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Invasive mold infections (IMI): emerging and
underestimated human diseases

• Aspergillus and Mucorales fungi

• 400,000 pts/year, > 50% mortality, $2 billion 

annual cost (US), evolving epidemiology

• Patients with mold infection display complex

immunometabolic defects

The pathobiology of invasive mold 

infections is incompletely understoodPhagocyte dysfunction
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Do we need immunotherapy for IMIs?



Proven or probable breakthrough (b)-IMIs in hematological 
malignancy patients on mold-active antifungal prophylaxis 

Data from Lionakis MS, Lewis RE, Kontoyiannis DP, Clin Infect Dis 2018

•No antifungal 
prophylactic 
therapy is perfect 
in patients with 
severe underlying 
immune defects!
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Lack of activity of antifungals against “persister” 
fungal conidia
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Impact of IMI pathogenesis on the activity of 
antifungal therapy

Infect and Immun, Jan. 2005, p. 494–503
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therapy has 
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• Functional defects
➢Chronic granulomatous disease (CGD): impaired 

NADPH oxidase mediated ROS production

➢Pulmonary alveolar proteinosis (GM-CSF signaling)

• Defects in numbers
➢MonoMAC syndrome (GATA2)-numbers

➢Severe congenital neutropenia (ELA2, HAX1)-numbers

➢Leucocyte adhesion deficiency (CD18)-trafficking

➢CARD9 deficiency-chemotaxis

Lionakis MS et al., JCI Insight. 2017; Lionakis MS Nat Rev Immunol 2023 

Invasive asspergillosis: lessons from primary 

immunodeficiencies

Defects in myeloid 

cell numbers and 

function mediate 

susceptibility to 

invasive mold 

infections



ROS are major antifungal effectors in neutrophils

ROS-dependent 

induction of an 

apoptosis-like 

Aspergillus cell 

death by 

neutrophils

Shlezinger N, et al., Science. 2017 



Heckmann and Green, J. Cell Sci. ,2019

LC3 associated phagocytosis (LAP): a specialized autophagy 

pathway regulated by ROS

Nature 405,  1253-1257 (2007)



Mechanism of non-canonical conjugation of LC3 on Single 
Membranes

Hooper et al,  J. Cell Biol. 2022  Fletcher et al. The EMBO journal, 2017
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LAP regulates 

diverse 

physiological 

responses 

apart from 

pathogen 

killing



Selective LC3 recruitment in Aspergillus phagosomes during 

fungal cell wall swelling 

Kyrmizi et al., J Immunol, 2013

LC3



ROS-dependent activation of LC3-associated phagocytosis 
(LAP) orchestrates anti-Aspergillus host defense

Kyrmizi et al., J Immunol 2013; Akoumianaki et al., Cell Host Microbe 2016; Kyrmizi et al., Nat Microbiol 2018; 

Andrianaki et al., Nat Commun 2018; Akoumianaki et al., Cell Host Microbe 2021

Balanced 

inflammation



Melanin deficient (ΔpksP strain) Isogenic wild type strain (ku80)

Kyrmizi I et al., Nat Microbiol 2018

Fungal melanin inhibits Ca2+ signaling during phagocytosis



Kyrmizi I et al., Nat Microbiol 2018

Ca2+ scavenging by melanin inside the phagosome inhibits LAP
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Role of LAP defects in pathogenesis of invasive 

aspergillosis?



Kyrmizi et al., J Immunol, 2013

Defective activation of LAP in monocytes of CGD and 

corticosteroid-treated patients

Monocytes of CGD (p47phox-/-) patients Monocytes of patients receiving corticosteroids
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Mechanisms of cross-talk of LAP pathway with 
cytokine signaling in macrophages?



Improved clinical symptoms of CGD (colitis, abscesses, inflammatory markers) 

CGD-specific 

effect!



CGD-specific effect of IFNγ 



IFNγ signaling is redundant in physiological 
immune responses against Aspergillus

Espinosa V et al., Sci Immunol. 2017 Oct 6;2(16). pii: eaan5357



Do we study how cytokine administration affects 
immune responses?



No activation of AMs Selective activation of AMs

Inhaled IFN-γ (1000 μg)SC IFN-γ (250 μg)



Do we understand the autocrine functions of 
cytokines?



TNF rapidly accumulates in the phagocytic cup 
during Candida infection 

Science. 2005 Dec 2;310(5753):1492-5

GFP-TNF  MΦ ΤΝF function in 

the phagocytic 

cup?



Role of LAP defects in sepsis immunoparalysis?



Immunoparalysis of myeloid phagocytes: sepsis 
and sepsis-like syndromes

• Incompletely characterized pathogenesis 

• Characterized by cytokine hypo-responsiveness 

• Diminished microbicidal capacity of phagocytes

• Susceptibility to superinfections by bacterial and fungal 
pathogens

• The molecular link between cytokine signaling and the 
phagosome is unknown



Defective activation of LAP in monocytes of a selective 

group of patients with sepsis
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Defective activation of LAP defects is a hallmark of 
immunoparalysis during sepsis
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ERK signaling regulates NADPH oxidase-mediated ROS 
production by Aspergillus fumigatus in macrophages
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Uncoupling of IL-6 signaling from LAP drives 
immunoparalysis of macrophages 
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JAK2 inhibitors block LAP-mediated killing of fungal 

pathogens by myeloid phagocytes
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A novel mechanism of regulation of LAP by IL-6

Trafficking Signaling

Akoumianaki et al., (Cell Host Microbe 2021)



Tocilizumab 

(IL-6 inhibitor)

Corticosteroids

Synergistic inhibition of LAP by different 

immunosuppressive therapies

MEK inhibitors

JAK2 inhibitors

Clinical predictors of COVID-19 Associated Pulmonary 

Aspergillosis (CAPA)

Prattes J et al.,  Clin Microbiol Infect 2021 



Would you give cytokine therapy in patients with 

signaling defects?

Trafficking Signaling

Akoumianaki et al., (CHM 2021)



Need for profiling of the mechanism of LAP blockade for design 
of personalized host-directed therapies 
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Strategies to assess phagosome defects in the 
clinical practice
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Protocol for high-content analysis of phagosome responses in 
human MDMs differentiated from cryopreserved PBMCs
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Future perspectives on immunotherapy

• Molecular understanding of mechanisms of immunodeficiency (e.g. LAP 

defects, signaling vs. trafficking)

• Host biomarkers of immunodeficiency (LAP, cytokine response, other 

effectors)

• Need for personalized cytokine therapy (neutropenia, inflammatory 

immunopathology, immunoparalysis)

• Clinical studies with translational immunology design

(immunophenotyping before and after therapy) 

• Need to identify different measures of outcome (immunological criteria, 

effector functions)
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Thank you!
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