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Abstract

The incidence of invasive fungal infections has risen dramatically in recent decades, with
Aspergillus fumigatus being the most common cause of invasive mould disease in humans. This
infection, termed invasive aspergillosis (IA), occurs when the conidia of A. fumigatus enter the
lower airways of the human lung and germinate to form filamentous hyphae that invade lung
tissues. 1A occurs primarily in immunocompromised individuals and is associated with mortality
rates of 30 to 95%, despite antifungal therapy. There exists an inverse relationship between
conidiation and vegetative growth in A. fumigatus, where conidiation is rarely observed during an
invasive infection of the human host, permitting the bulk of the fungal metabolic energy to remain
directed towards vegetative growth. We therefore hypothesize that forced induction of conidiation
during an infection will suppress A. fumigatus vegetative growth, impairing the ability of this

organism to cause disease.

To test this hypothesis, we expressed a key regulator of conidiation in A. fumigatus, brlA,
under the control of a doxycycline-inducible promoter. Inducing expression of brlA was sufficient
to force the inappropriate conidiation of A. fumigatus in vitro and high levels of brlA
overexpression inhibited A. fumigatus vegetative growth. In an invertebrate model of 1A, Galleria
mellonella larvae infected with the inducible brlA overexpression (brlA"°F) strain survived
significantly longer in the presence of the inducer molecule doxycycline compared to untreated
larvae. Similarly, in a mouse model of IA, mice treated with doxycycline were protected from
infection with the brlA"°F mutant, with reduced pulmonary fungal burden and a dose-dependent

decline in mortality relative to untreated, infected controls.



These findings provide proof-of-concept that targeted upregulation of brlA reduces A.
fumigatus virulence in vivo, and that manipulation of the fungal life cycle is a potentially viable

new antifungal target.

Résumé

Au cours des derniéres décennies, la prévalence des infections fongiques a caractére invasif
a considérablement augmenté, Aspergillus fumigatus étant a 1’origine de la plupart d’entre elles
chez I’humain. Cette infection, nommée aspergillose invasive (Al), survient quand une spore issue
de la reproduction asexuée (ou conidie) pénétre dans les voies aériennes inférieures du poumon et
germe en un hyphe filamenteux, lequel envahit ensuite le reste des tissus pulmonaires. L’Al se
déclare principalement chez des individus immunodéficients; le taux de mortalité est alors de 30 a

95 %, malgré le recours a la thérapie antifongique disponible.

Chez A. fumigatus il existe une relation inverse entre conidiation et croissance vegétative:
la conidiation étant rarement observée durant une Al, il est admis que cela permet au champignon

de diriger la plus grande partie de son énergie métabolique vers sa croissance végétative.

Nous avons donc formulé 1’hypothése selon laquelle forcer les hyphes végetatifs d’A.
fumigatus a conidier durant une infection bloquera leur croissance, entravant ainsi le potentiel

pathogénique de cet organisme.

Afin de valider cette hypothése, nous avons expressé brlA, un régulateur-clé de la
conidiation dans A. fumigatus, sous le contrdle d'un promoteur inductible par la doxycycline. Ainsi
qu’attendu, nous avons observé que 1’induction de I’expression de brlA est suffisante pour induire

la conidiation d'A. fumigatus in vitro dans des conditions normalement inhibitrices, et que la haute



surexpression du gene inhibe completement la croissance végetative. Dans un modele invertébré
d'Al, les larves de Galleria mellonella qui ont été infectées par notre souche inductible d’A.
fumigatus (brlA"CF) et traitées a la doxycycline (inductrice du promoteur Tet-ON) ont survécu
significativement plus longtemps que les larves infectées mais non traitées. Dans un modele murin
d'Al, les souris traitées avec doxycycline ont également survécu plus longtemps au mutant brlA"
©F que les souris infectées mais non traitées; dans ce modele, nous avons pu observer que la baisse
de mortalité s’est faite conjointement a une réduction de la charge fongique pulmonaire, toutes

deux proportionnelles a la dose de doxycycline injectée.

Ces observations apportent une preuve-de-concept selon laquelle la surexpression de brlA
réduit la virulence d’A. fumigatus et que le manipulation du cycle de vie fongique pourrait servir

de base au développement d’une stratégie thérapeutique antifongique dirigée contre I’Al.
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Chapter 1: Introduction and Literature Review



1.1 Aspergillus historical background and taxonomy

The genus Aspergillus was discovered in 1729 by Pier Antonio Micheli, an Italian catholic
priest who noted the resemblance between the conidia-bearing structure of Aspergillus and a
catholic ceremonial device, knows as an aspergillum, used to sprinkle holy water onto the
congregation (1). In his work, Micheli described 9 mould species as Aspergilli but since then the
genus has rapidly increased, now comprising between 260 (2, 3) and 837 (2, 4) different
Aspergillus species, depending on the criteria used for speciation. Aspergilli are one of the most
well-studied and economically-exploited groups of filamentous moulds to date, due to their
ubiquity in nature, the ease with which they are cultured in vitro, and their extensive production
of diverse secondary metabolites that are used in the fields of agriculture, biodegradation,
fermentation and pharmaceutical development (1, 5, 6, 7, 8). Some examples of the economic use
of Aspergilli include, but are not limited to, the production of rice wine (sake), soybean paste
(miso) and soy sauce (shoyu) through the fermentation processes of Aspergillus oryzae (5) and
solid-state fermentation by Aspergillus niger for the synthesis of organic acids, particularly citric
acid which is used extensively for food production, preservation and flavouring, as well as a
common additive in cosmetics, pharmaceuticals and cleaning products (6, 7). Despite the many
beneficial roles Aspergilli play in our society, some members have adapted to survive within the
human body, now acting as opportunistic pathogens. The most prevalent species to cause disease

in humans is A. fumigatus, accounting for almost 90% of Aspergillus infections (9).



1.2 The life cycle of A. fumigatus

The life cycle of A. fumigatus begins when airborne microscopic conidia (1.3 to 1.8 um in
diameter (10, 11)) come in contact with a source of both nutrients and water. These favourable
growth conditions act as a signal for conidial germination and a transition out of dormancy. Within
the first 30 minutes of germination, hundreds of genes are up-regulated, the majority of which play
a role in RNA metabolism and the biosynthesis of amino acids, proteins and protein assembly
complexes (12). Over the next 8 hours a series of dramatic changes occur at the conidial cell
surface. Beginning after 2 hours of germination, the outermost conidial cell layer, composed of a
tight array of hydrophobin proteins RodA and RodB, begins to be shed (13, 14). The shedding of
rodlets is associated with a loss of hydrophobicity and corresponds with the onset of conidial
swelling (14). Between 4 and 8 hours of germination, radial growth is replaced by polarized
vegetative outgrowth, typically in one or two directions, thus generating the first filamentous
structure of A. fumigatus, known as the germ tube (11, 15, 16). Germ tube growth proceeds at the
apical tip with occasional branching that results in the production of elongated hyphae that form a
complex “web”, collectively known as the mycelium (11, 17). The morphology of A. fumigatus
filamentous hyphae is one of undifferentiated cells separated by perforate septae, many of which
containing a single intact nucleus. This structural organization permits the free flow of molecules

between cells and facilitates rapid growth (17).

Vegetative growth continues for a period of between 12 to 16 hours, during which time the
fungus is considered developmentally immature or “pre-competent”. The period of pre-
competency is genetically determined in A. fumigatus, therefore any stimuli typically associated
with the activation of asexual reproduction or “conidiation”; such as starvation, desiccation, or

exposure to light, have no effect on pre-competent hyphae. Once the fungus has transitioned into



developmental maturity or “competency”, these same stimuli rapidly trigger the onset of
conidiation through a tightly regulated and well-conserved genetic pathway of conidiation (2, 18,

19), to be discussed in greater detail in section 1.2.2.

Upon activation of the conidiation pathway, vegetative growth slows and energy is instead
directed towards the formation of a conidiophore; the asexual reproductive structure of A.
fumigatus. First, aerial hyphae extend vertically away from the foot cell; a specialized structure
characterized by a thickened cell wall which provides additional support for the conidiophore (20).
Aerial hyphae make up the conidophore “stalk’, and at the stalk tip hyphal extension gives way to
swelling and the formation of a multinucleated vesicle. Multiple single-nucleated buds protrude
from the vesicle resulting in a single layer of sterigmata cells known as phialides. Phialides
undergo repeated asymmetric mitotic division to form chains of conidia, the asexual reproductive
cell of A. fumigatus. A single conidiophore can give rise to as many as 50,000 conidia (18). The
final step in the asexual life cycle of A. fumigatus is conidial cell wall maturation, which includes
melanisation and rodlet biosynthesis and assembly. Finally, mature conidia are dispersed via wind

currents for the colonization of new habitats and completion of the asexual life cycle.

A sexual cycle has recently been described for A. fumigatus in vitro (21), however little is
currently known about this process. This is due in part to its relatively recent discovery as well as
the extremely strict conditions required for sexual reproduction to occur in vitro, suggesting that
this process plays a minor role in the natural life cycle of A. fumigatus. Conversely, asexual
reproduction of A. fumigatus occurs readily in the environment as well as the laboratory, further
supporting its role as the principle means of propagation for this species. Conidia are also the

primary infectious agent of A. fumigatus. For these reasons the bulk of research into Aspergillus



reproduction to date has focussed on conidiation and the molecular pathways that govern this

process.

1.2.1 The conidiation pathway

Velvet proteins
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Figure 1: Genetic model of the conidiation pathway regulators in A. fumigatus. Adapted from

Park & Yu, Journal of Microbiology, 2016.

Control of conidiation in A. fumigatus involves a complex network of genes and regulatory
pathways, which respond to both genetically determined spatial and temporal switches, and
environmental stimuli. Over 35 genes have been identified as encoding regulators of the
conidiation pathway of A. fumigatus (18) and these have been separated into several distinct
subsets of developmental regulation. These groups include the highly conserved central regulators;
the upstream regulators, also known as the FluG-mediated regulatory pathway; the downstream

regulators, consisting of the velvet family proteins; the heterotrimeric G-protein signaling



pathways; the Ras-mediated signaling pathway; the calcium-calcineurin pathway; and a group of
“other factors”, which are critical for appropriate conidiation, but do not fit well into these other
categories (18). Though each pathway plays a distinct role in the conidiation program of A.
fumigatus, cross-talk is common and often necessary for appropriate conidiation to occur. Given
the breadth of genetic pathways implicated in the control of conidiation in A. fumigatus, the scope
of background information in this literature review will be restricted to pathways that directly

influence the expression of the central regulatory gene brlA, an essential activator of conidiation.

The central regulators of conidiation in A. fumigatus include three key players: brlA, abaA
and wetA, all of which are necessary for the coordinated spatiotemporal expression of conidiation-
specific genes during conidiophore formation and conidia maturation (18, 22, 23), and as such are

highly conserved among members of the genus Aspergillus.

Acting first in the central regulatory pathway is brlA, which encodes a C2H> dual zinc-
finger transcription factor. Often referred to as the “master regulator” of conidiation in A. fumigatus
(22, 24, 25), BrlA is an essential activator of conidiation, regulating a vast number of conidiation-
specific genes through both indirect and direct pathways. Gene disruption studies have
demonstrated that brlA is essential for conidiophore development. Strains deficient in brlA cannot
progress past conidiophore stalk formation, producing pure white fungal colonies lacking green-
pigmented conidia and a resulting in a “bristle-like” appearance when observed under the
microscope (24, 26), which gave rise to the gene name brlA. Inducible overexpression of brlA is
also sufficient to force the inappropriate conidiation of Aspergillus nidulans in vitro (22), though

the effects of brlA overexpression in A. fumigatus have yet to be assessed.



Evidence for direct gene regulation by BrlA comes from heterologous expression studies
performed in the yeast Saccharomyces cerevisiae (27). In this study, brlA expression in an S.
cerevisiae mutant containing the A. nidulans conidial rodlet gene (rodA) promoter fused to the
Escherichia coli lacZ gene led to the induction of p-galactosidase, the protein product of lacZ,
suggesting that BrlA interacts with the rodA promoter to activate lacZ expression (27). The authors
hypothesized the existence of a putative BrlA-recognition site (5’-[C/A][G/A]JAGGG[G/A]-3’),
termed the BrlA-response element (BRE), within the rodA promoter (27). Since then numerous
studies have identified BREs within the promoters of BrlA-activated conidiation-specific genes,
including the central regulators abaA and wetA (10, 18, 27), though direct observation of this

interaction has yet to be confirmed.

Following brlA in the A. fumigatus central regulatory pathway of conidiation is abaA,
encoding a transcription factor that is involved in the formation of phialides as well as their
terminal differentiation to produce immature conidia (10, 20). A. fumigatus abaA-deficient strains
produce elongated terminal phialides lacking conidia (10). The expression of abaA is dependent
upon brlA expression and occurs shortly after stalk formation is complete, leading to phialide
differentiation and the expression of many genes involved in the mid-to-late phases of conidiation,

such as wetA (20, 28).

The wetA gene encodes an essential regulator of conidia maturation which plays diverse
roles in the late phases of conidiation. A wetA-deficient strain of A. fumigatus produces conidia
lacking melanin, and with abnormal cell wall morphology often resulting in failed conidial
separation and the production of long chains of atypical conidia (10). These conidia also lack

trehalose, a sugar that is essential for stress resistance and long-term conidia viability in A.



fumigatus (10, 28, 29). As a result, AwetA conidia are highly susceptible to oxidative, osmotic and

thermal stressors, and have reduced long-term viability (10).

Both AabaA and AwetA strains of A. fumigatus exhibit increased and prolonged expression
of brlA during the late phase of conidiation, suggesting that these regulators also function in a
negative feedback loop to restrict brlA expression following conidiation (10, 18), likely through
their activation of the velvet family of conidiation regulators. The velvet family of conidiation
pathway regulators include veA, vosA and velB, each encoding a fungi-specific transcription factor
with a “velvet” DNA-binding domain (18, 30, 31). Velvet family proteins function largely as
repressors of conidiation in A. fumigatus, though each is required for appropriate conidiation to
occur (32). Two studies involving a veA-deficient strain of A. fumigatus demonstrate dysregulated
conidiophore production but with opposing phenotypes. Dhingra et al. (33) observed lower levels
of brlA mRNA and reduced conidiation in both veA-deficient and veA-overexpressing strains of A.
fumigatus, while Park et al. (32) observed higher levels of brlA mRNA and increased conidiation
in a AveA strain. Loss of function mutations in either vosA or velB result in the accumulation of
brlA mRNA in vitro. The accumulation of brlA under these conditions leads to increased or early
onset conidiation in conidiating and non-conidiating conditions, respectively (18, 32), confirming
the role of these two velvet proteins as repressors of conidiation. The maturation of conidia also
requires velB and vosA, as A. fumigatus strains that are deficient in either gene produce conidia
with lower trehalose content, reduced viability and stress tolerance, and hyperactive germination
(18, 20, 32), closely phenocopying AwetA conidia (10). Taken together, these findings demonstrate
the essential and highly coordinated role of velvet proteins and central regulators in the final phases

of conidiation in A. fumigatus (18).



The upstream regulatory pathway of A. fumigatus conidiation comprises four genes, fluG,
fIbB, fIbE, and flbD, the first three of which have been characterized to encode positive regulators
of conidiation. Gene disruption mutations in any of the upstream regulators results in decreased
expression of brlA and a “fluffy” phenotype characterized by delayed, reduced, or in some cases
absent conidiation (24, 34, 35). FIuG acts first in the upstream regulatory pathway and is necessary
for conidiation specifically in liquid submerged conditions (24). In low nutrient liquid culture, a
fluG-deficient strain is unable to produce conidiophores and has increased hyphal mass whereas
the wild type (WT) parent at the same time point conidiates extensively (24). When the AfluG
strain is transferred to conidiation-inducing solid media, brlA expression and conidiation is delayed
relative to WT (24). Together, these findings demonstrate an essential role for FIuG in A. fumigatus
conidiation under liquid submerged condition, while on solid media FIuG influences brlA
expression but is not absolutely required for conidiation. These findings led to the hypothesis that
alternative pathways exist that can control brlA-expression and the activation of conidiation in A.
fumigatus (18, 20, 24). Downstream of fluG are the three fluffy genes flbB, fIbE, and flbD, encoding
transcription factors that function together to activate brlA and conidiation (20, 34, 35). FIbB and
FIbE are proposed to function interdependently and upstream of FIbD as both are required for floD
expression, and in turn the appropriately timed expression of brlA and conidiation following
transfer to conidiation-inducing conditions (34, 35). Similar to their role in A. nidulans, FIbB and
FIbE of A. fumigatus may interact to form a functional complex that induces floD expression and

FIbD in turn activates brlA leading to the onset of conidiation (35, 36).

Though not involved in the upstream regulatory pathway of conidiation in A. fumigatus,
another member from the fluffy gene family FIbA indirectly promotes conidiation by inhibiting

GpaA, a member of the heterotrimeric G protein regulatory pathway that functions largely in



maintaining vegetative growth (18, 24). Typical heterotrimeric G protein signaling involves the
coordination of a G protein complex with a, B, and y subunits, a G-protein coupled receptor
(GPCR), a regulator of G-protein signaling (RGS) and various effectors. The ability of each
subunit to activate multiple effectors permits the regulation of multiple processes from a single
stimulus (37). The heterotrimeric G-protein signaling cascade of A. fumigatus fits this description
well, playing a role in the maintenance of vegetative growth, the indirect repression of conidiation

and the process of conidia maturation.

The Ga subunit GpaA promotes vegetative growth while simultaneously inhibiting
conidiation through uncharacterized pathways (24). Conversely, another Ga subunit, GpaB, is
required for normal conidiation in A. fumigatus, as strains deficient in gpaB produce significantly
fewer conidia than the WT parent in vitro. The conidiation defects observed in the gpaB-deficient
strain were reversed following treatment with cyclic-adenosine mono-phosphate (CAMP),
suggesting that the cAMP-protein kinase A (CAMP-PKA) pathway functions downstream of GpaB
to mediate these effects (38). cCAMP-PKA signaling in A. fumigatus governs conidial pigmentation
through regulated expression of the polyketide synthase gene pksP (also known as albl) that is
involved in melanin biosynthesis (39). Consistent with the role for GpaB in cAMP signaling, a
gpaB-deficient pksP-luciferin tagged strain exhibits attenuated luminescence relative to the pksP-

tagged WT (38).

The G and Gy subunits (SfaD and GpgA respectively) are important negative regulators
of conidiation in A. fumigatus (40). A. fumigatus strains deficient in either gene exhibit higher
levels of brlA mRNA in non-conidiating conditions leading to early onset and increased
conidiation in vitro. A. fumigatus strains which constitutively overexpress sfaD or gpgA produce

significantly fewer conidia in liquid culture when compared to WT (40). SfaD and GpgA are also

10



critical for vegetative growth as the sfaD- and gpgA-deficient mutants exhibit growth rates of
approximately 1% that of WT (40). Taken together, these findings suggest SfaD and GpgA
function as a heterodimer (40) to suppress brlA during the vegetative growth stage, thereby
permitting the metabolism of A. fumigatus to remain shifted towards hyphal proliferation. Down-
regulation of these G and Gy subunits is likely critical for mediating brlA transcript accumulation

and thus the transition from vegetative growth to conidiation (40).

In addition to the major pathways governing conidiation in A. fumigatus, several other
factors play an important role in regulating A. fumigatus asexual development. The SomA
transcription factor is essential for conidiation and important for vegetative growth in A. fumigatus.
Strains deficient in somA cannot proceed past stalk formation, lack conidia and demonstrate
significantly stunted growth relative to WT (41). Transcriptional analysis of the AsomA strain
demonstrated the absence of brlA expression and significantly reduced expression of both stuA
and medA, two additional transcription factors required for appropriate conidiation in A. fumigatus,
discussed below (41). Taken together, these findings illustrate an essential role for SomA in the
conidiation process of A. fumigatus, mediated through the central regulatory gene brlA as well as

the regulatory proteins StuA and MedA.

The regulatory proteins StuA and MedA are both required for appropriate conidiation in A.
fumigatus (19, 42). Strains deficient in stuA or medA produce morphologically abnormal
conidiophores with significantly fewer conidia relative to WT (19, 42). A predicted StuA-binding
site has been identified in the promoter region of brlA (41), suggesting a direct role for StuA in the
regulation of brlA, however direct observation of this interaction remains to be verified. Strains

deficient in medA are deficient in conidiation, but exhibit no significant alterations in central

11



regulatory gene expression throughout the fungal life cycle, suggesting that MedA regulates A.

fumigatus conidiation through some alternative and unknown pathway (42).

The number of genes and regulatory pathways governing A. fumigatus conidiation, as well
as the degree to which they are conserved across Aspergillus species, highlights the importance of

balanced asexual development and vegetative growth to the fitness of Aspergilli.

1.2.2 The balance between conidiation and vegetative growth

There exists an inverse relationship between the two major developmental stages of A.
fumigatus — conidiation and vegetative growth. When conidiation begins, vegetative growth slows,
and conversely, during vegetative growth, conidiation is not observed (24). Vegetative growth and
conidiation are inextricably linked through the activity of the master developmental regulator
BrlA. BrlA is essential for conidiation in A. fumigatus (24, 26), and in the close relative A.
nidulans, brlA-overexpression induces conidiation and inhibits vegetative growth in vitro (22).
Tightly regulated and appropriately timed conidiation, through BrlA, permits fungal propagation
and the survival of A. fumigatus in hostile conditions, thus contributing to its ubiquity in the
environment. Unfortunately, these properties also contribute to the role of A. fumigatus as an

opportunistic human pathogen.

1.3 Human exposure to A. fumigatus conidia

The production of high numbers of airborne conidia by A. fumigatus results in repeated
human exposure to these fungal elements. Humans will typically inhale up to 1000 A. fumigatus
conidia each day (8), yet relatively few will develop disease due to the presence of effective host

defence mechanisms against A. fumigatus. The first line of defence against A. fumigatus is the
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trachobronchial mucociliary elevator, which functions as a physical barrier to inhaled conidia (43,
44). The bulk of inhaled conidia become trapped within the mucous layer lining the airways and
through the beating action of the underlying cilia, the conidia are easily excreted (43, 44). The
conidia that evade physical removal and reach the lower airways are met by resident alveolar
macrophages which rapidly phagocytose and destroy the conidia through the production of
reactive oxygen species and acidification within the phagolysosome (45, 46). Alveolar
macrophages are also involved in the recruitment of neutrophils to the lungs (47, 48), in response
to the presence of germinating conidia and young hyphae. Neutrophils are effective at killing these
more mature fungal forms through various cell-mediated mechanisms (47, 49, 50), providing a

second line of defence against A. fumigatus infection.

1.4 Invasive aspergillosis

If the host defences against A. fumigatus are compromised, filamentous hyphae can invade
lung tissues, to produce a severe pulmonary infection known as invasive aspergillosis (1A). 1A is
a severe Aspergillus infection characterized by hyphal invasion of epithelial barriers, tissue
destruction and poor patient outcomes, even despite antifungal therapy. Though rare instances of
non-pulmonary 1A can occur at sites such as the skin, gastrointestinal tract or sinuses (45, 51, 52),
the majority of 1A cases (approximately 80-90%) originate within the lungs (53) and as such the
focus of this thesis will be that of pulmonary disease. IA occurs predominantly in individuals with
compromised immune defences, though the relative risk, the rate of disease progression and degree

of host pathology vary greatly depending on the form and extent of host immune dysfunction.
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1.4.1 Risk factors

The majority of 1A cases occur in patients with compromised immune function. The
population of at risk individuals for IA is increasing along with the rising use of

immunosuppressive therapies in the clinic (54).

Neutrophils play a key role in the immune defence against A. fumigatus infection (55, 56),
and as such neutropenia is a major risk factor for IA (57, 58). The probability of developing 1A
correlates with the degree and duration of neutropenia, with the highest risk groups demonstrating
neutrophil counts of 500 cells/ml of blood or less, and an estimated 1% to 4 % increase in the
probability of developing IA for each successive day of neutropenia (45, 59). In addition to reduced
neutrophil number, neutrophil dysfunction is also a risk factor for IA. The most notable example
is chronic granulomatous disease (CGD), characterized by impaired ROS production by

neutrophils and other phagocytes (60).

Patients that have received hematopoietic stem cell or solid organ transplants must be given
potent and prolonged immunosuppressive therapy to avoid transplant rejection and graft versus
host disease (GVHD) (61), and as such are at high risk for developing IA. Some common therapies
that increase the risk of 1A in transplant patients include corticosteroids, cyclosporine A and other
immunomodulatory molecules, such as anti-TNF antibodies, which reduce T-cell numbers or

function (45, 61-64).

There are several other patient groups that are susceptible to developing IA, yet do not have
the more classical risk factors previously described. These include patients with severe chronic

obstructive pulmonary disease (COPD), patients suffering from leukemia or other non-
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haematological malignancies (45), as well as patients that have experienced hepatic failure, renal

failure, diabetes mellitus or severe influenza infection (58, 65-67).

1.4.2 Disease progression and pathology

During IA, A. fumigatus conidia that reach the lower airways and evade innate immune
defences can germinate to form hyphae that invade pulmonary tissues. The rate of disease

progression and degree of host pathology depends largely on host immune status.

Within the neutropenic host lung, the absence of an effective antifungal neutrophil response
permits the rapid and largely unrestricted growth of A. fumigatus hyphae. A. fumigatus hyphae
penetrate the lung epithelium and grow extensively within pulmonary tissues, and can invade
blood vessels leading to thrombosis, hemorrhage (57, 68, 69) and fungal dissemination throughout
the body (57). In non-neutropenic patients, the dysfunctional neutrophils that are recruited to the
site of infection are still able limit the growth of A. fumigatus hyphae within the lungs, reducing
fungus-driven damage to host tissues, angioinvasion and dissemination via the blood (57).
However, continued neutrophil recruitment to, and activity within the lung can lead to host lung
tissue damage and necrosis (57). The cause of death in many non-neutropenic cases of IA is
therefore believed to result from a hyper-inflammatory response, distinct from neutropenic cases

of IA where death is largely attributed to unrestricted fungal growth and destruction of tissues (57).

1.5 Antifungals

Overall, the antifungal options available to treat IA are relatively limited. Several

antifungal classes exist, each targeting a biological structure or functional component of A.
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fumigatus that is critical for the growth and survival of this opportunistic pathogen yet are absent

from mammalian cells.

1.5.1 The azoles

The azole class of antifungals consists of four molecules which have been approved for
clinical use in cases of IA: itraconazole (ITZ), voriconazole (VCZ), posaconazole (PCZ) and
isavuconazole (ISV) (70-74). Azoles are fungistatic to A. fumigatus, functioning as inhibitors of
lanosterol 14-a-demethylase, a critical component of the ergosterol biosynthesis pathway of A.
fumigatus (71, 75). Azole-mediated inhibition of the lanosterol 14-a-de-methylase enzyme results
in an accumulation of the substrate, 14-a-methyl sterol, which destabilizes the fungal cell
membrane and impairs A. fumigatus vegetative growth (71, 76). ITZ was the first azole to be used
clinically for the treatment of 1A in 1990 (72, 77), demonstrating high efficacy in vitro against the
majority of clinical A. fumigatus isolates tested, however voriconazole is now the most commonly
used of these agents for treatment of IA (72). The extensive use of these compounds as
environmental fungicides and preservatives in the agriculture and food industries respectively has
led to the emergence of azole and multi-azole resistant A. fumigatus isolates, thereby limiting the

efficacy of azoles against 1A (78, 79).

1.5.2 The polyenes

The polyene antifungals which have been approved for use in cases of IA include
amphotericin B (AmB) deoxycholate and its lipid-associated derivatives (45). Similar to the
azoles, polyenes target ergosterol within the fungal cell membrane; however, they act by binding

directly to ergosterol and forming a transmembrane pore that leads to membrane destabilization,
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leakage of cellular contents and in some cases fungal death (76). For many years polyenes were
used as the first line of therapy against 1A, demonstrating particularly good efficacy against A.
fumigatus (80-82). However, polyenes have been replaced by the azoles due to the relatively high
toxicity (due to the structural similarities of ergosterol to mammalian cholesterol) and lower
treatment success rate of AmB when compared to voriconazole (83). While there is no known
polyene resistance mechanism in A. fumigatus (84), susceptibility to AmB deoxycholate appears

to be decreasing (80, 81).

1.5.3 The echinocandins

The echinocandin class of antifungals consist of caspofungin, micafungin and
anidulafungin, which have been approved as second line agents in cases of IA (85). The
echinocandins inhibit fungal cell wall biosynthesis by targeting p-1,3-glucan synthase, an essential
enzyme involved in the production of B-1,3-glucan, which is a major cell wall polysaccharide of
pathogenic fungi (85, 86). B-1,3-glucan synthase is unique to fungi and as such echinocandins
demonstrate relatively few off-target effects and low toxicity in humans (85, 87). Despite these
benefits, the echinocandins demonstrate relatively poor efficacy against A. fumigatus as a
monotherapy and are therefore limited for use in IA cases that are refractory to the azoles (70, 88).
However, due to the targeting of a unique fungal pathway, caspofungin has recently shown

promise as combination therapy with either an azole or polyene (89).

1.5.4 Need for new drug targets

Currently the efficacy of antifungals against A. fumigatus remain limited and with each

passing year the performance of our antifungal arsenal is diminishing. The antifungal pipeline is
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stagnant, with nearly 20 years since the introduction of the most recent antifungal class, the
echinocandins (70, 89). Since that time, antifungal resistance in A. fumigatus has been observed
for nearly every available antifungal compound (71, 77, 79, 80, 84, 85). Together, these facts
highlight the urgent need for the identification of new and unique antifungal drug targets. One
strategy that has been largely overlooked, is the manipulation of the fungal life cycle to reduce the

growth and virulence of A. fumigatus.

1.6 Hypothesis

We hypothesize that targeted upregulation of the central regulatory gene brlA to induce
activation of the conidiation pathway during IA will suppress A. fumigatus vegetative growth,

impairing the ability of this organism to cause disease.

1.7 Research goals

1. Develop a strain of A. fumigatus in which the conidiation process can be artificially induced.

2. Determine the impact of conidiation pathway dysregulation on A. fumigatus fitness in vitro.

3. Evaluate the effects of conidiation pathway dysregulation on A. fumigatus virulence in vivo.
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Preface to chapter 2

A. fumigatus is the most common cause of invasive mould disease in humans, and
infections caused by this species have been historically challenging to treat (45, 53, 72, 78, 90).
Few classes of antifungals have been developed with activity against A. fumigatus, and new
antifungal targets are urgently needed. A balance exists in A. fumigatus between the two major
developmental stages — vegetative growth and conidiation. A. fumigatus vegetative growth is
suppressed during conidiation, and conversely, conidiation is not observed during vegetative
growth (24). During an invasive infection, A. fumigatus rarely undergoes conidiation, permitting
the bulk of its metabolic energy to remain directed towards vegetative growth. This study aimed
to exploit this observation, using an inducible gene overexpression system to test the capacity of
induced activation of the conidiation pathway to reduce A. fumigatus growth in vitro. The
therapeutic potential of this strategy was then evaluated in an invertebrate and a neutropenic mouse
model of 1A. Finally, the effects of induced activation of the conidiation pathway on the A.

fumigatus transcriptome were assessed through RNA deep-sequencing.
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Chapter 2: Reducing Aspergillus fumigatus
Virulence Through Targeted Dysregulation
of the Conidiation Pathway
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Abstract

Aspergillus fumigatus is the most common cause of invasive mould disease in humans.
This infection, termed invasive aspergillosis (IA) occurs when the conidia of A. fumigatus enter
the lower airways of the human lung and germinate to form filamentous hyphae that invade lung
tissues. 1A is associated with mortality rates of 30% to 95%, even despite antifungal therapy. There
exists an inverse relationship between the formation of conidia (conidiation) and hyphal
proliferation (vegetative growth) in A. fumigatus whereby vegetative growth is inhibited during
conidiation, and conversely, conidiation is not observed during vegetative growth. Interestingly,
A. fumigatus rarely undergoes conidiation during invasive infection of the human host, allowing
the bulk of its energy to be directed towards vegetative growth. We therefore hypothesize that
forced induction of conidiation during an infection will suppress A. fumigatus vegetative growth,

impairing the ability of this organism to cause disease.

To study conidiation pathway dysregulation on A. fumigatus virulence, a key regulator of
conidiation — brlA — was placed under the control of a tetracycline-inducible promoter (Tet-ON)
and incorporated into the A. fumigatus genome. Functionality of the Tet-ON system in vitro was
determined via qPCR and the effects of induced brlA overexpression on A. fumigatus virulence in

vivo were then assessed in two distinct animal models of 1A.

Time- and dose-dependent brlA overexpression was observed in response to the inducer
molecule doxycycline, confirming functionality of the Tet-ON system within A. fumigatus. Low
doses of doxycycline induced conidiation while high doses arrested growth of the inducible brlA
overexpression (brlA©F) strain in vitro. In an invertebrate model of 1A, Galleria mellonella larvae
infected with the brlA"CF strain survived significantly longer in the presence of doxycycline

compared to untreated larvae. Similarly, in a mouse model of 1A, mice that received doxycycline
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were significantly protected from infection with the brlA"°% mutant, demonstrating decreased
pulmonary fungal burden and a dose-dependent decline in mortality relative to doxycycline free

controls.

This study has provided proof-of-concept that activation of the conidiation pathway in A.
fumigatus is attainable through induction of a single transcriptional regulator — brlA — and that
targeted up-regulation of this gene reduces A. fumigatus vegetative growth in vitro as well as
virulence in two in vivo models of IA. Our group has therefore identified a novel target for
antifungal therapeutics, opening the door to further research for brlA-inducing small molecules as

a potentially viable new class of therapeutics against invasive A. fumigatus infection.
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Introduction:

Aspergillus fumigatus is a ubiquitous mould that produces large numbers of airborne
conidia during growth in the environment to facilitate colonization of new environments (1). Due
to their small size, the conidia of A. fumigatus can enter the lower airways and alveoli of the human
lung, where in healthy individuals they are rapidly cleared via innate immune defences (2).
Immunocompromised patients are unable to effectively clear these conidia and as a result
uncleared conidia can germinate to form filamentous hyphae that invade lung tissues. This
infection, termed invasive aspergillosis (I1A), is associated with mortality rates of between 30%

and 95%, even despite antifungal therapy (3-5).

The formation of conidia (conidiation) and hyphal proliferation (vegetative growth) are
inversely related in A. fumigatus as vegetative growth is inhibited during conidiation in vitro (6).
During invasive infection A. fumigatus rarely undergoes conidiation (7), allowing the majority of
its energy to be directed towards vegetative growth. We hypothesize that the converse is also true,
and that forced induction of the conidiation pathway during an infection will suppress A. fumigatus

vegetative growth, impairing the ability of this organism to cause disease.

Control of conidiation in Aspergillus spp. has been well studied in the model organism
Aspergillus nidulans. These studies have identified the product of one gene, brlA, as a master
regulator of conidiation. Disruption of brlA renders A. nidulans unable to form conidia, and its
overexpression rapidly induces conidiation and inhibits vegetative growth in vitro (8, 9). Similarly,
disruption of brlA (AbrlA) in A. fumigatus results in an absence of conidiation, however, the effects

of overexpressing brlA have yet to be determined in A. fumigatus.
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In this study, we demonstrate that targeted upregulation of brlA is sufficient to induce
conidiation and inhibit A. fumigatus vegetative growth in vitro. We also show that the inducer
molecule doxycycline significantly reduces the virulence of an inducible brlA overexpression
strain of A. fumigatus in two distinct in vivo models of 1A. These results provide strong evidence
that conidiation pathway dysregulation, through the activation of brlA, is a novel approach to
reduce A. fumigatus virulence in vivo, and thus provide the foundation for further studies to identify
brlA-inducing small molecules that may one day be used as prophylaxis against invasive A.

fumigatus infection.

Methods:

Fungal strains and growth conditions.

A. fumigatus strain Af293 was used to generate the inducible brlA overexpression strain
(brlA©F) and is referred to as the wild type strain throughout this article. All strains were routinely
cultured at 37°C on yeast peptone dextrose (YPD) media (BD Difco) for 6 days with 12-hour
light/dark cycles to generate conidia stocks for use in all downstream assays. Conidia were
harvested by gentle washing of the mycelia with PBS supplemented with 0.01% v/v Tween 80
(PBS-T). All in vitro assays were performed at 37°C in either YPD media or Aspergillus minimal
media (AMM)(10) supplemented with 3x trace elements and 1.5 % agar for solid media conditions.
Liquid shaking cultures were agitated at 200 RPM and liquid static cultures were grown in the

presence of 5% CO..
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Modification of tetracycline-inducible gene expression vectors.

The optimized Tet-ON plasmid pJW128 used to clone an inducible brlA overexpression
strain was a generous gift from Dr. Robert A. Cramer, Geisel School of Medicine in New
Hampshire. Plasmid pJW128 contains both the Tet-ON system, consisting of a doxycycline-
responsive reverse transactivator gene (rtTA) fused to a strong viral activation domain and a
transactivator-response element (TetO7) embedded within a minimal oliC promoter (Pmin)
upstream of the gene of interest (11), as well as a resistance cassette for pyrithiamine. To place
brlA under the control of TetO7, the brlA ORF was amplified from wild type A. fumigatus gDNA
and fused to the terminator from an A. nidulans tryptophan biosynthesis gene (trpC) via PCR,
generating brlA-TtrpC. The brlA-TtrpC PCR product was purified from agarose gel using the
QIAquick Gel Extraction kit (Qiagen) as per the manufacturer’s instructions and subcloned into
the blunt cloning vector pCR-Blunt-11-TOPO (Invitrogen) as per the manufacturer’s instructions,
to generate pCR-brlA-TtrpC. Next, pCR-brlA-TtrpC and pJW128 were digested using restriction
enzymes Pmel and Bsu361 and brlA-TtrpC was ligated into empty pJW128, generating the final
vector pJW128-brlA (Tet-ON-brlA). Final plasmids were validated using Sanger sequencing,

confirming correct orientation and sequence within the Tet-ON plasmid.

Transformation of A. fumigatus wild type strain (Af293).

Transformation of the A. fumigatus wild type strain (Af293) was performed via
protoplasting, as previously described (12). Antifungal-resistant transformants were selected using
pyrithiamine (Sigma) at a concentration of 0.5 pug/ml. Verification of the presence of the linear

Tet-ON-brlA construct and the absence of a circular autonomously replicating Tet-ON-brlA
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plasmid within pyrithiamine-resistant transformants was accomplished using a PCR screen of

DNA extracted from 18 hr liquid YPD shaking cultures.

Quantitative real-time PCR analysis.

Quantification of mMRNA expression was performed using SsoAdvanced Universal SYBR
Green supermix (Bio-Rad) and a 7300 Real Time PCR System (Applied Biosystems). Strains of
A. fumigatus were grown at 37°C in AMM broth for 18 hours with shaking. Doxycycline was then
administered at final concentrations of 1.5 pg/ml or 20 pg/ml for 30 minutes or 3 hours for gene
induction. Non-induced controls were treated with an equal volume of dH2O for the same time
intervals. The fungal biomass was collected by filtration and crushed under liquid nitrogen before
extracting RNA using a Biolynx RNA extraction kit (MJS Biolynx inc.) as per the manufacturer’s
instructions. Genomic DNA (gDNA) was digested and RNA was reverse transcribed into
complementary DNA (cDNA) using the QuantiTect Reverse Transcription Kit (Qiagen). Gene-
specific cONA was quantified via RT-gPCR and normalized to the endogenous reference gene

translation elongation factor 1 (tefl).

Growth kinetic assays in vitro.

All growth kinetic assays were performed at 37°C using AMM or YPD media in the
presence or absence of doxycycline, as indicated. For minimum inhibitory concentration (MIC)
analyses of pre-competent A. fumigatus, conidia were inoculated at 1 x 10* conidia per well in 96-
well plates and cultured for 20 hours in AMM containing doxycycline at the indicated
concentrations. Growth inhibition was assessed by staining the resulting biomass with crystal
violet and quantifying the optical density at 600 nm as previously described (13). Changes to pre-

competent fungal morphology were assessed by inoculating A. fumigatus conidia at 1 x 10* conidia
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per well in 24-well plates containing sterile coverslips and AMM supplemented with indicated
concentrations of doxycycline. At 20 hours of growth coverslips were washed and fixed in 4%
paraformaldehyde, then mounted and imaged using a LSM880 ElyraPS1 laser scanning confocal
microscope (Zeiss) with a 63x oil-objective lens. Images were processed using ZEN blue edition
software (Zeiss). For pre-competent dynamic cultures, A. fumigatus conidia were inoculated at 1
x 108 conidia/ml into 50 ml liquid AMM containing indicated concentrations of doxycycline and
incubated for 48 hours with agitation. Solid media pre-competent growth assays were performed
on AMM and YPD media supplemented with indicated concentrations of doxycycline. One
hundred A. fumigatus conidia were point inoculated onto solid media and the diameter of fungal

colonies measured for 7 days.

For assays of competent hyphae, A. fumigatus conidia were inoculated at 1 x 108 conidia/ml
into 50 ml AMM broth and incubated for 18 hours with agitation. Doxycycline was then
administered at the indicated concentrations and cultures were incubated for another 22 hours.
Images were acquired prior to removing supernatant and fungal biomass was then frozen at -80°C
and lyophilized. Dry biomass was weighed and normalized to cultures harvested and dried at the
time of doxycycline treatment. Solid media competent growth assays were performed on AMM
and YPD media. One hundred A. fumigatus conidia were point inoculated onto solid media and
incubated for 24 hours. Doxycycline was then administered at the indicated concentrations and
growth assessed daily by measuring the diameter of fungal colonies for 7 days. The morphology
of competent hyphae was assessed by inoculating A. fumigatus conidia at 1 x 10* conidia per well
in 24-well plates containing sterile coverslips and AMM broth. At 18 hours of growth, cultures
were treated with doxycycline at the indicated concentrations and incubated for another 4 hours.

Coverslips were treated, imaged and images processed as described above.
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Galleria mellonella larvae infection model.

Larvae of the Galleria mellonella moth were purchased from Magazoo (Montreal, QC) and
maintained in the dark at 23°C in cedar wood shavings. Groups of 13 larvae were separated into
petri dishes and incubated at 37°C for 24 hours prior to infection. Conidia were resuspended at a
concentration of 2 x 108 conidia/ml in PBS with or without 400 pg/ml doxycycline. 7.5 pl of this
conidial suspension was then injected into the larvae’s last proleg using a Hamilton® 25ul glass
gas-tight syringe (1702RN) with 33G gas chromatography needle (33/1.5°/3), resulting in a dose
of 1.5 x 10° conidia to each larva and 3 pg of doxycycline per larva as indicated. Uninfected
controls received PBS with doxycycline. Larvae were incubated in the dark at 37°C for 7 days and
monitored every 24 hours. Death was confirmed through a combination of melanisation and lack

of movement.

Mouse model of invasive pulmonary aspergillosis.

All procedures involving mice were approved by the McGill University Animal Care
Committee and followed the guidelines established by the Canadian Council on Animal Care. 8-
10-week-old female BALB/c mice were purchased from Charles River (Senneville, QC). For the
low dose doxycycline model, beginning on day -3 relative to infection and for the duration of the
experiment drinking water was supplemented with 500 pg/ml doxycycline (Sigma) and 5%
sucrose and mouse chow was supplemented with 625 mg/kg doxycycline (Envigo-Teklad).
Doxycycline-untreated controls received water supplemented with 500 pg/ml Enrofloxacin
(Baytril) and unsupplemented chow. On day -1 and every 48 hours thereafter, mice were given
200 pg anti-Ly6G antibody (clone 1A8, BioXcell) via intraperitoneal (i.p.) injection to induce

neutropenia. On day -1 and every 24 hours thereafter, mice were also given 10 mg/kg doxycycline
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via i.p. injection. Mice were infected intratracheally with 1 x 10" A. fumigatus conidia in 50 pl
PBS-T or PBS-T lacking conidia for uninfected controls. Mice were monitored every 12 hours for
signs of illness and moribund animals euthanized. For the high dose doxycycline model,
doxycycline was omitted from drinking water and mouse chow, and instead the drinking water
was supplemented with 500 pg/ml Enrofloxacin (Baytril) to prevent bacterial infection. On day -
1 mice were given 25 mg/kg doxycycline via i.p. injection and 100 mg/kg doxycycline via oral
gavage every 12 hours thereafter. Doxycycline-free control mice were given equal volumes of

PBS.
Quantification of doxycycline in mouse serum.

All ultra high-performance liquid chromatography coupled to mass-spectrometry (UHPLC-
MS/MS) analyses were performed at the Drug Discovery Platform of the Research Institute of the
McGill University Health Centre (Montreal, Canada). LC-MS grade solvent, acetonitrile and water
were obtained from EMD Millipore, and formic acid from Fisher Scientific. 50 pl of serum was
extracted with 200 ul (4 x sample volume) of cold acetonitrile with 1% formic acid. The mixture
was vortexed for 5 min and centrifuged (5 min, 15000 rpm, 10°C) to separate the precipitate.
Supernatant was transferred to a new tube and evaporated under vacuum. The resulting dry pellets
were re-suspended in 100 pl of acetonitrile-0.1%formic acid/water-0.1% formic acid (v/v; 5:95)
and 10 ul injected into the LC-MS. Results were collected in positive mode on a triple quadrupole
MS system (EVOQ Elite, Bruker, Billerica, MA) coupled with an ultrahigh-performance liquid
chromatography pump (Advance, Bruker) and equipped with a reversed-phase Agilent ZORBAX
Eclipse Plus C18 column (50 x 2.1 mm, 1.8um). Mobile phases were water with 0.1% formic acid
(A) and acetonitrile with 0.1% formic acid (B). Doxycycline was eluted at 3.17 min with the

following LC method: 0 to 1 min at 5% B, then from 1 to 4 min with a gradient to 55% B, followed
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by 4 min to 5 min with a gradient to 85% and 5 min to 6 min with a plateau at 85% B and returning
to initial conditions with an equilibration until 10 min. Column temperature was set at 40°C and
the flow rate was 0.35 ml/min. Each sample was injected three times. The operating parameters of
the mass spectrometer were: positive spray voltage 4500V, cone temperature 350°C, cone gas flow
20 (arbitrary units), heated probe temperature 400°C, probe gas flow 40 (arbitrary units), nebulizer
gas flow 60 (arbitrary units). The mass spectrometer was used in multiple reaction monitoring
mode (MRM). Two transitions were followed for doxycycline: 445.2—428.1 (CE 13 eV) and
445.2—154.1 (CE 25 eV). Quantification of doxycycline, based on peak areas, was performed
following an external calibration curve. Seven points of calibration were used to produce standard

curve and the linearity was assessed by the correlation coefficient, R2.

RNA deep-sequencing analysis.

A. fumigatus hyphae were pre-grown in liquid AMM at a concentration of 1 x 10°
conidia/ml and cultured for 10 hours at 37°C. Doxycycline was then administered at a
concentration of 20 pg/ml for gene induction. Non-induced controls were treated with an equal
volume of dH>O. After 30 minutes, the supernatant was removed by filtration and the fungal
biomass crushed under liquid nitrogen before extracting RNA using a RNeasy minikit (Qiagen) as
per the manufacturer’s instructions. CONA libraries were constructed and sequenced at the McGill
University and Genome Quebec Innovation Centre (Montreal, Canada) following Illumina
specifications, generating over 25 million paired-end reads for each sample. FASTQ read files
were assessed for quality using the FASTQC software version 0.11.5 and reads further assessed
for quality and bam indexing using SAMTOOLS software, version 1.9. For each dataset, FASTQ
sequence read files were mapped to the A. fumigatus Af293 reference genome ASM265 version

1.40 (14) by using the STAR alignment software, version 2.6.1a in 2-pass mode (15). Aligned
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reads were then quantified and transformed to obtain fragments per kilobase per million (FPKM)
values using RSEM software version 1.3.0. Genes with an FPKM value below 30 were excluded

from analysis.

Results:
Doxycycline-mediated induction of brlA in A. fumigatus is both time- and dose-dependent.

To investigate the effects of brlA overexpression on the growth and conidiation of A.
fumigatus, an inducible brlA overexpression (brlA"F) strain was constructed in which brlA was
placed under the control of a doxycycline-inducible promotor. PCR screening of DNA extracted
from 18-hour liquid shaking cultures of A. fumigatus confirmed the presence of the linear Tet-ON
system controlling brlA as well as the absence of a circular autonomously replicating Tet-ON-brlA
plasmid within the brlA"°F mutant (Supplemental figure S1). As has been reported previously with
this promotor system (16), higher levels of brlA expression were observed in vegetative hyphae of
the brlA"°F mutant, even in the absence of doxycycline treatment (Figure 1). This level of basal
brlA expression in the brlA"°E strain was similar to that of the conidiating wild-type A. fumigatus.
Exposure of the brlA"°F mutant to doxycycline resulted in a dose and time-dependent
overexpression of brlA (Figure 1), reaching levels 2391 fold higher than non-conidiating wild type
A. fumigatus following 3 hours of exposure to 20 pug/ml doxycycline. This strain was therefore
selected for further analyses to determine the effects of brlA overexpression on A. fumigatus fitness

in vitro and in vivo.
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Overexpression of brlA inhibits the growth of pre-competent A. fumigatus hyphae in vitro.

The development of A. fumigatus hyphae begins with a genetically defined period of pre-
competence, during which hyphae are not able to respond to appropriate stimuli and undergo
conidiation (9, 17-21). To determine the effect of brlA overexpression on the growth of pre-
competent A. fumigatus in static culture, conidia were inoculated into liquid AMM containing
various concentrations of doxycycline and incubated for 18 hours and the resulting biomass
quantified by crystal violet staining. Under these conditions, the growth of the brlA"°F mutant was
reduced in a doxycycline dose-dependent manner, with a minimum inhibitory concentration (MIC)
of 0.4 pg/ml doxycycline (Figure 2a). Under the same conditions, the growth of wild type A.
fumigatus was unaffected at concentrations of doxycycline as high as 1 pg/ml (Figure 2a). Using
confocal microscopy, the effects of brlA overexpression on fungal morphology were assessed after
18 hours of growth in liguid AMM containing doxycycline (Figure 2b). At doxycycline
concentrations of 0.54 pg/ml and above, brlA"F conidia germinated but could not proceed with
hyphal extension. At the lower doxycycline concentrations of 0.06 pg/ml and 0.18 pg/ml, brlA'-CF
cultures conidiated extensively although at 0.18 pg/ml of doxycycline, brlA"CE conidiophore
morphology was atypical, with reduced vesicule size and elongated phialides (Figure 2b). Wild
type A. fumigatus germinated and produced morphologically normal hyphae only under these
conditions, as did the brlA"°F mutant in the absence of doxycyline. Taken together, these findings
demonstrate that lower levels of brlA induction in pre-competent A. fumigatus hyphae reduces
vegetative growth and induces conidiation while higher levels result in the complete inhibition of

vegetative growth in vitro.

Due to overgrowth of the wild type strain under liquid static conditions (data not shown),

analysis of the effects of brlA overexpression on A. fumigatus growth and conidiation were limited
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to 24 hours. To assess the effects of induced brlA expression on precompetent hyphae at a later
time point, A. fumigatus conidia were grown in liquid shaking culture containing low (1.5 pg/ml)
and high (20 pg/ml) concentrations of doxycycline for 48 hours (Figure 2c). Under these
conditions, growth inhibition of the brlA"©F strain was observed at both concentrations of
doxycycline tested and persisted for 24 hours (Figure 2c). At 48 hours of growth, several
breakthrough clusters of brlA"°F hyphae were observed. The growth rate and colouring of these
hyphal masses were abnormal with reduced growth rate and darkening of fungal biomass
consistent with the production of conidia (Supplemental figure S2). The reduced growth rate and
darkening of fungal biomass was more apparent in cultures containing the high concentration of
doxycycline. Normal hyphal growth of wild type A. fumigatus in the presence of doxycycline and
the brlA"°E mutant in the absence of doxycycline were observed under these conditions (Figure
2c¢ and Supplemental figure S2). These findings indicate that high levels of brlA overexpression
also inhibit the growth of pre-competent A. fumigatus in shaking culture and suggest that the level
of brlA overexpression may influence the duration of growth inhibition as well as the rate of

vegetative growth and induction of conidiation thereafter.

To determine the relationship between brlA expression and the duration of growth
inhibition, the effects of doxycycline induction on the radial growth rate of the brlA'°F mutant was
measured over 7 days (Figure 3). In the absence of doxycycline, the mean growth rate of the brlA"
OF strain was slightly lower than that of wild type A. fumigatus at 10.3 mm/day and 11.4 mm/day
respectively (91%) (Figure 3). Exposure to 1.5 pug/ml of doxycycline inhibited the growth of the
brlA"CF mutant for 2 days, after which the radial growth rate was reduced at 40.8% relative to wild

type A. fumigatus (Figure 3). Exposure to 20 pg/ml of doxycycline, inhibited the growth of the
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brlA"-CF strain for 6 days, followed by a reduced radial growth rate of 13.5% relative to wild type

(Figure 3).

To determine if nutrient availability would influence the growth inhibitory effects of high-
level brlA overexpression on pre-competent hyphae, the effects of doxycycline on growth
inhibition of the brlIA"°E mutant were determined on nutrient-rich solid YPD media (Supplemental
figure S3). In the absence of doxycycline, the growth rate of the brlA™E strain was
indistinguishable from wild type A. fumigatus under the same conditions (Supplemental figure S3).
At the low dose of doxycycline, growth inhibition of the brlA-°F strain persisted for 2 days with a
reduced radial growth rate of 33.1% relative to wild type following breakthrough. At the high dose
of doxycycline, growth inhibition of the brlA©F strain persisted for 4 days, followed by a mean

radial growth rate of 22.4% relative to wild type A. fumigatus (Supplemental figure S3).

Taken together, these findings demonstrate that high levels of brlA overexpression inhibit
the growth of pre-competent A. fumigatus hyphae in vitro and that at early time points this effect
is independent of culture conditions or nutrient availability. These data also suggest that at later
time points, the level of brlA overexpression and the type of culture conditions influence the
duration of pre-competent A. fumigatus growth inhibition as well as the resulting growth rate

following breakthrough.

Overexpression of brlA arrests growth of competent A. fumigatus hyphae and induces

conidiation in a dose-dependent manner.

To analyze the effects of brlA overexpression on developmentally competent hyphae, 18-
hour liqguid AMM shaking cultures of A. fumigatus were exposed to a range of concentrations of

doxycycline to induce brlA overexpression and cultured for a further 22 hours before determining
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fungal growth by measuring the dry weight of fungal biomass. The growth of wild type A.
fumigatus was unaffected at all concentrations of doxycycline tested, up to 14.58 pg/ml (Figure
4a). In contrast, the growth of competent hyphae of the brlA"°F mutant was reduced in a
doxycycline dose-dependent manner, with a MIC of 0.54 pg/ml doxycycline (Figure 4a). Visual
inspection of liquid cultures demonstrated that at this time point, hyphae of brlACF cultures treated
with sub-MIC concentrations of doxycycline had developed a light green pigment. All wild type
cultures of A. fumigatus remained white under these same conditions (Figure 4b). To determine if
this colour change was a consequence of the production of conidia, strains were examined by
confocal microscopy after 4 hours of doxycycline exposure (Figure 4c). Under these conditions,
brlA"CF cultures contained an abundance of conidiophores while untreated brlA"°F cultures and
wild type cultures contained hyphae only (Figure 4c). As was observed with pre-competent
hyphae, competent brlA'"©F cultures exposed to 0.18 pg/ml of doxycycline exhibited atypical
conidiophore morphology with reduced vesicule size and elongated phialides. However, at 0.54
pg/ml and 1.62 pg/ml, competent brlA™E cultures contained conidiophores with both normal and
atypical morphology as well as hyphal tips that differentiated into a spherical structure, similar in
appearance to a conidium but notably larger in size. At 1.62 pg/ml, regions of the brlA"°F mutant
hyphae also appeared to have undergone autolysis, resulting in the leakage of cytoplasmic contents
into the surroundings. Wild type cultures treated with doxycycline displayed no changes in fungal
morphology at this time point (Figure 4c). These results suggest that lower levels of brlA
overexpression reduce growth and induce conidiation of competent A. fumigatus hyphae in a dose-
dependent manner. These findings also indicate that in competent A. fumigatus hyphae, higher

levels of brlA overexpression induce the formation of normal and atypical conidiophores, cause
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changes to hyphal morphology including the formation of apical “budding” structures and

potentially autolysis, and lead to arrested vegetative growth in vitro.

As the level of brlA overexpression correlated with the duration of pre-competent A.
fumigatus growth inhibition and the rate of growth after breakthrough, we next sought to determine
the ability of competent hyphae to escape brlA-induced growth inhibition (Figure 5). Consistent
with previous findings, growth arrest of the brlA"E strain was observed at both low (1.5 pg/ml)
and high (20 pg/ml) concentrations of doxycycline, while no effect on wild type A. fumigatus
growth was observed (Figure 5). The duration of competent brlA"°% growth arrest at both
concentrations of doxycycline tested was similar and lasted for 3 days. Following breakthrough,
the mean radial growth rate of the brlA"F strain returned to a wild type level at both concentrations
of doxycycline, although some variability between replicates was observed (Figure 5). The
addition of 20 pg/ml doxycycline had no effect on the growth of the competent brlA°F strain
following breakthrough (data not shown), suggesting that fungal breakthrough was not a result of
doxycycline degradation over time. When grown on YPD media, exposure to both low and high
doxycycline concentrations resulted in growth inhibition of the competent brlA°F mutant for 2
days, after which the mean radial growth rate returned to a wild type level (Supplemental figure
S4). The growth rate of wild type A. fumigatus was unaffected under these same conditions

(Supplemental figure S4).

Taken together, these findings suggest that, consistent with our findings in pre-competent
hyphae, nutrient availability influences the duration of competent A. fumigatus growth arrest in
response to brlA overexpression. However, unlike pre-competent hyphae, increasing the level of
brlA overexpression above the growth inhibitory threshold does not influence the rate of competent

fungal breakthrough or growth rate thereafter.
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BrlA-mediated growth inhibition requires a functional brlA allele.

To probe the mechanism by which competent hyphae escape growth arrest, a competent
brlA"CE colony was isolated following breakthrough on solid YPD media (brlABT). This
breakthrough mutant, brlABT was able to grow on solid AMM in the presence of inhibitory
doxycycline concentrations as high as 20 pug/ml although at a reduced rate of growth as compared
to the no doxycycline control condition (9.5 mm/day vs 12.2 mm/day; Figure 6a). Similar findings
were observed on nutrient-rich solid YPD media, with a radial growth rate of 17.5 mm/day vs 25.3
mm/day in the presence or absence of doxycycline, respectively (Supplemental figure S5a). After
three days of growth on AMM, brlABT colonies were more compact and contained markedly less
green pigmentation in the presence of doxycycline as compared to doxycycline-free conditions
and wild type controls (Figure 6b). Collectively these data confirm that escape from doxycycline-
mediated growth inhibition was not a consequence of doxycycline degradation within media, but

is rather due to intrinsic changes within the fungus.

We therefore hypothesized that a spontaneous mutation had occurred within the brlA open-
reading frame (ORF) or the Tet-ON system of the brlABT mutant resulting in the loss of brlA
overexpression or the expression of a dysfunctional brlA in response to doxycycline. RT-gPCR
analysis confirmed that the brlABT mutant retained normal overexpression of brlA in response to
doxycycline (Figure 6¢), suggesting that the Tet-ON system remained functional in this mutant.
Sequencing of the brlA ORF identified a nucleotide insertion at position 1083, leading to a
frameshift mutation and the production of an altered BrlA protein, predicted to contain 24 altered
amino acid residues at the c-terminus and truncated by 42 amino acid residues (Supplemental

figure S5b). These findings add strength to the hypothesis that doxycycline-induced growth
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inhibition of the brlA"°F mutant is a direct consequence of brlA overexpression and not due to

secondary effects of the Tet-ON system.

Doxycycline reduces the virulence of an inducible brlA overexpression strain of A. fumigatus

in an invertebrate model of Aspergillus infection.

To determine if doxycycline could reduce the virulence of the brlA"E strain in vivo, larvae
of the Galleria mellonella moth were infected with wild type or brlA™°F mutant A. fumigatus
conidia with, or without 400 pg/ml doxycycline. Due to early pupation of uninfected larvae by day
5 post-infection, these experiments were restricted to 5 days. Five days after infection 47 % of
brlA-CE-infected, doxycycline-treated larvae had succumbed to infection as compared to 84 % of
brlA"E-infected, untreated larvae (Figure 7). Larvae infected with wild type A. fumigatus
displayed similarly high mortality of 100 % and 94 % for doxycycline-treated and untreated larvae,
respectively (Figure 7). These findings suggest that targeted upregulation of brlA significantly

reduces A. fumigatus virulence in an invertebrate model of IA.

Doxycycline attenuates the virulence of an inducible brlA overexpression strain of A.

fumigatus in a mouse model of invasive aspergillosis.

To determine if doxycycline could reduce the virulence of the brlA"E strain in an animal
model that more closely mimics a human infection, a neutropenic mouse model of invasive
aspergillosis was used (22, 23). As doxycycline-induced brlA overexpression was most effective
at inhibiting the growth of pre-competent A. fumigatus hyphae in vitro, mice were treated with
doxycycline prior to infection and throughout the course of the experiment as a prophylactic
strategy. Mice infected with the brlA"©F strain that received doxycycline survived significantly

longer than doxycycline-free mice (median survival times of 108 hours and 60 hours respectively;
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Figure 8a). The mortality rate of brlIA"°E-infected mice that received doxycycline was also reduced
as compared brlA'"©E-infected doxycycline-free mice (67 % vs 100 % respectively; Figure 8a).
Doxycycline had no effect on the survival of wild type-infected mice, with both groups exhibiting
a median survival time of 48 hours and a mortality rate of 94 % (Figure 8a). Pulmonary fungal
burden levels as measured by galactomannan (GM) quantification mirrored the results of these
survival studies. At 36 hours post-infection, pulmonary fungal burden of brlA°E-infected mice
that received doxycycline was significantly lower than those not receiving doxycycline or mice
infected with wild type A. fumigatus with or without doxycycline treatment (Figure 8b). Pulmonary
histopathology examination was consistent with the survival and pulmonary fungal burden
determination studies. Gomori methenamine-silver staining of lung sections at 36 hours after
infection revealed that the lungs of brlA"E-infected mice that received doxycycline contained
fewer fungal lesions than the other experimental groups, and these lesions were largely composed
of swollen conidia and short hyphae (Figure 8c). In contrast, brlA"E-infected mice that did not
receive doxycycline or mice that were infected with wild type A. fumigatus with or without
doxycycline treatment had more and larger pulmonary lesions that consisted mainly of long hyphae
(Figure 8c). Collectively these results suggest that overexpression of brlA early in fungal infection

attenuates fungal growth and virulence in a mouse model of invasive aspergillosis.

Although treatment with doxycycline increased the survival of brlA"°E-infected mice, the
majority of mice eventually succumbed to the infection. We therefore hypothesized that the
concentrations of doxycycline at the site of infection in these mice may be below the brlA"°E strain
MIC of 400 ng/ml, permitting fungal growth. To address this hypothesis, serum was collected from
infected mice at 36 hours post-infection, at the mid-point between the 3 and 4™ dose of

doxycycline, and the concentration of doxycycline was quantified using uHPLC-MS/MS. At this
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time point, the median serum concentrations of doxycycline in brlA"°E-infected and wild type-
infected mice were 290 ng/ml and 392 ng/ml, respectively (Supplemental figure S6a), suggesting
that the doxycycline concentrations were below the brlA"°E strain MIC of 400 ng/ml during much

of the infection course, likely allowing continued fungal growth.

To determine if increasing the serum doxycycline concentration of mice would improve
survival of mice infected with the brIA"°F mutant, the survival experiment was repeated with a 10-
fold higher dose of doxycycline administered every 12 hours via oral gavage. This dosage regimen
was chosen as it has been shown to effectively induce gene expression in a Tet-ON subcutaneous
xenograft mouse model (24) and the selected dosage can result in an accumulation of doxycycline
in mouse serum at concentrations over 10,000 ng/ml (25), well above the brlA™E strain MIC of
400 ng/ml. Serum doxycycline concentrations in infected mice were quantified, and the median
doxycycline concentrations in brlA"E- and wild type-infected mice were significantly higher at
5564 ng/ml and 4194 ng/ml, respectively (Supplemental figure S6b). With this higher doxycycline
exposure level, doxycycline treatment reduced the mortality rate of mice infected with the brlA-
°F mutant from 100 % to 25 % (Figure 8d). Taken together, these results illustrate a dose-dependent
relationship between doxycycline exposure and mortality in vivo, supporting the hypothesis that

overexpression of brlA reduces A. fumigatus virulence.

RNA deep-sequencing of pre-competent A. fumigatus hyphae exposed to high-level brlA
overexpression reveals altered expression of genes associated with metabolism, development

and virulence.

To explore the mechanisms by which high-level brlA overexpression mediates growth
inhibition of pre-competent hyphae and attenuates virulence, we performed a transcriptomic

analysis of pre-competent A. fumigatus hyphae exposed to doxycycline using RNA deep-
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sequencing. Expression analysis identified 143 genes that were highly downregulated and 165
genes that were highly upregulated in the brlACF cultures exposed to doxycycline as compared to
wild type A. fumigatus cultures. Genes involved in several metabolic processes were strongly
downregulated in the brlA"°F mutant treated with doxycycline. These processes include amino
acid metabolism, particularly lysine, glutamate and aspartate; plasma membrane (PM) structure
and transport; the synthesis of cell wall polysaccharides including galactosaminogalactan (GAG)
and chitin; as well as genes associated with the hypoxia stress response (Table 1). As predicted,
genes involved in conidiation were strongly upregulated in the brlA°E mutant following exposure
to doxycycline (Table 2). Additionally, genes involved in cell wall biosynthesis, oxidative
phosphorylation and stress responses including reactive oxygen species detoxification, metal
resistance and toxin efflux were also induced in response to doxycycline treatment (Table 2). These
results indicate that brlA overexpression in A. fumigatus leads to marked downregulation in the
metabolism of amino acids and a shift in A. fumigatus metabolism towards oxidative
phosphorylation, as well as alterations in cell wall composition with the reduced synthesis of the

immunosuppressive polysaccharide GAG.

Discussion:

In the present study, we have demonstrated that the expression of a single transcriptional
regulator, brlA, is sufficient to mediate activation of the conidiation pathway in A. fumigatus.
Overexpression of brlA inhibits vegetative growth in vitro and reduces virulence of this

opportunistic pathogen in two in vivo models of invasive Aspergillus infection.

The results of this study highlight important similarities between the conidiation programs

of A. fumigatus and A. nidulans. Consistent with what has been observed in A. nidulans (8), forcing
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brlA overexpression in competent A. fumigatus hyphae leads to inappropriate conidiation, induces
marked changes to hyphal and conidiophore morphology, and reduces vegetative growth in vitro.
The hyphal tip “budding” structures observed in brlA overexpressing A. fumigatus closely
resemble those reported in brlA-overexpressing A. nidulans (8). Induced brlA overexpression also
inhibits the growth of both Aspergillus spp. prior to their reaching developmental competency,
though the developmental phase at which growth arrest takes place differs between them. In A.
nidulans, brlA overexpression inhibits germination (8), while in A. fumigatus brlA overexpression
permits germination but rapidly arrests hyphal proliferation. These findings support a highly
conserved role for brlA in the conidiation programs A. fumigatus and A. nidulans and may suggest
that therapies that induce brlA overexpression could also reduce the virulence of other pathogenic

Aspergillus spp.

The effects of high-level brlA overexpression on competent A. fumigatus hyphae were
distinct from that of pre-competent hyphae. In competent hyphae, the rapid induction of both
normal and atypical conidiophores prior to growth arrest was observed. In addition, breakthrough
of brlA-mediated growth inhibition was more rapid, and the growth rate following escape was
similar to that of the wild type organism. It is possible that competent hyphae, when faced with
the selective pressure of brlA overexpression-induced growth arrest, are more prone to developing
resistance mutations that permit vegetative growth to proceed. Further studies will therefore be
required to compare the frequency and mechanism of spontaneous breakthrough mutations in
competent and pre-competent hyphae exposed to prolonged high-level brlA overexpression.
While relatively little is known about the importance of pre-competent states during the early
stages of an invasive A. fumigatus infection, the in vivo gene expression profile of A. fumigatus at

later time points of 24 hours post-infection and onwards is one of competent hyphae (26).
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Therefore, if the rapid development of resistance to brlA overexpression-induced growth arrest in
competent hyphae is confirmed in vitro, this may present an important obstacle in applying this
strategy for the treatment of an established A. fumigatus infection. Targeted brlA overexpression

may therefore be limited for use as prophylaxis against A. fumigatus in high-risk individuals.

Outside of the two C2H> zinc-finger domains of BrlA (9, 17), relatively little is known
about the functional domains of BrlA in A. fumigatus. The identification of a breakthrough isolate
that overexpresses a spontaneously mutated and apparently dysfunctional brlA in response to
doxycycline therefore presents a unique opportunity to address this gap in the scientific knowledge
surrounding brlA. Future studies will therefore focus on protein modeling of both the wild type
and the spontaneously mutated BrlA in order to analyze differences in both protein structure as
well as conformation that may explain the observed divergent responses of A. fumigatus to their
overexpression. In silico functional domain predictions would then be validated using reverse
genetics combined with the Tet-ON system, testing the effects of induced overexpression of brlA

functional domain mutants on A. fumigatus.

The Tet-ON system has demonstrated elevated basal expression levels in our hands as well
as others (27, 28), and lower levels of brlA overexpression were shown to activate conidiation in
our inducible brlA overexpression strain of A. fumigatus in vitro. A concern, therefore, was that
basal overexpression of brlA could activate conidiation during an infection, leading to fungal
dissemination. However, after extensive histopathological analysis, conidiophores could not be
found within the lungs of any mice infected with the inducible brlA overexpression strain or wild
type strain of A. fumigatus. The absence of conidiation in mice, despite serum doxycycline levels
falling below the MIC of 400 ng/ml may indicate an accumulation of doxycycline within lung

tissues. Evidence for this has been observed in rats where a significantly higher concentration of
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doxycycline was observed in lung tissue when compared to serum (29) though to our knowledge
a similar comparison has not been performed in mice. Alternatively, as the conidiation of A.
fumigatus is rarely observed during an invasive infection (7), other host or fungal factors may
actively suppress conidiation in vivo. Future studies will therefore focus on quantifying the level
of brlA and other conidiation-specific genes in the inducible brlA overexpression strain during a
mouse infection, to determine if other genes within the conidiation pathway of A. fumigatus are

suppressed under these conditions.

The results of our RNA deep-sequencing analysis provide important insights into the
possible mechanisms of brlA-overexpression induced growth inhibition and virulence attenuation

of pre-competent A. fumigatus hyphae.

Evidence for dysregulation of the mitotic cell cycle was observed in response to brlA
overexpression. Strong overexpression of the genes encoding a protein tyrosine phosphatase
NimT/Mihl as well as the 14-3-3 family protein ArtA. NimT is a Cdc25-type phosphatase that is
an essential regulator of cell cycle progression and growth in A. nidulans, in which a nimT-
deficient strain undergoes late G2- and M-phase arrest shortly after germination (30, 31). ArtA
plays a role in regulating germ tube formation and hyphal morphogenesis in A. nidulans.
Overexpression of artA in A. nidulans results in abnormal germ tube formation and hyphal
branching, as well as significantly reduced colony size (30). Strong upregulation of these two
genes in A. fumigatus in response to brlA overexpression likely indicates dysfunctional cell cycle

control, leading to defects in mitosis and, in turn, growth inhibition.

The observed downregulation of a putative phosphatidyl synthase gene combined with the
upregulation of a GPl-anchored serine-threonine rich protein gene with predicted

lysophospholipase activity may indicate an imbalance in the phospholipid plasma membrane
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composition of brlA-overexpressing A. fumigatus. Phosphatidyl synthases are involved in
phosphatidylcholine biosynthesis (32, 33), a major constituent of the Aspergillus niger plasma
membrane (34, 35), while lysophospholipases function to cleave plasma membrane phospholipids
(36). Secreted phospholipases have been identified in various pathogenic fungi including Candida
albicans and Cryptococcus neoformans (37) and have been implicated as virulence factors by
cleaving host phospholipids and thereby destabilizing the host plasma membrane and permitting
fungal penetration (36, 38). However, marked upregulation of this putative GPIl-anchored
phospholipase could result in its accumulation within the A. fumigatus cytoplasm, leading to
cleavage of fungal plasma membrane phospholipids and an imbalance in the phospholipid

composition of the A. fumigatus plasma membrane.

Finally, the results of our RNA deep-sequencing analysis may also indicate a role for brlA
in shifting A. fumigatus metabolism towards oxidative phosphorylation and away from hypoxic
metabolism. In brlA-overexpressing pre-competent hyphae, strong upregulation of genes encoding
putative enzymes involved in oxidative phosphorylation, including a cytochrome ¢ peroxidase
Ccpl, a cytochrome P450 and an NAD-binding Rossman fold oxidoreductase were observed (39-
42). Similarly, downregulation of genes encoding glutamate dehydrogenase and glutamate
decarboxylase was observed. These two enzymes are upregulated in A. nidulans under hypoxic
conditions and are believed to contribute to the assimilation and/or detoxification of excess
ammonia via the y-aminobutyric acid (GABA) shunt (43). Downregulation of srbB, encoding a
sterol regulatory element binding protein (SREBP) SrbB that is critical for the adaptation of A.
fumigatus to hypoxic growth conditions (44), as well as several previously identified SrbB-
dependent hypoxia response genes including hem13, alcC, rcfB, fhpA, frdA, pdcA (44, 45) were

also observed. Taken together, these findings indicate that during conidiation in A. fumigatus, BrlA
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may function to skew fungal metabolism towards oxidative respiration and repress metabolic
pathways important for hypoxic metabolism, potentially through the downregulation of SrbB. This
observation is consistent with the fact that conidiation is commonly observed in response to an air-
water or air-solid interphase, when A. fumigatus is exposed to increases in oxygen availability.
This shift away from adaptation to hypoxia may also contribute to attenuation of virulence, as
adaptation to the hypoxic pulmonary microenvironment during infection has been identified as a

critical virulence trait in A. fumigatus (44, 46, 47).

One important limitation of this study is that the RNA-deep sequencing was performed on
only a single sample, limiting statistical analyses and confidence in these results. Further studies
will therefore be required to validate these findings, including repeating the RNA deep-sequencing

experiment with a minimum of 2 more biological replicates.

The results of this study provide strong evidence that conidiation pathway dysregulation,
through the activation of brlA, is novel approach to reduce A. fumigatus vegetative growth in vitro
and virulence in vivo. We have therefore identified a novel target for antifungal therapeutics,
emphasizing the need for further studies to identify brlA-inducing small molecules that may one

day be used as prophylaxis against invasive A. fumigatus infection.
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Supplemental figure S1. Confirmation of the presence of the linear Tet-ON-brlA construct
and the absence of a circular autonomously replicating Tet-ON-brlA plasmid within the
brlA'©E strain of A. fumigatus. PCR screening of DNA extracted from one transformant
demonstrating resistance to the Tet-ON-brlA system’s drug selection marker pyrithiamine (brlA"
OF), of DNA extracted from the parental Af293 (Wild type), and of the circular Tet-ON-brlA
plasmid (Tet-ON-brlA). Target amplicons include the essential components of the linear Tet-ON-
brlA construct used for the transformation of Wild type A. fumigatus, with an expected length of
2.6 Kb (top), the non-essential components of the circular Tet-ON-brlA plasmid that were excluded
during the transformation of Wild type A. fumigatus, with an expected length of 2.1 Kb (middle),
and for the phoA gene of A. fumigatus, encoding for an acid phosphatase and functioning as a DNA

integrity control, with an expected length of 2.6 Kb (bottom). MWL = Molecular weight ladder
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Figure 1. Doxycycline induces brlA overexpression in a time- and dose-dependent manner.

brlA expression levels in the parental Af293 (Wild type), inducible brl4-overexpressing (brlAI_OE),
and conidiating Af293 (Wild type con+t) strains of A. fumigatus after 30 minutes or 3 hours
exposure to the indicated concentrations of doxycycline as measured by RT-qPCR. Gene
expression was normalized to the endogenous reference gene tef]/ and presented as fold change
relative to the wild type strain in the absence of doxycycline. Combined data of four independent
experiments is presented as the mean and range (as defined by the standard error of the delta Ct)

of four biological replicates, each in technical triplicate. ****: p <0.0001; two-tailed student’s t-

test. brid *EDOX (), brid - DOX (1.5 pg/ml) and brid " DOX (20 pg/ml) compared to wild

type DOX (-) at the same time point.
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Figure 2. briA overexpression inhibits the growth of pre-competent A. fumigatus hyphae in a
dose-dependent manner. Effects of bri4 overexpression on the growth and conidiation of

precompetent 4. fumigatus in liquid culture. (A) Crystal violet staining of the biomass of the

parental Af293 (Wild type) and inducible br/4 overexpressing strain (brlAI_OE) after 20 hours of
exposure to the indicated concentrations of doxycycline. Each data point represents the mean and
standard deviation of 4 technical replicates. (B) Differential interference contrast imaging of wild
type and brid"" strains after 20 hours exposure to the indicated concentrations of doxycycline.
White arrows indicate normal conidiophore formation, red arrows indicate stunted atypical
conidiophore formation and black arrows indicate hyphae that have undergone growth arrest. Scale

bars: 20 um. (C) Liquid shaking cultures of the wild type and brid""" strains after 24 hours of

exposure to indicated concentrations of doxycycline.
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Supplemental figure S2. Pre-competent A. fumigatus hyphae break through brid
overexpression-induced growth inhibition in a dose-dependent manner. Effects of bri4
overexpression on the growth and conidiation of pre-competent A. fumigatus in liquid culture.

Visual inspection of liquid shaking cultures of the parental strain Af293 (Wild type) and the

. . . . 1-OE o .
inducible bri4 overexpressing strain (bri4 ) after exposure to indicated concentrations of

doxycycline for 48 hours.
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Figure 3. Pre-competent A. fumigatus hyphae exhibit dose-dependent rates of breakthrough

and growth following bri4 overexpression-induced growth inhibition. Radial growth of the

parental Af293 (Wild type) and inducible bri4A overexpressing (erAI_OE) strains over 7 days of
exposure to the indicated concentrations of doxycycline on solid AMM media. Growth was
assessed by measuring the diameter of fungal colonies daily. Each data point represents the mean

and standard deviation of 3 biological replicates each with 1-2 technical replicates.
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Supplemental figure S3. Pre-competent A. fumigatus hyphae exhibit dose-dependent rates of
breakthrough and growth following bridA overexpression-induced growth inhibition on

nutrient-rich media. Radial growth of the parental Af293 (Wild type) and inducible briAd

) I-OE ) o .

overexpressing (brlA ) strains over 7 days of exposure to the indicated concentrations of
doxycycline on solid YPD media. Growth was assessed by measuring the diameter of fungal
colonies daily. Each data point represents the mean and standard deviation of 2 biological

replicates each with 1-2 technical replicates.
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Figure 4. briA overexpression induces conidiation and arrests growth of competent A.
fumigatus hyphae in a dose-dependent manner. Effects of hr/4 overexpression on the growth

and conidiation of competent A. fumigatus hyphae in liquid culture. (A) Biomass dry weight of the

parental Af293 (Wild type) and inducible brl4 overexpressing (erAI_OE) strains was quantified
after treating pre-grown hyphae with the indicated concentrations of doxycycline. Each data point
represents the change in dry weight normalized to dry weight of the same strain prior to
doxycycline treatment. (B) Appearance of cultures described in (A) at the indicated concentrations

of doxycycline prior to harvesting fungal biomass. (C) Differential interference contrast imaging

of pre-grown wild type and brid " hyphae after 4 hours of exposure to the indicated
concentrations of doxycycline in liquid AMM static cultures. White arrows indicate conidiophore
formation, red arrows indicate atypical conidiophore formation, black arrows indicate apical and
subapical budding and blue arrows indicate rupturing of the hyphal cell wall and leakage of

cytoplasmic content into the surrounding media. Scale bars: 20 pm.
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Figure 5. The growth rate of competent A. fumigatus hyphae following bri4 overexpression-

induced growth arrest is similar to wild type. Radial growth of the parental Af293 (Wild type)

and inducible bri4 overexpressing (brlAI_OE) strains over 6 days following treatment with the
indicated concentrations of doxycycline on solid AMM media. Growth was assessed by measuring
the diameter of fungal colonies daily. Each data point represents the mean and standard deviation

of 2 biological replicates each with 1-2 technical replicates.
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Supplemental figure S4. The growth rate of competent A. fumigatus hyphae following bri4

overexpression-induced growth arrest is similar to wild type on nutrient-rich media. Radial

growth of the parental Af293 (Wild type) and inducible br/4 overexpressing (brlAI_OE) strains over
6 days following treatment with indicated concentrations of doxycycline on solid YPD media.
Growth was assessed by measuring the diameter of fungal colonies daily. Each data point

represents the mean and standard deviation of 2 biological replicates each with 1-2 technical

replicates.
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Figure 6. Overexpression of bri4 containing a spontaneously generated mutation reduces A.

fumigatus growth and conidiation in vitro. (A) Radial growth of the parental Af293 (Wild type),
the inducible brl4 overexpressing (brlAI_OE), and the spontaneous brlAI_OE breakthrough isolate

(brlABT) strains over 6 days following treatment with 20 pg/ml doxycycline on solid AMM media.
Growth was assessed by measuring the diameter of fungal colonies daily. Each data point

represents the mean and standard deviation of 3 technical replicates. (B) Appearance of the wild
I-OE BT . . . .
type, brlA ~ and bri4  strains after 3 days of growth under the conditions described in (A). (C)

Gene expression levels of br/4 in the wild type, brlAI_OE, brid” and conidiating parental Af293
(Wild type con+) strains after exposure for 3 hours to 20 pg/ml doxycycline as measured by RT-
qPCR. Gene expression was normalized to the endogenous reference gene tef/ and presented as
fold change relative to wild type in the absence of doxycycline. Data are presented as the mean

and range (as defined by the standard deviation of the delta Ct) of three technical replicates. ****:

p < 0.0001; two-tailed student’s t-test. brlAI_OE DOX (-), brlAI_OE DOX (1.5 pg/ml) and brlAI_OE

DOX (20 png/ml) compared to wild type DOX (-) at the same time point.
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Supplemental figure S5. Prolonged overexpression of brid in A. fumigatus growing on
nutrient-rich media results in a spontaneous mutation within bri4 that permits growth but

impairs conidiation. (A) Radial growth of the parental Af293 (Wild type), the inducible br/A

overexpressing (brlAI_OE), and the spontaneous brlAI_OE breakthrough isolate (erABT) strains over
7 days of exposure to 20 pg/ml doxycycline on solid YPD media. Growth was assessed by
measuring the diameter of fungal colonies daily. Each data point represents the mean and standard
deviation of 3 technical replicates. (B) Amino acid sequences of the wild type br/4 ORF and the
brid"" Tet-ON brid ORF as determined by Sanger sequencing of genomic DNA and in silico

translation to protein. Blue highlight indicates region unique to the wild type BrlA and yellow

highlight indicates the mutated region unique to the briA" Tet-ON BrlA.
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Figure 7. Doxycycline reduces the virulence of the inducible brl4 overexpression strain of 4.
Sfumigatus in an invertebrate model of invasive aspergillosis. Survival of Galleria mellonella

larvae infected with conidia of the parental Af293 (Wild type) and the inducible briA4
overexpressing (brlAI_OE) strains in the presence of 3 ng doxycycline. n = at least 32 larvae per
group from 3 independent experiments. *: p < (0.05; Mantel-Cox log rank test comparing brlAI-OE
(DOX -) to wild type (DOX -); ****: p < 0.0001; Mantel-Cox log rank test comparing brlALOE

(DOX +) to brid " (DOX -).
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Figure 8. Doxycycline reduces the virulence of the inducible br/4 overexpression strain of A.
fumigatus in a mouse model of invasive aspergillosis. (A) Survival of neutropenic BALB/c mice

receiving daily intraperitoneal injections of 10 mg/kg doxycycline and infected with conidia of the

parental Af293 (Wild type) or the inducible brl4 overexpressing (brlAI_OE) strains. n = at least 16

mice per group from 2 independent experiments. ****: p < 0.0001; Mantel-Cox log rank test

comparing brid " (DOX +) to brid " (DOX -). (B) Pulmonary fungal burden of mice infected
and treated as in (A) at 36 hours post-infection as determined by quantifying pulmonary

galactomannan content. n = 8 mice per group. ***: p <0.001; Wilcoxon rank-sum test comparing

brlAI_OE (DOX +) to brlAI_OE (DOX -). (C) Gomori methenamine-silver stained lung sections from
mice infected and treated as in (A) at 36 hours post-infection. (D) Survival of neutropenic BALB/c

mice receiving 100 mg/kg doxycycline every 12 hours via oral gavage and infected with conidia
of the wild type or brid " strains. n= 8 mice per group. ***: p <0.001; Mantel-Cox log rank test

comparing brlAI_OE (DOX +) to brlAI_OE (DOX -).
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Supplemental figure S6. Doxycycline levels in infected mouse serum. Serum doxycycline
concentration in neutropenic BALB/c mice receiving either (A) daily intraperitoneal injections of

10 mg/kg doxycycline, or (B) 100 mg/kg doxycycline every 12 hours via oral gavage, and infected

with conidia of the parental Af293 (Wild type) or inducible brl4 overexpressing (brlAl-OE) strains,

as determined using uHPLC-MS. Data represent the median of 3 mice from a single experiment.
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Common name
Amino acid metabolism
Homocitrate synthase HcsA
Glutamate dehydrogenase, putative
Glutamate decarboxylase, putative
Aspartate aminotransferase, putative
Aspartate transaminase, putative
Plasma membrane
Phosphatidyl synthase, putative
Plasma membrane H+ ATPase Pmal
GPR/FUN34 family protein
Cell wall polysaccharide metabolism
GPl-anchored endochitinase ChiAl, putative
Extracellular serine-threonine rich adhesin protein,
putative
UDP-glucose 4-epimerase Uge3
Extracellular serine-rich deacetylase Agd3
Cell wall glycoside hydrolase Aspf9/Crf1
Stress response
Coproporphyrinogen |ll oxidase Hem13, putative
Flavohemoprotein FhpA, putative
Mitochondrial cytochrome b2, putative
Uncharacterized protein
Hypoxia responsive domain protein RcfB, putative
FAD-dependent oxidoreductase FrdA, putative
NAD-dependent formate dehydrogenase Fdh/AciA,
putative
Uncharacterized protein
HLH SREBP DNA binding domain protein SrbB
Mannitol-1-phosphate 5-dehydrogenase MpdA

Zinc-dependent alcohol dehydrogenase AlcC, putative

Pyruvate decarboxylase PdcA, putative

Locus

AFUA_4G10460
AFUA_4G06620
AFUA_6G13490
AFUA_6G02490
AFUA_2G09650

AFUA_4G11720
AFUA_3G07640
AFUA_2G04080

AFUA_5G03760

AFUA_3G13110
AFUA_3G07910
AFUA_3G07870
AFUA_1G16190

AFUA_1G07480
AFUA_4G03410
AFUA_4G03120
AFUA_1G03610
AFUA_1G12250
AFUA_7G05070

AFUA_6G04920
AFUA_1G13990
AFUA_4G03460
AFUA_2G10660
AFUA_5G06240
AFUA_3G11070

Wild type
(DOX +)

1.02
1.06
1.11
0.97
1.03

1.33
1.12
0.93

0.98

0.90
0.87
0.84
0.99

0.95
1.03
0.87
1.05
1.09
1.03

1.25
1.02
1.20
1.29
0.91
1.04

bria™*
(DOX -)

1.23
0.56
0.38
1.23
0.80

0.93
0.93
1.08

0.54

0.61
1.12
1.19
0.42

0.65
0.62
1.10
0.61
0.64
0.55

0.14
1.24
0.85
0.91
0.53
0.63

briA™*

(DOX +)

0.33
0.20
0.46
0.43
0.37

0.32
0.48
0.45

0.27

0.19
0.16
0.24
0.28

0.39
0.32
0.38
0.33
0.42
0.40

0.11
0.47
0.48
0.26
0.40
0.48

Table 1. Downregulated genes in brid-overexpressing pre-competent A. fumigatus hyphae.

Differentially expressed genes in pre-competent parental Af293 (Wild type) as compared with the

inducible brlA overexpressing (brlAI-OE) strain after 30 minutes exposure to 20 ug/ml doxycycline,

as measured by RNA deep-sequencing. Gene expression was normalized using the FPKM method

and presented as fold change relative to wild type in the absence of doxycycline.
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Common name
Conidiation
C2H2-type master regulator of conidiation BrlA
C2H2 transcription factor Ace2/Swi5, putative
Hydrophobin RodB
Plasma membrane
GPl-anchored serine-threonine rich protein, putative
Cell wall protein biosynthesis
Cell wall protein, putative
GPI anchored adhesin-like protein, putative
Protein glycosylation
Alpha-1,2-mannosidase
Cell cycle regulation
RNP domain protein
mMRNA binding protein Pumilio 2, putative
Protein tyrosine phosphatase NimT/Mih1, putative
14-3-3 family protein ArtA, putative
Oxidative phosphorylation
Cytochrome c peroxidase, Ccpl, putative
Cytochrome P450, putative
NAD-binding Rossman fold oxidoreductase, putative
Stress response
GTP cyclohydrolase Il, putative
Zinc/cadmium resistance protein
MFS toxin efflux pump, putative
2-methylcitrate dehydratase, putative
Calnexin homolog CIxA
Zinc-containing alcohol dehydrogenase, putative

Locus

AFUA_1G16590
AFUA_3G11250
AFUA_1G17250

AFUA_1G03630

AFUA_5G08180
AFUA_1G11220

AFUA_4G10070

AFUA_6G12300
AFUA_6G04310
AFUA_6G08200
AFUA_2G03290

AFUA_4G09110
AFUA_8G00962
AFUA_4G10190

AFUA_2G01220
AFUA_2G14570
AFUA_6G02220
AFUA_6G03730
AFUA_4G12850
AFUA_1G04620

Wild type
(DOX +)

0.91
1.08
0.99

0.99

1.28
1.01

0.90

0.99
1.00
1.01
1.02

1.02
1.00
1.02

1.04
1.07
0.92
1.07
0.97
1.15

bria"*
(DOX -)

10.05
1.18
1.04

0.93

231
0.68

1.03

1.11
1.13
1.32
1.13

1.07
0.97
0.82

0.83
0.99
1.22
1.17
1.00
1.06

briA™*

(DOX +)

88.38
8.85
2.05

3.90

130.08
2.11

4.05

4.32
5.17
3.98
2.20

2.84
2.73
15.22

3.21
3.79
5.03
3.54
2.06
2.32

Table 2. Upregulated genes in bri4-overexpressing pre-competent A. fumigatus hyphae.

Differentially expressed genes in pre-competent parental Af293 (Wild type) as compared with the

inducible brlA overexpressing (brlAI-OE) strain after 30 minutes exposure to 20 ug/ml doxycycline,

as measured by RNA deep-sequencing. Gene expression was normalized using the FPKM method

and presented as fold change relative to wild type in the absence of doxycycline.
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With the ever-increasing use of immunosuppressive therapies in the clinic, opportunistic
fungal pathogens have become a significant threat to human health (53, 91, 92). A. fumigatus is
the most common cause of invasive mould disease in humans, and infections caused by this species
have been historically challenging to treat (45, 53, 72, 78, 90). Few classes of antifungals have

been developed with activity against A. fumigatus, and new antifungal targets are urgently needed.

In this study, we sought to investigate a novel target for the treatment of IA. In the
environment, A. fumigatus propagates through the abundant production of microscopic airborne
conidia, which are ubiquitous in nature. Susceptible humans are infected by inhalation of these
airborne conidia (8, 9, 93). A balance exists between conidiation and vegetative growth in A.
fumigatus, whereby growth is reduced during conidiation (24). A. fumigatus rarely undergoes
conidiation during an invasive human infection, permitting the bulk of its metabolic energy to be
directed towards vegetative growth. We therefore hypothesized that induced activation of
conidiation during an invasive infection would suppress A. fumigatus vegetative growth, impairing
the ability of this organism to cause disease. To test this hypothesis, we developed a strain of A.
fumigatus that overexpresses brlA, a key regulatory gene of the conidiation pathway in Aspergillus
spp. (22, 24), in response to an inducer molecule, doxycycline. We analyzed the in vitro effects of
induced overexpression of brlA on A. fumigatus growth and conidiation at two distinct
developmental time points in vitro and the effects of induced brlA overexpression on A. fumigatus
virulence in two in vivo models of 1A. Finally, we used an exploratory RNA deep-sequencing
analysis of pre-competent hyphae of the inducible brlA overexpression strain after exposure to
doxycycline to investigate possible mechanisms of brlA overexpression-induced growth inhibition

at the gene expression level.
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The findings of our study, as demonstrated in chapter 2, indicate that induction of brlA
overexpression in vitro is sufficient to induce conidiation in competent hyphae and reduce the
growth of A. fumigatus at all stages of development. The level of brlA overexpression dictates the
effects on A. fumigatus hyphae, with lower levels inducing conidiation and higher levels inhibiting
vegetative growth. The effects of high-level brlA overexpression on fungal growth are most
pronounced in pre-competent hyphae which exhibit a longer duration of growth inhibition and
reduced rates of breakthrough and growth thereafter. Doxycycline treatment protects G. mellonella
larvae during infection with the inducible brlA overexpression strain of A. fumigatus but not during
infection with wild type A. fumigatus. Similarly, in a neutropenic mouse model of IA, doxycycline
protects mice from infection with the inducible brlA overexpression strain of A. fumigatus. These
mice exhibit reduced mortality, reduced pulmonary fungal burden and in vivo fungal growth
inhibition as compared to untreated mice infected with the inducible brlA overexpression strain or
mice infected with wild type A. fumigatus. RNA deep-sequencing of pre-competent hyphae
following induced brlA overexpression demonstrates changes in the expression of genes associated
with amino acid metabolism, plasma membrane and cell wall composition, cell cycle regulation
and the balance between normoxic and hypoxic metabolism. This proof-of-concept study
demonstrates that doxycycline treatment significantly reduces virulence of an inducible brlA
overexpression strain of A. fumigatus in vivo, suggesting that inducing brlA overexpression may

hold promise as a viable approach to antifungal therapy against 1A.

The Tet-ON system has been reported to result in elevated basal expression levels of the
gene of interest (94, 95), a finding reproduced in our studies. This overexpression been attributed
to the A. nidulans oliC minimal promoter driving gene expression in the absence of the inducer

molecule doxycycline (96). Supporting this hypothesis, replacing the oliC minimal promoter with
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an upstream region of the A. nidulans tpiA gene, which encodes a triosephosphate isomerase,
results in a marked reduction in basal expression levels of the Tet-ON system (96). This strategy
could therefore be used optimize the Tet-ON system and generate an inducible brlA overexpression

strain with a lower basal level of brlA expression.

The results of our RNA deep-sequencing analysis provide unique insight into the effects
of induced brlA overexpression on pre-competent A. fumigatus hyphae at the gene expression
level. Overexpression of brlA was associated with strong downregulation of genes involved in cell
wall polysaccharide metabolism, most notably, the UDP-glucose 4-epimerase (uge3) and an
extracellular serine-rich deacetylase (agd3) which are essential for the synthesis and function of
the polysaccharide virulence factor GAG (97, 98). Previously, our group identified uge3 and agd3
as being strongly downregulated in a stuA-deficient strain of A. fumigatus (97). The product of the
stuA gene is essential for appropriate conidiation in A. fumigatus through the regulation of brlA
(19, 41). Our findings support this hypothesis, as induced overexpression of brlA led to marked
downregulation of uge3 and agd3 with no effect on the expression level of stuA. Taken together,
these findings may also indicate that an appropriate level of brlA expression is required to maintain
normal GAG production in A. fumigatus, and if the level of brlA expression is downregulated or
upregulated outside of this range, GAG production is adversely affected. GAG is a proven
virulence factor of A. fumigatus, mediating adherence of the fungus to host cells and abiotic
substrates, acting as a protective barrier to antifungals and masking fungal pathogen-associated
molecular patterns (PAMPs) such as B-glucans, from detection by host immune cells (97). The
ability to inhibit A. fumigatus growth and GAG production through the induced upregulation of a

single transcriptional regulator — brlA — demonstrates the diverse roles brlA plays in the fitness and
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virulence of this opportunistic pathogen, and further supports brlA induction as a viable new target

for antifungal therapy.

Previously our group reported that brlA is necessary for the downregulation of ribosomal
protein gene expression in A. fumigatus following nitrogen depletion (26). We therefore
hypothesized that the observed growth inhibition of pre-competent hyphae following induced brlA
overexpression was due to brlA-mediated downregulation of ribosomal protein genes, resulting in
a transition to metabolic inactivity. Interestingly however, we failed to observe dysregulation of
any ribosomal protein genes that were identified in our previous study. This observation may
suggest that while brlA is essential for the down-regulation of ribosomal protein gene expression
during nitrogen depletion, induced overexpression of brlA does not recapitulate this starvation
response and an alternative mechanism must exist by which high-level brlA overexpression

inhibits the growth of pre-competent A. fumigatus hyphae.

As described in chapter two, RNA deep-sequencing of brlA overexpressing pre-competent
hyphae demonstrated strong upregulation of genes associated with oxidative phosphorylation (99-
102), as well as downregulation of genes previously associated with the adaptation response to
hypoxia in A. fumigatus and A. nidulans (103-105). These findings indicate that during conidiation
in A. fumigatus, brlA may function to skew fungal metabolism towards oxidative respiration and
repress metabolic pathways important for hypoxic metabolism. Adaptation to the hypoxic
pulmonary microenvironment during infection has been identified as an important virulence factor
in A. fumigatus (103, 106, 107). We therefore hypothesize that inducing brlA overexpression in A.
fumigatus under hypoxic growth conditions would compromise the hypoxia adaptation response
and impair fungal fitness. To test this hypothesis, the in vitro doxycycline MIC of the inducible

brlA overexpression strain will be compared under hypoxic and normoxic culture conditions to
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determine if MIC values are reduced under hypoxia. The inverse experiment could also be
performed in vivo using hyperbaric oxygen (HBO). Previous studies have shown that HBO can be
used to alter in vivo oxygen levels at the site of an infection (108, 109) and that HBO reduces A.
fumigatus growth in vitro and virulence in a chemotherapy mouse model of 1A (110). It is possible
therefore that sub-inhibitory levels of brlA overexpression could restore A. fumigatus virulence in
the presence of HBO by forcing A. fumigatus metabolism towards oxidative respiration and
improving fungal fitness in an elevated oxygen environment in vivo. To test this hypothesis, low
doses of doxycycline could be administered to mice infected with the inducible brlA
overexpression strain of A. fumigatus in the presence and absence of HBO and fungal growth and

virulence assessed using similar methods described in chapter two of this thesis.

In brlA overexpressing pre-competent hyphae, the most highly dysregulated gene
identified by RNA deep-sequencing was that encoding a putative cell wall protein
(AFUA _5G08180) with 130-fold upregulation relative to wild type A. fumigatus. Previously, this
gene has been identified as significantly downregulated in a 5-azacytidine-induced developmental
variant strain of A. fumigatus (111) which has impaired brlA expression and conidiation. These
findings are consistent with direct regulation of this putative cell wall protein gene by BrlA, and
further support that high-level brlA overexpression results in dysregulation of A. fumigatus cell
wall biosynthesis. Determining the effects of brlA overexpression on cell wall composition will be

an obvious next step in confirming this hypothesis.

The results of our transcriptome analysis provide several clues as to a possible mechanism
of brlA overexpression-induced growth inhibition of pre-competent hyphae. These include
alterations in plasma membrane composition through dysregulated expression of genes encoding

a putative phosphatidyl synthase and a GPIl-anchored serine-threonine rich protein gene with
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predicted lysophospholipase activity, or alternatively, dysregulation of the cell cycle through nimT
and artA, as discussed in detail in chapter two of this thesis. However, due to a lack of biological
replicates in our RNA deep-sequencing assay, these findings must be replicated and further
validated in vitro. Future studies will therefore include repeating the RNA deep-sequencing with
at least two more biological replicates and validating differentially expressed genes in vitro using
RT-gPCR. Differentially expressed genes that have an already well-defined phenotype can also be
used to increase confidence in the findings of our RNA deep-sequencing analysis. For example,
we observed strong downregulation of the UDP-glucose 4-epimerase (uge3) which is essential for
GAG biosynthesis (97). To validate these findings, we will quantify the amount of cell wall-bound
GAG on the inducible brlA overexpression strain of A. fumigatus after exposure to doxycycline
using a fluorescent lectin stain known to bind GAG (97) and compare the mean fluorescence
intensity with that of doxycycline untreated and wild type A. fumigatus with or without

doxycycline.

Further studies will also be required to validate brlA induction as a viable new target for
antifungal therapeutics. We have shown, as proof of concept, that targeted upregulation of brlA
reduces A. fumigatus virulence in a mouse model of IA. The identification of small molecules that
induce overexpression of native brlA, and elucidating their effects on the growth and virulence of
wild type A. fumigatus isolates are important next steps. We are therefore in the process of cloning
a fluorescent brlA reporter strain of A. fumigatus, in which the native brlA locus is replaced with
the gene encoding green fluorescent protein (GFP). This strain will be tested for GFP expression
in a high-throughput screening (HTS) assay with a library of small molecules. By replacing the
native brlA ORF with GFP, any molecule that interacts with the native brlA promotor to induce

gene expression will activate GFP expression, thus providing a fluorescent signal that can be
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quantified. Molecules that induce GFP will then be validated using wild type A. fumigatus,
assessing their effects on brlA expression, conidiation, growth, and virulence using methods
previously described. Ultimately, any small molecule capable of inducing brlA overexpression in
wild type A. fumigatus will also be tested in combination with conventional antifungals to assess

their synergistic potential both in vitro and in vivo.

The natural polyphenol curcumin inhibits the growth and filamentation of Candida
albicans as well as several other non-albicans Candida spp. in vitro, and treating infected mice
with curcumin significantly reduces the fungal load within their kidneys (112). The antifungal
effects of curcumin are attributed to the upregulation of tupl, which encodes a global suppressor
of genes involved in the filamentation pathway of Candida spp. (112, 113). Another naturally
occurring polyphenol eugenol inhibits the growth of A. fumigatus (114) and Aspergillus flavus
(115) invitro. In A. flavus, eugenol treatment leads to a marked increase in the expression of brlA,
as determined through RNA deep-sequencing (115). These findings suggest that naturally
occurring polyphenols may serve as a logical starting point for the identification of natural inducers

of conidiation.

Overall, the results of this study provide strong evidence that conidiation pathway
dysregulation, through the activation of brlA, reduces A. fumigatus growth in vitro and attenuates
the virulence of this opportunistic pathogen in two distinct in vivo models of 1A. Further work will
be required to overcome the limitations of our strategy, notably adapting this approach to wild type
strains of A. fumigatus. The results of our proof-of-concept study support the induction of brlA as
anovel target for antifungal therapy and thus lay the groundwork for the development of an entirely

new class of antifungals against 1A. More broadly, our study illustrates the diversity of functions
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regulated by a single transcriptional regulator — brlA, thus highlighting the possibility of targeted

dysregulation of other transcriptional regulators as an antifungal strategy against A. fumigatus.
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