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Exposure of Crypfococcus neoformans cells to gamma radiation results in a gradual release of capsular
polysaccharide, in a dose-dependent manner. This method allows the systematic exploration of different
capsular regions. Using this methodology, capsule density was determined to change according to the radial
distribution of glucuronoxylomannan and total polysaccharide, becoming denser at the inner regions of the
capsule. Scanning electron microscopy of cells following gamma radiation treatment confirmed this finding.
The zeta potential of the capsule also increased as the capsule size decreased. However, neither charge nor
density differences were correlated with any change in sugar composition (xylose, mannose, and glucuronic
acid) in the different capsular regions, since the proportions of these sugars remained constant throughout the
capsule. Analysis of the capsular antigenic properties by monoclonal antibody binding and Scatchard analysis
revealed fluctuations in the binding affinity within the capsule but not in the number of antibody binding sites,
suggesting that the spatial organization of high- and low-affinity epitopes within the capsule changed according
to radial position. Finally, evidence is presented that the structure of the capsule changes with capsule age,
since the capsule of older cells became more resistant to gamma radiation-induced ablation. In summary, the
capsule of C. neoformans is heterogeneous in its spatial distribution and changes with age. Furthermore, our
results suggest several mechanisms by which the capsule may protect the fungal cell against exogenous

environmental factors.

Capsules are a common feature among microorganisms, es-
pecially pathogenic bacteria such as Bacillus anthracis, Strepto-
coccus pneumoniae, and Neisseria meningitidis. Microbial cap-
sules can confer particular characteristics, such as protection
against stress conditions (64), and are prominent virulence
factors. In contrast to the situation in bacteria, extracellular
capsules are rare in fungi. The only encapsulated pathogenic
fungus is the basidiomycetous yeast Cryptococcus neoformans.
This fungus is commonly found in the environment, inhabiting
various niches such as pigeon droppings, trees, and water (re-
viewed in reference 8). The pathogenesis of C. neoformans has
been well studied. The yeast is commonly acquired by the host
via inhalation. The infection is asymptomatic in immunocom-
petent hosts. However, in cases of immune suppression, pul-
monary infection can be followed by extrapulmonary dissemi-
nation of the yeast into other organs, such as spleen, liver, and
brain. Untreated cryptococcal meningitis is invariably fatal.

The polysaccharide capsule of C. neoformans is considered
the main virulence factor of this pathogen (37). Acapsular C.
neoformans strains manifest greatly reduced virulence (10, 31),
and mutants that produce a larger capsule are hypervirulent
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(19). The capsule of this yeast is believed to function in pro-
tection from desiccation, radiation, and predation by phago-
cytic organisms (reviewed in reference 9). During pathogen-
host interactions, the C. neoformans capsular polysaccharide is
abundantly released into tissues (24) and has been associated
with a myriad of deleterious immunological effects including
antibody (Ab) unresponsiveness (27, 47), inhibition of leu-
kocyte migration (18), complement depletion (34), deregu-
lation of cytokine production (53, 62, 63), and interference
with antigen presentation (53). In addition, the capsular
polysaccharide inhibits phagocytosis of the yeast by phago-
cytic cells (26, 70).

While the role of the C. neoformans capsule in virulence has
been extensively studied, relatively little is known about the
organization of this enigmatic structure. The capsule is com-
posed of three basic elements, glucuronoxylomannan (GXM),
representing 90 to 95% of the polysaccharide; galactoxyloman-
nan (GalXM), 5%; and mannoproteins, less than 1% (52;
reviewed in references 5, 17, and 38). However, a recent study
suggests that GalXM could be the major component in molar
composition (40). All capsule-related structural studies have
been based on analysis of GXM from capsular polysaccharide
shed by C. neoformans (12). Shed GXM is known to be a
high-molecular-mass polysaccharide (1.7 to 7.3 MDa, depend-
ing on serotype) with a complex structure (2, 3, 40, 58, 60).
These studies also demonstrate that GXM contains six basic
repeats of mannose chains that can be replaced in many com-
binations with xylose or glucuronic acid and organized fibers.
The mannose backbone of the GXM can be O acetylated, and
this substitution is known to confer immunogenic characteris-
tics (28, 39, 45). Although much work has focused on capsular
exopolysaccharide, little is known about the nature of the poly-
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saccharide retained on the C. neoformans cell. The capsule can
be noncovalently attached to the cell body via the alpha-1,3-
glucan of the cell wall (51). Recent findings have shown that
the capsule is a dynamic structure, subjected to changes ac-
cording to the environment (see review in reference 41). One
peculiar feature of the C. neoformans capsule is that it changes
in size according to environmental conditions (25, 61, 66, 68)
and is dramatically enlarged upon interaction with mammalian
hosts (4, 14, 21, 33, 55). Although there are several models for
capsule growth (50), recent evidence supports the hypothesis
that the capsule grows by apical enlargement, which may in-
volve the addition of new fibers that attach to the existing
polysaccharide through noncovalent bonds (40, 71). The spa-
tial distribution of the capsular material is not equal through-
out the capsule. Electron microscopy images and studies of
penetration of fluorescently labeled dextrans suggest that the
capsule is denser in the regions close to the cell wall (23, 50).

In the early 1970s, it was reported that extremely high doses
of gamma radiation greatly reduced the size of the C. neofor-
mans capsule (16), but this phenomenon was largely forgotten
until recently, when it was rediscovered and examined in detail
(6). Doses of gamma radiation that are thousands of times
lower than those previously described (16) release capsular
polysaccharide very efficiently, by a presumed mechanism in-
volving the creation of free radicals from solution (6). This
reaction occurs without affecting the viability of C. neoformans,
which is gamma radiation resistant (6). In the present study,
gamma radiation is utilized to investigate the structure of the
C. neoformans capsule that is retained on the cell. Our results
demonstrate quantitative and qualitative radial differences in
polysaccharide composition, highlighting unsuspected com-

plexity.

MATERIALS AND METHODS

Strains and growth conditions. C. neoformans strain H99 (serotype A) was
used (49). This strain was selected because it is representative of the most
prevalent pathogenic serotype, is a standard C. neoformans strain, and provides
a population with homogenous capsule and cell size during both log-phase
growth and capsule induction (68). In some experiments, the acapsular cap67
mutant was used (10). The cells were routinely grown in Sabouraud dextrose
medium (Sab), at 30°C with minimal shaking (150 rpm). To induce capsule
growth, cells were first grown overnight as described above, collected by centrif-
ugation, washed three times in phosphate-buffered saline (PBS), and counted
using a hemocytometer. Then, cells were used to inoculate 10 ml of capsule-
inducing medium (10% Sab in 50 mM MOPS [morpholinepropanesulfonic acid;
pH 7.4]) (66) to a final concentration of 1 X 107 cells/ml. Capsule induction was
performed in 100-mm petri plates, incubated overnight at 37°C without shaking.
In some experiments, capsule enlargement was induced in 500 ml of inducing
medium with moderate shaking (150 rpm). Alternatively, to study the effect of
cell age on capsule properties, cells were grown and induced as described above,
but in addition, cells were induced at 37°C for 7 or 14 days. In some cases,
prior to inoculation into capsule-inducing medium, the cell wall was labeled
first in a solution of 4-mg/ml EZ-Link sulfo-NHS-LC-biotin [sulfosuccinimi-
dyl-6-(biotinamido)hexanoate] in PBS (Pierce, IL) for 1 h at room tempera-
ture at a cell density of 5 X 107 cells/ml, extensively washed with PBS, and
then placed in the capsule induction medium for the period of time indicated
in the text. Biotinylated cells were detected using streptavidin-fluorescein
isothiocyanate (FITC; 20 pg/ml; Biosource, Camarillo, CA).

Gamma radiation treatment. Yeast cells with enlarged capsule were exposed
to various amounts of gamma radiation from radioisotope '3’Cs, to remove
layers of the polysaccharide capsule by free radical attack. Briefly, capsule-
induced cells were washed three times in PBS to remove shed capsular polysac-
charides and suspended in PBS or H,O, and 5 X 107 cells were radiated using the
Shepherd Mark I irradiator (JL Shepherd and Associates, San Fernando, CA) at
the dose rate of 1,388 rads/min. For all experiments, cells were irradiated for 0,
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5, 10, 20, 30, or 40 min. Irradiated cells were collected by centrifugation. The
supernatants containing shaved capsular polysaccharide were saved for analysis
(see below). Radiated cells were washed three times in PBS and saved for
analysis (see below). In a similar experiment, the cells were irradiated for 20 min
and centrifuged. The supernatant was kept at 4°C (0- to 20-min sample); mean-
while the cells washed with H,O were resuspended in fresh H,O and irradiated
for another 20 min. After this irradiation, cells were centrifuged and the super-
natant collected (20- to 40-min sample).

India ink staining and capsule size measurement. The C. neoformans capsule
was visualized after suspension of the cells in India ink or by immunofluorescence
using sulfo-NHS-LC-biotin and streptavidin-FITC labeling of the cell wall (see above)
and 18B7 (5 pg/ml) (46)/goat anti-mouse immunoglobulin G1 (IgG1)-tetramethyl
rhodamine isothiocyanate (TRITC; 5 pg/ml) labeling of the capsular edge. Samples
were observed using an Olympus AX70 microscope, QCapture Suite V2.46 software
for Windows, and Adobe Photoshop 7.0 for Macintosh. To calculate capsule relative
size, the diameters of the whole cell, including capsule (D,,.), and cell body, limited
by the cell wall (D), were measured using Adobe Photoshop 7.0 for Macintosh.
The size of the capsule relative to that of the whole cell was defined, as a percentage,
as [(Dye — Dep)/Dyc] X 100. Twenty cells were measured for each determination,
and the average and standard deviation were calculated. In some cases, percent
capsule volume after gamma irradiation (V) was also calculated from the volume (in
wl) of cell packing in hematocrit capillary tubes (36). Hematocrit volume per cell
(HVPC) was calculated as V,/number of cells. Percent capsule volume after gamma
irradiation was defined as (HVPC o irradiation/HVPChonirradiatea) X 100. Alter-
natively, whole-cell volume (V) was calculated from immunofluorescence
images, defined as (4/3) m (D,./2)°. Capsule volume was defined as the
difference between the volume of the cell with capsule and the volume of the
cell without capsule. Percent capsule volume after gamma irradiation was
calculated as (Vye postirradiation/Vwe nonirradiatea) X 100.

GXM measurement. Soluble GXM was measured by capture enzyme-linked
immunosorbent assay (ELISA) as described in reference 7. Briefly, 96-well plates
were coated with goat anti-mouse IgM (1 pg/ml; Southern Biotechnology Asso-
ciates, Birmingham, AL) followed by capture antibody 2D10 (2 wg/ml) (46).
Samples were added and detected using primary monoclonal antibody (MAb)
18B7 (2 pg/ml) (46) and secondary antibody goat anti-mouse IgG1 conjugated to
alkaline phosphatase (1 pg/ml; Southern Biotechnology Associates, Birmingham,
AL). One milligram per milliliter p-nitrophenyl phosphate dissolved in substrate
buffer (1 mM MgCl, - 6H,0; 50 mM Na,CO3) was used for development, and
absorbance was measured at 405 nm, using a microplate reader after incubation
at room temperature for approximately 20 min.

Total polysaccharide measurements. The concentration of total polysaccha-
ride was determined in each of the gamma-irradiated cryptococcal cell superna-
tants, using the phenol-sulfuric acid colorimetric technique (20).

Complement deposition on the C. neoformans capsule. Complement (comple-
ment protein 3 [C3]) deposition on the cryptococcal capsule was performed as
described in reference 70. Briefly, blood from C57BL/6J female mice (6 to 8
weeks old; National Cancer Institute) was obtained from the retro-orbital cavity,
and serum was obtained after centrifugation. Cryptococcal cells (2 X 107) were
suspended in 700 wl freshly obtained serum and incubated at 37°C for 1 h. Cells
were extensively washed and suspended in PBS. Samples containing 3 X 10° cells
were gamma irradiated for 0, 5, 10, 20, 30, or 40 min, as described above. C3 was
then detected using an FITC-conjugated goat anti-mouse C3 antibody (4 pg/ml;
Cappel, ICN, Aurora, OH). To detect the capsular edge, MAb 18B7 (10 pg/ml)
was added and detected using a TRITC-conjugated goat anti-mouse IgG1 anti-
body (10 pg/ml; Southern Biotechnology Associates, Inc., Birmingham, AL). The
cells were observed under fluorescent filters with the Olympus AX70 microscope,
QCapture Suite V2.46 software for Windows, and Adobe Photoshop 7.0 for
Macintosh.

MAD 18B7 protection of the C. neoformans capsule release. A suspension of
5 % 10° cryptococcal cells in 750 pl was incubated with either 0, 10, 50, 100, or
500 pg/ml of MAb 18B7 for 1 h. Cells were extensively washed and suspended in
PBS. Samples were then exposed to gamma radiation for 20 min. MAb 18B7 that
remained on the capsule was then detected using an FITC-conjugated goat
anti-mouse IgG1 antibody (5 pg/ml). Cells were observed under fluorescent
filters with the Olympus AX70 microscope, QCapture Suite V2.46 software for
Windows, and Adobe Photoshop 7.0 for Macintosh.

Scanning electron microscopy (SEM). Approximately 5 X 107 irradiated yeast
cells were washed in PBS three times and suspended in fixing solution (2%
p-formaldehyde, 2.5% glutaraldehyde, 0.1 M sodium cacodylate). Cells were
then serially dehydrated with ethanol, coated with gold palladium, and visualized
using a JEOL (Tokyo, Japan) JAM 6400 microscope.

Measurement of zeta potential. Approximately 5 X 107 yeast cells were washed
and suspended in 1 mM KCl. Zeta potential measurements of the capsule surface
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were made using the ZetaPlus zeta potential analyzer (Brookhaven Instruments,
Holtsville, NY).

Glycosyl composition analysis of supernatants from gamma-irradiated cryp-
tococcal cells. Approximately 1 X 10'° cells with enlarged capsule were washed,
suspended in distilled water, and gamma irradiated for 0 to 20 min or 20 to
40 min as described above. Supernatant samples were lyophilized and ana-
lyzed for glycosyl composition at the Complex Carbohydrate Research Center
at the University of Georgia (Atlanta) (65). Analysis was performed on 0.2
mg of the lyophilized samples by combined gas chromatography-mass spec-
trometry of the per-O-trimethylsilyl derivatives of the monosaccharide methyl
glycosides produced from the sample by acidic methanolysis.

Elemental analysis of material released from gamma-irradiated cryptococcal
cells. Supernatants were prepared as described for the sugar composition anal-
ysis. Lyophilized samples were then submitted to Quantitative Technologies, Inc.
(Whitehouse, NJ), for quantitative elemental analysis. C, H, O, and N were
measured with a PE 2400 CHN analyzer fitted with an oxygen accessory kit.
Samples were converted into gases by combustion, and product gases were
separated by gas chromatography. The elemental percentages were detected by
thermal conductivity.

Scatchard analysis. Approximately 2 X 10° gamma-irradiated cells were in-
cubated for 1 h at 37°C with 0.11, 0.22, 0.44, 0.66, or 0.88 nM '%8Re-18B7. The
radioactivity of the treated samples was counted in a gamma counter, the cells
were collected by centrifugation, and the radioactivity of the pellets was counted
in a gamma counter. Scatchard analysis (56), to compute the binding constant
and the number of binding sites per cell for 18B7, was performed as described
previously (32).

Confocal microscopy and 3D reconstruction. Immunofluorescence was per-
formed after labeling the capsule of 1 X 10° induced cryptococcal cells with the
following: calcofluor (50 wg/ml), FITC- or TRITC-conjugated 18B7 (3 pg/ml),
and 12A1 or 13F1 (IgM antibodies [46], 10 pg/ml) followed by goat anti-mouse
IgM conjugated to FITC or TRITC (5 pg/ml). Emissions from 410 to 480 nm
(calcofluor), 495 to 535 nm (FITC), and 566 to 648 nm (TRITC) were visualized
using a Leica AOBS laser scanning confocal microscope. To obtain three-dimen-
sional (3D) images, a z series of each cell was obtained in 0.25-um slices, and 3D
images were processed with ImageJ (NIH) and Voxx (Indiana University) soft-
ware.

RESULTS

Kinetics of capsule decrease after gamma radiation treat-
ment. Gamma radiation exposure of C. neoformans cells
results in capsular polysaccharide release (6). This effect pro-
vided a means to study the radial composition of the capsule in
a graded fashion. The capsule of C. neoformans strain H99 is
normally 1 to 2 pm in diameter, but the diameter increases to
5 to 8 wm under capsule induction conditions (68). Cryptococ-
cal cells with the enlarged capsule were used for two reasons.
First, a larger capsule size made it easier to observe different
capsular regions and improved the visible resolution of the
capsule so that changes after gamma radiation treatment were
easier to see. Second, capsule enlargement represents one of
the first morphological changes that occur after host infection.

Capsule size gradually decreased as a function of irradiation
time without affecting the size of the cell body, delimited by the
cell wall (Fig. 1A). Therefore, it is possible to expose several
internal regions of the capsule by this method. The amount of
radiation used to induce capsule release has no significant
effect on cell viability (6). We then measured the size of the
capsule relative to the size of the cell body. After each irradi-
ation period, there was a significant reduction in the relative
size of the capsule (Fig. 1B, P < 0.002 in all the comparisons).
Around 70% of the capsule volume (data not shown) was
released after 20 min of irradiation, and longer irradiation
times (30 and 40 min) exposed inner regions that remain very
close to the cell wall (about 1 wm in distance). Subsequent
immunofluorescence analysis showed that after 40 min of ir-
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FIG. 1. Kinetics of capsule decrease after gamma radiation treatment.
(A) Cells from C. neoformans strain H99 with induced, large capsules
were exposed to gamma radiation for 0, 5, 10, 20, 30, or 40 min; capsule
size was observed by India ink staining of suspended cells. A representa-
tive cell from each time point was chosen to illustrate the effect of gamma
radiation on capsule size. Bar, 10 pm. (B) Capsule relative size from at
least 20 cells was measured as indicated in Materials and Methods. The
average and the standard deviation of the relative size of the capsule are
plotted. (C) Schematic showing the capsular regions of C. neoformans
strain H99 exposed after gamma irradiation.

radiation, some capsular polysaccharide still remained, as ev-
idenced by MAb 18B7 binding (see below). However, using
this method, several arbitrary layers of the capsule were ex-
posed. Exposure of these layers, which differ in their distances
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FIG. 2. Bound complement is unaffected by gamma radiation-induced changes in capsule size. Cryptococcal cells with induced capsule were
incubated in mouse serum to allow complement deposition on the capsule, which localizes and covalently binds to the inner capsule. Cells were
then irradiated for 0, 5, 10, 20, 30, or 40 min, and an immunofluorescence assay was performed to detect complement localization (green
fluorescence, FITC). To detect capsule edge, MAb 18B7 was added after the serum incubation and then detected with goat anti-mouse
IgG-TRITC. For each time point, upper left panel, light microscopy; upper right panel, rhodamine; lower left panel, FITC; lower right panel,
merge of the two fluorescences. Bar, 5 pm.
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from the cell wall, was dependent on the dose of gamma
radiation (Fig. 1C).

In interpreting our results, we considered the possibility that
the observed decrease in capsule size was the result of an inner
collapse mediated by gamma radiation and not the release of
the polysaccharide from the capsule exterior. To assess the
mode by which gamma radiation released the cryptococcal
capsule, the inner capsule was labeled with complement, by
incubating the cells in serum, and then the cells were exposed
to gamma radiation. Complement (C3) binds to the polysac-
charide capsule in the inner part of the capsule, in an interac-
tion that is mediated by the formation of a covalent bond
linkage and can be easily observed by fluorescence (70, 71). We
observed that when the cells were first placed in serum fol-
lowed by irradiation, the signal produced by C3 was unaffected,
remaining at a location close to the cell wall (Fig. 2). Alterna-
tively, we coated cells with various amounts of MAb 18B7,
followed by exposure to 20 min of gamma radiation. MAb
18B7 is known to bind to the outer regions of the cryptococcal
capsule (70, 71). Immunofluorescence showed that at low an-

FIG. 3. Gamma radiation of MAb-coated C. neoformans cells. Cryptococcal cells with induced capsule were incubated with different concen-
trations of MADb 18B7. Cells were then irradiated for 20 min and compared to untreated cells. An immunofluorescence assay to detect 18B7 was
performed using a goat anti-mouse IgG1-FITC Ab. The cells were suspended in parallel in India ink suspension to visualize the capsule. For each
irradiation time: left column, cells suspended in India ink; middle column, light microscopy; right column, 18B7 localization, same field as the
middle column. Note how cells present some aggregation, due to the “sticky” properties of Abs. Bar, 5 pm.
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20 minutes irradiated

tibody concentrations (10 wg/ml), irradiation resulted in de-
creased capsule size as well as release of bound MAb 18B7
(Fig. 3). It is noteworthy that the binding of the Ab at these
concentrations to the capsule did not change the size of this
structure, indicating that only gamma radiation was responsi-
ble for capsule size changes in our conditions. We did not use
higher concentrations because they have been reported to de-
form the capsule (67). Therefore, exposure to gamma radiation
results in a gradual release of the capsule which occurs at the
capsule exterior, without affecting inner capsular regions.

During these experiments, we also observed that MAb 18B7-
coated cells were more resistant to capsule shedding by gamma
radiation, in a concentration-dependent manner (Fig. 3). The
binding of 18B7 in antibody concentrations above 100 pg/ml
completely prevented the release of the capsule as measured
by capsule size after India ink staining (Fig. 3; see 20-min
irradiation), which was confirmed by measurement of capsule
relative size by India ink and by capture ELISA to detect GXM
in the supernatants of gamma-irradiated cells (data not
shown).
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FIG. 4. Polysaccharide density of the capsular layers. (A) After gamma irradiation for 0, 5, 10, 20, 30, or 40 min, we calculated the total amount
of GXM (gray bars) contained in each layer, per cell (right axis), and compared this to the layer volume per cell (black line and left axis). See Fig.
1C for the spatial distribution of layers. (B) Using the average amount of GXM per cell (A) and the average volume per layer (A), the average
density of total GXM was calculated within the capsule regions. The experiment was duplicated with similar results, and the results of one
representative experiment are presented.

Polysaccharide density as a function of capsule radial dis- ingly, at the region closest to the cell wall, density decreased.
tance. To study the polysaccharide density of the capsule, we This profile was also seen when total polysaccharide density
first measured the volume released after different irradiation was calculated (data not shown). The density profiles obtained
times by use of India ink and the amount of GXM (capture from total polysaccharide and GXM measurements were sim-

ELISA) or total polysaccharide (phenol sulfuric acid method) ilar, strongly suggesting that the total polysaccharide content in
in the corresponding fractions. Significant amounts of GXM the capsule correlated with GXM concentration. These obser-
(Fig. 4A, gray bars) and total polysaccharide (data not shown) vations are consistent with data indicating that GXM is the

were released after each irradiation time. However, this major component of capsule mass. In addition, these results
amount released did not correlate with the amount of volume indicate that polysaccharide distribution varies as a function of
lost by the cells (Fig. 4A, solid line). The density of the various radial distance in the capsule.

capsular regions was then calculated (Fig. 4B) from the Structure of capsule layers observed by scanning electron
amount of GXM released per cell (in pg), per volume (ul). microscopy. We examined gamma-irradiated cells by SEM to
The capsule GXM density was lowest at outer regions (~1.5 to ascertain whether the measured differences in density corre-
3 wm from the cell body) and dramatically increased at the lated with the visual appearance of the cells. We observed that
inner regions (up to ~1.5 wm from the cell body). Interest- gamma irradiation exposed distinct regions of the capsule

uninduced 0 minutes irradiation |5 minutes irradiation |10 minutes irradiation

FIG. 5. Scanning electron microscopy of gamma radiation-exposed capsule regions. Yeast cells with induced capsule were irradiated for 0, 5,
10, 20, 30, and 40 min and then used to prepare samples for scanning electron microscopy. Bar, 5 pm (0.5 pm for inset). Scanning electron
micrographs of cells in which the capsule was not induced (H99 grown in Sab) and of the acapsular cap67 mutant served as controls.
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FIG. 6. Zeta potential of the capsule after gamma irradiation. Af-
ter irradiation for 0, 5, 10, 20, 30, or 40 min, the zeta potential of the
exposed capsule was measured and compared to capsule relative size,
as determined by India ink staining. The average and standard devia-
tion in a representative experiment are shown.

which differed in structural packing and organization (Fig. 5).
Nonirradiated (untreated) cells appeared to be surrounded by
two levels of organized polysaccharide (Fig. 5, time zero
panel). The outer capsule seemed to be a diffuse web of fibers,
while the inner capsule resembled a dense net. Irradiation for
up to 20 min removed the outer layer but did not affect the
visually dense region, which is consistent with the high-density
region predicted by calculation (Fig. 4B). This tight network of
polysaccharide around the cell body differed from the capsule
organization observed for cells prior to capsule enlargement
(uninduced). Comparisons to the cap67 mutant, which lacks a
capsule, confirmed that even after 40 min of irradiation, some
capsular polysaccharide remained associated with the cell.
These results are consistent with differential organization of
polysaccharide fibers according to their radial location in the
capsule, although assumptions on the nature of capsule struc-
ture based on electron microscopy must be made with caution.
SEM sample preparation requires serial dehydration, which
may affect final capsule structure. Regardless, the SEM data
are consistent with the density calculations (Fig. 4B) and sug-
gest that capsule enlargement is accompanied by a significant
increase in the amount of polysaccharide in the capsule.
Charge distribution throughout the capsule. C. neoformans
cells are highly negatively charged, due to the large amount of
glucuronic acid present in the capsule. As a consequence, the zeta
potential obtained for nonencapsulated C. neoformans strains and
other fungi is much lower than that for encapsulated cryptococcal

TABLE 1. Glycosyl composition analysis of supernatants from
gamma-irradiated cryptococcal cells

Mol%* for irradiation period®

Glycosyl residue (min)
0-20 20-40
Xylose 38.4 35.9
Glucuronic acid 10.1 7.4
Mannose 34.7 32.1
Galactose 5.6 4.5

“ Values are expressed as moles percent of total carbohydrate. Results of a
representative experiment are shown.

® Time of exposure of C. neoformans strain H99 to '37Cs, which emits gamma
radiation at the dose of 1,388 rads/min.
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TABLE 2. Qualitative elemental analysis of supernatants from
gamma-irradiated cryptococcal cells

Wt %* for irradiation period (min)?

Element
0-20 20-40
Carbon 40 40
Hydrogen 6 6
Nitrogen 0.7 0.5
Oxygen 45 44

“ Values are expressed as weight percentage of each element analyzed.
? Time of exposure of C. neoformans strain H99 to '3’Cs, which emits gamma
radiation at the dose of 1,388 rads/min.

cells (48). Consequently, we measured the zeta potential of the
cells after different doses of gamma irradiation (Fig. 6). Un-
treated cells had the lowest zeta potential, at —37 mV. Zeta
potential increased as a function of decreasing capsule thickness,
suggesting that the charge distribution is not equal throughout the
capsule. In regions where the density was predicted to be higher,
zeta potential did not significantly change.

Sugar composition and elemental analysis of the different
polysaccharide fractions. To determine if the changes ob-
served in polysaccharide density and charge were related to
changes in the sugar composition of the capsular regions, the
carbohydrate composition in the different polysaccharide frac-
tions was analyzed. No significant differences were observed in
the sugar compositions of the different fractions (data not
shown), but subtle differences in the molar ratios may have
been masked by the large volume of capsule released in the
first 20 min of irradiation. Therefore, we prepared two differ-
ent fractions of the capsule by irradiating cells for 20 min,
collecting supernatants, washing cells in H,O, and resuspend-
ing them in new medium for 20 min of further irradiation. We
chose 0 to 20 min and 20 to 40 min, since the fractions obtained
with these irradiation times corresponded to the low- and high-
density regions of the capsule, respectively. However, no dif-
ference was detected in the sugar compositions of the different
fractions (Table 1). The presence of galactose indicates that
GalXM is also released in the corresponding fractions. In ad-
dition, the elemental compositions of the 0- to 20-min and 20-
to 40-min fractions were analyzed for carbon, oxygen, nitrogen,
and hydrogen (Table 2). There was no difference in the pro-
portion of these elements, a finding which is in agreement with
the results obtained from the sugar composition. The relative
paucity of nitrogen is consistent with a capsular structure com-

TABLE 3. Scatchard analysis of H99 capsular regions exposed by
gamma radiation”

Irradiation K, No. of binding
time (min)® (107, MY sites/cell (10°)
None (untreated) 29.0 5.9
10 49 7.0
20 5 7.4
30 12.0 4.6
40 8.0 7.3

“ Time of exposure of C. neoformans strain H99 to '37Cs, which emits gamma
radiation at the dose of 1,388 rads/min.

> Values were determined by Scatchard analysis as described in reference 32.
The experiment was done in duplicate, with very similar results being obtained.
Data from a representative experiment are shown.
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FIG. 7. 18B7 epitope distribution in the C. neoformans capsule. Cells were gamma irradiated for 0, 20, or 40 min and then labeled with 18B7-FITC.
The cell wall was detected using calcofluor, and the capsular edge was detected by 12A1/goat anti-mouse IgM-TRITC. Pictures were taken using confocal
microscopy. Panels show, for each period of gamma radiation, merged immunofluorescence labels, 3D reconstruction (ImagelJ software), 3D z slice (Voxx

software), 3D zjy slice (Voxx), and fluorescent signal intensity profiles (ImagelJ) (top to bottom, respectively). Scale bar, 5 microns.
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posed almost entirely of polysaccharide with little or no pro-
tein. Concerning the sugar analysis, this was performed on
supernatants from cells irradiated for 5, 10, 20, 30, and 40 min
(without washes), and the results were the same (data not
shown). The proportion of the elements measured is similar to
the values obtained with purified GXM (D. C. McFadden,
personal communication), which confirms that most of the
mass obtained from the capsule is GXM.

Antigenic properties of the different regions of the capsule.
Given the apparent mass density and charge differences in the
capsular layers, we evaluated changes in the antigenic structure
of the C. neoformans capsule after graded exposure to gamma
radiation. Previous studies used Scatchard analysis to calculate
the number of binding sites and the binding affinity (K,) of the
!88Re-labeled MAb 18B7 for the capsule after enlargement
(15). We performed Scatchard analysis using '**Re-labeled
18B7 for cells irradiated for 0, 10, 20, 30, and 40 min) (Table 3).
Surprisingly, the number of binding sites and K, showed that
while the number of binding sites was equal throughout the
capsule, the affinity of the antibody for the binding sites dra-
matically changed. The higher-affinity binding sites for 18B7
were located at the outer and inner capsular regions (regions 1,
4, and 5). The central regions of the capsule (regions 2 and 3)
had lower-affinity binding sites.

The number of binding sites in the capsule remains relatively
constant regardless of the irradiation time. In contrast, the
mass density, charge, and affinity of MAb 18B7 changed as a
function of capsule radial distance. Therefore, we chose to
evaluate whether the constant of number of binding sites rep-
resented an average of 18B7 binding throughout the capsule,
skewed by binding at high-affinity inner sites. When 18B7 bind-
ing was visualized by immunofluorescence using secondary an-
tibodies, an annular binding pattern (70) was seen at the pe-
rimeter of the capsule and scanning electron micrographs
showed a similar MAD cross-linking the capsule surface (13).
To investigate if this was a consequence of the secondary MAb
failing to penetrate the capsule surface and to compare the
results obtained from the Scatchard analysis, we visualized the
distribution of 18B7 within the capsule, by using MAb 18B7
directly conjugated to FITC and confocal microscopy. The cell
wall of C. neoformans was labeled with calcofluor, and an IgM
antibody to GXM (12A1) was used to visualize the capsule
edge. The fluorescence of each label was analyzed by confocal
microsopy, and signal intensity was plotted per wm of distance
(Fig. 7).

MADb 18B7 was distributed throughout the capsule, although
a distinct gap of fluorescence was observed between the cell
wall (calcofluor signal) and MAb 18B7. We also observed that
there was a gap between the signal of 18B7 and the capsule
edge, since the fluorescence of MAbs 18B7 and 12A1 did not
colocalize at the capsule edge. The same results were obtained
when we used MAb 18B7 conjugated to TRITC or when we
detected capsule edge using MADb 13F1 (results not shown).
Localization of MAD in the capsule by confocal microscopy
was consistent with the idea that the number of binding sites
seen from Scatchard analysis in nonirradiated cells and cells
irradiated for 10 or 20 min includes binding sites in the inner
capsule, although the binding sites exposed after 30 or 40 min
most likely represent new epitopes that are not accessible ini-
tially by MADb 18B7 due to the high density of this region.
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Cell age affects the susceptibility to gamma radiation. We
observed that the amount of capsule released after gamma
radiation was dependent on capsule age. In preliminary exper-
iments, C. neoformans cells incubated for 7 or 14 days in
capsule enlargement medium seemed to become resistant to
gamma radiation (Fig. 8A). In these conditions, the size of the
capsule did not significantly change after 1 day of incubation,
as already reported (71). Capsule age could be an important
factor when considering host infection and survival of the yeast
in the environment. After cells were irradiated for 0, 20, or 40
min, the decrease in capsule size was measured (Fig. 8B). After
7 and 14 days of incubation, the capsule size of the population
was heterogeneous; therefore, the average volume was mea-
sured using hematocrit tubes (36). This heterogeneity most
likely results from the limited period of budding that occurs in
capsule enlargement medium before nutrient exhaustion. The
new buds generated do not have enough nutrients to build a
capsule or grow in size. Nonetheless, when the decrease in
capsule volume was measured as a percentage of the original
capsule for cells induced overnight and cells with capsule in-
duced after 7 and 14 days, the cells with capsule induced after
7 and 14 days were increasingly more resistant to gamma ra-
diation. This suggests that over time, changes occurred in the
enlarged capsule of C. neoformans, which may be due to
changes in the capsular structure and cross-linking of GXM
fibers.

A method to distinguish budded progeny from cells inocu-
lated into the capsule-inducing medium was developed to en-
able a more precise analysis of the effect of capsule age on
gamma radiation sensitivity. Cryptococcal cell wall was labeled
with sulfo-NHS-LC-biotin prior to inoculation into capsule
induction medium. The biotin covalently binds to the cell wall
and does not segregate to the bud. In this way, the original
inoculum of cells after incubation with TRITC-conjugated
streptavidin and immunofluorescence was identified. After bi-
otin labeling, cells were incubated overnight or for 7 days in
capsule-inducing medium and irradiated for 0, 20, or 40 min.
The capsule edge was visualized with MAb 18B7 and detected
by secondary antibody. Capsule size was measured on biotin-
positive cells (Fig. 9A). After 7 days of incubation in inducing
medium, biotin-positive cells had a larger capsule size after
gamma irradiation than did cells incubated overnight, mea-
sured by capsule volume percent decrease (Fig. 9B) or by
comparison of changes in capsule relative size (Fig. 9C). The
percent capsule decrease calculated here reproduced the val-
ues calculated using hematocrit volume measurements of the
heterogeneous population (Fig. 8B).

Finally, to get insight into whether there were structural
differences between young and old induced capsule, we per-
formed scanning electron microscopy on cells incubated in
capsule-inducing medium for 7 days and irradiated for 0, 20, or
40 min (Fig. 10 compared to Fig. 5). We observed the accu-
mulation of a high density of polysaccharide fibers in a signif-
icant portion of the population throughout the capsule, com-
pared to cells induced overnight (Fig. 10 and 5). In addition, it
was obvious that fibers on gamma-irradiated cells were longer
than those observed on cells induced overnight. This is another
indication of gamma radiation resistance in older capsule cells.
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FIG. 8. Effect of capsule age on capsule sensitivity to gamma irradiation. (A) After incubation of cryptococcal cells in capsule-inducing
conditions overnight or for 7 or 14 days, cells were gamma irradiated for 0, 20, or 40 min, and the population was observed by India ink staining.
(B) Decrease in capsule size of cells, based on hematocrit cell packing, as a result of gamma irradiation for overnight (#), 7-day (m), or 14-day
(A) cultures. The calculations were based on the percent volume of the 0-min (untreated) sample. Average capsule volumes were measured by

hematocrit cell packing.

DISCUSSION

Gamma irradiation causes radiolysis of water, resulting in
short-lived free radicals that can react with polysaccharides
and break glycosyl linkages (44, 57). Therefore, it is likely that
capsule release following gamma irradiation occurs as a result
of free radical attack on the capsule (6). Several lines of evi-
dence discussed below suggest that this free radical attack
occurs only on the outer surface. Cryptococcal cells labeled at

the inner capsule by C3 did not show any changes in the
organization of this region, as manifested by changes in the
radial position of the C3 label. Although previous work had
shown that gamma radiation exposure resulted in release of
the C3 binding region of the capsule (71), those studies in-
volved cells with small, noninduced capsules where gamma
radiation resulted in almost total release of the polysaccharide.
For cells with large induced capsule, C3 binds to the innermost
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FIG. 9. Biotin labeling of C. neoformans cells to identify older cells and quantify gamma radiation resistance. (A) Prior to induction, cells were
labeled with EZ-Link sulfo-NHS-LC-biotin. After incubation overnight or for 7 days in capsule-inducing conditions, cells were gamma irradiated
for 0 (untreated), 20, or 40 min, and the original inoculation was detected with streptavidin-FITC. The capsular edge was detected using 13F1 and
goat anti-mouse IgM-TRITC. Bar, 10 um. (B) Decrease in capsule size of cells as a result of gamma irradiation, for overnight (m) and 7-day (®)
cultures. The calculations were based on the percent volume of the 0-min (untreated) sample. The average capsule volumes were measured for
biotin-positive cells. (C) Capsule relative size from at least 20 cells, for overnight (open bars) or 7-day (closed bars) cultures, which were then
irradiated for different periods of time. Capsule relative size was measured for biotin-positive cells by immunofluorescence.

layer, which is not released by gamma radiation. In a support-
ing experiment, we observed that coating of the capsule with
MAD 18B7 conferred protection against gamma radiation on
the capsule at high antibody concentration, while at lower

concentrations the MAb was removed from the outer capsule
by gamma radiation-induced attack. Protection of the capsule
from gamma radiation by antibody is consistent with the ob-
servation that antibody prevents polysaccharide shedding (35).
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for 7 days (lower row) in capsule-inducing conditions. Cryptococcal cells were then gamma irradiated for 0, 20, or 40 min and imaged by scanning

electron microscopy. Bars, 5 pm.

In antibody-coated cells, the immunoglobulin could quench
free radicals produced by gamma radiation and reduce poly-
saccharide release by protecting the GXM. In this regard, the
observation that antibody binding blocks the capsule release
induced by free radicals could be an important consideration
when studying the immunoregulatory effects of extracellular
GXM during host infection. Overall, our results imply that the
products of radiolysis formed after gamma radiation treatment
react preferentially with capsule surface polysaccharides.
Capsule density varies dramatically at different regions of
the capsule, with a trend toward decreasing density as distance
from the cell increases. Previous reports support these changes
in density in the capsule (23, 50), although one account was
based on MADb (Fab fragments) accumulation in the capsule
(23), where it is possible that the penetration of the MAb into
the inner regions was compromised. Our results give direct
quantitative measurement of the polysaccharide distribution.
When we compared capsule density with the results previously
described in the literature, we found consistent results (23),
although our density values are higher than that reported. We
think this difference is due to the experimental approach, since
our conditions (measurement of released GXM) presumably
detect epitopes in GXM that are not accessible when the
polysaccharide fibers are entangled within the capsule. The
fact that independent experimental approaches gave consistent
results confirms that capsule density varies as a function of the
radial density. Interestingly, the density of the capsule peaked

at about 1 wm from the cell and subsequently decreased at the
innermost region, in agreement with micrograph images ob-
tained after high-pressure freezing of the capsule (50). Al-
though not understood, it is possible that this inner region is
strongly attached to the cell wall and plays an important role in
stabilizing the capsule and providing a structural framework
for the addition of new fibers in the higher-density region.
These changes in polysaccharide density after capsule enlarge-
ment support the current model of capsule growth, in which
the newer fibers of polysaccharide intercalate between the
existing ones, enlarging the capsule distally (40, 71). This
model supports our observations because it predicts an in-
crease in density proximal to the cell wall, where this interca-
lation would occur, and a decrease in density distal to the cell
wall, where extension occurs. In addition, the higher density in
the inner capsule offers an explanation for its increased resis-
tance to gamma radiation. Our results are consistent with pre-
vious findings that revealed that the inner part of the capsule
was more resistant to release by dimethyl sulfoxide (DMSO)
(23) or gamma radiation (6). This density distribution suggests
a protective role during the interaction with the host, since it
could prevent the penetration of molecules such as defensins
and antibodies into the cell, on the basis of molecular size (23).
Moreover, recent findings indicate that India ink atypically
penetrating into the capsule does not permeate the inner high-
density regions of the capsule, instead forming an equatorial
ring-like structure at the midcapsule (69).
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By exposing different regions of the capsule structure, dif-
ferences in physical and antigenic properties were demon-
strated. We observed changes in the zeta potential of the cells,
decreasing as the radius of the capsule increased. This is in
agreement with previous findings that showed a similar corre-
lation between the zeta potential and capsule volume of dif-
ferent cryptococcal strains with various capsule sizes (48). We
do not have a clear explanation for this result. The slight
difference in the glucuronic proportion could be partially re-
sponsible for this effect. Zeta potential is the electrostatic po-
tential of the area that surrounds the particle that is measured
(54) and does not directly reflect the charge of the particle. The
measured zeta potential is proportional to the charge of the
particle, dependent on the dielectric constant and viscosity of
the medium and on the mobility of the particle. Since the
medium remained the same between samples, the difference in
the zeta potential in the irradiated cells suggests dissimilarities
in the exposed capsule regions that affect the characteristics of
the surface around the cells. Changes in zeta potential may
have significance in host interactions, since they have been
proposed/shown to affect the outcome of phagocytosis (1, 59).

We also studied the antigenic properties of the different
regions of the capsule by Scatchard analysis of MAb 18B7
binding to GXM. Our observations suggest that there is a great
immunogenic variance within the capsule and that there are
high- and low-affinity binding sites present. To further under-
stand the localization of this antibody, we analyzed the distri-
bution of fluorescently conjugated MAb 18B7 by confocal mi-
croscopy and showed that in fact this MAb localizes to the
middle-outer regions of the capsule but not to the region
closest to the cell wall. The antibody is most likely unable to
reach the epitopes at inner regions due to the increased density
of the fibers, since these inner epitopes became available for
antibody binding only after 30 and 40 min of irradiation. Fur-
thermore, antibody cross-linking of fibrils in the outer layers of
the capsule may reduce penetration of subsequent molecules
(67). This implies that for cells irradiated for less than 30 min,
where the high-density region of the capsule was unexposed,
the determined number of binding sites is actually a measure
of the binding sites in the entire low-density capsule region.
Intuitively, the actual number of binding sites per capsular
region would be only a fraction of the total binding sites. This
more closely correlates with the density trend. The localization
of MAb 18B7 to the inner capsule, where there are epitopes
with moderately high affinity, could represent a mechanism for
immune evasion, since circulating antibodies would have to
compete for binding at the capsule edge and interior. Binding
at the latter location would render the antibody unavailable for
Fc receptor binding on phagocytic and antigen-presenting
cells. All this together suggests that the difference in epitope
distribution in the polysaccharide capsule could represent a
relevant mechanism for the interaction between the pathogen
and the host.

In addition to the differences in epitope distribution or or-
ganization, we found no significant differences in C, H, and O
proportions or in the sugar composition throughout the cap-
sule. We found a trend toward decreasing glucuronic acid in
regions closer to the cell wall. Previous reports (6) have de-
scribed a difference in glucuronic acid, with this sugar being
present in significantly lower concentrations in the inner re-
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gions of the capsule. Although our results might appear to be
in discrepancy, the previous report used a combination of
DMSO and gamma radiation to release the capsule, a treat-
ment that also removes the inner part of the capsule, a region
that remains attached to the cell in our conditions. In addition,
DMSO can affect intracellular membranes and release some
intracellular polysaccharides, which could further alter the
measured sugar composition.

Finally, we have established that the susceptibility of cells to
gamma radiation decreases with capsule age. Our findings sug-
gest that capsule age is associated with important changes in
capsular structure, either in cross-linking and/or in the amount
of polysaccharide present in the structure. This is a very sig-
nificant finding, as the concept of capsule age is an important
factor during host infection. Previous reports show that after
incubation in capsule-inducing medium, the capsule grows in
size but reaches a limit that correlates with cell size (71). The
observations presented here indicate that with age, the capsule
no longer grows in size but becomes denser by accumulation of
polysaccharide, as suggested by the SEM images. This implies
that during in vivo infection, where the fungal cells may stay in
the lung for long periods of time, there are two major changes
that occur in the capsule: first, enlargement in size (early re-
sponse), which occurs during the first hours of infection (21),
and second, increase in density and cross-linking (late re-
sponse), which would require several days. The first response
would prevent phagocytosis of the fungal cells by phagocytic
cells present in the lung (29, 30, 43, 70). The second mecha-
nism would protect the fungal cells against the immune de-
fense mechanisms found in the granulomas, such as free rad-
icals, which could damage the fungal cell. Our results have
important implications during the last stage, since increasing
the amount of polysaccharide in the capsule could protect the
cell against a large number of molecules, such as free radicals,
defensins, or antibodies, or by blocking penetration. In addi-
tion, it is known that the capsule suffers rearrangements in vivo
to allow for adaptation to different organs and crossing of the
blood-brain barrier (11, 22). Furthermore, it has been reported
that prolonged incubation of C. neoformans in serum reduces
the reactivity of its capsular polysaccharide to MAbs (42),
indicating that the capsule may undergo rearrangements in
vivo that allow for evasion of the host immune response, in this
case, by avoiding Ab binding.

The results of this study present a detailed view of several
undefined aspects of the cryptococcal capsule, the main virulence
factor of this fungal pathogen. This structure is heterogeneous
and complex in its radial organization, and this complexity in-
creases with capsule age, as factors determining the amount and
cross-linking of the polysaccharide fibers manifest. This complex
organization provides insight into the protective role of the cap-
sule during interactions of C. neoformans with the host.
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