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ABSTRACT Host phagocytic cells are crucial players in initial defense against Can-
dida albicans infection. C. albicans utilizes MAP kinases and Ras1 stress response sig-
naling pathways to protect itself from killing by immune cells. In this study, we
tested the importance of these pathways in C. albicans phagocytosis by neutrophils
and subsequent phagosomal survival. Phagocytosis was influenced by C. albicans
morphology, so hyphal length of >10 um reduced the phagocytic index (Pl) 2- to
3-fold in human neutrophils. Primary human neutrophils killed 81% of phagocytosed
C. albicans, while primary mouse neutrophils killed 63% of yeasts. We found that
both the C. albicans Cek1 and Hog1 pathways were required for survival of phagocy-
tosed yeast, whereas deletion of C. albicans RAS1 resulted in an 84% increase in sur-
vival within neutrophils compared to that of the wild type (WT). The absence of
Ras1 did not alter reactive oxygen species (ROS) production by C. albicans; however,
phagocytosed C. albicans A/Aras1 cells reduced ROS release by neutrophils by 86%.
Moreover, C. albicans A/Aras] cells had increased resistance to hydrogen peroxide as
a result of high levels of catalase activity. This phenotype was specific to Ras1, since
these effects were not observed in the absence of its partner Cyr1 or with its down-
stream target Efg1. In addition, C. albicans A/Aras1 cells had a significantly increased
resistance to nonoxidative killing by human neutrophil peptide 1 (HNP-1) that was
reversed by restoring cellular cAMP levels. These data show that C. albicans Ras1 in-
activation leads to fungal resistance to both oxidative and nonoxidative mechanisms
of neutrophil phagosomal killing.
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andida albicans is an opportunistic fungus colonizing the oral cavity in over half of

healthy individuals (1); however, when the immune system is compromised, this
normally commensal organism may become pathogenic and cause oropharyngeal
candidiasis (OPC). Recruitment of phagocytic cells is considered a crucial early response
to mucosal invasion by C. albicans. In a murine model of OPC, neutrophils migrate to
the superficial epithelium and are essential for clearance of fungi within 1 day of
infection (2). Humans and mice with innate immune deficiencies of neutrophils or
macrophages have an elevated risk of invasive candidiasis and increased mortality rates
(3, 4).

Professional phagocytes, including neutrophils and macrophages, function in en-
gagement and phagocytosis of invading microbes, although their relative importance
in killing and clearance of C. albicans differs. Following recognition of C. albicans, the
two cell types engulf yeast through the process of phagocytosis at similar rates (5).
However, once phagocytosed, neutrophils are more efficient at killing C. albicans than
macrophages (80% and 60% killing rates, respectively) (6), and human neutrophils have
significantly higher C. albicans killing activity than murine neutrophils (7). The high
efficiency of human neutrophil killing of C. albicans is likely due to production of small
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reactive oxygen species (ROS) as well as human neutrophil peptide 1 (HNP-1), although
the relative contributions of oxidative and nonoxidative mechanisms are unknown.

Killing of engulfed microbes within neutrophil phagosomes is initiated with a
powerful oxidative burst produced by the NADPH-oxidase complex (NOX2) that is
assembled on the membrane of the maturing phagosome. The NOX2 complex forms
superoxide in the lumen of the phagosome, which goes on to form other small ROS and
reactive nitrogen species (RNS), including H,0,, NO,®, and OCl~. These compounds are
highly concentrated within the phagosomal lumen so that ROS and RNS are efficient at
killing fungi engulfed within this space (reviewed in reference 8). Despite the similarities
between human and mouse neutrophil ROS release, production of ROS by human
granulocytes is significantly higher than their mouse counterpart driven by a higher
myeloperoxidase activity, which relates to the higher killing activity (7). In addition,
human neutrophil phagosomes maintain NOX2 activity for an extended period (9) and
are capable of delivering their preformed granules containing antimicrobial compo-
nents by fusion with the maturing phagosome. HNP-1, commonly known as alpha-
defensin, is one of the most abundant cationic peptides contained in azurophilic
granules of human neutrophils. The presence of HNP-1 makes human neutrophils
highly efficient in controlling C. albicans compared to mouse neutrophils, which lack
alpha-defensins (7).

Although phagocytosis and subsequent killing are highly efficient and controlled
processes, C. albicans and other pathogenic microbes are often able to adapt and resist
these immune defenses in order to survive encounters with neutrophils (10-12). For
example, C. albicans activates signal transduction pathways, particularly mitogen-
activated protein kinase (MAP kinase) and Ras1-GTPase, which are crucial for C. albicans
sensing of environmental conditions and initiating survival responses. C. albicans has
three major MAP kinase signal transduction pathways involved in cellular and biological
processes that have been widely studied (reviewed in references 13 and 14). The Cek1
pathway is a crucial contributor to cell wall biogenesis, mating, and morphogenesis
(15-17). The C. albicans Hog1 pathway responds to osmotic and oxidative conditions,
with Hog1 deletion mutants being more susceptible to hydrogen peroxide exposure
(18) as well as being hyperfilamentous (18). The third MAP kinase is Mkc1, which
functions during cell wall biogenesis and invasive growth and has an important role
during biofilm formation (17).

In addition to the three MAP kinase pathways, the Ras1-cAMP pathway is also linked
to morphogenesis and responses of C. albicans to environmental stress. This pathway
is composed of the small Ras1-GTPase protein, the adenylyl cyclase Cyr1, and the
downstream transcription factor Efg1. Although Cyr1 was originally thought to be a
downstream component of the Ras1-cAMP pathway and fully dependent upon Ras1
activity, recent studies indicate a parallel and complex model in which the two
components regulate each other (19, 20). Cyr1 senses high intracellular levels of ATP
and triggers the exchange of Ras1-bound GDP for GTP, causing Ras1 activation (19).
After Cyr1/Ras1 activation, ATP is converted to cAMP, which derepresses protein kinase
A (PKA), leading to the activation of Efg1. Efg1, in turn, is important for filamentation
and other biological processes (reviewed in reference 21). A variety of extracellular
stimuli are capable of activating the Ras1 pathway, including low pH and serum.
Furthermore, both Ras1 and Cyr1 are needed for virulence in a disseminated model of
murine candidiasis (22, 23).

The connections between the MAP kinase signaling pathways and innate immunity
have been broadly studied, and each pathway has been found to contribute to the
initiation and maintenance of systemic infection in murine candidiasis (16, 24, 25).
Galan-Diez et al. demonstrated that in the absence of CEK1, C. albicans has higher
exposed B-glucan, which correlates with increased phagocytosis by human macro-
phages (26). Also, deletion of selected regulator components of the C. albicans Hog1
pathway results in increased susceptibility to human neutrophil killing (27). However,
nothing is currently known about the relationship between C. albicans Ras1 and its
interplay with immune cells, other than evidence from a recent transcriptomic study of
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C. albicans phagocytosed by human neutrophils indicating that certain Ras1 pathway
components were downregulated (28), suggesting that dampening of Ras1 signaling is
important for survival of phagocytosed C. albicans.

In addition to being important regulators of the Ras1 pathway, levels of cAMP and
ATP also affect major yeast virulence attributes. Increased intracellular levels of cCAMP
trigger C. albicans hyperfilamentation (29), while reduced cAMP initiates increased
expression of genes required for stress defenses, leading to increased survival (30, 31).
Additionally, low intracellular ATP levels in C. albicans lead to altered cell wall compo-
sition and physical state of the membrane and are associated with increased resistance
to cationic antifungal peptides (32). Thus, it is likely that the Ras1 pathway is at least
partially linked to these known cAMP and ATP effects on virulence and plays an
important role in survival of C. albicans organisms that have been internalized by
neutrophils.

In this study, we investigated the role of the fungal MAP kinases and Ras1 pathway
in phagocytosis and intracellular killing of yeast by human neutrophils. We found that
both Hog1 and Cek1 MAP kinases were required for survival of C. albicans phagocy-
tosed by primary human neutrophils. However, C. albicans RAST knockouts had signif-
icantly increased survival within neutrophils compared to wild-type (WT) cells. This
increased survival of C. albicans RAST knockouts was due, at least partially, to their
increased resistance to both oxidative stress and HNP-1 as well as inhibition of ROS
production by human neutrophils. Therefore, the Ras1 pathway plays a crucial role
during C. albicans defense against killing by neutrophils.

RESULTS

Efficiency of phagocytosis of C. albicans is determined by hyphal length. Since
phagocytosis is dependent upon the morphology of the target cell (33), we first
examined the effect of C. albicans hyphal length on phagocytosis by human blood-
derived neutrophils (H-PMNs) after 30 min of incubation at a multiplicity of infection
(MOI) of 3. The phagocytic index (Pl) of C. albicans with preformed hyphae was
significantly reduced compared to that of yeast form cells (Fig. 1A). The Pl of C. albicans
with an average hyphal length of 10 um was reduced 2-fold and increasing hyphal
length further reduced the PI, so neutrophils had little to no success at phagocytosis of
C. albicans cells with hyphae with an average length of 50 um (Fig. 1A and C). Yeast
cells were efficiently engulfed by H-PMNs and were frequently observed to contain 3 or
4 yeast cells (Fig. 1C). H-PMNs showed remarkable plasticity in engulfment of C. albicans
hyphal cells with a length of 10 um, so the overall dimensions of the neutrophil were
increased almost two times the original size during phagocytosis of two hyphal cells
(Fig. 1C). As we found that hyphal formation reduced the P, for further experiments
only yeast form cells of C. albicans were used, although some mutant strains had a
hyperfilamentous phenotype, so some hyphae were formed. Next, we assessed the
relative abilities of primary mouse and human neutrophils to kill internalized phago-
cytosed C. albicans after 2.5 h. We found that H-PMNs had a higher rate of killing (only
19% of C. albicans yeast survived) than did primary murine-bone marrow derived
neutrophils (M-PMNs), in which 37% of internalized C. albicans organisms survived (Fig.
1B). Therefore, H-PMNs were used for all subsequent experiments based on this high
killing rate for C. albicans.

MAP kinases and Ras1 are important contributors to C. albicans survival within
human neutrophils. C. albicans MAP kinase signaling pathways are involved in resis-
tance to oxidative and environmental stresses; however, little is known about any role
these pathways play in modulating survival within professional phagocytic cells. There-
fore, C. albicans mutants in which the major stress response signaling pathways had
been knocked out (A/Acekl, A/Ahogl, A/Amkcl and A/Aras1) were tested for their
ability to be phagocytosed and survive within H-PMNs. Significant differences (P <
0.001, one-way analysis of variance [ANOVA]) were found in the PlIs of C. albicans HOG1
and RAST strains and WT cells, while no differences in phagocytosis were measured in
MKC1 or CEKT knockouts (Fig. 2A). The Pl of C. albicans A/Ahog1 and A/Aras1 mutants
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FIG 1 Initial assessment of C. albicans phagocytosis and survival by neutrophils. (A) Human blood-derived
neutrophils (H-PMNs) were infected with C. albicans yeast or 10-, 20-, or 50-um hyphae at an MOI of 3 for 30 min.
Extracellular fungal cells were stained using calcofluor, and H-PMNs were stained with phalloidin. Unstained
intracellular C. albicans cells were counted in at least 100 H-PMNs, and the phagocytic index was calculated by
obtaining the ratio of the total number of ingested C. albicans cells and the total number of neutrophils counted.
(B) Murine or human primary neutrophils were coincubated with C. albicans at an MOI of 0.1 for 3 h. Cells were
lysed and internalized C. albicans was released, plated in agar, and incubated for 48 h to obtain viable CFU. Survival
was calculated as follows: (recovered C. albicans CFU after neutrophil lysis/total number of phagocytosed C.
albicans cells) X 100. Results are the means * SEs from at least three independent experiments performed in
duplicate. Significance was calculated using one-way ANOVA with post hoc Dunnett’s multiple-comparison test (A)
or unpaired Student’s t test (B). **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (C) Representative yeast and hyphal
(average of 10 um) phagocytosis by H-PMNs. Nonphagocytosed C. albicans cells are shown by calcofluor white
staining (blue arrows), H-PMNs by phalloidin staining (green), and phagocytosed C. albicans by white arrows in
merged panels. Scale bars = 10 um.

was reduced by 50% compared to that of the WT. Surprisingly, C. albicans A/Acek1 cells
with defects in cell wall composition and thus expected to have defects in neutrophil
recognition and uptake had no difference in phagocytosis compared to that of the WT
(Fig. 2A).

Differences in the survival of C. albicans MAP kinase knockouts of phagocytosed
yeast cells (Fig. 2B) were calculated independently of their Pl (see Materials and
Methods). As expected, survival of C. albicans A/Acekl and A/Ahog! mutants (with
knockouts of signaling pathways important for response to cell wall and oxidative/
osmotic stressors, respectively) was significantly decreased in H-PMNs (13% and 6%
survival, respectively) compared to that of WT cells. No difference in survival was found
for C. albicans A/Amkc1 within H-PMNs. Unexpectedly, we observed dramatically
increased survival of C. albicans A/Aras1 cells (106%) that was not observed for any
other MAP kinase mutant. These differences were not related to the production of
hyphae within phagosomes, since hyperfilamentous C. albicans A/Ahog1 cells produced
hyphae after phagocytosis (Fig. 2C) but were killed more efficiently that WT cells, while
C. albicans A/Aras1 cells remained as the yeast form (Fig. 2C) yet were highly resistant
to killing.

C. albicans Ras1 is important for resistance to phagosomal killing by human
neutrophils. We next examined whether other C. albicans Ras1 pathway components,
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FIG 2 C. albicans CEKT and HOGT deletion mutants have decreased survival within human neutrophils, while RAST
deletion mutants have increased survival. (A) H-PMNs were infected with WT, A/Acek1, A/Ahog1, A/Amkc1, and
A/Aras1 C. albicans strains at an MOI of 3 for 30 min. Extracellular fungal cells were stained using calcofluor white,
and H-PMNs were stained with phalloidin. Unstained intracellular C. albicans cells were counted in at least 100
phagocytic cells, and the phagocytic index was calculated by obtaining the ratio of the total number of ingested
C. albicans and the total number of phagocytes counted. (B) To evaluate survival, H-PMNs were infected with the
same C. albicans strains in an MOI of 0.1 for 3 h. After coincubation, phagocytic cells were lysed and internal C.
albicans was released, plated in agar, and incubated for 48 h to obtain viable CFU. Survival was calculated as
follows: (recovered C. albicans CFU after neutrophil lysis/total number of phagocytosed C. albicans cells) X 100.
Results represent the means = SEs from at least three independent experiments carried out in duplicate.
Significance was obtained using one-way ANOVA with post hoc Dunnett’s multiple-comparison test. *, P < 0.05; ***,
P < 0.001; ****, P < 0.0001. (C) Representative phagocytosis of C. albicans WT, A/Ahog1, and A/Aras1 after 30 min
of infection with H-PMNs. Nonphagocytosed C. albicans cells are shown by calcofluor white staining (blue arrows),
H-PMNs by phalloidin staining (green), and phagocytosed C. albicans by white arrows in merged panels. Scale
bars = 10 um.

including its interacting partner Cyr1, or downstream signaling components (Efg1)
were needed for resistance to H-PMN killing. To further evaluate the specificity of Ras1
for these phenotypes, a Ras1 overexpression strain (RASTOE) and complemented
ras1/RAST strain also were examined. Inhibited phagocytosis of C. albicans A/Aras1 cells
by H-PMNs was reversed in the complemented ras1/RAST strain, while a small but
significant defect in phagocytic uptake of RASTOE cells was retained (Fig. 3A). However,
the Pls of A/Acyr1 and A/Aefgl deletion mutants did not differ. Thus, altering intracel-
lular levels of Ras1 likely resulted in changes in the cell surface that affected phagocytic
recognition, while Cyr1 or Efg1 did not influence these interactions.

Next, we compared the high resistance to neutrophil killing of C. albicans A/Aras1
cells with the resistance of other strains (Fig. 3B). As expected, complementation of
RAST (ras1/RAST) restored neutrophil killing to WT levels, while C. albicans A/Acyr1 and
RASTOE cells showed no significant difference in survival compared to that of WT cells
(survival rates of 15% and 14.8%, respectively). On the other hand, C. albicans A/Aefg1
cells had increased survival within H-PMNs (72%, compared to 25% for WT); however,
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FIG 3 RAST and EFGT deletions improve survival of C. albicans within human neutrophils. (A) H-PMNs
were infected with C. albicans WT, A/Aras1, ras1/RAS1, RASTOE, A/Acyr1, and A/Aefg1 strains for 30 min.
Extracellular fungal cells were stained using calcofluor white, unstained Candida cells were counted, and
the Pl was calculated by obtaining the ratio of the total number of ingested C. albicans cells and the total
number of phagocytes counted. Phagocytosis of the WT was set as 100%. (B) Survival of C. albicans
strains within H-PMNs was evaluated after 3 h of coincubation. H-PMNs were lysed, and internalized C.
albicans cells were released, plated in agar, and incubated for 48 h to obtain viable CFU. Survival was
calculated as follows: (recovered C. albicans CFU after neutrophil lysis/total number of phagocytosed C.
albicans cells) X 100. Results represent the means = SEs from at least three independent experiments
carried out in duplicate. Significance was calculated using one-way ANOVA with post hoc Dunnett’s
multiple-comparison test. *, P < 0.05; ****, P < 0.0001.

this was approximately half the survival rate of C. albicans A/Aras1 cells, suggesting that
the mechanism of survival within phagosomes contributed by Efg1 differs from that of
RasT.

C. albicans A/Aras1 cells suppress ROS production in human neutrophils.
Shortly after completion of phagosome formation, a powerful oxidative burst com-
prised of reactive oxygen species (ROS) and reactive nitrogen species (RNS) is released
into the lumen of the phagosome (34). Therefore, we next measured whether C.
albicans A/Aras1 cells were able to suppress ROS production within neutrophils. C.
albicans A/Aras1 cells were compared to WT, complemented, and overexpression
strains for the ability to stimulate H-PMN ROS generation using a luminol-based
chemiluminescence assay (Fig. 4A). Since C. albicans cells themselves are able to release
ROS to the extracellular environment in response to some stimuli (35), ROS production
by C. albicans strains alone was measured under the same conditions (Fig. 4B) and these
values were subtracted from the total values for ROS generated by neutrophils stim-
ulated with yeasts. Neutrophils stimulated with WT yeast produced ROS by 10 min and
had maximal ROS production by 50 min, which was temporally similar to ROS produc-
tion by the positive-control phorbol myristate acetate (PMA)-stimulated neutrophils
that produced almost twice the levels of ROS (in agreement with previous reports [36,
371). Surprisingly, H-PMNs stimulated with C. albicans A/Aras1 had substantially delayed
detectable ROS production (no ROS was evident until after 40 min), and levels of ROS
were reduced by an average of 86% of that of the WT (Fig. 4A and C). Moreover,
detectable ROS production remained suppressed by neutrophils when neutrophils
were incubated with C. albicans A/Aras1 through 150 min of experimental observation.
This effect on ROS production was specific to the Ras1 knockout strain, as the com-
plemented strain and C. albicans A/Aefg1 (Fig. 4A, blue line and gray line, respectively)
elicited ROS production similar to that of the WT. Furthermore, stimulation of H-PMNs
with the RASTOE overexpression strain resulted in a nearly immediate and large burst
of ROS production (Fig. 4A, red dotted line), suggesting that Ras1 overexpression elicits
changes in the cell that trigger immediate neutrophil activation and ROS production.
This suppression of neutrophil ROS production by C. albicans A/Aras1 cells was not due
to any differences in ROS production by the yeasts themselves, as all strains except for
the RAST overexpression strain had similar levels of ROS production (Fig. 4B). Quanti-
fication of total ROS production in four independent experiments confirmed that
H-PMNs produced significantly less detectable ROS when stimulated with C. albicans
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FIG 4 C. albicans A/Aras1 suppressed ROS production. (A) Human neutrophil ROS production upon
coincubation with C. albicans WT, A/Aras1, A/Aefg1, RASTOE, and ras1/RAST complemented strains was
detected with luminol chemiluminescence over 150 min at 37°C. As controls, neutrophils were left
untreated (negative) or treated with PMA (positive). The graph is a representation of one biological
replicate. (B) C. albicans WT, A/Arasi, A/Aefgl, RASTOE, and ras1/RAST complemented strain ROS
production was detected using luminol as indicated for panel A. (C) Total ROS production was obtained
by calculating the area under the curve of four independent experiments performed in duplicate. Shown
are the means *= SDs from four independent experiments performed in duplicate. Significance was
calculated using one-way ANOVA with post hoc Dunnett’'s multiple-comparison test. *, P < 0.05.

A/Aras1, while A/Aefg1 and RASTOE cells produced total ROS levels similar to those of
the WT (Fig. 4C), suggesting that intraphagosomal survival of A/ArasT cells is related to
suppression of ROS production, while A/Aefg1 cell survival is unrelated to ROS produc-
tion.

C. albicans A/Aras1 cells have a higher tolerance to oxidative stress through
increased catalase activity. To demonstrate the importance of ROS production in C.
albicans killing within neutrophils, we treated H-PMNs with the NADPH oxidase inhib-
itor diphenyleneidonium chloride (DPI) before adding C. albicans, expecting to see an
increase in survival of C. albicans strains when ROS production was blocked (see Fig. S1
in the supplemental material). Indeed, we observed that upon ROS inhibition, C.
albicans WT and A/Aras1 strain survival rates were significantly increased (66.4% and
99.6%, respectively) compared to those in untreated neutrophils (10% and 69.2%).
However, there was still a difference in survival between WT and A/Aras1 cells within
DPI-treated neutrophils (Fig. 5A), suggesting that changes in survival between the
strains were only partially due to increased oxidative stress resistance. Furthermore, an
increase in survival of the A/Aefgl mutant within DPI-treated neutrophils was not
observed, further suggesting that the A/Aefgl mutant survival is governed by mecha-
nisms other than ROS resistance (Fig. 5A). Therefore, we compared the survival of C.
albicans A/Aras1 and A/Aefgl cells upon exposure to both oxidative and nitrosative
stresses. Since low levels of intracellular cAMP in C. albicans have been associated with
increased expression of genes for resistance to oxidative stress, including catalase
genes (38), we expected that A/Aras1, but not A/Aefgl, cells would be more resistant
to hydrogen peroxide (H,0,). Indeed, C. albicans A/Aras1 cells were significantly more
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FIG 5 C. albicans A/Aras1 increased resistance to oxidative stress. (A) Human blood-derived neutrophils were treated with
diphenyleneiodonium chloride (DPI) for 15 min at 37°C, followed by infection with C. albicans WT, A/Aras1, or A/Defg1
strains for 3 h. H-PMNs were lysed and internalized C. albicans cells were released, collected, and plated on agar for 48 h
to obtain CFU. Survival was calculated as follows: (recovered C. albicans CFU after H-PMN lysis/total number of phagocy-
tosed C. albicans cells) X 100. Shown are the means = SDs from three independent experiments performed in duplicate.
(B) C. albicans strains were treated with the indicated concentrations of H,0, or S-nitrosoglutathione (GSNO) for 2 h at 30°C.
Control cells were left untreated. After incubation, C. albicans cells were diluted and plated on agar, and CFU were obtained
after 48 h. Survival was calculated as follows: (CFU of treated plate/CFU control plate) X 100. Shown are the means * SDs
from three independent experiments performed in duplicate. (C) Catalase activity was measured colorimetrically at 570 nm
using whole-cell extracts isolated from mid-log-phase cells incubated for 1 h at 30°C without (basal) or with 5mM H,0,.
Shown are means * SDs from three independent experiments performed in duplicate. Significance was calculated using
unpaired Student t tests (A) or one-way ANOVA with post hoc Dunnett’s multiple-comparison tests (B and C). *, P < 0.05;
** P <0.01; ***, P<0.001; ****, P < 0.0001.

resistant to H,O, at both T mM and 5 mM than the WT, while C. albicans A/Aefg1 cells
had a susceptibility similar to that of the WT at 1 mM but higher susceptibility at 5 mM
(Fig. 5B). Additionally, the effect observed in the absence of Ras1 was restored in the
complemented ras1/RAST strain, which showed a survival rate similar to that of the WT
at 5mM (survival rates of 21% and 20%, respectively). Moreover, C. albicans RASTOE
cells were significantly less resistant to H,O, at both concentrations tested (Fig. 5B). Cell
sensitivity to nitrosative stress using S-nitrosoglutathione (GSNO) was also tested;
however, all strains were completely resistant to this nitrosative stress after 2 h of
treatment (Fig. 5B). Thus, ROS, but not RNS, are important determinants for survival of
C. albicans A/Aras1 within neutrophils.

C. albicans is able to induce catalase expression as a mechanism to detoxify ROS and
resist phagocytic killing (39, 40), and catalase levels are higher in cells with reduced
levels of cCAMP (31, 41). Therefore, we hypothesized that C. albicans A/Aras1 cells would
have higher basal catalase expression and an increased catalase response to H,0,-
mediated oxidative stress compared to the WT. As expected, C. albicans A/ArasT had
2-fold-higher levels of basal catalase activity as well as a 2-fold increase in activity in
response to H,0, compared to the WT (Fig. 5C). In contrast, C. albicans A/Aefg1 mutant
levels of basal and induced catalase activity were similar to those of WT cells, showing
that higher catalase activity is specific to C. albicans A/Aras1 cells. Furthermore, C.
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FIG 6 C. albicans A/Aras1 cells have increased resistance to human neutrophil peptide 1 (HNP-1) via a
cAMP-dependent mechanism. (A) C. albicans WT, A/Aras1, and A/Aefg1 strains were treated with 5 or 10
M human neutrophil peptide 1 for 1 h at 37°C. Cells were diluted in NaPB, plated on agar, and incubated
for 48 h to obtain viable CFU. (B) C. albicans WT and A/Aras1 strains were pretreated with 10 mM cAMP
during exponential growth. After pretreatment, cells were incubated with HNP-1 as described above.
Control cells were left untreated for all experiments. Survival was calculated as follows: (CFU of treated
plate/CFU control plate) X 100. Shown are means * SDs from three independent experiments per-
formed in duplicate. Significance was calculated using one-way ANOVA with post hoc Dunnett’s multiple-
comparison tests (A) or unpaired Student t test (B). *, P < 0.05; **, P < 0.01; ****, P < 0.0001.

albicans overexpressing Ras1 had decreased catalase activity under treatment com-
pared to that of the WT (Fig. 5C).

C. albicans A/Aras1 cell resistance to HNP-1 was reversed by cAMP. In addition
to oxidative mechanisms, human neutrophils utilize nonoxidative antimicrobial pep-
tides localized within primary granules to kill pathogenic microorganisms. HNP-1 is one
of the most abundant cationic peptides within granules of human neutrophils, but it is
not present in murine neutrophils (42). To examine nonoxidative killing of C. albicans
A/Aras1 cells by HNP-1, we first compared the in vitro susceptibility of C. albicans WT
and A/Aefgl cells. Surprisingly, 76.1% of C. albicans A/Arasi cells survived HNP-1
treatment (5 uM), compared to only 15.8% of WT cells, and treatment of yeast with
10 wM HNP-1 resulted in 9.2% survival of WT cells, compared to 41.7% of A/Aras1 cells
(Fig. 6A). C. albicans A/hefgl cells showed survival rates similar to those of the WT
following treatment at both HNP-1 concentrations.

Since low levels of ATP have been associated with an increased rigidity of the
Candida cell membrane, making it less susceptible to the action of cationic antimicro-
bial peptides (32), we hypothesized that increasing cAMP levels in C. albicans A/Aras1
cells would restore killing by HNP-1. As predicted, pretreatment of C. albicans A/Aras1
cells with cAMP completely restored HNP-1 killing to levels of WT cells at both tested
HNP-1 concentrations (Fig. 6B).

DISCUSSION

C. albicans MAP kinases and Ras1 signaling pathways are important contributors to
virulence in mouse models of candidiasis (16, 24, 25) and are required for adaptation
and resistance to a variety of stress conditions. To identify which of these MAP kinases
contribute to C. albicans survival in phagocytes, we systematically tested for defects in
phagocytosis and survival of C. albicans knockouts of individual kinases. We found that
human neutrophils had significantly reduced phagocytic indices for C. albicans
A/Dhogl and A/Aras1 cells, suggesting that these mutants have significant alterations
in surface cell wall composition involved in innate immune cell recognition. Although
A/Acek cells have alterations in cell wall composition (26), we did not find a measur-
able reduction in phagocytosis, contrary to previous observations by Galdn-Diez et al.
(26).

We next tested for survival of C. albicans cells that were taken up by neutrophils,
independent from their rate of phagocytosis. As expected from their established role in
protection from oxidative stress (43) and cell wall stress defense (44), HOGT and CEK1
knockouts had reduced survival in neutrophils. C. albicans A/Amkc1 cells, in contrast,
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had phagocytosis and survival similar to those of WT cells, thus showing that the
primary role of MKCT is unrelated to recognition and survival within immune cells.
Unexpectedly, C. albicans A/Aras1 cell survival within the phagosome was increased to
106% within human primary neutrophils, suggesting that A/Aras1 cells not only sur-
vived but also potentially replicated within human neutrophils. To our knowledge, this
is the only example of a C. albicans gene knockout resulting in complete survival of
yeast within neutrophils.

Ras1 and Cyr1 are major regulators of fungal cellular cAMP levels, and these, in turn,
control the expression of genes required for stress defense. Low levels of cAMP are
linked with increased fungal survival following environmental oxidative stress, while
high levels of cAMP have the opposite effect (30, 31, 38). Since C. albicans A/Aras1 cells
have decreased intracellular cAMP (41), it is likely that altered cAMP levels in A/Aras1
contribute to increased survival within neutrophils. This seems not to be the case for C.
albicans A/Acyr1 cells, which showed no improvement in survival compared to the WT
despite very low cellular cAMP levels; however, these cells additionally have decreased
resistance to osmotic/oxidative stresses, which may counteract any increased resistance
to cell wall stressors and apoptosis (22, 31, 41, 45).

We also found that knockout of EFGT resulted in significantly improved survival of
C. albicans in human neutrophils. It is not known whether C. albicans EFG1 impacts
cAMP levels or Ras1 activity, though we did not observe increased resistance to
oxidative or nonoxidative mechanisms that could explain this phenotype. The resis-
tance to phagosomal killing of C. albicans A/Aefg1 cells could be based on the high
redundancy in pathways regulated by Efg1 (46) and its complex regulatory network;
however, this remains to be elucidated. In any case, its resistance to neutrophil killing
appears to be through mechanisms other than those provided by Ras1.

Oxidative molecules released within the phagosome are crucial for killing engulfed
pathogens, and we found that when ROS production was blocked by an NADPH
oxidase inhibitor, survival of WT yeast cells increased 7-fold, but C. albicans A/Aras1 cells
survival increased only 30% (Fig. 5A), suggesting that ROS contributed only about a
third of the array of neutrophil killing mechanisms for these cells, compared with up to
80% for WT cells. Other crucial mechanisms for C. albicans A/Aras1 cell survival are
suppression of ROS release by human neutrophils (Fig. 4A), increased catalase activity
(Fig. 5C), and significant resistance to HNP-1 (Fig. 6A). In addition to inhibiting ROS
release by neutrophils, as low cAMP levels stimulate fungal superoxide dismutase (SOD)
production (38), it is possible that the lower cAMP levels in C. albicans A/Aras1 cells
might increase the rate of ROS detoxification, rather than actual generation of phago-
somal ROS. Alternatively, defective phagocytosis of C. albicans A/Aras1 cells (Fig. 2A)
might affect the assembly of NOX2 and subsequent phagosome maturation within
neutrophils, as C. albicans is capable of altering phagosome maturation and reducing
ROS release in macrophages in order to resist killing (12). Therefore, whether the
increased catalase production by C. albicans A/Aras1 we saw is sufficient to cause the
reduction in detectable ROS production from neutrophils remains to be determined.

Most remarkable is our finding that C. albicans A/Aras1 cells displayed significant
resistance to HNP-1 killing, since this antimicrobial peptide is generally considered to
be a nonspecific membrane lytic peptide with a broad spectrum of activity against both
bacteria and fungi. Although there is an association between ATP and cAMP levels of
target microorganisms with their resistance to other antimicrobial peptides, such as
histatin 5 (32, 47), this is this first evidence that C. albicans Ras1 can blunt the effects
of HNP-1. We suggest a mechanism of fungal killing by HNP-1 that is dependent upon
cellular cAMP, since inactivation of Ras1 which is linked to ATP and cAMP levels (19)
reduced killing, while killing was completely restored upon replacement of cAMP.
Furthermore, low ATP levels in C. albicans alter both the cell membrane state and entry
of antifungal peptides (32), suggesting that the fungicidal mechanism of HNP-1 is
dependent upon the energy status of the cell and requires active transport of HNP-1
rather than being a non-energy-requiring membrane-lytic peptide.

Downregulation of C. albicans Ras1 expression is an important mechanism that may
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TABLE 1 C. albicans strains used in this study

Infection and Immunity

Strain Genotype Reference
CAI-4 (wild type) ura3A:imm434/URA3 56
A/Acek1 ura3A:imm434/ura3A:imm434 cek1A:hisG-URA-hisG/cek1A::hisG 16
A/Ahog1 Aura3:imm434/Aura3::imm434 his1::hisG/his1:hisG hog1:loxP-ura3-loxP/hog1:loxP-HIS1-loxP Clp20 (URA3 HIST) 57
N Amkc1 CAl-4, mkc1D::hisG/mkc1 D:hisG mkc1:pCK70 (URA3) 58
A/Arasi ura3:Aimm434/ura3::A\imm434 ras1:hisG/ras1:hisG::URA3 23
A/Acyr1 ura3D:kimm434/ura3D:k imm434 cyriD:hisG:cyr1 D:hisG 59
A/hefgl ura3:kimm434/ura3:kimm434efq1:hisG/efg1:hisAhisGura3:kimm434/ura3:kimm434efg1:hiG 60
ras1/RAS1 ura3:Aimm434/ura3::A\imm434 ras1:hisG/ras1:hisG:RAST-URA3 61
ras1/ras1-G13V (RASTOE) ura3A:Nimm434/ura3A:Nimm434 ras1:hisG/ras1:hisG:ras1-G13V-URA3 61

be used by fungal cells to survive within phagocytes. Other pathogenic organisms resist
intraphagosomal killing and then use immune cells as a vehicle to disseminate infection
(48, 49). Indeed, the yeast Cryptococcus neoformans resists macrophage killing (50) and
then uses phagocytes to disseminate to other body sites (51), as illustrated by de-
creased dissemination during infection upon phagocytic depletion (52). It is possible
that C. albicans employs similar mechanisms in which Ras1 downregulation reduces its
phagosome killing and allows fungal dissemination through neutrophils. Thus, Ras1
may be a key modulator of fungal cell survival within the host, and this pathway needs
further study to understand its role in C. albicans infection.

MATERIALS AND METHODS

C. albicans strains and culture conditions. C. albicans strains genotypes are indicated in Table 1.
The C. albicans CAl-4 wild type (WT) and A/Acekl mutant were kindly provided by Malcolm Whiteway
(Concordia University, Montreal, Canada), the A/Ahog1 mutant was provided by Janet Quinn (Newcastle
University, Newcastle, United Kingdom), the A/Amkc1 mutant was provided by Carol Kumamoto (Tuft
University), the A/Aras1 and ras1/ras1-G13V (RASTOE) mutants and ras1/RAST complemented strain were
provided by Deborah Hogan (Dartmouth College), and the A/Acyr1 and A/Aefg] mutants were provided
by Amy Piispanen (Dartmouth College). All C. albicans strains were cultured for 12 h in yeast extract-
peptone-dextrose medium (YPD; BD Difco) broth supplemented with 50 wg/ml of uridine (Sigma-Aldrich)
at 30°C in an orbital shaker at 220 rpm. Cultures were diluted to an optical density at 600 nm (OD,,) of
0.3 to 0.4 in fresh YPD medium and then recultured to an ODg,, of 0.7 to 0.8. C. albicans cells were
pelleted by centrifugation at 2,500 X g for 5 min, washed thrice with phosphate-buffered saline (PBS; pH
7.4; Corning), and suspended in RPMI 1640 (Corning) or other indicated media. To induce hypha
formation, C. albicans yeast (ODg,, = 0.3 to 0.4) were cultured in fresh yeast nitrogen base (YNB; MP
Biomedicals) supplemented with 1.25% N-acetylglucosamine (GIcNAc; Sigma-Aldrich) and incubated for
2 to 4 h at 37°C. Cell suspensions were vortexed vigorously to avoid clumping, which was confirmed
microscopically. Hyphal length was assessed in a Zeiss Axio Observer Z1 inverted fluorescence micro-
scope (Carl Zeiss, Germany) and measured using ZEN 2011 (blue edition) software.

Isolation of human neutrophils. Human blood-derived neutrophils (H-PMNs) were isolated from
venous blood, collected into VACUETTE EDTA tubes (Greiner Bio-One) from healthy donors that had
provided informed consent as approved by the University at Buffalo institutional review board (IRB;
protocol 626714). Cells were isolated by density gradient centrifugation using 1-step Polymorphs
(Accurate Chemicals & Scientific Corporation) following the manufacturer’s instructions. H-PMNs were
suspended at a concentration of 2 X 108/ml in RPMI 1640 supplemented with L-glutamine (Corning) and
10% fetal bovine serum (FBS; Seradigm) and used immediately. Purity was confirmed by Wright-Giemsa
(Polysciences, Inc.) and 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) staining.

Isolation of mouse neutrophils. Isolation of mouse bone marrow-derived neutrophils (M-PMNs)
was performed as previously described, with modifications (53). Long bones from 6- to 8-week-old
female C57BL/6J mice (Jackson Laboratory) were collected and washed in a-MEM medium (Gibco, Life
Technologies) to remove any tissue debris. Bone marrow was flushed out, washed by centrifugation at
800 X g for 5 min, and suspended in T ml of a-MEM medium. The cell suspension was carefully layered
on top of a discontinuous Percoll gradient (55%, 60%, and 80%) and centrifuged at 1,200 X g for 30 min
at 4°C. The lower band (M-PMN) was collected and cells were washed with Hanks’ balanced salt solution
(HBSS) without calcium (Corning) at 800 X g for 5 min. Red blood cell lysis was achieved using red blood
cell lysis buffer (BioLegend) for 5 min at room temperature (RT; 21°C) with gentle shaking. After a final
wash with HBSS without calcium, cells were resuspended in RPMI 1640 at a density of 2 X 105/ml. Cell
viability was evaluated by trypan blue (Sigma-Aldrich) exclusion, and purity was determined by Wright-
Giemsa and DAPI staining.

Evaluation of C. albicans uptake by PI. For phagocytosis assays, H-PMNs and M-PMNs were seeded
in 12-well plates and C. albicans resuspended in RMPI 1640 to an ODg,, of 0.7 to 0.8 was added at a
multiplicity of infection (MOI) of 3 and incubated for 30 min at 37°C (in a 5% CO, environment) to allow
phagocytosis. Nonadherent neutrophils were collected after C. albicans phagocytosis and placed on
positively charged slides (Globe Scientific Inc.) for 15min at RT to allow cells to attach. Following
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attachment, cells were gently washed with ice-cold PBS to remove medium, and 4 mg/ml of calcofluor
white in PBS (CW; Sigma-Aldrich) was added for 2 min on ice to stain nonphagocytosed C. albicans. Next,
cells were washed with ice-cold PBS to remove excess CW and fixed with 4% paraformaldehyde (Electron
Microscopy Sciences) for 30 min at RT. After fixation, cells were permeabilized with 0.1% Triton X-100
(Fisher Bioreagents) for 5min and stained with 4 mg/ml of Alexa Fluor 488-conjugated phalloidin
(Invitrogen) for 5 min. After a final wash, positively charged slides were covered with number 1 cover
glass (Knittel Glaser) using fluorescent mounting medium (Dako). Cells were counted using a Zeiss Axio
Observer Z1 inverted fluorescence microscope (Carl Zeiss, Germany). A minimum of 100 phagocytic cells
were observed for each experiment, and C. albicans cells that were partially or not stained with CW were
counted as phagocytosed. The phagocytic index (Pl) was calculated as the ratio of the total number of
phagocytosed C. albicans cells and the total number of neutrophils counted. Assays were performed in
duplicates, and experiments were repeated at least thrice.

Intracellular survival assay of C. albicans strains within neutrophils. Survival assays were
performed following the protocol described previously (54). Briefly, fungal and phagocytic cells were
incubated in RPMI 1640 medium for 3 h at 37°C and 5% CO, at an MOI of 0.1. This MOI was used to
ensure that approximately 100% of added C. albicans WT cells were phagocytosed, as determined
by microscopy Pl determination as described above. The total number of phagocytosed C. albicans
cells was calculated by multiplying the Pl by the total number of neutrophils added. After 3 h of
incubation, sterile water and 0.25% SDS (Thermo Fisher Scientific) were added to lyse neutrophils
and release phagocytosed C. albicans. Cell suspensions were collected, vortexed vigorously to avoid
cell clumping, and diluted. Finally, C. albicans cells were plated on YPD BD Difco agar and incubated
for 48 h at 30°C to obtain viable CFU. Percent survival was determined as follows: (recovered C.
albicans CFU after phagocytic cell lysis/total number of phagocytosed C. albicans) X 100. To block
ROS release, phagocytic cells were treated before addition of C. albicans with 20 uM diphenylenei-
odonium chloride (DPI; Sigma-Aldrich) for 15 min at 37°C and 5% CO, (55). Assays were performed
in duplicates, and results are representative of those from at least three independent experiments.

ROS production assay. ROS production by H-PMNs was evaluated as described previously, with
minor modifications (36). Human neutrophils (0.5 X 106/ml) were resuspended in RPMI 1640 without
phenol red, supplemented with 5% FBS, and seeded (100 ul) in a 96-well plate (Corning Inc.). To
avoid nonspecific activation, the plate was treated with 0.05% albumin (Sigma-Aldrich) at 4°C for 1 h
and then washed twice with 200 ul of Dulbecco’s phosphate-buffered saline (DPBS; Corning Inc.)
prior to seeding of neutrophils. C. albicans strains were grown as described above, resuspended in
RPMI 1640 at a concentration of 5 X 108/ml, and then added to each well at an MOI of 5. A control
for each strain was performed without neutrophils. Immediately after addition of C. albicans, luminol
(50 pl of 200 uM stock) and 16 U of horseradish peroxidase (HRP) (both from Sigma-Aldrich) were
added to wells to detect total ROS production. Luminescence was measured using an integration
time of 1 s at intervals of 2.5 min over 2.5 h at 37°C using a FlexStation 3 multimode microplate
reader (Molecular Devices). Relative light units (RLU) were obtained by subtracting the luminescence
of the wells that contained only C. albicans without neutrophils from luminescence in experimental
wells. Unstimulated and PMA-stimulated (750 ng/ml) neutrophils were used as negative and positive
controls, respectively.

Oxidative and nonoxidative resistance assays. For cAMP experiments, overnight cultures of C.
albicans were diluted to an ODg,, of 0.3 to 0.4 in YPD medium was supplemented with 10 mM
dibutyryl-cAMP (Sigma-Aldrich) and then cultured to an OD,, of 0.7 to 0.8. C. albicans cells were then
washed three times with 10 mM sodium phosphate buffer, pH 7.4 (NaPB), and then the cells (1.5 X 106/
ml) were treated with 5 uM or 10 uM HNP-1 (AnaSpec Inc.) for 1 h at 37°C. After treatment, cells were
serially diluted in NaPB and plated on YPD, and surviving cells were counted after incubation for 48 h at
30°C. Oxidative stress resistance was tested by incubation of C. albicans cells (1 X 107/ml) in YPD medium
supplemented with 1 mM or 5 mM H,0, (Sigma-Aldrich) or 0.6 mM S-nitrosoglutathione (GSNO; Sigma)
for 2h at 30°C with shaking. Percentage of survival was calculated as follows: (CFU from treated
plate/CFU from untreated control plate) X 100.

Catalase assay. Catalase activity was measured using an EnzyChrom catalase assay kit (BioAssay
Systems). C. albicans WT and mutant strains cultured as described above were incubated with or without
5mM H,0, for 1h at 30°C and then harvested, and catalase activity was measured colorimetrically
according to the manufacturer’s instructions.

Statistical analysis. All data were analyzed by GraphPad Prism software version 7 (GraphPad
Software, San Diego, CA), and a significance level («) of 0.05 was used for all experiments.
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