophages. Our data are also consistent with recent
transcriptomic data showing that proline induced the expression of ICL1, a gene encoding
the key glyoxylate cycle enzyme isocitrate lyase 1 (Icl1), which is known to be derepressed
in C. albicans, being engulfed by macrophages [60]. Consequently, strains lacking the
capacity to utilize proline have defects in escaping the phagosome of macrophages [59].
In terms of environmental alkalization, proline catabolism plays a major role by virtue
of glutamate production (Put2 product). In the presence of arginine as the sole nitrogen
and carbon source, proline catabolism is essential as it is the primary catabolic route to
generate glutamate, which can then be subsequently catabolized by Gdh2 to ammonia
and α-KG, a key TCA cycle intermediate. However, in the presence of other amino acids,
the proline catabolic pathway becomes less essential for alkalization as other amino acids
can be transaminated to generate glutamate (Figure 5). Proline utilization in C. albicans
provides a clear example of how evolution influences and fine-tunes metabolism, leading
to unique capabilities, in this case to the utilization of nutrients in a manner not relevant for
other related yeasts. Consequently, a thorough examination of other amino acid catabolic
pathways in C. albicans is warranted, the premise being that many important regulatory
differences may exist, and that these may be specifically linked to the evolution of C. albicans
within mammalian hosts.

A major challenge to correctly interpret experimental results derived from studies
examining nutrient sensing and assimilation in C. albicans is understanding how laboratory
growth conditions influence the results. Many of the standard laboratory conditions do
not reflect the mammalian micro-niches in which C. albicans resides. For example, many
host–pathogen interaction experiments involving innate immune cells are carried out in
cell culture medium (RPMI or DMEM) containing 5–10% fetal bovine serum. These media
readily trigger filamentous growth in C. albicans, independently of host cell interactions (e.g.,
with macrophages), resulting in the false impression that certain genes are not important
for the survival of C. albicans during co-culture with innate immune cells. This is especially
crucial when looking at the role of specific genes that are required for nitrogen acquisition.
For example, there is a possibility that the importance of certain genes under NCR control
will be erroneously dismissed as they are not expressed under nitrogen-replete conditions
such as those in cell culture media. In addition, it is common practice to use strains pre-
grown in YPD, a complex medium that is high in glucose (2%) and rich in nitrogen (amino
acids, peptides), prior to shifting cells to desired experimental test conditions. In humans,
the level of blood glucose is maintained within homeostatic limits (0.05–0.1%; 3–5 mM
glucose) that are well below the level used in YPD [116]. The dramatic reorientation of
metabolism resulting from merely shifting conditions is likely to influence the response,
and in many instances may provide a conflicting readout. For example, yeast cells grown
in YPD build up an extensive reservoir of amino acids with vacuolar pools during growth
in nitrogen-rich conditions [136,137]. This influences nutrient-based signals. Furthermore,
many studies have relied on fixed-point microscopy coupled with differential staining to
observe and deduce the role of specific mutations on filamentous growth. This approach
relies heavily on observing obvious growth defects that may not be readily apparent on
strains lacking genes relevant to nutrient acquisition. Although useful information has
been obtained, many of these results often reflect “general” rather than “niche-specific”
hyphal defects, highlighting the need to identify more suitable laboratory conditions that
better mimic mammalian microenvironments.

Although a great deal of information regarding nutrient-induced processes in C. albicans
is accumulating, there are major gaps in our knowledge with respect to the contribution of
the host. The availability of assimilable nitrogen sources, i.e., the abundance of amino acids
released as a result of host activities, is often overlooked. The contribution of host-derived
activities to the degradation of the extracellular matrix (ECM) during stress due to the
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proteolytic activities of proteases secreted by different cell types is not fully understood.
For example, in people of advanced age, who due to medical advances represent a growing
population, often suffer from sarcopenia or muscle wasting. A hallmark of sarcopenia is
that the amino acid proline is elevated in the blood, indicating the degradation of structural
proteins rich in proline such as collagen [84]. Indeed, the elevation of free amino acids in the
blood is linked to other pathological states in humans, including cancer [83,84]. It is likely
that amino acid limitation influences the capacity of cancer cells to establish malignant
forms of growth; cancer cells have been found to exhibit enhanced rates of amino acid
uptake [138]. Furthermore, amino acid metabolism is an important factor during wasting
in cancer patients (cachexia) and in aging individuals [139,140]. Clearly, illuminating the
entire repertoire of regulatory mechanisms associated with amino acid signaling is crucial
to understanding life processes in both healthy and disease states, and studies in C. albicans
may provide important insights with clear therapeutic applications.
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Abstract: Microscopic fungi are widely present in the environment and, more importantly, are also
an essential part of the human healthy mycobiota. However, many species can become pathogenic
under certain circumstances, with Candida spp. being the most clinically relevant fungi. In recent
years, the importance of metabolism and nutrient availability for fungi-host interactions have been
highlighted. Upon activation, immune and other host cells reshape their metabolism to fulfil the
energy-demanding process of generating an immune response. This includes macrophage upregula-
tion of glucose uptake and processing via aerobic glycolysis. On the other side, Candida modulates its
metabolic pathways to adapt to the usually hostile environment in the host, such as the lumen of
phagolysosomes. Further understanding on metabolic interactions between host and fungal cells
would potentially lead to novel/enhanced antifungal therapies to fight these infections. Therefore,
this review paper focuses on how cellular metabolism, of both host cells and Candida, and the
nutritional environment impact on the interplay between host and fungal cells.

Keywords: immunometabolism; metabolism; macrophages; epithelial cells; glycolysis; glucose;
moonlighting proteins; Candida albicans

1. Introduction

Fungal microorganisms inhabiting the human body, namely the mycobiota, consti-
tute an essential part of the microbiota, despite their relatively low number compared to
their bacterial counterparts [1,2]. Commensal fungi, either being permanent or transient
colonisers, populate the skin and mucosae covering the oral cavity and the respiratory,
gastrointestinal, and genitourinary tracts. Unsurprisingly, different genera governing each
body site, including Candida (oral cavity and gut), Malassezia (skin), Saccharomyces (gut)
or Eremothecium (lung) [3–5]. Remarkably, many of these genera, as well as other species
present in our environment, are pathobionts, capable of becoming pathogenic when host
immunity or tissue microenvironment changes.

Among fungal pathogens, Candida spp., and specifically C. albicans, remain the most
clinically relevant fungi, causing a wide range of infections in humans from superficial
to systemic candidiasis [6]. The emergence of antifungal drug resistance in C. albicans, as
well as the increasing prevalence of infections by other Candida species that are intrinsically
resistant to available drugs (e.g., Candida auris) [7], highlights the importance of finding
novel therapeutic strategies to deal with these infections.

In the last couple of decades, the importance of the nutritional environment and
metabolism of both host and pathogens during infectious processes has been highlighted [8].
The presence or abundance of certain metabolites, including simple carbohydrates such as
glucose or galactose, modulates cellular responses of both pathogen and host, therefore
being essential factors during their interactions. The stress derived from the interaction
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with the other organisms often leads to metabolic reprogramming that supports immune
responses on one side and pathogenic/commensal growth on the other.

This review paper aims to explore the current knowledge regarding the role of host
metabolism in the control of innate immune responses to fungal microbes on one side, and
the importance of C. albicans metabolism for commensalism and virulence on the other. We
will also highlight how metabolism modulates the biology of both host and fungal cells
during their interactions, and the emerging strategies to develop novel therapeutic tools.

2. Immunometabolism: Feeding Immune Responses in the Host

During the last two decades, an increasing body of evidence has identified the key role
of cellular metabolism in developing immune responses, either enhancing (contributing to
pathogen clearance) or diminishing (contributing to tolerogenic states) them. Thus, a new
research field termed immunometabolism developed to delve into the control of immunity
driven by metabolic processes [9]. Metabolic regulation of immunity has been described in
both adaptive (e.g., T cells) [10] and innate (e.g., macrophages) [11] cells. Both types of cells
show a wide spectrum of metabolic profiles upon activation with different stimuli. Since
host immunometabolism has been extensively reviewed in recent years, we will focus on
innate immunity, giving a general overview of how metabolic reprograming occurs and
the modulation of immune responses by metabolites and metabolic enzymes.

2.1. Metabolic Reprogramming in Immune and Non-Immune Cells

Interaction of innate immune cells, such as macrophages and monocytes, with differ-
ent microorganisms leads to metabolic shifts on which their responses rely. These responses
are either boosted or decreased to promote infection clearance or microbial tolerance, re-
spectively. Since there is a great diversity of microbial structures (e.g., pathogen-associated
molecular patterns (PAMPs)) and of host receptors (pattern recognition receptors (PRRs))
involved in their detection, the metabolic profiles of these differently stimulated cells, along
with their derived immune responses, are also very diverse [12].

Alterations in glucose uptake and metabolism are the main hallmark of metabolic shifts
in innate immune cells (Figure 1A). For instance, when macrophages are challenged with
bacterial lipopolysaccharide (LPS), glucose uptake and processing via aerobic glycolysis
increases, that is glycolysis coupled with lactate dehydrogenase activity leading to lactic
acid production in normoxic conditions. Conversely, there is decreased activity in the
tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OxPhos) [13]. In contrast,
cells stimulated with fungal β-glucan show an increase in both aerobic glycolysis and
OxPhos [14]. Shifts in cellular metabolism towards aerobic glycolysis provide cells with
more rapid energy and building blocks generation, and leading to increased cytokine
release, etc. [15]. In contrast, anti-inflammatory macrophages rely on aerobic respiration,
completely oxidising glucose through glycolysis, the TCA cycle and OxPhos [9].

Besides glucose metabolism, other pathways are involved during metabolic reprogram-
ming of innate immune cells [9,16]. These pathways provide energy or redox molecules,
or intermediate metabolites serving as building blocks or having regulatory functions, as
explained below. The pentose phosphate pathway (PPP) provides proliferative cells with
metabolites needed for nucleotide synthesis, but also contributes to NADPH production.
Notably, this pathway is upregulated after LPS activation of macrophages [17], which has
been related to the increased reactive oxygen species (ROS) generation in these cells via
NADPH oxidase [18,19]. Fatty acid synthesis (FAS) or oxidation (FAO), alongside other
lipid metabolism pathways, are also differentially regulated in activated macrophages [20].
Pro-inflammatory cells use FAS and citrate accumulated due to the TCA cycle shut down
to synthesise fatty acids, prostaglandins, and leukotrienes, essential molecules for sig-
nalling events, inflammation, etc. [20,21]. In contrast, since anti-inflammatory macrophages
keep their TCA and OxPhos intact but lower glycolytic levels, they rely on FAO and fatty
acid uptake to feed those pathways. Finally, amino acid metabolism, such as glutamine
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or arginine, is key for innate immune responses, including nitric oxide production or
cytokine production [9].

Figure 1. Immunometabolism in innate immune cells. (A) Challenging innate immune cells with
either exogenous (LPS, β-glucan) or endogenous (IL-4) stimuli leads to metabolic reprogramming,
which involves changes in pathways as glycolysis, FAO/FAS, OxPhos, etc. These shifts in metabolism
provide cells with energy and building blocks to develop their functions. (B) Metabolic enzymes
regulate immune responses at many levels, including their moonlighting functions. They can act as
transcription/translation facilitators (ENO1, PKM2, GAPDH, LDH), immune receptors or activa-
tors (HK) or facilitators of immune cell migration (ENO1). bNAG, bacterial N-acetylglucosamine;
ECM, extracellular matrix; ENO1, enolase 1; FAO, fatty acid oxidation; FAS, fatty acid synthesis;
GAPDH, glyceraldehyde dehydrogenase; HK, hexokinase; LDH, lactate dehydrogenase; OxPhos,
oxidative phosphorylation; PKM2, pyruvate kinase M2; PLG, plasminogen; PLIN, plasmin; PPP,
pentose phosphate pathway; TCA, tricarboxylic acid. Created with BioRender.com (last accessed 12
January 2022).

A number of signalling pathways govern metabolic shifts in innate immune cells [22].
Among them, the activation of the transcription factor hypoxia-inducible 1α (HIF-1α) is
involved in the increase in glycolytic activity observed in LPS-activated macrophages
and is responsible for the expression of several immunity-related genes [23,24]. Similarly,
signalling via mechanistic target of rapamycin (mTOR) is involved in promoting cholesterol
and FAS, as well as sensing amino acid and glucose availability [25].

In recent years, the ability of innate immune cells to develop long-term responses has
been described, adding more complexity to the biology of these types of cells [26,27]. Essen-
tially, the term “innate immune memory” involves a wide range of phenotypes mainly ob-
served in monocytes/macrophages that renders them more tolerogenic or reactive against
a second encounter [28]. Notably, these events are intimately linked to epigenetic and
metabolic reprogramming of cells [29,30], both of which are the consequence of signalling
promoted by the first encounter with the microbial challenge.

Since the discovery by Otto Warburg of the metabolic shift towards aerobic glycolysis
undergone by some cancer cells [31], metabolic reprogramming has been observed in many
cell types, especially in a pathologic context such as cancer. Although much of the work
on these shifts driven by microbes has been carried out on immune cells, non-immune
cells playing paramount roles during the infectious processes undergo similar shifts. Viral
infections have been shown to modulate metabolic profiles of airway epithelial cells [32]
and endothelial cells [33]. Similarly, the murine bacterial pathogen Citrobacter rodentium
promotes a decrease in carbohydrate metabolism in intestinal epithelial cells [34], whilst
skin keratinocytes increase their aerobic glycolytic metabolism in response to Staphylococcus
aureus [35]. Despite this, the consequences of these metabolic shifts on immune responses
developed by these cell types are yet to be further explored.
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2.2. Beyond Metabolic Reprogramming: Immune Regulatory Roles of Metabolic Enzymes
and Metabolites

Besides the direct impact of metabolic reprogramming on immune cell activity (e.g.,
energy and redox balance, metabolite catabolism/anabolism, etc.), there are other levels of
regulation of immune responses in which metabolic enzymes or metabolites play a role
(Figure 1B).

Some metabolic enzymes have been observed to display regulatory functions distinct
from their metabolic activities. Therefore, these proteins have been termed as “moonlighting
proteins”. These alternative functions of metabolic enzymes can be found among diverse
biological organisms and were firstly observed in microorganisms, including bacteria
and fungi, such as Candida spp., in which they have roles in microbial cell adhesion,
pathogenicity, etc. [36,37]. Notably, the capacity of these proteins to develop moonlighting
functions has been conserved in mammalian cells [38].

Glycolytic enzymes, such as hexokinase, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), or enolase, display these moonlighting functions in very different ways. Hex-
okinase, the enzyme catalysing the first step in glycolysis, is one of the main proteins
upregulated upon cell activation, and its inhibition by 2-deoxyglucose (2-DG) leads to a
significant reduction in pro-inflammatory marker release [17]. However, hexokinase was
recently described as a new intracellular pattern recognition receptor able to bind to the
bacterial peptidoglycan component N-acetylglucosamine. This binding leads to hexokinase
separation from mitochondria and drives NLRP3 inflammasome activation [39]. GAPDH
regulates cytokine release in both T cells [40] and monocytes [41] by directly binding to cy-
tokine mRNA. Enolase, involved in one of the final steps of glycolysis, has been associated
with monocyte binding to plasminogen, facilitating their migration [42]. Moreover, this
enzyme can modulate gene expression, including MYC [43] and FOXP3 [44], by directly
binding to gene regulatory elements. Similarly, PKM2 (pyruvate kinase isoform M2) can
act as a co-activator of Hif-1α and regulates IL-1β expression through the activation of
NLRP3 and AIM2 inflammasome [45,46]. Finally, lactate dehydrogenase (LDH), the last
enzyme in the aerobic glycolytic pathway converting pyruvate in lactate, is able to bind to
cytokine transcripts to modulate their translation [47,48].

It is not just proteins/enzymes involved in metabolic processes that can have these
alternative immune functions. Metabolites derived from central metabolic pathways, both
intermediates and final products, have been shown to modify protein function/structure
and in that way modulate immune cell biology. The best-described process by which
metabolites regulate immune responses is via protein post-translational modifications
(PTMs). These modifications are of special relevance in the case of histones as they lead
to changes in the expression of a wide range of genes—the field of epigenetics. These
histones PTMs are manifold, including acetylation, phosphorylation, deamination, and
methylation among others. Of these, lysine acetylation is one the clearest examples of
the link between metabolism and cell functions. Acetyl-CoA is a key metabolite used by
lysine acetyltransferases as a donor to acetylate proteins, although this process can occur
non-enzymatically [49]. Moreover, acetyl-CoA intracellular levels correlate with protein
acetylation rates and thus, changes in the nutritional environment of cells or tissues are
associated with changes in acetylation levels [50].

Besides acetylation, a great variety of histone PTMs associated with metabolism has
been described to date, most of them involving short-chain fatty acids (SCFAs) such as
propionate, butyrate, crotonate or succinate [51]. This process is thus tightly regulated
by cellular metabolism and the nutritional environment since the level of each histone
acylation depends on the concentration of their respective acyl-CoA [52]. Notably, many
of these PTMs have been discovered very recently and novel forms are predicted to be
found in the near future. In fact, histone lysine lactylation was recently described in both
human and mouse cells [53]. The event was regulated by exogenous glucose, hypoxia, and
glycolytic activity levels, all three being positively correlated with intracellular lactate levels.
Specifically looking at macrophages, the authors showed that stimulation of M1 polarisation
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using an acute LPS and interferon-γ challenge led to higher lactate production because of
the expected shift towards aerobic glycolysis. Coupled RNA-seq and lactylation-specific
ChIP-seq analyses of activated macrophages showed the modulation of gene expression
by these PTMs, with pro-inflammatory genes being regulated at early timepoints whilst
M2 profile-related gene expression was modulated during a later phase. This suggests
that histone lactylation sets a gene expression “timer” that leads to homeostasis after the
inflammatory burst [53].

Metabolic intermediates can also act as intra- or extracellular signals to modulate
immune responses via mechanisms beyond epigenetic modifications [54,55]. The proven
existence of a wide range of metabolite transporters [56] and receptors [57] has shown
the potential impact of their availability on immune cell biology. Metabolite transporters
facilitate metabolite uptake and secretion, highlighting the paramount relevance of the
nutritional microenvironments created during, for example, inflammatory processes. The
second, metabolite receptors, are usually G-protein-coupled receptors sensing metabolites
and triggering intracellular signalling events, which has led to the hypothesis of some
metabolites having cytokine/chemokine-like functions [54]. Moreover, some of these
metabolites, such as lactate [58] or succinate [17], have been associated with functional
stabilisation of such relevant proteins as HIF-1α, the master regulator linking metabolism
to immunity.

3. Candida Metabolism: The Significance of Being Adaptable

As commensals and opportunistic pathogens, Candida spp. have developed high
degree of phenotypic plasticity to adapt to diverse and changing environments. There-
fore, metabolism is an essential part of Candida survival for nutrient assimilation and
pathogenicity. The virulence of C. albicans is related to gene expression and host im-
mune status [59]. Candida genes encoding metabolic enzymes directly interact with the
host mediating fungal virulence. These virulence mechanisms include yeast-hyphal mor-
phogenesis, phenotypic switching in the opacity of cells, adhesion, secreted hydrolases,
and moonlighting proteins. Candida metabolic flexibility and evolution emphasises the
challenges in investigating metabolic divergency with particular attention to clinical and
therapeutic intervention [60,61].

Carbon assimilation and its accompanying metabolic pathway plasticity has been
widely explored in C. albicans [62]. The carbon metabolic framework, including glycolysis,
the TCA cycle and gluconeogenesis, is controlled by regulatory networks based on local
nutrient availability. Metabolic plasticity allows C. albicans to assimilate glucose and other
carbon sources simultaneously, unlike S. cerevisiae that switches to fermentative pathway in
the presence of glucose [63]. This confers fitness in survival and adaptation to Candida in
different host niches. General control of amino acid metabolism (GCN response) has also
been linked to pathogenicity and virulence attributes of Candida species [61,64].

3.1. Impact of Metabolism on Fungal Biology: From Morphogenesis to Cell Wall Synthesis

C. albicans displays a remarkable metabolic plasticity, being able to grow in the presence
of different carbon sources, such as glucose, fructose, or galactose (Figure 2A). However,
it shows preference towards the first one and in fact, growing on glucose as the only
carbon source allows the fungus to thrive in the presence of a wide range of nutritional
and stress conditions [65]. The transcriptional regulators Tye7 and Gal4 are key for the
catabolism of glucose and other hexoses by C. albicans, controlling the expression of genes
involved in glycolysis, fermentation, pyruvate dehydrogenase complex (Gal4 only), or
trehalose metabolism (Tye7 only) [66]. Furthermore, Tye7 assists in cohesiveness and
hyphal formation in biofilms although its absence does not impact on hyphal growth
in planktonic conditions [67]. Defects in Tye7 function do not have a great impact on
systemic candidiasis but have a significant effect on C. albicans ability to colonise the
gut [68]. Gal4 regulates a unique set of carbohydrate genes initiated in hypoxic conditions
that are essential for pathogenicity. Fermentable carbon sources such as galactose enhance
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the glycolytic pathway and minimise dependency on fermentation [66]. Interestingly,
two Gal4 analogues, Rtg1 and Rtg3, have a great impact during both systemic infections
and gut colonisation, although they are involved in the regulation of a broader range of
cellular processes [68].

Figure 2. Metabolic plasticity in Candida. (A) Candida species are able to grow on a wide range
of compounds, giving them the chance to thrive in very different environments. This metabolic
plasticity is tightly regulated by a network of transcription factors that are activated depending on
the nutritional requirements of the fungus. (B) Growing on different compounds leads to changes
in Candida, for example cell wall structure or composition. This is of special importance when
physiologically relevant nutrients, such as lactate, are present. Utilization of these metabolites by
C. albicans remodel its cells wall increasing antifungal drug resistance. Moreover, like host cells
metabolic enzymes in Candida display moonlighting functions associated with, for instance, cell
adhesion to the ECM (GAPDH, Eno1) or host cells (Ssa1). ECM, extracellular matrix; Eno1, enolase 1;
GAPDH, glyceraldehyde dehydrogenase; FIB, fibronectin; LAM, laminin; PLG, plasminogen. Created
with BioRender.com (last accessed 12 January 2022).

Moreover, carbohydrate metabolism is intimately linked to C. albicans morphogenesis,
with nutrient starvation or serum presence being among the factors inducing the yeast-to-
hypha transition [69,70]. Metabolic genes are regulated during hyphal growth, including
Adh1, Pgk1, and Gpm1 [71]. Similarly, white and opaque Candida cells display different
metabolic profiles, with the white phenotype being more fermentative and the opaque
being more oxidative and using FAO [65]. In fact, metabolic genes including Eno1, Fba1,
Pyk1, Tpi1 and Pgi1 [72], are regulated by the central morphogenetic regulator Efg1, a
transcription factor related to the white-opaque transition. Efg1 expression appears to be
mechanistically connected to carbon metabolism in Candida. In general, Efg1 is downregu-
lated in fermentative metabolism and upregulated in oxidative metabolism involved in
morphogenesis [59,73,74]. Moreover, Efg1 stimulates fermentation and suppression of res-
piratory metabolism, demonstrating the importance of glycolytic metabolism in controlling
virulence attributes [73]. This ability allows Candida species to switch between opaque and
white cells (fermentative metabolism) depending on the nutritional environment [74].

As well as glycolysis, other metabolic pathways have an impact on Candida virulence.
Knockout of FAO, for example, does not prevent candidiasis but assists in systemic vir-
ulence [75,76]. Conserved GCN networks, including GCN4 and GCN2 genes, are vital
regulators activated during amino acid starvation. They act to reduce protein translation
rates and induce cellular morphogenesis in C. albicans [77]. GCN4 is a master regulator that
activates morphogenesis via the Ras-cAMP signalling pathway to form pseudo-hyphae and
activating amino acid biosynthetic genes [77]. In addition, GCN, particularly upregulation
of GCN4 gene, is further required for efficient biofilm formation in C. albicans [78]. On
the other hand, the arginine pathway, meanwhile, appears to be essential in C. albicans as
mutations in this pathway caused a defect in germ tube and hyphal formation [79]. Finally,
the amino sugar N-acetylglucosamine (GlcNAc), which is the main component in chitin
within the fungal cell wall, stimulates cellular responses mediating virulence, comprising
of yeast-hyphae transition and stress responses [80].
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The cell wall protects fungal cells from the environmental stress, controls cell mor-
phogenesis, allows for immune recognition and is essential for cell growth of Candida
species [81]. C. albicans uses sugars such as glucose, mannose, and galactose to provide
energy to synthesise the cell wall. Thus, metabolic regulation is important in cell wall
remodelling with the main constituents being β-glucan, chitin, and an outer layer con-
sisting of mannoproteins (mannosylated proteins) [82]. The generation of these cell wall
components requires glucose via both glycolysis catabolic and gluconeogenesis biosyn-
thetic pathways [83]. The relative proportions of these components in the cell wall changes
depending on the cells’ environment. For example, β-glucan in cells within biofilms is
elevated compared to non-biofilms [84]. The use of carbon sources alternative to glucose
have been attributed to differences in cell wall architecture, adherence, biofilm formation,
resistance to antifungal drugs and responses to stress [59,85,86]. For instance, the growth of
C. albicans on lactate led to cell wall restructuring leading to increased resistance to azoles
and oxidative stress. However, fungal cells grown on lactate media showed increased
pores, higher hydrophobicity, and less elastic cell walls with reduced thickness of β-glucan
and chitin [85].

3.2. Impact of Metabolism on Candida Pathogenic Potential

As discussed above, Candida species have a robust metabolism that contributes to
virulence factors (Figure 2B). Like host cells, Candida invasion strategies include moonlight-
ing proteins with distinct functions. These multifunctional proteins perform additional
actions to their canonical biochemical function [87,88]. Owing to evolution, some moon-
lighting proteins can display their different functions simultaneously, whilst others alter
their activity or cellular location in response to environmental changes and cell survival
needs [88]. To survive within different environments in the host organism during disease
progression, microbes need to use adaptable mechanisms other than common virulence
features, such as adhesion molecules and hydrolytic enzymes. In Candida species, different
moonlighting proteins can be found attached to the cell wall, and they enable microbial
cells to be more flexible and adaptable in a dynamic host environment during colonisation
and invasion [89]. GAPDH, usually present in the cytoplasm, may be localised in the cell
surface of C. albicans where it facilitates cell adhesion to fibronectin and laminin, hence
helping the fungal attachment to the host and initiation of candidiasis [90]. Similarly, eno-
lase has been identified in the surface of several clinically relevant fungi, with this enzyme
being involved in fungal cell adhesion via plasminogen binding (as with macrophages) and
in the degradation of the extracellular matrix (ECM) [91,92]. Moreover, the intracellular
chaperone Ssa1, a member of the heat shock protein 70 family, has been shown as another
atypical protein with localisation in C. albicans cell wall. This moonlighting protein also
plays a key role during colonisation of host cells as an adhesin, acting jointly with Als3 to
bind to EGFR/Her2 and E-cadherin [93–95].

While for decades there have been well-known classes of anti-fungal drugs, some of
them do not specifically target fungi, hence showing toxicity for mammalian cells. There-
fore, there is an urgent need to develop novel drug strategies [96]. As mentioned previously,
Candida cell functions, such as cell wall construction and adaptation to environmental stress,
significantly rely on nutrient availability and the type of carbon source. Equally, antifungal
drug resistance can be also modulated by the nutritional environment. Deficit of glucose
as the main carbon source force C. albicans cells to find an alternative source and therefore
changes in the downstream machinery pathways, which could result in adaptation of
the cell against different stress. Previously, it has been observed the C. albicans growth in
presence of fermentable substrate, glucose, and non-fermentable, lactate, can change cell
secretome, as well as alter the cell wall structure and proteome [97,98]. These modifications
affect resistance to antifungal drugs and susceptibility to stress. In fact, C. albicans grown in
the presence of lactate was more resistant to amphotericin B, caspofungin, and tunicamycin,
whilst it showed increased susceptibility to miconazole [85]. In addition to alternative
carbohydrate sources, the acidity of the environment can also make Candida susceptible to
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antifungal drugs. Growing C. albicans under vaginal simulated media and in the presence of
acetic acid rendered it more susceptible to fluconazole. However, C. albicans susceptibility
to fluconazole remained unchanged when some other organic acids, such as glyoxylic acid
and malonic acid, were present [99]. Similarly, C. glabrata shows higher susceptibility in the
presence of acetic acid compared to when it is just grown on glucose [100]. These examples
show the importance of carbon source availability and elucidation of the role of different
nutrient in the Candida pathogenicity and antifungal resistance, and the need for more in
depth and targeted metabolic analysis on the drug efficacy to tackle the resistome problem
in fungal infections.

4. The Role of Metabolism during Host-Candida Interactions

Interactions of C. albicans with innate immune and epithelial cells have been exten-
sively studied in the past [101,102]. Great strides have been made in our understanding
of how host cells recognize this fungus via PRRs, although the relevance of each receptor
varies depending on the infection context, either being systemic [103] or at the mucosal
barriers [104]. Phagocytosis by immune cells [105], or attachment to and invasion of epithe-
lia [29], are the next steps in the infectious process and are essential to promote immune
responses in these cell types. Secretion of the peptide toxin candidalysin contributes to cell
damage and activation, especially in the case of epithelial cells [106,107].

However, there are still a lot of gaps in our knowledge of how all these responses
are regulated. As explained above, host cells undergo metabolic reprogramming upon
interacting with microbes or microbial components, modulating how they respond to
infections and competing over nutrients. In this section, we will discuss the current
knowledge regarding the role of (immuno)metabolism during fungal interactions with
epithelial and innate immune cells (Figure 3).

4.1. Impact of Metabolism during C. albicans Interactions with Immune Cells

Following their first contact with C. albicans (i.e., recognition, phagocytosis, etc.), acti-
vated immune cells reprogram their metabolism to mount an effective response. Transcripto
mics-based analysis of peripheral blood mononuclear cells (PBMCs) stimulated with C.
albicans shows a consistent upregulation of glycolysis, whilst no change (TCA cycle) or
even downregulation (PPP) was observed for other pathways [108]. Specific stimulation
of monocytes by heat-killed yeast or hyphae drives upregulation of several glycolytic
enzymes, along with increased lactate production and glucose consumption, suggesting a
shift towards aerobic glycolysis. Like β-glucan-stimulated cells [14], heat-killed cells pro-
moted both higher ECAR (extracellular acidification rate) and OCR (oxygen consumption
rate) levels, showing that OxPhos is also upregulated. This increased glycolysis plays a
key role in immune responses as inhibiting glycolysis (2-DG and dichloroacetate, DCA)
and mTOR pathway signalling (Torin1) significantly downregulates cytokine production
post-fungal challenge [108].

The induced shift in metabolic pathways of infected monocytes with C. albicans differs
between yeast and hyphal stimulation and is mediated by C-type lectins (CLR) but not by
Toll-like receptors (TLR), showing the heterogenicity of host receptors in fungal recognition
and responses. The responses generated to different Candida morphotypes is also varied.
Monocytes infected with yeast cells activate glycolysis, oxidative phosphorylation, and
glutaminolysis, whilst those infected with hyphae activate only glycolysis. Thus, we can
see that the mechanisms of glucose metabolism are central players in regulating anti-C.
albicans immunity and cytokine production [108]. Similarly, A. fumigatus induces an in-
crease in aerobic glycolysis that is involved in macrophage responses to this filamentous
fungus [109]. Of note, induction of metabolic reprogramming is mediated by the phagoso-
mal removal of A. fumigatus melanin and its detection by the recently discovered melanin
receptor MelLec [110]. This recognition is involved in HIF-1α mobilisation and subsequent
cytokine release [109].
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Figure 3. Interplay between Candida and host cells lead to metabolic reprogramming in both or-
ganisms. (A) Recognition of C. albicans by macrophages/monocytes drive changes in metabolism
towards aerobic glycolysis, leading to the production of lactate that can be used by the fungus to
enhance its β-glucan masking to evade immune responses. In turn, phagocytosed fungal cells use
their metabolic plasticity to adapt to the nutrient-poor environment inside phagolysosomes. After
piercing cell membranes using hyphae, C. albicans switches to glycolysis and depletes glucose from the
medium, leading to macrophage cell death. (B) Oral epithelial cells activate HIF-1α when challenged
with C. parapsilosis, whilst C. albicans adapts its metabolism upon interaction with these cells. (C)
Variable responses are observed in different Candida species after interacting with vaginal epithelial
cells. However, host cells exert a common early response to all of them mediated by changes in
mitochondrial activity and morphology, with higher release of mitochondrial reactive oxygen species
(mtROS) and DNA (mtDNA). Created with BioRender.com (last accessed 12 January 2022).

The main interface of host-fungal interaction is the fungal cell wall, a highly flexi-
ble structure with ability to remodel itself in the presence of a variety of environmental
pressures, such as antifungal drugs [111]. Immune cells activated by C. albicans infection
generate metabolites that can be sensed by fungi, which then remodel their cell wall in
response to improve their immune evasion/protection. The major component of fungal
cell walls, β-glucan, is a major fungal PAMP involved in the activation of many of the
host antifungal responses [112]. The increased lactate levels associated with the shift
to aerobic glycolysis may lead to β-glucan masking, preventing recognition of this key
PAMP [113,114]. This phenotype (observed in multiple pathogenic Candida species) is only
activated by appropriate lactate concentrations, and not by other metabolites such as pro-
line, acetate, and methionine. This phenomenon is facilitated by the activation of the Crz1
transcription factor by the G protein-coupled receptor, Gpr1. Crz1 modulates the expression
of genes involved in lactate-induced β-glucan masking. The outcome of this masking is
significantly reduced visibility of Candida cells in terms of immune responses and thus
diminished levels of tumour necrosis factor-alpha (TNFα) release and neutrophils [113].
Thus, Candida can successfully escape from macrophage uptake by taking advantage of the
carbon sources released during metabolic rewiring of host cells in response to infection.

Upon C. albicans infection, macrophages are recruited to the site of infection and
engulf fungal cells to try to destroy them or inhibit their growth in the phagolysosome
through oxidative and nitrosative mechanisms [115]. C. albicans, however, has developed
mechanisms to survive inside macrophages through metabolism manipulation. Two suc-
cessive reprograming events of macrophages in response to Candida have been identified
as follows, using whole-genome arrays: the early and late responses [116]. Their tran-
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scriptional profiles show the enhancement of gluconeogenesis and the glyoxylate cycle
by upregulation of all genes involved in the conversion of fatty acid to glucose and a
massive down-regulation of translation-related genes during the early response, suggest-
ing a switch from glycolysis to gluconeogenesis, the glyoxylate cycle, and FAO during
this early response. In addition, Candida cells phagocytosed by either macrophages [116]
or neutrophils [117] upregulate arginine biosynthetic genes in response to ROS, rather
than nutrient starvation, with these genes being important for germ tube and hyphal
formation [118]. In contrast, the late response includes the reactivation of protein transla-
tion machinery and glycolysis. The metabolic shift in C. albicans cells following interac-
tion with macrophages is assumed to be driven by the poor nutrient availability inside
macrophage phagolysosomes, in which glucose concentration for instance is extremely
low. This metabolic remodelling is dependent on the pathogenicity of C. albicans and C.
glabrata since the non-pathogenic fungus Saccharomyces cerevisiae fails to demonstrate this
response [76,116,119–121]. Moreover, similar events occur in C. albicans when it is exposed
to neutrophils or whole human blood [117,120,122].

As stated earlier, during infection, activated macrophages shift their metabolism to
aerobic glycolysis to activate antimicrobial inflammation and host defences. This means
that for their survival Candida-activated macrophages rely specifically on glucose as their
carbon source and additionally cannot reactivate mitochondrial oxidative phosphorylation.
At the same time, ingested C. albicans cells similarly switch to aerobic glycolysis in the later
phase of infection. As a result, macrophages and their ingested C. albicans compete for the
available glucose [123]. During this nutrient war, the combatants rapidly consume the local
glucose, leading to glucose depletion and triggering the “starvation” death of macrophages.
Unlike macrophages, C. albicans cells have enough metabolic plasticity to switch their
carbon source to alternatives such as the glyoxylate pathway, and in doing so survive
the loss of glucose. As described earlier, these events are regulated by Tye7 and Gal4 C.
albicans transcription factors. In tye7Δ/Δgal4Δ/Δ mutant strains, glycolysis and glucose
consumption occurs at a far lower rate and, therefore, induction of macrophage starvation
and cell death is lower. Using metformin to shut down the mitochondrial respiratory chain
and drive faster glucose consumption ramps up the rate of death of activated macrophages
by C. albicans with the knock-on effect of increasing mortality. In contrast, boosting local
glucose levels by continuous administration of glucose improved these outcomes [123].

Glucose depletion not only leads to the rapid death of activated macrophages but also
causes inflammasome activation by activating NLRP3, due to increased fungal burden [124].
NLRP3 has a protective role during infection, being a PRR that triggers processing and
secretion of IL-1α. Therefore, the regulation of NLRP3 is crucial during C. albicans infec-
tion [125]. In a recent study, the mechanism behind NLRP3 activation during infection
of macrophages was investigated, showing that inflammasome activation was broadly
uniform among multiple clinical isolates of C. albicans, and rather than being dependent
on hyphal formation, was purely down to glucose competition. Notably, reducing fungal
ability to consume glucose (by using the tye7Δ/Δgal4Δ/Δ mutant strains) or increasing the
glucose levels both reduce NLRP3 activation and IL-1β production [124].

It was believed for a long time that hyphae are essential for the pathogenicity of C.
albicans during infections. This hypothesis, however, was challenged with the discovery
that metabolic adaptation during systemic infections can be as important as morphological
plasticity [126]. In a murine model of systemic candidiasis using the yeast-locked eed1Δ/Δ
mutant, virulence was retained, leading to rapid yeast proliferation, and higher fungal
loads in organs such as the kidneys or liver. Phenotypic analyses of the mutant strain
showed enhanced growth rates in physiologically relevant carbon sources, including
lactate, acetate, and citrate. A few genes involved in carboxylic acid and citrate metabolism
were upregulated, alongside with GAT1 that promotes proliferation in casamino acid rich
environments. Therefore, the metabolic flexibility of C. albicans yeast-locked eed1Δ/Δ mutant
in using alternative carbon sources (such as fatty acids, carboxylic and amino acids) at lower
concentrations or the absence of glucose enhances its colonization ability and pathogenicity.
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Hence, metabolic adaptation and fitness of C. albicans during infection not only supress the
activity and recognition of immune cells, but also enhance the pathogenicity and mortality
in systemic infection independently of hyphal formation.

4.2. Role of Metabolism during C. albicans Interactions with Epithelial Cells

While metabolic changes in immune cells have been the subject of recent studies, our
current knowledge of these changes in epithelial cells (ECs) following microbial infection
is limited. ECs are not merely passive barriers to prevent the invasion of microbes at the
body’s exterior surfaces but are also important in maintaining the balance with resident
microbial communities. There are few studies showing metabolic reprogramming in ECs
during microbial infection, namely increased glycolytic activity during Staphylococcus aureus
infection of skin keratinocytes [35].

Concerning ECs interactions with fungi, oral epithelial cells (OECs) have been found
to upregulate metabolic reprogramming-related genes in response to fungal infections,
including HIF1-α pathway during C. albicans oropharyngeal candidiasis in mice [127] or C.
parapsilosis infection of human OECs [128]. Similar to what is observed in phagocytosed
cells, C. albicans upregulates gluconeogenesis, the glyoxylate pathway and FAO in the
late phase of interaction with OECs, which might be related to the invasion process [129].
However, further analyses should be performed to unravel the mechanisms underlying
these metabolic shifts.

Additionally, vaginal EC responses to varied species of Candida (C. albicans; C. glabrata;
C. parapsilosis; and C. tropicalis) have also been studied using dual RNA sequencing in a
time course infection model for vaginal ECs, analysing both fungal and host transcriptomic
profiles [130]. In this study, Pekmezovic and co-workers showed a biphasic response to
Candida spp. in vaginal ECs. The initial response is highly uniform among Candida species
and characterised by mitochondrial-associated type 1 interferon (IFN) signalling. Of note,
most mitochondrial genes were upregulated in the early phase of Candida infection, and
the morphology of mitochondria changed in response to the infection. Moreover, mito-
chondrial DNA (mtDNA) and ROS are released into the vaginal ECs cytoplasm in all
Candida species, both acting as damage-associated molecular patterns (DAMPs). In terms of
fungal transcriptome, at 3 h post-infection C. albicans and C. glabrata upregulated carbohy-
drate catabolic processes and stress response pathways, whilst C. parapsilosis upregulated,
among others, genes related to amino acid metabolism, iron transport, ribosome assem-
bly and translation. In contrast, C. tropicalis differentially expressed genes were mainly
related to RNA processing, ribosome biogenesis and ergosterol biosynthetic processes.
Unlike the early responses, the late damage-associated epithelial transcriptional response
is morphology-dependent, with the hyphal-associated toxin candidalysin enhancing the
host responses [130].

5. Conclusions and Future Perspectives

Nutritional environment and metabolic adaptations in both host and fungal cells
are key during their interactions. Further characterising and understanding host im-
munometabolic responses to Candida infections will potentially help developing novel ther-
apeutic strategies to modulate these responses. In addition, identifying which metabolic
enzymes are essential during the activation of anti-Candida immunity will lead to the
detection of genetic variants associated with higher susceptibility in individuals suffering
from recurrent or chronic fungal infections. Likewise, modulating nutrients in the infection
environment could help enhance host responses and/or hamper fungal growth. Therefore,
further research on these promising fields must be carried out to expand our knowledge
and design new strategies to tackle fungal infections.
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Abstract: Infections represent a serious health problem in neonates. Invasive Candida infections
(ICIs) are still a leading cause of mortality and morbidity in neonatal intensive care units (NICUs).
Infants hospitalized in NICUs are at high risk of ICIs, because of several risk factors: broad spectrum
antibiotic treatments, central catheters and other invasive devices, fungal colonization, and impaired
immune responses. In this review we summarize 19 published studies which provide the prevalence
of previous surgery in neonates with invasive Candida infections. We also provide an overview of
risk factors for ICIs after major surgery, fungal colonization, and innate defense mechanisms against
fungi, as well as the roles of different Candida spp., the epidemiology and costs of ICIs, diagnosis of
ICIs, and antifungal prophylaxis and treatment.

Keywords: invasive Candida infections; invasive fungal infections; antifungal prophylaxis; newborns;
surgery; neonatal surgery
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1. Introduction

Yeasts are commensal microorganisms that usually colonize mucosal surfaces and
skin. In particular clinical conditions, such as immune suppression, prolonged use of broad-
spectrum antibiotics and/or steroids, the balance of the colonizing flora of the skin is altered
and fungi express numerous factors that contribute to pathogenicity. Adherence is one of
the most important factors that facilitate the colonization and dissemination of fungi, by the
expression of adhesins, which facilitate binding to host substrates, including beta–integrins,
on the endothelium and white blood cells. The yeast-to-hypha transition of C. albicans
facilitates biofilm formation, tissue invasion, and dissemination of the infection [1,2]. Other
virulence factors are membrane and cell wall barriers, dimorphism, biofilm formation,
signal transduction pathway, proteins related to stress tolerance, hydrolytic enzymes (e.g.,
proteases, lipases, hemolysins), and toxin production) [3].

Therefore, fungi can lead to severe infections in the host. Invasive fungal infections
(IFIs) in neonatal intensive care units (NICUs) are a substantial health problem, as they
are the second most common cause of infection-related death among critically ill neonates.
IFIs lead also to significant neurodevelopmental disability among survivors, representing
a substantial health problem, especially among the neonates with lowest gestational age
and lowest birthweight [4–6]. Critically ill patients in NICUs (and in particular preterm
neonates) are at high risk of IFIs, especially if they need broad-spectrum antibiotic treat-
ments, surgery that disrupts natural defense barriers, intravascular catheters for prolonged
periods, or implantation of invasive devices to survive. Their immunological impairments
are predisposed to fungal colonization and to subsequent systemic infection. Bloodstream
infections due to the Candida species (C. spp.) are considered the most common IFIs in
critically ill patients in NICUs.

In specific subgroups (e.g., abdominal surgical patients), IFIs are also frequent, but
there are no epidemiological studies on the incidence of IFIs in neonates with major surgical
diseases. Clinical and epidemiological studies are needed to identify preventive strategies
in preterm and term infants, who undergo major surgery or specific subgroups of this
category of patients.

This review aims to summarize scientific evidence about invasive Candida infections
(ICIs) in neonates undergoing surgery.

2. Methods

This paper provides a review of the literature on ICIs in neonates after major surgery.
An extensive literature search in the MEDLINE database (via PubMed) has been performed
from 2000 up to 9 January 2021. The following keywords “Candida” OR “fungal infection”
AND “surgery” AND “neonates” OR “infants” were searched as entry terms. All retrieved
articles were screened, and then full texts of records deemed eligible for inclusion were
assessed. References in the relevant papers were also reviewed.

Papers written in languages other than English, or not providing data about the main
focus of this research (the number of neonates with ICIs after undergoing major surgery,
separate data for neonates and children, and case reports and reviews) were excluded.

Major surgery is considered to be any invasive operative procedure in which a mes-
enchymal barrier is opened (pleural cavity, peritoneum, meninges).

An infant is considered colonized by Candida when a surveillance culture (such as
pharyngeal or tracheal swab, urine, feces, skin swabs) develops colonies of Candida spp.,
without signs or symptoms suggestive of infection [7].

Infants with ICIs have specific or nonspecific signs or symptoms, and isolation of a
Candida spp. is obtained from a sterile cultural site (blood, cerebrospinal fluid, peritoneal
fluid) [8].

We also provided an overview of risk factors for ICIs after major surgery, the innate
defense mechanisms against fungi, the role of different Candida spp., the epidemiology and
costs of ICIs, and the antifungal prophylaxis.
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3. Results

A total of 253 records were identified through literature search (via PubMed) from
2000 onwards. Among them 155 were excluded based on the titles, the abstracts, and
the type (case reports and review). The remaining 71 full-text articles were assessed for
eligibility. We found no studies focused on the incidence of IFIs in neonates who previously
underwent major surgery.

Conversely, we found 19 studies that provided how many neonates with IFIs under-
went major surgery before the onset of the infection [9–27]. The selection process is shown
in Figure 1.

Figure 1. Literature selection of recent studies reporting incidence of previous surgery in infants with
invasive fungal infections.

Of the 19 studies included in the quantitative synthesis, 8 collected patients’ data
retrospectively, while 11 collected it prospectively (Table 1). A total of 1637 neonates with
IFIs were reported. Of these, 550 (33.6%) underwent major surgery before the onset of the
infection. Abdominal surgery was not always reported by the studies, with percentages
ranging from 13 up to 80. Fungal-infection-related mortality is difficult to demonstrate,
therefore in-hospital overall mortality is more often reported.
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4. Risk Factors for Invasive Candida Infections after Major Surgery

Infants in NICUs for surgical diseases are at high risk for IFIs, as a result of prematurity,
the need for invasive procedures, the disruption of natural barriers due to surgery and
other many risk factors (Figure 2) [28,29]. Bloodstream infection due to Candida spp. is
considered the most common IFI in critically ill patients [30–33].

Figure 2. Risk factors for invasive Candida infections after major surgery.

Well-recognized risk factors associated with ICIs are:

1. Prematurity: Prematurity was recognized as the most common underlying condition
(78%) among newborns with candidemia, with a median gestational age at birth of
25 weeks (IQR: 24–26) according to the United States’ Centers for Disease Control
and Prevention’s (CDC’s) active population-based surveillance [22]. Most preterm
neonates had a very low birth weight (VLBW, 1000–1500 g) or extremely low birth
weight (ELBW, <1000 g) [22]. Mortality is high in ELBW infants with ICIs: Benjamin
et al. reported an overall mortality of 34% for ELBW infants with ICIs compared with
14% for ELBW infants without ICIs [34].

2. Site of surgery: Surgery in the 90 days before diagnosis was the most common (38%)
underlying condition among infants with ICIs. The abdomen was the most common
site of surgery, according to data from four US CDCs [22]. Gastrointestinal diseases,
including congenital anomalies (i.e., gastroschisis, omphalocele, duodenal or ileocolic
atresia/stenosis, necrotizing enterocolitis with intestinal perforation, stoma carriers
in any location) predispose patients to candidemia, as a result of a compromised
intestinal barrier that promotes translocation of Candida colonizing the gastrointestinal
tract [35].

3. Candida colonization: Candida colonization is the most important risk factor for ICIs
and is further discussed below; it can involve from 10% to 60% of preterm babies
during their hospital stay in NICU [36].

4. Use of central lines: Despite numerous efforts in recent decades to reduce the in-
cidence of central line associated sepsis (CLABSI) and central lines related sepsis
(CRBSI) in NICUs, such infections still represent a major complication of health care
assistance in those critically ill infants. Central-line-associated blood-stream infections
(CLABSIs) arise from at least 48 h after CVC insertion to 48 h after CVC removal.
Catheter-related blood-stream infections (CRBSIs) are bacteremias with positivity
of CVC blood cultures developing at least 2 h earlier compared to peripheral blood
cultures, or when the same organism is recovered from percutaneous blood culture
and catheter lumen blood culture, with 3-fold greater colony count in the latter [37]. In
particular, newborns undergoing major surgery in most cases have a central vascular
catheter and are most susceptible to these infections. Among the germs involved in
the genesis of CLABSIs, Candida spp. represented the third most common pathogens
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(13%), after Coagulase-Negative Staphylococci (28%), and Staphylococcus aureus (19%)
in a study in 304 NICUs [38]. The length of stay of indwelling catheters is a strong
risk factor for CLABSI and CRBSI, while no differences have been reported between
the CLABSI incidence in femoral vein catheters, peripherally inserted catheters, and
umbilical venous catheters [38]. Catheter removal is recommended if a CRBSI caused
by coagulase-negative Staphylococci, gram-negative bacilli (Pseudomonas aeruginosa and
Klebsiella pneumoniae), and fungi occurs, due to the particular ability of these germs to
form an intraluminal biofilm, resistant to antibiotics and/or antifungals. Biofilms on
indwelling catheters may be composed of gram-positive or gram-negative bacteria or
yeasts. It consists of microbial cells surrounded by a self-secreting polymer matrix,
that is released into the extracellular space [39]. The matrix is composed of water,
polysaccharides, proteins, lipids, and extracellular DNA. This matrix provides a pro-
tective barrier from the surrounding environment and is able to hinder the penetration
of antimicrobial drugs, while also providing protection against the host’s immune
defense mechanisms. From this biofilm, germs are progressively released, causing
the infection to persist and favoring the dissemination of microbes to additional sites
in the body. The biofilm is very difficult to eradicate from the catheter, due to the
difficult penetration of antimicrobial drugs into the matrix. Therefore, CVC removal
is the gold standard approach in cases of CRBSI that do not respond to systemic
treatment [37,40]. The best timing of central venous catheter removal in the presence
of an associated and/or catheter-related Candida infection has been studied by many
authors [40,41], which demonstrated that early catheter removal in candidemia is
associated with better outcomes in terms of shorter duration of infection, reduced mor-
tality, and reduced long-term neurologic disabilities. When catheter removal is not
recommended for the patient’s condition, the lock therapy with antimicrobials may
be an option. This rescue therapy has shown promise as a strategy for the treatment
of CRBSI due to several Candida species. The most promising strategies of antifungal
lock therapy include the use of amphotericin B, ethanol, or echinocandins [42,43].

5. Use of corticosteroids: Treatment with corticosteroids is a risk factors for invasive
fungal infections in the neonatal period. However, data are controversial. The
addition of steroids to the antibiotic therapy in animal models increases the intestinal
colonization, with an increase in the incidence of invasive infections [44]. Yu et al.
reported no significant differences between neonates with ICI and their control peers
reviewing medical charts of 5135 NICU admissions [17]. Length and dosage of steroid
treatment may play a role in altering the risk in these infants.

6. Use of prolonged broad-spectrum antibiotics: Longer duration of antibiotic treat-
ment, in particular third-generation cephalosporins, vancomycin, or carbapenems, in-
creases the risk of ICIs [17]. One of the hypotheses for the role of cephalosporins is that
their concentration within the biliary system would cause intestinal dysmicrobism,
favoring the proliferation of opportunistic germs, in particular fungi. Considering the
antibiotic and other drugs exposure and the risk of infection by species of Candida,
the third generation of cephalosporins seems to be a risk factor for Candida albicans
infection, while parenteral nutrition, lipidic emulsion, and H2 antagonists are risk
factors for Candida parapsilosis infections [11].

7. Use of antacids: Inhibitors of gastric acidity such as proton-pump inhibitors (PPIs,
e.g., omeprazole) are widely used to prevent and manage feeding intolerance and gas-
troesophageal reflux, although few data on safety and efficacy are available. However,
PPIs potentially increase the risk of systemic infections and necrotizing enterocolitis
(NEC), especially in preterm infants [45]. In a multicenter cohort of 743 infants, the
main pathogens causing infections in infants exposed to inhibitors of gastric acidity
were gram-negative-bacilli and Candida spp. [46].

8. Use of parenteral nutrition: Parenteral nutrition (PN) is often considered an ideal
microbial growth medium, and lipid administration in particular poses a specific
risk for microbial growth [47]. PN given without the use of appropriate filters could
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contribute to potentially important extrinsic mechanism of infection in NICU pa-
tients [11]. Patients with species other than C. albicans were more likely to have PN
than those with C. albicans (96.3% versus 71.4%, p = 0.039) [48].

9. Endotracheal intubation and invasive devices: Surgical and mechanical devices
such as endotracheal tubes, drains, or urinary catheters may be also responsible for
the nosocomial spread of pathogens. According to an epidemiologic surveillance
study, two devices increased the relative risk for nosocomial infections by 2.6 times
and three devices by 3.6 times [49].

10. Others: A length of stay in NICU >7 days was reported as one of the main potential
risk factors by a multicenter IFI surveillance project (the AURORA project) [50]. Lack
of, or inadequate, hand hygiene of healthcare workers has been also reported as one
of the main reasons for horizontal transmission of virulent Candida spp. responsible
for the invasive infections in critical patients, such as neonates [51]. Neutropenia,
defined as neutrophil count <1500/mm3, was found as an independent predictor of
candidemia in NICUs [52,53]. Extracorporeal membrane oxygenation (ECMO) proce-
dures and locations may contribute to acquired infection risk and the most common
organisms identified were coagulase-negative Staphylococci, followed by Candida, and
Pseudomonas species at eight children’s hospitals [54].

5. Candida Colonization

The percentage of colonized preterm infants who develop invasive infections ranges
from 5% to 30% [55], due to immunological immaturity, the immaturity of the skin and
of mucous membranes, and to the need for invasive therapeutic supports. In general, all
patients admitted to intensive care are exposed to fungal infections, some of them are
effectively colonized, and only a minority develop systemic infections that originate from
peripheral colonization. In intensive care units other than neonatal intensive care units (e.g.,
surgical intensive care units) the risk of colonization is greater in the presence of central
venous catheters, bladder catheters, mechanical ventilation, and lack of enteral nutrition.
Skin and the gastrointestinal tract are the most common sites for Candida colonization in
preterm and term infants [35,56]. Colonization can take place either vertically, from the
maternal genital tract, or horizontally, by transmission of the germ through the hands
of health caregivers. The use of broad-spectrum antibiotic therapy favors Candida spp.
colonization, even if it does not seem to condition the transition from colonization to
systemic infection. Some researchers have shown that the addition of steroids to antibiotic
therapy in animal models increases the intestinal colonization, with an increase in the
incidence of invasive infections [44].

The frequency of colonization is inversely proportional to the neonate’s gestational
age and birth weight. Severely preterm infants are the most affected, experiencing invasive
infections following colonization. Furthermore, the risk of invasive infections is propor-
tional to the number of colonized body sites and their localization. More noncontiguous
colonization sites are associated with a greater probability of progression to invasive in-
fection. Therefore, preterm and full-term infants colonized in more than one body site are
more likely to develop invasive Candida spp. infection the less contiguous the colonization
sites are [57]. Colonization at two or more sites occurs similarly with Candida albicans and
Candida parapsilosis, while Candida albicans is most frequently responsible when more than
two sites are involved [58].

Isolation of Candida spp. from the urine of neonates can be indicative of contamination
or of urinary tract infection (UTI), although any positive culture from normally sterile
body fluids such as urine, peritoneal fluid, or cerebrospinal fluid is often considered as
an invasive candidiasis that needs to be treated as well as candidemia [5]. To date, it is
still not clear how often Candida UTI (defined as growth of Candida from urine at >106

CFU/L from a suprapubic aspirate or >107 CFU/L from a bladder catheter specimen) is
a precursor of candidemia or of Candida infection at other sites [59]. Among 30 infants
with candiduria, an active surveillance (PICNIC study) detected 4 infants who developed
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extra-renal dissemination of Candida infection. In this study, the extra-renal site was blood
in 3/4 cases and the central nervous system in 1/4; involved species were Candida albicans
(75%) and Candida parapsilosis (25%) [59]. Three of these infants had a congenital heart
disease and were treated between candiduria and positive culture at the extra-renal site
with amphotericin B, fluconazole, or both; one was a 26-weeks preterm infant. Days
between positive urine culture and positive culture at the extra-renal site ranged from 2
to 41 [59].

6. Innate Defense Mechanisms against Candida and Surgery

Innate immunity is critical for the survival of neonates, who encounter for the first
time a lot of new micro-organisms, such as C. albicans, which is the most common fungal
pathogen found in NICUs. A wide range of genetic and epigenetic factors may influ-
ence neonatal innate immunity [60]. Dysregulation of neonatal innate immune responses
increase their susceptibility to severe infections [61].

Polysaccharide structures of C. albicans cell wall, such as β-glucans and mannans,
constitute the main pathogen-associated molecular patterns (PAMPs) involved in Candida–
host immune system interaction [62]. In the absence of a specific antibody-mediated
opsonization, that cannot be mounted by neonates, PAMPs are identified by pattern-
recognition receptors (PRRs) expressed on immune cells’ surfaces, as macrophage mannose
receptors (MMR) and toll-like receptors (TLRs) [63]. Neonatal macrophages are capable to
phagocytize Candida spp. using MMR, but cannot be entirely stimulated by interferon-γ
(IFN-γ), considering the lack of a normal regulation of IFN-γ receptor in neonates [64].

An intact epithelium and endothelium represent important mechanical barriers against
fungal invasion [62]. The formation of fungal hyphae contributes to epithelial damage and
immune activation through Candidalysin, a recently discovered peptide toxin, encoded by
the ECE1 gene [65].

The intestinal mucosal barrier plays a key role in the protection against an invasion
of fungal pathogens. In fact, gut cells behave not only as a physical barrier but have also
an active role producing mucus and anti-microbial peptides such as β-defensins [66,67].
However, in the case of impaired barriers, Candida, which is usually found in the gut, may
invade the intestinal epithelial barrier and translocate into the bloodstream, especially in
case of abdominal surgery [67].

Furthermore, mucosal colonization by Candida spp. (and C. albicans in particular) is a
major risk factor for potential life-threatening candidemia [68]. The presence of C. albicans
stimulates the mitogen-activated protein kinase (MAPK) pathway and c-Fos activation,
likely with a threshold level to activate immune response. The threshold could be pivotal
in triggering an inflammatory response from a simple colonization [67].

7. Population Microdiversity and Role of Different Species of Candida

Candida spp. are distributed differentially according to age: C. albicans and C. parap-
silosis are prevalent in neonates [69], whereas adults are mainly affected with C. albicans
and C. glabrata [70]. In the largest study to date (EUROCANDY), involving 23 pediatric
centres, C. albicans (52.5%) and C. parapsilosis (28%) were the predominant species, fol-
lowed by C. tropicalis, C. glabrata, C. krusei and other rare species (including C. dubliniensis,
C. pulcherrima, C. blankii, C. famata, C. guilliermondii, C. lusitaniae, C. magnolia, C. orthop-
silosis, C. zeylanoides). C. albicans was prevalent among neonates (60.2%), while highest
infection rates of C. parapsilosis were observed among infants (42%), with significantly
lower prevalence in neonates (26%) [71]. Similar data were reported by a multicenter
pediatric and neonatal study (involving 23 centers in the United States and 19 in 15 other
countries), with 48% C. albicans isolates and 28% C. parapsilosis isolates in newborns [72].
Focusing on patients of surgical intensive care units of the EUROCANDY cohort, 72.2%
episodes were due to C. albicans while the remaining cases were ascribed to C. parapsilosis.
However, the number of neonates, infants, and children who underwent major surgery
was not specified [71]. High-risk neonates become colonized with Candida spp. not only
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vertically during vaginal birth from their mothers, who may be receiving an azole for
vaginal candidiasis, but also horizontally from colonized hospital-workers during their
stay in NICU.

Although C. albicans remains the most common isolate in NICU, a shift to infections
caused by C. parapsilosis and C. tropicalis has occurred during the last decades, and it has
been associated with decreased mortality [12].

Among all ICIs, C. albicans, C. parapsilosis, C. tropicalis, C. glabrata, and C. krusei account
for nearly 90% of isolates from blood or other sterile site cultures. Candidemia caused by
other uncommon species, such as C. guilliermondii, and C. lusitaniae, is less well-known.
It seems, though, to have a poorer response to antifungal treatment (frequently due to
antifungal minimal inhibitory concentration -MIC- above the epidemiologic cut-off value)
and a longer duration of candidemia [25].

Whereas specific inflammatory and tissue-destructive histopathologic features were
found in most neonatal C. albicans cases, the mechanisms underlying cases of species other
than C. albicans are still poorly understood. According to autopsy-based data, species other
than C. albicans could involve both the gastrointestinal tract and pulmonary airways and
their incidence is often underrated [73].

8. Epidemiology of Fungal Infections in NICUs

Although there is an inter-site variability in the incidence of candidemia [22,71],
prevention of ICIs should be an achievable evidence-based goal for every NICU [74]. NICU
and PICU admissions were considered as significant predictors for mortality, with an odds
ratio of 4.67 and 8.325, respectively, in the EUROCANDY cohort [71]. However, most data
involve extremely preterm infants.

In specific subgroups of patients (e.g., abdominal surgical patients), ICIs are also
frequent [30–33,75], but to date there are no large epidemiological studies on the incidence
of ICIs in neonates who have undergone major surgery. Candida spp., within four weeks
from admission in intensive care units, colonize the skin and mucous membranes of about
64% of critically ill neonates and can progress to invasive infection [76].

ICIs are a major cause of morbidity and mortality among critically ill patients [31,77,78]
and impose an important economic burden mainly due to prolonged ICU stay, cost of
antifungal drugs, and overall use of hospital resources [79,80].

In case of nosocomial ICI outbreaks, a cluster of infections could be defined when
at least two cases of severe neonatal infection (i.e., bloodstream infection) occur within a
defined time interval in one center with the same pathogen species in different patients:
Candida albicans is one of the most frequently occurring microorganisms, according to a
recent German surveillance system [81].

Therefore, a nosocomial ICI outbreak within a NICU could have important clinical
and economic repercussions. A contaminated environment has been identified as a possible
source of the outbreak: the colonized locations included wiping cloths, faucets, sinks, an
operating table, puddles in the bathroom, a ventilator, and an ultrasonic probe in a recent
outbreak of Candida parapsilosis fungemia in a Chinese hospital [82]. An emergency plan
should be promptly scheduled with environmental surveillance and comprehensive inter-
ventions, such as hand hygiene and disinfection techniques. Improving both disinfection
and isolation, as well as interrupting the pathway of transmission, resulted to be the key to
controlling the spread of infection [83].

New methods (such as fingerprinting analysis of Candida isolates) can help to identify
the identical strains, to investigate suspected outbreaks and to help therapeutic decision-
making [84].

9. Prophylaxis of Fungal Infections

The high-risk population of critically ill neonates benefits greatly from prompt, effec-
tive treatment and prophylactic measures. A prompt antifungal treatment is one of the
most important determinants for mortality reduction. In addition, antifungal prophylaxis
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given to critically ill patients at high risk for ICIs may have a positive impact on patients’
outcomes, given ICIs’ high morbidity and mortality rates [85,86].

Fluconazole prophylaxis has been proven to be safe and effective in neonates, redu-
cing ICIs by more than 80% and Candida-related mortality by 90%, especially in high-
risk preterm infants, without significant side effects or emergence of resistant fungal
species [75]. Considering its long half-life plasma elimination, which allows an intermittent
administration schedule, fluconazole should be administered at 3 mg/kg once a day, two
times a week in the first two weeks of life whereas, from the third week of life, prophylaxis
should be administered every other day [4]. The benefits of prophylaxis are less clear when
incidence of ICIs is lower than 2%, and the administration should be discussed case by
case, in relation to the presence of risk factors for ICIs.

There is currently clear evidence on the efficacy of fluconazole prophylaxis in the
prevention of ICIs in preterm infants [87–91], but not in surgical newborns. In these
neonates, fluconazole prophylaxis is not clearly suggested, although they are considered
at risk of ICI as explained above. A major concern regarding a larger prophylactic use
of antifungal agents, even in term infants with risk factors, is the emergence of resistant
species. However, resistance to fluconazole or echinocandins in newborns is reported
as rare: fluconazole-resistant C. albicans was seen among 1.6% of the isolates, while no
echinocandins-resistant C. albicans was observed [23].

10. Diagnosis of Invasive Candida Infections

Diagnosis of ICIs is very difficult in newborns, as clinical signs and symptoms of
ICIs can be nonspecific and often subtle. For this clinical, radiological, and mycological
evaluations should be carried out simultaneously. In addition to microbiological cultures
(blood, urine, cerebrospinal fluid, peritoneal fluid, tracheal aspirate), laboratory techniques
for diagnosing ICIs also include the direct microscopic examination, the histological ex-
amination of the involved tissues, the evaluation of fungal antibodies and fungal antigens
(galactomannan, 1,3-beta-D-glucan) by enzyme-linked immunosorbent assay (ELISA) or
by immunofluorescence, and the detection of fungal DNA by polymerase chain reaction
(PCR) in blood and/or other biologic fluids. While fungi grow readily in culture media,
their identification requires large volumes of blood, which are difficult to collect, especially
in preterm infants. Therefore, blood cultures can be negative in a large number of patients
with fungal sepsis. In addition, up to 50% of infants with positive cerebrospinal fluid (CSF)
for Candida albicans or Candida parapsilosis may have negative blood cultures within seven
days. This explains the complexity of diagnosing ICIs in the newborn and the need for a
prompt empirical therapy at the time of diagnostic suspicion [92].

In particular, two new diagnostic molecular tools seem to be particularly promising
to early diagnose ICIs, especially in the cases where a previous antifungal prophylaxis or
empirical therapy could have reduced the possibility of a positive blood culture:

(a) the T2 Magnetic Resonance Candida Panel (T2 Candida, T2 Biosystems, Lexington,
MA, USA) can detect five major Candida species (C. albicans/C. tropicalis, C. parapsilosis,
and C. krusei/C. glabrata) directly in blood and it does not require viable organisms,
with a lower time to positivity (lower than 3 h) [93,94]. T2 Candida can be used to
efficiently diagnose or rule out candidemia even using low-volume blood specimens
from pediatric patients: this could result in improved time to appropriate antifungal
therapy or reduction in unnecessary empirical antifungal therapy [95].

(b) the indirect immunofluorescence assay (IFA) for C. albicans germ tube antibody
(CAGTA) IgG is a method that enables the detection of specific IgG antibodies against
antigens located on the cell wall surface of the mycelium of Candida spp. in human
serum/plasma. Vircell Kit (Granada, Spain) and VirClia IgG Monotest (Granada,
Spain) are the routine detection ways with widespread use in Europe. According to a
systematic review, the diagnostic accuracy of the CAGTA assays is moderate for ICIs,
and CAGTA findings should be interpreted in parallel with other biomarkers [96].
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However, to best of our knowledge, there are still no studies in literature that evaluated
the performance of these tests in the neonatal age only.

11. Treatment of Invasive Candida Infections

Mortality associated with Candida sepsis involves about half of infants, while survivors
could develop severe long-term neurosensory impairment, including ocular, hearing, and
cognitive impairment, cerebral palsy, and periventricular leukomalacia. Initial therapy
is therefore often empirical, and the combination of prematurity, thrombocytopenia, and
prolonged use of broad-spectrum antibiotics generally guides the initiation of empiric
antifungal therapy [5].

Current Infectious Diseases Society of America guidelines recommend amphotericin
B deoxycholate and fluconazole first-line therapies in infants with IC [44], while European
guidelines recommend formulations of amphotericin B, fluconazole, and micafungin.
Amphotericin B exists in various formulations, amphotericin B deoxycholate (D-AMPH-B),
and liposomal amphotericin B (L-AMPH-B) [7]. The recommended dose for D-AMPH-
B starts from 0.5–0.7 mg/kg/day up to 1.5 mg/kg/day. The recommended dose for
L-AMPH-B is 3–5 mg/kg/day [97,98].

In neonates, the dose of fluconazole administered as therapy is 12 mg/kg/day re-
gardless of birth weight or gestational age. The measurement of the blood levels reached
(therapeutic drug monitoring) could help in establishing the drug concentrations actually
reached during therapy. In fact, for many antifungal drugs, changes in clearance associa-
ted with changes in birth weight and gestational age of newborns, especially preterm,
have been observed [99]. In fact, in full-term infants, the plasma half-life of fluconazole
is approximately 70 h (30 h in adults) while in premature infants it is 73 h at birth, 53 h
at 6 days of age, and 46 h at 12 days of age. These pharmacokinetic characteristics make
fluconazole a more attractive candidate for the prevention of ICI, mainly in premature
infants, allowing for infrequent administration [100].

Although L-AMPH-B and D-AMPH-B are the most commonly used antifungal drugs
in newborns, there are no prospective randomized neonatal studies that provide reliable
information on the pharmacokinetic properties of these drugs and their safety.

All of these antifungals have unsatisfactory levels of evidence to support their use in
neonates and, when used in this special patient population, they have limits ranging from
renal and bone marrow toxicity to uncertain optimal dosage regimens, increased resistance
of some Candida spp. and, finally, suboptimal spread to the kidneys or brain tissue. There
is a need for alternative antifungal drugs with greater specificity and reduced toxicity in
neonatal populations than those commonly used in the treatment of invasive neonatal
infections.

Echinocandins could have a prominent role in contexts where there is a wide use of
prophylaxis with fluconazole and resistance of Candida strains to azoles could emerge. Phar-
macokinetic studies demonstrated excellent tolerability, safety, and efficacy of echinocan-
dins in neonates. Furthermore, with their ability to target 1,3-beta-D-glucan synthesis as
a means of inhibiting excess production of extracellular matrix, echinocandins represent
an attractive therapy against Candida biofilms formation [101]. The in vitro efficacy of
echinocandins in treating catheter biofilms was confirmed by Cateau et al., who found
that lock solutions of 2 and 5 mg/L, respectively, of caspofungin and micafungin used to
treat biofilms forming on a silicone catheter led to a significant and persistent reduction of
yeast metabolic activity of intermediate and mature biofilms [102]. Additionally, biofilm
impairment mediated by echinocandins would trigger a larger proinflammatory response
from phagocytes, due to an increase in 1,3-beta-D-glucan exposure [103].

Some problems could emerge in the therapy against Candida parapsilosis. Echinocan-
dins have in fact a high minimum inhibitory concentration against Candida parapsilosis.
Despite this awareness, no clinical failures have been reported to date. Consequently,
the resistance of Candida parapsilosis to echinocandins remains unexplored. Micafungin
is the echinocandin with the more reliable evidence in neonatal population. It is the only
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echinocandin approved for neonates and young infants. The therapy at 8 mg/kg/day
achieved a high response in a phase 2 study on 35 neonates with medical and surgical
underlying diseases and confirmed or suspected ICIs [8].

12. Future Research Considerations

Prospective studies are needed to determine the clinical implications of new diag-
nostic molecular tools (T2MR and CAGTA) in neonatal age and their potential use in
antimicrobial stewardship.

Empiric antifungal therapy needs further evidence sustaining the efficacy in reducing
mortality and long-term neurodevelopmental disabilities in preterm infants and other
categories of patients. Neonatal pharmacokinetics and pharmacodynamics data of the
most-used antifungal drugs are still inconclusive, due to the complexity of carrying out this
type of studies in the neonatal age. Furthermore, the clearing time of fungal infection in
neonates and the microbiological criteria used to define clearance are currently ambiguous.

Concerning neonates with major surgical needs, admitted in NICUs, there is lack of
a precise assessment of the incidence of fungal colonization and invasive infections and
lack of evidence that may, or may not, support the benefits of antifungal prophylaxis. As
of 9 January 2021, no trials on ICIs are enrolling infants after major surgery, according to
clinical trial registries such as: https://clinicaltrials.gov (accessed on 9 March 2021) and
https://www.umin.ac.jp/ctr (accessed on 9 March 2021).

Therefore, we are currently recruiting study subjects in a multicenter prospective
observational study to assess the real incidence of ICIs in surgical neonates and infants up
to three months of life in NICUs. The study involves 13 of the major Italian NICUs and it is
coordinated by our group at Bambino Gesù Children’s Hospital (Rome, Italy). The primary
outcome of the study is to assess the real incidence and risk factors of ICIs in neonates and
infants up to three months of life requiring major surgery. We hope to provide the results
of this research as soon as possible.

13. Conclusions

Infants requiring surgery carry many risk factors for candidemia and are likely to
benefit from antifungal prophylaxis. To date, guidelines for the prevention of ICIs rec-
ommend intravenous or oral fluconazole prophylaxis in ELBW infants, while no specific
recommendation is available for infants requiring major surgery. This finding should
not be extrapolated from previous studies, and further epidemiologic data are needed to
identify possible preventive strategies against candidemia in preterm and term infants who
undergo major surgery.
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Abstract: Candida species cause serious infections requiring prolonged and sometimes toxic therapy.
Antimicrobial proteins, such as chemokines, hold great interest as potential additions to the small
number of available antifungal drugs. Metamorphic proteins reversibly switch between multiple
different folded structures. XCL1 is a metamorphic, antimicrobial chemokine that interconverts
between the conserved chemokine fold (an α–β monomer) and an alternate fold (an all-β dimer).
Previous work has shown that human XCL1 kills C. albicans but has not assessed whether one or
both XCL1 folds perform this activity. Here, we use structurally locked engineered XCL1 variants
and Candida killing assays, adenylate kinase release assays, and propidium iodide uptake assays
to demonstrate that both XCL1 folds kill Candida, but they do so via different mechanisms. Our
results suggest that the alternate fold kills via membrane disruption, consistent with previous work,
and the chemokine fold does not. XCL1 fold-switching thus provides a mechanism to regulate
the XCL1 mode of antifungal killing, which could protect surrounding tissue from damage associ-
ated with fungal membrane disruption and could allow XCL1 to overcome candidal resistance by
switching folds. This work provides inspiration for the future design of switchable, multifunctional
antifungal therapeutics.

Keywords: Candida; C. albicans; XCL1; metamorphic protein; fold-switching protein; antifungal peptide

1. Introduction

Candida albicans and other fungal pathogens cause severe and costly infections in
children and adults [1–3]. High incidence of drug toxicity and the emergence of resistance
limit the utility of available antifungal drug classes [4,5]. Components of the innate immune
system termed antimicrobial peptides, including certain chemokines, are currently under
investigation as novel antifungal agents [6,7]. Detailed understanding of the relationship
between protein structure and function can promote the optimal development of these
peptides as therapeutics.

In the field of structural biology, the conventional wisdom has been that each amino
acid sequence folds into a single structure to carry out its biological role. However, in recent
decades, proteins have been discovered that defy this norm, folding into multiple different
structures and reversibly interconverting between them. Recent work has shown that these
proteins, called metamorphic proteins, may be more common than initially expected [8,9].
Interest in the biological relevance of metamorphic protein folding is growing, and efforts
to understand and harness protein metamorphosis for therapeutic benefit are beginning
to mount [10–12].

One such metamorphic protein is the antimicrobial human chemokine XCL1.
Chemokines are small, secreted immune proteins that orchestrate the migration of white
blood cells under homeostatic and inflammatory conditions, some of which have antimi-
crobial activity [13,14]. XCL1 is unique amongst chemokines because it switches between
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the conserved α–β chemokine fold and an all-β alternate fold that forms a dimer [15]
(Figure 1). XCL1 occupies the two folds in equal proportion under near-physiological
conditions and interconverts between the two folds in the absence of a trigger [15]. The
chemokine fold binds and activates XCL1’s cognate G-protein coupled receptor (GPCR),
XCR1, on the surface of a subset of dendritic cells [15,16]. The XCL1 alternate fold binds
to glycosaminoglycans (GAGs), facilitating the formation of chemotactic concentration
gradients [15,17]. It has been shown that the XCL1 alternate fold directly kills E. coli via
physical membrane disruption, but the XCL1 chemokine fold does not [18,19]. Recent work
has demonstrated that wild-type (WT) human XCL1 also kills C. albicans [18]. The aim of
this study was to determine whether this antifungal activity is encoded by one or both of
the XCL1 structures, and to further elucidate the molecular mechanism by which XCL1
kills Candida.

Figure 1. In vitro C. albicans killing activity of WT XCL1 and engineered XCL1 variants locked in the chemokine fold,
alternate fold, and unfolded state. Left: the two XCL1 native structures (chemokine fold, left; dimeric alternate fold, right, in
color (subunit A) and light grey (subunit B)). CC3, gold, is an engineered XCL1 variant that is locked in the chemokine fold.
CC5, blue, is an engineered XCL1 variant that is locked in the alternate fold. WT XCL1, orange, interconverts between the
two folds and occupies each fold in equal proportion under near-physiological conditions. Right: C. albicans killing activity
of XCL1 (orange), CC3 (gold), CC5 (dark blue), and CC0 (grey). CC0 is an engineered XCL1 variant lacking the disulfide
bond that has no defined folded structure.

Here, we used a panel of engineered XCL1 variants [16,17] and Candida killing dose-
response and time course assays, adenylate kinase (AK) release assays, and propidium
iodide uptake (PI) assays to show that the XCL1 chemokine fold and alternate fold both
kill C. albicans. However, our data suggest that the two folds kill by different mechanisms.
Multiple complementary assays indicate that the alternate fold kills C. albicans via direct
membrane disruption, in agreement with previous studies [18], but the chemokine fold
does not. XCL1 can provide unique therapeutic inspiration as a member of a family of
antimicrobial human immune system proteins, with the added feature of switching folds
to encode multiple distinct antifungal mechanisms.

2. Results

2.1. The XCL1 Chemokine Fold, Alternate Fold, and Unfolded State Kill C. albicans

Engineered XCL1 variants have been designed to lock XCL1 into the chemokine
fold [16] and the alternate fold [17] by adding a new disulfide bond. The variants are named
CC3 (locked chemokine fold) and CC5 (locked alternate fold) (Figure 1). Additionally, an
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XCL1 variant lacking XCL1’s native disulfide bond, named CC0, has no defined folded
structure. We tested WT human XCL1, CC3, CC5, and CC0 for antifungal activity against
C. albicans using a dose-response plating assay [18,20,21] and found that all of the XCL1
variants kill C. albicans with similar dose-response profiles (Figure 1). Previous studies
suggest that the XCL1 alternate fold is capable of directly disrupting fungal membranes,
but the chemokine fold is not [18]. We thus sought to determine whether the chemokine
fold kills via the same mechanism as the alternate fold.

2.2. WT XCL1 Kills C. albicans Faster Than an XCL1 Variant Locked in the Chemokine Fold

If the XCL1 chemokine fold and alternate fold kill Candida via the same mechanism,
the chemokine fold would be expected to kill with similar kinetics to WT XCL1. We
performed time course killing assays for XCL1 and CC3 at a protein concentration of 1 μM
against C. albicans, finding that CC3 kills more slowly than WT human XCL1 (Figure 2).
This difference could occur if the XCL1 alternate fold kills via direct membrane disruption,
which occurs quickly, while the XCL1 chemokine fold kills by a slower mechanism. To
test the hypothesis that the XCL1 alternate fold kills via membrane disruption while the
chemokine fold does not, we performed two complementary assays to assess the ability of
the different XCL1 structures to induce membrane disruption in C. albicans.

 

Figure 2. Candida killing time course assays for WT XCL1 and CC3. Each timepoint was performed
in triplicate. Significant differences between XCL1 and CC3 indicated with * for p < 0.05.

2.3. The XCL1 Alternate Fold Induces More Intense Adenylate Kinase Release from C. albicans
Than the XCL1 Chemokine Fold

To assess for membrane disruption in C. albicans by XCL1 and our panel of locked
structural variants, we first performed an adenylate kinase release assay [22,23]. In brief, the
dye-based adenylate kinase assay (AKA) measures the release of the intracellular enzyme
adenylate kinase (AK) from C. albicans cells following protein treatment. As a positive
control, we used CCL28, a human chemokine that adopts the conserved chemokine fold
and is known to kill Candida via direct membrane disruption [24]. The protein suspension
buffer, potassium phosphate buffer (PPB), was used as a negative control. We found that
XCL1, CC0, and CC5 trigger the release of adenylate kinase from C. albicans, suggesting
that the XCL1 alternate fold and unfolded state induce C. albicans membrane disruption
(Figure 3). CC3 treatment resulted in very little adenylate kinase release, even at late time
points. CC3 kills with similar potency to XCL1, CC5, and CC0 (Figure 1), but induces less
AK release (Figure 3), which suggests that CC3 kills C. albicans by a mechanism other than
membrane disruption. To confirm these findings, we performed a second complementary
assay to detect candidal membrane disruption by XCL1 and CC3.
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Figure 3. Adenylate kinase (AK) release from C. albicans as a measure of membrane disruption in response to XCL1 and
structural variants. Each time point was performed in triplicate. The structural behavior of each XCL1 variant is illustrated
in the legend. Significant differences between XCL1 and CC3 indicated with * for p < 0.0005, ** for p < 0.00005, and *** for
p < 0.000005.

2.4. WT XCL1 Triggers More Propidium Iodide Uptake Than the XCL1 Locked Chemokine
Fold Variant

To confirm the finding that WT XCL1 kills Candida via membrane disruption but CC3
does not, we performed a propidium iodide (PI) uptake assay, which detects cellular uptake
of a dye that selectively labels the chromosome. Higher PI uptake indicates increased
membrane disruption. As in the AKA, CCL28 was used as a positive control and PPB was
used as a negative control. Paraformaldehyde kills Candida but does not induce membrane
disruption and was included as a second negative control. We found that WT XCL1 induces
significantly higher PI uptake in C. albicans than CC3 at 10 min, 30 min, and 60 min after the
protein treatment (Figure 4). This suggests that the XCL1 alternate fold kills via membrane
disruption, but the XCL1 chemokine fold does not, in concurrence with the AKA data
presented in the previous section.

Figure 4. Propidium Iodide uptake by C. albicans as a measure of membrane disruption in response to XCL1, CC3, and
controls. The timepoint was performed in triplicate. Each data point is represented by a circle. The structural behavior of
each variant is illustrated in the legend. Significant differences between XCL1 and CC3 indicated with * for p < 0.05, ** for
p < 0.005, and *** for p < 0.0005.
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3. Discussion

Fungi such as C. albicans cause severe infections [1–3], but currently available treat-
ments have limited utility due to drug toxicity and the frequent emergence of drug resis-
tance. Thus, new, less toxic antifungal drugs are needed, and antimicrobial proteins in the
human immune system, such as chemokines, can inspire the design of such novel thera-
pies [6,7,25,26]. Many human chemokines are known to be antifungal [13,14,21], including
the chemokines XCL1 and CCL28 [18]. Indeed, a recent study found that XCL1 and CCL28
are expressed highly in uterine tissue, perhaps suggesting that the antimicrobial properties
of these chemokines contribute to the protection of the developing fetus from microbial
pathogens [27]. XCL1 has the additional feature of being metamorphic, i.e., switching be-
tween multiple different three-dimensional structures reversibly in solution [15]. Interest in
metamorphic proteins’ biological and therapeutic utility has grown in recent years [9–11,28].
XCL1 can provide unique inspiration for the design of non-toxic, switchable antifungals for
which the development of resistance is minimized. Such pursuits rely on understanding
structure–function relationships for XCL1 antifungal activity.

The work presented here suggests that XCL1 kills C. albicans via two different mech-
anisms encoded by the two different XCL1 folds. Furthermore, the XCL1 alternate fold
appears to kill Candida via direct membrane disruption, while the chemokine fold does
not. These findings agree with previous work demonstrating that the XCL1 alternate fold
induces Negative Gaussian Curvature (NGC), a topological requirement for membrane
disruption, in model fungal membranes, while the chemokine fold does not [18].

Inspiration from XCL1 can inform the design of antifungal proteins that switch folds,
quickly, reversibly toggling between multiple antifungal killing mechanisms, which would
have distinct advantages as antifungal agents. If Candida evolves resistance to killing by
one protein fold, interconversion to the other fold overcomes this resistance. Additionally,
killing by membrane disruption may be advantageous in certain contexts but not others.
Killing via a non-membrane-disruptive mechanism may modulate the resulting immune
response by decreasing the release of pathogen-associated molecular patterns (PAMPs) and
could protect surrounding tissue from damage. Likewise, fold-switching therapies could
spare host microbial flora, for example, in the gut, that would be killed by other antifungal
agents. Fold-switching proteins could also be designed that have dual functionality, with
one fold encoding antifungal activity and the other encoding a distinct therapeutic function.
For example, the second fold might encode anti-inflammatory or immunomodulatory
activity, reducing the number of drugs required to treat fungal infections. Together, a better
understanding of the molecular mechanisms of antifungal action of human metamorphic
proteins can inspire the development of improved antifungal therapeutics.

4. Materials and Methods

4.1. Protein Expression and Purification

Expression of CC0, CC3, CC5, and WT XCL1 was performed as previously described [15,19,29].
In brief, proteins were expressed recombinantly with a His6-SUMO tag (pET28a expression vector,
BL21 DE3 E. coli.). Cultures (grown in terrific broth with 50 mg/mL Kanamycin at 37 ◦C) were
induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) once they reached an optical
density of 0.5–0.7, after which they were grown for an additional 5 h at 37 ◦C. Cells were
harvested by centrifugation (8000× g, 10 min) and stored at −80 ◦C. For protein purification,
50 mM sodium phosphate (pH 8.0), 300 mM sodium chloride, 10 mM imidazole, 0.1%
(v/v) β-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride (PMSF) was used
to resuspend cell pellets, which were then lysed using a French press or by sonication.
Centrifugation was used to collect inclusion bodies from cell lysates (12,000× g, 20 min)
which were then resuspended and further purified along with the soluble fractions. Nickel
column chromatography (nickel resin, Qiagen, Hilden, Germany) was used as an initial
purification step. Elution fractions from the nickel columns underwent infinite dilution
refolding into 20 mM Tris (pH 8.0), 200 mM sodium chloride, 10 mM cysteine, and 0.5 mM
cystine. Refolding solutions were incubated at room temperature with gentle stirring
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overnight, then concentrated. ULP1 protease cleavage was used to remove the His6-SUMO
fusion tag, which was then separated from the protein of interest using either cation
exchange chromatography (SP Sepharose Fast Flow resin, GE Healthcare, Chicago, IL,
USA) or reverse nickel column chromatography (nickel resin, Qiagen). High-performance
liquid chromatography was performed with a C18 column as a final purification step.
Proteins were then frozen and lyophilized. Sample purities, identities, and homogeneities
were checked with matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF)
spectroscopy.

4.2. Candida Killing Dose-Response Assays

Candida killing assays were performed as previously described [18,20,21]. Briefly, a
single clone of C. albicans strain CAF2-1 was cultured in yeast peptone dextrose (YPD)
medium for 16–20 h (30 ◦C, 250 rpm), before being washed twice and diluted to a final
concentration of ~5 × 104 cells/mL in a low-salt, 1 mM potassium phosphate buffer, at pH
7.0 (PPB). Proteins were lyophilized and resuspended to a concentration of 400 μM in 1 mM
PPB, aliquoted and stored at −70 ◦C until use. Proteins were serially diluted with 1 mM
PPB and mixed 1:1 with the ~5 × 104 cells/mL Candida stocks to a total volume of 200 μL
in a 96-well plate. Negative controls were performed using 1 μM PPB. The 96-well plates
were incubated for 2 h or the indicated time with gentle shaking (80 rpm). Appropriate
dilutions of the suspensions were then plated on YPD agar plates. Plates were incubated
at 30 ◦C for 48 h, then colonies were counted. Viability is reported as the percent colony
number with respect to the negative control. Assays were performed in at least duplicate,
and protein conditions were tested in triplicate in each assay.

4.3. Adenylate Kinase Release Assays

Adenylate kinase leakage was measured with an adenylate kinase assay (AKA) kit
(Abcam, MA, USA). Candida cells at 2 × 107 CFU/mL in PPB (100 μL) and serial dilutions of
CCL28, XCL1, and indicated XCL1 variants (100 μL) were incubated for 30 min in triplicates
in 96-well plates. Plates were centrifuged at 3000 rpm for 5 min, and supernatant from
each well (100 μL) was transferred to the white 96-well plate and mixed with adenylate
reagent (100 μL) in white 96-well flat-bottom assay plates. Luminescence was measured
immediately by a SpectraMax plate reader (Molecular Devices, San Jose, CA, USA).

4.4. Propidium Iodide Uptake Assays

Candida was cultured and washed as described above. Candida suspensions at
5× 106 CFU/mL were incubated with equal volumes of 1 mM PPB, CCL28, XCL1, or
XCL1 CC3 solutions (final concentration 0.5 μM), or paraformaldehyde solution (2%
paraformaldehyde, 0.5% bovine serum albumin (BSA), and 2 mM EDTA in PBS) at room
temperature for 10, 30 and 60 min in triplicates. Cells were washed and resuspended with
1× FACS (PBS with 2% fetal bovine serum and 2 mM EDTA buffer) and then stained with
propidium iodide (PI; Thermo Fisher Scientific, Grand Island, NY, USA) at 1 mg/mL at
room temperature in the dark for 10 min. Stained cells were washed with 1× PBS and
resuspended in 200 μL of the paraformaldehyde solution. Cellular PI uptake was measured
by flow cytometry in the CRI flow cytometry core on a BD LSR II (BD Biosciences, San Jose,
CA, USA) and analyzed with FlowJo (Tree Star, Inc., Ashland, OR, USA).
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Abstract: Candida albicans is the most common species isolated from nosocomial bloodstream infec-
tions. Due to limited therapeutic arsenal and increase of drug resistance, there is an urgent need
for new antifungals. Therefore, the antifungal activity against C. albicans and in vivo toxicity of
a 1,3,4-oxadiazole compound (LMM6) was evaluated. This compound was selected by in silico
approach based on chemical similarity. LMM6 was highly effective against several clinical C. albicans
isolates, with minimum inhibitory concentration values ranging from 8 to 32 μg/mL. This compound
also showed synergic effect with amphotericin B and caspofungin. In addition, quantitative assay
showed that LMM6 exhibited a fungicidal profile and a promising anti-biofilm activity, pointing to
its therapeutic potential. The evaluation of acute toxicity indicated that LMM6 is safe for preclinical
trials. No mortality and no alterations in the investigated parameters were observed. In addition,
no substantial alteration was found in Hippocratic screening, biochemical or hematological ana-
lyzes. LMM6 (5 mg/kg twice a day) was able to reduce both spleen and kidneys fungal burden and
further, promoted the suppresses of inflammatory cytokines, resulting in infection control. These
preclinical findings support future application of LMM6 as potential antifungal in the treatment of
invasive candidiasis.

Keywords: Candida albicans; candidiasis; 1,3,4-oxadiazole; drug discovery; antifungal agents; drug
resistance; toxicity; biofilm

1. Introduction

Candida spp. is the most common cause of nosocomial bloodstream infections by
fungal, responsible for over 90% of these cases [1,2]. Immunocompromised patients are the
most critically affected, with mortality rates that can reach 60% [3,4]. C. albicans remains
the most frequent species worldwide, isolated between 20–70% in clinical specimens [5,6].
Among the numerous factors associated with virulence in C. albicans which contributes to
the high rates of infection and mortality, biofilm is likely to be one of the most important
and clinically relevant factors [7]. This fungal organization is able to disrupt host immune
response and also the action of antifungal agents on these structures [8]. Therefore, seeking
for new and effective treatments against biofilm-associated yeast become necessary.

Currently fungal infections treatment is based on polyenes, azoles or echinocan-
dins [9,10]. Although these agents demonstrate high levels of antifungal activity, their use
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has serious limitations, in particular due to toxicity, poor tolerability, drug interactions
and a narrow activity spectrum [10–12]. Moreover, despite the rates are still low, azole
and echinocandin resistance has already been reported in isolates of C. albicans [13,14].
This scenario has forced the search for alternatives to conventional antimicrobial therapy.
The combination of compounds has potential advantages over monotherapy in terms
of reducing dose-related toxicity, possibility of action on more than one target and im-
proved antifungal activity [15,16]. Combination therapy may be a solution for antifungal
drug resistance.

Another strategy is in silico techniques that have explored virtual screening of chemical
libraries against specific targets for drug discovery, reducing time and costs [17,18]. One
promising target has been studied is the thioredoxin reductase (Trr1), a flavoenzyme which
mainly confers oxidative stress resistance [19]. Recently, the antifungal activity of two
compounds of oxadiazoles class (LMM5 and LMM11) which acts on C. albicans Trr1 target,
were described. These compounds have shown promise against important pathogenic
fungi, such as Candida spp., Cryptococcus neoformans and Paracoccidioides spp. with low
toxicity in vitro and in vivo [20–23]. In this study, we evaluated the antifungal activity
against C. albicans as well as the toxicity in murine model of LMM6 compound, which also
belongs to the oxadiazole class and it was selected by in silico approach based on similarity
to the LMM11 [20].

2. Results

2.1. Fungicidal Activity of LMM6

The susceptibility profile of 30 clinical isolates and reference strains are presented in
Table 1. Similar values of MIC for LMM6 (8–32 μg/mL) were reported. All C. albicans tested
were susceptible to AMB and CAS (100%—31/31). For FLC, 96.8% (30/31) were susceptible
and 3.2% (1/31) was resistant. Whereas for ITC, 76.4% (24/31) were susceptible, 19.4%
(6/31) dose-dependent-susceptible (SDD) and 3.2% (1/31) was considered as resistant. To
confirm the obtained LMM6 antifungal activity, a quantitative analysis was also performed
(Figure 1A). The compound effect on CFU was detected at 8–256 μg/mL concentrations
with the best activity observed between 64–256 μg/mL in which there was a CFU ≥ 5 log10
reduction (p < 0.05). MCF results revealed a dose-dependent activity profile for LMM6.
The reference strain (Figure 1B) and all clinical isolates (Supplementary Material, Figure S1)
showed a notable reduction of fungal growth from 16 and 0.5 μg/mL, respectively, in
relation to the positive control.

LMM6 showed better inhibitory effect than FLC (conventional antifungal) from 6 h in
time-kill curve assay (Figure 1C). This activity was sustained for 48 h. Moreover, LMM6
showed fungicidal profile at three concentrations (32, 64 and 128 μg/mL). The reduction in
the number of viable cells was ≥ 4 log10 (> 99.9%), as compared to control, from 24 h. As
expected, the FLC showed a fungistatic profile with CFU reduction ≤ 2 log10, as compared
to control.

Table 1. Antifungal susceptibility of 30 clinical isolates and reference strain to LMM6 and conven-
tional antifungal drugs.

MIC (μg/mL) Interpretation † N (%)

Antifungal Drugs Range MIC50 MIC90 Susceptible SDD Resistent

Amphotericin B 0.03–0.5 0.125 0.25 31 (100) 0 (0) 0 (0)
Caspofungin 0.03–0.25 0.125 0.25 31 (100) 0 (0) 0 (0)
Fluconazole 0.06 > 64 0.25 0.25 30 (96.8) 0 (0) 1 (3.2)
Itraconazole 0.03 > 16 0.125 0.25 24 (77.4) 6 (19.4) 1 (3.2)

LMM6 8.0–32 16 32 - - -
Abbreviations; MIC: minimal inhibitory concentration; SDD: susceptible-dose-dependent; † MIC interpretation
were established by CLSI document M27-S4; MIC50 and MIC90 were defined as antifungal concentration capable
of inhibiting 50% and 90% growth of the isolates, respectively.
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Figure 1. Fungicidal activity of LMM6 against reference strain. (A) Quantitative analysis by logarithm reduction of colony
forming units. (B) Minimum fungicidal concentration (MFC). (C) Time-kill curves plotted from log10 CFU/mL versus time
(0–48 h) for fluconazole conventional drug control (FLC; MIC 0.25 μg/mL) and LMM6 at concentrations 16, 32, 64 and
128 μg/mL, indicating fungicidal profile of new compound. C+ or Control (drug-free control composed medium plus
inoculum). Each data point represents the mean ± standard deviation (error bars). * Values of p < 0.05 were considered
statistically significant.

2.2. Synergistic Effect between LMM6 and Conventional Antifungals

LMM6 exhibited synergistic interaction with both fungicidal conventional drugs,
resulting in a FIC index < 1 for reference strain (AMB: 0.53 and CAS: 0.56) and for one
clinical isolate (AMB: 0.75 and CAS: 0.56) (Table 2). However, LMM6 when combined with
fungistatic conventional drugs, no synergistic effect was exhibited, resulting in a FIC index
> 1 for reference strain (FLC and ITC: 2) and clinical isolate (FLC and ITC: 1.5). The synergic
effect of LMM6 with AMB or CAS were confirmed by the presence of blue areas (positive
ΔE), in Bliss independence surface analysis (Figure 2A,B,E,F). For the combination of
LMM6 with FLC or ITC, red areas were prevalence, which indicates negative ΔE, featuring
a without effect combination for these drugs (Figure 2C,D,G,H).

Table 2. Synergism between LMM6 and conventional antifungals drugs against C. albicans by the
checkerboard method.

Strains Combinations FICA FICB FIC Index Interpretation

Reference strain AMB/LMM6 0.5 0.031 0.531 Synergistic
CAS/LMM6 0.5 0.063 0.563 Synergistic
FLC/LMM6 1 1 2 No effect
ITC/LMM6 1 1 2 No effect

SangHUMCa7 AMB/LMM6 0.5 0.25 0.75 Synergistic
CAS/LMM6 0.5 0.063 0.563 Synergistic
FLC/LMM6 1 0.5 1.5 No effect
ITC/LMM6 0.5 1 1.5 No effect

Abbreviations; AMB: amphotericin B; CAS: caspofungin; FLC: fluconazole; ITC: itraconazole; FIC index: frac-
tional inhibitory concentration index, calculated as the sum of FICA plus FICB; FICA: MICdrug conventional in
combination/MICdrug conventional alone; FICB: MICLMM6 in combination/MICLMM6 alone. SangHUMCa7 is a
clinical isolate from hospitalized patient blood that has been identified by classical methods and confirmed by
MALDI TOF-MS.

2.3. LMM6 Anti-Biofilm Effect

Given the clinical relevance of biofilm in invasive fungal infections, the effect of
LMM6 on C. albicans biofilm structure in formation was investigated. SEM showed that
LMM6 was able to disrupt the biofilm growth and cause morphological changes in the cells
(Figure 3A–C). In the two highest concentrations of LMM6, 64 μg/mL (Figure 3A) and
32 μg/mL (Figure 3B), the biofilm was characterized by disorganization of structure,
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presence of deformities in yeast cell, membrane and cell wall irregularities and cell ex-
travasation, when compared to control (Figure 3D). In addition, the reduction in CFU
(Figure 3E) was statistically significant (p < 0.05) at the three concentrations tested, 16 μg/mL
(± 3 log10), 32 μg/mL (± 5 log10), and 64 μg/mL (± 6.5 log10), in relation to untreated
control. To check the effect of LMM6 on total biofilm biomass, staining by crystal violet
was carried out. All concentrations tested exhibited a statistically significant reduction
(p < 0.05) of the total biomass (Figure 3F), 16 μg/mL (± 30%), 32 μg/mL (± 60%) and
64 μg/mL (± 80%) compared to the treated control. The morphological, CFU and total
biomass alteration was dose dependent.

Figure 2. Bliss independence surface analysis for interaction of LMM6 with antifungal conven-
tional drugs (AMB: amphotericin B; CAS: caspofungin; FLC: fluconazole; ITC: itraconazole). Eval-
uated effect against reference strain (A–D) and one clinical isolate from hospitalized patient blood
(SangHUMCa7; (E–H)). The x axes represent the antifungal conventional drugs and y axes the LMM6.
The magnitude of interactions is directly related to percent ΔE (%ΔE; z axes). Interactions with
positive %ΔE represent synergistic effect statistically significant whereas that combinations with
negative %ΔE indicate antagonism or no effect. The experimental data were analyzed independently
using the Combenefit software.
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Figure 3. Anti-biofilm effect of LMM6 against reference strain. (A–D) Scanning electron microscopy (SEM); Representation of
the analysis of at least 20 fields. (E) Biofilm inhibition by logarithmic reduction of colony forming units (CFU). (F) Reduction
of total biomass evaluated by staining with crystal violet. LMM6 at concentrations of 64 μg/mL (A), 32 μg/mL (B) and
16 μg/mL (C) were added to the pre-adhered yeast (2h) in polystyrene plate and incubated for 24 h at 37 ◦C for analysis.
Control (D): Untreated biofilm containing only RPMI 1640 medium. Black arrows indicate deformities on the cells; Red
arrow shown cell extravasation and yellow arrow are membrane and cell wall irregularities. Each data represents the mean
± standard deviation (error bars). * p < 0.05, statistically significant reduction in relation to control. The bar in the images
corresponds to 20 μm. Magnification × 5000.

2.4. LMM6 Low Toxicity in Male Balb/c Mice

The acute toxicity in mice was evaluated by intraperitoneal or intravenous LMM6
administration. Single dose of LMM6 caused no death in male mice during 14 days of obser-
vation. The reduction of locomotion marked by lethargy and piloerection was observed in
all groups treated (LMM6 or vehicle). However, these mild behavioral changes returned to
normal after 24 h (Supplementary Material, Table S2). Increased heart rate was also noted
in all groups, including healthy mice, and returned to normal soon after manipulation.

The relative weight of organs (brain, heart, kidneys, liver, and spleen), subsequent to
euthanasia, showed no significant changes after treatment with LMM6 or vehicle (Figure 4).
Regardless of the administration route, the vehicle was able to increase the lung weight
(p < 0.05), as compared to the healthy group (Figure 4E). Macroscopical observations of the
organs demonstrated no changes in their color as well as texture. Body weight was not
affected by the treatments. No significant difference was recorded when comparing treated
mice with healthy (Supplementary Material, Figure S2).

The results of biochemical analysis in acute toxicity assay are summarized in Figure 5.
Both, LMM6 and vehicle did not cause significant alteration in AST, ALT, CRE, UR and GLU
levels when compared to healthy group. Exposure to LMM6 at high concentrations by two
administration routes did not lead to liver or renal toxicity. The high dose effect of LMM6 on
hematological parameters is presented in Table 3. According to the findings, MCHC index
was statistically different (p < 0.05) in mice treated (LMM6 or vehicle) when compared to
healthy group. The platelet counts only differed for mice treated with vehicle (IP) (p < 0.05).
Others hematological parameters, as total RBC count, hematocrit, hemoglobin, MCV and
MCH were within normal limits and showed no significant change in the analyzed groups.
In differential count (Table 4), the leukocytes values increased significantly (p < 0.05) in mice
treated with vehicle (IV). However, all other counts, neutrophils, monocytes, lymphocytes
and eosinophils remained similar among all treated groups with healthy group. Fortunately,
this result did not indicate any adverse trend associated with LMM6 treatment and suggests

119



Pathogens 2021, 10, 314

that its application does not promote any abnormalities of blood cells and components in
the blood fluids.

Figure 4. LMM6 effect on organs relative weight of male Balb/c mice in acute toxicity study. (A) Brain weight; (B) Heart
weight; (C) Kidneys weight; (D) Liver weight; (E) Lungs weight and (F) spleen weight. HLTY: healthy animals; IP
control: treated intraperitoneally with the vehicle; IV control: treated intravenously with the vehicle; IP LMM6: treated
with 50 mg/kg of LMM6 intraperitoneally; IV LMM6: treated with 25 mg/kg of LMM6 intravenously. Organs weight
were determined following 14 days exposure to high LMM6 concentration in single dose. Each data represents the
mean ± standard deviation (error bars). * p < 0.05, statistically significant changes in relation to mice.

Figure 5. LMM6 effect on biochemical parameters of male Balb/c mice in acute toxicity study. (A) Serum levels of aspartate
aminotransferase; (B) Serum levels of alanine aminotransferase; (C) Serum levels of creatinine; (D) Serum levels of urea
and (E) serum levels of glucose. HLTY: healthy animals; IP control: treated intraperitoneally with the vehicle; IV control:
treated intravenous with the vehicle; IP LMM6: treated with 50 mg/kg of LMM6 intraperitoneally; IV LMM6: treated with
25 mg/kg of LMM6 intravenous. Biochemical parameters were determined following 14 days exposure to high LMM6
concentration in single dose. Each data represents the mean ± standard deviation (error bars).

120



Pathogens 2021, 10, 314

Table 3. Hematological parameters of male Balb/c mice exposed to high LMM6 concentration in acute toxicity assessment.

Hematological
Parameters

Analyzed Groups

Healthy IP Control IV Control IP LMM6 IV LMM6

Total RBC (106/mm3) 8.39 ± 0.53 8.96 ± 0.92 9.13 ± 0.32 8.96 ± 0.58 8.31 ± 1.28

Haematocrit (%) 43.66 ± 0.58 45 ± 1 45.5 ± 1 44.43 ± 0.53 46 ± 0

Hemoglobin (g/dL) 21.48 ± 0.64 20.31 ± 0.40 20.90 ± 0.69 20.65 ± 0.58 21.01 ± 0.21

MCV (fL) 52.15 ± 3.08 50.31 ± 5.11 49.86 ± 0.98 49.77 ± 3.67 53.46 ± 3.40

MCH (pg) 25.64 ± 1.15 22.83 ± 2.06 22.89 ± 0.46 23.05 ± 1.49 24.02 ± 1.44

MCHC (%) 49.21 ± 1.83 44.88 ± 0.50 * 45.92 ± 0.73 * 46.49 ± 1.37 * 45.27 ± 1.03 *

Platelet (103/mm3) 355.66 ± 71.28 570.00 ± 125.79 * 406.00 ± 42.68 402.71 ± 48.33 394.00 ± 77.24

Hematological parameters were determined following 14 days exposure to LMM6 in single dose. Abbreviations; Healthy: normal mice; IP
control: treated intraperitoneally with the vehicle; IV control: treated intravenous with the vehicle; IP LMM6: treated with 50 mg/kg of
LMM6 intraperitoneally; IV LMM6: treated with 25 mg/kg of LMM6 intravenous. RBC: Red blood cells; MCV: mean corpuscular volume;
MCH: mean corpuscular hemoglobin; MCHC: mean corpuscular hemoglobin concentration. Values represent the mean ± SD. * p < 0.05,
statistically significant changes compared with healthy control.

Table 4. Differential count of peripheral blood leukocytes of male Balb/c mice exposure to high LMM6 concentration in
acute toxicity assessment.

Groups

Leukogram

Leukocytes Neutrophils Monocytes Lymphocytes Eosinophils Basophils

103/mm3 % (103/mm3)

Healthy 4.5 ± 1.9 18 ± 4.36
(0.83 ± 0.62)

1 ± 1
(0.05 ± 0.05)

78.66 ± 5.14
(3.52 ± 1.47)

2.33 ± 0.58
(0.11 ± 0.06) -

IP control 7.9 ± 2.0 17.25 ± 1.70
(1.36 ± 0.35)

0.5 ± 1
(0.04 ± 0.09)

80 ± 3.74
(6.37 ± 1.82)

2.25 ± 1.5
(0.16 ± 0.12) -

IV control 10.0 ± 2.6 * 20 ± 3.91
(2.05 ±0.77)

0.5 ± 0.58
(0.05 ± 0.06)

77.75 ± 4.19
(7.77 ± 2.02)

1.75 ± 1.5
(0.15 ± 0.12) -

IP LMM6 5.4 ± 2.4 18.14 ± 4.45
(1.06 ± 0.62)

1 ± 0.63
(0.06 ± 0.06)

78.86 ± 4.88
(4.21 ± 1.70)

2.14 ± 1.21
(0.11 ± 0.11) -

IV LMM6 6.0 ± 1.9 19.66 ± 2.94
(1.14 ± 0.25)

0.66 ± 0.51
(0.05 ± 0.04)

77.66 ± 2.16
(4.71 ± 1.65)

2 ± 0.82
(0.13 ± 0.08) -

Differential count of peripheral blood leukocytes was realized following 14 days exposure to LMM6 in single dose. Abbreviations;
Healthy: normal mice; IP control: treated intraperitoneally with the vehicle; IV control: treated intravenous Differential count of peripheral
blood leukocytes were realized following 14 days exposure to LMM6 in single dose. Abbreviations; Healthy: normal mice; IP control:
treated intraperitoneally with the vehicle; IV control: treated intravenous with the vehicle; IP LMM6: treated with 50 mg/kg of LMM6
intraperitoneally; IV LMM6: treated with 25 mg/kg of LMM6 intravenous. Values represent the mean ± SD. * p < 0.05, statistically
significant changes compared with healthy control.

2.5. Efficacy of LMM6 on the Treatment of Systemic Candidiasis in a Murine Model

The in vivo efficacy of LMM6 was also determined. The groups treated twice a day
for 5 days with LMM6 (5 mg/kg) or FLC (5 mg/kg) presented significant reduction in
fungal burden in the kidney (CFU; ~1.80 log10 and ~3.60 log10, respectively) and spleen
(CFU; 0.9 log10 and ~1.20 log10, respectively) when compared to control group (p < 0.05;
Figure 6A,B). Moreover, visible white lesions covering the kidneys surface were observed in
the control group, while in LMM6-treated mice or FLC, the kidneys were apparently healthy
(Figure 6C). Histopathological analysis showed tissue damage with increased presence of
inflammatory infiltrates and a large amount of yeasts and hyphae in the control group
(Figure 6D, a-a’), which decreased considerably in the mice treated with LMM6 (Figure 6D,
b-b’). For the FLC group, the fungal cells were not visible in the tissue (Figure 6D, c-c’).
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Figure 6. In vivo effect of LMM6 on treatment of mice with systemic candidiasis by C. albicans. The mice were infected with
reference strain (5 × 105 yeast cells) and treated twice a day for 5 days via intraperitoneal injection. Control: treated with
PBS and vehicle (DMSO 1% and Pluronic F-127 0.2%); LMM6: treated with LMM6 compound (5 mg/kg) and FLC: treated
with fluconazole (5 mg/kg). (A) Fungal burden in the kidneys of the mice. (B) Fungal burden in the spleen of the mice.
Colony Forming Units (log10 CFU) per gram of organ. Each data point represents the mean ± standard deviation (error
bars). * Values of p < 0.05 were considered statistically significant. (C) Surfaces of the kidneys of untreated mice (control)
covered with Candida lesions, while the kidneys of the LMM6-treated or FLC mice with healthy appearance. (D) Kidney
histological section stained with hematoxylin eosin and Grocott-Gomori. The bar in the images corresponds to 50 μm.
White arrows indicate the presence of fungus in the tissue that were easily spotted in the kidneys of control group (a and a’),
whereas few were detected in the kidneys of LMM6-treated mice (b and b’). No fungus was observed on the FLC (c and c’).
Representative kidney histopathological sections from 5 mice per group.

Treatment with LMM6 was able to reduce pro-inflammatory cytokine levels, similar
to the action of FLC (Figure 7). Four cytokines (IL2, IL6, IFN-γ and TNF-α) were detected
in both serum and kidney. In serum, cytokines IL-2 and IFN-γ showed no significant
differences in all groups tested. In the kidneys, IL-2 concentration was reduced for FLC
group and IFN-γ decreased for LMM6 (p < 0.05). In both serum and kidney, IL-6 and TNF-α
presented reduction when treated with LMM6 and FLC as compared to control (p < 0.05).
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Figure 7. Cytokine detection in the kidney and serum of mice infected systemically with C. albicans
and treated with LMM6, fluconazole or phosphate buffered saline (PBS). Control: treated with PBS
and vehicle (DMSO 1% and Pluronic F-127 0.2%); LMM6: treated with LMM6 compound5 mg/kg;
Fluconazole: treated with 5 mg/kg; IL-2: Interleukin-2; IL-6: Interleukin-6; IFN-γ: interferon-γ;
TNF-α: tumor necrosis factor-α. The BDTM Cytometric Bead Array (CBA) Mouse Inflammation
Kit was used and submitted to BD FACSCalibur™ flow cytometer. Each data point represents the
mean ± standard deviation (error bars). * Values of p < 0.05 were considered statistically significant
in relation to control.

3. Discussion

Limited therapeutic arsenal and increase of drug resistance has intensified the search for
new antifungals [24]. Our group had sought new therapeutic options by in silico approaches,
as virtual screening based on compounds similarity. LMM6 was identified as a direct analogue
of a 1,3,4-oxadiazole compound (LMM11), which targets Trr1 from C. albicans [17]. This
flavoenzyme has been shown an important target for the new drugs development. TRR1
gene is essential and conserved in several pathogenic fungi. Additionally, it is absent in
humans, that can contribute with the development of selective drugs against pathogens [25].
1,3,4-oxadiazole-based drugs have been widely studied by researchers [21–23,26–29]. These
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compounds have a high therapeutic power and broad spectrum of action, such as anticancer,
antifungal, antibacterial, antitubercular, anti-inflammatory, antineuropathic, antihypertensive,
antihistaminic, antiparasitic, antiobesity, antiviral activity, among others [29].

In this study, we demonstrated a more promising effect of LMM6, as compared to
others 1,3,4-oxadiazoles previously tested in our laboratory [21–23]. The LMM6 antifungal
activity in vitro clearly reveals reduction in the number of C. albicans viable cells (CFU
quantitative analysis) in which it was confirmed by growth decrease by CFM. Evidence
shows that the fungicidal therapy with echinocandins or amphotericin B yield higher initial
cure rates and reduced microbial persistence than fungistatic therapy with triazoles in
treatment of invasive Candida infection [30]. Our findings indicate that LMM6 presented
fungicidal profile with dose and time dependent activity. The fungicidal activity of LMM6
is excellent in comparison with its analogue, which showed fungistatic activity against C. al-
bicans [22]. The substitution of the furan-2-yl radical present in LMM11 by 4-fluorophenyl
in LMM6 was sufficient to enhance the antifungal effect. Although the MIC90 value was
unchanged, the MFC values were reduced from 128 μg/mL (LMM11) to 16ug/mL (LMM6),
i.e., the presence of the aromatic ring containing a halogen atom was essential for the
fungicidal effect [21,22]. Halogenated compounds are known to show more promising
antifungal activity [31]. These results indicate that LMM6 could serve as a scaffold for
other substitutions, enhancing the antifungal effects.

The complex biofilm structure contributes to infection persistence, high mortality
rates, and is also linked to the enhanced capability of C. albicans to resist antifungal [7,8,32].
LMM6 was able to affect the structure of the C. albicans biofilm, acting both on yeast
reduction and extracellular matrix. These findings were confirmed by SEM, which showed
disorganization of architecture, cell extravasation, deformities and irregularities on the
yeast cells. In addition, this compound can exert an influence on the membrane surface
of the cells preventing adhesion, compromising biofilm formation and leading to surface
detachment, as seen in another study [33].

The compounds combination is an excellent strategy due to advantages to use lower
drug concentrations, wider spectrum of efficacy and reduction of adverse and toxic ef-
fects [15,16,34]. This approach has been explored against resistant C. albicans strains [35–37].
Strong synergistic effects of LMM6 with fungicidal conventional drugs (AMB and CAS)
were observed in this investigation. These results represent an attractive prospect for the
development of new strategies to manage candidiasis treatment. Differently, the combina-
tions between LMM6 and FLC or ITC have no synergistic effect. The absence of synergistic
interaction between fungistatic and fungicidal compounds has been described in the lit-
erature. In vitro and in vivo studies have shown that the combination fluconazole and
amphotericin B has an indifferent or antagonistic effect on different Candida species. [34,38].

Acute single-dose toxicity testing using small animal models is imperative in order to
predict the adverse effects of a new therapeutic compound. In this study, we demonstrated
that both intraperitoneal and intravenous administration of LMM6 were well tolerated
by the mice, causing no modifications in clinical status, mortality or general behavior
of animals at the tested doses. Changes in the body weights of mice have been used
as an indicator of toxic effects of chemicals and drugs [39,40]. Likewise, decreases or
increases organs relative weight are also important and sensitive parameter for toxicology
studies [41]. Both, body weight and organ relative weight such as brain, heart, kidneys,
liver, lungs and spleen were normal indicating no toxic effect in treated groups with LMM6.

The liver is one of the main target organs for drugs or chemicals due to its impor-
tant role in the metabolism of these compounds [42]. Elevated serum levels of enzymes
such as ALT and AST have been directly linked with liver injury [43]. Kidneys are also
frequently sites for drug toxicity because of its function in eliminating xenobiotics and
metabolites [44]. Creatinine and urea are commonly used as indicators of renal func-
tion [45]. Although not very sensitive and specific, alterations in these parameters may
indicate kidney damage [45,46]. We highlight that no significant changes were found in
the biochemical analyses between the groups treated with LMM6 and healthy control.
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Similarly, hematological system analyses may assist in the determination of adverse effects
of developing drugs [47]. During the trial, LMM6 did not affect the various hematological
parameters evaluated, except for MCHC, which number decreased significantly in all
groups. Despite the difference between the groups, the MCHC index remained high in
relation to reference standard considered normal for this species [48,49].

The in vivo effect of LMM6 treatment seems to be very promising for controlling
C. albicans infection. Intraperitoneal administration of LMM6 (5 mg/kg, twice a day) was
able to reduce both spleen and kidneys fungi burden. Kidneys are one of the main target
organs of interest in disseminated candidiasis because besides the other organs do not
show persistent colonization by Candida, the renal fungal load is directly related to lethality
in mice [50–52]. Although the results of the fungal burden have been very encouraging,
experiments to determine whether LMM6 confers greater animal survival during fungal
infection must be performed. In addition, histopathological findings suggest a qualitative
reduction of inflammatory infiltrates in mice treated with LMM6 as compared to control.
This effect was associated with decrease of fungal load in this organ. Although neutrophils
are crucial in the response against fungal pathogens, C. albicans-induced excessive infiltra-
tion into renal tissue during systemic candidiasis can be deleterious and result in kidney
failure and/or mortality [51,53].

Pro-inflammatory cytokines are also highly associated with the response of host
against C. albicans infection [54]. Increased levels of IL-2 suggest that LMM6 contributes
to the protection against disseminated candidiasis. In parallel, LMM6 treatment caused
reductions in TNF-α and IL-6 cytokines compared to control animals. Suppresses inflam-
matory cytokines promoted homeostatic restoration in mice similarly to FLC. Similar data
were found by Basso et al., in which the treatment efficacy was associated with modulation
of pathologic inflammation [55]. These findings can overcome immune response-mediated
tissue damage being an advantage in the treatment of Candida infections.

4. Materials and Methods

4.1. Strains and Growth Conditions

A total of thirty clinical isolates of C. albicans from hospitalized patients (collection
of fungal culture approved by the Human Research Ethic Committee no. 2.748.843)
and one reference strain C. albicans ATCC 90028 were used. The clinical isolates were
(Supplementary Material, Table S1) identified by classic methods [56] and confirmed with
Matrix-assisted laser-desorption/ionization time-of-flight mass spectrometry (MALDI
TOF-MS [57]). Prior to each experiment, the strains were cultivated on Sabouraud dextrose
agar (SDA; Difco™, MI, USA), and the cellular density was adjusted using a Neubauer
chamber. Experiments were performed with the reference strain, except for the antifungal
susceptibility and checkerboard assay.

4.2. Chemical Compounds

4-[cyclohexyl(ethyl)sulfamoyl]N[5-(4-fluorophenyl)-1,3,4-oxadiazol-2-yl]benzamide
(LMM6) was purchased from Life Chemicals Inc. (Burlington, ON, Canada; F2832-0106).
Dimethyl sulfoxide (DMSO) was used to prepare LMM6 stock solution (50 μg/mL). Prior
to each experiment, LMM6 was solubilized with non-ionic surfactant from Sigma–Aldrich
(St Louis, MO, USA; Pluronic® F-127 at 0.02%). Diluents were used as control. The
conventional antifungals amphotericin B (AMB) and caspofungin (CAS) were acquired
commercially from Sigma–Aldrich (St Louis, MO, USA); itraconazole (ITC) and fluconazole
(FLC) were obtained from Pfizer (New York, NY, USA).

4.3. Antifungal Susceptibility Testing

The minimum inhibitory concentration (MIC) of LMM6 (0.5–256 μg/mL), AMB (0.032–
16 μg/mL), CAS (0.032–16 μg/mL), FLC (0.125–64 μg/mL) and ITC (0.032–16 μg/mL)
was determined for 30 clinical isolates and reference strain, based on broth microdi-
lution method, according to document M-27A3 (CLSI) with modifications [58]. The
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LMM6 and drugs conventional concentrations were prepared in RPMI-1640 medium
(Gibco/Invitrogen, Grand Island, NY, USA) and incubated in 96-well plates with yeast
(2–3 × 103 cells/mL) for 24 h at 35 ◦C. Two controls were considered: negative (only
medium without inoculum) and positive (medium plus inoculum). The LMM6 MIC values
were determined by measuring the absorbance at 405 nm in a SpectraMax ® Plus 384 plate
reader (Molecular Devices, Sunnyvale, CA, USA) and defined as the lowest concentration
able to inhibit the growth ≥ 80% in relation to positive control. For conventional antifungal
agents, MIC values were determined visually: for azoles (FLC and ITC), it was defined
as the concentration which resulted in 50% reduction of fungal growth and for polyenes
(AMB) and echinocandins (CAS), it was defined as the concentration that was not visible
fungal growth in relation to the positive control. The conventional antifungals MICs were
interpreted according to the M27-S4 document [59].

The minimum fungicidal concentration (MFC) of LMM6 was determined for all clinical
isolates and reference strain by subculture in SDA. The plates were incubated at 35 ◦C for
24 h. The MFC was defined as the lowest LMM6 concentration at which no colony growth
was visible. A quantitative analysis of LMM6 antifungal activity was also performed for
each concentration LMM6 tested. After 24 h, aliquots were serially diluted in phosphate
buffered saline (PBS), subcultured on SDA medium without the compound and incubated
at 35 ◦C for 24 h for colony-forming units (CFU) counting.

4.4. Time-Kill Curve Assay

LMM6 at concentrations of 16, 32, 64 and 128 μg/mL were incubated in 24-well plates
at 35 ◦C with yeast suspension (2–3 × 103 cells/mL) in RPMI-1640. Two controls were
prepared: drug-free (only culture medium) and conventional antifungal (FLC; 0.25 μg/mL).
At predetermined time points (0, 2, 4, 6, 8, 12, 24, 28, 36, and 48 h), aliquots were obtained
from each condition tested, serially diluted in PBS, plated on SDA and incubated at 35 ◦C
for 24 h for CFU determination. Mean counts (log10 CFU/milliliter) were plotted as a
function of time for each concentration of LMM6 or FLC tested. The fungicidal activity was
defined as a ≥ 99.9% (3 log10) reduction in numbers of CFU and fungistatic activity was
defined as a < 99.9% reduction in growth compared to the control [60,61].

4.5. Checkerboard Assay and Bliss-Independent Interactions Analysis

Synergistic interaction between LMM6 and conventional antifungals (AMB, CAS, ITC
or FLC) were performed against one clinical isolate (SangHUMCa7 clinical isolate from
hospitalized patient blood that has been identified by classical methods and confirmed
by MALDI TOF-MS) and reference strain by checkerboard assay [62]. The inhibition of
fungal growth was determined by measuring the absorbance at 405 nm on SpectraMax ®

Plus 384 plate reader (Molecular Devices, Sunnyvale, CA, USA) after 24 h. The analysis
of the combination of the compounds was carried out calculating the fractional inhibitory
concentration (FIC) index, which is defined as the sum of FICA + FICB (MICdrug conventional
in combination/MICdrug conventional alone + MICLMM6 in combination/MICLMM6 alone).
Drug interactions were classified as FIC values < 0.5 indicate strongly synergistic effect, FIC
< 1 synergistic effect, FIC = 1 additive effect, 1 < FIC < 2 no effect and FIC > 2 antagonistic
effect [63]. In addition, all data were analyzed by Combenefit software to obtain Bliss-
independent interactions [64]. Interactions with positive %ΔE represent synergistic effect
statistically significant.

4.6. Effects of LMM6 on Biofilm Formation

The anti-biofilm activity was determined as previously described by Tobaldini-Valerio et al. [65].
A cell suspension prepared in RPMI 1640 medium at a density of 1 × 105 cells/mL was
added in 96-well plates (200 μL) and incubated at 37 ◦C on a shaker at 120 rpm for 2 h to
allow adhesion phase. After the incubation, the medium was aspirated from the wells and
non-adherent cells were removed by washing with sterile PBS. Subsequently, 200 μL of
LMM6 without surfactant F-127, at concentrations 16, 32 and 64 μg/mL were added to
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form biofilm and incubated at 37 ◦C/120 rpm/24 h. Untreated biofilm containing only
RPMI 1640 medium was used as control. Biofilm inhibition was evaluated by total biomass
(crystal violet staining; CV), viability cells (determination of CFU) and scanning electron
microscopy (SEM). Before any evaluation, the total medium was removed from wells
and the biofilm washed once with PBS to ensure the removal of unadhered cells and the
residual of LMM6.

4.6.1. Determination of Total Biomass by Crystal Violet

To assess biofilm total biomass, the wells were fixed with methanol 100% for 15 min.
After methanol removal, the 96-well plates were dried at room temperature. CV (0.1%
v/v) was added to the wells (100 μL) for 5 min. The wells were washed twice with sterile
distilled water and 200 μL of acetic acid (33% v/v) was added to dissolve the stain. The
absorbance at 570 nm was measured in a SpectraMax ® Plus 384 plate reader (Molecular
Devices, Sunnyvale, CA, USA).

4.6.2. Quantification of Viable Biofilm Cells

To determine the number of viable cells, the wells were scraped with PBS using a tip
until getting a final volume of 300 μL. The suspensions were vigorously vortexed for 1 min
to disaggregate biofilm matrix. Serial dilutions were made in PBS, plated onto SDA and
incubated for 24 h at 35 ◦C for quantification of log10 CFU/mL.

4.6.3. Effect of LMM6 on Biofilm Structure

The effect of LMM6 on biofilm structure was evaluated by SEM. The bottom of the
96-well plate was detached, and the biofilm was fixed by immersion in 2.5% glutaraldehyde
(Merck KGaA, Darmstadt, HE, Germany) diluted in 2% paraformaldehyde and in 0.1 M
sodium cacodylate buffer (Sigma–Aldrich, MO, USA). The samples were dehydrated in
an ethanol series (70%, 80%, 90% and 100%) and coated with gold (Baltec SDC 050 sputter
coater) for observation using a scanning electron microscope FEI Quanta 250 (Hillsboro,
OR, USA) at 5000× magnification [66]. The images are representative of at least 20 fields.

4.7. Ethics Statement

All animal procedures were performed according to Brazil’s National Council for the
Control of Animal Experimentation (CONCEA) and approved by the Ethics Committee
for Animal Use of the State University of Maringá, PR, Brazil (protocol number CEUA
3855010719). The animals were kept with free access to water and food, in a controlled
animal facility having a constant temperature of 22–24 ◦C, relative humidity of 50–60% and
a 12 h light/dark cycle.

4.8. Evaluation of the Acute Toxicity

The LMM6 acute toxicity in a single dose was evaluated according to the guide for
conducting non-clinical toxicology and pharmacological safety studies necessary for drug
development (Brazilian Health Surveillance Agency; ANVISA [67]). Inbred male Balb/c
mice (n = 23), 6–7 weeks old, weighed 20–30 g, were randomly divided into five groups:
HLTY group (healthy animals that just received PBS; n = 3); IP control group (treated
intraperitoneally with the vehicle; PBS, DMSO 1%, and Pluronic F-127 0.2%; n = 4); IV
control group (treated through the lateral tail vein/intravenous with the vehicle (PBS,
DMSO 1%, and Pluronic F-127 0.2%; n = 4); IP LMM6 group (treated with 50 mg/kg of
LMM6 intraperitoneally; n = 6) and IV LMM6 group (treated with 25 mg/kg of LMM6
through the lateral tail vein/intravenous; n = 6). The dose administered was calculated
according to the body weight for each mice.

The animals were monitored by Hippocratic screening at times 0, 15, 30, 60, 120,
240 min and daily in which were observed clinical and behavioral parameters that included
general appearance, motor coordination (touch and tail response, righting reflex and ataxy),
muscle tone (paws, body, grip strength), reflexes, lethargy, central nervous systems activity
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(CNS; tremors, convulsions, muscle contractions, sedation, hypnosis, and anesthesia) and
autonomic nervous system (ANS; urination, defecation, piloerection, rate of respiration,
heart rate), over a period of 14 days post treatment. Body weight of mice was recorded
daily during the whole experiment. After the 14th day, mice were humanely anesthetized
for blood collection and then euthanized with isoflurane vaporizer. The organs, brain, heart,
kidneys, liver, lungs and spleen were removed, weighed and the relationship between
organ weight and body weight (RW) of each mice was established for all groups. Relative
weight (RW) = organ weight (g)/body weight on sacrifice day × 100 [68].

Biochemical and Hematological Analyzes

Blood collection was done from retro-orbital sinus in microtubes with and without
Ethylenediaminetetraacetic acid (EDTA 10%) for hematological and biochemical analysis,
respectively. The blood without the EDTA was left at 37◦ C to coagulate, centrifuged at
5000 rpm, 20 ◦C for 5 min to obtain serum and stored at −80 ◦C. Aspartate aminotransferase
(AST), alanine aminotransferase (ALT), creatinine (CRE), urea (UR) and glucose (GLU) were
determined according to the manufacturer’s instructions using standard diagnostic kits
(Gold Analisa Diagnóstica, Brazil) and a semi-automatic biochemistry analyzer BIOPLUS-
2000 (Barueri, SP, BR).

Hematology parameters were performed using standard hematological manual meth-
ods [69,70]. The analyzes started immediately after blood collection and included: Red blood
cells count (RBC; erythrocytes) with hayem liquid, white blood cell count (WBC; leuko-
cytes) with türk solution; platelet count (PLT) by the method of Brecher and Cronkite [71];
hemoglobin concentration (Hb) based on the cyanmethemoglobin method [72] and hemat-
ocrit (Ht) by the microhematocrit method. Blood smears were prepared with 20 μL whole
blood and May-Grunwald-Giemsa-stained for differential leukocyte count. Using the RBC,
Ht and Hb measurement, the hematimetric indexes were calculated as follows: mean
corpuscular volume (MCV= Ht × 10/RBC); mean corpuscular hemoglobin (MCH = Hb ×
10/RBC) and mean corpuscular hemoglobin concentration (MCHC = Hb/Ht × 100).

4.9. LMM6 Antifungal Activity in a Murine Model of Systemic Candidiasis

Systemic candidiasis model was established in female inbred Balb/c mice (n = 18),
6–7-week-old with ± 20 g of weight, according to previously described protocols [22,73].
After injection of 100 μL (5 × 105 yeast cells) of reference strain by the lateral tail vein, the
mice were randomly divided into three experimental groups with 6 animals each: LMM6
(treated with LMM6 compound 5 mg/kg), FLC (treated with fluconazole 5 mg/kg) and
Control (treated with diluent: PBS buffer, DMSO and Pluronic® F-127). The antifungal
treatment started after 3 h of infection and it was conducted twice a day for 5 days via
intraperitoneal. The animals were anesthetized for blood collection and then humanely
euthanized by isoflurane vaporizer. The left kidney and spleen were aseptically removed
for determination of fungal burden. The organs were weighed and then macerated with
1 mL of lysis buffer (200 mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycerol v/v, pH 8.30).
The homogenates were serially diluted, plated on SDA and incubated for 24 h at 35 ◦C for
CFU counts. Mean CFU counts were normalized by the weight of tissue sample (g).

4.9.1. Cytokines Detection by Flow Cytometry

The kidney homogenates were centrifuged at 14,000 rpm, 4 ◦C for 15 min and the su-
pernatant transferred to microtubes containing protease inhibitor (GE Healthcare; Chicago,
IL, USA). Blood collected from mice retro-orbital sinus was left at 37 ◦C to coagulate and
centrifuged at 5000 rpm, 20 ◦C for 5 min to obtain serum. The samples were stored at
−80 ◦C prior to analysis. Analysis of the kidney supernatant and blood for detection
systemic and local cytokines, respectively, were conducted by BDTM Cytometric Bead
Array (CBA) Mouse Inflammation Kit (BD Bioscience, San Jose, CA, USA) as per the manu-
facturer’s instructions and was analyzed on BD FACSCalibur™ (BD Bioscience, San Jose,
CA, USA) flow cytometer. The following cytokines were measured: Interleukin-2 (IL-2),
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Interleukin-4 (IL-4), Interleukin-6 (IL-6), Interleukin-10 (IL-10), Interleukin-17a (IL-17a),
interferon-γ (IFN-γ) and tumor necrosis factor-α (TNF-α). The results for the standard
curves of each cytokines and samples were generated using FCAP Array software v3.0 (BD
Biosciences, San Jose, CA, USA).

4.9.2. Histopathological Analysis

Immediately after euthanasia, the right kidney of mice was collected and immersed
in paraformaldehyde 4% for fixation during 24 h. The organs were preserved in 100%
ethanol until processing. Posteriorly, the samples were embedded in paraffin, sectioned
longitudinally at 5 μm and stained with hematoxylin eosin (HE) and Grocott-Gomori
(GG) for detection of inflammatory areas and fungi in situ. Histopathology images from
tissues stained were obtained using a binocular light microscope (Motic BA310- camera
Moticam 5), at × 200 and × 600 magnification. In qualitative analysis of fungal cells and
inflammatory infiltrates, at least 20 fields of three histological sections were analyzed for
each group.

4.10. Statistical Analysis

The data were evaluated as the mean ± standard deviation (SD) using Prism 6.0
software (GraphPad, San Diego, CA, USA). Reduction of kidney fungal burden on in vivo
treatment was analyzed using unpaired Student’s t-test and the other assays with one-way
analysis of variance (ANOVA) using the Bonferroni. Values of p < 0.05 were considered
statistically significant.

5. Conclusions

In conclusion, this is the first time the antifungal activity of LMM6 both in vitro and
in vivo against C. albicans is described. These findings suggest important therapeutic poten-
tial of LMM6 due to its fungicidal ability, inhibition of biofilm formation, synergistic effect
with conventional drugs and capacity to reduce renal fungal burden in a murine model
of disseminated candidiasis. Immunomodulatory activity also increases the protective
effects of LMM6 against C. albicans infection and maintains homeostasis. LMM6 compound
has no hepatotoxic or nephrotoxic effects and does not interfere with the biochemical and
hematological parameters in the mice, being safe for future applications as antifungal agent
or in association with conventional drugs for the treatment of candidiasis.

6. Patents

Kioshima ES, Svidzinski TIE, Bonfim-Mendonça PS, et al. Composição farmacêutica
baseada em compostos 1,3,4-oxadiazólicos e seu uso na preparação de medicamentos para
tratamento de infecções sistêmicas. Brazil patent BR 10 2018 009020 8. 03 May 2018.
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Abstract: In the last few years, increasing importance is attached to problems caused by fungal
pathogens. Current methods of preventing fungal infections remain unsatisfactory. There are several
antifungal compounds which are highly effective in some cases, however, they have limitations
in usage: Nephrotoxicity and other adverse effects. In addition, the frequent use of available
fungistatic drugs promotes drug resistance. Therefore, there is an urgent need for the development
of a novel antifungal drug with a different mechanism of action, blocking of the fungal DNA
topoisomerases activity appear to be a promising idea. According to previous studies on the m-
AMSA moderate inhibitory effect on fungal topoisomerase II, we have decided to study Capridine β

(also acridine derivative) antifungal activity, as well as its inhibitory potential on yeast topoisomerase
II (yTOPOII). Results indicated that Capridine β antifungal activity depends on the kind of strains
analyzed (MICs range 0.5–64 μg mL−1) and is related to its biotransformation in the cells. An
investigation of metabolite formation, identified as Capridine β reduction product (IE1) by the
fungus Candida albicans was performed. IE1 exhibited no activity against fungal cells due to an
inability to enter the cells. Although no antifungal activity was observed, in contrast to Capridine β,
biotransformation metabolite totally inhibited the yTOPOII-mediated relaxation at concentrations
lower than detected for m-AMSA. The closely related Capridine β only slightly diminished the
catalytic activity of yTOPOII.

Keywords: Candida albicans; acridine; antifungal; topoisomerase; inhibitor

1. Introduction

Acridine derivatives are a class of compounds with a broad spectrum of biological
activity and are very interesting for scientists. Many compounds containing the acridine
chromophore were synthesized and tested, and the aminoacridines found wide use, both
as antibacterial agents and as antimalarials [1]. The planar acridine scaffold, an important
pharmacophore, is also a source of new compounds with anti-tumor activity [2]. Surpris-
ingly, although acridine and acridone derivatives are widely analyzed as antibacterial or
anticancer agents, only a few reports have demonstrated their antifungal activity [3]. The
acridine antimicrobial mode of action, apart from being DNA-targeting drugs, may also
be associated with an inhibitory effect on bacterial gyrase or topoisomerase activity. DNA
topoisomerases are essential enzymes that catalyze topological changes in DNA. Those
enzymes play key roles in replication, transcription, recombination, and chromosome con-
densation [4]. Camptothecin, its derivatives and novel noncamptothecins target eukaryotic
type IB topoisomerases. Human type IIA topoisomerases are the targets of the commonly
used anticancer agents etoposide, anthracyclines, and mitoxantrone. Bacterial type II
topoisomerases (gyrase and Topo IV) are targeted by quinolones and aminocoumarin
antibiotics [5,6]. Functional topoisomerase II is also essential for the growth of yeast [7,8].
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The differences between fungal and human topoisomerases have also led to the suggestion
that this class of enzymes may become potential targets for the development of novel
antifungal agents [9,10]. Moreover, previous studies suggested that fungal and mammalian
topoisomerases respond in a different manner to 4′-(9-acridinylamino)methanesulfon-m-
anisidide (m-AMSA) (Figure 1), etoposide, and its derivatives A-80198 and A-75272 (a
tricyclic quinolone) [11]. Thus probably, there are sufficient biochemical differences be-
tween those enzymes to obtain selectivity for fungi over human cells. What is more, all
known yeast topo I amino acid sequences contain a characteristic insert absent in the mam-
malian enzyme [12,13]. The function of this insertion is not known but the development of
selective fungal-topo inhibitors is plausible.

Figure 1. M-AMSA and Capridine β (C-1748) structures with a stressed acridine chromophore.

1-Nitro-9-aminoacridine derivative Capridine β, 9[2′-hydroxyethylamino]-4-methyl-1-
nitroacridine (also known as C-1748) (Figure 1), similar to m-AMSA, exhibited anti-cancer
and antifungal properties [14–16]. Moreover, previous studies, performed for Capridine β

in cancer cell cultures and human xenograft animal models indicated a high therapeutic
index and low cytotoxicity with the potential for clinical development [14,15,17–19]. Both
compounds, m-AMSA, as well as Capridine β, contain an acridine chromophore (Figure 1).

Due to the fact that m-AMSA, a 9-aminoacridine derivative, is a human topoisomerase
II poison and has been shown to have a moderate inhibitory effect on fungal topoisomerase
II [11] along with a high therapeutic index, low cytotoxicity of Capridine β [14,15,17–19],
antifungal activity [16], and acridine chromophore similarity to m-AMSA, we have decided
to deeply analyze its antifungal potential as well as mechanism of action.

2. Results and Discussion

2.1. Antifungal Activity

As Capridine β antifungal activity has been previously observed [16], we have decided
to analyze the m-AMSA in vitro antifungal activity against five corresponding strains.
Minimal inhibitory concentrations (MICs) of the studied compounds determined by the
microplate serial dilution method are shown in Table 1.

Table 1. Antifungal activity of Capridine β, IE1, and m-AMSA. * MIC90: Minimal inhibitory concentrations at which 90% of
cells were inhibited. The experiments were performed at least in five replicates.

Compound * MIC90 μg mL−1

Candida albicans
ATCC 10231

Candida glabrata
ATCC 90030

Candida krusei
ATCC 6258

Candida parapsilosis
ATCC 22019

Saccharomyces cerevisiae
ATCC 9763

Capridine β 1 8 8 64 0.5

IE1 >64 64 64 64 64

m-AMSA >64 >64 >64 >64 >64

Amphotericin B 0.5 1 1 1 0.5
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Results indicated that analyzed acridine derivatives antifungal activity depends on
the kind of strains analyzed. Among them, the most active compound was Capridine β.
A comparison of C. albicans ATCC 10231 growth kinetics in the absence and presence of
Capridine β and Amphotericin B at concentrations corresponding to 1

2 × MIC, 1 × MIC
and 2 × MIC indicates its high antifungal efficacy, slightly lower than that of Amphotericin
B activity (Figure S1A, Supplementary Materials). As far as m-AMSA is concerned, the anal-
ysis of growth kinetics shows that much higher concentrations (32 as well as 64 μg mL−1)
do not result in a 90% growth inhibition (Figure S1B, Supplementary Materials).

2.2. Biotransformation of Capridine β in Fungal Cells

Due to the significant activity of Capridine β against fungal cells, we have decided
to examine whether the original form of the compound or the product of biotransforma-
tion is responsible for its activity. Fungal degradation of acridine compounds under an
aerobic condition is not well described. Biotransformation experiments were conducted by
incubating C. albicans cells with Capridine β followed by a small-scale disruption using
zirconium-glass beads. Results of high-performance liquid chromatography (HPLC) analy-
ses of the cell free extracts obtained after 20 h of compound (0.2 mM) incubations with C.
albicans ATCC 10231 are presented in Figure 2.

Figure 2. Metabolism of Capridine β (substrate) in C. albicans ATCC 10231 cells. RP-HPLC profiles of
the 0.1 mM Capridine β (A), as well as free cell extracts obtained after incubation of the cells without
(B) or with (C) the studied compound (0.2 mM Capridine β) for 20 h at 30 ◦C. The cell layer was
washed several times and centrifuged, and the final pellet was resuspended in 60% methanol, then
disrupted with zirconium-glass beads and centrifuged. The resulting solution was subjected to the
RP-HPLC analysis. * Retention times of Capridine β (S) 18.3 min. and metabolites (M1) 12.5 min.
and (M2) 19.1 min. are indicated. The symbols of the substrate (S) and its metabolites correspond to
those in Figure 3. All the experiments were performed at least in triplicate, and the representative
chromatograms are shown.
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Figure 3. The liquid chromatography mass spectrometry (LC-MS) analysis of three main peaks (r.t. 18.3, 12.5, and 19.1 min)
identified as Capridine β (m/z 298.1) (S) and two main metabolic products M1 (m/z 268.1) and M2 (m/z 255.1). All the
experiments were performed at least in triplicate, and the representative chromatograms are shown.

The metabolic profile of the studied compound, obtained by HPLC, indicated the
presence of three main peaks at retention times (r.t.) 12.5 min (M1), 18.3 and 19.1 min
(M2) (Figure 2C). The retention time of 18.3 min was identical to that identified for Capri-
dine β (substrate, Figure 2A). The result indicated that Capridine β was undoubtedly
biotransformed into at least two major products M1 and M2.

Based on the liquid chromatography mass spectrometry (LC-MS) data (Figure 3),
two metabolites were predicted to be 1-amino-9-hydroxyethylaminoacridine (M1) and
1-nitroacridinone (M2), mammalian metabolites were also previously reported [15,20].

In contrast to the metabolism of the studied compound in human hepatocellular carci-
noma cell lines under normoxia, the metabolites profile observed in C. albicans seems to be
similar to that obtained for mammalian cells under hypoxia or reducing conditions [15,20].
The main fungal metabolic product M1 (m/z 268.1), 1-amino-9-hydroxyethylaminoacridine
was detected as the main metabolic product of human cancer cell lines only under a low
level of oxygen. The second fungal metabolite M2 (m/z 255.1), 1-nitroacridinone, was
previously identified only under reducing conditions with 1,4-dithiothreitol, not found
with the studied human enzymatic systems and in HepG2 cells [15].

To additionally prove that the main fungal metabolic product M1 was properly identi-
fied we have decided to synthesize the reduced Capridine β form (IE1) and perform the
RP-HPLC and LC-MS analysis (Figure 4).
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Figure 4. RP-HPLC profiles of the 0.1 mM IE1 (A) and its liquid chromatography mass spectrometry (LC-MS) analysis (B). *
Retention time of IE1 12.9 min. is indicated.

The retention time and the molecular ion m/z 268.2 (Figure 4) found for IE1 were
almost identical to those presented for product M1 (Figures 2C and 3). Summing up, we
demonstrated that the metabolism of Capridine β in fungal cells differs from that observed
for mammalian cells under normoxia and gave two main metabolites, one of them was
undoubtedly identified as the reduced form of Capridine β.

2.3. Biological Activity of Capridine β Reduced Form (IE1), Identified as M1 Metabolite

The Capridine β reduced form (IE1), identified as M1 metabolite, was tested for its
in vitro antifungal activity against five referenced ATCC strains (Table 1). High MIC values
64 μg mL−1 were determined for all the analyzed strains except for C. albicans ATCC 10231
(MIC > 64 μg mL−1), which indicated small or no antifungal activity.

We next examined the accumulation of the starting compound Capridine β and its
reduced form IE1 in the C. albicans ATCC 10231 strain using fluorescence microscopy
(Figure 5).

Figure 5. Capridine β and DAPI accumulation in Candida albicans ATCC 10231 cells. The cells were incubated in the dark
without (control) or with the denoted derivatives (50 μM, 180 min, 37 ◦C). Compounds fluorescence was observed under a
fluorescence microscope (excitation wavelength 400–420 nm, emission >450 nm, ×100). Scale indicated 5 μm.
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The microscopic analysis revealed that the efficient accumulation of Capridine β in
C. albicans cells was observed. No accumulation was detected for its reduction product
(IE1). Among the analyzed derivatives, fluorescence intensity in the cell did not depend
on their own spectral properties in aqueous solutions within the excitation range used for
microscopic studies (Figure 6).

Figure 6. (A) UV/vis absorption spectrum of 0.1 mM Capridine β, IE1 or m-AMSA in PBS. (B) Background-corrected
fluorescence spectra of 0.05 mM Capridine β, IE1, and m-AMSA at the excitation wavelength of 410 nm without (solid line)
and with DNA-1 (dashed line) and DNA-2 (dotted line) sequences. Data shown are corrected for background fluorescence
and represent averages of at least three replicate samples.

The background-corrected fluorescence spectrum of IE1, obtained in vitro, indicates
the highest fluorescence intensity of this compound compared to others (Figure 6) at the
excitation wavelength used for microscopic analysis (410 nm) and the same emission range
(>450 nm). As it can be seen in Figure 5, the pattern of accumulation for Capridine β

seems to be similar to DAPI (4,6-diamidino-2-phenylindole). DAPI staining of C. albicans
is commonly used to localize the nucleus [21]. Thus, probably the Capridine β targeted
structure is a nucleus. According to the previously published studies, an interaction
with DNA was observed [14,15,18,22]. Despite the higher IE1 fluorescence intensity, than
measured for Capridine β (Figure 6), no fluorescence for that compound was detected
within the fungal cells, neither in the cytoplasm nor in the nucleus (Figure 5). Hence, no
antifungal activity seems to be the result of an impossibility of reaching the molecular target.

Additional fluorescence studies of Capridine β also revealed its interaction with DNA.
In the presence of two different DNA sequences, compound fluorescence quenching was
observed (Figure 6). The same effect was observed for m-AMSA. Differently, the presence of
DNA enhanced fluorescence intensity of IE1. Thus, probably for that compound a different
mode of action for the drug-DNA interaction was observed. As previously reported,
when the drugs are bound to DNA, a significant increase in the fluorescence emission is
normally observed. In the case of groove binding agents, electrostatic, hydrogen bonding or
hydrophobic interactions are involved and the molecules are close to the sugar-phosphate
backbone, being possible to observe a decrease in the fluorescence intensity in the presence
of the DNA [23].

Acridines and its derivatives are considered to be antimicrobial agents although their
activity is obviously determined on the efficient accumulation in bacterial or fungal cells.
As described previously for imidazoacridinone C-1311 and its nine derivatives, only three
that entered fungal cells showed a phototoxic antifungal activity (C-1330, C-1415, and C-
1558) [24]. Despite the high efficiency of C-1311 as an anticancer compound that intercalates
into DNA and inhibits human topoisomerase II [25], it was unable to accumulate in C.
albicans cells and no antifungal activity was observed [24].

On the basis of the fact that the m-AMSA (aminoacridine derivative) inhibitory effect
on fungal topoisomerase II was previously observed [11], we have decided to analyze the
influence of Capridine β, as well as its reduced form IE1 on the yeast topoisomerase II
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(yTOPOII) activity. The relaxation of supercoiled plasmid DNA by yTOPOII was studied
in the presence of different concentrations of both compounds (Figure 7).

Figure 7. Inhibition of the catalytic activity of purified yeast DNA topoisomerase II by m-AMSA, Capridine β, and IE1 as
measured by relaxation. Supercoiled pBR322 plasmid DNA (lane 1) was relaxed by purified yeast topoisomerase II in the
absence (lane 2) or presence of m-AMSA at 10, 50, 100 or 200 μM or with analyzed compounds at 1, 5, 10, 50, 100, 150 or
200 μM. The resulting topological forms of DNA were separated by gel electrophoreses. SC: Supercoiled DNA; R: Relaxed
DNA; T: DNA topoisomers. Data shown are typical of three independent experiments.

The most effective IE1 totally inhibited the yeast topoisomerase II-mediated relaxation
at concentrations lower than detected for m-AMSA (Figure 7). The inhibition activity of
the analyzed compounds was determined by densitometry quantification of the transition
from supercoiled to relaxed forms and was expressed in relation to the control. The half
maximal effective concentration (EC50) refers to the concentration of a drug, which affected
the relaxation in 50%. EC50 determined for IE1 and m-AMSA was 14.1 ± 1.2 μM and
>200 μM, respectively. Interestingly, the closely related Capridine β slightly diminished
the catalytic activity of topoisomerase II but no complete inhibition was observed in the
tested concentration range.

Acridine and acridone derivatives are widely analyzed as human topoisomerase
inhibitors for cancer chemotherapy. M-AMSA in Figure 1 was the first synthetic drug
approved for clinical usage that was shown to act as a topoisomerase inhibitor [26]. The
molecular mechanism of antitumor triazoloacridinone C-1305 and imidazoacridinone C-
1311, both acridine derivatives also indicated its intercalation with DNA as well as the
formula of a topo II-stabilizing complex [27,28]. The success of anticancer and antibacterial
drugs as DNA topoisomerases inhibitors highlights the potential of topoisomerases from
fungal cells as targets for the development of novel antifungals. Fungal topoisomerases
might be sufficiently distinct from their human counterparts to enable selective targeting
but in order to be active, the antifungal topoisomerase inhibitor needs to enter into fungal
cells to reach their intracellular targets. As demonstrated by Kwok et al., no antifungal
activity of etoposide was observed [9], although its inhibitory effect on C. albicans DNA
topoisomerase II was previously reported [11].

Results obtained for Capridine β indicate that not only an efficient accumulation,
but also the biotransformation into metabolite that can affect fungal topoisomerase II are
important with respect to its antifungal activity.

3. Materials and Methods

3.1. Chemical Synthesis of Capridine β and IE1
3.1.1. General

The products were obtained as the hydrochloride salt. Their structures were con-
firmed using spectral methods: Mass spectrometry ESI-MS and proton nuclear magnetic
resonance (1H NMR). The purity of these compounds was ascertained using thin-layer
chromatography (TLC). Melting points were determined on a Stuart SMP30 capillary ap-
paratus. Mass spectra were recorded using an Agilent 6470A triple quadrupole LC/MS
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system with electrospray ionization source (ESI) in a SCAN mode. Samples were prepared
as 1 μg/mL solutions in water and were supplied in 1 μL aliquots to the mass spectrometer
in the mixture of acetonitrile:water:formic acid (38:57:5 v/v/v) at a flow rate of 500 μL/min.
1H NMR spectra were recorded on a Varian VXR-S spectrometer operating at 500 MHz.
Chemical shifts are reported as δ units in ppm downfield from internal tetramethylsilane.
NMR abbreviations used are as follows: m.p.—melting point, br.s—broad signal, s—singlet,
d—doublet, t—triplet, m—multiple. The results of the elemental analyses for individual
elements fit within ±0.4% of theoretical values.

3.1.2. The Synthesis of Capridine β

9-(2′-Hydroxyethylamino)-4-methyl-1-nitroacridine (Capridine β) was prepared ac-
cording to the previously reported procedures [29,30].

9-(2′-hydroxyethylamino)-4-methyl-1-nitroacridine (Capridine β) 1H NMR (Me2SO-
d6) δ: 8.45 (d, J = 8.3 Hz, 1H), 8.15 (d, J = 8.3 Hz, 1H), 8.08 (d, J = 7.8 Hz, 1H), 7.89
(t, J = 7.8 Hz, 1H), 7.78 (d, J = 7.8 Hz, 1H), 7.54 (t, J = 7.4 Hz, 1H), 3.61–3.75 (m, 4H); ESI-MS
[M+H+] C16H15N3O3—298.2.

3.1.3. The Synthesis of IE1

Capridine β (0.3 mmol) was hydrogenated in the presence of 10% Pd/C (catalytic
quantities) in 5 mL methanol by passing gaseous hydrogen through them at room tem-
perature for 24 h. After the time of hydrogenation, the catalyst was filtered off and the
solvent evaporated. The product in the form of a base was dissolved in methanol (10 mL)
and acidified by the HCl/diethyl ether. After diethyl ether, adding the desired product
was obtained.

9-(2′-Hydroxyethylamino)-1-amino-4-methylacridine (IE1). Yield 92%; m.p. 221–223 ◦C;
1H NMR (500 MHz, DMSO-d6+TFA) δ: 11.35 (s, 1H), 8.31 (d, J = 8.5 Hz, 1H), 8.08 (d, J = 8.5 Hz,
1H), 7.81 (t, J = 7.7 Hz, 1H), 7.40 (d, J = 8.0 Hz, 1H), 7.35 (t, J = 7.7 Hz, 1H), 6.79 (d, J = 7.7 Hz,
1H), 3.95–4.00 (m, 2H), 3.64–3.67 (m, 2H), 2.43 (s, 3H); ESI-MS [M+H+] C16H17N3O—268.1.

3.2. Microorganisms Strains and Growth Conditions

The following fungal strains were used: C. albicans ATCC 10231, C. glabrata ATCC
90030, C. krusei ATCC 6258, C. parapsilosis ATCC 22019, S. cerevisiae ATCC 9763, Fungal
strains used in this investigation were routinely grown 18 h at 30 ◦C in a YPG liquid
medium (1% yeast extract, 1% peptone, 2% glucose) in a shaking incubator. For growth on
solid media, 1.5% agar was added to the YPG medium.

3.3. Metabolism Assays with C. albicans Cells

For studies on cellular metabolism, Candida albicans ATCC 10231 strains were grown
in the YPG medium overnight (16–18 h) at 30 ◦C, washed twice with sterile water and
resuspended in the fresh YPG medium at a cell density of 2 × 108 cells mL–1. In addition,
20 μL of the stock solution of Capridine β in DMSO was added to 980 μL of cell cultures to
obtain 0.2 mM final concentrations. The control cells were treated with the same amount
of solvent (DMSO). The cells were incubated at 30 ◦C for 20 h. After incubation, the cells
were harvested by centrifugation (4000 rpm, 10 min) and washed with water. Then, the
cells were resuspended in 0.5 mL of 60% MeOH at 4 ◦C and disrupted with the use of
zirconium-glass beads (0.5 mm in diameter) by vigorous shaking in four 5-min cycles
interrupted by 2-min ice-cooling. The samples were then centrifuged (15 min, 12,000 rpm,
4 ◦C) and filtered (0.22 μm, PES) prior to the HPLC analysis.
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3.4. Chromatographic Analysis

The LC-DAD-MS system consisted of a liquid chromatograph, a degasser, a binary
pomp, an auto-sampler, and a column oven was combined with a diode array detector
(DAD) and MS detector with an electrospray source (AJS ESI) and quadrupole analyzer
(1260 Infinity II and 6470 Triple Quad LC/MS, Agilent Technologies, Waldbronn, Germany).
The ChemStation software was used to control the LC-MS system and for data processing.
The column effluent passed a DAD before arriving in the MS interface.

Chromatographic separations were performed on a Zorbax SB-C18 column (250 mm
× 4.6 mm, 5 μm, Agilent Technologies, Santa Clara, CA, USA). For the separation, a
gradient of mobile phase A (0.05M HCOONH4 in water, pH 7.0) and mobile phase B
(100% methanol) was used. The gradient profile was set as follows: 0 min—15% effluent B,
20 min—80% effluent B, 22 min—100% effluent B, 23 min—100% effluent B, 24 min—15%
effluent B, 30 min—15% effluent B. The flow rate was 1 mL/min, the column temperature
was 25 ◦C, and the injection volume was 20 μL.

The elution of sample components were monitored at 380 nm, as it has been shown
previously for C-1748 and its metabolites in HepG2 cells [15,20] and at 420 nm.

The electrospray source was operated in a positive mode and the interface condition
were as follows: Gas temperature 300 ◦C and flow 5 L/min, sheath gas temperature 250 ◦C
and flow 11 L/min, nebulizer 45 psi, capillary voltage of 3500 V.

The data were collected in a MS scanning mode (MS2 SCAN) with the range 150–700 (m/z).

3.5. Antimicrobial Activity Assay

Antifungal in vitro activity was determined by the modified M27-A3 specified by the
CLSI [31]. Wells containing serially diluted examined compounds and compound-free
controls were inoculated with 12 h cultures of tested strains to the final concentration of
104 fungi colony-forming units (CFU)/mL. Plates were incubated for 24 h at 37 ◦C and
growth was then quantified by measuring an optical density at 600 nm, using a microplate
reader (TECAN Spark 10 M; Tecan Group Ltd., Männedorf, Switzerland). The MIC was
defined as the lowest drug concentration in which at least a 90% decrease in turbidity, in
comparison to the drug-free control, was observed. The antifungal activity was determined
in a RPMI-1640 medium buffered to a pH value of 7.0. The final concentration of the
compound solvent (DMSO) did not exceed 2.5% volume of the final suspension in each
well, and did not influence the growth of the microorganism.

3.6. Acridine Derivatives Accumulation in Microbial Cells

Candida albicans ATCC 10231 strains were grown in the YPG medium overnight
(16–18 h) at 30 ◦C, washed twice with a sterile phosphate buffered saline (PBS) and re-
suspended in RPMI 1640 at a cell density of 2 × 106 cells mL–1. The inoculum (500 μL)
was added to 500 μL RPMI 1640 with 100 μM of the tested compounds. After 180 min,
200 μL of the cells suspension was washed three times with a sterile phosphate buffered
saline (PBS), re-suspended in 25 μL 90% (v/v) glycerol/10% (v/v) 1× PBS, and transferred
to a microscopic slide. The cells were examined with the Olympus BX-60 fluorescence
microscope (excitation wavelength 400–410 nm, emission > 455 nm, ×100) equipped with
the Olympus XC50 digital camera and cellSens Dimension imaging software.

3.7. Yeast Topoisomerase II Relaxation Assay and Inhibition

The inhibition of yeast Topoisomerase II was analyzed according to the relaxation assay
kit from Inspiralis (Inspiralis Ltd., NR4 7GJ, Norwich, UK). Briefly, 500 ng of supercoiled
pBR322 DNA, 1 mM ATP, 1–200 μM of the analyzed compound were mixed with a reaction
buffer (1 mM Tris.HCl (pH 7.9), 10 mM KCl, 0.5 mM MgCl 2, 0.2% (v/v) glycerol). The
reaction was initiated by the addition of an enzyme, allowed to proceed at 30 ◦C for 30 min
and terminated by the addition of 40% (w/v) sucrose, 100 mM Tris-HCl pH 8, 10 mM
EDTA, 0.5 mg mL−1 Bromophenol Blue. A two-step extraction with chloroform:isoamyl
alcohol (24:1) and butanol water were made and mixtures were analyzed on the 1% agarose
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gel in a 1× TAE buffer, 3 h, 4.5 V cm−1. The gel was stained in a GelRed 3× staining
solution for 30 min and photographed with a Gel Doc XR+ Gel Documentation System
(Bio-Rad Laboratories, Inc., 1000 Alfred Nobel Drive, Hercules, CA, USA). The relaxation
inhibition effectivity (EC50) of the analyzed compounds was determined by densitometry
quantification of the transition from supercoiled to relaxed forms and was expressed in
relation to the control.

3.8. UV-Vis and Fluorescence Analysis

The UV-visible absorption spectra were recorded using a TECAN Spark 10M (Spark
10M; Tecan Group Ltd., Männedorf, Switzerland) at room temperature with a 1 cm path
cell. Compounds at concentrations of 0.1 mM were dissolved in a phosphate-buffered
saline (PBS), pH 7.4. Fluorescence spectra were recorded with the use of the TECAN Spark
10M microplate mode. In addition, 100 μL of the analyzed compounds at 0.1 mM concen-
trations were mixed with 100 μL of MQ water or 0.1 mM DNA sequences: DNA-1 5′→3′:
CGATATCG (Tm: 24.0 ◦C, HPLC grade) and DNA-2 5′→3′: CCCTAGGG (Tm: 28.0 ◦C,
HPLC grade) dissolved in MQ water. The fluorescence spectra of Capridine β, IE1, and
m-AMSA with or without DNA were recorded at the excitation wavelength of 410 nm,
within the excitation range used for microscopic studies.

4. Conclusions

DNA topoisomerases are enzymes that catalyze changes in the spatial structure of
DNA and play an important role in replication, transcription, and recombination. Beyond
their normal functions, those enzymes are significant molecular targets in antimicrobial
and anticancer chemotherapy. Our results indicate that their fungal counterpart may
also become a promising antifungal target. The evaluation of biological properties of
Capridine β indicated that despite its high antifungal activity, the ability to enter the cell and
biotransformation into a product that influences the effectiveness of fungal topoisomerase
is crucial for its activity. Summing up, the search for antifungal drug candidates targeting
topoisomerases among acridine derivatives is undoubtedly worth continuing.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-081
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Abstract: Candida species are fungal pathogens known to cause a wide spectrum of diseases, and
Candida albicans and Candida glabrata are the most common associated with invasive infections. A
concerning aspect of invasive candidiasis is the emergence of resistant isolates, especially those
highly resistant to fluconazole, the first choice of treatment for these infections. Fungal sphingolipids
have been considered a potential target for new therapeutic approaches and some inhibitors have
already been tested against pathogenic fungi. The present study therefore aimed to evaluate the
action of two sphingolipid synthesis inhibitors, aureobasidin A and myriocin, against different C.
albicans and C. glabrata strains, including clinical isolates resistant to fluconazole. Susceptibility tests
of aureobasidin A and myriocin were performed using CLSI protocols, and their interaction with
fluconazole was evaluated by a checkerboard protocol. All Candida strains tested were sensitive to
both inhibitors. Regarding the evaluation of drug interaction, both aureobasidin A and myriocin
were synergic with fluconazole, demonstrating that sphingolipid synthesis inhibition could enhance
the effect of fluconazole. Thus, these results suggest that sphingolipid inhibitors in conjunction with
fluconazole could be useful for treating candidiasis cases, especially those caused by fluconazole
resistant isolates.

Keywords: Candida; sphingolipids; myriocin; fungal infections

1. Introduction

Candida species cause a wide spectrum of infections in humans, ranging from su-
perficial mycosis, especially associated to skin and vaginal mucosae, to life-threatening
disseminated candidiasis [1]. Candida albicans and Candida glabrata are the most frequent
species associated to invasive infections, being responsible for about 46% and 24%, respec-
tively [2]. Candidiasis is commonly associated with different pathologies, such as HIV
infection, organ transplantation, cancer and diabetes, which contribute to a mortality rate
of up to 60% [3]. In addition, it has been considered the most frequent fungal disease
associated to healthcare units and the fourth most prevalent nosocomial infection [4].

The current antifungal drugs available to be used against fungal infections are limited
to only four classes: azoles, which block the enzyme lanosterol 14-α demethylase and, thus,
disrupt ergosterol synthesis; polyenes, which directly bind to ergosterol found in the plasma
membrane and cause the release of cytoplasmic content; echinocandins, which inhibit the
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enzyme β(1,3)-glucan synthase and affect cell wall synthesis; and fluoropyrimidine analogs,
which block DNA synthesis [5]. The first choice of drug to treat candidiasis is fluconazole,
an azole antifungal drug, but resistant strains have been emerging over the last decades,
causing a significant impact in public health [6,7]. Multi-resistant strains have been isolated,
which express different types of transporters or display over-expressed azole targets [8].
In addition, alternative therapeutic options are limited due to low diversity of antifungal
classes and high level of toxicity and side effects [9].

For these reasons, there is an urgent need to find alternative therapeutic approaches
to obtain better results in treating patients who carry resistant strains. Different fungal cell
components have been studied as potent new targets for the development of antifungal
drugs. In this context, sphingolipids have been considered interesting candidates. Several
studies have shown that sphingolipids, mainly glucosylceramide, play crucial roles in
fungal growth, cellular signaling and virulence [10–12]. In C. albicans, Cryptococcus neofor-
mans, Penicillium digitatum, and Aspergillus fumigatus, mutants which do not express the
glucosylceramide synthase gene displayed alterations in plasma membrane, growth, and
virulence in infection models [13–17]. In addition, some compounds that inhibit sphin-
golipid biosynthesis, such as aureobasidin A and myriocin, have been shown to present
antifungal activity with low minimum inhibitory concentration (MIC) in a variety of fun-
gal pathogens, including Candida and Aspergillus species [18–22]. More recently, a class of
drugs called acylhydrazones was described which affect the synthesis of glucosylceramides
of C. neoformans, C. albicans, A. fumigatus, and Pneumocystis murina, but not those from
mammalian cells [23].

Due to the increasing resistance of Candida species associated with invasive infections
and the potential of targeting sphingolipids, the present study aimed to test two inhibitors
of sphingolipid synthesis, aureobasidin A and myriocin. Both drugs were evaluated
against different Candida clinical isolates, including some that were described as strains that
overexpress transmembrane transporters (ABC and MFS) related to multidrug resistance
phenotype [24,25]. Aureobasidin A and myriocin inhibit inositolphosphorylceramide
(IPC) synthase and glucosylceramide (GlcCer) synthase, respectively, which are two key
enzymes for the synthesis of the most important sphingolipids found in fungi such as IPC
and GlcCer.

2. Results

2.1. Antifungal Effect against Candida Strains

Aureobasidin A and myriocin were initially tested against all Candida strains used
in the study (Table 1). ATCC strains were used as a control because they do not to
express resistance mechanisms. On the other hand, clinical isolates are highly resistant to
fluconazole (MIC > 256 μg/mL) and present different resistance mechanisms as pointed
out in Materials and Methods section.

Table 1. Candida strains used in the study.

Strains Resistance Pattern Reference

C. albicans
(ATCC 10231D-5) No resistance described American Type

Culture Collection *

C. glabrata
(ATCC 2001D-5) No resistance described American Type

Culture Collection *

C. glabrata (109) CDR1 gene overexpressed
(ABC transporter) [24]

C. albicans (1114) MDR1 gene overexpressed
(MFS transporter) [25]

C. albicans (12-99) ERG11, CDR1, CDR2 and MDR1 genes overexpressed
(ABC and MFS transporters) [26]

* https://www.atcc.org/, (accessed on 30 June 2021).
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Aureobasidin A inhibits fungal growth at 0.5 μg/mL for ATCC strains (C. albicans
and C. glabrata) and at 0.25 μg/mL for clinical isolates (109, 1114, and 1299) (Table 2).
Myriocin presents antifungal activity at 2.0 and 1.0 μg/mL for ATCC C. albicans and C.
glabrata, respectively, and at 0.5, 1.0, and 0.25 μg/mL for clinical isolates 109, 1114, and
1299, respectively (Table 2).

Table 2. Candida strains susceptibility to Aureobasidin A, Myriocin, and Fluconazole.

* MIC90 (μg/mL)

Aureobasidin A Myriocin Fluconazole

C. albicans
(ATCC 10231D-5) 0.5 2.0 <8

C. glabrata
(ATCC 2001D-5) 0.5 1.0 <8

C. glabrata (109) 0.25 0.5 >256
C. albicans (1114) 0.25 1.0 >256
C. albicans (12-99) 0.25 0.25 >256

* MIC: minimal inhibitory concentration.

Cell viability decreased at MIC values, as evaluated by XTT-reduction assay, indicating
that both inhibitors present fungicidal effect (Figure 1).

Figure 1. Viability of Candida ATCC (C. albicans ATCC 10231D-5 and C. glabrata ATCC 2001D-5) and clinical strains
(C. albicans 1114 and 12-99, C. glabrata 109) in the presence of aureobasidin A and myriocin. Cells were grown in microplates
containing RPMI at 37 ◦C for 48 h in the absence (0 μg/mL) or in the presence of aureobasidin A and myriocin. After the
incubation time, viability was evaluated using the XTT-reduction assay. Cell viability was quantified using a microplate
reader (Bio-Rad, Hercules, CA, USA) at 490 nm. Percentage of fungal growth was calculated considering the control
(absence of all drugs) as 100%. Errors bars represent standard errors of means of different experiments in different days
(n = 3).
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2.2. Interaction between Aureobasidin A, Myriocin, and Fluconazole

As pointed out previously, fluconazole is the first choice in treating candidiasis and
the emergence of fluconazole-resistant strains is a concern in healthcare settings, because
it is related to high mortality of infected patients. For this reason, a synergic effect of
sphingolipid inhibitors and fluconazole could be useful in order to improve treatment of
patients infected with resistant Candida species.

Both sphingolipid inhibitors display a synergic effect with fluconazole (Table 3), except
aureobasidin A in strain 12-99. Aureobasidin A reduced fluconazole MIC from more than
256 μg/mL (strains 109 and 12-99) or 128 μg/mL (strain 1114) to 32, 16, or 128 μg/mL
for strains 109, 1114, and 12-99, respectively. FICI values were 0.1874, 0.25, and 0.56 for
strains 109, 1114, and 12-99, respectively, indicating that a synergic effect occurs between
aureobasidin A and fluconazole for most of the strains used.

Table 3. Interaction of aureobasidin A or myriocin with fluconazole tested in Candida clinical isolates
presenting resistance to fluconazole.

Candida Strains

109 1114 12-99

MIC90 alone (μg/mL)

Fluconazole >256 128 >256
Aureobasidin A 0.25 0.25 0.25

Myriocin 0.5 1.0 0.25

MIC90 combined (μg/mL)

Aureo/Fluco 0.0156/32 0.03125/16 0.015/128
Myr/Fluco 0.0625/64 0.25/32 0.0625/16

FICI

Aureo/Fluco 0.1874 (synergic) 0.25 (synergic) 0.56 (no effect)
Myr/Fluco 0.375 (synergic) 0.5 (synergic) 0.31 (synergic)

Aureo: aureobasidin A; Fluco: fluconazole; Myr: myriocin; MIC: minimal inhibitory concentration; FICI: fractional
inhibitory index.

On the other hand, myriocin decreased fluconazole MIC to 64 (strain 109), 32 (strain
1114) and 16 μg/mL (strain 12-99) (Table 3). Corresponding FICI values were 0.375, 0.5
and 0.31 for strains 109, 1114, and 1299, respectively, confirming a synergic effect between
myriocin and fluconazole.

A graphical representation of synergism data is shown in Figure 2.
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Figure 2. Evaluation of the interaction between aureobasidin A (A,C,E) and myriocin (B,D,F) with
fluconazole. Analysis was performed with the isolates 109 (A,B), 1114 (C,D), and 1299 (E,F) and the
results are shown using the software Sigma Plot 12.0. Cells were grown in microplates containing
RPMI at 37 ◦C for 48 h in the absence (0 μg/mL) or in the presence of different combinations of
aureobasidin A or myriocin with fluconazole. After the incubation time, cell growth was evaluated
using a microplate reader (Bio-Rad, Hercules, CA, USA) at 600 nm. Percentage of fungal growth was
calculated considering the control (absence of all drugs) as 100%.

2.3. Cytotoxicity of Aureobasidin A and Myriocin

In order to test if aureobasidin A and myriocin are toxic to mammalian cells at the same
concentrations found effective in previous experiments, a cytotoxicity assay was performed
on murine macrophages (RAW 264.7). Compared to untreated cells, the control of cells
treated with 1% dimethylsulfoxide (DMSO) presented 80% viability whereas myriocin
treatment led to 60% viability, demonstrating a decrease of approximately 20% compared
to DMSO-treated cells (Figure 3). Regarding aureobasidin A treatment, RAW cell viability
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was not affected up to 2.5 μg/mL, which is more than 10-fold higher than the concentration
presenting synergism with fluconazole.

Figure 3. Cytotoxic assay of aureobasidin A and myriocin against murine macrophage (RAW 264.7) cell lineage for 48 h.
The data represent the means of three independent experiments and the error bars represent the standard error. Solid black
bar represents the control in the absence of compounds. * p < 0.05.

These data suggest that aureobasidin A is not toxic at concentrations used in this work,
whereas myriocin is partially toxic.

2.4. Effect of Aureobasidin A and Myriocin on the Lifespan of Wild Type Caenorhabditis elegans

To check the toxicity of compounds now against living organisms, we did a survival
test using a wild-type of C. elegans worm. The worms were tested in the presence of
0.5 μg/mL of both compounds and in the presence of 0.1% DMSO as a control. After
4 days of analysis regarding the survival of the worms in the presence of the compounds,
it can be observed that only myrocin at 0.5 μg/mL was toxic to the worms since in the
case of aureobasidin A, at the same concentration, the survival was practically the same
(approximately 98%) when compared to the control (Figure 4). These results corroborate
what was observed in the cytotoxicity assay using macrophages (Figure 3), where only
myrocin seemed to be more toxic than aureobasidin A.
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Figure 4. Effect of aureobasidin A and myriocin exposure on lifespan of C. elegans wild-type (N2) during five days. The data
represent the means of two independent experiments that were collected daily. The control was performed in the absence of
compounds but in the presence of same amount of DMSO (0.1%) present at tested compounds.

3. Discussion

Infections caused by Candida species represent a significant concern in clinical set-
tings due to their high morbidity and mortality, as well as the emergence of resistant
isolates [27,28]. Thus, the study of new alternatives to treat candidiasis, especially those
caused by resistant strains, is an urgent need.

Sphingolipids are a potential new target for drug development. They are considered a
good candidate because fungal sphingolipids are structurally different from the human
counterparts and due to their crucial roles in fungal growth, cellular signaling and patho-
genesis also. Several studies demonstrated that different compounds are able to block
different steps of sphingolipid biosynthesis and therefore present antifungal activity. These
compounds—such as myriocin, fumonisin B1, aureobasidin A, and D-threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol (D-threo-PDMP)—act by blocking serine palmi-
toyltransferase, ceramide synthases, IPC synthase, and GlcCer synthase, respectively [12].

The present study aimed to use two of these compounds, aureobasidin A and myriocin,
in order to evaluate their activity against Candida species. C. albicans ATCC (10231D-5) and
C. glabrata ATCC (2001D-5) were used, as well as three clinical isolates highly resistant to
fluconazole, C. glabrata strain 109 (over-expression of the CDR1 gene), C. albicans strain
1114 (over-expression of the MDR1 gene) and C. albicans strain 12-99 (over-expression of
the genes ERG11, CDR1, CDR2, MDR1) (Table 1).

Aureobasidin A displayed MICs of 0.5 μg/mL for ATCC strains and 0.25 μg/mL for
clinical isolates, whereas myriocin presented MICs ranging from 0.25 μg/mL to 2.0 μg/mL
(Table 2, Figure 1). These data are in accordance with the literature, since it has also been
demonstrated that aureobasidin A at concentrations of 2.0–3.5 μg/mL inhibited ATCC
strains of C. albicans, C. glabrata, C. tropicalis, C. parapsilosis, and C. krusei [29]. Clinical
isolates were also evaluated by Tan and Tay [21], who showed MICs for aureobasidin A of
4 μg/mL for C. albicans and 1 μg/mL for non-albicans isolates. This inhibitory effect has
already been described to occur due to ceramide intoxication and deprivation of essential
IPCs [19]. In addition, aureobasidin A has already been demonstrated to inhibit IPC
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synthase activity even at nanomolar levels, suggesting that its antifungal action might be
a result of alterations on the biosynthesis of sphingolipids [29]. Kumar and colleagues
have also shown that in vitro treatment of Candida auris with aureobasidin A leads to a
deregulation of many intermediates of sphingolipid biosynthetic pathway [30].

Regarding myriocin, it presented MICs ranging from 0.25 μg/mL to 2.0 μg/mL
(Table 2, Figure 1). De Melo and colleagues reported a similar MIC value of 0.12 μg/mL
for C. albicans SC5314 [31]. Recently, myriocin was tested against some Candida strains,
including isolates resistant to voriconazole, and MICs were found varying between 0.125–
4.0 μg/mL [32]. Aureobasidin A and myriocin also affect Candida biofilms, and it was due to
modification in lipid composition and to the alteration in lipid raft organization and plasma
membrane [20,32]. The effect of myriocin on Candida cells has been recently evaluated by
Yang and colleagues, who demonstrated that a disruption of plasma membrane is observed
when different species are treated with myriocin [32]. Similar data have also been shown in
other pathogenic fungi, such as Scedosporium boydii, in which myriocin led to alterations on
plasma membrane resulting in higher susceptibility to membrane stressors such as SDS [33].
In Aspergillus fumigatus, myriocin treatment led to a decrease in phytoceramide content,
suggesting that this inhibitor also alter the regulation of sphingolipid production [22]. Thus,
the effect of myriocin and aureobasidin A against different pathogenic fungi suggests that
the disruption of sphingolipid biosynthesis seems to display a conserved antifungal activity,
although more studies are needed using other samples and compounds [18,20,22,34,35].

Synergistic effect of two different drugs is a promising alternative to enhance efficacy of
the current antifungals. This approach uses two known drugs combined, which are already
approved to be used in clinical settings, and their toxicity was already determined. This is
a great advantage when compared to the costly and time-consuming development of new
drugs [36]. The best-known example of synergism is the combination of fluorocytosine and
amphotericin B, which is the gold standard treatment for cryptococcosis [36,37]. However,
very few studies describe synergistic effects of sphingolipid inhibitors and the current
antifungal drugs. De Melo and colleagues demonstrated that myriocin is synergistic to
amphotericin B but not to fluconazole [31]. However, only one susceptible strain and
no fluconazole-resistant isolate was used, so more studies are needed in this field. Since
fluconazole is the first choice to treat Candida invasive infections with high mortality and
resistant strains have been emerging in recent years, it is crucial to develop treatment
alternatives. Our data showed that both aureobasidin A and myriocin present synergistic
effects with fluconazole on almost all clinical isolates tested in this work (Table 3, Figure 2).
As mentioned, the clinical isolates used are highly resistant to fluconazole, which suggests
that synergy is a promising option to be used in patients carrying fluconazole-resistant
yeast strains. Myriocin also presents synergism with fluconazole in Scedosporium boydii,
a pathogenic filamentous fungus, suggesting that this effect could be conserved among
other pathogens [33], suggesting that targeting fungal sphingolipids in combination with
azoles is promising in order to treat fungal infections, especially in cases where resistance
to azoles lead to a failure in treatment success.

A key point and concern of using sphingolipid inhibitors to treat fungal infections
is their cytotoxic effect in humans. For instance, fumonisin B is a mycotoxin produced
by Fusarium species that also display toxicity to mammalian cells [38,39]. In the present
study, cytotoxic assays showed that myriocin is partially toxic in RAW cells, whereas
aureobasidin A is not toxic (Figure 3), and the same profile of toxicity was observed when
both compounds were tested against live C. elegans (Figure 4), suggesting that both drugs
(specially aureobasidin A) could be considered in addition to fluconazole. Considering
that fluconazole resistance in Candida isolates is a serious problem in clinical healthcare
settings, sphingolipid inhibitors were shown to be potential therapeutic options and more
studies are needed to explore their use as an alternative approach when administered in
combination with fluconazole.
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4. Conclusions

The present work showed the two sphingolipid inhibitors, myriocin and aureobasidin
A, display antifungal activity against C. albicans and C. glabrata, not only against ATCC
strains but also clinical isolates, suggesting that these compounds are active against strains
presenting resistance mechanisms to the current antifungal drugs used in clinical settings.
Myriocin and aureobasidin A also presented synergistic interaction with fluconazole,
indicating that they could be a promising approach as a combined therapy especially to
treat infections caused by resistant strains.

Toxicity analyses revealed that both drugs do not display significant toxic effect,
especially in the C. elegans model, which reinforces their potential as an alternative therapy
when combined with fluconazole. Further studies are needed to evaluate in vivo activity
of this approach and to clarify the promising use of sphingolipid inhibitors as alternatives
to treat Candida infections.

5. Materials and Methods

5.1. Cell Lineages and Reagents

A total of five strains were used in this study (Table 1). C. albicans ATCC 10231D-5
and C. glabrata ATCC 2001D-5 were used as standard. Three clinical isolates displaying
resistance patterns to fluconazole were also evaluated, C. glabrata 109 strain (which displays
overexpression of CDR1 gene that encode a ABC transporter), C. albicans 1114 strain (which
displays overexpression of MDR1 gene that encode a MFS transporter) and C. albicans 12-99
strain (which displays ERG11, that confers resistance by mutation or overexpression of
14-α demethylase involved in ergosterol synthesis; CDR1, CDR2 and MDR1 genes that
encode ABC and MFS transporters), kindly provided by Theodore White from University
of Missouri, USA. For all experiments, the strains were grown on Yeast Extract Peptone
Dextrose (YPD) agar and transferred to YPD broth and incubated at 37 ◦C for 18 h under
agitation.

Cytotoxicity assays were carried out using the murine macrophage-derived cell lines
RAW 264.7.

Aureobasidin A (Sigma–Aldrich, St. Louis, MO, USA), myriocin (Sigma–Aldrich,
St. Louis, MO, USA) and fluconazole (University pharmacy, UFJF, Juiz de Fora-MG, Brazil)
were used in susceptibility and synergism tests.

5.2. Susceptibility Tests with Aureobasidin A and Myriocin and Interaction with Fluconazole

The susceptibility assay was performed to determine the minimal inhibitory concen-
tration (MIC) of aureobasidin A and myriocin, according to Clinical Laboratory Standards
Institute (CLSI) M60 protocol. Both compounds were used in a concentration range of
0.031–4.0 μg/mL and MIC90 was determined when fungal growth presented 90% of inhibi-
tion compared to a positive control of untreated cells. Briefly, yeasts were inoculated in
sterile 96-well plates in 200 μL of RPMI medium (Roswell Park Memorial Institute), so that
they reached the concentration of 5 × 103 cells/mL in the presence of 1:2 dilutions of each
compound. The 96-well plates were incubated at 37 ◦C for 48 h with shaking (100 rpm).
Cell growth was evaluated using a microplate reader (iMark, Bio-Rad, Hercules, CA, USA)
at 600 nm.

Candida cell viability was evaluated after MIC determination by using the XTT-
reduction technique, according to Rollin-Pinheiro and colleagues [33]. Briefly, after fungal
growth as mentioned above, a 0.5 mg/mL XTT solution in PBS was added to the 96-well
plates and cells were incubated at 37 ◦C for 2 h protected from light. Further, optical density
was measured using a spectrophotometer (SpectraMax® i3x, Molecular Devices®, San José,
CA, EUA) at 490 nm to evaluate cell viability.

Interaction analysis of aureobasidin A and myriocin with fluconazole was performed
using the checkerboard method according to Reis de Sá and colleagues [40]. Aureobasidin A
and myriocin concentrations ranged from 0.0078–2.0 μg/mL and fluconazole concentration
from 16–256 μg/mL. After 48 h of growth at 37 ◦C under agitation, the fractional inhibitory
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index (FICI) was calculated according to the formula (MIC combined/MIC drug A alone)
+ (MIC combined/MIC drug B alone), where A is aureobasidin A or myriocin and drug
B is fluconazole. Interaction was classified according to the following parameter: ≤0.5,
synergistic interaction; >0.5 to ≤4, no interaction; >4, antagonistic effect [41].

5.3. Cytotoxicity Assay

Cytotoxicity was analyzed by neutral red (NR) assay with modifications [42]. RAW
264.7 cell monolayer was harvested with a cell scraper and viable cells were counted
using the Trypan blue exclusion method. 2 × 105 macrophages per well were seeded in
96-well plates containing Dulbecco’s modified Eagle medium (DMEM) with 10% FBS and
incubated in a controlled atmosphere of 5% CO2 at 37 ◦C for adhesion. Compounds were
serial diluted in DMEM and cells were incubated at concentrations of 0.313, 0.625, 1.25,
2.50, 5, and 10 μg/mL at 37 ◦C, 5% CO2 for 48h. Cells without compounds were used as
control. Absorbance was determined in a spectrophotometer at 595 nm (SpectraMax® i3x,
Molecular Devices®, San José, CA, EUA). Each test was performed in triplicate.

5.4. Caenorhabditis elegans Lifespan Assay

C. elegans strain N2 (wild isolate) was obtained from the Caenorhabditis Genetics
Center at University of Minnesota (USA) and handled according to standard method [43].
Worms were maintained at 15 ◦C on nematode growth medium (NGM) and routinely
maintained on Escherichia coli OP50 strain used as a normal diet for nematodes. Lifespan
worm assay was performed as previously described [44,45] with small modifications.
Briefly, synchronization of worms was achieved by preparing eggs from gravid adults
using a solution containing NaOCl 6% and NaOH 5M; released eggs were washed with
M9 buffer and allowed to hatch overnight in NGM agar plates. Synchronized young
worms were collected by washing with M9 buffer. Approximately 20 worms were added
to each well of 96-well plates containing 100 mL MB medium in the absence or presence of
0.5 μg/mL aureobasidin or 0.5 μg/mL myriocin. Then, the plates were incubated at 25 ◦C
during 4 days without shaking and scored as live and dead-on daily basis. The survival
ratio was calculated from the percentage of living worms out of total number of worms
including living and dead animals. This experiment was independently conducted in two
different days with a twofold analysis in each one.

5.5. Statistical Analyses

All experiments were performed in triplicate, in three independent experimental
sets. Statistical analyses were performed using GraphPad Prism version 5.00 for Windows
(GraphPad Software, San Diego, CA, USA). One-way analysis of variance using a Kruskal–
Wallis nonparametric test was used to compare the differences between groups, and
individual comparisons of groups were performed using a Bonferroni posttest. The 90–95%
confidence interval was determined in all experiments.
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Abstract: Multivalency is a strategy commonly used by medicinal carbohydrate chemists to increase
the affinity of carbohydrate-based small molecules for their protein targets. Although this approach
has been very successful in enhancing binding to isolated carbohydrate-binding proteins, anticipat-
ing the multivalent presentations that will improve biological activity in cellular assays remains
challenging. In this work we investigate linear molecular scaffolds for the synthesis of a low valency
presentation of a divalent galactoside 1, previously identified by us as an inhibitor of the adhesion of
opportunistic fungal pathogen Candida albicans to buccal epithelial cells (BECs). Adhesion inhibition
assays revealed that multivalent glycoconjugate 3 is more effective at blocking C. albicans adherence
to BECs upon initial exposure to epithelial cells. Interestingly, 3 did not seem to have any effect when
it was pre-incubated with yeast cells, in contrast to the original lead compound 1, which caused a
25% reduction of adhesion. In competition assays, where yeast cells and BECs were co-incubated,
multivalent glycoconjugate 3 inhibited up to 49% C. albicans adherence in a dose-dependent manner.
The combined effect of compound 1 towards both yeast cells and BECs allowed it to achieve over
60% inhibition of the adhesion of C. albicans to BECs in competition assays.

Keywords: multivalency; anti-adhesion glycoconjugates; antifungal agents; Candida albicans; gly-
comimetics

1. Introduction

Protein-carbohydrate recognition is the first step in the initiation of many human
diseases. In many cases, for microorganisms to infect their hosts, microbe proteins initially
adhere to carbohydrate epitopes displayed on the host cell surface [1]. Small-molecule
inhibitors of the adhesion process have been successfully developed and studied for many
years [2]. The use of glycoconjugates as anti-adhesion ligands is desirable since they
can mimic the host cell surface glycans and block pathogen attachment, thus preventing
infection. However, carbohydrates interact with their protein receptors (lectins) with low
affinity (generally millimolar to micromolar dissociation constants) [3]. Consequently,
the development of strategies for increasing the lectin–ligand binding affinities to levels
required for therapeutic use has received much attention in glycoscience research [4]. In
nature, carbohydrate epitopes are expressed multiple times on the cell surface: many
lectins have more than one binding site to counteract the low-affinity problem, leading
to stronger interactions. This phenomenon has become known as the “multivalent effect”
or “cluster glycoside effect”, which was first reported by Lee and co-workers in 1995 [5].
Numerous multivalent glycoconjugates with various valencies and spatial arrangement of
carbohydrate ligands have been developed to enhance carbohydrate–lectin interactions.
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The multivalent glycoconjugates can have well-defined molecular structures and display
a specific number of carbohydrate ligands when they are built around scaffolds such as
calixarenes [6], dendrimers [7], cyclodextrins [8], cyclopeptides [9] and fullerenes [7]; they
can also have higher valencies such as those provided by polymers [10], nanoparticles [11]
and quantum dots [12]. There are many reports of multivalent glycoconjugates with
increased affinity for isolated lectins, in comparison to their monovalent counterparts [13].
Most of these studies involve lectins whose structures have been well characterized by
X-ray crystallography, and the strength of lectin–ligand binding interactions is measured
using techniques such as haemagglutination inhibition assays, enzyme-linked lectin assays
(ELLA) and isothermal titration calorimetry [14,15]. The multivalent effect in ligand–
protein interactions has also been investigated with ligands other than carbohydrates, to
potentiate different types of biological effects [16,17]. Despite the many achievements
in this field, the design of high-affinity multivalent presentations is still a challenging
task, as it strongly depends on multiple factors: these include structural parameters of
the glycoconjugates such as linker length, density of the ligands in the glycoconstruct
and heterogeneity of the carbohydrate epitopes presented [18]. Moreover, the impact of
multivalency on biological activity is particularly difficult to anticipate in cellular assays,
given the structural complexity encountered by the ligands at the cell surface [19,20].

C. albicans is an opportunistic pathogenic yeast and the most prevalent cause of
hospital-acquired fungal infections worldwide. It is therefore hugely important that new
treatments are developed for these infections, which are now becoming resistant to conven-
tional antifungal medicines [21]. The molecular mechanisms of the adherence processes
of C. albicans to host cells and abiotic surfaces are complex, albeit essential for infection
and biofilm formation [22]. Hence, targeting adhesion in C. albicans offers an interesting
approach towards antifungal therapies as alternatives to conventional drugs [23]. Early re-
ports indicate that C. albicans adhesins recognise and bind to many cell surface glycans and
carbohydrates, including mono- and disaccharides (e.g., L-fucose, α-D-methyl mannoside
and N-acetyl-D-glucosamine) [24,25]. Glycosphingolipids have also been shown to act as
adhesion receptors for yeasts. C. albicans bound specifically to lactosylceramide (Galβ(1-
4)Glcβ(1-1)Cer), with the terminal galactose essential for binding [26], and to asialo-GM1
(gangliotetraosylceramide: βGal(1-3)βGalNAc(1-4)βGal(1-4)βGlc(1-1)Cer), with the mini-
mal carbohydrate sequence required for binding being βGalNAc(1-4)βGal [27]. Previous
research in our group hence screened a small library of synthetic glycoconjugates with
various sugars and valencies, and tested their ability to inhibit the adhesion of C. albicans to
human BEC. This study showed that the divalent galactoside 1 (Figure 1) was a successful
inhibitor of the adhesion of C. albicans to BECs [28]. Ongoing research in the group is
aiming to identify the adhesin on the cell surface of the C. albicans with which this galacto-
sylated compound 1 is interacting. In this work, we developed a low valency-multivalent
derivative of the original lead compound 1 to assess the effect of multivalent displays in the
inhibition of the adhesion of C. albicans to BECs. Recently, we reported the multivalent pre-
sentation of lead compound 1 on RAFT cyclopeptide- and polylysine-based scaffolds [29].
Tetra-, hexa- and hexadecavalent displays of compound 1 were thus evaluated as inhibitors
of C. albicans adhesion, revealing a better performance for the lower valency glycoconju-
gates. In our investigations towards an optimal multivalent architecture to enhance the
activity of lead compound 1, in the current study we opted for linear peptoid scaffold
2 [30] to prepare glycoconjugate 3 (Figure 1). Since the structure of the target lectin in
C. albicans is not known, a tetravalent display of compound 1 in a flexible scaffold such
as 2 could provide a very useful comparison with the results observed when more rigid
and cyclic scaffolds were used. Peptoid scaffolds have been successfully investigated by
Taillefumier and co-workers in the design of defined valency glycoconjugates [31,32]. Thus,
lead compound 1 was modified with a linker to facilitate connection with this scaffold using
Copper(I)-catalyzed Azide–Alkyne Cycloaddition (CuAAC) methodology. The tetravalent
display of compound 1 as presented in glycoconjugate 3 may significantly affect how
it interacts with carbohydrate-binding proteins in C. albicans and BECs surface, which,

160



Pathogens 2021, 10, 572

in turn, should allow for identification of the most suitable structural features to inhibit
pathogen–cell interaction.

TEG
-Tz

TEG
-Tz

 
Figure 1. Shows the structure of lead compound 1, peptoid scaffold 2 and multivalent glycoconjugate 3.

2. Results and Discussion

2.1. Chemical Synthesis

In order to install lead compound 1 onto the alkyne-featuring scaffold 2 via the CuAAC
reaction, it had to be functionalized with an azido group in a manner that would not com-
promise its interaction with target proteins in the C. albicans cell wall. Our previous work
showed that functionalization of 5-aminobenzene position in compound 1 with a fluores-
cent label still allowed for the recognition of the digalactoside motifs and localization of the
compound at the cell wall in C. albicans [28]. Thus, 5-amino-isophthalic acid was protected
using tert-butoxycabonyl (Boc) anhydride, followed by reaction with propargylamine and
TBTU to give compound 4 (Scheme 1). CuAAC chemistry was used to conjugate the
per-acetylated-1-β-azido galactose [33] moieties to dialkyne 4 to give compound 5, which
was then treated with TFA to remove the N-Boc-protecting group yielding compound
6 [28]. Reaction with bromoacetyl bromide to give compound 7 and subsequent bromide
displacement by treatment with sodium azide gave key azido-functionalized compound
8 [29]. Attempts of direct reaction of this compound with alkynated scaffolds using CuAAC
reaction conditions failed to yield any of the desired product, likely due to steric effects.
Oligo(ethyleneglycol)s are commonly used as linkers between the carbohydrate moieties
and the scaffold in multivalent glycoconjugates, because of their flexibility, water-solubility,
the availability of various lengths and the presence of functionalizable hydroxy groups [34].
Therefore, it was decided to use a triethylene glycol (TEG) derivative as a linker to join the
divalent galactoside 8 to the alkyne scaffolds 2.

Using well-documented procedures, TEG was reacted with propargyl bromide to
give the mono-propargylated linker 9 [35]. To ensure mono-propargylation, the reaction
was carried out in excess of TEG. Compound 9 was then tosylated, yielding compound
10 [36]. This was then reacted with the azido di-galactoside 8 using microwave (MW)
assisted CuAAC methodology to give compound 11. The tosyl group was then replaced
by an azide upon treatment with sodium azide to give compound 12. This key synthetic
intermediate presents the acetylated divalent galactoside with a TEG linker functionalized
with a terminal azide, available for CuAAC conjugation to various propargylated scaffolds.
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Scheme 1. Synthesis of azido-TEG divalent galactoside 12 (inset shows the synthesis of TEG
linker): Reagents and conditions: (i) Di-tert-butyl dicarbonate, NaOH, 1,4-dioxane, 0 ◦C to rt, 3 h,
86%; (ii) DMTMM, propargylamine, THF, 48 h, 95%; (iii) 2,3,4,6-tetra-O-acetyl-1-β-azido-galactoside,
CuSO4·5H2O/Na Asc, CH3COCH3/H2O, rt, 16 h, 71%; (iv) TFA, DCM, 2 h, rt, 99%; (v) bromoacetyl
bromide, NEt3, anhydrous DCM, 16 h, 83%; (vi) NaN3, anhydrous DMF, N2, 80 ◦C, 16 h, quant%;
(vii) CuAAC methodology, propargylated scaffolds, no product isolated; (viii) propargyl bromide,
NaH, anhydrous THF, N2, 16 h, 75%; (ix) TsCl, KOH, DCM, 0 ◦C, 2 h, 87%; (x) 10, CuSO4·5H2O/Na
Asc, CH3CN/H2O, MW (microwave), 100 ◦C, 30 min, 74%; (xi) NaN3, CH3CN, DMF, 80 ◦C, 24 h, 95%.

β-peptoid scaffolds designed by Faure, Taillefumier and coworkers have been used to cre-
ate linear and cyclic displays of various recognition motifs, including carbohydrates [30–32].
Linear scaffold 2 [30] was reacted with compound 12 using, once again, microwave-assisted
CuAAC conditions (Scheme 2); acetylated glycocluster 13 was thus obtained and subjected
to mild base hydrolysis that resulted in the removal of the tert-butyl ester and acetyl
protecting groups, yielding glycoconjugate 3, which presents a tetravalent display of the
lead divalent galactoside 1. In addition, CuAAC reaction of linear scaffold 2 with per-
acetylated-1-β-azido galactose [33] gave tetragalacoside 14, which was deprotected under
mild basic conditions to give 15 (Scheme 2). This compound, lacking structural features of
lead compound 1 other than terminal β-triazolyl-galactosides, would serve as a control in
subsequent biological evaluation of anti-adhesion activity against C. albicans.

2.2. Biological Evaluation

In our previous work [28,29] we established that compound 1 and derivatives were
not toxic to C. albicans yeast cells at the concentrations used in the current study. Glyco-
conjugates 3, featuring multivalent displays of the original lead compound 1, along with
tetra-β-triazolyl-galactoside 15, were then evaluated for their anti-adhesive properties
against C. albicans using several assays.

2.2.1. Exclusion Assay

The initial adherence assay was performed by treating the C. albicans with compounds
3 and 15. After an incubation period of 90 min, the treated yeast cells were exposed to
exfoliated BECs. The average number of yeast cells attached to each BEC was calculated
(Figure 2a), and the percentage increase or decrease of the number of C. albicans cells
adhering to the BECs was compared to a control (untreated yeast) and the lead compound
1 (Figure 2b). In this assay, compound 15 only slightly reduced the adhesion of the yeast
to the BECs, whereas compound 3 did not have any appreciable effect. Compound 1

showed moderate inhibition of adhesion at this concentration (up to 25% reduction at
10 mg/mL). On the other hand, when the BECs were treated with the above compounds,
allowing the incubation period and followed by exposure to C. albicans cells, the average
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number of yeasts attached per BEC was reduced (Figure 2c). The tetra-galactoside 15

caused similar reduction of yeast adhesion as in the previous assay, while multivalent
glycoconjugate 3 inhibited C. albicans adhesion by 35%, similarly to the inhibition produced
by lead compound 1 (Figure 2d). These results suggest that the multivalent presentation in
compound 3 disfavours significantly the interactions with structural components of the cell
wall in C. albicans, which had been previously proposed for compound 1 [28]. However,
this effect was not observed upon preliminary exposure to BECs, since both compounds 1

and 3 caused a similar decrease in yeast adhesion.

 

Scheme 2. Synthesis of glycoconjugate 3. Reagents and conditions: (i) CuSO4·5H2O/Na Asc,
CH3CN/H2O, MW, 100 ◦C, 30 min, 58–68%; (ii) MeOH, NEt3, H2O, 45 ◦C, 6 h, 82–92%.

2.2.2. Competition Assay

The glycoconjugates were then evaluated in a competition assay, in which their anti-
adhesion abilities were tested in the presence of both C. albicans and BECs. Co-incubation
with the compounds resulted in a reduction in yeast adhesion in all cases (Figure 3a), with
compound 3 causing up to a 49% decrease. Interestingly, lead compound 1, which showed
activity in both exclusion assays discussed above (i.e., when pre-incubated with C. albicans
and BECs, independently), was able to inhibit up to 64% the adhesion of C. albicans to BECs
in the competition assay.

The compounds were then tested at lower concentrations. Glycoconjugate 3 exhib-
ited a typical dose–response pattern, with ca. 50% inhibition of adhesion at the highest
concentration (Figure 3b). Compound 15 (Figure 3c) did not show a linear relationship
between concentration and activity, where the best inhibition of adhesion was observed at
1 mg/mL.
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Figure 2. Exclusion assays of glycoconjugates 3 and 15: (a) Shows the average number of yeast
attached per BEC (buccal epithelial cells), after the yeast cells were pre-treated with glycoconjugates;
(b) Shows the percentage change in the adherence of yeast to the BEC versus the control and the
lead compound 1 after the yeast were pre-treated; (c) Shows the average number of yeast attached
per BEC, after the BEC were pre-treated with compounds; (d) Shows the percentage change in the
adherence of yeast to the BEC versus the control and the lead compound 1 after the BEC were
pre-treated. All assays were performed at a glycoconjugate concentration of 10 mg/mL.

Overall, this study shows that the tetravalent presentation of lead compound 1 gener-
ated in glycoconjugate 3 significantly impaired its ability to interact with C. albicans cells,
although it maintained anti-adhesion activity when pre-incubated with BECs. While no
significant reduction of adhesion was observed when C. albicans cells were pre-treated with
glycoconjugate 3, this compound was able to inhibit adhesion of the yeast when BECs were
pre-treated or in competition assays. This clearly indicates that the multivalent compounds
in this study do not interact effectively with C. albicans cell wall components; the observed
reduction in adhesion appears to be due to preferential binding of the compounds to BECs
over the yeast cells. Tetra-galactoside 15, which does not display the structural features of
lead compound 1 nor a TEG linker, generally showed the lowest inhibition of adhesion,
although at lower concentration it showed better activity; however, this compound did
not follow a dose–response pattern. The original lead compound 1 was the most effective
inhibitor of yeast adhesion. Interestingly, the exclusion assays show that compound 1 pro-
duces a decrease in adhesion not only when pre-exposed to C. albicans cells, as our previous
work has shown, but also there is a significant contribution to the activity of compound 1

arising from interaction with BECs. These results highlight that the optimization of activity
of derivatives of compound 1 should consider also interactions with BECs as a potential
approach to broad-spectrum anti-adhesive glycoconjugates.

164



Pathogens 2021, 10, 572

Figure 3. Competition assays of glycoconjugates 1, 3 and 15: (a) Shows the change in adherence
compared to the control and the lead compound 1 at 10 mg/mL; (b) Shows the average number
of yeast attached to BEC in the presence of compound 3 (10, 1, 0.1 mg/mL); (c) Shows the average
number of yeast attached to BEC in the presence of compound 15 (10, 1, 0.1 mg/mL).

3. Materials and Methods

3.1. Chemistry
3.1.1. General Methods

All reagents for synthesis were bought commercially and used without further purifi-
cation. Tetrahydrofuran (THF) was freshly distilled over sodium wire and benzophenone.
Dichloromethane (DCM) was freshly distilled over CaH2 prior to use. Reactions were
monitored with thin layer chromatography (TLC) on Merck Silica Gel F254 plates. Detection
was effected by UV (λ = 254 nm) or charring in a mixture of 5% sulfuric acid-ethanol. NMR
spectra were recorded using Bruker Ascend 500 spectrometer at 293K. All chemical shifts
were referenced relative to the relevant deuterated solvent residual peaks. Assignments of
the NMR spectra were deduced using 1H NMR and 13C NMR, along with 2D experiments
(COSY, HSQC and HMBC). Chemical shifts are reported in ppm. Flash chromatography
was performed with Merck Silica Gel 60. Microwave reactions were carried out using a
CEM Discover Microwave Synthesizer. Optical rotations were obtained from an AA-100
polarimeter, and [α]D values are given in 10−1 cm2·g−1. High-performance liquid chro-
matography analysis (HPLC, Waters Alliance 2695) was performed in final compounds
and indicated purity of 95% based on integrations without the use of an internal standard.
High-resolution mass spectrometry (HRMS) was performed on an Agilent-LC 1200 Series
coupled to a 6210 Agilent Time-Of-Flight (TOF) mass spectrometer equipped with an
electrospray source in both positive and negative (ESI+/−) modes. Infrared spectra were
obtained as a film on NaCl plates or as KBr disks in the region 4000–400 cm−1 on a Perkin
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Elmer Spectrum 100 FT-IR spectrophotometer. Spectroscopic data for all compounds are
provided in the Supplementary Materials.

3.1.2. Synthetic Procedures
Synthesis of N,N’-di-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N”-(2-bromoacetamido)-5-aminobenzene-1,3-dicarboxamide (7)

6 [21] (1.128 g, 1.13 mmol) was dissolved in dry DCM (20 mL). NEt3 (0.19 mL,
1.35 mmol) was added to this solution. Bromoacetyl bromide (0.12 mL, 1.35 mmol) was
dissolved in dry DCM (5 mL) in a separate round-bottom flask. The first solution was
added to the second dropwise via a cannula and the resulting reaction mixture was allowed
to stir for 16 h. The reaction mixture was washed with water (20 mL), HCl (1 N, 20 mL),
sat. NaHCO3 solution (20 mL), followed by brine (20 mL). The organic phase was dried
(MgSO4) and the solvent was removed in vacuo to obtain the pure product 7 without
further purification as a brown, sticky solid (1.056 g, 83%). Rf = 0.65 (DCM, 5% MeOH).

[α]24
D −4.0 (c 1.0, DCM). 1H NMR (500 MHz, CDCl3) δ 9.10 (s, 1H, NHCOCH2Br), 8.09–7.90

(m, 6H, triaz-H, CONHCH2-triaz and Ar-H), 7.75 (s, 1H, Ar-H), 5.93 (d, J = 9.2 Hz, 2H, H-1),
5.60 (t, J = 9.7 Hz, 2H, H-2), 5.54 (d, J = 2.9 Hz, 2H, H-4), 5.32–5.26 (m, 2H, H-3), 4.67 (ddd,
J = 39.3, 15.1, 5.4 Hz, 4H, CH2-triaz), 4.31 (t, J = 6.4 Hz, 2H, H-5), 4.22–4.11 (m, 4H, H-6 and
H-6′), 3.98 (s, 2H, CH2-Br), 2.21 (s, 6H, OAc), 2.00 (app d, J = 2.7 Hz, 12H, OAc × 2), 1.82
(s, 6H, OAc). 13C NMR (125 MHz, CDCl3) δ 170.4 (CO of OAc), 170.1 (CO of OAc), 169.8
(CO of OAc), 169.4 (CO of OAc), 166.5 (CONHCH2-triaz), 165.0 (COCH2Br), 145.6 (C-triaz),
138.3 (Ar-C), 135.0 (Ar-C), 121.6 (CH-triaz), 121.4 (Ar-CH), 121.2 (Ar-CH), 86.2 (C-1), 74.0
(C-5), 70.8 (C-3), 68.1 (C-2), 66.8 (C-4), 61.2 (C-6), 35.5 (CH2-triaz), 29.6 (NHCOCH2Br), 20.7
(CH3 of OAc), 20.6 (CH3 of OAc), 20.5 (CH3 of OAc), 20.3 (CH3 of OAc). IR (film on NaCl):
3345, 3087, 2975, 1752, 1651, 1536, 1446, 1371, 1227, 1063, 924 732 cm−1. HRMS (ESI+): m/z
calculated for C44H52BrN12O21 + H+ [M+H+]: 1122.2539, found 1122.2545.

Synthesis of N,N’-di-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-1,2,3-triazol-4-ylmethyl
amide)-N”-(2-azidoacetamido)-5-aminobenzene-1,3-dicarboxamide (8)

7 (231 mg, 0.206 mmol) and NaN3 (30 mg, 0.412 mmol) were dissolved in anhydrous
DMF (10 mL) and heated to 80 ◦C. The reaction mixture was allowed to stir for 16 h. The
solvent was removed in vacuo, and the resulting residue was re-dissolved in DCM (20 mL)
and was washed with brine (20 mL × 3). The organic phase was dried over MgSO4 and the
solvent was removed in vacuo to obtain the pure product 8 without further purification
as a yellow solid (1.056 g, 83%). Rf = 0.41 (DCM:MeOH 9:1).[α]22

D -5.6 (c 0.9, DCM). 1H
NMR (500 MHz, CDCl3) δ 9.10 (s, 1H, NHCOCH2N3), 8.18 (s, 2H, NHCH2CCH), 8.02 (s,
2H, Ar-H), 7.97 (s, 2H, CH-triaz), 7.82 (s, 1H, Ar-H), 5.95 (d, J = 9.2 Hz, 2H, H-1), 5.61 (t,
J = 9.7 Hz, 2H, H-2), 5.56 (d, J = 3.1 Hz, 2H, H-4), 5.32 (dd, J = 10.1, 3.5 Hz, 2H, H-3), 4.67
(ddd, J = 20.4, 15.4, 5.5 Hz, 4H, CH2-triaz), 4.34 (t, J = 6.6 Hz, 2H, H-5), 4.23–4.13 (m, 4H,
H-6 and H-6′), 4.06 (s, 2H, CH2-N3), 2.21 (s, 6H, OAc), 2.01 (s, 12H, OAc × 2), 1.82 (s, 6H,
OAc). 13C NMR (125 MHz, CDCl3) δ 170.4 (CO of OAc), 170.1 (CO of OAc), 169.9 (CO of
OAc), 169.3 (CO of OAc), 166.5 (CONHCH2CCH), 166.3 (COCH2N3), 145.5 (C-triaz), 138.0
(Ar-C), 134.9 (Ar-C), 121.6 (Ar-CH and CH-triaz), 121.4 (Ar-CH), 86.1 (C-1), 73.9 (C-5), 70.8
(C-3), 68.1 (C-2), 66.9 (C-4), 61.2 (C-6), 52.5 (CH2N3), 35.4 (CH2-triaz), 20.7 (CH3 of OAc),
20.6 (CH3 of OAc), 20.5 (CH3 of OAc), 20.2 (CH3 of OAc). IR (film on NaCl): 3342, 2942,
2110, 1747, 1655, 1528, 1427, 1368, 1211, 1046, 923, 733 cm−1. HRMS (ESI+): m/z calculated
for C44H52N12O21 + Na+ [M+Na+]: 1107.3268, found 1107.3303.

Synthesis of 2-[2-(2-Propargyloxyethoxy)ethoxy]ethanol (9)

Procedure adapted from Weil et al. [30]. Triethylene glycol (1 mL, 7.48 mmol, 3 equiv)
was diluted with dry THF (10 mL) under N2. The solution was cooled to 0 ◦C and NaH
(60% oil dispersion) (0.1 g, 2.49 mmol) was added portion-wise. The reaction was allowed
to warm up to rt and was stirred for 20 min. Propargyl bromide (0.27 mL, 2.49 mmol)
was added dropwise. The reaction mixture was allowed to stir overnight. Column chro-
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matography (100% EtOAc) eluted the pure product 9 as a clear oil (0.292 g, 75%). (Rf = 0.42:
EtOAc) 1H NMR (500 MHz, CDCl3) δ 4.09–4.08 (m, 2H, CH2CCH), 3.63–3.53 (m, 10H, CH2
× 5), 3.50–3.46 (m, 2H, CH2-OH), 3.11 (s, 1H, OH), 2.39 (t, J = 2.8 Hz, 1H, CH2CCH). The
NMR data is in agreement with the data reported in the literature [30].

Synthesis of 2-(2-(2-Propargyloxyethoxy)ethoxy)ethyl-4-methylbenzenesulfonate (10)

This procedure was adapted from Ramström et al. [31]. 9 (0.288 g, 1.53 mmol) was
dissolved in DCM (5 mL). TsCl (0.321 g, 1.68 mmol, 1.1 equiv) was added and the mixture
was cooled to 0 ◦C on ice. KOH (0.343 g, 6.12 mmol, 4 equiv) was added slowly after
grinding. The mixture was vigorously stirred for 2 h. The mixture was poured onto ice-
water and extracted with DCM (3 × 20 mL). The combined organic layers were dried over
MgSO4, filtered and concentrated in vacuo to give the pure product 10 as a clear oil (0.457 g,
87%). 1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2H, Ar-H), 7.33 (d, J = 8.2 Hz, 2H,
Ar-H), 4.18 (d, J = 2.4 Hz, 2H, CH2CCH), 4.16–4.13 (m, 2H, CH2OTs), 3.69–3.65 (m, 4H, CH2
× 2), 3.65–3.61 (m, 2H, CH2), 3.58 (s, 4H, CH2 × 2), 2.43 (s, 3H, CH3-Ar), 2.42 (t, J = 2.4 Hz,
1H, CH2CCH). The NMR data are in agreement with the data reported in the literature [31].

Synthesis of N, N’-di-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-1,2,3-triazol-4-ylmethyl
amide)-N”-(2-4-((2-(2-(2-(4-methylbenzenesulfonate)ethoxy)ethoxy)ethoxy) methyl)-1H-
1,2,3-triazol-1-yl)acetamido)-5-aminobenzene-1,3-dicarboxamide (11)

Copper sulphate pentahydrate (20 mg) and sodium ascorbate (40 mg) were added to a
solution 8 (0.516 g, 0.476 mmol) and 10 (0.163 g, 0.476 mmol) in CH3CN/H2O (4 mL/2 mL).
The reaction was allowed to stir in the MW at 100 ◦C until deemed complete by TLC
analysis (15 min). The solvent was removed in vacuo. The residue was dissolved in DCM
(30 mL), washed with brine (20 mL × 3), and dried (MgSO4). The mixture was filtered
and the solvent was removed in vacuo to yield the crude product, which was purified
by silica gel column chromatography (DCM:MeOH 98:2–95:5) to give the pure product
11 as a yellow solid (0.307 g, 74%). Rf = 0.45 (DCM:MeOH 9:1). [α]22

D -5 (c 1, DCM). 1H
NMR (500 MHz, CDCl3) δ 9.82 (s, 1H, NHCH2N3), 8.16 (s, 2H, NHCH2CCH), 7.97 (s, 2H,
CH-triaz), 7.84 (appd, J = 2.8 Hz, 3H, Ar-H × 2 and CH-triaz), 7.76 (s, 1H, Ar-H), 7.69 (d,
J = 8.3 Hz, 2H, Ar-H of OTs), 7.26 (d, J = 8.1 Hz, 2H, Ar-H of OTs), 5.89 (d, J = 9.2 Hz, 2H,
H-1), 5.60 (t, J = 9.7 Hz, 2H, H-2) 5.50 (d, J = 2.9 Hz, 2H, H-4), 5.26 (dd, J = 10.3, 3.3 Hz,
2H, H-3), 5.21 (s, 2H, CH2), 4.67–4.55 (m, 6H, CH2-triaz and CH2CN3), 4.28 (t, J = 6.6 Hz,
2H, H-5), 4.11 (qd, J = 11.5, 6.6 Hz, 2H, H-6 and H-6′), 4.06–4.04 (m, 2H, CH2), 3.65–3.59
(m, 2H, CH2), 3.58–3.54 (m, 4H, CH2 × 2), 3.48 (s, 2H, CH2), 2.37 (s, 3H, CH3 of OTs), 2.14
(s, 6H, CH3 of OAc), 1.96 (s, 6H, CH3 of OAc), 1.95 (s, 6H, CH3 of OAc), 1.75 (s, 6H, CH3
of OAc). 13C NMR (125 MHz, CDCl3) δ 170.4 (CO of OAc), 170.1 (CO of OAc), 169.9 (CO
of OAc), 169.3 (CO of OAc), 166.6 (CONHCH2CCH), 164.5 (COCH2N3), 145.4 (C-triaz),
144.9 (Ar-C of OTs), 144.8 (CHCN3), 138.1 (Ar-C), 134.8 (Ar-C), 132.7 (Ar-C of OTs), 129.9
(Ar-CH of OTs), 127.9 (Ar-CH of OTs), 125.3 (CHCN3), 121.9 (CH-triaz), 121.6 (Ar-CH),
121.3 (Ar-CH), 86.0 (C-1), 73.8 (C-5), 70.9 (C-3), 70.5 (CH2), 70.4 (CH2), 70.3 (CH2), 69.7
(CH2), 69.4 (CH2), 68.6 (CH2), 68.0 (C-2), 66.9 (C-4), 64.3 (NHCOCH2N3), 61.1 (C-6), 52.8
(CH2), 35.4 (CH2-triaz), 21.6 (CH3 of OAc), 20.6 (CH3 of OAc), 20.5 (CH3 of OAc), 20.2 (CH3
of OAc). IR (film on NaCl): 3344, 3091, 2939, 1754, 1657, 1599, 1535, 1448, 1370, 1223, 1176,
1095, 1054, 924 cm−1. HRMS (ESI+): m/z calculated for C60H74N12O27S + Na+ [M+Na+]:
1449.4405, found 1449.4332.

Synthesis of N,N’-di-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl-1,2,3-triazol-4-
ylmethylamide)-N”-(2-4-((2-(2-(2-azidoethoxy)ethoxy)ethoxy)methyl)-1H-1,2,3-triazol-1-
yl)acetamido)-5-aminobenzene-1,3-dicarboxamide (12)

Compound 11 (183 mg, 0.128 mmol) and NaN3 (17 mg, 0.256 mmol) were dissolved
in anhydrous DMF (10 mL) and heated to 80 ◦C. The reaction mixture was allowed to
stir for 16 h. The solvent was removed in vacuo, and the resulting residue was dissolved
in DCM (20 mL) and was washed with brine (20 mL × 3). The organic phase was dried
(MgSO4) and the solvent was removed in vacuo to obtain the pure product 12 without
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further purification as a yellow solid (167 g, 100%). Rf = 0.42 (DCM:MeOH 9:1). [α]22
D -3 (c 1,

DCM). 1H NMR (500 MHz, CDCl3) δ 9.79 (s, 1H, NHCH2N3), 8.13 (s, 2H, NHCH2-triaz),
7.94 (s, 2H, CH-triaz), 7.82 (s, 1H, CH-triaz), 7.77 (s, 2H, Ar-H), 7.70 (s, 1H, Ar-H), 5.85 (d,
J = 9.2 Hz, 2H, H-1), 5.57 (t, J = 9.8 Hz, 2H, H-2), 5.47 (d, J = 2.7 Hz, 2H, H-4), 5.25–5.15 (m,
4H, H-3 and CH2), 4.66–4.48 (m, 6H, CH2-triaz × 3), 4.24 (t, J = 6.3 Hz, 2H, H-5), 4.13–4.04
(m, 4H, H-6 and H-6′), 3.67–3.47 (m, 8H, CH2 × 4), 3.27–3.24 (m, 2H, CH2), 2.12 (s, 6H, CH3
of OAc), 1.94 (s, 6H, CH3 of OAc), 1.93 (s, 6H, CH3 of OAc), 1.73 (s, 6H, CH3 of OAc). 13C
NMR (125 MHz, CDCl3) δ 170.5 (CO of OAc), 170.2 (CO of OAc), 170.0 (CO of OAc), 169.4
(CO of OAc), 166.7 (CONHCH2-triaz), 164.5 (COCH2N3), 145.6 (C-triaz), 145.0 (CHCN3),
134.9 (Ar-C), 125.4 (CHCN3), 121.9 (CH-triaz), 121.7 (Ar-CH), 121.3 (Ar-CH), 86.2 (C-1),
74.0 (C-5), 71.0 (C-3), 70.6 (CH2 × 2), 70.0 (CH2), 69.9 (CH2), 68.1 (C-2), 67.0 (C-4), 64.5
(NHCOCH2N3), 61.2 (C-6), 50.7 (CH2), 35.5 (CH2-triaz), 20.7 (CH3 of OAc × 2), 20.6 (CH3
of OAc), 20.4 (CH3 of OAc). IR (film on NaCl): 3335, 3088, 2924, 2109, 1754, 1658, 1600,
1534, 1447, 1370, 1222, 1054, 924 cm−1. HRMS (ESI+): m/z calculated for C53H67N15O24 +
Na+ [M+Na+]: 1320.4381, found 1320.4375.

Synthesis of tert-butyl-(4,8,12,16-tetra-aza)(5,9,13,17-tetra-oxo)(4,8,12,16-tetra-N-propargyl)
octadeconoate (2)

The method outlined by Faure, Taillefumier and coworkers was adapted to synthesise
the tetrameric propargylated scaffold [25]. The secondary amine was then acetylated using
the following procedure:

Tetrameric propargylated scaffold (0.490 g, 0.96 mmol) was dissolved in DCM (20 mL).
Acetic anhydride (0.91 mL, 9.6 mmol) was added to the solution. The reaction mixture was
allowed to stir for 6 h at rt and was concentrated under reduced pressure. The crude mixture
was dissolved in ethyl acetate (20 mL) and was washed with sat NaHCO3 (20 mL × 2) and
brine (20 mL × 2). The organic layer was dried (MgSO4), filtered and then concentrated in
vacuo. The crude product was purified by silica gel column chromatography (DCM:MeOH
9:1) to give the pure product as a pale-yellow oil (515 mg, 97%). 1H NMR (500 MHz, CDCl3)
δ 4.24–4.06 (m, 8H), 3.83–3.70 (m, 3H), 3.72–3.60 (m, 5H), 2.91–2.68 (m, 6H), 2.55 (m, 2H),
2.37–2.23 (m, 2H), 2.24–2.10 (m, 4H), 1.43 (s, 9H, C(CH3)3). 13C NMR (125 MHz, CDCl3)
δ 171.5, 171.2, 170.9, 170.1, 81.7, 81.6, 81.4, 80.9, 78.9, 78.9, 78.6, 72.9, 72.8, 72.6, 72.5, 72.5,
72.1, 71.9, 71.7, 44.4, 44.2, 43.9, 43.7, 43.6, 43.5, 43.0, 42.8, 39.8, 39.1, 39.0, 38.9, 38.6, 38.4,
34.8, 34.5, 34.4, 34.3, 34.1, 32.2, 31.8, 29.7, 28.1, 21.8, 21.5. HRMS (ESI+): m/z calculated for
C30H40N4O6 + H+ [M+H+]:553.3026, found 553.3015. 1H NMR and 13C NMR spectroscopic
data corresponded to that found in the literature [25].

Synthesis of Acetylated Tetravalent β-Peptoid Glycocluster (13)

Copper sulphate pentahydrate (40 mg) and sodium ascorbate (80 mg) were added to
a solution of 10 (30 mg, 0.0231 mmol) and 14 (13 mg, 0.0231 mmol) in CH3CN/H2O (4 mL/
2 mL). The reaction was allowed to stir in the MW at 100 ◦C for 10 min × 2. The solvent
was removed in vacuo. The residue was dissolved in DCM (30 mL), washed with brine
(20 mL × 3), and dried (MgSO4). The mixture was filtered and the solvent was removed in
vacuo to yield the crude product, which was purified by silica gel column chromatography
(DCM:MeOH 98:2–95:5) to give the pure product 13 as a yellow sticky solid (77 mg, 58%).
Rf = 0.48 (DCM:MeOH 9:1). [α]24

D -7 (c 1, DCM). 1H NMR (500 MHz, CDCl3) δ 10.08 (s,
4H, NHCOCH2N3), 8.56–7.59 (m, 36H, NHCH2CCH × 8, CH2CCH × 16 and Ar-H × 12),
5.91 (s, 8H, H-1), 5.63 (t, J = 10.2 Hz, 8H, H-2), 5.53 (s, 8H, H-4), 5.28 (d, J = 10.2 Hz, 16H,
H-3 and CH2 × 4), 4.80–4.39 (m, 6H, CH2-triaz, CH2′s), 4.38–4.05 (m, H, H-5 and H-6,
CH2′s), 3.86–3.31 (m, 13H, CH2′s), 3.11–2.31 (m, 4H, CH2′s), 2.18 (s, 7H, OAc and NAc),
1.99 (s, 15H, OAc), 1.79 (s, 6H, OAc), 1.43 (s, 3H, tert-butyl). 13C NMR (125 MHz, CDCl3) δ
170.59, 170.35, 170.09, 122.1, 121.6, 120.7, 86.3 (C-1), 74.1 (C-5), 71.1 (C-3), 71.0 (CH2), 70.7
(CH2), 70.6 (CH2), 70.5 (CH2), 69.8 (CH2), 69.3 (CH2), 68.2 (C-2), 67.1 (C-4), 64.7 (CH2), 61.3
(C-6), 52.9 (CH2), 50.3 (CH2), 44.2 (CH2), 43.5 (CH2), 43.2 (CH2), 42.8 (CH2), 40.0 (CH2),
39.8 (CH2), 38.7 (CH2), 35.5 (CH2-triaz), 34.3 (CH2), 33.8 (CH2), 32.1 (CH2), 29.89, 28.3
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(C(CH3)), 21.7 (CH3 of NHAc), 20.84 (CH3 of OAc), 20.72 (CH3 of OAc), 20.45 (CH3 of
OAc), 1.21. IR (film on NaCl): 3392, 2927, 1753, 1647, 1536, 1448, 1370, 1223, 1092, 1060, 923,
732 cm−1. MALDI-TOF-MS [M+H]+: m/z calculated for C242H309N64O102 +H+: 5744.104,
found 5744.346.

Synthesis of Tetravalent β-Peptoid Glycocluster (3)

Compound 13 (70 mg, 0.0122 mmol) was dissolved in methanol/H2O (4 mL, 2 mL).
NEt3 (0.1 mL) was added, and the reaction mixture was allowed to stir at 45 ◦C for 6 h.
The solution was cooled, Amberlite H+ was added and the mixture was allowed to stir for
30 min. The solution was filtered, and the solvent was removed in vacuo. Excess NEt3 was
removed using the Schlenk line. The product was freeze-dried overnight to yield the pure
product 3 as a white fluffy solid (44 mg, 82%). 1H NMR (500 MHz, D2O) δ 8.62–7.72 (m,
28H, Ar-H and triaz-H), 5.69 (s, 10H, H-1 and CH2s), 5.47 (s, 6H, CH2s), 4.74–4.44 (m, 24H,
CH2-triaz and CH2s), 4.22 (s, 14H, H-2 and CH2s), 4.11 (d, J = 20.3 Hz, 14H, H-4 and CH2s),
3.99 (s, 8H, H-5), 3.88 (d, J = 9.8 Hz, 14H, H-3 and CH2s), 3.84–3.36 (m, 60H, H-6, H-6′ and
CH2s), 2.99–2.31 (m, 24H, CH2s), 1.99–1.86 (m, 3H CH3). 13C NMR (125 MHz, DMSO) δ
171.1, 170.9, 166.1, 166.0, 165.1, 162.8, 145.5, 144.3, 139.1, 135.6, 126.2, 124.0, 122.3, 121.7,
88.5, 78.9, 74.2, 70.2, 70.1, 70.0, 69.8, 69.5, 69.4, 69.1, 68.9, 63.9, 60.9, 60.7, 52.6, 49.9, 49.8, 45.9,
40.5, 40.4, 40.2, 40.0, 39.9, 39.7, 39.5, 36.3, 35.4, 31.3, 28.2, 9.1. IR (ATR): 3301, 2925, 1650,
1540, 1443, 1388, 1253, 1092, 1055, 891 cm−1. MALDI-TOF-MS [M+H]+: m/z calculated for
C242H309N64O102 +Na+: 4422.7465, found 4422.807.

Synthesis of 2,6,10,14-tetraoxo-3,7,11,15-tetrakis((1-(2,3,4,6-tetra-O-acetyl-β-D-galactopyranosyl
-1H-1,2,3-triazol-4-yl)methyl)-3,7,11,15-tetraazaoctadecan-18-oic acid (14)

Copper sulphate pentahydrate (40 mg) and sodium ascorbate (80 mg) were added to a
solution of per-acetylated-1-β-azido galactose [28] (567 mg, 1.520 mmol) and 2 [25] (200 mg,
0.362 mmol) in CH3CN/H2O (4 mL/2 mL). The reaction was stirred in the MW at 100 ◦C
for 20 min (10 min × 2). The solvent was removed in vacuo. The residue was dissolved
in DCM (30 mL), washed with brine (20 mL × 3), and dried (MgSO4). The mixture was
filtered and the solvent was removed in vacuo to yield the crude product, which was
purified by silica gel column chromatography (DCM:MeOH 98:2–95:5) to give the pure
product 14 as a yellow sticky solid (503 mg, 68%). Rf = 0.47 (DCM:MeOH 9:1). [α]27

D -4.71
(c 0.85, DCM). 1H NMR (500 MHz, CDCl3) δ 7.98–7.77 (m, 4H, triaz-H), 5.98–5.74 (m, 4H,
H-1), 5.59–5.42 (m, 8H, H-2 and H-4), 5.37–5.18 (m, 4H, H-3), 4.81–4.49 (m, 8H, CH2 × 4),
4.35–4.08 (m, 12H, H-5, H-6 and H-6′), 3.83–3.53 (m, 8H, CH2 × 4), 3.02–2.68 (m, 6H, CH2
× 3), 2.65–2.47 (m, 2H, CH2), 2.27–2.21 (m, 12H, OAc), 2.20–2.15 (m, 3H, NAc), 2.06–1.98
(m, 24H, OAc), 1.92–1.80 (m, 12H, OAc), 1.47–1.40 (m, 9H, C(CH3)3). 13C NMR (125 MHz,
CDCl3) δ 171.3, 170.3, 170.1, 169.8, 168.8, 144.8, 144.6, 122.3, 122.2, 86.3, 77.3, 77.0, 76.8, 74.0,
70.8, 68.0, 66.8, 61.1, 45.2, 44.2, 40.8, 34.6, 31.9, 31.8, 28.1, 22.0, 21.5, 20.7, 20.6, 20.5, 20.2. IR
(ATR): 2938, 1746, 1638, 1423, 1368, 1211, 1157, 1091, 1044, 952, 922, 841, 733 cm−1. HRMS
(ESI+): m/z calculated for C86H116N16O42 + Na+ [M+Na+]: 2067.7331, found 2067.7223.

Synthesis of 2,6,10,14-tetraoxo-3,7,11,15-tetrakis((1-(β-D-galactopyranosyl-1H-1,2,3-triazol-
4-yl)methyl)-3,7,11,15-tetraazaoctadecan-18-oic acid (15)

Compound 14 (452 mg, 0.221 mmol) was dissolved in methanol/H2O (4 mL, 2 mL).
NEt3 (0.1 mL) was added, and the reaction mixture was allowed to stir at 45 ◦C for 6 h.
The solution was cooled, Amberlite H+ was added and the mixture was allowed to stir
for 30 min. The solution was filtered, and the solvent was removed in vacuo. Excess NEt3
was removed using the Schlenk line. The product was freeze-dried overnight to yield the
pure product 15 as a white fluffy solid (267 mg, 92%). [α]24

D +14.0 (c 0.5, H2O). 1H NMR
(500 MHz, D2O) δ 8.23–8.16 (m, 2H), 8.08 (s, 2H), 5.64–5.54 (m, 4H, H-1), 4.65–4.42 (m,
8H, CH2-triaz and CH2), 4.19–4.06 (m, 4H, H-2), 4.01 (appdd, J = 5.2, 3.2 Hz, 4H, H-4),
3.97–3.86 (m, 4H, H-5), 3.85–3.76 (m, 4H, H-3), 3.75–3.61 (m, 12H, H-6, H-6′ and CH2 × 2),
3.58–3.51 (m, 4H), 2.80–2.46 (m, 8H, CH2 × 4), 2.13–2.04 (m, 1H), 1.16 (s, 3H, CH3). 13C
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NMR (126 MHz, DMSO) δ 173.1, 170.5, 170.3, 144.6, 122.5, 122.3, 88.6, 88.5, 78.9, 75.6, 74.2,
69.9, 68.9, 60.9, 58.6, 45.7, 44.7, 43.8, 43.0, 42.9, 39.9, 22.1, 21.7, 9.0. IR (film on NaCl): 3299,
2916, 1719, 1620, 1451, 1421, 1365, 1224, 1087, 1053, 885 cm−1. HRMS (ESI+): m/z calculated
for C50H76N16O26 + Na+ [M+Na+]: 1339.5014, found 1339.5032.

3.2. Biological Evaluation

Fungal Strain: C. albicans (clinical isolate from a corneal infection) was maintained on
sabouraud dextrose agar and cultures were grow to the stationary phase (1–2 × 108 cells/mL)
overnight in YEPD broth (1% (w/v) yeast extract, 2% (w/v) bacteriological peptone, 2% (w/v)
glucose) at 30 ◦C and 200 rpm. Stationary phase yeast cells were harvested, washed with
PBS and resuspended at a density of 1 × 108 cells/mL in PBS.

Buccal epithelial cells: Buccal epithelial cells (BECs) were harvested from healthy volun-
teers by gently scraping the inside of the cheek with a sterile tongue depressor. Cells were
washed in PBS and resuspended at a density of 5 × 105 cells/mL.

Adherence assays: Yeast cells were mixed with BECs in a ratio of 50:1 in a final volume
of 2 mL and incubated at 30 ◦C and 200 rpm for 90 min. The BEC/yeast cell mixture was
harvested by passing through a polycarbonate membrane containing 30 μm pores which
trapped the BECs but allowed unattached yeast cells to pass through. This was washed ×2
with 10 mL PBS and cells remaining on the membrane were collected and placed on glass
slides which were left to air-dry overnight. The cells were heat fixed and stained using 0.5%
(w/v) crystal violet, rinsed using cold water to remove any surplus stain and left to air-dry
for 30 min. The number of C. albicans cells adhering to a sample of 200 BECs per treatment
was assessed microscopically. In the exclusion assay, the yeast cells or BECs were incubated
for 90 min in the presence of each compound at the given concentration. After this time,
the cells were harvested and washed twice with PBS before being resuspended in 1 mL
PBS before being mixed with BECs or yeast cells (as described). In the competition assay
format yeast cells, BECs and compound (at the given concentration) were co-incubated for
90 min prior to harvesting.

Statistics: All experiments were performed on three independent occasions. In each
assay, the number of yeast cells adhering to 200 randomly chosen BECs was determined.
Results are mean ± SEM.

4. Conclusions

In summary, we report the synthesis of a multivalent display of divalent galactoside
1, a potent inhibitor of the adhesion of C. albicans to BECSs. Glycoconjugate 3 was built
upon a linear peptoid scaffold, to access distinct spatial presentations of the recognition
motifs provided by lead compound 1. This compound, together with control compound 15,
were successfully synthesised using a series of sequential CuAAC reactions. The ability of
these compounds to inhibit adhesion of C. albicans to BECs was then evaluated. Although
multivalent presentations of carbohydrate epitopes are commonly used to increase their
biological activity, we did not observe this effect for the compounds studied herein. In
fact, the exclusion assays indicated that the multivalent glycoconjugates did not bind
effectively to C. albicans cell wall, in contrast to their parent compound 1. Since the
fungal target for lead compound 1 is not known, the results highlight the importance
of detailed structural knowledge of the target proteins when considering the design of
multivalent presentation. Interestingly, the inhibition of C. albicans adhesion observed for
the compounds in this study is then likely due to interactions with BECs. Further studies
are currently underway in our laboratory to establish if these are specific interactions
and to optimize structural parameters, as this could extend the scope of activity of these
compounds to other pathogens in the oral cavity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10050572/s1; it includes spectroscopic data for the synthetic compounds de-
scribed herein.
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