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Abstract

Invasive aspergillosis is a common opportunistic infection, causing >50% mortality in

infected immunocompromised patients. The specific molecular mechanisms of the innate

immune system that prevent pathogenesis of invasive aspergillosis in immunocompetent

individuals are not fully understood. Here, we used a zebrafish larva-Aspergillus infection

model to identify cyclooxygenase (COX) enzyme signaling as one mechanism that pro-

motes host survival. Larvae exposed to the pan-COX inhibitor indomethacin succumb to

infection at a significantly higher rate than control larvae. COX signaling is both macro-

phage- and neutrophil-mediated. However, indomethacin treatment has no effect on phago-

cyte recruitment. Instead, COX signaling promotes phagocyte-mediated inhibition of

germination and invasive hyphal growth. Increased germination and invasive hyphal growth

is also observed in infected F0 crispant larvae with mutations in genes encoding for COX

enzymes (ptgs2a/b). Protective COX-mediated signaling requires the receptor EP2 and

exogenous prostaglandin E2 (PGE2) rescues indomethacin-induced decreased immune

control of fungal growth. Collectively, we find that COX signaling activates the PGE2-EP2

pathway to increase control A. fumigatus hyphal growth by phagocytes in zebrafish larvae.

Author summary

Invasive aspergillosis causes mortality in>50% of infected patients. It is caused by a free-

living fungus Aspergillus fumigatus which releases thousands of airborne spores. While

healthy individuals clear inhaled spores efficiently, in immunocompromised individuals

these spores grow into filamentous hyphae and destroy lungs and other tissues causing

invasive aspergillosis. The immune mechanisms that control this fungal growth in healthy

people are still largely unknown. Here, we used a larval zebrafish model of A. fumigatus
infection to determine that cyclooxygenase enzymes, which are the target of non-steroidal

anti-inflammatory drugs such as aspirin and ibuprofen, are important to control the fun-

gus. Innate immune cells use cyclooxygenase signaling to prevent hyphal growth and
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tissue destruction. Our study provides new insights into the mechanisms that immune

cells deploy to stop invasive growth of A. fumigatus and inform development of future

strategies to combat invasive aspergillosis.

Introduction

Aspergillus fumigatus is a free-living saprophytic fungus which reproduces asexually by pro-

ducing thousands of conidia or spores. Owing to their small size and hydrophobicity, spores

become airborne causing widespread contamination both indoors and outdoors. It is esti-

mated that an average person can inhale 100–1000 spores per day [1]. Although healthy

immune systems can combat these spores, in immunocompromised individuals spores can

germinate to form invasive hyphae which spread to multiple organs and tissues—a condition

called invasive aspergillosis (IA) [1]. IA remains a major cause of mortality in immunocom-

promised patients, particularly individuals with hematological malignancies, bone marrow or

solid-organ transplant recipients, HIV patients, ICU patients, and patients with altered lung

conditions [2]. Despite the availability of anti-fungal drugs, the mortality rate of IA remains at

~50% [3–5]. Hence, it is imperative to develop novel strategies to target fungi and augment

anti-fungal immune responses, but this requires a better understanding of immune cell-patho-

gen interactions. Innate immune cells act as the first line of defense against inhaled A. fumiga-
tus conidia. However, the signaling and effector mechanisms that these cells use to inhibit

fungal growth are not fully understood.

Eicosanoids, such as prostaglandins, are arachidonic acid-derived lipid signaling molecules

that function in both an autocrine and paracrine manner by binding to their receptors and can

have a variety of effects on immune cell function [6,7]. Prostaglandins are produced by prosta-

glandin endoperoxide synthases (PTGSs), also called cyclooxygenase (COX) enzymes. COX

enzymes are the target of non-steroidal anti-inflammatory drugs such as aspirin, ibuprofen

and indomethacin [8–10]. COX-derived prostaglandins can have either pro- or anti-inflam-

matory effects on innate immune cells, modulating both phagocyte recruitment and phagocyte

functions [6,7,11]. In response to fungal pathogens, prostaglandin signaling is known to

inhibit phagocytosis of Candida albicans by macrophages, H2O2-mediated fungicidal activity

against Paracoccidioides brasiliensis, and M1 polarization of alveolar macrophages and killing

of Cryptococcus neoformans [12–14]. However, the roles of COX activation and prostaglandins

during A. fumigatus infections are not known.

Analyzing how given pathways affect specific aspects of dynamic host-pathogen interac-

tions in vivo is challenging. The zebrafish larva-Aspergillus infection model overcomes many

of these challenges, as larvae are transparent and allow for direct visualization of phagocyte-

Aspergillus interactions through high-resolution repetitive imaging of the same larvae over the

course of a multi-day infection [15]. Multiple steps in pathogenesis such as phagocyte recruit-

ment, phagocytosis, spore killing, germination, and hyphal growth or clearance can be quanti-

fied using this live imaging technique [16]. Zebrafish have a well-conserved immune system

with humans, but depend solely on their innate immune system for the first few weeks of their

life, providing a window to study innate immune mechanisms with no interference from the

adaptive system [17,18]. The zebrafish larva-Aspergillus model recapitulates multiple aspects of

human IA: while immunocompetent larvae are resistant, immunocompromised larvae are sus-

ceptible to the infection and develop invasive hyphae [19,20].

Here we use this zebrafish larva-Aspergillus infection model to determine the role of the

host COX pathway in phagocyte-mediated A. fumigatus clearance. We find inhibition of host
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COX signaling increases spore germination and invasive growth of hyphae in infected larvae,

thereby decreasing host survival. Genetic targeting of COX enzymes with CRISPR/Cas9 con-

firms that these host enzymes promote control of A. fumigatus germination and growth. COX

signaling does not affect macrophage or neutrophil recruitment but instead activates these

cells to target the fungus. Exogenous PGE2 injection restores control of hyphae in COX-inhib-

ited larvae, suggesting that PGE2 is a major driver of COX-mediated control of fungal growth

by phagocytes.

Results

Host cyclooxygenase inhibition decreases infected larval survival

Prostaglandins are lipid signaling molecules whose production is induced during inflamma-

tion via cyclooxygenase (COX) enzymes. We used the zebrafish larva-Aspergillus infection

model to test the hypothesis that host COX signaling promotes larval survival and fungal clear-

ance in an A. fumigatus infection. Wild-type A. fumigatus spores were microinjected into the

hindbrain ventricle of 2 days post fertilization (dpf) larvae. Infected larvae were then exposed

to the pan-COX inhibitor indomethacin or DMSO vehicle control immediately after injection

and larval survival was monitored for 7 days. Indomethacin is a well-established non-steroidal

anti-inflammatory drug that inhibits COX enzyme activation and prostaglandin synthesis

[9,10] and is widely used in a variety of animal models including zebrafish [21,22]. Indometha-

cin-treated larvae succumb to infection at a significantly greater rate than control larvae (Fig

1A). Treatment with the COX1 inhibitor SC560 [23] or COX2 inhibitor meloxicam [21] also

significantly increases infected larval mortality (S1A and S1B Fig). With each of these inhibi-

tors, no significant decrease in survival was observed in PBS-injected mock-infected larvae

(Figs 1A and S1A and S1B).

A. fumigatus also harbors three Ppo enzymes (PpoA, PpoB and PpoC) with high identity to

vertebrate COX [24]. While a previous study reported that indomethacin does not affect the

function of these enzymes [25], we wanted to confirm that the observed effects of indometha-

cin on infected larval survival are due to inhibition of host enzymes, not fungal enzymes. First,

we confirmed that during the larval stage, zebrafish have detectable levels of COX activity (S1C

Fig). Next, to determine the role of A. fumigatus Ppo enzymes, we infected zebrafish larvae

with A. fumigatus spores lacking all three ppo genes (ΔppoA, ΔppoB, ΔppoC) (S2 Fig). Deletion

Fig 1. Host cyclooxygenase signaling promotes survival of A. fumigatus-infected larvae. (A) Survival of wild-type

larvae injected at 2 dpf with TBK1.1 (Af293) A. fumigatus spores or PBS mock-infection in the presence of 10 μM

indomethacin or DMSO vehicle control. (B) Survival of larvae injected at 2 dpf with A. fumigatus Af293 or Af293

triple-ppo-mutant (Δppo) spores and exposed to 10 μM indomethacin or DMSO vehicle control. (C) Survival of larvae

injected at 2 dpf with TBK1.1 (Af293) spores and exposed to 10 μM indomethacin, 5 μM AH6809, 10 μM AH23848, or

DMSO vehicle control. Data are pooled from at least three independent replicates, at least 24 larvae per condition, per

replicate and the total larval N per condition is indicated in each figure. Cox proportional hazard regression analysis

was used to calculate P values and hazard ratios (HR). Average injection CFUs: (A) 50, (B) Af293 = 40 and Δppo = 58,

(C) 28.

https://doi.org/10.1371/journal.ppat.1010040.g001
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of ppo enzymes had no effect on fungal virulence, as survival of larvae infected with triple-ppo-

mutant A. fumigatus spores is similar to larvae infected with wild-type spores (Fig 1B). Addi-

tionally, indomethacin treatment decreased survival equally in larvae infected with triple-ppo-

mutant and wild-type spores (Fig 1B). These data demonstrate that indomethacin inhibits host

enzymes to compromise survival of A. fumigatus-infected larvae. Since no survival difference

was observed in larvae infected with a triple-ppo-mutant, we focused on wild-type A. fumigatus
for the remainder of the study.

Among COX-biosynthesized prostaglandins, prostaglandin E2 (PGE2) is a major product

synthesized by phagocytes that moderates a range of inflammatory processes and has pro- or

anti-inflammatory functions, depending on the receptor to which it binds [26]. PGE2 elicits its

actions via four different E type prostanoid receptors, EP1-4, with most immunomodulatory

effects mediated via EP2 and EP4 [26]. Therefore, we tested if EP2 and 4 receptor antagonists

affect the disease outcome of A. fumigatus-infected larvae. We used antagonists of EP2:

AH6809 [27] and EP4: AH23848 [22,27,28] previously used in zebrafish larvae. Larvae exposed

to AH6809 succumb to the infection at a similar rate as indomethacin-exposed larvae, both

with a hazard ratio of 3 compared to control larvae, while AH23848-exposed larvae show no

significant difference in survival compared to control (Fig 1C). These data suggest that COX

signaling promotes A. fumigatus-infected larval survival via a PGE2-EP2 signaling pathway.

Both macrophages and neutrophils use cyclooxygenase signaling to combat

A. fumigatus infection

We next sought to determine which innate immune cells utilize COX signaling to fight A.

fumigatus infection. Macrophages and neutrophils are the primary immune cells that combat

A. fumigatus infection in zebrafish larvae [20]. To determine if these cell types play a role in

COX-mediated host responses, we inhibited development of both phagocytes by knocking

down pu.1 (spi1b) via morpholino injection [29]. If COX signaling activates phagocytes to

clear the infection, we expect that indomethacin treatment of larvae that are already depleted

of phagocytes would have no effect on larval survival. Larvae were injected with A. fumigatus
spores or PBS and exposed to indomethacin or DMSO. Indomethacin exposure significantly

decreases survival of larvae injected with a control morpholino but has no effect on pu.1 mor-

phants (Figs 2A and S3A), suggesting that COX-mediated host protection is phagocyte-

dependent.

Then we interfered with macrophage and neutrophil function individually to determine if

each cell type is required for COX-mediated host protection. We injected 1 dpf larvae with clo-

dronate liposomes to deplete macrophages or PBS liposomes as a control. As observed previ-

ously, macrophage-depleted larvae rapidly succumb to the infection (Fig 2B) [20]. However,

indomethacin exposure further decreases the survival of macrophage-depleted larvae (Fig 2B).

While indomethacin treatment makes control larvae 8.4 times more likely to succumb to infec-

tion, clodronate liposome-injected larvae are only 1.7 times more likely to succumb upon

indomethacin treatment (Fig 2B), suggesting that macrophages partially mediate the host-pro-

tective effects of COX signaling, but that even in the absence of macrophages COX signaling

increases host survival. Larvae injected with clodronate liposomes and then given a PBS mock-

infection also have lower survival upon indomethacin treatment, suggesting that some of this

death may be due to the effects of the clodronate alone, although this difference in PBS mock-

infected larvae is not statistically significant (S3B Fig).

We next tested the survival of neutrophil-defective (mpx:rac2D57N) infected larvae. In

these larvae neutrophils are unable to migrate to the infection site [30]. As found previously,

neutrophil-defective larvae are more susceptible to A. fumigatus infection than wild-type
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controls (Fig 2C) [20,31]. Indomethacin exposure further decreases survival of neutrophil-

defective larvae (Fig 2C). Compared to wild-type larvae which are 3.9 times more likely to suc-

cumb to infection, neutrophil-defective larvae are only 1.8 times more likely to succumb to

infection, suggesting that neutrophils also partially mediate the host-protective effects of COX

signaling, but that other cell types can be involved. Lack of neutrophils has no effect on survival

of mock-infected larvae treated with indomethacin (S3C Fig). Together, these data demon-

strate that both macrophages and neutrophils participate in COX-mediated responses to pro-

mote survival of A. fumigatus-infected zebrafish larvae.

To further ascertain the roles of each cell type in COX signaling, we determined whether

macrophages and neutrophils sorted from 3 dpf larvae express genes in the COX/PGE2

Fig 2. Cyclooxygenase-mediated host protection depends on phagocytes. Survival of larvae injected with TBK1.1

(Af293) spores at 2 dpf. (A) Development of phagocytes was inhibited by pu.1 morpholino (MO). Control larvae

received standard control MO. (B) Macrophages were depleted via clodronate liposome i.v. injection at 1 dpf. Control

larvae received PBS liposomes. (C) Neutrophil-defective larvae (mpx:rac2D57N) were compared to wild-type larvae.

Data are pooled from three independent replicates, at least 10 larvae per condition, per replicate and the total larval N

per condition is indicated in each figure. Cox proportional hazard regression analysis was used to calculate P values

and hazard ratios (HR). Average injection CFUs: (A) control MO = 25, pu.1 MO = 24, (B) PBS liposomes = 20,

clodronate liposomes = 23, (C) wild-type = 26, mpx:rac2D57N = 22.

https://doi.org/10.1371/journal.ppat.1010040.g002
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pathway. Zebrafish possess two copies of COX2: prostaglandin-endoperoxide synthase-2a and

-2b (ptgs2a and ptgs2b) [32], both of which we find expressed in macrophages and neutrophils,

while neither cell type expresses the zebrafish COX1 gene (ptgs1) (S4 Fig). COX enzymes syn-

thesize PGH2, an intermediate that is converted to PGE2 by prostaglandin E synthases, which

are either membrane-bound (mPges) or cytosolic (cPges) [6]. All zebrafish pges genes are

expressed by macrophages, while neutrophils express only the cytosolic versions (S4 Fig). At

least one EP2 receptor gene (ep2a or ep2b) is expressed in both phagocytes (S4 Fig). These data

demonstrate that both macrophages and neutrophils express the machinery needed to gener-

ate and respond to COX/PGE2 signaling.

Cyclooxygenase activity is not required for phagocyte recruitment

We next sought to define how the innate immune response is altered by COX inhibition.

COX-synthesized prostaglandins are chemical messengers that can function to recruit

immune cells to infection sites, and we wondered whether COX inhibition affects macrophage

or neutrophil recruitment to A. fumigatus infection [7,20]. Zebrafish larvae expressing GFP in

macrophages (Tg(mpeg1:H2B-GFP)) or BFP in neutrophils (Tg(lyz:BFP)) were infected with A.

fumigatus spores expressing mCherry, and treated with indomethacin or DMSO vehicle con-

trol and we enumerated the number of macrophages and neutrophils at the infection site

through daily confocal imaging (Fig 3A).

As described previously, macrophages are recruited starting at 1 day post infection (dpi)

and form clusters around spores starting at 2–3 dpi (Fig 3B), with neutrophils primarily

responding after spores germinate (Fig 3C) [20]. The number of recruited macrophages (Fig

3D), macrophage cluster area (Fig 3E), and the number of recruited neutrophils (Fig 3F) are

not significantly different between indomethacin- and DMSO-exposed groups at days 1, 2,

and 3 post infection. At 5 dpi, however, more macrophages (Fig 3D) and neutrophils (Fig 3F)

are found at the infection site in indomethacin-treated larvae. Fungal germination occurs at

these later time stages and attracts more immune cells. To control for this variable, we analyzed

the number of macrophages and neutrophils in each larva relative to the day germination and

invasive hyphae were first observed. Using this normalization, we find that macrophage num-

bers (Fig 3G) and neutrophil numbers (Fig 3H) are similar between the two conditions at each

stage of fungal pathogenesis. Overall, our results indicate that phagocyte recruitment is not

dependent on COX activation.

Cyclooxygenase activity does not promote spore killing

We next hypothesized that the functions of these phagocytes are modulated by COX signaling.

The initial response of macrophages is to phagocytose injected spores and activate spore killing

mechanisms [19,20]. To determine if COX inhibition affects spore killing, we used a live-dead

staining method in which A. fumigatus spores expressing YFP are coated with AlexaFluor546

and injected into zebrafish larvae expressing mTurquoise in macrophages [20,33]. Larvae were

imaged with confocal microscopy at 2 dpi, and we enumerated the number of live versus dead

spores. Live spores are visualized as YFP signal surrounded by AlexaFluor signal, while dead

spores only have AlexaFluor signal (Fig 4A). The percentage of live spores is similar in indo-

methacin and DMSO groups both within macrophages and in the whole imaged hindbrain

area (Fig 4B). To confirm these results, we also measured the overall fungal burden in indo-

methacin- or DMSO-treated larvae over the 7-day infection period with CFU counts. Consis-

tent with live-dead staining, the fungal burden is similar between DMSO- and indomethacin-

exposed larvae throughout the infection (Figs 4C and S5), indicating that COX signaling does

not drive spore clearance.
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Cyclooxygenase inhibition decreases immune control of fungal germination

As spore killing is not affected by COX inhibition, we next hypothesized that immune control

of the next stages in fungal pathogenesis—spore germination and invasive hyphal growth—is

Fig 3. Cyclooxygenase inhibition does not alter phagocyte recruitment. Larvae were injected with mCherry-

expressing A. fumigatus TBK5.1 (Af293) spores at 2 dpf. After injection larvae were exposed to 10 μM indomethacin or

DMSO vehicle control and were imaged through 5 dpi. (A) Schematic showing the infection and imaging area of

zebrafish larvae (created with BioRender.com). (B, D, E, G) Macrophage nuclear-labeled Tg(mpeg1:H2B-GFP) larvae

were imaged at 1, 2, 3, and 5 dpi. (C, F, H) Neutrophil-labeled Tg(lyz:BFP) larvae were imaged at 2, 3, and 5 dpi. (B, C)

Representative z-projection images showing macrophage and neutrophil recruitment. Scale bars = 50 μm. (D) Number

of macrophages recruited, (E) 2D macrophage cluster area, and (F) number of neutrophils recruited were quantified.

Each line represents an individual larva followed for the entire course of infection and bars represent pooled

emmeans ± SEM from four independent replicates, at least 12 larvae per condition, per replicate. P values were

calculated by ANOVA. (G) Number of macrophages and (H) neutrophils one day before germination occurred, on the

day of germination, and on the day invasive hyphae occurred were quantified. Bars represent pooled emmeans ± SEM

from all larvae with germination from four independent replicates. Data points represent individual larva and are color

coded by replicate. P values were calculated by ANOVA.

https://doi.org/10.1371/journal.ppat.1010040.g003
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modulated by COX signaling. To monitor spore germination and hyphal growth in larvae, we

infected larvae with A. fumigatus spores expressing mCherry and imaged at 1, 2, 3 and 5 dpi

with confocal microscopy. We find spore germination in both indomethacin- and DMSO-

exposed larvae (Fig 5A). However, both the rate at which larvae are observed to have germina-

tion inside of them and the total percentage of larvae that harbor germinated spores is signifi-

cantly higher in the presence of indomethacin (Fig 5B).

Since germination is increased upon indomethacin treatment, we wanted to confirm

again that the effects of indomethacin are on the host and that indomethacin does not directly

alter A. fumigatus germination. To test this, A. fumigatus spores were inoculated in vitro in liquid

RPMI medium in the presence of indomethacin or DMSO and the percentage of germinated

spores was scored at 2-hour intervals. We find no difference in the rate of germination between

indomethacin- and DMSO-treated spores (S6 Fig). Therefore, our data demonstrate that indo-

methacin decreases host immune cell-mediated control of A. fumigatus germination.

Cyclooxygenase inhibition decreases immune control of invasive hyphal

growth

After germination, A. fumigatus hyphae branch and grow into a network disrupting the host

tissue. The cumulative percentage of larvae with invasive hyphae (as defined by branched

Fig 4. Cyclooxygenase inhibition does not affect spore killing. (A, B) Macrophage-labeled larvae Tg(mfap4:

mTurquoise2) were injected with YFP-expressing A. fumigatus TBK1.1 (Af293) spores coated with AlexaFluor 546 at 2

dpf, exposed to 10 μM indomethacin or DMSO vehicle control, and imaged at 2 dpi. (A) Representative images

showing live (white arrow) and dead (open arrow) spores within a macrophage. Scale bar = 10 μm. (B) The percentage

of live spores in the hindbrain, and specifically within macrophages, per larvae. Each data point represents an

individual larvae, color-coded by replicate (indomethacin n = 31, DMSO n = 30). Bars represent pooled

emmeans ± SEM from three independent replicates, P values calculated by ANOVA. (C) Wild-type larvae were

injected with TBK1.1 (Af293) spores at 2 dpf, exposed to 10 μM indomethacin or DMSO vehicle control, and fungal

burden was quantified by homogenizing and plating individual larvae for CFUs at multiple days post injection. Eight

larvae per condition, per dpi, per replicate were quantified, and the number of CFUs at each dpi is represented as a

percentage of the initial spore burden. Bars represent pooled emmeans ± SEM from three individual replicates, P

values calculated by ANOVA. Average injection CFUs: 27. Non-normalized raw CFU data is presented in S5 Fig.

https://doi.org/10.1371/journal.ppat.1010040.g004
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Fig 5. Cyclooxygenase inhibition decreases immune control of fungal germination and invasive hyphal growth.

Zebrafish larvae were injected with mCherry-expressing TBK5.1 (Af293) spores at 2 dpf, exposed to 10 μM

indomethacin or DMSO vehicle control and imaged at 1, 2, 3, and 5 dpi. (A) Representative images showing spore

germination (inset white arrow) and invasive hyphae (branched hyphae, inset open white arrow). Scale bar = 50 μm

(10 μm in insets). (B) Cumulative percentage of larvae with germination (dotted line) and invasive hyphae (solid line)

through 5 dpi. Cox proportional hazard regression analysis was used to calculate P values and hazard ratios (HR). (C)

2D fungal area was quantified from image z projections. Each line represents an individual larva and bars represent

pooled emmeans ± SEM from 8 independent replicates, at least 12 larvae per condition, per replicate. (D) Severity of

fungal growth was scored for all larvae and displayed as a heatmap. Representative images for each score can be found

in S7 Fig. (E-G) In larvae in which (E) germination (indomethacin n = 61, DMSO n = 45) and (F) invasive hyphae

occurred (indomethacin n = 42, DMSO n = 27), the day on which each was first observed is plotted. (G) The number

of days between germination and invasive hyphae was also calculated. Bars represent pooled emmeans ± SEM from

eight individual replicates, P values calculated by ANOVA. Each data point represents an individual larvae, color-

coded by replicate.

https://doi.org/10.1371/journal.ppat.1010040.g005
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hyphal growth (S7 Fig)) is also significantly higher with indomethacin treatment (Fig 5B).

We also quantified the hyphal burden by measuring the fungal area, finding more extensive

hyphal growth in indomethacin-treated larvae at both 3 and 5 dpi, although this difference

is not statistically significantly (Fig 5C), likely due to high variability between larvae and the

large number of indomethacin-treated larvae that succumbed to infection before 5 dpi

(Fig 1A).

Next, we rated the severity of fungal growth on a scale of 0 to 4, from no germination to

severe invasive growth of hyphae, and a lethal score of 5 (S7 Fig), focusing only on larvae that

had germination within them at some point in the experiment. Severe growth of invasive

hyphae is prominent in larvae exposed to indomethacin, eventually causing mortality (Fig

5D). Although germination occurred in the vehicle control group, these larvae are able to

delay invasive growth compared to indomethacin-treated larvae (Fig 5D), suggesting that the

major defect in these larvae is a failure to control hyphal growth post-germination. To quantify

this time of delay between appearance of germination and invasive hyphae, we analyzed the

timeline of first appearance of germlings and invasive hyphae in larvae more closely. We quan-

tified the day germination was first observed, the day invasive hyphae was first observed, and

the time between these two occurrences. The day to first observe germination was similar

between the two groups (Fig 5E). However, invasive hyphae appear significantly earlier after

both initial infection (Fig 5F) and after germination (Fig 5G) in indomethacin-exposed larvae.

Once spores are germinated, invasive hyphae appear on average ~1 day later in control larvae,

while in indomethacin-treated larvae, this growth only takes an average of ~0.5 days (Fig 5G).

We also used microscopy to determine fungal growth in larvae exposed to the EP2 antagonist

AH6809. Blockage of this receptor also leads to increased spore germination and invasive

hyphal growth at 3 dpi at a level similar to indomethacin (S8 Fig). Together, these results sug-

gest that COX-PGE2 signaling promotes phagocyte-mediated control of invasive hyphal

growth.

Neutrophils are thought to be the major phagocyte that targets and kills invasive hyphae. In

irf8-/- larvae which lack macrophages and have an abundance of neutrophils, neutrophils

destroy fast-germinating strains of A. fumigatus such as CEA10 within a few days [20]. We

therefore decided to use this infection scenario to specifically test the requirement for COX

signaling in neutrophil-mediated hyphal killing. We infected irf8-/- larvae with CEA10 spores

and isolated larvae for CFU enumeration at 0, 1, and 2 dpi. CFUs from irf8-/- were normalized

to CFUs of irf8+/+/irf8+/- at each dpi for each condition. At 2 dpi in DMSO-treated larvae,

~26% of the fungal burden remains in irf8-/- larvae compared to macrophage-sufficient larvae

(irf8+/+ or irf8+/-), demonstrating the neutrophil-mediated clearance of fungus that occurs in

these larvae (S9A Fig). Fungal clearance is slightly alleviated but not significantly different in

indomethacin-exposed irf8-/- larvae, suggesting that COX signaling may promote but is not

required for neutrophil-mediated killing of hyphae (S9A Fig). Similar to infection with

Af293-derived strains, CEA10-infected larvae also succumb to the infection at a higher rate in

the presence of indomethacin both in irf8+/+/irf8+/- and irf8-/- backgrounds (S9B Fig).

CRISPR-Cas9 targeting of COX enzyme genes also results in decreased

control of spore germination and invasive fungal growth

One explanation for the observed effects of indomethacin specifically on control of later stages

in fungal pathogenesis is a delay in drug absorption and accumulation at the infection site. To

test this, we tried pre-treating larvae and treating larvae with a higher indomethacin concen-

tration, but both conditions caused toxicity as evidenced by high mortality in mock-infected

larvae (S10 Fig). To avoid these issues of drug absorption and to confirm the role of host COX
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enzymes in controlling A. fumigatus spore germination and invasive fungal growth, we used

CRISPR/Cas9 to target both zebrafish COX2 genes: ptgs2a and ptgs2b. F0 larvae injected with

gRNAs targeting both genes or control gRNAs were infected with A. fumigatus spores express-

ing GFP and imaged at 3 dpi. PCR of genomic DNA flanking the gRNA target sites confirmed

efficient DNA alteration (S11 Fig). In ptgs-targeted larvae, we observed an increased occur-

rence of both spore germination and invasive hyphal growth (Fig 6), confirming that host

COX enzymes increase the ability of immune cells to control these later stages of fungal

pathogenesis.

Exogenous PGE2 rescues immune control of hyphal growth in the presence

of indomethacin

So far we have established that COX signaling promotes macrophage- and neutrophil-medi-

ated control of germination and invasive hyphal growth in an A. fumigatus infection. It is likely

that COX signaling acts via a PGE2-EP2 signaling axis, as EP2 receptor antagonist-treated

infected larvae have increased fungal growth (S8 Fig) and succumb to infection at the same

rate as indomethacin-treated larvae (Fig 1C). We therefore tested if exogenous PGE2 can res-

cue the effects of indomethacin treatment in infected larvae. Since PGE2 is short-lived and elic-

its short-range effects, we injected A. fumigatus-infected, indomethacin- or DMSO-treated

larvae with PGE2 or DMSO vehicle control into the hindbrain at 1 dpi. PGE2 injection partially

rescues survival of indomethacin-treated larvae, although the effect is not statistically signifi-

cant (Fig 7A). To determine if PGE2 can rescue indomethacin-inhibited functions of phago-

cytes against invasive fungal growth, we imaged the larvae at 3 dpi. As seen previously,

indomethacin treatment increases the percentage of larvae harboring both germination and

invasive hyphae at 3 dpi (Fig 7B). PGE2 supplementation rescues these phenotypes, decreasing

germination and development of invasive hyphae (Fig 7B and 7C), without affecting phagocyte

recruitment (S12A and S12B Fig). However, PGE2 injection cannot increase the survival of

either wild-type or neutrophil-defective larvae not treated with indomethacin (Figs 7A and

S12C).

In these experiments, in the absence of indomethacin treatment, we found increased fungal

germination and invasive hyphae upon PGE2 injection, although these differences were not

statistically significant (Fig 7B). To test if PGE2 can directly act on spores to promote germina-

tion, we quantified A. fumigatus germination in vitro in the presence of exogenous PGE2, but

did not find any effect (Fig 7D). PGE2 levels must be precisely controlled and balanced and an

alternative explanation is that high levels of PGE2 without concomitant indomethacin-

Fig 6. Loss of functional ptgs genes decreases immune control of fungal germination and invasive hyphae.

Embryos were injected with gRNAs targeting ptgs2a and ptgs2b or control gRNAs for gfp and Cas9 protein. F0 crispant

larvae were then injected with GFP-expressing TBK1.1 (Af293) spores at 2 dpf and imaged at 3 dpi. (A) Percentage of

larvae with germination or invasive hyphae. Data are pooled from two independent replicates, at least 23 larvae per

condition, per replicate. Average injection CFUs: control = 38, ptgs2a/2b = 39. (B) Representative images showing

hyphal growth in each condition. Scale bar = 50 μm.

https://doi.org/10.1371/journal.ppat.1010040.g006
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mediated COX inhibition promote an anti-inflammatory environment via the EP4 receptor,

leading to lowered immune control of fungal growth [28]. Therefore, we tested if excess PGE2

still leads to increased fungal germination and invasive hyphal growth when the EP4 receptor

is also blocked. Infected larvae exposed to the EP4 antagonist AH23848 were injected with

PGE2 at 1 dpi. However, in these experiments, PGE2 injection alone did not cause increased

fungal growth, possibly due to small differences in injection volume, further underlining how

small differences in PGE2 levels can lead to different outcomes. Interestingly, however, expo-

sure to AH23848 alone or in combination with PGE2 increased invasive hyphal growth in

infected larvae, although these differences were not statistically significant (Fig 7E). These data

together with the slightly increased mortality of infected larvae in the presence of AH23848

Fig 7. Exogenous PGE2 can rescue the indomethacin-mediated increase in fungal germination and hyphal growth.

Larvae were injected with mCherry-expressing TBK5.1 (Af293) spores and exposed to 10 μM indomethacin or DMSO

vehicle control at 2 dpf. At 1 dpi, larvae were injected with 10 μM PGE2 or DMSO vehicle control. (A) Survival of wild-

type larvae was monitored. Cox proportional hazard regression analysis was used to calculate P values and hazard

ratios (HR). Data are pooled from four independent replicates, at least 23 larvae per condition, per replicate and total

larval N per condition is indicated. Average injection CFUs: 40. (B-C) Larvae were imaged at 3 dpi. (B) Percentage of

larvae with germination and invasive hyphae. Data are pooled from three independent replicates, at least 8 larvae per

condition, per replicate, P values calculated by Fisher’s Exact Test. (C) Representative images showing hyphal growth

in each condition. Scale bars = 50 μm. (D) TBK1.1 (Af293) spores were inoculated into RPMI media in the presence of

1 μM PGE2, 10 μM PGE2, or DMSO vehicle control. Every 2 hours, an aliquot of spores was removed and scored for

germination. Points represent pooled means ± SEM from two independent replicates. (E) Larvae were injected with

GFP-expressing TBK1.1 (Af293) spores and exposed to 5 μM AH23848 or DMSO vehicle control at 2 dpf. At 1 dpi,

larvae were injected with 10 μM PGE2 or DMSO vehicle control. Larvae were imaged at 3 dpi and the percentage of

larvae with germination and invasive hyphae in each condition was calculated. Data are pooled from three

independent replicates, at least 11 larvae per condition, per replicate, P values calculated by Fisher’s Exact Test.

https://doi.org/10.1371/journal.ppat.1010040.g007
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(Fig 1D) suggest that EP4 may also play a minor role in mediating immune cell-mediated fun-

gal growth control. Collectively, our findings demonstrate that COX-mediated PGE2 produc-

tion and signaling via the EP2 receptor promotes phagocyte-mediated control of A. fumigatus
germination and hyphal growth (Fig 8).

Discussion

Healthy immune systems can contain and kill A. fumigatus spores despite the fact that hun-

dreds of spores can be inhaled per day. While the physiological role of macrophages and neu-

trophils in this context is well-appreciated, the molecular mechanisms that each of these cell

types use to combat each stage of fungal pathogenesis are not fully understood. The critical

step in A. fumigatus pathogenesis is the transition from dormant spore to hyphal growth, caus-

ing tissue destruction. Here, we used a zebrafish larva-A. fumigatus infection model to identify

COX-PGE2 signaling as one mechanism that promotes control of this transition to invasive

hyphae by both macrophages and neutrophils (Fig 8).

To investigate the role of COX signaling in phagocyte responses we used indomethacin, a

pan-COX inhibitor, as well as COX1- and COX2-specific inhibitors. We find that activity of

both enzymes promotes survival of A. fumigatus-infected larvae. Broadly, COX1 activity is

involved in tissue homeostasis while COX2 is inducible and is involved in responses to inflam-

matory stimuli [6]. However, evidence suggests that both isoforms are activated during inflam-

mation. Mice lacking COX1 have impaired inflammatory responses [34], and COX1 is

activated in response to LPS-induced inflammation in humans [35]. Zebrafish have one func-

tional isoform of COX1 and two functional orthologues of COX2: COX2a and COX2b [32].

COX enzymes can produce prostaglandins in multiple cell types including epithelial cells,

endothelial cells and fibroblasts, but infiltrating innate immune cells are the major source of

these lipid signals during inflammation, including both macrophages [36] and neutrophils

[11]. We find that both copies of COX2, but not COX1, are expressed in macrophages or

Fig 8. Model of cyclooxygenase signaling in response to A. fumigatus growth. COX enzymes produce prostaglandin

signaling molecules, including PGE2. PGE2 can bind to the EP2 receptor to exert pro-inflammatory effects. In zebrafish

larvae injected with A. fumigatus, this signaling activates both macrophages and neutrophils to inhibit spore

germination and development of invasive hyphal growth.

https://doi.org/10.1371/journal.ppat.1010040.g008
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neutrophils, suggesting that phagocytes mainly deploy COX2-mediated responses in zebrafish

larvae. In line with this, F0 crispant larvae in which ptgs2a and 2b have been targeted but in

which ptgs1 is intact have impaired immune control of A. fumigatus infection. However, we

cannot rule out an additional role of other cell types, such as epithelial cells, in initiating COX

signaling in response to A. fumigatus, which could be mediated via COX1, COX2, or both.

COX enzymes catalyze the main regulatory step of prostaglandin synthesis: conversion of

arachidonic acid to prostaglandin H2 (PGH2). PGH2 is then converted to one of the four

major types of prostaglandins, prostaglandin E2 (PGE2), prostaglandin D2 (PGD2), prostaglan-

din I2 (PGI2) and prostaglandin F2α (PGF2α) via different synthases. Perhaps the most studied

prostaglandin is PGE2, due to its paradoxical immunomodulatory effects [37]. Membrane-

bound (mPges) or cytosolic (cPges) PGE2 synthases convert PGH2 to PGE2. cPges is function-

ally coupled with COX1 and responsible for constitutive PGE2, while COX2-mPges is induc-

ible in response to inflammatory stimuli [38,39]. In the current study, mpges was only detected

in macrophages, suggesting macrophages may initiate PGE2 signaling. Once released, PGE2

signals via four different receptors, EP1-EP4 which have different affinities for PGE2, and acti-

vate different downstream effects [26]. We find that pharmacological inhibition of EP2 leads

to impaired control of fungal growth and increased susceptibility of the larval host at a rate

similar to COX inhibition. At least one EP2 receptor gene (ep2a or ep2b) is expressed in both

macrophages and neutrophils in larvae. Determining the specific role of each COX enzyme,

PGE2 synthase, and EP receptor in each cell type in response to A. fumigatus is complicated in

zebrafish due to the presence of a teleost genome duplication that led to multiple copies of

these genes [40], but should be the subject of future studies.

The decreased larval host survival that we observe when COX-PGE2 signaling is inhibited is

due to decreased phagocyte control of A. fumigatus spore germination and hyphal growth. In

invasive aspergillosis, it is this hyphal growth that can penetrate into host tissues and cause

organ damage and mortality. However, spore germination is a ‘double-edged sword’—while it

is required for fungal growth and pathogenesis, it also causes unmasking of fungal PAMPs and

activation of immune responses [41]. As a result, in some infection scenarios, increased germi-

nation actually leads to better host survival. For example, irf8-/- larval zebrafish that lack mac-

rophages and have an excess of neutrophils clear infections with a fast-germinating CEA10

strain of A. fumigatus at a higher rate than wild-type larvae [20]. This specific host-pathogen

interaction does not represent a "normal" A. fumigatus infection in which only a percentage of

the spores present germinate in the presence of macrophages [20]. In these "normal" scenarios

neutrophils take longer to respond and a slight decrease in immune control of fungal germina-

tion rate or hyphal growth rate will allow the infection to cause tissue destruction and death.

However, we did use this irf8-/- host infected with CEA10 to specifically measure the require-

ment for COX signaling in neutrophil killing of A. fumigatus hyphae. We find that when COX

enzymes are inhibited, neutrophil-mediated CFU clearance is not significantly affected. These

experiments also demonstrated that COX signaling is important for immune responses to the

CEA10 strain as well as the Af293 strain used in the majority of our study.

We report here that PGE2 signaling, specifically through the EP2 receptor, promotes phago-

cyte control of A. fumigatus invasive hyphal growth, but the cellular mechanisms upstream

and downstream of this signaling in larval zebrafish are not yet determined. Treatment with a

COX2 inhibitor was previously found to cause higher fungal burdens in A. fumigatus-infected

mice [42]. Garth et al. found that signaling through the IL-33 receptor inhibits PGE2 produc-

tion and inhibits fungal clearance in the infected lung [42]. The cytokines IL-17A and IL-22

were also decreased in mice with lower levels of PGE2, suggesting that these signals may act

downstream of PGE2 to coordinate the immune response [42,43]. Zebrafish have homologs

for both il22 and il17a, and il22 mRNA expression is induced upon fungal infection in adult
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zebrafish [44], but their roles in fungal infections in larval zebrafish are unknown. It is worth not-

ing that these cytokines are thought to be primarily expressed by T cells, which are not yet devel-

oped in larval zebrafish, and our results demonstrate that COX-PGE2 signaling also promotes

immune responses to A. fumigatus infection in the absence of functional adaptive immunity.

We do not yet know what downstream effector mechanisms are activated in neutrophils and

macrophages by COX signaling to target fungal growth. Prostaglandins can mediate endothelial

cell permeability and facilitate immune cell infiltration, but we observe no difference in phagocyte

recruitment when COX enzymes are inhibited [6,45,46]. Prostaglandins can also regulate extracel-

lular killing mechanisms in phagocytes such as reactive oxygen species (ROS) production, neutro-

phil degranulation, and extracellular trap (ET) formation [47–49]. Further testing is required to

determine if these mechanisms are enhanced by COX signaling during infection with A. fumigatus.
In contrast, it was previously reported that PGE2 suppresses phagocytosis and microbial

killing of fungal pathogens such as P. brasiliensis [12], C. albicans [13] and C. neoformans [14].

These differences underline the idea that PGE2 can have both pro- or anti-inflammatory func-

tions, can differentially impact diverse fungi, and that PGE2 levels must be tightly controlled

during infection to promote infection clearance. PGE2 binds to EP2 with low affinity and gen-

erally evokes pro-inflammatory responses while it binds to EP4 with high affinity and activates

anti-inflammatory responses [26]. In line with this idea, PGE2 can drive resolution of inflam-

matory phenotypes through EP4 in zebrafish larvae during injury [28]. However, our data

demonstrate that PGE2-EP4 may also partially contribute to immune cell-mediated fungal

growth control during A. fumigatus infection rather than inhibiting immune activation. PGE2

levels, and eicosanoid levels in general, must be tightly controlled during infection, and an

eicosanoid imbalance in either direction is known to increase pathogenesis of mycobacterial

infections in zebrafish, mice, and humans [50–52].

Fungal species can also synthesize their own lipid signaling molecules to modulate patho-

genesis and immune responses [53,54]. For instance, Cryptococcus neoformans strains deficient

in eicosanoid production have intracellular growth defects, which can be reversed by addition

of exogenous PGE2 in a zebrafish larvae model [27]. A. fumigatus PpoA and PpoC enzyme

activity can produce prostaglandins and similar bioactive oxylipins that can affect Aspergillus
virulence and development [24] and phagocytosis of conidia [55]. However, we find that A.

fumigatus Ppo enzymes do not affect fungal virulence in this larval zebrafish infection model,

and that indomethacin treatment does not alter A. fumigatus spore germination in vitro. Addi-

tionally, while a previous study showed that exogenous PGE2 inhibited pigment formation in

A. fumigatus hyphae which could affect invasive hyphal growth [24], we do not find any direct

effect of PGE2 on A. fumigatus germination in vitro.

Overall, PGE2 signaling must be well-orchestrated to elicit the desired anti- or pro-inflam-

matory effects. Hematopoietic stem cell transplant patients who are at high risk of developing

IA harbor elevated levels of PGE2 [56], suggesting that modulating PGE2 or the downstream

effects of PGE2 signaling may be a possible target for increasing control of these infections in

patients. Host-directed therapy to modulate PGE2 levels during infection has also been sug-

gested as a possible treatment for Mycobacterium tuberculosis infection [50]. This study pro-

vides a first step towards understanding the function of this signaling in immune-mediated

control of A. fumigatus infection.

Materials and methods

Ethics statement

Adult and larval zebrafish were maintained and handled according to protocols approved by

the Clemson University Institutional Animal Care and Use Committee (AUP2018-070,
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AUP2019-012, and AUP2019-032). Buffered tricaine was used for anesthesia prior to any

experimental manipulation of larvae. Adult zebrafish were euthanized with buffered tricaine

and zebrafish embryos and larvae were euthanized at 4˚C.

Zebrafish lines and maintenance

Zebrafish adults were maintained at 28˚C at 14/10 hr light/dark cycles. All mutant and trans-

genic fish lines used in this study are listed in Table 1 and were maintained in the AB back-

ground. Upon natural spawning, embryos were collected and maintained in E3 medium with

methylene blue at 28˚C. Embryos were manually dechorionated and anesthetized in 0.3 mg/

mL buffered tricaine prior to any experimental manipulations. Larvae used for imaging were

exposed to 200 μM N-phenylthiourea (PTU) starting at 24 hpf to inhibit pigment formation.

Transgenic larvae were screened for fluorescence prior to experimentation. The irf8 mutant

line was maintained by outcrossing. irf8+/- adults with fluorescent neutrophils (Tg(mpx:

mCherry)) were in-crossed to generate irf8+/+, irf8+/- and irf8-/- larvae, and these larvae were

screened for a high number of neutrophils to select irf8-/- individuals [57]. Genotypes were

additionally confirmed at the end of the experiment where possible.

Aspergillus fumigatus strains

Most experiments used Af293-derived strains TBK1.1 expressing YFP [19] or TBK5.1 express-

ing mCherry [20]. Both of these strains behave like the parental Af293 strain in larval zebrafish

[20]. To test neutrophil-mediated killing, GFP-expressing TFYL49.1 [62] which was derived

from the faster germinating CEA10 strain was used.

A ΔppoA, ΔppoB, ΔppoC triple-mutant strain (Δppo, TMN31.10) was used to test the role of

fungal oxylipins. In these experiments the control comparison strain used was wild-type

Af293. Briefly, a previously published Af293 ΔppoC pyrG1 strain TDWC3.4 [24] was used as

the parental strain in which ppoA and ppoB were subsequently deleted, using the A. parasiticus
pyrG marker and recyclable hygromycin resistance marker hph [63], respectively. All primers

used for strain construction and confirmation are listed in S1 Table. DNA transformation con-

structs were created through double-joint PCR using published protocols [64]. Protoplast gen-

eration and transformation were performed according to the previously published protocol

[65]. All transformants were first screened through PCR for incorporation of the construct

and absence of the ppo gene. Southern blotting followed by hybridization of αP32-dCTP

labeled 5´ and 3´ flank regions were used to confirm transformants with single integration (S2

Fig). The ppoA deletion construct was amplified from pDWC4.2 (GF ppoA del Cassette F and

GF ppoA del Cassette R) and used to transform TDWC3.4, resulting in the prototroph Af293

ΔppoC ΔppoA TMN20. A deletion cassette for ppoB was constructed by fusing ~1 kb 5´ and 3´

flanking regions of the gene with the recyclable hygromycin B resistance gene hph from

Table 1. Zebrafish lines used in this study.

Zebrafish line Reference

irf8-/- [57]

Tg(mpeg1:H2B-GFP) [58]

Tg(mpeg1:H2B-mCherry) [59]

Tg(mfap4:mTurquoise2) [60]

Tg(lyz:BFP) [20]

Tg(mpx:mCherry) [61]

Tg(mpx:mCherry-2A-rac2D57N) [30]

https://doi.org/10.1371/journal.ppat.1010040.t001
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pSK529. ppoB deletion cassette was used to transform TMN20.11, resulting in the ppo triple

deletion mutant TMN31. TMN31 transformants were subsequently grown on minimal

medium with 0.1% xylose to recycle the hygromycin B marker.

Spore preparation for injections

For injection preparation, 106 spores were spread on solid glucose minimal media (GMM) 10

cm plates and grown at 37˚C for 3–4 days. Spores were harvested by scraping using a dispos-

able L-spreader and sterile water with 0.01% Tween. This spore suspension was passed through

two layers of sterile miracloth into a 50 mL conical tube and topped to 50 mL. Spores were pel-

leted by centrifugation at 900 g for 10 min. The pellet was resuspended and washed in 50 mL

of sterile PBS. The spores were again pelleted, resuspended in 5 mL of PBS, and filtered

through another two layers of miracloth into a new conical tube. Spore concentration was enu-

merated using a hemocytometer. A final spore suspension of 1.5 X 108/ mL was made in PBS

and stored at 4˚C for up to ~1 month.

Live-dead spore labeling

Spores of A. fumigatus strain TBK1.1 were coated with AlexaFluor546 as described previously

[20,33]. Briefly, isolated spores were incubated with biotin-XX, SSE (Molecular Probes) in the pres-

ence of 0.05 M NaHCO3 at 4˚C for 2 hours. Spores were pelleted, washed first with 100 mM Tris-

HCl at pH 8.0 to deactivate free-floating biotin and next with PBS, followed by incubation with

streptavidin-AlexaFluor546 (Invitrogen). Spore concentration was enumerated and resuspended in

PBS at 1.5 X 108/ mL. Labeling was confirmed with fluorescence microscopy prior to injections.

Zebrafish hindbrain microinjections

Larvae were injected with spores as described previously [16]. Prepared spore suspensions at

1.5 X 108/ mL were mixed at 2:1 with filter-sterilized 1% phenol red to achieve a final spore

concentration of 1 X 108/ mL. Injection plates were made with 2% agarose in E3 and coated

with filter-sterilized 2% bovine serum albumin (BSA) prior to injections. Anesthetized 2 days

post fertilization (dpf) larvae were placed on the agarose on their lateral side. A microinjection

setup supplied with pressure injector, micromanipulator, micropipet holder, footswitch and

back pressure unit (Applied Scientific Instrumentation) was used to inject 30–50 spores into

the hindbrain ventricle of each larva. Larvae were injected with PBS as a mock-infection con-

trol. After injections, larvae were rinsed at least twice with E3 without methylene blue to

remove tricaine and any free spores and were transferred to 96-well plates for survival and

CFU experiments and to 48-well plates for imaging experiments.

Clodronate liposome injections

Tg(mpeg1:H2B-GFP) larvae at 1.5 dpf were manually dechorionated and screened for GFP

expression. 50 μL of clodronate or PBS liposomes (Liposoma) was mixed with 5 μL of filter-

sterilized 1% phenol red and 2 nL was intravenously injected into the caudal vein plexus of

GFP-positive larvae. After 24 hours, depletion of macrophages was confirmed by loss of GFP

signal by screening with a fluorescent zoomscope (Zeiss SteREO Discovery.V12 PentaFluar

with Achromat S 1.0x objective) prior to A. fumigatus infections.

Morpholino injections

A pu.1 (spi1b) morpholino oligonucleotide (MO) was previously published and validated

(5’-GATATACTGATACTCCATTGGTGGT-3’) (ZFIN MO1-spi1b) [29] (GeneTools). Stock
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solutions were made by resuspension in water to 1 mM and kept at 4˚C. For injections, the

stock was diluted to 0.5 mM in water with 0.1% filter-sterilized phenol red and 0.5X CutSmart

Buffer (New England Biolabs). A standard control MO (GeneTools) at 0.5 mM was used as an

injection control. 3 nl of injection mix was injected into the yolk of 1–2 cell stage embryos. Effi-

cacy of pu.1 knockdown was determined by injecting MO into a macrophage-labeled zebrafish

line and larvae were checked for fluorescence expression prior to A. fumigatus infections.

CRISPR gRNA design and injections

Guide RNAs (gRNAs) were designed to target both copies of COX2, ptgs2a and ptgs2b, and

two control GFP-targeting gRNAs using the CHOPCHOP web-based program [66–68].

gRNAs target predicted heme-binding sites located in exon 7 of both ptgs2 genes [32]. Target

sequences are (from 5’-3’) ptgs2a: AATTCAATACCCTGTATCAC, ptgs2b: GTTATGTTCAC

GCAGCCAGA, gfp1: CAACTACAAGACCCGCGCCG, and gfp2: GACGTAGCCTTCGGG

CATGG. DNA templates for gRNAs were synthesized via a cloning-free oligo annealing and

extrension method. Gene-specific oligos included T7 promoter sequence, target sequence, and

overlap sequence to pair with a constant oligo. The constant oligo (5’-AAAAGCACCGACT

CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGC TATTTC

TAGCTCTAAAAC -3’) encodes the constant region of the gRNA that binds to Cas9. Oligos

were annealed and T4 DNA polymerase (New England Biolabs) was used to fill in remaining

bases. gRNAs were then in vitro transcribed with T7 RNA polymerase (New England Biolabs),

treated with DNase I (New England Biolabs), and purified using Monarch RNA cleanup kit

(New England Biolabs). The embryo injection mix consisted of 195 ng of ptgs2a gRNA and

300 ng of ptgs2b gRNA with 1 μg of Cas9 protein (PNA Bio) in a total volume of 3.9 μL, and

the same concentrations of the two gRNAs targeting gfp in a control mix. 1–2 nL of the mix

was injected into the yolk of 1-cell stage embryos. CRISPR F0 larvae were injected with spores

of A. fumigatus strain TBK1.1 at 2 dpf and were imaged at 3 dpi. Genomic DNA was extracted

from whole larvae at 2 dpf using 50 mM NaOH and the efficacy of gRNA was tested by PCR.

Only replicates with successful cutting were included in the analysis. The primers used are

listed in S1 Table.

Drug treatments

Infected larvae were exposed to the pan-COX inhibitor indomethacin (Sigma-Aldrich) at

10 μM, COX1 inhibitor SC560 (Cayman Chemical) at 5 μM, COX2 inhibitor meloxicam (Cay-

man Chemical) at 15 μM, EP2 receptor antagonist AH6809 (Cayman Chemical) at 5 μM or

EP4 receptor antagonist AH23848 (Cayman Chemical) at 10 μM. These drugs were previously

used in zebrafish larvae [21–23,27,28]. The indomethacin concentration used was based on

published results. For all other drugs, multiple concentrations were tested and the highest con-

centration of each drug that did not cause lethality or edema in uninfected larvae was used.

1000X stock solutions were made in DMSO and 0.1% DMSO was used as a vehicle control.

After rinsing infected larvae, pre-mixed E3 with drug was added to dishes containing larvae.

For survival and CFU assays, larvae were transferred to 96-well plates, one larva/well in 200 μL

of drug/vehicle solution. For imaging experiments, larvae were transferred to 48-well plates

with 500 μL of solution. All larvae were kept in the same drug solution for the entirety of the

experiment unless otherwise noted.

PGE2 rescue injections

A stock solution of 10 mM PGE2 (Cayman Chemical) was made in DMSO [23,27]. Prior to

injection, the stock was diluted 100X in PBS and 1 μL was mixed with 9 μL of 1% phenol red
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for a final concentration of 10 μM. Wild-type larvae were injected with A. fumigatus and

exposed to 10 μM indomethacin, 5 μM AH23848 or DMSO vehicle control in 10 mL of E3 in

60 mm petri dishes. At 1 dpi, larvae were anesthetized and injected with 1 nL of 10 μM PGE2

or 0.1% DMSO into the hindbrain. After injections, indomethacin or DMSO control treat-

ments were renewed, and larvae were transferred to 96-well plates for survival and 6-well

plates for imaging experiments.

CFU counts

Single larvae were placed in 1.7 mL microcentrifuge tubes in 90 μl PBS containing 1 mg/mL

ampicillin and 0.5 mg/mL kanamycin, homogenized in a tissue lyser (Qiagen) at 1800 oscilla-

tions/min (30 Hz) for 6 min and spun down at 17000 g for 30 seconds. The whole suspension

was spread on a GMM plate and incubated for 3 days at 37˚C and the number of fungal colo-

nies were counted. For all survival experiments, 8 larvae from each condition were plated

immediately after injection to confirm actual injection dose and these numbers are reported in

all figure legends. For CFU experiments to monitor fungal burden over time, 8 larvae were

plated for each condition, each day and CFU counts were normalized to the average initial

injection dose for that condition and graphed as percent initial spore burden.

COX activity assay

Total COX activity was measured in infected larvae using a COX activity assay kit (Cayman

Chemical). Larvae injected with A. fumigatus spores or PBS mock-infection were anesthetized

and flash frozen in liquid nitrogen at 2, 3, and 4 dpi and were stored at -80˚C until the assay

was performed. A total of 200 larvae were used per condition per dpi. Just before the assay, lar-

vae were homogenized in 400 μl of 0.1M Tris-HCl (pH–7.5) spiked with 0.1 mM phenylmetha-

nesulfonyl fluoride (PMSF). This crude extract was centrifuged at 10000 g for 15 mins at 4˚C

and the supernatant was used to perform the assay. Aliquots of 150 μl of the samples were

boiled in a heat block for 5 mins and used as a background control. The assay was performed

according to the manufacturer’s instructions. Briefly, 1X assay buffer was added to a 96-well

plate, followed by hemin, samples, and a standard control. The colorimetric solution and the

arachidonic substrate acid were added, and absorbance in each well was measured at 590 nm

using a plate reader (BioTek). COX activity levels were calculated according to the manufac-

turer’s instructions. Triplicate technical replicates were done for each sample for each experi-

mental replicate.

FACS and RT-PCR

Tg(mpeg1:H2B-GFP) and Tg(mpx:mCherry) larvae were used to sort macrophages and neutro-

phils. A total of 200–300 larvae at 3 dpf were anesthetized and deyolked by pipetting up and

down with a P100. Deyolked larvae were incubated with 5 ml PBS containing 0.25% trypsin

(Life Technologies) and 1 mM EDTA for 60 min at 28˚C. The reaction was stopped by adding

1 mM CaCl2 and samples were strained through a 40 μm cell filter. Cells were centrifuged at

736 g at 4˚C for 3 mins and resuspended in 0.5–1 mL of ice-cold PBS containing 10% FBS

(Life Technologies) and kept on ice until sorting. Cell sorting was performed using a S3E cell

sorter (Bio Rad), cells were collected in 500 μL of TRIzol (Invitrogen), and RNA was extracted

using glycogen as a carrier. RNA extracted from 20 whole larvae of matching age was used as a

control. 500 ng RNA was incubated with DNaseI (New England Biolabs) to remove any geno-

mic DNA and cDNA synthesis was carried out using iScript RT Supermix with oligo dT (Bio-

Rad). Undiluted cDNA was used as template for PCR (40 cycles) using GoTaq G2 green mas-

ter mix (Promega). rps11 [69] was amplified as a positive control. To test the purity of sorting,
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liver-specific fabp1, macrophage-specific csf1ra [70], and neutrophil-specific mpx [70] genes

were amplified. Primers are listed in S1 Table.

Live imaging

For daily imaging, individual larvae were removed from 48-well plates, anesthetized in tricaine

and transferred to a zWEDGI device [71,72]. For AH6809-exposed larvae and CRISPR F0 lar-

vae, the same protocol was used, but imaged only once at 3 dpi. Larvae were imaged using a

Zeiss Cell Observer Spinning Disk confocal microscope on a Axio Obsever 7 microscope stand

with a confocal scanhead (Yokogawa CSU-X) and a Photometrics Evolve 512 EMCCD camera.

A Plan-Apochromat 20x objective (0.8 NA) and ZEN software were used to acquire Z-stack

images of the hindbrain area with 5 μm distance between slices. After imaging, larvae were

rinsed with 200 μM PTU in E3 and put back in the same well [16]. For single time point

imaging at 2 or 3 dpi, larvae were either loaded into a zWEDGI device or mounted in 1% low-

melting point agarose (Fisher BioReagents) in a 35mm glass-bottom dish (Greiner) and ori-

ented laterally. Images were acquired using the same spinning disk confocal microscope with

an EC Plan-Neofluar 40x objective (0.75 NA) with either 2.5 μm or 5 μm distance between

slices.

Image analysis

All images were analyzed using Image J/Fiji [73]. Presence of germination and invasive hyphae

were manually analyzed. Any kind of hyphal growth, whether single or branched was consid-

ered an incidence of germination, while the presence of branched hyphae was considered an

incidence of invasive hyphae. Maximum intensity projections were used to measure the 2D

fungal area after thresholding the fluorescent intensity. The number of recruited phagocytes

were counted across z-stacks using the Cell Counter plugin. For 2D phagocyte cluster area, the

polygon selection tool was used to select and measure the area of macrophage cluster from

maximum intensity projection of z-stacks. Images from the same experiments were used to

quantify incidence of germination and invasive hyphae, fungal area, and phagocyte recruit-

ment. To quantify live versus dead spores, images were blinded and processed with bilinear

interpolation to increase pixel density two-fold. Cell Counter was used to manually count the

number of live and dead spores in z-slices. For AH6809 exposure, PGE2 rescue and CRISPR

F0 imaging experiments, all images were blinded prior to analysis. All displayed images were

processed in Fiji with bilinear interpolation to increase pixel density two-fold and are dis-

played as maximum intensity projections of z-stacks. Live versus dead spore images were addi-

tionally processed with a gaussian blur (radius = 1) to reduce noise.

Aspergillus fumigatus in vitro germination assay

1 X 106 TBK1.1 spores were inoculated into a 15 mL conical tube containing 3 ml RPMI 1640

medium with HEPES (Gibco) containing 2% glucose in a 37˚C shaker at 200 rpm in the pres-

ence of 10 μM indomethacin, 1 μM or 10 μM PGE2 or DMSO vehicle control in triplicate.

Every 2 hours, 10 μL of the spore suspension was pipetted on to a microscope slide with a

cover glass and imaged under the same Zeiss spinning disk confocal microscope using a Plan-

Apochromat 20x objective (0.8 NA). At least 10 fields were captured for each sample at each

time point and imaging was continued until 8 hours post seeding. These images were blinded

prior to analysis and the number of germinated and non-germinated spores were counted

using the Fiji Cell Counter plugin.
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Statistical analysis

For all experiments, unless stated otherwise, pooled data from at least three independent repli-

cates were generated and total pooled Ns are given in each figure. Statistical analyses were per-

formed using R version 4.1.0 and graphs were generated using GraphPad Prism version 7

(GraphPad Software). While the data are pooled from three or more independent replicates,

the statistical analysis takes into account the variability within and between replicates and con-

siders independent replicates as individual entities. Larval survival data and cumulative

appearance of larvae with germination or invasive hyphae were analyzed by Cox proportional

hazard regression. Calculated experimental P values and hazard ratios (HR) are displayed in

each figure. HR defines how likely larvae in a particular condition will succumb to the infec-

tion compared to control larvae. Occasionally, the indomethacin drug lost efficacy and did not

cause the previously observed and confirmed survival defect. Any such replicates were omitted

from the final statistical analysis. CFU counts, spore killing, fungal area, phagocyte numbers

and cluster area, and comparisons of day of onset of germination and invasive hyphae were

analyzed with analysis of variance (ANOVA). For each condition, estimated marginal means

(emmeans) and standard error (SEM) were calculated and pairwise comparisons were per-

formed with Tukey’s adjustment. The graphs of number of phagocytes, phagocyte cluster area

and 2D fungal area over the infection period show values from individual larvae over time

as individual lines, and bars represent pooled emmeans ± SEM. Data points in dot plots repre-

sent individual larvae and are color-coded based on replicate and bars represent pooled

emmeans ± SEM. For single day imaging experiments, the total number of larvae with germi-

nation or invasive hyphae were compared using Fisher’s Exact Test. Bars represent the per-

centage of larvae with each phenotype at 3 dpi. For the in vitro germination assay, data were

pooled from two independent replicates, each consisting of three technical replicates. Graphs

represent means ± SEM at each time point.

Supporting information

S1 Fig. Both cyclooxygenase-1 and -2 signaling contribute to survival of infected larvae.

(A, B) Larvae were injected with TBK1.1 (Af293) A. fumigatus spores at 2 dpf and were

exposed to (A) 5 μM SC560, (B) 15 μM meloxicam, or DMSO vehicle control. Survival was

monitored for 7 days. Cox proportional hazard regression analysis was used to calculate P val-

ues and hazard ratios (HR). Data are pooled from three independent experiments, at least 19

larvae per condition, per replicate and the total larval N per condition is indicated in each fig-

ure. (C) Total cyclooxygenase activity of larvae injected with TBK1.1 (Af293) A. fumigatus
spores or PBS mock-infection as detected by Cox activity assay kit. 200 infected larvae at 2, 3,

and 4 dpi were homogenized, and bulk extracts were analyzed. Data are averaged from three

independent experiments and P values calculated by ANOVA. Bars represent means ± SEM.

Average injection CFUs: (A) 35, (B) 30, (C) 2 dpi = 57, 3 dpi = 62, 4 dpi = 64.

(TIF)

S2 Fig. Southern blot analyses of strains created in this study. Confirmation of (A) TMN20

Af293 ΔppoC ΔppoA double mutant and (B) TMN31 Af293 ΔppoC ΔppoA ΔppoB triple

mutant. Restriction enzyme digestion, southern blotting and hybridization were performed as

mentioned in the Materials and Methods. Double and triple ppo mutants were created in

sequence. Hybridization of αP32-dCTP labeled 5´ and 3´ flank regions were used to confirm

transformants. The parental strain and the size of DNA fragments used to probe for southern

blotting and hybridization are shown in each figure. P = parental strain; T = transformants.

(TIF)
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S3 Fig. Survival of phagocyte-deficient larvae after PBS mock-infection. (A) Wild-type lar-

vae injected with standard control MO or pu.1 MO, (B) larvae injected with PBS liposomes or

clodronate liposomes and (C) larvae with defective neutrophils (mpx:rac2D57N) or wild-type

neutrophils were injected with PBS at 2 dpf. Survival was monitored in the presence of 10 μM

indomethacin or DMSO vehicle control. Data are pooled from three independent experi-

ments, at least 9 larvae per condition, per replicate and the total larval N per condition is indi-

cated in each figure. Cox proportional hazard regression analysis was used to calculate P

values and hazard ratios (HR).

(TIF)

S4 Fig. Expression COX-PGE2 pathway genes in isolated macrophages and neutrophils.

Larvae expressing GFP in macrophages (Tg(mpeg1:H2B-GFP)) or mCherry in neutrophils (Tg
(mpx:mCherry)) were trypsinized and single cell suspensions were subjected to FACS. Two

independent replicates were performed. (A, B) Gating used to isolate GFP-expressing macro-

phages (A) and mCherry expressing neutrophils (B). (C, D) RNA was extracted from sorted

cells and RT-PCR was performed for the genes shown. (C) DNA gels for two replicates. W:

whole larvae control, M: isolated macrophages, N: isolated neutrophils, -: negative controls.

(D) Summary table of gene expression from both replicates. Presence of a band is represented

by 1.

(TIF)

S5 Fig. Non-normalized CFU data in control and indomethacin-treated larvae. Wild-type

larvae were injected with TBK1.1 (Af293) spores at 2 dpf, exposed to (A) 10 μM indomethacin

or (B) DMSO vehicle control, and fungal burden was quantified by homogenizing and plating

individual larvae for CFUs at multiple days post injection. Eight larvae per condition, per dpi,

per replicate were quantified, and the number of CFUs at each dpi is represented. Each data

point represents an individual larvae, color-coded by replicate. Bars represent means ± SEM

from three individual replicates. Average injection CFUs: 27. This same data is normalized to

the initial spore injection and presented in Fig 4.

(TIF)

S6 Fig. Indomethacin does not affect A. fumigatus spore germination in vitro. TBK1.1

(Af293) spores were inoculated into RPMI media in the presence of 10 μM indomethacin or

DMSO vehicle control. Every 2 hours, an aliquot of spores was removed and scored for germi-

nation. Points represent pooled means ± SEM from two independent replicates.

(TIF)

S7 Fig. Representative images of categories of A. fumigatus hyphal growth. Wild-type larvae

were injected with mCherry-expressing TBK5.1 (Af293) spores, exposed to 10 uM indometha-

cin or DMSO vehicle control and imaged at 1, 2, 3, and 5 dpi. Incidences of hyphal growth

were scored a value of 1–4 depending on the extent of hyphae. Category 1: presence of one

germ tube (white arrow). Category 2: presence of branched hyphae (open white arrow), yet

small fungal bolus. Category 3: presence of spread-out invasive hyphae. Category 4: presence

of severe invasive hyphae and tissue damage. Scale bars = 50 μm or 10 μm.

(TIF)

S8 Fig. Inhibition of EP2 receptor increases A. fumigatus spore germination in zebrafish

larvae. Wild-type larvae were injected with mCherry-expressing TBK5.1 (Af293) spores and

exposed to 5 μM AH6809 or DMSO vehicle control at 2 dpf. Larvae were imaged at 3 dpi and

the percentage of larvae with germination and invasive hyphae was calculated. Data are pooled

from three independent replicates, at least 11 larvae per condition, per replicate, P values
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calculated by Fisher’s Exact Test.

(TIF)

S9 Fig. Indomethacin does not significantly impair neutrophil-mediated clearance of A. fumi-
gatus hyphae. Macrophage-deficient irf8-/- or control (irf8+/+ or irf8+/-) larvae were injected with

A. fumigatus TFYL49.1 (CEA10) strain and treated with 10 μM indomethacin or DMSO vehicle

control. (A) Fungal burden was monitored by homogenizing individual larvae and quantifying

CFUs at 1 and 2 dpi. CFUs from irf8-/- were normalized to CFUs of irf8+/+/irf8+/- at each dpi for

each condition. Data were pooled from four independent replicates, 8 larvae per condition, per

dpi, and P values calculated by ANOVA. (B) Larvae were monitored for survival. Data are pooled

from five independent replicates, at least 8 larvae per condition, per replicate and the total larval N

per condition is indicated. Cox proportional hazard regression analysis was used to calculate P

values and hazard ratios (HR). Average injection CFUs: irf8+/+/irf8+/- = 26, irf8-/- = 20.

(TIF)

S10 Fig. Pre-treatment with or exposure to higher concentrations of indomethacin causes

toxicity in zebrafish larvae. Larvae were exposed to 10 μM or 20 μM indomethacin, or DMSO

vehicle control at 1 dpf (1 day prior to injection) or at 2 dpf (immediately after injection) and

survival was monitored for 7 days. Survival of larvae injected with (A) TBK1.1 (Af293) A. fumi-
gatus spores, or (B) PBS mock-infection. Data are pooled from two independent experiments,

at least 20 larvae per condition, per replicate and the total larval N per condition is indicated in

each figure. (A) Average injection CFUs: 2 dpf treatment = 35, pre-treatment DMSO = 38,

10 μM indomethacin = 50, 20 μM indomethacin = 62.

(TIF)

S11 Fig. Efficiency of CRISPR gRNA. (A) A schematic showing the structure of ptgs2 genes

and the target sites for gRNA binding. (B) Wild-type larvae were injected with gRNAs target-

ing both ptgs2a and ptgs2b or gfp control. Genomic DNA from 4 individual larvae from each

group was used in PCR reactions with primers flanking the gRNA target sites. Each lane repre-

sents PCR amplification of an individual larva.

(TIF)

S12 Fig. PGE2 injection does not alter phagocyte recruitment or rescue survival of neutro-

phil-defective larvae. At 2 dpf, larvae were injected with TBK5.1 (Af293), followed by injec-

tion of 10 μM PGE2 or DMSO vehicle control at 3 dpf (1 dpi). (A, B) Macrophage nuclear-

labeled Tg(mpeg1:H2B-GFP) and neutrophil-labeled Tg(lyz:BFP) larvae were imaged at 3 dpi

and the number of (A) macrophages and (B) neutrophils were enumerated. Data are pooled

from three independent replicates, at least 8 larvae per condition, per replicate. Each data

point represents an individual larva, color-coded by replicate. Bars represent pooled

emmeans ± SEM and P values were calculated by ANOVA. (C) Survival of injected and treated

neutrophil-defective larvae (mpx:rac2D57N) was monitored. Cox proportional hazard regres-

sion analysis was used to calculate P values and hazard ratios (HR). Data are pooled from three

replicates, at least 23 larvae per condition, per replicate. Average injection CFUs: 49.

(TIF)

S1 Table. Primers used in this study.

(DOCX)
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53. Mendoza SR, Zamith-Miranda D, Takács T, Gacser A, Nosanchuk JD, Guimarães AJ. Complex and

Controversial Roles of Eicosanoids in Fungal Pathogenesis. Journal of fungi (Basel, Switzerland).

2021; 7(4):254. https://doi.org/10.3390/jof7040254 PMID: 33800694

54. Erb-Downward JR, Noverr MC. Characterization of prostaglandin E2 production by Candida albicans.

Infection and immunity. 2007; 75(7):3498–505. https://doi.org/10.1128/IAI.00232-07 PMID: 17470538

55. Dagenais TR, Chung D, Giles SS, Hull CM, Andes D, Keller NP. Defects in conidiophore development

and conidium-macrophage interactions in a dioxygenase mutant of Aspergillus fumigatus. Infection and

immunity. 2008; 76(7):3214–20. https://doi.org/10.1128/IAI.00009-08 PMID: 18443090

56. Cayeux SJ, Beverley PC, Schulz R, Dörken B. Elevated plasma prostaglandin E2 levels found in 14

patients undergoing autologous bone marrow or stem cell transplantation. Bone marrow transplanta-

tion. 1993; 12(6):603–8. PMID: 7907905

57. Shiau CE, Kaufman Z, Meireles AM, Talbot WS. Differential requirement for irf8 in formation of embry-

onic and adult macrophages in zebrafish. PloS one. 2015; 10(1):e0117513. https://doi.org/10.1371/

journal.pone.0117513 PMID: 25615614

58. Miskolci V, Squirrell J, Rindy J, Vincent W, Sauer JD, Gibson A, et al. Distinct inflammatory and wound

healing responses to complex caudal fin injuries of larval zebrafish. eLife. 2019; 8:e45976. https://doi.

org/10.7554/eLife.45976 PMID: 31259685

59. Vincent WJ, Freisinger CM, Lam PY, Huttenlocher A, Sauer JD. Macrophages mediate flagellin induced

inflammasome activation and host defense in zebrafish. Cellular microbiology. 2016; 18(4):591–604.

https://doi.org/10.1111/cmi.12536 PMID: 26468080

60. Walton EM, Cronan MR, Beerman RW, Tobin DM. The Macrophage-Specific Promoter mfap4 Allows

Live, Long-Term Analysis of Macrophage Behavior during Mycobacterial Infection in Zebrafish. PloS

one. 2015; 10(10):e0138949. https://doi.org/10.1371/journal.pone.0138949 PMID: 26445458

61. Yoo SK, Deng Q, Cavnar PJ, Wu YI, Hahn KM, Huttenlocher A. Differential Regulation of Protrusion

and Polarity by PI(3)K during Neutrophil Motility in Live Zebrafish. Developmental cell. 2010; 18(2):226–

36. https://doi.org/10.1016/j.devcel.2009.11.015 PMID: 20159593

62. Lim FY, Ames B, Walsh CT, Keller NP. Co-ordination between BrlA regulation and secretion of the oxi-

doreductase FmqD directs selective accumulation of fumiquinazoline C to conidial tissues in Aspergillus

fumigatus. Cellular microbiology. 2014; 16(8):1267–83. https://doi.org/10.1111/cmi.12284 PMID:

24612080
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