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Fungi can shield surface pathogen-associated molecular patterns (PAMPs) for evading host immune attack. The most common
and opportunistic human pathogen, Candida albicans, can shield �-(1 3)-glucan on the cell wall, one of the major PAMPs, to
avoid host phagocyte Dectin-1 recognition. The way to interfere in the shielding process for more effective antifungal defense is
not well established. In this study, we found that deletion of the C. albicans GPI7 gene, which was responsible for adding ethano-
laminephosphate to the second mannose in glycosylphosphatidylinositol (GPI) biosynthesis, could block the attachment of most
GPI-anchored cell wall proteins (GPI-CWPs) to the cell wall and subsequently unmask the concealed �-(1,3)-glucan. Neutro-
phils could kill the uncloaked gpi7 mutant more efficiently with an augmented respiratory burst. The gpi7 mutant also stimu-
lated Dectin-1-dependent immune responses of macrophages, including activation of nuclear factor-�B (NF-�B) and mitogen-
activated protein kinase (MAPK) pathways and secretion of specific cytokines, such as tumor necrosis factor alpha (TNF-�),
interleukin 6 (IL-6), and IL-12p40. Furthermore, the gpi7 null mutant could induce an enhanced inflammatory response through
promoting significant recruitment of neutrophils and monocytes and could stimulate stronger Th1 and Th17 cell responses to
fungal infections in vivo. These in vivo phenotypes also were Dectin-1 dependent. Thus, we assume that GPI-CWPs are involved
in the immune mechanism of C. albicans escaping from host recognition by Dectin-1. Our studies also indicate that the blockage
of GPI anchor synthesis is a strategy to inhibit C. albicans evading host recognition.

Candida albicans colonizes the skin, genital mucosa, and intes-
tinal mucosa of healthy individuals. In immunocompromised

individuals, C. albicans can disseminate into the bloodstream,
causing life-threatening systemic candidiasis (1–4). Although
hosts developed immune defenses aimed at pathogen clearance
and blocking it from invading into deeper tissues, C. albicans also
has evolved numerous efficient strategies to evade host immune
attacks (5). How to disturb the immune-evading process of the
fungus to prevent invasive infections remains poorly understood.

The polysaccharides on the cell wall of fungi, such as �-glucan
and mannans, serve as pathogen-associated molecular patterns
(PAMPs) that can be recognized by host-expressed pattern recog-
nition receptors (PRRs), such as Toll-like receptors (TLRs), nu-
cleotide-oligomerization domain (Nod)-like receptors (NLRs),
and the recently emerging family of spleen tyrosine kinase (Syk)-
coupled C-type lectin receptors (CLRs) (5). This PRR engagement
by PAMPs triggers innate immune cell responses and renders an-
tigen-presenting cells competent to prime T cells, thereby initiat-
ing adaptive immunity (6, 7).

Dectin-1, a Syk-coupled CLR expressed on myeloid cells, rec-
ognizes �-(1,3)-glucan carbohydrates on various fungi (8–12).
The Y238X polymorphism in human Dectin-1 is associated with
human mucosal C. albicans infection (13). However, live C. albi-
cans, including yeast and filament forms, binds to Dectin-1 in a
more restricted pattern in vitro, except in the region between the
parent yeast cell and the mature bud (10). During disseminated
infection, �-glucan of C. albicans was absolutely masked in earlier
stages, while large percentages were exposed in later stages in a
morphotype-independent fashion, with no difference in �-glucan
exposure between yeast and hyphal forms (14). The shielding of
�-(1,3)-glucan favors fungus escaping from recognition by Dec-
tin-1 for survival and persistence (1). Therefore, the possibility of

unmasking �-(1,3)-glucan could provide a therapeutic opportu-
nity for fungal infection.

Cell wall proteins (CWPs) that are covalently linked to the
skeletal polysaccharides also constitute the fungal cell wall. Most
covalently linked CWPs of C. albicans are glycosylphosphatidyl-
inositol (GPI)-anchored cell wall proteins (GPI-CWPs). They link
to cell wall �-(1,6)-glucan through a GPI remnant, and the GPI
anchor is responsible for targeting all of these proteins to the cell
wall (15–17). Extensive studies previously have indicated that
GPI-CWPs can contribute to cell wall integrity, promote biofilm
formation, mediate adherence to host cells and abiotic medical
devices, and promote invasion of epithelial layers and acquisition
of iron (16, 18–23). McLellan et al. reported that a new small
molecule, christened gepinacin, could inhibit GPI-CWPs in C.
albicans and elicit enhanced immune responses (24). We hypoth-
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esized here that abolishing GPI-CWPs, the outermost cellular
structure, could “uncloak” the cells for �-(1,3)-glucan exposure.

In the present study, we demonstrated that abolishing GPI-
CWPs of C. albicans through blocking GPI anchor synthesis could
expose its surface �-(1,3)-glucan. Host phagocyte Dectin-1 could
recognize the uncloaked C. albicans cells and mediate effective
immune responses. Our studies suggested blocking GPI anchor
synthesis would be an ideal strategy to disturb C. albicans evading
host Dectin-1 recognition.

MATERIALS AND METHODS
Mice. C57BL/6 mice were obtained from Shanghai Laboratory Animal
Center of the Chinese Academy of Sciences. Dectin-1-deficient mice on a
C57BL/6 background were kindly provided by Gordon D. Brown (the
Dectin-1-deficient mice were generated on a mixed 129/Sv � C57BL/6
genetic background in Gordon Brown’s laboratory and backcrossed for
nine generations on the C57BL/6 background) (25). All of the animal
experiments were performed in compliance with institutional guidelines
and according to the protocol approved by the Institutional Animal Use
and Care Committee of Tongji University.

Antibodies. Antibodies against Syk, phospho-Syk, phospho-ERK,
p38, phospho-p38, JNK, phospho-JNK, phospho-I�B�, p65, and PCNA
were purchased from Cell Signaling Technologies. Antibodies against
ERK and I�B� were purchased from Santa Cruz Biotechnology. Antibod-
ies against �-actin and hemagglutinin (HA) tag were purchased from
Abmart. Alexa-488-labeled and Cy3-labeled goat anti-mouse antibodies
were purchased from Life Technologies. Antibody against �-(1,3)-glucan
was purchased from Biosupplies Inc. The following antibodies, along with
the appropriate isotype controls, were used in flow cytometry: fluorescein
isothiocyanate-conjugated 7/4 (Serotec), phycoerythrin-Cy7-conjugated
anti-CD11b (clone M1/70; BioLegend), phycoerythrin-conjugated anti-
Gr-1 (anti-Ly6G/C; clone RB6-8C5; BioLegend), and allophycocyanin-
conjugated anti-F4/80 (clone BM8; BioLegend).

Strain growth conditions and construction. All strains were main-
tained on SDA agar (1% peptone, 4% dextrose, and 1.8% agar) plates and
grown in YPD broth (1% yeast extract, 2% peptone, and 2% dextrose) at
30°C. For hyphal growth, 1 � 106 C. albicans cells were cultured in RPMI
1640 medium (10.4 g RPMI 1640 [Gibco BRL], 2.0 g NaHCO3, and 34.5 g
morpholinepropanesulfonic acid [Sigma], pH 7.0, in 1 liter double-dis-
tilled water sterilized by filtration) at 37°C for 4 h.

The entire coding sequence of GPI7 was deleted from strain SN152 by
two-step homologous recombination using a fusion PCR-based strategy
as described previously (26, 27). The GPI7-reconstituted strain (gpi7�/�::
GPI7) was constructed by the SAT1 flipping method (28). Strains express-
ing HA tag-fused Als1p (gpi7�/� als1�/ALS1-HA and als1�/ALS1-HA)
were generated in strains gpi7�/� and SN152, respectively. One allele of
ALS1 was deleted according to the fusion PCR-based strategy, and a
102-bp fragment containing three repeated sequences of HA epitope tag
was inserted into the ALS1 gene allele by the SAT1 flipping method.

All of the strains and the primers used for strain construction are listed
in Tables S1 and S2 in the supplemental material.

Isolation and analysis of CWPs and cytosol proteins. HF-pyridine
specifically cleaves phosphodiester bonds, through which GPI-CWPs
are linked to �-1,6-glucan chains (29). The GPI-CWPs were extracted
from C. albicans cells by HF-pyridine (Sigma-Aldrich) as described pre-
viously (30). The cellular proteins were extracted by cell lysis buffer (50
mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride [PMSF], and protease inhibitors, pH 7.4) (31). Equal amount of
CWPs and cytosol proteins then were used in immunoblot analysis.

GPI-CWPs are highly mannosylated in C. albicans, so we used perox-
idase-linked concanavalin A (ConA; Sigma-Aldrich), which could bind to
surface mannose residues, to reveal them. The CWPs and cytosol proteins
were analyzed by immunoblotting with 1 �g/ml peroxidase-labeled ConA
for mannosylated protein staining (32). The bands were analyzed using
ImageJ analysis software.

C. albicans yeast cells expressing HA tag-fused Als1p were stained with
anti-HA tag antibody followed by Alexa-488-labeled goat anti-mouse an-
tibody, and micrograph pictures were acquired and analyzed by the LAS
AF Lite program (version 2.1.1, build 4443; Leica Microsystems) (n � 100
for yeast cells).

�-Glucan exposure assays. Exponentially growing C. albicans yeast
cells were washed in PBS (for hyphal-form assays, 1 � 106 C. albicans cells
were cultured in RPMI 1640 medium at 37°C for 4 h on a microscope slide
in a 6-well plate) and blocked in PBS plus 2% bovine serum albumin for 1
h at room temperature. After blocking, the yeast and hyphal cells were
stained with anti-�-(1,3)-glucan primary antibody overnight at 4°C on a
rotator and Cy3-labeled goat anti-mouse antibody for 1 h at 30°C. The
cells then were washed three times with PBS. The microscope slides which
were adhered to the stained yeast or hyphae cells described above were
scanned with a confocal laser scanning microscope (TCS SP5; Leica).
Micrograph pictures were acquired and analyzed by the LAS AF Lite pro-
gram (version 2.1.1, build 4443; Leica Microsystems) (n � 100 for yeast
cells and n � 20 for hyphae).

We also quantified the exposure of �-glucan on C. albicans yeast by
flow cytometry. The anti-�-(1,3)-glucan primary antibody-staining yeast
cells were incubated with Alexa-488-labeled goat anti-mouse antibody for
1 h at 30°C. After being washed with PBS, the stained cells described above
were fixed with 1% formaldehyde in PBS and then analyzed by flow cy-
tometry (BD FACSVerse).

Thioglycolate-elicited peritoneal macrophage and neutrophil prep-
aration. C57BL/6 mice were injected intraperitoneally with 2 ml of 3%
(wt/vol) thioglycolate (Merck). Peritoneal cells were collected by washing
with PBS containing 0.5 mM EDTA 14 h later and 72 h later for neutrophil
and macrophage isolation, respectively. The cells were cultured in RPMI
1640 plus 10% (vol/vol) heat-inactivated fetal bovine serum.

Macrophage-yeast interaction. C. albicans yeast cells were harvested
and exposed to four doses of 100,000 �J/cm2 in a CL-1000 UV cross-
linker (UVP), with agitation between each dose to treat cells evenly (33).
The thioglycolate-elicited macrophages were stimulated with the UV-in-
activated C. albicans (multiplicity of infection [MOI] of 5) for the indi-
cated time.

For nuclear extracts, 1 � 107 murine macrophage cells were incubated
in 6-cm plates and stimulated with the UV-inactivated C. albicans for 30
min and 1 h, respectively, whereas, for total cell lysates, 3 � 106 cells were
incubated in 12-well plates and stimulated with the UV-inactivated C.
albicans for 15, 30, and 45 min, respectively. For cytokine production
assay, 1 � 107 cells were incubated in 6-well plates and stimulated with the
UV-inactivated C. albicans for 6 h, and then cell supernatants were col-
lected for the cytokine production assay.

Western blotting. Thioglycolate-elicited peritoneal macrophages
were lysed in the lysis buffer (250 mM NaCl, 50 mM HEPES, 1 mM EDTA,
1% Nonidet P-40, 1 mM Na3VO4, 1 mM NaF, and protease inhibitors, pH
7.4) for total cell lysates. For nuclear extracts, thioglycolate-elicited peri-
toneal macrophages were lysed in the lysis buffer (10 mM HEPES, 10 mM
KCl, 1.5 mM MgCl2, 0.5 mM dithiothreitol [DTT], 0.05% Nonidet P-40,
and protease inhibitors, pH 7.9). The nuclear pellet were harvested by
centrifugation (4°C, 17,000 rpm) and then washed with the lysis buffer.
The nuclear pellets then were resuspended in the extraction buffer (5 mM
HEPES, 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, pH 7.9) and
incubated with vortexing at 4°C for 40 min. Equal amounts of protein
obtained from nuclear extracts or total cell lysates were subjected to SDS-
PAGE, blotted with the indicated primary antibodies and secondary an-
tibodies, and then developed with the chemiluminescence method ac-
cording to the manufacturer’s instructions (Millipore) using the ECL
detection system (GE Healthcare).

Cytokine production assay. Concentrations of tumor necrosis factor
alpha (TNF-�), interleukin-6 (IL-6), IL-12p40, IL-10, gamma interferon
(IFN-	), and IL-17 in murine kidney homogenates or thioglycolate-elic-
ited peritoneal macrophages culture supernatant were determined with
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commercially available Ready-Set-Go cytokine kits (eBioscience) in trip-
licate according to the manufacturer’s instructions.

Neutrophil killing assay. Thioglycolate-elicited peritoneal neutro-
phils (0.6 � 106) were cultured in RPMI 1640 plus 10% (vol/vol) heat-
inactivated fetal bovine serum. The cells were mixed with unopsonized
live C. albicans (1 � 104) in the wells of a 24-well plate and were kept for 60
min at 4°C to allow the cells to settle before being transferred to 37°C for
another 60 min. Control plates were kept in parallel at 4°C during the
incubation. The cells then were mixed, with scraping, and were plated on
YPD agar for counting viable C. albicans cells after incubation for 48 h at
30°C.

Respiratory burst assay. For analysis of hydrogen peroxide (H2O2)
generation, neutrophils were loaded with dihydrorhodamine 123 at a final
concentration of 1 mM. After incubation with live C. albicans at 37°C for
1 h, the conversion of dihydrorhodamine 123 was assessed by a multi-
mode microplate reader (SpectraMax; Molecular Devices, USA) and was
expressed as mean fluorescent intensity. Cells loaded with dihydrorhod-
amine 123 but not treated with C. albicans were used to assess background
H2O2 production.

Murine systemic candidiasis model. C57BL/6 female mice (6 to 8
weeks) were anesthetized intraperitoneally (1% pentobarbital sodium, 50
mg/kg) before infection. A total of 2 � 105 live C. albicans cells was ad-
ministered intravenously in a final volume of 100 �l in PBS. Mice were
monitored daily and were killed by CO2 asphyxiation after 7 days of in-
fection. The kidneys were removed and disrupted in 0.5 ml PBS. Super-
natants of kidney homogenates were harvested and stored at 
80°C for
measurement of cytokine production.

Murine peritoneal infection model. Female C57BL/6 or Dectin-1-
deficient mice (8 to 10 weeks) were injected intraperitoneally with UV-

inactivated 2 � 105 C. albicans cells and were killed by CO2 asphyxiation
after 4 h. The inflammatory infiltrate was collected by lavage with ice-cold
PBS containing 5 mM EDTA, and red blood cells were lysed. Cells were
counted and blocked with PBS containing 5% heat-inactivated FBS and 1
mM sodium azide at 4°C. The cells then were incubated with primary
antibodies for 30 min at 4°C. After being fixed with 1% formaldehyde in
PBS, cells were analyzed by flow cytometry (BD FACSVerse) to determine
the leukocyte composition as described before (8). Contents of IL-6,
monocyte chemoattractant protein-1 (MCP-1), and granulocyte-macro-
phage colony-stimulating factor (GM-CSF) in peritoneal lavage fluid
were determined with commercially available cytokine kits (eBioscience)
in triplicate according to the manufacturer’s instructions.

Splenocyte recall response assay. Female C57BL/6 and Dectin-1-de-
ficient mice were injected intravenously with 3 � 104 exponentially grow-
ing live C. albicans SN152, gpi7�/�::GPI7 and gpi7�/� cells, respectively,
and killed by CO2 asphyxiation 7 days later. Total splenocytes were har-
vested in RPMI 1640 plus 10% (vol/vol) heat-inactivated fetal bovine
serum and 1% penicillin-streptomycin (Gibco). The splenocytes were
cultured in a 96-well U-bottomed plate with 2 � 106 cells/well and restim-
ulated with 1 � 105 UV-inactivated C. albicans SC5314 for 48 h. Cytokines
in the supernatant were detected according to the method described
above.

Statistical analysis. At least three biological replicates were performed
for all experiments unless otherwise indicated. One-way analysis of vari-
ance (ANOVA) with Bonferroni’s posttest was used when multiple groups
were analyzed. The two-tailed Student’s t test was used for analysis of two
groups, with paired analysis when appropriate. For analysis of nonpara-
metrically distributed data, the Mann-Whitney test or Kruskal-Wallis test
was used. Statistical significance was set at a P value of 0.05 or 0.01.

FIG 1 Deletion of GPI7 gene in C. albicans could block GPI-anchored protein biosynthesis and anchorage on cell wall. (A) Representative immunoblotting
with peroxidase-labeled ConA staining of HF-pyridine-released C. albicans GPI-CWPs (lane 1, SN152; lane 2, gpi7�/�::GPI7; lane 3, gpi7�/�) and the ratio of
gpi7�/� and gpi7�/�::GPI7 to SN152. (B) Representative immunoblotting with peroxidase-labeled ConA staining of C. albicans cytosol proteins (lane 1, SN152;
lane 2, gpi7�/�::GPI7; lane 3, gpi7�/�) and the ratio of gpi7�/� and gpi7�/�::GPI7 to SN152. The mannosylated protein level of C. albicans SN152 was set to
100% as a control (A and B). (C) Representative observation of HA tag-fused Als1p, a well-characterized GPI-anchor protein, on the cell surface of the indicated
strains (SN152 and gpi7�/�) by confocal laser scanning microscopy and fluorescence intensity analysis. The scale bar represents 10 �m. Data shown in panels A
and B were quantified by ImageJ. Data shown in panel C were quantified by the Leica LAS AF Lite program. Data represent means (� standard errors of the means
[SEM]) from three independent experiments. *, P � 0.05; **, P � 0.01 (one-way ANOVA with Bonferroni’s posttest [A and B] or by Student’s t
test [C]).
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RESULTS
GPI7 gene deletion in C. albicans could abolish most GPI-
CWPs. The GPI7 gene is responsible for adding ethanolamine-
phosphate to the second mannose in GPI biosynthesis (17, 34).
We generated a mutant strain of C. albicans (gpi7�/�) and con-
firmed deletion of the GPI7 ORF (open reading frame) by PCR
(see Fig. S1 in the supplemental material). The highly mannosy-
lated GPI-CWPs were extracted from C. albicans cells by HF-pyr-
idine and were revealed by peroxidase-linked ConA, which could
bind to mannose residues. Immunoblotting of the parent strain
GPI-CWP extract, using peroxidase-linked ConA, revealed
marked protein bands (Fig. 1A). The gpi7 mutants exhibited a
marked reduction (75%) of ConA-stained material, suggesting
fewer GPI-anchored proteins linked to the cell wall (Fig. 1A). In
addition, we also found that the level of GPI-anchored proteins in
the cytoplasm of gpi7 mutants was significantly reduced (50%)
(Fig. 1B). It is reasonable that reintegration of the GPI7 gene was
sufficient to reproduce the expected GPI-CWPs and cytoplasmic
GPI-anchored proteins (Fig. 1A and B).

Als1p, a well-characterized GPI-anchored protein, is known to
be able to mediate C. albicans adhesion to the host cell (16, 22). We
stained the C. albicans strains expressing HA tag-fused Als1p with
anti-HA tag antibody and found a markedly reduced Als1p attach-
ment on the cell wall (65%) in the gpi7 mutant compared with that
of the parent strain by confocal microscopy (Fig. 1C).

Results described above indicated that GPI7 gene deletion
in C. albicans could significantly reduce GPI-anchored protein
synthesis in the cytoplasm and abolish GPI-CWPs on the cell
wall.

GPI7 gene deletion in C. albicans exposed cell wall �-(1,3)-
glucan. �-(1,3)-Glucan, a well-characterized PAMP of C. albi-
cans, is buried underneath the outer layer of the cell wall with
highly glycosylated mannoproteins (1, 35). We speculated that
abolishing GPI-CWPs could disrupt the intricate architecture of
the cell wall and increase �-glucan exposure. To examine this
possibility, we detected exposure of �-(1,3)-glucan by anti-�-
(1,3)-glucan primary antibody. We found a remarkable exposure
of �-(1,3)-glucan on the yeast cell surface of the gpi7 mutant com-
pared to that of the parent strain (Fig. 2A). The gpi7 mutant yeast
cells had a 30-fold greater reactivity with the anti-�-glucan anti-
body than the parent strain by flow cytometry (Fig. 2B). We also
examined the effect of GPI7 gene deletion on cells grown in RPMI
1640, a culture medium associated with strong hyphal growth
and �-glucan masking. Our results suggested that abolishing GPI-
CWPs also could cause a dramatic increase of �-(1,3)-glucan ex-
posure in the hyphal form and had an 8-fold greater reactivity with
the anti-�-glucan antibody than the parent strain (Fig. 2C). Con-
currently, the C. albicans cells were labeled with propidium iodide
to assess their viability by FACS (fluorescence-activated cell sort-
ing). The gpi7 mutant did not show increased cell death, suggest-
ing that increased �-glucan exposure was not due to the loss of
viability (data not shown).

Neutrophils killed C. albicans gpi7 mutant more efficiently
with an augmented respiratory burst. Neutrophils are the most
abundant leukocyte in humans and are essential to the innate im-
mune response against invading fungus (36). The polymorphonu-
clear leukocyte (PMN) Dectin-1 plays a key role in the recognition
and killing of fungal pathogens by the innate immune system (37). As

FIG 2 Cell wall �-(1,3)-glucan was highly exposed in the C. albicans gpi7 mutant in both yeast and hyphal forms. Yeast-form growing cells (A and B) and hyphal
growing cells (C) were stained with anti-�-(1,3)-glucan primary antibody to visualize �-(1,3)-glucan. The fluorescence intensity was quantified by flow
cytometry (B, right) and the Leica LAS AF Lite program (C, right). The scale bar represents 10 �m. Data represent means (� SD) from triplicates of one
representative experiment of three. **, P � 0.01 (one-way ANOVA with Bonferroni’s posttest).
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increased �-(1,3)-glucan exposure was seen on the cell surface, we
explored whether the neutrophil response to the C. albicans gpi7
mutant would be increased as well. We found that thioglycolate-
elicited peritoneal neutrophils could kill the gpi7 mutant more
efficiently, and the killing ability was weakened when the GPI7
gene was reverted (Fig. 3A). Neutrophils also produced signifi-
cantly more reactive oxygen species (ROS) when challenged by the
C. albicans gpi7 mutant strain than by the parent and revertant
strains (Fig. 3B).

C. albicans gpi7 mutant could stimulate Dectin-1-mediated
antifungal innate immune responses. Macrophages are essential
to initiate antifungal innate immune responses and prime adap-
tive immune responses (5, 6). We tested whether the �-glucan
exposure induced by abolishing GPI-CWPs could stimulate an
enhanced macrophage response. We found that the gpi7 mutant
stimulation induced more nuclear translocation of NF-�B (p65),
Syk phosphorylation, and I�B� phosphorylation and degrada-
tion in thioglycolate-elicited peritoneal macrophages, suggesting

FIG 3 Neutrophils killed the uncloaked gpi7 mutant more efficiently with an augmented respiratory burst. Thioglycolate-elicited peritoneal neutrophils (0.6 �
106 cells) were infected with viable C. albicans (1 � 104 cells) for 60 min. (A) C. albicans then was plated on YPD agar for 48 h to measure viable CFU. (B) The
respiratory burst was measured by assessing the conversion of dihydrorhodamine 123 to rhodamine. Data represent means (� SD) from triplicates of one
representative experiment of three. *, P � 0.05 (one-way ANOVA with Bonferroni’s posttest).

FIG 4 C. albicans gpi7 mutant could be recognized by host macrophages. gpi7�/� could induce NF-�B and MAPK activation and inflammatory responses in
macrophages. Thioglycolate-elicited peritoneal macrophages were stimulated by UV-inactivated C. albicans yeast SN152, gpi7�/�::GPI7, and gpi7�/� (MOI of
5) for the indicated times. The nuclear extracts (A) and cell lysates (B and C) were analyzed by immunoblotting with the indicated antibodies. (D) Enzyme-linked
immunosorbent assay (ELISA) results for TNF-�, IL-6, IL-12p40, and IL-10 in supernatants of thioglycolate-elicited peritoneal macrophages, which were
stimulated with the indicated C. albicans strains (MOI of 5) for 6 h. Mock, unstimulated macrophages. Data represent means (� SD) from triplicates of one
representative experiment of three. *, P � 0.05 (one-way ANOVA with Bonferroni’s posttest).
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NF-�B signaling activation (Fig. 4A and B). Consistent with this,
gpi7 mutant stimulation induced more ERK phosphorylation,
JNK phosphorylation, and p38 phosphorylation in macrophages
than the parent strain, indicating mitogen-activated protein ki-
nase (MAPK) signaling activation (Fig. 4C). In addition, the en-
hanced activation of NF-�B and MAPK signaling were downregu-
lated when the GPI7 gene was reverted. NF-�B and MAPK
activation could promote the expression of various inflammatory
cytokines. We also found that the gpi7 mutant stimulation in-
duced robust production of inflammatory cytokines, including
TNF-�, IL-6, IL-12p40, and IL-10, in macrophages, while the pro-
duction of these cytokines was significantly decreased when par-
ent and revertant strains were stimulated (Fig. 4D).

To confirm that the enhanced macrophage immune response
induced by the gpi7 mutant is through �-(1,3)-glucan exposure
and is host Dectin-1 dependent, we stimulated thioglycolate-elic-
ited peritoneal macrophages from both wild-type (Clec7a/) and
Dectin-1-deficient (Clec7a
/
) mice with the gpi7 mutant yeast
cells and found that the activation of NF-�B and MAPK signaling
was defective in Dectin-1-deficient macrophage cells (Fig. 5A and
B). Consequently, the gpi7 mutant yeasts could not significantly
increase the production of inflammatory cytokines in Dectin-1-
deficient macrophage cells (Fig. 5C). We also found that lami-
narin, a Dectin-1 receptor inhibitor, could downregulate the
NF-�B and MAPK activation, as well as inflammatory cytokine
production, in macrophages challenged by the gpi7 mutant (see
Fig. S2 in the supplemental material).

C. albicans gpi7 mutant could induce stronger inflammatory
response in vivo. We further explored how the enhanced leuko-
cyte recognition induced by exposure of �-glucan affected inflam-
mation response in vivo using a peritoneal infection model. After
4 h of intraperitoneal infection with 2 � 105 UV-inactivated C.

albicans cells, we found that gpi7 mutant-infected mice recruited
more cells than the parent strain-infected mice, including Gr-1hi7/
4hi neutrophils, Gr-17/4hi F4/80 inflammatory monocytes (Fig.
6A and B), and Gr-1int7/4loF4/80 side-scatter-high eosinophils
(Fig. 6B) in the peritoneum. The increased inflammatory cell re-
cruitment also was associated with increased production of spe-
cific cytokines and growth factors, including IL-6, MCP-1, and
GM-CSF (Fig. 6C). However, IL-6, MCP-1, and GM-CSF produc-
tion did not show a significant difference in the peritoneum when
Dectin-1-deficient mice were infected with the gpi7 mutant strain
or parent strain SN152, which suggested that the in vivo pheno-
types were Dectin-1 dependent (Fig. 6C). In addition, we also
detected TNF-�, IL-12p40, and IL-10 production in the perito-
neal infection model, which was detected by the in vitro response
described above. TNF-� production did not show statistical sig-
nificance when challenged by C. albicans gpi7�/� compared to
that with the parent strain (data not shown). However, IL12p40
and IL-10 were not detectable in the experiments.

C. albicans gpi7 mutant could stimulate stronger Th cell re-
sponses. Engagement of PRRs in innate immune cells could ren-
der them competent to prime T cells and thereby drive the adap-
tive immune response (7). Thus, we further investigated the
contribution of �-(1,3)-glucan exposure to adaptive immunity.
We collected splenocytes from live C. albicans-infected mice. The
splenocytes then were restimulated with UV-inactivated C. albi-
cans SC5314 for 48 h, and Th1 and Th17 responses were moni-
tored by measuring IFN-	 and IL-17 in cell supernatant, respec-
tively. The splenocytes from uninfected mice, including wild-type
and Dectin-1-deficient mice, have a Th cell response after C. albi-
cans restimulation that is similar to that from parent strain-in-
fected mice (data not shown). The levels of IFN-	 and IL-17 pro-
duction of splenocytes from gpi7�/�-infected mice were

FIG 5 Inflammatory responses in macrophage stimulated by C. albicans gpi7�/� were Dectin-1 dependent. Thioglycolate-elicited peritoneal macrophages from
wild-type or Dectin-1-deficient mice were stimulated with UV-inactivated C. albicans yeast SN152, gpi7�/�::GPI7, or gpi7�/� (MOI of 5) for 60 min (for nuclear
extracts analysis) or 30 min (for total cell lysate analysis). The nuclear extracts (A) and total cell lysates (B) were analyzed by immunoblotting with the indicated
antibodies. (C) ELISA results for TNF-�, IL-6, IL-12p40, and IL-10 in supernatants of thioglycolate-elicited peritoneal macrophages from wild-type mice or
Dectin-1-deficient mice, which were stimulated with the indicated C. albicans yeast strains (MOI of 5) for 6 h. Mock, unstimulated macrophages. Data represent
means (� SD) from triplicates of one representative experiment of three. **, P � 0.01 (two-way ANOVA with Bonferroni’s posttest).
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significantly higher than those from parent strain- or revertant
strain-infected mice when restimulated by C. albicans 5314 (Fig.
7A), indicating that the gpi7 mutant induced a stronger recall Th
cell response in the host. In Dectin-1-deficient mice, the stronger
Th cell recall response induced by C. albicans gpi7�/� was weak-
ened, suggesting that the phenotype was Dectin-1 dependent (Fig.
7A). We also detected significantly enhanced TNF-�, IL-6, IFN-	,
and IL-17 levels in the kidneys of gpi7 mutant-infected mice com-
pared to those of the parent and revertant strain-infected mice 7
days after intravenous infection (Fig. 7B). Accordingly, the kidney
fungal burdens of mice inoculated with the gpi7 mutant were sig-
nificantly lower than those of mice infected with either the parent
or revertant strain (see Fig. S3 in the supplemental material). In-
filtrating cells in kidneys of mice infected with gpi7�/� also were
significantly fewer than those of mice infected with the parent or
revertant strain (see Fig. S3).

DISCUSSION

The C. albicans cell wall is a complex dynamic structure based on
a core structure of �-(1,3)-glucan that is covalently linked to
�-(1,6)-glucan, chitin, and an outer layer of the matrix composed
of mannoproteins (mainly GPI-anchored proteins) (38). Previous
studies have indicated that GPI-anchored proteins are critical for
the virulence and pathogenicity of C. albicans, and the carbohy-
drates serve as PAMPs to mediate immune recognition by the host

(1, 39–41). Fungi could shield the surface PAMPs to evade host
immune attacks. Histoplasma capsulatum can mask the cell wall
�-(1,3)-glucan by the outer layer �-(1,3)-glucan. Previous studies
have found increased Dectin-1-dependent host immune recogni-
tion after abolishing cell wall �-(1,3)-glucan in Histoplasma cap-
sulatum (42, 43). As the main PAMP, �-(1,3)-glucan also is con-
cealed in C. albicans (10). The antifungal drug caspofungin and a
new small molecule, gepinacin, which target the cell wall, can
cause the exposure of �-(1,3)-glucan in C. albicans and elicit a
stronger host immune response (24, 33). In the present study, we
found that GPI-CWPs also were involved in C. albicans escaping
from host Dectin-1 recognition and further demonstrated that
blocking GPI anchor synthesis to abolish GPI-CWPs was a poten-
tial strategy to disturb C. albicans evading host immune attack.

Recognition of �-(1,3)-glucan by Dectin-1 has been shown to
be crucial in host antifungal defense (8, 11, 44). However, C. albi-
cans shields �-glucan from being recognized by Dectin-1 on in-
nate immune cells (1, 14, 32). The outer-layer mannoproteins of
C. albicans are mainly GPI-anchored proteins. The GPI anchor,
which is responsible for transportation and attachment of all of
the GPI-anchored proteins to the cell wall, is synthesized and
added to the proteins in the endoplasmic reticulum (15). C. albi-
cans GPI7 is responsible for adding ethanolaminephosphate to the
second mannose in GPI anchor biosynthesis (17). Richard and

FIG 6 Host increased inflammatory responses in vivo against C. albicans gpi7�/�. C57BL/6 or Dectin-1-deficient mice were intraperitoneally infected with 2 �
105 UV-inactivated C. albicans organisms of SN152, gpi7�/�::GPI7, or gpi7�/� for 4 h. (A) Flow cytometry for Gr-1hi7/4hi neutrophils and Gr-17/4hi F4/80

inflammatory monocytes in the peritoneum. (B) Scatter plots of myeloid cell subsets in the peritoneum. Each symbol represents an individual mouse. Neut,
neutrophil; Mono, monocyte; Eos, eosinophil. (C) ELISAs for cytokines, chemokines, and growth factors in lavage fluid from the peritoneal cavities. MCP-1,
chemokine CCL2; GM-CSF, granulocyte-monocyte colony-stimulating factor. Data are representative of three independent experiments. P � 0.05 (*) and P �
0.01 (**) (Mann-Whitney nonparametric t test [B] and Kruskal-Wallis nonparametric one-way ANOVA with Dunn’s posttest [C]).
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Plaine reported that the GPI anchor modification by GPI7 mainly
influenced the linkage of GPI-anchored protein to the cell wall,
while the plasma membrane-targeted GPI-anchored proteins
were not affected (16). Therefore, we chose the gpi7 mutant as a
tool to investigate the role of GPI-CWPs in the immune-escaping
characteristics of C. albicans. We further confirmed that the GPI7
gene was the key to normal GPI-anchored protein synthesis. GPI7
gene deletion in C. albicans could block most GPI-anchored pro-
tein biosynthesis and its attachment to the cell surface (Fig. 1). We
further demonstrated that abolishing the GPI-anchored proteins
on the cell wall through deletion of the C. albicans GPI7 gene could
unmask the concealed �-(1,3)-glucan in either yeast or hyphal
form (Fig. 2). The exposure of �-(1,3)-glucan may be due to the
fact that cell surface-glycosylated proteins of the gpi7 mutant do
not adequately conceal the inner layer. Thus, we hypothesized that
the unmasking of �-(1,3)-glucan on C. albicans cell surfaces could
increase host Dectin-1-mediated immune recognition.

Neutrophils contribute to the initial steps of fungal killing,
which plays a special role in neutropenic and immunosuppressed
populations (36, 45). CARD9 signaling and ROS formation by the
NADPH oxidase system were involved in neutrophil killing of C.
albicans (46). CR3 and the Dectin-1 receptor have been reported
to be able to recognize cell wall �-glucan of C. albicans and medi-

ate killing (46). Our results showed that neutrophils killed the gpi7
mutant more efficiently and produced significantly more ROS
when challenged by the gpi7 mutant (Fig. 3). This suggested that
blocking GPI anchor synthesis to abolish GPI-CWPs of C. albicans
increased the uptake and killing functions of neutrophils, which
might depend on the recognition of exposed �-(1,3)-glucan by the
Dection-1 receptor, as well as ROS formation.

After encountering fungal pathogens, host macrophages se-
crete cytokines and chemokines and engulf the pathogen in
phagosomes (38). Here, we showed that gpi7 mutant with the loss
of GPI-CWPs elicited increased recognition by macrophages (Fig.
4). The enhanced macrophage cellular responses consisted of ac-
tivation of NF-�B and MAPK signaling and production of specific
cytokines (TNF-�, IL-6, IL-12p40, and IL-10). IL-6 and IL-23
(consisting of IL-12p40 and p19) are key cytokines leading to in-
duction of Th17 cell differentiation (47). TNF-� and IL-6 are
involved in innate immune responses against Candida infection
through promoting neutrophil production and activation (48,
49). The enhanced innate immune responses were Dectin-1 de-
pendent, suggesting that they were attributed to �-glucan expo-
sure caused by GPI anchor synthesis inhibition (Fig. 5; also see Fig.
S2 in the supplemental material). However, Plaine et al. reported
that laminarin failed to inhibit the enhanced proinflammatory

FIG 7 C. albicans gpi7 mutant could stimulate enhanced host Th cell responses. (A) Splenocyte recall assay. C57BL/6 and Dectin-1-deficient mice were infected
with 3 � 104 viable C. albicans organisms (SN152, gpi7�/�::GPI7, or gpi7�/�) for 7 days. Splenocytes were restimulated with UV-killed C. albicans SC5314 for
48 h, and IFN-	 and IL-17 accumulation in the supernatants was measured by ELISA (n � 10). Data represent means (� SD) from triplicates of one
representative experiment of three. (B) ELISAs for cytokines in kidneys from C57BL/6 mice intravenously infected with 2 � 105 viable C. albicans for 7 days (n �
12). Data are representative of three independent experiments. *, P � 0.05; **, P � 0.01 (Kruskal-Wallis nonparametric one-way ANOVA with Dunn’s posttest).
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response (TNF-�) to the C. albicans gpi7 mutant in murine cells,
indicating that the Dectin-1 receptor was not involved in the pro-
cess (50). We consider that the controversial results may be attrib-
uted to different experimental protocols. Plaine et al. challenged
resident peritoneal macrophages by gpi7 mutant in the presence of
laminarin for 24 h and measured proinflammatory cytokines,
while we stimulated thioglycolate-elicited peritoneal macro-
phages by gpi7 mutant for 6 h. In the present study, we also con-
firmed that the enhanced innate immune response stimulated by
gpi7 mutant was Dectin-1 dependent using Dectin-1-deficient
mice besides laminarin blocking. Richard and Plaine (16) investi-
gated the interaction between live gpi7 mutant and mouse macro-
phage-like cell line J774 and found that gpi7 mutant could upregu-
late Erk1/2 phosphorylation, which was consistent with our
findings. In our experiments, we also found that gpi7 mutant stim-
ulation induced an enhanced activation of NF-�B and MAPK sig-
naling (phosphorylation of both p38 and JNK) in thioglycolate-
elicited peritoneal macrophages. We further demonstrated that
gpi7 mutant stimulation could induce more production of specific
cytokines in murine macrophages. Nonetheless, immune sensing
of C. albicans requires the cooperative recognition of mannans
and glucan by PRRs (38), so we cannot exclude the participation
of other PRRs in this process. Further studies are needed to eval-
uate cross talk between Dectin-1 and other PRRs in our experi-
ment. It has been reported that glycogen also can induce PMNs
and mineral oil can induce macrophages (51, 52). It may be
worthwhile to compare innate immune cells induced by different
methods in a further study to make sure that the results are com-
parable.

We further confirmed this finding in vivo. Both Th1 and Th17
cells have been proposed to mediate protection against C. albicans
infection (53–55). IFN-	 and IL-17 are the key cytokines pro-
duced by Th1 and Th17 cells, respectively. IFN-	 and IL-17 eleva-
tion in kidneys and the enhanced splenocyte recall responses of
gpi7 mutant-infected mice indicated that the C. albicans gpi7 mu-
tant could stimulate stronger host Th1 and Th17 responses (Fig.
7A). TNF-� and IL-6 have been considered pivotal cytokines in
anticandidal defense through promoting neutrophil production
and activation (48, 49). The elevation of proinflammatory cyto-
kines in kidneys of gpi7 mutant-infected mice (Fig. 7B) might
result in the recruitment of innate immune cells, such as neutro-
phils, and priming of adaptive immune response to clear the in-
fected fungi. We determined this process in a peritoneal infection
model, demonstrating the marked elevation of cytokines and
chemokines, including IL-6, GM-CSF, and MCP-1 in the perito-
neal cavity, which resulted in subsequent recruitment of neutro-
phils and monocytes (Fig. 6). In addition to promoting neutrophil
production and activation, IL-6 also plays a critical role in the
induction of Th17 cell differentiation (56). GM-CSF has been re-
ported to be important for enhancement of neutrophil matura-
tion and potentiating neutrophil functions (57–59). MCP-1 is an
important mediator for monocyte recruitment (60). These in vivo
phenotypes were weakened in Dectin-1-deficient mice, suggesting
the host-enhanced inflammatory responses and Th cell responses
induced by C. albicans with the loss of GPI-CWPs were Dectin-1
dependent (Fig. 6C and 7A).

In this study, our data showed that abolishing GPI-CWPs
could uncloak C. albicans and expose it to the host immune sys-
tem. The antifungal effects, including enhanced recognition by
innate immune cells and Th1 and Th17 responses, were host Dec-

tin-1 dependent and attributed to �-(1,3) glucan exposure. The
present study provided a potential antifungal therapeutic strategy
in modulating the host immune response to C. albicans. In addi-
tion, abolishing GPI-CWPs in C. albicans by blocking GPI anchor
synthesis also destroyed the cell wall integrity and increased the
susceptibility of C. albicans to cell membrane-targeting drugs,
such as azoles, and cell wall-targeting drugs, such as echinocandin
(data not shown). Therefore, the key genes encoding GPI anchor
synthesis may provide drug targets for broad-spectrum treatment
of antifungal infections.
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