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Candida albicans is the most common fungal pathogen responsible for both invasive
and mucosal infections. The primary antifungal drug classes used against C. albicans remain
azoles, echinocandins, and polyenes. However, resistance to these agents has been steadily
increasing, thereby limiting their clinical effectiveness. To overcome these challenges, several
novel antifungal agents have been developed and recently approved. This review aims to highlight
recent developments in antifungal drug discovery and resistance mechanisms associated with
Candida albicans. A comprehensive literature review was conducted using electronic databases
including PubMed, ScienceDirect, and Scopus. Rezafungin, a long-acting echinocandin, offers
potent fungicidal activity with convenient once-weekly dosing. Ibrexafungerp, the first orally
available glucan synthase inhibitor, retains efficacy against echinocandin-resistant isolates.
Fosmanogepix, a prodrug targeting the Gwt1 enzyme, disrupts mannoprotein anchoring and
compromises fungal cell wall integrity. Oteconazole, a highly selective tetrazole that inhibits
fungal CYP51, demonstrates enhanced effectiveness against azole-resistant strains and recurrent
vulvovaginal candidiasis. In conclusion, these emerging antifungals expand the antifungal
arsenal, addressing limitations of current treatments while offering improved efficacy, safety,
and options against drug-resistant Candida albicans infections.
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Candida albicans is diploid, polymorphic
yeast that constitutes a major component of the
normal human microbiome, colonizing the skin,
oral cavity, gastrointestinal tract, and genital
mucosa. Globally, it is recognized as the most
common pathogen responsible for invasive
candidiasis and has been classified as a priority
pathogen on the global health agenda, given its
substantial health burden in immunocompromised
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and hospitalized populations.'* Although C.
albicans generally exists as a harmless symbiont,
conditions such as immune suppression, prolonged
antibiotic use, or mucosal disruption can convert
it into an opportunistic pathogen, leading to
a wide spectrum of infections ranging from
superficial mucosal diseases to life-threatening
systemic infections.*> One of the key attributes
contributing to the adaptability of C. albicans
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is its highly malleable genome, which enables
rapid growth and survival under diverse and often
harsh conditions within the human host.¢ This
genomic plasticity—encompassing aneuploidy,
chromosomal rearrangements, and regulation of
major signaling pathways—plays a critical role in
the acquisition of drug resistance, enhancement of
virulence, and evasion of host immune defenses.”
Pathogenicity is further augmented by its ability
to transition between yeast and hyphal forms,
form robust biofilms on host tissues and medical
devices, and secrete hydrolytic enzymes that
facilitate tissue invasion and immune evasion.?
Among these, biofilm formation represents a
particularly serious clinical challenge, as biofilm-
associated cells are intrinsically resistant to
antifungal agents and are often linked to chronic,
intractable infections.® While C. albicans remains
largely susceptible to most antifungal agents,
recent reports have highlighted alarming trends
of rising resistance, particularly in clinical care
settings and middle-income regions. This growing
resistance underscores the urgent need for ongoing
surveillance and the development of novel
therapeutic strategies.'” Among these adaptive
features, morphological plasticity is one of the
most studied mechanisms driving pathogenicity.
Morphogenesis and Phenotypic Switching

Morphological adaptations in Candida
albicans involve reversible transitions between
yeast-like, hyphae-like, and pseudohyphal forms,
which are central to its phenotypic plasticity and
virulence. These transitions are regulated through
both cAMP-dependent and cAMP-independent
pathways, with key regulators including basal PKA
activity, cyclin-dependent kinases such as Cdc28,
and environmental cues like N-acetylglucosamine
(GleNAc), which can induce hyphal growth
independent of its metabolic role."

In addition to signaling pathways,
epigenetic processes such as chromatin
reorganization and histone modifications (e.g.,
H3K56 acetylation) play a crucial role in regulating
gene expression in response to environmental
conditions, thereby influencing virulence traits and
immune evasion.'*"

A hallmark example of morphological
plasticity is phenotypic switching, particularly
the white-opaque transition, which represents a
reversible and heritable switch between two distinct
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cell types. These forms differ in morphology, gene
expression, metabolic preferences, and mating
capacity."*!> The transition is orchestrated by a
network of at least 14 transcription factors, whose
activity is strongly influenced by strain background
and environmental factors such as pH, amino acid
availability, and zinc levels.'¢

Epigenetic regulation also underpins this
process, with chromatin accessibility controlled
by histone-modifying enzymes and chromatin
remodelers, supporting an epigenetic rather than
genetic basis for the white-opaque switch.'*!s
Furthermore, switching frequency and stability
are modulated by additional pathways, including
the PHO phosphate metabolism pathway, as
well as genetic background effects such as SIR2
function and chromosomal imbalances. Together,
these findings suggest that multiple regulatory
systems converge to govern cell fate decisions in C.
albicans."™'® These morphological transitions not
only support virulence but also enable adhesion to
host tissues, the next critical step in pathogenesis.
Adhesion and Invasion

Candida albicans possesses a complex,
multi-step adhesion and invasion mechanism
that is essential for colonization and infection of
host tissues. Adhesion is mediated by cell surface
proteins (adhesins), most notably Als3, which
binds tightly to host epithelial cells through its
peptide-binding cavity (PBC). Disruption of PBC
activity or deletion of ALS3 significantly impairs
adhesion and invasion, particularly the active entry
of fungal cells into host tissues.'” The structure
and composition of the fungal cell wall also play
a critical role in adhesion, with transcription
factors such as Cas5 regulating a-glucan exposure,
surface hydrophobicity, and expression of cell wall
proteins. These features not only enhance adhesion
but also support the morphological transitions
required for invasion. Following attachment, C.
albicans invades host tissues primarily through two
mechanisms: (i) active hyphal penetration and (ii)
induced endocytosis by host cells. In both cases,
hyphal proliferation and the targeted release of the
peptide toxin Candidalysin are central to epithelial
tissue damage.'*?*® During invasion, C. albicans
may traverse host membranes or cross epithelial
barriers via transcellular tunnels, processes that
do not necessarily result in immediate host cell
damage.” Beyond direct tissue invasion, the fungus
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can also modulate host immune responses. For
example, remodeling of neutrophil extracellular
trap (NET) proteins on its surface paradoxically
enhances its ability to damage epithelial cells.?
These adhesion and invasion pathways represent
potential therapeutic targets. Strategies such as
inhibiting cell wall biosynthesis, suppressing
adhesin expression, or applying antimicrobial
peptides that disrupt hyphal development and
adhesion-related genes have shown promise in
antifungal therapy.?* Following adhesion and
invasion, C. albicans further strengthens its
pathogenic potential by forming biofilms, which
represent one of the most clinically challenging
aspects of infection.

Candida albicans Biofilm Formation

Candida albicans biofilm formation is
a complex, multi-step process consisting of four
key stages: adherence, initiation/filamentation,
maturation, and dispersal (Figure 1). Each stage is
tightly regulated by both genetic and environmental
factors.

The consecutive phases of biofilm
formation in C. albicans (1). In the adhesion
phase, yeast cells adhere promptly to the surface.
(2) Initiation phase (early phase), spherical yeast
cells replicate and start to secrete extracellular
matrix (ECM) and develop Pseudohyphae. (3)
Maturation phase (intermediate phase), the
mature biofilm develops with hyphal filaments,
the extracellular matrix (yellow) accumulates, and
drug resistance increases. (4) Dispersal (dispersion
phase), yeast cells disperse from the biofilm and
diffuse, expanding the infection and starting the
cycle again.

Adherence Phase (Seeding)

The process begins with the attachment of
yeast cells to either biotic surfaces, such as mucosal
tissues, or abiotic surfaces, including medical
devices like catheters, pacemakers, heart valves,
and dentures. This initial adherence is mediated
by adhesin proteins that facilitate stable binding
and subsequent biofilm development.?

To initiate biofilm formation, Candida
albicans begins its life cycle by adhering free-
floating, round-shaped yeast cells to a surface,
whether biological tissue or an abiotic substrate
such as silicone or plastic. This initial attachment is
arelatively slow process, requiring approximately
60-90 minutes, yet it provides the critical
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foundation for subsequent biofilm development.
Adhesion is mediated by cell surface adhesins,
including members of the ALS (agglutinin-like
sequence) protein family and Hwp1 (hyphal wall
protein 1). These molecules function like molecular
“glue,” promoting firm attachment of cells both to
surfaces and to each other. Cells unable to adhere
are washed away or removed by shear forces,
leaving behind a stable basal layer of yeast cells.
This early binding step is essential for progression
to later stages of biofilm formation.?
Proliferation and Filamentation Phase
(Initiation)

Once adhesion is established, yeast cells
proliferate and spread across the surface. At this
stage, a critical morphogenetic transition occurs,
whereby yeast cells differentiate into filamentous
forms, including hyphae and pseudohyphae.
Hyphae are elongated, cylindrical cells, while
pseudohyphae consist of chains of slightly
elongated, ellipsoidal cells joined end-to-end.
This yeast-to-filament transition is unique to
Candida albicans and is essential for biofilm
structural complexity. The filamentous forms act
as a scaffold, providing mechanical stability and
enabling the development of multilayered biofilm
structures. This morphological switch is tightly
regulated by several transcriptional regulators, such
as Efgl, Tecl, Ndt80, and Rob1."%#

Key signaling pathways involved include

Rasl/cAMP/PKA pathway: Rasl, a
GTPase, activates adenylate cyclase, leading to
increased cAMP levels. Elevated cAMP activates
protein kinase A (PKA), which in turn stimulates
transcription factors such as Efgl and Tecl.
These factors regulate hypha-specific genes,
including ALS3 and HWP1. Efgl plays a central
role in morphogenesis, as mutants lacking this
regulator are defective in filamentation and biofilm
formation.

MAPK pathways (Cekl, Hogl):
Mitogen-activated protein kinases (MAPKs)
relay environmental signals to promote filamentous
growth and enhance virulence. Both Cekl and
Hogl contribute to filamentation and the overall
architecture of the biofilm.”

Quorum sensing: Small signaling
molecules such as farnesol and other autoinducers
regulate the yeast-to-hypha transition, thereby
modulating biofilm density and dispersal.*
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Maturation Phase

As biofilm development progresses
(typically requiring around 24 hours in laboratory
models), Candida albicans forms a thick, complex,
multi-layered community composed of yeast cells,
pseudohyphae, and hyphae. Mature biofilms appear
experimentally as a translucent, hazy structure
covering the surface, with a highly organized cellular
arrangement visible microscopically. During this
stage, the biofilm produces an extracellular matrix
(ECM) that encapsulates the community, conferring
both chemical and mechanical protection. Biofilm
maturation is accompanied by extensive metabolic
and transcriptional adaptations that reflect its
specialized lifestyle and environmental responses.
Key signaling pathways and regulatory networks
include

PKC-MAPK cell wall integrity pathway:
The Sdd3 protein activates Rhol GTPase, which
initiates the PKC-MAPK cascade. This pathway
regulates the synthesis of chitin (via CHS2 and
CHSS), a critical component for maintaining strong
biofilm architecture. MAPKs such as Mkcl and
Cekl1 further contribute to cell wall maintenance
and ECM synthesis, ensuring biofilm structural
integrity and survival.’!

Transcriptional regulatory network:
Approximately 1,000 genes involved in adhesion,
ECM production, and antifungal resistance are
controlled by six master regulators—Efg1, Tecl,
Berl, Ndt80, Brgl, and Robl. These regulators
form an interconnected transcriptional network that
coordinates biofilm development in a temporally
regulated manner, ensuring the transition from
early adherence to maturation.

Extracellular Matrix (ECM):
The extracellular matrix (ECM) is a critical
component of Candida albicans biofilms, produced
predominantly during the maturation phase.
It is a sticky, complex substance composed
of approximately 55% glycoproteins, 25%
carbohydrates (mainly mannan—glucan complexes),
15% lipids, and 5% nucleic acids. The ECM serves
multiple functions: it provides physical protection
against host immune defenses and antifungal
agents, offers structural support to maintain biofilm
architecture and integrity, and may exert enzymatic
activities that degrade molecules for protection or
nutritional purposes. In addition, ECM composition
can incorporate host-derived proteins and cellular
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debris, with variations depending on the infection
context.*2%’
Dispersal Phase

Dispersal is the least well-characterized
stage of Candida albicans biofilm development,
during which round yeast cells are released from the
mature biofilm into the surrounding environment.
These dispersed cells are phenotypically distinct
from planktonic yeast, exhibiting enhanced
adherence, increased biofilm-forming capacity, and
greater virulence. Key transcriptional regulators
implicated in this process include Nrgl, Pesl,
and Ume6, which together govern the control of
dispersal. Clinically, this stage is highly significant,
as dispersal enables colonization of new host
sites and predisposes to disseminated infections,
including candidemia. Environmental factors, as
well as the balance between yeast and filamentous
cell forms, also play critical roles in regulating
dispersal.*

The interplay of genetic regulators,
signaling pathways, and extracellular matrix
production not only drives biofilm development
but also enhances the pathogen’s resilience against
host immune defenses and antifungal agents.
Consequently, biofilm-associated infections are
particularly challenging to treat, underscoring the
need to understand the molecular mechanisms of
antifungal resistance within these structures.
Genetic Transcription Regulators of Candida
Albicans

Biofilms of Candida albicans are
structured microbial colonies adhered to surfaces,
which exhibit great susceptibility to antifungal
medications and host immunity. They are
orchestrated by a complex genetic network, in the
middle of which are a few masters transcriptional
regulators. They engage with them and regulate
hundreds of genes to coordinate various stages
of biofilm development: adhesion, proliferation,
matrix production, and dispersal. (Figure 2)

In the adherence step, yeast-form cells
adhere to the substrate. At the initiation, cells
multiply to produce microcolonies with the
formation of germ tubes that produce hyphae.
During the maturation step, a growth of the
biofilm biomass takes place, the extracellular
matrix (green) is deposited and drug resistance
enhanced. During the dispersal step, the cells
in the yeast form are discharged to settle on the
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surrounding environment. Some of the known
pathway relationships are illustrated on the upper
half of the diagram. Proteins located in the lower
half are involved in a particular step, but may not
be part of a recognized pathway. Proteins are not
displayed more than once when their functions
are in more than one step of biofilm development.
T-shaped bars with dashes show that repression is
done by an indirect mechanism. m. Plus and minus
symbols indicate that the upstream gene or signal
stimulates (+) or inhibits (—) the expression of the
downstream target.

Antifungal Resistance

Mechanisms of Azole Resistance

Target Modification and Overexpression:
Mutations in the ERGII (or CYP51A4) gene alter
the structure of the lanosterol 144-demethylase
enzyme, the primary target of azoles, thereby
reducing drug affinity and efficacy. In addition,
ERGI1 overexpression or genomic amplification
increases enzyme levels, further diminishing the
effectiveness of azole therapy. Notably, mutations
such as Y132F, S154F, A395T, and L98H are
strongly associated with resistance.*

Efflux Pump Upregulation: Resistance
can also arise through the upregulation of efflux
pumps (e.g., CDR1, CDR2, MDRI, PDR10), which
actively export azole drugs out of the fungal cell.
This process lowers the intracellular concentration
of the drug, thereby reducing its antifungal
activity.**%

Alternative Pathways and Additional
Mechanisms: Other components of the ergosterol
biosynthetic pathway (e.g., ERG3, ERGI) or
regulatory elements (e.g., cyp514 promoter
tandem repeats such as TR34/L98H and TR46/
Y121F/T289A) may also undergo mutations.
These alterations can either confer resistance to
azole toxicity or drive overexpression of target
genes. Importantly, such mechanisms have been
observed in both clinical and environmental
isolates, highlighting the cross-sectoral and
global nature of azole resistance.’®** Together,
these mechanisms underscore the multifaceted
nature of azole resistance in Candida albicans,
necessitating careful surveillance and encouraging
the exploration of alternative antifungal strategies,
including echinocandins and polyenes.
Mechanisms of Echinocandin Resistance

FKS Gene Mutations (Target
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Modification): Echinocandins inhibit &-1,3-glucan
synthase, a key enzyme required for fungal cell
wall synthesis. Resistance most commonly arises
from point mutations in hotspot regions of the
FKS genes (FKS1, FKS2), which encode subunits
of this enzyme. Mutations such as S643P, S645P,
S639F, F635Y, R1354H, and S656P alter enzyme
structure, reducing drug binding affinity, increasing
minimum inhibitory concentrations (MICs),
and contributing to clinical treatment failure.’’®
Clinically, FKS mutations represent the primary
mechanism of echinocandin resistance in Candida
glabrata, C. auris, C. parapsilosis, and C. albicans,
and are strongly associated with prior echinocandin
therapy.*

Cell Wall Adaptation and Stress Response:
Fungi can compensate for echinocandin-induced
cell wall damage by enhancing chitin synthesis,
thereby reinforcing the cell wall and reducing
drug susceptibility. This mechanism is particularly
evident in C. glabrata and C. haemulonii, where
resistant strains exhibit increased chitin content
and altered cell wall architecture.*’

Additional Factors: Genes involved in
cell wall integrity (e.g., CHSI, CHS2, CHS3,
YPSI, YPK2, SLT2) and stress tolerance pathways
(e.g., PKC, calcineurin) further contribute to
echinocandin tolerance and the development of
resistance.

Other/Emerging Mechanisms: Additional
FKS mutations may promote drug tolerance,
serving as a reservoir for the emergence of
resistance. Mitochondrial function and calcium
homeostasis, involving factors such as Cdc50 and
Crml (in Cryptococcus), also play supporting roles
in echinocandin resistance.*'

Mechanisms of Polyene Resistance

Polyenes exert their antifungal activity by
targeting ergosterol in the fungal cell membrane,
forming pores that compromise membrane
integrity. The most common mechanism of
resistance involves alterations in membrane
sterol composition, typically through a decrease
in ergosterol levels or its replacement with
alternative sterols. Genetic changes in the ergosterol
biosynthesis pathway (ERG2, ERG3, ERGS, ERGO,
ERGI11)—including mutations or loss-of-function
events—Ilead to the accumulation of sterols
such as lanosterol, eburicol, or 4,14-dimethyl-
zymosterol, which reduce polyene binding and
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activity. Clinically, in Candida albicans, resistance
can arise from loss-of-function mutations in
ERGII or ERG3, or mutations in ERG2, ERGS,
or ERG6. Notably, ERG2 mutations have also
been reported as a resistance mechanism in
Cryptococcus neoformans. Polyene resistance
can be either intrinsic, as in species that naturally
lack ergosterol or possess alternative sterols,
or acquired, developing during therapy as a
consequence of genetic mutations induced by
drug exposure.* Collectively, these mechanisms
underscore the challenges of treating polyene-
resistant infections and highlight the importance
of understanding sterol-mediated adaptations in
fungal pathogens. (Figure 3)
FDA-approved antifungal

The FDA has granted approval for
several novel antifungal agents- Ibrexafungerp,
Rezafungin, Fosmanogepix, Oteseconazole,
Olorofim, and Opelconazole- which provide
improved therapeutic options for severe, recurrent,
and drug-resistant fungal infections. These agents
combine innovative mechanisms, improved
pharmacokinetics, and enhanced tissue penetration,
offering clinical advantages over conventional
therapies. A summary of these new antifungals is
provided in Table 1.

Adherence (Seeding)

Phase,
Adhesin Proteins ALS, *] P o pseudohyphae
HWPL 9o O QF

Medical Device

__
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Rezafungin (Rezzayo)

Rezafungin (CD101, Brand Name:
Rezzayo): Rezafungin is a second-generation
echinocandin developed to overcome limitations
of earlier echinocandins, focusing on improved
dosing convenience, drug stability, and resistance
prevention. It exhibits a novel pharmacokinetic
profile that allows once-weekly intravenous
administration for invasive fungal infections,
particularly candidemia and invasive candidiasis.*®

Drug Discovery and Development:
The design of rezafungin was guided by
structure-activity relationship (SAR) studies
and pharmacokinetic optimization to enhance
stability, tissue penetration, solubility, and half-life
compared to first-generation echinocandins like
caspofungin. These modifications enable potent
antifungal activity with once-weekly dosing, a
regimen not previously achievable. Rezafungin
was initially patented and preclinically tested by
Seachaid Pharmaceuticals, later acquired by Cidara
Therapeutics, which advanced it through clinical
development.*

Clinical Trials: Two major randomized
studies, Phase 2 STRIVE and Phase 3 ReSTORE,
evaluated rezafungin. In STRIVE, rezafungin
achieved a 76.1% overall cure rate, compared to

Proliferation & Filamentation
(Initiation) Phase

Maturation Phase

glycoproteins,
carbohydrates, primarily
mannan-glucan

p , lipids,

Major Genes/Regulators: Berl
transcription factor: Activates
expression of adhesin genes such as
ALS1, ALS3, and HWP1. ALS and HWP
gene familiess Encode proteins

control this

Transcriptional

regulators (e.g., Efgl,
Tecl, Ndt80, Robl)

morphological transition

nucleic acids

Six master regulators (Efgl,
Tecl, Berd, Ndt80, Brgl,

critical for strong cell-surface
attachment

Transcription factors
such as Nrgl, Pes1, and
Ume6 are implicated in

regulating dispersal

PKC-MAPK Cells
Enhanced &
Virulence

Dispersal Phase

Rob1) control ~1,000 genes

related to adhesion, matrix

production, and drug
resistance.

Dispersed Cells
Enhanced &
Virulence

Fig. 1. Different phases of biofilm formation in C. albicans
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67.2% with daily caspofungin, with faster negative
blood culture conversion (average 3.3 hours) and
lower 30-day all-cause mortality (4.4% vs. 13.1%).
ReSTORE confirmed noninferior efficacy, with
day-14 global cure rates of 59% for rezafungin
versus 61% for caspofungin, and comparable 30-
day mortality (24% vs. 21%).%

Mechanism of Action and Pharmacology:
Rezafungin is a potent 1,3-4-D-glucan synthase
inhibitor, disrupting the synthesis of a-1,3-
glucan, a key polymer of the fungal cell wall,
leading to rapid fungal cell death. It selectively
targets fungal cells, sparing mammalian cells,
and demonstrates fungicidal, dose-dependent
activity against Candida and Aspergillus species,
including some echinocandin-resistant isolates.!
Its long plasma half-life allows front-loaded, once-
weekly dosing that maintains drug levels above
the minimum inhibitory concentration (MIC),
enhancing tissue penetration, accelerating fungal
clearance, and potentially reducing the emergence
of resistance. 5233

Safety and Tolerability: Clinical evidence
indicates that rezafungin has a safety and tolerability
profile comparable to caspofungin. Most adverse
effects are mild, including fever, gastrointestinal
symptoms, and hypokalemia, with rare treatment-
limiting toxicity even during extended courses of
up to 39 weeks.

Farnesol MNutrients Hyphal development

v
Torl Cph2

s Tecl

INITIATION

Eapl

Pbr 1 Csal Mds3
Pga 10 Sav NupRS
Vpsl Kemi

Acel
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Ongoing Studies and Future Directions:
Rezafungin is under preclinical investigation
for prophylaxis in patients with hematological
malignancies or transplants and for treatment of
Pneumocystis pneumonia in HIV-positive adults, as
well as other systemic fungal infections. Its positive
clinical safety profile, broad-spectrum activity, and
pharmacokinetic advantages underscore how SAR-
based design and pharmacometric strategies can
yield clinically significant advances in antifungal
therapy.>?

Ibrexafungerp

Ibrexafungerp (SCY-078, MK-3118;
Brand Name: Brexafemme): Ibrexafungerp
is an orally bioavailable, semi-synthetic
triterpenoid antifungal that belongs to the glucan
synthase inhibitor class. Similar to rezafungin,
its development employed structure-activity
relationship (SAR) optimization and innovative
chemistry to create a compound with a novel
mechanism of action, convenient oral dosing, and
potent efficacy against resistant fungal pathogens.>*

Drug Discovery and Development:
Ibrexafungerp was derived through systematic
SAR-based modification of the naturally occurring
enfumafungin to enhance antifungal activity,
oral bioavailability, and stability. The resulting
triterpenoid glucan synthase inhibitor binds to a
site distinct from that of echinocandins and azoles,

Zinc

[ g

MATURATION DISPERSAL
Adhl Flsl Umeh lfrsl
Chk1 Gend Nrgl

Fig. 2. Proteins that function in biofilm development



BHATOL et al., Biosci., Biotech. Res. Asia, Vol. 22(4), 1368-1384 (2025)

enabling activity against echinocandin-resistant
strains. The drug was developed to provide a broad-
spectrum oral option capable of treating Candida
and Aspergillus infections, including multidrug-
resistant isolates.

Clinical Trials and Efficacy: Ibrexafungerp
has been evaluated in both mucosal and systemic
Candida infections. Phase 3 VANISH trials
(VANISH 303 and VANISH 306) demonstrated
high clinical cure rates and long-term symptom
resolution in vulvovaginal candidiasis (VVC),
including azole-resistant cases, establishing
ibrexafungerp as an effective oral alternative to
fluconazole. It has also shown high microbiological
eradication rates in severe or resistant candidemia,
either as first-line or salvage therapy, consistently
demonstrating noninferiority or superiority
compared with existing treatments.>

Mechanism of Action and Pharmacology:
Ibrexafungerp inhibits 1,3-a-D-glucan synthase, an
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enzyme critical for fungal cell wall biosynthesis.
Its unique binding site allows it to retain
activity against echinocandin-resistant isolates,
including those with FKS mutations, while
sparing mammalian cells, which lack a-glucan
synthesis. Oral administration achieves high tissue
penetration, including vaginal mucosa, blood, and
deep tissues, and dosing regimens maintain drug
concentrations above the minimum inhibitory
concentration (MIC) for both susceptible and
resistant strains. These pharmacokinetic and
pharmacodynamic properties support its use in both
outpatient mucosal infections and severe invasive
candidiasis.* (Figure 4)

Safety and Tolerability: Ibrexafungerp is
generally well tolerated, with mild gastrointestinal
side effects, such as nausea and diarrhea, being
the most common. Serious adverse events and
treatment discontinuations are uncommon. It
exhibits a low risk of hepatotoxicity and clinically
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Fig. 3. Mechanisms of antifungal resistance
The diagram summarizes the main resistance strategies employed by fungi against three major antifungal classes.
(A) Azole resistance involves target modification (ERG11/CYP51A overexpression or mutation) and/or upregulation
of efflux pumps (CDR1, CDR2, MDR1, PDR10). (B) Echinocandin resistanceis the major cause of Echinocandin
resistance, which is due to the occurrence of hot spot mutations in the FKS gene, which affects the 2-1,3-glucan
synthase target, frequently with cell wall adaptation. (C) Polyene resistance is mediated by altered membrane sterol
composition due to ERG gene mutations or loss-of-function, leading to reduced ergosterol. Both acquired and

intrinsic resistance mechanisms are observed for polyenes
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Fig. 4. Mechanistic pathway of novel antifungal agents targeting Candida species

significant drug-drug interactions. Importantly,
its distinct mechanism provides activity against
echinocandin-, fluconazole-, and multidrug-
resistant Candida species, including Candida auris,
with a high barrier to resistance; clinical failures
are rare and typically associated with stepwise
mutations.*¢

Ongoing Studies and Future
Directions: Current investigations are expanding
ibrexafungerp’s indications to include prophylaxis
in immunocompromised patients, salvage therapy
in refractory mycoses, and use in combination
regimens for highly resistant infections. Its
oral route, favorable tolerability, and efficacy
against non-albicans Candida and molds make
it a promising candidate for broader clinical
application.”” Ibrexafungerp exemplifies the
successful application of rational drug design,
SAR-based optimization, and novel chemistry to
deliver a clinically meaningful, orally available,
broad-spectrum antifungal with activity against
resistant species.
Fosmanogepix

Fosmanogepix (APX001): Fosmanogepix
is a first-in-class antifungal with a novel mechanism
of action and broad-spectrum activity against
both yeast and molds, including drug-resistant
pathogens. It is a prodrug of manogepix (MGX)
and is rapidly converted in vivo by systemic
phosphatases into its active form. Fosmanogepix

was developed through targeted drug discovery
against the fungal enzyme Gwtl, which is
essential for glycosylphosphatidylinositol (GPI)
anchor biosynthesis, a key process in attaching
mannoproteins to the fungal cell wall and
membrane.>®

Drug Discovery and Development: The
discovery of fosmanogepix involved structure-
activity relationship (SAR) optimization to identify
compounds that effectively inhibit Gwtl. By
blocking the inositol acylation step of GPI-anchor
biosynthesis, fosmanogepix disrupts fungal cell
wall integrity, adhesion, virulence, and immune
evasion. The drug exhibits high oral bioavailability
(>90%) and can also be administered intravenously,
providing versatility in managing invasive
fungal infections such as candidemia, including
multidrug-resistant strains like Candida auris.
Phase 2 trials in non-neutropenic adults with
candidemia demonstrated an 80% treatment
success rate and 85% survival at 30 days. The drug
was well tolerated, and many patients successfully
transitioned from intravenous to oral therapy. Early
evidence also suggests efficacy against molds such
as Aspergillus species and difficult-to-treat fungi
including Fusarium and Scedosporium.>*°

Mechanism of Action: Fosmanogepix
inhibits the fungal-specific enzyme Gwtl,
preventing GPI-anchor biosynthesis necessary
for mannoprotein attachment to the cell wall.
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This disruption compromises cell wall integrity,
biofilm formation, adhesion, and virulence,
ultimately leading to fungal cell death. The
mammalian homologue, PIG-W, shares low
sequence homology, minimizing off-target effects
and toxicity *. Fosmanogepix demonstrates
extensive tissue distribution, including lungs, brain,
liver, kidneys, and eyes, and is primarily eliminated
via biliary and fecal routes. Pharmacodynamic
studies indicate strong correlations between
drug exposure (AUC/MIC and Cmax/MIC) and
antifungal activity, supporting dosing regimens
that maintain therapeutic drug levels.*

Safety, Tolerability, and Resistance:
Clinical trials indicate that fosmanogepix is
generally well tolerated, with most adverse
events being mild to moderate and no significant
treatment-related toxicity. There are no major
hepatotoxicity or nephrotoxicity concerns, and
drug-drug interactions are minimal, making
it suitable for patients with complex medical
conditions or polypharmacy. Its novel mechanism
provides a high barrier to resistance, requiring
multiple genetic mutations for the development
of resistance. The drug has shown efficacy against
multidrug-resistant fungi, including Candida auris,
with treatment success rates of 80-89% and 30-day
survival rates up to 85% in clinical studies.®**

Ongoing Studies and Future Directions:
Fosmanogepix is currently undergoing Phase 3
trials (FAST-IC and FORWARD-IM) to evaluate
efficacy and safety in larger populations and
against a broader range of invasive fungal
infections, including molds. Future applications
under investigation include prophylaxis in
immunocompromised patients, salvage therapy
for refractory infections, and combination therapy
in difficult-to-treat cases. The dual oral/IV
administration, broad-spectrum activity, and unique
mechanism make fosmanogepix a promising
next-generation antifungal capable of addressing
unmet clinical needs in resistant and challenging
fungal infections.*’ Fosmanogepix exemplifies the
successful application of rational drug design and
fungal-specific targeting to meet the urgent clinical
demand for effective antifungal therapy.
Oteseconazole

Oteseconazole (Vivjoa, formerly VT-
1161): Oteseconazole is a next-generation oral
antifungal, commonly referred to as a tetrazole,
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specifically developed for the prevention and
treatment of recurrent vulvovaginal candidiasis
(RVVC), particularly in women not of reproductive
age. In April 2022, Mycovia Pharmaceuticals
developed oteseconazole as the first highly
selective, orally bioavailable inhibitor of fungal
lanosterol 144a-demethylase (CYPS51), a critical
enzyme in ergosterol biosynthesis. Rational drug
design strategies focused on maximizing selectivity
for fungal CYP51 while minimizing inhibition
of human cytochrome P450 enzymes, thereby
reducing drug—drug interactions and adverse
effects associated with older azoles.®

Clinical Trials and Efficacy: Oteseconazole
has been extensively evaluated in Phase 2 and 3
clinical trials. In women with severe vulvovaginal
candidiasis, it demonstrated statistically and
clinically superior outcomes compared to
fluconazole, achieving higher mycological and
clinical cure rates at day 28, with similar rates
of mild or moderate adverse events. For RVVC
prevention, oteseconazole was noninferior to
fluconazole for acute episode resolution and
significantly more effective than placebo in
preventing recurrence over nearly one year of
follow-up (recurrence 5% with oteseconazole vs.
>40% with placebo). The drug exhibits broad-
spectrum antifungal activity in vitro and in vivo,
including efficacy against fluconazole-resistant
Candida species, with particularly potent activity
against Candida glabrata and other common
vaginal pathogens.%

Mechanism of Action: Oteseconazole
exerts its antifungal effect by selectively binding
to the heme iron of fungal CYPS51, inhibiting
lanosterol demethylation, thereby disrupting
ergosterol production and compromising fungal
cell membrane integrity, which leads to cell death.
Its tetrazole core and tailored side chains confer
over 2,000-fold selectivity for fungal versus
human CYP enzymes, improving specificity and
safety compared to triazoles. This high selectivity,
combined with favorable pharmacodynamics,
results in enhanced potency, minimal drug—drug
interactions, and reduced interference with human
hormone or hepatic metabolism.*’

Pharmacokinetics and Pharmacodynamics:
Oteseconazole is readily absorbed orally, with dose-
proportional exposure between 20-320 mg. Peak
plasma concentrations are achieved within 5-10
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hours, with a long elimination half-life exceeding
140 hours, high protein binding, and extensive
tissue distribution, allowing for both acute dosing
and long-term prophylaxis. The drug is primarily
excreted unchanged in feces, with minimal renal
elimination and negligible metabolism, further
reducing drug—drug interaction potential. Its
pharmacodynamic efficacy is determined by the
ratio of minimum plasma concentration (Cmin)
to minimum inhibitory concentration (MIC)
against target Candida species, maintaining
therapeutic trough levels for both susceptible and
resistant isolates. Stability studies confirm that
oteseconazole is chemically stable in solid form
under recommended storage conditions, supporting
long-term clinical use.5*¢

Resistance and Future Directions:
Oteseconazole remains effective against most
fluconazole- and multi-azole-resistant Candida
species. Potential resistance mechanisms include
upregulation of efflux pumps (e.g., CDR1, MDR1)
or CYP51 mutations; however, current clinical
surveillance indicates low rates of resistance. Its
potent efficacy, oral administration, safety profile,
and broad spectrum make it a valuable option for
the management of difficult-to-treat, chronic, or
recurrent fungal infections.™
Olorofim

Olorofim (F901318): Olorofim is a first-
in-class, orally administered antifungal that inhibits
fungal dihydroorotate dehydrogenase (DHODH),
disrupting pyrimidine synthesis and consequently
fungal growth and survival. It shows particular
activity against azole-resistant Aspergillus species
and rare pathogenic molds. Developed through
structure-activity relationship (SAR) optimization
by F2G, olorofim addresses clinical gaps in
resistant invasive fungal infections with a novel
mechanism not shared by existing antifungal
classes.”

Drug Discovery Process: Olorofim was
identified via a systematic SAR-driven process
targeting essential fungal-specific proteins, leading
to the discovery of DHODH as a critical enzyme.
Preclinical studies demonstrated broad activity
against Aspergillus species—including cryptic and
azole-resistant strains—as well as rare pathogens
such as Lomentospora prolificans, Scedosporium
spp., and Scopulariopsis spp. Its selective inhibition
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of fungal DHODH minimizes mammalian toxicity,
supporting its clinical development.”™

Mechanism of Action: Olorofim
selectively and reversibly binds fungal DHODH,
inhibiting de novo pyrimidine biosynthesis
and thereby blocking DNA, RNA, and protein
synthesis. This results in fungal cell cycle arrest and
eventual cell death. Its mechanism is independent of
ergosterol or cell wall synthesis pathways targeted
by azoles, echinocandins, and polyenes, allowing
efficacy against fungi resistant to these classes.
Olorofim exhibits fungistatic activity initially,
progressing to fungicidal effects with prolonged
exposure, particularly against Aspergillus spp.””

Pharmacokinetics and Pharmacodynamics:
Olorofim shows rapid tissue distribution via both
oral and intravenous administration, with a
high volume of distribution (~3 L/kg) and oral
bioavailability exceeding 45%. Its half-life of
20-30 hours allow convenient dosing, achieving
steady-state concentrations within three days orally.
It is primarily metabolized by cytochrome P450
isoenzymes (mainly CYP3A4) but is only a weak
inhibitor, minimizing clinically significant drug
interactions. Less than 0.2% is excreted unchanged
inurine, and protein binding exceeds 99%. The C
min/MIC ratio is the primary PK/PD determinant
of efficacy. Olorofim’s pharmacokinetic and
pharmacodynamic profiles support both outpatient
therapy and long-term treatment, with stability over
extended oral administration and a low likelihood
of resistance due to the conserved nature of
DHODH.™.

Clinical Trials and Efficacy: In phase 2b
clinical trials, olorofim demonstrated high efficacy
in invasive fungal infections with limited treatment
options, including CNS, bone, and disseminated
infections caused by azole-resistant Aspergillus and
rare molds. Clinical responses were observed at day
42, with sustained responses at day 84 and overall
improvement in nearly 29% of patients. The safety
profile was favorable, with primarily mild adverse
events and rare, reversible liver enzyme elevations;
no treatment-related deaths were reported.”

Spectrum and Resistance: Olorofim is
highly active in vitro and in vivo against Aspergillus
spp., including azole-resistant strains, and rare
pathogenic molds. However, it has limited activity
against yeasts such as Candida and Mucorales,
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emphasizing the importance of accurate diagnosis
before treatment. Resistance development is
expected to be slow due to the conserved nature
of DHODH, with current surveillance indicating
robust activity.”

Ongoing Studies and Future Directions:
Olorofim is currently undergoing phase 3 trials
comparing its efficacy and safety to standard
therapies such as liposomal amphotericin B
(AmBisome) for invasive aspergillosis and
other difficult mold infections, particularly in
immunocompromised and multidrug-resistant
populations. Its oral bioavailability and long tissue
persistence support outpatient management of
chronic, deep-seated infections. Investigational
uses include salvage therapy, combination
regimens, and refractory mycoses.”
Opelconazole

Opelconazole (PC945): Opelconazole
is a novel inhalable antifungal agent belonging
to the broad-spectrum triazole class, developed
by Pulmocide Ltd., London, UK. Its mechanism
of action mirrors that of other azoles: the triazole
moiety inhibits lanosterol 144a-demethylase
(CYP51A1), an enzyme essential for converting
lanosterol to ergosterol. This inhibition reduces
ergosterol synthesis, disrupting fungal cell
membrane integrity and preventing fungal
growth.%

CONCLUSION

Candida albicans is the most common
opportunistic fungal pathogen, with its
pathogenicity driven by morphogenetic switching,
adhesion, and biofilm formation. Resistance to
traditional antifungals- such as azoles, polyenes,
and echinocandins- arises from genetic changes,
including FKS gene mutations, overexpression
of efflux pumps, and alterations in the sterol
biosynthesis pathway. To address these challenges,
several novel antifungal agents have been developed
with enhanced efficacy against resistant strains.
The long-acting echinocandin rezafungin exhibits
fungicidal activity for up to one week, while
the oral glucan synthase inhibitor ibrexafungerp
remains effective against echinocandin-resistant
isolates. The Gwt1 inhibitor fosmanogepix disrupts
fungal cell wall integrity, and the innovative
tetrazole oteseconazole is active against azole-
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resistant infections. Investigational agents such
as olorofim and opelconazole further expand
therapeutic options. However, to comprehensively
manage Candida infections, integrating alternative
approaches—such as combination therapies,
natural product-based antifungals, immune
modulation, and resistance monitoring is essential.
Continued clinical evaluation, molecular research,
and surveillance of resistance patterns will be vital
to ensure long-term efficacy and sustainability of
these novel treatments.
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