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Candida albicans Triggers NLRP3-Mediated Pyroptosis in
Macrophages
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Pyroptosis is an inflammasome-mediated programmed cell death pathway triggered in macrophages by a variety of stimuli, in-
cluding intracellular bacterial pathogens. Activation of pyroptosis leads to the secretion of interleukin-1f3 (IL-1$) and pore-me-
diated cell lysis. Although not considered an intracellular pathogen, Candida albicans is able to kill and, thereby, escape from
macrophages. Here, we show that C. albicans-infected bone marrow-derived macrophages (BMDM) and murine J774 macro-
phages undergo pyroptotic cell death that is suppressed by glycine and pharmacologic inhibition of caspase-1. Infection of
BMDM harvested from mice lacking components of the inflammasome revealed that pyroptosis was dependent on caspase-1,
ASC, and NLRP3 and independent of NLRC4. In contrast to its role during intracellular bacterial infection, pyroptosis does not
restrict C. albicans replication. Nonfilamentous Candida spp. did not trigger pyroptosis, while Candida krusei, which forms
pseudohyphae in macrophages, triggered much lower levels than did C. albicans. Interestingly, a Saccharomyces cerevisiae strain
from the filamentous background 31278 also triggered low, but significant, levels of pyroptosis. We have found that deletion of
the transcription factor UPC2 decreases pyroptosis but has little effect on filamentation in the macrophage. In addition, a gain-

of-function mutant of UPC2 induces higher levels of pyroptosis than does a matched control strain. Taken together, these data
are most consistent with a model in which filamentation is necessary but not sufficient to trigger NLRP3 inflammasome-medi-
ated pyroptosis. This is the first example of a fungal pathogen triggering pyroptosis and indicates that C. albicans-mediated
macrophage damage is not solely due to hypha-induced physical disruption of cellular integrity.

Candida albicans is a commensal organism that is part of the
normal flora of the human gastrointestinal and urogenital
tract (1). In immunocompetent individuals, C. albicans causes
superficial mucosal diseases such as thrush in infants and vulvo-
vaginitis in women. Immunocompromised individuals develop
either more severe mucosal disease, as is the case with people
living with HIV/AIDS, or invasive infections of the bloodstream
and deep organs (2). One major risk factor for the latter manifes-
tation of C. albicans infection is neutropenia, or decreased num-
bers of circulating neutrophils (2). In addition to neutrophils,
other phagocytes, such as dendritic cells and macrophages, also
play an important role in the immune response to C. albicans as
well as other Candida spp (3). Recent studies have shown that the
role of macrophages varies over the course of infection and ap-
pears to be most crucial during the early stages of candidiasis (4).
In addition, macrophages are more important to the immune re-
sponse in organs such as the kidneys and less crucial in others (5).
Although the importance of macrophages to the immune re-
sponse to candidiasis is becoming better appreciated, much re-
mains to be learned about the mechanisms of this host-pathogen
interaction.

One of the key mechanisms by which macrophages respond to
C. albicans is through activation of the inflammasome (6, 7, 8, 9).
The inflammasomes are a set of multiprotein complexes which
participate in the host response to a variety of stimuli, including
microbes, endogenous lipids, amyloid, and silica and other parti-
cles (10). Because of their extensive roles in both the response to
pathogens and inflammatory diseases, the inflammasomes have
been the subject of intensive research. A variety of inflammasomes
has been characterized, and they are classified by the nucleotide-
binding domain leucine-rich repeat receptor (NLR) component
of the complex (11). Multiple inflammasomes have been shown to
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play a role in mediating the macrophage and/or dendritic cell
response to C. albicans (6, 7, 8, 9, 12). For example, the NLRP3
inflammasome is activated in macrophages (6, 7, 8) while the
NLRC4 inflammasome is triggered in mucosal stromal cells (9).
These inflammasomes, composed of an NLR, ASC, and caspase-1,
mediate the processing of procaspase-1 to its active mature form
(11). The best-characterized function of caspase-1 in response to
C. albicans is to process pro-interleukin-1$ (pro-IL-18) and/or
pro-IL-18 into their mature, active forms. Thus, activation of the
NLRP3 and/or NLRC4 inflammasomes typically provides the
tightly regulated “second signal” required for elaboration of IL-13
in response to pathogens; the “first signal” is activation of patho-
gen recognition receptors (PRR), which leads to production of
pro-IL-13. Importantly, mice lacking components of the inflam-
masome are more susceptible to disseminated C. albicans infec-
tion (6, 7, 8) and less able to limit superficial candidiasis to the
mucosa (9).

The C. albicans factor(s) that mediates inflammasome activa-
tion has not been specifically identified. In response to other stim-
uli, activation of the NLRP3 inflammasome has been associated
with direct physical or chemical damage to the phagolysosome
(13). Within macrophages (14), C. albicans undergoes a morpho-
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genetic transformation from round yeast forms to filaments (hy-
phae and pseudohyphae). The filaments have long been thought
to cause physical disruption of both the phagolysosome and, ulti-
mately, the macrophage, allowing the fungus to escape from the
macrophage. Putting these two phenomena together, filamenta-
tion-mediated physical disruption of the vacuole provides a rea-
sonable model for the mechanism of inflammasome activation by
C. albicans. Further supporting this mechanism, multiple labora-
tories observed that the nonfilamentous C. albicans strain lacking
Efgl, a master regulator of filamentation, failed to activate ca-
pase-1 processing and trigger IL-1f3 production (6, 7, 8). How-
ever, our laboratory has recently shown that C. albicans strains
lacking the transcription factor Upc2 or Ahrl form filaments
within the macrophage but fail to trigger IL-1 secretion (15),
indicating that filamentation alone is not sufficient to trigger in-
flammasome activation and that additional factors associated
with the filamentous form of C. albicans are also required.

In our previous work (15), we also observed that the ability of
C. albicans mutants to cause macrophage lysis correlated with
their ability to induce IL-1B production. For example, the fila-
mentation-competent upc2A/A and ahr1A/A mutants were dra-
matically deficient in the ability to cause macrophage lysis, indi-
cating that the physical presence of filamentous C. albicans within
the macrophage was not sufficient to cause lysis. To explain these
observations, we hypothesized that C. albicans may trigger the
inflammasome-mediated programmed cell death pathway pyrop-
tosis. Pyroptosis is a caspase-1-dependent process which leads to
IL-1p and IL-18 production as well as macrophage cell lysis (16).
Pyroptosis is distinguished from apoptosis in that the macro-
phages lose cell integrity and the process is proinflammatorys; it is
distinct from simple cell necrosis because it is mediated by the
inflammasome and caspase-1. Initially described in macrophages
infected with intracellular bacteria such as Salmonella and Legio-
nella species, pyroptosis appears to facilitate clearance of some
pathogens by destroying their replicative niche and activating
other components of the immune response (17).

As described here, we demonstrate that C. albicans triggers
macrophage pyroptosis through the NLRP3 inflammasome. To
our knowledge, this represents the first example of pyroptosis be-
ing triggered by a fungal or other eukaryotic pathogen. Our ob-
servations indicate that a substantial portion of macrophage dam-
age caused by C. albicans is due to a programmed cell death
pathway and not simply due to the physical disruption of the
macrophage by growing hyphae.

MATERIALS AND METHODS

Yeast strains and macrophage cell lines. Unless otherwise indicated, all
experiments were performed using C. albicans strain SN250 (18). Candida
krusei ATCC 6258, obtained via the University of Rochester clinical mi-
crobiology laboratory, is now listed as Issatchenkia orientalis (the teleo-
morph of C. krusei) at the American Type Culture Collection (Manassas,
VA). Candida parapsilosis RO78-G5 was a clinical isolate obtained from
Wendy Watson (19). Candida glabrata BG2 (20) was obtained via Con-
stantine Haidaris, University of Rochester Medical Center. C. albicans
mutants lacking the transcription factor Upc2, Ahr1, Berl, Ndt80, or Real
are derived from SN152, constructed by Homann et al., and obtained
from the Fungal Genetics Stock Center (21). Clinical isolates S1 (UPC2/
UPC2) and S2 (UPC2/upc2°°F) were obtained from David Rogers, Uni-
versity of Tennessee Health Sciences Center (22). Saccharomyces cerevisiae
strain BY4741 (S288c background) was obtained from Open Biosystems,
and HLY335 was a generous gift of Gerry Fink (Whitehead Institute). All
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yeasts were grown overnight at 30°C in yeast extract-peptone-dextrose
medium (YPD) and washed three times in phosphate-buffered saline
(PBS) prior to use in macrophage coculture assays. Where indicated,
yeasts were heat killed by incubation at 65°C for 90 min or UV inactivated
in a Stratalinker chamber with four sequential doses of 0.1 J/cm, as previ-
ously described (23). The mouse macrophage-like cell line J774 was ob-
tained from the ATCC (specifically, J774A.1 cells, TIB-67) and main-
tained as recommended by the supplier.

Mouse strains and animal handling. The Institutional Animal Care
and Use Committee at the University of Rochester and the University of
Towa approved all protocols used in this study. BALB/c, C57BL/6, and A/J
mice were obtained from the National Cancer Institute (Frederick, MD).
The generation of NLRP3 (23)-, ASC (24)-, NLRC4 (25)-, and caspase-1
(26)-deficient mice has been previously described. NLRP3-, ASC-, and
NLRC4-deficient mice have been backcrossed onto the C57BL/6 genetic
background for 9 generations. Caspase-1-deficient mice have been back-
crossed onto the C57BL/6 genetic background for 10 generations; how-
ever, these mice have recently been shown to be deficient for functional
caspase-11. For clarity, the designation “caspase-1” is used to include both
caspase-1 and caspase-11 throughout this work.

Harvest and culture of mouse BMDM. Bone marrow-derived mac-
rophages (BMDM) were prepared by harvesting bone marrow from fe-
murs and tibias of the relevant mouse strain. Bone marrow was then
strained, washed, and cultured in Dulbecco modified Eagle medium
(DMEM) with 10% fetal bovine serum (FBS), 1% GlutaMAX, 1% peni-
cillin-streptomycin, 10 mM HEPES, and macrophage colony-stimulating
factor (m-CSF) (50 ng/ml; eBioscience, San Diego, CA). Cells were cul-
tured in untreated plastic dishes to allow separation of adherent macro-
phages from other nonadherent cell types. Cells were fed every 2 to 3 days,
and nonadherent cells were removed by gentle washing. Adherent BMDM
were removed from the dishes by gentle scraping just prior to use.

Macrophage-yeast coculture. J774A.1 cells or BMDM were counted
using a hemocytometer, diluted appropriately, and plated in a 96-well
tissue culture dish at a final density of 1e5 cells per well in high-glucose
(4.5-g/liter) RPMI medium containing 1% FBS. Unless indicated, macro-
phages were stimulated with lipopolysaccharide (LPS) (Escherichia coli
0111:B4; Calbiochem) at a final concentration of 50 ng/ml. Where in-
dicated, macrophages were pretreated by addition of glycine (5 mM)
or the caspase-1 inhibitor z-YVAD-fmk (100 wM), diluted in medium.
For control samples, macrophages were treated with medium contain-
ing the relevant carrier: PBS for LPS and/or glycine or dimethyl sul-
foxide (DMSO) for z-YVAD-fmk (final DMSO concentration, 0.1%).
For all experiments, the final volume during pretreatment was 100
pl/well. Treated macrophages were incubated for 2 h at 37°C, in a 5%
CO,, humidified environment prior to inoculation. The titer of the
inoculum of washed yeast was determined with a hemocytometer, and
the inoculum was diluted as needed in PBS and added to macrophages
in avolume of 20 1. Unless otherwise noted, experiments were carried
out at a multiplicity of infection (MOI) of 2 yeasts to 1 macrophage.
After inoculation, cocultures were incubated for 5 h at 37°C, in a 5%
CO,, humidified environment. At the end of the coculture period, one
40-pl aliquot of the culture supernatant from each well was transferred
into an opaque white 96-well plate for analysis of lactate dehydroge-
nase (LDH) release and a second 40-ul aliquot was transferred into a
separate plate containing 160 wl/well of enzyme-linked immunosor-
bent assay (ELISA) blocking solution. LDH release was measured im-
mediately using the Promega CytoTOX One assay kit (Promega, Mad-
ison, WI). Samples for cytokine analysis were frozen at —20°C until
use. The IL-1B concentration in the coculture supernatants was deter-
mined using a ReadySetGo ELISA kit (eBioscience, San Diego, CA).

Quantification of fungistatic activity of macrophages. The ability of
macrophages to kill C. albicans or limit its replication was quantified using
the XTT [2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-
carboxanilide] metabolism assay as previously described (23). Briefly, a
freshly prepared solution containing XTT (0.5 mg/ml), glucose (4.5 mg/
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FIG 1 C. albicans-induced macrophage lysis has characteristic features of pyroptosis. (A and B) J774 macrophages (A) or bone marrow-derived macrophages
(BMDM) from BALB/c mice (B) were treated with the caspase-1 inhibitor z-YVAD-fmk or carrier, prestimulated with LPS for 2 h, and then exposed to C. albicans
atan MOI of 2:1 for 5 h. LDH (blue) and IL-1 (red) were measured from the supernatant of the coculture. LDH release was measured using a fluorogenic assay;
data are presented as mean relative fluorescence units (RFU). (C) LPS-stimulated J774A.1 macrophages were exposed to C. albicans in the presence or absence
of 5 mM glycine and evaluated as described above. (D) J774 macrophages were prestimulated with LPS (50 ng/ml) or PBS as a control and exposed to C. albicans
as described above. LDH activity of supernatants (C and D) is expressed as a percentage of the maximum LDH release measured from an identical sample of
detergent-treated macrophages. Each experiment was performed at least twice with similar results, and a representative single experiment is shown. Bar heights
are the means of least three technical replicates, and error bars indicate standard deviations. Data were analyzed by Student’s ¢ test: **, P =< 0.001 compared to

control; *, P = 0.05 compared to control. UND, undetectable.

ml), and coenzyme Q (40 pg/ml) in PBS was filter sterilized and kept in
the dark until use. After coculture, plates were centrifuged at 250 X g for
2 min, the supernatant was aspirated, and ice-cold 0.2% Triton X-100 in
water (200 1) was added to lyse the macrophages. After incubation for 15
min at 37°C, the plates were centrifuged again, all wells were aspirated and
washed with an additional 200 pl of 0.2% Triton X-100, and the plates
were centrifuged a final time. After washing, the lysis solution was aspi-
rated from each well and replaced with XTT solution (100 pl). The plate
was incubated at 37°C for 15 min in the dark, after which absorbance was
measured at 450 nm with subtraction of background absorbance at 570
nm.

1,3-B-Glucan immunofluorescence assay. Surface-exposed 1,3-3-
glucan was detected by indirect immunofluorescence, as previously de-
scribed (23). Briefly, yeasts from an overnight culture in YPD were har-
vested, washed three times with PBS, treated with 3% bovine serum
albumin in PBS blocking solution, and incubated for 2 h at 4°C with
anti-1,3-B-glucan antibody (Biosupplies Australia Pty. Ltd., Parkville,
Australia). Samples were then washed in PBS and treated with 15 pg/ml
Texas Red-conjugated goat anti-mouse IgG (Jackson Immuno-Research
Laboratories, Inc., West Grove, PA) for 60 min at 4°C. After secondary
antibody treatment, samples were washed with PBS. Fluorescence micros-
copy was performed using a Nikon ES80 epifluorescence microscope
equipped with a CoolSnap charge-coupled device (CCD) camera using
NIS-Elements software. Image processing in Image] and Adobe Photo-
Shop was limited to cropping and adjustment of brightness/contrast for
ease of viewing. All images were processed identically.

RESULTS

C. albicans induces macrophage lysis via triggering NLRP3- and
caspase-1-dependent pyroptosis. As has been well established in
the literature, C. albicans induces NLRP3/caspase-1-dependent
IL-1B production in macrophages (6, 7, 8, 9). In addition, we and
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others have shown that C. albicans-infected macrophages lose
cell membrane integrity and undergo lysis (15). To investigate
whether caspase-1 activation also contributes to C. albicans-in-
duced macrophage lysis via the programmed cell death pathway
known as pyroptosis, we tested the effect of the caspase-1 inhibitor
z-YVAD-fmk on this process. The murine macrophage cell line
J774 was prestimulated with LPS and then cocultured with C.
albicans strain SC5314 at an MOI of 2:1 for 2 h in the presence or
absence of z-YVAD-fmk. As expected, z-YVAD-fmk dramatically
reduced IL-1 production (Fig. 1A). Macrophage cell lysis, as de-
termined by standard LDH release cytotoxicity assay (15), was also
reduced ~2.5-fold in the presence of the caspase-1 inhibitor, con-
sistent with the notion that caspase-1-dependent pyroptosis plays
a role in C. albicans-mediated macrophage damage. To confirm
the effect of z-YVAD-fmk on macrophage lysis, we repeated the
experiments with bone-marrow-derived macrophages (BMDM)
isolated from BALB/c mice. As shown in Fig. 1B, the inhibitor
reduced LDH by 2-fold relative to untreated cocultures and
blocked nearly all IL-1B release, further supporting a role for
caspase-1-dependent processes in mediating C. albicans-induced
macrophage lysis.

Caspase-1-dependent macrophage cell lysis appears to be me-
diated by pore formation in the plasma membranes (27). Al-
though the mechanism of this process has not been fully charac-
terized, the addition of solutes such as glycine to the culture
medium suppresses pyroptotic cell lysis, presumably by blocking
the pores. Since caspase-1 remains active, the addition of glycine
to the extracellular milieu blocks pyroptotic lysis but does not
affect release of IL-1B. We, therefore, infected J774 cells with C.
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FIG 2 C. albicans-induced macrophage lysis is dependent on caspase-1, ASC, and NLRP3. (A and B) Bone-marrow-derived macrophages (BMDM) from
C57BL/6 mice (WT) or the indicated knockout strain were prestimulated with LPS and exposed to C. albicans at an MOI of 2:1 for 5 h. (C) BMDM from C57BL/6
or A/] mice were treated with 5 mM glycine or PBS as a control, prestimulated with LPS, and exposed to C. albicans at an MOI of 2:1 for 5 h. LDH and IL-13 were
measured from the supernatant of cocultures after 5 h. LDH results were expressed as a percentage of the maximum LDH release as described in the legend to
Fig. 1. Each experiment was performed at least twice with similar results, and a representative single experiment is shown. Bar heights are the means of least three
technical replicates, and error bars indicate standard deviations. Data were analyzed by Student’s ¢ test: **, P =< 0.001 compared to control; *, P < 0.05 compared
to WT in panels A and B and compared to control in panel C. UND, undetectable.

albicans in standard medium and medium supplemented with
glycine. As shown in Fig. 1C, addition of glycine decreased C.
albicans-induced macrophage lysis approximately 2-fold relative
to exposure in standard medium. As expected, glycine did not
affect C. albicans-induced IL-1B production. These data further
support arole for pyroptosis in the interaction between C. albicans
and macrophages.

Inflammasome-mediated, caspase-1-dependent production of
IL-1P is a two-step process (11). The first signal functions to ini-
tiate transcription and translation of pro-IL-13. The second signal
then leads to assembly of the appropriate inflammasome, activa-
tion of caspase-1, and, ultimately, IL-1 processing. Priming mac-
rophages with lipopolysaccharide (LPS) provides the first signal
and is typically used in the study of the interaction of C. albicans
with macrophages. C. albicans induces both pro-IL-1f produc-
tion and inflammasome activation (8); however, the long incuba-
tion time necessary for C. albicans to trigger robust pro-IL-13
expression complicates the interpretation of experiments using
unprimed macrophages because the cultures become overgrown
with fungus. Interestingly, prestimulation of macrophages has
been shown to promote Yersinia-induced pyroptosis relative to
that with naive macrophages (28). Therefore, we compared the
amount of C. albicans-induced lysis that occurs in unstimulated
macrophages to that from LPS-stimulated macrophages. As
shown in Fig. 1D, LDH release from LPS-stimulated macrophages
was 2-fold higher than that observed with naive cells. As expected,
naive cells produced no IL-1 while LPS-primed macrophages did
so robustly. The increased lysis in LPS-treated cells relative to un-
treated cells corresponds closely to the amount of lysis that is
suppressible by either glycine or z-YVAD-fmk, suggesting that the
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first signal also promotes C. albicans-induced macrophage pyrop-
tosis.

To more definitively characterize the role of the inflammasome
in C. albicans-induced macrophage lysis, we isolated BMDM from
mice lacking caspase-1 (caspl ') and its upstream adaptor pro-
tein ASC (apoptosis-associated speck-like protein containing a
carboxy-terminal CARD, asc” ') and compared the levels of LDH
release/IL-1B production induced in the mutant macrophages to
those isolated from wild-type (WT) mice. Consistent with the
findings of others (6, 7, 8, 9), C. albicans-induced IL-1 produc-
tion was completely abolished. LDH release was also reduced in
caspl '~ and asc”’~ macrophages relative to the wild type (Fig.
2A), confirming that the terminal components of the inflam-
masome are required for the majority of macrophage cell lysis at
the time point examined. To our knowledge, this represents the
first example of a fungal pathogen inducing macrophage pyrop-
tosis and provides a previously unrecognized mechanism by
which C. albicans causes macrophage damage.

The nucleotide-binding domain leucine-rich repeat-contain-
ing receptors (NLRs) are the cytosolic receptors that mediate as-
sembly of the various versions of the inflammasome in response to
avariety of infectious and noninfectious stimuli (11). As discussed
above, previous studies have shown that NLRP3 and NLRC4 con-
tribute to the host response to C. albicans (6, 7, 8, 9). NLRP3 and
NLRCH4 are required for C. albicans-induced IL-1B production in
macrophages and mucosal stromal cells, respectively. In addition,
NLRC4 mediates pyroptosis in response to a number of Gram-
negative bacteria (17). To identify which NLR mediates C. albi-
cans-induced pyroptosis, we isolated nlrp3~’~ and nlrc4™'~
BMDM and exposed them to C. albicans. Consistent with the de-
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pendence of C. albicans-induced IL-1B production on NLRP3 (6,
7, 8, 9), nlrp3™'~ macrophages underwent essentially no lysis
while nlrc4~'~ macrophages were indistinguishable from the wild
type (Fig. 2B). These data firmly establish that C. albicans induces
NLRP3-dependent pyroptosis in macrophages.

In order to confirm that C. albicans-induced macrophage py-
roptosis was not limited to a specific strain of mice, we examined
the extent of macrophage lysis in BMDM isolated from A/J mice.
A/] mice have a variant NAIP5 (NLR family, apoptosis inhibitory
protein 5) that fails to stimulate NLRC4, and thus, unlike BMDM
from C57BL/6 mice, A/] BMDM that have ingested Legionella
pneumophila fail to undergo pyroptosis (29). The lack of macro-
phage pyroptosis appears to fully account for the hypersuscepti-
bility of A/] mice to Legionella; C57BL/6 mice, with normal
NAIP5, are relatively resistant to Legionella. C57BL/6 mice are also
relatively resistant to systemic candidiasis, whereas A/J mice are
more susceptible (30), which raises the question that susceptibility
to both organisms may be related to NAIP5 and/or NLRC4 acti-
vation. However, our results with the nlrc4~’~ BMDM predicted
that A/J-derived BMDM would undergo pyroptosis similarly to
wild-type C57BL/6 mice. Consistent with that expectation,
BMDM from A/] mice undergo lysis and IL-13 production at
levels very similar to those derived from C57BL/6 mice in response
to C. albicans (Fig. 2C). Furthermore, treatment with glycine pre-
vented lysis in both A/J and C57BL/6 macrophages, indicating that
macrophage pyroptosis occurs in both types of BMDM. Thus,
while NAIP5 may contribute to C. albicans resistance in vivo, it is
unlikely that macrophage pyroptosis plays a role in the suscepti-
bility of A/] mice to candidiasis. In addition, these results indicate
that macrophage pyroptosis is not unique to a single strain of
mice.

The fungistatic action of macrophages is independent of py-
roptosis. One of the apparent functions of pyroptosis is to limit
the replication of intracellular bacteria, presumably by destroying
the protective niche and exposing the bacteria to other compo-
nents of the immune system (17). Intracellular bacteria replicate
more effectively in macrophages deficient for pyroptosis (17). C.
albicans is not considered a professional, intracellular pathogen
and presumably does not require the phagolysosome to replicate;
in addition, macrophages have a modest fungistatic effect on C.
albicans. Therefore, we investigated the effect of pyroptosis on the
fungistatic activity of macrophages toward C. albicans. During a
5-h exposure, as in the assays above, the addition of glycine to
cultures decreased macrophage lysis by 2.5-fold and yet the C.
albicans organism burden was essentially identical to that in cul-
tures without supplemental glycine (Fig. 3A and B). Since longer
exposure times at our standard MOI of 2:1 resulted in C. albicans
overgrowth (data not shown), we reduced the MOI to 1:5; this
adjustment allowed us to extend the time of C. albicans exposure
to 24 h. Under these conditions, glycine reduced macrophage lysis
4-fold (Fig. 3C) but had no effect on C. albicans replication within
the macrophages (Fig. 3D). Thus, while pyroptosis occurs in re-
sponse to C. albicans, it does not enhance the ability of macro-
phages to clear C. albicans in vitro.

C. albicans-induced pyroptosis is dependent on multiplicity
of infection and duration of coculture. In the studies described
above, macrophages and C. albicans were cocultured for 5 h. This
time point was chosen because it allowed ample time for C. albi-
cans filamentation and for activation of macrophage responses; as
noted above, longer exposure times lead to dramatic fungal over-
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FIG 3 Pyroptotic macrophage lysis does not alter macrophage killing of C.
albicans. J774 cells were treated with 5 mM glycine or PBS as a control, pre-
stimulated with LPS, and exposed to C. albicans at an MOI of 2:1 for 5h (A) or
an MOI of 1:5 for 24 h (C). LDH was measured from the supernatant and is
expressed as the percentage of maximum release as described in the legend to
Fig. 1. The metabolic activity of C. albicans present in the well at the end of the
coculture was measured using the XT'T assay (B and D). A standard curve from
wells containing known numbers of C. albicans yeast cells was used to calculate
the organism density, expressed as “standardized CFU/well” because the stan-
dard curve was generated using yeast, but organisms in experimental wells
were predominantly hyphae. Each experiment was performed at least three
times, and results of representative experiments are shown. Bar heights repre-
sent the mean results of technical replicates (n = 3), and error bars indicate
standard deviations. Data were analyzed by Student’s ¢ test: **, P < 0.001
compared to control. For panel B, the P value is 0.096 for comparison of wells
containing C. albicans and macrophages with and without glycine. For panel
D, the P value is 0.52 for the same comparison.

growth of the coculture at our standard MOI. Macrophages ap-
pear to undergo pyroptosis early during infections with intracel-
lular bacteria, while other mechanisms of cell death become
important at later time points (31). To determine if a similar shift
in mechanism occurs in C. albicans-induced macrophage lysis, we
compared lysis in BMDM derived from wild-type and caspl '~
mice over time (Fig. 4A). At the standard MOI of 2:1, there is a
clear difference in the extent of macrophage lysis between
caspl™'~ and wild-type mice up to 9 h of exposure; at 12 and 24 h,
macrophage lysis is independent of caspase-1.

One potential explanation for this observation is that the fun-
gal burdens within the cocultures overwhelm the macrophages,
leading to extensive, nonpyroptotic lysis. To test this possibility,
we carried out time course experiments at different MOlIs. In or-
der to easily compare the data from different MOI at the various
time points, we determined the ratio of lysis in caspl '~ macro-
phages to that in wild-type macrophages and plotted the data as a
percentage of caspase-1-dependent lysis (Fig. 4B). At all MOls,
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FIG 4 Caspase-1-independent macrophage lysis occurs at later time points and/or higher organism burdens. (A) Bone marrow-derived macrophages (BMDM)
from C57BL/6 (WT) or caspase-1-deficient (caspl ') mice were prestimulated with LPS for 2 h and then exposed to C. albicans at an MOI of 2:1 for 5 h. LDH
was measured from the supernatant and is expressed as the percentage of maximum release as described in the Fig. 1 legend. Each experiment was performed at
least three times, and results of representative experiments are shown. Bar heights represent the mean results of technical replicates (n = 3), and error bars
indicate standard deviations. (B) The percentage of caspase-1-dependent cell lysis was calculated as 100 X [100 — (result for caspl '~ BMDM)/(result for WT
BMDM)]. Data points represent the means and error bars indicate the propagated errors as calculated from the original standard deviations. Data were analyzed
by Student’s f test: **, P < 0.001 compared to control. (C) Parallel samples were cocultured in 8-well chamber slides. At the end of the exposure, slides were rinsed
once with PBS and once with distilled water, allowed to dry, and then Gram stained. Photomicrographs of representative fields are presented. The experiment was

performed twice; results were similar for the two experiments.

caspase-1-dependent lysis was predominant at 3 h. For the highest
MOI (10:1), caspase-1-independent lysis was operative by 6 h,
whereas for the lowest MOI (1:2), the switch from caspase-1-de-
pendent to -independent lysis did not occur until 24 h. To illus-
trate the differences in organism burden associated with the MOIs
examined, samples of macrophages that were inoculated with
MOIs of 10:1, 2:1, and 1:2 were Gram stained after 6 h of cocul-
ture; the resulting photomicrographs are shown in Fig. 4C. After 6
h of exposure, pyroptosis remains the predominant mechanism of
macrophage lysis in samples inoculated at an MOI of 2:1 or 1:2
despite the formation of extensive hyphae and apparently robust
organism burden as revealed by Gram staining. At 6 h, only mac-
rophages that were inoculated with an MOI of 10:1 demonstrate
substantial nonpyroptotic lysis. In these samples, the Gram stain
shows that the macrophages are almost completely overgrown by
a dense network of C. albicans hyphae. Thus, these data indicate
that pyroptosis occurs at low to moderate levels of organism bur-
den whereas lysis independent of pyroptosis dominates if the ini-
tial inoculum is high or if the infection is allowed to proceed suf-
ficiently to allow high levels of organism replication.
Polymorphic yeasts are stronger inducers of pyroptosis than
are nonfilamentous yeasts. In order to characterize C. albicans-
induced pyroptosis in more detail, we asked whether the process
required live yeast and if it was dependent upon filamentation.
First, we determined if pyroptosis required live organisms. To do
so, we exposed J774 cells to live, heat-killed, and UV-inactivated
C. albicans. Neither heat-killed C. albicans yeast nor UV-inacti-
vated yeast triggered detectable macrophage lysis; as expected,
heat-killed and UV-inactivated C. albicans also induced only low
levels of IL-1R production (Fig. 5A). C. albicans rapidly undergoes
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morphogenetic transition to form hyphae and pseudohyphae
(32). Thus, one possible explanation for these data is that pyrop-
tosis is associated with filamentous growth of C. albicans.

Our previously published data demonstrated that formation of
hyphae alone is not sufficient to trigger macrophage lysis or IL-13
production (15). In addition to changes in the physical morphol-
ogy, hyphae possess a number of cellular characteristics that differ
from the yeast form which could trigger inflammasome activa-
tion. To further investigate the role of filamentous growth in
yeast-induced pyroptosis, we compared the responses of J774A.1
cells to various Candida spp. with different abilities to undergo
polarized growth (Fig. 5B). Joly et al. had previously shown that C.
krusei induced IL-1p secretion, although at lower levels than did
C. albicans (6). In contrast, C. glabrata triggered essentially no
IL-1p production. Both the C. albicans strain SN250, used as the
reference strain in this work, and the well-studied C. albicans lab-
oratory strain SC5314 readily provoked pyroptosis at MOIs of 2:1
and lower (Fig. 5B and data not shown). At an MOI of 2:1, C.
krusei induced approximately 4-fold less pyroptosis than did C.
albicans; at a substantially increased MOI (20:1), C. krusei induced
slightly more lysis than did C. albicans at an MOI of 2:1. Thus, C.
krusei is capable of triggering pyroptosis, although it is not as
strong an inducer as C. albicans. Interestingly, the macrophage
lysis induced by C. krusei was almost completely suppressed by
glycine, suggesting that almost all of the cell death occurring in
response to C. krusei is due to pyroptosis. These data are particu-
larly interesting because C. krusei is one of the few non-albicans
Candida spp. that are able to form filaments of any type; C. krusei
forms pseudohyphae, not true hyphae, in macrophages (33). The
ability of Candida species to trigger IL-1B production also corre-
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FIG 5 Yeasts that filament are stronger inducers of pyroptosis. (A) J774 macrophages were prestimulated with LPS for 2 h and then exposed to live, heat-killed,
or UV-inactivated C. albicans at an MOI of 2:1 for 5 h. LDH (blue) and IL-1p (red) were measured from the supernatant of the coculture as described for Fig. 1.
(B) LPS-stimulated J774 macrophages were exposed to the indicated Candida species at an MOI of 2:1 or 20:1 for 5 h and analyzed for LDH release as described
for Fig. 1. (C) LPS-stimulated J774 macrophages were exposed to C. albicans (SN250) or S. cerevisiae (BY4741 and HLY335) at an MOI of 2:1 or 20:1 for 5 h, and
LDH activity of the supernatant was determined as described for Fig. 1. Each experiment was performed at least three times, and results of representative
experiments are shown. Bar heights represent the mean results of technical replicates (n = 3), and error bars indicate standard deviations. Data were analyzed by
Student’s ¢ test: **, P =< 0.001 compared to control; ¥, P =< 0.05 compared to control. UND, undetectable.

lated with their ability to induce macrophage lysis (data not
shown). Thus, although hyphal formation is not sufficient to trig-
ger pyroptosis, the ability of the non-albicans Candida species to
induce pyroptosis appears to be linked to their ability to form
hyphae or pseudohyphae within macrophages.

To explore this further, we also tested the ability of the model
yeast Saccharomyces cerevisiae to cause pyroptosis. Gross et al. had
previously shown that S. cerevisiae induced very low levels of
IL-1B secretion in mouse bone marrow-derived dendritic cells;
however, the specific strain was not identified (8). S. cerevisiae
strain BY4741, which is derived from the S288C background and
is not filamentous, induced very low levels of pyroptosis at both
high and low MOIs (Fig. 5C). In contrast, strain HLY335 (34),
which is derived from the filamentous %1278 background, did not
induce pyroptosis well at an MOI of 2:1 but triggered substantially
increased pyroptosis at an MOI of 20:1. Consistent with the be-
havior observed for C. krusei, the lysis induced by HLY335 is
highly sensitive to glycine suppression, indicating that pyroptosis
contributes to the vast majority of the observed macrophage lysis
(Fig. 5C). As with the non-albicans Candida species, this pattern
correlates well with the ability of these strains to undergo polar-
ized, pseudohyphal growth: S288C strains contain mutations that
prevent them from forming pseudohyphae (35), whereas 21278
strains are competent in polarized growth and are used regularly
in the study of pseudohyphal formation (36). Thus, hyphal and
pseudohyphal phases of growth provide a much stronger trigger
for pyroptosis than does the yeast phase. Taken together with our
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previous data, these data indicate that while filamentation is not
sufficient to trigger pyroptosis, it may be necessary for pyroptosis
to occur.

Upc2 regulates the C. albicans factor(s) that induces pyrop-
tosis. In our previous work, we identified a set of mutants that
trigger altered levels of macrophage lysis and IL-1@ production
(15); presumably, this is caused by differences in their abilities to
trigger pyroptosis. Deletion of the transcription factor Upc2 leads
to decreased lysis and IL-1B production in J774 cells. Upc2 has
been well studied due to its role in regulation of ergosterol pro-
duction and, consequently, fluconazole resistance (22). To deter-
mine if Upc2 function also regulates the ability of C. albicans to
induce pyroptosis, we first asked whether the upc2A/A mutant
induces lower levels of pyroptosis (Fig. 6A). As observed previ-
ously, the upc2A/A mutant induced lower levels of macrophage
lysis than did the reference strain. When glycine was present, the
levels of lysis triggered by SN250 and the upc2A/A mutant were
quite similar, suggesting that the two strains do not differ in their
abilities to induce pyroptosis-independent lysis, or, in other
words, that the decrease in lysis induced by the upc2A/A mutant
relative to the wild type is nearly all attributable to differences in
the ability of the mutant to activate pyroptosis.

If Upc2 regulates processes required for C. albicans to induce
pyroptosis, then we hypothesized that increasing the activity of
Upc2 could increase pyroptosis. Gain-of-function alleles of UPC2
have been isolated in C. albicans strains resistant to fluconazole.
We obtained a pair of well-characterized C. albicans clinical iso-
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FIG 6 The C. albicans transcription factor Upc2 is important for induction of
pyroptosis. (A) J774 macrophages were prestimulated with LPS for 2 h and
then exposed to WT (SN250) or upc2A/A C. albicans at an MOI of 2:1 for 5 h
in the presence or absence of 5 mM glycine. LDH was measured from the
supernatant of the cocultures as described for Fig. 1. (B) LPS-stimulated ]J774
macrophages were exposed to C. albicans clinical isolate S1 or S2, as in panel A.
Each experiment was performed at least two times, and results of representa-
tive experiments are shown. Bar heights represent the means of technical rep-
licates (n = 3), and error bars indicate standard deviations. Data were analyzed
by Student’s t test: **, P < 0.001 compared to control; ##, P =< 0.001 comparing
S1 to S2 in the absence of glycine.

lates in which one isolate has a wild-type allele of UPC2 while the
second, obtained from the same patient but following treatment
with fluconazole, has a gain-of-function mutation in one allele of
UPC2 (22). As with the upc2A/A mutant, the two clinical isolates
triggered similar levels of lysis in the presence of glycine but the
isolates differed in the amount of lysis that could be ameliorated
by glycine (Fig. 6B). Thus, the UPC2/upc2°" strain was a stronger
inducer of pyroptosis than was its UPC2/UPC2 counterpart. As
expected, the UPC2/upc2°°" strain also produced higher levels of
IL-1B (data not shown). Thus, there is a direct correlation be-
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tween the level of Upc2 activity and the ability of C. albicans to
induce pyroptosis. Although we did not complement the upc2A/A
mutant, the converse phenotypes of upc2A/A and UPC2/upc29°F
strains in different strain backgrounds strongly indicate that the
UPC2 mutations are responsible for the observed differences in
pyroptosis induction.

While most studies of Upc2 function have focused on its role in
the regulation of ergosterol production, it may also regulate sev-
eral genes that are related to the cell wall (37). Several studies have
found that recognition of C. albicans 1,3-B-glucan by the lectin
receptor dectin-1 has a role in triggering pro-IL-1f transcription
and possibly in the processing of pro-IL-1{ into its mature form
(7, 38, 39). Our data with heat-killed organisms, which have in-
creased surface exposure of 1,3--glucan compared with that of
live organisms (40), suggest that 1,3-B-glucan recognition is not a
major trigger of pyroptosis in response to C. albicans (Fig. 5A). To
verify this, we assayed 1,3-B-glucan exposure in a set of C. albicans
mutants that we previously identified as having altered abilities to
trigger macrophage lysis and IL-1f production (15). Mutants
lacking the transcription factor AHRI or UPC2, which triggered
low levels of macrophage lysis, or those lacking NDT80 or RCAI,
which triggers normal or high levels of macrophage lysis, respec-
tively (Fig. 7A), had relatively normal surface 1,3-B-glucan expo-
sure compared to that of the wild type (WT) (Fig. 7B). In contrast,
the mutant lacking BCRI, a transcription factor that regulates
genes related to cell wall integrity in C. albicans (41), triggered
nearly normal levels of macrophage lysis (Fig. 7A) and had vari-
able but substantially increased 1,3-B-glucan exposure (Fig. 7B).
Thus, the ability of Candida to trigger pyroptosis cannot be ex-
plained by a simple increase in surface exposure of 1,3-B-glucan.
Rather, our data suggest that the role of Upc2 in induction of
pyroptosis is more likely due to its other effects on other aspects of
C. albicans physiology. Intriguingly, fatty acids (42) and sterols
(43) trigger NLRP3 inflammasome activation and Upc2 is a regu-
lator of lipid biosynthesis in C. albicans (37, 44); however, addi-
tional work will be required to identify the specific Upc2-regu-
lated molecules or processes that modulate the ability of C.
albicans to trigger the inflammasome.

DISCUSSION

Over the past decade, our understanding of macrophage re-
sponses to infection has blossomed. In particular, the identifica-
tion and characterization of the inflammasome-mediated pro-
grammed cell death pathway, pyroptosis, have shed substantial
light on the mechanisms through which macrophages respond to
intracellular bacteria such as Salmonella, Legionella, Yersinia, and
Listeria species (10, 11, 13, 17). Here, we have demonstrated for
the first time that a fungal pathogen, C. albicans, triggers pyrop-
tosis. This discovery represents a paradigm shift in our under-
standing of C. albicans-induced macrophage damage. Previously,
C. albicans-mediated damage to phagocytes was primarily attrib-
uted to its ability to physically disrupt the integrity of the cell by
converting from the round yeast form to the filamentous form.
Our work indicates that the mechanism of C. albicans-induced
macrophage damage is more complex. Specifically, we find that C.
albicans-induced lysis is primarily mediated by pyroptosis early in
the infection and/or when the MOI is low. Under these condi-
tions, the majority of macrophage lysis is dependent on the
caspase-1/NLRP3 inflammasome, although pyroptosis-indepen-
dentlysis also makes a contribution to the damage. Filaments of C.
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FIG 7 C. albicans-induced pyroptosis does not correlate with surface 1,3-f-glucan exposure. (A) Macrophage lysis data are from the work of Wellington et al.
(15) and are included in this figure for comparison to panel B. J774 macrophages were prestimulated with LPS for 2 h and then exposed to C. albicans WT (SN250)
or mutants at an MOI of 2:1 for 5 h. LDH was measured from the supernatant of the cocultures as described for Fig. 1. (B) Photomicrographs of bright-field or
Texas Red immunofluorescence of live C. albicans WT (SN250) or the indicated mutants incubated with a mouse monoclonal anti-1,3-B-glucan antibody
followed by Texas Red-conjugated goat anti-mouse secondary antibody. All images were taken with the same exposure settings and processed only to adjust

contrast. All images were processed identically.

albicans are well recognized to break the cell membrane of mac-
rophages and other phagocytes and escape into the tissue or cul-
ture medium. These observations led to the reasonable conclusion
that the physical disruption of the macrophage was directly linked
to cell death. In contrast to this model, the experiments described
here indicate that many macrophages have undergone pyroptotic
cell lysis well before the C. albicans hyphae disrupt the cell mem-
brane and are essentially “dead men walking.” Thus, we propose
that C. albicans destruction of the macrophage results from a com-
bination of NLRP3-mediated pyroptosis, physical destruction of
the cell, and potentially other NLRP3-independent mechanisms.
Previously, we identified C. albicans mutants that form hyphae
normally within macrophages but have a defect in their ability to
trigger macrophage lysis and production of IL-18 (15). This

February 2014 Volume 13 Number 2

strongly suggested that these mutants are deficient in the ability to
induce pyroptosis. In the current study, we determined that the
upc2A/A mutant is, in fact, deficient in its ability to trigger pyrop-
tosis despite normal filamentation. Thus, the physical formation
of hyphae is not sufficient cause for the macrophage to undergo
pyroptosis. However, we have demonstrated here that yeast spe-
cies that form hyphae or pseudohyphae within macrophages are
much stronger inducers of pyroptosis than are species that are
limited to growth as yeast, suggesting that polarized growth is
necessary for pyroptosis. Therefore, we suspect that a physiologic
process that is at least partially dependent upon the transcription
factor Upc2 and that occurs during polarized growth is the trigger
for pyroptosis. The finding that S. cerevisiae strain HLY335 is ca-
pable of triggering pyroptosis, albeit at a high MOI, opens this
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topic to investigation using the robust techniques of S. cerevisiae
genetic analysis. Our data are most consistent with a model by
which filament formation is necessary but not sufficient for C.
albicans-mediated activation of the NLRP3 inflammasome and
pyroptosis.

Gain-of-function alleles of UPC2 (UPC2/upc2°°") have been
identified in clinical isolates that are fluconazole resistant (22). We
found that a strain with this mutation triggers increased levels of
pyroptosis in macrophages but similar levels of glycine-suppress-
ible lysis, further supporting the notion that Upc2 regulates the
expression of genes that play an important role in the activation of
the NLRP3 inflammasome and pyroptosis. Recently, Lohberger et
al. have shown that UPC2 gain-of-function mutants have de-
creased virulence in vivo (45). Importantly, the decreased viru-
lence of the UPC2 gain-of-function mutants is not related to de-
fects in growth or fitness in vitro. At this time, the basis for the
decreased fitness of the UPC2 gain-of-function mutant in vivo
remains unknown; however, our observations suggest that in-
creased pyroptosis could contribute to this phenomenon. Inter-
estingly, Lohberger et al. also found that UPC2 gain-of-function
mutants showed a delay in their ability to form filaments in mac-
rophages (45). Thus, the UPC2/upc2“°" mutant has a decreased
propensity to filament and an increased ability to trigger pyropto-
sis and is consistent with our model that pyroptosis is not simply
due to filament formation within the phagolysosome. However,
we have not yet found a mutant that is unable to filament and yet
retains its ability to trigger pyroptosis. Therefore, the available
data are most consistent with C. albicans filamentation being po-
tentially necessary but clearly not sufficient for pyroptosis.

Although pyroptosis is induced by a variety of infectious and
noninfectious stimuli (10, 11, 13), the infectious stimulus which
has been most extensively characterized is intracellular bacteria
(17). Pyroptosis plays two crucial roles in the immune response to
intracellular bacteria. First, cytokine production recruits addi-
tional phagocytes to the site of infection, and second, macrophage
lysis prevents bacteria adapted to survival in the phagolysosome
from replicating within this immunologically protected niche. As
a result of this second function, pyroptosis is important for clear-
ance of intracellular bacteria in vivo even in the absence of IL-13/
IL-18 production (46). Although C. albicans replicates within and
escapes from the macrophage phagolysosome (14), it is not gen-
erally considered an intracellular pathogen in the same sense as
bacteria such as Salmonella and Legionella or fungi such as Cryp-
tococcus neoformans or Histoplasma capsulatum. In vitro, bacteria
that are professional intracellular pathogens replicate more effi-
ciently within macrophages that are unable to undergo pyroptosis
than within wild-type macrophages. In contrast, we found that
suppressing macrophage pyroptosis with glycine had no effect on
C. albicans replication in vitro, despite a substantial decrease in
macrophage lysis. Similarly, Lohberger et al. found that the UPC2
gain-of-function strains replicated within macrophages in vitro
similarly to wild-type controls (45). Nevertheless, pyroptosis may
play an important role in organism clearance in vivo, a possibility
partially supported by the fact that the UPC2 gain-of-function
mutant is less fit in vivo. Alternatively, pyroptosis could lead to the
release of both cytokine and noncytokine mediators of inflamma-
tion and facilitate the recruitment of other components of the
immune system to the site of infection (47). Thus, the cell lysis that
accompanies pyroptosis may serve not to limit replication but to
augment the inflammatory response to C. albicans infection. Fi-
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nally, it is also possible that C. albicans-mediated pyroptosis rep-
resents an immune evasion mechanism. However, this seems less
likely since ASC-, caspase-1-, and IL-1B-deficient mice have
higher organism burdens in mouse models of candidiasis and
since the UPC2 gain-of-function mutant is less virulent (7, 39).
However, additional studies will be required before a detailed un-
derstanding of the specific function of pyroptosis in the immune
response to C. albicans can be established.

Not all pathogenic Candida spp. appear to induce pyroptosis.
As such, we have uncovered a profound difference in the manners
by which these relatively closely related fungal pathogens interact
with the innate immune system. The two species of Candida that
trigger pyroptosis, C. albicans and C. krusei, both form hyphae or
pseudohyphae, and thus, this is an observation that is consistent
with filamentation playing a role in the process. Previous studies
of inflammasome activation had shown that an unspecified strain
of S. cerevisiae induced very low levels of IL-1B secretion. We
found that S. cerevisiae cells from a nonfilamentous background
induce essentially no pyroptosis, while a strain from the filamen-
tous %1278 background is able to trigger pyroptosis, albeit at low
levels. In addition, nearly all of the lysis induced by %1278 is due to
pyroptosis even though high MOIs are required. Although S.
cerevisiae is most closely related to C. glabrata, a stark difference in
their biology is that S. cerevisiae is filamentous while C. glabrata is
not. Consequently, S. cerevisiae is more like C. albicans and C.
krusei in its interaction with macrophages. Taken together, these
observations indicate that there are significant differences in the
ways that macrophages react to filamentous and nonfilamentous
pathogenic Candida spp.

In summary, we have demonstrated that the human fungal
pathogen C. albicans provokes the programmed cell death path-
way pyroptosis in macrophages, resulting in macrophage lysis and
production of IL-1B3/IL-18. Thus, we propose a refined model of
C. albicans-induced macrophage damage. In this model, (i) mac-
rophages encounter and ingest C. albicans, and (ii) the phagosome
environment triggers both filamentation and an additional fac-
tor(s) which together (iii) activate the NLRP3 inflammasome and
caspase-1, which (iv) trigger macrophage pyroptosis. Our data
indicate that filamentation is necessary but not sufficient to trigger
pyroptosis; furthermore, the additional C. albicans factor(s) re-
quired for pyroptosis is at least partially regulated by Upc2. The
elucidation of the function and mechanism of C. albicans-medi-
ated pyroptosis will lead to a deeper understanding of the interac-
tion between this important human fungal pathogen and the host.
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