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Production of reactive oxygen species (ROS) is an important aspect of phagocyte-mediated host responses.
Since phagocytes play a crucial role in the host response to Candida albicans, we examined the ability of Candida
to modulate phagocyte ROS production. ROS production was measured in the murine macrophage cell line
J774 and in primary phagocytes using luminol-enhanced chemiluminescence. J774 cells, murine polymorpho-
nuclear leukocytes (PMN), human monocytes, and human PMN treated with live C. albicans produced
significantly less ROS than phagocytes treated with heat-killed C. albicans. Live C. albicans also suppressed
ROS production in murine bone marrow-derived macrophages from C57BL/6 mice, but not from BALB/c mice.
Live C. albicans also suppressed ROS in response to external stimuli. C. albicans and Candida glabrata
suppressed ROS production by phagocytes, whereas Saccharomyces cerevisiae stimulated ROS production. The
cell wall is the initial point of contact between Candida and phagocytes, but isolated cell walls from both
heat-killed and live C. albicans stimulated ROS production. Heat-killed C. albicans has increased surface
exposure of 1,3-�-glucan, a cell wall component that can stimulate phagocytes. To determine whether surface
1,3-�-glucan exposure accounted for the difference in ROS production, live C. albicans cells were treated with
a sublethal dose of caspofungin to increase surface 1,3-�-glucan exposure. Caspofungin-treated C. albicans was
fully able to suppress ROS production, indicating that suppression of ROS overrides stimulatory signals from
1,3-�-glucan. These studies indicate that live C. albicans actively suppresses ROS production in phagocytes in
vitro, which may represent an important immune evasion mechanism.

Although most people are colonized with the pathogenic
yeast Candida albicans (8), the majority never develop invasive
C. albicans disease. In contrast, patients with decreased num-
bers of phagocytes are at increased risk for invasive disease
from Candida, indicating that the phagocyte response to Can-
dida is critical in prevention of disease (34). One important
host response generated by phagocytes is production of reac-
tive oxygen species (ROS), through activity of the NADPH
oxidase complex.

A wide variety of bacterial pathogens possess mechanisms
for preventing generation of or avoiding contact with ROS,
including Francisella tularensis, Salmonella enterica USA,
Anaplasma phagocytophilum, and Helicobacter pylori (1, 5, 11,
20). Through these mechanisms, these pathogenic organisms
evade or modulate host immune responses. Likewise, the fun-
gal pathogen Aspergillus fumigatus produces gliotoxin, a mole-
cule that inhibits multiple steps in the formation of active
NADPH oxidase complexes (33). In contrast to Aspergillus,
Candida does not produce gliotoxin (16, 17). Little is known
about Candida immune evasion mechanisms that might sub-
vert phagocyte functions. Therefore, we investigated ROS pro-
duction in phagocytes exposed to Candida. We found that live
C. albicans, unlike heat-killed or UV-inactivated Candida, sup-
pressed production of ROS.

Because the cell wall is the initial point of contact in Can-
dida-phagocyte interactions, we also investigated the role of
the cell wall in suppression of ROS production. One important
component of the cell wall is 1,3-�-glucan, which is typically
exposed only at bud scars (21). C. albicans 1,3-�-glucan is
recognized by phagocyte receptors CR3 and dectin-1. Activa-
tion of dectin-1 has been shown to be immunostimulatory,
including stimulation of ROS production in murine bone mar-
row-derived macrophages (BMDM) (12). In contrast, we
found that the suppressive effect of live C. albicans on ROS
production overrode stimulatory signals from isolated cell
walls and from 1,3-�-glucan. Thus, these studies suggest that
live C. albicans suppresses phagocyte production of ROS, even
in the face of stimulatory signals provided by the cell wall.

MATERIALS AND METHODS

Yeast strains and growth conditions. Candida albicans strain SC5314 was used
in these studies (15). Candida glabrata strain MR084-R was obtained from a
collection of clinical isolates maintained at the University of Rochester (4). Both
Candida strains were grown overnight at 37°C in yeast extract-peptone-dextrose
medium. Saccharomyces cerevisiae strain BY4741 (Invitrogen, Carlsbad, CA) was
grown in yeast extract-peptone-dextrose at 30°C.

For use in ROS assays, 1 ml of overnight culture was washed three times in
Hanks balanced salt solution (HBSS; Invitrogen) and diluted 1:2 in HBSS.
Samples were then sonicated in a water bath sonicator (FS30; Thermo Fisher
Scientific, Inc., Waltham, MA) to disrupt clumps, using two 60-s cycles of soni-
cation separated by a 1-minute incubation on ice. Sonication is routinely per-
formed in our laboratory prior to enumeration of yeast cells; no differences in
ROS production have been observed between sonicated and nonsonicated yeast
(data not shown). Yeast were counted in a hemocytometer and adjusted to the
desired organism density prior to use.

For preparation of heat-killed (HK) yeast cells, 1 ml of overnight culture was
washed three times in HBSS, diluted 1:10 in HBSS, and incubated at 65°C for 90
min. After incubation, yeast were washed three times in HBSS, sonicated, and
quantified as above. UV-inactivated yeast were prepared as described previously
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(37), using four 0.1-J/cm doses of UV irradiation to yeast in a six-well microtiter
dish. UV-inactivated yeast were washed and sonicated as above prior to use.
Control plating experiments confirmed that this treatment resulted in nonviable
cells.

Phagocyte preparation. The murine macrophage cell line J774.A1 (American
Type Culture Collection, Manassas, VA) was cultured, passaged, and harvested
as recommended by the American Type Culture Collection. Prior to assays, cells
were harvested from tissue culture flasks by scraping and washed once in HBSS.
An aliquot of cells was suspended in trypan blue (0.4% in phosphate-buffered
saline [PBS]) and live cells were counted using a hemocytometer.

Human peripheral blood mononuclear cells (hPBMC) and neutrophils
(hPMN) were obtained from healthy adult blood donors using a protocol ap-
proved by the Institutional Review Board at the University of Rochester Medical
Center, Rochester, NY. After consent was obtained, blood was drawn into
heparin-containing Vacutainer tubes (Becton, Dickinson and Company, Franklin
Lakes, NJ). For hPBMC, blood was diluted 1:2 in sterile 0.9% sodium chloride
or HBSS to a total volume of 40 ml. Ficoll-Paque Plus (10 ml; GE Healthcare,
Piscataway, NJ) was layered under the diluted blood sample. The samples were
centrifuged at 400 � g for 40 min at room temperature with the brake off, and
hPBMC were harvested from the plasma-Ficoll interface. Cells were washed
three times with sterile HBSS, counted in a hemocytometer, and adjusted to the
appropriate concentration.

hPMN were isolated using density centrifugation (as above), after which the
pellet was suspended in HBSS and mixed with an equal volume of 2% dextran
(Fisher Scientific, Fair Lawn, NJ) in HBSS. Samples were allowed to sediment at
room temperature for 30 min; after sedimentation, the top, leukocyte-rich layer
was harvested. The cells were washed once in HBSS, the pellet was resuspended
in PBS, and red blood cells were lysed by addition of sterile water. After mixing
for 20 s, isotonicity was restored by addition of PBS. The hPMN were then
centrifuged for 5 min at 500 � g and resuspended in HBSS.

Murine BMDM were isolated from 6- to 8-week-old BALB/c or C57BL/6 mice
(National Cancer Institute, Frederick, MD). Bone marrow was flushed from the
femurs and tibias using PBS. Mononuclear cells were isolated by density gradient
centrifugation using Lymphoprep medium (Axis-Shield, Norton, MA). Cells
were washed and maintained overnight in 40 ng/ml macrophage colony-stimu-
lating factor (M-CSF; Peprotech, Inc., Rocky Hill, NJ). After 24 h, nonadherent
cells were harvested and cultured in M-CSF for 7 days, with addition of fresh
M-CSF on day 4. BMDM were harvested from flasks using 0.02% EDTA in PBS,
after which they were washed in HBSS and counted in a hemocytometer.

Murine peritoneal PMN were elicited by intraperitoneal administration of 1
ml of sterile 3% Brewer’s thioglycolate medium (Becton Dickinson) to 6- to
8-week-old BALB/c mice. Cells were harvested from euthanized animals 4 hours
after thiogylcolate injection by washing the peritoneal cavity with 5 to 8 ml of
ice-cold RPMI 1640 supplemented with penicillin-streptomycin, 55 �M 2-mer-
captoethanol, 10 mM HEPES, 1 mM sodium pyruvate, and 10% fetal bovine
serum. Cells were centrifuged for 10 min at 200 � g at 4°C, washed once,
resuspended in HBSS, and counted in a hemocytometer.

Measurement of ROS production. ROS production was measured by luminol-
enhanced chemiluminescence using the Superluminol kit (World Precision In-
struments, Inc., Sarasota, FL; additional luminol was obtained from Sigma-
Aldrich, St. Louis, MO). A mixture containing luminol, signal enhancer, and
either HBSS or phorbol myristate acetate (PMA, diluted in HBSS; Alexis Bio-
chemicals, San Diego, CA) was prewarmed to 37°C. To minimize preactivation
of primary phagocytes, the wells of a white, opaque-bottom, 96-well microtiter
plate (Corning Incorporated, Corning, NY) were treated with 0.05% bovine
serum albumin in PBS (200 �l/well) for 1 hour and washed three times with
HBSS prior to use. This step was omitted for experiments using J774 cells. A 5 �
106 phagocyte/ml suspension (100 �l) was placed in each well. Yeast cells (in 25
�l of HBSS) were added to each well, and the yeast and phagocytes were brought
together by centrifugation at 500 � g for 2 min. The prewarmed luminol solution
(42.5 �l) was added immediately prior to quantification. Luminescence was
measured using a 1-s integration time at intervals of 30 to 45 s over a 3-hour
incubation at 37°C using a SpectraMax M5 plate reader (Molecular Devices,
Sunnyvale, CA). Final concentrations were 90 �M luminol, 3% signal enhancer,
and 750 ng/ml PMA. The Candida/phagocyte ratio was 5:1 unless noted other-
wise.

To measure the viability of phagocytes during this assay, phagocytes and yeast
were combined with the detection reagents in a 96-well plate, as described above.
The plate was then incubated at 37°C for 1 hour, which corresponded to the
approximate peak in ROS production. After incubation, 67.5 �l of the superna-
tant was removed and replaced with an equal volume of trypan blue (0.4% in
PBS). Samples were mixed by pipetting, and an aliquot was examined by light

microscopy. Phagocyte viability was determined as the percentage of phagocytes
that excluded trypan blue.

ROS production was also measured using chloromethyl-dichlorodihydrofluo-
rescein diacetate (CM-H2DCFDA; EMD Biosciences, Inc., San Diego, CA).
Phagocytes were incubated in 8 �M CM-H2DCFDA at room temperature for 30
min and washed twice in HBSS prior to exposure to C. albicans. Assay conditions
were as above, with the exception that the luminol solution was replaced with
HBSS. Background fluorescence (excitation, 485 nm; emission, 530 nm) was
measured prior to incubation; these values were subtracted from fluorescence
measurements after an incubation of 150 min at 37°C.

XTT metabolism assay. Measurement of Candida metabolic activity was per-
formed based on metabolism of the tetrazolium dye 2,3-bis(2-methoxy-4-nitro-5-
sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT; Research Organics, Cleveland,
OH), as described in reference 36. A freshly prepared solution containing 0.5 mg/ml
XTT, 4.5 mg/ml glucose (Mallinckrodt Baker, Inc., Phillipsburg, NJ), and 40 �g/ml
coenzyme Q (Sigma-Aldrich) in PBS was filter sterilized and kept in the dark until
use. Yeast were washed, counted, and diluted as above and added to a 96-well plate.
XTT solution (100 �l) was added to each well, and the plate was incubated at room
temperature for 20 min in the dark. Absorbance was measured at 450 nm with
subtraction of background absorbance at 570 nm.

ROS scavenging assay. Stock solutions of xanthine oxidase (670 mU/ml in
HBSS; Sigma-Aldrich), hypoxanthine (25 mM in 30 mM NaOH; Sigma-Aldrich),
and superoxide dismutase (SOD; 22,350 U/ml; Calbiochem-EMD Chemicals,
Inc.) were diluted in HBSS prior to use. A 25-�l aliquot of live or HK yeast or
HBSS was placed into each well of a 96-well microtiter plate. A xanthine oxidase
solution (25 �l) and luminol/enhancer solution (42.5 �l; prepared as described
above) were then added to each well. The reaction was started by adding a
hypoxanthine solution (75 �l), and the plate was immediately placed in the plate
reader. Luminescence was measured using a 1-s integration time and intervals of
90 to 105 s over a 1-hour incubation at 25°C. As a positive control for ROS
scavenging, SOD was added to the xanthine oxidase solution of control wells.
Final reaction concentrations were 8 mU/ml xanthine oxidase, 150 �M hypoxan-
thine, 681 U/ml SOD, 90 �M luminol, and 3% signal enhancer.

1,3-�-Glucan immunofluorescence. Surface-exposed 1,3-�-glucan was de-
tected by indirect immunofluorescence. Overnight cultures of yeast were grown
as above, or with the addition of 1.25 ng/ml caspofungin or vehicle alone (0.1%
dimethyl sulfoxide) to the medium. They were then washed, sonicated, and
counted as above. Yeast that had neither been fixed nor permeabilized were
treated with 3% bovine serum albumin in PBS to block nonspecific binding, after
which they were stained for 2 h at 4°C with anti-1,3-�-glucan antibody diluted
1:200 (Biosupplies Australia Pty. Ltd., Parkville, Australia). Samples were then
washed in PBS and treated with 15 �g/ml Texas red-conjugated goat anti-mouse
immunoglobulin G (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) for 60 min at 4°C. After secondary antibody treatment, samples were washed
with PBS. Fluorescence microscopy was performed using a Nikon TE2000-E
inverted fluorescence microscope with a 100�, 1.4 numerical aperture oil im-
mersion objective lens; images were captured using a CoolSnap HQ camera
(Photometrics, Tucson, AZ) and MetaVue imaging software (Molecular De-
vices, Sunnyvale, CA).

Preparation of cell wall ghosts. HK or live C. albicans yeast cells were washed
twice in water, counted using a hemocytometer, and resuspended in 1 mM
phenylmethylsulfonyl fluoride (EMD Chemicals, Inc). Soda lime glass beads
were added to each sample, and yeast cells were disrupted using a BioSpec Mini8
bead beater (BioSpec Products, Inc., Bartlesville, OK) in 20-s bursts for six cycles
with 1-minute incubations on ice between each cycle. Cell disruption was mon-
itored by light microscopy. Cell wall material was washed from the beads using
1 mM phenylmethylsulfonyl fluoride and collected by centrifugation (3,000 � g).
The pellet was washed twice with HBSS, and the resulting cell wall ghosts were
stored at 4°C until use. Just prior to use, cell wall ghosts were diluted to the
appropriate concentration based on the density of yeast in the initial sample.

Analysis of the effect of secreted factors on ROS production. To determine
whether factors secreted by yeast during the assay inhibit production of ROS,
J774 cells (600 �l of a 5 � 106 cell/ml suspension) were placed into the wells of
a 24-well tissue culture plate. HBSS or HK or live yeast were then added
(stimulus A; 150 �l of a 1 � 108 yeast cells/ml suspension) to the J774 cells and
the samples were incubated for 1 hour at 37°C. The supernatants were then
removed and filtered through a 0.45-�m filter. A new sample of J774 cells was
suspended in the filtered medium; these cells were assayed for ROS production
as above (using HK or live yeast [stimulus B]).

Statistical analysis. For individual pair-wise comparisons, Student’s t tests
were performed using Microsoft Excel. For analyses involving more than two
comparisons, data were analyzed using a one- or two-way analysis of variance
(ANOVA), depending on the number of conditions, using SigmaStat software
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(Systat Software, Inc., San Jose, CA). Post hoc analyses using Student’s t tests
were performed only when the ANOVA results indicated a significant difference.

RESULTS

Live C. albicans suppresses production of ROS by phago-
cytes. Production of ROS was assayed in real time using lumi-
nol-enhanced chemiluminescence. Luminol-enhanced chemi-
luminescence can detect both intracellular and extracellular
ROS, most likely through interactions with superoxide (7).
Although luminol enhanced chemiluminescence may be af-
fected by the products of nitric oxide synthase (6), this tech-
nique is widely used as a quantitative measure of the phagocyte
oxidative burst.

Cells of the murine macrophage cell line J774 produced ROS
in response to HK C. albicans, with a peak at approximately 60
min (Fig. 1A and B). However, almost no ROS were produced in
response to live C. albicans. A decrease in production of ROS in
response to live C. albicans was also observed when ROS pro-
duction was measured using the oxidation-dependent fluoro-
phore dichloro-dihydrofluorescein diacetate (Fig. 1C). This tech-
nique measures the intracellular production of many different
oxidant species, but it is frequently used for characterization of
ROS produced by phagocytes (7).

Viability of phagocytes was evaluated by exclusion of trypan
blue; there was no difference in viability after exposure to live
or HK yeast (percentages of viable cells: no yeast, 85 � 5; HK
yeast, 84 � 3; live yeast, 85 � 3). Thus, the decreased produc-
tion of ROS was not due to increased death of phagocytes.

To determine whether ROS production stimulated by HK C.
albicans was dependent on the manner of killing, we also ex-
posed J774 cells to C. albicans that had been UV inactivated
(UV C. albicans). UV C. albicans is incapable of replication
but has an intact cell wall, whereas HK C. albicans has cell wall
alterations (37). When unstimulated J774 cells were exposed to
UV C. albicans (Fig. 1A and B), ROS production was 1.3 � 107

relative light units-seconds (RLU-s), an intermediate level of
production compared to HK (2.6 � 107 RLU-s) and live C.
albicans (4.9 � 105 RLU-s). Although it is not viable with
respect to growth in culture, UV C. albicans exhibits metabolic
activity at approximately 65% of that measured with live C.
albicans (Fig. 1D). The finding that UV C. albicans has an
intermediate level of metabolism and an intermediate effect on
ROS production suggests that suppression of ROS production
may be dependent on Candida metabolic activity.

To determine whether the lack of ROS production in re-
sponse to live C. albicans was due to active suppression or,
alternatively, a failure to stimulate the phagocyte, J774 cells
were treated with PMA, a strong stimulant for ROS produc-
tion. PMA-stimulated J774 cells generated approximately
fourfold more ROS than unstimulated cells when exposed to
HK C. albicans (Fig. 1B). Nevertheless, exposure to live C.
albicans still resulted in a significant decrease in ROS produc-
tion, indicating that live C. albicans suppresses production of
ROS. As with unstimulated J774 cells, PMA-stimulated pro-
duction of ROS in the presence of UV C. albicans was inter-
mediate to HK and live C. albicans.

Suppression of ROS production varied with the Candida/
phagocyte ratio (Fig. 2), with maximal suppression occurring at
ratios of 5:1 and 10:1 and intermediate suppression at a 2:1

FIG. 1. Live C. albicans suppresses production of ROS by J774
cells. (A) ROS production by unstimulated J774 cells was measured
by luminol-enhanced chemiluminescence. Data represent mean
RLU of three identical samples collected with 1-second integrations
over 3 hours; error bars represent the standard deviations (SD) of
the three measurements. J774 cells were treated with C. albicans at
a yeast/phagocyte ratio of 5:1. (B) Bar heights indicate the mean
area under the curve (AUC) of the data presented in panel A; error
bars are the SD of the three AUC results. Data for J774 cells
stimulated with PMA were acquired as for panel A, with the excep-
tion that PMA was added with the luminol mixture. (C) ROS
production was measured using CM-H2DCFDA. Bar heights re-
present the mean fluorescence intensity after 150 min of incubation,
after background fluorescence was subtracted (error bars represent
the SD). (D) Metabolic activities of live, UV yeast, and HK yeast
were measured as the ability to metabolize the tetrazolium dye
XTT. Bar heights indicate mean absorbances; error bars indicate
SD. All experiments were performed at least three times (with the
exception of the CM-H2DCFDA experiment, which was performed
twice), with the same trend observed each time. A representative
experiment of each type is shown. Asterisks indicate results signif-
icantly different from those obtained with HK yeast (Student’s t
test; P � 0.005).
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ratio. This may reflect the fact that at higher Candida/phago-
cyte ratios, a larger proportion of the phagocytes are in contact
with at least one yeast cell. Because C. albicans exists in both
yeast and filamentous forms at sites of infection (23), we also
investigated production of ROS in response to germ tubes
(nascent filamentous growth). Both live yeast and live germ
tubes suppressed ROS production; however, HK germ tubes
induced less ROS production than HK yeast (see Fig. S1 in the
supplemental material).

A variety of phagocyte responses are regulated by signaling
pathways that are triggered by ingestion of pathogens. To de-
termine if the process of phagocytosis was necessary for sup-
pression of ROS production, J774 cells were treated with cy-
tochalasin D to block phagocytosis. No difference in ROS
production between vehicle-treated or cytochalasin D-treated
cells was observed, indicating that phagocytosis is not neces-
sary for suppression of ROS production (see Fig. S2 in the
supplemental material).

Suppression of ROS production in primary phagocytes. Phago-
cyte cell lines are selected for their ability to function under
tissue culture conditions and do not always behave the same as
primary phagocytes. To determine whether C. albicans yeast
suppresses ROS production in primary phagocytes, we mea-
sured ROS generated by murine BMDM and elicited perito-
neal PMN in response to Candida (Fig. 3). Interestingly,
BMDM from C57BL/6 mice underwent suppression, whereas
BMDM from BALB/c mice did not (Fig. 3A). In contrast, ROS
production by elicited peritoneal PMN from BALB/c mice was
suppressed by live C. albicans (Fig. 3B), with HK stimulating
threefold more ROS than live C. albicans.

To determine if suppression of ROS production occurred in
human phagocytes, we tested the effect of live Candida on
ROS production in hPBMC and hPMN. On average, ROS
production by hPBMC was suppressed by live C. albicans 2.9-
fold (range, 1.6- to 4.2-fold) (Fig. 3C). The ROS production by
hPMN from three out of four donors was lower with live C.
albicans compared to HK (average decrease, 1.6-fold; range,
0.5- to 2.7-fold) (Fig. 3D). The donor-to-donor variation is

consistent with other studies with PMN which have docu-
mented donor-to-donor variability in areas as diverse as gran-
zyme production (35), cytokine production (18), and adhesion
(19). When the results from hPMN were analyzed as a whole,
significantly less ROS was produced in response to live C.
albicans. Thus, in vitro, primary human phagocytes, primary
murine PMN, and BMDM derived from C57BL/6 mice un-
dergo suppression of ROS production by live C. albicans.

Candida albicans and non-albicans Candida spp. suppress
ROS production, while Saccharomyces cerevisiae does not. To
investigate the generality of ROS suppression by live yeast, we
examined ROS production in J774 cells exposed to C. glabrata

FIG. 2. Live C. albicans suppresses ROS production in a dose-
dependent manner. ROS production by J774 cells was measured in
response to live or HK yeast at the indicated yeast/phagocyte ratio.
Each experiment was performed with triplicate samples; the bar
heights indicates the mean values and error bars represent the stan-
dard deviations. A representative experiment is presented; the exper-
iment was repeated three times with the same trend observed each
time. Live yeast resulted in significantly less ROS production than HK
yeast at each yeast/phagocyte ratio (two-way ANOVA, P � 0.001
overall; for all individual yeast/phagocyte ratios, post hoc Student’s t
test comparisons yielded P values �0.001).

FIG. 3. Live C. albicans suppresses production of ROS in primary
phagocytes. ROS production by murine BMDM derived from BALB/c
and C57BL/6 mice (A), murine elicited peritoneal PMN (B), hPBMC
(C), or hPMN (D) was determined as for Fig. 1. Experiments using
murine phagocytes were performed at least three times, with the same
trend observed each time. A representative experiment is shown. Ex-
periments using human phagocytes were performed using four differ-
ent donors, as indicated. Donors for hPBMC and hPMN were not the
same. For each donor, measurements were made in triplicate (with the
exception of hPBMC donor B, for which results were measured in
duplicate). Asterisks in panels A and B indicate results significantly
different from those obtained with HK yeast (Student’s t test; P �
0.001). For panels C and D, a one-way ANOVA of the entire data set
indicated that there was significantly lower ROS production with live
yeast for both hPBMC and hPMN (P � 0.001 for PBMC; P � 0.015 for
PMN). Asterisks indicate that subsequent Student’s t test comparisons
for individual donors demonstrated a significant difference between
HK and live yeast for all hPBMC donors (P � 0.01) but for none of the
hPMN donors.
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and S. cerevisiae (Fig. 4). Like C. albicans, C. glabrata sup-
pressed ROS suppression, although by only twofold, rather
than the sixfold suppression seen with C. albicans. In contrast,
S. cerevisiae did not suppress ROS production. Thus, suppres-
sion of ROS production seems to be associated with patho-
genic yeast, since S. cerevisiae did not suppress ROS produc-
tion.

Suppression of ROS production versus scavenging of ROS.
Both C. albicans and S. cerevisiae produce multiple ROS-scav-
enging enzymes, including SOD and catalase (13, 14, 32). To
determine whether suppression of ROS production by live C.
albicans was the result of ROS scavenging, we used a cell-free
in vitro assay (24) in which ROS is produced enzymatically by
xanthine oxidase. The presence of a ROS scavenger in the
system would result in decreased levels of ROS, as demon-
strated by the significant decrease in signal when exogenous
SOD was included in the assay (Fig. 5). Live C. albicans scav-
enged more ROS than HK C. albicans. However, scavenging of
ROS by live and HK S. cerevisiae was similar to that observed
with C. albicans. Because S. cerevisiae does not mediate sup-
pression of ROS production by J774 cells, these data indicate
that scavenging alone cannot account for the observed sup-
pression of ROS production.

Suppression of ROS production is not mediated by C. albi-
cans cell wall-phagocyte interactions. The C. albicans cell wall
serves as the initial point of contact between yeast and phago-
cytes. To investigate the role of the cell wall in suppression of
ROS, we treated J774 cells with isolated cell wall fractions
prepared from HK or live C. albicans. Cell wall ghosts, which
consist of roughly intact cell walls without cytoplasmic con-
tents, were prepared using a physical disruption method that
does not rely on heating or chemical denaturation (25). Using
this method, cell wall ghosts were produced that are micro-
scopically similar to intact C. albicans (Fig. 6A). At the equiv-
alent of a Candida/phagocyte ratio of 5:1, cell wall ghosts from
both HK and live C. albicans stimulated ROS production to

1.6 � 106 and 1.9 � 106 RLU-s, respectively, compared with
1.2 � 106 RLU-s for intact HK organisms (Fig. 6B). As the
dose of the cell wall preparation increased, ROS production
also increased, regardless of whether the cell walls were pre-
pared from HK or live C. albicans. These results suggest that
live C. albicans overrides the stimulatory effects of the cell wall
and suppresses ROS production.

FIG. 4. Candida species suppress ROS production but S. cerevisiae
does not. ROS production by J774 cells in response to HK or live yeast
was measured as for Fig. 1. A representative experiment is presented;
the experiment was repeated three times, with the same trend ob-
served each time. Each experiment was performed with triplicate sam-
ples; the bar heights indicates the mean values and error bars represent
the standard deviations. Results were analyzed using a two-way
ANOVA; ROS production in response to live S. cerevisiae was signif-
icantly different than with either of the Candida species (P � 0.001 for
all comparisons). Live yeast induced less ROS than HK for both
Candida species (P � 0.001 for both comparisons).

FIG. 5. Live C. albicans and S. cerevisiae scavenge ROS at similar
levels. Superoxide was produced in a cell-free system by the action of
xanthine oxidase on hypoxanthine (as described in reference 24). The
amount of ROS signal was evaluated using luminol-enhanced chemi-
luminescence. A decrease in ROS signal relative to that observed with
buffer alone indicates ROS is being scavenged. As a positive control
for ROS scavenging, SOD was added to some samples. The mean
signal in SOD-containing samples was 2.68 � 104; this value was too
low for the bar to be visible on the graph. The experiment was per-
formed three times; a representative experiment is shown. There was
no difference in ROS signal between live C. albicans and S. cerevisiae
(Student’s t test, P � 0.21).

FIG. 6. Cell wall ghosts prepared from either HK or live C. albicans
yeast induce ROS production. Cell wall ghosts were isolated from live
or HK yeast using a nondenaturing protocol. J774 cells were exposed
to intact organisms or cell wall preparations at a concentration equiv-
alent to the indicated Candida/phagocyte ratio. ROS production was
measured as described for Fig. 1. A representative experiment is pre-
sented; the experiment was repeated three times with similar results.
Bar heights indicate the means of three replicate samples; error bars
indicate the standard deviations.
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Heat killing of C. albicans results in increased exposure of
cell wall 1,3-�-glucan, which is typically only exposed at bud
scars in live C. albicans (21, 37). To specifically investigate the
role of 1,3-�-glucan in ROS production, live C. albicans cells
were treated with a nonlethal dose of caspofungin to expose
surface 1,3-�-glucan (37). At the concentration used in this
experiment, caspofungin-treated C. albicans has normal viabil-
ity as measured by propidium iodide staining (data not shown)
but has exposed surface 1,3-�-glucans (Fig. 7).

For these studies, two protocols for heat killing of Candida
were used. First, Candida was incubated at 65°C for 90 min.
This protocol was used throughout these studies, as it mini-
mizes the effects of heat killing on cell wall components. The
second protocol, incubation at 100°C for 10 min, was reported
to yield significant surface exposure of 1,3-�-glucan (37) and
was used as a positive control for the immunofluorescence
assays.

As determined in an immunofluorescence assay for 1,3-�-
glucan (Fig. 7A), both C. albicans incubated at 100°C and C.
albicans treated with caspofungin displayed significant surface
exposure of 1,3-�-glucan. In contrast, C. albicans cells that
were killed at 65°C had less exposed 1,3-�-glucan and un-
treated C. albicans had almost none. J774 cells exposed to live
C. albicans produced less ROS than HK C. albicans, whether
1,3-�-glucan was exposed by caspofungin treatment or not.
This suggests that the mechanism of ROS suppression over-

rides any stimulatory signals provided by 1,3-�-glucan-based
recognition of C. albicans. Interestingly, C. albicans killed at
100°C shows a modest, but statistically significant, increase in
ROS production compared with C. albicans killed at 65°C
(6.3 � 106 RLU-s versus 4.8 � 106 RLU-s) (Fig. 7B), suggest-
ing that 1,3-�-glucan exposure may be somewhat stimulatory
for ROS production in this system.

Suppression of ROS production does not appear to be me-
diated by a stable secreted factor. In all of these studies, yeast
were washed prior to phagocyte exposure to remove medium
components and/or yeast metabolic by-products that might
affect phagocyte performance. However, it remains possible
that ROS suppression is mediated by a product secreted by live
yeast during the experiment. No suppression of ROS produc-
tion occurred when J774 cells were treated with filtered me-
dium from overnight cultures of C. albicans (grown in RPMI)
(data not shown). To investigate the possibility that suppres-
sive products are produced by Candida only when in contact
with phagocytes, a two-step experiment was performed (Fig.
8A). First, J774 cells were treated with HK or live C. albicans,
or buffer only (no yeast), under conditions employed in the
ROS assays described above (this treatment is referred to as
stimulus A in Fig. 8A). After treatment with stimulus A, the
supernatant from these samples was collected and filtered to
remove cells and organisms. The filtered supernatants were
then used to pretreat a second set of J774 cells, which were

FIG. 7. Exposure of 1,3-�-glucan by treatment with caspofungin does not prevent suppression of ROS production. (A) Bright-field (top panel) and
epifluorescence (bottom panel) photomicrographs of yeast stained with anti-1,3-�-glucan antibody. Yeast were boiled for 10 min, HK, or treated during
overnight growth with 1.25 ng/ml caspofungin or vehicle alone (0.1% dimethyl sulfoxide), as indicated. All epifluorescence images were captured using
the same exposure time. (B) ROS production by J774 cells measured by luminol-enhanced chemiluminescence as for Fig. 1. A representative experiment
is presented; the experiment was repeated three times with similar results. Bar lengths represent the means of triplicate values; error bars indicate the
standard deviations. There was no significant difference in ROS production among untreated, caspofungin-treated, and vehicle-treated yeast as analyzed
by one-way ANOVA (P � 0.80 for all comparisons). There were significant differences between HK yeast and all other groups (one-way ANOVA, P �
0.005); the comparison between yeast killed at 100°C versus 65°C was significant upon post hoc analysis (Student’s t test, P � 0.046).
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subsequently exposed to either HK or live C. albicans (stimulus
B in Fig. 8A). If a stable suppressive factor were released into
the medium during stimulus A, pretreatment of the second set
of cells with the medium from stimulus A would be predicted
to suppress ROS production and result in lower responses to
stimulus B. Such an effect was not observed.

When stimulus A contained no yeast (buffer) and stimulus B
was HK yeast, ROS production was 4.06 � 106 RLU-s (Fig.
8B) and did not differ significantly from ROS produced when
stimulus A was live yeast (3.27 � 106 RLU-s). Thus, there was
no suppression of ROS production associated with superna-
tants from cells treated with live yeast (stimulus A), suggesting
that suppression of ROS production is not mediated by a stable
secreted factor. It is possible that such a factor is produced, but
the concentration in the total assay volume was insufficient to
affect ROS production.

In contrast, when stimulus A and stimulus B were both HK
C. albicans, significantly more ROS was produced than when
stimulus A was buffer (9.8 � 106 RLU-s for stimulus A, HK
yeast). Since the HK yeast are not likely to produce secreted
factors, this experiment suggests that contact with HK C. albi-
cans stimulates J774 cells to produce a stable secreted factor,
possibly a cytokine, which then enhances ROS production in
other J774 cells. This effect demonstrates that this assay is
capable of detecting secreted factors. It also suggests that
phagocyte responses to C. albicans may be cooperative with
respect to ROS production.

DISCUSSION

We have demonstrated that live C. albicans suppresses ROS
production by phagocytes in vitro. This suppression did not

occur with S. cerevisiae, which is infrequently pathogenic. Sup-
pression of ROS production was not dependent on phagocy-
tosis and overrode the stimulatory signals of the cell wall,
including 1,3-�-glucan. Many recent studies of phagocyte in-
teractions with Candida have focused on the cell wall and
phagocyte pathogen recognition receptors, such as dectin,
mannose receptor, and Toll-like receptors (22, 27, 37). Given
the topology of Candida-phagocyte interactions, phagocyte
recognition of the cell wall is clearly important in modulating
the host response to yeast. However, our data demonstrate
that live Candida suppressed production of ROS in a manner
that appeared to override the stimulatory effects of the cell wall
and thus may represent a novel immune evasion strategy for
Candida.

One possible mechanism through which live C. albicans
could decrease ROS in these assays is by scavenging of ROS by
SOD, catalase, or other redox-reactive molecules, such as thi-
ols. To investigate this, we compared ROS scavenging by HK
and live C. albicans, as well as by S. cerevisiae, which does not
suppress ROS production. We found that both types of yeast
were more effective at ROS scavenging when alive compared
to HK. However, both live C. albicans and live S. cerevisiae
scavenged ROS at similar levels. Thus, while scavenging of
ROS may be active in these assays, there appears to be an
additional mechanism through which C. albicans actively sup-
presses ROS production by the phagocytes.

ROS production in BMDM from BALB/c mice was not
suppressed by live C. albicans, whereas ROS production was
suppressed in BMDM from C57BL/6 mice, primary murine
PMN, and human phagocytes. The differences observed with
BMDM from the two mouse strains raise interesting questions.
Responses in BALB/c and C57BL/6 mice have often been
compared because of their preponderance to Th2 or Th1 re-
sponses, respectively, as demonstrated by the classic experi-
ments in which C57BL/6 mice are more resistant to leishman-
iasis than are BALB/c mice (26). This is thought to be due, in
part, to the ability of macrophages from C57BL/6 mice to more
effectively stimulate a Th1 response (28). Thus, it was not
wholly unexpected that the BMDM from these strains would
respond differently to C. albicans. In fact, it has been demon-
strated that BALB/c and C57BL/6 mice, while both susceptible
to gastric candidiasis, produce different cytokine profiles after
Candida infection (3). Despite these differences, both strains
of mice are considered to be similarly resistant to systemic
challenge with Candida (2).

These considerations highlight a limitation of these studies:
in analyzing these interactions in vitro, we do not know how
well our findings model host-pathogen interactions in vivo. It is
possible that, in an immunocompetent host, other components
of the immune system can activate phagocytes and allow them
to overcome suppression of ROS production, or that ROS is
not necessary for the clearance of C. albicans. Nevertheless,
the overall finding that suppression occurs in hPBMC and
hPMN suggests this process may be important for Candida in
some fashion, perhaps by providing an immune evasion mech-
anism that is important in maintenance of its commensal state.

Several studies have investigated phagocyte ROS production
in response to C. albicans. Smail et al. described the release of
a soluble inhibitory product from hyphae treated with UV light
(31). This product, later identified as adenosine (30), sup-

FIG. 8. Secreted factors do not appear to suppress ROS production.
(A) A schematic of the experiment is shown. Medium was harvested from
J774 cells that had been exposed to HK yeast, live yeast, or no stimulus
(stimulus A) under the same conditions used for an ROS assay. The
medium was harvested, filtered, and then used to pretreat a second set of
J774 cells; these cells were exposed to HK or live yeast (stimulus B) and
ROS production was measured. (B) Results of the above experiment,
presented as means � standard deviations from a representative experi-
ment. The experiment was repeated three times, with similar results. As
analyzed by a two-way ANOVA, significantly more ROS was produced
when stimulus A was HK compared with buffer (�, P � 0.05).
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pressed production of ROS in PMN stimulated by the che-
moattractant peptide fMLP, but not by PMA. In contrast, we
found that suppression of ROS production occurred for both
PMA-stimulated and unstimulated phagocytes. Thus, it seems
unlikely that adenosine mediates suppression of ROS produc-
tion in our system.

Donini et al. investigated production of ROS in dendritic
cells (DC) exposed to C. albicans (9); consistent with our
results, they found that live C. albicans suppressed PMA-stim-
ulated production of ROS by DC. They also found that treat-
ment of DC with dectin-1 agonists stimulated production of
ROS, whereas treatment with agonists for both dectin-1 and
the mannose receptor (CD206) resulted in lower production of
ROS. Thus, they postulated that activation of the mannose
receptor inhibited dectin-1-dependent ROS production.

Our finding that caspofungin treatment of yeast suppresses
ROS production is consistent with the postulated inhibition of
dectin-1 by mannose receptor signals, because caspofungin-
treated Candida have both mannans and 1,3-�-glucan exposed
on the surface. However, we found that UV-inactivated Can-
dida, with an intact surface mannoprotein layer, only partially
suppressed ROS production. If ROS suppression were solely
due to mannose receptor activation, we would expect UV-
inactivated yeast to fully suppress ROS production. Further-
more, we found that cell wall ghosts prepared from live Can-
dida stimulated ROS production. The cell wall ghosts were
prepared under nondenaturing conditions designed to pre-
serve the native cell wall structure. Thus, it is unlikely that the
suppression of ROS production we observed is due to stimu-
lation of the mannose receptor, as it did not occur in the
presence of cell wall ghosts, which should have an intact man-
noprotein layer. It is possible that the physical disruption used
to produce the cell wall ghosts resulted in the loss of some key
mannoprotein constituent that might be responsible for sup-
pression of ROS production. However, the bulk mannose/
mannoprotein state of the cell wall ghosts should resemble that
of live, intact cells. Thus, our data are more consistent with the
possibility that suppression of ROS production in phagocytes is
mediated by a pathway unrelated to the mannose receptor.

Given the intermediate suppression of ROS production seen
with UV-inactivated Candida, which was paralleled by a similar
decrease in metabolic activity, it is possible that the mechanism
of ROS suppression requires metabolic activity, such as the
production of a small metabolite that could function as a
phagocyte toxin. Thus, we investigated whether a secreted
product might be responsible. We did not find ROS-suppres-
sive activity in spent culture medium or in medium harvested
from phagocytes exposed to live Candida. If a secreted product
is involved, it is either not stable or is present at a low con-
centration in the supernatant. The production of a secreted
compound that would only function at relatively high concen-
trations is an interesting possibility: such a compound might be
expected to be in high concentration at the site of Candida-
phagocyte interactions but be diluted below the active concen-
tration after diffusion into the environment. In this way, Can-
dida could inhibit ROS production in closely associated
phagocytes, in a paracrine-like fashion.

Phagocyte-generated ROS are well-known to kill many mi-
crobial pathogens; suppression of ROS production might thus
represent an important mechanism for Candida to evade

phagocytic killing. However, data to suggest that ROS also
carry out important signaling functions are accumulating. For
example, in some cell lines, activation of the proinflammatory
transcription factor NF-	B is dependent on ROS (29). ROS
may also be important in regulation of tyrosine phosphoryla-
tion as well as activation of mitogen-activated protein kinases,
protein kinase C, and phospholipase A2 in leukocytes (10). As
these signaling pathways are important in activation of host
immune responses, suppression of ROS production by Can-
dida may result in significant modulation of anti-Candida in-
flammatory responses.

An immunomodulatory role for ROS is supported by studies
in which mice deficient in production of both ROS and reactive
nitrogen intermediates were inoculated with Candida via the
gastrointestinal tract (3). Although all of these mice died after
inoculation, the cause of death appeared to be an exaggerated
immune response rather than overwhelming fungal infection.
Furthermore, phagocytes from normal mice and ROS/reactive
nitrogen intermediate-deficient mice were equally able to kill
C. albicans in vitro. These data suggest that production of ROS
in response to C. albicans may not be important for direct
killing of Candida. This is consistent with our finding that
Candida suppresses ROS production in phagocytes. Thus,
ROS production in response to Candida infection may be more
important for regulation of inflammatory responses than for
direct anti-Candida effects.

In summary, we have demonstrated that live Candida sup-
presses production of ROS by phagocytes. Suppression of ROS
production does not occur with S. cerevisiae, suggesting that it
may be important in the pathogenesis of Candida disease.
Suppression of ROS production appears to override stimula-
tory signals from the cell wall, including 1,3-�-glucan. Thus, the
ability of Candida to control host production of ROS may
represent an important factor in host-Candida interactions.
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