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INTRACELLULAR VERSUS EXTRACELLULAR:
IMPORTANCE OF ADAPTATION

Phagocytosis is a receptor-mediated process that leads to the
internalization of foreign particles into phagocytic cells. Phago-
cytic cells, such as macrophages, dendritic cells, and neutro-
phils, are characterized by their ability to express a series of
phagocytic receptors designed to recognize, bind, and trigger
the ingestion of pathogens as well as cellular debris and apo-
ptotic cells. After phagocytic uptake, ingested particles are
destroyed as they progress along the degradative endocytic
pathway that leads to the formation of the mature phagolyso-
some. Thus, macrophages, dendritic cells, and neutrophils rep-
resent the first line of defense against microorganisms, includ-
ing fungal pathogens, by providing a method for their removal
and destruction. Two recent and comprehensive reviews, by
Mansour and Levitz and by Roeder et al., discuss the mecha-
nisms by which fungal pathogens interact with receptors on the
surfaces of macrophages, dendritic cells, and neutrophils (70,
87).

Defining the mechanisms by which the host immune re-
sponse controls infections remains a poorly understood area
because of the complex nature of multistep host-pathogen
interactions, particularly for facultative intracellular patho-
gens. These microorganisms are able to survive and replicate
both intra- and extracellularly, increasing the dynamic cross
talk with all arms of the host immune system. In this respect,
phagocytosis can be considered either an opportunity or an
obstacle for microbial pathogens. Viruses, many bacteria, and
protozoa that are obligate intracellular parasites can only rep-
licate inside their host cells. If these microorganisms avoid
phagocytosis, they will not survive and grow in the extracellular
environment. Other pathogens, including some bacteria and
many fungi, can replicate and survive both extra- and intracel-
lularly. The choice of lifestyle depends on the production of a
specific pathogen’s factors and/or on conditions that these
pathogens find in the host.

Facultative intracellular pathogens have evolved the ability
to avoid phagocytosis by blocking adhesion to and/or internal-
ization by phagocytic cells. To survive and proliferate intracel-
lularly, this class of microbes has developed mechanisms to
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avoid destruction by the degradative pathway, including escape
from the phagosome into the host cytosol, the avoidance of
phagolysosome fusion, and survival within the phagolysosome.
Of the facultative intracellular pathogens, Cryptococcus neo-
formans has developed unique factors that regulate pathogen
invasion and dissemination based on its ability to choose be-
tween the intra- and extracellular compartments. The identifi-
cation of genes or factors of the pathogen (or the host) that
contribute to one lifestyle (intracellular) with respect to the
other (extracellular) can be exploited for the development of
novel prevention and treatment strategies for not only crypto-
coccosis but also, potentially, other fungal infections.

ESTABLISHMENT OF CRYPTOCOCCAL INFECTION
AND IMPORTANCE OF FUNGAL MORPHOLOGY

Fungal pathogens infect the host by using diverse morphol-
ogies, such as spores, hyphae, and yeasts, which are found to
elicit diverse responses by the host due to the versatile activa-
tion of phagocytic cells. Thus, the determination of the role of
a specific form (e.g., yeast or hypha) in the development of
fungal infections is a difficult task. An insightful review by Gow
et al. argues that no simple or universal relationship can be
drawn between morphology and host invasion (43). It is be-
lieved that, except for Aspergillus spp. and C. neoformans, other
fungal pathogens, such as Blastomyces dermatitidis, Candida tropi-
calis, Coccidioides immitis, Histoplasma capsulatum, Paracoccid-
ioides brasiliensis, Penicillium marneffei, Sporothrix schenckii, and
Wangiella dermatitidis, are found as yeast forms during human
infections, although they enter the body as spores. C. neoformans
infects humans as a spore and/or yeast form. Once inhaled, the
fungal particles (basidiospores or yeast cells) do not necessarily
cause a symptomatic infection (36-38). Perhaps the most com-
prehensive studies addressing this hypothesis are from the work
of Garcia-Hermoso et al. showing that individuals can harbor
dormant organisms for as long as 13 years before infection is
activated (38). These studies raised additional questions, such as
where the organism resides during its dormant state, how it sur-
vives, and what allows its reactivation—the pathogen, the host, or
a combination of both. Now that the C. neoformans and human
genome projects are completed and molecular and genetic tools
have been developed for studying the pathobiology of interactions
between C. neoformans and human cells, researchers are begin-
ning to address these questions. Results from studies conducted
with C. neoformans as a molecular model can be applied to other
life-threatening fungal pathogens for which these tools have not
yet been developed.
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Other pathogenic yeasts, such as Candida albicans, can be
found as a yeast form and/or hyphae in infected tissues, and the
formation of hyphae is considered a virulence factor since early
studies of this fungus suggested that hyphae are important for
disease establishment (90, 95). Another Candida species, Can-
dida glabrata, has only a limited ability to produce hyphae (22),
but it is still pathogenic and represents the second most com-
mon cause of disseminated Candida infection (93). Although
changes in morphology may represent an important factor for
tissue invasion, once the disease state is established, a unicel-
lular morphology is favored for most fungi. Another example is
given by infections due to Aspergillus fumigatus, whose conidia
(or spores) establish invasive disease in the lung exclusively by
hyphal development. The development of hyphae may be ad-
vantageous for the pathogen considering that it provides in-
creased resistance to phagocytosis by macrophages and other
leukocytes (23, 65). However, the molecular mechanisms by
which hyphae of C. albicans or A. fumigatus inhibit phagocy-
tosis in vivo are largely unknown.

Evidence supporting the importance of fungal morphology
in the regulation of the host response comes from the ability of
dendritic cells to distinguish between different cell types (e.g.,
conidia and hyphae of C. albicans or A. fumigatus) and to
polarize a T-cell response accordingly; phagocytosis of conidia
induces a Thl response whereas phagocytosis of hyphae in-
duces a Th2 response (7, 29). Interestingly, mice receiving
dendritic cells challenged with Aspergillus conidia are resistant
to infection, whereas mice receiving dendritic cells challenged
with hyphae are more sensitive to infection by Aspergillus (8).
These studies suggest that the administration of dendritic cells
that are activated in vitro toward a Th1 response against fungal
pathogens could be used as an effective immune enhancer or
vaccine. Therefore, changes in fungal morphology are advan-
tageous for fungal evasion of the host immune response, for
their dissemination, and for disease development.

In cases in which an infection develops with the same cell
type, the occurrence of a phenotype switch has been proposed.
Phenotypic switching is a phenomenon defined as the sponta-
neous emergence of colonies with an altered morphology at
different frequencies. These colonies with an altered morphol-
ogy, e.g., opaque instead of white or mucoid instead of smooth
yeast colonies, result from the differential expression of specific
genes or factors which in turn may affect the course of infec-
tion. Phenotypic switching occurs in many microorganisms,
including bacteria (Mycobacterium avium [14] and Mycoplasma
[110]), viruses (human immunodeficiency virus [HIV] [12]),
protozoa (Trypanosoma brucei [104] and Plasmodium falcipa-
rum [79]), and fungi (C. albicans [96, 97, 105], Candida glabrata
[10], and C. neoformans [34, 101, 112]). In C. neoformans,
phenotypic switching occurs in vivo and influences the out-
come of infection (35). Changes in morphology are clearly
associated with virulence, but until now it has been difficult to
establish the extent of this phenomenon.

PRODUCTION OF ANTIPHAGOCYTIC FACTORS BY C.
NEOFORMANS

Capsule and phagocytosis. More direct evidence of cell mor-
phology’s effect on virulence is provided by the production of
a capsule surrounding the cell wall of microorganisms. Indeed,
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many bacteria (e.g., Streptococcus pneumoniae, Neisseria men-
ingitidis, Pseudomonas aeruginosa, and Staphylococcus aureus)
(109), Cryptococcus spp., and many other fungi (e.g., Malasse-
zia furfur [74], Rhinosporidium seeberi [51], Tricosporon beigelii
[24, 53, 72], Blastocystis hominis [59] Exophilia spp. [111], Spo-
rothrix schenckii [39, 69], and Tremella mesenterica [25, 84])
change cell morphology by producing a polysaccharide cap-
sule. Among fungi, the capsule of C. neoformans is perhaps the
most studied since it is a characteristic and well-established
virulence factor for this fungus. For a comprehensive analysis
of the structure, synthesis, assembly, degradation, and regula-
tion of the C. neoformans capsule, an outstanding review is
available by Bose et al. (6). Studies have identified many genes
and pathways involved in capsule production by C. neoformans,
such as the CAP and CAS gene families and the MANI, UXS1,
AGSI1, GPAI, PKAI, PKRI, and STEI2 genes (reviewed in
references 6 and 27). However, the role and mechanisms by
which many of these genes and pathways regulate capsule
production during infection remain to be elucidated.

The C. neoformans capsule is the most well-studied fungal
antiphagocytic factor. The capsule inhibits the phagocytosis of
the fungus by macrophages (5, 44, 63), dendritic cells (107),
and neutrophils (26, 28, 55, 114) and also inhibits the internal-
ization of fungal cells by endothelial cells (49). Alveolar mac-
rophages may be considered the first host defense against C.
neoformans. Studies on the role of the capsule in the interac-
tion between C. neoformans and macrophages resulted in com-
pelling findings, which were described recently by Harrison and
Levitz (47). Once it is internalized by macrophages, C. neofor-
mans may (i) grow and eventually lyse the macrophage, (ii) be
killed by the macrophage, or (iii) live within the macrophage in
an equilibrium for an undetermined amount of time. In the
lungs, all three outcomes are possible. Interestingly, the cap-
sule plays an important role not only in the inhibition of phago-
cytosis but also in the inhibition of killing by macrophages.

More than 30 years ago, it was shown that acapsular cryp-
tococci are readily ingested by neutrophils and macrophages,
whereas encapsulated cryptococci are resistant to phagocytosis
(11, 54). These observations have been corroborated by many
investigators (reviewed in references 15 and 56). However, the
fact that encapsulated cells can be phagocytosed in the lung
(31, 32) suggests that the capsule promotes virulence by mech-
anisms other than simply preventing phagocytosis. Further-
more, the modulation of this phagocytic process by the capsule
is regulated not only by its size but also by its structure and
composition, by the presence or absence of serum, and by the
source of phagocytic cells. For instance, cryptococci grown in
vitro under conditions that induce small capsules are some-
what resistant to phagocytosis, but the resistance can be over-
come by the addition of normal serum. Cryptococci grown in
vitro to produce large capsules are also resistant to phagocy-
tosis, and the resistance cannot be overcome by the addition of
normal serum (44, 77, 113). The incubation of encapsulated
cryptococci (with small or big capsules) in normal human se-
rum leads to activation of the alternative complement cascade
and the deposition of opsonic C3 (iC3b) fragments at the
capsular surface and in its interior (57, 58). Thus, complement
opsonization and capsule size inversely regulate phagocytosis:
if the capsule size increases (in vitro), the efficacy of comple-
ment-mediated phagocytosis decreases. The effect of capsule
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size on phagocytosis is not affected when yeast cells are opso-
nized with an antibody. Additionally, if iC3b is localized at the
capsule surface (outer edge), yeast cells are readily phagocy-
tosed, whereas when iC3b is localized inside the capsule, yeast
cells are poorly phagocytosed (113). Recent elegant studies by
Gates et al. indicated that complement deposition in the cap-
sule differs depending on whether the encapsulated yeast cells
are obtained in vivo (from the brain) or in vitro (from the
growth medium for capsule induction) (40). The density of the
capsular matrix between cells grown in vitro under capsule
induction and cells harvested from infected tissue also differs.
In vivo, the density of the capsular matrix (high glucuronoxy-
lomannan [GXM] concentration) is much higher than that in
vitro, without a significant change in the capsule’s size. As a
consequence, the increased density in GXM in the capsule
from cells obtained in vivo decreases the deposition of both
complement and antibodies compared to the deposition of
complement or antibodies in cells with the same sized capsule
but obtained from an in vitro culture. Although the pathobio-
logical effects and the molecular mechanism(s) by which
changes in the capsule’s density occur are not known, it is
exciting to speculate that this phenomenon may have impor-
tant implications in the regulation of phagocytosis and viru-
lence.

The type of phagocytic cells may also have an important
role on the outcome of infection by C. neoformans. In mu-
rine models, rat and mouse alveolar macrophages will kill C.
neoformans, regardless of the presence of serum or gamma
interferon (IFN-y) or other cytokines (4, 63). Murine resident
peritoneal macrophages can kill acapsular cells without mac-
rophage activation or yeast opsonization, but they can kill
encapsulated cells only if IFN-y is provided or if yeast cells are
opsonized with either fresh serum or an anticapsular antibody
(62). Human alveolar macrophages have anticryptococcal ac-
tivity but are incapable of fungicidal activity unless fresh serum
is added (108). In contrast to murine macrophages, human
macrophages kill acapsular strains more easily than encapsu-
lated strains (106). Surprisingly, the addition of IFN-y to hu-
man alveolar macrophages not only fails to increase anticryp-
tococcal activity but actually has a detrimental effect (13, 64,
83). Freshly isolated human blood monocytes or neutrophils
kill C. neoformans (26, 73). However, if they are induced to
differentiate into macrophages during in vitro culturing, their
killing activity is lost, although they can still inhibit cryptococ-
cal growth. It has been suggested that the loss of killing activity
may be due to a loss of myeloperoxidase activity during differ-
entiation (47), but this hypothesis is not supported by previous
studies in which mice lacking myeloperoxidase activity were
not hypersensitive to C. neoformans infection (1). Although
differences in the killing of C. neoformans by human and mu-
rine macrophages have been observed, the relative importance
of the murine model is supported by the similarity between the
human and mouse pathologies of cryptococcosis (15, 19, 48, 78,
82).

Rabbit macrophages behave differently than human or mu-
rine macrophages, at least when isolated from the cerebrospi-
nal fluid, and they are incapable of killing C. neoformans in
vitro (81). This is intriguing considering that rabbits are natu-
rally resistant to infection by C. neoformans introduced directly
into the cisterna magna. Thus, one would expect a strong
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anticryptococcal activity by their cerebrospinal macrophages.
Perhaps rabbit cerebrospinal macrophages need to be in their
natural host environment to kill C. neoformans, or maybe the
killing of C. neoformans in this model is exerted mainly by
macrophages or other phagocytic cells that are localized in
other compartments. The rabbit is a robust model for crypto-
coccosis because this animal is particularly resistant to crypto-
coccal infection unless it is immunocompromised, mimicking
the clinical course of cryptococcal infection in humans. Studies
on the role of rabbit macrophages (cerebrospinal, alveolar, or
peritoneal) in the killing activity against C. neoformans should
be encouraged. Collectively, these studies stress the complexity
of interactions between C. neoformans and phagocytic cells.
Phagocytic cells are required for fungal clearance, but their
functions should be investigated, with consideration given to
their environment, their interconnection with other arms of the
immune response (cellular and humoral), and the specific fac-
tor(s) produced by the microorganism(s). Through the modu-
lation of its size, structure, and composition, the C. neoformans
capsule regulates this interface, and studies addressing this
issue are warranted because they may reveal a key fungal
and/or host factor(s) that is important for the development of
Cryptococcosis.

Capsule and virulence. Acapsular cryptococcal strains are
not pathogenic (17). On the other hand, although other cryp-
tococcal species produce a similar capsule, they also are not
pathogenic (25). This suggests that the capsule is necessary but
not sufficient for fungal cells to cause disease and that its ability
to aid infection is enhanced by other virulence factors. This
hypothesis is supported by reports showing that during human
cryptococcosis, acapsular or poorly encapsulated strains can be
isolated. Kimura et al. reported a case of pulmonary crypto-
coccosis due to an acapsular or poorly encapsulated strain in a
patient suffering from hepatocarcinoma (52). Laurenson et al.
reported a case of cryptococcal meningitis that was also due to
an acapsular or poorly encapsulated strain in a patient infected
by HIV (60). Moser et al. isolated an acapsular or poorly
encapsulated strain from a patient with epidermoid carcinoma
and pulmonary blastomycosis (75). Other cases of isolation of
C. neoformans acapsular or small-capsule strains from patients
with cryptococcosis have been reported (46, 86, 92). More
reports have been observed in Brazil and were cited by a recent
review (80), but overall it is difficult to establish whether the
human cases noted above are due to acapsular or poorly
encapsulated strains. Nevertheless, studies of severely immu-
nocompromised animal models also proved interesting.
Salkowski and Balish showed that a capsule may not always be
necessary for C. neoformans to cause disease in severely im-
munodeficient mice (92). In their study, the fate of an acap-
sular strain of C. neoformans was studied in immunocompetent
versus immunocompromised mice, and it was shown that in
immunocompetent mice the acapsular strain was not able to
cause infection and was readily cleared. In contrast, mice de-
ficient in cell-mediated immunity or in both innate and cell-
mediated immunity were susceptible to infection by this acap-
sular strain, and the infection was not due to reversion to an
encapsulated state. Although these observations were derived
from a single study, the results are intriguing and raise the
following question: if cryptococcosis mainly afflicts patients
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with severe deficiencies in cell-mediated immunity, then why
does C. neoformans produce the capsule during infection?

C. neoformans produces a capsule during infection, but not
always to the same extent. For instance, this fungus produces a
larger capsule in one organ (brain) than in another (lung) (85).
In the lungs of CBA/J mice, the capsule size of C. neoformans
wild-type strain H99 changes during the infection, being sig-
nificantly larger during the early (1 to 8 days) phase than
during the late phase (30 to 60 days). Early in infection, yeast
cells are found both intra- and extracellularly, and the extra-
cellular yeast cells are bigger than intracellular cells and are
characterized by the presence of a large capsule (Fig. 1A).
Later in infection, C. neoformans cells are small and poorly
encapsulated and are predominantly found inside giant cells
localized in the lung (Fig. 1B). These observations are corrob-
orated by studies in which multinuclear giant cells containing
engulfed C. neoformans cells are found in the lungs, lymphoid
tissue, and the brain (30, 48, 61). It appears that the presence
of giant cells containing C. neoformans is related to the acti-
vation of a Thl response (94). Indeed, these giant cells con-
taining yeast cells were apparently absent during infection in a
Tge26 mouse model, which lacks T and NK cells (M. Del
Poeta, unpublished observation). Thus, it is possible that dur-
ing a late phase of the infection, C. neoformans develops new
mechanisms to evade the immune response, such as those that
will allow it to survive and grow inside host cells. As a conse-
quence, the capsule might not be essential for fungal virulence
during the proliferation stage, but it is essential preferentially
at early stages of infection (primary infection-reactivation-dis-
semination). In addition, modification of the capsule size may
be the consequence of an effect of the host immune response
on genes or proteins involved in its synthesis. In this respect, it
is possible that when the capsule is not needed for the survival
of fungal cells in the host, its production is down-regulated.
Although a few reports suggest that acapsular or poorly en-
capsulated strains can cause disease, the majority of cases of
cryptococcosis are caused by encapsulated strains. In addition,
the current view that this virulence effect is due to capsular
antiphagocytic properties is based on in vitro studies and has
not yet been demonstrated in vivo. These observations indicate
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FIG. 1. Histopathology of tissue from CBA/J mouse lungs, stained with mucicarmine at 8 days (A) and 60 days (B) postinfection with C.
neoformans strain H99 and viewed by light microscopy. At early stages of the infection, C. neoformans produces a large capsule, which was partially

collapsed during tissue handling (arrows in panel A indicate putative capsule edges), whereas at late days the fungus is mainly poorly encapsulated
and engulfed within giant cells (B). Magnification, X40.

that the capsule plays a key role in the regulation of virulence,
although the molecular mechanisms by which it exerts its vir-
ulence effect are not completely understood.

As mentioned above, in addition to the capsule size, C.
neoformans can regulate the overall organization of the cap-
sule, which is mainly composed of two polysaccharides, GXM
and galactoxylomannan, which make up ~90 and 7%, respec-
tively, of the capsular mass. The organization of GXM is highly
variable among varieties of C. neoformans and in the same
strain during growth in vitro (76). Importantly, it has been
suggested that the capsular organization in a strain isolated
from a relapse case of cryptococcosis differed from that in an
isolate from a previous episode (18). These findings suggest
that changes in capsule structure may be related to responses
to a specific environment, with important implications for the
host immune response. Indeed, it was recently demonstrated
that when complement component 3 (C3) is deposited inside
the capsule, C. neoformans is poorly ingested by macrophages.
In contrast, when C3 is deposited on the outer capsule edge,
fungal cells are readily phagocytosed (113). The observation
that capsule densities, in terms of GXM composition, differ in
vivo from those observed in vitro (40) may also suggest a
different effect of these cells on phagocytosis. Interestingly, it
has been observed that the capsule’s structural heterogeneity
changes during infection, and these changes are opposite to
those observed when yeast cells are grown in vitro. Garcia-
Hermoso et al. showed that during infection there is selection
of a subpopulation of yeast cells containing capsules with a
similar structure. In contrast, during in vitro growth, they ob-
served an increased diversity in capsule structure over time.
They proposed an interesting model of adaptation in which the
selection of a more homogenous capsule is due to in vivo
selective pressure, which is absent in vitro (36). Taken to-
gether, these results imply that changes in capsule structure,
density, or organization may alter opsonin deposition, with an
immediate effect on the phagocytosis of fungal cells and the
outcome of infection. Studies addressing capsular functions
during infection should also take into consideration its molec-
ular structure in relation to the status of the host immune



VoL. 3, 2004

response, which might regulate the fungal response, resulting
in the production of capsules that differ in size or organization.

Current animal models for studying the impact of cell mor-
phology, including capsule formation, on the virulence of C.
neoformans could be misleading. For instance, studies of C.
neoformans pathogenesis in mice or rabbits focus on primary
infection because these studies use animals which do not carry
the fungus in the lungs in a latent state. Using rats, Goldman
et al. developed a model of persistent C. neoformans infection
(42), although a rat model in which a latent infection can be
reactivated by immunosuppression is still under investigation.
In humans, primary cryptococcal infection occurs when the
fungus is inhaled into the alveolar spaces. After inhalation, it is
widely accepted that most immunocompetent subjects control
the infection, although the fungus remains in a dormant state.
When immunosuppression subsequently occurs, reactivation
of the latent infection then leads to fungal dissemination and
the development of meningoencephalitis. Perhaps an animal
model most similar to human cryptococcosis would involve
infection of an immunocompetent animal followed by the in-
duction of immunosuppression so that the fungus can reacti-
vate and disseminate. In this respect, perhaps the change in
morphology and capsule production would only be required
for the reactivation and dissemination, but not the prolifera-
tion, of the pathogen at the infection site. Thus, the differences
in fungal cell morphology and capsule size, structure, or com-
position should be considered in relation to different stages of
the natural infection, such as primary infection versus coloni-
zation or reactivation, dissemination, and proliferation. This
type of study is particularly challenging with currently available
animal models.

PRODUCTION OF APP1 PROTECTS C. NEOFORMANS
FROM PHAGOCYTOSIS

Another example illustrating how the plasticity of C. neofor-
mans regulates virulence factors in response to the host is the
production of specific proteins that directly alter the fungus-
host interaction. One of these proteins was recently character-
ized as antiphagocytic protein 1 (App1) (66). During the 1980s
and 1990s, studies in B. Bolafios’s laboratory at the University
of Puerto Rico focused on the identification and purification of
a cytoplasmic factor(s) of C. neoformans involved in the regu-
lation of phagocytosis of yeast cells by alveolar macrophages
(AMs). Graduate students and postdoctoral fellows in his lab-
oratory partially isolated and purified a 20- to 23-kDa protein
from a crude cytoplasmic extract as a cryptococcal factor that
specifically inhibited phagocytosis. Rabbit polyclonal antibod-
ies were raised against this cytoplasmic factor and used in 1997
by Martinez-Marifio to screen a C. neoformans cDNA library
in J. Perfect’s laboratory at Duke University Medical Center
(71). A putative gene encoding a 20- to 23-kDa protein was
identified and sequenced from both serotype A and D strains
of C. neoformans (GenBank accession no. AF180107,
AF180108, and AY101600). Interestingly, it was found by the
use of polyclonal antibodies that this cytoplasmic factor is also
present in the extracellular culture medium (66, 71). These
results were further corroborated by the fact that this protein
was found in the sera of AIDS patients with disseminated
cryptococcosis (66, 91). Martinez-Marifio produced a recom-
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binant protein by using the isolated cDNA clone and found
that the recombinant protein was recognized by the rabbit
polyclonal antibody made against the native protein. In 2002,
the same gene was independently isolated by differential dis-
play reverse transcription-PCR in my laboratory at the Medical
University of South Carolina as a gene whose expression is
regulated by the level of inositol phosphoryl ceramide synthase
1 (Ipcl) activity (66, 68). This gene was named APPI for
antiphagocytic protein 1.

Through a biochemical and a genetic approach, it was dem-
onstrated that App1 inhibits the phagocytosis of C. neoformans
by AMs through a complement-mediated mechanism. As a
consequence, a C. neoformans appl mutant is more easily in-
ternalized by AMs than the wild-type strain. This observation
was confirmed both in vitro and ex vivo. An applA strain
showed no difference in capsule size, melanin formation, or
growth at 30 or 37°C compared to the parent wild-type strain.
Furthermore, the app/A mutant strain was less virulent than
the wild-type strain in an A/Jcr mouse model, which is deficient
for complement C5 (66). This decrease in virulence of a strain
without App1l was also observed in models of both CBA/J and
C57BL/6J mice, which are immunocompetent (M. Del Poeta,
unpublished data). These results suggest that without App1, C.
neoformans is more easily ingested by macrophages in these
mouse models and is killed by activated professional phago-
cytic cells. However, C. neoformans causes infection mainly in
immunodeficient subjects, such as those with HIV, lacking T
and natural killer (NK) cells. A mouse model resembling this
condition is represented by Tge26 mice, which are deficient in
T and NK cells. In this model, a mutant lacking App1 was also
more readily ingested by lung AMs, but this mutation exacer-
bated the infection compared to the infection produced by a C.
neoformans wild-type strain. Since macrophages need to be
activated by an efficient and coordinated cellular response to
control the fungus, these results suggest that if the cellular
immune response is impaired, then the phagocytosis of C.
neoformans by macrophages may be detrimental for the host
because C. neoformans grows intracellularly at a higher rate
than it does extracellularly and also because it can disseminate
to organs and tissues within host macrophages.

On the other hand, the observation that Appl is found in the
sera of AIDS patients infected with cryptococcosis raises the
question of the purpose of this secretion and whether this
secretion is regulated by an active or passive mechanism. It is
possible that Appl1 is found extracellularly as a result of yeast
cell death or disruption and not because it is actively secreted.
If this is this case, its level in serum can be monitored and may
represent an important prognostic factor and indicator of yeast
cell death due to the administration of antifungal therapy. As
a consequence, an increased level of Appl in the serum might
predict recovery, since antibodies detected against the cytoso-
lic antigen during the course of cryptococcosis have been as-
sociated with an improved prognosis (78). If the production of
Appl occurs through an active mechanism and if Appl inhibits
phagocytosis, then why would C. neoformans produce Appl
when the cellular immune response is impaired? Perhaps in
the same AIDS patients the host immune responses were not
completely deficient and/or the expression of Appl was actu-
ally at its lowest and not a physiological level. It is also possible
that Appl is differentially expressed during different stages of



1072 MINIREVIEW

C. neoformans infection. The latter hypothesis may be sup-
ported by preliminary observations that anti-Appl antibodies
are produced during infection by C. neoformans in an immu-
nocompetent murine model, suggesting that the host responds
to Appl production, although the scope of this host response
has yet to be elucidated (67). If anti-App1 antibody production
mainly occurs during the early stage of infection, this may have
implications for prognosis and diagnosis.

A different and exciting scenario is also possible considering
that C. neoformans interacts not only with alveolar macro-
phages but also with other phagocytic cells, such as dendritic
cells. This interaction is not as well understood as the interac-
tion with macrophages. For instance, the C. neoformans cap-
sule interferes with the maturation and activation of human
dendritic cells (107). Dendritic cells are actively involved in the
host cellular response against C. neoformans (2, 3, 102), but
their role in phagocytosis and killing has only recently begun to
be explored (41, 103, 107). For C. albicans, the understanding
of the interaction with dendritic cells is more developed. Once
inside dendritic cells, the majority of C. albicans cells are even-
tually degraded, although single yeast cells can survive inside
the phagosome provided that they entered via complement
receptor 3 (CR3) (88, 89). This finding suggests that the fungus
may exploit CR3 on dendritic cells as a niche to avoid degra-
dation and allow intracellular persistence. Intriguingly, CR3
engagement by the fungus on host cells other than dendritic
cells results in the activation of an antiphagocytic response and
the destruction of the fungus (33, 45). These results suggest
that the signaling events following phagocytosis through CR3
among phagocytic cells are different. Whether these different
signaling mechanisms also occur for the interaction of C. neo-
formans with phagocytic cells is not known. However, it is
tempting to speculate that dendritic cells, not alveolar macro-
phages, are the phagocytic cells in which C. neoformans resides
during its dormant state. Since Appl acts through a comple-
ment receptor, its action may specifically target a subspecies of
phagocytic cells, such as those that would degrade the fungus
and not those that would allow the fungus to survive intracel-
lularly. In this case, Appl production during primary infection
would favor the persistence of cryptococcal cells within an
immunocompetent host in a specific host cell compartment.
Clearly, further investigations are warranted to determine the
physiological and pathobiological roles of Appl during infec-
tions of both immunocompetent and immunodeficient hosts by
C. neoformans.

SURVIVAL IN THE ENVIRONMENT AND SURVIVAL IN
THE HOST: IS THERE A CONNECTION?

As discussed above, C. neoformans is a facultative intracel-
lular pathogen that can use host cells to disseminate more
efficiently, evade the host immune response, and under certain
circumstances survive in a dormant state until reactivation
occurs upon sustained immunodeficiency (19, 35, 66). Interest-
ingly, it has been suggested that the intracellular replication
and dissemination of C. neoformans may have evolved from its
ability to survive and replicate inside amoebae (99, 100).
Amoebae feed on microorganisms similar to phagocytosis by
macrophages, and a fascinating hypothesis suggests that amoe-
bae could be the earliest form of macrophages and perhaps
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gave rise, by an unknown evolutionary pathway, to the modern
macrophage (50). Innate immunity in eukaryotes can be con-
sidered as arising from the need of a unicellular microorganism
such as an amoeba to discriminate between food and other
amoebae. Indeed, if an amoeba could not make this distinc-
tion, it would have led to its extinction. Therefore, the nature
of this discrimination represents the basis of the recognition
between self and nonself, which is one of the most basic func-
tions of the immune system. In this scenario, C. neoformans
may have acquired the ability to cause disease in humans
because of the defense mechanisms that it developed to evade
environmental predators such as amoebae (99). This hypoth-
esis has been suggested for other facultative intracellular
pathogens, such as Legionella pneumophila and Mycobacterium
avium, for which passage through amoebae increases their
virulence composite (9, 20, 21). The production of antiphago-
cytic factors, such as the polysaccharide capsule and Appl of
C. neoformans, could be the evolutionary result of this inter-
action. Thus, studies addressing the cross talk between envi-
ronmental fungi and protozoa may provide significant insights
into the molecular mechanisms by which fungi adapted and
became virulent to mammalian hosts (16, 98).

CONCLUSIONS

Pathogenic fungi represent an increasing cause of morbidity
and mortality worldwide. Chronic infection by C. neoformans
results from the production of virulence factors and from al-
tered host immune responses. By adapting to the host, this
microorganism appears to have mastered the intricacies of
cellular biology, physiology, immunology, and pathobiology.
Regarding the course of this host-pathogen adaptation, there is
much to be learned about the possibility of decreasing its
ability to grow and disseminate within the host. Thus, modu-
lation of the expression level of antiphagocytic factors may play
a key role in the outcome of the infection, and these factors
may represent targets for novel therapeutic strategies to con-
trol the development of cryptococcal disease. Results from
studies of this model organism can serve as a paradigm for
other facultative intracellular pathogens, providing the basis
not only for antimicrobial discovery but also for the develop-
ment of vaccination and immunotherapies to combat microor-
ganisms that affect mainly immunocompromised hosts.

ACKNOWLEDGMENTS

I thank John Perfect, Yusuf Hannun, and Edward Balish for com-
ments and discussions. I also thank three anonymous reviewers for
their constructive comments. I am particularly grateful to Chiara Lu-
berto for her continual support throughout the years. I give special
thanks to Jennifer Schnellmann for her editorial assistance.

This work was supported in part by the Burroughs Wellcome Fund,
by grants AI51924 and AI56168 from the National Institutes of Health,
and by RR17677 project no. 2 from the Centers of Biomedical Re-
search Excellence (COBRE) Program of the National Center for Re-
search Resources. I am a Burroughs Wellcome New Investigator in
Pathogenesis of Infectious Diseases.

REFERENCES

1. Aratani, Y., F. Kura, H. Watanabe, H. Akagawa, Y. Takano, K. Suzuki, N.
Maeda, and H. Koyama. 2000. Differential host susceptibility to pulmonary
infections with bacteria and fungi in mice deficient in myeloperoxidase.
J. Infect. Dis. 182:1276-1279.

2. Bauman, S. K., G. B. Huffnagle, and J. W. Murphy. 2003. Effects of tumor



VoL. 3, 2004

w

~

W

(=2

~

oo

o

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

necrosis factor alpha on dendritic cell accumulation in lymph nodes drain-
ing the immunization site and the impact on the anticryptococcal cell-
mediated immune response. Infect. Immun. 71:68-74.

. Bauman, S. K., K. L. Nichols, and J. W. Murphy. 2000. Dendritic cells in

the induction of protective and nonprotective anticryptococcal cell-medi-
ated immune responses. J. Immunol. 165:158-167.

. Bolaios, B., and T. G. Mitchell. 1989. Killing of Cryptococcus neoformans by

rat alveolar macrophages. J. Med. Vet. Mycol. 27:219-228.

. Bolaios, B., and T. G. Mitchell. 1989. Phagocytosis of Cryptococcus neo-

formans by rat alveolar macrophages. J. Med. Vet. Mycol. 27:203-217.

. Bose, L., A. J. Reese, J. J. Ory, G. Janbon, and T. L. Doering. 2003. A yeast

under cover: the capsule of Cryptococcus neoformans. Eukaryot. Cell 2:655—
663.

. Bozza, S., R. Gaziano, A. Spreca, A. Bacci, C. Montagnoli, P. di Francesco,

and L. Romani. 2002. Dendritic cells transport conidia and hyphae of
Aspergillus fumigatus from the airways to the draining lymph nodes and
initiate disparate Th responses to the fungus. J. Immunol. 168:1362-1371.

. Bozza, S., K. Perruccio, C. Montagnoli, R. Gaziano, S. Bellocchio, E.

Burchielli, G. Nkwanyuo, L. Pitzurra, A. Velardi, and L. Romani. 2003. A
dendritic cell vaccine against invasive aspergillosis in allogeneic hemato-
poietic transplantation. Blood 102:3807-3814.

. Brieland, J. K., J. C. Fantone, D. G. Remick, M. LeGendre, M. McClain,

and N. C. Engleberg. 1997. The role of Legionella pneumophila-infected
Hartmannella vermiformis as an infectious particle in a murine model of
Legionnaire’s disease. Infect. Immun. 65:5330-5333.

Brockert, P. J., S. A. Lachke, T. Srikantha, C. Pujol, R. Galask, and D. R.
Soll. 2003. Phenotypic switching and mating type switching of Candida
glabrata at sites of colonization. Infect. Immun. 71:7109-7118.

Bulmer, G. S., and M. D. Sans. 1967. Cryptococcus neoformans. 11. Phago-
cytosis by human leukocytes. J. Bacteriol. 94:1480-1483.

Callaway, D. S., R. M. Ribeiro, and M. A. Nowak. 1999. Virus phenotype
switching and disease progression in HIV-1 infection. Proc. R. Soc. Lond.
B Biol. Sci. 266:2523-2530.

Cameron, M. L., D. L. Granger, J. B. Weinberg, W. J. Kozumbo, and H. S.
Koren. 1990. Human alveolar and peritoneal macrophages mediate fun-
gistasis independently of L-arginine oxidation to nitrite or nitrate. Am. Rev.
Respir. Dis. 142:1313-1319.

Cangelosi, G. A., C. O. Palermo, and L. E. Bermudez. 2001. Phenotypic
consequences of red-white colony type variation in Mycobacterium avium.
Microbiology 147:527-533.

Casadevall, A, and J. R. Perfect. 1998. Cryptococcus neoformans. ASM
Press, Washington, D.C.

Casadevall, A, J. N. Steenbergen, and J. D. Nosanchuk. 2003. “Ready
made” virulence and “dual use” virulence factors in pathogenic environ-
mental fungi—the Cryptococcus neoformans paradigm. Curr. Opin. Micro-
biol. 6:332-337.

Chang, Y. C., and K. J. Kwon-Chung. 1994. Complementation of a capsule-
deficient mutation of Cryptococcus neoformans restores its virulence. Mol.
Cell. Biol. 14:4912-4919.

Cherniak, R., L. C. Morris, T. Belay, E. D. Spitzer, and A. Casadevall. 1995.
Variation in the structure of glucuronoxylomannan in isolates from patients
with recurrent cryptococcal meningitis. Infect. Immun. 63:1899-1905.
Chretien, F., O. Lortholary, I. Kansau, S. Neuville, F. Gray, and F. Dromer.
2002. Pathogenesis of cerebral Cryptococcus neoformans infection after
fungemia. J. Infect. Dis. 186:522-530.

Cirillo, J. D., S. L. Cirillo, L. Yan, L. E. Bermudez, S. Falkow, and L. S.
Tompkins. 1999. Intracellular growth in Acanthamoeba castellanii affects
monocyte entry mechanisms and enhances virulence of Legionella pneumo-
phila. Infect. Immun. 67:4427-4434.

Cirillo, J. D., S. Falkow, L. S. Tompkins, and L. E. Bermudez. 1997.
Interaction of Mycobacterium avium with environmental amoebae enhances
virulence. Infect. Immun. 65:3759-3767.

Csank, C., and K. Haynes. 2000. Candida glabrata displays pseudohyphal
growth. FEMS Microbiol. Lett. 189:115-120.

Cutler, J. E. 1991. Putative virulence factors of Candida albicans. Annu.
Rev. Microbiol. 45:187-218.

Dannemiller, S. D., J. R. Watson, and H. Rozmiarek. 1995. Fluconazole
therapy in a rhesus monkey (Macaca mulatta) with epidural Trichosporon
beigelii in a cephalic recording cylinder. Lab. Anim. Sci. 45:31-35.

De Baets, S., S. Du Laing, C. Francois, and E. J. Vandamme. 2002. Opti-
mization of exopolysaccharide production by Tremella mesenterica NRRL
Y-6158 through implementation of fed-batch fermentation. J. Ind. Micro-
biol. Biotechnol. 29:181-184.

Diamond, R. D., R. K. Root, and J. E. Bennett. 1972. Factors influencing
killing of Cryptococcus neoformans by human leukocytes in vitro. J. Infect.
Dis. 125:367-376.

Doering, T. L. 2000. How does Cryptococcus get its coat? Trends Microbiol.
8:547-553.

Dong, Z. M., and J. W. Murphy. 1997. Cryptococcal polysaccharides bind to
CD18 on human neutrophils. Infect. Immun. 65:557-563.

d’Ostiani, C. F., G. Del Sero, A. Bacci, C. Montagnoli, A. Spreca, A.
Mencacci, P. Ricciardi-Castagnoli, and L. Romani. 2000. Dendritic cells

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

MINIREVIEW 1073

discriminate between yeasts and hyphae of the fungus Candida albicans.
Implications for initiation of T helper cell immunity in vitro and in vivo. J.
Exp. Med. 191:1661-1674.

Edelman, M., M. C. Birkenhauer, J. J. Steinberg, D. W. Dickson, A. Cas-
adevall, and S. C. Lee. 1996. Microglial nodule encephalitis: limited CNS
infection despite disseminated systemic cryptococcosis. Clin. Neuropathol.
15:30-33.

Feldmesser, M., and A. Casadevall. 1997. Effect of serum IgG1 to Crypto-
coccus neoformans glucuronoxylomannan on murine pulmonary infection.
J. Immunol. 158:790-799.

Feldmesser, M., Y. Kress, P. Novikoff, and A. Casadevall. 2000. Cryptococ-
cus neoformans is a facultative intracellular pathogen in murine pulmonary
infection. Infect. Immun. 68:4225-4237.

Forsyth, C. B., and H. L. Mathews. 2002. Lymphocyte adhesion to Candida
albicans. Infect. Immun. 70:517-527.

Fries, B. C., D. L. Goldman, and A. Casadevall. 2002. Phenotypic switching
in Cryptococcus neoformans. Microb. Infect. 4:1345-1352.

Fries, B. C., C. P. Taborda, E. Serfass, and A. Casadevall. 2001. Phenotypic
switching of Cryptococcus neoformans occurs in vivo and influences the
outcome of infection. J. Clin. Investig. 108:1639-1648.

Garcia-Hermoso, D., F. Dromer, and G. Janbon. 2004. Cryptococcus neo-
formans capsule structure evolution in vitro and during murine infection.
Infect. Immun. 72:3359-3365.

Garcia-Hermoso, D., F. Dromer, S. Mathoulin-Pelissier, and G. Janbon.
2001. Are two Cryptococcus neoformans strains epidemiologically linked?
J. Clin. Microbiol. 39:1402-1406.

Garcia-Hermoso, D., G. Janbon, and F. Dromer. 1999. Epidemiological
evidence for dormant Cryptococcus neoformans infection. J. Clin. Microbiol.
37:3204-3209.

Garrison, R. G., and F. K. Mirikitani. 1983. Electron cytochemical dem-
onstration of the capsule of yeast-like Sporothrix schenckii. Sabouraudia
21:167-170.

Gates, M. A., P. Thorkildson, and T. R. Kozel. 2004. Molecular architecture
of the Cryptococcus neoformans capsule. Mol. Microbiol. 52:13-24.
Gjomarkaj, M., E. Pace, M. Melis, M. Spatafora, M. Profita, A. M. Vignola,
G. Bonsignore, and G. B. Toews. 1999. Phenotypic and functional charac-
terization of normal rat pleural macrophages in comparison with autolo-
gous peritoneal and alveolar macrophages. Am. J. Respir. Cell. Mol. Biol.
20:135-142.

Goldman, D. L., S. C. Lee, A. J. Mednick, L. Montella, and A. Casadevall.
2000. Persistent Cryptococcus neoformans pulmonary infection in the rat is
associated with intracellular parasitism, decreased inducible nitric oxide
synthase expression, and altered antibody responsiveness to cryptococcal
polysaccharide. Infect. Immun. 68:832-838.

Gow, N. A,, A. J. Brown, and F. C. Odds. 2002. Fungal morphogenesis and
host invasion. Curr. Opin. Microbiol. 5:366-371.

Granger, D. L., J. R. Perfect, and D. T. Durack. 1985. Virulence of Cryp-
tococcus neoformans. Regulation of capsule synthesis by carbon dioxide.
J. Clin. Investig. 76:508-516.

Han, Y., T. R. Kozel, M. X. Zhang, R. S. MacGill, M. C. Carroll, and J. E.
Cutler. 2001. Complement is essential for protection by an IgM and an
IgG3 monoclonal antibody against experimental, hematogenously dissem-
inated candidiasis. J. Immunol. 167:1550-1557.

Harding, S. A., W. M. Scheld, P. S. Feldman, and M. A. Sande. 1979.
Pulmonary infection with capsule-deficient Cryptococcus neoformans. Vir-
chows Arch. A Pathol. Anat. Histol. 382:113-118.

Harrison, T. S., and S. M. Levitz. 2002. Cryptococcus neoformans and
macrophages. Marcel Dekker, Inc., New York, N.Y.

Hill, J. O. 1992. CD4+ T cells cause multinucleated giant cells to form
around Cryptococcus neoformans and confine the yeast within the primary
site of infection in the respiratory tract. J. Exp. Med. 175:1685-1695.
Ibrahim, A. S., S. G. Filler, M. S. Alcouloumre, T. R. Kozel, J. E. Edwards,
Jr., and M. A. Ghannoum. 1995. Adherence to and damage of endothelial
cells by Cryptococcus neoformans in vitro: role of the capsule. Infect. Im-
mun. 63:4368-4374.

Janeway, C. A. J. 2001. Evolution of the immune system: past, present and
future, p. 597-611. In C. A. J. Janeway, P. Travers, M. Walport, and M.
Shlomchik (ed.), Inmunobiology. Garland Publishing, New York, N.Y.
Kamal, M. M., A. S. Luley, S. G. Mundhada, and S. K. Bobhate. 1995.
Rhinosporodiosis. Diagnosis by scrape cytology. Acta Cytol. 39:931-935.
Kimura, M., L. Kaufman, S. Maekura, K. Teramura, T. Satou, and S.
Hashimoto. 1997. Pulmonary cryptococcosis due to a capsule-deficient
strain confused with metastatic lung cancer. Mycopathologia 140:65-68.
Kobayashi, M., S. Kotani, M. Fujishita, H. Taguchi, T. Moriki, H. Enzan,
and L. Miyoshi. 1988. Immunohistochemical identification of Trichosporon
beigelii in histologic section by immunoperoxidase method. Am. J. Clin.
Pathol. 89:100-105.

Kozel, T. R., and J. Cazin, Jr. 1971. Nonencapsulated variant of Crypto-
coccus neoformans. 1. Virulence studies and characterization of soluble
polysaccharide. Infect. Immun. 3:286-294.

Kozel, T. R., B. Highison, and C. J. Stratton. 1984. Localization on encap-



1074

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

MINIREVIEW

sulated Cryptococcus neoformans of serum components opsonic for phago-
cytosis by macrophages and neutrophils. Infect. Immun. 43:574-579.
Kozel, T. R., G. S. Pfrommer, A. S. Guerlain, B. A. Highison, and G. J.
Highison. 1988. Role of the capsule in phagocytosis of Cryptococcus neo-
formans. Rev. Infect. Dis. 10(Suppl. 2):S436-S439.

Kozel, T. R., G. S. Pfrommer, A. S. Guerlain, B. A. Highison, and G. J.
Highison. 1988. Strain variation in phagocytosis of Cryptococcus neofor-
mans: dissociation of susceptibility to phagocytosis from activation and
binding of opsonic fragments of C3. Infect. Immun. 56:2794-2800.

Kozel, T. R., M. A. Wilson, G. S. Pfrommer, and A. M. Schlageter. 1989.
Activation and binding of opsonic fragments of C3 on encapsulated Cryp-
tococcus neoformans by using an alternative complement pathway reconsti-
tuted from six isolated proteins. Infect. Immun. 57:1922-1927.

Kurokawa, C. S., M. F. Sugizaki, and M. T. Peracoli. 1998. Virulence
factors in fungi of systemic mycoses. Rev. Inst. Med. Trop. Sao Paulo
40:125-135.

Laurenson, 1. F., J. D. Ross, and L. J. Milne. 1998. Microscopy and latex
antigen negative cryptococcal meningitis. J. Infect. 36:329-331.

Lee, M. Y., J. H. Chung, J. H. Shin, T. J. Hwang, K. S. Kim, J. H. Lee, J. H.
Nam, M. C. Lee, C. S. Park, S. W. Juhng, and C. Choi. 2001. Lympho-
nodular cryptococcosis diagnosed by fine needle aspiration cytology in
hyper-IgM syndrome. A case report. Acta Cytol. 45:241-244.

Levitz, S. M., and D. J. DiBenedetto. 1988. Differential stimulation of
murine resident peritoneal cells by selectively opsonized encapsulated and
acapsular Cryptococcus neoformans. Infect. Immun. 56:2544-2551.

Levitz, S. M., and D. J. DiBenedetto. 1989. Paradoxical role of capsule in
murine bronchoalveolar macrophage-mediated killing of Cryptococcus neo-
formans. J. Immunol. 142:659-665.

Levitz, S. M., and T. P. Farrell. 1990. Growth inhibition of Cryptococcus
neoformans by cultured human monocytes: role of the capsule, opsonins,
the culture surface, and cytokines. Infect. Immun. 58:1201-1209.

Lo, H. J., J. R. Kohler, B. DiDomenico, D. Loebenberg, A. Cacciapuoti, and
G. R. Fink. 1997. Nonfilamentous C. albicans mutants are avirulent. Cell
90:939-949.

Luberto, C., B. Martinez-Marino, D. Taraskiewicz, B. Bolanos, P. Chitano,
D. L. Toffaletti, G. M. Cox, J. R. Perfect, Y. A. Hannun, E. Balish, and M.
Del Poeta. 2003. Identification of Appl as a regulator of phagocytosis and
virulence of Cryptococcus neoformans. J. Clin. Investig. 112:1080-1094.
Luberto, C., B. Martinez-Marino, D. Taraskiewicz, B. Bolanos, P. Chitano,
D. L. Toffaletti, G. M. Cox, J. R. Perfect, Y. A. Hannun, E. Balish, and M.
Del Poeta. 2004. Abstracts of the 104th General Meeting of the American
Society for Microbiology, abstr. F71. American Society for Microbiology,
Washington, D.C.

Luberto, C., D. L. Toffaletti, E. A. Wills, S. C. Tucker, A. Casadevall, J. R.
Perfect, Y. A. Hannun, and M. Del Poeta. 2001. Roles for inositol-phos-
phoryl ceramide synthase 1 (/PC1) in pathogenesis of C. neoformans. Genes
Dev. 15:201-212.

Lurie, H. I, and W. J. Still. 1969. The “capsule” of Sporotrichum schenckii
and the evolution of the asteroid body. A light and electron microscopic
study. Sabouraudia 7:64-70.

Mansour, M. K,, and S. M. Levitz. 2002. Interactions of fungi with phago-
cytes. Curr. Opin. Microbiol. 5:359-365.

Martinez-Marino, B., M. Del Poeta, J. R. Perfect, and B. Bolanos. 1999.
Abstracts of the 99th General Meeting of the American Society for Micro-
biology, abstr. F33. American Society for Microbiology, Washington, D.C.
Melcher, G. P., K. D. Reed, M. G. Rinaldi, J. W. Lee, P. A. Pizzo, and T. J.
Walsh. 1991. Demonstration of a cell wall antigen cross-reacting with cryp-
tococcal polysaccharide in experimental disseminated trichosporonosis.
J. Clin. Microbiol. 29:192-196.

Miller, M. F., and T. G. Mitchell. 1991. Killing of Cryptococcus neoformans
strains by human neutrophils and monocytes. Infect. Immun. 59:24-28.
Mittag, H. 1995. Fine structural investigation of Malassezia furfur. II. The
envelope of the yeast cells. Mycoses 38:13-21.

Moser, S. A., L. Friedman, and A. R. Varraux. 1978. Atypical isolate of
Cryptococcus neoformans cultured from sputum of a patient with pulmonary
cancer and blastomycosis. J. Clin. Microbiol. 7:316-318.

Moyrand, F., B. Klaproth, U. Himmelreich, F. Dromer, and G. Janbon.
2002. Isolation and characterization of capsule structure mutant strains of
Cryptococcus neoformans. Mol. Microbiol. 45:837-849.

Netski, D., and T. R. Kozel. 2002. Fc-dependent and Fc-independent op-
sonization of Cryptococcus neoformans by anticapsular monoclonal antibod-
ies: importance of epitope specificity. Infect. Immun. 70:2812-2819.
Neuville, S., O. Lortholary, and F. Dromer. 2000. Do kinetics of the hu-
moral response to Cryptococcus neoformans proteins during murine cryp-
tococcosis reflect outcome? Infect. Immun. 68:3724-3726.

Noviyanti, R., and G. V. Brown. 2003. Phenotypic switching and var gene
transcription in Plasmodium falciparum. Adv. Exp. Med. Biol. 531:149-159.
Pappalardo, M. C., and M. S. Melhem. 2003. Cryptococcosis: a review of
the Brazilian experience for the disease. Rev. Inst. Med. Trop. Sao Paulo
45:299-305.

Perfect, J. R.,, M. M. Hobbs, D. L. Granger, and D. T. Durack. 1988.
Cerebrospinal fluid macrophage response to experimental cryptococcal

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

EUKARYOT. CELL

meningitis: relationship between in vivo and in vitro measurements of
cytotoxicity. Infect. Immun. 56:849-854.

Perfect, J. R., B. Wong, Y. C. Chang, K. J. Kwon-Chung, and P. R. Wil-
liamson. 1998. Cryptococcus neoformans: virulence and host defenses. Med.
Mycol. 36:79-86.

Reardon, C. C., S. J. Kim, R. P. Wagner, and H. Kornfeld. 1996. Interferon-
gamma reduces the capacity of human alveolar macrophages to inhibit
growth of Cryptococcus neoformans in vitro. Am. J. Respir. Cell. Mol. Biol.
15:711-715.

Reid, I. D., and S. Bartnicki-Garcia. 1976. Cell-wall composition and struc-
ture of yeast cells and conjugation tubes of Tremella mesenterica. J. Gen.
Microbiol. 96:35-50.

Rivera, J., M. Feldmesser, M. Cammer, and A. Casadevall. 1998. Organ-
dependent variation of capsule thickness in Cryptococcus neoformans dur-
ing experimental murine infection. Infect. Immun. 66:5027-5030.

Ro, J. Y., S. S. Lee, and A. G. Ayala. 1987. Advantage of Fontana-Masson
stain in capsule-deficient cryptococcal infection. Arch. Pathol. Lab. Med.
111:53-57.

Roeder, A., C. J. Kirschning, R. A. Rupec, M. Schaller, and H. C. Korting.
2004. Toll-like receptors and innate antifungal responses. Trends Micro-
biol. 12:44-49.

Romani, L., F. Bistoni, and P. Puccetti. 2003. Adaptation of Candida
albicans to the host environment: the role of morphogenesis in virulence
and survival in mammalian hosts. Curr. Opin. Microbiol. 6:338-343.
Romani, L., C. Montagnoli, S. Bozza, K. Perruccio, A. Spreca, P. Allavena,
S. Verbeek, R. A. Calderone, F. Bistoni, and P. Puccetti. 2004. The exploi-
tation of distinct recognition receptors in dendritic cells determines the full
range of host immune relationships with Candida albicans. Int. Immunol.
16:149-161.

Ryley, J. F., and N. G. Ryley. 1990. Candida albicans—do mycelia matter?
J. Med. Vet. Mycol. 28:225-239.

Salgado, D. C., J. M. Lebron de Jesis, and B. Bolanos. 1994. Abstracts of
the 94th General Meeting of the American Society for Microbiology, abstr.
F45. American Society for Microbiology, Washington, D.C.

Salkowski, C. A., and E. Balish. 1991. Susceptibility of congenitally immu-
nodeficient mice to a nonencapsulated strain of Cryptococcus neoformans.
Can. J. Microbiol. 37:834-839.

Sanglard, D., and F. C. Odds. 2002. Resistance of Candida species to
antifungal agents: molecular mechanisms and clinical consequences. Lancet
Infect. Dis. 2:73-85.

Shibuya, K., W. F. Coulson, and S. Naoe. 2002. Histopathology of deep-
seated fungal infections and detailed examination of granulomatous re-
sponse against cryptococci in patients with acquired immunodeficiency syn-
drome. Nippon Ishinkin Gakkai Zasshi 43:143-151.

Sobel, J. D., G. Muller, and H. R. Buckley. 1984. Critical role of germ tube
formation in the pathogenesis of candidal vaginitis. Infect. Immun. 44:576—
580.

Soll, D. R. 1988. High-frequency switching in Candida albicans and its
relations to vaginal candidiasis. Am. J. Obstet. Gynecol. 158:997-1001.
Srikantha, T., L. K. Tsai, and D. R. Soll. 1997. The WH11 gene of Candida
albicans is regulated in two distinct developmental programs through the
same transcription activation sequences. J. Bacteriol. 179:3837-3844.
Steenbergen, J. N., and A. Casadevall. 2003. The origin and maintenance of
virulence for the human pathogenic fungus Cryptococcus neoformans. Mi-
crob. Infect. 5:667-675.

Steenbergen, J. N., J. D. Nosanchuk, S. D. Malliaris, and A. Casadevall.
2003. Cryptococcus neoformans virulence is enhanced after growth in the
genetically malleable host Dictyostelium discoideum. Infect. Immun. 71:
4862-4872.

Steenbergen, J. N., H. A. Shuman, and A. Casadevall. 2001. Cryptococcus
neoformans interactions with amoebae suggest an explanation for its viru-
lence and intracellular pathogenic strategy in macrophages. Proc. Natl.
Acad. Sci. USA 98:15245-15250.

Sukroongreung, S., S. Lim, S. Tantimavanich, B. Eampokalap, D. Carter,
C. Nilakul, S. Kulkeratiyut, and S. Tansuphaswadikul. 2001. Phenotypic
switching and genetic diversity of Cryptococcus neoformans. J. Clin. Micro-
biol. 39:2060-2064.

Syme, R. M., J. C. Spurrell, E. K. Amankwah, F. H. Green, and C. H. Mody.
2002. Primary dendritic cells phagocytose Cryptococcus neoformans via
mannose receptors and Fcgamma receptor II for presentation to T lym-
phocytes. Infect. Immun. 70:5972-5981.

Taborda, C. P., and A. Casadevall. 2002. CR3 (CD11b/CD18) and CR4
(CD11¢/CD18) are involved in complement-independent antibody-medi-
ated phagocytosis of Cryptococcus neoformans. Immunity 16:791-802.
Turner, C. M. 1999. Antigenic variation in Trypanosoma brucei infections:
an holistic view. J. Cell Sci. 112:3187-3192.

Vargas, K., S. A. Messer, M. Pfaller, S. R. Lockhart, J. T. Stapleton,
J. Hellstein, and D. R. Soll. 2000. Elevated phenotypic switching and drug
resistance of Candida albicans from human immunodeficiency virus-posi-
tive individuals prior to first thrush episode. J. Clin. Microbiol. 38:3595-
3607.

Vecchiarelli, A., D. Pietrella, M. Dottorini, C. Monari, C. Retini, T. To-



VoL. 3, 2004

107.

108.

109.

110.

disco, and F. Bistoni. 1994. Encapsulation of Cryptococcus neoformans
regulates fungicidal activity and the antigen presentation process in human
alveolar macrophages. Clin. Exp. Immunol. 98:217-223.

Vecchiarelli, A., D. Pietrella, P. Lupo, F. Bistoni, D. C. McFadden, and A.
Casadevall. 2003. The polysaccharide capsule of Cryptococcus neoformans
interferes with human dendritic cell maturation and activation. J. Leukoc.
Biol. 74:370-378.

Weinberg, P. B., S. Becker, D. L. Granger, and H. S. Koren. 1987. Growth
inhibition of Cryptococcus neoformans by human alveolar macrophages.
Am. Rev. Respir. Dis. 136:1242-1247.

Wilson, J. W.,, M. J. Schurr, C. L. LeBlanc, R. Ramamurthy, K. L.
Buchanan, and C. A. Nickerson. 2002. Mechanisms of bacterial pathoge-
nicity. Postgrad. Med. J. 78:216-224.

Winner, F., I. Markova, P. Much, A. Lugmair, K. Siebert-Gulle, G. Vogl, R.
Rosengarten, and C. Citti. 2003. Phenotypic switching in Mycoplasma gal-

111.

112.

113.

114.

MINIREVIEW 1075

lisepticum hemadsorption is governed by a high-frequency, reversible point
mutation. Infect. Immun. 71:1265-1273.

Yurlova, N. A,, and G. S. de Hoog. 2002. Exopolysaccharides and capsules
in human pathogenic Exophiala species. Mycoses 45:443-448.

Zaragoza, O., B. C. Fries, and A. Casadevall. 2003. Induction of capsule
growth in Cryptococcus neoformans by mammalian serum and CO,. Infect.
Immun. 71:6155-6164.

Zaragoza, O., C. P. Taborda, and A. Casadevall. 2003. The efficacy of
complement-mediated phagocytosis of Cryptococcus neoformans is depen-
dent on the location of C3 in the polysaccharide capsule and involves both
direct and indirect C3-mediated interactions. Eur. J. Immunol. 33:1957-
1967.

Zhong, Z., and L. A. Pirofski. 1998. Antifungal activity of a human anti-
glucuronoxylomannan antibody. Clin. Diagn. Lab. Immunol. 5:58-64.



