PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Scherer AK, Blair BA, Park J, Seman BG,
Kelley JB, Wheeler RT (2020) Redundant Trojan
horse and endothelial-circulatory mechanisms for
host-mediated spread of Candida albicans yeast.
PLoS Pathog 16(8): €1008414. https://doi.org/
10.1371/journal.ppat.1008414

Editor: Robin Charles May, University of
Birmingham, UNITED KINGDOM

Received: February 17, 2020
Accepted: June 3, 2020
Published: August 10, 2020

Copyright: © 2020 Scherer et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Most data is within
the manuscript and supporting information files.
Movies are held in the public figshare repository.
URL: https://figshare.com/s/
b97e47h24fa84ch67838 DOI: https://doi.org/10.
35092/yhjc.11774910.v1.

Funding: Funding was provided from
1F31DK111137-01A1 (NIH; JP), R15AI1133415
(NIH/NIAID; RTW), Hatch Project # MEO-21821
(USDA; RTW & AKS), R15A1094406 (NIH/NIAID;
RTW), Burroughs Wellcome Fund PATH Award

RESEARCH ARTICLE

Redundant Trojan horse and endothelial-
circulatory mechanisms for host-mediated
spread of Candida albicans yeast

Allison K. Scherer® ™2, Bailey A. Blair® 2, Jieun Park®?3, Brittany G. Seman®'™, Joshua
B. Kelley®'?, Robert T. Wheeler® 2+

1 Department of Molecular & Biomedical Sciences, University of Maine, Orono, Maine, United States of
America, 2 Graduate School of Biomedical Sciences, University of Maine, Orono, Maine, United States of
America, 3 Department of Cell Biology and Department of Pharmacology and Cancer Biology, Duke
University, Durham, North Carolina, United States of America

na Current address: Massachusetts General Hospital, Boston, Massachusetts, United States of America
nb Current address: WVU School of Medicine, Morgantown, West Virginia, United States of America
* robert.wheeler1 @maine.edu

Abstract

The host innate immune system has developed elegant processes for the detection and
clearance of invasive fungal pathogens. These strategies may also aid in the spread of path-
ogens in vivo, although technical limitations have previously hindered our ability to view the
host innate immune and endothelial cells to probe their roles in spreading disease. Here, we
have leveraged zebrafish larvae as a model to view the interactions of these host processes
with the fungal pathogen Candlida albicans in vivo. We examined three potential host-medi-
ated mechanisms of fungal spread: movement inside phagocytes in a “Trojan Horse” mech-
anism, inflammation-assisted spread, and endothelial barrier passage. Utilizing both
chemical and genetic tools, we systematically tested the loss of neutrophils and macro-
phages and the loss of blood flow on yeast cell spread. Both neutrophils and macrophages
respond to yeast-locked and wild type C. albicans in our model and time-lapse imaging
revealed that macrophages can support yeast spread in a “Trojan Horse” mechanism. Sur-
prisingly, loss of immune cells or inflammation does not alter dissemination dynamics. On
the other hand, when blood flow is blocked, yeast can cross into blood vessels but they are
limited in how far they travel. Blockade of both phagocytes and circulation reduces rates of
dissemination and significantly limits the distance of fungal spread from the infection site.
Together, this data suggests a redundant two-step process whereby (1) yeast cross the
endothelium inside phagocytes or via direct uptake, and then (2) they utilize blood flow or
phagocytes to travel to distant sites.

Author summary

Although Candida albicans is the most common cause of fungal bloodstream infection,
we know little about how it spreads from one tissue to another. Host processes often inad-
vertently assist pathogens that can hijack immune cells or induce endothelial endocytosis.
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Here we have used transparent zebrafish to visualize how specific host cells and processes
contribute to yeast spread in vivo. We find that Candida is a sophisticated pathogen that
uses redundant strategies to disseminate in the host: it can either use host immune cells or
cross into the circulatory system and use blood flow. These data suggest that both of these
mechanisms must be targeted to limit Candida dissemination during infection.

Introduction

Candida albicans is a small non-motile fungus that can cause disseminated candidiasis in
immunocompromised populations. This dimorphic pathogen is a normal commensal organ-
ism of the mouth, gastrointestinal track, and vagina that causes life-threatening invasive candi-
diasis in immunocompromised patients. C. albicans is able to spread from mucosal sites to
internal organs in immunocompromised mouse disease models and this is believed to be a pri-
mary infection route for this fungus in humans as well [1-4]. Recent work using a tissue-to-
bloodstream C. albicans dissemination model in zebrafish has established that the yeast form is
specialized for promoting infection spread [5]. Although we still do not understand how yeast
orchestrate this movement, it has been proposed that C. albicans spreads via phagocyte-depen-
dent or-independent mechanisms [6, 7].

Bacterial and fungal pathogens utilize the host’s immune cells in a “T'rojan Horse” mecha-
nism to spread to outlying tissues, stimulating engulfment, surviving within the phagocyte for
sufficient time to allow migration away from the infection, then provoking release from the
phagocyte. Both in vitro and zebrafish disease models have been used to demonstrate how neu-
trophils [8] and macrophages [9-12] can be vehicles for dissemination for mycobacterium,
Cryptococcus and Streptococcus. Although C. albicans was previously suspected of being an
extracellular pathogen based on in vitro challenges, intravital imaging in the zebrafish model
has suggested that it can establish an impasse with macrophages that is a prerequisite for
migration from the infection site [13].

Independently of phagocyte-driven spread, C. albicans may be moved directly into the
bloodstream from tissues via endocytosis by endothelial cells or paracellular invasion. C. albi-
cans can cause endothelial cell damage and stimulate endocytosis in vitro, suggesting one strat-
egy for invasion through this barrier [3, 7, 14, 15]. Once fungi get into the bloodstream, they
can be carried by the circulatory system throughout the host, a process that results in rapid
and universal dispersion [16]. Movement of C. albicans yeast through the endothelial barrier
has not yet been studied in vivo, largely due to technical limitations in murine models.

To systematically test the importance of these host-mediated mechanisms of yeast spread
for C. albicans infection, we used a recently described zebrafish yolk infection model [5, 17].
This anatomical structure represents a simplified system where translocation through the
endothelium and spread throughout the bloodstream can be monitored through longitudinal
imaging of both fluorescent fungi and phagocytes. Using high-resolution intravital imaging,
we established that both macrophages and neutrophils engulf yeast, while C. albicans survives
within macrophages and can be released far from the site of infection through non-lytic exocy-
tosis. Systematic elimination of both macrophage and neutrophil function, however, resulted
in no loss in dissemination frequency or levels. Similarly, elimination of blood flow did not in
and of itself result in a reduction in dissemination. When both phagocytes and blood flow
were disabled, however, there was a significant decrease in levels of dissemination. Thus,
phagocyte-dependent and-independent modes are redundant and the versatility of C. albicans
in using different strategies ensures robust spread of infection.
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Results

C. albicans yeast dissemination from localized infection is preceded by
innate immune cell recruitment

Pathogen spread within a host is crucial for pathogenesis, but understanding the role of the
host in this process has been particularly difficult to quantify in mammalian infection models.
Fungal pathogens can disseminate as yeast or hyphae, and recent work using a larval model of
zebrafish infection suggests that yeast are specialized for spread from tissue to bloodstream.
We sought to use this uniquely tractable model to probe the host’s role in yeast dissemination,
postulating that yeast may spread through phagocyte-dependent or-independent strategies.

We first sought to determine if yeast dissemination is passive or driven by explicit fungal-
specific determinants. We reasoned that if dissemination were passive it might be triggered by
a given level of fungal burden, enhanced by proximity to the vasculature, or even occur with
dead yeast. Previous work has shown that different starting inoculums of yeast do not influ-
ence dissemination rate [5], which suggested that dissemination frequency is relatively insensi-
tive to inoculum size. To expand upon this previous work, we performed infections with
fluorescent neutrophils and/or macrophages, scored for yeast dissemination and phagocyte
recruitment to the site of infection by confocal microscopy, and quantified fungal burden in
fish from different stages of infection (S1A Fig; for details, see Materials & Methods). We used
the yeast-locked NRG1°" strain for these experiments because this strain disseminates well
and can be reliably scored for dissemination for two days post-infection [5]. Consistent with
published work, we found high variability in fungal burden levels and no significant differ-
ences in fungal burden among groups of recruited and disseminated larvae when measured by
standard colony-forming unit assays or fluorescent pixel quantification of confocal Z-stacks
(S1B-S1D Fig). This suggests that neither dissemination nor phagocyte responses are driven
by the presence of a threshold of fungi or by “passive” mechanisms. Comparing the location of
yeast in the yolk with its distance to fluorescent vascular endothelium, we found that spread of
infection is neither associated with proximity of the yeast in the infection site to blood vessels
nor proximity of the yeast to the yolk edge (S2A-S2F Fig). Finally, we found that dissemina-
tion is significantly reduced with killed yeast, suggesting that yeast provide essential cues to
mediate their own spread (S3A and S3B Fig). Together, these data suggest that dissemination
and immune recruitment are driven by active rather than passive processes.

To understand if host innate immune responses are associated with C. albicans spread,
we infected transgenic zebrafish larvae in the yolk with yeast-locked fungi and intravitally
imaged both host immune cells and fungi. Larvae were infected with yeast-locked NRG1°F*
(NRG1°F*{RFP; Fig 1A) and scored for recruitment of phagocytes to the infection and yeast
cell spread from the infection site. To better understand if immune involvement preceded
yeast dissemination or was associated with infection resolution, larvae were longitudinally
imaged over a 16-hour time course. To represent this longitudinal data, we grouped individu-
als by individual score at 24 hpi (designated by the row of colored circles at the top of the
graph), then showed progression with lower bars indicating proportions that either stayed the
same or changed to a different category (bottom bars showing final phenotypes at 40 hpi).
Thus, 49% of fish at 24 hpi had the “No Recruitment/No Dissemination” (NR/ND) phenotype
(green circle at top left). These then split into five different categories, where 33% of fish stayed
as NR/ND (green bar on far left) while about 5% of fish started as NR/ND at 24 hpi and ended
as “No Recruitment/Dissemination” NR/D or “Recruitment/No Dissemination” R/ND by 40
hpi (neighboring blue and gray bars). Fish were overwhelmingly found to be in only three of
the four possible classes at 24 hpi, with about 50% in the NR/ND class, almost none in the NR/
D class, and 25% each in the other two classes (Fig 1B, top row of colored circles). Larvae that
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Fig 1. Macrophage and neutrophil recruitment to the site of infection is positively associated with dissemination and proinflammatory cytokine upregulation.
Larvae were infected with far-red fluorescent yeast-locked C. albicans NRG1°™*-iRFP in the yolk sac at ~32 hours post fertilization (hpf). (A) Schematic of the yolk sac
injection and timeline of the infection and screening for both recruitment of phagocytes and dissemination of yeast. (B) Progression of infection where larvae with early
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recruitment of macrophages go on to develop disseminated infection and larvae rarely revert back to a non-disseminated state. Top circles represent the percentages of
fish, by infection category, at 24 hpi, colored by recruitment/dissemination phenotype. Bottom bars represent subsequent phenotypes at 40 hpi, grouped based on their
24 hpi phenotype. Scores were pooled from larvae with fluorescent macrophages from a total of 12 experiments: 5 experiments in Tg(mpeg:GAL4)/(UAS:Kaede), 4
experiments in Tg(mpeg:GAL4)/(UAS:nfsb-mCherry), and 3 experiments in Tg(flil:EGFP) x Tg(mpeg:GAL4)/(UAS:nfsb-mCherry). A total of 197 fish were followed from
24 to 40 hpi. (C) Examples of each infection category in Tg(mpeg:GAL4)/(UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae. The yolk sac is outlined in a dotted magenta line
and the approximate proportion of larvae with this score at 40 hpi is indicated in the lower right of the image (the remainder of fish died between 24 and 40 hpi). Arrows
indicate disseminated yeast in the representative image of a fish with dissemination, which is also enlarged below for clearer viewing. Scale bar = 150 um. (D) Tg(mpeg:
GAL4)/(UAS:nfsb-mCherry) larvae were scored for macrophage recruitment to the site of infection and yeast dissemination at 24 hpi, then groups of 6-10 were
homogenized for qPCR. Gene expression for TNFo, IL1B, and IL-6 were measured and mock-infected larvae were used for reference. Data come from 3 independent
experiments with 97 PBS larvae, 50 No recruitment/No dissemination, 32 Recruited/No dissemination, and 18 Recruited/Disseminated total larvae used for analysis.
Means are shown with standard error of measurement. One-way ANOVA with Dunnett’s multiple-comparisons post-test demonstrates significantly higher gene
expression in larvae with recruited macrophages at the site of infection, regardless of dissemination scores (* p< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). (E-F)
Representative Tg(lysC:Ds-Red)/Tg(tnfa:GFP) larvae with red fluorescent neutrophils and green fluorescence with tnfo expression in either a mock infected larvae (E) or
a yeast-locked C. albicans infected fish (F). Neutrophils are recruited to the yolk sac and tnfa is expressed at the site of infection and in the tail with disseminated yeast
cells (indicated with blue arrows). Scale bar = 100 pm.

https://doi.org/10.1371/journal.ppat.1008414.9001

had recruited macrophages at 24 hpi stayed the same or progressed to a recruited state with
NRG1°**.iRFP dissemination at 40 hpi. Larvae that began with recruited macrophages and
disseminated NRG1°**-iRFP did not revert to a non-recruited or non-disseminated state. In
limited cases, dissemination occurred without the response of phagocytes to the yolk sac, and
only in one case did it lead to later phagocyte recruitment to the yolk sac. These experiments
demonstrated that recruitment of phagocytes tends to precede dissemination (Fig 1B and 1C),
suggesting a role for phagocytes in the dissemination of yeast, either directly through the Tro-
jan Horse mechanism, or indirectly through inflammation-mediated weakening of host vascu-
lature [12, 18, 19].

Phagocyte recruitment correlates with pro-inflammatory gene
upregulation and local expression of TNFa

Phagocytes can indirectly facilitate pathogen dissemination by proteolysis of epithelial cell
junctions and by producing pro-inflammatory cytokines that increase local vascular perme-
ability [20-23]. We therefore examined if dissemination events were associated with increases
in inflammatory cytokine production. We scored for infection spread and recruitment of mac-
rophages and measured cytokine mRNA levels in pooled larvae from each infection category.
Larvae that had recruitment of macrophages to the site of infection had significant increases
for TNFa, interleukin-1-beta (IL1B), and interleukin-6 (IL-6), and this increase in expression
in recruited larvae was independent of dissemination (Fig 1D). We found similar results for
infected larvae with both fluorescent neutrophils and macrophages, where increases in TNFo,
IL1B, and IL-6 were also independent of dissemination. These data suggest that inflammatory
gene expression is associated with phagocyte recruitment, and that cytokine expression at the
infection site might precede dissemination.

As TNFo was found to be upregulated in all larvae with phagocyte recruitment, we were
interested in determining where TNFo was being expressed in relation to the location of
yeast. A transgenic reporter zebrafish line of tnfa transcriptional activity was used to visualize
the expression of TNFo in C. albicans infected fish [22]. We found tnfa:EGFP expression local-
ized primarily at the site of infection and occasionally in phagocytes interacting with dissemi-
nated fungi far from the infection site (Fig 1E and 1F). Consistent with the qPCR results, tnfa:
EGFP expression at the site of infection tended to correlate with phagocyte recruitment but
not with dissemination (S4 Fig). Taken together, these data suggest that phagocytes recruited
to the site of infection produce locally high levels of proinflammatory cytokines that may alter
the infection environment, but elevated cytokine levels are not sufficient to drive dissemina-
tion events.
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Innate immune cells transport yeast into and throughout the bloodstream

Phagocytes are coopted in the spread of viruses, intracellular bacteria and intracellular fungi
[12, 24-28]. Until recent intravital imaging experiments, it was not appreciated that C. albicans
can survive inside phagocytes and create an impasse that could potentially abet its spread into
new host tissues through a Trojan Horse mechanism [13]. This “Trojan Horse” mechanism
has three distinct stages: first, phagocytes respond to the infection and engulf the pathogen,
then phagocytes move out of the infection site, and finally the pathogen exits the phagocyte in
distant tissues. To look at overall phagocyte-fungi interaction dynamics in yolk infection, we
quantified the number of neutrophils and macrophages at the initial infection site over time.
We found that, for fish with fungal dissemination and phagocyte recruitment at 24 hpi, there
was an overall decrease in the number of phagocytes at the site of infection over the next 16
hrs. (S5A and S5B Fig; statistically significant difference for macrophages and consistent trend
for neutrophils). There was no overall trend for fish that did not have recruitment and dissemi-
nation at 24 hpi. This decrease in phagocyte amount at the later time point was either because
immune cells were leaving the site or dying as a result of infection [29], but time-course images
could not distinguish between these possibilities. Therefore, several time-lapse experiments
were performed to examine the fate of macrophages with internalized yeast. These show that
macrophages do phagocytose and carry yeast away from the site of infection and into the yolk
sac circulation valley, demonstrating a key step of Trojan Horse-mediated dissemination. One
example is shown in Fig 2A, where the top panel shows the distribution of phagocytes and
fungi at the infection site and shows the large number of both neutrophils and macrophages
containing fluorescent yeast. Subsequent panels top to bottom show tracks of individual mac-
rophages containing fluorescent yeast away from the infection site at different times during
the time-lapse and then as a composite of all tracked macrophages (Fig 2A; S1 Movie and S2
Movie). These data showed directed movement of macrophages away from the infection site,
suggesting a type of reverse migration can take place in this infection model.

Taken together, we saw that phagocytes respond to the infection, phagocytose yeast and
carry them from the infection site, but this left open the question of if and how the pathogen
escapes from the phagocyte. To follow macrophages from the infection site, we used a trans-
genic fish with photo-switchable Kaede-expressing macrophages. This enabled longer-term
imaging of slow-moving macrophages in a larger cohort of fish by time-course imaging to
track them from the infection site to distant sites in the tail. Previous work with this photocon-
vertible transgenic line showed that macrophages that phagocytose fungi tend to die at the
infection site rather than move away [29], but we found that a minority of macrophages with
phagocytosed yeast remained viable and migrated from the infection site (Fig 2B). We fol-
lowed photo-switched macrophages, imaged C. albicans-macrophage dynamics at 40 hpi in
distant infection foci, and found instances of C. albicans being released from macrophages in
each of two larvae within one experiment. In the first larvae, two photoconverted macrophages
exocytosed three yeast (Fig 2C and S3 Movie) and in the second larvae one macrophage
released a yeast (Fig 2D and S4 Movie). These time-lapses include apparent instances of yeast
escaping from macrophages far from the infection site, providing evidence that the third step
of the process of phagocyte-aided dissemination does occur in vivo.

Macrophage ablation does not alter overall infection outcomes

While these time-lapse experiments documented the occurrence of Trojan Horse-mediated
spread, they are anecdotal and the high-content nature of the experiments prevented quantifi-
cation of these events in large numbers of infected fish of all cohorts to determine the relative
contribution of infected macrophages to overall dissemination. To define the importance of
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Fig 2. Phagocytes actively participate in the transport of yeast within the bloodstream. Tg(mpegl:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) or Tg
(mpegl:GAL4)x(UAS:Kaede) larvae were infected with yeast-locked C. albicans and scored for recruitment of macrophages and dissemination of yeast at 24
hpi. (A) Neutrophils and macrophages were observed moving within and away from the infection site carrying yeast. Time-lapse taken over the course of 7
hours starting at ~32 hpi. The schematic above illustrates the area imaged. The top multicolor image shows the relative distributions of macrophages (red),
neutrophils (green) and fungi (blue) and indicates the edge of the yolk with a white dotted line. In lower panels, dots and lines indicate tracks taken by
phagocytes during the time lapse, with magenta arrowheads indicating the direction of movement. Phagocytes were observed taking yeast from the site of
infection in these cases. The bottom panel illustrates all tracked paths from the time lapse in a single overlay image. Scale bar = 50 um. Frames taken from
S1 Movie. (B) A schematic of our macrophage photo-conversion experiments where Tg(mpegl GAL4) x Tg(UAS:Kaede) macrophages near the infection site
were photoswitched at 24 hpi, and confocal images of each photoswitched larva were taken at 24, 30, and 40 hpi to track macrophages. Macrophages near
the site of infection but not interacting with yeast were identified as “bystander” macrophages. (C) Time-lapse panels of Tg(mpegl GAL4) x Tg(UAS:Kaede)
larva with a photoconverted macrophage moving out of the blood stream into tail tissue. The top schematic shows the regions used for photoswitching
(magenta dashed box) at 24 hpi and the region selected for time-lapse (magenta solid box) from ~46 hpi to ~53 hpi. The yellow highlighted area
demonstrates a photo-converted macrophage stopping in the bloodstream, rolling down the tail, and then releasing yeast. White arrowhead in the image
panel highlights an apparent non-lytic expulsion (NLE) event. Time stamps indicate HR:MIN. Frames taken from S3 Movie. Scalebar = 100 um. (D) (Top)
Area of tail imaged by time-lapse microscopy in an independent fish from that shown in (C). White arrowheads indicate macrophages followed in detail
below. (Below) Middle column of frames highlights yeast growth within a photo-converted macrophage and left and right columns of frames show
apparent NLE release of yeast cells from macrophages. Time stamps indicate HR:MIN. White arrowheads within images indicate apparent NLE events.
Frames are taken from S4 Movie. Scalebar = 10 pm.

https://doi.org/10.1371/journal.ppat.1008414.g002

phagocyte-mediated dissemination, we took advantage of the ability to ablate macrophages
and disable neutrophils in the zebrafish larva.

We first investigated how much the ablation of macrophages alters yeast spread, eliminat-
ing macrophages either by injection of liposomal clodronate [9, 25, 30, 31] or by addition of
metronidazole pro-toxin to larvae with nitroreductase-expressing macrophages [32-34]. We
confirmed that both methods are effective at eliminating macrophages (S6 Fig). Larvae treated
with clodronate liposomes or metronidazole had an almost complete loss of macrophages, and
no change in recruited neutrophils or change in fungal burden (S6A-S6F Fig). To our surprise,
ablation of macrophages by either method did not result in any alteration in dissemination fre-
quencies at 40 hpi (S7A Fig). Furthermore, ablated larvae also had a similar progression of
events where phagocyte recruitment (neutrophils) preceded fungal dissemination (S7B Fig).
However, one caveat of the metronidazole experiments is that we did not concurrently treat
wildtype larvae to test whether metronidazole itself affects dissemination or progression. Inter-
estingly, there was a trend among disseminated fish towards scores of “High Dissemination”
in macrophage ablated fish, when the number of disseminated cells was counted (1-10 = Low,
11-50 = Medium, >50 = High; p = 0.076 for clodronate liposomes and p = 0.103 for metroni-
dazole; S7A Fig). We complemented these chemical ablation experiments with additional
experiments using pu.I morpholinos to block macrophage development. This method also
yielded similar dissemination frequencies of yeast with and without macrophage development
(S8 Fig). Taken together, these experiments, using three different ways of eliminating macro-
phages, clearly show that macrophages are unexpectedly not required for efficient
dissemination.

Combined ablation of macrophages and inactivation of neutrophils still
does not affect dissemination rates but is associated with increases in
extracellular yeast in the bloodstream

Because we observed neutrophils at the infection site and also interacting with disseminated
yeast in the tail (S3-S5 Movies), we sought to determine if neutrophils could substitute for
macrophages in transporting yeast. We used Rac2-D57N larvae, with defective neutrophils
that are unable to extravasate from the bloodstream [35], and eliminated macrophages with
clodronate. To our surprise, there was again no difference in dissemination rates in the context
of impaired neutrophils, ablated macrophages, or both (Fig 3A). In addition, neither the over-
all level of dissemination (low, medium or high amount of disseminated yeast; Fig 3A) nor the

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 8/36


https://doi.org/10.1371/journal.ppat.1008414.g002
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS Mechanisms of Candida infection spread

n.s. B

>
5

35 2 20000 N
X T T — 1
£ 30 ‘a 15000 |
=8 %5 g
gg 20 High g 10000 -
L § 15 'Medium % 5000 4
é_@ 10 =Low =
N ~ 0 . r r x
g 5 WT RAC  WT RAC
0 #fish 16 21 15 18
#fish! 179 163 | 184 156 Control Clodronate

Control  Clodronate

Intracellular T

Extracellular

Control

Contact

Percent Area
© © o O =~ =
© N M ®» 0 O N
1 1 1 1 1 1 1

TTT
llélléll'E

o)
o Extracellular ,

o Pt l

© ¢ ¥ <7

Ke! i WT RAC WT RAC
o #fish 16 21 15 18

Legend Candida NRG Control Clodronate

Fig 3. Phagocytes are not required for yeast dissemination to occur. Rac2-D57N and AB sibling larvae were injected
with control or clodronate liposomes mixed with a 10 kDa dextran conjugated with Cascade Blue in the caudal vein at 28
hpf. Larvae were infected with the yeast locked C. albicans 4 hours later as described above. (A) Percent infected larvae with
dissemination scored as “low” (1-10), “medium” (10-50), and “high” (>50 yeast) disseminated yeast at 40 hpi. Pooled
from 6 experiments. Stats: Fisher’s Exact test, n.s. not significant p>0.05 (B) Total pixel counts for quantified disseminated
yeast for each group are shown with the median and interquartile range. Same larvae as in Panels C & D. (C) Method used
to quantify disseminated yeast. Yeast were scored as Intracellular (I; inside or in close contact with a phagocyte) or
Extracellular (E; not contained or in contact with phagocytes). Images were processed in Image]J. Scale bar = 50 um. (D)
The proportion of all yeast either Intracellular or Extracellular for each treatment group. Stats: Kruskall-Wallis with Dunn’s
posttest (* p< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001), and bars indicate the median with interquartile range.
Pooled from 6 experiments. Stats: Kruskall-Wallis with Dunn’s post-test. All comparisons were n.s.

https://doi.org/10.1371/journal.ppat.1008414.9003

overall amount of disseminated yeast based on fluorescent pixel counts were significantly
altered by phagocyte inactivation (Fig 3B). The fact that virtual elimination of both major
phagocyte types does not alter dissemination infection dynamics suggests that Trojan Horse
infection spread is a redundant mechanism.

We reasoned that elimination of both major professional immune cell types might alter
infection dynamics significantly, limiting the ability of the host to contain bloodstream patho-
gens and thereby enhancing the ability of yeast to survive and proliferate once gaining access
to the bloodstream. We quantified whether disseminated yeast were found intracellularly or
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extracellularly, as shown in Fig 3C. While larvae without functional macrophages had a higher
ratio of extracellular to intracellular yeast, neutrophil perturbation did not affect this ratio (Fig
3D). Together, these results suggest that although phagocytes, particularly macrophages, can
participate as Trojan Horses, and macrophages are required to contain disseminated yeast
intracellularly, they are not required for dissemination to occur and yeast are able to use other
strategies to spread in their absence.

TNFa production is dependent on macrophages but not neutrophils

These phagocyte ablation data suggested that neither phagocyte type is required for dissemina-
tion, but did not address if phagocyte ablation affects local inflammatory gene expression at
the site of infection. To determine if tnfa expression was altered in response to macrophage
ablation, Tg(LysC:dsRed)/TgBAC(tnfa:GFP) larvae with red neutrophils and TNFa promoter-
driven GFP were infected and imaged for tnfa expression in presence or absence of macro-
phages. Representative images of control liposome- and clodronate liposome-treated larvae
are shown in Fig 4A, where the yellow outline depicts the infected area used for analysis. Neu-
trophils were found at the site of infection in both control and clodronate-treated larvae, but
control larvae had slightly more neutrophil recruitment than their clodronate treated counter-
parts (Fig 4B). TNFo expression was essentially absent in clodronate-treated infected larvae
(Fig 4C), correlating with a slight reduction in neutrophil recruitment to the infection site. We
sought to determine if there was a relationship between TNFo and neutrophil levels in the clo-
dronate-treated fish, which would indicate if neutrophils drive tnfa expression in the absence
of macrophages. In control fish, we found a positive correlation between tnfa:EGFP expression
and neutrophil levels, but in the absence of macrophages, this relationship was lost and there
was even a slight negative correlation (S9A Fig). Neutrophil recruitment to the site was only
slightly reduced in larvae depleted of macrophages, but these larvae demonstrate near total
loss of tnfa:EGFP expression (S9B Fig). This is despite the fact that there is no significant differ-
ence in fungal burden among these cohorts (S9C Fig). These experiments suggest that macro-
phages are the primary drivers of tnfa expression at the fungal infection site.

To complement these macrophage experiments, we sought to examine the effects of macro-
phage ablation in the context of neutrophil inactivation. Rac2-D57N and TgBAC(tnfa:GFP)
fish were crossed to generate larvae with functionally deficient neutrophils and TNFo-con-
trolled green fluorescence. Representative images of control and clodronate-treated fish with
median tnfa:GEP levels at 40 hpi suggest there is no tnfa:GFP expressed in macrophage ablated
fish, which is also apparent in the accompanying Z-stack animations (Fig 4D and 4E, S6-S9
Movies). Quantification of images of these fish reveals a trend toward higher tnfa expression
in larvae with functional macrophages as compared to the clodronate-treated larvae, regardless
of neutrophil status (Fig 4F). Time-lapse movies further demonstrate macrophage-like cells
turning on tnfa expression (510 Movie) and the lack of tnfa expression in macrophage-ablated
fish (S11 Movie). Similar to what was found previously (Fig 3A), there was no change in dis-
semination rates with loss of one or both phagocytes types in our Rac2-D57N cross with
TgBAC(tnfa:GFP). This data suggests that macrophages are vital for tnfa expression either
because they are the primary producers of TNFa or because their presence is required so that
other host cells are cued to produce TNFo.

Loss of blood flow reduces overall number of disseminated yeast but does
not affect dissemination frequency or tissue location

While many pathogens use phagocytes to traverse epithelial and endothelial barriers, regulated
endo- and exocytosis and paracellular movement represent alternative pathways of yeast
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Fig 4. Macrophages are primarily responsible for TNFa. production. Tg(lysC:Ds-Red)/Tg(tnfa:GFP) or Rac2-D57N/ Tg(tnfo: GFP) larvae with red fluorescent
neutrophils and green fluorescence with tnfa expression were infected with a yeast-locked C. albicans as described. (A) Representative images of control and
clodronate treated Tg(LysC:Ds-Red)/Tg(tnfo::GFP) larvae with functional neutrophils infected with a yeast-locked C. albicans at 40 hpi. Area in yellow outlines area of
Candida growth in the yolk sac. Images were used to quantify neutrophil recruitment and tnfo expression. Scale bar = 100 um. Markings are clarified in box below
images. (B) and (C) Images were analyzed with Image]. (B) Neutrophil recruitment to the area of infection is not affected by macrophage ablation. Data pooled from
5 experiments, total fish used for quantification, left to right: n = 10, 21, 9, 23. Bars are the median with 95% confidence interval. Stats: Kruskall-Wallis with Dunn’s
post-test. * p < 0.05. (C) Larvae with ablated macrophages have an almost complete loss of tnfa expression. Bars are the means and SEM for ease of viewing. Stats:
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Mann-Whitney. * p < 0.05, **p < 0.01. (D) and (E) Representative images of control (left) and clodronate (right) treated Rac2-D57N x Tg(tnfa:GFP) sibling larvae
infected with a yeast-locked C. albicans at 40 hpi. Area in magenta shows the yolk sac outline. Scale bar = 50 um. (F) Larvae in which macrophages are ablated also
have an almost complete loss of tnfor expression, which is independent of neutrophils. Pooled from 5 experiments. Stats: Kruskall-Wallis with Dunn’s post-test, *

p <0.05,** p <0.01, and bars are the mean and SEM.

https://doi.org/10.1371/journal.ppat.1008414.9004

dissemination into the bloodstream [12, 28, 36]. Extracellular yeast that enter the bloodstream
may be then transported away from the infection site by blood flow to distant tissues in the tail
or head. To determine the role of blood flow in spreading infection, we took advantage of the
ability of zebrafish larvae to grow and develop for the first seven days without a heartbeat,
exchanging gases directly with the surrounding water [37-39].

We allowed for development until the time of infection to avoid disrupting normal hemato-
poiesis, then blocked blood flow using non-toxic doses of one of two previously characterized
inhibitors of heart beat, terfenadine [40, 41] or valproic acid [42, 43]. Time-course and time-
lapse imaging of treated larvae showed that neither drug quantitatively or qualitatively reduced
phagocyte responses to C. albicans challenge, demonstrating that phagocyte recruitment is not
dependent on blood flow (S10A and S10B Fig; S12 Movie and S13 Movie; terfenadine- and val-
proic acid-treatment, respectively). Overall dissemination rates were also unchanged between
larvae with and without blood flow in both Tg(flil:EGFP) fish (Fig 5A and 5B) and in Tg(Mpeg:
GAL4)/(UAS:nfsB-mCherry)/Tg(mpx:EGFP) fish (S10C and S10D Fig). However, we noticed a
qualitative decrease in dissemination levels, so we further analyzed the data by splitting fish
into categories of different levels of dissemination. Interestingly, the proportion of fish with
“High Dissemination” was lower with loss of blood flow (1% vs 10%, p<0.001; Fig 5B) and a
similar trend was seen in additional but underpowered experiments with fewer fish treated
with either terfenadine or valproic acid (for terfenadine 0% vs. 9%, p = 0.0686; for valproic
acid 0% vs. 15%, p = 1.000; S10C and S10D Fig). This qualitative alteration in the pattern of
dissemination suggested that blood flow is not required for minimal spread but does play a
role in further spreading the infection.

To explore further whether blockade of blood flow alters the qualitative nature of yeast dis-
semination, we sought to characterize the context of fungal spread into the fish at higher spa-
tial and temporal resolution. To enhance spatial resolution and assess the entire tissue context
of disseminating yeast, we performed confocal microscopy on frozen sections rather than
solely focusing on fluorescently marked cells. Examination of mock-infected fish confirmed
that drug treatment caused no overall loss of tissue structure either dorsal or anterior to the
yolk (Fig 5C and 5D). Histology of infected fish revealed that yeast that have left the yolk are
often found in tissues near the thin endothelial layer surrounding the yolk in both vehicle- and
terfenadine-treated larvae with blocked blood flow, either dorsally (Fig 5E) or anteriorly (Fig
5F) of the yolk. The similar tissue locations of yeast with and without blockade of circulation
suggest that the dissemination path of yeast near the yolk is not affected by eliminating blood
flow. Further, these high-resolution images show that yeast are clearly found within blood ves-
sels with endothelial cells expressing the flil:EGFP reporter, pseudocolored in cyan [44]. We
also were able to observe the dynamic movement of yeast from the yolk to the blood vessel
through time-lapse imaging (Fig 5G, S14 Movie). The frames in Fig 5G demonstrate the move-
ment of yeast through the endothelial cell layer directly from the yolk sac in a vehicle-treated
larva. While the movie clearly shows movement into the blood vessel and adherence in the
context of strong blood flow, we are unfortunately unable to deduce whether this was host
micropinocytosis or paracellular invasion. Nevertheless, given that the movement occurs
through an endothelial barrier that appears intact after the migration event, this time-lapse
suggests how host endothelial cells and/or phagocytes may play a role in the passage of yeast
from a localized infection site to the bloodstream.
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Spread of yeast to distant tissues is inhibited with loss of phagocyte activity
and blood flow

Blockade of blood flow reduces the number of fungi that leaving the infection area but does
not affect the percent of fish with some tissue-to-blood dissemination. Because phagocyte
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Fig 5. Blockade of blood flow partially limits dissemination. (A-G) Tg(flil: EGFP) larvae, with GFP-expressing
endothelial cells, were infected as previously described, treated with vehicle (DMSO) or terfenadine (2 uM) and
processed for histology at 40 hpi. (A-B) Percent larvae with dissemination at 30 and 40 hpi scored as having “low” (1-
10), “medium” (10-50), and “high” (>50 yeast) disseminated yeast. Pooled from 7 experiments, DMSO n = 110,
Terfenadine n = 118. Fisher’s Exact test was used to test for differences between “low” and “medium” plus “high”
scores at 40 hpi, *** p < 0.001. (C-F) Sections of Tg(flil: EGFP) mock infected (C-D) and Candida-infected (E-F) larvae
compare dorsal dissemination (E) and anterior dissemination (F) events to the same tissue in mock-infected fish.
Sections were stained with DAPI (nuclei, red) to indicate surrounding cells and phalloidin (actin; blue) to indicate host
structures. NRG1°EX-iRFP (green) and Tg(fliI:EGFP) (cyan) retained fluorescence during sectioning and staining.
White asterisks indicate disseminated yeast which appear to be embedded in the yolk syncytial layer and larval heart.
Scale bar = 100 um. (G) A vehicle-treated Tg(flil:EGFP) (red) fish infected with NRG1°EXiRFP (green) with intact
blood flow was imaged by time-lapse. Area in red box is the focus of the time-lapse, with frames taken from S14 Movie
a cropped area of the complete time lapse included as S15 Movie. Scalebar = 10 pm.

https://doi.org/10.1371/journal.ppat.1008414.9005
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responses were not reduced or eliminated by blocking heartbeat (S10 Fig), we reasoned that
phagocytes might account for basal rates of dissemination. To test the combined activity of
blood flow and phagocyte-mediated spread, we quantified dissemination in larvae lacking
phagocyte activity and heartbeat using mpx:Rac2-D57N to block neutrophil function, clodro-
nate liposomes to ablate macrophages, and terfenadine to block blood flow. As expected, based
on our previous experiments (Fig 4), larvae lose tnfo expression with macrophage ablation,
which is not correlated with the amount of Candida in the yolk (S11 Fig). Rac2-D57N larvae
treated with clodronate and terfenadine were found to have disseminated yeast limited to tis-
sues adjacent to the yolk, while disseminated yeast in control larvae were transported to more
distant places (Fig 6A). Semi-quantitative scores based on the number of C. albicans outside of
the yolk showed that loss of blood flow did not significantly affect the overall percentages of
fish with dissemination, although there was a trend toward less dissemination with blockade of
heartbeat (Fig 6B). However, the differences were much larger in the context of neutrophil
inactivation, leading to a statistically significant drop in dissemination frequency when com-
paring phagocyte inactivation alone to phagocyte inactivation in combination with blockade
of circulation (Fig 6B). Our inspection of confocal z-stacks suggested that blockade of blood
flow reduced the overall distance traveled by yeast. To quantitatively test whether blood flow
moved disseminated yeast far from the infection site, we measured this disparity in near (<25
pixels from yolk) versus far (>55 pixels from yolk) dissemination (Fig 6C). Strikingly, there
was a significant difference in the pattern of yeast dissemination when macrophages were
ablated and blood flow was blocked (Fig 6D). Statistically, there were no significant differences
in the number of yeast outside but close to the yolk in any condition (Fig 6E). In contrast, loss
of blood flow in the context of macrophage ablation caused a significant decrease in the num-
ber of distantly-disseminated yeast (Fig 6F). This loss of extensive dissemination was even
more severe when neutrophils were also inactivated (Fig 6F; righthand two bars). Together,
these data suggest that a combination of redundant host activities can play important roles in
the spread of yeast from the infection site.

Dissemination of wildtype yeast follows similar pattern as yeast-locked
yeast

These data, taken together, suggest that yeast spread to distant tissues by a combination of
phagocyte-mediated dissemination and extracellular dispersal through the epithelial and endo-
thelial layers followed by circulation-mediated movement. While use of the yeast-locked
NRG1°* strain enabled these detailed analyses of dissemination in the absence of extensive
tissue damage and early death, we felt it was important to determine if key aspects of yeast dis-
semination are mirrored during infections with wildtype C. albicans that produce a mix of fila-
ments and yeast. Infections with wildtype C. albicans—at a low temperature that promoted
production of both yeast and filaments—resulted in the expected high levels of mortality due
to invasive filaments [5]. Nevertheless, we were able to confirm that phagocyte recruitment
precedes dissemination (Fig 7A and 7B), and dissemination frequency is unaffected by loss of
phagocyte function (Fig 7C). Furthermore, phagocyte recruitment to the site of infection is
accompanied by a macrophage-dependent local upregulation of TNFa when neutrophils are
disabled (Rac2-D57N) but not when neutrophils are functional (Fig 7D and 7E; S15 Movie
and S16 Movie). These contributions by neutrophils may reflect neutrophil-hyphal interac-
tions present only with the wildtype C. albicans. Many interactions of macrophages and neu-
trophils with fungal cells were captured in these experiments (S15 Movie, S16 Movie and S17
Movie). Consistent with previous work that showed no association of fungal burden with dis-
semination [5], we found no differences in fungal burden either between fish with and without
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Fig 6. Dissemination is inhibited with loss of phagocytes and blood flow. Rac2-D57N zebrafish were crossed with AB fish for neutrophil-deficient or wild type
offspring. All larvae were injected with clodronate liposomes for macrophage ablation and bathed in vehicle (DMSO) or 2 uM terfenadine for blood flow blockade.
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with disseminated yeast that has been magnified at the right. Scale bar = 100 um. (B) Percent larvae with scores of dissemination at 40 hpi, pooled from 6 experiments.
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of near yeast pixels per fish, shown as median and confidence interval (F) Total number of far yeast pixels per fish, shown as median and confidence interval. (D-F)
Pooled from 6 experiments. Stats: Mann-Whitney, n.s. not significant, * p < 0.05, ** p < 0.01.

https://doi.org/10.1371/journal.ppat.1008414.9006
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Fig 7. Wild type C. albicans mirrors yeast-locked strain. Tg(Mpeg:GAL4)/(UAS:nfsB-mCherry)/Tg(mpx:EGFP) or RAC2-D57N/ Tg(tnfo::GFP)
larvae were injected with control or clodronate liposomes and infected with the wild type Caf2-iRFP C. albicans as described for the yeast-locked
infections. (A) Dissemination dynamics for wildtype fungi are similar to dynamics for yeast-locked and are unaffected by macrophage ablation.
Tg(Mpeg:GAL4)/(UAS:nfsB-mCherry)/Tg(mpx:EGFP) were infected and scored for immune recruitment and dissemination of yeast between 24
and 40 hpi, as described in Fig 1B. Top circles represent the percentages of fish at 24 hpi, colored with the indicated recruitment/dissemination
phenotype. Bottom bars represent phenotypes at 40 hpi, grouped based on their 24 hpi phenotype. Pooled from 2 experiments, control larvae

n = 16, clodronate larvae n = 21. (B) Representative images of Recruited/Non-disseminated Tg(Mpeg:GAL4)/(UAS:nfsB-mCherry)/Tg(mpx:EGFP)
larvae treated with control or clodronate liposomes at 40 hpi. Area in yellow shows the yolk sac outline. Scale bar = 50 um. (C) Dissemination of
wildtype yeast does not require intact phagocytes. Percent dissemination of Tg(Mpeg:GAL4)/(UAS:nfsB-mCherry)/Tg(mpx:EGFP) larvae (left) and
RAC2-D57N/Tg(tnfo:GFP) larvae (right) at 40 hpi. Right: Pooled from 2 experiments as in panel A. Left: Pooled from 3 experiments. Fisher’s
exact test, n.s. (D) Wildtype elicits a macrophage-dependent expression of TNFo. Representative images of control (left) and clodronate (right)
treated Rac2-D57N/Tg(tnfo:GFP) larvae. Yellow outlines the yolk sac. Scale bar = 100 um. (E) Pixel area of host cells expressing tnfa during wild
type C. albicans infection. Pooled from 3 experiments. (F) Fungal burden quantified as fluorescent pixels in z-stack images (for each time-point,
from left to right n = 8, 3, 8, 7, 10, 6, 10 and 6 larvae). Stats: Kruskal-Wallis with Dunn’s post-test, * p < 0.05, ** p < 0.01, *** p < 0.001., ****

p <0.0001, n.s. p > 0.05. Bars indicate the mean and SEM.

https://doi.org/10.1371/journal.ppat.1008414.9007

dissemination or between immunocompetent versus immunocompromised fish (Fig 7F).
Taken together, these data suggest that the processes of yeast dissemination are similar for
both yeast-locked and wildtype yeast.

Discussion

Although invasive candidiasis poses a significant clinical risk, we still understand little about
how this small non-motile fungus spreads throughout a host and what roles the host itself
plays in limiting or enabling its movement. Using longitudinal intravital imaging of C. albicans
and host innate immune cells in zebrafish, we find that phagocyte-dependent and -indepen-
dent mechanisms provide redundant pathways from tissue to bloodstream and throughout the
host. On one hand, we find phagocytes can traffic yeast far from the infection site even in the
absence of blood flow, releasing them in distant tissues. On the other hand, we show that even
when phagocytes are disabled the yeast are able to efficiently get into the bloodstream and use
blood flow to reach far tissues. These multiple strategies emphasize the versatility of C. albicans
and suggest that we need to understand fungal interactions with both endothelial cells and
phagocytes to understand the mechanics of tissue-to-bloodstream dissemination. It will be
interesting to further test whether this redundancy in host contributions to yeast dissemina-
tion holds true in other zebrafish infection routes and in infections with larger hosts such as
mammals, experiments which will undoubtedly be enabled by future advancements in our
ability to non-invasively image multiple sites over longer periods of time at single-cell resolu-
tion in mice.

Phagocyte recruitment correlates with pro-inflammatory gene upregulation and local tnfa
expression. Cytokine upregulation is a key step in innate immune response to an infectious
threat, and this is the case in our infection model [45]. Imaging by time-lapse at the single cell
level revealed that tnfa-expressing cells are motile and are absent when macrophages are
depleted, suggesting that only macrophages express tnfa in both yeast-locked and wildtype
fungal infections. Although imaging of tnfo levels in macrophage transgenics was not per-
formed here, nearly all tnfa-GFP+ cells were found to also be mpegl:mCherry+ in a similar
swimbladder infection model [46]. Proinflammatory cytokines at the infection site likely pro-
mote vascular permeability that may enhance fungal spread to the bloodstream by endocytic,
paracellular and/or Trojan-horse pathways [7, 22, 23, 47].

We documented all of the key steps of Trojan Horse-mediated spread of C. albicans in vivo:
recruitment, phagocytosis, reverse migration and fungal escape. The hijacking of phagocytes
by C. albicans raises important questions about how and why innate immune cells transport
yeast into the bloodstream and release them far from the infection site. While neutrophil
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reverse migration is now well-documented [48-52], we still do not know what host and fungal
signals regulate yeast-laden macrophages to leave the infection site. Further, although non-
lytic exocytosis (NLE) is utilized by many pathogens, its regulation is poorly understood and
likely involves both host and pathogen cues [24, 53]. Further work focused on NLE in vivo
may reveal more about how C. albicans and other pathogens escape macrophage containment
during vertebrate infection.

Neutrophils and macrophages were found to be dispensable for efficient dissemination.
This was unexpected because we documented Trojan Horse dissemination, we found that
phagocytes are sufficient to spread C. albicans in the absence of blood flow, and we know that
macrophages are key for spread of other fungal and bacterial pathogens [24, 53]. One obvious
hypothesis is that phagocyte loss enhances fungal burden sufficiently to promote spread by
mass action. However, the predictions of this hypothesis are not borne out: our results show
that there is not a robust enhancement of burden due to loss of phagocyte activity, and further
show for individual infected fish that those with disseminated infection do not have greater
burden than those with localized infection (Fig 3D, S9 Fig and S11 Fig). This combination of
cohort and individual data are inconsistent with the idea that a threshold of high numbers of
yeast in the yolk can non-specifically drive dissemination. Although we would have expected
uniformly higher numbers of yeast in fish lacking all phagocyte activity, it is possible that the
fungal burdens are comparable because of an overall limited phagocyte response in the context
of this localized infection model. C. albicans may be able to efficiently spread without hitchhik-
ing on phagocytes because it grows relatively well extracellularly compared to other phagocyte
hitchhikers and/or because it has effective alternative means of entering and exiting the blood-
stream without phagocytes. Further, as phagocytes both limit infection and spread yeast, there
may be a counterbalancing effect of phagocyte elimination, where extracellular yeast are able
to survive and proliferate in the blood in their absence. As expected in this situation, there is a
trend toward some increase in dissemination without recruitment in fish without macro-
phages but with active neutrophils, suggesting a possibly minor but unique role of macro-
phages in the process (Fig 7A, 0% vs. 10% are NR/D; S7B Fig, 2% vs. 5% are NR/D; n.s. for
both). In this scenario, a decrease in phagocyte-mediated spread could be made up for by an
increase in yeast survival and proliferation in the bloodstream in the absence of attacking
immune cells.

How do C. albicans yeast get through the epithelium and endothelium without phagocytes?
Hyphae are known to translocate through epithelial and endothelial cell barriers in vitro, but
yeast translocation has not yet been analyzed in these systems. Yeast passage through epithelial
layers is infrequent in most epithelial in vitro models of barrier passage, which could be due to
the loss of normal tissue architecture in vitro and/or to the altered expression of ligands and
receptors that mediate internalization. There are a number of candidate host receptors, as well
as C. albicans adhesins and proteolytic enzymes that could participate in yeast translocation,
including cadherins, EphA2, EGFR, ErbB2, secreted aspartyl proteases (SAPs), candidalysin,
Als3p [7, 54, 55].

Blood flow and phagocyte-mediated dissemination represent redundant mechanisms for C.
albicans to spread throughout the host body from a localized infection. While it had been pos-
tulated that both strategies might be used, full-animal imaging of infection progression
enabled the quantification of both mechanisms at an unprecedented level. Interestingly, loss of
blood flow alone reduces the amount of disseminated yeast within fish with dissemination but
not rates of dissemination into the bloodstream or far from the infection site. On the other
hand, elimination of phagocyte function alone affects neither overall levels of spread nor fre-
quency. The dissemination of yeasts adjacent to the yolk in the absence of heart beat and
phagocyte function suggests that diffusion through blood vessels isn’t sufficient to carry away
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yeast, perhaps because of adherence to the vascular lumen [56, 57]. It is intriguing that the two
mechanisms are not additive, highlighting the potentially double-edged sword of phagocytes
that can enhance dissemination through Trojan horse-mediated mechanisms but can also
limit spread of free yeast through phagocytosis and containment. The higher level of dissemi-
nation and greater amount of extracellular yeast we observe in phagocyte-incapacitated hosts
(Fig 3 and S7 Fig) is consistent with an important role for phagocytes in limiting fungal prolif-
eration in the bloodstream. Tracking the fate of individual phagocytes by adapting the Zebra-
bow fish line [58, 59] and/or imaging individually photoswitched yeast should allow single-cell
quantification of these activities in the future.

While the larval zebrafish model has unique advantages in imaging and manipulation, these
come with some limitations as well. The small size of the fish allows one to image the whole
fish on the confocal, but the related limitation of the model is that dissemination distances are
quite small, compared to what you would have in a mouse or human. Therefore, in translating
our findings to the human host, we may find a differential time frame for extracellular spread
by rapid blood flow as compared to phagocytes moving more slowly through tissue and
lymph. Furthermore, although the overall anatomy is similar between fish and humans, the tis-
sue architecture of yolk, epithelium and endothelium is not representative of all potential sites
of tissue-to-bloodstream dissemination in mammals. Based on our findings in the zebrafish
and the known conservation of cell types and molecules among vertebrates, we predict that
both phagocyte-mediated and extracellular mechanisms of spread are important in mamma-
lian tissue-to-blood dissemination. Unfortunately, although large groups of fungi can be
tracked non-invasively in the mouse, testing of these ideas in a mammal will have to wait for
new methods that will allow tracking of individual yeast and phagocytes to distant tissues [60—
67].

Leveraging the advantages of the zebrafish model system, we have quantified two redundant
means of C. albicans yeast spread from tissue to blood. We documented Trojan Horse spread
of C. albicans and showed that it is redundant with phagocyte-independent dissemination.
Conservation of adhesion molecules, cell types and anatomy among all vertebrates suggests
that both mechanisms are likely to also be important in mammalian infection [68-71]. Clinical
observations are consistent with our findings that C. albicans moves in the blood both inside
and outside of phagocytes [72-75]. From a therapeutic standpoint, our results suggest that pre-
vention of C. albicans dissemination will require interventions that block both endothelial and
phagocyte-driven movement of yeast.

Materials and methods
Ethics statement

All zebrafish studies were carried out in accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National Research Council [76]. All animals
were treated in a humane manner and euthanized with Tricaine overdose according to guide-
lines of the University of Maine Institutional Animal Care and Use Committee (IACUC) as
detailed in protocols A2015-11-03 and A2018-10-01.

Animal care and maintenance

Adult zebrafish used for breeding were housed at the University of Maine Zebrafish Facility in
recirculating systems (Aquatic Habitats, Apopka, FL). All zebrafish studies were carried out in
accordance with the recommendations in the Guide for the Care and Use of Laboratory Ani-
mals of the National Research Council [76]. All animals were treated in a humane manner and
euthanized with Tricaine overdose according to guidelines of the University of Maine
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Table 2. Candida albicans strains used.

Table 1. Zebrafish lines used.

Transgenic line Reference
Tg(mpx:EGFP)il1rTg [77]
Tg(mpegl:GAL4)gl24Tg [34, 78]
Tg(UAS-E1b:NTR-mCherry)c264Tg [79]
Tg(Mpegl:GAL4)/(UAS:Kaede) [32]
TgBAC(tnfa:GFP)pd1028Tg [22]
Tg(LysC:dsRed) [22, 80]
Tg(fli1:EGFP) [44]
Tg(mpx:mCherry,rac2_D57N)zf307Tg [35, 81]
AB (wild type) Zebrafish International Resource Center

https://doi.org/10.1371/journal.ppat.1008414.t001

Institutional Animal Care and Use Committee (IACUC) as detailed in protocols A2015-11-03
and A2018-10-01. Following collection, embryos were kept 150 mm petri dishes with E3
media (5 mM sodium chloride, 0.174 mM potassium chloride, 0.33 mM calcium chloride,
0.332 mM magnesium sulfate, 2 mM HEPES in Nanopure water, pH 7) plus 0.3 mg/liter meth-
ylene blue (VWR, Radnor, PA) to prevent microbial growth for the first 6 hours. Larvae were
then moved to fresh E3 media supplemented with 0.02 mg/ml of 1-phenyl-2-thiourea (PTU)
(Sigma-Aldrich, St. Louis, MO) to prevent pigmentation. Larvae were reared at 28°C at a den-
sity of 150 larvae per 150 mm petri dish. Transgenic lines used are provided in Table 1.

C. albicans strains and growth conditions

C. albicans strains used for larval infection (Table 2) were grown for 24 hours at 37°C on yeast-
peptone-dextrose (YPD) agar (20 g/L glucose, 20 g/L peptone, 10 g/L yeast extract, 20 g/L agar,
Difco, Livonia, MI). Single colonies were picked to 2 x 5 mL liquid YPD and grown overnight
at 30°C on a wheel. Prior to microinjection, liquid cultures were washed twice in phosphate
buffered saline (5 mM sodium chloride, 0.174 mM potassium chloride, 0.33 mM calcium chlo-
ride, 0.332 mM magnesium sulfate, 2 mM HEPES in Nanopure water, pH = 7) and the concen-
tration of yeast adjusted to 5x10° CFU/ml in PBS for larval zebrafish infections. Wild type
Caf2-dTomato C. albicans was used for heat killing and UV inactivating experiments. Over-
night cultures were washed twice and resuspended in PBS at 2.5x107 cells/ml, then boiled for

C. albicans Strain Parent Figure Genotype Reference
Strain
NRG1°**-iRFP THE21 | All other experiments ade2:hisG/ade2::hisG ura3:imm434/ura3::imm434:URA3- tetO ENOI/enol:ENO1 | This study, [5,
tetR-ScHAP4AD-3XHA-ADE2 pENO1-iRFP-NATR 13]
efglA/A cphlA/A- CAl4 S8 Fig ura3:1 imm434/ura3::imm434 cphl:hisG/cphl:hisG efgl::hisG/efgl::hisG-URA3- [5, 83]
iRFP hisG pENO1-iRFP-NATR
efgIA/A cphlA/A- CAI4 S5 Movie ura3::1 imm434/ura3::imm434 cphl:hisG/cphl:hisG efgl:hisG/efgl::hisG-URA3- [5, 83]
dTomato hisG pENO1-dTomato-NATR

NRG1°**-dTomato | THE21 Fig 1B

NRG1°**-neon THE21 Fig 3
Caf2-dTomato CAF2.1 S3 Fig
Caf2-iRFP CAF2.1 | Fig7,S15Mov

and S17 Movie
https://doi.org/10.1371/journal.ppat.1008414.t1002

ade2::hisG/ade2::hisG ura3::imm434/ura3::imm434::URA3- tetO ENO1/enol::ENO1 | [5, 83]
tetR-ScHAP4AD-3XHA-ADE2 pENO1-dTomato-NATR

ade2:hisG/ade2:hisG ura3::imm434/ura3::imm434::URA3- tetO ENOI1/enol::ENO1
tetR-ScHAP4AD-3XHA-ADE2 pENO1-neon-NATR

Aura3:imm434/ URA3 pENO1-dTomato-NATR [84]
ie, S16 Movie | Aura3::imm434/ URA3 pENO1-iRFP-NATR [82]
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10 minutes or placed in an uncovered polystyrene petri dish (60 mm x 15 mm, VWR, Radnor,
PA) for exposure. A CL-1000 UV cross-linker was used for UV inactivation of C. albicans [82]
(UVP, Vernon Hills, IL) and yeast were exposed four times to 100,000 yJ/cm? with swirling
between each exposure. Following boiling or UV-inactivation, cells were stained with Alexa-
Fluor 555 by coincubation of cells in PBS with sodium bicarbonate (0.037 M final concentra-
tion, pH 8.2) in the dark for 40 minutes with periodic vortexing. Cultures were then washed
four times in PBS and brought to 2x10” CFU/ml for injection into the yolk sac. Proper heat
killing and UV inactivation was confirmed by plating 50 pl of the prepared 2x10” CFU/ml
killed yeast and 50 pl of the prepared 5x10° CFU/ml live yeast used for larval injection on YPD
plates and incubated overnight at 30°C.

Zebrafish larvae infection, scoring for dissemination and recruitment, and
fungal CFU determination

Larvae at ~32 hours post fertilization were manually dechorionated and anesthetized in fresh
E3 media plus 0.02 mg/ml PTU and Tris-buffered tricaine methane sulfonate (160 pg/ml; Tri-
caine; Western Chemicals, Inc., Ferndale, WA). Larvae were injected in the yolk sac with 5 nl
volume PBS control or C. albicans at 5x10° CFU/ml in PBS. Larvae were microinjected in the
yolk as described previously [5] and screened on a Zeiss Axio Observer Z1 microscope to
ensure the correct injection and starting inoculum of C. albicans in the yolk (Carl Zeiss Micro-
imaging, Thornwood, NJ). Properly infected larvae were then moved to fresh E3 media plus
PTU which was changed every other day. Where indicated, media was supplemented with
metronidazole, terfenadine, or valproic acid following infection. Larvae were kept at 28°C for
NRG19F¥ yeast locked infections [83] or 21°C for wild type Caf2 infections [5]. These temper-
atures were chosen as they are safest for zebrafish and allow for yeast and hyphal growth of C.
albicans [5, 78]. Throughout the study, fish were scored by epifluorescence imaging for phago-
cyte recruitment to the yolk at the site of infection and for levels of dissemination using the
scale: 1-10 yeast (low), 11-50 (medium), >50 (high). At 42 hours post infection, larvae were
euthanized by Tricaine overdose. Mortality was observed as loss of heartbeat in all experiments
where blood flow was not altered. In experiments utilizing valproic acid or terfenadine to
reduce heart rate and blood flow, mortality was scored as larval putrefaction (loss of tissue
integrity, graying of tissue, and sloughing of dermis layer).

For CFU quantification, groups of 5 larvae were taken after injection of C. albicans and
screening and homogenized at 0 hpi in 600 ul of PBS. 100 pl of the homogenate was plated on
YPD agar supplemented with gentamicin (30 pg/ml, BioWhittaker, Lonza), penicillin-strepto-
mycin (250 pg/ml, Lonza), and vancomycin hydrochloride (3 pg/ml, Amresco, Solon, OH).
Individual larvae were homogenized for CFUs in 600 ul PBS after the 40 hpi timepoint, and
100 pl of the 1:6 dilution or 1:60 dilution was plated on YPD for countable colonies. Plates
were labeled by plate wells so that the larvae CFU count could be paired with dissemination
scores and larval images. YPD plates were incubated overnight at 30°C and colonies counted
the following day.

RNA isolation and qPCR analysis

Larvae were pooled into groups based on phagocyte recruitment to the yolk sac and dissemina-
tion of yeast (non-recruited/non-disseminated, non-recruited/disseminated, recruited/non-
disseminated, and recruited/disseminated). Larvae were euthanized by overdose in tricaine
and immediately homogenized in TRIzol (Invitrogen, Carlsbad, CA) for RNA isolation. Larval
groups ranged from 2-15 fish in 3 independent experiments. RNA was isolated using the
Direct-zol RNA miniprep kit (Zymo Research, Irvine, CA) using the manufacturers
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Table 3. qPCR Primers.

Gene
IL1B

IL6

TNFo

gapdh

Sequence (5’-3)

Forward: GTCACACTGAGAGCCGGAAG
Reverse: TGGAGATTCCCAAACACACA
Forward: GGACGTGAAGACACTCAGAGACG
Reverse: AAGGTTTGAGGAGAGGAGTGCTG
Forward: CGCATTTCACAAGGCAATTT
Reverse: CTGGTCCTGGTCATCTCTCC
Forward: TGGGCCCATGAAAGGAAT
Reverse: ACCAGCGTCAAAGATGGATG

https://doi.org/10.1371/journal.ppat.1008414.t003

Reference
[84]

[82]

(82, 84]

(82, 84, 85]

recommended protocol. Final RNA was eluted in 20 ul nuclease free water and stored at -80°C
until cDNA synthesis. Using the iScript reverse transcriptase supermix (Bio-Rad, Hercules,
CA), cDNA was synthesized from 500 ng RNA per sample. Primers are described in Table 3.
RT-qPCR was done on a CFX96 thermocycler (Bio-Rad, Hercules, CA) using the cycles: 95°C
for 30 s, 95°C for 5 s followed by 60°C for 20 s for 39 cycles, then 95°C for 10 s followed by
65°C for 5 s [82]. The Bio-Rad CFX Manager software was used to analyze threshold cycles
and dissociation curves. Larval gene expression was normalized to the gapdh control gene
(ACT), as done previously [82, 84], and compared to the mock infected PBS controls (AACT).

Confocal fluorescence microscopy, time-lapse imaging and photoswitching

For imaging, fish were anaesthetized with Tricaine then immobilized in 0.5% low-melting-
point agarose (Lonza, Switzerland) in E3 containing Tricaine and arranged in a 24-well glass-

bottom imaging plate. Images were made on an Olympus IX-81 inverted microscope with an

FV-1000 laser scanning confocal system (Olympus, Waltham, MA), using a 20x/0.7 NA or
10x/0.4 NA objective lens. Fluorescent channels were acquired with optical filters for 635 nm
excitation/668 nm emission, 543 nm excitation/572 nm emission, and 488 nm excitation/520
nm emission, for far red fluorescent cells, red fluorescent cells, or green fluorescent cells,
respectively. Phalloidin-568 was captured with the optical filter for 543 nm excitation/668 nm
emission for histology microscopy. Cascade blue was captured using the optical filter 405 nm
excitation/422 nm emission for larvae treated with control or clodronate liposomes.

Time lapse imaging for all experiments was done between 32 and 40 hpi unless noted other-
wise. For photoswitching experiments, one larva was chosen for time lapse imaging between
32-40 hpi, between 46-54 hpi, and between 56-64 hpi. Larvae were removed from the initial
24-well plate and re-embedded in an 8-well p-slide insert for the ibidi heating system K-frame
(ibidi, Deutschland) for temperature control. The heating system was set up at least one-half
hour before starting the time lapse. Time lapses were run on “FreeRun” and images were
acquired in succession. Time lapse imaging was done with a 20X (0.75 NA) objective unless
noted otherwise. Individual fluorescent channels were compiled on Fluoview software before
being transferred for compilation and analysis in Fiji-Image] [86].

For photoswitching, Tg(mpegl:GAL4) adults were crossed with Tg(UAS:Kaede) for larvae
with photoconvertible green to red macrophages [78]. Larvae were reared and infected with
yeast-locked C. albicans as described, and at 24 hpi larvae were embedded in 0.5% low melting
point agarose (LMA) in E3 media plus Tris buffered tricaine methane sulfonate (160 mg/ml)
in glass-bottom 24-well imaging dishes. Larvae were scored for recruitment of macrophages
and yeast dissemination prior to photoswitching. Photoswitching was done using a 405 nm
laser at 10% power on a Olympus IX-81 inverted microscope with an FV-1000 confocal system
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for 10 minutes on Fluoview XY repeat with a 20X (0.75 NA) objective [13, 29]. A 10X (0.40
NA) z-stack image was taken of the yolk sac area immediately following photoswitching and of
the whole fish at 30 and 40 hpi. Imaging was done at room temperature and larvae were kept
at 28°C (yeast-locked infections) or 21°C (wild type infections) between imaging sessions. To
keep the fish from drying out, 2 mL of E3 media plus PTU was layered over each larva follow-
ing the first imaging session.

Fiji-Image] and MATLAB image analysis

Images were processed in Fiji-Image] [86] for counting of phagocytes using Z stack projections
(Maximum Intensity Projection), image compilation (Maximum Intensity Projection of the Z
stack), and mask compilation. Fiji-Image] was also used to track phagocyte movement using
the Manual Tracking plugin (Fig 2). To quantify the amount of TNFa. expressing cells or neu-
trophils in the area of C. albicans cells, masks were made of each fluorescent channel (TNFo,
neutrophils, and C. albicans) in Fiji-Image] and run through a script in MATLAB (The Math-
Works, Inc., R2017b, Natick, MA). MATLAB workflows are described in S12 Fig. The
MATLAB script (S1 MATLAB Script; New_TNF_express) quantified the number of TNFo. or
neutrophil pixels in the area of C. albicans pixels (Figs 4 and 7, S9 Fig and S11 Fig). It also mea-
sured the number of fluorescent pixels in the image, so C. albicans growth could be measured
over time. Note that these calculations were made for individual confocal z-slices and not from
maximum projections.

To measure the distance that yeast travelled in Fig 6D and 6F, two MATLAB scripts were
used. First, distances for each disseminated pixel were measured using one script (52
MATLAB Script; Allison_candida_amounts_used). Next, distances were binned by 1-pixel
increments and compiled into a single file using the script (S3 MATLAB Script; New_real_-
Bins_used). Note that these calculations were made for individual confocal z-slices and not
from maximum projections. In addition, the data from Allison_candida_amounts_used were
also used by the script (S4 MATLAB Script; Allison_combining candida_amounts_used) to
quantify the total level of burden in the yolk and the total amount disseminated. Briefly, masks
were made for each fish using the DIC channel to outline the yolk sac and body of the fish.
Image] masks for the Candida, yolk, and body of the fish were read into MATLAB and con-
verted into MATLAB masks for each fish. The amount of Candida pixels in the yolk were
summed. New Candida masks were made to show only disseminated Candida pixels and the
amount of disseminated Candida pixels summed. Distance maps were created from yolk
masks giving pixel distances from the yolk. The distance maps and disseminated Candida
masks were used to find the distances from the yolk for each pixel of Candida. The sums of
Candida in the yolk and disseminated Candida as well as the distances for disseminated Can-
dida were saved as MATLAB files for each fish to be run through another MATLAB script.
The Candida sums for the yolk and disseminated Candida for each fish were ran through
another script to combine the data for each fish into one spreadsheet for Candida amounts in
the yolk and another for disseminated Candida amounts and exported. The Candida distances
for each fish were run through another script. For each fish the distances were binned so that
each bin contained the number of Candida pixels at each distance in 1-pixel intervals. The fish
were sorted into their respective groups and the bins summed for each group. The groups
were then combined into one array and exported into a spreadsheet.

To score and quantify the location (intra- vs. extra-cellular) of disseminated yeast in
Rac2-D57N fish treated with clodronate (Fig 3), 20X images were taken on the Olympus
FV1000 confocal at 40 hpi. Fiji-Image] was used to score the larvae for yeast that was intra-
and extracellular while Photoshop (version CS5 12.1 x64, Adobe Systems Incorporated) was
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used to trace over yeast scored as intra- and extracellular by methods previously described
from our laboratory [5, 13]. Photoshop layers were annotated and the area calculated in
Image].

Macrophage ablation

Where indicated, macrophages were ablated by injection of clodronate liposomes (Clodronate
liposomes, Amsterdam, The Netherlands) in the caudal vein, larvae were bathed in metronida-
zole, or embryos were injected with pu.1 morpholino oligonucleotides (MO, Genetools). Lipo-
somes were injected in the caudal vein at a 3:1:1:1 ratio of 5 mg/ml liposome stock:PBS:phenol
red:10 kDa Cascade blue dextran (8% w/v) in a total volume of 8-10 nl per larvae [9] at ~28
hpf. Larvae recovered in E3 media for 4 hours and were then infected with C. albicans. Tg
(Mpeg:GAL4)/(UAS:nfsB-mCherry) larvae were bathed in 20 mM metronidazole for 4 hours
after injection with C. albicans yeast and then kept in E3 media plus PTU and 10 mM metroni-
dazole for the remainder of the experiment [34, 78, 87]. Translational blocking (CCTCCATT
CTGTACGGATGCAGCAT) and splice blocking (GGTCTTTCTCCTTACCATGCTCTCC)
MOs were co-injected into 1-2 cell stage embryos [10, 30]. The MOs were combined (2.5 ng
translation blocking and 0.4 ng splice blocking) with 10 kDa Cascade blue dextran (8% w/v)
and phenol red for visualization of injection with total volume injected at 2 nl. Ablation of
macrophages with MO technology was observed by loss of red fluorescence in Tg(Mpeg:
GAL4)/(UAS:nfsB-mCherry) larvae.

Chemical blockade of blood flow

For chemical inhibition of blood flow, larvae were reared and infected with C. albicans as
described and then placed in petri dishes containing 0.1 mg/ml valproic acid in E3 media plus
PTU or 2 uM terfenadine in E3 media plus PTU and corresponding vehicle controls (water
and DMSO, respectively). Larvae were observed for reduced heartbeat and loss of blood flow
in the trunk and tail by 24 hours post treatment (or 24 hpi).

Histology

Larvae were euthanized after 42 hpi in tricaine overdose and shipped overnight in PBS. Larvae
were then fixed in 4% PFA at 4°C overnight, washed in PBS, and placed in 30% sucrose (MP
Biomedicals 821713) in PBS for overnight or until the samples sank. Larvae samples were
embedded in Tissue-Tek O.C.T. compound (OCT; Sakura Finetek 4583) and were kept at
-80°C for at least 10 mins before sectioning. Sagittal 20-micron sections were collected with a
Leica cryostat (CM3050S) and the sections were stained with DAPI (1 mg/ml; 1:2000 dilution)
and Alexa Fluor 568 Phalloidin (Invitrogen A12380; 1:500 dilution) for 30 mins- 1 hour at
room temperature. Then the slides were washed with PBS and mounted for imaging. Slides
were then shipped back and sections were imaged on the Olympus Fluoview 1000 confocal
microscope. Images were processed and pseudocolored in Image].

Statistical analysis & full raw data

Statistical analysis was performed in Graphpad Prism versions 6, 9 and 10 (Graphpad software,
Inc., La Jolla, CA). All analysis was completed with non-parametric tests (Kruskall-Wallis for
ANOVA and Mann-Whitney for pairwise) unless noted otherwise. P-values are indicated
throughout the manuscript as: * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. n.s. = not sig-
nificant. The full raw data used for producing graphs is available as SI Data.
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Supporting information

S1 Fig. Neither initial Candida inoculum nor overall fungal burden indicates whether neu-
trophils will be recruited to the yolk sac or if the infection will result in dissemination
events. Tg(mpx:EGFP) larvae were infected with NRG1°F* as described previously and imme-
diately imaged on the confocal to count the starting inoculum. (A) Example images of larvae
just infected (0 hpi; top) and at 40 hpi (bottom). Images demonstrate little difference in start-
ing inoculum, despite different infection results. Dissemination of fish, without phagocyte
recruitment and with recruitment, are shown, respectively, below in panels (i) and (ii), with
asterisks indicating disseminated yeast. Scale bar = 150 um. (B) CFUs of screened larvae at 0
hpi. Bars show median and interquartile range of yeast per fish. Pooled from three experi-
ments, n = 18 infected fish, median colonies per plate is 19. (C) CFUs from each type of
recruitment/dissemination score. Bars indicate median and interquartile range. Pooled from
three experiments, left to right n = 10, 4, 3, 10. Stats: Kruskal-Wallis with Dunn’s post-test, no
differences with p<0.5. (D) Candida burden as measured by the number of fluorescent pixels
quantified from confocal Z-stack images as pooled from >3 independent experiments, left to
right n =59, 11, 13, 16 per time point.

(PDF)

S2 Fig. Location of C. albicans does not affect likelihood of dissemination. Tg(mpeg:GAL4)/
(UAS:nfsb-mCherry) fish were crossed with Tg(flil:EGFP) fish and infected with NRG1°"*-
iRFP as described. Images taken at 24, 30, and 40 hpi were used to quantify the pixel distance
of fluorescent Candida away from the (A) edge of the sac outlined by the DIC image, or (B)
GFP positive endothelial cells lining the vasculature around the yolk sac. (C-D) Dissemination
is not associated with vicinity to the yolk edge or to blood vessels. Graphs represent the average
distances, for each larva, of each pixel to the closest the yolk edge or EGFP+ cell. Stats: Mann-
Whitney tests at each time point. There were no differences with p<0.05. (C-D) Dissemination
is not associated with vicinity to the yolk edge or to blood vessels. (E-F) To represent the data
differently, each fish analyzed in panels C & D was binned for distance to yolk edge or vascula-
ture, in bins of 10 pixels, and the categories of fish in each bin were stacked, including ND fish
and those with visible dissemination at 24 hpi, 30 hpi or 40 hpi. Pooled from 3 experiments,

n = 26 non-disseminated larvae and 19 disseminated larvae at 40 hpi.

(PDF)

$3 Fig. Killed yeast do not readily disseminate from the yolk sac or elicit immune cell
response. Tg(mpx:EGFP) larvae were infected with a wild type C. albicans and kept at 21°C for
the course of infection. Candida was UV killed and stained with AlexaFluor 555 prior to injec-
tion in the yolk. Larvae were followed for neutrophil recruitment and fungal dissemination at
24, 30, and 40 hpi. Care was taken to remove larvae with dissemination events that occurred
before 24 hpi, to ensure later dissemination events were a result of normal infection processes
rather than artifactual injection into the bloodstream. (A) Percent larvae with dissemination of
UV inactivated or live fungi at 30 and 40 hpi. For level of dissemination scoring method see Fig
3. Pooled from 4 experiments, left to right n = 77, 85. Stats: Fisher’s exact test, *** p < 0.001,
% p < 0.0001. (B) Percent larvae with neutrophil recruitment to UV inactivated, heat killed,
or live fungi. Same larvae as followed in panel A. Stats: Fisher’s exact test, “*** p < 0.0001.
(PDF)

S4 Fig. Levels of tnfa:EGFP at the site of infection correlate with phagocyte recruitment
but not dissemination. Tg(lysC:Ds-Red)/Tg(tnfo:GFP) larvae with red fluorescent neutrophils
and green fluorescence with tnfa expression were infected with a yeast-locked C. albicans as
described for Fig 4. Total GFP+ pixels at 40 hpi were quantified. This was pooled from 5
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experiments but was underpowered. N = 7, 9 and 5 larvae from L to R. Stats: Kruskal-Wallis
with multiple comparisons. p = 1.0 and 0.432 respectively for ND/NR vs. ND/R and D/R.
(PDF)

S5 Fig. Overall decrease in the number of phagocytes at the site of infection after dissemi-
nation starts. Tg(mpeg:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae with green fluores-
cent neutrophils and red fluorescent macrophages were infected as described and scored at 24
hpi. (A-B) Images at 24, 30 and 40 hpi were quantified as to the number of fluorescent macro-
phages (A) and neutrophils (B) at the infection site at each time point. Stats: Kruskall-Wallis
with Dunn’s post-test. * p<0.05, *** p<0.001. N = 12 larvae with original score of Recruited/
Disseminated.

(PDF)

S6 Fig. Clodronate liposomes and metronidazole treatment are effective methods for mac-
rophage ablation. Tg(mpeg:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae with green fluo-
rescent neutrophils and red fluorescent macrophages were used to check efficiency of ablation
methods. (A-C) Larvae were either injected at 28 hpf with 8-10 nl of control or clodronate
liposomes (3:1:1 lipsomes:phenol red:10 kDa dextran) in the caudal vein. (B-D) Larvae were
bathed in 20 mM metronidazole or vehicle (E3 water) for 4 hours following infection and 10
mM metronidazole thereafter. (A) Images of control and clodronate liposome treated larva,
scale bar = 150 pm. (B) Number of macrophages or neutrophils counted in a 6 somite region
in the trunk at 40 hpi. Bars indicate the median and interquartile range. Liposome treated lar-
vae pooled from 4 experiments, left to right, n = 8, 18, 8, and 18. (C) Fungal burden quantified
from confocal Z-stack images from 4 experiments (n = 18 controls and 18 clodronate-treated).
(D) Images of control and metronidazole treated larvae. (E) Number of macrophages or neu-
trophils counted in the same region as B. Bars indicate the median and interquartile range.
Pooled from 4 experiments, left to right, n = 8, 30, 11, and 19. (F) Fungal burden quantified
from confocal Z-stack images from 4 experiments (n = 39 controls and 18 metronidazole-
treated). A one-way ANOVA with Kruskall-Wallis post-test was used to test groups in panels
B & E and Mann-Whitney for panels C & F, * < 0.05, ** p < 0.01, *** p < 0.001, ****

p < 0.0001, n.s. = not significant p>0.05.

(PDF)

S7 Fig. Chemical macrophage ablation does not alter dissemination rates. Tg(mpeg:GAL4/
UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae were also used to examine phagocyte recruitment to
the infection site. (A) Percent larvae with dissemination in clodronate- (left) and metronida-
zole- (right) treated larvae. Fisher’s exact test based on numbers shown below in figure, n.s.
p>0.05. Pooled from 4 experiments. (B) Infection progression was scored as in Fig 1, with fish
grouped by initial score (top, 24 hpi) and then by final score (bottom, 40 hpi). Fish and experi-
ment numbers are the same as in Panel A.

(PDF)

S8 Fig. Ablation of macrophages by morpholino oligonucleotide does not alter dissemina-
tion frequencies. Tg(mpeg:GAL4)/(UAS:nfsb-mCherry)/Tg(mpx:EGFP) embryos were injected
at the 1-2 cell stage with a combination of splice blocking and translational blocking pu.I mor-
pholino oligonucleotides to inhibit macrophage development. A Cascade blue fluorescent 10
kDa dextran was injected with the morpholino mix, and larvae were screened for correct injec-
tion of the morpholino mix following infection with NRG1°**-iRFP. (A-B) Percent larvae
with dissemination at 40 hpi. Pooled from 3 independent experiments (n = 54 control larvae
and n = 54 morphant larvae). Stats: Fisher’s exact test, n.s. p>0.05 (C) Representative images
of control and ablated larvae at 40 hpi. Images of the anterior and posterior of each fish was
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stitched with Image], red in yolk is background autofluorescence. Purple outlined boxes are
blown up in panel D. White arrowhead points to intact macrophage in control fish. Scale

bar = 150 um. (D) Blow-ups of small regions of the head from stitched images in (C) to show
loss of macrophages in tissue; the only red fluorescence is from pieces of macrophages (white
arrowheads) that haven’t been cleared. Scale bar = 150 um.

(PDF)

S9 Fig. Macrophage ablation limits TNFa production without affecting overall burden. Tg
(LysC:Ds-Red)/Tg(tnfo:GFP) larvae with red fluorescent neutrophils and green fluorescence
with tnfa expression were treated with liposomes and infected with NRG1°**-iRFP. (A) Cor-
relation graph between recruited neutrophils and tnfa expression overlapping areas of
NRG1°F*_iRFP fluorescence. (B) Image] was used to make masks of the fluorescent channel
for the yeast. The number of neutrophil (dsRed) or tnfa (GFP) pixels in the area of yeast was
measured from these masks in MATLAB. Data pooled from 5 experiments, total fish used for
quantification, left to right: n = 10, 21, 9, 23. Violin plots. Stats: Mann-Whitney. * p < 0.05. (C)
Candida burden is not affected by clodronate-mediated macrophage ablation. Total number
of Candida pixels at the infection site shown as medians and 95% CI. Stats: Mann-Whitney, all
p>0.05, not significant.

(PDF)

$10 Fig. Chemical inhibitors of heart beat reduce blood flow, but not phagocyte recruit-
ment or overall yeast dissemination. Tg(Mpeg:GAL4/UAS:nfsb-mCherry)/Tg(mpo:EGFP) lar-
vae were bathed with 2 pM terfenadine/DMSO vehicle or in 0.1 mg/ml valproic acid/E3 water
vehicle following infection with NRG1°**-iRFP. (A) Representative images of infected larvae
at 40 hpi treated with control or chemical blood flow blockers. (B) Percent area of the infection
site with recruited macrophages and neutrophils. Pooled from 3 experiments with terfenadine,
left to right, n = 11, 9, 25, and 23. Pooled from 3 experiments with valproic acid, left to right,
n=29,7,26,and 15. Stats: two-way ANOVA and Sidak’s multiple comparison’s test, * < 0.05.
(C) Dissemination scores of terfenadine treated larvae (pooled from 3 independent experi-
ments) and valproic acid treated larvae (pooled from 3 independent experiments). (D) Details
of numbers of individual fish and statistical analysis of experiments shown in Panel C. Fisher’s
exact test, n.s. not significant.

(PDF)

S11 Fig. In the context of chemical blockade of blood flow, macrophage ablation reduces
tnfa expression but doesn’t affect fungal burden. Rac2-D57N zebrafish were crossed to Tg
(tnfa: GFP) for neutrophil deficient offspring. All larvae were injected as previously with clo-
dronate liposomes for macrophage ablation, and control or terfenadine for blood flow block-
ade. Larvae were infected with NRG1°F*-iRFP. (A) Representative images of Rac2-D57NxTg
(tnfo:GEP) larvae at 40 hpi. Fish were scored by eye for dissemination and confocal images
were chosen as close as possible to the median scores for both TNFa:GFP fluorescence and fun-
gal burden. Note that disseminated yeast are not included in the images, which are focused on
the infection site tnfa expression. Scale bar = 100 pum. (B) Very low levels of tnfa expression in
all fish treated with clodronate is unaffected by blockade of blood flow or neutrophil activity.
Quantification of tnfo:GFP positive pixels in the area of Candida, pooled from 5 experiments,
left to right n = 13, 25, 12, 23, 13, 24, 12, and 21. Stats: Kruskal-Wallis with Dunn’s post-test, n.
s. (C) Total fungal burden as quantified by the number of fluorescent Candida pixels in the
whole fish (yolk plus body). Pooled from 6 experiments, left to right n = 15, 21, 8, and 10.
Stats: Kruskal Wallis with Dunn’s post-test, n.s. Same fish quantified in panels B and C.

(PDF)
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$12 Fig. Outline of MATLAB workflows. This document outlines the steps taken in the
MATLAB workflows used for image quantification, referencing the MATLAB scripts that are
included as Supporting Information.

(PDF)

S1 Script. New_TNF_express. Quantifies the number of TNFo or neutrophil pixels in the
area of C. albicans pixels (Figs 4 and 7, S9 Fig and S11 Fig). It also measures the number of
fluorescent pixels in the image, so C. albicans growth can be measured over time. Note that
these calculations were made for individual confocal z-slices and not from maximum projec-
tions.

(MLX_CORR)

S2 Script. Allison_candida_amounts_used. Measures the shortest distance between each
pixel and the yolk edge, for each disseminated pixel, as shown for Fig 6D-6F.
(MLX_CORR)

S3 Script. New_real_Bins_used. Bins data from “Allison_candida_amounts_used” by 1-pixel
increments and compiles them into a single file. Note that these calculations were made for
individual confocal z-slices and not from maximum projections.

(MLX_CORR)

S4 Script. Allison_combining candida_amounts_used. Uses data from the script “Allison_-
candida_amounts_used” to quantify the total level of burden in the yolk and the total amount
of yeast that were disseminated.

(MLX_CORR)

S1 Movie. As described in Fig 2A. Tg(mpegl:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae
were infected with yeast-locked C. albicans and scored for recruitment of phagocytes and dis-
semination of yeast at 24 hpi. A time-lapse of a larva with recruitment was taken over the
course of 7 hours starting at ~32 hpi. Neutrophils and macrophages were observed moving
within and away from the infection site carrying yeast.

(MOV)

S2 Movie. As described in Fig 2A, but from an independent experiment. Tg(mpegl:GAL4/
UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae were infected with yeast-locked C. albicans and
scored for recruitment of phagocytes and dissemination of yeast at 24 hpi. A time-lapse of fish
with recruitment was taken over the course of 7 hours starting at ~32 hpi. Neutrophils and
macrophages were observed moving within and away from the infection site carrying yeast.
(MOV)

S3 Movie. As described in Fig 2C. Tg(mpegl:GAL4)x(UAS:Kaede) larvae were infected with
yeast-locked C. albicans and scored for recruitment of macrophages and dissemination of
yeast at 24 hpi. Macrophages near the infection site of larvae with immune recruitment were
photo-switched at 24 hpi. A time-lapse movie was taken over the course of 7 hours starting at
~46 hpi. A photo-converted macrophage moves out of the blood stream into tail tissue.
(MOV)

S4 Movie. As described in Fig 2D. Tg(mpegl:GAL4)x(UAS:Kaede) larvae were infected with
yeast-locked C. albicans and scored for recruitment of macrophages and dissemination of
yeast at 24 hpi. Macrophages near the infection site of larvae with immune recruitment were
photo-switched at 24 hpi. A time-lapse movie taken over the course of 7 hours starting at ~32
hpi. Intracellular yeast growth and apparent NLE events are highlighted.

(MOV)
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S5 Movie. Tg(mpx:EGFP) larvae were infected with hypofilamentous C. albicans strain
cph1A/AefglA/A-dTomato in the yolk as described and imaged at 44 hpi by time-lapse
microscopy. Neutrophils (green) interacting with yeast (red) as they move down the tail tissue
inside a blood vessel.

(MOV)

S6 Movie. As described in Fig 4D. Tg(tnfo:EGFP) larvae with green fluorescence with tnfa
expression were given control liposomes and infected with a yeast-locked C. albicans as
described. Z series demonstrating typical tnfor expression at the infection site in a wild type
larva.

(MOV)

S7 Movie. As described in Fig 4D. Tg(tnfo:EGFP) larvae with green fluorescence with tnfa
expression were given clodronate liposomes and infected with a yeast-locked C. albicans as
described. Z series demonstrating background tnfa expression in a wild type larva.

(MOV)

S8 Movie. As described in Fig 4E. Rac2-D57N/ Tg(tnfo:EGFP) larvae with red fluorescent neu-
trophils and green fluorescence with tnfa expression were given control liposomes and
infected with a yeast-locked C. albicans as described. Z series demonstrating typical tnfo
expression at the infection site in a Rac2/D57N larva.

(MOV)

§9 Movie. As described in Fig 4E. Rac2-D57N/Tg(tnfo:EGFP) larvae with red fluorescent neu-
trophils and green fluorescence with tnfa expression were given clodronate liposomes and
infected with a yeast-locked C. albicans as described. Z series demonstrating background tnfo
expression in a Rac2/D57N larva.

(MOV)

$10 Movie. As described in Fig 4. Rac2-D57N/Tg(tnfa:EGFP) larvae with red fluorescent neu-
trophils and green fluorescence with tnfa expression were given control liposomes and
infected with a yeast-locked C. albicans as described. Time-lapse movie taken over the course
of 7 hours starting at ~32 hpi. Macrophage-like cells turn on tnfa expression as they move
closer to the site of infection.

(MOV)

S11 Movie. As described in Fig 4. Rac2-D57N/Tg(tnfa:EGFP) larvae with red fluorescent neu-
trophils and green fluorescence with tnfor expression were given clodronate liposomes and
infected with a yeast-locked C. albicans as described. Time-lapse movie taken over the course
of 7 hours starting at ~32 hpi. There is an absence of phagocytes turning on tnfa expression.
(MOV)

S$12 Movie. As described in S10 Fig. Tg(mpeg:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) lar-
vae were bathed with 2 uM terfenadine/DMSO vehicle following infection with NRG1°**-
iRFP. Representative movie of infected larvae at ~32 hpi treated with 2 uM terfenadine, which
blocks blood flow.

(MOV)

$13 Movie. As described in S10 Fig. Tg(mpeg:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) lar-
vae were bathed in 0.1 mg/ml valproic acid/E3 water vehicle following infection with
NRG1°"*.iRFP. Representative movie of infected larvae at ~32 hpi treated with 0.1 mg/ml
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valproic acid, which blocks blood flow.
(MOV)

$14 Movie. As described in Fig 5G. Tg(flil:EGFP) larvae, with GFP-expressing endothelial
cells, were infected with NRGI®*-iRFP as previously described. A vehicle-treated Tg(flil:
EGFP) fish with intact blood flow was imaged at ~32 hpi by time-lapse on the confocal.
(MOV)

S15 Movie. As described in Fig 5G. Tg(flil:EGFP) larvae, with GFP-expressing endothelial
cells, were infected with NRGI®**-iRFP as previously described. A vehicle-treated Tg(flil:
EGPFP) fish with intact blood flow was imaged at ~32 hpi by time-lapse on the confocal.
(MOV)

$16 Movie. As described in Fig 7. RAC2-D57N/Tg(tnfo:GFP) larvae were injected with con-
trol liposomes and infected with the wild type CAF2-iRFP C. albicans as described for the
yeast-locked infections. Fish were imaged by confocal microscopy between 32 and 40 hpi.
(MOV)

$17 Movie. As described in Fig 7. RAC2-D57N/Tg(tnfo:GFP) larvae were injected with clo-
dronate liposomes and infected with the wild type CAF2-iRFP C. albicans as described for the
yeast-locked infections. Fish were imaged by confocal microscopy between 32 and 40 hpi.
(MOV)

S18 Movie. As described in Fig 7. Tg(mpeg:GAL4/UAS:nfsb-mCherry)/Tg(mpx:EGFP) larvae
were infected with the wild type Caf2-iRFP C. albicans as described for the yeast-locked infec-
tions. Fish were imaged by confocal microscopy between 32 and 40 hpi.

(MOV)

S1 Data. Excel spreadsheet with data used to produce all graphs in Figs 1-7.
(XLSX)

Acknowledgments

We would like to thank Brian Peters, Glenn Palmer and Anna Huttenlocher for key C. albicans
and zebrafish strains and lines. We would like to thank Michel Bagnat for consultation on his-
tology. We would like to thank Julie Walter, Sony Manandhar, Jessica Moore, and Josh Jones
for their assistance with initial experiments and data analysis that supported this project. We
would like to thank the Henry Lab for advice and sharing.

Author Contributions

Conceptualization: Robert T. Wheeler.

Formal analysis: Joshua B. Kelley.

Funding acquisition: Robert T. Wheeler.

Investigation: Allison K. Scherer, Jieun Park, Brittany G. Seman.
Methodology: Allison K. Scherer, Bailey A. Blair.

Project administration: Robert T. Wheeler.

Software: Allison K. Scherer, Bailey A. Blair, Joshua B. Kelley.
Supervision: Joshua B. Kelley, Robert T. Wheeler.

Visualization: Allison K. Scherer.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 30/36


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008414.s030
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008414.s031
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008414.s032
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008414.s033
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008414.s034
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1008414.s035
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS

Mechanisms of Candida infection spread

Writing - original draft: Allison K. Scherer.

Writing - review & editing: Allison K. Scherer, Robert T. Wheeler.

References

1.

10.

1.

12

13.

14.

15.

Koh AY. Murine models of Candida gastrointestinal colonization and dissemination. Eukaryot Cell.
2013; 12(11):1416-22. Epub 2013/09/17. https://doi.org/10.1128/EC.00196-13 PMID: 24036344;
PubMed Central PMCID: PMC3837944.

Koh AY, Kohler JR, Coggshall KT, Van Rooijen N, Pier GB. Mucosal damage and neutropenia are
required for Candida albicans dissemination. PLoS Pathog. 2008; 4(2):e35. Epub 2008/02/20. https://
doi.org/10.1371/journal.ppat.0040035 PMID: 18282097; PubMed Central PMCID: PMC2242836.

Naglik JR, Moyes DL, Wachtler B, Hube B. Candida albicans interactions with epithelial cells and muco-
sal immunity. Microbes Infect. 2011; 13(12—-13):963-76. Epub 2011/08/02. https://doi.org/10.1016/j.
micinf.2011.06.009 PMID: 21801848; PubMed Central PMCID: PMC3185145.

Zhai B, Ola M, Rolling T, Tosini NL, Joshowitz S, Littmann ER, et al. High-resolution mycobiota analysis
reveals dynamic intestinal translocation preceding invasive candidiasis. Nat Med. 2020; 26(1):59-64.
Epub 2020/01/08. https://doi.org/10.1038/s41591-019-0709-7 PMID: 31907459.

Seman BG, Moore JL, Scherer AK, Blair BA, Manandhar S, Jones JM, et al. Yeast and Filaments Have
Specialized, Independent Activities in a Zebrafish Model of Candida albicans Infection. Infect Immun.
2018; 86(10). Epub 2018/07/25. https://doi.org/10.1128/IA1.00415-18 PMID: 30037799; PubMed Cen-
tral PMCID: PMC6204735.

Gow NA, van de Veerdonk FL, Brown AJ, Netea MG. Candida albicans morphogenesis and host
defence: discriminating invasion from colonization. Nat Rev Microbiol. 2011; 10(2):112—22. Epub 2011/
12/14. hitps://doi.org/10.1038/nrmicro2711 PMID: 22158429; PubMed Central PMCID: PMC3624162.

Grubb SE, Murdoch C, Sudbery PE, Saville SP, Lopez-Ribot JL, Thornhill MH. Candida albicans-endo-
thelial cell interactions: a key step in the pathogenesis of systemic candidiasis. Infect Immun. 2008; 76
(10):4370-7. Epub 2008/06/25. https://doi.org/10.1128/1A1.00332-08 PMID: 18573891; PubMed Cen-
tral PMCID: PMC2546854.

Prajsnar TK, Hamilton R, Garcia-Lara J, McVicker G, Williams A, Boots M, et al. A privileged intrapha-
gocyte niche is responsible for disseminated infection of Staphylococcus aureus in a zebrafish model.
Cell Microbiol. 2012; 14(10):1600—19. Epub 2012/06/15. https://doi.org/10.1111/j.1462-5822.2012.
01826.x PMID: 22694745; PubMed Central PMCID: PMC3470706.

Bojarczuk A, Miller KA, Hotham R, Lewis A, Ogryzko NV, Kamuyango AA, et al. Cryptococcus neofor-
mans Intracellular Proliferation and Capsule Size Determines Early Macrophage Control of Infection.
Sci Rep. 2016; 6:21489. Epub 2016/02/19. https://doi.org/10.1038/srep21489 PMID: 26887656;
PubMed Central PMCID: PMC4757829.

Clay H, Davis JM, Beery D, Huttenlocher A, Lyons SE, Ramakrishnan L. Dichotomous role of the mac-
rophage in early Mycobacterium marinum infection of the zebrafish. Cell Host Microbe. 2007; 2(1):29—
39. Epub 2007/11/17. https://doi.org/10.1016/j.chom.2007.06.004 PMID: 18005715; PubMed Central
PMCID: PMC3115716.

Harvie EA, Green JM, Neely MN, Huttenlocher A. Innate immune response to Streptococcus iniae
infection in zebrafish larvae. Infect Immun. 2013; 81(1):110-21. Epub 2012/10/24. https://doi.org/10.
1128/1A1.00642-12 PMID: 23090960; PubMed Central PMCID: PMC3536132.

Santiago-Tirado FH, Onken MD, Cooper JA, Klein RS, Doering TL. Trojan Horse Transit Contributes to
Blood-Brain Barrier Crossing of a Eukaryotic Pathogen. MBio. 2017; 8(1). Epub 2017/02/02. https://doi.
org/10.1128/mBio.02183-16 PMID: 28143979; PubMed Central PMCID: PMC5285505.

Brothers KM, Newman ZR, Wheeler RT. Live imaging of disseminated candidiasis in zebrafish reveals
role of phagocyte oxidase in limiting filamentous growth. Eukaryot Cell. 2011; 10(7):932—44. Epub
2011/05/10. https://doi.org/10.1128/EC.05005-11 PMID: 21551247; PubMed Central PMCID:
PMC3147414.

Filler SG. In vitro models of hematogenously disseminated candidiasis. Virulence. 2014; 5(2):240-2.
Epub 2014/01/05. https://doi.org/10.4161/viru.27453 PMID: 24384501; PubMed Central PMCID:
PMC3956498.

Moyes DL, Naglik JR. Mucosal immunity and Candida albicans infection. Clin Dev Immunol. 2011;
2011:346307. Epub 2011/07/22. https://doi.org/10.1155/2011/346307 PMID: 21776285; PubMed Cen-
tral PMCID: PMC3137974.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 31/36


https://doi.org/10.1128/EC.00196-13
http://www.ncbi.nlm.nih.gov/pubmed/24036344
https://doi.org/10.1371/journal.ppat.0040035
https://doi.org/10.1371/journal.ppat.0040035
http://www.ncbi.nlm.nih.gov/pubmed/18282097
https://doi.org/10.1016/j.micinf.2011.06.009
https://doi.org/10.1016/j.micinf.2011.06.009
http://www.ncbi.nlm.nih.gov/pubmed/21801848
https://doi.org/10.1038/s41591-019-0709-7
http://www.ncbi.nlm.nih.gov/pubmed/31907459
https://doi.org/10.1128/IAI.00415-18
http://www.ncbi.nlm.nih.gov/pubmed/30037799
https://doi.org/10.1038/nrmicro2711
http://www.ncbi.nlm.nih.gov/pubmed/22158429
https://doi.org/10.1128/IAI.00332-08
http://www.ncbi.nlm.nih.gov/pubmed/18573891
https://doi.org/10.1111/j.1462-5822.2012.01826.x
https://doi.org/10.1111/j.1462-5822.2012.01826.x
http://www.ncbi.nlm.nih.gov/pubmed/22694745
https://doi.org/10.1038/srep21489
http://www.ncbi.nlm.nih.gov/pubmed/26887656
https://doi.org/10.1016/j.chom.2007.06.004
http://www.ncbi.nlm.nih.gov/pubmed/18005715
https://doi.org/10.1128/IAI.00642-12
https://doi.org/10.1128/IAI.00642-12
http://www.ncbi.nlm.nih.gov/pubmed/23090960
https://doi.org/10.1128/mBio.02183-16
https://doi.org/10.1128/mBio.02183-16
http://www.ncbi.nlm.nih.gov/pubmed/28143979
https://doi.org/10.1128/EC.05005-11
http://www.ncbi.nlm.nih.gov/pubmed/21551247
https://doi.org/10.4161/viru.27453
http://www.ncbi.nlm.nih.gov/pubmed/24384501
https://doi.org/10.1155/2011/346307
http://www.ncbi.nlm.nih.gov/pubmed/21776285
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS

Mechanisms of Candida infection spread

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

MacCallum DM, Odds FC. Temporal events in the intravenous challenge model for experimental Can-
dida albicans infections in female mice. Mycoses. 2005; 48(3):151-61. Epub 2005/04/22. https://doi.
org/10.1111/j.1439-0507.2005.01121.x PMID: 15842329.

Saralahti A, Ramet M. Zebrafish and Streptococcal Infections. Scand J Immunol. 2015; 82(3):174-83.
Epub 2015/06/283. https://doi.org/10.1111/sji.12320 PMID: 26095827

Daniels BP, Klein RS. Knocking on Closed Doors: Host Interferons Dynamically Regulate Blood-Brain
Barrier Function during Viral Infections of the Central Nervous System. PLoS Pathog. 2015; 11(9):
€1005096. Epub 2015/09/18. https://doi.org/10.1371/journal.ppat. 1005096 PMID: 26379171; PubMed
Central PMCID: PMC4574746.

Rochfort KD, Cummins PM. The blood-brain barrier endothelium: a target for pro-inflammatory cyto-
kines. Biochem Soc Trans. 2015; 43(4):702—6. Epub 2015/11/10. https://doi.org/10.1042/
BST20140319 PMID: 26551716.

Basset C, Holton J, O’Mahony R, Roitt |. Innate immunity and pathogen-host interaction. Vaccine.
2003; 21 Suppl 2:512-23. Epub 2003/05/24. https://doi.org/10.1016/s0264-410x(03)00195-6 PMID:
12763678.

Dejana E, Orsenigo F, Lampugnani MG. The role of adherens junctions and VE-cadherin in the control
of vascular permeability. J Cell Sci. 2008; 121(Pt 13):2115-22. Epub 2008/06/21. https://doi.org/10.
1242/jcs.017897 PMID: 18565824,

Marjoram L, Alvers A, Deerhake ME, Bagwell J, Mankiewicz J, Cocchiaro JL, et al. Epigenetic control of
intestinal barrier function and inflammation in zebrafish. Proc Natl Acad Sci U S A. 2015; 112(9):2770—
5. Epub 2015/03/03. https://doi.org/10.1073/pnas. 1424089112 PMID: 25730872; PubMed Central
PMCID: PMC4352795.

Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner JR. Interferon-gamma and tumor
necrosis factor-alpha synergize to induce intestinal epithelial barrier dysfunction by up-regulating myo-
sin light chain kinase expression. Am J Pathol. 2005; 166(2):409—19. Epub 2005/02/01. https://doi.org/
10.1016/s0002-9440(10)62264-x PMID: 15681825; PubMed Central PMCID: PMC1237049.

Bain JM, Lewis LE, Okai B, Quinn J, Gow NA, Erwig LP. Non-lytic expulsion/exocytosis of Candida albi-
cans from macrophages. Fungal Genet Biol. 2012; 49(9):677-8. Epub 2012/02/14. https://doi.org/10.
1016/j.fgb.2012.01.008 PMID: 223264 19; PubMed Central PMCID: PMC3430864.

Charlier C, Nielsen K, Daou S, Brigitte M, Chretien F, Dromer F. Evidence of a role for monocytes in dis-
semination and brain invasion by Cryptococcus neoformans. Infect Immun. 2009; 77(1):120-7. Epub
2008/10/22. https://doi.org/10.1128/IA1.01065-08 PMID: 18936186; PubMed Central PMCID:
PMC2612285.

Nolan SJ, Fu MS, Coppens |, Casadevall A. Lipids Affect the Cryptococcus neoformans-Macrophage
Interaction and Promote Nonlytic Exocytosis. Infect Immun. 2017; 85(12). Epub 2017/09/28. https://doi.
org/10.1128/1A1.00564-17 PMID: 28947642; PubMed Central PMCID: PMC5695111.

Seider K, Heyken A, Luttich A, Miramon P, Hube B. Interaction of pathogenic yeasts with phagocytes:
survival, persistence and escape. Curr Opin Microbiol. 2010; 13(4):392—400. Epub 2010/07/16. https://
doi.org/10.1016/j.mib.2010.05.001 PMID: 20627672.

Thwaites GE, Gant V. Are bloodstream leukocytes Trojan Horses for the metastasis of Staphylococcus
aureus? Nat Rev Microbiol. 2011; 9(3):215-22. Epub 2011/02/08. https://doi.org/10.1038/nrmicro2508
PMID: 21297670.

Tucey TM, Verma J, Harrison PF, Snelgrove SL, Lo TL, Scherer AK, et al. Glucose Homeostasis Is
Important for Immune Cell Viability during Candida Challenge and Host Survival of Systemic Fungal
Infection. Cell Metab. 2018; 27(5):988—-1006 e7. Epub 2018/05/03. https://doi.org/10.1016/j.cmet.2018.
03.019 PMID: 29719235.

Bernut A, Herrmann JL, Kissa K, Dubremetz JF, Gaillard JL, Lutfalla G, et al. Mycobacterium abscessus
cording prevents phagocytosis and promotes abscess formation. Proc Natl Acad Sci U S A. 2014; 111
(10):E943-52. Epub 2014/02/26. https://doi.org/10.1073/pnas.1321390111 PMID: 24567393; PubMed
Central PMCID: PMC3956181.

Carrillo SA, Anguita-Salinas C, Pena OA, Morales RA, Munoz-Sanchez S, Munoz-Montecinos C, et al.
Macrophage Recruitment Contributes to Regeneration of Mechanosensory Hair Cells in the Zebrafish
Lateral Line. J Cell Biochem. 2016; 117(8):1880-9. Epub 2016/01/13. https://doi.org/10.1002/jcb.25487
PMID: 26755079.

Davison JM, Akitake CM, Goll MG, Rhee JM, Gosse N, Baier H, et al. Transactivation from Gal4-VP16
transgenic insertions for tissue-specific cell labeling and ablation in zebrafish. Dev Biol. 2007; 304
(2):811-24. Epub 2007/03/06. https://doi.org/10.1016/j.ydbio.2007.01.033 PMID: 17335798; PubMed
Central PMCID: PMC3470427.

Gray C, Loynes CA, Whyte MK, Crossman DC, Renshaw SA, Chico TJ. Simultaneous intravital imaging
of macrophage and neutrophil behaviour during inflammation using a novel transgenic zebrafish.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 32/36


https://doi.org/10.1111/j.1439-0507.2005.01121.x
https://doi.org/10.1111/j.1439-0507.2005.01121.x
http://www.ncbi.nlm.nih.gov/pubmed/15842329
https://doi.org/10.1111/sji.12320
http://www.ncbi.nlm.nih.gov/pubmed/26095827
https://doi.org/10.1371/journal.ppat.1005096
http://www.ncbi.nlm.nih.gov/pubmed/26379171
https://doi.org/10.1042/BST20140319
https://doi.org/10.1042/BST20140319
http://www.ncbi.nlm.nih.gov/pubmed/26551716
https://doi.org/10.1016/s0264-410x(03)00195-6
http://www.ncbi.nlm.nih.gov/pubmed/12763678
https://doi.org/10.1242/jcs.017897
https://doi.org/10.1242/jcs.017897
http://www.ncbi.nlm.nih.gov/pubmed/18565824
https://doi.org/10.1073/pnas.1424089112
http://www.ncbi.nlm.nih.gov/pubmed/25730872
https://doi.org/10.1016/s0002-9440%2810%2962264-x
https://doi.org/10.1016/s0002-9440%2810%2962264-x
http://www.ncbi.nlm.nih.gov/pubmed/15681825
https://doi.org/10.1016/j.fgb.2012.01.008
https://doi.org/10.1016/j.fgb.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22326419
https://doi.org/10.1128/IAI.01065-08
http://www.ncbi.nlm.nih.gov/pubmed/18936186
https://doi.org/10.1128/IAI.00564-17
https://doi.org/10.1128/IAI.00564-17
http://www.ncbi.nlm.nih.gov/pubmed/28947642
https://doi.org/10.1016/j.mib.2010.05.001
https://doi.org/10.1016/j.mib.2010.05.001
http://www.ncbi.nlm.nih.gov/pubmed/20627672
https://doi.org/10.1038/nrmicro2508
http://www.ncbi.nlm.nih.gov/pubmed/21297670
https://doi.org/10.1016/j.cmet.2018.03.019
https://doi.org/10.1016/j.cmet.2018.03.019
http://www.ncbi.nlm.nih.gov/pubmed/29719235
https://doi.org/10.1073/pnas.1321390111
http://www.ncbi.nlm.nih.gov/pubmed/24567393
https://doi.org/10.1002/jcb.25487
http://www.ncbi.nlm.nih.gov/pubmed/26755079
https://doi.org/10.1016/j.ydbio.2007.01.033
http://www.ncbi.nlm.nih.gov/pubmed/17335798
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS

Mechanisms of Candida infection spread

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Thromb Haemost. 2011; 105(5):811-9. Epub 2011/01/13. https://doi.org/10.1160/TH10-08-0525
PMID: 21225092.

Pisharath H, Parsons MJ. Nitroreductase-mediated cell ablation in transgenic zebrafish embryos. Meth-
ods Mol Biol. 2009; 546:133—43. Epub 2009/04/21. https://doi.org/10.1007/978-1-60327-977-2_9
PMID: 19378102.

Deng Q, Yoo SK, Cavnar PJ, Green JM, Huttenlocher A. Dual roles for Rac2 in neutrophil motility and
active retention in zebrafish hematopoietic tissue. Dev Cell. 2011; 21(4):735-45. Epub 2011/10/22.
https://doi.org/10.1016/j.devcel.2011.07.013 PMID: 22014524; PubMed Central PMCID:
PMC3199325.

Aaron PA, Jamklang M, Uhrig JP, Gelli A. The blood-brain barrier internalises Cryptococcus neofor-
mans via the EphA2-tyrosine kinase receptor. Cell Microbiol. 2018; 20(3). Epub 2017/12/03. https://doi.
org/10.1111/cmi.12811 PMID: 2919714 1; PubMed Central PMCID: PMC5836489.

Chen JN, Haffter P, Odenthal J, Vogelsang E, Brand M, van Eeden FJ, et al. Mutations affecting the car-
diovascular system and other internal organs in zebrafish. Development. 1996; 123:293-302. Epub
1996/12/01. PMID: 9007249.

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF. Stages of embryonic development of the
zebrafish. Dev Dyn. 1995; 203(3):253-310. Epub 1995/07/01. https://doi.org/10.1002/aja.1002030302
PMID: 8589427.

Stainier DY, Lee RK, Fishman MC. Cardiovascular development in the zebrafish. |. Myocardial fate
map and heart tube formation. Development. 1993; 119(1):31-40. Epub 1993/09/01. PMID: 8275863.

Hassel D, Scholz EP, Trano N, Friedrich O, Just S, Meder B, et al. Deficient zebrafish ether-a-go-go-
related gene channel gating causes short-QT syndrome in zebrafish reggae mutants. Circulation. 2008;
117(7):866—75. Epub 2008/02/06. https://doi.org/10.1161/CIRCULATIONAHA.107.752220 PMID:
18250272.

Milan DJ, Peterson TA, Ruskin JN, Peterson RT, MacRae CA. Drugs that induce repolarization abnor-
malities cause bradycardia in zebrafish. Circulation. 2003; 107(10):1355-8. Epub 2003/03/19. https://
doi.org/10.1161/01.cir.0000061912.88753.87 PMID: 12642353.

Li L, Bonneton F, Tohme M, Bernard L, Chen XY, Laudet V. In Vivo Screening Using Transgenic Zebra-
fish Embryos Reveals New Effects of HDAC Inhibitors Trichostatin A and Valproic Acid on Organogene-
sis. PLoS One. 2016; 11(2):e0149497. Epub 2016/02/24. https://doi.org/10.1371/journal.pone.0149497
PMID: 26900852; PubMed Central PMCID: PMC4763017.

Rubinstein AL. Zebrafish assays for drug toxicity screening. Expert Opin Drug Metab Toxicol. 2006; 2
(2):231-40. Epub 2006/07/27. https://doi.org/10.1517/17425255.2.2.231 PMID: 16866609.

Lawson ND, Weinstein BM. In vivo imaging of embryonic vascular development using transgenic zebra-
fish. Dev Biol. 2002; 248(2):307—18. Epub 2002/08/09. https://doi.org/10.1006/dbio.2002.0711 PMID:
12167406.

Hall C, Crosier P, Crosier K. Inflammatory cytokines provide both infection-responsive and develop-
mental signals for blood development: Lessons from the zebrafish. Mol Immunol. 2016; 69:113-22.
Epub 2015/11/14. https://doi.org/10.1016/j.molimm.2015.10.020 PMID: 26563946.

Archambault LS, Trzilova D, Gonia S, Gale C, Wheeler RT. Intravital Imaging Reveals Divergent Cyto-
kine and Cellular Immune Responses to Candida albicans and Candida parapsilosis. mBio. 2019; 10
(3). Epub 2019/05/16. https://doi.org/10.1128/mBio.00266-19 PMID: 31088918; PubMed Central
PMCID: PMC6520444.

Orozco AS, Zhou X, Filler SG. Mechanisms of the proinflammatory response of endothelial cells to Can-
dida albicans infection. Infect Immun. 2000; 68(3):1134—41. Epub 2000/02/26. https://doi.org/10.1128/
iai.68.3.1134-1141.2000 PMID: 10678917; PubMed Central PMCID: PMC97258.

de Oliveira S, Rosowski EE, Huttenlocher A. Neutrophil migration in infection and wound repair: going
forward in reverse. Nat Rev Immunol. 2016; 16(6):378-91. Epub 2016/05/28. https://doi.org/10.1038/
nri.2016.49 PMID: 27231052; PubMed Central PMCID: PMC5367630.

Henry KM, Loynes CA, Whyte MK, Renshaw SA. Zebrafish as a model for the study of neutrophil biol-
ogy. J Leukoc Biol. 2013; 94(4):633—42. Epub 2013/03/07. https://doi.org/10.1189/jlb.1112594 PMID:
23463724.

Holmes GR, Dixon G, Anderson SR, Reyes-Aldasoro CC, Elks PM, Billings SA, et al. Drift-Diffusion
Analysis of Neutrophil Migration during Inflammation Resolution in a Zebrafish Model. Adv Hematol.
2012;2012:792163. Epub 2012/08/18. https://doi.org/10.1155/2012/792163 PMID: 22899935; PubMed
Central PMCID: PMC3413999.

Nourshargh S, Renshaw SA, Imhof BA. Reverse Migration of Neutrophils: Where, When, How, and
Why? Trends Immunol. 2016; 37(5):273-86. Epub 2016/04/09. https://doi.org/10.1016/}.it.2016.03.006
PMID: 27055913.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 33/36


https://doi.org/10.1160/TH10-08-0525
http://www.ncbi.nlm.nih.gov/pubmed/21225092
https://doi.org/10.1007/978-1-60327-977-2%5F9
http://www.ncbi.nlm.nih.gov/pubmed/19378102
https://doi.org/10.1016/j.devcel.2011.07.013
http://www.ncbi.nlm.nih.gov/pubmed/22014524
https://doi.org/10.1111/cmi.12811
https://doi.org/10.1111/cmi.12811
http://www.ncbi.nlm.nih.gov/pubmed/29197141
http://www.ncbi.nlm.nih.gov/pubmed/9007249
https://doi.org/10.1002/aja.1002030302
http://www.ncbi.nlm.nih.gov/pubmed/8589427
http://www.ncbi.nlm.nih.gov/pubmed/8275863
https://doi.org/10.1161/CIRCULATIONAHA.107.752220
http://www.ncbi.nlm.nih.gov/pubmed/18250272
https://doi.org/10.1161/01.cir.0000061912.88753.87
https://doi.org/10.1161/01.cir.0000061912.88753.87
http://www.ncbi.nlm.nih.gov/pubmed/12642353
https://doi.org/10.1371/journal.pone.0149497
http://www.ncbi.nlm.nih.gov/pubmed/26900852
https://doi.org/10.1517/17425255.2.2.231
http://www.ncbi.nlm.nih.gov/pubmed/16866609
https://doi.org/10.1006/dbio.2002.0711
http://www.ncbi.nlm.nih.gov/pubmed/12167406
https://doi.org/10.1016/j.molimm.2015.10.020
http://www.ncbi.nlm.nih.gov/pubmed/26563946
https://doi.org/10.1128/mBio.00266-19
http://www.ncbi.nlm.nih.gov/pubmed/31088918
https://doi.org/10.1128/iai.68.3.1134-1141.2000
https://doi.org/10.1128/iai.68.3.1134-1141.2000
http://www.ncbi.nlm.nih.gov/pubmed/10678917
https://doi.org/10.1038/nri.2016.49
https://doi.org/10.1038/nri.2016.49
http://www.ncbi.nlm.nih.gov/pubmed/27231052
https://doi.org/10.1189/jlb.1112594
http://www.ncbi.nlm.nih.gov/pubmed/23463724
https://doi.org/10.1155/2012/792163
http://www.ncbi.nlm.nih.gov/pubmed/22899935
https://doi.org/10.1016/j.it.2016.03.006
http://www.ncbi.nlm.nih.gov/pubmed/27055913
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS

Mechanisms of Candida infection spread

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Shelef MA, Tauzin S, Huttenlocher A. Neutrophil migration: moving from zebrafish models to human
autoimmunity. Immunol Rev. 2013; 256(1):269-81. Epub 2013/10/15. https://doi.org/10.1111/imr.
12124 PMID: 24117827; PubMed Central PMCID: PMC4117680.

Gilbert AS, Seoane PI, Sephton-Clark P, Bojarczuk A, Hotham R, Giurisato E, et al. Vomocytosis of live
pathogens from macrophages is regulated by the atypical MAP kinase ERKS5. Sci Adv. 2017; 3(8):
e€1700898. Epub 2017/08/25. hitps://doi.org/10.1126/sciadv.1700898 PMID: 28835924; PubMed Cen-
tral PMCID: PMC5559206.

Allert S, Forster TM, Svensson CM, Richardson JP, Pawlik T, Hebecker B, et al. Candida albicans-
Induced Epithelial Damage Mediates Translocation through Intestinal Barriers. MBio. 2018; 9(3). Epub
2018/06/07. https://doi.org/10.1128/mBio.00915-18 PMID: 29871918; PubMed Central PMCID:
PMC5989070.

Wachtler B, Citiulo F, Jablonowski N, Forster S, Dalle F, Schaller M, et al. Candida albicans-epithelial
interactions: dissecting the roles of active penetration, induced endocytosis and host factors on the
infection process. PLoS One. 2012; 7(5):e36952. Epub 2012/05/19. https://doi.org/10.1371/journal.
pone.0036952 PMID: 22606314; PubMed Central PMCID: PMC3351431.

Grubb SE, Murdoch C, Sudbery PE, Saville SP, Lopez-Ribot JL, Thornhill MH. Adhesion of Candida
albicans to endothelial cells under physiological conditions of flow. Infect Immun. 2009; 77(9):3872-8.
Epub 2009/07/08. https://doi.org/10.1128/IA1.00518-09 PMID: 19581400; PubMed Central PMCID:
PMC2738003.

Wilson D, Hube B. Hgc1 mediates dynamic Candida albicans-endothelium adhesion events during cir-
culation. Eukaryot Cell. 2010; 9(2):278-87. Epub 2009/12/22. https://doi.org/10.1128/EC.00307-09
PMID: 20023069; PubMed Central PMCID: PMC2823009.

Choudhuri A, Fast EM, Zon LI. Using Zebrafish to Study Pathways that Regulate Hematopoietic Stem
Cell Self-Renewal and Migration. Stem Cell Reports. 2017; 8(6):1465-71. Epub 2017/06/08. https://doi.
org/10.1016/j.stemcr.2017.05.018 PMID: 28591648; PubMed Central PMCID: PMC5470329.

Pan YA, Freundlich T, Weissman TA, Schoppik D, Wang XC, Zimmerman S, et al. Zebrabow: multi-
spectral cell labeling for cell tracing and lineage analysis in zebrafish. Development. 2013; 140
(13):2835—-46. Epub 2013/06/13. https://doi.org/10.1242/dev.094631 PMID: 23757414; PubMed Cen-
tral PMCID: PMC3678346.

Bain J, Gow NA, Erwig LP. Novel insights into host-fungal pathogen interactions derived from live-cell
imaging. Semin Immunopathol. 2015; 37(2):131-9. Epub 2014/11/16. https://doi.org/10.1007/s00281-
014-0463-3 PMID: 25398200; PubMed Central PMCID: PMC4326660.

Doyle TC, Nawotka KA, Kawahara CB, Francis KP, Contag PR. Visualizing fungal infections in living
mice using bioluminescent pathogenic Candida albicans strains transformed with the firefly luciferase
gene. Microb Pathog. 2006; 40(2):82—90. Epub 2006/01/24. https://doi.org/10.1016/j.micpath.2005.11.
003 PMID: 16426810.

Jacobsen ID, Luttich A, Kurzai O, Hube B, Brock M. In vivo imaging of disseminated murine Candida
albicans infection reveals unexpected host sites of fungal persistence during antifungal therapy. J Anti-
microb Chemother. 2014; 69(10):2785-96. Epub 2014/06/22. https://doi.org/10.1093/jac/dku198
PMID: 24951534.

Lee EKS, Gillrie MR, Li L, Arnason JW, Kim JH, Babes L, et al. Leukotriene B4-Mediated Neutrophil
Recruitment Causes Pulmonary Capillaritis during Lethal Fungal Sepsis. Cell Host Microbe. 2018; 23
(1):121-33 e4. Epub 2018/01/02. https://doi.org/10.1016/j.chom.2017.11.009 PMID: 29290576.

Mitra S, Dolan K, Foster TH, Wellington M. Imaging morphogenesis of Candida albicans during infection
in a live animal. J Biomed Opt. 2010; 15(1):010504. Epub 2010/03/10. https://doi.org/10.1117/1.
3290243 PMID: 20210419; PubMed Central PMCID: PMC2816988.

Navarathna DH, Munasinghe J, Lizak MJ, Nayak D, McGavern DB, Roberts DD. MRI confirms loss of
blood-brain barrier integrity in a mouse model of disseminated candidiasis. NMR Biomed. 2013; 26
(9):1125-34. Epub 2013/04/23. https://doi.org/10.1002/nbm.2926 PMID: 23606437; PubMed Central
PMCID: PMC3744627.

Rolle AM, Hasenberg M, Thornton CR, Solouk-Saran D, Mann L, Weski J, et al. ImmunoPET/MR imag-
ing allows specific detection of Aspergillus fumigatus lung infection in vivo. Proc Natl Acad Sci U S A.
2016; 113(8):E1026—-33. Epub 2016/01/21. https://doi.org/10.1073/pnas. 1518836113 PMID:
26787852; PubMed Central PMCID: PMC4776455.

Vanherp L, Poelmans J, Hillen A, Govaerts K, Belderbos S, Buelens T, et al. Bronchoscopic fibered
confocal fluorescence microscopy for longitudinal in vivo assessment of pulmonary fungal infections in
free-breathing mice. Sci Rep. 2018; 8(1):3009. Epub 2018/02/16. https://doi.org/10.1038/s41598-018-
20545-4 PMID: 29445211; PubMed Central PMCID: PMC5813038.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 34/36


https://doi.org/10.1111/imr.12124
https://doi.org/10.1111/imr.12124
http://www.ncbi.nlm.nih.gov/pubmed/24117827
https://doi.org/10.1126/sciadv.1700898
http://www.ncbi.nlm.nih.gov/pubmed/28835924
https://doi.org/10.1128/mBio.00915-18
http://www.ncbi.nlm.nih.gov/pubmed/29871918
https://doi.org/10.1371/journal.pone.0036952
https://doi.org/10.1371/journal.pone.0036952
http://www.ncbi.nlm.nih.gov/pubmed/22606314
https://doi.org/10.1128/IAI.00518-09
http://www.ncbi.nlm.nih.gov/pubmed/19581400
https://doi.org/10.1128/EC.00307-09
http://www.ncbi.nlm.nih.gov/pubmed/20023069
https://doi.org/10.1016/j.stemcr.2017.05.018
https://doi.org/10.1016/j.stemcr.2017.05.018
http://www.ncbi.nlm.nih.gov/pubmed/28591648
https://doi.org/10.1242/dev.094631
http://www.ncbi.nlm.nih.gov/pubmed/23757414
https://doi.org/10.1007/s00281-014-0463-3
https://doi.org/10.1007/s00281-014-0463-3
http://www.ncbi.nlm.nih.gov/pubmed/25398200
https://doi.org/10.1016/j.micpath.2005.11.003
https://doi.org/10.1016/j.micpath.2005.11.003
http://www.ncbi.nlm.nih.gov/pubmed/16426810
https://doi.org/10.1093/jac/dku198
http://www.ncbi.nlm.nih.gov/pubmed/24951534
https://doi.org/10.1016/j.chom.2017.11.009
http://www.ncbi.nlm.nih.gov/pubmed/29290576
https://doi.org/10.1117/1.3290243
https://doi.org/10.1117/1.3290243
http://www.ncbi.nlm.nih.gov/pubmed/20210419
https://doi.org/10.1002/nbm.2926
http://www.ncbi.nlm.nih.gov/pubmed/23606437
https://doi.org/10.1073/pnas.1518836113
http://www.ncbi.nlm.nih.gov/pubmed/26787852
https://doi.org/10.1038/s41598-018-20545-4
https://doi.org/10.1038/s41598-018-20545-4
http://www.ncbi.nlm.nih.gov/pubmed/29445211
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS

Mechanisms of Candida infection spread

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Bahrami N, Childs SJ. Pericyte Biology in Zebrafish. In: Birbrair A, editor. Pericyte Biology—Novel Con-
cepts. Advances in Experimental Medicine and Biology: Springer Nature Switzerland AG; 2018. p. 33—
51.

Dooley K, Zon LI. Zebrafish: a model system for the study of human disease. Curr Opin Genet Dev.
2000; 10(3):252—6. Epub 2000/05/29. https://doi.org/10.1016/s0959-437x(00)00074-5 PMID:
10826982.

Hulpiau P, Gul IS, van Roy F. Evolution of Cadherins and Associated Catenins. In: Suzuki ST, Hirano S,
editors. The Cadherin Superfamily: Key Regulators of Animal Development and Physiology. e-Book:
Springer; 2016. p. 13-37.

Iruela-Arispe ML, Davis GE. Cellular and molecular mechanisms of vascular lumen formation. Dev Cell.
2009; 16(2):222-31. Epub 2009/02/17. https://doi.org/10.1016/j.devcel.2009.01.013 PMID: 19217424.

Chandra J, McCormick TS, Imamura Y, Mukherjee PK, Ghannoum MA. Interaction of Candida albicans
with adherent human peripheral blood mononuclear cells increases C. albicans biofilm formation and
results in differential expression of pro- and anti-inflammatory cytokines. Infect Immun. 2007; 75
(5):2612—20. Epub 2007/03/07. https://doi.org/10.1128/IA1.01841-06 PMID: 17339351; PubMed Cen-
tral PMCID: PMC1865760.

Duggan S, Leonhardt I, Hunniger K, Kurzai O. Host response to Candida albicans bloodstream infection
and sepsis. Virulence. 2015; 6(4):316-26. Epub 2015/03/19. https://doi.org/10.4161/21505594.2014.
988096 PMID: 2578554 1; PubMed Central PMCID: PMC4601378.

Woth G, Tokes-Fuzesi M, Magyarlaki T, Kovacs GL, Vermes |, Muhl D. Activated platelet-derived micro-
particle numbers are elevated in patients with severe fungal (Candida albicans) sepsis. Ann Clin Bio-
chem. 2012; 49(Pt 6):554—60. Epub 2012/08/31. https://doi.org/10.1258/acb.2012.011215 PMID:
22933445.

Zhao D, Qiu G, Luo Z, Zhang Y. Platelet parameters and (1, 3)-beta-D-glucan as a diagnostic and prog-
nostic marker of invasive fungal disease in preterm infants. PLoS One. 2015; 10(4):e0123907. Epub
2015/04/16. https://doi.org/10.1371/journal.pone.0123907 PMID: 25874376; PubMed Central PMCID:
PMC4395423.

Council NR. Guide for the care and use of laboratory animals. 8th ed. Washington, D.C.: National
Academies Press; 2011. https://doi.org/10.1258/1a.2010.010031 PMID: 21123303

Renshaw SA, Loynes CA, Trushell DM, Elworthy S, Ingham PW, Whyte MK. A transgenic zebrafish
model of neutrophilic inflammation. Blood. 2006; 108(13):3976-8. Epub 2006/08/24. https://doi.org/10.
1182/blood-2006-05-024075 PMID: 16926288.

Ellett F, Pazhakh V, Pase L, Benard EL, Weerasinghe H, Azabdaftari D, et al. Macrophages protect
Talaromyces marneffei conidia from myeloperoxidase-dependent neutrophil fungicidal activity during
infection establishment in vivo. PLoS Pathog. 2018; 14(6):e1007063. Epub 2018/06/09. https://doi.org/
10.1371/journal.ppat.1007063 PMID: 29883484; PubMed Central PMCID: PMC6010348.

Goll MG, Anderson R, Stainier DY, Spradling AC, Halpern ME. Transcriptional silencing and reactiva-
tion in transgenic zebrafish. Genetics. 2009; 182(3):747-55. Epub 2009/05/13. https://doi.org/10.1534/
genetics.109.102079 PMID: 19433629; PubMed Central PMCID: PMC2710156.

Hall C, Flores MV, Storm T, Crosier K, Crosier P. The zebrafish lysozyme C promoter drives myeloid-
specific expression in transgenic fish. BMC Dev Biol. 2007; 7:42. Epub 2007/05/05. https://doi.org/10.
1186/1471-213X-7-42 PMID: 17477879; PubMed Central PMCID: PMC1877083.

Rosowski EE, Deng Q, Keller NP, Huttenlocher A. Rac2 Functions in Both Neutrophils and Macro-
phages To Mediate Motility and Host Defense in Larval Zebrafish. J Immunol. 2016; 197(12):4780-90.
Epub 2016/11/12. https://doi.org/10.4049/jimmunol.1600928 PMID: 27837107; PubMed Central
PMCID: PMC5367389.

Bergeron AC, Seman BG, Hammond JH, Archambault LS, Hogan DA, Wheeler RT. Candida and Pseu-
domonas interact to enhance virulence of mucosal infection in transparent zebrafish. Infect Immun.
2017. Epub 2017/08/30. https://doi.org/10.1128/IA1.00475-17 PMID: 28847848; PubMed Central
PMCID: PMC5649025.

Peters BM, Palmer GE, Nash AK, Lilly EA, Fidel PL Jr., Noverr MC. Fungal morphogenetic pathways
are required for the hallmark inflammatory response during Candida albicans vaginitis. Infect Immun.
2014; 82(2):532—43. Epub 2014/01/31. hitps://doi.org/10.1128/IA1.01417-13 PMID: 24478069; PubMed
Central PMCID: PMC3911367.

Gratacap RL, Rawls JF, Wheeler RT. Mucosal candidiasis elicits NF-kappaB activation, proinflamma-
tory gene expression and localized neutrophilia in zebrafish. Dis Model Mech. 2013; 6(5):1260-70.
Epub 2013/05/31. https://doi.org/10.1242/dmm.012039 PMID: 23720235; PubMed Central PMCID:
PMC3759345.

Mattingly CJ, Hampton TH, Brothers KM, Griffin NE, Planchart A. Perturbation of defense pathways by
low-dose arsenic exposure in zebrafish embryos. Environ Health Perspect. 2009; 117(6):981-7. Epub

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 35/36


https://doi.org/10.1016/s0959-437x%2800%2900074-5
http://www.ncbi.nlm.nih.gov/pubmed/10826982
https://doi.org/10.1016/j.devcel.2009.01.013
http://www.ncbi.nlm.nih.gov/pubmed/19217424
https://doi.org/10.1128/IAI.01841-06
http://www.ncbi.nlm.nih.gov/pubmed/17339351
https://doi.org/10.4161/21505594.2014.988096
https://doi.org/10.4161/21505594.2014.988096
http://www.ncbi.nlm.nih.gov/pubmed/25785541
https://doi.org/10.1258/acb.2012.011215
http://www.ncbi.nlm.nih.gov/pubmed/22933445
https://doi.org/10.1371/journal.pone.0123907
http://www.ncbi.nlm.nih.gov/pubmed/25874376
https://doi.org/10.1258/la.2010.010031
http://www.ncbi.nlm.nih.gov/pubmed/21123303
https://doi.org/10.1182/blood-2006-05-024075
https://doi.org/10.1182/blood-2006-05-024075
http://www.ncbi.nlm.nih.gov/pubmed/16926288
https://doi.org/10.1371/journal.ppat.1007063
https://doi.org/10.1371/journal.ppat.1007063
http://www.ncbi.nlm.nih.gov/pubmed/29883484
https://doi.org/10.1534/genetics.109.102079
https://doi.org/10.1534/genetics.109.102079
http://www.ncbi.nlm.nih.gov/pubmed/19433629
https://doi.org/10.1186/1471-213X-7-42
https://doi.org/10.1186/1471-213X-7-42
http://www.ncbi.nlm.nih.gov/pubmed/17477879
https://doi.org/10.4049/jimmunol.1600928
http://www.ncbi.nlm.nih.gov/pubmed/27837107
https://doi.org/10.1128/IAI.00475-17
http://www.ncbi.nlm.nih.gov/pubmed/28847848
https://doi.org/10.1128/IAI.01417-13
http://www.ncbi.nlm.nih.gov/pubmed/24478069
https://doi.org/10.1242/dmm.012039
http://www.ncbi.nlm.nih.gov/pubmed/23720235
https://doi.org/10.1371/journal.ppat.1008414

PLOS PATHOGENS Mechanisms of Candida infection spread

2009/07/11. https://doi.org/10.1289/ehp.0900555 PMID: 19590694; PubMed Central PMCID:
PMC2702417.

86. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9(7):676—82. Epub 2012/06/30. https://doi.
org/10.1038/nmeth.2019 PMID: 22743772; PubMed Central PMCID: PMC3855844.

87. Tobin DM, May RC, Wheeler RT. Zebrafish: a see-through host and a fluorescent toolbox to probe host-
pathogen interaction. PLoS Pathog. 2012; 8(1):e1002349. Epub 2012/01/14. https://doi.org/10.1371/
journal.ppat.1002349 PMID: 22241986; PubMed Central PMCID: PMC3252360.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1008414  August 10, 2020 36/36


https://doi.org/10.1289/ehp.0900555
http://www.ncbi.nlm.nih.gov/pubmed/19590694
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
https://doi.org/10.1371/journal.ppat.1002349
https://doi.org/10.1371/journal.ppat.1002349
http://www.ncbi.nlm.nih.gov/pubmed/22241986
https://doi.org/10.1371/journal.ppat.1008414

