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Abstract 23 

Glucuronoxylomannan (GXM), the major capsular component in the Cryptococcus 24 

complex, interacts with the immune system in multiple ways, which include activation 25 

of Toll-like receptors (TLRs) and modulation of nitric oxide (NO) production by 26 

phagocytes. In this study, we analyzed several structural parameters of GXM samples 27 

from C. neoformans (serotypes A and D) and C. gattii (serotypes B and C) and 28 

correlated them with the production of NO by phagocytes and activation of TLRs. 29 

GXM fractions were differentially recognized by TLR2/1 and TLR2/6 heterodimers 30 

expressed on TLR-transfected HEK293A cells. Higher NF-κB luciferase reporter 31 

activity induced by GXM was observed in cells expressing TLR2/1 than in cells 32 

transfected with TLR2/6 constructs. A serotype B GXM from C. gattii was the most 33 

effective polysaccharide fraction activating the TLR-mediated response. This serotype 34 

B polysaccharide, which was also highly efficient in eliciting the production of NO by 35 

macrophages, was similar to the other GXM samples in monosaccharide composition, 36 

zeta potential, and electrophoretic mobility. However, immunofluorescence with four 37 

different monoclonal antibodies and dynamic light scattering analysis revealed that 38 

the serotype B GXM showed particularities in serological reactivity and had the 39 

smallest effective diameter among the GXM samples analyzed in this study. 40 

Fractionation of additional serotype B GXMs followed by exposure of these fractions 41 

to macrophages revealed a correlation between NO production and reduced effective 42 

diameters. Our results demonstrate a great functional diversity in GXM samples from 43 

different isolates and establish their ability to differentially activate cellular responses. 44 

We propose that serologic properties as well as physical chemical parameters such as 45 

the diameter of polysaccharide molecules may potentially influence the inflammatory 46 
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response against Cryptococcus spp. and may contribute to the differences in 47 

granulomatous inflammation between cryptococcal species. 48 
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Introduction 49 

 50 

 Cryptococcus neoformans and C. gattii are the etiologic agents of the human 51 

and animal fungal disease cryptococcosis. Infection is usually acquired by inhalation 52 

of environmental basidiospores or desiccated yeasts. Cryptococcal disease in humans 53 

can involve every tissue, including cutaneous and pulmonary sites, but the most 54 

serious manifestation is central nervous system involvement with 55 

meningoencephalitis (43). Despite the similarities of the clinical syndromes in 56 

cryptococcosis caused by C. neoformans and C. gattii, these species differ in the types 57 

of host where they cause disease. While C. neoformans preferentially causes disease 58 

in immunosuppressed patients, C. gattii-related disease is relatively common in 59 

immunocompetent individuals (33, 43, 48). Mortality rates are still high in different 60 

regions of the globe and the current therapeutic options are inefficient (1).  No 61 

vaccines are available for the prevention of cryptococcosis.  62 

Glucuronoxylomannan (GXM) is the major component of the polysaccharide 63 

capsule, which is the main virulence factor of Cryptococcus species (30). GXM is an 64 

anionic polysaccharide consisting of a α1-3 linked mannan that is O-acetylated  at the 65 

carbon 6 of some of the mannosyl units and substituted with β1,2 glucuronyl and β1,2 66 

/ β1,4 xylosyl residues (9). The polysaccharide is a capsular component of 67 

Cryptococcus species that is also abundant in its soluble form in culture fluids and 68 

infected tissues (31). Secreted and surface-associated GXM are believed to modulate 69 

the immune response during cryptococcosis through multiple mechanisms (35). In 70 

addition, administration of monoclonal antibodies against GXM can modify the 71 

course of experimental cryptococcosis by prolonging host survival (3). Four serotypes 72 

of GXM (A–D) have been defined by serological reactions. This classification divides 73 
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pathogenic Cryptococcus species with specific serotypes, such that C. gattii consists 74 

of serotypes B and C isolates while C. neoformans varieties grubii and neoformans 75 

correspond to serotypes A and D, respectively (23, 43). Most studies on the 76 

immunological functions of GXM have focused on the polysaccharide fractions from 77 

serotype A C. neoformans isolates. Although it is generally assumed that the 78 

immunological properties observed for the serotype A polysaccharide are applicable 79 

to the other serological groups, this common assumption may not be correct given 80 

major structural differences among the four major serotypes.  81 

 The ability of GXM to activate the innate immune response was previously 82 

reported in several studies (34, 46, 52, 53). Serotype A GXM was reported to 83 

modulate the production of nitric oxide (NO) by phagocytes (5). In addition, GXM 84 

activates Toll-like receptor (TLR) 4-mediated intracellular signaling (46), but the 85 

contribution of this event to the global innate response against C. neoformans 86 

infections is uncertain (2, 39). GXM can also interact with TLR2 (46), which is 87 

believed to influence the response to cryptococcal infection (53). TLR2 recognizes a 88 

diverse set of pathogen-associated molecular patterns, which requires 89 

heterodimerization with TLR 1 or 6 (14, 17, 22, 29, 50). The roles of TLR1 or TLR6 90 

in the recognition of GXM by TLR2 have not been investigated yet.  91 

 In this study, we correlated the structural and physical chemical properties of 92 

five GXM samples with their ability to stimulate NO production by macrophages and 93 

to activate nuclear factor κB (NF-κB) in cells expressing either TLR2/TLR1 or 94 

TLR2/TLR6. Our results demonstrate that a serotype B GXM sample is particularly 95 

efficient in activating these cellular responses. These immunomodulatory properties 96 

correlate with specific serologic properties and to a reduced diameter of 97 

polysaccharide molecules.  98 
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 Material and methods 99 

 100 

Fungal strains. Cryptococcal isolates used in this study were selected from the 101 

culture collection available in our laboratory. Strains that had previously been more 102 

extensively characterized according to their phenotypic characteristics, such as 103 

capsule expression, serotype, growth rate and biochemical properties (6), were used 104 

for structural and immunological assays. These samples included strains T1444, 105 

HEC3393 (serotype A, clinical isolates) and ATCC28938 (serotype D, obtained from 106 

the American Type Culture Collection, Manassas, VA) of C. neoformans and 107 

CN23/10.993 (serotype B, environmental isolate) and HEC40143 (serotype
 
C, 108 

environmental isolate) strains of C. gattii. Additional serotype B strains were included 109 

in this study based on the results obtained during structural/immunological 110 

investigations. These isolates comprised the well characterized strain R265 (19) and 111 

strain ATCC56990 (American Type Culture Collection). Stock cultures
 
were 112 

maintained in Sabouraud dextrose agar under mineral oil and
 
kept at 4°C.  113 

 114 

GXM purification.  GXM was isolated as previously described by our group (40). 115 

Briefly, C. neoformans and C. gattii cells (4 x 10
9
 cells) were suspended in 100 ml of 116 

a minimal medium composed of glucose (15 mM), MgSO4 (10 mM), KH2PO4 (29.4 117 

mM), glycine (13 mM), and thiamine-HCl (3 µM); pH 5.5. For all experiments we 118 

used LPS-free water and glassware. This suspension was then transferred to a 1000-119 

ml Erlenmeyer flask and supplemented with 300 ml of the same medium. Fungal cells 120 

were cultivated for four days at room temperature, with shaking and separated from 121 

culture supernatants by centrifugation at 4,000 g (15 min, 4
o
C). The supernatant fluids 122 

were collected and again centrifuged at 15,000 g (15 min, 4
o
C), to remove smaller 123 
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debris. The pellets were discarded and the resulting supernatant was concentrated 124 

approximately 20-fold using an Amicon (Millipore, Danvers, MA) ultrafiltration cell 125 

(cutoff = 100 kDa, total capacity of 200 ml) with stirring and Biomax 126 

polyethersulfone ultrafiltration discs (63.5 mm). Nitrogen (N2) stream was used as the 127 

pressure gas. After supernatant concentration, the viscous layer formed was collected 128 

with a cell scraper and transferred to graduated plastic tubes for measurement of gel 129 

volumes. The procedure was repeated at least three times to ascertain average 130 

volumes. Alternatively, the supernatant fraction passed through the 100 kDa 131 

membrane was again concentrated using a 10 kDa filtration disc. The viscous layer 132 

was again collected and used for structural and functional determinations. 133 

 134 

ELISA for GXM quantification. The concentration of GXM in supernatants and 135 

concentrated films was determined by capture ELISA, as previously described (4). 136 

Briefly, 96-well polystyrene plates were coated with a goat anti-mouse IgM. After 137 

removal of unbound antibodies, a solution of mAb 12A1, an IgM mAb with 138 

specificity for GXM, was added to the plate, and this step was followed by blocking 139 

with 1% bovine serum albumin. Supernatants in different dilutions or purified GXM 140 

were added to the wells and the plates were incubated for 1 h at 37°C. The plates were 141 

then washed five
 
times with a solution of tris-buffered saline (TBS) supplemented 142 

with 0.1% Tween 20,
 
followed by incubation with mAb

 
18B7 for 1 h. This antibody, 143 

is a well characterized IgG1 that protects mice against lethal challenges with C. 144 

neoformans and binds to an epitope found in GXM from serotypes A, B, C and D (3). 145 

The plate was again washed and incubated with an alkaline phosphatase-conjugated 146 

goat anti-mouse IgG1 for 1 h. Reactions were developed after the addition of p-147 

nitrophenyl phosphate
 
disodium hexahydrate, followed by measuring absorbance at 148 
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405 nm with a microplate reader (TP-reader, Thermo Plate). The antibodies used in 149 

this assay were used at 1 µg/ml.  150 

 151 

Monosaccharide analysis. Carbohydrate composition analysis was performed by gas 152 

chromatography-mass spectrometry (GC-MS) analysis of the per-O-trimethylsilyl 153 

(TMS) derivatized monosaccharides from the polysaccharide films, according to the 154 

methodology described by Merkle and Poppe (32). Methyl glycosides were first 155 

prepared from the dry sample (0.3 mg) by methanolysis in methanol-1 M HCl at 80
o
C 156 

(18-22 h). The sample was then per-O-trimethylsilylated by treatment with Tri-Sil 157 

(Pierce) at 80
o
C (0.5 h). GC-MS analysis of the per-O-TMS derivatives was 158 

performed on an HP 5890 gas-chromatographer interfaced to a 5970 MSD mass 159 

spectrometer, using a Supelco DB-1 fused-silica capillary column (30 m x 0.25 mm 160 

ID). Carbohydrate standards used were arabinose, rhamnose, fucose, xylose, 161 

glucuronic acid, galacturonic acid, mannose, galactose, glucose, mannitol, dulcitol, 162 

and sorbitol. 163 

 164 

Transient transfection with TLRs. TLR constructs (16) as well as the β-actin 165 

Renilla luciferase (49) and the reporter ELAM-1-firefly luciferase (45) constructs 166 

were kindly provided by Dr. Richard Darveau (University of Washington, Seattle, 167 

WA). All plasmids used in the transfections were purified using the EndoFree Plasmid 168 

Purification Maxi Kit (Qiagen, Valencia, CA) following the manufacturer’s 169 

instructions. HEK293A cells (ATCC, Manassas, VA) were cultured in high glucose 170 

Dulbecco's Modified Eagle Medium (DMEM) (Sigma-Aldrich, St. Louis, MO) 171 

supplemented with 10% heat-inactivated fetal bovine serum (FBS) (HyClone, Logan, 172 

UT) and the confluent monolayer harvested by treatment with trypsin/EDTA (Sigma-173 
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Aldrich, St. Louis, MO). Cells were seeded in 12-well plates the day before 174 

transfection. HEK293A cells were transiently cotransfected with plasmids encoding 175 

mouse TLR2 and TLR1 or TLR2 and TLR6 together with the reporter construct 176 

ELAM-1-firefly luciferase and β-actin Renilla luciferase using Lipofectamine 2000 177 

(Invitrogen, Carlsbad, CA) according to the manufacturer’s recommendations. Total 178 

DNA per well was normalized to 2 µg by adding empty vector. On the following day, 179 

the transfected cells were plated in 96-well plates. 180 

 181 

Luciferase reporter assays for NF-κB activation. Forty-eight hours after 182 

transfection, cells were stimulated with purified GXM (1-100 µg/ml) for 4 h in 183 

DMEM containing 10% FBS. Controls for TLR activation included stimulation of 184 

cells with ultra pure lipopolysaccharide (LPS) from E. coli 0111:B4 strain (Invivogen, 185 

San Diego, CA), Pam3Cys-SKKKK (P3C) or FSL-1 (EMC Microcollections, 186 

Tübingen, Germany). Then, cells were washed once in phosphate buffered saline 187 

(PBS) and lysed in Passive Lysis Buffer (Promega, Madison, WI). The luciferase 188 

activity was measured using the Dual-Luciferase Reporter Assay System (Promega, 189 

Madison, WI) according to the manufacturer's instructions. The relative light-units 190 

(RLU) were quantitated using a Luminoskan luminometer. NF-κB activation is 191 

expressed as the ratio of NF-κB-dependent firefly luciferase activity to β-actin-192 

dependent Renilla luciferase activity (16). The results are shown as the means and 193 

standard deviations of values for triplicate wells. 194 

 195 

Nitric oxide production by phagocytes. The murine macrophage-like cell line RAW 196 

264.7 (ATCC) was cultivated under LPS-free conditions in complete DMEM 197 

supplemented with10% fetal calf serum (FCS), 2 mM L-glutamine, 1 mM sodium 198 
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pyruvate, 10 mg ml/ml gentamicin, MEM non-essential amino acids (Gibco- 199 

Invitrogen 11360), 10 mM HEPES and 50 mM 2- beta-mercaptoethanol, at 37 °C in a 200 

7.5% CO2 atmosphere. Murine cells were washed twice in serum-free DMEM and 201 

incubated in fresh medium supplemented with varying concentrations of GXM (1-100 202 

µg/ml) for 16 h at 37
o
C (7.5% CO2 atmosphere). As a positive control, macrophages 203 

were stimulated with 1 µg/ml LPS. Supernatants were then collected and assayed for 204 

NO production by the method of Griess (15). Negative controls consisted of 205 

supernatants of RAW cells cultivated in medium containing no GXM. All 206 

experiments were performed in triplicate sets.  207 

 208 

Immunofluorescence for GXM detection. Antibodies to GXM used in this assay 209 

included immunoglobulins (Ig) G and M. MAbs 12A1 and 13F1 are two clonally 210 

related IgMs that differ in fine specificity and protective efficacy (37, 38). MAb 12A1 211 

is protective and produces annular 
 
immunofluorescence (IF) on serotype D C. 212 

neoformans, while MAb
 
13F1 is not protective and produces punctate IF. MAb 2D10 213 

(IgM) is also protective in a murine model of cryptococcosis. This antibody reacts 214 

with epitopes found through the cell wall and capsule of a serotype D strain of C. 215 

neoformans (13). MAb 18B7 is a protective IgG1 that has been tested as a therapeutic 216 

antibody in animals and humans (3, 24). This antibody reacts with all GXM serotypes. 217 

C. neoformans cells (10
6
) were fixed with 4% paraformaldehyde. The cells were 218 

further blocked for 1 h in PBS-BSA and incubated with the mAbs described above (1 219 

µg / ml) for 1 h at room temperature, followed by fluorescein isothiocyanate (FITC) 220 

labeled goat anti-mouse (IgG or IgM) antibodies (Sigma). Yeast cells were finally 221 

observed with an Axioplan 2 (Zeiss, Germany) fluorescence microscope. Images were 222 

acquired using a Color View SX digital camera and processed with the software 223 
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system analySIS (Soft Image System). In control conditions mAbs were replaced by 224 

isotype-matched irrelevant antibodies. Exposure times were similar for all conditions. 225 

 226 

Biophysical studies. Particle size and negative charge of GXM samples were inferred 227 

from dynamic light scattering and zeta potential (ζ) determinations, respectively, 228 

following the methods described by Frases and colleagues (11, 12). For ζ 229 

determination, GXM solutions were adjusted to 1 mg/ml in water and analyzed in a 230 

Zeta potential analyzer (ZetaPlus, Brookhaven
 
Instruments Corp., Holtsville, NY). 231 

Final values were obtained from the equation ζ = (4πηm)/D, where D
 
is the dielectric 232 

constant of the medium, η is the viscosity,
 
and m is the electrophoretic mobility of the 233 

particle. For determination of GXM effective diameter, polysaccharide solutions were 234 

prepared as described above and measured by Quasi elastic light scattering in a 235 

90Plus/BI-MAS Multi Angle Particle Sizing analyzer (Brookhaven
 
Instruments Corp., 236 

Holtsville, NY). Particle size values were calculated as described recently (12). 237 

Multimodal size distribution analysis of polysaccharides was calculated from the 238 

values of intensity weighted sizes obtained from the non-negatively constrained least 239 

squared (NNLS) algorithm. 240 

 241 

Statistics. The existence of significant differences between the different systems 242 

analyzed in this study was ascertained using multiple statistical tests. Efficacy of 243 

TLR-mediated NF-κB activation, NO production and correlation tests and biophysical 244 

tests were statistically evaluated using Student’s t test when two different groups were 245 

compared, and analysis of variance for comparison of several groups. Statistical tests 246 

were performed with GraphPad Prism (version 5.0).   247 

 248 
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Results 249 

GXM from all strains manifest aggregation characteristics. GXM aggregation 250 

resulting in the production of purified gels of native polysaccharide was previously 251 

demonstrated for a serotype D strain of C. neoformans (11, 40). However, it was 252 

unclear whether formation of the viscous polysaccharide films was a strain-specific 253 

phenomenon or a general property of cryptococcal strains. Therefore, we evaluated 254 

the ability of polysaccharide from two C. neoformans var. grubii and C. gattii 255 

(serotypes B and C) to form gels after concentration by ultrafiltration.  256 

 Supernatants were obtained from 400 ml-cultures containing an initial 257 

inoculum of 4 x 10
9
 cells. The final number of cells in each culture varied according 258 

to the growth rate of each strain (not shown). Supernatant concentration by 259 

ultrafiltration led to the deposition of viscous films on filters for all isolates tested. 260 

The volumes of the films were normalized to the final cell numbers of each culture. 261 

This procedure was repeated at least three times for each strain and different average 262 

values of polysaccharide volume were generated (Figure 1A). Next, we analyzed the 263 

ability of each isolate to produce extracellular GXM, normalizing the polysaccharide 264 

concentration found by ELISA to the final cell number in the culture. The profile of 265 

GXM production by each strain, determined by ELISA (Figure 1B), resembled very 266 

closely that observed for gel formation in the corresponding supernatant. In fact, 267 

GXM concentrations in supernatants and gel formation were correlated (R
2 

= 0.7390; 268 

P = 0.0014), as demonstrated in Figure 1C. 269 

The sugar composition of each polysaccharide fraction was analyzed by GC-270 

MS (Figure 1D). After methanolysis of the polysaccharides and per-O-271 

trimethylsilylation of the corresponding products, the resulting monosaccharides were 272 

initially identified by their retention times relative to standards, followed by structural 273 
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authentication using MS/MS (not shown). All polysaccharide samples tested revealed 274 

xylose, mannose and glucuronic acid as major constituents, consistent with the three 275 

sugar components of GXM. As previously reported (10, 11), galactose was a trace 276 

component of all samples (data not shown). The levels of each GXM building unit 277 

varied in polysaccharides from each isolate (Figure 1D), as normally observed during 278 

analysis of different GXM samples. Strains HEC3393 (serotype A) and HEC40143 279 

(serotype C) contained particularly high proportions of xylose, while strains T1444 280 

(serotype A), CN23/10993 (serotype B) and ATCC28938 (serotype D) had mannose 281 

as their major monosaccharide constituent. 282 

 283 

NF-κB activation in cells expressing TLR2/1 or TLR2/6 heterodimer in response 284 

to GXM. HEK293A cells expressing either TLR2/1 or TLR2/6 were stimulated with 285 

the control molecules LPS, P3C, and FSL-1 or with five different GXM fractions 286 

obtained from C. neoformans and C. gattii (Figure 2). Transfected cells showed 287 

efficient NF-κB activation in response to the synthetic triacylated lipopeptide P3C and 288 

to the synthetic diacylated lipopeptide FSL-1, which were used as positive controls for 289 

TLR2/1 and TLR2/6 activation, respectively (21). As expected, TLR2/6- or TLR2/1-290 

transfected cells responded very poorly to LPS, the classic TLR4 ligand (18). Also, 291 

HEK293A cells transfected with the reporter construct and plasmids containing no 292 

TLR-coding sequences (vector) were unresponsive in all cases. All polysaccharide 293 

samples induced a dose-dependent activation of NF-κB (Figure 2). NF-κB activation 294 

by GXM was always more efficient in cells transfected with the TLR2/1 constructs. 295 

Translocation of NF-κB in GXM-treated cells was also more efficient in cells 296 

expressing TLR2/1 than in cells transfected with plasmids coding for TLR4/CD14 297 
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(data not shown), which were initially described as the receptors involved in GXM-298 

mediated TLR activation (46). 299 

 A comparative analysis of the ability of each GXM sample to activate TLR-300 

mediated cellular responses revealed unexpected differences. Although all 301 

polysaccharide fractions  had the capacity to activate NF-κB in either TLR2/1- or 302 

TLR2/6-expressing cells at the concentration of 100 µg/ml, a C. gattii polysaccharide 303 

sample (serotype B) was significantly more efficient at activating NF-κB than all 304 

others (P<0.0001), with strong signals apparent at 1 and 10  µg/ml (Figure 3). At 1 305 

µg/ml, NF-κB activation mediated by the serotype B GXM was at least 10-fold more 306 

efficient than all others for TLR2/1-expressing cells and 6-fold higher for TLR2/6-307 

expressing cells. At 10 µg/ml, the serotype B sample was approximately 2-fold and 4-308 

fold more effective than the other samples in TLR2/1- and TLR2/6-expressing cells, 309 

respectively.  310 

 311 

NO production in response to GXM stimulation. The GXM samples used for TLR 312 

activation were also tested for their ability to stimulate the production of NO by 313 

macrophage-like cells. Exposure of RAW 264.7 cells to GXM from C. neoformans 314 

cultures resulted in the production of NO at the background level (Figure 4). 315 

Treatment of the phagocytes with C. gattii GXM, however, resulted in a dose-316 

dependent production of NO. As observed in TLR-based assays, the GXM sample 317 

from strain CN23/10993 was the most effective polysaccharide fraction in eliciting 318 

NO production.  319 

 320 

 Structural and serological properties of GXM from C. neoformans and C. gattii. 321 

The differences in the TLR-activating ability of the various GXM samples led us to 322 
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investigate the antigenic and physical properties of this polysaccharide set in more 323 

detail. The differences in the monosaccharide composition in each sample were not 324 

correlated with the ability of GXM to activate cellular responses, since polysaccharide 325 

fractions with very similar compositions (strains CN23/10993 and ATCC28938) 326 

manifested different efficacies in NO and TLR2/1- and TLR2/6-mediated NF-κB 327 

activation (Figures 1-4).  328 

The negative charge of GXM is an important determinant of function for the 329 

capsular polysaccharide in C. neoformans (40, 41). Consequently, we determined the 330 

zeta potential of the GXM from each C. neoformans and C. gattii isolates and these 331 

were similar (Table 1).  The electrophoretic mobility of each GXM preparation was 332 

also similar and strictly correlated with zeta potential values (r² = 0.9992, P<0.0001). 333 

These results therefore suggested that polysaccharide charge did not affect activation 334 

of NO production and TLR-mediated cellular responses by GXM.  335 

 Differences in GXM structure and functions can correlate with reactivity with 336 

monoclonal antibodies (42), which led us to evaluate whether the functional 337 

discrepancies observed in Figures 2-4 would be related with specific serological 338 

patterns (Figure 5).  Cells from each of the five C. neoformans strains were similarly 339 

recognized by mAb 18B7, as demonstrated by immunofluorescence analysis. For all 340 

strains, there was comparable intensity and the binding pattern was annular. MAbs 341 

2D10, 12A1 and 13F1 produced punctate patterns of reactivity with similar intensities 342 

after incubation with strains T1444, HEC3393, HEC40143 and ATCC28938. When 343 

strain CN23/10993 was used, however, very strong serologic reactions were observed 344 

with mAb 12A1. In contrast, these cells were not recognized by mAb 13F1.  345 

 346 
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GXM effective diameter. Epitope accessibility
 
in GXM may vary according to the 347 

diameter of the molecule (11). In addition, polysaccharide size is a parameter known 348 

to influence activation of TLR2-mediated innate responses (26). We therefore 349 

investigated the relationship between NF-κB activation and GXM effective diameter 350 

as measured by dynamic light scattering (Figure 6). The polysaccharide molecules 351 

with the largest diameters came from  isolates T1444 and ATCC28938 (serotypes A 352 

and D, respectively). GXM from strains HEC3393 and HEC40143 (serotypes A and 353 

C, respectively) showed smaller diameter values, which were still higher than that 354 

obtained for the polysaccharide isolated from strain CN23/10993 (serotype B). All 355 

strains produced polysaccharides with diameters higher than 2 µm, except for strain 356 

CN23/10993. Effective diameter determination in ten different analyses showed that 357 

GXM fractions from the CN23/10993 isolate were significantly shorter (P<0.0001) 358 

than any other polysaccharide. Therefore, the GXM sample containing molecules of 359 

the smallest diameter was the most potent one in activating the cellular responses in 360 

this study. 361 

 362 

Smaller GXM fractions from serotype B C. gattii strains are more effective in 363 

eliciting NO production. In an attempt to establish a correlation between the 364 

effective diameter of GXM samples and their ability to stimulate cellular responses, 365 

we fractionated culture supernatants of different cryptococcal isolates. GXM samples 366 

were isolated from different strains, including: i) T1444, due to its ability to 367 

abundantly produce extracellular polysaccharides with high-diameter (Figures 1 and 368 

6), and ii) CN23/10993, which was selected based on its ability to produce GXM with 369 

apparently higher immunogenicity (Figures 2-4). Two additional serotype B GXMs, 370 

from strains R265 and ATCC56990, were included in this assay for comparative 371 



 17 

purposes. GXM fractions with molecular masses higher than 100 kDa and in the range 372 

of 10-100 kDa were obtained by supernatant filtration and the prototype assay used to 373 

analyze the relationship between the size of GXM samples and their ability to 374 

stimulate cellular responses was NO production by macrophages, since it includes 375 

straightforward procedures and simple data interpretation. 376 

Fractionation of the T1444 supernatant revealed that the high molecular mass 377 

sample (>100 kDa) induced NO production by the phagocytes more efficiently (P < 378 

0.001) than the polysaccharide fraction in the 10-100 kDa mass range (Figure 7A). An 379 

opposite pattern was observed for the C. gattii samples. All GXM fractions of lower 380 

molecular masses were significantly more effective in stimulating the production of 381 

NO than the high molecular weight polysaccharides (P < 0.0001 for all samples). 382 

Again, GXM fractions from strain CN23/10993 were the most effective samples 383 

inducing NO production. Measurements of polysaccharide effective diameter in these 384 

fractions were performed by dynamic light scattering, which confirmed that samples 385 

with higher molecular masses consisted of molecules of increased dimensions (Figure 386 

7B). Analysis of serotype B GXM samples (strains CN23/10993, R265 and 387 

ATCC56990) in the 10-100 kDa molecular mass range revealed a direct correlation 388 

between their ability to induce NO and reduced effective diameters (Figure 7C).  389 

 390 

 391 

 392 
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Discussion 393 

Recent studies indicate that the structure of GXM and, consequently, its biological 394 

functions vary according to parameters that include molecular mass and effective 395 

diameter (11, 12, 40). The functional diversity in cryptococcal polysaccharides is not 396 

exclusive to GXM. In fact, it has been recently described that galactoxylomannan 397 

(GalXM) samples from C. neoformans are structurally and antigenically variable (8). 398 

Therefore, establishing general functions for cryptococcal polysaccharides is 399 

complex, since very different characteristics of supposedly similar samples have been 400 

repeatedly observed in independent studies (8, 11, 40), that presumably reflect 401 

differences in polysaccharide structure. GXM, for instance, has been classically 402 

defined as deleterious to the immune system (51), although it can also activate the 403 

host defense (46). 404 

Fungal polysaccharides are potential candidates to activate TLR2-mediated 405 

cellular responses. In Histoplasma capsulatum, β-glucan-induced formation of lipid 406 

bodies, which are multifunctional organelles with critical roles in inflammation, was 407 

inhibited in TLR2-deficient mice (47). Chitin, a cell wall structural polysaccharide, 408 

has been consistently characterized as a stimulator of TLR2-dependent production of 409 

IL-17 by macrophages, resulting in the induction of acute inflammation (7).  410 

The ability of C. neoformans GXM to activate TLR-mediated innate responses 411 

was demonstrated in a number of previous studies (2, 27, 28, 36, 39, 46, 53), but 412 

comparable studies have not been carried out for C. gattii polysaccharides. TLRs and 413 

the CD14 receptor function as pattern recognition receptors for GXM (27, 28, 36, 44, 414 

46, 53).  The binding of GXM to TLR4 was reported to result in translocation of NF-415 

κB to the nucleus in an incomplete process that does not induce activation of mitogen-416 

activated protein kinase pathways or release of TNF-α (46). TLR4  was also 417 
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implicated as a receptor involved in cellular uptake (34), and tissue distribution (52) 418 

of GXM. However, the roles of TLR2 and other TLRs in the immune response to 419 

GXM remain poorly understood. In the present study, we determined that the 420 

hydrodynamic size of GXM fractions is correlated with their ability to stimulate NO 421 

production by macrophages and to activate NF-κB in a TLR2-dependent manner. In 422 

fact, all GXM fractions stimulated activation of NF-κB in HEK293A cells transiently
 

423 

transfected with TLR2 and TLR6, or TLR2 and TLR1 constructs. This response was 424 

always more intense in cells expressing the TLR2/1 association than in those 425 

expressing the TLR2/6 construct.  In all systems, the highest levels of NF-κB 426 

activation were obtained when transfected HEK293A cells were exposed to a serotype 427 

B GXM from the C. gattii strain.  428 

 To understand the structural characteristics responsible for NO and TLR 429 

activation we evaluated several GXM parameters. The ability of GXM to induce NO 430 

production and the TLR-mediated response in transfected HEK293A cells was not  an 431 

intra-species property nor depended on sugar composition, so other parameters were 432 

evaluated. Differences in antibody reactivity can imply differences in GXM structure 433 

(11), which also denote functional specificity (20).  In this study we found that the 434 

serologic characteristics revealed by the binding of mAbs were similar in all strains, 435 

except for the C. gattii strain CN23/10993. Those cells showed strong reactivity with 436 

the protective IgM 12A1, but did not react with the clonally-related, non-protective 437 

mAb 13F1. This observation is consistent and reflective of the fact that mAbs 12A1 438 

and 13F1 bind to different epitopes. In a recent study, it has been suggested that 439 

antibody reactivity is influenced by the diameter of GXM (10), which led us to the 440 

inference that the effective diameter of the polysaccharide samples used in this study 441 

could also be related to the functionality of GXM. 442 
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Immunological studies with chitin have shown that large polysaccharide 443 

polymers are biologically inert, while their fragments are efficient regulators of 444 

TLR2-mediated innate immune responses (7, 25, 26). Human cryptococcosis caused 445 

by C. gattii is known to produce strong inflammatory responses in the lung, whereas 446 

the C. neoformans varieties often trigger little or no inflammation (49). Consequently, 447 

the result that serotype B GXMs were more potent activators of cellular responses 448 

raises the tantalizing possibility that a correlation might exist between activation of 449 

host cells and the type of granulomatous response made. In our model, the most 450 

effective GXM sample in activating cellular responses had the smallest effective 451 

diameter, a result that echoed previous findings with chitin (7, 25, 26). Using the 452 

model of NO production by macrophages after exposure to the serotype B GXM, we 453 

observed that polysaccharides with reduced dimensions induced a stronger cellular 454 

response, a property that was exclusive to serotype B GXM samples.  NO production 455 

by macrophages is involved in both antimicrobial responses and mediation of 456 

inflammation, illustrating the complex effects of the GXM on host immune function. 457 

Given that our studies compared GXM preparations standardized by mass/volume and 458 

that smaller fibers have lower molecular masses, it is possible that the effects 459 

measured here reflect differences in the molarity of the GXM. Nevertheless, we urge 460 

caution in attributing these effects to simple differences in molarity since interactions 461 

between polysaccharides and their receptors are likely to involve repeating structural 462 

motifs in polysaccharide molecules such that avidity considerations could be 463 

dominant. Furthermore, we note that immunological studies routinely measure effects 464 

using polysaccharide concentrations standardized by mass/volume and consequently 465 

this approach is experimentally relevant, especially for literature comparisons.   466 
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The cryptococcal capsule enlarges during infection, which is essential for 467 

virulence (54). A linear correlation between the effective diameter of GXM and 468 

microscopic capsular diameter was recently demonstrated (12), suggesting that the 469 

synthesis of high-diameter polysaccharides is essential for capsule enlargement. In our 470 

model, strain CN23/10993 produced GXM molecules with the lowest values of 471 

effective diameter and had the smallest capsular dimension (data not shown). The 472 

combination of the ability of GXM to modulate cellular responses and the capacity of 473 

C. neoformans to produce large GXMs and capsules may have a direct impact on 474 

fungal virulence. C. neoformans  isolates producing large GXM molecules would be 475 

more efficient in producing capsules with increased dimensions, which is generally 476 

associated with pathogenic potential (54). On the other hand, isolates producing 477 

smaller GXMs, according to our current results, would manifest a potentially 478 

enhanced ability to activate some mechanisms of the immune response. Considering 479 

that the cryptococcal capsule also protects the fungus against a number of antifungal 480 

mechanisms of the host, a combination of smaller GXMs and formation of a capsular 481 

network with reduced dimensions would favor the host defense by multiple 482 

mechanisms. We therefore suggest that synthesis of capsular structures with reduced 483 

dimensions could have protean effects on the pathogenic capacity of cryptococcal 484 

strains ranging from increased susceptibility to oxidative fluxes and phagocytosis, to 485 

producing molecules with an enhanced ability to activate host defenses.  These 486 

observations suggest a mechanistic explanation for the consistent observation that 487 

strains with small capsules elicit more inflammation than those with large capsules 488 

(43).  Furthermore, the higher NO-inducing activity associated with C. gattii 489 

polysaccharides, which correlates with smaller GXM diameters, suggests an 490 
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explanation for the consistent observation of stronger granulomatous responses in 491 

cryptococcosis caused by this species (33, 43, 48). 492 
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Figures518 

 519 

Figure 1. Quantitative and structural analyses of GXMs from five Cryptococcus 520 

isolates. GXM was isolated by formation of polysaccharide gels after concentration of 521 

culture supernatants of five different isolates of C. neoformans and C. gattii. The 522 

volume of gel formation in normalized cultures (A) apparently correlates with the 523 

ability of each strain to produce and secrete GXM to the extracellular medium (B). 524 

Results are expressed as means + standard deviations of three different experiments. 525 

Correlation properties are shown in C. D. Monosaccharide composition of 526 

polysaccharides obtained from the five different isolates of C. neoformans and C. 527 
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gattii. Monosaccharides were identified by GC-MS; the relative amount of each sugar 528 

residue in the polysaccharides is shown as molar percentage. Serotypes are indicated 529 

for each strain. 530 

 531 
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 532 

 533 

Figure 2. NF-κB activation in cells expressing TLRs by GXM. A. Control systems. 534 

Pam3CSK4 (P3C) and FSL-1, but not LPS, activated NF-κB nuclear translocation in 535 

cells expressing either TLR2/1 or TLR2/6, as expected. Transfection of HEK293A 536 

cells with a plasmid containing no TLR-coding sequences (vector) resulted in 537 

unresponsiveness. B-E. Stimulation of HEK293A cells expressing TLR2/1 (inverted 538 

triangles) or TLR2/6 (triangles) to GXM samples resulted in dose-dependent NF-κB 539 

activation. Cryptococcus strains and serotypes from which each GXM sample was 540 

isolated are indicated in each panel.  541 
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 542 

 543 

 544 

Figure 3. Comparative analysis of the efficacy of GXM samples in the activation 545 

of TLR-mediated NF-κB nuclear translocation. Treatment of HEK293A cells 546 

expressing either TLR2/1 (A) or TLR2/6 (B) with GXM revealed that polysaccharide 547 

fractions from strain CN23/10993 were significantly more efficient than all others 548 

(P<0.0001) at 1 and 10 µg/ml (asterisks). No significant differences were observed at 549 

a higher concentration (100 µg/ml). Strains T1444, HEC3393, HEC40143 and 550 

ATCC28938 manifested similar efficacies in activating NF-κB nuclear translocation. 551 

Strain serotypes are indicated. 552 

 553 

 554 
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 555 

 556 

Figure 4. Comparative analysis of the efficacy of GXM samples in the induction 557 

of NO production by macrophages. Polysaccharide fractions from strain 558 

CN23/10993 were significantly more efficient in induction of NO production than all 559 

others (P<0.0001) at 1, 10 and 100 µg/ml. LPS was used as positive control of NO 560 

production by macrophage-like cells; incubation of the phagocytes in the medium 561 

alone (no stimulation) was the negative control. Serotypes are indicated for each 562 

strain. 563 

  564 
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 565 

Figure 5. Reactivity of C. neoformans and C. gattii isolates with four monoclonal 566 

antibodies to GXM. Fungal strains and serotypes are indicated on the top panels; 567 

antibodies are shown on the left. Differential interferential contrast (gray) and 568 

fluorescence (red) images are shown. Overreaction of CN23/10993 cells with 569 

antibody 12A1 (single asterisk) and lack of reactivity with antibody 13F1 (double 570 

asterisks) are highlighted.  571 

 572 

 573 
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 574 

 575 

Figure 6. Diameter of GXM fractions of different isolates of C. neoformans and 576 

C. gattii. Effective diameter distribution of GXM (A) and related average values (B) 577 

are shown. Serotypes are indicated for each strain. 578 
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 579 

Figure 7. NO induction by GXM fractions of different molecular masses and 580 

effective diameters. A. Stimulation of macrophage-like cells with the GXM fractions 581 

results in differential production of NO. Asterisks denote significant differences after 582 

stimulation of phagocytes with GXM fractions (P<0.0001). B. Effective diameter 583 

determination of fractions obtained by sequential ultrafiltration through 100 kDa and 584 

10 kDa cut-off filtration discs. Asterisks denote statistical significance after 585 

comparison of the differences in effective diameter (P<0.0001). C. Correlation 586 
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analysis of effective diameter of serotype B GXM samples in the 10-100 kDa range 587 

and their ability to induce NO. Serotypes are indicated for each strain. 588 
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Table 1. Electronegativity of polysaccharides from five different strains of  589 

C. neoformans and C. gattii. 590 

 591 

Strain  

 

Serotype Zeta Potential (mV) Mobility (µ/s)/(V/cm) 

 

T1444 

 

 

A 

 

-34.50 ±0.32 

 

-2.70±0.02 

 

HEC3393 

 

 

A 

 

-33.36±0.51 

 

-2.61±0.04 

 

CN23/10993 

 

 

B 

 

-33.34±0.21 

 

-2.60±0.02 

 

HEC40143 

 

C 

 

-38.15±0.41 

 

 

-2.98±0.03 

 

ATCC28938 

 

 

D 

 

-34.62±0.45 

 

-2.71±0.04 

 592 
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