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ABSTRACT The human fungal pathogen Cryptococcus neoformans is capable of infecting a broad range of hosts, from inverte-
brates like amoebas and nematodes to standard vertebrate models such as mice and rabbits. Here we have taken advantage of a
zebrafish model to investigate host-pathogen interactions of Cryptococcus with the zebrafish innate immune system, which
shares a highly conserved framework with that of mammals. Through live-imaging observations and genetic knockdown, we

establish that macrophages are the primary immune cells responsible for responding to and containing acute cryptococcal infec-
tions. By interrogating survival and cryptococcal burden following infection with a panel of Cryptococcus mutants, we find that
virulence factors initially identified as important in causing disease in mice are also necessary for pathogenesis in zebrafish lar-
vae. Live imaging of the cranial blood vessels of infected larvae reveals that C. neoformans is able to penetrate the zebrafish brain
following intravenous infection. By studying a C. neoformans FNX1 gene mutant, we find that blood-brain barrier invasion is
dependent on a known cryptococcal invasion-promoting pathway previously identified in a murine model of central nervous
system invasion. The zebrafish-C. neoformans platform provides a visually and genetically accessible vertebrate model system
for cryptococcal pathogenesis with many of the advantages of small invertebrates. This model is well suited for higher-
throughput screening of mutants, mechanistic dissection of cryptococcal pathogenesis in live animals, and use in the evaluation
of therapeutic agents.

IMPORTANCE  Cryptococcus neoformans is an important opportunistic pathogen that is estimated to be responsible for more
than 600,000 deaths worldwide annually. Existing mammalian models of cryptococcal pathogenesis are costly, and the analysis
of important pathogenic processes such as meningitis is laborious and remains a challenge to visualize. Conversely, although
invertebrate models of cryptococcal infection allow high-throughput assays, they fail to replicate the anatomical complexity
found in vertebrates and, specifically, cryptococcal stages of disease. Here we have utilized larval zebrafish as a platform that
overcomes many of these limitations. We demonstrate that the pathogenesis of C. neoformans infection in zebrafish involves
factors identical to those in mammalian and invertebrate infections. We then utilize the live-imaging capacity of zebrafish larvae
to follow the progression of cryptococcal infection in real time and establish a relevant model of the critical central nervous sys-
tem infection phase of disease in a nonmammalian model.
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sanAIDS-associated pathogenandwithanenlargingimmuno-

suppressed population, Cryptococcus neoformans is presently
the leading invasive fungal pathogen worldwide by incidence and
mortality rates (1). While the disease is initially established in the
lung, it is not until it acts on its unique propensity to invade the
central nervous system (CNS) that the disease becomes a major
life-threatening fungal disease. Clinical presentation most com-
monly coincides with an established CNS infection, and subse-
quent mortality rates remain high in both resource-available and
resource-limited countries.
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Robust but expensive vertebrate model systems such as mice
and rabbits have been well established for studying cryptococcal
pathogenesis. These models have been effectively used in patho-
genesis and treatment studies. For instance, the rabbit model of
cryptococcal meningitis, where cryptococci are introduced intra-
cisternally into the subarachnoid space, facilitates dynamic studies
of genetic, transcriptional, and biochemical analyses of wild-type
and mutant cryptococcal strains during CNS infection (2). The
mouse inhalation model allows for detailed evaluation of the host
immune response to cryptococcal infection as well as assessment
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of cryptococcal virulence determinants of wild-type or mutant
strains. However, neither mammalian model allows real-time vi-
sualization of the dynamic interaction between innate immune
cells and yeasts at distinct sites within the host, and neither model
allows easy interrogation of large numbers of wild-type strains and
mutants for screening and comparative purposes (3, 4).

Several nonmammalian models of C. neoformans pathogenesis
have been reported to allow the analysis of cryptococcal pathogen-
esis through survival and cryptococcal growth assays in inverte-
brates, namely, Caenorhabditis elegans (worm), Galleria mellonella
(wax moth), and Drosophila melanogaster (fruit fly) (5-8). Al-
though these invertebrate models allow rapid analysis of crypto-
coccal virulence determinants and host genetics to various de-
grees, there are important limitations. First, the invertebrate
nature of these hosts precludes investigations into complex mul-
ticellular interactions and specific body sites of infection necessary
for investigating processes such as CNS entry and growth within
granulomas. Second, anatomical differences between these inver-
tebrate models and mammals limit the information gathered
through live imaging of infectious disease progression.

The zebrafish (Danio rerio) is a powerful vertebrate model plat-
form that has been applied to investigate host-pathogen interac-
tions. Zebrafish larvae are genetically tractable, optically transpar-
ent, and possess several functional organ systems early in
development, such as a circulatory system and innate immune
system. Infections of zebrafish larvae essentially bridge the techni-
cal simplicity of invertebrate models with the tissue and cell type
complexity of mammalian models (9). A larval zebrafish model of
mucosal Candida albicans infection has recently been established.
It critically allows the visualization of Candida-host interactions at
this important but previously unimaged stage of yeast infection.
With this basic platform work, the power of zebrafish live-imaging
tools for exploring fungal-host interactions was elegantly demon-
strated (10).

We propose that live imaging of transparent zebrafish larval
will help address key gaps in our knowledge of cryptococcal viru-
lence. Important stages of pathogenesis that are not well under-
stood include the formation of cryptococcomas, the formation in
vivo of Titan cells, and the mechanism of blood-brain barrier in-
vasion responsible for cryptococcal meningitis—the most danger-
ous presentation of cryptococcal infection.

Here we have utilized infection of zebrafish larvae to interro-
gate the host and pathogen genetics that contribute to cryptococ-
cal disease. We find in vivo that there is early recruitment of mac-
rophages that phagocytose infecting yeast and provide initial
protection. Furthermore, we report the use of hematogenous in-
fection of zebrafish larvae as a simple visual platform for assessing
C. neoformans invasion across the vertebrate blood-brain barrier
and emphasize the relevance of host processes conserved with
mammalian immune responses to cryptococcal disease, including
macrophages and granulomas.

RESULTS

Macrophages are essential for protecting zebrafish from crypto-
coccal disease progression. As C. neoformans enters a human
host, it typically first encounters resident macrophages. Macro-
phages have been recognized as the primary cell type responsible
for containment of C. neoformans in experimentally infected
mouse lungs (4). To determine whether macrophages play a sim-
ilar role in a zebrafish model of cryptococcal infection, we assessed
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the dynamics of macrophage and neutrophil recruitment after
injection of fluorescent C. neoformans cells into the caudal vein of
zebrafish larvae 2 days postfertilization (dpf). To simultaneously
image cryptococci, macrophages, and neutrophils, we made use of
double transgenic Tg(lyzC:EGEPN?!17, mfap4:turquoise*”) ani-
mals, in which macrophages are marked by expression of tur-
quoise from the mfap4 promoter and neutrophils are marked by
the expression of enhanced green fluorescent protein (EGFP)
from the lyzC promoter (11, 12). Macrophages rapidly phagocy-
tosed the majority of C. neoformans cells following injection with
the majority of injected C. neoformans cells observed within
mfap4-expressing macrophages by 13 h postinfection and only
very rare neutrophil phagocytosis of yeast observed during these
experiments (Fig. 1A and B). Detailed observation of leukocyte
movement around engulfed cryptococcus cells revealed a persis-
tent clustering of macrophages around infected macrophages,
consistent with the appearance of a classic cryptococcoma in
mammals as primarily composed of macrophages (see
Movie S1 in the supplemental material).

Conversely, we observed an initial burst of neutrophils to the
site of injection consistent with a response to injection trauma but
did not observe clustering or retention of neutrophils around in-
fected macrophages. The defensive role of neutrophils in mam-
malian models against cryptococcus is unclear. The zebrafish neu-
trophils appear to be able to recognize C. neoformans as foreign
but are largely not retained at the site of infection, nor do they
appear to be the primary cell type responsible for containment of
the yeast. This is likely due to the production of known cryptococ-
cal virulence factors such as capsule (13). In multiple time-lapse
experiments, we largely observed macrophage interactions with
the yeast. Infrequently, lyzC-expressing neutrophils were ob-
served to phagocytose C. neoformans. In one example, an lyzC-
expressing neutrophil phagocytosed C. neoformans yeast, mi-
grated away from a nascent granuloma, and was then in turn
phagocytosed by an mfap4-expressing macrophage nearby a sec-
ond nascent granuloma (see Movie S2 in the supplemental mate-
rial). In a second example, we observed a lyzC-expressing neutro-
phil with internalized C. neoformans traverse the trunk tissue over
20 h before being phagocytosed by an mfap4-expressing macro-
phage nearby a nascent granuloma (see Movie S3 in the supple-
mental material). These rare interactions with neutrophils even-
tually resulted in macrophage engulfment, consistent with a
possible role for efferocytosis during the host response to C. neo-
formans.

Serendipitous observation of a Tg(lyzC:EGFPN?117, mfap4:tur-
quoise*?”) animal that had been inoculated with C. neoformans
directly into the trunk vacuole, a fluid-filled tube that is continu-
ous with the brain ventricles, revealed uninhibited C. neoformans
division in the vacuoles. Our observation suggests that the vacu-
oles represent an immunologically privileged site as IlyzC-
expressing neutrophils and mfap4-expressing macrophages were
only recruited to yeast cells residing outside the vacuoles (see
Movie S4 in the supplemental material). We hypothesized that the
lack of macrophage ingress at these sites allowed the rapid out-
growth of C. neoformans not seen in other anatomical sites where
macrophages are able to reach and surround the yeasts.

To experimentally test this hypothesis, we depleted zebrafish
macrophages by morpholino knockdown of the Spil/Pu.l tran-
scription factor (14). As high levels of Pu.1 expression favor mac-
rophage differentiation and intermediate levels favor neutrophil
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FIG 1 Macrophages are responsible for containing acute C. neoformans infection. (A) Still images spaced 2 h apart from time-lapse imaging from a Tg(lyzC:
EGFPN?117 mfap4:turquoise¥'?”) larva infected with mCherry-expressing C. neoformans starting at 1 h postinfection (neutrophils in green, macrophages in blue,
and Cryptococcus in red) (full video available as Movie S1 in the supplemental material). The field of view follows a single cluster of yeast cells that are
phagocytosed by macrophages by the 4-h mark of the recording. (B) Quantification of the phagocytic fate of C. neoformans yeast cells at 13 h postinfection in
Tg(lyzC:EGFPN?117 mfap4:turquoise¥?”) larvae assessed by manual counting. Repeated-measures analysis of variance (ANOVA). The data represent counts from
five individual larvae infected with 15 to 30 C. neoformans cells each. (C) Quantification of macrophage numbers by fluorescent pixel count in the caudal
hematopoietic tissue (CHT) of uninfected 3-dpf larvae injected with a standard dose of 1 pmol and a high dose of 10 pmol Spil morpholino (MO) and soaked
in neutral red. ANOVA with Tukey posttest. ***, P < 0.001. (D) Quantification of neutrophil numbers by fluorescent pixel count in the caudal hematopoietic
tissue (CHT) of uninfected 3-dpf Tg(lyzC:EGFP) larvae injected with a standard dose of 1 pmol and high dose of 10 pmol Spil morpholino. ANOVA with Tukey
posttest. ¥, P < 0.05. (E) Survival of Spil knockdown larvae following infection with 50 C. neoformans cells. Log-rank test between infected conditions. P <
0.0001. Data are representative of two experiments each with 15 to 20 larvae per experimental condition. (F) C. neoformans burden in Spil knockdown larvae at

1 and 2 days postinfection. t test. Data are pooled from two experiments each with 10 to 20 larvae per experimental condition.

production, a titrated knockdown of Spil with a 1-pmol dose of
morpholino arrests myelopoiesis and delays development of mac-
rophages, while neutrophil populations remain largely intact
(Fig. 1C and D). Higher doses of morpholino (10 pmol) ablate
both macrophage and neutrophil populations (Fig. 1C and D). To
test the role of macrophages, we used the lower dose, in which only
macrophage development was compromised. These larvae were
extremely susceptible to mortality following infection and addi-
tionally had a higher fungal burden by 2 days postinfection (dpi),
demonstrating a lack of host control of yeast growth (Fig. 1E and
F) and, consistent with our in vivo imaging studies, implicating
macrophages as critical to initial control of infection.
Cryptococcus neoformans replicates and establishes persis-
tent infection in zebrafish larvae. We inoculated 2-dpf zebrafish
larvae with a range of C. neoformans doses from 20 to 200 yeast
cells and observed dose-dependent mortality (Fig. 2A). C. neofor-
mans can replicate in zebrafish larvae. The cryptococcal burden
was ~2 log CFU higher at 5 dpi than immediately following infec-
tion with 50 = 10 yeast cells (Fig. 2B). The times to death of 50%
of larvae (TDss) for infection with 20 = 5, 50 * 10, and ~200
yeast cells were 10, 6, and 5 days postinfection, respectively. Thus,
inoculum size has an impact on disease, but robust disease and
host response can be established with a small burden of yeast cells.
Since macrophages appeared to be the primary intracellular
residence of C. neoformans in zebrafish larvae, we next performed
high-resolution microscopy focusing on yeast cells that were in-
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tracellular within macrophages. In spite of the macrophage-
dependent restriction of growth, yeast persisted and indeed repli-
cated within macrophages in vivo (Fig. 2C; see Movie S5 in the
supplemental material). This intracellular division recapitulated
the characteristic asymmetrical mother-daughter cell division that
can be seen in in vitro growth. In addition to expanding capsule
diameter, regulation of cell size has been a documented response
to conditions experienced during infection by C. neoformans (15,
16). Bright-field microscopy of infected larvae suggested that
C. neoformans increased in size as infection progressed (Fig. 2D).
We used an India ink stain to facilitate measurement of capsule
diameter and yeast cell sizes. These observations demonstrated an
in vivo increase in yeast cell body size to the threshold of Titan cell
diameter and further the production of capsule enlargement dur-
ing infection of zebrafish larvae (Fig. 2E, F, and G). This produc-
tion of capsule is a key characteristic of infection in other animal
models and provides a mechanism to explain the observation that
lyzC-expressing zebrafish neutrophils rarely interact with C. neo-
formans in vivo.

Cryptococcal mutant phenotypes are recapitulated in the ze-
brafish infection model. The small size and versatility of live-
imaging zebrafish larvae make them an ideal host for performing
high-throughput host-pathogen interaction screens such as li-
braries of yeast mutants or multiple mutant or wild-type strains in
a mutagenized host platform (17-19). Therefore, to test the ro-
bustness of the zebrafish model for mammalian virulence deter-
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FIG 2 Cryptococcus replicates and causes disease in zebrafish larvae. (A) Survival of zebrafish larvae infected with a range of C. neoformans doses. Data are
representative of two experiments each with 15 to 20 larvae per experimental condition. (B) C. neoformans burden at 0 and 5 days postinfection in larvae infected
with a dose of 50 CFU. Data are representative of two experiments, each with at least 20 larvae per experimental condition. ¢ test with Welch’s correction. (C) Still
images from time-lapse imaging of a Tg(mfap4:lanYFP) larva infected with mCherry-expressing C. neoformans starting at 1 day postinfection (macrophages in
green and Cryptococcus in red) (full video available as Movie S5 in the supplemental material). Arrows indicate individual yeast cells throughout the time series,
with replication appearing to occur between 42 and 44 min. (D) Cryptococcal diameter measured by transmitted light microscopy from the starting inoculum
and yeast cells isolated from 5-dpi larvae. f test with Welch’s correction. (E) Cell body diameter measured from India-ink-stained C. neoformans from the starting
inoculum and yeast cells isolated from 5-dpi larvae. ¢ test with Welch’s correction. (F) Capsule thickness measured from India-ink-stained C. neoformans from
the starting inoculum and yeast cells isolated from 5-dpi larvae. ¢ test with Welch’s correction. (G) Image of C. neoformans isolated from homogenized 5-dpi
larvae contrasted by standard India ink preparation. The red arrow indicates a large yeast cell measured at 10 wm representative of observed giant cells recovered

from zebrafish infections.

minants, we infected zebrafish larvae with several C. neoformans
mutants chosen for their description as virulence or fitness factors
in mice to verify that the zebrafish infection model recapitulates
findings from standard vertebrate models. (i) Capsule formation
is a characterizing feature of cryptococcus that becomes enlarged
within specific sites within the host and is essential for human
disease production. The capsule surrounds the cell wall and is a
critical virulence factor with a multitude of effects in the host,
including preventing phagocytosis by macrophages (16). cap64 is
a key capsule formation gene: deletion of this gene, cap64A, has
been reported to compromise capsule formation and cryptococcal
virulence in mammals (20). (ii) PLBI encodes a secreted phospho-
lipase B that may function in multiple processes that contribute to
disease within the host, including survival in macrophages and/or
possible nutrient acquisition through breakdown of host phos-
pholipids of the phagosome, and the plbIA deletion mutant is
avirulent in the murine system (21, 22). (iii) The ability to adapt to
growth at 37°C is a common attribute of all human pathogens.
The trehalose pathway is critical for the ability of this yeast to grow
at 37°C (23, 24). The examined #psIA strain lacks the ability to
produce trehalose and is unable to survive at high temperatures in
vitro and in vivo (23, 25). In vivo, the tps1A strain is rapidly cleared
from infected mice. However, the #ps1A mutant is also avirulent in
the C. elegans model system (25), suggesting roles beyond adapta-
tion to elevated temperatures since C. elegans is maintained at
room temperature. (iv) UREI encodes a urease enzyme that has
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been shown to promote cryptococcal survival by altering the host
immune response to pulmonary infections and to increase the rate
of hematogenous dissemination in mice (24, 26-28). However,
the urelA mutant survives normally when directly inoculated into
the CNS of rabbits and mice (26, 28). Additionally, there are sev-
eral documented cases of atypical urease-negative isolates causing
serious disease in AIDS patients, suggesting that urease could be a
site-specific virulence factor (29, 30).

Compared to larvae infected with the H99 (wild-type) strain,
larvae infected with each of the four mutant strains survived better
in an 8-day survival study, suggesting that these virulence factors
are conserved between mammalian and teleost cryptococcal in-
fection (Fig. 3A). We next examined fungal burden in 5-dpi lar-
vae, prior to the divergence of mutant survival rates from wild-
type survival rates, to determine if the increased survival of these
mutants was caused by reduced cryptococcal proliferation
(Fig. 3B). We observed significantly reduced cryptococcal burden
in larvae infected with either the p/bIA or tpsIA mutant strain,
confirming a range of roles for these virulence factors in crypto-
coccal pathogenesis across a broad range of host species. Interest-
ingly, like other invertebrate models, the tpsIA mutation showed
that its impact on virulence or fitness was due to more than its
importance in high-temperature (37°C) growth since zebrafish
larvae are incubated at 32°C.

On the other hand, despite survival attenuation of the host,
burdens in larvae infected with either cap64A or urel A mutants
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FIG 3 Cryptococcal mutant phenotypes are recapitulated in zebrafish larvae. (A) Survival of zebrafish larvae infected with mutant strains of C. neoformans. Data
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C. neoformans H99. Data are pooled from 3 experiments, each with at least 15 larvae per C. neoformans genotype. One-way ANOVA with Tukey’s posttest. *, P <

0.05; **, P < 0.01.

were comparable to those of larvae infected with the H99 strain.
These findings suggest larval zebrafish are either more tolerant of
these mutants, the site of critical infection may be different, or the
larvae are able to curtail the growth of these mutants just below a
lethal threshold of yeast burden, resulting in increased survival at
the later time points. This model system can recapitulate the
mammalian virulence composite in either fungal burden or sur-
vival times with well-characterized cryptococcal mutants.

A zebrafish assay for brain invasion. Invasion of the CNS is a
major component of microbial pathogenesis; however, direct de-
termination of rates of microbial brain invasion in mammalian
infection models is intrinsically laborious, and comparable struc-
tures are not present in the invertebrate model organisms (27).
Zebrafish possess a functional blood-brain barrier that is first es-
tablished at 3 dpf and then matures over the next week of devel-
opment (31, 32). We took advantage of the optical transparency of
the zebrafish head to perform a noninvasive live-imaging assay for
cryptococcal invasion of the brain parenchyma from the blood-
stream of Tg(kdrl:EGFP)*843 animals, where the blood vessels are
marked by EGFP expression (Fig. 4A). In a procedural equivalent
to mouse tail vein injections, transgenic 2-dpf zebrafish were in-
fected with C. neoformans by caudal vein microinjection, resulting
in colonization of the cranial vasculature, the brain ventricles, and
brain tissue by 4 dpi (Fig. 4B).

We next switched from a conventional lateral imaging orien-
tation to a dorsal orientation to better define the bloodstream,
brain ventricle, and brain parenchyma compartments where
C. neoformans resides (Fig. 4C). By observing a number of animals
with different levels of cryptococcal burden in cerebral blood ves-
sels, we found a positive correlation between local infection bur-
den levels of cranial vessels versus invasion into the brain paren-
chyma (Fig. 4D).

We performed time-lapse imaging of the cranial vasculature,
macrophages, and yeast cells in double transgenic Tg(kdrl:EG-
FP843 mfap4:turquoise*?”) larvae hematogenously infected with
C. neoformans. By 4 dpi, we were able to observe intramacrophage
and extracellular C. neoformans cells free in circulation and lodged
in the vasculature (Fig. 5A; see Movie S6 in the supplemental
material). Close examination of these apparently extracellular cir-
culating yeast cells revealed a circular zone of vascular distention
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around many yeast cells consistent with the production of capsule
and avoidance of phagocytosis.

Further imaging also identified invasive C. neoformans cells
lodged in the brain tissue in double transgenic Tg(kdrl: EGFPs843,
mfap4:turquoise¥?”) larvae (Fig. 5B). Brain-tissue-resident yeast
cells that were at this point outside macrophages did not elicit a
strong macrophage migration or phagocytosis (see Movie S7 in
the supplemental material). Furthermore, brain-tissue-resident
yeast cells that were contained in mfap4-expressing macrophages
generally remained static throughout imaging. This was in strik-
ing contrast to the tissue-resident yeast cells in earlier experiments
that were carried by migrating macrophages or formed the focus
of nascent granulomas, suggesting that extracellular yeast cells in
zebrafish brain tissue may be masked from zebrafish macrophages
through previously documented mechanisms, such as capsule
production early in infection.

Recapitulation of a known blood-brain barrier invasion-
deficient mutant phenotype in mice. Since the blood-brain bar-
rier has not reached full maturation by the end of our experimen-
tal window, we wished to functionally assess the blood-brain
barrier in the context of a mutant known to be deficient in inva-
sion of the mouse blood-brain barrier. The C. neoformans fuxIA
mutant is deficient for a multidrug resistance-like protein that
may facilitate yeast-endothelial cross talk. This mutant was previ-
ously characterized as having a deficiency in a competitive murine
blood-brain barrier transmigration assay and in vitro reduced mi-
crovascular entrapment and transcytosis across immortalized hu-
man brain capillary endothelial cells (33).

Transgenic Tg(kdrl:EGFP)s8%3 zebrafish larvae were infected
with either the fux1A mutant strain or the parental CMO18 strain.
We did not observe any obvious differences in infection burden
until around 4 to 5 dpi, when we observed frequent brain ventricle
fungal overgrowth only in animals infected with the fixIA mutant
(Fig. 6A and B; see Movies S8 and S9 in the supplemental mate-
rial). We quantified the appearance of the ventricle overgrowth
phenotype in 5-dpi larvae and found that infection with the fuxIA
mutant resulted in ventricle colonization at a rate over 4X that of
the parental strain (Fig. 6C).

Strikingly, despite clearly having a much higher burden of
C. neoformans around the brain in larvae infected with the fnxIA
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mutant, we observed a markedly reduced rate of cranial blood
vessel colonization by the fuxIA mutant consistent with in vitro
assays of microvascular entrapment (Fig. 6D).

Correlating with the reduced rate of cranial vascular localiza-
tion, we observed a lower rate of brain tissue invasion by the fuxIA
mutant than in the CMOI18 parental strain (Fig. 6E). Taken to-
gether, these observations confirm a role for FNX1 in aiding the
colonization of the cerebral vasculature and promoting the sub-
sequent invasion of the central nervous system across model sys-
tems.

DISCUSSION

We have reported multiple assays for applying the highly tractable
zebrafish platform as a model of C. neoformans pathogenesis. We
show that the innate immune system of zebrafish larvae responds
to C. neoformans primarily with a phagocytic macrophage re-
sponse that is essential for containing an acute infection. Viru-
lence and disease progression in the zebrafish model are depen-
dent on conserved cryptococcal processes, including pathways
related to the evasion of the host immune response. The live-
imaging assay systems we have described will provide a novel plat-
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form for investigating the intersection of cryptococcal and host
genetics and cell behaviors in intact vertebrates.

Our imaging experiments tracking fluorescently labeled innate
immune cells and C. neoformans cells confirmed that, as predicted
from murine experiments, zebrafish macrophages are the domi-
nant phagocytic cell type that interacts with and contains C. neo-
formans during acute infection (13). Our observations also dem-
onstrate a conserved host response driven by macrophages
resulting in nascent cryptococcomas in zebrafish larvae infected
with C. neoformans even during our relatively short window of
infection. Although this macrophage predominance is a fairly
common response to microbial infection in zebrafish, differential
roles have been observed for macrophages and neutrophils in con-
taining fungal infections in zebrafish (34, 35). The primary re-
sponse also includes macrophage aggregates consistent with the
granulomas observed in mammals. It will be intriguing to deter-
mine if the postulated immunomodulatory role of neutrophils in
acute murine C. neoformans infections is conserved across species
by further live imaging of the dynamic immune response of ze-
brafish larvae manipulated to have high or low numbers of neu-
trophils.
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Tg(kdrl:egfp, mfap4:turquoise) infected with cryptococcus-mCherry
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FIG 5 (A) Still images from the brain of a 5-dpi Tg(kdrl: EGFPs343, mfap4:turquoise~'>’) larva infected with mCherry-expressing C. neoformans by caudal vein
injection (blood vessels in green, macrophages in blue, and Cryptococcus in red). The full time-lapse video is available as Movie S7 in the supplemental material.
A purple arrow indicates a macrophage with phagocytosed yeast cells moving inside cranial blood vessels. A red arrow indicates presumptively extracellular yeast
cells moving inside cranial blood vessels. Note the nonfluorescent area of vessel distension that follows presumptively extracellular yeast cells. (B) Still images
from the brain of a 5-dpi Tg(kdrl:EGFP*$43, mfap4:turquoise~’>”) larva infected with mCherry-expressing C. neoformans by caudal vein injection (blood vessels in
green, macrophages in blue, and Cryptococcus in red). Full time-lapse imaging is available as Movie S7 in the supplemental material. A purple arrow indicates a
macrophage with a phagocytosed yeast cell located in brain tissue adjacent to cranial blood vessel. A red arrow indicates a presumptively extracellular yeast cell

located in brain tissue.

The visual accessibility of the zebrafish larvae also allowed us
the opportunity to visualize intramacrophage yeast cell division in
vivo, demonstrating that C. neoformans is able to replicate inside
zebrafish macrophages. Since effective chemotherapy for invasive
C. neoformans can lead to dangerous sequelae due to the massive
release of fungal immunostimulants and development of immune
reconstitution inflammatory syndrome (IRIS), there is a need to
better characterize and modulate the host response to fungal
pathogens. As demonstrated by our Spil knockdown study and by
others, including Brothers et al., the zebrafish host is amenable to
genetic manipulation to identify the host factors necessary for
combating and controlling fungal pathogenesis (34). The ze-
brafish may thus present a tractable tool for investigating the role
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of specific host factors that recognize and respond to general and
virulence-specific cryptococcal factors.

C. neoformans has been observed to physically respond to the
infection milieu by enlarging both capsule and overall yeast cell
size. We also observed the presence of large cells, also termed Titan
or giant cells during zebrafish infection, with yeast cells above
10 wm in size. It is posited that these large cells are important in
the early stages of infection as a means to avoid engulfment by
immune cells and demonstrate the stress that these yeast cells are
undergoing in the host (15). To clearly define the large cells as
Titan/giant cells, additional characterization is needed to evaluate
the genomic content, cell wall thickness, and overall size. How-
ever, the high fecundity of zebrafish should provide an excellent in
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FIG 6 The C. neoformans fnxIA mutant strain is deficient in invading the brain parenchyma. (A) Dorsal-viewpoint images taken from a z-axis stack of a 5-dpi
Tg(kdrl:EGFP*#43) larva infected with an mCherry-expressing C. neoformans CMO18 strain by caudal vein injection (left). Shown is a z-axis projection with a
lightened box indicating a magnified region of interest (shown to the right) of 2X digital magnification slices at ventricle (60-um) and brain tissue (120-um)
depths of focus. Blue arrows indicate C. neoformans cells located in the brain ventricle, red arrows indicate C. neoformans cells located in the brain parenchyma,
and yellow arrows indicate C. neoformans cells located in the cranial vessels. Distances indicate the depth of image plane from the dorsal edge of the head. The full
stack is available as Movie S8 in the supplemental material. (B) Dorsal-viewpoint images taken from a z-axis stack of a 5-dpi Tg(kdrl: EGFP343) larva infected with
an mCherry-expressing C. neoformans fnx1A mutant by caudal vein injection (left). Shown is a z axis projection with a lightened box indicating the magnified
region of interest (shown to the right) of 2X digital magnification slices at ventricle (60-um) and brain tissue (120-um) depths of focus. Blue arrows indicate
C. neoformans cells located in the brain ventricle. Distances indicate depths of the image planes from the dorsal edge of the head. The full stack is available as
Movie S9 in the supplemental material. (C) Quantification of head ventricle C. neoformans colonization in 4-dpi larvae infected with the C. neoformans fnxIA
mutant by caudal vein injection. Fisher’s exact test. Data are pooled from 3 replicates each with 10 to 20 larvae per genotype. (D) Quantification of cranial blood
vessel C. neoformans colonization in 5-dpi larvae infected with the C. neoformans fnx1A mutant by caudal vein injection. Fisher’s exact test. Data are pooled from
4 replicates each with 10 to 20 larvae per genotype. (E) Quantification of brain tissue invasion in 5-dpi larva infected with the C. neoformans fnxIA mutant by

caudal vein injection. Fisher’s exact test. Data are pooled from 3 replicates each with 10 to 20 larvae per genotype.

vivo platform for harvesting and defining whether these large cells
that we have observed are truly Titan/giant cells. Furthermore, the
live-imaging capacity of the zebrafish platform provides a unique
system to image the interaction between Titan/giant cells and spe-
cific elements of the host innate immune system.

The reproduction of increased host survival in zebrafish larvae
infected with several C. neoformans mutants from independent
virulence pathways demonstrates that known virulence pathways
are conserved during infection of this nonmammalian vertebrate
host. These experiments set an important proof of principle and
suggest that investigation of mutant interactions with the immune
system in vivo by live imaging will be feasible to aid our under-
standing of how cryptococcal virulence pathways promote patho-
genesis. The magnitude of the burden differences in the mutants
may be limited by the short time frame over which we performed
the zebrafish larval infections. Modifying the inoculum and ex-
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tending the duration of infection for burden analysis might reveal
larger absolute burden differences and additional congruence be-
tween the model systems used.

The discrepancy between the increased survival of the cap64A
and urel A mutants compared to the wild-type strain and the sim-
ilar fungal burdens of all three genotypes at 5 dpi was surprising as
mortality had previously appeared to be tightly associated with
fungal overgrowth in our dose-response infections. We speculate
that this discrepancy could be caused by reduced immunopathol-
ogy following infection with these mutants resulting in an uncou-
pling of the burden-mortality relationship. Another hypothesis is
that the growth of these mutants is controlled at the 5-dpi time
point by a host immune response that is either independent of or
a slower version of the response that rapidly controls the plb1A
and #psIA mutants. Alternatively, the mutants may have body site
differences in growth and entry—exemplified by the normal
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growth of the ure]A mutant when directly inoculated into the
mammalian CNS (26, 28). Thus, we postulate that studying a
range of mutants in the zebrafish model will be useful to better
understand the contribution of certain virulence pathways to
cryptococcal pathogenesis, and we can watch these yeasts in real
time as they produce disease.

CNS involvement is an important stage of C. neoformans
pathogenesis that has severe consequences for the host. The ze-
brafish is an emerging model for the study of blood-brain barrier
development and function (36, 37). Here, we have demonstrated
that C. neoformans migrates to the CNS of larval zebrafish and that
a cryptococcal mutant known to be defective in mammalian
blood-brain barrier invasion is also defective in invading the ze-
brafish brain. Since many of the fnxIA mutant animals displaying
the vesicle overgrowth phenotype did not have colonization of
their cranial blood vessels, we hypothesize that ventricle coloniza-
tion may utilize a different fungal pathogenicity program than the
blood-brain barrier.

Future investigation will be designed to image invasion events
in vivo to answer the important question of if and why infected
blood-borne macrophages would migrate across the blood-brain
barrier—is it an inbuilt macrophage program triggered by C. neo-
formans (i.e., the Trojan Horse hypothesis)? Alternatively, live im-
aging may reveal the blood-brain barrier invasion in zebrafish to
be a consequence of having a large accumulation of yeast cells in
the blood compartment resulting in transcytosis across the barrier
or simply bursting of the vessel into the brain. The platform de-
scribed here can be readily applied to studying a range of
laboratory-generated mutants and clinical/environmental isolates
to rapidly identify cryptococcal determinants of CNS pathology as
well as the cellular mechanisms of CNS invasion.

MATERIALS AND METHODS

Zebrafish (Danio rerio) husbandry. All zebrafish husbandry and exper-
imental procedures were performed in accordance and compliance with
policies approved by the Duke University Institutional Animal Care and
Use Committee (protocol A180-11-07). Clutches of eggs were collected
from natural spawning and raised in filtered fish system water at 28°C.
Pigment development was halted in 1-dpf embryos by the addition of
1-phenyl-2-thiourea (PTU [final concentration, 45 ug/ml]) (Sigma-
Aldrich, St. Louis, MO). Other strains used in this study include those
with the genotpes Tg(lyzC:EGFP)"#117, Tg(kdrl: EGFP)*%%3, Tg(mfap4:tur-
quoise)*?7, and Tg(mpegl:lanYFP)**2.

Labeling of cryptococcus strains. Labeling of the Cryptococcus strains
was performed by biolistic transformation of plasmid pCN52 or pCN53
containing a mCherry-RAS]I fusion (38). Random integration of this re-
porter was performed by selection on yeast extract-peptone-dextrose
(YPD) containing 100 ug/ml nourseothricin (NAT; Werner BioAgents,
Jena-Cospeda, Germany) or 200 ug/ml Geneticin (NEO; Thermo, Fisher
Scientific, Grand Island, NY). The Cryptococcus neoformans var. grubii
H99 GFP-RASI and H99 mCherry-RASI strains were kindly provided by
Connie Nichols.

C. neoformans var. grubii strains and growth conditions. Strains
used in this study include wild-type H99 and CM108, and the #psIA (25),
cap64A (39), urelA (28), plbIA (21), and fuxIA (33) mutants (33, 40). A
single colony of each strain was inoculated into 5 ml YPD and grown
overnight at 30°C with shaking at 225 rpm. Cells were harvested by cen-
trifugation for 5 min at 3000 rpm, washed twice with 25 ml PBS, and
suspended in 1 ml phosphate-buffered saline (PBS). A dose of 7 X
107 CFU/ml was prepared to achieve a cell count of ~50 cells per injection.
Injected larvae were screened postinjection to confirm the injection dose.
Doses ranging from 3 X 107 to 8 X 107 CFU/ml were prepared for the dose
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curve experiment to achieve the appropriate number of yeast cells for
inoculation.

Infection by microinjection. Embryos were anesthetized at 2 dpf with
tricaine (MS-222; Sigma-Aldrich, St. Louis, MO) (final concentration,
160 pg/ml) and injected with C. neoformans in an injection bolus of 10 to
20 nl into the caudal vein. Infected embryos were then recovered back to
filtered fish system water supplemented with PTU and raised at 32°C as an
intermediate temperature between standard zebrafish (28°C) and crypto-
coccal (37°C) growth temperatures that is above ambient temperature
and well tolerated by larval zebrafish. Embryos that were physically dam-
aged by injection handling were discarded and excluded from further
analysis.

Live imaging. Conventional microscopy and time-lapse fluorescence
microscopy were carried out on a Zeiss observer Z1 inverted microscope.
Embryos were anesthetized with 160 pg/ml tricaine and mounted in 3%
(wt/vol) methylcellulose or 1% low-melting-point agarose for static mi-
croscopy. Embryos for time-lapse microscopy were anesthetized with
120 ug/ml tricaine, mounted in 0.75% low-melting-point agarose con-
taining between 100 and 140 ug/ml tricaine in 96-well plates, and im-
mersed in filtered fish system water supplemented with PTU. Images were
processed with Image] (NIH) and Photoshop CS4 (Adobe).

Morpholino knockdown. Modified antisense oligonucleotides de-
signed to knock down expression of Spil were injected into 1- to 4-cell-
stage embryos. The sequences of the morpholinos used in this study are as
follows: Spil morpholino sequence, 5° GATATACTGATACTCCATTG-
GTGGT 3’, and control morpholino, 5° CCTCTTACCTCAGTTA-
CAATTTATA 3'. Morpholinos were injected at either 1 or 10 pmol per
embryo.

Recovery of C. neoformans for capsule size measurement. Zebrafish
were euthanized in fish water containing 300 ug/ml tricaine, washed 2
times with PBS, and transferred individually to a 2-ml screw-cap tube with
an O-ring. To each tube, a 6.35-mm steel bead and 1 ml of PBS were
added. Fish were homogenized by a 15-s pulse using a Mini-
Beadbeater-16 (BioSpec Products). To isolate Cryptococcus cells for imag-
ing of capsule and cell size, a monoclonal antibody (kindly provided by
Arturo Casadevall) was labeled with goat anti-mouse IgG magnetic beads
(New England Biolabs catalog no. S1431S) according to the manufactur-
er’s instructions. The magnetic beads coated with the 18B7 antibody were
diluted such that few beads were observed per yeast cell. The magnetic
beads were incubated with the fish lysate at room temperature for 5 min,
and beads were separated to the side of the tube for 5 min. The lysate was
removed, and beads were washed 3 times with 1 ml of PBS. The beads were
resuspended in 20 ul of PBS. Samples were prepared with India ink stain-
ing and imaged on a Zeiss Axio Imager A1l microscope with an AxioCam
MRM digital camera. Image analysis was performed using Image]J soft-
ware.

Quantification of morpholino hematopoietic effects. Morpholino-
injected Tg(lyzC:EGFP)"?19! embryos were raised to 3 dpf, soaked in
2.5 pg/ml neutral red (Sigma-Aldrich, St. Louis, MO) for 6 h, and imaged
for red and green fluorescence.

Enumeration of CFU. Zebrafish were euthanized in fish water con-
taining 300 ug/ml tricaine, washed 2 times with 25 ml PBS, and trans-
ferred individually to a 2-ml screw-cap tube with an O-ring. To each tube,
a6.35-mm steel bead (BioSpec Products, Bartlesville, OK) and 1 ml of PBS
were added. Fish were homogenized by a 15-s pulse using a Mini-
Beadbeater-16 (BioSpec Products, Bartlesville, OK). Serial dilutions were
performed, and 100 ul of the neat solution and 1/10 dilutions were plated
onto YPD containing 100 pg/ml chloramphenicol. Plates were incubated
at 30°C for 3 days. Colonies were enumerated after 3 days of growth.

Statistical analysis. Comparison of fungal burdens was performed
using unpaired two-tailed ¢ test. Values resulting in P values of <0.05
relative to the control were considered significantly different. Zebrafish
survival was plotted using Kaplan-Meier survival curves and analyzed by
log rank test using GraphPad Prism. Survival curves resulting in P values
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of <0.05 relative to the control were considered significantly different.
Error bars represent 1 standard deviation.

SUPPLEMENTAL MATERIAL
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