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Cryptococcus neoformans and Cryptococcus gattii are the etiological agents of cryptococcal
meningitis, a fatal disease if left untreated. C. neoformans is considered an opportunistic
pathogen and causes disease in immunocompromised patients, while C. gattii is a primary
pathogen that infects healthy individuals. The mechanisms underlying host preference are not
yet understood. Infection with C. neoformans and C. gattii depends on host susceptibility, the
virulence of the strain and host-pathogen interactions. The complex interaction of the host
with the pathogen eventually decides if the inflammatory response will be more Thl or Th2
balanced, which will directly influence clinical outcome. Differences between these two
species are highlighted in this review, focusing on the differences in complement activation,
neutrophil migration, intracellular parasitism and the response to anti-fungal treatment.

Introduction

Cryptococcus neoformans and Cryptococcus gattii are the etiological agents of cryptococcal
meningitis, a fatal disease if left untreated. Cryptococcal disease is a leading cause of death
among HIV-infected individuals (88, 172). Globally over 900 000 cases of cryptococcal
meningitis are reported each year, causing over 600 000 deaths by three months after
infection. The highest burden was seen in Sub Saharan Africa with approximately 720 000
cases each year (172). C. neoformans var. grubii is distributed worldwide and is responsible
for 99% of cryptococcosis in HIV-infected individuals (157). C. gattii infection has been
severely underestimated, until the recent outbreak on Vancouver Island that has been
responsible for over 200 cases of cryptococcosis and 19 deaths in otherwise healthy humans
and in hundreds of animals (74, 94). The epidemic is currently spreading into North America,
where it is acknowledged as an emerging fungal disease (49). Both species cause similar
disease, but C. neoformans is considered an opportunistic pathogen, while C. gattii is a
putative primary pathogen infecting healthy hosts. C. gattii has been classified as a different
species due to differences in biochemistry, epidemiology, ecology and genotype. This paper
will review the differences in host-pathogen interactions between C. neoformans and C. gattii,
which will decide the outcome of disease.

Taxonomy

Cryptococcus neoformans and C. gattii are part of a species complex responsible for
cryptococcal disease, a fungal infection that can lead to fatal meningitis. The pathogenic
basidiomycete yeast was first isolated from peach juice by Sanfelice in 1894 (194) and was
simultaneously isolated from a patient in Germany (23, 24). The yeast was placed in the genus
Saccharomyces, but in 1901 Vuillemin placed the species in the genus Cryptococcus (222). C.
neoformans was considered a homogenous species until the discovery of four different
serotypes, A, B, C and D. Serotype AD, a hybrid genotype between serotype A and D, can be
distinguished as a fifth serotype. The serotypes are based on the antigenic properties of the
capsule of the pathogen, characterising strains by specific glucuronxylomannan (GXM)
structures. The heterogeneity of this species was further strengthened when Kwon-Chung et
al. (119) first discovered the teleomorph (or perfect state) of C. meoformans named
Filobasidiella neoformans, by crossing two serotype D strains, or a serotype A and D strain
(119). The teleomorph created by crossing serotype B and C strains was found to be



phenotypically different from F. neoformans and was named F. bacillispora (120).
Basidiospores from F. neoformans are spherical, oblong, elliptical or cylindrical with finely
roughened walls, whereas F. bacillispora basidiospores are smoothly walled and bacilliform
(26). The hyphae of F. neoformans produce hautorial branches, which are not seen in F.
bacillispora. Kwon-Chung et al. (118) named the anamorph of F. neoformans, C. neoformans
variety neoformans, and the anamorph of F. bacillispora, C. bacillisporus based on
differences in biochemistry. Later C. bacillisporus was found to be a synonym for C.
neoformans var. gattii, an atypical strain that was discovered in 1970 (222). In 2002, C. gattii
was described as a distinct species based upon differences in ecology, epidemiology,
pathobiology, biochemistry and genotype (103). C. neoformans and C. gattii belong to
Filobasidiella clade of the order Tremellales of the Agaricomycetes (69, 90, 198, 233).
Currently the genus Cryptococcus exists of at least 70 species that are spread throughout the
world. Of these only two species are commonly known agents of cryptococcol meningitis,
namely C. neoformans and C. gattii. However, cases exist that report human disease due to
infection by cryptococcal species other than the two major pathogens and it is possible that
individuals with compromised cellular immunity are vulnerable to infection by other
cryptococcal species (110).

Attempts to subdivide the species in different varieties have been based on molecular
and genetic typing using a variety of DNA genetic typing techniques, including polymerase
chain reaction (PCR), fingerprinting (37, 206, 224), restriction fragment length polymorphism
(RFLP) (209, 225), amplified fragment length polymorphism (AFLP) and multi locus
sequence typing (MLST) (20, 41, 151). These different molecular typing techniques have led
to the identification of concordant genotypes in C. neoformans and C. gattii (151). Eight
major groups are now identified (see Table 1). Recently, new hybrids have been discovered
between genotypic groups as well as between C. neoformans and C. gattii species (14, 18, 19,
22).

Species/ variety | Serotype Molecular Genotype’
type'

C. neoformans var. A VNI AFLP1

grubii
A VNII AFLP1B
A VNB AFLP1A

AD Hybrid AD VNIII AFLP3
D VNIV AFLP2

C. neoformans var.

neoformans

C. gatti BIC VGl AFLP4
B/C el AFLP5
B/C VGIV AFLP7
B/C VGl AFLP6

Table 1 Schematic overview of molecular type and genotype as found within the C. neoformans-C.
gattii species complex. C. neoformans can be clearly divided into C. neoformans var. neoformans and
C. neoformans var. grubbii, a hybrid population is also present. C. gattii can be divided into four
genetic groups, although these do not correspond to serotype. ' (70, 152, 153) 2 (14, 136)

The genome of C. neoformans is estimated to be 15-27 Mb, and is larger then the
genome of C. gattii which is estimated to be 12-18 MB (15). Karyotype analysis showed that



C. gattii has 13 chromosomes as well as a variable chromosome size (15, 138, 231). C.
neoformans has twelve chromosomes.

DNA sequences of protein coding regions have been compared to reconstruct the
evolutionary relationships between the two species. The differences between certain DNA
regions can be indicative of the divergence of the two species. The rDNA repeat unit of C.
gattii and C. neoformans appears to be highly conserved among the species and shows 99%
homology (67, 69, 81). Fell et al. (69) analyzed the ITS (internal transcribed spacer) region of
both species and two genetic identities were seen. Nakamura et al. (162) sequenced a genomic
fragment of the CAP59 gene, a gene necessary for capsule formation, for al five serotypes, A,
B, C, D and AD. They found 90% similarity between all strains, but the five serotypes could
be separated from each other. Serotypes B and C were more closely related then serotype A
and D (162). AFLP analyses by Boekhout et al. (14) again showed a clear separation between
C. neoformans serotypes A, D, AD and C. gattii serotypes B and C. Hybrids were found
within both clusters, but not between the two species, suggesting that there is no
recombination between these species (14). However, Bovers et al.(21) have described the
existence of clinical hybrid strains, BD and AC. This suggests that in nature mating does
happen between C. neoformans and C. gattii (18, 21, 22).

Biochemistry

C. gattii and C. neoformans can be separated by phenotypic characteristics. In clinical settings
light microscopy is an efficient method for rapid identification of infection with C.
neoformans or C. gattii. Fluid samples obtained from patients, usually blood, CFS or urine,
are stained with indian ink (94, 105). Cryptococcal cells generally appear as round or oval
shaped cells, surrounded by a large polysaccharide capsule. India ink staining does not
differentiate between C. gattii and C. neoformans, but C. gattii cells are more often elliptical
or tear shaped then those observed for C. neoformans (122).

Both species grow as white-cream colored mucoid colonies on Saraboud dextrose
agar, a medium that is commonly used in laboratories for the isolation of the yeast. C. gattii
colonies have a more mucoid and sticky texture compared to colonies of C. neoformans
grown on the same agar (124). Birdseed agar is used to distinguish C. neoformans and C.
gattii from non-pathogenic cryptococcal species. C. neoformans and C. gattii produce
melanin, a known virulence factor, causing a dark-brown coloration that can distinguish the
pathogens from other fungi. The melanin produced by C. gattii is less intense compared to C.
neoformans and is surrounded by a green hue (118). It must be noted that there are other
species that also produce melanin, such as Cryptococcus podzolicus and Cryptotrichosporon
anacardii (168, 177).

Biochemical differences between C. gattii and C. neoformans can more reliably
distinguish between the two species. C. gattii reacts with cavanine-glycine-bromthymol blue
(CGB) agar, turning the medium blue, while C. neoformans does not show any reaction.
These differences are based upon differences in the ability of both species to utilize glycine as
a sole source of nitrogen and carbon and their differences in susceptibility to L-canavanine
(154, 180). C. gattii is naturally resistant to canavanine by a mechanism that metabolizes
canavanine into a non-toxic product (180). The blue coloration is caused by alkalization of the
medium, due to the release of ammonium during glycine degradation. C. gattii can utilize
glycine as a sole source of carbon and nitrogen, C. neoformans cannot use this compound,
thus suggesting a difference in nitrogen metabolism between C. gattii and C. neoformans.

Other species-related differences have been observed. C. gattii and not C. neoformans
can use D-proline as the sole source of nitrogen (59, 165). C. gattii degrades creatine with
creatine deaminase in the presence of ammonium, ammonium inhibits creatine degradation by
the same enzyme in C. neoformans (154, 180). Bennet et al. (12)showed that the uptake of L-



malic acids is 10 times greater for C. gattii than for C. neoformans and assimilation of 1-malic
acid, fumaric acid, succinic acids is greater in C. gattii compared to C. neoformans. Another
way of differentiation is a medium that effectively differentiates B and C serotypes from A
and D serotypes on the basis of resistance to low concentrations of cycloheximide and
assimilation of glycine (192).

Differences between serotypes have been described between the enzymes glucose-
phosphate isomerase, phosphoglucosemutase (190), phenol oxidase (99), and the properties of
Cu, Zn superoxide dismutase (87).

These differences have lead to the description of C. gattii as a separate species, and
can help in identifying the two Cryptococcus species. However the wide variety of techniques
that can accurately decipher genotypes are more specific then the biochemical differences and
can therefore more accurately distinguish between the different varieties present in the C.
neoformans and C. gattii species complex.

Ecology

Cryptococcus neoformans is distributed worldwide and has primarily been found in bird
droppings and soil. C. neoformans has been isolated from guano of numerous avian species,
including duck, parrot, peacock, owl, and caracara (25, 101, 139), but is most commonly
isolated from pigeons droppings (10). It is not know if C. neoformans originates from the
guano and enters the soil or is present in the soil and colonizes droppings. The fungus is more
likely isolated from aged, dry pigeon guano and surrounding dust and soil, than it is from
fresh, moist droppings. Dry guano will yield more viable cells compared to samples taken
from fresh droppings (77, 188), which suggests that dried avian guano offers favourable
conditions for the growth of the fungus. C. neoformans has less competition for growth and
survival on dry excrement compared to moist excrement, where conditions are favourable for
other fungi and bacteria (188). The primary niche of C. neoformans is most likely the soil
itself, although researchers have speculated that the fungus is originally present in bird guano
and amplifies when it comes in contact with exposed environment (133).

Birds are usually not affected by the yeast as the high body temperature of birds of 40
°C does not favour growth (26). There are rare cases of birds that are infected with the fungus,
among these are pigeons, parrots and kiwi’s (35, 65, 71, 79, 91, 145, 183). This suggests that
in spite of high body temperature, birds are not fully protected from the pathogen. If the
pathogen does survive within the body of birds, this would explain why only C. neoformans is
found in bird excrement and not C. gattii, which is more sensitive to temperature changes
(175). C. gattii is know to infect parrots, but infection is usually limited to body surfaces and
infection does not lead to disseminated cryptococcosis (145). Disseminated disease is seen in
kiwi’s, but these animals have a lower body temperature of 38 °C, which may accommodate
the growth of C. gattii.

There are rare occasions where C. neoformans has been isolated from the bodies of
birds (186). Research has shown that the intestinal bacteria flora of pigeons inhibits growth of
the pathogen (2). This makes it probable that bird guano enriches the soil and promotes
growth of the fungus already present there and that the pigeon is only a carrier of the fungus,
not a primary source. The pathogen has been cultured frequently from the beak, paws and
feathers of birds (171) that have been contaminated with the fungus due to exposure to guano
in their nests and surroundings. Many of the infections by C. neoformans of pigeons can be
explained by pecking injuries, where infected beaks contacted the skin (145). The food of
pigeons or housekept birds has not been reported to be infected by C. neoformans. No other
primary source has been found that could lead to C. neoformans infection in birds, making it
more likely that the original reservoir of C. neoformans is soil. Birds do play a role as a
carrier, as guano attracts and promotes growth of the pathogen and this is transmitted by birds



on body surfaces. They can carry the yeast along long distances and interaction with other
animals and humans can lead to infection. Zoonotic transmission from birds to human has
been described (126, 204). The lack of C. gattii in the excrement of birds can be explained
due to the high pH present in bird guano. C. gattii is more sensitive to these changes than C.
neoformans (26).

Bird guano is the most commonly reported source for C. neoformans, but this is not
the only ecological niche of this pathogen. C. neoformans has also been found in numerous
fruits and vegetables such as mandarins, guava, melon, cauliflower, and stringbeans (139).
The pathogen has also been isolated from decaying wood in the hollows of trees (80, 128,
129, 181, 182).

Cryptococcus gattii was originally believed to occur only in tropical and subtropical
climates and was found to associate with Eucalyptus camaldulensis by Ellis and Pfeifer (63).
Currently C. gattii has been associated with over 54 species of trees and the pathogen has
been isolated from Australia, the United States, Africa, Europe and Asia (62, 80, 127, 178,
182, 205, 210). The spread of C. gattii throughout the world was thought to be due to the
export of eucalyptus trees from Australia. However, now many more tree species have been
associated with C. gattii, many of which are commonly exported for commercial use.

Botes et al. (16) have shown growth and survival of C. neoformans var. grubii on
woody debris. It has been proposed that tree hollows containing dead wood debris are the
primary ecological niche of C. neoformans and C. gattii as both species have been found here,
individually or simultaneously present (129). C. neoformans and C. gattii are capable of
producing the enzyme laccase, which is implicated in the degradation of lignin by wood-
rotting fungi. It is not known if Cryptococcus species are capable of degrading wood by itself
or if interaction with other microbes is necessary.

Epidemiology

The divergence of C. gattii and C. neoformans as two distinct species is likely due to the
different ecological niche that each species occupies. There is little evidence of transmission
of the pathogen between individuals and this has led researchers to believe that the main route
of infection is by contact with environmental sources as well as routes of zoonotic
transmission. This makes the natural habitat and geographical distribution of the fungus
important in understanding and studying the epidemiology of cryptococcol meningitis.

C. neoformans var. neoformans, like C. neoformans var. grubbii, is distributed world
wide, but is more frequently found in Europe (55, 121, 217, 227). C. gattii has high
prevalence in geographically restricted regions and has originally been associated with
tropical and subtropical areas and is endemic in Australia, Malaysia (216), Venezuela (28),
Papua New Guinea (40, 199), South Africa (161), Brazil, Mexico (28) and Southern
California (26). C. gattii has been associated with an outbreak among humans and animals in
Vancouver Island, British Columbia, Canada (112, 144). Between 2002 and 2005 the
incidence of C. gattii infection was 36 cases/million/year, a much higher number then the
prevalence in endemic areas of Australia of 0.94 cases/million/year (112). This increased
virulence in Vancouver Island has been associated with a recent recombination event. The
outbreak is presently spreading to the pacific coast of North America (43, 211).

Cryptococcus gattii cases have also been reported in other temperate/Mediterranean
climates, such as those in Europe (38, 66, 152, 226). Most isolates are serotype B. C. gattii
infects predominantly immunocompetent individuals (33, 157, 207), although reports of C.
gattii serotype C suggest a correlation between HIV-infected patients and infection with C.
gattii genotype VGIV in certain regions of sub-Saharan Africa (135).

Geographical distribution and cryptococcosis incidence has been correlated with the
flowering season of the E. camaldulensis in Australia (64). However, the flowering season of



the eucalyptus tree coincides with the rainy season in Australia and a study in Brazil has
shown that occurrence of C. gattii is favoured in rainy months (77). This suggests that the
rainy season, not the flowering season, may influence the incidence of C. gattii.

Infection and virulence factors

It is widely accepted that the port d’entrée of infection for the etiological agent of
cryptococcosis is the lung (26). Due to ciliary function of the epithelium and airway
turbulence in the lungs particles larger then 5 pm cannot enter the alveoli. Capsulated yeast
cells are 4 to 20 um in size, making it unlikely that these particles can enter the alveoli and
cause infection (26, 133). It is thought that the infectious particles are basidiospores or
desiccated yeast cells. Yeast cells that are deprived of nutrients and moist can lose their
capsule, reducing their size to 5 um and less (163). Aerisoled particles smaller than 5 um
have been isolated from the air and above bird excrements (163, 187). However, these cells
display poor viability (189, 230) and basiodiospores have been shown to be more virulent in a
mouse model (214). Basidiospores are approximately 2 um in size and arise as a result of
sexual reproduction between cells, or as the product of mono-karyotic fruiting between cells
of the same mating type. These infectious particles have been isolated from the environment
(63). As most environmental strains are type MATa, it is believed that most infectious
particles are produced through mono-karyotic fruiting.

Cryptococcus neoformans and C. gattii have several virulence factors in common that
set them apart from other fungi. C. neoformans and C. gattii are the only fungi in the order
Tremellales that are able to grow at high temperatures between 37-39 °C. This enables the
yeast to survive in the mammalian body, temperature sensitive strains are no longer virulent
(175). The main virulence factor of C. neoformans is the polysaccharide capsule. The capsule
consist of 88% GXM and galactoxylomannan (GalXM) and some mannoproteins (235).
These capsule proteins are shedded and can be found in the body fluid of infected patients
(158). The capsule protects the pathogen against phagocytosis by inhibiting phagocytosis in
the absence of opsonins (113, 143). Mutant strains lacking a capsule are avirulent in mouse
models and capsular pathogens are not as easily phagocytosed by phagocytic cells as
acapsular strains (30, 73). Furthermore the capsule can have strong immunomodulatory
effects and promotes survival within the host (235). Shedded polysaccharide can have
immunomodulatory effects and high levels of capsule polysaccharide antigen in the cerebral
spinal fluid (CSF) can change the osmolarity, leading to increased intra cranial pressure,
headaches and visual disturbance (46). The capsule is not strictly needed for virulence as
acapsular strains can be virulent, but only in severely immunocompromised mouse models
(193).

Melanin is another important factor for virulence. Melanin is produced by laccase in
the presence of catecholamines such as dopamine, present in the brain (26). C. neoformans
and C. gattii recovered from brain tissue of infected patients have been show to be melanised
(166). Melanin protects the pathogen from ultraviolet radiation and it can protect the fungus
from toxic free radicals produced by the host (143). Mutant strains that are not capable of
producing melanin have been shown to be less virulent (27) and less susceptible to antifungal
drugs (221). Melanised cells are more resistant to phagocytosis and cell death caused by
phagocytic effector cells (96). However there are several non-pathogenic Cryptococcus
species that also produce melanin (26), although these species do not prosper at 37 °C.

Urease catalyses the hydrolysis of urea to ammonia and carbamate. In certain bacteria,
such as Helicobacter pylori, urease has proven to be a significant virulence factor (26). Cox et
al. (39) disrupted the urease gene in C. neoformans and showed that mice injected with the
mutant strains had a prolonged survival time. A similar study by Osterholzer et al. (170)
showed a 100-fold increase in fungal burden after two weeks in mice infected with a urease



producing strain compared to infection with a non-urease producing mutant strain.
Furthermore, it was found that mice infected with an urease producing strains displayed a
potent, non-protective, Th2 response and promoted the accumulation of immature dendritic
cells (170) Urease negative strains lead to much lower fungal loads in the brain, indicating
that urease has an important role in dissemination to the brain. Urease promotes accumulation
in organs with close capillary beds, such as the brain. This suggests that urease promotes
central nervous system (CNS) invasion by enhancing yeast sequestration within
microcapillary beds during hematogenous spread, thereby facilitating blood-to-brain invasion
by C. neoformans (169). Urease production is significantly higher in C. neoformans strains,
compared to C. gattii strains (125, 218), although exceptions exist as not al C. neoformans
strains produce urease (26).

More research is necessary to compare the different clinical manifestations of C.
neoformans and C. gattii in healthy individuals, to asses whether the decreased urease
production observed in C. gattii results in decreased predilection for the CNS and, secondly if
C. neoformans infections leads to a more Th2 balanced immune response compared to C.
gattii infection. The interaction between virulence factors and host immunity is complicated
and 1s most likely influenced by many factors.

Both C. neoformans and C. gattii are capable of phenotypic switching. The
cryptococcal cells can switch from a smooth colony to a more virulent mucoid colony. The
pathogen changes the polysaccharide capsule and the cell wall, in order to escape the immune
system and adapt to the host environment (105). For example only smooth colonies could be
grown from brain homogenates of infected mice, presumable because the smooth variant is
better equipped to cross the blood-brain barrier (105). Mucoid colonies on the other hand have
a thicker layer of capsule causing enhanced intracellular survival in the lungs (105). Smooth
and mucoid colonies elicit different immune responses leading to differences in virulence.
Guerrero and Fries (82) found that interleukin 10 levels are higher in the alveoli of mice
infected with smooth colonies compared to mucoid colonies. Furthermore Guerrero and Jain
(83) indicate that mucoid, but not smooth colony infection in mice is associated with the
emergence of Th17 cells and higher levels of interleukin 17 in lung tissue. They show that
there is a difference in macrophage activation between smooth and mucoid colonies of C.
neoformans. Infection with mucoid colony cells leads to activation of macrophages that play a
significant role in maintaining damage promoting inflammation in the lung (83).

Jain et al. (104) review the differences between phenotypic switching in C.
neoformans and C. gattii. C. gattii is primarily found in mucoid colony morphology, where C.
neoformans displays smooth colony morphology. Cells from mucoid colonies tend to be more
resistant to phagocytoses and increase intracellular survival of the pathogen (104). 2008.

Pathogenesis

Fungal infection by Cryptococcus starts in the lung, where a primary pulmonary lymph node
complex is formed. The disease process can occur in two ways, as symptomatic disease or
asymptomatic disease, where the yeast dies or remains latent until reactivation occurs due to
an event that weakens the immune system. It is believed that the normal response of an
immunocompetent host is in most cases effective in containing the fungus (26). There are
relatively few cases of cryptococcosis, although there is a high risk of exposure and studies
have shown that there is a high frequency of infection as most children carry antibodies
against C. neoformans (200). Studies have shown that antibodies against the GXM of C.
neoformans are present in a majority of children above 2 years of age, with and without
clinical symptoms (1, 76). This suggests that infection is quite common, but is usually cleared
by the immune system or remains dormant.



Dormant infection of C. neoformans was investigated by Garcia-Hermoso et al (75).
They analyzed clinical isolates of French patients using RAPD patterns and found that the
strains from nine African patients that had moved from Africa to France more than 10 years
ago, differed from those seen in 17 patients that originally came from France. The patients
who had lived in Africa were infected prior to moving to Europe, meaning that they were
infected long before clinical manifestation of infection (75). Other cases have been published
were patients have been exposed to infection with C. neoformans and C. gattii long before the
onset of disease (17, 58, 85). A Dutch tourist was diagnosed with infection of C. gattii, the
strain was identical to the highly virulent strain found in the Vancouver island outbreak in
British Colombia (85). The patient had visited Vancouver island a year before and had just
undergone her first corticosteroid treatment for systemic lupus erythematosus. As the
Vancouver island outbreak strains have not been found anywhere outside America, it is
reasonable to believe that the patient was infected during her visit to Canada and the infection
remained dormant until corticosteroid therapy. These results suggest caution for patients
treated with corticosteroid or other immune suppressive drugs in areas endemic for C. gattii.
Acute infection with either species of Cryptococcus can occur when immunocompromised
patients are exposed to large numbers of cryptococcal cells (167).

When infection is symptomatic it can cause pulmonary symptoms, or the fungus can
disseminate to other sites of the body. Clinical symptoms of cryptococcosis disease can vary
greatly due to the diversity in host response to the infection dependent on the immunological
status and the virulence of the fungal strain involved. Clinical symptoms have been noted in
many tissues such as the skin, eye, genitourinary tract, bones and joints, muscle, heart,
gastrointestinal tract, breast, lymph nodes, thyroid and the adrenal gland (26). The most
common symptoms however are seen in the lungs, as the primary site of infection, and the
CNS (157). The yeast has a high predilection for the CNS, the exact mechanisms for this
tropism are however not yet known. The fungus can multiply and survive under the hypoxic
conditions in the brain and this preference may be due to the less aggressive immune system
behind the blood brain barrier (26). Melanogenesis may play a role in this process as the
neurotransmitters in the brain can serve as substrates for the production of melanin, a know
virulence factor for C. neoformans (133). The brain is not the only organ that produces these
factors, suggesting that there may be other mechanisms at work as well. Possibly there are
receptors on neuronal cells that can specifically bind to the yeast cell. It has indeed been
shown that C. neoformans can bind to the endothelial cells of brain capillary vessels as well as
lung and glial cells (31, 148). The capsule seems to have a part in the adherence to glial
monolayers as non-encapsulated yeasts show stronger adherence compared to encapsulated
yeasts (149). Another factor that has been indicated in the CNS tropism of the yeast is the
mating type. The alpha mating locus has been indicated as a important virulence factor (123).
In congenic strains of C. neoformans var. grubii MATa strains show a stronger predilection
to the CNS during co-infection with both MATa and MATa strains (164). Furthermore the
promoter for a pheromone is induced during the proliverative stage of CSN infection,
indicating the MATa locus as a factor in tropism (45).

Clinical manifestations

An intense granulatomous condition has been associated with the infection of
immunocompetent hosts, as granuloma’'s are considered the natural immune response to the
pathogen. Clinical symptoms associated with cryptococcal infections of immunocompetent
hosts are higher frequencies of cerebral involvement, hydrocephalus, papilledema,
neurological sequelea and pulmonary disease, than seen in immunocomprimised hosts (207).
Brain and lung cryptococcoma’s are also more frequent in immunocompetent hosts,
cryptococcoma’s are granuloma's associated with Cryptococcus infection and are absent in



immunocomprimised hosts due to the lack of a proper immune response (33). Furthermore,
immonocompetent hosts tend to have a longer duration of disease and are more likely to need
surgery compared to immunocomprimised hosts (207).

Immunocomprimised patients show a response with an absence of the typical
granuloma formation, extensive capillary involvement, dissemination and minimal
involvement of lymphocytes (203). There is also more extensive pulmonary disease seen in
immunocompromised hosts then in otherwise healthy patients as well as a higher occurrence
of meningitis (33, 207). These features are mostly explained due to the lack of a proper CD4+
T-cell response as reconstitution of CD4+ numbers by HAART therapy in AIDS patients can
cause a change from massive capillary involvement in the disease to granoloma-like
formations (26, 203).

Only few studies have focused on the differences in clinical outcome due to
cryptococcal varieties, as most healthy patients are infected with C. gattii serotype B and most
immunocomprimised patients are infected by C. neoformans var. grubii, serotype A. It is
difficult to correlate strain variety to clinical symptoms, without looking at immune status as
relatively few healthy individual are infected by C. neoformans, and equally few
immunocompromised patients are infected by C. gattii. However, there are studies in
Australia that have looked at healthy individuals infected with either C. neoformans or C.
gattii. Australia is endemic for both cryptococcal species, making this comparison possible,
however the group of C. gattii infected hosts tends to be overrepresented.

Cryptococcus gattii infection has been correlated with the occurrence of lung and
brain cryptococcoma’s, long disease combined with CNS infection, mass lesions in the brain,
obstructive hydrocephalus, single or multiple mass lesions on a chest rontgenogram and a
longer period of hospitalization compared to C. neoformans (33, 106, 156). The latter could
be an effect of the occurrence of brain cryptococcoma, which tend to lead to more severe
neurological infliction.

Immune response

The majority of the human population is able to clear or contain an infection with the
causative agent of cryptococcosis. Clearance or containment of C. neoformans in
immunocompetent people should therefore be relatively effective. After inhalation of the
pathogen natural cellular defence mechanisms are activated, involving neutrophils and other
phagocytic cells (84). These cells recruit a cell-mediated immune response involving T-cells,
the main mediators of the clearance of the pathogen. A Thl-asociated immunune response has
shown to be protective against cryptococcal infection, while a Th2-associated immune
response 1s not protective (11, 93, 95). Mice lacking CD4+ T cells show an increased
susceptibility to infection with C. neoformans, if compared to immunocompetent mice (29).
This coincides with the fact that humans with immune deficiencies such as AIDS are also
highly susceptible to the disease. Adoptive transfer of T-cells could confer immunity to C.
neoformans, providing more evidence for the prominent role of this cell population (78, 132).
CD4+ T-cells display a protective Thl response involving cytokines such as TNFa and [FNy.
Neutrophils, eosinophils, Thl-associated classical activated macrophages and DC’s are
attracted to the site of infection. These cells contribute to the formation of giant cells and
granuloma’s. Granuloma's can contain the pathogen and are thought to be the primary
immune response to infection in immunocompetent patients (26, 92, 203). CD8+ T-cells also
appear crucial to a proper immune response, lack of these cells diminishes influx of
phagocytotic cells and CD4+ T-cells. CD8+ T-cells secrete mainly IFNy and IL-2, possibly
attracting more CD4+ T-cells to the site of infection. The exact interactions between CD4+
and CD8+ T-cells are not clear (92, 97, 98). The balance between a protective Th1 and a non-



protective Th2 response, consisting of cytokines such as Il-4, I1-5, 1I-10, is thought to be
influenced by NKT cells and Gamma delta T-cells as well as B-cells (108).

Antibody mediated immunity has a role in the defence against cryptococcosis,
although the role of antibodies is not as clear or as crucial as cell mediated immunity. Several
studies have shown that B-cell deficient mice show no differences upon infection with C.
neoformans (26). Antibodies against capsular polysaccharides and cryptococcal proteins are
found in the serum of patients. The absence of antibodies correlates with a poorer prognosis,
while the presence of antibodies is associated with enhanced recovery in patients presenting
with meningitis (47). Antibody treatment promotes the formation of giant cells in vivo and
mice treated with antibodies show a more intense granulomatous response, suggesting the
presence of antibody enhances host resistance (195, 201). Furthermore, the presence of B-
cells in SCID mice leads to an enhanced resistance and a lowered fungal burden in tissue (3).
Patients with defects in antibody mediated cell immunity, such as a XID mutation or hyper
IgM syndrome, are more susceptible to cryptococcal infection then immunocompetent
patients, providing a role for B-cells and antibody mediated immunity in cryptococcosis (102,
107, 146, 212, 213, 215). Reports are, however, contradicting as antibodies have been found
that are protective, prolong survival and decrease the organ burden, but disease enhancing and
non-protective antibodies are also observed ((26, 179). B-cells and antibodies also have a role
in directly modulating the immune response (185).

A study by Speed et al. (208) compared the antibody levels in serum of
immunocompetent individuals who were infected by C. gattii or C. neoformans. The serum
showed IgG levels that persisted for a long time and IgA levels that declined after two weeks.
Patients infected with C. gattii had a higher prevalence of IgA and showed higher IgA
antibody levels. It is possible that C. gattii is more immunogenic, but it is also conceivable
that the onset of disease in C. gattii is more rapid and that the IgA antibodies do not have
enough time to decline (208). The increased prevalence of cryptococcoma’s seen in patients
infected with C. gattii could be explained by a more effective antibody mediated immune
response.

Increased risk of cryptococcosis has been associated with immune status, sex and age.
Children rarely develop cryptococcosis (26, 200), and disease occurs between 20-50 years old
in HIV-infected people, while immunocompetent people >45 years of age have an increased
risk of infection (86). Many studies have indicated that male sex is a risk factor for
cryptococcosis (47, 55, 86), however this is not reflected in all studies (32).

In Australia an increased risk for cryptococcosis was found among aboriginal residents
(26, 106). Racial susceptibility of aboriginal heritage in Australia is most likely due to
geographic isolation of certain groups that coincide with increased exposure to the pathogen,
such as seen in aboriginals that live in rural areas (33). Urban living aboriginals do not have
an increased risk to C. gattii, as they do not have a greater risk of exposure. A decreased risk
for C. neoformans infection was found for Africans (56), suggesting that genetic susceptibility
to the antigen may play a role. Major histocompatibility complex (MHC)-dependent
susceptibility to C. neoformans infection in mice has been demonstrated, suggesting the
importance of MHC-genes in host resistance (147, 220).

Host immunity is a well-established risk factor most prominent in the occurrence of
cryptococcosis among HIV-infected individuals. Other diseases that affect the immune status
of the host have been related to an increased risk of cryptococcosis, such as
lymphoproliferative disorders, cirrhosis and hypogammaglobulinemia (26). Most prevelant
risk factors besides HIV are recipients of organ transplant and patients undergoing
corticosteroid therapy (86).

Intracellular parasitism
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Cryptococcus neoformans and C. gattii are considered facultative intracellular pathogens, as
they can survive intracellularly in vivo (9, 196) and in vitro. The important role of alveolar
macrophages for a proper immune response has already been reported (202). C. neoformans is
protected from phagocytocis by macrophages in vitro in the absence of opsonins (68, 115,
116). However in the presence of opsonins, the pathogen is readily phagocytosed (68).

The pathogen can survive and proliferate within infected cells. Once ingested by the
macrophage, the phagosome becomes permeable and provides the pathogen with access to the
nutrients in the cytoplasm. The pathogen then replicates by budding and an accumulation of
polysaccharide-containing vesicles is observed. Intracellular replication eventually leads to
rupture of the host cell, releasing the pathogen into the extracellular milieu (5, 219). A novel
mechanism has been observed by which the pathogen can be expulsed from the macrophage
by extrusion of the phagosome, the pathogen and the macrophage will both survive (6, 140)
This could be a way for the pathogen to survive without killing the host cells and recruiting an
immune response. Lee et al. (130) show that C. neoformans survives in microglia and
replicates in spacious phagocytes, but when ingested by close fitting macrophages it doesn’t
replicate and is extruded. This process could be mediated by the polysaccharide capsule as
this diffuses within the phagosome in spacious phagocytes, while it remains compact and
homogeneous in close fitting phagocytes (130). In a study by Alverez et al. (6) C. neoformans
var. grubii, C. neoformans var. neoformans and C. gattii were all analysed for phagosomal
extrusion and survival of the host cells. This was observed for all strains, but was found to be
more prevalent in C. gattii. Whether this is associated with clinical outcome should be
investigated further (6).

Another option via which the pathogen can escape the immune system is by spreading
from cell to cell. Macrophages fuse and the pathogen enters a previously uninfected
macrophage without entering the extracellular environment (7, 141). Large vacuoles remain in
the empty macrophages, which are most likely lethal (7).

The fungal outbreak on Vancouver Island has been going on since 1999 and is now
spreading to the mainland (43, 211). The Vancouver Island outbreak is caused by a rare
genotype VFII/AFLP6, but similar strains have been found in other parts of the world,
suggesting that a recent event in the Vancouver Island area may be responsible for the
increased virulence seen in this strain (111, 112). To investigate the cause of hyper virulence
among the VIO strains compared to other VGII/AFLP6 strains found in other parts of the
world, Ma et al. (142) found a significant correlation between intracellular parasitism of the
VIO strain and other strains of the same genotype. The observed increased proliferation rate
found in murine macrophages as well as human macrophages, was not due to over expression
of any know virulence factors such as described earlier, but was found to be associated with
an increase in mitochondrial gene regulation and a change in mitochondrial morphology. A
tubular mitochondrial morphology was correlated with increased proliferation rates. Tubular
mitochondria are thought to be the result of mitochondrial fusion, a protective response that
allows rapid intracellular growth, thus enhancing virulence.

Ma et al. (142) found a strong correlation between the intracellular proliferation rate
and mean survival time of mice. This further indicates the importance of intracellular
parasitism on the virulence of Cryptococcus. This correlation was found in both species C.
neoformans and C. gattii. In fact, C. neoformans strains had a high proliferation rate
compared to non-VIO C. gattii strains. Unfortunately, mitochondrial gene expression and
changes in mitochondrial morphology were not investigated in C. neoformans strains.

Complement activation

Complement factors play an important role in the natural cellular immune response to
infection by Cryptococcus. The polysaccharide capsule activates compliment via the
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alternative pathway. Complement factor C3b/iC3b binds to the capsule and acts as a potent
opsonin for phagocytotic cells. The classical pathway is activated by antibodies and acts
primarily through activation of the alternative pathway as demonstrated by Diamond et al.
(48). The lectin binding pathway, the alternative pathway as well as the classical pathway are
all blocked in mice that are deficient in late complement factors. Mershon et al. (150) have
shown that these mice have a lower rate of survival compared to mice lacking Factor B. Mice
lacking Factor B are unable to activate the alternative pathway, but can still activate the lectin
binding pathway (150). This suggests that the alternative pathway is not the only pathway
involved in protection against Cryptoccoccus. C. neoformans secretes mannoproteins that can
be recognized by Mannose Binding Lectin and activate the lectin binding complement
pathway (131). The efficiency of the opsonin capacity depends not only on activation of the
alternative complement pathway by the capsule, but also on the presence of cytokines that
upregulate the efficiency of complement mediated phagocytosis by phagocytic cells and the
availability of phagocytic cells with complement receptors. Genetically deficient mice for the
fifth component of complement, C5, an important factor in the activation of the classical, as
well as the alternative pathway, are more susceptible to infection by C. neoformans than
healthy mice as are guinea pigs depleted of late complement factors involved in the
alternative pathway (48, 57, 184). Complement factor is important in clearance of fungi from
extraneuronal sites, but not from the CNS. Once the disease disseminates to the brain
complement factor could not lower fungal burden. In human spinal fluid no opsonization has
been observed, suggesting low complement activity in the central nervous system, possibly
contributing to the predilection of C. neoformans and C. gattii for the CNS (48).

Early reports by Washburn et al. (228) state that C. neoformans serotypes A and D
bind three times more C3b molecules per surface unit compared to C. gattii serotypes B and
C. C3b is bound to the capsule of cryptococci which mainly exists of GXM, with minor
contribution of GalXM and MP. GXM consists of a mannose main chain and each serotype
differs in the degree of xylose, glucuronic acid and O-acetyl substitution. Washburn at el.
ascribed the differences in binding of C3b to C. neoformans and C. gattii to these differences
in side chain substitution. The active C3 thioester group can efficiently bind to mannose
present in the GXM core. Possibly the addition of side chain substitutions can cause hindrance
and complicate the binding of C3b. Serotype B and C have more extensive xylose
substitution, possibly causing the difference seen in binding kinetics. Later reports by Young
et al. (234), however, show that there is no difference among serotypes in the maximum
amount of C3 fragments that can bind to the capsule, but, rather a difference was noted in the
rate of accumulation of C3 onto the capsule. C. neoformans serotypes A and D have a higher
rate of accumulation then C. gattii serotypes B and C. The result by Washburn et al.(228) is
due to a shorter measurement, not allowing maximum deposition of C3 unto the capsule of
serotypes B and C. Possibly the extensive xylose substitutons of serotypes B and C on GXM
slow the accumulation process of C3 fragments (191). Sahu et al. (191) demonstrate that the
attachment efficiency of C3b strongly depends on the xylose content. They found that
serotype A and D, with respectively one and two xylose residues branching out, bind C3b
slower and to a lesser extent if compared to serotypes B and C, with respectively three and
four xylose residues. This contradicts previous findings, where serotypes B and C bind C3b
slower in less or equal amounts.

Kozel et al. (114) used C. neoformans serotype D mutant strains to determine the
effect of differences in O-acytelation and single xylose side chains on the mannose backbone
of GXM. Xylose negative mutants could bind C3b and showed a more rapid accumulation
when compared to xylose positive mutants. This indicates that the binding of C3 fragments is
not dependent on xylose residues as suggested in earlier reports by Sahu et al. (191). Possibly,
the xylose substitutions increase the efficiency with which Factor H can interact with Factor |
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on the cryptococcal capsule, as these two factors are important for the conversion of C3b in
1C3b, which is abundantly present on the capsule. The slower rate of accumulation however
does not influence the efficiency of phagocytosis by neutrophils.

O-acytelation had little or no effect on complement activation and is not required for
inhibition of neutrophils. O-acytelation did have an effect on the binding of antibodies to the
capsule. It seems to influence the ability of antibodies to crosslink at the surface of the
capsule, without directly inhibiting the binding of antibody to the capsule. The xylose
substitution did have an impact on the clearance of GXM from the spleen, as xylose negative
GXM appeared to accumulate in the spleen. O-acetyl negative GXM was cleared faster from
the serum and showed lower levels in the liver when compared to O-acetyl positive GXM.

These results do not explain the observation that xylose-negative strains were avirulent
compared to xylose-positive strains, where o-acetyl negative strains showed increased
virulence (114, 116, 117, 191). These observations suggest that the GMX structure influences
the virulence of the pathogen in different ways that are not yet understood.

Neutrophil migration

C. neoformans mainly infects people with a defect in their immune system, thus given this
opportunistic pathogen a clear pass to infect the lungs and disseminate to the CNS and other
body sites. C. gattii however mainly infects immunocompetent people and to do this it must
be able to surpass the immune defences of the body. Culture filtrate of C. gattii has been
proposed as a novel anti-inflammatory compound due to its immunosuppressive abilities
(155). This suggest that there must be differences in the interaction of C. gattii and C.
neoformans with the host defence system. It has been reported that neutrophil migration and
function is impaired in infection with C. gattii. Dong and Murphy (52) show that C.
neoformans serotype A stimulates neutrophil migration in vitro and in vivo. Mice were
injected with gelatinous sponges that contained culture filtrate antigens from C. neoformans
serotype A or C. gattii serotype B or C. After six hours neutrophils, monocytes and
lymphocytes were harvested after treatment with antigen from C. neoformans. This was not
the case for C. gattii serotypes B and C, where more lymphocytes were found, but less
neutrophils. This was in agreement with the finding that C. gattii serotype B and C inhibited
in vitro migration of neutrophils to known chemo-attractants and inhibited random movement
of neutrophils. Inhibition of neutrophil migration into sites of infection happens at different
stages of migration. The GXM capsule polysaccharide has direct chemoattracting activity that
can affect the ability of neutrophils to respond to other signals (51). Furthermore, interference
with chemokinesis and downregulation of chemokine receptors by the capsule can interfere
with a proper response of leukocytes to chemoattractants (36, 134, 159). GXM can also affect
the attachment of leukocytes to the endothelium and the migration towards the site of
inflammation. GXM has been shown to inhibit the adhesion of neutrophils to activated
endothelial cells, by affecting both neutrophils and endothelial cells. GXM induces L-selectin
shedding on leukocytes (50, 53, 54), thus inhibiting extravasation. Rolling on the endothelium
is inhibited by GXM, probably through interference with E-selecing binding (60, 61).

Dong and Murphy (52) suggested that due to inhibition of neutrophil migration to the
lungs C. gattii infection could not be contained in an early stage, possibly providing an
explanation why C. neoformans is cleared in immunocompetent hosts unlike C. gattii. The
capsular polysaccharide GXM was found responsible for the chemotactic event in C.
neoformans serotype A, and it is possible that the structural differences in GXM that
categorise the serotypes, are responsible for the different effects of C. gattii and C.
neoformans on neutrophil migration (52). Later research by Wright et al. (232) did not report
a difference in neutrophil infiltration in the lungs of mice infected with either C. neoformans
or C. gattii. They observed an inhibition of neutrophil function at the site of infection, which
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could result in the survival of extracellular yeast, leading to the formation of
cryptococcoma’s, which are seen more commonly with C. gattii infection. Furthermore, they
showed differences in the metabolite concentrations secreted by both species. C. neoformans
has higher concentrations of metabolites, most prominently ethanol and acetate. This is
reflected in a lower pH in cryptococcal supernatant from C. neoformans. Two compounds
were found exclusively in C. gattii infection, namely acetoin and dihydroxyacetome. These
metabolites are thought to be part of a stress response (232). A more recent study observed
lower levels of neutrophil infiltration in the lungs of mice infected with C. gattii together with
a reduced production of inflammatory cytokines, mainly IFNy and TNFa (34). Cheng et al.
(34) speculated that the early neutrophil response is impaired due to inhibition in neutrophil
migration. Because the early neutrophil response plays an important role in the induction of
cell mediated immunity, only a weak Th1 response is mounted (34). A weak Th1 response has
been associated with a reduced survival time (8). C. gattii inhibits proper migration of
neutrophils and impairs neutrophil function leading to a weaker inflammatory response. This
could be a factor in the mechanisms responsible for the preference of C. gattii for
immunocompetent host.

In short, immunogenic differences exist between C. neoformans and C. gattii, but the
underlying mechanism of these differences are not completely understood yet.

Therapy

Pulmonary cryptococcosis can be controlled by the host immune response, but once the yeast
has disseminated to the brain, infection is uniformly lethal. Reports from Zimbabwe indicate
that the median survival from diagnosis to death is 14 days in untreated HIV-related disease
and cryptococcal meningitis, and only 22% of the patients survive for longer then 30 days
without treatment (89). Treatment of fungal pathogens is difficult, due to the many similarities
between the cellular machinery of fungi and humans. Amphotericin B (AMB) is the main
treatment of choice and often complemented with flucytosine (229). Azoles, such as
fluconazole and itraconazole, are also frequently used in the management of cryptococcosis.
Fluconazole effectively penetrates the CSF and can suppress infection in AIDS patients.
Fluconazole is often used for longer courses of treatment, such as in the case for patients with
AIDS for whom treatment is considered indefinite (176). Resistance to fluconazole has been
reported, especially in parts of Africa were fluconazole is often used as primairy therapy for
cryptococcosis. In a study in Cape Town, South Africa, Bicanic et al. (13) described 32
cases of relapse out of 27 patients that originally presented with cryptococcol meningitis and
were treated with fluconazole as initial treatment. Sixty seven percent of the culture-positive
relapses were associated with isolates that had reduced susceptibility to fluconazole (13, 174).
An increased resistance to fluconazole has been associated with C. gattii (109, 174). Sixty
clinical isolates form AIDS patients were tested for resistance to AMB, itraconazole and
fluconazole. None were resistant to AMB or itraconazole, one out of 56 C. neoformans strains
was found resistant to fluconazole, while 3 out 4 C. gattii strains were resistant to this drug
(174). Drug resistance is not a problem for first line therapy with AMB and flucytosine. AMB
resistance strains have been detected (44), but in general resistance to AMB is rare (197, 223).
New drug development has led to the discovery of new azoles such as voriconazol, posonazol,
albaconazol, that are safer and more active against Cryptococcus (72, 160). No resistance has
been found for these drugs, but resistance should be monitored when these drugs will be used
by a broader population (160). MIC (minimum inhibitory concentration) values for several
azoles, especially fluconazole, were found to be higher in C. gattii strains then in C.
neoformans strains (44, 174). Patients infected with C. gattii do not respond as well to
treatment as patients infected with C. neoformans ((173, 207). This difference could be
explained due to the lower susceptibility to antifungal treatment seen for strains of C. gattii.
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Igbal et al. (100) investigated the susceptibility of the strains involved in the ongoing C. gattii
outbreak on Vancouver Island and found a significant correlation between subtype and MIC
values. VGI and VGIII had comparatively low MIC values, where VGII was found to be
associated with high MIC values. Studies investigating the association of in vitro
susceptibility and clinical outcome with treatment are contradictory and more research is
needed to confirm if lower MIC values comply with good clinical outcome (4, 42).

Conclusion

Infection with C. neoformans and C. gattii is dependent on host susceptibility, the virulence
of the strain and host-pathogen interactions. The complex interaction of the host with the
pathogen eventually decides if the inflammatory response will be more Th1- or Th2 balanced,
which will directly influence clinical outcome. Many factors play a part here and since the
genome of C. neoformans and C. gattii are now available, more virulence factors are
discovered (137). This is important for a better understanding of the pathogenesis of both
species, that will lead to the discovery of effective prevention and treatment strategies needed
to control the ongoing spread of C. gattii in Canada and the USA, as well as the containment
of C. neoformans in countries were antiretroviral therapy is not readily available.

With thanks to Teun Boekhout and Pieter-Jan Haas
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