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A Zebrafish Model of Cryptococcal Infection Reveals Roles for
Macrophages, Endothelial Cells, and Neutrophils in the Establishment
and Control of Sustained Fungemia
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Cryptococcal meningoencephalitis is a fungal infection that predominantly affects immunocompromised patients and is uniformly
fatal if left untreated. Timely diagnosis is difficult, and screening or prophylactic measures have generally not been successful. Thus, we
need a better understanding of early, asymptomatic pathogenesis. Inhaled cryptococci must survive the host immune response, escape
the lung, and persist within the bloodstream in order to reach and invade the brain. Here we took advantage of the zebrafish larval in-
fection model to assess the process of cryptococcal infection and disease development sequentially in a single host. Using yeast or
spores as infecting particles, we discovered that both cell types survived and replicated intracellularly and that both ultimately estab-
lished a sustained, low-level fungemia. We propose that the establishment and maintenance of this sustained fungemia is an important
stage of disease progression that has been difficult to study in other model systems. Our data suggest that sustained fungemia resulted
from a pattern of repeated escape from, and reuptake by, macrophages, but endothelial cells were also seen to play a role as a niche for
cryptococcal survival. Circulating yeast collected preferentially in the brain vasculature and eventually invaded the central nervous
system (CNS). As suggested previously in a mouse model, we show here that neutrophils can play a valuable role in limiting the sus-
tained fungemia, which can lead to meningoencephalitis. This early stage of pathogenesis—a balanced interaction between cryptococ-
cal cells, macrophages, endothelial cells, and neutrophils— could represent a window for timely detection and intervention strategies

for cryptococcal meningoencephalitis.

Recent data from Uganda and Tanzania indicate that there are
over 10,000 cases of HIV-related cryptococcosis per year in
these countries alone (1, 2). Of those, roughly 5,000 to 8,000 (54 to
79%) are fatal. At a global scale, the survival rate is similarly poor,
and over 600,000 deaths are attributed to Cryptococcus neoformans
every year (3). The high mortality rate is in part due to difficulties
in timely diagnosis; even in susceptible hosts, clinical signs of the
initial pulmonary infection can be subtle or essentially absent (4).
Studies in this population using serum cryptococcal antigen test-
ing suggest that antigenemia (which may or may not represent
actual fungemia) is a harbinger of meningoencephalitis but can
precede it by weeks or more (5, 6). Once the infection has pro-
gressed to clinical meningoencephalitis, the prognosis is grim even
with aggressive treatment. Beyond the HIV-infected population, a
growing transplant and otherwise immunosuppressed population
is also vulnerable, and even an immunocompetent host may be
susceptible to infection and disease caused by the closely related
species Cryptococcus gattii (7). An understanding of the events
prior to fulminant disease is critical to better management of pa-
tients at risk for cryptococcal meningoencephalitis.

While acute new infection can cause its share of disease, it is
generally thought that a large percentage of clinical cases represent
remote reactivation rather than new infection (8, 9). Depending
on the location, a large percentage of children already produce
anticryptococcal antibody by the age of 10 (10, 11), and there is
direct evidence of reactivated disease occurring years after expo-
sure to the responsible cryptococcal strains (12). As noted above,
an early harbinger of clinical disease is detectable amounts of cryp-
tococcal antigen in the blood, although the duration of antigen-
emia before disease is variable, and appropriate use of this tech-
nique to guide prophylactic measures has been difficult to
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determine (6, 13, 14). Studies of human pathology and in the rat
model suggest that one niche for long term cryptococcal survival is
in granulomata (15, 16). However, the pathological changes asso-
ciated with antigenemia are not known.

Cryptococcus is inhaled directly from environmental sources
such as tree bark and bird guano (4). While the infectious parti-
cle(s) for humans remains formally unknown, both spores and
yeast are capable of causing disseminated cryptococcosis in mouse
models (17, 18). It is highly likely that humans could be exposed to
both spores and yeast (either together or alone) from the environ-
ment. Also, little is known about the biological differences be-
tween cryptococcal yeast grown in rich medium and yeast germi-
nated from the spore form after entry into the host. Therefore, we
investigated both of these infectious agents in the zebrafish model
to identify similarities and differences in behaviors and host re-
sponses between the two.

Once the fungus has established a foothold in the lung of a
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susceptible host, it is able to survive in the face of the innate im-
mune response and gain access to the bloodstream. From there it
has a specific tendency to localize to the vasculature of the central
nervous system (CNS) and cross the blood-brain barrier. Many in
vitro and in vivo approaches have been used to understand this
process, and from these, we have made progress in understanding
the interactions between Cryptococcus and specific immune cells
(recently reviewed in reference 19), the intracellular life of Cryp-
tococcus (reviewed in references 8 and 20), and the molecular
mechanisms used for crossing the blood-brain barrier (21-23).
Although animal models have shown prolonged fungemia to be a
possible characteristic of pathogenesis (17, 24, 25), the mecha-
nisms for initiating and maintaining fungemia have been difficult
to approach. This cannot yet be examined in vitro and has been
difficult to elucidate using mammalian model hosts. Here we pres-
ent a model of infection that allows the direct study of this phe-
nomenon.

A major advantage of the zebrafish model is the conserved
nature of the metazoan host immune response and the relative
ease with which the functions of host immune cells can be evalu-
ated, particularly macrophages and neutrophils. Both of these cell
types have been assessed in cryptococcal yeast infections both in
vivo in mouse models and in vitro, allowing us to compare and
contrast findings in zebrafish. Alveolar macrophages are widely
held to be the initial phagocyte with which Cryptococcus interacts.
Based on observations in the mouse model, cryptococcal resi-
dence inside these and other macrophages is seen to some extent
throughout the course of pathogenesis (17, 19, 26). Depending
upon their activation state, some macrophages are able to control
and kill Cryprococcus (27), but in the progress of infection in the
susceptible host, the fungus is able to survive and replicate in, and
ultimately escape from, the phagosome and the macrophage (20).

Neutrophils have largely been considered either noncontribu-
tory or even detrimental to cryptococcal immunity because cryp-
tococcosis is seen primarily in patients with dysfunctions in adap-
tive immunity and not patients with neutropenia. Animal studies
have shown improved survival of mice transiently depleted of
neutrophils at the time of pulmonary infection with Cryptococcus
(28), which appears to be caused by the absence of neutrophil-
mediated inflammation (29). In contrast, however, neutrophils
have been implicated in Cryptococcus clearance later in disease (30,
31). Recent work has provided evidence that neutrophils are ca-
pable of clearing Cryptococcus directly from the brain vasculature
of mice (32-34). In all of these cases, limitations of the mouse
model made it difficult to discern the topology and kinetics of
Cryptococcus-phagocyte interactions directly. Using the zebrafish,
we can both evaluate and modulate this host-microbe interaction.

Two recent studies using the larval zebrafish as a model host for
cryptococcal infection have demonstrated significant parallels
with mammalian pathogenesis and highlighted the unique advan-
tages this organism has to offer (35, 36). The zebrafish is geneti-
cally tractable and is now well established as a model host for
several forms of infection (37-40). Perhaps most useful is the vi-
sual access the transparent larva provides, allowing for high-reso-
lution microscopy over multiple days either serially or in contin-
uous time-lapse applications. This access over time enables the
observation of pathogenesis involving the innate immune system,
a variety of tissue types, a functioning circulatory system, and a
blood-brain barrier. In this study, we took advantage of the ze-
brafish larva to examine pathogenesis from the earliest interac-
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tions with phagocytes to the establishment of the characteristic
low-level fungemia which allows for eventual brain colonization.

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 manually
dechorionated between 24 and 30 h postinfection (hpi). Prior to micro-
injection or imaging, larvae were anesthetized in E3-MB containing 0.2
mg/ml Tricaine (ethyl-3-aminobenzoate; Sigma-Aldrich). For live imag-
ing, pigment synthesis was inhibited by switching larvae to E3-MB con-
taining 0.2 nM 1-phenyl-2-thiourea (PTU) (Sigma-Aldrich) at 18 to 24 h
postfertilization (hpf). For prolonged 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. All
adult and larval zebrafish procedures were in full compliance with NIH
guidelines and approved by the University of Wisconsin—Madison Insti-
tutional Animal Care and Use Committee (no. M01570-0-02-13).

Transgenic zebrafish lines. Tg(mpeg:H2B-mCherry) larvae express
red fluorescence localized to the nucleus, specifically in macrophages. The
nuclear localization was used because cytoplasmic mCherry expression
from the mpeg promoter did not produce a bright enough fluorescent
signal in many parts of the larva. Tg(mpx:mCherry) larvae express red
fluorescence specifically in the cytoplasm of neutrophils. This line was
developed in the lab of A.H. and is listed as uwm?7Tg in the zfin database.
The Tg(flk:mCherry) line expresses mCherry specifically in the endothelial
cytoplasm and was kindly provided by Heinz-Georg Belting and Markus
Affolter. Tg(mpeg:egfp) fish generated in the lab of A.H. were crossed with
Tg(mpx:mCherry) fish to derive the double transgenic Tg(mpeg:egfp)/
(mpx:mCherry) larvae used for simultaneous assessment of macrophage
and neutrophil function. The Tg(mpx:mCherry-2A-Rac2D57N) line
(zfin database name uwm3Tg; zf307Tg) was used in combination with
Tg(mpx:mCherry-2A-Rac2WT) as a wild-type control as described
previously (41, 42).

Cryptococcal strains, growth conditions, and spore preparation.
Strains used were of the serotype D background (Cryptococcus neoformans
var. neoformans strains B-3501 and B-3502) or serotype A background
(Cryprococcus neoformans var. grubii strain H99) (43, 44). All were han-
dled using standard techniques and media as described previously (45,
46). Spores were purified from crosses using density gradient purification
as described previously (47). Briefly, mixed haploid yeast cells of opposite
mating types (CHY3515 and CHY3516) were spotted onto V8 solid me-
dium at a ratio of 1:1 and a total optical density at 600 nm (ODy,) of 1.0.
Plates were then incubated at room temperature in the dark for 6 days on
V8 agar before spore purification.

Construction of a nuclearly localized GFP expression strain pair. A
predicted nuclear localization signal (NLS) sequence was amplified from
the 3" end of the gene encoding the high-mobility group (HMG) domain-
containing transcription factor Nhp6b02 (CNE04220) using primers
CHO3801 (5'-CAT GGG ATCC GCC AAG AAG GAT GCC GTC G-3")
and CHO3802 (5'-CAT GAG ATC TAT CAT CAC GCC ACA CCC GG-
3’). This fragment was digested with BamH1 and BglII and then ligated into
pCN19 (a gift from Andrew Alspaugh) to create pCH1227. The resulting
plasmid encodes a histone 3 promoter-driven enhanced green fluorescent
protein (EGFP) with an 80-amino-acid NLS and a nourseothricin resistance
(NAT") cassette. This integrating plasmid was then transformed via bom-
bardment into C. neoformans B3502 to generate strain CHY3135 (47).
This strain produces bright GFP that is localized to the nucleus. To gen-
erate a mating pair for spore production, CHY3135 (a) was crossed with
B3501(a), and spores were isolated as described previously (70). Isolated
spores were then germinated on YPD agar, and the resulting colonies were
mating typed by crossing with tester strains JEC20 (a) and JEC21(a) on
V8 agar (pH 7.0) and examined microscopically for the presence of fila-
mentous growth and spores. An o NAT" Gfp-NLS strain, CHY3136, was
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identified, which was then crossed on V8 (pH 7.0) with CHY3135 to
produce GFP-expressing spores.

Microscopy. Confocal and differential interference contrast (DIC)/
epifluorescence imaging was performed on a Zeiss Z1 Observer-based
system run with the Zeiss Zen software. All images from this system were
obtained using a Zeiss EC Plan-Neofluar objective (40X/0.75 numerical
aperture [NA]). Epifluorescence images were collected using a Photomet-
rics Coolsnap ES? camera. Spinning-disc confocal imaging used a Yok-
ogawa CSU-X1 spinning disc and collection with a Photometrics Evolve
512EMCCD. Stereoscopic imaging (see Fig. 3A) was performed on a Zeiss
AxioZoom.V16 microscope with a Zeiss Plan-Neofluar 1X/0.25 NA ob-
jective. Images were collected with a Zeiss AxoCam MRm using Zeiss Zen
software. Live imaging of zebrafish larvae was performed with larvae anes-
thetized in Tricaine as previously described (50) and simply resting on the
bottom of a glass-bottom dish or immobilized in 1% low-melting-point
agarose

Image processing. For direct display, images were transferred from
the Zeiss czi format to tiff and levels adjusted using Adobe Photoshop.
Three-dimensional (3D) rendering work was done using Imaris rendering
software (Bitplane).

MO knockdown. PU.1 morpholino (MO) was 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 diluted MO
was microinjected into the yolk center of embryos at the 1- to 4-cell de-
velopmental stage at 500 M (51).

Microinjection. Harvested spores were stored suspended in phos-
phate-buffered saline (PBS) at 20°C for up to 30 days. Yeast were grown
from frozen stock on yeast extract-peptone-dextrose (YPD) plates over-
night at 29°C. The resulting stock plate was used as a source for no more
than 30 days. For microinjection, yeast cells were plated from the stock
plate onto a fresh plate and grown overnight at 29°C. Just prior to injec-
tion, yeast cells were harvested off this fresh plate and suspended in PBS.
For fluorescent spore and yeast injections, appropriate dilution in PBS
was estimated by eye. After 3 to 5 trial injections at different volumes, the
dosage was adjusted after directly assessing the inoculum in larvae. Inoc-
ula of between 150 and 250 cryptococcal cells per larva (estimated mass of
50.5 pg at 48 hpi [52]) produce an inoculum-to-mass ratio averaging
3.96, comparable to that of previously published mouse infections (1 X
10° yeast cells or spores in an ~22-g mouse = 4.54). This dosing was also
comparable to that for previously published studies in zebrafish (35, 36).
For imaging and cryptococcal enumeration experiments, the inoculum
for each fish was assessed by direct visual counting via epifluorescence
microscopy. Consistency of counts was held by counting fish on their
right sides only and at the same orientation. This accuracy of this method
was confirmed by comparing the average larval inoculum in a group to a
colony count from the same inoculation volume plated on YPD. Inocu-
lation dosages with the nonfluorescent H99 strain were measured by plat-
ing the inoculation volume only. After manual dechorionation of em-
bryos at ~28 hpf, intravenous (i.v.) and hindbrain inoculations were
performed as previously described (50), with the alteration that larvae
were positioned on a 3% agarose plate formed with holding grooves as
previously described (53).

Statistical analysis. Statistical testing and graph generation were per-
formed using GraphPad Prism version 6. Specific test modalities are in-
dicated in the figure legends, but overall survival data and time-to-event
data were generated using at least two independent replicate data sets,
analyzed using Mantel-Cox proportional-hazard regression analysis, and
displayed as Kaplan-Meier plots. Comparisons of normalized cryptococ-
cal burden over time were generated by manual counting of cryptococcal
numbers daily in at least 3 independent replicates. The ratios resulting
from normalization to the initial inoculum were then log transformed
before pairwise comparisons were made using the two-tailed Mann-
Whitney test, with P values displayed in each figure. Linear regression with
calculation of 95% confidence intervals was also performed using the
Prism software.
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RESULTS

Cryptococcal spores and yeast both establish a prolonged infec-
tion in zebrafish larvae with eventual dissemination to the
brain. For an initial comparison of spore and yeast infections, we
injected 48-h-postfertilization (hpf) zebrafish larvae via the caudal
vein with cryptococcal cells expressing a nuclearly localized EGFP
(in the robust spore-producing B3501 [«] and B3502 [a] back-
grounds). The yeast inoculum was 171 (*35) cells from a 1:1
mixture of each yeast mating type; the spore inoculum was 250
(£27) cells purified from a cross of the EGFP yeast strains. (Fig.
1A). There was no significant mortality of wild-type larvae from
either spores or yeast of this background, even at the highest in-
oculum (Fig. 1B). In contrast, yeast cells of the hypervirulent H99
strain killed the larvae at moderate inoculum of 100 to 200 CFU
(Fig. 1B), as shown previously (36). To discern differences be-
tween spore and yeast infections, we assessed survival and replica-
tion by manually counting the number of Cryptococcus cells every
24 h after inoculation.

In the case of spore inoculation, the cryptococcal burden most
often decreased over the first 3 days, with a few larvae experiencing
mild expansion (Fig. 1C). By the fourth day there was a broad
variety in fungal burden: a few larvae experienced large increases,
while most remained near or just below the initial inoculum. To
investigate the fate of spores after inoculation we used direct mi-
croscopy of Tg(mpeg:H2B-egfp) transgenic larvae, which express
the enhanced green fluorescent protein specifically in macro-
phages and localized to the nucleus, and Tg(mpx:mCherry) larvae,
which express the red fluorescent mCherry protein specifically in
the cytoplasm of neutrophils. By 2 hpi we found that there were no
visible spores still free in the bloodstream (data not shown). All
visible spores had been phagocytosed and were residing in mac-
rophages and, to a lesser extent, neutrophils. Over the first 2 days
postinfection (dpi), inoculated spores within macrophages
showed morphological changes consistent with germination and
subsequent replication (as evidenced by the appearance of daugh-
ter buds on yeast cells) (Fig. 1D). These changes were not uniform,
however, as some subsets of spores germinated but remained
small and did not replicate. Although most germinated spores (for
clarity, we will use the term “germinated spores” for yeast cells
seen after spore inoculation) remained intracellular, by 48 to 72
hpi we began to see occasional cells free in the bloodstream. These
cells were often lodged in characteristic vascular locations such as
the intersegmental tail vessels (Fig. 1G), gill vasculature (see Fig.
S1A in the supplemental material), and brain vasculature (see Fig.
S1B in the supplemental material). We termed this appearance of
previously intracellular Cryptococcus in the bloodstream “second-
ary fungemia,” considering the “primary” fungemia in this model
to have taken place immediately after inoculation and prior to
initial phagocytosis.

Events after yeast inoculation were only slightly different. Yeast
inoculation also resulted in a 24-h burden below the initial num-
ber, but the drop was not as pronounced as it was with spores (Fig.
1C). While both cell types were capable of establishing progressive
infection, inoculated yeast began replicating earlier, often pro-
gressing to a heavy fungal burden during the four-day observation
period (Fig. 1C). Although individual instances of heavy prolifer-
ation were more common after yeast inoculation, linear regres-
sion analysis of the inoculum-normalized fungal burden at 96 hpi
showed that the two forms were comparable in their abilities to
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replicate and establish prolonged infection (Fig. 1F). Secondary
fungemia was also observed after yeast inoculation, usually earlier,
averaging 2.38 (*0.18) days for yeast and 2.84 (*=0.22) days for
spores (two-tailed t test, P = 0.12), but still after an interval during
which all yeast cells were intracellular (Fig. 1G). In both spore and
yeast infections, only yeast forms are seen in secondary fungemia.

From these results we conclude that spores must undergo ger-
mination before establishing secondary fungemia and that inocu-
lated yeast cells require 24 to 48 h to acquire this ability. The
appearance of secondary fungemia was typically low-level: only
one or two germinated spores or yeast cells could be seen lodged in
the vasculature in a given larva. On several occasions single larvae
showed secondary fungemia on one day but not the next, butin no
instance did secondary fungemia precede a drop in overall cryp-
tococcal numbers (see Tables S1 and S2 in the supplemental ma-
terial). Based on these observations, we conclude that a sustained,
sporadic release of small numbers of yeast cells into the circulation
was occurring after both spore and yeast inoculations.

The transparent zebrafish larvae offered an ideal opportunity
to follow the fate of these newly extracellular yeast cells or germi-
nated spores. By inoculating Tg(flk:mCherry) larvae (54), which
express mCherry in all endothelial cells, we specifically visualized
the lodging of Cryptococcus inside the brain vasculature (Fig. 1H),
which was followed by invasion out of the vessels and into the
brain parenchyma (Fig. 1I). These results are consistent with pre-
vious reports using the H99 strain in zebrafish larvae (36). While
inoculated yeast could lodge temporarily in the brain vasculature
in the very first hours after inoculation (data not shown), invasion
into the parenchyma was not seen until after the establishment of
secondary fungemia. All together, these observations suggest that
both spore and yeast inoculations produced sustained, low-level
fungemia after intravenous infection, which eventually led to CNS
invasion. Both cell types require time to acquire the ability to cause
this secondary fungemia, and that refractory time is spent inside
host phagocytes.

During primary infection, inoculated spores and yeast at-
tract phagocytes at different rates, but both are more suscepti-
ble to killing by neutrophils than by macrophages. To examine

Sustained Cryptococcal Fungemia in Zebrafish

the establishment of secondary fungemia by spores or yeast in a
stepwise fashion, we undertook an analysis of early pathogenesis
in chronological order. To assess phagocyte recruitment, we used
the hindbrain recruitment assay (37, 55), in which yeast or spores
were inoculated into the hindbrain ventricle (Fig. 1A) of transgenic
larvae expressing the red fluorescent protein mCherry from either
the mpeg promoter (for macrophages) [ Tg(mpegl:mCherry)] (42)
or the mpx promoter (for neutrophils) [Tg(mpx:mCherry)]. We
then counted the number of phagocytes recruited at 6 hpi. The
rate of recruitment of macrophages was the same for both cell
types, but yeast attracted significantly more neutrophils than
spores did (Fig. 2A). To determine the fate of spores and yeast after
they became intracellular, we inoculated Tg(mpegl:mCherry)/
Tg(mpx:mCherry) double transgenic larvae via the caudal vein and
assessed the percentages of cryptococcal cells associated with ei-
ther macrophages or neutrophils at multiple time points within
the caudal hematopoietic tissue (CHT). Although in this experi-
ment both Cryptococcus and transgenic macrophages expressed
green fluorescence, the nuclear localization of fluorescence in our
engineered cryptococcal strain produced a bright, punctate signal
easily distinguished from that of transgenic macrophages. Spores
inoculated intravenously into zebrafish larvae were found primar-
ily within macrophages at 24 h (Fig. 2B), as were yeast cells (Fig.
2C) (reported previously for yeast [36]). A small percentage of
cryptococcal cells was not associated with either macrophages or
neutrophils. From these data we concluded that most spores and
yeast cells are within macrophages, although a small percentage
was found inside neutrophils. This was somewhat surprising given
our previous findings of a strong attraction of neutrophils by
yeast.

To evaluate the nature of Cryptococcus-phagocyte interactions
during infection, we inoculated an IRF-8 mutant strain of ze-
brafish, which lacks macrophages for the first few days of life but
has an increased number of neutrophils during this time (57). By
again counting the number of fluorescent cryptococcal cells at 2
hpi and on subsequent days, we discovered that there were re-
duced numbers of cryptococcal cells at 24 hpi in mutant zebrafish
compared to heterozygote clutchmates, and this effect was greater

FIG 1 Cryptococcal spores and yeast establish a prolonged infection in zebrafish larvae, with differing chronologies of similar basic events. (A) Schematic view
of the zebrafish larva at 32 hpf with anatomical landmarks. The insets show DIC images of spores and yeast cells, representing their relative sizes. (B) No
significant difference is found in survival of zebrafish larvae inoculated i.v. with PBS (mock), 250 (£27) spores, or 171 (#35) yeast cells (3-way curve comparison;
P = 0.75, Mantel-Cox log rank test). Data are from two independent experiments with 22 larvae per group per experiment. As previously shown, 100 to 200 CFU
of H99 yeast does induce decreased survival (P value shown from Mantel-Cox log-rank test). Combined data of two replicates are shown. Mock, n = 46; spore,
n = 44; yeast, n = 40, H99 yeast, n = 24. (C) Inoculated spores and yeast both establish stable infection with subsequent expansion, although inoculated yeast
cells do so sooner. The cryptococcal burden normalized to the initial inoculum of individual larvae is shown, log transformed for analysis with the two-tailed
Mann-Whitney test. (D) i.v. inoculated spores germinate within macrophages. Spores expressing EGFP inoculated into Tg(mpeg:H2B-mCherry) larvae, which
express the red fluorescent protein mCherry specifically in macrophages, localized to the nucleus. DIC/fluorescence overlays at 0, 1, and 2 dpi are shown. Black
arrowhead, fluorescent nuclei. Bottom row, enlarged image with green signal removed for clarity. Note the smaller size and angular shape of spores at 0 dpi (see
panel A for spore and yeast shapes). Note the increasing diameter of yeast by 1 dpi and the capsule layer (not fluorescent but edge clearly seen by DIC) by 2 dpi.
The scale bar applies to all 3 panels in each row. (E) Germinated spores lodged temporarily in an intersegmental vessel during secondary fungemia (cryptococci
released back into the bloodstream after initial phagocytosis). The inset shows the location within larva. The white bracket indicates germinated spores, now with
plentiful capsule material, extracellular and in the bloodstream. Black arrowheads indicate endothelial walls visible by DIC. (F) Cryptococcal expansion after
spore and yeast inoculation is dose dependent and occurs at different rates. Counts at 96 hpi versus initial inoculum of spores are shown with dose-response
curves. Linear regression data are shown; dashed lines represent 95% confidence intervals. (G) Likelihood of signs of secondary fungemia increases over time and
begins earlier after yeast inoculation. Combined data from two replicates are shown. Larvae were inoculated with 143 (*+16) spores or 72 (£8) yeast cells i.v.
and the presence of intravascular yeast scored by DIC and fluorescence microscopy. The Pvalue is from the Mantel-Cox log rank test. (H) Germinated spores and
yeast lodge in brain vasculature during secondary fungemia. Confocal imaging of Tg(flk:mCherry) larvae, which express the red fluorescent mCherry protein
specifically in endothelial cells, at 3 days postinoculation with yeast is shown. The bracket emphasizes the location of yeast cells, which are contained within the
vessel. The inset shows the location within the larva. (I) Some yeast cells lodged in the brain vasculature invade the brain parenchyma after secondary fungemia.
Confocal imaging of Tg(flk:mCherry) larvae at 5 days postinoculation with yeast is shown. The bracket emphasizes a cluster of yeast cells clearly outside the
vasculature. The inset shows the location within the larva.
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FIG 2 During primary infection, inoculated spores and yeast attract phagocytes at different rates, but both are more susceptible to killing by neutrophils than
by macrophages. (A) Phagocyte recruitment by spores and yeast as measured by a hindbrain recruitment assay using Tg(mpeg:H2B-mCherry) and Tg(mpx:
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in the case of yeast-infected larvae (Fig. 2D). The difference be-
tween IRF-8 mutant larvae and their heterozygous clutchmates
decreased with each successive time point (data not shown), per-
haps reflecting the effect of returning macrophage numbers after
24 hpi (72 h post fertilization). These findings suggest that neu-
trophils are more likely to kill the cryptococcal cells they ingest
than are macrophages, particularly in the case of yeast. However, it
is also possible that the loss of IRF-8 function affects cells other
than macrophages. To address further the function of neutrophils,
we used a transgenic line of larvae with a human dominant nega-
tive allele of Rac2 expressed specifically in neutrophils [ Tg(mpx:
mCherry-2A-Rac2D57N), referred to here as Rac2”*"N larvae].
Rac2 is a small Rho GTPase which is required for normal neutro-
phil function, and patients with the Rac2D57N mutation have
impaired immune function resulting in severe recurrent infec-
tions (71). While neutrophils are present in the circulation of
these transgenic larvae, their adhesion and migration are im-
paired, and the neutrophils also likely have deficits in intracellular
killing (41, 42, 58). When spores or yeast were inoculated into the
bloodstream of Rac2”*’" larvae, we found that the larvae did not
control the fungal burden as well as Rac2"¥" controls [ Tg(mpx:
mCherry-2A-Rac2WT), a neutrophil-specific transgenic line ex-
pressing the same construct as Rac2”>"™ larvae without the D57N
mutation] (Fig. 2E). Once again, this effect was observed after
spore inoculation, but it was much more marked in yeast infec-
tions. This again supports the conclusion that in this model neu-
trophils are more efficient than macrophages at killing cryptococ-
cal cells, particularly yeast. Given this finding, it was curious that
some neutrophils harboring cryptococcal cells could be observed
throughout infection (Fig. 2B and C). One possible explanation
for this observation is that secondary fungemia provided neutro-
phils with a small, continuous supply of cryptococcal cells to
phagocytose. To test this possibility, we compared the rates of
secondary fungemia after spore and yeast inoculation in Rac2”>"™
larvae. If neutrophils counter secondary fungemia by phagocyto-
sing free cryptococcal cells, we would expect to see more evidence
of secondary fungemia in Rac2”°"N larvae. We observed no differ-
ences in fungemia between Rac2"" and Rac2”*"" larvae infected
with spores (Fig. 2F). In contrast, there was significantly more
secondary fungemia after yeast inoculation in the Rac2”>"N larvae
than in the wild type (Fig. 2G). These data support the idea that
secondary fungemia can contribute to the small population of
yeast within the neutrophils of yeast-infected larvae. The differ-

Sustained Cryptococcal Fungemia in Zebrafish

ence between yeast- and spore-infected larvae seems most likely
due to the relative delay by spores in producing secondary funge-
mia. As seen in previous experiments, the kinetics of spore inter-
actions with the host differed from that for yeast, and the resultant
delay in secondary fungemia did not allow us to detect it in the
time frame used here.

Functional neutrophils are required for limiting secondary
fungemia. To test the direct effects of neutrophil function during
secondary fungemia, we examined the fate of infected Rac2P>"N
larvae after secondary fungemia was established. Rac2"" and
Rac2”°”N larvae were infected with yeast or spores and evaluated
after 4 dpi. We observed that many larvae developed overwhelm-
ing fungemia in which their entire vasculature became filled with
fluorescent yeast (Fig. 3A and B). In these experiments only one
out of 96 (1%) Rac2"7 larvae developed such massive fungemia,
compared to 27 out of 113 (19%) Rac2"*"Nlarvae. As expected based
on prior results, overwhelming fungemia was much more likely after
yeast inoculation than after spore inoculation (Fig. 3C and D), again
likely due to the difference in kinetics after spore inoculation. The
incidence of overwhelming fungemia preceded but corresponded to
the incidence of larval death (Fig. 3E and F), which is in accordance
with our previous observation that larvae dying of H99 infections
were overwhelmed with intravascular yeast. On closer inspection of
the neutrophils in Rac2"'" larvae, we observed that they were often
engaged with and ingesting intravascular yeast during secondary fun-
gemia (Fig. 3G), whereas neutrophils of Rac2”*"™ larvae were seldom
associated with the yeast (Fig. 3H to J). From these data we conclude
that neutrophils not only restrain secondary fungemia but are also
crucial for control of the cryptococcal burden during secondary fun-
gemia in this model.

Secondary fungemia is preceded by cryptococcal residency
within both macrophages and endothelial cells. To determine
the mechanisms governing the development of secondary funge-
mia, we focused our attention specifically on the caudal hemato-
poietic tissue and vein, where the great majority of infected cells
are found after initial inoculation, while we noted previously that
as infection proceeded, spores and yeast cells remained primarily
inside macrophages and neutrophils, but a small number were
associated with neither phagocyte population (Fig. 2B and C).
Based on our observations that cryptococcal cells not associated
with phagocytes were perivascular but stationary, we first hypoth-
esized that these cryptococcal cells were associated with endothe-
lial cells. To test this hypothesis, we infected an endothelial cell-

respectively. Yeast cells attract significantly more neutrophils than spores do. Data are pooled from two experiments with at least 7 larvae per group, and the P
values shown result from a 2-tailed, unpaired ¢ test. The inset shows the location of inoculation (this is the only experiment using hindbrain inoculation that we
present). (B) After i.v. spore inoculation, cryptococci within the CHT are found predominantly in macrophages, although the numbers seen in neutrophils or not
associated with phagocytes increases over time. Spores were inoculated into double transgenic [ Tg(mpeg:egfp, mpx:mCherry)] larvae and analyzed by 3D confocal
microscopy at 6 hpi (0 dpi) and daily thereafter. The inset image to underscore i.v. inoculation applies to this and all subsequent experiments. P values represent
the results of unpaired ¢ tests of log-transformed percent values obtained in three independent replicate experiments. Except for the comparison of cryptococci
found associated with neither phagocyte type at 0 and 3 dpi, no other longitudinal percentages of the same category (macrophages each day or neutrophils each
day) were found to be significantly different. (C) Same analysis as for panel B but after yeast inoculation. (D) In IRF-8 mutant larvae, an absence of macrophages
and surfeit of neutrophils result in significantly more cryptococcal killing over the first 24 h. Data are pooled from two independent experiments for each
condition, with at least 3 larvae per genotype. P values are the results of a 2-tailed unpaired t test. (E) Control of cryptococcal burden is impaired in larvae with
poor neutrophil function. Spores or yeast cells were inoculated into either Tg(mpx:mCherry-2A-Rac2D57N) larvae, which express a dominant negative allele of
Rac2 specifically in neutrophils, or Tg(mpx:mCherry-2A-Rac2WT) larvae as a control. The cryptococcal burden was normalized to the initial inoculum of
individual larvae, log transformed for analysis with a two-tailed Mann-Whitney test. (F) The likelihood of secondary fungemia after spore inoculation is not
affected by neutrophil function. Combined data from three replicates are shown. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae
were inoculated with 130 (£9) (D57N) or 128 (+9) (WT) spores i.v. and the presence of intravascular yeast scored by DIC and fluorescence microscopy. The P
value is from the Mantel-Cox log rank test. (G) Neutrophil dysfunction increases the likelihood of secondary fungemia after yeast inoculation. Combined data
from three replicates are shown. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae were inoculated with 69 (+5) (D57N) or 66 (*5)
(WT) yeast cells i.v. and the presence of intravascular yeast scored by DIC and fluorescence microscopy. The P value is from the Mantel-Cox log rank test.
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specific [Tg(flk:mCherry)] transgenic line. We observed that after
spore inoculation clusters of yeast could be found inside endothe-
lial cells of the CHT (Fig. 4A). In a representative experiment, such
clusters were found in 2 of 18 (11%) of larvae at 48 hpi, in 6 of 17
(35%) at 72 hpi, and in 11 of 16 (69%) at 96 hpi. To ensure that
this apparent finding was not misexpression of mCherry by in-
fected macrophages, we infected Tg(flk:mCherry)/Tg(mpeg:H2B-
egfp) double-transgenic larvae to allow positive identification of
both endothelial cytoplasm and macrophage nuclei. We found
that labeled macrophage nuclei were not found within the cyto-
plasmic signal containing the germinated yeast (Fig. 4B; see Movie
S1 in the supplemental material), indicating that the germinated
spores were indeed residing within endothelial cells.

To examine more closely the relationship between phagocytes
and endothelium at this stage, we injected both spores and yeast
into Tg(flk:mCherry)/Tg(mpeg:egfp) double-transgenic larvae to
identify the cytoplasms of both endothelial cells and macrophages.
Serial observations of these larvae over days after inoculation with
spores again revealed germinated spores inside endothelial cells.
Over time these infected endothelial cells became entangled with
and even partially engulfed by neighboring macrophages (Fig. 4C;
for a different example, see Movie S2 in the supplemental mate-
rial).

These findings contrasted with those for yeast-infected larvae,
in which inoculated yeast cells were seen in small clusters sur-
rounded by thin layers of endothelial signal (Fig. 4D; see Movie S3
in the supplemental material). Movie S4 in the supplemental ma-
terial, taken at ~3 hpi, shows inoculated yeast cells just prior to
uptake by a macrophage. One of these is surrounded by endothe-
lial signal both before and after uptake. Whether this is due to a
vesicle containing endothelial cytoplasm or to adherence of fluo-
rescent protein to the cryptococcal cells is uncertain. These data

Sustained Cryptococcal Fungemia in Zebrafish

suggest that while inoculated yeast cells interact physically with
endothelium, they are not able to colonize it to the extent of ger-
minated spores. To test whether phagocytes are required for en-
dothelial cells to take up Cryptococcus, we inoculated EGFP-ex-
pressing spores into Tg(flk:mCherry) larvae which had been
injected with the PU.1 morpholino at the 1-cell stage. These mor-
phant larvae contain no phagocytes of any kind. In these larvae,
the endothelium appeared to absorb the spores gradually, with
intraendothelial residence found commonly (Fig. 4E). From these
findings we conclude that inoculated spores are able to occupy
endothelium prior to secondary fungemia. Although inoculated
yeast cells also have significant interactions with the endothelium,
they are unable to colonize it in the same way.

Secondary fungemia is initiated by both lytic and nonlytic
release of yeast into the bloodstream. To determine how the
transition from intracellular life back into the bloodstream occurs
and whether or not endothelial occupancy affects this step, we
used time-lapse confocal microscopy of infected double-trans-
genic [ Tg(flk:mCherry, mpeg:egfp)] larvae from 72 to 96 hpi. After
spore infection, we found evidence for two distinct mechanisms of
escape into the bloodstream. In the first, the cytoplasmic fluores-
cence of both endothelium and macrophages appeared to sur-
round a cluster of yeast cells, and the subsequent release appeared
to occur without lysis of the host cell(s) (Fig. 5A; see Movie S5 in
the supplemental material). This is reminiscent of the exocytic
process previously observed in cryptococcal infections in vitro (48,
49, 59) and in vivo in mice (60). Although many of the yeast cells
adhered to nearby macrophages after release, a subset of them
entered the bloodstream. In the second mechanism, we observed
abrupt disappearance of the host cytoplasmic signal at the time of
release. Figure 5B shows an example, in which a green fluorescent
(macrophage) cytoplasmic pocket bursts immediately before the

FIG 3 Neutrophils are required for limiting secondary fungemia. (A) Rac2”*"N larvae inoculated with yeast can succumb to overwhelming fungemia. A larva at
4 days after inoculation with a visually enumerated 67 yeast cells is shown. The larva expresses no transgenic green fluorescence, and the vasculature is essentially
filled with fluorescent yeast. The behavior of this larva was indistinguishable from that of an uninfected larva on the day of this image. Stereomicroscope images
are shown (green channel above and overlay with contrast image below). (B) Detail of vasculature overwhelmed by yeast forms. An epifluorescence-DIC overlay
image of a nontransgenic larva 4 days after inoculation with yeast is shown. The larva is different from that shown in panel A but is also behaviorally normal. Black
arrowheads indicate vessel walls visible by DIC. The inset panel indicates the location in the larva. (C) Rac2”*”N larvae inoculated with spores occasionally
undergo overwhelming fungemia. Combined data from three replicates are shown. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae
were inoculated with 130 (£9) (D57N) or 128 (+9) (WT) spores i.v. and monitored daily for 4 days postinoculation. Overwhelming fungemia is defined as yeast
cells flowing freely in the vasculature and too numerous to count (more than 500/larva). The P value is from the Mantel-Cox log rank test. (D) Rac2”*"N larvae
inoculated with spores are significantly more likely to undergo overwhelming fungemia. Combined data from three replicates are shown. Tg(mpx:mCherry-2A-
Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae were inoculated with 69 (+5) (D57N) or 66 (*5) (WT) yeast cells i.v. and monitored daily for 4 days
postinoculation. Overwhelming fungemia is defined as yeast cells flowing freely in the vasculature and too numerous to count (more than 500/larva). The P value
is from the Mantel-Cox log rank test. (E) Survival is not affected by neutrophil function within 4 days of spore inoculation. Combined data from two replicates
are shown. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae were inoculated with 140 (*=11) (D57N) or 143 (£10) (WT) spores i.v.
and monitored daily for 4 days postinoculation. The P value is from the Mantel-Cox log rank test. (F) Poor neutrophil function worsens survival within 4 days
of yeast inoculation. Combined data from two replicates are shown. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae were inoculated
with 52 (£5) (D57N) or 61 (£6) (WT) yeast cells i.v. and monitored daily for 4 days postinoculation. The P value is from the Mantel-Cox log rank test. (G)
Rac2"" neutrophils engulf free yeast during secondary fungemia. A Tg(mpx:mCherry-2A-Rac2WT) larva at 48 h after yeast inoculation is shown. The cartoon at
the upper right indicates the location within the larva. Two parallel intersegmental vessels are shown; the first frame is a DIC/epifluorescence overlay, and the
remaining panels are confocal projections obtained immediately after. The white arrow indicates apparently extracellular yeast. White arrowheads indicate
intracellular yeast, both with diminished fluorescence consistent with cell death. (H) Rac2”>"™ neutrophils are seen not engaged with free yeast during secondary
fungemia. A Tg(mpx:mCherry-2A-Rac2D57N) larva at 48 h after yeast inoculation is shown. The cartoon at the upper right indicates the location within the larva.
Two parallel intersegmental vessels are shown, with a rounded neutrophil (black arrowhead) lodged alone while a cluster of extracellular yeast cells (white
bracket) is seen adjacent. (I) Rac2"*"N neutrophils are less likely than WT neutrophils to associate with free germinated spores during secondary fungemia after
spore inoculation. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:mCherry-2A-Rac2WT) larvae were inoculated with 140 (£11) (D57N) or 143 (£10) (WT)
spores i.v. and monitored at 2, 3, and 4 days after infection for neutrophil engagement with intravascular cryptococci. Because of the small number of larvae which
reached the stage of secondary fungemia, we present the overall percentage of such larvae with neutrophils engaged from two replicates. (J) Rac2”>”~ neutrophils
are less likely than WT neutrophils to associate with free yeast during secondary fungemia after yeast inoculation. Tg(mpx:mCherry-2A-Rac2D57N) or Tg(mpx:
mCherry-2A-Rac2WT) larvae were inoculated with 69 (=5) (D57N) or 66 (£5) (WT) yeast cells i.v. and monitored at 2, 3, and 4 days after infection for
neutrophil engagement with intravascular cryptococci. Plotted are percentages of larvae from four replicate experiments. P values represent the results of
unpaired ¢ tests of log-transformed ratios with Welch’s correction.
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FIG 4 Secondary fungemia is preceded by cryptococcal residency within both macrophages and endothelial cells. In all panels of this figure, the first frame is a
DIC and epifluorescence overlay, while the remaining frames are confocal projections obtained immediately after. The cartoon of a larva above indicates the
approximate location for all panels. (A) By 96 hpi, germinated yeast forms can be seen growing inside the endothelial cytoplasm. EGFP-expressing spores were
inoculated into Tg(flk:mCherry) larvae. (B) Observation in double-transgenic larvae demonstrates that endothelial occupancy is not an artifact of transgene
misexpression. EGFP-expressing spores were inoculated into Tg(flk:mCherry, mpeg:H2B-egfp) larvae and observed at 96 hpi. The bracket indicates location of a
cluster of germinated spores in all frames. The asterisks in frames 3 and 4 indicate locations of macrophage nuclei. A focus-through animation of this image is
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subsequent lysis of a red fluorescent (endothelial) compartment
containing yeast (Fig. 5B; see Movie S6 in the supplemental ma-
terial). This finding is consistent with the phagocytosis or partial
phagocytosis of an endothelial cell containing cryptococcal cells
by a macrophage, which subsequently lyses. Thus, our evidence
suggests that residence within, or at least in close association with,
endothelial cells occurs near the time of establishment of second-
ary fungemia and subsequent dissemination after spore inocula-
tion. We were unable to find significant involvement of endothe-
lial cells during release of inoculated yeast. Thus, while both spores
and yeast lead to secondary fungemia, at least during the time
period we have observed, only after spore inoculation do endo-
thelial cells appear to have a direct role.

DISCUSSION

In 2000, Marta Feldmesser and colleagues wrote: “Persistence of in-
fection in lung tissue may involve repeating cycles of phagocytosis,
intracellular residence, and phagocytic cell destruction” (26). Taken
together, our findings in the larval zebrafish model suggest expansion
of this concept to persistence of infection in the entire host, as sum-
marized in Fig. 6. Our findings show that shortly after inoculation,
phagocytosis, predominantly by macrophages, was universal for both
spores and yeast. For both cell types there was a compulsory period of
residency in phagocytes, during which spores underwent germina-
tion and yeast, we propose, adapted to this intracellular niche. Based
on the time measured before secondary fungemia, spores required 24
to 48 h or more within phagocytes, while inoculated yeast required as
little as 12 h. It seems likely that spores need the extra time to germi-
nate, but during this time they were capable of colonizing both mac-
rophages and endothelial cells. There were also extensive interactions
between macrophages and endothelium after yeast inoculation, but
we show that these did not result in endothelial colonization. In either
case, when sufficient time had passed, cryptococcal cells began mak-
ing intermittent, brief tours through the bloodstream, and based on
our observations were usually taken back up by macrophages. There-
after, we propose that an equilibrium develops between intracellular
cryptococcal expansion and intravascular clearance (for which neu-
trophils are required), with sustained, low-level fungemia lasting for
most larvae throughout the observation period. Given the proclivity
for yeast to lodge in the brain vasculature, eventually this low level of
fungemia gave rise to CNS invasion. The sustained, low-level, and
asymptomatic fungemia at the center of this model has been de-
scribed in other models (17, 24) and represents a perhaps underap-
preciated stage in pathogenesis. Given the limits of sensitivity in clin-
ical blood culture, asymptomatic, very low-level fungemia during
human infection is plausible. There is evidence in human disease for
asymptomatic fungemia or at least cryptococcal antigenemia well
ahead of the development of CNS disease (6, 14), although how and
when to screen for this, prevent it, or act on it remains uncertain (6,
13). It does appear that cryptococcemia can persist for long periods

Sustained Cryptococcal Fungemia in Zebrafish

before invasive disease is manifest both in humans (5) and in animal
studies (17). The events initiating and controlling this fungemia,
whether during reactivation from a latent state or during initial infec-
tion, represent potential targets for new diagnostic or treatment ap-
proaches.

Here we report evidence of germinated spores using peripheral
endothelial cells as a temporary niche for survival. Interactions
between Cryptococcus and endothelial cells have been observed
both in vitro and in vivo in prior studies (17, 61-63). Subsequent
investigations have focused mainly on how cryptococcal-endo-
thelial interactions may play a part in CNS invasion (64, 65), but
our results suggest that endothelial cells in other tissues may also
absorb or contain the fungus. It has generally been assumed that
Cryptococcus resides mainly in the lung in early infection, although
human clinical disease has been found in practically every organ
(4). The idea of the endothelium as a niche for cryptococcal sur-
vival and replication has been entertained in the past (66, 67), but
the question of where Cryptococcus may reside between initial in-
fection and brain invasion has been difficult to study. The ze-
brafish model provides a way to appreciate such a process in the
context of the entire arc of pathogenesis. Formation of cryptococ-
comas in the zebrafish has been described already (36), and we
were able to observe this phenomenon as well (data not shown), so
future studies will allow the assessment of multiple niches for
long-term persistence and/or initiation of reactivated disease.
While we observed endothelium in particular as a nonphagocyte
host cell type, there could well be other cell types hosting the
fungus. Our observations of cell residency over time (Fig. 2B)
revealed a gradually rising percentage of yeast cells associated with
neither macrophages nor neutrophils. Whether these other yeast
cells are all accounted for by endothelial residency or if there is
another niche available remains unknown.

Of course, macrophages are considered to be the primary host
cell harboring Cryptococcus, and our findings in the zebrafish sup-
port these conclusions. At every time point we examined, macro-
phages were consistently the cell type containing most intracellu-
lar cryptococcal cells. We used the IFR-8 knockout zebrafish to
investigate the role of macrophages and found enhanced fungal
killing at initial infection in the mutant, supporting the idea that
neutrophils are better killers of Cryptococcus than macrophages
are. The fact that IRF-8 mutant larvae eventually produce macro-
phages at 4 to 5 days postfertilization (57) is the likely reason that
cryptococcal killing faded in subsequent days during this experi-
ment. Previous work using the zebrafish to study cryptococcal
infection showed markedly rapid mortality in the absence of mac-
rophages (36). That study used the more virulent H99 strain,
which belongs to the serotype A group. The difference in our
results could be due to our use of the less virulent B3501 and
B3502 (serotype D) strains. While there is a good argument that
the studies of H99 may have more clinical relevance, many sero-

shown in Movie S1 in the supplemental material. (C) Germinated spores are found within pools of endothelial cytoplasm, which is partially or completely
engulfed by macrophages. Spores were inoculated into Tg(flk:mCherry, mpeg:dendra) larvae and imaged at 96 hpi. The bracket in all panels marks the location of
the cluster of germinated spores. White arrowheads indicate a thin rim of green fluorescent signal representing macrophage cytoplasm, which surrounds areas
of endothelial cytoplasm. An animation of a similar example is shown in Movie S2 in the supplemental material. (D) Endothelial interaction after yeast
inoculation is present but not as extensive. Some yeasts inside macrophages are surrounded by a thin ring of endothelial cytoplasm. EGFP-expressing yeast cells
were inoculated into Tg(flk:mCherry, mpeg:egfp) larvae and imaged at 24 hpi. Dashed brackets indicate the locations of two adjacent macrophages. White arrows
indicate the location of a thin ring of endothelial cytoplasmic signal. 3D animation of this image is shown in Movie S3 in the supplemental material. (E)
Endothelial cells are capable of engulfing cryptococcal spores in the absence of phagocytes. Spores were inoculated into PU.1 morphant Tg(flk:mCherry) larvae
and imaged at 6 to 8 h after injection. The bracket indicates the location of a cluster of inoculated spores.
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replication within the circulation (B), clearance (especially by neutrophils) (C), or reuptake by macrophages and eventual repetition of the cycle. Inoculated yeast
cells undergo a similar process, but their residency within the endothelium is either much more limited or more rapidly interrupted by macrophages.

type D strains are also found to be pathogenic, and the excellent
production of spores by the B3501 and B3502 mating pair made it
asuitable background strain for this work. Also, the relatively slow
development of what appear to be patterns of pathogenesis very
similar to those with H99 allowed ample time for us to observe the
events prior to mortality. Another possible reason for our differ-
ing results could be differences in phagocyte behavior in the con-
text of titrated morpholino knockdown versus lack of IRF-8 func-
tion. Our finding that only a subset of germinated cryptococcal
spores developed into robust, replicating yeast is likely under-
pinned by the known heterogeneity in zebrafish macrophage sub-
sets, which is still under investigation (68, 69). Future work with
this model will allow investigation of the impact of the different
subsets of macrophages on cryptococcal spore germination and
survival.

Consistent with previous findings, our results support a func-
tion for neutrophils less in early infection and more in controlling

or eliminating secondary fungemia. This finding is very much in
line with recent findings using the mouse model (32-34) and with
clinical evidence for the efficacy of granulocyte colony-stimulat-
ing factor (G-CSF) as an adjuvant treatment for cryptococcal me-
ningoencephalitis in AIDS patients (30, 31). Thus, impaired neu-
trophil function does not necessarily predispose to cryptococcal
infection or meningoencephalitis but rather plays a role in host
defense and could still be the target of new forms of intervention.
One shortcoming of our model of spore pathogenesis is direct
inoculation into the bloodstream. Whether in spore or yeast form,
itis accepted that the majority of cryptococcal infections begin via
inhalation. While effective models of infection involving a distinct
anatomical compartment in the zebrafish have been established
using the hindbrain ventricle (37) and the swim bladder (38),
these approaches were problematic in this case. Inoculation into
the hindbrain makes study of dissemination and CNS invasion
problematic at best. As for the swim bladder, the late appearance

FIG 5 Secondary fungemia is initiated by both lytic and nonlytic release of yeast into the bloodstream. (A) Cryptococci within a peripheral endothelial cell after
spore inoculation are released into the bloodstream without host cell lysis. The red channel signal representing endothelial cytoplasm rearranges abruptly but
does not dissolve, consistent with release without cell lysis. The image was taken 5 days after spore inoculation into Tg(flk:mCherry, mpeg:H2B-egfp) larvae. These
are still images from Movie S5 in the supplemental material; the time elapsed from the beginning of the movie (in hours and minutes) is shown in the first panel
of each row. White arrowheads indicate the extent of the containing cell. Solid brackets indicate the extent of an intracellular cluster of germinated spores. The
dashed bracket indicates the extent of spreading by germinated spores immediately after release. (B) Cryptococci within a complex of endothelial and macro-
phage cytoplasm are released into the bloodstream with apparent host cell lysis. The green signal representing macrophage cytoplasm dissolves abruptly,
consistent with lysis of the host cell. Minutes later, the red channel signal representing endothelial cytoplasm also dissolves. The image was taken 5 days after spore
inoculation into Tg(flk:mCherry, mpeg:dendra) larvae. These are still images from Movie S6 in the supplemental material; the time elapsed from the beginning of
the movie (in hours and minutes) is shown in the first panel of each row. Magenta arrowheads indicate the edge of the endothelial compartment. Green
arrowheads indicate the edge of the enclosing macrophage.
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of this structure during development reduces the time of observa-
tion possible before larvae require much more intensive hus-
bandry. Nonetheless, our data suggest that even spores inoculated
into the bloodstream interact differently with the host than their
yeast parent strains, at least in the early stages of infection. Germi-
nated spores were capable of occupying endothelial cells, and at
least some of the time they initiated secondary fungemia from that
reservoir. Although inoculated yeast cells interacted extensively
with endothelial cells, we found no evidence that they reside inside
intact endothelium in significant numbers. This difference could
reflect a difference in the biology of freshly germinated yeast com-
pared with inoculated yeast or perhaps could be a result of differ-
ing phagocyte responses to these two cell types. On the other hand,
endothelial colonization might simply require more time than is
allowed by the relatively short time that inoculated yeast cells
spend within macrophages. Other differences we found between
spore and yeast pathogenesis most likely reflect the additional
time required for germination. Progression to secondary funge-
mia was clearly faster after yeast inoculation (Fig. 1G and 2F and
G). Our observations that neutrophil function did not appear to
impact secondary fungemia (Fig. 2F) or overwhelming fungemia
(Fig. 3C) after spore inoculation could very well be overturned if
sufficient time was allowed for secondary fungemia to be estab-
lished. Beyond the issue of germination kinetics, it stands to rea-
son that another possible factor in any pathogenic difference be-
tween spore and yeast inoculation would be the effect that
germination within host phagocytes has on the regulation and
expression of cryptococcal virulence factors. The fact that inocu-
lated yeast still required some time inside phagocytes to become
capable of brain invasion in this model underscores the fact that
host interactions modulate pathogen responses to changing con-
ditions throughout the time course of infection.

In conclusion, while in part expanding upon the findings about
cryptococcal pathogenesis already made with this new model host
(35, 36), we have also been able to reconcile some previously con-
flicting findings in other models by taking advantage of the unique
access to both local and host-wide events that the zebrafish larva
provides. Detailing the process chronologically and simultane-
ously in multiple tissues provides a chance to stitch together prior
findings in specific tissues or cell types. This perspective has also
enabled us to delineate the role of sustained, low-grade fungemia
in overall pathogenesis. Future investigations with this model will
focus on defining the host and cryptococcal factors required for
this prolonged fungemia, with the hope that such factors may
provide a specific target for timely diagnosis and intervention.
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