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Aspergillus fumigatus is the most common filamentous fungal pathogen of immunocompromised hosts, resulting in invasive
aspergillosis (IA) and high mortality rates. Innate immunity is known to be the predominant host defense against A. fumigatus;
however, innate phagocyte responses to A. fumigatus in an intact host and their contributions to host survival remain unclear.
Here, we describe a larval zebrafish A. fumigatus infection model amenable to real-time imaging of host-fungal interactions in
live animals. Following infection with A. fumigatus, innate phagocyte populations exhibit clear preferences for different fungal
morphologies: macrophages rapidly phagocytose conidia and form aggregates around hyphae, while the neutrophil response is
dependent upon the presence of hyphae. Depletion of macrophages rendered host larvae susceptible to invasive disease. More-
over, a zebrafish model of human leukocyte adhesion deficiency with impaired neutrophil function also resulted in invasive dis-
ease and impaired host survival. In contrast, macrophage-deficient but not neutrophil-deficient larvae exhibited attenuated
disease following challenge with a less virulent (�laeA) strain of A. fumigatus, which has defects in secondary metabolite pro-
duction. Taking these results together, we have established a new vertebrate model for studying innate immune responses to A.
fumigatus that reveals distinct roles for neutrophils and macrophages in mediating host defense against IA.

Aspergillus fumigatus is an airborne opportunistic human
pathogen. Infectious particles for A. fumigatus are airborne

asexual spores called conidia. As a consequence of their small size
(2 to 3 �m) and worldwide distribution, inhaled conidia readily
enter the deep recesses of the lung, and it is estimated that the
average individual inhales up to several hundred conidia per day
(1). In an immunocompetent host, inhaled conidia are efficiently
contained, generally with no pathological consequences. In con-
trast, immunocompromised populations are at risk for develop-
ing invasive aspergillosis (IA), a devastating disease characterized
by conidial germination into tissue-penetrating hyphae growing
beyond the original site of infection. While defects in adaptive
immunity can predispose individuals to IA (2, 3), the majority of
cases result from impaired innate immune function. Increased
uses of immunosuppressive therapies for advanced medical treat-
ments over the last several decades have been accompanied by an
increase in the number of patients developing IA (4, 5). Despite
advances in early diagnosis and treatment, mortality rates from IA
can be as high as 90% in the most at-risk populations (1, 6, 7).
Furthermore, disease pathology can vary significantly depending
on the immunosuppressant used and immune status of the host
(8, 9), suggesting a dynamic interplay between elements of the
innate immune system and A. fumigatus.

Mammalian models, most often murine, currently use several
methods for immune suppression to induce IA. For example, ad-
ministration of cytotoxic compounds and corticosteroids such as
cyclophosphamide and cortisone acetate is used to cause neutro-
penia and overall immune suppression. While broad immuno-
suppression is effective in recapitulating many facets of IA (e.g.,
tissue lesions, dissemination, and mortality), it becomes difficult
to draw conclusions about the contribution of specific phagocyte
populations to host survival (10, 11). More specific immune sup-
pression in mouse models has been attained with monoclonal

antibody-mediated neutrophil depletion and clodronate lipo-
some-mediated macrophage depletion (12). Again, innate im-
mune contributions to controlling IA can be masked even with
targeted approaches, as nontargeted innate and adaptive func-
tions that contribute to host recognition of A. fumigatus (13) can
remain functional.

The larval zebrafish (Danio rerio) is an increasingly popular
model system to study innate defenses against pathogens in a ver-
tebrate host because adaptive immunity does not develop until
several weeks after fertilization (14). The larval zebrafish innate
immune system exhibits a high degree of functional competence
and conservation with mammals. Within days after fertilization,
larvae have both macrophage and neutrophil populations
equipped with conserved pathogen recognition receptors, oxida-
tive mechanisms, and phagocytic behaviors (15) as well as dy-
namic innate transcriptional profiles in response to pathogens
(15, 16). While well established as an infection host for bacterial
pathogens (17), the larval zebrafish has not frequently been used
to model fungal disease. However, recent studies have highlighted
the role of innate immunity in response to the fungal pathogen
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Candida albicans using zebrafish (18–20). Furthering its utility as
an infection host, the larval zebrafish is amenable to rapid genetic
manipulation through morpholino-mediated (MO) gene knock-
down (21), straightforward genomic editing (22), and forward
genetic approaches (23). The availability of transgenic lines har-
boring fluorescently labeled phagocytes coupled with inherent
optical transparency at the larval stage enables noninvasive in vivo
imaging of immune function at the cellular level (24). Finally,
their small size and facile husbandry make the larval zebrafish
ideal for high-throughput analysis where large larval numbers give
strong statistical power to survival analysis and studies of phago-
cyte behavior.

We sought to exploit the advantages of the larval zebrafish to
expand host-Aspergillus interaction studies to a genetically tracta-
ble, optically transparent host that is dependent upon innate im-
munity and amenable to high-throughput survival analysis. We
uncovered several advantages of this model over the murine
model of IA, chief of which is the ability to noninvasively visualize
real-time phagocyte interactions with both spore and hyphal mor-
phologies of A. fumigatus in an intact host. The power of real-time
imaging has allowed for elucidation of previously uncharacterized
roles for both macrophages and neutrophils in mediating distinct
elements of host survival against A. fumigatus. Furthermore, we
used the sensitivity of this model to reveal host immunosuppres-
sion-specific virulence attenuation for a �laeA strain of A. fumiga-
tus. Our larval zebrafish model offers an accessible and high-
throughput resource for studying the mechanisms mediating host
resistance and susceptibility to, as well precise virulence determi-
nants for, the increasingly problematic opportunistic pathogen A.
fumigatus.

MATERIALS AND METHODS
Zebrafish care and maintenance. Adult zebrafish were kept under a light/
dark cycle of 14 h and 10 h, respectively. Larval zebrafish were incubated at
28.5°C in E3 buffer. For infection experiments, larvae were switched to E3
made without methylene blue (E3-MB) at 24 h postinfection (hpi) and
manually dechorionated between 24 and 30 hpi. Prior to microinjection
or imaging, larvae were anesthetized in E3-MB containing 0.2 mg/ml
Tricaine (ethyl 3-aminobenzoate; Sigma-Aldrich). For live imaging, pig-
ment synthesis was inhibited by switching larvae to E3-MB containing 0.2
nM 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich) at 24 h postfertilization
(hpf). For time lapse imaging, larvae were mounted in 1% low-melting-
point agarose, 0.2 mg/ml Tricaine, and 0.2 nM PTU (final concentrations)
on a custom-made glass-bottom dish. When necessary, larvae were gently
dissected out of the agarose after imaging into E3-MB until being re-
mounted for follow-up imaging. All adult and larval zebrafish procedures
were in full compliance with NIH guidelines and approved by the Univer-
sity of Wisconsin—Madison Institutional Animal Care and Use Commit-
tee (no. M01570 – 0-02-13).

Fungal growth conditions and inoculum preparation. Table S1 in
the supplemental material lists all fungal strains used in this study. All A.
fumigatus strains were grown at 37°C on solid glucose minimal medium
(sGMM) (25) with supplements as needed. Conidial suspensions for in-
fection experiments were prepared by evenly spreading sGMM with 1 �
106 conidia/plate. After at least 72 h of growth, conidia were harvested
with sterile water supplemented with 0.01% Tween and gentle rubbing
with an L-style spreader, passed through two layers of sterile Miracloth
into a sterile 50-ml screw-cap tube, and brought to a volume of 50 ml.
Following centrifugation at 900 � g for 10 min, conidial pellets were
thoroughly resuspended in 50 ml sterile phosphate-buffered saline (PBS),
pelleted again, and brought to a volume of approximately 5 ml in sterile
PBS before passing once more through a double layer of sterile Miracloth.
Conidia were then enumerated with a hemocytometer and brought to a

final concentration of 1.5 � 108 conidia/ml in PBS prior to microinjection
into zebrafish larvae (see “Conidial microinjection” below). In our hands,
this procedure for harvesting, concentrating, and resuspending conidia is
ideal for minimizing hyphal fragment contamination and conidial clump-
ing to reduce downstream clogging of the microinjection capillary needle.
For heat inactivation, conidia were incubated at 99.0°C for 30 min with
gentle agitation. Heat inactivation was verified by plating on GMM for 3
days at 37°C. All prepared conidial suspensions for microinjection were
used within 4 weeks.

Pseudomonas aeruginosa growth conditions and inoculum prepa-
ration. The Pseudomonas aeruginosa strain (PAK) carrying a plasmid-en-
coded mCherry construct for constitutive expression (pMKB1::mCherry)
was kindly provided by S. Moskowitz, University of Washington, Seattle,
WA, USA (26). From frozen stock, bacterial colonies were isolated on
Luria-Bertani agar supplemented with 200 �g/ml carbenicillin following
overnight incubation at 37°C. For injections, approximately 5 to 10 colo-
nies were wiped from the agar surface, suspended in PBS, and adjusted as
necessary to a final optical density of 0.1.

Construction of YFP-expressing A. fumigatus strain. Table S2 in the
supplemental material lists all primers used in this study. Quick-change
mutagenesis (27) and double-joint PCR (28) were used to generate trans-
forming DNA for making A. fumigatus strain TBK1.1 from the auxotro-
phic AF293.1 strain (see Table S1 in the supplemental material). Briefly,
the yellow fluorescent protein (YFP)-coding sequence was amplified from
pSK495 using primers QC-pFNO3-pSK495-F and QC-pFNO3-
pSK495-R and used to replace the green fluorescent protein (GFP) se-
quence of pFNO3 by quick-change mutagenesis. Successful quick-change
mutagenesis and generation of pBPK1 were confirmed via restriction
mapping and sequencing. Transforming DNA was designed to insert the
YFP-pyrG sequence at the 3= end of A. fumigatus gpdA to create a fusion
protein. Double-joint PCR fused, in order, the following fragments to
generate a linear transformation construct: AfgpdA5=Flank amplified
from A. fumigatus genomic DNA with primers AfgpdA-YFP-pyrG-5=F
and AfgpdA-YFP-pyrG-5=R, QC-YFP amplified from pBPK1 with prim-
ers AfpBPK1-F and AfpBPK1-R, and AfgpdA3=Flank amplified from A.
fumigatus genomic DNA with primers AfgpdA-YFP-pyrG-3=F and Afg-
pdA-YFP-pyrG-3=R. The resulting linear DNA construct was transformed
into strain Af293.1 (a pyrG auxotroph). Fungal protoplasts were gener-
ated and transformed as previously described (29). Strain TBK1.1 was
selected by reversion to prototrophy and verified by diagnostic PCR using
primers AfgpdA-YFP-DIGN-F and AfgpdA-YFP-pyrG-3=R in addition to
visual observation of constitutive YFP expression in both spores and hy-
phae.

MO knockdown. Morpholinos (MOs) were purchased from Gene
Tools (Philomath, OR) and stored at room temperature in sterile distilled
water at a stock concentration of 1 mM. Three nanoliters of MOs was
microinjected into the yolk center of embryos at the 1- to 4-cell develop-
mental stage at the indicated concentrations (pu.1, 500 �M [30]; irf8, 400
�M [31]; Rac2, 100 �M [32]). A standard control MO (Gene Tools) was
injected at a concentration matching that of the experimental MO.

Conidial microinjection. In preparation for hindbrain ventricle in-
fection, conidial stocks in PBS at a concentration of 1.5 � 108 conidia/ml
were mixed 2:1 with sterile 1% phenol red, for clear visualization of injec-
tion success, rendering a final conidial concentration of 1.0 � 108 conidia/
ml. After manual dechorionation of embryos at �28 hpf, localized hind-
brain infections were performed with 3-nl infection volumes via the otic
vesicle on anesthetized larvae at �36 hpf as described previously (18) with
larvae positioned laterally on injection plates made of 3% agarose in E3
pretreated with 1 ml filter-sterilized 2% bovine serum albumin (BSA) to
prevent larval abrasion against the agarose surface and facilitate handling.
Under these conditions, individual larvae received on average 50 conidia,
and CFU/injection were monitored via injection into 0.1-ml puddles of
sterile water on sGMM plates. (See Fig. S1 in the supplemental material
for individual larvae homogenizations and CFU enumeration at time zero
for the range of initial fungal burdens.) When coinjecting A. fumigatus
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and PAK, appropriate stock concentrations were adjusted to ensure that
there were 1.0 � 108 conidia/ml and that, after mixing with conidia, PAK
was at a final optical density (OD) of 0.1. For survival analysis, infected
larvae were individually sorted into single wells of a 96-well plate and
monitored every 24 h for the duration of the experiment. For conidial
viability assays, single infected larvae or pools of 20 infected larvae were
homogenized at the time points indicated into 0.1 ml or 1 ml PBS, respec-
tively. Larval tissue was disrupted to release conidia via shear stress in a
bead beater at maximum speed, with no beads added, for 10 s, and if
necessary, persisting tissue fragments were passed through a sterile 26-
gauge needle.

Fluorescence microscopy. For time lapse fluorescence imaging, anes-
thetized larvae were positioned onto the bottom of a custom-made glass
imaging dish with Tricaine and PTU at the concentrations described
above with or without 1% low-melting-point agarose, depending on the
duration of imaging. Both time lapse and still images were acquired with
a laser scanning confocal microscope (Fluoview FV1000; Olympus, PA)
using a numerical aperture 20�/0.75 objective. During confocal imaging,
differential interference contrast (DIC) and fluorescence channels (488
nm and 543 nm) were obtained via sequential line scanning. Z-stack ac-
quisition utilized an 80-�m pinhole and 10-�m step sizes.

Statistical analyses. Repeated-measures analysis of variance (ANOVA)
was conducted to compare normalized CFU counts between groups for dif-
ferent days postinfection (dpi). Pairwise comparisons between normalized
CFU counts between dpi groups were performed using Tukey’s honestly sig-
nificant difference (HSD) method. The data were summarized in graphical
format using bar charts with the corresponding error bars. Survival data from
at least three independent experimental replicates were pooled and analyzed

using Cox proportional-hazard regression analysis where the experimental
conditions were included as group variables. The utilization of the Cox pro-
portional-hazard model for analyzing the survival outcomes allows for this
incorporation of several group variables into a comprehensive model. The
survival distributions for the different experimental conditions were dis-
played in graphical format using Kaplan-Meier plots. All P values were two
sided, and a P value of �0.05 was used to define statistical significance. Data
analyses were conducted using GraphPad Prism version 6 and R statistical
software version 3 (33).

RESULTS
Invasive A. fumigatus infection in immunodeficient zebrafish
larvae. To determine if immunocompetent zebrafish larvae de-
velop invasive aspergillosis (IA), we performed localized hind-
brain ventricle microinjections with A. fumigatus conidia at �32
hpf (Fig. 1A) using modifications of a previously published pro-
tocol (18). Immunocompetent (control MO) larvae had �100%
survival at 1 week following infection (Fig. 1B). Previous studies
have shown that innate phagocytes can kill A. fumigatus conidia
over time in vitro (34). Therefore, to determine if conidial killing
accompanied immunocompetent larval survival in vivo, pools of
20 larvae were homogenized at 0, 1, 3, 5, and 7 days postinfection
(dpi) to assess the average fungal burden throughout the course of
infection. Surprisingly, it was not until 5 and 7 dpi that we found
a significant decrease (P � 0.05) in viable conidia (Fig. 1C). To
rule out the possibility of individual larvae within the pool skew-

FIG 1 Aspergillus fumigatus causes invasive disease in immunodeficient larvae. (A) Cartoon of zebrafish larvae at �32 hpf undergoing microinjection of conidia
into the hindbrain ventricle (shaded red) through the otic vesicle. (B) Immunocompetent larvae (control MO) are not susceptible to infection following challenge
with A. fumigatus (gpdA::GFP::his2A). Treatment with the pu.1 morpholino (pu.1 MO) depletes morphant larvae of macrophages and neutrophils and renders
them highly susceptible (P � 0.0001) to infection following challenge with A. fumigatus. pu.1 morphant larvae showed no mortality following injection of PBS,
heat-killed A. fumigatus (HK), or the classically avirulent �sidA strain of A. fumigatus deficient in siderophore biosynthesis (P � 0.05). Survival data are pooled
from three independent experimental replicates, and P values were calculated by Cox proportional-hazard regression analysis. (C) Immunocompetent larvae
significantly reduce viable conidia by days 5 and 7 postinfection. *, P � 0.05 as determined by repeated-measures ANOVA and Tukey’s HSD method for
multiple-comparison test. (D) At 2 days postinfection, control larvae harbor ungerminated conidia (gray arrows), while macrophage- and neutrophil-deficient
pu.1 morphants succumb to invasive A. fumigatus (gpdA::YFP) growth. Scale bar, 100 �m.
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ing average CFU counts with particularly high or low burdens,
single larvae were homogenized and plated. This approach yielded
a similar trend, with a �60% decrease in CFU by 7 dpi (see Fig. S1
in the supplemental material), indicating that although the infec-
tion was controlled, it was not rapidly cleared in immunocompe-
tent larvae.

As IA is a disease largely affecting patients with defects in innate
immunity, we next sought to determine whether phagocytes of the
innate immune system are responsible for larval survival follow-
ing challenge with A. fumigatus. To test this question, we utilized
morpholino-mediated knockdown (21) of pu.1, a transcription
factor required for differentiation of myelo-erythroid progenitor
cells into the myeloid lineage. The pu.1 morpholino impairs for-
mation of both macrophages and neutrophils in developing larvae
(30), which are the primary cells of the innate immune response.
pu.1 morphant larvae were highly susceptible (P � 0.0001) to
wild-type A. fumigatus (gpdA::GFP::his2A) infection, with �100%
mortality by 3 days postinfection, whereas mock infection caused
no host mortality (Fig. 1B). Heat inactivation of conidia abrogated
the effects on mortality in pu.1 morphants (Fig. 1B). Additionally,
we verified in our model that a known avirulent strain (35, 36)
deficient in production of the siderophore precursor L-ornithine-
N5-monooxygenase (�sidA) did not cause disease in pu.1 mor-
phant larvae (P � 0.1) (Fig. 1B).

To understand why A. fumigatus causes lethal infection in pu.1
morphant larvae, we imaged a strain of A. fumigatus that consti-
tutively expresses YFP (gpdA::YFP) in both control and pu.1 mor-
phants. While hyphal formation was rarely observed in immuno-
competent larvae, we found that pu.1 morphants succumb to
aggressive hyphal growth and invasive disease (Fig. 1D; see Movie
S1 in the supplemental material). Of note, hyphae frequently pen-
etrated into neighboring tissues and at times were seen breaking
through the epithelium. Taking these results together, we con-
clude that A. fumigatus causes invasive disease within the larval
zebrafish in the absence of innate phagocytes.

Macrophages rapidly phagocytose A. fumigatus conidia and
mediate host survival. One of the main advantages of the larval
zebrafish lies in its optical transparency, allowing direct observa-
tion of innate immune responses to A. fumigatus. Having already
established the importance of innate phagocytes in controlling IA
in zebrafish larvae (Fig. 1B), we next wanted to characterize the
contributions of individual macrophage and neutrophil popula-
tions toward host recognition of and survival against A. fumigatus.
Since macrophages are known to be critical responders to A. fu-
migatus (37–40), we next used transgenic fish specifically express-
ing the fluorescent protein Dendra2 in macrophages [Tg(mpeg1:
dendra2)] (41), facilitating direct observation of macrophage-A.
fumigatus interactions in vivo. For fluorescent contrast, we used an
mCherry-expressing strain (42) of A. fumigatus (gpdA::mCherry::
his2A). Immediately following infection, macrophages phagocy-
tosed the majority of conidia within 6 h (Fig. 2A; see Movie S2 in
the supplemental material). More clearly visible in Movie S2, we
routinely observed a small subset of macrophages (usually on the
order of two to five cells) phagocytosing a disproportionately high
number of conidia such that the number of fungal cells per mac-
rophage became too numerous to quantify, a behavior reported in
murine alveolar macrophages as well (43). Additionally, at up to 7
dpi, it was possible to observe fluorescent conidia within macro-
phages in tissues beyond the hindbrain, suggesting that macro-

phages containing viable conidia disseminate out of the site of
infection (data not shown).

Earlier observations during infection revealed that conidia can,
albeit infrequently, germinate into hyphae in immunocompetent
larvae. Therefore, we wanted to exploit this opportunity to cap-
ture a wild-type host response to A. fumigatus hyphae in vivo. To
this end, large numbers of infected larvae were screened at 1 dpi
for hyphae. Whenever hyphae were observed in an immunocom-
petent host, macrophages were always present. The degree of mac-
rophage inflammation, however, varied from several cells colocal-
ized with hyphae (Fig. 2B) to large aggregates of macrophages in a
long-lasting association (see Movie S3 in the supplemental mate-
rial). The source of germination, whether originating from non-
phagocytosed conidia or from within macrophages, remains to be
determined.

Since macrophages rapidly phagocytose conidia and persist be-
yond germination, we hypothesized that macrophages would con-
tribute to host survival. To address the role of macrophages in host
defense against A. fumigatus, we depleted macrophages using the
irf8 morpholino. irf8 is a transcription factor that directs the for-
mation of macrophages during primitive myelopoiesis in ze-
brafish (31). As a consequence, macrophages are depleted in irf8
morphants for the first 3 days postinfection (dpf), after which
macrophages slowly reappear in diminished numbers (see Fig. S2
in the supplemental material). irf8 morphant larvae were signifi-
cantly (P � 0.0001) more susceptible to A. fumigatus (gpdA::GFP::
his2A) infection, compared to mock PBS infection, with �70%
survival by 7 dpi (Fig. 2C). This defect in survival, however, was
not as remarkable as the findings with pu.1 morphants (Fig. 1B),
suggesting that neutrophils also contribute to host survival.

Neutrophils respond to A. fumigatus hyphae, but not
conidia, and mediate host survival. To determine if neutrophils
contribute to host survival in response to A. fumigatus, we char-
acterized the neutrophil response to infection. Previous findings
suggest that neutrophils are major players in host defense against
A. fumigatus (1); however, neutrophil interactions with A. fumiga-
tus in an intact, live vertebrate host have never been reported.
Therefore, we used live imaging and the Tg(mpx:dendra2) ze-
brafish line to specifically observe neutrophil interactions with A.
fumigatus (gpdA::mCherry::his2A) in vivo. In contrast to macro-
phages, we were surprised to find that neutrophils did not phago-
cytose conidia (Fig. 3A; see Movie S4 in the supplemental mate-
rial). In contrast, it is known that neutrophils in larval zebrafish
rapidly respond to and phagocytose many other pathogens, in-
cluding bacteria (41, 44–46) and yeast of the fungal pathogen Can-
dida albicans (18). This raises the possibility that rapid phagocy-
tosis of conidia by macrophages occurs before neutrophil
recognition of the fungus. Therefore, we removed macrophages
with the irf8 morpholino to determine if neutrophils would
phagocytose conidia in the absence of macrophages. Even in the
absence of macrophages, neutrophils did not phagocytose conidia
(Fig. 3B; see Movie S5 in the supplemental material). An alternate
hypothesis to account for a lack of neutrophil phagocytosis of
conidia is that conidia may release an inhibitory factor, as we
recently reported with human neutrophils in response to a bioac-
tive conidial metabolite (47). To test this idea, we coinjected
conidia with a low dose of Pseudomonas aeruginosa (PAK), which
functions as a neutrophil attractant in zebrafish larvae (26, 32, 48).
With forced neutrophil recruitment to the hindbrain with PAK,
we saw a continued lack of conidial phagocytosis by neutrophils
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(Fig. 3C). Taken together, our findings suggest that neutrophils do
not phagocytose conidia under the conditions tested.

Collectively, clinical and experimental data show enhanced
susceptibility to Aspergillus infection in patients with chronic or
prolonged neutropenia (1), suggesting a key role for neutrophils
in host defense against Aspergillus. Additionally, in vitro data sug-
gest that neutrophils are particularly responsive to A. fumigatus
after the fungus has undergone conidial swelling and germination
(49–52). We therefore reasoned that zebrafish neutrophils would
respond to hyphae in vivo. With a rarity of germination in an
immunocompetent host, we screened large numbers of larvae in-
fected with A. fumigatus at 1 dpi to visualize the wild-type immune
response toward hyphae. Neutrophils demonstrated a robust re-
sponse to hyphae, with rapid migration toward and adhesion to A.
fumigatus postgermination (Fig. 4A; see Movie S6 in the supple-
mental material). Movie S6 shows a loss of nuclear fluorescence in
the hyphae following adherence of the neutrophil outlined in Fig.
4A (gray arrows), providing evidence for contact-mediated neu-
trophil killing of hyphae. Follow-up imaging of individual larvae
harboring hyphal growth, including the larvae in Fig. 4A and in

Movie S6 (data not shown), revealed that filaments are routinely
cleared by 2 dpi (Fig. 4B). This suggests that neutrophils, together
with macrophages (Fig. 2B), contribute to host clearance of ger-
minated A. fumigatus through fungicidal mechanisms directed at
hyphae but not spores.

Given the evidence that neutrophils are present only around
tissue-damaging hyphae, we next sought to define the role of neu-
trophils in host survival against A. fumigatus. Previously, our lab
generated a transgenic zebrafish line expressing the dominant
negative Rac2D57N mutation specifically in neutrophils [Tg(mpx:
mCherry-2A-Rac2D57N)] (D57N) to model a human form of a
leukocyte adhesion deficiency (32). Rac2 belongs to the Rho fam-
ily of GTPases and plays a role in regulating neutrophil migration
and the generation of reactive oxygen species. The inhibitory
Rac2D57N mutation was originally discovered from a clinical ob-
servation of a patient with recurrent infections (53). In zebrafish,
the Rac2D57N mutation recapitulates a leukocyte adhesion defi-
ciency phenotype such that neutrophils are unable to migrate or
properly egress from the circulation, effectively abolishing neu-
trophil recruitment to infection or tissue damage, resulting in lar-

FIG 2 Macrophages phagocytose A. fumigatus conidia, colocalize with hyphae, and mediate host survival. (A and B) Immunocompetent larvae with fluorescent
macrophages [Tg(mpeg1:dendra2)] injected with A. fumigatus (gpdA::mCherry::his2A). (A) Time lapse imaging immediately following injection shows rapid
phagocytosis of conidia by macrophages by 6 hpi (gray arrows) (see also Movie S2 in the supplemental material). Scale bar, 100 �m. (B) Macrophages closely
associate with hyphae in immunocompetent larvae (see also Movie S3 in the supplemental material). Scale bar, 50 �m. (C) Macrophage-deficient irf8 morphant
larvae exhibit significant (P � 0.0001) mortality following challenge with A. fumigatus (gpdA::GFP::his2A) and not with a mock PBS infection. Survival data are
pooled from five independent experimental replicates, and the P value was calculated by Cox proportional-hazard regression analysis.
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val susceptibility to bacterial pathogens (32, 41). Here, we used the
D57N line to assess host survival against A. fumigatus in a neutro-
phil-deficient background and found that the larvae were highly
susceptible (P � 0.001) to infection, with 50% mortality by 7 dpi
(Fig. 4C), illustrating a key role for neutrophils in host survival
against A. fumigatus.

Depletion of macrophages, but not loss of neutrophil func-
tion, is associated with virulence attenuation of a �laeA strain
of A. fumigatus. We next sought to determine how phagocytes
contribute to host defense against a metabolic mutant of A. fu-
migatus. The methyltransferase LaeA is a global regulator of fungal
metabolism and spore development (29). Null mutants (�laeA) of
all pathogenic fungal species investigated to date have shown LaeA
to be an important virulence determinant, in part due to de-
creased toxin production (54–57). In vertebrates, virulence of A.
fumigatus �laeA has been investigated only in broadly immuno-
suppressed mice either with cortisone acetate (58) or with both
cortisone acetate and cyclophosphamide (54), potentially con-
founding unique contributions of different innate immune cell
types to the host response. Therefore, we wanted to investigate the
virulence of an A. fumigatus �laeA strain (pyrG�; �laeA::A. para-

siticus pyrG) in precise immunosuppressed host backgrounds. No
attenuation in virulence was observed for the �laeA strain in
highly immunosuppressed pu.1 larvae (data not shown). To test
the role of macrophages in host defense to the �laeA strain, we
infected macrophage-deficient irf8 morphants and observed a vir-
ulence defect (P 	 0.00027) with the �laeA strain compared to an
isogenic complement control (pyrG�; A. parasiticus pyrG), with
�40% and �60% mortality by 7 dpi, respectively (Fig. 5A). To
examine the role of neutrophils, we tested host survival in trans-
genic D57N larvae and found no difference in virulence (P 	 0.23)
between the �laeA and control strains (Fig. 5B). While the wild-
type virulence of A. fumigatus in Fig. 5A and B is somewhat greater
than what was observed in Fig. 2C and 4C, the trend is the same
(i.e., greater mortality in D57N larvae than irf8 morphants), and
the appropriate isogenic control was used in parallel to the �laeA
strain. We did not determine whether there is a difference in vir-
ulence between these two “wild-type” strains. We hypothesized
that early interactions between �laeA conidia and remaining neu-
trophils in irf8 morphants may contribute to the irf8 morphant-
specific virulence defect for the �laeA strain, especially since
�laeA conidia are known to have less of the pathogen-associated

FIG 3 Neutrophils do not phagocytose A. fumigatus conidia. Immunocompetent larvae with fluorescent neutrophils [Tg(mpx:dendra2)] were injected with A.
fumigatus (gpdA::mCherry::his2A). (A) Time lapse imaging immediately following infection shows a lack of conidial phagocytosis by neutrophils (see also Movie
S4 in the supplemental material). Gray arrows indicate conidial clumping resulting from macrophage phagocytosis. (B) Removal of macrophages with the irf8
morpholino (irf8 MO) leaves conidia in the extracellular space in the absence of macrophage phagocytosis (see gray arrows in panel A), and neutrophils remain
nonphagocytic toward conidia (see also Movie S5 in the supplemental material). (C) Stimulated neutrophil recruitment with P. aeruginosa in a coinjection with
A. fumigatus shows a continued lack of neutrophil phagocytosis of conidia. All images are representative of more than three experimental replicates. Scale bar,
100 �m.
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molecular pattern (PAMP)-shielding hydrophobic rodlet layer
(59). Time lapse imaging in irf8 morphant larvae with mCherry-
expressing neutrophils [Tg(mpx:mCherry)] and a GFP-expressing
�laeA strain showed no neutrophil phagocytosis of �laeA conidia
(see Movie S7 in the supplemental material). This suggests that
interactions between the �laeA strain and neutrophils occur later
in infection. It is possible that postgermination events involving
the production of numerous toxic hyphal secondary metabolites
(54, 60) may be responsible for the observed virulence attenuation
in macrophage-deficient larvae.

DISCUSSION

Here, we exploited the larval zebrafish as an infection host to study
the innate immune response to the opportunistic human patho-
gen A. fumigatus. Our study highlights the advantages of live im-
aging in zebrafish to study invasive growth of A. fumigatus and the
innate immune response to different developmental stages of the
fungus. Moreover, by employing zebrafish with specific immune
deficiencies, we were able to dissect the roles of neutrophils and
macrophages in innate immunity against A. fumigatus. The dis-
covery that neutrophils are critical for the differential virulence of
an A. fumigatus secondary metabolite mutant supports the sensi-

FIG 5 Virulence of A. fumigatus �laeA is attenuated only in a macrophage-
deficient host. (A) In macrophage-deficient irf8 morphant larvae, the �laeA
strain of A. fumigatus (pyrG�; �laeA::A. parasiticus pyrG) is significantly less
virulent (P 	 0.00027) than a complement control (pyrG�; A. parasiticus
pyrG). (B) Virulence attenuation is not observed (P 	 0.772) with A. fumigatus
�laeA in larvae with impaired neutrophil function [Tg(mpx:mCherry-2A-
Rac2D57N)]. Survival data were pooled from three independent experimental
replicates except for the PBS condition in Rac2D57N, which was included in two
of the three replicates, and P values were calculated by Cox proportional-
hazard regression analysis.

FIG 4 Neutrophils respond to A. fumigatus hyphae and mediate host survival. (A and B) Immunocompetent larvae with fluorescent neutrophils [Tg(mpx:
dendra2)] injected with A. fumigatus (gpdA::mCherry::his2A) and screened at 1 day postinfection (dpi) for the presence of hyphae. (A) Time lapse imaging reveals
a persistent neutrophil response around A. fumigatus hyphae characterized by both tight colocalization with the mycelium and migration toward and adherence
to hyphal filaments (gray arrow) by individual neutrophils (see also Movie S6 in the supplemental material). (B) Representative images from daily imaging of
hypha-containing fish demonstrate host clearance of hyphae at 2 dpi. (C) Larvae expressing the inhibitory Rac2D57N mutation specifically in neutrophils
[Tg(mpx:mCherry-2A-Rac2D57N)] are highly susceptible (P � 0.001) to A. fumigatus (gpdA::GFP::his2A) infection. Survival data were pooled from five
independent experimental replicates, and the P value was calculated by Cox proportional-hazard regression analysis. Scale bar, 100 �m.
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tivity of this model to dissect fungal mechanisms and the cell bi-
ology of the host response.

We found that like in humans and mice, invasive disease oc-
curred at a very low frequency in wild-type zebrafish larvae, sug-
gesting that larvae possess an effective innate host defense against
A. fumigatus. It is intriguing, however, that conidia persist with
only an �60% reduction in fungal burden by 7 dpi, despite the
absence of apparent infection; this provides insight as to how per-
sistence of conidia may subsequently lead to invasive disease. Pre-
vious research has shown that the conidial pigment and structural
surface molecule dihydroxynaphthalene (DHN)-melanin of A.
fumigatus provides resistance to oxidative stress (61), inhibits
phagolysosome acidification (39, 62, 63), and modulates the host
cytokine response (64). For future studies, it will be interesting to
determine whether DHN-melanin contributes to the persistence
phenotype observed in vivo in zebrafish. Additionally, the hydro-
phobic coating of conidia with the RodA protein, which has been
shown to mask fungal PAMPs and largely render dormant conidia
immunologically inert (65), may also be playing a role in inhibit-
ing host recognition, and full host clearance, of conidia.

Until now, it has not been possible to exclusively analyze inter-
actions between phagocytes of innate immunity and A. fumigatus
in a live vertebrate model host of IA. While studies of innate im-
munity using murine models can benefit from precise cell type-
specific knockdown of neutrophils and macrophages via mono-
clonal antibodies and clodronate liposomes, respectively (12),
nontargeted elements of innate and adaptive immunity (13) that
are known to play a role in modulating host responses to A. fu-
migatus may continue to influence experimental outcomes. With
adaptive immunity not reaching functional maturity in the larval
zebrafish until several weeks postfertilization (14, 66, 67), the lar-
val model of IA provides an ideal vertebrate environment for un-
biased in vivo study of innate responses to A. fumigatus. To probe
innate immunity, we first utilized morpholino-mediated knock-
down of the transcription factor pu.1, which during early myelo-
poiesis directs differentiation of myelo-erythroid progenitor cells
into the myeloid lineage (30), rendering larvae severely immuno-
compromised and devoid of both macrophages and neutrophils.
While pu.1 morphants have been adopted for the study of myeloid
cell contributions toward host protection against disease from
bacterial pathogens (26, 41, 46, 68, 69), to date they have not been
applied to study fungal virulence. With pu.1 morphants, we
showed that innate phagocytes are essential for controlling A. fu-
migatus infection, with nearly 100% mortality by 3 dpi, which is in
agreement with the rapid mortality observed in broadly immuno-
suppressed murine models of IA (35, 54, 70). Mortality was ac-
companied by extensive hyphal growth and penetration into ad-
jacent tissues, which are a defining hallmark of IA. The extent of
hyphal growth and invasive behavior, most notably epithelial ex-
trusion of hyphae, provides a tool to further understand the cell
biology of epithelial cell responses to hyphae.

pu.1 morphants are highly susceptible to other pathogens, and
only a nonpathogenic strain of Escherichia coli does not result in
host mortality (68). To validate the model, we show that the non-
pathogenic A. fumigatus �sidA strain is avirulent in pu.1 mor-
phants. sidA is required for siderophore biosynthesis and iron
acquisition, and loss of this protein renders the fungus avirulent in
murine models as well (35, 36). Additionally, A. fumigatus has
been shown to be susceptible to human neutrophil-mediated iron
depletion in vitro (71), supporting the idea that like other verte-

brates (72), zebrafish larvae may restrict the availability of essen-
tial nutrients, such as iron, as a means of defense against patho-
gens.

In humans and other vertebrate models of IA, it is widely ac-
cepted that resident pulmonary macrophages represent the first
line of defense against inhaled conidia (1, 73, 74). With extensive
functional parallels between zebrafish and mammalian macro-
phages (17, 75), we were eager to visualize macrophage interac-
tions with A. fumigatus in a live vertebrate host. Following chal-
lenge with A. fumigatus, we provide real-time in vivo evidence that
macrophages efficiently phagocytose conidia. While dormant
conidia can largely be considered immunologically inert due to
their PAMP-masking surface structures (65), the exact mecha-
nisms underlying macrophage phagocytosis of resting conidia are
still unknown but are likely mediated by c-type lectins as well as
Toll-like receptor 2 (TLR2) and the adaptor molecule Myd88 (76).
Interestingly, while numerous macrophages are present in the
hindbrain following injection, the majority of conidia are phago-
cytosed by a small subset of macrophages, possibly from a specific
population of resident macrophages. This behavior has been ob-
served in murine macrophages as well (43), suggesting a con-
served pattern of phagocytosis among vertebrate macrophages.

While infrequent, germination can occur in immunocompe-
tent larvae. Therefore, we used these events to observe macro-
phage-hyphal interactions in wild-type larvae and found that
macrophages formed dense aggregates around hyphae, indicating
that macrophages respond to all stages of A. fumigatus morpho-
logical development. We cannot rule out the possibility that these
observed germination events in immunocompetent larvae are due
to naturally occurring genetic variations that may alter immune
function and contribute to susceptibility. Because of a scarcity of
germination in immunocompetent larvae, we were unable to de-
termine if germination occurred within macrophages, an interest-
ing area for future investigation. Evidence suggests that A. fumiga-
tus can germinate postphagocytosis and lyse macrophages in vitro
(34). While our images (not shown) of early germlings appeared
to support this, we cannot conclude that this is occurring in vivo
because we were unable to capture macrophage membrane lysis
with time lapse imaging. Additionally, it could be argued that we
witnessed partial hyphal phagocytosis by macrophages, which has
been documented in vitro (38). Similar to A. fumigatus, in vitro
studies with the dimorphic fungal pathogen C. albicans show pen-
etrating hyphal growth from within phagocytes (77). Similarly,
using a larval zebrafish model, Brothers et al. (18) were unable to
capture C. albicans phagocyte escape in a live host. Despite the
potential clinical significance, it is still unclear whether or not this
in vitro/in vivo discrepancy of phagocyte escape exists for A. fu-
migatus.

Since macrophages are present around all morphological states
of A. fumigatus from spores to hyphae in infected larvae, we ex-
pected to see more severe host mortality than what was experi-
mentally observed in macrophage-deficient irf8 morphants.
These findings may help to reconcile conflicting conclusions in
the field about the protective roles of macrophages against A. fu-
migatus. For example, with clodronate liposome-mediated mac-
rophage depletion in mice, Mircescu et al. (12) concluded that
macrophages are dispensable for inhibiting germination and host
survival, while Bhatia et al. (37) reported a protective role for
macrophages after showing an increased fungal burden in the ab-
sence of macrophages. Our findings, from a model completely
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dependent on innate immune defenses, indicate that macro-
phages do in fact contribute to host survival.

Early evidence suggested that neutrophils are the dominant
phagocyte against hyphae (40). While a number of studies chal-
lenged this idea after showing in vivo neutrophil infiltration to the
murine lung following concentrated conidial dosage (43, 50),
other findings show that excessive IA-induced neutrophilic in-
flammation in the lungs of mice undergoing corticosteroid treat-
ment is frequently the major feature under these conditions (8).
These findings highlight a critical role for balanced neutrophil
participation in the removal of A. fumigatus. However, in contrast
to in vitro reports of neutrophil phagocytosis of conidia (51, 63),
our findings demonstrate a nearly complete lack of conidial
phagocytosis by neutrophils in vivo. Furthermore, our observed
absence of conidial phagocytosis by neutrophils may be specific to
A. fumigatus and not represent a general response toward fungi,
because in a similar larval zebrafish infection model (18), neutro-
phils were seen phagocytosing yeast cells of C. albicans.

We found that addition of P. aeruginosa did not impact neu-
trophil phagocytosis of A. fumigatus conidia. It has been shown
previously that A. fumigatus conidia possess endocrocin, a sec-
ondary metabolite with neutrophil chemotaxis-inhibiting prop-
erties (47). Endocrocin biosynthesis is temperature dependent
with increased production at 25°C compared to 37°C during spo-
rulation (47, 78). Given that virtually all studies addressing A.
fumigatus virulence grow the fungus at 37°C prior to harvesting
spores, we chose to do so in this initial study for reasons of con-
sistency. Thus, the conidia in this study had little to no endocro-
cin. Therefore, it is unlikely that endocrocin is responsible for the
lack of neutrophil recruitment to conidia. Future studies of A.
fumigatus virulence in zebrafish larvae will have to consider the
reduced infection temperature compared to that in mammalian
models. However, temperature-associated genes characterized
thus far in A. fumigatus have yet to provide a direct link between
specific thermally regulated genes and virulence (79, 80). Another
factor that may be contributing to our observed lack of conidial
phagocytosis by neutrophils is that neutrophils can exhibit dis-
tinct tissue-dependent phagocytic behaviors. For example, it was
shown in zebrafish larvae that neutrophils have paltry phagocytic
behavior toward E. coli in fluid-filled spaces, such as the hind-
brain, while assuming the dominant phagocytic role in surface-
associated bacteria (45).

Neutrophil phagocytosis of bacterial pathogens, such as PAK,
has been well documented in zebrafish larvae (41, 48). Regardless
of whether macrophages were present or absent or whether neu-
trophils were artificially recruited to the hindbrain with P. aerugi-
nosa to force tight spatial interactions with the fungus, neutrophils
did not phagocytose conidia. At this point we cannot exclude the
possibility of PAK modulating the phagocytic response or of com-
plex polymicrobial interactions influencing neutrophil behavior
toward conidia.

In sharp contrast to neutrophil behavior toward conidia,
whenever hyphal growth appeared in immunocompetent larvae,
we found that neutrophils robustly migrated toward and adhered
to the mycelium. Additionally, Movie S6 in the supplemental ma-
terial in its entirety shows a diminution of histone red fluorescent
protein (RFP) fluorescence in the hypha following neutrophil at-
tachment. This leads us to speculate that localized loss of hyphal
fluorescence was due to contact-dependent fungicidal mecha-
nisms from the neutrophil, such as degranulation or neutrophil

extracellular trap (NET) formation. Hyphae have been shown to
be potent stimulators of neutrophil degranulation (51, 71) and of
NET formation in both in vitro and in vivo systems (49). Possibly
contributing to neutrophil recognition of hyphae is the exposure
of fungal PAMPs on the hyphal surface, which are masked on
dormant conidia by the hydrophobic layer composed of the pro-
tein RodA and the structural pigment DHN-melanin. Removal of
RodA through conidial swelling and germination has been shown
to elicit a much stronger immune response over dormant conidia
(49, 50, 65, 81). Even though macrophages are not labeled in our
neutrophil images, we have shown that they too are present
around hyphae, suggesting an organized fungicidal effort between
both phagocyte populations against hyphae.

Following the observation of neutrophil attacks on hyphal fil-
aments, we wanted to determine the extent to which neutrophils
contribute to host survival against A. fumigatus. To address this
question, we utilized a transgenic zebrafish line expressing the
dominant negative Rac2D57N mutation specifically in neutrophils
(32). Following infection with A. fumigatus, transgenic Rac2D57N

larvae were susceptible to lethal infection, with mortality reaching
up to 50% by 7 dpi. Additionally, Deng et al. (32) reported func-
tional recapitulation of neutrophil deficiencies observed in the
D57N line in larvae injected with the Rac2 morpholino. We ob-
served a similar survival outcome (50% mortality by day 7) in
Rac2 morphant larvae compared to transgenic Rac2D57N larvae
under identical infection conditions (data not shown). This sug-
gests that, even with stochastic dilution of morpholinos resulting
from developing larvae and diminution of the morpholino con-
centration over time (21, 82), once hyphae are able to establish
penetrative growth, host clearance of the infection is difficult.

Through the use of precise genetic manipulation available in
zebrafish larvae we were able to show, for the first time, an immu-
nosuppression-specific virulence attenuation of a �laeA strain of
A. fumigatus. The LaeA protein is a methyltransferase (83) con-
served throughout ascomycete fungi and is known for its role in
global regulation of fungal secondary metabolism (29, 84). How-
ever, additional evidence is surfacing linking LaeA-mediated reg-
ulation of primary metabolic processes as well, such as iron (85)
and sulfur (S. Jain and N. P. Keller, unpublished data) metabo-
lism. As a consequence, pinpointing the exact causes of LaeA-
mediated virulence determinants becomes difficult given the
pleiotropic nature of this protein. Previously, using different mu-
rine models of IA, it was shown that an A. fumigatus �laeA strain
was less virulent (54, 58). While effective in showing that LaeA
contributes to A. fumigatus virulence, these studies used broadly
immunosuppressed mice, thereby masking any unique contribu-
tions to host defense from particular phagocytes of the innate
immune system. Larval zebrafish, on the other hand, which are
completely dependent upon innate immunity, allowed us to de-
termine that the �laeA strain was attenuated in virulence only in
the absence of macrophages (irf8 MO) and not in the absence of
functional neutrophils (D57N), suggesting that loss of LaeA ren-
ders the fungus susceptible primarily to neutrophil attack. We
investigated whether or not �laeA conidia attracted neutrophils in
irf8 morphant larvae, which could have accounted for the atten-
uation phenotype, and found there to be no �laeA conidial phago-
cytosis by neutrophils within 8 hpi. As a result, enhanced neutro-
phil-mediated killing of the �laeA strain is potentially occurring
later in infection, possibly at the hyphal stage, which may correlate
with production of hypha-specific toxins or activation of nutrient
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scavenging programs (85). In any case, these findings support the
essential role for neutrophils, more than macrophages, in defense
against this particular attenuated strain of A. fumigatus.

Taken together, our data show an organized innate immune
response dependent upon the morphological state of A. fumigatus
such that macrophages rapidly phagocytose conidia and persist
around hyphae while neutrophils respond only to the hyphal
form. When functioning properly, this stage-specific arrangement
effectively prevents invasive infection, likely via the rapid seques-
tering of conidia within macrophages, while delaying the poten-
tially damaging effects of neutrophil inflammation to host tissue
unless absolutely necessary to combat invasive hyphal growth.
With precise genetic tools widely accessible on both the host and
pathogen sides, this model will allow for further characterization
of the molecular mechanisms that dictate Aspergillus-phagocyte
interactions and provide a visual platform for rapid screening and
drug testing studies. A challenge for future investigation will be
to determine specific factors on both the host and fungal sides
that control fungal killing and persistence, respectively, and
how this balance may be shifted by immunologic risk factors
and therapeutics.
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