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ABSTRACT Candida albicans is a ubiquitous mucosal commensal that is normally pre-
vented from causing acute or chronic invasive disease. Neutrophils contribute to protec-
tion in oral infection but exacerbate vulvovaginal candidiasis. To dissect the role of neu-
trophils during mucosal candidiasis, we took advantage of a new, transparent zebrafish
swim bladder infection model. Intravital microscopic tracking of individual animals re-
vealed that the blocking of neutrophil recruitment leads to rapid mortality in this model
through faster disease progression. Conversely, artificial recruitment of neutrophils dur-
ing early infection reduces disease pressure. Noninvasive longitudinal tracking showed
that mortality is a consequence of C. albicans breaching the epithelial barrier and invad-
ing surrounding tissues. Accordingly, we found that a hyperfilamentous C. albicans strain
breaches the epithelial barrier more frequently and causes mortality in immunocompe-
tent zebrafish. A lack of neutrophils at the infection site is associated with less fungus-
associated extracellular DNA and less damage to fungal filaments, suggesting that neu-
trophil extracellular traps help to protect the epithelial barrier from C. albicans breach.
We propose a homeostatic model where C. albicans disease pressure is balanced by
neutrophil-mediated damage of fungi, maintaining this organism as a commensal while
minimizing the risk of damage to host tissue. The unequaled ability to dissect infection
dynamics at a high spatiotemporal resolution makes this zebrafish model a unique tool
for understanding mucosal host-pathogen interactions.
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Candida albicans is the most successful commensal fungus at causing opportunistic
mucosal and invasive infections (1, 2). The opportunistic nature of C. albicans

mucosal infection suggests that there is a constantly challenged impasse between our
immune defenses and C. albicans virulence factors (3, 4). Chronic mucocutaneous
candidiasis (CMC) is associated with inborn errors of adaptive immune pathways,
especially Th17 immunity (5). However, acute oropharyngeal candidiasis (OPC) is more
common in neutropenic patients and can result from a multitude of immune-
suppressive treatments that affect both innate and adaptive immunity, such as radia-
tion/chemotherapy and corticosteroid or antibiotic use (6, 7).

Experimental work in murine models of OPC suggests that C. albicans is kept at bay
in mucosal tissues through the action of epithelial cells, neutrophils, and macrophages
(8). To protect from mucosal invasion in OPC, neutrophils must be present in the blood,
be recruited to the site of infection, and possess a fully functional antimicrobial arsenal
(9–12). Neutrophils attack both the yeast and filamentous forms of C. albicans and are
associated with vulvovaginal candidiasis (13–15). Counterintuitively, because symptom-
atic infection is more closely associated with high neutrophil numbers than with the
fungal burden, it is believed that neutrophils do more to cause infection symptoms
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than prevent disease in the vaginal cavity (4, 15, 16). These contrasting activities in
different tissues demonstrate that the actions of neutrophils at the site of infection can
be vital for defense but must nevertheless be kept under tight control. Since immu-
nosuppression and immunomodulation strategies are used for the treatment of many
conditions, such as autoimmune diseases, cancers, or infections, determination of the
protective elements of the immune response to mucosal infection is critical for im-
proving care in many patient populations.

We do not yet understand the protective functions of neutrophils at the site of
mucosal infection, such as how they control the infection or how reduced numbers or
the limited activity of neutrophils induces susceptibility at the site of mucosal infection.
One way in which neutrophils deal with organisms that are too large to be phagocy-
tosed is through the production of neutrophil extracellular traps (NETs) (17). NETs have
been shown to inhibit both yeast and hyphae (15) but are preferentially released
against C. albicans hyphae (17). While it is not yet proven, a role for NETs in protection
against mucosal candidiasis has been proposed because extracellular traps are present
in mucosal murine infections and because phagocyte oxidase-deficient mice that do
not produce NETs are more susceptible to OPC (12, 17, 18). Despite this circumstantial
evidence, it has been difficult to determine the source of these extracellular traps, their
effects on C. albicans cells during infection, and whether they play a definitive role in
protection.

The mucosal infection strategy of C. albicans is believed to include induced endo-
cytosis of filaments; production of lytic enzymes, such as secreted aspartyl proteases
and candidalysin; invasion and tissue damage by hyphae; and spread within the blood
by yeast (19–23). However, it is not clear which of these activities is crucial in directing
invasive mucosal disease in vivo and how the innate immune system prevents coloni-
zation of sterile tissues under homeostatic conditions. Testing the in vivo relevance of
mechanisms defined in vitro is technically challenging in the mouse, but this major
knowledge gap has been successfully filled in a number of cases by modeling with the
transparent zebrafish larva (24).

The zebrafish larva is a simplified model organism that combines the advantages of
high-resolution imaging available in vitro with an examination of infection dynamics in
vivo with a vertebrate immune system and has been useful in studying bacterial, viral,
fungal, and parasitic infections (25, 26). We recently developed the first microinjection
mucosal infection model in the zebrafish larva, and it has been used to study sterile
inflammation and infection with both viral and fungal pathogens (27–29). In this study,
we leveraged this infection model to achieve a high spatiotemporal resolution of
neutrophil-C. albicans dynamics at the mucosal level. We show that, similarly to the
murine model of OPC, neutrophils are important in protection against mucosal candi-
diasis. Our longitudinal dissection of infection dynamics in individual animals highlights
a conserved role of neutrophil recruitment in protection, suggesting that neutrophils
prevent epithelial tissue invasion by directly impacting the pathogen burden. We also
found that C. albicans filamentation is an integral component of this pathogen’s
invasion strategy and show that neutrophils are important for damage of fungal
filaments and extracellular-trap formation. These data show that the zebrafish swim
bladder platform is a unique and powerful mucosal infection model for directly imaging
the role of the C. albicans morphotype in breaching the host epithelial layer, the
response of innate immune cells, and the consequences of a lack of specific immune
cell types at the single-cell level.

RESULTS
Neutrophils and conserved chemotactic pathways are essential for mucosal

immunity to candidiasis in the zebrafish swim bladder. Neutrophils and macro-
phages are the first professional immune cells to respond to infection and are associ-
ated with protection against oral C. albicans infections (30). In this study, we sought to
determine the roles of these phagocytes in protection against mucosal candidiasis in
the context of C. albicans infection in the juvenile zebrafish swim bladder. The swim
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bladder is an organ roughly homologous to the mammalian lung (31, 32). Composed
as a single layer of epithelial cells covered by mucus that interacts with air and overlies
a mesodermal layer, this organ is a suitable simplified model with which to study
mucosal candidiasis (33). The infection is initiated by injecting C. albicans directly in the
swim bladder lumen (Fig. 1A), and immunocompetent fish control a moderate infection
inoculum (up to 50 organisms) so that mortality is rare over the first 3 days of infection
(28).

We first tested the protective role of innate immune cells by either perturbing the
signaling pathways that we predicted would be required for neutrophil recruitment or
chemically ablating macrophages using the nitroreductase system (Fig. 1B). Chemical
inhibition of the activity of CXCR2, a major CXC cytokine receptor highly expressed on

FIG 1 Neutrophils but not macrophages protect against death in the zebrafish mucosal candidiasis model. (A) Diagram of the swim
bladder injection model used in this study. (B) Schematic of the strategy used to test the role of neutrophils and macrophages in
protection against mucosal candidiasis. (C to F) At 4 days postfertilization (dpf), zebrafish of the wild-type (WT) (C and D), mpeg1-NTR (E),
and mpo:Rac2-D57N (F) lines were infected with 4 nl of Caf2-dTomato (Caf2-dTom) yeast cells (3 � 107 CFU/ml in 5% polyvinylpyrrolidone
[PVP]) or with PVP only. Fish were incubated in different chemical inhibitors (B) for an hour prior to injection: the CXCR2 inhibitor SB225002
at 2 �g/ml or 0.02% DMSO (C), the pan-PI3K inhibitor LY294002 at 5 �g/ml or 0.05% DMSO (D), or metronidazole (Mtx) at 20 mM (E). Fish
were screened immediately after injection, and only fish with 50 to 100 yeast cells in the inoculum in the swim bladder were selected.
Fish were returned to the chemical inhibitor or vehicle (C and D) at the same concentration or to Mtx (5 mM) (E), and survival was
monitored daily for 3 days. Data pooled from three independent experiments are represented and were analyzed by the Kaplan-Meier test.
Data are for 56, 57, 52, and 50 fish for the four groups indicated from top to bottom, respectively, in the key to panel C; 40, 43, 32, and
38 fish for the four groups indicated from top to bottom, respectively, in the key to panel D; 42, 34, and 33 fish for the three groups
indicated from top to bottom, respectively, in the key to panel E; and 50, 53, 52, and 55 fish for the four groups indicated from top to
bottom, respectively, in the key to panel F. Log-rank (Mantel-Cox) statistical tests showed that the results for fish infected with C. albicans
and treated with an inhibitor (C.a. infection [Ifx]/inhibitor [inh]) and fish infected with C. albicans and treated with the vehicle (C.a.
Ifx/Vehicle) or fish mock infected and treated with a CXCR2 inhibitor (Mock Ifx/CXCR2 inh) were significantly different (P � 0.0001) in
panels C, D, and F but not in panel E. By the same test, in panel D, the results for fish mock infected and treated with the vehicle (Mock
Ifx/Vehicle) were significantly different from those for fish mock infected and treated with the PI3K inhibitor (Mock Ifx/PI3K inh) (P �
0.0013). **, P � 0.01; ****, P � 0.0001.
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the surface of neutrophils, limits their recruitment to bacterial infection in zebrafish
larvae and increases susceptibility to mucosal candidiasis in a murine model (11, 34). In
C. albicans swim bladder infection, CXCR2 inhibition led to a dramatic increase in
mortality from mucosal candidiasis compared to that in mock-infected fish as well as
vehicle (dimethyl sulfoxide [DMSO])-treated infected animals (Fig. 1C). Over half of the
fish in which CXCR2 was inhibited succumbed to the infection within the first 24 h
postinfection (hpi), pointing to an evolutionarily conserved role of this chemokine
receptor in protection against C. albicans mucosal infection in vertebrates. The pan-
phosphatidylinositol 3-kinase (PI3K) inhibitor LY294002 also inhibits the recruitment of
neutrophils to the site of bacterial infection in zebrafish larvae (34). Similarly, we found
that inhibition of PI3K signaling led to a strong increase in susceptibility to C. albicans
infection, with more than 70% of the animals succumbing to the infection by 72 hpi
(Fig. 1D). It is important to note that this signaling pathway is involved in cellular
homeostasis, which might explain why a small but statistically significant number of
uninfected, inhibitor-treated animals also succumbed by 72 hpi. PI3K inhibition has also
been shown to reduce cytokine production in epithelial cells after C. albicans infection
(35). Thus, these inhibitors may be doing more than simply blocking neutrophil
recruitment.

In fact, when neutrophil numbers were measured at 24 hpi, we found that PI3K
inhibition caused lower levels of recruitment (see Fig. S1A in the supplemental mate-
rial), but CXCR2 inhibition, surprisingly, did not decrease the level of recruitment (Fig.
S1B). We repeated these experiments at earlier time points to check for subtle recruit-
ment differences, but CXCR2 inhibition did not affect neutrophil recruitment at 4 or 8
hpi (Fig. S1C). Interestingly, while we confirmed that early neutrophil recruitment to the
otic vesicle upon bacterial infection was CXCR2 dependent, there was no early neu-
trophil recruitment to the site of C. albicans infection in the otic vesicle (Fig. S2). We
noted that, as previously published, a small amount of neutrophil recruitment could
result from damage associated with the microinjection procedure itself (36). The results
of these inhibitor experiments suggest that signaling proteins known to be important
in neutrophil chemotaxis and function are crucial for resistance to mucosal candidiasis
in the zebrafish swim bladder but act through different mechanisms. However, the use
of chemical inhibitors suffers from the drawback that small-molecule inhibitors can
have important off-target effects. Additionally, the pathways investigated exist in
multiple cell types, so the possibility that other immune cell types, such as macro-
phages, play a role cannot be ruled out.

Testing the contribution of macrophages in immunity to mucosal disease has been
particularly problematic in mammalian models, in part due to difficulties in eliminating
tissue macrophages. Using a transgenic line of fish in which macrophages express a
fusion of the bacterial nitroreductase (NTR) gene to the mCherry fluorescent protein
and the addition of the protoxin metronidazole (Mtx), it is possible to efficiently ablate
macrophages during fungal infection (24, 37). While metronidazole had some limited
toxicity on its own in the absence of nitroreductase-expressing cells, no additional
mortality was observed after ablation of nitroreductase-expressing macrophages
(Fig. 1E). We also tested the possibility that the CXCR2 inhibitor might in part enhance
the susceptibility to infection by limiting macrophage recruitment. On the contrary, the
increased burden of infection upon CXCR2 inhibition apparently stimulated slightly
increased levels of macrophage recruitment (Fig. S3). The results of these experiments
suggest that macrophages play a largely redundant role in protection against invasive
C. albicans mucosal infection in this model.

To complement these chemical inhibition experiments, we exploited a neutrophil-
specific genetic tool to test the role of neutrophil recruitment in resistance to swim
bladder infection. We used a fish line developed in the laboratory of Anna Huttenlocher
in which the dominant negative Rac2-D57N mutant protein is expressed only in
neutrophils, inhibiting their recruitment and rendering this fish line more susceptible to
several infections (38–40). Using this genetic strategy for inhibition of neutrophil
recruitment, we found that neutrophil recruitment itself is required for resistance to
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mucosal candidiasis in the swim bladder (Fig. 1F). Together, these data place neutrophil
recruitment and activity at the infection site as central players in protection against very
early events of disease progression.

Both reduced and enhanced neutrophil recruitment impact disease progres-
sion. The commensal nature of C. albicans on mucosal surfaces implies that effective
mechanisms are in place to protect against the development of mucosal candidiasis in
the absence of damaging inflammation. Although neutrophils clearly limit mortality
from mucosal candidiasis in the juvenile zebrafish model, this is a crude measure of
virulence. One advantage of this model lies in its transparency and the consequent
ability to track infection over time by repeated noninvasive imaging of individual
animals. We exploited this to analyze the consequences of either blocking or enhancing
neutrophil activity in the swim bladder. To characterize infection dynamics in the
context of neutrophil inhibition, we analyzed the individual time tracks of mpo:Rac2-
D57N fish compared to their wild-type (WT) siblings. To qualify progression, we
categorized the infection intensity at 24-h intervals (for 72 hpi) as one of five statuses
represented in Fig. 2A: low (less than 20 filaments in the swim bladder), medium (20 to
50 filaments), high (more than 50 filaments), high plus breach (more than 50 filaments
with the filaments breaching the epithelial barrier), and death. These categories match
well the results of quantification of the fungal burden by numbers of pixels in
microscopic images (Fig. S4). The mpo:Rac2-D57N animals were not able to control the
infection, with 28% of the animals progressing rapidly from a low (15 to 30 yeast cells
in inoculum) to a high-plus-breach status within the first 24 hpi (Fig. 2B). For compar-
ison, although PI3K inhibition significantly reduced neutrophil recruitment, it did not
provoke significantly more breaching events at 24 hpi (Fig. S1D). This is consistent with
the relatively mild exacerbation of disease progression caused by PI3K inhibition (Fig.
1D). Images of representative mpo:Rac2-D57N animals at 24 hpi clearly showed the
intense invasion of surrounding tissue by filaments (Fig. 2C). By time tracking of
individuals, we showed that the disease trajectories for mpo:Rac2-D57N and WT siblings
were different and that the infection progressed rapidly in neutrophil recruitment-
deficient animals (Fig. 2D). By 72 hpi, the majority of the mpo:Rac2-D57N animals were
dead (87%), whereas only 8% of the WT siblings succumbed (Fig. 2E). This shows how
the infection trajectory is altered by the defect in neutrophil recruitment, transforming
a largely self-limiting and nonlethal colonization into a lethal infection. It is also
important to note that neutrophil activity is a separate determinant of immunity to
mucosal candidiasis, given that CXCR2 inhibition leads to increased susceptibility (Fig.
1C) and epithelial invasion (Fig. S1E) without a decrease in neutrophil recruitment (Fig.
S1B and C).

The acute need for neutrophils demonstrated by longitudinal imaging suggests that
enhancing early neutrophil recruitment might limit early infection progression. We
investigated the impact of recruiting more neutrophils to the site of infection by
coinjecting the chemoattractant leukotriene B4 (LTB4) together with C. albicans. LTB4
has previously been shown to recruit phagocytes to the larval zebrafish hindbrain (41).
This led to a 50% increase in the number of neutrophils recruited by 24 hpi (Fig. 2F and
G). Since very few breaching events occurred in immunocompetent (WT) zebrafish
infected with a low inoculum, we evaluated the impact of this supernumerary recruit-
ment by quantitatively measuring changes in the burden of C. albicans noninvasively
in individual fish (Fig. 2H). The artificial recruitment of neutrophils to the swim bladder
resulted in a nearly 25% decrease of the C. albicans burden compared to that in the
vehicle-coinfected group (Fig. 2I).

Due to the severe defect in neutrophil migration in the mpo:Rac2-D57N fish line, it
is unlikely that the strategy of chemoattractant injection would rescue the susceptibility
of these fish. As an alternative approach to increase early neutrophil involvement in this
fish line, we adapted current xenograft protocols (42, 43) and performed adoptive cell
transfer of primary murine neutrophils into the swim bladder of zebrafish. We sorted
mouse neutrophils, fluorescently labeled them, and coinjected them with C. albicans in
the swim bladder of mpo:Rac2-D57N fish (Fig. S5A and B). The proportion of fish with
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FIG 2 Up- or downmodulation of neutrophil recruitment impacts disease progression. At 4 dpf, mpo:Rac2-D57N and WT sibling
(A to E) or mpx:GFP (F to I) larvae were injected into the swim bladder with 4 nl of Caf2-dTom yeast cells (107 CFU/ml in 5%
PVP) or with PVP only. Fish were immediately screened, and only fish with 15 to 30 yeast cells were selected. Fish were imaged
by confocal microscopy at 24 hpi (A to C) and at 2 and 3 days postinfection (D). (A to D) Blockade of neutrophil recruitment
accelerates disease progression. (A) Representative images of the different infection levels (low, less than 20 filaments;
medium, 20 to 50 filaments; high, over 50 filaments; and high plus breach, high infection level with filaments breaching the
epithelial barrier). The swim bladder is outlined with green dots. Images are maximum projections in the red channel overlaid
with a single slice in differential interference contrast. Bars, 100 �m. (B) Percentage of fish with high-plus-breach status at 24
hpi. Pooled percentages and the results of the Fisher exact test are represented (P � 0.0024). (C) Representative images of
mpo:Rac2-D57N and WT fish at 24 hpi, as described in the legend to panel A. (D) Fish were longitudinally followed and scored
for pathology (on a scale of 1 to 5) as described in Materials and Methods. Infection dynamics are represented by the average
pathology score (mean and SEM), and the differences between infected WT and mpo:Rac2-D57N fish were analyzed by the

(Continued on next page)
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a high-plus-breach status of infection at 24 hpi was decreased by almost 50% after
adoptive cell transfer (Fig. S5C). However, due to the small cohort sizes in these
technically challenging experiments, this did not reach statistical significance (P �

0.14), nor did the differences in the C. albicans burden at 24 hpi (Fig. S5D). Despite the
lack of a robust and statistically significant difference in infection level upon adoptive
transfer, these trends toward a lower level of infection are not inconsistent with the
data suggesting that the recruitment of more neutrophils to the site of infection
reduces the disease pressure of C. albicans.

Taken together, the results of these complementary experiments demonstrate
quantitatively that a neutrophil presence at the site of infection impacts disease by
slowing the progression of the infection. On the one hand, limited recruitment in
mpo:Rac2-D57N fish speeds progression, and on the other hand, an artificially enhanced
neutrophil presence slows progression.

Longitudinal tracking shows that C. albicans invasion of the epithelial barrier
precedes death. Our data show that neutrophils can control the development of the
infection but leave open the question of how they mediate protection. A role of C.
albicans filamentation in invasion and damage has been demonstrated using epithelial
layers in vitro, and given the high numbers of invading filaments in some fish, we
reasoned that filament-mediated damage might drive overall mortality (21). Ascribing
a similar role in vivo in a mammalian host is particularly difficult, mostly due to the
technical complications in following disease progression and host-pathogen dynamics.
To test the link between invasive filaments and mortality, we retrospectively analyzed
the infection status of mpo:Rac2-D57N zebrafish at 48 hpi to determine their status 24 h
earlier (i.e., at 24 hpi). As expected, we found that the vast majority of fish (75%) had
a high-plus-breach status prior to death (Fig. 3A). Since inhibition of neutrophils leads
to rapid progression of the disease in this fish line, 19% of the fish with a high infection
level were dead within 24 h; these fish most probably progressed so quickly from the
high status through the high-plus-breach status to death that the temporal resolution
of our protocol did not allow us to catch this intermediate phase. Conversely, the clear
majority of fish alive at 48 hpi had a low-burden status at 24 hpi, and very few fish (11%)
with a high or a high-plus-breach status survived for 24 h (Fig. 3B). When we analyzed
these data by correlating the level of infection at 24 hpi to the rate of survival at 48 hpi
(Fig. 3C), we could accurately predict this relationship. Thus, in this model the early
burden is closely linked to the survival time and can be used to predict the time of
death.

Since we observed only filaments and not yeast breaching the epithelial barrier, we
predicted that enhancing hyphal growth would increase epithelial invasion. We used
the tetracycline-regulated hyperfilamentous strain tet-UME6 and its control, tet-T21, to
test this idea. In the tet-UME6 strain, an overexpressed additional allele of the UME6
gene drives hyperfilamentous growth (44). Injecting a low inoculum dose (15 to 30
yeast cells per fish) of tet-T21 or tet-UME6 led to no breaching in the tet-T21-infected
fish, but 18% (7/39) of the fish injected with tet-UME6 had filaments breaching the

FIG 2 Legend (Continued)
Mann-Whitney test (P � 0.002, 24 hpi; P � 0.0001, 48 hpi; P � 0.0001, 72 hpi). (E) Survival curve of mock- or Caf2-dTom-infected
fish over 72 hpi. In panels B, D, and E, data from three independent experiments were pooled (n � 43, 43, 37, and 46 for the
four groups indicated from top to bottom, respectively, in the key to panel E). Data were analyzed for statistically significant
differences by log-rank (Mantel-Cox) tests (P � 0.0001). (F to I) Artificial neutrophil recruitment reduces disease progression.
mpx:GFP fish were coinjected with Caf2-dTom and 4 pg of LTB4 or vehicle. The number of neutrophils in the swim bladder at
24 hpi was counted by confocal microscopy. (F) Number of neutrophils recruited to the swim bladder at 24 hpi. (G)
Representative images of infected fish with enhanced green fluorescent protein (EGFP)-expressing neutrophils in the swim
bladder lumen (red asterisks) and outline of the swim bladder (in white). PMN, polymorphonuclear leukocytes. (H) Represen-
tative images of infected fish to illustrate the process used for quantification of fungal burden. Panels 1, outline of the swim
bladder; panels 2, thresholding of C. albicans; panels 3, measurement of the percentage of the swim bladder surface covered
by fungal cells. (I) C. albicans burden at 24 hpi by surface coverage of the swim bladder. Data were analyzed with ImageJ
software. For panels F to I, data from three independent experiments were pooled (n � 33 and 39 for the vehicle-treated and
4 pg LTB4-treated fish, respectively). Medians, boxes, and whiskers showing the minimum-maximum are represented, and the
results were tested for statistically significant differences by the Mann-Whitney test (P � 0.001 and P � 0.0362 in panels F and
I, respectively). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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epithelium by 72 hpi (Fig. 3D). When a high inoculum dose (50 to 100 yeast cells per
fish) was used, 4% (2/56) of the fish into which tet-T21 was injected and 30% (16/53)
of the fish into which tet-UME6 was injected had a breach of the epithelial barrier (Fig.
3E). Since these experiments were conducted in immunocompetent fish, the associated
mortality was low in this time frame, but more fish succumbed to the infection with
tet-UME6 than to the infection with tet-T21 at both infection doses (Fig. 3F and data not
shown).

These data demonstrate that the breaching of the epithelial barrier, which in the
juvenile zebrafish model leads to death, is an intrinsic property of C. albicans filaments.
Taken together with our results that suggest a key role for neutrophils in controlling the
infection, we reasoned that neutrophils must play an important role in limiting fila-
mentous invasion. However, our data did not suggest a mechanism whereby neutro-
phils might prevent C. albicans invasion of the epithelial barrier.

The levels of extracellular DNA and C. albicans damage depend on the pres-
ence of neutrophils at the site of infection. Neutrophils produce inhibitory extracel-
lular traps (ETs) in vitro, preferentially in response to C. albicans filaments that are
targeted through frustrated phagocytosis (45). To evaluate the elaboration of ETs
against C. albicans at the mucosal surface, we used in vivo staining with the membrane-
impermeant Sytox green dye. This dye labels extracellular DNA and can also enter
damaged C. albicans filaments. We injected the swim bladder of infected mpo:Rac2-
D57N and WT sibling fish with Sytox green at 20 hpi and performed two-dimensional

FIG 3 Candida filaments breach the tissue barrier, leading to death. At 4 dpf, AB and mpo:Rac2-D57N zebrafish were injected
in the swim bladder with 4 nl of Caf2-dTom (A and B) (the data are the same as those used for Fig. 2A to E) or 107 CFU/ml
(C) and 3 � 107 CFU/ml (D and E) of tet-T21-dTomato (tet-T21) or tet-UME6-dTomato (tet-UME6). The fish were immediately
screened, and only fish with 15 to 30 (C) or 50 to 100 (D and E) yeast cells were selected. Fish were imaged by confocal
microscopy every 24 h for 3 days. (A to C) Death is due to filament breaching of the epithelial barrier. (A and B) Diagrams
representing the findings of the retrospective analysis of the burden status at 24 hpi of fish dead (A) or alive (B) at 48 hpi. (C)
Average percentage of fish alive at 48 hpi from each infection level at 24 hpi. The regression line (red), the R2 value, and the
P value obtained by the Pearson correlation test are shown. Data from three independent experiments were pooled (the data
are the same as those used for Fig. 2A to E). (D to F) Active filamentation is involved in breaching of the epithelial barrier. (D
and E) Percentage of fish receiving a low infection dose (D) and a high infection dose (E) with barrier breach by filaments
(high-plus-breach status) after 72 h of infection with tet-T21 and tet-UME6. Data from three independent experiments were
pooled (for the low infection dose, n � 35 and 39 tet-T21 and tet-UME6 fish, respectively; for the high infection dose, n � 56
and 53 tet-T21 and tet-UME6 fish, respectively); the differences in the overall percentages were evaluated by Fisher’s exact test
(P � 0.0123 and P � 0.0002 in panels D and E, respectively). (F) The survival of fish injected with PVP, tet-T21, and tet-UME6
(50 to 100 yeast cells) over 72 h is represented (Kaplan-Meier test). Data from three independent experiments were pooled (n �
56, 56, and 53 for mock-infected fish and fish infected with tet-T21 and tet-UME6, respectively). *, P � 0.05; ***, P � 0.001.
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(2D) imaging 4 h later (24 hpi). The images were then quantified for both the area
covered by extracellular DNA and the number of C. albicans filaments with green
punctae (Fig. 4A and B). Quantification of ETs by percent coverage of microscopy fields
is standard in the field due to the difficulty in assigning ET structures to individual
neutrophils (17, 45). The method of processing of the ET images was similar to that
performed in the experiment whose results are presented in Fig. 2H, where fluores-
cence images were thresholded and the number of fluorescent pixels in each channel
was quantified. The mpo:Rac2-D57N fish, which are more susceptible to mucosal
candidiasis and lack neutrophilic infiltration to the swim bladder lumen, had signifi-
cantly less extracellular DNA (33%) than their WT siblings (Fig. 4C). This suggests that
neutrophil infiltration is required for full ET production. Residual extracellular DNA in
the absence of recruited neutrophils may arise from macrophage ETs, which are weakly
cytotoxic and produced in vitro in response to C. albicans (46). We do not rule out the

FIG 4 Blockade of neutrophil recruitment reduces both extracellular DNA levels and the extent of
damaged C. albicans. At 4 dpf, mpo:Rac2-D57N and WT sibling zebrafish were injected in the swim
bladder with 4 nl of Caf2-dTom (107 CFU/ml) or PVP. The fish were immediately screened, and only fish
with 15 to 30 yeast cells in the swim bladder were selected. Fish were injected at 20 hpi with 2 nl of Sytox
green (0.05 mM) and imaged by epifluorescence microscopy 4 h later. Each image was analyzed with
ImageJ software as described in Materials and Methods for determination of the amount of C. albicans
(number of pixels in the red channel) and extracellular DNA (number of pixels in the green channel).
The number of punctae on filaments was also scored. Both the number of pixels (extracellular DNA) and
the number of punctae (C. albicans damage) were normalized to the amount of C. albicans (number of
pixels) in each image resulting in the ET/C. albicans ratio indicated in panel C or the ratio of the number
of punctae/105 pixels of C. albicans indicated in panel D. (A and B) Representative image of 2D staining
for extracellular DNA and C. albicans damage. Images were processed by overlaying the projection of the
sum of slices in both the red and green channels. (B) Zoomed image of the box in panel A, with white
arrows pointing to punctae (green) on C. albicans filaments (red). Bars, 20 �m (A) and 5 �m (B). (C) Loss
of neutrophil recruitment in the mpo:Rac2-D57N line decreases the amount of extracellular DNA. The
ratio of green pixels (extracellular DNA) to total red pixels (C. albicans) was calculated using ImageJ
software, and the average ratio per fish is shown for mpo:Rac2-D57N and WT siblings. Data from three
independent experiments were pooled (n � 27 and 30 for mpo:Rac2-D57N and WT fish, respectively).
Medians, boxes, and whiskers showing the minimum-maximum are represented with the results of the
Mann-Whitney test (P � 0.0295). (D) Loss of neutrophil recruitment in the mpo:Rac2-D57N line decreases
C. albicans damage. The number of punctae on each image was normalized to the amount of C. albicans,
and the average ratio per fish for fish with WT Rac2 and Rac2-D57N neutrophils is shown. Data from three
independent experiments were pooled (n � 27 and 30 for mpo:Rac2-D57N and WT fish, respectively).
Medians, boxes, and whiskers showing the minimum-maximum are represented with the results of the
Mann-Whitney test (P � 0.0201). *, P � 0.05.
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possible protective role of macrophage ETs against C. albicans hyphae, but the redun-
dancy of macrophages in our model argues against this idea (Fig. 1E). Remarkably,
mpo:Rac2D57N fish with defective neutrophils had 4-fold fewer damaged C. albicans
filament segments than their immunocompetent siblings (Fig. 4D). This suggests that
neutrophils are required to damage hyphae at the mucosal epithelium.

DISCUSSION

Mucosal candidiasis is a common disease, but we are only beginning to understand
the roles of neutrophils in the prevention and exacerbation of disease. The dual nature
of neutrophils in candidiasis is highlighted by the paradox that neutrophils protect
against mucosal-blood dissemination but exacerbate symptoms in human C. albicans
vaginitis (4). The larval zebrafish swim bladder represents a tremendous opportunity for
modeling mucosal disease dynamics and understanding neutrophil activities at the
mucosal surface, enabling noninvasive, high-resolution tracking of disease progression.
Using this model, we found that neutrophils protect against candidiasis in the swim
bladder mucosa, where they prevent epithelial invasion by filaments and maintain C.
albicans as a colonizer rather than a pathogen (Fig. 5). Intriguingly, our longitudinal
imaging suggests that neutrophils in the mucosal lumen damage hyphae with extra-
cellular traps and prevent their invasion of epithelia. These findings offer important
mechanistic clues about the reason why neutrophils are so important in protection
against oral candidiasis.

Our findings establish the juvenile zebrafish swim bladder model as a versatile and
unique tool for exploring the dynamics of mucosal infections and the vertebrate innate
immune system. Several technical advantages of the larval zebrafish model were
instrumental in providing new insight into neutrophilic control of mucosal candidiasis.
The translucency and small size of zebrafish, coupled with the availability of fluorescent

FIG 5 Summary diagram. In immunocompetent wild-type (WT) fish, neutrophils are rapidly recruited to the site of infection, extracellular DNA is
present, and hyphal filaments are damaged by 24 hpi, leading to control of the infection. No mortality occurs within the first 3 days postinfection,
and disease progression is slow. In immunocompromised animals or if hypervirulent C. albicans is injected (bottom arrow), neutrophils are not
able to control the infection and filaments breach the epithelial barrier and invade the surrounding tissues. This leads to rapid mortality.
Conversely, if extra neutrophils are recruited to the site of infection shortly after infection (top arrow), the infection is contained more efficiently.
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transgenic lines, enabled quantitative longitudinal imaging of disease in the context of
neutrophil recruitment perturbations. This powerful high-content imaging approach to
understanding pathogenesis is likely to be of great use, especially for probing the
genetic basis of localized infection dynamics in the context of both phagocytic innate
immune cells and the epithelium.

Protection from mucosal candidiasis in the juvenile zebrafish involves neutrophil
recruitment and activation through conserved signaling pathways, demonstrating the
relevance of this model for the study of C. albicans pathogenesis. Rac2, PI3K, and CXCR2
are all important in neutrophil activity in both zebrafish and mammals (34, 38, 47–50).
Further, the unchanged neutrophil recruitment upon CXCR2 inhibition suggests that
neutrophil activation may be an important function of CXCR2. A variety of studies in
mouse and zebrafish suggest that CXCR2 plays a complex time- and organ-specific role
in neutrophil recruitment (47, 48, 51, 52). A potential role of CXCR2 in activation is
supported by studies showing that CXCR2 activates neutrophil killing by neutrophil
extracellular traps (NETs) and is specifically required against C. albicans hyphae (47, 49).
The recruitment-independent activity of chemokine receptors has also been observed
in murine CXCR1 deficiency and may therefore be a widely used potentiator of efficient
killing (53).

In contrast to the important role for neutrophils, macrophages play a redundant role
in defense in the swim bladder. We showed this using selective, conditional ablation of
nitroreductase-expressing macrophages. This is the first time that this strategy has
been used to evaluate the functional role of macrophages in protection against
mucosal candidiasis. Our results are consistent with those of previous work that suggest
that macrophages have a relatively minor role in protection against mucosal candidiasis
(46, 54, 55). Although macrophages are efficient at yeast phagocytosis and can contain
germination in vivo (36), neutrophil attack of any extra hyphae arising from nonphago-
cytosed fungi may be sufficient to protect against epithelial invasion.

Our data suggest that neutrophil numbers and activation are of high importance in
reducing the fungal burden and stopping invasion. The strategies that we used to come
to these conclusions (longitudinal imaging and neutrophil modulation) have not yet
been applied to this question and therefore add weight to the hypothesis that
neutrophil recruitment and/or activation at the site of infection controls the progres-
sion of disease. This is consistent with several studies of murine oral candidiasis but is
in contrast to the findings of studies of vulvovaginal candidiasis that suggested that
neutrophil recruitment is detrimental rather than protective (4). Our data also show that
blockade of neutrophil recruitment results in an increased pathogen load and less
damage to fungal hyphae, suggesting that neutrophils protect by damaging fungi
rather than promoting disease tolerance (56). This leaves open the questions of exactly
how C. albicans manages to invade and how neutrophils manage to control invasion of
the epithelium.

From the fungal perspective, our data bring together and validate the in vivo
relevance of the findings of a series of in vitro studies that clearly implicate hyphae as
a major contributor to endocytosis, invasion, and epithelial damage (22, 57). Using the
zebrafish model to integrate the concept of filament-mediated invasion into the
context of mucosal immunity, we demonstrated a requirement of neutrophil activity for
limiting fungal hyphal growth and invasion. Interestingly, the filament-locked tet-UME6
strain is hyperinvasive, suggesting that invasion is an intrinsic characteristic of filaments
rather than being dependent on active dimorphic switching or the combined activity
of filaments and yeast. Creation of novel transgenic zebrafish lines may allow a more
detailed molecular dissection of these invasion events to determine if penetration is
transcellular, paracellular, or dependent on epithelial damage (55).

From the host perspective, our quantitative three-dimensional imaging of the
infection site suggests that extracellular traps (ETs) play a key role in damaging
filaments and limiting invasion. ETs are present in mucosal C. albicans infections in
mice, but to date no correlation of neutrophil activity with ETs and fungal damage per
se has been explored in murine models (12, 17). Our observations link mucosal ET
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production to neutrophil recruitment and, further, show a correlation between
neutrophil-dependent ET production and higher levels of fungal damage, although it
remains to be demonstrated that ETs directly damage C. albicans filaments in vivo. This
is consistent with recent observations that suggest that NETs are required to damage
C. albicans filaments during disseminated candidiasis (58).

Our findings in the zebrafish model of mucosal candidiasis show that neutrophils are
essential for protection against hyphal invasion of the epithelial layer and suggest that
this involves the production of ETs. These data demonstrate that there are conserved
innate immune mechanisms for containing commensal C. albicans between the ze-
brafish swim bladder and the mouse oral cavity, establishing the larval swim bladder as
a potential tool for understanding longitudinal host-pathogen interactions in the oral
mucosa and testing potential therapeutics. Finally, the model used here can contribute
significantly to unraveling the mechanisms of neutrophil recruitment dynamics, NET
formation, modes of C. albicans damage, and mechanisms of C. albicans epithelial
invasion in vivo.

MATERIALS AND METHODS
Animal care and maintenance. All zebrafish were kept in recirculating systems (Aquatic Habitats) at

the University of Maine Zebrafish Facility under a 14-h light/10-h dark cycle. The water temperature was
kept at 28°C. Collected eggs were reared to 4 days postfertilization (dpf) at 33°C as described previously
(28). The fish lines used were wild-type (WT) AB from ZIRC, Tg(BACmpo:gfp)114 as described previously (59)
and referred to here as mpx:GFP, Tg(mpo:mCherry-A2-Rac2D57N) as described previously (38) and referred
to here as mpo:Rac2-D57N, as well as mpeg1:Gal4 (60) crossed with UAS:NfsB-mCherry (52) and referred
to here as mpeg1-NTR and mpeg1:EGFP (60). When the mpo:Rac2-D57N line was used, heterozygous
transgenic females were crossed with AB males and the progeny were sorted for the presence of
mCherry neutrophils (Rac2-D57N) or their absence (WT siblings). (See https://wiki.zfin.org/display/
general/ZFIN�Zebrafish�Nomenclature�Guidelines for the genetic nomenclature for zebrafish.) All
zebrafish care and husbandry procedures were performed as described previously (61). Mice were
maintained at the Small Animal Research Facility at the University of Maine. Female C57BL/6J mice (The
Jackson Laboratory) were used at 6 to 12 weeks of age for bone marrow neutrophil isolation.

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 (62). All animals
were treated in a humane manner according to the guidelines of the University of Maine IACUC, as
detailed in protocol number A2015-11-03. The University of Maine IACUC/Ethics Committee approved
this protocol. Animals were euthanized by tricaine overdose. Infected animals were monitored daily for
signs of infection, and morbid animals were euthanized. All mouse studies were carried out in accor-
dance with the recommendations in the Guide for the Care and Use of Laboratory Animals (62). All animals
were treated in a humane manner according to the guidelines of the University of Maine IACUC, as
detailed in protocol number A2014-02-01. The University of Maine IACUC/Ethics Committee approved
this protocol. Animals were euthanized by carbon dioxide inhalation.

Fungal strains and growth conditions. The C. albicans Caf2-dTomato (Caf2-dTom) strain (33) was
grown on yeast-peptone-dextrose (YPD) agar. For infections, liquid cultures of C. albicans were grown
overnight in YPD at 30°C on a roller drum (New Brunswick Scientific). For creation of fluorescent
protein-expressing strains, tetracycline-regulated strains TT21 and TUME6 (34) were plated on YPD agar
containing 50 �g/ml of doxycycline (Dox) and transformed with the pENO1-dTom-NATr plasmid as described
previously (33). The resulting genotypes are as follows: for strain tet-T21, ade2::hisG/ade2::hisG ura3::imm434/
ura3::imm434::URA3-tetO ENO1/ENO1::ENO1-dTomato-NatR-ENO1-tetR-ScHAP4AD-3XHA-ADE2, and for strain
tet-UME6, ade2::hisG/ade2::hisG ura3::imm434/ura3::imm434::URA3-tetO-UME6 ENO1/ENO1::ENO1-tetR-
ScHAP4AD-3XHA-ADE2-ENO1-dTomato-NatR. Integration was confirmed by diagnostic PCR using primers
SP6 (5=-GATTTAGGTGACACTATAG-3=) and dTomato Rv2 (5=-AAGGTCTACCTTCACCTTCACC-3=) for tet-
UME6 or Peno1-genomic F1 (5=-TCCTTGGCTGGCACTGAACTCG-3=) and dTomato Rv2 for tet-T21. For
infection, liquid cultures of tet-T21 and tet-UME6 were grown overnight in YPD-Dox (50 �g/ml) at 30°C
on a roller drum. Overnight cultures were washed twice in phosphate-buffered saline (PBS) and
resuspended to the appropriate concentration in 5% polyvinylpyrrolidone (PVP).

Bacterial strains and growth conditions. Pseudomonas aeruginosa PA14-dTomato (63) was plated
on LB agar with ampicillin (Amp; 750 �g/ml) and incubated at 37°C overnight. A single colony was
picked, inoculated in 2 ml of LB with 750 �g/ml Amp, and incubated on a roller drum at 37°C overnight.
One milliliter of the culture was washed twice with 1 ml of PBS, and the optical density at 600 nm (OD600)
was measured against a PBS blank. The bacterial concentration, based on a conversion in which an OD600

of 1 is equivalent to 109/ml, was adjusted to 109 CFU/ml in 5% PVP before injection.
Chemical treatment. Fish were incubated in 6-well plates with 10 ml of E3 plus 1-phenyl-2-thiourea

(PTU; 10 �g/ml) containing SB225002 (2 �g/ml), LY294002 (5 �g/ml), or the relevant concentration of
vehicle (dimethyl sulfoxide [DMSO]) for 1 h prior to injection. The fish were then anesthetized and
injected as described below, screened by microscopy for proper inoculum injection, and returned to
6-well plates with E3 containing the same chemicals. The medium was changed daily, and mortality was
recorded. Metronidazole ablation was done as described previously (37). For coinjection of leukotriene
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B4 (LTB4; Cayman Chemicals), the Caf2-dTom strain was diluted to 107 CFU/ml in 5% PVP containing 1
�g/ml of LTB4.

Microinjection. At 4 dpf, larvae reared at 33°C were screened for an inflated swim bladder and
injected in the swim bladder with 4 nl of Candida albicans in PVP or PVP only as described previously (28).
For ear injection, at 3 dpf larvae reared at 33°C were injected in the otic vesicle with 1 nl of Candida
albicans (2 � 107 CFU/ml) or Pseudomonas aeruginosa (109 CFU/ml) in 5% PVP or PVP only. The fish were
then returned to E3 plus PTU in a 33°C incubator or 35°C for the adoptive cell transfer experiments. For
extracellular DNA and filament damage experiments, at 5 dpf fish were similarly anesthetized and
injected in the swim bladder with 2 nl of Sytox green (0.05 mM) or 5% DMSO.

Adoptive cell transfer. Murine neutrophils were purified from bone marrow as described previously
(58, 64). After collection and enumeration, neutrophils were diluted to 2.5 � 107 cells/ml in sterile Hanks’
buffered saline solution (HBSS; Gibco) with 10% fetal calf serum (FCS; Lonza). Cells were spun down
(1,000 rpm for 5 min), resuspended in 5 ml carboxyfluorescein succinimidyl ester (2 �M in HBSS;
Invitrogen), and incubated on ice in the dark for 8 min. The reaction was stopped by adding 7 ml of HBSS
plus 20% FCS. The cells were then enumerated, spun down, and resuspended to 107 cells/ml in HBSS plus
5% PVP with or without Caf2-dTom at 107 CFU/ml.

Fluorescence microscopy. For live imaging, fish were imaged as described previously (33) using a
96-well glass-bottom imaging dish (Greiner-Bio). Confocal imaging was carried out using an Olympus
IX-81 inverted microscope with an FV-1000 laser scanning confocal system (Olympus). A 20� objective
lens (numerical aperture [NA], 0.7; Olympus) was used. Enhanced green fluorescent protein (EGFP) or
Sytox green and dTomato (dTom) fluorescent proteins were detected by the use of laser and optical
filters of 488 nm excitation/510 nm emission and 543 nm excitation/618 nm emission, respectively.
Images were collected with a FluoView microscope (Olympus) and processed using a Fiji plug-in (ImageJ
environment) (65). For 2D imaging of filaments and extracellular DNA, fish were euthanized and
individually placed on a glass slide (25 by 75 mm; Corning). A glass coverslip (12 by 12 mm; catalog
number 1.5; VWR) was placed on top of the fish and pressed down using the bulb of a plastic Pasteur
pipette to gently flatten the euthanized fish. Images were acquired on a Zeiss AxioVision Vivatome
microscope (Zeiss) using a 40� objective (NA, 0.75; Zeiss) and processed using the Fiji plug-in (NIH) as
detailed in the Materials and Methods in the supplemental material. To estimate the C. albicans burden
by direct visualization under an epifluorescence microscope, pathology was scored as low for less than
20 filaments in the swim bladder, medium for 20 to 50 filaments, high for more than 50 filaments, high
plus breach for more than 50 filaments accompanied by epithelial invasion by C. albicans, and dead for
dead fish. Representative images of the pathology receiving each score are shown in Fig. 2A. To compare
the infection pathology between groups in Fig. 2D, infection categories were assigned numbers, and the
average pathology score was calculated (where a low pathology score was given a value of 1, a medium
score was given a value of 2, a high score was given a value of 3, a high plus breach score was given a
value of 4, and dead was given a value of 5). The number of neutrophils or macrophages recruited to the
swim bladder was recorded only for fish with no filaments breaching the epithelial barrier.

Statistics. Prism software (version 6; GraphPad Software Inc.) was used for analysis of the statistics.
Survival data were analyzed by the Kaplan-Meier method with Mantel-Cox log-rank testing. Other data
were analyzed by nonparametric tests throughout (the Kruskal-Wallis test with Dunn’s multiple-
comparison test for more than two groups or the Mann-Whitney test for two groups), as detailed in the
figure legends. P values were considered significant when P was �0.05, �0.01, �0.001, and �0.0001, as
indicated in the figure legends. Within the limits of the statistical tests calculated in Prism software
(version 6), exact P values are included in the figure legends.
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Supplemental material for this article may be found at https://doi.org/10.1128/IAI
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