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CHAPTER 1

Abstract
The aim of this Thesis was to study biosynthesis and function of the capsule of 
the opportunistic human pathogen Cryptococcus neoformans.  To this end, the 
composition of polysaccharides and lipids was studied that are secreted by a wild 
type strain and acapsular mutants. In addition, the genomic composition of genes 
potentially encoding polysaccharide modifying proteins was analysed as well as 
their expression. Finally, the ability of wild type cells and acapsular mutants to 
induce maturation of dendritic cells, which represents the first line of defence 
of the human immune system, was studied. This chapter provides background 
information for this study. A brief overview of the organism and its epidemiology 
is given, followed by the virulence factors that make this yeast-like fungus a human 
pathogen. The most important virulence factor, the polysaccharide capsule, is then 
highlighted including its effect on the immune system. At the end of this chapter, 
the scope of this Thesis is described and an overview of the work in the different 
chapters is presented.
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Introduction

Cryptococcus neoformans
The genus Cryptococcus belongs to the phylum of dimorphic Basidiomycota and 
consists of at least 39 species [1]. Reports of infection due to species of this genus 
are extremely rare, with the exception of Cryptococcus neoformans [2, 3]. C. neofor-
mans is a yeast-like fungus that causes disease predominantly in immunocompro-
mised persons with impaired cell-mediated immunity. A unique characteristic of  
C. neoformans is the ability to produce a large extracellular capsule when growing 
as a yeast (Figure 1). This capsule is one of the reasons that C. neoformans is success-
ful as an opportunistic human pathogen [1]. The sexual, hyphal state of Cryptococcus, 
called Filobasidiella, is not virulent and is formed when compatible strains with mat-
ing types a and α fuse. Occasionally, C. neoformans can form hyphae without sexual 
reproduction by a phenomenon called haploid or monokaryotic fruiting [4-6]. 

GENERAL INTRODUCTION

Three biochemically and genetically distinct varieties of C. neoformans are divided 
into five serotypes. These serotypes have capsular differences that are distinguished 
by cross-absorbed rabbit polyclonal antisera. The varieties and serotypes of  
C. neoformans are C. neoformans var. neoformans (serotype D), C. neoformans 
var. grubii (serotype A) [7], C. neofomans var. gattii (serotype B and C) and a fifth, 
intermediate, serotype AD [8-10]. These varieties also differ in other aspects, 

Figure 1: Capsule visualized 
with a negative stain (India ink). 
The polysaccharide capsule can 
be seen as a halo around the 
yeast cells because the India 
ink particles cannot penetrate 
this rigid structure. The strain 
used for this picture (NCPF3168, 
serotype A) is a natural isolate 
producing a large capsule. Bar 
represents 10 µm.
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among which their ecology and epidemiology. C. neoformans var. neoformans and 
var. grubii are found throughout the world in soil, often contaminated with bird 
excreta [11]. C. neoformans var. gattii is restricted to tropical and subtropical regions 
and is found in eucalyptus trees [12]. The differences in serotype, epidemiology 
and ecology have recently led to the proposal to distinguish C. neoformans var. 
gattii as a separate species called C. gattii [13]. The main scope of this Thesis are  
Cryptococcus neoformans, var. neoformans and var. grubii. Therefore, the remaining 
part of the introduction will focus on these two varieties.   

Epidemiology
C. neoformans var. neoformans and var. grubii can be found worldwide 
predominantly in soil contaminated with bird droppings [1, 11]. This fungus can 
also grow extra- or intra-cellularly within humans, and is able to survive in its soil 
predator, the amoeba. It has been proposed that the strategies of C. neoformans 
to survive in amoebae resemble those used to survive in specialized cells of our 
immune system, the macrophages [14, 15]. Humans come into close contact with 
this fungus by inhaling spores or dehydrated yeast cells from dust contaminated 
with bird droppings. Antibody-titers against capsular polysaccharides have shown 
that as early as in childhood a majority of people get exposed to Cryptococcal 
cells [16, 17]. 

Although exposure to Cryptococcus is frequent, immuno-competent persons 
rarely get disease. Yet, they can get a dormant infection [18]. The incidence of 
cryptococcosis raises strongly in immuno-compromised persons. Amongst this 
group are individuals suffering from HIV infections that develop AIDS. In these 
patients cryptococcosis can develop into a life-threatening meningo-encephalitis. 
Despite the introduction of HAART (Highly Active Anti-Retroviral Therapy), 
cryptococcosis is increasingly diagnosed in western countries [11], amongst other 
reasons due to the increased use of immunosuppressive drugs [19]. In African and 
South-East Asian countries it even represents the third most common cause of 
hospital admission and 44% of AIDS patients in South Africa die of this fungal infection  
[20, 21]. Cryptococcus neoformans var. grubii is responsible for ~95% of all  
C. neoformans infections and of these 99% is manifested in people with AIDS  
[7, 22, 23].

Virulence factors
In contrast to many other Cryptococcus species, C. neoformans is able to grow 
at 37°C, the human body temperature, and it has been demonstrated that 
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calcineurin A is required for growth at this temperature. Calcineurin A is also 
required for growth at physiological pH and elevated CO2 levels [24, 25]. In 
addition to the ability to grow at 37°C and at physiological pH and elevated 
CO2 levels, C. neoformans produces virulence factors. Virulence factors can 
be defined as factors that are essential for virulence and proliferation in a 
host organism and that provide the fungus with additional traits to become 
pathogenic and cause disease [1]. Important virulence factors of C. neoformans 
are, amongst others (Table 1) [1, 26, 27], an extracellular polysaccharide capsule 
[28-30], melanin [31] and urease [32]. The polysaccharide capsule is considered 
one of the most important virulence factors and is believed to be an interesting 
target for cryptococcal antimycotics. The mechanism of capsule biogenesis is far 
from clear. In the next sections I will describe the current knowledge on capsule 
composition and biogenesis.

Table 1: Virulence factors of Cryptococcus neoformans (adapted from [1]).

Phenotype associated 

with virulence

Mechanism

Growth at 37˚C Survival in human body

Capsule Immuno-modulatory properties

Mannoproteins Immuno-modulatory properties

Melanin synthesis Protection against oxidant induced damage

Mannitol Osmoticum or antioxidant

Laccase Oxidizes brain catecholamines and iron

Urease Changes local pH

Phospholipase Capsule size

Proteinase secretion Breakdown of host tissue

Metabolic targets Myristoylation, Inositol, Iron utilization, etc. ([1])

The polysaccharide capsule

Biochemistry and biogenesis
The capsule of C. neoformans consists of 2 major polysaccharides. The largest 
polysaccharide, GlucuronoXyloMannan (GXM) [33-38], is approximately 1 - 7 MDa 
in size and makes up for roughly 88% of the capsule. The other polysaccharide, 
GalactoXyloMannan (GalXM) [39, 40], is smaller in size with a molecular weight of 
100 kDa, and represents approximately 9% of the capsule. The remaining part of 
the capsule consists of mannoproteins and glycoproteins [41-48].
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Structural analysis, mostly performed by the Cherniak laboratory, has revealed a 
relatively clear picture of the composition of GXM and GalXM [33, 39]. It should 
be noted, however, that the composition of these polysaccharides can vary even 
within a strain [39]. A GXM monomer consists of a backbone of three α3 linked 
mannose residues with branches of one to four β2 linked xylose residues, and 
one β2 linked glucuronic acid residue (Figure 2). C. neoformans var. neoformans 
and C. neoformans var. grubii share a similar basic structure but have variations 
in the number of xylose linked residues [49]. From the composition of a serotype 
D strain it is known that a GXM polymer contains at least two linked 6-O-acetyl 
groups and up to 10% of the mannose residues can be modified in this way [50]. 
The chemical variability of GXM due to 6-O-acetylation has not been investigated 
for the other serotypes [33]. The structure of the GalXM monomer was analysed by 
using a fraction of purified polysaccharides secreted in the medium by a mutant 
called CAP67 [39]. GalXM is a galactan consisting of a backbone of four α6 linked 
galactose residues with two branches of one β3 linked galactose residue and two 
α4 and α3 linked mannose residues. These branches contain up to six β2 or β3 
linked xylose residues [39] (Figure 2).

Figure 2: Chemical structure of a GXM 
and GalXM monomer respectively. 
Large strands of these monomers 
form polymers of up to 1-7x106 Dalton 
for GXM and 1x105 Dalton for GalXM. 
Ratios vary between serotypes. Shown 
are serotype A GXM: Man 3 / Xyl 2 / 
GlcA 1 and GalXM: Gal 6 / Man 4 / Xyl 
1 - 6 (shown are 3 xyloses). Degree of 
O-acetylation is not shown. Picture is 
adapted from [52].

Polysaccharide synthesis
Mutational analysis has provided some insight in the synthesis of capsular 
polysaccharides (reviewed in [49, 51, 52]). It has been proposed that at least 12 
enzymes are involved in synthesis of GXM [52, 53]. Synthesis of GalXM is expected 
to require similar types of enzymes, in addition to enzymes involved in galactose 
metabolism like an UDP-galactose epimerase to convert UDP-glucose into 
UDP-galactose, a nucleotide sugar transporter specific for UDP-galactose, and a 
galactosyltransferase (Table 2, Figure 3).  
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Table 2: Enzymes involved in GXM and / or GalXM synthesis (adapted from [52]). 

Step Enzyme Literature

Conversion of 

mannose-6-phosphate

Phosphomannose isomerase MAN1 [54]

Glucose to glcA UDP glucose dehydrogenase UGD1 [60, 61]

GlcA to xylose UDP-glucuronic acid decarboxylase -

GlcA to xylose UDP-xylose synthase UXS1 [55, 56, 131]

Glucose to galactose UDP-galactose epimerase UGE1 (?) [64]

Sugar transport GDP-mannose NST* GMT1 [88]

Sugar transport UDP-glucuronic acid NST* -

Sugar transport UDP-xylose NST* -

Sugar transport UDP-galactose NST* UGT1 [64]

Mannose linkage mannosyltransferase CMT1 [59]

Xylose linkage Xylosyltransferase CXT1 [57, 58]

GlcA linkage glucuronosyltransferase -

O-acetylation Acetyltransferase CAS genes [50, 55, 62, 63]

Galactose linkage galactosytransferase -

*NST = nucleotide sugar transporter.

Some genes encoding enzymes involved in capsular polysaccharide synthesis 
have been described and characterized (Table 2, Figure 3). A phosphomannose 
isomerase enzyme (MAN1), a component of the GDP-mannose biosynthesis 
pathway, was shown to be essential for virulence since poor capsule formation 
and loss of virulence in mice was observed after disruption of the MAN1 gene [54]. 
NMR showed that a UDP-xylose synthase (UXS1) is involved in xylosylation of GXM. 
This step is important for pathogenicity since mutants disrupted in the UXS1 gene 
were less virulent [55, 56]. Another enzyme involved in addition of xylose side chain 
residues, the xylosyltransferase CXT1, was recently shown to be involved in addition 
of UDP-xylose to GalXM and, to a lesser extent, to GXM [57, 58]. Down-regulation 
of the mannosyltransferase gene CMT1 gene by RNA interference did not affect 
virulence despite a reduced size of the capsule [59]. In contrast, inactivation of the 
gene encoding an UDP-glucose dehydrogenase (UGD1) generated an acapsular and 
a-virulent phenotype. The latter could also be caused by the fact that growth at 
37°C was impaired. Further analysis revealed that both UDP-glucuronic acid and its 
downstream product, UDP-xylose were absent in this mutant strain [60, 61]. Using 
NMR, it was demonstrated that a mutant disrupted in a gene encoding a membrane 
protein CAS1, was deficient in O-acetylation of GXM. This mutant was hypocapsular 
and slightly hypovirulent in a murine model [50, 55, 62]. Another group of 6 genes 
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homologous to the CAP64 gene (which will be discussed below), CAS3 and CAS31-
35, were shown also to be involved in O-acetylation of GXM, however, none were 
essential for capsule formation except the CAS35 gene [63]. Two GalXM related 
enzymes have been described, a putative UDP glucose epimerase (UGE1) and an 
UDP-galactose transporter (UGT1). Inactivation of their corresponding genes resulted 
in a capsule that consisted of GXM but not GalXM. These mutants were not able to 
colonize the brain in mice. In contrast, a GXM negative strain did colonize this part 
of the body, suggesting an important role for GalXM in targeting of Cryptococcus to 
the brain [64]. Recently, a gene was discovered encoding a putative hyaluronic acid 
synthase (CPS1). When this gene was disrupted, a polysaccharide layer between the 
cell wall and the capsule disappeared as shown with electron microscopy. This layer 
of hyaluronic acid was proposed to be a third polysaccharide in the capsule [65, 66]. 

Figure 3: Schematic overview of the different steps in GXM and GalXM synthesis. Proteins with a role in 
biosynthesis are indicated in light gray and are discussed further in the text and Table 2. The possible 
role of the CAP proteins in polysaccharide synthesis are shown in dark gray. Shown is serotype A GXM.
Picture is adapted from [52].
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Capsule associated genes
Mutational analysis has revealed four genes, called CAP10, 59, 60 and 64, that 
are essential for capsule formation. Inactivation of these genes results in an 
acapsular phenotype as determined by negative staining [28-30, 67-69]. Although 
discovered over ten years ago, the role of these genes in capsule biogenesis is 
still unknown. 

The CAP10 protein sequence [69] shares characteristics with xylosyltransferases 
(Glycosyl Tranferase Family 90) according to the Carbohydrate Active enzyme 
database [70]. The genome of Cryptococcus harbours five paralogs of CAP10, of 
which one is characterized as CXT1 [49, 57, 58] (see above). The CXT1 protein plays 
a role in synthesis of both capsular polysaccharides but is especially required for 
the addition of xyloses in GalXM. A hybrid of CAP10 protein and green fluorescent 
protein has been localized in the cytoplasm [69]. However, P-sort (http://psort.
ims.u-tokyo.ac.jp/) predicts that CAP10 harbours a signal-sequence and is localized 
in the cell wall or extracellular space. According to the transmembrane prediction 
software TMHMM (http://www.cbs.dtu.dk/services/TMHMM/)  CAP10 has an 
N-terminal transmembrane domain.

The CAP59 protein sequence [30, 67] shares characteristics with mannosyltransferases 
(Glycosyl Tranferase Family 69) according to the Carbohydrate Active enzyme 
database [70].  The CAP67 mutant, a serotype D mutant, also harbours a mutation 
in the CAP59 gene [67]. The genome of Cryptococcus harbours 3 paralogs of CAP59, 
of which one is characterized as CMT1 [59], one as CAP60 [28] and the third as CAP6, 
an uncharacterised gene [49]. Since GXM molecules in cells of a CAP59 mutant were 
shown to be trapped intracellularly, at least partially, the CAP59 protein has been 
suggested to play a role in extracellular trafficking of multimeric forms of GXM 
molecules [71]. Mutations in CAP59 and CAP60 generate an acapsular phenotype, 
which is not observed in the case of CMT1. Therefore, CAP59 and CAP60 appear to 
play a more crucial role in the assembly of GXM. CAP59 has not been localized in 
the cell but an epitope-tagged-CAP60 was localized to the nuclear membrane by 
immuno-gold electron microscopy [28]. CAP59 does not contain a signal sequence 
or membrane spanning sequence according to P-sort (http://psort.ims.u-tokyo.
ac.jp/), which suggests a localization in the cytoplasm. CAP60 might contain a 
signal sequence and an N-terminal transmembrane domain, but the predictions 
indicate a rather low hydrophobicity at the N-terminus of this protein. This is 
confirmed by the TMHMM transmembrane prediction software (http://www.cbs.
dtu.dk/services/TMHMM/).
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CAP64 [29, 68] belongs to the family of the so-called CAS genes, which are involved 
in positioning and linkage of the xylose and/or O-acetyl residues on the mannose 
backbone of GXM [63]. All these genes, except CAP64, are not essential for capsule 
formation. CAP64 has not been localized. According to in-silico analysis of the CAP64 
protein sequence using P-sort prediction (http://psort.ims.u-tokyo.ac.jp/), it does 
appear to harbour a strong N-terminal hydrophobic sequence that can function as 
a membrane spanning sequence. This is confirmed by the TMHMM transmembrane 
prediction software (http://www.cbs.dtu.dk/services/TMHMM/).

The size of the cryptococcal capsule varies depending on external factors like CO2, iron 
and glucose concentration [72-74] and the organ where Cryptococcus is growing [75, 
76]. CAP gene expression appears to be correlated with capsule size. For instance, cells 
grown on media with high amounts of glucose produce thinner capsule and express 
CAP genes at a lower level as compared to cells grown in media with low amounts 
of glucose  [77, 78]. The function of the identified CAP10, 59, 60 and 64 proteins are 
likely not to be limited to capsule synthesis alone. CAP gene homologues can be 
found throughout the fungal kingdom, also in fungi that are not known to produce an 
extra-cellular capsule (Table 3). From the 50 genomes that have been investigated, 37 
harboured at least one CAP homologue, of which 9 harboured homologues of all four 
CAP genes, and 26 genomes had homologues of CAP10 and CAP59, suggesting a more 
general function of the CAP genes than solely capsule biogenesis.

Table 3: CAP homologues in other fungi (this thesis)

Phylum Species CA
P1

0

CA
P5

9

CA
P6

0

CA
P6

4

URL

Ascomycota Fusarium verticillioides + - - - 1

Ascomycota Aspergillus clavatus + + - - 2

Ascomycota Aspergillus flavus + + - - 2

Ascomycota Aspergillus niger DSM + + - - 2

Ascomycota Aspergillus niger BROAD + + - - 2

Ascomycota Aspergillus oryzae + + - - 2

Ascomycota Aspergillus nidulans + + - - 2

Ascomycota Aspergillus terreus + + - - 2

Ascomycota Botrytis cinerea + + - - 3

Ascomycota Chaetomium globosum + + - - 4

Ascomycota Coccidioides immitis + + - - 5

Ascomycota Fusarium graminearum + + - - 6
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Ascomycota Fusarium oxysporum + + - - 6

Ascomycota Histoplasma capsulatum + + - - 7

Ascomycota Mycosphaerella fijiensis + + - - 8

Ascomycota Mycosphaerella graminicola + + - - 9

Ascomycota Nectria haematococca + + - - 10

Ascomycota Neosartorya fischeri + + - - 2

Ascomycota Neurospora crassa + + - - 11

Ascomycota Sclerotinia sclerotiorum + + - - 12

Ascomycota Stagonospora nodorum + + - - 13

Ascomycota Trichoderma reesei + + - - 14

Ascomycota Trichoderma virens + + - - 15

Ascomycota Uncinocarpus reesii + + - - 16

Ascomycota Candida albicans wo1 - - - - 17

Ascomycota Candida albicans sc5314 - - - - 17

Ascomycota Candida guilliermondii - - - - 17

Ascomycota Candida lusitaniae - - - - 17

Ascomycota Candida parapsilosis - - - - 17

Ascomycota Candida tropicalis - - - - 17

Ascomycota Debaryomyces hansenii - - - - 17

Ascomycota Lodderomyces elongisporus - - - - 18

Ascomycota Saccharomyces cerevisiae - - - - 19

Ascomycota Schizosaccharomyces pombe - - - - 20

Ascomycota Schizosaccharomyces japonicus - - - - 21

Basidiomycota Magnaporthe grisea + + - - 22

Basidiomycota Ustilago maydis + + - - 23

Basidiomycota Cryptococcus neoformans H99 + + + + 24

Basidiomycota Cryptococcus neoformans JEC21 + + + + 25

Basidiomycota Coprinus cinereus + + + + 26

Basidiomycota Laccaria bicolor + + + + 27

Basidiomycota Phanerochaete chrysosporium + + + + 28

Basidiomycota Postia placenta + + + + 29

Basidiomycota Puccinia graminis + + + + 30

Basidiomycota Sporobolomyces roseus + + + + 31

Basidiomycota Schizophyllum commune + + + + 32

chytridiomycota Batrachochytrium dendrobatidis + + - - 33

Protist Monosiga brevicollis - - - - 34

Zygomycota Phycomyces blakesleeanus - + - - 35

Zygomycota Rhizopus oryzae - - - - 36
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http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html 1. 
http://www.broad.mit.edu/annotation/genome/aspergillus_group/Blast.html2. 
http://www.broad.mit.edu/annotation/genome/botrytis_cinerea/Home.html3. 
http://www.broad.mit.edu/annotation/genome/chaetomium_globosum/Home.html4. 
http://www.broad.mit.edu/annotation/genome/coccidioides_group/MultiHome.html5. 
http://www.broad.mit.edu/annotation/genome/fusarium_group/MultiHome.html6. 
http://www.broad.mit.edu/annotation/genome/histoplasma_capsulatum/Home.html7. 
http://genome.jgi-psf.org/Mycfi1/Mycfi1.home.html8. 
http://genome.jgi-psf.org/Mycgr1/Mycgr1.home.html9. 
http://genome.jgi-psf.org/Necha1/Necha1.home.html10. 
http://www.broad.mit.edu/annotation/genome/neurospora/Home.html11. 
http://www.broad.mit.edu/annotation/genome/sclerotinia_sclerotiorum/Home.html12. 
http://www.broad.mit.edu/annotation/genome/stagonospora_nodorum/Home.html13. 
http://genome.jgi-psf.org/Trire2/Trire2.home.html14. 
http://genome.jgi-psf.org/Trive1/Trive1.home.html15. 
http://www.broad.mit.edu/annotation/genome/uncinocarpus_reesii/Home.html16. 
http://www.broad.mit.edu/annotation/genome/candida_group/MultiHome.html17. 
http://www.broad.mit.edu/annotation/genome/lodderomyces_elongisporus/Home.html18. 
http://www.broad.mit.edu/annotation/genome/saccharomyces_cerevisiae/Home.html19. 
http://www.genedb.org/genedb/pombe/20. 
http://www.broad.mit.edu/annotation/genome/schizosaccharomyces_japonicus21. 
http://www.broad.mit.edu/annotation/genome/magnaporthe_grisea/Home.html22. 
http://www.broad.mit.edu/annotation/genome/ustilago_maydis/Home.html23. 
http://www.broad.mit.edu/annotation/genome/cryptococcus_neoformans/Home.html24. 
http://www.tigr.org/tdb/e2k1/cna1/25. 
http://www.broad.mit.edu/annotation/genome/coprinus_cinereus/Home.html26. 
http://genome.jgi-psf.org/Lacbi1/Lacbi1.home.html27. 
http://genome.jgi-psf.org/Phchr1/Phchr1.home.html28. 
http://genome.jgi-psf.org/Pospl1/Pospl1.home.html29. 
http://www.broad.mit.edu/annotation/genome/puccinia_graminis30. 
http://genome.jgi-psf.org/Sporo1/Sporo1.home.html31. 
Unpublished data32. 
http://www.broad.mit.edu/annotation/genome/batrachochytrium_dendrobatidis33. 
http://genome.jgi-psf.org/Monbr1/Monbr1.home.html34. 
http://genome.jgi-psf.org/Phybl1/Phybl1.home.html35. 
http://www.broad.mit.edu/annotation/genome/rhizopus_oryzae/Home.html36. 

Polysaccharide transport and assembly
Recent findings have shed new light on how capsular polysaccharides are 
transported across the cell wall, a large, rigid structure consisting of α3 and α6 
glucans (15%), β3 and β4-glucans (35%), manno- and / or glycoproteins and chitin 
[1, 44, 52, 79, 80]. In prokaryotes,  an ATP-binding cassette transporter dependent 
pathway or Wzy-dependent pathways  transport polysaccharides across the 
bacterial cell wall (reviewed in [81]). In eukaryotes, increasing evidence is available 
that cell surface components, including GXM, are synthesized in the cytoplasm 
and exported to the exterior of the cell in secretory vesicles that can traverse the 
cell wall [71, 82-87]. The key precursors for synthesis of these polysaccharides, for 
example mannose, are transported from the golgi by specific transporters, for 
example the GDP-mannose transporter GMT1 [88], across biological membranes 
to the appropriate site for biosynthetic reactions in the cytoplasm (Figure 3). 
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The secretory vesicles of C. neoformans vary in size from 50 to 300 nm. They consist 
of glucosylceramide and ergosterol as major lipids and carry GXM polymers as 
well as proteins, some of which have been associated with virulence [89, 90]. 
Whether these vesicles are the only transport system for capsular polysaccharides 
is not clear, since disruption of the genes involved in the synthesis of the major 
component of these vesicles, glucosylceramide, does not generate acapsular 
mutants, but does alter virulence [90-92]. Moreover, GalXM has to date not been 
shown to be transported in these vesicles. 

Deposition and assembly of capsule polysaccharides has been subject of extensive 
research [51, 74, 93-98], of which the latest model involves distal growth of capsule 
(from the outside inwards) [96], supporting the transport vesicle theory, in which 
the polysaccharides are released in the extracellular space, where they somehow 
attach to the existing capsule and to the α3 glucan layer [99, 100]. Recently, it was 
demonstrated that GXM assembly was influenced by Ca2+ in the culture medium 
by mediating self-aggregation of extracellularly accumulated GXM molecules 
[101]. This process involves most likely the negatively charged glucuronic acid resi-
dues present in GXM via which the GXM polysaccharides can cross-link by divalent 
metals which subsequently leads to self-aggregation on the (cell) surface of Cryp-
tococcus.

The effect of capsular components  on the immune system
Meningo-encephalitis is the most common clinical outcome of cryptococcosis, 
although any organ system can be infected [15]. The capsule plays an important 
role in virulence, since most mutants impaired in capsule synthesis are (partially) 
a-virulent in mice models. It has been shown that the capsule enables the yeast 
to survive the harsh environment of the human body by its immuno-modulatory 
properties that enable immune-evasion and by preventing killing through 
phagocytosis by macrophages [102, 103]. An important property of the capsule 
is that it can shield the cryptococcal cell surface against pathogen recognising 
factors. This shielding provides a mechanism to escape recognition and clearance 
by the immune system [18]. As a result, C. neoformans can be present in the human 
body, inside macrophages, in a dormant state. Cryptococcus can be re-activated 
when carriers become for example immuno-compromised. This is the reason why 
carriers suffering from AIDS are treated life-long with antifungals. 

The polysaccharides of the capsule have important immunosuppressive effects. 
It has been demonstrated that GXM can induce, amongst others [104], T-cell 
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apoptosis [105], reduction of killing activity of neutrophils and macrophages 
[106, 107], down-regulation of MHC class II and B7 expression on monocytes 
[108], inhibition of proinflammatory cytokine release from human monocytes 
[109, 110] and inhibition of activation and maturation of dendritic cells [111]. Less 
is known about the influence of the minor polysaccharide component GalXM or 
the (manno)proteins and lipid vesicles on the immune system. It has been shown 
that a strain devoid of GalXM cannot colonize the brain, implying some role in 
cryptococcal infection [64]. In addition, GalXM, mannoproteins and GXM induce 
TNF-α in peripheral blood mononuclear cells [112] and GalXM seems to play a role 
in suppression of T-cell proliferation, mediated by induction of apoptosis signalling 
[113]. Mannoprotein-4  has been shown to affect neutrophil migration [114].
 
Dendritic cells (DC)
Cryptococcus enters the human body via the lungs through inhalation of 
basidiospores or dehydrated yeast [115]. Once inside the lung parenchyma, the yeast 
cells encounter the dendritic cells (DC), which represent the first line of defence of the 
immune system. DCs can be found in most tissues including lung parenchyma and 
play an important role in the immune system as antigen presenting cells to B and T 
lymphocytes. Unlike B cells, T cells need processed antigen to become activated. The 
T-cell antigen receptor (TCR) recognises fragments of antigens bound to the major 
histocompatibility complex (MHC), which are presented on the surface of dendritic 
cells [116]. DCs are activated via their different Toll-like receptors (TLRs) and NOD 
receptors upon encountering pathogen associated molecular patterns (PAMPs), 
such as lipopolysaccharide (LPS) and chitin. This activation is further modulated by 
the interaction of pathogen-specific carbohydrates with C-type lectins on the DCs, 
like DC-SIGN [117, 118], thereby determining the specific signal that will be transferred 
from the DC to the T cells. 

In recent years, the interaction between Cryptococcus strains and dendritic cells has 
been extensively studied [111, 119-129]. Acapsular cells were easily phagocytosed 
by immature DC cells and induced maturation of these cells, this in contrast to cells 
containing a capsule [111]. Mannoproteins and cell wall components have been 
shown to play a role during this interaction as well [123, 124, 126, 130]. 
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Scope of this thesis
We are only at the beginning of our understanding of capsule biogenesis in 
Cryptococcus. For instance, it is not yet known whether inactivation of CAP10, 59, 
60 and 64 result in (i) loss of capsular polysaccharides due to impaired transport 
of the polysaccharides to the outside of the cell, (ii) aberrations in the cell wall 
hampering polysaccharides to attach to or to cross the cell wall to reach the cell 
surface, or (iii) loss of synthesis of specific capsular polysaccharides. 
In this Thesis, biosynthesis of the capsule and its role in pathogenesis was studied, 
by investigating CAP mutants impaired in capsule biogenesis. This is not only 
interesting from a fundamental point of view, it may also identify targets that 
can be used to improve treatment of cryptococcosis in the future. To this end, 
the composition of polysaccharides and lipids was studied that are secreted by a 
wild type strain and CAP mutants. In addition, the genomic composition of genes 
potentially encoding polysaccharide modifying proteins was analysed as well as 
their expression. Finally, the ability of acapsular mutants to induce maturation of 
dendritic cells was studied.

In Chapter 2 genes of the serotype A H99 strain are classified that are predicted 
to encode carbohydrate active enzymes. To this end, the carbohydrate active 
enzymes database (CAZy) (http://www.cazy.org/, [70]) was used. No significant 
differences were found in the predicted arsenal of carbohydrate-active enzymes 
with the previously annotated JEC21 serotype D genome, indicating that 
structural differences in the capsule polysaccharides are most likely regulated on a 
transcriptional- or translational level. Alternatively, differences on amino acid level 
between homologs of these two serotypes could result in enzymes with different 
substrate specificity and therefore structural differences between the capsular 
polysaccharides. Whole genome expression analysis showed that expression 
of genes involved in vesicle formation and virulence, cell wall biosynthesis and 
capsule biosynthesis were, though moderately, affected in the CAP10 mutant 
strain. From this it is concluded that inactivation of this gene has pleiotropic effects. 
The changes in expression of genes involved in cell wall biosynthesis may affect 
cell wall architecture. Indeed, the CAP10 mutant has been shown to be slightly 
more sensitive to cell wall perturbing compounds.

The CAP59 mutant strain of serotype D, named CAP67, is generally regarded to 
produce GalXM only. In Chapter 3, it is described that all other CAP mutants 
also produce this polysaccharide. This was shown by analysing polysaccharides 
released in the growth medium. The composition of these polysaccharides was 
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determined using polysaccharide specific antibodies, fractionation by anion-
exchange chromatography, 1-D NMR and monosaccharide analysis using GC/MS. 
This also showed that the GalXM fractions of the CAP mutants contain glucuronic 
acid, a monosaccharide previously reported to be present only in GXM. Of interest, 
the secreted polysaccharides within the culture medium of CAP mutants and wild 
type contain GXM-like molecules. This polysaccharide consists of a 6-O-acetylated 
mannan backbone with hardly or no xylose or glucuronic acid side-chains. 

In Chapter 4 the polysaccharides produced by wild type and CAP mutants were 
further characterized. GalXM and GXM of the wild type were separated by gel 
filtration. Monosaccharide composition showed that also GalXM of the wild type 
contains glucuronic acid. Immuno-detection and hyaluronidase treatment showed 
that the glucuronic acid in the wild type and in CAP mutant GalXM fractions did 
not originate from hyaluronic acid. From the results from Chapter 3 and Chapter 
4, it is proposed that glucuronic acid is covalently linked to GalXM in both the wild 
type and CAP mutants. ß-Glucuronidase treatment indicates that the linkage is 
not of a ß2-type.

Lipid vesicles produced by wild type cells of C. neoformans have been implicated 
to play a role in the biogenesis of capsule by enabling the polysaccharide GXM to 
cross the cell wall. In Chapter 5 it is described that all CAP mutants still produce 
lipid vesicles, based on the detection of glucosylceramide and analysis by electron 
microscopy. This suggests that a defect in capsule formation is probably not due 
to the inability to secrete lipid vesicles. The vesicles of the CAP10 and CAP67 
mutants were analysed in more detail by immuno-electron microscopy. The size 
distribution of these vesicles differed clearly between CAP10 on the one hand 
and wild type and CAP67 on the other hand. It may well be that CAP10 lacks a 
certain class of vesicles that contain a distinct cargo. In Chapter 5 it is also shown 
by immuno EM that GalXM is not present in the GXM-containing vesicles, which 
suggests a different transport mechanism for these polysaccharides.

In chapter 6 it is shown that CAP10 and wild type cells grown under capsule-
inducing conditions did not induce maturation of dendritic cells (DC). In contrast, 
CAP59 and CAP67 (a serotype D CAP59 mutant) did induce maturation of DC as 
was, amongst others, assessed by the presence of the molecular markers CD80 
and CD86 at the cell surface of these cells. The results indicate that the presence 
of a (thick) polysaccharide capsule is not the only explanation why wild type cells 
are able to evade the DC activation reaction. A crude fraction that was isolated 
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from the culture supernatant of wild type cells and containing amongst others the 
polysaccharides GXM and GalXM, was able to convert stimulatory CAP59 cells into 
cells that did not induce DC maturation. This indicates the presence of immuno-
modulatory components in the medium of C. neoformans. 

Results are discussed and summarized in Chapter 7.
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Abstract
The human pathogen Cryptococcus neoformans causes meningo-encephalitis. The 
polysaccharide capsule is one of the main virulence factors and consists of the 
polysaccharides glucuronoxylomannan (GXM) and galactoxylomannan (GalXM). 
How capsular polysaccharides are synthesized, transported and assembled is 
largely unknown. Here, we investigated the presence of genes encoding proteins 
with activity on carbohydrates and assessed their expression in a wild type and 
the CAP10 mutant of C. neoformans. No significant differences in number and 
annotation of Carbohydrate Active enZYme (CAZy ; http://www.cazy.org/) were 
found between the serotype A H99 strain and the previously annotated serotype D 
strain JEC21. Both genomes harbor 66 putative glycosyltransferases, amongst which 
at least 12 genes are known to be involved in capsule biosynthesis. This means that 
structural differences in the capsule polysaccharides are most likely regulated on a 
transcriptional- or translational level. Alternatively, differences on amino acid level 
between homologs of these two serotypes could result in enzymes with different 
substrate specificity and therefore structural differences between the capsular 
polysaccharides. Whole genome expression analysis showed that expression of 
1,427 genes was different in the wild type compared to the CAP10 mutant under 
capsule inducing conditions. This set included genes involved in vesicle formation 
and virulence, cell wall biosynthesis and capsule biosynthesis. 54 genes, spread 
over various gene ontology groups, had a more than 2-fold change in expression. 
From this it is concluded that inactivation of CAP10 has pleiotropic effects.
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Introduction
 Cryptococcus neoformans of the A (var. grubii [1]) and/or D serotype (var. neoformans 
[2]) are the causative agents of cryptococcosis, of which the most common clinical 
form is meningo-encephalitis. This disease is related to immunocompromised 
patients but can also occur in immuno-competent individuals [3-5]. One of the 
main virulence factors is the polysaccharide capsule [6-11]. This capsule enables 
the yeast-like fungus to survive the harsh environment of the human body by its 
immuno-modulatory properties that enable immune-evasion and by preventing 
killing through phagocytosis by macrophages [12, 13]. The capsule consists mainly 
of the polysaccharides GlucuronoXyloMannan (GXM) and GalactoXyloMannan 
(GalXM) in a mass-ratio of about 10 : 1 [8, 14, 15], whereas mannoproteins [16] 
account for a small fraction of the capsule. Structural analysis has revealed a 
relatively clear picture of the composition of the GXM and GalXM polysaccharides 
[14, 17] (Figure 2, Chapter 1). Some variability in the chemical structures have 
been described, even within the capsule of a particular strain [17, 18]. The two 
C. neoformans serotypes (A and D) are distinguished based on variation in the 
position of the different residues in the GXM repeating unit [19]. The mannose 
residues are also variably acetylated in the different serotypes [20].

Mutational analysis has revealed four genes, called CAP10, 59, 60 and 64, that are 
essential for capsule formation. Inactivation of these genes results in an acapsular 
phenotype as determined by negative staining [21-26]. The specific role of these 
genes in capsule biogenesis is still unknown. Three of these proteins, CAP10, 59 
and 60 share homology with glycosyltransferases. The CAP10 protein sequence 
[26] shares characteristics with xylosyltransferases (family GT90) according to the 
Carbohydrate Active enzyme ((CAZy) database [27, 28]. The genome of Cryptococcus 
harbours five paralogs of CAP10, of which one is characterized as CXT1 [19, 29, 
30]. The CXT1 protein plays a role in synthesis of both capsular polysaccharides 
but is especially required for the addition of xyloses in GalXM. A hybrid of CAP10 
protein and green fluorescent protein has been localized in the cytoplasm [26]. 
However, P-sort (http://psort.ims.u-tokyo.ac.jp/) predicts that CAP10 harbours a 
signal-sequence and is localized in the cell wall or extra-cellular space. The CAP59 
protein sequence [21, 22] shares characteristics with mannosyltransferases (CAZy 
families GT15 and GT69) [27].  The genome of Cryptococcus harbours 3 paralogs of 
CAP59, of which one is characterized as CMT1 [31], one as CAP60 [24] and the third 
as CAP6, an uncharacterised gene [19]. 
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Except for in silico information, relatively little is known about the proteins that 
facilitate the synthesis and the transport of GXM and GalXM towards the cell surface. 
CAP mutants have shown the importance of glycosyltransferases in the synthesis of 
the polysaccharides [11, 32-34]. Probably, polysaccharide degrading or modifying 
enzymes, corresponding to glycosidases or transglycosidases, respectively, that 
can be grouped as glycoside hydrolases (GHs)s, also play a role during capsule 
biogenesis. Both families of enzymes are found intra- as well as extracellularly. 
Glycosyltransferases (GTs) catalyse the transfer of a monosaccharide moiety from 
an activated sugar donor to a distinct acceptor molecule in a particular linkage [32]. 
These enzymes can be divided into families based on their amino-acid sequence 
similarities to biochemically characterized, founding members of each family [35]. 
The GTs identified in the genome sequence of Cryptococcus neoformans serotype 
D [36] have been classified into these (sub)families in the CAZy database (http://
www.cazy.org/, [27, 28]). 66 putative GTs have been identified in this genome and 
some have been (partially) characterized. They include a proposed hyaluronan 
synthase (CPS1, EC 2.4.1.212) [37], a chitin synthase (CHS3, EC 2.4.1.16) [38], an alpha-
1,3-glucan synthase (AGS1, EC 2.4.1.183) [39], along with other proteins involved 
in biogenesis of capsular components (CMT1, [31], CAP10 [26], CAP59 [21], CAP60 
[24], TPS1 [40], FKS1 [41] and CXT1 [29, 30]). Reactions catalysed by GTs are usually 
intracellular and often take place within the ER-golgi pathway [32]. Modification 
of capsular polysaccharides could also occur outside the ER-golgi complex in the 
cytosol or even outside the cell, for example on polysaccharides transported in 
vesicles [42, 43]. Another mechanism of polysaccharide modification could be 
directly on extracellular polysaccharides by enzymes like GHs [44]. A total of 74 
putative GHs are found in the genome but, in contrast to GTs, most of these genes 
have not been (fully) characterized.
Here, the annotated genome of C. neoformans var. grubii (serotype A) (http://
www.broad.mit.edu) was analyzed for genes encoding proteins that are active 
on carbohydrates using the CAZy database. The CAZy set of genes, including the 
GTs and the GHs, was similar to that of C. neoformans var. neoformans (serotype D) 
that had been classified previously in CAZy [27, 28]. Expression of 1,427 genes was 
changed in a CAP10 mutant compared to the wild type under capsule inducing 
conditions. These genes belonged to various gene ontology groups indicating 
that inactivation of CAP10 has pleiotrophic effects.

Experimental procedures
Strains and growth conditions - C. neoformans var. grubii serotype A strain H99 and 
the isogenic derivative with a deletion in the CAP10 gene [45], were used in this 



39

EXPRESSION OF CARBOHYDRATE ACTIVE ENZYMES IN WILD TYPE CRYPTOCOCCUS NEOFORMANS AND THE CAP10 MUTANT

study. C. neoformans was routinely grown at 30°C in Yeast-Peptone-Dextrose 
(YEPD) (2% (w/v) peptone, 1% (w/v) yeast extract, 2% (w/v) dextrose) at 200 rpm. 
Capsule production was induced under iron-limiting conditions in Glucose-Salts-
Urea (GSU) medium (2% (v/v) glucose, 21.5 mM urea, 10 mM KH2PO4, 1.2 mM 
MgSO4⋅7H2O, 1 µM MnCl2⋅4H2O, 10 µM FeSO4⋅7H2O, 10µM ZnSO4⋅7H2O, 1.2 µM 
CuSO4⋅5H2O, 100 µM CaCl2⋅2H2O, 10 µg/l biotin and 2 mg/l thiamin) [15]. 

Genome and enzyme databases - The annotated genome sequences of C. neoformans 
var. grubii (serotype A) were obtained from the Broad Institute of MIT and Harvard 
(http://www.broad.mit.edu). The annotated genome sequence of C. neoformans 
var. neoformans (serotype D) was previously published [36] and available at the 
National Center for Biological Information (NCBI). An annotation of carbohydrate-
active enzyme genes strain H99 was performed using CAZy. Here, each individual 
model protein from serotype A was compared against a library of modules derived 
from manual annotation of CAZy entries. Members with good hits where subject to 
modular annotation using BLAST and HMMer approaches [46, 47], and functional 
annotation was based on comparison against a subset of experimentally validate 
proteins present in CAZy. The results can be found in supplemental Table S1 
(http://www.bio.uu.nl/microbiology/fung/PhD%20theses/JGrijpstra/index.html).

RNA isolation - Strains were grown for 5 days in GSU medium at 30 °C. 2 x 109 
cells were collected by centrifugation at 20,800 g for 2 min. 600 µl glass beads 
(diameter 0.5 mm), 600 µl lysis buffer (RLT buffer (Qiagen RNEasy kit) and 10 µl 
β-mercapto-ethanol (10 mg/ml) were added to the pellet. Cells were disrupted 
at 4 °C during 6 cycles of 1 min in a bead-beater (Micro-Dismembrator S, B. Braun 
Biotech International). The lysate was transferred to a 2 mL eppendorf tube and 
centrifuged at 20,800 g for 1 min to remove cell debris. The supernatant was 
transferred to a clean eppendorf tube and RNA was extracted using the Rneasy 
kit (Qiagen, Valencia, CA, USA). The RNA concentration was measured using a 
nanodrop ND-1000 (NanoDrop Technologies Inc., Wilmington, DE, USA) and RNA 
quality was checked with an Agilent 2100 BioAnalyzer (Agilent Technologies, Palo 
Alto, CA, USA). RNA samples with an integrity number (RIN)  >7  were used for 
further analysis. 

Northern analysis - RNA was bound to a Hybond N+ membrane (Amersham Biosciences, 
UK) in 10x SSC (1x SSC; 0.15 M NaCl, 0.015 M sodium citrate) under vacuum with a slot-blot 
apparatus (Minifold II, SRC 072/0, Schleicher & Schuell). After washing twice with 10x SSC, 
the blot was air-dried, and RNA was cross-linked to the membrane by exposure to UV-light 
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for 2 minutes. RNA was hybridized overnight with α-32P-CTP labeled probes of the four 
CAP genes (Table 1), according to procedures described earlier [48]. Blots were exposed to 
X-OMAT AR films (Eastman Kodak, New York, USA) with intensifying screens at -80°C.

Table 1: Primers used to design probes against CAP genes.

Primer Sequence (5’ –  3’) Tm (°C)
CAP10f ATGCCCAAGGGCACTTATCCC 55
CAP10r CTATCCGTTGTAGGTCATGGC
CAP59f ATGCTCCCCTCCATCGAGCA 55
CAP59r CTACCATCCAGGCATATTTCG
CAP60f ATGCCCCCTCAGTCTTTCC 55
CAP60r CTAGATCCCAACCTCGTTTTG
CAP64f ATGCTCAGAGAAGCCAAGGTC 55
CAP64r CTAGGTCCCAAAGACTCCAAG

Microarray construction, hybridization and validation - Oligonucleotides designed against 
the TIGR- and Twinscan-predicted protein databases of the serotype D JEC21 strain were 
synthesized by standard methods by Illumina (San Diego, CA). The oligonucleotides 
were dissolved at a concentration of 20 mM in 3X SSC (see above) with 0.75 M betaine 
and were printed in duplicate on Corning Epoxy slides by a locally constructed linear 
servo arrayer (after the DeRisi model; http://derisilab.ucsf.edu/). Details and availability 
of the microarray can be found at http://genome.wustl.edu/activity/ma/cneoformans/. 
The microarrays containing oligonucleotides of 7738 genes (in duplicate) and 74 controls 
were hybridized at ServiceXS (Leiden, The Netherlands; http://www.servicexs.com/). 
cRNA samples were prepared as described in the MessageAmpTM aRNA Amplification Kit 
Manual (Ambion) using 1μg of purified total RNA as template for the reaction. With the 
ULSTM- Non-enzymatic labelling technology (Kreatech, The Netherlands) the cRNA was 
covalently labelled with Cy3 or Cy5. The samples (0.8 – 1.5 µg fluorescent labelled cRNA) 
were hybridized according to a replicated dye swap design, where a control and mutant 
sample were compared on two arrays. Pre-hybridisation (25% formamide, 5x SSC (1× 
SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% SDS, 1% BSA)  was performed for 45 
minutes at 42 °C followed by 5 washes with ddH2O, rinsing with isopropanol and blow-
drying using compressed nitrogen. Hybridization (25% formamide, 5x SSC, 0.1% SDS, 0.2 
µg/µl herring sperm, 50% Kreablock) was performed overnight at 42 °C. This was followed 
by washing for 10 min for each step with 1x SSC / 0.2% SDS, 0.1x SSC / 0.2% SDS, 0.1x 
SSC, 0.001x SSC. After blow-drying using compressed nitrogen images of the arrays were 
acquired using an Agilent DNA MicroArray Scanner (Agilent Technologies, Palo Alto, CA, 
USA). Data extraction and analysis was performed at the MicroArray Department (MAD) 
of the University of Amsterdam (Amsterdam, The Netherlands) using Feature Extraction 
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9.5.1 software (Agilent).

Data Analysis and Statistics - Outlier removed median signals were used for 
quantifying spot intensities. Further processing of the data was performed using 
R 2.5.0 and Bioconductor 2.0. All slides were subjected to a set of quality control 
checks, i.e. visual inspection of the scans, examining the Agilent quality control 
reports, examining the consistency among the replicated samples by principal 
components analysis (PCA), testing against criteria for foreground and background 
signals, testing for consistent performance of the labelling dyes, checking for spatial 
effects through pseudo-colour plots, and inspection of pre- and post-normalized 
data with box plots and ratio-intensity (RI) plots. After a log2 transformation, 
the data was normalized by a regional LOWESS smoothing procedure (maanova 
package, http://www.jax.org/staff/churchill/labsite/software/Rmaanova). The 
duplicate spots were collapsed by taking averages and the data was analyzed for 
differential gene expression using the Limma package (http://bioinf.wehi.edu.au/
limma/). The unbalanced technical replication was handled by adjusting the design 
matrix and the contrast matrix such that the fold-changes are first averaged for the 
technical replicates before doing the actual test. To account for multiple testing, 
p-values from the testing procedure were adjusted to represent a false discovery 
rate (FDR) of 5%. Normalized values can be found in Supplemental data S2.  
(http://www.bio.uu.nl/microbiology/fung/PhD%20theses/JGrijpstra/index.html)

Results
CAZy enzymes in H99 and JEC21 genomes - The CAZy database describes families 
of structurally-related catalytic and carbohydrate-binding modules (or functional 
domains) of enzymes that degrade, modify, or create glycosidic bonds. There are 
five independent family categories within the CAZy database. (http://www.cazy.
org/, [27]) (I) The glycoside hydrolases (GHs) (EC 3.2.1.-)  [44] are a widespread group 
of enzymes that hydrolyse the glycosidic bonds found in carbohydrates and in 
glycoconjugates. (II) The glycosyltransferases (GTs) (EC 2.4.x.y) [35, 49] are involved in 
the biosynthesis of of oligo- and polysaccharides and of different glycoconjugates. 
They catalyse the transfer of sugar moieties from activated donor molecules to 
specific acceptor molecules, forming glycosidic bonds. (III) Polysaccharide lyases 
(PLs) (EC 4.2.2.-) [27, 28] are enzymes that cleave polysaccharide chains via a beta-
elimination mechanism resulting in the formation of a double bond at the newly 
formed non-reducing end. (IV) Carbohydrate esterases (CEs) [27, 28] catalyze the 
removal of O- or N-linked acetyl or methyl groups from substituted saccharides. 
Finally, (V) carbohydrate-binding modules (CBMs) [50] are typically modules 
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found within a carbohydrate-active enzyme sequence with a discrete fold having 
carbohydrate-binding activity.  

Table 2. Overview of H99 and JEC21 genes annotated in different CAZy families. 

GH GT PL CE CBM
JEC21 (5674 ORF’s) 74 66 3 8 10
H99 (7772 ORF’s) 80 66 3 8 10

A similar distribution of above mentioned families was found between the A and D 
serotypes (Table 2). Three additional genes, potentially encoding a GHs, were found in the 
H99 genome. These genes appeared to have no homologue in the serotype D strain since 
they returned no hit when equence similarity searches where made with BLAST against 
the JEC21 genome. These genes were named CNAG_06936.1 and CNAG_02588.1, both 
encoding candidate intracellular β-glucosidases, and CNAG_05249.1, a putative FMN 
adenylyltransferase (supplemental Table S1). Four gene duplicates in H99 were found 
and one in JEC21 (supplemental Table S1). The GH- and GT families in CAZy are gradually 
being analysed for the creation of multiple subfamilies (data not shown) using similar 
trends to those applied in family GH13 [51]. Also in these families the distribution is similar 
between both serotypes with slight variations in families 2, 13 and 16 of the glucoside 
hydrolases and in families 1, 8 and 32 of the GTs (Table 3). All known capsule associated 
genes were found in both serotypes (i.e. the candidate mannosytransferases from the 
GT69 family, CAP59, CAP60, and CAP6 and from GT15 family, MNT1 and the candidate 
xylosyltransferases from the GT90 family, CAP10, CAP1, CA2, CAP3 (CXT1), CAP4 and CAP5. 

Table 3. Overview of H99 and JEC21 genes annotated in the CAZy sub-families of the glycoside 
hydrolases (GH) and glycosyltransferases (GT).

GH 2 5 9 13 15 16 17 18 20 23 28 31 32 33 36

JEC21 3 10 1 11 2 11 1 4 1 1 1 3 1 1 1

H99 7 10 1 10 2 12 1 4 1 1 1 3 1 1 1

GH 37 38 47 51 61 71 72 78 79 88 92 105 *

JEC21 2 1 3 1 1 5 1 3 4 2 1 1 1

H99 2 1 3 1 1 5 1 3 4 2 1 1 1

GT 1 2 3 4 5 8 15 20 21 22 24 31 32 33 35

JEC21 4 10 1 5 1 5 1 2 1 3 1 2 6 1 1

H99 3 10 1 5 1 4 1 2 1 3 1 2 8 1 1

GT 39 47 48 50 58 66 69 71 76 90

JEC21 3 1 1 1 1 1 4 2 1 6

H99 3 1 1 1 1 1 4 2 1 6
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Table 4. Gene Ontology (GO) annotation of 1376 out of 1427 genes differentially expressed in a CAP10 
deletion mutant. 51 micro-array ID’s could not be assigned to a locus identifier and could therefore not 
be given an GO-annotation. Strains H99 (wild type) and CAP10 (mutant) were grown in GSU medium for 
5 days at 30°C. Groups indicated with an asterix (*) are discussed in more detail in the text.

Function (GO) Up-regulated 

in CAP10

Down-regulated in CAP10 Total

Glycoside hydrolases* 12 5 17
Glycosyl transferases (general)* 2 2 4
Capsule (including GT)* 7 0 7
Polysaccharide lyase* 1 0 1
Vesicles* 66 7 73
Lipid metabolism 16 19 35
Transport 40 56 96
Cell wall* 10 9 19
Carbohydrate metabolism* 29 19 48
DNA metabolism 7 7 14
Amino acid metabolism 21 10 31
Cell cycle 2 1 3
Cell functions 11 6 17
Electron transport 9 2 11
Ion transport 10 8 18
Metabolism 15 9 24
Mitochondrion organization/biogenesis 0 2 2
Nucleic acid metabolism 22 13 35
Physiological process 5 8 13
Protein biosynthesis 49 12 61
Protein metabolism 29 16 45
Protein modification 19 16 35
Protein transport 8 9 17
Regulation of biological process 22 34 56
Regulation of gene expression 5 5 10
Reproduction 5 4 9
Response to stress 16 16 32
Secondary metabolism 4 1 5
Signal transduction 6 8 14
Transcription  5 6 11
Transport* 40 56 96
Other 4 10 14
Organelle organization and biogenesis 4 5 9

No GO/goslim match 217 277 494
Total 718 658 1376
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Gene expression profiling in H99 wild type versus the CAP10 mutant - RNA was 
extracted from cells of wild type H99 and the isogenic CAP10 mutant that had 
been grown under capsule inducing conditions. The RNA was hybridized with a 
whole genome micro array (see Materials and Methods) containing 7,737 70-mer 
oligonucleotides designed against the C. neoformans var. neoformans (serotype 
D) strain JEC21. It should be noted that the H99 and the JEC21 strain are similar 
but not identical at nucleotide level [52-55]. Statistical analysis of the biological 
triplicate and the technical duplicate showed that, of the 7,737 elements, 1,427 
had a changed expression in the CAP10 mutant compared to the wild type with a 
P value less than 0.05. Of these elements, 741 represented genes that were down-
regulated in the CAP10 mutant and the remaining 686 were up-regulated. This 
total set included genes encoding CAZy enzymes, and genes involved in transport, 
stress response, lipid and carbohydrate metabolism, and capsule formation (Table 
4) (for details about the gene ontology (GO) annotation see: http://genome.slu.
edu/GOannotation.html). The differential expression of the CAP59, CAP60 and 
CAP64 genes was confirmed by Northern analysis (Fig. 1). Fifty-four genes showed 
a change in expression of more than two-fold. Of these, 30 were down-regulated in 
the CAP10 mutant and the remaining 24 were up-regulated (Table 5). These genes 
were spread amongst the different gene ontology groups. Of the down-regulated 
genes the most abundant GO assignments were transport and unknown function. 
Furthermore 2 stress-response genes, 2 lipid metabolism genes and 3 genes 
involved in general cellular processes were found. Of the up-regulated genes 
ion-transport, lipid metabolism and unknown function were most abundant. 
Furthermore 7 genes involved in general cellular processes, 1 gene involved in 
stress-response and 1 gene involved in lipid metabolism were found.

Figure 1: Northern analysis of expression of the 
CAP genes in wild type and the CAP10 mutant.
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Table 5. Genes with a >2fold changed expression in the CAP10 strain compared to the wild type strain 
when cells were grown in GSU medium for 5 days at 30°C. Total number of genes is 54, of which 30 were 
down-regulated and 24 were up-regulated. A negative number means down-regulation in CAP10 and 
a positive number means up-regulation in CAP10.

TIGR-ID BROAD-ID Log2ratio TIGR annotation GO-annotation

CNA01530 CNAG_00165.1 4,26 glutamate_biosynthesis-related_
protein,_putative 

amino_acid_and_
derivative_metabolism_

CNA04370 CNAG_00457.1 -2,94 glutamate-ammonia_ligase,_
putative 

amino_acid_and_
derivative_metabolism_

CNK00130 CNAG_06917.1 3,26 thioredoxin_peroxidase,_putative cell_homeostasis_

CNA07540 CNAG_00776.1 2,59 88_kDa_immunoreactive_
mannoprotein_MP88,_putative 

cell_organization_and_
biogenesis_

CNK02580 CNAG_01915.1 3,48 ribonucleoside-diphosphate_
reductase,_putative 

DNA_metabolism_

CNM02420 CNAG_06241.1 3,62 acidic_laccase,_putative ion_transport_

CNM02430 CNAG_06242.1 2,89 conserved_hypothetical_protein 
(iron ion transmembrane transporter 
activity) 

ion_transport_

CND01080 CNAG_00979.1 2,43 copper_uptake_transporter,_
putative 

ion_transport_

CNC05690 CNAG_02958.1 2,07 ferroxidase,_putative ion_transport_

CNC02410 CNAG_01737.1 2,63 C-4_methyl_sterol_oxidase,_putative lipid_metabolism_

CNA08290 CNAG_00854.1 2,38 C-8_sterol_isomerase,_putative lipid_metabolism_

CNB01760 CNAG_03677.1 2,09 expressed_protein lipid_metabolism_

CNF02150 CNAG_05762.1 2,00 ribosomal_protein_P2,_putative lipid_metabolism_

CNJ01180 CNAG_04687.1 -2,51 stearoyl-CoA_9-desaturase,_putative lipid_metabolism_

CNJ00270 CNAG_04585.1 -2,85 expressed_protein lipid_metabolism_

CNJ00800 CNAG_04640.1 2,18 ATP-citrate synthase metabolism_

CNN00750 CNAG_06345.1 -2,44 MDM10,_putative mitochondrion_
organization_and_
biogenesis_

CNN00470 CNAG_06317.1 2,58 conserved_hypothetical_protein No_GO/goslim_match

CNE01210 CNAG_02436.1 2,41 hypothetical_protein No_GO/goslim_match

CNG03500 CNAG_03223.1 2,28 hypothetical_protein No_GO/goslim_match

CNN00760 CNAG_06346.1 2,21 riboflavin aldehyde-forming enzyme No_GO/goslim_match

CNA01370 CNAG_00149.1 2,15 expressed_protein No_GO/goslim_match

CNN00420 CNAG_06312.1 2,13 hypothetical_protein No_GO/goslim_match

CNH03500 CNAG_05278.1 2,09 hypothetical_protein No_GO/goslim_match

CNH02380 CNAG_05595.1 -2,01 hypothetical_protein No_GO/goslim_match
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CNE05370 CNAG_07151.1 -2,02 expressed_protein No_GO/goslim_match

CNN01300 CNAG_06404.1 -2,02 hypothetical_protein No_GO/goslim_match

CNF02870 CNAG_05687.1 -2,04 expressed_protein No_GO/goslim_match

CNB03260 CNAG_03838.1 -2,21 hypothetical_protein No_GO/goslim_match

CNC02460 CNAG_01743.1 -2,31 expressed_protein No_GO/goslim_match

CNC03730 CNAG_02751.1 -2,35 conserved_hypothetical_protein No_GO/goslim_match

CNC05870 CNAG_02978.1 -2,42 hypothetical_protein No_GO/goslim_match

CNB05750 CNAG_04096.1 -2,67 racemase,_putative No_GO/goslim_match

CNA00820 CNAG_00091.1 -2,79 conserved_expressed_protein No_GO/goslim_match

CND03190 CNAG_01195.1 -2,89 membrane_protein,_putative No_GO/goslim_match

CNA00410 CNAG_00052.1 -3,05 expressed_protein No_GO/goslim_match

CNC01990 CNAG_01690.1 -3,17 conserved_hypothetical_protein No_GO/goslim_match

CNG01000 CNAG_03492.1 -4,49 hypothetical_protein No_GO/goslim_match

CNN01210 CNAG_06396.1 -5,01 hypothetical_protein No_GO/goslim_match

CNJ01650 CNAG_04735.1 2,87 Extracellular_elastinolytic_
metalloproteinase_precursor,_
putative 

protein_metabolism_

CNN01770 CNAG_06453.1 -2,30 conserved_hypothetical_protein protein_transport_

CNC01030 CNAG_01590.1 -2,94 ribosomal_protein_YmL32_
precursor,_putative 

protein_transport_

CNG01100 CNAG_03482.1 3,13 thiol-specific antioxidant protein 1 regulation_of_
biological_process_

CNK02610 CNAG_01919.1 -4,19 hypothetical_protein regulation_of_
biological_process_

CNK01050 CNAG_02620.1 2,60 phosphogluconate_dehydrogenase_
(decarboxylating),_putative 

response_to_stress_

CNG04220 CNAG_03143.1 -2,07 12_kda_heat_shock_protein_
(glucose_and_lipid-regulated_
protein),_putative 

response_to_stress_

CNN00050 CNAG_06267.1 -2,66 Rds1_protein,_putative response_to_stress_

CNC01660 CNAG_01653.1 3,54 cytokine_inducing-glycoprotein,_
putative 

transport_

CNA04010 CNAG_00411.1 -2,03 hypothetical_protein transport_

CNK02520 CNAG_01909.1 -2,09 signal_transducer,_putative transport_

CNK02660 CNAG_01925.1 -3,11 hypothetical_protein transport_

CNJ02430 CNAG_04818.1 -3,18 transporter,_putative transport_

CNA08250 CNAG_00848.1 -3,42 hypothetical_protein transport_

CNF00380 CNAG_05939.1 -2,54 hypothetical_protein No GO annotation
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Table 6. Glycoside hydrolase genes differentially regulated after deletion of CAP10. A negative number 

means down-regulation in CAP10 and a positive number means up-regulation in CAP10. 

CAZy family TIGR-ID BROAD-ID Log2 
ratio

TIGR annotation CAZy annotation

GH13_1 CNE03480 CNAG_02189.1 0,30 Alpha-amylase 
precursor, putative 

GH13_5 CNG04200 CNAG_03146.1 0,32 alpha-amylase 

GH15 CNE02630 CNAG_02283.1 -0,67 glucan 1,4-alpha-
glucosidase 

GH16 CND06160 CNAG_06835.1 0,55 conserved hypothetical 
protein 

candidate b-1,6-glucan 
active enzyme 

GH16 CNA05790 CNAG_00596.1 -0,39 cell wall organization 
and biogenesis-related 
protein, putative 

GH16 CNM00410 CNAG_06031.1 -0,50 beta-glucan synthesis-
associated protein, 
putative 

GH16 CNF01640 CNAG_05815.1 -0,62 glucosidase 

GH16 CNJ03040 CNAG_04876.1 -0,72 hypothetical protein candidate b-glycosidase 

GH18 CNI03860 CNAG_04245.1 0,49 chitinase, putative 

GH28 CNC02590 CNAG_01758.1 -0,35 polygalacturonase, 
putative 

GH31 CNH01310 CNAG_05471.1 -0,49 alpha-glucosidase 
precursor, putative 

GH5 CNA07770 CNAG_00799.1 0,83 conserved hypothetical 
protein 

candidate b-glycosidase 
distantly related to 
exo-1,3-b-glucanase; 
contains a N-term CBM13 
module 

GH5 CNL04840 CNAG_05138.1 -0,43 exo-beta-1,3-glucanase 

GH5 CNF02120 CNAG_05766.1 -1,09 hypothetical protein candidate b-glucanase 
distantly related to exo-
1,3-glucanase 1 

GH5 CNH02900 CNAG_05652.1 -1,50 cytoplasm protein candidate exo-1,3-b-
glucosidase 

GH79 CNL06480 CNAG_04967.1 -0,30 hypothetical protein 

GH105 CNA08260 CNAG_00850.1 -0,33 conserved hypothetical 
protein 

distantly related to 
rhamnogalacturonyl 
hydrolases 
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Disruption of CAP10 influences expression of CAZy enzymes – A single PL, 17 GHs, 
and 9 GTs, of which 5 are known to be involved in capsule biogenesis, were 
influenced by disruption of the CAP10 gene product (Table 6 and 7). Most of 
the putative GHs were down-regulated in the CAP10 mutant, only 5 out of 17 
were up-regulated, of which 2 were annotated as candidate GH13 amylases. 
Interestingly, the catalytic module the amylase-related protein CNAG_03146.1, 
member of the lowly characterized group in Fungi designated as subfamily 5 of 
family GH13 (or GH13_5) [51], is approximately 40% identical to the maltotriose- 
producing a-amylase AmyD/An09g03110 from Aspergillus niger, another subfamily 
GH13_5 member that bears low hydrolytic activity on starch and may be involved 
in biosynthesis of cell-wall a-glucan [56].  Most of the down-regulated genes were 
annotated as enzymes that are active on 1,3 beta-glucans, 1,6 beta-glucans or on 
chitin, all involved in cell wall synthesis or rearrangement. These enzymes could 
also be involved in carbohydrate metabolism and indirectly in transport (Table 6). 
However, none of these genes were down-regulated more than two-fold. A total 
of 7 out 9 genes encoding GTs with altered expression were up-regulated. 

Table 7. Glycosyltransferase genes differentially regulated after deletion of CAP10. A negative number 
means down-regulation in CAP10 and a positive number means up-regulation in CAP10. 
CAZyfamily TIGR-ID BROAD-ID LOGratio TIGR annotation CAZy annotation
GT8 CNH00960 CNAG_05430.1 0,70 hypothetical protein distant related to 

galactosyltransferase 
GT24 CNB01480 CNAG_03648.1 -0,37 UDP-glucose:glyco-

protein glucosyltrans-

ferase, putative 

candidate UDP-

glucose glycoprotein 

a-glucosyltransferase 
GT32 CNH00360 CNAG_05368.1 0,56 conserved hypothetical 

protein 

candidate 

mannosyltransferase 
GT35 CNF03530 CNAG_06666.1 0,66 glycogen 

phosphorylase, putative 

candidate a-glucan 

phosphorylase; glycogen 

phosphorylase; starch 

phosphorylase 
GT66 CNI01850 CNAG_04364.1 0,30 hypothetical protein candidate 

oligosaccharyltransferase 
GT69 CNM00260 CNAG_06016.1 0,52 conserved hypothetical 

protein (CAP6)

candidate 

mannosyltransferase 
GT69 CNA07000 CNAG_00721.1 0,44 capsular associated 

protein (CAP59)

candidate 

mannosyltransferase (CAP59) 
GT71 CNB00170 CNAG_06782.1 -0,57 hypothetical protein candidate 

mannosyltransferase 
GT90 CND04030 CNAG_01283.1 0,33 CAP1-related (CAP5) candidate b-1,2-

xylosyltransferase 
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These genes encode 3 putative mannosyltransferases (including CAP59 and 
CAP6), the xylosyltransferase CAP5, a (candidate) galactosyltransferase, a likely 
glycogen phosphorylase and a possible oligosaccharyltransferase. Two genes 
were down-regulated and encode a predicted mannosyltransferase and a UDP-
glucose:glycoprotein glucosyltransferase (Table 7). Also here, none of these genes 
were up- or down-regulated more than two-fold, indicating slight alterations in 
gene expression in this family when CAP10 is disrupted. The PL was upregulated 
in CAP10 (0.64) and coded for a candidate PL distantly related to mollusc alginate 
lyases acting on glucuronic acid (TIGR-ID CNG01710, BROAD-ID CNAG_03413.1).

Disruption of CAP10 influences capsule associated genes – 8 genes known to be 
involved in capsule biosynthesis were up-regulated in the CAP10 mutant (Table 
8). They include the above mentioned CAP59, CAP5 and CAP6 genes, 2 CAS genes 
(CAP64 and CAS4) thought to be involved in O-acetylation of GXM [18, 20], an UDP-
glucuronic acid decarboxylase (UXS1) [57, 58] and an UDP-glucose 6-dehydrogenase 
that were previously found to be present in vesicles involved in capsule formation 
[43]. None of these genes were up-regulated 2-fold or more.

Table 8. Capsule associated genes differentially regulated after deletion of CAP10. A negative number 
means down-regulation in CAP10 and a positive number means up-regulation in CAP10. 
Description TIGR-ID BROAD-ID Log2ratio TIGR annotation CAZy annotation
Protein found 
in extracellular 
vesicles [43]

CNG02560 CNAG_03322.1 1,35 UDP-glucuronic acid 
decarboxylase Uxs1p 

Protein found 
in extracellular 
vesicles [43]

CNL06460 CNAG_04969.1 1,77 UDP-glucose 
6-dehydrogenase 

GH13_5 CNG04200 CNAG_03146.1 0,32 alpha-amylase 
GT69 CNA07000 CNAG_00721.1 0,44 capsular associated 

protein (CAP59)
candidate 
mannosyltransferase 
(CAP59) 

GT90 CND04030 CNAG_01283.1 0,33 CAP1-related (CAP5) candidate b-1,2-
xylosyltransferase 

GT69 CNM00260 CNAG_06016.1 0,52 conserved hypothetical 
protein (CAP6) [61]

candidate 
mannosyltransferase 

CAP64 CNC04980 CNAG_02885.1 0,51 capsular associated 
protein (CAP64)

CAS4 CNE04990 CNAG_02036.1 0,88 triose phosphate/3-
phosphoglycerate/
phosphate translocator, 
putative 
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Discussion
The two disease causing members of the Cryptococcus species, Cryptococcus 
neoformans var. neoformans (serotype D) and Cryptococcus neoformans var.grubii 
(serotype A) are distinguished based on differences in O-acetylation and position 
and number of side-chains of the most abundant polysaccharide in the capsule, 
GXM. Serotype A is more strongly associated with cases of cryptococcosis than 
the serotype D strain, suggesting that serotype A is a more virulent variant [59]. 
Here, it is shown that it is not very likely that differences in virulence are caused 
by differences in presence of genes encoding for enzymes involved in capsule 
biogenesis. It is also shown that expression of 1,427 genes is changed in the CAP10 
mutant compared to the isogenic serotype A strain. These genes belong to a 
variety of gene ontology groups and this indicates that inactivation of CAP10 has 
pleiotrophic effects.

No differences between strains JEC21 (serotype D) and H99 (serotype A) were 
observed in the genes encoding proteins that are part of the CAZy database. 
Both strains share similar CAZy enzymes except for some gene duplications. 
This indicates that the differences in capsule biogenesis most likely result from 
differences in regulation on a transcriptional or translational level and not by the 
mere absence of specific carbohydrate active enzymes in the genomes of both 
H99 and JEC21 strains. Furthermore, differences on amino acid level between 
homologs of these two serotypes could result in enzymes with different substrate 
specificity. This would also result in structural differences between the capsular 
polysaccharides.

At least two GTs that play a role in GXM and / or GalXM synthesis have not  yet been 
discovered. These are a galactosyltransferase and a glucuronyltransferase (Chapter 
1, Figure 3 and Table 2). A total of 3 GT families that, among other activities, are 
known to harbor galactosyltransferases are found in the genome of Cryptococcus. 
These are families GT1 (4 genes), GT4 (5 genes) and GT8 (4 genes) (supplemental 
data S1). Another set of 3 GT families also harbor candidate  glucuronyltransferases. 
These are families GT1 (4 genes), GT31 (2 genes) and GT47 (1 gene) (supplemental 
data S1).  These genes could be potential candidates for facilitation of either the 
synthesis of the galactan backbone in GXM or for the glucuronic acid side chain 
linkage to the mannan backbone of GXM, respectively. 

The CAP10 mutant is an acapsular strain but still secretes capsular components that 
resemble GalXM and GXM (Chapter 3 and 4). Expression analysis was performed on 
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whole genome micro-arrays to assess to which extent gene expression is affected 
by the mutation of the CAP10 gene. 1,427 genes were shown to be differentially 
expressed compared to the wild type strain when cultures had been grown for 
5 days in GSU medium under capsule inducing conditions. Several genes coding 
for putative GTs involved in capsule formation (i.e. CAP59, CAP5 and CAP6) were 
up-regulated in the CAP10 mutant, although the expression change was less than 
two-fold. This result was partially confirmed by Northern analysis showing (less 
than 2-fold) up-regulation of CAP59 and CAP64. Similarly, other capsule associated 
genes are up-regulated in CAP10, including UXS1, CAP64 and CAS4. Thus, none of the 
capsule associated genes were down-regulated in CAP10. Two genes (including the 
above mentioned UXS1) encoding proteins that were associated with lipid vesicles 
carrying GXM across the cell wall [43] were also up-regulated in the CAP10 mutant. 
Rodrigues and co-workers found 101 proteins associated with these vesicles of which 
63 were differentially regulated in CAP10. 56 of these 63 genes were up-regulated, 
suggesting that the vesicular transport mechanism is functioning in the CAP10 
mutant (Chapter 5). Taken together, it is concluded that the absence of the CAP10 
product does not result in a down-regulation of the capsule biosynthesis pathway.  

Interestingly, the GH13_5 protein CNAG_03146.1, putatively involved in the synthesis 
of primers for alpha-1,3-glucan synthesis, as its A. niger homolog [56], is equally 
up-regulated. Alpha-1,3-glucan is know to provide anchoring for the capsule [39] 
and to affect virulence [60]. Joint up-regulation of this protein along with the 
candidate GH13_1 amylase CNAG_02189.1 and GT35 glycogen phosphorylase 
CNAG_06666.1, may suggest a compensation mechanism that recruits alpha-1,3-
glucan in response to the CAP10 mutation, indicating that all cell-wall components 
may be interrelated. 

Of the differentially expressed genes encoding CAZy enzymes, we observed a down-
regulation of GHs encoding for enzymes active on some cell wall components. 
Despite the fact that the expression change was less than 2-fold, composition and 
the architecture of the cell wall may be different in the CAP10 mutant. Previously, it 
was shown that CAP10 growth was slightly slower compared to wild type H99 when 
grown on NaCl (1.5 M) and SDS (0.1 %) [45]. However, we could not show a difference 
between wild type and CAP10 when cells were grown on congo-red (0.5% (w/v), or 
calcofluor-white (150 µg/ml), but could observe slower growth when grown in GSU 
minimal medium (data not shown). Taken together, it cannot be concluded that the 
CAP10 cell wall is different from that of the wild type and that this may influence the 
capsular build-up on this extracellular organelle. 
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Abstract
The human pathogen Cryptococcus neoformans causes meningo-encephalitis. The 
polysaccharide capsule is one of the main virulence factors and consists of two 
distinct polysaccharides, glucuronoxylomannan (GXM) and galactoxylomannan 
(GalXM). How capsular polysaccharides are synthesized, transported and assembled 
is largely unknown. Previously, it was shown that mutations in the CAP10, 59, 60 and 
64 genes result in an acapsular phenotype. Here, it is shown that these acapsular 
mutants do secrete GalXM and GXM-like molecules. GXM and GalXM antibodies 
specifically reacted with whole cells and the growth medium of wild type and CAP 
mutants indicating that that the capsule polysaccharides adhere to the cell wall 
and are shed into the environment. These polysaccharides were purified from the 
medium, either or not including anion exchange chromatography. Monosaccharide 
analysis of polysaccharide fractions by GC-MS showed that wild type cells secrete 
both GalXM and GXM. The CAP mutants, on the other hand, were shown to secrete 
GalXM and GXM-like polymers. Notably, the former polymers were shown to 
contain glucuronic acid. 1D NMR confirmed that the CAP mutants secrete GalXM 
and also showed that the GXM-like polymers are O-acetylated. Taken together, 
this is the first time that it is shown that CAP mutants secrete GXM-like polymers 
in addition to GalXM. The low amount of this polymer that is secreted may explain 
the acapsular phenotype.
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Introduction
Cryptococcus neoformans of the A (var. grubii [1]) and D serotype (var. neoformans 
[2]), are the causative agents of cryptococcosis, of which the most common clinical 
form is meningo-encephalitis. This disease is related to immunocompromised 
patients but can also occur in immuno-competent individuals [3-5]. One of the 
main virulence factors is the polysaccharide capsule [6-11]. This capsule enables 
the yeast-like fungus to survive the harsh environment of the human body by its 
immuno-modulatory properties that enable immune-evasion and by preventing 
killing through phagocytosis by macrophages [12, 13]. 

The capsule consists of a low percentage of mannoproteins [14] and the 
polysaccharides GlucuronoXyloMannan (GXM) and GalactoXyloMannan (GalXM) 
in a mass-ratio of about 10 : 1 [8, 15, 16]. Little is known about the synthesis and 
the transport of GXM and GalXM towards the cell surface. A mutation in the SEC4/
RAB8 GTPase homologue was recently shown to affect protein secretion as well 
as polysaccharide secretion, and resulted in intracellular accumulation of vesicles 
containing GXM [17]. From this and the fact that GXM has been detected in 
extracellular vesicles it was proposed that polysaccharides are packaged in such 
vesicles to cross the cell wall to reach the extra-cellular environment [18]. 

Mutation analysis has revealed four genes, called CAP10, 59, 60 and 64, which give 
an acapsular phenotype when inactivated [19-24]. The precise role of the encoded 
CAP proteins is unknown. CAP59 has been suggested to play a role in extra-cellular 
trafficking of multimeric forms of GXM molecules [25]. Moreover, it may play a role 
in the assembly of GXM, since it shares homology with a mannosyltransferase [26]. 
Like CAP59, CAP60 is a putative mannosyltransferase. CAP10 shares homology 
with a xylosyltransferase and may therefore also be involved in capsule assembly 
[27], like the  recently identified xylosyltransferase encoded by CXT1[28]. This 
transferase has been shown to play a direct role in synthesis of both capsular 
polysaccharides but is especially active in the addition of xyloses to the GalXM 
polysaccharide. CAP64 shares homology with so-called CAS genes, involved in 
O-acetylation of GXM [29].

Structural analysis has revealed a relatively clear picture of the composition of the 
GXM and GalXM polysaccharides [15, 30, 31] (Figure 2, Chapter 1). Some variability 
in the chemical structures of the capsular polysaccharides have been described, 
even within the capsule of a particular strain [29, 30]. In addition, GalXM has been 
shown to contain besides galactopyranose also galactofuranose (Galf) residues in 
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trace amounts [33, 34]. The two C. neoformans serotypes A and D are distinguished 
based on variation in the position of the different residues in the GXM repeating 
unit [35]. The structure of the GalXM repeating unit was analysed by using a fraction 
of purified polysaccharides secreted in the medium by a mutant of the D-serotype 
called CAP67. This strain is mutated in the same gene as CAP59 of serotype A. The 
number of xylose residues can vary from zero up to six within the GalXM repeating 
unit (Figure 2, Chapter 1) [30].

So far, secreted polysaccharides in the medium of the serotype D CAP67 mutant 
and the corresponding serotype A CAP59 mutant have been analysed [30, 36]. 
It was shown that these mutants secrete GalXM but not GXM in the medium. 
However, it is shown here that the serotype A mutants, including CAP59, also 
secrete GXM-like polymers in addition to GalXM. Moreover, part of the GalXM 
seems to contain glucuronic acid, supporting earlier findings [16, 32].

Experimental procedures
Strains and purified polysaccharides - C. neoformans serotype A strain H99, its four 
isogenic derivatives with deletions in the CAP10, 59, 60 and 64 genes [37] and the 
serotype D CAP67 mutant (ATCC 52817) were used in this study. Saccharomyces 
cerevisiae NMY3Z was used for antibody pre-adsorbtion. In some of the experiments 
GXM and GalXM, purified via the Cherniak protocols, were used. These were 
purified from the serotype A strain ATCC 62066 [38] and the acapsular serotype D 
CAP67 mutant, respectively [39]. 

Growth conditions - C. neoformans and S. cerevisiae were routinely grown at 200 
rpm at 30°C in Yeast-Peptone-Dextrose (YEPD) (2% (w/v) peptone, 1% (w/v) yeast 
extract, 2% (w/v) dextrose). Capsule production was induced under iron-limiting 
conditions in Glucose-Salts-Urea (GSU) medium (2% (v/v) glucose, 21.5 mM urea, 
10 mM KH2PO4, 1.2 mM MgSO4⋅7H2O, 1 µM MnCl2⋅4H2O, 10 µM FeSO4⋅7H2O, 10µM 
ZnSO4⋅7H2O, 1.2 µM CuSO4⋅5H2O, 100 µM CaCl2⋅2H2O, 10 µg/l biotin and 2 mg/l 
thiamin) [16]. 

Antibodies against capsule polysaccharides - The polyclonal antisera αH99 and 
αGalXM have been raised in rabbits against heat-inactivated cells of C. neoformans 
strain H99 (generous gift of Dr. Frank Coenjaerts, UMC, the Netherlands), and 
GalGlcXM from C. laurentii, respectively [40]. Both antisera were pre-incubated three 
times with 109 cells of S. cerevisiae NMY3Z for 1h at room temperature to remove 
a-specific antibodies that could potentially bind yeast cell-wall components. GXM 
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specific monoclonal antibodies 18B7 (10 mg/ml) and 13F1 (10 mg/ml) were a 
generous gift from the Casadevall lab (Albert Einstein Institute, NY).

Staining of C. neoformans capsule and cell wall - 107 to 109 cells were mixed 1:1 with 
a 1:1 mix of India ink (Royal Talens, 8 12079 02249) and UvitexTM (10 mg/ml). 5 µl of 
the mixture was spotted on a slide and analyzed under a microscope (Olympus) 
with 400X magnification. Photographs were made with the Nikon DX1200 digital 
camera and the Nikon ACT-1 software package (v. 2.63). 

Polysaccharide isolation - Cells were grown in 50 ml GSU for 5 days and approximately 
1x109, in case of the CAP10 mutant, and 5x109 cells/ml were collected per ml by 
centrifugation for 15 min at 10,400 g. The supernatant was filtered over a 0.22 
µm filter (Millipore, SIGP033RS) and the eluate was concentrated to 100-300 
µl with a Centricon Plus-20 column (cut-off 30 kDa; Millipore) according to the 
manufacturer’s manual. Before use, the column was rinsed with deionised water. 
The sample was treated with DNase (2 units of deoxyribonuclease I) for 15 min 
at 37°C and with proteinase K (50 µg/ml) for 1h at 37°C. After these treatments, 
5% (w/w) trichloroacetic acid was added, and the mixture was incubated on 
ice for 15 min followed by centrifugation at 20,800 g for 15 min at 4°C. The 
supernatant, containing the polysaccharides, was extensively dialyzed against 
water (Spectrapore, cutoff: 12–14 KDa, dialysis membrane was boiled for 10 min in 
water prior to use) and lyophilized. This isolation procedure yielded 100-300 mg of 
polysaccharides from wild type cells, and 10-30 mg from CAP mutant cells.

Dot-blotting - Polysaccharides extracted from the medium of wild type and CAP 
mutant cells were spotted onto a nitrocellulose membrane. The membrane was 
blocked for 1h in 1% protifar or 1% gelatin (when the αGalXM antisera was used), in 
0.2% Tween-20 in Tris Buffered Saline (TBS; 10 mM Tris-base, 150 mM NaCl, pH 7.5), 
and then incubated for 1h at room temperature with either αH99 (1:200), αGalXM 
(1:200), 18B7 (1:200) or 13F1 (1:200) in TBS with 0.05% Tween-20 and 0.1% protifar 
or 0.1% gelatin. Membranes were washed twice in TBS with 0.05% Tween-20 for 10 
min and incubated for 1h with either goat-anti-rabbit-IgG-alkaline phosphatase 
(Biosource, ALI4405; 1:10,000) when the αH99 or αGalXM antisera were used or 
goat-anti-mouse-IgG-alkaline phosphatase (Biosource, AMI4405; 1:10,000) when 
the 18B7 or 13F1 monoclonal antibodies were used, both in TBS with 0.05% Tween-
20 and 0.1% protifar or 0.1% gelatin. The membrane was washed once in TBS with 
0.05% Tween-20, once in TBS and once in phosphatase buffer (12.1 g Tris, 5.8 g 
NaCl, 1.0 g MgCl2⋅6H2O, pH 9.5) for 10 min. Substrate was added (10 ml phosphatase 
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buffer containing 50 µl Nitro Blue Tetrazoliumchloride (NBT; 25 mg NBT dissolved in 
1 ml 70% dimethylformamide) and 50 µl 5-Bromo-4-Chloro-3-Indolyl phosphate 
(BCIP; 10 mg BCIP dissolved in 1 ml dimethylformamide) until a signal appeared. The 
reaction was stopped with 1 mM EDTA and stored at 4°C in water. 

Immuno-fluorescence on cryptococcal cells - 108 Cells were washed twice with PBS, 
resuspended in 750 µl PBS with 1% BSA and incubated for 1h at room temperature 
with either αH99 (1:200), αGalXM (1:200), 18B7 (1:200) or 13F1 (1:200). Cells were 
washed 3 times 5 min in PBS with 1% BSA and incubated with either Alexa-Fluor 
594 goat-anti-mouse-IgG conjugated antibodies  (Molecular probes A11032;  1:200) 
when the 18B7 or 13F1 monoclonal antibodies were used or Alexa-Fluor 488 goat-
anti-rabbit-IgG conjugated antibodies  (Molecular probes A11034;  1:200) when 
the αH99 or αGalXM antisera were used. After this, cells were incubated for 1h at 
room temperature under gentle mixing and washed 3 times 5 min with PBS. Cells 
were resuspended in 40 µl PBS and 10 µl UvitexTM (10 mg/ml). 5 µl of the mixture 
was spotted on a slide and analyzed under a fluorescence microscope (Olympus) 
with 400 X magnification.  Photographs were made with the Nikon DX1200 digital 
camera and the Nikon ACT-1 software package (v. 2.63), with identical exposure 
times and settings for each series of  samples.

Anion-exchange chromatography - 0.5 to 5 mg of purified polysaccharide was 
loaded onto a 1 ml Q-Sepharose column (Amersham Pharmacia, 17-1014-01), 
which was washed with 5 ml 1 M NaCl and 10 ml demi water. The column was 
eluted with 5 ml demi water, 5 ml 100 mM NaCl, 5 ml 250 mM NaCl and 5 ml 1 M 
NaCl. Fractions were dialyzed against water (Spectrapore, cutoff 12-14 kDa), and 
lyophilized.

Monosaccharide analysis - To estimate the amount of polysaccharides in each 
fraction used for monosaccharide analysis, isolated polysaccharides in different 
dilutions were spotted onto a TLC plate (Merck, 1.05735.0001) and stained with 
orcinol-sulphuric acid (100 mg orcinol, 95 ml methanol, 5 ml conc. sulphuric acid 
(98%)) using hot air. Glucose was used as standard. Hereafter, fractions were 
subjected to methanolysis (methanolic 1 M HCl, 24h, 85°C) after addition of 50-100 
nmol mannitol as internal standard. The resulting mixture of (methyl ester) methyl 
glycosides was trimethylsilylated (hexamethyldisilazane-trimethylchlorosilane-
pyridine 1:1:5; 30 min, room temperature) and analyzed by quantitative gas-
liquid chromatography (GLC) with flame ionisation detection and gas-liquid 
chromatography / mass spectrometry (GLC-MS). Quantitative GLC analysis was 
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performed on a Chrompack CP9002 gas chromatograph, equipped with an EC-1 
column (30 m x 0.32 mm, Alltech). GLC-MS was carried out on a GC8060/MD800 
system (Fisons instruments, Interscience) (EI 70 eV), using an AT-1 column (30 m x 
0.25 mm, Alltech). In both cases a temperature program of 140-240°C at 4°C/min was 
used. Glucuronic acid is known to be underestimated in these type of experiments, 
and therefore a correction factor was determined by using the tetrasaccharide 
Man(α1-3)[GlcA(β1-2)]Man(α1-3)Man as reference compound. 

The composition of the polysaccharide fractions was derived from the molar ratios 
of the monosaccharides obtained with quantitative GLC analysis. For GXM the 
amount of mannose was set at 3, which is the number of mannose residues in the 
repeating unit of GXM [15], and for GalXM, the amount of galactose was set at 6, 
which is the number of galactopyranose residues in the repeating unit of GalXM 
[30] (Figure 2, Chapter 1). 

NMR spectroscopy - One-dimensional 500-MHz 1H NMR spectra were recorded on 
a Bruker DRX-500 spectrometer at a probe temperature of 300 K. Prior to analysis, 
samples were exchanged twice in D2O with intermediate lyophilization, and then 
dissolved in 0.6 ml D2O. Chemical shifts (δ) are expressed in ppm by reference to 
the HOD line (δ 4.76; acetone at δ 2.225).

Results
Analysis of capsular components secreted by CAP mutants. Mutations in the four 
cap genes result in an acapsular phenotype, as determined by negative staining 
with India ink (Figure 1). Fluorescent- and dot-blot immuno-labelling was used to 
assess whether small amounts of capsule polysaccharides are still associated with 
the cell surface. To this end, the polyclonal anti-sera αH99 and αGalXM, and the 
monoclonal antibodies 18B7 and 13F1 were used. The polyclonal anti-sera αH99 

Figure 1: Negative staining of 
cells with India ink shown with 
differential interference contrast 
microscopy. Wild type (H99) (A), 
H99-CAP10 (B), H99-CAP59 (C), 
H99-CAP60 (D), H99-CAP64 (E) 
and CAP67, serotype D (F) were 
grown in GSU for 5 days under 
capsule inducing conditions. Bar 
represents 10 µM. 
(Colour figure: page 166)
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and αGalXM mainly react with GXM and GalXM, 
respectively, but particularly the αH99 antiserum 
has cross-reactivity with purified GalXM (Figure 
2). The monoclonal antibodies specifically react 
with GXM [41] but, remarkably, also reacted with 
purified GalXM in the dot-blot assay (Figure 3). This 
GalXM fraction from a CAP67 strain was reported 
to lack GXM [30]. Therefore, this cross reactivity 
could be due to a low affinity of these antibodies 
for GalXM. Alternatively or in addition, the cross 
reactivity might be explained by the presence of 
small amounts of GXM or GXM-like polysaccharides 
in the purified GalXM fractions. 

Reactivity of the polyclonal- and monoclonal 
antibodies was assessed on cells, which were 
grown in GSU medium in which capsule 
production is induced due to iron limitation [16]. 
As expected, wild type cells, containing both 
GXM and GalXM in their capsule, reacted with the 
αH99 and the αGalXM antiserum as well as the 
monoclonal antibodies 18B7 and 13F1 (Figure 3). 

Figure 3: Immunofluorescence 
of cells from C. neoformans wild 
type (H99) and CAP mutants 
grown for 5 days in GSU medium. 
The upper row with the CAP59 
mutant was only incubated with 
the second antibody to assess the 
background signal. Colums indi-
cate staining of cells with either 
Uvitex (whole cell staining) or the 
18B7, aH99, 13F1 and a-GalXM 
antibodies. Exposure times of 
each column are indicated.
(Colour figure: page 166)

Figure 2: Reactivity of the poly-
clonal antisera aH99, a-GalXM 
and monoclonal antibodies 18B7 
and 13F1 against purified GXM 
and GalXM. Orcinol staining was 
used to demonstrate that equal 
amounts of GXM and GalXM 
were used. 



65

PRODUCTION OF EXTRACELLULAR POLYSACCHARIDES BY CAP MUTANTS OF CRYPTOCOCCUS NEOFORMANS  

Reactivity with GalXM antiserum was rather low, probably due to the low amount 
of this polysaccharide in the capsule. A similar weak reaction was observed at 
the cell surface of the CAP59, CAP60, CAP64 and the CAP67 mutants (Figure 3). 
Reactivity of the αGalXM antiserum with the CAP10 mutant was clearly less. The 
CAP mutants also reacted weakly with the αH99 antiserum and a preference for 
binding was observed at locations near bud-scars. The 18B7 antibody did not bind 
to the CAP mutants except for CAP60, which showed moderate binding of the 
antibody. The 13F1 antibody displayed moderate binding to the CAP60, CAP64 
and CAP67 mutant but hardly or no binding to the cell surface of the CAP59 and 
CAP10 mutants. Dot-blot analysis on these cells showed similar results (Figure 4) 
except for the 18B7 antibody, where clear staining of the CAP mutant cells was 
observed and for the αGalXM antiserum, where hardly no staining of CAP mutants 
cells was detected (Figure 4). These results indicate that GalXM and / or GXM or 
GXM-like polysaccharides are present at the surface of the CAP mutants.

Dot-blot analysis was performed to investigate whether GalXM and / or GXM-
like polysaccharides are secreted into the culture medium of the CAP mutants. 

Figure 4: Dot blot analysis of 
whole cells from C. neoformans 
wild type (H99) and CAP mutants 
grown for 5 days in GSU medium. 
Rows indicate reactions of dif-
ferent numbers of cells with the 
18B7, aH99, 13F1 and aGalXM 
antibodies.
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Figure 5: Dot blot analysis of 
isolated polysaccharides from C. 
neoformans wild type (H99) and 
CAP mutants grown for 5 days 
in GSU medium. Rows indicate 
reactions of different amounts 
of polysaccharides with the 18B7, 
aH99, 13F1 and aGalXM antibod-
ies. Orcinol staining was used as 
a control to show equal spotting 
of material. 

Immuno-reactive material was detected in the growth medium of both wild 
type and the CAP mutants with the αH99, 18B7 and αGalXM antibodies (Figure 
5). With the antibody 13F1 hardly, if any, immuno-reactive material was detected 
in the growth medium of CAP59, CAP60 and CAP64 mutants but small amounts 
were detected with the CAP10 and CAP67 mutant (Figure 5). Taken together, the 
results indicate that CAP mutants do produce capsular polysaccharides and that 
a substantial amount of these polysaccharides are secreted into growth medium. 
Interestingly, these polysaccharides appear to be GalXM as well as GXM-like, based 
on the reactivity of the GXM and GalXM specific antisera.

Composition analysis of polysaccharide released in the growth media. Monosaccharide 
analyses was performed to obtain more information on the chemical composition 
of the polysaccharides secreted by the CAP mutants. Approximately 10 times 
more polysaccharides with a MW of ≥ 30 kDa were extracted from the medium 
of the wild type strain compared to that of the CAP mutants. The isolated 
polysaccharides were subjected to methanolysis and analyzed by GLC and GLC/
MS. Molar ratios of  purified GXM agreed with predicted ratios from literature 
(Table 1) [15]. Monosaccharides of purified GalXM, however, also contained glucose 
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and glucuronic acid but mannose levels were less than predicted from literature 
(Table 1) [30]. Molar ratios of the monosaccharides contained in the polysaccharide 
fraction secreted by the wild type strain H99 agreed with predicted ratios (Table 
1) [15, 30] assuming that both GalXM and GXM are secreted. The molar ratios of 
the monosaccharides present in the polysaccharide fraction of the CAP mutants 
agreed with the presence of GalXM. However, as mentioned above, the molar 
ratios of the monosaccharides in the polysaccharide did not indicate the presence 
of GXM. Only the polysaccharide fraction of CAP60 contained more mannose as 
would be predicted from the presence of GalXM (Table 1). Interestingly, all CAP 
mutants secreted polysaccharide material containing glucuronic acid, which is 
normally present in GXM. 

Table 1. Molar ratios of monosaccharides in GSU culture medium of different C. neoformans strains. 
Galactose was set on 6 as a reference, except for the purified GXM, where mannose was set at 3 as a ref-
erence. Carbohydrate content ranged between 400 and 4000 µg per fraction except for GSU growth 
medium, which was too low to be accurately determined.

Mannose Galactose Xylose Glucuronic acid Glucose

Wild type H99 (ser. A) 30,9 ± 7.3 6.0 18.6 ± 4.2 11.6 ± 0.6 trace

H99∆10 (ser. A) 3.4 ± 0.2 6.0 2.4 ± 0.1 1.4 ± 0.4 trace

H99∆59 (ser. A) 4.7 ± 0.2 6.0 2.3 ± 0.1 1.1 ± 0.1 trace

H99∆60 (ser. A) 5.8 ± 0.1 6.0 2.4 ± 0.1 1.2 ± 0.1 trace

H99∆64 (ser. A) 4.6 ± 0.4 6.0 2.3 ± 0.1 1.3 ± 0.4 trace

CAP67 (ser. D) 4.7 ± 0.1 6.0 2.4 ± 0.1 0.8 ± 0.6 trace

Purified GXM 3.0 - 2.0 1.0 0.2

Purified GalXM 2.1 6.0 1.5 2.6 13.5

GSU (medium) trace trace trace - trace

The polysaccharide fractions of wild type H99, CAP10 and CAP67 were separated by 
anion-exchange chromatography (Table 2). Based on the charge, GXM is expected 
to bind to the column, whereas GalXM would not. Small amounts of wild type 
polysaccharide did not bind to the column (flow through). This fraction contained 
monosaccharides present in a molar ratio that unexpectedly fitted with GXM but 
not GalXM. The majority of the wild type polysaccharides did bind to the anion-
exchange column and the monosaccharide composition indicated the presence of 
both GXM and, surprisingly, GalXM. The vast majority of the polysaccharides from 
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CAP67 and CAP10 mutants also bound to the anion-exchange column, which is, 
for the CAP67 data, in agreement with previous reports [16, 30, 32, 33]. In a second, 
independent polysaccharide isolation from CAP67 culture medium, the molar 
ratios of the monosaccharides that bound to the anion-exchange column were 
3.8 : 6.0 : 2.4 : 1.0 for mannose : galactose : xylose : glucuronic acid, respectively, 
indicating that glucuronic acid was present in more than trace amounts. Taken 
together, these data indicate that GalXM from CAP10 and CAP67 contain glucuronic 
acid. The small amount of polysaccharides that were detected in the flow through 
did hardly or not contain glucuronic acid but consisted of mannose and xylose 
and could therefore represent GXM-like molecules.

Table 2. Molar ratios of monosaccharides in fractionated polysaccharides from GSU culture medium 
of different C. neoformans strains after Q-sepharose anion exchange chromatography. 

Mannose Galactose Xylose
Glucuronic 

acid
Glucose

Wild type H99 (ser. A)

     Flow-through 3.0 - 2.0 0.4 trace

     Elution 100mM NaCl 3.0 2.0 1.6 0.4 -

     Elution 250mM NaCl 3.0 0.3 2.0 1.1 -

H99∆10 (ser. A)

    Flow-through 3.0 - 3.5 trace 0.6

     Elution 100mM NaCl 3.3 6.0 2.3 1.6 -

     Elution 250mM NaCl 3.2 6.0 2.5 0.7 -

CAP67 (ser. D)

    Flow-through trace trace trace - trace

     Elution 100mM NaCl 4.0 6.0 2.4 trace trace

     Elution 250mM NaCl 4.3 6.0 2.2 trace trace

NMR analysis of polysaccharide released in the growth media. One-dimensional 1H NMR 
showed that the spectrum of the polysaccharides from the wild type H99 medium 
(Figure 6A) is quite different from those of the CAP mutants (Figure 6B). A high 
degree of O-acetylation (intense signal at δ 2.175, shoulder at δ 2.152) is observed for 
the wild type H99 polysaccharides. However, also the CAP mutant polysaccharides 
showed some degree of O-acetylation. Comparable low intensities of the O-acetyl 
signals at δ 2.177 and 2.153 were observed for the CAP67, CAP59, CAP60, and CAP64 
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polysaccharides. In case of the CAP10 polysaccharides the signal at δ 2.153 occurred as 
a shoulder of the low-intense signal at δ 2.177. Spectra of the wild-type and the CAP 
mutants were also different with respect to the anomeric peak pattern (δ 4.5 – 5.5). 
Notably, those of the CAP mutants were highly similar, indicating that these mutants 
produce polysaccharides with a similar structure. Among the five mutants, only the 
anomeric peak pattern of the CAP10 polysaccharides differed slightly. The anomeric 
region of the polysaccharides of the CAP mutants showed similarities with the 1H NMR 
spectrum of GalXM from CAP67 [30], indicating that majority of the polysaccharides 
produced by the CAP mutants represent GalXM.

Discussion
Mutants of C. neoformans with deletions in the CAP10, 59, 60 and 64 genes have an 
acapsular phenotype and this phenotype is generally believed to be due to the 
inability to produce GXM, the major component of the capsule polysaccharides. 
Interestingly, it is shown here that the CAP mutants do produce GalXM and GXM-
like molecules. These molecules are present at the cell surface of the mutants but 
are also secreted into the culture medium. It should be noted that the amounts 
of polysaccharides that are produced by the mutant are 5 to 10 times less, which 
could explain their acapsular phenotype. 

Figure 6: NMR spectra of wild 
type (A) and CAP59 (B) poly-
saccharides isolated from the 
medium. The spectrum of the 
CAP59 mutant is representative 
for all CAP mutants. Differences 
between wild type and CAP 
mutants can be seen in the devi-
ating anomeric peak pattern (d 
4.5 – 5.5).
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Wild type and CAP mutant cells were grown under capsule inducing conditions. 
Wild type cells reacted with antibodies that recognize GalXM and GXM. Reactivity 
with the GalXM antiserum was rather low, possibly explained by the lower amount 
of this polysaccharide in the capsule. Interestingly, the CAP59, CAP60, CAP64 and 
CAP67 gave a similar reaction at the cell surface, indicating that GalXM is present with 
an amount not very different from that in the wild type. The reaction of the CAP10 
mutant was clearly less, which suggests a lower amount of the polysaccharide at 
the cell surface of this mutant. The alternative explanation, presence of an aberrant 
GalXM molecule is not very likely, since the GalXM structure of all mutants seems to 
be identical (see below). Antisera reacting with GXM generally reacted less strong 
with the cell surface of the CAP mutants compared to that of the wild type. This 
indicates that this polysaccharide is less abundant in these mutant strains. Notably, 
the GXM antisera reacted differently with the CAP mutants. For instance, the 13F1 
antibody bound moderately to the cell surface of the CAP60, 64 and 67 mutants 
but not with that of CAP59 and CAP10. This may indicate that the latter mutants 
have a lower amount of GXM at their surface or produce an aberrant structure. 

Polysaccharides were purified from the medium of wild type and CAP mutants 
using a simple purification procedure. The polymer fraction with a molecular 
mass exceeding 30 kDa was treated with DNase and proteinase, followed with 
a TCA precipitation and dialyses. The ratio of polysaccharides contained in the 
non-precipitatable fraction of the wild type strain were in good agreement with 
the presence of both GXM and GalXM in a ratio of about 1:10 [15, 30]. The ratios 
of the CAP mutants, however, agreed with the presence of GalXM only. NMR 
analysis confirmed the presence of GalXM in the medium of the CAP mutants. 
The spectra of the polysaccharides was similar to that published for the GalXM 
structure of the CAP67 strain [30]. Of interest, glucuronic acid was found in minor 
but significant amounts in the secreted polysaccharides of the CAP mutants. This 
sugar is a constituent of GXM. This prompted us to purify the polysaccharides by 
anion-exchange chromatography and analysis of the fractions with GC-MS. In 
contrast to GalXM, GXM is expected to bind to the column. Indeed, most of the 
GXM secreted by the wild type strain bound to the column. The fact that a small 
fraction did not bind to the column can be explained by entrapment of GXM in 
vesicles composed of neutral lipids [18] (Chapter 5). Surprisingly, all GalXM was 
found to bind to the column indicating the presence of charged residues or an 
interaction of the GalXM with GXM. Notably, GalXM of the CAP67 and CAP10 
mutants also bound to the column. The molar ratios indicated that GalXM secreted 
by the mutant strains contains glucuronic acid. This finding is in fact in agreement 
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with previously reported data [16, 32]. For instance, it has been shown in the past 
that GalXM in the medium of CAP67 binds to an anion exchange column [15, 30].  
To further strengthen the finding that glucuronic acid is part of GalXM, we excluded 
the presence of hyaluronic acid. This polymer that contains glucuronic acid has 
recently been reported in the capsule of C. neoformans [42, 43]. However, we have 
been unable to detect this polymer in the polysaccharide fraction (Chapter 4). 
Taken together it is concluded that part of the repeating units of GalXM of the 
CAP mutants, but possibly also of the wild type, is glucuronylated, in a similar way 
as it has been suggested for the galactofuranosylation [30]. 

1-5% of the polysaccharides in the medium of CAP67 and CAP10 did not bind 
to the anion-exchange column. This fraction could not be related to GalXM. It 
consisted of mannose and xylose with traces of glucose and, if present at all, of 
glucuronic acid. The molar ratios of monosaccharides in this fraction agrees with 
a GXM-like structure lacking most, if not all, glucuronic acid. Secretion of GXM-like 
polymers agrees with the fact that the polysaccharides in the medium reacted 
with antisera against GXM. NMR spectra indicated that the GXM-like molecules 
are O-acetylated, although to a lesser extent than that of the wild type. 

The results that have been described indicate that deletion of the CAP genes 
affect especially the production of GXM rather than GalXM. This would agree with 
the 10-fold reduced amount of polysaccharide found in the medium of the CAP 
mutants since GXM is 11 fold more abundant in the wild type than GalXM. The 
abundance of this polysaccharide also explains why all CAP mutants are affected 
in the synthesis of GXM. Chang and co-workers [19] selected for mutants lacking 
a clearly visible capsule. Mutants lacking only GalXM would not be selected in 
this screening method because GalXM does not affect the appearance of the 
extracellular capsule matrix [36]. It has been reported that CAP59 / CAP60 and 
CAP10 share homology with mannosyl- and xylosyl-transferases, respectively 
[26, 27]. Such transferases could also be involved in the formation of GalXM. Our 
data suggest that both capsule polysaccharides have their own machinery for 
synthesis. However, there may be some overlap, which may explain the presence 
of glucuronic acid in (part of) the GalXM molecules. 



72

CHAPTER 3

Acknowledgments

We are indebted to Dr. Guilhem Janbon (Institute Pasteur, Paris, France) for the  
C. neoformans strains, Prof. Dr. Arturo Casadevall (Albert Einstein Institute, New 
York) for the 18B7 and 13F1 monoclonal antibodies,  Dr. Christophe Blanchetot 
(Utrecht University, Utrecht) for the S. cerevisiae strain, Dr. Slavomír Bystrický 
(Institute of Chemistry, Slovak Academy of Sciences) for αGalXM antiserum,  
Dr. Frank Coenjaerts (Utrecht Medical Center, Utrecht) for the αH99 antiserum, 
purified GXM, purified GalXM and the CAP67 strain, Dr. Stefan Oscarson for the 
tetrasaccharide used in GLC/MS analysis and Drs. S.P. Jongen (Department of Bio-
Organic Chemistry, Utrecht University) for recording the 1H NMR spectra.



73

References 

1. Franzot, S.P., I.F. Salkin, and A. Casadevall, Cryptococcus neoformans var. grubii: separate varietal 
status for Cryptococcus neoformans serotype A isolates. J Clin Microbiol, 1999. 37(3): p. 838-40.

2. Levitz, S.M., The ecology of Cryptococcus neoformans and the epidemiology of 
cryptococcosis. Rev Infect Dis, 1991. 13(6): p. 1163-9.

3. Lui, G., et al., Cryptococcosis in apparently immunocompetent patients. Qjm, 2006. 
99(3): p. 143-51.

4. Chute, H.L., F.L. Davis, and D.D. Payne, Cryptococcosis, a disease of man and animals. J 
Maine Med Assoc, 1965. 56(10): p. 228-9.

5. Bretaudeau, K., et al., [Cryptococcal meningo-encephalitis in an apparently 
immunocompetent patient]. Rev Neurol (Paris), 2006. 162(2): p. 233-7.

6. Kozel, T.R., Virulence factors of Cryptococcus neoformans. Trends Microbiol, 1995. 3(8): p. 295-9.
7. Hamilton, A.J. and J. Goodley, Virulence factors of Cryptococcus neoformans. Curr Top 

Med Mycol, 1996. 7(1): p. 19-42.
8. Cherniak, R. and J.B. Sundstrom, Polysaccharide antigens of the capsule of Cryptococcus 

neoformans. Infect Immun, 1994. 62(5): p. 1507-12.
9. Bhattacharjee, A.K., J.E. Bennett, and C.P. Glaudemans, Capsular polysaccharides of 

Cryptococcus neoformans. Rev Infect Dis, 1984. 6(5): p. 619-24.
10. Buchanan, K.L. and J.W. Murphy, What makes Cryptococcus neoformans a pathogen? 

Emerg Infect Dis, 1998. 4(1): p. 71-83.
11. Doering, T.L., How does Cryptococcus get its coat? Trends Microbiol, 2000. 8(12): p. 547-53.
12. Murphy, J.W., Immunological down-regulation of host defenses in fungal infections. 

Mycoses, 1999. 42 Suppl 2: p. 37-43.
13. Perfect, J.R., et al., Cryptococcus neoformans: virulence and host defences. Med Mycol, 

1998. 36 Suppl 1: p. 79-86.
14. Reiss, E., M. Huppert, and R. Cherniak, Characterization of protein and mannan 

polysaccharide antigens of yeasts, moulds, and actinomycetes. Curr Top Med Mycol, 
1985. 1: p. 172-207.

15. Cherniak, R., R.G. Jones, and E. Reiss, Structure determination of Cryptococcus 
neoformans serotype A-variant glucuronoxylomannan by 13C-n.m.r. spectroscopy. 
Carbohydr Res, 1988. 172(1): p. 113-38.

16. Cherniak, R., E. Reiss, and S.H. Turner, A galactoxylomannan antigen of Cryptococcus 
neoformans serotype A. Carbohydr. Res., 1982(103): p. 239-250.

17. Yoneda, A. and T.L. Doering, A Eukaryotic Capsular Polysaccharide Is Synthesized 
Intracellularly and Secreted Via Exocytosis. Mol Biol Cell, 2006. 17(12): 5131-40.

18. Rodrigues, M.L., et al., Vesicular polysaccharide export in Cryptococcus neoformans is 
an eukaryotic solution to the problem of fungal trans-cell wall transport. Eukaryot Cell, 
2007. 6(1): 48-59. 

19. Chang, Y.C. and K.J. Kwon-Chung, Complementation of a capsule-deficient mutation of 
Cryptococcus neoformans restores its virulence. Mol Cell Biol, 1994. 14(7): p. 4912-9.

20. Chang, Y.C., B.L. Wickes, and K.J. Kwon-Chung, Further analysis of the CAP59 locus of 
Cryptococcus neoformans: structure defined by forced expression and description of a 
new ribosomal protein-encoding gene. Gene, 1995. 167(1-2): p. 179-83.

21. Chang, Y.C., L.A. Penoyer, and K.J. Kwon-Chung, The second capsule gene of cryptococcus 
neoformans, CAP64, is essential for virulence. Infect Immun, 1996. 64(6): p. 1977-83.

22. Chang, Y.C. and K.J. Kwon-Chung, Isolation of the third capsule-associated gene, CAP60, 
required for virulence in Cryptococcus neoformans. Infect Immun, 1998. 66(5): p. 2230-6.

PRODUCTION OF EXTRACELLULAR POLYSACCHARIDES BY CAP MUTANTS OF CRYPTOCOCCUS NEOFORMANS  
| REFERENCES



74

CHAPTER 3

23. Chang, Y.C., et al., Structure and biological activities of acapsular Cryptococcus neoformans 
602 complemented with the CAP64 gene. Infect Immun, 1997. 65(5): p. 1584-92.

24. Chang, Y.C. and K.J. Kwon-Chung, Isolation, characterization, and localization of a capsule-
associated gene, CAP10, of Cryptococcus neoformans. J Bacteriol, 1999. 181(18): p. 5636-43.

25. Garcia-Rivera, J., et al., Cryptococcus neoformans CAP59 (or Cap59p) Is Involved in the Extracellular 
Trafficking of Capsular Glucuronoxylomannan. Eukaryot Cell, 2004. 3(2): p. 385-392.

26. Sommer, U., H. Liu, and T.L. Doering, An alpha -1,3-mannosyltransferase of Cryptococcus 
neoformans. J Biol Chem, 2003. 278(48): 47724-30.

27. Klutts, J.S., S.B. Levery, and T.L. Doering, A Beta-1,2 Xylosyltranferase from cryptococcus 
neoformans defines a new family of glycosyltransferases. J Biol Chem, 2007. 282(24): 17890-9.

28. Klutts, J.S. and T.L. Doering, Cryptococcal xylosyltransferase 1 (Cxt1p) from cryptococcus 
neoformans plays a direct role in the synthesis of capsule polysaccharides. J Biol Chem, 
2008. 238(21): 14327-34. 

29. Moyrand, F., et al., Cas3p belongs to a seven-member family of capsule structure designer 
proteins. Eukaryot Cell, 2004. 3(6): p. 1513-24.

30. Vaishnav, V.V., et al., Structural characterization of the galactoxylomannan of 
Cryptococcus neoformans Cap67. Carbohydr Res, 1998. 306(1-2): p. 315-30.

31. Cherniak, R., et al., Structure and antigenic activity of the capsular polysaccharide of 
Cryptococcus neoformans serotype A. Mol Immunol, 1980. 17(8): p. 1025-32.

32. Turner, S.H., R. Cherniak, and E. Reiss, Fractionation and characterization of galactoxylomannan 
from Cryptococcus neoformans. Carbohydr Res, 1984. 125(2): p. 343-9.

33. James, P.G. and R. Cherniak, Galactoxylomannans of Cryptococcus neoformans. Infect 
Immun, 1992. 60(3): p. 1084-8.

34. Beverley, S.M., et al., Eukaryotic UDP-Galactopyranose Mutase (GLF Gene) in Microbial 
and Metazoal Pathogens. Eukaryot Cell, 2005. 4(6): p. 1147-54.

35. Janbon, G., Cryptococcus neoformans capsule biosynthesis and regulation. FEMS Yeast 
Res, 2004. 4(8): p. 765-71.

36. Moyrand, F., T. Fontaine, and G. Janbon, Systematic capsule gene disruption reveals 
the central role of galactose metabolism on Cryptococcus neoformans virulence. Mol 
Microbiol, 2007. 64(3): p. 771-81.

37. Moyrand, F. and G. Janbon, UGD1, Encoding the Cryptococcus neoformans UDP-Glucose 
Dehydrogenase, Is Essential for Growth at 37{degrees}C and for Capsule Biosynthesis. 
Eukaryot Cell, 2004. 3(6): p. 1601-1608.

38. Ellerbroek, P.M., et al., O-acetylation of cryptococcal capsular glucuronoxylomannan is 
essential for interference with neutrophil migration. J Immunol, 2004. 173(12): p. 7513-20.

39. Coenjaerts, F.E., et al., Potent inhibition of neutrophil migration by cryptococcal 
mannoprotein-4-induced desensitization. J Immunol, 2001. 167(7): p. 3988-95.

40. Bystricky, S., E. Paulovicova, and E. Machova, Synthesis and immunogenicity 
of polysaccharide-protein conjugate composed of galactoglucoxylomannan of 
Cryptococcus laurentii. FEMS Microbiol Lett, 2004. 235(2): p. 311-4.

41. Zebedee, S.L., et al., Mouse-human immunoglobulin G1 chimeric antibodies with 
activities against Cryptococcus neoformans. Antimicrob Agents Chemother, 1994. 
38(7): p. 1507-14.

42. Jong, A., et al., Identification and characterization of CPS1 as a hyaluronic acid synthase 
contributing to the pathogenesis of Cryptococcus neoformans infection. Eukaryot Cell, 
2007. 6(8): p. 1486-96.

43. Chang, Y.C., et al., CPS1, a Homolog of the Streptococcus pneumoniae Type 3 
Polysaccharide Synthase Gene, Is Important for the Pathobiology of Cryptococcus 
neoformans. Infect Immun, 2006. 74(7): p. 3930-8.



75

PRODUCTION OF EXTRACELLULAR POLYSACCHARIDES BY CAP MUTANTS OF CRYPTOCOCCUS NEOFORMANS  
| REFERENCES



76



77

Characterization of extracellular 
polysaccharides produced by CAP mutants  

of Cryptococcus neoformans  

Jan Grijpstra1, Gerrit J Gerwig2, Amrah Weijn1, 
Johannis P Kamerling2, and Hans de Cock1

1 From Microbiology, Institute of Biomembranes, Department of Biology, Faculty of Science
2 From Bio-Organic Chemistry, Bijvoet Center, Department of Chemistry, Faculty of Science

Address correspondence to: 

Hans de Cock, Dr, Microbiology, Institute of Biomembranes, 

Utrecht University, Padualaan 8, 

3584 CH Utrecht, The Netherlands,

Tel: (+31)-30-2532267, 

Fax: (+31)-30-2513655, 

E-mail: h.decock@uu.nl

CHAPTER 4



78

CHAPTER 4

Abstract
The capsule of Cryptococcus neoformans is a highly complex structure, which 
consists of glucuronoxylomannan (GXM) and galactoxylomannan (GalXM) as well 
as minor amounts of mannoproteins. It was recently reported that the capsule also 
contains hyaluronic acid, a polymer of glucuronic acid and N-acetyl-glucosamine. 
CAP mutants of C. neoformans have an acapsular phenotype. However, these 
mutants do secrete the capsular polysaccharide GalXM in addition to GXM-like 
molecules. Experimental evidence indicated that GalXM of the CAP mutants 
contains glucuronic acid. Whether this monosaccharide was also present in 
wild type GalXM could not be concluded since this fraction also contained GXM. 
Here, GalXM and GXM of the wildtype wild type were separated by gel filtration. 
Monosaccharide composition showed that also GalXM of the wild type contains 
glucuronic acid. Immuno-detection and hyaluronidase treatment showed that the 
glucuronic acid in the wild type and in CAP mutant GalXM fractions did not originate 
from hyaluronic acid. In fact, we could not show that this polysaccharide is present 
in the medium and the cell surface of C. neoformans. Taken together, it is proposed 
that glucuronic acid is covalently linked to GalXM in both the wild type and CAP 
mutants. ß-Glucuronidase treatment indicates that the linkage is not of a ß2 type.
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Introduction 
Cryptococcus neoformans serotype A (var. grubii [1]) and D (var. neoformans 
[2]) are the causative agents of cryptococcosis, of which the most common 
clinical outcome is meningo-encephalitis. This disease is especially related to 
immunocompromised patients although cryptococcosis has been described in 
immuno-competent individuals as well [3-5]. One of the main virulence factors is 
the polysaccharide capsule [6-11]. 
The capsule consists mainly of the polysaccharides GlucuronoXyloMannan (GXM) 
and GalactoXyloMannan (GalXM), which are approximately 1-7 and 0.1 MDa in 
size, respectively, and which are present in a mass-ratio of about 10 : 1 [8, 12, 13]. 
Structural analysis of capsular polysaccharides released in the growth medium 
has revealed a relatively clear picture of the composition of the GXM and GalXM 
polysaccharides [12, 14] (Figure 2, Chapter 1). In addition to GalXM and GXM, 
the capsule of C. neoformans contains a low amount of mannoproteins [15] and 
hyaluronic acid [16, 17]. The latter consists of a repeating disaccharide structure of 
glucuronic acid and N-acetylglucosamine that are linked via alternating β4 and β3 
glycosidic bonds [18]. This polysaccharide was localized as a distinct layer between 
the cell wall and the capsule.  

CAP mutants of C. neoformans have an acapsular phenotype but the CAP59 and 
CAP64 mutants were shown to form hyaluronic acid [17]. CAP mutants also produce 
GalXM as well as GXM-like molecules (Chapter 3). Experimental evidence indicated 
that GaLXM of the CAP mutants, and possibly of the wild type as well, contains 
glucuronic acid. This confirmed previous, but overlooked, findings [13, 14, 19-21].  
It could not be excluded that the glucuronic acid was derived from hyaluronic acid 
that would co-purify with GalXM. Here it is shown by immuno-dectection and 
enzyme treatment that the secreted polysaccharides of the wild type and the CAP67 
mutant are free of hyaluronic acid. In addition, it is shown by gel filtration that the 
secreted polysaccharides of CAP67 are smaller than those of the wild type. 

Experimental procedures 
Strains and purified polysaccharides - C. neoformans serotype A strain H99, its four 
isogenic derivatives with deletions in the CAP10, 59, 60 and 64 genes [22] and the 
serotype D CAP67 mutant (ATCC 52817) were used in this study. Saccharomyces 
cerevisiae NMY3Z was used for antibody pre-adsorbtion. In some of the experiments 
GXM and GalXM polysaccharides, purified via the Cherniak protocols, were used. 
GXM was purified from serotype A strain ATCC 62066 [23] and GalXM from the 
acapsular serotype D CAP67 mutant  [24]. 
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Growth conditions - C. neoformans was routinely grown at 30°C in Yeast-Peptone-
Dextrose (YEPD) (2% (w/v) peptone, 1% (w/v) yeast extract, 2% (w/v) dextrose) 
at 200 rpm. Capsule production was induced under iron-limiting conditions in 
Glucose-Salts-Urea (GSU) medium (2% (v/v) glucose, 21.5 mM urea, 10 mM KH2PO4, 
1.2 mM MgSO4⋅7H2O, 1 µM MnCl2⋅4H2O, 10 µM FeSO4⋅7H2O, 10µM ZnSO4⋅7H2O, 1.2 
µM CuSO4⋅5H2O, 100 µM CaCl2⋅2H2O, 10 µg/l biotin and 2 mg/l thiamin) [13]. 

Antibodies against capsule polysaccharides - The polyclonal antisera αH99 
and αGalXM have been raised in rabbits against intact heat-inactivated cells 
of C. neoformans strain H99 (generous gift of Dr. Frank Coenjaerts, UMC, the 
Netherlands), and against GalGlcXM from C. laurentii, respectively [25]. Both 
antisera were pre-incubated three times with 109 cells of S. cerevisiae NMY3Z for 1h 
at room temperature to remove aspecific antibodies that could potentially bind 
yeast cell-wall components. 

Polysaccharide isolation - Cells were grown in 50 ml GSU for 5 days and 
approximately 1x109, in case of the CAP10 mutant, and 5x109 cells/ml were 
collected by centrifugation for 15 min at 10,400 g. The supernatant was filtered 
over a 0.22 µm filter (Millipore, SIGP033RS) and the eluate was concentrated to 
100-300 µl with a Centricon Plus-20 column (cut-off 30 kDa; Millipore) according 
to the manufacturer’s manual. Before use, the column was rinsed with deionised 
water. The sample was treated with DNase (2 units of deoxyribonuclease I) for 15 
min at 37°C and with proteinase K (50 µg/ml) for 1h at 37°C. After the DNase- and 
proteinase treatment, 5% (w/w) trichloroacetic acid was added. The mixture was 
incubated on ice for 15 min and centrifuged at 20,800 g for 15 min at 4°C. The 
supernatant, containing the polysaccharides, was extensively dialyzed against 
water (Spectrapore, cutoff: 12–14 KDa, dialysis membrane was boiled for 10 min in 
water prior to use) and lyophilized. In general, 100-300 mg of polysaccharide was 
isolated from wild type cells, and 10-30 mg from CAP mutant cells.

Dot-blotting - Polysaccharides extracted from the medium of wild type and CAP 
mutant cells were spotted onto a nitrocellulose membrane. The membrane 
was blocked for 1h in 0.05% Tween-20 in 1 x Tris Buffered Saline (TBS; 10 mM 
Tris-base, 150 mM NaCl, pH 7.5) containing 1% protifar or 3% gelatin when the 
αH99 or αGalXM antisera were used, respectively. After blocking, membranes 
were incubated for 1h at room temperature with either αH99 (1:5000) or 
αGalXM (1:1000) in TBS with 0.05% Tween-20 and 0.1% protifar or 0.1% gelatin. 
Membranes were washed twice in TBS with 0.05% Tween-20 for 10 min and 
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incubated for 1h with goat-anti-rabbit-IgG-alkaline phosphatase (Biosource, 
ALI4405; 1:10,000) in TBS with 0.05% Tween-20 and 0.1% protifar or 0.1% gelatin. 
The membrane was washed once in TBS with 0.05% Tween-20, once in TBS and 
once in the assay buffer (AP buffer) (12.1 g Tris, 5.8 g NaCl, 1.0 g MgCl2⋅6H2O, 
pH 9.5) for 10 min each. Substrate was added (10 ml AP buffer containing 
50 µl Nitro Blue Tetrazoliumchloride [NBT; 25 mg NBT dissolved in 1 ml 70% 
dimethylformamide] and 50 µl 5-Bromo-4-Chloro-3-Indolyl phosphate [BCIP; 
10 mg BCIP dissolved in 1 ml dimethylformamide]) until a signal appeared. The 
reaction was stopped with 1 mM EDTA and stored at 4°C in water. 

Incubation of isolated capsular polysaccharides with hydrolases - 100 µg wild type 
and CAP67 polysaccharides were incubated with 10 μl β-glucuronidase (100 U/
μl, G7017, Sigma) or 10 µl hyaluronidase (1 U/µl, H1136, Sigma) overnight at 30°C 
in 50 mM NaAc buffer (pH 5.0) in a total volume of 500 μl. These samples were 
then incubated with 5% (v/v) trichloroacetic acid (TCA) for 30 min on ice and 
centrifuged for 30 min at 14,000 rpm at 4°C. The supernatants containing the 
polysaccharides were dialyzed against water. The dialysis membrane was boiled 
before use (Spectrapore, cutoff 12-14kDa) in water for 15 min. The supernatants 
were subsequently lyophilized and solubilized in 5 ml de-ionized water. Ion 
exchange chromatography was performed with 4.5 ml sample and an untreated 
sample served as control. 

Anion-exchange chromatography - 0.5 to 5 mg polysaccharides were loaded onto a 
1 ml Q-Sepharose column (Amersham Pharmacia, 17-1014-01), which was washed 
with 10 ml water. The column was eluted with 5 ml demi water, 5 ml 100 mM 
NaCl, 5 ml 250 mM NaCl and 5 ml 1 M NaCl. Fractions were dialyzed against water 
(Spectrapore, cutoff 12-14 kDa), and lyophilized. 

Size separation chromatography - Gel-filtration was performed on a Superdex 200 
prep grade column (GE Healtcare Life Sciences), which was equilibrated in 10 mM 
Tris (pH 7.5), 150 mM NaCl. 100-500 µg of isolated polysaccharide was loaded 
onto the column and eluted with 10 mM Tris (pH 7.5), 150 mM NaCl at 0.5 ml/min. 
10 ml fractions were dialyzed against water (Spectrapore, cutoff 12-14kDa) and 
lyophilized. Samples were dissolved in water and aliquots of 1 µl were spotted on 
an aluminium-backed TLC plate (Merck, 1.05735.0001). Carbohydrates were stained 
with orcinol-sulphuric acid (100 mg orcinol, 95 ml methanol, 5 ml conc. sulphuric 
acid) using hot air. Glucose, mannose and galactose were used as standard for the 
semi quantative analysis of polysaccharide content.
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Monosaccharide analysis - Isolated polysaccharides were spotted in different dilutions 
onto a TLC plate and stained with orcinol as described above to estimate the amount 
of polysaccharides in each fraction used for monosaccharide analysis. Fractions were 
subjected to methanolysis (methanolic 1 M HCl, 24 h, 85°C) after addition of 50-100 nmol 
mannitol as internal standard. The resulting mixture of (methyl ester) methyl glycosides 
was trimethylsilylated (hexamethyldisilazane-trimethylchlorosilane-pyridine 1:1:5; 30 
min, room temperature) and analyzed by quantitative gas-liquid chromatography (GLC) 
with flame ionisation detection and gas-liquid chromatography / mass spectrometry 
(GLC-MS). Quantitative GLC analysis was performed on a Chrompack CP9002 gas 
chromatograph, equipped with an EC-1 column (30 m x 0.32 mm, Alltech). GLC-MS was 
carried out on a GC8060/MD800 system (Fisons instruments, Interscience) (EI 70 eV), 
using an AT-1 column (30 m x 0.25 mm, Alltech). In both cases a temperature program 
of 140-240°C at 4°C/min was used. Glucuronic acid is known to be underestimated in 
these type of experiments, and therefore a correction factor was determined by using 
the tetrasaccharide Man(α1-3)[GlcA(β1-2)]Man(α1-3)Man as reference compound. 

The composition of the polysaccharide fractions was derived from the molar ratios of 
the monosaccharides obtained with Quantitative GLC analysis. For GXM the amount 
of mannose was set at 3, which is the number of mannose residues in the repeating 
unit of GXM [12], and for GalXM, the amount of galactose was set at 6, which is the 
number of galactopyranose residues in the repeating unit of GalXM [14]. The amounts 

Figure 1: Size separation on a superdex 200 column of capsular polysaccharides isolated from the 
medium of wild type H99 and a CAP67 mutant. Ref spot is 1 µg of polysaccharide before size separation. 
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of the other monosaccharides were related to mannose or galactose, respectively.

ELISAs for hyaluronic acid - The hyaluronic acid (HA) enzyme-linked immunosorbent 
assay (ELISA) (Corgenix Inc, Denver, CO) was used to assay hyaluronic acid according to 
the manufacturer’s instructions. In short, 1, 10 and 100 µg of purified polysaccharides 
or 107 cells were mixed 1:10 with reaction buffer from the kit and incubated in wells at 
room temperature to trap the polysaccharide. After 60 min, the wells were washed with 
washing buffer according to the manufacturer’s instructions. A solution containing a 
hyaluronic acid-binding protein–HRP conjugate was added to the wells. After 30 min 
incubation, the wells were washed and a chromogenic substrate (tetramethylbenzidine 
/ H2O2) was added. The intensity of the resulting color was measured in optical density 
units with a spectrophotometer at 450 nm. The concentration of hyaluronic acid was 
calculated by comparing the absorbance of the sample against a reference curve 
prepared from the reagent blank and hyaluronic acid reference solutions.

Figure 2: Antibody reactions against fractions of isolated polysaccharides from the medium of wild 
type H99 and a CAP67 mutant separated by size on a superdex 200 column. Ref spot is 1 µg of polysac-
charide before size separation.  Amount of polysaccharides in corresponding (pooled) fractions can be 
found in Figure 1.
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Table 1. Molar ratios of monosaccharides contained in size-fractionated polysaccharides of wild type 
H99 and CAP67 isolated from the GSU culture medium. As a reference, either mannose was set on 3 or 
galactose was set on 6. 

Mannose Galactose Xylose Glucuronic acid
Wild type H99
Fraction 05 - 08 3.0 Trace 2.0 1.1
Fraction 09 - 12 3.0 3.0 1.1 trace
Fraction 13 - 16 3.0 trace trace -
Fraction 17 - 28 3.0 - - -
Fraction 29 - 41 3.0 - - -
CAP67 mutant
Fraction 05 - 08 3.7 6.0 2.5 0.9
Fraction 09 - 12 4.2 6.0 2.5 0.2
Fraction 13 - 41 trace trace trace -

Results 
GC/MS analysis of size separated polysaccharides of wild type and CAP67- Wild type 
and CAP67 polysaccharides isolated from the culture medium were separated 
based on their size by gel-filtration on a Superdex 200 column. TLC analysis showed 
a difference in size distribution between wild type and CAP67 polysaccharides 
(Figure 1). The first fractions of wild type contained more polysaccharides as 
compared to CAP67. On the other hand, CAP67 polysaccharides were more 
abundant in fractions that had eluted late during fractionation. This shows that 
wild type secretes  larger polysaccharides than CAP67. In the next experiment, 
polysaccharides were spotted on nitrocellulose followed by an immuno-detection 
with the polyclonal antisera αH99 and αGalXM. Incubation with αH99, which 
preferentially recognizes GXM and to a lesser extent GalXM, indicated that the 
first fractions of wild type contained GXM (Figure 2). Incubation with αGalXM, 
which preferentially reacts with GalXM and to a lesser extent with GXM, indicated 
that GalXM was present in fractions containing large and small polysaccharides 
(fractions 5-41) (Figure 2). In contrast, all fractions of the CAP67 mutant were 
reactive with both polyclonal antisera used. Monosaccharide composition was 
determined to confirm the identity of the carbohydrates in the fractions. GXM was 
detected in especially fractions 5-8 of the wild type strain, whereas GalXM was 
shown to be present in fractions 9-12 (Table 1). Fractions 13-41 that contain the 
smaller polysaccharides consisted only of mannose (Table 1). All CAP67 fractions 
containing polysaccharides revealed a monosaccharide ratio matching GalXM. 
However, glucuronic acid was also detected in these fractions (Table 1).
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Ion-exhange chromatography with polysaccharides of wild type and the CAP67 mutant 
treated with glucuronidase- Polysaccharides isolated from wild type H99 and the CAP67 
mutant strain were incubated with β-glucuronidase (Sigma G7017) that hydrolyses 
glucuronic acid bonds in polysaccharides. Reaction products were separated by anion 
exchange chromatography (Q-sepharose). TLC showed that wild type polysaccharides 
treated with β-glucuronidase eluted at lower ionic strength from the column (E1 and 
E2 in Figure 3) and some material did not even bind anymore (F and W fractions in 
Figure 3). Material in fractions E1 and E2 reacted with the polyclonal antiserum αH99 
(Figure 3). No large changes were detected with polysaccharides reacting with the 
αGalXM serum. Treatment of the CAP67 polysaccharides with β-glucuronidase did 
not change the separation on the anion exchange column (Figure 3). This indicates 
that this β-glucuronidase was unable to hydrolyse the glucuronic acid bond between 
the glucuronic acid and the GalXM polysaccharide. 

Absence of hyaluronic acid in polysaccharides and on cell walls of wild type and 
CAP mutants- The results so far indicate that GalXM of the CAP67 mutant, and 
possibly of the wild type as well, binds to the anionic exchange column due to the 
presence of a covalently linked charged glucuronic acid. Presence of glucuronic 

Figure 3: Thin layer chromatography (TLC) and antibody reactions of polysaccharides isolated from the 
medium of wild type H99 and the CAP67 mutant after Q-sepharose ion-exchange chromatography. 
Polysaccharides were either or not treated with β-glucuronidase. Ref spot is 0.1 µg of polysaccharide 
before treatment with β-glucuronidase and ion exchange chromatography. F = Flow-through, W = 
wash, E1 = elution with 100 mM NaCl, E2 = elution with 250 mM NaCl and E3 = elution with 1 M NaCl. 
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acid could also be explained by an interaction of hyaluronic acid with GalXM 
although N-acetylglucosamine was not detected in the polysaccharide fraction, 
due to limitations in the method used to determine the monosaccharide content 
with GC-MS. ELISA did not detect  hyaluronic acid in the polysaccharide fractions 
of wild type and CAP mutants (Figure 4). Levels of hyaluronic acid were far less 
than 1 ng/10 μg of PS. Furthermore, hyaluronic acid was not detected on cells of 
wild type or CAP mutants when grown in GSU medium (Figure 5). The detection 
of hyaluronic acid on cells grown in YEPD could be attributed to a component 
in the medium (Figure 5). This component, which associates to the cell surface, 
could be washed away with PBS. Incubation of isolated polysaccharides of wild 
type and the CAP67 mutant with a hyaluronidase enzyme showed no effect on 
the behaviour the polysaccharides on an anion-exchange column (Q-sepharose), 
also indicating that hyaluronic acid was not present in the polysaccharides 

Figure 4: Detection of hyaluronic acid in polysaccharides (PS) isolated from the medium of wild type 
(A-C; K) and CAP mutants (D-J ; L). A standard curve of purified hyaluronic acid was used in the ELISA 
in the range of 0.5-8 ng/10 µl (50-800 ng/ml). 10 µg (A), 100 µg (B) and 1 mg (C) wild type PS ; (D) 10 µg 
CAP10 PS ; 10 µg (E) and 100 µg (F) CAP59 PS; (G) 10 µg CAP60 PS ; 10 µg (H) and 100 µg (I) CAP64 PS ; 
(J), 10 µg CAP67 PS. Wild type (K) and CAP67 (L) PS elution fraction from ion exchange column ; 10 µg 
purified GXM (M) and GalXM (N).   
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isolated from the medium (data not shown). Taken together, these results show 
that hyaluronic acid is absent at the cell surface and in the medium of the wild 
type and the CAP mutants. 

Discussion
Recently, it was reported that hyaluronic acid is part of the capsule of C. 
neoformans [16, 17]. This polysaccharide was localized as a distinct layer at the 
inner part of this structure of wild type cells but was absent in a mutant in which a 
putative hyaluronic acid synthase gene, called CPS1, was deleted. Hyaluronic acid 
is a repeating disaccharide structure of glucuronic acid and N-acetylglucosamine. 
Glucuronic acid was shown to be present in GalXM containing fractions of wild 
type and CAP mutants (Chapter 3). Although N-acetylglucosamine was not 
detected in the sugar analysis it could not be excluded that the glucuronic acid in 

Figure 5: Detection of hyaluronic acid  on the cell surface of 107 cells (109 cells / ml) of wild type H99 and 
the CAP10 mutant. A standard curve of purified hyaluronic acid was used in the ELISA in the range of  
0.5-8 ng/10 µl (50-800 ng/ml). Wild type (A) and CAP10 (B) grown in YEPD; Wild type (C) and CAP10 (D) 
grown in GSU; Wild type (E) and CAP10 (F) grown in YEPD and washed in phosphate buffered saline 
(PBS); YEPD (G) and GSU (H) medium served as a control.
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the GalXM containing fractions was the result of an interaction of the polymer with 
hyaluronic acid. Here, however, it was shown that hyaluronic acid is absent in these 
fractions. ELISA showed that this polymer contributes to far less than 0.01% of the 
polysaccharides that are secreted into the medium by the wild type and the CAP 
mutants. Hyaluronic acid could also not be detected at the cell surface of wild type 
and CAP10 cells that were grown in YEPD (acapsular conditions) or GSU medium 
(capsule inducing conditions). A strong background signal was found in YEPD 
medium. YEPD consists of yeast-extract and peptone derived from mammalian 
proteins. Hyaluronic acid, being abundant in mammalian tissue, may contaminate 
these hydrolysed proteins. This raises the question whether the conclusion that 
hyaluronic acid is present at the cell surface of wild type cells [16, 17] is in fact 
due to an artefact, originating from YEPD. It cannot be excluded, however, that 
the layer of hyaluronic acid is not surface exposed and is therefore shielded from 
hyaluronic specific antibodies and enzymes active on hyaluronic acid. 

Previously, polysaccharides of wild type and CAP mutants were fractionated by 
anion exchange chromatography (Chapter 3). Here, the polysaccharides were 
separated by gel filtration. GXM and GalXM of the wild type could be separated. 
The GalXM fraction contained glucuronic acid, although less than that found 
in the GalXM containing fractions of CAP67. This and the fact that part of the 
GalXM produced by the wild type strain interact with an anion exchange column 
(Chapter 3), show that wild type GalXM, like that of CAP mutants, also contains 
glucuronic acid. Apart from GalXM and GXM, mannose containing polymers 
were detected in the polysaccharides of wild type H99. These relatively small 
molecules might represent the mannose backbone of GXM without side chains 
of xylose and glucuronic acid. The mannose polymers were not detected in the 
CAP67 mutant. 

Polysaccharides from the wild type strain were sensitive to β-glucuronidase 
treatment. The affinity for anion exchange column was decreased. Immuno 
detection indicated that this is most likely due to the removal of (part) of the 
glucuronic acid residues in GXM. The polysaccharides from CAP67 were not 
sensitive for β-glucuronidase. Possibly, glucuronic acid is not linked to GalXM via  
β2- linkages, like it is in the GXM repeating unit (Figure 2, Chapter 1) or are shielded 
for the enzyme through the structure of GalXM. Alternatively, after hydrolyzing 
the glucuronic acid bonds, other, stronger bonds may be formed between the 
GalXM polymer and free glucuronic acid.
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Abstract
The capsule of Cryptococcus neoformans is one of the main virulence factors 
of this opportunistic human pathogen. It consists of the polysaccharides 
GlucuronoXyloMannan (GXM) and GalactoXyloMannan (GalXM). Recently, vesicles 
have been identified in the cell wall and the culture medium of C. neoformans that 
contain proteins implicated in virulence as well as GXM. This suggests that these 
vesicles are involved in transport of these components from the intracellular to 
the extracellular environment. Mutants in CAP genes lack a visible capsule and are 
affected in the production of the major polysaccharide GXM. Here, it is shown by 
electron microscopy that extracellular vesicles are not only produced by wild type 
cells but also by CAP10 and CAP67 mutants. Glucosylceramide was identified as 
one of the lipids that is present in the vesicle containing fractions. Immuno-gold 
labeling indicated the absence of GalXM in the extracellular vesicles of the wild type 
strain and the CAP10 and CAP67 mutants. On the other hand, GXM was localized 
both inside and outside these vesicles of the wild type strain, whereas labeling was 
absent in case of the CAP10 and CAP67 mutants. Taken together, these data show 
that formation of extracellular vesicles is not affected in the CAP10 and CAP67 
mutants and that probably GXM but not GalXM is transported by these vesicles. 
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Introduction
Cryptococcus neoformans serotypes A (var. grubii [1]) and D (var. neoformans [2]) 
are the causative agents of cryptococcosis, of which the most common clinical 
outcome is meningo-encephalitis. This disease is related to immunocompromised 
patients but can also occur in immuno-competent individuals [3-5]. One of the 
main virulence factors is the polysaccharide capsule [6-11]. This capsule enables 
the yeast-like fungus to survive the harsh environment of the human body 
by its immuno-modulatory properties that enable immune-evasion and by 
preventing killing through phagocytosis by macrophages [12, 13]. A minor part of 
the capsule consists of mannoproteins [14], whereas the main part is composed 
of GlucuronoXyloMannan (GXM) and GalactoXyloMannan (GalXM). These 
polysaccharides occur in a mass-ratio of about 10 : 1 [8, 15, 16]. GXM is a polymer 
that consists of the monosaccharides mannose, xylose and glucuronic acid and its 
Mw ranges between 1-7 Mda. GalXM is a polymer consisting of galactose, mannose 
and xylose and is only 100 kDa in weight (Figure 2, Chapter 1) [17]. 

Relatively little is known how Cryptococcus capsular polysaccharides are transported 
from the site of synthesis to the extracellular space. Increasing evidence indicates 
that these cell surface components, i.e. at least GXM, are synthesized in the 
cytoplasm and are exported to the exterior via secretory vesicles [18]. From the 
fact that GXM containing vesicles have been detected in the cell wall and in the 
medium of the wild type [18-24] it was proposed that these vesicles mediate 
transport of this capsular polysaccharide across the cell wall [25-27]. These 
extracellular vesicles vary in size from 50 to 300 nm and consist, amongst others, 
of glucosylceramide and ergosterol [28-32]. They carry besides GXM also proteins, 
some of which have been implicated in virulence [25]. The finding that a mutation 
in the Sec4/Rab8 GTPase homologue affected both protein and polysaccharide 
secretion and resulted in intracellular accumulation of vesicles containing GXM 
[26] also indicate a common pathway for secretion of proteins and capsular 
polysaccharides. Whether GalXM is transported in this way is unclear. At least, 
vesicles have been shown to be present in the cell wall and medium of a CAP67 
mutant [25]. How these vesicles cross the cell membrane and cell wall is unknown 
but recent research shows evidence for tubular stacks that traverse the cell wall. 
A group of lipids, the oxylipids, have been found to be associated to the extra-
cellular capsule. They seem to be released through these tubular stacks that have 
a length ranging from 30 to 400 nm [33-35].
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Deposition and assembly of capsule polysaccharides has been subject of extensive 
research [17, 36-42], of which the latest model involves distal growth of the capsule 
[40]. This supports the transport vesicles theory, in which the polysaccharides 
are released in the extra-cellular space, after which they somehow attach to the 
existing capsule. GXM assembly seems to involve divalent cation-mediated self-
aggregation of extracellular accumulated molecules [43]. These polysaccharides 
would be released from the extracellular vesicles. In agreement with this 
mechanism, acapsular mutants (see below) attained a GXM layer at their surface 
after incubation with GXM loaded vesicles [25].

Mutational analysis has revealed four genes, called CAP10, 59, 60 and 64 that are 
involved in capsule formation. Inactivation of these genes results in an acapsular 
phenotype [44-49]. The precise role of these CAP proteins is unknown. It was 
recently shown that GalXM production seems not to be affected in CAP mutants. In 
contrast, these mutants only secrete a small amount of a GXM-like polymer (Chapter 
3, 4). The CAP mutants can bind isolated GXM from wild type cells (Chapter 3 and 
6), indicating that the absence of the capsule indeed is probably due to a defect in 
GXM synthesis or transport and is not caused by a cell wall binding defect of this 
polysaccharide to α3 glucan (Chapter 6) [50, 51]. Here, it is shown that the reduced 
GXM levels in the CAP10 and CAP67 mutants, and probably the other CAP mutants 
as well, is not due to a failure in the production of extracellular vesicles, suggesting 
that synthesis and not transport of GXM is affected in the CAP mutants. Moreover, 
immuno-labelling did not localize GalXM in these vesicles, indicating that this 
polysaccharide is not co-transported with GXM over the cell wall.

Experimental procedures 
Strains and purified polysaccharides - C. neoformans serotype A strain H99, its four 
isogenic derivatives with deletions in the CAP10, 59, 60 and 64 genes [52] and the 
serotype D CAP67 mutant (ATCC 52817) were used in this study. 

Growth conditions - C. neoformans was routinely grown at 30°C and 200 rpm in 
Yeast-Peptone-Dextrose (YEPD) (2% (w/v) peptone, 1% (w/v) yeast extract, 2% 
(w/v) dextrose). Capsule production was induced under iron-limiting conditions in 
Glucose-Salts-Urea (GSU) medium (2% (v/v) glucose, 21.5 mM urea, 10 mM KH2PO4, 
1.2 mM MgSO4⋅7H2O, 1 µM MnCl2⋅4H2O, 10 µM FeSO4⋅7H2O, 10µM ZnSO4⋅7H2O, 1.2 
µM CuSO4⋅5H2O, 100 µM CaCl2⋅2H2O, 10 µg/l biotin and 2 mg/l thiamin) [16]. 
Antibodies against capsule polysaccharides - The polyclonal antisera αH99 and 
αGalXM have been raised in rabbits against intact heat-inactivated cells of  
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C. neoformans strain H99, and against GalGlcXM from C. laurentii, respectively [53]. 
Both antisera were pre-incubated three times with 109 cells of S. cerevisiae NMY3Z 
for 1h at room temperature to remove aspecific antibodies that could potentially 
bind yeast cell-wall components.

Polysaccharide isolation - Strains were grown in 50 ml GSU for 5 days, resulting in 
approximately 1x109 CAP10 cells per ml and 5x109 cells per ml for the other strains. 
Cells were collected by centrifugation for 15 min at 10,400 g. The supernatant was 
filtered over a 0.22 µm filter (Millipore, SIGP033RS) and the eluate was concentrated 
to 100-300 µl with a Centricon Plus-20 column (cut-off 30 kDa; Millipore) according 
to the manufacturer’s manual. Before use, the column was rinsed with deionised 
water. The eluate, containing the polysaccharides, was dialyzed against water 
(Spectrapore, cut-off: 12–14 KDa, dialysis membrane was boiled in water for 10 
min prior to use) and lyophilized. 100-300 mg of polysaccharides were isolated 
from wild type cells, and 10-30 mg from CAP mutants.

Lipid extraction- Lipids were extracted from the purified polysaccharides according 
to the method of Bligh and Dyer [54]. 200 µL chloroform and 400 µL methanol (PA 
quality) were added to 10-30 µg of polysaccharides (dissolved in 200 µL water). This 
mixture was vortexed vigorously and incubated for 20 min at room temperature or 
over-night at 4°C. 200 µL water and 200 µL chloroform were added and the mixture 
was vortexed vigorously and centrifuged at 10.600 x g in an eppendorf centrifuge for 
30 seconds. The chloroform phase was collected and the water phase was washed 
again with chloroform to extract residual lipids. This pooled fraction was dried in 
a speedvac (Speedvac SC100 model RH 40-11, Sarvant Instruments Inc.) and the 
resulting lipids were dissolved in 100 µL  chloroform/methanol (2:1). The composition 
of the extracted lipids was analysed by Thin Layer Chromatography (TLC). 20 µL 
dissolved lipids were spotted on an HPTLC plate (Merck, 1.05641.0001), separated 
in chloroform:methanol:water (65:25:4) and stained with orcinol / sulphuric acid by 
heating. This visualized lipids containing monosaccharides. Prolonged heating of 
the TLC plate was used to visualise all carbon-containing components (charring).

Electron microscopy, cryosectioning and immunogold labeling - Ultramicrotomy and 
immuno-gold labeling of cryo-sections was performed as described previously 
[55]. An aliquot of 25 µl of 170-500 times concentrated culture medium (see 
polysaccharide isolation) was mixed with an equal volume of 10% gelatine in PBS 
and placed on ice. Material was fixed for 30 min on ice in 2% paraformaldehyde 
and 0.2% glutaraldehyde in PBS (phosphate buffered saline). Fixative was removed 
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and 50 mM glycine in PBS was added to block residual fixative. After 30 min, the 
embedded material was cut into cubes and equilibrated in 2.3 M sucrose in PBS. 
Sections (± 70 nm) were cut for electron microscopy with a cryo-ultramicrotome 
(UC6; Leica Microsystems, Vienna, Austria). Sections were collected on 2.3 M 
sucrose in PBS and transferred to formvar/carbon coated nickel grids. Immuno-
labeling of polysaccharides was performed with antiserum directed against GXM 
(αH99, 1:5000) or GalXM (αGalXM, 1:1000) in PBS, 0.5% bovine serum albumine and 
0.2% gelatine. Protein A with 5 nm gold (Cell Biology, Utrecht University; 1:70) was 
used to detect the primary antibody. Sections were observed in a Technai electron 
microscope at 80-100kV. Size distribution of vesicles was determined using the 
AnalySIS Pro software package (version 3.2, Soft Imaging System, GmbH).

RNA isolation - Strains were grown for 5 days in GSU medium at 30 °C. 2109 cells were 
collected by centrifugation at 20,800 g for 2 min. 600 µl glass beads (diameter 0.5 
mm), 600 µl lysis buffer (RLT buffer (Qiagen RNEasy kit) and 10 µl β-mercapto-ethanol 
(10 mg/ml) were added and cells were disrupted at 4 °C with 6 cycles of 1 min in a 
bead-beater (Micro-Dismembrator S, B. Braun Biotech International). The lysate was 
transferred to a 2 mL eppendorf tube and centrifuged at 20,800 g for 1 min to remove 
cell debris. RNA was extracted from the supernatant using the RNeasy kit (Qiagen, 
Valencia, CA, USA). The RNA concentration was measured with a nanodrop ND-1000 
(NanoDrop Technologies Inc., Wilmington, DE, USA) and RNA quality was checked 
using an Agilent 2100 BioAnalyzer (Agilent Technologies, Palo Alto, CA, USA). RNA 
with an integrity number (RIN) >7  were used for further analysis. 

Microarray hybridization and validation - Microarrays of the serotype D C. neoformans 
strain JEC21 were used that contain oligonucleotides of 7738 genes (in duplicate) 
as well as 74 controls (for details see http://genome.wustl.edu/activity/ma/
cneoformans/). The microarrays were hybridized at ServiceXS, Leiden, The 
Netherlands (http://www.servicexs.com/) with RNA from wild type and the 
CAP10 mutant. Unmodified cRNA samples were prepared as described in the 
MessageAmpTM aRNA Amplification Kit Manual (Ambion) using 1 ug of RNA as 
template. cRNA was covalently labelled with Cy3 or Cy5 with the ULSTM- Non-
enzymatic labelling technology (Kreatech, The Netherlands). Samples (0.8–1.5 µg 
fluorescent labelled cRNA) were hybridized according to a replicated dye swap 
design, where a control and mutant sample were compared on two arrays. Pre-
hybridisation (25% formamide, 5x SSC (1× SSC is 0.15 M NaCl plus 0.015 M sodium 
citrate), 0.1% SDS, 1% BSA) was performed for 45 minutes at 42 °C followed by 
5 washes with ddH2O. After rinsing with isopropanol, slides were dried using 
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compressed nitrogen. Slides were hybridized in 25% formamide, 5x SSC, 0.1% SDS, 
0.2 µg/µl herring sperm, 50% Kreablock overnight at 42 °C. This was followed with 
washing with 1x SSC/0.2% SDS, 0.1x SSC/0.2% SDS, 0.1x SSC, and 0.001x SSC, for 10 
min each. After drying the slides with compressed nitrogen, images of the arrays 
were acquired using an Agilent DNA MicroArray Scanner (Agilent Technologies, 
Palo Alto, CA, USA). Data extraction and analysis was performed at the MicroArray 
Department (MAD) of the University of Amsterdam (Amsterdam, The Netherlands) 
using Feature Extraction 9.5.1 software (Agilent).

Data Analysis and Statistics - Outlier removed median signals were used for 
quantifying spot intensities. Further processing of the data was performed using 
R 2.5.0 and Bioconductor 2.0. Slides were subjected to a set of quality control 
checks, i.e. visual inspection of the scans, examining the Agilent quality control 
reports, examining the consistency among the replicated samples by principal 
components analysis (PCA), testing against criteria for foreground and background 
signals, testing for consistent performance of the labelling dyes, checking for spatial 
effects through pseudo-colour plots, and inspection of pre- and post-normalized 
data with box plots and ratio-intensity (RI) plots. After log2 transformation, 
the data was normalized by a regional lowess smoothing procedure (maanova 
package). The duplicate spots were collapsed by taking averages and the data 
was analyzed for differential gene expression using the Limma package. The 
unbalanced technical replication was handled by adjusting the design matrix and 
the contrast matrix such that the fold-changes are first averaged for the technical 
replicates before doing the actual test. To account for multiple testing, p-values 
from the testing procedure were adjusted to represent a false discovery rate (FDR) 
of 5%. Normalized values can be found in the Supplemental data S2 of Chapter 2.

Results
Lipid analysis- Recently, it was described that C. neoformans wild type and the 
acapsular mutant CAP67 produce extracellular vesicles [25]. Here it was assessed 
whether lipid vesicles are also present in other CAP mutants. Lipids were extracted 
from concentrated culture medium of serotype A wild type strain H99 and the 
CAP10, CAP59, CAP60, CAP64 and CAP67 mutants (the latter is a serotype D 
strain with a mutation in the CAP59 gene). Glycolipids were detected in all the 
culture media in similar amounts (Figure 1). A lipid was detected that migrated 
at a similar position as the glucosylceramide reference at the TLC-plate. This lipid 
stained positively with orcinol, indicating the presence of carbohydrate. A variety 
of other lipids were detected that did not stain with orcinol but were visualized 
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by prolonged heating (charring) of the TLC plate indicating all carbon-containing 
components (Figure 1). The identity of these other lipids has not been determined. 
However one abundant lipid in the front of the TLC is most likely ergosterol. 

Electron Microscopy- EM on cryo-sections of isolated polysaccharides purified from 
the wild type H99 strain showed vesicles of variable size (Figure 2A-F). Immuno-
gold labelling with the polyclonal antiserum αH99 localized GXM inside and outside 
the vesicles (Figure 2A-D). The immuno-reactive vesicles were either or not stained 
by uranyl acetate, which is indicative for the presence of proteins. The polyclonal 
antiserum αGalXM reacted with polysaccharides outside vesicles (Figure 2G) but 
hardly labelled vesicles (Figure 2E, F). This suggests that GalXM is not present in 
vesicles. EM analysis showed that the culture medium of the CAP10 and CAP67 
mutants also contained vesicles (Figure 2I, J). The polyclonal antiserum αGalXM 
labelled polysaccharides outside (Figure 2H) but not inside the vesicles (Figure 2I, 
J). Moreover, virtually no labelling was observed when immuno-gold labelling was 
performed with the antiserum directed against GXM (data not shown).

Figure 1. Lipids isolated from the cul-
ture medium of wild type H99 (1), 
CAP10 (2), CAP59 (3), CAP60 (4), CAP64 
(5) and CAP67 (6) were spotted on 
an HPTLC plate and separated with 
chloroform:methanol:water (65:25:4). 
The plate was stained with orcinol / 
sulphuric acid by prolonged heating 
showing all carbon-containing compo-
nents. Glucosylceramide from soybean 
(7) and phospholipids from E. coli (PE 
and PG) (8) were used as a control. 
Arrows indicate position of ergosterol 
(a) and glucosylceramide (b). Reduced 
amount of lipids in the medium of 
CAP10 is explained by its 5-fold reduced 
growth when compared to the other 
strains.
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The size distribution of the extracellular vesicles was analysed. Vesicles produced by 
the wild type and the CAP67 mutant had a similar distribution, ranging from 30 to 500 
nm. A few vesicles of very large size were detected in the concentrated culture medium 
of the wild type strain (Figure 3). The size distribution of the vesicles produced by the 
CAP10 mutant was more homogeneous and showed two distinct populations, one 
between 30 and 70 nm and the other between 120 to 140 nm (Figure 3). The number 
of vesicles smaller than 100 nm was 70% in all the three strains.

Figure 2: Immuno-localization of 
GXM and GalXM in the concen-
trated culture medium of wild 
type and the CAP10 and CAP67 
mutants. Free polysaccharides and 
vesicles from wild type H99 (A-F); 
Free polysaccharides from wild 
type H99 (G) and CAP10 (H); Free 
polysaccharides and vesicles from 
CAP10 (I) and CAP67 (J). A-D and E-J 
are labelled with αH99and αGalXM, 
which mainly bind to GXM and 
GalXM, respectively. Bar represents 
0.2–1 µm.
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Micro-array analysis of proteins present in extra-cellular vesicles- 101 proteins were 
identified associated with (cargo of) the extracellular vesicles of the wild type [56]. 
Expression of the encoding genes was assessed in the wild type and the CAP10 
mutant after 5 days of growth in GSU medium under capsule inducing conditions. 
74 out of 101 genes were differentially expressed when comparing the wild type 
H99 strain with the CAP10 mutant. 7 genes were down-regulated (Table 1) and 67 
genes were up-regulated (Table 2). Of the total set, only 7 genes had a changed 
expression level of 2-fold or more (Table 3). 6 of these genes were upregulated, one 
was down-regulated. The latter encodes a putative glutamine synthetase, which is 
an enzyme that plays an essential role in the metabolism of nitrogen by catalysing  
the condensation of glutamate and ammonia to form glutamine. Amongst the 
genes that were down-regulated less than 2-fold were a putative catalase A, 
which plays a role in anti-oxidant defence and genes encoding a cytochrome c 
oxidase polypeptide IV mitochondrial precursor and a cruciform DNA binding 
HMP1 protein. Amongst the group of 67 up-regulated genes, 9 are involved in 
pathogenesis, 8 in sugar or lipid metabolism, 9 in amino acid metabolism, and 2 
genes encode plasma membrane proteins. The remaining genes were assigned a 

 Figure 3. Size distribution of wild type, CAP10 and CAP67 vesicles. 
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function in general cellular processes. Amongst the genes involved in pathogenesis 
two thiol-specific antioxidant proteins were up-regulated more than 2-fold. A 
UDP-glucose dehydrogenase that is involved in capsule biogenesis and growth at  
37º C and the UXS1 gene, which is a UDP-glucuronic acid decarboxylase involved in 
addition of xylose side chains to GalXM and GXM [57] were upregulated less than 
two-fold. Furthermore, 2 heat shock proteins, and a protein homologous to RAS2, 
involved in mating and growth at high temperatures [58] were found to be slightly 
up-regulated. Amongst the genes involved in sugar and lipid metabolism a citrate 
synthase involved in energy metabolism and a phosphogluconate dehydrogenase, 
involved in the pentose phosphate pathway were regulated more than 2-fold. The 
other, less than 2-fold regulated genes in this group were a malate dehydrogenase 
involved in the conversion of malate into oxaloacetate, a putative long-chain 
fatty acid transporter, a glyceraldehyde-3-phosphatedehydrogenase (GAPDH), an 
isocitrate dehydrogenase, involved in the citric acid cycle, a pyruvate decarboxylase, 
involved in the decarboxylation of pyruvic acid to acetaldehyde and carbondioxide, 
and a phosphopyruvate hydratase (enolase), which is a cell wall constituent in 
Candida albicans. The remaining 2 genes that were regulated more than 2-fold were 
a ribosomal protein and a putative riboflavin aldehyde-forming enzyme.

Table 1. Genes encoding proteins associated with (cargo of) extracellular vesicles [56] that are down-regu-
lated in CAP10 compared to wild type when grown in GSU medium under capsule inducing conditions.

Process Broad ID H99 TIGR ID JEC21 Log2R Description

Unknown CNL04890 CNAG_05132.1 -0.39 cytochrome c oxidase 
polypeptide IV 
mitochondrial precursor

nuclear_pro CNL05670 CNAG_01648.1 -0.73 Histone H4 DNA assembly

Unknown CNE04080 CNAG_02129.1 -0.90 C. neoformans conserved 
hypothetical protein 

plasma_membrane_
prot 

CNC00310 CNAG_03058.1 -1.13 Hmp1 protein. Similar to 
alpha-catenins, proteins 
found in complexes with 
cadherin cell adhesion.

Pat_immune CNA05600 CNAG_00575.1 -1.57 Catalase A. C. neoformans 
anti-oxidant defense.

Unknown CNC02530 CNAG_01751.1 -1.89 Cryptococcus neoformans 
hypothetical protein

prot_AA_
metabolism 

CNA04370 CNAG_00457.1 -2.94 Glutamine synthetase 
Amino acid metabolism 
Cap67
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Table 2. Genes encoding proteins associated with (cargo of) extracellular vesicles [56] that are up-regulated 

in CAP10 compared to wild type when grown in GSU medium under capsule inducing conditions.

Process Broad ID H99 TIGR ID JEC21 Log2R Description

cytoskeleton_Prot CNA04650 CNAG_00483.1 1,19 Actin Cytoskeleton protein

cytoskeleton_Prot CNC03260 CNAG_01840.1 0,90 Tubulin beta chainCytoskeleton 
protein Cap67

miscellaneous CNF02280 CNAG_05750.1 1,63 ATP synthase alpha chain, 
mitochondrial precursor. ATP 
synthesis.

miscellaneous CNF00570 CNAG_05918.1 1,32 ATP synthase beta chain. ATP 
synthesis.

miscellaneous CNC06440 CNAG_01539.1 1,23 Inositol-3-phosphate synthase. 
Metabolism of inositol-containing 
molecules Cap67

miscellaneous CNC05830 CNAG_02974.1 1,16 Voltage-dependent ion-selective 
channel. Membrane transport Cap67

miscellaneous CNC00920 CNAG_01577.1 0,49 Glutamate dehydrogenase. Urea 
synthesis Cap67

Pat_immune CNK00130 CNAG_06917.1 3,26 Thiol-specific antioxidant protein C. 
neoformans, resistance to nitric oxide 
andperoxide

Pat_immune CNL06460 CNAG_04969.1 1,77 UDP-glucose dehydrogenase C. 
neoformans growth at 37oC and 
capsule biosynthesis.

Pat_immune CNG02560 CNAG_03322.1 1,35 UDP-glucuronic acid decarboxylase 
Uxs1p. Converts UDP-glucuronic acid 
to UDP-xylose.

Pat_immune CNB03790 CNAG_03891.1 1,21 60 kDa chaperonin. Chaperone Cap67

Pat_immune CNM01520 CNAG_06150.1 0,97 Heat shock protein 90. Chaperone 
Cap67

Pat_immune CNL03930 CNAG_05235.1 0,95 14-3-3 protein. Cell cycle regulation in 
C. neoformans

Pat_immune CNC04200 CNAG_02801.1 0,82 Thioredoxin.  Protection against 
oxidative stress, survival in 
macrophages, C. neoformans virulence. 

Pat_immune CNJ01920 CNAG_04762.1 0,77 Ras2. Mating and high temperature 
growth in C. neoformans 

Pat_immune CNC02320 CNAG_01727.1 0,73 Heat shock 70 kDa protein 2. 
Chaperone

plasma_
membrane_prot 

CNM01080 CNAG_06101.1 0,89 ADP/ATP carrier. ATP/ADP 
translocation, multipass membrane 
protein Cap67

plasma_
membrane_prot 

CNN01260 CNAG_06400.1 0,36 Plasma membrane H(+)-ATPase Proton 
pump Cap67

prot_AA_
metabolism 

CNK02310 CNAG_01890.1 1,88 5-methyltetrahydropteroyl-
triglutamatehomocysteineS-
methyltransferase
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prot_AA_
metabolism 

CNA04310 CNAG_00450.1 1,38 3-Isopropylmalate dehydrogenase 
Aminoacid metabolism Cap67

prot_AA_
metabolism 

CNM01300 CNAG_06125.1 1,37 Translation elongation factor 1alpha 
Protein synthesis 

prot_AA_
metabolism 

CNF02480 CNAG_05725.1 1,34 Acetohydroxyacid reductoisomerase 
Aminoacid metabolism

prot_AA_
metabolism 

CNJ00410 CNAG_04601.1 1,07 Glycine hydroxymethyltransferase. 
Aminoacid metabolism Cap67, H99

prot_AA_
metabolism 

CND00700 CNAG_00930.1 0,70 Argininosuccinate synthase Aminoacid 
metabolism Cap67

prot_AA_
metabolism 

CNA04240 CNAG_00441.1 0,69 IMP dehydrogenase Oxidation of 
inosine 5 monophosphate (IMP) to 
xanthosine 5monophosphate

prot_AA_
metabolism 

CNA07620 CNAG_00785.1 0,50 Translation initiation factor Protein 
synthesis Cap67

prot_AA_
metabolism 

CNA03330 CNAG_00370.1 0,47 Ubiquitin-carboxy extension 
proteinfusion. Post-translational 
protein modification 

Rib_prot CNF02150 CNAG_05762.1 2,00 Ribosomal protein P2. Ribosomal 
protein Cap67

Rib_prot CNF03840 CNAG_06633.1 1,98 40S ribosomal protein S15. Ribosomal 
protein Cap67

Rib_prot CNI04340 CNAG_04114.1 1,69 40S ribosomal protein S0 

Rib_prot CNE03920 CNAG_02144.1 1,56 60s ribosomal protein l1-a 

Rib_prot CNG02920 CNAG_03283.1 1,55 60S ribosomal protein L24 

Rib_prot CNA00250 CNAG_00034.1 1,48 60s ribosomal protein l9 

Rib_prot CNA02220 CNAG_00232.1 1,45 60s ribosomal protein l30-1 

Rib_prot CNA07570 CNAG_00779.1 1,40 Ribosomal protein l27

Rib_prot CNB04930 CNAG_04011.1 1,36 60s ribosomal protein l37a

Rib_prot CNA06360 CNAG_00656.1 1,35 60s ribosomal protein l7 

Rib_prot CNN01720 CNAG_06447.1 1,33 60s ribosomal protein l17 

Rib_prot CNC04350 CNAG_02818.1 1,31 Ribosomal protein S11

Rib_prot CNM01020 CNAG_06095.1 1,29 Ribosomal protein L13

Rib_prot CNC06990 CNAG_01480.1 1,19 Ribosomal protein L12 

Rib_prot CNA07490 CNAG_00771.1 0,83 Ribosomal protein L35

Rib_prot CNF04150 CNAG_06605.1 0,63 Ribosomal protein S2 

sugar_lipid_
metabolism 

CNK01050 CNAG_02620.1 2,60 Phosphogluconate 
dehydrogenase*(decarboxylating) 
Pentose phosphate pathway

sugar_lipid_
metabolism 

CNG03490 CNAG_03225.1 1,92 Malate dehydrogenase* Conversion 
of malate into oxaloacetate; major 
antigen in P.brasiliensis
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sugar_lipid_
metabolism 

CNA00510 CNAG_00061.1 1,84 Citrate synthase Energy metabolism 

sugar_lipid_
metabolism 

CNC00160 CNAG_03072.1 1,18 Phosphopyruvate hydratase (enolase) 
Cell wall constituent in Candida

sugar_lipid_
metabolism 

CNJ00950 CNAG_04659.1 1,17 Pyruvate decarboxylase 
Decarboxylation of pyruvic acid to 
acetaldehyde and carbondioxide

sugar_lipid_
metabolism 

CNM01420 CNAG_06140.1 0,76 Long-chain fatty acid transporter Fatty 
acid biosynthetic process 

sugar_lipid_
metabolism 

CNB04090 CNAG_03920.1 0,72 Isocitrate dehydrogenase Citric acid 
cycle 

sugar_lipid_
metabolism 

CNB04090 CNAG_03920.1 0,59 Isocitrate dehydrogenase Citric acid 
cycle 

sugar_lipid_
metabolism 

CNF03160 CNAG_06699.1 0,40 Glyceraldehyde-3-
phosphatedehydrogenase (GAPDH) 
Glucose metabolism, secreted enzyme 

Unknown CNG01100 CNAG_03482.1 3,13 thiol-specific antioxidant protein 1

Unknown CNN00760 CNAG_06346.1 2,21 riboflavin aldehyde-forming enzyme

Unknown CNJ00800 CNAG_04640.1 2,18 ATP-citrate synthase

Unknown CNJ02260 CNAG_04799.1 1,71 ribosomal protein

Unknown CND02790 CNAG_01153.1 1,56 40S ribosomal protein S13

Unknown CND03460 CNAG_01224.1 1,55 60S ribosomal protein L18

Unknown CNA06500 CNAG_00672.1 1,50 ribosomal protein S11

Unknown CNB02750 CNAG_03780.1 1,50 40S ribosomal protein S16

Unknown CNJ01560 CNAG_04726.1 1,25 60s ribosomal protein l20 (yl17)

Unknown CNG02220 CNAG_03358.1 1,06 phosphoglycerate kinase

Unknown CNA06350 CNAG_00655.1 1,05 60S acidic ribosomal protein Rpp1-2

Unknown CNG02220 CNAG_03358.1 1,04 phosphoglycerate kinase

Unknown CNH01040 CNAG_05437.1 0,71 transcription factor BTF3 

Unknown CND06280 CNAG_06847.1 0,69 Ribosomal protein S28e

Unknown CNA07830 CNAG_00806.1 0,62 predicted protein
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Table 3. Genes encoding proteins associated with (cargo of) extracellular vesicles [56] that are more 
than 2-fold upregulated in CAP10 compared to wild type when grown in GSU medium under capsule 
inducing conditions. A negative number indicates downregulation in CAP10 compared to wild type.

Process Broad ID 
H99

TIGR ID JEC21 Log2R Description

prot_AA_metabolism CNA04370 CNAG_00457.1 -2.94 Glutamine synthetase Aminoacid 
metabolism Cap67

Pat_immune CNK00130 CNAG_06917.1 3,26 Thiol-specific antioxidant protein  
C. neoformans, resistance to nitric oxide 
andperoxide

Rib_prot CNF02150 CNAG_05762.1 2,00 Ribosomal protein P2 

sugar_lipid_
metabolism 

CNK01050 CNAG_02620.1 2,60 Phosphogluconate dehydrogenase 
(decarboxylating) Pentose phosphate 
pathway

Unknown CNG01100 CNAG_03482.1 3,13 thiol-specific antioxidant protein 1

Unknown CNN00760 CNAG_06346.1 2,21 riboflavin aldehyde-forming enzyme

Unknown CNJ00800 CNAG_04640.1 2,18 ATP-citrate synthase

Expression of genes involved in the sphingolipid biosynthesis pathway leading 
to formation of glucosylceramide [59] was in general not affected in the CAP10 
mutant. Of a set of 7 genes (IPC1. LAG1, LAC2,  SUR2 / SYR2, TSC10, LCB1 and LCB2), 
only the sphingosine hydroxylase (SUR2 / SYR2) is slightly (less than 2-fold) down- 
regulated, whereas the inositolphosphorylceramide synthase (IPC1) is slightly (les 
than 2-fold) up-regulated (Table 4).

Table 4. Relative expression of genes involved in the sphingolipid biosynthesis route [59] in the CAP10 
mutant and the wild type when grown in GSU medium under capsule inducing conditions. A negative 
number indicates downregulation in CAP10 compared to wild type.

Gene Broad ID H99 TIGR ID JEC21 Log2R Description

LCB2 CNAG_01477.1 CNC07020 No change hypothetical protein

LCB1 CNAG_00742.1 CNA07210 No change serine C-palmitoyltransferase 

TSC10 CNAG_07059.1 CNG00270 No change Oxidoreductase

SUR2 / SYR2 CNAG_03834.1 CNB03230 -0.63 sphingosine hydroxylase

LAC2 CNAG_03464.1 CNG01250 No change Multicopper oxidase

LAG1 CNAG_02087.1 CNE04480 No change sphingosine N-acyltransferase 

IPC1/ GCS1 CNAG_04453.1 CNI01040 0.43 inositolphosphorylceramide synthase 
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Discussion
CAP mutants of C. neoformans have an acapsular phenotype. These mutants 
secrete GalXM at levels that are similar to that in the wild type. However, secretion 
of GXM is affected. This may be due to the inability to produce GXM or due to an 
affected intracellular or extracellular transport mechanism. Experimental evidence 
indicates that GXM is secreted via exocytosis in lipid based vesicles [27 , 56]. These 
vesicles also seem to transport the polysaccharide across the cell wall. It is shown 
here that production of the vesicles that transport GXM is not affected in the CAP 
mutants, at least not in CAP10 and CAP67. Moreover, evidence is presented that 
GalXM and GXM make use of different transport mechanisms.  

Lipid analysis showed that glucosylceramide was present in the culture medium 
of the CAP10, CAP59, CAP60, CAP64 and CAP67 mutants. This lipid was recently 
identified as one of the major components in vesicles produced by the wild 
type C. neoformans [25, 26]. Ergosterol, the other abundant lipid in extracellular 
vesicles, also seems to be present in the culture media of the CAP mutants. Other 
lipids were also detected. The nature of these lipids will be assessed in the future. 
Presence of lipid vesicles in the culture media of the CAP mutants was confirmed 
by electron microscopy. Vesicles were observed both in the CAP10 and the CAP67 
mutant. The size distribution of vesicles of the latter mutant was similar to that 
in the wild type. They ranged in size from 30-500 nm. The distribution seems to 
be more distinct in case of the CAP10 mutant. Two populations of vesicles were 
observed; one ranging in size from 30-70 nm and one of 120-140 nm. Whether this 
has any functional consequences needs to be addressed. 

Immuno-gold labeling confirmed previous findings [25-27] that GXM is located in 
the culture medium both inside and outside the extracellular vesicles. This finding 
would support the hypothesis that GXM is transported across the cell wall via 
these vesicles, after which it is released to be able to attach to the growing capsule. 
Labeling of polysaccharides outside the extracellular vesicles was observed when 
an antiserum was used that predominantly recognizes GalXM. Virtually no labeling 
was found inside these vesicles. It may well be that the occasional gold labeling 
inside the vesicles is due to a low cross-reactivity of this antiserum with GXM. 
Indeed, no labeling was found in the vesicles of the CAP10 and CAP67 mutants that 
are known to produce only low amounts of GXM-like molecules. Polysaccharides 
outside the vesicles of the mutant strains did react with the GalXM antiserum. Taken 
together, these data indicate that GXM and GalXM make use of different transport 
mechanisms. It should be noted that a mutant disrupted in the GCS1 gene, which 
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plays a crucial role in the synthesis of glucosylceramide, does produce a normal wild 
type capsule [30]. This indicates that either glucosylceramide is not a crucial lipid for 
vesicle-mediated secretion of GXM, or secretion of GXM is not solely dependent for 
transport via these lipid vesicles. This GCS1 mutant however cannot grow at neutral 
or alkali conditions and 5% CO2, indicating an important role of glucosylceramide 
during infection of the lungs and growth in the bloodstream [30, 60]. 

It has been shown that the extracellular vesicles are also involved in transport of 
proteins. Some of the 101 proteins that were identified in the vesciles have been 
shown to be involved in virulence [56]. Transport of proteins and polysaccharides 
within the same vesicles has also been shown to occur in Histoplasma capsulatum. 
Notably, vesicles of the wild type and the CAP10 and CAP67 strains were heterogenic 
with respect to their staining with uranyl acetate. This suggests that some vesicles 
contain more protein than others. However, immuno-labelling indicated that 
in wild type vesicles, GXM was present in vesicles that would contain relatively 
high amounts of protein. Microarray analysis showed that 6 out of the 101 genes 
encoding the vesicle-related proteins were upregulated at least two-fold, 1 
gene was down-regulated. Expression of 77 genes was less than 2-fold changed. 
Expression of genes involved in the sphingolipid biosynthesis route, leading 
to formation of glucosylceramide, is not affected in the CAP10 mutant. Indeed, 
glucosylceramide was identified in the culture medium of the CAP10 mutant at 
levels similar to that in the wild type.
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Abstract
The human pathogen Cryptococcus neoformans causes meningo-encephalitis. The 
polysaccharide capsule is one of the main virulence factors and consists of two 
distinct polysaccharides, glucuronoxylomannan (GXM) and galactoxylomannan 
(GalXM).  Maturation of human dendritic cells (DCs) is not induced when 
encountered with encapsulated wild type cells of Cryptococcus neoformans. In 
contrast, cells from an acapsular CAP59 mutant strain do activate DC maturation. 
Based on these observations, it was proposed that the capsule on the cell surface 
of wild type cells prevents DC maturation by shielding cell wall components from 
interacting with the host immune cells. In agreement with this, it is shown here that 
concentrated culture medium (CCM) of wild type cells containing, amongst others, 
the polysaccharides GXM and GalXM, repressed the stimulatory effect of CAP59 
cells on DC maturation completely. In addition, it abolished the production of the 
pro-inflammatory cytokines IL-12 and TNFα. CCM of the acapsular CAP10 mutant 
did moderately repress the ability of CAP59 cells to induce maturation of DC. 
Moreover, it displayed a positive effect on the production of the anti-inflammatory 
cytokine IL-10 by DCs that were exposed to CAP59 cells. In contrast, incubation of 
CAP10 cells with CCM of CAP59 shifted the cytokine balance of DCs towards the 
production of IL-12p40 and TNFα. Finally, no maturation of DC’s was observed 
upon exposure to CAP10 mutant cells and production of IL-12 and TNFα was not 
induced. It is therefore concluded that the presence of a complete capsule is not a 
prerequisite to inhibit DC maturation but that additional components are involved 
in this process. Some of these components are secreted into the culture medium. 
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Introduction
Cryptococcus neoformans serotype A (var. grubii [1]) and D (var. neoformans [2]) 
are the main causative agents of cryptococcosis, of which the most common 
clinical form is meningo-encephalitis. This disease is mainly associated with 
immunocompromised patients but can also occur in immuno-competent 
individuals [3-6]. One of the main virulence factors is the polysaccharide 
capsule [7-9]. This capsule enables the yeast-like fungus to survive the harsh 
environment of the human body by immune-evasion and by preventing killing 
through phagocytosis by macrophages [10, 11]. The capsule consists mainly 
of the polysaccharides glucuronoxylomannan (GXM) and galactoxylomannan 
(GalXM) in a mass-ratio of about 10 : 1 [16-18]. Mannoproteins account for a 
minor fraction of the capsule [19]. A number of CAP genes (Capsular Associated 
Proteins) have been identified and cloned in recent years [20-23]. Strains in which 
either CAP10, CAP59, CAP60 or CAP64 were disrupted showed loss of capsule and 
virulence, but their role is not yet clear. A homologue of CAP59, CMT1, was shown 
to be an α3 mannosyltransferase [24], whereas a homologue of CAP10, CXT1, is 
a xylosyltransferase [25, 26]. Both the CMT1 and CXT1 disruption strains have a 
reduced capsule size. This altogether suggest that CAP59 and CAP10 are involved 
in capsular synthesis. In agreement, GXM-like molecules are only present in small 
amounts in the culture medium of the CAP mutants but the GalXM production 
seems to be unaffected (Chapters 3 and 4).

Cryptococcus enters the human body via the lungs through inhalation of 
basidiospores or desiccated yeast [12]. Once inside the lung parenchyma, the 
yeast cells encounter the immune systems first line of defence, the dendritic cell 
(DC). DCs can be found in most tissues and play an important role in the immune 
system as antigen presenting cells to B and T lymphocytes. Unlike B cells, T cells 
need processed antigen to become activated. The T-cell antigen receptor (TCR) 
recognises fragments of antigens bound to the major histocompatibility complex 
(MHC), which are presented on the surface of DCs [13]. DCs are activated via Toll-
like receptors (TLRs) and NOD receptors upon encountering pathogen associated 
molecular patterns, such as lipopolysaccharide (LPS) and chitin. This activation is 
further modulated by the interaction of pathogen-derived glycan moieties with 
C-type lectins on the DCs [14], thereby determining the specific signal that will be 
transferred from the DC to the T cells. 

The capsule is thought to be the first cryptococcal structure to come into contact 
with DCs. Although yeast cells enter the human body in a desiccated form, it 
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is thought that rapid re-hydration occurs once the cells are inside the moist 
environment of the human body [15]. Encapsulated wild type cells do not trigger 
DC maturation that ultimately results in activating T-helper cells. In contrast, cells 
from a CAP67 mutant strain (a serotype D strain disrupted in the CAP59 gene) and 
mannoproteins, which reside in both the capsule as well as in the cell wall, do 
stimulate maturation of human DCs [27-34]. Here, it is demonstrated that cells from 
the CAP59 deletion strain also stimulate DC maturation and production of the pro-
inflammatory cytokines IL-12 and TNFα. However, cells from the CAP10 deletion 
strain did neither induce maturation of the DCs, nor the production of IL-12 and 
TNFα. Components released by wild type cells, and to a lesser extent CAP10 
cells, were able to suppress the DC maturation by the CAP59 cells. Moreover it is 
shown that material released by the CAP10 and CAP59 strains modulate cytokine 
production of DCs. Taken together, it is concluded that a complete capsule is not 
a prerequisite to inhibit DC maturation, and that wild type, CAP10 and CAP59 cells 
secrete immuno-modulatory component(s).

Experimental procedures 
Strains and purified polysaccharides - C. neoformans serotype A strain H99, its two 
isogenic derivatives with deletions in the CAP10 and 59 genes [36] and the serotype 
D CAP67 mutant (ATCC 52817) were used in this study. 

Growth conditions - C. neoformans was routinely grown at 30°C and 200 rpm in 
Yeast-Peptone-Dextrose (YEPD) (2% (w/v) peptone, 1% (w/v) yeast extract, 2% 
(w/v) dextrose). Capsule production was induced under iron-limiting conditions in 
Glucose-Salts-Urea (GSU) medium (2% (v/v) glucose, 21.5 mM urea, 10 mM KH2PO4, 
1.2 mM MgSO4⋅7H2O, 1 µM MnCl2⋅4H2O, 10 µM FeSO4⋅7H2O, 10µM ZnSO4⋅7H2O, 1.2 
µM CuSO4⋅5H2O, 100 µM CaCl2⋅2H2O, 10 µg/l biotin and 2 mg/l thiamin) [17]. 

Staining of C. neoformans capsule and cell wall - 107 to 109 cells were mixed 1:1 with 
a 1:1 mix of India ink (Royal Talens, 8 12079 02249) and UvitexTM (10 mg/ml). 5 µl of 
the mixture was spotted on a slide and analyzed by light microscopy using 400X 
magnification. Photographs were made with the Nikon DX1200 digital camera and 
the Nikon ACT-1 software package (v. 2.63). 

Antibodies against capsule polysaccharides - The polyclonal antiserum αH99 has 
been raised in rabbits against intact heat-inactivated cells of C. neoformans strain 
H99 (generous gift of Dr. Frank Coenjaerts, UMC, the Netherlands). The antiserum 
was pre-incubated three times with 109 cells of S. cerevisiae NMY3Z for 1h at room 
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temperature to remove a-specific antibodies that could potentially bind yeast 
cell-wall components. GXM specific monoclonal antibody 18B7 (10 mg/ml) was a 
generous gift from the Casadevall lab (Albert Einstein Institute, NY).

Concentration of the culture medium - Cells were grown in 50 ml GSU for 5 days 
and 1-5 x 109 cells/ml were collected by centrifugation for 15 min at 10,400 g. The 
supernatant was filtered over a 0.22 µm filter (Millipore, SIGP033RS) and the eluate 
was concentrated to 100-2000 µl with a Centricon Plus-20 column (cutoff 30 kDa; 
Millipore) according to the manufacturer’s manual. Before use, the column was 
rinsed with deionised water. 

Re-association assay of capsular polysaccharides - Re-association of capsular 
polysaccharides to acapsular cells was performed according to Reese et al. 
[39]. Strains were grown for 5 days at 30°C in GSU medium. 2.5 x 108 cells were 
centrifuged for 15 s at 6,800 g and washed 3 times with sterile water with gentle 
mixing in between. Cells were resuspended in 400 µl sterile water and 100 µl 
of sterile water or concentrated culture medium was added. Samples were 
subsequently incubated overnight at room temperature under gentle of mixing. 
Cells were washed twice with sterile water and either used for incubation with 
DC or analyzed by immuno-fluorescence. To this end, cells were resuspended in 
750 µl PBS with 1% BSA and incubated for 1h at room temperature with αH99 
(1:200) or 18B7 (1:200). Cells were washed 3 times for 5 min in PBS with 1% BSA 
and incubated with goat-anti-rabbit-IgG-alkaline phosphatase (Biosource, 
ALI4405; 1:10,000) or goat-anti-rabbit-IgG-alkaline phosphatase (Biosource, 
AMI4405; 1:10,000) when the αH99 antiserum and the 18B7 monoclonal antibody 
were used, respectively. Cells were incubated for 1h at room temperature under 
gentle mixing and washed 3 times 5 min with PBS. Cells were resuspended in 
40 µl PBS and 10 µl UvitexTM (10 mg/ml). 5 µl of the mixture was spotted on 
a slide and analyzed under a microscope (Olympus) with 400 X magnification. 
Photographs were made with the Nikon DX1200 digital camera and the Nikon 
ACT-1 software package (v. 2.63), with identical exposure times and settings for 
each series of samples.

In vitro generation and culture of human DC - Immature DCs were generated from 
human peripheral blood mononuclear cells (PBMCs) as described previously 
[40] from buffy coats of healthy donors (Sanquin). Monocytes were prepared 
from PBMCs by centrifugation over Percoll and incubated for 6 days in RPMI 
supplemented with 10% heat inactivated fetal calf serum, 2.4 mM L-glutamine, 
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100 U/ml penicillin-streptomycin (all from Gibco), 800 U/ml of human recombinant 
granulocyte-macrophage colony-stimulating factor and 500 U/ml of human 
recombinant IL-4 (both from Schering-Plough, Brussels, Belgium). 

Flow cytometry analysis of DC surface molecules and cytokine production - 
Suspensions of immature DCs were stimulated by addition of concentrated 
culture medium derived from 1x1010 cells or by addition of heat-killed cells from  

Figure 1: Negative staining (A) 
of the serotype A wild-type H99 
and its derivatives with inacti-
vated CAP10, and CAP59 as well 
as the serotype D CAP67 mutant. 
Cells were stained with India ink 
and visualized with differential 
interference contrast microscopy. 
Immunofluorescence of H99 wild 
type cells with αH99 and 18B7 
antibodies recognizing GXM in 
the capsule. Cells were stained 
with uvitex. The overlay of uvitex 
stained cells with cells labeled 
with the antibodies staining cap-
sule reveals the extracellular cap-
sule. Bar represents 10 µM (also 
for pictures in panel B).
(Colour figure: page 167)
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C. neoformans in a ratio of 1:10, respectively. 10 ng/ml LPS (Salmonella typhi, Sigma-
Aldrich) served as a control. DCs were incubated for 16-20 hours at 37°C in the 
presence of 5% CO2. Hereafter, cells were collected by centrifugation, washed with 
1% BSA in phosphate-buffered saline and incubated with 1 µl mouse anti-human 
CD80 or mouse anti-human CD86, both conjugated with phycoerythrin (PE, BD 
Pharmingen, San Diego, CA). After 30 min incubation at 4°C, cells were washed 
and analyzed using a FACScan flow cytometer (Becton Dickinson). Supernatants 
of stimulated DCs were analyzed for the presence of IL-10, IL12-p40 and TNFα by 
ELISA using the Human Cytosets (Biosource).

Results
Maturation of DCs after exposure to C. neoformans- The serotype A H99 wild type 
strain of C. neoformans produces a thick capsule when grown in GSU medium 
under iron limiting conditions (Figure 1). This capsule is well visible by using India 
Ink staining (Figure 1A) or by immunofluorescence with antibodies reacting with 
capsular material (Figure 1B; αH99, polyclonal antiserum with preference for GXM 
and 18B7, a GXM specific monoclonal antibody). In contrast, the serotype A CAP10 
and CAP59 mutants and the serotype D CAP67 mutants lack a visible capsule 

Figure 2: Expression of CD80 and 
CD86 on DCs following incubation 
with C. neoformans. (A) A typical dot-
plot showing LPS-matured dendritic 
cells with Forward Scatter (FCS) and 
Side Scatter (SSC) and the gate set-
tings (R1) used for further analysis. (B) 
An overlay of histograms using the 
gate settings from (A), showing the 
expression of CD86 of unstimulated 
DCs (dotted line), and DCs stimu-
lated with CAP10 (thick black line) 
and CAP59 (filled gray) cells. (C) Mean 
fluorescence intensity was measured 
by flow cytometry to quantify the 
expression of CD80 (white bars) and 
CD86 (black bars) on DCs stimulated 
with LPS or cells from different Cryp-
tococcal strains. The panel represents 
a typical result of at least three inde-
pendent experiments. All values were 
corrected for autofluorescence and 
normalized against values of LPS-
stimulated DCs.
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when analyzed by these similar methods (Figure 1, only negative staining with 
India Ink staining is shown). The GSU grown H99 cells did not induce maturation of 
monocyte-derived DCs as was determined by measuring the surface expression 
of the co-stimulatory molecules CD80 and CD86 (Figure 2). In contrast, a clear 
DC maturation was observed after incubation with cells of the CAP67 or CAP59 
deletion strain (Figure 2). Interestingly, cells from the CAP10 deletion strain did not 
give rise to DC maturation (Figure 2). 

CAP10 and CAP59 cells were incubated with a polyclonal antiserum generated 
against whole cells of the H99 strain. The antibodies that mainly recognize GXM 
bound especially to bud-scars (Figure 3). No reaction was obtained with the 
monoclonal 18B7 antibodies, that are specific for GXM. However, clear staining of 
both antibodies was observed when CAP10 and CAP59 cells had been incubated 
with concentrated culture medium (CCM) of the wild type cells (Figure 3). This 
shows that GXM that is present in CCM re-associated to the cell wall of the CAP 
mutants. However, the resulting capsule is less thick compared to that of the wild 
type strain, as was shown by negative staining with India ink. 

Figure 3: Immuno-fluorescence of CAP10 cells (A) or CAP59 cells (B) before (-CCM) and after (+CCM) 
incubation with concentrated medium of wild-type H99. Cells were stained with uvitex  or incubated 
with αH99 and 18B7 antibodies. Bar represents 10 µM. (Colour figure: page 167)
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DCs that were incubated with CCM of the wild type strains or with CAP59 
mutant cells that had been incubated with this CCM did not mature (Figure 4AB). 
Apparently, components present in the culture supernatant of wild type cells are 
able to convert CAP59 mutant cells to non-stimulatory cells. These components 
associate to the cell surface since the CAP59 cells used in these experiments had 
been washed with PBS before they were used in the assay. DC maturation could 
also be reduced by incubating CAP59 cells with CCM from CAP10 but the effect 
was only moderate (Figure 4B). Wild type cells pre-incubated with or without 
CAP10-derived CCM, behaved similarly. 

We also tested if CCM from CAP59 cells could convert the CAP10 mutant into 
stimulatory cells. This appeared not to be the case, since CAP10 cells pre-incubated 

Figure 4: Expression of CD80 (white bars) 
and CD86 (black bars) on DCs stimulated 
with concentrated culture medium (A) or 
whole cells with or without re-association 
with components form the concentrated 
culture medium (CCM) (B). The figure 
depicts the averages and standard devia-
tions of three independent experiments. 
All values were corrected for auto-fluo-
rescence and normalized against values 
of LPS-stimulated DCs. 
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with CCM of CAP59 showed no DC maturation (Figure 4B). Pre-incubating wild 
type cells with the CAP59 CCM also showed no effect on the capacity of wild type 
cells to stimulate DC maturation. 

Cytokine production in DCs after exposure to C. neoformans cells or culture 
medium- Production of pro-inflammatory cytokines IL-12p40 and TNFα and 
anti-inflammatory cytokine IL-10 was assessed after incubation of DCs with C. 
neoformans cells or with CCM. Wild type cells (Figure 5) and CCM of all strains had 
no influence on DC cytokine production. In contrast, DCs incubated with CAP59 
cells produced high amounts of IL-12p40 (Figure 5) and TNFα (data not shown) 
but no detectable amounts of IL-10. Production of the pro-inflammatory cytokines 
was abolished after incubating CAP59 cells with wild type CCM. Interestingly, 
DCs produced IL10 in the presence of CAP59 cells that had been incubated with 
CCM from CAP10 (Figure 5). These DCs also secreted IL12-p40 and TNFα like in 
the presence of untreated CAP59 cells. DCs that had been exposed to CAP10 cells 
produced minor amounts of IL-10 and no pro-inflammatory cytokines (Figure 5). 
Interestingly, incubation of CAP10 cells with CCM of CAP59 shifted the cytokine 
balance of DCs towards the production of IL-12p40 (Figure 5) and TNFα (data not 
shown). 

Figure 5: Production of IL-10 (grey bars) and IL-12p40 (white bars) by DCs that have been exposed to 
Cryptococcus cells. The + signs indicate cells that have been re-associated with concentrated culture 
medium (CCM). LPS and culture medium were used as a positive and negative control, respectively. 
Unst indicates DCs that were not stimulated. 
Figure represents a typical result of three independent experiments.
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Discussion
DCs are the immune systems first line of defense. These cells are activated upon 
exposure to DNA of C. neoformans [43], to mannoproteins that occur in the capsule 
and in the cell wall [30-34] or to β-glucans. The capsule of C. neoformans shields 
these components and thus prevents DC maturation. This shielding has mostly been 
assigned to the major component of the capsule, GXM. It was shown previously 
that the acapsular serotype D CAP67 mutant does activate DC maturation [29] and 
also the CAP59 mutant was shown to induce maturation of the DCs (this study). 
Maturation of DCs by CAP59 could be prevented by incubating these fungal 
cells with concentrated culture medium (CCM) of the wild type strain. Immuno-
localization showed that GXM present in CCM associated to the cell surface of the 
CAP59 cells. These results confirm the important role of the capsule in general, 
and GXM in particular, in evading an immune response. However, the CAP10 
mutant did not activate DC maturation despite the absence of a visible capsule. 
Apparently, the capsule is not an absolute requirement to prevent activation of DC 
maturation. CAP10 is proposed to produce an immuno-modulatory component 
that is part of - or associated to - the cell wall. This molecule(s) may also be 
secreted since the culture medium of this strain had some repressing activity on 
DC maturation. Future research should be devoted to identify the the immuno-
modlatory component of the CAP10 cells. 

C. neoformans strains have an effect on cytokine production by DCs that are 
not necessarily reflected by its maturation status as assessed by the expression 
of co-stimulatory molecules like CD80 and CD86. Components from the CAP59 
mutant induce production of the pro-inflammatory cytokines IL-12p40 and TNFα. 
This induction can be suppressed by incubating these mutant cells with wild type 
CCM. Interestingly, although CCM of the CAP59 mutant do not have any effect 
on maturation or cytokine production by themselves, they do stimulate IL-12p40 
and TNFα production in combination with cells from mutant CAP10. In contrast, 
components produced by the CAP10 mutant have the capacity to stimulate DCs 
to produce the anti-inflammatory cytokine IL-10. Future studies should reveal 
whether this component is also produced by the wild type and other CAP mutants. 
If so, this component would not be able to interact with the DC in our experimental 
set up. It may also be that the component is produced as a consequence of the 
mutation of the CAP10 gene. This would imply that this molecule is not part of the 
normal interaction with the host. 
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Summary
Cryptococcus neoformans is a human pathogen that mainly causes disease in 
immuno-compromised individuals. The yeast cells or basidiospores spread 
through dissemination from environmental sources, for example pigeon droppings 
and dust [1, 2], and causes a systemic infection, cryptococcosis. A severe clinical 
manifestation of cryptococcosis is meningo-encephalitis, but also infection of 
other organs like the lungs, and skin have been reported [3-5]. Since the increased 
incidence of AIDS due to the spread of the HIV virus, especially in third world 
countries, C. neoformans has become one of the most emerging opportunistic 
pathogens in hospitals. In fact, it is one of the leading causes of death in patients 
suffering from AIDS [6, 7]. The incidence of cryptococcosis is also increasing in the 
Western world especially due to use of immunosuppressive drugs and increasing 
numbers of organ transplantations [8]. Currently, antimycotics are used to treat 
patients suffering from a C. neoformans infection. However, clearance of the yeast 
from the body is never complete and the chance of re-infection is high. Therefore, 
immuno-compromised patients require life-long antimycotics. In addition to 
increased resistance, antimycotics have side effects and therefore other strategies 
should be developed to be able to fight a Cryptococcus infection. 

The surface of the C. neoformans yeast cell can be surrounded by a thick capsule. 
This capsule is mainly composed of the polysaccharides GXM and GalXM. GalXM 
consists of the monosaccharides mannose, xylose and glucuronic acid, whereas GXM 
contains galactose, mannose and xylose. The capsule is critical for pathogenesis 
and harbors components that have immuno-modulatory properties. This and 
the physical properties of the capsule makes it a barrier for the immune system 
to reach receptors on the cell wall [9]. Mutants have been isolated that have an 
acapsular phenotype. These mutants of the serotype A strain of C. neoformans are 
called CAP10, CAP59, CAP60 and CAP64. CAP67 is a serotype D mutant strain. The 
genes that are affected in these strains have been identified [10-13]. This revealed 
that the CAP59 and CAP67 are mutated in the same gene, called CAP59. The exact 
role of the CAP genes is not clear. In this Thesis biosynthesis of the capsule and its 
role in pathogenesis was studied. This is not only interesting from a fundamental 
point of view, it may also identify targets that can be used to improve treatment of 
cryptococcosis in the future. 
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General Discussion

Polysaccharide biogenesis by CAP mutants
CAP mutants produce GalXM and GXM-like molecules. In Chapter 3 and 4 it is 
shown that strains in which either the CAP10, CAP59, CAP60 or CAP64 genes have 
been inactivated still produce capsular polysaccharides. Immuno-labelling showed 
that these polysaccharides are released in the extra-cellular medium but are also 
associated to the cell wall. Immuno-labelling also indicated that the amount 
of GXM produced by the CAP mutants is lower than that produced by the wild 
type strain. Indeed, a higher immuno-signal was observed after incubating CAP 
mutants with concentrated culture medium (CCM) from the wild type (Chapter 6). 
This indicates that the cell surface of CAP mutants was not saturated with GXM.

Purification of polysaccharides from the culture medium showed that the wild 
type produces 10 times more of these molecules than the CAP mutants (Chapter 
3), confirming absence of most of the GXM, since the mass-ration GXM:GalXM is 
10:1. Molar ratios of monosaccharides contained in the polysaccharides agreed 
with the presence of GXM and GalXM in the wild type and with GalXM in the CAP 
mutants. 1D NMR confirmed that CAP mutants mainly form GalXM. Moreover, the 
spectra indicated that the structure of GalXM of the CAP mutants is similar. It came 
to a surprise that glucuronic acid was present in the polysaccharide fraction of 
the CAP mutants. This sugar has been shown to occur in GXM but not in GalXM. 
However, anion exchange chromatography (Chapter 3) and gel filtration (Chapter 
4) confirmed that GalXM of the wild type and of CAP mutants contains this charged 
monosaccharide.

Based on its charge GXM is expected to bind to an anion exchange column, whereas 
GalXM, in the absence of glucuronic acid, would not. Small amounts of wild type 
and CAP mutant polysaccharide did not bind to the column. Unexpectedly, these 
fractions were shown to contain GXM (-like molecules). The monosaccharide ratio 
of the wild type perfectly agreed with the predicted GXM ratio. The fact that these 
molecules did not bind to the column, despite the presence of glucuronic acid, can 
be explained by the fact that these molecules would be present in extracellular 
lipid vesicles (Chapter 5; see below). The non-binding fraction of the CAP mutants 
did not contain glucuronic acid but consisted of mannose and xylose (Chapter 3). 
It is thus concluded that CAP10 and CAP67 do not produce GXM but a GXM-like 
molecule. 1D NMR indicated that this molecule is O-acetylated like the wild type. 
It cannot be excluded that also wild type cells produce small amounts of this GXM-
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like molecule. Its presence in the capsule of wild type cells might be obscured 
due to the presence of large amounts of GXM. Future work should confirm the 
presence of this polysaccharide in the wild type and should establish whether it 
has a role in the capsule or in pathogenicity. 

The majority of the wild type and CAP mutant polysaccharides did bind to the 
anion-exchange column. The monosaccharide composition of the CAP mutants 
indicated the presence of GalXM, whereas the wild type polysaccharides would 
consist of GXM and GalXM (Chapter 3). Apparently, GalXM from the wild type and 
the CAP mutants was charged, which could be explained by a covalent linkage 
with glucuronic acid as was shown to be present in these fractions. Gel filtration 
confirmed this hypothesis (Chapter 4). GXM and GalXM of the wild type were 
separated by this technique and glucuronic acid was detected in the GalXM 
containing fraction. Of interest, gel filtration also showed the presence of relatively 
small polysaccharides, but still larger than 30 kDa that consisted solely of mannose. 
These secreted polysaccharides may represent the mannose backbone of GXM. 

CAP mutants do not produce hyaluronic acid- Recently it was shown that hyaluronic 
acid is present as a layer in the inner part of the capsule and that this polysaccharide 
plays a role during infection [14-16]. Hyaluronic acid consists of D-glucuronic 
acid and D-N-acetylglucosamine, linked together via alternating β4 and β3 
glycosidic bonds. Jong and co-workers [14, 15] used ELISA to detect hyaluronic 
acid (HA-ELISA) in wild type and CAP mutants that had been grown in YEPD. In this 
Thesis (Chapter 4) immuno-signals were attributed to YEPD medium. Apparently, 
this medium contains hyaluronic acid, which may well be a contaminant of the 
mammalian proteins that are used to prepare the peptone contained in this 
medium (Difco, 211840). HA-ELISA also did not show the presence of hyaluronic 
acid at the cell surface of wild type and CAP mutant cells that had been grown in 
minimal GSU medium. The concentrated culture supernatant also did not contain 
this polysaccharide. Taken together, our work suggests that Jong and co-workers 
detected hyaluronic acid derived from the YEPD medium. If this is the case how 
to explain the phenotype of the CPS1 mutant, which appears to have decreased 
levels of hyaluronic acid compared to wild type cells in the HA-ELISA. It may be that 
this mutant has a changed cell wall composition or ultrastructure (as shown by 
Jong and co-workers), which affects attachment of extracellular polysaccharides, 
e.g. hyaluronic acid derived from YEPD, from the extracellular environment. 
Alternatively, the layer of hyaluronic acid could be shielded by organelles like the 
cell wall and therefore could not be detected by the HA-ELISA.
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CAP mutants produce extra-cellular vesicles- Rodrigues and co-workers [17-
19] and Yoneda and co-workers [20] recently showed that GXM is (partially) 
transported via a vesicular transport system. These vesicles consist of at least 
the lipids ergosterol and glucosylceramide. It was postulated that GXM is 
synthesized in the cytoplasm and is encapsulated in these vesicles and as such 
cross the plasma membrane and the cell wall. The polysaccharides would then 
be released in the extracellular environment. It has been suggested that the 
extracellular vesicles are exosomes and are released into the medium from 
multi-vesicular like bodies. These bodies have been detected intracellularly 
in Cryptococcus [19]. This transport model nicely fits with the latest model 
involving distal growth of capsule (from the outside inwards) [21], in which 
the polysaccharides are released in the extracellular space, after which they 
somehow attach to the existing capsule or to the α3 glucan layer [22, 23]. 
Recently, it was demonstrated that GXM assembly is influenced by Ca2+ in the 
culture medium and mediates divalent cation-mediated self-aggregation of 
extra-cellularly accumulated GXM molecules [24]. This process involves most 
likely the negatively charged glucuronic acid residues of GXM. Whether GalXM, 
of which we have shown in Chapter 3 and 4 to contain glucuronic acid, can 
also bind in a similar matter to the existing  capsule and / or cell wall has to be 
investigated.

In Chapter 5 it was shown by electron microsopy that extracellular vesicles 
are also produced by the CAP10 and CAP67 mutants. Since glucosyl ceramide, 
the major lipid species of the extracellular vesicles, was detected in the culture 
medium of all CAP mutants, we propose that also the other CAP mutants 
produce the extracellular vesicles. Immuno-gold labeling indicated that GXM 
is present in the culture medium of the wild type both inside and outside the 
extracellular vesicles, as was previously shown by Rodrigues and co-workers 
[19]. However, GalXM was only detected outside the vesicles produced by wild 
type or CAP10 and CAP67 mutant cells. These results strongly suggest that 
GalXM is not transported via vesicles. 

Rodrigues and co-workers [17] recently showed that the extracellular vesicles 
not only transport GXM but also proteins, some of which have been shown 
to be involved in virulence. In Chapter 5 it is demonstrated via a micro-array 
approach that genes encoding these proteins are predominantly up-regulated 
in a CAP10 mutant strain. The reason for this is not yet clear.  
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The effect of CAP mutants on dendritic cells
C. neoformans most likely enters the human body through the lungs. Only spores 
or dehydrated cells are able to penetrate the alveoli. Here, these fungal cells 
encounter alveolar macrophages and dendritic cells, which represent the first line 
of defense of the immune system. Vecchiarelli and co-workers [25] showed that 
a serotype D wild type strain could repress or inhibit maturation of the dendritic 
cells, whereas the CAP67 strain induced maturation. From this it was concluded 
that a thick polysaccharide capsule is necessary to protect the yeast against the 
dendritic cells. In Chapter 6 it is shown that also the serotype A encapsulated 
wild type cells does not induce maturation of the dendritic cells. Moreover, the 
CAP59 mutant (being equivalent to the serotype D CAP67 strain) did activate these 
immune cells. Activation was not observed when CAP59 had been incubated 
with concentrated culture medium (CCM) of the wild type strain. This and the 
fact that GXM adsorbs from the culture medium to CAP mutant cells (Chapter 6) 
suggests that this capsular component shields molecules that are responsible for 
maturation (e.g. mannoproteins and ß-glucan). Alternatively, a component with 
immuno-modulatory capacity is adsorbed. Components in the CCM of the CAP10 
mutant also reduced the activation of the dendritic cells when adsorbed to the 
CAP59 cells. This indicates that a physical layer of GXM is not the (only) explanation 
for inhibition of maturation of dendritic cells by C. neoformans. This is also implied 
from the finding that maturation was not observed when dendritic cells were 
exposed to the acapsular CAP10 mutant. Taken together, it is proposed that 
extracellular components produced by C. neoformans are able to modulate the 
maturation of dendritic cells. Fractionation of components in the culture medium 
should identify the active component. 

Wild type serotype A C. neoformans did not induce cytokine production by 
dendritic cells. In contrast, the CAP59 mutant induced production of the pro-
inflammatory cytokines IL-12p40 and TNFα. Like maturation, induction of cytokine 
production could be suppressed by incubating the mutant cells with CCM from 
the wild type. Interestingly, although CCM of the CAP59 mutant does not have any 
effect on maturation or cytokine production by itself, it did stimulate IL-12p40 and 
TNFα production in combination with cells from the CAP10 mutant. In contrast, 
extracellular components of the CAP10 mutant have the capacity to stimulate 
dendritic cells to produce the anti-inflammatory cytokine IL-10. Future studies 
should reveal whether this component is also produced by the wild type and 
other CAP mutants. 
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The function of CAP proteins
This study has revealed that the CAP genes are probably not involved in GalXM synthesis 
(Chapter 3, 4). Moreover, neither adhesion of GXM to the cell wall was affected (Chapter 
6) nor the production of extracellular vesicles that are postulated to transport GXM 
across the cell wall (Chapter 5). However, although GXM-like molecules were formed, 
their amounts were low. This suggests that the CAP genes are involved in the synthesis 
of GXM. In agreement with this, CAP10, CAP59 and CAP60 have been classified in the 
carbohydrate active enzyme family of transferases (see Chapter 2), whereas CAP64 may 
have a role in O-acetylation of GXM. 

CAP10 belongs to the family of xylosyltransferases. Another member of this family, CXT1, 
has been shown to be involved in addition of α2 xylose linked residues to GXM and 
GalXM [18]. Inactivation of CXT1 reduces the size of the capsule. However, inactivation 
of CAP10 results in an acapsular phenotype. It is not yet clear why the phenotype of the 
latter gene is much stronger than that of CXT1. 

CAP59 and CAP60 are highly homologous [11]. They are members of the family of 
mannosyltransferases. Inactivation of the gene of another member of this family, CMT1, 
resulted in a reduced capsule size, but its virulence was not affected in an animal model. 
[19]. In contrast,  mutants in which the CAP59 and CAP60 genes have been inactivated 
lack a visible capsule and are a-virulent. Again, it is not clear why these CAP mutants 
have a stronger phenotype compared to CMT1. It is also not clear why a CAP59 mutant 
with a point mutation accumulated GXM intracellularly [20]. 

The fourth gene, CAP64, belongs to the family of so-called CAS genes, of which 
members are involved in O-acetylation of GXM [21, 22]. Again, whereas CAP64 
mutants lack a visible capsule, mutations in the homologues of CAP64 have a much 
less severe phenotype. Taken together, it seems most probable that the four CAP 
proteins are involved in synthesis of GXM. It should be noted that CAP mutants do 
produce a GXM-like molecule (Chapter 3 and 4). Apparently, inactivation of one of 
the CAP genes does not completely abolish the production of GXM. Possibly, some 
of the homologues can partly complement for the CAP genes, which is supported 
by the fact that when CAP10 is disrupted, expression of other putative capsule 
associated transferases are (slightly) increased (Chapter 2). Biochemical studies 
should confirm the role of the CAP genes in production of GXM. Table 1 shows a 
summary of the characteristics of the CAP mutants discovered in this Thesis. 
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Table 1. Characteristics of CAP mutants and the wild type (WT) serotype A strain of C. neoformans H99. 
‘CM’ is crude polysaccharide extract in concentrated culture medium. ‘nd’ means not determined. 

WT CAP10 CAP59 CAP60 CAP64 CAP67

Growth rate in YEPD + + + + + +
Growth rate in GSU + +/- + + + +
Visible capsule (India ink) + - - - - -
GXM + - - - - -
GalXM (with GlcA) + + + + + +
GXM-like structures + + + + + +
Mannan only structures + nd nd nd nd -
Hyaluronic acid - - - - - -
Proteins in CM + + + + + +
Aberrant cell wall synthesis - +/- nd nd nd nd
Glucosylceramide in CM + + + + + +
Vesicles in CM + + nd nd nd +
DC stimulation - - + nd nd +
Modulatory activity on cytokines - + + nd nd nd

CAP genes are found throughout the fungal kingdom (Chapter 1). From the 50 
fungal genomes that have been sequenced to date, 37 harboured at least one 
CAP homologue, of which 9 harboured homologues of all four CAP genes, and 
26 genomes had homologues of CAP10 and CAP59. This suggests a more general 
function of the CAP genes than solely capsule biogenesis, since most species are 
not known for producing an extracellular capsule. However, it has been shown 
that exo-polysaccharides are produced by fungi during bio-film formation. 

It is known for Candida that they form such bio-films [26] but they do not harbour 
CAP homologues in their genome. On the other hand, the exo-polysaccharides 
formed by Candida do not resemble GXM like structures and could therefore need 
other enzymes to be formed [27]. Whether other fungi are able to synthesize and 
secrete exo-polysaccharides has not been investigated to date, it would however 
be interesting to investigate the role of the CAP homologous during the biogenesis 
of these polymers, especially if they resemble GXM-like structures or linkages. 

In this Thesis, we show that besides GXM and GalXM minor, or intermediate 
structures are formed, even when production or secretion of the major 
polysaccharide GXM is hampered because of disruption of capsule associated 
genes. This means that also paralogs of the CAP genes are involved in the 
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biogenesis of these structures. This suggests that the role of the CAP homologues 
in other fungi is also in the biogenesis of minor, not yet identified, polysaccharides. 
These minor polysaccharides could play a role in for example immune-modulation 
like GXM and GalXM do with the human immune system, cell-cell interaction and 
mating. It would therefore be interesting to analyse concentrated growth medium 
from other fungi, in a way described in this Thesis, to find a broader context for the 
biogenesis and functionality of extracellular polysaccharides in fungi.
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Introductie
Cryptococcus neoformans is een schimmel die ziekte kan veroorzaken bij de mens. 
Met name patiënten met een verminderde afweer zijn gevoelig voor Cryptococcus. 
In de derde wereld is deze schimmel bijvoorbeeld de voornaamste oorzaak van 
sterfte onder AIDS patiënten. Ook in de westerse wereld komt het steeds vaker 
voor dat mensen ziek worden door een infectie met Cryptococcus. Dit wordt 
vooral veroorzaakt door het steeds grotere gebruik van medicijnen die de afweer 
verzwakken en door het vaker toepassen van orgaan transplantaties.
Cryptococcus leeft voornamelijk in een eencellig stadium. Deze zogenaamde 
gistcellen zijn slechts 1 tot 5 duizendste van een millimeter groot. Zij kunnen door 
de lucht worden verspreid vanuit natuurlijke reservoirs zoals vogelpoep en stof, 
waarna ze via de luchtwegen het menselijk lichaam binnen komen. Hier kunnen zij 
een infectie veroorzaken, genaamd cryptococcosis. Een van de zwaardere vormen 
van cryptococcosis is een ontsteking van het hersenvlies maar ook andere organen, 
zoals de longen en de huid kunnen doelwit zijn. 
Cryptococcosis wordt op dit moment behandeld met antischimmelmiddelen. 
Hoewel deze middelen effectief zijn, kunnen ze er niet voor zorgen dat de schimmel 
verdwijnt uit het lichaam en daardoor is de kans op een nieuwe infectie erg groot. 
Daarnaast hebben deze antischimmelmiddelen bijwerkingen en bouwt de schimmel 
langzaam resistentie op, wat uiteindelijk zal leiden tot multiresistente schimmels 
(dit kan vergeleken worden met de MRSA- of ziekenhuisbacterie). Dit alles heeft 
tot het besef geleid dat er andere strategieën ontwikkeld moeten worden om een 
Cryptococcus infectie te bestrijden. 

Het oppervlak van een Cryptococcus cel wordt omgeven door een dikke suikerlaag. 
Dit kapsel bestaat voornamelijk uit 2 suikerpolymeren (polysachariden), genaamd 
GlucuronoXyloMannan (GXM) en GalactoXyloMannan (GalXM). Zoals de naam al 
impliceert bestaat GXM uit de suikereenheden (monosachariden) glucuronzuur 
en xylose, welke de zijketens van de suikereenheid vormen, en mannose, wat 
de ruggengraat van het polymeer vormt. GalXM bestaat uit een ruggengraat 
van galactose met zijketens bestaande uit xylose en mannose. Het kapsel is erg 
belangrijk voor de pathogeniciteit (de mate waarin de gist ziekteverwekkend is) 
en bezit eigenschappen die het menselijke afweersysteem kunnen beïnvloeden. 
Daarnaast is het simpelweg een fysieke barrière die de cel beschermt tegen 
verschillende mechanismen van het afweersysteem om de schimmel uit te kunnen 
schakelen. 
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In het verleden zijn er Cryptococcus stammen gevonden die door een verandering 
in het erfelijke materiaal niet langer een kapsel kunnen maken. Deze mutanten 
heten CAP10, CAP59, CAP60 en CAP64 (Hierbij staat CAP voor kapsel geassocieerde 
eiwitten). Zij  hebben elk een verandering in een ander gen, maar de precieze rol 
van deze genen en de eiwitten die zij maken in de aanmaak en transport van het 
kapsel is onbekend. In dit Proefschrift is aan de hand van de CAP mutanten gekeken 
naar aanmaak en transport  van het kapsel. Daarnaast is er gekeken naar de rol van 
het kapsel in het ontduiken van de afweer. Dit onderzoek is niet alleen van belang 
vanuit een wetenschappelijk oogpunt, het opent ook nieuwe deuren naar het 
identificeren van alternatieve methodes om het behandelen van een Cryptococcus 
infectie te optimaliseren.

Samenvatting

Polysacharide biogenese door CAP mutanten
CAP mutanten produceren GalXM en GXM-achtige structuren - In Hoofdstuk 3 
en 4 wordt beschreven dat de stammen waarin het CAP10, CAP59, CAP60 of het 
CAP64 gen is uitgeschakeld nog steeds polysachariden produceren. Met immuun-
labeling werd aangetoond dat deze polysachariden zowel in het medium worden 
uitgescheiden als aan het celoppervlak hechten. De hoeveelheid polysacharide 
die geproduceerd wordt door de CAP mutanten is echter tien keer lager 
vergeleken met de wild type stam. Wanneer CAP mutanten geïncubeerd worden 
met geconcentreerd medium van wild type, gaat het immuunsignaal van de 
mutante cellen omhoog (Hoofdstuk 6). Dit wijst erop dat het celoppervlak van 
CAP mutanten niet verzadigd is met het GXM polysaccharide. 

GC-MS toonde aan dat de molaire ratios van de monosachariden waaruit 
de polysacchariden in het medium zijn opgebouwd overeen komen met de 
aanwezigheid van GXM en GalXM in wild type en GalXM in CAP mutanten. NMR 
analyse bevestigde dat CAP mutanten GalXM produceren en dat de structuur 
van GalXM vergelijkbaar is tussen CAP mutanten (Hoofdstuk 3). Een verassend 
resultaat was dat glucuronzuur aanwezig was in de polysaccharide fractie van 
de CAP mutanten. Tot nu toe was bekend dat dit monosacharide aanwezig is in 
GXM en niet in GalXM. Anion exchange chromatografie (Hoofdstuk 3) en gel 
filtratie (Hoofdstuk 4) bevestigden echter dat GalXM van wild type en van de 
CAP mutanten dit geladen molecuul bevatten. Anion exchange chromatografie 
liet nog een opmerkelijk resultaat zien; een deel van het GXM van het wild-type 
bond namelijk niet aan de kolom, terwijl dit wel zou moeten. Mogelijk zitten deze 



146

moleculen in lipide vesikels en zijn daardoor neutraal van lading (Hoofdstuk 5, zie 
onderstaand). Ook in het medium van de CAP mutanten werd een fractie gevonden 
die niet aan de anion exchange kolom bond. Deze fractie bestond uit mannose 
en xylose monosachariden (Hoofdstuk 3). Daaruit concludeer ik dat CAP10 en 
CAP67 geen intact GXM produceren maar GXM-achtige structuren. Het is zeer wel 
mogelijk dat ook het wild type deze GXM-achtige structuren produceert maar dat 
ze niet gezien worden door de grote hoeveelheden uitgescheiden GXM. Gelfiltratie 
toonde in ieder geval aan dat het wild-type  polymeren uitscheidt die slechts uit 
mannose bestaan. Dit zou de ruggengraat van GXM kunnen zijn (Hoofdstuk 4). 
Verdere studies zouden uit moeten wijzen of deze, waarschijnlijk intermediaire, 
polysacchariden een rol spelen in de pathogeniciteit van cryptococcus.

CAP mutanten scheiden geen hyaluronzuur uit - Uit eerder onderzoek is gebleken dat 
hyaluronzuur onderdeel is van het kapsel en dat het zich als een geïsoleerde laag 
bevindt tussen de celwand en het kapsel. Hyaluronzuur bestaat uit een repeterende 
structuur van D-glucuronzuur en D-N-acetyl glucosamine. Deze structuur kan 
met behulp van een specifieke ELISA aangetoond worden, de zogenaamde 
HA-ELISA. Aangezien glucuronzuur gevonden werd in fracties waar dit niet werd 
verwacht, wilden we onderzoeken of dit niet afkomstig was van hyaluronzuur. 
In dit Proefschrift toon ik aan dat de signalen in de HA-ELISA niet afkomstig zijn 
van het kapsel maar van het medium waarin de cellen groeien, genaamd YEPD 
(Hoofdstuk 4). Blijkbaar bevat dit medium hyaluronzuur, waarschijnlijk afkomstig 
van zoogdiereiwitten welke gebruikt worden om het pepton in dit medium te 
maken. Zowel op het celoppervlak als in het geconcentreerde medium werden 
geen HA-ELISA signalen gevonden wanneer de cellen in een synthetisch medium 
(GSU) waren gegroeid. Het lijkt er dus op dat het hyaluronzuur wat in het verleden 
met behulp van deze ELISA is gedetecteerd uit het medium afkomstig is. 

CAP mutanten produceren extracellulaire vesikels - In eerder onderzoek werd 
aangetoond dat GXM (gedeeltelijk) wordt getransporteerd via lipide vesikels 
(vet blaasjes). Deze vesikels bevatten in ieder geval de lipides ergosterol en 
glucosylceramide. Het idee is dat GXM wordt gesynthetiseerd in het cytoplasma, 
vervolgens in vesikels wordt ingepakt en op die manier over de plasmamembraan 
en de celwand wordt getransporteerd. Eenmaal buiten de cel wordt het GXM 
vrijgemaakt uit de vesikels en komt het in het extracellulaire milieu terecht. Dit 
model past in het algemene model van kapselgroei wat uitgaat van groei van 
het kapsel van buiten naar binnen. In dit model wordt extracellulair GXM eerst 
gebonden aan een celwandcomponent (α1-3 glucan) en later aan het reeds 
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gebonden GXM. Hierbij is hoogstwaarschijnlijk het negatief geladen glucuronzuur 
van GXM betrokken. Of GalXM, waarvan we in Hoofdstuk 3 en Hoofdstuk 4 
hebben aangetoond dat het ook glucuronzuur bevat, op eenzelfde manier bindt 
aan bestaand kapsel of aan de celwand, moet verder onderzocht worden.

In Hoofdstuk 5 tonen we met behulp van electronenmicroscopie aan dat 
ook de CAP mutanten CAP10 en CAP67 extracellulaire vesikels aanmaken en 
uitscheiden. Omdat glucosylceramide, welke het meest voorkomende lipide is in 
deze vesikels, gedetecteerd werd in het medium van alle CAP mutanten, lijken 
alle CAP mutanten deze vesikels uit te scheiden. GalXM kon niet in de vesikels van 
wild-type en CAP mutanten worden aangetoond. Echter, GXM werd wel in deze 
blaasjes aangetoond. Deze resultaten wijzen er sterk op dat GalXM op een andere 
wijze naar het cel oppervlak wordt getransporteerd dan GXM. 

Het effect van CAP mutanten op dendritische cellen
Cryptococcus cellen die in de longen terechtkomen worden geconfronteerd met 
alveolaire macrofagen en dendritische cellen (DCs). Deze cellen vormen de eerste 
lijn van de menselijke afweer. In eerder onderzoek werd aangetoond dat wild 
type cellen van Cryptococcus serotype D maturatie (ontwikkeling / specialisatie) 
van humane DCs konden inhiberen of remmen. Daarentegen konden cellen van 
de kapselloze mutant CAP67 de DCs juist induceren tot maturatie. Hieruit werd 
geconcludeerd dat een dikke laag kapsel nodig was om de gistcel te beschermen 
tegen DCs, en dat dit gebeurt door maturatie te inhiberen. In Hoofdstuk 6 tonen 
we aan dat ook Cryptococcus serotype A wild type cellen DCs niet aanzetten tot 
maturatie, terwijl de bijbehorende CAP59 mutant dit wel doet. Maturatie werd 
niet geobserveerd wanneer CAP59 gepreïncubeerd was met geconcentreerd 
groei medium waar de wild type in gegroeid was. Deze observatie, samen met het 
feit dat GXM uit het groeimedium aan de celwand van CAP mutanten adsorbeert 
(Hoofdstuk 6) suggereert dat componenten van het kapsel moleculen kunnen 
afschermen die normaalgesproken zorgen voor maturatie van DCs (bijvoorbeeld 
mannoprotein en ß-glucanen uit de celwand). Een andere verklaring zou kunnen 
zijn dat een component van het kapsel wat immuun-modulatoire capaciteiten heeft 
wordt geadsorbeerd. Componenten in het medium van CAP10 konden ook (deels) 
de maturatie van DCs remmen wanneer het geadsorbeerd was door CAP59 cellen. 
Deze observatie geeft aan dat niet alleen GXM als fysieke barrière nodig is voor 
de inhibitie van dendritische maturatie door Cryprococcus. Deze gevolgtrekking 
wordt versterkt door de observatie dat er geen maturatie plaatsvond wanneer 
DCs werden geïncubeerd met de kapselloze CAP10 cellen. Het lijkt er dus op dat 



CHAPTER #

148

verschillende extracellulaire componenten van C. neoformans maturatie van DCs 
kunnen beïnvloeden.

Wild type serotype A C. neoformans had geen effect op de productie van cytokines 
door DCs. Daarentegen induceerde de CAP59 mutant de productie van de pro-
inflammataire cytokines IL-12p40 and TNFα. Ook hier kon dit effect verkleind 
worden door incubatie van CAP59 cellen met medium van het wild type. Een 
interessante waarneming was dat hoewel het medium van CAP59 cellen op zichzelf 
geen effect op maturatie had, het in combinatie met CAP10 cellen de productie 
van de cytokines IL-12p40 and TNFα door DCs stimuleerde. Daarentegen hebben 
extracellulaire componenten van CAP10 de capaciteit om DCs te stimuleren het 
anti-inflammatoire cytokine IL-10 te produceren. Meer onderzoek moet verricht 
worden om uit te vinden of deze component ook door de wild type stam en 
andere CAP mutanten wordt geproduceerd.

De functie van CAP eiwitten
Deze studie heeft aangetoond dat de CAP mutanten zeer waarschijnlijk niet 
betrokken zijn bij de synthese van GalXM (Hoofdstuk 3, 4). Daarnaast was 
adhesie van GXM aan de celwand niet verstoord (Hoofdstuk 6) en is de productie 
van vesicles, welke betrokken zijn bij het transport van GXM over de celwand, 
waarschijnlijk ook nog intact (Hoofdstuk 5). Hoewel GXM-achtige moleculen 
nog wel gevormd werden, was de hoeveelheid laag. Deze observatie duidt op 
een verstoring van GXM synthese. In overeenstemming hiermee is de vinding 
dat CAP10, CAP59 en CAP60 behoren tot de familie van enzymen, genaamd 
transferases, die betrokken zijn bij de opbouw van koolhydraten (zie Hoofdstuk 
2). CAP10 behoort tot de familie van de xylosyltransferases, terwijl CAP59 en 
CAP60 lid zijn van de familie van mannosyltransferases. Het vierde gen, CAP64, 
behoort tot de familie van de CAS genen, waarvan de leden betrokken zijn bij 
O-acetylatie van GXM. Alles bij elkaar genomen lijkt het er dus op dat de CAP 
eiwitten betrokken zijn bij de synthese van GXM. Hierbij moet wel gezegd worden 
dat de CAP mutanten nog altijd GXM-achtige moleculen produceren (Hoofdstuk 
3 en 4). Blijkbaar inactiveert een CAP gen niet de complete synthese route van 
GXM. Mogelijk kunnen sommige homologen de functie deels overnemen, wat 
gedeeltelijk ondersteund wordt door het feit dat inactivatie van CAP10 zorgt 
voor een iets hogere expressie van transferases die mogelijk bij kapselproductie 
betrokken zijn (Hoofdstuk 2). Biochemische studies zullen gedaan moeten 
worden om de rol van de CAP eiwitten in de synthese van GXM te bevestigen.
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CAP genen komen voor in het hele schimmelrijk (Hoofdstuk 1). Van de 50 genomen 
die tot dusver zijn opgehelderd, bevatten 37 tenminste 1 CAP homoloog. Dit geeft 
aanleiding om te bedenken dat de CAP genen een bredere functie hebben dan 
alleen kapsel biogenese, vooral omdat de meeste soorten met CAP homologen 
niet bekend staan om de capaciteit van aanmaak van extracellulair kapsel. Dit zal 
in de toekomst moeten worden uitgezocht.
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Nawoord
Het zit erop! Letterlijk… Ik had me voorgenomen om het nawoord niet als laatste 
te bewaren maar hier zit ik dan, het boekje moet nodig van een mooie lay-out 
worden voorzien en ik moet het nawoord nog schrijven. Misschien is het ook wel 
beter zo, dan blijft het in ieder geval nog enigszins spontaan. 

Ik heb het ontzettend naar mijn zin gehad de afgelopen jaren, interessant en 
uitdagend onderzoek, een goede sfeer op en rond het lab en een werkruimte die 
er per jaar kleuriger uit is gaan zien. Wat wil je nog meer!

Ik heb deze ervaring te danken aan mijn 2 begeleiders. Hans de Cock en Han 
Wösten. Zij dachten dat ik capabel genoeg was om een aantal jaren onderzoek te 
gaan doen naar het kapsel van Cryptococcus neoformans, de enige (echte) gist in 
het schimmel-lab van Han. 

Hans, ik wil je hierbij bedanken voor de goede samenwerking die we door de 
jaren hebben gehad. Ik heb een hoop bijgeleerd over alle facetten van (promotie) 
onderzoek, van het leren van nieuwe technieken, het opzetten van nieuwe 
onderzoekslijnen, tot het schrijven van een goed hoofdstuk of artikel. Ook heb ik 
door schade en schande van je geleerd dat brabanders uiteindelijk altijd (al dan 
niet met een slokje op), waar in de wereld ze ook zijn, de polonaise willen gaan 
lopen (of een of andere Deense, Oostenrijkse of Japanse variant hierop). 
We moesten het Cryptococcus onderzoek bij de Microbiologie groep vanuit het 
niets opstarten en dreigden als 2-mans groepje vaak ondergesneeuwd (of was 
het gespuugd) te worden door al dat zogenaamde ‘echte’ schimmel onderzoek. 
Desondanks denk ik dat we de boel toch aardig op de rails hebben gezet en 
hopelijk kun je dit onderzoek nog een lange tijd voortzetten. 

Han, ik wil ook jou bedanken voor de prettige samenwerking. Wat begon als een 
e-mail met de vraag of je toevallig nog ergens in het veld een leuke AIO baan 
wist, eindigt met een promotie bij jou groep (hoop ik). Je raakte vooral aan het 
einde van mijn onderzoek, tijdens het schrijfproces, betrokken bij dit hele feest 
en ik sta nog steeds verbaasd over je vermogen om mijn doorgaans nogal wollige 
verhalen terug te brengen naar de essentie, daar heb ik erg veel van geleerd. Dit 
dankwoord is het enige ‘hoofdstuk’ waar je niet naar gekeken hebt, dus maak je 
borst maar nat…
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Wat was er nou zo uitdagend aan dit onderzoek. Toen we aan dit project begonnen 
dachten we met vooral moleculair biologisch werk, het gebied waar ik de meeste 
ervaring mee had, een heel eind te komen. Dat uiteindelijke zijlijnen wel eens heel 
belangrijk zouden kunnen worden had ik zelf even niet bij stilgestaan. Zo kwam ik 
tot aan mijn nek terecht ik de chemie van suikers en lipiden, de rol van enzymen 
die suikers modificeren, het effect van de gistcellen op het immuunsysteem en 
gelukkig ook de nodige moleculaire biologie en bioinformatica. Deze voor mij 
relatief nieuwe velden heb ik gelukkig kunnen ontdekken aan de hand van een 
aantal ervaren mensen met wie we hebben samengewerkt. 

Allereerst wil ik Prof. dr. Hans Kamerling en Dr. Gerrit Gerwig bedanken voor de 
goede samenwerking tijdens het (deels) ontrafelen van de structuur van het 
polysacharide kapsel (hoofdstuk 3 en 4). Zonder jullie input en kennis hadden we 
deze uitdaging zeker niet aan kunnen gaan. 

Het idee om eens te kijken naar het effect van de CAP mutanten op dendritische cellen 
(hoofdstuk 6) is ontstaan tijdens een avondje pokeren met Boris (geld verloren maar 
een hoofdstuk gewonnen). Ik wil dan ook Boris en Dr. Irma van Die bedanken voor de 
goede samenwerking die wellicht in de toekomst nog een vervolg zal krijgen.

Er zijn maar weinig onderzoeksgroepen die zich, met behulp van bioinformatica, 
gespecialiseerd hebben in het opsporen en clusteren van enzymen die actief 
zijn op suikers. Wij hadden het geluk dat Ronald de Vries een samenwerking met 
zo’n groep had en mij de mogelijkheid gaf om naar Marseille te gaan en daar het 
genoom van Cryptococcus te annoteren op de aanwezigheid van deze enzymen 
(wat resulteerde in hoofdstuk 2). Ik wil zowel Ronald als Dr. Pedro Coutinho dan ook 
bedanken voor deze gelegenheid en hulp ter plaatse. Voor deze onderzoekslijn 
hebben we ook gebruik gemaakt van een Crypto-microarray en ik wil dan ook Mark, 
Martijs en Andre bedanken voor de hulp bij het opzetten van dit experiment.

Het veld dat onderzoek doet aan Cryptococcus is niet enorm groot maar wel 
erg hulpvaardig. De volgende mensen wil ik bedanken voor het onzelfzuchtig 
beantwoorden van vragen of sturen van materiaal voor ons onderzoek: Dr. Frank 
Coenjaerts en Drs. Jelle Scharringa, Dr. Guilhem Janbon, Dr. Slavomir Bystricky, 
Prof. dr. Arturo Casadevall, Dr. Tamara Doering en Dr. Jennifer Lodge, Dr. Marcio 
Rodrigues en als laatste Dr. Reiko Ikeda.
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Dan wil ik ook meteen de studenten bedanken die ons hebben geholpen de 
afgelopen jaren. Hoewel veel van jullie werk niet direct terug te vinden is in het 
boekje, was dit essentieel voor het onderzoek dat er uiteindelijk wel in terecht 
gekomen is. In chronologische volgorde wil ik Severine, Marian, Joost, Pieter en 
Amrah (langere stages), Gisela en Sandra (gerelateerde stages) en Loek, Barbara, 
Natasja en Inge (ministages) bedanken voor de tijd en het werk dat ze in dit 
onderzoek hebben gestoken.

Na het schrijven van dit alles is het toch fijn dat het eruit ziet als een soort kroon 
op het werk en ik wil Ruud dan ook bedanken voor de zeer fraaie lay-out van het 
boekje (hoop ik), dit is even wat anders dan het ontwerpen en lay-outen van CD 
artwork waar ik normaalgesproken mee aan kom zetten.   

De sfeer op het lab is bepalend voor de prestaties en ik moet zeggen, ik heb me 
prima vermaakt. Dit was voor een groot deel te danken aan het gezelschap op en 
buiten de werkvloer. Ik wil iedereen dan ook bedanken voor de gezellige tijd. Om 
te beginnen met de inmiddels gepromoveerde en / of verdwenen AIO’s Ana en 
Heine, de nog altijd aanwezige schimmelvrienden Jan de J (nog bedankt voor het 
beeldscherm), Luis en Robin van het master-switch team (het meest prestigieuze 
(of was het vergezochte?) project van de afdeling), en Robin nog eens in het 
speciaal omdat hij mijn paranimf wilde zijn (zo, nu heb ik je 2 x genoemd, hoef ik 
nu niks meer zelf te organiseren?), mijn mede-paria’s Ronald, Evy, Birgit, Robert-
Jan en Isabelle uit het (verre) oost lab, Dr. (B)Arend, Arman ((aan)stichter van De 
basis), Charissa , Wieke, Ad, Elsa, Stefanie, Mayken, Jerre, Karin (had ik jou niet al 
eens eerder gezien), Pauline, Filippo, en Mark (de eerstvolgende… toch?). 

Uiteraard mogen mijn nieuwe vrienden niet ongenoemd blijven, Martine, Virginie, 
Michiel, Vincent, Jesus, Frank, Ria, Ingrid, Elena, Margot, Ria K en Jan, bedankt dat 
jullie mij als ex-schimmel onderzoeker hebben geaccepteerd in jullie groep. Ook 
Jorik, Freya en Jeroen K wil ik bedanken voor de tijd die ik met ze op het lab heb 
doorgebracht. 

Ik heb de term al een keer laten vallen, De basis, en uiteraard wil ik de (resterende) 
spelers bedanken voor de uurtjes sport en spel (of is het oorlog) naast het werk, 
Pavel, Roeland, Diederik en Adriaan, dank voor de 3e helft (meestal willen we de 
eerste 2 snel vergeten).
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Ook ben ik tijdens mijn AIO periode geïntroduceerd in de wondere wereld van 
het pokeren, het levert tot nog toe niks op (behalve een hoofdstuk in dit boekje) 
maar leuk is het wel, Jeroen G (waar gaan we naartoe?) en Peter B, de 2 nog niet 
genoemde ex-AIO’s, dank voor deze dure afleiding.

Verder wil ik iedereen die indirect met dit boekje te maken heeft gehad, zoals 
de mensen van de bacteriologische keuken en van beeldbewerking uiteraard 
bedanken voor hun hulp.

Dat dit project ook invloed zou hebben op de zogenaamde buitenwereld 
stond al vast, maar in dit geval was de buitenwereld ook van invloed op mijn 
werk. Ik heb in mijn AIO periode ook 2 muzikale hoofdstukken uitgebracht (en 
ge-promoot) en soms was de vraag (of de gefronste wenkbrauw) wel eens wat 
nu eigenlijk belangrijker was. Ik heb hier voor mezelf gelukkig nog niet antwoord 
op hoeven geven en hoop dat ik deze 2 passies (wetenschap en muziek) nog lang 
kan combineren. Net zoals ik mijn microbiologie collega’s altijd bedank in de CD 
boekjes, wil ik hier dan ook mijn bandgenoten bedanken voor de afleiding van 
mijn werk en voor hun oneindige belangstelling in wat ik nu eigenlijk deed (iets 
met bacteriën, of was het nou toch iets met konijnen?). Mats, Jens, Jerome, Jan 
M en Marjan, ik weet dat we nog mooie dingen gaan maken samen, sterker nog, 
het volgende muzikale hoofdstuk is rond deze tijd al klaar! Ook Nienke, Meindert, 
Menno, Jasper en Patrick (fulltime regelneef), bedankt voor de afleiding in de 
vorm van opnames en optredens in de afgelopen jaren. Peter wil ik bedanken 
voor het telkens maar weer inplannen van wanneer ik nu wel, of toch weer niet 
kon optreden.

Ik wil Jeroen en Oscar bedanken voor de vriendschap door de jaren heen. Het 
is niet mijn sterkste kant om contact te houden als je dreigt elkaar uit het oog 
te verliezen door een andere baan of studie maar bij jullie kost dat geen enkele 
moeite. Zo nu en dan naar de kroeg of een concert (of op toer), in de winter naar 
de sneeuw en in de zomer naar Italië. Daarnaast een beetje lullen over wetenschap 
of muziek, wat wil je nog meer!
Samen met (of dankzij?) jullie heb ik jaren geleden het besluit genomen om mijn 
baan op te zeggen en toch maar weer te gaan studeren. Vanaf dat moment hebben 
we min of meer dezelfde route gevolgd wat voor ons alledrie gaat leiden (of heeft 
geleid) tot een promotie. Jeroen, ik ben vereerd dat je me de gelegenheid hebt 
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gegeven om tijdens jou promotie paranimf te zijn, waardoor ik een week voor mijn 
eigen promotie nog een keer kan droog-zweten. Ozzy, jij bent iets later ingestapt 
en zal binnenkort aan de beurt zijn, want zo snel gaan de laatste drie jaar voorbij, 
hehe, bij deze ben je gewaarschuwd! 

Hoewel de wetenschappelijke (nieuws)waarde van dit boekje waarschijnlijk vlot 
achterhaald is, zal het voor mij een eeuwige herinnering blijven. Op 14 mei van 
dit jaar, een paar weken voordat ik het manuscript bij de leescommissie zou gaan 
inleveren, overleed mijn vader zeer plotseling en veel te vroeg. Dit bracht naast 
pijn en verdriet ook de vraag wat nu eigenlijk het nut is van waar je mee bezig 
bent, als je blijkbaar in 1 klap uit het leven gerukt kan worden. Mijn vader werkte 
zelf ook met veel plezier in een laboratorium, wat er mede voor gezorgd heeft 
dat ik al vroeg voor een carrière in de wetenschap koos. Door zijn constante 
belangstelling voor- en enthousiasme over mijn werk en studies, heeft hij ervoor 
gezorgd dat ik nooit heb getwijfeld aan deze keuze. Dit was voor mij de motivatie 
om het manuscript en de promotie zo snel mogelijk af te ronden. Heit, ik mis je en 
dit boekje zal voor mij altijd een herinnering aan jou zijn. 

Mem, Froukje en Marco (en Hedzer en Silke), ik wil jullie bedanken voor het begrip 
voor- en het aansporen van mij om toch maar zo snel mogelijk weer aan de slag 
te gaan, ondanks het feit dat ik er daarom niet altijd kon zijn wanneer het wel 
hard nodig was. Ik zal dit nooit vergeten, zonder jullie had ik dit niet voor elkaar 
gekregen.

Esther, jou wil ik als laatste bedanken, niet voor je directe hulp bij dit boekje, maar 
dat je jou leven al een hele poos met mij hebt willen delen. Je maakt me gelukkig, 
en dat is precies wat ik nodig had om deze periode goed af te sluiten. 

Jan
16 oktober 2008
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Figure 1: Negative staining of 
cells with India ink shown with 
differential interference contrast 
microscopy. Wild type (H99) (A), 
H99-CAP10 (B), H99-CAP59 (C), 
H99-CAP60 (D), H99-CAP64 (E) 
and CAP67, serotype D (F) were 
grown in GSU for 5 days under 
capsule inducing conditions. Bar 
represents 10 µM. 

Figure 3: Immunofluorescence 
of cells from C. neoformans wild 
type (H99) and CAP mutants 
grown for 5 days in GSU 
medium. The upper row with 
the CAP59 mutant was only 
incubated with the second anti-
body to assess the background 
signal. Colums indicate staining 
of cells with either Uvitex (whole 
cell staining) or the 18B7, aH99, 
13F1 and a-GalXM antibodies. 
Exposure times of each column 
are indicated.
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Figure 1: Negative staining (A) 
of the serotype A wild-type H99 
and its derivatives with inacti-
vated CAP10, and CAP59 as well 
as the serotype D CAP67 mutant. 
Cells were stained with India ink 
and visualized with differential 
interference contrast microscopy. 
Immunofluorescence of H99 wild 
type cells with αH99 and 18B7 
antibodies recognizing GXM in 
the capsule. Cells were stained 
with uvitex. The overlay of uvitex 
stained cells with cells labeled 
with the antibodies staining cap-
sule reveals the extracellular cap-
sule. Bar represents 10 µM (also 
for pictures in panel B).

Figure 3: Immuno-fluorescence of CAP10 cells (A) or CAP59 cells (B) before (-CCM) and after (+CCM) 
incubation with concentrated medium of wild-type H99. Cells were stained with uvitex  or incubated 
with αH99 and 18B7 antibodies. Bar represents 10 µM.
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