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The rising incidence of cryptococcosis, a potentially fatal
fungal infection affecting both immunocompromised and
immunocompetent humans and animals, and the emer-
gence of disease outbreaks, has increased the need for more
in-depth studies and constant vigilance of’its two etiological
agents, the cosmopolitan and well known Cryptococcus
neoformans and its sibling species C. gattii. As a result, a
global scientific network has established formal links be-
tween institutions to gain better insights into Cryptococcus
and cryptococcosis, enabling collaborations amongst
researchers with different backgrounds, perspectives and
skills. Interdisciplinary projects include: (1) the study of the
ecology and geographical distribution of the agents of
cryptococcosis; (2) the application of new alternative meth-
odologies for the rapid and accurate identification of the
two sibling species and major molecular types/possible
cryptic species (VNI-VNIV and VGI-VGIV); (3) the use of
different animal models of infection to assess cryptococcal
pathogenesis and virulence factors; and (4) population
genetics studies directed towards the discovery of
virulence/tissue tropism associated genetic signatures.
These studies enrich the knowledge and understanding
of the epidemiology of this mycosis and help to better

comprehend fungal virulence, genetics, pathogenesis,

antifungal susceptibility, as well as investigating the region-
al and global spread, to improve treatment options of the
disease caused by these important emerging pathogenic

yeasts.

The encapsulated basidomycetes yeasts C. neoformans and
C. gattii are the causative agents of cryptococcosis worldwide,
causing pneumonia and meningoencephalitis in both, immuno-
competent and immunocompromised hosts, resulting in a high
morbidity and mortality. With almost 250 000 people affected with
cryptococcal meningitis per year, this fungal infection is still re-
sponsible for more than 180 000 deaths anually’. By combining data
from different studies carried out in numerous laboratories from
around the world, it has been possible to define the geographical
distribution of human clinical, animal and environmental crypto-

coccal isolates and to characterise different aspects of their biology.

Taxonomy, epidemiology and ecology

Within the currently accepted two species, four serotypes, distin-
guished by the capsular polysaccharide, and eight major molecular
types, which are possible cryptic species, have been recognised.
These major molecular types have been identified by different
genotyping methodologies including PCR fingerprinting?, ampli-

fied fragment length polymorphisms (AFLP)?, restriction fragment
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length polymorphisms (RFLP)* and multilocus sequence typing
(MLST)’. In C. neoformans the serotype A, comprises the molec-
ular types VNI (VNB) and VNII, the serotype D, molecular type
VNIV, and the AD hybrid between serotypes A and D, molecular
type VNIIL In C. gattii the serotypes B and C comprise both the
molecular types VGI, VGII, VGIII and VGIV. From these, seven
molecular types have recently been proposed to be raised to
species level®, although the issue of species definition is still
controversial amongst the cryptococcal research community,
resulting in the recognition of C. neoformans and C. gattii as

species complexes’.

Epidemiological studies have shown that C. neoformans molecular
type VNI causes the majority of the cases of cryptococcosis and that
this species is also most commonly isolated from the environment
worldwide, exceptin Australia and Papua New Guinea, where VGI is

8-10

the most common type” . VNII is an uncommon molecular type,

which is reported from all the continents but in very low percen-

9
tages”!!

. VNIII AD hybrids are also recognised but their frequency
seems to be strictly related to the presence of VNIV molecular type.
In Europe and in the USA, where the frequency of isolation of
VNIV strains is higher than in other geographical areas, a similar
percentage of VNIII isolates has been observed, suggesting that
in these regions hybridisation between the haploid VNI and VNIV
populations is occurring”!. Although C. gattii is less frequently
recovered and it was considered to be geographically restricted to
tropical and sub-tropical regions of the world, new studies have

reported its extent to temperate regions and additional ecological

v

v

reservoirs' 21

. Besides the molecular type VGII isolates reported
extensively from the Vancouver Island outbreak and its expansion
to the Pacific Northwest of the USA'®"”, this molecular type has also
been reported from Brazil, Colombia and Australia, with some cases
in Europe'®™'#5. The molecular type VGIII has mostly been re-
covered from Mexico, Colombia and the USA'"'>'8 while it is very
rare in other continents''. Apart from Oceania, VGIis found in Asia,
North, Central and South America, and Europe, where it counts for
less than 10% of the isolates and is rare in Africa’. The molecular
type VGIV has been reported from Southern Africa, India, Colombia

and Mexico”!! (Figure 1).

Unlike C. neoformans, which predominantly affects immunocom-
promised hosts, C. gattii most often affects patients with no

1,18-21

apparent risk factors . In addition, in both species, the same

genotypes have been found to be recovered from patients and from

the patients’ environment'”**

, which supports the theory of the
acquisition of the infection from environmental sources and reaf-
firms the saprophytic and arboreal sources of these yeasts. Both
species have also been isolated frequently from air, and swabs
from trees, from decaying wood in hollows of many tree species,
either individually or together'**®. Regarding the epidemiology of
clinical cases of cryptococcosis, male patients are more commonly
reported, as it is thought that male immune response may be less
efficient in controlling cryptococcal infection®®, whilst cases in
children and older patients are still rare in most countries'®. In
domestic animals from North America, C. neoformans molecular

type VNI has been found to affect mostly dogs whereas C. gattii

EVNI =EVNII

VNIII EVNIV = VGI #Vall

VGl “ VGIV

Figure 1. Geographical distribution of the major molecular types within the Cryptococcus neoformans and C. gattii species complexes.
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molecular type VGIII predominantly infects cats. Genotypic anal-
ysis of such veterinary cases found as well that they are closely
related to human and environmental cases and that VGII isolates
presented higher minimum inhibitory concentrations (MICs) for
most antifungal drugs than C. neoformans and other molecular

types in C. gattii®.

Molecular type and species identification

Between and within the major molecular types/species, there are
differences in the ecology, epidemiology, clinical manifestations
and antifungal drugs susceptibility that emphasise the need for
rapid and accurate differentiation of Cryptococcus spp. Two meth-
odologies have been assessed and adopted as a possible alternative
for a distinction of the species and major molecular types of
C. neoformans and C. gattii, compared with the currently used
conventional techniques, such as PCR fingerprinting, AFLP and
RFLP. Matrix-assisted laser desorption ionisation time of flight mass
spectrometry (MALDI-TOF MS) has been shown to be a suitable
tool for inter- and intra-specific differentiation of human, animal
and environmental strains of both cryptococcal species and also

26

allowed for the detection of hybrid strains (Figure 2)°”. As aresult of
this study, an in-house spectral library was constructed with the
obtained spectra made available for use in a clinical diagnostic
laboratory setting. Given the high costs of the initial setup of
MALDI-TOF MS, a hyper-branched rolling circle PCR (HRCA) assay
was developed as a substitute, a fast and specific method applicable
inresource restricted countries. This method, which isbased on the
detection of specific single nucleotide polymorphisms in the
phospholipase B gene among all major molecular types, proved
to be fast, specific and highly sensitive and reproducible, for the
differentiation of the molecular types and identification of hybrids
within C. neoformans and C. gattii from human clinical samples
(Figure 2)27.

Animal models for the study of cryptococcosis
High (VGIIa and VGIIc) and low (VGIIb) virulent subtypes within

C. gattii molecular type VGII are associated with outbreaks of
infection in British Columbia, Canada and the Pacific Northwest
of the USA'®" but less is known about the virulence of the major
molecular types of C. gattii. Anumber of animal models, including a
mouse and two invertebrate models of infection, have been used to
determine whether or not there is a relationship between the
molecular type and the virulence of the strains. The mouse model
is a very well established system to study virulence and uses
inoculation via the respiratory route. However, Drosophila mela-
nogaster and larvae of the wax moth Galleria mellonella are
gaining prominence as alternative models to study pathogenesis,

given that insects can be used and maintained in large quantities

with low costs, are easy to handle and their utilisation does not
require ethical permission. In addition, fungal virulence factors
involved in mammalian pathogenesis, such as capsule enlargement
and melanin production, are also important during infection and
death of insects (Figure 3a, b). In a D. melanogaster model, VGIII
was found to be the most virulent molecular type when grown at
30°C, while VGII had the higher MICs against fluconazole and VNI
grew most rapidly at 37°C, synthesised more melanin at 30°C and
was more resistant to H,O,. This model showed, however, that
temperature played a significant role in the flies’ survival®®. In a
G. mellonella model, performed at 37°C, no differences amongst
the major molecular types were observed in larvae survival and the
expression of virulence factors, including capsule production,
melanin synthesis and growth rate at 37°C. However, isolates with
enhanced virulence were recognised among VGI, VGIII and VGIV,
which importantly suggests that virulence might be associated with
specific attributes of the strains that need further characterisa-
tion?’, and which may not be associated with the temperature at
which the experiments are carried out in the different model
systems. After intranasal infection of Balb/C mice with the highly
virulent strains identified in the insect models, comparable results
were found and, in addition, formation of multiple granulomas in
the lungs was observed, which supported pulmonary cryptococ-

cosis as the main outcome of infection (Figure 3c, d).

Whole genome sequencing-based population
genetics to discover genetic differences relevant
to pathogenicity and tissue tropism

In order to detect speciation and genetic differences within the
distinct emergent populations of C. gattii, whole genome sequenc-
ing (WGS) has been performed on 134 C. gattii VGII isolates from
five continents, including the subtypes VGIIa, VGIIb and VGIIc!®Y,
which were previously studied by MLST analysis. Although the VGII
subtypes were found to be completely clonal, the overall VGII
population showed a high genetic diversity. In addition, several
mutations, deletions, transpositions and recombination events
have been identified within VGII strains, and this pointed to a
South American origin®. Using WGS to compare subtypes, various
genetic differences have been recognised, which are potentially
related to habitat adaptation, virulence, and pathology”. For
example, a set of ~50 genes has been identified being either
present or absent in lung or brain infecting strains®’, offering the
possibility to identify biomarkers, which should be able to guide
clinical treatment to reduce mortality in patients based on the early

detection of strains with a specific tissue tropism.

Similarly, to gain insights in the emerging C. gattii molecular type
VGIII, more than a hundred isolates from endemic areas and

sporadic cases have been characterised. The VGIII population was
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Figure 3. In a Galleria mellonella model of cryptococcosis, capsule enlargement (@) and melanin production (b) of the strains are observed. Highly
virulent strains of Cryptococcus gattii are recognised after intranasal inoculation of BALB/C mice (c) resulting in granuloma formation in the lungs (d).
Strains are organised according to the number of days required to cause the death of all mice after infection. C: clinical, E: environmental, V: veterinary

strains.

found to have a high genetic diversity but clustered into two main
groups, which correspond with either serotype B or C. WGS
revealed Mexico and the USA as a likely origin of the serotype B
VGIII population, and Colombia as a possible origin of the serotype
C VGIII population. Importantly, serotype B isolates were found
to be more virulent than serotype C isolates in a mouse model of
infection, while serotype C showed to be less susceptible to
fluconazole and azoles than serotype B isolates. These results
emphasise the importance of the molecular characterisation of
the isolates causing cryptococcosis in order to choose an appro-

priate and timely treatment for cryptococcal infection™,

In conclusion, the rising occurrence of cryptococcosis in humans
and animals, the emergence of outbreaks and the decreased
susceptibility to the commonly used antifungal drugs, and the
expansion of the ecological niche of cryptococcal species highlight
the importance of a constant interaction between researchers with
different backgrounds, perspectives and skills, enabling increased
vigilance of these pathogenic yeasts. Differences regarding the
epidemiology, virulence, and antifungal susceptibility between
and within species are relevant to disease outcome and fungal
therapy. Thus, the correct and fast recognition of the major
molecular types within C. neoformans and C. gattii and their
phenotypic and genotypic characterisation is essential, as it will
most certainly decrease the time from diagnosis to treatment, to

lead to a more effective treatment and reduced mortality rates.

Continuous collaborative studies on the ecology, genetics and
pathogenesis of these medically important yeasts are necessary to
contribute, integrate and enrich our knowledge of this important

emerging mycosis.
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