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 Glucuronoxylomannan (GXM) is the major capsular polysaccharide of  Cryptococcus 
neoformans . It is essential for fungal virulence and causes a number of deleterious 

effects to host cells. During the last decades, most of the experimental models designed 

to study the roles of GXM during cryptococcal infection were based on the stimulation 

of animal cells. This most commonly involved macrophages or other effector cells, 

with polysaccharide fractions obtained by precipitation with cationic detergents. More 

recently, it has been demonstrated that GXM interferes with the physiological state of 

other target cells, such as the epithelium. In addition, recent studies indicate that the 

structure of the polysaccharide and, consequently, its functions vary according with 

the method used for its purifi cation. This raises questions as to what is native GXM 

and the signifi cance of prior studies. In this paper, we discuss some of the aspects of 

GXM that are still poorly explored in the current literature, including the relevance of 

the polysaccharide in the interaction of cryptococci with non-phagocytic cells and the 

relationship between its structure and biological activity.  
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  Cryptococcus neoformans      
Cryptococcus  and capsular  components 

  Cryptococcus neoformans  and  C. gattii  are pathogenic 

fungi that infect humans and animals after gaining access 

to the host through the inhalation of environmental 

propagules [ 1 ].  C. neoformans , but not  C. gattii , causes 

disease primarily in immunocompromised individuals. 

Inhaled cells of both species are fi rst deposited into the 

alveolar space, where they are supposed to be confronted 

by alveolar macrophages and to interact with other such 

local components as epithelial cells and surfactant proteins. 
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From the alveoli, cryptococci cells migrate to the lung 

interstitium, where a usually effi cient cell-mediated 

immune response is established [ 1 ]. However, in immu-

nocompromised hosts, the pulmonary infection can prog-

ress to disseminated disease, allowing the fungus to reach 

the central nervous system. Dissemination in such cases 

is thought to occur after primary pulmonary infection or 

reactivation of a latent infection. Cryptococcal menin gitis 

is usually diffi cult to treat and is associated with high 

mortality [ 2 ]. 

 Polysaccharide capsules are common features of 

bacterial pathogens, but in fungi they are exclusively 

associated with  Cryptococcus  species [ 3 ]. The synthesis 

and expression of capsular components are essential viru-

lence traits of  C. neoformans  and  C. gattii , as has been 

extensively reviewed in the literature [  4–    8  ]. The cryp-

tococcal capsule is mainly composed of two different 

polysaccharides. Galactoxylomannan (GalXM), an α1-6 

linked galactan containing different types of mannosyl 
DOI:10.3109/13693780902788621
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and xylosyl substitutions, is a minor component of the 

capsule [ 9,  10 ]. Glucuronoxylomannan (GXM) is a high-

molecular weight polysaccharide that accounts for about 

90% of the capsular mass [ 10 ]. GXM is an α1-3 linked 

mannan containing β1,2 and β1,4 xylosyl substitutions, as 

well as β1,2-linked glucuronyl residues [ 3 ]. GXM, which 

is also  O -acetylated at the carbon 6 of some of the manno-

syl units, forms a heterogeneous macromolecular complex 

[ 10 ] with a molecular mass in the range of 1 to 7�10 7  

Daltons. In contrast to capsular components of bacteria, 

GXM is synthesized in the cytoplasm [  11–    13  ] and trans-

ferred in vesicles to the extracellular space [ 13  ,14 ], where 

it is connected to the cell wall and used for distal capsular 

enlargement [ 15 ]. Biosynthesis of GXM involves a number 

of glycosyltransferases [ 16 ], and its assembly at the cell 

surface apparently requires interactions with cell wall 

glucan [ 17,  18 ] and chitin-like molecules [ 19 ], as well as 

cation-mediated self-aggregation [ 20 ]. 

 GXM is essential for the virulence of  Cryptococcus  

species [ 3 ] in that it provides protection against phago-

cytosis, modulation of different cytokines and chemo-

kines, and interference with leukocyte migration [  4–  8  ]. 

The mechanisms by which GXM modulates the immune 

response are multiple and several excellent reviews about 

the subject are available [  4–    8  ]. Remarkably, most of the 

studies from which the functions of GXM were estab-

lished used cells from the phagocytic lineage, including 

macrophages, endothelial cells and neutrophils. However, 

the impact of GXM production by  C. neoformans  on 

non-phagocytic cells has been very poorly explored.   

 The role of GXM in interaction of 
 Cryptococcus  with epithelial cells 

 It is believed that the alveolar epithelium and mac-

rophages are the fi rst host cells to interact with cryp-

tococci. The role of macrophages in  C. neoformans  

infections is well known, but virtually nothing is known 

about the bioactivity of epithelial cells in fungal diseases. 

The epithelium has, in fact, been shown to have a key 

role in the defense against bacterial pathogens, as for 

instance, through the extracellular release of proinfl am-

matory cytokines [ 21 ] and antimicrobial peptides [ 22 ]. 

As reviewed by Zhang and co-workers [ 23 ], the release 

of proinfl ammatory chemokines by epithelial cells and 

alveolar macrophages can be associated with the recruit-

ment of large numbers of polymorphonuclear leukocytes 

(PMNs) from the pulmonary vasculature into the alveo-

lar space. The recruited PMNs are thought to provide 

auxiliary phagocytic capacities that are critical for the 

effective eradication of offending pathogens. How-

ever, in mice the PMN infl ux may be deleterious to the 
establishment of an effective cellular response [ 24 ]. 

In this context, the interaction of  C. neoformans  with 

alveolar epithelial cells could be critical to the control 

or progress of cryptococcosis. 

 The interaction of cryptococci with epithelial cells 

has been explored in a few studies. Previous work dem-

onstrated that adhesins [ 25 ], phospholipase B [ 26 ] and 

GXM [ 27 ] are important elements infl uencing the adhesion 

of  C. neoformans  to lung epithelial cells. The latter include 

human type II alveolar cells (A549 cell lineage) [ 26 ], 

immortalized bronchial epithelial cells and primary nor-

mal human bronchial epithelium [ 28 ]. As detailed below, 

the outcome of the interaction of  C. neoformans  with lung 

epithelial cells includes the induction of the chemokines 

IL-8 and CXCL1 [ 28  ,29 ], production of the transcription 

factor CEBP/β[ 28 ] and signifi cant reductions in tumor 

necrosis factor-alpha (TNF-alpha)-induced intercellular 

adhesion molecule-1 (ICAM-1) expression [ 30 ]. There-

fore, it is reasonable to expect that epithelial cells con-

tribute to the initial stages of pulmonary host response to  

C. neoformans . 

 The fi rst evidence that GXM can mediate the interac-

tion of cryptococci with epithelial cells was provided by 

Barbosa and co-workers [ 27 ]. A monoclonal antibody to 

GXM inhibited yeast adhesion to a human type II epithe-

lial alveolar cell lineage. Human cells were able to bind 

GXM, which was deposited at the cell surface after short 

periods of incubation. After a prolonged exposure, the 

epithelial cells internalized the polysaccharide [ 27 ]. 

Living  C. neoformans  cells were also able to reach intra-

cellular compartments of the epithelial cells, which cul-

minated with the death of the host cell. These results, 

together with the fact that GXM induced IL-8 production 

by epithelial cells [ 29 ], led to the supposition that host 

epithelial cells express receptors for GXM, which could 

mediate fungal attachment, invasion and host response. 

Interestingly, similar experiments using epithelial bron-

chial cells produced opposite results, i.e., both chemokine 

activation and cell damage were reduced in the presence 

of capsular polysaccharides [ 28 ]. This result, which sug-

gests an immunosuppressive effect of GXM for bronchial 

cells, may indicate that the local epithelium-mediated 

immune response is differentially regulated at distinct host 

microenvironments. 

 A number of host receptors for GXM have been 

described in cells of the phagocytic lineage, including 

members of the TLR family, CD18 and CD14 [ 5 ]. How-

ever, epithelial receptors for GXM remained unknown 

until very recently. Following the fi rst study suggesting that 

alveolar epithelial cells express GXM receptors, Barbosa 

and co-workers demonstrated that the host receptor used 

by epithelial alveolar cells for GXM binding is CD14 [ 29 ]. 

The receptor, which was isolated from the epithelial cells 
© 2009 ISHAM, Medical Mycology, 47, 783–788
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in association with GXM, was also involved in the GXM-

mediated induction of IL-8. This was the fi rst report on an 

epithelial receptor for a cryptococcal antigen which was 

associated to a biological response. These results could 

have an impact on the understanding, for instance, of how 

PMNs could be recruited from the pulmonary vasculature 

into the alveolar space in cryptococcosis. Such mechanism, 

which could be determinant in disease control, brings to 

the light the potential role of epithelial respiratory cells in 

the immunity against  C. neoformans . A model to explain 

the role of capsular GXM in the epithelial infection of the 

alveoli by cryptococci is proposed in  Fig. 1 .  

    Purifi cation of native GXM reveals new 
structural and functional features of the 
polysaccharide 

 Capsule size in  C. neoformans  and  C. gattii  is regulated 

by several environmental conditions including; CO 
2
  

availability, iron concentration and medium osmolarity [ 31 ]. 

Capsule thickness is also dependent on the nature of the 

infected tissue [ 32 ]. Capsular polysaccharides are con-

tinually secreted  in vitro  and  in vivo  to the extracellular 

milieu [ 9 ]. Virtually all information about the structure 

of cryptococcal GXM has originated from studies using 

exopolysaccharides, which are recovered from culture 

supernatants [ 33 ]. 

 GXM purifi cation and structural determination studies 

were pioneered in the late 1970s by Bhattacharjee and 

colleagues [  34  –    37  ] and further extended by Cherniak 

and co-workers [ 33  ,38,  39 ]. Classically, the protocols for 

GXM purifi cation involved precipitation of total polysac-

charides in culture supernatants with ethanol followed 

by selective precipitation of GXM by cetyl trimethylam-

monium bromide (CTAB). CTAB is a cationic detergent 

which associates to the negatively charged glucuronic acids 

residues of GXM. Although CTAB purifi cation of GXM 

has been used by many authors, the method is plagued 

by problems in removing this detergent from polysaccha-

ride fractions. In this regard, it is not clear if the potential 

presence of CTAB in ‘purifi ed’ GXM fractions could cause 

additional structural modifi cations, changing the polysac-

charide properties, and consequently impacting the cellular 

responses. 

 We have recently described that  C. neoformans  pro-

duces extracellular vesicles that are potentially involved 

in the trans-cell wall transport of GXM [ 14 ]. The initial 

protocols of vesicle isolation involved concentration of 

supernatants in ultrafi ltration cells. During this procedure, 

we have repeatedly observed that thick, viscous fi lms were 

reproducibly formed over the fi ltration disc after removal 

of water from the supernatants. Due to the well-known 
© 2009 ISHAM, Medical Mycology, 47, 783–788
ability of GXM to self aggregate [ 10 ], we hypothesized 

that the fi lm could contain the polysaccharide in relatively 

high concentrations. The viscous material was then col-

lected and analyzed by gas chromatography coupled to 

mass spectrometry and nuclear magnetic resonance. The 

fi lm was demonstrated to be highly enriched in the building 

units of GXM [ 20 ]. Galactose detection was negative [ 20 ] 

or positive in very low levels [ 40 ], indicating that GalXM 

contamination was minimal. 

 Divalent cations are known to interact with carboxylic 

acid groups of acidic polysaccharides, yielding an aggre-

gated structure with increased viscosity [ 41 ]. Divalent 

cations are abundant in the most commonly used chemi-

cally defi ned media for cryptococcal growth [ 20 ]. There -

fore, it has been speculated that GXM aggregation 

depended on the interaction of the polysaccharide with 

divalent cations, which has been in fact confi rmed by a num-

ber of techniques [ 20 ]. Surprisingly, light scattering analysis 

revealed that the average molecular mass of GXM obtained 

by cation-dependent aggregation was nine-fold smaller 

than that obtained by CTAB precipitation [ 20,  40 ]. 

 The fi nding that CTAB-purifi ed polysaccharides pre-

sented an average molecular mass considerably higher 

than that of jellifi ed GXM implied that structural changes 

are induced by detergent binding. Consistent with this 

notion, circular dichroism spectral analysis revealed that 

purifi ed GXM to which CTAB was added had larger 

molar ellipticity signals in the far UV region than the fi l-

tered polysaccharide [ 40 ]. This result implied that CTAB 

altered the secondary structure of GXM. The structural 

differences between the polysaccharide fractions obtained 

by the two different methods could imply distinct bio-

logical activities. Although information on this subject is 

still limited, two independent studies demonstrated that 

GXM fractions obtained by fi ltration or CTAB precipi-

tation are differentially recognized by monoclonal anti-

bodies raised to the polysaccharide [ 20  ,40 ]. These results 

suggest that studies on the functions of GXM may be 

infl uenced by the polysaccharide purifi cation method. 

Noteworthy, the vast majority of the GXM literature has 

been based on the functions of the CTAB-precipitated 

exopolysaccharide. 

 The aggregation of GXM in ultrafi ltration cells through 

the formation of metal bridges suggested that similar pro-

cesses could occur at the cryptococcal surface. The struc-

tural studies described above were therefore correlated 

with previous work on the relationship of cations with 

capsule size in  C. neoformans   [31 ]. The parameter used to 

evaluate GXM aggregation was viscosity as measured by 

an optical tweezers system [ 20 ]. Confi rming that divalent 

metals were responsible for GXM aggregation, a monova-

lent cation (Na + ) and EDTA signifi cantly decreased the 

solution’s viscosity. Both Na +  and EDTA were described 
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  Fig. 1    The putative functions of GXM during the 

infection of alveolar epithelial cells by  Cryptococcus 
neoformans . (A) Once deposited into the alveolar space, 

 C. neoformans  is confronted by alveolar macrophages 

(not shown) or interact with epithelial cells (Panel 1). The 

adhesion of cryptococci to type II alveolar epithelial cells 

occurs via GXM binding to the CD14 receptor [ 29 ], in a 

process that is followed by fungal invasion (Panel 2) by 

still unknown mechanisms [ 27 ]. Phospholipase B (PLB), 

a membrane-damaging enzyme, is a potential candidate 

to mediate and/or amplify invasion (Panel 3), since its 

involvement in the interaction of  C. neoformans  with 

epithelial cells has already been demonstrated [ 26 ]. 

Prolonged interactions of  Cryptococcus neoformans  with 

the epithelial cells is known to induce host cell damage 

[ 27,  28 ], which may allow cryptococci to cross the 

epithelial barrier to reach the lung interstitium (Panel 4). 

B. The GXM-induced release of the proinfl ammatory 

chemokines IL-8 by epithelial cells could be associated 

with the recruitment of polymorphonuclear leukocytes 

(PMN) from the pulmonary vasculature into the alveolar 

space, as well as with stimulation of alveolar 

macrophages.   
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to reduce capsule size [ 20 , 42 ] which suggests a connection 

between GXM aggregation and capsule growth. Interest-

ingly, measurements in the presence of a divalent cation 

(Ca + +  ) showed an initial increase of viscosity at low metal 

concentrations, which then decreased expressively as Ca + +   

increased [ 20 ]. This effect is in accord with a stoichiomet-

ric correlation between the divalent ions and the single 

negative charges of glucuronic acid. In this regard, the 

ideal conditions for GXM aggregation would require two 

glucuronic acids for each atom of Ca + +  . In the presence of 

an enhanced concentration of the divalent ion, the viscos-

ity decreases because of unilateral saturation of glucuronic 

acid residues with divalent cation, reducing the aggrega-

tion of GXM molecules ( Fig. 2 ). Accordingly, chemi-

cal reduction of carboxyl groups of glucuronic acid also 

resulted in GXM solutions with reduced viscosity [ 20 ]. 

Interestingly, the effects of divalent metals on capsule 

growth followed the same pattern observed in viscosity 

assays [ 20 ].  
  The basic building units of GXM are always the same, 

independent of the strain or species ( C. neoformans  and 

 C. gattii ). However, capsule and polysaccharide tridimen-

sional structures are highly variable, depending on genetic 

background or modulation by environmental components, 

including host structures during infection [ 31,  32 ]. For 

instance, McFadden and coworkers [ 10 ] demonstrated that 

exopolysaccharide fractions of GXM of different serotypes 

have very distinct molecular masses. Surface associated 

polysaccharides also appear to be very heterogeneous, as 

demonstrated by the existence of capsular regions of higher 

density, usually closer to the cell wall, and the existence 

of GXM fi bers with variable morphologies [ 9  ,10,  43 ]. 

These observations may indicate that secreted and surface-

associated polysaccharides show different properties, as 

detailed below. 

 GXM can be released from the cell surface by gamma 

radiation or DMSO extraction [ 43  ,44 ]. When used in 

sequence, DMSO and gamma radiation effi ciently remove 
© 2009 ISHAM, Medical Mycology, 47, 783–788
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  Fig. 2    GXM aggregation in the presence of divalent metals. GXM triads, comprising mannose (circules), xylose (triangles) and glucuronic acid 

(diamonds), are shown in the absence (A) or presence (B) of divalent cations. (C) Two residues of glucuronic acid are connected through one divalent 

cation. Viscosity, a parameter used to measure GXM aggregation, can be affected by different interfering agents (D).   
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the capsular material as evidenced by the fact that they are 

no longer visualized by Indian ink staining. Interestingly, 

GXM fractions recovered from culture supernatants, which 

have historically provided an ample and convenient source 

of material for structural and immunological studies, sig-

nifi cantly differ from capsular material in terms of glycosyl 

composition, molecular mass, diameter, charge, viscosity, 

spectral properties and reactivity with monoclonal antibod-

ies [ 20  ,40 ]. This may imply that exopolysaccharides and 

capsular GXM originate from different synthetic pools. In 

this regard, the major assumption that the structural fea-

tures of exopolysaccharide material faithfully mirror those 

of capsular structures may be not accurate. This suppo-

sition certainly opens a new avenue of investigation on 

the assembly of the cryptococcal capsule and also on the 

roles of GXM during interaction of  C. neoformans  with 

host cells.   
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