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Stimulating the autophagic-lysosomal axis enhances host defense against fungal 
infection in a zebrafish model of invasive Aspergillosis
G Forn-Cuní , L Welvaarts , FM Stel , CJ van den Hondel , M Arentshorst , AFJ Ram , and AH Meijer

Institute of Biology Leiden, Leiden University, Leiden, The Netherlands

ABSTRACT
The increasing prevalence of antifungal-resistant human pathogenic fungi, particularly azole-resistant 
Aspergillus fumigatus, is a life-threatening challenge to the immunocompromised population. 
Autophagy-related processes such as LC3-associated phagocytosis have been shown to be activated 
in the host response against fungal infection, but their overall effect on host resistance remains 
uncertain. To analyze the relevance of these processes in vivo, we used a zebrafish animal model of 
invasive Aspergillosis. To confirm the validity of this model to test potential treatments for this 
disease, we confirmed that immunosuppressive treatments or neutropenia rendered zebrafish 
embryos more susceptible to A. fumigatus. We used GFP-Lc3 transgenic zebrafish to visualize the 
autophagy-related processes in innate immune phagocytes shortly after phagocytosis of A. fumigatus 
conidia, and found that both wild-type and melanin-deficient conidia elicited Lc3 recruitment. In 
macrophages, we observed GFP-Lc3 accumulation in puncta after phagocytosis, as well as short, 
rapid events of GFP-Lc3 decoration of single and multiple conidia-containing vesicles, while neutro
phils covered single conidia-containing vesicles with bright and long-lasting GFP-Lc3 signal. Next, 
using genetic and pharmacological stimulation of three independent autophagy-inducing pathways, 
we showed that the antifungal autophagy response improves the host survival against A. fumigatus 
infection, but only in the presence of phagocytes. Therefore, we provide proof-of-concept that 
stimulating the (auto)phagolysosomal pathways is a promising approach to develop host-directed 
therapies against invasive Aspergillosis, and should be explored further either as adjunctive or stand- 
alone therapy for drug-resistant Aspergillus infections.
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Introduction

Air can contain thousands to billions of fungal spores per cubic 
meter [1]. Although easily neutralized by a competent immune 
system, spores from pathogenic fungal species germinate inside 
immunocompromised hosts, causing life-threatening condi
tions that result in over 1.6 million deaths annually [2]. 
Saprophytic fungi of the genus Aspergillus cause invasive 
Aspergillosis (IA), one of the most common serious clinical 
mycoses. Current antibiotic treatment options against IA are 
limited – amphotericin B, medical triazoles, and echinocan
dins – and, even when treated, IA has 50% to 90% mortality 
rate in certain populations [3–5]. Alarmingly, triazole-resistant 
Aspergillus fumigatus strains are becoming more common in 
treatment-naïve patients [6] while the population at risk of 
contracting IA increases due to comorbidity with other infec
tious diseases like AIDS, influenza, and tuberculosis; leukemia; 
and the widespread use of immunosuppressive treatments 
against transplant rejections and autoimmune diseases [7– 
10]. Therefore, new treatments for IA are desperately required.

Host-directed therapies (HDTs) aim to empower the host 
to effectively fight an infection instead of directly targeting the 
pathogen and have been proposed as an adjunctive treatment 
for infections caused by antibiotic-resistant microbes, includ
ing fungi [11–13]. A promising target for HDT development 

against IA is the autophagy-lysosomal degradative axis, 
together with its associated pathways [14–16]. In immuno
compromised patients, circulating monocytes and tissue- 
resident immune cells, as alveolar macrophages in the lungs, 
are the first – and sometimes only – line of defense against 
fungal invasions [17]. These professional phagocytes detect 
specific conserved pathogen associated molecular patterns 
(PAMPs) in the fungal cell wall through their pattern recogni
tion receptors (PRRs) [18], upon which they internalize the 
conidia and coordinate the host antifungal response [19]. 
Once internalized, conidia-containing vesicles may be tar
geted by autophagy-related mechanisms to be degraded by 
ultimately fusing them with lysosomes [20,21].

Autophagy-related mechanisms include selective autopha
gy and LC3-associated phagocytosis (LAP), both identified as 
powerful defense mechanisms activated downstream of spore 
recognition in innate immune phagocytes during fungal inva
sions [22–24]. However, DHN-melanin, a principal compo
nent of the A. fumigatus conidial cell-wall, impairs autophagy 
in macrophages and the subsequent oxidative burst meant to 
kill the germinating spores, presumably via intracellular cal
cium sequestration [24,25]. Thus, lack of activation of the host 
autophagy machinery could be a limiting factor during 
A. fumigatus infections, and therefore increasing autophagic 
activity is a potential therapeutic strategy for treating IA.
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To test the possible effect of autophagy-enhancing drugs 
against A. fumigatus in vivo, we used a previously character
ized model of IA in zebrafish embryos [26,27]. The infection 
of A. fumigatus conidia in the hindbrain of 36 h post fertiliza
tion (hpf) zebrafish embryos recreates the multicellular envir
onment and dynamics of clinical infections and has already 
provided insights into the host-pathogen interaction of this 
human disease [27–29]. Using zebrafish embryos as preclini
cal animal model has several benefits for the objective of this 
study: they have demonstrated translational impact, are opti
cally transparent, genetically tractable, suitable for drug dis
covery, well-established for antimicrobial autophagy research, 
and – of special relevance to this field – do not possess active 
adaptive immunity during the experiments [27,30–32], ren
dering them susceptible to Aspergillus infections and effec
tively mimicking the immunocompromised population at risk 
of developing this disease.

Here, we confirm that the zebrafish embryo infection 
model recreates the major susceptibilities of human clinical 
IA, describe the autophagy activation dynamics of innate 
immunity phagocytes after wild-type and DHN-melanin- 
deficient A. fumigatus conidial phagocytosis, and reveal the 
differential Lc3 recruitment to conidia-containing vesicles in 
macrophages and neutrophils. We also report how both 
genetic and chemical stimulation of (auto)phagolysosomal 
pathways improves the host defense outcome against 
A. fumigatus infection in vivo.

Results

The zebrafish embryo – A. fumigatus hindbrain infection 
model recapitulates clinically-relevant phenotypes of IA

Previous research has unraveled mechanisms of the pathogen
esis and the host-pathogen interaction of A. fumigatus infec
tions using the zebrafish hindbrain infection model (Figure 1 
(a)), which included the recapitulation of clinical phenotypes 
[26–29,33]. Therefore, in order to test if this model would be 
suitable for drug discovery research, we first confirmed that 
this model reproduced the increased susceptibility phenotype 
under these conditions in our experimental setup.

The major reported risk factor for clinical IA is immuno
deficiency, including prolonged therapy with immunosup
pressants, neutropenia, and Chronic Granulomatous Disease 
[3]. To mimic the prolonged use of immunosuppressants, we 
treated zebrafish embryos with chronic, non-developmentally 
toxic doses of cyclosporin A, tacrolimus (FK506), and rapa
mycin – acting on immunophilins – and the glucocorticoid 
dexamethasone. Except for tacrolimus, for which we found no 
effect on the mortality at nontoxic doses, all immunosuppres
sive treatments diminished embryo survival against 
A. fumigatus infection compared to the infected embryos 
treated with vehicle dimethyl sulfoxide (DMSO) (Figure 1(b, 
e)). To model chronic granulomatous disease, we generated 
F0 cyba (cytochrome b-245, alpha polypeptide) loss-of- 
function mutants in zebrafish embryos using CRISPR-Cas9 
as recently described [34], as well as used a previously char
acterized morpholino against cyba/p22phox to transiently 
knock down Cyba for the duration of the experiment [33]. 

In concordance with infections with A. nidulans, knocking 
out this NADPH oxidase subunit in zebrafish embryos also 
led to significantly increased mortality during A. fumigatus 
infection (Figure 1(f), Figure S1A). We then simulated neu
tropenia by chemically depleting neutrophils using 
a transgenic line expressing the bacterial nitroreductase 
(NTR) under a neutrophil-specific promotor. NTR catalyzes 
the reduction of the innocuous prodrug metrodinazole 
(MTZ), thereby producing a cytotoxic product that induces 
cell death specifically in neutrophils [35]. The depletion of 
neutrophils after MTZ treatment was confirmed via stereo 
imaging of the fluorescently labeled neutrophils. Consistent 
with clinical data, neutropenic fish were more susceptible to 
the fungal infection, while MTZ did not have a significant 
effect on the infection in non-transgenic zebrafish (Figure 1 
(g), Figure S1B).

In all, the hindbrain infection of 36 hpf zebrafish embryos 
with A. fumigatus conidia recapitulates the clinically reported 
increased IA susceptibility during immunodeficiency treat
ment in our experimental setup, supporting its relevance as 
an in vivo model to study drug effects and host defense in this 
disease.

Phagocytes activate autophagy-related processes to 
degrade A. fumigatus conidia in vivo.

To rationally devise effective host-directed strategies, we 
focused on the interaction between innate immune cells and 
phagocytosed A. fumigatus conidia, looking for limitations 
that allow Aspergillus to thrive intracellularly. In vivo imaging 
in the zebrafish A. fumigatus infection model allowed us to 
evaluate the consequence of differences in timing and arrival 
of innate immune cells to the infection foci. We found that 
these differences resulted in a range of dynamic and hetero
generic responses in each infection. For example, while most 
macrophages phagocytose a similar amount of conidia 
in vitro, in an in vivo setting some phagocytes arrive early at 
the infection foci and phagocytose most of the spores while 
others only phagocytose a minimal number of conidia 
(Figure 2(a), Movie S1). Phagocytes in the zebrafish hindbrain 
then aggregate over the next 24 h, forming granuloma-like 
structures from within conidia eventually germinate [28,36]. 
We reasoned that in those instances intracellular pathways for 
fungal degradation would be overburdened with the high 
amount of cargo to be degraded, which prompted us to 
investigate the response of the autophagy machinery.

It has recently been reported that microbial-targeted auto
phagy (xenophagy) and its related process LAP contribute to 
efficient intracellular fungal clearance by innate immune cells 
in vitro [22–24]. To visualize the in vivo autophagy activation 
dynamics in innate immune cells after A. fumigatus phagocy
tosis, we imaged the fluorescent map1lc3b/Lc3b reporter zeb
rafish line Tg(CMV:EGFP-map1lc3b)zf155 [37] or Tg(bactin: 
mCherry-map1lc3b) [38] – further referred to as GFP-Lc3 and 
mCherry-Lc3, respectively – by confocal microscopy shortly 
after infection. These transgenic lines allow the study of 
autophagy-related dynamics in real time by analyzing the 
accumulation of fluorescently labeled Lc3b in specific vesicles 
(Figure 2, Movie S2). Focusing on immune cells shortly after
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phagocytosis, we observed dynamic autophagy-related pro
cesses, including transient GFP-Lc3 accumulation in small 
vesicles (“Lc3 puncta”) (Figure 2(d,e)) or covering the whole 
conidia-containing vesicle (“Lc3 rings”), which sometimes 
contained individual conidia or consisted of larger compart
ments with multiple conidia (Figure 2(c,f,g)). These processes 
were active during at least the first 24 h post infection, where 

some conidia already started to germinate and the hyphal 
structure was surrounded by GFP-Lc3 (Figure 2(h,i)). 
However, probably affected by the high amount of variability 
explained above, we could not detect a consistent activation 
pattern of these processes after phagocytosis.

Thus, our in vivo results revealed that phagocytes actively 
engage conidia with autophagy-related processes directed
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Figure 1. The zebrafish embryo model recapitulates susceptibilities of clinical IA. (a) Schematic representation of the zebrafish embryo – A. fumigatus infection 
model. Conidia of A. fumigatus D141 expressing an EGFP fluorescent plasmid were injected in the hindbrain at 32 hpf and representative images of infection at 2, 48 
and 72 h post infection are shown. (B, C, D, and E) Survival curves of zebrafish embryos infected with A. fumigatus ∆Ku80 and exposed via waterborne treatment to 
1 μM of cyclosporin A (b), 0.2 μM of FK506 (c), 0.5 μM of rapamycin (d), 15 μM of dexamethasone (e), or DMSO as a vehicle control at the same v/v. (f) Survival curves 
of cyba crispants or scramble control zebrafish embryos infected with A. fumigatus ∆Ku80. (g) Survival curves of zebrafish embryos with or without neutrophil ablation 
with metronidazole infected with A. fumigatus ∆Ku80. (b, d and f) are representative of at least 3 independent biological replicates, while (c) is representative of 2 
independent biological replicates. The hazard ratio (HR) indicated is calculated vs. the control condition using the logrank method. Significance in the curve 
comparison is calculated using Log-rank (Mantel-Cox test): ns non-significant; * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001.
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toward degrading A. fumigatus conidia and hyphae during the 
first hours after infection, but these processes are not enough 
to stop fungal germination during acute infection.

Differential autophagy dynamics between macrophages 
and neutrophils

Circulating macrophages are the main responders to 
A. fumigatus infection in the zebrafish hindbrain, and neu
trophils are mostly engaged in a later stage [36,39,40]. This 
behavior effectively simulates the phagocyte recruitment 
dynamics reported in the lungs of human patients and IA 
mice models, in which alveolar macrophages are already pre
sent at the infection site while polymorphonuclear neutrophils 
migrate to the infection focus and engage in killing hyphae 
[17,41]. However, despite efficiently phagocytosing 
A. fumigatus conidia and restricting their rapid extracellular 
growth, it has been shown that macrophages are unable to kill 

the fungal spores and create a replication niche from within 
the infection can be established [28].

To study the differential autophagy dynamics in macro
phages and neutrophils, we combined the GFP-Lc3 zebrafish 
line with a macrophage marker Tg(CMV:map1lc3b-EGFPzf155; 
mpeg1.1:mCherryFump2) and analyzed the GFP-Lc3 colocali
zation with conidia in the first hours post infection. 
Confirming previous results, most conidia were phagocytosed 
by mpeg1.1-positive phagocytes – that is, macrophages 
(Figure 3(a,b)). However, non-labeled phagocytes also phago
cytosed a smaller number of conidia (Figure 3(a,b,f)). We 
refer to these phagocytes as neutrophils since zebrafish 
embryos do not contain other innate immune phagocytes 
than macrophages and neutrophils at this developmental 
stage [42]. In the rare events of conidial phagocytosis by 
neutrophils, we observed strong GFP-Lc3 rings targeting sin
gle conidia (Figure 3(d–f), Movie S3), while in macrophages 
we saw small GFP-Lc3 puncta, and weaker transient GFP-Lc3 
rings targeting vesicles which usually contained multiple

Figure 2. GFP-Lc3 dynamics in phagocytes after phagocytosing A. fumigatus conidia. (a) Representative sequence of events following injection of A. fumigatus 
conidia into the hindbrain of a zebrafish embryo. More than 100 A. fumigatus ∆Ku80 conidia are initially phagocytosed by the first 3 macrophages to arrive at the 
infection foci. Arrows indicate macrophage arrival and phagocytosis start. Images taken from Movie S1. (b and c) Confocal microscopy images showing the brightfield 
(b) or GFP-Lc3 fluorescence intensity (c) during the first 6 h and 30 min after infection. Most conidia are phagocytosed in the first 5 h post infection by a small 
number of phagocytes. Arrows indicate GFP-Lc3 levels in immune cells after phagocytosing A. fumigatus conidia, including individual GFP-Lc3 rings around the 
conidia. Images taken from Movie S2. (d and e) Brightfield (d) and GFP-Lc3 fluorescence intensity (e) of a macrophage with several conidia showing a GFP-Lc3 
puncta. (f and g) Brightfield (f) and mCherry-Lc3 fluorescence intensity (g) confocal microscopy images showing mCherry-Lc3 accumulation across vesicles with 
individual and multiple spores. (h and i) Confocal images of GFP-Lc3 accumulation around germinating conidia of A. fumigatus D141 expressing dsRed fluorescent 
plasmid [40] in the hindbrain of zebrafish embryos fixed 15 h post infection.
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Figure 3. Differential GFP-Lc3 dynamics in phagocytes after phagocytosing A. fumigatus conidia. (a, b, c, d, and e) Quantification of phagocytosis and Lc3 dynamics 
in 15 hours of timelapse imaging from 5 individual larvae infected with A. fumigatus ∆Ku80 conidia during the first hours post infection. (a) Most of the injected 
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conidia and continued after forming cellular aggregates 
(Figure 3(g–j)).

Thus, we show GFP-Lc3 recruitment by macrophages and 
neutrophils in response to A. fumigatus phagocytosis. 
Phagocytosis of conidia by neutrophils was rare, but neutro
phils were able to efficiently mobilize GFP-Lc3 into vesicles 
containing single conidia, while macrophages efficiently pha
gocytosed most conidia and showed GFP-Lc3 responses.

Suppression of autophagy pathways increases 
susceptibility to A. fumigatus infection

To examine the relevance of the autophagy responses that we 
observed on the overall host defense against A. fumigatus, we 
studied the survival of zebrafish embryos after specific sup
pression of either LAP or selective autophagy. To do so, we 
knocked down either rubcn/Rubcn (rubicon autophagy regu
lator) – the master regulator of LAP – using a previously 
characterized morpholino [43], or atg13/Atg13 (autophagy 
related 13 homolog (S. cerevisiae)) – required for autophagy 
initiation but not LAP – via biallelic F0 loss-of-function 
mutants as well as a previously validated morpholino [44]. 
Both treatments increased the susceptibility to A. fumigatus 
infection (Figure 4(a,b), Figure S1C). Contrasting, mutants of 
the classical intracellular autophagy receptor sqstm1/p62 
(sequestosome 1), did not show increased mortality due to 
infection (Figure 4(c)). These results suggests that different 
autophagy-related processes, including LAP and Sqstm1- 
independent autophagy, are involved in host defense against 
A. fumigatus.

It has also been reported how the A. Fumigatus DHN- 
melanin layer can impair autophagy activation and the sub
sequently conidial degradation in macrophages [24,25,45]. In 
concordance, ∆pksP mutant conidia, which lack the DHN- 
melanin conidial layer, are highly targeted by autophagy 
processes and subsequently degraded in macrophages 
in vitro. We therefore tested the potential difference in viru
lence between DHN-melanin-deficient and wild-type 
A. fumigatus in our model. We confirmed that, as reported 
in mammals, ∆pksP caused less mortality at the same infec
tion load (Figure 4(d)). In addition, the requirement of both 
Rubcn- and Atg13-related autophagy processes to protect 
against the infection was more evident with the melanin- 
deficient ∆pksP spores than with the wild-type spores 
(Figure 4(e,f), Figure S1D). This suggests that autophagy 
processes are more effective in fungal defense in the absence 
of DHN-melanin in vivo.

Given the improved defense against ∆pksP conidia and the 
higher susceptibility after autophagy-related knockdowns, we 
investigated a possible differential involvement of autophagy 
processes in the defense against wild-type and mutant conidia. 
Previous research has shown how MTOR (mechanistic target 
of rapamycin kinase) and LC3 preferentially colocalize with 

∆pksP compared to wild-type vesicles in macrophages in vitro 
[46]. Similar as described above for infections with wild-type 
spores, most of the ∆pksP conidia were phagocytosed by 
macrophages, but we observed several cases of strong and 
long-lasting GFP-Lc3-targeting of single conidia vesicles in 
neutrophils (Figure 4(g–m)). Contrasting, macrophages com
monly targeted conidia with GFP-Lc3 in transient bursts 
shortly after phagocytosis, except for a rare case of intense 
GFP-Lc3 decoration in a macrophage (Figure 4(n), Movie S4). 
However, in this last case, the macrophage had also phagocy
tosed swollen conidia, thus probably having a higher exposure 
to fungal pathogen associated molecular patterns.

Overall, suppression of autophagy-related pathways in the 
host by Atg13 or Rubcn loss of function results in a higher 
infection-related mortality. The increased susceptibility of 
autophagy impaired zebrafish hosts was observed in infections 
with wild type conidia and became more pronounced in 
infections with melanin-deficient conidia. We noticed an 
increase in the single-conidia targeting of macrophages in 
melanin-deficient conidia in contrast to wild-type spores, 
but were not able to detect significantly different GFP-Lc3 
targeting dynamics. In both cases, the strongest GFP-Lc3 
responses were observed in neutrophils, not in macrophages. 
These results are consistent with our hypothesis that subopti
mal activation of the host autophagy machinery in macro
phages is a limiting factor during IA in vivo, and therefore 
a potential druggable target to treat IA.

Stimulating the (auto)phagolysosomal axis increases the 
host survival against IA

Given the correlation between autophagy activation and host 
survival both in wild-type and ∆pksP conidia infections, we 
asked if stimulating these autophagy-related processes can tip 
the balance in favor of lysosomal degradation, thus improving 
the host defense against A. fumigatus in vivo.

To do so, we infected zebrafish embryos with wild type 
A. fumigatus and treated them with chemical autophagy acti
vators acting through different mechanisms, including AR-12 
(Mtor-independent autophagy induction via Pdk1 inhibition 
and endoplasmatic reticulum stress), torin-1 (autophagy 
induction via interaction with Mtor), and carbamazepine 
(Mtor-independent induction of autophagy via the inositol 
pathway). All autophagy-inducing treatments consistently 
increased host survival during A. fumigatus infection in com
parison to their DMSO control, regardless of their mode of 
action (Figures 5(a–c)). To rule out a direct antifungal effect, 
we added the chemicals directly to A. fumigatus culture and 
found no effect on growth or germination at the concentra
tions tested (Figure S2).

In addition to the drug treatment, we used a genetic strat
egy to enhance autophagy. We previously characterized 
dram1/Dram1 (DNA-damage regulated autophagy

containing vesicles shortly after phagocytosis (arrowheads), while labeled mCherryF-macrophages show high GFP-Lc3 fluorescence but not colocalizing with 
A. fumigatus ∆Ku80 conidia labeled with Alexa Fluor™ NHS 647 (Af647). Image taken from the Movie S3. (G, H, I, and J) Examples of GFP-Lc3 puncta (g), and GFP- 
Lc3 signal around single (h) or multiple conidia (h and i) in mCherryF labeled macrophages. Note that the membrane-bound mCherryF signal of macrophages 
colocalizes with GFP-Lc3 signal after conidia phagocytosis. Contrasting to the bright GFP-Lc3 signal in neutrophils (f), macrophages show weaker GFP-Lc3 targeting 
to phagocytosed conidia. (j) GFP-Lc3 targeting of single-conidia continues during the first hours after formation of a granuloma-like structure.
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Figure 4. Suppression of autophagy pathways increases susceptibility to A. fumigatus infection. (a and b) Survival curves of atg13 mutation (a) or rubcn (b) 
knockdown or control zebrafish embryos infected with A. fumigatus ∆Ku80. (c) Survival curve of sqstm1 mutants or non-mutant siblings infected with A. fumigatus 
∆Ku80. (d) Survival curve of zebrafish embryos infected with equal inoculum (150 conidia) of A. fumigatus ∆Ku80 or DHN-Melanin-deficient A. fumigatus ∆pksP. (e and 
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modulator 1) as an enhancer of (auto)phagosome-lysosome 
fusion that is effective in host defense against infections of 
intracellular bacterial pathogens, including Mycobacterium 
and Salmonella [47,48]. While, similarly to sqstm1, dram1 
was not a requirement for efficient fungal defense (Figure 5 
(d)), its overexpression led to a significantly improved infec
tion outcome (Figure 5(e)).

Given that all treatments performed affected the whole 
individual and not only immune cells, we wanted to gain 
additional insights in the effect and importance of these 
processes specifically in phagocytes dealing with 
A. fumigatus conidia. To do so, we knocked down spi1b/ 
Spi1b (Spi-1 proto-oncogene b) in zebrafish embryos, which 
inhibits de-differentiation of immune cells into macro
phages and neutrophils in zebrafish larvae during the dura
tion of these experiments [49]. As expected, zebrafish larvae 
without innate immune cells were extremely susceptible to 
A. fumigatus infection (Figure S1E). In these cases, treat
ment with autophagy-inducing drugs did not increase the 
survival of zebrafish embryos to the infection (Figure 5(f)), 
confirming that phagocytes are required for the beneficial 
effect of inducing autophagy, and that these drugs are not 
affecting the virulence of A. fumigatus in zebrafish embryos. 
Therefore, we conclude that these autophagy-inducing drugs 
increase the survival to A. fumigatus infection in a host 
immune-dependent manner and do not affect the growth 
or virulence of A. fumigatus.

Finally, using an mCherry-Dram1 construct [38], we 
demonstrated that Dram1 colocalizes with A. fumigatus con
idia in phagocytes (Figure 5(g)), supporting the conclusion 
that this autophagy-stimulating factor contributes to the 
response of phagocytes to A. fumigatus.

In all, we demonstrate that activating the (auto)phagolyso
somal axis via either chemical or genetic means increases 
resistance against A. fumigatus infection in a host-dependent 
manner in vivo.

Discussion

Infections caused by azole-resistant Aspergillus pose a life- 
threatening challenge to the immunocompromised population 
[50]. The ubiquitous use of azoles, not only for human ther
apy but also for food production and environment preserva
tion, is driving a worldwide rise of antifungal resistance to this 
class of drugs, rendering current first-line clinical treatment 
options ineffective [6,51]. There is therefore an increasing 
need to diversify our antifungal treatments [17]. In addition 
to the discovery and application of new and improved 

antifungals, HDTs offer a potential solution as adjunctive or 
standalone treatment to drug-resistant infections.

As exemplified here, the zebrafish embryo IA model pro
vides a useful platform to study both the host-pathogen inter
action in detail using intravital microscopy and to 
preclinically test the effect of drugs on a population level. 
We observed a high degree of variability in the immune 
response between infections, even with similar number of 
phagocytes in the infection foci and comparable infection 
loads. We believe that this heterogeneity (both in the host 
and the fungal cells) creates stochastic environments that lead 
to a dynamic relationship between host and pathogen, which 
mimics the individual variation seen in human disease and is 
therefore complementary to in vitro studies using homoge
nous cell types. Despite this variability between individuals, 
population-level results, such as the increased susceptibility 
after treatment with corticosteroids as dexamethasone, are 
consistent with previous reports both in zebrafish and in 
humans, showing the robustness of the model for drug dis
covery [28,52]. A notable exception was the treatment with 
the Ppp3/calcineurin inhibitor FK506, in which we could not 
reproduce a higher susceptibility at concentrations that did 
not affect the normal embryo development [29,53]. These 
differences may be due to fungal or zebrafish strains used, 
which are known to affect infection dynamics [26,40,54,55]. 
We did, however, find hypersusceptibility in zebrafish using 
cyclosporin A, another Ppp3/calcineurin inhibitor associated 
with clinical IA.

In the absence of effective adaptive immunity, innate 
immune phagocytes shape the pathophysiology of infections 
caused by the more than 300 fungal species pathogenic to 
humans, including A. fumigatus [56]. To devise HDTs effec
tive against IA, we looked at the possible intracellular degra
dation pathways in innate immune phagocytes for conidia 
during the first stages of infection by analyzing GFP-Lc3 
interaction with conidia. Autophagy pathways have been pre
viously reported to be affected during immunosuppressive 
treatment against IA and in chronic granulomatous disease 
patients [52,57], and the autophagy-related pathway LAP has 
been linked to efficient fungal clearance of A. fumigatus con
idia by macrophages [22,23,58,59]. During LAP, conidia are 
transported into single-membrane vesicles, which undergo 
a Reactive Oxygen Species (ROS) production burst and 
become decorated with LC3 for rapid degradation [58]. 
However, the DHN-melanin coating of A. fumigatus conidia 
inhibits the ROS production required for the processing of 
intracellular vesicles and its ultimate fusing with lysosomes 
[24,25,45]. This antagonism results in a dynamic interaction 
between the host and the pathogen. Indeed, in infections with

f) Survival curves of atg13 mutation (e) or rubcn (f) knockdown or control zebrafish embryos infected with A. fumigatus ∆pksP. (G, H, I, J, and K) Quantification of 
phagocytosis and Lc3 dynamics in 21 hours of timelapse imaging from 5 individual larvae infected with A. fumigatus ∆pksP conidia labeled with Alexa Fluor™ NHS 
647 during the first hours post infection. (g) Most of the injected conidia in the zebrafish hindbrain are phagocytosed by macrophages, and (h) macrophages 
phagocytose more conidia per cell than neutrophils. (i, j, and k) In the events of conidial phagocytosis by neutrophils, we observed rapid bright Lc3 rings covering 
single-conidia vesicles, while Lc3 decoration of conidia-containing vesicles in macrophages was scarcer and shorter in the first hours post infection. Examples of GFP- 
Lc3 signal around single A. fumigatus ∆pksP conidia labeled with Alexa Fluor™ NHS 647 (Af∆pksP) in mCherryF negative phagocytes (l, m), or mCherryF labeled 
macrophage (n). Images taken from Movie S4. All survival curves are representative of at least 3 independent biological replicates. The hazard ratio (HR) indicated is 
calculated vs. the control condition using the logrank method. Significance in the curve comparison is calculated using Log-rank (Mantel-Cox test): ns non-significant; 
* P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001.
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both wild type and DHN-melanin-deficient conidia, we 
observed GFP-Lc3 association with single and multiple con
idia-containing vesicles that persisted from the first stages 
after phagocytosis to the initial stages of fungal germination.

Despite efficiently phagocytosing A. fumigatus conidia, 
macrophages are unable to efficiently kill them, and it has 
been suggested that they may provide a safe compartment 
from which A. fumigatus can eventually germinate [28]. 
Contrasting, neutrophils can kill A. fumigatus conidia via 
PI3K-dependent nonoxidative pathways (i.e., via Fe2+ seques
tration) [60]. However, it has been reported that neutrophils 
are usually not engaged during the first stages of A. fumigatus 
infection, but mostly after fungal germination, where ROS 
production (e.g., via cyba) is crucial to contain dimorphic 
fungal growth [17,33]. Here, we uncovered an additional 
piece of information regarding the differences between 
macrophages and neutrophils in dealing with intracellular 
A. fumigatus conidia: in the rare event of conidial phagocy
tosis by neutrophils, we observed a rapid and bright GFP-Lc3 

targeting to vesicles containing single conidia, contrasting 
with the weaker mobilization of GFP-Lc3 in macrophages. It 
is important to mention that in these analyses we probably 
underestimated the colocalization events and their duration 
due to the speed at which they happen intracellularly, fluor
escent reporter levels, and cells moving outside of the imaging 
focus after phagocytosing conidia. It has also been recently 
reported how inhibition of tyr/Tyr (Tyrosinase) function (e.g., 
via the use of N-phenylthiourea [PTU], which we used during 
intravital imaging) increases the autophagy flux in zebrafish 
embryos 24 h after treatment [61], which may also affect the 
quantification levels shown in this study.

In addition, while neutrophils phagocytosed less conidia 
than macrophages per cell, we did not see a similar GFP-Lc3 
activation in macrophages with a similar low amount of 
phagocytosed conidia. It has been established that macro
phages can mount host-protective xenophagy and LAP 
responses against Mycobacteria and Salmonella [44,62]. 
Therefore, the differences that we observe are, at least
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Figure 5. Stimulating the (auto)phagolysosomal axis increases the host survival against IA. (a, b and c) Survival curves of zebrafish embryos infected with 
A. fumigatus ∆Ku80 and exposed via waterborne treatment to 10 nM of torin 1 (a), 10 μM of AR-12 (b), 100 μM or carbamazepine (c), or DMSO as a vehicle control 
at the same v:v. (a, b, and c) infections were performed together but showed in split graphs for visualization purposes. (d) Survival curve of dram1 mutants or non- 
mutant siblings infected with A. fumigatus ∆Ku80. (e) Survival curve of zebrafish embryos overexpressing Dram1 after injection of 100 pg of dram1 mRNA or their 
control infected with A. fumigatus ∆Ku80. (e) Confocal image demonstrating colocalization (arrowheads) of mCherry-Dram1 with Alexa Fluor™ NHS 647-labeled 
A. fumigatus conidia (Af647) inside a phagocyte in the zebrafish hindbrain shortly after infection. All survival curves are representative of at least 3 independent 
biological replicates. The hazard ratio (HR) indicated is calculated vs. the control condition using the logrank method. Significance in the curve comparison is 
calculated using Log-rank (Mantel-Cox test): ns non-significant; * P ≤ 0.05; ** P ≤ 0.01; *** P ≤ 0.001; **** P ≤ 0.0001.
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partially, related to the interaction of these immune cells with 
the fungal conidia, and not to their intrinsic capability of 
activating autophagy-related processes. In concordance, we 
hypothesized that the autophagic defenses in macrophages 
are inhibited during A. fumigatus infection in a DHN- 
melanin-dependent manner and that pharmacological activa
tion of these defense mechanisms may improve the clinical 
outcome of IA. Given the previously discussed role of DHN- 
melanin in inhibiting autophagy-related processes via calcium 
sequestration, neutrophils may use different nonoxidative or 
calcium-independent oxidative ROS production pathways to 
stabilize LC3 in the phagosomal membrane. Therefore, 
a potential HDT avenue to provide better host defense against 
A. fumigatus lies in incrementing the function or number of 
neutrophils, or the leukocyte ratio of neutrophils to macro
phages, as others have highlighted [39].

Consistent with the multiple autophagy-related processes 
that we observed in the host-pathogen interaction, we demon
strated by loss-of-function experiments that not only LAP, but 
also Atg13-mediated and Sqstm1-independent autophagy pro
cesses are relevant for the overall host survival during 
A. fumigatus infection. Therefore, despite that A. fumigatus 
conidia may be initially captured intracellularly via LAP, 
additional antimicrobial autophagy processes are relevant to 
the antifungal host defense in the course of the infection. 
Having confirmed the requirement of (auto)phagolysosomal 
pathways in host defense against IA in vivo, we demonstrated 
that their stimulation provides a host-dependent protective 
effect to the fungal infection. To do so, we used pharmacolo
gical and genetic methods to induce these processes via inde
pendent pathways, both MTOR dependent and independent. 
It has recently been published how the DHN-melanin from 
A. fumigatus conidia can affect macrophage metabolism via 
CALM (calmodulin) and MTOR and may therefore be 
a potential interesting target to design therapies against IA 
[46,63]. Based on the results that we report here, we now 
expand on the potential HDT targets in metabolism to include 
other (auto)phagolysosomal pathways, inducible by the auto
phagy modulator DRAM1 and drugs including AR-12, torin-1 
and carbamazepine. However, it is important that the stimu
lation of these pathways does not create secondary immuno
suppressant effects, such as in rapamycin treatment, which is 
known as a classical macroautophagy inducer via MTOR 
modulation, but also results in higher mortality to the 
infection.

In this work, we used the zebrafish embryo model to study 
the effect of hindering and inducing autophagy activation 
against A. fumigatus infection. Autophagy is involved in 
a wide range of physiological responses and maintaining 
homeostasis in addition to its impact on host immunity. In 
that sense, completely blocking autophagy during long peri
ods of time (e.g., pharmacologically via bafilomycin) or per
manently knocking-out of one of its core proteins, such as 
Atg5, is lethal for a developing zebrafish larva, as it is for mice 
[64]. Therefore, in this study we opted for abolishing specific 
initiation processes (selective autophagy via atg13 and LAP 
via rubcn) and autophagy receptors (sqstm1), which may be 
compensated for via other mechanisms. In a similar way, all 
the activation treatments were performed in a whole- 

organism level. To discard a possible effect of the treatments 
in increasing tolerance to the infection or directly to 
A. fumigatus, we showed that these treatments do not increase 
survival in the absence of phagocytes, demonstrated colocali
zation of mCherry-Dram1 with phagocytosed conidia, and 
that they do not affect the growth and germination of 
A. fumigatus in vitro, thus confirming that the treatments 
work by modulating the immune response to the infection.

Despite that we only focused on visualizing the intracel
lular effects against A. fumigatus conidia shortly after phago
cytosis, the stimulation of the (auto)phagolysosomal 
pathways may boost the antifungal host defense at several 
stages of the infection process. That is, on top of stimulating 
the fusion of Aspergillus-containing phagosomes (either cap
tured via LAP or xenophagy) with lysosomes, autophagic 
processes may also be involved in the production of antimi
crobial peptides [65], stimulating ROS and neutrophil extra
cellular trap/NET production against hyphae [66], the lateral 
transfer of conidia between overburdened macrophages [53], 
or hypothetically even containing the infection spread via 
entosis-related pathways. Furthermore, the stimulation of 
these pathways may synergize with current treatments by 
providing increased intracellular conidial constriction, thus 
allowing more exposure to antifungals in infected cells [67]. It 
would therefore be interesting to explore how different auto
phagy processes contribute to these processes and their rele
vance against IA.

Finally, the autophagy machinery has already been suggested 
as a target for HDT design against several infections [11,13]. For 
example, autophagy processes are crucial in the defense against 
mycobacteria [68], and have been proposed as potential HDTs to 
fight drug-resistant tuberculosis [69], one of the most common 
IA comorbidities. Therefore, stimulating the (auto)phagolysoso
mal pathways may be of special interest in specific cases where it 
may provide synergistic benefits against combined infections.

In all, we visualized autophagy responses in vivo shortly after 
conidial phagocytosis and demonstrated how they are relevant 
to the host survival in response to IA in a population perspective 
using an immunocompromised animal model. In doing so, we 
highlight that (auto)phagolysosomal pathways are an interesting 
target to develop HDTs against this fungal infection and should 
be explored for their potential use in settings with prevalence of 
drug-resistant Aspergillus infections.

Materials and methods

Zebrafish husbandry

Zebrafish were handled in compliance with the local animal 
welfare directives of Leiden University (License number 
10,612) and following standard zebrafish rearing protocols 
(https://zfin.org), which adhere to the international guide
lines from the EU Animal Protection Direction 2010/63/EU. 
In this work we used the lines ABTL (wild-type), Tg(CMV: 
EGFP-map1lc3b)zf155, Tg(bactin:mCherry-map1lc3b) [38], 
Tg(CMV:EGFP-map1lc3bzf155; mpeg1.1:mCherryFump2), Tg 
(mpeg1.1:EGFPgl22, mpx:GAL4-VP16sh267/UAS-E1B:NTR- 
mCherryi149), and Tg(mpx:GAL4-VP16sh267/UAS-E1B:NTR- 
mCherryi149). All experiments were performed on zebrafish
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embryos or larvae up to 5 days post fertilization, which have 
not yet reached the free-feeding stage. Embryos were col
lected in egg water (Sera Marin salt, 05420; 60 µg/ml in 
distilled deionized water) and maintained in E3-buffered 
medium (300 mM NaCl, 10.2 mM KCl, 19.8 mM CaCl2 
-2 H2O, 19.8 mM MgSO4-7H2O in egg water) at 28.5°C 
for the duration of the experiments. Prior to infections, 
imaging and fixation, embryos were anaesthetized with 
0.02% buffered 3-aminobenzoic acid ethyl ester (tricaine; 
Sigma-Aldrich, A-5040).

Fungal culture

Fungal strains used in this study (A. fumigatus ∆Ku80 as wild- 
type, ∆pksP, D141 with PgpdA::dsRed in pAN7.1 [40], and 
D141 with PgpdA::EGFP in pAN7.1) were inoculated onto 
fresh plates of Complete Medium, containing 1% (w:v) glu
cose (VWR, 24,379.363), 7 mM KCl (VWR, 26,759.291), 11  
mM KH2PO4 (VWR, 26,925.295), pH 6.8, 70 mM NaNO3 
(VWR, 27,950.298), 2 mM MgSO4 (VWR, 25,163.290), 76 nM 
ZnSO4 (Sigma-Aldrich, Z0251), 178 nM H3BO3 (VWR, 
20,181.294), 25 nM MnCl2 (Sigma-Aldrich, M3634), 18 nM 
FeSO4 (Sigma-Aldrich, F8633), 7.1 nM CoCl2 (Sigma- 
Aldrich, C8661), 6.4 nM CuSO4 (Sigma-Aldrich, C8027), 6.2  
nM Na2MoO4 (Sigma-Aldrich, S6646), 174 nM EDTA (VWR, 
20,296.291), 0.5% (w:v) yeast extract (VWR, 84,601.5000) and 
0.1% (w:v) casamino acids (BD Biosciences, 223,050) for 72 h 
at 37°C. Spores were then harvested in Phosphate Saline 
Buffer and filtered through 2 layers of Miracloth and adjusted 
to a concentration of 1.5 × 108 spores/ml as measured by 
automated cell counter (Bio-Rad TC20). If required, spores 
were labeled with Alexa Fluor™ 647 NHS Ester (Thermo 
Fisher, A20006) following manufacturer’s protocol. Spore 
batches were kept at 4°C for a maximum of 4 weeks and 
resuspended in 5% (w:v) polyvinylpyrrolidone (PVP40, 
Sigma-Aldrich, 9003–39-8) in phosphate-buffered saline 
(PBS; Thermo Scientific, 28,908) at a concentration of 1.0 ×  
108 conidia/ml prior to injection.

The analysis of the direct drug effect on A. fumigatus 
growth was adapted from previously described [70]. Briefly, 
100 µl of Minimum Media with 0.006% yeast extract (w:v) 
were combined with 100 µl at 2, 4, or 8 × 105 conidia/ml in 
a white, clear-bottomed, 96-well plate (Greiner Bio-one, 
655,095). Subsequently, 20 µl of the drugs or DMSO as vehicle 
control were added to each well to the final concentration 
used in zebrafish experiments. Plates were incubated al 30°C 
with continuous measuring of OD600 in a EnSpire Multiplate 
Reader (Perkin Elmer).

Morpholino, RNA and cas9 injections

Previously validated atg13 (1 mM) [44], cyba (1 mM) [33], 
rbcn (0.25 mM) [44], and spi1b (1 mM) [49] morpholinos 
(Gene Tools) were resuspended in Milli-Q water and diluted 
in Danieau Buffer (58 mM NaCl, 0.7 mM KCl, 0.4 mM 
MgSO4, 0.6 mM Ca(NO3)2, 5.0 mM HEPES, pH 7.6). The 
polyadenylated Dram1 mRNA and mCherry-Dram1 con
structs were synthetized and concentrated as previously 
described [47]. To generate F0 crispants, three independent 

predesigned crRNA guides targeting atg13 (Integrated DNA 
Technologies Europe, ATG13.1.AA, ATG13.1.AB, and 
ATG13.1.AD), cyba (Integrated DNA Technologies Europe, 
CYBA.1.AA, CYBA.1.AB, and CYBA.1.AC), and negative 
control scrambl crRNA (Integrated DNA Technologies 
Europe, Negative Control crRNA #1, #2, and #3) were pro
cessed as previously described [34]. Briefly, the crRNAs were 
annealed with tracrRNA (Integrated DNA Technologies 
Europe) to generate gRNA, which were assembled with 
Alt-R S.p. Cas9 Nuclease V3 (Integrated DNA 
Technologies Europe, 1,081,063) to generate RNPs. The 
three RNPs for each gene were then pooled prior to injection 
at a final concentration of 30.5 µM per gene (10.1 µM per 
independent RNP). In addition, tyr-targeting crRNAs 
(Integrated DNA Technologies Europe, TYR.1.AA, TYR.1. 
AB, and TYR.1.AC) were used in each batch to confirm Cas9 
activity. One-cell stage zebrafish embryos were microin
jected with 1nL of the morpholino, RNA, or Cas9 solution 
in the yolk.

The rbcn knockdown after morpholino injection was cor
roborated by PCR and gel electrophoresis using the primers 
specified in Table S1, while the lack of immune cells after 
MO-spi1b injection was corroborated by stereo fluorescence 
imaging in the Tg(mpeg1.1:EGFPgl22, mpx:GAL4-VP16sh267 

/UAS-E1B:NTR-mCherryi149) strain. The effectivity of the 
mutation of the atg13 and cyba guides was corroborated in 
each batch by extracting DNA according to a modified 
HOTSHOT DNA extraction protocol [34], followed by 
qPCR amplification with Power SYBR Green Master Mix 
(Applied Biosystems, A25742) following manufacturer’s pro
tocol and melt curve analysis for each targeted locus. The 
primers used for each locus are specified in Table S1.

Fungal infections

Embryos were manually dechorionated using jeweler forceps 
prior to infection. Approximately 100 conidia (as visually 
verified during the injections at 120X magnification) were 
injected into the zebrafish hindbrain ventricle via the otic 
vesicle at 30–32 hpf as previously described [40]. After infec
tion, embryos were inspected for possible damage during 
manipulation and, in the case of drug treatments, randomly 
distributed in different groups for survival analysis. For sur
vival assays, embryos were individually distributed in 48-well 
plates containing 500 µl of drug-containing E3 medium and 
monitored every 24 h up to 5 days post fertilization.

Drug treatments

Dexamethasone (Sigma-Aldrich, D1756-25 MG), FK506 
(InvivoGen, tlrl-fk5), rapamycin (Sigma-Aldrich, 44,532-U), 
cyclosporin A, metronidazole (Sigma-Aldrich, M1547-5 G), 
AR-12 (MedChem Express, HY-10547_5 mg), carbamazepine 
(MedChem Express, HY-B0246-100 mg), torin 1 (MedChem 
Express, HY-13003_5 mg), and voriconazole (Sigma-Aldrich, 
PZ0005-5 MG) were resuspended at 10 mg/ml in DMSO 
(Sigma-Aldrich, 154,938) and aliquoted in 100 µl stock con
centrations at the recommended temperature for long-term 
storage for each drug. Working aliquots were kept at 4°C for
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a maximum of 4 weeks and added to the E3 water at the final 
concentration stated immediately after zebrafish inspection 
and before being transferred to individual wells.

Statistical analysis

All survival experiments were performed at least in triplicate 
and pooled into a final number of individuals stated using the 
Kaplan-Meier method. Pairwise comparisons of survival 
curves were performed using the Log-rank (Mantel-Cox) test 
in GraphPad Prism version 8.0. Statistical significance was 
assumed at p-value below 0.05. For each survival experiment, 
the hazard ratio via the logrank method is also reported.

Confocal microscopy

For microscopy experiments, 0.2 mM PTU (Sigma-Aldrich, 
P7629) was added to the E3 medium at 24 hpf to prevent 
pigmentation. For non-live confocal microscopy (Figures 2(h, 
I)), embryos were fixed at 15 h post infection using a 4% 
formaldehyde solution in PBS overnight, and then stored in 
PBS for up to 3 days before imaging. For live imaging, live 
infected embryos were mounted in 2% low melting agarose 
(SERVA, 140,727) in E3 medium containing 0.2 mM PTU 
and 0.02% tricaine. The hindbrain ventricle region was 
imaged using a Leica TCS SP8 confocal microscope with 
a 40X or 63X oil immersion objective (NA = 1.4), equipped 
with 488-nm, 532-nm, and 638-nm laser lines.

Abbreviation list
DMSO: dimethyl sulfoxide; HR: hazard ratio; HDT: host-directed ther
apy; Hpf: hours post fertilization; IA: invasive Aspergillosis; LAP: LC3- 
associated phagocytosis; MTZ: metronidazole; PTU: N-phenylthiourea; 
ROS: reactive oxygen species.
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