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1. INTRODUCTION

1.1. Fungi as a neglected problem in human medicine

Data on the prevalence and mortality rates of fungal infections have become increasingly
available over the past few decades. However, inadequate surveillance and persistent data
gaps continue to hinder a comprehensive global understanding of fungal infections, which
pose significant health burdens, ranging from serious, life-threatening illnesses to chronic
conditions (Denning, 2024). It is estimated that over 150 million fatal cases occur
annually. Factors such as long-term medication use, societal changes, and medical
advancements have all contributed to their accelerated spread. The emergence of drug-
resistant strains of fungal species (e.g. Aspergillus fumigatus, Candida albicans,
Candidozyma auris [formerly, Candida auris]) underscores the urgent need for effective
research and development in antifungal therapeutics (Kainz et al., 2020). Resistance to
conventional antifungal drugs, along with the emergence of strains exhibiting reduced
susceptibility, are key drivers behind the rising incidence of fungal infections (Datta et
al., 2013). Currently, only four major classes of compounds (azoles, echinocandins,
polyenes, and flucytosine) are used in antifungal therapies to treat invasive fungal
infections, when the whole body is affected by the infectious agent (Wall & Lopez-Ribot,
2020). The widespread use of triazole fungicides in agriculture has made the problem of
rising resistance even worse, due to the extensive and prolonged use of them (Khanna &
Bharti, 2014; Antibiotic Resistance Threats in the United States, 2019; Kainz et al., 2020).
Historically, fungal infections were considered rare and did not significantly impact
human health. However, according to the Global Action Fund for Fungal Infections
(GAFFI), this situation has drastically changed due to the rising number of
immunocompromised individuals who are especially susceptible to such infections
(Rodrigues & Nosanchuk, 2020). The health of these people is seriously threatened by
invasive fungal infections. Furthermore, GAFFI notes that even immunocompetent
individuals can experience severe outcomes from localized fungal infections (Tufa et al.,
2023). For instance, fungal keratitis causes over a million cases of blindness each year
(Bongomin et al., 2017; Fisher & Denning, 2023). Nearly one billion individuals globally
suffer from skin mycoses (Urban et al,2020), which are slightly more prevalent than tooth
decay and headaches (Rodrigues & Nosanchuk, 2020). Moreover, over 10 million people

suffer from reactive airway diseases triggered by exposure to fungal spores (Bongomin
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et al., 2017). In response to growing concerns, the World Health Organisation (WHO)
published the first Fungal Priority Pathogen List (FPPL) in October 2022(Fisher &
Denning, 2023, GAFFI, 2020), to guide scientific research and policy initiatives targeting
serious fungal infections. The list focuses on 19 fungal species and is based on several
criteria, including mortality, incidence, global distribution, trends, hospitalisation needs,
comorbidities, antifungal resistance, preventability, diagnostic accessibility, and
evidence-based treatments. Concerns have been raised that the current ranking may not
accurately reflect the true burden of certain fungal infections. Therefore, a revised list
using WHO regional classifications is recommended to better account for specific
regional contexts (Sekkides, 2015; Parums, 2022). In response to the growing threat,
scientists are collaborating to establish a multifaceted approach that integrates advanced
diagnostic techniques such as next-generation sequencing and molecular diagnostics
(Naik et al., 2024) and conduct studies aimed at developing new antifungal treatments
and improving existing ones (Fisher and Denning, 2023). Antifungal proteins and
peptides (AFPs) are being evaluated in clinical trials to assess their safety and efficacy in
treating fungal infections (Li et al., 2021; Puumala et al., 2024). The structural
characteristics of AFPs, found in both plants and animals, yare critical determinants of
their antimicrobial efficacy. Among these, the y-core motif (GXC-X3.6-C signature,
where X represents any amino acid) is a key structural element of AFPs from both sources
and it is essential to their antifungal activity (Sagaram et al., 2011; Li et al., 2021).
According to Chagri et al. (2024), synthetic peptides spanning the y-core motif can disrupt
internal cellular functions, potentially raise intracellular ATP levels and induce cell death.
Synthetic peptides designed on the y-core motifs of plant and animal AFPs demonstrate
broad-spectrum antifungal activity, making them promising candidates for novel
therapeutic development. These peptides exert their effects by either damaging the fungal
cell membrane, leading to cell lysis, or causing reduced hyphal growth with excessive
branching (Slezina et al., 2022a; Sonderegger et al., 2018).

1.2. Antifungal Therapy

The rising frequency of fungal infections has become a major public health concern,
driven by an increase in host predisposition factors. While numerous antifungal drugs
available, their efficacy remains debatable, and the limited number of broad-spectrum
agents along with associated side effects cannot be overlooked. To counter emerging

fungal pathogens and stop the spread of resistant strains, it is essential to develop
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innovative drugs and delivery systems (Sousa et al., 2020). Antifungal drug discovery
flourished during the 1990s, driven by increased interest from major pharmaceutical
companies in developing novel antifungal therapies (Fig. 1). However, echinocandins
have only been available for the past two decades, and progress in drug development has
since slowed. Currently, the U.S. Food and Drug Administration (FDA) has approved
four classes of antifungal agents for the treatment of invasive fungal infections: azoles,
flucytosine, echinocandins, and polyenes (Odds et al., 2003; Wall & Lopez-Ribot, 2020).

Effective use of these antifungal drugs approved for human treatment requires
understanding of the structural differences between pathogenic fungi and healthy human
cells. In particular, unique fungal enzymes involved in the ergosterol biosynthesis, as well
as distinct components of the fungal cell wall (mannans, glucans, and chitins) are
commonly targeted in antifungal drug development (Georgiev, 2000; Hossain et al.,
2022).

1.2.1. Polyenes

Macrolides and amphipathic organic compounds, such as amphotericin B (AMB), which
was first isolated from Streptomyces in the 1940s and 1950s (Hossain et al., 2022), are
examples of polyenes. These represent the earliest broad-spectrum antifungal medicine
approved for human use (Odds et al., 2003; Vandeputte et al., 2011). Polyenes bind to
ergosterol, leading to pore formation in the fungal plasma membrane. According to Grey
et al. (2012) (Fig. 1), this disruption compromises ionic homeostasis, ultimately resulting
in cell death. Consequently, polyenes are considered fungicidal and exhibit broad activity
against a wide range of fungal species. Despite their effectiveness, AMB has long been
associated with significant toxicity, particularly nephrotoxicity, which may lead to renal
failure (Table 1). To address this limitation, several lipid-based formulations have been
developed, including liposomal AMB, AMB lipid complex, and AMB colloidal
dispersion. These formulations typically demonstrate better pharmacokinetics and
reduced toxicity, largely dependent on the composition and particle size of the
nanoformulations (Wall & Lopez-Ribot, 2020).



1.2.2. Azoles

Although azoles were first discovered in 1944, they were not approved for human use
until the late 1950s (Odds et al., 2003). Azoles act by inhibiting the cytochrome P450
enzyme 14-sterol demethylase, thereby blocking the synthesis of ergosterol (Fig. 1). This
leads to accumulation of toxic sterol intermediates and compromises membrane integrity
(Chang et al., 2016; Pianalto & Alspaugh, 2016; Wall & Lopez-Ribot, 2020). Most azoles
exhibit a broad-spectrum activity (Table 1) against yeasts and filamentous fungi and are
typically fungistatic. Fluconazole (FLC) has been the most widely used azole for systemic
fungal infections since the 1990s, especially for those caused by Candida species.
However, certain fungi including Aspergillus and other emerging moulds, display
intrinsic resistance to FLC. As a result, newer derivatives effective against Aspergillus,
such as voriconazole and itraconazole (ITZ) have been developed. Resistance to azoles
often arises during treatment, largely due to their fungistatic effect. Mutations in the target
gene ERG11 and the overexpression of efflux pumps that transport azole molecules
outside of cells are common mechanisms underlying resistance (Sanglard & Coste, 2015).
Despite the resistance, azoles remain one of the most widely used antifungal agents for

treating various fungal infections.

1.2.3. Echinocandins

Lipopeptide echinocandins constitute a relatively new class of antifungal medications,
initially developed in the 1970s but only introduced into clinical practice in the early
2000s (Cappelletty & Eiselstein-McKitrick, 2007; Emri et al., 2013). These compounds
target 1,3-pB-D-glucan synthase, an essential enzyme responsible for the synthesis of 1,3-
B-D-glucan, a major polysaccharide component of fungal cell walls (Johnson & Perfect,
2003) (Fig. 1). Caspofungin (CSP) became the first echinocandin approved for human
use in 2001, followed by micafungin (MFG) in 2005 (Chen et al., 2011), anidulafungin
in 2006 (Hossain et al., 2022), and rezafungin in 2023 (Wall & Lopez-Ribot, 2020;
Hossain et al., 2022). Compared to other antifungal therapies, echinocandins exhibit
reduced toxicity and fewer drug-drug interactions. Notably, they were initially licensed
for the treatment of aspergillosis refractory to conventional antifungal agents (Wall &
Lopez-Ribot, 2020) (Table 1).



1.2.4. Pyrimidine analogues

5-fluorocytosine (5-FC) and 5-fluorouracil (5-FU) are pyrimidine analogues, synthetic
counterparts of the nucleotide cytosine. Initially developed in 1957 as a potential
antitumor agent, 5-FC was approved for antifungal use in humans in 1968 (Vermes,
2000). The enzyme cytosine deaminase converts 5-FC into 5-FU, which is then
incorporated into DNA and RNA during synthesis, disrupting cellular function by
inhibiting DNA replication and protein synthesis (Sanglard et al., 2009) (Fig. 1). These
analogues exhibit remarkable antifungal activity against Candida and Cryptococcus
species (Table 1). 5-FC demonstrates high bioavailability due to its rapid absorption
(Hossain et al., 2022).

Cell Wall
Polyenes
) ) Bind to ergosterol
Ech_m.ocandms and disrupts the cell
Inhibit & (1, 3)-D-glucan membrane
synthase which causes Endoplasmic
disruption of the cell reticulum
wall
Nucleus
Plasma Membrane ————— Azles
Target the
. ergosterol
Flu«_:y_tosme P biosynthesis
Inhibits nucleic pathway

acid synthesis
Figure 1: Simplified schematic overview depicting the principal mechanisms of action
of current antifungal agents, highlighting their effects on fungal plasma membrane
integrity, cell wall biosynthesis, and critical intracellular pathways. Source: Wall &
Lopez-Ribot (2020).



Table 1: Major classes of antifungal agents and their characteristics. Adapted from Nifio-
Vega et al. (2024).

Class Mode of Action Use Restrictions
Makes membrane Broad-spectrum, High toxicity
Polyenes . . .
pores and binds Aspergillus, (nephrotoxicity)
ergosterol Candida
Prevents the Broad-spectrum, Resistance and
Azoles . . . . .
synthesis of Aspergillus, interactions with drugs
ergosterol Candida
Inhibits B-(1,3)- Candida, Emerging resistance and
Echinocandins nhibits B-(1.3) . . d _g .
glucan Aspergillus ineffectiveness against
synthase certain species
i Disrupts the DNA Cryptococcus Bone marrow toxicity
Flucytosine . . .
and RNA syntheses  treatment in and rapid resistance
combination
therapy

1.3. Challenges in Antifungal Therapy

There is no doubt that new antifungal therapies are urgently needed to combat pathogenic
fungi. Fungal infections, now recognized as significant contributors to morbidity and
mortality, particularly among immunocompromised individuals, have escalated markedly
over recent decades. Furthermore, the application of currently approved antifungal drug
classes, including azoles, echinocandins, polyenes, allylamines, and pyrimidine

analogues, presents numerous challenges (Fuentefria et al., 2017).

1.3.1. Changes in epidemiology
Until recent decades, fungal infections were considered relatively rare causes of clinically
significant illnesses compared to bacterial and viral pathogens (Seagle et al., 2021;
Richardson, 2005). This trend shifted in the latter half of the 20" century, as the number
of immunocompromised individuals, particularly following advancements in medical
care and the HIV/AIDS pandemic, thereby increasing susceptibility to opportunistic
fungal infections (Richardson, 2005, Casadevall, 2018; Seagle et al., 2021). Once
6



regarded as rare infectious agents, fungi such as Cryptococcus species are now major
contributors to invasive fungal diseases, commonly referred to as systemic mycoses in
immunocompromised hosts (Pfaller PGP et al., 2006). As morbidity and mortality related
to these infections have risen, fungal diseases have drawn greater epidemiologic attention
and now pose substantial changes in diagnosis and clinical management (Webb et al.,
2018).

Over the past decade, an increasing diversity of fungal species has been recognized as
causative agents of human disease, accompanied by a broader spectrum of clinical
manifestations. Improved access to antiretroviral therapy has led to a decline in Human
Immunodeficiency Virus-associated opportunistic infections, such as cryptococcosis, in
North America (Alsuhibani et al., 2025). However, the expansion of at-risk populations
has significantly contributed to a rise in healthcare-associated fungal infections, notably
those caused by Aspergillus, Candida species, and other moulds (Seagle et al., 2021).
Furthermore, the clinical relevance of geographically restricted dimorphic fungi, such as
Blastomyces, Coccidioides, and Histoplasma, as well as moulds like Mucoromycetes,
Fusarium, and Scedosporium species, has increased substantially (Webb et al., 2018,
Singh, 2001). Geographic expansion of fungal infections is often linked to environmental
changes (Maiga et al., 2018; Webb et al., 2018, Singh, 2001). Epidemiologic data also
reveal a sharp increase in drug-resistant fungal infections and the emergence of novel
multidrug-resistant fungal pathogens (Forsberg et al., 2019). Severe fungal diseases are
estimated to affect approximately 300 million people globally each year, with infection
rates continuing to rise (Richardson, 2005). Annual worldwide deaths are estimated at 3.8
million, with invasive fungal diseases causing mortality in over 50% of affected high-risk
populations. In the United States alone, fungal infections accounted for over 70,000
hospitalizations and roughly more than $7 billion in healthcare expenditures in 2017
(Benedict et al., 2019; Denning, 2024). The complexity of disease mitigation is
compounded by a constellation of socioeconomic, environmental, and healthcare-related
factors (Seagle et al., 2021). While increased use of prophylactic antifungals has reduced
the prevalence of candidemia in certain populations, it has simultaneously contributed to
rising resistance rates of other fungal infections (Perlin et al., 2017). Timely detection,
effective clinical intervention, and appropriate antifungal therapy remain critical for
reducing the burden of fungal diseases. However, despite advancements in diagnostic
capabilities, limitations persist in treatment options, alongside with high morbidity and

mortality rates, and low public and clinical awareness (Webb et al., 2018). A
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comprehensive understanding of fungal epidemiology and emerging trends is essential
for effective prevention, diagnosis, therapeutic management, and improved patient

outcomes.

1.3.2. Antifungal Drug Resistance

Antifungal treatment failure is multifactorial and influenced by both host-related (clinical
resistance) and pathogen-related (microbiological resistance) factors. Antifungal
resistance refers to the inherent or acquired lack of susceptibility of fungi to antifungal
agents (Cowen et al., 2014). It may develop in response to drug exposure and typically
involves altered gene expression. Clinical outcomes are influenced by a combination of
variables including the host’s immune system, drug penetration and distribution at the
site of infections, adherence to prescribed therapy, and susceptibility of the pathogen to
the treatment (Cowen et al., 2014).

Moreover, widespread use of antifungal agents at suboptimal concentrations can result in
prolonged exposure of microorganisms to the drugs, potentially allowing resistant cells
to survive and propagate. A better understanding of resistance mechanisms and fungal
treatment adaptability is critical for the development of novel therapeutics, as antifungal
resistance in common infections limits treatment efficacy and underscores the urgent need
for new antifungal agents (Cowen et al., 2014; Campoy & Adrio, 2016) (Table 2).
Several contributing factors are known to promote the development of fungal resistance,
including:

e Misuse of antifungal drugs: Resistance may arise when medications taken
incorrectly, for example through missed doses, premature discontinuation of
therapy, or subtherapeutic dosing (Perea & Patterson, 2002).

e Agricultural fungicide use: Fungicidal agents are extensively applied in plant and
crop protection (Hossain et al., 2022). This increased environmental exposure
may contribute to resistance development in fungi.

e Spontaneous resistance: In some cases, fungal infection fungal infections stop
responding to previously effective therapies without a clear external cause.
Mechanisms may include target site modifications (e.g., mutations in ribosomal
proteins), efflux pump overexpression, reduced membrane permeability, or

enzymatic drug inactivation (Robbins et al., 2017).



Transmitted resistance: Resistant fungal strains can be spread between
individuals. This means that recipients may harbour infections that are
unresponsive to certain antifungal agents, even without prior drug exposure (Mayr
& Lass-Florl, 2011; Hossain et al., 2022).

Prolonged treatment: Extended exposure to the antifungal (as often required for
persistent infections) can create selective pressure that fosters resistance (Hossain
et al., 2022; Robbins et al., 2017).

Biofilm formation: Sessile microbial communities known as biofilms strongly
adhere to surfaces and each other, and are encased within a polymeric extracellular
matrix primarily composed of polysaccharide (Costa-Orlandi et al., 2017). These
cells exhibit morphological diversity and display enhanced resilience compared
to planktonic cells, contributing to the persistence of fungal infections (Verstrepen
& Klis, 2006). Pathogenic fungi can form biofilms on abiotic surfaces, such as
catheters and prosthetic devices—a trait particularly exploited by yeasts to access
the bloodstream and disseminate to internal organs. Biofilms, not only provide
resistance to most standard antifungal treatments but also markedly diminish the
effectiveness of host immune defence. This resistance complicates clinical
management and contributes elevated mortality rate. In the United States, biofilms
are implicated in approximately 80% of all infections. Notably, Kumar et al.
(2017) reported that biofilms exhibit nearly a thousand-fold greater resistance to
antifungal drugs compared to planktonic cells. Biofilms pose a dual threat by
evading host immunity and diminishing antifungal efficacy, making treatment of
fungal infections more challenging and often less successful. Elucidating the
molecular mechanisms that govern biofilm formation and persistence could pave
the way for developing innovative therapeutic strategies to combat these

challenging infections (Costa-Orlandi et al., 2017; Kumar et al., 2017).

Fungi have developed several molecular mechanisms of resistance to antifungal agents,

including the following:

Alterations to drug targets: Genetic modification in drug-binding sites is among
the most common causes of antifungal resistance. For example, point mutations
in two highly conserved hotspot regions of FKS genes that play a vital role in the
integrity of fungal cell wall encoding glucan synthase can confer echinocandin
resistance by significantly reducing the sensitivity of the enzyme by over a



thousand-fold. These mutations interfere with the biosynthesis of the essential cell
wall polymer (1,3)-p-D-glucan (Niimi et al., 2006; Perlin et al., 2015).
Regulation of drug transporters: C. albicans can become resistant to azoles
through overexpression of multidrug transporter genes such as CDR1, CDR2, or
MDR1, or through overexpression of ERG11, which encodes the enzyme
lonosterol 14a-demethylase involved in the synthesis of ergosterol, thus targeting
azole antifungal drugs (Table 2). These changes lead to reduced drug
accumulation and decreased susceptibility (Perlin et al., 2015).

Stress responses and adaptive mechanisms: Stress conditions (including
oxidative, translational, and endoplasmic reticulum stress) can induce
chromosome loss and drive Kkaryotype diversification in Saccharomyces
cerevisiae, contributing to antifungal adaptation and resistance (Forche et al.,
2011; Perlin et al., 2015).

Other findings are supported by the observation that passage through a murine
host promotes genome rearrangements even in C. albicans, even in the absence
of antifungal treatment, suggesting that host-related conditions drive underlying
genetic instability (Forche et al., 2009). Similarly, analysis of clinical isolates of
Nakaseomyces glabratus (formerly Candida glabrata) reveals extensive genomic
alterations, including multiple chromosomal translocations and the emergence of
novel chromosomes (Ahmad et al., 2013). Such data indicate that this species
possesses adaptive mechanisms that enable cells to tolerate significant stress-
induced genetic changes and potentially modulate their response to antifungal
agents.

Genetic plasticity as a driver of resistance: Chromosomal disomies or segmental
duplications, which generate extra copies of genes including those encoding drug
efflux pumps like azole targets (ERG11), have been associated with the
development of azole resistance in Candida albicans (Selmecki et al., 2006).
Similarly, exposure to azoles can induce multiple chromosomal mutations and
disomies in Cryptococcus neoformans (Sionov et al., 2010). Importantly, such
extensive genomic alterations may also occur in response to non-antifungal
stressors, underscoring the broader role of environmental and therapeutic

pressures in accelerating fungal adaptation. These mechanisms contribute
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significantly to the mounting challenge of antimicrobial resistance, a growing

crisis in global health.

Table 2: Mechanisms of fungal resistance across the five major classes of antifungal
agents. Adapted from Bondaryk et al. (2017).

Group Name Group Member/s  Resistance Mechanism
Fluorinated Enzyme deficiencies in flucytosine metabolism
pyrimidine Flucytosine and pyrimidine salvage.
analogs Mutations in FCA1, FUR1, FCY21, and FCY22.
. ERG3 gene defects (decreased ergosterol content
Natamycin .
. in cell membrane).
Amphotericin B e .
Modified membrane composition replaced.

Polyenes

Echinocandins

Allylamines

Azoles

Nystatin

Micafungin
Caspofungin
Anidulafungin

Naftifine
Terbinafine

Fluconazole

Voriconazole

Posaconazole

Lipids and non-ergosterol cytoplasmic membrane
sterols (such as squalene and zymosterol).
Enlargement of Cryptococcus neoformans
capsules

FKS1 and FKS2 gene mutation.
Absence of 1,3-glucan in the C. neoformans cell
wall.

Drug target modification (missense mutation or
ERGL1 substitution).
Degradation of the terbinafine naphthalene ring.

ERG11 mutations or overexpression (which is a
gene responsible for encoding the enzyme
Tonosterol 14a-demethylase involved in the
biosynthesis of ergosterol).

Decreased azole uptake and efflux through ATP-
binding cassette transporters, which results in less
azole accumulation inside fungal cells.

ERG3 mutation-induced tolerance to methylated
sterols (a gene responsible for encoding enzyme
C-5 sterol desaturase involved in the conversion
of episterol to 5,7,24(28)-ergostatrienol in the
ergosterol biosynthesis pathways)
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1.3.3. Price and accessibility

Significant global disparities in the cost and availability of antifungal medications directly
affect patient outcomes. Although antifungal drugs can be life-saving, their accessibility
remains limited in many regions, particularly in low-income countries. According to
Kneale et al. (2016), analysis of data from 155 countries with populations over one
million shows that fungal infectious diseases are responsible for roughly 1.5 million
deaths each year. Critically, two-thirds of these deaths could be prevented with proper
diagnosis and treatment. Cryptococcal meningitis alone is estimated to cause more than
15% of HIV/AIDS-related deaths (Denning, 2015), while survivors of Pneumocystis
pneumonia, disseminated histoplasmosis, invasive aspergillosis, candidiasis, and
cryptococcal meningitis typically recover and lead healthy lives if treated promptly.
However, drug shortages remain a major barrier: for example, limited access to AMB
contributes to poor outcomes in cases of candidiasis, mucormycosis, disseminated
histoplasmosis, cryptococcal meningitis, and other fungal infections. A deficiency in
flucytosine can reduce the primary treatment responses and culture conversion rates in
cryptococcal meningitis, increasing mortality by 25% over 10 months (Hamill, 2013). In
42 of 155 surveyed countries, AMB was entirely unavailable, affecting an estimated 481
million people (Kneale et al., 2016). Flucytosine was not licenced in 89 countries,
impacting over 2.5 billion individuals. The cost of AMB deoxycholate varied widely,
from as little as $1 to as much as $171 per day (Kneale et al., 2016).

In regions such as Africa, when AMB and flucytosine are completely unavailable, the
three-month survival rates for cryptococcal meningitis drop from about 75% to just 30%.
The average cost of AMB and flucytosine for two-weeks of induction regimen is
approximately $450, although prices vary significantly depending on region and supply
chain factors (Jackson et al., 2012).

While FLC was found to be licensed in all 141 assessed countries (88.6%), its daily price
ranged from less than $1 to $31. In contrast, flucytosine was unlicensed in 71.2% of 125
countries and unavailable in 76%, affecting nearly 2.9 billion people. Regarding ITZ,
2.4% of 123 countries lacked licensing, while 4.0% reported complete unavailability,
collectively leaving 78 million individuals without access. Prices for ITZ ranged from
under $1 to $102 daily (Kneale et al., 2016).

In the United States, healthcare expenditures on systemic fungal infection drugs rose from
USD 121.9 million in 2009 to USD 155 million in 2023, while spending on invasive
fungal infection prescriptions decreased from USD 156.8 million in 2022 to USD 80.7
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million in 2023 (Alsuhibani et al., 2025), thus questioning the affordability for middle

and low-income countries.

Table 3: Availability and licensing status of systemic antifungal agents by country.
Adapted from Kneale et al. (2016).

Intravenous only  Intravenous and oral

Disease/status Amphotericin B Fluconazole Itraconazole Flucytosine

Countri h t 89/123

~OUNErIEs Where o 22/155 (14.2%)  0/151 3/123 (2.4%)

licensed (72.4%)

Countries where not 94/120
42/155 (27.1% 0/143% 5/125 (4.0%

available (27.1%) (40%) " 75 3%)

World population unable 481 million one 78 million 2898 million

to receive antifungals ® (6.62%) (1.07%) (39.9%)

2 Availability in five countries is limited to the Dipeptidyl peptidase (HIV only).
b Assumes that all countries for which we have no data have access, which is unlikely.

To address the critical barriers to antifungal treatment-particularly in middle- and low-
income nations GAFFI recommends the following strategic measures (Sekkides, 2015):
Expand access to affordable diagnostic tests, emphasizing rapid, non-culture-based
methods for detecting both common and rare fungal diseases.

Establish a global network of trained medical professionals, supported by train the trainer
programs and standardized clinical guidelines. Ensure universal distribution of antifungal
medications included in the WHO Essential Medicine List, prioritizing availability in
underserved populations.

Trained specialists in the field of public health mycology, a field currently
underrepresented due to the non-communicable nature of most fungal diseases.

Maintain continuous surveillance of high-burden fungal infections to inform clinical
practice, shape educational programs, and guide research priorities. Implement at least
one diagnostic laboratory for fungal diseases in every country, led by a specialist with
broad diagnostic capabilities and supported by a critical mass of healthcare professionals.

Countries with populations over 5 million should host multiple such facilities.

1.4. New Possibilities in Antifungal Therapy
Novel antifungal treatments are advancing rapidly in response to the rising incidence of

fungal infections and the growing prevalence of resistant strains. Current efforts are
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focused on developing new antifungal agents, repurposing existing drugs, and applying
advanced technologies to improve treatment outcomes. Emerging options in antifungal

therapy include the following:

1.4.1. New antifungal agents

Ibrexafungerp is the first non-azole oral antifungal approved specifically for the treatment
of vaginal yeast infections. It is a terpenoid compound and inhibits 1,3-B-D-glucan
synthase, key enzyme in fungal cell wall synthesis. Notably, it has shown efficacy against
azole-resistant C. auris strains (Aimbatov, 2023).

Rezafungin is the next-generation echinocandin that demonstrates potent antifungal
activity against candidemia. It offers enhanced pharmacokinetic properties and greater
dosing convenience compared to conventional echinocandins, potentially improving
patient adherence and outcomes (Aimbatov, 2023).

Olorofim represents a novel class of antifungals targeting dihydroorotate
dehydrogenase—an enzyme essential for pyrimidine biosynthesis in fungi. This unique
mechanism offers promising activity against resistant fungal pathogens and hard-to-treat
moulds (Aimbatov, 2023).

1.4.2. Drug repurposing

Repositioning existing drugs with known safety profiles for antifungal applications can
accelerate therapeutic development. One notable example is sertraline, an antidepressant,
which has demonstrated inhibitory effects against C. neoformans. Its ability to cross the
blood-brain barrier makes it particularly effective in the treatment of cryptococcal

meningitis (Pianalto & Alspaugh, 2016).

1.4.3. Nanotechnology-based strategies

Nanoparticles are increasingly being explored to overcome the limitations of
conventional antifungal drugs. These nanoscale delivery systems aim to enhance drug
bioavailability, reduce toxicity, and improve targeted efficacy, particularly in drug-

resistant infections (Nino-Vega et al., 2024).

1.4.4. Artificial intelligence (Al)

Al technologies are increasingly being applied in antifungal drug discovery to identify

novel molecular targets. By analysing fungal genomes and protein structures, Al models
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can predict resistance patterns and streamline the development of new antifungal
therapies (Nifio-Vega et al., 2024). This data-driven approach represents a contemporary
and promising strategy for addressing emerging fungal pathogens and overcoming

therapeutic limitations (Nifio-Vega et al., 2024).

1.5. Antifungal Proteins

Antifungal proteins (AFPs) represent a promising class of agents for combating fungal
infections, which constitute a serious threat to human health. Owing to their potent
antifungal properties (acquired through diverse mechanisms related to their function,
structure, and origin) these proteins which are derived from a variety of sources, including
plants, fungi, and animals, are suitable for medical use (Selitrennikoff, 2001).
Classification of these proteins reveals considerable diversity, particularly among those

originating from fungi and plants (Wong & Ng, 2011).

1.5.1. AFPs from plants

These AFPs are vital for preventing fungal infections due to their diverse structures and
mechanisms of action. For instance, lipid transfer proteins disrupt fungal cell walls, while
reactive oxygen species contribute to cell proliferation and induce apoptosis in fungal
cells (Wong & Ng, 2011; Ng et al., 2013). Plant AFPs are classified into several groups,
including thaumatin-like proteins, lipoxygenases, protease inhibitors, defensins, and
pathogenesis-related proteins (Hermanova et al., 2006). Moreover, certain AFPs found in
plant latex exhibit strong efficacy against both human and phytopathogenic fungal strains
(Barbosa et al., 2020).

1.5.2. AFPs from animals

These AFPs are known to possess potent antifungal properties. Notable examples include
broad-spectrum human cathelicidins, such as LL-37, histatins that selectively target C.
albicans (Pinilla et al., 2022), as well as lysozymes, and lactoferrins found in human tears
and mucosal secretions. These latter hydrolyse B-1,4 glycosidic bonds in the fungal cell

wall, contributing to their antifungal efficacy (Singh & Rani, 2016).

1.5.3. AFPs from fungi
These AFPs are small, stable, secreted, cationic, and cysteine-rich proteins that are

promising candidates for the development of next-generation antifungal medications.
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Many of these features like B-strand structures typical to filamentous ascomycetes,
stabilized by disulfide bonds (Garrigues et al., 2017; Varadi et al., 2018). Phylogenetic
analyses have identified four distinct classes of cysteine-rich AFPs from ascomycetes,
namely Penicillium chrysogenum antifungal protein (PAF), Aspergillus giganteus
antifungal protein (AFPg), Penicillium brevicompactum "bubble-protein*(BP), and
Aspergillus fischeri (formerly, Neosartorya fischeri) antifungal protein 2 (NFAP2)
(Sonderegger et al., 2018) (Fig. 2). Despite differences in their primary sequences, these
AFPs, found in Eurotiomycetes, share a conserved y-core motif (G-X-C-X3—-C, where
X denotes any amino acid). Their structure and antifungal efficacy is influenced by the
physical and chemical properties of the y-core motif and surrounding regions
(Sonderegger et al., 2018).

In addition to defensins, proline-rich peptides, and cysteine-rich antifungal peptides
derived from plants and animals, recent studies have shown that bacteria, particularly
species of Bacillus, produce antifungal lipopeptides, bacteriocins, and cell wall degrading
enzymes. These bioactive molecules are increasingly recognized as promising candidates
for the development of next-generation antifungal therapies in response to raising

antimicrobial resistance (Bravo et al.,2011).
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Figure 2: AFPs from Eurotiomycetes containing the conserved y-core motif. Isolate
names are listed alongside the accession numbers of the corresponding AFPs. The net
charge of each y-core motif at pH 7.0 is indicated: blue discs represent positively charged
motifs, red discs indicate negatively charged motifs, and white discs denote near-neutral
motifs, BP: Penicillium brevicompactum, “bubble” protein; NFAP: Neosartorya fischeri
antifungal proteins, PAF: Penicilium chrysogenum antifungal proteins, AFP: Aspergillus
niger antifungal protein, Double disc: two distinct y-cores located at different loci, with

the same or different charge. Source: Sonderegger et al. (2018).

1.5.1. Mode of action of antifungal proteins
AFPs exert their activity through intricate interactions with fungal cells, ultimately
leading to cell death via diverse mechanisms (Giner-Llorca et al., 2023;). Recent research

has elucidated these mechanisms, highlighting the potential of AFPs as powerful agents
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against fungal infections. The key modes of action employed by AFPs are the following
(Table 5).

Plasma membrane permeabilization: AFPs bind electrostatically to negatively charged
components of fungal membranes, such as phospholipids and sphingolipids, causing
membrane permeabilization. This disruption leads to the formation of pores or channels
in the fungal plasma membrane, resulting in ion leakage, membrane depolarization, and
ultimately, cell lysis (Theis et al.,2003; Hagen et al., 2007). A well-characterized example
of such activity is exhibited by the AFP from A. giganteus.

Induction of programmed cell death: Once internalized, AFPs initiate a programmed cell
death in fungal cells, a process often mediated by reactive oxygen species, which triggers
transcriptional reprogramming and ultimately lead to cell death (Bugeda et al., 2020). The
ability of AfpB produced by Penicillium digitatum exemplifies this multifaceted
mechanism, demonstrating the ability to suppress toxin-encoding genes and induce
apoptosis, thereby reinforcing its regulatory influence on fungal cell integrity (Ropero-
Pérez et al., 2023).

Inhibition of cell wall biosynthesis: Research on the inhibition of fungal cell wall
biosynthesis by AFPs is of high importance, as the cell wall is essential for fungal viability
and represents a uniquely exploitable therapeutic target. In susceptible fungal strains, the
AFP from A. giganteus has been shown to suppress chitin biosynthesis, paralleling the
activity of echinocandins, which inhibit -1,3-D-glucan synthesis, as well as newly
identified compounds that affect mannan and chitin synthesis pathways (Giner-Llorca et
al., 2023).

Intracellular targeting: AFPs, such as AfpB from P. digitatum, exhibit a multifaceted
mode of action involving cell wall interactions, energy-dependent internalisation,
subsequent intracellular effects that culminate in fungal cell death. This mechanism is
pivotal to the development of effective antifungal therapies. As described by Ropero-
Pérez et al. (2023), AFPs initiate their antifungal activity by binding to the mannosylated
outer layer of the fungal cell wall. Following adhesion, they are internalised via an
energy-dependent process, enabling them to access intracellular targets such as RNA and
protein synthesis machinery, as well as mitochondrial function (Bugeda et al., 2020).
Chelation of essential metal ions: Multifunctional lactoferrin is a glycoprotein that binds
iron and is mainly found in milk. It is important for many biological processes, including

immunomodulatory processes that increase the host's immune response and
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antimicrobial, antiviral, anti-inflammatory, and anticancer properties (Legrand et al.,
2008; Guo-Xiang, 2006).

Table 4: Mechanisms of action of antifungal proteins.

Mode of Action  Mechanism shown with pertinent examples Reference
Membrane Plant defensins, like RsSAFP2, cause membranes Hagen et al., 2007;
disruption to permeate. Theis et al.,2003

Inhibition of cell
wall synthesis

AFP from A. giganteus inhibits chitin synthesis, a
structural polysaccharide necessary for fungal cell
walls.

Bugeda et al., 2020,
Ropero-Pérez et al.,
2023

Intracellular AFP interferes with expression by binding nucleic  Giner-Llorca et al.,
targeting acids. 2023
Induction of PAF from Penicillium chrysogenum momentarily ~ Leiter et al., 2008,
APODLOSIS raises intracellular calcium (Ca?*), a signalling Ropero-Pérez et al.,
Pop molecule that starts apoptotic processes. 2023
Legrand et al., 2008;
lon chelation Lactoferrin binds iron. g .
Guo-Xiang, 2006
Immune L .
. Histatin-5 boosts immune response. Legrand et al., 2008
activation

1.5.2. Biological role of ascomycetous antifungal proteins

Subsequent research has demonstrated that fungal species producing AFPs may exhibit
sensitivity to their own AFPs during specific developmental stages. This sensitivity has
been linked to the biological activity of AFPs within the native producer fungus (Meyer
and Jung, 2018). The present study also highlights that PAFis involved in the initiation
of conidiogenesis, as well as the induction of apoptosis and autophagy, under nutrient-
deprived conditions following the attainment of a certain biomass level (Hegediis et al.,
2011). Additionally, AFPs are involved in stress response mechanisms, which limit the
growth of pathogenic fungi and enhance the capacity of native fungal producers to tolerate
abiotic stresses, such as temperature changes and oxidative damage (Kaiserer et al.,
2003). In the cases of AnAFP from Aspergillus niger and AFPg from A. giganteus, it has
been hypothesized that these proteins similarly contribute to the activation of autophagy

under nutrient-limiting conditions (Paege et al., 2016; Meyer and Jung, 2018), an
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observation recently confirmed experimentally in a study published this year (Starke et
al., 2025). AfpB, secreted by P. digitatum, induces regulated cell death in the producer
fungus and is likely involved in population density regulation (Gandia et al., 2019;
Bugeda et al., 2020). Collectively, these findings refute the earlier assumption that AFPs
derived from Eurotiomycetes cannot harm their native producers. Nevertheless,
exceptions exist—such as PeAfpA secreted by Penicillium expansum, which does not

induce cell death in its native host (Ropero-Pérez et al., 2023).

1.5.3. Structure and the y-core motif of ascomycetous antifungal proteins

AFPs, particularly those derived from Ascomycetous fungi, are small (approximately 5
to 6 kDa), cysteine-rich, cationic proteins that typically contain 6-8 cysteine residues,
forming disulfide bridges that stabilize their tertiary structure. Most AFPs adopt a
compact B-barrel-like structure composed of five B-strands, stabilized by four disulfide
bonds (Zhao et al., 2022). A conserved structural element frequently found in the loop
regions or embedded within B-strands is the y-core motif, which plays a critical role in
antifungal activity even under harsh environmental conditions (Sonderegger et al., 2018;
Slezina et al., 2022). These structural components of the y-core motif facilitate interaction
with fungal membranes and disrupt membrane integrity, thereby killing fungal cells
(Sonderegger et al., 2018). Consequently, they have emerged as a promising target for
the development of next-generation antifungal therapeutics. The synthetic peptides
spanning the vy-core motif exhibit broad-spectrum antimicrobial action and
immunomodulatory effects, making them a valuable tool against various pathogens,
including fungi and viruses. It exerts its function by binding to microbial membranes,
disrupting the integrity, and ultimately causing cell death (Utesch et al., 2018). Altering
the y-core motif through amino acid substitutions that increase the overall positive charge
or improve hydrophilicity has been demonstrated to improve the antifungal efficacy of
AFPs. To be more precise, modified PAF from P. chrysogenum, specifically the Py*® and
Py°! variants, exhibits a 10-fold increase in antifungal activity against C. albicans
(Sonderegger et al., 2018; Utesch et al., 2018).

1.5.4. Potential application of antifungal proteins from Eurotiomycetes and their y-
core peptide derivatives in human medicine
The AFPs of Eurotiomycetes and their y-core peptide derivatives offer promising

solutions for human medicine to address the rapidly growing challenges of fungal
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infections and drug resistance. These AFPs and their y-core peptide derivatives represent
attractive targets for the development of novel antifungal therapies. Their relevance to
human health lies in their potent antifungal properties, as they are typically small,
cysteine-rich, and often cationic proteins that have evolved as defence mechanisms,
targeting fungal pathogens (Sonderegger et al., 2018). These AFPs containing y-core
motif(s) are increasingly recognized as promising therapeutic candidates due to their
specific arrangement of cysteine residues, which enables structural stability through the
formation of disulfide bond. This stability is essential for maintaining protein structure
and function under environmental conditions. These AFPs exhibit novel modes of action
with low toxicity to human cells and are characterised by broad-spectrum activity against
various fungal pathogens, including C. albicans and A. fumigatus. Moreover, their
structural features may confer antifungal transferability to other fungal species (Varadi
et al., 2024). Understanding the structural features that allow antifungal transferability to
other fungal species is important for creating new antifungal treatments. Insights into the
structure of fungal proteins and enzymes can help design broad-spectrum antifungal
agents by targeting shared elements across different species. This method can address the
shortcomings of current antifungal drugs, including resistance and a narrow therapeutic
spectrum. This approach can overcome limitations of current antifungal drugs, such as
resistance and a restricted therapeutic range. One potential application involves y-core
peptide derivatives derived from Eurotiomycetes AFPs, which can disrupt cell-cell
interactions and effectively prevent fungal biofilm formation by coating the surfaces of
medical devices, such as implants and catheters, thereby reducing the incidence of
nosocomial fungal infections, particularly those caused by Candida species (Guevara-
Lora et al., 2023). AFPs and their y-core peptide derivatives may also be used in
combination with conventional antifungal agents, especially in immunocompromised
patients, to enhance treatment efficacy, delay the development of resistance, and achieve
therapeutic effects at lower dosages (Rochard et al., 2024). Py°", a rationally designed y-
core peptide derivative of PAF, demonstrates enhanced antifungal efficacy (Sonderegger
et al., 2018). Despite the promising potential of Eurotiomycetes AFPs and their y-core
motif peptide derivatives as novel antifungal agents, challenges remain regarding their
stability under physiological conditions and the feasibility of large-scale synthesis.
Further research is necessary to fully understand their therapeutic applications and

overcome these limitations.
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2. OBJECTIVES

The increasing prevalence of drug-resistant fungal strains has led to the escalating rise in
global fungal infection cases. In response, Sonderegger et al. (2018) carried out a
phylogenetic analysis and found that, despite differences in their primary structure,
antifungal proteins (AFPs) in Eurotiomycetes share a conserved y-core motif (G-X-C-Xs.
9-C). The study, conducted at the University of Szeged, Department of Microbiology and
Biotechnology, is consistent with recent research demonstrating the antimicrobial activity
of a variety of synthetic and natural antimicrobial peptides (AMPs) against microbial
pathogens. The main objective of the present PhD thesis was to investigate the antifungal
properties and potential medical application of peptide derivatives designed on the y-core
motifs of various AFPs from Eurotiomycetes. Considering this main objective, the aims
of our study were as follows:

e To design a series of synthetic peptides incorporating the y-core motifs of
antifungal proteins from Eurotiomycetes (YAFPs).

e To evaluate the in vitro antifungal efficacy of yAFPs against a panel of human
and phytopathogenic fungal species.

e To assess the in vitro efficacy and antifungal activity of the most potent YAFPs,
both alone and in combination with conventional antifungal agents, against human
pathogenic fungi.

e To characterize the structure of YAFPs in the presence of conventional antifungal
drugs, fungal cells, and conidia.

e To examine the potential toxicological effects of the most effective YAFPs and
their combinations with conventional antifungal agents in an animal model.

e To determine the therapeutic efficacy of the most effective YAFPs and their

combinations with conventional antifungal agents in an animal model.

22



3. MATERIALS AND METHODS

3.1. Insilico Analysis

Amino acid sequences of AFPs from various Eurotiomycetes were retrieved from the
UniProt database (UniProt Consortium, 2025). Sequence alignment was performed using
BioEdit (Hall, 1999) and visualized with Jalview Version 2 (Waterhouse et al., 2009).
Signal sequence cleavage sites were predicted using SignalP 5.0 (Armenteros et al.,
2019).

A maximum likelihood phylogenetic tree was constructed using MEGA11, applying the
WAG substitution model, gamma-distributed rate variation, and the nearest-neighbor
interchange algorithm, with 1,000 bootstrap replicates (Tamura et al., 2021; Whelan and
Goldman, 2001). Defensin-like proteins from Raphanus sativus (UniProt IDs: P69241,
P30230) were used as an outgroup.

Physicochemical properties of yYAFPs were determined using the ExPASy ProtParam tool
(Duvaud et al., 2021) and the Antimicrobial Peptide Calculator and Predictor available
from the Antimicrobial Peptide Database (Wang and Wang, 2016). Tertiary structures of
AFPs were obtained from AlphaFold via UniProt (Jumper et al., 2021; Varadi et al.,
2024), while those of YAFPs were predicted using PEP-FOLD3 (Lamiable et al., 2013).
All tertiary structures were visualized with UCSF Chimera (Pettersen et al., 2004). The
model reliability was assessed through Ramachandran plot analysis generated via
MolProbity (Williams et al., 2018).

3.2. Peptide Synthesis

The yAFPs were produced through microwave-assisted, stepwise solid-phase peptide
synthesis employing Fmoc/S-tBu chemistry on a Liberty Blue synthesizer (CEM
Corporation, Matthews, NC, USA). The synthesis was carried out using TentaGel S RAM
resin (loading: 0.2 mmol/g) with coupling facilitated by ethyl 2-cyano-2-
(hydroxyimino)acetate (Oxyma) and diisopropylcarbodiimide (DIC). Peptides were
cleaved from the resin using a mixture containing trifluoroacetic acid (TFA), water, and
dithiothreitol (DTT) at a ratio of 95:5:3 (v/v/v), incubated for three hours. Post-cleavage,
TFA was evaporated, and peptides were precipitated using ice-cold diethyl ether,
subsequently dissolved in 10% acetic acid (v/v) and freeze-dried. The resulting crude
peptides were purified through semipreparative reverse-phase high-performance liquid
chromatography (RP—HPLC), utilizing a solvent system of 0.1% TFA (v/v) as solvent A
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and 80% acetonitrile containing 0.1% TFA (v/v) as solvent B. A linear gradient from 0%
to 30% of solvent B over 60 minutes was applied. The purification process was conducted
on a Phenomenex Jupiter Proteo 90 A column (250 mm x 10 mm) with a Shimadzu HPLC
system (Berlin, Germany), monitoring absorbance at 220 nm. Peptide purity was assessed
using analytical RP—HPLC on a Phenomenex Luna 10 um C18 100 A column operated
with an Agilent 1100 HPLC system (Palo Alto, CA, USA). Lyophilized yAFPs were
stored at —20°C pending further application. Peptide synthesis was carried out by Gyorgyi
Varadi (Department of Medical Chemistry, Albert Szent-Gyorgyi Medical School,
University of Szeged).

3.3. Fungal Strains and Inoculum Preparation

Fresh conidial suspensions of molds (A. fumigatus CBS 101355, Botrytis cinerea SZMC
21472, Cladosporium herbarum FSU 1148, Fusarium subglutinans CBS 747.97) and
cells of mid-log phase yeast cultures (C. albicans SC5314, S. cerevisiae SZMC 0644)
were used for all experiments. Yeasts were maintained on yeast extract peptone dextrose
(YPD) agar slants (1% yeast extract, 2% peptone, 2% glucose, 2% agar [w/v]), while
molds were maintained on potato dextrose agar (PDA) (Sigma—Aldrich, St. Louis, MO,
USA) at 4°C. Fresh conidia were harvested from the surface of seven days old mold
cultures grown on PDA at 25°C or 30°C (A. fumigatus), suspended in spore buffer (0.9%
NaCl, 0.01% Tween [v/v]), and filtered using a 40 um pore-size cell strainer (VWR,
Radnor, PA, USA). Conidia were subsequently washed twice in spore buffer (900 x g for
5 min) and resuspended in spore buffer. To generate mid-log phase yeast cultures, cells
were inoculated from YPD agar slants into low cationic medium (LCM) (0.5% glucose,
0.25% yeast extract, 0.0125% peptone [w/v]) and incubated at 30°C for 8 h with
continuous shaking (200 rpm). Cultures were then inoculated at a 1:100 dilution into fresh
LCM and further incubated under the same conditions for 16 h. Finally, both conidia and
yeast cells were diluted in LCM to achieve the concentrations required for the

experiments.

3.4. In vitro antifungal susceptibility tests

A broth microdilution susceptibility assay was conducted according to Téth et al. (2016)
to evaluate the antifungal efficacy of synthetic YAFPs against four molds (A. fumigatus
CBS 101355, B. cinerea SZMC 21472, C. herbarum FSU 1148, F. subglutinans CBS
747.97) and two yeasts (C. albicans SC5314, S. cerevisiae SZMC 0644) in LCM. Briefly,
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100 uL of YAFPs (25-400 pg/mL, twofold serial dilutions in LCM) were combined with
100 pL of fungal suspensions (2 x 10° conidia or yeast cells/mL) in flat-bottom 96-well
microtiter plates (TC Plate 96 Well, Suspension, F; Sarstedt, Niimbrecht, Germany).
LCM without YAFP served as the untreated control. The plates were statically incubated
at 25°C for 72 h (B. cinerea SZMC 21472, C. herbarum FSU 1148, F. subglutinans CBS
747.97), or at 30°C for 48 h (C. albicans SC5314, S. cerevisiae SZMC 0644) or 72 h (A.
fumigatus CBS 101355). Absorbance at 620 nm (ODs2) was recorded using a
SPECTROstar Nano plate reader (BMG Labtech, Ortenberg, Germany). Fresh LCM (200
uL) was used for background calibration. The minimum inhibitory concentration (MIC)
of YAFPs was defined as the lowest concentration that reduced fungal growth to <5%
relative to the untreated control (ODe2o set to 100%). In cases where no MIC was
observed, the growth inhibition percentage (IP) at 200 pg/mL yAFP was calculated as
follows: IP = 100% - ([absorbance of treated culture x 100] / absorbance of untreated
culture). For this calculation, the absorbance of the untreated culture was set to 100%
growth, and fresh medium (200 pL) was used for spectrophotometric calibration.
Susceptibility tests were conducted twice, including two technical replicates.

The broth microdilution method, as described earlier, was applied to determine
the MICs of conventional antifungal drugs, including amphotericin B (AMB),
fluconazole (FLC), micafungin (MFG), and terbinafine (TRB) (MedChemEXxpress,
Monmouth Junction, NJ, USA), against C. albicans SC5314 and A. fumigatus CBS
101355. The tested concentration ranges were 0.125-32 ug/mL for AMB, 2-32 pg/mL
for FLC, 0.078-32 pg/mL for MFG, and 0.125-32 pg/mL for TRB.

3.5. In vitro Interaction Between yAFPs and Antifungal Drugs

The checkerboard titration method (Eliopoulos et al., 1996) was employed to investigate
the interaction between YAFPs and antifungal drugs against C. albicans SC5314 and A.
fumigatus CBS 101355. In this experiment, 100 pL of two-fold serial dilutions of YAFP
(ranging from 4xMIC, prepared in 10 steps in LCM) were combined with 100 pL of two-
fold serial dilutions of the antifungal drug (4xMIC, prepared in 10 steps in LCM
containing 2x10° fungal cells or conidia / mL). Plates were incubated statically at 30°C
for 48 h (C. albicans SC5314), or at 25°C for 72 h (A. fumigatus CBS 101355). Following
the incubation, growth percentages (GP) in the presence of YAFP were calculated based
on absorbance at 620 nm (ODe20) using the formula: GP = (absorbance of treated culture

x 100) / absorbance of untreated culture. For this calculation, the absorbance of the
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untreated culture was set to 100% growth, and fresh medium (200 pL) was used for
spectrophotometric calibration. The interaction ratio (IR) was determined using the
Abbott formula (Moreno et al., 2003): IR =10/ I, where . = X + Y — (XY / 100) (expected
percentage inhibition for a given interaction), X and Y represent the percentage
inhibitions of the individual compounds used alone, and Io iS the observed percentage
inhibition. The nature of the interaction was considered additive if IR is between 0.5 and
1.5, synergy if IR > 1.5, and antagonistic if IR < 0.5. There is no interaction when the
combined effect is similar to the stronger individual compound. Interaction experiments

were repeated twice, including two technical replicates.

3.6. Electronic Circular Dichroism Spectroscopy

The secondary structural features of YAFPs were characterized using electronic circular
dichroism (ECD) spectroscopy. Spectral data were recorded between 185 and 260 nm
with the aid of a Jasco-J815 spectropolarimeter (JASCO, Tokyo, Japan). Prior to
measurement, peptide solutions were prepared at a concentration of 100 pg/mL in
bidistilled H>O and placed in quartz cuvettes with a 1 mm optical path length.
Temperature control was maintained at 25°C throughout the acquisition process using a
Peltier thermoelectric unit (TE Technology, Traverse City, MI, USA). Each spectrum
represents an average of ten consecutive scans per sample, with solvent spectra subtracted
to isolate peptide-specific signals.

Ellipticity values are expressed in mean residue molar ellipticity units. Estimations of
secondary structural content, reflecting canonical motifs, were performed via the
DichroWeb server (Miles et al., 2022) using the CDSSTR analytical method (Sreerama
et al., 2000).

The conformational changes in the secondary structure of yAFPB6¢*Z8 and
yAFPAOA2BHZTA i the presence of C. albicans SC5314 cells, A. fumigatus CBS 101355
conidia, TRB, FLC, and their respective synergistic combinations (TRB + C. albicans
SC5314 cells, and FLC + A. fumigatus CBS 101355 conidia) were investigated using
ECD spectroscopy, following the previously described measurement conditions. For this
analysis, conidia or yeast cells were washed three times and resuspended in bidistilled
H20 or an aqueous solution of YAFPB®¢*28 (200 ug/mL), YAFPAYA2BHZT4 (900 ug/mL),
TRB (1 pg/mL) or FLC (32 pg/mL), and YAFPB¢¢XZ8 (200 pg/mL) + TRB (0.5 pg/mL)
or YAFPAAZBHZTA (900 g/mL) + FLC (32 pg/mL) combination at a final concentration
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of 2 x 107 cells or conidia/mL. Spectra of bidistilled H20, aqueous solutions of YAFPs,
antifungal drugs, and their combinations were also acquired for background subtraction.

3.7. Fluorescence-Activated Cell Sorting

The antifungal efficacies of YAFPBOCX28 y AFpAOA2BHZTA " TBE 'F|C, and their respective
synergistic combinations (YAFPB®®*Z8 + TBF, yAFPAPAZSHZTA 1 F| C) were evaluated
using fluorescence-activated cell sorting (FACS). C. albicans SC5314 cells and A.
fumigatus CBS 101355 conidia (2 x 10°) were treated with 200 pg/mL yAFPACA2ISHZTA
200 pg/mL yAFPBX%8 32 y1o/mL FLC, 1 ug/mL TRB, and combinations namely 200
pg/mL yAFPAOAZBHZTA 4+ 39 asng/mL FLC and 200 pg/mL yAFPB®S*28 + (.5 ng/mL
TRB, in LCM at 30°C for 1 h with shaking (160 rpm). The treated cells were then stained
with 5 pg/mL propidium iodide (PI; Sigma-Aldrich, St. Louis, MO, USA) for 10 min at
room temperature in the dark, washed twice in PBS (9000 x g for 5 min), and resuspended
in PBS. For positive PI staining and calibration controls, cells or conidia were treated
with 70% ethanol (v/v) for 10 minutes at room temperature under shaking conditions (160
rpm). Untreated cells or conidia functioned as controls to reflect spontaneous cell death.
Detection of Pl-positive signals was performed using a FlowSight imaging flow
cytometer (Amins, Merck Millipore, Billerica, MA, USA) equipped with excitation lasers
at wavelengths of 405 nm (violet), 488 nm (blue), and 642 nm (red). Calibration
procedures were included to avoid fluorescence channel oversaturation and prevent
artifact signals due to spectral spillover. Each experimental run analyzed a total of 5000
cells. Pl-associated fluorescence was detected at 642 nm, with excitation lasers and
emission in channel 2 window.

Gating strategies were refined to include at least 96% of the untreated population, while
excluding cellular debris from data collection. Flow cytometry datasets were processed
and interpreted using Image Data Exploration and Analysis Software (IDEAS) (Amins,
Millipore, Billerica, MA, USA). All FACS experiments were repeated three times
independently.

3.8. Scanning Electron Microscopy

Scanning electron microscopy (SEM) analysis was performed to examine the
morphological effects of YAFPB®C*Z8 (200 pg/mL), yAFPAYAZBHZTA (900 o/mL), TRB (1
ug/mL), FLC (32 pg/mL), and their respective synergistic combinations (yYAFPB8¢*Z8
[200 pg/mL] + TBF [0.5 pg/mL], YAFPAYA2SHZT4 1900 1yo/mL] + FLC [32 pg/mL]) on C.
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albicans SC5314 cells and A. fumigatus CBS 101355 conidia (4x10° cells or conidia)/ml
under the following conditions: LCM, incubation at 30 °C for 16 hours with shaking at
160 rpm for C. albicans, and under static conditions for A. fumigatus. Untreated conidia
or cells served as morphology controls. Cells or conidia were harvested (9,000 x g for 5
min), washed twice, and resuspended in PBS. For SEM, 8 uL aliquots were dispensed
onto silicon discs pre-coated with 0.01% (w/v) poly-L-lysine (Merck Millipore, Billerica,
MA, USA). Samples were fixed overnight at 4°C in 2.5% (v/v) glutaraldehyde with 0.05
M cacodylate buffer (pH 7.2) in PBS. Post-fixation, specimens were rinsed twice with
PBS and dehydrated through a graded ethanol series (30%-100%, v/v; 4 h per
concentration at 4°C). The samples were dried with a Quorum K850 critical-point dryer
(Quorum Technologies, Laughton, UK), and coated with a 12 nm layer of gold, and
imaged using a JEOL JSM-7100F/LV field emission SEM (JEOL Ltd., Tokyo, Japan).

3.9. Hemolysis Assay

The hemolytic activities of aqueous solutions containing YAFPB®¢*Z8 (200 pg/mL),
yAFPAOA2BHZTA (900 pg/mL), TRB (1 pg/mL), FLC (32 pg/mL), and their respective
synergistic combinations [yAFPE®¢X#8 (200 ug/mL) + TRB (0.5 pg/mL), yAFPACA2SHZT4
(200 pg/mL) + FLC (32 pg/mL)] were assessed using Columbia blood agar plates (5%
(v/v) sheep blood; VWR, Radnor, PA, USA). Sterile filter paper disks (6 mm diameter)
were impregnated with 10 pL of each solution and placed onto agar plates. Sterile
bidistilled H20 and 20% (v/v) Triton X-100 were used as negative and positive hemolysis
controls, respectively. The presence of clear zones surrounding the filter disks was

examined after 24 h incubation at 37°C. The experiment was conducted in triplicate.

3.10. Galleria mellonella Toxicity Assay

The potential in vivo toxic effects of yAFPBOCXZ8 y AFPACAZISHZTA ' TRB FIC, and their
respective synergistic combinations (YAFPB6SXZ8 + TRB, yAFPAOA2BHZTA 1 FI C) were
investigated in G. mellonella larvae at concentrations used in the hemolysis assay. Twenty
microliters of each test solution, prepared in insect physiological saline (IPS) (50 mM
NaCl, 5 mM KCI, 10 mM EDTA, and 30 mM sodium citrate in 0.1 M Tris-HCI, pH 6.9),
were injected intrahemocoelically using 29-gauge insulin needles (BD Micro-Fine,
Franklin Lakes, NJ, USA) through the last right pro-leg of twenty larvae. Larvae were
incubated at 37°C, and survival was monitored every 24 hours for 6 days. IPS- and 20%

(v/v) Triton X-100-treated larvae served as nontoxic and positive toxicity controls,

28



respectively, while larvae without any interventions as untreated controls. The toxicity

assay was repeated twice.

3.11. In vivo Therapeutic Efficacy of YAFP-Antifungal Drug Combinations

The in vivo therapeutic efficacies of yAFPBGGXZB, yAFPAOAZJSHZT"', TRB, FLC, and their
respective combinations (YAFPB6CXZ8 1 TRB, yAFPAOAZSHZTA + F| C) used in the
hemolysis assay were evaluated in G. mellonella larvae following the toxicity assay
protocol. In addition to the previously described procedure, 20 pL of fungal cell or
conidial suspension (2 x 107 conidia or cells/mL) were injected into the last left pro-legs
of larvae, whereas in the case of the nontoxic and positive toxicity controls, 20 pL of IPS

were injected. This experiment was repeated twice.

3.12. Statistical Analysis

For growth inhibitory activity one-way ANOVA and Tukey's HSD post-hoc tests
(Statistics Kingdom, https://www. statskingdom.com/index.html) were applied to
determine significant differences (p < 0.05) regarding the proportion of dead cells
following various treatments (Statistics Kingdom, 2022). To assess statistically
significant differences in the FACS results, Pearson’s chi-squared test was applied, and
the Phi coefficient was calculated to evaluate the strength of association between the two
treatment groups (Statistic Kingdom online platform, 2025;
https://www.statskingdom.com/310GoodnessChi.html). To assess G. mellonella
survival, log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests were performed
using GraphPad Prism 7.00 (GraphPad Software, Boston, MA, USA). Survival
differences were deemed statistically significant if p < 0.05 in both tests. All statistical
analyses were conducted using GraphPad Prism 7.00 (GraphPad Software, Boston, MA,
USA).
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4. RESULTS

4.1. AFP Selection for Peptide Design, and Physicochemical Properties of yYAFPs

Previous studies have demonstrated that net charge and hydrophobicity significantly
influence the antifungal efficacy of synthetic peptides designed based on the y-core motif
of AFPs from P. chrysogenum and Aspergillus fischeri (Sonderegger et al., 2018; To6th et
al., 2020, 2022; Varadi et al., 2024). Considering these findings, y-core motifs from
representative  AFPs belonging to four phylogenetically distinct groups within
Eurotiomycetes (Fig.3) were selected for YAFP design, based on their differences in
physicochemical properties (Table 6). To optimize antifungal activity, the designed
YAFPs incorporated three additional amino acids from the N-terminus and one extra
amino acid from the C-terminus according to Sonderegger et al. (2018) (Table 6). The
YAFPs encompassing the y-core motifs from the P. chrysogenum AFP (PAF group)
exhibited net charge variations between —1.5 and +4.0, with grand average of hydropathy
value (GRAVY) ranging from —1.814 to —0.607. For yAFPs derived from Aspergillus
giganteus AFP group, net charge ranged between +2.0 and +4.25, with GRAVY from —
2.271 to —1.421. For yAFPs from Penicillium brevicompactum ‘bubble’ protein (BP)
group, net charge varied between —0.75 and +2.0, whereas GRAVY ranged from —1.350
to —0.275. Finally, the YAFP of A. fischeri NFAP2 group exhibited a neutral charge and
an almost zero GRAVY (0.075) (Table 6). The Boman Index, a parameter used to predict
peptide protein-binding propensity from amino acid composition and side-chain transfer
free energy, was determined. The elevated Boman index (> 2.50) observed in certain
members of the PAF- (i.e., yAFPAOAOAZKON -, AppALDBHE -\ AFPBOHWKO) “ AFPG. (je,,
v AFPPLTT37, v AFPAOAVSHEUS v AFPAOAZJSHZM), and BP- (i.e., y AFP2A0A1V6NXI2) groups
suggests high binding potential to membranes, supporting the hypothesis of their

membrane interaction activity (Boman, 2003).
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Figure 3: Phylogenetic and in silico structural analyses of AFPs from Eurotiomycetes
involved in this study. Maximum likelihood tree (a), and ClustalW multiple alignment of
AMPs (b), whereon the UniProt database accession numbers of the respective AFPs are
indicated (for further information see Table 6). The Penicillium chrysogenum antifungal
protein (PAF), Aspergillus giganteus antifungal protein (AFPg), Aspergillus fischeri
antifungal protein 2 (NFAP2), and the Penicillium brevicompactum ‘bubble’ protein (BP)
subclades are highlighted in green, purple, yellow, and blue, respectively. In panel (b),
red line indicates the predicted cleavage site of the signal sequence, and the first amino
acid of the mature AFP is highlighted in red and indicated with red asterisk, the conserved
y-core motif (GXC-X3.9-C) is highlighted in grey. AlphaFold and PEP-FOLD3 predicted
tertiary structure of Penicillium rubens Wisconsin 54-1255 PAF-like (B6GXZ8), and

Aspergillus taichungensis IBT 19404 AFP-like (AOA2J5HZT4) proteins, and the

B6GXZ8 AOA2J5HZT4) (C) )

synthetic peptides designed on the y-core motifs (y and y
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Table 5: Amino acid sequences of antifungal proteins (AFPs) from Eurotiomycetes
involved in the study, and physicochemical properties of synthetic peptides spanning
the y-core motif (YAFP).

. Length Mw Theoretical Net charge Boman index
Peptide GRAVY
(aq) (Da) pl (pH =7.0) (kcal/mol)

PAF-group

Aspergillus awamori (A0OA401KDCO0)
MQLTSIAIILFAAMGAIATPITAEADNLVAREAELSKYGGECSVEHNTCTYLKGGKDHIVSCPSAANLRCKTERHHCEYDEHHKTVDCQ
TPV

YAFPAMAOIKDCO: KYGGECSVEHNTCT
YAFPAOA40LKDCO 14 1527.64 5.40 -0.75 -0.907 2.19

Penicillium digitatum (K9FGI7)
MQITSIAIILFTAMGAVANPIATASDDLDARDVQLSKYGGQCSLKHNTCTYLKGGRNVIVNCGSAANKRCKSDRHHCEYDEHHRRVDC
QTPV
YAFPX*¢": KYGGQCSLKHNTCT

YAFPKOFGI7 14 1539.74 8.86 +2.5 -0.964 1.94

Penicillium rubens (B6GXZ8)
MHITSIAIVFFAAMGAVASPIATESDDLDARDVQLSKFGGECSLKHNTCTYLKGGKNHVVNCGSAANKKCKSDRHHCEYDEHHKRVD

CQTPV
yAFPBGGXZSZ KFGGECSLKHNTCT
yAFPBECXZ8* 14 1524.73 8.06 +1.25 -0.671 1.81

Penicillium expansum (AOA0OA2K0JO0)
MQITRIAIFLFAAMGAVASPIVAESRDVDAQALSKYGGECSKEHNTCTYRKDGKDHIVKCPSADNKKCKTDRHHCEYDDHHKTVDCQT
PV

YAFPAOAOAZKOD: KY GGECSKEHNTCT
PATFIPAONRAC 14 1556.69 6.74 +0.25 -1.486 2.87

Neosartorya fischeri (A1D8H8)
MQITKISLFLFVGIGVVASPIHAESDGLNARAVNAADLEYKGECFTKDNTCKYKIDGKTYLAKCPSAANTKCEKDGNKCTYDSYNRKYV

KCDFRH
YAFPAIP®HE: EYKGECFTKDNTCK
YAFPAIDEHS 14 1665.85 6.26 -15 -1.500 3.17

Penicillium expansum (AOA0OA2K8K6)
MQITKIALFLFAAMGAVASPIEAEAESGINARAENGANVLY TGQCFKKDNICKYKVNGKQNIAKCPSAANKRCEKDKNKCTFDSYDRKVTCDFRK
YAFPAOACAKEKS: | yTGQCFKKDNICK

YAFPAOAOAZKEKE 14 1660.97 8.82 +2.0 -0.607 171

Penicillium rubens (B6HWKO)
MQITTVALFLFAAMGGVATPIESVSNDLDARAEAGVLAKYTGKCTKSKNECKYKNDAGKDTFIKCPKFDNKKCTKDNNKCTVDTYNN

AVDCD
150051_ yAFPBSHWKO: KYTGKCTKSKNECK
YAFPBEHWKO 14 1617.90 9.51 +4.0 -1.814 331
AFPg-group

Aspergillus giganteus (P17737)
MKFVSLASLGFALVAALGAVATPVEADSLTAGGLDARDESAVLATYNGKCYKKDNICKYKAQSGKTAICKCYVKKCPRDGAKCEFDSYKGKCY
c

YAFPPY7: TYNGKCYKKDNICK
YAFPPIT737 14 1677.95 9.18 +3.0 -1.450 2.75

Aspergillus violaceofuscus (AOA2V5H6U3)
MKISPVSIGFILLAAMGVAATPLNHAESVGVRSENNVQVKYDGQCRKSENQCRYTAQSGRTAICKCQFRKCSKDGAKCNFDSYNRDCN
cY

YAFPA0A2VSHEUS: KYDGQCRKSENQCR
YAFPAOAZVSHEU3 14 1714.89 8.86 +2.0 -2.271 5.30

Aspergillus taichungensis (AOA2J5HZT4)
MQLISLASMGLVLFAAVGAVASPVDNNALDIDNNLEVRDEAASLIKYHGVCSKKNNSCKFKGQNGKTSFCHCKFKKCGKENNKCHFDSYNRDCK
cl

YAFPAAZIHZTE: KYHGVCSKKNNSCK
YAFPAOAZISHZT 4% 14 1595.85 9.60 +4.25 -1.421 2.82
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BP-group
Penicillium rubens (B6HMF2)
MKVTALLFTLMAATAVSASVLDTRDTCGGGYGVDQRRTNSPCQASNGDRHFCGCDRTGIVECKGGKWTEIQDCGGASCRGVSQGG

ARC
YAFP18HMP2: WKGGKCEVIGTRDCG, YAFP28HMP2: QSVGRCSAGGCD
YAFP [ BSHMF2 15 1608.85 8.05 +1.0 -0.587 1.76
YAFP2B6HMF2 12 1139.22 5.82 0.00 -0.275 2.06

Penicillium polonicum (AOAL1V6NXI12)
MKFTAMLFTLMAATAVSASVLETRDGCGSAYGPDQRRTNSPCQSSNGNKQYCGCDRSGIVQCKGGKWTEVQDCGNSPCHGGKEGG

ALC
YAFP | A0ALVeNXI2: WK GGKCQVIGSRDCG, YAFP2AALVENXI2Z EKGGHCPSNGCD
YAFP [ AOATVENXI2 15 1593.84 8.90 +2.0 -0.593 1.73
YAFP2AOAIVENXI2 12 1203.27 5.32 -0.75 -1.350 2.53

Aspergillus candidus (A0OA212FBQ1)
MKLIAIVCTLMAAASVSASTIEARDTCGAGYGGDQRRTNSPCASSNGDRHFCGCDRTGIVECKGGKWTEVKDCGSGTCHGGNQGAA

Qc

YAFP ] A0A212F8QL: \WK GGKCEVIGTRDCG, YAFP2A22FEQL: QNGGHCTGSGCD
YAFP1A0A212FBQL 15 1608.85 8.05 +1.0 -0.587 1.76
YAFP2A0A212FBQL 12 1135.15 5.08 -0.75 -0.983 2.1

Aspergillus versicolor (AOA1LIPRY7)
MKLSIFFATLLAAAVSAGSVLEARDTCGAGYGGDQRRTNSACDASNGDRHFCGCDRTGVVECQGGTWTEISDCGSGTCHGGNDGGA

QC

YAFP [ AALPRYT WTGGQCEVVGTRDCG, YAFP2AMLPRYI:DNGGHCTGSGCD
YAFP 1 A0AILOPRY7 15 1567.71 4.37 -1.0 -0.367 1.62
YAFP2AOAILIPRY? 12 1122.11 4.20 -1.75 -0.983 2.36

NFAP2-group

Neosartorya fischeri (A1DBL3)
MHLSTALFSAIALLAATQVIGASVEVPRDVAAIQIATSPYYACNCPNNCKHKKGSGCKYHSGPSDKSKYISGKCEWQGGOLNCIAT

YAFPAIPEL3: VISGKCEWQGGQLNCI
PAATTPAIEELS 16 1735.01 5.96 0.00 0.075 0.43

After the species name, the UniProt database accession number is indicated. Amino acid

sequence regions used for YAFP design are indicated with bold and underlined letters in
the primary structure. YAFPs selected for drug interaction analysis are highlighted in grey.
YAFPs selected for comprehensive investigations are marked with asterisk. GRAVY:

grand average of hydropathy value.
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4.2. Antifungal Activity of yAFPs

The in vitro antifungal efficacy of yYAFPs was evaluated against a diverse set of yeasts
and molds, including human and plant pathogenic isolates, using a broth microdilution
assay (Table 6). None of the tested YAFPs achieved complete growth inhibition at
concentrations up to 200 pg/mL (MIC > 200 pg/mL). However, several YAFPs exhibited
significant antifungal activity at the highest tested concentration (200 pg/mL).
yAFPBeHWKO displayed remarkable inhibitory effects against A. fumigatus. yAFPB66%Z8,
YAFP2AMAZI2FBQL 51y § y AFPAOAOAZKON demonstrated strong activity against B. cinerea, F.
subglutinans, and S. cerevisiae, respectively (IP > 50%, Table 6). Conversely,
YAFPALDBHE -y ARP1BOHMF2 o ARpOAOALVENXIZ “and yAFP1AAILSPRYT \were considered as
inactive, exhibiting IP values between 0% and 14+5% (Table 6). The remaining YAFPs
inhibited growth of at least one fungal species, with IP values ranging from 25% to 50%
(Table 6). Statistical analysis of growth percentages at various concentrations of the most
effective YAFPs revealed that their inhibitory activity was not dose-dependent within the
investigated concentration range (Fig. 4). Their efficacy remained constant beyond a
certain threshold and further increases in concentration did not yield statistically
significant differences in growth reduction (p > 0.05, Fig.4). The effective concentrations
were 100 pg/mL for yAFPBOHWKO against A. fumigatus, yAFPACAOAZKOD — gng
yAFP2AM2IZFBQL against S. cerevisiae, 25 pg/mL for YAFPB®®*#8 against B. cinerea
(Fig.4). An exception was YAFP2A0A212FBQL "\which exhibited non-linear concentration-

dependent inhibition against F. subglutinans (Fig.4).
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Figure 4: Growth percentages of fungi at various concentrations of the most effective

yYAFPs. Asterisk indicates not gradual dose-dependent inhibitory activity.
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Table 6: Growth inhibition percentages (IP) of 200 pg/mL yAFPs on the tested fungal
isolates compared to the untreated control cultures.

Aspt_arglllus B_otryus Candida  Cladosporium Fusarlu_m Saccharomyces

Fungus / fumigatus  cinerea albicans  herbarum subglutinans cerevisiae
Peptide CBS SZMC . - CBS

SC5314* FSU 1148 SZMC 0644

101355* 21472 747.97

PAF-group IPs
YAFPAOAMOIKDCD 96412 n.d. 10£3 n.d. n.d. n.d.
YAFPKOFGI n.d. n.d. n.d. 3542 n.d. n.d.
AN PO n.d. 59+20 9+12 14+14 n.d. 43+1
YAFPACAOAKOD 37417 26+3 n.d. n.d. n.d. 50+7
YAFPAID8HS n.d. n.d. n.d. n.d. n.d. n.d.
YAFPAOAOAKEKE 1945 20+8 14+12 n.d. n.d. 3343
YAFPBEHWKO 5319 18+9 n.d. n.d. n.d. 18+4

AFPg-group IPs

YAFPPY 737 0+7 n.d. n.d. 2318 n.d. n.d.
YAFPAOAZVSHEUS 944 20+1 13+0 18+6 n.d. 15+10
yAFPAMAISHZTax 951 ] 24+14 13+4 n.d. 42+8 1743

BP-group IPs
YAFP]B6HMF2 7+1 n.d. n.d. n.d. n.d. 1540
YAFP2BeHMF2 8+3 45+3 n.d. n.d. n.d. 20+3
YAFP | ACAIVENXIZ g, 27+1 n.d. 33+1 20+4 7+10
YAFP2ACAIVENXIZ g, n.d. n.d. n.d. 7+5 n.d.
YAFPA0A212FBQL 841 n.d. n.d. n.d. n.d. n.d.
YAFP2AAZIZFBQL 1449 n.d. 217 n.d. 63+14 57+4
YAFPACALLPRYT 1343 n.d. 64 14+5 n.d. 11+£1
YAFP2ACALLPRYT g, 11£5 15+4 n.d. 21+6 34+4

NFAP2-group IPs

YAFPAIDBLS n.d. n.d. n.d. n.d. 10+4 44+4

YAFPs selected for drug interaction analysis are highlighted in grey. YAFPs selected for
comprehensive investigations are marked with asterisk. *: human pathogenic fungus, **

plant pathogenic fungus n.d.: Growth inhibition was not detected.

4.3. Interaction Between yAFPs and Conventional Drugs Against C. albicans and
A. fumigatus

The MICs of conventional antifungal drugs, including FLC, AMB, MFG, and TRB, were
determined using an in vitro broth microdilution assay against two human pathogenic
fungal isolates, C. albicans and A. fumigatus. Under the applied test conditions AMB
MIC =1 pg/mL), MFG (MIC =0.0156 pg/mL), and TRB (MIC =1 pg/mL) effectively
inhibited C. albicans, while FLC did not (MIC > 32 pg/mL). Complete growth inhibition
of A. fumigatus was not achieved with AMB, MFG, TRB, or FLC (MICs > 32 pg/mL).
Considering these MIC values, AMB, MFG, and TRB were included in combination
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experiments against C. albicans to assess whether the presence of YAFPs could enhance
efficacy and lower the effective concentration, thereby reducing potential side effects in
long-term, high-dosage therapies (Lu et al., 2023). Previous studies have demonstrated
that co-administration of antimicrobial peptides can make the resistant fungal strains
susceptible to conventional antifungal drugs (Zhu et al., 2022). Given that A. fumigatus
exhibits intrinsic resistance to the generic FLC (Leonardelli et al., 2016), FLC was tested
in combination with YAFPs to evaluate its potential effectiveness against A. fumigatus. In
this experiment, conventional antifungal drugs were combined with an effective
representative of each fungal AFPs group with various physicochemical properties, i.e.
yAFPBGGXZS, ’\{AFPAOAOAZKOJO, YAFPAOA2J5H2T4, YAFPQAOAZIZFBQl, ,YAFPAlDBLS (Table 5)
Most antifungal drug + YAFP combinations exhibited indifferent interactions, and no
antagonistic effects were observed (data not shown). However, two notable exceptions
emerged, as YAFPB®®*28 + TRB and yAFPAPA2PHZT4 + FIC combinations demonstrated
synergy against C. albicans (Table 7) and A. fumigatus (Table 8), respectively. That
synergistic combinations were subsequently included in further experiments, where the
highest IR and IP values were detected below the individual MICs (Table 7). These were
200 pg/ml yAFPBCXZ8 + 05 g/ ml TRB against C. albicans, and 200 pg/ml
YAFPAOA2JSHZT4 + 32 pg/ml FLC against A. fumigatus (Table 9)
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Table 7: Inhibition percentages (IP, %) of Candida albicans SC5314 in the combinatorial application of yAFPB6¢*Z8 + terbinafine (TRB).

Candida albicans SC3514

AFPB6GXZ8
}I('RB * 400 pg/ml 200 pg/ml 100 pg/ml 50 pg/ml 25 pg/ml 12.5 pg/ml 6.25 pg/ml 3.125 pg/ml 1.56 pg/ml 0.78 pg/ml 0.39 pg/ml 0
2 wgml 94+1.2% 94+1% 930.8% 94+1.3% 94+1.9% 93+1.9% 93+1.5% 930.6% 92+0.5% 90+1% 92+1% 0221 39,
» R:1.02£0.0 | IR:1.02£0.01 | IR: 1.0240.01 | IR: 1.02£0.03 | IR: 1.040.04 | IR: 1.02£0.01 | IR: 1.02£0.01 | IR: 1.02£0.04 | IR: 1.040.01 | IR: 1.0£0.01 | IR: 1.01£0.01 3%
1 g 94+0.6% 95+1% 93+0.5% 93£1.2% 92+0.5% 930.6% 93+1.3% 930.6% 92+0.6% 92+0.5% 92+0.5% 022050,
r IR: 1.0120.01 | TR: 1.03£0.01 | IR: 1.0120.01 | IR: 1.0120.015 | IR: 1.03£0.05 | IR: 1.0120 | IR: 1.0120.01 | IR: 1.0120.01 | IR:1.04X0.0 | IR: 0.99+0.01 | IR: 1.0+0 %
36+4.5% 3345.9% 3244.9% 2847% 246.3% ,
0.5 pg/ml IR: 1.48£0.33 | IR: 1.170.01 | IR: 1.06:024 | IR:0.93£0.1 | IR: 0.942027 | 2+0:1%
1843% 2042.4% 1342.8% 1742.6% 1842.2% .
0.25 pg/ml IR: 1324032 | IR: 1.19£0.28 | IR:0.712025 | IR: 0.880.15 | IR: 1.19+0.15 | 12*2:8%
ol25 worml | 18568% 14£5.1% 21+4% 1844.2% 2442.8% 11£2.6% 1443.1% 1742.8% 1642.6% 1143.3% 2043.1% 1552 6
125 pg IR: 0.92+0.34 | TR:0.8120.14 | IR: 1.16:025 | IR: 104202 | IR: 1.36£0.31 | TR: 0.63£0.03 | IR: 0.8420.14 | IR: 0.8620.08 | IR:0.75£023 | IR: 0.47:0.05 | IR: 1.210.24 6%
00625 werm] | 12437% 10+3.3% 942.6% 1742.6% 1243.1% 14£2.9% 1542.6% 1642.8% 1443 3% 6+2.9% 1343.1% 00 3,
0625 ng IR:0.8£023 | TR:07720.1 | IR:0.6240.07 | IR: 1.40£0.53 | IR:0.76:0.1 | IR: 123033 | IR: 1284039 | IR: 1.07£0.22 | TR: 0.89£0.45 | IR: 0.34£0.09 | IR: 0.93£0.22 3%
003125 warm] | 14526% 1542.8% 1342.6% 1342.6% 11£2.8% 15£2.9% 1343.3% 1242.6% 1342.9% 1142.4% 10£1.3% 09 8%
03125 pg/ml | 12 0.9950.32 | IR: 1424055 | IR: 0.97£0.22 | IR: 115404 | IR: 0.93£032 | IR: 1.49£0.51 | IR: 1.1940.36 | IR: 0.82£0.15 | IR: 0.874039 | IR:0.740.14 | IR: 0.7£0.21 8%
0 pg/ml 6£3.7% 442.9% 5£2.4% 442.9% 543.7% 342.5% 343.9% 742.9% 9:46.4% 943 4% 442.8% 040%

Interaction ratio (IR) calculated according to the Abbot-formula presented below IP. Red cells indicate synergy (IR >1.5), while orange cells

additive interaction. The untreated control was defined as 100% of growth.
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Table 8: Inhibition percentages (IP, %) of Aspergillus fumigatus CBS 101355 in the combinatorial application of and YAFPB®¢X%8 + fluconazole

(FLC).

Aspergillus fumigatus CBS 101355

,YAFPBGGXZ8 +

FLC 400 pg/ml

Ee
i
=

200 pg/ml 100 pg/ml

50 pg/ml

R 0 | | e

25 pg/ml 12.5 pg/ml 6.25 pg/ml 3.125 pg/ml

1.56 pg/ml

0.78 pg/ml

0.39 pg/ml

33+25.8% 39+14.8%

IR: 1.33£1.18 IR: 1.51+0.21
38+29.2% 36+12.1%
IR: 1.35+1.13 IR: 1.59+1.09

14+15.9%
IR: 1.1£2.2

0

4+4.3%

00+0.0%

4+2.9%

8 ng/ml R 13801 64 242.6%
R e masi e
Zng/ml fliﬁ:g;iﬂ“ fﬁﬁ.‘zﬁm ?Ris 61.‘;/0610.82 ;li:iig;/lo.79 611.6%
. ot
0 pg/ml 38+14.2% 244+2.1% 23+3.6% 294+5.4% 24+19.1% 27+12.9% 242.6% 15+£14.6% 6+6.4% 3+3.5% 7+8.5% 00+0%

Interaction ratio (IR) calculated according to the Abbot-formula presented below IP. Red cells indicate synergy (IR >1.5), orange cells additive
interaction (IR between 0.5 and 1.5), while green cells antagonism (IR < 1.5). The untreated control was defined as 100% of growth.
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Table 9: Synergy between antifungal peptides (yYAFPBSC*Z8 yAFPAOAZISHZTA) gng
conventional antifungal drugs where the highest interaction ratios (IRs) and growth
inhibitory percentages were detected below the individual MICs against C. albicans or A.

fumigatus. IRs were calculated according to the Abbott-formula.

Combination XandY le lo IR Type
Candida albicans SC5314

yAFPBSCXZ8 4+3%
(200 pg/ml)

+ TRB 24+6%
(0.5 pg/ml)

27+7% 68+7% 2.7+0.7 Synergy

Aspergillus fumigatus CBS 101355
’\{AFPAOAZJSHZT4 2442%,
(200 pg/ml)
+FLC 0£0%
(32 pg/ml)
FLC: fluconazole, le: expected percentage inhibition, lo: observed percentage inhibition.

24+2% 70+5.9% 3.0+0.2 Synergy

IR: interaction ratio, TRB: terbinafine, X and Y percentage inhibitions for the individual

compounds used alone.

The analysis revealed a non-linear relationship between net charge and GRAVY score.
The fitted quadratic model y=0.11x>—0.92x—0.73 showed a minimum GRAVY value at
net charge +4.2. This suggests that peptides with moderately positive net charge tend to
be more hydrophilic, which may enhance their antifungal efficacy. The model achieved
an R? value of 0.65, indicating a moderate fit to the data.

These results were obtained using YAFPs with antifungal activity (Tables 5 and 6) that
were analyzed for net charge and GRAVY scores using standard bioinformatics tools. A
quadratic regression model was fitted to the data using least squares estimation to explore
the relationship between net charge and hydropathy. The model equation was derived and

visualized using Python-based scientific plotting libraries.
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0.2 Optimal antifungal activity occurs around net
’ charge x = 4.2, where GRAVY is lowest (hydrophiliic)
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Figure 5: Quadratic relationship between net charge and GRAVY score in antifungal
active YAFPs. Blue dots represent antifungal active YAFPs highlighted in gray in Tables
1 and 2. The red curve shows a quadratic regression model.

4.4. ECD Spectroscopy

Previously, it was observed that synthetic YAFPs do not have an ordered structure, and a
conformation change is not necessary for them to exert an antifungal effect (Toth et al.
2020a; Véradi et al. 2024). Both YAFPB6XZ8 and yAFPAOAZBHZTA exhibited class D ECD
spectra in all applied conditions, indicative of unordered structures, or, more precisely,
high conformational flexibility and an ensemble of dynamic, fast interconverting
structural states (Fig. 5). Spectral deconvolution of the ECD spectra indicated
contributions from all canonical secondary structural elements; however, approximately
60% of the contributions emerged from the turn structures and non-canonical, unordered
conformations (Table 10). No considerable differences in spectral features and
contributions were observed between the two peptides regardless of the applied
experimental conditions. This indicates that the interactions of these peptides with fungal
cells do not induce notable conformational reorganization. The obtained results support
the in silico-predicted unordered structure of YAFPAA2BHZTA “pyt they contradict the

predicted B-pleated conformation of YAFPBCXZ8 (Fig. 3¢).
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Figure 6: ECD spectra of yAFPB®CXZ8 (3) and yAFPAPAZSHZTA () in bidistilled H,0, and
in the presence of terbinafine (TRB), Candida albicans SC5314, and TRB and C. albicans
SC 3514 (a); and in the presence of fluconazole (FLC), Aspergillus fumigatus CBS
101355, and FLC and A. fumigatus CBS 101355 (b), respectively.
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Table 10: Secondary structural contributions to the observed ECD spectra of yAFPB6c*28

and yAFPAPA25HZT4 optained from spectral deconvolution

Helixl Helix2 Strandl Strand2 Turns Unordered Total

yAFPB6GXZ8 0.01 0.08 0.18 0.11 0.26 0.36 1
YAFPBGGXZS +
TRB 0.02 0.09 0.18 0.11 0.26 0.35 1.01
YAFPBGGXZS +

) 0.01 0.08 0.19 0.11 0.25 0.36 1
C. albicans
’\{AFPBGGXZS +
TRB + C. 0.01 0.08 0.19 0.11 0.25 0.35 0.99
albicans
yAFPAOA2BHZTA —_ 01 0.10 0.17 0.11 0.25 0.37 0.99
Y AFPAOA2J5H2T4
+ELC -01 0.08 0.19 0.11 0.24 0.37 0.98
Y AFPAOA2J5H2T4

} -01 0.10 0.16 0.10 0.25 0.39 0.99

+ A. fumigatus
v AFPAOAZJSHZT4
+ FLC + A. -.01 0.09 0.18 0.10 0.24 0.39 0.99
fumigatus

4.5. Fungal Cell Killing Efficacy of YAFP + Antifungal Drug Combinations

One of the primary antifungal mechanisms of AFPs is the disruption of the plasma
membrane of the target fungus (Struyfs et al., 2021). This membrane-compromising
effect can be evaluated using Pl staining. Pl is a red-fluorescent, membrane-impermeant
dye that selectively binds to nuclear and chromosomal DNA and only enters cells with
compromised membrane integrity. FACS was utilized to quantify the cell-killing and
membrane-disrupting capabilities of two potent yAFPs in combination with conventional
antifungal agents (TRB and FLC). These combinations were compared to the standalone
application of each compound to elucidate the observed synergistic interactions (Table
10). The YAFPB®CX%8 + TRB combination demonstrated significantly higher cell-killing
efficacy than either compound alone (Table 11). The YAFPAMAZSHZT4 4 F| C combination
also showed enhanced cell-killing activity compared to FLC alone. However, its efficacy
was lower than that of the yAFPAPAZSHZT4 paptide when applied individually (Table 11).

Table 12 provides a detailed summary of the statistical analysis results.
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Table 4: FACS analysis of cell death (propidium iodide positive cells/conidia, Pl+)

treated with YAFP, antifungal drug (TRB, FLC) and their combination

Treatment Pl+ (%) p-value
Candida albicans SC5314
Untreated 0.2%+0.1 -
yAFPBOCXZ8 463%+£24.6 p=6.5x1071°*
TRB 44.5%+ 174 p=24x10ux P=0072NS

yYAFPBeCXZ8 + TRB 51.1%+ 239 -

Aspergillus fumigatus CBS 101355

Untreated 0.3% +0.18
YAFPAOAZISHZTA 151%+6.1 p=3.52x10°*
FLC 46%+13 p=2.52x 10712 *

YAFP AVA2BHZTA + F| C 8.3% + 0.9

p=2.48 x 106 +

FLC: fluconazole, TRB: terbinafine.

*: significant differences (p < 0.05) between the standalone and combination treatment,

+: significant differences (p < 0.05) between the standalone treatments, ns: no significant

difference.

Table 12: Statistical analysis (Pearson’s chi-squared test and the Phi coefficient) of FACS

results.
Comparison p-value Significance ¢ (phi) Effect size
(p <0.05)
Candida albicans SC5341
Combination vs. YAFPB®¢*48 2.4 %10 Yes 0.0421 Small
Combination vs. TRB 6.5x 10 Yes 0.0521 Small
YAFPB®¢*%8 ys, TRB 0.072 No 0.018  Negligible
Aspergillus fumigatus CBS 101355

Combination vs. yAFPAMA2BHZTA 3 55 1075 Yes 0.0414 Small
Combination vs. FLC 2.5x 10" Yes 0.0695 Small
YAFPAVA2EHZTA v EI C 2.5x10°%  Yes 0.125  Medium

FLC: fluconazole, TRB: terbinafine
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4.6. SEM analysis

SEM further evidenced the antifungal activity of yAFPB®¢X%8 TRB, and their synergistic
combination, while revealing the associated morphological alterations (Fig. 7a).
Treatment with YAFPB5¢*Z® induced notable surface changes in C. albicans cells,
characterized by a coarse, dense surface with textured projections, deviating from the
smooth, ovoid morphology typical of untreated yeast-phase cells. Some cells appeared
partially deformed or aggregated, suggesting stress-induced responses, membrane
disruption, or direct interaction with the peptide. Exposure to TRB produced similarly
distinct alterations, including roughened and corrugated cell surfaces, indicative of
membrane remodeling commonly observed under antifungal stress. Additionally, some
cells exhibited shrinkage, potentially resulting from TRB-induced membrane
permeabilization. Prominent cell aggregation and visible interfacial adhesion further
pointed toward the initiation of biofilm-like architecture under TRB pressure. Cells
subjected to the combination treatment displayed morphological hallmarks attributable to
both YAFPB5¢*28 and TRB exposure. These included irregular surfaces with multiple
protrusions and the presence of intercellular filamentous connections, suggestive of
biofilm-associated growth. SEM analysis demonstrated distinct morphological alterations
in A. fumigatus conidia after antifungal treatments (Fig. 7b). Untreated spores maintained
their characteristic smooth and rounded appearance, consistent with healthy, dormant
conidia. Exposure to yAFPAOAZSHZTA glone resulted in moderate surface damage,
indicative of membrane perturbation and partial structural compromise. The FLC-treated
conidia showed minimal deformation, underscoring the reduced susceptibility of dormant
conidia to azoles. Notably, the combination of YAFPAYA2SHZT4 and FLC produced
extensive morphological disruption, including collapsed and conidial structural integrity
(Fig. 7b).
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Figure 7: Scanning electron microscopy of Candida albicans SC5314 and Aspergillus
fumigatus CBS 101355 treated with YAFP (YAFPBSCXZ8 yAFPAOAZISHZTY " terpinafine
(TRB), fluconazole (FLC), and their combination (AFPB6CXZ8 + TRB and yAFPACA23SHZT4
+ FLC) (4106 cells or conidia) in LCM, incubated at 30 °C for 16 hours with shaking at
160 rpm for C. albicans, and under static conditions for A. fumigatus). Asterisks indicate
representative cells with membrane perturbation, while arrows the intercellular

filamentous connections. Scale bars represent 1 pm
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4.7. Hemolytic Activity and Toxicity of yAFP + Antifungal Drug Combinations

The therapeutic application of antimicrobial peptides is often limited by their potential to
induce hemolysis in red blood cells (Abdelbaky et al., 2024). A well-established G.
mellonella acute toxicity assay serves as a reliable model to assess the in vivo harmful
effects of drug candidates (Ignasiak et al., 2017). To evaluate the hemolytic activity and
toxic effects, YAFPB®C*28 + TRB and yAFPA?A25HZT4 + E|C combinations were tested in
vitro on sheep blood agar plates and in vivo using G. mellonella larvae. None of the sole
applications of YAFPs and antifungal drugs, nor their combinations, caused hemolysis or
significantly reduced the survival of larvae (Fig. 8). These findings support the conclusion
that yYAFPs and their combinations with antifungal drugs can be safely utilized for

therapeutic purposes.

\ 1: YAFPAOAZISHZTA | £

)\ 2: VAFPAQAZISHZT4

|| 3: FLC

)\ 1: yAFPBSGXZ8 4 TRB
".\ 2: VAFPBGGXZB
3: TRB

4: ddH,0 ' 4: ddH,0
5: Triton X-100 5: Triton X-100
100 - - uT
.'——l—,
_ - IPS
g 80 -~ 20% Triton X
B6GXZ8
z, 60 YAFP!
E TRB
£ 40 YAFPB6SXZ8 , TRB
Q. iy, .YAFPAOAZJSHZTA
20 - FLC
0 - ,YAFPAOAZISHZT4+ ELC
0 1 2 3 4 5 6

Days

Figure 8: Hemolytic activity of yYAFPB5¢X%8 (200 pg/mL), YAFPAA2BHZT4 (200 ug/mL),
TRB (1 pg/mL), FLC (32 pg/mL), and their respective synergistic combinations
(YAFPB6XZ8 [200 ug/mL] + TRB [0.5 pg/mL], YAFPAOAZSHZTA 1900 1o/mI] + FLC [32
png/mL]) on Columbia blood agar plates after incubation for 24 h at 37°C (a). Triton X-
100 [20% (v/v)] and ddH20 were used as the positive and negative lysis controls,
respectively. Sterile filter paper disks (diameter: 6 mm) were impregnated with 10 pL of
each solution and placed onto agar plates. Survival of Galleria mellonella larvae after
injection with 20 pL IPS solution of peptides, antifungal drugs, and their combinations in

concentration that used in hemolytic activity test (b). UT: untreated control, IPS: insect
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physiological saline-treated control. *: p < 0.05 from both Log rank (Mantel-Cox) and
Gehan-Breslow-Wilcoxon tests.

4.8. In vivo Therapeutic Potential of YAFP + Antifungal Drug Combinations

The in vivo efficacy of YAFPB®¢X28 TRB, and their combined treatment was assessed
using a G. mellonella infection model with C. albicans SC5314 (Fig. 9a). Infection led
to a marked decrease in larval survival relative to the IPS-treated control group (p =
0.0001). Comparable reductions in survival were observed when infected larvae received
yYAFPB®CXZ8 or TRB alone (p = 0.0047 and p = 0.0336, respectively). In contrast, no
significant decline in survival was detected following combined treatment with
yYAFPB6CXZ8 and TRB (p = 0.0533). When compared with infected, untreated larvae, the
combination therapy demonstrated a significantly stronger therapeutic effect than either
monotherapy (p = 0.024 for YAFPB6X%8 and p = 0.0015 for TRB, compared with p =
0.0004). Overall, larval survival increased and was prolonged in the order yAFPB®CX%8 <
TRB < yAFPB¢*Z8 plys TRB (p = 0.0245, 0.001, and 0.0002, respectively), although
differences among treatment groups were not statistically significant (p > 0.05; Table
S1). Collectively, these results indicate that the combined administration of TRB and
YAFPB*Z8 confers greater therapeutic benefit than either agent alone and may help
prevent disease progression. The in vivo therapeutic activity of the yAFPAMA2BHZTA_£| C
combination against A. fumigatus CBS 101355 was assessed (Fig. 9b). Infection with A.
fumigatus conidia caused a significant reduction in larval survival compared with the IPS-
treated control group (p < 0.0001). Neither yYAFPAA2PHZT4 nor FLC, administered alone
(p < 0.0001) or in combination (p = 0.0009), fully prevented this infection-induced
mortality. Relative to infected, untreated larvae, FLC monotherapy had no significant
effect on survival (p = 0.9503). In contrast, treatment with yAFPAA25HZT4 glone, as well
as in combination with FLC, significantly prolonged (p = 0.0375 and p = 0.0045,
respectively) and increased (p = 0.0442 and p = 0.0063, respectively) larval survival, with
the combined treatment producing a more pronounced effect. Although no statistically
significant difference was observed between yAFPAMAZSHZTA mongtherapy and the
combination treatment (p > 0.05), the combined regimen significantly outperformed FLC
alone (p = 0.0085; Table S2). Overall, these results suggest that yAFPACA2ISHZTA ey hipits
moderate therapeutic efficacy as a single agent, which can be enhanced in the presence

of FLC, leading to improved and prolonged larval survival.
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Figure 9: In vivo therapeutic potential of YAFPB6CXZ8 y AFPACAZBHZTA tarpinafine (TRB),
fluconazole (FLC), AFPBSC*Z8 1+ TRB and yAFPAA2BHZT4 1 EL C combinations in
Galleria mellonella larval infection model. Larvae were infected with Candida albicans
SC5314 then treated with, yYAFPB6XZ8 TRB, or their synergistic combination (a). Larvae
were infected with Aspergillus fumigatus CBS 101355 then treated with yAFPACAZISHZT4
FLC or their synergistic combination (b). UT: not infected and untreated control, IPS:
insect physiological saline-treated control, C. albicans + IPS: C. albicans infected and
IPS-treated (untreated), C. albicans + yAFPB¢¢*Z8: C_albicans infected and yAFPBECX28.
treated (200 pug/mL), C. albicans + TRB: C. albicans infected and TRB-treated (1
ng/mL), C. albicans + YAFPB®®*#® + TRB: C. albicans infected and YAFPB®¢*Z8 (200
ug/mL) - TRB (0.5 pg/mL) combination-treated and, A. fumigatus + IPS: A. fumigatus
infected and IPS-treated (untreated), A. fumigatus + yAFPACA2BHZTA. A - fumigatus
infected and YAFPAMAZSHZTA reated (200 pg/mL), A. fumigatus + FLC: A. fumigatus
infected and FLC-treated (32 pg/mL), A. fumigatus + yAFPAOA2BHZTA 4 F| C: A
fumigatus infected and + yAFPAAZSHZT4 (200 pg/mL) — FLC (32 pg/mL) combination-
treated groups. IPS: insect physiological saline-treated control. *: p < 0.05 from both Log
rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests in compared to the infected (C.
albicans or A. fumigatus + IPS), not treated group.
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5. DISCUSSION

The y-core motif is a conserved structural feature present in numerous cysteine-rich
antimicrobial peptides across a wide range of organisms, including plants, fungi, and
animals. In higher organisms (i.e., plants and animals), it plays a pivotal role in the innate
immune system, providing defense against microbial pathogens (Slezina et al., 2022a b;
Andrés et al., 2024). Beyond its functional significance, the y-core motif contributes to
the structural stability of antimicrobial peptides by facilitating the formation of disulfide
bonds between cysteine residues (Slezina et al., 2022b). However, current knowledge
regarding the role of this motif in fungal AFPs remains limited and somewhat
contradictory. Some studies suggest that the y-core motif enhances the antifungal activity
of A. giganteus AFP by interacting with the fungal cell membrane (Utesch et al., 2018),
and that it can be modified through amino acid substitutions without significantly altering
the overall structure of P. chrysogenum PAF (Sonderegger et al., 2018) and P. expansum
PeAfpB (Giner-Llorca et al., 2023). Conversely, other research indicates that the y-core
region of A. fischeri NFAP2 does not mediate fungal membrane interaction or damage
(Pavelaetal., 2024), and that amino acid substitutions within this motif disrupt the overall
structure of the protein, thereby reducing its antifungal efficacy (Varadi et al., 2023).

Given their functional significance, y-core motifs of plant and animal antimicrobial
peptides are being actively explored for their potential in designing novel synthetic
peptide-based antimicrobial agents (Slezina et al., 2022a,b). The y-core motifs of AFPs
also represent promising candidates in this regard. However, most synthetic peptides
encompassing the native y-core region have exhibited no antifungal activity (Garrigues
et al., 2017; Huber et al., 2020; Téth et al., 2020a, 2022), suggesting that only highly
hydrophilic and positively charged y-core peptides demonstrate antifungal efficacy
(Sonderegger et al., 2018; Huber et al., 2020). This conclusion is further supported by
findings indicating that amino acid substitutions increasing the positive net charge of the
native y-core peptide can confer antifungal activity or enhance its pre-existing efficacy
(Sonderegger et al., 2018; Huber et al., 2020; Toth et al., 2020, 2020b, 2022). In the
present study, we investigated a set of synthetic fungal yYAFPs, exhibiting diverse
physicochemical properties. Susceptibility test data suggest that not only positively
charged/hydrophilic YAFPs (i.e., YAFPBCXZ8  yAFPBEHWKO =\ AFPAOA2ISHZTA) jnhipit
fungal growth (IP >40%), but also their neutral/hydrophilic or hydrophobic counterparts
(i.e.,  yAFPAOAOAZKON =\ AEppBOHMF2 = AFPAIDBL3) - and  even  negatively
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charged/hydrophilic variants (i.e., yAFPAOA40IKDCO "y, ARppA0AZIZFEQL) (Taples 5 and 6).
Interestingly, some positively charged/hydrophilic yAFPs failed to exhibit growth
inhibition in the tested fungal isolates (Tables 5 and 6). This suggests that antifungal
activity is not solely determined by net positive charge and hydrophilicity, but rather by
additional factors such as amino acid sequence, net charge-to-hydropathy ratio, and other
physicochemical properties. Comprehensive and comparative bioinformatics analyses are
required to uncover these determinants. However, it was observed that enhanced net
positive charge increases the antifungal activity of y-core peptides up to a certain
threshold by promoting membrane binding or membrane permeabilization (van der
Weerden et al., 2013; de Oliveira Mello et al., 2019), and in some cases, by facilitating
access to intracellular targets as well (Li et al., 2021). However, achieving optimal
biological activity requires a proper balance between positive charge and other structural
properties, such as hydrophobicity and amphipathicity (Fernandez de Ullivarri et al.,
2020). The varying efficacies of YAFPs against different fungal species may be explained
by species-specific differences in plasma membrane lipid composition, which are known
to influence antifungal peptide-mediated cell killing (Kodedova et al. 2019).

In recent antifungal therapy, the combined application of different drug classes is
increasingly considered to overcome resistance, improve therapeutic outcomes, broaden
spectrum and activity, and minimize adverse effects (Zhu et al., 2023). Combinations of
AFPs with conventional antifungal drugs have shown promise in achieving these
objectives (de Ullivarri et al., 2020; Li et al., 2021). To the best of our knowledge, the
efficacy of conventional antifungal drugs has not yet been investigated in the presence of
synthetic fungal yAFPs. To address this gap, we examined the interactions between
various fungal YAFPs and antifungal agents representing polyenes, allylamines, triazoles,
and echinocandins against two prevalent human pathogenic fungi, C. albicans and A.
fumigatus (Table 5). Among the tested peptides, only the positively charged and
hydrophilic YAFPBX%8 and yAFPA%A25H2T4 enhanced the efficacy of the allylamine
TRB and the triazole FLC against C. albicans and A. fumigatus, respectively,
demonstrating in vitro synergy (Tables 7 and 9). Both TRB and FLC exert their
antifungal effects by disrupting fungal cell membrane synthesis - TRB inhibits squalene
epoxidase, while FLC targets lanosterol 14-a-demethylase (Houst et al., 2020). FACS
and SEM analyses suggest that yAFPBS6XZ8 and yAFPAMA2SHZTA compromise cell
membrane integrity and may induce membrane perturbation (Table 9 and Fig. 7). This

effect appeared to be amplified in the presence of TRB due to its membrane-weakening

50



properties (Fig. 7), potentially explaining the observed synergy (Tables 6 and 8).
However, the results obtained from FACS and SEM analyses, and the G. mellonella
infection model contradicted this assumption in the case of FLC, as this antifungal drug
did not enhance the antifungal efficacy of YAFPAYA?5HZT4 ynder these experimental
conditions (Fig. 7, Fig. 8b, Table 11).

Our ECD spectroscopic analyses revealed that none of the investigated YAFPs undergo
significant structural rearrangements in the presence of fungal cells or conidia, antifungal
agents, or their combined exposure. Consistent with previous studies, it is well-
established that short, linear AFPs retain a disordered conformation in solution, even in
the presence of fungal cells (T6th et al. 2020, van der Weerden et al., 2013). Although
adopting an ordered structure may enhance the stability and specificity of AFPs, it is not
necessarily a prerequisite for antifungal activity, particularly in the case of peptides that
exert their effects through direct membrane disruption rather than receptor-mediated
mechanisms (van der Weerden et al., 2013). This mode of action is characteristic of the
modified peptides synthesized in this and in previous studies, which encompass the y-
core region (Toth et al. 2020a; Varadi et al. 2024). SEM observations supported the
membrane compromising effects of both YAFPB®CX28 and yAFPAMASHZTA (Fig, 7),
FACS analysis revealed that membrane disruption is the primary antifungal mechanism
of the examined YAFPs indicated by the high proportion of PI-positive cells and conidia
in comparison with the untreated samples (Table 11). This cell-killing efficacy was
markedly enhanced in the presence of TRB, corroborating the in vitro synergy observed
in the checkerboard titration assay (Table 9). In contrast, no such enhancement was
detected with fluconazole (FLC), which appeared to compromise the antifungal activity
of the yAFP (Table 11). This discrepancy may be attributable to differences in incubation
conditions and the higher cell concentrations employed in the assay.

G. mellonella infection model experiments corroborated the FACS analysis findings,
supporting the in vitro synergistic interactions between YAFPB%¢*#® and TRB. This
combination produced a markedly superior therapeutic effect compared to their individual
administration (Fig. 9a). In contrast, no statistically significant difference was observed
between the efficacy of YAFPAMAZSHZTA glone and its combination with FLC (Fig. 9b),
which exclude the in vivo synergy between these two compounds. Notably, both the
standalone and combined application of YAFPBCXZ8 with TRB effectively prevented
infection progression (Fig. 9a), whereas YAFPAPA2SHZT4 and jts combination with FLC

merely extended larval survival without complete protection (Fig. 9b). These findings
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underscore the potential of YAFPs as standalone antifungal agents or as adjuvants to
enhance the efficacy of conventional therapeutics. It should be noted that TRB is not
typically employed in the treatment of systemic fungal infections, though it demonstrates
high efficacy in topical applications against superficial Candida infections (Ryder et al.
1998). Likewise, FLC, despite being a member of the azole class, is not generally used as
a first-line treatment for aspergillosis due to its limited activity against Aspergillus
species, which possess intrinsic or acquired resistance mechanisms (Leonardelli et al.,
2016). Nonetheless, our results offer valuable insights into the possible role of AFP—
conventional drug combinations in the management of systemic fungal infections and

highlight their promise as topical antifungal formulations.
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6. CONCLUSIONS

Numerous previous studies have demonstrated that synthetic peptides encompassing the
evolutionarily conserved y-core regions of antifungal proteins possess pronounced
antifungal efficacy and may hold therapeutic potential. Based on the findings of this
study, we propose that the antifungal efficacy of these peptides is determined by the
magnitude of the net positive charge and hydrophilicity in addition to the charge-to-
hydropathy ratio. A preliminary quadratic regression analysis revealed that the net charge
critically influences the hydropathy profile of YAFPs (Fig. 5), which might contribute to
their enhanced antifungal activity. The observed minimum GRAVY at a net charge of
+4.2 suggests an optimal balance between electrostatic interactions and solubility, thereby
facilitating membrane penetration and target engagement (Fig. 5). Among the peptides
designed from the native y-core regions of 19 Eurotiomycetes-derived antifungal
proteins, only a subset fulfilled this criterion and exhibited notable antifungal activity
(Tables 5 and 6), implying that in general, these regions do not directly determine
antifungal potency but instead support structural stability and proper folding.
Furthermore, our observations suggest that when these peptides are active against fungal
pathogens, their antifungal mechanism likely involves plasma membrane disruption.
Additionally, YAFPs can enhance the efficacy of antifungal agents targeting membrane
biosynthesis, both in vitro and in vivo, supporting their applicability as standalone or
adjuvant treatments for systemic and superficial fungal infections. However, definitive

validation requires further in vivo studies employing relevant animal models.
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7. SUMMARY

In recent years, fungal infections caused by human pathogens have risen sharply, largely
due to the rapid emergence and spread of resistance to the antifungal agents commonly
used in clinical practice. This escalating resistance, together with the appearance of fungal
strains displaying diminished susceptibility to standard treatments, has become a major
driver of the increasing global burden of fungal diseases. Currently, therapeutic options
remain limited only to four principal classes of antifungal compounds (azoles,
echinocandins, polyenes, and flucytosine) that are routinely used to manage invasive
fungal infections. It has been noticed that heavy and prolonged use of triazole fungicides
in agriculture has further intensified the resistance problem, expanding selective pressure
across environmental reservoirs and ultimately contributing to treatment failures in
clinical settings. As a result, the World Health Organization has emphasized the urgent
need for antifungal therapies based on novel molecular scaffolds with mechanisms of
action fundamentally different from existing drugs.

Among the promising candidates to address this challenge are synthetic peptides (YAFPs)
derived from the evolutionarily conserved y-core motifs of antifungal proteins
(characterized by the GXC-X3.9-C signature) found in Eurotiomycetes. In this motif, “X”
denotes any amino acid, serving as a key structural element necessary for antifungal
function.

Synthetic peptides engineered around this y-core region have shown the capacity to
disrupt essential intracellular processes, elevate intracellular ATP levels, and ultimately
trigger fungal cell death. Importantly, y-core motif—based peptides originating from plant
and animal AFPs often display broad-spectrum antifungal effects while maintaining low
toxicity toward mammalian cells, positioning them as attractive leads for next-generation
antifungal therapeutics.

Despite their potential, significant gaps remain in our understanding of the
physicochemical determinants that govern the antifungal potency of YAFPs, as well as
their therapeutic performance in vivo, either as monotherapies or in combination with
established antifungal agents. To bridge these knowledge gaps, the present study focused
on a systematic evaluation of the antifungal properties and potential clinical applications
of 19 peptide derivatives designed from vy-core motifs of AFPs derived from

Eurotiomycetes. The specific aims were to:
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e To design a set of synthetic peptides that integrate the y-core motifs found in
antifungal proteins of Eurotiomycetes (YAFPs)

e Assess the in vitro antifungal activity of YAFPs against a diverse panel of
clinically relevant human fungal pathogens and agriculturally important
phytopathogens.

« Examine the in vitro interaction patterns, synergistic, additive, or antagonistic,
between the most active YAFPs and conventional antifungal drugs commonly used
against human pathogenic fungi.

o Determine the in vitro antifungal potency of leading yAFPs, both as standalone
agents and in combination with conventional antifungals.

e Characterize the structural behaviour of YAFPs in the presence of antifungal
drugs, fungal cells, and conidia to better understand structure-function
relationships.

o [Evaluate potential toxicological effects of leading YAFPs and their drug
combinations in an animal model.

o Assess therapeutic efficacy in vivo, focusing on fungal infection outcomes and
survival in the same animal system.

Our findings demonstrate that the antifungal activity of YAFPs in vitro is governed not
merely by overall net positive charge or hydrophilicity; instead, it is heavily influenced
by the net charge-to-hydropathy ratio. This ratio strongly influences peptide fungus
interactions and helps to explain functional differences among YAFP derivatives. For the
most active peptides, we confirmed that their mechanism of action involves plasma
membrane disruption and that they can act synergistically with antifungal agents targeting
membrane biosynthesis. Using the Galleria mellonella larval model, we demonstrated
that these potent YAFPs can prevent Candida albicans infection or extend survival in
larvae infected with Aspergillus fumigatus. Notably, the synergistic effects observed in
vitro were also confirmed in vivo.

Using the G. mellonella infection model, we further confirmed that the most active YAFPs
provide meaningful protection against fungal pathogens. Specifically, these peptides
prevented infection by C. albicans or significantly prolonged survival in larvae
challenged with A. fumigatus. Notably, the synergistic interactions observed during in
vitro testing were also reproduced in vivo, offering robust evidence that YAFPs can

enhance the performance of conventional antifungals under physiological conditions.
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Taken together, these findings underscore the therapeutic potential of YAFPs as both
standalone antifungal agents and as adjuvants that improve the efficacy of existing drugs
for systemic and superficial fungal infections. The identification of two leading YAFP
candidates, characterized by strong antifungal activity, low toxicity, and consistent
synergistic effects with conventional antifungal drugs, provides a compelling foundation
for further development of peptide-based antifungal therapies. These advances contribute
significantly to the broader effort to expand the antifungal drug pipeline and offer new

strategies for combating the growing threat posed by resistant fungal pathogens.
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8. OSSZEFOGLALAS

Az elmult években a human patogén gombdak altal okozott fertézések szama meredeken
emelkedett, els6sorban a klinikai gyakorlatban rutinszeriien alkalmazott gombaellenes
szerekre kialakuld és gyorsan terjedd rezisztencia miatt. Ez a fokozddo rezisztencia,
valamint az olyan gombatorzsek megjelenése, amelyek a standard terapiakkal szemben
csokkent érzékenységet mutatnak — napjainkra a gombas megbetegedések globalis
terhének egyik f6 hajtoerejévé valt. Jelenleg minddssze négy f6 gombaellenes
gyogyszerosztaly (azolok, echinokandinok, polién makrolidok ¢és flucitozin) 4all
rendelkezésre az invaziv gombafertézések kezelésére. Tovabb sulyosbitja a problémat,
hogy a mezdgazdasdgban alkalmazott triazol fungicidek intenziv és tartés hasznalata
noveli a szelekciés nyomast a kornyezetben, ami végsO soron a klinikai kezelések
sikertelenségéhez is hozzajarul. Ennek kovetkeztében az Egészségiigyi Vilagszervezet
hangstlyozza, hogy siirgésen sziikség van olyan Uj antifungalis terdpidkra, amelyek
teljesen 1j molekularis vazakon alapulnak, és hatasmechanizmusuk alapvetéen eltér a
jelenleg alkalmazott szerekétol.

A kihivas megoldasara igéretes jeldltcsoportként tlinnek fel a szintetikus peptidek (yAFP-
k), amelyek az Eurotiomycetes osztilyba tartozé antifungélis fehérjék evolucidsan
konzervalt y-mag (y-core) motivumaibol szarmaztathatok (amelyet a GXC-X39-C jelsor
jellemez). Ebben a motivumban az ,,X” barmely aminosavat jeldl, €s olyan szerkezeti
elemet képez, amely elengedhetetlen az antifungalis aktivitashoz.

A y-core régidra tervezett szintetikus peptidek képesek megzavarni létfontossagl
intracellularis folyamatokat, novelni az intracellularis ATP-szintet, és végsd soron
gombasejt-elhalast indukalni. Kiilondsen fontos, hogy a névényi és allati AFP-k y-core
motivumabol szarmazo6 peptidek gyakran széles spektrumt antifungalis hatast fejtenek
ki, mikozben alacsony toxicitast mutatnak emldssejteken, igy igéretes vezetd
molekulakka valnak a kovetkezd generacios antifungalis terapiak fejlesztésében.
Potenciadljuk ellenére még mindig jelentés tudasbeli hidnyossdgok vannak azzal
kapcsolatban, hogy mely fizikai-kémiai tényezok hatarozzak meg a yAFP-k antifungalis
hatékonysagat, illetve hogyan teljesitenek ezek a peptidek in vivo onmagukban vagy
kombinacioban a jelenleg alkalmazott antifungalis szerekkel. Ezeknek a
hidnyossagoknak a csokkentésére jelen tanulmanyunk 19, Eurotiomycetes eredetii AFP-

k y-core motivumaibdl tervezett peptid derivatum antifungélis tulajdonsagainak és
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potencidlis klinikai alkalmazéasadnak szisztematikus vizsgalatara fokuszalt. Konkrét
céljaink a kovetkezok voltak:
e Az Eurotiomycetes antifungalis fehérjéiben talalhat6 y-core motivumokat (yAFP-
ket) integral¢6 szintetikus peptidsorozat megtervezése
e In vitro antifungalis aktivitas vizsgalata klinikailag relevans human korokozo
gombak és mezdgazdasagi jelentdségli fitopatogének széles paneljén
e A legaktivabb YAFP-k és a klinikumban hasznalatos antifungalis gydgyszerek
kozotti in vitro kolcsonhatasok (szinergizmus, additivitas, antagonizmus)
feltérképezése
e A vezeté YAFP-jeldltek in vitro hatékonysaganak meghatarozasa 6nmagukban és
konvencionalis antifungalis szerekkel kombindlva
e A yYAFP-k szerkezeti viselkedésének jellemzése gombaellenes gyogyszerek,
gombasejtek és konidiumok jelenlétében a szerkezet—funkcio kapcsolatok
megértése céljabol
o A vezetd YAFP-k és kombindcioik potencialis toxikologiai hatasainak értékelése
allatmodellben
e A terapias hatékonysag in vivo vizsgalata, kiilonos tekintettel a
fertézéskimenetelre €s a tulélésre ugyanebben az allatrendszerben
Vizsgalataink azt mutatjak, hogy a YAFP-k in vitro antifungalis aktivitdsdt nem pusztan
a netto pozitiv toltés vagy a hidrofilitas hatdrozza meg; sokkal inkabb a netto6 toltés és a
hidropatia aranya befolyasolja. Ez az arany dontéen formalja a peptid—gomba
kolesonhatasokat, €s magyarazza a kiilonb6z6 YAFP derivatumok hatasbeli kiilonbségeit.
A legaktivabb peptidek esetében igazoltuk, hogy hatdsmechanizmusuk a plazmamembran
karositasat foglalja magédban, és hogy szinergizmust képesek kialakitani a membran-
bioszintézist gatld gombaellenes szerekkel.
A Galleria mellonella larvamodellt alkalmazva kimutattuk, hogy ezek az erdteljes YAFP-
k képesek megelézni a Candida albicans fertézést, illetve novelni az Aspergillus
fumigatus-szal fertdzott larvak tulélését. Figyelemre mélto modon az in vitro szinergista
hatasok in vivo is megerdsitést nyertek.
A G. mellonella fert6zésmodell tovabbi bizonyitékkal szolgalt arra, hogy a legaktivabb
YAFP-k érdemi védelmet nyljtanak gombapatogénekkel szemben. Konkrétan ezek a
peptidek vagy teljesen megelozték a C. albicans fert6zést, vagy jelentGsen

meghosszabbitottak az A. fumigatus altal kihivott larvak tulélését. Fontos megfigyelés,
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hogy az in vitro azonositott szinergista kdlcsonhatasok in vivo is visszakdszontek, erds
bizonyitékot szolgéltatva arra, hogy a yAFP-k képesek fokozni a konvencionalis
antifungalis szerek hatékonysagat fizioldgias koriilmények kozott is.

Osszességében eredményeink kiemelik a yAFP-k terapias potencialjat mind 6Snmagukban
alkalmazhaté antifungalis dgensként, mind pedig olyan adjuvéansként, amely javitja a
meglévo gyodgyszerek hatdsossagat szisztémas és felszini gombafertdzések esetén. A két
vezetd YAFP jelolt azonositasa — amelyek erds antifungalis aktivitdssal, alacsony
toxicitassal és konzisztens szinergizmussal rendelkeznek a konvencionalis antifungalis
szerekkel — meggy6z6 alapot teremt a peptidalapt gombaellenes terapiak tovabbi
fejlesztéséhez. E fejlemények jelentdsen hozzajarulnak az antifungalis hatéanyag-
fejlesztési pipeline bovitéséhez, és 1j stratégidkat kindlnak a rezisztens gombapatogének

jelentette egyre ndvekvo fenyegetés elleni kiizdelemben.
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12. SUPLEMENTARY MATERIAL

Table S1: Statistical analysis of Candida albicans SC5314-infected larval survival
treated with YAFPB®CXZ8 terbinafine (TRB), and their combination.

IPS vs. C. albicans SC5314 + IPS

Log-rank (Mantel-Cox) test

Chi square 24.2

df 1

P value <0.0001

P value summary falalalel

Avre the survival curves sig different? Yes

Gehan-Breslow-Wilcoxon test

Chi square 24.12

df 1

P value <0.0001

P value summary Fkkx

Are the survival curves sig different? Yes

Median survival

IPS Undefined

C. albicans + IPS 4.5

Hazard Ratio (Mantel-Haenszel) B/C C/B

Ratio (and its reciprocal) 0.09657 10.36

95% ClI of ratio 0.03805 to 0.2451 4.080 to 26.28

Hazard Ratio (logrank) B/C C/B

Ratio (and its reciprocal) 0.06881 14.53

95% Cl of ratio 0.02793 to 0.1696 5.898 to 35.81
IPS vs. C. albicans SC5314 + yAFPB6CXz8

Log-rank (Mantel-Cox) test

Chi square 7.999

df 1

P value 0.0047

P value summary *x

Avre the survival curves sig different? Yes

Gehan-Breslow-Wilcoxon test

Chi square 8.148

df 1

P value 0.0043

P value summary *x

Avre the survival curves sig different? Yes

Median survival

IPS Undefined

C. albicans + yAFPB6cXz8 Undefined

Hazard Ratio (Mantel-Haenszel) B/D D/B

Ratio (and its reciprocal) 0.1887 5.3

95% ClI of ratio 0.05939 to 0.5993 1.669 to 16.84
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Hazard Ratio (logrank) B/D D/B
Ratio (and its reciprocal) 0.1531 6.53
95% ClI of ratio 0.04889 to 0.4796 2.085to 20.45
IPS vs. C. albicans SC5314 + TRB
Log-rank (Mantel-Cox) test
Chi square 4516
df 1
P value 0.0336
P value summary *
Are the survival curves sig different? Yes
Gehan-Breslow-Wilcoxon test
Chi square 4.521
df 1
P value 0.0335
P value summary *
Are the survival curves sig different? Yes
Median survival
IPS Undefined
C. albicans + TRB Undefined
Hazard Ratio (Mantel-Haenszel) B/E E/B
Ratio (and its reciprocal) 0.256 3.907
95% CI of ratio 0.07284 to 0.8995 1.112t0 13.73
Hazard Ratio (logrank) B/E E/B
Ratio (and its reciprocal) 0.2204 4.536
95% Cl of ratio 0.06366 to 0.7633 1.310t0 15.71

IPS vs. C. albicans SC5314 + yAFPB¢CXZ8 + TRB

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

IPS

C. albicans + yAFPB5¢XZ8 + TRB
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% Cl of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

3.736
1
0.0533
ns

No

3.71

0.0541
ns
No

Undefined
Undefined

B/F

0.2906

0.08297 t0 1.017
B/F

0.2477

F/B

3.442

0.9828 to 12.05
F/B

4.037
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95% CI of ratio

0.07172 to 0.8557 1.169t0 13.94

C. albicans SC5314 +IPS vs. C. albicans SC5314 +yAFPB6c*28

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

C. albicans + IPS

C. albicans + yAFPBSCXz8

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% CI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

5.093
1
0.024

*

Yes

5.057
1
0.0245

*

Yes

4.5

Undefined
C/D

2.472

1.126 to 5.426
C/ID

2.273 0.4399

1.078 t0 4.793 0.2086 t0 0.9274

D/C

0.4045

0.1843 t0 0.8878
D/IC

C. albicans SC5314 + IPS vs.

C. albicans SC5314 + TRB

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

C. albicans + IPS

C. albicans + TRB

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% Cl of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

10.13
1
0.0015

**

Yes

10.75
1
0.001

**

Yes

4.5

Undefined
CIE

3.791

1.668 to 8.614
CIE

3.375

1.540 to 7.396

E/C

0.2638

0.1161 to 0.5994
E/C

0.2963

0.1352 to 0.6494

C. albicans SC5314 +IPS vs. C. albicans SC5314 + yAFPB6¢XZ8 + TRB

80



Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

C. albicans + IPS

C. albicans+yAFPBS¢*Z8 + TRB
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% CI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% CI of ratio

12.7
1
0.0004

*kk

Yes

13.75
1
0.0002

*kk

Yes

4.5

Undefined
C/F

4515

1.970t0 10.35
C/F

3.857

1.739 to 8.558

FIC
0.2215

0.09665 to 0.5075

FIC
0.2592

0.1168 t0 0.5751

C. albicans SC5314 + yAFPB¢¢XZ8 ys, C, albicans SC5314 + TRB

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

C. albicans + yAFPBS¢*Z8

C. albicans + TRB

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% Cl of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

0.7003
1
0.4027
ns

No

0.8203

0.3651
ns
No

Undefined
Undefined

D/E

1.5

0.5803 to 3.878
D/E

1.47

0.5816 t0 3.714

E/D

0.6666
0.25791t0 1.723
E/D

0.6804

0.2693 t0 1.719

C. albicans SC5314 + yAFPB¢¢XZ8 ys_ C. albicans SC5314 + yAFPB®¢X%8 + TRB

Log-rank (Mantel-Cox) test
Chi square

1.252
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df

P value

P value summary

Avre the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Avre the survival curves sig different?
Median survival

C. albicans + yAFPB6cxz8

C. albicans + yAFPB5¢XZ8 + TRB
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

0.2632
ns
No

1.493

0.2217
ns
No

Undefined
Undefined

D/F

1.724

0.6640 to 4.476
D/F

1.672

0.6571 to 4.252

F/ID

0.58

0.2234 to 1.506
F/D

0.5982

0.2352 to 1.522

C. albicans SC5314 + TRB vs. C. albicans SC5314 + yAFPB5¢%Z8 + TRB

Log-rank (Mantel-Cox) test

Chi square
df
P value

P value summary

Avre the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Avre the survival curves sig different?
Median survival

C. albicans + TRB

C. albicans + yYFPB6GXZ8 + TRB
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% Cl of ratio

0.07

1
0.7913
ns

No

0.08884
1
0.7657
ns

No

Undefined
Undefined

E/F

1.145

0.4203 t0 3.118
E/F

1.138

0.4263 to 3.039

F/E

0.8735

0.3207 to 2.379
FIE

0.8785

0.3290 to 2.346
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Table S2: Statistical analysis of Aspergillus fumigatus CBS 101355-infected larval

survival treated with yAFPACAZSHZTA “flconazole (FLC), and their combination.

IPS vs. A. fumigatus CBS 101355 + IPS

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

IPS

A. fumigatus + IPS

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% CI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% CI of ratio

33.76
1
<0,0001

*kkk

Yes

31.61
1
<0,0001

*kk%k

Yes

Undefined

4

B/C

0.09077

0,0404 to 0,2039
B/C

0.0544

0,02523 t0 0,1173

C/B

11.02

4,904 to 24,75
C/B

18.38

8,524 to 39,64

IPS vs. A. fumigatus CBS 101355 + yAFPA0A25HZT4

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Avre the survival curves sig different?
Median survival

IPS

A. fumigatus + yAFPAOAZISHZT4
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

16.12
1
<0,0001

*kk*k

Yes

15.56
1
<0,0001

*kkk

Yes

Undefined
Undefined

B/D

0.1398

0,05351 to 0,3653
B/D

D/B

7.153

2,738 10 18,69
D/B
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Ratio (and its reciprocal)
95% CI of ratio

0.09573
0,03769 to 0,2431

10.45
4,113 t0 26,53

IPS vs. A. fumigatus CBS 101355 + FLC

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

IPS

A. fumigatus + FLC

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% CI of ratio

30.71
1
<0,0001

*kkk

Yes

29.09
1
<0,0001

*kk%k

Yes

Undefined

4

B/E

0.09203

0,03958 t0 0,214
B/E

0.05922

0,02665 to 0,1316

E/B

10.87

4,673 t0 25,27
E/B

16.89

7,599 to 37,53

IPS vs. A. fumigatus CBS 101355 + yAFPAMA2SHZTAL E|_ C

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Avre the survival curves sig different?
Median survival

IPS

A. fumigatus + FLC + yAFPAOA2ISHZT4
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% CI of ratio

10.95
1
0.0009

*k%k

Yes

10.65
1
0.0011

*%

Yes

Undefined
Undefined

B/F

0.1737

0,06158 to 0,4899
B/F

0.1257

0,04546 to 0,3477

F/B

5.757

2,041 10 16,24
F/B

7.954

2,876 to 22

84



A. fumigatus CBS 101355 + IPS vs. A. fumigatus CBS 101355 + yAFPA0A2I5HZT4

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

A. fumigatus + IPS

A. fumigatus + yAFPAOAZISHZT4
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

4.328
1
0.0375

*

Yes

4.047
1
0.0442

*

Yes

4
Undefined

C/D

2.048

1,042 to 4,023
C/D

1.816

0,9828 to 3,355

D/C

0.4883

0,2486 to 0,9594
D/IC

0.5507

0,298 t0 1,018

A. fumigatus CBS 101355 + IPS vs. A. fumigatus CBS 101355 + FLC

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

A. fumigatus + IPS

A. fumigatus + FLC

Ratio (and its reciprocal)

95% CI of ratio

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% CI of ratio

0.003893
1

0.9503
ns

No

0.02008
1
0.8873
ns

No

4

4

1

0,5676 to 1,762
C/E

1.021

0,5377 t0 1,937
C/E

1.016

0,5768 to 1,79

1

0,5676 to 1,762
E/C

0.9798

0,5162 to 1,86
E/C

0.9842

0,5588 t0 1,734
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A. fumigatus CBS 101355 + IPS vs. A. fumigatus CBS 101355 + yAFPAA25HZT4 1| C

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

A. fumigatus + IPS

A. fumigatus + FLC + yAFPAOA2ISHZT4
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

8.061
1
0.0045

*%*

Yes

7.467
1
0.0063

*%*

Yes

4
Undefined
CIF

2.732

1,365 to 5,468
CIF

2.381

1,256 to 4,513

F/IC

0.366

0,1829 t0 0,7325
FIC

0.4201

0,2216 t0 0,7963

A. fumigatus CBS 101355 + yAFPAA25HZT4 yg A fumigatus CBS 101355 + FLC

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test
Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

A. fumigatus + yAFPACA2ISHZT4

A. fumigatus + FLC

Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% ClI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% CI of ratio

3.651
1
0.056
ns
No

4.012
1
0.0452

*

Yes

Undefined

4

D/E

0.5094

0,2551 to 1,017
D/E

0.5713

0,304 to 1,073

E/D

1.963

0,9828 to 3,92
E/D

1.75

0,9316 to 3,289

A. fumigatus CBS 101355 + yAFPAMA2HZT4 ys A fumigatus CBS 101355 + FLC +

YAFPAOA2J5H2T4
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Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Median survival

A. fumigatus + yAFPAOAZISHZT4

A. fumigatus + FLC + yAFPAOA2ISHZT4
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% CI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

0.6143

0.4332
ns
No

0.5733

0.449
ns
No

Undefined
Undefined

D/F

1.361

0,6294 to 2,945
D/F

1.317

0,6358 to 2,729

F/ID

0.7345

0,3396 to 1,589
F/D

0.7593

0,3665 to 1,573

A. fumigatus CBS 101355 +FLC vs. A. fumigatus CBS 101355 + FLC + yAFPA0A2ISHZT4

Log-rank (Mantel-Cox) test

Chi square

df

P value

P value summary

Are the survival curves sig different?
Gehan-Breslow-Wilcoxon test

Chi square

df

P value

P value summary

Avre the survival curves sig different?
Median survival

A. fumigatus + FLC

A. fumigatus + FLC +y AFPAOA2ISHZTA
Hazard Ratio (Mantel-Haenszel)
Ratio (and its reciprocal)

95% CI of ratio

Hazard Ratio (logrank)

Ratio (and its reciprocal)

95% ClI of ratio

6.928
1
0.0085

**

Yes

7.064
1
0.0079

**

Yes

4
Undefined
E/F

2.604

1,277 to 5,311
E/F

2.272

1,176 to 4,388

FIE

0.384

0,1883 t0 0,7832
F/E

0.4402

0,2279 to 0,8504
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