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Cryptococcus neoformans is an opportunistic pathogen invading the immunocompromised host. Infection
starts with the inhalation of acapsular or sparsely encapsulated cells, after which capsule synthesis is initiated.
The capsule is the main virulence factor of this yeast-like fungus. Pulmonary surfactant protein D (SP-D) is
an important component of the local innate defense system. In the present study, interactions of SP-D with
intact C. neoformans cells and their isolated capsular components were investigated. Although encapsulated
cryptococci were bound, SP-D showed the highest affinity for acapsular C. neoformans. Only acapsular cryp-
tococci were aggregated by SP-D. Furthermore, the cryptococcal capsular components glucuronoxylomannan
(GXM) and mannoprotein 1 (MP1) were bound with relatively high affinity, in contrast to GalXM and MP2.
Binding as well as aggregation of acapsular C. neoformans by SP-D could be inhibited by GXM in concentra-
tions that are likely to be present in the lung after infection, suggesting that not only the capsule hampers SP-D
function within the innate defense system of the lung but also the secreted capsular component GXM.

Cryptococcus neoformans is a basidiomycete yeast-like fun-
gus with a predilection for the respiratory and nervous systems.
In healthy individuals, infection is mild, self-limiting, and re-
stricted to the lung. However, in immunocompromised indi-
viduals, particularly those with AIDS, this opportunistic fungus
can cause life-threatening infections (14, 33). Although men-
ingitis is the predominant clinical presentation, the primary
site of infection is the lung. As only particles smaller than 2 pm
in diameter can reach the alveoli, it is believed that infection
starts with inhalation of basidiospores or desiccated forms of
C. neoformans, which are small and weakly encapsulated (20,
33). Without treatment, cryptococcosis easily disseminates
throughout the body in the immunocompromised host, causing
the most severe problems in the central nervous system.

An important contributor to the virulence of C. neoformans
is the ability to produce a large capsule, which functions as an
antiphagocytic agent (19, 20, 41). Furthermore, it has been
shown that cell wall components of C. neoformans, which can
be released in great amounts into the body fluids, modulate
immune responses both in vivo and in vitro (20, 41). Eighty-
eight percent of the cryptococcal capsule is made up of the
high-molecular-weight polysaccharide glucuronoxylomannan
(GXM), which consists of a linear mannan backbone contain-
ing single D-xylose, D-glucuronic acid, and O-acetyl moiety
substitutions. Another, minor, polysaccharide capsule constit-
uent is GalXM, consisting of a galactan backbone with oligo-
saccharide side chains composed of galactose, mannose, and
xylose residues (37). Other components of the cryptococcal
capsule include the mannoproteins (MPs) (17), which are
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made up of a large carbohydrate part linked to a relatively
small peptide part (7 to 17% of the total mass) (42).

Current antifungal therapies have limited success. Although
the success rate of the initial therapy is 75%, rates of relapse
within 1 year are as high as 60%, and many patients require
lifelong suppressive therapy (34). These facts clearly stress the
need for a better understanding of the host’s immune response
towards C. neoformans and its cell wall components.

As infection with C. neoformans starts in the lung, the pul-
monary innate immune system is the first defense mechanism
of the host that is encountered by these pathogens. Surfactant
protein D (SP-D), present in the alveolar lining fluid, is part of
this local innate immune system (3, 9, 22, 25, 27). SP-D belongs
to the family of collectins, together with SP-A, which is also
present in the lung, and the serum proteins mannose binding
lectin and bovine conglutinin. Collectins are multimeric pro-
teins consisting of a short cysteine-rich, N-terminal cross-link-
ing domain followed by a collagen domain, an «-helical neck
domain, and finally a C-type lectin domain, or carbohydrate
recognition domain (CRD) (8, 26). They interact with a wide
variety of microorganisms and can modulate the function of
immune effector cells.

It has been shown that many pathogenic microorganisms,
such as viruses, bacteria, and fungi, can be bound by SP-D in
vitro through interactions of the CRD of SP-D with glycocon-
jugates present on the outsides of the pathogens (10, 22).
Binding of microorganisms by SP-D can result in their aggre-
gation (22, 25, 27), which is thought to stimulate their removal
by enhancing their mucociliary clearance (9). Furthermore,
binding of SP-D to microorganisms can stimulate (4, 24, 29) as
well as inhibit (13, 39) their subsequent uptake and killing by
phagocytes, depending on the specific pathogen involved.

Among the fungi which are known to be bound by SP-D are
Aspergillus fumigatus, Saccharomyces cerevisiae, and Pneumo-
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cystis carinii (2, 30). Furthermore, two papers have reported
that SP-D binds to the acapsular, but not to the encapsulated,
form of C. neoformans (35, 43). Interestingly, it was also found
that SP-D binding resulted in the aggregation of acapsular but
not encapsulated C. neoformans (35).

Serological reactivity of the capsular polysaccharide of C.
neoformans is used to define five serotypes (A, B, C, D, and
AD) (16), showing that capsule structures differ among various
isolates. In addition, it was shown that strains within a partic-
ular serotype produce structurally different capsular GXM
molecules (7, 36). Therefore, we hypothesized that besides the
presence or absence of a capsule, capsule structure may also
influence the ability of SP-D to bind to C. neoformans. The first
aim of the present study was to investigate the binding of SP-D
to four different C. neoformans strains: two of the tested strains
were of the A serotype, one with a capsule of normal size (NIH
37) and the other producing a thicker capsule (NCPF 3168).
The other two cryptococcal strains tested were NIH B3501,
belonging to serotype D, and its acapsular, non-GXM-produc-
ing mutant NIH B4131, also known as Cap67. Our second aim
was to identify possible carbohydrate ligands for SP-D present
on the cell wall of C. neoformans. Therefore, purified GXM,
GalXM, MP1, and MP2 preparations were tested in a solid-
phase binding assay. The third aim was to test whether GXM,
in concentrations that may be encountered in the epithelial
lining fluid (ELF), can interfere with the ability of SP-D to
aggregate acapsular C. neoformans.

MATERIALS AND METHODS

Reagents. (Bis)acrylamide for sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) was purchased from Bio-Rad (Hercules, Calif.). Un-
less otherwise indicated, all other chemicals came from Sigma (St. Louis, Mo.) or
Merck (Darmstadt, Germany). Protran blot membranes for Western blotting
were obtained from Schleicher and Schuell (Dassel, Germany).

Purification and fluorescein isothiocyanate (FITC) labeling of human SP-D.
Human SP-D was isolated from bronchoalveolar lavage (BAL) fluid of patients
suffering from alveolar proteinosis, as previously described (11). Briefly, BAL
fluid was centrifuged at 28,000 X g to collect the SP-D-containing surfactant
pellet. SP-D was eluted from the surfactant pellet by stirring the pellet in 50 mM
Tris-HCI (pH 7.4), 150 mM NaCl, 0.05% Tween 20, and 100 mM maltose. After
centrifugation at 28,000 X g, the SP-D in the supernatant was further purified by
gel filtration chromatography on a Bio-prep1000/17 column (Bio-Rad) in 50 mM
Tris-HCI (pH 7.4) containing 150 mM NaCl and 5 mM EDTA (32). Purity of the
SP-D preparation was tested by SDS-PAGE and subsequent Coomassie blue
staining and Western blotting. Samples were stored at 4°C with sodium azide
added to a final concentration of 0.02% or at —20°C.

For FITC labeling, SP-D (1 mg/ml) was dialyzed against 0.1 M sodium car-
bonate buffer (pH 9.0), after which 25 g of FITC/ml was added and the mixture
was incubated overnight at 4°C in the dark. Coupling of FITC was stopped by
addition of excess NH,Cl, and unincorporated label was removed by gel filtration
chromatography by using Bio-Gel P-10 (Bio-Rad) in a spin column.

Preparation of antibodies. The SP-D antibody was raised in rabbit against
purified human SP-D, as described previously (38). The immunoglobulin G
(IgG) fraction was purified by affinity chromatography on protein A-Sepharose
CL 4B. Western blot analysis using total BAL fluid of alveolar proteinosis
patients showed only one band at the predicted position of human SP-D (43
kDa), demonstrating its specificity. Purified antibodies were stored at —20°C in
50% glycerol.

C. neoformans strains. SP-D binding to four different strains of C. neoformans
was studied. The thickness of the polysaccharide capsule was determined for
each strain by use of Indian ink staining and subsequent light microscopic
examination. The C. neoformans strains tested were NIH B3501 (serotype D;
capsule thickness, =0.5 pum) and its acapsular, GXM-lacking mutant NIH B4131
(Cap67), NIH 37 (serotype A; capsule thickness, =0.5 wm), and NCPF 3168
(serotype A; capsule thickness, ~2 wm). Strain NIH 37 was used for GXM
isolation procedures (see below).
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Determination of SP-D binding to C. neoformans. For the SP-D binding ex-
periments, a small amount of C. neoformans culture grown on Sabouraud agar
was harvested and suspended in TBS-B (150 mM NaCl, 20 mM Tris-HCI [pH
7.4], and 0.2% bovine serum albumin [BSA]). Yeast cells were washed in two
cycles of centrifugation (1,500 X g for 7 min at 22°C) and resuspended in TBS-B.
For each binding experiment, 10° cells were used. In between incubation steps,
cell pellets were washed three times by using 400 wl of TBS-B containing 5 mM
CaCl,. Yeast cells were incubated with or without 10 pg of SP-D/ml in a total
reaction volume of 300 wl for 1 h at 22°C with constant rotation. Afterwards,
bound SP-D was detected using anti SP-D IgG (370 ng/ml) and subsequent
incubation with Alexa-488-conjugated goat anti-rabbit IgG (diluted 1:200) for 1 h
at 22°C. To assess divalent cation requirement, parallel experiments were per-
formed in the presence of 5 mM EDTA. Finally, SP-D binding to yeast cells was
analyzed by flow cytometry on a FACScan (Becton Dickinson, San Jose, Calif.).

To assess the influence of GXM (for isolation procedures, see below), man-
nan, and maltose on the binding of SP-D to acapsular C. neoformans, 10° yeast
cells were incubated with FITC-conjugated SP-D (10 pg/ml) in TBS-B contain-
ing 5 mM CaCl,, to which increasing concentrations of GXM, mannan, or
maltose were added. Mean fluorescence per cell was determined on a FACScan
flow cytometer, and inhibition of binding was expressed as percentage of maxi-
mal binding as determined in the absence of a competitor. Inhibition of SP-D-
induced aggregation by carbohydrate inhibitors was evaluated by analysis of
5,000 events in scatter plots. To quantify aggregation, the number of events in the
upper right and lower right quadrants of the scatter plots was determined and
inhibition was expressed as percentage of maximal aggregation as determined in
the presence of SP-D but in the absence of a saccharide inhibitor.

Purification of GXM. GXM of strain NIH 37 was isolated and purified as
described previously (6). In short, 50 ml of autoclaved C. neoformans culture was
centrifuged to remove cells. Polysaccharides were precipitated by addition of 3
volumes of 95% ethanol at 4°C and subsequent centrifugation. The polysaccha-
ride pellet was washed once with 95% ethanol. GXM, which has a negative
charge, was precipitated using cetyltrimethylammonium bromide (CTAB). The
CTAB-GXM complex was washed once with 10% ethanol, and after centrifu-
gation, the GXM-containing pellet was dissolved in 1 M NaCl. After ultrasonic
irradiation, the GXM preparation was dialyzed to remove the CTAB. Finally, the
GXM preparation was lyophilized and stored at —20°C until use.

Purification of GalXM, MP1, and MP2. To facilitate the purification of
GalXM and MPs, the culture supernatant of the acapsular mutant of C. neofor-
mans was used. GalXM, MP1, and MP2 were isolated as described previously
(5). Briefly, the culture supernatant was concentrated by ultrafiltration, and after
dialysis against water, the retentate was recovered by lyophilization. This prep-
aration was passed through a ConA-agarose column, and the effluent was pre-
served for GalXM purification via anion chromatography on a DEAE-cellulose
column (Whatman Chemical Separations Ltd., Kent, United Kingdom). MPs
were eluted from the ConA affinity column by using methyl-a-D-mannopyrano-
side. MP1 and MP2 were separated by anion chromatography on a DEAE-
cellulose column, dialyzed against water, lyophilized, and stored at —20°C until
use. GalXM, MP1, and MP2 fractions were found to be negative for ConA
contamination as tested by SDS-PAGE, amino acid analysis, and molecular mass
analysis.

Endotoxin contamination. All cell wall components were tested with the QCL-
1000 Limulus amebocyte lysate assay (Bio Whittaker, Walkersville, Md.) for
lipopolysaccharide contamination. The lipopolysaccharide contamination levels
for the GXM, GalXM, MP1, and MP2 fractions were 0.47, 2.4, 5.4, and 52 ng/mg
of cell wall component, respectively.

Binding of SP-D to purified capsule components of C. neoformans. Binding of
SP-D to GXM, GalXM, MP1, and MP2 was tested using a solid-phase binding
assay. Costar polystyrene 96-well plates (Corning, Acton, Mass.) were coated
with the indicated cell wall components in 0.1 M sodium carbonate buffer (pH
9.6). The desired amount of cell wall component (0 to 2,000 ng/well) contained
in 50 pl of 0.1 M carbonate buffer was placed in each microtiter well and allowed
to adhere to the plastic overnight at 4°C. Unoccupied binding places were
blocked with 200 pl of blocking buffer (5 mM Tris-HCI [pH 7.4], 150 mM NacCl,
2% BSA, 0.05% Tween 20) at 37°C for 1 h. Afterwards, wells were extensively
flushed with washing buffer (5 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.05%
Tween 20). All subsequent incubations were performed at 37°C for 1 h, and after
every incubation, wells were extensively rinsed with washing buffer containing 5
mM CaCl,. First, wells were incubated with various concentrations of SP-D (0 to
2,000 ng/ml) in 50 wl of incubation buffer (5 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 0.1% BSA, 0.05% Tween 20) containing 5 mM CaCl,. Binding was de-
tected using anti-human SP-D IgG in a concentration of 740 ng/ml (diluted in
incubation buffer containing 5 mM CacCl,). The bound rabbit antibodies were
detected using 50 wl of horseradish peroxidase-conjugated goat anti-rabbit an-
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FIG. 1. SP-D binds to different strains of C. neoformans. C. neofor-
mans cells (10°) were incubated in buffer containing 5 mM CaCl, in the
presence (bold lines) or absence (dashed lines) of 10 pg of SP-D/ml or
in buffer containing S mM EDTA and 10 pg of SP-D/ml (dotted lines).
SP-D binding was detected using rabbit anti-SP-D IgG and Alexa-488-
conjugated goat anti-rabbit IgG, after which cells were analyzed by
flow cytometry. Results of FACScan analysis of 10,000 cells are shown.
Data are from an experiment representative of three independent
experiments. Serotype D, cap-+, strain NIH B3501; serotype D, cap—,
strain NIH B4131; serotype A, cap+, strain NIH 37; serotype A, cap++,
strain NCPF 3168.

tibody (GaRIgG-HRP; Nordic, Tilburg, The Netherlands) in a concentration of
2.5 pg/ml (in incubation buffer containing 5 mM CaCl,). After incubation with
GaRIgG-HRP, wells were washed twice with washing buffer and once with H,O,
both containing 5 mM CaCl,. The peroxidase reaction was performed using 150
pl of substrate buffer (100 wg of tetramethylbenzidine/ml and 1 mM H,O, in 0.1
M citric acid buffer [pH 4.0]). The color development was stopped by adding 50
wrl of 4 N H,SO,. Absorbance was measured at 450 nm with a Benchmark
microtiter plate reader (Bio-Rad).

To examine the divalent cation requirement of SP-D binding, wells were
coated with 500 ng of the indicated cryptococcal capsular component and incu-
bated with SP-D (1 pg/ml) in incubation buffer in the presence of either 5 mM
CaCl,, 5 mM EDTA, or both 5 mM CaCl, and 10 mM EDTA or in the absence
of divalent cations. Furthermore, binding was also studied in the presence of 5
mM MnCl, or 5 mM MgCl,. Bound SP-D was detected as described above.
Other experiments were used to study whether specific sugars could competi-
tively inhibit SP-D binding to the indicated cell wall components. For that
purpose, microtiter plates coated with 500 ng of the indicated cell wall compo-
nent per well were incubated with SP-D (1 wg/ml) in incubation buffer containing
5 mM CaCl, supplemented with 20 mM maltose or mannose. Binding of SP-D
was detected as described above.

Cryptococcal aggregation assay. The same four strains that were tested for
SP-D binding were used to study whether they could be aggregated by SP-D.
Aggregation was determined as described previously (35). Briefly, C. neoformans
was grown on Sabouraud dextrose agar at 22°C. A small amount was harvested
and washed two times in phosphate-buffered saline (PBS; Invitrogen, Breda, The
Netherlands) containing 0.2% BSA (PBS-B). Afterwards, cells were pelleted at
1,500 X g and resuspended in PBS-B plus 1.5 mM CaCl, at a concentration of 107
cells per ml. One hundred microliters of the yeast suspension was incubated with
SP-D (10 pg/ml) in a Costar flat-bottom tissue culture plate (Corning) at 37°C
for 1 h and observed by light microscopy (Leica DM IRBE; Leica GmbH,
Heidelberg, Germany).

In order to quantify SP-D-induced aggregation of nonencapsulated C. neofor-
mans (strain NIH B4131) in the presence of different concentrations of soluble
GXM, aggregation was also determined using fluorescence-activated cell sorter
analysis as described in “Determination of SP-D binding to C. neoformans.”

RESULTS

SP-D binds encapsulated as well as acapsular C. neofor-
mans. The initial experiments were used to study whether
SP-D binds to four different C. neoformans strains (Fig. 1).
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Based on previous studies (35, 43), the finding that SP-D had
the highest affinity for the acapsular mutant of C. neoformans
(strain B4131) was as expected. On the other hand, SP-D did
also bind to the encapsulated strains but with much lower
affinity. In the absence of SP-D, but in the presence of anti-
SP-D antibodies and subsequent Alexa-488-conjugated goat
anti-rabbit IgG, no signal higher than background was de-
tected, indicating that the shift in fluorescence was specific for
SP-D. Furthermore, incubation of C. neoformans with SP-D in
the presence of 5 mM EDTA highly reduced SP-D binding to
the acapsular form of C. neoformans and totally inhibited SP-D
attachment to all encapsulated strains tested, which shows that
SP-D binding depended on the presence of divalent cations.
Interestingly, judged on the SP-D-induced shift of mean fluo-
rescence per cell of the encapsulated C. neoformans strains
tested, SP-D had the highest affinity for strain NCPF 3168,
which has the thickest capsule (Fig. 1).

For all strains tested, the shift in mean fluorescence per cell,
measured using the above-described detection system (Fig. 1),
was comparable to the shift seen when FITC-labeled SP-D was
used, indicating that SP-D clearly bound to the various strains
of C. neoformans irrespectively of the method of detection
(results not shown).

SP-D aggregates only acapsular C. neoformans. As reviewed
earlier (9), an important function of SP-D is thought to be
aggregation of microorganisms. Therefore, we investigated
whether binding correlated with aggregation of the different
strains tested. Confirming the results of an earlier study by
Schelenz et al. (35), we found that only acapsular C. neofor-
mans cells were aggregated by SP-D. Although binding of
SP-D to encapsulated C. neoformans could be detected (Fig.
1)—in contrast to the findings of Schelenz et al.—this binding
did not result in aggregation (Fig. 2). In Fig. 2, aggregation
induced by an SP-D concentration of 10 pg/ml is shown. How-
ever, for the encapsulated C. neoformans strain NCPF 3168,
even SP-D concentrations as high as 160 pg/ml were found not
to induce aggregation (data not shown).

SP-D binds GXM and MP1 but not GalXM and MP2. In
order to identify possible ligands of SP-D present on the out-
side of acapsular as well as encapsulated C. neoformans, solid-
phase binding assays were performed using isolated cell wall
components. The cell wall consists largely of carbohydrates,
which are therefore likely candidates to interact with SP-D.
The difference between acapsular C. neoformans and encapsu-
lated C. neoformans is the latter’s ability to produce GXM. Cell
wall components that are present on both acapsular and en-
capsulated forms include GalXM and the MPs. As shown in
Fig. 3, of the four components tested, SP-D bound to only
GXM and MP1 with high affinity while hardly any binding to
GalXM or MP2 was detected. As expected, SP-D association
was found to be dependent on the amount of GXM or MP1
used to coat each well (Fig. 3A). For GXM and MP1, SP-D
binding was shown to be saturable, and saturation was reached
between 500 and 1,000 ng of SP-D (Fig. 3B)/ml. Furthermore,
when equal amounts of GXM and MP1 were used per well,
more SP-D tended to bind to MP1-coated wells (Fig. 3 and 4).

Since SP-D normally binds to glycoconjugates via its C-type
lectin domain (CRD), we studied whether the presence of
calcium was required for binding to the cell wall components of
C. neoformans. As shown in Fig. 4, in the absence of calcium,
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no SP-D binding to any of the tested glycoconjugates was
detected. Also, the presence of EDTA besides calcium re-
sulted in total loss of SP-D binding. Furthermore, other diva-
lent cations like manganese and magnesium could not substi-
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calcium. We also investigated the involvement of the CRD by
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FIG. 3. SP-D binds to capsule components of C. neoformans. (A) Microtiter wells were coated with increasing amounts of the indicated capsular
components and incubated with SP-D (1 pg/ml). Nonspecific binding, measured in wells coated with coating buffer only, was subtracted from total
binding for each data point. (B) Binding of increasing concentrations of SP-D (0 to 2,000 ng/ml) to wells coated with 500 ng of the indicated
capsular component. Binding was corrected for background by subtracting nonspecific binding, as measured for each SP-D concentration in wells
coated with coating buffer only, from total binding. SP-D binding was detected as described in Materials and Methods. Results shown are for an
experiment representative of three independent experiments each performed in triplicate. Values are means = standard deviations (SD) (n = 3).
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FIG. 4. SP-D binding to GXM (A) and MP1 (B) is calcium dependent and can be inhibited by saccharides. Microtiter plate wells were coated
with 500 ng of the indicated capsular component per well and incubated with SP-D (1 pg/ml) in the presence of 5 mM CaCl, (Ca*>"), 5 mM MgCl,
(Mg*"), 5 mM MnCl, (Mn?"), 5 mM EDTA, 5 mM CaCl, and 10 mM EDTA (Ca®*/EDTA), 5 mM CaCl, and 20 mM mannose (mannose), or
5 mM CaCl, and 20 mM maltose (maltose) or in the absence of divalent cations (—). Presented data were corrected for nonspecific binding. Results
shown are for an experiment representative of three independent experiments each performed in triplicate. Values are means * SD (n = 3).

SP-D binding. For that purpose, 20 mM maltose or 20 mM
mannose was added to the incubation buffer. Both saccharides
strongly inhibited SP-D binding (Fig. 4). Taken collectively,
these observations show that SP-D binds to GXM and MP1 via
its CRD.

GXM inhibits SP-D binding and aggregation of acapsular
C. neoformans. It is known that C. neoformans sheds large
amounts of capsular material into its environment (41). There-
fore, we investigated whether the main cryptococcal capsular
component, GXM, could competitively inhibit SP-D binding
and subsequent aggregation of acapsular C. neoformans. In
these experiments, mannan and maltose were included as pos-
itive controls, as it is known that SP-D has high affinity for the
polymannose glycan mannan and maltose is one of the most
widely used inhibitors for SP-D binding. All three saccharides
were found to inhibit SP-D binding to acapsular C. neoformans
(Fig. 5). The inhibitory potency of mannan was greater than
that of GXM, which was greater than that of maltose. GXM
inhibited SP-D binding to acapsular yeast cells totally at a
concentration of 3 mg/ml but a reduction of more than 60%
was already seen at a concentration of 0.3 mg/ml. Maltose was
inhibitory only at the highest of the concentrations tested,
which was 3 mg/ml (8§ mM).

As it is thought that an important function of SP-D is to
aggregate microorganisms (9), we analyzed whether addition
of the above-mentioned carbohydrates also inhibited the SP-
D-induced aggregation of acapsular C. neoformans. In Fig. 6A,
scatter plots are shown for acapsular yeast cells incubated with
or without SP-D (10 pg/ml). An increase in the number of

larger particles was detected when SP-D (10 pg/ml) was added,
representative of SP-D-induced aggregation. Moreover, this
aggregation was inhibited when, together with SP-D, GXM
was added at a concentration of 3 mg/ml (Fig. 6A). Aggrega-
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FIG. 5. SP-D binding to acapsular C. neoformans can be inhibited
by GXM, mannan, and maltose. Results of flow cytometric analysis of
binding of FITC-labeled SP-D (10 wg/ml) to acapsular C. neoformans
(strain B4131) in the presence of increasing concentrations of the
indicated saccharides are shown. Data are expressed as percentages of
maximal SP-D binding as measured in the absence of a (poly)saccha-
ride inhibitor. Data represent the means = SD of results from three
independent experiments (n = 3).
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FIG. 6. SP-D-induced aggregation of acapsular C. neoformans can be inhibited by GXM, mannan, and maltose. Shown are the results of flow
cytometric analysis of SP-D-induced aggregation of acapsular C. neoformans (strain B4131) incubated with SP-D (10 pg/ml) in the presence of
increasing concentrations of the indicated saccharides. Scatter plots are shown in panel A, whereas for panel B aggregation was quantified by
counting the number of events detected in the upper right and lower right quadrants of the scatter plots. Data are presented as percentages of
maximal aggregation as measured in the absence of a saccharide inhibitor. Data represent the means * SD of results from three independent

experiments. SSC, side scatter; FSC, forward scatter.

tion was quantified by counting the number of events in the
upper right and lower right quadrants of the scatter plots
shown in Fig. 6A (Fig. 6B). The results of the carbohydrate-
dependent inhibition of SP-D-induced aggregation of acapsu-
lar C. neoformans (Fig. 6A and B) were correlated with those
of the carbohydrate-dependent inhibition of SP-D binding
(Fig. 5); mannan was found to be the most powerful inhibitor
of aggregation but GXM also inhibited SP-D-induced aggre-
gation while maltose was a less powerful antiagglutinin (Fig.
6A and B).

DISCUSSION

SP-D plays a crucial role in the innate defense system of the
lung. It is thought that an important function of this protein is
to aggregate microorganisms, thereby facilitating their muco-
ciliary clearance (9). SP-D can also enhance uptake and killing
by phagocytic cells (4, 24, 29). However, depending on the
pathogen involved, in some cases SP-D binding to microorgan-
isms impairs their subsequent uptake by phagocytes (13, 39). C.
neoformans is an opportunistic pathogenic fungus that enters
the body via the lungs, causing life-threatening infections in the

immunocompromised host (20). Here we report that SP-D
interacts with intact crypotococcal fungal cells and their puri-
fied capsular components GXM and MP1. GXM, which is shed
into the environment in great amounts, can inhibit SP-D-in-
duced aggregation of acapsular C. neoformans.

In addition to the previously reported binding to acapsular
C. neoformans, in the present study we found that SP-D also
bound to encapsulated strains of C. neoformans, although the
amount of SP-D bound per cell was much lower in the case of
these encapsulated strains. These results were unexpected as it
has previously been reported that SP-D does not bind to cap-
sular C. neoformans (35, 43). The exact cause of the differences
between the data obtained in the present study and those in
previous reports is as yet unclear but may be related to differ-
ences in sensitivities of the antibodies used (35) or the different
experimental approaches to the detection of bound protein
(43). The ability to detect SP-D binding to three different
strains of encapsulated cryptococci by using an antibody-based
detection system as well as by using FITC-labeled SP-D
strengthens our conclusion that SP-D can bind to encapsulated
cryptococci. The binding of SP-D to both encapsulated and
acapsular cells was found to be dependent on calcium and is
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most probably due to binding of SP-D via its CRD. However,
only the acapsular mutant of C. neoformans was aggregated by
SP-D, in line with results published by Schelenz et al. (35). In
other words, despite the observation that SP-D binds to en-
capsulated cryptococci, it did not cause aggregation of these
strains. This is most probably caused by the low number of
SP-D molecules bound per fungal cell compared to that of
molecules bound per acapsular C. neoformans cell. Another
factor that may contribute to the inability of SP-D to aggregate
encapsulated cryptococci is the negative charge of the predom-
inant component of the cryptococcal capsule, GXM, which
results in a net repulsive force between separate cryptococci
(21, 28), thereby making it more difficult for SP-D to aggregate
these encapsulated cryptococci. Importantly, the observation
that encapsulated cryptococci are not aggregated supports the
generally accepted idea that capsule production is an impor-
tant virulence factor for C. neoformans (20).

C. neoformans initiates infection in the lungs in an acapsular
or hardly encapsulated form. Although not much is known
about the composition of the cell wall in these infectious stages
of C. neoformans, apart from the fact that it lacks GXM, the
finding that SP-D binds to and aggregates the nonencapsulated
mutant strain NIH B4131 suggests that SP-D may represent an
effective first line of defense against nonencapsulated stages of
C. neoformans by facilitating its mucociliary clearance or by
restricting the spread of C. neoformans to localized areas
within the lung. Furthermore, SP-D may have a direct inhibi-
tory effect on C. neoformans growth, similar to its effect on
Candida albicans growth (39). Although many studies have
shown that SP-D binding to specific microorganisms stimulates
their subsequent uptake by phagocytic cells (9), binding of
SP-D to C. albicans decreased its subsequent uptake by alve-
olar macrophages. This was attributed to the large size of the
aggregated C. albicans complexes (39). For the same reason,
we expect that phagocytosis will not substantially contribute to
the removal of SP-D-aggregated C. neoformans complexes
from the lung. On the other hand, SP-D binding to encapsu-
lated C. neoformans cells did not result in aggregation. It may
be that in the absence of aggregation SP-D contributes to the
pulmonary defense against C. neoformans by enhancing the
uptake of the pathogen by phagocytic cells, as SP-D has been
shown to promote the phagocytosis of many microorganisms
via opsonization (15, 24, 29). The validity of this hypothesis will
be tested in future experiments.

To determine potential ligands for SP-D on the surface of C.
neoformans, solid-phase binding assays were performed with
some of its purified capsule components, GXM, GalXM, MP1,
and MP2. It was found that SP-D bound with highest affinity to
GXM and to MP1 (Fig. 3 and 4). The finding that SP-D bound
with high affinity to GXM was surprising, because GXM is a
major constituent (88% of capsular mass) only of encapsulated
cryptococci and is not present in acapsular strains. So despite
the fact that SP-D did bind with much lower affinity to encap-
sulated cryptococci than to acapsular cryptococci, the main
capsule component itself was recognized quite well. These
results suggest that the assembly of GXM in the capsule may
be important in lowering the affinity for SP-D and thereby
preventing aggregation. It may be that GXM is packed in such
a way that sugar residues for which SP-D has affinity are ori-
ented towards the inside of the capsule. GalXM and MPs are
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present on the outside of acapsular C. neoformans and are
considered to be the remnants of the cryptococcal capsule in
this mutant strain (B4131). Therefore, these carbohydrate
structures were thought to represent likely ligands for SP-D.
Our finding that SP-D bound to MP1 via its CRD and hardly
to GalXM and MP2 suggests that MP1 may indeed represent
an important ligand on acapsular yeast cells. As the cryptococ-
cal cell wall underneath the capsule also contains B(1-6) glu-
cans (18), which have been shown to be bound by SP-D with
high affinity (1), these structures may represent other impor-
tant ligands for SP-D on the cell wall of not yet fully encapsu-
lated yeast cells. Especially because a thick GXM-containing
capsule is not present in the acapsular mutant (strain B4131),
these underlying glucan structures may be more surface ex-
posed and thereby accessible for the attachment of SP-D.

Binding of SP-D to encapsulated C. neoformans cells can be
explained by assuming that it interacts to some extent with
GXM. Furthermore, because encapsulated cryptococci also
produce MPs, one could expect that these MPs can also func-
tion as ligands for SP-D binding on encapsulated cells. Al-
though it was shown that in encapsulated cells MPs are mainly
localized at the inner part of the capsule and are presumably
not accessible to the relatively large SP-D multimers, MPs tend
to diffuse from the inner to the outer parts of the cell wall, from
which they are shed into the environment (40). This means that
at the outer surface of encapsulated cryptococci, there is also a
small amount of MPs present, which may serve as an SP-D
ligand.

For all capsular components tested, binding of SP-D was
found to be dependent on calcium and could be inhibited using
saccharide inhibitors (Fig. 4). This indicates that the CRD of
SP-D was involved in these interactions, as was already de-
scribed for many other carbohydrate ligands on diverse micro-
organisms (9).

In general, it is thought that SP-D attachment to (microbial)
glycoconjugates cannot be predicted solely by analyzing their
monosaccharide compositions, as the manner in which the
separate saccharides are assembled within these structures
seems to be very important (1). The carbohydrate moieties of
both MPs have very similar monosaccharide compositions,
containing high percentages of residues for which SP-D has
high affinity when these residues are presented as monosac-
charides (42). However, only MP1 is a ligand for SP-D, which
further emphasizes the great importance of the actual bonding
and orientation of the monosaccharide residues.

In contrast to those of the MPs, the structures of GXM and
GalXM have been elucidated. GXM is composed of a linear
a(1-3)-linked mannan backbone containing single p-xylose, D-
glucuronic acid, and O-acetyl residue substitutions (6),
whereas GalXM has an «(1-6)-linked galactan backbone which
is branched at C-3 of alternate galactose units with oligosac-
charides composed of a-pD-Man-(1-3)-a-D-Man-(1-4)-B-p-Gal,
with zero to three terminal D-xylose residue substitutions (37).
As mannose and glucuronic acid residues have been shown to
be ligands for SP-D when presented as monosaccharides (31),
these residues may contribute to the binding of SP-D to GXM.
The fact that GalXM consists in large part of galactose, for
which SP-D has low affinity (23), is in line with the observed
weak affinity of SP-D for GalXM. Moreover, the presence of
mannose residues, for which SP-D has relatively high affinity,
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as 30% of the total composition of GalXM suggests that these
mannose residues are not presented in a manner that allows
SP-D binding.

The capsule is thought to be one of the main virulence
factors of C. neoformans, as it functions as an antiphagocytic
agent. The main cryptococcal capsule component, GXM, is
shed into the environment in large amounts, and high levels
can be detected in the diverse body fluids. GXM has been
shown to have all kinds of immunomodulatory effects (41). As
aggregation of microorganisms is one of the main functions of
SP-D, we examined whether GXM is capable of inhibiting the
SP-D-induced aggregation of acapsular C. neoformans. GXM
inhibited SP-D-induced aggregation of acapsular C. neofor-
mans in a concentration-dependent manner and was found to
be more potent than the disaccharide maltose but less potent
than the glycan mannan. These findings are in agreement with
the fact that SP-D binds with higher affinity to polysaccharides
than to mono- or disaccharides. GXM concentrations found to
inhibit SP-D-induced aggregation ranged from 3 to 0.03 mg/ml.
Although GXM levels in the ELF have never been determined,
there are good reasons to assume that concentrations found to
inhibit SP-D-induced aggregation of acapsular C. neoformans
can be encountered in the ELF. Firstly, after deposition in the
lungs, C. neoformans readily starts producing a capsule,
thereby also releasing soluble capsule components. Further-
more, GXM concentrations in sera of patients with dissemi-
nated cryptococcosis are in the range of several hundred mi-
crograms per milliliter. In exceptional cases, GXM levels of up
to 20 mg/ml in serum have been found (12). It seems reason-
able to assume that levels similar to those found in plasma can
be present in the lung, as this organ is sometimes heavily
affected. In addition, it is also possible that C. neoformans,
after entering the lungs, gives rise to high pulmonary concen-
trations of GXM in localized areas within the lungs.

The presence of high GXM levels in the ELF may result in
the protection of not yet fully encapsulated and thereby un-
protected C. neoformans cells from SP-D-induced aggregation
and subsequent removal by mucociliary clearance. This may
lead to the exacerbation of the infection with a greater risk of
dissemination throughout the body. In addition to impaired
aggregation of acapsular forms of C. neoformans, the aggrega-
tion of a wide variety of microorganisms by SP-D will most
probably be inhibited by GXM as well.

In summary, the present paper describes SP-D binding to
acapsular as well as to encapsulated C. neoformans and iden-
tifies as possible ligands for these interactions GXM and MP1.
Furthermore, the finding that the secreted capsule component
GXM can inhibit the aggregation of acapsular C. neoformans
may be extended to other microorganisms, as it is known that,
for instance, bacteria also shed cell wall material into their
environments. The secretion of cell wall material may there-
fore represent a general mechanism by which pathogenic mi-
croorganisms protect themselves or each other from collectin-
based pulmonary defense mechanisms.
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