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Abstract: The Candida species cell wall plays a pivotal role as a structural and functional
barrier against external aggressors and as an intermediary in host-pathogen interactions.
Candida species exhibit unique adaptations in their cell wall composition, with varying
proportions of chitin, mannans, and (3-glucans influenced by the environmental conditions
and the morphological states. These components not only maintain cellular viability
under osmotic, thermal, and chemical stress, but also serve as the key targets for novel
antifungal strategies. MAPK signaling pathways, like the cell wall integrity pathway
and the high-osmolarity glycerol pathway, play a crucial role in responding to cell wall
stressors. Due to the rise of antifungal resistance and its clinical challenges, there is a
need to identify new antifungal targets. This review discusses the recent advances in
understanding the mechanisms underlying cell wall integrity, their impact on antifungal
resistance and virulence, and their potential as therapeutic targets of C. albicans, N. glabratus,
and C. auris.

Keywords: Candida; cell wall; therapeutic targets; Candida albicans; Nakaseomyces glabratus;
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1. Introduction

Candidiasis refers to a variety of infections caused by different Candida species, includ-
ing the mucosal, cutaneous, and invasive forms. Invasive candidiasis is mainly linked to
Candida albicans [1], followed by Nakaseomyces glabratus (known before as Candida glabrata),
C. krusei, C. tropicalis, and C. parapsilosis, accounting for over 90% of cases [2]. The risk
factors for invasive Candida infections include the use of broad-spectrum antibiotics, blood
transfusion, central venous catheters, mechanical ventilation, parenteral nutrition, and
HIV infection [3]. Azoles are the most commonly used antifungal agents for managing
candidiasis due to their low-level toxicity and broad spectrum of action [4]. Addition-
ally, caspofungin (CAS), an echinocandin derivative, is recommended as the first-line
treatment for candidiasis [5]. However, in Intensive Care Units, Candida infections can
be challenging due to the emergence of antifungal-resistant strains [6]. Candida species
develop antifungal resistance through various mechanisms, such as mutations or a high
number of copies in the genes involved in ergosterol (ERG11) and (3-glucan synthesis (FKS1
and FKS2) [7]. The overexpression of efflux pump genes (CDR1, CDR2, SNQ2, and PDR6)
and transcription factors (Mrrlp and Taclp) also contributes to resistance [8]. Additionally,
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the overexpression of MKC1, an ortholog of S. cerevisiae SLT2, encoding a serine/threonine
mitogen-activated protein kinase (MAPK), has been identified in azole-resistant C. tropicalis
isolates [9], playing a role in the cell wall integrity (CWI) pathway [10].

Most of the fungal cell walls are bilayered structures, with an inner layer composed
of glucan and chitin and an outer layer rich in glycoproteins, with embedded proteins
in both the layers [11]. This structure is essential for fungal survival, making it a target
for antifungal therapy against Candida spp. [12]. Cell wall disruption triggers signaling
cascades, particularly the CWI pathway. Some studies have shown that disrupting the
CWI pathway genes and other CWI-related genes increases the susceptibility to antifungals
and cell wall-perturbing agents, such as CAS, zymolyase, and calcofluor white. However,
the effects may vary among Candida species and yeast genera. Thus, identifying new
therapeutic targets in signaling cascades is a promising approach, targeting the downstream
effectors, gene regulation, or translation regulation at different levels. This review discusses
recent research on CWI-related pathways, the methods used in these studies, and their
potential clinical implications for the development of new therapeutic strategies, specifically
focusing on Candida albicans, Nakaseomyces glabratus, and Candida auris.

2. The Yeast Cell Wall: Function, Composition, Structure,
and Biosynthesis

The yeast cell wall is located outside the plasma membrane and plays a crucial role in
the cell’s interactions with the environment [13]. It confers protection against physical and
osmotic stress, maintains cell membrane integrity throughout the cell cycle, and regulates
the intracellular turgor and cell shapes [14]. The outer layer of the cell wall is composed of N-
and O-linked mannoproteins connected to the inner layer by glycosylphosphatidylinositol
(GPI) anchors and (3-1,6-glucan linkages [15-17]. The inner layer of the cell wall contains
-glucan and chitin. Approximately 83% of glucan is (3-1,3-glucan, while the remaining
portion consists of 3-1,6-glucans that play a key role in cross-linking 3-1,3-glucans [18] and
binding cell wall proteins (CWPs) to the 3-1,3-glucan—chitin skeleton via GPI anchors [19],
or through an alkali-sensitive linkage (non-GPI CWP or Pir-CWP) [20]. Chitin is a linear
polymer of 3-1,4-N-acetylglucosamine (GlcNAc) and accounts for 1-2% of the cell wall
dry weight in yeast but can reach 7-15% in filamentous fungi [21]. Most of the Candida
cell wall models consider a layered arrangement with chitin closest to the cell membrane,
followed by a layer of 3-glucan and mannosylated proteins attached to 3-1,3-glucan via
(3-1,6-glucan linkages forming an outer layer [11]. Another proposed model suggests that
-glucan and chitin form intrachain hydrogen bonds and assemble into microfibrils that
form a basket-like scaffold [11]. Interestingly, the C. albicans chitin content varies depending
on its morphological phase, with hyphae containing up to three times more chitin than the
yeast form [22]. However, the profile of the components in the cell wall may also differ
among Candida species, such as the deposition of chitosan in C. dubliniensis chlamydospores
due to a conserved pathway [19]. In addition, it has been proposed that the 3-glucan
chains in C. albicans yeasts extend into the mannan layer [11], but also glucan exists in
macromolecular complexes with glycogen in C. albicans and other Candida species [23].
Furthermore, C. albicans can modulate the exposure of (3-1,3-glucan under nutritional stress
and during an immune response [24]. Interestingly, the thickness of the yeast cell wall can
vary under different growth conditions. In C. albicans grown in a YEPD medium, it was
observed that the thickness of the inner cell wall is not solely determined by (3-1,3-glucan
and chitin, but also by the CWPs. The way CWPs are linked to 3-1,3-glucan and chitin,
as well as the remodeling of these linkages and space-filling relationships, may play a
role in determining inner wall thickness [11]. In contrast, the analysis of the composition
and thickness of C. auris and C. albicans cell walls revealed differences in the inner and
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outer cell wall components that can lead to structural variations. C. albicans exhibited more
deposition of 3-glucan compared to C. auris, while C. auris showed a higher content of
mannans than C. albicans. As a result, C. auris has a thicker outer cell wall, but a thinner
inner cell wall compared to those of C. albicans, possibly due to the differences in -glucan
deposition [25]. Nuclear magnetic resonance (NMR) revealed that the mobile fraction of the
cell wall, which includes mannans and 3-1,6-glucan, is slightly different when comparing
C. auris and C. albicans since the former showed more signals of mobile molecules [26].
Moreover, in C. auris, glucan has been found in a complex with glycogen, unlike C. albicans
hyphae [23]. Additionally, C. auris exhibit higher levels of chitin compared to other Candida
species [27]. Regarding N. glabratus, it has been observed that the mannan structures may
vary strongly among strains on the length and structure of the side chains for both N- and
O-linked mannans [28]. Intriguingly, glucan is not found in complexes with glycogen,
unlike C. albicans and C. auris [23]. It is worth noting that the 3-1,3-glucan amount may
vary depending on the azole resistance phenotype. Azole-resistant strains exhibit lower
levels of this molecule [29], which is associated with the upregulation of glucanases. C.
albicans express these proteins when interacting with phagocytic cells, and this correlates
with the enhanced fungal colonization of the gastrointestinal tract [24]. In addition, the
analysis of cell wall components across C. albicans, C. tropicalis, and C. guilliermondii has
shown similar levels of chitin and glucan for these species [27]. In contrast, N. glabratus has
shown a lesser content of chitin compared with those of C. albicans and C. tropicalis [30].
The cell wall proteins are a diverse group with structural and functional roles. GPI-
anchored proteins are a major class of cell wall proteins. They are linked to the plasma
membrane via a GPI anchor added to the protein in the endoplasmic reticulum. Also,
they are covalently linked to (3-1,6-glucan [31]. The analysis of 45 C. albicans GPI-anchored
proteins revealed the wide functional role of these proteins in cell wall integrity, antifungal
susceptibility, biosynthesis, and the assembly or remodeling of cell wall components [31].
Also, the recombinant GPI-anchored proteins Sap9 and Sap10, which possess aspartic pro-
tease activity, were used to cleave the GPI-CWPs of C. albicans, identifying Cht2 (chitinase
activity during filamentous growth), Ecm33 (cell wall integrity), Pga4 (transglucosidase),
and Rhd3 (unknown function; contributes to virulence) [20]. C. auris possesses several
homologs of GPI-CWP families with similar functions as those mentioned above. It is
interesting that Flo5 showed minimal sequence similarity with the S. cerevisiae flocculins
Flol, 5, 9, and 10, but structural similarities were found between those proteins. The
homologs of other GPI-CWPs with adhesin function (Als-like adhesins, Iff/Hyr adhesins,
and Flo11/Rbtl adhesins) were found in C. auris, and also in C. albicans, C. parapsilosis, and
C. tropicalis [32]. Contrasting with other Candida species, the N. glabratus genome encodes
around 67 GPI-anchored proteins [33]. The SRP1/TIP1 gene family was upregulated in vivo,
and those aspartyl proteases process Epal, a GPI-anchored adhesin, favoring fungal burden.
The deletion of all six SRP1/TIP1 gene family decreased the amount of Epal in the cell wall,
attenuating virulence and adherence to the epithelial cells [34]. Regarding Pir proteins
(proteins with internal repeats), which can bind to 3-1,3-glucan directly, unlike GPI-CWPs,
only two genes have been annotated in C. albicans, PIR1 and PIR32 [35]. PIR1 has two
alleles encoding Pirl. The mutated versions of the Saccharomyces cerevisiae ortholog Pir4
have shown that Pir-specific internal repeats are important for its covalent attachment to
wall carbohydrates [36]. Intriguingly, six distinct PCR patterns of the internal repeat have
been identified in C. albicans PIR1 alleles [35]. However, bioinformatic approaches revealed
nine additional proteins sharing a conserved Pir motif in this yeast [35]. In C. auris, two
canonical Pir preproteins (Pirl and Pir10) were found, along with Pir32. Nonetheless, since
the Pir32 paralogue does not contain Pir repeats, it is more likely to be a secreted pro-
tein [32]. Exposure to echinocandins leads to changes in the cell wall architecture, and the
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CWP profile is not exempt to changes. In N. glabratus, it was observed that Pir5 displayed
decreased abundance in response to CAS exposure as part of a compensatory mechanism
activated by the CWI pathway, leading to an increase in chitin or mannan production [37].
The other proteins involved in the cell wall architecture and function are the moonlighting
proteins. A moonlighting protein is a single polypeptide with an evolutionary conserved
function, but performs extra and unrelated functions via unexpected interactions with
non-canonical targets. These functions can even be different, depending on the substrate
concentration, the oligomerization state, or the complex with other proteins, often occurring
without structural changes in the moonlighting protein [38]. Intriguingly, moonlighting
functions cannot be predicted by homology, since they do not depend on conserved motifs
or domains [39]. Tsal (thiol-specific antioxidant-like protein) is a moonlighting protein with
functions in the hyphal surface of C. albicans; however, it is not found in yeasts. Although
this protein does not contribute to heat shock resistance or virulence, it is implicated in
response to oxidative stress and is located at the cytoplasm and nucleus in both hyphal and
yeast cells [40]. Recently, the C. auris cell wall proteome revealed an increased amount of
Tdh3 (glyceraldehyde-3-phosphate dehydrogenase) in biofilms when compared to that of
planktonic cells. Tdh3 is a moonlighting protein involved in glycolysis, oxidoreductase
activity, and host—-pathogen interaction. However, its role is yet to be discovered in this
emerging pathogen [41]. Tdh3 is also found, along with pyruvate decarboxylase (Pdc11)
and enolase (Enol), in N. glabratus, C. parapsilosis and C. tropicalis when cultured in media
simulating conditions of infection, suggesting an associated role in the pathology of these
fungi [42]. Together, these studies indicate that further research is necessary to understand
the specific roles of each cell wall component in the architecture of the Candida cell wall.
A proposed model of the cell wall architecture for C. albicans, C. auris, and N. glabratus is
depicted in Figure 1.
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Figure 1. Architecture of Candida species cell wall. Schematic representation of Candida yeast cell
wall, highlighting its layered structure and compositional variability among species. Outer layer
consists of mannoproteins linked via 3-1,6-glucan, while inner layer contains (3-1,3-glucan and chitin.
Proportion of these components varies depending on morphological states, environmental conditions,
and species-specific adaptations. C. albicans (A) exhibits more 3-glucan deposition, whereas C. auris
(B) has a thicker outer mannan layer, but reduced inner wall glucan. Both contain glucan-glycogen
complexes. N. glabratus (C) shows structural variations in N- and O-linked mannans and reduced
chitin levels. Differences in (3-1,3-glucan content are linked to antifungal resistance and immune
evasion strategies. Proteins that are not specified with color code in figure represent secreted aspartic
proteases, glucanases, and other related proteins. Moonlighting proteins are excluded from figure
because of their transient presence in cell wall.
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The biosynthesis of cell wall components occurs in various cell compartments. 3-1,3-
glucan is synthesized at the plasma membrane by glucan synthase. This protein complex
uses UDP-glucose as a substrate within the cell and releases (3-1,3-glucan to the cell wall
space. Once in the cell wall, it is remodeled by hydrolases and glycosyltransferases [43].

Chitin is synthesized by a group of enzymes known as chitin synthases. Fungal
chitin synthases are classified into two families, with three classes in the first family (chitin
synthase I, Il and, III) and four classes in the second family (chitin synthase IV, V, VI and,
VII). While the main product of chitin synthase is a homopolymer with a single linkage,
enzyme class VII can synthesize chitin fibrils with different architectures, possibly due to
variations in intrachain hydrogen bonding or folding [20]. In C. albicans, four genes encode
chitin synthases [19]. Among them, CHS1 encodes a chitin synthase from class II, which
is essential for cell viability [13]. Recently, it was demonstrated that the loss of Pho84, a
transporter of inorganic phosphate (Pi) in C. albicans, is related to the decrease in detectable
chitin in the cell wall. The restriction of Pi, produced by the absence of Pho84, disrupts the
synthesis of UDP-N-acetylglucosamine, the substrate of chitin synthases [44]. In C. auris,
PHO84 is upregulated when cells are cultured with human peripheral blood, thus being
implicated on the survival in the host [45]. This protein is also relevant for N. glabratus, as
up to 10% of genes regulated by Pho84 are implicated in cell wall organization [46].

Mannans are synthesized in the endoplasmic reticulum (ER) and Golgi complex by
mannosyltransferases, which glycosylate oligomannosyl residues using either Dol-P-Man
or GDP-mannose as substrate [19]. The other enzymes involved in mannoproteins synthesis
include glycosylhydrolases and transglycosidases. The majority of mannoproteins in the
cell wall are GPI-modified proteins, accounting for approximately 88% of the total [27].
The GPI anchor is preassembled in the ER, where GlcNAc-phosphatidylinositol undergoes
deacetylation, triple mannosylation, and decoration with 2-3 phosphoethanolamine groups
at the third mannose. The phosphoethanolamine then anchors to a protein with a GPI
anchor signal sequence in the ER lumen, resulting in the formation of a GPI-anchored
protein [47]. In C. albicans, two homologous mannosidases Dfg5 and Dcw1 were related
to the proper activity of the CWI pathway and pathogenesis [48]. In N. glabratus, this
protein may be related to similar functions through activation via the calcineurin signaling
pathway [49]. In addition to this, this mannosidase seems upregulated upon exposure to
CAS in C. auris. [50]. The effect of this glycoprotein on cell wall biogenesis is related to the
regulation of MAPKSs in Saccharomyces cerevisiae and C. albicans. In the latter, the lack of
Dfg5/Dcw1 correlates with low levels of gene expression related to the CWI pathway [48].

3. Pathways to Preserve Cell Wall Integrity

Due to its location and its vital role in interacting with the environment and hosts,
as well as mediating biological functions, such as morphology, permeability, and pro-
tection [51], the fungal cell wall is responsible for sensing and responding to different
types of stressor. To adapt to and survive external stimuli, yeasts utilize MAPKs as a
key mechanism. The MAPK signaling pathways encompass a cascade of three kinases
(MAPK kinase kinases [MAPKKK], MAPK kinases [MAPKK], and MAPK) that activate
transcription factors [52]. The CWI pathway is the primary MAPK-mediated pathway
responsible for cell wall reconstruction, widely described in the literature on S. cerevisiae and
C. albicans. Additionally, the other MAPK pathways such as the high-osmolarity glycerol
(HOG) pathway, Extracellular signal-Regulated Kinases 1/2 (ERK1/2) signaling cascade,
and the Cekl-mediated pathway also contribute to fine-tuning cell wall restoration [53].

The CWI pathway possesses membrane-spanning mechanosensors, such as Wscl,
Wsc2, Wsc3, Mid2, and Mtl1, with a nanospring-like extracellular region that extends into
the cell wall [52]. These receptors detect disturbances in the cell wall, triggering down-
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stream MAPK modules (Bck1, Mkk1/Mkk2, and Slt2) to initiate transcription machinery
for cell wall remodeling. Interestingly, the deletion of the BCK1, MKK1, and SLT2 genes in
S. cerevisiae results in viable cells, even in the absence of cell wall stress, suggesting that
the upstream MAPKSs (Pkcl) may activate other targets outside the CWI pathway [52].
Several research groups have conducted screenings and gene engineering to uncover the
interactions among the pathways involved in CWI and to identify new genes regulated by
these pathways. Some screening studies have identified cell wall-related mutants sensitive
to the K1 and K2 toxins, Congo red (CR), CAS, zymolyase, the freeze—-thaw cycle, and heat
stress [54]. In addition, C. albicans RAP1 deletion, which is involved in cell replication, has
been associated with changes in cell wall properties. The rapIA/A mutant strain exhibited
susceptibility to CR and calcofluor white (CFW), but less susceptibility to tunicamycin,
possibly due to increased cell wall mannan, chitin, and glucan contents, along with the
upregulation of CHS8, XOG1, and PHR1 expression. Furthermore, it was demonstrated
that RAP1 deletion led to increased Mkcl phosphorylation when compared to that of the
wild-type and the reintegrated strains [55].

New insights into the role of genes involved in the aromatic amino acid biosynthesis
have demonstrated that the upregulation of C. albicans ARO1 impacts CWI. The doxycycline
(DOX)-mediated silencing of ARO1 revealed increased susceptibility to CFW, CR, and
zymolyase, correlating with a reduced carbohydrate content. Interestingly, ARO1-silenced
strains showed CAS resistance, which was reversed upon DOX addition. Furthermore,
a decrease in the Mkcl phosphorylation level was observed when ARO1 was silenced,
suggesting a potential role in CAS resistance. Arol or its products may negatively regulate
B-glucan synthase. Alternatively, the decrease in the level of synthesis of aromatic amino
acids may induce (3-glucan synthase to increase resistance and survival against metabolic
deficiencies. Further research is needed to elucidate the exact mechanism by which Arol
influences CAS resistance and its potential role in the CWI pathway [56].

In addition, SSK1 (a two-component response regulator) and HOGI (MAPK) disrup-
tions in C. auris alter its membrane architecture and susceptibility to various cell-wall-
perturbing agents, such as amphotericin B (AMB), CAS, caffeine, and sodium dodecyl
sulfate (SDS). The relationship between the presence of Ssk1 and Hogl activation was
demonstrated, as SSK1 deletion led to the significant downregulation of Hog1 phosphoryla-
tion. This suggests that the interruption of gene expression involved in fungal biochemistry
activities may reveal an expanded network of proteins that activate enzymes to preserve
CWI during different fungal life stages [57].

Previous research has described the interplay between the CWI and HOG pathways.
Recent studies manipulating genes in both the signaling cascades have shown that Skol,
a transcription factor from the HOG pathway, is phosphorylated not only by Hog1, but
also by Rlm1, a CWI pathway transcription factor. This suggests that Skol regulation may
be independent of HOG pathway signaling. However, the mechanism by which Rlm1
activates Skol remains unclear [58]. Other pathways, such as the cAAMP-PKA signaling
pathway in C. auris, also play a role in CWI maintenance. In experiments with CFW
and CR, C. auris strains lacking TPK2 and CYR1 showed reduced growth, while a strain
lacking TPK1 showed increased growth. The deletion of BCY1 increased resistance to
CFW and CR. Tpk1 and Tpk2 promote the expression of genes involved in chitosan and
chitin biosynthesis, but TPK1 deletion did not affect the transcription of certain chitin
synthase genes (CHS4, 5, 7, and 8). The roles of TPK1 and TPK2 appear to be opposite,
and BCY1 deletion reduced the transcription levels of the same CHS genes. However, the
reason for the enhanced resistance to CFW and CR in the bcylA mutant strain is not yet
understood. Further exploration of the connections between the cAMP-PKA pathway and
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other pathways may provide insights into the role of this signaling pathway in maintaining
CWI[59].

The MAPKKSs are dual-specific protein kinases that phosphorylate and activate
MAPKs. The MAPKKSs Mkk1 and Mkk2 phosphorylate the T190 and Y192 residues within
the T-E-Y motif of the Slt2 activation loop. Another mechanism of SIt2 activation may be
driven by genotoxic stress, which induces DNA damage and activates SIt2 through the
proteasomal degradation of Msg5, a phosphatase specific for SIt2 [60]. Once the CWI or
HOG pathway phosphorylates their last upstream MAPK, SIt2 and Hogl, respectively,
these kinases activate the transcription factors involved in yeast cell wall remodeling
(Figure 2). In the CWI pathway, RIm1 is the main transcription factor. Gene expression in
eukaryotes involves chromatin remodeling to bind transcription factors. Sanz et al. (2022)
identified the essential genes using a reporter plasmid (MLP1p-MLP1-GFP) and uncovered
a broad transcriptional response mediated by the CWI pathway, including genes involved
in chromatin remodeling related to SIt2 phosphorylation [55]. SBF (Swi4/Swi6), another
CWI transcription factor, regulates the expression of a small group of genes, such as FKS2,
CHA1, YLR042C, and YKRO013W, and requires the interaction between activated SIt2 and
Mlp1 in association with the Polll and Paf1C to prevent premature termination by the
Sen1-Nrd1-Nab3 complex [61]. This observation suggests that Slt2, as well as Hogl, is
important both for the initiation and the elongation during the transcription of cell wall
genes (Figure 2) [62].

Osmostress Heat Genotoxic

stress

DNA

v
St2 [ damage

(in complex)

Hog1
(in complex)

Nucleosome
modifications

Respiratory chain
disruption

Figure 2. Regulation of CWI and HOG pathway gene expression under stress conditions. Schematic
representation of cellular mechanisms regulating expression of cell wall integrity (CWI) and high-
osmolarity glycerol (HOG) pathway genes under stress conditions. Figure illustrates how osmotic
stress, heat, and genotoxic stress activate key protein complexes containing Hogl or Slt2, leading to
formation of pre-initiation complex (PIC). Additionally, mitochondrial respiratory chain disruptions
and nucleosome modifications are depicted as contributing factors in gene regulation.

In C. albicans, the null mutants of the non-essential component Rsc4 and the novel
subunit Nril from the Remodels the Structure of Chromatin complex (RSC) exhibit sen-
sitivity to cell-wall-perturbing agents and osmotic stress [63]. It has been reported that
the chromatin remodeling complexes SWI/SNF and SAGA may bind to Rlm1 to regulate
the promoters of the CWI pathway genes. Nonetheless, the exact role of RIm1 and other
transcription factors in the activation of all screened CWI pathway-activated genes is not
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fully understood [64]. Similarly, in the HOG pathway, recent studies have shown that Spt20,
a protein from the SAGA complex in C. albicans, plays a structural and functional role. It
was observed that Spt20 does not induce Hog-dependent genes, such as HGT10, SKO1,
CAT1, and SLP3, in the presence of 1M NaCl in spt20A /A mutants. Additionally, reduced
levels of phosphorylated Hogl were observed in this mutant, indicating the importance
of Spt20 in the yeast response to osmotic stress [65]. Moreover, nucleosome composition
appears to be a key regulator of cell wall genes (Figure 2). It has been suggested that
the histones H3, H2, and H1 positively regulate RHO1, but downregulate ROM?2, genes
enconding a GTPase and a guanine nucleotide exchange factor, respectively [66]. Strains
lacking HTZ1, a gene encoding a protein involved in the histone exchange of H2A.Z for
histone H2A, demonstrate sensitivity to cell wall stress by CFW [67]. Genetic analysis
revealed that the histone residues H4-540 and T30 are phosphorylated in response to heat
and osmotic stress in S. cerevisiae [68]. In C. auris, the disruption of acetyltransferase Gen5
of the SAGA complex revealed its role in driven pathogenesis in mice and developing anti-
fungal resistance, positively mediating the efflux pump genes CDR1, SNQ1 and MDR1 and
genes related to cell wall homeostasis and resistance to CAS (FKS1, FKS2 and CASS5, respec-
tively) [69]. Intriguingly, the chromosomal rearrangements in C. auris display clade-specific
karyotypes, correlating with the different repertoires of surface proteins like adhesins and
other GPI-anchor proteins and modifications in the cell wall stress response of emerging
Candida species. In addition, N. glabratus lacking Snf2 from the SWI/SNF complex had a
higher level of expression of IL-1p during phagocytosis and the overexpression of surface
EPA1 adhesin and diminished proliferation in macrophages. Moreover, snf2A strain was
more sensitive to osmostress, a low pH, CR, fluconazole, among others [70]. In N. glabratus,
the deletion of genes involved in histone modification, such as ADA2, GCN5, and RPD3, in-
crease the susceptibility to antifungal stressors and reduce the virulence in infection models,
highlighting the importance of epigenetic regulation in pathogenicity [71]. Further research
is needed to elucidate the role of histone remodeling and chromosomal rearrangements.
The proteins involved in such processes could potentially serve as antifungal targets, as it
has been suggested for C. albicans and N. glabratus [66,71,72].

At the post-transcriptional level, several RNA-binding proteins (RBPs) can influence
the activity of genes involved in cell wall synthesis. In S. cerevisiae, Nab6 has been found
to bind to transcripts from SCW4, PIR1, and MRH1, among others, leading to positive
modulation in budding yeasts. In contrast, Mrnl plays the opposite role [73]. SSD1
encodes an RNA-binding protein that regulates the transcription of various CWPs. In
Candida albicans, the deletion of SSD1 resulted in increased sensitivity to cell wall stressors
and a slight sensitivity to heat stress, whereas N. glabratus lacking SSD1 did not show
increased sensitivity to either condition. Additionally, the deletion of SSD1 did not affect
the localization of Sun4, a cell wall glucanase [74]. This finding contrasts with another
study on N. glabratus, which reported that SSD1 deletion altered the localization or function
of Fks1, the catalytic subunit of 3-glucan synthase, while the Fks2 mRNA and translation
levels appeared to increase [75]. Altogether, these data suggest that these proteins are
regulated in a differential manner. However, the exact mechanisms of Nab6, Mrn1, and
Ssd1 in the regulation of transcripts remain unknown [73,75,76]. In S. cerevisiae, TPK1 is
upregulated under heat stress, and mRNA is assembled into discrete granules. However,
TPK1 translation is restored at 25 °C. The Tpkl protein may bind to the Cas5 promoter (a
CWI transcription factor) to downregulate the CWI pathway. These findings suggest there
is a TPK1 post-transcriptional modification that allows for the CWI pathway to be followed,
but at low temperatures, Tpk1 negatively regulates this pathway [77]. Additionally, C. auris
lacking TPK1 has shown increased growth under heat stress at various temperatures [60].
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The negative regulation of the CWI pathway also occurs at upstream levels through
post-translational modifications of proteins by phosphatases (Ptp2, Ptp3, Msg5, and Sdp1),
the ubiquitination of Pkcl, and the negative feedback of Rom2 by Slt2, ultimately modulat-
ing the transcription of the CWI pathway genes [62].

4. Adaptive Remodeling of Yeast Cell Walls Under Antifungal and
Environmental Stress

As mentioned earlier, stress on yeast cell walls can trigger highly regulated intracellular
signaling systems to enhance the structural resistance of the wall and cell viability in adverse
environments. Yeasts utilize various sensors embedded in the plasma membrane to detect
a wide range of stressors, such as antifungals, salinity, and nitrogen variations, among
others [78].

While the availability of antifungals is currently limited, in recent years, several
compounds, such as echinocandins, natural products, nucleosides, and synthetic molecules,
among others, have been proven to disrupt fungal cell walls, including those of Candida
species. These compounds target enzymes like 3-1,3-glucan synthase and (3-1,6-glucan
synthase, chitin synthase, chitinases, mannans, Gwtl, and GlcN-6-P synthase [79]. Exposure
to echinocandins can trigger Candida species to increase chitin expression in their cell
wall, leading to echinocandin tolerance. The development of resistance to various drugs,
including echinocandins, polyenes, and azoles, suggests the involvement of alternative
signaling networks that activate the stress response pathways. Upstream kinases like Pkcl,
Bkcl, and Mkcl, which are clients of Hsp90, can be targeted pharmacologically to enhance
antifungal therapy through synergistic effects. Inhibiting Hsp90 disrupts stress response
signaling cascades, making C. albicans more susceptible to antifungals [80]. Exploring
chaperone proteins in antifungal tolerance is intriguing, as targeting proteins in stress
response signaling pathways may result in phenotypic differences compared to the wild
type. For example, a Cryptococcus neoformans mutant lacking BKC1 showed no essential role
in activating the CWI response in cells exposed to CAS, with a similar minimum inhibitory
concentration to that of the wild-type cells [52,81]. Conversely, the deletion of the cell wall
maintenance genes SLT2, YPK2, SLG1, and YPS1 in N. glabratus increased susceptibility to
micafungin and CAS in vivo and in vitro [13]. In C. albicans, Hog1 does not appear to play
a significant role against micafungin, as a hog1A/A mutant did not exhibit growth defects
in the presence of this antifungal [82]. Therefore, targeting chaperone functions may be a
valuable approach due to variations in the antifungal resistance phenotypes. Interestingly,
poacic acid (PA), which binds to the (3-1,3-glucan network, can inhibit the activity of the cell
wall-remodeling enzymes Crh and Gas. However, the higher cell wall 3-1,3-glucan content
and the activation of the CWI pathway by PA may impact its antifungal activity [83].

Other cell-wall-perturbing conditions can activate signaling cascades. Water activity in
the environment (a measure of the availability of water in a substance for microbial growth,
chemical reactions, and enzymatic activity) is dynamic and can change constantly, leading
to variations in the osmolyte concentration between the environment and the yeast cells.
Osmoregulation is the process by which cells sense and counteract osmotic challenges, mak-
ing it crucial for cell survival [84]. Changes in osmolarity can negatively impact the growth
and viability of yeasts, causing cell shape rearrangements, such as shrinkage and the loss
of water [85]. To successfully regulate osmostress, yeasts rely on sensing and signaling
machinery whose response depends on the carbon source and concentration, resulting in
physiologically altered responses. The HOG pathway in S. cerevisiae is glucose-dependent
and essential to glycerol biosynthesis. Interestingly, glycerol accumulation in yeast cells
under hyperosmotic conditions can lead to cell wall disruption [86]. The HOG pathway ac-
tivation during osmostress occurs over several hours, while short-term (in seconds) volume
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alterations are regulated by other mechanisms involving aquaporins and yeast monovalent
transport systems [87]. The yeasts must stabilize their cell membrane in response to osmotic
stress. As a commensal organism, C. albicans must adapt to dehydrating conditions in
the large intestine, similar to conditions observed in glomeruli, where C. albicans become
pathogenic [88]. In C. albicans, the Hogl MAPK plays a critical role in lipid homeostasis un-
der NaCl osmostress conditions. A hogIA/A mutant in C. albicans accumulates intracellular
lipids, leading to decreased viability [88]. In addition, the Cryptococcus gattii HOGI null
mutant exhibits reduced growth in a medium supplemented with high concentrations of
NaCl and KCl, along with a decreased capsule, melanin production, and virulence [89]. In
C. auris hogl A mutants, the enrichment of mannans was observed, highlighting the role of
HOGT in cell wall remodeling in Candida species (Figure 2). Interestingly, HOGI deletion
resulted in different resistance profiles against AMB and CSF in C. auris. The AR384 isolate
was sensitive to AMB, while the AR389 and 1184 /P /15 strains showed increased basal
tolerance to AMB and CAS [58]. In contrast, C. albicans hoglA/A mutants showed increased
susceptibility to AMB [90]. Additionally, it was demonstrated that HOGI in N. glabratus is
required for iron homeostasis and gut epithelial adherence, regulating colonization in a
mouse gastrointestinal model [91].

Yeast adaptation to different host niches also involves proper mitochondrial func-
tion. The inhibition of single complexes of the respiratory chain in C. albicans correlates
with cell wall changes, exposing (3-glucans (Figure 2) and enhancing phagocytosis by
macrophages [92]. Some natural products are being tested to develop new antifungal
agents, such as naringin, a flavonoid that may induce the production of reactive oxygen
species in C. albicans, interfering with Ca?* signaling and leading to apoptosis [93]. Impor-
tantly, the loss of mitochondrial function in N. glabratus has been associated with increased
azole resistance and enhanced virulence in a murine infection model [94]. However, in
C. auris, mitochondrial dysfunction induced by pyrvinium pamoate (an FDA-approved
antiparasitic drug) led to an increase in the level of phagocytosis in vitro [95].

Nitrogen homeostasis plays a role in processes involving cell wall remodeling. The
Cek1-MAPK pathway can be activated by low-level nitrogen-derived stress, leading to
mycelium formation through the phosphorylation of the Chpl and Ace2 transcription
factors [96].

Yeasts also respond to physical forces, including compressive, tensile, shear, bending,
and torsion forces [97]. External forces can destabilize the growth machinery during
polarized growth. Mechanical stress is sensed by the Wsc receptor family [98]. When
pressure is applied to the cell wall, S. cerevisiae Wsc1 receptors cluster at the sites of force
application, recruiting downstream effectors of the CWI pathway [97]. During fungal
penetration to host tissues such as epithelial barriers, C. albicans hyphae resist compression
forces by depolarizing Rhol [99]. Further research is needed to understand the implications
of mechanical stress during tissue invasion by fungal pathogens. Altogether, these data
suggest that downstream effectors of the CWI pathway and the other pathways involved
in maintaining CWI may be potential targets at different stages of infection.

5. Experimental Approaches and Techniques in Studying Cell
Wall Integrity

Studying the changes in the cell wall caused by perturbing agents requires a wide
variety of techniques to elucidate structural and chemical modifications. This knowledge
can enhance our understanding of biology and host-pathogen interactions in yeasts, such as
those in the Candida genus. This section will explore current techniques used to investigate
CWI in yeasts, with a focus on the Candida species.
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5.1. Microscopy and Molecular Trafficking Methods

Recent studies using cryo-electron tomography and structural modeling have shown
that chitin in the C. albicans cell wall is not an isolated layer, but rather a scaffold between
mannans, glucans, and membrane or cell wall proteins [11]. In addition, this technique
has proven useful to reveal structural details of both the cell wall and ribosomes in C.
auris [100,101]. Also, it has been used for elucidating the structure of membrane proteins
in N. glabratus like (3-1,3-glucan synthase [102-104]. Cryo-electron tomography allows for
the 3D modeling of cellular structures, but it requires high-quality samples thinned to
<1 um and the use of fluorescence techniques to locate the region of interest. Additionally,
alignment errors can lead to the discarding of half of the tomograms [105].

Neeli-Venkata et al. (2021) utilized microchambers and Fluorescence Recovery After
Photobleaching (FRAP) to visualize the clustering of Wsc1 at the C. albicans membrane
and the topological localization of the downstream effectors of the CWI pathway under
mechanical stress conditions [97].

Recently, Raman spectroscopy exhibited a good performance in the diagnosis of C.
auris based on the unique spectral fingerprints of structural biopolymers, such as glucans,
chitin, and mannans. Intriguingly, C. auris Clade 1 showed two different fingerprints,
suggesting cell wall plasticity [106].

5.2. Molecular Biology Approaches

The deletion of genes implicated in maintaining CWI remains a powerful method for
characterizing the functional role of effectors. For instance, the deletion of C. albicans SPT20
through double homologous recombination was used to study the effects on null mutants
under osmotic stress [65]. Gene expression studies have provided insights into the targets of
key transcription factors using Chromatin Immunoprecipitation, followed by a sequencing
(ChIP-seq) methodology. For example, Marienela et al. (2020) utilized epitope-tagged
Sko1-V5 and RIm1-V5 to identify the spectrum of C. albicans genes regulated by these
factors in the HOG and CWI pathways, respectively [59]. Furthermore, studying cell wall
biosynthesis at the transcriptomic level involves the detection of protein-RNA interactions
in vivo. The cross-linking analysis of cDNAs (CRAC) entails UV cross-linking, protein
purification under denaturing conditions, partial RNA digestion, DNA library preparation,
and sequencing [107]. Using CRAC, Bresson et al. (2023) identified the regulatory role of
S. cerevisiaze Mrnl and Nab6 in cell wall synthesis [73]. These methods can help uncover
the genes activated by other transcription factors in the CWI pathway and other pathways
related to CWI, as well as how those genes are regulated at the post-transcriptional level.
Other techniques, such as Assay of Transposase Accessible Chromatin (ATAC-seq), can
provide information about transcription factor binding. Unlike ChIP-seq, ATAC-seq does
not require a high input of cells. Moreover, ChIP-seq is limited to acquiring information on
one transcription factor per assay and is dependent on the availability of antibodies [108].

In summary, the integration of advanced microscopy techniques with molecular
biology approaches provides a comprehensive view of the yeast cell wall structure and
the regulatory networks. This combined approach not only deepens our understanding of
cell wall integrity and its dynamic modifications in response to stress, but also sheds light
on the mechanisms underlying host—pathogen interactions in Candida species. Ultimately,
these insights are crucial for the development of innovative antifungal strategies and for
improving therapeutic outcomes against fungal infections.

6. Clinical Implications

The candidiasis morbidity and mortality rates have increased in recent years due to
conditions such as HIV infection and cancer therapies that lead to immunocompromised
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states in patients [109]. Although C. albicans is the most clinically significant pathogen in
blood stream invasions and fungal invasive infections, distribution studies highlight that
non-C. albicans species represent a global distribution of 62.8%, with N. glabratus being the
most common of these species, with a distribution ranging from 7.8 to 30%, accordingly
to hospital-based data obtained between 2010 and 2017 [110]. However, the distribution
changes are slightly different among countries [111].

Echinocandins target the 3-1,3-glucan synthase and have been effective in managing
Candida species with low rates of resistance. However, N. glabratus may exhibit resistance
rates of 3-15% [112]. Similarly, the emerging pathogen C. auris is showing increasing
resistance to multiple antifungals, including echinocandins [79,113]. The rise of antifungal
resistance represents an important challenge that limits the availability of chemotherapies.
Interestingly, the mortality rates do not differ between patients with non-albicans and C. al-
bicans candidemia resistant to azoles, emphasizing the importance of addressing antifungal
resistance [114]. Hence, there is a need to deep into molecular variations among the genes
involved in antifungal tolerance (Table 1). The strains of C. albicans possess some mutations
conferring resistance to multiple antifungal classes. Some of the genes involved in resistance
acquisition are ERG3, ERG11 (azole resistance), and FKS1 (echinocandin resistance) [115].
Also, C. auris is a multidrug-resistant emerging pathogen with innate mutations conferring
resistance to various antifungals, including azoles, polyenes, echinocandins, and fluorocyto-
sine [113]. Resistance can arise from different factors such as drug prophylaxis, agricultural
antifungal use, suboptimal drug administration, non-linear pharmacokinetics, and poor
patient compliance [116]. The mutations include increased expression levels of CDR1 (ABC
transporter); MDR1 (MFS transporter); TAC1B, MRR1A (efflux pump regulation); and FKS1,
ERGI1, ERG2, ERG6, and, ERG13 [117]. Interestingly, the conformational variability of C.
auris FKS1 and ERG11 correlates with drug resistance [118]. Despite resistance to major
antifungal classes in clinical settings [115], CAS remains the primary drug for treating
candidiasis, particularly when caused by C. auris. Intriguingly, resistance to echinocandins
and polyenes may reduce virulence in Candida species, but it increases with azole resis-
tance [115]. However, the hosts may experience niche-specific events where mutations in
resistance genes attenuate virulence in one niche, but enhance it in others [115]. Similar
to C. albicans and C. auris, N. glabratus possess mutations or highly express the resistance
genes mentioned above, conferring tolerance to azoles, polyenes, and echinocandins like
CAS and micafungin [119]. Intriguingly, colonies isolated from blood cultures showed
genotypic diversity, revealing that some populations are resistant to antifungals, which
may lead to failure in the management of N. glabratus candidemia [120].

Importantly, the geographic distribution of Candida species also correlates with differ-
ent susceptibility profiles; for example, more resistance to azoles compared with that of
echinocandins has been observed in Ibero-America, Europe, and Asian Pacific regions [8].
Regarding C. auris, Clade I (South Asia) and Clade III (South Africa) have a distinctive
resistance pattern, indicating that both the clades are resistant to azoles, although the point
mutations in ERG11 conferring resistance to fluconazole are clade-specific: K143R and
Y132F in Clade I and F126L in Clade III [121]. Intriguingly, resistance patterns can be
different among clades and geographical distribution. For example, Indian isolates display
a higher rate of resistance to CAS than those of other country (23.6% vs. 0.2%). In addition,
within the United States, the level of resistance to AMB is reported at around 5% in the Mid-
west and West and 85% in the Mid-Atlantic [122]. To date, based on susceptibility profiles,
echinocandins remain the first class of antifungals recommended to initiate chemotherapy.
As mentioned lines above, Candida species can acquire or be naturally resistant to this
class (or even more) of antifungals due to point mutations. Hence, there is urgency to
develop novel, safe, and effective antifungals and treatment strategies with diverse drug
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targets to combat infections caused by resistant, as well as soon-to-be emerging fungal
pathogens [122]. Notably, most genes associated with antifungal resistance are not directly
involved in cell wall synthesis. This observation correlates with the relatively low resistance
rates seen with echinocandins, which specifically target cell wall composition.

Table 1. List of genes and their mechanisms contributing to antifungal resistance.

Gene(s) Function Mutation or Mechanism Reference
FKS1 Catalytic subunit of (3-1,3-glucan synthase Mutations K143R, Y132F, F126L [122]
CDR1 and MDR1 ABC transporter family (Multidrug efflux Point mutations or increased [123]

pump) expression
TACIB Transcription factor cpntrolhng CDR1 Mutation S611P [124]
expression
MRRI1A Transcriptional regulator of MDR1 Mutations V668G, Y813C [123]
ERGI11 Encodes a lanosterol 14-a-demethylase Point mutations or overexpression [117]
ERG1 Encodes a squalene epoxidase Point mutations or overexpression [117]
ERG2 Encodes a C-8 sterol isomerase Point mutations or overexpression [117]
ERG6 Encodes a D(24)-sterol C-methyltransferase = Point mutations or overexpression [117]
YPS1 and YPS2 Aspartic proteases Overexpression [125]
SIT? MAPK Activation of CWI transcription [126,127]

factors

MAPK: mitogen-activated protein kinase; CWI: cell wall integrity.

Therefore, for new antifungal prospects and natural products offering alternative
treatments for candidiasis (Table 2), the cell wall remains the primary target for these
molecules [79]. Investigating the CWI-related signaling pathways, along with the regulatory
mechanisms governing gene expression at both the upstream and downstream levels, could
provide valuable insights for developing new antifungal agents or repurposing existing
drugs to combat emerging resistant strains in clinical settings [64]. Some studies have shown
the effects of deletion and expression inhibition on the cell wall and viability of Candida
species, providing insights into biomolecules involved in CWI. For example, fatty acid
elongases Fenl and Fen2 may play a role in the CWI pathway, as FEN1 and FEN2 deletion
mutants in C. albicans are more sensitive to cell wall stress [128]. The deletion of SPF1 from
C. albicans resulted in a strain sensitive to disruptive agents, yet resistant to CAS [129]. Also,
the deletion of HOGI in C. auris leads to susceptibility to CAS [50]. On the other hand,
YPS1, YPK2, and SLT?2 are involved in antifungal tolerance and CWI in N. glabratus [13].
Similarly, MKC1 (SLT2) increases its expression upon CAS exposure [50]. Moreover, N.
glabratus Ergbp has been proven to influence CWI and antifungal resistance [130]. New
strategies for disrupting the function of these proteins may improve the treatment schemes.

Certain natural products like O-vanillin can disrupt CWI through diverse mecha-
nisms. O-Vanillin alters the functional hydroxyl groups of the cell wall and reduces the
amount of (3-1,3-glucan in Aspergillus flavus [131]. The decreasing effect of vanillin on cell
growth has been observed in C. albicans and other Candida species, including N. glabra-
tus [132,133]. Also, vanillin-based fluoroindolines (DNA gyrase inhibitors) have shown
antifungal effects in C. albicans; however, they require minimum inhibitory concentrations
around 12-20 mg/mL [134]. The terpenes Citronellol, Pinene, and Menthone have shown
promising antifungal effects on C. albicans, N. glabratus, and C. tropicalis [135]. Isospintanol,
a terpene, inhibits biofilm formation, provokes mitochondrial dysfunction, and affects CWI,
increasing chitin biosynthesis in C. tropicalis [136]. Moreover, the essential oils (EOs) from
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tea tree, cajeput, niaouli, and white thyme, which contain a high number of terpenes, were
tested to assess their antifungal activity against C. auris. The EOs showed the inhibition
of planktonic growth and biofilm formation [137]. The phenolic -OH group of terpenoids
is known to penetrate and perturb fungal cell membranes; however, further research is
needed to understand the mechanisms by which these compounds disrupt CWI [138].
In this way, Puupehenone, a Marine-Sponge-Derived sesquiterpene, interferes with the
Hsp90 function in S. cerevisine and potentiates the effectiveness of CAS [139]. Interestingly,
geldanamycin, a benzoquinone inhibitor of Hsp90 ATPase activity, demonstrated enhanced
antifungal effects against C. auris when used in combination with farnesol, a sesquiterpene.
In contrast, combining geldanamycin with azoles, micafungin, or anidulafungin did not
produce significant synergistic activity [113]. Similarly, geldanamycin in combination with
fluconazole has shown positive effects against C. albicans, N. glabratus, and C. parapsilosis,
but not against C. auris [140]. Although geldanamycin is a potent hepatotoxic compound,
its structure may be useful to discover new drugs [141]. Radicicol is another Hsp90 inhibitor
and also acts as an inhibitor of Ca?* signaling [142]. Recently, the combination of radicicol
with AMB, CAS, itraconazole, voriconazole, and fluconazole demonstrated effectiveness
against C. albicans, N. glabratus, and C. krusei [143]. Similarly to geldanamycin, the uses of
radicicol in drug design are currently under research [144]. Argifin was originally identified
as a chitinase inhibitor produced by Streptomyces species [145]. In silico studies further
suggest that argifin binds to 14«-lanosterol demethylase at the same target site as flucona-
zole [146]. However, due to its difficult synthesis and high-cost performance, argifin is
currently used as a platform to design new chitinase inhibitors [147]. Phytolaccoside B
produced by Phytolacca tetramera is a natural compound that has demonstrated antifungal
effects against yeast [148]. Initially, this compound was associated with the inhibition of
cell wall polymer synthesis and assembly [148]; nonetheless, it is currently known that
Phytolaccoside B increases chitin synthase activity, arresting fungal growth. Extracts of P.
tetramera in combination with azoles, AMB, and CAS showed growth and biofilm formation
inhibition in multiresistant C. albicans [149].

Regarding new synthetic molecules, the compound 4-(3-(2,4-Dihydroxy-5-isopropylph
enyl)-5-oxo-1,5-dihydro-4H-1,2,4-triazol-4-y1)-N-(8-(hydroxyamino)-8 oxooctyl) benzamide,
known as J5, is a dual inhibitor of Hsp90 and histone deacetylase (HDAC) that has shown
positive effects in combination with azoles in azole-resistant C. albicans [150]. Similar
results have been demonstrated for the other inhibitors of HDAC, for example, novel
BRD4 (bromodomain-containing protein 4)-HDAC dual inhibitors in combination with
fluconazole. BRD4 is an epigenetic reader, which recognizes the acetylated lysine residues
in histone tails, regulating gene expression [151]. These approximations remain under
research. Nonetheless, the development of antifungals with the cell wall as a target is
currently in progress. N-(4-Methoxyfumaroyl)-L-2,3-diaminopropanoic acid is an inhibitor
of glucosamine-6-phosphate synthase [152]. This molecule has shown efficacy against C.
albicans, including azole-resistant strains [153,154], and has also been effective in inhibiting
C. auris growth [152]. PQA-AZ-13 is a new molecule based on indazole, pyrrolidine,
and arylpiperazine with a trifluoromethyl moiety that showed positive activity against
C. auris in vitro and ex vivo in a porcine skin model [155]. Fosmanogepix is a prodrug
of manogepix that inhibits the acyltransferase enzyme Gwtl, which is essential for the
maturation of GPI-anchored proteins. It has demonstrated in vivo activity against a broad
range of pathogenic yeasts, including C. albicans, N. glabratus, and C. auris in a murine
model of invasive candidiasis. This candidate has completed a Phase 2 clinical trial [156].
Rezafungin, a recently approved echinocandin for the treatment of candidemia and invasive
candidiasis in both the United States and Europe, has demonstrated efficacy against several
Candida species, including C. albicans, C. auris, N. glabratus, C. dubliniensis, C. tropicalis, and
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C. parapsilosis [127]. The mechanism of action of rezafungin is through the inhibition of
glucan synthase [156]. Ibrezafungerp is an entumafungin-derived triterpenoid inhibitor of
glucan synthase [157]. In vitro studies have shown its activity against N. glabratus isolates
harboring FKS mutations [158] and its efficacy against fluconazole-resistant strains of C.
auris and C. albicans [159]. Currently, ibrezafungerp is approved by the U.S. Food and Drug
Administration [160] (Table 2).

Table 2. Prospects of antifungal molecules.

Mechanism of Clinical
Compound Target Source Action Phase/Status Reference
Synthetic s Approved by
Ibrexafungerp GS echinocandin GS inhibitor FDA [160]
. Synthetic s Approved by
Rezafungin GS echinocandin GS inhibitor FDA [161]
Synthetic
Fosmanogepix Gwtl prodrug of Gwtl inhibitor Phase II [162]
manogepix
Monosporium Chs
Radicicol Chitin P non-competitive - [163]
bonorden N
inhibitor
- - Chitinase
Argifin Chitin Streptomyces spp. inhibitor - [145]
Phytolaccoside B Chitin Phytolacca Chs activity - [164]
tetramera enhancer
N—(4—M.eth(?xyfumaroy})— GleN-6-P Synthetic GlcN-6-P
L-2,3-diaminopropanoic synthase - [152]
. synthase molecule e
acid inhibitor

GS: -1,3-glucan synthase; Chs: chitin synthase; FDA: Food and Drug Administration.

Hence, developing new antifungal agents or repurposing existing drugs to target the
signaling pathways that enable Candida species to adapt to stress appears to be a promising
strategy for improving the management of candidiasis and candidemia. In addition, the
increasing use of molecular docking tools can reveal previously unknown mechanisms of
action, especially in natural compounds such as terpenes, which may affect CWI at multiple
levels. This combined approach holds significant promise for identifying novel therapeutic
strategies (Figure 3).
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Figure 3. Potential antifungal strategies targeting fungal cell wall integrity (CWI) pathway and
associated mechanisms. Figure highlights effects of compounds like echinocandins and fosmanogepix
on cell-wall-remodeling enzymes, puupehenone-induced Hsp90 inhibition, and impact of naringin
and on reactive oxygen species (ROS) generation and apoptosis.

7. Future Directions

The previous studies have highlighted the significance of cell wall maintenance path-
ways, particularly the CWI pathway, in antifungal resistance, virulence, and cell viability.
The emergence of multiresistant Candida species requires the improvement or discovery
of new therapeutic strategies to extend the arsenal of antifungals, and then alleviate com-
plications in treatment due to multiresistant strains or species of Candida. Also, diagnosis
remains a challenging field. The phenotypic variations within C. auris species occurring
in culture media can complicate identification. Research on the development of specific
biomarkers may optimize diagnosis. Overall, new research should be focused on the
impact of downstream effectors and chaperone proteins, as well as on gene regulation at
transcriptional, post-transcriptional, and translational levels. One promising direction is
the structural study of proteins involved in the CWI response, which could deepen our
understanding of their roles in pathogenicity and resistance mechanisms. Additionally,
advances in artificial intelligence and molecular docking offer opportunities for the design
and prediction of novel molecules that optimize or provide alternative therapeutic options
for candidiasis, particularly in systemic infections. The new approaches may include ge-
nomic strategies to develop antifungal agents, leveraging the wealth of data from fungal
genomes to identify novel drug targets.

Furthermore, combinatorial treatments, for example chaperone inhibitors with an-
tifungals and agents that interfere with cell wall biosynthesis, have shown potential to
improve clinical outcomes, highlighting the importance of drug synergy in antifungal ther-
apy. Targeting the downstream effectors or regulatory proteins of the cell wall maintenance
pathways may be useful to successfully developing new therapeutic approaches to treating
candidiasis caused by multidrug-resistant strains.
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