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Mannan binding lectin (MBL) is an innate immune mediator belonging to the collectin family known to bind
to the surfaces of many viruses, bacteria, and fungi. However, pathogenic strains of the fungus Cryptococcus
neoformans are resistant to MBL binding. To dissect the mechanism of cryptococcal resistance to MBL, we
compared MBL binding to an encapsulated wild-type strain, an encapsulated ccr4� mutant defective in cell
integrity, and an acapsular cap60� strain. No MBL binding was detected on wild-type C. neoformans. In
contrast, the ccr4� mutant bound MBL to the cell wall, predominantly at the ends of enlarged buds, whereas
the acapsular strain bound MBL only at the bud neck and bud scars. In addition, the ccr4� mutant was
sensitive to the cell wall-active antifungal caspofungin and other cell wall stress inducers, and its virulence was
reduced in a mouse model of cryptococcosis. Interestingly, treatment of wild-type cells with caspofungin also
increased MBL binding to C. neoformans. These results suggest that both the presence of capsule and wild-type
cell wall architecture preclude MBL binding to C. neoformans.

Infections by the yeast-like fungus Cryptococcus neoformans
are a significant cause of complications in transplant recipients,
patients with hematologic malignancies, patients on chemo-
therapy, and human immunodeficiency virus (HIV) patients
(10). Although C. neoformans is capable of infecting patients
with no obvious immune defect, infections in immunocompro-
mised patients predominate (5). Since the majority of C. neo-
formans infections occur in patients with defects in cell-medi-
ated immunity, understanding the interaction of this pathogen
with components of innate immunity that are likely intact in
susceptible populations may provide avenues for novel thera-
pies. Many factors contribute to the virulence of C. neofor-
mans, including thermotolerance, production of melanin pig-
ments, and encapsulation. The polysaccharide capsule of C.
neoformans is immunomodulatory and antiphagocytic and pro-
vides protection from innate immune mediators (2).

Mannan binding lectin (MBL) is a member of the collectin
(collagen-like or C-type lectin) family of innate immune me-
diators (7). In humans, this family includes MBL and pulmo-
nary surfactant proteins A to D, which have homologues in
plants and nonvertebrate animals. The roles of collectins in
innate immunity are manifold and include opsonization, com-
plement fixation, cytokine induction, and direct killing of mi-
crobes (39).

MBL is composed of three to six subunits, each made up of
a trimer of the MBL gene product (9, 22). The collagen-like
N-terminal stalk regions align to form the trimeric subunits.
The subunits are arranged in a “bouquet” with the C-terminal
carbohydrate recognition domains (CRD) at one end of the

molecule (20). The carbohydrate recognition domains bind
high-mannose sugars in a calcium-dependent manner (7).
MBL, through the catalytic activity of its associated proteases
MASP1 and MASP2, activates complement promoting C3 de-
position on microbial surfaces (21, 36).

Serum levels of MBL and genetic polymorphisms that affect
serum levels of MBL have been demonstrated to impact sus-
ceptibility to a number of infectious diseases (11, 17, 41).
Polymorphisms in MBL and its associated protease MASP2
have been shown to be risk factors for the development of
invasive fungal infections in stem cell transplant recipients
(18). Recent studies have demonstrated the ability of intrave-
nous MBL to reduce mortality associated with infection by the
opportunistic fungi Candida albicans and Aspergillus fumigatus
in mouse models of invasive disease (23, 25). Indeed, phase I
clinical trials have been performed for use of recombinant
human MBL administered to patients deficient in MBL as a
result of immunosuppression (30).

MBL has been shown to bind to acapsular strains of C.
neoformans but not to encapsulated strains, suggesting that
capsule inhibits MBL binding (33). The role of cell wall archi-
tecture in the resistance of C. neoformans to MBL binding has
not been investigated. To dissect the contribution of capsule
and cell wall to MBL resistance in C. neoformans, we compared
the localization of MBL on the surface of serum-opsonized
wild-type C. neoformans with that of an acapsular strain and a
C. neoformans ccr4� mutant that was found to be defective in
cell integrity. Our previous data suggest that the mRNA deg-
radation machinery, of which Ccr4 is the catalytic component,
regulates cell integrity in C. neoformans (6). These data, to-
gether with data from Saccharomyces cerevisiae demonstrating
cell integrity defects in the ccr4� mutant, made the cryptococ-
cal CCR4 homologue an attractive target to explore the role of
the mRNA degradation machinery in C. neoformans cell in-
tegrity (4).
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The cell integrity-deficient ccr4� mutant bound MBL on the
cell wall, primarily in regions with increased calcofluor white
intensity, whereas the acapsular strain exhibited strong MBL
staining only at bud scars and the bud neck. No MBL was
found to be surface associated in wild-type C. neoformans.

MATERIALS AND METHODS

Strains and media. All strains used in these studies were derived from C.
neoformans var. grubii strain H99, a clinical isolate generously provided by John
Perfect, Duke University, Durham, NC. Strains were propagated on YPD (1%
yeast extract, 2% peptone, 2% dextrose, 2% agar) agar at 30°C or were grown in
YPD liquid cultures in an orbital shaker at 30°C unless otherwise specified.

Molecular techniques. Construction of the CCR4 deletion cassette was per-
formed as previously described (29). Primers used to amplify the targeting
regions, and the full-length CCR4 gene for complementation are listed in Table
1. To construct the complementation cassette, the full-length CCR4 gene was
amplified from genomic DNA and cloned as a BglII-XhoI fragment into
pSL1180 containing the hygromycin B resistance cassette. Introduction of the
CCR4 deletion cassette by biolistic transformation and introduction of the CCR4
complementation cassette by electroporation were performed as previously de-
scribed. PCR screening and Southern blotting were performed by standard
methods (29, 37).

Spot plate assay. To assess the sensitivity of the congenic sets to stress con-
ditions, a spot plate assay was used. A suspension of cells of each strain was
standardized to an optical density at 600 nm (OD600) of 1.0. Five microliters of
each suspension and five serial 10-fold dilutions (unless otherwise indicated)
were spotted on the surface of an agar plate containing the indicated stressor as
described previously (16). A control plate with no addition was included for each
set of experiments. The following compounds were used: 1.5 mg/ml calcofluor
white (Fluorescent Brightener 28; Sigma), 0.5% Congo red (Fluka), 0.03%
sodium dodecyl sulfate (SDS) (Invitrogen), and 0.5 mg/ml caffeine (Spectrum
Chemical Mfg. Group). Stock solutions were prepared using the instructions
provided by the Cryptococcus gene deletion database (www.genome.slu.edu
/delete/screens.html).

Trypan blue uptake. To measure the membrane permeability of cells of the
congenic set, trypan blue staining was performed using a modification of a
protocol described previously (16). Briefly, mid-log-phase cells of each strain
were stained with a 0.4% solution of trypan blue dye before and after a shift to
37°C for 3 h. The proportion of cells stained with trypan blue was quantitated
using bright-field microscopy. One hundred cells were scored positive or negative
for trypan blue uptake for each strain in triplicate. Statistical significance was
determined by analysis of variance of square root transformed data. Pairwise
analyses were performed post hoc using Tukey’s t test.

Lysing enzyme sensitivity. Sensitivity to lysing enzymes from Trichoderma
harzanium (Sigma) was determined as described previously (16). Briefly, over-
night cultures of the wild type and the ccr4� mutant in YPD medium were
washed once with phosphate-buffered saline (PBS) and once with 1 M sorbi-
tol–20 mM sodium citrate (pH 5.8). Cells were resuspended in 1 M sorbitol–0.1
M sodium citrate–10 mM EDTA (pH 5.8), and the OD600 was normalized to 1.0.
Lysing enzymes were added to a final concentration of 50 mg/ml. Cultures were
incubated at 30°C with gentle agitation. The OD600 was determined in duplicate
at 1-h intervals.

Assessment of caspofungin sensitivity. The sensitivity of the wild type and the
ccr4� strain to capsofungin was measured by a spot plate assay (see above) on
YPD agar containing 32 �g/ml caspofungin. To determine the caspofungin MICs
for the wild type and ccr4� mutant, the broth microdilution protocol adapted for
C. neoformans was used (31). Briefly, 1 � 104 cells were inoculated into RPMI
medium buffered to pH 7 with morpholinepropanesulfonic acid (MOPS) and

supplemented with 2% dextrose. Twofold dilutions of the drug were assessed in
the range from 128 to 0.125 �g/ml. Plates were incubated at 36°C for 2 days, at
which time the concentration of drug in the first nonturbid well was taken as the
MIC. Assays were performed in triplicate.

Assessment of capsular permeability. To induce capsule, yeast cells were
grown in 3 ml of RPMI medium in a 12-well plate incubated in a CO2-enriched
environment (GasPak EZ CO2; Becton Dickinson) in a 37°C water-jacketed
incubator for 4 days. Tetramethyrhodamine-dextran 2000 kDa (TMRD; Invitro-
gen) staining of the C. neoformans capsule on cells grown under capsule-inducing
conditions was performed as described previously (15). Cells were also stained
with calcofluor white and were visualized by fluorescence microscopy 15 min
after staining with TMRD. Staining with AlexaFluor 488-conjugated anticapsular
Fab fragments (a generous gift from Tom Kozel, University of Nevada, Reno)
was performed as described previously, except that calcofluor white stain was
included in the reaction mixture (15). The distance between the outside of the
cell wall and the staining front was measured using Slidebook software. A
statistical analysis was performed using Graph Pad software. The Student t test
was used to compare mean distances.

Detection of MBL binding. Yeast cells were grown to mid-log phase in YPD
broth at 30°C and 300 rpm. Approximately 5 � 106 cells were washed in PBS and
incubated for 1 h in 100% human AB serum (Sigma) at 37°C to allow opsoniza-
tion. Cells were washed three times with 1 ml PBS and incubated with either
anti-human MBL monoclonal antibody HYB-131-01 (Abcam) or an immuno-
globulin G1 (IgG1) isotype control (anti-c-myc clone 9E10; Sigma) at a dilution
of 1:250 in PBS with 0.5 mg/ml bovine serum albumin for 1 h at room temper-
ature. After three 1-ml washes in PBS, cells were incubated with an AlexaFluor
488-conjugated anti-mouse antibody (Invitrogen) at a 1:500 dilution in PBS-
bovine serum albumin for 1 h at room temperature. After three washes in PBS,
cells were resuspended in 20 �l PBS with 1 �g/ml calcofluor white and embedded
in 0.5% low-melting-point agarose (NuSieve GTG; FMC Bioproducts) on a
standard microscope slide. Epifluorescence was detected using an Olympus
IX-70 deconvolution microscope.

Virulence assay. NIH Swiss albino mice (Jackson Labs) were inoculated in the
lateral tail vein with 1 � 106 cells of the wild-type, ccr4� mutant, or comple-
mented strain suspended in physiological saline. Mouse health was monitored
twice daily, and moribund mice, defined as mice that were lethargic (mice which
could be aroused but relapsed into slumber within 1 min or had repetitive
neurological signs such as circling) or were not able to reach food or water, were
sacrificed according to the University of Illinois at Chicago IACUC guidelines.
Statistical significance was assessed by the Kaplan-Meier test followed by the log
rank test using Graph Pad software. Necropsies were performed to isolate in-
fected brains, which were either fixed in 4% phosphate-buffered formalin for
histology or homogenized in PBS and centrifuged on a 20 to 100% discontinuous
sucrose gradient at 3,000 rpm for 30 min in a swinging bucket rotor to isolate
purified yeast cells. Fixed brain tissue was submitted to the University of Illinois
veterinary pathology service for embedding, mounting, and staining. Sections of
brain were stained with Grocott-Gomori methenamine silver stain to visualize
yeast morphology. India ink staining was used to visualize capsule on yeast cells
isolated from brains.

RESULTS

Construction of a C. neoformans ccr4� mutant. Our previous
study of a C. neoformans DEAD-box RNA helicase gene,
VAD1, demonstrated a role for the mRNA degradation ma-
chinery in the regulation of cell integrity in C. neoformans (29).
To probe further the role of the mRNA degradation machin-
ery in cell integrity, we deleted CCR4 encoding the C. neofor-

TABLE 1. Oligonucleotides

Oligonucleotide Sequence Use

5�CCR4KO-F GCTTTCCCTCCGCCATCCTTCC CCR4 knockout construct
5�CCR4KO-R GAATTCGAATTCGCTGTGGTGTGAGCGTTGCCG CCR4 knockout construct
3�CCR4KO-F AGATCTAGATCTGTCATATCCCGGTATTCACGC CCR4 knockout construct
3�CCF4KO-R CTCGAGCTCGAGCGATGGCTATTCTGGCGG CCR4 knockout construct
5�CCR4-C GGAGGAAGATCTGGGCGAAAACTACCCTTGG CCR4 complementation
3�CCR4-C CTCGAGCTCGAGCGATGGCTATTCTGGCGG CCR4 complementation
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mans homologue of the S. cerevisiae gene. CCR4 encodes the
poly(A)-specific 3�-to-5� exoribonuclease responsible for
mRNA deadenylation (6, 38). Based on the phenotype of the
S. cerevisiae ccr4� mutant, we predicted that the C. neoformans
mutant would be defective in cell integrity (4). To construct the
C. neoformans ccr4� mutant, the URA5 selectable marker
flanked by a sequence homologous to the genomic sequence
directly upstream and downstream of the CCR4 coding se-
quence was transformed into an ura derivative of wild-type C.

neoformans var. grubii strain H99 (H99FOA) by biolistic trans-
formation (Fig. 1A) (37). Confirmation of PCR-positive clones
by Southern blotting demonstrated that ccr4�-70 was a homol-
ogous recombinant (Fig. 1B). The lack of CCR4 transcript in
the �ccr4-70 mutant was verified by using a Northern blot
probed with a genomic fragment containing the CCR4 coding
sequence (Fig. 1C). To ensure that the mutant phenotype was
due to the lack of CCR4 and not to an additional, unintended
mutation, the ccr4�-70 mutant (referred to below as ccr4�)

FIG. 1. (A) Schematic diagram of the construct used to generate the ccr4� deletion mutant by homologous recombination. (B) Southern blot
analysis of the ccr4� mutant demonstrating hybridizing bands of the predicted size for a ccr4� homologous recombinant compared to the wild type
after digestion with BamHI. (C) Northern blot analysis demonstrating the loss of the CCR4 transcript in the ccr4� mutant and restoration in the
complemented strain. wt, wild type.

FIG. 2. (A) Spot plate assay demonstrating the sensitivity of the ccr4� mutant to a panel of known cell wall stress inducers, including caffeine
(0.5 mg/ml), SDS (0.03%), Congo red (0.5%), and calcofluor white (1.5 mg/ml). Plates were incubated for 3 days at 30°C. (B) Uptake of trypan
blue dye in the wild type and the ccr4� mutant at mid-log growth in YPD medium at 30°C and after a shift to 37°C for 3 h. One asterisk, P � 0.05;
two asterisks, P � 0.0001. (C) Sensitivity of the wild type and the ccr4� mutant to lysing enzymes as measured by reduction in the OD600 over time.
One asterisk, P � 0.05; two asterisks, P � 0.005; three asterisks, P � 0.001. (D) Spot plate assay demonstrating sensitivity of the ccr4� mutant to
32 �g/ml caspofungin. Plates were incubated for 3 days at 30°C. wt, wild type; CFW, calcofluor white.
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was transformed with full-length CCR4 flanked by the hygro-
mycin B resistance cassette by electroporation. Hygromycin-
resistant colonies were screened by Southern blotting (data not
shown) and Northern blotting (Fig. 1C) and were found to
express the CCR4 transcript. One of five independently de-
rived strains with genome-integrated complementation con-
structs was chosen for further study.

ccr4� mutant exhibits cell wall defects. To determine if Ccr4
regulates cell integrity in C. neoformans, the sensitivity of the
ccr4� mutant to a panel of cell wall-damaging agents was
compared to the sensitivities of the wild type and a comple-
mented strain using a spot plate assay (16). As shown in Fig.
2A, the ccr4� mutant was hypersensitive to caffeine, SDS, and
the glucan-binding dye Congo red, suggesting that the ccr4�
mutant is defective in maintenance of cell integrity. To assess
the ability of temperature stress to exacerbate the cell integrity
defect, the uptake of trypan blue dye was used as a measure of
cell integrity at 30 and 37°C. As demonstrated in Fig. 2B,
uptake of the dye at 30°C by the ccr4� mutant was greater than
uptake by the wild type. Whereas the shift to 37°C had no effect
on trypan blue uptake by the wild type, increased uptake by the
ccr4� mutant was exacerbated at the elevated temperature. As

an additional measure of cell integrity, the sensitivity of the ccr4�
mutant to the activity of lysing enzymes was assessed. The ccr4�
mutant was found to be hypersensitive to lysing enzymes, as evi-
denced by a more rapid decrease in the OD600 over time, consis-
tent with defects in cell wall architecture (Fig. 2C).

The echinocandins represent the newest class of antifungal
drugs, target cell wall glucan synthesis, and are safe and effec-
tive against most ascomycetous pathogenic fungi (8). C. neo-
formans, however, exhibits a high level of intrinsic resistance to
this class of drug (12). The cell integrity defects of the ccr4�
mutant led us to hypothesize that loss of CCR4 sensitized C.
neoformans to the antifungal echinocandin caspofungin. The
sensitivity of the ccr4� mutant to caspofungin was compared to
that of the wild type and that of the complemented strain using
the spot plate assay. As demonstrated in Fig. 2D, the ccr4�
mutant was hypersensitive to 32 �g/ml caspofungin, whereas
the wild type and complemented strain were unaffected by this
concentration of caspofungin. The caspofungin MICs as mea-
sured by broth microdilution were 32 �g/ml for the wild type
and 16 �g/ml for the ccr4� strain in each of three replicate
experiments. This suggests that Ccr4-dependent regulation of cell
integrity is important for wild-type resistance to caspofungin.

FIG. 3. (A) Spot plate assay showing the sorbitol-remediable 37°C growth defect of the ccr4� mutant on YPD agar (left panel) and on Asn salts
agar containing 2% dextrose and 1 mg/ml yeast nitrogen base medium (ASN 2%DEX YNB) with (right panel) and without (center panel) 1 M
sorbitol as an osmostabilant. The spots contained 5 �l of a cell suspension at an OD600 of 1.0 and five 1:5 dilutions. The plates were incubated for
3 days at 37°C. (B) Photomicrographs showing cells of the wild type (top) and the ccr4� mutant (bottom) grown on Asn salts agar at 37°C stained
with calcofluor white. Scale bars � 5 �m. The arrowheads indicate wild-type calcofluor white accumulation at the bud necks. wt, wild type.
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Growth of the ccr4� mutant was found to be attenuated on
YPD agar and on Asn salts agar at 37°C (Fig. 3A, left and
center panels). The attenuated growth on Asn salts agar was
suppressed by addition of sorbitol to the medium, consistent
with the temperature sensitivity due to cell integrity defects
(Fig. 3A, right panel).

The effects of the ccr4� mutation on morphology were
readily apparent during microscopic observation of cells grown
on Asn salts agar at 37°C. Calcofluor white is a chitin-binding
aniline dye that has been demonstrated to uniformly stain the
cell wall of C. neoformans. As demonstrated in the top row of
Fig. 3C, the wild type uniformly binds calcofluor white to the
cell wall, with an accumulation of the dye at the bud neck.
Calcofluor white staining of the ccr4� mutant, however, re-
vealed a lack of uniformity in cell wall staining and heteroge-
neity in the accumulation of calcofluor white at the bud neck
(Fig. 3C, bottom rows). Heterogeneity in calcofluor white
staining has been linked to irregularity in chitin deposition
(34).

Capsule production is intact in the ccr4� mutant. The cap-
sule of C. neoformans is linked to the cell wall (32). India ink
staining revealed that capsule production in the ccr4� mutant
is similar to capsule production in the wild type despite mor-
phological abnormalities (Fig. 4A). To assess capsular porosity
in the ccr4� mutant, diffusion of high-molecular-weight dex-
tran and binding of an anticapsular Fab fragment (a generous
gift from Tom Kozel) were compared among strains (15). Cap-
sular permeability was found to be similar for the wild type and
the ccr4� mutant by both TMRD diffusion (Fig. 4B) and Fab
fragment 3C2 staining (Fig. 4C), suggesting that defects in cell
integrity resulting from CCR4 deletion do not alter capsular
porosity. For quantitation of capsular permeability, the dis-
tance between the outside of the cell wall and the staining front
was measured for 10 cells using Slidebook software. There was
no significant difference in the depth of Fab penetration into
the capsule between the wild type and the ccr4� mutant. The
radius of Fab exclusion was 0.9 � 0.1 �m for the wild type and
0.9 � 0.1 �m for the ccr4� mutant (P � 0.9). The radius of
TMRD exclusion was 5.8 � 0.2 �m for the wild type and 4.7 �
0.3 �m for the ccr4� mutant, representing a small but signifi-
cant (P � 0.01) difference in TMRD penetration between the
strains. As expected, there was no exclusion of TMRD in the
cap60� strain, and there was no staining of the cap60� strain
by the Fab fragment, as it lacks the capsular epitope.

MBL binds to the cell wall of the ccr4� mutant. MBL is
known to bind to mannose-rich epitopes on the surface of
pathogenic fungi, including Candida albicans and Aspergillus
fumigatus (28). MBL has been demonstrated to bind to acap-
sular mutants of C. neoformans, but binding of MBL to wild-
type C. neoformans has not been shown (33). To determine if
cell wall defects stemming from the loss of CCR4 increased the
accessibility of MBL epitopes in the cell wall of C. neoformans,
the binding of human serum MBL to the ccr4� mutant was
compared to the binding to the wild type and the binding to an
acapsular cap60� mutant. In cells grown to mid-log phase in
YPD medium, MBL was most often found to bind to the cell
wall of the ccr4� mutant in regions that colocalized with re-
gions that exhibit increased calcofluor white staining relative to
the wild type (Fig. 5). These regions were often found at the
ends of enlarged buds, opposite the bud neck. In contrast,

MBL binding was not observed on the cell wall of wild-type
cells, where calcofluor white staining was found to be less
intense and more uniform. Furthermore, serum-opsonized
acapsular cells exhibited MBL staining at the bud neck and on
circular bud scars of every cell. This staining pattern was not
seen in either the wild type or the ccr4� mutant, suggesting
that basal capsule production is able to prevent MBL binding
to these vulnerable regions of the cell wall in both the wild type
and the ccr4� mutant. Alternatively, the cap60� strain may
also exhibit a subtle defect in cell wall architecture, as the
cellular function of Cap60 is unknown. Assessment of the
cap60� strain for sensitivity to the cell wall-damaging agents
caffeine, SDS, calcofluor white, and Congo red with the spot
plate assay revealed modest sensitivity to SDS (Fig. 2A). No
MBL staining was seen on unopsonized controls stained in
parallel. Staining of serum-opsonized cells with anti-c-myc
monoclonal antibody clone 9E10 (Sigma) as an IgG1 isotype
control revealed no fluorescence in addition to the background
fluorescence. Enumeration of MBL-positive cells by scoring

FIG. 4. (A) India ink staining of the wild type and the ccr4� mutant
grown under capsule-inducing conditions. (B and C) Analysis of cap-
sular permeability by TMRD incorporation (B) and deposition of
monoclonal antibody 3C2 Fab fragments (C) assessed 15 and 30 min
after staining, respectively. Scale bars � 5 �m. wt, wild type; BF, bright
field; CFW, calcofluor white.
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100 cells in triplicate revealed that less than 1% of wild-type
cells were MBL positive on the cell wall. Nearly 100% of
cap60� cells were positive (99.7% � 0.3%), with binding seen
only at the bud neck and bud scars. The ccr4� mutant exhibited
MBL staining on approximately 30% of cells (30.7% � 0.9%),
and binding was often seen as an arc of punctuate fluorescence
colocalizing with increased calcofluor white fluorescence on
the cell wall opposite the bud neck.

To investigate the correlation of MBL binding with in-
creased calcofluor white staining, the mean calcofluor white
fluorescence intensities were compared for MBL-colocalizing
regions and the regions of the cell wall negative for MBL
staining in five cells (Fig. 6A). Regions of the ccr4� cell wall

that colocalized with MBL binding exhibited significantly more
intense calcofluor white fluorescence than MBL-negative re-
gions (Fig. 6B). The increased calcofluor white staining in
these regions may be indicative of defects in cell wall architec-
ture. However, because MBL did not bind uniformly in regions
with increased calcofluor white staining, the MBL epitopes
were most likely not uniformly exposed in calcofluor white-
accumulating regions. The binding of MBL to the cell wall of
the ccr4� mutant did suggest that there was exposure of
epitopes normally masked in C. neoformans cells with no de-
fects in cell integrity.

To assess the homogeneity of calcofluor white staining in the
wild type, the intensity of calcofluor white staining on the cell

FIG. 5. Patterns of MBL binding to the wild-type, ccr4�, and cap60� strains grown to mid-log phase at 30°C in YPD medium, followed by serum
opsonization at 37°C. Cells were stained with either anti-MBL monoclonal antibody or anti-c-myc monoclonal antibody as an IgG1 isotype control,
followed by an AlexaFluor 488-conjugated goat-anti-mouse IgG secondary antibody (Invitrogen). For the cap60� strain, the same cell is shown in
two separate focal planes; the top images demonstrate MBL binding to the bud neck, and the bottom images demonstrate MBL binding at the
bud scar. Scale bars � 2.5 �m. wt, wild type; BF, bright field; CFW, calcofluor white; mAb, monoclonal antibody.
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FIG. 6. (A) Colocalization of MBL staining with regions of increased calcofluor white intensity. The average intensity of calcofluor white
staining in regions positive for MBL staining was compared to the intensity of calcofluor white staining in MBL-negative regions. Scale bars � 2.5
�m. (B) Graph of pooled data from the five cells shown in panel A (P � 0.0005). (C) Wild-type cells exhibit uniform calcofluor white staining.
The average intensity of calcofluor white staining was measured for the half of a bud proximal to the bud scar (P) and for the half of a bud distal
to the bud scar (D) for each of five budded wild-type cells. (D) Graph of pooled data from the five cells shown in panel C (P � 0.24). CFW,
calcofluor white.
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wall was measured. The daughter of each of five budded wild-
type cells was bisected into a region proximal to the bud neck
and a region distal to the bud neck. The mean calcofluor white
fluorescence intensity was calculated for each half-bud using
SlideBook software (Fig. 6C). Pooled data were analyzed for
statistical significance using the Student t test. No significant
difference in calcofluor white fluorescence intensity was ob-
served (Fig. 6D) (P � 0.24). This demonstrates that the het-
erogeneity in calcofluor white staining observed in the ccr4�
strain is not shared by wild-type C. neoformans.

Caspofungin increases MBL binding to wild-type C. neofor-
mans. Cell integrity is a common target for antifungal agents.
Because MBL binding to the ccr4� mutant correlated with
caspofungin sensitivity, we investigated whether caspofungin
treatment could expose MBL-binding epitopes on the surface

of wild-type C. neoformans. Treatment of wild-type C. neofor-
mans for 3 h at 30°C with 30 �g/ml caspofungin increased
binding of MBL to the cell wall of wild-type C. neoformans
(Fig. 7). Unlike MBL staining of the ccr4� mutant, caspofun-
gin-induced staining of the wild type did not coincide with
alterations in calcofluor white staining. This may indicate that
the structural changes in the cell wall exhibited by the ccr4�
mutant are different from those induced by caspofungin treat-
ment. Diffuse intracellular green channel fluorescence that
colocalized with intracellular blue channel fluorescence was
most likely autofluorescence due to the cytotoxic effects of
caspofungin. This diffuse fluorescence was present in the iso-
type control-stained cells that were treated with caspofungin
but was absent in cells not treated with caspofungin but stained
with either the anti-MBL antibody or the isotype control.

FIG. 7. Caspofungin potentiates MBL binding to wild-type C. neoformans. (A) Wild-type cells were grown to mid-log phase and incubated for
3 h in the presence of 30 �g/ml caspofungin in YPD medium at 30°C. Cells were washed in PBS, serum opsonized, and stained for MBL binding
(top and middle panels) or with a monoclonal isotype control antibody (bottom panels). (B) Serum-opsonized cells of the wild type without
caspofungin treatment stained for MBL binding or with an isotype control antibody. Scale bars � 2.5 �m. wt, wild type; BF, bright field; CFW,
calcofluor white; mAb, monoclonal antibody.
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Drug-induced binding of MBL to wild-type C. neoformans sug-
gests that antifungals that target cell integrity may expose novel
epitopes on the surface of C. neoformans, thereby modulating
the host response.

ccr4� mutant has reduced virulence. To determine the ef-
fect of CCR4 deletion on the ability of C. neoformans to cause
mortality in a mouse model of cryptococcosis, 1 � 106 cells of
the wild type, ccr4� mutant, and complemented strain were
injected into the lateral tail vein of NIH Swiss albino mice.
Mouse health was monitored closely, and moribund mice were
sacrificed. Mice inoculated with either the wild type or the
complemented strain succumbed to infection within the first
week postinoculation (Fig. 8A). However, mice inoculated
with the ccr4� mutant remained healthy, even with a large
inoculum, until the fourth week postinoculation, at which time
they succumbed to infection (P � 0.0001, determined using
Kaplan-Meier analysis). The brains of three mice that were
inoculated with the ccr4� mutant were harvested postmortem
and plated on YPD agar containing 50 �g/ml chloramphenicol.
Phenotypic analysis of the recovered strains demonstrated that

the mutant phenotype was retained, suggesting that mortality
was not due to spontaneous suppressor mutation (data not
shown). India ink preparations of yeast cells recovered from
the brains of mice inoculated with the ccr4� mutant showed
production of capsule in vivo despite severe morphological
defects (Fig. 8B). Histological sections from mice that suc-
cumbed to infection with the ccr4� mutant were stained with
Grocott-Gomori methenamine silver stain to investigate the
morphology of the ccr4� mutant in vivo. The ccr4� mutant
exhibited cellular morphology similar to that seen during growth
at 37°C on asparagine salts agar. The yeast cells were large and
had irregular shapes, often with multiple buds (Fig. 8C).

DISCUSSION

The lack of MBL binding to encapsulated C. neoformans
cells has been attributed mainly to protection by the large
polysaccharide capsule (33). Studies have demonstrated quan-
titatively increased binding of MBL to acapsular strains of C.
neoformans compared to the binding to encapsulated strains,
which supports the contention that capsule is sufficient to pro-
tect C. neoformans from MBL binding to the cell wall. In this
study we demonstrated that mature C. neoformans cell wall
alone did not bind MBL; rather, MBL bound only to bud necks
and bud scars of an acapsular mutant, regions whose structure
differs from that of the main body of the cell wall as a result of
septum formation and degradation (24). The binding of MBL
to the cell wall of the ccr4� mutant suggests that maturation of
the cell wall is a Ccr4-dependent process and that the mature
cell wall serves as a protective barrier against MBL binding to
mannoprotein targets of C. neoformans. Indeed, the manno-
protein of C. neoformans has been reported to be either se-
creted or hidden within the cell wall matrix, which may have
evolved as a protective measure against lectin-like molecules
produced by plants and other organisms in the environment
(26, 40). Interestingly, a mannose binding lectin has recently
been demonstrated to be surface localized in Acanthamoeba
castellanii and has been shown to be important for virulence in
this parasitic pathogen (13). C. neoformans has been shown to
parasitize the phagosome of A. castellanii (35). This relation-
ship has been hypothesized to select for maintenance of cryp-
tococcal virulence in the environment (35).

MBL was observed to bind to the cell wall of C. neoformans
when cell integrity was perturbed by mutation of CCR4 or
addition of caspofungin or in the absence of capsule. These
results suggest that integrity of the cell wall architecture of C.
neoformans is sufficient to protect the cell from MBL binding.
They also suggest that the capsule aids in protection of vulner-
able regions accessible to MBL in acapsular strains. Because
MBL binding was performed using serum opsonization, other
serum factors may promote MBL binding to the ccr4� mutant.
However, our results are consistent with reported binding of
purified MBL to acapsular strains of C. neoformans (33). The
role of MBL in the immunopathogenesis of cryptococcosis has
yet to be investigated, although MBL-C. neoformans manno-
protein complexes have been shown to increase production of
tumor necrosis factor alpha by monocytes (3).

MBL binding in both the ccr4� and cap60� strains corre-
lated with accumulation of calcofluor white. In the ccr4� strain
this colocalization occurred at the ends of enlarged buds,

FIG. 8. (A) Analysis of the virulence of the ccr4� mutant compared
to the wild type and the complemented strain in a mouse model of
disseminated cryptococcosis with an inoculum of 1 � 106 yeast cells (10
mice per group; P � 0.001). (B) Capsule and cell morphology of
wild-type and ccr4� mutant cells isolated from the brains of mice at the
time of death. (C) Silver-stained paraffin-embedded sections of brains
from mice infected with either the wild type or the ccr4� mutant. wt,
wild type.
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whereas in the cap60� strain the colocalization occurred at the
bud neck. The correlation of MBL binding to increased cal-
cofluor white accumulation is likely indicative of differences in
cell wall architecture in the more uniform regions of the cell
wall and may not be directly related to the exposure of MBL
epitopes. This possibility is suggested by the potentiation of
MBL binding to wild-type C. neoformans by caspofungin treat-
ment that did not correlate with increased calcofluor white
accumulation. It is unclear whether the accumulation of cal-
cofluor white is due to increased chitin levels, decreased glucan
levels, altered levels of mannoprotein, or defects in the assem-
bly of cross-linked polymers. Future studies will investigate the
structural defect in the ccr4� cell wall and will identify MBL
binding components that could be potential immunogens.

In regions of sub-Saharan Africa, infection by C. neoformans
has emerged as the most common cause of meningitis (1, 19).
MBL deficiencies have been demonstrated to increase suscep-
tibility to HIV infection, but a relationship between MBL lev-
els and/or polymorphism and susceptibility to cryptococcal in-
fection has not been investigated (14). Interestingly, an MBL
polymorphism that results in malformation of the MBL oligo-
mer has been demonstrated to be unique to regions of sub-
Saharan Africa, correlating geographically with a high preva-
lence of cryptococcosis in HIV-infected populations (1, 27).

The cell integrity-defective ccr4� mutant was found to be
sensitive to caspofungin, an echinocandin antifungal to which
C. neoformans exhibits intrinsic resistance (12). Cell integrity is
currently the target of the majority of antifungal agents in use.
Caspofungin targets cell wall glucan synthesis, whereas the
azoles and amphotericin B target cell membrane sterols. This
raises the possibility that antifungal agents that target cell
integrity could work in synergy with soluble innate immune
mediators to eradicate infection. In a clinical scenario of anti-
fungal failure, not only might the antifungal susceptibility of
the pathogen be considered a factor, but polymorphisms in
innate immune mediators such as MBL might also be consid-
ered factors.

In addition to characterization of MBL binding to C. neo-
formans, these results demonstrate that Ccr4 contributes to the
pathogenesis of cryptococcosis by allowing C. neoformans to
thrive at the host temperature. This report suggests a role for
Ccr4 and the mRNA degradation pathway in the adaptation of
C. neoformans to host temperature. Studies to delineate the
contribution of targets of Ccr4 to cell integrity have the poten-
tial to identify structural genes involved in cell wall remodeling
and synthesis, as well as potential targets for novel antifungal
therapies.
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