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Abstract

Streszczenie

The paper addresses the issue of fungal infections in the context of growing resistance to currently available antifungal agents
and the development of new antimycotics. Fungal pathogens belonging to the genuses Candida, Aspergillus, Pneumocystis
and Cryptococcus account for about 90% of all fungal infections. Candida albicans infections are a global clinical problem,
and systemic candidiasis is considered one of the most severe fungal infections, with mortality rates of about 40% despite
treatment. Currently, there are five classes of antimycotics available, of which only three (azoles, echinocandins and polyenes)
are used for systemic infections. The limited variety of available therapies as well as their overuse in both therapy
and prevention have contributed to the growing resistance among fungal pathogens. Many mechanisms of resistance
to antimycotics have been identified. These include in particular: mutations in genes encoding target proteins, increase
or decrease in target protein, protein pump activity, biofilm formation or activation of stress response. The growing incidence
of fungal infections and the difficulty of their treatment have forced the search for alternative therapeutic agents with new
mechanisms of action. Due to the eukaryotic nature of fungal cells, recent trends in literature imply that novel agents should
specifically target virulence factors or stress response of the pathogen.
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Niniejsza praca podejmuje tematyke zakazen grzybiczych w kontekscie narastajacej opornosci na dostepne leki
przeciwgrzybicze oraz opracowywania nowych antymikotykéw. Okolo 90% wszystkich zakazen grzybiczych jest
powodowanych przez grzyby nalezgce do rodzajéw: Candida, Aspergillus, Pneumocystis oraz Cryptococcus. Zakazenia
o etiologii Candida albicans stanowig globalny problem kliniczny, a kandydozy uktadowe uznawane sg za jedne z cigzszych
rodzajéw grzybic, w ktorych $miertelno$¢ pacjentéw wynosi okoto 40% — pomimo podjecia leczenia. Jak dotad dostepnych
jest pie¢ klas antymikotykdw, z ktorych jedynie trzy (azole, echinokandyny oraz polieny) stosuje si¢ w zwalczaniu zakazen
ukladowych. Mala réznorodno$¢ dostepnych lekéw, a takze ich naduzywanie w terapii i profilaktyce przyczynily sie
do narastania opornosci wéréd patogendw grzybiczych. Zidentyfikowano szereg mechanizméw opornosci na antymikotyki.
Obejmuja one w szczegdlnosci: mutacje w genach kodujacych biatka docelowe, zwigkszenie lub zmniejszenie ilosci biatka
docelowego, dzialanie pomp biatkowych, tworzenie biofilmu czy aktywacje odpowiedzi stresowej. Wzrastajaca czestotliwosé
wystepowania grzybic oraz trudnos¢ ich leczenia wymuszaja poszukiwanie alternatywnych terapeutykéw, o nowych
mechanizmach dziatania. Ze wzgledu na eukariotyczny charakter komdrek grzybiczych najnowsze trendy w literaturze
przedmiotu sugeruja, aby mechanizm dzialania nowych lekéw ukierunkowaé specyficznie na czynniki zjadliwosci lub
na odpowiedz stresowg patogenu.

Stowa kluczowe: Candida albicans, leki przeciwgrzybicze, wirulencja
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INTRODUCTION

dvances in areas such as transplantology and on-

cology have increased the average life expectan-

cy of patients. However, the risk of opportunis-
tic fungal infections is growing proportionally to medical
progress as immunocompromised patients are particular-
ly susceptible to such infections*®. Some of the factors that
promote fungal infections include immunosuppressants,
HIV infection, neoplasms, prematurity, advanced age, acute
leukaemia, broad-spectrum antibiotics, diabetes, extensive
burns, long-term catheterisation, corticosteroid therapy,
bone marrow or organ transplantation~*. The incidence
of infections depends on socioeconomic factors and geo-
graphical region. Fungal pathogens belonging to Candida,
Aspergillus, Pneumocystis and Cryptococcus are the most
commonly diagnosed cause of fungal infections®®.
Skin wounds (superficial candidiasis) and mucous mem-
branes of internal organs (systemic candidiasis) are at par-
ticular risk of infection. Furthermore, the development
of fungal biofilm on medical instruments, such as e.g. sur-
gical prostheses, venous or urinary catheters, promotes col-
onisation and tissue invasion?.
Invasive fungal infections are a global problem due to high
mortality rates. This is associated with limited therapeutic
possibilities and long-term diagnosis®>**). Therefore, better
understanding of the mechanisms underlying fungal patho-
genesis and resistance is deeded to identify new intracellu-
lar targets for novel antimycotics. The paper discusses the
problem of invasive fungal infections, presents a brief char-
acteristic of the available antifungals as well as outlines new
trends in the search for alternative therapies.

CANDIDA ALBICANS - AS A MODEL
ORGANISM

Since many essential cellular processes in fungal cells
proceed in a similar manner as in higher organisms,
Saccharomyces cerevisiae and Candida albicans (C. albicans)
can be successfully used as eukaryotic model organisms®*.
C. albicans is one of the most common and best-known
opportunistic fungal pathogens. The completed sequence
mapping and the availability of C. albicans genome allowed
for extensive research to understand fungal pathogenesis.
Furthermore, the last 20 years of research have brought
about new data on drug resistance, biofilm formation, ge-
nome structure and dynamics as well as gene expression
(including genes coding for virulence) depending on fac-
tors such as temperature, pH, growth pattern, the stage of
infection or the use of antimycotics®.

C. albicans is a part of natural microflora of the skin, gas-
trointestinal tract and genital/respiratory mucosa in
mammals''?. C. albicans is found in about 50-70% of the hu-
man population without causing any symptoms"). However,
the fungus may induce superficial and systemic infections
in immunocompromised patients!?. These are usually
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endogenous infections. The first type of infections involves
mucous membranes, skin and nails. In the case of systemic
infections, the first stage involves blood infection with fun-
gal cells (the so-called candidemia), which later spread to
other organs of the host (systemic candidiasis). This may
lead to single- or multiple-organ failure®®. Literature
data®™® indicate that C. albicans remains the main cause
of in-hospital infections. Lower contribution is attributed
to C. tropicalis, C. glabrata, C. parapsilosis, C. krusei, and
C. dubliniensis®.

Poor health condition of the host (the predisposing fac-
tors discussed above) is the main predisposing factor for
invasive C. albicans infections. Fungal virulence account-
ing for pathogenicity is an additional factor contributing to
infection"?. The most extensively explored C. albicans vir-
ulence factors include adhesion, the ability to penetrate host
tissues, phenotypic variability, polymorphism, enzymatic
activity, complex structure of the cellular wall, and growth
in the form of biofilm, which is also known as biological
membrane!?. At the same time, the ability to form biofilm
plays a key role in the pathogenesis, protection against the
host’s immune system as well as resistance of biofilm cells
to the available antifungals®.

ANTIMYCOTICS AVAILABLE
FOR MEDICAL TREATMENT

Proper antifungal therapy is determined by proper identi-
fication of the pathogen and determining its susceptibili-
ty to the antifungal used as well as the half-life of the drug
in the patient’s body. Currently used antimycotics have
been classified into 5 groups based on their mechanism of
action: 1) azoles inhibiting the synthesis of ergosterol by
blocking the activity of lanosterol demethylase; 2) polyenes
interfering with the functioning of the cellular membrane;
3) echinocandins disrupting cellular wall biosynthesis by
inhibiting -1,3-glucan synthase; 4) fluorinated pyrimidine
derivatives (5-FC) inhibiting DNA and/or RNA synthesis;
5) allylamines (terbinafine) inhibiting ergosterol biosynthe-
sis by inhibiting squalene epoxidase and/or accumulation of
toxic intermediates of sterol synthesis®!'"'2.

Azoles are first-choice prevention drugs for patients sus-
pected of fungal infection®. Their mechanism of action
involves inhibiting lanosterol 14a-demethylase (encoded
by ERG11), which disturbs ergosterol synthesis, increas-
ing 24a-methyl sterols in fungal cells"). Accumulation
of toxic sterols in the cells inhibits fungal growth (fungi-
static action). Fluconazole is the most commonly used
agent in clinical practice due to its wide availability and
tolerability*!?. The use of azoles in antifungal thera-
py has certain limitations due to their nephrotoxicity
and interaction with other drugs, such as e.g. statin and
corticosteroids’?. Furthermore, the fungistatic activity of
azoles has contributed to selection for resistant strains.
Polyenes, such as amphotericin B (AmB), bind to er-
gosterol, and thereby impair cell membrane function.
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Ergosterol is the predominant sterol in fungal plasma mem-
branes and is essential for their integrity. Polyenes bind to
ergosterol in the lipid bilayer(>!?, leading to pore forma-
tion in the membrane, which results in the loss of integ-
rity and lysis. These phenomena cause cellular death".
The toxicity of all polyenes is due to their affinity to cho-
lesterol, which is a human equivalent of ergosterol found
in fungi¥. Therefore, AmB therapy is associated with mul-
tiple adverse effects, such as neurotoxicity. However, most
of these negative effects may be avoided by using liposomal
formulations®'?,

Echinocandins (caspofungin, anidulafungin, and mica-
fungin), which interact with fungal cell wall, have been re-
cently introduced in antifungal therapy. The mechanism of
action of echinocandins is based on a non-competitive inhi-
bition of B-1,3-glucan synthase("*!4). This causes fibril dys-
function, resulting in the loss of fungal cell wall integrity?.
Since there is no p-1,3-glucan equivalent in higher organ-
isms, echinocandins show low toxicity!'?.

Pyrimidine analogues, such as 5-fluorocytosine (5-FC) and
5-fluorouracil (5-FU), are synthetic derivatives of one of
the four nitrogenous bases found in DNA nucleotides, i.e.
cytosine™. The mechanism of action of compounds belong-
ing to this group involves inhibition of fungal RNA/DNA
synthesis. Fungal cells metabolise 5-FC to fluorinated py-
rimidines, which destabilise nucleic acids. Consequently,
fungal cell growth is inhibited!?. Despite multiple pharma-
cological benefits (good solubility and low toxicity), the use
of 5-FC is increasingly limited in clinical practice. This is
due to the common primary or acquired fungal resistance
to this antimycotic. Therefore, 5-FC is used in combination
with another antifungal, such as AmB or fluconazole, rath-
er than as a monotherapy“?.

Allylamines have a minor role in the treatment of fun-
gal infections as compounds belonging to this group
(e.g. terbinafine) are used in the treatment of superfi-
cial skin infections?. They inhibit ergosterol synthesis
by a P450 cytochrome enzyme-independent mechanism,
by binding squalene epoxidase. Intracellular accumulation
of large amounts of squalene leads to cellular disorganisa-
tion, increased membrane permeability and cell death.
The widespread use of antifungals has contributed to the
development of effective defense mechanisms and the
emergence of resistant strains. The primary mechanisms
underlying resistance to the available therapies are pre-
sented in Tab. 1. In addition to the growing resistance of

fungal pathogens to the drugs used, early diagnosis of the
etiological factor in a given disease is another problem.
Conventional diagnosis is still based on blood cultures,
which are positive in only 50-70% of candidemia cases®!®.
Furthermore, identification of the species and acquisition of
data on drug susceptibility usually take a few to several days,
which prevents early diagnosis and treatment initiation.
Although microscopic evaluation is rapid and may prove
helpful, its negative result does not exclude infection®!®.
Therefore, the development of molecular diagnosis for an
earlier initiation of appropriate antifungal therapy based on
species-dependent susceptibility patterns is another goal in
combating invasive fungal infections.

IN SEARCH FOR NOVEL THERAPIES

The growing resistance of C. albicans to available treat-
ments points to the need for research to develop alterna-
tive therapies. Novel compounds should show high activ-
ity, broad spectrum of action, stability, insensitivity to salt
concentrations (e.g. sodium chloride), and low toxicity”!®).
In this context, attention was focused on natural peptides
with antimicrobial properties. These compounds eliminate
pathogens either directly or by stimulating pro-inflammatory
reactions via activation of Toll-like receptors and pro-inflam-
matory cytokines”'®¥. Unfortunately, despite their promis-
ing potential, natural antimicrobial peptides show a number
of unfavourable properties, such as instability, susceptibility
to salt concentrations in the body or haemolytic activity'”.
These properties combined with high production costs redi-
rect the search for new antimycotics to chemical synthesis.
Due to their physicochemical properties, tetrazoes are
a promising starting group for drug design. Owing to their
structural features, they easily interact with a variety of en-
zymes and/or receptors via weak linkages, such as hydrogen
bonds. Furthermore, the tetrazole ring can be easily modi-
fied by adding various functional groups, which allows for
obtaining a large group of compounds with a broad spec-
trum of biological activity!'?. Tetrazole derivatives are used
in agriculture, medicine and biochemistry®”. These com-
pounds show, among other things, antihypertensive, an-
ticancer, antifungal, antibacterial, anti-inflammatory and
analgesic activity!”. Tetrazoles disrupt membrane integrity
by inhibiting ergosterol synthesis in fungal cells. These are
mostly compounds with strong fungistatic activity, where-
as only few of them exhibit fungicidal action®.

Class of antimycotics

C. albicans resistance mechanism

References

Azoles Outflow pump system — reduced uptake of exogenous azoles and/or elimination of azoles from the cell (11-13)
Overexpression/point mutation of FRGT1 coding for the target enzyme (lanosterol demethylase)
Mutations in ERG3 conferring tolerance to methylated sterols

Polyenes A change or reduction in the content of ergosterol in cell membrane (12,14)
Echinocandins Mutations in FKS coding for a subunit of B-1,3-glucan synthase (1,13)
Fluorine pyrimidine derivatives Reduced cytosine deaminase or uracil phosphoribosyltransferase (11,14)
Allylamines Point mutation in ERGT coding for squalene epoxidase (13,14)

Tab. 1. Molecular mechanisms of C. albicans resistance to antimycotics
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The eukaryotic nature of fungal cells is a key problem in
the development of new antimycotics. Due to the high sim-
ilarity of the basic biochemical and biological processes oc-
curring in eukaryotic cells, the new antifungal compounds
cause adverse effects in mammalian cells®. Therefore, the
latest trends in research on alternative antifungals imply fo-
cusing on virulence factors or fungal stress response®??.
In this context, sulfone derivatives are a promising group
of biologically active compounds that exhibit e.g. antican-
cer, anti-inflammatory, herbicidal, antibacterial and an-
tifungal properties®2. Additionally, their fungicidal ac-
tivity, which may be a starting point for the development
of novel antimycotics based on sulfone group, is of great
importance®**). Recent studies have shown high antifun-
gal activity of sulfone derivatives against reference strains
and clinical isolates of C. albicans®*?Y. The activity of these
compounds involved, among other things, chitin redistri-
bution leading to the loss of cell wall and membrane in-
tegrity in yeast. Sulfones also interfere with morphogen-
esis and adhesive capabilities of C. albicans, which limits
the development of biofilm®¥. Furthermore, they inhib-
it the activity of transcriptional factors EFGI1 and CPHI,
which are involved in the formation of true hyphae, which
allow for invasion of host tissues®. Due to the low in vitro
and in vivo toxicity, the investigated sulfone derivatives are
potential starting structures for optimising the production
process of drugs used in antifungal therapy®-2%.

CALCINEURIN - A NEW TARGET
FOR ANTIMYCOTICS

In recent years, the interest in transduction mechanisms
mediated by the key secondary calcium transmitter has in-
creased due to the involvement of stress response in ad-
aptation and survival of fungal pathogens exposed to en-
vironmental stress®?. Calcineurin, a calmodulin-activated
enzymatic protein with serine/threonine phosphatase activ-
ity, is responsible for intracellular calcium homeostasis in
C. albicans cells®*?. Calcineurin is a heterodimer consist-
ing of a catalytic subunit A (encoded by CNAI) and a reg-
ulatory subunit B (encoded by CNBI). Increased cytosolic
calcium ions induce calmodulin binding to the calcineu-
rin A-subunit and blocking the self-inhibitory C-terminal
domain, which leads to formation of an active calcineurin
complex®. Furthermore, calcineurin is necessary for main-
taining virulence and resistance to antimycotics in a num-
ber of pathogenic fungal species®?. It was demonstrated that
calcium jon regulation translates into, among other things,
an increase in the form of true hyphae and decreased po-
tency of drugs that inhibit ergosterol synthesis. The calci-
neurin signaling cascade mediates regulation of effectors,
which maintain their ability to synthesise ergosterol and
cellular wall (chitin, B-1,3-glucan) despite treatment with
antimycotics®®. Furthermore, the calcineurin pathway is in-
volved in fungal programmed cell death®*?"). Therefore, de-
letion of one of the genes coding for catalytic or regulatory
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subunit of calcineurin increases fungal susceptibility to
stressors and significantly reduces C. albicans virulence®.
The calcineurin pathway is also affected by heat shock pro-
tein 90 (Hsp90), which is responsible for folding and stabilisa-
tion of different regulatory proteins under stress conditions®”.
Depending on the substrate, Hsp90 binds to either inactive
or active protein. This occurs via two mechanisms: a) Hsp90
binds to the substrate, maintaining it in an inactive form until
the stimulatory-signal-mediated release of the substrate from
the complex, allowing for folding completion; b) Hsp90 assists
in the final folding, forming and/or maintenance of complex-
es only after substrate activation by the stimulatory signal®.
Fungal calcineurin belongs to the first type of Hsp90 substrates,
i.e. it is stabilised by Hsp90 in an inactive form, and its acti-
vation occurs upon the release from the calcineurin-Hsp90
complex®. By stabilising calcineurin, Hsp90 contributes to in-
creased virulence of pathogenic strains (formation of invasive
forms in the biofilm) and helps maintain cell wall integrity!'*2.
Inhibition of Hsp90 function blocks calcineurin activation, in-
creasing the susceptibility of C. albicans to antifungals®@®.
Therefore, calcineurin seems to be an attractive target for
novel antimycotics. Unfortunately, the currently available
calcineurin inhibitors, such as cyclosporine or tacrolimus,
cannot be approved as antifungals due to their immunosup-
pressive activity. Therefore, it is necessary to search for new,
more potent fungal calcineurin inhibitors which do not in-
duce immunosuppression by non-specific binding to hu-
man calcineurin®.

CONCLUSIONS

Fungal infections pose a threat to immunocompromised pa-
tients, and the choice of therapy is limited as only several
classes of antifungals are currently available"". The unsatis-
factory efficacy of the available therapies and widespread re-
sistance of fungal pathogens contribute to the search for al-
ternative therapeutic approaches. The majority of described
C. albicans resistance mechanisms are a result of point mu-
tations in enzymes targeted by antimycotics or in regulatory
genes!'?. The latest trends imply targeting virulence or cellular
pathways of fungal pathogens — as a monotherapy or in com-
bination with other antimycotics!'?. In this context, inhibit-
ing fungal stress response may be a breakthrough in combat-
ing systemic fungal infections. Therefore, a more thorough
understanding of the calcineurin pathway and identification
of domains specific for fungi are necessary for the develop-
ment of new effective therapies targeting fungal pathogens®?.
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