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Abstract

In the search for new antifungal agents, one approach is to mine the biodiversity of poorly
characterized microbial ecosystems such as the Arctic. We found that an organic extract of the
culture supernatant of a novel arctic Streptomyces species, Streptomyces A28, exhibited broad-
spectrum antifungal activity. We hypothesized the active agent in this extract could be an effective
antifungal against human fungal pathogens and set out to identify the active agent, characterize its
therapeutic index, and probe its mechanism of action. Identification of the active agent as
staurosporine (STS) was achieved using liquid chromatography and mass spectrometry. The
antifungal activity of STS against a range of fungi was determined by broth microdilution assays,
and the cytotoxicity of the compound was evaluated against the human A549 cell line. Overall,
STS was found to be a broad-range antifungal in vitro. When the antifungal efficacy of STS in vivo
was evaluated in a mouse model of invasive pulmonary aspergillosis, it was found to be
significantly protective. To understand the mechanism of action of STS, we performed
phosphoproteomic analysis and cell wall sugar quantification on STS-exposed 4. fumigatus. We
found STS exposure impacted the phosphorylation states of several cell wall sugar synthases and
proteins within the cell wall integrity pathway. One of the down-phosphorylated proteins was the
B-(1,3)-D-glucan synthase Fksl, and we found a corresponding decrease in [3-(1,3)-D-glucan
within the STS-exposed A. fumigatus cell wall. Based on these results, we tested for synergy
between STS and existing antifungals with checkerboard assays and in vivo. We discovered the in
vitro synergy between STS and echinocandins against A. fumigatus, although this synergy could
not be confirmed in vivo. This project shows that identified natural products can bring possibilities
and new directions of research for antifungal development through verification of their antifungal

activity and investigations into their mechanisms of action.



Résumé

Dans la recherche de nouveaux agents antifongiques, une approche consiste a exploiter la
biodiversité d'écosystemes microbiens mal caractérisés tels que I'Arctique. Nous avons découvert
qu'un extrait organique du surnageant de culture d'une nouvelle espéce arctique de Streptomyces,
Streptomyces A28, présentait une activité antifongique a large spectre. Nous avons émis
I'hypothése que l'agent actif de cet extrait pourrait étre un antifongique efficace contre les
pathogenes fongiques humains, et nous avons entrepris d'identifier 'agent actif, de caractériser son
index thérapeutique et d'é¢tudier son mécanisme d'action. La chromatographie liquide et la
spectrométrie de masse ont permis d'identifier I'agent actif comme étant la staurosporine (STS).
L'activité antifongique de la STS contre une série de champignons a été déterminée par des essais
de microdilution en bouillon, et la cytotoxicité du composé a ét¢ évaluée contre la lignée cellulaire
humaine A549. Dans I'ensemble, le STS s'est révélé étre un antifongique a large spectre in vitro.
Lorsque I'efficacité antifongique du STS a été évaluée in vivo dans un modele murin d'aspergillose
pulmonaire invasive, elle s'est avérée significativement protectrice. Pour comprendre le
mécanisme d'action du STS, nous avons effectué¢ une analyse phosphoprotéomique et une
quantification des sucres de la paroi cellulaire sur A. fumigatus traité¢ au STS. Nous avons constaté
que le traitement au STS avait un impact sur les états de phosphorylation de plusieurs synthases
de sucres de la paroi cellulaire et de protéines de la voie d'intégrité de la paroi cellulaire. L'une des
protéines phosphorylées a la baisse était la $-(1,3)-D-glucan synthase Fks1, et nous avons constaté
une diminution correspondante du B-(1,3)-D-glucan dans la paroi cellulaire d'4. fumigatus traitée
au STS. Sur la base de ces résultats, nous avons recherché une synergie entre le STS et les
antifongiques existants au moyen d'essais en damier et in vivo. Nous avons découvert une synergie

in vitro entre les STS et les échinocandines contre A. fumigatus, bien que cette synergie n'ait pas



pu étre confirmée in vivo. Ce projet montre que les produits naturels identifiés peuvent offrir des
possibilités et de nouvelles directions de recherche pour le développement d'antifongiques grace a

la vérification de leur activité antifongique et a 1'étude de leurs mécanismes d'action.
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Chapter 1: Introduction and Literature Review

1.1 Overview

Fungal infections affect more than a billion people annually, among which more than 6
million become severely ill with invasive fungal disease, and 3 million people will die (1, 2). The
progress of medical innovation has resulted in an increasingly large population of
immunocompromised patients who are especially susceptible to invasive fungal infections (3).
Despite these dramatic statistics, there has been inadequate investment in research and
development of new diagnostic tools or treatments to fight fungal disease (1, 4). As a result, our
current antifungal armamentarium consists of only five classes of antifungals which only target
three fungal pathways: the pyrimidine analogs target DNA and RNA synthesis, echinocandins
target -(1,3)-D-glucan synthesis and the remaining classes target the fungal membrane sterol
ergosterol (5). In addition, rates of resistance to these antifungals are on the rise (1). Collectively,
these observations highlight the urgent need to develop new antifungals to preserve human lives

(4,6,7).

1.2 Fungal infections and their significance

Pathogenic fungi comprise a small minority of species within the fungal kingdom, accounting
for only ~300 of the estimated more than 1.5 million fungal species (8). Infections by pathogenic
fungi, however, affect over a billion people each year (9). These infections include superficial
infections, such as of the hair, skin, and nails, as well as potentially life-threatening invasive fungal
disease (9). Superficial fungal infections are the most common, with nearly a billion people
affected each year worldwide, but typically are not associated with high morbidity or mortality

(10). In comparison, while invasive fungal disease is much less common, the mortality of these
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infections can exceed 50% even with available and effective treatments (10). 6.55 million people
are estimated to be affected by life-threatening fungal disease each year, and these infections are
associated with an estimated 3.75 million deaths per year (2). There are several reasons why these
numbers are so high. Firstly, fungal diseases often develop with non-specific symptoms, thus
diagnosis is often delayed until the disease is at an advanced stage (11). Secondly, the population
most susceptible to invasive fungal diseases are immunocompromised patients with other co-
morbidities, further complicating treatment (12). Examples include people with HIV, cancer
patients receiving chemotherapy, and organ transplant recipients on immunosuppressants (13).
The prevalence and mortality of invasive fungal diseases are expected to continue to rise for
multiple reasons. First, advances in medical therapy continue to result in increased numbers of
immunocompromised patients at risk (14, 15). Furthermore, the rise in resistance to all available
antifungal classes threatens the efficacy of our currently available tools to reduce mortality (4, 16).
Finally, it is theorized that climate change may increase the risk of fungal disease (17). Changes
in weather patterns can cause the displacement of fungi from their natural habitat or an expansion
of their habitat, causing endemic fungal disease to spread to new areas (18). Higher global
temperature increases the occurrence of natural disasters, during which fungal infections are a
substantial risk due to contamination of wounds with soil, water, and debris (19). Perhaps most
concerningly, a higher global temperature is also hypothesized to place more selective pressure on
fungi to increase their thermotolerance. Most fungi are unable to grow at the human body
temperature of 37°C, however, adaptation to growth at higher temperatures could increase the risk
of organisms emerging that are capable of causing human disease (17, 20). Fungal diseases have
been neglected for decades and are predicted to have an even greater impact on society unless new

developments in diagnosis and especially treatment occur.
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1.3 Aspergillus fumigatus

The genus Aspergillus comprises over 200 species, many of which are extremely useful in
multiple industries due to their production of useful metabolites (21). Very few Aspergilli can cause
disease in humans (21). Those species that do can do so as a consequence of secreted toxins, such
as aflatoxin, or as the causative agents of infection (21). Aspergillus fumigatus is the most common
cause of human Aspergillus infections (22). It is a saprotrophic fungus that grows in the form of
vegetative filamentous cells (mycelia) in decaying organic matter or the soil. It is ubiquitous in the
environment and has an essential environmental role in carbon and nitrogen recycling (23, 24). A.
fumigatus relies on asexual reproduction to spread in its environment, and produce large amounts

of conidia that are dispersed in the air (22).

1.3.1 A. fumigatus infection and virulence factors

Traits that allow A. fumigatus to thrive in its environment also contribute to its pathogenesis.
Due to the large production of conidia to disperse in its environment, the most common route of
exposure to 4. fumigatus is the inhalation of conidia: it is estimated that humans inhale 100-1000
conidia per day, and 37% of lung biopsies from healthy patients were found to contain Aspergillus
DNA (25, 26). In the normal host, these inhaled conidia are usually cleared by the mucociliary
elevator, or phagocytosed and killed by alveolar macrophages (26). A key first line of antimicrobial
defence for humans is the body temperature at 37°C, but in the environment, 4. fumigatus can
grow within decaying organic matter, such as compost, that can exceed this temperature (22). Thus,
as the human body temperature is optimal for A. fumigatus growth, if the conidia are not cleared

by these innate responses, they can germinate within 4-6 hours upon entry into the lungs (26). This
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event can trigger an inflammatory response resulting in the recruitment of neutrophils, the most
important immune cell type for defence against Aspergillus, as they can destroy hyphae (22). If
both of these levels of protective response are impaired or absent, the lungs can be colonized or
invaded by 4. fumigatus, leading to chronic or invasive aspergillosis (25, 27).

The Aspergillus cell wall 1s another major factor that contributes to virulence. The cell wall
consists largely of polysaccharides, such as B-glucans like B-(1,3)-D-glucan, chitin, a-glucans,
mannans, galactomannans, and galactosaminogalactan, with a smaller amount of proteins and
pigment molecules that have essential roles in the cell wall (28, 29). During the life cycle of A.
fumigatus, the content of the cell wall varies: during the conidia stage, hydrophobin proteins and
melanin pigment make up the superficial rodlet layer, which has multiple roles: not only is it
required for waterproofing and buoyancy in the air, but this layer conceals many of the
polysaccharides that have immunostimulatory properties, masking conidia from the immune
system (30-32). When germination begins, the rodlet layer is degraded resulting in more glucan
exposure during germination, with chitin serving as the skeleton to give the cell wall more rigidity
(29). Synthesis of galactosaminogalactan, which is not present in conidia, begins after germination
to act as a major adhesin for mycelium (29). In mature hyphae, the cell wall is structured as chitin,
o-, and B-glucans forming the core with mannans covalently bound, and galactomannan and
galactosaminogalactan as the outermost polysaccharides, cloaking the more immunostimulatory
glucans (33). Aside from the life cycle, dynamic changes in cell wall composition also allow for
survival under different stresses, from compost to within an infected host (29). Both cell wall
polysaccharides and proteins are essential for initial adhesion to host tissues, allowing for hyphal

invasion of host tissues and biofilm formation (34). The latter is extremely important for fungal
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survival within the human host, as a biofilm protects the hyphae from both the immune response
and killing by antifungal drugs (27).

Other virulence factors contribute to the pathogenicity of 4. fumigatus such as the production
of toxins, proteases, and siderophores. The fungus secretes multiple mycotoxins to protect itself
against predators and competitors, which extends toward the host’s immune system (35). The most
potent mycotoxin is gliotoxin, which suppresses macrophage and neutrophil phagocytosis, and
impairs ROS production (36, 37) Each mycotoxin has unique effects, but all can inhibit leukocyte
function (38). Proteases and siderophores are essential for fungal pathogen survival: proteases are
used by A. fumigatus to disorganize the actin cytoskeleton in the alveolar epithelial cells and
destroy their focal adhesions, allowing for fungal invasion (39) In the host, the innate immune
system sequesters iron to defend against invading microorganisms, but A. fumigatus utilizes
extracellular siderophores to acquire iron, neutralizing this defence, and promote hyphal growth

(40).

1.3.2  Diseases caused by A. fumigatus exposure and infection.

Diseases following exposure to A. fumigatus conidia depend on the pulmonary and
immunologic health of the host. In immunocompetent hosts with normal lung function, there is
little to no risk of fungal disease upon exposure but a subset of this population can be predisposed
to atopy, in which conidia can act as allergens to cause severe asthma with fungal
hypersensitization (25).

Impairment of lung function, however, allows the conidia to remain in the lung to germinate
within the airways (41). When hyphae grow within the airways of hosts that are not significantly

immunocompromised, there is a range of possible outcomes (25, 41). Allergic bronchopulmonary
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aspergillosis can develop in response to the continuous hyphal antigens, a severe allergic reaction
to the fungal antigens that can lead to severe asthma and bronchiectasis (23). The estimated global
prevalence of this disease is estimated to be approximately 4.8 million cases (42). If the hyphae
grow within pre-existing cavities of the lungs, such as those associated with pulmonary
tuberculosis, balls of fungi called aspergillomas can form leading to chronic inflammation and
haemoptysis (22, 27, 43). Chronic bronchitis is also a possible outcome of Aspergillus colonization
and is associated with neutrophilic inflammation. If aspergillosis or aspergillus bronchitis remains
untreated, these outcomes can further develop into a chronic microinvasive infection of the lung
with inflammation termed chronic pulmonary aspergillosis (25). The most recent estimated
incidence of chronic pulmonary aspergillosis is over 1.8 million cases per year, nearly 20% of
which will lead to death (2).

In contrast, if the human host is immunocompromised, either from innate immune defects,
chemotherapy, or other immunosuppressive therapies, infection by 4. fumigatus can result in acute
invasive aspergillosis (25). This disease occurs when viable hyphae rapidly invade the pulmonary
tissue causing necrosis and thrombosis (27). 4. fumigatus can even spread beyond the respiratory
system via the bloodstream to the liver, spleen, or central nervous system (25). Invasive
aspergillosis currently has a crude annual mortality burden of 2.12 million cases per year (2).
Invasive aspergillosis is associated with a mortality rate of 40%, which can increase if there is
resistance to antifungals (4). The high incidence and mortality of invasive aspergillosis are in part
due to delays in initiating therapy due to the lack of sensitive and specific non-invasive tests for

these conditions (25, 44, 45).
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1.3.3  Antifungal therapies

The first family of antifungals to be used in the treatment of Aspergillus infections were
pyrimidine analogues such as 5-fluorocytosine (5-FC). These agents, developed in the 1950s, are
not directed at a unique fungal target (46). Antifungal specificity relies on the fact that 5-FC is a
prodrug that is taken up by cytosine permease within the fungal cell membrane and metabolized
by fungal cytosine deaminase to 5-fluorouracil (5-FU) (46). 5-FU can be further processed to
become 5-fluorouridine monophosphate or 5-fluorouridine, which can be incorporated into DNA
and RNA and interfere with their synthesis (47, 48). Mammalian cells do not readily take up 5-
FC and lack cytosine deaminase and only fungi with cytosine deaminase are susceptible to 5-FC
(47, 49). Even though A. fumigatus does have cytosine deaminase, 5-FC has limited effectiveness
under physiological conditions and resistance occurs rapidly upon exposure to this agent as a
monotherapy (50). 5-FC is not commonly used clinically to treat Aspergillus-induced disease (51).

The four other approved classes of antifungal drugs target two macromolecules unique to
fungi: the membrane lipid ergosterol and the cell wall polysaccharide B-(1,3)-D-glucan (52). In
contrast to human cells, fungal cell membranes rely on ergosterol rather than cholesterol for
membrane fluidity, and this difference is exploited by three antifungal classes, the azoles, the
polyenes, and the allylamines, (16, 25). Azoles inhibit the 14-a sterol demethylase A Cyp51, which
mediates the demethylation of lanosterol, another intermediate molecule in the ergosterol synthesis
pathway (25, 53). The inhibition of Cyp51 depletes the ergosterol from the cell membrane and
leads to the accumulation of toxic sterol intermediates, resulting in fungal growth arrest (25, 53).
Triazoles such as voriconazole, itraconazole, and posaconazole are the first-line drugs for

aspergillosis, as they are well tolerated and are available in oral form (54, 55).
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Polyenes, such as amphotericin B, directly target ergosterol by irreversibly binding to it
and forming pores within the fungal plasma membrane, leading to cellular leakage and cell death
(25, 56). Amphotericin B, the most commonly used polyene for the treatment of invasive fungal
diseases, has recently been found to have a second mechanism of action of drawing ergosterol out
of the fungal plasma membrane, acting as an extramembranous sponge (57, 58). Polyenes are
effective against a broad range of fungal pathogens and can exert fungistatic or fungicidal activity
depending on the dose, pH, and targeted fungal pathogen (55). As non-specific binding of polyenes
to mammalian cholesterol can occur, the clinical use of amphotericin B is limited by observed
renal and other cellular toxicities (59). Newer formulations such as the use of liposomes containing
amphotericin B have been shown to reduce this toxicity (59). Amphotericin B is an alternative
first-line treatment to azoles for aspergillosis, and it is most commonly used for drug-resistant
infections (54).

Allylamines, of which only terbinafine is in clinical use, cause an accumulation of an
intermediate in the ergosterol synthesis pathway called squalene by targeting the squalene
epoxidase (60). Terbinafine is mainly used to treat superficial fungal infections and has limited
activity against invasive fungal diseases such as invasive aspergillosis (16, 61).

The most recent class of approved antifungals, the echinocandins, interfere with the
synthesis of B-(1,3)-D-glucan through the inhibition of Fks1 (25, 62). Lack of B-(1,3)-D-glucan in
the cell wall leads to osmotic instability of the fungal cell (63). Echinocandins exhibit an
impressive safety profile due to the specificity of their target, but unfortunately can only be
administered intravenously (64). Echinocandin activity is dependent on the fungal pathogen. They
exhibit fungicidal activity against Candida and are therefore the first-line drugs for invasive

candidiasis (63). Against Aspergillus, however, echinocandins are fungistatic. Treatment with
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echinocandins causes lysis of hyphal tips but the subapical compartments of the hyphae remain
viable (65). This intrinsic reduced susceptibility is reliant on molecular mechanisms such as the
cell wall integrity (CWI) pathway described below (66). Echinocandins are used as a salvage
therapy for refractory or intolerant invasive aspergillosis cases (67).

Combination therapy, or the use of more than one antifungal to treat a fungal infection, has
proven an effective strategy for some fungi; 5-FC with amphotericin B to treat cryptococcosis and
posaconazole with amphotericin B to treat mucormycosis (47, 68). However combination therapies
can be complex, the drugs chosen may be synergistic or antagonistic, depending on the

concentrations used, and some combinations can increase the toxicity of treatment (68).

1.3.4 Antifungal resistance and its impact

Antifungal resistance directly impacts the treatment of fungal disease and can be intrinsic or
acquired. Fungi can be intrinsically resistant to antifungals due to a variety of mechanisms
including biofilm formation, in which the extracellular matrix physically protects the hyphae, or
due to a lack of the antifungal target molecule, as exemplified by the resistance to echinocandins
by fungal genera Mucor and Cryptococcus due to the limited or absent -(1,3)-D-glucan in their
cell walls (69, 70). Cellular stress responses also play important roles in intrinsic resistance, such
as the CWI pathway observed in many fungi, including A. fumigatus. This pathway is a
compensatory mechanism triggered by the depletion of B-(1,3)-D-glucan in the cell wall after
echinocandin treatment (71). The resulting cell wall stress is detected by a mechanosensor called
Wscl, which activates a cascade of kinases including protein kinase C (71). Several transcription
factors are activated, such as RImA, which upregulate the transcription of cell wall polymer

synthase genes including: 3-(1,3)-D-glucan synthase fks/, a-glucan synthase ags/, and three chitin
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synthases chsE, chsF, and chsG (72). One of the downstream effects of CWI pathway activation
is an increased chitin content in the cell wall, which can compensate for the loss of B-(1,3)-D-
glucan and increase echinocandin resistance to A. fumigatus (65, 73). Intrinsic resistance against
specific drugs within a class of antifungals has also been observed. 4. fumigatus is intrinsically
resistant to fluconazole, despite being susceptible to other members of the azole class, which is
hypothesized to be because of a naturally occurring amino acid substitution of Cyp51A, the
Aspergillus Cyp51 enzyme (69, 74).

Acquired resistance has been observed in pathogenic fungi against all approved antifungal
classes; mechanisms can range from induction of efflux mechanisms to overexpression or mutation
of the target (47, 75, 76). Two major mechanisms of acquired resistance in fungi against azoles are
drug efflux pumps, upregulating plasma membrane pumps to reduce intracellular drug
concentration, and the overexpression of the Cyp51 enzyme (77-79). Alteration of the target,
however, has been observed as adaptative resistance against azoles, polyenes, and echinocandins
(78). For azole resistance, alterations in the cyp51 gene result in amino acid substitutions in the
enzyme that reduce azole susceptibility (80-82). Genomic sequencing of clinical polyene-resistant
fungal strains has shown mutations in a range of ergosterol synthesis genes, which lead to the
accumulation of different sterols in the fungal membrane (83). Reduced susceptibility to
echinocandins has been observed with point mutations in hot spot regions of Fks1. These mutations
are much more commonly observed in Candida but some clinical cases of 4. fumigatus with Fks1
mutations have been reported (84-88).

The overuse of one class of antifungals can accelerate the development of resistance leading
to increased dependence on other classes (89). For example, the widespread clinical and

agricultural use of azoles has led to a dramatic increase in antifungal resistance (76). The increased
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observed azole resistance, as well as the limitations on toxicity and drug interactions with polyenes,
has led to increased use of echinocandins for these infections (89, 90). Although in vivo resistance
of A. fumigatus against echinocandins is uncommon, there have been increasing reports of clinical
cases of aspergillosis patients failing echinocandin treatments (84, 91). The increased reliance on
this class due to azole resistance increases the risk of emerging echinocandin-resistant aspergillosis
(92).

Acquired resistance is a major challenge in the clinic as it can dramatically increase mortality
rates. For example, if A. fumigatus acquires resistance to amphotericin B or azoles, the mortality
rate of invasive aspergillosis jumps to as high as 90% (4). Despite such impact, antifungal
resistance has been traditionally excluded from antimicrobial resistance and stewardship programs,
with systemic inaction against the crisis (3, 93). Fortunately, it has gained recent worldwide
attention: in 2022, the World Health Organization (WHO) released a fungal priority pathogens list
describing the most significant pathogens, and what research and interventions are needed in
response (94). A. fumigatus was classed under “critical,” the highest priority group, emphasizing

its threat to society (94).

1.4 Discovery of new antifungal therapies

1.4.1 Limitations on antifungal development

As clinicians are faced with a shrinking arsenal of antifungals to treat invasive fungal disease
due to the rising resistance rates, there is an urgent need for novel and broad-spectrum antifungals.
The antimicrobial discovery pipeline, however, contains very few antifungal candidates as most
pharmaceutical companies are not invested in the development of antifungals (4). Antifungal

development has many challenges, the most important of which is the identification of fungal-
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specific metabolic targets, as fungi are eukaryotic organisms that share many of their biological
processes with human cells (95). Many of the currently exploited targets share a close enough
relationship with human analogues that host toxicity can be limiting (95). For example, polyenes
only exhibit partial selectivity for ergosterol over cholesterol, and can therefore exhibit toxic
effects on human cells (96). It has been suggested toxicity can be attributed to the extraction of
cholesterol from the plasma membrane of host cells by amphotericin B to create extramembranous
sponges (57). Furthermore, identification of truly essential targets has proven challenging as fungi
can have intrinsic compensatory pathways to bypass the antifungal effects of new agents (97). One
example, described above, is the CWI pathway that allows the fungi to survive previously effective
concentrations of echinocandins (65, 98). Off-target effects are also a major concern with
antifungals, which is exemplified by 5-FC (99). The selectivity of 5-FC is based on the presence
of cytosine deaminase in fungi but not in mammalian cells, yet it has been discovered that 5-FC
can be converted to 5-FU in humans by the intestinal microflora, contributing to the toxicity of

this drug (47, 49).

1.4.2 Methods of antimicrobial discovery

Generally speaking, novel antimicrobials have either been generated through screening of
molecules created through synthetic chemistry, or sourced from natural products (100). Synthetic
chemistry has been associated with several successes in the antifungal space, with the development
of olorofim as one of the best examples (101). Olorofim is the first representative of a new class
of chemically synthesized antifungal drugs called orotomides, recently developed by F2G Limited,
with a novel drug target (102). Orotomides inhibit dihydroorotate dehydrogenase, an enzyme that

catalyzes the fourth step of the pyrimidine de novo synthesis pathway, leading to cell lysis (101).
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Preclinical studies have demonstrated the activity of olorofim against pathogens such as A.
fumigatus both in vitro and in vivo, and it is currently in phase 3 clinical trials (102). Medicinal
chemistry has also been used to modify antifungal natural products with increased activity, more
flexible administration, and limiting the rate of resistance (103). One example is the development
of ibrexafungerp, a new echinocandin that can be administered orally (104). It has a similar
mechanism to first-generation echinocandins, but with a different chemical structure and exhibits
only a partial overlap of the binding sites, thereby thus limiting cross-resistance and the rate of
resistance (105).

Despite this recent success, the majority of antimicrobial discovery work has relied on the
identification of secondary metabolites with antimicrobial activity that are produced by
microorganisms from diverse natural environments (106). Indeed, 70% of all antimicrobials in
current use are derived from this process (107). Antifungals are not the exception, as amphotericin
B and echinocandin B, the first drug of the echinocandin drug class, were originally discovered as
natural products (108, 109). Natural product screening, however, frequently reisolates previously
characterized molecules, and the inefficiency of this process serves as another reason for the
withdrawal of pharmaceutical companies from antimicrobial development (110). To improve the
efficacy of this method, researchers are now seeking to bioprospect poorly characterized
microbiomes, either animal or environmental, in the hope that they may host novel bioactive
molecules (111). One recent example of success using this new approach was demonstrated by the
isolation of a promising antifungal molecule called turbinmicin from the microbiome of the
Micromonospora sea squirt species (112). Turbinmicin is a member of the type II highly oxidized
polyketides, it was found to have both in vitro and in vivo antifungal activity against several multi-

drug resistant pathogens including Candida auris and A. fumigatus (112). Turbinmicin mediates
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antifungal activity by impairing vesicle trafficking, a unique mechanism of action not previously
described (112, 113). Other unique microbiomes currently under investigation include the Arctic,
which has been found to harbour novel biosynthetic gene clusters and secondary metabolites (114,

115).

1.5 Isolation and preliminary characterization of a Streptomyces species (S. A28) whose

secretome exhibits antifungal properties

An expedition led by Dr. Lyle Whyte’s lab at McGill Arctic Research Station on Axel Heiberg
Island, Nunavut, Canada collected Arctic bacterial isolates from a range of soil samples (115). The
antifungal potential of these Artic isolates were assessed against fungi that cause dairy spoilage
(116). The isolates were first co-cultured on agar with fungi isolated from yogurt such as
Penicillium roqueforti (116). From this assay, one isolate, A28, inhibited fungal growth in co-
culture (116). Organic extracts of A28 culture supernatants exhibited a similar profile of antifungal
activity against dairy fungal pathogens, suggesting that this organism secreted substances with
antifungal activity (116). Whole genome sequencing revealed this strain to be a novel species of
the genus Streptomyces, with the closest relative being Streptomyces camponoticapitis based on
16S rRNA sequencing (98.02% similarity) (116). This isolate was named S. 428, and genome
analysis for predicted biosynthetic gene cluster was performed by antiSMASH, a software to mine
microbial genomes (117). A preliminary analysis of the S. 428 genome revealed a variety of
biosynthetic gene clusters with the potential to encode novel antimicrobial compounds including
non-ribosomal peptide synthetases, aryl polyenes, terpenes, and polyketide synthase types I, I,

and 111 (116).
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1.6 Research hypothesis

Given the activity of organic extracts of S. 428 culture supernatant against dairy fungi, we
hypothesized that molecule(s) produced by S. 428 could also exhibit antifungal activity against

human fungal pathogens.

1.7 Research objectives
1. Identify the compound(s) exhibiting antifungal activity within S. 428 organic extract.
2. Characterize the antifungal activity and mammalian tolerability of the active agent, alone
and in combination with existing antifungals.

3. Identify the active agent’s mechanism of action.
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Preface to Chapter 2

The screening of natural products in poorly characterized environments, such as the Arctic, has
been hypothesized to yield novel antimicrobials. An organic extract of culture supernatants from
the Arctic bacteria S. 428 demonstrated antifungal activity against the fungi that cause dairy
spoilage. In this chapter, the activity of the organic extract against human fungal pathogens was
evaluated. The active agent of the extract, STS, was identified and evaluated for antifungal activity
and tolerability in vitro, and in an animal model of invasive aspergillosis. The antifungal
mechanism of action of STS was investigated in vitro, and STS synergy with existing antifungals

was evaluated both in vitro and in vivo.
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Abstract:

Introduction: In the search for new antifungal agents, one approach is to mine the biodiversity of
poorly characterized microbial ecosystems such as the Arctic. We previously reported that an
organic extract of the culture supernatant of a novel arctic Streptomyces, Streptomyces A28, had
antifungal activity against dairy spoilage fungal pathogens. We hypothesized that this activity
could extend to human fungal pathogens, and sought to identify the active agent and evaluate its

therapeutic potential.

Methods: Identification of the active agent was achieved using liquid chromatography and mass
spectrometry. Antifungal susceptibility assays were performed using micro-broth dilution protocol,
and cytotoxicity was evaluated against the human A549 cell line. Synergy with existing
antifungals was investigated with checkerboard assays. Preliminary investigations into the
mechanism of action of the active agent were performed using phosphoproteomic analysis and cell
wall sugar quantification. Antifungal drug efficacy was evaluated in a mouse model of invasive

pulmonary aspergillosis.

Results: The antifungal activity of the S. A28 culture supernatant extract was determined to be
mediated by the previously described broad-spectrum kinase inhibitor staurosporine (STS). STS,
and some of its derivatives, were found to exhibit potent antifungal fungal activity against
Aspergillus fumigatus in vitro. We found that 0.4 mg/kg of STS was well tolerated in mice and was
significantly protective against invasive aspergillosis. A. fumigatus exposed to STS had significant
changes in the phosphorylation states of several cell wall sugar synthases and cell wall integrity

(CWI) pathway proteins, including a down-phosphorylation of the Fks1 enzyme. Consistent with
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this observation, cell wall analysis confirmed that STS exposure resulted in a reduction of -(1,3)-
D-glucan content in the cell wall, and STS demonstrated antifungal synergy with the Fks1 inhibitor
caspofungin against 4. fumigatus in vitro. However, this phenomenon was not observed in vivo in

a mouse model of invasive aspergillosis.

Conclusions: STS was found to exhibit antifungal activity against A. fumigatus in vitro and act as
a well-tolerated antifungal therapy in vivo. Preliminary studies of the mechanism of action of STS
suggested that down-regulation of B-(1,3)-D-glucan could contribute to the antifungal activity of
this agent and synergy of STS with echinocandins was observed in vitro but not in vivo. These
studies have the potential to advance the development of an urgently needed solution to preserve

and improve the efficacy of echinocandins against invasive aspergillosis.
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Introduction

Humans are exposed to fungi every day through the inhalation of Aspergillus conidia (118). In
immunocompetent people with normal lung function, these conidia are eliminated (25).
Immunocompromised people can fail at eliminating these conidia, which can then germinate into
hyphae to invade the surrounding tissue (27). This becomes a necrotizing pneumonia called
invasive aspergillosis, of which Aspergillus fumigatus is the most common causative agent. It has
the highest estimated crude annual mortality among invasive fungal diseases at 2.12 million (2).
The susceptible population to invasive aspergillosis is typically immunocompromised patients
with other co-morbidities, further complicating treatment (12). Triazoles such as voriconazole and
itraconazole are the first-line drugs for aspergillosis, but their widespread clinical and agricultural
use has led to a dramatic increase in antifungal resistance (54, 55, 76). As the arsenal of antifungals
to treat invasive aspergillosis, and invasive fungal disease in general, is shrinking due to the rising
resistance rates, there is an urgent need for novel and broad-spectrum antifungals (4).

Novel antimicrobials have commonly been discovered through the screening of natural
products produced by environmental microorganisms (100). Screening microbial secondary
metabolites for antimicrobial activity, however, frequently reisolates previously characterized
molecules, contributing to the withdrawal of pharmaceutical companies from antimicrobial
development (110). To improve the efficacy of this method, some researchers have turned to
bioprospecting poorly characterized microbiomes, either animal or environmental, in an effort to
increase the likelihood of novel bioactive molecule discovery (111). One such microbiome
currently under investigation is the Arctic, which has been reported to harbour organisms

containing novel biosynthetic gene clusters and secondary metabolites (114, 115).
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In 2019, an expedition led by Dr. Lyle Whyte’s lab at McGill Arctic Research Station on Axel
Heiberg Island, Nunavut, Canada collected Arctic bacterial isolates from a range of soil samples
(115). These isolates were screened for antifungal activity against fungi that cause dairy spoilage
(116). An organic extract of culture supernatants from one novel Streptomyces species (A28),
exhibited antifungal activity against fungi that cause dairy spoilage (116). Genomic analysis of S.
A28 revealed a variety of biosynthetic gene clusters with the potential to encode novel
antimicrobial compounds: non-ribosomal peptide synthetases, aryl polyenes, terpenes, and
polyketide synthase types I, 11, and III (116). The observed antifungal activity combined with the
biosynthetic gene cluster analysis suggested that S. 428 may secrete one or more novel antifungal
compounds. We hypothesized that molecule(s) present in the organic extract of S. 428 culture

supernatant could also exhibit antifungal activity against human fungal pathogens.
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Methods and Materials
Fungal strains

A. fumigatus conidia from the wild-type strain Af293 were collected from colonies grown on
plates with yeast extract-peptone-dextrose or YPD (BD Difco™) and 1.5% agar (VWR) incubated
for 3 days at 37°C for in vitro assays, and 6 days for in vivo experiments. Conidia were harvested
by washing the plate with phosphate-buffered saline (BioShop) with 0.1% w/v of Tween-80
(BioShop) or PBS-T. Rhizopus oryzae conidia were collected from colonies grown on potato-
dextrose broth or PDB (BD Difco™) agar at 37°C, in 5% COz for 3 days. Hyphal fragments were
removed by filtration with a 40um cell strainer. Candida albicans SC5314, Candida glabrata,
Candida tropicalis, Candida parapsilosis, Candida krusei, Candida auris (ATCC), and
Cryptococcus neoformans were maintained on Sabouraud (BD Difco™) agar and precultured in

YPD broth overnight at 30°C and 200 rpm before the relevant assays.

Cell cultures and assays

The A549 lung epithelial cell line (ATCC) was maintained in FI12K medium (Kaigh’s
modification) with heat-inactivated fetal bovine serum and 1% penicillin and streptomycin (all
from Wisent, Inc.), incubated at 37°C 5% CO:2 with passages occurring every 3-4 days depending
on confluency, never exceeding 80% confluency. For cytotoxicity assays, a final concentration of
10,000 cells/well was dispensed into a cell-treated 96-well plate with a round bottom (Grenier Bio-
one). These cells were incubated for 24 hours at 37°C 5% COz, followed by another 24-hour
incubation under experimental conditions. The MTT assay was used to measure the viability of
the cells: 10 uL of a 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

(MTT) in PBS was dispensed into each well. After an incubation of 4 hours at 37°C 5% COz, the
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supernatant was aspirated and 50 pL of DMSO was dispensed to dissolve the resulting precipitate.

The absorbance at 540nm was measured with a spectrophotometer (Infinite M200, Tecan) (119).

S. A28 culture and organic extraction of culture supernatant

S. A28 bacteria were streaked on tryptone soy broth or TSB agar (BD Difco™) and incubated
at 25°C for three days. A seedling culture was then started using a single colony of S. 428 dispersed
in 20 mL of liquid TSB (BD Difco™) and then incubated at 25°C, 250 rpm for seven days. This
culture was filtered out through a 70 um cell strainer, and 1% v/v filtrate was used to inoculate
200 mL of TSB. The culture was incubated at 17°C at 250 rpm for 10 days. Cultures were
centrifuged at 2200xg for 10 minutes to isolate culture supernatants. Potential antimicrobial
compounds were then extracted with ethyl acetate (Sigma-Aldrich), mixing solvent and culture
supernatant in a 1:1 ratio at 300 rpm for 1 hour. After phase separation, the organic layer was
collected and dried under airflow. Organic extracts were reconstituted in 500 uL of ddH20 water

and stored at -20°C.

Antifungal susceptibility assays

Clinical and laboratory standard institute (CLSI) methods were used to assess the antifungal
potential of S. 428 extract and staurosporine or STS (Cayman Chemicals Co.) dissolved in DMSO
(BioShop) (120). Briefly, a dilution range of the extract or pure STS was tested against 10*
conidia/mL in RPMI 1640 without HEPES, phenol red, or glutamine (Wisent, Inc.). Candida and
Cryptococcus inocula were prepared from a preculture of the fungi diluted in RPMI 1640 to an
optical density at 600nm of 0.001 or 0.01, respectively. Plates were incubated at 37°C, 5% CO2 for

21 hours. Amphotericin B (Sigma-Aldrich) was dissolved in DMSO and used as a positive control.
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Determination of fungal metabolic activity using the XTT assay was used to quantify
antifungal susceptibility. To each well, 100 uL of RPMI 1640 and 50 pL a solution of 500mg/L of
2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) or XTT (BioShop)
dissolved in ddH20 water with 100 pM of menadione K3 (Sigma-Aldrich, Inc.) in ethanol
(Greenfield Global) was dispensed into each well to reach a final volume of 250 uL. The XTT
reaction was allowed a maximum of three hours at 37°C 5% CO., and the absorbance at 450nm

was measured using a spectrophotometer.

Fractionation of S. A28 extract

Fractionation began with 500 pL of the S. 428 extract dispensed into a 1 mL hydrophilic-
lipophilic-balanced (HLB) reverse phase column. The eluent H2O:ACN (Fisher Scientific) with
0.1% trifluoroacetic acid (TFA) (Sigma-Aldrich) was added to the column 1 mL at a time, starting
at 0% and increasing by 2% to 100%. Each fraction, 10 pL, was added to a flat-bottom 96-well
plate (Grenier Bio-one) and lyophilized. 4. fumigatus Af293 10° conidia in 100 pL of RPMI 1640
without phenol red or glutamine (Wisent, Inc.) was added to each well and then incubated for 21
hours at 37°C 5% COz, after which antifungal susceptibility was quantified by the XTT assay as
described above. Mass spectrometry (MS) was used to identify the ion within the elution fractions,
each fraction of the S. 428 extract was spotted on a matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) steel plate in a ratio of 1:1 v/v with 5 mg/ml of a-Cyano-4-
hydroxycinnamic acid (Sigma-Aldrich) reconstituted in 70% ACN. Mass spectra of each fraction
were generated by Bruker Daltonics UltrafleXtreme MALDI-TOF in the positive mode, with a

reflector and an accumulation of 5000 shots for the MS.
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Identification of S. A28 extract active agent by high-resolution mass spectrometry analysis and
molecular MS/MS

To identify ions within the active HLB elution fraction of the S. 428 extract, an Agilent 1290
Infinity II Liquid Chromatography System coupled with a qTOF 6550 mass detector was used on
the active fraction to record high-resolution mass spectra. Chromatographic separation was
performed with a gradient mixture of H2O (0.1% formic acid v/v) and acetonitrile (0.1% formic
acid v/v) using a C8 column (Agilent). The gradient started at a ratio of 5% ACN with formic acid
and then increased to 100% over the course of 7 minutes before the column was washed with the
H20 and formic acid reagent. With the mass detector set in the positive mode, data were collected
from m/z 100—1700 with an acquisition rate of five spectrums per second. The ions of interest were
selected by auto MS/MS scan fragmentation. The active agent was identified after MS/MS data
was analysed by Global Natural Product Social molecular networking tools, filtering the ion
fragments and matching the fragment pattern from the consensus spectra to that of known natural
products (121).

The identification of STS as the compound responsible for the antifungal activity in the S. 428
extract was confirmed with high-performance liquid chromatography, using a 15mm C-18 reverse
phase column (Agilent) and H2O:ACN with 0.2% formic acid as the eluent. The percentage of
ACN was started at 5% for 5 minutes, and then gradually increased to 100% for a duration of
60min. This was coupled with UV-Vis spectroscopy at 292nm to quantify STS in a 1 in 20 dilution

of the S. A28 extract using a standard curve of commercial STS.
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Confocal microscopy

10° conidia from a strain of 4. fumigatus constitutively expressing green fluorescent protein
(GFP), Af293::GFP, was used to inoculate 400 uL RPMI 1640 without HEPES, phenol red, or
glutamine in 35mm uncoated dishes with glass coverslip (MatTek) and incubated at 37°C 5% COs..
0.1 pg/mL of STS in DMSO was distributed at inoculation, 8 hours, or 18 hours after inoculation.
After a 16-hour incubation, the microplates were counterstained with a 1 in 400 dilution of 1
mg/mL calcofluor white or CFW (Sigma-Aldrich) and analysed by the Zeiss LSM780 laser

scanning confocal microscope and laser scanners with IR-OPO at an objective of 20X and 488nm.

Animal studies

Balb/c female mice (Charles River Laboratories) immunosuppressed with Ly6g antibodies
(Cedarlane) were used for all experiments. Each mouse received 0.2mg of anti-mouse Ly6g
antibodies by intraperitoneal (IP) injection every other day, starting a day before or on day -1, until
the end of the study (122, 123). To determine the maximum tolerated dose, mice were given three
intravenous (IV) treatments of 100 uL containing 0, 0.4, or 0.8 mg/kg STS in 10% DMSO in saline
(ultrasonicated for one minute) on days 0, 2, and 4 and observed until day 7. Once the maximum
tolerated dose was determined, a dose-response study of STS was conducted to determine the
effects of STS on mouse survival during an A. fumigatus infection. Mice were rendered
neutropenic by the Ly6g antibody regimen and then challenged with 5x10° 4. fumigatus Af293 6-
day-old conidia, by a 50 uL intratracheal injection with 1x108 conidia (122). STS at 0.1, 0.2, and
0.4 mg/kg was given intravenously (IV) 3 hours and 48 hours post-infection (PI). The physical

symptoms and survival of the mice were monitored over 12 days.
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The effect of STS on fungal burden was explored with quantitative histology. Mice
immunosuppressed with Ly6g were infected with 5x10° A. fumigatus Af293 6-day-old conidia, by
a 50 pL intratracheal injection with 1x10% conidia. An IV treatment of 0 or 0.4 mg/kg of STS with
10% DMSO in saline was administered at 3 hours and 24 hours PI. The mice were then sacrificed
on day 2 PI and their lungs were harvested and fixed in formalin for three days before being
embedded in paraffin blocks. Slices were taken from the lungs at 100 pm intervals and stained
with Grocott’s methenamine silver by the Histopathology Platform at the McGill University Health
Centre. Samples were blinded for analysis and the number and area of pulmonary lesions were

measured using QuPath image analysis software (124).

Phosphoproteomics

8x10% conidia of A. fumigatus Af293 were incubated in 400 mL of minimal media with or
without 0.1 pg/mL of STS in DMSO at 37°C and 200 rpm for 24 hours. The resulting biomass was
harvested and suspended in ice-cold PBS with 0.1 mM Na3zVOas, 1 mL/20g of protease inhibitor
cocktail (BioShop Inc.), 5 mM NaPPi, and 1 mM DTT. The biomass was crushed with a Polytron®
homogenizer (Kinematica) and NP-40 detergent was added to a final concentration of 1.75% v/v.
After 1 hour of incubation at 4°C, acetone precipitation of proteins was performed following the
protocol provided by Thermo Fisher Scientific Inc. (125). Five biological replicates were collected
before further processing. Isolation, enrichment, and analysis of phosphoproteins were performed
by the Proteomics Platform at the McGill University Health Centre Research Institute Glen site.
Phosphopeptides were identified using Scaffold 5 and the FungiDB database, and functionally

categorized by FungiFun2 using the Gene Ontology (GO) method (126-128).
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Gas chromatography analysis

8x108 4. fumigatus Af293 conidia was incubated in 400mL of minimal media with glucose at
37°C and 200 rpm. Cultures were grown untreated or in the presence of subinhibitory
concentrations of STS in DMSO or caspofungin in ddH20 at 0.015625 pg/mL and 0.0625 pg/mL,
respectively. Biomass from three biological replicates was harvested through filtration with
Miracloth and reconstituted in 70% ethanol. Biomass was crushed in a 15 mL Potter-Elvehjem
Tissue Grinder, suspended in 70% ethanol, and incubated in a 70°C water bath for 15 minutes. The
suspension was centrifuged at 2200xg to remove the supernatant, and the pellet was washed twice
with ethanol. The pellet was then suspended in 40 mL of a 1:1 methanol:chloroform (Fisher
Scientific) solution, and incubated on a nutator at room temperature overnight. The suspension
was centrifuged to remove the methanol:chloroform solution and the pellet was resuspended in 40
mL of acetone and incubator on the nutator at room temperature for 2 hours. The pellet, now
prepared cell wall, was centrifuged to remove the acetone and dried overnight in the fume hood
(129).

Using Analytical Balance Precisa ES 320A, 0.5 mg of prepared cell wall from each condition
was added to two sure-stop vials (Agilent). A calibration mix was prepared with 100 mM of each
monosaccharide in ddH20: arabinose, rhamnose, fucose, xylose, mannose, galactose, glucose,
glucuronic acid, N-acetylgalactosamine and N-acetylgalactosamine. Two calibration sets of 10, 50,
100, 250, and 500 pL of the calibrant mix were dispensed into sure-stop vials. Each sure-stop vial
was spiked with 10 pL of 10 mM D-(+)-chiro-inositol in ddH20, and calibration set vials were
placed under the sample concentrator to dry. One set of sample vials and a calibration set received
250 pL of 6M HCl in ddH20, and 250 pL of 2M TFA in ddH20 was dispensed into the remaining

set of vials. The vials were capped and incubated at 110°C for 2 hours. The vials with TFA were
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removed and placed under the sample concentrator. The vials with HCl were incubated for an
additional 2 hours at 100°C, followed by evaporation by the sample concentrator. Once the vials
were completely dried, 100 pL 1M of hydrogen chloride in methanol (Sigma-Aldrich) was
dispensed into every vial and incubated at 80°C overnight (129).

After methanolysis, the vials were again evaporated under the sample concentrator. The
vials were washed with 500 pL of methanol followed by evaporation, twice, before 600 uL of 5:1
methanol:pyridine was added to each vial. This was followed with 150 pL of acetic anhydride
(Fisher Scientific), after which the vials were quickly capped and incubated at room temperature
for 1 hour. The vials were then evaporated and washed with methanol twice before 50 pL TriSil-
HTP reagent (Thermo Fisher Scientific) and incubated at 110°C for 20 minutes. The TriSil HTP
mix was evaporated and the vials were washed twice with 500 puL cyclohexane (Sigma-Aldrich).
The vials were reconstituted with ImL of cyclohexane before being placed in the autosampler of
the Gas Chromatography Mass Spectrometer or GC-MS (Agilent). The injection volume was 1 uL
for each sample and calibrant, with a blank injection of pure cyclohexane in between. The GC
method started at 120°C for 2min, 120°C to 160°C for at 15°C/min, 160°C to 195°C at 1.5°C/min,
195°C to 280°C at 30°C/min, then 280°C was held for 1.5min. The MS was scanned starting at

t=6min from m/z 50 to 400 every 4.1 scans/second (129).

Glucan polymer quantification

The prepared cell wall, previously used for the GC analysis, was solubilized in dH20 and
then boiled at 95°C for 15 minutes, followed by an overnight suspension in 1M NaOH (BioShop)
with 0.2 g/l NaBH4 (BioShop) on the nutator. The solutions were then neutralized with HCI,

separating branched B-(1,3)-D-glucan and a-glucans in the neutral-soluble fraction and neutral-
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insoluble fraction respectively (130, 131). These glucans were separated by centrifugation at
2200xg, then dried and stored at room temperature.

B-(1,3)-D-glucan quantification was performed using the Glucatell® endpoint assay (132).
The neutral soluble fraction from each condition described above was reconstituted in 1M NaOH,
which was then used to prepare 0.5-4 pg/mL solutions with the LAL water from the Glucatell kit.
The Glucatell assay was performed according to the package insert with the prepared sample
glucan solutions (132).

The relative abundance of a-glucans was quantified by enzyme-linked immunosorbent assay
(ELISA). A 384-well Immulon 4 HBX microplate was incubated overnight at room temperature
with 20 pL of serial 1/4 dilutions starting at 1 mg/mL of the neutral-insoluble fraction described
above suspended in 1M NaOH. After three washes with 100 uL of Tris-Buffered Saline (TBS-T)
with 0.5% of Tween-20 (BioShop), the plate was first incubated with 2.5 pg/mL of anti-o-glucan
mouse IgM monoclonal antibody in TBS-T as the primary antibody, followed by a coating with a
1 in 1,000 dilution of anti-mouse IgM HRP-conjugated secondary antibody. TBS-T washes were
performed between each step. The signal was quantified by measuring the 450nm absorbance from

the TMB reaction (Millipore) stopped with 1M H2SOa.
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Results
S. A28 culture supernatant extracts exhibit potent antifungal activity against a panel of human
fungal pathogens

As the S. A28 culture supernatant extract exhibited antifungal activity against fungi that cause
dairy spoilage, we sought to determine if the extract was also active against human fungal
pathogens. The antifungal activity of S. A28 extracts was tested against the three common human
fungal pathogens, A. fumigatus, R. oryzae, and C. albicans, following standard CLSI microbroth
dilution methods (Fig. 1A). As the composition of these extracts was unknown at the time of testing,
the inhibitory concentration of crude S. 428 extract required to reduce the metabolic activity of the
fungi by 50% (ICso) was expressed as a function of the extract dilution (1/dilution factor, Fig. 1A).
All three fungi were found to be sensitive to S. 428 extract at concentrations above a 1/10 dilution
(Fig. 1A). A. fumigatus seemed to be the most affected by the extract with a mean ICso below 0.01
arbitrary units (1/100 dilution, Fig. 1A). The ICso of S. 428 extract against R. oryzae and C.
albicans were higher at 0.04 and 0.05 arbitrary units, respectively (Fig 1A). These findings suggest

compounds present in the S. A28 extract are active against human fungal pathogens.

The antifungal active component of the S A28 cultures supernatant extract is staurosporine (STS)

Given the antifungal activity of the S. 428 extract, we next set out to identify the active
antifungal compound(s) within this preparation. Fractionation of the S. 428 extract was performed
by liquid chromatography using a reverse-phase hydrophilic-lipophilic balanced (HLB) column to
isolate semi-purified fractions for antifungal activity analysis. Determination of the antifungal
activity of each fraction was determined by susceptibility testing against A. fumigatus, and

fractions exhibiting antifungal activity were then subjected to matrix-assisted laser
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desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) analysis to
characterize the composition of relevant fractions. Antifungal activity was found to be
concentrated within the fractions eluted with 24-28% ACN with 0.1% TFA (Fig. 1B). Analysis of
these fractions by MALDI-TOF MS showed that all fractions with antifungal activity contained
an ion at 467 m/z (Fig 1B). The semi-purified fractions containing this ion were then analysed by
liquid chromatography-mass spectrometry and comparison to their library of identified natural
products by our collaborators at the Wright Lab (McMaster University). The mass of the 467 m/z
ion, its retention time based on liquid chromatography, and the MS/MS fragment pattern all
matched that of STS, a broad-spectrum kinase inhibitor first isolated from a Streptomyces species
in Japan (Fig. S1) (133). STS is a non-specific protein kinase inhibitor and was previously
investigated as an anti-cancer agent but has not been evaluated as an antifungal (133, 134). To
confirm this identification, high-performance liquid chromatography (HPLC) was used to
calculate the concentration of STS within S. 428 extracts and the antifungal activity of these
extracts compared with that of purified commercial STS. STS solutions 1 to 25 pg/mL in ddH20
water, using a stock solution in DMSO, were assayed by HPLC to generate a standard curve,
followed by analysis of a 1 in 20 dilution of S. 428 extract. The S. A28 extract tested was found to
have 83ug/mL of STS (Fig. S2), confirming STS as the compound responsible for the observed

antifungal activity of the extract.

Commercial staurosporine has potent antifungal activity
Following the identification of STS as the active agent in the S. 428 extract, commercial STS
was used for future studies, including antifungal susceptibility assays against an expanded panel

of human fungal pathogens. At the molar level, STS was found to be as effective as amphotericin
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B, and even more active against some fungal pathogens such as 4. fumigatus (0.3 vs 1.5 uM, P =
0.0159, Fig. 1C). As with other antifungals, STS was least active against C. auris but was still
significantly more effective than amphotericin B (1 vs 6 uM, P < 0.0001, Fig. 1C). Since A.
Sfumigatus was the most sensitive fungi from this screen, it was chosen as the model organism for
further studies of the antifungal activity of STS.

The antifungal effect of STS on the growth and viability of 4. fumigatus at different stages of
the fungal life cycle was investigated by confocal microscopy using a strain of A. fumigatus
producing green fluorescent protein (GFP) (Af293::GFP). The use of this strain allows for the
detection of fungal viability, as cytosolic GFP signal is lost upon fungal death (135). Following
exposure to STS and 16 hours of growth, fungi were stained with CFW to visualize biomass, and
imaged by confocal microscopy. Incubation of 4. fumigatus conidia and germlings with 0.1 pg/mL
of STS resulted in complete inhibition of fungal growth (Fig. 2). Dormant conidia grown for 16
hours in the absence of STS matured into a young hyphal biofilm, yet in the presence of STS only
conidia were observed. The majority of STS-exposed conidia that were only positive for CFW had
diameters larger than the typical 2-3um range, indicating they had entered the swollen conidia
stage (118). Still, due to the absence of germ tubes these conidia had likely failed to complete
germination before undergoing cell death (Fig. 2). A minority of conidia remained positive for GFP
and had produced very short germ tubes, indicating they were arrested at the early germination
stage (Fig. 2). For the germlings, STS seemed to arrest growth at the young hyphae stage, while
the untreated control formed a mature hyphal biofilm. The majority of STS-exposed germlings
were CFW-positive only, indicating they were killed (Fig. 2) Two staining patterns were observed
in the rare GFP-positive germlings; some germlings were entirely GFP-positive, thus still alive but

exhibited arrested growth. Other germlings only had a GFP-positive hyphal subsection present
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between two septa, suggesting that the majority of segments within the filamentous septated
hyphae had been killed but that a single segment within the young hyphae still survived possibly
by closing the septal pore (Fig. 2). The biofilm treated with STS had a much higher number of
GFP positive cells, with only segments of hyphae appearing to be dead, suggesting the
concentration of STS used was subinhibitory against a mature biofilm. The growth of the biofilm,
however, appeared to be less dense and to contain fewer branching hyphae compared to the
untreated control (Fig. 2). Overall, STS was most effective at the earlier stages of fungal growth,
with more conidia and germling death, but still had a visible antifungal effect against a biofilm at

a subinhibitory concentration.

Staurosporine has a low therapeutic index but can protect mice against invasive aspergillosis at
sub-toxic doses

STS has been extensively investigated as an anti-cancer agent, but tolerability issues due to its
non-specific kinase inhibitory activity have limited its success in human clinical trials (136).
Furthermore, STS has been shown to induce apoptosis in leukocytes, raising concerns about its
effect on host immunity (137, 138). We, therefore, sought to characterize the therapeutic index of
STS by comparing the susceptibility of fungi and human cells to this agent. Cytotoxicity assays
were performed against the human A549 cell line and the ICso was calculated based on the viability
of the cells as measured using the metabolic MTT assay. We found there was around a 2-fold
difference between the ICsos against the A549 cell line and most of the fungal pathogens in the
tested panel (Fig. 3). This narrow therapeutic index suggested that identifying a non-toxic dose of

STS that mediates antifungal efficacy may be challenging to find in vivo.
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Due to the observed cytotoxicity of STS at relatively low concentrations relative to those
required for antifungal activity, we sought to evaluate the antifungal and tolerability of chemical
derivatives of STS, which were originally developed to increase the specificity of the kinase
inhibitory activity for cancer therapy (139). Many of these derivatives have been observed to
exhibit lower cytotoxicity than the parent compound (140). We hypothesized that some of these
less toxic agents may exhibit retained antifungal activity and therefore have their improved
potential for development as antifungal agents compared to STS. However, of the eleven STS
derivatives tested, only UCN-01 and K252a retained antifungal activity (Fig. 3). UCN-01 had a
significantly higher ICso relative to STS not only against A549 cells (2 vs 0.5 uM, P = 0.0018),
but also against several of the fungal pathogens including A. fumigatus (8 vs 0.3 uM, P =0.0023),
R. oryzae (2 vs 0.2 uM, P = 0.0225), and C. albicans (1.5 vs 0.3 uM, P =0.0179). The ICsos of
K252a were non-significant compared to that of STS against the entire panel. Both derivatives had
similar therapeutic indices to their parent molecule (Fig. 3). We therefore elected to focus on STS
for future experiments.

To determine if STS could exhibit antifungal activity at tolerable doses in vivo, we explored
the tolerability and efficacy of STS in a mouse model of invasive aspergillosis. We first sought to
determine the maximum tolerated dose of intravenous STS in mice (141). As STS was dissolved
in 100% DMSO for in vitro experiments, we first identified an appropriate intravenous vehicle
with no more than 10% DMSO (142). STS was found to be soluble and retained in vitro activity
when dissolved in 10% DMSO in saline. To determine the maximum tolerated dose of STS in this
vehicle, experiments were performed to evaluate the tolerability of 0.4 and 0.8 mg/kg of STS in
neutropenic mice. The maximum tolerated dose of STS was 0.4mg/kg of STS, above which the

mice displayed behavioural signs of distress such as burrowing as a group and attempting to hide
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or flee when we attempted to pick them up. We therefore decided to proceed with doses at or below
0.4 mg/kg for future efficacy studies.

To characterize the in vivo efficacy of STS, we tested the effects of a range of STS
concentrations (0.1-0.4 mg/kg) in a mouse model of invasive aspergillosis (122). Mice were
immunosuppressed by neutrophil depletion with Ly6g treatment, then infected with 5x10° conidia
of A. fumigatus Af293 by intratracheal inoculation. Mice were then observed, or treated with STS
by IV 3 hours and 48 hours PI and monitored for body weight, temperature, and survival for 14
days. These dose-response experiments demonstrated increased survival of the mice with
increasing doses of STS (Fig. 4A). Treatment with 0.1 mg/kg of STS was ineffective. The
treatment with 0.2mg/kg of STS led to a trend towards increased survival but was not statistically
significant as compared with untreated mice (60% vs 40%, respectively, Fig. 4A). Treatment with
0.4mg/kg of STS resulted in a statistically significant increase in mouse survival as compared with
untreated controls (70% vs 40%, P = 0.0005, Fig. 4B).

To confirm that the improved survival with STS treatment was a consequence of direct
antifungal activity rather than any effect of STS on host cells, we examined the effects of STS
treatment on the pulmonary fungal burden of A. fumigatus-infected mice treated with STS. Fungal
burden was quantified with quantitative histopathology using Grocott’s methenamine silver
(GMS)-stained mouse lung slides. The slides were prepared from lungs harvested from infected
mice on day 2 PI. Blinded samples were reviewed and lesions or areas with visible fungal growth
were identified. The number and the area of lesions were quantified using the bioimaging analysis
application QuPath. A lower median number of lesions per mouse lung treated with STS compared
with untreated mice (2 vs. 12 lesions per mouse lung, Fig. 4C), although not statistically significant.

The lesions in the lungs of untreated mice also exhibited a greater range in area compared to those

46



in the STS-treated lungs (with a maximum at 80 vs 40mm?, respectively), with a non-significant
difference in the average area (Fig. 4D). Taken together, the results of the survival and quantitative
histopathology studies suggest that STS is an effective antifungal in vivo and directly acts against

A. fumigatus, reducing the pulmonary fungal burden.

Staurosporine down-phosphorylates CWI pathway proteins and cell wall polymer synthases

In light of this promising in vivo data, we sought to better understand the mechanism of action
for STS within fungi. Given STS is a broad-spectrum kinase inhibitor, we chose to investigate its
effect on the phosphoproteome of A. fumigatus. Proteins were extracted from 24-hour-old A.
Sfumigatus exposed to a subinhibitory concentration of STS or buffer alone and then subjected to
phosphoproteomic analysis as an unbiased approach to identify STS-dependent differences in
protein phosphorylation. As expected, exposure of 4. fumigatus to STS was associated with a
general trend of protein down-phosphorylation, although several proteins were found up-
phosphorylated or phosphorylated only in the presence of STS (Table 1). Functional categorization
of the identified phosphopeptides by FungiFun2 revealed that the most impacted protein groups
labeled with GO terms included cytosolic proteins, hyphal growth, and cellular response to drugs.
(Fig. 5A). Other proteins not covered by GO terms included DNA and RNA binding proteins,
multi-drug transporters, and proteins involved in nitrogen metabolism (Fig. 5A).

Additionally, a number of changes in phosphoprotein abundance were identified in the cell
wall integrity (CWI) pathway, and proteins involved in cell wall glycan synthesis (Fig. SA). Three
CWI pathway proteins were found to be down-phosphorylated in response to STS exposure,
including: the cell wall stress sensor Wscl, Aspergillus protein kinase C PkcA, and mitogen-

activated protein kinase Bck1. Unexpectedly, we also found that a transcription factor activated by
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the CWI pathway, RImA, was phosphorylated with STS exposure. RImA is known to upregulate
the transcription of several cell wall glycan synthase genes: B-(1,3)-D-glucan synthase fks/, o-
glucan synthase ags/, and three chitin synthases chsE, chsF, and chsG (72). Interestingly, the
protein products of these RImA-dependent genes (Fks1, Agsl, ChsE, ChsF, ChsG, and another
chitin synthase CsmB and chitin synthase activator Chs3) were all down-phosphorylated upon
exposure to STS (143). Collectively these results suggest that STS exposure may have significant

effects on fungal cell wall composition, which may contribute to the antifungal effects of this agent.

Staurosporine decreases p-(1,3)-D-glucan content in the A. fumigatus cell wall

The results of the phosphoprotein analysis raised two key questions about the effects of STS
on cell wall glycan composition. First, what is the net effect of the down-phosphorylation of CWI
proteins and the activation of the downstream RImA on the CWI pathway, and consequently, the
production of chitin? Second, what is the net impact of these effects on the CWI pathway and the
down-phosphorylation of cell wall glycan synthases on cell wall composition? With these two
questions in mind, we subsequently turned to chemical and molecular techniques to study the
effects of STS exposure on 4. fumigatus cell wall composition.

To determine the net effects of STS-dependent down-phosphorylation of CWI proteins and
activation of RImA on the state of the CWI pathway, we determined the effects of STS exposure,
at 0.08 times the minimum inhibitory concentration (MIC), on fungal N-acetylglucosamine
(GlcNAc) content. 4. fumigatus treated with a sub-inhibitory concentration of caspofungin (a
known activator of the CWI pathway), at 0.25 times the minimum effective concentration (MEC),
was used as a positive control (66). Cell wall extracts were derivatized and analysed by gas

chromatography-mass spectrometry (GC-MS). As expected, treatment with caspofungin resulted
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in a significant increase in cell wall GIcNAc content as compared to the untreated 4. fumigatus
(1.7 vs 1, P=0.005, Fig. 5B). No increase in chitin was observed in 4. fumigatus exposed to STS,
although substantial variation between the biological replicates was observed (1.17 vs 1, Fig. 5B).
The lack of a consistent increase in chitin content upon STS exposure suggests the down-
phosphorylated CWI proteins and/or reduced phosphorylation of chitin synthases are dominant,
and that the CWI pathway is not activated in response to STS exposure.

In addition to the effects on CWI pathway proteins, STS exposure was associated with the
down-phosphorylation of Fksl. The specific phosphopeptides identified by this analysis were
found to be within the accessory domain of Fksl, a location in which mutations have been
described to impact enzyme function (144). We therefore hypothesized this down-phosphorylation
could lead to lower Fks1 activity and by extension, lower -(1,3)-D-glucan content in the cell wall.
To distinguish B-(1,3)-D-glucan from a-glucans, the amount of branched B-(1,3)-D-glucan was
measured using the Glucatell® endpoint assay. Glucans extracted from A. fumigatus biomass
treated with a subinhibitory concentration of the Fksl-inhibitor caspofungin were used as a
positive control. As expected, when normalized to cell wall extract mass, a significant decrease in
B-(1,3)-D-glucan content was observed in the caspofungin-treated A. fumigatus cell wall extract
as compared to the untreated control (0.3 vs 1, P=0.017, Fig. 5C). Similarly, a trend to a decrease
in B-(1,3)-D-glucan content was observed in the STS-treated 4. fumigatus cell wall, as compared
to the untreated control (0.5 vs 1, Fig. 5C). This difference was not significant, however, and
further replicates are required to confirm that STS inhibits Fks1 activity.

The phosphoproteomic analysis also revealed the a-glucan synthase Agsl to be down-

phosphorylated in 4. fumigatus with STS exposure. To measure the effect of STS exposure on a-

glucan cell wall content, the relative abundance of a-glucans was determined by ELISA in the
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same cell wall extracts of STS-treated, caspofungin-treated, and untreated A. fumigatus. As
expected, caspofungin treatment had no significant a-glucan content change as compared to the
untreated control (1.18 vs 1, Fig. 5D). There was also no significant change in a-glucan content
with STS exposure as compared to untreated control (1.04 vs 1, Fig. 5D). These results suggest
that STS exposure has little direct impact on a-glucan content in the A. fumigatus cell wall despite

down-phosphorylation of Agsl.

Staurosporine synergizes with echinocandins against A. fumigatus in vitro

As we previously found STS exposure resulted in the down-phosphorylation of Fks1, and
a trend to a reduction in B-(1,3)-D-glucan content in the 4. fumigatus cell wall, we hypothesized
STS could potentiate the activity of echinocandins, whose primary mechanism of action is the
inhibition of Fksl (145). We, therefore, tested STS in combination with the echinocandins
caspofungin and micafungin. Checkerboard assays were performed to confirm the potentiation of
echinocandin activity by STS, and a Fractional Inhibitory Concentration Index (FICI) was
calculated to define the interaction between the two drugs. We observed the potentiation of
antifungal activity for caspofungin and micafungin against A. fumigatus in the presence of STS at
sub-cytotoxic concentrations (Fig. 6A-B). The FICIs were below 0.5, the threshold for synergistic
interaction, suggesting that STS synergizes with both caspofungin and micafungin against A.
fumigatus in vitro. As a control, STS was also tested in combination with the azole antifungals
itraconazole and voriconazole, which have no effects on Fks1 and do not trigger the CWI pathway
(146). No potentiation of activity was observed with combinations of azoles and STS, suggesting
that the synergy observed with STS and echinocandins was class-specific (Fig. 6C-D). We further

evaluated the combination of echinocandins and STS against a set of Candida species, pathogens
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commonly treated with echinocandins, and C. neoformans, which is constitutively resistant to
echinocandins and largely lacks B-(1,3)-D-glucan (Table 2) (109, 147). Unlike A4. fumigatus,
synergy of STS with either caspofungin or micafungin was not consistently effective among
Candida species tested (Table 2). Caspofungin and STS were synergistic against C. albicans, C.
auris, C. tropicalis, and C. glabrata, yet C. auris was the only Candida species that micafungin
and STS were synergistic against (Table 2). There was no potentiation between STS and
echinocandins observed against C. neoformans, which was not unexpected as echinocandins are
ineffective against this pathogen due to intrinsic resistance (Table 2) (147). Overall, the
echinocandin and STS combination was most effective in A. fumigatus, thus we chose this

pathogen for further efficacy studies in vivo.

Staurosporine and caspofungin combination therapy may be synergistic in vivo

Combination STS-echinocandins therapy could offer several advantages. The use of
caspofungin could allow for the use of a reduced STS dose, and therefore lower the chances of
STS toxicity. Although 0.4mg/kg of STS was effective as a monotherapy for invasive aspergillosis
in mice, there was still an up to 30% mortality rate in treated animals, which could potentially be
improved with combination therapy. To evaluate if the synergy between STS and echinocandins
could be reproduced in vivo, the combination of subtherapeutic doses of STS and caspofungin was
evaluated in the mouse model of invasive aspergillosis. A dose of 0.5 mg/kg caspofungin was
selected as this has been previously established as a sub-therapeutic concentration in this model
(148). STS at 0.2mg/kg was selected based on the previous dose-response experiment (Fig. 4A).
Monotherapy with STS increased mouse survival rates compared with untreated controls (60% vs

30% for untreated mice, P = 0.0008, Fig. 7). Similarly, caspofungin monotherapy was associated
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with an increase in mouse survival compared with untreated controls (50% vs 30%, P=0.022, Fig.
7). The combination of 0.5mg/kg caspofungin with 0.2mg/kg STS did increase survival rates
compared to the untreated control (80% vs 30%, P = 0.0006, Fig. 7). The combination, however,
only had a small significant increase relative to caspofungin monotherapy (80% vs 50%, P =0.04),
and no statistical difference relative to STS monotherapy (80% vs 60%, Fig. 7). Taken as a whole,
although some improvement in outcomes was observed with the combination of lower dose
caspofungin and STS compared with monotherapy with either agent alone, further studies are

required to determine if this is biologically and clinically significant.

Discussion

In this work, we demonstrated that an organic extract of culture supernatants produced by S.
A28 exhibits antifungal activity against several human fungal pathogens. The active agent
responsible for this activity was identified as STS, a broad-spectrum kinase inhibitor. At the molar
level, STS was as effective against multiple human fungal pathogens compared to amphotericin B
and synergized with the echinocandin caspofungin in vitro. Phosphoproteomic studies identified
significant alterations in the phosphoproteome of STS-exposed hyphae, including multiple
proteins involved in cell wall synthesis. STS treatment resulted in improved survival in mice
infected with A. fumigatus and infected mice treated with the combination of caspofungin and STS
exhibited a trend towards improved survival compared with monotherapy with either agent.

Most literature on STS activity details its anticancer activity, but there have been few studies
exploring the antifungal efficacy of this agent and its potential mechanism of action in fungi. When
STS was first discovered in 1977, it was found to have activity against multiple fungi including 4.

fumigatus and C. albicans, which is consistent with the susceptibility assays testing the S. 428
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extract and commercial STS, however further development of STS as a therapeutic was not
pursued (133). As a kinase inhibitor, STS has been used as a tool to investigate druggable targets
of virulence and drug resistance in C. albicans (149, 150). Aligned with our findings, synergistic
interactions between STS and antifungals have been previously reported in vitro: STS synergized
with micafungin, fluconazole, and terbinafine in C. albicans, which the researchers attributed to
inhibition of the Candida protein kinase C, Pkcl, as it is the primary target of STS (149, 151-153).
The conclusion from this work was that reduction of Pkcl activity increases sensitivity to agents
that perturb the cell membrane and enhance the cidality of normally fungistatic drugs (149). We
failed to duplicate these findings exactly, although we did observe synergy with caspofungin
against A. fumigatus. Our phosphoproteomic work also suggests that STS has a much larger impact
on fungal metabolism than simply reducing PkcA activity.

As the primary target of STS is protein kinase C, we had hypothesized that STS might largely
mediate its effects though inhibiting PkcA, and enhanced echinocandin activity by inhibiting the
compensatory upregulation of the CWI pathway in response to echinocandin treatment (151).
Indeed, we found that not only was PkcA down-phosphorylated with STS exposure, but another
kinase Bck1, and the cell wall sensor Wscl were also down-phosphorylated. Surprisingly, however,
RImA exhibited phosphorylation in response to STS exposure. RImA is known to be involved in
other stress responses aside from the CWI pathway, such as tolerance to oxidative damage, thereby
suggesting that activation of RImA via a non-canonical CWI pathway could activate downstream
CWI effectors in the absence of PkcA, Bckl, and Wscl activation (72). However, the lack of
increase in chitin (as determined by cell wall GIcNAc content) in response to STS exposure,
suggests that the down-phosphorylation of the CWI proteins and downstream chitin synthases

dominates over the potential activation of RImA. Phosphorylation of chitin synthases is known to
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impact enzyme localization and function, for example, in Aspergillus nidulans phosphorylation of
the N-terminal is key for the efficient transport of chitin synthase ChsB to the hyphal apical surface
(154). It is possible through down-phosphorylation, STS impacted the localization and function of
ChsE, ChsF, ChsG, and CsmB in 4. fumigatus.

Given the lack of changes in cell wall chitin in response to STS exposure, a more plausible
explanation for the observed synergy of STS and the echinocandins may relate to the direct effects
of STS on Fksl and subsequent B-(1,3)-D-glucan cell wall content. It is currently unknown if
phosphorylation of Fks1 impacts enzyme function, however, mutations in the domain where the
phosphopeptides were identified have been shown to reduce enzyme activity (144). Our findings
of a trend to lower B-(1,3)-D-glucan cell wall content following STS exposure suggests that this
could be one mechanism whereby STS mediates antifungal activity, and synergizes with the Fksl
inhibitor caspofungin. The fact that the synergy of this combination was less marked in vivo could
be attributed to two factors. First, monotherapy with 0.2mg/kg STS produced a significant survival
benefit, making it more challenging to detect the synergistic effects of the combination therapy.
Secondly, the in vivo conditions are completely different compared to the in vitro conditions from
which the synergy was first observed, due to the pharmacodynamics related to the different modes
and times of administration for each drug. Thirdly, STS could have affected the host immune
system, as only neutrophils were depleted, and STS is known to impact the leukocytes that would
have been present (137, 138). Testing of lower STS concentrations, and optimization of
combination treatment will need to be undertaken to test these hypotheses. Finally, animal studies
were conducted exclusively with female mice, sex differences should be considered and the

experiments should be repeated with male mice as well. For example, as it has been shown there
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are sex differences in the immune response to 4. fumigatus, but sex differences have not yet been
identified in the treatment of invasive aspergillosis (155).

This project highlights one of the limitations of traditional antimicrobial discovery, the risk of
rediscovering small molecules, yet also emphasizes how screening known natural products with
limited reported antifungal data could lead to the development of novel therapeutics. Our studies
demonstrate the in vitro and in vivo antifungal activity of STS and suggest a possible role for this
agent in combination with echinocandins. Future studies are required to better characterize the
potential of STS as a therapy alone, and in combination with echinocandins, including more
detailed toxicity studies and evaluating the effects of STS on the activity of echinocandins against
echinocandin-resistant strains of A. fumigatus. Further investigation into elucidating the key
molecular targets of STS that mediate its antifungal effect could also open the door to future
structure-function studies to identify more specific kinase inhibitors with increased antifungal

activity and reduced off-target effects.
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Figure 1: The S. A28 culture supernatant extract exhibits potent antifungal activity against
multiple human fungal pathogens due to the presence of staurosporine

A: Antifungal activity of the organic extracts of S. 428 supernatants (as indicated by ICso) were
determined against a panel of human fungal pathogens, with amphotericin B as a control. Each
point represents a unique biological replicate (N = 3), and the dash indicates the mean and the error
bars the standard deviation.. A ten-fold dilution of the S. 428 extract is indicated as 0.1 arbitrary

unit.
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B: HLB elution fractions of the S. 428 organic extract were tested for antifungal activity against
A. fumigatus. Antifungal activity is indicated as the inverse absorbance at 450nm (a measure of
fungal metabolism). The intensity of the 467 m/z ion as determined by MALDI-TOF MS was
overlaid with antifungal activity for each fraction. The figure shown is a representative result of 3
independent replicates performed with unique S. 428 extracts.

C: The antifungal activity of commercial STS in DMSO compared with amphotericin B against
an expanded panel of fungal pathogens, with the dash representing the mean, with each point
representing a replicate (N=3). The error bars represent the standard deviation. The significant
difference between the A. fumigatus, R. oryzae, and C. albicans 1Csos is indicated (*, P < 0.05)
relative to STS exposure as determined by the Mann-Whitney test due to lack of Gaussian
distribution. The significant difference between the C. auris and C. neoformans 1Csos is indicated

(*¥*F** P <0.0001) relative to STS exposure as determined by the unpaired t-test.
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Figure 2: Staurosporine exhibits fungicidal antifungal against A. fumigatus that is most marked
in conidia and young hyphae

GFP-expressing 4. fumigatus wild-type strain (green) was grown in RPMI 1640. The growth
stages tested included dormant conidia (Oh of growth), young germlings (8h of growth), and hyphal
biofilm (18h of growth). Samples were then further grown for 16 hours at 37°C in 5% CO2 with
or without 0.1 ug/mL of STS. Organisms were counterstained with a 1 in 400 dilution of CFW
(white) before confocal microscopy analysis at an objective of 20X. Images are a merge of the two
stains, with single-stain images in supplementary. Images shown are from a single representative

experiment of three independent replicates.
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Figure 3: Staurosporine derivatives UCN-01 and K252a have reduced antifungal activity than
the parent molecular but remain cytotoxic.

The antifungal and cytotoxic activity of STS derivatives, UCN-01 and K252a, against a panel of
fungal pathogens and the human A549 cell line (x-axis) was assessed in comparison to the parent
molecule STS. Antifungal microbroth dilution assays were performed using CLSI standards, and
serial dilutions of STS and its derivatives were tested against 10,000 A549 cells to assess
cytotoxicity. The ICso (y-axis) was determined by measuring the metabolic activity of fungal
pathogens, as determined by the XTT assay, or the viability of the cells measured by the MTT
assay. Results are from independent experiments with N = 3 at minimum per drug and fungal
pathogen combination, displaying the mean, and error bars represent the standard deviation. The
significant difference is indicated within each fungal pathogen relative to STS exposure (*, P <

0.05) as determined by the Kruskal-Wallis multiple comparisons test.
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Figure 4: Staurosporine is significantly protective in mice with invasive aspergillosis

A: Kaplan-Meier curves represent a single independent experiment for STS dose-response
experiments in a neutropenic mouse model of invasive pulmonary aspergillosis. Panel shows
survival of neutropenic mice intratracheally infected with 5x10° conidia of A. fumigatus Af293
and then treated with 0, 0.1, 0.2, or 0.4 mg/kg of STS in 10% DMSO in saline 3h and 48h PI with
eight mice per group. A significant difference is indicated (**, P=0.0085) relative to the 10%
DMSO in saline group as determined by the Log-rank test.

B: Kaplan-Meir curves present three independent experiments of STS as an antifungal
monotherapy in a neutropenic mouse model of invasive pulmonary aspergillosis. Panel shows
survival of neutropenic mice intratracheally infected with 5x10° conidia of 4. fumigatus Af293
and then treated 0.4mg/kg STS administered by IV 3h and 48h PI with eight to ten mice per group.
A significant difference is indicated (**, P = 0.005) relative to the 10% DMSO in saline-treated
group as determined by the Log-rank test.

C-D: The number (C) and area in pm? (D) of fungal lesions in GMS-stained pulmonary sections
were quantified using QuPath bioimage analysis. Neutropenic mice were infected with 5x10°
conidia of 4. fumigatus Af293, treated with 0 or 0.4mg/kg STS 3h and 24h PI. Their lungs were
harvested on day 2 PI for quantitative histology, with five mice per condition, and six sections per
lung were taken at 100 pm intervals. The error bars represent the standard deviation. For (C),
lesions in each lung section were totalled, with each point representing a mouse and the dash
representing the median number of lesions per mouse lung. The significant difference relative to
the untreated control was determined by the t-test. For (D), the significant difference relative to

the untreated control was determined by the Kolmogorov-Smirnov test.
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A. fumigatus response to 0.1pg/mL STS for 24h Phosphoproteome
All phosphopeptides 1,471
Phosphopeptides significantly differentially regulated (P < 0.05) 439
Only found in presence of STS 13
Only found in absence of STS 64
Up-phosphorylated with STS 10
Down-phosphorylated with STS 352

Table 1: Summary table of phosphoproteomic analysis by Scaffold 5

Phosphoproteomic results derived from analysis of proteins extracted from A. fumigatus Af293

untreated or treated with 0.1pug/mL STS for 24 hours. Five biological replicates were performed

and analysed. Analysis of the results was carried out on Scaffold 5. Significant phosphopeptides

were sorted based on phosphorylation states in the presence or absence of STS. Significance was

determined based on the t-test (P < 0.05).
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Figure 5: Staurosporine exposure in A. fumigatus disables the CWI compensatory pathway and
reduces [-(1,3)-D-glucan content in the cell wall.

A: Phosphopeptides significantly differentially phosphorylated upon STS exposure were
functionally categorized by FungiFun2 using the GO method. Down-phosphorylated proteins were
counted and denoted in red, and up-phosphorylated proteins were counted and denoted in green.
B: GIlcNAc content (umol/mg of cell wall extract mass) was quantified by GC and normalized to
the untreated mean (y-axis) for each replicate. Results are two independent experiments, with each
experiment testing three replicates of each condition with one point per replicate of the extracted
fungal cell wall (x-axis). Error bars represent the standard deviation, and the one-way ANOVA test
(***, P<0.001) was performed with comparison to the untreated control.

C: B-(1,3)-D-glucan content (ng/mg of cell wall extract mass) was quantified with the Glucatell
assay and then normalized to the untreated mean for each replicate (y-axis). Results are from an
experiment performed with three biological replicates of the extracted glucans per experimental
condition (x-axis). The error bars represent the standard deviation, and the one-way ANOVA test
(*, P <0.5) was performed with comparison to the untreated control.

D: Relative a-glucans content (A450/mg of cell wall extract mass) was quantified by ELISA
performed with of anti-a-glucan IgM monoclonal antibody and normalized to the untreated mean
of each replicate (y-axis). Results are from an experiment performed with three biological
replicates of the extracted glucans per experimental condition (x-axis). Error bars represent the
standard deviation, the one-way ANOVA test was performed with comparison to the untreated

control.
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Figure 6: Staurosporine potentiates the activity of echinocandins against A. fumigatus in vitro

A-D: Checkerboard assays were performed using the indicated concentrations of STS (y-axis) in

combination with indicated concentrations of echinocandins or azoles against 4. fumigatus Af293;

(A) caspofungin, (B) micafungin, (C) voriconazole, and (D) itraconazole (x-axis). The colour

gradient, indicates fungal metabolic activity as quantified by 450nm absorbance using the XTT

assay. Panels shown are combined results from three independent experiments.
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Fungi STS + STS + STS + STS +
Caspofungin | Micafungin | Itraconazole | Voriconazole

A. fumigatus V(S) V(S) X X
C. albicans V(S) X N X
C. auris V(S) V(S) - -

C. glabrata V(S) X - -
C. tropicalis N (S) X - -
C. parapsilosis X X - -
C. krusei X X - -

C. neoformans X X - -

Table 2: Summary table of checkerboard assays performed with staurosporine

STS was tested in combination with four clinically approved antifungals against a panel of fungal
pathogens (N = 3). A ‘N’ represents if potentiation of activity was observed, and ‘S’ denotes
synergy, if the calculated Fractional Inhibitory Concentration Index was below 0.5 at sub-
inhibitory concentrations of each agent. An ‘x’ indicates no potentiation of activity was observed,

and a dash indicates the combination was not tested.
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Figure 7: Staurosporine and caspofungin are not synergistic in vivo

Kaplan-Meier curves represent two independent experiments of subtherapeutic STS and
caspofungin as a combination therapy in a neutropenic mouse model of invasive pulmonary
aspergillosis. Survival of neutropenic mice intratracheally infected with 5x10° conidia of A.
fumigatus Af293 and then treated with either 0.2 mg/kg of STS in 10% DMSO in saline 3 hours
and 48 hours PI, 0.5mg/kg of caspofungin in saline with 10% DMSO 1 hour and every 24 hours
PI, or both with 8-10 mice per group. A significant difference is indicated (*, P <0.05) relative to
the 10% DMSO in saline-treated group as determined by the Log-rank test. To assess the efficacy
of the combination-treated group to the caspofungin- and STS-monotherapy groups, statistical

analysis was performed using the Log-rank test.
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Supplementary Figure 1: An ion at 467m/z found within the semi-purified S. A28 extract
fractions which exhibited antifungal activity was identified as staurosporine by MS/MS

A: Liquid chromatography-mass spectrometry (LC-MS) was used to identify the active compound
within the elution fraction of the S. 428 extract with antifungal activity. The graph shows all ions
found within the active elution fraction, with the chromatogram with acquisition time on the x-
axis and ion intensity on the y-axis to indicate the chromatographic separation of ions. In the top
panel, the LC-MS showed the presence of ions found within the active fraction. In the bottom
panel, LC-MS identified the most prominent ion in the chromatogram at approximately 3.7

minutes as a [M+H] ion at 467m/z, as the most likely candidate for the antifungal compound.
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B: The 467m/z ion identified in panel A was subjected to molecular MS/MS networking, creating
ion fragments of the parent molecule. The raw data was inputted into the web-based Global Natural
Product Social (GNPS) molecular networking tools, which clustered the data to identify the parent
molecule and filtered fragments of the parent molecule within the raw data to create a consensus
spectra. This spectrum, shown above, shows a histogram plot of ion fragments of the 467m/z ion
on counts vs. mass to charge (x-axis) versus the relative intensity of the ion fragments (y-axis).
The fragment mass patterns seen in panel B were matched by the GNPS workflow to that of STS,

as determined in previous literature, identifying it as the parent molecule at [M+H] 467 m/z.
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HPLC determination of STS in S. A28 extract
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Supplementary Figure 2: HPLC determination of staurosporine concentration in the S. A28
extract

STS (from a stock solution of 5mg/mL in DMSO) was diluted to a range of solutions from 1-25
pg/mL in ddH20. These solutions were analysed by HPLC coupled to UV-Vis spectroscopy at 292
nm and used to generate a standard curve based on STS concentration to the area under the peak
of the HPLC-generated chromatogram tracking time over 292nm absorbance (points in blue).
Solutions with solely DMSO at the same proportion as the STS solutions were also analysed to
verify signals seen at 292nm were not due to DMSO. A 1-in-20 dilution of an S. A28 extract was
assayed by HPLC using the same method to determine the concentration of STS using the standard

curve (shown in the orange point).
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Supplementary Figure 3: Staurosporine exhibits fungicidal antifungal against A. fumigatus that
is most marked in conidia and young hyphae

GFP-expressing A. fumigatus Af293 strain (green) was grown in RPMI 1640 The growth stages
tested included dormant conidia (Oh growth), young germlings (8h growth), and hyphal biofilm
(18 h growth). Samples were then further grown for 16h at 37°C in 5% CO:2 with or without 0.1
pg/mL of STS. Organisms were counterstained with a 1 in 400 dilution of CFW before confocal
microscopy analysis at an objective of 20X. Images show single-stain GFP, CFW, and merged

(from left to right) from a single replicate of an experiment performed in triplicate.
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Chapter 3: General discussion and conclusions

In this work, we discovered that a natural product from an Arctic Streptomyces, STS, has a
broad range of antifungal activity against fungi, including human fungal pathogens. We further
demonstrated that STS has significant activity in vivo, it is an effective monotherapy to treat
invasive aspergillosis in mice and may synergize with the echinocandin class of antifungals. We
have begun to elucidate a mechanism of action of STS involving several cell wall glycan synthases
and compensatory pathways associated with cell wall stress.

STS was as potent or more so than amphotericin B against multiple human fungal pathogens,
including all pathogens belonging to the critical group on the WHO fungal priority pathogen list
and several from the high priority group (93, 94). STS exhibited significant antifungal activity
against invasive aspergillosis in mice at 0.4mg/kg. STS has been previously tested in mice as an
anti-tumour treatment, at doses of 0.8mg/kg, after which the researchers did see a decline in body
weight (141). The tolerability study we performed did not show a decline in body weight with
0.8mg/kg of STS, but the mice had displayed clear signs of anxiety and distress. We further
demonstrated that therapy with STS at 0.2mg/kg still results in a 60% survival rate in 4. fumigatus-
infected mice. Despite these findings, it will likely be challenging to continue the development of
STS as an antifungal in light of the extensive data on its cytotoxicity and its common use in the
lab as an agent for the induction of apoptosis (134).

One approach to improve the tolerability of STS could be the investigation of novel delivery
formulations. In studies of STS as an anti-cancer treatment, the effect of free versus liposome-
encapsulated STS was evaluated. Liposomal STS was shown to tend to accumulate more in the
tumours compared to free-form STS, and the mice treated with liposomal STS had no symptoms

of toxicity (141). Liposomes have higher cellular affinity and better tissue compatibility compared
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to free drugs, using encapsulated STS could therefore potentially reduce the cytotoxicity of this
agent during therapy of fungal infection (156). Liposome encapsulation of the antifungal
amphotericin B has been highly successful in reducing toxicity while retaining efficacy, with this
formulation now in common clinical use (59, 157). Liposomes themselves are unspecific but can
be modified to specifically target fungi (158). Antifungals encapsulated in liposomes decorated
with dectins, called DectiSomes, have been found to be more effective as antifungals in vitro and
in vivo than their untargeted forms; the dectin-coating targets the liposome towards the fungal cell
wall and exopolysaccharide matrices (158, 159). Encapsulation of STS by DectiSomes could also
improve its efficacy and toxicity both in vitro and in vivo (160).

Beyond our studies of the efficacy of STS as an antifungal agent, we performed initial studies
to probe the mechanism by which this agent inhibits 4. fumigatus growth. We found that STS
exposure results in the reduced phosphorylation of multiple cell wall glycan synthases, including
Fks1. The phosphorylation sites were found within the accessory domain of the Fksl enzyme.
Although the effect of phosphorylation of these sites has not been studied, mutations in this region
are associated with changes in the structure of the catalytic domain and reduced enzyme function
(144). Down-phosphorylation of this domain could potentially result in a similar structural change,
and thereby reducing function. This hypothesis is consistent with the trend to lower B-(1,3)-D-
glucan levels measured in the cell wall extract of STS treated-A. fumigatus. The observed synergy
with echinocandins could also reflect this effect on Fks1 activity and lower B-(1,3)-D-glucan levels
as both agents impact the same fungal cell wall pathway. Studies to investigate the synergy of these
agents were not conclusive and may reflect a need to test lower concentrations of STS or
differences in pharmacodynamics or microenvironmental conditions in vivo. Further studies are

required to define if echinocandin-STS synergy occurs in vivo. As synergy between STS and
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micafungin had also been observed against A. fumigatus in vitro, it may also be prudent to
investigate if they synergize in vivo within an invasive aspergillosis model.

Although the phosphoproteomic data provide a potential mechanism of action for STS, it will
be challenging to definitively identify the specific antifungal mechanism of STS in 4. fumigatus.
STS inhibits multiple target kinases, likely resulting in multiple effects that may contribute to the
fungicidal activity of STS. Beyond cell wall glycan synthases and the CWI pathway, several
proteins involved in nitrogen metabolism also exhibited altered phosphorylation patterns. GATA
transcription factors AreA and AreaB, which regulate the expression of nitrogen metabolism genes,
and the ammonium transporter MeaA were down-phosphorylated with STS exposure (161). The
nitrate transporter NrtB is only found phosphorylated in the presence of STS, yet the nitrate
reductase NiiA was only phosphorylated in the absence of STS (161, 162). The impact of STS on
sensing, regulation, and detoxification of nitrogen could be explored through culturing STS-
exposed A. fumigatus on media containing different sources of nitrogen. Nitrogen metabolism is
just one of many effects of STS that were observed in the phosphoproteomic results, showing the
broad activity of STS within A. fumigatus. Prior studies have shown STS induces programmed cell
death in multiple human cell lines and even in the filamentous fungus Neurospora crassa, yet we
did not identify any programmed cell death-associated proteins of A. fumigatus in the
phosphoproteomic analysis results (163-167). Although a challenging task, the identification of
the relevant targets within A. fumigatus could inform efforts to reduce the toxicity of STS. With
these targets, structure-based optimization could be used to synthesize a fungal-specific inhibitor
and the reduction of host cell toxicity.

One of the main findings from the project is the possibility that STS down-phosphorylates

Fksl in A. fumigatus, resulting in a decrease of B-(1,3)-D-glucan content in the cell wall.
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Echinocandin resistance in Aspergillus is rare, but a few clinical cases have been reported (84, 91).
Mechanisms of resistance include hotspot mutations in the Fks1 catalytic subunit, lower binding
affinity of echinocandin to the Fksl enzyme, and changes in the lipid microenvironment around
the enzyme that impact drug access to the target (84, 98, 168). A future direction could be to test
if the STS is still effective in these resistant A. fumigatus strains, and if the impact on -(1,3)-D-
glucan levels would remain the same.

This project mainly focused on the activity of STS against 4. fumigatus, as it was the most
susceptible pathogen to STS monotherapy and combination therapy with caspofungin or
micafungin. The activity of STS against other fungal pathogens, such as the Candida species, was
much more variable. For example, C. auris was the fungal pathogen with the highest STS ICso,
indicating this pathogen may be inherently more resistant to STS. Phosphoproteomic analysis of
STS-treated C. auris could provide further information regarding the identity of a significant target
in Candida. It has been previously shown that deletion of the C. albicans homolog of protein
kinase C, Pkcl, attenuates C. albicans virulence in a murine model of systemic candidiasis (149).
Based on the finding of PkcA down-phosphorylation by STS in A. fumigatus, treatment with STS
could have a similar effect in C. albicans and other Candida species.

Although we found the active antifungal agent produced by S. 428 was not a novel molecule,
our studies have advanced our understanding of the antifungal potential of STS. There is an urgent
need to identify novel agents to expand the antifungal arsenal (4). Invasive fungal diseases are a
serious threat to human health, with more than 6 million people becoming severely ill and 3 million
deaths annually (2). These numbers are expected to increase, in part as a consequence of the rise
of antifungal resistance (4, 169). The most traditional method of novel antifungal discovery is

natural product screening for secondary metabolites with antimicrobial activity produced by
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microorganisms from diverse natural environments (106). A modern method currently employed
by many researchers worldwide is to bioprospect unique and poorly characterized microbiomes,
such as the Arctic, to limit the chance of re-isolating previously discovered natural products (111).
The work in this project demonstrates this approach still carries the risk of rediscovery of known
molecules. Even though S. 428 was confirmed as a novel species, Streptomyces are well-known
sources of antimicrobials and have been heavily characterized, and our work eventually led to the
re-identification of a known compound (170). Instead of focusing on novel species of known
genera, it may be more effective to focus on novel genera and their natural products. This approach,
however, is limited by the fact only a fraction of microorganisms can be cultured under laboratory
conditions, especially those from extreme environments like the Arctic. Techniques such as
metagenomics, cell sorting, and single-cell sequencing have been used to address this limitation
(171).

Overall, this project demonstrates how even previously described molecules can hold
antifungal potential. Further functional analysis and medicinal chemistry may be helpful to
develop more specific and safer derivatives of STS that retain antifungal activity and exhibit
reduced host cell toxicity. Our studies of STS open the door to the investigation of kinase inhibitors
as antifungal agents, which may contribute towards mitigating the crisis of a shrinking arsenal of

therapies for the treatment of fungal diseases (2, 4).
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