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Abstract

Invasive fungal infections (IFls) are one of the most significant public health challenges
worldwide. Yet, research and communication thereof were left behind for a long time, until
the WHO published a priority pathogens list to guide research, development, and public
health action in October 2022. Indeed, due to the rising number of immunocompromised
patients at risk and the high level of morbidity, mortality, and economic burden they entail,
especially in low- and middle-income countries, IFIs are a serious public health threat. Fun-
gal infections due to dimorphic fungi face additional challenges such as limited knowledge
outside of endemic areas and restricted availability of antifungal molecules in areas affected
by these infections. The number of related deaths per year is estimated at 2.5 million, but
non-governmental organisations make a wider estimation, due to the difficulties in early
in vitro diagnostic and troublesome collection and analysis of epidemiological data. Despite
this fact, the therapeutic toolbox addressing these infections remains limited, with only
four main families of molecules available so far. The antifungal therapeutic supply is com-
posed of very toxic polyenes, the weakly selective and nearly unused 5-fluorocytosine, and
azoles, some of which are becoming increasingly inefficient against IFIs. In the 2000-2020s,
the fourth arising family consisted of safer semisynthetic echinocandins. Unfortunately,
nowadays, more and more fungal isolates encountered in intensive care units exhibit a
low susceptibility to echinocandins or are even multiresistant. In this review, we expose
the current treatments available to fight against invasive fungal infections. We recall the
discovery and physico-chemical aspects of these substances leading to structure/activity
and structure/properties relationships. We particularly focus on the to-date resistances
and their molecular mechanisms. We finally list some of the most relevant antifungal drug
candidates, as they were freshly overviewed by the World Health Organization in April
2025, highlighting the importance of the molecular dimension of this pursuit toward the
expansion of the antifungal therapeutic toolbox.

Keywords: antifungals; invasive fungal infections; structure-activity relationships;
resistance; drug candidates
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1. Introduction

Microbial agents have consistently interacted with human beings, playing a pivotal
role in human evolutionary processes. The efficacy of this coexistence arises from their
remarkable adaptability. Among microbial pathogens, fungi exhibit short generation times,
flexible genomes, and a ceaseless ability to adapt to natural environments containing
many adverse compounds, notably antifungal pesticides, thereby creating strong selection
pressures [1]. However, fungal infections, especially invasive ones, are not sufficiently
considered as a severe public health issue. Despite the growing interest of the scientific
community for bacterial resistance to in-use antibacterial substances, the resistance of fungi
to antifungal drugs remains underestimated and therefore under-reported [2]. Still, consid-
ering a potential 300 million severe cases globally resulting in an estimated 3.75 million
fatalities annually [3,4], invasive fungal infections (IFIs) emerge as a significant public
health challenge.

The fungal kingdom encompasses over six million distinct species [5], widely dis-
tributed throughout the natural environment. The overwhelming majority of microscopic
fungi establish enduring colonies, existing within intricate communities in both environ-
mental and human settings [6]. Nevertheless, fungi can also be primary or opportunistic
pathogens, leading to fungal infections, also called ‘mycoses’. Firstly, superficial mycoses,
including infections of the hair (ringworm), skin (athlete’s foot), or nails (onychomyco-
sis), are more common in terms of overall global prevalence and are typically benign
and manageable. On the other hand, invasive fungal diseases (IFDs) are associated with
disproportionately high morbidity, mortality, and economic burden, especially for patients
with weakened immune systems [4]. According to the European Organization for Re-
search and Treatment of Cancer (EORTC) and the Mycoses Study Group Education and
Research Consortium (MSGERC) criteria [7,8], a proven invasive or systemic fungal disease
is confirmed when histopathological examination reveals tissue damages attributable to
fungal elements and/or when the etiologic agent is isolated by culture from otherwise
clinically sterile samples such as blood, tissues, or cerebrospinal fluid [9,10]. An IFD can be
initiated via either invasion of fungal microbiota into mucosal surfaces, inhalation of fungal
spores from the environment, or direct inoculation, leading to colonization, infection, and
even dissemination [11]. To cause an IFD, the fungi must satisfy several criteria: (i) the
capacity to grow at the human body temperature, (ii) the ability to invade internal tissues
by penetrating or dodging host barriers, (iii) the capability to lyse tissues and absorb their
components, and (iv) the aptitude to evade host immune defenses [12].

Because of their highly efficient and sophisticated immune system, humans are nat-
urally resistant to IFDs. Therefore, one of the main factors that contributes to the rise
in the emergence of IFDs is the increasing number of patients at risk. Among them, we
can list (i) patients with a weakened immune system (aging, suffering from the flu, Ac-
quired Immuno Deficiency Syndrom (AIDS), or uncontrolled diabetes, or presenting a
treatment-induced immunosuppression, especially those facing onco-hematologic diseases),
(ii) patients suffering from co-infections (Mycobacterium tuberculosis, cytomegalovirus, or
HIV for the most frequently associated infecting agents), (iii) those undergoing invasive
medical procedures (implantation of catheters or intravascular and intracranial devices,
solid organ transplant, bone marrow graft), and (iv) those incurring traumas and deep
burns [4,13]. The identification of new groups at-risk of IFDs is an ongoing process. One
recent example involves COVID-19 and influenza pneumonia, which have led to a surge in
the occurrence of comorbid invasive fungal infections, such as aspergillosis and mucormy-
cosis [14-16]. For immunological aspects of this increasing risk, Kumar and coworkers
recently published an instructive scheme of fungal cell wall interplay with host immune
response during infections [17].
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In late 2022 and for the very first time, the World Health Organization (WHO) pub-
lished a fungal priority pathogen list presenting serious risks of mortality and morbidity
(WHO FPPL) [18]. Thus, nineteen fungal species were classified into three priority groups
(critical, high, and medium). The fungi that are the most often associated with IFDs
(Candida albicans, Candidozyma auris, Aspergillus fumigatus, Cryptococcus neoformans, and
Mucorales) are top-listed as critical [19]. Indeed, the rapid advent of resistance in usually
susceptible pathogens and the emergence of novel multidrug-resistant fungal species (like
the fearsome thermotolerant Candida auris, now called Candidozyma auris in the updated
taxonomy) [20] are often associated with high mortality rates of IFDs and high hospital-
ization costs [2,21,22]. Drug-resistant fungi can rapidly spread in a variety of settings
such as communities, healthcare facilities, and the environment including soil and water,
causing IFDs in the above-listed at-risk patients. One can acknowledge this first official
enlightening of such a global public health burden.

The global epidemiology of IFDs is difficult to assess because of the absence of national
surveillance systems and the lack of available data in most countries. According to the
Leading International Fungal Education (LIFE) initiative, the currently available estima-
tions of the global incidence and mortality rates of IFDs are impacted by local healthcare
programs, diagnostic tools, and the availability of antifungal drugs across the world [2,23].
Thus, there is a scarcity of epidemiological data accessible at present, and this paper only
provides some examples of IFDs that are described in the literature (Figure 1). In addition,
given the limited range of treatments and diagnostics available today for clinical use against
IFDs, these are a significant concern for public health [4].

Estimated incidence
M Estimated mortality

Mucormycosis

0.0 0.5 1.0 1.5 2.0 2.5
Number of patients (10 6)

Figure 1. Global estimated incidence and mortality for the most common invasive fungal diseases
affecting humans worldwide per year from 2019 to 2021 [4].

Invasive aspergillosis affects 2,113,000 humans worlwide per year, in the context of
chronic obstructive pulmonary disease [13], intensive care [24], hematopoetic stem cell
transplant [25], leukemia, and lymphoma [26]. Mortality rates may vary in these four
population groups but are estimated at 85%, i.e., 1,801,000 deaths per year [4]. Invasive
candidiasis is one of the most common opportunistic fungal infections, with an estimated
1,565,000 new cases worldwide per year, taking into account bloodstream Candida infections
(candidemia) and invasive candidiasis without a positive blood culture (intra-abdominal
abscess, peritoneal candidiasis, etc.) [4]. Mortality rates vary from relatively low numbers
in less immunosuppressed patients to higher ones in those with more severe immunosup-
pression [27]. The mortality rates are estimated at 64%, i.e., 995,000 deaths per year [4].
Pneumocystis jirovecii currently stands as one of the leading microorganisms responsible for
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opportunistic infections in individuals with advanced AIDS. The worldwide prevalence
of pneumocystosis is estimated to exceed 505,000 cases annually, and the mortality rates
vary from 10 to 42% if the diagnosis is not delayed [4,28]. Cryptococcal meningitis remains
common in uncontrolled AIDS cases [29], with about 194,000 new cases per year, and a 76%
rate of mortality, i.e., 147,000 deaths. Mucormycosis is increasingly encountered in many
settings, with an estimated 211,000 new cases a year, causing 84,000 deaths, corresponding
to a 39% rate of mortality [4].

To treat IFDs, only four families of antifungal drugs are currently available. This
figure contrasts with the more than ten families of antibacterial drugs a clinician can use to
treat an invasive bacterial infection. Moreover, among every identified fungal pathogen,
drug-resistant fungi account for over 50% of mortality rates attributed to IFDs [4,13]. In
light of these challenges, some (too rare) efforts have been made to develop new antifungal
drugs with original mechanisms of action. In contrast with the development of new
antibacterial drugs, antifungal drug discovery and development is more challenging due
to a somehow lesser scientific interest and, more importantly, the eukaryotic biochemistry.
Consequently, many potential targets are similar to or also present in human cells, carrying
a substantial host toxicity risk. As a result, currently available antifungal drugs have
various drawbacks, notably in terms of safety and pharmacokinetic parameters. Thus, it
is imperative to understand the limitations of clinically employed antifungal therapies.
The mechanisms underpinning drug resistance are an additional preoccupation. Thus, it
is highly recommended to consider different and complementary strategies to increase
the number of new antifungal drugs that can address these problems. Therefore, one of
the main challenges of antifungal drug discovery today is the exploration of new targets
that are present exclusively in fungal cells (or to a lesser extent, mostly under-expressed in
host cells).

Until the end of the 20th century, mostly polyenes, antimetabolites, and azoles were
routinely used to treat IFDs (Figure 2). These three families can cause serious side-effects
and drug-drug interactions, which complicate their use in clinical settings. Oppositely,
echinocandins, which are the most recent antifungal family, present milder side-effects [30].
A fifth family mainly composed of terbinafine is sometimes used, and antifungal com-
binations are clinically explored in last-chance protocols. Other antifungal drugs like
allylamines, cyclopirox/cyclopiroxolamine and amorolfine are also available, but as they
are mainly used for treating superficial dermatophytic infections, they are out of the scope
of the present review.

Polyenes Echinocandins
AmpB CSP MICA ANF REZ
1968 1974 1981 1990 1992 2002 2015
1958 2001| 2005 |2006 2023
5-FU MCcz KCz FCZ ICZ VOR POS ISA
Imidazoles Triazoles
Antimetabolites Azoles

Figure 2. Timeline of antifungals used for treatment of invasive fungal diseases. The chronological
points represent the years of FDA approval. AmpB: amphotericin B; 5-FU: 5-fluorocytosine (5-FC) as a
precursor of cytotoxic 5-fluorouracil (5-FU); MCZ: miconazole; KCZ: ketoconazole; FLZ: fluconazole;
ITZ: itraconazole; VOR: voriconazole; POS: posaconazole; ISA: isavuconazonium sulfate; CSP:
caspofungin; MICA: micafungin; ANF: anidulafungin; REZ: rezafungin.
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2. Current Antifungal Substances Against Invasive Fungal Infections
2.1. Polyenes

Polyenes were the first class of antifungal agents to be discovered in the 1940s and
deployed in clinical settings as soon as the 1950s [31]. Presently, only three polyenes
(amphotericin B, nystatin, and natamycin) are in use [32], and only the first is employed
against IFDs [33]. Polyenes were first identified as natural compounds isolated from the
cultivation broths of Streptomyces nodosum, Streptomyces noursei, and Streptomyces natalentis,
respectively [22,34]. In comparison to other antifungal agents, polyenes exhibit the broadest
spectrum of activity. Both nystatin and natamycin possess high systemic toxicity levels,
restricting their usage to topical applications only [32]. On the contrary, amphotericin B
is the most prevalent polyene employed for systemic infections today [32]. Therefore, the
timeline of IFDs treatments traces back to the approval of amphotericin B-deoxycholate in
1958 (Figure 2) [31,33,35].

Amphotericin B is characterized by a polyunsaturated macrolactone ring linked with
an extracyclic D-mycosamine saccharide (Figure 3) [30]. This amphiphilic structure facil-
itates the binding to the fungal membrane and an energetic interaction with ergosterol
(Scheme 1) [36]. Current models emphasize membrane disruption via the “sponge” effect
and pore formation as the primary mechanism of antifungal action, whereas reactive oxy-
gen species (ROS)-mediated damage has lost prominence. These mechanisms have been
recently reviewed by Bajaj et al. [37] and Cowen et al. [38]. Due to the structural proximity
between ergosterol (predominantly found in fungi) and cholesterol (a constituent of hu-
man cell membranes), amphotericin B exhibits only ten-fold lower affinity for cholesterol,
which explains its numerous side-effects and high toxicity [30]. The primary adverse effect
of amphotericin B is nephrotoxicity, which arises from interactions with cholesterol-rich
membrane cells, such as kidney cells [35,39]. The primary manifestations of nephrotoxicity
include a decrease in glomerular filtration and loss of urinary concentrating ability [40].
Moreover, due to the leakage of monovalent ions (like Na*, K*, H*, and Cl1™) consequent
to membrane pore formation, polyenes can alter the ionic homeostasis [35].

The first marketed formulation of amphotericin B for the treatment of IFDs was a
micellar dispersion which contains sodium deoxycholate as a solubilizer [35,41]. Despite
its clinical efficacy against a wide range of IFDs, such as those caused by Candida spp.,
Aspergillus spp., and Cryptococcus neoformans [33,39], it can cause acute serious side-effects
during intravenous administration, including fever, hypotension, dyspepsia, and nau-
sea [41]. Furthermore, nephrotoxicity-related side-effects [35] significantly affect its clinical
use. In the late 1970s, the research of drug delivery systems led to the development of
a liposomal amphotericin B formulation [41]. There, amphotericin B is intercalated into
the membranes of small unilamellar vesicles made from hydrogenated soy phosphatidyl-
choline, distearoyl phosphatidylglycerol, and, above all, cholesterol [41]. Due to the unique
sterol/polyene affinity, amphotericin B is not released into the bloodstream, allowing for
an improved tissue distribution [35,39,42]. Remarkably, those liposomes can interact with
the ergosterol-rich fungal cell wall, facilitating the direct delivery of the drug to its fungal
target [41]. Therefore, this formulation strategy considerably reduces infusion-related
side-effects but does not completely eliminate the nephrotoxicity and hepatotoxicity prob-
lems [35,39]. Today, liposomal amphotericin B is employed as an empirical therapy for
febrile or neutropenic patients and for treating IFDs in patients refractory to amphotericin
B-deoxycholate or presenting a renal impairment [42]. It is recommended as a first-line
treatment for central nervous system cryptococcosis and candidiasis (with or without flucy-
tosine) [10], as a first-line treatment (at high doses) for mucormycosis [43], as an alternative
to echinocandins in candidemia or ocular candidiasis [10], in azole-resistant aspergillosis
or as combination therapy with azoles in treating invasive aspergillosis [44]. According to
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the WHO guidelines, it is also recommended for the treatment of histoplasmosis [45] or
other endemic mycoses dues to dimorphic fungi [46] and cryptococcal meningitis [47] in
patients infected by HIV. However, amphotericin B-deoxycholate is still commonly used
today in low- and middle-income countries, mostly because of financial reasons [42].

O )
OH OH O WOH

Rq

29
Amphotericin B Nystatin B Natamycin
Ri=R,=H R; =R, = OH
R2=R3=OH R2=R3=H
AZ8 present AZ8 absent

Figure 3. Chemical structure of clinically used polyene antifungals. Only amphotericin B is ap-
proved for the treatment of invasive fungal diseases. Nystatin and natamycin are used in topical
applications only.
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Scheme 1. Representation of a yeast cell structure highlighting the main characteristics of the cell wall
and membrane, as well as the targets of antifungal drugs used in the treatment of invasive fungal
diseases. Polyenes bind irreversibly with ergosterol (1) and induce the formation of reactive oxygen
species (ROS) (2). 5-Fluorocytosine is converted to cytotoxic 5-fluorouracil, which is incorporated
into RNA (3), thereby inhibiting DNA synthesis (4). Azoles inhibit the key enzyme 14a-lanosterol
demethylase involved in ergosterol biosynthesis (5). Echinocandins inhibit 1,3-3-D-glucan synthase,
essential for fungal cell wall structure (6).



Pharmaceuticals 2025, 18, 1220

7 of 24

2.2. Antimetabolites

Today, the only clinically used antifungal antimetabolite drug is 5-fluorocytosine
(5-FC, also called flucytosine). Here, we refer to the structural analogues of pyrimidine
nucleic bases (Figure 4) that are essential for DNA, RNA, and protein synthesis, as well as
metabolic reactions. 5-FC serves as a perfect illustration of drug repurposing within the
pharmaceutical discovery process. Originally developed as a potential anticancer drug in
1957, 5-FC lacked efficient antineoplastic activity [48]. Ten years later, in 1968, this synthetic
analogue of cytosine gained approval for use as an antifungal medication (Figure 2) [49-51].
Its mechanism of action was recently reviewed by Denning et al. [52]. It involves the active
transport of 5-FC into fungi via membrane cytosine permease. Once inside the fungal cell,
5-FC is converted by cytosine deaminase to 5-fluorouracil (5-FU), which disrupts RNA and
DNA synthesis (Scheme 1) [53]. Therefore, 5-FC can be regarded as a prodrug leading to
an antimetabolite-based comprehensive activity. Interestingly, human cells lack cytosine
deaminase, thus preventing the conversion of 5-FC to 5-FU. As a consequence, human cells
are not directly affected by the toxic effects of the expressly formed 5-FU [53]. The major
side-effects associated with 5-FC are primarily confined to bone marrow suppression [54].
Nevertheless, its use in monotherapy is now nonexistent owing to the rapid emergence of
resistances, and 5-FC is rarely used in many countries [52].

O)\N NH,
H
5-fluorocytosine

Figure 4. Chemical structure of clinically used antifungal antimetabolite 5-FC.

2.3. Azoles

Today, azoles are the most used antifungal drugs for the treatment of mycoses. These
substances rapidly gained popularity due to their broad spectrum activity and oral avail-
ability [30]. Their pharmacophore is composed of a nitrogen-rich five-membered heteroaro-
matic ring attached to a quaternary carbon (Figure 5) [30]. Azoles can be classified into three
groups based on the number of nitrogen atoms in their heteroaromatic rings: imidazoles,
triazoles, and tetrazoles [55]. The discovery of antifungal azoles started from the serendip-
itous identification of antifungal properties of tritylimidazole [56]. The first marketed
antifungal imidazole, chlorimidazole, was approved for topical use in 1958 [22]. However,
it was not until 1974 and 1981 that the two imidazole-based antifungals, miconazole and
ketoconazole, were approved for the treatment of IFDs (Figure 2) [30,32,57]. More recently,
orally active ketoconazole was discarded from European guidelines for treatment of IFDs
for hepatotoxicity reasons [58].

Subsequent to intensive research efforts in medicinal chemistry and synthetic screen-
ing, several triazole-based antifungals were approved for clinical use in IFDs from the 1990s
to 2010s [30,31,34,57]. These include fluconazole, itraconazole, voriconazole, posaconazole,
and isavuconazonium sulfate (Figure 2) [32,59]. Due to the emergence of resistances to
azole agents [60,61], the bioisostere-based research of new antifungal agents yielded a new
class known as tetrazoles.

All three sub-classes have a common mechanism of action consisting of the inhibition
of 14x-lanosterol demethylase, which is crucial for the synthesis of ergosterol (Scheme 1).
This binding via the azole nitrogen to the Fe?*-heme of the enzyme blocks demethylation,
causing accumulation of aberrant methylated sterols that disrupt membrane fluidity and
function [57]. Additional effects such as impaired morphogenetic transformation, reduced
adherence, and direct membrane toxicity have been reported by Cowen et al. [62].
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Figure 5. Chemical structure of clinically used azole antifungals for the treatment of invasive fungal
diseases in Europe. Based on the number of nitrogen atoms in their heteroaromatic ring, they are
classified in (A) imidazole and (B) triazoles.

Because of the nonselective nature of the therapeutic target, azoles can cause side
inhibitions of cytochrome-P450-dependent enzymes involved in human cell biosynthesis.
This leads to high hepatotoxicity and numerous adverse effects, including hallucinations,
hypokalemia, and QTc prolongation. Furthermore, the inhibition of cytochrome-P450-
dependent enzymes and the strong binding of some azoles (for example, posaconazole)
to plasmatic proteins can cause harmful drug—drug interactions with essential drugs, like
atazanavir (antiretroviral), quinidine (antiarrhythmic), or erythromycin (antibacterial).
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Compared to imidazoles that were discovered and developed in the 1970s, triazoles that
entered clinical practice from the 1990s to the 2010s have lower toxicity profiles [63].
This can be explained by a better affinity for fungal 14x-lanosterol demethylase than for
human cytochrome-P450-dependent enzymes at therapeutic concentrations [57]. This is
the major reason why imidazoles, excepting miconazole, are limited to the treatment of
superficial mycoses [31]. In contrast, triazoles are used today for both superficial and
systemic fungal infections [30]. Isavuconazole and voriconazole are first-line treatments
for invasive aspergillosis [44], while fluconazole and voriconazole serve as alternatives
to echinocandins for the management of candidemia [64]. Fluconazole is also used as
consolidation therapy in cryptococcosis and in treating ocular candidiasis [10]. Itraconazole
and voriconazole are recommended in infections due to dimorphic fungi [46], whereas
isavuconazole and posaconazole are recommended in mucormycosis [65]. Despite their
promising attributes, no tetrazole-based antifungal has been introduced for the treatment
of IFDs so far.

2.4. Echinocandins

Echinocandins are a particularly attractive class of antifungal drugs because of their
original mechanism of action. This class currently comprises only four drugs available
for clinical use: caspofungin, anidulafungin, micafungin [31], and the recent rezafun-
gin (Figure 6) [30,66]. The eponymous member of this family, echinocandin B, was
discovered in the 1970s in secretion broths of Aspergillus nidulans [67] and those of
Aspergillus rugulosus [66,68,69]. Pneumocandin By was identified in 1987 as closely re-
lated to echinocandin B and produced by Glarea lozoyensis [70]. This culminated in the
development of caspofungin, which was approved as the first echinocandin for clinical use
in treating IFDs in 2001 [70,71]. Following this milestone, other echinocandin drugs were
developed, including micafungin in 2005 [72] and anidulafungin, a derivative of echinocan-
din B, in 2006 [73]. Recently, the latest echinocandin, rezafungin, was approved by the Food
and Drug Administration (FDA) in March 2023 as a once-per-week medication [74].

Echinocandins” mechanism of action consists of the disruption of the fungal cell
wall (Scheme 1). The latter is formed by several polymeric layers, including chitin over-
layered by a matrix of 1,3-f-glucan and then 1,6-3-glucan (in yeast) or 1,3-x-glucan (in
filamentous fungi). The architecture is completed by a final outer glycoprotein-rich layer.
Echinocandins inhibit the membrane-bound protein 1,3-3-D-glucan synthase by binding
non-competitively to the catalytic FKS sub-units [75]. This is a crucial enzyme in the
biosynthesis of the 1,3-3-D-glucan polymer, which is present only in fungi [30]. Its function
is to transfer a glucose sub-unit from a donor called Uridine DiPhosphate-glucose and
attach it to the growing chain of glucan through 1,3-3-glycosidic linkage and to translocate
the newly formed 1,3-3-D-glucan polymer into the extracellular space [76].

Typically, the structural stability of the fungal cell wall is largely dependent on the
polysaccharide framework. The fungicidal activity against Candida spp. or fungistatic
activity against Aspergillus spp. of echinocandins result from the alteration in the cell wall
structure [77,78]. Interestingly, the echinocandin target is absent in human cells, which
leads to lower toxicity profiles (especially lower hepato- and nephrotoxicity compared to
other antifungal families) [79]. Therefore, echinocandins are now considered as a first-line
therapy for invasive candidiasis and other forms of Candida infections (intra-abdominal
abscess, peritonitis, endocarditis, and esophageal candidiasis) [10,71,73,74,79]. They are
also used for the treatment of aspergillosis (with or without voriconazole) for patients who
are refractory to other antifungal treatments or those who do not tolerate them [44,80-82].
Additionally, echinocandins are used for the prophylaxis of Candida infections in patients
undergoing hematopoietic stem cell transplantation or patents with neutropenia [82].
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However, echinocandins are complex compounds that emerged from evolutionary pressure
between fungi without any consideration of cell membrane crossing, which is a critical
point in pharmacokinetics. As lipopeptides, they have poor oral bioavailability and are
consequently all used only by parenteral injection (over 1 h of infusion) [80].
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Figure 6. Chemical structure of echinocandins. (A) General structure of echinocandins. (B) Sub-
stituents of naturally produced precursors (pneumocandin By, echinocandin B, and FR901379) and
(C) clinically used echinocandins for treatment of invasive fungal diseases (caspofungin, micafungin,
anidulafungin, and rezafungin).
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Taking into consideration antimicrobial spectra, toxicities, and formulation issues, the
current antifungal inventory is really restricted. This offers significant opportunities for the
discovery and development of new drugs. Unfortunately, the current pipeline is lightly
filled, as was underscored by the WHO in April 2025 [83] in a second striking publication.

3. Spectrum of Activity of Antifungal Substances and
Resistances Thereto

The antimicrobial spectrum of activity refers to the range of fungal species an an-
timicrobial agent can effectively inhibit. To evaluate the sensitivity of a pathogen to an
antifungal agent, in vitro susceptibility studies are performed. The latter enable the quantifi-
cation of either minimal inhibitory concentration (MIC) or minimal effective concentration
(MEC) values. For example, MIC5p and MICyj are usually used as the minimum concen-
trations of an antifungal agent that inhibit the growth of 50% and 90% of the isolates of
the tested fungal population, respectively, relative to a growth control. It is usually given
in a microgram per milliliter (ug.mL 1) unit, whereas a result in micromole per milliliter
(umol.mL~1) would be preferable to reliably compare compounds whose structures (and
molecular weights, consequently) are frankly different. On the other hand, the MEC is
defined as the minimum concentration of an antifungal that causes the growth of aberrant
short hyphal segments. The European Committee for Antimicrobial Susceptibility Testing
(EUCAST) guidelines [84] and Clinical and Laboratory Standards Institute (CLSI) [85] have
developed broth microdilution protocols that are used today as standardized methods to
assess these values. Both EUCAST and CLSI protocols include the use of defined concen-
trations of antifungal agents in liquid culture media [84,85]. To determine the MIC of an
antifungal substance, both organizations have similar criteria. For flucytosine, azoles, and
echinocandins, the 50% inhibition is determined in both protocols. For amphotericin B,
complete growth inhibition is required by CLSI, whereas only a 90% growth decrease is
required by EUCAST. However, important differences between these two methods may
significantly impact the MIC determination [86]. Notably, the preparation of the putative
antifungal substances, the inoculum size, and the glucose content in the culture media are
different [86]. Also, in the CLSI method, the MIC determination relies on visual reading
using a viewing mirror [85], whereas the EUCAST method employs a spectrophotometer
microplate reader [84], providing more reliable and repeatable results. Alternative methods
for assessing MIC values, such as disk diffusion, present a high inter-laboratory variabil-
ity [86]. This explains the variability in MIC and MEC values reported in the literature.

As versatile and potent microorganisms, fungi can develop mechanisms to withstand
unfavorable environmental conditions. This adaptation capability is a key reason why
fungal species that are normally susceptible to an antifungal agent can acquire resistance
to it. Moreover, fungi can be multinucleated and/or multicellular and can carry multiple
chromosomes, providing enhanced opportunities for genetic modifications and emergence
of resistances due to selection pressures from repeated exposure to an antifungal agent
(Table 1) [60]. Phenotypic heterogeneity can also impact antifungal susceptibility. Like
bacteria, fungi can form organized and complex communities called biofilms that consist of
fungal cells surrounded by an extracellular matrix mainly composed of polysaccharides [30].
This acts as a barrier that sequesters antifungal drugs, preventing their access to the fungal
cells [21,87]. Therefore, biofilm formation is a non-genetic strategy developed by fungi to
resist to antifungal drugs and to survive [88].
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Table 1. Mechanisms of acquired resistance to the currently used antifungal agents.
Antifungals Resistance Mechanisms Documented Fungal Strains References
Mutations in ergosterol biosynthesis genes,
Polyenes Accumulation of alternate sterols, Candida spp., C. neoformans [62]
Cell stress responses.
Mutations in drug target, Drug target
Azoles overexpression, Efflux transporters C. albicans, C. auris, A. fumigatus [62,89]
overexpression, Cell stress responses.
5-EC Membrane. cytosmelpermease mutahon, Cryptococcus spp. [50,53,90]
Cytosine deaminase mutation.
Mutations in drug target, Candida spp., Cryptococcus spp.,
Echinocandins Cell stress responses (e.g., chitin synthase Aspergillus spp., Saccharomyces [62,91,92]
upregulation). cerevisiae

3.1. Resistances to Polyenes

Polyenes are a class of antifungals with fungicidal properties in most fungi. Resistance
to this antifungal family is uncommon, but it can be intrinsic for fungi such as C. haemu-
lonii [93], C. auris [33], C. lusitaniae [33], Trichosporon spp. [94], A. terreus and A. flavus [95],
Scedosporium spp. [33], Lomentospora spp. [33], and Fusarium spp. [33]. The fact that re-
sistance to polyenes is a rare occurrence might be the consequence of the severe fitness
trade-off related to its acquisition [62] and to the fact that polyenes target a major wall
component, not just an enzyme, which other antifungal families target [33].

Amphotericin B exerts its functions at the fungal plasma membrane and extracellu-
larly, which determines mechanisms of resistance different from the antifungals with an
intracellular activity. Ergosterol is the target of polyenes, and the proportion of ergosterol
and alterations in the membrane sterol composition can affect susceptibility to them. A
reduction in ergosterol content can be a consequence of mutations in genes like Erg1, Erg2,
Erg3, Evg4, Ergb, Erg6, Ergl1, and Erg13, which can lead to a lower level of the therapeutic
target [33,93].

Polyenes also promote ROS formation and their accumulation in fungal cells, which
leads to oxidative stress. Yet, the degree of this accretion can vary from species to species
and from isolate to isolate. Candida haemulonii, a yeast species showing a high proportion
of amphotericin-B-resistant isolates, is able to tolerate a higher concentration of ROS
compared to other Candida species [93]. Heat-shock proteins 90 (HSP90) and 70 (HSP70) are
key players in controlling cellular stress, and genes encoding for these proteins have been
associated with amphotericin B resistance in A. terreus [33], C. auris [96], and Trichosporon
spp- [93]. HSP90 stabilizes signal transductors implicated in antifungal-induced stress
in Candida, Cryptococcus, and Aspergillus species, but their roles in the acquisition and
maintaining of polyene resistance need further investigation [62].

Another mechanism of resistance to amphotericin B described in C. haemulonii is the
shift from aerobic respiration to fermentation [93]. This phenomenon is induced by ampho-
tericin B and leads to a decrease in intracellular ROS. In addition to altered metabolic status,
iron homeostasis and post-translational modification are other mechanisms implicated in
amphotericin B resistance [96].

3.2. Resistances to 5-FC

Flucytosine disrupts nucleic acid biosynthesis within the cell, and it requires activation
within the fungal cell via metabolism by the pyrimidine salvage pathway [89]. It is active
against Cryptococcus spp., most Candida spp., and some agents of chromoblastomycosis,
and it has limited effect on molds [88]. Flucytosine resistance is rapid and extremely
frequent, which discards monotherapy. This can be attributed to a defect in intracellular
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penetration or to a shortcoming of the metabolism of the prodrug into 5-FU, which is the
active cytotoxic agent [88,90]. In pathogenic Candida spp., loss or mutations in Fcal/Fcyl,
Fcy2, Furl, and Msh2 genes have been implicated in resistance to 5-FC [89]. Its place in
antifungal treatment is mostly against cryptococcal meningitis as part of combinations
with amphotericin B—shown to accelerate the rate of clearance of the infective agent and
reduce mortality, and with fluconazole—demonstrated to prevent the selection of resistant
strains [1]. Flucytosine associated with amphotericin B is also used in treating Candida
endocarditis, endophtalmitis, and hepatosplenic or osteoarticular infections [50].

3.3. Resistances to Azoles

Azoles target the fungal cell membrane and block ergosterol biosynthesis, leading to
intracellular build-up of a toxic sterol. They have a fungistatic effect on yeasts and fungicidal
activity on Aspergillus spp. [62]. Pichia kudriavzevii/Candida krusei is innately resistant to
fluconazole, and 87-100% of C. auris are reported as resistant to these antifungals [89,97].
C. glabrata’s, now called Nakaseomyces glabratus, azole resistance varies from 9-10% in the
SENTRY Antifungal Surveillance Program [98] to 86% in Slovenia and 100% in Croatia, as
reported by a multinational study looking into candidemia trends [99]. The same authors
found 73% of C. parapsilosis strains to be resistant to azoles in Italy and 81% in Croatia [99].
Fluconazole is not active on molds, and Aspergillus can become resistant to the other
triazoles, with reported data varying from 0.3% in Austria to 13% in the UK and 25% in
the Netherlands [1,95]. Heteroresistance is defined as the presence of intrinsic resistance
to a drug in a minority subpopulation that could be selected by treatment and become
dominant. This has been described for fluconazole with C. neoformans and C. glabrata [1].

Many mechanisms can be responsible for azole resistance and can even be combined
in a single isolated resistant strain. Among the main mechanisms one can find (i) the
modification of 14x-demethylase by mutation of the corresponding encoding gene; (ii) the
overproduction of the target; (iii) the overexpression of efflux pumps leading to a collapsed
bioavailability of the azoles and (iv) compensating modifications of other steps of ergosterol
biosynthesis leading to the overcoming of the target enzyme inhibition.

Drug target alteration or overexpression of the Erg11 gene in yeasts and Cyp51 in molds
is a well-explored and common mechanism leading to acquired azole resistance. In the case
of C. albicans, 140 different Erg11 amino acid substitutions have been described, the majority
within three hot-spot regions [62,89]. In A. fumigatus, the Cyp51 isoenzymes are encoded by
genes Cyp51 A and Cyp51 B, and while the former has been well-studied and characterized,
the role of the latter is less understood [62]. Intrinsic azole resistance in A. lentulus has also
been linked to the CypA gene [95]. Specific amino acid substitutions like TR34/L98H and
TR46/Y121F/T289A coupled with duplications in the Cyp51A promoter gene are associated
with azole resistance in environmental and clinical isolates [95]. Mutations in the Er¢3 gene
have been shown to determine azole resistance in C. albicans and C. parapsilosis [1].

Resistance to azoles also involves upregulation of plasma membrane efflux pumps
responsible for reduced accumulation of these intracellular drugs [62]. Higher efflux pump
activity has been reported in the C. haemulonii species complex, which has low susceptibility
to azoles and echinocandins [93]. Candida biofilms have intrinsic antifungal resistance, and
in some cases, the fluconazole concentration required for inhibition is a thousand times
higher when compared to planktonic cells [89].

3.4. Resistances to Echinocandines

Echinocandins target the fungal cell wall via inhibition of (1,3)-B-D-glucan synthase.
Mucorales and basidiomycetes such as C. neoformans are intrinsically resistant, but the
members of this antifungal family are fungicidal on Candida and fungistatic on Aspergillus.%®
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Out of the less susceptible yeast species, 2-13% of C. glabrata and 0-8% of C. auris have
been reported as resistant to echinocandins [1,89]. C. parapsilosis, Meyerozyma/Candida
guilliermondii, and C. haemulonii species complex also have low susceptibility to this drug
class [89,93]. Attenuated antifungal activity at high drug concentrations is known as the
paradoxical growth effect or “Eagle effect” and characterizes caspofungin and molds,
mostly Aspergillus [46].

It is well-established that mutations in the Fks genes (Fks1, Fks2, and Fks3), coding
for the catalytic sub-unit of 1,3-3-D-glucan synthase, results in reduced susceptibility to
echinocandins [100]. In fact, mutations such as point mutations, gene duplications, and
transposon insertions are common in fungi [70]. Thus, mutations of Fks genes are found
in highly conserved regions called hot-spots [62]. The majority of mutations described
in Candida, Aspergillus, and Cryptococcus isolates presenting an acquired resistance to
echinocandin hot-spots are present in the Fks1 gene, which is an essential gene in C.
albicans. In contrast, in C. glabrata, Fks1 and Fks2 are functionally redundant for viability,
and mutations can also occur in the Fks2 gene. In Aspergillus, Fks1 mutations in vivo are
associated with a high fitness cost and resistance in rare cases [62].

The acquisition of resistance to echinocandins is strongly dependent of the position
of and specific amino acid mutations, which can be substitutions, deletions, or insertions.
These mutations reduce the catalytic efficiency of 1,3-3-D-glucan biosynthesis, inducing
modifications in the cell wall composition [62]. Moreover, Fks gene mutations can cause
cross-resistance to all echinocandins [101]. In C. glabrata and C. parapsilosis, mutations in the
Erg3 gene can also be acquired upon echinocandin exposure in vitro and result in resistant
strains and determine cross-resistance to fluconazole [1].

Fungi also present compensatory adaptive mechanisms that can induce cell wall repair
in response to disruption by echinocandins. The cell stress induced by the inhibition of
B-glucan synthase indirectly activates the Protein Kinase C-Mitogen-Activated Protein
Kinase (PKC-MAPK) pathway, which is responsible for intermittent reconstruction of the
cell wall, through the upregulation of chitin and mannan [101]. The compensatory chitin
synthesis can also be activated by the Ca?*/calcineurin and high-osmolarity glycerol (HOG)
pathways [62,91], which are involved in drug tolerance. Remarkably, Fks2 expression in
C. glabrata is calcineurin-dependent, suggesting that it could be regulated synergistically
with calcineurin inhibitors [92,102]. The upregulation of chitin has also been shown to be
calcineurin-related in C. albicans and A. fumigatus [1].

There is a growing interest in the implication of epigenetic modifications in antifungal
acquired resistance, but their impact needs to be explored further.

4. Novel Antifungal Substances in Development

Due to multiple gaps in the current antifungal arsenal, including spectrum, toxicity,
and formulation issues, increasing opportunities for new drug development against inva-
sive fungal infections have arisen. Today, the antifungal mode of action and resistance is
better understood thanks to chemical biology improvements and live-cell imaging. Thus,
relevant fluorescent molecular tools based on the scaffold of popular antifungals have
enhanced the study of their effects on fungi at the subcellular level [103].

To overcome the above-mentioned limitations, scientific studies have focused on some
strategies such as (i) chemical derivatization of current antifungal families, (ii) design
and synthesis of original scaffolds toward new first-in-class antifungals acting on relevant
targets, and (iii) discovery and development of natural and semisynthetic products with
potential antifungal activity. Other modern strategies, including (iv) dual-targeted therapy
and combination, as well as (v) repurposing and label extension, are also very promising.
Here, we briefly describe representative drug candidates and their perspectives. For
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a comprehensive up-to-date overview of the drug candidates, the reader is advised to
consult the WHO freshly published report entitled Antifungal agents in clinical and preclinical
development [83] and the linked Antifungal preclinical and clinical pipeline review that can be
freely downloaded.

(i) Chemical derivatization is extensively used in antifungal drug discovery and
consists of synthesis and development of new derivatives, aiming at reducing toxicity,
minimizing drug-drug interactions, and identifying new drug candidates to overcome the
emerging resistances. Therefore, this strategy led to the discovery of new promising azoles,
such as opelconazole, oteseconazole, quilseconazole, and VT-1598 (Figure 7 and Scheme 2).
Opelconazole is a long-acting triazole designed for inhalation using nebulized delivery to
treat invasive pulmonary fungal infections, while limiting drug absorption into the systemic
circulation, systemic toxicity, and drug—drug interactions [1,104]. This new azole is active
against a wide range of fungi, including C. albicans, C. glabrata, C. krusei, A. fumigatus, and C.
neoformans [105,106]. In contrast, A. niger and Fusarium spp. present an intrinsic resistance
to it [105]. Opelconazole is currently being studied in phase 3 trials for the treatment of
refractory invasive pulmonary aspergillosis in combination with other systemic antifungal
therapies (NCT05238116; NCT05037851) [106]. Therefore, inhaled opelconazole may be
an important therapeutic progress for these patients, given the limited number of local
effective drugs. Another notable advance in the azoles antifungal family is the development
of tetrazoles, which have fewer side-effects and fewer drug—-drug interactions compared to
triazoles [1,54].

Three tetrazole compounds that have been or are currently under investigation include
the following: (a) VI-1161 (oteseconazole), approved by the FDA in April 2022 but rejected
by the EMA in August 2023 due to concerns regarding both quality and efficacy. Currently,
no clinical trials are registered for this compound; (b) VI-1129 (quilseconazole), which was
granted Fast Track designation by the FDA in June 2016 for the treatment of cryptococcal
meningitis; and (c) VT-1598, currently under clinical evaluation (NCT04208321), which
has shown promise in treating invasive fungal diseases (IFDs) caused by a broad range
of pathogens, including C. auris [107], Aspergillus spp. [107], Cryptococcus spp. [108], and
Coccidioides spp. [109].

(i) Exploring novel pathways and cellular components is crucial for developing new
antifungal agents. In vitro screening of chemical libraries against A. fumigatus led to the dis-
covery of olorofim (Figure 7), which targets dihydroorotate dehydrogenase (DHODH) [110].
Due to its good oral bioavailability, olorofim can be administered both orally and intra-
venously [111]. Olorofim disrupts pyrimidine biosynthesis, affecting crucial cellular pro-
cesses for fungal survival (Scheme 2). This small molecule presents a wide antifungal activ-
ity against molds, including Aspergillus spp., Scedosporium spp., and dimorphic fungi such
as Histoplasma spp. and Coccidioides spp. [105,111]. In contrast, olorofim is inactive against
Candida spp., Mucorales, and C. neoformans [1]. Ongoing clinical trials (NCT05101187)
are evaluating its efficacy for treating invasive fungal infections and precisely invasive
aspergillosis, potentially addressing azole-resistant strains [112,113].

Another first-in-class antifungal agent developed in recent decades is fosmanogepix
(APX001), the prodrug of manogepix (Figure 7) [1]. Fosmanogepix has high oral bioavail-
ability and can be administered orally or intravenously [105]. Studies on the biosynthesis
of fungal cell wall mannoproteins led to the identification of 1-(4-butylbenzyl)isoquinoline,
which, after optimization, culminated in the development of manogepix [114]. Fosman-
ogepix inhibits the GPI-anchored wall transfer protein 1 (GWT1) enzyme, disrupting fungal
cell wall integrity, reducing hyphal growth and virulence (Scheme 2) [114]. In vitro studies
of manogepix revealed an antifungal activity against yeasts including C. auris, Cryptococcus
spp., and Coccidioides spp. [114]. Moreover, it also showed fungistatic activity against molds
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such as A. fumigatus, Scedosporium spp., Fusarium spp., and L. prolificans [114,115]. Phase 2
clinical trials showed promising results for treating candidemia and other forms of inva-
sive candidiasis, and fosmanogepix is currently in phase 3 trials (NCT05421858) [116,117].

Remarkably, fosmanogepix has high oral bioavailability and can be used either orally or
intravenously [115].
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Figure 7. Chemical structures of antifungals in development or reconsidered against IFIs.
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Scheme 2. Schematic representation of the mechanism of action of potential antifungal agents under
development for the treatment of invasive fungal infections. The new azoles—posaconazole, opel-
conazole, quilseconazole, and VT-1598—act by inhibiting the key enzyme in ergosterol synthesis,
14x-lanosterol demethylase, thus disrupting cell membrane structure. Olorofim targets dihydrooro-
tate dehydrogenase (DHODH), an enzyme responsible for the transformation of dihydroorotate into
orotate, which is involved in the biosynthesis of pyrimidines necessary for nucleic acid synthesis.
Ibrexafungerp inhibits the key enzyme in the biosynthesis of 1,3-f3-glucan, 1,3-3-glucan synthase,
like echinocandins, which impacts the structure of the fungal cell wall. Fosmanogepix inhibits the
Gwtl enzyme, which is essential for the establishment of the glycosylphosphatidylinositol (GPI) label,
enabling transfer of mannoproteins to the fungal cell wall. Nikkomycin Z blocks chitin synthase,
which is responsible for chitin synthesis in the fungal cell wall.

(iii) Natural products have historically been essential in drug discovery, with nature-
originating antifungal substances evolving as survival mechanisms. An example of re-
cently discovered antifungal natural products is enfumafungin, identified through high-
throughput screening and produced by endophytic fungal species [22]. The optimization of
the molecule led to the development of ibrexafungerp (Figure 7), a semisynthetic antifungal
targeting, as also targeted by echinocandins, 1,3--D-glucan synthase (Scheme 2) [30].
Unlike echinocandins, ibrexafungerp binds to a different site of the fungal enzyme and
is orally bioavailable [1], showing potent activity against echinocandin-resistant Candida
species, such as C. glabrata and C. auris [118]. In vitro studies have also shown antifun-
gal activity against Cryptococcus spp., Aspergillus spp., Histoplasma spp., Coccidioides spp.,
and Blastomyces spp. [105,118]. Despite its approval for vulvovaginal candidiasis in June
2021 [119], ibrexafungerp is not yet available for invasive fungal infections. Pending results
from recent phase 3 trials (NCT03059992) [120] may soon expand its indication. Another
interesting example of antifungal natural products is nikkomycin Z, initially isolated from
Streptomyces tendae [121]. This first-in-class antifungal is a peptidyl nucleoside that in-
hibits chitin synthase (Scheme 2) and shows antifungal activity against Coccidioides spp.
by disrupting fungal cell wall integrity [122]. Phase 1 trials are completed, but phase 2
trials for treatment of coccidioidomycosis were terminated due to funding and recruit-
ment issues [123]. Nonetheless, continued exploration and design of nikkomycin analogs
remain promising.

A recent publication has listed Fungal Kinase 1 (FK1) modulators that influence 3-1,3-
glucan synthesis in fungi. Among them, we find some preclinical candidates of a diverse
chemical nature: (i) lipocyclopeptides like mulundocandin, aculacin A, acrophiarin, and
arborcandin; (ii) cyclopeptides like clavariopsin; (iii) glyco-triterpenes like enumafungin
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and ascosteroide; (iv) triterpenes like ergokonin C; and (v) other scaffolds like chaetiacandin,
fusacandin, papulacandin, and corynecandin [17]. Such a list is very encouraging and
supplies the pipeline with interesting preclinical candidates to combat fungal infections.

(iv) In research nowadays, dual-targeted therapy against fungi is a promising strategy
to combat drug-resistant fungal infections and improve treatment efficacy. Among the
related key approaches, first, one can find membrane and DNA targeting, showing potent
antifungal activity against multidrug-resistant strains such as Candida spp., A. fumigatus,
and Cryptococcus. This approach prevents the development of resistances and enhances
selectivity compared to antifungals like amphotericin B [124]. Another dual therapy is
efflux pump inhibition combined with Target Of Ripamycin Complex 1 (TORC1) signaling,
which is achieved by beauvericin, a natural product, to treat resistant fungal infections. It
also activates protein kinase Casein Kinase 2 (CK2) and inhibits HSP90, disrupting fungal
resistance mechanisms [125]. A third reported strategy is DNA binding in fungal nuclei.
There, antifungal luminogens penetrate fungal membranes, depolarize them, and bind
to DNA, leading to DNA damage. These compounds have shown efficacy in vitro and
in murine models of C. albicans-induced vaginitis [126]. An additional double target is
ergosterol biosynthesis coupled with immune activation. In this strategy, novel bifunc-
tional inhibitors block ergosterol biosynthesis while inducing ROS production and fungal
apoptosis. Additionally, these compounds enhance immune activation against fungal infec-
tions [127]. To illustrate the host-pathogen pathway targeting, dual inhibitors targeting
sphingosine-1-phosphate lyase (SPL) in both fungi (A. fumigatus) and humans modulate
immune responses while reducing fungal fitness. This paves the way for therapies that ben-
efit the host while combating infections [128]. In parallel, as mentioned above, combining
antifungal agents with different mechanisms of action (e.g., voriconazole with caspofungin
or liposomal amphotericin B) has shown synergistic clinical effects in reducing fungal
burden and improving survival rates in invasive fungal infection [129,130], and a synergy
is expected in the combinations that will be tried in the future.

(v) Finally, a repurposing strategy has been undertaken for substances like antibac-
terial clindamycin, antidiabetic pioglitazone, antidepressant sertraline, and anticancer
tamoxifen [83]. Label extension is carefully studied for caspofungin, fosravuconazole,
ibrexafungerp, isavuconazolium sulfate, rezafungin, polymer-based super-bioavailable
(SUBA) itraconazole, and voriconazole [83].

5. Conclusions

Invasive fungal infections are a serious health threat but are not sufficiently taken
into account in spite of millions of patients being at risk. Only four families of antifungal
substances are commonly used in therapeutics to fight against IFIs, limited to mainly three
if we consider 5-FC’s restricted use. As bacteria achieve against antibacterial drugs, fungi
develop several mechanisms to resist antifungals. The emergence of resistance to existing
antifungal agents, coupled with the limited antifungal armamentarium, underscores the
critical need for the discovery and development of new antifungal modalities.

This review emphasizes past and current advances in antifungal drug discovery. It
also lists the multiple mechanisms by which fungi overcome antifungal action. There is
an urgency of exploring new targets and original mechanisms of action to identify un-
precedented antifungal agents. Booming structural data and increasing bioproduction
skills together with purposely designed fluorescent molecular tools and ever-sophisticated
live-cell imaging pave the way to unprecedented knowledge. In this context, the medicinal
chemistry tools, through structural modifications and molecular diversity pursuit, play a
significant role in the development of new, effective, safer, and more affordable antifungals.
Advantageously, dual-targeted therapy and drug combinations enhance efficacy against
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drug-resistant pathogens and reduce the likelihood of resistance development. This mul-
tifaceted approach holds great promise for addressing the rising challenge of antifungal
resistance and advancing therapeutic options for invasive fungal diseases. A comprehen-
sive interdisciplinary approach is essential for safeguarding public health and advancing
the field of antifungal therapeutics. In this perpetual fight, the October 2022 WHO publica-
tion of the Fungal Pathogen Priority List and the recent April 2025 overview and analysis
on Antifungal Agents in Clinical and Preclinical Development were two breaths of oxygen,
legitimating our work and transforming it into an international public health priority.
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