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Abstract

Aouacheria et al. question the interpretation of contemporary assays to monitor programmed cell 

death with apoptosis-like features (A-PCD) in Aspergillus fumigatus. Although our study focuses 

on fungal A-PCD for host immune surveillance and infectious outcomes, the experimental 

approach incorporates multiple independent A-PCD markers and genetic manipulations based on 

fungal rather than mammalian orthologs to circumvent the limitations associated with any single 

approach.

Our manuscript reports that human and mouse leukocytes trigger A-PCD in inhaled mold 

conidia as a mechanism of mucosal barrier immune surveillance (1). We distinguish fungal 

A-PCD from metazoan apoptosis and from accidental cell death; the latter process is defined 

as “virtually immediate and...insensitive to pharmacologic or genetic interventions of any 

kind” (2). According to a recently published 2018 guideline (3), the A-PCD process 

observed in conidia during cellular interactions with innate immune cells is best understood 

as a regulated cell death subroutine with apoptosis-like features. Our study relied on a 

combination of assays to monitor markers of conidial A-PCD (i.e., nuclear condensation and 

histone degradation, fungal caspase-like activities, DNA double-strand breaks, and viability 

by clonogenic assay), in accordance with accepted practice (4–7).
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The Comment by Aouacheria et al. (8) highlights differences between animal apoptosis and 

fungal A-PCD, and points to longstanding knowledge gaps in the study of regulated cell 

death in fungi. In particular, the fungal factors responsible for TUNEL reactivity or caspase-

like activity, or those that trigger fungal cell death in mammalian cell death assays, remain 

undefined (9). Notably, the authors’ assertion regarding the low specificity of individual 

assays holds true for mammalian cells as well. Thus, although we fully agree with the 

authors that improvements in methodologies will advance the study of fungal cell death, our 

study did not aim to answer this general question. In addition, Aouacheria et al. raise several 

issues that require clarification.

First, at the outset, the authors state that “Shlezinger et al. reported the existence of an 

‘apoptosis-like’ programmed death pathway in the opportunistic pathogen Aspergillus 
fumigatus, a multicellular fungus responsible for life-threatening infections.” A-PCD in 

fungi, and specifically in A. fumigatus, is well known and broadly supported by numerous 

studies conducted over the past 20 years [reviewed in (7)]. Among filamentous molds, the 

best-understood examples of regulated cell death processes include heterokaryon 

incompatibility (10, 11), appressorium morphogenesis (12), senescence (13, 14), and the 

development of reproductive structures and infectious propagules (15). We make no such 

claim of discovery; in fact, the existence of A-PCD in fungi was the basis for our research 

hypothesis.

Second, Aouacheria et al. criticize the use of the fluorescein isothiocyanate (FITC)–

conjugated tripeptide Val-Ala-Asp fused to fluoromethylketone (FITC-VAD-FMK) as a 

marker of fungal A-PCD. Fungal genomes encode metacaspases, cysteine-dependent 

proteases that share structural properties with metazoan caspases and hydrolyze proteins 

after Arg or Lys rather than Asp residues (16). Deletion of the two A. fumigatus 
metacaspases, CasA and CasB, does not render cells sensitive to oxidative stress and does 

not attenuate a FITC-VAD-FMK signal under these conditions (17); the dependency of 

Aspergillus cell death routines on metacaspase activity varies according to the specific 

stimulus (18, 19). Nonetheless, a substantial body of work demonstrates that the pan-caspase 

inhibitor Z-VAD-FMK effectively inhibits the activation of apoptosis-like cell death in 

fungal cells (4, 20–22) and in particular in A. fumigatus (18). On the basis of these studies, 

FITC-VAD-FMK has been used extensively for detection of caspase-like activity in yeast 

and filamentous fungi (23–26). In addition, numerous studies reported that activation of 

fungal apoptotic cell death correlated with the appearance of caspase-like activities with a 

substrate specificity similar to that of initiator caspases [with Val-Glu-Ile-Asp (VEID)- and 

Ile-Glu-Thr-Asp (IETD)-hydrolyzing activities] that could be abolished by Z-VAD-FMK 

(15, 24, 27, 28). Together with our findings, the above studies support a model in which 

unidentified caspase-like protease(s) act in fungal A-PCD downstream of BIR1-dependent 

regulation. Thus, the identification and functional characterization of putative A. fumigatus 
cysteine proteases in A-PCD represents an important direction of future research.

Our results do not support the notion that FITC-VAD-FMK “can also nonspecifically label 

living nonpermeabilized yeast cells.” We detected a fluorescent signal in live A. fumigatus 
conidia that were engulfed by innate immune cells in vivo. If the probe were incorporated 
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nonspecifically by live conidia in the murine lung, we would predict detection of the same 

signal in free conidia found in infected airways of the same animal. This was not the case.

Third, the authors state that “Shlezinger et al. took a different approach to address a causal 

role for fungal caspase-like activities, leading to the identification of a virulence 

mechanism” and that the manuscript assumes “that AfBIR1 behaves similarly to the human 

inhibitor of apoptosis (IAP) protein survivin, based on the assumption that survivin inhibits 

apoptotic caspases.” It is critical to note that AfBIR1 belongs to a conserved family of 

proteins in fungi (and animals) that encode a BIR domain (4, 16), the hallmark of IAP 

proteins. Because all other characterized fungal proteins that contain a BIR domain exert 

anti-PCD activity (17–21), we functionally analyzed AfBIR1 to establish a direct 

relationship among AfBIR1-dependent regulation of conidial A-PCD, fungal virulence, 

innate immune surveillance in the lung, and infectious outcomes. Although we monitored 

fungal caspase-like activity during A-PCD and its dependency on AfBIR1 expression levels, 

the precise mechanism by which this regulation occurs represents a focus for follow-up 

studies. Thus, the premise for our experiments and conclusions rests on a body of work 

conducted in fungal rather than mammalian systems that collectively strongly supports a role 

for fungal BIR1 orthologs in regulated cell death processes.

Fourth, the authors criticize the use of S12 as an AfBIR1 inhibitor. Because a genetic loss-

of-function approach was not possible, we used a complementary pharmacologic approach 

to target the fungal BIR domain. The impact of S12 on oxidative stress-induced A-PCD 

correlated with AfBIR1 expression levels in different strains. In vivo, administration of S12 

accelerated fungal clearance, in contrast to the delayed clearance and invasive disease caused 

by an increase in AfBIR1 expression. Thus, the results of the S12 experiments are in line 

with and extend complementary genetic gain-of-function experiments. However, further 

work is necessary to demonstrate direct binding of S12 with AfBIR1.

Our results support a model in which the respiratory innate immune system triggers NADPH 

oxidase-dependent A-PCD in inhaled mold conidia and advance the concept that a higher 

eukaryote can exploit a regulated cell death process in a lower eukaryote to maintain barrier 

immunity. Although the Comment by Aouacheria et al. does not detract from these 

conclusions, it enlightens longstanding conceptual and technical questions related to fungal 

A-PCD, highlights important knowledge gaps for future research and advancement of the 

field as a whole, and engenders a lively conversation about these fascinating topics.
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