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ABSTRACT The interaction of Candida albicans with the innate immune system is
the key determinant of the pathogen/commensal balance and has selected for ad-
aptations that facilitate the utilization of nutrients commonly found within the host,
including proteins and amino acids; many of the catabolic pathways needed to as-
similate these compounds are required for persistence in the host. We have shown
that C. albicans co-opts amino acid catabolism to generate and excrete ammonia,
which raises the extracellular pH, both in vitro and in vivo and induces hyphal mor-
phogenesis. Mutants defective in the uptake or utilization of amino acids, such as
those lacking STP2, a transcription factor that regulates the expression of amino acid
permeases, are impaired in multiple aspects of fungus-macrophage interactions re-
sulting from an inability to neutralize the phagosome. Here we identified a novel
role in amino acid utilization for Ahr1p, a transcription factor previously implicated
in regulation of adherence and hyphal morphogenesis. Mutants lacking AHR1 were
defective in growth, alkalinization, and ammonia release on amino acid-rich media,
similar to stp2Δ and ahr1Δ stp2Δ cells, and occupied more acidic phagosomes. Nota-
bly, ahr1Δ and stp2Δ strains did not induce pyroptosis, as measured by caspase-1-
dependent interleukin-1� release, though this phenotype could be suppressed by
pharmacological neutralization of the phagosome. Altogether, we show that C.
albicans-driven neutralization of the phagosome promotes hyphal morphogenesis,
sufficient for induction of caspase-1-mediated macrophage lysis.
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The fungus Candida albicans is a common human commensal which frequently
causes superficial and invasive opportunistic infections, such as oral thrush, vagi-

nitis, and disseminated candidiasis. Phagocytes, particularly macrophages and neutro-
phils, are the first line of defense against many microbial pathogens, including C.
albicans. The macrophage phagolysosome exposes the pathogens to multiple chal-
lenges, including oxidative, nitrosative, and nutritional stresses. Upon phagocytosis, C.
albicans adapts to the nutrient conditions by inducing alternative metabolic pathways,
such as the glyoxylate cycle, gluconeogenesis, and �-oxidation of fatty acids (1–5). C.
albicans metabolism plays a pivotal role in many other host niches: it governs fungal
susceptibility to stress conditions and antifungal drugs, the expression of key virulence
factors, and fungal vulnerability to innate immune defenses. Furthermore, some met-
abolic pathways are required for full virulence in animal models of candidiasis (2–4,
6–8), highlighting the importance of nutrient acquisition and assimilation to the
success of C. albicans as a commensal and infectious agent.

We and others have previously shown that upon utilization of alternative carbon
sources, such as amino acids, organic acids, and N-acetylglucosamine, C. albicans can
actively neutralize acidic environments (9–11). The metabolism of these nutrients is also
essential for neutralization of the macrophage phagosome, a process that contributes
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to hyphal growth and fungal escape from the phagocyte (8, 9). When C. albicans utilizes
amino acids as the sole carbon source, it generates excess ammonia that can raise the
extracellular pH from pH 4 to pH 7 to 8 in a matter of hours; some key factors in this
phenomenon have been identified via genetic and genomic approaches (8, 11). These
are enriched in functions related to amino acid uptake and catabolism and include the
SPS plasma membrane amino acid sensor; its regulatory target, Stp2p; a transcription
factor that controls expression of amino acid permeases; and a family of putative
ammonia transporters, at least two of which (Ato1 and Ato5) are required for the
neutralization of acidic environments (11–13). The stp2Δ mutant completely fails to
alkalinize in vitro and does not autoinduce hyphal morphogenesis (11). The ability of C.
albicans to utilize amino acids and modulate the phagosomal pH was also critical for
escape from the immune cells, since mutants defective in environmental alkalinization
remain in acidic phagosomes, fail to damage the host cells, and do not switch to the
hyphal form, a process restored upon pharmacological neutralization of the phago-
somes (8, 13). C. albicans cells lacking STP2 are also attenuated in virulence in a mouse
model of disseminated candidiasis, demonstrating that alteration of phagosomal pH is
an important virulence adaptation in this species (8).

It was long assumed that macrophage lethality resulted from physical disruption of
the cell caused by C. albicans hyphal extension, yet recent findings demonstrate that C.
albicans induces macrophage pyroptosis, a programmed cell death pathway, in a
manner only partially dependent on hyphal morphogenesis (14–16). The mechanism
remains unclear, but this is thought to be a two-step process in which C. albicans
stimulates pattern recognition receptors on the surface of the immune cell, activating
NF-�B and inducing expression of pro-interleukin-1� (pro-IL-1�) and/or pro-IL-18,
which results in inflammasome priming. Following engulfment of the fungal cell, a
second and yet unknown signal engages the NLRP3 inflammasome and the cysteine
protease caspase-1, which mediates the processing and secretion of mature forms of
IL-1� (14, 17, 18) and subsequent recruitment of additional immune cells. Caspase-1
activation also induces pyroptotic cell death of the macrophage, resulting in cell
swelling, DNA fragmentation, and the lytic release of intracellular inflammatory con-
tents. Evaluation of the intraphagosomal morphology of mutants inducing both low
and normal levels of IL-1� revealed that two genes, UPC2 and AHR1, encoding tran-
scription factors regulating ergosterol biosynthesis and expression of adhesins, respec-
tively, are impaired in IL-1� release but not in hyphal morphogenesis. On the other
hand, mutants with mutations in NDT80, encoding a transcription factor with multiple
roles in C. albicans, were deficient in hypha formation but induced normal IL-1� release.
Thus, there is some disconnect between morphology and pyroptosis, and the exact
signals and sequence of steps that lead to induction of pyroptotic cell death by C.
albicans remain unknown.

In this study, we investigated whether phagosomal neutralization plays a role in C.
albicans-driven macrophage pyroptosis. We demonstrate that the transcription factor
Ahr1p, involved in the expression of adhesins and induction of macrophage pyroptosis,
is required for alkalinization in vitro and during macrophage phagocytosis. Cells lacking
AHR1 have an alkalinization defect similar to that of the stp2Δ mutant, and the double
ahr1Δ stp2Δ mutant is not further compromised, suggesting that the two transcription
factors might act in the same pathway to drive alkalinization by C. albicans. Similar to
the previously reported stp2Δ phenotype, macrophage phagocytosis of ahr1Δ and
ahr1Δ stp2Δ mutant cells resulted in impaired hyphal morphogenesis and killing of the
immune cells, which were restored in phagosomes neutralized with the vacuolar
ATPase (vATPase) inhibitor bafilomycin A1 (BafA), demonstrating the importance of
neutral phagosomes for C. albicans-induced damage of the host cells. Finally, C. albicans
strains lacking genes involved in different steps of the alkalinization process displayed
defects in macrophage lysis and IL-1� release upon interaction with the immune cells,
a defect restored upon neutralization of the phagosome. Thus, our data indicate that
the ability of C. albicans to interfere with phagosomal maturation, in particular, by
maintaining a neutral pH in this organelle, is a key inducer of macrophage pyroptosis.
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RESULTS
Ahr1p is required for environmental alkalinization by C. albicans. A recent

article by Askew et al. (19) revealed that Ahr1p, a transcription factor which controls
adhesion, hyphal morphogenesis, and white-opaque switching in C. albicans (20),
interacts with STP2 and other genes involved in amino acid transport and utilization.
Thus, we were interested to understand in more detail the role of Ahr1p in carbon
metabolism and pH modulation in vitro and within the macrophage phagosome. We
tested growth and pH modulation in the ahr1Δ strain available in one of the C. albicans
deletion libraries (21). The cells lacking AHR1 had a defect comparable to that of the
stp2Δ library strain, revealing that Ahr1p plays an important role in the utilization of
amino acids. To verify the library strains, we constructed independent mutants lacking
Ahr1p (ahr1Δ) in the wild-type strain SC5314 background using the SAT1 flipper
method (22). Since the ahr1Δ strain had no notable phenotypes during growth on rich
medium (data not shown), we tested the newly developed strains for growth and pH
modulation on acidic amino acid-rich medium (yeast nitrogen base [YNB], 1% Casamino
Acids [CAA], pH 4.0). Cells lacking AHR1 were impaired in growth on amino acids
compared to the growth of cells of the wild-type and the complemented strains (Fig.
1A). The poor metabolism of amino acids was also reflected in the impaired ability of
the ahr1Δ mutants to neutralize the environment, reaching only pH 4.9 from a
beginning culture at pH 4.0, a significant defect compared to the metabolism of
wild-type and complemented ahr1Δ�AHR1 cells, in which the medium pH reached
about 7.5 (Fig. 1B). Interestingly, the growth and alkalinization defects of the ahr1Δ
strains were almost identical to those of cells lacking STP2. Thus, given the dramatic
phenotype and the predicted role of Ahr1p in the transport and utilization of amino
acids, we questioned if there is a connection between nutrient catabolic pathways and
the pH modulation controlled by Ahr1p and Stp2p. To address this, we generated
strains lacking both transcription factors (ahr1Δ stp2Δ) and assayed the strains for
growth and alkalinization on amino acids (Fig. 1A and B). The phenotype of the double
mutant was indistinguishable from that of cells lacking STP2.

C. albicans cells grown on amino acids release increasing amounts of ammonia as a
mechanism to neutralize the environment, a process abrogated in mutants that fail to
modulate the pH (8, 11–13). Thus, we assayed ammonia release by the newly con-
structed strains following growth on amino acids. The ahr1Δ and ahr1Δ stp2Δ mutants
failed to release ammonia after 72 h of growth on YNB medium with allantoin as the
nitrogen source (0.17% yeast nitrogen base, 0.5% allantoin) and 1% Casamino Acids as
the sole carbon source (YAC medium), pH 4.0, a phenotype comparable to that of the
stp2Δ negative-control strain (Fig. 1C). In contrast, the wild type and the strain with

FIG 1 C. albicans AHR1 is important for growth on amino acids and for in vitro pH neutralization. C. albicans strains were grown in YNB plus 1%
CAA, pH 4.0. (A) The growth of the cells was assessed by measuring the OD600 at the indicated time points. (B) The pH of the growing cultures
was measured. The experiment was performed in triplicate. (C) Ammonia release from strains grown on YAC medium, pH 4.0, was assessed as
described in Materials and Methods.

C. albicans Ahr1p Is Required for Alkalinization Infection and Immunity

February 2017 Volume 85 Issue 2 e00832-16 iai.asm.org 3

http://iai.asm.org


restored AHR1 released an average of 200 ppm ammonia into the environment. Thus,
Stp2p and Ahr1p seem to control in vitro alkalinization in a similar manner, suggesting
a shared functionality.

Ahr1p is required for alkalinization of the macrophage phagosome. Utilization
of amino acids is required for efficient macrophage damage by C. albicans, which, at
least in part, is linked to the ability to actively neutralize the macrophage phagosome
(8). Ahr1p also seems to be important for macrophage lysis, since ahr1Δ cells show a
significantly decreased release of lactate dehydrogenase (LDH) and IL-1� than the
wild-type control (23), but the reasons for this were not known. To investigate whether
this defect is related to alterations in phagosomal pH, we tested the ability of our strains
to undergo hyphal morphogenesis within J774A.1 murine macrophages. All of the
tested strains had comparable rates of phagocytosis (data not shown). After 1 h of
coculture, the ahr1Δ, stp2Δ, and ahr1Δ stp2Δ mutants showed significant defects in
hyphal morphogenesis, since the germination rates were 37%, 41%, and 32%, respec-
tively (Fig. 2A), whereas they were 68% for the wild-type cells and 77% for the
ahr1Δ�AHR1 cells. Further, the mutant cells that did initiate hyphal morphogenesis
formed shorter hyphae than the control strains (Fig. 2C). To quantitate this, we

FIG 2 Cells lacking AHR1 are defective in hyphal morphogenesis during phagocytosis. FITC-stained C. albicans
wild-type, ahr1Δ, ahr1Δ stp2Δ, ahr1Δ�AHR1, and stp2Δ strains were cocultured with J774A.1 macrophages for 60
min. Nonphagocytosed fungal cells were stained with calcofluor white, and then the cocultures were fixed and
imaged. The percentage of phagocytosed hyphae (A, B) and hyphal length (C, D) were scored as described in
Materials and Methods. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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calculated the length of the filaments by drawing a line from the middle of the cell to
the tip of the hyphal projection (see Materials and Methods) using SlideBook (version
6) software. Indeed, image analysis revealed that the stp2Δ, ahr1Δ, and ahr1Δ stp2Δ
mutants formed hyphae with average lengths of 10.5 �m, 10.9 �m, and 11.0 �m,
respectively, slightly shorter than the average 12.6-�m hyphal length of the wild-type
SC5314 strain. Interestingly, the complemented AHR1 strain formed longer hyphae, 14.9
�m on average, than the other strains. Hyphal morphogenesis of nonphagocytosed
cells was robust in all strains tested (data not shown). Altogether, these results
demonstrate that cells lacking AHR1 were impaired in hyphal morphogenesis.

Since the stp2Δ and ahr1Δ mutants have similar in vitro alkalinization and macro-
phage morphogenesis phenotypes, we hypothesized that Ahr1p would also be re-
quired for alkalinization of the phagosome. We have demonstrated that pharmacolog-
ical neutralization of the macrophage phagosome by bafilomycin A (BafA) restores
normal hyphal morphogenesis of the stp2Δ cells (8), so we asked whether this treat-
ment would allow ahr1Δ cells to form hyphae at a rate similar to that for wild-type cells.
To test this, we pretreated LysoTracker red (LR)-loaded macrophages with 50 nM BafA
30 min prior to addition of fluorescein isothiocyanate (FITC)-stained fungal cells and
visualized the cells after 1 h of coculture. The BafA treatment collapsed the pH gradient
across the phagosomal membrane (Fig. 3). More importantly, neutralization of the
macrophage phagosome fully restored the morphogenetic capacity of the ahr1Δ and
ahr1Δ stp2Δ cells, since the rate of hyphal growth was equal to that of the control
strains, which was in the range of 72.7 to 82.3%, on average (Fig. 2B). Addition of BafA
to the medium enhanced hyphal growth in all strains, for which the average length was
13.2 to 14.9 mm, which is longer than that of the wild-type strain in untreated
macrophages (Fig. 2D). Importantly, the pharmacological alkalinization of the phago-
some suppressed the hyphal growth differences in the mutant strains relative to the
control, indicating that the hyphal defects of the mutants are due to differences in
phagosomal pH.

To directly estimate phagosomal pH, we preloaded J774A.1 macrophages with the
acidophilic dye LR for 2 h prior to coculture, followed by addition of FITC-labeled C.
albicans cells. We used the intensity of the LR signal immediately next to the fungal cells
as a measure of the phagosomal pH (12), since it is inversely proportional to the pH in
our range of detection. As expected, the wild-type cells occupied a phagosome of
neutral pH, whereas stp2Δ mutant cells were found in acidic phagosomes, as were the
ahr1Δ and the ahr1Δ stp2Δ mutant cells (Fig. 3A). The ahr1Δ�AHR1 cells restored the
ability to modify the intraphagosomal pH (Fig. 3A). Representative images are shown in
Fig. 3B. Thus, Ahr1p is important for alkalinization of the environmental pH in vitro and
within the macrophage phagosome. Thus, the neutralization of the macrophage
phagosome significantly contributes to hyphal morphogenesis, and this effect is not
driven solely by Stp2p.

Phagosomal neutralization is important for C. albicans-induced macrophage
lysis. Hyphal morphogenesis of C. albicans within the macrophage phagosome con-
tributes to escape of the fungus from the immune cell (24). Since Ahr1p and Stp2p are
required for macrophage damage (8, 23), we questioned whether neutralization of the
phagosome plays a role in C. albicans-driven macrophage lysis. We measured the
release of LDH from infected macrophages as a proxy for cell death. Mutants lacking
AHR1 were significantly impaired in their ability to damage J774A.1 macrophages
(18.7% of the macrophages were killed by mutants lacking AHR1, whereas 52.6% of the
macrophages were killed by the wild-type strain), which was more pronounced than
that in the cells lacking STP2 (which caused 31.5% macrophage damage). These
differences were either completely (stp2Δ mutant) or partially (ahr1Δ mutant) sup-
pressed in cultures pretreated with BafA (Fig. 4A). BafA treatment did not further
increase the macrophage damage caused by the control wild type strains and strains
complemented in AHR1 and STP2. The double ahr1Δ stp2Δ mutant strain phenocopied
the ahr1Δ effect in terms of macrophage lysis in both the absence and presence of BafA
(Fig. 4A). These findings were further validated in bone marrow-derived macrophages
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(data not shown). Thus, these results demonstrate that the ability of C. albicans to evade
phagosomal acidification and induce hyphal growth is important for macrophage
killing, and although both Ahr1p and Stp2p are required in this process, Ahr1p may
have additional roles that contribute to macrophage damage.

Phagosomal neutralization by C. albicans induces caspase-1-dependent IL-1�
release. The proinflammatory cytokine IL-1� is released as a result of C. albicans-driven
NLPR3 inflammasome activation and has been used as a measurement of pyroptotic
cell death in the immune cells in response to many microbial pathogens, including C.
albicans (16, 23). Previous reports demonstrate that ahr1Δ mutant strains are defective
in triggering IL-1� release from stimulated macrophages (14, 23). Thus, given that the

FIG 3 Ahr1p is required for alkalinization of the macrophage phagosome. FITC-stained C. albicans
wild-type, ahr1Δ, ahr1Δ stp2Δ, ahr1Δ�AHR1, and stp2Δ strains were cocultured with LysoTracker red-
preloaded J774A.1 macrophages for 60 min and imaged. (A) To estimate the phagosomal pH, we
measured the LysoTracker red intensity as described in Materials and Methods. Results are reported as
mean values � SDs from triplicate experiments. ***, P � 0.001. (B) Representative images of cocultures
incubated in the absence (left) or presence (right) of the vATPase inhibitor BafA.
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ahr1Δ and stp2Δ strains behave similarly within macrophages, we decided to test the
ability of cells lacking STP2 to induce caspase-1-dependent IL-1� release. For this we
cocultured C. albicans strains with stimulated J774A.1 macrophages at a multiplicity of
infection of 3:1 for 5 h in the presence or absence of the caspase-1 inhibitor z-YVAD-fmk
(YVAD) and collected the medium to assess the IL-1� levels via enzyme-linked immu-
nosorbent assay (ELISA). As expected, wild-type cells induced IL-1� release (3.2 ng/ml),
whereas treatment with the YVAD caspase-1 inhibitor reduced the level of IL-1�

production by all of the C. albicans strains tested to below 0.5 ng/ml (Fig. 4B). Further,
our data agreed with the observations of Wellington et al. (14) that ahr1Δ is important
for pyroptosis, since macrophages cocultured with the mutant strain elicited an �60%
decrease in IL-1� release compared to the ahr1Δ�AHR1 strains (Fig. 4B). Interestingly,
coincubation of J774A.1 macrophages with the stp2Δ strain reduced IL-1� release by an
amount comparable to that achieved by coincubation with the ahr1Δ strain (Fig. 4B).
The double ahr1Δ stp2Δ mutant phenocopied both single mutants, demonstrating that
these transcription factors have similar functions in stimulating the release of the
proinflammatory cytokine from macrophages.

FIG 4 C. albicans strains defective in phagosomal neutralization fail to induce macrophage pyroptosis. C.
albicans wild-type strain SC5314 and ahr1Δ, stp2Δ, and ahr1Δ stp2Δ mutant and complemented strains
were pretreated or not with 50 nM BafA for 30 min. To calculate macrophage lysis, the C. albicans strains
were cocultured with the immune cells for 5 h in the absence (no treatment) or presence of a caspase-1
inhibitor (z-YVAD-fmk). The extracellular release of lactate dehydrogenase (A, C) and IL-1� (B, D) was
measured as described in Materials and Methods. The experiments were performed in triplicate. *, P � 0.05;
***, P � 0.001.
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The exact C. albicans factors triggering macrophage pyroptosis are currently un-
known, yet recent investigations revealed that the level of hyphal formation and
exposure of specific moieties on the fungal cell wall play a role in this process (14–16).
Since neutral pH is a potent morphogenetic signal in C. albicans and cell wall compo-
sition depends on the available carbon sources (25, 26), we explored if the effects of the
stp2Δ and ahr1Δ mutations on IL-1� release were related to the inability of the mutants
to prevent phagosomal acidification. For this purpose, we pretreated the J774A.1
macrophages with the vATPase inhibitor BafA to generate neutral phagosomes, fol-
lowed by addition of C. albicans strains. We noted that extended exposure to BafA
increased the levels of spontaneous LDH release from macrophages even in the
absence of C. albicans, so we adjusted our protocol to treat the cocultures with the
vATPase inhibitor for 1 h and then replaced the medium and continued the incubation
for 4 more hours. Addition of YVAD to the coculture completely inhibited LDH and
cytokine release, an effect that was not rescued by BafA treatment (Fig. 4C and D). Thus,
neutralization of the macrophage phagosome achieved by inhibition of the vATPase
blocks the caspase-1-mediated cell death induced by C. albicans.

With these data, we have correlated defects in phagosomal acidification to the
release of IL-1� in macrophages cocultured with C. albicans. While both Stp2 and Ahr1
regulate the ability of the fungus to neutralize environments, including the phago-
some, they are also transcription factors with potentially pleiotropic effects. We
have previously identified a number of mutations that alter alkalinization in vitro and in
macrophages (8, 11–13). To establish a broader linkage between fungus-driven
changes in phagosomal pH and IL-1� release, we measured macrophage lysis and
extracellular cytokine levels from J774A.1 macrophages cocultured with some of these
alkalinization-defective mutants in the presence or absence of the caspase-1 inhibitor
YVAD. We tested mutants with mutations in genes involved in different steps of the
alkalinization process: Ssy1p, an amino acid sensor; Ach1p, an acetyl coenzyme A
hydrolase involved in gluconeogenesis; Dur1,2p, an urea amidolyase that converts
amino groups into ammonia; and the putative ammonium transporter Ato5p. Overall,
the strains defective in alkalinization in vitro showed a reduced ability to trigger
macrophage lysis and IL-1� release compared to the strains complemented in the
corresponding gene or the wild-type SC5314 cells (Fig. 5 and S1). The only exception
was the ach1Δ mutant, which behaved similarly to the complemented ach1Δ�ACH1
strain (data not shown). For example, the levels of LDH and IL-1� released from
macrophages cocultured with the dur1,2Δ strain were reduced from �50% to 60%
relative to the levels released from macrophages cocultured with the wild-type control
(Fig. 5A and B). As previously noted, pharmacological neutralization of the phagosomes
resulted in very low levels of IL-1� release from all of the tested strains, and addition
of YVAD to the macrophages led to almost undetectable cytokine concentrations in the
supernatant (Fig. 5B). Since cells lacking DUR1,2 and ATO5, responsible for the gener-
ation and release of ammonia from the cells, respectively, had pronounced defects in
inducing caspase-1-mediated cell death, we conclude that the ability of C. albicans cells
to generate ammonia is important for inflammasome activation and macrophage cell
death.

DISCUSSION

In this study, we describe that Ahr1p, a transcription factor involved in adhesion and
hyphal morphogenesis, has a role in amino acid utilization and environmental alkalin-
ization very similar to that previously described for Stp2, a transcription factor that
regulates amino acid permeases. Further, mutants lacking these two transcription
factors have almost identical phenotypes, including roles in amino acid metabolism,
interaction with macrophages, and neutralization of amino acid-rich medium in vitro
and within the macrophage phagosome. Double ahr1Δ stp2Δ mutant cells have
phenotypes similar to those of the single mutant cells, suggesting that these two
transcription factors function in the same pathway. Both proteins are required for
pH-dependent hyphal morphogenesis during phagocytosis, since fewer cells formed
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hyphae in acidic phagosomes than neutralized phagosomes. Ahr1p is required for
inflammasome-driven macrophage cell death, and other C. albicans mutants defective
in alkalinization in vitro are also impaired in IL-1� release from infected macrophages
(Fig. 6). Thus, our results suggest that neutralization of the phagosome by C. albicans
is an important signal in activating the macrophage NLRP3 inflammasome.

Many host niches are glucose-limited environments that contain complex mixtures
of alternative carbon sources. Amino acids are abundant in certain host niches, such as
the oral cavity and the macrophage phagosome, and C. albicans has an expanded
family of secreted aspartic proteases, amino acid permeases, and oligopeptide trans-
porters that participate in the acquisition of this nutrient (27–31). Genomic evidence
had previously suggested a role for Ahr1p in amino acid utilization (19). Here we
demonstrate that cells lacking AHR1 grow poorly on amino acids as the sole carbon
source and fail to neutralize the medium upon growth on this nutrient. We speculate
that Ahr1p regulates the expression of Stp2p, based on the localization of Ahr1p on the
STP2 promoter and the very similar phenotypes of the single and double mutants;
however, Stp2 is also posttranslationally regulated via a proteolytic cleavage event
directed by the SPS amino acid sensor (13, 32). In our future work, we will focus on
understanding whether the role of Ahr1p in amino acid metabolism is by direct
interaction with the genes required for their assimilation or it is mediated by other
factors.

Nutrient limitation within the host is a common strategy to reduce pathogen

FIG 5 Alkalinization of the phagosome by C. albicans is required for macrophage killing and induction
of pyroptotic cell death. C. albicans SC5314 and the ssy1Δ, dur1,2Δ, and ato5Δ mutants and their
complemented strains were cocultured with J774A.1 macrophages for 5 h in a 96-well plate in the
presence or absence of the caspase-1 inhibitor z-YVAD-fmk. Some of the wells were pretreated with 50
nM BafA for 30 min prior to coculture. The vATPase inhibitor was removed after 1 h of coculture, and all
of the cultures were incubated for an additional 4 h. Macrophage lysis (A) and the release of IL-1� (B)
were assessed as described in Materials and Methods. The experiments were performed in triplicate.
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growth. Transcriptomics data have established that certain host niches, including but
not limited to phagocytic cells, are glucose poor and suggest that alternative carbon
sources, including proteins, amino acids, carboxylic acids (e.g., lactate), and fatty acids,
are present (33–35). Metabolic pathways that are essential for the assimilation of these
nutrients, such as gluconeogenesis and the glyoxylate cycle, are required for full
virulence (1–3, 8, 33). Some of these same mutations compromise the ability of C.
albicans to escape from the immune cells (8, 36, 37). Indeed, we have shown that strains
defective in the utilization of amino acids cannot neutralize the phagosome and
germinate less readily, which are reflected by the improved clearance by the macro-
phages (8, 12, 13). Thus, the ability of C. albicans to adapt these pathways to alter the
extracellular environment and undergo hyphal morphogenesis in certain host niches
might directly contribute to survival in vivo.

It was long believed that macrophage lysis was caused by physical disruption by C.
albicans filaments, since both killed or inactivated yeast cells and mutant strains locked
in the yeast form trigger minimal levels of macrophage lysis (14, 38–40). However,
recent investigations have begun to disconnect macrophage death from hyphal
growth and have provided evidence that C. albicans-containing macrophages initiate
pyroptotic cell death via the NLRP3 inflammasome, leading to release of the proin-
flammatory cytokines, such as IL-1�. Several studies have identified key factors, includ-
ing Ahr1p, that play a role in this process. Here we link IL-1� release, phagosomal pH,
and nutrient utilization via Stp2 and Ahr1, as well as several other proteins known to
mediate extracellular alkalization. Thus, here for the first time we show that phago-
somal neutralization can trigger programmed cell death mechanisms. It may be that
the macrophage responds to aberrant phagosomal pH homeostasis by activating the
NLRP3 inflammasome, leading to pyroptosis; alternatively, inflammasome activation
may result from the hyphal growth induced by the neutral pH environment. Recent
work from O’Meara et al. has suggested that hyphal growth is not required for
macrophage lysis (16), so we favor a model in which pH is the driving factor, but further
studies will be needed to test this hypothesis.

FIG 6 Phagosomal neutralization triggers C. albicans-driven macrophage pyroptosis. Upon interaction with mac-
rophages, C. albicans cells trigger activation of the NLRP3 inflammasome and expression of pro-IL-1�. Within the
phagosome, the fungal cell takes up amino acids (AA), metabolizes them, and expels NH4

� into the phagosomal
milieu, a process that is dependent on the transcription factors Stp2p and Ahr1p. This results in neutralization of
the phagosome and hyphal morphogenesis, with the latter contributing to membrane distention and the loss of
immune cell integrity. LDH and the proinflammatory cytokine IL-1� are released from the cell and serve as a danger
signal to uninfected macrophages to react to infection. Most of the phagocytosed cells defective in pH modulation,
such as cells of the ahr1Δ stp2Δ mutant, reside in acidic phagosomes in yeast form, fail to activate the
inflammasome, and are cleared more readily by the macrophages. These cells restore the ability to form hyphae
and to damage the immune cell upon pharmacological neutralization of the phagosome with the vATPase inhibitor
bafilomycin A.
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Previous work has linked aberrations in pH homeostasis to immune cell death:
extracellular acidosis triggers the pH-dependent secretion of mature IL-1� from cul-
tured human macrophages via a mechanism involving cellular potassium depletion and
inflammasome activation, while an alkaline external pH strongly inhibits either the
NLRP3 inflammasome assembly or an upstream event (41). Phagosomal pH also
appears to be important for IL-1� production in response to phagocytosed pathogens:
blockage of the lysosomal H� ATPase system or inhibition of cathepsin B resulted in
lower levels of IL-1� release in response to Listeria monocytogenes challenge, suggest-
ing the importance of phagosome maturation and integrity. Other reports demonstrate
that macrophages treated with agents that prevent acidification of the phagosome,
including BafA, induce the release of IL-1� from affected cells and this improves the
clearance of the fungal pathogen Cryptococcus neoformans (42). Caspase-1 also func-
tions to reduce the pH of phagosomes containing Gram-positive bacteria, such as
Staphylococcus aureus, as a part of the host defense (43). Thus, pH plays an important
role in host inflammatory responses, including pyroptosis.

Here we demonstrate that BafA blocks IL-1� secretion by macrophages challenged
with C. albicans, but it is not clear whether the observed effect is due to inhibited
inflammasome activation, blocked phagosome maturation, or other factors. The results
suggest that BafA effects are upstream of caspase-1, since addition of the vATPase
blocks pyroptotic cell death in macrophages cocultured with the fungus and caspase-1
inhibitors have no further effect. We speculate that pharmacological neutralization of
the phagosome disrupts the maturation of phagosomes containing the fungus, inflam-
masome activation driven by C. albicans, or both. Indeed, BafA treatment shifts C.
albicans-induced death to other mechanisms, such as physical rupture following hyphal
growth, lysosome-mediated cell death, or apoptosis. Neutralization of the macrophage
by the fungal pathogen, on the other hand, occurs in mature phagolysosomes and
results in hyphal morphogenesis-triggered IL-1� release. Whether the NLRP3 inflam-
masome is activated in response to pH-sensitive factors is yet to be determined.

Pyroptosis is a lytic cell death pathway in which the infected macrophages deprive
intracellular pathogens of a potentially protective niche, including intracellular nutri-
ents, while recruiting additional immune effectors (44), and many bacterial pathogens
have developed mechanisms to modulate inflammasome activation. For example,
Mycobacterium tuberculosis inhibits inflammasome activation by secreting the zinc
metalloprotease Zmp1 (45), while the facultative zoonotic intracellular pathogen Fran-
cisella tularensis suppresses this process via the lipid/polysaccharide transporter protein
MviN (46, 47). Virulent C. albicans strains, on the other hand, have a completely different
strategy since they trigger pyroptotic cell death upon phagocytosis. This could be due
to the transient interaction of the fungal pathogen with the macrophages, which
results in rupture of the immune cell and release of the intracellular contents, an event
that inevitably triggers activation of immune responses. Therefore, the strategy of C.
albicans might be to trigger various cell death mechanisms, including pyroptosis, in
order to expedite host cell destruction. How and if this contributes to survival in the
host are yet to be determined.

MATERIALS AND METHODS
Strains and growth media. C. albicans strains were propagated under standard conditions in yeast

extract-peptone-glucose (YPD) medium (1% yeast extract, 2% peptone, 2% glucose) and are described
in Table S1 in the supplemental material. For growth on plates, 2% agar was added to the medium. To
select for nourseothricin (Nou)-resistant (Nour) transformants, 200 �g/ml of nourseothricin (Werner
Bioagents, Jena, Germany) was added to the YPD agar plates (22). Alkalinization experiments were
performed in minimal yeast nitrogen base (YNB) medium (0.17% yeast nitrogen base, 0.5% ammonium
sulfate) prepared without glucose and supplemented with 1% Casamino Acids as the sole carbon source.
Alkalinization on solid medium was performed in YNB medium with allantoin as the nitrogen source
(0.17% yeast nitrogen base, 0.5% allantoin) and 1% Casamino Acids as the sole carbon source (YAC
medium) plus 2% agar. J774A.1 macrophages were maintained in RPMI medium with glutamine and
HEPES supplemented with penicillin-streptomycin and 10% inactivated fetal bovine serum. Measurement
of intraphagosomal pH was performed in J774A.1 macrophages, which were maintained in phenol
red-free RPMI medium with glutamine and HEPES supplemented with 10% inactivated fetal bovine
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serum. Assessment of macrophage lysis and release of IL-1� was performed entirely in phenol red-free
RPMI medium with glutamine and HEPES, stimulated overnight with 100 mg/ml lipopolysaccharide (LPS).

Strain construction. C. albicans strains lacking AHR1 were generated using the SAT1 flipper method
(22). In short, approximately 300 bp of homologous sequence immediately to the 5= or 3= of the STP2
open reading frame (ORF) was amplified by PCR and cloned, using an overlap PCR approach, between
the ApaI/XhoI and SacII/SacI sites of pSFSII, respectively. The resulting SAT1-FLP cassette was used to
transform C. albicans SC5314 and stp2Δ (strain SVC17) cells by electroporation with selection on
YPD-Nou. Genomic DNA was isolated, and cassette integration into the selected candidates was
confirmed via PCR. To eliminate the nourseothricin selection marker, the mutant strain was induced in
YNB medium supplemented with 1% maltose overnight, and the nourseothricin-sensitive (Nous) colonies
were selected. This process was repeated to generate two independent homozygous disruptants of the
AHR1 gene in a wild-type background, SVC22 and SVC23 (ahr1Δ::FTR/ahr1Δ::FTR), and in the stp2Δ strain
background, SVC25 and SVC26 (ahr1Δ::FTR/ahr1Δ::FTR/stp2Δ::FTR/stp2Δ::FTR/stp2Δ::FTR).

Complementation of the mutant strain was performed by cloning the entire AHR1 ORF into the ApaI
and XhoI sites of pAG6, a SAT1-marked version of CIp10. This plasmid was linearized with StuI and used
to transform ahr1Δ mutant cells to generate strain SVC27 (RPS10/rps10::CIp10-AHR1-SAT1).

Alkalinization and ammonia release assays. Alkalinization experiments were performed as previ-
ously described (8, 12) in YNB medium, pH 4.0, with 1% Casamino Acids as the sole carbon source. C.
albicans cells were grown in YPD medium overnight, washed, and diluted to an optical density at 600 nm
(OD600) of 0.2 in the alkalinization medium. Cells were incubated at 37°C with aeration for up to 24 h.
Growth was measured via determination of the OD600, and the culture pH was measured using a
standard pH electrode.

Ammonia release by C. albicans cells was assessed via an acid trap assay as previously described (12).
In brief, cells were grown in rich medium overnight, washed in distilled H2O, and resuspended to an
OD600 of 1.0. Five microliters from the cell suspensions was spotted onto solid YAC medium, pH 4.0.
Reservoirs containing 10% citric acid were affixed to the petri dish lid directly underneath the colonies.
Cells were incubated at 37°C, and samples from the acid trap were collected at the indicated times.
Ammonia was quantified using Nessler’s reagent. Experiments were performed at least in triplicate, and
the data were analyzed using Prism (version 5.0; GraphPad) software.

Hyphal morphogenesis of phagocytosed C. albicans cells. To assess the interaction of single C.
albicans cells with the macrophages, we seeded 5 � 105 J774A.1 macrophages to glass coverslips in a
12-well plate and incubated them overnight in RPMI medium at 37°C in 5% CO2. C. albicans cells were
grown in YPD medium overnight, diluted 1:100 in fresh YNB medium, and grown for 3 h at 30°C. Cells
were then washed in distilled water, resuspended in phosphate-buffered saline (PBS), and stained with
1 �M FITC-concanavalin A for 15 min, followed by extensive washing in PBS. C. albicans cells were
cocultured with the macrophages at a 1:1 ratio at 37°C for 90 min. Nonphagocytosed C. albicans cells
were stained with 35 �g/ml calcofluor white, followed by three washes with PBS to remove the excess
dye. The cocultures were then fixed with 2.7% paraformaldehyde for 20 min at room temperature.
Images of the Candida-macrophage interaction were taken using an Olympus IX81 automated inverted
microscope. The cellular morphology of the C. albicans cells was scored manually (by counting the
number of yeast cells versus the number of germinated cells). To calculate the hyphal length, we used
SlideBook (version 6.0) software, where we drew a line from the middle of the cell to the tip of the
emerging hyphae. At least 50 cells per strain were scored. Results from at least 3 experiments were
analyzed using a one-way analysis of variance (ANOVA) paired with Tukey’s multiple-comparison test
using Prism (version 5.0) software.

Macrophage lysis and IL-1� release assays. C. albicans-induced macrophage lysis was assessed by
measuring the release of lactate dehydrogenase (LDH) using a CytoTox96 kit (Promega) as previously
described (8). Briefly, J774A.1 macrophages were seeded at 2.5 � 105 cells per well of a 96-well plate in
RPMI medium containing 50 ng/ml LPS and incubated overnight at 37°C in 5% CO2. Then, the medium
was replaced by phenol red-free RPMI medium with or without 100 �M the caspase-1 inhibitor
z-YVAD-fmk (APExBIO, Houston, TX) and the macrophages were incubated for 2 h. C. albicans cells were
grown to log phase in YNB medium, washed in PBS, and cocultured with macrophages at a 3:1 ratio for
5 h. The vATPase inhibitor BafA was added at a final concentration of 50 nM 30 min prior to coculture
and removed at 1 h of coculture, where indicated above, followed by incubation in BafA-free medium.
At the end of the 5-h coculture period, a 40-�l aliquot of the culture supernatant from each well was
transferred into a 96-well plate for analysis of LDH release and another 40-�l aliquot was transferred into
a separate 96-well plate to be analyzed further for IL-1� release using a ReadySetGo ELISA kit (eBiosci-
ence, San Diego, CA). Samples for cytokine analysis were frozen at �20°C until use. The IL-1� concen-
tration in the coculture supernatants was determined according to the manufacturer’s protocol. The
amount of LDH released by infected macrophages relative to the maximum amount of LDH released
from lysed macrophages was then calculated according to the manufacturer’s protocol and corrected for
the amount of LDH spontaneously released by the macrophages or C. albicans alone. The experiment
was performed in triplicate, and the data were analyzed with a one-way ANOVA paired with Tukey’s
multiple-comparison test using Prism (version 5.0) software.

LR assays. LysoTracker red (LR) assays were performed as previously described (12), with the
following modifications. J774A.1 macrophages were seeded onto glass coverslips in 12-well tissue
culture plates at 5 � 105 cells/ml and allowed to adhere overnight at 37°C in 5% CO2. Next, 50 nM LR
DM99 (Molecular Probes) was added to fresh RPMI medium, and the mixture was incubated for 2 h. The
vATPase inhibitor BafA was added to the macrophages at a final concentration of 50 nM 30 min prior to
the coculture, where indicated above. C. albicans cells were grown overnight in YPD medium, diluted
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1:100 in fresh YNB medium, and grown for 3 h at 30°C. Cells were then washed in PBS, stained with 1
�M FITC for 15 min, and washed in PBS to remove excess dye. Cells were diluted to 1 � 106 cells/ml in
phenol red-free RPMI medium without serum and cocultured with macrophages for 60 min. Cultures
were stained with calcofluor white (35 �g/ml for 30 s) to label nonphagocytosed cells, washed
extensively in PBS, and then fixed in 2.7% paraformaldehyde. The cocultures were then imaged at �60
magnification. To estimate the relative phagosomal pH, the signal intensities of both FITC and tetram-
ethyl rhodamine isocyanate (TRITC) were plotted along a line drawn transversely across the short axis of
the cell using SlideBook (version 6.0) software. The average LR signal intensity was calculated for a region
of 10 pixels (1 �m) immediately outside the fungal cell, whose boundary was determined by the slope
of the FITC signal. The results from 3 independent experiments, each consisting of least 50 cells per
condition, were plotted in a box-and-whiskers plot, where the boxes were set at 25 to 75% and the
whiskers were set at 5 to 95%. The plotted data were analyzed using a one-way ANOVA with Tukey’s
multiple-comparison test.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/
IAI.00832-16.

TEXT S1, PDF file, 0.2 MB.
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