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RESUMO 

Regulação metabólica da imunidade antifúngica: dos mecanismos básicos à aplicação 

clínica 

Aspergillus fumigatus é um fungo oportunista responsável por um largo espectro de doenças com 

manifestações clínicas, que podem ir desde a colonização a síndromes alérgicos, até formas invasivas 

de infeção. Até à data, não existem vacinas aprovadas para a aspergilose e os métodos usados para o 

diagnóstico desta doença não apresentam sensibilidade e especificidade adequadas, o que resulta em 

altas taxas de morbilidade e mortalidade após infeção. É assim, de extrema importância, que a 

compreensão dos mecanismos de defesa do hospedeiro seja aprimorada, de forma a permitir o 

desenvolvimento de tratamentos ou de abordagens profiláticas mais eficazes.  

No conjunto das células do sistema imune inato, os macrófagos são considerados essenciais para 

a prevenção da germinação do fungo e da invasão dos tecidos logo após a infeção. Como resposta à 

infeção, os macrófagos adaptam os seus programas metabólicos, entre os quais o aumento da glicólise 

que alimenta as funções efetoras microbicidas. Neste trabalho, demonstrámos que em resposta à infeção 

com A. fumigatus, os macrófagos reprogramam o seu metabolismo, ativando o metabolismo glicolítico, 

essencial para a eliminação do fungo e sobrevivência dos macrófagos. Demonstrámos ainda que a 

ativação da glicólise é dependente da melanina, expressa na parede celular fúngica. Através da 

remodelação da maquinaria intracelular de cálcio e do bloqueio da sua sinalização via calmodulina, a 

melanina induz sinais imunometabólicos que ativam a molécula HIF-1α e recrutam a molécula mTOR 

para o fagossoma, culminando na ativação da glicólise. Adicionalmente, a contribuição da glicólise para 

a imunidade antifúngica é também suportada neste trabalho pela identificação de variantes genéticas no 

gene que codifica a enzima glicolítica PFKFB3, que atuam como cQTLs e que predispõem recetores de 

transplantes de progenitores hematopoiéticos para o desenvolvimento de aspergilose pulmonar invasiva 

(API) como resultado de uma desregulação na reprogramação do seu metabolismo celular. 

Em suma, os nossos dados demonstram um mecanismo fundamental na regulação 

imunometabólica durante a infeção fúngica e destacam a manipulação metabólica das células imunes 

como uma estratégia para prevenir ou tratar a aspergilose. Adicionalmente, este trabalho destaca o papel 

da variação genética em genes metabólicos na suscetibilidade à API e reforça a importância do perfil 

genético na identificação dos pacientes com maior risco de desenvolverem a doença, e que poderão 

beneficiar de uma profilaxia antifúngica mais especifica ou de um diagnóstico célere. 

Palavras-chave: A. fumigatus; Aspergilose; Imunometabolismo; Macrófago; Variabilidade genética 
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ABSTRACT 

Metabolic regulation of antifungal immunity: from basic mechanisms to clinical translation 

The opportunistic fungal pathogen Aspergillus fumigatus can cause a wide spectrum of diseases with 

clinical manifestations that range from colonization to allergic syndromes, to invasive forms of infection. 

Because there are no licensed vaccines and the currently available tests for the diagnosis of invasive 

pulmonary aspergillosis (IPA) lack accuracy, mortality rates after infection remain unacceptably high. 

Therefore, an improved understanding of host defense mechanisms allowing the development of more 

effective treatment or control measures for IPA remains a pressing demand.  

Among the cells from the innate immune system, macrophages are considered critical in preventing 

fungal germination and tissue invasion early after infection. In response to infection, macrophages rapidly 

adapt their metabolic programs whereby enhanced glycolysis fuels specialized antimicrobial effector 

functions. Here, we demonstrated that in response to A. fumigatus infection, macrophages reprogram 

their metabolism toward glycolysis, critical to fungal elimination and macrophage survival. Moreover, we 

establish fungal melanin as an essential molecule required for the metabolic rewiring of macrophages 

during infection with A. fumigatus. By remodeling the intracellular calcium machinery and impairing 

signaling via calmodulin, fungal melanin drives an immunometabolic signaling axis toward glycolysis with 

activation of HIF-1α and phagosomal recruitment of mTOR. The contribution of glucose homeostasis to 

antifungal immunity was further supported by the identification of variants in the gene coding for the 

glycolytic enzyme PFKFB3 that act as cytokine quantitative trait loci and predispose recipients of stem-

cell transplantation to IPA as the result of a deregulated reprogramming of cellular metabolism.  

In summary, our data demonstrate a pivotal mechanism in the immunometabolic regulation during 

fungal infection and highlight the metabolic repurposing of immune cells as a potential strategy to prevent 

or treat IPA. Additionally, this work highlights the role of genetic variation in metabolic genes in 

susceptibility to IPA and reinforces the importance of the genetic profile in the identification of high-risk 

patients who would benefit from targeted antifungal prophylaxis or a more intensive diagnostic work–up. 

Keywords: A. fumigatus; Aspergillosis; Genetic variability; Immunometabolism; Macrophage 
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1.1 Human fungal infections 

Fungal infections are currently a global health problem, associated with high morbidity and mortality rates 

as well as with problematic socioeconomic consequences [1,2]. Fungal pathogens are estimated to lead 

to more than 1.7 million deaths every year worldwide, with a global burden exceeding one billion [3]. 

Nonetheless, fungal diseases have been substantially underestimated and neglected by healthcare 

authorities [2,4]. Over the past two decades, the prevalence of invasive fungal infections (IFIs) has 

increased considerably, and currently more than 150 million people develop severe fungal infections, 

with a major clinical impact [3]. This increased incidence is particularly relevant in the case of healthcare-

associated IFIs [5-7], for which a call to action was recently issued by the scientific community [8]. This 

increase is a consequence of the expanding population of at-risk patients for IFIs, namely 

immunocompromised patients due to recent advances in medical care. Severely impaired immune status, 

e.g., neutropenia, hematopoietic stem cell transplantation (HSCT),  solid organ transplantation (SOT) and 

the associated prescription of immune-modulatory drugs as well as the excessive antibiotic use are 

classical examples of predisposing conditions [9,10]. Clinical and epidemiological studies have also 

recently revealed an expanding frequency of severe fungal infections among critically ill patients that occur 

in the context of viral pneumonia, e.g., influenza and coronavirus disease 2019 (COVID-19) [11,12]. 

Endemic fungal infections also pose a significant health threat in selected geographical areas, mainly due 

to environmental changes, population growth, and increasing rates of human immunodeficiency virus 

(HIV) infection [13]. 

Among patients at-risk, the airborne opportunistic fungi Aspergillus spp., Cryptococcus spp., and 

Pneumocystis spp., as well as the human-associated commensal fungal species Candida albicans remain 

the major fungal pathogens responsible for most cases of serious fungal diseases in the world. These 

fungi are responsible for more than 90% of all reported fungal disease-related deaths [14-16]. The latest 

estimates of the annual burden of fungal diseases amount to more than 14 million cases for all diseases 

within the pulmonary aspergillosis spectrum, over 200,000 cases of cryptococcal meningitis, 500,000 

cases of Pneumocystis jirovecii pneumonia, 700,000 cases of invasive candidiasis, and over 10 million 

cases of asthma with fungal sensitization [3,14,17]. Despite the global burden of fungal infections 

associated with high mortality rates and healthcare costs, and the emergence of antifungal resistance 

[18], no fungal vaccines have been approved to date [19]. There is, therefore, an urgent need to further 

elucidate the pathogenetic mechanisms that predispose individuals to infection and foster the 

development of more effective diagnostic and therapeutic measures for fungal infections. 
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1.2 Aspergillus and pulmonary aspergillosis  

Among the wide range of fungal pathogens able to infect a susceptible host, the ascomycetes of the 

Aspergillus genus stand out as a paradigm of environmental microbes that turn into opportunistic 

pathogens under “permissive” host conditions [20]. In fact, Aspergillus spp. are the most frequently 

isolated filamentous fungi in humans and animals [21-23]. The Aspergillus genus consists of over 250 

species of ubiquitous saprophytic molds particularly common in the soil, compost, and decaying vegetable 

matter. Aspergilli are also found in indoor environments, such as surfaces of buildings, household 

appliances and air, and play important roles in carbon and nitrogen recycling. While many species of this 

genus are used in industrial applications, around 40 species of Aspergillus have been found to be 

pathogenic to humans [24]. These fungi present remarkable phenotypic plasticity in their ecology and 

stress responses, which is the basis of their success as opportunistic pathogens. Among the pathogenic 

species, Aspergillus fumigatus possesses a combination of biological characteristics that make it 

responsible for the vast majority of related infections [22,24]. The growth rate, ease of dissemination, 

high adaptation, nutritional versatility, thermotolerance, and other aspects of its ecophysiology collectively 

contribute to the efficacy of A. fumigatus as a pathogen [23,25]. A. fumigatus produces large quantities 

of  spores (termed conidia), with 2-3 μm in diameter, through asexual reproduction [20], that enter the 

human lungs by inhalation and that can penetrate and access pulmonary alveoli due to their small size. 

A. fumigatus can also reproduce sexually, allowing the inheritance of virulence factors, resulting in strains 

with increased virulence [26]. 

In a hostile environment, the fungal cell wall is the first line of defense against the host immune 

system. Therefore, the cell wall plays an important role in host-Aspergillus interactions and fungal survival, 

providing integrity and physical protection to the cell. The inner cell wall of A. fumigatus is composed of 

an alkali-insoluble fibrillar skeleton, which is made of branched β-1,3-glucans to which chitin, 

galactomannan and β-1,3-glucans/β-1,4-glucans are covalently bound. The fibrillar core of the cell wall 

is embedded in an amorphous alkali-soluble cement, which is mainly composed of α-1,3-glucans and the 

galactose-containing polysaccharides galactomannan and galactosaminogalactan (GAG) [20]. The surface 

rodlet layer is responsible for the unique surface of the conidium and its hydrophobic characteristics and 

provides resistance to harsh environmental conditions and host defenses [27,28]. The hydrophobic RodA 

proteins that comprise the rodlet layer on the conidial surface mediate immune evasion both in vitro and 

in vivo [29], and together with α-mannans and melanin form a dense layer around the conidium [20]. 

These conidial surface molecules mask pathogen-associated molecular patterns (PAMPs) that are present 
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in the cell wall and avoid fungal recognition by immune cells. Melanin also plays a potent anti-phagocytic 

and immune evading function, since it blocks the acidification of the phagosome [30], inhibits the 

nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex [31], responsible for the 

production of antifungal reactive oxygen species (ROS), and blocks LC3-associated phagocytosis (LAP), a 

critical mechanism for the intracellular elimination of conidia by monocytes and macrophages [31,32]. 

Of note, disruption of the melanin biosynthetic pathway in A. fumigatus results in an attenuation of 

virulence in animal models, which highlights its critical role in immune evasion by the fungus [33]. When 

conidia start to swell and germinate, the fungus sheds its outer melanin and rodlet layer, exposing 

additional PAMPs, allowing hyphal growth (and GAG expression) to occur (Fig. 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the A. fumigatus conidium and hypha cell walls. Note that 

despite the structural components of the cell wall of the conidium and hypha are mostly shared, the composition 

of the outer layer of these two morphotypes is distinct, with a rodlet layer and melanin expressed on the conidium, 

and galactosaminogalactan (GAG) covering the mycelium . 
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1.2.1 Pulmonary aspergillosis: a wide spectrum of diseases 

On a daily basis, any individual will inhale approximately 100–1,000 conidia of A. fumigatus [20]. 

Immunocompetent individuals will efficiently clear most of the inhaled conidia through mucociliary 

movements, while the remaining conidia will be phagocytosed and eliminated mostly by tissue-resident 

alveolar macrophages [34]. However, depending on the underlying immune status of the host , Aspergillus 

spp. can lead to a variety of pathologies. There are three broad categories of pulmonary aspergillosis with 

distinct pathogenetic mechanisms and clinical manifestations: allergic bronchopulmonary aspergillosis 

(ABPA), chronic pulmonary aspergillosis (CPA) and invasive pulmonary aspergillosis (IPA) [35] (Fig. 2).  

 

Figure 2. The general spectrum of pulmonary aspergillosis. Following inhalation of conidia, Aspergillus 

spp. can cause a variety of pathologies, if not proper eliminated by mucociliary clearance or macrophage 

phagocytosis. Depending on the immune status of the host, pulmonary aspergillosis can range from allergic 

reactions (hypersensitivity) to life-threatening invasive infections (severe immunosuppression). The current burden 

and treatment options are also depicted.  
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The interplay between the pathogen and the host immune dysfunction or hyperactivity determines 

which clinical syndrome is more likely to develop [36]. Due to the widespread use of chemotherapeutic 

and immunosuppressive agents, the overlap between these categories is becoming increasingly 

recognized [37]. As such, pulmonary aspergillosis should be regarded as a semi-continuous spectrum of 

allergic, non-invasive and invasive diseases [35].  

 

1.2.2 Epidemiology of invasive pulmonary aspergillosis 

Invasive pulmonary aspergillosis (IPA), a life-threatening infection caused mainly by A. fumigatus,  was 

first described in 1953 [38], and is the most serious clinical entity on the spectrum of pulmonary 

aspergillosis. IPA has a global incidence of more than 300,00 cases per year with mortality rates ranging 

from 30 to 80% [3,17,39]. IPA implies the invasion of lung tissue by Aspergillus hyphae that can be 

followed by hematogenous dissemination to distant organs, including the central nervous system, liver, 

spleen and skin, whose function is often irreversibly compromised [40]. Patients at-risk are predominantly 

HSCT recipients and patients with hematological malignancies undergoing intensive chemotherapy [23]. 

Additionally, patients undergoing SOT, patients treated with corticosteroids, individuals with genetic 

immunodeficiencies (e.g., chronic granulomatous disease, CGD), or infected with HIV [14,21,36] are also 

at high risk for IPA. More recently, there has also been an increase in reports of cases of IPA developing 

in immunocompetent patients following severe influenza [41,42] and COVID-19 [43-45]. 

The number of patients undergoing HSCT has grown exponentially in the last 30 years and IPA has 

become a leading cause of death among these patients, accounting for 10% of all deaths in this population 

[46]. In this setting, most experts agree that there is a hierarchy of risk based not only on the type of 

transplant, but also on the underlying disease, comorbid conditions, and other variables. Currently, IPA 

mostly occurs late (40 to 80 days) and very late (80+ days) after stem-cell engraftment. Despite the 

significant progress in treating and preventing IPA, its incidence within HSCT patients has increased since 

the first reports in surveillance clinical studies in the late 1990s [23]. In 2010, the Transplant–Associated 

Infection Surveillance Network (TRANSNET), a network of 23 United States transplant centers that 

prospectively enrolled HSCT recipients between March 2001 and March 2006 revealed that, in addition 

to the increased cumulative incidence of IPA, the overall 1–year mortality among HSCT patients with IPA 

was approximately 75% [47]. Other large epidemiological studies performed in several European countries 

have confirmed the predominance of IPA over other IFIs in HSCT patients [48-51]. Moreover, because of 
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its prevalence and costly treatments, IPA has also become the most expensive fungal disease in the 

hospital setting [52]. Altogether, these data emphasize the clinical relevance of this disease, particularly 

in this setting, and show that there is still much to do to fight IPA. 

 

1.2.3 Diagnosis of invasive pulmonary aspergillosis  

The unacceptably high mortality rates associated with IPA stem primarily from difficulties in the diagnostic 

and therapeutic options. Timely and accurate diagnosis of IPA is needed to improve disease outcome, 

however, despite recent improvements, it remains a critical challenge nowadays for clinicians worldwide. 

One difficulty in the diagnosis of IPA is defining the precise criteria required to establish the diagnosis. 

Along this line, the development of standardized diagnostic criteria for IPA by the European Organization 

for the Research and Treatment of Cancer (EORTC)/Mycoses Study Group (MSG) represents a major 

contribution [53,54]. 

The clinical presentations and radiological changes in IPA are non-specific and become evident late 

in the course of the disease, especially in neutropenic patients [23]. The gold standard for securing 

diagnosis remains the identification of the organism by histopathology and/or growth in culture from 

tissue biopsy or aspirate from a sterile site, but this is frequently contraindicated in critical ill patients. 

Besides the fact that these approaches are undoubtedly the most labor intensive, colonization can be 

difficult to discriminate from a true invasive infection, and detection of Aspergillus by traditional blood 

culture is often not possible since fungi rarely circulate in the bloodstream [55]. Although histopathological 

detection of Aspergillus in the tissue remains essential to define the highest level of certainty in diagnostic 

criteria, less invasive and more rapid methods have already overtaken this approach in most settings. As 

IPA patients typically do not produce anti-Aspergillus antibodies, in contrast to immunocompetent 

patients, detection of Aspergillus molecules circulating in the biological fluids is the reference to diagnose 

an invasive infection. Therefore, serum and bronchoalveolar lavage (BAL) biomarkers such as 

galactomannan (GM) and β-D-glucan are being increasingly employed to establish the diagnosis. While 

BAL testing for GM is the most sensitive method for the diagnosis of IPA, serum GM testing is easier to 

perform and serial sampling can be used to monitor the response to antifungal therapy [55,56]. However, 

these tests vary in sensitivity and specificity, depending on the patient population involved and the assay 

used [56]. Another important circulating molecule considered for diagnosis of IPA is fungal DNA. Different 

polymerase chain reaction (PCR) protocols have been published so far, but they lack standardization. 

Although PCR is more accurate in detecting Aspergillus in the sputum and BAL when compared to culture, 
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the heterogeneity of the assays employed along with their lack of clinical validity renders its diagnostic 

value unclear [35]. Additionally, PCR is often associated with false-positive results because it does not 

discriminate between colonization and infection. The use of PCR remains controversial and has not been 

included in the consensus definitions of the EORTC. Additionally, fungal RNA [57] and microRNA detection 

[58], as well as the analysis of the volatile organic compounds of A. fumigatus in the exhaled breath 

condensates of patients with IPA have also been proposed as diagnostic tools [23,59,60]. 

Currently, none of the antigen-based diagnosis approaches is 100% reliable for the diagnosis of IPA, 

suggesting that a combination of diagnostic tests is the best option to significantly increase the detection 

rate. In fact, when Aspergillus PCR in BAL was used in combination with GM, diagnosis of IPA was made 

earlier, and therapy was more effective [61]. Finally, the inability of molecular diagnostic assays to 

distinguish between the different stages of the disease, from colonization to chronic non-invasive infection 

to IPA (all of which can coexist in the same patient), together with the lack of a gold standard for diagnosis, 

have hampered the performance of the current diagnostic methods. 

 

1.2.4 Treatment of invasive pulmonary aspergillosis  

Prompt initiation of therapy in IPA decreases mortality and is essential to prevent disease progression, 

even when a proven diagnosis is not readily available [35]. In this regard, medical mycology is also facing 

a gap, since there are no licensed antifungal vaccines and the therapeutic options are restricted to four 

antifungal drug classes - polyenes, azoles, echinocandins and the pyrimidine analogue flucytosine (5-FC) 

- targeting different parts of the fungal cell [62] (Fig. 2). These drugs are frequently associated with 

intrinsic and acquired resistance [63], because of the target similarity between the fungal and host cells, 

resulting in high toxicity and various side effects [64]. 

The polyene amphotericin B (AmB) deoxycholate was the first therapy for IPA and has been used in 

prophylaxis or to treat suspicion of A. fumigatus infection. However, this drug causes serious side effects 

including nephrotoxicity, electrolyte disturbances and hypersensitivity [65]. In the early 1990’s, a new 

class of antifungal drugs containing azoles was generated. Fluconazole was the first azole to be used, but 

since the year 2000, the emergence of resistant fungal strains rendered the use of this drug in therapy 

almost obsolete. Currently, voriconazole is considered the gold standard for the treatment of IPA [39]. 

Another class of antifungals used for treatment are echinocandins. These drugs are fungistatic to molds 

such as A. fumigatus, and their mechanism of action occurs trough the inhibition of the synthesis of 
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fungal β-1,3 glucan [66]. Nevertheless, as echinocandins are not fungicidal, they are less effective in 

severely immunocompromised patients, which suggests that these drugs should be used in combination 

with other antifungal drugs to increase fungal elimination. Despite the availability of these antifungal 

drugs, mortality rates in IPA patients that receive treatment remain unacceptably high.   

To address the increasing need for new therapeutic options against fungal infections, alternative 

approaches are being explored, which include host-directed therapies (HDT). In this context, HDTs  based 

on cytokine therapy, vaccine development and in cellular immunotherapy have been explored to modulate 

host antifungal response by mitigating inflammation and promoting the antimicrobial activity of immune 

cells [67], with the crucial advantage of avoiding the development of drug resistance [68]. Despite these 

advances, however, IPA remains difficult to diagnose and to treat. The aim for future antifungal 

management should be a targeted personalized medicine approach whereby high-risk patients are 

identified and prophylactically treated. In this regard, genetic profiling to stratify patients with different risk 

patterns is expected to become clinically relevant soon [69]. 

 

1.3 Fungal recognition and antifungal immune response 

The primary function of the immune system is to sense and remove invading pathogens through a variety 

of host resistance effector mechanisms. While resistance is defined as the capacity to reduce pathogen 

burden during infection, tolerance is meant to alleviate the substantial cost of resistance systems to host 

fitness [70]. Therefore, host immune responses during IPA must balance the clearance of the pathogen, 

while limiting tissue damage. 

From an immunological perspective, the defense against inhaled conidia begins in the anatomical 

barriers of the respiratory tract. Most inhaled conidia are deposited against the airway surface fluid due 

to turbulent airflow caused by the branching pattern of the bronchial tree [34]. The trapped conidia are 

then removed by the ciliary action of the respiratory epithelium [71]. This mechanism represents the first 

line of defense in the lung. Due to their small size, some of the inhaled conidia can overcome the 

anatomical barriers and reach the respiratory alveoli. When this occurs, conidia will be challenged by cells 

of the innate immune system, including resident alveolar macrophages and dendritic cells (DCs), as well 

as recruited inflammatory cells, mainly polymorphonuclear neutrophils. A rapid and efficient immune 

response relies largely on the selective recognition of PAMPs by pattern recognition receptors (PRRs) 

expressed on phagocytes. The maturation of conidia within the alveoli will trigger a morphological change 

leading to the loss of the thin hydrophobic RodA protein layer, thus exposing fungal PAMPs, such as β-



Chapter I | General Introduction 

10 
 

1,3-glucans, mannans, chitin and melanin [72]. The main PRRs involved in fungal recognition are Toll-

like receptors (TLRs) and C-type lectin receptors (CLRs), but other receptors such as integrins and 

scavenger receptors also function as PRRs [73]. Engagement of PRRs initiates signaling cascades that 

result in pathogen engulfment by professional phagocytes, initiation of inflammation, and secretion of 

cytokines and chemokines (Fig. 3). The cytokine environment contributes to the recruitment of other 

innate immune effectors, such as inflammatory monocytes and neutrophils, which mediate killing of 

conidia that have escaped initial recognition or that have germinated into hyphae. In addition, soluble 

proteins such as collectins, pentraxins, ficolins, and proteins from the complement system can act as 

opsonins to facilitate phagocytosis and promote direct fungicidal activity through the recruitment of 

complement components [74]. PRRs also respond to products released from damaged host cells during 

infection, including nucleic acids, alarmins, and metabolites, collectively termed damage-associated 

molecular patterns (DAMPs) [75]. While some PRRs and soluble molecules exert a redundant function 

during fungal infection, an efficient antifungal immunity requires the coordinated regulation of individual 

or multiple receptors. 

The induction of innate immunity via PRRs shapes the development of the adaptive immune 

response. DCs are key cells that bridge the innate and adaptive immune responses to A. fumigatus. As 

antigen presenting cells (APCs), DCs transport fungal antigens from the airways to the draining lymph 

nodes, where they interact with naïve T cells through the major histocompatibility complex (MHC) and T 

cell receptor (TCR), resulting in the secretion of various cytokines driving protective T helper 1 (Th1) and 

Th17 responses against A. fumigatus [46,76] (Fig. 3).  
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Figure 3. General overview of the molecular and cellular processes involved in the innate and 

adaptive immune responses to fungal pathogens. APC, antigen-presenting cell; PTX3, long pentraxin PTX3; 

SAP, serum amyloid P. 

 

The activation of specific T cell subsets is dependent on the fungal antigen, PRR signaling pathways 

and the mode of antigen routing and presentation in DCs [77]. Th1 responses driven by IL-12 are critically 

required for the development of protective immunity to the fungus in mice and humans [78,79], as well 

as to experimental fungal vaccines [77]. This protective immunity develops through the secretion of the 

pro-inflammatory cytokines tumor necrosis factor (TNF) and interferon gamma (IFN-γ), which promote 

antifungal activity of macrophages and neutrophils at the site of infection [80-82]. Interestingly, Th1 cells 
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have been shown to induce a fungus-specific Th1 immunity to the immunogenic epitope of the A. 

fumigatus cell wall glucanase (Crf1) that can be presented by three common MHC class II alleles, and 

that induces memory CD4+ Th1 cells with a diverse T-cell receptor repertoire that is cross-reactive to C. 

albicans [83]. The role of Th17 responses in antifungal immunity to A. fumigatus is less clear, both in 

humans and in murine models [14,84]. In humans, A. fumigatus  fails to induce the production of IL-17, 

and as such, is it acknowledged that human host defense against Aspergillus relies more prominently on 

Th1 rather than Th17 responses [85]. However, recently, Jolink and collaborators showed that Th17 cells 

may play a more important role in the immune response than was appreciated until now [86]. In this 

work, the authors stimulated lung-derived mononuclear cells (LMC), from chronic obstructive pulmonary 

disease (COPD) patients, with a mixture of overlapping peptides of six A. fumigatus proteins and found 

that the lung-derived Aspergillus-specific T-cells exhibited a Th17 phenotype, producing mainly IL-17 and 

low amounts of IFN-γ [86]. These data indicate that, like in other fungal infections, Th17 cells play a role 

at the site of infection in response to A. fumigatus infection [86]. Lastly, regulatory T (Treg) cells have 

been shown to regulate the inflammatory response elicited by a strong Th1 response in the early phase 

of A. fumigatus infection [87], but may conversely promote fungal persistence and immunosuppression. 

In fact, Treg cells are relevant producers of IL-10, which is instead linked to disease progression in IPA 

[46].  

 

1.4 Recognition of A. fumigatus by membrane-associated PRRs 

Pathogen recognition is crucial to initiate adequate immune defenses and is facilitated by recognition 

receptors expressed on phagocytes. Currently, PRRs are categorized into four classes: CLRs ; TLRs; 

nuclear oligomerization domain (NOD)−like receptors (NLRs) and retinoic acid−inducible gene (RIG)-I−like 

receptors [88-90].  

The best characterized PRR for A. fumigatus is the CLR type II transmembrane protein dectin-1. This 

receptor is highly expressed in macrophages, neutrophils and DCs, and is crucial for mediating a 

proinflammatory response against A. fumigatus in the respiratory tract [91], as shown by the increased 

susceptibility of immunocompetent mice deficient in dectin-1 to A. fumigatus infection [92]. Dectin-1 

recognizes the cell wall constituent β-1,3-glucan [93] on swollen and germinating conidia but does not 

respond to resting conidia, thus allowing macrophages to distinguish between the different morphological 

forms of A. fumigatus [94]. Dectin-1 can stimulate a variety of cellular responses via the spleen tyrosine 
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kinase (Syk)/caspase recruitment domain–containing protein 9 (CARD9) signaling pathway [95]. 

Interaction of dectin-1 with A. fumigatus conidia promotes their phagocytosis, enhances macrophage 

activation, and induces proinflammatory responses including the secretion of IL-1β and TNF. In addition, 

dectin-1 mediates the recruitment of the autophagy protein LC3-II to the phagosomes in monocytes [96] 

and has an important role in neutrophil recruitment [93]. Dectin-2 has also recently been shown to be 

implicated in the innate immune response against A. fumigatus. In contrast to dectin-1, dectin-2 

recognizes α-mannans, which are found in the outer layer of the fungal cell wall [97,98], thereby masking 

β-glucans. This observation suggests that, upon inhalation, conidia are more likely to be recognized by 

dectin-2 before detection by dectin-1. Dectin-2 is expressed at high levels by alveolar macrophages in the 

human lung in response to A. fumigatus [98] and is also expressed in DCs. Furthermore, dectin-2 was 

shown to mediate an NF-κB-dependent proinflammatory response against swollen conidia. Blocking of 

dectin-2 resulted in significantly reduced conidial killing by THP-1 macrophages, thus further emphasizing 

the role of this receptor in host defense against A. fumigatus [98,99]. Of note, recognition of A. fumigatus 

hyphae by human plasmacytoid DCs was shown to be mediated by dectin-2 [100]. Recently, dectin-2 was 

also found to recognize A. fumigatus galactomannan [101]. In addition, DC–specific ICAM3–grabbing 

non–integrin (DC-SIGN) has also been suggested to recognize galactomannan [102]. DC-SIGN is 

expressed at the surface of DCs and some macrophages with specificity for high mannose moieties 

[34,103] and, together with mannose receptor (MR), recognize branched N–linked mannans. Both 

receptors can direct mannosylated fungal antigens to the endocytic pathway of DCs, thereby promoting 

antigen processing and presentation to T cells [104,105]. Likewise, MR has been shown to be involved 

in the promotion of antifungal Th17 cell responses [106]. More recently, the melanin-sensing C-type lectin 

receptor (MelLec) was identified as an essential receptor in both mice and humans, with a role in the 

recognition of the naphthalene-diol unit of 1,8-dihydroxynaphthalene (DHN)-melanin, an immunologically 

active component commonly found on melanized fungi [107].  

Among PRRs, TLRs were the first to be identified and are the best characterized. This family is critical 

to the recognition of A. fumigatus and comprises 10 members in humans (TLR1–10) and 12 in mouse 

(TLR1–9, TLR11–13) [108]. As TLRs are membrane-bound, they can be found either at the cell surface 

(TLR1, TLR2, TLR4-6 and TLR1O) or in endocytic compartments (TLR3, TLR7-9), and recognize distinct 

PAMPs and DAMPs. Upon recognition, TLRs recruit toll/interleukin-1 receptor (TIR) domain-containing 

adaptor proteins such as myeloid differentiation primary response 88 (MyD88) and TIR-domain-containing 

adapter-inducing interferon-β TRIF [108] which initiate a signaling cascade leading to the activation of 
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transcriptional factors such as NF-κB, capable of controlling the expression of pro- and anti-inflammatory 

cytokines and chemokines [109]. TLR2 has been implicated in the recognition of yet unidentified ligands 

of conidia and hyphae, whereas TLR4 is only associated with the recognition of conidial ligands [110]. 

Interestingly, in response to hyphae, TLR4 signaling is lost, and hyphae, but not conidia, stimulate instead 

the production of IL-10 via TLR2, suggesting that a phenotypic switch from conidia to hyphae may 

represent an immune evasion mechanism of A. fumigatus [110,111]. Moreover, both TLR2 and TLR4 

enhance pro-inflammatory cytokine production in response to A. fumigatus [111]. In fact, cytokine 

production by A. fumigatus-stimulated bone marrow-derived macrophages (BMDMs) from both TLR2 and 

TLR4-deficient mice is severely dampened [112]. The activation of TLR2 by A. fumigatus was observed 

with the formation of a heterodimer with TLR1 or TLR6 in mouse cells, and with TLR1, but not TLR6, in 

human cells [112]. Several reports have indicated that some TLRs can also recognize fungal nucleic 

acids, namely TLR9 [113-116] and TLR3 [77,117,118]. TLR9 recognizes the fungal unmethylated CpG 

DNA, and its absence abolished cytokine production by BMDCs stimulated with fungal DNA [119]. 

Regarding TLR3, the activation of a TLR3/TRIF–dependent pathway converging on indoleamine-2,3-

dioxygenase 1 (IDO1) on epithelial cells (ECs) was found to confer protective tolerance to A. fumigatus 

[118] and TLR3 sensing of fungal RNA by DCs was essentially required for the activation of protective 

MHC class I–restricted memory CD8+ T cell responses to aspergillosis in mice and in human patients 

[117]. 

The intracellular NLRs can also activate immune signaling pathways following the recognition of A. 

fumigatus. Along this line, NOD2 has been implicated in the recognition of A. fumigatus [120]. In vitro 

stimulation of murine macrophages with A. fumigatus conidia resulted in a significantly increased 

expression of NOD2 protein and RIP2 kinase, a signaling component of NODs. Upregulation of NF-κB 

and downstream cytokine production were increased simultaneously after conidia exposure, and these 

features were not observed in NOD2-knockout cells [120], suggesting that this receptor can potentially 

contribute to the innate immune response against A. fumigatus. A role for the NLRP3 (NOD-, LRR- and 

pyrin domain-containing protein 3) inflammasome during A. fumigatus infection was also demonstrated 

in vitro  [121] and in vivo [122]. Hyphae, but not conidia, were shown to induce IL-1β production in THP-

1 cells, which was significantly reduced in cells with silenced NLRP3 and ASC genes. NLRP3 

inflammasome activation by A. fumigatus was found to occur through a pathway requiring ROS production 

and the Syk tyrosine kinase [121]. More recently, A. fumigatus GAG was reported as a novel PAMP that 
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activates the NLRP3 inflammasome to provide host protection [123]. Of note, double knockout mice for 

both Nlrp3 and absent in melanoma 2 (Aim2) are susceptible to IPA [124].  

 

1.5 Recognition of A. fumigatus by soluble PRRs 

Fungal recognition is facilitated by molecules of the humoral arm of the innate immune system including 

pentraxins, complement proteins, ficolins and collectins [125-127]. Pentraxin-3 belongs to the family of 

long pentraxins and is secreted as a multimeric protein by numerous cells, including neutrophils, DCs, 

mononuclear phagocytes, and pulmonary epithelial cells in response to inflammatory mediators [128]. 

PTX3 binds to A. fumigatus conidia and facilitates recognition by phagocytes such as alveolar 

macrophages [129,130]. The critical role of PTX3 in host antifungal defense was demonstrated in vivo 

by the remarkable susceptibility of immunocompetent PTX3-deficient mice to IPA, and by the observation 

that administration of exogenous PTX3 restored antifungal effector functions in these animals [129]. 

Another pentraxin, serum amyloid P component (SAP), also known as PTX2, is also an essential element 

of resistance against A. fumigatus. Murine and human SAP were found to bind conidia, activate the 

complement cascade and enhance phagocytosis by neutrophils [131]. In immunosuppressed mice, SAP 

administration protects hosts against A. fumigatus infection and associated mortality [131]. In addition, 

pulmonary collectins, which include lung surfactant proteins A and D (SP-A and SP-D, respectively), also 

serve as opsonins. Binding of SP-A and SP-D to A. fumigatus conidia has been shown to result in conidial 

agglutination, enhanced phagocytic capacity and increased fungicidal effects of alveolar macrophages 

and neutrophils [132]. Moreover, SP-A and SP-D were shown to be potent chemoattractants for 

neutrophils [132].  

 

1.6 Innate effector mechanisms 

Alveolar macrophages, neutrophils and epithelial cells constitute the first line of defense against inhaled 

A. fumigatus conidia [34]. Inside the alveolar lumen, alveolar macrophages are the first immune cells to 

interact with inhaled conidia of A. fumigatus and control most of the fungal germination [133]. These cells 

are professional phagocytes, characterized by a remarkable ability to engulf particulate material, ranging 

from resting conidia to apoptotic cells or even latex beads [134].  

Alveolar macrophages efficiently eliminate phagocytosed conidia within a few hours in acidified 

phagolysosomes [135-138]. Studies on Aspergillus phagosome biogenesis have reported a rapid 
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acquisition of markers of the early and late endosomal/lysosomal pathways within the first hour after 

phagocytosis, a process regarded as a normal phagosome maturation [135,137]. In contrast to the rapid 

acquisition of certain lysosomal markers, conidial killing by alveolar macrophages was delayed 3 to 6 

hours after phagocytosis and was associated with delayed phagosome acidification, intracellular swelling 

of Aspergillus conidia and NADPH oxidase-dependent ROS production [135,137]. This generation of ROS 

occurs in response to swollen but not resting conidia, which results in the recruitment of cytosolic proteins 

to the plasma membrane that, together with membrane-bound flavocytochrome units, form the complex 

called NADPH oxidase [139]. The NADPH oxidase complex regulates several crucial pathways in host 

defense against A. fumigatus [20]. Its key function is highlighted by the extreme susceptibility of patients 

who are deficient in the NADPH oxidase complex, such as CGD patients, to IPA [20]. Likewise, even 

immunosuppressed mice displayed a lower susceptibility to IPA than p47phox deficient mice, which are 

defective in NADPH ROS generation [140]. Specifically, p47phox deficient alveolar macrophages were 

unable to control the growth of phagocytosed conidia in contrast to wild-type cells [140]. Moreover, the 

ability of neutrophils to damage hyphae, but not kill conidia, was dependent on the function of the NADPH 

oxidase complex [141]. Besides the well-established role of NADPH oxidase and ROS production in 

macrophages and neutrophils and in other innate effector cells, mitochondrial ROS (mtROS) have recently 

been disclosed to be relevant to antifungal immunity [142]. Exposure of murine macrophages to swollen 

conidia of A. fumigatus increased mtROS production compared to untreated macrophages, or those 

treated with resting conidia [142]. Exposure of macrophages to swollen conidia increased the activity of 

the complex II of the respiratory chain and raised mitochondrial membrane potential, suggesting that 

mtROS are produced via reverse electron transport (RET). In fact, preventing mtROS generation via RET 

by treatment with rotenone lowered the production of pro-inflammatory cytokines TNF and IL-1β, and 

impaired the fungicidal activity of macrophages [142]. The importance of mtROS for alveolar 

macrophages was also demonstrated in a recent study by Shlezinger and collaborators [143]. In this 

study, murine innate immune cells, including alveolar macrophages, monocyte-derived DCs, and 

neutrophils, were also found to generate mtROS in response to fungal infection [143]. Of note, neutralizing 

the mtROS constituent hydrogen peroxide (H2O2) via a catalase expressed in the mitochondria of innate 

immune cells substantially diminished the fungicidal properties of alveolar macrophages, but not of other 

innate immune cells, pointing mtH2O2 as a novel alveolar macrophage killing mechanism against 

Aspergillus conidia [143]. 
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The importance of ROS production goes beyond their direct antifungal activity. In fact, NADPH 

oxidase-mediated ROS production is necessary for the recruitment of LC3 to the Aspergillus-containing 

phagosomes and subsequent initiation of LAP [31,144], a critical process in antifungal immunity against 

A. fumigatus. Indeed, macrophage or monocyte killing of A. fumigatus is dependent on the noncanonical 

autophagy pathway LAP [31,144]. LAP links the activation of selected PRRs with phagosome biogenesis 

and inflammatory cytokine responses [145], and has an important role in immunity against A. fumigatus, 

since mice that lack components of LAP are more susceptible to IPA [146]. Intracellular swelling of A. 

fumigatus conidia and β-glucan-mediated activation of Dectin1/Syk kinase/NADPH oxidase signaling is 

a prerequisite for activation of LAP, phagosome maturation, and fungal killing [23,144], providing a link 

between pattern recognition by CLRs and NADPH oxidase-mediated host defense. Melanin, a major 

component of the conidial cell wall, is intracellularly removed from the A. fumigatus cell wall when the 

conidia germinate. Melanin inhibits LAP without interfering with Dectin-1/Syk signaling regulating cytokine 

responses. Fungal pathogenicity is therefore regulated by melanin-induced LAP blockade, since the 

attenuated virulence of melanin-deficient A. fumigatus is restored in Atg5-deficient macrophages and in 

mice upon conditional inactivation of Atg5 in hematopoietic cells [31]. Of note, this melanin-induced LAP 

blockade depends on Ca2+ sequestration by Aspergillus melanin inside the phagosome, which abrogates 

activation of Ca2+-calmodulin (CaM) signaling to inhibit LAP [147]. 

Alveolar macrophages orchestrate a robust inflammatory response through the activation of PRRs 

and cytokine and chemokine production, which include key mediators of neutrophil recruitment such as 

macrophage inflammatory protein-2 (MIP-2/CXCL2) and CXCL1 [148]. Neutrophil recruitment is crucial 

to help alveolar macrophages in antifungal defense, namely when larger doses of conidia are present in 

the lung [135]. Moreover, conidia that escape macrophage killing start to germinate, forming germ tubes 

and hyphae which then penetrate through the alveolar surface [40]. Neutrophils can kill both germinating 

conidia and hyphae. Neutrophils bind and phagocytose swollen conidia to trigger the respiratory burst 

and degranulation. The size of the hyphae prevents phagocytosis, so direct contact with neutrophils can 

induce damaging oxidative and non-oxidative mechanisms, including NADPH oxidase-mediated 

generation of ROS, production of lactoferrin and the discharge of antimicrobial proteases by degranulation 

[14]. Another extracellular killing mechanism used by neutrophils against hyphae is the ROS-mediated 

release of neutrophil extracellular traps (NETs) consisting of nuclear DNA decorated with fungicidal 

proteins [149]. NETosis was found to be maximal against hyphae but reduced against resting and swollen 

conidia [149]. NET formation occurs both in vitro and in vivo, although it does not play a major role in 
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killing of A. fumigatus [149], suggesting that NETs may have a fungistatic effect and may prevent further 

spreading. 

Furthermore, respiratory epithelial cells, i.e., bronchial and alveolar epithelial cells [23,34,150,151] 

and human peripheral blood monocytes [152], both classical and non-classical [153], have also been 

shown to participate in the innate immune response against A. fumigatus, besides the already well 

documented role of DCs [76,154]. 

 

1.7 Immunometabolism of fungal infection 

In recent years, the identification of several factors and mechanisms related to the immune response has 

provided exciting developments to our understanding of the pathogenesis of fungal infections [20,155]. 

The reprogramming of cellular metabolism has recently emerged as a central mechanism through which 

the effector functions of immune cells are supported during host antifungal defense [156]. An improved 

understanding of the immunometabolic signatures that orchestrate antifungal immunity may therefore 

reveal new targets amenable to adjunctive host-directed therapies, which are currently limited to 

cytokines, monoclonal antibodies, or cellular immunotherapy [157]. In this section, we discuss recent 

findings on the immunometabolic signatures activated in response to fungal infection and highlight 

targetable pathways and mechanisms that show promising potential as adjuncts for host-directed 

therapies. 

 

1.7.1 Metabolic regulation of the host-fungus interaction 

Metabolism is a determining factor of immune cell function [158]. Upon infection, immune cells sense 

molecular patterns from pathogens and remodel their metabolic outputs beyond their normal energy 

requirements (Fig. 4). Different metabolites are used as signaling molecules, enzymatic cofactors, and 

substrates that support the activation of immune effector functions, including phagocytosis, cytokine 

production, cell surface receptor expression, antigen presentation, and the control of long-term responses. 

In turn, pathogens can sense the metabolites produced by activated immune cells and reshape their 

ligand repertoire to hide from or subvert the immune response [159]. These observations highlight the 

profound impact of coordinated metabolic networks on the outcome of the host-pathogen interaction. 

Glucose metabolism of immune cells is at the center of antifungal immune responses, potentiating 

the production of proinflammatory cytokines and other inflammatory mediators, and ROS [156]. In the 
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context of fungal infections, this metabolic route in immune cells has been predominantly studied in 

response to C. albicans [160-164] but has also recently been shown to occur during infection with A. 

fumigatus [165] and Cryptococcus gattii [166]. Although glycolysis is often induced in a context of 

reduced oxidative phosphorylation, leading to the so-called Warburg effect [164], human monocytes 

challenged with C. albicans are nonetheless endowed with functional oxidative phosphorylation [161]. 

This implies that immunometabolic signatures vary in intensity and nature according to the microbial 

insult or the receptor involved [167]. Likewise, the metabolic remodeling in response to infection with C. 

albicans also depends on the fungal morphotype [161]. While monocytes stimulated with the yeast form 

rely on glycolysis and glutaminolysis to mount cytokine responses, hyphal stimulation primarily drives the 

activation of glycolysis. These divergent profiles are likely due to the variable expression of the β-glucan 

polysaccharide in the yeast and hyphal cell wall. In this regard, β-glucan masking was shown to be 

induced by lactate-mediated signals that control the expression of cell wall-related genes [168]. Moreover, 

by taking advantage of its efficient metabolic fitness, C. albicans exploits the terminal commitment of 

macrophages to glycolysis by competing for and depleting available glucose, ultimately leading to rapid 

cell death [164]. These findings depict crucial virulence traits from fungi that, by exploiting or subverting  

host metabolism, contribute to evasion from the immune system (Fig. 4). 
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Figure 4. Metabolic reprogramming of myeloid cells in response to fungal infection. Recognition of 

fungal pathogens by pathogen recognition receptors (PRRs) is accompanied by the upregulation of glycolysis and 

production of lactate. In these conditions, the TCA cycle and oxidative phosphorylation (OxPhos) are often 

repressed, resulting in the accumulation of intermediates such as succinate and itaconate, and enhancing the 

generation of reactive oxygen and nitrogen species. In response to C. albicans, the activation of glycolysis is 

triggered by the recognition of β-glucan by dectin-1, a process that can be in turn exploited by the fungus through 

its ability to compete for glucose and ultimately promote macrophage death. Sensing of lactate secreted by immune 

cells also drives the masking of β-glucans in the fungal cell wall and immune evasion. The activation of glycolysis 

during infection with A. fumigatus is instead triggered by the release of melanin during germination. By sequestering 

calcium within the phagosome, melanin promotes the recruitment of mTOR which, in turn, mediates the activation 

of downstream metabolic genes and regulators. The catabolism of tryptophan (Trp) by the indoleamine-2,3-

dioxygenase 1 (IDO1) enzyme also regulates antifungal immune responses and controls fungal morphology through 

its downstream catabolites, collectively referred to as kynurenines (Kyn). 

 

In contrast to C. albicans, the expression of β-glucan in the cell wall of A. fumigatus appears instead 

to be largely dispensable to the activation of glycolysis in macrophages [165]. Instead, the phagosomal 

release of melanin from the surface of conidia was shown to regulate calcium-dependent signals leading 

to enhanced glycolysis through the activation of mammalian target of rapamycin (mTOR) and hypoxia-

inducible factor-1α (HIF-1α) (Fig. 4). These findings are in line with the requirement for HIF-1α to the 

modulation of cytokine release by human dendritic cells upon infection with A. fumigatus [169] and the 

non-redundant role of HIF-1α in mouse models of aspergillosis [170]. Of note, the metabolic 

reprogramming induced by fungal melanin appears to occur regardless of its recently identified receptor 

MelLec [107]. Instead, the germination process associated with the active removal of melanin within the 

phagosome is required for host cells to rewire their metabolism. In support of this, germination has been 

shown to promote fungal clearance, as faster-growing CEA10-derived strains are cleared more efficiently 

in vivo than slower-growing Af293-derived strains [171]. This enhanced fungal elimination could thus be 

explained by cell wall rearrangements culminating with melanin release during germination and the 

activation of host glycolysis. Whatever the mechanism(s), the efficient regulation of glycolysis is required 

for resistance to aspergillosis in humans. This is illustrated by the recent finding that genetic variation in 

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), a critical regulator of glucose 

metabolism, was found to impair antifungal effector functions of macrophages and predispose recipients 

of allogeneic hematopoietic stem-cell transplantation to the development of IPA [172]. PFKFB3 is 
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upregulated in bacterial infections and PFKFB3-driven glycolysis in macrophages is critical for antiviral 

defense [173], pinpointing this gene as a possible therapeutic target across infectious diseases. Moreover, 

the similar regulation of glycolysis in immune cells in response to different infectious agents [174] 

highlights the attractive possibility of exploiting genetic variants in metabolic genes and their effects on 

immunometabolic signatures as a tool to identify and stratify the patients most at risk of infectious 

diseases. 

 

1.7.2 Immunoregulatory functions of host metabolites in fungal infection 

The metabolic switch to glycolysis results in the accumulation of several intermediates of the tricarboxylic 

acid (TCA) cycle that act as signals to link metabolism and immunity. In recent years, the metabolite 

itaconate has been explored for its broad immunomodulatory properties. Activated myeloid cells display 

enhanced expression of the immune-responsive gene 1 (IRG1) mitochondrial enzyme, which catalyzes 

the decarboxylation of the TCA cycle intermediate cis-aconitate to itaconate [175]. The molecular 

mechanisms under control by itaconate vary, but the net function is thought to be anti-inflammatory. 

Itaconate inhibits the succinate dehydrogenase (SDH), which is both an enzyme of the TCA cycle and the 

complex II of the electron transport chain, leading to succinate accumulation and impaired mitochondrial 

respiration, and suppressing the production of inflammatory cytokines [176]. Moreover, itaconate enables 

the activation of the transcription factors NRF2 and ATF3, and the increased expression of downstream 

genes with antioxidant and anti-inflammatory properties, and the modulation of type I interferon responses 

[177]. 

Itaconate plays an important role across several infections, decreasing tissue injury in a mouse 

model of tuberculosis [178] and enhancing the bactericidal activity of macrophage-lineage cells in 

zebrafish [179]. During infection with the Zika virus, itaconate was found to alter the neuronal metabolism 

to suppress viral replication [180], indicating that its modulatory effects are not restricted to myeloid cells. 

The direct antimicrobial functions of itaconate are thought to rely largely on the inhibition of isocitrate 

lyase, an enzyme of the glyoxylate shunt that is essential for growth under glucose-poor conditions, and 

that is required for the virulence of several pathogens, including C. albicans [178,181,182]. In contrast, 

bacteria often harbor genes involved in itaconate degradation, allowing them to counter the inhibitory 

mechanisms deployed by itaconate and survive inside the host [183]. Moreover, pathogens such as 

Staphylococcus aureus and Pseudomonas aeruginosa were recently shown to adapt to itaconate-rich 
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environments and use this metabolite as a carbon source for the production of biofilms, contributing to 

the establishment and progression of infection [184,185]. The therapeutic administration of inhaled 

itaconate has been shown to improve pulmonary fibrosis in mice [186], a disease that often develops 

due to exposure to airborne fungi [187] and that, in turn, further potentiates the development of 

respiratory fungal infections [188]. Whether itaconate plays a role in the immune response to fungal 

pathogens other than C. albicans remains to be explored, although the metabolism of acetate, a carbon 

source metabolized also through the glyoxylate shunt, impacts virulence traits and the pathogenicity of A. 

fumigatus [189]. 

In response to inflammatory stimuli, macrophages accumulate succinate that, in turn, acts as a 

proinflammatory redox signal to the transcription factor HIF-1α and the production of IL-1β [190]. 

Succinate oxidation also potentiates the generation of mitochondrial ROS [191], which represent critical 

effectors required for antifungal immunity [142]. Indeed, the balance between the production of ROS and 

reactive nitrogen species by the host and the fungal stress response is a key feature of the host-fungus 

interaction [192]. The production of nitric oxide (NO) is modulated by the metabolism of amino acids, 

which also plays an important role in macrophage polarization [193]. In this regard, C. albicans was 

shown to upregulate arginase activity and limit NO production in macrophages via chitin-mediated signals, 

skewing macrophage polarization towards an anti-inflammatory profile which ultimately restrains 

antimicrobial functions and mediates fungal survival [194]. In contrast, granulocyte-mediated clearance 

of A. fumigatus occurred independently of arginine availability [195], a finding that supports distinct 

pathogen-driven metabolic strategies to subvert antifungal immune responses. 

The catabolism of tryptophan via the activity of IDO1 also represents an essential mechanism in the 

modulation of antifungal immunity [196]. IDO1 acts as a physiological checkpoint that controls immune 

homeostasis through its downstream catabolites – referred to as kynurenines – and provides the host 

with adequate protective immune mechanisms [197]. In particular, IDO1 activity induces differentiation 

of T regulatory cells, while inhibiting the development of Th17 cells, thus playing a central role in cell 

lineage commitment across experimental fungal infections in the context of detrimental inflammation, 

including CGD and cystic fibrosis [198,199]. The airway expression of IDO1 was also found to inhibit 

pathogenic T cells in response to fungal antigens [200], a finding consistent with the requirement for 

IDO1 activity in the non-hematopoietic cell compartment for protective tolerance against A. fumigatus 

[118]. Tryptophan-derived metabolites may also be produced through the activity of bacterial 

communities in the intestinal microbiota, which establishes a highly tolerant immunological 
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microenvironment allowing the commensalism of C. albicans in the gut [201]. Of note, IDO1 activity was 

found to be required to inhibit the yeast-to-hyphae transition of C. albicans [202]. 

The expression and function of IDO1 are influenced by common human genetic variation [203]. 

Accordingly, single nucleotide polymorphisms in IDO1 that impair its expression were found to influence 

the risk of developing recurrent vulvovaginal candidiasis (RVVC) [204], as well as aspergillosis in patients 

with cystic fibrosis and recipients of allogeneic hematopoietic stem-cell transplantation [205]. 

Remarkably, A. fumigatus was recently found to harbor genes encoding fungal IDO1-like enzymes and 

their deletion resulted in increased virulence in a mouse model of aspergillosis [206], thus highlighting 

the crucial role of the interplay between fungal and host tryptophan metabolic routes in shaping host-

fungus interactions. Collectively, the bulk of available data suggests that drugs capable of potentiating 

IDO1 expression and activity may represent valuable therapeutic tools and that IDO1-based 

immunotherapeutics could be more effective if tailored to the genetic profile of individual patients [207]. 

 

1.7.3 Trained immunity as a therapeutic strategy to rescue immune impairments 

A growing body of evidence has revealed alterations of the innate immune system that potentiate 

responses and ultimately generate characteristics of memory [208]. Trained immunity, a de facto innate 

immune memory, allows for a long-lasting and broad-spectrum resistance to pathogens. In this context, 

macrophage exposure to the vaccine Bacillus Calmette-Guérin (BCG), fungal β-glucan, or oxidized low-

density lipoprotein enhanced effector functions toward subsequent heterologous stimuli, while it conferred 

protection against secondary lethal infections in mouse models, namely by C. albicans [209-211]. 

Trained cells harbor altered metabolic programs that sustain the rewiring of the epigenetic landscape 

and allow for enhanced immune effector functions. Trained macrophages rely on a highly energetic 

metabolism characterized by enhanced glycolysis, TCA cycle, and oxidative phosphorylation [209]. In 

accordance, the mTOR/HIF-1α axis was demonstrated to mediate the metabolic and functional 

reprogramming of β-glucan-trained macrophages [160]. Cholesterol biosynthesis is also a central 

pathway for trained immunity as shown by its induction by the intermediate mevalonate [212]. Trained 

immunity is also conferred by the epigenetic and metabolic reprogramming of hematopoietic stem cells 

and their skewing towards myelopoiesis [213,214]. The broad clinical relevance of this molecular process 

was emphasized in a recent randomized clinical trial that showed that BCG vaccination of elderly 

individuals decreased the incidence of new respiratory infections [215]. The induction of trained immunity 
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thus represents an interesting tool to harness the potential of innate immunity in patients with immune 

impairments (Fig. 5). However, increasing immune responses may be particularly challenging in selected 

pathologies. Not only can immune cells be epigenetically encoded to dampen responses to inflammatory 

stimuli, but also the decreased number of circulating immune cells might not be sufficient even if their 

activity is potentiated. 

 

Figure 5. Trained immunity as a tool to potentiate host defense. Microbial or endogenous stimuli activate 

innate immune cells. Depending on the dose or stimuli, innate immune function may be increased when 

encountering a secondary stimulation (trained immunity) or cells may become unresponsive or anti-inflammatory 

(tolerance). Trained immunity confers long-term protection thought the myelopoietic skewing of hematopoietic stem 

cells, giving rise to monocytes with enhanced effector functions. They rely on metabolic changes, such as increased 

glycolysis and OxPhos, which supports epigenetic rewiring that promotes the expression of proinflammatory genes 

culminating in the increased secretion of cytokines. Thus, trained immunity inducers may be an attractive 
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therapeutic tool to revert tolerance, possibly rescuing states of immune paralysis in sepsis and decreasing the risk 

of secondary infections. 

 

In patients under intensive care, fungal infections often give rise to sepsis, which involves the 

hyperactivation of the immune system followed by tolerance or immune paralysis. Immune paralysis also 

comprehends epigenetic and metabolic changes [216] but, in contrast to trained immunity programs, 

these changes ultimately increase the susceptibility to secondary infections [70,217]. Exposure to β-

glucan restored the responsive phenotype of human monocytes tolerized with LPS, a finding that was 

confirmed in a human endotoxemia model [218]. The integrity of the TCA cycle in LPS-stimulated 

macrophages was maintained by β-glucan through the inhibition of IRG1 expression [219]. Of note, while 

the anti-inflammatory properties of itaconate make it an interesting target for the reversal of immune 

paralysis, at the same time, itaconate may also represent a valuable therapeutic tool to decrease 

detrimental and exacerbated antifungal immune responses. 

Another functional feature of patients with sepsis regards the defective activation of LAP, a non-

canonical autophagy pathway that plays a non-redundant role in the resistance to infection with A. 

fumigatus [144,146,147]. Recently, monocytes from patients with sepsis were found to display a 

defective activation of LAP, which was reversed by the administration of recombinant IL-6 [220]. It is thus 

tempting to consider the modulation of LAP as a promising immunotherapeutic intervention in sepsis, 

particularly given the ability of β-glucan to increase the expression of Rubicon [221], a critical effector 

molecule of LAP. The induction of trained immunity could thus also represent a promising avenue for the 

treatment of fungal sepsis. 

Several trained immunity inducers are already under clinical use. For example, muramyl tripeptide 

is employed in the treatment of osteosarcoma and BCG is in clinical use for bladder cancer [222]. Notably, 

trained immunity was found to be elicited by dimethyl fumarate [223], a drug currently under use for the 

management of multiple sclerosis [224]. Also approved for human use is the vaccine adjuvant and TLR4 

agonist monophosphoryl lipid A (MPLA). MPLA has been shown to not only improve resistance to several 

pathogens, including C. albicans [225] but also to induce the metabolic rewiring of macrophages 

characterized by a sustained increase in glycolysis and oxidative phosphorylation [225] in a similar 

manner to other inducers of trained immunity. Collectively, these molecules represent attractive 

candidates for repurposing toward the induction of trained immunity in immunocompromised patients. 
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1.7.4 Targeting metabolic homeostasis at the host-fungus interface 

During infection, the host and the pathogen compete for limiting levels of nutrients, such as glucose. It is 

thus not surprising that a glucose-rich diet has been found to improve the survival of mice in a model of 

disseminated candidiasis [164]. Importantly, induction of trained immunity may also prevent macrophage 

death due to glucose starvation. Trained macrophages not only present increased glycolysis but also 

display increased oxidative phosphorylation, and thus trained cells might not be committed to glycolysis 

for energy production. A benefit of the enhanced glucose uptake is also envisaged in uremic individuals, 

who exhibit a hyperinflammatory state and are at increased risk of developing fungal infections. Uremia 

downregulates the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/AKT pathway, causing 

hyperactivation of the glycogen synthase kinase 3β (GSK3β) and thus inhibiting glucose uptake [226]. 

Accordingly, the pharmacological blockade of GSK3β using the specific inhibitor SB415286 or lithium 

chloride restored glucose uptake, but also ROS production and the candidacidal activity of neutrophils, in 

a mouse model of kidney disease with systemic fungal infection. The preclinical efficacy of GSK3β 

inhibition was confirmed by the rescue of the fungal killing capacity in neutrophils isolated from 

hemodialysis patients. Nutritional supplementation was also protective against influenza infection and 

viral sepsis, but it was instead detrimental in bacterial sepsis by Listeria monocytogenes [227]. Therefore, 

although favoring glucose metabolism may represent a promising therapeutic possibility, the opposing 

effects of fasting metabolism on different infections suggest its utility on a pathogen-dependent basis. 

Exacerbated immune responses to infection may also drive fungal sepsis. In this scenario, it might 

be advantageous to combine antifungal agents with inhibitors of glucose uptake and glycolysis to 

ultimately decrease inflammation. In this regard, the glucose analog 2-deoxy-D-glucose (2-DG) that blocks 

glucose metabolism was found to decrease cytokine production in mouse models of infection with C. 

albicans [161] and A. fumigatus [165]. Moreover, metformin, a widely used drug in the treatment of type 

2 diabetes as a glucose-lowering agent, which activates the AMP kinase and inhibits mTOR, or the mTOR 

blockade itself, decreased cytokine production and survival in experimental disseminated candidiasis 

[161,164]. Other inhibitors of glucose uptake or glycolysis, such as the HIV-protease inhibitor ritonavir 

[228], the pyruvate dehydrogenase kinase inhibitor dichloroacetate [229], and the small-molecule 

competitive lactate dehydrogenase inhibitor FX11 [230] might also be of future interest in the context of 

fungal infections. 
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The rewiring of metabolic pathways may consume or compartmentalize metabolites, restricting 

pathogen access to nutrients, as depicted for glucose accessibility during infection. Interestingly, the 

pulmonary niche was found to impose a decreased responsiveness of alveolar macrophages, by impairing 

glycolysis and promoting pathways of lipid metabolism [231]. These findings highlight the crucial role of 

the tissue milieu for both immune responses and the virulence of pathogens, including fungi. Moreover, 

the metabolic profiles differ at different tissues, providing substrates that regulate not only fungal fitness, 

but also immune cell function and their interaction. Another example of compartmentalization derives 

from anemia of inflammation, which arises due to infections or autoimmune disorders that promote a 

proinflammatory state [232]. Host and invading pathogens compete for iron availability, as it is an 

essential co-factor for several proteins relevant for a myriad of processes, such as DNA replication and 

mitochondrial function. Iron is especially relevant for highly proliferative cells, and lack of iron blunts T 

and B cell responses [233]. Systemic immune activation of the host induces changes in iron intestinal 

absorption, trafficking, and cellular retention, thus decreasing iron availability to pathogens. To counter 

this, fungi produce siderophores that capture iron from host iron-binding proteins in human serum, while 

restricting iron access to host immune cells and modulating their activity [234]. Accordingly, elevated 

circulating iron levels have been associated with an increased risk of systemic fungal infection in 

hematological patients [235]. Moreover, the iron chelator deferiprone was shown to decrease fungal 

burden in a mouse model of cornea infection by A. fumigatus [236] and improve survival of mice infected 

with the mucormycete Rhizopus oryzae [138]. Ciclopirox, a potent topical antifungal agent, exerts its 

effects partly by chelating polyvalent metal cations such as iron [237]. Inhibition of fungal iron uptake, 

namely via targeted iron chelation therapies, represents thus an interesting therapeutic strategy. 

Iron is not only a limiting nutrient for pathogen virulence [238,239], but it also plays a regulatory 

role in host immune responses [240]. For example, iron-loaded macrophages exhibited a proinflammatory 

phenotype in diverse disease contexts, such as spinal cord injury [241], multiple sclerosis [242], and 

cancer [243]. On the other hand, acute iron chelation promotes an anti-inflammatory shift, as seen by 

the decrease in LPS-induced cytokine production by human macrophages [244]. This acute iron 

deprivation also enhanced glycolysis and lipid droplet formation while it downregulated oxidative 

phosphorylation, possibly due to the disruption of the iron-containing complex II of the respiratory chain. 

Interestingly, labile heme induces a trained immunity program that confers protection against LPS-

induced sepsis in mice [245]. Thus, the targeted modulation of iron accessibility, be it by iron chelation 
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when a proinflammatory phenotype is maladaptive, or by the delivery of iron in nanoparticles or heme to 

promote inflammation [246] is an attractive avenue to tailor immune metabolism and function. 

 

1.8 The genetic basis of immune responses to fungal infection 

Fungal infections are characterized by significant interindividual variability in their onset, progression, and 

outcome. While virulence factors and mechanisms of adaptation of the pathogen contribute to infection, 

a dominant role for heritable host factors has also been emphasized [247-249]. Our current knowledge 

of the genetic basis of fungal infection has stemmed primarily from the investigation of patients with rare 

monogenic defects and from cohort-based studies that identified common single nucleotide 

polymorphisms (SNPs) associated with infection [250]. In addition, fundamental studies comparing 

profiles of susceptibility between inbred mouse strains have provided support to the concept of genetic 

susceptibility to fungal infection [251]. 

An in-depth understanding of the molecular mechanisms involved in the genetic control of antifungal 

immunity is therefore expected to generate unprecedented opportunities for patient-tailored and more 

efficient management of fungal infection [69]. In this section, we address recent advances in our 

understanding of the genetic factors that influence antifungal immune responses. In particular, we discuss 

insights from candidate gene studies and genome-wide approaches performed in different experimental 

and clinical models, and how these contribute to generating a common framework for human 

susceptibility to fungal infection and unveiling novel targets and pathways amenable to clinical 

intervention. 

 

1.8.1 Candidate gene approaches to study complex susceptibility to fungal infections 

Family-based approaches have been historically used to identify rare mutations that confer monogenic 

forms of predisposition to fungal infection. Monogenic patterns of susceptibility to fungal infection are 

covered in several excellent recent reviews [250,252] and will not be addressed in detail here. We will 

instead focus the discussion on the most recent and robust advances in our understanding of the common 

genetic factors that influence antifungal immune responses. 
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1.8.2 PRRs 

Pathogens have long been recognized as important sources of evolutionary pressure [253]. Immune-

related genes are consequently the most variable genes in the human genome, suggesting an evolutionary 

advantage of a diversified immune response. It is therefore not surprising that genetic variation in PRRs 

has been described to influence susceptibility to infection by a wide range of fungal pathogens [247]. This 

concept has emerged primarily from association studies of genes selected for their biological plausibility 

based on evidence from preclinical models. One of the early breakthroughs in the field was provided by 

the association of a haplotype consisting of the coding variants rs4986790 (D299G) and rs2986791 

(T399I) in TLR4 with an increased risk of IPA after allogeneic hematopoietic stem-cell transplantation 

[254]. The association with IPA was validated in independent transplant cohorts [255,256], but also in 

immunocompetent individuals suffering from chronic pulmonary aspergillosis [257]. However, the precise 

mechanisms whereby TLR4 variants compromise antifungal immune responses remain unknown, 

particularly since no fungal ligands or DAMPs released during infection able to activate TLR4 have been 

identified to date. 

Additional relevant studies have also highlighted genetic variation in TLRs other than TLR4 as a 

critical risk factor for fungal infection. The unexpected discovery that TLR3, a canonical receptor for viral 

double-stranded RNA, also participated in the recognition of A. fumigatus was corroborated by the 

association of the regulatory variant rs3775296 in TLR3 with the risk of IPA [117]. Mechanistically, cross-

presenting DCs from variant carriers displayed an impaired expression of TLR3 and recognition of fungal 

RNA, which ultimately resulted in defective priming of memory CD8+ T cell responses. Therefore, besides 

influencing fungal sensing and innate immune responses, genetic defects in TLRs (and other PRRs) may 

also compromise the efficient activation of protective adaptive immunity. In the context of candidemia, 

several genetic variants in TLR1 were described as important risk factors [258]. Although the exact 

mechanisms whereby these variants influence the risk of infection remains elusive, the non-synonymous 

variant rs5743618 (I602S) in TLR1 was shown to impair the trafficking of the receptor to the cell surface 

and restrain NF-κB activation and cytokine production in response to TLR1 agonists [259]. 

Considering their central role in the regulation of antifungal immunity, the impact of genetic variation 

in CLRs in susceptibility to fungal infection has been widely studied. The critical role for genetic variability 

of dectin-1 (CLEC7A) in antifungal immunity was initially demonstrated in patients with recurrent fungal 

infections carrying the early stop codon polymorphism rs16910526 (Y238X) [260]. This SNP truncates 

dectin-1 at the carbohydrate recognition domain and leads to impaired surface expression of the receptor 
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and defective production of cytokines by myeloid cells, particularly IL-17, in response to stimulation with 

C. albicans. As a result, Y238X has been implicated in mucosal and gastrointestinal fungal colonization 

[204,261], but not in candidemia [262]. The non-synonymous variant rs16910527 (I223S) in dectin-1 

was instead associated with lower levels of IFN-γ and an increased risk of oropharyngeal candidiasis in 

HIV patients [263]. This suggests that different pathogenetic variations in dectin-1 with specific structural 

consequences may elicit distinct susceptibility mechanisms and fungal disease entities. 

The Y238X SNP in dectin-1 was also reported to enhance the risk of IPA after stem-cell 

transplantation, when present in either the donor or patient genomes [92], a model of association that 

was independently validated [264]. These findings highlight the requisite role for dectin-1 function in both 

immune and non-immune cell types to promote protective antifungal immunity. Additional regulatory 

variants in dectin-1, but also dectin-2 and DC-SIGN (CD209), were likewise associated with the 

development of IPA in hematological patients [265,266]. Because the cellular localization of different 

dectin-1 isoforms dictates the signaling quality of antifungal immunity [267,268], this variability may 

represent another potential mechanism whereby the Y238X SNP predisposes to infection. Moreover, 

recognition of β-glucan mediated by dectin-1 has been demonstrated to confer innate immune memory 

to infection by regulating selected pathways of cellular metabolism [160,223]. It is thus plausible that 

Y238X and other dectin-1 variants predispose patients to infection by impairing the induction of “natural” 

trained immunity emerging from our constant exposure to fungi. 

The relevance of CLRs to antifungal immunity is further illustrated by the presence of mutations in 

the adaptor molecule CARD9 in patients suffering from mucocutaneous fungal infections [269]. 

Nonetheless, the fungicidal defect of neutrophils from CARD9-deficient patients is independent of dectin-

1 and NADPH oxidase activity, a finding that might explain, at least partly, the variable clinical presentation 

of fungal infection in patients with dectin-1 and CARD9 deficiency, and CGD [270]. Rare mutations in 

CARD9 have also been found to predispose patients to extrapulmonary aspergillosis as the result of a 

defective accumulation of neutrophils in infected tissues [271]. More recently, studies performed in knock-

in mice expressing the common rs4077515 (S12N) SNP in CARD9 revealed a pathogenic role in the 

activation of NF-κB subunit RelB and the production of IL-5 by alveolar macrophages, which in turn 

promoted the recruitment of eosinophils that fostered Th2 responses and the development of ABPA [272]. 

The MelLec (CLEC1A) receptor was recently identified as the receptor for DHN-melanin in melanized 

fungi, such as A. fumigatus [107]. The functional relevance of human MelLec was confirmed by the 

association of the non-synonymous rs2306894 (G26A) SNP in CLEC1A with the risk of IPA [107]. 
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Because G26A affects the cytoplasmic tail of MelLec and myeloid cells from carriers displayed a broad 

defect in fungal-induced cytokine production, G26A was suggested to influence intracellular signal 

transduction rather than recognition of DHN-melanin. Despite its protective role in IPA, MelLec was 

unexpectedly found to exacerbate pulmonary inflammation in experimental fungal-mediated allergy, by 

promoting cellular influx and the production of cytokines and chemokines, together with the development 

of Th17 cells [273]. Thus, while MelLec is required to control pulmonary fungal burden, the 

proinflammatory responses mediated by this receptor have a detrimental impact on allergy. 

Until recently, the function of NOD-like receptors such as NOD1 and NOD2 in antifungal immunity 

was poorly understood. Genetic analyses revealed that the donor rs2066842 (P268S) SNP in NOD2 was 

associated with protection from IPA in the corresponding stem-cell transplant recipient [274]. This 

protective phenotype was correlated with an enhanced ability of mononuclear cells from P268S carriers 

to phagocytose and clear fungi and, likewise, NOD2-deficient mice were more resistant to experimental 

aspergillosis. Collectively, the detrimental impact of NOD2 activation in IPA highlights the blockade of 

NOD2-mediated signals as potential antifungal adjuvant therapy. 

 

1.8.3 Soluble recognition molecules 

Besides PRRs, several soluble mediators interact with and bind to microbial polysaccharides without 

transducing intracellular signals and function as opsonins to facilitate phagocytosis [74]. Among these, 

mannose-binding lectin (MBL) binds carbohydrate patterns from pathogens and activates the lectin 

pathway of the complement system. Several studies have disclosed common genetic variation in MBL to 

regulate its expression levels, functional activity, or both [275]. Except for cryptococcosis in HIV-uninfected 

patients [276], the contribution of genetic variation in MBL to invasive disease has not been addressed, 

although the levels of circulating protein were found to vary significantly during IPA [277], invasive 

candidiasis [278], and pneumonia by Pneumocystis jirovecii [279]. Likewise, SNPs in the triggering 

receptor expressed on myeloid cells 1 (TREM1) were found to influence the levels of soluble TREM1 as 

well as TREM1-mediated cytokine production in response to stimulation with A. fumigatus [280], despite 

no evidence for a direct association with human infection reported thus far. 

The long pentraxin PTX3 represents another humoral immune mediator that binds to microbial 

moieties from a wide range of microorganisms, including bacteria, viruses, and fungi [281]. In line with 

an essential role in antifungal immunity in mouse models of infection [129], a haplotype in human PTX3 

including the coding rs3816527 (D48A) SNP was identified as a major risk factor for IPA in recipients of 
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stem-cell transplant [264,282], but also in other clinical settings, including SOT [283,284] and COPD 

[285]. PTX3 SNPs were found to impair the phagocytic activity and fungal killing by neutrophils [282], a 

phenotype that was corroborated by the lack of association with IPA in patients with severe neutropenia 

[282,286]. Importantly, the efficacy of neutrophil effector functions was restored in vitro upon rescuing 

the genetic defect with recombinant PTX3 [282]. 

PTX3 has been shown to bind to myeloid differentiation protein 2 (MD-2), an adapter of the TLR4 

signaling complex, to regulate cytokine production and promote protective immunity to experimental 

aspergillosis [287]. PTX3 SNPs were also shown to influence the levels of alveolar cytokines in 

hematological patients with IPA [288], a finding in line with an immune regulatory role of PTX3 in response 

to fungal infection. Accordingly, PTX3 SNPs were suggested to impact the ability of neutrophils to regulate 

B-cell function, including class switching, plasmablast expansion, and antibody production [289]. 

Although clinical data is so far lacking, the observations highlighted above support the potential 

applicability of PTX3 in novel therapeutic approaches for the treatment or prevention of IPA in patients at-

risk [290]. 

Serum amyloid P component (also known as PTX2 and encoded by the APCS gene) is a fluid phase 

pattern recognition molecule of the pentraxin family that was recently demonstrated to bind to conidia of 

A. fumigatus and promote the activation of the complement cascade and phagocytosis by neutrophils 

[131]. In line with its role in experimental aspergillosis, SNPs in APCS were found to confer an increased 

risk of IPA. Given the overlapping functions of these pentraxins in antifungal immunity, the combined 

carriage of PTX3 and APCS SNPs might underlie an added risk for IPA than the single defects alone, a 

hypothesis that requires confirmation in larger patient cohorts. 

 

1.8.4 Other genes involved in antifungal immune responses 

Several associations between genetic variants in cytokines and chemokines and susceptibility to fungal 

infection have been reported [249]. One relevant example regards the involvement of the promoter 

rs1800896 SNP in the immunoregulatory cytokine IL-10 in the development of IPA in hematological 

patients undergoing chemotherapy [291] and stem-cell transplant recipients [292]. The latter association 

was validated in a large, two-stage genetic study which demonstrated also that this SNP contributed to 

risk, at least in part, by promoting a shift towards an anti-inflammatory cytokine profile in patients carrying 

high-producing genotypes for IL-10 [293]. This finding is in line with the observation that PBMCs from 

patients with IPA display a marked expansion of A. fumigatus-specific T cells that produce IL-10 [294]. 
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Genetic variation in IL-1β and beta-defensin 1 (DEFB1) was also associated with susceptibility to 

mold infection after SOT through altered production of monocyte-derived proinflammatory cytokines 

[295]. In addition, the promoter rs2069705 SNP in IFN-γ was found to confer resistance to IPA through 

a mechanism that involved the enhanced fungicidal activity of macrophages [296]. Recent work based 

on homozygosity mapping of blastomycosis patients from endemic areas in the US implicated a block of 

variants near IL-6 [297]. Endemic carriers were found to display impaired IL-6 and Th17 responses 

compared to European donors, a finding consistent with population differences in IL-6-mediated 

responses and T cell development. Cellular immunity to fungal infection, particularly in the context of 

RVVC, was also shown to be affected by genetic variation in IL-22 [204]. In this case, the risk variant was 

associated with decreased production of IL-22 and downstream defects in calprotectin levels in patients. 

As for chemokines, a haplotype in C-X-C motif chemokine ligand 10 (CXCL10) was associated with 

the risk for IPA [298]. Dendritic cells from carriers of the risk variant exhibited a defect in CXCL10 

expression and, importantly, IPA survivors displayed higher CXCL10 levels compared to non-infected 

patients. Of note, and in line with the marked susceptibility of C-X-C motif chemokine receptor 1 (CXCR1)-

deficient mice to systemic candidiasis, the rs2234671 (S276T) SNP in CXCR1 was found to increase the 

risk of candidemia by impairing neutrophil degranulation and fungal killing [299]. More recently, in a two-

stage association study, SNPs in the C-X3-C motif chemokine receptor 1 (CX3CR1) receptor were also 

associated with the risk of developing IPA [300]. Functional studies revealed that macrophages from 

carriers of the risk variant displayed a deregulated immune response to fungal infection. 

Besides the early recognition of fungal pathogens, innate immune cells can activate molecular 

functions that allow them to eliminate the invading fungus. Among these, the specialized autophagy 

pathway LAP was found to be essential for fungal killing [32]. In turn, fungal melanin was identified as a 

major virulence factor capable of blocking this effector mechanism [31]. Given its central role in antifungal 

immunity, genetic variation in molecular players that regulate the activation of LAP was reported to 

influence the susceptibility of IPA. The rs12885713 SNP in the core promoter of calmodulin 1 (CALM1) 

was found to increase the risk of IPA, an association that was supported by the requirement for calcium 

signals and calmodulin recruitment to the phagosome – and that was blocked by fungal melanin – in the 

regulation of several molecular components of LAP, including Rubicon and the NADPH oxidase NOX2 

[147]. Inhibition of calmodulin activity by fungal melanin was also found to impair flotillin function and 

lipid raft formation, required for the maturation of functional phagolysosomes against fungal infection 

[301]. Likewise, the intronic rs3094127 SNP in flotillin 1 (FLOT1) increased the risk of IPA by affecting 
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the production of monocyte-derived cytokines, although no effects on phagolysosome function and fungal 

clearance were reported. 

The reprogramming of cellular metabolism represents another mechanism whereby innate immune 

cells promote protective antifungal immunity [164,165]. Therefore, several candidates involved in cellular 

metabolism have emerged with regards to susceptibility to fungal infection. For example, a SNP in 

cystathionine γ-lyase (CTH) was found to cause a reduction in cellular persulfidation, a process required 

for antifungal effector functions of lung resident cells, and promote an increased risk of IPA. Importantly, 

the levels of host persulfidation determined the levels of fungal persulfidation, reflecting a host-pathogen 

functional correlation and highlighting the crucial role of the interplay between fungal and host sulfur 

metabolic routes in shaping host-fungus interactions. 

The catabolism of tryptophan via the activity of IDO1 also denotes an essential metabolic pathway 

in the modulation of antifungal immunity [201]. The expression and function of IDO1 are influenced by 

common genetic variation [203]. Accordingly, SNPs in IDO1 were found to influence the risk of developing 

RVVC [204], as well as aspergillosis in patients with cystic fibrosis and stem-cell transplant recipients 

[205]. Collectively, the available data suggest the need for evaluating interindividual variability in 

immunometabolic cell function in the assessment of the performance of immune-based diagnostic and 

therapeutic approaches for fungal infection [302]. 

 

1.8.5 Genome-wide association studies of fungal infection 

As discussed above, many studies over the past decade have implicated human genetic variation in the 

development of fungal infection, particularly in individuals with predisposing clinical conditions. With a 

few exceptions, however, these studies involved small patient cohorts from single centers and addressed 

candidate genes emerging from previous preclinical knowledge without considering the full complexity of 

the human genome. Recent advances in sequencing platforms and imputation tools have allowed the 

generation of high-resolution maps of human genetic variation, and have opened unique possibilities for 

a detailed understanding of the causative alleles and the molecular mechanisms whereby genetic variants 

influence the immune response and the risk of fungal infection. For example, whole-genome and whole-

exome sequencing are the most widely used unbiased approaches to study rare monogenic defects 

associated with susceptibility to fungal infections. In the context of complex disease, exome sequencing 

has also been applied to a leukemic patient with mucormycosis and revealed the presence of several 
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putative risk-associated variants in genes such as PTX3, TLR6, and NOD2 [303]. These studies 

demonstrate unbiased genome-wide approaches as promising and affordable tools to discover novel 

causative mutations and polymorphisms in small numbers of individuals or even single patients. 

By resorting to arrays that contain millions of genetic variants, the comparison of patient and 

matched control genomes through genome-wide association studies (GWAS) has driven the initial 

unbiased efforts to identify variants associated with fungal infection. The first example was provided by a 

study in which the genome of children with either frequent or occasional infection with Trichophyton 

tonsurans was sequenced, with several genes involved in leukocyte function, remodeling of extracellular 

matrix and wound repair, and cutaneous permeability being found to account for over 60% of the variability 

in infection rates [304]. Another GWAS based on the use of the Immunochip SNP array identified three 

new susceptibility loci for candidemia, namely CD58, late cornified envelope 4A (LCE4A)-C1orf68, and T 

cell activation RhoGTPase activating protein (TAGAP) [305]. Functional analysis of the implicated genes 

and variants using in vitro and mouse models of infection confirmed their role in antifungal effector 

functions, including cytokine production and inhibition of fungal germination. Of note, these markers 

overlapped with other immune-mediated diseases besides candidemia, suggesting that the genetic 

architecture of autoimmune diseases in modern human populations may have been evolutionarily driven 

by exposure to pathogens. More recently, a GWAS of volunteers from the 23andMe database identified 

significant associations between yeast infection and variants downstream of protein kinase C eta type 

(PRKCH), and within desmoglein 1 (DSG1) and C14orf177 [306]. Although African populations are 

underrepresented in studies of genetic susceptibility, a GWAS of cryptococcosis in HIV patients of African 

descent identified several loci upstream of the macrophage colony-stimulating factor (CSF1) that were 

significantly associated with susceptibility to cryptococcosis [307]. 

 

1.8.6 Understanding the genetic basis of antifungal immunity through functional 
genomics 

Given the complexity of the host-fungus interaction, conventional experimental approaches to study 

individual molecular components of the host or the pathogen do not allow a holistic interpretation of the 

mechanisms involved in the interaction and that underlie disease pathogenesis. Genome-wide 

approaches can thus be combined with datasets from other omics platforms, such as transcriptomics, 

proteomics, epigenomics, and metabolomics, to prioritize novel infection-associated genes, pathways, 
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and cell types [308]. In this regard, functional genomics has been demonstrated as a powerful tool for a 

multilayered study of the genetics of complex diseases, including fungal infections (Fig. 6). 

 
Figure 6. Candidate gene and unbiased research methodologies, and their integration into 

functional genomics approaches to foster the development of novel strategies of personalized 

medicine to treat or prevent fungal infections. GWAS, genome-wide association studies; WES, whole-exome 

sequencing; ROS, reactive oxygen species; NO, nitric oxide. 

 

Genome-wide data is typically considered to provide a “static” overview of genetic variation. However, 

physiological responses to fungal infection require the coordinated regulation of gene expression and 

function [309]. These molecular events vary markedly between individuals and influence phenotypes such 

as protein levels, cell morphology and function, and immunity to infection. Significant efforts have been 

made in mapping functional traits to the underlying genetic sequence as a quantitative trait and identifying 

quantitative trait loci (QTLs) [310]. QTL mapping represents therefore a powerful strategy to enable critical 

insights into the genomic landscape and generate functional maps useful for the interpretation of genetic 

variants typically emerging from GWAS datasets. This is particularly useful for non-Mendelian immune 

and infectious disease phenotypes where the interaction between polygenic variants and environmental 

or clinical factors is required for the manifestation of the disease (as is the case of fungal infection). 
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The integration of genomic and transcriptomic data from human immune cells stimulated with C. 

albicans revealed a critical role for the type I IFN signaling pathway in antifungal host defense [311]. 

Accordingly, genetic variants in type I IFN genes were found to predispose critically ill patients to invasive 

candidiasis, and immunological studies in vitro in healthy volunteers and patients with chronic 

mucocutaneous candidiasis suggested defects in cytokine production and Th17-mediated immunity as 

the putative pathogenetic mechanism. A similar approach has also unveiled an unexpected role for the 

missense rs1990760 (A946T) and rs3747517 (H843R) SNPs in IFN-induced helicase C domain protein 

1 (IFIH1) in the development of invasive candidiasis as the result of an altered cytokine response [90]. 

The added value of integrating multi-omics datasets was also confirmed by a recent study in which genes 

and pathways contributing to candidemia were prioritized, including the complement and hemostasis 

pathways [312]. 

Functional genomics approaches combining genome information and immunological screenings 

have also provided invaluable evidence about the genetic regulation of cytokine production in response 

to different stimuli, including fungi [313]. By correlating genome-wide genotypes with cytokine abundance 

in response to fungal stimulation, several variants that control cytokine production – cytokine QTLs – 

were identified. Among them, a genetic variant at the N-alpha-acetyltransferase 35, NatC auxiliary subunit 

(NAA35)/ Golgi membrane protein 1 (GOLM1) locus markedly influenced the levels of IL-6 and was 

associated with susceptibility to candidemia. Likewise, the integration of GWAS data with information on 

cytokine QTLs from different cell types stimulated with C. albicans prioritized lipid and arachidonic acid 

metabolism as potential pathways influencing cytokine production and susceptibility to candidemia [314]. 

Although no differences were detected at a genome-wide level, analysis of candidate genes involved in 

immune cell metabolism revealed also an association between SNPs in PFKFB3 and cytokine production 

by PBMCs stimulated with A. fumigatus [172]. Functional analyses using cells from risk variant carriers 

pinpointed the defective activation of glycolysis as the likely mechanism explaining the increased 

susceptibility of stem-cell transplant recipients to IPA. Finally, a similar strategy was performed to uncover 

the genome-wide factors that determined variation in inflammatory protein responses and identified 

several protein QTLs that modulated the secretion of IL-8, MCP-2, MMP-1, and CCL3 in response to C. 

albicans [315]. More importantly, one protein QTL was found to influence the levels of urokinase 

plasminogen activator and was strongly associated with patient survival. Altogether, these studies 

highlight a relevant genetic contribution to immune phenotypic variation and susceptibility to fungal 

infection. 
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Genetic variants often exert their consequences in a context- and cell-specific way. By combining 

bulk and single-cell transcriptome data from fungal-stimulated immune cells with GWAS data in a 

candidemia cohort, SNPs in lymphocyte antigen 86 (LY86) were found to play a protective role against 

candidemia [316]. In the context of RVVC, the integration of genomic approaches and immunological 

studies in two independent patient cohorts and healthy individuals has identified genetic variants in sialic 

acid binding Ig like lectin 15 (SIGLEC15) in fungal recognition and susceptibility to RVVC [317]. SIGLEC15 

was also implicated in the immune response to A. fumigatus, although the extent to which genetic 

variation affecting its function contributes to infection remains to be investigated [318]. In addition, the 

GWAS analysis of infection-related phenotypes in lymphoblastoid cell lines within the Hi-HOST Phenome 

Project identified SNPs associated with basic fibroblast growth factor (FGF2) production in response 

to Mucor circinelloides and C. albicans, although whether and how the presence of these SNPs was 

associated with the risk of fungal infection was not addressed [319]. The studies highlighted above 

represent critical examples of powerful functional genomics approaches that allowed uncovering novel 

mechanistic insights into the pathogenesis of fungal infections. 
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1.9 Purpose of the Thesis 

Recent medical advances have, paradoxically, resulted in an expanding population of 

immunocompromised patients susceptible to life-threatening fungal diseases, including IPA. Defects in 

innate immunity have been highlighted as key pathogenetic mechanisms underlying IPA. In this regard, 

the metabolic reprogramming of immune cells is crucial to the regulation of cell differentiation and 

proliferation, and activation of effector responses. Although the fine-tuned regulation of cellular 

metabolism is required for the functional activity of macrophages, how these processes are orchestrated 

in response to A. fumigatus remains undefined.  

Therefore, the central purpose of this Doctoral Thesis was to investigate the mechanisms through 

which infection with A. fumigatus rewires macrophage metabolism toward efficient innate immune 

responses, providing critical insights into the crosstalk between immunometabolism and antifungal 

immunity. Given the variable risk of infection and its clinical outcome among patients with comparable 

predisposing clinical and microbiological factors, susceptibility to IPA is thought to rely largely on genetic 

predisposition, although little is known about the contribution of host genetics to disease through effects 

on defined biological processes. Along this line, in this Doctoral Thesis, we also aimed to understand the 

contribution of genetic variation within metabolic genes and regulators to the immunometabolic response 

to A. fumigatus and development of IPA.  

These studies have contributed to the identification of new molecular mechanisms linking the 

deregulation of metabolic pathways with impaired antifungal immune responses. Ultimately, this 

information may pave the way to the identification of novel processes targetable by personalized 

immunotherapeutic approaches and may contribute to open new horizons and lay the foundations for 

risk stratification and preemptive approaches aimed at a more effective management of IPA. 
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Abstract 

In response to infection, macrophages adapt their metabolism rapidly to enhance glycolysis and fuel 

specialized antimicrobial effector functions. Here we show that fungal melanin is an essential molecule 

required for the metabolic rewiring of macrophages during infection with the fungal pathogen Aspergillus 

fumigatus. Using pharmacological and genetic tools, we reveal a molecular link between calcium 

sequestration by melanin inside the phagosome and induction of glycolysis required for efficient innate 

immune responses. By remodeling the intracellular calcium machinery and impairing signaling via 

calmodulin, melanin drives an immunometabolic signaling axis towards glycolysis with activation of 

hypoxia-inducible factor 1 subunit alpha (HIF-1α) and phagosomal recruitment of mammalian target of 

rapamycin (mTOR). These data demonstrate a pivotal mechanism in the immunometabolic regulation of 

macrophages during fungal infection and highlight the metabolic repurposing of immune cells as a 

potential therapeutic strategy. 

 

Keywords: Aspergillus; melanin; immunometabolism; glycolysis; calcium; macrophage; antifungal 

immunity; aspergillosis. 
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Introduction 

The reprogramming of cellular metabolism is a fundamental mechanism through which innate immune 

cells meet the energetic and anabolic needs during host defense against invading pathogens [1]. Sensing 

of microbial ligands drives the upregulation of glycolysis, which delivers a rapid source of energy to support 

antimicrobial functions and the production of cytokines [2]. The enhanced glycolytic activity also directly 

supports cytokine expression through mechanisms that involve moonlighting activities of the enzymes 

themselves [3,4]. The metabolic pattern of myeloid cells activated by canonical stimuli (e.g., 

lipopolysaccharide, LPS) generally implies the downregulation of mitochondrial carbon metabolism and 

oxidative phosphorylation [5-8]. The disruption in the tricarboxylic acid cycle promotes the accumulation 

of mitochondrial metabolites that in turn regulate the expression of glycolytic enzymes to support 

inflammatory responses and antimicrobial functions [9]. This metabolic reprogramming generates lactate 

from glucose without further mitochondrial oxidation despite normoxic conditions, a phenotype observed 

in cancer cells and known as the Warburg effect [10]. It is now clear that, under conditions of microbial 

challenge, glucose metabolism is critically required; for example, compounds that block the metabolic 

shift to glycolysis [e.g., inhibitors of the mammalian target of rapamycin (mTOR) pathway or metformin] 

restrain cytokine production and dampen immune responses, hampering pathogen clearance [9,11-13]. 

Importantly however, other studies have shown that stimuli other than LPS induce up-regulation of both 

glycolysis and oxidative phosphorylation in immune cells [14]. 

The recognition of pathogen-associated molecular patterns (PAMPs) drives substantial changes in 

cellular metabolism and effector functions of immune cells [10]. Owing to its dynamic composition and 

structural plasticity, the cell wall is considered the most relevant repository for fungal PAMPs [15,16]. 

Exposure to β-1,3-glucan has been shown to promote the metabolic reprogramming of monocytes leading 

to a trained immunity phenotype characterized by enhanced cytokine production in response to 

heterologous secondary stimulation [11,17-19]. The requirement for the metabolic rewiring of myeloid 

cells was also demonstrated in vivo, since the pharmacological impairment of glycolysis [20] or the 

blockade of metabolic pathways with metformin [21] increased susceptibility of mice to systemic 

candidiasis. In turn, fungal pathogens have evolved intricate virulence strategies to withstanding the host 

immune response, by exploiting nutritional weaknesses of immune cells leading to their death [22]. 

Although β-1,3-glucan is a major fungal cell wall component, not much is known about the metabolic 

regulation of immunity to fungi other than C. albicans and whether other cell wall polysaccharides 

participate in these signaling events. Here we investigated the immunometabolic response of 



Chapter II | Phagosomal removal of fungal melanin reprograms macrophage metabolism to promote antifungal immunity 

62 
 

macrophages to the opportunistic fungal pathogen Aspergillus fumigatus. This fungus can cause a wide 

spectrum of diseases with distinct clinical manifestations [23]. Epidemiological data has revealed that A. 

fumigatus causes >200,000 invasive infections each year in hematological patients under aggressive 

chemotherapy or undergoing solid organ or allogeneic stem-cell transplantation [24]. Because there are 

no licensed vaccines and the currently available diagnostic tests lack accuracy, mortality rates after 

infection are estimated above 30% [25]. 

Macrophages are considered critical in preventing fungal germination and tissue invasion early after 

infection, particularly before the influx of neutrophils [26]. One relevant mechanism is represented by the 

instruction of programmed necrosis in macrophages by calcineurin, which by stimulating the lateral 

transfer of conidia between macrophages, enables the control of fungal germination [27]. Other studies 

have highlighted the importance of inflammatory monocytes in experimental aspergillosis through their 

ability to orchestrate the conidiacidal activity of neutrophils and dendritic cells [28]. Moreover, there are 

several examples of genetic variants that predispose humans to aspergillosis by affecting the ability of 

myeloid cells to produce cytokines or exert their killing activity [29-32]. Although the fine-tuned regulation 

of cellular metabolism is required for the functional activity of macrophages, how these processes are 

orchestrated in response to A. fumigatus remains undefined. 

Here we sought to understand the mechanisms through which infection with A. fumigatus rewires 

macrophage metabolism towards efficient innate immune responses. We show that fungal melanin is an 

essential PAMP required for the Warburg shift and the ensuing immunometabolic responses in 

macrophages. Our results define how the host is able to counter the immune inhibitory mechanisms 

deployed by fungal melanin in order to promote efficient antifungal immune responses required to control 

infection. 
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Methods 

Ethics statement 

The functional experiments involving cells isolated from the peripheral blood of healthy volunteers at 

Hospital of Braga, Portugal, was approved by the Ethics Subcommittee for Life and Health Sciences 

(SECVS) of the University of Minho, Portugal (no. 014/015). Experiments were conducted according to 

the principles expressed in the Declaration of Helsinki, and participants provided written informed 

consent. 

 

Mice 

Eight-week-old gender- and age- matched C57BL/6 mice were bred under specific-pathogen free 

condition and kept at the Life and Health Sciences Research Institute (ICVS) Animal Facility.  Mice were 

fed ad libitum and kept under light/dark cycles of 12 hr, temperature of 18-25ºC and humidity of 40-

60%. Animal experimentation was performed following biosafety level 2 (BSL-2) protocols approved by 

the Institutional Animal Care and Use Committee (IACUC) of University of Minho and ethical and 

regulatory approvals were consented by SECVS (no. 074/016). All procedures in vivo followed the EU-

adopted regulations (Directive 2010/63/EU) and were conducted according to the guidelines sanctioned 

by the Portuguese ethics committee for animal experimentation, Direção-Geral de Alimentação e 

Veterinária (DGAV). 

 

Aspergillus strains and culture conditions 

The A1163 Δku80 [64] and B-5233 [65] strains of A. fumigatus were used as wild-type strains. The 

ΔrodA, ΔpksP and ΔrodA/pksP deletion mutants [43,47] and the mutant strains in the DHN-melanin 

biosynthetic pathway (ΔpksP, Δayg1, Δabr1, Δabr2, Δarp1 and Δarp2) in the B-5233 background [66] 

were generated previously. Wild-type CBS110.46 and CBS386.75  strains with albino conidia [38] were 

also used, as indicated. All strains were grown on 2% malt extract agar or YAG agar for 7 days at 28 °C. 

The conidia were harvested from agar slants using phosphate buffer saline (PBS) (Gibco, Thermo Fisher 

Scientific) with 0.05 % Tween 20 (Sigma-Aldrich), followed by gentle agitation and subsequent filtration 

through a 40 μm pore size cell strainer (Falcon). The concentration of conidia/mL was determined by 

counting in a Neubauer chamber. Swollen conidia and germ tubes were obtained after incubation in 

Sabouraud liquid culture medium at 37 °C for 4 hr and 6 hr, respectively. Heat inactivation of conidia 



Chapter II | Phagosomal removal of fungal melanin reprograms macrophage metabolism to promote antifungal immunity 

64 
 

was performed by incubation for 30 min at 90 °C, whereas UV inactivation was performed by exposing 

conidia to UV light for 3 hr. 

 

Extraction of A. fumigatus melanin and conidial coating 

Melanin from A1163 Δku80 conidia was isolated using a combination of proteolytic (proteinase K; Sigma-

Aldrich) and glycohydrolytic (Glucanex; Novo) enzymes, denaturant (guanidine thiocyanate) and hot, 

concentrated HCl (6 M) to treat conidia, resulting in an electron-dense layer similar in size and shape to 

the original conidial melanin layer but without the underlying cell components, named melanin ghosts 

[67]. Melanin-coated ΔrodA/pksP conidia were obtained by overnight coating of conidia with different 

concentrations of melanin ghosts, previously sonicated with pulses of 5 sec during 1 min, at room 

temperature (RT). 

 

Isolation of PBMCs and generation of MDMs 

Peripheral blood mononuclear cells (PBMCs) were enriched from buffy coats or whole blood by density 

gradient using Histopaque®-1077 (Sigma-Aldrich), washed twice in PBS and resuspended in RPMI-1640 

culture medium with 2 mM glutamine (Gibco, Thermo Fisher Scientific) supplemented with 10% human 

serum (Sigma-Aldrich), 10 U/mL penicillin/streptomycin and 10 mM HEPES (Thermo Fisher Scientific) 

(cRPMI). Monocytes were isolated from PBMCs using positive magnetic bead separation with anti-CD14+ 

coated beads (MACS Miltenyi) according to the manufacturer’s instructions. Isolated monocytes were 

resuspended in cRPMI medium and seeded at a concentration of 1×106 cells/mL in 24-well and 96-well 

plates (Corning Inc.) and 8-well chamber slides (LAB-TEK, Thermo Fisher Scientific) for 7 days in the 

presence of 20 ng/mL recombinant human granulocyte macrophage colony-stimulating factor (GM-CSF, 

Miltenyi Biotec) or 20 ng/mL of macrophage colony-stimulating factor (M-CSF, Miltenyi Biotec). The 

culture medium was replaced every 3 days and acquisition of macrophage morphology was confirmed 

by visualization in a BX61 microscope (Olympus). 

 

Generation of BMDMs 

Bone marrow-derived macrophages (BMDMs) were obtained from femur and tibia bones of male or 

female 8-week-old C57BL/6 or Hif1afl/fl-LysMcre+/+, hereafter referred as HIF1c, mice. Briefly, bone 

marrow was harvested and cultured in Dulbecco’s modified medium (DMEM) with 1% 
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penicillin/streptomycin, 1% L-glutamine and 10% FBS (Gibco, Thermo Fisher Scientific), supplemented 

with 20 ng/mL M-CSF (Peprotech) for 7 days at 37 °C and 5% CO2, with the addition of 20 ng/mL of M-

CSF at day 4 of differentiation. Acquisition of macrophage morphology was confirmed by visualization in 

a BX61 microscope (Olympus). 

 

Cell stimulations and treatments 

Unless otherwise indicated, MDMs or BMDMs (5×105/well in 24-well plates) were infected with A. 

fumigatus conidia at a 1:2 or 1:10 effector-to-target ratio or stimulated with 100 µg/mL of melanin ghosts 

or with 50, 75, 100 and 200 µg/mL 1,8-DHN for 24 hr at 37 °C and 5% CO2. For experiments involving 

glucose depletion, RPMI 1640 medium without glucose (Thermo Fisher Scientific) was used. To interfere 

with cellular metabolism, MDMs were pre-treated for 1 hr with 5, 10 or 20 mM 2-DG, 30 µM 3PO, 500 

nM 6-AN, 10 µM wortmannin or 10 nM rapamycin, and for 3 hr with 50 µM (+)-sodium L-ascorbate. For 

experiments involving calcium manipulation, MDMs were pre-treated for 30 min with 2 µM thapsigargin, 

or treated for 10 min with 25 µM W7 (all from Sigma-Aldrich) in calcium-free DMEM (Thermo Fisher 

Scientific) or for 1 hr with 500 µM EGTA-AM (Thermo Fisher Scientific) after infection. In some conditions, 

MDMs were cultured for 1 hr with calcium-free DMEM followed by the addition of 2 mM CaCl2 during 

infection. To assess cell viability, 4 hr prior to the end of infection, 50 µL of alamarBlueTM Cell Viability 

Reagent (Thermo Fisher Scientific) were added to each well. Viability was assessed by the quantification 

of relative fluorescence units (RFU) using a Varioskan Flash fluorescent plate reader (Thermo Fisher 

Scientific) with a fluorescence excitation wavelength of 570 nm and an emission wavelength of 600 nm. 

In some experiments, viability was evaluated by flow cytometry using annexin-V/propidium iodide 6 hr 

after infection. In all experiments involving MDMs, data was assessed in triplicates and is shown as the 

mean value for each individual. 

 

siRNA-mediated gene silencing 

MDMs (5×104/well in 96-well plates) were incubated for 72 hr at 37°C and 5% CO2 in Accell Delivery 

Media in the presence of either 1 µM STIM1 siRNA or a non-targeting siRNA control (siNC) (Dharmacon). 

After incubation, the transfection media was removed, and cells were infected with A. fumigatus conidia 

at a 1:10 effector-to-target ratio. Pooled replicates from three different individuals were collected after 24 

hr to measure lactate secretion and cytokine production. The mRNA knockdown was confirmed by qPCR. 
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RNA sequencing 

MDMs (5×105/well in 24-well plates) were infected with A. fumigatus conidia at a 1:2 effector-to-target 

ratio, and pooled replicates from three different individuals were collected after 2 and 6 hr. Uninfected 

MDMs were cultured in parallel as controls. Sample processing, sequencing and analysis was performed 

at IMGM Laboratories GmbH (Germany). Briefly, total RNA was isolated using the RNeasy Mini Kit (Qiagen) 

according to the manufacturer’s instructions including on-column DNase digestion. Total RNA was eluted 

in 30 μL of RNase-free water. The quality of total RNA was analyzed with the 2100 Bioanalyzer using RNA 

6000 Nano and Pico LabChip kits (Agilent Technologies). Library preparation was performed using the 

TruSeq® Stranded mRNA HT technology, according to the manufacturer’s protocol. All single libraries 

were pooled into a final sequencing library with an equal DNA amount per sample. The final sequencing 

library generated by pooling was quantified using the highly sensitive fluorescent dye-based Qubit® 

dsDNA HS Assay kit (Invitrogen) before sequencing at a final concentration of 1.8 pM and with a 1% PhiX 

v3 control library spike-in (Illumina) on the NextSeq500 sequencing system (Illumina). For the clustering 

and sequencing of samples, a high output single-end 75 cycles (1×75bp SE) run was performed under 

the control of the NextSeq Control Software (NCS, Illumina). Quality control was carried out using NCS 

and Real Time Analysis 2.4.11 softwares applying the FastQ only pipeline. Read data were imported into 

the CLC Genomics Workbench (CLC bio, Qiagen) and reads were mapped against the human reference 

genome (GRCh37.p13) with subsequent counting and distribution of reads across genes and transcripts. 

The expression values were then processed to reads per kilobase million (RPKM), a normalized measure 

of relative abundance of transcripts [68], followed by analysis using the EdgeR Bioconductor package 

[69] to identify differentially expressed genes with a fold change value ≥ 2 or ≤ -2 with a false discovery 

rate (FDR)-corrected p-value <0.05. Heat maps were created for the most significantly represented genes 

of a specific functional class using the Morpheus tool (Broad Institute; 

https://software.broadinstitute.org/morpheus/). For pathway analysis, the annotated hallmark gene sets 

from the Molecular Signatures Database (MSigDB) [33] were used and enrichment analysis was 

performed using the Gene Ontology Biological Processes category in the Gene Ontology Consortium 

software (http://www.geneontology.org/). 
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Quantification of glucose and lactate by HPLC 

After infection, supernatants were removed, centrifuged and transferred to HPLC tubes. Glucose and 

lactate levels were determined using a Gilson pump system (Gilson) with a 54 °C HyperREZ XP 

Carbohydrate H+ 8 μM (Thermo Fisher Scientific) column and a refractive index detector (IOTA 2, 

Reagents). The mobile phase consisting of 0.0025 M H2SO4 was filtered and degasified for at least 45 

min before use. Standard solutions were prepared in MilliQ water (Millipore). All data was analyzed using 

the Gilson Uniprot Software, version 5.11. 

 

LC-MS/MS targeted metabolomics  

MDMs (2×106/well, in 6-well plates) were infected with A. fumigatus conidia at a 1:2 effector-to-target 

ratio for 6 hr at 37 °C in 5% CO2. To detach the cells, the bottom of the well was scraped lightly with a 

cell scraper. The resulting cell suspensions, obtained from pooled replicates from three different 

individuals, were centrifuged at 4 °C, the supernatant was discarded, and the resulting pellet was 

immediately frozen in liquid nitrogen to quickly quench the metabolism. To maximize overall metabolite 

yield, 280 μL of MeOH:MTBE (Methyl tert-butyl ether) (4:1, v/v) was added to the pellet, followed by three 

cycles of freezing/thawing in liquid nitrogen and in cold-water bath, respectively, for 10 seconds each. A 

sonication at 15 W for 6 min was then performed, followed by 1 min of vortexing and a centrifugation at 

4 °C. From the resulting supernatant, a volume of 250 μL was carefully transferred to a new Eppendorf 

tube. Additionally, 280 μL of MeOH:H2O (4:1, v/v) was added to the pellet and the same procedure above 

was performed. At the end, 250 μL of the resulting supernatant was mixed with the first 250 μL of 

supernatant. The samples were stored at -80 °C until further analysis. To perform the metabolomics 

analysis, standards of analytical grade (Sigma-Aldrich) were used for external calibration and adjusted to 

the corresponding levels in the samples. Ultrapure water, purified using a Milli-Q system (Millipore), was 

used for buffer preparation. Liquid chromatography-mass spectrometry (LC-MS) grade methanol and 

acetonitrile (both from Thermo Fisher Scientific) were used. Tributylamine (≥99.5%) (Sigma-Aldrich) stock 

solutions of all the standards were prepared at 1000 ppm in water and stored at -20 ºC. The LC-MS/MS 

analyses were performed in an Agilent 1290 Infinity (Agilent Technologies) using a 1290 Infinity Binary 

Pump (1200 bar) and a 1260 Infinity Quaternary Pump (400 bar). The LC system was coupled to an 

Agilent 6460 triple quadrupole mass spectrometer using an electrospray ionization (ESI) interface working 

in multiple reaction monitoring (MRM) mode. The chromatographic method, the MS parameters and the 
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setup arrangement were based on that described by Agilent Technologies, Inc, with minor modifications. 

Briefly, this method uses tributylamine as an ion-pairing reagent, with buffer A composed of 97% water 

and 3% methanol, 10 mM tributylamine, 15 mM glacial acetic acid (VWR) and buffer B composed of 10 

mM tributylamine, 15 mM glacial acetic acid, prepared in methanol. The transitions showing the highest 

signal to noise ratios were used for the quantification of the analytes in samples. 

 

Mouse infection 

For the in vivo studies, at day -3 before infection and until the end of experimental protocol, 100 mg/Kg 

of 2-DG was administered to mice daily via intraperitoneal route (i.p.). Control groups consisted of mice 

to which an equal volume of vehicle (sterile PBS) was administered. At day 0, mice were challenged with 

1×108 live conidia of A. fumigatus (A1163 Δku80 strain) using a noninvasive intranasal (i.n.) infection 

procedure upon anesthesia with 75 mg/Kg of ketamine (Ketamidor®, Ritcher Pharma) and 1 mg/Kg of 

medetomidine (Domtor®, Ecuphar). At 24 hr post-infection, mice were sacrificed, and the lungs were PBS-

perfused and excised, excluding the trachea and major bronchi. For assessment of fungal burden, lung 

single-cell suspensions were serially diluted and plated on solid growth media. 

 

Determination of systemic glucose 

On the day of the experiment, mice were starved for 3-4 hr in the morning before measurements of blood 

glucose levels at 0 hour, by snipping the very end of the tail to collect a drop of blood in a Glucocard®+ 

(Arkray), which was read using the ACCU-CHEK Performa glucometer (Roche). Afterwards, mice were 

infected intranasally with 1×108 conidia of the Δku80 strain with ad libitum access to food. After 20 hr of 

infection, mice were again starved for 3-4 hr before glucose measurement in the blood. The systemic 

glucose concentration was calculated as the glucose (mM) per gram of mice body weight. 

 

Isolation of splenocytes 

Infected animals were sacrificed at day 1 post-infection with posterior spleen excision. The excised spleen 

was minced into small fragments with a plunger end of a syringe and forced through a 70-μm cell strainer 

(Corning Inc.) Upon washing the cells with cold sterile PBS, the resulting cell pellet was resuspended in 

2 mL of pre-warmed ACK lysis buffer (0.15 M NH4Cl, 10 Mm KHCO3 and 0.1 mM EDTA). Afterwards, the 

cells were centrifuged at 1,600 rpm for 5 min at RT. Finally, the cells were counted and adjusted to a 



Chapter II | Phagosomal removal of fungal melanin reprograms macrophage metabolism to promote antifungal immunity 

69 
 

final concentration of 5×106 cells/mL of pre-warmed RPMI (Gibco, Thermo Fisher Scientific) 

supplemented with 10% FBS (Gibco, Thermo Fisher Scientific) and 200 µL of the cellular suspension 

were seeded in round bottom 96-well plates (Corning Inc.). 

 

FACS analysis and sorting 

After infection, the lungs were excised and collected in incomplete Dulbecco’s Modified Eagle Medium 

(iDMEM) culture medium (Gibco, Thermo Fisher Scientific). Perfused lungs were chopped in small 

fragments and digested at 37 °C for 30 min in iDMEM culture medium containing 1 mg/mL of 

collagenase D (Sigma-Aldrich). Subsequently, the tissue was forced through a 70-μm cell strainer and 

contaminating red blood cells were lysed. Leukocytes were isolated by Percoll (GE Healthcare Bio-

Sciences Ab) density gradient and finally resuspended in FACS buffer (PBS containing 2% FBS and 2 mM 

EDTA). To assess cell viability, cells were stained for 30 min in the dark with the Zombie Violet fluorescent 

dye (BioLegend) and resuspended in FACS buffer. For surface marker staining, cell suspensions were 

stained for 30 min on ice while protected from light with the indicated antibodies. Pellets were washed 

and resuspended in fresh FACS buffer prior to analysis. Gating for myeloid subpopulations in the lung 

was performed to analyze the composition of lung-infiltrating cells using a combination of the following 

antibodies: BV510 anti-mouse CD45 (clone 30-F11), BV605 anti-mouse CD11c (clone N418), PE-Cy7 

anti-mouse CD11b (clone M1/70) and APC anti-mouse F4/80 (clone BM8) (all from BioLegend) [22]. 

Data were obtained on a BD FACS LSRII instrument (Becton Dickinson) and processed using FlowJo (Tree 

Star Inc). For the sorting of macrophage populations in the lung, CD45+ positive cells were isolated using 

positive magnetic bead separation with anti-CD45+ coated beads (MACS Miltenyi) before surface marker 

staining. Macrophages were sorted using a combination of the following antibodies: PerCP/Cy5.5 anti-

mouse CD11c (clone N418), APC anti-mouse CD11b (clone M1/70), PE anti-mouse Siglec-F (clone E50-

2440), APC-Cy7 anti-mouse Ly-6G (clone 1A8), FITC anti-mouse CD64 (clone X54-5/7.1), and PE/Cy7 

anti-mouse CD45 (clone 30-F11) (from BioLegend or BD Biosciences) [70]. Data were obtained on a BD 

FACSAria II instrument and analyzed with the FACSDiva software (Becton Dickinson). 

 

Measurement of ADP/ATP ratio 

MDMs (1×105/well in 96-well plates) were infected with A. fumigatus conidia for 6 hr at a 1:10 effector-

to-target ratio at 37°C in 5% CO2. After infection, the ADP/ATP ratio was measured using an assay kit 
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(Sigma-Aldrich), according to the manufacturer’s instructions. Briefly, culture medium was removed, and 

the ATP reagent was added to each well. Plate was incubated for 1 min at RT and luminescence was 

read to obtain ATP levels. After 10 min of incubation at RT, the ADP reagent was added to each well and 

luminescence was read. The ADP/ATP ratio was calculated by subtracting background values from ADP 

values and dividing the result by ATP values. Luminescence was read in a Fluoroskan FL Microplate 

Luminometer (Thermo Fisher Scientific). 

 

Phagocytosis assay 

To determine phagocytosis, MDMs (5×105/well, in 24-well plates) were infected with fluorescein 

isothiocyanate (FITC)-labelled conidia of A. fumigatus at a 1:5 effector-to-target ratio. The infection was 

synchronized for 30 min at 4 °C and phagocytosis was initiated by shifting the co-incubation to 37 °C at 

5% CO2 for 1 h. Phagocytosis was stopped by washing wells with PBS and extracellular conidia were 

stained with 0.25 mg/mL Calcofluor White (Sigma-Aldrich) for 15 min at 4 °C to avoid further ingestion. 

Wells were then washed twice with PBS and cells were fixed with 3.7% (v/v) formaldehyde/PBS for 15 

min. The number of MDMs with ingested green conidia was enumerated by examining the slides by 

fluorescence microscopy (Olympus), and data were expressed as percentage of MDMs that internalized 

one or more conidia. 

 

Conidiacidal activity assay 

Following differentiation, MDMs (1×105/well, in 96-well plates) were washed twice with cRPMI medium 

and a suspension of A. fumigatus conidia was added at a 10:1 effector-to-target ratio. The cells were then 

incubated for 1 hr at 37 °C and 5% CO2 to allow the internalization of conidia. Medium containing the 

non-ingested conidia was removed, and wells were washed twice with pre-warmed PBS. To measure the 

conidiacidal ability, MDMs were allowed to kill the ingested conidia for 2 hr at 37 °C in 5% CO2. To 

determine the fungicidal activity of splenocytes, cells (1×106/well in 96-well plates) were infected with A. 

fumigatus conidia at a 1:5 effector-to-target ratio for 2 hr at 37 °C and 5% CO2. After incubation, culture 

plates were snap frozen at -80 °C and thawed at 37 °C to cause cell lysis and release of ingested conidia. 

Serial dilutions of cell lysates were plated on solid growth media and, following a 24 hr incubation at 37 

°C, the number of colony-forming units (CFUs) was enumerated and the percentage of CFU inhibition 

was calculated. 
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Measurement of ROS production 

MDMs (1×105/well) were plated in 96-well TC-treated dark clear bottom plates (Sigma-Aldrich) and 

infected with live A. fumigatus conidia at a 1:3 effector-to-target ratio. Infections were synchronized by 

centrifugation at 1,000 rpm for 5 min, and then 10 μM dihydrorhodamine 123 (DHR) (Thermo Fisher 

Scientific) was added to each well and the production of reactive oxygen species (ROS) was measured for 

a 24 hr period using the Varioskan Flash fluorescent plate reader (Thermo Fisher Scientific). Excitation 

was performed at a wavelength of 480 nm and emission was measured at a wavelength of 528 nm. 

 

Cytokine measurements 

MDMs and BMDMs (5×105/well, in 24-well plates) and splenocytes (1×106/well, in 96-well plates) were 

infected with A. fumigatus conidia at a 1:10 effector-to-target ratio for 24 hr at 37 °C and 5% CO2.  PBMCs 

(5×105/well in 96-well plates) were infected with UV-inactivated conidia at a 1:4 effector-to-target ratio for 

7 days at 37 °C and 5% CO2. After infection, supernatants were collected and cytokine levels were 

quantified using ELISA MAX Deluxe Set kits (BioLegend), according to the manufacturer’s instructions. 

Quantitative cytokine measurements were also performed on the supernatants of lung single-cell 

suspensions 24 hr post-infection. 

 

RNA isolation and qRT-PCR 

Total RNA from MDMs (5×105/well, in 24-well plates) was isolated at different time points after infection 

with A. fumigatus at a 1:10 effector-to-target ratio using the PureLinkTM RNA Mini Kit (Thermo Scientific) 

according to the manufacturer's instructions. Total RNA from lungs was extracted using the GRS Total 

RNA Kit - Tissue (Grisp) at different time points after infection, according to the manufacturer’s 

instructions. The concentration and quality of total RNA in each sample was determined by 

spectrophotometry using the ND-100 UV-visible light spectrophotometer (NanoDrop). One microgram of 

total RNA was retro-transcribed using the First-strand cDNA Synthesis Kit (Nzytech). Quantitative PCR was 

performed in an Applied Biosystems 7500 Fast qPCR system (Applied Biosystems, Thermo Fisher 

Scientific), using the PowerUp SYBR Green Master Mix (Applied Biosystems, Thermo Fisher Scientific). 

Data were analyzed using the 7500 Software v2.0.6 software (Applied Biosystems, Thermo Fisher 

Scientific). Amplification efficiencies were validated, and the expression levels of the transcripts were 

normalized using the ACTB (human), Ubb (mouse) and 18S (A. fumigatus) genes. 



Chapter II | Phagosomal removal of fungal melanin reprograms macrophage metabolism to promote antifungal immunity 

72 
 

Western blot analysis  

Human MDMs (5×105/well, in 24-well plates) were infected with A. fumigatus conidia for the indicated 

time points at a 1:10 effector-to-target ratio at 37 °C in 5% CO2. After infection, cells were lysed in RIPA 

buffer (50 mM Tris, 250 mM NaCl, 2 mM EDTA, 1% NP-40, 10% glycerol, pH 7.2, and a mixture of 

protease inhibitors [Roche Molecular Biochemicals]). Cell lysis was performed at 4 °C for 30 min (with 

shaking) and samples were then centrifuged. The protein content was determined using the Bradford dye-

binding (Bio-Rad) method. Laemmli buffer (Bio-Rad) was added to 20 μg of protein and samples were 

boiled and separated on a 12% SDS-PAGE gel and transferred to nitrocellulose membranes (Bio-Rad). 

Western blotting was performed according to manufacturer’s instructions, using the following primary 

antibodies: rabbit anti-phospho-p70 S6 Kinase, rabbit anti-p70 S6 Kinase, rabbit anti-Akt, rabbit anti-

phospho-Akt, rabbit anti-mTOR (all from Cell Signaling), mouse anti-β-actin (Abcam), all diluted 1:1000, 

and rabbit anti-HIF-1α antibody (Abcam) diluted 1:500. Secondary antibodies used were anti-rabbit and 

anti-mouse, both diluted to 1:5000. The blots were developed using chemiluminescence (SuperSignal™ 

West Femto Maximum Sensitivity Substrate; Thermo Fisher Scientific) and detected with ChemiDocTM 

XRS system (Bio-Rad). Signal intensities and quantifications were determined with the ImageLab 4.1 

analysis software (Bio-Rad). 

 

Live cell imaging 

To perform live imaging of calcium, MDMs were seeded in 8 well-chamber slides (LAB-TEK, Thermo 

Fisher Scientific) (3×105/well) and loaded with 3 μM of the calcium indicator Fluo-4AM (Thermo Fisher 

Scientific) according to the manufacturer’s protocol. Briefly, MDMs were placed in serum-free HBSS 

(without Ca2+, MgCl2 and phenol red) and loaded with Fluo-4AM for 30 min at 37 °C, 5% CO2. Cells were 

then washed twice with PBS and infections with the indicated fungal strains were performed in cRPMI 

medium. Live cell imaging was performed on an Olympus FV1000 Plus Confocal Microscope (60× Luc 

Plan FL 0.70 NA objective) at 37 ºC with 5 % CO2. All analyses and processing were made using ImageJ 

software (Fiji). To visualize the temporal changes in calcium, raw sequences were processed and mean 

pixel intensity at each frame was measured. The data was first plotted as fluorescence intensity versus 

time (Z profile) and subsequently converted to relative scale (ΔF/F baseline). To perform imaging of HIF-

1α, MDMs were seeded in 8 well-chamber slides (LAB-TEK, Thermo Fisher Scientific) (3×105/well) and 

infected for 2 hr with the indicated FITC-labelled fungal strain at 37 °C in 5% CO2. After washing twice 
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with PBS, the cells were fixed with 3.7% (v/v) formaldehyde/PBS for 15 min, permeabilized with 0.3% 

TritonTM X-100 (Sigma-Aldrich) in PBS for 10 min, blocked with 4% BSA (Sigma-Aldrich) for 1 hr and 

incubated overnight with primary antibody rabbit anti-HIF-1α antibody (dilution 1:100, Abcam). MDMs 

were then washed twice with PBS and incubated with goat anti-Rabbit IgG (H+L) Cross-Adsorbed 

Secondary Antibody Alexa Fluor® 568 conjugate (dilution 1:1000, Thermo Fisher Scientific) for 1 hr at 

RT. Nuclei were stained with DAPI (dilution 1:1000, Thermo Fisher Scientific) for 10 min. Images were 

captured at 100× magnification in an Olympus FV1000 Plus Confocal microscope. HIF-1α quantification 

was performed using ImageJ (Fiji) and expressed as nuclear/total HIF-1α staining of at least 60 cells for 

each condition. For immunofluorescence imaging of mTOR on phagosomes, MDMs were seeded on 

coverslips pretreated with polylysine, fixed with 4% PFA for 15 min at RT following by 10 min of fixation 

with ice cold methanol at -20ºC, washed twice with PBS, permeabilized by using 0.1% saponin (Sigma-

Aldrich) and blocked for 30 min PBS with 2% BSA. After incubation with anti-mTOR antibody (dilution 

1:250; Cell Signaling) for 1 hr, slides were washed twice in PBS-BSA and stained with the Alexa Fluor 

555 secondary antibody (Molecular Probes), followed by DNA staining with 10 µM TOPRO-3 iodide 

(642/661; Invitrogen). After the washing steps, slides were mounted in Prolong Gold antifading media 

(Molecular Probes). Images were acquired using a laser-scanning spectral confocal microscope (TCS SP2; 

Leica), LCS Lite software (Leica), and a 40× Apochromat 1.25 NA oil objective using identical gain 

settings. A low fluorescence immersion oil (11513859; Leica) was used, and imaging was performed at 

room temperature. Unless otherwise stated, mean projections of image stacks were obtained using the 

LCS Lite software and processed with Adobe Photoshop CS2. Phagosomes surrounded by a rim of 

fluorescence of the indicated protein-marker were scored as positive [43,47]. At least 200 phagosomes 

were analyzed for each condition in two independent experiments. 

 

Statistical analysis 

The data were expressed as means ± SEM. Statistical significance of differences were determined by two-

tailed Student’s t-test, one-way ANOVA or two-way ANOVA with post hoc tests for multiple comparisons 

(P<0.05 was considered statistically significant). Analyses were performed in GraphPad Prism software. 
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Results 

Macrophage metabolism is modulated by A. fumigatus infection 

Our first aim was to investigate host cellular metabolism during the interaction of human macrophages 

with A. fumigatus. We chose two time points after infection corresponding to the early transcriptional 

events following phagocytosis (2 hr) and the initial phases of fungal escape by germination (6 hr). RNA-

seq analysis revealed substantial changes in the macrophage transcriptome after 2 hr of infection, 

encompassing 1,187 differentially expressed genes relative to uninfected controls (Fig. 1a). The number 

of differentially expressed genes decreased markedly at 6 hr to a total of 83, indicating that the bulk of 

transcriptional changes occurred early after infection. Enrichment analysis demonstrated that pathways 

involved in cytokine production and signalling, response to inflammatory stimuli, and immune cell 

differentiation were overrepresented in the upregulated genes after 2 hr of infection (Fig. 1b). In 

accordance with the low number of differentially expressed genes detected 6 hr after infection, genes 

involved in the negative regulation of transcription and DNA binding were enriched in the downregulated 

pathways. 

A targeted analysis of the differentially expressed genes after 2 hr of infection using hallmark gene 

sets from the Molecular Signatures Database [33] revealed a substantial upregulation of genes involved 

in glycolysis, but not oxidative phosphorylation (Fig. 1c). The commitment of macrophages towards 

glycolysis was reflected by the upregulation of the glucose transporters SLC2A1 (GLUT1) and SLC2A6 

(GLUT6), the key glycolytic regulator 6-phosphofructose-2-kinase/fructose-2,6-bisphosphatase 3 

(PFKFB3), and hypoxia-inducible factor 1 subunit alpha (HIF1A). In contrast, thioredoxin-interacting 

protein (TXNIP), which encodes a redox sensor that suppresses glucose uptake and metabolism [34], 

was instead downregulated. These results were consistent with a skewing of infected macrophages 

towards an M1 inflammatory phenotype characterized by the upregulation of several proinflammatory 

cytokines, including IL1B, TNF and IL6. 

Gene expression analysis using a more detailed time course of infection demonstrated that induction 

of glycolytic genes such as GLUT1, hexokinase 2 (HK2) and PFKFB3 initiated early after the challenge 

and was sustained throughout infection (Fig. 1d). Glut1 and several glycolytic enzymes were also induced 

in the lungs of mice as early as day 1 and until day 3 after fungal infection (Fig. 1e). The transcriptional 

induction of glycolysis was confirmed by the increased secretion of lactate and glucose consumption by 

human macrophages throughout the infection, an effect that was dependent on the multiplicity of infection 
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(Fig. 1f), but was not influenced by the differentiating stimulus (Supplementary Fig. 1a). Fungal infection 

also elicited an increased ADP/ATP balance (Fig. 1g). To gain further insight into the metabolites 

produced along the glycolytic pathway, we performed a targeted analysis of metabolic pathways after 6 

hr of infection using liquid chromatography tandem-mass spectrometry (LC-MS/MS). In these conditions, 

increased levels of most glycolytic intermediates were detected, namely fructose-6-phosphate, 

dihydroxyacetone phosphate, glyceraldehyde-3-phosphate and pyruvate (Fig. 1h). 

The metabolic rewiring of macrophages during infection commits them to glucose metabolism for 

survival, and this phenotype is exploited by C. albicans to trigger cell death by depleting glucose levels 

[22]. In contrast, human macrophages infected with A. fumigatus did not display a significant loss of 

viability, even after 24 hr of infection (Supplementary Fig. 1b). Likewise, the total number of macrophages 

in the lungs of infected mice also remained intact after infection (Supplementary Fig. 1c). Further 

supporting the lack of macrophage death due to competition for glucose, expression of fungal glycolytic 

enzymes, including ATP-dependent 6-phosphofructokinase (pfkA) and hexokinase-1 (hxkA), was not 

significantly modulated during infection (Supplementary Fig. 1d), a finding in line with the negligible 

amount of lactate measured during fungal culture (Supplementary Fig. 1e). These results reveal the 

glycolytic reprogramming of macrophages in response to A. fumigatus, while highlighting different 

metabolic strategies across fungal genera to survive and thrive during infection. 
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Figure 1. A. fumigatus induces glycolysis in macrophages. (a) Transcriptome analysis of human 

macrophages infected with A. fumigatus for 2 or 6 hr. Numbers indicate genes with differential expression, up- 

(red) or down-regulated (blue) in infected relative to uninfected cells. (b) Pathway analysis of up- (red) or down-

regulated (blue) genes 2 hr after infection. Genes were categorized into the most represented pathways in which 

the gene products are involved. (c) Transcriptional profiles of macrophages left untreated (Ctrl) or infected with A. 

fumigatus (Af) for 2 hr (n=3). Expression of genes is presented as centered and scaled log2 fluorescence intensity 

(blue and red keys) grouped by product function. (d) mRNA expression of GLUT1, HK2 and PFKFB3 in 

macrophages infected for 1, 2, 4 or 8 hr relative to uninfected cells (n=6). (e) mRNA expression of Glut1, Hk2 and 

Pfkfb3 in mouse lungs sampled 1 or 3 days after infection (n=8, representative of three independent experiments). 

(f) Lactate secretion and glucose consumption by macrophages left untreated or infected at 1:2 or 1:10 for 24 hr 

(n=6). (g) ADP/ATP ratio (n=5) and (h) targeted metabolomics (n=6) in macrophages left untreated or infected for 
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6 hr. Data are expressed as mean values ± SEM; P values were calculated using  Student’s two-tailed t test or two-

way ANOVA with Tukey’s multiple comparisons test. 

 

Glycolysis is required for immune responses to A. fumigatus 

Production of proinflammatory cytokines, phagocytosis and killing are major effector functions of 

macrophages during infection with A. fumigatus [16]. We tested therefore how the inhibition of glycolysis 

using 2-deoxyglucose (2-DG), a competitive inhibitor of hexokinase, affected these processes. We 

confirmed that the treatment with 2-DG decreased lactate secretion by infected macrophages in a dose-

dependent manner (Fig. 2a), without affecting cellular viability (Supplementary Fig. 2a). Likewise, 

macrophages cultured in glucose-deprived media or media containing galactose, impairing the glycolytic 

flux, were also unable to secrete lactate during infection (Supplementary Fig. 2b). Upon treatment with 2-

DG (Fig. 2b) or using media without glucose or with galactose (Supplementary Fig. 2c), macrophages 

displayed an impaired conidiacidal activity, which was in line with the decreased production of reactive 

oxygen species (Fig. 2c). The phagocytic ability instead remained intact (Fig. 2d), a finding supported by 

data showing that phagocytosis relies on oxidative phosphorylation [14]. In addition, treatment of 

macrophages with 2-DG (Fig. 2e) or the use of glucose-deprived media (Supplementary Fig. 2d) impaired 

the production of proinflammatory cytokines, including IL-1β, TNF and IL-6, after 24 hr of infection. The 

production of adaptive cytokines by PBMCs, such as IFNγ and IL-17A, detected after 7 days of infection, 

was also compromised following the blockade of glycolysis (Supplementary Fig. 2e). 

Since the blockade of hexokinase by 2-DG might also affect the pentose phosphate pathway (PPP), 

we evaluated lactate secretion by macrophages treated with 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one 

(3PO), a selective inhibitor of PFKFB3, and 6-aminonicotinamide (6-AN), an inhibitor of the 6-

phosphogluconate dehydrogenase enzyme from the PPP. In these conditions, we confirmed an impaired 

lactate secretion (Fig. 2f) and cytokine production (Supplementary Fig. 2f) using 3PO, but not 6-AN. To 

gain further insight into lung microenvironment-associated effects on glycolysis, we measured lactate 

secretion by murine alveolar macrophages after infection (Fig. 2g and Supplementary Fig. 2g). The results 

showed an induction of lactate secretion, an effect that was abrogated following treatment with 2-DG. 

Collectively, these data highlight the critical requirement for glycolysis to host defense mechanisms in 

response to A. fumigatus. 
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Because our results pointed to a pivotal role of glucose metabolism in antifungal host defense, we 

next validated this requirement in a mouse model of pulmonary aspergillosis, in which immunocompetent 

animals were treated with 2-DG or PBS prior to infection (Fig. 2h). In line with the activation of glucose 

metabolism, we detected systemic hypoglycemia in mice after the challenge (Supplementary Fig. 2h). 

Blocking glycolysis rendered mice more susceptible to infection, as revealed by the increased fungal 

burden in the lungs 1 day after infection (Fig. 2h), a finding that did not involve loss of viability of alveolar 

macrophages (Supplementary Fig. 2i). In addition, the levels of cytokines in lung homogenates from 2-

DG-treated mice were significantly lower than those from mock-treated animals (Fig. 2i). Consistently, the 

production of cytokines after restimulation of splenocytes from 2-DG-treated mice (Fig. 2j) and their 

conidiacidal activity (Fig. 2k) was also impaired. Taken together, these data confirm that glucose 

metabolism plays a central role in the induction of host responses to A. fumigatus in vivo. 
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Figure 2. Glycolysis is required for antifungal immune responses. (a) Lactate secretion (n=4) and (b) 

conidiacidal activity (n=8) of macrophages left untreated (Ctrl) or infected with A. fumigatus for 24 or 3 hr 

respectively, without or with 5, 10 or 20 mM 2-DG (n=4). (c) ROS production by macrophages left untreated or 

infected for 24 hr without or with 10 mM 2-DG (n=8). (d) Phagocytosis of macrophages infected for 1 hr without 

or with 5, 10 or 20 mM 2-DG (n=6). (e) Production of IL-1β, TNF and IL-6 by macrophages infected for 24 hr 

without or with 10 mM 2-DG (n=10). (f) Lactate secretion by macrophages left untreated (Ctrl) or infected with A. 

fumigatus for 24 hr without or with 10 mM 2-DG, and 30 µM 3PO or 500 nM 6-AN (n=7). (g) Lactate secretion by 

mouse alveolar macrophages left untreated (Ctrl) or infected for 24 hr without or with 10 mM 2-DG (n=3). (h) 

Experimental setup for glycolysis inhibition in vivo during infection. Fungal burden (log10) per g of lung tissue was 

determined in PBS- or 2-DG-treated mice after 1 day of infection (n=8, representative of three independent 

experiments). (i) Levels of IL-1β, TNF and IL-6 in lung homogenates of PBS- or 2-DG-treated mice after 1 day of 

infection (n=5). (j) Production of IL-1β, TNF and IL-6 and (k) conidiacidal activity of mouse splenocytes isolated 
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from PBS- or 2-DG-treated mice and restimulated for 24 (n=10) or 2 hr (n=5), respectively. Data are expressed as 

mean values ± SEM; P values were calculated using Student’s two-tailed t test or two-way ANOVA with Tukey’s 

multiple comparisons test. 

 

Induction of host glycolysis depends on fungal melanin 

To identify the mechanism(s) underlying the activation of glycolysis during infection, we compared lactate 

secretion by macrophages challenged with different fungal morphotypes for 24 hr. Secretion of lactate 

was higher when stimulation involved dormant conidia compared to swollen conidia or germ tubes (Fig. 

3a). We hypothesized that the fungal molecule(s) inducing glycolysis were present on dormant conidia 

but were mostly lost after germination. Rodlet and melanin, made up of hydrophobic protein RodA and 

polymerized 1,8-dihydroxynaphthalene (DHN), respectively, form the outermost layer of dormant conidia 

and are both removed during germination [35]. To test their contribution, we assessed lactate secretion 

after infection with dormant conidia of the ΔrodA mutant devoid of the surface rodlet layer [36] or the 

ΔpksP mutant lacking the polyketide synthase responsible for the initial step in DHN-melanin biosynthesis 

[37]. Infection with ΔrodA conidia induced lactate secretion (Fig. 3b) and glucose consumption 

(Supplementary Fig. 3a) to an extent comparable to that measured for the parental strain Δku80, whereas 

ΔpksP or ΔrodA/pksP conidia failed to efficiently trigger this metabolic reprogramming. Macrophages 

infected with ΔpksP conidia also displayed decreased mRNA levels of glycolysis-related genes (Fig. 3c). 

Collectively, these findings are consistent with a critical role for fungal melanin in reprogramming 

macrophage metabolism during infection. 

To determine at which stage the putative ligand(s) inducing glycolysis were synthesized in the 

pathway, we screened deletion mutants in the enzymes required to catalyze each step for their ability to 

activate glycolysis. We confirmed that lactate secretion was severely affected throughout the entire DHN-

melanin biosynthetic pathway (Supplementary Fig. 3b), suggesting that fully mature melanin particles, 

and not the heptaketide naphthopyrone synthesized by PksP alone, is required for the metabolic 

reprogramming. The requisite role for melanin in the activation of glycolysis was confirmed by similar 

defective levels of lactate secreted by macrophages infected with the albino strains of A. fumigatus CBS 

110.46 and CBS 386.75 [38] (Fig. 3d). To elucidate whether melanin pigments that differ from DHN-

melanin could also activate glycolysis, we infected macrophages with A. nidulans whose melanin differs 
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from that of A. fumigatus [39]. In these conditions, lactate secretion occurred to a degree similar to that 

induced by the Δku80 strain of A. fumigatus (Fig. 3e). 

Because the recently identified melanin receptor MelLec could be involved in melanin-induced 

activation of glycolysis, we stimulated macrophages with 1,8-DHN, polymerization of which leads to 

melanin biosynthesis, and that contains the conserved naphthalene-diol unit recognized by MelLec [32]. 

We observed that the levels of lactate secreted by macrophages stimulated with 1,8-DHN were 

significantly lower than those after infection with the Δku80 strain (Fig. 3f), suggesting that recognition of 

1,8-DHN melanin and signalling via MelLec is, to a large extent, dispensable for the activation of glycolysis. 

In support of this, infection of bone marrow-derived macrophages (BMDMs), which lack expression of 

MelLec [32], with ΔpksP conidia also induced lower concentrations of secreted lactate (Supplementary 

Fig. 3c). Moreover, human macrophages carrying the loss-of-function rs2306894 variant in MelLec 

displayed comparable levels of lactate secreted after infection to that of wild-type cells (Supplementary 

Fig. 3d). 

To directly link the presence of melanin on the conidial surface and activation of glycolysis, we 

stimulated macrophages with melanin ghosts alone or added together with ΔpksP conidia. Strikingly, 

none of these conditions significantly induced lactate secretion (Fig. 3g), a finding suggesting the need 

for melanin to be actively shed or removed during conidial germination to activate glycolysis. Indeed, only 

live, but not heat-killed or UV-inactivated, conidia triggered lactate secretion by macrophages (Fig. 3h), a 

finding highly suggestive of a cell wall remodelling associated with melanin release. To further test this, 

we performed functional complementation experiments using live dormant ΔrodA/pksP conidia (allowing 

enhanced adhesion due to removal of the hydrophobic layer) coated with purified fragments of melanin 

isolated from A. fumigatus conidia. The ability of the ΔrodA/pksP strain to induce lactate secretion was 

rescued by the melanin coating in a dose-dependent manner (Fig. 3i), a finding supported by the increase 

in the mRNA expression of glycolytic genes (Fig. 3j). In line with the link between glycolysis and cytokine 

production, infection with melanin-coated live ΔrodA/pksP conidia also reverted the defective production 

of proinflammatory cytokines (Fig. 3k). The same experimental approach using inactivated conidia was 

instead unable to restore lactate secretion to normal levels (Supplementary Fig. 3e). These results 

demonstrate that the active intracellular removal of melanin is required for the reprogramming of glucose 

metabolism in macrophages. 
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Figure 3. Intracellular removal of fungal melanin induces glucose metabolism. (a) Lactate secretion by 

macrophages left untreated (Ctrl) or infected with dormant or swollen conidia, or germ tubes of A. fumigatus for 

24 hr (n=6). (b) Lactate secretion by macrophages left untreated (Ctrl) or infected with dormant conidia from the 

parental Δku80 strain or the cell wall mutants ΔrodA, ΔpksP or ΔrodA/pksP for 24 hr (n=6). (c) mRNA expression 

of GLUT1, HK2 and PFKFB3 in macrophages infected with Δku80 or ΔpksP strains for 2 hr relative to uninfected 

cells (n=5). (d) Lactate secretion by macrophages left untreated (Ctrl) or infected with the albino CBS 100.46 and 

386.75 strains of A. fumigatus (n=6), (e) the WG355 strain of A. nidulans (n=6), (f) 1,8-DHN (n=6) or (g) the ΔpksP 

strain, DHN-melanin, or DHN-melanin added together with ΔpksP conidia (n=4) for 24 hr. Infection with Δku80 

conidia was used as control. (h) Lactate secretion by macrophages left untreated (Ctrl) or infected with live, heat-

killed (HK) or UV-inactivated (UV) conidia for 24 hr (n=5). (i) Lactate secretion by macrophages infected with the 

Δku80, ΔrodA/pksP or the ΔrodA/pksP strain coated with 100, 300, and 600 µg/mL of DHN-melanin for 24 hr 

(n=5). (j) mRNA expression of GLUT1, HK2 and PFKFB3 (n=8) and (k) production of IL-1β, TNF and IL-6 (n=5) by 

macrophages infected with the Δku80, ΔrodA/pksP or the melanin-coated ΔrodA/pksP strain for 2 or 24 hr, 

respectively, relative to uninfected cells (n=8). Data are expressed as mean values ± SEM; P values were calculated 

using Student’s two-tailed t test or one-way ANOVA with Tukey’s multiple comparisons test. 
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Fungal melanin rewires host metabolism via mTOR and HIF-1α 

The metabolic reprogramming of myeloid cells toward glycolysis is driven by the activation of mTOR, an 

intracellular sensor that functions as a master regulator of glucose metabolism [40]. Consistent with this, 

the transcriptome of human macrophages after 2 hr of infection with A. fumigatus was markedly enriched 

in genes involved in mTOR signaling (Fig. 4a). The activation of the mTOR pathway during infection was 

confirmed by the enhanced phosphorylation of the p70S6 kinase, a downstream target of the mTORC1 

complex (Fig. 4b and Supplementary Fig. 4a). Remarkably, ΔpksP conidia failed to elicit a significant 

increase in p-p70S6K, indicating that melanin is required for the induction of mTOR signaling. Because 

mTOR activation is often mediated by the intermediary activation of the phosphatidylinositol-4,5-

bisphosphate 3-kinase (PI3K)/Akt pathway [41], we assessed phosphorylation of Akt in the same 

conditions. Similar to mTOR, the levels of p-Akt were increased during infection with Δku80 conidia, but 

less when the ΔpksP strain was used (Fig. 4b and Supplementary Fig. 4b). As these results suggest a 

coupled activation of Akt/mTOR and glycolysis, we next investigated the causality between these two 

processes during infection. Inhibiting this pathway with rapamycin (mTOR) (Fig. 4c) or wortmannin (Akt) 

(Supplementary Fig. 4c) during infection with Δku80 conidia impaired the ability of macrophages to 

reprogram their metabolism, leading to lower levels of secreted lactate. Along the same line, blocking 

mTOR (Fig. 4d) or Akt (Supplementary Fig. 4d) impaired the production of cytokines after infection. 

Based on evidence that mTOR-mediated induction of glycolysis requires activation of HIF-1α and 

stimulation of glycolytic enzymes [42], we next assessed the expression of HIF-1α in infected 

macrophages. We found higher amounts of HIF-1α accumulated in the nucleus of cells infected with the 

Δku80 than the ΔpksP strain (Fig. 4e and Supplementary Fig. 4e), a finding indicating a melanin-

dependent induction of HIF-1α-mediated gene expression. Likewise, HIF-1α was more abundant in lysates 

from macrophages infected with Δku80 conidia (Supplementary Fig. 4f), and a similar profile was 

determined for HIF1A mRNA (Supplementary Fig. 4g). To further investigate the link between activation 

of HIF-1α and the metabolic reprogramming of macrophages, we assessed the impact of HIF-1α 

deficiency in response to infection using BMDMs from wild-type (C57BL/6) and myeloid-restricted HIF-

1α-deficient (HIF1c) mice. In contrast to wild-type BMDMs, the ability of melanin to induce lactate 

secretion was lost in HIF1c cells (Fig. 4f), a finding recapitulated in human macrophages upon treatment 

with ascorbate, a co-factor for the hydrolases that negatively regulate HIF-1α (Supplementary Fig. 4h). 

Production of the proinflammatory cytokine IL-1β, known to be transcriptionally regulated by HIF-1α [9], 

was also impaired in HIF1c BMDMs (Fig. 4g), a finding in line with the lower levels of cytokines produced 
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by human macrophages treated with ascorbate (Supplementary Fig. 4i). In support of the link between 

fungal melanin and mTOR/HIF-1α signaling, infection of macrophages with melanin-coated live 

ΔrodA/pksP conidia restored both p-p70S6K (Fig. 4h) and HIF-1α translocation to the nucleus (Fig. 4e) 

to levels comparable to those obtained after infection with the Δku80 strain. Taken together, these results 

suggest that signalling via mTOR and HIF-1α is required for the melanin-mediated activation of glycolysis 

in macrophages. 

 

Figure 4. mTOR and HIF-1α reprogram metabolism in response to A. fumigatus. (a) Transcriptional 

profiles of macrophages left untreated (Ctrl) or infected with A. fumigatus (Af) for 2 hr (n=3). Expression of genes 

is presented as centered and scaled log2 fluorescence intensity (blue and red keys). (b) Total and p-p70S6K and 

total and p-Akt in macrophages infected with the Δku80 or ΔpksP strains for 4 hr (representative of three 
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independent experiments, with β-actin used as loading control). (c) Lactate secretion and (d) production of IL-1β, 

TNF and IL-6 by macrophages left untreated (Ctrl) or infected with the Δku80 strain for 24 hr without or with 10 

mM rapamycin (n=6). (e) Expression of HIF-1α in macrophages left untreated or infected with the Δku80, 

ΔrodA/pksP or the melanin-coated ΔrodA/pksP strain for 2 hr (representative of three independent experiments). 

The white arrows indicate accumulation in the nuclei of macrophages. Scale bars, 100 µm. (f) Lactate secretion 

and (g) production of IL-1β by BMDMs from C57BL/6 and HIF1c mice left untreated (Ctrl) or infected with the 

Δku80 or ΔpksP strains for 24 hr (n=4). (h) Levels of total and p-p70S6K in macrophages left untreated (Ctrl) or 

infected with the Δku80, ΔpksP, ΔrodA/pksP or melanin-coated ΔrodA/pksP strains for 3 hr (representative of 

three independent experiments, with β-actin used as loading control). The pixel density of the p-p70S6K/p70S6K 

ratio was normalized to β-actin. Data are expressed as mean values ± SEM; P values were calculated using 

Student’s two-tailed t test or one-way ANOVA with Tukey’s multiple comparisons test. 

 

Remodeling of calcium signaling enables host glycolysis 

Since the ability of fungal melanin to sequester calcium inside the phagosome is a major inhibitory 

mechanism of intracellular signalling pathways [43], we evaluated the contribution of calcium signalling 

to macrophage metabolism during infection. In line with the interference of fungal melanin with calcium 

responses, live imaging of macrophages preloaded with the calcium indicator Fluo4-AM revealed that 

infection with ΔpksP or ΔrodA/pksP, but not Δku80 conidia, triggered a sustained accumulation of 

cytosolic calcium early after infection (Fig. 5a-b and Supplementary Fig. 5a). Importantly, stimulation of 

macrophages with live ΔrodA/pksP conidia coated with purified melanin abrogated cytosolic calcium flux 

in a similar fashion to the Δku80 strain, confirming melanin as a master regulator of calcium-mediated 

responses. This effect was dependent on fungal viability since stimulation with inactivated ΔrodA/pksP 

conidia or melanin ghosts instead failed to promote cytosolic calcium accumulation (Supplementary Fig. 

5b). 

To ascertain the specific contribution of melanin-mediated regulation of calcium signalling to host 

cellular metabolism, we next performed calcium depletion and signaling inhibition during infection and 

evaluated the induction of glycolysis. Strikingly, the depletion of extracellular calcium sources had no 

effect on calcium signalling and metabolism after infection with ΔpksP conidia (Fig. 5c). In contrast, 

incubation with the cell-permeable EGTA-AM further inhibited calcium responses to ΔpksP conidia, 

suggesting that intracellular calcium sources regulate the metabolic reprogramming. Because calcium 

concentrations in different subcellular compartments exert distinct functional effects [44], we performed 
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the depletion of endoplasmic reticulum (ER) calcium stores with thapsigargin, a sarco/ER calcium ATPase 

(SERCA) inhibitor, during infection. Upon inhibiting SERCA, the impaired ability of macrophages to secrete 

lactate in response to infection with ΔpksP conidia was rescued (Fig. 5d). To further differentiate store 

depletion versus calcium entry, we evaluated lactate secretion following calcium supplementation. In 

these conditions, cells infected with the ΔpksP conidia still failed to upregulate lactate levels (Fig. 5e). In 

addition, we silenced stromal-interacting molecule 1 (STIM1), a calcium sensor essential for calcium store 

depletion-triggered calcium influx [45] (Supplementary Fig. 5c). The inhibition of STIM1 also did not alter 

the profile of lactate secretion by macrophages infected with the Δku80 or ΔpksP strains (Fig. 5f). 

Together, these observations indicate that ER calcium stores, independently of calcium entry, regulate 

intracellular signaling pathways, which are required for the activation of glucose metabolism by fungal 

melanin. 

To gain further insight into the calcium-induced signaling pathways mediating activation of glycolysis 

by melanin, we next tested whether calcium/calmodulin (CaM) signaling was involved. We treated 

macrophages with W7, a specific CaM antagonist, and assessed the levels of lactate secretion after 

infection. In these conditions, macrophages infected with the ΔpksP strain displayed increased levels of 

secreted lactate (Fig. 5g), a finding in accordance with the upregulation of glycolytic genes (Supplementary 

Fig. 5d) and indicating that the inhibition of calcium/CaM signaling by melanin is required for the 

transcriptional induction of glycolysis. To further illustrate the regulation of immunometabolic signaling by 

fungal melanin, we next evaluated the influence of calcium signaling on mTOR expression. In line with 

the impaired phosphorylation of the mTOR target p70S6 kinase (Fig. 4b), mTOR expression was also 

decreased during infection with ΔpksP conidia, a defect that was rescued by the CaM antagonist W7 

(Supplementary Fig. 5e). Because melanin blocks CaM recruitment to conidia-containing phagosomes 

[43], we next assessed mTOR recruitment to the phagosome. Macrophages infected with the ΔpksP 

strain displayed a lower percentage of mTOR+ phagosomes when compared to cells infected with Δku80 

conidia (Fig. 5h-i). Importantly however, mTOR recruitment was restored following CaM inhibition, a 

finding implying a direct link between melanin-mediated restraining of calcium signaling and activation of 

mTOR and the downstream metabolic reprogramming of macrophages. Furthermore, macrophages 

infected with ΔpksP conidia and treated with either thapsigargin or W7 displayed an enhanced ability to 

produce cytokines (Fig. 5j). Collectively, these results highlight a mechanism whereby the inhibition of 

calcium/CaM signaling enables efficient immunometabolic responses. 
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Figure 5. Calcium signaling regulates glucose metabolism in response to A. fumigatus. (a) 

Micrographs of macrophages preloaded with Fluo-4-AM and left untreated (Ctrl) or infected with the Δku80, ΔpksP, 

ΔrodA/pksP or melanin-coated ΔrodA/pksP strains for 15 min (representative of three independent experiments). 
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Scale bars, 35 µm. (b) Quantification of FLUO-4-AM fluorescence in 5 min intervals for 1 hr and expressed as the 

difference in arbitrary units (ΔAU) between infected and uninfected cells. (c) Lactate secretion by macrophages left 

untreated (Ctrl) or infected with the Δku80 or ΔpksP strains for 24 hr using calcium-free medium (n=5) or 500 µM 

EGTA-AM (n=4). (d) Lactate secretion by macrophages left untreated (Ctrl) or infected in calcium-free medium for 

24 hr and in the presence of 2 µM thapsigargin (TG) (n=5) or (e) 2 mM CaCl2 (n=5). (f) Lactate secretion by 

macrophages left untreated (Ctrl) or infected and silenced with a STIM1 siRNA (siSTIM1) (n=4). A scrambled siRNA 

was used as negative control (siNC). (g) Lactate secretion by macrophages left untreated (Ctrl) or infected for 24 

hr in the presence of 25 µM W7 (n=5). (h) Immunofluorescent staining for mTOR and (i) quantification of mTOR+ 

phagosomes in infected macrophages, without or with 25 µM W7 for 2 hr (representative of two independent 

experiments). The white arrows indicate the recruitment of mTOR to the phagosome. Scale bars, 10 µm. Data on 

quantification was determined by analyzing at least 200 phagosomes. (j) Production of IL-1β, TNF and IL-6 by 

macrophages infected with the ΔpksP strain for 24 hr without or with 2 µM TG or 25 µM W7 (n=5). Data are 

expressed as mean values ± SEM; P values were calculated using Student’s two-tailed t test or one-way ANOVA 

and two-way ANOVA with Tukey’s multiple comparisons test. 
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Discussion 

The metabolic reprogramming of innate immune cells is required to generate protective inflammation and 

drive antimicrobial defenses [12,20,46]. We establish fungal melanin as an essential PAMP required for 

the induction of glycolysis in macrophages and the resulting antifungal immune responses. DHN-melanin 

is a major determinant of the fungal interaction with the innate immune system [35], endowing A. 

fumigatus with the ability to survive killing by phagocytes, namely by blocking phagosome biogenesis 

[43,47] and acidification of phagolysosomes [48], and preventing phagocyte apoptosis [49]. We now 

show that the host has in turn evolved strategies to counter the inhibitory mechanisms deployed by 

melanin, by sensing its removal during intracellular swelling or cell wall remodeling inside the phagosome 

and using these signals to rewire cellular metabolism and promote antifungal immune responses. 

The innate immune system is equipped to respond to the expression of virulence factors from fungi 

[16]. The identification of the MelLec receptor, which recognizes DHN-melanin and activates antifungal 

defenses, highlights the evolution of the receptor repertoire in innate cells towards the efficient recognition 

of fungal melanin [32]. Because the induction of glycolysis by melanin, but not MelLec expression, is 

evolutionarily conserved between human and murine macrophages, MelLec appears to be largely 

redundant for their metabolic reprogramming. Instead, the germination associated with the active removal 

of melanin in live fungi within the phagosome is required for host cells to reorient their metabolism 

towards protection. As such, melanin can be considered a vita-PAMP, molecules expressed by viable 

pathogens that are sensed by the host to weigh the intensity of specific antimicrobial responses [50]. It 

is noteworthy that the bacterial vita-PAMP cyclic-di-adenosine monophosphate triggers stress-mediated 

autophagy to restrain phagocyte death [51], and these molecular pathways are also well-known targets 

for the action of melanin during infection [47]. How is the outer layer of the cell wall remodeled to shed 

melanin during germination and which signals are generated remains unclear. Could there be an 

intracellular receptor other than MelLec involved in melanin recognition? It is possible, since fungal 

ligands, namely β-(1,3)-glucan, directly activate the inflammasome upon their release during infection 

[52], and melanin could behave analogously. In fact, both the metabolic reprogramming of macrophages 

and inflammasome activation [53] rely exclusively on infection by live conidia, and melanin particles have 

been occasionally detected in the cytosol of infected cells (Chamilos, unpublished), raising the intriguing 

possibility that inflammasome activation and induction of glycolysis in macrophages are molecular events 

coupled via melanin-mediated signaling. 
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The recognition of β-1,3-glucan from the cell wall is required for the metabolic reprogramming of 

myeloid cells in response to C. albicans [11,20]. Surface exposure of β-1,3-glucan on A. fumigatus 

appears instead largely redundant for macrophage glycolysis given its broad expression on the surface of 

albino conidia [47]. Our data nevertheless suggests a minor contribution from signals other than melanin. 

Whether these include other cell wall polysaccharides or fungal-derived products requires further 

investigation. The differential activation of glucose metabolism upon exposure of host cells to distinct 

fungal PAMPs also reflects important differences in the outcome of the host-fungus interaction. In certain 

cases, fungi can hijack nutritional weaknesses of host cells that are a direct consequence of 

immunometabolic shifts to their own benefit; the terminal commitment of macrophages to glycolysis after 

infection with C. albicans is subverted by the efficient shift of fungal metabolism to rapidly deplete glucose 

and trigger cell death [22]. Because of lacking nutrients in the lung microenvironment, A. fumigatus 

resorts to different strategies to survive, which include the cross-pathway control system and degradation 

of proteins to acquire amino acids and the glyoxylate cycle to produce carbohydrates from lipids available 

at the site of infection [54]. In contrast to C. albicans, the metabolic reprogramming of macrophages in 

response to A. fumigatus represents instead an advantageous mechanism of host defence, highlighting 

the immunometabolic repurposing of immune cells towards enhanced glycolysis as an attractive 

therapeutic strategy in aspergillosis. 

Despite the remarkable differences in the nature of the fungal ligands and the mechanisms through 

which these deliver signals required to induce glycolysis, the pathways that are activated in response to 

different fungal pathogens appear to converge on a common signaling axis involving mTOR and HIF-1α. 

This pathway represents a major signaling hub that regulates metabolic changes underlying trained 

immunity in myeloid cells in response to β-1,3-glucan [11,17-19]. Although trained immunity induced by 

melanin has not been explored, we provide evidence that this pigment is endowed with the ability to 

regulate mTOR and HIF-1α signaling. Our findings are supported by proteomics of conidia-containing 

phagolysosomes [55], in which melanin was revealed as a major regulator of mTOR activator/regulator 

(LAMTOR), a member of the Ragulator/LAMTOR complex known to regulate mTOR [56]. Importantly, 

mTOR suppresses factor inhibiting HIF-1 (FIH-1), a negative regulator of HIF-1α [57], and FIH-1 may 

represent one central node congregating mTOR and HIF-1α signaling towards the activation of glycolysis 

in response to infection. Myeloid HIF-1α has been shown to be required for protection against 

aspergillosis, a phenotype attributed to impaired chemokine production and enhanced neutrophil 

apoptosis, resulting in a net decrease of neutrophil numbers [58]. Because HIF-1α also regulated cytokine 
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production and the metabolic activity of human dendritic cells infected with A. fumigatus [59], it may 

deliver broader implications to antifungal immunity, with consequences to different cell types and involving 

distinct effector mechanisms. 

What are the molecular signals that bridge melanin removal and the mTOR/HIF-1α axis culminating 

with the metabolic reprogramming of macrophages? We demonstrate that the immunometabolic 

reprogramming induced by A. fumigatus depends on calcium sequestration inside the phagosome by 

melanin which in turn triggers glycolysis-promoting signals. Calcium-mediated regulation of glycolysis has 

been known for several decades; for example, calcium overload was observed concomitantly to glycolytic 

inhibition in heart tissue [60], whereas calcium depletion promoted increased levels of glycolytic 

intermediates in cerebral cortex slices [61]. We demonstrate that calcium/CaM signalling orchestrates 

mTOR recruitment to the phagosome, an effect directly regulated by fungal melanin. Phagosome and 

entotic vacuole fission depend on mTOR localization to vacuolar membranes surrounding engulfed cells 

[62] and, likewise, we propose that the subcellular redistribution of mTOR to melanin-containing 

phagosomes is required for its activation. Because the spatial organization of mTOR is coordinated 

through a variety of sensors and regulators that converge on Rag GTPases [63], the phagosomal 

regulation of LAMTOR by melanin [55] suggests similar mechanisms during fungal infection, in line with 

the ability of melanized conidia to inhibit phagosomal recruitment of CaM and prevent the specialized 

autophagy pathway LC3-associated phagocytosis (LAP) [43]. By deploying melanin, the fungus promotes 

calcium sequestration inside the phagosome and inhibits the recruitment of LAPosome machinery 

components, including the NADPH oxidase and CaM, to block LAP and avoid elimination [43,47]. Our 

data demonstrates that melanin, by blocking the activation of LAP, contributes to fungal persistence within 

the phagosome, allowing conidial germination and removal of melanin, providing the necessary signals 

to redirect macrophage metabolism towards glycolysis and efficient fungal clearance. 

Our study provides mechanistic insights into the interplay between A. fumigatus and the glucose 

metabolism of immune cells. It has however limitations, such as the likely involvement of metabolic 

pathways other than glycolysis in the activation of antifungal immunity. Cellular metabolism consists of 

highly interconnected pathways that feed into each other and it is challenging, if not at all impossible, to 

analyze them in an entirely independent way. Nevertheless, our results suggest a dominant role for 

glycolysis and represent a promising first step toward the elucidation of the metabolic profiles involved in 

the activation of antifungal immunity . Current therapeutic limitations and concerns over the emergence 

of antifungal resistance are inspiring the search for novel host-directed therapies. Understanding how 
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metabolic networks coordinate immune cell function may lead to innovative therapeutic approaches or 

metabolic adjuncts to reorient host cells towards immune protection against infection. 
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Supplementary Figure 1 | A. fumigatus induces the metabolic shift of macrophages during 

infection. (a) Lactate secretion by macrophages differentiated from monocytes using GM-CSF or M-CSF and 

infected with A. fumigatus for 24 hr (n=4). (b) Cell viability of macrophages left untreated (Ctrl) or infected for 24 

hr and determined using AlamarBlue, expressed as relative fluorescence units (RFU) (n=4), or using annexin-V/PI 

staining, expressed as percentage (%) of cells (n=2). (c) Flow cytometry analysis of lung cells from C57BL/6 mice 

after 1 day of infection with A. fumigatus or following a mock challenge (PBS). Leukocytes were gated by size using 

forward and side scatter and then on live single cells (by propidium iodide exclusion). The pan-leukocyte marker 

CD45 identified leukocytes, whereas macrophages were further defined as F4/80+CD11b+CD11c- (plots are 

representative of three independent experiments). Viability was determined using the Zombie Violet dye. Results 
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are expressed as the percentage (%) of viable cells. (d) mRNA expression of hxkA and pfkA from A. fumigatus during 

infection of macrophages for 1, 2, 4 or 8 hr relative to the fungus alone (n=3). (e) Lactate secretion by macrophages 

left untreated (Ctrl) or by conidia of A. fumigatus alone cultured in vitro at two different concentrations for 24 hr 

(n=4). Data are expressed as mean values ± SEM; P values were calculated by Student’s two-tailed t test. 

 

Supplementary Figure 2 

Supplementary Figure 2 | Glycolysis is required for immune responses to A. fumigatus. (a) Cell 

viability (relative fluorescence units, RFU) of macrophages left untreated (Ctrl) or infected with A. fumigatus for 24 

hr without or with 10 mM 2-DG (n=6). (b) Lactate secretion by macrophages either left untreated (Ctrl) or infected 

for 24 hr in the presence or absence of glucose or using galactose-supplemented media (n=3). (c) Conidiacidal 

activity and (d) production of IL-1β, TNF and IL-6 by macrophages infected for 3 or 24 hr, respectively, in the 

presence or absence of glucose or using galactose-supplemented media (n=3). (e) Production of IFNγ and IL-17A 

by PBMCs stimulated with inactivated conidia for 7 days without or with 10 mM 2-DG (n=5). (f) Production of IL-
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1β, TNF and IL-6 by macrophages infected for 24 hr, without or with 10 mM 2-DG, 30 µM 3PO and 500 nM 6-AN 

(n=6). (g) Gating strategy employed for FACS-based sorting of alveolar macrophages from naïve mice. (h) Levels of 

glucose determined in the blood of mice after 1 day of infection (n=9, representative of one out of three independent 

experiments). (i) Viability of CD11b+ and alveolar macrophages (%) in the lungs of 2-DG-treated mice after 1 day of 

infection with A. fumigatus (n=6) or following a mock challenge (PBS). Data are expressed as mean values ± SEM; 

P values were calculated using Student’s two-tailed t test. 

 

Supplementary Figure 3 

 

Supplementary Figure 3 | Fungal melanin induces host glucose metabolism. (a) Glucose consumption 

by macrophages left untreated (Ctrl) or infected with the Δku80, ΔrodA, ΔpksP or ΔrodA/pksP strains of A. 

fumigatus for 24 hr (n=6). (b) Lactate secretion by macrophages infected with deletion mutants in the genes along 

the biosynthetic pathway of DHN-melanin for 24 hr (n=6). The dotted line represents the levels of secreted lactate 

determined upon infection with the B-5233 parental strain. The different compounds synthesized at each step 

along the biosynthetic pathways are illustrated. (c) Lactate secretion by BMDMs from C57BL/6 mice infected with 

the Δku80 or ΔpksP strains for 24 hr (n=4). (d) Lactate secretion by macrophages isolated from carriers with 
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distinct genotypes of the Gly26Ala SNP in MelLec and infected for 24 hr (n=4). (e) Lactate secretion by 

macrophages infected with live conidia of the Δku80 or ΔrodA/pksP strains, or UV-inactivated conidia of the 

ΔrodA/pksP strain coated with 600 µg/mL of DHN-melanin for 24 hr (n=4). Data are expressed as mean values 

± SEM; P values were calculated using Student’s two-tailed t test. 

 

Supplementary Figure 4 

Supplementary Fig. 4 | A. fumigatus induces the metabolic shift of macrophages via mTOR and HIF-

1α. (a) Densitometric analysis of the p-70S6K/p70S6K ratio and (b) the p-Akt/Akt ratio, both normalized to β-

actin, in macrophages infected with the Δku80 or ΔpksP strains for 4 hr, with β-actin used as loading control 

(n=2). (c) Lactate secretion and (d) production of IL-1β, TNF and IL-6 by macrophages infected with the Δku80 

strain for 24 hr without or with 10 µM wortmannin (n=6). (e) Expression of HIF-1α in macrophages left untreated 
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(Ctrl) or infected with the Δku80, ΔrodA/pksP or the melanin-coated ΔrodA/pksP strain for 2 hr (n=3). Results are 

expressed as fluorescence intensity (nuclear/total fluorescence) of at least 60 cells for each condition. (f) Levels of 

total HIF-1α in macrophages infected with the Δku80 or ΔpksP strains for 6 hr. The densitometric analysis was 

performed by comparing the pixel density of the HIF-1α/β-actin ratio (n=2). (g) mRNA expression of HIF1A in 

macrophages infected with the Δku80 or ΔpksP strains for 2 hr relative to uninfected cells (n=3). (h) Lactate 

secretion and (i) production of IL-1β, TNF and IL-6 by macrophages infected with the Δku80 strain for 24 hr without 

or with 50 µM (+)-sodium L-ascorbate (n=6). Data are expressed as mean values ± SEM; P values were calculated 

using Student’s two-tailed t test. 

 

Supplementary Figure 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure 5 | Inhibition of calcium signaling enables host glucose metabolism in 

response to A. fumigatus. (a) Representative patterns of cytosolic calcium spikes in macrophages preloaded 

with the calcium indicator Fluo-4-AM and infected with the Δku80 or ΔpksP strains. (b) Micrographs of 

macrophages preloaded with the calcium indicator Fluo-4-AM and left untreated (Ctrl) or stimulated with UV-

inactivated ΔrodA/pksP conidia or melanin ghosts for 15 min (representative of three independent experiments). 

Scale bars, 35 µm. (c) mRNA expression of STIM1 in macrophages left uninfected (Ctrl) or infected and silenced 
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with a STIM1 siRNA (siSTIM1) (n=4). A scrambled siRNA was used as negative control (siNC). (d) mRNA expression 

of GLUT1, HK2 and PFKFB3 in macrophages infected with the ΔpksP strain for 2 hr relative to uninfected cells 

without or with 2 µM TG or 25 µM W7 (n=3). (e) Total mTOR in macrophages infected for 2 hr with the Δku80, 

ΔpksP or ΔpksP strains with 25 µM W7, with β-actin used as loading control (representative of two independent 

experiments). The pixel density of mTOR was normalized to β-actin. Data are expressed as mean values ± SEM; P 

values were calculated using Student’s two-tailed t test or one-way ANOVA with Tukey’s multiple comparisons test. 

 

Supplementary Table 1. List of primers. 

Primer name  Primer sequence (5´-3´) 

hACTB Forward CTTCCAGCCTTCCTTCCTGG 

 Reverse ATTGCCAGGGTACATGGTGG 

hGLUT1 Forward ACTCATGACCATCGCGCTAG 

 Reverse GGACCCTGGCTGAAGAGTTC 

hHK2 Forward TTGACCAGGAGATTGACATGGG 

 Reverse CAACCGCATCAGGACCTCA 

hPFKFB3 Forward ATTGCGGTTTTCGATGCCAC 

 Reverse GCCACAACTGTAGGGTGGT 

hHIF1A Forward GCTTTAACTTTGCTGGCCCC 

 Reverse TTTTCGTTGGGTGAGGGGAG 

hSTIM1 Forward GTCACAGTGAGAAGGCGACA 

 Reverse TGTGGATGTTACGGACTGCC 

mUbb Forward TGGCTATTAATTATTCGGTCTGGAT 

 Reverse GCAAGTGGCTAGAGTGCAGAGTAA 

mGlut1 Forward CACTGTGGTGTCGCTGTTTG 

 Reverse AAAGATGGCCACGATGCTCA 

mHk2 Forward CACCCTACAGCAGCTGTGAA 

 Reverse TCTCCATCTCCACCCTCTGG 

mPfkfb3 Forward TGTCCAGCAGAGGCAAGAAG 

 Reverse TCTCGTTGAGTGCCTTCCAC 

af18S Forward ATGGCCGTTCTTAGTTGGTG 

 Reverse GAGCCGATAGTCCCCCTAAG 

afhxkA Forward TGACCACTTCGTCAAGGAGC 
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 Reverse GGCAGATATCGAAGCCTCCC 

afpfkA Forward TTGACTTCCTGCGGGAGAAC 

 Reverse CCTTGGCCTCCTCCTTGAAG 
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Abstract 

Activation of immune cells in response to fungal infection involves the reprogramming of their cellular 

metabolism to support antimicrobial effector functions. Although metabolic pathways such as glycolysis 

are known to represent critical regulatory nodes in antifungal immunity, it remains undetermined whether 

these are differentially regulated at interindividual level. In this study, we identify a key role for 6-

phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) in the immunometabolic responses to 

Aspergillus fumigatus. A genetic association study performed in 439 recipients of allogeneic 

hematopoietic stem cell transplantation (HSCT) and corresponding donors revealed that the donor, but 

not recipient, rs646564 variant in the PFKFB3 gene increased the risk of invasive pulmonary aspergillosis 

(IPA) after transplantation. The risk genotype impaired the expression of PFKFB3 by human macrophages 

in response to fungal infection, which was correlated with a defective activation of glycolysis and the 

ensuing antifungal effector functions. In patients with IPA, the risk genotype was associated with lower 

concentrations of cytokines in the bronchoalveolar lavage. Collectively, these findings demonstrate the 

important contribution of genetic variation in PFKFB3 to the risk of IPA in patients undergoing HSCT, and 

support its inclusion in prognostic tools to predict the risk of fungal infection in this clinical setting. 

Importance 

The fungal pathogen Aspergillus fumigatus can cause severe and life-threatening forms of infection in 

immunocompromised patients. Activation of glycolysis is essential for innate immune cells to mount 

effective antifungal responses. In this study, we report the contribution of genetic variation in the key 

glycolytic activator 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 3 (PFKFB3) to the risk of 

invasive pulmonary aspergillosis (IPA) after allogeneic hematopoietic stem-cell transplantation. The 

PFKFB3 genotype associated with increased risk of infection was correlated with an impairment of the 

antifungal effector functions of macrophages in vitro and in patients with IPA. This work highlights the 

clinical relevance of genetic variation in PFKFB3 to the risk of IPA and supports its integration in risk 

stratification and preemptive measures for patients at high-risk of IPA 

Keywords 

Immunometabolism, PFKFB3, Aspergillus, Invasive Pulmonary Aspergillosis, Stem-cell transplantation, 

Single Nucleotide Polymorphism, Macrophage, Antifungal immunity 
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Introduction 

Recent advances in medicine and the introduction of broad-spectrum antibiotics has prompted an 

increasing incidence of invasive fungal infections, particularly among hematological patients with 

chemotherapy or patients undergoing solid organ or allogeneic hematopoietic stem-cell transplantation 

(HSCT) [1]. Invasive pulmonary aspergillosis (IPA) is a major cause of mortality in these clinical settings, 

with rates estimated between 20 and 30% [2,3], but that can reach 80% when infection involves azole-

resistant strains [4]. The clinical relevance of these infections is further emphasized by limitations in 

available tests for the diagnosis of IPA. The development of more effective medical interventions is 

therefore an urgent need that demands an improved understanding of the pathogenesis of IPA. 

The reprogramming of immune cell metabolism is acknowledged as a crucial event required for 

mounting protective immune responses against fungal pathogens [5]. During infection, innate immune 

cells, e.g., monocytes and macrophages, rewire their energy metabolism from oxidative phosphorylation 

to glycolysis to rapidly and efficiently support antimicrobial functions, such as phagocytosis and 

production of inflammatory mediators [6]. The critical role of glucose metabolism during infection is 

further supported by experimental evidence demonstrating that its blockade dampens the immune 

response and hampers the clearance of selected bacterial and fungal pathogens [7-11]. In turn, 

pathogens have also developed complex virulence strategies to exploit and subvert the metabolic 

requirements of immune cells to their benefit [12,13]. 

The recognition of pathogen-associated molecular patterns (PAMPs) drives substantial changes in 

cellular metabolism and effector functions of immune cells [14]. The fungal cell wall contains a 

considerable diversity of PAMPs, including β-1,3-glucan, melanin, and chitin [15,16], capable of 

promoting the metabolic and functional reprogramming of immune cells. For example, stimulation of 

monocytes with β-1,3-glucan promotes metabolic and epigenetic changes underlying the acquisition of a 

“trained immunity” phenotype characterized by enhanced cytokine production in response to 

heterologous secondary stimulation [7,17-20]. More recently, the removal of fungal melanin within the 

phagosomal compartment of macrophages was established as the activating signal required for the 

induction of glucose metabolism in immune cells during infection with Aspergillus fumigatus [8]. 

The upregulation of glycolytic enzymes upon infection also directly supports cytokine expression 

through mechanisms that involve “moonlighting” activities [21,22]. The 6-phosphofructo-2-

kinase/fructose-2,6- bisphosphatase 3 (PFKFB3) enzyme is a master regulator of the glycolytic pathway 

[23]. By orchestrating the balance between the synthesis and degradation of fructose-2,6-bisphosphate, 
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it acts as an allosteric activator of 6-phophofructo-1-kinase, the rate-limiting enzyme in glycolysis [24]. As 

a result of its glycolysis-promoting activity, PFKFB3 has been shown to coordinate antiviral effector 

functions of macrophages [25] and to be highly expressed in myeloid cells from critically ill COVID-19 

patients [26]. Also, PFKFB3 has been shown to be a target of the zinc fingers and homeoboxes 2 (ZHX2) 

transcription factor and, as a result, to accelerate disease progression in models of sepsis [27]. 

Since the risk of infection varies considerably even among patients with comparable immune 

dysfunction and predisposing clinical factors, susceptibility to IPA is thought to depend largely on genetic 

predisposition [28-32]. However, the potential involvement of variation in genes involved in glucose 

metabolism during the development of IPA has never been addressed. Here, we describe the association 

of genetic variation in PFKFB3 with an increased risk for developing IPA in HSCT patients, as the result 

of a defective metabolic reprogramming and downstream antifungal effector functions of macrophages. 

Collectively, our results pinpoint a novel genetic factor regulating metabolic responses in immune cells 

and provide support for risk stratification and preventive measures aimed at a more effective management 

of IPA. 
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Methods 

Ethics statement 

Approval for the IFIGEN study was obtained from the SECVS (no. 125/014), the Ethics Committee for 

Health of the Instituto Português de Oncologia - Porto, Portugal (no. 26/015), the Ethics Committee of 

the Lisbon Academic Medical Center, Portugal (no. 632/014), and the National Commission for the 

Protection of Data, Portugal (no. 1950/015). The FUNBIOMICS study was approved by SECVS (no. 

126/2014) and the Ethics Committee of the University Hospitals of Leuven, Belgium. The Human 

Functional Genomics Project (HFGP) study was approved by the Ethical Committee of Radboud University 

Nijmegen, the Netherlands (no. 42561.091.12). Experiments were conducted according to the principles 

expressed in the Declaration of Helsinki, and participants provided written informed consent. The 

functional experiments involving cells isolated from the peripheral blood of healthy volunteers at the 

Hospital of Braga, Portugal, was approved by the Ethics Subcommittee for Life and Health Sciences 

(SECVS) of the University of Minho, Portugal (no. 014/015). 

 

Population cohort 

The functional experiments were performed in healthy individuals of Western European ancestry recruited 

at Hospital de Braga, Braga, Portugal, and in the 500FG cohort from the HFGP, which comprises 534 

Dutch healthy individuals of Western European ancestry. The genetic association study with IPA was 

performed in a total of 460 hematological patients of European ancestry undergoing allogeneic HSCT at 

Instituto Português de Oncologia, Porto, and at Hospital de Santa Maria, Lisbon was enrolled in the IFIGEN 

study between 2009 and 2015. Of these, 439 had available donor and recipient DNA samples and 

patient-level data. The demographic and clinical characteristics of the patients are summarized in Table 

1. Ninety-one cases of probable/proven IPA were identified according to the standard criteria from the 

European Organization for Research and Treatment of Cancer/Mycology Study Group (EORTC/MSG) 

[42]. Twenty-one patients were excluded from the study based on the “possible” classification of infection. 
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Table 1. Baseline characteristics of transplant recipients enrolled in the study. 

Variables IPA 

(n=91) 

No IPA 
(n=348) 

P value 

Age at transplantation, no (%)    

   ≤20 years 13 (14.3) 69 (19.8) 0.264 

   21 – 40 years 23 (25.3) 101 (29.0)  

   >40 years 55 (60.4) 178 (51.2)  

Gender, no (%)    

   Female 38 (41.8) 150 (43.1) 0.859 

   Male 53 (58.2) 198 (56.9)  

Underlying disease, no. (%)    

   Acute leukemia 49 (53.8) 179 (51.5) 0.115 

   Lymphoproliferative diseases 14 (15.4) 69 (19.8)  

   Myelodysplastic/myeloproliferative diseases 13 (14.3) 30 (8.6)  

   Chronic myeloproliferative diseases 7 (7.7) 20 (5.7)  

   Aplastic anemia 6 (6.6) 17 (4.9)  

   Other 2 (2.2) 33 (9.5)  

Transplantation type, no. (%)    

   Matched, related 34 (37.4) 169 (48.6) 0.037 

   Matched, unrelated 33 (36.3) 81 (23.3)  

   Mismatched, related 0 (0.0) 7 (2.0)  

   Mismatched, unrelated 24 (26.4) 91 (26.2)  

Graft source, no. (%)    

   Peripheral blood 80 (87.9) 287 (82.5) 0.506 

   Bone-marrow 10 (11.0) 53 (15.2)  

   Cord blood 1 (1.1) 8 (2.3)  

Disease stage, no. (%)    

   First complete remission 49 (53.8) 188 (54.0) 0.800 

   Second or subsequent remission, or relapse 13 (14.3) 59 (17.0)  

   Active disease 29 (31.9) 101 (29.0)  

Conditioning regimen, no (%)    

   RIC 68 (74.7) 228 (65.5) 0.091 

   Myeloablative 23 (25.3) 120 (34.5)  

CMV serostatus of donor and recipient, no. (%)    
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   D-/R+ or D+/R+ 80 (87.9) 313 (89.9) 0.504 

   D-/R- or D+/R- 11 (12.1) 35 (10.1)  

Duration of neutropenia, mean days (range)† 13.1 (8 – 39) 13.5 (5 – 35) 0.460 

Acute GVHD, no. (%)    

   No GVHD or grades I – II 63 (69.2) 302 (86.8) 0.0002 

   Grades III – IV 28 (30.8) 46 (13.2)  

Antifungal prophylaxis, no. (%)‡    

   Fluconazole 42 (46.2) 117 (33.6) 0.002 

   Posaconazole 26 (28.6) 107 (30.8)  

   Other 9 (9.9) 14 (4.0)  

   None or unknown 14 (15.4) 110 (31.6)  

 

Twenty-one patients with “possible” IPA were excluded. Lymphoproliferative diseases included cases of chronic 

lymphocytic leukemia, multiple myeloma, and B- and T-cell lymphomas. Chronic myeloproliferative diseases 

included cases of chronic myelogenous leukemia and primary myelofibrosis. Other diseases included cases of 

idiopathic medullar aplasia, lymphohistiocytosis, hemoglobinopathies and paroxysmal nocturnal hemoglobinuria. 

RIC, reduced intensity conditioning; CMV, cytomegalovirus; D, donor; R, recipient; GVHD, graft-versus-host-disease. 

†Neutropenia was defined as ≤0.5×109 cells/L. ‡Other antifungals used in prophylaxis included voriconazole, 

liposomal amphotericin B, itraconazole and caspofungin. P values were calculated by Fisher’s exact probability t-

test or Student’s t-test for continuous variables. 

 

SNP selection and genotyping 

Genomic DNA was isolated from whole blood using the QIAcube automated system (Qiagen). SNPs were 

selected based on their putative role as cytokine QTLs in the HFGP study and on their ability to tag 

surrounding variants with a pairwise correlation coefficient r2 of at least 0.80 and a minor allele frequency 

≥5% using publicly available sequencing data from the Pilot 1 of the 1000 Genomes Project for the CEU 

population. Genotyping of rs674430 and rs646564 SNPs in PFKFB3 was performed using KASPar assays 

(LGC Genomics) in an Applied Biosystems 7500 Fast Real-Time PCR system (Thermo Fisher Scientific), 

according to the manufacturer’s instructions. The DNA samples of individuals from the 500FG cohort 

were genotyped using the commercially available chip Illumina HumanOmniExpressExome-8 v1.0. Quality 

control and imputation were performed as described [43]. 
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Cytokine QTL mapping 

Following the generation of genotype and cytokine data, cytokine QTLs were mapped as described [43]. 

Briefly, concentrations of human cytokines were determined using specific commercial ELISA kits 

(PeliKine Compact, or R&D Systems), per the manufacturer’s instructions. Cytokine QTLs were identified 

by log-transforming raw cytokine levels and mapping them to genotype data using a linear regression 

model with age, gender and cell counts as covariates. 

 

Generation of monocyte-derived macrophages 

Buffy coats from healthy donors were obtained after written informed consent. Briefly, peripheral blood 

mononuclear cells (PBMCs) were enriched from buffy coats by density gradient using Histopaque®-1077 

(Sigma-Aldrich). Cells present in the enriched mononuclear fraction were washed twice in PBS and 

resuspended in RPMI-1640 culture medium with 2 mM glutamine (Thermo Fisher Scientific) 

supplemented with 10% human serum (Sigma-Aldrich), 10 U/mL penicillin/streptomycin, and 10 mM 

HEPES (Thermo Fisher Scientific). Monocytes were then separated using positive magnetic bead 

separation with anti-CD14+ coated beads (MACS Miltenyi) according to the manufacturer’s instructions. 

To evaluate the purity of the isolated monocyte population, 5×105 cells were stained with a BV 650 anti-

human CD14 (clone M5E2) antibody for 30 min at 4°C. Cell viability was assessed by staining with 

Zombie Green fluorescent dye (BioLegend) for 30 min at 4°C. Pellets were washed and resuspended in 

FACS buffer (PBS containing 2% FBS and 2mM EDTA) prior to analysis. Data were obtained on a BD 

FACS LSRII instrument (Becton Dickinson), and processed using FlowJo (Tree Star Inc). The obtained 

CD14+ populations displayed a purity higher than 94%, and with more than 97% viable cells. Isolated 

monocytes were then resuspended in complete RPMI medium and seeded at a concentration of 1×106 

cells/mL in 24-well and 96-well plates (Corning Inc.) for 7 days in the presence of 20 ng/mL of 

recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF, Miltenyi Biotec). 

Acquisition of macrophage morphology was confirmed by visualization in a BX61 microscope (Olympus, 

Tokyo, Japan). 

 

Stimulation of MDMs 

Unless otherwise indicated, monocyte-derived macrophages (MDMs) (5×105/well in 24-well plates) were 

either left untreated or stimulated with live conidia of A. fumigatus at a 1:5 or 1:10 effector-to-target ratio, 
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respectively, for 24 hr at 37 °C and 5% CO2. In some conditions, MDMs were pre-treated for 4 hr with 30 

µM of 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO) to inhibit PFKFB3 activity. In all experiments, 

data were assessed in triplicates and are shown as the mean value for each individual. 

 

Quantification of glucose and lactate by HPLC  

After infection, supernatants were removed, centrifuged, and transferred to HPLC tubes. Glucose and 

lactate levels were determined using a Gilson pump system (Gilson) with a 54 °C HyperREZ XP 

Carbohydrate H+ 8 μM (Thermo Fisher Scientific) column and a refractive index detector (IOTA 2, 

Reagents). The mobile phase consisting of 0.0025 M H2SO4 was filtered and degasified for at least 45 

min before use. Standard solutions were prepared in MilliQ water (Millipore). All data were analyzed using 

the Gilson Uniprot Software, version 5.11. 

 

Phagocytosis assay 

To evaluate phagocytosis, MDMs (5×105/well, in 24-well plates) were infected with fluorescein 

isothiocyanate (FITC)-labeled conidia of A. fumigatus at a 1:5 effector-to-target ratio. The infection was 

synchronized for 30 min at 4 °C and phagocytosis was initiated by shifting the co-incubation to 37 °C at 

5% CO2 for 1 hr. Phagocytosis was stopped by washing wells with PBS and extracellular conidia were 

stained with 0.25 mg/mL Calcofluor White (Sigma-Aldrich) for 15 min at 4 °C to avoid further ingestion. 

After washing wells twice with PBS, cells were fixed with 3.7% (v/v) formaldehyde/PBS for 15 min. The 

number of MDMs with ingested green conidia was enumerated by examining the slides by fluorescence 

microscopy (Olympus), and data were expressed as the percentage of MDMs that internalized one or 

more conidia. 

 

Conidiacidal activity assay 

Following differentiation, MDMs (1×105/well, in 96-well plates) were stimulated with live A. fumigatus 

conidia at a 10:1 effector-to-target ratio for 1 hr at 37 °C and 5% CO2, to allow the internalization of 

conidia. Medium containing the non-ingested conidia was removed, and wells were washed twice with 

PBS. To measure the conidiacidal activity, MDMs were allowed to eliminate the internalized conidia for 2 

hr at 37 °C in 5% CO2. After incubation, culture plates were snap-frozen at -80 °C and thawed at 37 °C 

to cause cell lysis and release of ingested conidia. Serial dilutions of cell lysates were plated on solid 
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growth media and, following a 24 hr incubation at 37 °C, the number of colony-forming units (CFUs) was 

enumerated and the percentage of CFU inhibition was calculated. 

 

Measurement of ROS production   

MDMs (5×105/well, in 24-well plates) were infected with live A. fumigatus conidia at a 1:5 effector-to-

target ratio for 4 hr at 37 °C and 5% CO2. After infection, the culture medium was removed, and cells 

were trypsinized for 10 min at 37 °C. Then, cells were collected and centrifuged for 5 min at 2,000 rpm. 

Finally, each pellet was resuspended in 10 μM dihydroethidium (cytosolic ROS) or 5 μM Mitosox 

(mitochondrial ROS) (Thermo Fisher Scientific), and cells were then incubated for 30 min at 37 °C, 

protected from light. Data were obtained on a BD FACS LSRII instrument (Becton Dickinson) and 

processed using FlowJo (Tree Star Inc) 

 

ELISA 

MDMs (5×105/well in 24-well plates) were infected with A. fumigatus conidia at a 1:5 or 1:10 effector-to-

target ratio, respectively, for 24 hr at 37 °C and 5% CO2. After infection, supernatants were collected and 

cytokine levels were quantified using ELISA MAX Deluxe Set kits (BioLegend), according to the 

manufacturer’s instructions. Cytokine measurements in BAL samples were performed using the Human 

Premixed Multi-Analyte Kit (R&D Systems), according to the manufacturer’s instructions. 

 

Western blot analysis  

MDMs (5×105/well, in 24-well plates) were infected with A. fumigatus conidia for 2 hr at a 1:10 effector-

to-target ratio at 37 °C in 5% CO2. After infection, cells were lysed in RIPA buffer (50 mM Tris, 250 mM 

NaCl, 2 mM EDTA, 1% NP-40, 10% glycerol, pH 7.2, and a mixture of protease inhibitors [Roche Molecular 

Biochemicals]). Cell lysis was performed at 4 °C for 30 min (with shaking) and samples were then 

centrifuged. The protein content was determined using the Bradford dye-binding (Bio-Rad) method. 

Laemmli buffer (Bio-Rad) was added to 20 μg of protein and samples were boiled and separated on a 

12% SDS-PAGE gel and transferred to nitrocellulose membranes (Bio-Rad). Western blotting was 

performed according to the manufacturer’s instructions, using the following primary antibodies: rabbit 

anti-PFKFB3 and mouse anti-β-actin, both from Abcam and diluted 1:1000. Secondary antibodies used 
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were anti-rabbit (Thermo Fisher Scientific) and anti-mouse (Bio-Rad), both diluted to 1:5000. The blots 

were developed using chemiluminescence (SuperSignal™ West Femto Maximum Sensitivity Substrate; 

Thermo Fisher Scientific) and detected with ChemiDocTM XRS system (Bio-Rad). Signal intensities and 

quantifications were determined with the ImageLab 4.1 analysis software (Bio-Rad). 

 

BAL fluid collection 

BAL specimens were collected as previously described [33]. Briefly, specimens were collected using a 

flexible fiberoptic bronchoscope following local anesthesia with 2% lidocaine (Xylocaine), when infection 

was clinically suspected. Samples were obtained by instillation of a pre-warmed 0.9% sterile saline solution 

(20 mL twice). The sampling area was determined based on the localization of the lesion on chest imaging 

(X-ray or computed tomography scan). BAL specimens with comparable recovery rates were used. All 

samples were stored at -80 ºC until use. 

 

Statistical analysis 

The probability of IPA according to PFKFB3 genotypes was determined using the cumulative incidence 

method and compared using Gray's test [44]. Cumulative incidences at 24 months were computed with 

the cmprsk package for R version 2.10.1 [45], with censoring of data at the date of last follow-up visit 

and relapse and death as competing events. All clinical and genetic variables achieving a P-value ≤0.15 

in the univariate analysis were entered one by one in a pairwise model together and kept in the final 

model if they remained significant (P˂0.05). Multivariate analysis was performed using the subdistribution 

regression model of Fine and Gray with the cmprsk package for R [46]. Data obtained in functional assays 

were expressed as mean ± SEM. Unpaired Student's t-test with Bonferroni's adjustment and 2-tailed 

Mann-Whitney rank-sum test were used to determine statistical significance (P<0.05). 
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Results 

The PFKFB3 locus influences cytokine production during fungal infection 

We have recently demonstrated that activation of glycolysis is required for effective immune responses 

against A. fumigatus [8]. We, therefore, examined whether variation in genes involved in the glycolytic 

pathway affected host responses to fungal infection. To do so, we tested the association of common SNPs 

(minor allele frequency, ≥5%) in relevant candidate genes with differential cytokine production after fungal 

stimulation of PBMCs from healthy individuals of the 500FG cohort in the Human Functional Genomics 

Project (HFGP). 

We identified a total of 107 cQTLs in three genes involved in glucose metabolism, namely PFKFB3, 

HK2, and AKT1 (Table S1). Although these were not different at a genome-wide level, several strong 

cQTLs were identified in PFKFB3 displaying an uncorrected P-value <0.05. We next assessed linkage 

disequilibrium (LD) between the SNPs in PFKFB3 (Fig. S1) and identified rs674430 and rs646564 to 

represent suitable candidates tagging the largest LD blocks influencing the production of multiple 

cytokines (Table S1). Specifically, the rs674430 SNP was associated with a genotype-dependent effect 

on the production of TNF (overall P=0.012) and IL-6 (overall P=0.013) by PBMCs after 24 hr of infection 

(Fig. 1A), whereas the rs646564 SNP influenced IFN-γ (overall P=0.011) and IL-22 (overall P=0.016) 

produced by cells stimulated for 7 days (Fig. 1B). Collectively, these findings suggest genetic variation in 

PFKFB3 as an important regulator of cytokine production in response to A. fumigatus infection. 

 

Figure 1. The PFKFB3 locus influences the production of cytokines by PBMCs. (A) Levels (log2) of TNF 

and IL-6 according to rs674430 genotypes, and (B) IFNγ and IL-22 according to rs646564 genotypes detected 

after stimulation of PBMCs from the 500FG cohort with A. fumigatus for 24 hr or 7 days, respectively. Data are 

expressed as mean values ± SEM. Overall P-values were determined using a linear regression model with age and 

gender as covariates. 
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Genetic variation at the PFKFB3 locus increases the risk of IPA after HSCT 

Because of the critical role of SNPs in PFKFB3 in regulating cytokine production, we next investigated the 

relationship between genetic variants at this locus and susceptibility to IPA in a disease-relevant context. 

We, therefore, assessed the cumulative incidence of IPA in patients from the IFIGEN cohort undergoing 

allogeneic HSCT (Table 1) according to recipient or donor PFKFB3 genotypes at the rs674430 or 

rs646564 SNPs. Our results demonstrate that the donor, but not the recipient, rs646564 was associated 

with an increased risk of IPA after transplantation (Fig. 2A). The cumulative incidence of IPA for donor 

rs646564 was 31% for TT (P=0.02), 23% for GT (P=0.21), and 18% for GG genotypes (reference), 

respectively. In contrast, no significant association with the risk of IPA was detected for rs6744330 (Fig. 

2B). In a multivariate model accounting for patient age and gender, hematological malignancy, type of 

transplantation, conditioning regimen, development of acute graft-versus-host-disease (GVHD) grade III-IV 

and antifungal prophylaxis, the donor TT genotype conferred a 2.7-fold increased risk of developing IPA 

(P=0.0017) (Table 2). These results highlight genetic variation at the PFKFB3 locus in the donor 

compartment as a critical risk factor regulating susceptibility to IPA after HSCT. 

 

 Table 2. Multivariate analysis of the association between rs646564 in PFKFB3 and risk of IPA. 

 

 

 

 

 

GVHD, graft-versus-host-disease; HR, hazard ratio; CI, confidence interval. Multivariate analyses were based on 

the subdistribution regression model of Fine and Gray in the discovery study and on conditional logistic 

regression in the confirmation study and meta-analysis. †Hazard ratios were adjusted for patient age and gender, 

hematological malignancy, type of transplantation, conditioning regimen, development of acute GVHD grade III-IV 

and antifungal prophylaxis. Only the variables remaining significant after adjustment are shown. 

Genetic/clinical variables 

n=439 

Adjusted HR† (95% 
CI) 

P value 

Donor TT at rs646564 2.72 (1.46 - 5.06) 0.0017 

aGVHD III-IV 3.84 (1.46 - 10.1) 0.062 
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Figure 2. Genetic variation in PFKFB3 influences the risk of IPA. Cumulative incidence of IPA in 439 

eligible HSCT recipients from the IFIGEN cohort according to the recipient or donor PFKFB3 genotypes at (A) 

rs646564 and (B) rs674430. Data were censored at 24 months, and relapse and death were competing events. 

P values are for Gray’s test. 

 

The rs646564 SNP impairs PFKFB3-mediated activation of glycolysis 

To understand the mechanisms through which rs646564 might impact the metabolic homeostasis of 

immune cells and contribute to antifungal immune responses, we next assessed the expression of 

PFKFB3 in macrophages from healthy donors carrying different rs646564 genotypes after infection with 

A. fumigatus. In line with its enhanced transcriptional activity [8], the expression of the PFKFB3 protein 

was also increased early after infection (Fig. 3A). However, induction of PFKFB3 was instead markedly 

impaired in macrophages carrying the TT genotype compared to cells from GG carriers. The treatment 

with 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), despite its role as a selective inhibitor of PFKFB3, 

also promoted a slight decrease in the expression of PFKFB3 (Fig. 3B). In line with its impact on PFKFB3 

expression, the rs646564 SNP was found to significantly impair glucose consumption by both 

unstimulated and 24 hr-infected macrophages with the TT genotype (Fig. 3C). Macrophages from TT 

carriers also secreted lower amounts of lactate than cells with the GG genotype in the same conditions 
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(Fig. 3D), a finding ultimately pointing to a defective activation of the glycolytic pathway in carriers of the 

T allele. In support of these findings, inhibition of PFKFB3 with 3PO resulted in similar effects to those of 

the TT genotype on lactate secretion (Fig. 3D), although not glucose consumption (Fig. 3C). These results 

demonstrate that the rs646564 SNP contributes to IPA by compromising the efficient activation of 

glycolysis by macrophages in response to fungal infection. 

Figure 3. The rs646564 SNP in PFKFB3 inhibits the activation of glycolysis in macrophages. 

Expression of PFKFB3 in macrophages infected with A. fumigatus for 2 hr (A) according to different rs646564 

genotypes or (B) following treatment with 3PO (representative of three independent experiments). The pixel density 

of the PFKFB3 was normalized to β-actin. (C) Glucose consumption and (D) lactate secretion by macrophages left 

untreated or infected with A. fumigatus for 24 hr, according to different rs646564 genotypes or following treatment 

with 3PO. Data are expressed as mean values ± SEM. 

 

The rs646564 SNP compromises antifungal effector functions of macrophages 

To mount a protective immune response during infection with A. fumigatus, effector functions of 

macrophages such as the production of proinflammatory cytokines, phagocytosis, and killing activity are 

required [16]. We tested therefore how the impairment of glycolysis driven by the rs646564 SNP in 
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PFKFB3 might affect these antifungal mechanisms. Besides influencing the production of the adaptive 

cytokines IFN-γ and IL-22 (Fig. 1B), the TT genotype also impaired the secretion of proinflammatory 

cytokines, but not IL-10, by macrophages after 24 hr of infection (Fig. 4A), a finding illustrating likely 

distinct regulatory mechanisms mediated by rs646564 across cell types. A comparable defect in cytokine 

secretion by infected macrophages was also observed after the pharmacological inhibition of PFKFB3 

(Fig. 4A). In addition, the conidiacidal activity of macrophages from TT carriers was also significantly 

decreased compared to cells with the GG genotype (Fig. 4B), an effect that could, at least in part, be 

explained by the impaired production of reactive oxygen species (ROS) by TT macrophages after infection 

with A. fumigatus (Fig. 4C). Likewise, the conidiacidal activity (Fig. 4B) was also similarly impaired upon 

treatment with 3PO. In contrast, the phagocytic ability of macrophages was not compromised in either 

the presence of the TT genotype or 3PO-treated macrophages (Fig. 4D). These results confirm a critical 

role for PFKFB3 in the induction and regulation of antifungal effector functions of macrophages in 

response to A. fumigatus. 

Figure 4. Antifungal effector mechanisms of macrophages are impaired by the rs646564 SNP in 

PFKFB3. (A) Production of IL-1β, TNF, IL-6, and IL-10 by macrophages infected with A. fumigatus for 24 hr 

according to different rs646564 genotypes or following treatment with 3PO. (B) Conidiacidal activity of 

macrophages according to different rs646564 genotypes or following treated with 3PO. (C) Production of cytosolic 
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ROS (left) and mitochondrial ROS (right) by macrophages infected with A. fumigatus for 4 hr according to different 

rs646564 genotypes or following treatment with 3PO. Data are expressed as mean fluorescence intensity (MFI). 

(D) Phagocytosis of macrophages according to different rs646564 genotypes or following treatment with 3PO. Data 

are expressed as mean values ± SEM. 

 

Genetic variation at PFKFB3 locus regulates the alveolar cytokine profile in IPA  

To examine whether the rs646564 SNP also regulated cytokine production in IPA patients, we next 

profiled the concentration of relevant cytokines in bronchoalveolar lavage (BAL) samples collected from 

patients enrolled in the FUNBIOMICS study at diagnosis of fungal infection [33]. We found that the alveolar 

concentrations of IL-1β and IL-6 were lower among patients carrying the TT genotype than GG carriers 

(Fig. 5A). In line with their regulation by the rs646564 SNP in PBMCs (Fig. 1B), production of T cell-

derived cytokines was also influenced, with lower concentrations of IL-17A and IL-22 being detected in 

samples from TT compared to GG carriers (Fig 5B). Collectively, these findings illustrate a critical link 

between genetic variation in the glycolytic pathway and the activation of immune responses in patients 

with IPA, and may explain the association with susceptibility to infection. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. PFKFB3 regulates cytokine production in IPA. Levels of (A) IL-1β, TNF, and IL-6, and (B) IFNγ, 

IL-17, and IL-22 in BAL samples from patients diagnosed with IPA (n, GG=16; TT=7). Data are expressed as mean 

values ± SEM. 
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Discussion 

Several factors are known to predispose to fungal disease, particularly in immunocompromised and 

severely ill patients, but these alone fail to explain the development of infection in all affected patients. 

Several studies have reported an expanding number of common SNPs associated with the development 

of IPA in patients at-risk [28,30]. Based on their validation across independent cohorts [32], the most 

robust markers for IPA identified to date include well-known components of the immune response to A. 

fumigatus, such as the soluble pattern recognition molecule pentraxin-3 (PTX3) [29,32] and the C-type 

lectin receptor dectin-1 [31,34]. However, no evidence disclosing a relevant contribution of the host 

genetic profile to the immunometabolic responses activated in response to A. fumigatus has been 

disclosed thus far. We now demonstrate that genetic variation in PFKFB3 contributes to IPA via molecular 

mechanisms influencing the metabolic homeostasis of immune cells and the signals that orchestrate 

cytokine production and fungal clearance. 

To counter fungal infection, myeloid cells undergo metabolic reprogramming via distinct 

mechanisms whereby enhanced glycolysis fuels antimicrobial effector functions required for effective 

clearance of the pathogen [8,19]. A key step in the regulation of the glycolytic pathway is the PFKFB3-

mediated control of the levels of the fructose-2,6-bisphosphate metabolite. Our data disclose a genetic 

variant associated with defective activation of PFKFB3 following fungal infection. These results are in line 

with previous reports demonstrating that the genetic inactivation of PFKFB3 in murine cells was shown 

to disrupt glycolysis and innate defenses against other infections such as infection by the respiratory 

syncytial virus [25]. Likewise, the defective induction of PFKFB3 in T cells from rheumatoid arthritis 

patients was reported to drive a hypoglycolytic phenotype, impairing ATP generation, the redox balance, 

and the production of ROS. In contrast, overexpression of PFKFB3 in patient T cells enhances the 

glycolytic flux and protects cells from excessive apoptosis [35]. These findings highlight PFKFB3 as a 

critical regulatory node at the interface of metabolism and immunity. 

We demonstrate that the activation of PFKFB3 is critical for the regulation of cytokine production and 

antifungal effector functions in macrophages. The activation of the NLRP3 inflammasome in macrophages 

and the subsequent release of IL-1β have been found to modulate glycolysis via PFKFB3 [36]. 

Importantly, genetic variation in PFKFB3 is correlated with differential production of IL-1β after fungal 

infection, suggesting the existence of bidirectional signaling events, in which PFKFB3 may also be able to 

regulate the activation of the NLRP3 inflammasome to drive the production of IL-1β. Endothelial PFKFB3 

expression was also found to be increased after TNF treatment [37], and IL-6 was reported to enhance 
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glycolysis in mouse embryonic fibroblasts and human cell lines by upregulating PFKFB3 expression [38]. 

These results suggest the existence of a reciprocal regulation between production of pro-inflammatory 

cytokines and PFKFB3 activation. However, the crosstalk between these mechanisms occurs remains 

unclear. Recent reports highlight that, although the activity of PFKFB3 as a major regulator of glycolysis 

occurs mostly in the cytosol, it is also able to mediate glycolysis-independent nuclear roles [27]. This 

suggests that PFKFB3 can, directly or indirectly, modulate and interact with the NF-κB pathway, to 

regulate inflammatory responses. 

PFKFB3 has a largely detrimental role in supporting cancer cell growth, by promoting glycolysis, cell 

cycle progression, and angiogenesis [39]. In this sense, and although the inactivation of PFKFB3 is 

regarded as a promising therapeutic opportunity across several types of cancer [24,40], we hypothesize 

that the balanced induction of this enzyme specifically in immune cells may instead represent a valuable 

strategy benefiting patients suffering from IPA, especially those harboring loss-of-function SNPs in 

PFKFB3. Accordingly, the activation of PFKFB3 has been shown to accelerate disease progression in 

models of sepsis [27]. In this context, the inhibition of PFKFB3 could be therapeutically exploited to 

dampen the pathogenic activation of glycolysis and, therefore, it is not surprising that such approaches 

have been shown to alleviate sepsis-related acute lung injury by suppressing inflammatory responses and 

the apoptosis of alveolar epithelial cells [41]. 

Current limitations in the management of fungal diseases, as well as concerns over the 

emergence of antifungal resistance, are inspiring the search for novel host-directed therapies. Our 

expanded understanding of how metabolic networks coordinate immune cell function and how specific 

genetic signatures influence immunometabolic responses and regulate susceptibility to fungal disease is 

opening new horizons towards personalized medical interventions based on individual genomics. The 

renewed interest in immunometabolism is expected to improve our understanding of how these signaling 

networks coordinate immune cell function, ultimately paving the way towards innovative therapeutic 

approaches involving adjuvant immunotherapy to reorient host cells towards immune protection in the 

context of fungal infections. 
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Supplementary Figure 1 | Linkage disequilibrium structure of the PFKFB3 gene. The localization of 

the PFKFB3 SNPs was obtained from the human genome assembly GRCh37 (hg19) and is indicated with vertical 

lines. The dbSNP reference numbers are indicated for each SNP. Blue colors refer to r2 and red colors refer to D’. 

The intensity of the coloration reflects the degree of LD.  

 

Supplementary Table.1 Analysis of cytokine QTLs in PBMCs stimulated with A. fumigatus. 

Stimulation SNP Gene 
Name 

Cytokine p-value chr_name chrom_start ensembl_gene_stable_id 

A. fumigatus 
conidia_PBMC_24h 

rs7084255 PFKFB3 IL6 0,0009 10 6184167 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs7923054 PFKFB3 TNFA 0,0009 10 6211087 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs3763699 PFKFB3 TNFA 0,0009 10 6212428 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs3814195 PFKFB3 TNFA 0,0009 10 6213960 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2387015 PFKFB3 TNFA 0,0017 10 6215257 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs77358427 PFKFB3 TNFA 0,0022 10 6191272 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11257057 PFKFB3 TNFA 0,0024 10 6209274 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2516617 PFKFB3 TNFA 0,0028 10 6253651 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2516618 PFKFB3 TNFA 0,0032 10 6253983 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs943119 PFKFB3 TNFA 0,0034 10 6188543 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2794982 PFKFB3 TNFA 0,0038 10 6255838 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs646564 PFKFB3 IFNy 0,0108 10 6228598 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs674430 PFKFB3 TNFA 0,0116 10 6220360 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs634481 PFKFB3 IL22 0,0118 10 6229002 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs674430 PFKFB3 IL6 0,0125 10 6220360 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs7084255 PFKFB3 TNFA 0,013 10 6184167 ENSG00000170525 

A.fumigatus 
conidia_PBMC_7days 

rs653659 PFKFB3 IL22 0,0132 10 6228878 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs645611 PFKFB3 IL22 0,0132 10 6228824 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs645680 PFKFB3 IL22 0,0132 10 6228777 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs652399 PFKFB3 IL22 0,0136 10 6229127 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs651931 PFKFB3 IL22 0,0138 10 6229235 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs634481 PFKFB3 IFNy 0,0145 10 6229002 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs619505 PFKFB3 IL22 0,0154 10 6230059 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs646564 PFKFB3 IL22 0,0157 10 6228598 ENSG00000170525 

A.fumigatus 
conidia_PBMC_7days 

rs56121791 PFKFB3 IFNy 0,0158 10 6182796 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs583544 PFKFB3 IFNy 0,017 10 6226889 ENSG00000170525 
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A. fumigatus 
conidia_PBMC_24h 

rs13405909 HK2 TNFA 0,0172 2 75067136 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs3750671 PFKFB3 IFNy 0,0174 10 6182423 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2422043 HK2 TNFA 0,0176 2 75065463 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs61839726 PFKFB3 IFNy 0,0179 10 6185344 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs653659 PFKFB3 IFNy 0,0181 10 6228878 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs645611 PFKFB3 IFNy 0,0181 10 6228824 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs645680 PFKFB3 IFNy 0,0181 10 6228777 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs652399 PFKFB3 IFNy 0,0184 10 6229127 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs651931 PFKFB3 IFNy 0,0185 10 6229235 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs619505 PFKFB3 IFNy 0,0197 10 6230059 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs3771798 HK2 TNFA 0,02 2 75064392 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs3821308 HK2 TNFA 0,02 2 75077232 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs4852351 HK2 TNFA 0,0212 2 75122513 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs3771793 HK2 TNFA 0,0214 2 75065900 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs3821311 HK2 TNFA 0,0215 2 75066153 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs619862 PFKFB3 IL22 0,0229 10 6230028 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs637906 PFKFB3 IL22 0,0231 10 6230041 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs618982 PFKFB3 IL22 0,0233 10 6230178 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs11818885 PFKFB3 IFNy 0,0234 10 6184232 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2516626 PFKFB3 TNFA 0,0235 10 6259657 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs3750671 PFKFB3 IL6 0,0251 10 6182423 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs680951 PFKFB3 IFNy 0,0252 10 6227382 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11260627
6 

PFKFB3 IL6 0,0255 10 6201604 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11398869
7 

PFKFB3 IL6 0,0256 10 6201651 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11184580
8 

PFKFB3 IL6 0,0259 10 6202630 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs34797495 PFKFB3 IL6 0,0263 10 6201513 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs77531079 PFKFB3 IL6 0,0277 10 6204990 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs4853071 HK2 TNFA 0,028 2 75124882 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs6602501 PFKFB3 IFNy 0,0281 10 6226689 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs7896450 PFKFB3 TNFA 0,0281 10 6259627 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs4241265 HK2 TNFA 0,0282 2 75124299 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs4443024 HK2 TNFA 0,0282 2 75124037 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs12151815 HK2 TNFA 0,0283 2 75124698 ENSG00000159399 
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A. fumigatus 
conidia_PBMC_24h 

rs4549114 HK2 TNFA 0,0284 2 75125369 ENSG00000159399 

A.fumigatus 
conidia_PBMC_7days 

rs586690 PFKFB3 IFNy 0,0285 10 6226172 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs656489 HK2 TNFA 0,0296 2 75060099 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs647439 PFKFB3 IL22 0,0297 10 6228413 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2602350 HK2 TNFA 0,0303 2 75057778 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs619850 HK2 TNFA 0,0303 2 75059013 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs673585 HK2 TNFA 0,0303 2 75057589 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs670083 HK2 TNFA 0,0306 2 75056725 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs672707 HK2 TNFA 0,0306 2 75057360 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs657209 HK2 TNFA 0,031 2 75056218 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs3771788 HK2 IL22 0,0313 2 75076789 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs4443023 HK2 TNFA 0,0314 2 75123170 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs2516619 PFKFB3 TNFA 0,0321 10 6256592 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs756567 PFKFB3 TNFA 0,0324 10 6255931 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11257022 PFKFB3 IL6 0,0344 10 6199485 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs10905919 PFKFB3 IL6 0,0345 10 6199853 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs10905920 PFKFB3 IL6 0,0346 10 6200045 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs1545523 HK2 IL22 0,0346 2 75089569 ENSG00000159399 

A.fumigatus 
conidia_PBMC_7days 

rs60080851 PFKFB3 IFNy 0,0347 10 6196839 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs61839726 PFKFB3 IL22 0,0353 10 6185344 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs12771615 PFKFB3 TNFA 0,0359 10 6196110 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2251469 PFKFB3 TNFA 0,0363 10 6258433 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11595314 PFKFB3 IL6 0,0364 10 6203188 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs668773 PFKFB3 IFNy 0,0367 10 6227759 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11597094 PFKFB3 IL6 0,0367 10 6203361 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs10905924 PFKFB3 IL6 0,0377 10 6204266 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs631902 PFKFB3 IL22 0,0379 10 6229574 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs7915514 PFKFB3 TNFA 0,0379 10 6201973 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs642264 PFKFB3 TNFA 0,0384 10 6203627 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs10905925 PFKFB3 IL6 0,0384 10 6204506 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs3771773 HK2 TNFA 0,0389 2 75089454 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs11598511 PFKFB3 TNFA 0,0392 10 6203152 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs11256996 PFKFB3 TNFA 0,0397 10 6191945 ENSG00000170525 
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A. fumigatus 
conidia_PBMC_24h 

rs10496195 HK2 TNFA 0,0411 2 75074932 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs7074372 PFKFB3 TNFA 0,0421 10 6188591 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs2087173 HK2 TNFA 0,0429 2 75122760 ENSG00000159399 

A. fumigatus 
conidia_PBMC_24h 

rs630204 PFKFB3 TNFA 0,0438 10 6210655 ENSG00000170525 

A.fumigatus 
conidia_PBMC_7days 

rs647439 PFKFB3 IFNy 0,0443 10 6228413 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs4750065 PFKFB3 IFNy 0,0444 10 6229689 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs648814 PFKFB3 IFNy 0,0449 10 6228118 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs3771781 HK2 IL22 0,0461 2 75085163 ENSG00000159399 

A. fumigatus 
conidia_PBMC_7days 

rs666595 PFKFB3 IFNy 0,0461 10 6228226 ENSG00000170525 

A. fumigatus 
conidia_PBMC_7days 

rs583544 PFKFB3 IL22 0,0474 10 6226889 ENSG00000170525 

A. fumigatus 
conidia_PBMC_24h 

rs3750672 PFKFB3 IL6 0,0499 10 6182642 ENSG00000170525 
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Concluding remarks and future perspectives  

The number of immunocompromised patients with complex immune and metabolic abnormalities is 

expected to increase in the near future as the result of advances in medical interventions, including broad-

spectrum antibiotherapy and immunotherapy, as well as higher rates of inflammatory and metabolic 

diseases as a consequence of aging and environmental exposures [1]. Therefore, the detrimental impact 

of infections caused by Aspergillus to distinct patient populations across the globe is likely to continue 

rising. Owing to an increasing incidence, and despite available antifungal therapy, invasive fungal 

diseases, namely IPA, are a leading cause of mortality primarily among immunocompromised hosts, 

including hematological patients and stem-cell transplant recipients. Many unanswered and unresolved 

epidemiological, laboratory, and clinical questions remain to be addressed in order to further foster our 

knowledge of the host-fungus interaction allowing an improvement in the diagnosis, treatment, and 

prevention of IPA. 

The pathogenesis of IPA is governed by a complex interplay between the pathogen, environmental 

conditions and host immune responses, the so-called disease triangle, which dictates the occurrence of 

a disease caused by a particular pathogen in a susceptible host in a given environmental setting [2]. 

Management of IPA has been focused mainly on targeting the pathogen directly with the use of antifungal 

drugs. The excessive prescription of these formulations and the emergence of resistant strains, as well 

as the remarkable burden conveyed by IPA to the healthcare systems, have driven efforts at an improved 

understanding of the pathogenesis of IPA. Importantly, risk of infection and its clinical outcome vary 

significantly even among patients with similar predisposing clinical conditions, a finding highlighting 

patient-intrinsic factors as critical drivers of susceptibility to IPA. In this sense, the development of novel 

immunomodulatory therapies that boost host specific immune defects or functions may represent a 

promising strategy to counter IPA. To achieve this purpose, it is essential to improve our understanding 

of emerging concepts of regulation of host immunity, namely the metabolic regulation of antifungal 

immunity. In this regard, we demonstrated the critical role of cellular metabolism and its plasticity to the 

activation of specific programs of antifungal immunity, as highlighted in Chapter 2.  

By resorting to different pharmacological and genetic tools manipulating both the host and the 

fungus, we deciphered the molecular and biochemical mechanisms by which macrophage metabolism 

is reprogrammed in response to infection with A. fumigatus to promote host antifungal defense. Notably, 

we established fungal melanin as an essential molecule for this process; during infection, removal of 

fungal melanin within the phagosomal compartment of macrophages activates an immunometabolic 
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signaling axis leading to the upregulation of glycolysis via the recruitment of mTOR and the downstream 

activation of HIF-1α. Of note, the AKT–mTOR–HIF-1α pathway represents a major signaling hub that 

regulates metabolic changes underlying trained immunity in myeloid cells in response to β-1,3-glucan 

[3]. Induction of a trained immune phenotype in innate immune cells enables them to react more rapidly, 

stronger, and/or qualitatively different, when challenged with subsequent triggers [4]. The reprogramming 

of cellular metabolism is therefore a critical mediator of the trained immunity-dependent epigenetic 

reprogramming of innate immune cells and their progenitors [4]. In this work, we provided evidence that 

fungal melanin is endowed with the ability to regulate mTOR and HIF-1α signaling resulting in the 

metabolic reprogramming of macrophages and enhanced antifungal responses. Accordingly, is fungal 

melanin also able to induce trained immunity similar to β-1,3-glucan? If so, will this melanin-trained 

immunity be able to boost immune responses in patients at-risk to IPA and improve disease outcome? 

Although at the moment these questions remain unanswered, we now know that fungal cell wall 

components play a pivotal role in modulating host immunity and this knowledge opens new opportunities 

for the development of immunomodulatory strategies to fight deadly fungal infections [5]. Finally, our data 

(chapter 2) highlight for the first time the interplay between A. fumigatus and glucose metabolism in 

immune cells, revealing a central role for glycolysis in antifungal immunity and representing a promising 

first step toward the elucidation of the metabolic features that govern antifungal immunity. 

Optimal patient management will require not only the development of new host-directed therapies, 

but also the identification of high–risk groups in which the prevalence of fungal infection is known to be 

increased. Part of this dissertation (chapter 3) was also developed within this purpose, envisaging that a 

step forward in this field could be given in risk stratification with the identification of human genetic 

susceptibility markers allowing identification of patients most at risk. Human genetic association studies 

have reported an expanding number of SNPs associated with the development of IPA in patients at-risk 

[6,7]. These SNPs include mainly well-known components of the immune response to A. fumigatus, such 

as dectin-1 [8,9] and PTX3 [10,11]. However, no evidence linking host genetics and immunometabolic 

responses to A. fumigatus has been provided so far. We have now added a further layer of complexity to 

this scenario, by demonstrating that genetic variation in a major regulator of glycolysis, PFKFB3, 

contributes to IPA via molecular mechanisms impacting the metabolic homeostasis of immune cells and 

the signals that orchestrate the antifungal response. Therefore, the identification of these key host 

determinants of susceptibility may lead to pre-transplant screening algorithms that can identify high-risk 

patients who would benefit from targeted antifungal prophylaxis or a more intense diagnostic work–up. 
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Genetic studies are continuously providing irrefutable evidence of the critical impact of host genetic 

variability in determining the risk and progression of fungal infections. However, efforts in genome-wide 

analyses of susceptibility to infection have also emphasized the challenges in ascribing a precise role to 

risk-associated variants: which variant or variants are causal; what are the molecular functions of the 

causal variants; which genes are affected by the casual variants; and how changes in the function or 

regulation of the causal genes alter the risk for infection. Also because of this, the clinical implications of 

this information remain modest, with limited contributions to improved patient outcomes. Although the 

use of genetic information to predict fungal infection is unlikely to alter clinical practice soon, the predictive 

performance of genetic profiling may benefit from advanced functional genomics and systems biology 

approaches. Recent advances in sequencing technologies and computational biology now offer 

unprecedented opportunities to identify essential genes and pathways involved in the host-fungus 

interaction at a level of complexity that was previously unattainable. Recently, Matzaraki and collaborators 

provided evidence that genetic variation influences ROS production of infected PBMCs, by applying a 

functional genomics approach in a population-based cohort, and more importantly, contribute for IPA in 

stem-cell transplant recipients [12]. The clinical benefits of identifying the patients that would benefit the 

most from antifungal prophylaxis, early empiric treatment, or host-directed immunotherapy are multiple, 

including patient safety and healthcare costs. The clinical applicability of this concept was recently 

demonstrated by the combined evaluation of relevant genetic and clinical factors in a predictive model 

that was used to guide preemptive therapy in hematological patients [13]. 

Although genetic data have historically been investigated in risk stratification strategies, recent 

studies illustrate the importance of genetic factors in the regulation of antifungal immune responses and 

in redefining current immunotherapeutic strategies [14]. Most of the clinical trials performed to date did 

not account for the potential impact that genetic variation may elicit on selected subgroups of individuals, 

and this may partly explain the disappointing outcomes of several trials involving anti-inflammatory agents. 

There is therefore an urgent need to portray the genetic profile of patients enrolled in clinical trials of 

immunomodulatory agents and assess the extent to which it may bias trial results. 

Research on the genetics of susceptibility to infection over the next years is expected to transform 

care in infectious diseases, and fungal infections are not an exception. These efforts will be paralleled by 

advances in other disciplines, and this will certainly contribute to assessing the relevance of host genetics 

in the host-fungus interaction with an unprecedented resolution. For example, recently established organ-

on-a-chip systems are amenable to the functional testing of genetic variants, and this will provide exciting 
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possibilities to address their functional consequences in a complex and human disease-relevant model. 

In conclusion, an improved understanding of how genetic signatures regulate susceptibility to fungal 

infection will pave the way towards new personalized medical interventions and we will surely witness the 

results of these advances in the field of medical mycology in the coming years. 

The search for novel host-directed therapies has been inspired by the current therapeutic limitations 

and concerns over the emergence of antifungal resistance. The work presented herein, highlights a 

possible way toward innovative therapeutic approaches or metabolic adjuncts to reorient host cells 

towards immune protection against fungal infection. The goal of host-direct approaches targeting 

immunometabolism is ultimately the exploitation of intrinsic metabolic pathways in the treatment of 

disease, including fungal infections. The targeting of host metabolism instead of fungal traits would 

decrease selective pressure and consequently diminish the development of unwanted resistance to 

antifungals. Selected metabolic pathways may be harnessed to potentiate immune responses or dampen 

them when they become maladaptive, while considering the pathogen involved, the affected tissue, and 

the disease state. Importantly, a rational strategy to identify and interpret immunometabolic signatures of 

susceptibility to fungal infection through the immune profiling by multi-omics approaches, including 

genomics, metabolomics, and epigenomics, holds the promise to identify patients at high-risk of infection 

that would benefit the most from targeted preventative measures. To achieve this goal, further studies 

are needed to better understand the pathogenesis of fungal diseases, their progression profile in time 

and space, and the host-fungus interplay in the context of effector immune cells. The exploitation of new 

approaches to study the diverse metabolic programs of specific cells, tissues, and diseased states is 

ultimately necessary to pave the way toward the effective clinical modulation of immunometabolism in 

the field of fungal disease. 

In summary, the results and considerations presented throughout this dissertation reinforce the 

requirement for changes in the management of fungal infections, specifically those that involve host-

directed medicine. Advances in the understanding of the impact of individual immunometabolic 

signatures and genetic variation in the outcome of the host–fungus interaction hold promise for an era of 

new strategies to reduce mortality and improve outcomes in vulnerable populations at risk of fungal 

disease.  
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