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Understanding of the taxonomy and phylogeny of Cryptococcus
gattii has been advanced by modern molecular techniques. C. gat-
tii probably diverged from Cryptococcus neoformans between 16
million and 160 million years ago, depending on the dating meth-
ods applied, and maintains diversity by recombining in nature.
South America is the likely source of the virulent C. gattii VGII
molecular types that have emerged in North America. C. gattii
shares major virulence determinants with C. neoformans, al-
though genomic and transcriptomic studies revealed that despite
similar genomes, the VGIIa and VGIIb subtypes employ very dif-
ferent transcriptional circuits and manifest differences in viru-
lence phenotypes. Preliminary evidence suggests that C. gattii
VGII causes severe lung disease and death without dissemination,
whereas C. neoformans disseminates readily to the central nervous
system (CNS) and causes death from meningoencephalitis. Over-
all, currently available data indicate that the C. gattii VGI, VGI],
and VGIII molecular types more commonly affect nonimmuno-
compromised hosts, in contrast to VGIV. New, rapid, cheap diag-
nostic tests and imaging modalities are assisting early diagnosis
and enabling better outcomes of cerebral cryptococcosis. Compli-
cations of CNS infection include increased intracranial pressure,
severe neurological sequelae, and development of immune recon-
stitution syndrome, although the mortality rate is low. C. gattii
VGII isolates may exhibit higher fluconazole MICs than other
genotypes. Optimal therapeutic regimens are yet to be deter-
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5-flucytosine is recommended.

INTRODUCTION

Cryptococcus gattii is a basidiomycetous yeast, which grows
mainly as an asexual budding yeast in the environment and
within human and animal hosts. Sexual reproduction can occur
between cells of the opposite mating type or of the same mating
type (1). During sexual development, yeast cells undergo a dimor-
phic transition to hyphal growth, generating a mycelium and
forming basidiospores (2). It is not yet certain whether sexually
produced blastospores, desiccated yeast cells, or sexually pro-
duced basidiospores are the infectious propagules.

C. gattii has long been recognized as an endemic pathogen in
Australia. In the 1990s, it emerged and became established in Brit-
ish Columbia, Canada, and subsequently in the Pacific Northwest
of the United States. In the last decade, major advances in molec-
ular technology led to a revision of the taxonomy and phylogeny
of this species and have enhanced our understanding of its ecol-
ogy, epidemiology, and clinical associations. Furthermore, recog-
nition of genotype-dependent differences within the species C.
gattii has assisted studies of pathogenesis, which, while still lim-
ited, are revealing the complexity of transcriptional circuits, the
phenotypic virulence composite, and host cellular responses. Sig-
nificant advances in diagnosis, clinical epidemiology, and ap-
proaches to the management of human cryptococcosis have been
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made. This review places new information about C. gattii in a
historical context.

TAXONOMY OF THE SPECIES C. GATTII

Historical Overview

The agents of cryptococcosis, Filobasidiella neoformans (teleo-
morph/sexual stage)-Cryptococcus neoformans (anamorph/asex-
ual stage) and F. bacillispora-C. gattii, form a monophyletic group,
which is placed taxonomically within the phylum Basidiomycota,
subphylum Agaricomycotina, family Tremellales, and genus Filo-
basidiella, which contains only three additional, closely related
sister taxa, Filobasidiella depauperata, F. lutea, and F. amylolenta.
These species are distinct from the >80 species in the polyphyletic
genus Cryptococcus, based on recent phylogenetic analysis of the
D1/D2 region of the large-subunit (LSU) ribosomal DNA (rDNA)
gene (3, 4).

Historically, several pathogens, Saccharomyces neoformans (5),
Cryptococcus hominis (6), Torula neoformans (7), Torula histolytica
(8), and Debaryomyces hominis (9), were identified by Benham as
belonging to the same species, for which he proposed the name
Cryptococcus neoformans (10, 11). Until 1949, C. neoformans was
considered to be ahomogeneous anamorph (asexual) species (12—
14). In that year, three serotypes were described (serotypes A, B,
and C) (15), and 20 years later, a fourth serotype (serotype D) was
discovered (16). However, it was not until 1970 that Van-
breuseghem and Takashio described the production of distinct
elliptical yeast cells by a cryptococcal strain isolated from an Afri-
can patient with leukemia (RV20186, IHEM11796, CBS 6289,
ATCC 32269, or MUCL 30449) and introduced the name Crypto-
coccus neoformans var. gattii (17). More recently, molecular anal-
ysis of a clinical isolate from France, reported by Curtis in 1896 as
Saccharomyces subcutaneus tumefaciens (18), revealed that this
was, in fact, the first reported case of human C. gattii infection
(19).

Mating experiments conducted by Kwon-Chung in the early
1970s revealed two different teleomorph (sexual) species: Filoba-
sidiella neoformans, which resulted from a cross between two se-
rotype D strains of C. neoformans var. neoformans, B3501 (MATo)
and B3502 (MATa) (20, 21), and the morphologically distinct
Filobasidiella bacillispora, characterized by smooth-walled, bacil-
liform-shaped basidiospores, which resulted from a cross between
two C. neoformans var. gattii strains, a serotype C MATa strain
(NIH 191) and a serotype B MATa strain (NIH 444) (22). After
the discovery of this new teleomorph species, C. neoformans var.
gattii was raised to the species level and renamed C. bacillisporus
(2). The teleomorph species F. neoformans corresponds to the two
anamorphic (asexual) C. neoformans species (serotypes A and D),
and F. bacillispora corresponds to C. bacillisporus (serotypes B and
C). Further studies revealed that the C. neoformans var. gattii
strain reported by Vanbreuseghem and Takashio and the C. bacil-
lisporus strain (NTH 191, CBS 6955, or ATCC 32608) isolated from
the cerebrospinal fluid (CSF) of a patient in California had the
same biochemical, morphological, and serological characteristics
(23).

Subsequently, it was revealed that strains of F. neoformans and
F. bacillispora had intermediate DNA-DNA reassociation values
compared to those of isolates of the same species (55 to 63% and
88 to 94%, respectively) (24). In addition, a MATa strain (CBS
6289), type culture of C. neoformans var. gattii (serotype B), when
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crossed with the MATa strain (CBS 6901) of C. neoformans (sero-
type D), produced viable basidiospores, and the F1 generation
showed a mixture of both F. neoformans and F. bacillispora. Based
on these observations and additional biochemical, morphological,
serological, and genetic data, the species nomenclature C. bacillis-
porus was again reduced to a variety of C. neoformans. The older
nomenclature C. neoformans var. gattii was given precedence over
C. bacillisporus, and C. bacillisporus was made a synonym of C.
neoformans var. gattii (23).

After the 1970s, there was increasing evidence of differences in
morphological, biochemical, molecular, ecological, pathobiologi-
cal, and clinical features between the two varieties of C. neofor-
mans (2, 20, 22, 23, 25-29). Phylogenetic relationships between
the two varieties were scrutinized by using DNA sequences of
multiple genes, including the URAS5, LACI, CAP59, and CAP64
genes, as well as the intergenic spacer (IGS) and the internal tran-
scribed spacer (ITS) regions of the rDNA gene cluster (4, 30-32).
Two distinct monophyletic groups were identified, regardless of
the genetic locus studied (Fig. 1). Population genetic analysis us-
ing either amplified fragment length polymorphism (AFLP) anal-
ysis or PCR fingerprinting approaches supported these two major
groups (33-35). Since C. neoformans and C. gartii fulfilled the
criteria for different species according to morphological, biologi-
cal, and phylogenetic species concepts, they were designated as
such in 2002. The name “gattii” was preserved, as it had been used
preferentially over the previous 2 decades by the medical, veteri-
nary, and scientific communities (19). Furthermore, genetic anal-
ysis of the F1 generation of a cross between strains of the two
varieties showed no evidence of recombination. In addition, com-
parison of the entire genomes of B3501 (C. neoformans var. neo-
formans) and WM 276 (C. neoformans var. gattii) revealed only
87% identity between them (36).

The occurrence of outbreaks of cryptococcosis in new geo-
graphic locations over the last 2 decades (37-39) has stimulated
detailed molecular studies of C. gattii.

Phylogenetic Studies and Molecular Subtyping

The application of PCR fingerprinting (34, 40), AFLP analysis
(33), PLBI restriction fragment length polymorphism (RFLP)
analysis (41), URAS5 RFLP analysis (40), and multilocus microsat-
ellite type (MLMT) analysis (42, 43) revealed intraspecies genetic
diversity within C. gattii and led to the discovery of interspecies
hybrids of serotypes A and B and serotypes B and D (44, 45). C.
neoformans-C. gattii is now considered a species complex, with the
actual number of scientifically valid species being controversial
(43).

Initial studies based on analyses of mitochondrial RNA
(mtRNA), ITS1/2, and the OMP and DOX genes indicated that the
two species separated 37 million years ago (32), with a subsequent
analysis of the seven haploid molecular types, based on four ge-
netic loci, ACT1, IDE, PLBI, and URAS5, placing this separation at
49 million years ago (46). A Bayesian evolutionary analysis based
on 10 genetic loci, ACT1, IDE, I1TS1/2, IGS, LACI, PLB1, RPBI,
RPB2, TEFI, and URA5 (C. K. M. Tsui and W. Meyer, unpub-
lished data) and a subsequent whole-genome sequence-based
study (47) estimated that the two species diverged either 70 mil-
lion years ago or 80 million years ago (range, 16 million to 160
million years ago).

Four distinct genetic groups within C. gattii have been de-
scribed, VGI/AFLP4, VGII/AFLP6, VGIII/AFLP5, and VGIV/
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FIG 1 Rooted neighbor-joining tree inferred from the concatenated MLST typing scheme sequences (CAP59, GPD1, LACI, SODI, URAS5, and PLBI genes
and IGS) of 10 strains of each major C. gattii molecular type rooted with the standard strains of the three major C. neoformans molecular types. Numbers on
branches are bootstrap support values obtained from 1,000 pseudoreplicates using the program MEGA version 5.05. Numbers in the white boxes indicate
estimated diversion times based on the 10 genetic concatenated loci (ACT1, LACI, IDE1, 1TS1/2,1GS, PLBI, RPB1, RPB2, TEF1, and URA5), generated with the
program BEAST.
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AFLP7 (Fig. 1), each of which contains serotype C and B strains in
different proportions (33, 48, 49). The phylogenetic relationships
between these group were investigated in two major studies. In the
first study, analysis of the major AFLP types was conducted by
using six concatenated genetic loci (LACI, ITS1/2, IGS, RPBI,
RPB2, and TEFI). VGII/AFLP6 was identified as the lineage that is
basal to the C. gattii clade, followed by VGIV, which itself is basal
to the sister groups VGI/AFLP4 and VGIII/AFLP5 (49). However,
a phylogenetic analysis of two mitochondrial loci (mtlrRNA and
ATP6) revealed evidence of recombination (50), unlike the one
with six nuclear loci. In the second study, analysis of the major
molecular types obtained by PCR fingerprinting was performed
by using either individual genetic loci or a combined analysis of
four concatenated genetic loci (ACT1I, IDEI, PLB1, and URAS).
This analysis identified four major clades corresponding to the
four major molecular types of C. gattii. This study confirmed that
the VGII/AFLP6 clade is the basal lineage of C. gattii (32, 46).
Given that the major molecular types within C. gattii contain both
serotype B and C isolates, further studies using four concatenated
genetic loci (ACT1I, IDEI, PLBI, and URA5) were undertaken and
revealed that the major molecular types of C. gattii are younger
than those of C. neoformans. The VGI/AFLP4, VGIII/AFLP5, and
VGIV/AFLP7 clades were estimated to have diverged from
the basal VGII/AFLP6 clade approximately 12.5 million years ago,
the VGIV/AFLP7 clade was estimated to have diverged from the
VGIII/AFLP5 and VGI/AFLP4 sister clades 11.7 million years ago,
and the VGIII/AFLP5 and VGI/AFLP4 clades were estimated to
have diverged from each other 8.5 million years ago (46). A recent
combined study of all 10 loci (ACT1I, LACI, IDEI, ITS1/2, IGS,
PLBI, RPBI, RPB2, TEFI, and URA5) confirmed the ancestral
position of VGII/AFLP6 (48). The initial divergence of the VGII/
AFLP6 basal clade and the remaining major clades was estimated to
have occurred 62 million years ago (range, 33 million to 87 million
years ago), that of the VGIV/AFLP7 clade and the VGIII/AFLP5/VGI/
AFLP4 clade was estimated to have occurred 52 million years ago
(range, 27 million to 77 million years ago), and that of the VGIII/
AFLP5 clade and the VGI/AFLP4 clade was estimated to have oc-
curred 47 million years ago (range, 26 million to 67 million years ago)
(C. K. M. Tsui and W. Meyer, unpublished) (Fig. 1).

Notably, whole-genome sequence typing (WGST) was recently
employed to investigate the spread of highly virulent C. gattii VGII
strains from the Pacific Northwest. The highest genetic diversity
was present among VGlIa strains, followed by VGIIc and VGIIb
strains. The WGST data showed clearly that the VGIIc genotype
responsible for the most recent infections in the Pacific Northwest
is genetically distinct from both VGIIa and VGIIb Vancouver Is-
land outbreak subtypes and suggest that all three subtypes are
equally distinct from each other (52). Similar findings based on
multilocus sequence typing (MLST) and MLMT analyses, which
have been confirmed based on WGST, have been reported re-
cently (53-55). All studies suggest that the three subtypes have
arisen as a result of recombination events that took place prior to
their introduction into the Pacific Northwest.

The genetic variation between the four major molecular types of
C. gattii is similar to that observed between C. neoformans var.
grubii and C. neoformans var. neoformans and suggests that they
warrant at least varietal if not species status. Several lines of evi-
dence support this contention. The four molecular types have
been distinguished clearly from each other by using multiple
molecular techniques, including PCR fingerprinting (35, 40)
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(Fig. 2A), AFLP analysis (33) (Fig. 2B), PLBI RFLP analysis (41)
(Fig. 2C), URA5 RFLP analysis (40) (Fig. 2D), hyperbranched roll-
ing-circle amplification (RCA) (56) (Fig. 2E), and matrix-assisted
laser desorption ionization—time of flight mass spectroscopy
(MALDI-TOF MS) (57, 58) (Fig. 2F) (see also Diagnostics, be-
low). Furthermore, there is evidence for genotype-dependent dif-
ferences in virulence in mouse and wax moth experimental mod-
els, for geographical localization of different molecular types, for
differences in clinical epidemiology, and for reduced susceptibility
to fluconazole among VGIII isolates. A detailed taxonomic de-
scription of the potential varieties and species within C. gattii is in
preparation (T. Boekhout, K. J. Kwon-Chung, and W. Meyer, un-
published data).

Standardization of Molecular Typing Systems

Many typing techniques have been applied to individual strains of
C. gattii to gain insights into the molecular epidemiology and
population structure of this species. Random amplified polymor-
phic DNA (RAPD) analysis (59), PCR fingerprinting (35) (Fig.
2A), AFLP analysis (33) (Fig. 2B), MLMT analysis (42), and MLST
analysis (43) are in common use. More recently, WGST has been
implemented (52).

RAPD analysis, based on the random amplification of DNA
fragments using short arbitrary primers, was used initially for
cryptococcal strain typing (59, 60). Advantages included high dis-
criminatory power, simplicity, and speed (61). This method sep-
arated C. gattii into three major molecular types, designated VGI,
VGII, and VGIII (60). Use of the primers ERIC1 and ERIC2 re-
vealed variation in the geographic distribution of these molecular
types (59). RAPD analysis has been superseded by other methods,
since this technique was never standardized and its interlabora-
tory reproducibility is poor.

PCR fingerprinting, based on the amplification of DNA se-
quences flanked by hypervariable DNA repeats, uses single prim-
ers specific to either minisatellites (the core sequence of wild-type
phage M13, 5'-GAGGTGGCGGTTCT-3") or microsatellites
[(GTG)5 and (GACA),] (34). This technique distinguished four
major molecular types of C. gattii, designated VGI, VGII, VGIII,
and VGIV (35, 62, 63) (Fig. 2A). Although more reproducible
than RAPD, banding patterns can vary with the source of labora-
tory reagents and different experimental conditions, making it
unsuitable for multicenter typing studies.

AFLP analysis is based on the digestion of genomic DNA by using
frequent (EcoRI)- and rare (Msel)-cutting restriction enzymes, fol-
lowed by ligation with an adaptor and subsequent PCR amplification
of specifically selected fragments. Reproducibility is excellent, espe-
cially with the inclusion of an internal standard in each lane and direct
fragment detection by using an automated DNA sequencer. Three
major AFLP groups were separated within a global collection of C.
gattii, named AFLP4, AFLP5, and AFLP6 (33), with a subsequent
study revealing a fourth group, AFLP7 (64) (Fig. 2B). Serotype B
strains were distributed among all three AFLP types, but serotype
C strains in this particular study were restricted to type AFLP5
(VGIID); strains of serotype VGIV, which also contains serotype C
isolates, were not tested in this study (33). A drawback of AFLP is
the potential for artificial variation in banding patterns due to
incomplete digestion; thus, samples must be run in duplicate.

MLMT analysis is an even more discriminatory technique for
strain typing. It is based on the identification of repeat variations
within microsatellite sequences, short tandem repeats, or simple
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FIG 2 Identification of the major molecular types within C. gattii. (A) PCR fingerprinting generated with the primer M13; (B) AFLP profiles generated with the
6-carboxyfluorescein (FAM) label AC+G kit; (C) PLBI gene RFLP profiles identified via digestion with Aval; (D) URA5 gene RFLP profiles identified via double
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TABLE 1 Concordance of different schemes used for molecular typing of Cryptococcus gattii

PCR fingerprinting IGS
C. gattii molecular type URA5 RELP PLBI RFLP ITS genotype genotype MLST type
serotype (40, 77) AFLP genotype (33) type (40) type (41) (342) (31, 350) (43)
B/C VGI AFLP4A/AFLP4B VGI (SH5) A5 ITS3/1TS7 4 VGI
B/C VGII AFLP6 VGII (SH6) A6 1TS4 3 VGII
B/C VGIIL AFLP5A/AFLP5B/AFLP5C VGIII (SH7) A7 ITS5 5 VGIII
B/C VGIV AFLP7 VGIV (SH8) A8 ITS6 6 VGIV

sequence repeats (SSRs) 1 to 6 bp in length following polyacryl-
amide gel electrophoresis (65). It is highly reproducible, and the
primers used to amplify the microsatellites are species specific.
This technique distinguishes all four major molecular types of C.
gattii and has enabled the tracing of highly virulent strains (see
below) (53, 66, 67).

MLST analysis is the most reproducible method and is readily
standardized but expensive. Two main MLST schemes based on
the amplification of highly variable partial sequences of 9 genetic
loci (+22 additional loci) (1) or highly variable partial sequences
of 7 genetic loci (43) within housekeeping genes have been devel-
oped. This method produces unambiguous, highly reproducible
sequence data from which a sequence type is generated for each
strain. Although both MLST schemes distinguish between the
four major molecular types of C. gattii (1, 43, 68, 69), they do not
yield comparable allele and sequence type numbers, thus preclud-
ing the possibility of combining them into a single global popula-
tion genetic analysis.

WGST is the latest development in cryptococcal strain typing. It
detects single nucleotide polymorphisms (SNPs) throughout the
genome (52) and is the most accurate typing tool available. Cur-
rently, its use is limited by high costs and bioinformatic demands.

Despite the large number of typing tools available, understand-
ing of the population structure of C. gattii is still fragmented. This
is due mainly to the use of different nomenclatures and a lack of
consensus between results obtained by using different systems. In
2007, a working group of the International Society for Human and
Animal Mycology (ISHAM) was established to standardize geno-
typing of the C. neoformans-C. gattii species complex, thereby en-
abling the global tracking of highly virulent strains and, poten-
tially, prediction of future outbreaks. Since the different typing
methods yielded the same major cryptococcal molecular types
(Table 1), it was agreed by this working group in 2007 that the
VGI, VGII, VGIIIL, and VGIV nomenclature should be used to
represent the global population structure of C. gattii (43). In ad-
dition, a set of standard strains was designated and deposited at
major public culture collections, including the CBS Fungal Biodi-
versity Centre (CBS-KNAW), The Netherlands (http://www.cbs
.knaw.nl/); the American Type Culture Collection (ATCC) (http:
/Iwww.atcc.org/); the Fungal Genetic Stock Center (FGS) (http:
/Iwww.fgsc.net/); the Westmead Hospital Collection (WM),
Australia (http://www.mycologylab.org/); and Cole¢do de Micro-
Organismos de Referéncia em Vigilancia Sanitdria (CMRVY),
Brazil (http://cmrvs.fiocruz.br/). The respective culture collection
strain numbers are listed in Table 2. Statistical analysis of all pub-
lished MLST loci revealed that a minimum of seven loci is needed
to type a given strain unambiguously. As a result, the ISHAM
consensus MLST typing scheme for the C. neoformans-C. gattii
species complex consists of the following seven variable unlinked
genetic loci: CAP59, GPDI, LACI, PLB1, SODI, URAS5, and the
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IGS1 region (43). Three of the seven loci encode major cryptococ-
cal virulence factors: the polysaccharide capsule (CAP59), mela-
nin synthesis (LACI), and cell invasion (PLBI). The MLST data,
including allele and sequence types, are stored in a centralized
database at the Molecular Mycology Research Laboratory at the
University of Sydney and can be accessed at http://mlst
.mycologylab.org/. All research groups using this MLST scheme
are encouraged to deposit their data in this database. Allele and
sequence types can be retrieved online.

Interspecies Hybrids

The application of PCR fingerprinting and AFLP typing revealed
diploid or aneuploid hybrids in addition to the four major haploid
molecular types in C. gattii. These hybrids may have originated
from hybridization events between some of the major molecular
types of C. gattii and its sister species C. neoformans. These hybrids
include the VGI/VNIV (serotype B [VGI/AFLP4] and serotype D
[VNIV/AFLP2]) hybrids (44), the VNI/VGI (serotype A [VNI/
AFLP1] and serotype B [VGI/AFLP4]) hybrids (45, 70), and the
VNI/VGII (serotype A [VNI/AFLP1] and serotype B [VGII/
AFLP6]) hybrids (70). Virulence studies using the Galleria mello-
nella model revealed differences in the virulence of hybrids de-
pending on the genome combinations present. The VNI/VGII
(aABa) hybrids were found to be as virulent as haploid strains
H99 and CDC R265. The VNI/VGI («¢ABa) and VNIII (eADa)
hybrids were virulent but less so than strain H99 (M. Aminnejad
and W. Meyer, unpublished data).

EPIDEMIOLOGY, ORIGIN, AND EVOLUTION

Global Distribution and Movement of C. gattii Genotypes
With the recognition of the emergence of VGII and VGIII infec-
tions in North America, there is clear evidence that C. gattii has
spread to new temperate climatic zones outside the tropical and
subtropical areas identified by Kwon-Chung and Bennett (71). It
has always been present in the southern temperate zone of Aus-
tralia. The global distribution of the four major molecular types of
C. gattii has been determined by analyses of clinical, animal, and
environmental isolates from several studies (33, 38, 40, 72—81; W.
Meyer and L. Trilles, unpublished data). Acknowledging potential
sample biases, in contrast to previous reports, in which the most fre-
quent molecular type was VGI (48, 80), VGII is now more common
(comprising 47% of all isolates), followed by VGI (34%), VGIII
(11%), and VGIV (8%) (Fig. 3, top). However, among clinical iso-
lates, VGl and VGII are represented in equal proportions, followed by
VGIII and VGIV. Most environmental isolates are of molecular type
VGII, although this may reflect sampling bias associated with at-
tempts to determine the origin of the Vancouver Island outbreak,
followed by VGI and VGIII. VGIV has rarely been isolated from the
environment (Fig. 3, top). The geographic variation in the distribu-
tions of VGI, VGII, VGIII, and VGIV is striking.
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TABLE 2 Standard/reference strains for Cryptococcus gattii strain typing”

C. gattii PCR
fingerprinting

molecular type CMRYVS MAT
(reference) and AFLP  CBSstrain ~ ATCC strain FGS strain ~ WM strain  strain Other strain type and
genotype (reference)  designation designation designation  designation designation designation(s) serotype  Description Reference(s)
VGI (40) and CBS 10078 ATCC MYA-4560 10419 WM 179 70298 Bryon, H33.1, MH56 aB 1993, Sydney, NSW, Australia; clinical, CSF, 40, 154
AFLP4 (33) HIV negative; isolated by Sharon C.-A. Chen
CBS 6289 ATCC 32269 WM 01.124 MUCL 30449, RV 20186, aB 1966, Kinshasa, Congo; clinical, CSF; isolated by 199
CBS 8273 E. Gatti and R. Eeckels; type strain of C.
neoformans var. gattii
CBS 10510 WM 276 TCS, SC1 oaB 1993, Mt. Annan National Park, NSW, 40
Australia; environmental, Eucalyptus
tereticornis woody debris; isolated by Tania C.
Sorrell and Sharon C.-A. Chen; genome
sequence strain
VGII (40) and CBS 10082 ATCC MYA-4561 10420 WM 178 70302 49435, Colter, IFM aB 1991, Sydney, NSW Australia; clinical, CSF, HIV 40, 154
AFLP6 (22) 50894 negative; isolated by Sharon C.-A. Chen
CBS 10514 WM 02.32 CDC R265 oaB 2001, Duncan, Vancouver Island, BC, Canada; 38
clinical, bronchial wash specimen; isolated by
British Columbia CDC; highly virulent
Vancouver Island outbreak strain of VGIIa;
genome sequence strain
VGIII (40) and CBS 10081 ATCC MYA-4562 10421 WM 175 70299 WM 161, E698, 689, TP  aB 1992, Blind Recreation Center/Park Boulevard 40, 100
AFLP5 (22) 0689, D1.13H UPAS Street, San Diego, CA, USA;
environmental, Eucalyptus species woody
debris; isolated by Tania Pfeiffer and David
Ellis
CBS 6955 ATCC 32608 10424 WM 01.125 DBVPG 6225, WM 2220, aC Before 1970, San Fernando, CA, USA; clinical, 2
MUCL 30454, NTH CSF
191, CBS 6916
VGIV (40) and CBS 10101 ATCC MYA-4563 10422 WM 779 70300 King Cheetah, IFM aC 1994, Johannesburg, South Africa; veterinary, 40, 389

AFLP7 (56)

50896

cheetah; isolated by Valerie Davis

¢ Adapted from reference 43.
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FIG 3 Distribution of the four major molecular types of C. gattii identified among a total of 980 clinical/veterinary and environmental global isolates. Shown is
the distribution of the four major molecular types of C. gattii, combining clinical/veterinary (n = 615) and environmental (n = 365) isolates (top) from North

America (including Mexico) (n = 162), South America (n = 367), and Europe (n
265) (bottom).

The Americas. In the Americas, VGII and VGIII predominate
among clinical, veterinary, and environmental isolates (Fig. 3,
middle, and 4), with most VGII isolates being obtained from
South America (40). In North America, this distribution of mo-
lecular types is commensurate with the establishment of VGII
infections in British Columbia and the Pacific Northwest (38, 39,
82, 83) and the emergence of VGIII in southern California and
Mexico (39, 84; W. Meyer and C. Firacative, unpublished data).
The Canadian and Pacific Northwest outbreak strains are all of
mating type o and comprise two subtypes of the major molecular
type VGII/AFLP6, namely, VGIIa/AFLP6A and VGIIb/AFLP6B
(38). As well as in British Columbia, Canada, molecular type VGII
has now been reported in the United States (68, 85, 86) (Fig. 4).
AFLP analysis has identified the same VGII molecular subtypes in
other temperate regions (1, 38, 87). Closely related strains of a new
highly virulent subtype, VGIIc, have been identified in the state of
Oregon and, subsequently, in other regions of the Pacific North-
west (68, 69, 86).

Based on MLST of global isolates, Fraser et al. initially pro-
posed that the Vancouver Island VGII outbreak strains originated
in Australia or South America (1). More recent studies support the
proposal that C. gattii molecular type VGII originated in South
America (46, 72) and that Australia and Thailand are possible
“stepping stones” in the global spread of VGIIb from South to
North America (88, 89). The introduction of VGIIb from its an-
cestral origin in South America, via different parts of the world,
has recently been confirmed by using WGST (54). These findings
agree with a recent comprehensive, global study of VGII strains,
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= 44) (middle) and from Africa (n = 64), Asia (n = 78), and Australasia (n =

which traced the origin of both outbreak subgenotypes VGIIa and
VGIIb back to an ancestral C. gattii strain, LMM645, from the
Amazon rainforest. This study revealed the presence of the VGIIa
and VGIIb genotypes and MATa and MATa strains in Brazil and
showed clear evidence for recombination among the Brazilian C.
gattii population (53).

Studies in South America, including Argentina, Brazil, Chile,
Colombia, Mexico, Peru, Venezuela, and Guatemala, found that
VGII/AFLP6 is common in this part of the world, with 64% of all
C. gattii isolates from Brazil being of molecular type VGII (40, 78,
79). The greatest genetic diversity among VGII/AFLP6 strains was
found in Brazil (42, 78) and Colombia (74), where both MATa
and MATa strains are present. Environmental studies conducted
in South America show that VGII is particularly well adapted to
biotopes associated with decaying wood (73, 78, 90). The Brazilian
epidemiological data suggest that there is also a north-to-south
geographical trend, with C. gattii being endemic in the north and
northeast Brazilian states of Amazonas, Bahia, Pernambuco,
Piaui, and Roraima. Here primary cryptococcosis is caused pre-
dominantly by VGII and affects immunocompetent patients, un-
like in the southern states (Mato Grosso do Sul, Minas Gerais,
Parand, Rio de Janeiro, Rio Grande do Sul, and Sao Paulo) (78).

VGIII comprises 21% of Brazilian C. gattii isolates (78) and has
been isolated from eucalypts in the Brazilian state of Rio Grande
do Sul (72). A Mexican study using PCR fingerprinting with the
primer M13 showed the presence of all four C. gattii molecular
types, including VGIII (79). Molecular type VGIV is rarely found
in the Americas (Fig. 3, middle, and 4).
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FIG 4 Global distribution of the four major molecular types of C. gattii, based on 980 isolates.

Europe. In Europe, C. gattii is isolated from patients and the
environment only rarely, with the majority of human infections
being imported and due to VGI (91). The occurrence of cases
many years after travel to an area of endemicity is consistent with
reactivation of dormant infection. In Spain, VGI caused an out-
break in goats (92). A small number of imported human cases of
VGIIa/AFLP6A infection have occurred following travel to Van-
couver Island (93-95).

Africa. Although little is known about C. gattii in Africa, its
epidemiology appears to differ significantly from that in the rest of
the world. Most VGIV strains come from the southern part of
Africa, including Botswana, Malawi, and South Africa (96-98).
VGI and VGII are mainly from central Africa, for example, the
Democratic Republic of Congo (formerly Zaire), Senegal, and
South Africa (33, 97, 98) (Fig. 3, bottom, and 4).

Asia and Australasia. In Asia and Australasia, the leading major
molecular type is VGI, followed by VGII; VGIII has been isolated
rarely (29, 60, 88) (Fig. 3, bottom, and 4). RAPD analysis of 62
clinical, 29 veterinary, and 45 environmental strains revealed a
predominance of VGI among environmental and clinical isolates;
two subgroups were identified within VGI and VGII (99, 100).
RAPD analysis also identified environmental strains of molecular
type VGII from the Northern Territory of Australia. Prior to that
report, all C. gattii strains isolated from eucalypts in Australia were
of molecular type VGI (29). A small number of VGI strains have
been isolated from clinical and veterinary sources in China (75—
77). VGIV was reported only from India; these isolates have been
closely linked with VGIV isolates from South Africa, the major
source of this molecular type. This association may represent an
epidemiological link resulting from human migration between
the two countries (81).
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Environmental Studies

The first studies of the environmental niche of C. gattii identified
the red gum species of eucalypt, Eucalyptus camaldulensis and E.
tereticornis, as the major environmental sources of C. gattii VGI
(25,101), and seasonal flowering was linked with airborne disper-
sal (26, 102, 103). C. gattii concentrations in air samples obtained
during the Vancouver Island outbreak were significantly higher in
the warm, dry summer months, although potentially infectious
propagules (<3.3 wm in diameter) were present throughout the
year (104). Decomposing wood in tree hollows has been identified
as an environmental source (22, 105). Eucalypts are in fact only
one of >50 different species of tree that can provide an ecological
niche for C. gattii (106-110). Environmental isolates have been
obtained from Africa (33, 110-112), Asia (76, 77, 108), Australia
(26, 110, 113-118), Europe (110, 119, 120), North America (38,
110, 121), and South America (122). In addition, it has been
shown that plant material promotes fertility (108, 123-125) and
may render C. gattii strains more pathogenic (125). Molecular
types VGI and VGII are those most commonly associated with a
wide variety of tree species (74, 110, 126). VGIII has been isolated
from eucalypts and almond trees in Colombia and other trees in
the greater Los Angeles area of California (74, 126—128), and both
mating types of VGIV were found in the same two species in Co-
lombia (127) and Tunisia (112).

Notably, both C. neoformans and C. gattii were isolated concur-
rently from a hollow in a pink shower tree in Piaui in northeast
Brazil (73, 107, 129), and C. gattii molecular types VGI and VGII
coexisted in the hollow of an Australian Eucalyptus tereticornis tree
(115).
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Initial studies of VGl isolates obtained from E. camaldulensis trees
suggested that environmental populations of C. gattii are highly
fragmented, have a limited ability to disperse, and are confined to
individual tree hollows (114). AFLP analysis of clinical isolates
revealed that they are geographically restricted, highly clonal, and
of low fertility (53, 116, 117). Subsequent extensive testing of iso-
lates from single tree hollows by AFLP analysis revealed that re-
combination is occurring in both MATa and MATo or MATa-
only populations (118). Isolates of VGII from Australia are highly
fertile and recombining (117), with a recent study also suggesting
recombination within the MATa-MATa population, especially in
Western Australia (88). Among a global collection of C. gattii
clinical, veterinary, and environmental strains, representing mo-
lecular types VGI, VGII, VGIII, and VGIV, the topology of the
four clades was noncongruent, suggesting the occurrence of re-
cent recombination events within C. gattii (46). These observa-
tions suggest that C. gattii populations are likely to be sustained in
nature by recombination between the same or opposite mating

types.

PATHOGENESIS

This section is intended to provide a historical summary and to
highlight the complexity revealed by the use of genomic and other
“omics”-related technological advances. Rather than providing a
comprehensive review of the literature, we provide insights from
key studies and, in addition, those that focus on C. gattii.

To establish invasive disease, inhaled cryptococci must pene-
trate lung tissue, reproduce, enter the bloodstream, and thence
disseminate to other organs, predominantly the central nervous
system (CNS). Experimental data on the pathogenesis of C. gattii
infection are limited. In animal models, as with the much more
intensively studied C. neoformans, the outcome of exposure is de-
termined by a complex set of interacting pathogen-derived and
host factors. Broadly, these factors include the extent of exposure
to cryptococci (inoculum size), the cryptococcal strain/genotype
and its virulence composite, and the host immune system. In hu-
man cryptococcosis due to C. gattii, genotype-associated clinical
and host differences have been observed. For example, VGI infec-
tion typically presents with CNS disease, including cryptococco-
mas, often with concurrent lung lesions (130), whereas VGII in-
fection more commonly presents with pulmonary disease (131,
132). Both of these molecular types of C. gattii have a predilection
for immunocompetent hosts. In contrast, molecular type VGIII
was overrepresented in a series of HIV-infected patients in south-
ern California (84, 133), and VGIV has been identified in Africa in
association with HIV/AIDS (see Clinical Epidemiology of Human
Infection, below).

Cryptococcal Virulence Determinants

C. gattii expresses the same suite of major virulence determinants
as C. neoformans. These determinants include the polysaccharide
capsule, the ability to grow at 37°C, and laccase activity, which is
responsible for the production of melanin, phospholipase B
(PIb1), urease, superoxide dismutase (Sod1), and trehalose. Some
gene products, such as the capsule (134) and PIb1 (135, 136), have
been well characterized in C. gattii, but in few instances have de-
letion mutants or overexpressing strains been created and tested
for virulence in animal models. An exception is the laccase gene
LACI, created in R265, the virulent VGlIa strain from the Van-
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couver Island outbreak, the overexpression of which was associ-
ated with increased virulence in a mouse inhalation model (137).
In that same study, disruption of CASI, which is associated with
the construction of the polysaccharide capsule backbone in C.
neoformans (138), did not affect capsule size but, when overex-
pressed, was associated with hypervirulence in mice. Disruption
of the signal transduction pathway molecule MPK1, which causes
defective melanin synthesis and cell wall integrity, was associated
with reduced virulence (137). Additional genes, transcription fac-
tors, and signaling molecules that have been linked to virulence in
C. gattii are summarized in Table 3. A recent comprehensive re-
view of stress signaling pathways and the pathogenicity of Crypto-
coccus was provided by Bahn and Jung (139). Other virulence-
related functions in C. neoformans are likely to be conserved in C.
gattii. These functions include lipid signaling pathways, adapta-
tion to hypoxia, determinants of proliferation and metabolism in
the host, intracellular trafficking and pH sensing, iron and copper
regulation and uptake (140), and zinc metabolism (141).

Function of major virulence determinants. The importance of
tolerance to growth at physiological temperatures is self-evident.
The polysaccharide capsule functions in evasion/suppression of
the host immune response, laccase is responsible for the produc-
tion of the oxidative stress protectant melanin, phospholipase B
(PIbl) and urease promote invasion of host tissue, and superoxide
dismutase (Sodl) and trehalose function as antioxidants (for a
major review, see reference 142). In murine models of infection
with C. neoformans strain H99 and deletion mutants, PIbl and
laccase are essential for the egress of cryptococci from the lung and
dissemination via the blood to the CNS (143, 144). PIb1 and ure-
ase are required to establish cerebral cryptococcosis, urease pro-
motes the migration of cryptococci across the blood-brain barrier
(BBB) (143-146), and PIbl is required for the extrusion of C.
neoformans from macrophages (147). Urease has also been re-
ported to promote an anti-inflammatory Th2 cellular response in
the lung (148).

Virulence in experimental models. Virulence per se is most
often assessed in survival studies by using mouse inhalational
models (to mimic the route of natural infection), invertebrates or
insects such as Galleria mellonella (wax moth) larvae, or rates of
proliferation in the mouse macrophage-like cell line J774, ex-
pressed as the intracellular proliferation rate (IPR) (142). Inocu-
lation of the tail vein in mice has also been commonly used, and
since intravenous (i.v.) inoculation bypasses the respiratory route,
it is especially useful in elucidating determinants of pulmonary
versus CNS infection. The invertebrate/insect and macrophage
models are cheap and convenient, allow higher throughput, and
yield results similar to those in mice. Although none of these an-
imals are natural hosts, their relevance has been validated by ob-
servations of human cryptococcosis. Thus, in the recent C. gattii
VGII outbreak in British Columbia, ~90% of outbreak strains
were of the VGIIa genotype, and ~10% were of the VGIIb geno-
type (suggesting that in humans, it is more virulent than the minor
genotype VGIIb). This clinical observation is consistent with the
much decreased survival and, hence, greater virulence of C. gattii
VGIIa in mice and a substantially increased ability to replicate
within J774 macrophages (1, 38, 84, 149). A more extensive study
of VGIIa and VGIIDb isolates from around the world confirmed
these findings (150). More recently, zebrafish larvae have been
proposed as a tractable model in which to study cryptococcal in-
teractions with the innate immune system (151).
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TABLE 3 Comparison of cellular functions and virulence of Cryptococcus gattii and Cryptococcus neoformans by using deletion mutants”

Gene(s) of interest, product Function Phenotype Required for virulence, model Reference(s)
SOD1I, superoxide dismutase Cytoplasmic antioxidant Required for production of virulence factors Yes, in BALB/c mouse intravenous inoculation 390
urease, PLB, and laccase in C. gattii but model and in A/JCr mouse inhalational
not C. neoformans model of C. neoformans
SOD2, superoxide dismutase Mitochondrial antioxidant Required for growth at 37°C in 20% but not Yes, for C. gattii BALB/c mouse inhalation and 391
in 1.3% oxygen i.v. inoculation model; C. neoformans was
not tested
TPSI and TPS2, trehalose-6- Trehalose biosynthesis; Required for thermotolerance, capsule and Yes, for C. gattii Caenorhabditis elegans 392,393
phosphate synthase trehalose functions as an melanin production, mating, and cell wall (worm) and A/JCr mouse inhalational
antioxidant and stress integrity in C. gattii and thermotolerance models; TSP1 but not TSP2 is required for
protectant in C. neoformans virulence in C. neoformans
PKA1, cAMP-activated protein Signal transduction Required for capsule production in C. gattii C. gattii was not tested; yes, for virulence of C. 394, 395
kinase A pathway regulator and mating and capsule and melanin neoformans in BALB/c mouse inhalational
production in C. neoformans model and immunosuppressed rabbit CSF
inoculation model
PKA2, cAMP-activated protein Signal transduction Required for mating and capsule and Not tested 394, 395
kinase A pathway regulator melanin production in C. gattii but not C.
neoformans
PLCI Signal transduction Regulates growth at 37°C and melanin and Yes, in C. neoformans BALB/c mouse 396
pathway regulator PLB production in C. neoformans through inhalational model
the PKC/MAPK pathway (see below)
MPK1 Signal transduction Regulates melanin, capsule production, and Yes, in C. gattii (BALB/c inhalational model) 397
pathway regulator cell wall integrity in C. gattii and and in C. neoformans i.v. DBA/2
thermotolerance and cell wall integrity at complement-deficient mouse model
37°C in C. neoformans
STEI2a Transcription factor Regulates melanin, mating, and ecological Yes, in C. gattii but not C. neoformans 398, 399
fitness in C. gattii and mating and capsule
size in C. neoformans
GATI GATA transcription factor Regulates nitrogen utilization Yes, in C. gattii but not in C. neoformans 400
BALB/c intrapharyngeal instillation model
CNA1, calcineurin catalytic Subunit of the heterodimer In C. gattii, regulates thermotolerance Yes, in C. gattii (molecular type-dependent) G. 156, 401, 402

subunit (A)

calcineurin, a Ca®™"
calmodulin-activated
serine-threonine-specific
protein phosphatase

(37°C) (strains differ) and is required for
plasma membrane integrity, tolerance to
fluconazole, and optimal growth in the
presence of Ca>* Li*, with no role in
melanin and a minor role in capsule
production; in C. neoformans, lesser effect
of Ca®" and not required for fluconazole
tolerance in

mellonella (wax moth) larva and A/JCr
mouse inhalational models and also in C.
neoformans rabbit intracisternal inoculation
and BALB/c mouse i.v. inoculation models

“ Note the functional divergence between C. gattii and C. neoformans for all genes analyzed, with an evolutionary switch of functions of PKA1 and -2. cAMP, cyclic AMP; PKC, protein kinase C; MAPK, mitogen-activated protein

kinase; PLB, phospholipase B.
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Correlations between the molecular type of C. gattii and viru-
lence have been made. In general, VGIIa is more virulent than
VGIIb in mice, and VGII overall is more virulent than VGI (36,
38). However, such global assessments of virulence may not yield
consistent results, suggesting that molecular type may be a
marker, but not a determinant, of virulence. For example, in mice,
the clinical type strain of C. neoformans, H99, was less virulent
than the C. gattii VGIIa type strain, R265, from the Vancouver
Island outbreak (1, 150) but was equally virulent in another study
(152). Indeed, threshold inocula required for disease expression
and, in some cases, organ burdens are strain dependent (153), and
individual isolates of the same molecular (sero)type of C. gattii
may be more or less virulent than isolates of C. neoformans (154).
Subtype-dependent differences in virulence have also been de-
scribed for VGIII strains isolated from patients with AIDS. In
particular, strains of VGIIla were more virulent than those of
VGIIIb (84). In this context, a recent report is of interest (155).
Assessment of hypervirulence markers (IPR and tubularization of
mitochondria) during mating of VGII and VGIII strains and
within VGII strains revealed that these traits were infrequently
transferred in outgroup crosses but readily transferred during in-
group (within VGII) crosses.

Phenotypic and genotypic virulence correlates. In early stud-
ies of C. gattii VGI, phospholipase production per se quantified in
vitro was correlated with virulence in mice (154). Differences be-
tween the two closely related VGII Vancouver Island outbreak
subtypes were noted; all VGIIa isolates were fertile, compared with
only 17% of VGIIb isolates, and at 37°C, growth rates, melanin
production, and capsule size were increased (150). In another
study of Vancouver Island outbreak strains, capsule size; melanin,
phospholipase, and proteinase production; and other enzyme ac-
tivities were analyzed in 39 C. gattii strains of variable virulences
and different molecular types. There was no correlation between
virulence and individual virulence phenotypes. Despite this, ex-
pression of PLBI, CRGI, capsule-related genes, and genes on the
mating-type locus correlated with the IPR in macrophages, sug-
gesting that these genes contribute synergistically to virulence in
the VGII (AFLP6) lineage (142). There is also evidence that the
relative importance of particular virulence determinants varies
between molecular types of C. gattii. For example, VGIIa was
more tolerant to growth at 37°C in the presence of calcineurin
inhibitors or in CNAI deletion mutants than isolates of VGI,
VGIIb, VGllc, VGIII, and VGIV. Calcineurin was required for
virulence in the WM 276 and R265 backgrounds but much less so
in the R272 background, whereas melanin production levels were
similar in all three strains (156).

These observations confirm that virulence, as measured by dis-
ease outcome, is not simply the sum of individually expressed
determinants but rather the outcome of a complex set of interact-
ing factors. The term fungal virulence composite was coined by
Cutler in 1991 (157) to reflect this in Candida albicans. More re-
cently, the deterministic nature of cryptococcal virulence was elu-
cidated in G. mellonella and Acanthamoeba castellanii models,
which confirmed that the cryptococcal phenotype does not nec-
essarily correlate with disease-causing potential, nor does the ex-
pression of individual virulence factors correlate directly with
pathogenicity (158). The complexity of the fungal virulence com-
posite is further exemplified by the study of genomic and tran-
scriptomic profiles in cryptococcal species.
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Genomic and Transcriptomic Profiles

The advent of the omics revolution has revealed a complex array
of genes and their transcripts that contribute to the virulence com-
posite in Cryptococcus spp. Sequencing of a C. gattii VGI environ-
mental strain (WM 276) and the VGIla Vancouver outbreak
strain (R265) revealed that the genomes are colinear for most of
the 14 chromosomes, with minor rearrangements, but compari-
son of different strains showed considerable variation in gene con-
tent and overall sequence identity. There was extensive variation
between strains of C. gattii VGII, precluding simple explanations
of differences in virulence based on genome content (36). C. gattii
strains that are very closely related by genome analysis can have
widely different transcriptional circuits and phenotypic differ-
ences in virulence in experimental models of infection (159).

Transcriptomes of C. gattii have been analyzed in an attempt to
fully characterize the C. gattii virulence composite. A recent
whole-genome expression study identified mitochondrial regula-
tion as an important factor in the enhanced pathogenicity of ge-
notype VGlIa (149); notably, mitochondria were shown to be es-
sential for cryptococcal viability and for protection against
hypoxia and oxidative stress. As mentioned above, expression of
genes encoding known virulence factors, for example, PLBI,
CRGI, capsule-related genes, and genes on the mating-type locus,
correlated with the IPR in J774 macrophages, suggesting a syner-
gistic contribution to virulence in the VGII lineage. Previously
uncharacterized genes shown subsequently to influence melanin
and capsule production and, thus, cryptococcal infectivity (for
example, the COP9 signalosome complex and ubiquitin carboxyl-
terminal hydrolase) were also upregulated in VGIIa strains (149).

Comparison of the transcriptomes of R265 (VGIIa) and R272
(VGIIb) revealed increased expression levels of genes encoding
melanin, capsule, and growth at 37°C (LACI, LAC2, CAS3, and
MPK1). Levels of proteins involved in cell wall assembly, mem-
brane components, carbohydrate and lipid metabolism, trans-
port, the stress response, and lignin degradation were all increased
in the VGlIa strain, whereas genes involved in the regulation of
mitosis, ergosterol biosynthesis, and drug resistance were down-
regulated (137). Differences in several other genes, including cell
wall assembly and mitotic regulatory genes, were identified. Un-
like the study by Ma et al. (149), the expression of the mitochon-
drial genes was not different in R265 and R272. The differences in
the results from the two studies can be explained by the similarity
in mitochondrial genomes of strains R265 and R272, since cre-
ation of congenic a and « strains by backcrossing of R265 with a
nonoutbreak VGII strain indicated that neither the mating type
nor the mitochondrial genotype was a major virulence determi-
nant (407).

Observations In Vivo

In both rat and mouse models, there is evidence that C. gattii VGII
strains cause significant lung disease but disseminate to the CNS
infrequently (153, 160). In a rat model of C. gattii VGII infection,
the five strains studied included MATa strains R265 (VGIIa) and
R272 (VGIIb) from Vancouver Island, which caused progressive
and ultimately fatal pneumonia, but consistent and substantial
late dissemination to the CNS was noted only with a VGIIDb strain
of feline origin from Australia (153). In a rat intrapulmonary in-
jection model, strain variation was again apparent, with an envi-
ronmental isolate (VGI) and an Australian feline isolate (VGIIb)
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causing more severe pulmonary disease than 2 human clinical
isolates of VGI. Increased virulence in rats was correlated directly
with extensive infiltration of the lungs with budding cryptococci
and inversely with the extent of the inflammatory response. Only
the most virulent isolate disseminated to the brain; in these ani-
mals, microscopic examination revealed occasional single or bud-
ding yeasts in the meninges (153). Pulmonary responses in
C57BL/6] mice infected with the H99 or R265 strain differed
substantially, with proliferation of intra-alveolar yeast and re-
duced macrophage responses to infection with R265 and an
intense nodular macrophage and multinucleated giant cell re-
sponse to H99. Interestingly, mortality rates were similar in
both groups (161, 162).

Another group found that mice infected by intrapharyngeal in-
stillation of VGII strain R265 died from extensive pulmonary in-
fection without significant brain involvement, whereas C. neofor-
mans strain H99 disseminated readily to the brain and caused
death from cerebral infection (160). Notably, strain R265 induced
a relatively poor inflammatory response compared to that in-
duced by strain H99, and both H99 and R265 crossed the blood-
brain barrier to establish fatal brain infection upon intravenous
inoculation. The predilection of R265 for the murine lung is con-
sistent with the clinical observation that human infections with
the C. gattii VGII genotype present more commonly with pulmo-
nary than with neurological infection (131).

The influence of C. gattii on the hostimmune response is poorly
understood, although studies with C. neoformans underscore the
importance of the innate immune response in the pathogenesis of
cryptococcosis. Cellular interactions between neutrophils, natural
killer (NK) lymphocytes, monocytes, and macrophages have been
investigated, predominantly in vitro, in order to understand the
inflammatory/immune response in vivo. Cryptococcal genotype-,
strain-, and species-dependent effects have been observed in dif-
ferent studies but have not necessarily correlated with the out-
come of infection in vivo.

For example, a nuclear magnetic resonance (NMR) spectro-
scopic analysis of metabolites released by single strains of C. gattii
and C. neoformans identified 23 strains with supernatant concen-
trations differing by at least 2-fold and two metabolites, acetoin
and dihydroxyacetone, that were uniquely released by C. gattii.
The effect of the supernatants from cultures of C. neoformans was
generally more proinflammatory, causing increased neutrophil
necrosis and phorbol myristate acetate (PMA)-induced neutro-
phil superoxide production and greater adhesion/migration of
cryptococci through A549 lung epithelial cell monolayers. Despite
these differences in vitro, these two strains produced similar neu-
trophil responses in the rat lung (162). In C57BL/6 mice infected
with C. gattii VGII Vancouver Island outbreak strains R265 and
R272, Australian environmental strain WM 276, and C. neofor-
mans strain H99, early migration of neutrophils to sites of infec-
tion and production of protective cytokines were reduced in mice
infected with the C. gattii strains, but strain R265 and C. neofor-
mans strains were equally virulent in mice and more virulent than
the other two C. gattii strains (152).

NK cells are the predominant lymphocytes involved in the in-
nate immune response to cryptococcal infection. They exert a di-
rect cytotoxic effect on cryptococcal cells via exocytosis of lytic
granules containing the effector compound perforin (164). It was
recently reported that perforin degranulation is increased in an
acidic environment, at pH levels reported previously to be gener-
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ated within cryptococcomas (163); this effect was observed with
both C. gattii and C. neoformans (165).

Alveolar and pulmonary macrophages are a first line of defense
against cryptococcal infection. Animal models reveal substantial
numbers of cryptococci within pulmonary macrophages and an
increase in the number of extracellular organisms during the pro-
gression of disease (for example, see reference 143). In C. neofor-
mans models, cryptococci exit the lung and are transported in the
blood in mononuclear phagocytes (143) and as free cells (146).
The cryptococci cross the blood-brain barrier either via transen-
dothelial cell transport of free cryptococci or by paracellular trans-
port within the phagolysosome of mononuclear phagocytes (the
so-called Trojan horse mechanism) (146, 166). Much is now
known about phagocytosis, phagolysosomal inhibition, multipli-
cation, and egress of C. neoformans from macrophages in the
pathogenesis of disease (reviewed in reference 142), and the IPR of
C. gattii VGIIa is enhanced in J774 murine macrophages and pri-
mary human monocyte-derived macrophages (149).

There are relatively few studies of host cell interactions with C.
gattii that provide novel insights into pathogenesis, but a recent
publication on the evasion of the adaptive immune response by C.
gattii strains R265 and R272 is instructive, as similar evasion has
not been demonstrated for C. neoformans (167). This group dem-
onstrated that heat-killed C. gattii is efficiently bound to, and in-
ternalized by, human peripheral blood-derived dendritic cells
(DCs), trafficked to late phagolysosomes, and killed. However, the
DCs were not stimulated to mature into efficient antigen-present-
ing DCs, as measured by increased expression levels of major his-
tocompatibility complex (MHC) class II and the costimulatory
molecules CD86, CD80, CD83, and CCR7 (a chemokine associ-
ated with trafficking of DCs to lymph nodes) or decreased expres-
sion levels of CD11c and CD32. As a result, specific T cell re-
sponses were suboptimal. It was further determined that tumor
necrosis factor alpha (TNF-a) levels were not increased, as would
be expected following phagocytosis, but exogenous TNF-a or
stimulation of its production restored DC maturation and normal
T cell responses to cryptococci.

C. GATTII INFECTION IN ANIMALS

C. gattii is an emerging pathogen in a broad range of animals,
including domestic cats, dogs, horses, sheep, cows, koalas, dol-
phins, gray squirrels, ferrets, birds, and marsupials. The epidemi-
ology and clinical and pathological features of cryptococcosis, in-
cluding that due to C. gattii, in various animals have been
described in detail (168—171). This review focuses on more recent
insights into C. gattii infection.

In North America, the prevalence of C. gattii infection relative
to that of C. neoformans infection remains imprecise, since many
veterinary isolates have not undergone identification to species
level. Furthermore, the prevalence of each pathogen varies with
the species of animal (168, 169). In two studies involving 82 cases
of feline cryptococcosis in California (169) and western Canada
(172), only 17 cryptococcal isolates were identified, 14 of which
were C. gattii and 3 of which were C. neoformans. Much of our
knowledge of species distribution comes from studies from Aus-
tralia (99, 173). As companion dogs and cats are considered sen-
tinel species, disease distribution may be expected to be similar to
that in people (see Clinical Epidemiology of Human Infection,
below).

In Australia, the majority of infections (and colonization) in
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native koalas and horses are due to C. gattii (174, 175), compared
to about 33% in domestic cats and dogs (173). In Western Aus-
tralia, C. gattii caused 5 of 9 feline and 11 of 22 canine infections
(175). C. gattii causes disease in immunocompetent mammals
and is considered a primary pathogen (168, 173). Different man-
ifestations of cryptococcosis in different species may be due to a
number of factors, including host anatomical differences, physio-
logical differences (e.g., body temperature), ecological habitats,
and species-specific differences in comorbidities, immunology,
and behavior, which affect exposure and host reaction to the fun-
gus. These aspects are not reviewed, but the salient features of C.
gattii infection in various animals are presented.

Case reports and moderate-to-large case series of C. gattii in
cats abound (37, 169, 171-173, 176—-182). A review of the major
studies where the etiologic cryptococcal species were reported in-
dicates that there are no clinical features which reliably distinguish
disease caused by C. neoformans from that due to C. gattii. As with
C. neoformans infection, young to middle-aged cats (2 to 3 years of
age) are typically affected (173), but the age range is wide. In Aus-
tralia, Siamese, Birman, and Ragdoll breeds are overrepresented.
Exposure to the outdoors is significantly associated with crypto-
coccosis, but indoor cats are also affected, presumably through
exposure to aerosols, soil, or plant material (173, 178). Of note,
one study found that cats in rural areas were significantly more
likely to have C. gattii than C. neoformans infection (173). In the
Vancouver Island outbreak, Duncan et al. reported that in a
matched case-control study, cats that were active, had traveled on
the island, or lived near a site of commercial environmental dis-
turbance (including logging and soil disturbance) had a signifi-
cantly increased risk of developing C. gattii infection (183). These
findings pertained to the period between 2001 and 2003, and fol-
low-up studies are worthwhile to determine if these activities still
pose a risk 10 years later, since they have implications for pet
owners. Interestingly, the majority of cats infected with the VGII
genotype in two Australian studies (173) presented with more
extensive disease than those infected with the VGI genotype, sug-
gesting that VGII is more virulent than VGI. Studies of a larger
numbers of cats with both types of infection, in other regions, are
required to validate this hypothesis.

Cats present primarily with nasal and paranasal cavity disease.
Other common sites of infection include the skin, lymph nodes,
brain, meninges, and eyes. Typically, granulomatous lesions oc-
cur, especially in the head and neck regions, such as over the max-
illary or frontal areas and the nares (173, 178, 179). Eye involve-
ment, characterized by chorioretinitis and blindness, is not
uncommon. Single or multiple cryptococcomas can occur in the
brain and spinal cord (181). Unlike in koalas and horses (see be-
low), lung manifestations, including pyothorax, are uncommon
(180). However, sneezing, stertor, snuffling, and headshaking can
occur (168, 169). In southwestern British Columbia, 27% of 78
feline cases had such respiratory symptoms (171). Nasal deformity
with or without purulent, serous, or hemorrhagic nasal discharge,
either unilateral or bilateral, is characteristic. Owners may report
lethargy and poor appetite in their pets, but fever is uncommon
(168, 169). Disseminated infection occurs in 8 to 16% of cases, and
any organ may be affected, including the gastrointestinal and gen-
itourinary tracts (169, 172, 173, 175, 178). In Canada, a multivar-
iate survival analysis revealed that CNS infection but not respira-
tory disease or other medical history was a significant predictor of
mortality (171). Retroviral infection in cats does not appear to
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predispose them to cryptococcosis (172). The prevalence of C.
gattiiinfection in cats with feline immunodeficiency virus or feline
leukemia virus infection is not known.

Collectively, young active dogs <6 years of age comprise the
majority of cases, with no sex predilection. Large breeds (e.g.,
Border Collies, Boxers, Dalmatians, Doberman Pinschers, Great
Danes, and German Shepherds) are overrepresented, presumably
reflecting their active outdoor life-style (171, 172, 183). Outdoor
walks through forested areas and accompanying humans on
hiking activities were associated with C. gattii disease in the
North American outbreaks (171, 183). In Australia, unlike with
cats, a rural domicile was not associated with C. gattii infection
(172,173).

Dogs typically present with clinical signs involving more than
one organ system (172, 184). In one study (173), although nasal
cavity involvement was important, the canine cohort had a greater
propensity to develop secondary CNS involvement and dissemi-
nated disease than feline cases. Neurological signs, including
stumbling, paralysis, ataxia, hyperesthesia (often along the dorsal
areas and neck), are most common, and seizures may occur.
Blindness is not as common as in cats (168). Epistaxis, sneezing,
and nasal discharge are present in ~50% of cases of cryptococcosis
(173, 175, 184, 185). The skin, kidney, and gastrointestinal tract
may also be involved. As for cats, there are no clinical features that
distinguish cryptococcosis caused by C. neoformans from that
caused by C. gattii.

Cryptococcosis was first reported in koalas in 1960 (186) and is
almost always due to C. gattii (174, 187). The koala habitat in the
wild is the same as that of the species of eucalypt that has been
identified as the environmental niche of C. gattii. Animals become
heavily colonized with the fungus: colonization rates of 94 to
100% were found in koalas residing in the Coffs Harbor Wildlife
Park, New South Wales, Australia, and the Sydney Taronga Zoo
(174, 188). Koalas are susceptible to invasive infection and may act
as reservoir hosts for humans by amplifying the environmental
burden of C. gattii (187, 189). Of interest, in a recent Japanese
study of 15 imported Australian koalas in a zoo in Yokohama, only
1 of 10 (66.7%) animals colonized with Cryptococcus was colo-
nized with C. gattii (190). Koalas with invasive cryptococcosis
most often present with pneumonia and meningoencephalitis, al-
though nasal infection also occurs (187). Identification of C. gattii
in asymptomatic koalas (188—190) has spawned studies of sub-
clinical cryptococcosis, of the mechanisms that trigger clinical in-
fection, and of the need for effective cryptococcal eradication
measures to prevent the spread of infection.

Sheep often develop infections of the nasal cavity or CNS, while
horses and goats present primarily with lung disease (92, 168,
175). In horses, the sinuses (animals present with rhinitis) are
most consistently involved, but both pneumonia and CNS disease
are also common. Horses with C. gattii infection in Western Aus-
tralia (n = 9) had primarily pneumonia; cases of bone, lymph
node, and bowel involvement were described, but the causative
cryptococcal species was not specified (175). In birds, the presen-
tation is variable, but upper and lower respiratory infections are
relatively common. Granulomatous skin nodules on the neck or
body and retrobulbar lesions also occur (172, 191). At least five
confirmed cases of cryptococcosis due to C. gattii in ferrets, in-
cluding cases from Spain, have been reported, two of which were
autochthonous cases (192, 193); lesions were present in the naso-
pharynx, lung, lymph nodes, CNS, and bone.
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In the United States and Canada, C. gattii infection in dolphins
and porpoises has been reported (37). It is not clear how marine
mammals become infected, but C. gattii can survive in freshwater
and seawater for up to a year, suggesting that this may be a route of
infection. Alternatively, these mammals may acquire infection
through inhalation of aerosolized spores, as is the case for other
mammals, since lung infections in dolphins and porpoises have
been reported (37, 194). Norman et al. described a case of mater-
nal-fetal transmission in a porpoise (195).

CLINICAL EPIDEMIOLOGY OF HUMAN INFECTION

In humans, C. gattii causes predominantly meningoencephalitis
and other CNS and pulmonary diseases and is associated with
substantial morbidity (27, 28, 130-132). It also poses a concern for
veterinarians, and some animal infections, in particular those in
feline and canine companion animals and Australian native koa-
las, represent sentinels for human exposure (37, 176, 188, 190).
Shifts in the appreciation of the clinical epidemiology of C. gattii
in the past decade include the recognition that it affects immuno-
compromised (including those with HIV/AIDS) as well as immu-
nocompetent (130-133) hosts, the identification of multiple C.
gattii molecular types (see Epidemiology, Origin, and Evolution,
above) and their clinical implications, and the broadening of its
geographic range beyond the tropical-subtropical locales of
Northern Australia, Papua New Guinea (PNG), Southeast Asia,
Africa, South America, and California (71) to the temperate re-
gions of these and other countries (38, 69, 86, 91, 130, 132, 196—
198). This review focuses on these changes and their possible as-
sociations with disease patterns in humans.

Epidemiology of Human Infection

The first clinical case of cryptococcosis in which mention of the
name C. gattii was made was reported in 1970, involving a 7-year-
old boy with leukemia from the Congo (formerly Zaire) who pre-
sented with meningitis (199), although in retrospect, the applica-
tion of molecular methods revealed that an isolate recovered from
a patient with infection due to Saccharomyces subcutaneous tume-
faciens was, in fact, C. gattii (19). Since then, the literature has
abounded with reports of this uncommon infection in single pa-
tients and small case series. The emergence of larger case clusters
in 1999 in North America and reports of autochthonous cases
outside known regions of endemicity has exponentially increased
awareness of C. gattii as a pathogen. The major C. gattii reports
(confirmed by culture- or molecular-based methods) in English
are listed here or are referred to below (27-29, 38, 69, 86, 91,
94-96, 98, 106, 113, 130-133, 196-198, 200-253). Table 4 sum-
marizes the pertinent epidemiological and clinical features in case
series involving three or more patients. In addition, a number of
reviews, editorials, and book chapters with substantive discussion
on C. gattii clinical epidemiology and infection in humans have
been published since 2000 (39, 85, 122, 254-265).

Geographic distribution and incidence. Knowledge regarding
the global distribution of C. gattii cases assists in understanding its
clinical epidemiology and, consequently, risk factors for infection
(see below). However, this understanding is incomplete, in part
because until recently, many laboratories did not distinguish be-
tween C. gattii and C. neoformans (247, 258). In Australia, where
C. gattii infection is considered to be endemic, the two species
have been distinguished routinely since the early 1990s by using
canavanine-glycine-bromothymol blue (CGB) agar (266) (see Di-
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agnostics, below). Earlier small (8 to 49 patients) case series of C.
gattii infection were mainly from Australia (25, 27, 28, 99, 113,
204, 267), Papua New Guinea (208-213), and Brazil (206, 219).
Incidence data from Brazil are imprecise, but compared to other
parts of the world, children appear to be disproportionately af-
fected by C. gattii. Prior to the emergence of AIDS in Papua New
Guinea, C. gattii caused ~95% of cases of cryptococcal meningitis,
with an estimated annual population incidence in the Central
Province of 42.8 cases per million population (214). In Australia,
the annual incidence in the late 1990s was 0.94 cases per million
population; this incidence varied with jurisdiction, being highest
in the Northern Territory (8.5 cases per million) (29). The inci-
dence has remained unchanged over the succeeding decade (0.61
per million) (130). Population-based rates are significantly higher
in the indigenous Aboriginal population than in nonindigenous
persons (10.4 versus 0.7 cases per million) (29). In the tropical
Arnhemland region of the Northern Territory, the relative risk for
cryptococcosis in Aboriginal people compared with non-Aborig-
inals is 20.6 (204).

C. gattii has traditionally been considered a “tropical or sub-
tropical fungus” despite the fact that even prior to the North
American outbreak, a large proportion of disease in Australia oc-
curred in its southern temperate region (27-29, 99, 268). Before
1999, C. gattii infections were uncommon in North America, with
small numbers of cases being reported in California and Hawaii
(83,269) and Europe (reviewed in reference 122). The spread of C.
gattii infection into new geographic regions was heralded by an
unprecedented outbreak of infection on Vancouver Island, British
Columbia, in 1999, with subsequent clusters in British Columbia
and the Pacific Northwest of the United States.

From 1999 to 2007, 218 patients acquired C. gattii infection as
part of the Vancouver Island outbreak (198, 270). Between 2002
and 2006, the annual average incidence in British Columbia was
5.8 cases per million population, and that on Vancouver Island
was 27.9 per million (270). It now appears that an endemic focus
of C. gattii cryptococcosis was established in 2004 in the Pacific
Northwest. As 0of 2012, >96 infections have been reported, mainly
from the states of Washington and Oregon (132, 197, 258), al-
though incidence data have not yet been reported (271). Only
after these outbreaks and the consequent interest in species dis-
tinction has the complexity of the epidemiology been appreciated.

In parallel with the emergence of case clusters, an explosion of
C. gattii cases were reported, some after travel to areas of western
North America where the disease is “newly endemic,” including
California, and others presenting as autochthonous cases (231,
238, 240, 247, 250). Single cases of infection have also been re-
ported in the United States, including New England (85, 243, 247),
New Mexico (272), and Florida (253); Europe (91, 95, 106, 245);
Asia, including Japan and Singapore (227, 246, 249); and South
America (223, 256). Most recently, Harris et al. reported 25 cases,
inclusive of previously described patients (247, 253) diagnosed
between 2009 and 2012, from Montana, Alabama, California, Ha-
waii, and Michigan; none of these patients had traveled to areas of
C. gattii endemicity (251). In Australia, despite heightened aware-
ness, no increase in the number cases has been observed (most
large institutions care for 2 to 3 patients annually). Two reports
(216, 217) highlighted the occurrence of immune reconstitution
inflammatory syndrome (IRIS) in separate immunocompetent
hosts with C. gattii meningitis (see Clinical Complications of Hu-
man Infection, below).
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¥ The case-control study identified oral steroid use, pneumonia, and other lung conditions to be associated with infection. In population comparisons, cases were more likely to be >50 years of age, to be current smokers, to have HIV

infection, or to have a history of invasive cancer.
¢ Abbreviations: AMB, amphotericin B formulation; cAMB, conventional amphotericin B deoxycholate; CNS, central nervous system; 5FC, 5-flucytosine; IC, immunocompetent; ICP, intracranial pressure; IS, immunosuppressed;

PNG, Papua New Guinea.

Number 4

Cryptococcus gattii

Central to the epidemiology of human infection is the appre-
ciation of the distribution of C. gattii molecular types by geo-
graphic region (Table 1 and Fig. 4). Infection in Australia and
PNG is caused largely by molecular type VGI (29, 99). VGII infec-
tions also occur but are, to date, geographically restricted to the
Arnhemland region of the Northern Territory and the southwest
of Western Australia (113, 117). In contrast, clonal VGII subtypes
(referred to as outbreak strains) of C. gattii caused case clusters in
British Columbia (subtypes VGIIa and VGIIb) and in the Pacific
Northwest (subtypes VGIIa, VGIIb, and VGIIc) (38, 132, 198,
251); subtype VGIIc is a novel subtype not found outside the
United States (68). Theories on how these VGII subtypes may
have arisen in North America are discussed above (see Epidemi-
ology, Origin, and Evolution, above). Infection outside the Pacific
Northwest has been caused by VGI and VGIII (242, 243, 251, 272)
as well as by subtype VGIIb and other, nonoutbreak subtypes of
VGII (251).

The assignment of genotype is important not only for epide-
miological purposes but also to track the origin of isolates. Pinto
Junior et al. reported a child residing in Rio de Janeiro with C.
gattii genotype VGII infection who had no history of travel outside
the city (223). Given that VGII is the predominant molecular type
(VGI is uncommon) in north/northeastern Brazil but not in the
southern part of the country, those authors postulated that the
ecological niche of this genotype may be expanding (223). Sup-
port for the notion that the niche of the VGII genotype is evolving
is the observation of infection caused by molecular type VGIIa in
a Japanese patient in Tokyo with no history of travel to an area of
known endemicity; VGIIa genotype strains have not previously
been documented in Japan (249). Further environmental surveil-
lance is needed to determine new reservoirs of C. gattii. Obtaining
a travel history from patients with suspected cryptococcosis in
areas where C. gattii is not endemic should be routine. Hagen et al.
described a Dutch patient who acquired infection due to molecu-
lar type VGIIb after visiting Vancouver Island (238). In a subse-
quent study, that same group of authors demonstrated that infec-
tions in Europe caused by molecular types VGIII and VGIV could
be linked to exposure in regions of Africa (91).

Environmental exposure. The ecology of C. gattii and its envi-
ronmental molecular epidemiology are described above (see Ecol-
ogy, above).

Historically, the first hint of an environmental source of C.
gattii was reported in the early 1990s in Australia, when the distri-
bution of human disease was noted to match the geographic loca-
tion of two species of eucalypt: E. camaldulensis (river red gum)
and E. tereticornis (forest red gum) (26, 273). The density of E.
camaldulensis, in particular along water courses in rural/semirural
Australia, and the association of rural-dwelling Aborigines with
these trees are thought to partly explain the relatively high preva-
lence of infection in indigenous Australians. This link was con-
firmed by subsequent epidemiological investigations (29, 99), as
was the association between C. gattii and residence, or employ-
ment, in a rural/semirural environment (29, 130, 215). Whether a
similar association is evident in British Columbia and the U.S.
Pacific Northwest is unknown; in the setting of an outbreak, the
epidemiology may be different. Additional risk factors, such as
host genetic determinants of susceptibility, have not been well
studied.

As in Australia, C. gattii has been recovered from eucalypts in
other countries with small numbers of human cases, including
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southern California, Italy, and Brazil (273, 274). However, infec-
tion also occurs in regions where eucalypts do not occur naturally,
in particular Malaysia; South America; the Arnhemland region of
the Northern Territory, Australia; and, most notably, Vancouver
Island (38, 113, 274). In Arnhemland, the local reservoir of C.
gattii remains uncertain; it is of interest that the predominant C.
gattii molecular type in this location is VGII and not the VGI
genotype that has been linked with eucalypts (99). While eucalypts
are not indigenous to PNG, extensive sampling of imported trees
in central PNG proved negative (212, 214). On Vancouver Island,
in addition to imported eucalypts, trees native to the island have
been implicated as being a niche for C. gattii and include Douglas
fir, coastal western hemlock, alder, Garry oak, grand fir, and cedar
(38, 258); C. gattii has also been found in soil.

Host factors. A better understanding of the global distribution
of C. gattii has been accompanied by an appreciation of evolving
host risk factors. Unlike C. neoformans cryptococcosis, where
HIV/AIDS, for example, is a major risk factor, risks for C. gattii
infection are less well defined.

Cryptococcosis per se has occurred more frequently in males
than in females, independent of the disproportionate representa-
tion of males with AIDS in data sets from Western countries. In
one Australian study, male gender was a significant risk factor for
cryptococcosis but only in patients with C. gattii infection (male-
to-female ratio of 3.3:1) (29). Similar observations were reported
in PNG and were attributed to an increased exposure of males to
environmental sources of C. gattii (209). On Vancouver Island,
however, only 55% of the outbreak cases affected males, and in the
Pacific Northwest, 54% affected males (132, 198), suggesting that
exposure is the predominant factor under these circumstances.
Interestingly, 85% (21 of 25) of sporadic cases in the United States
affected men (251). Population-based studies using uniform case
definitions are needed to clarify whether there is a gender predis-
position to C. gattii infection and, if so, whether there are addi-
tional genotype-dependent associations.

Data on host genetic factors as risks for C. gattii cryptococcosis
are sparse. Indigenous Australians are consistently overrepre-
sented in reports of C. gattii from rural Australia (29, 130, 204,
215), presumably due mainly to increased environmental expo-
sure. However, the incidence of C. neoformans infection is also
higher in Aborigines, suggesting that genetic and/or socioeco-
nomic factors may be important. Likewise, exposure to C. gattii,
even though the ecological niche has not been identified, has been
linked to cryptococcosis in PNG, where the indigenous popula-
tion is Melanesian. In another PNG study, neither leukocyte anti-
gen class I nor class II phenotypes were associated with C. gattii
infection, although there was a trend toward increased suscepti-
bility in patients carrying the human leukocyte antigen B*5601
(275). Recently, high levels of certain anticytokine antibodies
(e.g., anti-granulocyte-macrophage colony-stimulating factor
[GM-CSF] antibodies) were associated with cryptococcosis in
HIV-negative patients (276). These antibodies predispose indi-
viduals to opportunistic infections by impairing innate immunity
and may be especially relevant among HIV-negative patients in
Asia (277, 278). Saijo et al. most recently reported the presence of
anti-GM-CSF autoantibodies in the plasma of seven apparently
immunocompetent patients with C. gattii meningoencephalitis
but, interestingly, not in the plasma of patients with C. neoformans
disease (279). Their results, which suggest that anti-GM-CSF
autoantibodies predispose otherwise immunocompetent individ-
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uals to meningoencephalitis caused by C. gattii, but not necessar-
ily that caused by C. neoformans, are worthy of further study.

Distinct from C. neoformans, which typically causes disease in
individuals with cell-mediated immune deficiencies (255, 260),
historically, our understanding is that C. gattii causes disease pre-
dominantly in persons with apparently normal immune systems
(72t0 100%) (27-29, 206,211, 213,215, 219). However, following
the North American outbreaks and, more recently, outbreaks in
Australia, new risk groups have been recognized. These groups
include patients with underlying HIV infection, cancer, solid or-
gan transplantation, and other immunodeficiencies (96, 98, 130,
132,198,230) (Table4). In an Australian study of 86 patients, HIV
was rare (1 of 79 patients tested for antibodies to HIV), but 7% of
patients had underlying idiopathic CD4 lymphopenia, 3% had
previously received kidney transplants, 8.1% had a malignancy,
and 14% had received corticosteroids or immunosuppressive
drugs (130). Notably, host immunocompromise was associated
with increased mortality (29% versus 5%; P < 0.05). Overall, 72%
of patients were immunocompetent, compared to 91.5% of pa-
tients in a previous study (29).

In British Columbia, only 62% of patients were considered
previously healthy (198); a case-control analysis identified oral
corticosteroid use, smoking, older age, HIV infection, and malig-
nancy as risk factors (230). The proportion of patients who had
predisposing conditions or who were taking immunosuppressive
medications was even higher (76%) in U.S. cases (n = 76 patients)
infected with “outbreak” strains. Here 4 of 59 patients were HIV
positive, 50% of patients were immunocompromised, and 20%
and 23% had had a solid organ transplant and cancer, respectively.
These outbreak strains were defined as belonging to molecular
types VGlIla, VGIIb, and VGIIc (132). There is increasing evidence
of an association between the C. gattii molecular type and host
status, although the pathogenic link between the two is not yet
understood. Several studies have confirmed that molecular types
VGI and VGII of C. gattii have a predilection for immunocompe-
tent hosts, as discussed above (Fig. 5). In contrast, molecular type
VGIII was overrepresented in a series of HIV-positive patients in
southern California (84, 133), and VGIV has been identified in
Africa in association with HIV/AIDS (Fig. 5) (29, 99). There are
also data indicating an association between molecular type and
clinical presentation (see Clinical Manifestations of Human Infec-
tion, below).

Patients with C. gattii infection may have subtle defects in im-
mune function (276, 279). Marr et al. reported 1gG2 antibody
deficiency in one such patient (280). It is possible that selective
antibody deficiencies are risk factors for C. gattii infection, render-
ing the host unable to mount a protective [gG2 antibody response
to cryptococcal capsular polysaccharide. Idiopathic CD4 lym-
phopenia is a risk factor for C. neoformans infection (281), but its
association with cryptococcosis due to C. gattii is new (130).
Taken together with the identification of anticytokine antibodies
in some patients with C. neoformans and C. gattii cryptococcosis
(see above), these results suggest that immunological assessments,
atleast performing HIV antibody and T cell subset measurements,
should be undertaken for patients with C. gattii infection.

Other comorbidities may also pose a risk for cryptococcosis
caused by C. gattii. Almost 30% of patients in the Pacific North-
west outbreak had chronic lung disease (132). Concurrent corti-
costeroid use in such patients and/or changes in lung function
associated with cigarette smoking may contribute to this risk. On
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FIG 5 Percentages of 256 clinical isolates obtained from immunocompetent
and immunocompromised patients (HIV positive) and from patients with
other risk factors per major molecular type, identified by URA5 RFLP analysis,
PCR fingerprinting, or AFLP analysis, for which clinical data were available.
Other risk factors are alcoholism, corticosteroid use, disorder T immunity,
diabetes, leukemia, systemic lupus erythematosus, transplant, and tumor.

Vancouver Island, case-control studies identified an association
between underlying lung conditions, including chronic obstruc-
tive pulmonary disease (COPD), and C. gattii infection. However,
in population analyses, only current smokers (P < 0.001), not
those with a history of COPD or asthma, were more likely to
develop infection (231). Smoking was also an independent risk
factor, occurring in 36% of cases in a recent Australian study
(130). Other cases of C. gattii cryptococcosis have been reported in
smokers (231, 272). Pregnancy has been proposed to be a risk
factor, and in two studies, 2 of 26 and 1 of 49 patients were preg-
nant (29, 130); however, the proportion of pregnant patients in a
recent Australian study of C. gattii infections was not higher than
that in the general female population of reproductive age. An as-
sociation between diabetes mellitus and C. gattii has not been
established. In one study, 6% of patients had diabetes, no higher
than in the general population (29), but in another study, 20%
were diabetic (132). Notably, C. gattii is overrepresented in Aus-
tralian Aborigines (29), in whom diabetes is common. Diabetes
was not a risk factor for C. gattii in British Columbia (230).

The possible clinical associations of C. gattii molecular types
are further discussed below (see Clinical Manifestations of Hu-
man Infections).

Infection in children. Cryptococcosis is uncommon in chil-
dren, including those with HIV/AIDS (232, 282), and the same
appears to be the case for C. gattii infection (213, 218, 232, 268),
with the possible exception of children in Brazil. An earlier study
from PNG showed that exposure to the fungus, as demonstrated
by levels of serum IgG antibody directed against C. gattii, was
significantly greater in adults, and especially adult males, than in
children (209), suggesting that exposure increases with age and
that it occurs away from the home environment. Antibodies to C.
neoformans (including C. gattii) are uncommon in children <2 to
5 years old (268, 283).

In contrast, in the north and northeast regions of Brazil, par-
ticularly in the states of Para, Roriama, Piaui, Pernambuco, and
Bahia, which include the Brazilian Amazon forest and savannah
areas, a relatively high proportion of HIV-negative, otherwise
healthy children present with cryptococcal meningitis (age range,
5 to 14 years; average age, 8.4 years) and are infected with C. gattii
(219, 256, 284). Although sample sizes were small and only se-
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lected isolates were identified, Correa et al. reported that at least
47.3% of children with cryptococcal meningitis had C. gattii in-
fection, while for 22 patients reviewed by Severo et al., C. gattii
caused 33.3% of cases (219, 256). In that same study, 16 of 53 cases
(30%) in adults and children were due to C. gattii (256); underly-
ing conditions were not stratified by cryptococcal species, but at
least 14 children were previously healthy. Small epidemiological
studies suggest that C. gattii molecular genotype VGII predomi-
nates in infected children in north/northeast Brazil and that VGI is
uncommon (221, 222). Infection in immunocompetent children
in southern and southeastern Brazil has also been reported (223,
224, 256).

Among 16,192 episodes of cryptococcosis (due to both C. neo-
formans and C. gattii) in predominantly HIV-infected persons in
South Africa from 2005 to 2007 (232), a bimodal distribution of
infection was noted, with a peak in children <1 year old and a
second peak in those aged 5 to 10 years. Although most pediatric
infections were due to C. neoformans, children were significantly
more likely than adults to be infected with C. gattii (9% versus 3%;
P <0.001).

CLINICAL MANIFESTATIONS OF HUMAN INFECTION

Incubation Period

The incubation period of C. gattii infection has been deduced
from instances of exposure in persons visiting areas of endemicity
or in an outbreak setting. Studies of travelers to Vancouver Island
revealed a median time to clinical presentation of 6 to 7 months
(range, 2 to 11 months) (229). However, in one instance, the in-
cubation period was as short as 6 weeks (94), while other patients
developed infection 13 to 35 months after visiting the island (95,
238, 250). Tsunemi et al. reported a Japanese national who devel-
oped infection 2 to 4 weeks after returning from Australia, where
he had had close contact with koalas (246). Since the incubation
period of C. gattii infection may be prolonged (>2 years), diag-
nosis may be delayed in an area where the disease is not endemic
unless an appropriate travel history is obtained.

This estimated incubation period compares with 110 months
for C. neoformans (serotype A) infection (285). The relatively long
latent period of C. neoformans infection suggests that latency is
established following primary infection and that reactivation of
dormant infection can result from subsequent immunosuppres-
sion (286); the extent to which this happens in C. gattii infection is
uncertain. Using MLST analysis, Hagen et al. described 24 C. gattii
cases that were linked to exposure in regions where C. gattii is
endemic in the United States, Brazil, Vancouver Island, and Af-
rica; although the time to infection following exposure was not
specified, the findings provide support for reactivation of dor-
mant infection after many years (91).

Sites of Infection

CNS and lung infection. C. gattii cryptococcosis most commonly
affects the CNS and lung, although it can involve any body site.
Importantly, there appear to be differences in clinical presentation
and site(s) of infection between disease that occurs sporadically
and that seen in the reported case clusters. Studies from Papua
New Guinea indicate that CNS infection, particularly meningitis,
is typical (208, 211, 213, 218). In Australia and New Zealand,
meningoencephalitis and/or cerebral involvement occurred in
74% of patients with culture-confirmed C. gattii infection in the
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1990s (29), while in a contemporary study, in which most patients
underwent cerebral computerized tomography (CT) and mag-
netic resonance imaging (MRI), CNS infection was diagnosed in
85% of 86 patients; overall, 76% of patients had meningitis and
52% had brain infection, including cerebral cryptococcomas
(130). Up to 97% of cases of C. gattii infection in patients with
HIV/AIDS present as meningitis (96). Neurological disease was
also common in non-outbreak-related infections in the United
States, Brazil, and Europe (106, 223, 238, 242, 243, 248, 258).

In contrast, lung disease predominated in the North American
outbreaks (131, 132, 252), with only 20 to 40% of patients having
CNS infection. Among 218 patients in British Columbia, 189
(87%) presented with a respiratory illness, 22 of whom (10%) had
concurrent CNS disease (198). In the U.S. outbreak, 31 of 57
(54%) patients developed pneumonia, and 20 of 61 (33%) pa-
tients had lung cryptococcomas (132). Patients considered to have
acquired their infection in the northwest of North America also
presented primarily with lung disease (231, 237, 240, 250). While
lung disease is common in Australia, affecting 63 to 67% of cases
in three population-based studies, it occurs mostly in association
with CNS disease (81% of cases) (28, 29, 130). Notably, the pat-
tern of disease in the Northern Territory differs from that in Aus-
tralia as a whole, with isolated lung disease accounting for two-
thirds of cases (215). Thus, there are regional differences in clinical
presentation between, and within, countries.

Other sites of infection. Other than pulmonary and neurolog-
ical (including eye) disease, C. gattii infections may involve skin,
soft tissues, bone, joint, larynx, bone marrow, and lymph nodes
(29, 131, 206, 234, 287). Intra-abdominal infection is uncommon
but is important, as it may be mistaken for underlying cancer
(233). Primary cutaneous C. gattii infection has been reported for
only a few patients, including patients from Australia and Brazil. It
is typically preceded by traumatic inoculation and affects the scalp
and limbs of immunocompetent patients (228, 235, 256,
287-290). Lesions may be solitary or present as extensive ulcer-
ation or cellulitis. Primary skin involvement is rare in Australia
and British Columbia (130, 198). Skin lesions may herald dissem-
inated disease, with papules, nodules, ulcers, or cellulitis occur-
ring typically on the face and neck; these patients may be immu-
nocompromised (236, 256, 290). Musculoskeletal infection has
been reported. Byrnes et al. described a patient with a cryptococ-
coma in the thigh, which progressed to disseminated infection
despite surgical resection and antifungal therapy (68). Another
patient from Florida had disease in the femur together with lung
and CNS infection (253). Finally, C. gattii fungemia was detected
in 10 patients in one series (130), but its prevalence either alone or
in the setting of CNS or other infection is unknown, since blood
cultures are not taken routinely.

C. gattii molecular types, host risk factors, and disease pat-
terns. The distinctive features of the North American outbreaks
have raised the possibility of an association between clinical pre-
sentation and C. gattii molecular type (see Clinical Epidemiology
of Human Infection, above). Among patients in the Canadian
outbreak, the VGIIa molecular type was responsible for 86.3% of
cases, with VGIIb and (nonoutbreak strains of) VGI accounting
for 7.3% and 6.5% of cases, respectively (198). In the U.S. Pacific
Northwest, the distribution of molecular types was as follows:
50% VGlla, 32% VGIIc, 10% VGIIb, 5% VGI, and 3% VGIII (86).
It is possible that the VGII genotype has a propensity to cause
respiratory disease (see above) and that it is associated with host
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immunocompromise or predisposing medical conditions (40 to
73% of patients) (86, 132, 230). Although features of infection
differ between “outbreak” and “nonoutbreak” disease, the reason
for the difference has not been determined. It is possible that there
are genotype-dependent differences in the host response to the
organism (see Pathogenesis, above) or an effect of concomitant
illnesses. There is also debate as to whether these hypotheses are
generalizable to the nonoutbreak setting. In Australia, the epide-
miology has changed over the last 10 to 15 years, with an increase
in the proportion of HIV-negative immunocompromised pa-
tients (130), although most infections were still caused by molec-
ular type VGI (S.C.-A. Chen and T. C. Sorrell, unpublished data).
As with VGI infections, the majority of infections due to the VGII
molecular type occurred in nonimmunosuppressed hosts (Fig. 5)
(29, 99). VGII genotype strains were isolated from otherwise
healthy Brazilian patients and a single patient each from Japan,
Holland, and Florida; all had CNS disease (222, 238, 249, 256).

Clinical Findings

Clinical findings depend on the site of infection. Systemic features
such as chills, fever, and weight loss were reported in 17 to 47% of
cases in the Pacific Northwest (132, 252). Fever was present in
54% of patients with HIV infection in South Africa (98) but was
uncommon (10%) in an Australian survey (130); in the latter
study, the median time from the onset of CNS symptoms to diag-
nosis was 45 days (interquartile range [IQR], 21 to 120 days),
compared with 56.8 days (IQR, 1 to 180 days) in those with iso-
lated lung infection. In a U.S. study outside the outbreak setting,
the median time from symptom onset to diagnosis was 32 days
(range, 2 to 263 days) (251).

Neurological disease. Headache, sometimes with vomiting,
and neck stiffness are common neurological presentations (130,
198, 211, 252). Abnormal neurological signs or deficits may be
present or can evolve during illness. These include cranial nerve
deficits, visual and hearing impairment or loss, cerebellar abnor-
malities, local limb weakness, seizures, and abnormal mentation
(e.g., confusion, personality change, and coma) (27, 208, 211).
Chen et al. reported that 73 patients had CNS infection, 43 had
abnormal neurological manifestations at presentation, 18 had im-
paired consciousness (Glasgow coma scale range, 6 to 14) and 13
had cranial nerve abnormalities (1 patient with VII nerve palsy, 7
with VI nerve palsies, and 5 with optic atrophy) (130) (Table 4). In
a recent U.S. series of cases outside the Pacific Northwest, head-
ache occurred in 67% and blurred vision occurred in 62% of pa-
tients (251). Contemporary studies have reported seizures in 5.8
to 8% of cases (130, 132).

Importantly, papilledema was present in 15 to 53% of patients
in earlier studies (29, 211, 213) but in only 6% of cases in the U.S.
outbreak and in 12.4% of cases in a recent Australian study (130).
Optic disc swelling is typically present, with loss of definition of
the disc margins. Hemorrhages are found around the disc in se-
vere cases and are accompanied by a loss of visual acuity.

Pulmonary disease. Cough, dyspnea, chest pain, and hemop-
tysis are the most common symptoms of lung involvement, but
asymptomatic pulmonary nodules or mass lesions (cryptococco-
mas) observed on chest X ray or CT scan (see Diagnostics, below)
are not uncommon (130, 198, 240, 252). Very large lesions are
typical of disease due to C. gattii (215, 231) and have been associ-
ated with Pancoast syndrome with respiratory stridor (205). Jo-
hannson et al. reported a patient with lung infection accompanied

Clinical Microbiology Reviews


http://cmr.asm.org

by systemic symptoms with an unproductive cough and dyspnea
(250).

Clinical Manifestations in Children

Most children with C. gattii infection present with CNS involve-
ment. In Brazil, symptoms of headache, fever nuchal rigidity, nau-
sea, and vomiting were common (219, 221, 256). Cranial CT scans
of 11 children with CNS disease revealed hypodense nodules in all
patients, cerebral atrophy in 9, hydrocephalus in 6, and hydro-
cephalus with cerebral atrophy in 5 (220). Meningoencephalitis is
also characteristic of most pediatric cases in PNG (218). Labora-
tory and treatment variables for outcome were cryptococcal spe-
cies independent, but hospital stays were longer for children than
for adults. Data from case reports and small case series in Brazil
estimated the mortality rate to vary between 37.5 and 42.8% (256).

CLINICAL COMPLICATIONS OF HUMAN INFECTION

Neurological Complications and Sequelae

Compared with C. neoformans infection, neurological complica-
tions, including cranial nerve palsies, loss of visual acuity, blind-
ness, seizures, ataxia, and focal long tract signs, have been fre-
quently reported for disease due to C. gattii (27, 28, 211);
significant disability can result. In one earlier report, 7 of 18 (39%)
patients with C. gattii disease developed sequelae, including cra-
nial nerve lesions, epilepsy, memory impairment, and visual field
loss (28), while another report identified 8 of 26 (30.8%) patients
with moderate-to-severe sequelae (27) (Table 4). In another
study, 43 of 73 patients had a range of neurological complications
at diagnosis, and of 63 survivors, 20 (31.7%) had persistent se-
quelae, including visual impairment (n = 8 patients; 3 became
blind), deafness (n = 3), limb weakness (n = 2), and dysphasia
(n = 2). The proportions of patients with concomitant CNS and
lung infection or CNS infection with neurological sequelae were
similar (24% versus 29%) (130). Cranial nerve palsies developed
in 5 of 13 (38%) cases from the United States that were not asso-
ciated with the outbreaks (251), but long-term sequelae (if any)
from the C. gattii case clusters have not yet been reported. In a
Vietnamese study, a large proportion of patients with cryptococ-
cal meningitis had neurological sequelae (14 of 20; 70%); how-
ever, the frequency of sequelae was not specified for those with C.
gattii infection (239). Whether there are species-dependent effects
on neurological outcomes or whether these differences reflect dif-
ferences between patients in seeking medical attention is uncer-
tain.

Ocular complications of C. gattii infection are notable and in-
clude papilledema, especially in the presence of raised intracranial
pressure (ICP) (see below). Although papilledema is the most
common manifestation, blurred vision, visual field defects, extra-
ocular muscle paresis, impaired pupillary/accommodative func-
tion, choroiditis, retinal hemorrhage, endophthalmitis, and optic
atrophy have all been reported (27, 130,208, 211) (Table 4). Visual
loss is particularly disabling; in C. neoformans infection, it is
thought to be due to direct invasion of the optic nerve by crypto-
cocci or to the effects of raised ICP or from local arachnoiditis
leading to choroidal infiltration with fungus (291, 292). The
mechanism of eye involvement is likely to be similar in C. gattii
infection. Visual loss has been reported in 1 to 9% of patients with
C. neoformans infection (291, 293), much lower than the 18 to
>50% of patients with blindness noted with C. gattii infection in
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PNG and Brazil, including children (208, 211, 219). These high
rates have not been observed recently in Australia (28, 130). Chen
et al. reported blindness in 3 of 73 patients, with significant visual
impairment in a further 5 patients (130). Rates of visual sequelae
in the North American case clusters have not been reported, but
Harris et al. described papilledema in 9 of 49 patients with infec-
tion due to outbreak strains (132). In a later study of cases outside
the Pacific Northwest, 8 of 25 patients reported blurred vision
(251) (Table 4).

Elevated ICP (CSF pressure of =20 cm water) is common in C.
gattii meningitis (50 to 60% of cases), as it is with C. neoformans
(30 to 75%) (130, 210, 211, 282, 294). Early raised ICP was a poor
prognostic indicator in PNG patients (208, 211). In a contempo-
rary Australian study, although it was not a risk factor for mortal-
ity, elevated ICP predicted neurological sequelae and/or death at
12 months (P < 0.05) (130). Clinical manifestations, including
severe headache, papilledema, loss of vision or hearing, other neu-
rological deficits, and altered mental consciousness, are common,
and death may result, presumably from cerebral ischemia (211,
291, 295). Cryptococcomas due to C. gattii have caused raised ICP
or obstructive hydrocephalus via a mass effect (27, 296) but are
not necessarily associated with measurably raised ICP (130). Pa-
tients with elevated pressures are more likely to present with ab-
normal neurological signs (P < 0.05) (130). Rapid diagnosis is the
key to achieving good outcomes, and routine measurement of CSF
pressures is essential whenever a lumbar puncture is performed
(see Diagnostics, below).

Clinicians should also be vigilant regarding the presence or de-
velopment of hydrocephalus, which is usually obstructive. Identi-
fication of dilated ventricles by cerebral imaging (CT or MRI) is
required to establish diagnosis. Symptomatic patients with hydro-
cephalus present with ataxia and deteriorating mental status due
to meningoencephalitis. Although the number of cases studied is
small, the proportion of patients with hydrocephalus has ranged
from 10.6 to 34.6% in Australia. In the largest series of 86 patients,
hydrocephalus was present in 22 (30%) patients, typically at diag-
nosis, although in a small minority, it may not be detected for 2 to
12 months (130). Six of 11 children in Brazil with C. gattii CNS
infection were diagnosed with hydrocephalus by cerebral imaging,
while in one U.S. study, Harris et al. reported this complication in
4 of 18 patients (251). Notably, 25% of patients presenting with
hydrocephalus had “silent” or unexpected findings of meningitis
upon CSF examination (27). In C. neoformans infection, most
patients with hydrocephalus have indolent meningitis (296). Fac-
tors that predispose patients with C. gattii meningitis to develop-
ing hydrocephalus remain unclear. As for C. neoformans, delays in
diagnosis and treatment may lead to serious, permanent loss of
cognitive function (282, 297). The management of raised ICP and
hydrocephalus is discussed below (see Antifungal Therapy and
Management, below).

Immune Reconstitution Inflammatory Syndrome

Immune reconstitution inflammatory syndrome (IRIS) is best
studied in HIV-infected individuals with infections due to C. neo-
formans. In these patients, the development of IRIS is associated
with immune reconstitution and typically presents with worsen-
ing of disease or recurrence in the same or new anatomical sites
despite mycological evidence of effective antifungal therapy (re-
viewed in reference 298). IRIS has been described infrequently in
association with C. gattii infection: occasional cases were reported
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in apparently healthy hosts in association with pregnancy and in
immunocompromised individuals (216, 217, 241, 299). No cases
were reported for 10 HIV-negative Vietnamese patients with C.
gattii meningitis (239). However, in an Australian study, IRIS oc-
curred in 9.4% of patients, two-thirds of whom had no underlying
immunocompromise, although one patient was postpartum
(299). In that study, IRIS was diagnosed when symptoms or ra-
diological features consistent with inflammation worsened or ap-
peared following a clinical and/or microbiological response to an-
ticryptococcal therapy, and cultures were negative.

The pathogenesis of IRIS is incompletely understood. Clinical
observations in patients with HIV/AIDS or organ transplantation
indicate that it develops at the time of immune reconstitution or
reduction in immunosuppression, respectively. Risk factors re-
ported for HIV-infected patients include a poor baseline inflam-
matory response (indicated by low CSF white blood cell counts
and protein levels and associated failure to sterilize the CSF rap-
idly) (300), rapid immune reconstitution from a low base, and a
high organism or antigen burden at presentation (301) or at the
time of initiation of antiretroviral therapy (ART) (302). The
original hypothesis that IRIS results from dysregulation of the
early Th2 (anti-inflammatory) and subsequent Thl (proin-
flammatory) cytokine responses appears to be too simplistic,
but dysregulation within the mononuclear phagocyte lineage is
universal (303). Recent evidence from cases of HIV-associated
IRIS suggests that IRIS results from the failure of a dysfunc-
tional immune system to clear antigen during the early phase of
immune recovery. This is followed by a supranormal proin-
flammatory response as immune reconstitution occurs during
ART, which is not accompanied by appropriate effector re-
sponses (302, 303). Additional factors, such as cryptococcal
genotype, may influence the development of IRIS (304). In
healthy hosts, it is proposed that cryptococcal capsular poly-
saccharide induces an initial Th2 cytokine response, which is
then replaced by a Thl response during successful antifungal
therapy, although the stimulus for an excessive response suffi-
cient to cause IRIS in a small percentage of patients is un-
known.

Risk factors for IRIS in C. gattii infection include female gender
and initial presentation with brain involvement or brain, menin-
geal, and lung involvement. Notably, in that study, median CD4
counts were higher than those in patients who did not develop
IRIS (299). Unlike in HIV-positive patients, neither initial CSF
cryptococcal antigen (CRAG) titers nor CSF leukocyte counts and
protein levels differed from those in patients who did not develop
IRIS (299, 300). However, since patients with C. gattii who subse-
quently developed IRIS all presented with cryptococcomas in the
brain, CSF parameters likely did not reflect the fungal load (or
immune response) in this site.

In patients with C. gattii infection, IRIS develops following an
initial clinical and microbiological response, 4 weeks to as long
as 12 months after initiation of antifungal drugs (299). The
clinical presentation ranges from headache or drowsiness to
new or recurrent neurological manifestations, including blind-
ness, ataxia, dysarthria, deafness, hemianesthesia, seizures, and
falls. Neuroimaging studies reveal new or worsening inflam-
matory mass lesions, meningeal enhancement, hydrocephalus,
or increased CSF inflammation. In the largest study to date, all
patients presented with enlarging or new brain lesions, typi-
cally with surrounding edema; occasionally, patients also de-
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veloped pulmonary lesions with or without subcarinal lymph-
adenopathy (299).

The recognition of IRIS is important, as it can be misdiag-
nosed as clinical failure and can lead to unnecessary reinduc-
tion antifungal therapy. In a series by Chen et al. (299), three of
eight patients also received gamma interferon (IFN) for pre-
sumed failure of antifungal therapy. The use of gamma inter-
feron in this setting carries a theoretical risk of exacerbating the
severity of IRIS due its proinflammatory effect. Treatment of
IRIS is discussed below (see Antifungal Therapy and Manage-
ment, below).

Mortality from C. gattii CNS Cryptococcosis and Prognostic
Determinants

Mortality data are summarized in Table 4. The mortality rate was
high in early studies of C. gattii meningitis in PNG (22.4 to 43%)
(210, 211, 213) and remains so, especially if diagnosis is delayed
(218). In Brazil, the mortality rate has ranged from 18.2 to 50%
between studies (219, 221, 248, 256), and in the Northern Terri-
tory of Australia, it has been as high as 33% (215). Lower death
rates of 0 to 15% were reported in three other Australian studies
conducted between the late 1980s and 2007 (27, 28, 299). In a
recent Vietnamese study, 1 of 10 C. gattii-infected patients died
(239). Mortality is likely to be influenced not only by patient fac-
tors but also by medical awareness and access to health resources,
which vary between countries. The mortality rate in predomi-
nantly HIV/AIDS patients in Africa ranged from 17 to 35.6% (96,
98). In the outbreak setting, mortality has likewise varied substan-
tially: in British Columbia, 8.7% of patients died, compared to 20
to 33% in the Pacific Northwest (132, 198, 252).

Determinants of mortality and patient outcomes, although well
described in immunocompromised patients infected with C. neo-
formans, are less well defined in C. gattii infection. Seaton et al.
studied 88 patients in PNG with C. gattii meningitis and found
that the mortality rate was higher in men (P = 0.025), older pa-
tients (P = 0.39), those with altered consciousness (P < 0.001),
and those with a history of convulsions prior to commencement
of therapy (P = 0.002) (210). In a more recent study of 86 patients,
immune compromise was associated with an increased risk of
death by univariate analysis. Initial CSF CRAG titers of =256 in-
dependently predicted death and/or neurological sequelae (130);
unlike C. neoformans infection in HIV-infected hosts (305), a high
cryptococcal load (serum CRAG titer, =512) and abnormal neu-
rological findings at presentation were not associated with in-
creased mortality (130).

DIAGNOSTICS

Imaging

Imaging of the lungs, brain, and other clinically appropriate sites
is essential for C. gattii infections because the type and duration of
induction and total antifungal therapy are site dependent. Fur-
thermore, surgical resection of selected mass lesions or CSF shunt-
ing may be required.

Lung infection. Imaging of the chest may provide the first clue
to the presence of cryptococcal disease, which most commonly
manifests as one or more circumscribed cryptococcomas (Fig. 6).
Pulmonary alveolar or interstitial infiltrates caused by C. gattii
genotype VGI are uncommon in areas of endemicity such as Aus-
tralia (130) and accounted for 14 to 17% of imaging abnormalities
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FIG 6 Chest X ray of a patient with a large mass lesion in the right lower lobe.
Bronchoscopy and collection of bronchoalveolar lavage fluid showed multiple
encapsulated yeasts upon cytological examination, and a culture grew Crypto-
coccus gattii. (Reprinted from reference 388 with permission of the publisher.
Copyright 2013 UpToDate, Inc. [www.uptodate.com].)

in the British Columbian VGII outbreak (198). In contrast, in
patients immunosuppressed by HIV or other causes, alveolar and
interstitial pulmonary infiltrates account for ~70% of lung le-
sions.

Lung cryptococcomas are more often due to C. gattii than to C.
neoformans, both in patients with isolated lung infection (odds
ratio [OR], 12.2; 95% confidence interval [CI], 3.3 to 46; P <
0.001) and in those with combined lung and CNS disease (29, 130,
215). In British Columbia, 75% of patients had pulmonary nod-
ules (198) of various sizes, compared with 33% in the Pacific
Northwest (132). In a smaller U.S. study, cryptococcomas were
present in 14/23 (61%) patients (251). Cryptococcomas can ap-
pear in any region of the lung and have ranged from 1 to 8 cm in
diameter in a population-based survey (our unpublished data),
although larger lesions (up to 10 cm in diameter) have been re-
ported (231, 243). Uncommonly, pleural effusions, abscess, cavi-
tation, and lymphadenopathy are observed, and one report de-
scribed a patient with Pancoast syndrome associated with
opacification of the entire upper lobe (205, 251). Both cryptococ-
comas and lung infiltrates can be present in the same patient (29,
132).

Neurological infection. (i) Computerized tomography. Cere-
bral imaging is required to exclude brain involvement, which may
manifest as cryptococcomas, hydrocephalus, or abnormal foci of
reduced attenuation, contrast enhancement, and edema. Mass le-
sions often resembling “abscesses” have been reported, most com-
monly in the basal ganglia, thalamus, and cerebellum, in cranial
CT scans in 33 to 58% of cases of C. gattii disease (27-29, 130, 251)
(Fig. 7). In one study, cerebral cryptococcomas were more com-
mon in patients with C. gattii infection than in those with C. neo-
formans infection but not when the analysis was confined to im-
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FIG 7 Computerized tomographic scan of brain showing a large mass lesion
in the left cerebellar hemisphere (indicated by arrow). A provisional diagnosis
of a cerebral neoplasm was made. Excision biopsy of the lesion showed encap-
sulated yeasts, and Cryptococcus gattii was isolated in culture.

munocompetent hosts (29). In contrast, concurrent pulmonary
and cerebral cryptococcomas and hydrocephalus were more fre-
quently associated with C. gattii independent of host status (27,
29). Correa et al. reported hypodense nodules on cerebral CT
scans, often in the basal ganglia, in all 11 immunocompetent chil-
dren studied (220). Obstructive hydrocephalus has been described
in 17 to 50% of C. gattii infections (27-29, 130, 251).

(ii) Magnetic resonance imaging. MRI technology is more sen-
sitive than CT scans, especially for detection of small lesions.
Cryptococcal infection spreads from the basilar cisterns, causing
dilatation of the perivascular (Virchow-Robin) spaces as a result
of accumulation of cryptococci and associated capsular material
along the “walls” of these spaces. This abnormality is readily seen
on MRI scans, most commonly near the basal ganglia. It is present
in almost 50% of cases of HIV-associated cryptococcosis and is a
diagnostic clue in such patients (306, 307). MRI scans are useful
for delineating basilar meningeal enhancement after injection of
gadolinium.

(iii) Newer techniques. Nuclear magnetic resonance (NMR)
spectroscopy is a technology that can be linked to MRI to identify
the location of cryptococcomas 2 cm in diameter or more and
their metabolic “fingerprint” in a single examination. This ap-
proach is already established for noninvasive diagnosis of brain
tumors and pyogenic abscesses (308). By generating data through
computerized pattern recognition methods, based on the chemi-
cal composition and metabolite profiles of various human and/or
microbial cells, NMR spectra provide information on the content
of a specific abnormality or lesion. Experimental studies showed
that uniquely among pathogenic fungi, cryptococci cultured in
vitro are characterized by an abundance of the disaccharide o, a-
trehalose, which can therefore be used as a marker that contributes
to their identification in vivo (309—=311). In vivo, it has been dem-
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onstrated that identification of cerebral cryptococcomas and dif-
ferentiation from cerebral tumor are feasible, although the acqui-
sition of spectra from more cases is required to achieve an
unambiguous diagnosis (308).

Microbiological Diagnosis

Conventional and antigen-antibody-based tests. Almost all
cases of cryptococcosis are readily diagnosed by visualization of
the organism and its recovery in culture from appropriate clinical
specimens and/or a positive serum or cerebrospinal fluid (CSF)
cryptococcal antigen (CRAG) titer. Culture remains essential for
definitive diagnosis since CRAG detection does not distinguish
between C. neoformans and C. gattii.

C. gattii can be cultured from any body site. To diagnose lung
infection, bronchoalveolar lavage (BAL) fluid, fine-needle aspi-
rates, or lung biopsy sections are the preferred specimens, but
sputum cultures can also be useful. Positive sputum cultures are
indicative of invasive disease with few exceptions. As CNS disease
is common, CSF should always be examined for cryptococci un-
less lumbar puncture cannot be performed; biopsy of other af-
fected tissues may also be indicated. Positive blood cultures indi-
cate disseminated disease, but as discussed above (see Clinical
Manifestations of Human Infection, above), the frequency of re-
covery of C. gattii from blood is not known. Clinical specimens
should be sent for both culture and histopathological examina-
tion.

(i) Histopathological stains. Hematoxylin-and-eosin stains
will detect cryptococci in tissue sections, although Gomori methe-
namine silver and calcofluor white are specific for the fungal cell
wall. Mucicarmine stains the cryptococcal polysaccharide capsule
in tissue samples, revealing organisms as bright carmine red struc-
tures with a spiny, scalloped appearance; the capsule can also be
stained by using alcian blue and periodic acid-Schiff (PAS) stain.
Cryptococci contain melanin in their cell wall (see Pathogenesis,
above), which, upon staining with the Fontana-Masson reagent,
appears brown to black. The use of more than one stain improves
the sensitivity of detection of cryptococci in tissue samples. Either
mucicarmine or alcian blue combined with Fontana-Masson stain
is superior to any of these stains alone; the combination has the
advantages of highlighting both the cell wall (Fontana-Masson
stain) and mucin-positive capsule (mucicarmine/alcian blue) and
of identifying rare capsule-deficient strains (summarized in refer-
ence 312).

(ii) Other stains. India ink staining is a cheap and simple diag-
nostic test for CSF samples, becoming positive in <5 min. Cryp-
tococci appear as encapsulated 5- to 7-pm-diameter structures
with a halo, against a black background. The presence of budding
cells distinguishes cryptococci from leukocytes. CSF India ink
tests were positive in 70 to 95% of patients with C. gattii meningitis
in three studies (29, 130, 211). It is a sensitive test in patients with
C. gattii meningitis, in contrast to C. neoformans cryptococcosis,
where the sensitivity is lower in HIV-negative patients (30 to 72%)
than in those with AIDS (80%) (312, 313).

(iii) Culture. Cryptococci grow readily on bacteriological agar
(for example, blood agar) and standard mycological culture media
such as Sabouraud’s dextrose agar (SDA), Mycosel agar (BBL,
Becton Dickinson, USA), and brain heart infusion agar. Enriched
media, for example, brain heart infusion agar, may improve re-
covery. Cryptococci grow selectively on bird seed agar, which dif-
ferentiates C. neoformans-C. gattii (brown colonies are formed
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due to melanin production) from other Cryptococcus species but
which is time-consuming to prepare (266). Although two other
cryptococcal species form brown colonies on bird seed agar (Cryp-
tococcus podzolicus and Cryptotrichosporon anacardii), neither are
human pathogens (314, 315). CGB agar reliably distinguishes be-
tween C. gattii (colonies produce a blue pigment) and C. neofor-
mans (no change in colony color); the blue color results from the
utilization of glycine, which releases ammonia, causing alkaliniza-
tion and, hence, the blue color and susceptibility to canavanine
(23, 266). True false-negative tests for C. gattii (the medium does
not turn blue even after several days) are uncommon. Very re-
cently, Candida famata was noted to give a “false-positive” blue
color on CGB agar (316). Although it is unlikely that Candida
strains would be mistaken for C. gattii or vice versa, laboratory
scientists should be vigilant to carefully inspect and test all colo-
nies that are suspected to be C. gattii.

(iv) Cryptococcal antigen. CRAG has long been detected by
incubating specific rabbit anti-C. neoformans antiserum with CSF
and/or serum specimens. The test can be quantified (expressed as
atiter) and is rapid (2 to 3 h). It is a sensitive, specific, and accurate
diagnostic test for cryptococcosis in experienced hands.

There are two common commercial CRAG test formats: the
latex agglutination test (LAT) and the enzyme-linked immunoas-
say (EIA). In general, agreement between the LAT and EIA results
is excellent (92 to 98%) (summarized in reference 312). As the
antibody used in these tests was developed from a strain of C.
neoformans, in theory, occasional false-negative results may result
from a lower affinity of the antibody for C. gattii. In clinical prac-
tice, the sensitivity of the test for C. gattii infection remains high,
including for HIV-positive patients—90% for lung disease, with
87 to 100% sensitivity for CSF CRAG tests (29, 98, 130, 239). The
level of detection of most LAT kits is at least 10 ng of polysaccha-
ride/ml. On balance, the EIA is slightly more sensitive than the
LAT (312), but it requires a plate reader and is more expensive.

Based primarily on studies of C. neoformans infection, false-
negative results of the LAT are uncommon. They may result from
prozone effects (where the amount of antigen in the sample is in
excess of the amount of antibody in the assay mixture) or, occa-
sionally, from a low organism burden or infection due to rare,
capsule-deficient strains (131, 266, 317). In clinical practice, false-
positive results are also uncommon but may be caused by Tricho-
sporon beigelii, Stomatococcus mucilaginosus, Klebsiella spp., and
Capnocytophaga canimorsus and by the presence of rheumatoid
factor, collagen vascular disease, malignancy, and agar syneresis
fluid (266, 312, 318). To minimize false-positive results, pretreat-
ment of specimens with heat and proteolytic enzymes (pronase) is
recommended, as is inclusion of a control reagent containing latex
beads coated with normal rabbit globulin (319). Inclusion of IgM
monoclonal antibody (MAb) effectively eliminates reactions with
rheumatoid factor. CRAG testing by EIA does not require enzyme
pretreatment of samples, nor is it associated with false-positive
results in sera containing rheumatoid factor (320).

Low titers of CRAG may be found in the urine of patients with
disseminated cryptococcosis and in bronchoalveolar lavage fluid
and lung aspirates from those with pulmonary infection. These
observations were based on small studies mainly in HIV positive
patients (and, by inference, with C. neoformans infection) (321—
323). The utility of CRAG testing of BAL fluid and urine in C. gattii
infection is untested.

Recently, alateral flow immunoassay (LFA) for CRAG (Immuno-
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Mycologics [IMMY ], Norman, OK) was developed as a simple, rapid
(10- to 15-min), inexpensive, point-of-care test that requires no sam-
ple preparation. Kits can be stored at room temperature. Each test
contains an immunochromatographic dipstick-like strip impreg-
nated with MAbs directed against epitopes on glucuronoxyloman-
nan (GXM) of the four major serotypes of C. neoformans and C.
gattii (324). Experience using the LFA to diagnose C. gattii infec-
tion is limited; in one study, CSF and serum specimens from four
patients with C. gattii infection returned positive tests by the LFA,
with no false-negative results (325). Testing of CSF/sera from sub-
sequent C. gattii patients in the same laboratory has demonstrated
no false-negative results (S.C.-A. Chen, unpublished data). The
LFA is likely to perform similarly in C. gattii infection and C.
neoformans infection (see below), but further evaluation of its
utility in the diagnosis of C. gattii infections is needed, especially in
patients with extra-CNS or lung infections.

The LFA has been extensively evaluated in C. neoformans in-
fections, with excellent results. In two evaluations of its perfor-
mance against culture and EIA, in HIV-positive patients with and
without C. neoformans meningitis, LFA sensitivities when per-
formed on serum were 90 to 99.8% (sensitivities of 70 to 92% for
urine and 96 to 100% for CSF). Agreement between CRAG EIA
values and LFA results was high (>93%), and dipstick titers cor-
related strongly with EIA results (326, 327). In another study of
predominantly HIV-negative patients (n = 26) with CNS and
lung cryptococcosis, the sensitivity of the LFA using both serum
and CSF was 100%, with no false-negative results (325), but the
correlation between LFA and LAT titers was poor (r = 0.85). Some
LAT-negative samples had low LFA titers, and similar results were
obtained in another study (324). Data from HIV-infected Ugan-
dan patients showed that the LFA sensitivity for CSF specimens is
higher than that of the LAT; likewise, Kabanda et al. and Rajasing-
ham et al. reported both a sensitivity and specificity of 100% in
their cohorts of HIV/AIDS patients (328, 329).

Until more data are available, titers obtained by the LFA and
LAT should not be directly compared, and comparison of titers in
the same patient should always be made by using the same test.

In contrast to their diagnostic value, serum or CSF CRAG titers
are not helpful in monitoring the response to therapy, as the cor-
relation between changes in titer and clinical progression or my-
cological responses is poor. Titers remain elevated for prolonged
periods (months to >1 year) (130). Hence, CRAG results should
always be interpreted in conjunction with clinical assessment. In
one Australian study, CSF CRAG titers of =256 predicted death
and/or neurological sequelae at 12 months after initiation of an-
tifungal therapy (130). More data are required to support (or re-
fute) this finding, which contrasts with observations of C. neofor-
mans meningitis, where both high pretreatment LAT titers
(=512) and, more recently, LFA titers (=1,280) were predictive of
adverse outcomes (328, 330).

The place of the LFA in cryptococcosis diagnosis is yet to be
clarified. Currently, it is recommended for use on serum, plasma,
or CSF for diagnosis of cryptococcosis in symptomatic patients
with established infection. Further evaluation of its utility in
the diagnosis of C. gattii infections is needed, especially in pa-
tients with infection outside the CNS or lung. It is likely that the
LFA will occupy an important role given its simplicity and accu-
racy thus far.

Globally, screening of asymptomatic patients for cryptococco-
sis in populations with a high prevalence of cryptococcal antigen-
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emia has become a priority with endorsement by the World
Health Organization. In countries with a high prevalence of HIV
infection, the strategy of screening for antigenemia by the LFA and
the use of targeted preemptive therapy is cost-effective; this may
also be so in resource-rich countries (329, 331). Costs, including
labor, shipping, and overheads, range from US$2.50 to US$5.50
per test in resource-poor settings to US$10 in higher-income
countries (331).

Nucleic acid-based tests. In clinical practice, molecular meth-
ods are seldom required to confirm the diagnosis of suspected
cryptococcosis. Nevertheless, several assays have been evaluated
for the rapid and sensitive detection of Cryptococcus in clinical
specimens and to distinguish between C. neoformans and C. gattii.
These assays may be useful when the organism does not grow, for
example, where the fungus is visualized in tissue biopsy sections
but is not cultured, or if a patient has had substantial anticrypto-
coccal antifungal therapy. In the uncommon situation where phe-
notypic methods provide an ambiguous result, DNA sequencing
of isolates for species assignment is helpful, but multiplex PCR
and other molecular methods can also be used. Inclusion of prim-
ers specific for Cryptococcus in multiplex assays based on syn-
dromic clusters (for example, “septicemia” and “CSF infection”)
or for analysis of blood cultures or biopsy samples where the dif-
ferential diagnosis includes fungal disease has been useful in some
laboratories (C. Halliday and S.C.-A. Chen, unpublished data).

(i) Detection of C. gattii directly from clinical specimens.
PCR-based and non-PCR-based molecular techniques have dem-
onstrated good sensitivity in identifying C. gattii in clinical speci-
mens. Methods include single or multiplexed PCR assays, which
may be nested or real time in format (332). Most approaches have
exploited nucleotide polymorphisms in the ITS region or the large
ribosomal subunit of the fungal rDNA complex, although other
gene targets (e.g., URA5, CAP59, and M13) have also been used
(see Taxonomy of the Species C. gattii, above). Positive broad-
range PCR assays can also be followed by DNA sequencing of the
amplicon.

(ii) Panfungal PCR. Many panfungal PCR assays target the
multicopy fungal rRNA gene, for example, the ITS region, to iden-
tify fungi. Such assays have detected DNA from members of the C.
neoformans complex directly from clinical specimens, including
CSF (333), tissue specimens (334), and blood (335). For labora-
tories choosing this approach, the entire ITS region should be
amplified and sequenced to allow identification of C. gattii to the
species level; in addition, querying the unknown sequence should
be performed against a database which distinguishes C. gattii from
C. neoformans (see below).

(iii) Nested PCR. Nested PCR assays have successfully detected
cryptococcal DNA in clinical specimens and have been validated
for C. neoformans, but their utility in detecting C. gattii is largely
untested. Rappelli et al. developed a nested ITS-targeted PCR pro-
tocol for detecting C. neoformans as well as C. gattii (serotype B)
from CSF samples from patients with neurocryptococcosis (336).
All 21 CSF samples from HIV/AIDS patients with confirmed cryp-
tococcal meningitis yielded positive results. The analytical sensi-
tivity of the assay was 10 cells/pl, and the specificity was 100%.
Nested PCR has also been employed to detect C. neoformans in
brain tissue from infected mice (337) and in the diagnosis of pa-
tients with primary lymphonodular abdominal cryptococcosis
(338).

(iv) Real-time PCR. Real-time PCR is attractive since it is rapid
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and provides much higher assay sensitivity without compromis-
ing specificity. Bialek et al. showed that real-time PCR was faster
than nested PCR for the detection of C. neoformans in the brains of
experimental mice (337). Amplification of the 18S and 28S rRNA
genes using real-time PCR has been successfully employed to de-
tect C. neoformans directly from pericardial fluid (339). Using a
TagMan real-time assay, other investigators showed that seven
clinical samples that were culture positive for C. neoformans and
C. gattii were confirmed to be positive by the real-time assay, with
no false-negative, or false-positive, results (340).

The utility of panfungal, nested, and real-time assays to distin-
guish C. neoformans from C. gattii is uncertain, and where this is
not possible, the organism should be identified as “C. neoformans
complex.”

(v) DNA sequencing as an identification method. As for other
fungi, DNA sequencing has been considered to be the gold stan-
dard for accurate species identification. Apart from its high level of
reproducibility and objectivity, data generated by sequencing
methods are deposited in public central repositories and are
readily accessible. It should, however, be noted that there are
errors within unrefereed public gene databases, collectively
comprising the International Nucleotide Sequence Database
(INSD), containing GenBank (http://www.ncbi.nlm.nih.gov/);
the European Molecular Biology Laboratory (EMBL) Nucleotide
Sequence Database (http://www.ebi.ac.uk/embl/); and the DNA
Data Bank of Japan (DDBJ) (http://www.ddbj.nig.ac.jp/). Error
rates for fungal sequences within GenBank, for example, can be as
high as 14 to 20%. The commercial MicroSeq D2 DNA sequencing
kit system (Applied Biosystems, Rotkreuz, Switzerland) is unable
to distinguish C. neoformans from C. gattii. However, the two
species can be identified by using curated databases containing
ITS sequences for pathogenic fungi, available through the Cen-
traalbureau voor Schimmelcultures Fungal Biodiversity Centre
(which also contains a proportion of GenBank data associated
with CBS strain numbers) (www.cbs.knaw.nl/collections/) and at
the University of Sydney, Australia (http://its.mycologylab.org/).

In addition to the ITS gene region, other cryptococcal genes
may have utility for the identification of C. gattii (discussed in
detail in Taxonomy of the Species C. gattii, above). While ac-
knowledging the limitations of ITS sequence analysis, the ITS re-
gion remains one of the more informative regions for species iden-
tification. Sequencing of both the ITS1 and ITS2 (including the
5.8S rRNA gene) regions is required for species identification of C.
gattii. Using this approach, Katsu et al. accurately differentiated
members of the C. neoformans complex (341). ITS sequences de-
lineated genetic polymorphisms that allowed the distinction of C.
neoformans from C. gattii; furthermore, species-specific ITS “se-
quence types” correlated with PCR fingerprinting/random ampli-
fication of polymorphic DNA (RAPD) molecular types, and ITS
sequencing was able to assign subtypes within C. gattii. In con-
trast, sequencing of the ITS1, ITS2, or D1/D2 amplicons alone
identified C. neoformans complex isolates only as “C. neoformans”
(334, 342). ITS sequence analysis is especially useful when com-
bined with sequencing of other genes, for example, in MLST (see
Taxonomy of the Species C. gattii, above). Even with automation
of sequencing, proofreading of the sequences still constitutes a
significant task in a busy, high-throughput laboratory.

(vi) Multiplex PCR. Multiplex PCR has the advantage of simul-
taneously detecting a number of gene targets and can be per-
formed quickly with a small amount of DNA compared to con-
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ventional PCR. It allows rapid identification to the species level
and can distinguish between serotypes by using different combi-
nations of primers. Assays can be coupled with real-time PCR
(343). Multiplex PCR has also been used to determine mating-
type profiles through the amplification of STE (sterile) gene se-
quences of C. neoformans, although there are no similar reports
for C. gattii (344, 345). Leal et al. described a multiplex PCR pro-
tocol based on amplification of the ITS region with species-spe-
cific primers. The results allowed rapid differentiation between
isolates of C. neoformans and C. gattii, and the PCR assay showed
specificity and sensitivity comparable to those of the Crypto
Check serotyping kit (Iatron Laboratories; no longer available
commercially) and CGB agar (343). Recently, Feng et al. devel-
oped a uniplex assay for the rapid identification of C. neoformans
and C. gattii. The assay targeted the putative sugar transporter
(STR1I) gene; amplified PCR fragments sizes for C. neoformansvar.
grubii and C. neoformans var. neoformans were 274 bp and 224 bp,
respectively, while that for C. gattii was 170 bp (346). The identity
of all amplicons was confirmed by DNA sequencing of represen-
tative strains. By PCR analysis, 253 of 255 (99.2%) isolates of the
C. neoformans-C. gattii complex were correctly assigned to the
respective species, including serotype AB, AD, and BD hybrid
strains. Subsequently, those same authors developed a duplex
PCR assay to differentiate isolates within the species C. gattii
(346). Whether this technique detects C. gattii from clinical sam-
ples has not yet been tested.

(vii) Isothermal amplification method. Isothermal amplifica-
tion approaches, including hyperbranched rolling-circle amplifi-
cation (RCA), targeting single nucleotide polymorphisms (SNPs)
in the ITS region, have also successfully identified C. gattii (347).
This technology uses circularizing padlock probes of approxi-
mately a 50- to 100-mer length that contain target complementary
sequences by a linker. Specialized DNA polymerases are employed
under isothermal conditions to replicate short single-stranded
DNA circles. This technique is simple, robust, and highly specific,
detecting differences in target nucleic sequences down to the sin-
gle-nucleotide level (348). It can be performed within 2 h by using
a water bath, heating block, or thermocycler. By using real-time
PCR (RT-PCR) systems, an RCA signal is detected within 15 min
of initiation of the RCA reaction. Studies examining fungal iden-
tification with this method have reported good results with cost-
effectiveness in comparison with DNA sequencing (349). Based
on this approach, Kaocharoen et al. (347) designed four padlock
probes targeting cryptococcal species-specific SNPs. The assay was
validated with 99 C. neoformans complex isolates; it clearly distin-
guished between C. neoformans and C. gattii. However, false-pos-
itive “C. neoformans var. grubii” signals were obtained when an
RCA3-ITS cryptococcal probe was challenged with certain Can-
dida species, including Candida albicans. Hence, careful design of
padlock probes is essential for specificity. Further evaluation of
RCA as a technique for identification of C. gattii is required.

(viii) Probe-based microarrays and the Luminex bead sus-
pension array. The position of probe-based microarrays in fungal
identification is currently limited by the high cost of microarray
technology, limited platform flexibility, slow hybridization kinet-
ics, and the need for strict optimization of test parameters to
achieve reproducibility (for methodological details, see reference
312). Nonetheless, a variation of this assay format, the high-
throughput Luminex x-map technology system (Luminex Corp.,
Austin, TX), has been evaluated for its ability to identify both C.
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neoformans and C. gattii; the assay is based on detecting gene poly-
morphisms within the intergenic spacer (IGS) regions. This sys-
tem employs flow cytometry principles to detect and identify
DNA targets. It detects 5'-biotin-labeled PCR amplicons hybrid-
ized to specific probes of the target species and can utilize a direct
DNA hybridization or solution-based enzymatic reaction capture
format. As its name suggests, specificity is achieved by the use of
uniquely color-coded beads or microspheres to capture “species-
specific” combinations with red/infrared fluorescence, and it is
capable of detecting up to 500 different analytes (representing up
to 100 species) in a reaction tube/well. By using direct hybridiza-
tion in the Luminex system, Diaz et al. described an 8-plex hybrid-
ization array for the simultaneous detection of species, varieties,
and genotypes within the C. neoformans complex, which allowed
discrimination of 1-bp mismatches with no apparent cross-reac-
tivity (350). This assay was subsequently validated with 58 clinical
and environmental isolates, and isolates were correctly identified
to the species and genotype levels, including hybrids (serotypes
AD and BD). Furthermore, the assay identified C. neoformans di-
rectly from stored CSF samples from eight patients with crypto-
coccal meningitis, although none of the samples evaluated con-
tained C. gattii (351). Because of their potential for automation,
bead-based technologies show promise for DNA-based diagnos-
tics. Their current high acquisition costs restrict their wider use.

Proteomic approaches. In parallel with advances in proteomic
approaches in diagnostic microbiology, methods such as matrix-
assisted laser desorption ionization—time of flight mass spectrom-
etry (MALDI-TOF MS) have been evaluated for the identification
of Cryptococcus spp. (57,58, 352). In the largest evaluation to date,
81 clinical and environmental C. gattii isolates representing each
of the four major molecular types (VGI, VGII, VGIIL, and VGIV)
were tested. Protein extracts were obtained by a standard formic
acid extraction method (summarized in reference 353). MALDI-
TOF MS using the Bruker Microflex system (Bruker Daltonik
GmbH) and MALDI Biotyper software (version 3.0) correctly
identified 100% of C. gattii isolates and correctly grouped each
isolate according to its molecular type; furthermore, the technique
was able to identify hybrids of C. neoformans and C. gattii. It is
important to note that those authors first established reference
spectra of all four molecular types by using well-characterized
reference strains and subsequently added all spectra generated to
an “in-house” supplementary MALDI Biotyper library (2011),
thus extending a validated spectral library (57). Head-to-head
comparisons of MALDI-TOF MS with traditional genotyping
methods are essential in positioning MALDI-TOF MS as a typing
tool.

In another study, McTaggart et al. compared MALDI-TOF MS
analysis with DNA sequencing to identify Cryptococcus species.
They studied 27 strains of C. gattii (23 clinical and 4 reference
strains) and compared spectra against the MALDI Biotyper ver-
sion 2.0.1 database (Bruker Daltonik). When the Bruker library
was supplemented with in-house-generated spectral entries, all 27
strains were correctly identified to the species level (score, =2.0).
However, when queried against the existing Bruker library, a sub-
stantially smaller proportion of isolates was identified. If C. neo-
formans plus C. gattii isolates were taken into consideration, only
58.4% of isolates were correctly assigned (352). One other evalu-
ation, which also complemented the Bruker library (version 3.0)
with in-house spectra, yielded correct species identification for all
10 strains studied (58). Very few studies have tested the ability of
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the current Bruker library alone to identify C. gattii. In a study in
which only three isolates of C. gattii were encountered, two iso-
lates yielded scores of =2.0, and one yielded scores of =1.7 to 1.99
(354). Ongoing construction of libraries containing reliable spec-
tra from known isolates is essential. Until these extended libraries
are more widely available, identification of C. gattii should not be
reliant only on MALDI-TOF MS.

There is ongoing debate about the requirement for extraction
of yeast protein for MALDI-TOF MS. A review of published stud-
ies (beyond the scope of this article) indicates that the use of the
extraction procedure recommended by the manufacturer yields
optimal and reproducible spectra (353). With respect to C. gattii,
Firacative et al. reported that no spectra were obtained from intact
yeast cells (57). The number of colonies used and the time of
incubation did not affect results. Whether MALDI-TOF MS can
be successfully applied to detect cryptococci in clinical specimens
such as CSF is uncertain. In a small study, 11 CSF samples were
inoculated in blood culture bottles, cultured, and then analyzed by
MALDI-TOF MS for bacteria and yeasts, but none of the patients
had cryptococcal meningitis (355).

ANTIFUNGAL SUSCEPTIBILITY

On casual reading, there appears to be little value in routinely
determining the susceptibility of C. gattii to antifungal agents,
given that firm therapeutic recommendations based on MICs can-
not be made due to the lack of clinical breakpoints (CBPs). Only
C. neoformans has been included in Clinical and Laboratory Stan-
dards Institute (CLSI) guidelines for testing of yeasts (356). There
are as yet no data to indicate that adverse patient outcomes are
correlated with raised MICs and, if so, at what level.

However, antifungal susceptibilities have been used to guide
antifungal treatment, especially in patients failing to respond to
antifungal therapy. MICs, mainly of amphotericin B, 5-flucyto-
sine, and fluconazole, which have been the cornerstone of anti-
cryptococcal treatment for decades and determined by CLSI broth
microdilution methods, have been reported for both C. neofor-
mans and C. gattii (see below; see also Antifungal Therapy and
Management, below). There are also in vitro data for the newer
azoles voriconazole, posaconazole, and isavuconazole.

Epidemiological Cutoff Values for C. gattii

Prior to the recent C. gattii outbreaks, there was evidence that
MICs of antifungal drugs varied with the geographic origin of the
isolates, although many of the isolates tested were derived from
individual institutional culture collections. Subsequently, MICs of
fluconazole were noted to be increased among isolates from C.
gattii VGII case clusters (see discussion below). This prompted an
ongoing large-scale study of MIC CBPs and of epidemiological
MIC cutoff values (ECVs) based on MIC distributions of wild-
type strains (357-359). ECVs for fluconazole were determined in
an international consensus study of a large number of clinical
isolates from Europe, the United States, Australia, Brazil, Canada,
India, and South Africa, viz., 8 mg/liter for C. gattii molecular
types VGI, VGllIa, and VGIII and nontyped strains; 16 mg/liter for
molecular type VGIV; and 32 mg/liter for molecular type VGII
(except for VGIIa). Although varying by genotype, the ECVs are
within 1 to 2 dilutions of each other. Similar molecular type-spe-
cific ECVs have been reported for itraconazole, voriconazole, and
posaconazole (358). Espinel-Ingroff et al. proposed that ECVs of
0.5 mg/liter for amphotericin B and 4 mg/liter for 5-flucytosine

cmr.asm.org 1007


http://cmr.asm.org

Chen et al.

would encompass >99% and >95.7% of C. gattii strains, respec-
tively (357). Lockhart et al. (359) also established azole ECVs for
C. gattii based on MIC distribution, proposing an ECV of 32 mg/
liter for fluconazole, but acknowledged that >50% of their isolates
were from the Pacific Northwest (these isolates were predomi-
nantly of molecular type VGII [see below]). ECVs are useful ad-
juncts for identifying isolates with acquired or intrinsic resistance
or those that need further study. Whether they can be universally
accepted as surrogates for CBPs to define “susceptibility” or
“resistance” is less clear (360, 361).

Antifungal Susceptibility

A number of studies have documented comparatively low MICs of
standard antifungals against C. gattii (and in comparison with C.
neoformans), which have not increased over time (29, 362-364);
resistance to amphotericin B and 5-flucytosine was rare. Based on
the fluconazole CBPs for Candida spp. reported in CLSI docu-
ment M27-A3 (356), fluconazole “resistance” (MIC, =64 mg/li-
ter) among Cryptococcus spp. was uncommon in Australia (29,
362). There are no data to suggest whether the new CBPs for
Candida spp. (resistance defined by an MIC of =8 mg/liter [361])
are applicable to Cryptococcus. The apparently low frequency of
fluconazole resistance appears to be the case in other regions, in-
cluding Malaysia, India, Spain, and Taiwan (Table 5) (29, 365—
368). In a Malaysian study, 2 of 48 (4.2%) isolates had fluconazole
MICs of >64 mg/liter. In addition, there were no significant dif-
ferences in MICs between Cryptococcus species (P > 0.05), indi-
cating that C. gattii was as susceptible as C. neoformans var. grubii.
Furthermore, no significant difference in the MICs for C. gattii
isolates collected from 1980 to 1990 and 2002 to 2004 were ob-
served (365). In a Brazilian study, eight C. gattii strains (flucona-
zole MIC range, 8 to 32 mg/liter) were susceptible to most drugs
tested, and susceptibility profiles of C. gattii were similar to those
of C. neoformans (369). Table 5 summarizes fluconazole suscepti-
bility data from major clinical studies.

Nonetheless, there remains concern over whether C. gattii may
be less susceptible to some antifungal agents. In a study from Tai-
wan, C. gattii was less susceptible to 5-flucytosine and amphoter-
icin B (75), but the geometric means (GMs) of the MICs were still
within the range considered “susceptible.” A group in Brazil re-
ported significantly higher GMs of MICs for fluconazole, vori-
conazole, amphotericin B, and 5-flucytosine against C. gattii than
against C. neoformans (370); likewise, Torres-Rodriguez et al.
(368) reported fluconazole, voriconazole, and posaconazole MICs
to be significantly higher for C. gattii, although the overall preva-
lence of strains with fluconazole resistance was still low (range,
0.25 to 2 mg/liter for C. gattii) (Table 5). Similarly, Chowdhary et
al. noted that C. gattii strains from India were less susceptible than
C. neoformans var. grubii to fluconazole, itraconazole, and vori-
conazole (P < 0.05) but not amphotericin B and 5-flucytosine
(367). Elevated MICs of amphotericin B and 5-flucytosine were
rare in the United States (371).

Of note, there are data to indicate that fluconazole susceptibil-
ity, and, to some extent, those of the other azoles, varies with the
molecular type of C. gattii. Elevated MICs against fluconazole
(and voriconazole) have been reported from the Pacific North-
west, with genotypes VGIIa and VGIIc having the highest MICs
(359, 371-374). In one study of 43 clinical isolates from the Pacific
Northwest, molecular type VGIIc had the highest fluconazole GM
MIC (12.7 mg/liter), while types VGI and VGII had the lowest GM
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MICs (2.38 mg/liter). Among the azoles, fluconazole had the least
activity (GM MIC 16- to 63-fold lower for all isolates) (371). Lock-
hart et al. also noted that molecular type VGII strains had the
highest fluconazole GM MICs (8.6 mg/liter), with molecular type
VGl isolates exhibiting the lowest GM MICs (1.7 pg/ml) (359). In
astudy of 350 clinical (human and veterinary) and environmental
isolates, Datta and coworkers reported that clinical VGII isolates
had significantly higher GM MICs for flucytosine and fluconazole
than did clinical VGI isolates; isolates from veterinary sources
were the least susceptible to the azoles (374). In another large
study of clinical, veterinary, and environmental isolates (375) (Ta-
ble 5), most of which originated from Australia and Canada, C.
gattii genotype VGlI isolates also had significantly higher MICs for
all azole antifungals, particularly fluconazole, than did isolates of
other genotypes. Notably, the inclusion of large numbers of envi-
ronmental isolates may skew results, since there are data to suggest
that these isolates may be less susceptible to antifungal agents
(367). In addition, comparison of MIC results between studies is
complicated by the fact that many studies were done by using
different MIC testing methods. Although the implications of
higher fluconazole MICs for therapeutic dosing and clinical out-
comes have not been determined, there is major interest in this
issue since C. gattii genotype VGII is the genotype associated with
the ongoing C. gattii outbreak in North America.

Several studies have documented that voriconazole, posacona-
zole, and isavuconazole are more active in vitro against C. gattii
than fluconazole (359, 366, 371-374), and hence, they may repre-
sent valuable treatment alternatives to fluconazole. In a study of
90 clinical and environmental isolates of C. gattii from the Pacific
Northwest of the United States, fluconazole MICs against C. gattii
VGII clinical and environmental isolates were higher than those of
isavuconazole, voriconazole, and itraconazole (374). U.S. and
Spanish data revealed GM MICs of voriconazole of 0.1 mg/liter
and 0.03 mg/liter, respectively (371, 376). In another study that
tested 298 strains, the modal MICs were 0.12 mg/liter for vori-
conazole, 0.5 mg/liter for itraconazole, and 0.5 mg/liter for
posaconazole, compared with a GM fluconazole MIC of 8 mg/liter
(359). Thompson et al. tested 35 C. gattii strains by using the Etest
(AB Biodisk, Solna, Sweden) and CLSI broth microdilution (over-
all agreement, 97.8%). GM MICs of isavuconazole were 0.027
mg/liter by broth microdilution and 0.03 mg/liter by Etest; the
corresponding MIC,, values (the concentration of an antimicro-
bial agent at which 90% of the organisms are inhibited) were 0.06
and 0.125 mg/liter, respectively, indicating a high level of suscep-
tibility. That same group of investigators also showed that isavu-
conazole had the lowest MICgy, and GM MIC values, with the next
most active azole being posaconazole, followed by voriconazole
and then itraconazole (363).

In summary, despite the fact that there are no data on the rela-
tionship between MICs, drug dosing, and clinical outcome, sus-
ceptibility testing may be helpful for patients failing to respond to
apparently appropriate therapy, when a high MIC result may fa-
vor substituting an alternative drug. Susceptibility testing is rec-
ommended to monitor epidemiological trends.

Mechanisms of Azole Resistance in C. gattii

The emergence of C. gattii strains with elevated MICs of flucona-
zole has sparked interest in the mechanisms of azole resistance in
this organism. A few studies have examined the roles of the cryp-
tococcal ERG11 gene and of the ATP-binding cassette transporters
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TABLE 5 Major clinical studies reporting antifungal susceptibility testing of Cryptococcus gattii against fluconazole®

Total % of isolates
Origin(s) of no. of Source (no.) of Modal MIC ~ MIC,, GM MIC MICrange with MIC =
Reference isolates isolates  isolates (mg/liter)” (mg/liter)  (mg/liter) (mg/liter) 32 mg/liter Description
29 Australia 18 C 4 16 NS 0.5-64 11 Primarily VGI isolates
75 Taiwan 21 C 8 16 NS 0.125-16 0 C. gattii was less susceptible to AMB and 5FC than C. neoformans; all
C. gattii isolates were FLU susceptible
403 South America 11 C NS NS NS 8-16 0 High degree of susceptibility to AMB, 5FC, FLU, ITC
370 Spain 57 C(52) NS 32 9.54 1-64 NS C. gattii was less susceptible than C. neoformans to FLU but not
AMB and 5FC
E (5)
368 Spain 30 C (mainly) NS NS 0.7-1 0.25-2 0 Overall low-level resistance; MICs for FLU were higher for C. gattii
than for C. neoformans (P = 0.007)
404 Brazil 23 C NS 25.6 15.52 4->64 NS All strains had low MICs of AMB (0.03-0.25 mg/liter); among
azoles, POS had greatest activity, followed by VOR, ITC, and FLU
366 USA 35 C (NS) NS 0.064 0.03 0.03-0.06 0 Highly susceptible to isavuconazole
E (NS) 0.06 0.027 0.015-0.25 0
363 Worldwide 42 C (NS) NS 4 2.36 0.25-64 Few differences in susceptibility between
C. gattii and C. neoformans
E (NS)
371 USA 43 C 4 16 6.38 0.5-32 0.05 VGII molecular type strains, especially those of VGIIc, had highest
FLU MICs
375 Australia, USA, 45 C (NS) and E (NS); NS 8 3.54 1-8 0 C. gattii less susceptible than C. neoformans; strains of the VGII
Canada study I molecular type had significantly higher MICs for 5FC and all
azoles, especially FLU
103 Extended study NS 8 4.96 1-32 NS
373 Worldwide 350 C(215) NS 8 3.573 0.25-64 NS Veterinary isolates were least susceptible to ITC, POS, VRC, and
ISA; MICs varied with molecular type for FLU and 5FC
367 India 62 C(2) 1.9 1.55 1-16 0 VGI; C. gattii less susceptible than C. neoformans to FLU, ITC, and
VRC but not AMB and 5FC; E was less susceptible than C and
more resistant than C
E (60) NS 8 8 0
405 Brazil 13 C NS NS NS 16->64 15 VGII molecular type studied
372 Brazil 49 C(43) and E (6); 16 6.08 0.25->64 NS VGII molecular type strains less susceptible to FLU, VRC, and 5FC
VGIL than VGI strains
VGI 4 1.55 1-8 0
359 Global 298 Cand E (NS) 8 16 5.51 0.5-32 20 Molecular type VGII strains had the highest FLU GM MICs, and
molecular type VGI had the lowest (8.6 vs 1.7 mg/liter)
406 Brazil 54 C (50) NS 16 NS 1-64 NS Mainly molecular type VGII strains
E (4)
369 Brazil 8 C NS 32 13.45 8-32 0 Susceptible to most drugs; no differences in susceptibility between C.
neoformans and C. gattii; ECV = 32 mg/liter
374 Canada, USA 90 C(75) 4 8 4.5 2-64 NS Molecular type VGII studied, of which types IIb and IIc were less
susceptible
E (15)
376" Brazil 24 NS =1 4 NS <0.12-32 3 3 isolates with MIC of 32 mg/liter; no molecular type stated

“In some instances, calculated by the authors.

¥ Measured by flow cytometry.
¢ Abbreviations: AMB, amphotericin B; C, clinical strains; E, environmental; 5FC, 5-flucytosine; FLU, fluconazole; GM, geometric mean; ITC, itraconazole; ISA, isavuconazole; POS, posaconazole; NS, not specified; VRC, voriconazole.
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in resistance in C. neoformans (377-380); whether these observa-
tions are applicable to C. gattii are uncertain. Mutations in, or
overexpression of, the ERGII gene, encoding the azole target
lanosterol 14-a demethylase, and overexpression of one or more
plasma membrane proteins that pump azoles out of the cell are
well recognized mechanisms by which fungi acquire resistance to
azoles (379).

Rodero et al. studied five sequential C. neoformans isolates re-
covered from a patient with recurrent cryptococcal meningitis;
four were fluconazole susceptible (MICs, 1.5 to 2 mg/liter), while
the fifth isolate, associated with clinical relapse, was considered
resistant (MIC, 32 mg/liter). The latter isolate contained a point
mutation responsible for the amino acid substitution G484S
(377). However, the possibility of another mechanism of resis-
tance was not excluded. Sionov et al. identified a single missense
mutation in a fluconazole-resistant strain of C. neoformans result-
ing in the replacement of tyrosine by phenylalanine at amino acid
position 145 (Y145F); this conferred resistance to fluconazole and
voriconazole but not itraconazole and posaconazole (378). Most
recently, the role of ERG11 mutations in conferring azole resis-
tance in C. gattii was studied in 25 U.S. strains with relatively high
MICs of fluconazole (GM MIC of 20 mg/liter and MIC,, of 64
mg/liter) and 34 isolates with lower MICs (GM MIC of 9.9 mg/
liter and MIC,,, of 32 mg/liter). Amino acid substitutions in the
deduced Ergllp sequences of strains with higher fluconazole
MICs were not associated with differences in the susceptibilities of
these proteins to inhibition by the azole (381). This conclusion
was supported by experiments determining azole MICs for con-
ditional Saccharomyces cerevisiae ergl I mutants expressing variant
gene sequences. In comparison to the “wild-type” isolates, azole
MICs were all within 1 to 2 dilutions of each other. Gast et al. also
compared ERGII mRNA levels in the C. gattii strains; ERG11/
ACTI1 mRNA ratios did not correlate with fluconazole MICs. They
concluded that neither ERGII overexpression nor variation in
ERG11 coding sequences was responsible for the high fluconazole
MICs observed in their study (381).

Enhanced activity of plasma membrane azole efflux pumps,
which has been associated with azole resistance of C. neoformans,
has not yet been studied in C. gattii (380, 382). Upregulation of the
ATP-binding cassette transporter-encoding gene AFR1 in C. neo-
formans was associated with resistance to fluconazole in vitro and
in mice with systemic cryptococcosis (380, 383).

An additional phenomenon of heteroresistance among C. neo-
formans strains in AIDS patients undergoing fluconazole mainte-
nance therapy has been reported (384, 385). This is a form of
intrinsic and adaptive resistance that has been associated with
clinical failure. Researchers in the United States have established
that C. neoformans strains are innately heteroresistant to flucona-
zole, with each strain producing a subpopulation that can survive
concentrations of fluconazole well above the MICs (385). Sionov
and colleagues have subsequently shown that, in vitro, strains
adapt to high fluconazole concentrations by undergoing disomy
(where the cryptococcal cell has 2 members of a pair of homolo-
gous chromosomes), first in chromosome 1 and then in multiple
other chromosomes. The duplication of chromosome 1 parallels
the duplication of the ERGI1 and AFRI genes and is reversed by
removing the drug from the cultures. Whether a similar mecha-
nism of heteroresistance involving chromosome duplication oc-
curs in C. gattii exposed to azoles is uncertain but is an important
area of future study.

1010 cmr.asm.org

ANTIFUNGAL THERAPY AND MANAGEMENT
Antifungal Therapy

Current recommendations for the management of infections
caused by C. gattii are based largely on extrapolation from clinical
trials in patients with infection caused by C. neoformans and on
individual case reports, case series, and expert opinion (282). This
review focuses only on the most recently reported data, as a com-
prehensive review and an article detailing practical management
guidelines were published in 2013 (262, 386).

Infectious Diseases Society of America (IDSA) guidelines out-
line therapeutic approaches based on host status, site of infection,
complications of cryptococcosis, and limitations placed on thera-
peutic options in resource-limited settings. In general, these
guidelines recommend similar antifungal treatment strategies for
C. gattii and C. neoformans (282). There is some evidence to sup-
port this approach from, for example, a subanalysis of a retrospec-
tive study of C. gattii and C. neoformans meningitis in immuno-
competent hosts (27) and reports from Africa of outcomes of
cryptococcal meningitis in patients with AIDS (96-98). Notably,
the genotype of HIV-associated C gattii infections was not stated,
and it is possible that disease caused by C. gattii VGIV, which has
been isolated from HIV-associated infections in Africa (see Epi-
demiology, Origin, and Evolution, above), resembles that due to
C. neoformans. Diagnostic distinction between C. gattii and C.
neoformans by the simple laboratory test of growth on CGB agar
has long been implemented in Australia due to the endemicity of
C. gattii (now typed as VGI), its association with substantial pul-
monary and cerebral cryptococcomas (29), and the attendant dif-
ferences in the duration of induction and consolidation/mainte-
nance therapy.

More recent and larger studies of C. gattii infection in Australia
and of the outbreaks in Canada and the United States suggest that
therapeutic recommendations may be refined by taking into ac-
count the genotype of the causative C. gattii strain and possibly its
antimicrobial susceptibility (130, 131, 258, 299), although the lat-
ter is yet to be confirmed in vivo. Recently reported data indicate
that for C. gattii VGI infection involving the lung and/or the CNS,
induction therapy with amphotericin B plus 5-flucytosine is ap-
propriate (~6 weeks for cerebral disease and 2 weeks for isolated
lung disease) (299). Shorter induction courses may be effective in
patients with CNS disease and minimal brain involvement, but
current data are insufficient to confirm this proposition. As rec-
ommended by IDSA guidelines, for lung infection not considered
“serious” (282), single small cryptococcomas due to C. gattii can
be treated initially with fluconazole (386). Consolidation, and
then maintenance, therapy with fluconazole is recommended uni-
versally. In patients with C. gattii cryptococcosis, there is a com-
pelling argument to use the term “eradication therapy” rather
than “consolidation” and “maintenance” therapy, as infection is
curable with adequate antifungal and ancillary therapies. The
minimum duration required to achieve cure in an immunocom-
petent patient has not been defined, but durations of 6 to 12
months for isolated and circumscribed lung infection and 12 to 18
months for cerebral disease are commonly used (262, 282, 299,
386).

Surgery

There are few studies that address indications for surgery in cryp-
tococcosis. Single large lesions, especially when encroaching on
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local structures in the lung or with mass effect and surrounding
edema upon cerebral imaging, require resection if they are surgi-
cally accessible (262). Insertion of a lumbar drain or an early CSF
shunt procedure may be required for raised ICP not controlled by
repeated lumbar punctures, and shunting is necessary in the pres-
ence of symptomatic hydrocephalus (see “Management of Com-
plications,” below).

Management of Complications

Raised intracranial pressure. Control of raised ICP is a critical
determinant of the outcome of CNS cryptococcosis. Repeated
lumbar punctures or, if necessary, insertion of a lumbar drain or a
CSF shunt is indicated to reduce the ICP to acceptable levels.
Symptomatic hydrocephalus visible upon cerebral imaging like-
wise requires the insertion of a shunt to relieve the high ICP,
regardless of the cryptococcal species responsible (262, 282, 299).

Immune reconstitution inflammatory syndrome. In all cases,
consolidation/maintenance antifungal therapy (in the case of C.
gattii which can be cured, this is actually eradication therapy)
should be continued. Patients with minor manifestations of IRIS
can be managed with supportive care. Corticosteroids have been
used successfully to control symptoms and reduce the size of in-
flammatory lesions (299). An early retrospective observational
study in PNG suggested that corticosteroid use improved visual
outcomes in patients with C. gattii meningitis (387). After initia-
tion, a slow reduction in corticosteroid doses is needed to prevent
a relapse of inflammation. Most cases of IRIS will resolve within
days to weeks. In a small series of 8 patients with C. gattii neuro-
logical infection and IRIS, none died, but 4 had persistent neuro-
logical sequelae at 12 months (3 had received gamma IFN). Cere-
bral imaging abnormalities returned to pre-IRIS appearances
within 4 to 6 months (299).

CONCLUSIONS

In conclusion, based on morphological, biological, and phyloge-
netic species concepts, C. gattii is recognized as a valid species in
the C. neoformans-C. gattii species complex. This is congruent
with its ecology, epidemiology, and clinical associations, which
differ substantially from those of C. neoformans. Modern genetic
techniques have determined the population genetic structure of C.
gattii and include recombination studies, which have given us in-
sight into how C. gattii is sustained in nature. There are four main
genetic groups of C. gattii (VGI, VGII, VGIII, and VGIV, which
are equivalent to AFLP4 through to AFLP7), with MLST typing
superseding earlier methods of strain typing. The ISHAM consen-
sus method is based on MLST using a minimum of seven prede-
termined genetic loci; this approach is recommended to enable
strain pattern comparisons. Whole-genome sequencing, which is
the most discriminatory strain typing method, is likely to become
more common with time.

Clinically apparent cryptococcosis represents the outcome of a
complex set of interactions that include the size of the inhaled
inoculum, the individual C. gattii virulence composite (which is
not simply the sum of individual virulence phenotypes), and the
host status/response. Through the application of genomics and
other omics technologies, it is increasingly apparent that the out-
come of the host-cryptococcus interaction is regulated by com-
plex sets of transcriptional circuits in both the fungus and host
cells and that differences between human disease caused by C.
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gattii and that caused by C. neoformans can be elucidated in rele-
vant animal models.

The ecology and epidemiology of infection vary with geo-
graphic region. Both humans and animals are susceptible to C.
gattii, and in some circumstances, animals may be considered
sentinels of human disease. Despite the emergence of C. gattii
infections in new environments where 40 to 73% of patients have
predisposing or immunosuppressive medical conditions, its pro-
pensity to cause disease in healthy hosts remains strong. Many
infections, including those in new geographic locations, have oc-
curred in apparently immunocompetent patients. However, the
recent focus on identifying at least subgroups of patients with a
genetic predisposition or immune dysfunction, for example, an
association with anti-GM-CSF antibodies, may alter this thinking.

CNS and lung infections are the most common manifestations,
although any body site may be affected. CNS infection is fre-
quently encountered in the nonoutbreak setting; hence, routine
lumbar puncture of patients with suspected cryptococcosis is rec-
ommended. CNS complications are common, particularly raised
intracranial pressure, hydrocephalus, and severe neurological se-
quelae. New, rapid diagnostic tests and imaging modalities are
assisting early diagnosis. Differentiation of C. gattii from C. neo-
formans is recommended as a routine and is achievable in most
cases by simple phenotypic methods. Molecular techniques are
definitive and provide subtype data. Despite the fact that there are
no data on the relationship between MICs, drug dosing, and clin-
ical outcome, antifungal susceptibility testing of azole drugs may
be helpful for patients failing to respond to apparently appropriate
therapy, and regular MIC surveillance in reference laboratories is
recommended to monitor trends.

There are no antifungal drug trials to guide antifungal treat-
ment of C. gattii infections. However, data from contemporary
studies suggest that the site(s) of infection is the main influence on
the choice of the antifungal drug regimen. For CNS infection and
for severe pulmonary disease, intensive induction therapy with
amphotericin B plus 5-flucytosine is necessary to optimize out-
comes. The duration of induction therapy in patients with CNS
disease is recommended to be at least 6 weeks, with a total dura-
tion of therapy of 18 to 24 months, although further evaluation of
shorter induction courses is warranted. For isolated lung disease,
induction therapy should be offered for 2 weeks, with a total du-
ration of therapy of approximately 12 months. Fluconazole re-
mains the preferred azole for use after induction therapy. Aggres-
sive management of hydrocephalus and raised intracranial
pressure is essential and may require early surgical drainage of
CSF. Surgery may also be indicated for relief of anatomical com-
plications caused by mass lesions. IRIS is an occasional complica-
tion that must be distinguished from failure of antifungal treat-
ment.
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