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Abstract

Aims—Glucuronoxylomannan (GXM) is the major polysaccharide component of Cryptococcus
neoformans. We evaluated in this study whether GXM fractions of different molecular masses
were functionally distinct.

Materials & methods—GXM samples isolated from C. neoformans cultures were fractionated
to generate polysaccharide preparations differing in molecular mass. These fractions were used in
experiments focused on the association of GXM with cell wall components of C. neoformans, as

well as on the interaction of the polysaccharide with host cells.

Results & conclusion—GXM fractions of variable molecular masses bound to the surface of a
C. neoformans acapsular mutant in a punctate pattern that is in contrast to the usual annular pattern
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of surface coating observed when GXM samples containing the full molecular mass range were
used. The polysaccharide samples were also significantly different in their ability to stimulate
cytokine production by host cells. Our findings indicate that GXM fractions are functionally
distinct depending on their mass.

Keywords

Cryptococcus neoformans; glucuronoxylomannan; host response; molecular mass;
polysaccharides

Background

Polysaccharides are key regulators of virulence in a number of bacterial and fungal
infections [1,2]. These molecules typically consist of complex carbohydrates and are
composed of at least twenty monosaccharide units connected by glycosydic linkages [3]. In
contrast to proteins and nucleic acids, the cellular synthesis of polysaccharides does not
involve the typical scaffolds used in transcriptional and translational processes, and there is
an absence of codon-like structures to regulate the termination of polysaccharide synthesis.
Therefore, one key and general characteristic of microbial polysaccharides is their
heterogeneity in molecular mass, which results in molecules with identical composition but
variable dimensions [3,4]. Hence, by their very nature, polysaccharides are heterodisperse.

It is uncertain whether diversity in polysaccharide mass translates into functional variability.
A recent study suggested that polysaccharide preparations with diverse molecular masses
differed in function [5]. Chitin, a linear polysaccharide that is abundant in insect and fungal
cells, stimulated cell-mediated immune responses through size-dependent mechanisms [5,6].
While chitin molecules of higher dimensions and, consequently, molecular masses, are
immunologically inert, small polysaccharide fractions are efficient stimulators of 1L-17
production by macrophages [5]. This observation provided the first precedent showing that
polysaccharide molecules of identical compaosition but variable molecular mass might differ
in function.

Polysaccharide synthesis is essential for the pathogenesis of cryptococcosis, a fungal lung
infection that can evolve to meningitis in immunosup-pressed individuals [1].
Cryptococcosis is caused by the fungal pathogens Cryptococcus neoformans and
Cryptococcus gattii [7]. C. neoformans preferentially causes disease in immunosuppressed
patients, while C. gattii is a primary pathogen for immunocompetent individuals [8]. AIDS-
associated cryptococcal meningitis caused by C. neoformans is the most fatal infection of
the CNS in humans [8,9]. In fact, the global burden of C. neoformans-related disease is
estimated to be approximately one million people per year, resulting in more than 500,000
annual deaths [9].

Cryptococcal virulence traits include a poly-saccharide capsule, which is mainly composed
of glucuronoxylomannan (GXM) [1]. This polysaccharide consists of an a-1,3-linked
mannan substituted with $-1,2- and/or B-1,4-linked glucuronyl and xylosy!l units, which
results in serological diversity [10,11]. Structural differences in polysaccharide structure
translate into antigenic differences that have allowed the characterization of C. neoformans
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and C. gattii strains into four serotypes known as A-D. Serotypes A and D of GXM are
associated with C. neoformans species, while the B and C serotypes are associated with C.
gattii [1]. Capsule formation in cryptococci requires poly-saccharide export to the
extracellular space [12], followed by cation-mediated aggregation of GXM molecules of
variable dimensions at the cell surface [13,14]. It is well recognized that both extracellular
and capsule-linked GXM are heterodisperse with regards to molecular mass and dimensions
[1,13]. Little is known about the relationship between molecular masses and biological
functions of GXM, but a previous study suggested an inverse correlation between the
molecular dimensions of this polysaccharide and its ability to stimulate Toll-like receptor
(TLR)-mediated responses and nitric oxide production [15]. These effects, however, were
restricted to serotype B samples of C. gattii. The relationship between dimensions and
functions in other GXM serotypes is unknown.

In this study, GXM samples isolated from C. neoformans cultures were fractionated to
generate polysaccharide preparations differing in molecular mass. These fractions were used
in experiments focused on the association of GXM with cell wall components of C.
neoformans, as well as on the interaction of the polysaccharide with host cells. Our results
demonstrated that GXM fractions of different molecular masses are functionally distinct,
which supports the notion that monosaccharide composition and glycosyl conformation are
not the only structural parameters defining the functions of polysaccharides [3]. These
results also add considerable complexity to the interpretation of the functions of capsular
components in Cryptococcus species.

Materials & methods

Fungal strains & polysaccharide fractionation

Cryptococcal strains used in this study included the standard serotype A isolate H99 [16]
and the acapsular mutant cap67A [17]. For experiments using acapsular cells, the mutant
was cultivated for 48 h at 25°C in a minimal medium composed of glucose (15 mM),
MgSO, (10 mM), KHoPO4 (29.4 mM), glycine (13 mM) and thiamine-HCI (3 uM); pH 5.5.
GXM was obtained by ultra-filtration of culture supernatants of encapsulated cells [14].
Cryptococcus cells (4 x 10%) were inoculated in 100 ml of the same minimal medium. After
cultivation for 48 h at 25°C, each fungal suspension was used to inoculate 300 ml of
minimal medium in a 1000-ml Erlenmeyer flask. Fungal cultures were then incubated for 4
days at 25°C, with shaking. Culture supernatants were obtained by sequential centrifugation
(4000 x g, 15 min, 4°C; then 15,000 x g, 15 min, 4°C) to ensure removal of cells and debris.
The resulting culture fluid was then ultrafiltered in an Amicon (Millipore, MA, USA)
system (1-kDa cut-off;), as previously described [14,15]. The polysaccharide films formed
over the ultrafiltration discs [14] were collected with a cell scraper for carbohydrate
determination by the Dubois method [18]. Alternatively, GXM was fractionated on the basis
of its great molecular mass diversity [13-15,19]. In these assays, the supernatant fractions
were first passed through a 300-kDa membrane and the GXM film was collected with a cell
scraper, as described above. The filtered supernatant was again concentrated using a 100-
kDa filtration disc and the process was sequentially repeated using discs with 10- and 1-kDa
cut-offs. The viscous layers were again collected, as detailed above, and used for
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quantitative and functional determinations. The procedure described above therefore
resulted in GXM samples containing its full molecular mass range and fractions in
molecular mass ranges of 1-10, 10-100, 100-300 and >300 kDa. GXM samples had their
dimensions determined by dynamic light scattering in a 90Plus/BI-MAS Multi Angle
Particle Sizing analyzer (Brookhaven Instruments Corp., NY, USA), as described [13]. The
serological reactivity of GXM in the different fractions obtained by ultrafiltration was
analyzed by ELISA and dot blot, as previously described [14,20,21].

Coating acapsular C. neoformans cells with GXM

The method used for incorporation of GXM by acapsular C. neoformans cells (strain
cap67A) adapted from the model described by Reese and Doering [17]. Acapsular yeast
cells (10%) were suspended in GXM solutions of different molecular masses (100 pl
phosphate-buffered saline [PBS], 10 pug/ml) and incubated for the extended period of 4 h at
25°C, followed by extensive washing with PBS. In some systems, the cells were
sequentially incubated with fractions of increasing (1-10, 10-100, 100-300 and >300 kDa)
or decreasing (>300, 100-300, 10-100 and 1-10 kDa) molecular masses, under similar
conditions. Control systems consisted of cap67A cells incubated in minimal medium. The
cells were washed with PBS and prepared for immunofluorescence using 1gG and M to
GXM, as follows. Monoclonal antibodies (mAbs) to GXM included 12A1 and 13F1, two
clonally related IgMs that differ in fine specificity [22]. mAb 12A1 produces annular
immuno-fluorescence on C. neoformans, while mAb 13F1 produces punctate annular
immunofluorescence [15,22]. Another IgM used in these assays was mAb 2D10, which
reacts with cell wall and capsule epitopes [23]. mAb 18B7 is a protective 1gG1 that reacts
with all GXM serotypes [24]. C. neoformans cells (108) were fixed with 4%
paraformaldehyde. The cells were further blocked for 1 h in PBS containing 1% bovine
serum albumin and incubated with the mAbs described above (10 pg/ml) for 1 h at room
temperature, followed by Alexa Fluor® 488/568 Goat antimouse (IgG or IgM) secondary
antibodies (Life Technologies, S&o Paulo, Brazil). Surface coating was finally analyzed with
an Axioplan 2 fluorescence microscope using an AxioCam MRc digital camera and the
AxioVision 4.8 software (Zeiss, Oberkochen, Germany). Controls consisted of similar
systems, except for the replacement of GXM-binding mAbs by isotype-matched irrelevant
antibodies.

Binding of GXM to macrophages

Bone marrow-derived macrophages were obtained from wild-type (WT), CD14~/~ or TIr27/~
mice (C57BL/6, gender matched, 6-10 weeks old), as described previously [25]. Mice were
kindly donated by Drs Shizuo Akira (Osaka University, Japan) and Douglas Golenbock
(University of Massachusetts, USA). The Animal Ethics Committee at the Federal
University of Rio de Janeiro (Brazil) approved the animal protocols. Bone marrow was
harvested from the tibias and femurs of mice and differentiated into bone marrow-derived
macrophages [25]. The cells were suspended in Roswell Park Memorial Institute (RPMI)
medium 1640 medium supplemented with 20% of fetal calf serum (FCS) and 30% of
supernatant from L929 cells cultures to form a density of 5 x 10° cells/10 ml. The cells were
maintained in a 5% CO, atmosphere for 3 days and then fresh medium was added to the
cultures. At day 6, 5 x 10° macrophages were added to the wells of 24-well plates
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containing RPMI 1640 medium with 10% of FCS. The cells were cultivated for 12 h before
the experiments described below. Alternatively, the murine macrophage cell line RAW
264.7 (American Type Culture Collection, MD, USA) was used in GXM-binding assays.
The phagocytes were grown to confluence in 24-well plates containing Dulbecco’s modified
Eagle’s medium, supplemented with 10% fetal bovine serum, at 37°C in a 5% CO»
atmosphere. The medium was replaced by fresh Dulbecco’s modified Eagle’s medium
supplemented with GXM (10 pg/ml), followed by incubation at 37°C for 5-60 min.
Unbound GXM was removed by extensive washing with PBS. Cell suspensions were
obtained after detaching monolayers from the plastic support with PBS containing 1 mM
ethylenediaminetetraacetic acid. The cells were then fixed with 4% paraformaldehyde and
incubated for 1 h at 37°C in the presence of PBS supplemented with 1 mg/ml bovine serum
albumin. After washing with PBS, cell suspensions were incubated with mAb 18B7 (10
pg/ml) for 1 h at room temperature. The cells were again washed with PBS and incubated
with a Alexa Fluor® 488 goat anti-mouse (IgG or IgM) antibody (Life Technologies). The
cells were then analyzed in a FACS Calibur (BD Biosciences, CA, USA) flow cytometer
and data were processed with FCS Express 4 Plus (DeNovo Software, CA, USA [26]).
Controls consisted of similar preparations where the anti-GXM antibody was replaced by an
isotype-matched irrelevant antibody.

Cytokine determination

The cytokine response to polysaccharide samples was evaluated in vitro and in vivo. For the
in vitro analysis, peritoneal macrophages were obtained (C57BL/6, gender matched, 6-10
weeks old), as previously described [27].

The cells were stimulated with the GXM fractions (10 pg/ml) for 18 h in RPMI and then
culture supernatants were collected for cytokine determination using commercially available
kits from Peprotech (NJ, USA) and R&D (MN, USA) according to the manufacturers’
instructions. Positive controls (not shown) were stimulated with 100 ng ultrapure
lipopolysaccharide (InvivoGen, CA, USA, tlrl-peklps) or 200 ng pam3csk4. Negative
controls were stimulated with sterile PBS. In vivo cytokine analysis was performed on the
basis of a proof-of-concept model that was previously established by our group [28]. In this
model, the differential ability of polysaccharide fractions to induce certain cytokines was
considered rather than its significance for the anti-GXM immune response. Before GXM
administration, mice (female BALB/c, 4-8 weeks old, n = 5) were given ketamine (0.125
mg/g) and xylazine (0.01 mg/g) intraperitoneally for anesthesia. Each animal was then
treated intranasally with GXM (50 ul, 500 pg/ml in PBS). GXM samples tested in vivo
included the full molecular mass range sample and fractions in the molecular mass ranges of
10-100 and >300 kDa. After 24 h, the animals were sacrificed by cervical hyperextension.
For cytokine determination, the lungs were excised and weighted for further normalization.
The lungs were macerated in PBS and then the tissular suspension was clarified by
centrifugation. IL-10 and TNF-a [28] were quantified using the DuoSet ELISA
Development System kit (R&D System) following the manufacturer’s instructions.
Lipopolysaccharide-free water and glassware were used in all experiments to avoid
interference with the cytokine response.
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Statistical analysis

Results

Paired groups were statistically analyzed using the Student’s t test. Statistical tests of
multiple groups required analysis of variance (two-way). The software used for statistical
analysis was GraphPad Prism (version 6.0; GraphPad Software, CA, USA).

Size determination of GXM & serological tests

The great diversity in GXM dimensions [1,13-15] allows fractionation of the polysaccharide
into samples distributed in different ranges of molecular mass [15]. On the basis of this
particular property, we obtained, by ultrafiltration [14], polysaccharide fractions distributed
in the molecular mass ranges of 1-10, 10-100, 100-300, and >300 kDa. For a didactic
purpose, we classified as low-mass samples the fractions with molecular masses below 100
kDa. Fractions with molecular masses greater than 100 kDa were classified as high-mass
samples. Molecular dimensions of polysaccharides correlated positively with their masses
[29]. Therefore, since the principal aim of this study was to investigate the relationship
between the biological functions of GXM and the diversity in its molecular mass, we first
evaluated the dimensions of all polysaccharide fractions used in this work. For this analysis,
GXM dimension was determined by dynamic light scattering, using protocols that were
recently established by our group [13].

The distinct molecular mass ranges resulted in clear differences in polysaccharide
dimensions, as concluded from the dynamic light scattering analysis of polysaccharide
fractions (Figure 1). Polysaccharide molecules of 1-10 kDa were distributed in the 500—
1000-nm diameter range, while the 10-100-kDa fraction gave a profile of diameter
distribution between 800 and 1800 nm. Higher mass samples were distributed into the
diameter ranges of 1000-2500 nm (100-300kDa) and 1500-3000 nm (>300 kDa). All
samples contained smaller molecules in the range of 0-20 nm. The nature of these molecules
is still unknown, but we speculate that they may correspond to low-mass polysaccharides
dissociated from larger GXM aggregates formed through noncovalent interactions [14].
Since these molecules were common to all fractions, we assumed that they did not influence
the biological parameters investigated in this study. In summary, we concluded that GXM
was successfully fractionated into samples that differed in molecular mass and,
consequently, dimensions.

Most of the experiments in this study required protocols of polysaccharide detection by
serologic approaches using mAb 18B7, an antibody to GXM that has been consistently used
as a tool for polysaccharide analysis in the C. neoformans model [24,30]. Since differences
in the serological properties of the GXM fractions used in this study could lead to
misinterpretation of data, we evaluated the reactivity of all polysaccharide samples with
mAb 18B7. The antibody recognized all polysaccharide fractions in a similar fashion
(Figure 2A). The results obtained by ELISA were similar to those obtained by dot blot
analysis of polysaccharides with mAb 18B7 and other antibodies (data not shown). Since
some of our functional studies also required GXM incorporation by cap67A cells, which
lack a detectable capsule but retain the ability to incorporate exogenous GXM [17], the
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polysaccharide fractions were tested for their ability to coat acapsular cells. The reactivity of
GXM-coated cells with mAb 18B7 was analyzed by flow cytometry, which revealed similar
levels of antibody-derived fluorescent reactions independently of the polysaccharide fraction
used (Figure 2B). In conclusion, these results validated mAb 18B7 as a tool for the analysis
of the different GXM fractions used in this study.

Different molecular masses of GXM are required for full coating of the C. neoformans

surface

The morphological aspects of GXM incorporation by acapsular cells were evaluated by
fluorescence microscopy (Figure 3), which revealed important differences between distinct
GXM fractions. We observed that samples of GXM at the lower end of the molecular mass
range (1-10 and 10-100 kDa) preferably accumulated at cell division sites. By contrast,
higher-mass fractions (100-300 and >300 kDa) generated a punctate pattern of GXM
binding that was not restricted to any specific area of the cell surface. Most interestingly, the
typical annular pattern of polysaccharide incorporation into the cell surface of cap67A cells
was only observed when the cells were exposed to fractions containing the full molecular
mass diversity of GXM. The results described above were observed after incubation of
GXM-coated cells with mAb 18B7. To avoid the possibility that these observations were
artifacts derived from the use of this specific antibody, the experiments were repeated using
three other mAbs, with similar results (Figure 3).

On the basis of the results described above, we could not rule out the possibility that partial
combinations of GXM fractions would be sufficient for complete surface coating. Therefore,
to gain a better understanding of how GXM fractions with different molecular masses
interacted with the cell wall of C. neoformans, we performed sequential incubations of
cap67Acells with the GXM samples obtained by ultrafiltration. These experimental systems
included assays where acapsular cells were sequentially incubated with fractions of
increasing (1-10, 10-100, 100-300 and >300 kDa) or decreasing (>300, 100-300, 10-100
and 1-10 kDa) molecular masses. Once again, full surface coating with GXM was achieved
only when all fractions were combined for incubation with cap67A cells (Figure 4). This
observation is in agreement with the supposition that multiple molecular masses of GXM are
required for a more homogeneous surface coating of C. neoformans (Figure 3).

GXM fractions with distinct masses manifest different profiles of interaction with host cells

The results obtained with acapsular C. neoformans cells indicated that GXM fractions of
different molecular masses have diverse patterns of interaction with surface fungal ligands
(Figures 3 & 4). The supposition that the interaction of GXM with cell wall components of
C. neoformans might require polysaccharide molecules of similar composition but different
dimensions raised the possibility that similar mechanisms could occur with host cell
molecules recognizing GXM. To test this possibility, we incubated murine macrophages
with polysaccharide fractions of variable molecular masses for further GXM detection with
mAb 18B7. At initial stages of incubation, the percentage of GXM-containing macrophages
slightly varied according to the sample used, but all GXM fractions produced similar levels
of polysaccharide-containing phagocytes after 60 min (Figure 5A). Similar results were
obtained when the intensity of the fluorescent reactions was analyzed (Figure 5B). We also
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evaluated the binding profiles of the different polysaccharide fractions to macrophages
lacking the well-characterized GXM receptors TLR2 [15,31] and CD14 [31,32], in
comparison with WT phagocytes. Macrophages obtained from WT, TIr2™/~ or CD147/~
mice were incubated with the different GXM fractions for 5 or 60 min. In all systems, both
the percentage of GXM-containing macrophages (Figure 5C) and the indices of fluorescence
intensity (Figure 5D) were higher after the 5-min incubation, which was consistent with the
kinetics vdescribed in Figure 5A & B and with the previously characterized early
internalization of GXM by mouse macrophages [33]. All polysaccharide fractions were
similar in their ability to bind to macrophages from WT and knockout mice. These results
strongly suggest that the molecular mass of GXM does not influence its interaction with host
receptors.

The results described above suggested that GXM molecules of variable dimensions were
recognized by host cells with similar efficiency. However, they do not discriminate
eventually different cellular responses. To assess this possibility, we used a proof-of-concept
model testing cytokines that are usually produced in response to the activation of GXM-
binding receptors [15,31,34-36]. Mouse peritoneal macrophages were treated in vitro with
the different GXM fractions, and four cytokines (TNF-a, RANTES, IL-10 and IL-6) were
quantified in culture supernatants (Figure 6A). For all cytokines tested in vitro, the fraction
with molecular mass >300 kDa manifested the lowest effectiveness in stimulating cellular
responses in comparison with the other polysaccharide samples. Fractions containing the full
molecular mass range of GXM were the most efficient stimulators of all cytokines. Most
importantly, in all cases, the GXM fractions differed considerably in their ability to
stimulate cytokines, confirming the supposition that differences in molecular mass result in
functional diversity. To support this hypothesis, we used an in vivo model of lung cytokine
stimulation that was previously established by our group to test functional properties of
fungal poly-saccharides [28]. These experiments consisted of measurements of lung
cytokines after intranasal stimulation of mice with the polysaccharide fractions. To
minimize animal experimentation, only representative GXM fractions and cytokines were
used in vivo. Polysaccharide fractions in the range of 10-100 kDa were selected as the
prototypes representing lower-molecular-mass samples, while fractions with masses greater
than 300 kDa were selected to represent large-mass samples. These polysaccharide
preparations were compared with GXM samples containing the full molecular mass range.
The cytokine prototypes for lung quantification were IL-10 and TNF-a, which corresponded
to the less intense and most efficient macrophage responses in vitro, respectively. The in
vivo profiles of cytokine production were considerably different from those determined in
vitro (Figure 6B), which is consistent with the high diversity of cytokine-producing cells in
the lung tissue in contrast to the pure macrophage cultures tested in vitro. In the in vivo
system, the full molecular mass sample tended to induce an increase in the production of
TNF-a, although no significant differences between control systems (stimulated with PBS)
and GXM-treated animals were observed in this case. The comparison between PBS-treated
animals with mice exposed to samples in the molecular mass range of 10-100 kDa or >300
kDa revealed that both fractions efficiently stimulated lung TNF-a. The most pronounced
differences between the experimental systems that we analyzed, however, were observed
when IL-10 was assessed. While the full molecular mass range sample caused a reduction in
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the basal levels of lung IL-10, the 10-100-kDa fraction had no effect on the levels of this
cytokine in comparison with PBS-treated animals. The high molecular sample, however,
induced markedly increased levels of IL-10 production in the lung in comparison to animals
that were stimulated with PBS, 10-100 kDa fractions or the full molecular mass sample.
These results clearly demonstrate that GXM samples with different molecular masses can
have distinct immunological activities.

Discussion

In recent years, it has become evident that the relationship between structural properties and
biological functions of fungal polysaccharides is highly complex [3]. For instance, in the C.
neoformans model, it was demonstrated that capsule-associated and soluble, extracellular
GXM differed in physical, chemical and functional properties, including carbohydrate
composition, molecular mass, effective diameter, charge, viscosity and serological reactivity
[19]. GXM also associates with other molecules to form hybrid aggregates [37,38] that
differ from the isolated polysaccharide in their ability to induce cytokines in mice [28]. The
choice of methodological approaches to isolate GXM is also a determinant for the analysis
of its general properties, as concluded from the fact that polysaccharide fractions vary in
effective diameter and serologic reactivity depending on the purification method [14].
Samples of GXM with similar monosaccharide composition but variable dimensions are also
different in their ability to stimulate TLR activation and nitric oxide production by host cells
[15]. This enormous diversity in function and structure makes clear the complexity of
understanding how the polysaccharide impacts the physiology of host cells. Considering that
immunological studies with GXM have been classically performed with polysaccharide
preparations that most likely included mixtures of variable molecular masses, it seems
reasonable to suppose that the functional diversity of GXM has been underestimated [39].

Chitin efficiently illustrates the complex relationship between molecular dimensions and
functions of polysaccharides [5,6,40]. Relatively large chitin fractions were demonstrated to
be inert [5]. Fractions with intermediate and small dimensions, however, stimulated TNF-a
elaboration by macrophages. Intermediate fractions required TLR2 and NF-xB to induce
TNF-a, but smaller fractions principally required dectin-1 and Syk to stimulate production
of this cytokine. Finally, only smaller fractions were able to induce IL-10 production, in
processes at which dectin-1 and Syk played major and TLR2 and NF-xB minor roles in
cytokine stimulation. As pointed out by Da Silva and colleagues [5], these findings
demonstrate that different-sized chitin fragments interact with diverse innate immune
receptors to activate distinct intracellular signaling pathways. This observation may be
related to results described with a smaller size fraction of C. gattii GXM, which was more
efficient than larger polysaccharides in its ability to activate cellular responses mediated by
TLR1-TLR6 and TLR2-TLR6 dimers in vitro [15].

Our current results are in agreement with the notion that GXM molecules of different sizes
differ in function with regards to both fungal physiology and modulation of the cytokine
response of host cells in vivo. The first evidence supporting this view was obtained from
surface-coating experiments demonstrating that GXM fractions of different molecular
masses interact with distinct sites of the fungal cell wall. These results are consistent with
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the existence of specific cell wall ligands for different GXM molecules, which might impact
the understanding of how the C. neoformans capsule is anchored at the fungal surface.
Chitin [38] and glucans [17,41] have been reported to interact with GXM at the cell wall,
but additional ligands may exist that have not been identified. Therefore, the putative
existence of differential interactions between GXM molecules of variable masses and
specific cell wall regions suggests that capsular anchors might be more numerous than
initially thought. Another interesting aspect of the interaction between GXM and cell wall
components in our study was that full surface coating was only achieved when samples
containing the full molecular mass ranges were incubated with acapsular C. heoformans
cells. Furthermore, the annular pattern of full surface coating of the acapsular cells was not
achieved in any of the sequential incubations performed in this study. This result might
suggest that the efficient interaction of GXM with C. neoformans cell wall components
includes simultaneous interactions with polysaccharides of variable molecular dimensions.
Taken together, these results suggest that both large and small GXM fibers are necessary for
capsular assembly. Similar assumptions were made before in models of capsule enlargement
describing that molecules of higher dimensions are essential for capsule growth [13]. It is
noteworthy, however, that these studies were focused on GXM-GXM interactions, but not
on capsule—cell wall connections. On the basis of the results herein described, we cannot
rule out the possibility that, in models of sequential coating incubations, the initial GXM-
cell wall interactions would then be followed by GXM-GXM interactions.

It remains unknown whether the molecular mass of GXM is correlated with its well-known
ability to protect C. neoformans against phagocytosis [1]. Experiments performed in our
laboratory using GXM-coated cap67A cells and mouse macrophages suggest no clear
correlation between molecular mass, antiphagocytic potential and fungal survival
[Albuguerque PC, Rodrigues ML, Unpublished Data].. This model, however, is probably
minimalist, since GXM fibers of different dimensions [13] coexist with proteins and
pigments that, individually, have been shown to protect the C. neoformans against
phagocytosis [42—-45]. The relative contribution of each of these molecular classes to
antiphagocytic protection is unknown.

Although all GXM fractions used in the current study efficiently bound to murine
macrophages, the response of host cells to the GXM fractions varied according to molecular
mass. In vitro, the polysaccharide fraction containing the full molecular mass range of GXM
was always the most effective cytokine-inducing sample. The relative contribution of each
molecular mass range to cytokine responses, however, was highly variable, which supports
the hypothesis that they are functionally distinct. In vivo, high- and low-mass polysaccharide
samples also differed in their ability to stimulate host cytokines. The most prominent
diversity in our model was observed for IL-10 in in vivo determinations, where the high
molecular mass sample was significantly more effective than all others in inducing the lung
production of this cytokine. These results were in agreement with a previous report by our
group using GXM-—chitin hybrids [28]. In fact, the association between chitin fragments and
GXM generates larger polysaccharides [37] that are more efficient than the isolated
molecules in inducing IL-10 and IL-17 in vivo [28]. The similarity between the profile of
cytokine induction by large GXM-chitin hybrids demonstrated by Ramos and colleagues
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[28] and our current in vivo results suggests that polysaccharide dimensions are essential for
cytokine induction. Other possibilities, however, cannot be discarded at this time. For
example, 1L-10 levels in vivo were reduced when mice were given the full mass range of
GXM. The 1-100-kDa fraction, on the other hand, had no effect on IL-10 production, but
the fraction of molecular mass >300 kDa was highly effective in inducing this cytokine. This
observation suggests a nonlinear correlation between molecular mass and functions of
GXM. It was clear that in vitro and in vivo results were considerably different, which is
probably due to the enormous differences in the cellular complexity of each system.
Although this diversity probably explains the apparently conflicting results observed in our
study, the conclusion that GXM fractions of different molecular masses are different in their
immunological activity was supported by these findings.

During infection, C. neoformans supposedly produces GXM molecules with distinct
dimensions and, consequently, variable masses. Indirect evidence supporting this
assumption comes from studies demonstrating that capsular dimensions are highly variable
in vivo depending on the organ colonized by pathogenic cryptococci [46]. The currently
available techniques for polysaccharide production in vivo do not discriminate GXM
molecules with different masses. Therefore, it is impossible to predict, in quantitative terms,
which form of GXM predominates in vivo. On the basis of the results presented in this
manuscript and in previous studies with chitin and GXM [5,6,28,40], we propose that
cryptococcal pathogenesis is influenced by its major capsular polysaccharide in multiple
ways, which makes the understanding of how the polysaccharide impacts the development
of cryptococcosis much more complex.

Future perspective

Our results demonstrate that biological properties of polysaccharides are greatly influenced
by their molecular masses, implying that previously unexplored structural parameters need
to be included in functional studies of these glycans. A remarkable complexity in the
functional analysis of C. neoformans GXM as a function of its physical properties was
suggested, indicating that poly-saccharide fractions may induce different host responses
depending on their mass. Our findings suggest that attempts to understand how capsular
polysaccharide impacts cryptococcal pathogenesis must consider the form of polysaccharide
used in biological studies. The results also argue against the general assumption that
polysaccharides are poor immunogens, since most of the studies available in the literature
did not consider the possibility that polysaccharide fractions differing in molecular mass
might be functionally different.
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EXECUTIVE SUMMARY
Rationale

e  Polysaccharides with identical composition but variable molecular masses have
different biological functions in other systems. It is unclear whether the
functions of Cryptococcus neoformans glucuronoxylomannan (GXM) vary
depending on molecular mass.

Size determination of GXM & serological tests

e The molecular mass of C. neoformans GXM is correlated with polysaccharide
size. These parameters were not important for reactivity with monoclonal
antibodies raised to the polysaccharide.

Different molecular masses of GXM are required for full coating of the C.
neoformans surface

»  Acapsular C. neoformans cells efficiently incorporate GXM fractions of variable
molecular dimensions.

e Multiple molecular masses of GXM are required for a homogeneous surface
coating of C. necformans.

GXM fractions with distinct masses manifest different profiles of interaction with
host cells

e GXM fractions with different masses/dimensions bind to macrophages with
similar efficiencies.

e The cytokine response to GXM is influenced by the molecular mass of GXM.
Conclusion

» Physiological and pathogenic functions of GXM varied depending on molecular
mass. This observation suggests that the functional analysis of GXM in the C.
neoformans model must consider the form of polysaccharide used in biological
studies.
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Figure 1. Dynamic light-scattering analysis of glucuronoxylomannan fractions obtained by

ultrafiltration

Polysaccharide dimensions were proportional to the molecular mass cut-off used for
fractionation, as concluded from the analysis of glucuronoxylomannan samples in the ranges

of (A) 1-10, (B) 10-100, (C) 100-300 and (D) >300 kDa.
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Figure 2. Serologic properties of glucuronoxylomannan fractions of different molecular masses
(A) Reactivity of polysaccharide fractions distributed in different molecular mass ranges

with monoclonal antibody 18B7. The dose-dependent profile of serologic reactivity was
similar for all fractions. (B) Incorporation of the different GXM fractions by acapsular
Cryptococcus neoformans cells for further serological detection by flow cytometry with
monoclonal antibody 18B7. Similar levels of fluorescent intensity were observed for all
fractions. The isolated histogram on the left (black line) represents the background
fluorescence levels of cap67A cells that were not coated with GXM fractions.

GXM: Glucuronoxylomannan.

For color image please see online at www.futuremedicine.com/doi/full/10.2217/FMB.
13.163
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Figure 3. Surface distribution of GXM in acapsular (cap67A) Cryptococcus neoformans cells

after incubation of cells with different fractions of the polysaccharide

GXM detection was based on the serologic reactivity of yeast cells with four different

antibodies to the polysaccharide, listed on the left. Molecular mass ranges are indicated on
the bottom. Cryptococcus neoformans cells are shown under the differential interferential
contrast and red fluorescence modes (gray and black panels, respectively). Scale bar in

bottom-right 18B7 panel represents 20 pum.
GXM: Glucuronoxylomannan.
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Cryptococcus neoformans cells were sequentially coated with fractions of increasing or
decreasing molecular masses. (A-D) represent sequential incubations of cap67A cells with
fractions of increasing molecular masses, starting with (A) the 1-10 kDa sample alone,
followed by (B-D) samples of higher masses and (E & J) the full molecular mass range. (F-
1) show sequential incubations of acapsular cells with fractions with decreasing molecular
masses, starting with (F) the fraction >300 kDa alone, followed by (G-I) samples of lower

masses. Scale bar represents 20 pm.
GXM: Glucuronoxylomannan.
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Figure 5. Binding of glucuronoxylomannan fractions with variable molecular masses to murine
macrophages
The phagocytes were exposed to the different molecular mass samples of GXM and then

incubated with monoclonal antibody 18B7 for flow cytometry analysis. The percentage of
GXM-containing macrophages as a function of time is shown in (A), while the intensity of
fluorescent reactions is shown in (B). Polysaccharide-binding was also tested in
macrophages obtained from WT mice and knockout animals lacking the GXM receptors
TLR2 and CD14. (C) Analyses of the percentage of GXM-containing macrophages and (D)
fluorescence levels of the phagocytes indicate similar profiles of GXM binding to all
phagocytes, independently of the molecular mass of the polysaccharide. In all cases, binding
efficacy was higher after the 5-min period of incubation. Data are representative of two
independent experiments producing similar results.

GXM: Glucuronoxylomannan; TLR: Toll-like receptor; WT: Wild-type.
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Figure 6. Glucuronoxylomannan fractions of variable molecular masses differentially stimulate
cytokine responses in host cells
(A) Invitro cytokine production by mouse peritoneal macrophages stimulated with the

different polysaccharide fractions. Control systems were stimulated with PBS. The cytokine
response to GXM fractions varied considerably depending on the polysaccharide molecular
mass. (B) Analysis of mice lung (n = 5) levels of TNF-a and IL-10 in response to lower-
(10-100 kDa) or higher- (>300 kDa) mass GXM fractions, as well as to PBS or the full-
mass-range GXM sample, revealed that the polysaccharide preparations of different
molecular masses are distinct in their ability to induce cytokines.
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*Statistical significance in comparison with control (PBS-stimulated) systems; ***Statistical
differences between GXM-treated systems; Black asterisks: p < 0.001; Red asterisks: p <
0.01.

ND: Not detected; NS: Not significant; PBS: Phosphate-buffered saline.

For color image please see online at www.futuremedicine.com/doi/full/10.2217/FMB.
13.163
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