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ABSTRACT
Emerging fungal pathogens represent a growing global health threat, particularly affecting immunocompromised
populations including individuals with HIV/AIDS, malignancies, organ transplants, and those receiving
immunosuppressive therapies. The incidence of invasive and opportunistic mycoses has risen markedly due to
clinical and environmental factors. Pathogens such as Candida auris, azole-resistant Aspergillus fumigatus,
Cryptococcus spp., and Mucorales demonstrate multidrug resistance, high virulence, and the ability to cause
severe, often fatal infections. This review was conducted through a structured literature survey of peer-reviewed
articles, reviews, and authoritative sources retrieved from PubMed, Scopus, Web of Science, and Google Scholar
over a decade from 2014 to 2026. Search terms included "emerging fungal pathogens,” "antifungal resistance,"
"novel antifungals,” and "fungal diagnostics." Data were extracted on pathogen identification, resistance
mechanisms, host-pathogen interactions, virulence factors, novel therapeutic strategies, and diagnostic advances.
Resistance mechanisms identified include drug target alterations, efflux pump overexpression, biofilm formation,
stress response activation, genetic adaptability, metabolic rewiring, and cell wall remodeling—often acting
synergistically to reduce antifungal efficacy. Virulence is enhanced through adhesion, tissue invasion, enzymatic
degradation, immune evasion, and morphological plasticity. Current antifungal therapies remain limited to azoles,
echinocandins, and polyenes, each with notable toxicity, resistance issues, and diagnostic challenges. To address
these limitations, novel strategies under development include new antifungal agents targeting unique pathways
(ibrexafungerp, fosmanogepix, olorofim), nanotechnology-based drug delivery, antifungal peptides,
immunotherapy, combination therapies, natural product derivatives, and gene- or RNA-based interventions.
Diagnostic advances including PCR, MALDI-TOF mass spectrometry, and biomarker detection enable earlier and
more accurate identification. This review synthesizes current knowledge on emerging fungal pathogens, their
resistance and virulence mechanisms, and innovative antifungal strategies, highlighting critical research gaps and
emphasizing the urgent need for integrated surveillance, rapid diagnostics, and effective therapeutic interventions.

KEYWORDS: Emerging fungal pathogens, Antifungal resistance, Multidrug resistance, Virulence mechanisms,
Novel antifungal strategies, Pathogen adaptation.
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INTRODUCTION opportunistic mycoses has increased markedly, driven by
Fungal infections have emerged as a significant and often the expanding population of patients with weakened
underrecognized threat to global public health, immune systems, including those with HIV/AIDS,

contributing substantially to morbidity and mortality, malignancies, organ transplants, and individuals
particularly among immunocompromised individuals. In receiving immunosuppressive  or  broad-spectrum
recent decades, the incidence of invasive and antimicrobial  therapies.!  Despite their clinical
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importance, fungal diseases have historically received
less attention compared to bacterial and viral infections,
resulting in limited therapeutic options and slower
progress in antifungal drug development.?

The term “emerging fungal pathogens” refers to
previously unrecognized, newly evolved, or rapidly
spreading fungal species that pose a growing risk to
human health. Among these, multidrug-resistant
organisms such as Candida auris have gained particular
attention due to their ability to cause nosocomial
outbreaks, persist in healthcare environments, and
exhibit resistance to multiple antifungal drug classes.®!
Similarly, Aspergillus fumigatus has demonstrated
increasing resistance to azole antifungals, often linked to
environmental exposure to agricultural fungicides.!
Other clinically important fungi, including Cryptococcus
neoformans, Mucorales, Fusarium, and Scedosporium
species, are also associated with severe and often life-
threatening infections, especially in  vulnerable
populations.®

Several factors contribute to the emergence and spread of
these fungal pathogens. Climate change has been
proposed as a key driver, enabling environmental fungi
to adapt to higher temperatures and potentially overcome
the thermal barrier of the human host.!®! Additionally,
widespread antifungal use in both clinical and
agricultural settings has accelerated the selection of
resistant strains.l”’ The intrinsic complexity of fungal
cells, which share many similarities with human
eukaryotic cells, further complicates antifungal drug
development by limiting the availability of selective
therapeutic targets.!”

Managing fungal infections presents multiple challenges.
The current antifungal armamentarium is restricted to a
few major drug classes—azoles, echinocandins, and
polyenes—each associated with limitations such as
toxicity, drug-drug interactions, and emerging
resistance.®! Diagnostic delays due to nonspecific
clinical manifestations and limitations of conventional
laboratory — methods  further exacerbate  disease
outcomes.”™ Moreover, the ability of many fungi to form
biofilms and undergo morphological transitions enhances
their survival, virulence, and resistance to treatment.*”

Given these challenges, there is an urgent need to better
understand the  mechanisms underlying fungal
pathogenicity and antifungal resistance, as well as to
develop innovative therapeutic strategies. Recent
advances in molecular biology, immunology, and
nanotechnology have opened new avenues for antifungal
intervention, including the development of novel drug
candidates, immunotherapeutic  approaches, and
combination therapies aimed at improving treatment
efficacy and overcoming resistance.

This review aims to provide a comprehensive overview
of emerging fungal pathogens, focusing on their
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epidemiology, mechanisms of resistance and virulence,
and the current challenges in clinical management.
Furthermore, it highlights recent progress in the
development of novel antifungal strategies and identifies
key research gaps that must be addressed to effectively
combat the growing burden of fungal infections.

METHODOLOGY

This review was conducted through a structured
literature survey to analyze emerging fungal pathogens,
their resistance mechanisms, virulence factors, and novel
therapeutic strategies. Peer-reviewed articles, reviews,
and authoritative sources from 2014 to 2026 were
retrieved from databases including PubMed, Scopus,
Web of Science, and Google Scholar using search terms
such as “emerging fungal pathogens,” “antifungal
resistance,” “Candida auris,” “Aspergillus resistance,”
“novel antifungals,” “antifungal peptides,”
“nanotechnology antifungal,” and “fungal diagnostics.”
Studies were included if they focused on clinical or
environmental fungal pathogens, resistance mechanisms,
emerging trends, novel therapeutic approaches (drugs,
immunotherapy, natural products, or nanotechnology), or
diagnostic advances, while non-English publications,
inaccessible full texts, or irrelevant reports were
excluded. Data were extracted on pathogen identification
and epidemiology, molecular mechanisms of resistance,
host-pathogen interactions, virulence factors, novel
antifungal strategies, and diagnostic developments,
including surveillance and One Health considerations.
The information was synthesized narratively, integrating
experimental evidence with clinical observations to
provide a comprehensive overview of current challenges,
mechanistic insights, and future directions in the
management of emerging fungal infections.

1. Major Emerging Fungal Pathogens

The spectrum of clinically significant fungal pathogens
has expanded considerably in recent years, with several
species demonstrating increased virulence, geographic
spread, and antifungal resistance. These emerging fungi
are responsible for a wide range of infections, from
superficial diseases to life-threatening systemic mycoses,
particularly in immunocompromised hosts. Table 1
represents an overview of emerging fungal pathogens
and their clinical significance.

1.1 Candida Species

Species of the genus Candida remain the leading cause of
invasive fungal infections worldwide. While Candida
albicans has historically been the predominant pathogen,
there has been a notable epidemiological shift toward
non-albicans Candida species with distinct resistance
profiles.!™!

Candida auris has emerged as a major global health
concern due to its multidrug resistance, high
transmissibility, and ability to persist on hospital
surfaces, leading to outbreaks in healthcare settings.t! It
is frequently resistant to azoles, polyenes, and
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occasionally echinocandins, severely limiting treatment
options.*? In addition to C. auris, other non-albicans
species such as C. glabrata, C. tropicalis, C.
parapsilosis, C. krusei, and C. lusitaniae are increasingly
reported. These species often exhibit reduced
susceptibility to commonly used antifungal agents and
are associated with bloodstream infections, biofilm
formation on medical devices, and increased mortality
rates.[***4]

1.2 Aspergillus Species

The genus Aspergillus comprises several opportunistic
pathogens, with Aspergillus fumigatus being the most
clinically significant species responsible for invasive
aspergillosis.'™®  This pathogen primarily affects
immunocompromised individuals, including patients
with hematological malignancies and those undergoing
organ transplantation.™*®

A major concern is the rising incidence of azole-resistant
A. fumigatus, which compromises first-line antifungal
therapy. Resistance is often linked to mutations in the
cyp51A gene, and notably, environmental exposure to
azole fungicides used in agriculture has been identified
as a key driver of resistance development.'”*®! Other
clinically relevant species include A. flavus, A. niger, A.
terreus, and A. nidulans, each associated with distinct
clinical manifestations and varying antifungal
susceptibility patterns.**%

1.3 Cryptococcus Species

Cryptococcus neoformans and Cryptococcus gattii are
encapsulated yeasts that cause severe systemic
infections, particularly cryptococcal meningitis.?* These
infections are a leading cause of mortality among
individuals with advanced HIV/AIDS and other
immunocompromising conditions.??

Cryptococcus neoformans is globally distributed and
predominantly affects immunocompromised patients,
whereas C. gattii can infect immunocompetent
individuals and is associated with outbreaks in specific
geographic regions.®! The ability of these pathogens to
cross the blood-brain barrier and establish infection in
the central nervous system (CNS) is a key virulence
feature.” Challenges in management include limited
therapeutic options, prolonged treatment duration, and
high relapse rates.

1.4 Other Emerging Fungi

Beyond the major genera previously discussed, several
additional fungal groups are increasingly recognized as
opportunistic pathogens, often associated with high
mortality and intrinsic resistance to antifungal therapy.

Mucorales (Order Mucorales)

This group includes Rhizopus, Mucor, Lichtheimia,
Rhizomucor, and Cunninghamella species, which are
responsible for mucormycosis—a rapidly progressing
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and frequently fatal infection.” Cases of mucormycosis
have surged in patients with COVID-19, particularly
those with diabetes or corticosteroid treatment.?®!

Hyaline hyphomycetes

Species such as Fusarium, Scedosporium, Lomentospora
prolificans, Paecilomyces, and Acremonium are
emerging as clinically significant pathogens. They can
cause  disseminated infections,  keratitis, and
onychomycosis, and often display resistance to multiple
antifungal agents.*"2¢]

Dematiaceous (melanized) fungi

This group includes Cladophialophora, Exophiala,
Alternaria, Bipolaris, and Curvularia species, which are
responsible for phaeohyphomycosis. The melanin in their
cell walls enhances virulence and contributes to
resistance against host immune defenses.?%%%

Dimorphic fungi

Thermally dimorphic fungi such as Histoplasma
capsulatum, Blastomyces dermatitidis, Coccidioides
immitis, Paracoccidioides brasiliensis, and Talaromyces
marneffei are increasingly reported outside their
traditional endemic regions, driven by travel and climate
change.B1%2

Other emerging fungi

Additional opportunistic pathogens include Trichosporon
spp., Malassezia spp. (linked to bloodstream infections
in  neonates and immunocompromised patients),
Geotrichum spp., and Pneumocystis jirovecii, the latter
being a leading cause of pneumonia in
immunosuppressed individuals.®*!

Collectively, the growing diversity of fungal pathogens,
coupled with their evolving resistance mechanisms and
expanding ecological niches, underscores the urgent need
for improved surveillance, rapid diagnostics, and the
development of effective antifungal therapies.
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Table 1: Emerging fungal pathogens, their notable species, associated diseases, and populations at risk.
Fungal Pathogen g{r;;ili’g;ng /" Notable Associated Diseases At-Risk Population / Notes | Ref
C. auris, C. glabrata, | Candidemia, bloodstream | Hospitalized,
Candida spp. C. krusei, C. | infections, invasive | immunocompromised, ICU | B+
parapsilosis candidiasis patients
. Invasive aspergillosis, | Immunocompromised,
A . A. fumigatus, A. flavus, . L . [19,36]
spergillus spp. . chronic pulmonary | transplant recipients, chronic
A. terreus, A. niger N :
aspergillosis lung disease
... | HIVIAIDS,
C. neoformans, C. | Cryptococcal meningitis, | . [37,38]
Cryptococcus spp. " ' | immunosuppressed,  organ
gattii pulmonary cryptococcosis .
transplant patients
Rhizopus, Mucor, | Mucormycosis . . .
. L . Diabetics, neutropenic, | [zo.40]
Mucorales Lichtheimia, (rhinocerebral, ;
immunosuppressed
Apophysomyces pulmonary, cutaneous)
. . Fusariosis, keratitis, | Immunocompromised, [41,42]
Fusarium spp. F. solani, F. oxysporum .
onychomycosis contact lens users
Scedosporium s S. apiospermum, S. | Invasive infections, | Immunocompromised, [43,44]
P Pp- prolificans, S. boydii pulmonary, CNS cystic fibrosis patients
-~ . Immunocompromised,
Exophiala spp. E._ _dermatltldls, E. Phaeoh_yp_homycoms, sometimes healthy | 15461
spinifera systemic infections R
individuals
. Emergomycosis HIV/AIDS,
E. africanus, E. . : ; ; [47.48]
Emergomyces spp. - (disseminated fungal | immunocompromised
pasteurianus ) . X
infection) populations
. Penicilliosis ~ marneffei, | HIV/AIDS, Southeast Asia | 950
Talaromyces spp. T. marneffei . . . - . .
disseminated infection endemic regions
. . HIV/AIDS,
. . .. Pneumocystis pneumonia | . [51,52]
Pneumocystis spp. P. jirovecii (PCP) immunosuppressed,  organ
transplant patients
Trichosporonosis, Immunocompromised
. . . e . . y [53,54]
Trichosporon spp. T. asahii, T. inkin bIoodstre_am infections, neutropenic patients
fungaemia
Cladosporium spp. C. cladosporioides, C. | Allergic fgngal_ sinusitis, Immunocomp_rom@ed, [55,56]
herbarum cutaneous infections allergy-prone individuals
Paecilomyces spp. P. lilacinus, P. variotii Keratitis, onychomycosis, | Immunocompromised, (57.58]
systemic infections ocular trauma
B. dermatitidis, B. | Blastomycosis Immunoc_ompromlsgd, [59,60]
Blastomyces spp. iIchristii (pulmonary and systemic) people in endemic areas
g P y Y (North America)
Histoplasmosis Immunocompromised,
Histoplasma spp. H. capsulatum H1Stop? > HIV/AIDS, endemic regions | [©-62
disseminated infection -
(Americas)
Paracoccidioides P. brasiliensis, P. lutzii | Paracoccidioidomycosis Immunocompromised, | [63.64]
spp. endemic to South America
. S. schenckii, S. | Sporotrichosis (cutaneous, Traumatic inoculation, [65,66]
Sporothrix spp. o gardeners,
brasiliensis lymphocutaneous) ; .
immunocompromised
. A.  alternata, A. | Cutaneous infections, | Immunocompromised, [67,68]
Alternaria spp. . . A . Lo ;
infectoria sinusitis, keratitis chronic sinusitis patients

2. Challenges in Managing Fungal Infections

The effective management of fungal infections remains a
significant clinical challenge due to a combination of
biological, pharmacological, and diagnostic limitations.
Despite advances in medical science, the burden of
invasive mycoses continues to rise, particularly among
immunocompromised populations, highlighting critical
gaps in current antifungal strategies.®!
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One of the primary challenges is the limited availability
of antifungal drug classes. Currently, antifungal therapy
relies mainly on three major classes: azoles,
echinocandins, and polyenes. These drugs target a
relatively narrow range of fungal cellular processes, such
as ergosterol synthesis or cell wall integrity. The limited
diversity of targets not only restricts therapeutic options
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but also facilitates the rapid emergence of resistance,
especially with prolonged or prophylactic use.™"%

Closely related to this limitation is the issue of drug
toxicity and adverse effects. Among the available
antifungals, amphotericin B, a polyene antibiotic, is
highly effective but associated with significant
nephrotoxicity ~and  infusion-related  reactions.™
Although lipid-based formulations have improved its
safety profile, their high-cost limits accessibility in many
resource-constrained settings. Azoles, while generally
safer, are linked to hepatotoxicity and significant drug—
drug interactions, particularly in patients receiving
multiple medications.™

Another major obstacle is the lack of rapid and reliable
diagnostic methods. Conventional diagnostic techniques,
such as fungal culture and microscopy, are time-
consuming and often lack sensitivity, leading to delayed
diagnosis and treatment initiation.’"¥  Advanced
diagnostic tools, including molecular assays and antigen
detection tests, are not universally available, particularly
in low- and middle-income countries.”™ This diagnostic
delay contributes significantly to poor clinical outcomes.

The ability of many fungi to form biofilms further
complicates treatment. Biofilms are structured microbial
communities that adhere to surfaces such as medical
devices (e.g., catheters, implants) and are encased in an
extracellular matrix."® Within biofilms, fungal cells
exhibit reduced metabolic activity and increased
resistance to antifungal agents, making infections
difficult to eradicate and often necessitating device
removal.[’"]

Fungal infections are also associated with high mortality
rates, particularly in cases of invasive disease such as
candidemia, invasive aspergillosis, and cryptococcal
meningitis."® Mortality is often exacerbated by delayed
diagnosis, limited therapeutic options, underlying
comorbidities, and the emergence of drug-resistant
strains.[””!

Finally, the absence of effective vaccines against most
fungal pathogens represents a major unmet need. Unlike
bacterial and viral infections, for which vaccines have
significantly reduced disease burden, no widely approved
vaccines are currently available for human fungal
diseases.™ The development of antifungal vaccines is
complicated by the eukaryotic nature of fungi, antigenic
complexity, and challenges in eliciting durable protective
immunity,  particularly in  immunocompromised
individuals.’®"

So, the management of fungal infections is hindered by
limited drug availability, toxicity concerns, diagnostic
delays, biofilm-associated resistance, high mortality, and
the lack of preventive vaccines. Addressing these
challenges requires coordinated efforts in drug
development, diagnostic innovation, and global health
strategies to improve patient outcomes.
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3. Mechanisms of Antifungal Resistance

Antifungal resistance is a complex and multifaceted
process involving diverse molecular, genetic, and
physiological adaptations that enable fungi to survive
antifungal exposure. These mechanisms may occur
individually or in combination, often resulting in
multidrug-resistant ~ phenotypes  that  significantly
complicate treatment. Figure 1 shows several
mechanisms of antifungal resistance.

3.1 Drug Target Alterations

Drug target modification is a primary mechanism of
antifungal resistance in which structural or quantitative
changes in the target enzyme reduce drug binding and
efficacy. In azole resistance, mutations in the ERGI11
gene alter the structure of lanosterol 14a-demethylase,
decreasing drug affinity, while overexpression of ERG11
increases enzyme levels to counteract inhibition.!®%
Similarly, resistance to echinocandins arises from
mutations in FKS1 or FKS2, which encode subunits of -
1,3-glucan synthase, thereby reducing drug sensitivity.**]
In the case of polyenes, alterations in membrane sterol
composition, particularly reduced ergosterol content,
limit drug binding and impair antifungal activity.®"

3.2 Efflux Pump Overexpression

Efflux pump overexpression reduces intracellular
antifungal drug concentrations by actively transporting
drugs out of the cell. This mechanism is primarily
mediated by ATP-binding cassette (ABC) transporters,
such as Cdrlp and Cdr2p, and major facilitator
superfamily (MFS) transporters like Mdrlp.® These
pumps can expel a wide range of antifungal agents,
particularly azoles, leading to multidrug resistance.!®®
Their expression is tightly regulated by transcription
factors, including Tacl and Mrrl, which become
upregulated under antifungal stress, further enhancing
resistance.’®”!

3.3 Biofilm-Mediated Resistance

Biofilm formation significantly enhances antifungal
resistance by creating a protective microenvironment for
fungal cells. The extracellular matrix, composed of
polysaccharides, proteins, and extracellular DNA, acts as
a barrier that limits drug penetration.® Within biofilms,
cells exhibit altered metabolic states, often entering
slow-growing or dormant phases that reduce
susceptibility to antifungal agents.® Additionally, the
presence of persister cells, a highly tolerant
subpopulation, contributes to treatment failure and
infection  recurrence.®  Biofilm-associated  gene
expression further reinforces resistance mechanisms.

3.4 Stress Response Pathways

Fungi activate conserved stress response pathways to
survive antifungal exposure and hostile  host
environments. The Hsp90 molecular chaperone plays a
central role by stabilizing key regulatory proteins
involved in resistance and stress adaptation.®"
Calcineurin signaling, a calcium-dependent pathway,
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regulates cell wall integrity, ion balance, and survival
under antifungal stress.®) Additionally, the protein
kinase C (PKC)-MAPK pathway responds to cell wall
damage by inducing compensatory mechanisms such as
increased chitin synthesis.®®! Oxidative stress response
systems, including enzymes like catalase and superoxide
dismutase, help neutralize reactive oxygen species,
further enhancing survival.[*!

3.5 Genetic Adaptability and Genome Plasticity
Fungal pathogens exhibit remarkable genetic flexibility,
allowing rapid adaptation to antifungal pressure.
Aneuploidy, or variation in chromosome number, can
increase the copy number of resistance-related genes,
enhancing survival.®® Point mutations accumulate under
selective pressure, while genomic instability accelerates
the emergence of resistant variants.’® Loss of
heterozygosity events can expose recessive resistance
traits, particularly in diploid species.””! Additionally,
transposable  elements  contribute to  genomic
rearrangements and altered gene expression, further
promoting adaptability.!°®!

3.6 Metabolic and Pathway Rewiring

Fungi can reprogram their metabolic pathways to bypass
the inhibitory effects of antifungal drugs.®® Alterations
in the ergosterol biosynthesis pathway may lead to the
accumulation of alternative sterols that partially
compensate for ergosterol depletion.’® Changes in
carbon metabolism and nutrient utilization can influence
drug susceptibility by modifying cellular physiology.**"
Furthermore, mitochondrial dysfunction or adaptation
can affect energy production and stress responses,
indirectly contributing to antifungal resistance.['*?

3.7 Cell Wall Remodeling

Cell wall remodeling is a key adaptive response that
enhances resistance, particularly against
echinocandins.™® Fungi can increase chitin synthesis to
compensate for the loss of B-glucan, thereby maintaining
cell wall integrity despite drug exposure.’*! Alterations
in the composition and organization of cell wall
polysaccharides can reduce drug accessibility and
effectiveness.’® These structural changes not only
protect the fungal cell but also contribute to immune
evasion.

3.8 Epigenetic and Regulatory Mechanisms

Epigenetic modifications play an important role in
regulating antifungal resistance without altering the
underlying DNA sequence.’® Chromatin remodeling
through histone modifications can influence the
expression  of  resistance-associated  genes.!'"”
Additionally, RNA-mediated regulatory mechanisms,
including non-coding RNAs, may modulate stress
responses and drug resistance pathways."® These
reversible changes allow fungi to rapidly adapt to
environmental stressors, including antifungal agents.
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3.9 Intrinsic and Acquired Resistance

Antifungal resistance can be either intrinsic or acquired.
Intrinsic resistance refers to the natural insensitivity of
certain fungal species to specific antifungal agents, such
as resistance of Candida krusei to fluconazole.*™ In
contrast, acquired resistance develops through genetic
mutations, gene overexpression, or adaptive responses
following exposure to antifungal drugs.® This type of
resistance is particularly concerning in clinical settings,
where prolonged antifungal use creates strong selective
pressure for resistant strains.

Overall, antifungal resistance arises from an intricate
interplay of multiple mechanisms, often acting
synergistically within the same organism. This
complexity underscores the urgent need for novel
therapeutic strategies targeting multiple pathways to
effectively combat resistant fungal infections.
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Figure 1: Schematic representation of the major mechanisms of antifungal resistance.

4. Host-Pathogen Interaction and Virulence
Mechanisms

The ability of fungal pathogens to establish infection and
cause disease depends on a complex interplay between
host defenses and fungal virulence factors. These
mechanisms enable fungi to colonize host tissues, evade
immune responses, and adapt to diverse host
environments, ultimately determining the severity and
outcome of infection. Figure 2 represents the key
pathways of host—pathogen interactions during fungal

infection.

4.1 Adhesion and Invasion

Adhesion to host cells is a critical initial step in fungal
pathogenesis, allowing pathogens to colonize epithelial
and mucosal surfaces. Fungi express a variety of surface
adhesins, such as agglutinin-like sequence (Als) proteins
in Candida species, which facilitate binding to host cell
receptors, extracellular matrix components, and medical
devices.™ Following adhesion, fungi can invade host
tissues through both active penetration and induced
endocytosis.™*?  Active penetration involves the
formation of hyphal structures that mechanically breach
host cell barriers, while induced endocytosis relies on
host cell uptake mechanisms triggered by fungal surface
proteins.™®! These processes enable dissemination into
deeper tissues and the bloodstream.
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4.2 Enzyme Secretion

Fungal pathogens secrete a range of hydrolytic enzymes
that contribute to tissue invasion and nutrient
acquisition.™ Among these, proteases degrade host
proteins, including structural and immune-related
proteins, thereby facilitating tissue penetration and
immune evasion.® Phospholipases disrupt host cell
membranes by hydrolyzing phospholipids, promoting
cell lysis and invasion.™® Other enzymes, such as
lipases and hemolysins, assist in nutrient acquisition and
further enhance virulence.™” The coordinated secretion
of these enzymes plays a central role in host tissue
damage and pathogen survival.**®!

4.3 Immune Evasion Strategies

Successful fungal pathogens have evolved sophisticated
mechanisms to evade or modulate host immune
responses. These include masking of pathogen-associated
molecular patterns (PAMPs), such as B-glucans, to avoid
recognition by immune receptors like Dectin-1."** Some
fungi produce a polysaccharide capsule, as seen in
Cryptococcus neoformans, which inhibits phagocytosis
and suppresses immune activation.?¥  Additionally,
fungi can survive within phagocytic cells by resisting
oxidative stress and preventing phagolysosome
maturation.” Modulation of host cytokine responses
and interference with antigen presentation further
contribute to immune evasion, allowing persistent
infection.™*?
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4.4 Morphological Switching (Yeast < Hyphae)

Morphological plasticity is a key virulence trait in many
fungal pathogens, particularly in Candida albicans. The
ability to switch between yeast and filamentous (hyphal
or pseudohyphal) forms enables adaptation to different
host environments.'?¥ The yeast form is typically
associated with dissemination through the bloodstream,
while the hyphal form is linked to tissue invasion and
biofilm formation."?* This transition is regulated by
environmental cues such as temperature, pH, and nutrient
availability, as well as complex signaling pathways
within the fungal cell.®® Morphological switching

enhances pathogenicity by promoting adhesion, invasion,
and resistance to host immune defenses.

In summary, fungal virulence is driven by coordinated
mechanisms involving adhesion, enzymatic degradation
of host tissues, immune evasion, and morphological
adaptability. These strategies not only facilitate infection
but also complicate treatment, highlighting the need for
targeted therapeutic approaches that disrupt host—
pathogen interactions.

Host—Pathogen Interaction Pathways

Adhesion & Invasion
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Figure 2: Host-pathogen interaction pathways in fungal infections.

5. Novel Antifungal Strategies

The growing burden of antifungal resistance, coupled
with the limited efficacy and toxicity of conventional
therapies, has accelerated the development of innovative
and multidisciplinary antifungal strategies. These
emerging approaches aim not only to improve
therapeutic outcomes but also to overcome resistance,
enhance drug delivery, and target previously unexplored
fungal pathways. Figure 3 represents an integrated
overview of novel antifungal strategies used to combat
fungal infections.

5.1 New Antifungal Agents

The antifungal drug pipeline has expanded in recent
years with the development of novel agents targeting
unique fungal pathways. Ibrexafungerp, a triterpenoid
glucan synthase inhibitor, represents a new class with
oral bioavailability and activity against echinocandin-
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resistant strains.**! Fosmanogepix targets the Gwtl
enzyme involved in glycosylphosphatidylinositol (GPI)-
anchor biosynthesis, disrupting fungal cell wall integrity
and virulence.™" Olorofim, belonging to the orotomide
class, inhibits dihydroorotate dehydrogenase in the
pyrimidine biosynthesis pathway, offering a novel
mechanism distinct from existing antifungals.'*®
Additional emerging agents include rezafungin (a next-
generation echinocandin with extended half-life),
oteseconazole (a highly selective azole), and
encochleated amphotericin B formulations designed to
reduce toxicity and improve delivery.'””! Table 2
represents a comprehensive overview of novel and
emerging antifungal agents currently under development.
It highlights their mechanisms of action, the fungal
pathogens they target, and their respective stages in the
research or clinical pipeline.
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Table 2: Novel and emerging antifungal agents in development, their mechanisms of action, targeted fungi, and
current stage of research or clinical development.

Development Stage /

Agent / Class Mechanism of Action Target Fungi Notes Ref
FDA-approved for
Candida spp., | vulvovaginal [130,131]

Ibrexafungerp

Glucan synthase inhibitor

Aspergillus spp.

candidiasis; trials for
invasive infections

. Gwt1 enzyme inhibitor (cell Candida, Phase ~2-3; broad- 131132
Fosmanogepix (APX001) . Aspergillus, rare | spectrum,  including [131.132]
wall synthesis) . .
molds resistant strains
A Aspergillus, Phase 2-3; effective
. DHODH inhibitor - - o [133,134]
Olorofim (F901318) (pyrimidine biosynthesis) Scedosporium, against azole-resistant
Lomentospora molds
. Echinocandin (B-1,3-D- | Candida, Phase 3; long-acting, | [3s,:136]
Rezafungin . .
glucan synthase) Aspergillus once-weekly dosing
L Candida, Phase 1-2; improved
VT-1598 Fungal ~CYPS1 inhibitor Cryptococcus, selectivity and reduced | (71
(azole-like) . e
Coccidioides toxicity
Coccidioides Preclinical / early
Nikkomycin Z Chitin synthase inhibitor : ’ clinical; potential for | (3914
Candida S
combination therapy
Histone deacetylase . ) .
MGCD290 inhibitor (synergistic with Candida, Phase 2; potentiates | pie1142
Aspergillus azole efficacy
azoles)
. . . . Preclinical / early
T-2307 Mltochondrlal function | Candida, clinical; active against | 14314
disruptor Cryptococcus . A
resistant strains
o Phase 2; improved oral
VT-1129 CYP51. inhibitor ~ (next- Crypt_ococcus, bioavailability and | 11451461
generation azole) Candida
safety
Candida spp., | Phase  2-3; highly
VT-1161 (Oteseconazole) CYP51 inhibitor vulvovaginal selective, lower drug | 247148
candidiasis interactions
Siderophore-mediated Asperaillus Phase 2; novel uptake
ASP2397 (VL-2397) uptake, inhibits  fungal | ~SPErgMILS, mechanism, active | [149150]
Candida : . .
growth against resistant fungi
Inhibits inositol Candida Preclinical; novel cell
Aureobasidin A derivatives | phosphorylceramide : : [151,152]
Cryptococcus wall target
synthase
SCY-078 (Ibrexafungerp Glucan synthase inhibition Candld_a, PrecllnlcaI/cI!nlcaI; [126,153]
analogues) Aspergillus oral formulation
Rare molds, | Preclinical; improved

Olorofim analogues

DHODH inhibition

resistant Aspergillus

potency and spectrum

[133,154]

Multiple mechanisms: Preclinical / off-label;
Repurposed drugs (e.g., | disrupt membrane, inhibit | Cryptococcus, : " | [155.156]
. . ! adjunct therapy for
Sertraline, Tamoxifen) ergosterol,  affect stress | Candida h . ;
resistant infections
response
Natural product derivatives | Novel targets:  biofilm | Candida, R
Lo S - . Preclinical; potent | (157,158
(e.q., Turbinmicin, | inhibition, cell wall | multidrug-resistant activity. low toxicit
Enfumafungin derivatives) disruption fungi Y. y
APX001 analogues Gwtl  inhibitors  with | Broad-spectrum Preclinical; optimized | [1s9,160]
improved pharmacokinetics | fungi for oral and 1V use
Olorofim  +  combination | DHODH inhibition + other | o 001 Preclinical; synergistic | [i28161]
therapies antifungals effects observed
New echinocandin Candida Phase 2-3; extended
derivatives (CD101, | B-1,3-D-glucan synthase Aspergill'us half-life, better dosing | 2915

Rezafungin analogues)

flexibility
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5.2 Nanotechnology-Based Approaches
Nanotechnology has introduced promising strategies to
enhance antifungal therapy through improved drug
delivery systems. Nanoparticles, including liposomes,
polymeric nanoparticles, solid lipid nanoparticles, and
metallic nanoparticles (such as silver and gold), enable
targeted delivery of antifungal agents to infection
sites.l*62%%%1 These systems enhance drug solubility,
stability, and bioavailability while minimizing systemic
toxicity. Functionalized nanoparticles can also penetrate
biofilms and deliver drugs in a controlled and sustained
manner.'®! Additionally, some nanoparticles exhibit
intrinsic antifungal activity through mechanisms such as
reactive oxygen species generation and membrane
disruption.**!

5.3 Antifungal Peptides

Antifungal peptides, also known as antimicrobial
peptides (AMPs), are emerging as potent alternatives to
conventional antifungal drugs. These peptides typically
exert their effects by disrupting fungal cell membranes,
leading to leakage of intracellular contents and cell
death.**® Some peptides also interfere with intracellular
targets, including nucleic acids and protein synthesis.!**”]
Natural sources include human defensins, histatins, and
plant-derived peptides, while synthetic and engineered
peptides are being developed to improve stability and
specificity.'*® Their broad-spectrum activity and reduced
likelihood of resistance development make them highly
promising candidates.

5.4 Immunotherapy

Immunotherapeutic approaches aim to enhance the host
immune response against fungal pathogens. Monoclonal
antibodies targeting fungal cell wall components,
virulence factors, or toxins can improve pathogen
clearance and reduce disease severity.l'* Cytokine-
based therapies, such as interferon-y and granulocyte-
macrophage colony-stimulating factor (GM-CSF), can
boost immune cell activity and improve antifungal
defense, particularly ~ in immunocompromised
patients.!’? Other approaches include adoptive T-cell
therapy and dendritic cell-based vaccines, which aim to
restore or enhance antifungal immunity.[*"

5.5 Combination Therapy

Combination antifungal therapy involves the use of two
or more agents to achieve synergistic effects, improve
efficacy, and reduce the likelihood of resistance
development. Common strategies include combining
azoles with echinocandins or polyenes, as well as pairing
antifungals with non-antifungal agents such as
calcineurin inhibitors or efflux pump inhibitors.*"
These combinations can target multiple pathways
simultaneously, disrupt resistance mechanisms, and
enhance fungal killing.*’? Combination therapy is
particularly valuable in treating invasive and multidrug-
resistant infections.
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5.6 Natural Products and Phytochemicals

Natural products remain a rich source of novel antifungal
compounds with diverse mechanisms of action. Plant-
derived compounds such as alkaloids, flavonoids,
terpenoids, and phenolics exhibit antifungal activity by
disrupting cell membranes, inhibiting enzyme function,
and interfering with biofilm formation.*"**" Essential
oils from plants, including components like thymol,
eugenol, and carvacrol, have demonstrated strong
antifungal  effects.'’>® In  addition, secondary
metabolites from microorganisms, marine organisms,
and endophytic fungi are being explored for their
therapeutic potential.*""! These compounds often exhibit
synergistic effects when combined with conventional
antifungals.

5.7 Targeting Fungal Virulence Factors

An emerging strategy involves targeting fungal virulence
rather than viability, thereby reducing selective pressure
for resistance. This includes inhibition of adhesion,
biofilm formation, enzyme secretion, and morphological
switching.'”® Quorum sensing inhibitors and biofilm-
disrupting agents are being investigated to interfere with
fungal communication and pathogenicity without directly
killing the organism.*™

5.8 Gene- and RNA-Based Therapeutics

Advances in molecular biology have enabled the
development of gene-targeting strategies such as RNA
interference (RNAIi) and CRISPR-Cas systems. These
approaches can selectively silence or disrupt genes
essential for fungal survival, virulence, or resistance.**"!
Although still largely experimental, they offer high
specificity and the potential for personalized antifungal
therapy.

5.9 Drug Repurposing Strategies

Drug repurposing involves the use of existing non-
antifungal drugs with newly identified antifungal
properties. Compounds such as statins, antipsychotics,
anticancer drugs, and immunomodulators have shown
activity against fungal pathogens.® This approach
reduces development time and cost, as safety profiles are
already established, and can be particularly useful in
rapidly addressing emerging resistance.

5.10 Microbiome-Based Approaches

The role of the human microbiome in controlling fungal
colonization has gained increasing attention. Probiotics
and microbiome-modulating therapies can inhibit fungal
overgrowth by competing for nutrients and producing
antifungal metabolites.’®? Restoration of microbial
balance may serve as a preventive or adjunctive strategy
in fungal infections.!*®*!

5.11 Photodynamic and Physical Therapies

Photodynamic therapy (PDT) utilizes photosensitizing
agents activated by specific wavelengths of light to
generate reactive oxygen species that kill fungal cells.!*®"
Other physical approaches, such as cold plasma and
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ultrasound-assisted therapy, are also being explored for
their antifungal effects, particularly in superficial and
biofilm-associated infections.[*®!

So, novel antifungal strategies encompass a wide range
of innovative approaches, from new drug development to

advanced delivery systems and host-directed therapies.
These strategies aim to overcome the limitations of
current antifungal treatments and provide more effective,
targeted, and sustainable solutions for managing
emerging fungal infections.
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Figure 3: Novel antifungal strategies overview.

6. Diagnostic Advances

Timely and accurate diagnosis of fungal infections is
critical for effective clinical management, yet remains
challenging due to nonspecific symptoms and limitations
of conventional methods. Recent advances in diagnostic
technologies have significantly improved the speed,
sensitivity, and specificity of fungal detection, enabling
earlier intervention and better patient outcomes.

6.1 PCR-Based Detection

Polymerase chain reaction (PCR)-based techniques have
revolutionized fungal diagnostics by allowing rapid and
highly sensitive detection of fungal DNA directly from
clinical samples.™ These methods can identify
pathogens at the species level, even in cases where
cultures are negative or slow-growing. Real-time PCR
(gPCR) and multiplex PCR assays enable simultaneous
detection of multiple fungal species, making them
particularly ~ useful in  invasive infections.¥”
Additionally, PCR-based methods can detect antifungal
resistance genes, providing valuable information for
targeted therapy."® However, challenges such as
standardization, cost, and risk of contamination still limit
widespread clinical implementation.
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6.2 MALDI-TOF Mass Spectrometry

Matrix-Assisted Laser Desorption/lonization Time-of-
Flight (MALDI-TOF) mass spectrometry has emerged as
a powerful tool for the rapid identification of fungal
pathogens. This technique analyzes protein spectra from
microbial cells and compares them with reference
databases to accurately identify species within
minutes.’® MALDI-TOF is particularly effective for
identifying Candida and other yeast species, and
advancements are expanding its application to
filamentous fungi.**? Its advantages include speed, cost-
effectiveness over time, and high accuracy, although its
performance depends on the quality and completeness of
reference databases.™™")

6.3 Biomarker-Based Detection

Biomarker assays provide non-culture-based methods for
detecting fungal infections by identifying specific fungal
cell wall components or metabolites in body fluids.*?
Among the most widely used biomarkers is 3-D-glucan,
a component of the fungal cell wall found in many
pathogenic fungi, which serves as a broad indicator of
invasive fungal infection.'*®! Galactomannan, another
important biomarker, is specifically associated with
Aspergillus infections and is commonly used for early
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diagnosis of invasive aspergillosis.*? These assays offer
rapid results and are particularly useful for screening
high-risk patients; however, they may produce false
positives or negatives under certain clinical conditions,
necessitatin]q careful interpretation alongside clinical
findings.'®

DISCUSSION

The emergence of multidrug-resistant fungal pathogens
represents one of the most pressing challenges in modern
infectious disease management. Over the past decade,
there has been a notable shift in the epidemiology of
invasive fungal infections, with species such as Candida
auris, non-albicans Candida, azole-resistant Aspergillus
fumigatus, and  Cryptococcus  gattii  gaining
prominence.’®® These pathogens are associated with
higher mortality rates, increased healthcare costs, and
prolonged hospital stays, particularly in
immunocompromised populations, including patients
undergoing chemotherapy, organ transplantation, or long-
term  corticosteroid  therapy.'”! ~ The increasing
prevalence of these infections highlights the inadequacy
of current antifungal options and underscores the urgent
need for novel therapeutic and preventive strategies.

A central concern in the management of emerging fungal

infections is the growing antifungal resistance.
Resistance arises through multiple mechanisms,
including drug target alterations, efflux pump

overexpression, biofilm-mediated tolerance, activation of
stress response pathways, and genomic plasticity.**%!
For instance, mutations in the ERG11 gene in Candida
species reduce azole binding, while alterations in FKS
genes confer echinocandin resistance.”®” Biofilms
further complicate treatment, providing a protective
niche where fungi can survive high drug
concentrations.”” These resistance mechanisms often
coexist within the same pathogen, producing multidrug-
resistant phenotypes that are increasingly difficult to
eradicate. Resistance not only limits treatment options
but also drives the need for higher drug doses,
combination therapies, and prolonged treatment courses,
which in turn increase toxicity risks and healthcare
burden.

The limitations of current antifungal agents contribute
significantly to the clinical challenges. Only three major
classes—azoles, echinocandins, and polyenes—are
widely used, with each exhibiting inherent
limitations.™ Polyenes, such as amphotericin B, remain
highly effective but are associated with nephrotoxicity
and infusion-related adverse effects.? Azoles are prone
to drug-drug interactions and hepatotoxicity, while
echinocandins, although generally well-tolerated, have
limited oral bioavailability and reduced efficacy against
certain resistant strains.l”®! Moreover, the lack of
antifungal vaccines or prophylactic immunization
strategies leaves at-risk populations highly susceptible to
invasive infections, further emphasizing the dependence
on pharmacological interventions.
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Advances in diagnostic technologies offer some hope in
improving clinical outcomes by enabling early detection.
Molecular techniques, such as PCR-based assays, allow
for rapid species-level identification and the detection of
resistance-associated genes.®® MALDI-TOF mass
spectrometry has accelerated fungal identification with
high accuracy and reduced turnaround time.r*
Biomarker-based assays, including pB-D-glucan and
galactomannan detection, provide additional tools for
early diagnosis of systemic infections.”®® Despite these
advances, diagnostic accessibility and standardization
remain significant barriers, particularly in resource-
limited settings, leading to delayed treatment initiation
and increased mortality.

The urgent need for innovative therapies has driven
research into novel antifungal strategies. New agents
such as ibrexafungerp, fosmanogepix, and olorofim
target unique fungal pathways and exhibit activity
against multidrug-resistant strains.’”®! Nanotechnology-
based delivery systems enhance drug solubility, targeted
delivery, and biofilm penetration while reducing
systemic toxicity.”® Antifungal peptides offer broad-
spectrum activity through membrane disruption, and
immunotherapeutic approaches, including monoclonal
antibodies and cytokine therapy, aim to augment host
defenses.® Additionally, combination therapy, natural
products, and phytochemicals provide complementary
approaches that may improve efficacy and reduce
resistance  development.®  Importantly, strategies
targeting fungal virulence factors, rather than viability
alone, represent a promising direction to reduce selective
pressure for resistance.%®!

Beyond clinical management, surveillance and a One
Health perspective are critical for controlling emerging
fungal threats. Environmental reservoirs, agricultural use
of azoles, and climate-driven shifts in fungal distribution
all contribute to the emergence of resistant strains./?*!
Coordinated global surveillance systems, integrated with
genomic epidemiology, can track resistance trends and
guide therapeutic strategies.”’® The One Health
approach, linking human, animal, and environmental
health, is essential to understanding and mitigating the
factors driving fungal emergence and resistance.

Despite these advances, several research gaps persist.
Identification of new drug targets, development of safe
and effective vaccines, standardization of rapid
diagnostics, and scalable surveillance systems remain
priorities.”*! Additionally, understanding the molecular
mechanisms of biofilm tolerance, stress response, and
genetic adaptability will inform the design of more
effective  antifungal therapies.™ Interdisciplinary
collaboration ~ between  mycologists,  clinicians,
pharmacologists, and public health experts is essential to
address these gaps and translate laboratory findings into
clinical practice.
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Therefore, the current landscape of emerging fungal
pathogens is characterized by increasing resistance, high
morbidity and mortality, and limited treatment options.
Innovative  therapies, rapid diagnostics, global
surveillance, and integrated preventive strategies are
essential to address this escalating threat. Continued
research and investment in antifungal drug discovery,
immunotherapy, and One Health initiatives will be
critical in mitigating the clinical and public health impact
of emerging fungal infections. Addressing these
challenges proactively will not only improve patient
outcomes but also reduce the global burden of fungal
diseases.

Future Perspectives and Research Gaps

Despite progress in understanding fungal biology and
improving therapies, major gaps still limit control of
emerging fungal infections. Addressing these challenges
requires coordinated efforts across research, clinical
practice, and global health systems.

A key priority is the discovery of novel antifungal drug
targets. Current treatments focus on a few pathways,
such as ergosterol synthesis and cell wall biosynthesis,
increasing resistance risks.?*® Future research should
explore fungal-specific pathways, including virulence
factors, mitochondrial functions, and unique metabolic
processes.?  Advances in genomics and systems
biology can accelerate the identification of these targets
and support safer, more effective drug development.

Vaccine development remains a significant challenge.
Fungi are complex eukaryotes, making it difficult to
identify safe, immunogenic targets, especially in
immunocompromised patients who are most at risk.!*%
Current approaches—including subunit, conjugate, and
live-attenuated vaccines—face hurdles in safety, efficacy,
and durability, which must be overcome before
widespread clinical application.[*!

Surveillance systems are critical for monitoring
resistance and emerging infections. Existing data are
often fragmented and region-specific. Global networks
with standardized diagnostics, reporting, and genomic
integration can enable early detection of resistant strains,
track multidrug-resistant outbreaks, and guide public
health strategies.*")

A One Health approach is essential, as fungal infections
are influenced by human, animal, and environmental
factors. Agricultural antifungal use and climate-driven
changes contribute to resistant environmental strains.[*!
Collaboration  across  medical, veterinary, and
environmental sectors is needed to regulate antifungal
use, monitor reservoirs, and implement sustainable
control strategies.**"

So, future research should focus on expanding drug

targets, overcoming vaccine barriers, strengthening
surveillance, and adopting One Health strategies. These
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efforts are crucial to prevent, manage, and reduce the
global impact of emerging fungal pathogens.

CONCLUSION

Emerging fungal pathogens represent a growing global
health threat, causing severe infections with high
morbidity and  mortality,  particularly  among
immunocompromised individuals. The rapid rise of
multidrug-resistant species, such as Candida auris and
azole-resistant Aspergillus fumigatus, underscores the
urgent antifungal resistance crisis. Conventional
therapies are increasingly limited by toxicity, biofilm-
associated  tolerance, and evolving  resistance
mechanisms.

Addressing this challenge requires a multifaceted
approach that includes the development of novel
antifungal agents, advanced drug delivery systems,
immunotherapies, and combination strategies. Early and
accurate diagnostics, coupled with global surveillance
and One Health initiatives, are equally essential to
monitor and contain resistant strains. Continued
investment in innovative therapies and preventive
measures, including vaccines and natural product-based
interventions, will be critical to mitigating the threat
posed by emerging fungal pathogens and improving
clinical outcomes worldwide.
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