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Abstract

Aspergillus fumigatusrepresents an ew@resent threat for vulnerable
individuals as fungal conidia are ubiquitous and are inhaled daily. Infection occurs
whenoptimal conditionsarepresent resultingh arangeof diseasestatesprimarily in
thecontextof preexistingung damageandimmunosuppressiomespitethethreatthis
species imposes it appears to be an accidental pathogen as its primary niche is as a
saprophyten decayingplantmatter.Survivalin the soil hasshapedA. fumigatudraits
that facilitate survival in human host. This existence also equifpégmigatuswith
an array of effectors that have crasactivity through targeting of conserved
mechanisms which can be repurposed to survive in the human body. The human lung
is aterminalhostfor fungaldevelopmenanddisseminatiormndassuchthefunguscan
only aim to survive but not disseminate. The lung represents a hostile environment
consisting of challenges from the innate immune response, nutrient limitation and
competitionwith microorganismgompetingfor thesamedimited resources. Thetes
of A. fumigatusnfectionsareincreasingglobally, compoundedby climatechangeand
therisein drugresistanstrain.Despitethegrowingburdenof diseasethe mechanisms
governing host adaptation and persistence remain poorly elucidedezkamine the
host adaptation processes occurrinthelung, phenotypi@ndproteomic analysis of
A.fumigatuggrowthin responséo isolatedaspect®f this environmentvasperformed.

Examination ofA. fumigatusdevelopment usingsalleria mellonellaas an
innateimmune system analogue, patterns regarding fungal metabolic preferences and
virulence factor production have been further characterised. Prolonged subculture of
A. fumigatuswithin an agar system containing components of the immune response
and the nutritional profilef G. mellonellaidentified reduced virulence and increased
tolerance to oxidative stress and antifungal agents. These changes were governed by
minor alterationto thefungalproteomesuggestingherequirements$or survivalasan
environmentasaprobedo persistencén ahumanhostmaynotbeadifficult transition.
Examinatiorof releasedungalproteinsin vivoin G. mellonellademonstratedninitial
preferencdor carbonmetabolism and an emphasis on amino acid metabolism in later
stages of infection which may fuel the production of fungal secondary metabolites.
Similar trends were observed in tBevivo pig lung (EVPL) model, an analogue of
hostlungtissue whereA. fumigatusnducedmmuneactivationandfibrosiswithin the
tissue. Similar metabolic patterns and secondary metabolites were detected during
colonisation in this model. Characterisation of fungal growth in response to bacterial
lung pathogens identified secreted producKidbsiella pneumoniaeould induce
secondary metabolite production including gliotoxin and inhibited fungal growth.
Physical interaction withP. aeruginosaalso demonstrated inhibited fungal
development in the EVPL model. These studies provide key insight into the initial
interaction of the fungus to its host and highlights key metabolic and fungal
developmentdiactorsintegralto successfutolonisationThesansightscanbeutilised
in thedevelopmenbf nextgenerationmoreeffectiveandspecificantifungalagentgo
treat this deadly disease.
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1.1 The Global burden of Fungal disease

Fungi comprise a eukaryotic kingdom of life that diverged from a common
ancestor with animalia over 1 billion years ago (Watgal, 2023). Since this
divergence this vast kingdom, ranging from single celled to complex multicellular
organisms has impacted other organisms through complex relationships forged over
evolutionarytime (BahramandNetherway 2022). Thevastreachof this kingdomcan
be partially attributed to the ability of its multicellular species to grow indefinitely as
acylindricalmultinucleatedellsknownashyphae This morphologyin additionto the
extreme metabolic diversity observed in fungi enabled them to conquer numerous
ecol ogi cal niches (Naranjo Ortiz and Gab
bacteria and fungi compete in the soil and other niches, and as a result they have
evolveddiverserangeof effectormoleculesandstrategiesiominatetheir competitors.
Thesencludeantibiotics, toxigroteinsandnutrientsequesteringnoleculegGranato
etal., 2019).Thesenaturallyoccurringeffectorshavebeenharnessedndmodifiedby
humanity to combat life threatening diseases. Penicillin was first isolated from
Penicillium rubensby Sir Alexander Fleming (Fleming, 1929). Other significant
antibioticclassessolatedfrom fungiincludecephalosporindusidansfusafunginand
fumigacin (hel veapnaal,2@28)d) (Sugkowska

Despite these benefits to humanity a small percentage of fungal species have
the capacity to cause infections among vulnerable individuals. Among the estimated
2.2 to 3.8 million fungal species on Earth (Hawksworth and Lucking, 2017), only
several hundred cause disease in immunocompromised patients, and fewer can affect
immunocompetent individuals (Kohlet al, 2015). This is often attributed to the
coevolution of animals and fungi resulting in the development of a potent immune
response as a result of constant exposure to microbes. This resistance to fungal
pat hogens observed in mammals i s hypot he
conveying evolutionary advantage to mammals enabling them to emerge as the
dominant land species (Casadevall, 2012). Despite this, fungi have also adapted to
overcome or persist in the presence of the immune response through growth in other
host species including insects and amoebae before encountering and colonising
humans hosts (Novohradskéal, 2017). This ceevolutionary process has selected
for fungi with adapted traits that facilitate persistence despite the hostile environment
present in human hosts. Some of these pathogenic fungi are commensalsn found

the gastrointestinaract and mucosalsurfacessuch as membersof the Candida
3



genus (Gow and Hube, 2012). These species can outcompete other commensals or
overgrowfollowing antibiotictherapyresultingin opportunistianfection (Kumamoto

etal., 2020).0Othersareenvironmentafungi thatareinhaledor introducedo thebody

through wounds such as members of Mecoralesorder andAspergillus genus
(Oliveiraet al, 2023).

The global burden of fungal disease is estimated to have an annual incidence
of 6.5 million invasive fungal infections resulting in 3.8 million deaths, of which
approximately 2.5 million were directly attributable to fungi (Denning, 2024). This
would suggest that mortality associated with fungal disease is comparable to that of
tuberculosis and 3 times higher than malaria (Bongahad, 2017). The number of
atrisk individualsfor fungaldiseasés likely to increaseasthenumbersof susceptible
patiens with HIV/AIDS, tuberculosis (TB), chronic obstructive pulmonary disease
(COPD), asthma and cancers have increased (Rarle 2025; Golettiet al., 2025;
Boerset al, 2023; Kimet al, 2025; Siegekt al, 2024). In addition, climate change
hasincreased thgeographical rangef many fungal pathogens (Georgeal, 2025).

The evolution of thermotolerance, in response to rising environmental temperatures
correlatedwvith therisein emergingungal pathogensuchasthatobservedn Candida

auris (Nnadi and Carter, 2021). The growing prevalence of fungal disease highlights
the pressing need to understand the factors governing pathogenesis and persistence in
human hosts. This understanding can be employed to develop more effective and
specific antifungal agents to bolster the dwindling supply of effective antifungal
therapies in order to protect vulnerable cohorts and stave off the rising tide of fungal

disease.
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Figure 1.1: Fungal pathogens designated as critical, high and medium priority by the
World Health Organisation marking their route of exposure as either commensal or
environmental in nature published by (Broetral, 2019)

1.1.1Hostadaptation within fungi

Host adaptation can be defined as the ability of a pathogen to circulate and
cause disease in a particular host population (Kingsley and Baumler, 2000). This can
include the assessment of factors such as colonisation, nutrient acquisition, and
immuneevasion(BarberandFitzgerald,2024).Hostadaptationis typically shapedy
the stressomndhostantagonismhatmust beovercomean orderfor colonisatiorto be
successful. Many fungal pathogens demonstrate traits indicating that host specific
selection is occurring as exemplified Bgpergillus flavusvhose genetic diversity
significantlydecreasetbllowing continuedexposurego ahostindicatinghostselection
and genetic bottlenecking occurred (Scully and Bidochka, 2006). Other pathogens
displayspecificimmuneevasionprocessesuchascapsulesheddingoy Cryptococcus
neoformanswhich was serial passaged @alleria mellonellalarvae resulting in

downregulation of host haemocyte hydrogen peroxide productiorefAli, 2020).



Candidaspecies, which are often commensals in the human body regulate specific
sets of genes, associated with stress mitigation and metabolic pathways, in order to
thrive in the human host. In addition to conferring metabolic flexibility and stress
resistance, physiological reprogramming has been associated with enhanced virulence
through impaired immune recognition, increased biofilm formation, and acquired
antifungal tolerance (Alvest al, 2020). Understanding how these factors change in
response to a host can provide insights into microbial strategies for colonisation and
provide targets for more effective therapeutics. Similar-hagdaptation strategies

may be utilised byAspergillus fumigatusluring development in humans hosts and

understanding these is crucial to overcoming its impact.

1.2 Aspergillusfumigatus

Aspergillus fumigatuss a filamentous fungus belonging to the subphylum
Pezizomycotinaagroupcharacterizethy septatdhyphaegachwith aspecializegore
andtheability to produceworoninbodiesthatcansealthe poreif hyphaearedamaged
(Beck et al, 2013). The natural niche &f. fumigatusis composting plarivaste
materialin thesoil, whichis knownto contributeto the specieshermotolerancaypto
70°C(Zhangetal., 2022).This fungusis highly evolvedfor success irolonisingsoil
and withstanding competition, providing some strains with the ability to colonise and
cause disease in a compromised human or animal hosts upon entering the lungs
(Paulussert al, 2016).A. fumigatugproduces small asexual conidia that are readily
dispersedn theenvironmentproducingdensecloudsof conidiacontainingupto 1x10°
conidia per cubic meter (SchiefermeMach et al, 2025).A. fumigatusconidia are
ubiquitousin theair andarefoundin all environmentgRhijn etal., 2025).Disturbance
of soil suchasconstructiorwork canincreaseheexposureisk andrateof aspergillosis
since conidia are well adapted for airborne dissemination (Taét¢rday 2019). The
average size of t hes eanditosrestimated that the abeeagew e e n
humaninhaleshundredsf Aspergillusconidiadaily (TakazoncandSheppard2017).
Thesmallsizeof theconidiafacilitatesdeeppenetrationnto thealveoli,whereasdarger
conidia of other fungi are readily removed by mucociliary clearance (Dagenais and
Keller, 2009).A. fumigatusis an opportunistic pathogen of the human airway in
specific patient cohorts but the process from development in the soil to persistence in

the human body remains poorly elucidated.



1.2.1Clinical manifestationsof Aspergillusfumigatusinfection
A. fumigatushas been listed as a critical threat pathogen along@xaelida

albicans Candida aurisandCryptococcus neoformarigigurel.1) (WHO, 2022)A.
fumigatus infection is primarily initiated following inhalation of fungal conidia
foll owed by the host 6s A dumigaiusseonetofoafesvl e ar
pathogenshatcancausearangeof clinical manifestations atothendsof theimmune
spectrum (Moldoveanet al, 2021). There are three broad categories of pulmonary
aspergillosis: allergic aspergillosis of which one form, Allergic bronchopulmonary
aspergillosis (ABPA) is the most studied example, chronic pulmonary aspergillosis
(CPA) and invasive pulmonary aspergillosis (IPA). The manifestation of disease is
heavily influenced by the underlying host characteristics and the interaction between
the fungus and the host and impacts on the lung can be distinguished through
radiographical imaging (Figure 1.2) (Kanaugtaal, 2023). The widespread use of
chemotherapeutic arichmunosuppressivagents hasesulted in increased ambiguity
betweerthese categorisations, resulting in increasezgtlapin their characteristics

some cohorts (Kargt al, 2018).

Allergic bronchopulmonargspergillosihasanestimatedylobalburdenof 4.8
million people (Heet al, 2025). ABPA is characterised by hypersensitivityAto
fumigatusandis prevalenin patientswith cysticfibrosisor asthmaTheprevalencef
ABPA is increasedn patientswith cysticfibrosisthathavePseudomonaaeruginosa
in their sputum (Tarizzoet al, 2025). Such patients are susceptible due to
compromisednucusclearanceindairway obstructiorwhich may favourgermination
of conidiaandreleasef antigengesultingin airwayinflammationandpathology(Lv
et al, 2021). The immune response in ABPA is driven blgelper cel2 responses
which do not eliminatéA. fumigatusbut drives acute but persisting inflammation
associated with CXCR4+ granulocytes (Chattegeal, 2024). Failure to diagnose
ABPA can result in preventable and irreversible lung damage, such as bronchiectasis
and Ahoneycombo pul monary fibrosis (Greert

Unlike acute forms of aspergillosis including allergic and invasive infections
which typically impact individuals with altered immune states, chronic pulmonary
aspergillosiss asaprophytidnfectionthatcanimpactimmunocompetenndividuals.
Infected individuals are typically asymptomatic but have developed fungal masses in

preexisting lung cavities and in rare cases these infections can progress into invasive



fungaldiseas€Pathaketal., 2011).It hasbeenestimatedhat1,837,272Zasef CPA
ariseannually from previous pulmonatyberculosis cases. Moreover, approximately
340,000 patients with CPA die within the first year of disease onset (Tathalo

2024) and impacts many more with other conditions characterised by lung damage
(Denning et al, 2011). Lung cancer patients are also a vulnerable cohort with
saprophytic fungal disease compounding lung pathology resulting in profound
restrictive lung function and deterioration (Kehal, 2022).

Chronic pulmonary aspergillosis has several distinct clinical manifestations
including aspergilloma, chronic cavitary pulmonary aspergillosis, chronic fibrosing
pulmonary aspergillosis, Aspergillus nodules, and subacute invasive aspergillosis
(Denning et al, 2016). These forms vary from one another, but all have a poor
prognosiswith a1-yearmortality raterangingfrom 7-32%anda5-yearmortality range
of 3852% (Tashircet al, 2024). Chronic infection and colonisation are initiated by
conidial attachment and germination within damaged lung tissue. Conidia adhere to
fibrinogenandlamininwhich areknownto bedepositecdbn woundedsurfacesFungal
attachmento these components partially mediatedby sialic acidresiduesand other
proteinsontheconidial surfacg Santosetal., 2023).Following attachmentthefungus
germinates inducing an inflammatory response but does not typically invade
surroundinghealthytissue Fungalhyphaemucusandcellulardebriscontained within
a fibrotic and thickened wall form a mass known as an aspergilloma, which becomes
mobilewithin the cavity which canresultin haemoptysin patientg Tunnicliffe etal.,

2013).

Invasivepulmonaryaspergillosiss themostseverdorm of infection,resulting
in rapid growth, invading healthy tissue and blood vessels and disseminates into
numerous body sites (Challa, 2018). This form of disease primarily impacts severely
immunocompromisegatients putalsoin critically ill patientsandthosewith chronic
obstructive pulmonary disease (Babal, 2017). Annually, over 2.1 million people
developinvasive aspergillosiassociatedavith chronicobstructivepulmonarydisease,
intensive care admittance, lung cancer, or haematological malignancy, with a crude
annual mortality of 85-2% (Denning, 2024). The incidence of invasive disease is
growing as the numbers of-ask patients with impaired immune status continues to
increase. Vulnerable cohorts include individuals with neutropenia, haematopoietic

Stem Cell and solid-organ transplantation,prolonged therapy with high-dose



corticosteroids, haematological malignancy, cytotoxic therapy, advanced HIV/AIDS
and chronic granulomatous disease (CGD) (Kowaslzd, 2011).

Allergic bronchopulmonary Chronic Pulmonary Invasive Pulmonary
Aspergillosis Aspergillosis Aspergillosis

Figure 1.2: Radiographicaimagesof different forms of pulmonaryaspergillosis
adapted from (Singht al, 2023;Garget al, 2022 and Panst al, 2016).

1.2.2Hostimmune responseo Aspergillusfumigatus

Thehostelicits arangeof defencemechanism$o mitigatetherisk of infection
uponinhalationof A. fumigatusconidia. Thesedefencesncludephysicalbarrierssuch
asciliated epithelial and mucisecretingcellsthatline theupperairways (Hewitt and
Lloyd, 2021). The majority of inhaled conidia are trapped in the mucus produced by
goblet cells and then actively transported by the beating of cilia for clearance by
swallowingor expelledby coughing(Kuek andLee,2020).In addition,conidiacanbe
phagocytosedndkilled by hostcellsincludingepithelialcellswhich vastlyoutnumber
professional phagocytic cells such as macrophages-@eazi et al, 2021).
Epithelial cells canactivateanimmuneresponsesdemonstratetty humanbronchial
epithelial cells which induce a tirgependent synthesis of interlew8nn response
to germinatedAspergilluselementdutnotrestingconidia(Bigot etal., 2020).Conidia
that bypass this barrier interact with type | and Il pneumocytes in the alveoli. Type I
pneumocytes secrete pulmonary surfactants (Cestadg 2015). Surfactant protein
D plays a crucial role in host immunity and has been demonstrated to enhance the
clearance of inhaled conidia and specifically is protective against both allergic and
invasiveaspergillosi§GeunesBoyeretal., 2010).SurfactanD reducesungalgrowth
andweakenghesurfaceof fungalhyphaeby increasingts permeability (Wonget al,
2022). In addition, alveolar epithelial cells can bind to and phagocytoggl
conidia and stimulate a pro-inflammatory responsehrough generationof IL-6
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and CXCLS8 -GoReagt bl 2ES)k a

Innate immune cells resident in the respiratory tract include alveolar
macrophages and recruited neutrophils which can clear fungal conidia. Alveolar
macrophages can phagocytose and degrade swollen conidia in the phagolysosomal
compartment, preventing germination (Margalit and Kavanagh, 2015).
Polymorphonuclear neutrophils constitute the largest population of intravascular
phagocyteghevasculametworkof thelung, particularlythe capillariesareareservoir
of neutrophils containing40% of the body'stotal neutrophilfAndersoret al, 2014).
Neutrophils are recruited to the lung following stimulation by fungal cell wall
components but also the release of chemokines from alveolar macrophages such as
CXCR2andCXCL1 (Toyaetal., 2024).Recruitedcheutrophilscanphagocytoséungal
conidia but can also eliminate fumigatushyphae, by releasing the contents of their
granules into the extracellular space. The primary granules released by neutrophils
contain high concentrations of enzymes such as myeloperoxidase, elastase and
cathepsin G (Sheshachalagh al, 2014). Secondary granules contain lactoferrin,
neutrophil gelatinasassociated lipocalin, cathelicidin, and lysozyme (Heinekatnp
al., 2015). These extracellular molecules hpotent effects resulting iA. fumigatus
clearance (Pruferet al, 2014). These mechanisms along with the release of
extracellular nets during NETosis enable inhibition Af fumigatus following
germination when the fungus is too large to phagocytose (McCosnadk 2010).

Importantly, opsonization, phagocytosis and killing by neutrophils is
complement cascade dependent. The complement cascade is a series of tightly
regulated reactions that occur in the blood resulting in pathogen clearance
(Vandendriesschet al, 2021). The complement cascade can be activated through
three major routes: classical, alternative and lectin pathways (Figure 1.3). Dormant
conidiatriggerthe alternativgpathway while exposuref cell wall polysaccharides as
the conidia germinate triggers the classical/lectin pathway (Delliéere and Aimanianda,
2023). The classical complement pathway is the main initiator of complement
activation onA. fumigatusswollen conidia and germ tubes (Braetral, 2015). C1q
is thetargetrecognitionproteinof the classicalcomplemenpathwaywhich indirectly
recognizes pathogens through bound antibodies. The C1 complex is necessary to
activateC4 and C2eadingto C3 convertasgvan de Bovenkampet al., 2021).C3
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Convertaseés a centralstepin thecomplement cascadssit activatesC3into C3band
C3a. C3b opsonizes. fumigatusiormant conidia through Rodidlets and mycelia
by bindingto cell wall b-glucanandgalactomanna@Wongetal., 2020).C5aandC5b
aregeneratedhroughcleavageof C5 by C5 convertasatacommon checkpoirto all
complement pathways. C5 cleavage could also result from -samamical pathway

triggered byA. fumigatuswollen conidia or hyphae (Shenekeal, 2022).

Classical pathway Lectin pathway Alternative pathway
TERgoaa000 fitgnoag00 Host Foreign
rf rf
surrace surface
wYY ) (il = v e

“'
[ Ficolins, MBL,Collectins ] -

Clq

a —
— CR1

inhibitor —| @ [ Mases | Factor H

[« @ | J

Amplification

> c -
loop
@ J
Anaphylatoxin E
- . Bb actor H/ Factor |
recepitors (zo D @ |—— C4b binding protein
== C3 convertases
g CR1/CD55/CD46
activation .‘/ .
C3aR chemotaxus ‘
IF |
Lo vitronectin
) - -Bb &b clusterin
Inflammation e J_ CD59

activation csa ’j K‘ csb LZSIS

C5aR1 chemotaxis

Membrane attack
complex (MAC)

C5b-9

Figure 1.3: Schematiof theHumancomplementascad@ublishedoy (Detsikaetal. 2024)

Dendriticcellsandotherprofessionalntigenpresentingells bridgetheinnate
and adaptivéemmune response against fumigatusy activating naive CD4T-cells
and triggering their differentiation into different lineages of effector cells following
MHC classll activationandactivity of secreteanoleculefRamirezOrtizandMeans,
2012). Following stimulation withA. fumigatusconidia, dendritic cells trigger the
production of -1 2 , which i s the maipmoducnyg Fcellk i ne i

(Gilmouret al, 2024). Different subsets of dendritic cells have distinct responses to
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the fungus producing pyimflammatory cytokines Ikl b |, TNFU, c-8,emokin
CXCL1, as well as aninflammatory cytokines It4 and IL-10 specifically upon

stimulation with hyphae (Shankat al, 2024) . TNFU released b
determine whether Th17 or Th2 responses are induced leading to either neutrophil or
eosinophimediated inflammation (Dewet al, 2017). A small number of conidia

bypass the innate immune response to establish infection; the adaptive immune
response provides further protection against these remaining conidia. Though less
thoroughly examined, the role of the adaptive immune responge famigatus

appears to primarily bolster the innate response including the rolknelpér 1 cells

in macrophage polarisation to a proinflammatory M1 phenotype (Mills, 2015). This

feeds back to activate T cells through-1R production and antigen presentation
(Muraille et al, 2014). Fhelper 1 cells protect the host primarily through production

of I FNo2 which drives the activity of the

InvasiveAspergillusinfectionaltersthepopulationdynamicsof T cellsleading
to areductionin the percentagef cytotoxicCD8 andC D 2 8 (T -belisassociated
with higher risk and earlynortality (Cuiet al, 2013).Th17 Thelpercells, knownfor
theirrolein pro-inflammatorycytokineproductionalsoplaysanimportantrole in host
defence against microorganisms, which is associated with neutrophil migration and
increased inflammation (Faet al, 2023). There is a fine balance between
proinflammatoryT-helperl andanttinflammatoryT-helper2 populationsn response
to A. fumigatusthat still is not fully elucidated in response to diseaseTFHeelper2
responsés characterizedy productionof IL-4, IL-5, IL-13andIL-10,which mediate
antrinflammatoryresponsesllergy,andfungalpersistencén thelungs(Leén,2023).
B-cells are thought to play a less prominent role in the respon&eftomigatusas
evidenced by the lack of literature examining their interacti@gdies in B cell
deficient mice which were infected with. fumigatusdemonstrated an element of
passive immunity through transfer of antibodies but a compensatory increase in both
innate and Thinediated resistance to infection was seen in B cell deficient mice
(Singhet al, 2021). Despite this some studies have described B cell activation and
antibody production followingA. fumigatusexposure (Boitaet al, 2015). The host
immune response can also indirectly produce a hostile environmeit fomigatus
throughincreasedemperatureproductionof antimicrobialpeptidesandproductionof
reactive oxygen species (DuaNtata and Salina€armona, 2023). The products are
generated through the activity of enzymes. Enzymes involved irpribuction
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of reactive oxygen species during phagocytosis include myeloperoxidase @vigO)
nicotinamide adeninedinucleotide phosphate (NADPH) oxidase resulting in
production of hypochloric acid and superoxide anions, respectively. These molecules

are cytotoxic and result in clearancefoffumigatugUlfig and Leichert2021)

1.2.3Aspergillusfumigatusvirulence factors
Despite the robust immune defences present in thefhdamigatugemains

capable of colonisatiomnd growth within human host#&\. fumigatushas been
classifiedasanfi a ¢ ¢ i @a tnh adteavadutionin its soil nichehaveequippedt

with a vast arsenal of effectors that also impact colonisation within human hosts
(Figurel.4)(Priceetal., 2024).Thisunderstandingrisedrom thefactthatAspergillus
species are not dependent on their hosts for survival and that humamseangnal
hostasthefungi cannotcompletetheirlife cycleinsidethishost(Leeetal., 2016).This
indicates that their pathogenic effects are potentially accidental or opportunistic. To
understand the evolution of pathogenicity in the Aspergillus genus, examination of
traitsthatfacilitate survivalin the soil canprovideinsightinto how someof themhave
renderech few speciecapableof establishingnfectionsin human hostéRokasetal.,

2020). Thereis still debate regarding if theseechanisms represehuman host

adaptation or if the fungus can employ these adaptations from the soil to persist in a

new hostile environment.

Figure 1.4: Formsof stressandcompetitionin boththesoil nicheandthehumanairways
highlighting the similarities in these environments (generated in Biorender)
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A. fumigatusdisplays remarkable intrinsic thermotolerance and unlike other
AspergillusspeciesA. fumigatusan germinate under temperatures above 40°C, and
its conidiaremainviableupto 70°C(Fabrietal., 2021).Thisability allowsA. fumigatus
to persistin theenvironmentndis anessentiatleterminanfor its pathogenicitysinceit allows
thefungusto developattemperaturefoundbeforeandduringtheinfectionof mammaliarhost
and favours the persistence within the human lungs even at febrile temperaturet(blaas
2016).Thermotoleranchasbeenattributedto thetranscriptiorfactor HsfA whichis increased
in expressiorat 37°Candcontributego cell wall maintenanceeinforcingtherole thecell wall
plays in thermotolerance. This transcription factor also displays cross talk with heat shock
proteins and the cell wall integrity pathway during the cell wall and heat stresses while also
modulating lipid metabolism and iron homeostasis (Fetbai, 2021).

Adhesion tahosttissueis anintegral aspect diungalvirulence ands the first
stepof hostcolonisation. This interactiois primarily driven bysugarmoietieson the
surface of fungal conidia including the hydrophobic Rodlet layer which mediates
adherence to host collagen (Crett al, 2016), which is deposited during fibrosis
(Jesseret al, 2021). Conidial adhesion has also been attributed to laminin binding
facilitated by the extracellular thaumatin domain protein AfCalAp (Upadkeyat,
2009).There are many identified fungal adhesins including Asp f2 and a-righeat
glycophosphatidylinositehnchoredcell wall protein, encodedby the CspA gene

(Levdanskyet al, 2010). In addition to adhesins secreted galactosaminogalactan and
exopolysaccharide from hyphae can drive adherence to the host.

Galactosaminogalactan requires deacetylation mediated by Agd3 for fungal adhesion
andfull virulence.Galactosaminogalactanediatedadhesions regulatedhroughthe

action of fungal epimerase uge3 and mediates adhesion to plastic, fibronectin and
epithelial cells (Gravelaet al, 2013), it is also an essential component of the

extracellular matrix making it important for biofilm formation (Eagteal, 2023).

Tolerance to stresses experienced within the host including the immune
response and oxidative stress are essential to fungal development in the host, these
responses are often specific, multilayered and in many cases are evolutionarily
conserved (Yaakoukt al, 2022). Macrophages serve as the first line of defence
againstA. fumigatusand phagocytose fungal spores and inhibiting spore germination
to prevent the development of tissneasive hyphae through production of reactive
oxygenspeciegTannerandRosowski, 2024Hatinguaisetal., 2021).Several factors
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influence this interaction andl. fumigatushas been demonstrated to manipulate the
host response to promote its own development. WAeriumigatusconidia are
phagocytosed inducesmechanismo protectitselfincludinghyphalgerminationand
production of dihydroxynaphthalene (DHN)elanin to mitigate oxidative stress
(Heinekampetal., 2013).In alveolarmacrophagegerminatiorandgrowth of conidia

are significantly impaired, however about 60% of conidia and germlings can persist
whensurroundedby thehostphagolysosommembranendarenotacidified,enabling
hyphaldevelopmentThehyphaehenescapén anonlytic manneiby fusingto thehost
plasmamembrangSeideletal., 2020).Theproductionof DHN-melaninhasalsobeen
attributedto thesurvival inthis harshenvironment.This pigment isfoundin theouter
layer of the conidial cell wall and interferes with endocytosis and acidification by
impacting Rab5 and Vamp8mediated endocytic trafficking, and cathepsin
recruitment/Amin etal., 2014).Me | a mmieatnanisnof actionhasbeenattributedto
remodellingthe intracellular calcium machinery and preventing signalling through
calmodulin.This processtimulateglycolysisandhypoxiainduciblefactor 1 resulting

in fungal survival by blocking phagosome biogenesis and acidification of

phagolysosomes (Goncalvessal, 2020).

Iron sequestering is essential for microbial growth and survival and to

accomplishthis A. fumigatusproducesfour siderophoresfusarinine C and its

derivative triacetylfusarinin€ are secreted for iron scavenging and acquisition and
intracellularferrichrometype siderophoregerricrocinandhydroxyferricrocinfor iron

storage and handling (Misslinget al, 2021). Siderophores may also play an
importantrolein microbialwarfareaschelationof environmentairon by siderophore

types that are not recognized by competitors might be used to starve competitors of
iron (Haas, 2012). Iron sequestering can serve as a form of immunometabolism and
canprotectfungal conidigrom host macrophage#.. fumigatusaffects theregulation

of macrophage iron homeostasis and innate immune effector pathways through
production of iron chelating molecules called siderophores, resulting in increased
survival following phagocytosis (Seifegt al, 2008). In addition, siderophore
mediatedron acquisitionhasbeenshownto be essentiafor virulenceandis involved

in fungal survival in peroxisomes and endosdike vesicles (Moore, 2013).

A. fumigatusalso produces a suite of mycotoxin effectors that evolved as a
result of microbial competitionin the soil (Figure 1.5) (Pfliegler et al., 2020). The
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targets of these toxins are highly conserved and as a result it is postulated that this
conservation results in toxic effects on human cells, thus impacting fungal virulence.
Several conidial and hyphal mycotoxins have been well characterised including
gliotoxin, fumagillin, hel v oetal,201@.@di d and
fumigatuscan also produce a range of alkaloids, terpenes, sterols, quinones and
benzophenonaacludinglessstudiedtoxinssuchasfumitremorginandfumigaclavine
(Iborahimetal., 2025).Thesetoxinshavevariouseffects inthesoil andin thehostand

can aid in fungal persistence in the host.

Gliotoxin is the most studied mycotoxin producedAyfumigatusand is a
hydrophobic metabolite belonging to the Epidithiodioxopiperazine class of
compounds. The mechanism of action is not fully understood but is thought to be
associated with a disulfide bridge across the piperazine ring, which is essential for its
toxicity (Scharfetal., 2016).Gliotoxin is recognise@savirulencefactorandhasbeen
demonstratetb inhibit theactivity of phagocytesnddecreaséhe cytotoxiceffectsof
T cells(Guntheretal., 2024;Ye etal., 2021),howeverthe specificity of thisresponse
is not well characterized. The connection to virulence and persistence in the host is
compounded by the fact that 90% of clinical isolates from cancer and invasive
aspergillosis patients produce gliotoxin, and rapid gliotoxin production is observed at
37°C under conditions similar to the host lung environn{&gyathriet al, 2020).

Theproduction of gliotoxin is heavily influenced by zinc availability and is produced
underzinc-limiting conditions. Dithiol gliotoxin hasbeen demonstrated to haziac-
chelating properties (Traynat al, 2021). This ability has been attributed to its
cytotoxiceffectsof gliotoxin asit cansequestezincfrom theenvironmentesultingin
starvation by neighbouring cells or directly strip zinc, iron and copper from bacterial
species and potentially host cells (Doweeal, 2023).

Fumagillin is ameroterpenoid toxiproduced by hyphathatis knownfor its
antrangiogenic activity by binding to human methionine aminopeptidaseefLah,
2013). Fumagillin contributes to tissue damage during invasive aspergillosis and thus
it is probable thaf. fumigatugprogression through the lungs is supported through its
production, combined with the secretion of lytic enzymes that allow fungal growth,
angioinvasion and the disruptiontbe lung parenchymal structuf@uruceagat al,
2018).Fumagillinis producedn theearly stagef colonisatiorandaidsin evasiorof
the host immune response Fumagillin inhibition of the NADPH oxidasecomplex
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formationin neutrophilsresultingin reducedsuperoxidgroductionanddegranulation
(Fallon et al, 2010). Some studies also suggest that gliotoxin and fumagillin work
synergistically as glutathione, the hall mark of cellular redox homeostasis, is affected
by bothmycotoxinsresultingin thegeneratiorof intracellularreactiveoxygenspecies

inducing apoptosis (Gayathet al, 2020).

Pseurotin A is a unique spHoe t e r o-lagtacnlalkatoid solated frorA.
fumigatus (Abdelwahed et al, 2020), which has been demonstrated to induce
immunomodulatory effects in the host by inhibiting immunoglobulin E function in
response to hypoxic conditions (Ghazaei, 2087)fumigatusalso produces ergot
alkaloid compounds including festuclavine and fumigaclavine A, B and C present on
fungal conidia (Robinson and Panaccione, 2015). Fumigaclavine C has been
demonstrated to have potent anflammatory properties including inhibiting the
expressioofs IL-1 b ,-2, IL-L 2 U, -0 | FNN Fmph nodecells. In addition, it
can attenuat evialhéFIUR4NDF B uscitgmanl | i ng transc
by decreasing expression of the p65 subunitofoN&E ( Bai | |y and Verg
Fumitermorgens are less studied ergot alkaloids derived from tryptophan, jpradine
mevalonic acid (Li, 2011). It has been reported that fumitremorgin A, B and C are
neurotropidoxinsthatcausdremors seizuresandabnormabehaviouiin mice(Abad
et al., 2010). Helvolic acid, producedby A. fumigatusis a potentantibacterial

compoundKongetal., 2018)which conveysadvantagén thesoil nichebuthasadual
function in slowing cilia beat frequency in the host reducing fungal clearance in a
similarmanneto gliotoxin andfumagillin (KuekandLee,2020).Thefactorsinfluence
fungal persistence and virulence and protecfihgus from the effectors of the host

immune response.
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1.2.4Aspergillusfumigatusresponsedo stress
Thedevelopment oA. fumigatusn hostile environments, both in the soil and

in ahumanhostrequiresadaptatiorandmechanismso mitigateagainstvariousforms

of stress including hypoxic, osmotic and oxidative stresses @ads 2021). Many

of thesestressorsarelikely to beencountereth thehostincludinghypoxiain damaged
tissue following inflammation and necrosis (Gresmgal, 2016). To persist in this
hypoxic environment the sterol regulatory element binding protein pathway which is
regulated by the transcription factor SrbA is activated. This transcription factor is
crucialfor antifungaldrugresistancandvirulenceaslossof SrbAresultsin complete

loss of virulence in murine models of invasive pulmonary aspergillosis (Gtuadg
2014). In low oxygen environmengs fumigatushas also been observed to increase
expression of ergosterol biosynthetic genes and genes involved in cell wall

maintenance (Puernet al, 2023).

To mitigate oxidative stress, typically induced by innate immune cells during
infection, several effectors and enzymes are produced by the fungus including
catalases, superoxide dismutases, elements of the thioredoxin and glutathione
glutaredoxin system, as well as the conidial pigment melanin. Importantly, oxidative
stresgesponsandiron metabolismaretightly linked (Emrietal., 2024).Iron overload
caninducetheformationof reactiveoxygenspeciesbut detoxificationof thesespecies
through production of heme peroxidases, requires heme as a cofactor (Kualcz
2018).Oxidativestressanitigationcanalsofuel virulenceasevidencedy oxrA which
regulates catalase production An fumigatus Deficiency of oxrA decreased the
virulence ofA. fumigatusand altered the host immune response resulting in reduced
tissue damage (Zheai al, 2021). Alterations to the mitochondrial electron transport
chain can also influence susceptibility to oxidative stress and virulence. Loss of
cytochrome C demonstrates increased resistance to external reactive oxygen species
and macrophage killing while loss of alternative oxidase increased susceptibility to
external reactive oxygen species andvitro macrophage killing at the expense of

virulence capacity (Grafdt al, 2012).

Many substances target the fungal cell membrane or cell wall to damage the
fungus. This type of stress is mitigated in fungi by the action of several conserved
components: theell integritypathway, theHOG-MAPK cascade, whichasevolved

to compensatéor osmoticstressandthe TOR and calcineuriphosphatase signalling
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pathwaygHartmannetal., 2011).A. fumigatusMpkC andSakA, the homologsof the
SaccharomyceserevisiagHoglareimportantto adaptationso oxidativeandosmotic
stresses, heat shock, cell wall damage, macrophage recognition, and full virulence.
They also play a role in the regulation of the response to cell wall damage, oxidative
stress, drug resistance, and establishment of infection (Mardidadli, 2019). These
factors and systems enable fungal persistence in host microenvironments and make it

successful in various niches.

1.2.5Aspergillusfumigatusmetabolism

A.fumigatusis asuccessful species in a variety of niches which can be in part
attributed to its metabolic flexibility, being able to thrive in diverse conditions and
recycling organic carbon and nitrogen sources in its soil and persisting in the nutrient
limited humanbody (Cramer2015).Nutritional versatilityalongwith theevolutionof
meango acquireandutilise awide arrayof nutrientsourcesluringinfectionrepresent
fundamentahspect®f A. fumigatugpathogenicitfFengetal., 2011).Duringinvasive
growth, the nutritional microenvironment can rapidly change depending on the stage
of the infection (Obaet al, 2016). There is strong evidence tlatfumigatuscan
sustaintself andthrivein infectedtissue exploitingthelung assolesourceof nutrients
(Amich and Krappmann, 2012). This metabolism is partially driven by the release of
enzymes and effectors such as siderophores to scavenge iron and the use of various
transportesystemso enablethe effectiveuptakeandbreakdowrof productgYoonet
al., 2009).

Hostcarbonsourcesised byA. fumigatusncludeglucose Jactateandacetate,
whose availability largely depends on the host niche. In addition, potential nitrogen
sources can also be broken down to be used as carbon sources and are available
throughout the human host mainly in the form of proteins (Ried, 2018). Acetate
is present in the body fluids and peripheral tissues and is metabolised under the
regulation of the FacB transcription factor which is subject to carbon catabolite
repression (Riegt al, 2021). Acquisition and subsequent metabolism of different
carbonandnitrogensourcegplaysacrucialrolein virulenceof A. fumigatusincluding
the secretion of host tisswlamaging proteases and fungal cell wall integrity (Rtes
al., 2019). Gliotoxin production has also been identified to be stimulated through
access to simple, fermentable sugars such as glucose. An additional potential source

of carbon isvia the glyoxylate cycle. This pathway allows organismsto
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use lipids for the synthesis of carbohydrates to fuel development (Wélgat,
2009).

Another source of nutrients utilised By fumigatusduring infection is amino
acids.Fungalaminoacidbiosynthesisnediatedy the CrossPathwayControlsystem,
a conserved regulatory circuit evolved to counteract conditions of nutritional stress
(Bultman et al, 2017). This pathway can compensate for nutrient starvation by
degradation of host proteins to acquire amino acids for protein biosynthesis
(Krappmann and Braus, 2005). Fungi acquire amino acids from their environment
either by transport processes, from precursors, which are derivatives of carbon and
nitrogen primary metabolism, or from degradation of proteins which are no longer
required under specific conditions or from destruction of host tissue (Btaals
2004). Amino acid degradation through the methylcitrate cycle, essential for the
degradation of propionyCoA, which is a degradation product of valine, methionine
and isoleucine (Brock and Buckel, 2004) significantly influences fungal survival and
virulence(Maerkeretal., 2005).Methionine,a sourceof sulphurions metabolismhas
been demonstrated to alter fungal growth and virulence (Satotal, 2020).
Degradatiorof tryptophano kynureninesdy Indoleamine,3-dioxygenasesandrive
the de novo synthesis of nicotinamide adenine dinucleotide under hypoxia or
tryptophan abundance (Zelamteal, 2021).

A. fumigatusproduces all three aromatic amino acids through the shikimate
chorismate pathway (Figure 1.6), this pathway is not found in higher eukaryotes and
has been considered a viable target for antifungal therapy (Cébala2018). This
pathwayconvertphosphoenolpyruvaenderythroset-phosphatéo chorismitewhich
is a precursor to the synthesis of a variety of aromatic compounds, such as p
aminobenzoic, 2;8lihydroxybenzoic, prephenic and anthranilic acids (Khretdal,

2018). These amino acids are not only essential for growth and development but also
theproductionof virulentsecondarynetabolite®f thefungus.PentafunctionaAROM
polypeptide interconverts metabolites of quinic acid in the shikimate pathway, to
produce aromatic amino acids. Corruption of this pathway results in attenuated
virulence in murine studies (Sasseal, 2016). This confirms the importance of this
pathway in A. fumigatus virulence and the drive in production of secondary
metabolitesharmful to the host. The downstreammetabolitesof tryptophanin A.

fumigatusncludetheimmunomodulatorkynureninederivedfrom indoleamine2,3
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dioxygenase and toxins such as fumiquinazolines, gliotoxin, and fumitremorgins
(Choereet al, 2018).
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Figure 1.6: Schematiof theshikimatepathwayutilisedby fungi to producearomatic
amino acids published by (Kupli &ka and

Sulphuris anotheressentiahutrientthatA. fumigatusneedgo acquirefrom the
surrounding tissue during intrapulmonary growth. Sulphur is essential to the
production of cysteine and methionine and the production of molecules including
coenzymeA, glutathione and irosulphur clusters (Amiclet al, 2013). The proper
regulationof sulphurmetabolism igrucialfor A. fumigatussirulenceand persistence
in host tissue and sulphur containing amino acids are required for virulence.
Methioninesynthase, an enzyme in the tramdfuration pathway, has been identified
as a promising antifungal target (Scettal, 2020). The assimilation of sulphur is
regulatedoy the MetR transcriptiorfactorbutdispensabléor utilization of methionine

and orchestrates the fungal response to sulphur starvation (&trath2013).

Theuseof traceelementss alsoessentiatlo fungalgrowthandvirulence.These
resources are often contested between microbe and the host and include iron, zinc,
manganese, and copper. lron metabolism is fuelled througkaffigity iron uptake
mechanisms including reductive iron assimilation and siderophediated iron
acquisition(SchrettlandHaas,2011).Iron servesasa cofactorfor essentiametabolic

processes including the electron transport chain, amino acid metabolism,
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DNA biosynthesis, sterdbrmation,andoxidative stressletoxification(PerezCuesta
etal., 2021).Zinc is thesecondnostprevalentransitionmetalin cells,afteriron, and
thesecond most abundant metalfactor ofenzymes aftemagnesium. Zinbas been
recognizedor its structuralandregulatoryroles withincells, playingan essentiaiole

in immunomodulatory responses during hipsthogen interactions (Si@omeset

al., 2024). The metaboliplasticityand adaptability displayed . fumigatusand its
ability to acquire resources form its environment facilitates its survival in the ever
shifting andmetabolitdimited hostmicroenvironmenandis integralto understandts
development and pathogenicity in a hostile environment.

1.2.6Current approachesto Aspergillusfumigatustreatment
Thecurrentsuiteof antifungalcompoundss limited andoftenaccompaniety

high toxicity to patients, elevated treatment costs, increased frequency of resistance
rates, and the emergence of intrinsically resistant species (8baka2025). These
compounds mainly target the fungal cell membrane or the cell wall. The three major
classes of antifungal agents, utilised Aorfumigatusnfection aretriazoles, polyenes

and echinocandins. These target ergosterol biosynthesis, fungal membrane formation
and synthesis of the-@ ) -D-glucan respectively (Cortés al, 2019).

Triazolesareaclassof antifungalagentthatarecharacterisetly atriazolering.
These agents inhibit sterol [idemethylase, an enzyme essential for ergosterol
synthesisThesecompoundglisrupttheintegrity of fungalcell membranedgadingto
the accumulation of sterol intermediates that are toxic to the cell and have broad
activity against fungal pathogens (Lei al, 2025). A. fumigatushas an intrinsic
tolerance to fluconazole, however voriconazole, itraconazole, posaconazole and
isavuconazole are common drugs of choice for prevention and treatment of

aspergillosis (Esquivadt al, 2015; Donnellewt al, 2016).

Polyenes including Amphotericin B, nystatin and natamycin are used to treat
various forms ofA. fumigatusinfection (Caroluset al, 2020). Amphotericin B is a
cyclic heptaene produced by the Grpositive bacteriumStreptomyces nodosus
(zhanget al, 2020). Amphotericin B incorporates into the fungal lipid bilayer and
binds to ergosterol. Ergosterol sequestration results in pore formation and leakage of

monovalenton and glucoseTherapid depletion ointracellularions resultsn fungal
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cell death. Amphotericin B exposure can also result in the accumulation of reactive
oxygen species, resulting in DNA, protein, mitochondrial, and membrane damage
resulting in fungal death (Xiaochun Waeg al, 2021). Amphotericin B is poorly
tolerated by patients and alternative formulations including amphotericin B lipid
complex and liposomal amphotericin B are more commonly used as they display
reducedoxicity, facilitating theadministratiorof higherdosesandimprovetreatment

outcomes (Botero Aguirre and Restrepo Hamid, 2015).

Echinocandins constitute an important class of antifungal agents, with three
drugs currently approved for clinical use: caspofungin, micafungin and anidulafungin
(Mroczy Eka -BNOr 8wskapwgRao) . These comp
productsof nonribosomalipopeptidesderivedfrom filamentousungi (Huttel, 2021).
Echinocandins target t h-@30lucangsythase akey wal
enzyme involved in the development of fungal cells walls. Disruption of this enzyme
leadsto the destabilizatiorof cell wall, causingfungaldeath( S z y mat @s2R22).

A newly developed echinocandin, rezafungin which has a longetfifieatind better
safety profile compared to compounds in this clgssdeset al, 2025). Rezafungin
alsohasactivity againstothazolesensitiveandazoleresistanstrainsof Aspergillus
(Wiederholdetal., 2018).Rezafungirhasexhibitedin vivo activity in amurinemodel

of azoleresistant disseminated invasive aspergillosis (Wiederledlcal, 2019).
Despitetheseadvantageschinocandingarefungicidalagainstmostpathogenig/easts
but they are fungistatic againgtspergillus species and some other pathogenic
filamentoudungi andthusclearancef filamentousungiis dependenbn hostimmune

effectors (Aruannet al, 2019).

In additionto thesewell-establishedlrugfamilies otheremergingclasses with
novel mechanisms have been developed. Manogepix is-infickiss antifungal that
inhibits thefungal Gwt1 protein,aconservednzymethatcatalyzesnositol acylation,
an early step in the GRinchor biosynthesis pathway (Deii al, 2024). Gwtl is
essential for trafficking and anchoring mannoproteins to the cell membrane and outer
cell wall and since these mannoproteins are required for cell wall integrity, adhesion,
pathogenicityandevadingthe hostimmunesystemAs aresult,inhibition of Gwt1 by
manogepix has many physiological effects. Importantly, the closest mammalian
ortholog,PIGW,is notsensitiveto inhibition by manogepiXShawandlbrahim,2020).

Manogepix has been proven to be effective against both itracorsseawdéiveand
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resistantA. fumigatus(Jgrgensenet al, 2020). Another emerging class is the
orotomide class of which the first member is olorofim which is a reversible inhibitor
of dihydroorotate dehydrogenase, a key enzyme in the biosynthesis of pyrimidines
(Oliver et al, 2016). Olorofim has activity against Mold species and thermally
dimorphicfungi, including specieshatareresistanto azolesand amphotericiiB, but

lacks activity against yeasts and the Mucorales (Georgacopetil@, 2023).
Olorofim has demonstrated strong inhibition duraigseminated\. fumigatusandA.

flavusinfection in murine models (Seyedmousaval, 2019).

1.2.7Antifungal resistancen Aspergillusfumigatus

Despitethewide arrayof antifungalagents availabla the clinic A. fumigatus
hasdevelopednechanisms$o circumventheiractivity (Figurel.7),andmanyof these
mechanismareconserve@amongpathogenidungi (Nyweningetal., 2020).Thereare
two accepted origins for azole antifungal resistance: prolonged use of antifungals to
treat patients with chronié. fumigatusinfection and increased use of agricultural
fungicides against plaqgathogenic moulds with crosgtivity againstA. fumigatus
(Guegaretal., 2021).Environmentafungicidescontainingactiveingredientssuchas
triazoles and their widespread distribution in the environment are the link between
clinical andenvironmentabntifungalresistanstrainsof A. fumigatugWilliams etal.,
2024) Resistancemergesgollowing mutationof thecyp51Ageneandthe TR34/L98H
and TRe/Y121F/T289A alleles in theyp51Agene are the most commanes
conferringpanazoleresistancavith evidencethat thesenutations mayavearisenin
agricultural settings (Burkset al, 2021). In addition, once multidrergsistant
genotypegmergean fungalpathogenssuchgenotypesanspreadrery quickly to other
geographicategionsandecologicalnichesthroughvegetativecellsandairborne spores
(Achilonuetal., 2024).Theprimarymechanisngoverningazoleresistancés mutation
or overexpressionf the cyp51Agenereducingtheaffinity betweertheazoledrug and
its target or increasing the azole concentration required to inhibit fungal growth (De
Francesco, 2023). Another mechanism to evade azoles is the overexpression of efflux
pump systems which decrease the intracellular drug concentratién,finmigatus.
The ABC transporter CdrlB and MdrA were the only MFS transporters found to be

related to azole resistance (Pauél, 2017; Meneaet al, 2016).
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Despite its long history of use resistanceAinfumigatusto amphotericin B
remainsuncommorbut hasbeenobservedamongAspergillusterrei speciesassociated
with the modulation of molecular chaperones, targeting reactive oxygen species by
mitochondriaandinfluencingcellularredoxhomeostasiéBlum etal., 2008).Therates
of amphotericin B resistance M fumigatuss rising with as much as 27% of isolate
in a Brazilian hospital demonstrating elevated MIC (Reichemia et al, 2018). The
mechanismgoverningthis resistancarepoorly elucidatedn A. fumigatusbut RTaA
was found to be increased specifically in response to polyenes amphotericin B and
nystatin.Its overexpressionesultsin modestesistanceindicatingit couldbeanovel
resistance mechanism (Ab#@ndil et al, 2025). Echinocandins only display
fungistatic activity againsspergillusspecies and is often used only in combination
with a polyeneor an azole to obtain synergis@ffects (De Francesco,2023). To
date, echinocandinresistanceis rarely found in Aspergillus species, although
tolerance is observed through epigenetic alteration which, unlike resistance, is not the
resultof acquiredmutationsbutdrivenby activationof stresgesponseslhisis known
as the paradox effect which describes decreased activity of the drug and recovery of
fungalgrowthatincreasingconcentrationsabovea certainthreshold This paradoxical
effect can be observed M60% to 80% ofA. fumigatusclinical isolates, occurring
mainly in response to caspofungin, whereas this phenotype is usually absent with
micafungin and anidulafungin or occurs only at higher concentrations (Arwgnno
al., 2019). The paradoxicaiffect resultsin cell wall remodelling tocompensate for
the loss of b-1,3 glucan including inducing the increased expression of Ichitin,
chitosan, and highly polymorphid 1 ZgluBans,whose physical associationwith
chitin maintainscell wall integrity and modulates water permeability while avoiding
the activity of the drug. (Dickwells&Vidanageet al., 2024).Alterationto the b-(1,3)
glucansynthaseenzymes encoddaly thefks1geneinduceechinocandirresistancen
Candidaspeciesandpoint mutation can give rise to this resistancA.ifiumigatusA
strain harbouring such a mutatimasisolatedin theclinic from apatientwhoinitially
failed azole and polyene therapyand subsequentlyfailed echinocandintherapy
(JiménezOrtigosaetal., 2017).

Despite relatively recent advances in antifungal therapy resistance is likely to
follow closely behind a®\. fumigatusstrains with acquired increased tolerance to

olorofim has alreadyeen identified associatedvith amino acid substitution ithe
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PyrE gene (Builet al,
development of novel therapeutics and the requirement to understand mechanisms

2022). This highlights the importance in the continued

facilitating fungaldiseasen patientsTheriseof fungalresistances agrowingconcern

astheeffectivedefencesontinueto dwindlewith only afew emergingoptionsto take

theirplace.This furtheremphasisetheneedto understandungaldevelopmenin vivo

to develop effective strategies against these pathogens.

Chitin
™ (1.3} p-ghucan
b= (1,6}pghcan

Coll wall

o L NN
A

Erg11l Ergd
CypS51

& Squalene

Lanostarol
* 4-4-Dimethylcholesta-8, 14,24-trienal
 Episterol
¢ Ergosta-5,7,24(28)-trienol
® Ergostorol

Figure 1.7: Targets of antifungal agents Echinocandins, Azoles and Polyenes and

Mode-of-action Resistance mechanisms
(a) ECHINOCANDINS Target alteration Stress responses
Echinocandn
\g{ ﬁﬁ 6/ Hspa0 & clent proteins  Cal wall saivage
Cell wall siress response
s Echinocandin
MMM F'ﬂ . Eg, Incresse n
WUURRI o s
Echrocandin
(b) AZOLES Target alteration Target overexpression  Drug transporters
URREEE WL i Mot
I i i T T T
L s En W, )
Membrane stress .'Em"' ABC & MF
“’r‘ Aneuploidy Stress responses
% = 5,33. Hspd0 & client proteins
.IE"-*" G SRR [ =
%—;3 ’ Toxic sterol > 2 iﬂ:}e Ugl‘ﬂ.
(c) POLYENES Target alteration Stress responses
Amphotericin B ici
\ -n. /M"m’m"’_B . Hspt & cient proteins
- aD < 5
ERG genes
A AR A o e
U UU Y VWIVUUN Avemate ser

some resistance mechanisms observed in fungal pathogens published by dLee

2023)

27




1.3 Microbial interactionsin the airways
The human lung is constantly exposed to microbes through inhalation of

various viruses, bacteria and fungi (Invernigzal, 2020). In susceptible individuals

the airwayscan be colonisetly a range omicrobial pathogens which ame dynamic
competition with the host and each other for dominance in the niche (Figure 1.8)
(Gannon and Darch, 2021). The growing utilisation of immunomodulatory drugs and
antibiotics result in increased fluctuation of the human airway microenvironment and
as a result pulmonary bacterfahgal coinfections have become more prevalent
(Katsoulisetal., 2024).A recentstudyidentifiedthatbacterialcoinfectionsvaspresent

in more than 40% of patients with fungal pneumonia, specifically in patients with
underlying immune deficiency and the presence of pulmonary cavities &hao
2021).A. fumigatusnfections typically occur in the context of preexisting conditions
including inindividualswho aremore susceptible to bacterial infection such as cystic
fibrosis patients or individuals with latent tuberculosis infection (Petrocheti@l,

2022; Magwalivheet al, 2025). As a resulf\. fumigatusdevelopment and virulence

can be shaped by interactions with other microorganisms within the human airways.

In the context of coinfection these species must compete for nutrients and
dominance in the niche, and many are equipped with virulence factors from co
evolutionin thesoil to inhibit their competitor{Rezzoaglietal., 2020).Thesespecies
can interact directly through physical eedll interaction or indirectly through
secretion of various effectors. These can include toxins, siderophores and small
molecules that are involved in quorum sensing, environmental modifications and
alterations in host responses (Pettgal, 2010; Krameret al, 2020). Pulmonary
pathogens can also influence each other through production of volatile organic
compounds (Margaliet al, 2022). These interactions are bidirectional and occur
across kingdoms with bacteria heavily influencing fungal survivalvéselversaand
these interactions can be beneficial or antagonistic (Pawlowska, 2024). The
microbiome can also influence patient susceptibility to fungal infection (Gt@k,
2023).Some commensal bacterial testach asPrevotellaandVeillonellaspecies can
protect against pathogenic fungi includi@gndida palmioleophilaand Aspergillus

species (Liet al, 2021).
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The competition for resources and nutrients is not only between competing
pathogens but also between host cells and indigenous microbiota. Both host and
microbial cells may potentially compete for growithiting resources. Metabolic
alteration and strategies are crucial to survival and the microbiota may play a role in
hostmetabolism(Costantinietal., 2024).A. fumigatuscaninfluencethis environment
by inducing dysbiosis, shaping it towards a beneficial environment with increased
availability of aromaticaminoacids(Mirhakkaketal., 2023).Tryptophanis centralto
host and microbial interactions in the airway as ttissed bythe hostand microbial
competitors (Nunzet al, 2025). Tryptophan can be produced by various bacteria
through thendole pathway (Dong and Perdew, 20@®jich can then bdegraded by
fungal enzymes when adapting to the host niche (Zelahtal, 2021). These
interactions are an ofteoverlooked but highly influential factors iA. fumigatus
growth and virulence and should be factored in when examining these traits.

(Nogueira et al,. 2019) (Margalit et «l,. 2020) (Margalit et al,. 2022)
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Figure 1.8: Examplesof interactionstudiesbetweenA. fumigatusand bacterial
pathogen&. pneumonia@andP. aeruginosdgenerated in biorender).

1.4Klebsiellapneumoniaeinfections, virulence and coinfection

Klebsiella pneumoniais a Gram negative, rod shaped finatile member of
the Enterobacteriacedamily (Abbasetal., 2024).K. pneumoniaés anopportunistic
pathogerandis a considerableauseof nosocomiainfections,particularlyin low and

middle-income countriegAlcantarCuriel et al., 2018). K. pneumonia&an causea
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range of infections at many distinct body sites such as urinary tract infections,
meningitis, respiratory tract infections, pneumonia, bloodstream infections, and
surgical site infections and predominantly affects neonates, the elderly, and
immunocompromised individuals (Chargt al, 2021). K pneumoniaeis also
responsible for communigcquired infections and a defining feature of these
infections is their morbidity and mortality, and tk&ebsiellastrains associated with
these infections are considered hypervirulent (Bengoechea and Sa Pessoa, 2018).
Immunocompromisegatientswho arehospitalizedandsufferfrom underlyingchronic
illnessesaswell aselderlyindividualsareproneto beinfected withK. pneumoniaas
theirimmunes y s t defenzesarelow (MohdAsri etal., 2021).Klebsiellainfections

are rare at any individual time point in cystic fibrosis patients. However, they are
observedn almost 10%of a patient cohortollowed longitudinally. K. pneumoniags

not a chroniccoloniserof thecysticfibrosis airwaylike Pseudomonageruginosabut
caninfluenceinfectionoutcomethroughproductionof carbapenemasegichdegrade

type beta lactamases complicating therapy (let&d. 2011).

Rates oK. pneumonia@ntibiotic resistance has steadily increased, rendering
infection by these strains challenging to treat (Santlal, 2024). VirulentK.
pneumoniaestrains are significantly heterogenous making identification of virulence
factors difficult although the bacterial capsule, lipopolysaccharide, fimbriae, and
siderophores have been widely accepted to contribute to virulence (Paczosa and
Mecsas, 2016). The bacterial capsule is significant in pathogenicity as it protects the
bacteria from phagocytosis and can directly inhibit aspects of the host immune
response. Several capsule types are associated with comiacontiyed invasive
pyogenic liver abscess, septicemia, and pneumonia and others are predominantly
detrimental to experimental infections in mice and are frequently associated with
severe infections in humans (Riwet al, 2022). Some K. pneumoniae
lipopolysaccharide serotypes can modulate the host immune response leading to
activation or immune evasion contributing to virulence (Buédtial, 2021). K.
pneumoniaeadherence and biofilm formation are associated with fimbriae. The
bacteria express at least three different fimbrial types: marsersitive type 1
fimbriae,mannoseesistantype 3 fimbriae,andthe Escherichiacoli (E.coli) common
pilus (AlcantarCuriel et al, 2018). Other structural componentstloé bacteria have

been found to contribut® virulenceincluding several outer membrane proteins.
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The outer membrane protein OmpAodulates the immune response, providing
resistance against macrophatgpendent phagocytosis and the absence of OmpA,
enhances susceptibility to antimicrobial peptides (Sieghal, 2025). Another
important virulence factor is the production of siderophores for iron acquisition,
enterobactin, yersiniabactin, salmochelin, and aerobactin are the main forms of
siderophores expressed By pneumoniae Enterobactin is highly conserved and
distributed in allK. pneumoniaestrains while the other siderophores are mainly

expressed in hypervirulent isolates (Letral, 2021).

K. pneumoniads among the most common coinfection agents in chronic
pulmonaryas per gi | | o s iesal, g02%)anckewashown(tabddstranental
to patient outcomes (Bhatiet al, 2024). Interactions between these species have
indicated inhibition of spore germination following physical interaction. This is
thought to be driven by a stress response in the fungus as there is an increased
expressiorf cell wall-relatedgenesanddecreasef hyphaerelatedgenegesultingin
suppression of filamentous growth (Noguegtaal, 2019). The interaction between
these species remains poorly elucidated in the literature but could provide important

insight into fungal development in the lung microenvironment.

1.5Pseudomonaseruginosainfections, virulenceand coinfection

Pseudomonas aeruginoss a Gramnegative, rod shaped, motile bacterial
species belonging to the order Pseudomonadaceae. It is widely dispersed in the
environment including in soil and water but is readily found in human and animal
impacted environments (Diggle and Whiteley, 202B). aeruginosahas been
identified as an opportunistic pathogen and is a major cause of haspjtated
infections.P. aeruginosanfectionsprimarily impactimmunocompromised hosnd
chronic infections in patients with structural lung disease such as cystic fibrosis
(Reynolds and Kollef, 2021R. aeruginosaoften displays multdrug resistance due
to its ability to rapidly mutate to gain resistance to antibiotics (Blomquist and Nix,
2021).P. aeruginosds aleadingcauseof bacteraemiandsepsisn neutropenicancer
patients and hospitalcquired pneumonia and respiratory failure (Albas&hig et
al., 2019;Nickersonetal., 2024).ChronicP. aeruginosanfectionsarea characteristic
of individualswith cysticfibrosisandaccountdor pulmonaryfailure thatleadsto death
in these individuals (Wooet al, 2023).
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P.aeruginosgpossessealargegenomeenablinggreatgeneticdiversitywhich
facilitates the growth of the bacterium in diverse environments and production of a
range of virulence factors and resistance mechanisms to persist in the human host
(Satheet al, 2023). Structural components of the bacteria associated with virulence
include pili and membrane components. Attachment to the host is facilitated by type
IV pilus which are associated with bacterial twitching and swarming motility and
adhesion on various surfaces. These structures are involved in biofilm formation,
regulationof virulencefactors,andfacilitate bacterialexchang®f antibioticresistance
genes and confers resistance to host surfactant A (Ligthaidt, 2020; Tanet al,
2013).Lipopolysaccharideanbefoundin all P. aeruginosastrainsandrepresentgan
important immunomodulatory molecule that can stimulate the host immune response
andneutrophilsto releaseneutrophilextracellulaitrapsto captureénvadingpathogens.
Lipopolysaccharide can also protect bacteria from killing and pattern recognition

following phagocytosis (Huszczynséi al, 2020).

Secreted factors also heavily influen8e aeruginosavirulence and are
distributed by a range of specialised secretion systems. Exopolysaccharides secreted
by P. aeruginosaare crucial to biofilm formation and convey bacterial tolerance to
harshenvironmentsuch aslesiccationpxidativestressandhostdefences (Kaur and
Dey, 2023)andhasasecondaryole asanadhesircontributingto bacterialpersistence
in the host (Myszka and Czaczyk, 2009). Siderophores releadeda@yuginosare
another virulence factor fuelling iron metabolism and microbial growth. Two
siderophores are produced Byaeruginosgyoverdine and pyochelin are capable of
strippingiron from hosttransferrinandlactoferrin topromotebacterialgrowthandare
both required for full virulence d?. aeruginosgSas<t al, 2020).

P. aeruginosais also equipped with a range of enzymes and toxins that
facilitate tissue invasion and protect against the host immune response. Alkaline
protease, secreted by the type | secretion system can degrade aspects of the immune
responséncludingIFN-2 andTNF-U andaspect®f thecomplementascadeesulting
in immuneevasion(PeignierandParker,2020).ProteasdV, aserineproteaseanalso
degrade complement proteins C1qg and C3, as well as fibrinogen, plasminogen,
immunoglobulin G, and pulmonary surfactant proteins A, B, and D (Hastingk
2023). P. aeruginosaelastase A and B also facilitate bacterial invasion through

destructionof host elastinresultingin impaired lung function and haemorrhage
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(Chadhaet al, 2022). Elastase B is a potent modulator of the immune response
including manipulation of neutrophils, macrophages, natural killer cells and T cells
recruitmentand activatior{Ciganaetal., 2021).ElastaseB is moreprevalenin early
stagecolonisationin cysticfibrosispatients an@ncea chronicinfectionis established

the elastase activity is significantly diminished (Llamdsal, 2023). Lipase A and
phospholipase C can result in host tissue degradation by targeting the cell membrane
andinducevasculapermeability organdamageandcell death(Qin etal., 2022;Singh

et al, 2023).

Toxinsproducedy P. aeruginosaexertarangeof effectsonthehostincluding
ExoSandExoT which candisruptthe hostactincytoskeletorto interferewith cell-to-
cell adhesion and induce apoptosis of host cells. ExoU is a potent phospholipase that
causesapidnecroticcell death(Hauser2009).In addition,exolysincanproducepores
in hostcellsresultingin membrangermeabilizatiorfBasscetal., 2017).Lipoxygenase
can inhibit the expression of major chemokines and the subsequent recruitment of
immunecells(Aldrovandietal., 2018)andleukocidindemonstratespecificinhibition
of leukocytes (Bouilloet al, 2020). Pyocyanin ia blue-green, redoactivepigment
derivedfrom chorismicacidproducedy P.aeruginosaThelow moleculamweightand
zwitterionicpropertiesof PCNarebelieved to permit the toxin to easily permeate cell
membranes (Halét al, 2016). It is crucial to virulence, serving as a redotive
secondary metabolite and a quorum sensing (QS) signalling molecule. Pyocyanin
inhibits the growth of bacterial, fungal, and mammalian cells by inducing oxidative
stress (Mudaliar and Bharath Prasad, 2024).

P. aeruginosaand A. fumigatusrepresent the dominant bacterial and fungal
pathogen in the airways of adults with cystic fibrosis. Coinfection occurs in an
estimated 15.8% of Irish cystic fibrosis patients although a definitive number is
difficult to determingKeownetal., 2020).Coinfectionis notassociateavith reduced
lung function but typically requiresadditional IV antibiotics (Hugheset al., 2022).
P.aeruginosandA. fumigatusareubiquitousmicroorganisms$oundin soil, waterand
plantsandassuchtheirinteractionsareancientNazik etal., 2020).Thesenteractions
havebeenthefocusfor manystudiesncludingexaminatiorin culturewhichidentified
secretegroductsfrom A. fumigatusthatcanpromoteP. aeruginosadevelopmenand

result in metabolic shifts including denitrification and amino atietabolism but
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also induces a bacterial stress response (Maggadit, 2020). In contrastxposureof

A. fumigatusto P. aeruginosacells results in increasedsecondary metabolite
production including gliotoxin at the expense of fungal growth while exposure to
secreted products has the opposite effect (Marghbi, 2022). Interactions studies

in Galleria mellonellalarvae demonstrated increased mortality when the species
coinfect and human bronchial epithelial cells produce more proinflammatedy IL
and IL-8 when coinfection occurs relative to meinéections (Reecet al, 2018).
Coinfection in an immunocompetent murine model with both pathogens isolated in
agar beads demonstrated a proximity dependent microbial inhii8essand
Stevens,2023). Thesestudieshave provided insights into specific aspects of the
interaction between these two pathogens but often fail to demonstrate the host impact

which plays a crucial role in shaping this interaction.

1.6 The needfor model systemgo study fungal pathogens
To fully understandhe processefungi utilize to infect susceptiblendividuals

and to develop antifungal resistance it is essential to be able to stuefyrigsst
interactions with bothn vivo or in vitro model systems before applying findings to
clinical use (Laset al, 2021). The scope and complexity of infection modalities and
virulence capabilities of fungal pathogens and the range of susceptible hosts has
resulted in a steady rise in the requirement for complex and diverse model systems
(Torreset al, 2020). These systems enable the dissection of the fungal pathogenic
processes in isolation, or in combination, providing key insights into adaptation

processes occurring within the host.

Model systems are crucial as they provide platforms through which the
developmenandresponsef apathogerto agivenenvironmentanbestudiedwithin
adefinedwindow of infection.Variousmodelsystemsavebeenutilized to effectively
isolate, predict, and understand aspects of-paitogen interactions instead of
studying them in uncontrolled conditions through observation of patients directly
(Mukherjeeetal., 2022).Modelsfor understandinfungalpathogenesisaveadvanced
dramatically, from simplén vitro studies to a wide range of vivo techniques. The
original in vitro models provided necessary insights into fudgadt interactions, but
their inability to recreate the physiological complexity of entire organisms rtiesnt
thesemodelshadlimitations (Luming Wangetal., 2024).These limitation$ighlighted
the needto produce complexn vitro models, such asrganoidsand orgaron-chip
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systems, that provide a more accurate representation of humanstissiareand
function. Thesenewmodelshaveprovenusefulfor understanding fungal mechanisms
such as tissue invasion and immune evasion (Betrah, 2022). In additionin vivo

models including mammalian and invertebrates such as insects or nematodes have
facilitated better understanding of fungal pathogenicity and host responses. These
developments represent a shift towards combining modelling approaches, to provide
high-throughput and biologically accurate platforms from which to study fungal
development in thhost asvell as the developmeand testing of effective antifungal
therapies (Junqueira and Mylonakis, 2019)

1.6.1Mammalian models
Rodents, particularly micand rats, aréhemost frequently utilized vertebrate

models due to their accessibility and anatomical, physiological and genetic similarity
to humans (Bryda, 2013). Domesticated rd®attus norvegicusemerged as a
pioneeringanimalmodelin theearlytwentiethcenturyandwerethefirst rodentspecies

to be used for scientific purposes (Modlinska and Pisula, 2020). This system is still
utilised but was eclipsed following tipeiblication ofthe whole genomeof themouse

(Mus musculusjn 2002 which opened up new avenues of genetic research and
establishedts key placein modernbiomedicalresearch (Franco ar@sson,2014). It

has been estimated that 85% of publications regarding experimental aspergillosis
utilized murine models (Desoubeaux and Cray, 2018). This is likely due to the
accessibilityof themodel,andtheirbodysize,allowing for theuseof arelativelylarge
number of animals simultaneously under identical conditions, which can enhance the
power of statistical analysis. In addition, the widespread use of genetically defined
inbred murine strains, humanized mice, and gene knockout mice has enabled
researchert understandhow pathogensausediseasedefinetherole of specifichost

genes in either controlling or promoting disease, and identify potential targets for the

preventioror treatment ohwide rangeof infectiousagents (Sarkar and Heis#)19).

Murine modelswerefundamentato early studiesof the geneticandmolecular
origins of host resistance and the sensitivity of immunocompromised individuals to
fungal infections. These insights included identifying the interaction of various
immune effectors. Examination of the complement system in mice identified that C3
knockoutmicewerehighly susceptibleo systemidnfectionby A. fumigatusalthough

C4andcomplement factoB mutants showeomparablesusceptibility tahewild-type
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mice.This suggestethatspecificfactorsarecrucialto thisresponsandthateitherthe
complemenpathwayddisplayfunctional redundancgluring infection or complement

is activated nostanonically byA. fumigatusinfection (Shendeet al, 2022). Gene
knockoutexperiments in micbave also highlightethatIL-6, IL-12, and IFNo  we r e
protective factors against fumigatusand that 117, TLR4, and TLR2 arerucialin
theinnateresponseAspergillusinfectedTLR2 knockoutmicehavelow T N FaddIL -
12levels as well abwer survivalandhighertissuefungal burdenwhen compared to
immunocompetennice(DesoubeauandCray,2018).Murine modelscanalsoenable

the study ofAspergillusinfection in specific disease contexts including bacterial
coinfection (Sass and Stevens, 2023), solid organ transplant (H¢rbakt 2013),
chronicgranulomatousliseas€King etal., 2023)andcysticfibrosis (Bercussoretal.,
2025).Murine modelsareespeciallyfavouredwhencomparedo manyalternativeand

in vitro models for their ability to imitate human disease pathways and systemic or
multi-organ infection pathologies allowing researchers to study the complicated
dynamic of fungal infections and the host's immune system, in a controlled setting
(MacCallum,2013).Murine modelsalsoaid in the developmenbf specificantifungal
therapieghataremoreeffectiveandlesshazardouso humangLangeandlinal, 2024).
Forexamplethe antifungaldrugfosmanogepixwhich hasbeenshownto beeffective

in vivoin mouseandrabbitmodelsagainstCandidaspeciesCoccidioidesmmitisand

Fusarium solan{Alkhazrajiet al, 2020).

Murine modelsdo havelimitations,including physiologicdifferenceghatlimit
how well micereproducekey aspectof hosi pathogerinteractionsandpathology.In
addition, genetic differences between mice and humans can also interfere with a
pathogen's ability to replicate or cause husike disease outcomes in mi¢®arkar
andHeise,2019).Murine modelsdemonstratémportantphysiological andiochemical
variationsfrom humansncluding thelocalisation ofbasalcellsin the trachea and the
abundance of bronchioalveolar stem cells rather than -gilidtied cells in mice
(Miller and Spence, 2017). In addition, Goblet cells are prevalent in the proximal
human airway, but they primarily appear in mice following injury (Pa8igantaet
al., 2013).The metabolomef mice alsodiffers from humanscontainingsignificantly
morefatty acidsandlower acetateasparagineglutamatelactate Jysine,myoc-inositol,
syllo-inositol, and valine concentrations (Benahnatdal, 2014). These alterations

could influence fungal metabolism and colonisation. Murine modais also fail
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to replicate pivotal aspects of human diseases and infections such as aberrant abscess
formation which occurs in murine lungs durirf@japhylococcus aureusfection
(Cigana et al, 2018), but is rarely observedn human Cystic fibrosis patients
(PatradoorHo and Fitzgerald, 2007). Inaddition, mammalianmodel systems are
expensive to maintain, require high levels of expertise and are subject to strict ethical
and legal regulations limiting the volume of output from these sources (&iahj

2022). Thesefactors have emphasisedhe needto develop numerous alternative

models to dissect aspects of hfstgal interaction in isolation or holistically. They
areoftenusedprior to studyingthemin morecomplexsystemsandhaverevolutionized

novel antifungal screening practices (Hunter, 2022).

1.6.2In vitro cell models

In vitro cell models enable researchers to have complete control of the
conditionspresentn theexperimentsuchasoxygenandcarbondioxideconcentration,
temperature, pH, and nutrition availability (Kle#t al, 2022). This level of control
facilitates reproducible results and highlights the importance these factors play in the
developmenbof infection (Rafig etal., 2022).Theuseof culturedcell linesor tissueis
standard laboratory practice and facilitates the evaluation of aspects of host biology
enabling researchers to study a complex interaction by dissecting it to its component
parts. Additionally,in vitro models can include components of the host microbiota,
includingthe additionof syntheticmicrobial consortiumto mimic hostmicrobiomein
intestinal model systems (Calatayedal, 2019) replicating thén vivo situation on
skin and mucosal surfaces. A549 adenocarcinomic human alveolar basal epithelial
cells,which havebeenutilized to examineAspergilluscolonizationin thealveoli. This
includesexaminatiorof how conidial surfaceproteinsreprogramendosomeathways
in mammalian cells, preventing conidial destruction following initiation of infection
(Jiaet al, 2023).

Endothelial cell models aid in understanding how fungi sudbaaslida spp.
and A. fumigatus penetrate vascular barriers, resulting in systemic infections.
Interactions between fungi and endothelial cells can cause tissue damage and
inflammation, both of which are common hallmarks of invasive fungal infections
(Neteeetal., 2015).Endotheliakell modelsareimportantfor understandingpow fungi
enter the bloodstream and infect endothelial cells, leading to serious infections. They

demonstratédhow fungi dispersethrough blood vesselsand the endothelial
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damagehataccompanieseverdungalinfections.A. fumigatusdemonstratedifferent
mechanismsf invasion,magnitudeof endotheliakcell stimulation,andtime courseof
endothelial cell damage when interacting with abluminal and luminal surfaces. These
differences in the endothelial cell response suggest that there may be significant
differences in the pathogenesis of invasive versus hematogenously disseminated

aspergillosis (Kamaat al, 2009).

Cellsof theinnateimmuneresponsesuchasmacrophages, dendriteells, and
neutrophils play a pivotal role in the initial host's responses against fungal infections.
Phagocytosis, cytokine production, recruitment and activation of other immune
responseto fungalinfectionscanbe studiedusingin vitro modelsby examiningeach
of these cell types in isolation (Lionakes al, 2023). Cell lines including J774A.1,
RAW 264.7, and THR are often used to study macrophagengal interactions.
Additionally, bone marrovderived macrophages (BMDMs) from genetically
engineered micprovide insight intaspecificimmunological mechanisnmievolvedin
antifungal defence (Frandt al, 2018). The role of specific immunological effectors
suchasprogranulin inattenuatingheinflammatoryresponsef A. fumigatuskeratitis
was characterized using RAW 264.7 cells where it was demonstrated to enhance the

phagocytic activity against conidia (& al, 2024).

Despite these applications and advanaesiitro cell models have a major
limitation as they are not able to replicate -wall interactions and they fail to
demonstrate the conditions of cells in an organism, limiting the valurevitiro data
to predictin vivo behaviour (Habanjagt al, 2021). Another limitation of cell culture
is the expense and effort involved to obtain a relatively low number of cells. Cell
culture approaches also lack complex connections found in whole organisms, such as
thoseinvolving variouscell types tissuesandsystemiammuneresponsefKim etal.,

2023). More complexn vitro models include transwell systems, complex organ

chip models and 3D organoid systems. These offer varying levels of complexity and
specificityto mimic humanconditionsandphysiology(Mosig, 2016). Transwellplate
systems havbeen utilized tstudydendriticcell maturation (Lotheetal., 2014) and

the effects of mycotoxins including gliotoxin in disruption of the blood brain barrier

integrity (Patel et al, 2018). The airliquid interface model utilizeshuman
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bronchial epithelial cells at the diquid interface to simulate the bronchial epithelial
barrier in the conductive zone of the respiratory tract. This provides novel insights
into the molecular response of bronchial epithelial cells upon exposure to
fumigatus conidia (Braakhuiset al, 2020). This model demonstrates some
physiologically relevant responsesAofumigatusnfection including upregulation of
apoptosis/autophagy, translation, unfolded protein response and cell cycle while the
complement and coagulation pathways and iron homeostasis were downregulated
(Toor et al, 2018). Despite the many uses and outputs from transwell model systems,
they demonstrate low physiological relevance, are only beneficial when studying
single cell types. In additiomigrationandinvasionassay<anproduceconflicting
datamakingit difficult to relate data to clinically observed phenotypes and cellular
behaviours (Katet al, 2016).

Organ on chip models represent the smallest functional entity of an organ as
well as a versatile and promising resource to studyi pa#togen interactions
(Ahadianet al, 2018). The microfluidic devices are thr@ienensional cell culture
devices constructed of elastomers, glass or plastics. In such microfluidic devices,
multiple cell typescanbearrangedn a3D manner tanimic internalorgan structures,
allowing for the evaluation of cellular responses,-cell interactions, and organ
structuredisruptions By perfusingair or culturemediumthroughmicrofluidic devices
with a micropump, cells can be exposed to shear stress mimicking air or blood flow
(Yokoi et al, 2023). These microfluidic systems create conditions that are more
physiologically relevant and can be considered humanizedtro models. These
system®ffer controlsoverbiologically relevantdynamicssuchasmicroenvironments,
vascularization, negshysiological tissue constitutions and partial integration of
functionalimmunecells (Alonso-Romanetal., 2024).Thelimitation of thesesystems
is theinability to emulate multisysteminteractionsandpathogerdisseminationThis
has been byassed by theombination ofchip systems to simulate mutirgan cross
communication in an enclosed microfluidic network (Lebial, 2014). An invasive
aspergillosis on chip system has been developed including epithelial, endothelial and
immune cells demonstrating human cells inhibited the growth of the fungus,

contributed to the release of proinflammatory cytokines and chemokines
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anddemonstratethein vitro activity of theantifungaldrug caspofungifHoanget al,
2022).

Another advance inn vitro model utilisation was the development of 3D
organoidsystemavhich usestemcellsto moreaccuratelyrecreatehearchitectureand
physiology of human organs with or without a 3D matrix support. These systems are
self-organizing and can in some cases be histologically indistinguishable from the
organs they mimic (Turcet al, 2017). These advances allow for more diverse cell
types being studied simultaneously enabling the simulation of complex tissue
structures (Huch and Koo, 2015). Organoids utilize human induced pluripotent stem
cells which are differentiated through exposure to a variety of stimuli to produce
complex tissues found in the organ of interest. Organoids offer a number of potential
benefits over animal models including the ability to be derived from patient biopsies
(Qu et al, 2024). They provide rapid and more robust outcomes compared to
mammalian models and are a more accurate representation of human tissue and
generatealargerquantity ofmaterial to workwith whencompared to animaiodels.

These models have been utilized to study -likdl receptor activation following\.
fumigatusexposuran 3D lung models (Bosakowt al, 2023) and have beertilized

to examine the response Af fumigatusto P. aeruginosawithin a realistic lung
environment (Barkalet al, 2017). Organoids, like othen vitro models, have
limitationsincludingthelack of inter-organcommunicatiorandcanonly showcertain
aspectof thehostresponsé¢JenserandLittle, 2023;Kim etal., 2020).0Organoidsand
other in vitro systems also cannot mimic the host microbiome which is found at
prominent sites of infection including the lungs and gastrointestinal tracts. This is
because organoids are static and are prone to bacterial overgrowth and due to their
naturerequireanaerobicenvironmentpreventingheintroductionof strictly anaerobic
bacteria, thus failing to represent bacterial species that play a major role in relevant
body sites (Polettt al, 2020).

1.6.3Invertebrate modelsystems

Many insect species can be utilizedimas/zivo models includingDrosophila
melanogaste(fruit fly) andGalleria mellonella(greatemvax mothlarvae)which have
become valuable assets for the research community. Compared to conventional
mammalian models, insects have advantages such as easier handling requirements,

fewerexpenses, and the absenc¢hemeed for ethical or legal approval (Drinkwater
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etal., 2019).Thesemodelscharacterizéhedynamichostresponsesicludingimmune
activation, migration and complete metabolic and nutritional composition which may
notbefully capturedn 2D modelsystemgStewartMerrill etal., 2021). Insectnodels
facilitatethestudyof systemidnfectionmorereadilythanin vitro approache@Ménard

et al, 2021). These models areaccordance with the 3Rs principles of replacement,
reduction, and refinement applied in animal research facilitating -lasgale
investigations (Franco and Olsson, 2014). The immune syste@srg&lanogaster

and G. mellonellaare especially useful because they act in a similar manner to the
innateimmune system of mammals (Broweeal, 2013). This specificity enables an
examinatiorof theresponsetypically observedn theinitial hostpathogennteraction,
which is crucial in determining the establishment of infection and the downstream

immune responses.

D. melanogasteris the most widely employed insect model for genetic
manipulation (Atokiet al, 2025). In many ways is the invertebrate counterpart to the
murinemodelasbothgenomesvereamongthefirst to befully sequencedndanarray
of mutants are readily available (Baenas and Wagner, 2019). Despite the availability
of mutantsandthecompatibilitywith geneticnanipulationD. melanogastelarvaeare
typically incubated at 25°C rather than 37°C, this is important as volatile organic
compounds produced b&. fumigatusare significantly reduced at this temperature
(Almaliki et al, 2021).Despitethis limitation, thecombination ofDrosophilastudies
with othermodelorganismgangeneratevaluabledataregardingheimmuneresponse

to human fungal pathogens.

Galleria mellonellg thegreatemwax moth,is oneof themostwidely employed
insect model for mycological research (Giamberardihal, 2022).G. mellonella
larvae can persist at 37°C making them more suitable Bhamelanogasterfor
studyinghumanpathogensG. mellonellamethodologys well establishedFigurel.9)
and the model has been employed for molecular analysis including proteomics and
transcriptomic analysisG. mellonellaimmune cells share many features with
vertebratannateimmune cells suchs macrophages anéutrophils being capabid
phagocytosis, encapsulation, and the generation of antimicrobial peptides (Smith and
Casadevall2021).Theseprocessebavealsobeenshownto beinhibited by theaction

of mycotoxins in a similar manner to that observed in human neutrophils (Fallon
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etal., 2011).Thereducedcostof larvaealsoenablesheuseof largertestpopulations
resulting in more robust and statistically significant data.
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Figure 1.9: Overviewof Galleria mellonellainfectionandhaemolympltollection
methodologies (generated in biorender).

1.6.4Galleriamellonellaasamodel of the innate immune response
Theutilisationof G. mellonellalarvaeasamodelsystems dueto thestructural

andfunctionalsimilaritiesbetweertheinsectimmuneresponsandtheinnateimmune
system ofmnammals (Brownet al, 2013). Insect haemocytes demonstrate specificity
and capability to distinguish between classes of microorganisms inducing an
appropriate response (Trevija@mntador and Zaragoza, 2018). This recognition of
infection is mediated through gefime encoded pattern recognition receptors which
recognise pathogesmssociated molecular patterns (PAMPS) (kiral, 2020). These
are homologous to those expressed on mammalian innate immune cells (Figure 1.10)
resulting in signalling cascades initiating cellular and humoral immune responses
including phagocytosis, nodulation, agglutination, encapsulation, and production of
antimicrobial peptides (Liet al, 2 020) -1,3@lucangcan be fdcognised by
specific recognition proteins which induce antifungal humoral responses @hen
mellonellalarvae were exposedio Aspergillusniger resultingin increaseaxpression
of antifungal antimicrobial pepttiales gal
2021). Haemocytesan produce superoxide when activated and have a comparable
mechanisnto theNADPH oxidasecomplexof humanneutrophilgBerginet al, 2005).
The action of insect haemocytes could also be inhibited in a similar manner to
neutrophils following exposure to the mycotoxins gliotoxin and fumagitoduced
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by A. fumigatugFallonet al, 2011). This similarity enables comparable results to be
obtained to murine models with larval studies yielding data within two days
compared to two months in murine studies (Firacadtvad., 2020).
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Figure 1.10: Comparisorof toll-like receptorsignallingin G. mellonellacomparedo
the gold standard murine model demonstrating their similarities (generated in
biorender).

1.6.5Mechanismsemployedby Fungi to Infect GalleriamellonellaLarvae

Virulence factors utilised in the colonisation of mammalian hosts are also important
whencolonisinginvertebratesSiderophorearecrucialfor survivalof A. fumigatusin

G. mellonellaas deletion of genes involved in siderophore biosynthesis rendered the
fungusavirulentor reducedungalvirulenceandtheresultswerecomparablevith data
obtainedn murinestudieqSlateretal., 2011).Adherenceof A. fumigatusto host tissue

is driven by the conserved-t€rminal domain encoded by MedA which regulates
conidiogenesisadherencéo hostcells,andpathogenicityMutantslackingthis region
demonstrated impaired biofilm formation and reduced adherence capacity in
pulmonaryepithelialcellsin vitro andreducedvirulencein murinemodelsof invasive
aspergillosis and i®. mellonellalarvae (Abdallalet al, 2012). In addition, conidial
pigmentation, which protects against reactive oxygen species through melanin
production can influenc&. mellonellainfection. Deletion of genes associated with
melaninproductionresultsin highly virulentstrainsin G. mellonellalarvae.lt hasbeen
speculated that these mutants induce an exaggerated immune respo@se of
mellonella,possibly triggered by the altered surface properties of the colotant

conidia, inducing an overreactiveimmune responsepreventingconidial clearance
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(Jacksoretal., 2009).

Secreted aspartic proteases have been implicated as a virulence factor
facilitating tissueinvasionby fungalpathogensCtsD,anaspartigroteasalistinct to
A.fumigatusvasexaminedasavirulencefactorin G. mellonellalarvae(Vickersetal.,

2007). Larvae infected with conidia had a higher mortality rate than larvae infected
following treatmentvith anant-CtsD antibodyindicatingtheenzymeis producedand
secretediuringinfectionandhasa potentialrolein facilitating virulenceof thefungus

in vivo (Vickersetal., 2007).Bothfumagillin andgliotoxin affecttheimmuneresponse

of G. mellonellalarvae and have been detected in larvae post infection. Fumagillin
induces similar effects in insect haemocytes thus demonstrating further similarities
mammalian and insect cells (Falleh al, 2011). Gliotoxin can be quantified using
HPLC in vivo andexvivo in Galleria larvae and the level of gliotoxin secretion was
found to correlate with virulence in larvae whereas elastase, catalase and growth rate
did not (Reevest al, 2004). The similarity in both the fungal and the host response
supports the suitability d&. mellonellalarvae as an ethical model to examine fungal
virulence factors. Despite being a suitable analogue of the human innate immune
response, differences in the metabolite profile, the lack of an adaptive immune
response and lack specific organ sites limit the translatability of findings &Gom
mellonella experimentation in isolation (Gallorirgt al, 2024) but can be used in

combination with other approaches to provide robust and meaningful data.

1.6.6The ex-vivopig lung modelasan analogueof hosttissue
The initial attachment and colonisation of host cells Ay fumigatusis

facilitatedby bindingto extracellulamatrix,andbasalaminacomponentsyhich may
notexposedn thehealthyhost(Bertuzzietal., 2018).In somepatientswith analtered

lung structuresuchasasthmatic®r cysticfibrosis patientsftungal sporescanadhereo
collagen and fibronectin fibres in the basal lamina facilitating its persistence and the
development of fungal disease (Gagjaal, 2019). The microbiome of the lung also
playsanimportantrolein thepreventiorof pulmonaryaspergillosiasthecomponents
andmetaboliteof themicrobiomecaninfluenceimmuneresponse&olwijck andvan

de Veerdonk, 2014)Dysbiosis ofthelung microbiomes related to the exacerbations

of several respiratory diseases such as bronchiectasis, cystic fibrosis and chronic
obstructive pulmonary disease (Ceti al, 2022). These factorare difficult to
simulate in many models of fungal diseasesuch as cell culture,organoidsand

murinemodels.
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Pig lung models offer an alternative to murine studies and better demonstrate
host responses doetheirimmunologicalandphysiological similarities with humans
(Meurenset al, 2012). The microbiome of healthy pig lungs also shows a similar
phylum distribution to that found in human lungs (Betkal, 2012; Huanget al,
2018).In addition,themetabolomef pig lungsdemonstrated similar compositiorto
that of humans, with theain difference being the concentration of some metabolites
(Benahmedattal., 2014). Theexvivo pig lungmodel(EVPL) offersahigh- throughput,
low-cost, and ethical model that closely mimics the lung environment (Figure 1.11)
(Harrisonet al, 2014). Lungs can be obtained from pigs slaughtered for commercial
meatproductionandsincelittle or no lungtissueis usedin food production,lungsare
classified as a waste product whose use does not raise ethical questions (ldarrison
al., 2014). This model has been optimized to mimic factors observed in the cystic
fibrosis airways and has been widely used to study bacterial pathogenicity (Harrison
and Diggle, 2016) and antibiotic tolerance (Sweeetegl, 2021; Harrington et al.,
2020). This model has demonstrated stsgacific virulence differences, including
guorumsensingdeficientmutantsof P. aeruginosademonstratingeduceddamageo
alveolar tissue (Harrisoat al, 2014). It has also been demonstrated that the EVPL
model showsin vivolike aspects ofP. aeruginosagene expression and that the
pathogen forms a biofilm using known vivo pathways required during infection,
resulting in the formation of clinically realistic structures not seen in atheitro
studies (Harringtort al, 2020; Harringtoret al, 2022). The structural, biochemical
and microbial similarities make the EVPL model attractive for adaptation and

implementation for mycological infection slies.
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Pig lungs collected on the Long strips are cut from the The strips are washed in The strips are then cut to

day of slaughter are surface pleura using sterile backed RPMI/DMEM with 5mm? sections
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sections are washed twice The washed cubes are then Inoculated sections are Sections are then visualised
with Ampicillin in RDMI/ point inoculated with a set suspended in RPMI/DMEM for fungal infection and
DMEM and once in media to concentration of and stored at 37°C ina CO» processed for further
remove antibiotics A.fumigatus conidia incubator experimentation

Figure 1.11:Methodologyfor extractionjnfectionandassessmeiof exvivopiglung
explants (generated in biorender).

1.6.7A Combinational approachto diseasenodelling

Infection pathology and microbial virulence in patients is complex and
multifactorial (Kumariet al, 2021). As many model systems provide insight into
specific aspects of a disease state or microbial virulence a combination of models is
requiredto provideholisticinsightinto factorsgoverningdiseasé¢Kaplanetal., 2024).
The indepth examination of specific factors in isolation and combining these results
offersnovelinsight intoprocessesccurring durinchumaninfection. Theselectionof
models is influenced by the question posed and the strengths and weaknesses of each
modelmustbecarefullyconsideredSwearengerf018).Ex-vivo systemoffer greater
controlovervariablesandhigherthroughputsvhencomparedo in vivoanimalmodels
(Hao Wanget al, 2021).In vivo systems often offer more dynamic interplay with the
pathogen of interest as the pathogen interacts with a diverse network of cells, tissues

and organs and an active immune system (Bertosebd, 2024).

In thisstudythe G. mellonellalarvaemodeloffersinsightinto thein vivoinnate
immuneresponseavhich is themainsourceof antagonisnagainstA. fumigatusduring
the early stages of colonisatiorhe larval model also enables simulation of systemic
infectionandbehavioural outputs his modelcannotmimic hosttissueor physiology

which is why it hasbeencombinedwith the exvivo pig lung model of infection.
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The EVPL model offers insight into saprophytic infections in a realistic host tissue
context through accurate emulation of tissue architecture, microbiome and immune
antagonism. In combination these models provide insight into the response and
adaptatiorof A. fumigatusto hostimmuneantagonisnmandcolonisationof hosttissue.
Theisolationof thesecrucialaspectgprovidesinsightsinto the growth of A. fumigatus

in vivoin a more focused and controllable, but dynamic environment.

1.7 Omicsapproachesin mycology

High throughput analysis has fundamentally altered biological research and
facilitated in depth moleculamnalysis otthe response of species to spediictors or
environments (Kharet al, 2019). These higthroughput methodologies have been
broadlycoinedasfi 0 mi appoacheandeachfocusontheextractionandanalysisof
various biological molecules including DNA, RNA, proteins, and metabolites
(Subramanianet al, 2020). The widespread adoption of omics approaches by
researchers has been facilitated by the development of more sensitive equipment,
refined approaches and tbeerevolving suiteof bioinformatics tools (Dai an8hen,
2022).Theexpansion othis field inmicrobiologythroughapplicationof proteomics,
transcriptomics and metabolomics to study {p@hogen interaction has provided
previously unobtainablmsight intothe mechanismévolvedin thesenteractiongAl -
Maleki et al, 2023)

The first omics technology to appear in the literature was Genomics in 1987.
This approach examines an organisms entire genome and goes beyond genetics by
examining the interactions between genes within the genome and the environment
rather than examination of a gene in isolation (Cordell, 2009; MaZall, 2019).
Genomic analysis can now be conducted on a vast scale due to the development of
nextgeneration sequencing technologies with projects including sequencing of
thousands of genomes (Alset al, 2025). Advanced technology also enables
functional genomic analysis to examine other aspects of the genome, such as how
genes are differentially expressed, which transcription factors are bound, or how
chromatinis formedandorganized Gursoyetal., 2022).Pangenomicanalysisof 260
genome sequences &f fumigatususing a combination of population genomics,
phylogenomics, and pagenomics determined that there are high levels of
recombinatiorwithin thespeciesThis studyalsoidentifiedthattherearethreeprimary

clades defined by genes encoding diverse metabolic functions, hintinmphdation
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structure may be shaped by environmental niche occupation or substrate specificity,

whichmayhaveimplicationsfor diseasgrogressiorjLofgrenetal., 2022).

Transcriptomics is one of the most developed fields in thegesimic era.
Thetranscriptomes definedasthe completesetof RNA transcriptancludingmRNA,
tRNA, rRNA and norcoding RNA in a specific cell type or tissue at a certain
developmental stage and under a specific physiological condition (Dong and Chen,
2013). Whilegenomics provides insigirto genes thaarehypothetically involved in
a responsefranscriptomicanalysisenablesa deeperunderstandingdf how a cell
is functioning (Postett al, 2022). Transcriptomics providesdepth insight into the
expression of genes in the cell, as each gene transcribed to produced multiple
transcripts leading to a diverse set of functional molecules including splice variants
providinginsightbeyondwhata simplegenecountcould provide (Lowe et al, 2017).
In vivo transcriptomics ofA. fumigatushas also been used frequently to understand
pathogenicity. The transcriptome obtained from conidia germinating in murine lungs
with germlings obtained unden vitro conditions expected to match the vivo
environment confirmed thak. fumigatusencounters nutrient limitations as well as
alkaline and oxidative stress during the early stages of infection (McDaataajty
2008). Epigenomics is a step beyond transcriptomics and investigates DNA
methylationvariations andhefunctionalconsequencest the spatial behaviouof the
DNA (Serafinietal., 2020).This approacthasbeenutilisedto demonstratéherole of
EGR2 as a key proximal transcriptional activator and epigenomic marker in alveolar

macrophage interactions (Kolostyekal, 2024).

Metabolomics investigates global metabolic alterations associated with
chemical, biological, physiological, or pathological processes. These metabolic
changes are measured with various analytical platforms including liquid
chromatographynass spectrometry, gas chromatograptass spectrometry and
nuclear magnetic resonance spectroscopy (Wightaat, 2022). This approach can
identify metabolites elevated in response to specific conditions including the role of
glutathione, histidine, proline and tryptophan metabolism in reduginfymigatus

damage resulting from exposure to cadmium (Eial, 2024).

Proteomics offers insights beyond the static frameworks of genomics and
transcriptomics facilitating the unravelling of the dynamic behaviour
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of proteins within the cell. Proteomics enables insight into pratpmotein
interactions and posttranslational modifications representing critical layers of
biological regulation which are often altered in disease states (Palabiyik and
Palabiyik, 2025). Proteomics characterises the interactions, function and structure of
the entire set of expressed protamacell, tissueor organismProteomicgrovidesa
betterunderstandingf the structurendfunctionof the organismthangenomicsasit
capturesalteration in protein expression according to time and environmental
conditions (AtAmrani et al, 2021). Many proteomics approaches rely on mass
spectrometry which measures the mass to charge ratio of ions and offers a
comprehensive method for separation, identification and quantification of peptides
from complex mixtures (Sinha and Mann, 2020). Proteoisibsoadlydivided into

two approachesgiscoveryproteomicswhich aims to identifyand quantifyas many
proteins as possiblen a sample, often using shotgun proteomics workflows and
targeted proteomics in which predefined targets are quantified (Mendes and Dittmar.,
2022).

Discovery proteomics is generally divided into three categories:doom
proteomicn which a whole proteoformcanbeassessedniddle-down,in whichlarge
peptides produced by specific enzymatic digestion such a& @&ugenerate large
peptideg>3 kDa) thatareanalyzedoy massspectrometryMS). This methodis useful
for characterizindgnigh-molecularweightproteinsandposttranslationamodifications
thataredifficult to detectby top-downproteomicqTakemorietal., 2024)andBottom:
up proteomics which utilises the advantages that peptides have over proteins, being
more easily separated by revergdthse liquid chromatography, ionize well, and
fragmentin amorepredictablemannerThis translatesnto arobustmethodologythat
enables highthroughput analysis, allowing for identification and quantification of
thousands of proteins from complex lysates (Dupeteal, 2020). Discovery
proteomics can further be divided into two main approaches, gel based and gel free
methods. Gel based methods facilitates the analysis of a small number- of pre
fractionated targets, separated by size from complex mixtures of proteins enabling
intact protein analysis. Efficiency of recovery of proteins from gels have complicated
this approach (Takemoeit al, 2020)but significant progress has recently been made
with thedevelopment of PEPRVS (Passively Eluting Proteins from Polyacrylamide

gelsasintactspeciesor MS), anefficient passiveextractionmethodfor intactproteins
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in gels (Takemoret al, 2022) breathing new life into this technique by overcoming
the recovery challenges. Geée discovery proteomics, also called shotgun
proteomics is characterised by the identification of digested peptides in a high
throughput bottorup approach. This facilitates immediate protein identification,
automatiorandongoingadvancementf dataprocessingapacity(Ercanetal., 2023).

This approachs furtherdividedinto datadependenacquisitionanddataindependent
acquisition. Datalependent acquisition is particularly effective for capturing intense
peptide ions, whereas datalependent acquisition excels in capturing-iotensity
peptides (Lianget al, 2025). GeL@MS, a multidimensional separation workflow,
combines gebased prefractionation with -@S, for deep Middledown proteomics
whereonly proteinsin thedesirednoleculaweightrangearegektfractionatecandtheir
Glu-C digestion products are analyzed giving great depth of read when compared to

other approaches (Takemetial, 2024)

Targeted proteomics is a more specific approach to verify expected findings
and is typically coupled with stable isotope labelling techniques involving the
incorporation of stable isotopes into different samples, combining them for sample
preparation and analysis, then distinguishing them in the mass spectrometer based on
their m/z difference. Isotopic labelling allows for the direct comparison of different
samples within the same run, thereby reducing variability and improving quantitative
accuracy. The most commonly employed labels are isobaric tags for relative and
absolute quantitation (iTRAQ), Stable Isotope Labeling by Amino Acids in Cell
Culture (SILAC) or Tandem Mass Tag (TMT) (Zicong Waeigal, 2024). These
approachesffer insightinto specificaspect®f microbiallife andhavevaryinglevels

of depth and outputs which are suited to answering different questions.

It is widely accepted that multimics approaches offer a more accurate and
comprehensive understanding of a system being studied as it profiles multiple levels
of cellular response and the flow from one level of function to the next (ldasin
2017). This combinational approach provides a holistic view of the response of an
organism or aystemto various stimuli (Gutierrez Reyet al, 2024). A multitomics
approach can be utilised to confirm results obtained in one approach or another
providing arobustunderstandin@f theresponselicitedin responséo stimulationor
interactions (Perakakist al, 2018). However mukomics is costlytime consuming
andis beyondtheacces®f manyresearcherfChenetal., 2023)dueto this constraint
labelfree quantitativeproteomics was thenain approach utilised in thistudy.
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1.7.1Label-free quantitative proteomics

Labelfree quantitative proteomics offers a reliable, versatile, and- cost
effective alternative to labelled quantitation (Neilsenhal, 2011). This method
determines quantitation by comparing the Mass spectrometer signal intensities of
peptides across a set of samples. Specifically, it involves extracting MS
chromatographic peak areas and employing parallel reaction monitoring for MS
basedjuantitation(Yu etal., 2022;Wippeletal., 2022).Quantificationis basednthe
chromatographipeakintensitiesandspectrakcountingof identified proteinsafterMS?
analysis (GeiAsteggiantest al, 2016). Due to the lack of labelling and the fact that
each sample is individually processed, the robustness and reproducibility of sample
preparation are two of the most important aspects for a successful quantitative

proteomeanalysisAs aresulteverystepwithin theexperimentapipelineis apotential

sourceof errorandcanintroduceseveral biasethat might producemisleadingresults
(Meggeretal., 2013).Typical sampleoreparationnvolvescell lysis, proteinreduction,
alkylation and digestion, typically with trypsin and then rigorous clean up to remove
impurities such as salts and remaining solid particles (Figure 1.12). Samples are then
subjected to fractionation and separation of the tryptic digashigh performance

liquid chromatography (Duong and Lee, 2023).

/]
@ -20°C

set up treatment and lyse open cells to Acetone .pref:ipita_te
control experimental extract protein via and trypsin d!gestlon
conditions physical disruption and of proteins

sonication

Prot o

Filter and purify Run purified Analyse data for statistically
proteins with C18 spin peptides on LC-MS- significant and differentially
columns MS system abundant proteins and identify

through uniport

Figure 1.12:Generid_abel-freeproteomicanethodologygeneratedn biorender).

51



1.7.2Proteomicsasatool for uncoveringhostadaptation processes
Proteomicoffersin-depthinsightsinto theconstaninteractionsetweerhosts

and pathogens and can provide insight into the temporal and spatial expression of

proteinsduringtheseinteractiongJeamBeltranet al, 2017).Theability of apathogen

to survive in a hostile environment can be understood by examining changes at the

protein level (Poirier and AGay, 2015). Proteomics provides a rapid and effective

platform to identify these changes, enabling the detection of alterations in protein

abundance, quantifies protein secretion and release, measures an array- of post

translational modifications that influence signalling cascades, and profiles protein

proteininteractiongSukumararetal., 2021).Total extractionof proteinfrom asystem

can enable identification and quantification of multiple species simultaneously in a

singlesamplgGrassletal., 2016).This canprovidenewinsightinto howthepathogen

promotes invasion, and evasion of the host immune system, and simultaneously,
profiles how the host responds to the attack and provides protection from the intruder
(Jo, 2019; Sukumaraet al, 2019). Proteomics provides insight into changes in total
protein profiles when an organism encounters environmental stress, elucidating
changes to biological functions and metabolic networks (€ wd, 2021). These are
factors which are associated with host adaptation. This approach has been applied
extensively to study bacterial, viral and fungal pathogens proving insight into various
interactions between these species and their hosts and reveal insight into immune
evasion processes elicited by these pathogens (Greco and Cristea, 2017, Torres
Sangiacetal., 2022).Understandingpothsidesof thesenteractionsenables basisfor

which to dissect and disrupt host evasion and pathogenesis resulting in the
developmentf moreeffectiveandspecificantimicrobialagentor drugtargetto better

combat or prevent disease.

1.8 Thesisobjectives
Theprimaryobjectiveof thisresearctwasto furtherour understandingf host

adaptation processes exhibitedAyfumigatughrough proteomic characterisation
response to various host environments and stressors. This study also aimed to
understandhe roleof microbial interactions, whichftenoccur invulnerablepatients

and to understand how these interactions shape the outcome for the host.
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Theaimsfor this studywere

1. To contributeto our understandingof host adaptationprocesseghrough
generation and characterisation of an adapgtedumigatusstrain through

subculturing on media containing host specific nutrients and stressors. The
strain was also examined through proteomics to gain insight into protein
changes governing any observed alterations

2. To characterise the metabolic profile and secretomé.ofumigatusin a
sublethal infection within th&. mellonellamodel. To conduct proteomic
analysisonthehaemolymplof infectedlarvaeto understanavhatproductsare
releasedy thefungusoverthefirst 96 hoursof infectionwhile simultaneously

characterising the response of the host at the peak of this infection.

3. Tocharacteris¢gheresponsef A. fumigatusto secretegroductsof acommon
co-pathogenn thelung K. pneumoniaeThephenotypef A. fumigatusandthe
production of mycotoxins was assessed in addition to the proteomic response
to the secreted products. The secretome Kof pneumoniaewas also
characterisethroughproteomicanalysigo identify the causativeagentsof the
fungal alterations.

4. To characterise processes associated with tissue colonisatbnfloypigatus
duringsaprophytidnfection. This wasconductedhroughadaptatiorof the ex
vivo pig lung (EVPL) modelof infection. This providednovelinsightinto host
metabolism and fungal virulence in the presence of a realistic analogue of
decaying host tissue with a host microbiome, immune response and 3D
architecture.

5. The characterisation of the interactions betwe®n fumigatus and P.
aeruginosain a realistic host tissue context. To establish riofected and
coinfected exvivo pig lung explants and conduct proteomic analysis to
characterise how the three species interact. This provided novel insight into
how the pathogens i mpact each otheros
host to the pathogens in isolation and in combination.
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Abstract

Aspergillusfumigatuss anenvironmentasaprophytendopportunistidungal
pathogerof humansThe aim ofthework presentedherewasto examinethe effect of
serially subculturingA. fumigatuson agar generated froalleria mellonellalarvae
in orderto characteriz¢healterationsn thephenotypeshatmightoccur. Thepassaged
strains showed alterations in virulence, antifungal susceptibility, and in protein
abundanceghat may indicate adaptationafter 25 passagesover 231 days on
Galleria extract agar. Passaged strains demonstrated reduced virulenGe in
mellonellalarvae and increased tolerance to haememyadiated killing, hydrogen
peroxide jtraconazoleandamphotericirB. A labekfree proteomicanalysisof control
and passaged. fumigatusstrains revealed a total of 3329 proteins, of which 1902
remained following filtration, and 32 proteins were statistically significant as well as
differentially abundant. Proteins involved in the response to oxidative stress were
alteredin abundancén thepassagedtrainandincluded(S)-S-oxidereductasé€+2.63
fold), developmental regulator FIbA (+2270 1 d ) , and hi sfoldne H2A
These results indicate that the prolonged subculturing. dumigatuson Galleria
extract agar results in alterations in the susceptibility to antifungal agents and in the
abundancef proteins associateslith the oxidativestresgesponse. Thphenomenon
may be a result of selection for survival in adverse conditions and highlighAhow
fumigatusmay adapt to tolerate the pulmonary immune response in cases of human

infection.
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2.1Introduction

Aspergillus fumigatusis a ubiquitous soitlwelling saprophyte and
opportunistidungal pathogerof humangMousavietal., 2016).A. fumigatushasbeen
| abell ed as an O6accidental &6 pathogen pri
survival, and its pathogenic potential may have evolved to facilitate survival in the
environment (Rokaset al, 2020). Virulence factors that facilitate infection in
mammals include siderophore secretion, the ability to grow at 37 °C, and the
production of immunosuppressive toxins such as gliotoxin (Raéshd 2017).A.
fumigatuscan initiate growth within the host phagolysosome partially aided through
the production of siderophores, and this process also occurs Avhieimmigatusis
engulfed by sotdwelling amoebae (Van Waeyenbergee al, 2013). Gliotoxin
biosynthesis is thought to have evolved to combat-liveey predatory amoebae
duringits saprophytiexistenceposingaselectiorpressuren A. fumigatugHillmann
etal., 2015).These adaptations mapntributeto the ability of the fungusto colonize

and disseminate in human hosts.

In humansaspergillosicandevelopin neutropeniéndividuals,hematopoietic
stem cell or solid organ transplant recipients, and patients on immunosuppressive
therapy, and can manifest as a number of clinical conditions, ranging from allergic
bronchopulmonary aspergillosis (ABPA) to acute invasive aspergillosisABeret
al., 2010; EiBabaet al, 2020). ABPA occurs as a result of hypersensitivityAto
fumigatusandaffects2i 3.5%of patientswvith asthmgDenningetal., 2013)in addition
to approximately 10.5% of cystic fibrosis (CF) patients, of which about 10% are
chronically colonized (Malekiet al, 2020; LiPuma, 2010). Patients can be
simultaneouslyolonizedwith differentA. fumigatusstrains,notall of which havethe
ability to persist in the pulmonary microenvironment (LiPuma, 2010). A genotypic
analysisdemonstratethepersistencef A. fumigatudor atleast4.5years within a CF
patientthatpersistenstrainsadaptedo growthin hypoxicconditions andthatconidia
were more sensitive to oxidative stress (Ross, 2022). Repeat isolation from a single
host with chronic granulomatous disease with persistent and recurrent invasive
aspergillosis over two years revealed that the strains were isogenic and demonstrated

resistance to itraconazole (Ballatal, 2018).

Chronicpulmonaryaspergillosigequiresprolongedantifungal therapywith a

recommended minimum course dfedmonths (Denningt al, 2016); therapy for up
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to 12 months may be required to improve lkiagn survival (Imet al, 2021). The
long-term persistence of. fumigatusin the lungs raises the possibility that the
phenotypef theinfectingstrainmayalteror adaptto the hostmicroenvironmentThe
characterization of aspergillomas revealed resistance following antifungal therapy
emergingfrom geneticalterationsoccurringwithin afungalmassfrom asingleparent
strain(Howardetal., 2013).An aspergillomalemonstratedninitial itraconazoleviiC

of 0.25 mg/L; after six months of antifungal therapy an MIC > 16 mg/L was evident,
but after the cessation of therapy for four months the isolate MIC returned to

0.5 mg/L (Cheret al, 2005). An analysis oA. fumigatusAf293 and CEA17, which

share a 99.8% identical genome, demonstrated altered growth rates, virulence, and
susceptibility to drug treatment and immune killing. The observed similarity in
genomes and difference in phenotypes indicated that epigenetic alterations could be
responsible for these physiological differences (Colabastiral, 2022). Another
possible cause of these variations could be the presence of-rmilfgetide
polymorphisms, insertions, and deletions, which have been demonstrated to greatly

impact heterogeneity (Keller, 2017).

The serial passaging @&. fumigatuson a murine lung homogenate medium
revealedheselectionof arapidly germinatingstrain,after 13 passageshatproduced
an enhanced inflammatory respomsenice. Genome sequencing revealed conserved
mutationf thessKAgenewhichis partof theSakAmitogenactivatedproteinkinase
(MAPK) strespathway(Kirkland etal., 2021).Serialpassaginganalsobeconducted
in vivo, andinsectsserveasanexcellentmodelin whichto passagasthey aresimple
to maintainandinoculate haveshortlife cycles,andareeasilymanipulatedScullyand
Bidochka, 2006).Galleria mellonellalarvae are a weltharacterized model for
studying bacterial and fungal pathogenesis due to the strong similarities between the
insect immune response and the innate immune response of mammals in addition to
the ability to grow at 37 °C (Curtist al, 2022; TrevijaneContador and Zaragoza,
2018). Due to the similarities in the immune response, the preparation of agar from
these larvae would contain products found in the human innate immune response,
allowing forinsights into how thesgroducts may shape fungal responses to the lung
microenvironment. The serial passagingoyptococcus neoformams
G. mellonellalarvaefor 15 passagesesultedn the generatiorof adistinctphenotype,

which grew faster in hemolymph but was more susceptible to hydrogen peroxide in
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vitro, killed fewer murine macrophages, and produced a smaller fungal burden in
human macrophages ex vivo compared to the parental strairefAdl, 2020).
Haemocytes exposed to the passaged strains produced less hydrogen peroxide, and a
histopathological analysis also indicated that the passaged strain increased larval
nodulation(Ali etal., 2020).Theserialpassagin@f Aspergillusflavusin G. mellonella

larvae demonstrated that the genetic diversity of the passaged strain decreased
significantly, which emphasizes the impact that the host exerts on shaping the

evolution of a pathogen populatianvivo (Scully and Bidochka, 2006).

G. mellonellalarvae are susceptible to infection with fumigatus and
previouslypublishedresultsshowa strongcorrelationwith thoseobtainedn mammals
(Slateret al, 2011). Larvae infected witA. fumigatusshow many of the symptoms
evidentin infectedmammalsjncludingthedevelopmenof granulomasndthein vivo
productionof toxins (Sheehartal., 2018).Theaim of thework presentedherewasto
characterize the effect of prolonged subculturing on Galleria extract agar on the

virulence and antifungal responsefoffumigatus

2.2 Materials and Methods
2.2.1Aspergillus fumigatus Culture Conditions

Aspergillus fumigatufATCC 26933 was cultured for 72 h at 37 °C on malt
extract agar (MEA) (Oxoid, Basingstoke, UK) plates following point inoculation.
CzapekDox broth (Duchefa Biochemie, Haarlam, The Netherlands) (50 mL) was
inoculated withA. fumigatusconidia at an initial density of 1 x3@onidia/mL and
grownat37°Cfor 72h at200rpmin anorbitalincubator.Thewetbiomass ofmycelia
wasweighedat 72 h following filtration throughMiracloth (Millipore, Millipore, MA,
USA).

2.2.2Generation of passagedtrains of Aspergillus fumigatus
Gallerial extract agar (termed GEA20) was produced by grindingG20

mellonellalarvae in 20 uL of sterile phosphabeffered saline (PBS)ia the use of a
sterile mortar and pestle. The extract was centrifuged at 538x g for 5 min to remove
particulate matter, and 20 mL of the supernatant was added to 80 mL of autoclaved
agar (2 g w/v) supplemented with 0.1 g (w/v) of glucose, allowed to cool prior to
addition,and100puL of penicillini streptomycin(peri strep)(Merck, BranchburgNJ,

USA) (10,000U/10 mg/mL). A. fumigatusconidiawerepointinoculatedonto GEA20
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plates and incubated at 37 °C until growth reached the edge of the agar plate, which
took an average of 9.24 days before subculturing onto fresh GEA20 plates. Three
strains were selected after being serially passaged for a total of 25 passages over 231
days,andreferredto asA25, C25,andE25. Controlstrainswereserially sub-cultured

on MEA plates for the same period of time.

2.2.3Virulence assessmenf passagedstrainsin vivo

Six instar larva®f G. mellonella(Livefoods Direct Ltd., Sheffield, UK) were
stored at 15 °C prior to use. Twelve larvae weighing @2 g, without signs of
melanization, were inoculated with 20 mL of PBS containing 5°>chtrol or
passaged. fumigatusconidiavia intra-hemocoel injectiomsinga26 G 1 mL syringe
(Terumo,Tokyo, Japan). Théarvaewereplacedin 9 cm Petridishesandincubatedat
37 °C. Larval viability was assessed over 72 h. Experiments were performed on four

independent occasions.

2.2.4Haemocytekill assay
Hemolymph(500puL) wasextractedrom G. mellonellalarvaeandhaemocytes

were harvested by centrifugation at 8609 x g for 8 min.-ftedl haemolymph was
retained on ice. Haemocytesere resuspended in 500 mL of sterile PBS and
enumeratedsingahaemocytometeiheconidiaof controlandpassaged. fumigatus
strains were harvested and resuspended ifreellhaemolymph for 30 min at 37 °C.

The opsonized conidia were harvested and resuspended in 500 pL of sterile PBS.
Conidialandhaemocyteuspensionseremixedin aratio of 1:1 (approximatelys x10°
haemocyteand conidia) in a final volume of 1 mL in a 50 mL Falcon tube (Sarstedt,
NumbrechtGermany)andincubatedat37°C and200rpm. A 20 L aliquotwastaken

at 26minute intervals and serially diluted for plating on MEA plates in triplicate.

Fungalcolonies wer@numeratetb assessiability afterincubation aB87 °Cfor 24 h.

2.2.5Susceptibility testing
Hydrogen peroxide (Sigma, St. Louis, MO, USA) was serially diluted in

Sabouraudextrosebroth(SDB) (Oxoid, HampshirelJK) ona96-well plate(Corning,
Corning, NY, USA) to produce a concentration range between 30.62 and 245 mM.
AmphotericinB (Sigma,St. Louis, MO, USA) anditraconazolgSigma,St. Louis, MO,
USA) wereseriallydilutedin SDB, producingrangef 0.78to 6.25mg/mL and7.81

to 62.5 pg/mL, respectively. Conidia from the control and passagaths were
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harvested and enumerated. Aliquots (100 L) of conidia were added to each well of a
96-well plate (CorningCorning, NY, USA) toprovide aconcentration ofl x 10°
conidiaperwell. Plateswereincubated aB7 °C andgrowthwas assesseat 24 h at

600 nm using a plate reader (Biek Synergy HT, Somerset, NJ, USA).

2.2.6Gliotoxin extraction and quantification

A. fumigatuscultures (n = 3) were grown in 50 mL of CzapBkx broth for
72 h. The supernatant was filtered through Miracloth, and 20 mL of supernatant was
mixed 1:1 with chloroform for 2 h at room temperature. The chloroform fraction was
stored at-20 °C overnight and samples were dried through rotary evaporation in a
Bichi rotor evaporator (Brinkmann Instruments, Brea, CA, USA). Samples were
dissolvedn 500pL of methanobkndstoredat-20°C. Gliotoxin wasdetectedy reverse
phase HPLC (RPHPLC; Shimadzu, ColumbjaMD, USA). The mobile phase was
34.9% (v/v) acetonitrile (Fisher Scientific, Waltham, MA, USA), 0.1% (v/v)
trifluoroaceticacid (TFA), (SigmaAldrich, StLouis, MO,USA) and65%(v/v) HPLC-
grade water (ddH20). Samples (20 pL) were loaded onto an Agilent ZORBAX SB
Aq 5 um polarLC columnandquantifiedbasedn thestandarcurvegeneratedising

gliotoxin standards dissolved in methanol ranging from 6.25 t0100 mg/mL

2.2.7Total secretedsiderophorequantification
A. fumigatuscultures 6 = 3) were grown in 50 mL of CzapeRox broth for

72 h. Siderophore activity in supernatants was determiiaeithe use of a SideroTec
HiSensassay(Accuplex, Maynooth, IrelandBriefly, 100¢ Lof samplewasaddedo

awe |l | mi croplate foll owed btpusédetectoaddi t i
After 10 min of incubation at 37 °C, the plate was read on a fluorescent reader (360
excitation/460 emission). The siderophore concentration was determined by using

desferoxamine as a reference standard

2.2.8Protein extraction and purification from A. fumigatushyphae

Protein extractions were performed as outlined previously (Margalil,
2022).A. fumigatusmyceliaof controlandpassagedtrainE25 (n = 3 pergroup)were
grownfor 72 h at37 °Cin Czapek Dox media.Myceliumwasharvestedy filtration,
snapfrozen in liquid nitrogen, and ground to a fine dust in a mafitathe use of a
pestle A lysis buffer (8 M urea,2 M thiourea, and 0.M Tris-HCI (pH 8.0) dissolved
in HPLC-grade ddHO), supplemented with protease inhibitors (aprotinin, leupeptin,
pepstatin A, tosyllysine chloromethyl ketamgdrochloride (TLCK) (10 pg/mL), and
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phenylmethylsulfonyl fluoride (PMSF) (1 mM/mL)), was added (4 mL/g of hyphae).
The lysates were sonicated (Bandelin Senopuls), three times for 10 s at 50% power.
Thecell lysatewassubjectedo centrifugation(EppendoriCentrifuge5418) for8 min

at 14,500>qg to pellet cellular debris. The protein concentration was quantified by the
Bradford method and samples (100 pg) were subjected to overnight acetone
precipitation. Samples were subjected to centrifugation at 14,§30k 10 min to
pelletproteins acetonavasremovedandthepelletwasresuspendeh a25 L sample
resuspension buffer (8 M urea, 2 M thiourea, and 0.1 MA@ (pH 8.0)dissolved

in HPLC-grade ddHO). A 2 pL aliquot was removed from each sample for
quantificationvia the Qubit quantification system (Invitrogen, Waltham, MA, USA).
Ammonium bicarbonate (Ambic) (125 pyL, 50 mM) was added to the remaining
samples, which were subjected to reductioa the addition of 1 yL of 0.5 M
dithiothreitol and incubated at 56 °C for 20 min, followed by alkylation with 0.55 M
iodoacetamide (IAA) at room temperature in the dark for 15 min. Proteins were
digestedvia the addition of 1 pL of sequenggade trypsin (Promega) (0.5 pg/uL),
supplemented with 1 puL of Protease Max Surfactant Trypsin Enhancer (Promega 1%
w/v), andincubatedat 37 °C for 18 h. Digestionwasquenchedsia theadditionof 1 pL

of TFA incubated at room temperature for 5 min. Samples were subjected to
centrifugation at 14,500g for 10 min prior to cleatup using C18 spin columns
(Pierce). The eluted peptides were drigd the use of a SpeedyVac concentrator
(Thermo Scientific (Waltham, MA, USA) Savant DNA120) and resuspended in 2%
(v/v) acetonitrileand0.05%(v/v) TFA aidedby sonicatiorfor 5min. Thesamplesvere
centrifugedo pelletanydebrisat 14,500xg for 5 min, and2 pL from eachsamplewvas

loaded onto the mass spectrometer.

2.2.9Massspectrometry

Puri fi ed peptdodaminge7sdng prateinswere badedlonto a
Q Exactivemass spectrometéfhermo FisheBcientific, Waltham, MA, USA)sing
al33minreversephasagradientasperpreviousmethodgMargalitetal., 2020).Raw
MS/MS datafiles wereprocessedhroughthe Andromedasearchenginein MaxQuant
softwarev.1.6.3.4110usinga Neosartorydumigatareferencgroteomeobtainedirom
aUniProtSWISSPROTdatabaséo identify proteins(9647entries,downloaded July
2022). Thesearch parameters followed those described in (Margadit, 2020).
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2.2.10Data analysis

Perseus v.1.6.15.0 was used for the analysis, processing, and visualization of
data. Normalized LFQ intensity values were used as the gquantitative measurement of
protein abundance. The data matrix generated was filtered to remove contaminants,
andpeptidesvereidentified by site.LFQ intensityvalueswerelog2-transformedand
each sample was assigned to its corresponding group (control and E25). Proteins not
foundin all replicatesn atleastonegroupwereomittedfrom furtheranalysis A data
imputation step was conducted to replace missing values with values that simulate
signalsof low-abundanceroteinschosen randomlfrom adistributionspecifiedby a
downshiftof 1.8timesthemeanstandardieviationof all measuredalues anawidth
of 0.3 times this standard deviation. Principal component analysis (PCA) was plotted
using normalized intensity values. The proteins identified were then defined using a
Perseusnnotatiorfile (downloadedn July 2022)to assigrextracttermsfor biological
processmolecularfunction,andKyoto Encyclopediaf GenesandGenomegKEGG)

names.

To visualize the differences thest$ ween
were performed using a caff of p < 0.05 on the posmputation dataset. Volcano
plots were generated by plotting the log2 fold change on-tisésxagainst the log-
values on the ’axis for each pairwise comparison. Statistically significant and
differentially abundant (SSDA) proteins (ANOV/A, < 0.05) with a relative fold
change greater than +1.5 were retained for analysis. SSDA proteins ‘seoeez
normalized andhen used fohierarchical clusteringp producea heat map. Identified
SSDAs could then be assessed using Uniprot codes generated by Perseus to gain
insights into their roles within the cells. The mass spectrometry proteomics data have
beendeposited to theroteomeXchange Consortiwia the PRIDE (PereRiverol et
al., 2021) partner repository with the dataset identifier PXD036787.

2.2.11Statistical analysis
Resultsfrom the phenotypictestingwere assesseth GraphpadPrism Version

8.0.1. A 2way ANOVA analysis or multiple pairetitests were performed for the
binary comparison of passaged and corrdiumigatusstrains. Significance was set
at p < 0.05. Proteomic analysis was conducted in Perseus V.1.6.15.0, as described

above.
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2.3 Results

2.3.1Characterisation of growth characteristics of serially subculturedA.
fumigatusstrains

At the end of 25 passages, fumigatusconidia were isolated from GEA20
plates by washing with PBS/tween, and an aliquot of a diluted culture (%mL)0
was used to point inoculate ME#\ates so that radial growth could be measured over
48 h at 37 °C. Theresultsindicatedno significant differencen thegrowth ofthethree
passaged strains compared to the control (Figure S2.1). Conidia were also used to
inoculatea flask of Czapex Dox broth at adensityof 1 x 10°/mL aswell asincubated
at 200 rpm and 37 °C for 72 h. At the end of the incubation period the mycelial wet
biomasf theseriallysub-culturedstrainswasnot significantly differentto thatof the
control(FigureS2.2).Thegliotoxin concentratiorof culturefiltratesattheendof 72 h
was higher in the passaged strains than in the control, but only passaged strain A25
showed a significant resulp & 0.01) (Figure S2.3). There was no difference in the
secreted siderophore concentrations between the control and padsdgedgatus
strains (Figures4).Peri strep(0.1%vV/v) was used in th&EA20plates to prevent the
overgrowth of bacteria from th&. mellonelladigestive tract. The exposure Af
fumigatusto pen strep did not affect the radial growth rate (Figure S2.5), and strains
that were serially passaged on MEA agar plates containing Ou/Aopeeri strep
showed no significant alteration in their tolerancéydrogen peroxide (Figui$2.6)
or amphotericin B (Figure S2.7), but did demonstrate increased susceptibility to

itraconazole (Figure S2.8), which was not observed in the-@B#saged strains.

2.3.2Passaged\. fumigatusstrains showreducedvirulencein G. mellonella
larvae

G. mellonellalarvae were inoculateda an intrahemocoel injection with the
conidia(lx1®% 20 L) of c oAnfumigatusstrains, apdaviabdity was d
assessed over 72 h (Figure 2.1). Infection with the control strain resulted in 30%
mortality at48 h comparedo 5i 8% mortality dueto the passagedtrains.By 72 h, the
larvaeinfectedwith thecontrol A. fumigatusconidiashowe®4% mortality, compared
to amortality rateof 217 25%in thelarvaeinfectedwith the conidiafrom the passaged
strains (**p = 0.004 for A25 and C25; 5= 0.0106 for E25 relative to the control).
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Figure 2.1: Response of larvae to infection by the conidia of control and pasfaged
fumigatusstrains Larvaewereinfectedwith the conidiaasdescribedandtheir survival

was monitored over 72 h. Passaged strains showed significantly reduced virulence at
72 h ((A25, * p = 0.0458; C25 and E25, ** p = 0.042. Logrank (M&n@alx) test).

The response of the conidia from the control and passaged stra(®s to
mellonellahaemocytes was assessed. Haemocytes were extracted from the larvae as
described and mixed with haemolymppsonized conidia in a ratio of 1:1 at 37 °C.

The viability in the conidia was assessed by serially diluting and plating them onto
MEA plates. The results indicate that the haemocytes killed 92.8% of the cantrol
fumigatusconidia by 40 min and 98.04% by 100 min (Figure 2.2). In contrast, the
conidia of the passaged atrs were significantly less susceptible to haemecyte
mediatedkilling, demonstrating9.19 41.37%kill rateat40minanda36.78 52.84%

kill rate at 100 min (****p < 0.0001 at both time points).
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Figure 2.2: Response oA. fumigatusconidia to haemocytmediated killing. The
conidia of A. fumigatuspassaged and control strains were exposed. tmellonella
haemocytes ex vivo. The passaged strains demonstrated significantly increased
tolerance to immune cell killing at 40 min (**** p < 0.0001) and 100 min (**** p <
0.0001), determined by a omamy ANOVA followed by pairwise multiple
comparisons using the Tukey test.

2.3.3Passaged\. fumigatusstrains showaltered susceptibility to Antifungal
agents

In orderto confirm thetoleranceo oxidativestressndicatedin Figure2.2, the
susceptibility of the conidia of control and passagefumigatusstrains to hydrogen
peroxide, as well as the antifungal agents amphotericin B and itraconazole, was
assessed as described. The passaged strains showed increased growth in the presence
of hydrogen peroxide compared to the confolfumigatusstrain at concentrations
from 30.62 to 245 mM, with a significant increase in the growth of the E25 strain at
concentrations of 30.62, 61.25, and 245 mM (< 0.0001) (Figre 2.3A). All
passaged strains demonstrated significantly increased growth at amphotericin B
concentrations of 0.78.125 mg/mL compared to the control (*** < 0.0001)
(Figure2.3B).Thepassagedtrainsshowedsignificantlyincreasedjrowth atall of the
itraconazole concentrations tested (Figure 2.3C).
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Figure 2.3: Analysis of the response of control and passagddmigatusconidia to
hydrogen peroxide, amphotericin B, and itraconazole Pasgagednigatusconidia
demonstratedignificantlyincreasedoleranceo (a) hydrogenperoxide(strainE25at
concentrations of 122.5, 62.5 and 30.62 mM Amphotericin B (**** p < 0.000k)); (
amphotericin B at concentrations of 3.0278 mg/mL in all of the passaged strains
compared to the control (**** p < 0.0001); ang) {traconazole in all of the passaged
strainscomparedo the controlwith C25at62.5ug/mL (*** p =0.0017)andall other
strainsaswell asconcentrationg**** p <0.0001) determinedy aoneway ANOVA
followed by pairwise multiple comparisons using the Tukey test for each treatment
dose (* p =0.01, ** p = 0.001).
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2.3.4Proteomiccharacterisation of Passaged\. fumigatusstrain E25

A guantitative proteomic analysis was employed to identify alterations in the
proteome of passaged strain E25 that might explain the altered susceptibilities to
haemocytemediated killing and the antifungal agents described above. In total, 3329
proteins were detected, of which 1902 remained following filtering. Tty
proteins werestatistically significant and differentially abundant (SSDA) (T&blB.
Theheatmapof proteinsalteredin abundancéndicatesa cleardifferencebetweerthe
control and passaged strains (Figure 2.4). Proteins such as polyadenylation factor
subunit CstF64 (+3.58Id) and nuclear capinding protein subunit 2 (+2.46ld),
involved in mRNA stability, were increased in abundance in the passaged strain.
Peptidemethionine (S)S-oxide reductase (+2.68ld) and developmental regulator
FIbA (+2.27fold), involvedin theresponséo oxidativestress, weralso increased in
abundance in the passaged strains. Proteins decreased in abundance in the passaged
strain included zi nc/ c a-tbld)j tcanslationeisitiatort a n c e
regul ator (Gclnd20,) a(nidl.glléucose r efgd)enssi bl e
addition,nucleoporinNUP49/NSP49 1 2-fold)4guanytnucleotideexchangdactor
(Sec7)X 1 1-fold)gandhistoneH2A.Z( 1 1-fold)#verealsodecreaseth abundance
(Figure 2.5). The results indicate that passaged strain E25 showed some alterations in
the proteome, and those that are present may contribute to the increased tolerance to

oxidative stress.
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Table 2.1: All proteinsdetected tdoe statisticallysignificant and differentially

abundant in passaged strain E25 relative to the cohtfaimigats strain.

Protein Name GeneName Peptides Sequence | Score Fold

Coverage Change
(%)

Polyadenylatiorfactorsubunit AFUA 2G09100 3 18.9 17.95 3.58

CstF64, putative

Complexl intermediateassociated AFUA 3G06220 4 15.2 14.82 3.44

protein (Cia30), putative

KH domainprotein AFUA_4G07220 6 19.1 2251 3.04

Uncharacterizegrotein AFUA 3G08440 3 22.6 9.074 2.77

50SribosomalproteinL3 AFUA_4G06000 4 20.5 19.30 2.77

Peptidemethioning S} S-oxide AFUA_2G03140 3 49.1 26.35 2.63

reductase

Nuclearcapbindingproteinsubunit AFUA 2G08570 5 25 7.55 2.46

2

PostSET domaincontainingprotein AFUA 6G10080 2 23.3 8.33 2.28

DevelopmentategulatorFIbA AFUA 2G11180 4 7.4 10.65 2.27

Thiamine biosynthetic bifunctional AFUA_2G08970 8 27.2 19.26 211

enz, putative

RING-typeE3 ubiquitintransferase AFUA_ 2G11040 4 29.2 6.07 1.88

Smallnuclearribonucleoproteire AFUA _7G05980 4 32.6 9.08 1.81

Phosphatidylglycerol/phosphatidylin npc2 10 354 29.44 1.74

ositol transfer protein

DIpA domainprotein AFUA _4G10940 5 23.4 15.65 1.64

RSCcomplexsubunifRSC1), AFUA_3G05560 4 7.8 9.43 1.63

putative

Probablenannosyoligosaccharide mns1B 14 47.5 64.36 1.60

alphal,2-mannosidase 1B

ATP-dependenRNA helicasedbp2 dbp2 17 43 109.23| 11. §

Rhomboidprotein2 rbd2 2 154 19.36 T1.86

IntegralER membrangroteinScs2, AFUA_4G06950 9 40.2 53.75 1.7

putative

TranslatiorelongatiorfactoreER3, AFUA_ 7G03660 68 77.1 32331 1T 1. 7

putative

Guanyinucleotideexchangéactor AFUA_ 7G05700 8 5.8 27.80 1 1. 7

(Sec7), putative

HistoneH2A.Z htz1 6 51.4 65.54 1.8

GlucoserepressiblgroteinGrg1l, AFUA 5G14210 2 34.8 68.31 1.8

Putative

Translation initiation regulator AFUA_4G06070 9 20.2 37.21 T1.9

(Gcn20) putative

ANK_REP_REGIONJomain AFUA_5G14930 20 48 19054 11. 9

containing protein

NucleoporinNUP49/NSP49putative | AFUA 6G10730 4 10.8 10.05 T2. 2

Aminotransferasgyutative AFUA 6G02030 6 23 16.58 T2. 2

GABA permeasgUgad4),putative AFUA_4G03370 4 8.9 12.47 T 2.7

U5 snRNPcomplexsubunit,putative AFUA _7G02280 7 32.6 19.75 1T3.1

Zinc/cadmiumresistancerotein AFUA_2G14570 1 3 9.01 T5.1

Uncharacterizeghrotein AFUA 1G16030 16 38.2 62.94 1T6. 5
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Figure 2.4: Heat map showing protein clustering between control and pasgaged
fumigatusstrain E25. Shotgun quantitative proteomic analysis of passaged strain and
control mycelia grown in Czapekox broth for 72 h. Tweway unsupervised
hierarchical clustering of the median protein expression values of all statistically
significant differentially abundant proteins. Hierarchical clustering (columns)
identified two distinct clusters comprising the three replicates from their original

sample groups.
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Figure 2.5: Volcano plots showing alterations in protein abundance in control and
passagedd. fumigatusproteomes. Volcano plot of all identified proteins based on
relativeabundanceéifferencesdetweerpassagedtrainsandcontrolmycelia.Volcano

plots showing the distribution of quantified proteins. Proteins above the line are
considered statistically significant (p value < 0.05), and those to the right and left of
the vertical lines indicate relative fold changes greater thafoll5

2.4 Discussion

To examinethefactorsfacilitating theselectiorandpersistencef A. fumigatus
in a host,in vivo or in vitro serially passaging can be employed to impose specific
conditionsfor prolongedperiodsof time. Theselectiveserialculturing of anorganism
canresult ingeneticmodificationsasthe organism responds togivenenvironmental
pressuréScully andBidochka,2006).To facilitate prolongedoassagingndovercome
the relatively short lifespan @. mellonellalarvae, an agar system was formulated.
Theresultspresenteghowthatthe prolongedsubculturingof A. fumigatuson GEA20
plates selected strains showing reduced virulend8.imellonellalarvae but with
greater tolerance of haemocytediated killing as well as hydrogen peroxide,
amphotericirB, anditraconazoleReducedrirulencewasnot a resultof alteredgrowth,
as control and passaged strains grew at the same rate (Figures S2.1 and S2.2). In
addition, only one passaged strain demonstrated significant alterations in gliotoxin
production (Figure S2.3), and there was no significant alteration in siderophore
secretion (Figure S2.4). A small number of changes in the proteoméeteasedn
passaged strain E25 (Table 2.1), and those proteins increased in abundance, such as
peptidemethionine (S)S-oxide reductase (+2.68Id) and developmental regulator
FIbA (+2.27fold), coupled with the reduced abundancenof st one H2A. Z (°

fold) could have contributed to the observed tolerance of oxidative stress.
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FIbA negatively affects the responses of detoxification to reactive oxygen species
(ROS) as well as gliotoxin and negatively regulates GIiT expression. The absence of
FIbA increased ROS accumulation in hyphae, which elevates the expres&@&of
scavengers such as catalase suqueroxidedismutasgShinet al, 2013). H2A.Z has

been found to be involved in genome stability, DNA repair, and transcriptional
regulation across eukaryotes. Neurospora crassaH2A.Z regulates the oxidative
stress response (Chen and Ponts, 2020). H2A.Z antagonizes CPC1 tonmdstgct

cat3 expressionin a normal setting, whereasunder oxidative stress H2A.Z is
removed from chromatin, leading to a rapid and full activation eBdeanscription,
enhancing the capacity of resistance to physiological stimuli (Bxingl, 2018).
Proteomicevidencealsoindicatesthatthesealterationshavenot arisenas a result of
starvation or nutrient deprivation, as proteins involved in the starvation response,
such as zinc/cadmium resistanceprotein ( 1 5-foldl),7 expressedin low-iron
environments (Vicentefranqueiet al, 2018), and glucose repressible protein grgl

( 1 1-fold)lwhichis expresseth low-nutrientenvironmentgXie etal., 2004),were

reduced in abundance.

The data presented here indicate that the prolonged subculturidg of
fumigatuson GEA20platesresultedn the selectionof phenotypicallyfit variantsthat
could persist in the culture conditions and withstand oxidative stress. The proteomic
analysisof the passaged ancbntrolstrainsindicatedalterationgprimarily involvedin
MRNA stability and oxidative stress tolerance. The results suggest that culture
conditions may serve as a selective bottleneck, as previously demonstrated in work
conducted withA. flavus(Scully and Bidochka, 2006). In additio@, neoformans
strains passaged i®. mellonellalarvae demonstrated increased oxidative stress
tolerance by downregulating hydrogen peroxide productiarthe shedding of the
immunomodulatorgapsulgAli etal., 2020).In thework presentedhere thepassaged
A. fumigatusstrains also demonstrated increased tolerance to oxidative stress, further
emphasizing the importance of these mechanisms. Itraconazole and amphotericin B,
whichtarget the fungal cell membrane, affect fungal reldmxeostasis by increasing
intracellular ROS production. These responses were abolishdte inhibition of
mitochondrial respiratory complex I, which suggests that mitochondrial complex | is

the main source of deleterious ROS productionAifumigatus challenged with
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antifungal compounds (Shekhoeaal, 2017). Interestingly, the proteomic analysis
indicated an increased expression of complex | intermedisseciatedprotein
(+3.44fold) independenf exposureto any antifungal agent. Previous work has
shown that the exposure @andida albicansto hydrogen peroxide for 60 min
increased tolerance to caspofungin through the simultaneous activation of the Cap
and Hog pathways (Kellet al, 2009), indicating that prior exposure to elevated
internal ROS could be attributed to reduced susceptibility to amphotericin B and
itraconazole. The production of ROS by the innate immune response is crucial to
protection against colonization. The abilityAffumigatugo adapt and persist in the
presence of these stressors and innate immune products coulda pidg in

influencing antifungasusceptibilityandresponseo theimmunecellsin vivo.

2.5Conclusion

Thedata presented heseggest that prolonged subculturing on GEA20 plates
can alter the phenotype and proteome Aof fumigatus The passaged strains
demonstrated reduced virulente vivo and increased tolerance to haemocyte
mediatedilling, hydrogenperoxide jtraconazoleandamphotericirB. Thistolerance
may be due to the proteomic alterations evident in the passaged strains conferring
toleranceo oxidativestressProlongedA. fumigatuscolonizationin vivo mayalsolead
to strains better adapted to the pulmonary environment as well as those that display
enhanced tolerance to antifungal agents. Such a process may have implications for
human health, as inadvertent selection for eénlgrant and persistent strains could

complicate therapy.
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Abstract

Introduction: The fungal pathogemspergillus fumigatusan induce prolonged
colonizationof thelungsof susceptiblgatientsyesultingin conditionssuchasallergic

bronchopulmonary aspergillosis and chronic pulmonary aspergillosis.

Hypothesis: Analysis of theA. fumigatussecretome released during daethal
infection of G. mellonellalarvae may give an insight into products released during

prolonged human colonisation.

Methodology: Galleria mellonellalarvae were infected witi. fumigatusand the
metabolism of host carbohydrate and proteins and production of fungal virulence
factors were analysed. Lakeée qualitative proteomic analysis was performed to
identify fungalproteinsin larvaeat 96 hourspostinfectionandalsoto identify changes

in theGalleria proteome as a result of infection.

Results: Infected larvae demonstrated increasing concentrations of gliotoxin and
siderophorenddisplayededucecamountof haemolymplcarbohydrat@ndprotein.

Fungal proteins (399) were detected by qualitative proteomic analysis -freeell
haemolymph at 96 hours and could be categorized into seven groups, including
virulence ( = 25), stress response £ 34), DNA repair and replicatiom (= 39),
translation § = 22), metabolismn(= 42), released intracellulan € 28) and cellular
development and cell cycla € 53). Analysis of the Galleriglroteome at 96 hours
postinfection revealed changes in the abundance of proteins associated with immune
function, metabolism, cellular structure, insect development, transcription/translation

and detoxification.

Conclusion: Characterizing the impact of the fungal secretome on the host may
provide an insight into how. fumigatusiamages tissue and suppresses the immune

response during longerm pulmonary colonization.
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3.1Introduction

Aspergillus fumigatuss a ubiquitous environmental fungus and a significant
pathogertapableof producingavarietyof pulmonaryinfectionsin susceptiblgatients
(Seifetal., 2022). Themostseriousorm of infectionis invasiveaspergillosisandthis
can induce a mortality rate of 50 % in neutropenic patients and 90 % in stem cell
therapyrecipientgNaaraayartal., 2015).Prolongedungalcolonizationisacommon
characteristic of allergic bronchopulmonary aspergillosis (ABPA), which typically
affects those with hyperactive immune responses, such as asthma or cystic fibrosis
(Erasoet al, 2020). ABPA is characterized by repeated exacerbations arising from
Aspergillus sensitization resulting in severe immune response and inflammation
leading to haemoptysis or, in severe cases, lung collapse (Agztraial2023). The
development of ABPA depends upon fungal persistence andetbal colonization
despite intense inflammatory cell infiltration driven by a number of fungal virulence
factors including secreted proteases capable of detaching cells from the basement
membrane leading to altered epithelial integrity (Wark, 2004). In the case -of pre
existinglung damageor modesimmunosuppressiorhronicpulmonaryaspergillosis
(CPA) can occur. CPA is characterized by slow progressive destruction of lung
parenchymandrecurrenceipondiscontinuatiorof antifungaltherapy.The condition
often results in cavity formation or expansion of-pgisting cavities from previous
insults (Bongominet al, 2020). Damage caused to the lung tissue, commonly
following tuberculosis infection, facilitates saprophytic colonization (Bongomin,
2020). A. fumigatusproduces a range of enzymes, toxins and small molecules that
facilitate the growth and survival of the fungus in the environment, and these may
facilitate persistence in the host. The thermotoleranc@.ofumigatusmay have
evolvedto allow survivalin its environmentahiche,andthis is facilitatedby thethick
conidia walls coupled with transcriptional regulation of heat shock response proteins
in responséo thelossof cell wall integrity (Fabrietal., 2021).A. fumigatusproduces
low- molecular masderric- iron- specificchelatorknownassiderophoresyhichare
upregulated during iron starvation and are integral to fungal virulence (Aejughy
2022). Siderophores such as fusarine C, and its acetylated form triacetylfusarine C,
capture extracellular iron, while ferricrocin may be intracellular and involved in iron
distribution and storage (Schretttt al, 2010). The conidial siderophore
hydroxyferricrocinplaysacrucialrolein iron storagegerminatiorandoxidativestress

resistancgSchrettl et al., 2008). Gliotoxin, an immunosuppressive
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epipolythiodioxopiperzine toxin, can induce apoptosis in neutrophils, which are an
important part of the immune response to fungal infection (Ké@tigl, 2019).
Gliotoxin and fumagillin may damage lung epithelial cells by producing reactive

oxygen species (Gayatlet al, 2020).

Galleria mellonellalarvae are widely used for assessing the virulence of
bacterial(Asaietal., 2023)andfungal(Curtisetal., 2022)pathogensandfor assessing
thein vivo efficacy and toxicity ontimicrobial agents (Tsat al, 2016). Theuseof
G. mellonellalarvae provides results comparable to those obtained using mammals
(Brennanet al, 2023; Slateet al, 2011) due to the many structural and functional
similarities between the insect immune response and the innate immune response of
mammals (Browneet al, 2013). Such similarities include the presence of pattern
recognition receptors, which can induce signalling cascades initiating cellular and
humoral immune responses such as phagocytosis, nodulation, agglutination,
encapsulation, coagulation and the production of antimicrobial peptides and enzymes
(Lin etal., 2020).Larvaecanbemaintainecat 37 °C, enablinganalysisof temperature
dependent virulence factors (Firacatie¢ al, 2020). G. mellonellalarvae are
susceptibleéo infectionwith avariety of fungalpathogensncludingCandidaalbicans
(Vertyporokh and Wojda, 2020yJadurella mycetomati€Sheeharet al, 2020) and
A. fumigatugDurieuxet al, 2021), and symptoms demonstrate strong similarities to
those evident during mammalian infection. Whide mellonellalarvae have many
advantages asconvenientgasy to- usein vivo model,previouswork hasoftenused
lethal doses of pathogens (Figueirgdodoiet al, 2019; Jemeét al, 2023).

In the present work, the secretome produced bigimigatusduring sublethal
colonization ofG. mellonellalarvae was monitored as this might provide an insight
into the processes that occur during lotgym colonization of human tissue By

fumigatus
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3.2Materials and methods
3.2.1A. fumigatusculture conditions

A. fumigatusATCC 26933was cultured for 72 hours at 37 °C on Malt extract
agar (Oxoid) plates following point inoculation. Conidia were harvested by washing
plates with sterile PBS supplemented with 0.1 % (v/v) Tween 20 (Sigma Aldrich,

USA) and enumerated using a haemocytometer.

3.2.2Virulence assessmendf A. fumigatusin vivo
Sixthinstarlarvaeof G. mellonella(LivefoodsDirect Ltd, Sheffield,England)

werestoredat 15 °Cprior to use.Larvae ( = 20) weighing0.2 0.3g without signs of
melanizationwere inoculated with 20 pul PBS containing 1X10x1¢ or 1x10 A.
fumigatusconidiavia intra-haemocoel injection using a 26G 1 ml syringe (Terumo).
Larvae were placed in 9 cm petri dishes and incubated at 37 °C. Larval viability was
monitoredover96 hours.In all subsequergxperiments1x1® conidia/larvavasused

as the inoculation dose.

3.2.3Assessmenbf larval movement
Themovemenbf larvaeinfectedwith 1x1® A. fumigatusconidiaat 24,48,72

and 96 hourgostinfection was assesseth the FIMTrack method (Maguiret al,

2017; Risseet al, 2013) using frustrated total internal reflection of infrared light in
acrylic glass. Images were capturgd Basler acA204®0uc camera in a dark room

and with a frequency of one frame per second for 600 s. The scale factor was 80
pixels/cm. Images were processed by FIMTrack v2 Windows (x86) software
(downloadedrom http://fim.unimuenster.de/Datagatheredrom the softwarewere
processed and visualized in Prism 8.0.1 (USA GraphPad).

3.2.4Quantification of total protein and carbohydratein larval haemolymph
Haemolymphwas extracted from larvae infected with 1X1®. fumigatus
conidia at 24hour intervals ove®6 hours and diluted 50x in MiHQ water. Thdotal
protein concentration was measured according to the Lowry method using a
commercial kit (DC Protein Assay, BRad, Hercules, CA, USA). Bovine serum
albumin (Sigma&Aldrich, St. Louis, MO, USA) was used as a standard, and the
absorbance was measured with Multiscan GO (ThermoFisher Scientific, Waltham,
MA, USA) spectrophotometet 700nm. Theconcentratiorof total carbohydratewas
determined by the anthrone method (Careblal, 1956). Specifically, 50 ul of 40x

diluted haemolymphwas usedper reaction,and absorbancevas measuredat
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620 nm with a spectrophotometer Sense (Hidex, Turku, Finland). The concentration
of total carbohydrates was calculated according to a calibration curve prepared with
glucose (Sigmaldrich, St. Louis, MO, USA) as a standard

3.2.5In vivogliotoxin extraction and quantification
G. mellonellalarvaewereinfectedwith 1x1® A. fumigatusconidia.Larvae(n

= 25)wereflashfrozenin liquid nitrogenat 24,48, 72 and96 hourspostinfectionand
ground using a mortar and pestle. The material was transferred with 5 ml of 6 M
hydrochloricacid (HCI) toa centrifugetube, andhe mortarwas washed twiceith 5

ml volumes of HCI. Chloroform (25 ml) was added to the tube, which was mixed
constantlyfor 30 min. Chloroform fraction was extractedand mixed with another

25 ml of chloroform; the process was repeated, and the chloroform fractions were
pooled.Thechloroformfractionwasstored ai 2 @ overnight,andthelipid fraction

was removed. The samples were dried in a Bichi rotor evaporator (Brinkmann
I nstruments) . Samples were dissolved in
furtheruse.Gliotoxin wasdetectedy reversephaseHPLC (Shimadzuyndquantified
throughthe generatiorof astandardcurveusinggliotoxin standard$100,50, 25,12.5

and 6.25 ug mlj dissolved in methanol. The mobile phase consisted of 34.9 % (v/v)
acetonitrile(FisherScientific),0.1% (v/v) trifluoroaceticacid (SigmaAldrich) and65

% (v/iv) HPLGgrade water (ddpD). Sample (20 ul) was loaded onto an Agilent
ZORBAX SB-Aq 5 pum polar LC column.

3.2.6Total secretedsiderophorequantification

Siderophore activity in haemolymph was determined using SideroTec HiSens
assay (Accuplexywww.accuplexdiagnostics.comriefly, 100 pl of haemolymph
from infected larvaen(= 3) diluted 1/10 in PBS was added to av@él microplate
followed by theadditionof 100l of thereadyto-usedetector After L0 minincubation
at 37 °C, fluorescence was measured on a fluorescence read@elB8ynergy HT)
using the emission/excitation filter 360/460 nm. Siderophore concentration was

guantified using deferoxamine as a reference standard

3.2.7Protein extraction

G. mellonellalarvae ( = 3) infected with 1x1DA. fumigatusconidia and a
PBScontrolwerebledvia thethird left thoracicleg at 96 hourspostinfectionyielding
40 pl haemolymplper larva. The pooled haemolymph was centrifuged at 10000
and the celfree haemolymph was diluted 1/5 in sterile PBS. Protein concentration

83


http://www.accuplexdiagnostics.com/

was determined using the Qubit quantification system (Invitrogen, Waltham, MA,
USA). An aliquot containing 55 ug of protein was purified and digested using filter
ai ded sample preparation (Wi Sniewski, 20
pl 8 M ureain thefilter unit andspunat 14 000g for 30 min. An additional200pul was
addedandspunagain,andtheflowthroughwasdiscardedlodoacetamidé100ul, 0.05

M) was added, and samples were mixed at 600 rpm in a thermomixer for 1 min and
incubated for 20 min at room temperature without mixing. Urea (100 ul) was added,
and samples were centrifuged at 14 @p@or 15 min; this step was repeated.
Ammoniumbicarbonatg100ul, 0.05M) wasadded andsamplesverecentrifugedat
14,000g for 15 min; this stepwas repeated.A digestionbuffer containing

0.4 pg m! trypsin, 0.05 % protease max and 0.05 M ammonium bicarbonate was
added togive a final trypsin to proteinratio of 1 : 40. Sampleswere incubatedfor
18hoursin ahumidifiedchambert37 °C. Samplesveretransferredo freshcollection
tubes;40 ul ammonium bicarbonate waslded, andhe samples wereentrifuged for

10 min at 14,000y and acidified with acidification buffer (110 ratio; 78% LC-MS-

grade water, 206 acetonitrile and 2 % trifluoracetic acid).

3.2.8Proteomicanalysis
Of the digested protein, 600 ng was loaded onto a Q Exactive (ThermoFisher

Scientific) highresolution mass spectrometer, which was connected to a Dionex
Ultimate 3000 (RSICnano) chromatography system. An increasing acetonitrile
gradientwasusedto separatéhe peptidesn thesamplesThis gradientwascreatecn

a 56cm EASY-Spray PepMap C18 column with a 75 mm diameter using ariB8
reversephase gradient at a flow rate of 300 nl minThe data were obtained, while

the mass spectrometer was functioning in an autordapendent switching mode.

Qualitative analysis of the fungal and larval protein content of thefreell
haemolymph was investigated using Proteome Discoverer 2.5 and Sequest HT
(SEQUEST HT algorithm; Thermo Scientific). Identified proteins were searched
against the UniProtkKB databage fumigatus9647 entries, (UP000002530) a@d
mellonella, 18,342 entries, (UP000504614). Search parameters applied for protein
identification were as follows: (i) enzyme naiinérypsin, (i) an allowance of up to
two missed cleavages, (iii) peptide mass tolerance set to 10 ppm, (iv) MS/MS mass

tolerancesetto 0.02Da, (v) carbamidomethylation sasafixed modificationand(vi)
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methionineoxidationsetasavariablemodification.Peptideprobabilitywassetto high
confidencgwith anFDR O 0 . %9asdeterminedy Percolatovalidationin Proteome
Discoverer). Peptides identified by two or more unique peptides were retained for

analysis.

3.2.9Data analysis
Data gathered from the analyses wemecessed and visualized in Prism 8.0.1
(USA GraphPad)Survivalcurvesof Aspergillusinfectedlarvaewerecomparedo the
survival of the PBSnjected group using the Manit€lox test. All other data were
assessed for normality and homogeneity of variance, followed byvapeANOVA
with post hoc Dunnettos test comparing d
group. The changes in proteins and carbohydrates betweeninfeB®ed and
Aspergillusinjectedgroupswerecomparediy unpaired-tests atachtime of sample
collection. Results withP-values less than 0.05 were considered statistically

significant.

3.3Results
3.3.1Virulence of A. fumigatusin G. mellonellalarvae
G. mellonellaarvae weranfected withA. fumigatusconidia at an initial dose
of 1x1, 1x1 or 1x10 perlarvaandincubatedat 37 °C for 96 hours Larvaeinfected
with 1x10’ A. fumigatusconidiashowed) % survivalat 48 hours while thoseinfected
with 1x1@ conidia/larva showed 85 % (17/20) survival at 48 hours and 35 % (7/20)
survival at 96 hours. Larvae infected with 1Xt0nidia/larvashowed 100 % (20/20)
survival at 48 hours and 90 (18/20) survival at 96 hours (Figure 3.1).

85



100 X 4 I
80— ‘
<o
S 604 ¥ PBS
< -4 1x10°
=
% 40|
' - M 1x106%%*
20
g 2 1X107***
O 1 . 1 1
0 24 48 72 %

Time (hours)

Figure 3.1: Dosedependent survival of5. mellonellalarvae infected withA.
fumigatus demonstrating a significant reduction in survival at 96 hours at
concentrations of 1xftand 1x10 (**P < 0.001) determined by legank (Mantei

Cox) test.

FIMTrack analysis was performed to monitor the activity of larvae infected
with a dose of 1x10conidia/larva. The results showed that after infection, the larvae
continuedo move;howevertherateof movement wasignificantlyreducecat48 (P
=0.0046),72 (P =0.0038)and96 hours(P = 0.0018)whencomparedo controllarvae
(Figure 3.2). For all subsequent experiments, only larvae that had been infected with

1x1@ conidia/larva and showing signs of viability at 96 hours were used.
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Figure 3.2: FIMTrack analysisof larval movemenbvertimefollowing infectionwith
1x1@ conidia, demonstrating a significant reduction in larval movement at all
timepointspost48hours(P < 0.05)determinedy D u n n entltiplé comparisonsgest

3.3.2Metabolite concentrationsin larvae postA. fumigatusinfection
Thecarbohydrateoncentratiorof haemolymplcollectedfrom larvaeinfected

with 1x1 conidia/larva was lower than that of control larvae atP& 0.000373),

72 and 96 hours (Figure 3.3). However, the protein content remained relatively

constant until showing a statistically significant decrease at 96 BE$(000124)

(Figure 3.4).

87



40 =

s

%?30
\m —
el by
w e
%20- ( T ] T 3 PBS-injected
'_‘C; Bl Aspergillus-injected
S 104
3
O

0 1 1 1 1

Time (hours)

Figure 3.3: Assessment of haemolymph carbohydrate contentipfasttion with
1x1@ A. fumigatusconidia. Significant reduction in host carbohydrate content 48
hours posinfection (P = 0.0003) determined by unpairgddt (n = 715 individual
larvae per group). The experiment was conducted in three independent replicates.
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Figure 3.4: Assessment of haemolymph protein content-pufsttion with 1x16 A.
fumigatusconidia.Significantreductionin hostproteincontent96 hourspost infection
(P=0.0001)determinedy unpaired-test(n = 7i 15individual larvaepergroup).The
experiment was conducted in three independent replicates.
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3.3.3Gliotoxin quantification in G. mellonellalarvae postA. fumigatusinfection

The gliotoxinin larvae infected with 1x®P0conidia/larva wasietermined

and indicated a steady increase over the course ofexperiment with a

concentration of 5.411.57 pg/larva beirg recordedat 48 hours and 16.96+1.66
pg/larva96 hours(P = 0.0003)(Figure3.5).
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Figure 3.5: Quantificationof gliotoxin in Galleriainfectedwith 1x1® A. fumigatus

conidia,demonstratingignificantincreasgproductiorat 72 (**P =0.02)and96 (***P
=0.0006)hourspostinfectionwhencomparedo theinitial detectiorof 24 hourspost

i nfection deter mi ned

by

Dunnett 6s

3.3.4Siderophorequantification in G. mellonellalarvae postA. fumigatus

infection

The fungal siderophoreconcentrationwas also assesse@nd revealeda

concentratiorof 5.54+ 0.33ug/larvaat48 hoursand12.59+ 0.70ug/larvaat 96 hours

(P <0.0001)(Figure3.6).

89

mul tipl



20000 * %k %k

<

5 T
>

£ 15000

.5 * %k x

@

o L -

© 100001 T

o T

(@]

S

S 50001

(0]

e,

(79}

f

2 0 | T 1 | T

0 24 48 12 96

Time (Hours)

Figure 3.6: Quantification of total siderophore concentration detected in Galleria
haemolymph infected with 1x%(\. fumigatusconidia, demonstrating significantly
increased production at 48 hours (P = 0.009) and all subsequent timepoints post

i nfection as determined by Dunnettds mult

3.3.5Proteomicanalysisof A. fumigatusduring larval infection

Qualitative proteomic analysis of cétee haemolymph from control larvae
revealed 22Aspergillus proteins, which were removed from subsequent analysis
(TableS3.1, available in thenline Supplementary Material), whereas larvae infected
with 1x1@ conidia/larva for 96 hours revealed 389fumigatusproteins (>2 unique
peptide hits). Of these, 243 were well characterized and could be divided into 7
categoriesvith assignedunctions(Figure3.7).Virulence-associategroteins(n = 25)
(Table S3.2.1) included nenbosomal peptide synthase 13-n@thyltransferase
af390400 and duafunctional monooxygenase/methyltransferase psoF. Stress
response proteinsn(= 34) (Table S3.2.2) included proteins associated with
environmentahnddrug-mediatedstressjncluding glutathioneS-transferase- ISP 70,
PAB1-binding protein and ABC multidrug transporter2A atrl and H. Proteins
associated with DNA repair/replicatiom £ 39) (Table S3.2.3) included fungal
specific transcription factor, kinetochore protein fta7, DNA polymerase and RAD52
DNA repairproteinRDAC. Proteinsassociateavith translationn = 22) (TableS3.2.4)
included elongation factor G, RNBinding protein and RNAlependent RNA

polymerase Proteinsassociatedvith metabolism(n = 42) (Table S3.2.5)included
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pyruvate carboxylase, trehalase, UglBcosel-phosphate uridylyltransferase and
tryptophan synthase. Released intracellular proteins Z8) (Table S3.2.6) include
mitochondrial carrier protein, nuclear pore complex subunit NUP 192 and vacuolar
ABC heavymetaltransporterProteinsassociatedvith thecell cycle/celldevelopment
(n=53)(TableS3.2.7)includedcell cycle checkpoinproteinRad17, meiosisprotein

ME12 and chitin synthase. Many of the proteins identified at this timepoint were
associated with fungal secondary metabolism:-moosomal peptide synthetase 13,
O-methyltransferase af39000, pentafunctional AROM polypeptide, toxin
biosynthesis protein (Tri7), putative and cytochrome P450 monooxygenase helB2.

Translation: 23 - 9.5%

Cellular development and cycle: 54 - 22.2%

Metabolism: 41 - ]6"/."’/"

DNA repair and replications: 39 - 16.0%

Virulence: 25 - 10.3%

Intracellular proteins: 27 - 11.1%

Response to stress: 34 - 14.0%

Il Translation M Virulence [ Intracellular proteins Response to stress
Il DNA repair and replications [l Metabolism Cellular development and cycle

Figure 3.7: Pie chart summarizing higtonfidence qualitativé\. fumigatusprotein
detectionsategorized intsevensubcategories: virulenda = 25), stresgesponsgn
= 34), DNA repairand replication (= 39), translation (& 22), metabolism (= 42),
released intracellular (n = 28) and cellular cycle and development (n = 53) proteins.

3.3.6Proteomicsanalysisof G. mellonellaresponseo infection

Qualitative proteomic analysis of cdétee haemolymph from control larvae
revealed 21%5. mellonellaproteins (>2 unique peptide hits), and of these, 171 were
well characterized (Table S3.3.1a). In contrast, larvae infected with ®>1x10
conidia/larvafor 96 hoursrevealed 71 proteins,of which 532werewell characterized
(Table S3.3.2a). Identified proteins could be divided into seven categories with

assigned functions: immune function (38 in control, 52 in infectewtabolism
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(36 in control, 118 in infected), cellular structure (22 in control, 97 in infected),
insect development (42 in control, 90 in infected), movement (6 in control, 39 in
infected), transcription/translation (13 in control, 90 in infected) and detoxification
(14 in control, 46 in infected) (Figure 3.8a). Due to the importance of these proteins
in the context of infection, the immune function proteins were further subdivided into
11 subcategories, and the greatest differences in protein abundance bistsveen
control andinfectedlarvaewere AMP (antimicrobialpeptides)4 control, 9 infected
larva), inflammation (3 control, 6 infected), nutrient reservoir (7 control, 5 infected)
andpathogerbinding(2 control,7 infected)(Figure3.8b,TablesS3.3.1bandS3.3.2b).
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Figure 3.8: Bar graph summarizing (a) higlonfidence qualitatives. mellonella

protein detections categorized into seven subcategories in control dacvaaarvae

at 96 hours pognfection. (b) Immune proteins further subdivided into 11
subcategories, and the greatest differences in protein abundance between the control
and infected larvae were AMP (antimicrobial peptides), inflammation, nutrient
reservoir and pathogen binding.

3.4 Discussion

Prolongedcolonizationof pulmonarytissueis afeatureof ABPA andCPA,and
resultsin exaggeratedmmuneresponseandtissuedamageDavdaetal., 2018;Earle
et al, 2023). In the work presented he€, mellonellalarvae were infected with a
sublethal dose oA. fumigatusconidia, and the development of the fungus within the
hostwasmonitoredasit might give aninsightinto thefungal hostinteractionduring
prolonged colonization of human tissue. Infection of larvae with a dose of 1x10
conidia/larva resulted in only 10 % mortality at 96 hours (Figure 3.1). The remaining
live larvaecontinuedo move,althoughat aslowerrate,whencomparedo thecontrol

cohort (Figure 3.2). Fungal colonization of larvae resulted in the produofion
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gliotoxin andsiderophoreandthe metabolismof hostcarbohydratesand proteinsin

the haemolymph. Qualitative proteomic analysis revealed a wide range of fungal
proteins in the celfree haemolymph at 96 hours, and these may have been released
from the cell wall/conidia surface (e.g. b&laacetylglucosaminidase putative and
chitin synthaseproducedasaresultof hyphallysis (e.g.nucleamporecomplexsubunit
Nupl92 and sorting nexih) or secreted (e.g. pectin methylesterase), in addition to
those released as a result of innate immune killing by the host. Understanding the
impact of these and other proteins on the host may provide new insight inta fungal
host interaction.

Hyphaldevelopmenby A. fumigatushasbeenassociateavith theinductionof
inflammation, increased CD4/CD8 ratio and Th2 cell differentiation, promoting a
proinflammatory environment (Luet al, 2022). ABPA is characterized by an
exaggerated Ththediated responsgjggering the release of inflammatory cytokines
andgrowthfactorsleadingto airwayhyperresponsivenesgobletcell hyperplasiaand
subepithelial fibrosis (Chotirmalkét al, 2013). The detection of class V myosin
(Myo4), putative (Table S3.2.7) at 96 hours indicates that hyphal development was
activelyoccurringwithin infectedlarvae(Figure.S3.1).ClassV myosinis requiredfor
hyphal extension, septation, conidiation and conidial germination (Renshaly
2016). In addition, chitin synthase and chitin synthase Chsg (Table S3.2.7) are
essential for hyphal development and were also detected in the proteomic screen.
Chitin synthase has been attributed to hyphal development and virulence in murine
corneal infection (de Jesus Carrien al, 2019). Analysis of thes. mellonella
proteomics results identified increased abundance of proteins associated with
inflammation at96 hours,includinginter-alphatrypsininhibitor heavychain H4 like
isoform X6 and leukotriene 4 hydrolasdike protein. ITIH4 is linked to cell
proliferation, as well as migration during taeutephase inflammatory response, and
serves a role in inflammatory and infectious responses, particularly in bacterial
bloodstream infection (Mat al, 2021). Leukotriene A hydrolasdike protein is an
important inflammatory modulator, both promoting production of the- pro
inflammatory mediator leukotriene 4sBbut also degrading the neutrophil
chemoattractant P¥@ly-Pro (PGP) which could reduce inflammation (Leteal,
2022;Low et al, 2017).Theproduction ofantimicrobial peptides suds cecropird-

like peptide and glovertlike protein and fungalspecific recognition such as beta
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1,3-glucanrbinding proteinlike isoform X2 was increased, indicating activatioraaf

immune response @&. fumigatugroliferation.

Several A. fumigatusproteins involved in enzymatic degradation of tissue
which mayfacilitate hostcolonizationandtissuedamageveredetectedProteinssuch
as dlactate dehydrogenase, aldehyde dehydrogenaseglbetssidase and trehalase
maybeinvolvedin metabolizingissue(TablesS3.2.5andS3.2.7).Themajorsugarin
insect haemolymph is trehalose; therefore, the detection of trehalase indicates the
activemetabolism othe larval haemolymph carbohydrate (Figure 833juklaet al,
2015). Several identified proteins displayed protease activity {@dgendent Clp
protease, putative, intermembrane space AAA proteasel)ARlpainlike protease
PalBoryandintermembranspaceAAA proteasdAP-1) (TablesS3.2.1andS2.6)and
could have a role in metabolizing the protein content of insect haemolymph (Figure
3.4).Detection oftranscriptionabctivatorof proteasegrtT (Table S3.2.1)in thecell-
freehaemolymph could indicatbat proteases are actively involviedhe early steps
of sublethal fungal colonization. PrtT is integral to the infection processes as it
mediates the expression of extracellular proteases that are involved in the penetration
of the pulmonary epithelium (Hagag al., 2012). Proteasdependent changes to the
hostcellularactincytoskeletorcanleadto cell peelinganddeath(Sharoretal., 2009).
Thecombinatiorof enzymatiandphysicaldisruptionto hostmembranesduringtissue
invasionhasbeendentifiedasthecausabhgentof haemoptysig aspergillosipatients,

typically arising from bronchial blood vessel damage (Kowtha, 2011).

Analysis of theG. mellonellaproteome at 96 hours indicated the release of
tissuespecific proteins into cefree haemolymph, indicating tissue damage, which
canbeahallmarkof A. fumigatusnfections(Okaaetal., 2023).Theseproteinsnclude
tropomyosinl isoform X1, troponinT, skeletalmuscleisoform X1 andmyosinheavy
chain muscle isoform X10. Troponin T is used as a biomarker in human diseases
involving tissuedegradatior{TanindiandCemri,2011).It hasrecentlybeenidentified
that tissue damage may be mediated by immune response dysregulation driven by
secondarynetabolitegproducedduring hyphal development throughediationof the
PacC regulator, which mediates expression of over 250 secreted proteins, including
proteases prtT and nonribosomal peptide synthetase GIiP, essential for gliotoxin
production, of which evidence of expression was evident in our study and that these

molecules work synergistically to drive host epithelial damage (@kaa, 2023).
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In addition, allergens can promote a proinflammatory state, driving tissue
remodelling. These include Hsp70 family protein, which was detected in our analysis
(Table S3.2.2), and Hsp70 is a known fungal allergen classified as an IgE reactive
cytosolicprotein from germinating conidia (Sing al, 2010). Many other allergens
mayaggravate asthmeymptoms and, isombination with thebility of A. fumigatus

to colonize the airways, could drive the sustained release of allergens (Naralar
2022).

Several pathogeni@spergillusspecies produce secondary metabolites from
aromatic amino acids, including fumiquinazoline and fumitremorgin, which can be
derived from tryptophan (Choer al, 2018). Nonribosomal peptide synthetase 13
and tryprostatin B #ydroxylasewere detected (Table S3.2.1), and both are involved
in fumitremorgin production. This mycotoxin elicits tremorgenic effects resulting in
tremors, seizures and abnormal behaviour in mice (Mayaal, 2006), and
fumitremorgin could be responsible for reduced movemert.ofmellonellalarvae
(Figure 3.2). Norribosomal peptide synthetase fmgA was also detected and is
involved in fumiquinazoline C production, a coni@issociated metabolite with anti
phagocytic properties (Rocha&t al, 2021). fmgA is required to produce
fumiquinazoline metabolites because it condenses antranilic acygptdphan and-I

alanine in the presence of ATP to form fumiquinazoline C (Retlad, 2021).

Many of theaboveproductsarederivedfrom aromaticaminoacids,which can
be synthesized through the Shikimate pathway (Setsak 2016). The detection of
pentafunctional AROM polypeptide (Table S3.2.1) along with other aromatic amino
acid biosynthesis proteins as shown in the STRING analysis (Figure S3.2) indicates
that this pathway may be involved in the virulencéAofumigatus in vivoAnother
detected protein involved in virulence was indoleamined®ygenase subfamily
(IDO) (Table S3.2.1). It is a key enzyme important in immune homeostasis and
convertdryptophano kynurenineandrelatedmetabolitesThis enzymes anessential
componenbf hostresponseto Aspergillusandcanbeexploitedby this pathogerasa
method of immune evasion (Romaet al, 2009). IDO inhibits macrophage
recruitment and phagocytosis . fumigatuskeratitis and is involved in M1

macrophage polarization (Jiaegal, 2020).
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Gliotoxin is a secondary metabolite implicated in fungal virulence, and the
toxicity is attributedto the presencef a disulfide bridgeacrossa piperazineaing. The
toxin serves many functions, including oxidative stress homeostasis (Tretyalyr
2021) and suppressing the activity of the NADPH oxidase complex in neutrophils
(Abadet al, 2010) and in insect haemocytes (Renvéatlal, 2006). The secretion of
thistoxin maysuppresshelocalimmuneresponsegnablingthe continuedpersistence
of A. fumigatus The detection of gliotoxin is clinically relevant as indicated by
numerousstudiescharacterizingts role in immunomodulatior{Riesetal., 2020).The
concentratiodetectedn this study(Figure3.5)at 72 hours(14.2+ 3.6 ug /larva)was
higherthanthat detecteat 72 hoursin A. fumigatusinfectedmurinelung tissue(6i 8
ug d 3 (Ali and Abdallah, 2022; Abdallah and Ali, 2022).

Siderophoreconcentratioralso increasedover time and reacheda level of
12.59 + 0.7Qug /larvaat 96 hours (Figure 3.6). Siderophoressarall ironchelating
molecules that play an essential role in acquiring iron which is essential for fungal
growth.Thereleasef iron from thehostthroughhaemolysisanbolsterfungalgrowth
anddevelopmenthroughacquisitionby siderophoregMichelsetal., 2022).Proteomic
analysisdetectedroteinsassociateavith siderophorgroductionandactivity, suchas
nonribosomalpeptidesynthetassidCinvolvedin ferricrocinsynthesigHissenetal.,
2005), and fusarinine C esterase SidJ (Table S3.2.1), which hydrolyses internalized
siderophores (Grundlingest al, 2013). SidC is involved in conidial iron storage
requiredfor germtubeformation,asexuabkporulationcatalaseé\ activity andvirulence
(Schrettlet al, 2007).

Cell wall-associated proteins in the cé&ke haemolymph included chitin
synthase, chitin synthase ChsE, alpha 1, 2 mannosidase and conidial pigment
polyketidesynthaselb 1 (TableS3.2.1) Conidialpigmentpolyketidesynthasalblis
associated with the production of DHNelanin. DHNmelanin disruption results in
the formation of smooth conidia and subsequently increases phagocytosis by
neutrophils. Deleting albl deletion results in a significant loss of virulence in murine
models (Tsaet al, 1998).

The wide range of secondary metabolites producedA byumigatusand
biological processes occurring in infected larvae could physically and enzymatically

damagetissue,sequestenutrients,alter larval behaviourand suppresghe immune
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response of the host. The results presented here demonstrate that even in the absence
of larval death A. fumigatusproduceswide rangeof potentmetabolitesandproteins,

which havethe capacityto damagdnosttissueor altertheimmuneresponseProlonged
colonization of pulmonary tissue . fumigatusmay lead to the release of similar
metabolites that may have adverse effects on the host and may facilitatertang

fungal persistence.
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Abstract

Aspergillus fumigatug an opportunistidungal pathogen capable ioiducing
chronic and acute infection in susceptible patiedts.fumigatusinteracts with
numerous bacteria that compose the microbiota of the lung, incl@di@gdomonas
aeruginosandKlebsiellapneumoniagbhothof whicharecommonisolatesrom cystic
fibrosis sputum. Exposure & fumigatugo K. pneumoniaeulture filtrate reduced
fungal growth and increased gliotoxin production. Qualitative proteomic analysis of
the K. pneumoniaeculture filtrate identified proteins associated with metal
sequestering, enzymatic degradation and redox activity, which may impact fungal
growth and development. Quantitative proteomic analysis. dmigatusollowing
exposure toK. pneumoniaeculture filtrate (25%v/v) for 24 h revealed a reduced
abundance of 1;Betagl ucanosyl transferase (13.97
monooxygenaserg25B( 1 2ZaldPandcalcium/calmodulirdependenproteinkinase
(174.2 fold) involved in fungal devel opme
S-transferas&liG (+6.17fold), nonribosomalpeptidesynthasesliP (+3.67fold), O-
methyltransferase GIliM (+3.5 fold), gamrglutamyl acyltransferase GIliK (+2.89
fold) and thioredoxin reductase GIiT (+2.33 fold) involved in gliotoxin production.
These results reveal that exposureAoffumigatusto K. pneumoniae in viveould

exacerbate infection and negatively impact patient prognosis
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4.1Introduction

A wide range of microbes can be present in the lung as commensals or
pathogensand theres significant microbiad i ver si ty preteas2006). ( O6 D\
Thereis reducednicrobialdiversityin the sputumof patientswith acuteexacerbations
of chronic obstructive pulmonary disease, indicating a poor prognosis, and the
presence oStaphylococcuand absence dfeillonellain sputum is associated with a
high oneyear mortality risk in patients (Leitao Filhet al, 2019). In addition,
coinfection with Pseudomonas aeruginosand Aspergillus fumigatushas been
implicated in a worsened disease state in Cystic Fibrosis (CF) patients, with each
speciesstimulatingthe growthandcolonisationof the other(Keownetal., 2020).The
bacteriumKlebsiella pneumoniaand the fungu#. fumigatusarecommonly isolated
from the lungs of CF patients (LiPuma, 2010), indicating a similar interaction could

occur, impacting disease development in patients.

K. pneumoniaés a Gramnegativerod-shapedacteriunthatis responsibldor
approximately on¢hird of all Gramnegative infections worldwide (NaveNenezia
et al, 2017). Pneumonia caused By pneumoniads characterisedy a strong
inflammatory response which is due to the production ofiftammatory cytokines
in additionto high neutrophilandmacrophageounts (Vieiraetal., 2016). Withinthe
host,K. pneumoniaés foundin thegastrointestinaractandtheupperrespiratorytract,
where it is most frequently acquired through nosocomial acquisition (Fetdah
2014).Thefirst reportof a CF patientbecomingnfectedwith acolistin-resistanstrain
of K. pneumoniaavas in 2014 (Delfincet al, 2015), and since then, the number of

reports of critically ill patients becoming infected with such strains has increased.

ThefilamentousungusA. fumigatuss widespreadn theenvironmentndcan
cause three types of infection in susceptible individuals. Allergic bronchopulmonary
aspergillosis (ABPA) arises due to an allergic immune responge famigatus
stimulatingT-helpercellsto recruitimmunecells, particularlyeosinophilsresultingin
inflammation of pulmonary tissue. Patients with asthma or CF are among the most
susceptibleo this form of aspergillosisandearly diagnosisof thediseases important
for avoidingcomplicationssuchaspulmonaryfibrosis (Lattanziet al, 2020).Chronic
pulmonary aspergillosis (CPA) occurs when-geenaged pulmonary tissue becomes
colonised byA. fumigatus(Schweeret al, 2014). The colonisation results in the

formation of an aspergilloma, or fungal ball, which can result in sehageoptysis
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(Kradin and Mark,2008). Invasiveaspergillosisis the most serious form of
aspergillosiswith a oneyearsurvivalratefor solid organtransplanfpatientsof 59%,

while the rate for stem cell transplant recipients can be as low as 25% @tehb
2018).Patientssufferingfrom neutropeniavereonceconsideredo bethe maintarget

group for this type of aspergillosis; however, freeutropenic patients such as
transplant patients, AIDS patients and ICU patients are also susceptible to infection
(Bassettiet al, 2018).

TheinteractionbetweenrA. fumigatusandP. aeruginosahasbeencharacterised
previously, indicating decreased fungal growth and increased gliotoxin production in
the presence of bacterial cells. In contrast, exposurk. dfimigatushyphae toP.
aeruginoseaculturefiltrate led to increasedyrowthanddecreasedliotoxin production
(Margalit et al, 2022), and secreted products Af fumigatuscan promoteP.
aeruginosagrowth in nutrierdpoor conditions (Margaliet al, 2020).K. pneumoniae
is often found in polymicrobial interactions with fumigatuswithin the lung, and
thesenteractions maye antagonistior synergistiq Deeset al., 2014).For example,

K. pneumoniaés capable of inhibiting spore germination and hyphal development in
different Aspergillusspp., and this effect was dependent upon the direct physical
interaction between the bacteria and the fungus (Nogaeah 2019).A. fumigatus

and K. pneumoniaecan ceexist in the lungs of immunocompromised patients, but

the interaction between these two pathogens is poorly characterised.

Theaim of thework presentedvasto characteris¢he effectof K. pneumoniae
culture filtrate on the growth and proteomic respons@.diumigatus as this might
give an insight into an important bacterfahgal interaction in the lungs of infected

patients.

4.2 Materials and Methods
4.2.1A. fumigatusGrowth Conditions

Aspergillus fumigatusTCC 26933 was grown on malt extract agar plates at
37 °C foraminimum of96 h, andconidiawereharvestedy washing with0.1%(v/v)
Tween20 and phosphate buffered saline (PBS CzapekDox liquid medium
(Duchefa Biochemie) (50 mls) was inoculated with conidia at a density of 1.2 x
10°/mL.
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4.2.2Preparation of the Bacterial Culture Filtrate
K. pneumoniaeATCC 13439 was grown on nutrient agar plates for 96 h.

CzapekDox broth was inoculated with bacteria and incubated at 37 °C and 200 rpm
for 96 h. Cells were harvested by centrifugation for 15 min at 12p&k room
temperatur e, and the culture filtrate

filters. Cul ture filtrates were stored

4.2.3Assessmenbf Fungal Biomass
A. fumigatuswvasgrownfor 48hin Czapek Dox brothprior to theaddition of

K. pneumoniaeculture filtrate or PBS (n = 3) at a concentration of 26% The
cultures were incubated at 37 °C and 200 rphe myceliavereharvested after 24 h
using Miracloth (Millipore). The wet weight of the mycelia was then measured using

a weighing scale and expressed as weight in grams.

4.2.4Gliotoxin Extraction and Quantification by RP-HPLC
K. pneumoniaeulturefiltrate was added to the 48 h oAd fumigatuscultures

atafinal concentratiorof 25%v/v andincubatedat37 °C and200rpm for afurther24

h. Culturefiltrate (20mL) wasmixedcontinuouslywith anequalvolumeof chloroform

for 2 h. Thechloroformlayerwasremovedandevaporatedo dryness, and the extract
was di ssol v HERLC grade rBeth@nol.eGliotoxin was quantified using
ReversePhase HPLC. The mobile phase was 34.946) (acetonitrile, 0.1% Wv)
trifluoroacetic acid (TFA) and 65%v/{) HPLC-grade deionised water. Gliotoxin
extract(20e L Wwasinjectedinto anAgilent ZORBAX SB-Aq 5¢ npolarLC column.

A standarcturveof peak areas. gliotoxin concentratiorwasgeneratedisinggliotoxin
standards (Merck) dissolved in HPigtade methanol.

4.2 5Extraction of Protein from K. pneumoniaeCulture Filtrate

K. pneumoniaavasgrownfor 96 h in CzapexDox broth.Cellswereharvested
by centrifugation for 15 min at 1258xat room temperature. The culture filtrate was
passed through a 0.45 mm filtrop8rfilter. The culture filtrate was centrifuged at
14,500x g for 10 min to remove any remaining debris, and protein was acetone

precipitated overnight at a ratio of 1:5 culture filtrate to acetone. Samples were

processed in the same manner as the fungal mycelial samples for proteomic analysis.

108



4.2.6Protein Extraction from A. fumigatus Exposed to Bacterial Culture
Filtrate

A. fumigatuscultures(48h growth) weresupplementedith K. pneumoniae
culture filtrate (25%uv/v) for 24 h at 37 °C in Czapékox media (n = 3 per group).
Hyphae were harvested by filtration, sifagzen in liquid nitrogen and ground to a
fine dust in a mortar using a pestle. Lysis buffer [8 M urea, 2 M thiourea, and 0.1 M
Tris-HCI (pH 8.0) dissolved in HPL@rade dH20], supplemented with protease
inhibitors [aprotinin, leupeptin, pepstatin A, Tosyllysine Chloromethyl Ketone
hydrochloride (TLCK) (10 pg/mL) and phenylmethylsulfonyl fluoride (PMSF) (1
mM/mL)] was added (4 mL/g of hyphae). The lysates were sonicated (Bandelin
Senopuls) three times for 10 s at 50% power. The cell lysate was subjected to
centrifugation (Eppendorf Centrifuge 5418) for 8 min at 14,5¢@ pellet cellular
debris.Theproteinconcentratiowasquantifiedby the Bradfordmethod,andsamples
(100 pg) were subjected to overnight acetone precipitation.

4.2.7Label-Free Mass Spectrometry(LF/MS)

Following centrifugation for 10 min at 14,50@x acetone was removed, and
the protein pellet was resuspended in 25 pL sample resuspension buffer (8 M urea, 2
M thiourea,0.1M tris-HCL (pH 8.0) dissolvedn HPLC gradedHz0). An aliquotof 5
pL was removed from each of the samples and quantified by the Qubit quantification
system (Invitrogen). Ammonium bicarbonate (125 uL, 50 mM) was added to the
remaindeiof thesamplesReductionof thesamplewasinitiatedby addingl L 0.5M
dithiothreitol (DTT). The protein samples were then incubated for 20 min at 56 °C
beforealkylationwith 2.7uL 0.55M iodoacetamidehisoccurredatroomtemperature
in thedarkfor 15 min. Proteasenaxsurfactantrypsinenhance(Promegaj1 pL, 1%
w/v) andsequenc@gradetrypsin(ThermoFishe6cientific,Cork, Ireland) (0.5 pug/uL),
were added to the proteins, respectively, and incubated for 18 h at 37 °C. TFA (1 L,
100%) was added to each sample to end digestion. The samplaacubaedor 5
min at room temperature and centrifuged for 10 min at 14,500amples were
purified for mass spectrometry using C18
instructionsA speedwacconcentratowasusedto dry the peptidesandsamplesvere
resuspendenh 2% v/v acetonitrileand0.05%v/v TFA andsonicated fob min to help

with this resuspension. The resulting final peptide concentration was (750 ng/2 pL).
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4.2.8Mass Spectrometry and the Parameters foA. fumigatusand K.
pneumoniaeCulture Filtrate Proteomic Data Procurement

The digesteK. pneumoniaeulture filtrate sample (500 ng) é. fumigatus
proteinsampleg750ng) wereeachoadedontoa QExactive(ThermoFisheBcientific)
high-resolution mass spectrometer which was connected to a Dionex Ultimate 3000
(RSICnano) chromatography system. An increasing acetonitrile gradient was used to
separate the peptides in the samples. This gradient was created on a 50 cm EASY
Spray PepMap C18 column with a 75 mm diameter using a 133 min reverse phase
gradient at a flow rate of 300 nL/min. All of the data were obtained while the mass
spectrometer was functioning in an automatic dependent switching mode. A
guantitative analysis of th&. fumigatusproteome after exposure to bacterial culture

filtrate was conducted using MaxQuant version 1.5.8i8{/www.maxquant.ong

(accessed on 14 September 2022) using the settings outlined previously (Mdrgalit
al., 2022). Thesearch algorithm Andromedacluded in the MaxQuant software was
incorporated in the correspondence between MS/MS data and the LBNEISS
PROT databasBleosartorya fumigataeference proteome obtained from a UniProt
SWISSPROTdatabaséo identify proteins (9647 entries, downloaded July 20R2).
pneumoniaeculture filtrate was analysed through proteome discoverer v 2.5, and
proteinsweresearchedgainsthe UniProtKB databas€KlebsiellaPneumoniaestrain

342, 5738 entries, downloaded September 2022).

4.2.9Data Analysis ofA. fumigatusand K. pneumoniaeCulture Filtrate
Proteomes

Qualitative analysis of the proteome of thepneumoniaeulture filtrate was
investigated using Proteome Discoverer 2.5 and Sequest HT (SEQUEST HT
algorithm; Thermo Scientific). ldentified proteins were searched against the
UniProtKB databaseK({ebsiella Pneumoniastrain 342, 5738 entries, accessed 16
Septembe022).Searctparameterappliedfor proteinidentificationwereasfollows:

(i) enzymenamé trypsin, (ii) anallowanceof up to two missedcleavages,

(i) peptidemasdolerancesetto 10 ppm,(iv) MS/MS masgolerancesetto 0.02Da,
(v) carbamidomethylatiosetasafixed modificationand(vi) methionineoxidationset
asavariablemodification.Peptidegorobabilitywas seto high confidencéwith anFDR
00.01%as determinedby Percolatorvalidationin ProteomeDiscoverer).Peptides

identifiedby 2 ormoreuniquepeptidesvereretainedfor analysis.
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Perseus v.1.6.15.0 was employed to anafysimigatusproteomic data, as
well asto processandvisualisethedata.Measuremenf proteinabundancevasbased
on normalised LFQ intensity values. The data was initially filtered for the removal of
contaminants before LFQ intensity values were Log2 transformed, and each sample
was placed in its relative group. Proteins which were not found in three out of three
replicates in at least one group were excluded from further analysis. Normal intensity
values were also used for principal component analysis (PCA). Proteins which were
distinctively expressed in one group compared to another or those which were
completelyabsent irone groupverenoted andncludedfor all furtheranalysisGene
Ontology (GO) mapping was also conducted using the UniProt gene ID to gain more
knowledge about the biological processes and molecular processes of the identified
proteins. Togain abetter visualisation dhevariancedbetweerthe samplespairwise
studentT-tests were conductddr all data using a cudff of p < 0.05. The generation
of a volcano plot was done by plotting the log2 fold change values onakis and
thelog p-valuesonthey-axis,which allowedfor pairwisecomparisonThetop 20 most
increased and decreased in abundance proteins identified in the groups were included
in thesevolcanoplots. Themassspectrometryproteomicdatahavebeendepositedo
the ProteomeXchandeonsortiumvia the PRIDE(PerezRiverol et al, 2021)partner
repository with the dataset identifier PXD037833.

4.3 Results

4.3.1Analysisof the Effects of K. pneumoniaeCulture Filtrate on A. fumigatus
Exposure of 48 h old. fumigatugo K. pneumoniaeulture filtrate (25%v/v)

for 24 h led to a decrease in fungal biomass (1.23 £ 0.20 g vs. 0.81+ 04D.03)

(Figure4.1A) and dargeincreasen gliotoxin secretiorwith a 371.55%ncreasdp =

0.01) (Figure 4.1B).
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Figure 4.1: Analysis of the effects dk. pneumoniaeulture filtrate onA. fumigatus
mycelialgrowth (A) andGliotoxin production(B) K. pneumoniaeulturefiltrate (25%

v/v) or PBS(control)wasaddedo 48 h old A. fumigatusandwet weightwererecorded
after 24 h growth (n = 3). Error bars represent SD. * p = OE)3 Qliotoxin
concentration was assessed by RevBtsase HPLC (n = 3), and error bars represent
SD. *p =0.01.

4.3.2Characterisation of K. pneumoniaeCulture Filtrate

Qualitative proteomic analysis #f. pneumoniaeulture filtrate revealed the
presencef 160 high-confidenceproteins (Tablé&4.1),0f which 35 wereidentified as
having possible antifungal effects (Table 4.1). These could be subdivided into six
categories; structurally bound (3 proteins), membiassociated proteins (10
proteins), virulencessociated proteins (3 proteins), proteins with enzymatic activity
(8 proteins), metal binding proteins (5 proteins) and proteins with detoxification

activity (6 proteins).
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Table 4.1: Proteinddentifiedin K. pneumoniaeulturefiltrate with potential
antifungal activity

Protein Name Uniprot Unique % Function
Code Peptides | Coverage

OutermembrangroteinA B5XY48 8 22.28 Membrane
OutermembrangroteinX B5SXYTO 7 39.76 proteins
OutermembranegroteinC B5XNZ9 7 21.48
Penicillinbindingproteinactivator B5XSZ6 5 9.54
LpoA
OmpAfamily protein B5XNOO 3 24.54
Penicillinbindingproteinactivator B5XXG6 2 16.74
LpoB
OmpATfamily protein B5XVK9 3 28.75
LPSassemblyproteinLptD B5Y171 3 5.37
MrkF protein B5XUKS 2 16.33
LPSassemblyipoproteinLptE B5XZR3 2 13.26
Elongationfactor Tu B5XN88 10 40.35 virulence
Elongationfactor Ts B5Y1K1 2 12.01
Tol-PalsystemproteinTolB B5XZC1 6 24.18
Pectinesterase B5XZ84 7 22.01 Enzymatic
Autonomouglycyl radicalcofactor B5XNF9 6 51.18 activity
Proteas&/I| B5RKF2 6 25.72
Periplasmicserineendoprotease B5Y1K8 6 15.93
DegRlike
Enolase B5XV19 6 21.06
Endolyticpeptidoglycan B5XZS1 5 15.06
transglycosylase RIpA
Betalactamase B5XQY6 4 11.88
Prephenatdehydratase/arogenate B5XVG4 3 16.60
dehydratase
Metatbinding protein B5XZ21 6 39.35 Metalbinding
High-affinity zincuptakesystem B5XQ08 5 25.47
protein ZnuA
Coppertomeostasiprotein CutF B5Y1H9 3 16.81
Iron uptakesystemcomponenEfeO B5XXM1 3 104
Thiol:disulfide interchangeprotein B5XZJ6 4 31.40
Alkyl hydroperoxideeductaséC B5XZT7 4 35.82 Detoxification
Thioredoxin B5XYY8 5 51.37
Acriflavine resistance proteiA B5YOP5 3 9.57
Thiol peroxidase B5XRV9 3 32.14
Alkyl hydroperoxideeductaséC B5Y0Z0 3 35.82
Glutathione ABC transporter, B5XYQ7 2 2.92
periplasmic glutathionbinding
protein
Inhibitor of vertebratdysozyme B5Y004 2 15.54
Putativelipoprotein B5XUP5 1 36.1 Structurally
OutermembrangroteinA B5XY48 6 19.1 bound
ChaperongroteinDnaK B5Y242 2 2.7
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4.3.3Analysis of the Effect ofK. pneumoniaeCulture Filtrate on the A.
fumigatus Proteome

Labelree mass spectrometry was employed to characterise the proteomic
response ofA. fumigatudollowing exposure t&. pneumoniaeulture filtrate for 24
h. In total, 1960 proteins were identified, and 111 proteins were identified as being
statisticallysignificant(p < 0.05)differentiallyabundan{SSDA),havingafold change
greaterthan+1.5 (Table S4.2)A principal componerdnalysis(PCA)was conducted
onall significantproteinsto identify distinctproteomiadifferenceetweereachof the
groups.ThePCA indicateshatthe A. fumigatusexposedo theK. pneumonia&ulture
filtrate displaysa distinctproteomigpatternrwhencomparedo controlsamplegFigure
4.2A). Hierarchal clustering carried out in Perseus highlights the clear differences in
protein abundance between the control andAthimigatusculture that was exposed
to the K. pneumoniaeculture filtrate. These differences in protein abundance are
highlighted in a heat map (Figure 4.2B), with blue indicating proteins with increased

abundance and orange indicating proteins with decreased abundance, respectively.

A)

0 5
Component 1 (44.7%)

Figure 4.2: Principal component analysis @&. fumigatusafter exposure tK.
pneumoniaeculture filtrate (25% v/v) (green) and contrAl fumigatus(red). (B)
Heatmap generated through Tway unsupervised hierarchical clustering of the
medianprotein expressiomaluesof all statisticallysignificantdifferentially abundant
proteins.
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A volcanoplot wasgeneratedby way of pairwiset-tests(p < 0.05)to determine
theproteinswhichincrease@nddecreaseth abundancéeetweercontrol A. fumigatus
samplesandA. fumigatusexposedo K. pneumoniaeulturefiltrate (Figure4.3).When
analysing samples @k. fumigatusexposed to thd. pneumoniaeulture filtrate, a
significant increase in the relative abundance of proteins associated with secondary
metabolismin particular proteinsassociateavith gliotoxin biosynthesisvasobserved
(Table 4.2), i.e., glutathionetBansferase GIiG (+6.17 fold increase), ndbosomal
peptide synthase GIiP (+3.67 fold);r@ethyltransferase GIiM (+3.5 fold), gamma
glutamyl acyltransferase GIliK (+2.89 fold) and thioredoxin reductase GIiT (+2.33
fold). In addition, ribonuclease mitogillin was increased in abundance by
+4.9 fold. Fibrinogen @erminal domaircontaining protein and polysaccharide
deacetylase family protein were increased by +63.3 fold and +6.9 fold, respectively,
and both have been implemented in adherence to the lung epithelium. Decreased
abundance of met hyl sterol monooxygen
calcium/calmodulirdependent protein kinagei 4 . 2indicates alecreasé fungal
cell division (Table4.3).Deoxyribosephosphataldolasevasdecreased abundance
by 12.3 fold and played a role in glucc
synthesis was also affected by a decrease in the abundance of the 60 S ribosomal

protein L22 and aspartyl aminopeptidase
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Figure 4.3: Volcano plot showing the distribution of statistically significant and

di fferentially abundant (Sa®A)L3gnd ot ei ns
difference+ / 1 0A.fBn8gatusexposedo K. pneumoniaeulturefiltrate compared

to controlA. fumigatus.

Table 4.2: TheTop20proteinsmostincreasedn abundancen A. fumigatusafter
exposure t&K. pneumoniaeulture filtrate for 24 h.

Number Fold Protein Name Protein Unique | Sequence
Change IDs Peptides | Coverage
[%]

1 63.39 Fibrinogen Gterminal domaircontaining Q4wW8xo | 3 38.5
protein

2 7.88 SGL domaincontainingprotein Q4WP91 | 4 15

3 6.93 Polysacchariddeacetylaséamily protein Q4WUN9 | 9 48.7

4 6.17 GlutathioneS-transferasgliG A4GYZ0 | 18 73.3

5 5.81 ABM domainrcontainingprotein Q4WG08 | 2 24.3

6 5.80 Endonuclease/exonuclease/phosphatase | Q4WKR6 | 8 319
family
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7 5.04 D-xylosereductaséNAD(P)H) Q4wlie4 | 10 38.6
8 4.96 Ribonucleasenitogillin P67875 6 44.9
9 4.86 Amineoxidase Q4WFX6 | 16 46
10 4.79 DUF4468domaincontainingprotein Q4WMIB | 9 49.7
11 4.42 DUF907 domairprotein Q4WHA4 | 1 3

12 3.67 NonribosomapeptidesynthetasgliP Q4WMJI7 | 14 14.2
13 351 O-methyltransferasgliM Q4WMJI5 | 12 32.9
14 2.98 Oxidoreductaseshortchain Q4WUP1 | 5 40.5
15 2.89 Gammaglutamyl cyclotransferasgliK E9R9Y3 | 2 16.8
16 2.50 GPlanchoredserinethreoninerich protein QAWTF2 | 2 34.5
17 2.50 Phosphatidylglycerol/phosphatidylinositol | Q4X136 | 11 46.9

transfer

18 2.35 Cache_2domaincontainingprotein QIAWYY2 | 4 50.8
19 2.34 ThioredoxinreductasgliT E9RAHS5 | 20 85.9
20 2.33 Cellwall proteinPhiA Q4WF87 | 6 73

Table 4.3: TheTop20proteinsmostdecreaseth abundancen A. fumigatusafter
exposure t&K. pneumoniaeulture filtrate for 24 h.

Number Fold Protein Name Protein Unique | Sequence

Change IDs Peptides | Coverage
(%]

1 T 6. 3| HYPK_UBA domaincontainingprotein Q4WPC3 | 2 17.7

2 1 5. 4| Methyltransferase Q4X081 | 4 30.3

3 T 4 . 2| Calcium/calmodulin dependent protein QAWXH7 | 7 25.1

kinase

4 1 4 . 0| Elongationof fatty acidsprotein Q4WEE9 | 4 16

5 T 3. 9| 1,3betaglucanosyltransferase Q4WBF7 | 4 8.9

6 1 3. 9| ProteinDOM34 homolog Q4awie2 | 7 26.6
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7 ShortchaindehydrogenadeelC Q4WR19 | 7 37.7
8 Polyketidetransferasaf380 Q4WAY4 | 8 47.9
9 BTB/POZdomainprotein Q4WFH8 | 6 32
10 Methyltransferas@soC Q4wB00 | 21 71.2
11 Methylsterolmonooxygenaserg25B Q4W9I3 | 3 13.9
12 DUF948domaincontaining protein Q4WXMO | 4 42.3
13 CytochromeP450monooxygenaseelB1 Q4WR17 | 9 20.5
14 Aspartylaminopeptidase Q4WX56 | 5 234
15 Protostadienol synthakelA Q4WR16 | 14 28.2
16 Signal recognitiomarticle54 kDa protein Q4WEQS8 | 3 11.5
17 Tripeptidytpeptidasesed4 Q4wWQUO | 3 8.1
18 60SribosomalbroteinL22, putative Q4AWYAOQ | 7 52.1
19 Amino acidpermease (Gaputative Q4AWG99 | 12 19
20 3-ketosteroidl-dehydrogenaskelE Q4WR24 | 6 18.3
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4.4 Discussion

The aim of the work presented here was to characterise the respofise of
fumigatusto K. pneumoniaeulture filtrate as this might give an indication of thre
vivointeractionbetweerthefungusandbacteriaThecultureconditionsweredesigned
to representonditionswithin theimmunocompromiselling by exposingA. fumigatus
to theK. pneumoniaeulture filtrate as opposed to bacterial cells. Czapgedx was
chosen for this investigation as this medium provides both anldvient and high
nitrogen environment, which are characteristics of immunocompromised lungs (Line
et al, 2014; Luet al, 2018).

The results demonstrated that exposure toktheneumoniaeulture filtrate
inhibited the growth ofA. fumigatusand induced increased secretion of gliotoxin.
Previously, an examination of the interaction betwKermpneumoniaeells andA.
fumigatusdemonstrated a reduction in spore germination and hyphal development

which was dependent upon direct physical interaction between bacterial and fungal

cells (Nogueiraet al, 2019). Exposure oPenicillium verrucosunio actinobacter
species celfree supernatant also resulted in stimulation of ochratoxin A production
and inhibition of fungal growth (Campdsvelar et al, 2020). Aspergillus flavus
exposed to culture filtrate dbtreptomycespp. also showed reduced growth and

elevated secretion of aflatoxin B1 (Camgoselaret al, 2021).

Analysis of theK. pneumoniaeulture filtrate identified 160 highonfidence
proteins (Table S4.1), of which 35 were identified to have possible effects on fungal
development (Table 4.1) and three of which (putative lipoprotein, outer membrane
protein A and chaperon@otein DnaK) werealso bound to theungal mycelia. Outer
membrangroteinA is essentiafor A. baumanniicell attachmento Candidaalbicans
filaments and A549 human alveolar epithelial cells (Gagtdsd, 2009) and has been
demonstrated to induce leaky barriers in murine lungs and human A549 cells without
affectingcell viability (Zhanget al, 2022). Elongatioffiactor Tu was identifieth the
K. pneumoniaeulturefiltrate is involvedin bacterialvirulenceand isassociatedvith
adhesion to host extracellularatrix componentsSecretion oEF Tu increased after
Heliobacter pyloriinfection, suggesting thatl. pylori secrete EFTu to facilitate
attachment to host cells (Chatial, 2017).

Theability of theK. pneumoniaeulturefiltrate to inhibit fungalgrowth could

have also arisenas a result of enzymatic activity. DegRlike periplasmicserine
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endoproteases a highly conservegeriplasmigroteaséoundin mostGramnegative
bacteria. This protease is involved in the degradation of denatured or aggregated
protein within the cell envelope tascherichia coli(Joneset al, 2001; Zhanget al,
2019).Proteas&/1l (OmpT),an aspartiprotease, waslentifiedin the culturefiltrate

and is associated with the inhibition of coagulation and antimicrobial peptide
production (Sabotil and Kos, 2012).

Redoxactive components and enzymes in Khgoneumoniaeulture filtrate
couldalsoaffectfungalgrowthandmycotoxinproduction.Thiol:disulfideinterchange
proteinDsbA playsarolein oxidisingthe formationof disulfidebonds(Denoncinand
Collet, 2013). Thiol:disulfide interchange protein DsbA may be implemented in the
oxidation of gliotoxinbds disulfide bond,

activity (Bernardoet al., 2003). Alkyl hydroperoxidereductaseC was identified in

the K. pneumoniaeulture filtrate and catalysele reduction of hydrogen peroxide,

organic hydroperoxides and thioredoxin in HeLa cells (€hai., 2007).

The nonsiderophore iron uptake component EfeO was identified inKthe
pneumoniaeulture filtrate, andhis is acomponentn the mainferrous iron transport
system that is present in both pathogenic andpathogenic microbes (Laget al,
2016).In addition,thehigh-affinity zincuptakesystenproteinZnuAin K. pneumoniae
culture filtrate is essential in acquiring zinc at the interface between bacteria and
mammaliarcellsandcounteractingnostdepletionmechanismgNeupanestal., 2019).

It has been previously demonstrated that zinc limitation results in increased gliotoxin
production and the growdlmiting effects of exogenous gliotoxin arelievedby the
presence of zinc in media (Traynet al, 2021). In addition, certain genes of the
gliotoxin biosyntheticcluster,includinggliZ, areregulatedoy ZafA, whichis thezinc-
responsivdranscriptionfactorthatcontrolsthe adaptiveresponséo zincstarvationn

A. fumigatug(Vicentefranqueir&tal., 2018).Analysisof P. aeruginosaculturefiltrate,

which also affected fungal growth and secondary metabolism, identified a similar
proteinprofile to thatfoundin thiswork (Margalitetal., 2022).P. aeruginosaculture
filtrate contained chaperone protein DnaK and components involved in the uptake of
nutrients, including ferric irofinding periplasmic protein HitA. Detoxification
proteins suclas thiol:disulphidenterchange protein DsbA and thioredoxin reductase
werefoundin bothculturefiltrates. Despitethesesimilarities, K. pneumoniaeulture

filtrate promotedgliotoxin biosynthesiswhile P. aeruginosanhibitedit.
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A. fumigatusexposed to thé&. pneumoniaeculture filtrate demonstrated a
reductionin growthandashift towardssecondarynetabolismparticularlythroughthe
increased secretion of gliotoxin. Gliotoxin biosynthesis is mediated by a gene cluster
consisting of 13 genes. Proteomic analysis revealed that five proteins involved in the
biosynthesis ofliotoxin wereincreasedn abundanceglutathioneS-transferase (+6.17
fold), nonribosomal peptide synthase (+3.67 fold}n@thyltransferase (+3.5 fold),
gammaglutamyl acyltransferase (+2.89 fold) and thioredoxin reductase (+2.33 fold).
Theincreasen gliotoxin productionmaybeattributedto the physicalbinding of outer
membrane protein A, due to its ability to induce leakage in epithelial cells (#tang

al., 2022) in a similar manner to fungistatic concentrations of amphotericin

B which increasesA. fumigatuspermeability and stimulatede novo gliotoxin
biosynthesis (Reevex al, 2004).

There was also an increase (+63.3 fold) in the abundance of fibrinogen C
terminal domaircontaining protein, and this could indicate increased virulence and
adhesion to lung epithelium. Asthmatic lungs have damaged bronchioloalveolar
epithelium, and fibrinogen deposits form at the surface of wounded epithelia, which
facilitate microbial attachment (Upadhyagt al, 2012). A. fumigatus also
demonstrated increased binding affinity to fibrinogen compared with less pathogenic
Aspergillusspp.,suggestinghatadhesiorto theextracellulamatrix maybeimportant
in disease pathogenesis (Wasylnka and Moore, 2000). Polysaccharide deacetylase
family proteinwasincreasedn abundancé+6.9fold) andis associateavith adherence
asproteinswith similardomainssuchasAgd3,arepartof agroupof metal dependent
polysacchariddeacetylasesyhichhavebeenshownto removeN- or O- linked acetate
groupsfrom chitin, peptidoglycanacetylxylan,andpoly-b-1,6-N- acetylglucosamine,
deletion ofagd3was associated with a reduced adherence and virulence in murine

models ofinvasive aspergillosis, indicating reduced fungal burden éted, 2016).

The proteome of. fumigatusexposed tK. pneumoniaeulture filtrate also
showed a reduced abundance of several proteins; 1,3 beta glucanosyltransferase was
reduced in abundance by T1T3.9 f (Gaslebosnd pl
et al, 2010). The membrane protein methyl sterol monooxygenase erg25B, essential

for ergosterolbiosynthesiqAlcazarFuoli et al., 2008), was reducedby 1 2 fofil,
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calcium/calmodulirdependenproteinkinasewasreducedy1 4 fol# andis essential

for fungal nuclear cell division and hyphal developmentAspergillus nidulans
(AlcazarFuoli and Mellado, 2013). Deoxyriboghosphate aldolase was reduced in
abundance by 1T2.3 fold and had a role in
(Dayton and Means, 1996). Decreased abundance of methyltransferaséikbaeA
putative protein 1T2.16 fold could expl ai
with specificsecondary metabolit¢¥orapreedaetal., 2021),including helvolic acid

and fumagillin. Proteins associated with helvolic acid biosynthesis, including
cytochrome P450 monooxygendse | B 1 fold)j sBortéhaindehydrogenaskelC

(13.8 fold), protostadi enol -ketesjemit Ha s e h
dehydrogenasdelE ( 1 2fold) were decreasedn abundanceand the fumagillin
associatedprotein polyketide transferaseaf380 ( 1 3fold} was also decreaseth
abundancéKeller etal., 2006;Lin etal., 2013).

This study provides evidence that exposuré.ofumigatudo K. pneumoniae
culturefiltrate results in a reduction in growth but an increase in gliotoxin production
and in the abundance of associated proteins. The clinical implications of these
alterations could inhibit the ability of the patient to mount an effective immune
responséo A. fumigatusinfectionresulting inmoreseveresymptoms an@nincrease
in mortality. This work provides novel insights into an important bactariejal
interaction that occurs in the lungs of immunocompromised patients. Understanding
the extent and importance of such microbial interactions can help to identify better

therapeutic strategies for the control of pulmonary infections in susceptible patients.
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Abstract

Aspergillusfumigatuss anopportunistidungal pathogerof the humanairway
that can cause a variety of chronic infections, typically in the context afxmseng
lung damage. The interaction Af fumigatuswith exvivo pig lung (EVPL) samples
was characterized at the proteomic level to provide insights into how the fungus may
interactwith pulmonarytissuein vivo. This modelhasmanyadvantaged)ecaus@igs
share 90% immunological homology with humans and display many anatomical
similarities. EVPL also retains resident immune cells, has richer cellular complexity
comparedo in-vitro models,andhasa microbiome Labelfree quantitativeproteomic
analysis identified the metabolism and developmenf.ofumigatuson the EVPL
alveolarsectionsat48 h, therewasanincreasegbundancef proteinsassociateavith
carbonmetabolism (e.gmalatedehydrogenasg- 8.2fold increase)), andmino acid
metabolism and biosynthesis (e.g., -m&thyltetrahydropteroyltriglutamate
homocysteine $nethyltransferase, (+5.04 fold)) at 72 h. Porcine tissue remained
responsive to the pathogen with proteins that increased in abundance associated with
innate immune recruitment (e.g., protein SE® (+28.5 fold) and protein S1089
(calgranulinB) (+7.25 fold) at 24 h, while proteins associated with neutrophil
degranulatior{e.g.,elastaseneutrophil(-2.74fold)) decreaseth abundanceAt 96 h,
theinfectedtissuedemonstrateédnhance@bundancef fibrotic markerge.qg. fibrillin
1, collagentype 1V alpha Ichain, and alpha chain,increasedy +16.44, +15.42nd
+11.95 foldrespectively). These results validate the use of this model for studying
pathogerhost interactions and highlight hofu fumigatusnteracts with pulmonary

tissue during colonization.
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5.1Introduction

Thefilamentous funguéspergillus fumigatug an environmental saprophyte
andopportunistigpathogenn thehumanairway (vandeVeerdonketal., 2025).Many
infections caused bj. fumigatusare chronic, with chronic pulmonary aspergillosis
affecting approximately 1.8 million patients annually, with an 18.5% mortality rate.
Fungal asthma, whichas beemartially attributed tAspergillusexposure, affects an
estimatedL1.5million peopleresultingin 46,000deathsannually(Denning,2024).A
common underlying factor in many chronic infections is-gxisting lung damage,
inflammation and cavitation caused by Chronic obstructive pulmonary disease
(COPD),pulmonarytuberculosisgysticfibrosis,bronchiectasighoracicradiotherapy,
and allergic bronchopulmonary aspergillosis (Janssnal, 2024). The initial
attachmenaindcolonizationof thelung by fungi is facilitatedby interactionswith the
components of the host extracellular matrix and basal lamina (€agh 2019).
Various conditions, including cystic fibrosis (C&i)d asthma, result in tlieposition
of collagen and fibronectin, whiatanserveassubstrates foiungal conidia adhesion
(Lambrecht and Hammad, 2012; Sheppard, 2011). The complex interplay bé&tween
fumigatusand its host has been patrtially elucidated through clinical studies and the
utilization of diversein vitro andin vivo model systems (Dagenais and Keller, 2009).
Despitethis, thesemodelsystemdrequentlyfail to fully demonstratéheintricaciesof
human airway infections and, as a result, often fail to achieve the clinical phenotypes
observedn theclinic (Cornforthetal., 2020;Robertsetal., 2015).Murine models have
been the focus of the majority of aspergilldsisvivo studies because of the observed
similaritiesin physiologyandpathologyin additionto genomicsimilarities(Resendiz
Sharpeet al, 2022) however, they demonstrate considerable heterogeneity in their
susceptibility to infection (Desoubeaaxd Cray, 2018). In addition, despite the fact
thatrodentsandhumanlungscontainmanyof the samecell types,the anatomyf the
lung varies. Human lungs contain basal cells throughout the trachea and bronchi,
whereasnurinebasalcellsareonly foundin thetracheaThereis alsono evidencahat
humanlungspossesa bronchioalveolastemcells population as the majority of cells
in the human ximal airway are muliciliated cells, whereas club cells are more
abundant in rodents (Miller and Spence, 2017). Goblet cells are prevalent in the
proximal human airway, but they primarily appear in mice following injury (Rardo
Saganteet al, 2013). The chemical composition of murine lung tissue and airway
surface liquidis also distinct fromthat of human airwaygWalsh et al., 2024).
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The humanlung metabolomewas distinguishablefrom the murine metabolome in
terms of trimethylamineN-oxide, betaine, carnitine, and glycerophosphocholine,
which are present in mice but not in the human lung. In addition, fatty acid
concentrations are significantly higher in rodent lungs than in human lungs. Acetate,
asparagine, glutamate, lactate, lysine, smasitol, sylleinositol, and valine
concentrations were considerably lower in murine lungs than in human lungs. The
metabolome of pig lungs demonstrated a similar composition to that of humans, with
the main difference being the concentration of some components (Benehiaed
2014). This difference may contribute to the failure of murine models to replicate
pivotal aspects of human diseases and infections such as aberrant abscess formation
which occurs in murine lungs durirf@taphylococcus aureussfection (Ciganeet al,

2018), but is rarely observed in human CF patients (Patradooand Fitzgerald,
2007). Clinically relevant lumen colonization with preferential localization as
multicellularaggregates mucuswasobservedn bronchiolampig lungsectionsyhich

better recapitulates what is observed in human biopsies (Swekak\y2021).

Many alternative model systems have been employed to study fungal
pathogenesis, including insect mini models suchGadleria mellonella larvae
(Champioretal., 2016),cell culture(PerezNadale<etal., 2014),andorganoidmodels
(FusceAlmeidaetal., 2023) G. mellonellais themostutilized insectmodelfor fungal
infection studies, and larvae are easy to inoculate and exhibit a dynamic response to
pathogens, comparable to the innate immune response in humans (Gatla@iini
2024).In addition,G. mellonellalarvaeinfectedwith fungalpathogenshowstructures
characteristic of human infection, including granuloma development duwking
fumigatusinfection (Sheeharet al, 2018) and grain formation durinigladurella
mycetomatisinfection (Sheeharet al, 2020). TheGalleria infection model has
demonstrated excellent correlation with experiments that assessed the virulence of
CandidaalbicansandPseudomonaaeruginosan mice (Brennaretal., 2002;Miyata
et al, 2003). The major limitation of the use @f mellonellalarvae is the lack of an
adaptivemmunerespons@andorgans suchasthelungs,whichlimits themodelto the

study of invasive and bloodstream infections (Cuetial, 2022).

Complex tissue models and organoids show a considerable increase in utility
compared with 2D cell culture studies (Hoaegal, 2022; Dichtlet al, 2024).

Although the complexity of organoidshasincreasedthey are unableto accurately
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reproducehe pathologicakharacteristicef thehumanlung, includingangioinvasion.

The human lung is composed of over 40 different cell types (Vargese 2022),

and current hPS@erived lung organoids remain incomplete because they lack many
lung components, such as vasculature and complex immune cell diversigy @Du
2023).In additionto thesdimitations organoidmodelsrequirespecialistissueculture
facilities and techniques and can be expensive; therefore, they are a relatively low
throughput approach for infection studies (Agugdral, 2021). Lung damage is a
common precursor to many forms of aspergillosis; as many -thnmeensional
organoids are derived from human pluripotent stem cells they tend to resemble the

foetal lung, they may not be suitable to mimic these conditiong{@l 2023).

Piglung modelshavebeendevelopedn anattemptto overcomemanyof these
limitations owing to their immunological and physiological similarities with humans,
and the microbiome of healthy pig lungs shows a similar phylum distribution to that
found in human lungs (Beckt al, 2012; Huanget al, 2018). Theexvivo lung
perfusion model (EVLP) demonstrated pathegemd virulence factespecific
responseto Klebsiellapneumoniaénfectionin awholelung systemwith wholeblood
perfusionandventilationover4 hourspostmorten{Dumiganetal., 2019).Despitethe
successful implementation of this model, it requires a large amount of space and
specialized equipment and skills. T&evivo pig lung model (EVPL) offers a high
throughput, lowcost, and ethical model that closely mimics the lung environment
(Harrisonet al, 2014). Lungs can be obtained from pigs slaughtered for commercial
meat production from butchers or abattoirs and since little or no lung tissue is used in
foodproduction)ungsareclassifiedasawasteproductwhoseusedoesnotraiseethical
questions (Harrisoet al, 2014). This method was first developed by Williams &
Gallagher, who collected lungs from commercial abattoirs and used tissue sections to
studyMycoplasmanfection (Williams andGallagher,1978; Williams and Gallagher,
1978).Thismodelwasthenoptimizedto mimic CFairwaysandusedto studybacterial
pathogenicity (Harrison and Diggle, 2016) and antibiotic tolerance (Swestrady
2021; Harringtoret al,, 2020). This system involves the excision of multgdetions
of the bronchiolar or alveolar tissue from the lungs of a single donor. These can be
inoculated with pathogens and various endpoints can be examined. This model has
demonstratedtrainspecificvirulencedifferencesincludingquorumsensingdeficient

mutants ofPseudomonas aeruginodamonstrating reducethmageo alveolartissue
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(Harrisonetal., 2014).It hasalsobeendemonstratethatthe EVPLmodelshowsin
vivo-like aspectsof P. aeruginosageneexpressionand that the pathogen forms a
biofilm using knownin vivo pathways required during vivo infection, resulting in
the formation of clinically realistic structures not seen in otinevitro studies
(Harringtonet al, 2020; Harrington, Alleret al, 2022).

Onceinhaled,Aspergillusconidiathatarenot clearedby mucociliaryelevators
encounter epithelial cells or alveolar macrophages (Richarelsah 2019). These
conidiaareoftendepositedn thebronchiolesandalveolarspacedecausef thesmall
size of the fungal conidia{3 e m), which i1is ideal for de
spacegDagenais an#eller, 2009).We combined alveolasectionsof pig lungtissue
with standardissueculturemediumto assesghetractability of this modelfor working
with fungi andto mimic humarntissuein theabsencef anyunderlyingconditionsthat
radically alters lung chemistry (Erseyal, 2017). We examined the development of
A. fumigatusdn this physiologically sustainable and ethical model to gain insight into
howthehost and the pathogen respond to each other dilmngarly stages of fungal

infection.

5.2 Materials and Methods
5.2.1Aspergillusfumigatusculture conditions and conidial preparation

Aspergillus fumigatu®ATCC 26933 was cultured for 72 h at 37 °C on malt
extract agar (MEA) (Oxoid, Basingstoke, UK) following point inoculation. The
conidiawereharvestedy washingwith phosphatéufferedsalinesupplementegith
0.1%(v/v) Tween20 (PBST), and the suspension was washed three times with PBS.
Conidiawereenumeratedisingahaemocytometeanddilutedto afinal concentration
of 1x10 conidia/ml

5.2.2Preparation of ex-vivopig lung sections
AlveolartissuesectionsverepreparedsdescribedqHarrisonetal., 2014),with

some modifications. Whole lungs from four individual pigs with attached tracheae
were collected from a local abattoir within an hour of slaughter and were transported
oniceto MaynoothUniversity. Thepleuralsurfaceof thecaudalobewassterilizedby

briefly touching it with a hot palette knife, and ~5 ra®ep strips of alveolar tissue
werecutfrom thesterilizedsurfaceusingamountedazorblade. Theseverewashedn

a 50/50 mixture ofRPMI 1640 (Gibco) and Dulbecco's modified Eaghedium
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[DMEM] (Gibco) supplementedwith 10 pg/ml amphotericinB to remove any
environmental fungi. The strips were cut to 125 haxplants and washed twice in a
50/50 mix of RPMI 1640 and Dulbecco's modified Eagle medium (DMEM)
supplemented with 50 pg/mL ampicillin to reduce bacterial load (components of the
pig lung microbiomeor environmentatontaminants)Thetissuesectionsverewashed

in theRPMI/DMEM mixtureandUV sterilizedfor 5 min beforebeingplacedon a pad

of 400uL RPMI/DMEM solidifiedwith 0.8%agarosen a24 well tissuecultureplate.
Thesectionsvereinoculatedusinga 25G needledippedinto the preparedA. fumigatus
conidiasuspensioffstandardisetb 1 x 10’/ml) andusedto inoculatethe surfaceof the
sectionto depositfungalsporesThesectionsveresuspendedt 5 0 ORPMI/DMEM.
The sections were covered with a breathable membrane (Besmiiesealing
membraneDiversified Biotech,USA) beforeincubationin a6% CCO;incubatorat 37

°C to match the physiological carbon dioxidevels observed in the alveoli
(Abolhassanet al, 2009). Sterilized solidified malt extract agar (MEA, Oxoid) was
asepticallycut into the samedimensiong5 x 5 x 5 mm) aseVPL tissueandusedasa

control for fungal growth.
5.2.3Quantification of fungal burden

Infected tissue sections were removed from the 24 well plate with sterilized
forceps at 2<our intervals and washed in sterile PBS prior to transfer into 2 ml
Eppendorf tubes with 1 ml of lysis buffer and a 3 mm chrome stainless steel ball
bearing. The tissue was homogenised using a tissue lyser (TissueLyser Il, Qiagen,
Germany)at 30.0frequencyl/sfor 40 secondslLysate(100uL) wasdilutedandplated
onto MEA plates in triplicate and incubated at 37 °C overnight. The cdtoning
units (CFU) were enumerated. The average number of colonies resulting from each
treatmentvasdeterminedanda 2-way ANOVA analysisvasperformedFigureswere
generated using Prism v8.01. Images of infected tissue were viewed at 40x

magnification using a brightfield microscope (Olympus CH20).

5.2.4Proteomic extraction from infected tissuesections

Infected and control EVPL sections were removed from 24 well plate and
washed with PBSThesectionsveretransferred to 2nl Eppendortubeswith 1 ml of
lysis buffer (8 M urea,2 M thiourea,and0.1M Tris-HCI (pH 8.0) dissolvedn HPLC-

grade ddHO), supplemented with protease inhibitors (aprotinin, leupeptin, pepstatin
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A (10 pg/mL), and phenylmethylsulfonyl fluoride (PMSF) (1 mM/mL)). Tissue
sections were homogenized as previously described. The lysates were sonicated
(BandelinSenopulsjhreetimesfor 10s at50%power.Thecell lysatewascentrifuged
(Eppendorf Centrifuge 5418) for 8 min at 14,509to pellet cellular debris. Lysate
(200pL) wasprecipitatedwvith acetondor 18 hoursat-20 °C. Samplesveresubjected

to centrifugation afi4,500xg for 10 min to pellet proteinsacetonavasremovedand

the pellet was resuspended in 50 puL sample resuspension buffer (8 M urea, 2 M
thiourea,and0.1 M Tris-HCI (pH 8.0) dissolvedn HPLC-gradeddHO), of which 40

puL wasdigestedA 2 pL aliguotwas removed froreachsampleprior to digestionfor
quantificationusingthe Qubitquantificationsystem(Invitrogen,Waltham MA, USA).
Ammonium bicarbonate (250 pL, 50 mM) was added to 40 pL, which was subjected
to reductionvia theadditionof 2 uL of 0.5M dithiothreitolandincubatedat56 °C for

20 min, followed by alkylationwith 0.55M iodoacetamidat roomtemperaturén the

dark for 15 min. Proteins were digested by adding 2 yL of sequegnade trypsin
(Promega) (0.5 pg/uL), supplemented with 2 uL of Protease Max Surfactant Trypsin
Enhancer (Promega) (1%/v), and incubated at 37 °C for 18 h. Digestion was
guenchedy the additionof 2 pL of trifluoroaceticacid (TFA) andincubated at room
temperaturdor 5 min. The sampleswere centrifugedat 14,500>g for 10 min prior

to cleanup using C18 spin columns (Pierce). The eluted peptides were dried using a
SpeedyVac concentrator (Thermo Scientific (Waltham, MA, USA) Savant DNA120)
and resuspended in 2%/\() acetonitrile and 0.1%wvAv) formic acid to yield a final
concentratiorof 375ng/uLaidedby sonicationn awaterbathfor 5 min. Thesamples
werecentrifugedo pelletdebrisat 14,500%g for 5 min, and2 uL of each samplavas

loaded onto the mass spectrometer.

5.2.5Massspectrometry

Purified peptide extracts (2 €L cont al

Dionex UltiMate 3000 RSLCnano system equipped with an Sgsgy C18 HPLC

column (Thermoscientific) connected to a Q Exactive Plus Hybrid Quadrupole
orbitrapmassspectrometefThermoFisherScientific, Waltham MA, USA) andeluted

at a flow rate of 0.3 plper minute using a reverse phase 133 minute gradient. A scan

range of 2061600 M/Z with a resolution of 70,000, was used. The top 15 ions were
selectedrom each MSscanwith anisolationwindow of 2 M/Z for fragmentation and

an MS/MS scan in the range of 20000 M/Z with a resolution of 17,500. Raw

134



MS/MS data files were processed using the Andromeda search engine in MaxQuant
softwarev.1.6.3.4110usinga Neosartoryadumigatareferenceproteomeobtainedfrom

a UniProtSWISSPROT (The UniProt Consortium, 2025) database to identify
proteins (9647 entries, downloaded July 2022) orShe scorfaeference proteome

(46,174 entries, downloaded December 2023) respectively.

5.2.6Data analysis

Proteomicdataanalysis was performed as described (Cettial, 2023),with
some modifications. Perseus v.1.6.15.0, was used for data analysis, processing, and
visualization. Normalized LFQ intensity values were used to quantitatively measure
protein abundance. The generated data matrix was filtered to remove contaminants.
LFQ intensity values were ledransformed, and each sample was assigned to its
corresponding group matching the time point at which they were collected. Proteins
that were not found in all replicates in at least one group were omitted from further
analysis. Adataimputation stepvas conducted to replaogissing values with values
that simulate signals of lo@bundance proteins chosen randomly from a distribution
specified by a downshift of 1.8 times the mean standard deviation of all measured
values and a width of 0.3 times this standard deviation. Principal component analysis
(PCA)wasperformed using normalized intensity valu€beidentified proteins were
then defined using a Perseus annotation file to assign extract terms for biological
process, molecular function, and Kyoto Encyclopaedia of Genes and Genomes
(KEGG)namesTo visualizethedifferencesetweertwo samplespairwiseSt udent 6 s
t-tests were performed using a -ait of P< 0.05 on the posinputation dataset.
Volcanoplotsweregeneratedby plotting thelogz fold changeonthex-axisagainsthe
log p-values on the 3axis for each pairwise comparison. Statistically significant and
differentially abundant (SSDA) proteins (ANOVA, P< 0.05) with a relative fold
change greater than 1.5 were retained for analysis. SSDA proteins ‘seoeez
normalized andhen usedor hierarchical clusteringp produce a heahap. Identified
SSDAs were then assessed using Uniprot codes generated by Perseus, and pathway
analysisvasperformedusingShinyGO(Geetal., 2020)to gaininsightsinto theirroles
within the cells The mass spectrometry proteomics data were deposited in the
ProteomeXchange Consortiuwia the PRIDE (PererRiverol et al, 2021) partner
repository with the dataset identifier PXD060389
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5.3 Results

5.3.1Confirmation of Aspergillusfumigatusgrowth on EVPL tissue

MEA cubes (n = 3) and EVPL explants (n = 3) for each time point were
inoculated withA. fumigatusconidia and incubated at 3 and 6% C@ Visual
inspectionof agarcubesrevealedhegrowth ofA. fumigatusat 24handthis increased
until 96 h when conidiation was evident (Fig 5.1A). In contrast, there was a small
amount of visibleA. fumigatusgrowth on the EVPL explants at 24 h, but more
extensive fungal growth was evident at 48 h. After 96 h, a largemigatuscolony
was observed on the surface. Fungal growth was also assessed by quantifying the
number of colomyforming units (CFU) per treatment (Fig 5.1B). The growth on the
MEA cubesandEVPL explantswvasinitially comparablebuttherewasasignificantly
(P =0.002) lower fungaCFU at72 h in the EVPL relative tdhe MEA cubeswith
1.2x10 CFU on the MEA cube compared to 1.5%10DFU detected in the EVPL
section. The growth on the EVPL was comparable to that on the MEA cubes at 96 h,
with approximately 1.4xT0CFU/section (Fig 5.1)A. fumigatushyphae were visible
in the infected tissue (Fig 5.1C).

(A)
Malt extract | 3
agar block
EVPL
explant
6
(B)

-e- mea cubes

-m- EVPL explants

log,(CFUlsection)
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0 24 48 72 96
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Figure 5.1: Phenotypic analysis and confirmation of fungal growth on agare&nd

vivo pig lung explants. (A) Representative image of sections at each 24 hour interval
imagedvia dissection microscope. (B) Graph of fungal burden calculated from agar
and EVPL explants showing a significant decrease in CFU at 72 hours (P=0.002)
calculatedby two-way ANOVA. (C) Microscopyimageof hyphalgrowthonanEVPL
section at 40x magnification.
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5.3.2Proteomicanalysisof alterationsin A. fumigatusproteomeduring growth
on EVPL tissue

Quantitative proteomic analysis was used to characterize the changes in the
fungal proteomeduring colonization oEVPL explants. Théungal proteomeén = 3)
at each time point were characterized, and these were well separated, as seen in the
PCA and heatmap (Fig 5.2 A and B). Changes in the relative abundance of fungal
proteinswerecompared withthoseof the A. fumigatugproteomeat 24h. At48 h post
infection, 15 proteins were significantly increased in abundance and 17 were
significantly decreased (b S1). Many proteins that showed an increase in
abundance were associated with carbon metabolism, including glyceralehyde
phosphate dehydrogenase (+10.90 fold). GlyceraldeBymleosphate dehydrogenase
expressions associateavith conidialgerminationjs expresseon thehyphalsurface,
and has been speculated to aid fungal adherence to host tissue (8hahkan18).
Phosphoglycerateinase(+3.60fold) is involvedin carbonmetabolismbutis alsopart
of the AfpesINRPS cluster involved in fumigaclavine C biosynthesis (Ovetra,
2014).Therewasalsoincrease@gbundancef fungalallergenssuchaslargeribosomal
subunitproteinP2 (60SacidicribosomalproteinP2) (AfP2) (allergenAsp f 8) (+6.99
fold) and superoxide dismutase [Mn], mitochondrial (allergen Asp f 6) (+fbil)
which may be involved in inducing an immune response within the tissuet(aiy
2023). Proteins decreased in abundance at 48 h, including malate synthase and
dihydrolipoyl dehydrogenase3(47 and-3.86 fold, respectively), which are involved
in alternativemetabolicprocesse§TableS1). Geneenrichmentanalysisndicatedthat
carbon metabolism was enhanced, and amino acid metabolism was decreased at this
timepoint(Fig S5.1).
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Figure 5.2:(A) Principalcomponenanalysisof A. fumigatusproteinsat24,48,72 and

96 hours demonstrating good separation in the proteome at each timepoint. (B)
Heatmap generated through Tway unsupervised hierarchical clustering of the
medianprotein expressiomaluesof all statisticallysignificantdifferentially abundant
proteins

At 72 h postinfection, 66 proteins were significantly increased in abundance
relativeto thatat24 h, andno proteins wereignificantlydecreased (Table SMlany
proteinsthatincreasedn abundancevereassociateavith aminoacidbiosynthesisand
metabolic processes, including aconitate hydratase, mitochondria (+ 6.26 fold), 5
methyltetrahydropteroyltriglutamatbomocysteine  8nethyltransferase  (+5.04
fold), 4-aminobutyrate aminotransferase (+2.80 fold), and acetohydcigy
reductoisomerase (+1.97 fold), which have also been implicated in fungal iron
homeostasis (Faziust al, 2012; Grynberget al, 2001; Longet al, 2018). A
significant increase in abundance was observed for tHe3Llfamily protein ArtA,
putative (+35.63 fold). ArtA is a regulatory protein associated with the response to
oxidativestress (Blachowicet al, 2019). Theravas also &ignificant increase in the
abundance of large ribosomal subunit protein P1 (60S acidic ribosomal protein P1)
(AfP1) (+19.17 fold) and large ribosomal subunit protein P2 (60S acidic ribosomal
proteinP2)(AfP2) (allergenAspf 8) (+18.42fold) indicatingenhancedranslatiorand
protein biosynthesis (Table S2). Gene enrichment analysis indicated elevated

biosynthesis and metabolism of amino acids at this time (Fig S5.2).

At 96 h postinfection, 44 proteins were significantly increased in abundance

relative to that at 24 h, and two proteinswere significantly decreasedTable S3).
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Proteingncreasedn abundancencludingasphemolysin(+6.49fold), anddipeptidyt
peptidase 5 (+11.67 fold) at 72 hours and +9.61 fold at 96 h, and are known to be
induced in murine infection (Wartenberg al, 2011; Guruceag&t al, 2018).
Thioredoxin reductase gliTinvolved in seHprotection during gliotoxin production

and oxidative stress mitigation (Riesal, 2020) was increased (+5.97 fold). Short
chain dehydrogenase, which was previously shown to be induced by gliotoxin
exposure (Doylet al, 2018), increased by +9.21 fold at 72 hours and +17.37 fold at
96 h. WoroninbodymajorproteinhexA,involvedin physicalstressneditatiornthrough

septal pore formation and virulence (Bestkal, 2013), increased in abundance at 72
(+11.73 fold) and 96 (+9.86 fold) hours, indicating the occurrence ofidsted
damageProteinsthatdecreaseth abundanceat 96 h weretriosephosphatsomerase
(-2.09fold), involvedin glucosemetabolismandphytanoy}CoA dioxygenaséamily
protein(-2.31fold), andsimilar proteinsareknownto beinvolvedin the productionof
fungaltoxins,includingverruculoger{Owenset al., 2014),typically expresseduring

the early stages of infection. Gene enrichment analysis (Fig S5.3) highlighted the
increased expression of proteins associated with ascorbate and aldarate metabolism,
betaalanine metabolism, fatty acid degradation, glycolysis/gluconeogenesis,
tryptopharmetabolismanddegradatiorof valine,leucine,andisoleucineall of which

have been demonstrated to be enhanced followinfymigatusexposure to human
dendritic cells (Srivastavet al, 2019).

SomeA. fumigatusproteinsweredetected atwo or moresamplingtimepoints
(Table5.1), Theseproteinsincludingthesuspectedllergen60SribosomalproteinL 12
(Saxeneet al, 2003), detected at 48 and 72 hours post infection. Other proteins were
consistentlyincreasedn abundancatall threetime pointsandincludedcyanovirinN
domaircontainingprotein,whichincreased13.14, +18.00and+23.01fold at48, 72,
and 96 h, respectively. This protein belongs to a family of highly conserved proteins
that are known to bind strongly to mannose, potentially enhancing fungal attachment
to thehost(Koharudinetal., 2008)andaffectingthemorphologyof PBMCs(Huskens
et al, 2008). Mannoséependent C type lectin interactions have been shown to be
impeded by cyanoviriN (Driesseret al, 2012) and as such consistent expression of

this protein could indicate its role in immune evasiorAbjumigatus.
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Table 5.1 Statisticallysignificantlyanddifferentially abundanAspergillusfumigatus
proteins associated with virulence or involvement in eliciting an immunological
response within the host detected at two or more timepoints relative tdhau4
sample

protein ID Protein 48 72 96
name hours | hours | hours

Superoxidelismutas¢Mn], mitochondrial Q92450 4.40 9.29 N/A

(EC 1.15.1.1) (allergen Asp f 6)

14-3-3 family proteinArtA, putative Q4WI29 -2.14 35.63 N/A

60SribosomalproteinL12 Q4WK81 -3.15 3.15 N/A

Malatesynthas€EC 2.3.3.9) Q4WD53 -3.47 3.47 N/A

PhytanoylCoA dioxygenasdamily protein Q4WZT3 -4.03 N/A -2.31

Acyl CoA bindingproteinfamily Q4X164 N/A 13.93 11.24

WoroninbodymajorproteinhexA Q4wWULO N/A 11.73 9.86

Dipeptidytpeptidase 5 (EC 3.4.14. POC959 N/A 11.67 9.61

(Dipeptidylpeptidas&/) (DPPV) (DppV)

Shortchaindehydrogenaseutative(EC Q4wWPBS8 N/A 9.21 17.37

1-.--)

Thioredoxin Q4WV97 N/A 3.21 5.26

CyanovirinN domaircontainingprotein Q4WKJ1 13.14 | 18.00 23.01

Glyceraldehyde-phosphate Q4WE70 | 1090 | 30.96 | 33.92

dehydrogenas&C1.2.1.12)

MalatedehydrogenasgEC1.1.1.37) Q4WET0 8.20 23.43 11.52

LargeribosomakubunitproteinP2(60S Q9uUUZ6 6.99 18.42 12.60

acidic ribosomal protein P2) (AfP2)

(allergen Asp f 8)

Enolase (EC 4.2.1.11) {2hospheD- Q96X30 6.08 12.98 13.54

glyceratehydrolyase)2-phosphoglycerate

dehydratase) (allergen Asp f 22)

MethyltransferaspsoC(EC2.1.1:) Q4WB00 5.63 6.80 6.77

(Pseurotin biosynthesis protein C)

AlaninetransaminaséeC 2.6.1.2) Q4WN34 3.81 8.60 4.92

G-proteincomplexbetasubunitCpcB Q4WQKS8 3.73 6.12 4.40

The G-protein complex beta subunit Cpeias also detected at all time points
(+3.73, +6.12and+4.40 fold,at48,72,and96 h, respectively) anglaysanessential
role in cellular growth, spore germination, and conidiation (€aial, 2015).
Methyltransferase psoC increased +5,63%.80 and +6.77 fold, respectively, and is
involvedin thesynthesi®f pseurotinA, which cansuppres®ankL-inducedoxidative
stress (Chemt al, 2019). Enolase was increased by +6.8682.98 and +13.54 fold,
respectivelyandis involvedin glycolysislt hasbeenidentifiedasapotentialinhibitor
of the human complement cascade by binding to Factor H,-EHC4BP, and

plasminogen (Dasaet al, 2019).
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5.3.3Characterisation of proteomic alterations in EVPL tissue duringA.
fumigatuscolonisation

Thepig proteomgn = 3) ateachtime pointduringinfectionwascharacterized,
andthesewerewell separatedwith cleardifferences betweeimfected and uninfected
tissue, as shown in the PCA and heatmap with some overlap observed at later time
points(Fig 5.3 A andB). Theearlyresponséo infectionelicited many changes the
porcineproteomejndicatingadynamicresponséo A. fumigatugFig 5.4 A andB). At
24 h postinfection, 123 proteinsweresignificantlyincreasedn abundancén infected
EVPL tissue,and 212wveredecreased relativi® uninfectedtissue(TableS4). Protein
S100GA8 and protein S1689 (calgranulinB) were increased in abundance (+28.25
and +7.25 fold, respectively), and S100A8/A9 plays a critical role in modulating the
proinflammatoryrespons®y stimulatingleukocyterecruitmentandinducingcytokine
secretion (Wanget al, 2018; Singh and Ali, 2022; Xiat al, 2024). Costar family
proteinABRACL wasincreasedn abundancén theinfectedtissue(+18.58fold) and
is associateavith immunecell infiltration (Liu etal., 2022).Carbonicanhydrasd was
alsoincreased-10.09fold andwasexpressednIL -5- activatedeosinophilsindicating
that an allergic response could be elicited at this timepoint (éfeal, 2014).
Tetraspanin was increased in abundance +5.49 fold in the infected tissue and is
involved in forming functional interactions with prominent leukocyte receptors
including MHC molecules (Lwet al, 2020; van Spriel and Figdor, 2010). Gene
enrichment analysis indicated enrichment in antigen processing and presentation,
particularly through MHC class Il, phagosome, and neutrophil extracellular trap
formation,indicatingthat anactiveimmuneresponsevasinducedwithin the infected
tissue (Stricklanet al, 2022; Thrikawalat al, 2024) (Fig S5.4). Proteins decreased
in abundance, including pulmonary surfactassociated protein Al isoform X2 (
115.77fold) whichis integralto preventairwaycollapseandis knownto bindto fungal
carbohydrates, enhancing fungal phagocytosis (CarBitaghi et al, 2016). The
levels of surfactant protein A are decreased in the lungs of patients with CF, Acute
respiratorydistresssyndromeandfurtherchroniclung disease¢Heinrich,2011).This
can be attributed to neutrophilic recruitment factors including cathepsins which can
degradeoulmonarysurfactanfA (Rubioetal., 2004).Dipeptidyl peptidasd (cathepsin
C) and cathepsin S were increased 1.53 and 1.71 fold respectively at 24 hours post
infection. Cathepsin C has been demonstrated to be invalvedflammation and
pathogenesisin both acute and chronic disease (Aghdassiet al., 2024).
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CathepsinS hasbeendemonstratedo directly cleavesurfactant protein A and has
been implicated in lung injuries and tissue remodelling associatedCWithecaille

et al., 2013). Propheninand tritrpticin precursor(C6) (- 26.95 fold), antibacterial
protein (cathelicidin antimicrobial peptide preproproten)}&.02fold), lipocalin2 (-
13.68fold), proteinase3 (-12.00fold) andelastaseneutrophilexpressed- 2.74 fold)

were decreased in abundance in the infected tissue and are involved in neutrophil
activity anddegranulatio{WesselySzpondeet al., 2010;Liu etal., 2021; Duet al,

2021; Espinosa and Rivera, 2016; Stockdeyal, 2013). Gene enrichment analysis
(Fig S5.4) also highlighted decreases in proteins associated with the citrate cycle and
amino acid degradation indicating the infected tissue is less metabolically active
which is similar to that observed in murine models of invasive pulmonary

Aspergillosis (Kaleet al,, 2017).
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Figure 5.3:(A) Principalcomponenganalysisof Sus scrofgroteinsat 24,48,72and

96 hours demonstrating good separation in the proteome at each timepoint (B)
Heatmap generated through Tway unsupervised hierarchical clustering of the
medianproteinexpressiorvaluesof all statisticallysignificantdifferentially abundant
proteins
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At 48 h, 88 proteins were increased in abundance, and 351 proteins were
decreaseth abundancén theinfectedtissue(TableS5).Heatshock70 kDa protein 6
was increased by +125.30 fold, and this protein is induced during stress and has been
associated with the infiltration of immune cells (Llewellgnal, 2023; Zhouet al,
2022). Importin subunitsalpha,KPNA3 and KPNA4 wereincreasedoy +6.92 and
+4.99 fold, respectively, and are essential for F@iphastimulated NFkappaB
p50/p65 heterodimer translocation into the nucleus (Fageduati 2005). KPNA4
expressiorwasalsopositively correlatedwith theinfiltration of CD8+T cells,B cells,
dendriticcells,CD4+T cells,neutrophilsandmacrophageéXu etal., 2021).Marginal
zone Band BZcell-specific protein (MZB1) and Histone H3.3 also increased in
abundance (+4.10 and +4.52 fold, respectively), and these proteins play a role in the
humoralimmuneresponsendareinvolvedin differentiationto plasmacells. Histone
H3.3 is involved in maintaining #Bell and CD8 T-cell function and prevents
premature hematopoietic stem cell exhaustion and differentiation into granulocyte
macrophage progenitors (Get al, 2022). The first markers of pulmonary fibrosis
weredetectedatthis timepoint,includingindolethylamineN-methyltransferasgr4.17
fold), associated with myofibroblast formation (Zabdtial, 2024; Schipkeet al,
2021),nestin(+4.17fold), whichis expressedh myofibroblastsandhasa pro-fibrotic
function by facilitating Rabl-Hependent recyclingof TGB r ecept etal, | ( Wa
2022). TGFb was si gni f i c ant-ihfgctiore@h78 fold)ed at 24 |

143



Proteins decreased in abundance at 48 h, including histone-A2A§ fold)
which plays a role in doublstrand break repair (Dickegt al, 2009). FLII actin
remodellingproteinwasalsodecreaseel9.04fold, andknockoutsof this proteinhave
been associated with increased numbers of myofibroblasts (Carerdn 2016)
(Table S5). There is also evidence of disruption of the epithelial tight junction with
reduced abundance of junctional adhesion molecule A4 fold) and claudin 18 (
2.97 fold) both integral to epithelial integrity (CzubBkowizoret al, 2022; Kotton,
2018). Complement factor B (C3/C5 convertase) and Complement C3 decreased in
abundancé-2.58and-2.04fold, respectively)indicatingthatimmuneevasionnduced
by the fungus could be occurring(Dasati al, 2019). Other known complement
evasion mechanisms observed An fumigatusinclude recruitment of the human
plasma regulators factor H, FHL, C4BP, and plasminogen and pentreXiand
ficolin-2 (Dasarietal., 2018),noneof which weresignificantlyalteredin ouranalysis.
The secretion of proteases alpl and mepl has also been shown to degrade or cleave
complementactors(Shendeetal., 2018).Thesewerealsonotdetectedn either the host
or pathogeranalysipresentedl hisimpliesenolases apotentinhibitor of thiscascade
or other factors yet to be identified are involved in the evasion observed in this study.
Geneenrichmentanalysig(Fig S5.5)demonstrated responséo fungalinfectionwith
enriched pathways, including leukocyte transendothelial migration and chemokine
signalling pathways, while metabolism was decreased (eox@carboxylic acid
metabolism and propanoate metabolism). Elevated levels of propanoate and its
byproduct methylmalonic acid can induce a-fibvotic phenotype in both epithelial
cells and fibroblasts by activating the canonical transforming growth factoS ma d
pathway (Xuet al, 2024).

The later response to infection elicited many changes in the tissue proteome,
supporting the impadh. fumigatusprimarily associated with tissue remodelling and
fibrosis (Fig 5.5 A and B) (Table S6). At 72 h potfection, 346 proteins were
increased in abundance and 356 were decreased in abundance. There is further
evidence of tissue remodelling and fibrosis with transforming growth factorlbeta
induced transcript 1 protein increased +7.06 fold, indicating that@GFc ou |l d dr i
fibrosis following fungal infection. Many components of the extracellular matrix
associated with fibrosis were significantly increased in abundance, including fibrillin
1 (+151.93fold), collagentype IV alpha?2 chain(+26.94),alphal chain(+24.92),

144



alpha 4 chain (+21.14), and alpha 3 chain (+10.67) (Olieeal, 2010). There is
evidenceof animmuneresponseo fungalinfectiondueto theincreasedbundancef
proteins associated with MHC class Il signalling, including SLA class i
histocompatibilityantigenDQ haplotypeC alphachain(+7.04fold) (Techakriengkrai
etal., 2021).MHC classll, DM beta(major histocompatibilitycomplex,classll, DM
beta)(+2.83 fold), and AB&ypeantigen peptide transporter (TAP2) (+2.71 faid
involved in antigen processing and presentation and T cell activation (Marakl
2022).

AAAAAAAAAAA
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Figure 5.5 Volcano plots showing the distribution of statistically significant and

di fferentially abundant (SSvalde) > pFamd ei ns
difference+ / 1T 0(A)S8sscrofainfectedlung explantswith A. fumigatuscompared

to uninfectedung explants af2 hoursand (B)Sus scrofanfected lungexplants with
A.fumigatuscomparedo uninfectedung explantsat 96 hours.

GlutathioneS transferas¢-16.87fold) wasdecreaseth abundancat72h and
is involved in phase Il metabolism and is also an important mediator of normal lung
growth (vandeWeteringetal., 2021).Thecomplemensystemwasagainobservedo
becompromisedwith avarietyof associategroteinsreducedn abundancencluding
ficolin 2 (-14.64fold), complementC3 (-1.97fold), complementC4A (Rodgerslood
group)(-2.46fold), complementactorH (-2.97fold), complement5(-3.42fold) and
complement factor B (C3/C5 convertas#).[6 fold). Gene enrichment analysis (Fig
S5.6) highlighted an increase in ECM receptor expression, indicating fibrosis and
tissueremodelling,in additionto increasedxpressiorof proteinsassociatedvith gap
junctions,indicatingrecoveryfrom increasegermeability. Geneenrichmentanalysis

also indicated a decreasein the abundance of proteins associateith glyoxylate
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and dicarboxylate metabolism, glycolysis/gluconeogenesis, and the pentose
phosphate pathway, supporting the filiett the infectedtissuewaslessmetabolically

activethanthe healthycontrol (Fig S5.6).

At 96 h postinfection,258proteinswereincreasedn abundancand308were
decreased (Table S7). Proteins associated with fibrosis, such as fibrillin 1, collagen
type IV alphal chain,and alpha2 chain, were increasedoy +16.44,+15.42,and
+11.95,respectively, a6 h. Collagentype VI alphal chain(+14.16 fold), andilpha
2 chain (+12.37 fold) are associated with pulmonary fibrosis and tissue remodelling,
andareelevatedn numerousdibrotic conditions(Schaefeetal., 2020;Mourauxetal.,
2018).In addition,laminin subunitalpha3, detectedat +14.17fold and+13.78fold at
72 and 96 hrespectively, isncreased irppulmonaryfibrosis (MoralesNebredeet al,

2015). Proteins associated with immune activity include sednd arginine rich
splicing factor 3 (+15.10 fold) and expression of which is associated with immune
infiltration (Li et al, 2023). SLA class Il histocompatibility antigen, DQ haplotype C
alphachain(+6.34fold) andABC-typeantigenpeptidetransporte(tap2)(+5.18fold),

MHC class Il histocompatibility antigen SEBRB1 (+2.43 fold) and SLADRA
(+2.12) involved in antigen presentation which were also detected at the 72 hours.
Mesencephali@astrocytederived neurotrophicfactor was found to be decreased

19.02 fold, deficiency of this protein in macrophages promoted macrophages to M1
differentiationin lung tissue contributingto inflammationandaggravated lungjury

in mice (Shenet al, 2022). Despite this, other protein changes indicate fungal
antagonism of the inflammatory response, with a decrease in allograft inflammatory
factor 1 €14.12 fold). AIF1 promotes macrophage activation and regulates immunity
by mediatingthe differentiationandfunctionof dendriticcells (Elizondoet al, 2019).
Syntaxin 3 was also decreasedIy21 fold and is required for the maximal release
ofIL-1 U,-1 B L al? dndlislinvolved in MMM exocytosis during gelatinase
degranulation (Naegeleat al, 2015), again indicating that neutrophil activity is
impairedby A. fumigatus In addition,coppettransporproteinATOX1 was decreased
11.25 fold deficiency of this protein was shown to reduce recruitment of
monocytes/macrophages and is associated with impaired angiogenesis and wound
healing (Daset al, 2016). Gene enrichment analysis (Fig S5.7) also highlighted

increasedECM alterationsand proteinsassociatedwvith focal adhesion,indicating
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tissue damage. Aspects of the complement cascade are also observed as being
compromised in addition to the phagosome, both of which are immune mechanisms
known to be inhibited byA. fumigatusthrough the action of enolase and gliotoxin,

respectively.
5.4 Discussion

The initial establishment ofA. fumigatusinfection and host adaptation
processebavenotbeenfully characterizedJnderstandingheseprocessesouldshed
light on the diverse spectrum of infections caused\bjumigatusand may provide
insights into how to detect and treat these infections more effectively. A variety of
model systems have been developed to characterize the developrAefirafgatus
in vitro andtheresultshavebeenusefulfor understandinfpowthe fungusmayinteract
with pulmonary tissuein vivo. Compared to the more commonly used model
organismspig lungsdemonstrata higherdegreeof similarity to humanungs,sharing
similarities in metabolic composition, overall physiology, anatomy, and immunology
(Benahmedktal., 2014; Meurengtal., 2012).TheEVPL systemhaspreviouslybeen
developedo mimic humanairwaysin CFandhassuccessfullidemonstratedlinically
realistic biofilm structures (Harringtoet al, 2020; Harrington, Littleret al, 2022),
providinginsightinto howantibiotictolerances affectedby growthon arealisticlung
substratéHarringtonetal., 2021). The EVPL modelis bestsuitedto studysaprophytic
or chronic infections such as chronic pulmonary aspergillosis but may not be suitable
for studying invasive infections as there are no other tissues to disseminate into. In
addition, proteomic signals indicate adaptive immune activation but as the tissue is
isolatedand nonrresident recruitment cannot occunderstanding thenpact ofthese
signals later in the infection process remains elusive. The timeframe in which the
experiments can be conducted is also limited as the tissue cannot be kept for long
periods while murine studies can be conducted over a longer timeframe. The EVPL
model offers a greater cellular complexity to that observed in epithelial models while
demonstrating similar responses including iscF pr oduct i on i n hum
bronchial epithelial cells following exposure £ fumigatus(Barroset al, 2022).
Epithelial cell models lack the cellular complexity and-cedlll interaction that were
observedn theexplantmodel.Mostin vitro studieson A. fumigatugpathogenesisave

focused on one host cell type, but rarely capture the interactions that
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would occurin a multi-cell systemas preserit the hostung (Bouysskt al,
2023).

In this study, the EVPL model was successfully adapted for studding
fumigatus colonisation. Alveolar tissue sections were combined with commonly
available tissue culture media (1:1 mixture of RPMI and DMEM). This medium was
used in the first publications exploring the potential use of-gasighter pig lung
tissue as amxvivo infection model and was shown to allow letegm culture of pig
tissue (Williams and Gallagher, 1978). Furthermore, tissue culture media has been
proposedas anmproved mediunfor clinically predictiveantimicrobialsusceptibility
testing (Ersoyet al, 2017). There is a plethora of more tailored, chemically defined
media available that have been designed to mimic human airway secretions in health
anddiseasedancluding conditions thagtredisposéndividualsto A. fumigatusinfection,
suchasCF with variousmediadevelopedo mimic thiscondition(Ruhlueletal., 2022;

Aiyer andManos,2022)andfuture work could combinethese withEVPL to studyA.
fumigatusin conditions that mimic the host environment found in specific infection
contexts. However, in the first explorationAf fumigatugrowth and metabolism in
EVPL, we elected to use a genepakpose, widely accessible, and cheap growth
medium to facilitatanodel adoption and gain a first look at how this pathogen acts in

settings that are more humbike thanin vitro or mouse models.

Visual inspection of the tissue and agar sections confirmed the ability of the
fungusto grow on both thesubstrates. Themgas asignificant reductionn thegrowth
onthetissueexplantcomparedo theagarcontrolandthisis likely to haveoccurredas
aresultof immuneantagonisnoccurringwithin thetissueasobservedn theproteomic
results, which would not be present in the agar control. In addition, the increased
complexityof themetabolicprofile betweerthetwo substratesouldhavedelayedhe
growth at this timepoint. Proteomic analysis of the fungus indicated an increased
abundance of proteins associated with growth and carbohydrate metabolism at 48 h,
whereast72and96 h, proteinsassociatetvith aminoacidmetabolisnwereincreased
in abundance. Glyceraldehy8egphosphate dehydrogenase expression is associated
with conidial germination, is expressed on the hyphal surface, and phosphoglycerate
kinaseis also involvedn carbonmetabolismput isalsoinvolved in fumigaclavine C

biosynthesis (Owens et al., 2014). Amino acid metabolism and biosynthesis
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were more prevalent at 72 h pasfection with aconitase hydratase,5
methyltetrahydropteroylreiglutamabt®mocysteine S-methyltransferase4-
aminobutyrate aminotransferase, and acetohydaoky reductoisomerase involved in
thebiosynthesi®f lysine,methionineandglutamate.-isoleucineyespectivelyall of
which were significantlyincreased immbundance. Amin@cid metabolismand the
shikimate pathway have been identified as markers of clinical isolates (Mirhekkak
al., 2023)indicatingEVPL inducesA. fumigatuso behaven amannersimilarto that
observed in clinical isolates. Malate dehydrogenase detected at 48, 72, and 96 h, is
involved in carbonmetabolismand is a componentof the methylcitratecycle, an
alternativemetabolic pathwaythat plays an importantrole in the metabolismof
propionytCoA, a byproductof amino acids, odd-chain fatty acids, and certain
intermediatenetabolitegSilvaetal., 2023).This pathwayis thelink betweertheTCA
andglyoxylatecyclesin fungi andcarbonassimilatiorby A. fumigatusn vivo (Huang

et al., 2023). This pathway isrequired for fungakurvival and pathogenicitythe
deletion of which reduces virulence in murine and insect models (IbfGhametet

al., 2008; Maerkeet al, 2005).

A range of virulence factors and potential host antagonistic mechanisms were
increased in abundance, including fungal allergens at 48 h, such as large ribosomal
subunit protein P2 (60S acidic ribosomal protein P2) (AfP2) (allergen Asp f 8) and
mitochondrial superoxide dismutase [Mn] (allergen Asp f 6), which may induce the
immune response observed within the tissue @tial, 2023). These allergens can
directly disrupt the integrity of the epithelium and elicit the production of pro
inflammatory cytokines and fibrogenic growth factors. Several cytokines and
chemokines have been implicated in the immune responéspgergillusinfection
(Shankaret al, 2024) and this model may have applications in characterising which
may shed new insight into their roles in the response to fungal infection. The ensuing
recruitment oimmunecellsandfurtherleakageof plasmaproteins wouldsupportthe
development of a cycle of inflammation, fibrin deposition and structural changes
(Namvaretal., 2022).Mycotoxin productioncanalsoimpactthehostinvasionprocess,
asevidencedy thioredoxinreductasgliT, detectecat 96 hours,andmethyltransferase
psoC, detected at all time points, involved in gliotoxin and pseurotin A production,
respectively. Interestingly, fungal enolase, which increased in abundance at all time

points, actsas an inhibitor of the human complement casd@esariet al, 2019).
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This pathway has been demonstrated to be compromised within the pig proteome,
supporting the role of this protein in immune evasion. The results indicate that the
fungus is capable of growing on the EVPL tissue and metabolizing the substrate, but
the fungus is under stress with evidence of hyphal damage, as evidenced by the
formation of the Woronin body and the production of numerous detoxification

enzymes.

Proteomic changes in infected EVPL tissues indicate the induction of an
immune response. S1G and protein S10A9 (CalgranulinB) were increased in
abundance at 24 h, which stimulate leukocyte recruitment and induced cytokine
secretion (Wanget al, 2018; Singh and Ali, 2022; Xiat al, 2024). There is also
evidenceof aninitial allergicresponsgossiblyinducedby theexpressiorof allergens,
as carbonic anhydrase 4 was also increased in abundance and expressBd in IL
activatedeosinophilsin murinestudiescarbonicanhydrasd wasenhancedollowing
an allergic insult withA. fumigatus resulting in increased airway epithelial cell
differentiation, anion exchange, and keratinization (W&nal, 2014). Proteins
associateavith degranulatiordecreaseth abundancen theinfectedcohort,including
prophenin and tritrpticin precursor (C6), proteinase 3, elastase, and neutrophil
expression, indicating specific immune evasion induced by the fungus. At 48 h, there
is further evidence of a mounted immune response as importin subunit alpha KPNA3
and KPNA4 were increased in abundance and are essential fealphistimulated
NF-kappaB p50/p65 heterodimer translocation into the nucleus (Fagestuat
2005).A. fumigatuscan be detected by Dectthexpressed on alveolar macrophages
via Syk,whichresultsin Nf-KB activation(Sunetal., 2014).MZB1 wasalsoincreased
in abundance and was expressed on plasmacytoid dendritic cells, which facilitates
interferon alpha production following TLR9 stimulation (Kapebal, 2020).

The first markers of pulmonary fibrosis were detected at 48 hours including
indolethylamine Nmethyltransferase and nestin (Wagigal, 2022). At later time
points, there were more prominent markers of pulmonary fibrosis and tissue
remodelling, consistent with the situation in immunocompetent mice, where collagen
accumulation is reported following infection (GuirAbad et al, 2024; Labram,

2017). This may be driven by transforming growth factor-iataduced transcript 1
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protein increased +7.06 fold as overexpression of-BGFi s k n o woollagem 1 n d u
depositionin mice (Hillege etal., 2020).Many component®f the extracellulamatrix
increased in abundance during fibrosis and are associated with the establishment of
invasive fungal diseases. The increased expression of ECM components could also
facilitate the covering of fungal hyphae by the extracellular matrix (Lousset,
2010).This canleadto theformationof aspergillomasvherethe hyphaeareembedded
togetheiin this denseextracellulamatrix whereasn invasiveaspergillosisiyphaeare
individually engulfed in the matrix (Mulleet al, 2011).The extracellular matrix
coating protects the fungus against host immune effectors as well as antifungal drugs
(Muszkietaetal., 2013).Proteinassociateavith T cell activationwasalsofoundto be
increased in abundance, possibly mediated by theKBlFactivation observed
previously. This indicates that both innate and adaptive immune responses are active
within the tissue. The complement system was compromised, with a variety of
associategroteinsbeingreducedn abundanceelativeto thecontrol. Thereis further
evidence of fibrosis at 96 h post infection with fibrillin 1, collagen type IV, and type

VI being significantly increased in abundance (Klingbet@l, 2013; Hanseet al,

2022). Aspects of an adaptive immune response are present, including SLA class II
histocompatibility antigen, DQ haplotype C alpha chain, and ABE antigen
peptidetransporter (TAP2nvolved in antigen presentation at 96 hodthymosin

alpha was decreased in abundance42y09 fold potentially occurring as a result of

cl eavage to its bioactive form, thymosin
maturationof dendriticcellsexposedo A. fumigatus.This effectwasshownto bep38

MAP kinase/NFe Bdependent and required T<ike receptor 9 signalling
(ArmstrongJames and Harrison, 2012). Some aspects of the immune response
appeared to be inhibited by the presencé.dumigatusevidenced by the decreased
abundance of allograft inflammatory factor 114.12 fold). AIF1 promotes
macrophage activation and NO production and regulates immunity by mediating the
differentiationandfunctionof dendriticcells(De LeonOliva etal., 2023).Leishmania
parasites inhibit AIF1 to effectively evade immune responses and avoid an
inflammatoryresponsédaSilvaetal., 2021),andit is possibleAspergillusmayutilize

a similar mechanism to protect itself from inflammatory markers. Syntaxin 3 also
decreased b{4.21 fold and was involved in degranulation (Naegeleal, 2015),

again indicating that neutrophil activity is impairedAyfumigatus
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In apreviousstudyof P. aeruginosanfectionof bronchiolesusingEVPL with
medium that mimics CF mucus, transcriptomic analysis showed an absence of pig
MRNA (Harringtonet al, 2022). This suggests that, in that study, the hzstuewas
unresponsivéo infection.Therearetwo key differences irthe present studyhatmay
explainthisactivehostresponsefirst, we usedalveolartissue which providesamuch
greater number of host cells than bronchiolar epithelium and may contain alveolar
immunecells. Secondn the presenstudy, wewereableto obtainlungs immediately
after slaughter from the abattoir, rather thaa a commercial butcher, which
necessitates a delay between slaughter and lab use of at ld&sha@drs.

The results presented here highlight the response of porcine lung tissue to
fumigatusinfection in acomplex biologically relevant model that demonstrates many
of the patterns observed im vivo models, as well as clinically. The model
demonstrates both innate and adaptive immune responses, tissue remodelling, and
fibrosisin responséo fungalinfectionanddemonstratesesponsesbservedn allergic
and invasive aspergillosis. This study provides insights into the initial pattogen
interactions and highlights the importaraferarious metabolic processes for
A.fumigatuscolonizationof thehost,aswell assupportingherole of variousvirulence
factors in the establishment of infection. The tissue response to infection provides
informationontheimportanceof variousimmunologicaleffectorsandpotentialtargets
for fungal antagonism and demonstrates the rok. dfimigatusn theestablishment
of lung remodelling and fibrosis within the airways. These molecular patterns may
provideinsight intotheinitial hostpathogerinteractions occurring ithe human host
and provide molecular targets for therapeutics in the future.
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Abstract

Pseudomonas aeruginosend Aspergillus fumigatusepresent the dominant
bacterial and fungal pathogem the airways of adults with cystic fibrosis.
Understanding how these species interact with the host and with each other may
provideinsightinto pathologyandmicrobialsuccessiomandpotentiallyhighlight more
efficient therapeutics. Thexvivo pig lung model is suitable for studying host
responses to pathogens in an ethical and-thighughput manner due to its rich cell
complexity and anatomical and immunological similarity to humans. Proteomic
analysis of coinfected alveolar lung explants identified reduced virulence capacity of
A. fumigatusin competitionwith P. aeruginosawith reductions in abundance of
dipeptidytpeptidasé (-10.30fold) andthioredoxinreductas@liT (-11.72fold) and a
reduction in amide biosynthetic processes.aeruginosaflourished in coinfection
proliferating in the tissue and increasing protein translation and amino acid
biosynthesis and cellular nitrogen utilisation. This is supported by metataxonomic
analysis which demonstrates thak. fumigatus promotes proliferation of
pseudomonadota arRl aeruginosaspecifically in coinfected explants. Examination
of changes in the host proteome indicated specific nutritional utilisation Avith
fumigatusinducing greater complement activation and potential utilisation of amino
acidsto fuel growth.P. aeruginosanfectioninducedgreatematuralkiller cell toxicity
and potential butanoate metabolism from the host. Gredl@mmation and immune
activation were observed in coinfected samples relative to their respective mono
infected tissuexplants, potentially drivehy theloss ofelastasé.asBin coinfection.
Coinfection also resulted in the reduction of iron sequestering molecules such as
ferritin andlactotransferrinndicatingelevatedioavailabilityof iron which canfurther
fuel P. aeruginosavirulence.

Importance:

Thelungsof cysticfibrosis(CF) patientsarefrequentlycolonisedoy thefungus
AspergillusfumigatusandthebacteriumPseudomonaseruginosaPreviousvork has
shown thatP. aeruginosgoredominates when ezultured withA. fumigatusin cell
culture and murine systems. In this work the interaction of these pathogens while
coinfecting ex vivo pig lung samples was characterised and demonstrated the
proliferation of P. aeruginosapopulations during infection. Quantitative proteomic
analysis revealed greater tissue inflammation and immune activation in coinfected
samples relative to moriofected samples. The results presented here give an insight
into how these two pathogens may interact in the CF lung and highlight potential
targets for novel antimicrobial therapies.
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6.1 Introduction

The human lung is constantly exposed to microbial colonisation through
inhalationof variousviruses pacteriaandfungi (Invernizzietal., 2020).In mostcases
thesemicrobesareeliminatedor inactivatedoy theh o sdefénsesncludingclearance
by coughing, pulmonary macrophages, the ciliary beat of respiratory tract cells, and
inhibition by alveolar surfactants (lgt al, 2024). However, in vulnerable patients
including immunocompromised individuals apatients with cystidibrosis (CF)the
airway can be colonisebdy a range of microbial pathogens which are in dynamic
competition with the host and each other for dominance in the niche (Gannon and
Darch, 2021).Pseudomonas aeruginosad Aspergillus fumigatusre ubiquitous
microorganisms founah soil, waterandplants(Nazik etal., 2020). These speciese
opportunistic pathogens and are equipped with various virulence factors to aid in
colonisation of the airway by suppressing or evading aspects of the host immune
defencemnddominateotherspeciesattemptingto do thesame Thesespeciesepresent
theprincipalbacterialandfungalpathogernn theairwaysof CFadultsandneutropenic
individuals (Keownet al, 2020) and are considered to have the most devastating
i mpacts on a patHamblette al, 201d;aAminat al{ 2080y, e r
Approximately 15.8% of CF patients are coinfected with fumigatusand P.
aeruginosgZhaoetal., 2018)andthesepatientshaveapoorerprognosisandagreater

requirement for intravenous antibiotics (Hugkésl, 2022).

Both speciesanadoptacute high-virulenceinfectionphenotypesiesultingin
severe host tissue damage and inflammation, but are also capable of switching to a
chronic infection phenotype characterised by reduced virulence but tenacious
persistencanddrugtolerancelUnderstandindnow this switchhappenss importantin
thecontextof CFlungdiseaseespeciallywith relevancedo theacuteexacerbationthat
punctuate periods of stable infection and result in severe reductions in lung function
(Stanfordet al, 2021), and with relevance to the ability A&f fumigatugo trigger a
hypersensitivallergicrespons€Bouyssiet al., 2023).Therole of interactiondetween
coinfectingpathogen# determiningoverallinfectionphenotype hal®ngbeenamatter
of investigationn CFmicrobiology(Zhaoetal.,2012,06 Br i en and Fot her ¢

Interactions between these two pathogens have been examined in culture,

revealingthatsecretegbroductdrom A. fumigatugesultin P. aeruginosgroliferation
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and increased expression of proteins associated with denitrification, stress response,
replication,aminoacidmetabolismandefflux pumps(Margalitetal., 2020).Exposure

of A. fumigatushyphae toP. aeruginosacells induced increased production of
gliotoxin andadecreasén fungalgrowth.In contrastexposuref A. fumigatushyphae

to P. aeruginosaculture filtrate led to increased growth and decreased gliotoxin
production (Margalitet al, 2022). This interaction has been studiedGalleria
mellonellalarvaewheresublethalA. fumigatusnfectionresultedn increaseanortality

in subsequerR. aeruginosanfectionandtherewasastrainspecificresponsé human
bronchialepithelialcellswhencoinfectedwith thetwo pathogensesultingin increased
proinfammatory 16 and IL-8 production (Reecet al, 2018). Coinfection in an
immunocompetent murine model with both pathogens isolated in agar beads
demonstrated close proximity of the pathogens is disadvantageoAs fiomigatus
whereas a larger separation had no effect on fungal burden (Sass and Stevens, 2023).
Theaim of the work presentedherewasto establishwhetherA. fumigatusnfluences

P.aeruginosavirulencein anexvivotissuemodelwith aresidentmicrobiome.

Theexvivopig lung (EVPL) modeloffersanethical,high-throughputapproach
to examinemicrobialresponséo hosttissueandresultingpathogenesi@Harringtonet
al., 2020).Sectionf pig alveolartissuecombinedwith syntheticCF mucushavebeen
employed to demonstrate tHasRmutantP. aeruginosagrows as well as or better
than the wildtype strain in the explant replicating results from the clinic where this
mutant is frequently isolated in chronically infected CF lungs (Haresad, 2014).
The EVPL model, combining pig bronchiolar tissue with synthetic CF mucus, also
givesabetterrepresentationf Staphylococcuaureuspathologycompared tonurine
modelsasmicetypically developS.aureusinducedabscesseshich arerarein human
patients and these do not occur in the EVPL explants (Swestnaly 2021). The
microbiome ofhealthy pig lungs showssamilar phylum distribution to that found in
human lungs (Huangt al, 2018). The microbiome remains difficult to produce in
many models employed to study microbial virulence including 2D culture and
organoidgPolettietal., 2020)butit playsacrucialrolein shapingboth P. aeruginosa
andA. fumigatudevelopmenandvirulence(Nguyenetal., 2016;Popovicetal., 2023;
Nikitashinaetal., 2025)includingthedegradatiorof hostfactorssuchasmucinwhich

can impactP. aeruginosaattachment(Flynn et al, 2016; Herrmanret al, 2024).
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Understanding howP. aeruginosaand A. fumigatusinfluence microbiota dysbiosis
alone and in combination may provide key insight into the impacts these species can
have in isolation and in combination on the hbsthis work label free quantitative
proteomicanalysiswas utilised to examinethe interaction ofP. aeruginosaand A.
fumigatuswith host tissue in pig alveolar tissue sectionssueculturemedia,and

to characteris¢he hostresponsdo eachpathogen irmonainfection andcoinfection.

In addition, the proteomic responseof A. fumigatus and P. aeruginosaduring
coinfection was also assessétktataxanomic analysis was alemployedto assess

alterationsn thehostmicrobiomeasaresultof monoandco- infection.

6.2 Results
6.2.1Visual confirmation of tissuepathology

EVPL sections moninfected withP. aeruginosaat 96 h displayed a green
colourindicatingproductionof pyocyanin (Figurés.1). Tissuemonaoinfectedwith A.
fumigatudisplayedungalgrowthonthesurface Therewaslessvisible fungalgrowth
and green pigmentation on the-iofected tissue sections indicating a distinct

pathology relative to the morinfected explants.

Control A. fumigatus P. aeruginosa Coinfection

> L |l
%
3 3.
.
.

e

Figure 6.1: Representative image of various treatments at 96 hours post inoculation;
uninfected controlA. fumigatusmonacinfected,P. aeruginosanoncinfected andA.
fumigatusandP. aeruginosaoinfected explants at 20x magnification.

6.2.2Initial amplicon analysis
Thelung microbial communitydiversitywasexaminedoy amplifying the V3-

V4 region of the 16S rRNA gene and the eukaryotic ITS2 region. There was a single
time point (96 hours) and five treatments in total. (A) Unwashed control, (B) washed
control, (C)P. aeruginosanonainfected, (D)A. fumigatusmonainfected and (EP.

aeruginosaandA. fumigatusoinfection. Each treatment was sequenced in triplicate
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resulting in 15 individual samples for the downstream 16S and ITS2 analysis
respectively. To ensure sampling depth was sufficient to capture the full community
diversity Alpha rarefaction curves were undertaken. Both 16S and ITS2 rarefaction
curveswerecloseto reachinga plateausuggestinghatour samples containemostof

the potential community richness (Figure S1).

After filtering, the numbepf Tags across all fifteen 16S samples ranged from
54,299 to 63,876 and after OTU clustering, the OTU number ranged from 108 to 213
(Table 6.1). Across all 16S samples, 18 Bacterial phyla corresponding to 17 Genera
wereidentified (TableS6.1).0Only 8 uniqueBacterialspeciesvereidentified,with the
majority of OTUs beingunassigned at thepeciedevel (except in treatments C and E
(TableS6.1). When examining the corresponding samplebifgr quality ITS2 Tags
only sampledD andE reported ITSZ'ags(sampledD3 andE2 did nothavetags).The
number of tags ranged from 66,110 to 66,147 and after OTU clustering, the OTU
number ranged from 19 to 48 (Table 6.1). The vast majority (>99.99%) of Tags were
mappedackto A.fumigatugTableS6.2).Overall,thelackof ITS2 Tagsin treatments
A, B and C indicates that no Fungal species were found in the lung tissue prior to

infection withA. fumigatus.
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Table 6.1: OTU statistics

16SSamples Sample | Tag number | OTU number
Al 59981 163
UnwashedControl A2 60006 164
A3 61045 160
B1 63876 165
Control B2 56647 151
B3 62257 108
C1 63241 139
P.aeruginosanfection c2 59125 213
C3 60142 139
D1 63495 183
A fumigatusnfection D2 61589 145
D3 54961 171
El 56894 168
Coinfection E2 60026 147
E3 54299 209

ITS2 Samples Sample | Tag number | OTU number
. : _ D1 66147 19
A.fumigatusnfection D2 66132 8
_ ) El 66138 30
Coinfection E3 66110 78

6.2.3Susscrofalung tissuemicrobiome

Below we report the relative abundance of Bacterial phyla and genera for five
different lung tissue treatments in triplicate. The visualisation of these can be seen in
Figure 6.2 and the raw data is located in (Table S6.1). For clarity, relative abundance
is aquantitativemeasureandcorresponds$o thetotal numberabundancedf OTUsof

aparticularkind whichis present in @ample, relativéo thetotal numbewf OTUs in

that sample.
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Figure 6.2: Metataxonomic analysis of infected explants (i) Phylum level relative
abundancef BacterialOTUsfoundin five lung tissuetreatments\: unwashedissue,

B: washedissueC: P.aeruginosanfection,D: A. fumigatusinfection, E: coinfection.

Note only top 4 phyla are shown (>99% of OTUs). Corresponding (ii) Genus level
relative abundance and (iii) Species level relative abundance are also shown

In all five treatmentypes,threeBacterialphylarepresenthe majority (>99%)

of observed OTUs (Figure 6.2(i)) and (Table S6.1). The Pseudomonadota phylum
dominategepresentin@3.61%,80.04%,66.96%, 87.22%Nnd86.51%o0f all OTUsin
treatmentsA, B, C, D and E respectively.The next two abundantphyla are the
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Bacillota (9.75%, 8.14%, 24.83%, 4.83%, 7.97%) and the Bacteroidota(4.48%,

11.68%, 8.06%, 7.14%, 5.12%). The relatively lower abundance of Pseudomonadota
species (66.96%) in treatment C is noteworthy as it shows a decrease in the overall
abundance of Pseudomonadota species vheaeruginosais added to the tissue
indicatingthatit maybesuppressinghegrowthof othercloselyrelatedspecieggenus
levelidentificationconfirmsthatPseudomonasasonly presentn appreciablemounts

when we inoculated it, see below). Similarly, the relative higher abundance (24.83%)
of Bacillota species is also of interest as it indicates that infectionRyvidleruginosa

alone, promotes outgrowth of members of the Bacillota phylum.

Although the relative abundance of phyla between treatments is relatively
stable, different genera within phyla seem to be favoured under certain treatment
conditions. For example, when comparing the two controls (A vs B), we see that the
Escherichiagenus is most abundant (80.25%) in the unwashed control (A) relative to
thewashecdtcontrol (B) whereit only accountdor 19.06%of speciesvhereasnembers
of the Actinobacillusgenus are now the most abundant (53.13%) (Figure 6.2(ii)) and
(Table S6.1). Th&scherichiagenus is also most abundant (73.99%) in treatment D
(infection withA. fumigatusalone). When tissuis monginfected withP. aeruginosa
(treatmenCC), unsurprisinglywe seeanincreasen therelativeabundancef members
of thePseudomonagenus (31.81%elative to the controls (0.02%, 0.17&)hough
it is still not the most abundant genit&s¢herichia 33.92%). There is also a marked
increase in the relative abundance of members oStheraeoptangienus (Phylum
Bacillota) indicating thatP. aeruginosainfection alone promotes the growth of
members of this genus. Significantly, when examining treatment E (coinfection) we
observe that the relative abundancé&séudomonaspecies increases to 49.69% and
outcompetesll othergenergFigure6.2(iii)) and(TableS6.1).Therelativeabundance
of Suipraeoptans is also significantly reduced (0.04%). Therefore, there appears to be
a synergistic effect in coinfections where the presenadk. dimigatugpromotes the
growth of Pseudomonaspecies and allows it to become the dominant genus. Closer
inspection of the species level taxonomy of our OTUs shows that all members of the

Pseudomonagenera ar®. aeruginosa
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6.2.4Characterisation of A. fumigatus Proteome from coinfected explants
relative to that from mono-infected tissue

Proteomic analysis ok. fumigatudrom tissue coinfected witR. aeruginosa
relative to tissue monmfected with A. fumigatusdemonstrated clear separation
between the groups (Figure 6.3a) and identified 379 fungal proteins of which 41
proteinswereclassifiedasstatisticallysignificantanddifferentially abundan(SSDA)
(Figure 6.3b). Only one protein was significantly increased in abundance, 60S
ribosomal protein L30, putative (+13.12 fold) in the coinfecforfumigatussample
relativeto themoncinfection.60SribosomalproteinL30 wasincreasedn early-stage
hyphal germination (Jiat al, 2020) and was highly detected in murine models and
human invasive pulmonary aspergillosis (Macheittal, 2020). Thirty nine fungal
proteinsweresignificantlydecreaseth abundancéncludingaldehydedehydrogenase
(-40.48fold) associateavith responséo hypoxiaandheatshock(Escobaetal., 2018)
and was mutated in azole resistant strains isolated from chronically infected patients
(Hagiwaraetal., 2014).In addition,proteinsassociateavith virulenceweredecreased
in abundancéncluding dipeptidytpeptidasé (-10.30fold) andthioredoxinreductase
gliT (-11.72 fold). Gene enrichment analysis of thefumigatusdatabase indicated
biological processes associated with nitrogen includingdé&osylmethionine
metabolism, protein peptidyrolyl isomerisation and amide biosynthetic processes
are compromised following coinfection with. aeruginosaall indicating reduced

fitness ofA. fumigatusas a result of this interaction (Figure S2).
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6.2.5Analysis of changes irP. aeruginosaProteome from coinfected explants
relative to mono-infected samples

Proteomic analysis d®. aeruginosan a coinfection withA. fumigatusandP.
aeruginosafrom monaeinfected explants show clear distinction from one another
(Figure 6.4a) and identified 642 proteins of which 40 proteins were SSDA (Figure
6.4b).Thirty-two P. aeruginosaroteins werssignificantly increased in abundanioe
the coinfection group compared to meingection and these included a large number
of small ribosomal subunit proteins including bS16 (+ 3.11 fold), uS17 (+ 2.92 fold),
uS5(+ 2.66fold) andbS6(+ 2.30),indicatingelevatedranslationoccurringasaresult
of exposure tAA. fumigatusln addition, proteins involved with regulation of amino
acids and their amide derivatives kh aeruginosawere increased in abundance
including  glutathione  hydrolase  proenzyme  (+1.73  fold). Serine
hydromethytransferase 3 (GlyaA3) (+2f8&l) catalyseshereversibleconversiorof
serineandglycineandis themainsourceof singlecarbonatomsrequiredfor synthesis
of purine and methionine (Wangt al, 2023). Pterim-alphacarbinolamine
dehydratase (phhB) (+2.93 fold) which catalyses the dehydration step in the cyclic
regeneration of tetrahydrobiopterin (BH an essential cofactor required for the
phenylalanine hydroxylase reaction (Sat@l, 1999). Gene enrichment analysis of
P. aeruginosdn coinfected explants highlighted an increase in pathways associated

with nitrogen metabolismand utilisation including translation,amide biosynthetic
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processes and cellular nitrogen compound biosynthetic processes, suggesting
increased cellular activity related to protein synthesis and nitrogen utilisation (Figure
S3).

Eight proteins were significantly decreased in abundande. ineruginosa
during coinfection and these included elastase LaBB4) which is associated with
virulence. Elastase LasB is capable of degrading the extracellular matrix including
elastin, collagen types Il and IV, laminin, fibronectin, and vitronectin of host cells
(Yang et al, 2015). Additionally, Eaminovalerate aminotransferase DavT was
decreaseed.35fold in coinfectionrelativeto monainfection,andis involvedin lysine
catabolism (Yamanishiet al, 2007), potentially indicating competition during
coinfection for host amino acids such as lysine whose bioavailability is limited in the

lung, and its presence fudls fumigatussirulence (Schobedt al, 2010).
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6.2.6Susscrofaproteomein various infection statesrelative to control
Proteomianalysiof the EVPL explantsdentified3183proteinsin total, 130

S. scrofaproteins were significantly altered in abundance inAh&umigatusmonc

infected tissues relative to the control, 371 were significantly altered irPthe

aeruginosamoncinfected tissues relative to the control and 133 were significantly

altered in abundance in the coinfected tissues relative to the control (Figure 6.5a and
b).
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Figure 6.5: (A) Principal component analysis 8f scrofaproteins in control (Black
circle) or infected withA. fumigatusmoncinfection (white square)p. aeruginosa
monaoinfection (White Square) and coinfection (Black Square) demonstrating good
separation in theroteomebetween conditions. (Bjleatmap generated througivo-

way unsupervised hierarchical clustering of the median protein expression values of
all statistically significant differentially abundant proteins

6.2.7Proteomic response oBusscrofato A. fumigatusmonc-infection relative
to control

Proteomicanalysisdemonstratedignificantdifferences betweeA. fumigatus
monacinfected explants compared to the control (Figure 6.6a). Fifty Sivecrofa
proteinswereincreasedn abundancandthesancludedmanyproteinsassociatedvith
fibrosis and tissue remodelling such as collagen type VI alpha 1,2,3 and 6 chains
increased +6.11, +5.75, +4.02, +13.97 and +10.55 fold, respectively, and these have
been identified as inducing fibrosis (Willianes al, 2022). Plasminogen activator
inhibitor 1 (+3.67 fold) is the main inhibitor of the plasminogen activator system,
which blocks fibrinolysis and promotes extracellular matrix accumulation in tissues
(GhoshandVaughan2012).Therewasincrease@bundancef CD9molecule(+2.54)
which is associated with antifungal extracellular vesicles released by
polymorphonuclear leukocytes durig fumigatusinfection (Visseret al, 2024).
Complement factor H (+2.45 fold) and complement factor B (+2.05 fold), both of
whichareinvolvedin thealternativepathwayindicatesomeactivationduringinfection
(Kanget al, 2024; Kavanaghet al, 2025). Gene enrichment analysisfoffumigatus
monacinfected explants (Figure 6.6b) indicates alterations to the extracellular matrix
and highlights the activation of the complement and coagulatascade.
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Seventy five proteins were significantly decreased in abundance relative to the
control, and included arachidonatés-lipoxygenasgAlox5) (- 4.15 fold) which is a

key regulator of leukotriene biosynthesis and is required for neutrophil recruitment
activation in the lungs during invasive pulmonary aspergillosis (Ca@ayet al,

2018). Gene enrichment analysis also highlighted decreased metabolic activity in
fungal infected tissue including the citrate cycle and valine, leucine and isoleucine
degradation and propaait@ metabolism indicating reduced metabolic activity in the
host tissue following fungal infection.-@ocarboxylic acid metabolism was also
decreasedh abundancevhichis involvedin branchedminoacidbiosynthesigFigure

6.6Db).
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6.2.8Proteomic response oBSusscrofato P. aeruginosamono- infection relative
to control

Proteomic analysis demonstrated significant differences betwen
aeruginosamonainfected explants compared to the control (Figure 6.7a). Two
hundredandtwenty-two S.scrofaproteinswereincreasedn abundancen theinfected
tissue compared to the control. There was a significant increase in the abundance of
extracellular matrix proteins indicative of tissue fibrosis with collagen type VI alpha
chainsl, 2, 3 and 6 increased+16.97,14.93,9.78 and 15.57fold, respectively.In
addition,collagen type IValphachainsl, 3 and4 werealsoincreased +27.2452.19
and+26.63fold, respectivelyThereis evidenceof immuneantagonisnoccurringasa
result of bacterial infection with a + 9.32 fold increase of protein WD
(Calgizzarin) (Protein S10Q) which is released by neutrophi$a NETosis and
stimulatesaninflammatoryresponséhroughstimulationof IL -6 and Tumournecrosis
factor (Navratilovéet al, 2021). Gene enrichment analysisRofaeruginosanonc
infected EVPL tissue (Figure 6.7b) also indicated natural killer cell mediated
cytotoxicity. Natural Killer cell cytotoxicity was supported by detection of integrin
subunit alpha L (+2.31 fold), a gene specifically associated with natural killer cell
tissue residency (HegewisSvlloa et al, 2021) and cellular repressor of E1A
stimulateds 1 (Cregl) increased + 6.39 fold which is localised to the endesomal
lysosomal compartment where it promotes $§mual biogenesis, acidification and
degradation (Liet al, 2021).
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P. aeruginosacaninduce ahypoxic microenvironmen{Schaibleet al, 2012).
ThismaybeoccurringasgeneenrichmengnalysishighlightsHIF-1 ignalling,which
is knownto beupregulatedn responséo bacterialinfection(Kiani etal., 2021).Thisis
supported by detection of signal transducer and activator of transcription 3 (STAT3)
(+1.72 fold) which in combination with HE U cooperatively
transcriptional and physiological responses to hypoxia (Dinageléd, 2023). Heme
oxygenasd (+1.68fold) astressnducedenzymethatis inducedby HIF-1 (th hypoxic
conditions (Dunret al, 2021) was also detected supporting the induction of hypoxia

as a result of bacterial infection.

Onehundred and forgnine S. scrofgproteins weresignificantly decreased in
abundanceéuring P. aeruginosamoncinfectionrelativeto thecontrols.Fibromodulin
(keratansulfateproteoglycarfiboromodulin)was decrease@4.87fold andthis hasan
importantrole in regulatingTGFb Xignalling bysequestering the active forof this
growth factor in the extracellular matrix and the complement cascade. Complement
component 1 Q subcompondnding protein, mitochondrial was decreased in
abundance2.15 fold. Fibromodulin also interacts with the complement factor H (
2.41 fold) and C4ibinding protein (C4BP)-4.21), inhibitors of the complement
system]Jimiting complemenactivationto theearly partof theclassicapathway Gene
enrichment analysis of the proteomic response of host tisfReaeruginosanonc
infectionindicated reducethetabolicactivity including butanoatenetabolismyaline
leucine and isoleucine degradation, propanoate metabolism and citrate cycle.
Butanoate metabolism is associated with chronic persistenée atruginosain
hypoxicbiofilm asit is requiredfor promotingplanktoniccellsto the biofilm stateand
could serve as a marker for biofilm development (Abdelhamid and Yousef, 2024)
(Figure 6.7b).

6.2.9Proteomic responseof Susscrofato co-infection infection relative to
control

Proteomicanalysisdemonstrategignificantdifferences betweeA. fumigatus
andP. aeruginosaoinfected explants compared to the control (Figure 6.8a). Eighty
threeS. scrofaproteins were increased in abundance including histone H3 (+58.27
fold), which is known to be released during NETosis (Geilzal, 2019) a process
inducedby bothP. aeruginosgYoo etal., 2014) andA. fumigatugMcCormicketal.,
2010). Complementfactor B and H were increased+1.84 fold and +1.83 fold,
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respectively, in coinfected explants relatteethe control, indicating activation tie
alternativecomplementascade. Natural killarell mediatectytotoxicity mayalsobe
activated in coinfection as cellular repressor of E1A stimulated 1 (Cregl) was
increased +6.54 fold in coinfected EVPL explants. In addition, prtyeasine
phosphatase (EC 3.1.3.48) encoded by the gene PTPN6 was increased +1.78 fold in
P. aeruginosamoncinfection and + 1.70 fold in coinfected EVPL respectively.
PTPNG6 has been identified as playing a role in natural killer cells, T cell regulation
and differentiation, and the JABRTAT pathway (Zhongt al, 2025).

Fifty S. scrofaproteins were significantly decreased in abundance in the
coinfectedEVPL explantgrelativeto the controls.Many of theseproteinsareinvolved
in metabolic processes including valine leucine and isoleucine degradation including
3-hydroxyisobutyratelehydrogenasgl.52fold) andacylCoA dehydrogenasamily
member 8 {2.49 fold) (Meyeret al, 2021; Sabbaghet al, 2011). Gene enrichment
analysis of coinfected explants (Figure 6.8b) highlightedx@arboxylic acid
metabolism, only detéed in A. fumigatus moncinfection and glyoxylate and
dicarboxylate metabolism, only detectedRnaeruginosanoncinfection were also
detected in coinfected EVPL indicating a combined impact on the host tissue when
both species are present and a unique pathology with shared attributes of both

components has been identified.
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6.2.10Analysis of Sus scrofgproteome in coinfected EVPL relative to mone
infected explants

Whencomparingthe S.scrofaproteomen the coinfectedEVPL explantsto A.
fumigatusmonaoinfectedsamplesy9 S.scrofaproteinsweresignificantlyincreasedn
abundancand19proteinsweresignificantlydecrease(Figure6.9a).Arachidonateb-
lipoxygenase was increased (+4.77 Joldnd the production of arachidonate 5
lipoxygenase may induce a proinflammatory state (Steinhikiteral, 2010).
Myeloperoxidase was increased +1.96 fold. Collagen type VI alpha 3 ch#iiq
fold) is a microfibrillar component of the extracellular matrix and is essential for the
stableassemblyroces®f collagenVl (WangandPan,2020).Cingulinwasdecreased
-2.38 fold relative to that irA. fumigatusnoncinfected EVPL tissue. Cingulin is an
adaptor protein, involved in the organization of the tight junctions and participates in
endothelial barrier function (Tiagt al, 2016; Schossleitnet al, 2016).

Seventyfour proteins were significantly increased in abundance, and 35
proteins were significantly decreased in the coinfection EVPL tissue relative to
aeruginosamonainfection (Figure6.9b). Fibromodulin(keratansulfateproteoglycan
fibromodulin), involved in complement activation increased +14.27 fold in the
coinfection tissue. There is also evidence of a more potent activation of the adaptive
immuneresponse with Jankinaseand microtubulénteracting protein increased +
11.15fold (Libri etal., 2008).In addition,basalcell adhesiormoleculewasincreased
+5.23fold relativeto thatP. aeruginosanonainfectedtissue andit inducedeukocyte
recruitment resulting in a proinflammatory microenvironment (Hueingl, 2014).
Thereis alsoevidencehatfibrosisis occurringmoreprominentlyin coinfectedeVPL
tissuerelativeto P. aeruginosamoncinfectionwith fibrinogenbetaandgammeachains
increased +2.05 and +2.04 fold, respectively. These proteins polymerise with
fibrinogen alpha chain following to produce an insoluble fibrin matrixame#nown
to be elevated in murine models of pulmonary fibr@siset al, 2021; Principkt al,
2023). Proteins decreased in abundance in the coinfected EVPL tissue rel&ive to
aeruginosa monacinfection indicate reduction in proteins associated with iron
sequestering and storadeerritin light chain (Ferritin L subunit) and lactotransferrin

(lactoferrin), were decreaset6.50 fold and1.55 fold, respectively.

Eleven proteins were SSDA in the coinfected EVPL tissue relative to both
mongcinfectedsamples, 10 proteins increased and 1 decreased in abundance. Histone
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H3 wasincreased- 18.37fold andthis proteinis knownto bereleasedluringNETosis

(Grilz et al, 2019) aprocess induced by bokh aeruginosgYoo et al, 2014) andA.
fumigatus(McCormicket al, 2010). Propheni2 (C12)(PF2) (PR2) (Prophenirl-

like) increased+8.77 and +12.54fold relativeto thatin EVPL A. fumigatusand P
.aeruginosamonacinfected respectivelyProphenir2 is releasedy leukocytesiuring
degranulation. Interleuki6 was also increased + 3.28 fold relative to tha®in
fumigatusnfectedEVPL and+ 2.44fold relativeto P. aeruginosanfection. IL-6 has

a pivotal role in protective immunity agaimsspergillusin mice (Heldtet al, 2017).

The only protein decreased in abundance in the coinfected EVPL tissue compared to
both moneinfected samples was peroxisomal bifunctional enzyme (multifunctional
enzyme 1, coded by EHHADH), and this was decreaa&0 fold relative to that in

A. fumigatusmonacinfection and-3.66 fold relative to that if®. aeruginosanonc
infection. EHHADH is primarily expressed on macrophages and was downregulated
in patients with neutrophilic asthma and was significantly decreased in non
eosinophilicasthmapatients angbositively correlatesvith airflow limitation (Chenet

al., 2024).
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Figure 6.9: (A) Volcano plotof S.scrofaproteins inresponséo A. fumigatusrelative
to coinfectionand(B) P. aeruginosaelativeto coinfectionshowingthedistributionof
statistically significant and differentially abundant (SSDA) proteins which have a
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6.3 Discussion

In CFpatientsP. aeruginosaandA. fumigatusarethedominantspecie®f their
respective kingdoms and can have detrimental impacts on the host. Their prevalence
and the frequency of ecolonisation suggest they can potentially interact in the CF
lung (Amin etal., 2010; AlShakirchietal., 2021; Chesshyret al, 2024; Hongetal.,
2020; Nayir Buyuksahiret al, 2022), but the available literature does not present a
clear picture of how ceolonisation affects infection virulence. The work presented
here provides novel insights into how these pathogens interacteiaavo pig lung
model with a resident microbiome. A major advantagexovivomodels to study the
interactionsof thesepathogenss their ability to reflectthe complexarchitectureof the
lung bothin termsof topographyandrichnesof cell types(GrassiandCrabbé2024).
Thegenerakhnatomideaturef the porcineairwaysaresimilarto thosein thehuman,
with someminor exceptiongRogerset al, 2008). For these reasons the EMRbdel
serves as a promising model to characterise host factors that form the environment in
which P. aeruginosaandA. fumigatuscompeteor dominanceand carinfluencetheir
interactions. In a previous study, we used alveolar tissue sections from -freshly
slaughtered pigs to reflect the ability &Af fumigatudo infect the lower airways and
showed that combining this with tissue culture media supported the survival of the
tissue for the duration of lab experiments, allowing us to assess the changes in both
hostandpathogerproteomeover96 hours(Curtisetal., 2025).We havenow built on
thiswork by exploringco-cultureof A. fumigatusandP. aeruginosan thesamemodel

conditions.

Visual assessment of infected explants indicated competition between
pathogeni theco-infectedsamplegFig 1). Metataxonomi@nalysisof theseexplants
identifiedadynamicmicrobialcommunityresidentwithin thetissueanddemonstrated
that both pathogens alter the host microbiome when present in isolation and in
combination. P. aeruginosamonainfection results in decreased abundance of
Pseudomonadota species indicating it outcompetes closely related species while
promotingcolonisationof Bacillota (formerly firmicutes)speciesA. fumigatusmonc
infection also alters the host microbiome resulting in promotion of Pseudomonadota
phylum, but more specifically the genus Escherichia. Further work would be needed
to assesbhowchangesn relativeabundancef theendogenoumicrobiotaconstituents

relate to increasegersusdecreases in cell numberBespite this, we caglearly
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conclude that when in coinfectioR, aeruginosadominates much more prominently
than it does in monmfection. This confirms thaA. fumigatuscan facilitateP.
aeruginosadominance in the airway. The mechanism behind this dominance can be
elucidated by examining the proteomic changes elicited in each species during their

interaction.

Proteomic analysis oA. fumigatusin coinfection relative to monimmfection
revealedareductionin theabundancef proteinsassociateavith virulence.Virulence
associatedA. fumigatusproteins that altered in abundance includeepeaptidyt
peptidase 5-(0.30 fold) and thioredoxin reductase gIFlLY.72 fold). Dipeptidy
peptidase 5 is not essential for pathogenicity but may function as part of a concerted
action or contributing to the infection process and was induced during infection
(Wartenberget al, 2011; Guruceagat al, 2018). Thioredoxin reductase gliT is
associated with seffrotection against Gliotoxin was decreased in abundance which
couldindicatereducedyliotoxin productionasdeletionof this genehasbeenshownto
completely disrupt gliotoxin secretion (Schrettl al, 2010). In addition enolase,
previously demonstrated to inhibit the complement cascade (B#sri 2019) was
decreased-4.63 fold) inA. fumigatusn coinfected sections. Proteins associated with
numerous processes involving nitrogen utilisation were also decreased in abundance
in coinfection as identified by gene enrichment analysis including, S
adenosylmethionine metabolism including adenosylhomocysteira8s fold) and
S-adenosylmethionine synthase4.40 fold) indicating competition for sulphur
containing amino acids cysteine and methionine, both of which have been associated

with fungal growth and virulence in the host (Amital, 2016).

P. aeruginosacysteine metabolism was enhanced in coculture wth
fumigatus (Margalit et al, 2020). Amide biosynthetic processes were also
compromised following coinfection witR. aeruginosandicating reduced nitrogen
availability for thefunguswhichis crucialto proteinsynthesisandfungaldevelopment
and virulence (Krappmann and Braus, 2005). Altledse factors indicate reduced
availability of key nutrients, potentially because of competition fRnaeruginosa
possiblyweakeningA. fumigatus Thisis supportedy anincreasen similar processes
in P. aeruginosan coinfection relative to monmfection such as small ribosomal
subunitproteins,indicatingelevatedranslationoccurringasaresultof exposurdo A.

fumigatus.In addition, proteinsinvolved with regulationof amino acids and their
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amide derivatives irP. aeruginosawere increased in abundance including serine
hydromethytransferasg(GlyaA3) (+2.32fold) andglutathionehydrolasgproenzyme

(+1.73fold) alsoannotate@speriplasmiaggammaglutamyltranspeptidasencodedy
theggtgene. Thi s enzyme c-gutamyl graupssfromh doror t r a n s
molecules to target or acceptor substrates including amino acids and peptides. This
enzymemay have aole in glutamaterelated metabolism iRseudomonad_undgren

et al, 2021).

In Coinfection withA. fumigatushere was a significant decrease in elastase
LasB £6.04 fold which is associated with acute virulence and is the most abundant
protease produced . aeruginosgSunet al, 2020). LasB is also a potent immune
evasionmoleculein chronicinfectionsthroughits ability to manipulatehostresponses
(SuarezCuartinet al, 2017). Paradoxically, the strong inflammatory responsé&s to
aeruginosaareoften associated withacterial persistence atidsuedamaggLin and
Kazmierczak, 2017) andasR which regulates LasB loss of function mutants
frequently arise in chronically infected CF patients and are associated with greater
neutrophilic inflammation and immunopathology in both murine models and human
patients (LaFayettet al, 2015). The decreased abundance of elastase (L#&B4 (
fold) in thecoinfectiongroupindicateghis phenomenowrouldbeoccurringin thelung
explants, driving inflammatory responses at the expenge @imigatusclearance.
This is supported by the increased detection of arachidordif@o®ygenase, a key
regulator of leukotriene biosynthesis and is required for neutrophil recruitment
activation in the lungs during invasive pulmonary aspergillosis (Caffteyr et al,
2018). This protein was increased in abundance in coinfected (+4.77 fold) tissue
relative toA .fumigatusmoncinfected explants. This protein was identified as being
decreaseth A. fumigatusmoncinfectedexplanty-4.15fold) relativeto controlandis
atargetof immuneevasiorby A. fumigatusthroughproductionof gliotoxin which has
been shown to inhibit Leukotriene A4 Hydrolase (GuUntteal, 2024; Koniget al,
2019).

In response t@&. fumigatusmoncinfection many porcine proteins associated
with lungfibrosiswereincreasedn abundancencludingcollagentypeVI alphachains
which areknownto bedepositedluringtissuefibrosis (Mereness antariani, 2021).
This is further supported by the increase in transforming growth faetarinduced

protein ig-h3 (+1.71 fold), a pro-inflammatory marker (Kim et al., 2016)which

188



is induced by TG . T hi s A sfunrgggtessfiecsion is inducing tissue
remodellingand an inflammatory environment within the host. The reduction in
numerous metabolic processes in the host including valine, leucine and isoleucine
degradation including methylmalonagemialdehyde dehydrogenas#.91 fold) and
3-HydroxyisobutyryfCoA hydrolase £.22 fold), crucial for valine degradation
(Dobrowolskiet al, 2020; Cakar and Goérikmez, 2021) indicated reduced metabolic
activity in thehosttissuefollowing fungalinfection.2-Oxocarboxylicacidmetabolism
wasalso compromisedhcluding Branchedhainamincacid aminotransferasel1.75

fold), involved in the initial catalysis of branchetain amino acid (Caet al, 2024)

and Isocitrate dehydrogenase [NAD] subuni2.Z0 fold) which catalyses the
conversiorof isocitrateto Uketoglutarateo fuel the TCA cycle (Chotiratetal., 2012).

The biosynthesis of the branched aliphatic proteinogenic amino acids valine, leucine,
and isoleucine also depend on precursors produced fromxdarboxylic acid
metabolism (Kirschning, 2022). Amino acid metabolism is known to stimélate
fumigatusvirulenceandthis would suggesthatA. fumigatusdegradesostproteinsto
scavengéor nutrients(Hartmanretal., 2011).A. fumigatusreliesheavilyontheamino
acidsvaline,isoleucineandmethionineascarbonsourcesluringinvasiveaspergillosis
(Iborahim-Granetet al, 2008), which was also decreased in abundance in the infected
explants. The catabolism of host amino acids leads to the accumulation of propionyl
CoA, which is incorporated as pyruvate into the primary metaboligmthe
methylcitrate cyclea pathway closely linked to the TCA cycle (Garbe and Vylkova,
2019).

Manyextracellulamatrixcomponenproteinswereincreasedn abundance
P. aeruginosanonacinfectedtissueincludingtypeVI butalsotypelV collagenchains
which are elevated in response to epithelial damage (Urushignad, 2015)
Fi broblasts enhanced the expression of
transforming growth facteb 1 st i mul at iebal, 2q1%).rTheselwasyalsom a
evidence of Natural killer cell mediated toxicity. Natural killer cells directly kill
extracellular P. aeruginosathrough a contaellependent process that requires
granzyme induced ROS production (Feebaal, 2022). Host proteins decreased in
abundance during. aeruginosanoncinfection indicate utilisation of host nutrients
in a similar manner té\.. fumigatusnfection but also displays elements of immune

evasion with evidence of degradation of complement factors including complement
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component 1 Q subcomponerinding protein, mitochondrial was decreased in
abundance2.15 fold, complement factor H2.41 fold) and C4ibinding protein

(C4BP) €4.21). P. aeruginosaelastase can destroy several complement proteins,
including celtbound C3 and fluid phase C9, and inactivate others, including fluid
phase C2, C4, C6, and C7. C1q and C3 were degraded by both elastase and alkaline
protease derived froR. aeruginosaHastingset al, 2023). Fibromodulin (keratan
sulfate proteoglycan fibromodulin) was also decrea2dd7 fold and activates the
classical and alternative pathways of complenwemidirect binding to complement
element1gandC3b.Mice lackingfiboromodulindisplayedabnormalvoundhealing,

which correlatesith elevatednflammatorycell infiltration andaccelerateepithelial

cell migration and increased type | T®F r ecept or | evels in ind
cells at wound sites (Zherg al, 2016).

The decrease in the abundance of LasB was specific to coinfectiorwith
fumigatusndicatingspecificresponse@ndconsequencesithin thehost.This suggests
thatP. aeruginosacould be manipulatingthe hostimmuneresponseo outcompeteA.
fumigatus Decrease@xpressiorof valine degradatioomethylmalonatesemialdehyde
dehydrogenase-g8.55 fold) and shydroxyisobutyryd CoA hydrolase .71 fold)
similarly to A. fumigatusnfectionbutto amoresignificant factorP. aeruginosanonc
infectedtissuealsohighlightsbutanoatenetabolismincludingadecrease Succinate
semialdehyde dehydrogenasé.{3 fold and SuccinylCoA:3-ketoacid coenzyme A
transferase 1 is annotated as part of the pathway (Zhang and Yang, 2022). Butanoate
metabolites, particularly acetoin, is associated with chronic persistende. of
aeruginosan hypoxic biofilm as it is required for promoting planktonic cells to the
biofilm state(AbdelhamidandYousef,2024).Reductionn hostButanoatenetabolism

could indicate leaching specific nutrients from the host to fuel its own chronicity.

Histone H3 was significantly increased in abundance in coinfected explants
relative to uninfected controls (+58.27 fold) and is known to be released during
NETosis(Grilz etal., 2019)aprocessnducedby bothP. aeruginosaandA. fumigatus
There was less prominent expression of collagen subunits potentially indicating
reduced remodelling occurring in the coinfection when compared to each species
colonisation in isolation. The proteome of the coinfected explants also indicated a
mixed phenotype when compared to mamiection with complement activation, as
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observedn A. fumigatusnfectionandNaturalkiller cell cytotoxicity, asobservedn

P. aeruginosainfection, both occurring when the species coinfect the lung. The
decrease in metabolic processes indicate competition over some nutrients including
propanoatendValine leucineandisoleucinebut alsospecificalterationgncluding 2-
Oxocarboxylic acid metabolism, only detected An fumigatusinfection and
Glyoxylate and dicarboxylate metabolism, only detecte®.imeruginosanfection

were also detected indicating a combination impact on the host tissue when both
species arpresent and a unique pathology with shared attributes of both components
has been identified.-@xocarboxylic acid metabolism can stimulate fumigatus
development and the glyoxylate and dicarboxylate metabolism pathway dlows
aeruginosato grow on limited carbon sources by synthesizing macromolecules from
two-carboncompoundsuchas ethanol andcetateAdditionally, the glyoxylatecycle

is upregulated inP. aeruginosaunder conditions of oxidative stress and antibiotic

stress, which induceal,2028)i dati ve stress

When comparing coinfected explantsAofumigatusmoncinfection there is
further evidence of elevated inflammation including increased abundance of
myeloperoxidase (+1.96 fold), also detected to be increased +2.92 foRl in
aeruginosamonainfected explants but decrease62 fold inA. fumigatusmono
infected explants relative to tisentrol. Myeloperoxidases apotent inhibitorof both
A. fumigatugBalloy andChignard,2009)andP. aeruginosdDickerhofet al, 2019).
Therewasadecreas@ proteinsassociatewvith tissuestructuran thecoinfectedissue
relativeto A. fumigatusmoncinfectedtissue.CollagentypeVI alpha3 chain(- 17.16)
is amicrofibrillar component of the extracellular matrix and is essentightstable
assembly process of collagen VI (Wang and Pan, 2020).

There is evidence of potent activation of the adaptive immune response in
coinfected explantslanuskinaseandmicrotubule interactingrotein 1 was increased
+11.15 fold relative tdP. aeruginosamonacinfection. Induction of Jakmipl occurs
upon TCR/CD28 stimulation and parallels induction of effector proteins, such as
granzymeB andperforin (Librietal., 2008).In addition,basalcell adhesiormolecule
was increased +5.23 fold relative Ro aeruginosanonainfected tissue, which was
also increased +1.69 fold . fumigatusmoncinfected tissue and decreasdd43
fold in P. aeruginosamoncinfected explants relative to uninfected controls,

respectivelyThis protein drivedeukocyterecruitmentesultingin aproinflammatory
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microenvironmenfHuangetal., 2014)indicatingincreasednflammationandimmune
recruitment during coinfection. In coinfection EVPL samples InterleGkas also
increasedn abundanceelativeto bothmoncinfections,increased +3.28ld relative
to A. fumigatusmonacinfection and +2.44 fold relative t®. aeruginosamonc
infection. L -6 hasapivotal rolein protectiveimmunity againstA. fumigatusinfection

in mice (Heldtet al, 2017). Elevated H6, high local neutrophil counts and lung
oedemawerecharacteristisignsof atemporarydeclinein lung functionandcorrelate
with signs of histologic inflammation in response B aeruginosainfection
(Wolbelinget al, 2011).

Proteins decreased in abundance in the coinfected EVPL tissue rela@ve to
aeruginosamonginfected tissue include proteins associated with iron sequestering
and storage. Ferritin light chain (Ferritin L subun#)§.50 fold), an irofbinding
protein was found to be decreasedAinfumigatusinfection in airliquid interface
modelswhichresultsin anincreasec@mountof freeiron availableto thefungus(Toor
et al, 2018). Lactotransferrin was also decreask8&5 fold and it is released by
neutrophilgypically in responséo inflammationandhaspotentantifungalactivity via
iron and fungal siderophore sequestration (Zarerabat, 2007; Lealet al, 2013).
Lactoferrin levels were found to be decreased in CF patients Rvitheruginosa
infection (Rogaret al, 2004). This would suggest elevated iron availability during
coinfection relative td°. aeruginosanonacinfection and weakening of host defences
against both pathogens. Iron availability has been identified as being cruchal for
fumigatusproliferation and plays a pivotal role in fungal virulence (Moore, 2013).
There is evidence suggesting that immunocompromised patients witbvieoload
aftertransplantatiorareat high risk of developingnvasiveaspergillosigMatthaiouet
al., 2018).

6.4 Conclusion
Proteomicanalysisof coinfectionbetweenrA. fumigatusandP. aeruginosan a

realistic host model provides new insight into how the species interact and the
consequenced thesanteractiondor thehost.P. aeruginosadominatesn coinfection

at the expense oA. fumigatusas supported by metataxonomic analysis whfere
fumigatusinduces dysbiosis favouring growth of Pseudomonadotdaaéruginosa
specifically. This seems to be driven by competition over nitrogen, sulphuir@mnd

nutrient sources.P. aeruginosaappearsgo inducea more potent
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pro-inflammatorymicroenvironmenthroughloss of LasB expressiorwhich canaid

in the clearance of their fungal competitor. Our work clearly demonstrates that single

and dual infections of these two important pathogens have distinct pathologies within

the EVPL tissue, inducing fibrosis and distinct immune responses. A mixed result

was observed in coinfected explants indicating dynamic interactions between the host

and the pathogens in isolation or in combination.

6.5Materials and Methods
6.5.1Aspergillusfumigatusculture conditions and conidial preparation

Aspergillus fumigatu®ATCC 26933 was cultured for 72 h at 37 °C on malt
extract agar (MEA) (Oxoid, Basingstoke, UK) following point inoculation. The
conidiawereharvestedy washingwith phosphatéufferedsalinesupplementedith
0.1%(v/v) Tween20 (PBST), and the suspension was washed three times with PBS.
Conidiawereenumeratedisingahaemocytometeanddilutedto afinal concentration
of 1x10 conidia/ml

6.5.2Pseudomonas aeruginosaulture conditions and liquid suspension
preparation

Pseudomonas aerugino§@A01) was cultured for 24 h at 37 °C on Nutrient
agarplates(Oxoid, BasingstokelJK). A singlecolonyfrom the platewasisolatedwith
an inoculating loop and placed into 1ml of sterile PBS to generate a bacterial

suspension with a density of approximately 1.Pxd@ls/ml.

6.5.3Preparation of ex-vivo pig lung sections

Lungs from a single pigvere collected from a local abattoir within an hour of
slaughter and transported on ice to Maynooth University. The respiratory zone of the
lung (tissue rich in alveolae) was processed into tissue explants (5x5x5 mm) as
previously described (Harrisat al, 2014)with thefollowing changes. Unprocessed
control sections (n=3) were removed following surface sterilisatifothe pleura,
which served asintreated controlor metataxonomianalysis Control EVPL explants
(n=3) were sham inoculated with a needle dipped into RBfScted EVPL sections
(n=3) were inoculated wit\. fumigatusconidia via a needle dipped in a 1x10
conidia/ml suspension, and other tissue samples (n=3) were inoculated®with
aeruginosasuspension (approximately 1.1X4@l) in a similar manner. Coinfected
explants (n=3) were inoculated with two single inoculations with each pathogen

immediately adjacent to each other. All sections were suspended in 50/50 mixture of
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RPMI (Gibco, UK) and DMEM (Gibco, Miami) and incubated at 6%.@@ad 37 °C
for 96 hours. RPMI/DMEM was used for this experiment for consistency with our

previous work (Curtiet al, 2025).
6.5.4Visualisation of tissuepathology

Infected tissue explants were removed from the 24 well plate with sterilized
forceps at 96 hours post infection. The explants were washed in sterile PBS prior to

visualisation at 40x magnification using a brightfield microscope (Olympus CH20).

6.5.5DNA Extraction, Library Preparation, and Sequencing

Genomic DNA was extracted from 200 ul of EVPL lysate from unprocessed
and processed control lung isolates as well as ArdieotedP. aeruginosasections,
monaoinfectedA. fumigatussections and sections coinfected wRthaeruginosand
A. fumigatus.The extraction was conducted using the DNeasy PowerSoil Pro Kit
(Ql AGEN) according to manufactureros i
values were analysed with a Nanodrop 2000 Spectrophotometer (ThermoFisher
Scientific). A total of 30 ng of qualified genomic DNA was used as input for PCR
amplification using either 16S rRNA gene or ITS2 region fusion primers. Amplified
products were purified using Agencourt AMPure XP beatiged in Elution Buffer,
and subsequently labelled for library construction. The quality and concentration of
the libraries were assessed using an Agilent 2100 Bioanalybearies that met the
quality thresholds were sequenced on the DNBSEQ platform by Bl resultant
sequences were filtered and classified using their standard bioinformatics pipeline
describedelow.All rawsequencebavebeendepositedo theNCBI underBioproject
accession PRJNA1279114, Biosample accession SAMN49395613 and SRA
accessions SRX29229628RX29229644.

6.5.6Sequencdata Processingand Quality Control

Rawreadsvereprocessetb obtainhigh-quality cleansequences:ilteringwas
carried out using iTools Fqgtools fqcheck (v0.25) (Diratval, 2008), readfq (v1.0)
andCutadap{v2.6) (Martin, 2011) with thefollowing criteria. Readswith anaverage
Phredquality scorebelow20acrossa25bp slidingwindowweretruncatedsubsequent
reads trimmed to less than 75% of their original length were discarded. Adapter
contaminatedeads O bpoverlapwith O 3nismatches)verealsoremoved. Anyeads

containing ambiguous bases (N) orfowo mp | exi t y r e a didentidalO1 0

194

c

ns

o



bases) were excluded. Demultiplexing was completed usihguse BGI scripts. For
both 16S and ITS2 libraries, pairedd reads with overlapping regions wererged
into consensutagsusingFLASH (v1.2.11)( Ma cuodBalzberg2011) Themerging

requiredaminimumoverlapof 15bp overlapanda maximummismatch rate of 10%.

6.5.70TU Clustering and Chimera Removal

High-quality tagswereclustered intdperational Taxonomidnits (OTUs)at
a 97% similarity threshold using USEARCH (v7.0.1090) (Zkbal, 2024) withthe
UPARSE algorithm. Representative sequences were identified for each OTU.
Chimeric sequences were identified and filtered using UCHIME (v4.2.40) (Edgar
al., 2011). 16S sequence chimeras were screened against the GOLD database
(v20110519) (Mukherjeest al, 2017) ITS2 chimeras were removed based on
comparisons to the UNITE database (v201407Q@8)arenkov et al, 2024) The
remainingcleantagsweremappedackto theOTU representativeequencessingthe
USEARCH GLOBAL algorithm to quantify OTU abundances.

6.5.8 Taxonomic Annotation

Taxonomic classification of representative OTU sequences was performed
using theRDP Classifier (v2.2)(Wanget al, 2007) with a confidence threshold of
0.6. Bacteria and Archaea (16S) were classified using Greengenes (v202210)
(DeSantiset al, 2006) and RDP (Release 19) (Wang and Cole, 2624)gi (ITS2)
were classified using thedJNITE database (Version 10) (Abarenkev al, 2024).

OTUs without taxonomic assignment were excluded from further analysis.

6.5.9Proteomicextraction
Control, moneinfected and confected EVPL explants (n = 3 of each) were

washed in PBS following incubation for 96 hours at 6% @037 °C. Proteins were

extracted and purified as previously described (Catta., 2025).

6.5.10Massspectrometry
Proteomic analysis was conducted using a Vanquish Neo UHPLC system

(Thermo Fisher Scientific), equipped with an EASYray PepMap Neo column (2
e m, c18, 0.075 x 500 mmJprapsoudce © aruQrditrapd wi t
AscendmassspectrometefThermo Fisher Scientific, SanJose,CA, USA). Dried
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peptides were dissolved in Mobile Phase A @éétonitrile, 0.5% Trifluoracetic acid
and97.5%water)to give afinal concentratiorof 375ng/pl.Theinjectionvolumewas
setto2 ul. After6 A u t o inading,pegiidesvereelutedusinga90-minutegradient

with Mobile PhaseA andMobile PhaseB (80%acetonitrilein waterand0.1 % formic
acid)at aflow rateof 300nL/min. Thelineargradientwas delivered from 2% 40%
Mobile Phase B over 80 minutes and from 40% to 90% Mobile Phase B over 10
minutes followed by column wash and equilibration. Edgpendent acquisition was
performed using Xcalibur (v4.7) and Orbitrap Tribrid Series instrument control
softwarev4.2. Themassspectrometryparameters wergset adollows: for theMS? full

scan, an Orbitrap resolution of 120,000r(éz200), ascan range ai/z375 to 1500,
Automatic gain control (AGC) of 8 x $0and maximum injection time Auto were
used. Filters included MIPS, minimum intensity threshold of %.ikelude charge
states 26, and dynamic exclusion of 60 seconds. ForP BI&ins, Precursor ions were
quadrupolasolated(m/z1.6) andfragmentedvith anHCD (higherenergy collisional
dissociationNCE of 30%.Fragmenionsweredetectedn theion trapset toscanrate

of Rapid, a scan range of/z110 to 2000, AGC target of 1 x 4tand a maximum
injection time set to Auto. Precursor ions were fragmented using-emgigy
collisional dissociation (HCD) mode with a normalized collision energy of 30%. The
AGC and maximum injection time were set to 1 ¥, Ii@spectively. Additionally,
dynamic exclusion was set to 60s, and the isolation window was set to 1.6 m/z. The

duty cycle was set to max cycle time of 2 seconds

6.5.11Data analysis

A quantitative analysis of EVPL tissud, fumigatusand P. aeruginosavas
conductedusing MaxQuantersion2.5.2.0(http://www.maxquant.orgRaw MS/MS
datafiles were processed using the Andromeda search engine in MaxQuant software
v.1.6.3.4 110 using th8us scorfaeference proteome (46,174 entries, downloaded
December 2023), deosartorya fumigatareference proteome obtained from a
UniProtSWISSPROT (TheUniProt Consortium, 2025)atabasé¢o identify proteins
(9647entries, downloaded July 2028) the P. aeruginosaeference proteom@563
entries, downloaded October 2024) respectively. The following search parameters
wereusedfirst searchpeptidetoleranceof 20 ppm,secondsearclpeptidetoleranceof
4.5 ppm with cysteine carbamidomethylati@s a fixed modification and -N

acetylation of protein and oxidation of methionine were set as variable modifications
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and a maximum of two missed cleavage sites were allowed. The False discovery rate
(FDR) for peptides and proteins was set to 1% and was estimated following searches
againstatargetdecoydatabasePeptidesvith minimumlengthof 7 aminoacidswere
considered for identification and proteins were only considered identified when
observed in three replicates of one sample group. Proteomic data analysis was
performed in Perseus v.1.6.15.0, for data analysis, processing, and visualization as
described (Margaliet al, 2020). The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortitanthe PRIDE (PereRiverol et al,

2021) partner repository with the dataset identifier (PXD065657).
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7.1Generaldiscussion

Aspergillosis has beegiobally acknowledged ass&rious health concern due
to rising rates of immunosuppression, antifungal resistance, and its increased
geographical distribution as a result of climate change. The vulnerable patient cohort
of A. fumigatusnfections is constantly increasing, with more people living with pre
existing lung damage, compounded by the wider prescription of immunosuppressive
agents (Joshi, 2024; Martinson and Lapham, 2024). This coupled with the growing
rangeof A. fumigatusasaresultof climatechangehasresultedn increasedccurrence
of disease (Georget al, 2025). In addition, antifungal resistance against-fingt
therapeutics including triazoles represents a steadily growing challenge in the clinic.
Despite this, the mechanisms governing the underlying resistance phenotypes are not
fully elucidated (Kanget al, 2025).

A. fumigatusinfections are opportunistic and require specific conditions to
developandpersistin thelung (Paulussemrtal., 2016).Thehumanbodyis constantly
exposedo A. fumigatusconidiafrom the environmentTheaverageadultis estimated
to inhale more than 100 conidia daily with only one required to initiate infection in a
vulnerableindividual (Ortiz et al, 2022).Oncethe prerequisiteonditions ar@resent
A. fumigatuscan cause a range of devasting clinical manifestations which are highly
dependent on the hostodés physiological a
manifestations and the role of the host in shaping the form of disease present,

complicates the understanding of host adaptation processes and fungal pathogenesis.

A. fumigatusvirulence is complex and cannot be attributed to a single trait or
factor.Many of thesdraitsmayhavearisenfrom challenge®bservedn the soil niche
such as nutrient limitation, adaptation to stress and competition with microorganisms
and predatory amoeba (Askew, 2008; Easteal, 2023). These factors include
mechanisms for nutrient acquisition and production of enzymes and mycotoxins and
stressmitigation. Thedevelopmenandactivity of manyof thesetraitsin thesoil could
imply off target effects and crossactivity are responsible for their impact on the
human host, classifying. fumigatuas a true MfAacci denQnal pat
exampleof thisis gliotoxin, whichwasidentified asavirulencefactorin manymodels
andexperimental settings. Gliotoxlmslong beenclassifiedas avirulence factodue
to its immunosuppressiveffectson macrophages ameutrophilrecruitment (Schlam
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et al, 2016; Koniget al, 2019). Despite this, gliotoxin is also produced in the soll
where it has amoebicidal activities against the natural fungal predatyostelium
discoideum (Hillmann et al, 2015). Much of the basic machinery and signal
transduction pathways of phagocytosis are evolutionarily conserved between amoeba
and vertebrate macrophages, reflecting the ancient origins of this process (&audet
al., 2016). This exemplifies the potential that gliotoxin toxicity has arisen in the soil
niche and its role in human colonisation can be attributed to cross reactivity resulting

in inhibition of human immune cells, although this is not conclusive.

Moreover, humans are considered to be a terminal host fasnigatusdoes
not complete its lifecycle and does not display well developed mechanisms for
dispersal once infection has been established €Hal., 2024). This complicates our
understanding of the disease as traits facilitating-adaption and acquisition of
antifungal resistanceould becomanoreprevalent in thelinic throughtransmission
from patientto patient(Verweij etal., 2020).Thetraitsthatenablesurvival ofspecific
conidia in the presence of the host following inhalation from the environment also
poses questions of fitness. Are specific conidia capable of adapting to persist in
pressures exertad the hostenvironment healternativeexplanations thatthe host
simply servesasaselectivebottleneckfor strainsalreadyadaptedo persistin theharsh
environmentmposedoy thehost(Ballardetal., 2018).To understandhedevelopment
of A. fumigatusn the host and examine these adaptation processes, systems must be
developed to faithfully replicate the host environment or specific aspects of the host

environment to assess how the fungus persists.

The work presented here utilised t@e mellonellalarval model to emulate
innate immune responses during chronic fungal infection and in host selection. The
fungus was subjected to prolonged subculture on a bespoke agar containing the
immuneproductsandnutrientspresenwithin G. mellonellalarvae.This approaciwas
adoptedo by-pasgheshortlifespanof thelarvaefollowing infection(Tsaietal., 2016)
and enable analysis of host selection from a single parent strain. Similar work was
conductedin vivo using the pathogenic yea§iryptococcus neoformanms G.
mellonellalarvaefor 15 passageresultingin thegeneratiorof astrainthatgrewfaster
in haemolymphbut displayedalteredsusceptibilityto hydrogenperoxideandwasless
virulent (Ali et al, 2020). Aspergillus flavus demonstrated reduced genetic

heterogeneity following cycling i®. mellonella(Scully and Bidochka, 2006] hese

209



studiesddemonstratetlngalin hostadaptatiorandapotentialshift towardspersistence

and chronicity. Our results demonstrated similar processes occurmgumigatus

giving riseto differentphenotypesollowing 25 cyclesonthegalleriaextractagarover
231days.Thisindicateghattheagarwasimposingaselectiorpressuren A. fumigatus
resulting in a shift towards persistence in the host. There was also variation in the
phenotype among the passaged strains, indicating many adaptations can enable
persistence in the host. These strains demonstrated similar growth rates and virulence
in vivo but varied in gliotoxin production and antifungal susceptibility. The adapted
strains demonstrated altered susceptibility to various stressors including increased
persistencén the presencef hostimmunecellsandalteredsusceptibilityto oxidative
stressandantifungalsncludingitraconazoleandamphotericirB. In asimilarresponse

to that observed i€. neoformansAli et al, 2020) all adapted strains demonstrated
reduced virulence in the host despite these adaptations indicating a shift towards

chronicity could be occurring.

The most significant alteration was observed in the E lineage which was
selectedor proteomicanalysis.Thesmall numbepf alterationsdetectedndicatedan
increase@bundancef proteinsassociatedvith oxidativestresamitigation.Proteomic
analysis also identified that changes were not likely to have occurred as a result of
nutrientlimitation. Thiswould suggeshostmetabolisnor utilisationof nutrientsfrom
the host can fuel fungal development and fungal adaptation to products of the innate
immune response. The strains also demonstrated a rapid emergence of antifungal
tolerancedespitebeingderivedfrom atreatmeniaiveparentalstrain.It is postulated
thatthis resistance&anbe attributedto decreaseeéxpressiorof mitochondriacomplex
| intermediate associated protein and histone H2A.Z, which regulates catalase
production. Mitochondria complex | is the main source of reactive oxygen species
generation in response to antifungal treatment (Shekébah 2017). Production of
reactive oxygen species by the innate immune response and fungal adaptations to
persist in the presence of these stressors could influence antifungal susceptibility and
response to the immune cells vivo, offering an alternative explanation for the
development ofreatment toleranaa the clinic aghistolerance emerged msimilar

time frame to clinically recommended treatment duration

This study indicated that in the context of chronic infection the host

microenvironment serves as a selective bottleneck of a heterogeneous environmental
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inoculumresultingin effectivecolonisationof the hostby thefittest subpopulatiorand

only minor changes can convey this fitness and these can be acquired rapidly.
Understanding these alterations in the proteome and the consequences they can have
in theclinic is crucialto understandingostadaptatiorandtherate atwhichit occurs.

The findings of this study also replicated what has been observed in the clinic where
isolatedrom patientswith aspergillomasverefoundto besignificantlylessgenetically
variable,ndicatingthataspergillomasnayform following selectiorfor strainsfit prior

to prolonged colonisation (Howasd al,, 2013).

Expanding on this work, a sublethal fumigatusnfection was established
vivoin G. mellonellalarvaeto characteris¢heresponsef thefungusto innateimmune
antagonism experienced during initial host colonisation but also to assess the host
proteomic response to infection. This study provides a deeper insight into products
released byA. fumigatusduring infection and the kinetics of virulence factor
production. It also enabled simultaneous profiling of the proteomic response of the
pathogen and the host during the early stages of chronic infection. During the early
stage®f infectiontherewasinitial utilisationof carbohydrateandthenashift towards
protein metabolism, particularly amino acid metabolism at 72 hours post infection.
This is also when detection of fungal effectors including gliotoxin and siderophore
production was most prominent suggesting metabolism is tied to fungal virulence.
Qualitative proteomic analysis which identified the markers of other mycotoxins
including fumitremorgin and fumiquinazoline C. Many of these effectors are derived
from aromaticamino acids, which can synthesized through the Shikimatathway
(Sasseet al, 2016). The detection of pentafunctional AROM polypeptide along with
other proteins associated with aromatic amino acid biosynthesis suggest that this
pathway may be involved in the virulenceAffumigatus in vivoThis exemplifies
thatmetabolism othe hostproteinheavily shapes thproductionof fungaltoxinsand

fuels fungal development beyond 48 hours of infection.

Examination of the response of the infected larvae relative to uninfected
controls demonstrated aspects of morbidity, melanisation and reduced mobility. The
larval proteomedisplayedncreasedbundancef proteinsassociatedith metabolism
and detoxification. There was also more potent activation of the immune response
primarily associated with antimicrobial peptide production, inflammation and

pathogenbinding. There was a decreasen proteinsassociatedvith nutrient
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reservoirs indicating the fungus can corrupt these pathways to access host nutrients.
There was evidence of tissgpecific proteins being released into dedle
haemolymph indicating tissue damage, including troponin T which is used as a
biomarkerin humandiseasemvolving tissuedegradatior{Tanindi andCemri,2011).

These results highlighbe innatammune antagonism elicited withthe host and the
impact that it can have on fungal development and production of secondary
metabolites.

The results obtained in th®. mellonellainfection model identified thad.
fumigatuscan survive on nutrients present within the host and requires only minor
proteomic alterations to persist in the presence of products of the innate immune
responseThestudiesalsoprovideinsightinto the productionof variousfungalfactors
such as mycotoxins and siderophores and how their production can be influenced by
fungalmetabolismfrom hostresourcesTheresultsalsosupportgenomewide analysis
findings that indicate capacity to utilise aromatic amino acids as a key identifier of
fumigatusvirulence (Mirhakkaket al, 2023). We have identified how this may be
important in virulence as iG. mellonellalarvae this metabolism coincides with the
productionof variousaminoacidderivedvirulencefactorsincluding siderophoreand
mycotoxins. The analysis of both sides of the hpathogen interactions is crucial to
provide insight into the consequences of the production of these molecules and the
rolestheyhavein facilitating fungalgrowthandsurvivalwithin thehost.Thesestudies
alsoidentifiedthatthehostmayexertselectiornpressurenthefungus andhatproducts
of thehostimmuneresponseancontributeto antifungaltolerancen atreatmennaive
isolate. This is likely to occur through creseactivity in the offtarget effects of
antifungalsjnducingreactiveoxygenspeciegproductionin thefungus.Both effectors
induce an evolutionary ancient mechanism of oxidative stress mitigation and thus
chronic exposure to the products of the innate immune response could aid in the
development of ifhost tolerance to antifungal agents governed at the protein level,
evenin treatmennaivestrains.This furthersourunderstandingf antifungaltolerance

development within patients in the context chronic infection.

The host microenvironment in whigh fumigatusmust develop is not sterile
and as a resulA. fumigatusmust compete for resources and space with other
microorganisms from the host microbiome and other invading pathogens. This is

similar to its survival in the soil niche. The impact of microbial antagonismon A.
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fumigatusdevelopment has often been overlooked and warrants further. $tudy
pneumoniaés acommonco-pathogerwith A. fumigatusn cysticfibrosis (CF) patients

( Ak yetedl, 2025). The spatial arrangements and product exchanges during
polymicrobial interactions are determining factors in the regulation of host
microenvironment, impacting nutrient availability, distribution of microbial species
and immune responses (Bitencoattal, 2024). To assess these interactions in a
spatially independent mannehd,. fumigatuswas exposed to the secretome kof
pneumoniaén culture.This providesinsightinto theimpactthatthis bacterialspecies

can have on the fungus independent of physical interaction.

K. pneumoniaavas grown for 96 hours to produce a culture filtrate which
would contain secreted products but also products released during bacterial death
which could interact withA. fumigatusin the lung microenvironment. Proteomic
analysis of the culture filtrate identified 35 proteins which could alter fungal
development. Three of these, a putative lipoprotein, outer membrane protein A and
chaperongrotein DnaK werghysically bound to th&ungal mycelia. These proteins
weredemonstrated to indudeakagen various othespecies and likely result in pore
formation in the fungal membrane. The culture filtrate also contained enzymes
associated with the bacterial cell wall and proteases which could potentially impact
fungalactivity. Proteinsn the culturefiltrate couldalsoresultin nutrientsequestering
including nonsiderophore iron uptake component EfeO and the-affihity zinc
uptakesystem protein ZnuAndicate metal starvation could becurring. Theculture
filtrate significantlyreducedungal growthwhile promotingashift towardssecondary
metabolism, particularly through the increased secretion of gliotoxin. Proteomic
analysis ofA. fumigatusexposed to the supernatant supports this as there was a
significantincreasen five outof thirteenproteinsin thegliotoxin biosynthesiluster.

This would indicate tha®. fumigatusis weakened through interactions wikh
pneumonia&s it cannot grow as effectively but this growth inhibition results in the
productionof secondarynetabolitegshatcanbedeleteriougor thehostandpotentially

fuel bacterial persistence through induced immunosuppression. The increase in
gliotoxin productionmaybeattributedto the physicalbinding of bacterialchaperones
increasingA. fumigatuspermeability and stimulatinde novogliotoxin biosynthesis

(Reevest al, 2004). It has been previously demonstrated that zinc limitation results
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in increased gliotoxin production and the growthiting effects of exogenous

gliotoxin are relieved by the presence of zinc in media (Traghal, 2021).

In addition to the significant increase in gliotoxin which can have severe
consequences on the hosts ability to mount an effective immune responstealye
2021) other factors influencing fungal interaction with the host were altered.
FibrinogenC-terminaldomaincontainingproteinwasthe mostsignificantlyincreased
protein. This implies increased capacity to bind to the host extracellular matrix as
fibrinogen deposits form at the surface of wounded epithelia in asthmatic individuals
andwhenlungdamagas presen{Upadhyayetal., 2012).Thesealterationsn response
to secreted microbial products in the absence of a host highlight the impact these
interactionscanhavein shapingfungalvirulence.Theseresultsalsodemonstratéhat
A. fumigatuss aweakcompetitorwhenexposedo productsof bacterialpathogenss
its development is severely hampered. In other studigé. gdheumoniaghysical
interaction was found to inhibit fungal germination (Nogueital, 2019). Similar
resultswereobtainedwhenA. fumigatuswvasexposedo P. aeruginoseculture filtrate
which also affected fungal growth and secondary metabolism, identifying a similar
protein profile to that found in theurrent work (Margaliet al, 2022).P. aeruginosa
culturefiltrate alsocontainedhechaperong@roteinDnaK andproteinsassociateavith
uptake of nutrients, including ferric irdsinding periplasmic protein HitA. Despite
these similaritiesK. pneumoniaeculture filtrate promoted gliotoxin biosynthesis,
while P. aeruginosanhibited it (Margalitet al, 2022). These results highlight the
importanceof the microbialcomponentbf the hostmicroenvironmenandthevalueof
replicatingit wherepossibleio understandungaladaptatiorandcolonisationn human

patients.

To gain further insight intéA. fumigatushost interactions with aspects of
humanairway colonisatiorthe exvivo pig lung (EVPL) modelwasadaptedor fungal
developmentasamodelof lung physiologyandarchitectureThetissuealsoretainsa
host microbiome which is difficult to emulate in vitro systems. A time course
analysisvasconductedo characteriséhe proteomeof A. fumigatusduringthefirst 96
hours of growth on alveolar explants of a pig lung grown in culture conditions. This
analysis also facilitated simultaneous characterisation of the host response during

infection.
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A. fumigatusdemonstrated reduced growth on the lung explants at 72 hours
post infection compared to an agar control indicating increased challenge when
growing on a realistic host tissue compared to standard culture medium. This can be
attributed to the complenutritional profile ofthetissue but also immune antagonism
occurring within the tissue. In a similar pattern of growth to what was obserd in
mellonellalarvae proteomicanalysisof A. fumigatusndicatedanincrease@bundance
of proteinsassociatedavith growthandcarbohydratenetabolismat 48 hours,whereas
at 72 and
96 hours, proteins associated with amino acid metabolism were increased in
abundance. This further supports the role of amino acid metabolism and biosynthesis
in supporting fungal virulence. This is further supported by gene enrichment analysis
at 96 hours post infection highlighted the increased abundance of proteins associated
with ascorbate and aldarate metabolism, Jaédaine metabolism, fatty acid
degradation, glycolysis/gluconeogenesis, tryptophan metabolism, and degradation of
valine, leucine, and isoleucine. These have all been demonstrated to be enhanced
following A. fumigatusexposure to human dendritic cells (Srivastaval, 2019).

There was also similarity to th&. mellonella experiments regarding
secondarynetaboliteproductionbeingprominentin thelaterstagesf colonisationon
the EVPL tissue. The kinetics of mycotoxin production, including gliotoxin was
confirmed through proteomic analysis. Other factors associated with virulence,
including some factors not observed in larvae, were detected in the EVPL model.
Pseurotin A production, as evidenced by detection of methyltransferase psoC and
fungalenolase, anthese wersignificantlyincreasedn abundance all time points.
Fungal enolase has been identified as an inhibitor of the human complement cascade
(Dasariet al, 2019). Other factors influencing colonisation were detected including
fungal allergens, proteins associated with adherence and markers of fungal stress
mitigation. In a similar manner to that observedGnmellonella in vivanfection
fungal allergens were detected and these can induce an immune response in the host
(Liu et al, 2023). In addition, Cyanovirifl domaircontaining protein was also
significantly increased in abundance at all timepoints. This protein may serve as a
novel adhesin inA. fumigatusthrough strong interactions to mannose residues,
potentially enhancing fungal attachment to the host (Kohawtdah, 2008; Driessen
et al, 2012) Despite this range of effectors being produced there is also evidence of
fungalstress responsawdicatinghostility in thetissue . Therewas evidence diyphal
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damageexemplifiedby thedetectiorof hexAassociate@vith woroninbodyformation
and the production of numerous detoxification enzymes. These markers indicate host
antagonism is retained within the explants, and these factors can impede fungal

development in a similar manner to that which is observed in the human lung.

Theability of A. fumigatusto induceandalteranimmuneresponsandpersist
despite the production of various antifungal responses is further supported when
examiningthe proteomeof theexplantin responséo infection. This includesdetection
of markers of leukocyte recruitment and activation in the initial 48 hours post
infection. Thereis alsoevidenceof aninitial allergicresponsg@ossiblyinducedby the
expression of allergens, as carbonic anhydrase 4, expressed-Siactivated
eosinophils was increased in abundance. In mtingies, carbonic anhydradevas
enhancedollowing anallergicinsultwith A. fumigatus(Wenet al, 2014).Therewas
evidence of activation of the adaptive immumsponse with importin subunit alpha
KPNA3 and KPNA4 increased in abundance and these are essential feal i
stimulated NFKB p50/p65 heterodimer translocation into the nucleus, resulting in a
pro-inflammatory response (Fagerluatal, 2005).

Crucially immune response machinery known to be inhibited biymigatus
were inhibited in the explants including neutrophil degranulation and a decreased
expression of pulmonary surfactaagsociated protein Al isoform X2. The levels of
surfactant protein A are decreased in the lungs of patients with cystic fibrosis, acute
respiratory distress syndroraad further chronitung diseases (Heinrich, 2011). The
specificity of the response to fungal pathogenesis is best exemplified by inhibition of
the complement cascade. Components of the complement cascade were significantly
decreased in abundance from 48 hours, and this was consistent at all subsequent
timepoints. In addition, gene enrichment analysis also highlighted decreased
complemenandcoagulatiorcascadectivity at 96 hourspostinfection. Thisindicates
potential immune evasion induced by the fungus could be occurring (asaci
2019). These alterations occurred in the absenoghef known complement evasion
mechanisms and as such supports the role of enolase in this disruption and implies
enolase is a potent inhibitor of this cascade or other factors yet to be identified are

involved in the evasion observed in this study.
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TheEVPL modelalsoindicatedfungalutilisation of hostnutrientsfor survival
as observed inG. mellonella Gene enrichment analysis across timepoints also
highlighteda consistentlecrease proteinsassociatewith thecitratecycleandamino
acid degradation indicating the infected tissue is less metabolically active following
infection. This is similar to that observed in murine models of invasive pulmonary
Aspergillosis(Kaleetal., 2017).TheEVPL tissuealsodemonstratedvidenceof tissue
damage as observed in the later stages of larval infection but goes beyond what is
observed in the insect as there is evidence of fibrosis and tissue remodelling from 48
hours including collagen accumulation. This may be driven by transforming growth
factor betal-induced transcript 1 protein increased as overexpression ofbTGR s
known to induce collagen deposition in mice (Hillegfeal, 2020). From 72 hours
manycomponentsf theextracellulamatrix (ECM) increasen abundancén response
to A. fumigatusinfection. These markers are also induced during fibrosis and are
associatewvith theestablishmemf invasivefungaldiseasesl heincrease@xpression
of ECM components could also facilitate the covering of fungal hyphae by these
components (Lousseet al, 2010). This can lead to the formation of aspergillomas
wherethe hyphaeareembeddedogethelin this denseextracellulamatrix, whereasn
invasive aspergillosis hyphae are individually engulfed in the matrix (Métled,
2011). The extracellular matrix coating protects the fungus against host immune

effectors as well as antifungal drugs (Muszkettal, 2013).

These results indicate dynamic and specific interactions occur betveen
fumigatusand the EVPL explants and these responses share similarities to that
observed in human patients and previously observe@.imellonellalarvae. A.
fumigatusdemonstrates a similar metabolic profile at similar stages of development
and the kinetics of various virulence factor production in these models. However, the
exVvivo pig lung model goes furthewhat was observed i®. mellonellalarvae,
providing insights into the attachment, metabolism, growth and virulence in response
to a dynamic innate and adaptive immune response and complex tissue architecture.
These results also demonstrate the importance of emulating the host as accurately as

possible to gain insight into hepathogen interactions.
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To further utilise the newly adapteskvivo pig lung model we aimed to
establish and assess the interactionsAoffumigatusduring coinfection withP.
aeruginosain a realistic host tissue context and characterise all three species within
thisinteractionsimultaneouslyExaminationof infectedexplantsdemonstratedrowth
of both pathogens in isolation, howewercoinfection theravas weakened identifiers
of eachpathogermrespectivelyparticularlyreducedungaldevelopmentThis indicated
competition between pathogens within theifected tissue. This competition was
supported through metataxonomic analysis of the explants which revealed. that
fumigatusinfected explants resulted in dysbiosis of the tissue microbiome. This
resulted in promotion of the Pseudomonadota phylum, but more specifitally
aeruginosaatthe species level. Its abundane@s significantlyhigherin co-infection
relative toP. aeruginosanonainfected explants. This confirms thatfumigatuscan
facilitate P. aeruginosadominancen the airways.Proteomicanalysis ofA. fumigatus
in coinfection with P. aeruginosarelative to mondnfection suggests thaP.
aeruginosadominance comes at the expenseAoffumigatusas there is a reduced
abundance of proteins associated with virulenceaddition, enolase, previously
demonstrated to inhibit the complement cascade (Dasati, 2019) was decreased
in abundancein A. fumigatusin coinfected explants. These alterations can be
attributed to a lack of nitrogen availability as proteins associated with numerous
processes involving nitrogen utilisation anéh@nosylmethionine metabolism were
decreased in abundancecwinfection. This indicates competition with aeruginosa
for nitrogen as well as sulphur containing amino acids cysteine and methionine, both
of which havebeenassociatedavith fungalgrowth andvirulencein the host (Amichet
al., 2016).

Thisexplanations furthersupportedy analysisof theP. aeruginosgproteome
which identified an increase in translation machinery and abundance of proteins
involved with regulation of amino acids and their amide derivatives. This suggests
increased cellular activity related to protein synthesis and nitrogen utilisation. All of
thesefactorsindicatereducedavailability of crucialnutrientsfor A. fumigatusbecause
of competitionfrom P. aeruginosaandthatA. fumigatusdevelopments hamperedy
coinfection withP. aeruginosaThis is a similar to that observed whanfumigatus
was grown in the presencef the secretedroductsof K. pneumoniaendits growth

was compromised.This also suggestghat A. fumigatusenhanceghe development
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of its competitors and can fuel their virulence resulting in enhanced damage to the
host. This is exemplified through the decreased detection of elastase LasB which is
associated with acute virulence and is the most abundant protease produted by
aeruginosa(Sunet al, 2020). LasB is a potent immune evasion molecule in acute
infections through its ability to manipulate host responses (Su@neartin et al,

2017). The genasRregulates LasB and loss of function mutants frequently arise in
chronically infected CF patients and are associated with greater neutrophilic
inflammation and immunopathology in both murine models and human patients
(LaFayette et al, 2015). The decreased abundance of elastase (LasB) in the
coinfection group indicates this phenomenon could be occurring in the lung explants,

driving inflammatory response at the expensA.dumigatuslearance.

Characterisation of thigssue respons® thevarious infection states highlight
the impact each pathogen has on the host and the accumulative effect that occurs in
coinfection.A. fumigatusmoncinfection induces tissue fibrosis and inflammation as
observed in the Chapter 5, but unlike the previous work there was activation of the
alternative complement cascade pathway indicating that some differential responses
may occur within the model. There was also a decrease in abundance of proteins
associated with metabolic processes including valine, leucine and isoleucine
degradation and-@xocarboxylic acid, involved in the biosynthesis of the branched
aliphatic proteinogenic amino acids (Kirschning, 2022). This further supports the
previousexVvivo pig lung results and th&. mellonellaresults which demonstrated
aminoacidmetabolismfrom thehostcanfuel fungalvirulenceduringtheinitial stages
of hostcolonisatiorandimmuneantagonismA. fumigatusreliesheavilyontheamino
acidsvaline,isoleucine andmethionineduringinvasiveaspergillosiglbrahim-Granet

et al, 2008), and these metabolic processes were decraatielinfected explants.

In responséo P. aeruginosanonainfectiontherewasalsoevidenceof fibrosis
and alteration to the extracellular matrix in addition to stimulation of the immune
responselrivenby naturalkiller cells. Proteinsdecreaseth abundanc&vere associated
with different metabolic processes to that decreased in responie ftonigatus
indicating utilisation of host nutrients in a similar manneAtdumigatusinfection.

Both species seem to reduce host valine degradatid?. lagruginosalsodecreased

219



butanoatemetabolism, associatedwith chronic persistenceof P. aeruginosain
hypoxic biofiims (Abdelhamid and Yousef, 2024). Reduction in host butanoate
metabolism could indicate leaching specific nutrients from the host to fuel its own
chronicity. Additionally, glyoxylate and dicarboxylate metabolism was decreased in
the host infected withP. aeruginosa The glyoxylate cycle is upregulated B

aeruginosaunderconditionsof oxidativeandantibioticstresyMatthaiouetal., 2018).

The proteome of the coinfected explants indicated a mixed phenotype when
compared to both mono infections. This includes more potent immune responses
including both the complement cascade and natural killer cell medicated toxicity
observed inA. fumigatusand P. aeruginosanoncinfection respectively. There was
also similarity in the decrease of metabolic processes with propanoate and valine
leucine and isoleucine degradation, downregulated in both 4néections and
coinfection, indicating both pathogens require these resources. In addition, 2
Oxocarboxylicacidmetabolismpnly detectedn A. fumigatusnfectionandglyoxylate
and dicarboxylate metabolism, only detectedPinaeruginosanfection, were also
decreaseth coinfectionindicatingacombinationalmpacton thehosttissue when both

species are present.

The coinfected EVPL induced a more potent adaptive immune activation and
inflammatory response when compared to each rnwiestion exemplified through
elevated Interleuki® detection relative to both moifections. IL-6 has a crucial
rolein protective immunity againgt. fumigatusinfectionin mice (Heldtet al, 2017)
andelevatedL -6 andlung oedemaverecharacteristisignsof P. aeruginosanfection
(Wolbeling et al, 2011). Lactoferrin and ferritin light chain were both decreased in
abundance in coinfected EVPL relativeRo aeruginosanonainfection potentially
indicating the presence &f fumigatuscan disrupt host iron sequestering resulting in
elevated iron availability fuelling bacterial development. This is similar to decreased
expression ofG. mellonella nutrient reservoir processes and can potentially be
attributedto A. fumigatusn theEVPL modelalso. Thiswork clearlydemonstratethat
single and dual ifiections by these two important pathogens have distinct pathologies

within the EVPL tissue, inducing fibrosis and distinct immune responses.
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Thesestudiesculminateto providenovelphenotypicandproteomidnsightinto
thedevelopmenbf A. fumigatusn the presencef variousstressorgxperienceavithin
a host including immune antagonism, oxidative stress, nutrient limitation and
competitionwith bacterial pathogensvVhen exposetb thesestresses imsolationand
in combination A. fumigatusutilises effectors evolved and produced during survival
in thesoil to overcomehesechallengesandsurvive. Theproductionof theseeffectors
appears to be tightly linked with metabolite availability Ao fumigatusas their
production in both model systems examined in this work was tied to protein and
aromatic amino acid metabolism within the host. The main aim of the production of
these effectors appears to be stress mitigation and nutrient salvage. Siderophores
harvesiron from thehostandevengliotoxin, long observedasanimmunosuppressive
toxin is capable of stripping metals such as zinc from the host, although fungal
utilisation of this zinc is yet to be confirmed (Dowrgsl, 2023).

Theability of A. fumigatudo persistollowing inhalationinto thebodyrequires
a specific set of circumstances and mimicking these conditions experimentally often
requires biasing the infection dose to facilitate establishment of infection. The ability
of particular conidia to survive is partially driven by host selection pressure by which
conidiawith particularfitnesstraitsin theenvironmentreselectedor within thehost.
As a result, the traits tHangus already possesses enable it to survitieeipresence
of host effectors. This is further supported by the fact that a small number of protein
changes can significantly altére phenotype and survival ofsdrain in such &ostile
environment resulting in the capacity to cause chronic infection. This indicates that
hostselection influences host adaptation processes by selecting for traits that exist in
the soil that also provide fitness in the human airways and tolerance of antifungal
agents, specifically those fit to tolerate oxidative stress.

Thefactorsenablingfungalpersistenceequiresherepurposingandutilisation
of ancient and conserved mechanisms with ereastivity often to the detriment of
the host, these include siderophores, mycotoxins and enzymes that can degrade host
tissue and facilitate fungal invasion. It remains unclear if any effector identified as
contributing to virulence in patients cannot be found in the soil as many are found to
be produced irresponseto pressureexerted in this niche. The ability t@purpose
thesemoleculesimplies that this accidentalpathogendoesdisplay aspectsof host
adaptatiorandits ability to acquireandutilise hostnutrientsto survivesupportghis.
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Theability of A. fumigatusto survivein thehostenvironmentanbeattributed
to selection for traits thanable the fungus to develop in sl niche. These include
its vast metabolic repertoire and versatility, its suite of fungal effectors and its rapid
adaptability to stress. These factors mAkdumigatusa serious threat and the work
presented here identifies only minor changes are required to facilitate its successful
colonisation of the host from a wildtype strain. These findings suggest that strategies
andeffectorsobserved in thenvironment can giveseto pathogens withouteedfor
significant alterations within the host. Once a species can persist at suitable body
temperature other environmental species may be equally as equipped to colonise
humans through repurposing of enzymes, toxins and traits developed in the
environment. This is of growing concern because of climate change as the number of
fungal pathogens has already increased in recent years in a concerning trend that is
likely to intensify. In some ways this work may confirm t@atfumigatuss an early
emergingarchetypeof anenvironmentafunguswhoseenvironmentahicheshapedts
development and human disease is a consequence of how it has been shaped over
evolutionary time. The inability ofA. fumigatugo compete with bacterial pathogens
asexamined withK. pneumoniae@ndP. aeruginosdhatinhabit asimilar nichein the
soil and in the lung further suppos fumigatué i denti ty as an acci
This can be attributed to the fact that these bacterial species possess more robust
arsenals of effectors which consistently outcompete and exploit the fungus for their
own gain even irrespective of physical interaction. Despite this, traits conferring the
ability of A. fumigatusto grow andpersisin thelungincludingmycotoxinproduction,
hostdegradingenzymesandnutrientacquisitionstrategiesnayalsobepresenin other
environmental fungi shaped by competition with other organisms and screening for
thesdraitsin theenvironmentanaid in identifying speciegshatmayemergeasfuture

pathogens, given the development of thermotolerance.

The mechanisms governing. fumigatushost adaptation and persistence
though not uniquely produced in the host, give rise to a serious human health risk,
resulting in the cost of many lives every yeardépth analysis to understand these
mechanisms is warranted in order to inform effective treatment of the disease. The
nutritional requirements oA. fumigatusand its preferences towards aromatic amino

acid metabolism offers a gap in its microbial armour and offers
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exciting avenuedor the development of targeted therapeutics potentially acting on
the conserved shikimate pathway. Understanding the kinetics and production of
specific effectors and what is requir@dior to their production offers opportunity

to interceptor targetthem to weaken fungal disease but also prevent the detrimental
impacts these factors have on the host. It is crucial to exath@s® factors in
systems that replicate th@omplexity of the host microenvironment to gain true
insight into how these factors facilitate fungalrvival anddiseasedevelopment in

orderto find novel wayso overcome thishreat.

7.2 Concludingremarks and future work

A. fumigatusis a serious cause of disease and death but many of the factors
facilitating its virulence are attributable to the species development in the soil niche.
These include oxidative stress mitigation, the biosynthesis and utilisation of aromatic
amino acids, and the production of various effectors including mycotoxins and
siderophores, some of which can be derived from these metabolites. Examination of
theseraitsin alternativemodelsystemsnimicking aspect®f the hostin isolationhas
providednovelinsigh into therequirementgor fungalsurvivalandpersistencavithin
the host. This work has also examined how aspects of the host environment influence
the production and kinetics of fungal effectors and the impact they have on the host.
Thework presentethereprovideinsightinto thedynamicsof hostpathogennteraction
and has identified immune evasion and mitigation strategies displayed by the fungus
duringtheinitial stage®f thisinteraction.Thework presentedherealsohighlightsthat
only minor alterationsarerequiredto facilitate fungalpersistencen the human host and
that these alterations can influence the efficacy of antifungal therapy. Despite the
ability of A. fumigatugo persistin the presencef multiple stressorst oftencompetes
poorly against other better equipped bacterial pathogens through both indirect
interactions with secreted products and through direct competition within the host
niche. Despite this inability to compete, the fungus still poses a threat to the host and
its interactionswith bacterialspeciesanresultin enhancedirulenceanddevelopment
of its microbial competitoat the expense dfie host. Much remains to be understood
aboutA. fumigatusinteractions and adaptation within the host and this futdre
studies will equip clinicians and researcherswith better targets for diagnostics

andtherapeuticén orderto tacklethis disease.
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Thework presented here primarily focused on proteomic analysis to elucidate
mechanisms governing fungal survival in the host and utilised alternative model
systemsincluding G. mellonellaand the exvivo pig lung model. Futurework can
expand this through examination of fungal development through transcriptomic
analysis as a mulbmics approach can provide more robust and detailed insight into
these factors. Further investigation into kadaptation and passaging work in other
model systems could be conducted to further elucidate the mechanisms governing in
host antifungal tolerance development as this poses a serious threat to human health
and should be understood in better detail.

Theexvivo pig lung model could be furtheleveloped for fungal biologgnd
shouldbeexpandedo examinemorepolymicrobialinteractionsantifungalefficacyin
thecontextof tissueabsorptiorandmetabolismThemodelcouldbefurtherdeveloped
for usein examiningotherpulmonaryfungalpathogensThemodelwould benefitfrom
the development of further, more targeted endpoints to assess particular aspects of
fungalvirulenceanddevelopmentThenextiterationof themodelcouldaimto utilise
condition specific media such as artificial sputum media. This model would also be
improved through the addition of perfusion to replenish nutrients in the system. The
principlesof themodelcouldalsobeappliedto othermodelsystemsncludingsmaller
mammalsuchasmice,whereawholelung modelcouldbedevelopedThemicecould
beutilisedfrom otherexperimentasetupsthatdo notimpactthelungor from breeding
stock mice in line with the 3Rs prindgsto maximise the usef sacrificed mice. The
developmenof awholemurinelungmodelcouldbetteremulatehestructureandentry
of a pathogen into the lung architecture and physiology. It would algassy the
reliance on immunsuppressed mice currently found in fungal pathology literature

enabling the immune response to be retained.

It is with hope that the work presented here will serve as a stepping stone for
future breakthroughs, and that expansion of this work will aid in understanding the
fundamentals ofA. fumigatuspathogenesis and persistence. These expansions will
identify strategies antirgets fothe next generatioof antifungal agents andgill aid

in alleviating the growing threat of antifungal resistance and fungal disease.

224



Chapter 8
Bibliography

225



Abad, A., Victoria Fernandelrlolina, J., Bikandi, JRamirez, A., Margareto, Bendino, J.,
Luis Hernando, F., Ponton, J., Garaizar, J. and Rementeria, A., 2010. What makes
Aspergillus fumigatus a successful pathogen? Genes and molecules involved in
invasive aspergillosifRevista Iberoamericana de Micolog@v (4), 155182.

AbbasR., ChakkourM., Zein El Dine, H., ObasekiE. F.,Obeid,S.T., Jezzini,A., GhsseirG.
and Ezzeddine, Z., 2024. General Overview of Klebsiella pneumonia:
Epidemiology and the Role of Siderophores in Its PathogenRiogy, 13 (2), 78.

Abdallah, Q. A., Choe, S-1., Campoli, P., Baptista,S., Gravelat,F. N., Lee, M. J. and
Sheppard,D. C., 2012. A ConservedC-Terminal Domain of the Aspergillus
fumigatus DevelopmentalRegulatorMedA Is Requiredfor Nuclear Localization,

AdhesionandVirulence.PLOSONE 7 (11),e49959

Abdelhamid, A. G. and Yousef, A. E., 2024. Untargeted metabolomics unveiled the role of
butanoatemetabolismin the developmentof Pseudomonaseruginosahypoxic
biofilm. Frontiersin Cellular and InfectionMicrobiology [online], 14. Available
from:https//www.frontiersin.org/journals/cellulaandinfection
microbiology/articles/10.3389/fcimb.2024.1346813/full [Accessed 21 May 2025].

Abdelwahed, K. S., Siddique, A. B., Mohyeldin, M. M., Qusa, M. H., Goda, A. A., Singh, S.
S., Ayoub, N. M., King,J.A., Jois, S. D. and El Sayed, K. A., 2020. Pseurotas/Aa
novel suppressor of hormone dependent breast cancer progression and recurrence by
inhibiting PCSK9 secretion and interaction with LDL recept®harmacological
Research158, 104847.

Abou-Kandil, A., TrogerGorler, S., Pschibul, A., Krtger, T., Rosin, M., Schmidt, F.,
Akbarimoghaddam, P., Sarkar, A., Cseresnyés, Z., Shadkchan, Y., Heinekamp, T.,
Gréaler, M.H., Barber,A. E., Walther, G.Figge,M. T., Brakhage, AA., OsherovN.
and Kniemeyer, O., 2025. The proteomic response of Aspergillus fumigatus to
amphotericirB (AmB) revealgheinvolvementof theRTA-like proteinRtaAin AmB
resistancemicroLife, 6, uqae024.

Achilonu, C. C.,Davies,A., Kanu,0O. O.,Noel,C. B. andOladele R.,2024.RecentAdvances
and Future Perspectives in Mitigating Invasive Antifurgabistant Pathogen
Aspergillusfumigatusin Africa. CurrentTreatmenOptionsin InfectiousDiseasesl6
(2), 14 33.

Ahadian S.,CivitareseR.,BannermanD., MohammadiM. H., Lu, R., Wang,E., Davenport
Huyer, L.,Lai, B., Zhang,B., Zhao,Y., Mandla,S.,Korolj, A. andRadisic,M., 2018.
OrganOnA-Chip Platforms: A Convergence of Advanced Materials, Cells, and
Microscale Technologie#\dvanced Healthcare Materialg (2).

Akyeéel, F. T. , GPsterici, S., Abal e, H. , Cen
2025. Prevalence and clinical impact of bacteriainfection in chronic pulmonary
aspergillosisBMC Pulmonary Medicine?5 (1), 155.

Al-Amrani,S.,Al-Jabri,Z., Al-Zaabi,A., Alshekaili,J.andAl-Khabori,M., 2021.Proteomics:
Conceptandapplicationsn humanmedicine World Journalof Biological Chemistry
12 (5), 57 69.

AlbasanzPuig, A., Gudio] C., Parody, R., Tebe, C., Akova, M., Araos, R., Bote, A., Brunel,
A.-S.,Calik, S.,Drgona,L., GarciaE.,Hemmati,P.,HerreraF., Ibrahim,K. Y., Isler,

B., Kanj, S., Kern, W., Maestro de la Calle, G., Manzur, A., Marin, J. |., Marquez
GOmez, |., MartirDavila, P., Mikulska, M., Montejo, J. M., Montero, M., Morales,

H. M. P., Morales, I., Novo, A., Oltolini, C., Peghin, M., del Pozo, J. L., Puerta
Alcalde,P.,RuizzCamps]., Sipahi,O. R., Tilley, R., Y&fiez,L., GomesM. Z. R.and
Carratala, J2019. Impacbf antibioticresistance onutcomeof neutropenicancer
patients with Pseudomonas aeruginosa bacteraemia (IRONIC study): study protocol
of a retrospective multicentre international stugiylJ Open 9 (5), e025744.

AlcantarCuriel, M. D., LedezmaEscalanteC. A., Jarillo-Quijada,M. D., GayosseVazquez,

C., Morfin-Otero, R., Rodriguekloriega, E., CedilldRamirez, M. L., Santes
Preciado, J. |. and Gir6én, J. A., 2018. Association of Antibiotic Resistance, Cell
Adherence, and Biofilm Production with the Endemicity of Nosocomial Klebsiella
pneumoniaeBioMed Research Internation£018 (1), 7012958.

226


http://www.frontiersin.org/journals/cellular-and-infection-

Aldrovandi, M., BanthiyaS., Meckelmann, SZhou,Y . , Heydeck, D., O6Don
Kuhn, H., 2018. Specific oxygenation of plasma membrane phospholipids by
Pseudomonageruginosdipoxygenaseénducesstructuralandfunctionalalterationsn
mammaliarcells. Biochimicaet BiophysicaActa(BBA) - Molecularand Cell Biology
of Lipids 1863 (2), 15r164.

Ali, M. F., Tansie,S.M., ShahanJ.R., SeipeltThiemannR. L. andMcClelland,E. E., 2020.
SerialPassagef Cryptococcusmieoformangn GalleriamellonellaResultsn Increased
Capsule and Intracellular Replication in Hemocytes, but Not Increased Resistance to
Hydrogen PeroxideRathogens9 (9), 732.

Alkhazraji,S.,GebremariamT ., Alqarihi, A., Gu, Y., Mamouei,Z., Singh,S.,Wiederhold,

N. P., Shaw, K. J. and Ibrahim, A. 8020. Fosmanogepix (APX001) Is Effective in
the Treatment of Immunocompromised Mice Infected with Invasive Pulmonary
Scedosporiosier DisseminatedrusariosisAntimicrobial Agentsand Chemotherapy

64 (3), e01738.9.

Al-Maleki, A. R., Braima, K. and Rosli, N. A., 2023. Editorial: Integrated omics approaches
in theunderstandingf hostpathogennteractionsFrontiersin Cellular andInfection
Microbiology, 13, 1215104.

Almaliki, H. S.,Angela, A.,GorayaN. J.,Yin, G.andBennettJ.W., 2021.Volatile Organic
Compounds Produced by Human Pathogenic Fungi Are Toxic to Drosophila
melanogasteir-rontiers in Fungal Biologyl, 629510.

Alonso-Roman, R., Mosig, A. S., Figge, M. T., Papenf#it, Eggeling, C., Schacher, F. H.,
Hube, B. and Gresnigt, M. S., 2024. Organchip models for infectious disease
researchNature Microbiology 9 (4), 891904.

Alser, M., Eudine,J.andMutlu, O.,2025.Taminglarge scalegenomicanalysevia sparsified
genomicsNature Communicationd 6 (1), 876.

Alves, R., BaratéAntunes, C., Casal, M., Brown, A. J. P., Dijck, P. V. and Paiva, S., 2020.
Adaptingto survive:How Candidaovercome$iostimposedconstraintsluringhuman
colonizationPLOS Pathogend6 (5), e1008478.

Ami c h, J ., D¢ mi g, M. , O6Keef f e, G. , Bi nder ,
2016. Exploration of Sulfur Assimilation of Aspergillus fumigatus Reveals
Biosynthesi®f Sulfur-ContainingAmino Acidsasa VirulenceDeterminantinfection
and Immunity 84 (4), 917929.

Amich, J. and Krappmann, S., 2012. Deciphering metabolic traits of the fungal pathogen
Aspergillusfumigatus:redundancys. essentialityFrontiersin Microbiology, 3,414.

Amich, J., SchaffererL., Haas, H. and Krappmann, S., 2013. Regulation of Sulphur
Assimilation Is Essential for Virulence and Affects Iron Homeostasis of the Human
Pathogenic Mould Aspergillus fumigatl®.OS Pathogen® (8), e1003573.

Amin, S., Thywissen, A., Heinekamp, T., Saluz, H. P. and Brakhage, A. A., 2014. Melanin
dependent survival ofApergillus fumigatusconidia in lung epithelial cells.
International Journal of Medical Microbiologyd04 (5), 626636.

AndersonK. G., MayerBarber K., Sung,H., Beura,L., JamesB. R., Taylor,J.J.,Qunaj,L.,
Griffith, T.S.,Vezys,V., BarberD. L. andMasopustD., 2014.Intravasculastaining
for discriminationof vasculamandtissudeukocytesNatureProtocols 9 (1), 209 222.

AndesD., BriggemannR.J.,FlanaganS.,Lepak,A. J.,Lewis,R. E.,Ong,V., Rubino,C.

M. and Sandison, T., 2025. The distinctive pharmacokinetic profile of rezafuangin
long-acting echinocandin developed in the era of modern pharmacoméaticsal
of Antimicrobial Chemotherapy0 (1), 1828.

Aruanno, M., Glampedakis, E. and Lamoth, F., 2019. Echinocandins for the Treatment of
Invasive Aspergillosis: from Laboratory to Bedsid&ntimicrobial Agents and
Chemotherapy63 (8), e003999.

Askew, D. S., 2008Aspergillus fumigatusvirulence genes in a strewhart mold.Current
Opinion in Microbiology 11 (4), 331337.

Baenas N. and Wagner, A. E., 2019. Drosophila melanogaster as an alternative model
organism in nutrigenomic§&enes & Nutrition 14, 14.

BahramM. andNetherway,T., 2022.Fungiasmediatorginking organismsandecosystems.

227



FEMSMicrobiologyReviews46(2), fuab058.

Bailly, C. and Vergoten, G., 2020. Interaction of fumigaclavine C with High Mobility Group
Box 1 protein (HMGB1) and its DNA complex: A computational approach.
Computational Biology and Chemisti89, 1074009.

Ballard, E. Melchers, W.J.G., Zoll, J., Brown, A. J. P., Verweij, P. E. and Watrris, A., 2018.
In-host microevolution of Aspergillus fumigatus: A phenotypic and genotypic
analysisFungal Genetics and Biologg13, 113.

Bao, Z., Chen, H., Zhou, M., Shi, G., Li, Q. and Wan, H., 2017. Invasive pulmonary
aspergillosisn patientswith chronicobstructivepulmonarydiseasea casereportand
review of the literatureOncotarget 8 (23), 3806838074.

Baran,S.W., Brown, P.C.,Baudy, A.R., FitzpatrickS.C., Frantz,C., FullertonA., Gan, J.,
Hardwick, R.N., Hillgren, K. M., Kopec, AK., Liras,J.L., Mendrick, D.L., Nagao,

R., Proctor,W. R.,Ramsden, DRibeiro, A.J. S.,Stresser, D.Sung,K. E., Sura,R.,
Tetsuka, K., Tomlinson, LVan Vleet, T., Wagonei. P., Wang, Q., Arslan, ¥.,

Yoder, G. and Ekert, J. E., 2022. Perspectives on the evaluation and adoption of
complex in vitro models in drug development: Workshop with the FDA and the
pharmaceutical industry (IQ MPS Affiliate)LTEX 39 (2), 297314.

Barber, M. F. and Fitzgerald, J. R., 2024. Mechanisms of host adaptation by bacterial
pathogensFEMS Microbiology Reviewg8 (4), fuae019.

Barkal, L. J., Procknow, C. L., Alvareé2arcia, Y. R., Niu, M., Jiménekorres, J. A.,
BrockmanSchneiderR. A., Gern,J.E., Denlinger,L. C., Theberge, AB., Keller, N.

P., Berthier, E. and Beebe, D. J., 2017. Microbial volatile communication in human
organotypic lung model®ature Communication$ (1), 1770.

Basso, P., Ragno, M., Elsen, S., Reboud, E., Golovkine, G., Bouillot, S., Huber, P., Lory, S.,
Faudry,E. andAttrée, l., 2017.Pseudomonaaeruginosa PorEormingExolysinand
Type IV Pili Cooperate To Induce Host Cell LysisBio, 8 (1), e0225d.6.

Beck,J.,EchtenacheB. andEbel,F.,2013.Woroninbodies theirimpacton stresgesistance
and virulence of the pathogenic mould Aspergillus fumigatus and their anchoring at
theseptal poref filamentousAscomycotaMolecularMicrobiology, 89(5), 857 871.

Beck, J. M., Young, V. B. and Huffnagle, G. B., 2012. The microbiome of the lung.
Translational Research: The Journal of Laboratory and Clinical Medjcli&® (4),

258 266.

BenahmedM. A., ElbayedK., DaubeufF., SantelmoN., FrossardN. andNamerl. J.,2014.

NMR HRMAS spectroscopy of lung biopsy samples: Comparison study between
human, pig, rat, and mouse metabolomMagnetic Resonance in Medicin&l (1),
35143.

BenGhazzi, N., Morene/elasquez, S., Seidel, C., Thomson, D., Denning, D. W., Read, N.
D., Bowyer, P. and Gago, S., 2021. Characterisation of Aspergillus fumigatus
Endocytic Trafficking within Airway Epithelial Cells Using HigResolution
Automated Quantitative Confocal Microscoppurnal of Fungi 7 (6), 454.

Bengoechea]l. A. andSaPessoa).,2018.Klebsiellapneumoniaénfectionbiology: living to
counteract host defencd€EMS Microbiology Reviewd3 (2), 128144.

Bercusson, A., Williams, T. J., Simmonds, N. J., Alton, E. W., Griesenbach, U., Shah, A.,
Warris, A. and Armstrond a me s D. , 2025, |l ncreased NF
contribute to the hyperinflammatory phenotype in response to Aspergillus fumigatus
in a mouse model of cystic fibrosBLOS Pathogen1 (2), €1012784.

Bergin, D., Reeves, E. P., Renwick, J., Wientjes, F. B. and Kavanagh, K., 2005. Superoxide
Production in Gallerianellonella Hemocytes: Identification of Proteins Homologous
to the NADPH Oxidase Complex of Human NeutropHhitéection and Immunity73
(7), 41614170.

Bertorellg S., Cei, F., Fink, D., Niccolai, E. and Amedei, A., 2024. The Future Exploring of
Gut Microbiomelmmunity Interactions: From In Vivo/Vitro Models to In Silico
InnovationsMicroorganisms 12 (9), 1828.

Bertuzzi, M., Hayes, G. E., Icheoku, U. J., Van Rhijn, N., Denning, D. W., Osherov, N. and
Bignell, E. M., 2018. AntiAspergillus Activities of the Respiratory Epithelium in

228



Health and Diseasdournal of Fungi 4 (1), 8.

Bhatia, I. P. S., Singh, A., Hasvi, J., Rajan, A. and Venigalla, S. K., 2024. Coinfection of
Klebsiella pneumoniae and Aspergillus in a patient with chronic obstructive
pulmonarydiseasgostcardiacarrestacasereport.Journalof Medical CaseReports
18 (1), 427.

Bigot, J., Guillot, L.,Guitard,J., Ruffin,M., Corvol, H.,Balloy, V. and Hennequin, C2020.
Bronchial Epithelial Cells on the Front Line to Fight Lung Infect{eusing
Aspergillus fumigatusirontiers in Immunologyl1, 1041.

Bitencourt, T., Nogueira, F., Jenull, S., PHaanh, T., Tscherner, M., Kuchler, K. and Lion,
T., 2024. Integrated muitmics identifies pathways governing interspecies
interactionbetweenA. fumigatusandK. pneumoniaeCommunicationsiology, 7 (1),
1496.

Bl omgqui st , K. C. and Ni x, D. ELactam 2Atiictics A Cr i

for Treatment of Pseudomonas aeruginosa Infectioi®ie Annals of
Pharmacotherapy55 (8), 10101024.

Blum, G., PerkhoferS.,HaasH., Schrettl M., Wirzner,R., Dierich,M. P.andLassFlorl, C.,

2008. Potential Basis for Amphotericin B Resistance in Aspergillus terreus.
Antimicrobial Agents and Chemotherap2 (4), 155B1555.

Boers, E., Barrett, M., Su, J. G., Benjafield, A. V., Sinha, S., Kaye, L., Zar, Yliahg, V.,
Tellez, D., Gondalia, R., Rice, M. B., Nunez, C. M., Wedzicha, J. A. and Malhotra,
A., 2023. Global Burden of Chronic Obstructive Pulmonary Disease Through 2050.
JAMA Network Oper6 (12), e2346598.

Boita,M., Heffler, E., Pizzimenti,S.,Raie,A., SaraciE.,OmedéP.,BussolinoC., Bucca,

C. and Rolla, G., 2015. Regulation ofcBll-activating factor expression on the
basophil membrane of allergic patientsternational Archives of Allergy and
Immunology 166 (3), 208212.

Bongomin,F.,Gago,S.,Oladele R. O.andDenning D. W., 2017.GlobalandMulti-National
Prevalence of Fungal DiseadeEstimate Precisiordournal of Fungi 3 (4), 57.

BosS§8kov§, VZelante F.r 20243., Activation af MLdRs by Opportunistic Fungi in
Lung OrganoidsMethods in Molecular Biology (Clifton, N.,J3700, 271284.

BoteroAguirre,J. P.andRestrepo HamidA. M., 2015.AmphotericinB deoxycholate versus
liposomal amphotericin B: effects on kidney functidine Cochrane Database of
Systematic Review2015 (11), CD010481.

Bouillot, S., Pont, S., Gallet, B., Moriscot, C., Deruelle, V., Attrée, |. and Huber, P., 2020.
I nfl ammasome activation by H®nngtximodnas
detrimental for the hosCellular Microbiology, 22 (11), e13251.

vandeBovenkampF. S.,Dijkstra,D. J.,vanKooten,C., GeldermanK. A. andTrouw,L. A.,

2021. Circulating Cl1q levels in health and disease, more than just a biomarker.
Molecular Immunology140, 206216.

Braakhuis, H. M., He, R., Vandebriel, R. J., Gremmer, E. R., Zwart, E., Vermeulen, J. P.,
Fokkens, P., Boere, J., Gosens, |. and Cassee, F. R., 2020. -Aquidrinterface
Bronchial Epithelial Model for Realistic, Repeated Inhalation Exposure to Airborne
Particles for Toxicity Testinglournal of Visualized Experiments: JOMES9).

Braus,G. H., Pries,R.,Duvel,K. andValerius,O.,2004.MolecularBiology of FungalAmino
Acid BiosynthesisRegulationlIn: Kiick, U., ed. Geneticsand Biotechnologyonline].
Berlin, Heidelberg: Springer Berlin Heidelberg, 2289. Available from:
http://link.springer.com/10.1007/978662-074268_13[Accessed 18 Jun 2025].

Brock, M. and Buckel, W., 2004. On the mechanism of action of the antifungal agent
propionate European Journal of Biochemistr®71 (15), 322i73241.

Brown,G.D., Ballou,E.R.,Bates S.,Bignell, E.M., Borman,A. M., Brand,A. C., Brown,
A. J.P.,Coelho,C.,Cook,P.C., Farrer,R. A., GovenderN. P.,Gow,N. A. R.,Hope,
W., Hoving, J. C., Dangarembizi, R., Harrison, T. S., Johnson, E. M., Mukaremera,
L., Ramsdale, M., Thornton, C. R., Usher, J., Warris, A. and Wilson, D., 2024. The
pathobiologyof humanfungalinfections NatureReviewdMicrobiology, 22 (11),687
704

Braem, S. G. E., Rooijakkers, S. M., van Kessel, KP. M., de Cock, H.Wd&sten, H. A. B.,

229

a ¢


http://link.springer.com/10.1007/978-3-662-07426-8_13

van Strijp J. A. G. and Haas, B. A., 2015. Effective NeutrophiPhagocytosis of
Aspergillusfumigatusls Mediatedby ClassicalPathwayComplementActivation.
Journalof Innatelmmunity 7 (4), 364 374.

Browne, N.,HeelanM. andKavanagh, K.2013.An analysis of the structural and functional
similarities of insect hemocytes and mammalian phagocYiedence 4 (7), 597
603.

Bryda, E. C., 2013. The Mighty Mouse: The Impact of Rodents on Advances in Biomedical
ResearchMissouri Medicine110 (3), 20v211.

Buil, J. B., Oliver, J. D., Law, D., Baltussen, T., Zoll, J., Hokken, M. W. J., Tehupeiory
Kooreman, M., Melchers, W. J. G., Birch, M. and Verweij, P. E., 2022. Resistance
profiling of Aspergillusfumigatusto olorofim indicatesabsencef intrinsicresistance
and unveils the molecular mechanisms of acquired olorofim resistenuerging
Microbes & Infections11 (1), 708714.

Bulati, M., Busa, R., Carcione, C., lannolo, G., Di Mento, G., Cuscino, N., Di Gesu, R.,
Piccionello,A. P.,Buscemi,S.,CarrecaA. P.,BarberaF., Monaco,F., CardinaleF.,
Conaldi,P.G. andDouradinhaB., 2021.Klebsiellapneumoniad.ipopolysaccharides
Serotype O2afg Induce Poor Inflammatory Immune Responses Ex Vivo.
Microorganisms9 (6), 1317.

Bultman, K. M., Kowalski, C. H. and Cramer, R. A., 2017. Aspergillus fumigatus virulence
through the lens of transcription factakedical Mycology55 (1), 2438.

Burke, R. M., Sabet, N., Ellis, J., Rangaraj, A., Lawrence, D. S., Jarvis, J. N., Falconer, J.,
Tugume L., Bidwell, G., BerhanuR. H., MacPhersonP.andFord,N., 2025.Causes
of hospitalisation among people living with HIV worldwide, 2023: a systematic
review and metanalysisThe Lancet HIV12 (5), e35be366.

Burks,C., Darby, A., LondofolL. G., Momany,M. andBrewer, M.T., 2021.Azole-resistant
Aspergillus fumigatus in the environment: Identifying key reservoirs and hotspots of
antifungal resistanc&LOS Pathogend7 (7), e1009711.

Cai, L., Gao, P., Wang, Z., Dai, C., Ning, Y., llkit, M., Xue, X., Xiao, J. and Chen, C., 2022.
Lungandgutmicrobiomesn pulmonaryaspergillosisExploringadjunctivetherapies
to combat the diseadérontiers in Immunologyl3, 988708.

CalatayudM., DezutterO.,HernandezSanabriak.,Hidalgo-Martinez,S.,MeysmanF. J.
R.andVanDeWiele,T., 2019.Developmenbf ahostmicrobiomemodelof thesmall
intestine.The FASEB JournaB3 (3), 39853996.

Carolus, H., Pierson, S., Lagrou, K. and Van Dijck, P., 2020. Amphotericin B and Other
Polyened Discovery,Clinical Use Mode of Action andDrug Resistancelournal of
Fungi, 6 (4), 321.

Casadevall, A., 2012. Fungi and the Rise of MamnRllaS Pathogens8 (8), e1002808.

Cerrada,A., Haller, T., Cruz, A. and PérezGil, J., 2015. PneumocyteAssembleLung
Surfactantas Highly Packed/Dehydrate&tateswith Optimal Surface Activity.
Biophysicallournal 109(11),2295 2306.

Chadha, J., HarjaiK. and Chhibber, S., 2022. Revisiting the virulence hallmarks of
Pseudomonas aeruginosa: a chronicle through the perspective of quorum sensing.
Environmental Microbiology24 (6), 26302656.

Challa, S., 2018. Pathogenesisind Pathologyof Invasive Aspergillosis. Current Fungal
InfectionReports12(1), 23/ 32

Chang, D., Sharma, L., Dela Cruz, C. S. and Zhang, D., 2021. Clinical Epidemiology, Risk
Factors,and Control Strategiesof Klebsiella pneumoniadnfection. Frontiers in
Microbiology [online], 12. Available from:
https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.7506
62/full [Accessed 24 Jun 2025].

Chatterjee, P., Moss, C. T., Omar, S., Dhillon, E., Hernandez Borges, C. D., Tang, A. C.,
Stevens, D. A. and Hsu, J. L., 2024. Allergic Bronchopulmonary Aspergillosis
(ABPA) in theEraof CysticFibrosisTransmembran€onductanc®egulato(CFTR)
Modulators.Journal of Fungi 10 (9), 65

230


http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2021.7506

Chen,C.,Wang,J.,PanD.,Wang,X., Xu, Y., Yan,J.,Wang,L., Yang,X., Yang,M. andLiu,

G. , 2023. Applications of mMedCommbd@)i cs ane
e315.

Choeraf., Zelante,T., Romanil. andKeller,N. P.,2018.A MultifacetedRoleof Tryptophan
Metabolism and Indoleamine 2[3oxygenase Activity in Aspergillus fumigatus
Host Interactions. Frontiers in Immunology [online], 8. Available from:
https:/www.frontiersin.org/articles/10.3389/fimmu.2017.0199&ccessed 29 Sep
2023]

Chow, E. W. L., Pang, L. M. and Wang, Y., 2023. Impact of the host microbiota on fungal
infections:New possibilitiesfor intervention?Advancedrug Delivery Reviews198,
114896.

Chung,D., Barker,B. M., Carey,C. C.,Merriman,B., Werner,E. R., LechnerB. E., Dhingra,

S., Cheng, C., Xu, W., Blosser, S. J., Morohashi, K., Mazurie, A., Mitchell, T. K.,
Haas, H., Mitchell, A. P. and Cramer, R. A., 2014. GC&lg and In Vivo
Transcriptome Analyses of the Aspergillus fumigatus SREBP SrbA Reveals a New
Regulatorof the Fungal HypoxiaResponsandVirulence.PLOS Pathogend0(11),
€1004487.

Cigana(C.,Bianconi,., BaldanR.,DeSimoneM., Riva,C., Sipione B., Rossi,G., Cirillo,

D. M. and Bragonzi, A., 2018. Staphylococcus aureus Impacts Pseudomonas
aeruginosa Chronic Respiratddysease irMurine Models.TheJournal of Infectious
Diseases217 (6), 938942.

CiganaC., Castandet]., Sprynski,N., Melessike M., Beyria, L., Ranucci,S.,Alcalé&Franco,

B., Rossi, A., Bragonzi, A., Zalacain, M. and Everett, M., 2021. Pseudomonas
aeruginosa Elastase Contributes to the Establishment of Chronic Lung Colonization
and Modulates the ImmuriResponse in &urine Model. Frontiers inMicrobiology,

11, 620819.

Cordell, H. J., 2009. Detecting gémene interactions that underlie human disedsasire
Reviews Genetic40 (6), 392404.

CortésJ.C.G., Curto,M.-A., CarvalhoV. S.D., PérezP.and Ribas).C.,2019.Thefungal
cell wall as a target for the development of new antifungal theraie®chnology
Advances37 (6), 107352.

CostantiniC.,ParianoM., PuccettiM., Giovagnoli,S.,PampaloneG., Dindo,M., Cellini,

B. and Romani, L., 2024. Harnessing idtergdom metabolic disparities at the
humanfungal interface for novel therapeutic approacHe®mntiers in Molecular
Biosciencesl1, 1386598.

CramerR. A., 2015.In vivo veritas:Aspergillusfumigatusproliferationandpathogenesis
conditionallyspeakingVirulence 7 (1), 7i 10.

Croft, C. A., Culibrk, L., Moore, M. M. and Tebbutt, S. J., 2016. Interactions of Aspergillus
fumigatus Conidia with Airway Epithelial Cells: A Critical Review. Frontiers in
Microbiology  [online],7.Available from:
https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2016.0047
2/full [Accessed 13 Jun 2025].

Cui, N., Wang, H., Longy. and Liu, D., 2013. CD8T-cell counts: an earlgredictor of risk
and mortality in critically ill immunocompromised patients with invasive pulmonary
aspergillosisCritical Care (London, England7 (4), R157.

DagenaisT. R. T. andKeller, N. P.,2009. Pathogenesief Aspergillusfumigatusin Invasive
Aspergillosis Clinical Microbiology Reviews22(3), 447 465.

Dai, X., Liu, X., Li, J., Chen, H., Yan, C., Li, Y., Liu, H., Deng, D. and Wang, X., 2024.
Structural insights into the inhibition mechanism of fungal GWT1 by manogepix.
Nature Communicationd5 (1), 9194.

Dai, X. and Shen,L., 2022. Advancesand Trendsin Omics TechnologyDevelopment.
Frontiersin Medicine 9,911861.

Dasari, P.Koleci, N.,Shopoval. A., WartenbergD., Beyersdorf, N.Dietrich, S.,Sahagun
Ruiz, A., Figge, M. T., Skerka, C., Brakhage, A. A. and Zipfel, P. F., 2019. Enolase
FromAspergillusfumigatusls aMoonlightingProteinT hatBindstheHumanPlasma
ComplementProteinsFactor H, FHL-1, C4BP, and PlasminogenFrontiers in

231


http://www.frontiersin.org/articles/10.3389/fimmu.2017.01996
http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2016.0047

Immunology [online], 10. Available from:
https//mwww.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2019.0257
3/full [Accessed 18 Dec 2024].

De FrancescoM. A., 2023. Drug-ResistantAspergillusspp.: A Literature Review of Its
Resistance Mechanisms and Its Prevalence in EulRgeogens12 (11), 1305.

Delliere,S.andAimaniandayV., 2023.Humorallmmunity Against Aspergillugumigatus.
Mycopathologial88(5), 603 621.

Denning, D. W., 2024. Global incidence and mortality of severe fungal disSEasd.ancet
Infectious Disease24 (7), e42Be438.

Denning, D. W., Cadranel, J., Beigelmanbry, C., Ader, F., Chakrabarti, A., Blot, S.,
Ullmann, A. J., Dimopoulos, G. and Lange, C., 2016. Chronic pulmonary
aspergillosis: rationale and clinical guidelines for diagnosis and management.
European Respiratory Journad7 (1), 4568.

Denning, D. W., Pleuvry, A. and Cole, D. C., 2011. Global burden of chronic pulmonary
aspergillosis as a sequel to pulmonary tubercul@idietin of the World Health
Organization 89 (12), 864872.

DesoubeauxG. andCray,C., 2018.Animal Modelsof Aspergillosis.Comparative Medicine
68 (2), 109123.

Detsika, M. G., Palamaris, K., Dimopoulou, I., Kotanidou, A. and Orfanos, S. E., 2024. The
complement cascade in lung injury and diseRespiratory Researc¢i25 (1), 20.

Dewi, I. M. W., van de Veerdonk, F. L. and Gresnigt, M. S., 2017. The Multifaceted Role of
T-HelperResponseim Host DefenseagainstAspergillusfumigatus.Journal of Fungi,

3 (4), 55.

Dickwella WidanageM. C., Gautam, |., Sarkar, D., MentiWgier, F., Vermaas, J.

V., Ding, S:Y., Lipton, A. S., Fontaine, T., Latgé;B., Wang, P. and Wang,
T.,2024.Adaptativesurvival of Aspergillusfumigatusto echinocandingrises

from cell wal | r e-glucam synthesigyinhibittogNatured b1 1,
Communicationsl5 (1), 6382.

Diggle, S. P. and Whiteley, M., 2020. Microbe Profile: Pseudomonaseruginosa:
opportunistic pathogen and lab rslicrobiology, 166 (1), 3033.

Dong, F. and Perdew,G. H., 2020. The aryl hydrocarborreceptoras a mediatorof host
microbiota interplayGut Microbes 12 (1), 1859812.

Dong,Z.andChen,Y., 2013.TranscriptomicsadvancesindapproachesScienceChina.Life
Sciencesb6 (10), 960967.

Donnelley, M. A., Zhu, E. S. and Thompson, G. R., 2016. Isavuconazole in the treatment of
invasiveaspergillosiandmucormycosisnfections.Infectionand Drug Resistance,
79i 86.

Downes, S. G., Owens, R. A., Walshe, K., Fitzpatrick, D. A., Dorey, A., Jones, G. W. and
Doyle, S., 2023. Gliotoximediated bacterial growihhibition is caused by specific
metal ion depletionScientific Reportsl3 (1), 16156.

DriessenN. N., Boshoff,H. I. M., Maaskant,).J.,Gilissen,S.A. C.,Vink, S.,vander Sar,

A. M., Vandenbrouck&rauls, C. M. J. E., Bewley, C. A., Appelmelk, B. J. and
Geurtsen, J., 2012. Cyanovii inhibits mannoselependent Mycobacteriu®@-
type lectin interactions but does not protect against murine tuberculosisal of
Immunology (Baltimore, Md.: 1950)89 (7), 35863592.

Drinkwater,E.,RobinsonE. J.H. andHart,A. G.,2019.Keepinginvertebrateesearclethical
in a landscape of shifting public opinioviethods in Ecology and EvolutipfhO (8),
1265 1273.

DuarteMata, D. I. and Salina€armona, M. C., 2023. Antimicrobial peptides” immune
modulation role in intracellular bacterial infectioRrontiers in Immunology 14,
1119574.

Duong, V:A. and Lee, H., 2023. Bottotdp Proteomics: Advancements in Sample
Preparation. International Journal of Molecular Scienges24 (6), 5350.

232


http://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2019.0257

Earle K., Valero,C.,Conn,D. P.,Vere,G.,Cook,P.C.,Bromley,M. J.,Bowyer,P.andGago,
S., 2023. Pathogenicity and virulence of Aspergillus fumigatirsilence 14 (1),
2172264.

DupreeE. J.,JayathirthaM., Yorkey, H., Mihasan M., Petre B. A. andDarie,C. C.,
2020. A Critical Review of Bottorup Proteomics: The Good, the Bad, and
the Future of This Field®Proteomes8 (3), 14.

Emri, T.,Antal, K., Varga,K., Gila, B. C. andPdécsi, 1.,2024.The Oxidative Stress Response
Highly Depends on Glucose and Iron Availability in Aspergillus fumigalosirnal
of Fungi 10 (3), 221.

Ercan, H., Resch, U., HsH,, Mitulovic, G., Bileck, A., Gerner, C., Yang;\l., Geiger, M.,
Miller, 1. andZellner,M., 2023.A PracticalandAnalytical ComparativeStudyof Gel
Based Topown and GeFree BottomUp Proteomics Including Unbiased
Proteoform DetectiorCells, 12 (5), 747.

Esquivel, B. D., Smith, AR., Zavrel M. andWhite, T. C., 2015. Azole Drug Import into the
Pathogenic Fungus Aspergillus fumigatastimicrobial Agents and Chemotherapy
59 (6), 33903398.

Fabri,J.H. T. M., RochaM. C.,Fernande<C. M., PersinotiG. F.,Ries,L. N. A., CunhaA.

F. da, Goldman, G. H., Del Poeta, M. and Malavazi, I., 2021. The Heat Shock
Transcription Factor HsfA Is Essential for Thermotolerance and Regulates Cell Wall
Integrity in Aspergillus fumigatugzrontiers in Microbiology]online], 12. Available
from: https:/www.frontiersin.org/articles/10.3389/fmicb.2021.656594&cessed 19

Sep 2023].

Fagerlund, R., Kinnunen, L., Kdéhler, M., Julkunen, I. and Melén, K., 20050 BF | s
Transportednto the Nucleusby Importin U 2andimportin U 4 Journal of Biological
Chemistry 280 (16), 1594i215951.

Fallon,J.P.,ReevesE. P.andKavanaghK., 2010.Inhibition of neutrophiffunctionfollowing
exposure to the Aspergillus fumigatus toxin fumagillibournal of Medical
Microbiology, 59 (6), 625633.

Fallon, J. P., Reeves, E. P. and Kavanagh, K., 2011. The Aspergillus fumigatus toxin
fumagillin suppressetheimmuneresponsef Galleriamellonellalarvaeby inhibiting
the action of haemocytelslicrobiology (Reading, England}57 (Pt 5), 14811488.

Fan, X., Shu, P., Wang, Y., Ji, N. and Zhang, D., 2023. Interactions between neutrophils and
T-helper 17 cellsFrontiers in Immunologyl4, 1279837.

FengX., Krishnan K., Richie,D. L., AimaniandayV., Hartl, L., Grahl,N., PowersFletcher,

M. V., Zhang M., Fuller,K. K., Nierman, W. C., Lul.. J., Latgé, 3P.,Woollett, L.,
NewmanS.L., Jr,R.A. C.,Rhodes,).C.andAskew,D. S.,2011.HacA-Independent
Functionof theER StressSensotreA Synergizevith theCanonicalJPRto Influence
Virulence Traits in Aspergillus fumigatuBLOS Pathogens (10), e1002330.

Firacative, C., Khan, A., Duan, S., Ferreifaim, K., Leemon, D. and Meyer, W., 2020.
Rearing and Maintenance of Galleria mellonella and Its Application to Study Fungal
Virulence.Journal of Fungi 6 (3), 130.

Fleming, A., 1929. On the Antibacterial Action of Cultures of a Penicillium, with Special
Referencdo their Usein the Isolationof B. influenzaeBritish journal of experimental
pathology 10 (3), 226.

Franco, N. H. and Olsson, I. a. S., 2014. Scientists and the 3Rs: attitudes to animal use in
biomedicalresearctandtheeffectof mandatontrainingin laboratoryanimalscience.

Laboratory Animals48(1), 50i 60.

Frank, D., Naseem, S., Russo, G. L., Li, C., Parashar, K., Konopka, J. B. and Carpino, N.,
2018. Phagocytes from Mice Lacking the Sts Phosphatases Have an Enhanced
Antifungal Response to Candida albicam&io, 9 (4), 10.1128/mbio.0078P8.

Gago, S., Denning, D. W. and Bowyer, P., 2019. Pathophysiological aspects of Aspergillus
colonization in diseasdledical Mycology57 (Supplement_2), S219227.

233


http://www.frontiersin.org/articles/10.3389/fmicb.2021.656548

Gallorini, M., Marinacci, B., Pellegrini, B., Cataldi, A., Dindo, M. L., Carradori, S. and
Grande, R., 2024. Immunophenotyping of hemocytes from infected Galleria
mellonella larvae as an innovative tool for immune profiling, infection studies and
drug screeningScientific Reportsl4 (1), 759.

Gannon, A. D. and Darch, S. E., 2021. Same Game, Different Players: Emerging Pathogens
of the CF LungmBig, 12 (1), 10.1128/mbio.012120.

Garg, M., Bhatia, H., Chandra, T., Debi, U., Sehgal, I. S., Prabhakar, N., Sandhu, M. S. and
Agarwal, R., 2022. Imaging Spectrum in Chronic Pulmonary Aspergilldsis.
American Journal of Tropical Medicine and Hygied68 (1), 15.

Gaudet, R. G., Bradfield, C. J. and MacMicking, J. D., 2016. Evolution ofAtétinomous
Effector Mechanisms in Macrophages versus iNomune Cells. Microbiology
Spectrum4 (6), 10.1128/microbiolspec.mcili®50 2016.

Gayathri,L., AkbarshaM. A. andRuckmaniK., 2020.In vitro studyon aspect®f molecular
mechanisms underlying invasive aspergillosis caused by gliotoxin and fumagillin,
alone and in combinatio&cientific Reports10 (1), 14473.

GeisAsteggiante, L., OstranBosenberg, S., Fenselau, C. and Edwards, N. J., 2016.
Evaluation of Spectral Counting for Relative Quantitation of Proteoforms iR Top
Down ProteomicsAnalytical chemistry88 (22), 1090010907.

GeorgacopoulgsO., Nunnally, N., Law, D., Birch, M., Berkow, E. L. and Lockhart, S. R.,
2023. In Vitro Activity of the Novel Antifungal Olorofim against Scedosporium and
Lomentospora prolificanddicrobiology Spectrumll (1), e027822.

GeorgeM. E.,Gaitor,T. T., Cluck,D. B., HenaeMartinez A. F., Sells,N. R.andChastain,

D. B., 2025. The impact of climate change on the epidemiology of fungal infections:
implications for diagnosis, treatment, and public health stratediksrapeutic
Advances in Infectious Disease?, 20499361251313840.

GeunesBoyer, S.Heitman, J.Wright, J. R.and Steinbach). J., 2010. Surfactant protein D
binding to Aspergillus fumigatus hyphae is calcinew@msitive Medical Mycology
48 (4), 580588.

Ghazaei, C., 2017. Molecular Insights into Pathogenesis and Infection with Aspergillus
FumigatusThe Malaysian Journal of Medical Sciences : MJI2% (1), 1020.

Giamberardino, C. D., Schell, W. A., Tenor, J. L., Toffaletti, D. L., Palmucci, J. R., Marius,
C., Boua, JV. K., Soltow, Q., Mansbach, R., Moseley, M. A., Thompson, J. W.,
Dubois, L. G., Hope, W., Perfect, J. R. and Shaw, K. J., 2022. Efficacy of APX2039
in a Rabbit Model of Cryptococcal MeningitimBio, 13 (6), €0234722.

Gilmour, B. C., Corthay, A. and @ynebratdn 2024. High production of H12 by human
dendritic cells stimulated with combinations of patteznognition receptor agonists.
npj Vaccines9 (1), 83.

Goletti, D., Meintjes, G., Andrade, B. B., Zumla, A. and Lee, S. S., 2025. Insights from the
2024 WHO Global Tuberculosis RepdrtMore Comprehensive Action, Innovation,
andInvestmentsequiredfor achievingWHO End TB goals.International Journal of

Infectious Diseases [onling], 150. Available from:
https:/www.ijidonline.com/article/S1209712(24)0040&t/fulltext [Accessedl0
Jun2025].

GoncalvesS. M., DuarteOQliveira, C., CamposC. F., Aimanianday ., terHorst,R., Leite, L.,
Mercier, T., Pereira, P., Fernand8arcia, M., Antunes, D., Rodrigues, C. S,
BarbosaMatos, C., Gaifem, J., Mesquita, |., Marqu&s,Osorio, N. S.Torrado,E.,
Rodrigues, F., Costa, S., Joosten, L. A., Lagrou, K., Maertens, J., Lacerda, J. F.,
Campos, A., Brown, G. D., Brakhage, A. A., Barbas, C., Silvestre, R., van de
Veerdonk, F. L., Chamilos, G., Netea, M. G., LatgéP.J. Cunha, C. and
Carvalho,A.,2020. Phagosomatemovalof fungal melaninreprogramsmacrophage
metabolism to promote antifungal immunilyature Communicationd1 (1), 2282.

Gow, N. A. and Hube, B., 2012. Importance of fBiandida albicanscell wall during
commensalism and infectioGurrent Opinion in Microbiology15 (4), 406412.

Grahl, N., Dinamarco, T. M., Willger, S. D., Goldman, G. H. and Cramer, R. A., 2012.
Aspergillusfumigatusmitochondriakelectrontransporchainmediate©xidativestress
homeostasid)ypoxiaresponseandfungal pathogenesidMolecularMicrobiology, 84

234


http://www.ijidonline.com/article/S1201-9712(24)00400-4/fulltext

(2), 383 399.

Granato, ET., Meiller-Legrand,T. A. and FosterK. R., 2019.The EvolutionandEcologyof
Bacterial WarfareCurrent biology: CB29 (11), R521R537.

Grassl, N., Kulak, N. A., Pichler, G., Geyer, P.Hng, J., Schubert, S., Sinitcyn, P., Cox, J.
andMann,M., 2016.Ultra-deepandquantitativesalivaproteomeaevealsdynamicsof
the oral microbiomeGenome Medicined (1), 44.

Gravelat, FN., BeauvaisA., Liu, H., Lee,M. J.,Snarr,B. D., Chen, D.Xu, W., Kravtsov,l,
Hoareau, C. M. Q., Vanier, G., Urb, M., Campoli, P., Al Abdallah, Q., Lehoux, M.,
Chabot, J. C., Ouimet, MC., Baptista, S. D., Fritz, J. H., Nierman, W. C., Latgé, J.
P., Mitchell, A. P., Filler, S. G., Fontaine, T. and Sheppard, D. C., 2013. Aspergillus
galactosaminogalactanediatesadherencéo hostconstituenteindconcealdyphalb-
glucan from the immune systeLoS pathogen® (8), e1003575.

Greco, T. M. and Cristea, I. M., 2017. Proteomics Tracing the Footsteps of Infectious
Disease*Molecular & Cellular Proteomicsl6 (4, Supplement 1), 8514.

Greenberger, P. A., 2013. When to suspect and work up allergic bronchopulmonary
aspergillosisAnnals of Allergy, Asthma & Immunologyl1 (1), 14.

Gresnigt, M. S., RekikiA., Rasid, O., Savers, A., Jouvion, G., Dannaoui, E., Parlato, M.,
Fitting, C., Brock, M., Cavaillon, :M., van de Veerdonk, F. L. and IbrahiBranet,

O., 2016. Reducing hypoxia and inflammation during invasive pulmonary
aspergillosis by targeting the InterleukinmeceptorScientific Reportst (1), 26490.
Griandlinger, M., Gsaller, F., Schrettl, M., Lindner, H. and Haas, H., 2013. Aspergillus
fumigatus SidJ Mediates Intracellular Siderophore Hydroly#gplied and

Environmental Microbiology79 (23), 753#%7536.

Guegan, H., Prat, E., Robéangneux, F. and GangneuxPJ, 2021. Azole Resistance in
AspergillusfumigatusA Five-YearFollow Up Experiencén aTertiaryHospitalWith
a SpecialFocuson CysticFibrosis.Frontiersin Cellular andInfectionMicrobiology,

10, 613774.

Gunther, K.Nischang, V.Cseresnyés, ZKruger,T., ShetaD., Abboud,Z., Heinekamp, T.,
Werner, M., Kniemeyer, O., Beilhack, A., Figge, M. T., Brakhage, A. A., Werz, O.
and Jordan, P. M., 2024. Aspergillus fumigatiesived gliotoxin impacts innate
immunecell activationthroughmodulatinglipid mediatorproductionin macrophages.
Immunology 173 (4), 748767.

Guo, H., Wang, L., Deng, Y. and Ye, J., 2021. Novel perspectives of environmental
proteomicsScience of The Total Environmgeni88, 147588.

Gursoy, G., Li, T., Liu, S., Ni, E., Brannon, C. M. and Gerstein, M. B., 2022. Functional
genomics datgorivacyrisk assessmerandtechnologicamitigation. NatureReviews
Genetics 23 (4), 245258.

Guruceaga X., Ezpeleta, G., Mayayo, E., Sueiivares, M., AbadDiaz-De-Cerio, A.,
Aguirre UrizarJ.M., Liu, H. G.,WiemannP.,Bok, J.W., Filler, S.G.,Keller,N. P.,
Hernando, F. L., RamireBarcia, A. and Rementeria, A., 2018. A possible role for
fumagillin in cellular damage during host infection by Aspergillus fumigatus.
Virulence 9 (1), 15481561.

Gutierrez Reyes, C. D., Alejdacuinde, G., Perez Sanchez, B., Chavez Reyes, J., Onigbinde,
S., Mogut, D., Hernandelasso, I., Calderévallejo, D., Quintanar, J. L. and
Mechref, Y., 2024. Multi Omics Applications in Biological Syster@sirrent Issues
in Molecular Biology 46 (6), 577v5793.

Haas, D., Lesch, S., Buzina, W., Galler, H., Gutschi, A. M., Habib, J., Pfeifer, B., L.uxner
and Reinthaler, F. F., 2016. Culturable fungi in potting soils and comyeslical
Mycology 54 (8), 825834.

Haas, H., 2012. Iroh A Key Nexus in the Virulence of Aspergillus fumigatésontiers in
Microbiology [online], 3. Available from:
https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2012.0002
8/full [Accessed 16 Jun 2025].

Habanjar, O., DialAssaf, M., Caldefie€Chezet, F. and Delort, L., 2021. 3D Cell Culture
Systems: Tumor Application, Advantages, and Disadvantdgesnational Journal
of Molecular Science2 (22), 12200.

235


http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2012.0002

Hall, S.,McDermott,C., AnoopkumasDukie, S.,McFarland A. J.,ForbesA., Perkins A. V.,
Davey, A. K., Ches®illiams, R., Kiefel, M. J., Arora, D. and Grant, G. D., 2016.
Cellular Effects of Pyocyanin, a Secreted Virulence Factor of Pseudomonas
aeruginosaToxins 8 (8), 236.

Harrington, N. E., Allen, F., Garcislaset, R. and Harrison, F., 2022. Pseudomonas
aeruginosaranscriptomeanalysisn a cysticfibrosislungmodelrevealsmetabolic
changesiccompanyindiofilm maturationandincreasedntibiotictoleranceover
time.[online]. Available from:
https:/www.biorxiv.org/content/10.1101/2022.06.30.49831A&dcessed 29 Jan
2025].

Harrington, N. E., Sweeney, E. and Harrison, F., 2020. Building a better bidfitmmation
of in vivo-like biofilm structures by Pseudomonas aeruginosa in a porcine model of
cystic fibrosis lung infectiorBiofilm, 2, 100024.

Harrison,F. andDiggle,S.P.,2016.An exvivo lung modelto studybronchiolesnfectedwith
Pseudomonas aeruginosa biofileBcrobiology, 162 (10), 17561760.

Harrison, F., Muruli, A., Higgins, S. and Diggle, S. P., 2014. Development of an Ex Vivo
PorcineLung Model for StudyingGrowth, Virulence,and Signalingof Pseudomonas
aeruginosalnfection and Immunity82 (8), 331R3323.

Hartmann, T., Sasse, C., Schedler, A., Hasenberg, M., Gunzer, M. and Krappmann, S., 2011.
Shaping the fungal adaptomgé Stress responses of\spergillus fumigatus
International Journal of Medical Microbiologyg01 (5), 408416.

Hasin, Y., Seldin, M. and Lusis, A., 2017. Multmics approaches to diseasgenome
Biology, 18 (1), 83.

Hastings, C. J., Syed, S. S. and Marques, C. N. H., 2023. Subversion of the Complement
System by Pseudomonas aerugindsarnal of Bacteriology205 (8), e0001-23.

HatinguaisR.,PradhanA., Brown,G.D., Brown,A. J.P.,Warris,A. andShekhovak.,2021.
Mitochondrial Reactive Oxygen Species Regulate Immune Responses of
Macrophages to Aspergillus fumigatésontiers in Immunologyl2, 641495.

HauserA. R.,2009.TheTypelll SecretiorSystemof Pseudomonageruginosa: Infectiohy
Injection.Nature reviews. Microbiology? (9), 654 665.

Hawksworth, D. L. and Lucking, R., 2017. Fungal Diversity Revisited: 2.2 to 3.8 Million
SpeciesMicrobiology Spectrumb (4).

He,Q.,Li, M., Cao,J.,Zhang M. andFeng,C., 2025.Clinical characteristics antsk factors
analysis of allergic bronchopulmonary aspergillosis combined with bronchiectasis.
Frontiers in Medicine [online], 12. Available from:
https//www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1557241/
full [Accessed 10 Jun 2025].

Heinekamp, T.Schmidt, H.Lapp,K., Pahtz, V.Shopova, |.K&sterEiserfunkeN., Kriiger,

T., Kniemeyer, O. and Brakhage, A. A., 2015. Interference of Aspergillus fumigatus
with the immune responsBeminars in Immunopathology? (2), 141152.

Heinekamp, T., Thywil3en, A., Macheleidt, Keller, S., Valiante, V. and Brakhage, A. A.,
2013.Aspergillustumigatusmelaninsinterferencavith thehostendocytosipathway
and impact on virulencé&rontiers in Microbiology 3, 440.

Heinrich, S. M., 2011. Human $&F- genes, structure, functienand lung diseases.
Text.PhDThesis. [online]. LudwilylaximiliansUniversitat Minchen. Available
from: https://edoc.ub.uanuenchen.de/13834/ [Accessed 12 May 2025].

Heldt, S., Eigl, S., Prattes, J., Flick, H., Rabensteiner, J., Priller, F., Niedridgumeister,

P., Wdlfler, A., Strohmaier, H., Krause, R. and Hoenigl, M., 2017. Levels of
interleukin (IL)}-6 and IL-8 are elevated in serum and bronchoalveolar lavagediuid
haematologicgbatientswith invasivepulmonaryaspergillosisMycoses60(12),818

825.

HerbstS.,ShahA., Carby,M., ChusneyG., Kikkeri, N., Dorling, A.,Bignell, E., Shaunak,

S. and Armstronglames, D., 2013. A new and clinically relevant murine model of
solid-organ transplant aspergillosiBisease Models & Mechanispts(3), 643651.

Hewitt, R.J.andLloyd, C. M., 2021.Regulationof immuneresponseby theairwayepithelial

cell landscapeNature Reviews Immunologdl (6), 347362.

236


http://www.biorxiv.org/content/10.1101/2022.06.30.498312v1
http://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2025.1557241/

Hillege, M. M. G., Galli Caro, R. A., Offringa, C., de Wit, G. M. J., Jaspers, R. T. and
Hoogaars, W. M. H., 2020. T&F Regul at es Coll agen Type
Myoblasts and Myotubes via Transient Ctgf and-EgfxpressionCells 9 (2), 375.

Hillmann, F.,NovohradskaS.,Mattern,D. J.,ForbergerT., Heinekamp(T ., Westermanniy.,
Winckler, T. and Brakhage, A. A., 2015. Virulence determinants of the human
pathogenic fungus Aspergillus fumigatus protect against soil amoeba predation.
Environmental Microbiologyl7 (8), 285828

Hoang,T.N. M., Cseresnyég.., Hartung,S.,Blickensdorf M., Saffer,C.,RennertK., Mosig,

A. S.,vonLilienfeld-Toal,M. andFigge,M. T., 2022.Invasiveaspergillosison-chip:
A quantitative treatment study of humaAspergillus fumigatusinfection.
Biomaterials 283, 121420.

Howard, S. J., Pasqualotto, A. C., Anderson, M. J., Leatherbarrow, H., Albarrag, A. M.,
Harrison, E., Gregson, LBowyer, P.and Denning, D. W., 2013. Major variations in
Aspergillus fumigatus arising within aspergillomas in chronic pulmonary
aspergillosisMycoses56 (4), 434441.

Huang,T.,ZhangM., Tong,X., ChenJ.,Yan,G.,Fang,S.,Guo,Y., Yang,B., Xiao, S.,Chen,

C., Huang, L. and Ai, H., 2018. Microbial communities in swine lungs and their
association with lung lesionslicrobial Biotechnology12 (2), 289304.

Huch, M. and Koo, BK., 2015. Modeling mouse and human development using organoid
cultures.Development (Cambridge, England¥2 (18), 31133125.

Hughes, D. A., Archangelidi, O., Coates, M., Armstrdagnes, D., Elborn, S. J., Carr, S. B.
and Davies, J. C., 2022. Clinical characteristicBsfudomonaand Aspergillusco-
infected cystic fibrosis patients: A UK registry studgurnal of Cystic Fibrosis21
(1), 129 135.

Hui, S. T., Gifford, H. and Rhodes, J., 2024. Emerging Antifungal Resistance in Fungal
PathogensCurrent Clinical Microbiology Reportdll (2), 4350.

Hunter,P.,2022.Replacingnammalsn drugdevelopmentEMBOReports24 (1), e56485.

Huszczynski,S. M., Lam, J.S. and Khursigara,C. M., 2020. The Role of Pseudomonas
aeruginosa Lipopolysaccharide in Bacterial Pathogenesis and Physiology.
Pathogen® (1), 6.

Huttel, W., 2021. Echinocandins: structural diversity, biosynthesis, and development of
antimycotics Applied Microbiology and Biotechnolog$05 (1), 5566.

Ibrahim, S.R. M., Mohamed, H. M., Aljahdali, A. SMurshid, S.S. A., Mohamed, S. G. A,,
Abdallah, H. M.and Mohamed, G. A., 2025. Aspergillus fumigatus from Pathogenic
Fungus to Unexplored Natural Treasure: Changing the Condepirnal of
Microbiology and Biotechnolog5, e2411082.

IbrahimGranet, O., Dubourdeau, M., LatgéPJ, Ave, P., Huerre, M., Brakhage, A. A. and
Brock, M., 2008. Methylcitrate synthase from Aspergillus fumigatus is essential for
manifestation of invasive aspergillos@ellular Microbiology, 10 (1), 134148.

Invernizzi, R., Lloyd, C. M. and Molyneaux, P. L., 2020. Respiratory microbiome and
epithelial interactions shape immunity in the luriggnunology 160 (2), 171182.

|l vashki v, L. B. , 2018. |l FNo: signalling, ep
diseaseand canceimmunotherapyNature reviews. Immunolog$8 (9), 545558.

Jackson, J. C., Higgins, L. A. and Lin, X., 2009. Conidiation Color Mutants of Aspergillus
fumigatusAre Highly Pathogenido the HeterologousnsectHostGalleriamellonella.
PLOS ONE4 (1), e4224.

JeanBeltran, P. M., FederspielJ. D., Sheng,X. andCristea,l. M., 2017. Proteomicsand
integrative omic approachedor understandinghost pathogeninteractionsand

infectiousdiseasedMolecular Systems Biology 3(3), 922.

Jensen, K. B. and Little, M. H., 2023. Organoids are not organs: Sources of variation and
misinformation in organoid biologystem Cell Reportd.8 (6), 12551270.

JessenH., Hoyer, N.,Prior,T. S.,Frederiksen, PKarsdal M. A., Leeming, DJ.,Bendstrup,
E.,SandJ.M. B. andShakerS.B., 2021.Turnoverof typel andlll collagenpredicts
progression of idiopathic pulmonary fibrodi®espiratory Researc¢l22 (1), 205.

Jia, L-J., Rafig, M., Radosa, L., Hortschansi., Cunha, C., Cseresnyés, Z., Kruger, T.,
Schmidt, F., Heinekamp, T., Stral3burger, M., Loffler, B., Doenst, T., Lacerda, J. F.,

237



Campos, A., Figge, M. T., Carvalho, A., Kniemeyer, O. and Brakhage, A. A., 2023.
Aspergillusfumigatushijackshumanpl1to redirectfungalcontainingphagosomet
nondegradative pathwayell Host & Microbe 31 (3), 373388.e10.

JiménezOrtigosa, C., MooreC., Denning, DW. andPerlin, D.S.,2017.Emergence
of Echinocandin Resistance Due to a Point Mutation in the fksl Gene of
Aspergillus fumigatus in a Patient with Chronic Pulmonary Aspergillosis.
Antimicrobial Agents and Chemothera@yl (12), 10.1128/aac.01217.

Jo, E-K., 2019. Interplay betweenhost and pathogen:immune defenseand beyond.
Experimenta& MolecularMedicine 51(12), 1i 3.

Jargenser. M., Astvad,K. M. T.andArendrup,M. C.,2020.In Vitro Activity of Manogepix
(APX001A) and Comparators against Contemporary Molds: MEC Comparison and
PreliminaryExperiencewnith ColorimetricMIC Determination Antimicrobial Agents
and Chemotherapy4 (8), 10.1128/aac.007-20.

Joshi, P. R., 2024. Pulmonary Diseases in Older Patients: Understanding and Addressing the
ChallengesGeriatrics, 9 (2), 34.

Junqueira, J. C. and Mylonakis, £Q19. Current Status and TreridsAlternative Models to
Study Fungal Pathogenkurnal of Fungi5 (1), 12.

Kale, S. D., Ayubi, T., Chung, D., Tubduwni, N., Leber, A., Dang, H. X., Karyala, S.,
Hontecillas, R., Lawrence, C. B., Cramer, R. A. and BassagRm®ya, J., 2017.
Modulation of Immune Signaling and Metabolism Highlights Host and Fungal
Transcriptional Responses in Mouse Models of Invasive Pulmonary Aspergillosis.
Scientific Reports7 (1), 17096.

Kamai, Y., Lossinsky A. S., Liu, H., Sheppard, D. C. and Filler, S. G., 2009. Polarized
Response of Endothelial Cells to Invasion by Aspergillus fumigafiedlular
Microbiology, 11 (1), 170182.

Kanaujia, R., Singh, S. and Rudramurtl®y M., 2023. Aspergillosis: an Update on Clinical
Spectrum, Diagnostic SchemasdManagementCurrent Fungal Infection Reports
17 (2), 144 155.

Kang,Y., Ma,W., Li, Q.,Wang,P.andJia,W., 2025.Epidemiology antifungalsusceptibility
and biological characteristics of clinical Aspergillus fumigatus in a tertiary hospital.
Scientific Reportsl5 (1), 16906.

Kanj,A., Abdallah,N. andSoubaniA. O.,2018.Thespectrunmof pulmonaryaspergillosis.
RespiratoryMedicine 141,121 131.

Kaplan, B. L. F., Hoberman, A. M., Slikker, W., Smith, M. A., Corsini, E., Knudsen, T. B.,
Marty, M. S., Sobrian, S. K., Fitzpatrick, S. C., Ratner, M. H. and Mendrick, D. L.,
2024. Protecting Human and Animal Health: The Road from Animal Mod&lswo
Approach Method€?harmacological Review36 (2), 251266.

Katsoulis, O., Pitts, O. R. and Singanayagam, A., 2024. The airway mycobiome and
interactions with immunity in health and chronic lung disea®&ford Open
Immunology5 (1), igae009.

Katt, M. E., Placone, A. LWong, A. D., Xu, Z. S. and Searson, P. C., 2016/itro Tumor
Models: Advantages, Disadvantages, Variables, and Selecting the Right Platform.
Frontiers in Bioengineering and Biotechnolody 12.

Kaur, N. and Dey, P., 2023. Bacterial exopolysaccharides as emerging bioactive
macromolecules: from fundamentals to applicatidtessearch in Microbiologyl74
(4), 104024.

Keown,K., Reid,A., Moore, J.E., Taggart,C. C. andDowney, D.G., 2020.Coinfectionwith
Pseudomonas aeruginosnd Aspergillus fumigatusn cystic fibrosis. European
Respiratory Revieyw29 (158), 200011.

Khan, M.M., Ernst,0., Manes, N. PQyler, B. L.,Fraser, I. DC., Goodlett, D. R. and Nita
Lazar, A., 2019. MultOmics Strategies Uncover HeRBathogen Interaction®\CS
infectious disease$ (4), 493505.

Khedr, M. A., Massarotti, A. and Mohamed, M. E., 2018. Rational Discovery of (+) (S)
Abscisic Acid as a Potential Antifungal Agent: a Repurposing Apprdacientific
Reports 8 (1), 8565.

238



Kiani, A. K., Pheby, D., Henehan, G., Brown, R., Sieving, P., Sykora, P., Marks, R., Falsini,
B., Capodicasa, N., Miertus, S., Lorusso, L., Dondossola, D., Tartaglia, G. M.,
Ergoren, M. C., Dundar, M., Michelini, S., Malacarne, D., Bonetti, G., Dautaj, A.,
Donato, K., Medori, M. C., Beccari, T., Samaja, M., Connelly, S. T., Martin, D.,
Morresi, A.,Bacu,A., Herbst, K. L., Kapustin,M., StuppialL., Lumer,L., Farronato,

G., Bertelli, M., and INTERNATIONAL BIOETHICS STUDY GROUP, 2022.
Ethical considerations regarding animal experimentatiwurnal of Preventive
Medicine and Hygiene3 (2 Suppl 3), E25%26

Kim, B.-G.,Choi, Y. S.,Shin,S.H., Lee,K., Um, S-W., Kim, H., Jeon)Y. J.,Lee,J.,Cho,J.

H., Kim, H. K., Kim, J., Shim, Y. M. and Jeong,-B., 2022. Mortality and lung
function decline in patients who develop chronic pulmonary aspergillosis after lung
cancer surgenBMC Pulmonary Medicine?2 (1), 436.

Kim, J., Koo, B:K. and Knoblich, J. A., 2020. Human organoids: model systems for human
biology and medicineNature Reviews. Molecular Cell Biolggg1 (10), 571584.

Kim, T. H.,Kim, H., Oh,J.,Kim, S.,Miligkos, M., Yon, D. K. andPapadopoulo$\. G.,2025.

Global burden of asthma among children and adolescents with projections to 2050: a
comprehensive review and forecasted modeling st@dipical and Experimental
Pediatrics 68 (5), 328343.

Kim, W., Gwon, Y., Park, S., Kim, H. and Kim, J., 2023. Therapeutic strategies of three
dimensional stem cell spheroids and organoids for tissue repair and regeneration.
Bioactive Materials19, 50 74.

King, J.,Dambuzal. M., Reid,D. M., Yuecel,R.,Brown,G. D. andWarris,A., 2023.Detailed
characterisation of invasive aspergillosis in a murine model -ihkéd chronic
granulomatous disease shows new insights in infections caused by Aspergillus
fumigatus versus Aspergillus nidulangrontiers in Cellular and Infection
Microbiology, 13, 1241770.

Kingsley, R. A. and Baumler, A. J., 2000. Host adaptation and the emergence of infectious
disease: the Salmonella paradidviulecular Microbiology 36 (5), 10061014.

Kirschning,A., 2022.0nthe EvolutionaryHistory of the Twenty EncodedAmino Acids.
Chemistryi A EuropeanJournal 28(55),e202201419.

Klein, S.G., Steckbauer, AAlsolami,S.M., ArossaS.,Parry,A. J.,Li, M. andDuarte,C.

M., 2022. Toward Best Practicesfor Controlling Mammalian Cell Culture
EnvironmentsFrontiersin Cell and DevelopmentaBiology[online], 10. Available
from: https/imww.frontiersin.org/journals/cetinddevelopmental
biology/articles/10.3389/fcell.2022.788808/full [Accessed 9 Apr 2025].

Koharudin, L. M. I., Viscomi, A. R., Jee,-G., Ottonello, S. and Gronenborn, A. M., 2008.
The Evolutionarily Conserved Family of Cyanovifih Homologs: Structures and
Carbohydrate Specificitystructure 16 (4), 570584.

Kohler, J. R., Casadevall, A. and Perfect, J., 2015. The Spectrum of Fungi That Infects
HumansCold Spring Harbor Perspectives in Medicjrke(1), a019273.

Kolostyak,Z., Bojcsuk,D., BaksaV., Szigeti,Z. M., Bene K., CzimmererZ., Boto,P.,Fadel,

L., Poliska,S.,Halasz L., TzerposP.,Berger W. K., VillabonaRuedaA., Varga,Z.,
Kovacs,T., PatsalosA., PapA., Vamosi,G.,Bai,P.,DezsoB., Spite M., D& Al essi o,
F. R., Szatmari, I. and Nagy, L., 2024. EGR2 is an epigenomic regulator of
phagocytosis and antifungal immunity in alveolar macrophaliglsinsight 9 (17),
€164009.

Kong,F-D.,Huang X.-L., Ma,Q-Y., Xie, Q-Y., Wang,P.,ChenP-W., Zhou,L.-M., Yuan,

J-Z., Dai, H:F., Luo, D-Q. and Zhao, ¥X., 2018. Helvolic Acid Derivatives with
Antibacterial Activities against Streptococcus agalactiae from the MBxéniwed
Fungus Aspergillus fumigatus HNMF0O4Journal of Natural Products81 (8),
1869 1876.

Konig, S., Pace, S., Pein, H., Heinekamp, T., Kramer, J., Romp, E., Stralburger, M., Troisi,
F., Proschak, A., Dworschak, J., Scherlach, K., Rossi, A., Sautebin, L., Haeggstrom,
J. Z., Hertweck, C., Brakhage, A. A., Gerstmeier, J., Proschak, E. and Werz, O.,
2019. Gliotoxin fromAspergillus fumigatug\brogates Leukotriene B4 Formation
through Inhibition of Leukotriene A4 Hydrolas€ell Chemical Biology 26 (4),

239


http://www.frontiersin.org/journals/cell-and-developmental-

524-534.e5.

KoushaM., Tadi,R. andSoubaniA. O.,2011.Pulmonaryaspergillosisaclinical review.
EuropearRespiratoryReview20(121),156 174.

Kramer, J., Ozkaya, O. and KiimmeiR., 2020. Bacterial siderophores in community and
host interactiondNature reviews. Microbiologyl8 (3), 152163.

Krappmann, S. and Braus, G. H., 2005. Nitrogen metabolism of Aspergillus and its role in
pathogenicityMedical Mycology43 (Supplement_1), SB3%40.

Kuek, L. E. and Lee, R. J., 2020. First contact: the role of respiratory cilia ifpatbsigen
interactions in the airways\merican Journal of Physiology Lung Cellular and
Molecular Physiology319 (4), L60BL619.

Kumamoto, C. A., Gresnigt, M. S. and Hube, B., 2020. The gut, the bad and the harmless:
Candidaalbicansasa commensahndopportunistigpathogenin theintestine.Current
opinion in microbiology56, 7 15.

Kumari, A., Tripathi ,Ankita H., Gautam,PoonamGahtori,Rekha,Pande,Amit, Singh
,YogendraMadan, TarunaandandUpadhyay S. K., 2021.Adhesingn thevirulence
of opportunistic fungal pathogens of humitycology 12 (4), 296324.

Kup | i ABsn#tRaz, NKd, 2021.Moleculartargetsfor antifungalsn aminoacidandprotein
biosynthetic pathwaygimino Acids53 (7), 961991.

Kurucz, V., Kriger, T., Antal, K., Dietl, AM., Haas, H., Pdcsi, I., Kniemeyer, O. and Emri,
T., 2018. Additional oxidative stress reroutes the global response of Aspergillus
fumigatus to iron depletioBMC Genomicsl9 (1), 357.

LaFayette, S. L., Houle, D., Beaudoin, T., Wojewodka, G., Radzioch, D., Hoffman, L. R.,
Burns, J. L., Dandekar, A. A., Smalley, N. E., Chandler, J. R., Zlosnik, J. E., Speert,
D. P., Bernier, J., Matouk, E., Brochiero, E., Rousseau, S. and Nguyen, D., 2015.
Cysticfibrosis adapted®seudomonasaeruginosguorumsensingasRmutantscause
hyperinflammatory responseScience Advances (6), €1500199.

Lal, K., Grover, A., Ragshaniya, A., Aslam, Mohd., Singh, P. and Kumari, K., 2025. Current
advancements and future perspectives of drB2oles to target lanosterol {4
demethylase (CYP51), a cytochrome P450 enzyme: A computational approach.
International Journal of Biological Macromoleculexl5, 144240.

Lan, P., Yan, R,, Lu, Y., Zhao, D., Shi, Q., Jiang, Y., Yu, Y. and Zhou, J., 2021. Genetic
diversity of siderophores and hypermucoviscosity phenotype Kiabsiella
pneumoniaeMicrobial Pathogenesjsl58, 105014.

Lange, Sandlinal, J.M., 2024. Animal Models of Human Disease 2rfiernational Journal
of Molecular Science5 (24), 13743.

Last,A., Maurer,M., SMosig,A., SGresnigtM. andHube,B., 2021.In vitro infectionmodels
to study fungahost interactiond=EMS microbiology review5 (5), fuab005.

Ledo, R. S., Pereira, R. H. V., Folescu, T. W., Albano, R. M., Santos, E. A., Junior, L. G. C.
and Marques, E. A., 2011. KPZCarbapenemagwoducingKlebsiella pneumoniae
isolates from patients with Cystic Fibroskurnal of Cystic Fibrosis10 (2), 140
142.

Lee, Y., Robbins, N. and Cowen, L. E., 2023. Molecular mechanisms governing antifungal
drug resistancenpj Antimicrobials and Resistance (1), 5.

Leodn,B., 2023.Understandinghedevelopmensf Th2cell-drivenallergicairwaydiseasén

earlylife. Frontiersin Allergy, 3,1080153.

Levdansky, E., KashD., Sharon, H.Shadkchan, Yand Osherov\., 2010. TheAspergillus
fumigatus cspAGene Encoding a RepeRich Cell Wall Protein Is Important for
Normal Conidial Cell Wall Architecture and Interaction with Host Cdfiskaryotic
Cell, 9 (9), 14081415.

Li, S-M., 2011. Genome mining and biosynthesis of fumitremetgie alkaloids in
ascomyceteslhe Journal of Antibiotics64 (1), 4549.

Liang,J., Tian, J., Zhandd., Li, H. and Chen, L.2025.Proteomics: An IrDepthReviewon
Recent Technical Advances and Their Applications in Biomedidviedicinal
Research Reviewd5 (4), 10211044.

Ligthart, K., Belzer, C., de Vos, W. M. and Tytgat, H. L. P., 2020. Bridging Bacteria and the

240



Gut: Functional Aspects of Type IV Pilirends in Microbiology28 (5), 340348.

Lin, H.-C., Chooi, Y-H., Dhingra, S., Xu, W., Calvo, A. M. and Tang, Y., 2013. The
fumagillin biosynthetic gene cluster in Aspergillus fumigatus encodes a cryptic
terpene cycl ase i nv otlansbedgamotanelJoumal offther mat i o
American Chemical Societ¥35 (12), 46164619

Lin, Z., Wang,J-L., Cheng, Y., Wang, IX. and ZouZ., 2020.Pattern recognition receptors
from lepidopteran insects and their biological functiom¥evelopmental and
Comparative Immunology08, 103688.

Lionakis,M. S.,DrummondR. A. andHohl, T. M., 2023.Immuneresponseto humanfungal
pathogens and therapeutic prospddture Reviews Immunolog®3 (7), 438452.

Liu, H., Liang, Z., Cao,N., Yi, X., Tan,X., Liu, Z., Wang,F., Yang,Y., Li, C., Xiang, Z., He,

Y., Su, J.,, Wang, Z., Chen, R. and Zhou, H., 2021. Airway bacterial and fungal
microbiome in chronic obstructive pulmonary dise&dedicine in Microecology7,
100035.

Liu, T., Wang, Y., Zhang, Z., Jia, L., Zhang, J., Zheng, S., Chen, Z., Shen, H., Piao, C. and
Du, J., 2023. Abnormal adenosine metabolism of neutrophils inhibits airway
inflammation and remodeling in asthma model induced by Aspergillus fumigatus.
BMC Pulmonary Medicine23, 258.

Llanos,A., Achard, P.Bousquet,)., LozanoC., Zalacain M., SableC., Revillet,H., Murris,

M., Mittaine, M., Lemonnier M. andEverett M., 2023 Higherlevelsof Pseudomonas
aeruginosd.asBelastasexpressiorareassociateavith early-stageinfectionin cystic
fibrosis patientsScientific Reportsl3 (1), 14208.

Lofgren, L. A., Ross, B. S., Cramer, R. A. and Stajich, J. E., 2022. Thggrame of
Aspergillus fumigatus provides a higasolution view of its population structure
revealing high levels of lineaggpecific diversity driven by recombinatioRLOS
Biology, 20 (11), €3001890.

Lother, J., Breitschopf, T., Krappmann, S., Morton, C. O., Bouzani, M., Kurzai, O., Gunzer,
M., Hasenberg, M., Einsele, H. and Loeffler, J., 2014. Human dendritic cell subsets
display distinct interactions with the pathogenic mould Aspergillus fumigatus.
International journal of medical microbiology: IJMN804 (8), 11601168.

Loussert, C., Schmitt, C., Prevost,-M., Balloy, V., Fadel, E., Philippe, B., Kauffmann
Lacroix, C., Latgé, J. P. and Beauvais, A., 2010. In vivo biofilm composition of
Aspergillus fumigatusCellular Microbiology, 12 (3), 405410.

Lowe, R., Shirley, N., Bleackley, M., Dolan, S. and Shafee, T., 2017. Transcriptomics
technologiesPLOS Computational BiologyL3 (5), €1005457.

Luni, C., Serena, E. and Elvassore, N., 2014. Huarachip for therapy development and
fundamental scienc€urrent Opinion in Biotechnology5, 45 50.

Lv, Q., Elders, B. B. L. J., Warris, A., Caudri, D., Ciet, P. and Tiddens, H. A. W. M., 2021.
Aspergillusrelatedung diseaseén people withcysticfibrosis: canmaginghelpusto
diagnose diseasd=uropean Respiratory Revidanline], 30 (162). Available from:
https://publications.ersnet.org/content/errev/30/162/210103 [Accessed 8 Jul 2025].

MacCallum, D. M., 2013. Mouse model of invasive fungal infectddathods in Molecular
Biology (Clifton, N.J.) 1031, 145153.

Maerker, C., Rohde, M., Brakhage, A. A. and Brock, M., 2005. Methylcitrate synthase from
Aspergillus fumigatus. PropionytCoA affects polyketide synthesis,growth and
morphologyof conidia.TheFEBSjournal, 272(14),3615 363

MagwalivhaM., RikhotsoM. C.,Kachiengal. O.,Musoliwa,R.,Banda, NT., Mashilo,

M. S., Tshiteme, TMphaphuli, A. M., Mahamud, H. A., Patel, S., NgandR XK.,
Patel, S., Potgieter, N. and Traoré, A. N., 2025. Bacteriabccarrence with
pulmonary TB, a respiratory tract infection (RTI): A cragstional study in a
resourcdimited setting.Journal of Clinical Tuberculosis and Other Mycobacterial
Diseases40, 100534.

Manfiolli, A. O., Mattos,E. C., de Assis,L. J., Silva, L. P.,U | aw, Brown, N. A., Silva-
Rocha, R., Bayram, O. and Goldman, G. H., 2019. Aspergillus fumigatus High
Osmolarity Glycerol Mitogen Activated Protein Kinases SakA and MpkC Physically
Interact During Osmotic and Cell Wall Stresdesontiers in Microbiology 10, 918

241



Margalit, A., CarolanJ. C., SheehanD. andKavanaghK., 2020.The Aspergillusfumigatus
Secretome Alters the Proteome of Pseudomonasaeruginosato Stimulate
Bacterial Growth: Implications for Gmfection. Molecular & cellular proteomics:
MCP, 19 (8), 13461359

Margalit, A. and Kavanagh, K., 2015. The innate immune response to Aspergillus fumigatus
at the alveolar surfacEEMS Microbiology Review89 (5), 670687.

Margalit, A., Sheehan, D., Carolan, J. C. and Kavanagh, K., 2022. Exposure to the
Pseudomonas aeruginosa secretome alters the proteome and secondary metabolite
production of Aspergillus fumigatusvicrobiology (Reading, England)168 (3),
001164.

MartinsonM. L. andLapham,J.,2024.Prevalencef ImmunosuppressiofimongUS Adults.

JAMA 331(10),8801 882.

Matthaiou, E. I., Sass, G., Stevens, D. A. and Hsu, J. L., 2018. Iron: an essential nutrient for
Aspergillus fumigatus and a fulcrum for pathogeneSigrent opinion in infectious
diseases31 (6), 506511.

McColl, E. R., Asthana, R., Paine, M. F. and Piquitiker, M., 2019. The Age of Omies
Driven Precision MedicineClinical Pharmacology & Therapeuticd06 (3), 477
481.

McCormick,A., Heesemann,., Wagener,)).,Marcos V., Hartl, D., Loeffler, J.,Heesemann,

J. and Ebel, F., 2010. NETs formed by human neutrophils inhibit growth of the
pathogenic mold\spergillus fumigatusviicrobes and Infectionl2 (12), 928936.

McDonagh, A., Fedorovay. D., Crabtree)., Yu,Y., Kim, S.,Chen,D., Loss,O.,Cairns, T.,
Goldman, G., Armstrondames, D., Haynes, K., Haas, H., Schrettl, M., May, G.,
Nierman, W. C. and Bignell, E., 2008. Stdbomere directed gene expression during
initiation of invasive aspergillosi®LoS pathogeng (9), €1000154.

Megger, D. A., Bracht, T., Meyer, H. E. and Sitek, B., 2013. Lfleel quantification in
clinical proteomicsBiochimicaet BiophysicaActa(BBA)- Proteinsand Proteomics
1834 (8), 15811590.

Ménard,G.,Rouillon,A., Cattoir,V. andDonnio,P-Y., 2021.GalleriamellonellaasaSuitable
Model of Bacterial Infection: Past, Present and Fut&rentiers in Cellular and
Infection Microbiology 11, 782733.

Mendes,M. L. and Dittmar, G., 2022. Targetedproteomicson its way to discovery.
Proteomics22 (15 16),e2100330.

Meneau, I., Coste, A. T. and Sanglard, D., 2016. Identification of Aspergillus fumigatus
multidrug transporter genes and their potential involvement in antifungal resistance.
Medical Mycology54 (6), 616627.

Meurensf., SummerfieldA., Nauwynck,H., Saif,L. andGerdts,V., 2012.Thepig: amodel
for human infectious diseas@gends in Microbiology20 (1), 5057.

Miller, A. J.andSpenceJ.R.,2017.In Vitro Modelsto StudyHumanLung Development,
Disease and Homeostadthysiology 32 (3), 246260.

Mills, C. D., 2015. Anatomy of a Discovery: M1 and M2 MacrophagesFrontiers in
Immunology [onlinge], 6. Available from:
https//www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2015.0021
2/full [Accessed 12 Jun 2025].

Mirhakkak, M. H., Chen, X., Ni, Y., Heinekamp, T., S@eg, T., Xu, L:L., Kurzai, O.,

Barber, A. E., Brakhage, A. A., Boutin, S., Schauble, S. and Panagiotou, G., 2023.
Genomescale metabolic modeling of Aspergillus fumigatus strains reveals growth
dependencies on the lung microbiorNature Communicationd4 (1), 4369.

Misslinger, M., Hortschansky, P., Brakhage, A. A. and Haas, H., 2021. Fungal iron
homeostasis with a focus @spergillus fumigatusBiochimica et Biophysica Acta
(BBA)- Molecular Cell Research868 (1), 118885.

Modlinska, K. and Pisula, W., 2020. The Norway rat, from an obnoxious pest to a laboratory
pet.eLife, 9, e50651.

MohdAsri, N. A., Ahmad,S.,MohamudR., MohdHanafi,N., Mohd Zaidi, N. F., Irekeola,

A. A, Shueb, R. H., Yee, L. C., Mohd Noor, N., Mustafa, F. H., Yean, C. Y. and

242


http://www.frontiersin.org/journals/immunology/articles/10.3389/fimmu.2015.0021

Yusof,N. Y., 2021.GlobalPrevalenc®f NosocomiaMultidrug-ResistanKlebsiella
pneumoniae: A Systematic Review and MAtmlysis.Antibiotics 10 (12), 1508.

Moldoveanu, B.GearhartA. M., Jalil, B. A.,SaadM. and Guardiola)].J.,2021.Pulmonary
Aspergillosis: Spectrum of DiseasEne American Journal of the Medical Sciences
361 (4), 4114109.

Moore,M. M., 2013.Thecrucial role of iron uptakein Aspergillusfumigatusvirulence.
CurrentOpinionin Microbiology, 16 (6), 692 699.

Mosig, A. S.,2016.0rganon-chipmodels:newopportunitiesor biomedicalresearchiFuture
Science OA3 (2), FS0130.

Mr o ¢ z yMEsrd 8rjllowska-D N b r o ws 2020, Review on Current Statusof
Echinocandins Usdntibiotics (Basel, Switzerlandd (5), 227.

Mudaliar,S. B. andBharathPrasadA. S.,2024.A biomedicalperspectiveof pyocyaninfrom
Pseudomonas aeruginosa: its applications and challeyesld Journal of
Microbiology and Biotechnology0 (3), 90.

Mukherjee, P., Roy, S., Ghosh, D. and Nandi, S. K., 2022. Role of animal models in
biomedical research: a reviehaboratory Animal Researci88 (1), 18.

Mdller, F-M. C., Seidler, M. and Beauvais, A., 2011. Aspergillus fumigatus biofilms in the
clinical settingMedical Mycology49 (Supplement_1), SB8100.

Muraille, E., Leo, O. and Moser, M., 2014. Th1/Th2 Paradigm Extended: Macrophage
Polarization as an Unappreciated PatheQemen Escape Mechanisni?ontiers in
Immunology5, 603.

MuszkietaL., BeauvaisA., Pahtz V., GibbonsJ.,AntonLeberre V., BeauR.,ShibuyaK.,
Rokas, A., Francois, J. M., Kniemeyyer, O., Brakhage, A. A. and Latge, J. P., 2013.
Investigationof Aspergillus fumigatusbiofilm formation by variousfi o mi ¢ s 0
approaches. Frontiers in Microbiology [online], 4. Available from:
https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2013.0001
3/full [Accessed 8 Jan 2025].

Myszka, K. and Czaczyk., 2009. Characterization of Adhesive Exopolysaccharide (EPS)
Produced by Pseudomonas aeruginosa Under Starvation CondiGomsent
Microbiology, 58 (6), 541546.

Nar anj o AOandGalmldon,M.2019.Fungalevolution:major ecologicahdaptations
and evolutionary transitiondBiological Reviews of the Cambridge Philosophical
Society 94 (4), 144B1476.

Nazik, H., Sass, G., Déziel, E. and Stevens, D. A., 2020. Aspergillus Is Inhibited by
Pseudomonas aeruginosa Volatildsurnal of Fungi 6 (3), 118.

Neilson, K. A., Ali, N. A.,Muralidharan, S., MirzaeM., Mariani, M., Assadourian, G., Lee,
A., van Sluyter, S. C. and Haynes, P. A., 2011. Less label, more free: approaches in
labelree quantitative mass spectromefPyoteomics 11 (4), 535553.

NeteaM. G.,Joostenl.. A. B., vanderMeer,J.W. M., Kullberg, B.-J.andvandeVeerdonk,

F. L., 2015. Immune defence against Candida fungal infectidatire Reviews.
Immunology 15 (10), 630642.

NickersonR., Thornton,C. S.,JohnstonB., Lee,A. H. Y. andChengZ., 2024.Pseudomonas
aeruginosén chroniclungdiseaseuntanglinghedysregulatethostimmuneresponse.
Frontiers in Immunologyl5, 1405376.

Nnadi,N. E.andCarterD. A., 2021.Climatechangeandtheemergencef fungalpathogens.
PLOSPathogensl?(4), e1009503.

NogueiraM. F., Pereiral., Jenull,S.,Kuchler,K. andLion, T., 2019.Klebsiellapneumoniae
preventsporegerminatiorandhyphal developmerdf AspergillusspeciesScientific
Reports 9 (1), 218.

Novohradska, S., Ferling, I. and Hillmann, F., 2017. Exploring Virulence Determinants of
Filamentous Fungal Pathogahsoughinteractionsvith Soil AmoebaeFrontiersin
Cellular and Infection Microbiology [online], 7. Available from:
https//www.frontiersin.org/journals/cellulaandinfection
microbiology/articles/10.3389/fcimb.2017.00497/full [Accessed 10 Jun 2025].

Nunzi, E., Pariano, M., Costantini, C., Garaci, E., Puccetti, P. and Romani, L., 2025. Host

243


http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2013.0001
http://www.frontiersin.org/journals/cellular-and-infection-

microbe serotonin metabolisftends in Endocrinology & MetabolisB6 (1),83 95

Nywening, A. V., Rybak, J. M., Rogers, P. D. and Fortwendel, J. R., 2020. Mechanisms of
triazole resistance in Aspergillus fumigaté&vironmental Microbiology22 (12),
4934 4952.

Obar, J. J., Hohl, T. M. and Cramer, R. A., 2016. New Advances in Invasive Aspergillosis
Immunobiology Leading the Way Towards Personalized Therapeutic Approaches.
Cytokine 84, 63 73.

Oliveira, M., Oliveira, D., Lisboa, C., Boechat, J. L. and Delgado, L., 2023. Clinical
Manifestations of Human Exposure to Furdgiurnal of Fungi 9 (3), 381.

Oliver,J.D., Sibley,G.E. M., BeckmannN., Dobb,K. S.,SlaterM. J.,McEnteeL., duPré,

S., Livermore, J., Bromley, M. J., Wiederhold, N. P., Hope, W. W., Kennedy, A. J.,
Law, D. andBirch, M., 2016.F901318epresentanovelclassof antifungaldrugthat
inhibits dihydroorotate dehydrogenaderoceedings of the National Academy of
Sciencesl13 (45), 1280012814.

Ortiz, S. C., PenningtonK., Thomson,D. D. and Bertuzzi, M., 2022. Novel Insightsinto
Aspergillus fumigatus Pathogenesisand Host Responsefrom Stateof-the-Art
Imaging of HostPathogen Interactions during Infectialournal of Fungi 8 (3),

264. Paczosdyl. K. and Mecsas,J., 2016. Klebsiella pneumoniae:Going on the
Offensewith a StrongDefenseMicrobiology and Molecular Biology Reviews80 (3),
629 661.

Palabiyik, A. A. and Palabiyik, E., 2025. Proteomics in biomarker discovery: uncovering
diseasespecificinteractome angosttranslational modification networkgournal of
Proteins and Proteomicponline]. Available from: https://doi.org/10.1007/s42485
02500190y [Accessed 26 Jun 2025]

PanseP.,Smith,M., Cummings, K.JJensenE., Gotway,M. andJokerstC.,2016.Themany
faces of pulmonary aspergillosis: Imaging findings with pathologic correlation.
Radiology of Infectious Disease(4), 192200.

Pap | iGaegck, M., NejmarGryz, P., Chazan, R. and Grub&kworska, H., 2013. The
expression of the eotaxins-f.and CXCL8 in human epithelial cells from various
levelsof therespiratonytract. Cellular & MolecularBiologyLetters 18(4), 612 630.

PardeSaganta, A., Law, B. M., Gonzal€zleiro, M., Vinarsky, V. and Rajagopal, J., 2013.
Ciliated cells of pseudostratified airway epitheliumnidd becomenucous cellsfter
ovalbumin challengeAmerican Journal of Respiratory Cell and Molecular Biolpgy
48 (3), 364 373.

Patel, R., Hossain, M. A., German, N. andAkimad, A. J., 2018. Gliotoxin penetrates and
impairs the integrity of the human blobdain barrier in vitroMycotoxin Researgh
34 (4), 257268.

PathakV., HurtadoRendon). S.andCiubotaruR. L., 2011.Invasivepulmonaryaspergillosis
in an immunocompetent patiefRespiratory Medicine CMH (3), 105 106.

PatradoorHo, P.andFitzgeraldD. A., 2007.Lungabscess children.PaediatricRespiratory
Reviews8 (1), 77 84.

Paul, S., Diekema, D. and Moyowley, W. S., 2017. Contributions of both ABtding
CassetteTransporterand Cyp51A ProteinsAre Essentialfor Azole Resistancdn

Aspergillus fumigatusAntimicrobial Agents and Chemothera®i (5), e027486.
Paul ussen, C. , Hal |l swort h, J . E. , Clvar e
Blain, D., Rediers,H. and Lievens, B., 2016. Ecology of aspergillosis:insights
into the pathogenic potency of Aspergillus fumigatus and some other Aspergillus
speciesMicrobial Biotechnology10 (2), 296322.

Pawlowskaj. E.,2024.Symbioses betwednngi andbacteriafrom mechanism# impacts
on biodiversity Current Opinion in Microbiology80, 102496.

PeignierA. andParkerD., 2020.Pseudomonaseruginos&anDegraddnterferona- Thereby
Repressinghe Antiviral Responsef BronchialEpithelial Cells.Journalof Interferon
& Cytokine Research0 (8), 429431.

Peleg, A. Y., Hogan, D. A. and Mylonakis, E., 2010. Medically important bacfarighl
interactionsNature Reviews. Microbiolog$ (5), 340349.

244



Perakakis, N., Yazdani, A., Karniadakis, G. E. and Mantzoros, C., 2018. Omics, big data and
machine learning as tools to propel understanding of biological mechanisms and to
discover novel diagnostics and therapeutidstabolism: clinical and experimental
87, Al A9.

PerezCuestalJ., Guruceaga, X., CenddgdanchezS., PelegriMartinez, E. Hernando, F. L.,
RamirezGarcia, A., AbaeDiaz-de-Cerio, A. and Rementeria, A., 2021. Nitrogen,
Iron, andZinc Acquisition:Key Nutrientsto AspergillusfumigatusVirulence.Journal
of Fungi 7 (7), 518.

PetrocheilouA., Moudaki,A. andKaditis, A. G.,2022.Inflammationandinfectionin Cystic
Fibrosis: Update for the Cliniciahildren 9 (12), 1898.

Pfliegler, W. P., P6ocsi,l., Gy R E.iand Pusztahelyi,T., 2020. The Aspergilli and Their
Mycotoxins: Metabolic InteractionsWith Plantsandthe Soil Biota. Frontiers in
Microbiology [online], 10. Available from:
https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2019.0292
1/full [Accessed 16 Jun 2025].

Poirier, V. and AvGay, Y., 2015. Intracellular Growth of Bacterial Pathogens: The Role of
Secreted Effector Proteins in the Control of Phagocytosed Microorganisms.
Microbiology Spectrum3 (6), 10.1128/microbiolspec.vmbf03 2014.

Poletti, M., Arnauts, K., Ferrante, M. and Korcsmaraos, T., 2020. Orgdnaaied Models to
Studythe Roleof Hostmicrobiota Interactions IBD.J our n a | & €Colit€,r ohnoé s
15 (7), 12221235.

Postel, M. D., Culver, J. O., Ricker, C. and Craig, D. W., 2022. Transcriptome analysis
provides <critical answers to the dAvari ar
Human Mutation43 (11), 15901608.

Price,C.T. D., Hanford,H. E., Al-Quadan ., Santic,M., Shin,C.J.,D a 6 ®M.$S.J.andAbu
Kwaik, Y., 2024.Amoebaeastraininggroundsor microbial pathogensmBio, 15(8),
e0082724.

Prufer,S.,Weber M., Stein,P.,BosmannM., Stasseny., Kreft, A., Schild,H. and Radsak,

M. P., 2014. Oxidative burst and neutrophil elastasecontributeto clearanceof
Aspergillus fumigatupneumonian mice.Immunobiology219(2), 87i 96.

Puerner, C., Vellanki, S., Strauch, J. L. and Cramer, R. A., 2023. Recent Advances in
Understanding the Human Fungal Pathogen Hypoxia Response in Disease
ProgressionAnnual review of microbiology’7, 403425.

Qi, P.,Liu, X., Li, C.,Xu, Q.,Hu, L., DuanH.,Zhao,G. andLin, J.,2024.ProgranulirProtects
against Aspergillus fumigatus Keratitis by Attenuating the Inflammatory Response
through Enhancing AutophagiCsS infectious diseasel) (8), 2826 2835.

Qin, S.,Xiao, W.,Zhou,C.,Pu,Q., Deng, X.Lan,L., Liang,H., Song,X. andWu, M., 2022.
Pseudomonas aeruginosa: pathogenesis, virulence factors, antibiotic resistance,
interaction with host, technology advances and emerging therapeSimsal
Transduction and Targeted Therapy 199.

Qu,S.,Xu, R.,Yi, G.,Li, Z.,ZhangH., Qi, S.andHuang,G., 2024 .Patientderivedorganoids
in humancancer:a platform for fundamentalresearchand precisionmedicine.

MolecularBiomedicing5, 6.

Raffa,N. andKeller, N. P.,2019.A call to arms:Musteringsecondarynetabolitegor success
and survival of an opportunistic pathogeh.OS Pathogend5 (4), e1007606.

Rafiq, M., Rivieccio, F., Zimmermann, X., Visser, C., Bruch, A., Kriiger, T., Gonzéalez
Rojas, K., Kniemeyer, O., Blango, M. G. and Brakhage, A. A., 2022.-888
NeutrophilLike Cells as a Model To Study Aspergillus fumigatus Pathogenesis.
mSphere7 (1), e0094021.

RamirezOrtiz, Z. G. and Means, T. K., 2012. The role of dendritic cells in the innate
recognition of pathogenic fungi (A. fumigatus, C. neoformans and C. albicans).
Virulence 3 (7), 635646.

ReeceE.,Doyle, S.,Greally,P.,Renwick,J.andMcClean,S.,2018.Aspergillusfumigatus
Inhibits Pseudomonaseruginosan Co-culture: Implications of a Mutually
Antagonistic Relationshipon Virulence and Inflammationin the CF Airway.

Frontiers in Microbiology [online], 9. Available from:

245


http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2019.0292

https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2018.0120
5/full [Accessed 4 Jun 2025].

Reeves, E. P., Murphy, T., Daly, P. and Kavanagh, K., 2004. Amphotericin B enhances the
synthesis and release of the immunosuppressive agent gliotoxin from the pulmonary
pathogen Aspergillus fumigatudournal of Medical Microbiology53 (Pt 8), 710
725.

ReichertLima, F., Lyra, L., Pontes, L., Moretti, M. L., Pham, C. D., Lockhart, S. R. and
SchreiberA. Z.,2018.Surveillancdor azolegesistancén Aspergillusspp.highlights
a high number of amphotericin@sistant isolateddycoses61 (6), 360 365.

Reynolds, D. and Kollef, M., 2021. The Epidemiology and Pathogenesis and Treatment of
Pseudomonas aeruginosa Infections: An Updatiegs 81 (18), 21172131.

Rezzoagli, C., Granato, E. T. and Kimmerli, R., 2020. Harnessing bacterial interactions to
manage infections: a review on the opportunistic pathogen &lt;i&gt;Pseudomonas
aeruginosaé&lt;/i&gt;asa caseexample Journalof medicalmicrobiology 69 (2), 147
161.

Rhijn, N. van, Uzzell, C. and Shelton, J., 2025. Climate changen geographical shifts in
Aspergillusspecies habitat and the implications for plant and human health. [online].
Availablefrom: https//www.researchsquare.com/articles45782/vl]Accessedl0
Jun 2025].

Ries,L. N. A., Alves deCastro,P.,Pereira Silval.., Valero,C.,dosReis, T.F., SaboranoR.,
Duarte, I. F., Persinoti, G. F., Steenwyk, J. L., Rokas, A., Almeida, F., Costa, J. H.,
Fill, T., Sze Wah Wong, S., Aimanianda, V., Rodrigues, F. J. S., Goncales, R. A,,
DuarteOliveira, C., Carvalho, A. and Goldman, G. H., 2021. Aspergillus fumigatus
Acetate Utilization Impacts Virulence Traits and PathogeniamBio, 12 (4),
10.1128/mbio.016821.

Ries,L. N. A., Beattie, S.Cramer,R. A.and Goldman, G. H2018. Overviewof carbon and
nitrogencatabolitemetabolismin thevirulenceof humanpathogenidungi. Molecular
Microbiology, 107 (3), 277297.

Ries, L. N. A., Steenwyk, J. L., de Castro, P. A., de Lima, P. B. A., Aimeidde Assis, L.

J., Manfiolli, A. O., TakahashiNakaguchiA., Kusuya,Y., Hagiwara, D.Takahashi,

H., Wang, X., Obar, J. J., Rokas, A. and Goldman, G. H., 2019. Nutritional
HeterogeneitAmongAspergillusfumigatusStrainsHasConsequencesr Virulence

in a Strain and HostDependent ManneErontiers in Microbiology 10, 854.

Riwu, K. H. P., Effendi, M. H., Rantam, F. A., Khairullah, A. R. and Widodo, A., 2022. A
review: Virulence factors of Klebsiella pneumoagemerging infection ame food
chain.Veterinary World 15 (9), 21722179.

Robinson, S. L. and Panaccione, D. G., 2015. Diversification of Ergot Alkaloids in Natural
and Modified FungiToxins 7 (1), 201218.

RokasA., Mead,M. E., Steenwyk,J.L., Oberlies, NH. andGoldman,G. H., 2020.Evolving
moldy murderers: Aspergillus section Fumigati as a model for studying the repeated
evolution of fungal pathogenicitpLOS Pathogend 6 (2), e1008315.

Ross, B. S., Lofgren, L. A., Ashare, A., Stajich, J. E. and Cramer, R. A., 2021. Aspergillus
fumigatus IaHost HOG Pathway Mutation for Cystic Fibrosis Lung
Microenvironment Persistena@Bio, 12 (4), 10.1128/mbio.02153A1.

Santella, B., Boccella, M., Folliero, V., lervolino, D., Pagliano, P., Fortino, L., Serio, B.,
Vozzella, E. A., Schiavo, L., Galdiero, M., Capunzo, M., Boccia, G. and Franci, G.,
2024. Antimicrobial Susceptibility Profiles of Klebsiella pneumoniae Strains
Collectedfrom Clinical Samplesin a Hospital in Southernltaly. The Canadian
Journal of Infectious Diseases & Medical Microbiology = Journal Canadien des
Maladies Infectieuses et deMicrobiologie Médicale2024, 5548434

Santos, AL. S, Silva, BA., da CunhaM. M. L., BranquinhaM. H. and Mello,T. P.,2023.
Fibronectinbinding molecules of Scedosporium apiospermum: focus on adhesive
eventsBrazilian Journal of Microbiology54 (4), 25772585.

246


http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2018.0120
http://www.researchsquare.com/article/rs-6545782/v1

Sarkar, S. and Heise, M. T., 2019. Mouse Models as Resources for Studying Infectious
DiseasesClinical Therapeutics41 (10), 191P1922.

Sass, G.Miller Conrad, L.C.,Nguyen, T-T. H. and Stevend$). A., 2020.ThePseudomonas
aeruginosa product pyochelin interferes with Trypanosoma cruzi infection and
multiplication in vitro. Transactions of The Royal Society of Tropical Medicine and
Hygiene 114 (7), 492498.

Sass, G. and Stevens, D. A., 2023. Model of Pulmonarnfection of Aspergillus and
Pseudomonam ImmunocompetenMice. Microbiology Research14 (4), 1843
1861.

Sasse, A., Hamer, S. N., Amicll., Binder, J. and Krappmann, S., 2016. Mutant
characterization andéh vivo conditional repression identify aromatic amino acid
biosynthesis to bessential foAspergillus fumigatusirulence.Virulence 7 (1), 56

62.
Sathe, N., Beech, P., Croft, L., Suphioglu, C., Kapat, A. and Athan, E., R6@@domonas
aeruginosa I nfections and novel approaches

threat of Pseudomonas aeruginosad exploring novel approaches to treatment.
Infectious Medicing2 (3), 178194.

Scharf,D. H., Brakhage A. A. and Mukherjee,P.K., 2016. Gliotoxin i baneor boon?
EnvironmentaMicrobiology, 18 (4), 1096 1109.

SchiefermeietMach, N., Polleux,)., HeinrichL., Lechner, L., VoronaQ. and PerkhofefS.,
2025. Biological boundary conditions regulate the internalization of Aspergillus
fumigatusconidiaby alveolar cellsFrontiersin Cellular andInfectionMicrobiology
[online], 15. Available from: httpswww.frontiersin.org/journals/celluleand
infectiorrmicrobiology/articles/10.3389/fcimb.2025.1515779/full [Accessed 10 Jun
2025].

SchlampD., Canton,J.,CarrefioM., Kopinski, H.,FreemanS. A., Grinstein, SandFairn,G.

D., 2016. Gliotoxin Suppresses Macrophage Immune Function by Subverting
Phosphatidylinositol 3,4;%risphosphate HomeostasisBio, 7 (2), e022425.

SchrettlM. andHaasH., 2011.lronhomeostas& A ¢ h i heéld Aspergillusfumigatus?
CurrentOpinionin Microbiology, 14 (4), 400 405.

Scott,J.,SueiraOlivares M., ThorntonB. P.,Owens,R. A., MuhamadaliH., FortuneGrant,

R., ThomsonD., ThomasR., Hollywood, K., Doyle,S.,GoodacreR., TaberneroL.,
Bignell, E. andAmich, J.,2020.TargetingMethionineSynthasen a FungalPathogen
Causes aMetaboliclmbalance That Impacts Cell Energetics, GrowtidVirulence.
mBig, 11 (5), 10.1128/mbio.0198%0.

Scully,L. R.andBidochka,M. J.,2006.Thehostactsasa genetichottleneckduringserial
infections: an insediungal model systenCurrent Genetics50 (5), 335345.

Seidel, C.MorenoVelasquez, D., BenGhazzi, N.Gago, S.ReadN. D. andBowyer, P.,
2020. Phagolysosomal Survival Enables Nigit Hyphal Escape and Ramification
Through Lung Epithelium During Aspergillus fumigatus Infection. Frontiers in
Microbiology [online], 11. Available from:
https//www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.0195
5/full [Accessed 16 Jun 2025].

Seifert, M., Nairz, M., Schroll, A., Schrettl, M., Haas, H. and Weiss, G., 2008. Effects of the
Aspergillus fumigatusiderophore systems on the regulation of macrophage immune
effector pathways and iron homeostabignunobiology213 (9), 76V778.

Serafini, M. S., Lope®Perez, L., Fico, G., Licitra, LDe Cecco, L. and Resteghini, C., 2020.
TranscriptomicandEpigenomicsn headandneckcancer: availableepositoriesand
molecular signature€ancers of the Head & Neck (1), 2.

Seyedmousavk.,Chang)Y. C.,Law, D., Birch, M., Rex,J.H. andKwon-Chung K. J.,2019.
Efficacy of Olorofim (F901318) against Aspergillus fumigatus, A. nidulans, and A.
tanneri in Murine Models of Profound Neutropenia and Chronic Granulomatous
DiseaseAntimicrobial Agents and Chemothera (6), e0012499.

Shankar)J., Thakur,R., ClemonskK. V. andStevensD. A., 2024.Interplayof Cytokinesand
Chemokines in Aspergillosigournal of Fungi 10 (4), 251.

247


http://www.frontiersin.org/journals/cellular-and-
http://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2020.0195

Shaw, K. J. and Ibrahim, A. S., 2020. Fosmanogepix: A Review of theif-@&ass Broad
Spectrum Agent for the Treatment of Invasiungal InfectionsJournal of Fungi 6
(4), 239.

ShekhovaE., Kniemeyer Q. andBrakhageA. A., 2017.Inductionof MitochondrialReactive
Oxygen Species Production by Itraconazole, Terbinafine, and Amphotericin B as a
Mode of Action against Aspergillus fumigatusAntimicrobial Agents and
Chemotherapy61 (11), e009747.

Shende, RWong, SS.W., Meitei, H. T.,Lal, G.,Madan, T.Aimanianda, V., Pal). K.and
Sahu, A., 2022. Protective role of host complement system in Aspergillus fumigatus
infection. Frontiers in Immunology13, 978152.

Sheshachalam., SrivastavaN., Mitchell, T., Lacy, P.andEitzen,G., 2014.GranuleProtein
ProcessingndRegulated Secretion Meutrophils. Frontiersin Immunology5, 448.

Siegel, R. L., Giaquinto, A. N. and Jemal, A., 2024. Cancer statistics, @@824a cancer
journal for clinicians 74 (1), 1249.

Silva-Gomes, R., Caldeira, I., Fernandes, R., Cunha, C. and Carvalho, A., 2024. Metabolic
regulation of the hosfungus interaction: from biological principles to therapeutic
opportunitiesJournal of Leukocyte Biology 16 (3), 469486.

Singh, R. P., Kapoor, A., Sinha, A., Ma, Y. and Shankar, M., 2025. Virulence factors of
Klebsiella pneumoniaelnsights into canonical and emerging mechanisms driving
pathogenicity and drug resistandée Microbe 7, 100289.

Singh,S.,Kanaujia,R., RudramurthyS.M., Singh,S.,Kanaujia,R. andRudramurthyS. M.,

2021. Immunopathogenesis of Aspergillosigi: The Genus Aspergillus
Pathogenicity, Mycotoxin Production and Industrial Applicatiofenline].
IntechOpen. Available from: httgadvww.intechopen.com/chapters/787@ccessed
8 Jul 2025].

Singh, V., Rai, R.Mathew, B. J., Chourasia, R., Singh, A. K., Kumar, A. and Chaurasiya, S.
K., 2023. Phospholipase C: underrated players in microbial infectwostiers in
Cellular and Infection Microbiologyl3, 1089374.

SinhaA. andMann,M., 2020.Ab e g i nguoideto Massspectrometrybasedproteomics.
TheBiochemist42 (5), 64i 69.

SlaterJ.L., GregsonlL., Denning,D. W. andWarn,P.A., 2011.Pathogenicityf Aspergillus
fumigatus mutants assessed in Galleria mellonella matches that in Madeal
Mycology 49 Suppl 1, S1607113.

Smith, D. and Casadevall, A., 2021. Fungal immunity and pathogenesis in mammals versus
the invertebrate model organism Galleria mellon&&thogens and Disease9 (3),
ftab013.

Souza, CM. de, BezerraB. T.,Mellon, D. A.and deOliveira, H. C.,2025.Theevolution of
antifungal therapy: Traditional agents, current challenges and future perspectives.
Current Research in Microbial Sciencés 100341.

Srivastava, M., Bencurova, E., Gupta, S. K., Weiss, E., Loffler, J. and Dandekar, T., 2019.
Aspergillus fumigatus Challenged by Human Dendritic Cells: Metabolic and
Regulatory Pathway Responses Testify a Tight BaRtentiers in Cellular and
Infection Microbiology 9, 168.

St N cS,2dibjckaBarabasA., Wojda, ., Wiater,A., Mak, P.,Suder P.,SkrzypiecK. and
Cytr yME22I02,1 . FLi3-®lgcan as aNew Pathog&ssociatedViolecular
Pattern in the Insect Model Host Galleria mellonédalecules 26 (16), 5097.

Stewart Merrill, T. E., Rapti, Z. and Céceres, C. E., 2021. Host Controls of WAtEh
Diseasdynamicsinsightfrom aninvertebrateSystemTheAmericanNaturalist 198
(3), 317 332.

SuarezCuartin, G., Smith, A., Abdeyah, H., Rodrigélroyano, A., Perea, L., Vidal, S.,
Plaza, V., Fardon, T. C., Sibila, O. and Chalmers, J. D., 2017-P&etidomonas
aeruginosdgG antibodiesandchronicairwayinfectionin bronchiectasiskRespiratory
Medicine 128, 1 6.

248


http://www.intechopen.com/chapters/78761

Subramanian, 1., Verma, S., Kumar, S., Jere, A. and Anamika, K., 2020-dviutts Data
Integration, Interpretation, and Its Applicatidioinformatics and Biology Insights
14,1177932219899051.

SukumaranA., Coish,J.M., Yeung,J.,Muselius B., GadjevaM., MacNeil,A. J.andGeddes
McAlister, J., 2019. Decoding communication patterns of the innate immune system
by quantitative proteomicdournal of Leukocyte Biology06 (6), 1221 1232.

SukumaranA., WoroszchukE.,Ross,T. andGeddesaMcAlister, J.,2021.Proteomic®f hosi
bacterial interactions: new insights from dual perspecti@amadian Journal of
Microbiology, 67 (3), 218225.

S u § k oZiegakKa, Trepa, M., Olechowskhar z Nb, A., Nowak, P., Zi
Muszy Es Kk a, B. , 2023. Nat ur al Compounds C
Activityd Potential Cosmetics ApplicatiorBharmaceuticals16 (9), 1200.

Sun,J.,LaRock,D. L., SkowronskiE. A., Kimmey,J.M., Olson,J., JiangZ.,06 Donog hue,
A. J.,Nizet,V. andLaRock,C. N., 2020.ThePseudomonaaeruginosgroteasd.asB
directly activates Ikl bEBioMedicine 60, 102984.

Swearengen]. R., 2018.Choosingthe rightanimalmodelfor infectiousdiseaseesearch.
AnimalModelsandExperimentaMedicine 1 (2), 100 108.

Sweeney, E., Harrington, N. E., Harley Henriques, A. G., Hassan, M. M., Cresdbcikst,

B., Smyth, A. R., Hurley, M. N., TormMlas, M. A. and Harrison, F., 2021. An ex
vivo cysticfibrosismodelrecapitulate&ey clinical aspect®f chronicStaphylococcus
aureus infectionMicrobiology (Reading, England}l67 (1).

SzymaGEski, M., Chmielewska , Sandra, CzyUews
Tylicki, A., 2022. Echinocanding structure, mechanism of action and use in
antifungal therapyJournal of Enzyme Inhibition and Medicinal Chemistsy (1),

876 894.

Takazono, TandSheppard, D. C2017.Aspergillusin chronic lungdiseaseModeling what
goes on in the airwayMedical Mycology55 (1), 3947.

Takemori, A., Butcher, D. S., Harman, V. M., Brownridge, P., Shima, K., Higo, D., Ishizaki,
J., Hasegawa, H., Suzuldi, Yamashital\., Loo,J. A., Loo,R. R. O., Beynon, Rl.,
Anderson, L. C. and Takemori, N., 2020. PERE: PolyacrylamideGelBased
Prefractionation for Analysis of Intact Proteoforms and Protein Complexes by Mass
SpectrometryJournal of Proteome Researctd (9), 37793791.

Takemori, A., Kaulich, P. T., Cassidy, L., Takemori, N. and Tholey, A., 2022-Eziged
Proteome Fractionation through Polyacrylamide Gel Electrophoresis Combined with
LCi FAIMSi MS for In-Depth TopDown ProteomicsAnalytical Chemistry94 (37),

12815 12821.

Takemori,A., Kaulich, P.T., Konno,R.,Kawashimay., Hamazakiy., Hoshino,A., Tholey,

A. andTakemori,N., 2024. GeLGFAIMS-MS workflow for in-depth middledown
proteomicsPROTEOMICS24 (3 4), 2200431.

Tal ent o, A. F., Fitzgeral d, M. , Redington, B
2019. Prevention of healthcaassociated invasive aspergillosis during hospital
construction/renovation workdournal of Hospital Infection103 (1), 112.

Tan, R. M., Kuang, Z., Hao, Y. and Lau, G. W. 2013. Type IV Pilus of
Pseudomonasaeruginosa Confers Resistance to Antimicrobial Activities of the
Pulmonary Surfactant Protef Journal of Innate Immunify6 (2), 227 239.

Tanindi, A. and CemyiM., 2011. Troponin elevation in conditions other than acute coronary
syndromesVascular Health and Risk Management597 603

TannerC. D. andRosowskiE. E., 2024.Macrophage#hibit extracellularhyphalgrowth of A.
fumigatus through Rac2 GTPase signalidgfection and Immunity 92 (2),
e0038023.

Tarizzo, M., Lemonnier, L., Leblanc, S., Bigot, J., Thouvenin, G., Guillot, L. and Gd#vol
2025. Allergic bronchopulmonary aspergillosis in cystic fibrosis: €asgrol study
from the French registrjvedical Mycology 63 (4), myaf030

Tashiro, M., Takazono, T. and lzumikawa, K., 2024. Chronic pulmonary aspergillosis:
comprehensive insights into epidemiology, treatment, and unresolved challenges.
Therapeutic Advances in Infectious Disedlsk 20499361241253750.

249



Tian, Q., Wang, J., Shao, S., Zhou, H., Kang, J., Yu, X., Huang, M., Qiu, G. and Shen, L.,
2024. Combining metabolomics and transcriptomics to analyze key response
metabolites and molecular mechanismsAspergillus fumigatusinder cadmium
stressEnvironmental Pollution356, 124344.

Toor, A., Culibrk, L., SingheraG. K., Moon,K.-M., PrudovaA., FosterL. J.,Moore,M. M.,
DorscheidD. R.andTebbutt,S.J.,2018.Transcriptomi@ndproteomichostresponse
to Aspergillus fumigatus conidia in an diguid interface model of human bronchial
epithelium.PLOS ONE 13 (12), e0209652.

Torres,M., deCock,H. andCelisRamirez A. M., 2020.In Vitro or In Vivo Models,the Next
Frontier for Unraveling Interactions between Malassezia spp. and Hosts. How Much
Do We Know?Journal of Fungi 6 (3), 155.

TorresSangiao, E., Giddey, A. D., Leal Rodriguez, Tang, Z.Liu, X. and Soares, N. C.,

2022. Proteomic Approaches to Unravel Mechanisms of Antibiotic Resistance and
ImmuneEvasionof BacterialPathogend:rontiersin Medicing[online], 9. Available

from:
https//www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2022.850374/f
ull [Accessed 27 Jun 2025].

Toya, S., Struyf, S., Huerta, L., Morris, P., Gavioli, E., Minnella, E. M., Cesta, M. C,,
Allegretti, M. andProostP.,2024.A narrativereviewof chemokingeceptorsCXCR1
and CXCR2 and their role in acute respiratory distress syndr&uspean
Respiratory Review83 (173), 230172.

Traynor,A. M., OwensR.A., Coughlin,C. M., Holton,M. C.,JonesG. W., CaleraJ.A. and
Doyle, S., 2021. At the metahetabolite interface in Aspergillus fumigatus: towards
untangling the intersecting roles of zinc and gliotoxiticrobiology (Reading,
England) 167 (11), 001106.

TrevijancContador, N. and Zaragoza, O., 2018. Immune Response of Galleria mellonella
against Human Fungal Pathogedmurnal of Fungi (Basel, Switzerland (1), 3.

Tsai, C. LY., Loh, J. M. S. and Proft, T., 2016. Galleria mellonella infection models for the
study of bacterial diseases and for antimicrobial drug testlinglence 7 (3), 214
229.

Tunnicliffe, G., Schomberg, L., Walsh, S., Tinwell, B., Harrison, T. and Chua, F., 2013.
Airway and parenchymal manifestations of pulmonary aspergillédspiratory
Medicing 107 (8), 11181123.

Turco, M. Y., Gardner, L., Hughes, J., Cindrdvavies, T., Gomez, M. J., Farrell, L.,
Hollinshead, M., Marsh, S. G. E., Brosens, J. J., Critchley, H. O., Simons, B. D.,
HembergerM., Koo, B.-K., Moffett, A. andBurton,G. J.,2017 Long-term,hormone
responsiverganoidculturesof humanendometriunin achemically definedmedium.
Nature cell biology19 (5), 568577.

Ulfig, A. andLeichert,L. ., 2021.Theeffectsof neutrophitgenerated hypochlorous a@dd
other hypohalous acids tvost and pathogen€ellular andMolecular Life Sciences
78 (2), 385414.

Upadhyay, S. K., Gautam, P., Pandit, H., Singh, Basir, S. F. and Madan, T., 2012.
Identification of fibrinogerbinding proteins of Aspergillus fumigatus using proteomic
approachMycopathologial73 (2 3), 73 82.

Upadhyay, S. K., Mahajan, L., Ramjee, S., Singh, Y., Basir, S. F. and Madan, T., 2009.
Identification and characterization of a lamufiimding protein of Aspergillus
fumigatus: extracellular thaumatin domain protein (AfCalAfurnal of Medical
Microbiology, 58 (Pt 6), 714722.

VandendriesscheS., Cambier,S., Proost,P. and Marques,P. E., 2021. Complement
Receptors and Their Role in Leukocyte Recruitment and Phagocyiasisiers in
Cell and Developmental Biology [online], 9. Available from:
https//www.frontiersin.org/journals/cetinddevelopmental
biology/articles/10.3389/fcell.2021.624025/full [Accessed 9 Jul 2025].

Verweij, P. E., Lucas, J. A., Arendrup, M. C., Bowyer, P., Brinkmann, A. J. F., Denning, D.
W., Dyer, P. S.Fisher,M. C., Geenen, P. LGisi, U.,Hermann, D., Hoogendiji4.,

250


http://www.frontiersin.org/journals/medicine/articles/10.3389/fmed.2022.850374/f
http://www.frontiersin.org/journals/cell-and-developmental-

Kiers, E., Lagrou, K., Melchers, W. J. G., Rhodes, J., Rietveld, A. G., Schoustra, S.
E.,StenzelK., Zwaan,B. J.andFraaije,B. A., 2020.Theonehealthproblemof azole
resistance inAspergillus fumigatuscurrent insights and future research agenda.
Fungal Biology Review$4 (4), 202214.

Vickers, I., Reeves, E. P., Kavanagh, K. A. and Doyle, S., 2007. Isolation, activity and
immunological characterisation of a secreted aspartic protease, CtsiAdpengillus
fumigatus Protein Expression and Purificatiob3 (1), 216224.

Atoki, AV., Aja, P.M., Shinkafi,T. S.,Ondari,E. N., Adeniyi, A. I., Fasogbonl. V., Dangana,

R. S., Shehu, UU. and AkinAdewumi, A., 2025. Exploring the versatility of
Drosophila melanogaster as a model organism in biomedical research: a
comprehensive revieviely, 19 (1), 2420453.

Wang,H., Agrawal,A., Wang,Y., Crawford, DW., Siler,Z. D., PetersonM. L., Woofter,

R. T., Labib, M., Shin, H. Y., Baumann, A. P. and Phillips, K. S., 2021. An ex vivo
model of medical deviceediated bacterial skin translocati@tientific Reportsl1
(1), 5746.

Wang,L., Hu,D., Xu, J.,Hu, J.andWang,Y ., 2024.Complexin vitro model:A transformative
model in drug development and precision medici@énical and Translational
Sciencel7? (2), €13695.

Wang, X., Mohammad, I. S., Fan, L., Zhao, Z., Nurunnabi, M., Sallam, M. A., Wu, J., Chen,
Z.,Yin, L. andHe,W., 2021.Delivery strategie®f amphotericirB for invasivefungal
infections.Acta Pharmaceutica Sinica, B1 (8), 25852604.

Wang,Y., Chang,Y., Ortafiez,).,Pefia,.F.,CarterHouse D., ReynoldsN. K., Smith,M.
E.,Benny, G.Mondo,S.J.,SalamovA., Lipzen,A., Pangilinan, J.Guo,J.,LaBultti,

K., AndreopolousW., Tritt, A., Keymanesh, K.Yan,M., Barry,K., Grigoriev,I. V.,
Spatafora, J. W. and Stajich, J. E., 2023. Divergent Evolution of Early Terrestrial
Fungi Reveals the Evolution of Mucormycosis Pathogenicity Facteéesiome
Biology and Evolutionl5 (4), evad046.

Wang, Z., Liu, RK. and Li, L., 2024. A Tutorial Review of Labeling Methods in Mass
SpectrometnBased Quantitative Proteomic8CS Measurement Science, Au(4),

315 337.

Wen,T., Mingler, M. K., Wahl,B., Khorki, M. E.,PabstQ., ZimmermannN. andRothenberg,

M. E., 2014. Carbonic Anhydrase IV Is Expressed orbilActivated Murine
Eosinophils.The Journal of Immunology 92 (12), 54815489.

WHO., 2022.WHO Fungal Priority Pathogens List to Guide Research, Development and
Public Health Action1st ed. Geneva: World Health Organization.

Wiederhold, N. P., Najvar, L. K., Jaramillo, R., Olivo, M., Wickes, B. L., Catano, G. and
Patterson, T. F., 2019. Extendiederval Dosing of Rezafungin against Azole
Resistant Aspergillus fumigatusntimicrobial Agents and Chemothera@3 (10),
10.1128/aac.0116%59.

WiederholdN. P.,ShubitzL. F.,Najvar,L. K., Jaramillo,R., Olivo, M., CatanoG., Trinh,

H.T., Yates,C. M., SchotzingerR. J.,Garvey,E. P.andPattersonT. F.,2018.The

Novel Fungal Cyp51 Inhibitor VFIL598 Is Efficacious in Experimental Models of
Central Nervous System Coccidioidomycosis Caused by Coccidioides posadasii and
Coccidioides immitis. Antimicrobial Agents and Chemotherapy62 (4),
10.1128/aac.022587.

Willger, S. D., Grahl, N. and Cramer, R. A., 2009. Aspergillus fumigatus metabolism: Clues
to mechanisms of in vivo fungal growth and virulenkdical mycology : official
publication of the International Society for Human and Animal Mycold@y(Suppl
1), S72S79.

Williams, C. C., Gregory, J. B. and Usher, J., 2024. Understanding the clinical and
environmental drivers of antifungal resistance in the One Health context.
Microbiology, 170 (10), 001512.

Wippel, H. H., Chavez, J. D., Tang, X. and Bruce, J. E., 2022. Quantitative interactome
analysis with chemical crosslinking and mass spectroméuwyrent opinion in
chemical biology66, 102076.

251



WishartD. S.,ChenglL. L., Copié,V., EdisonA. S.,EghbalniaH. R.,Hoch,J.C.,Gouveia,

G. J., Pathmasiri,W., Powers,R., Schock,T. B., Sumner,L. W. and Uchimiya,
M.,2022. NMR and MetabolomidsA Roadmap for the Futurdletabolites 12 (8),
678

Wodlbeling, F., Munder, A., KerberMomot, T., Neumann,D., Hennig, C., Hansen,G.,
Tammler, B. and Baumann, U., 2011. Lung function and inflammation during
murinePseudomonaeruginosairwayinfection.Immunobiology216(8), 901 908.

Wong, S. S. W., Daniel, I., GangneuxpPJ, Jayapal, J. M., Guegan, H., Delliére, S., Lalitha,
P.,ShendeR.,Madan,T., Bayry, J.,Guijarro,J.l., KuppamuthuD. andAimanianda
V., 2020. Differential Interactions of Serum and Bronchoalveolar Lavage Fluid
Complement Proteins with Conidia of Airborne Fungal Pathogen Aspergillus
fumigatus.Infection and Immunity88 (9), e002120.

Wong,S.S.W., Delliere, S. SchiefermeietMach,N., Lechner L., PerkhoferS.,Bomme,P.,
Fontaine, T., Schlosser, A. G., Sorensen, G. L., Madan, T., Kishore, U. and
Aimanianda, V., 2022. Surfactant protein D inhibits growth, alters cell surface
polysaccharide exposure and immune activation potentiAlspérgillus fumigatus
The Cell Surface3, 100072.

Wood, S. J., Kuzel, T. M. and Shafikhani, S. H., 2023. Pseudomonas aeruginosa: Infections,
Animal Modeling, and Therapeuticgells 12 (1), 199.

Yaakoub, H., Mina, S., Calenda, A., BoucharaR.Jand Papon, N., 2022. Oxidative stress
respons@athwaysn fungi. Cellular andMolecularLife SciencesCMLS 79(6), 333.

Ye, W., Liu, T., Zhang, W. and Zhang, W., 2021. The Toxic Mechanism of Gliotoxins and
Biosynthetic Strategies for Toxicity Preventidnternational Journal of Molecular
Sciences22 (24), 13510.

Yokoi, F., Deguchi, S. and Takayama, K., 2023. Orgaia-chip models for elucidating the
cellular biology of infectious diseaseBiochimica et Biophysica Acta (BBA)
Molecular Cell Researchl870 (6), 119504.

Yoon, J., Kimura, S., Maruyama, J. and Kitamoko, 2009. Construction of quintuple
protease gene disruptant for heterologous protein production in Aspergillus oryzae.
Applied Microbiology and Biotechnolog§2 (4), 691701.

Yu, C., Wang, X. and Huang, L., 2022. Developing a Targeted Quantitative Strategy for
Sulfoxide ContainingMS-CleavableCrossLinked Peptidego ProbeConformational
Dynamics of Protein Complexe&nalytical Chemistry94 (10), 43904398.

Zelante, T., Choera, T., Beauvais, A., Fallarino, F., Paolicelli, G., Pieraccini, G., Pieroni, M.,
Galosi, C., Beato, C., De Luca, A., Boscaro, F., Romoli, R., Liu, X., Warris, A.,
Verweij, P. E., Ballard, E., Borghi, M., Pariano, M., Costantino, G., Calvitti, M.,
Vacca, C., Oikonomou, VGargaro, M., Wong, A. YW., Boon, L., den Hartog, M.,
Sp8glil, Z ., P tP¢ Kedler, N.i P, and®Romanil_La, 20@4spergillus
fumigatugtryptophanmmetabolicroutedifferently affectshostimmunity. Cell Reports
34 (4), 108673.

Zhai,P.,Shi,L., Zhong,G.,JiangJ.,Zhou,J.,ChenX., Dong,G.,Zhang,L., Li, R.andSong,

J., 2021. The OxrA Protein of Aspergillus fumigatus Is Required for the Oxidative
StressResponsandFungalPathogenesi®ppliedand EnvironmentaMicrobiology,
87 (22), e0112021.

Zhang, B., Zhou, ¥T., Jiang, SX., Zhang, Y-H., Huang, K., Liu, ZQ. and Zheng, ¥G.,
2020.AmphotericinB biosynthesisn Streptomycesiodosusguantitativeanalysisof
metabolism via LCMS/MS based metabolomics for rational desigiicrobial Cell
Factories 19, 18.

Zhang, J., Verweij, P. E., Rijs, A. J. M. M., Debets,JAM. and Snelders, 2022. Flower
Bulb WasteMaterialis a NaturalNichefor the SexualCyclein Aspergillusfumigatus.
Frontiers in Cellular and Infection Microbiology [online], 11. Available from:
https//www.frontiersin.org/journals/cellulaandinfection-microbiology
farticles/10.3389/fcimb.2021.785157/full [Accessed 10 Jun 2025].

Zhao, J., Cheng, W., He, X. and Liu, Y., 2018. Thecaclmnization prevalence of
Pseudomonas aeruginosad Aspergillus fumigatus cystic fibrosis: A systematic
review and metanalysisMicrobial Pathogenesisl25, 122128.

252


http://www.frontiersin.org/journals/cellular-and-infection-

Zhao, Z., Song, J., Yang, C., Yang, L., Chen, J., Li, X., Wang, Y. and Feng, J., 2021.
Prevalence of Fungal and Bacterial-lBéection in Pulmonary Fungal Infections: A
Metagenomic Next Generation SequeneBased StudyFrontiers in Cellular and
Infection Microbiology 11, 749905.

253



Chapter9
Appendix

254



Chapter 2 Supplementary

https://www.mdpi.com/article/10.3390/cells12071065/s1

Chapter 3 Supplementary

https//www.microbiologyresearch.org/content/journal/jmm/10.1099/jmm.0.001844#supplementary_d
ata

Chapter 4 Supplementary

https://www.mdpi.com/article/10.3390/jof9020222/s1

Chapter 5 Supplementary

https://figshare.com/articles/journal_contribution/Proteomic_characterisation_of_i_Aspergillus_fumigatus_i_host
interactions_using_the i _ex
vivo_i_pig_lung_EVPL model_b_b_Suppfigures_and_tables_evpl_paper pdf/28418183?file=52368533

255


https://www.mdpi.com/article/10.3390/cells12071065/s1
http://www.microbiologyresearch.org/content/journal/jmm/10.1099/jmm.0.001844#supplementary_d
https://www.mdpi.com/article/10.3390/jof9020222/s1
https://figshare.com/articles/journal_contribution/Proteomic_characterisation_of_i_Aspergillus_fumigatus_i_host_interactions_using_the_i_ex-vivo_i_pig_lung_EVPL_model_b_b_Suppfigures_and_tables_evpl_paper_pdf/28418183?file=52368533
https://figshare.com/articles/journal_contribution/Proteomic_characterisation_of_i_Aspergillus_fumigatus_i_host_interactions_using_the_i_ex-vivo_i_pig_lung_EVPL_model_b_b_Suppfigures_and_tables_evpl_paper_pdf/28418183?file=52368533
https://figshare.com/articles/journal_contribution/Proteomic_characterisation_of_i_Aspergillus_fumigatus_i_host_interactions_using_the_i_ex-vivo_i_pig_lung_EVPL_model_b_b_Suppfigures_and_tables_evpl_paper_pdf/28418183?file=52368533

Figure S6.1: Species rarefaction plots for all 16S and ITS2 samples. A: unwashed
tissue, B: washed tissue, €: aeruginosamongcinfection, D: A. fumigatusmonc
infection, E: coinfection.
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