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Abstract
Cryptococcus neoformans is a pathogenic yeast that commonly infects immunocompromised
individuals, yet has developed multiple adaptation mechanisms to the host. Several virulence
factors (capsule and melanin) have been known for many years. However, this yeast also
possesses a morphogenetic program that is still not well characterized. Cryptococcus neoformans
has the ability to dramatically enlarge its size during infection to form “titan cells” that can reach
up to 100 microns in cell body diameter, in contrast to typical size cells of 5-7 microns. These
titan cells pose a problem for the host because they contribute to fungal survival, dissemination to
the central nervous system, and possibly even latency. In this review, we will provide an overview
of these cells, covering current knowledge about their phenotypic features, mechanism of
formation, and their significance during infection.

Introduction
The interaction between microbial pathogens and their hosts is very complex, and the
outcome depends on both host and pathogen responses. In the case of fungal pathogens,
alterations in morphology are common. Dimorphic fungi, such as Histoplasma capsulatum
and Blastomyces dermititidis, have a yeast morphology in vivo even though they grow
filamentously in nature (1, 2). In contrast, Candida albicans produces yeasts, pseudohyphae
and hyphae in vivo and the ability to change morphology is critical for pathogenesis
(reviewed in (3)). These morphological changes play an important role in disease. They are
involved in immune avoidance, adherence, dissemination, and penetration of biological
barriers. Yet the role of morphogenesis in virulence is still poorly understood. For example,
Candida glabrata, a common cause of candidemia worldwide, does not produce hyphae
during infection even though hyphal formation is integral to C. albicans pathogenesis.

Perhaps most intriguing is the newly characterized morphological transition observed in
Cryptococcus neoformans – titan cell formation. Cryptococcus neoformans is a basidiomyce
yeast well known for its production of a polysaccharide capsule that surrounds the cell body
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(4-7). Cryptococcus neoformans does not form hyphae during infection. Some strains with
the ability to form pseudohyphae have been occasionally described and this transition has
been characterized at the molecular level (8, 9). But these pseudohyphal forms are rare
during infection, and are associated with reduced virulence (10, 11). Instead, C. neoformans
is typically found as a spherical budding yeast both in nature and during infection. In
contrast to the typical hyphal morphological transitions observed in other fungal pathogens,
C. neoformans possesses a complex “non-conventional” morphogenetic program that results
in the appearance of multiple cellular size morphologies (12, 13). It has long been known
that C. neoformans can modulate the size and structure of its capsule, which has profound
consequences during interactions with the host (reviewed in (6, 14)). But more striking, this
yeast also produces cells with dramatic differences in the cell body size, particularly during
the initial pulmonary infection (12). The present review will focus on a recently
characterized enlarged cell type produced by C. neoformans – titan cells (15, 16). These
cells have been referred to in the literature as both “titan” and “giant” cells. However this
review will use the titan cell nomenclature as the term “giant cell” can be confused with
mammalian giant cells that can also be present in the lungs. We will summarize the known
characteristics of titan cells, with special emphasis on their morphological features,
formation, and importance during interactions with the host.

Morphological features of titan cells
Titan cells are significantly different from typical cryptococcal cells grown in vitro. The
most striking feature of titan cells is their gigantic size. The titan cell body can reach up to
100 microns in diameter, significantly larger than the 5-7 micron diameter of typical cells
grown in vitro (Figure 1)(15). As an arbitrary size, titan cells are defined as those with a cell
body diameter greater than 15 microns. Titan cells can bud both in vivo and in vitro (15, 16).
Interestingly, titan cells bud to produce typical size daughter cells. This feature is of great
interest because, as will be discussed below, titan cells enhance dissemination in the host
through this production of typical size progeny.

The capsule, which is the main virulence factor of C. neoformans, shows structural
differences in titan cells. The capsule can change in density and structure depending on
environmental condition (7). While typical size cells have diffuse capsules (Figure 2A), the
titan cell capsule is significantly denser and more crosslinked (Figure 2, B-D) (16). This
feature affects the permeability of the capsule to different compounds, such as complement
proteins. Holes or dimples are also observed in the titan cell capsule (Figure 2B and D),
which suggest locations where buds may have emerged from the titan cell. Titan cells also
show an abnormally thick cell wall (16). While the cell wall in typical cells is around
150-200 nm thick (Figure 2E), in titan cells it can reach up to 2-3 microns (Figure 2F).

In addition to changes in surface characteristics, titan cells also have alterations in their
internal organelles. Cell size is often associated with increased DNA content and vacuole
formation (17, 18). Titan cells have extremely large vacuoles that appear to be involved in
extracellular vesicle production (15, 19). Whether the contents of this vacuole and the
vesicles it generates differ from typical cells remains unknown. Consistent with their large
size, titan cells are also polyploid (15, 16). While typical cryptococcal cells are haploid, the
titan cells are often tetraploid or octoploid with some of the larger titan cells containing 16,
32, 64, or more copies of the genome. Yet titan cells contain a single nucleus and their
progeny are haploid (15). These data suggest titan cells likely form by endoreduplication
(20), but C. neoformans may have a distinct cell cycle regulation that allows the titan cells to
produce haploid progeny.

Zaragoza and Nielsen Page 2

Curr Opin Microbiol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



These morphological changes indicate that titan cell production involves a massive and
coordinated alteration of multiple cellular structures, including cell body, internal organelles,
cell wall and capsule. These changes indicate that titan cell production is not a stochastic
event, but rather a distinct developmental transition that C. neoformans uses to adapt to its
environment.

Signals for titan cell production
The mechanism of titan cell formation remains unknown, but signaling pathways involved
in titan cell production have begun to be elucidated. Recent studies show that titan cell
production is regulated, in part, by the same core cyclic AMP (cAMP)/protein kinase A
(PKA) pathway that regulates many of the other cryptococcal virulence factors (16). Titan
cell production increases in mating type a cells upon signaling via the Ste3a pheromone
receptor (15). Okagaki et al. (21) went on to show that an additional g-protein coupled
receptor, Gpr5, also stimulates titan cell production. While Ste3a is postulated to interact
with alpha pheromone, the ligand for Gpr5 remains unknown. Based on the requirement for
Gpr5 to induce titan cell production in the lungs, the ligand is likely to be a compound
prevalent in the pulmonary environment (21). Cryptococcal cell enlargement has been
observed in response to the mammalian lung environment, macrophages, Galleria mellonella
(greater wax moth), or purified phosphatidylcholine (15, 16, 22, 23). These data suggest
titan cell formation might be a general response to phagocytic cells through sensing of
phospholipids in their membranes (23). Whether Gpr5, Ste3a, or another uncharacterized
pathway is involved in phospholipid sensing needs to be determined. Both Ste3a and Gpr5
interact either directly or indirectly with the Gpa1 g-protein. Gpa1 signals via the cAMP/
PKA pathway and both adenylate cyclase and PKA mutants have aberrant titan cell
production (16, 19). The transcription factor Rim101 acts downstream of the cAMP/PKA
pathway (24). Deletion of Rim101 abolishs in vivo titan cell production, suggesting Rim101
is a major transcription factor promoting titan cell formation (21).

How Rim101 promotes titan cell formation remains unclear. A few downstream effectors
required for titan cell production were identified in mutant screens, including the G1 cyclin
Pcl103 and several GTPases (21). Whether these genes are direct targets of Rim101 is
unknown. Detailed analyses of transcriptional and proteomic differences between typical
cells and titan cells are needed to understand the molecular modifications that give rise to
the size, capsule, cell wall, and ploidy changes present in titan cells.

Role in virulence and host-pathogen interactions
Cryptococcal cell enlargement occurs in response to both amoebae and wax moths (22, 23).
It is necessary to determine whether these enlarged cells have other characteristics of titan
cells (such as cross-linked capsule, thick cell wall, and increased ploidy). However, if these
are titan cells, then the data suggest that titan cell formation could be important to protect
against predation and promote survival in the environment. Analysis of the effect of titan
cell formation during a murine model of cryptococcosis shows that titan cells also promote
persistence in the host as well as promote disease through enhanced survival, dissemination,
and ultimately virulence of C. neoformans (25).

Initial studies showed that the proportion of titan cells is high during asymptomatic
pulmonary infections (16). Consistent with these findings, the otc1 (over-producer of titan
cells 1) mutant is not cleared from the lungs by the host immune response (25). Titan cells
are not phagocytosed, likely due to their large size (15, 16). Yet Okagaki et al (26) showed
the presence of titan cells also reduces phagocytosis of typical size cryptococcal cells. This
reduction in phagocytosis promotes survival of the entire cryptococcal population in the
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lungs. Taken together, these data suggest a role for titan cells in establishment and
persistence of the pulmonary infection. Cryptococcus neoformans is known to persist within
humans for years as a latent infection (27-29). Titan cells likely play a key role in preventing
clearance by the host and establishment of this latent infection.

Titan cells themselves are unable to disseminate to the brain due to their large size (15, 25).
However, titan cell production promotes dissemination of the typical size cryptococcal cells
from the lungs to other tissues (25). Titan cell production results in a 300-fold increase in
dissemination of C. neoformans to the central nervous system (CNS). Robust infection of G.
mellonella with titan cells isolated from mice confirmed that titan cells also promote disease
in non-mammalian hosts in a similar way as typical size cells (22). The G. mellonella
infection was associated with the production of typical size progeny, further supporting the
hypothesis that titan cells contribute to dissemination through production of typical size
daughter cells.

How titan cells, which are sequestered in the lungs, are able to alter dissemination of typical
size cells to other tissues remains a mystery. Intracellular cryptococcal cells have increased
dissemination to the CNS compared to extracellular cells (30), thus the observation that titan
cells decrease phagocytosis yet increase dissemination is paradoxical. Titan cell production
enhances the prevalence of eosinophils in the lungs (25). Eosinophils are classically
produced during Th2-mediated responses to parasitic infections and during pulmonary
allergic responses. Titan cell production might alter host recognition of the infection,
inducing an aberrant Th2 immune response that is unable to control the infection. An
alternate hypothesis is that the titan cell progeny are better able to survive within the host,
that the titan cells confer traits to their daughters that promote virulence. Titan cell progeny
have increased resistance to oxidative and nitrosative stresses similar to those utilized by
phagocytic cells (15, 16). Thus, the titan progeny may be able to survive within phagocytes,
resulting in enhanced intracellular dissemination. Ultimately, the increased survival and
dissemination of C. neoformans due to titan cell production promotes overall virulence in
the murine model (25).

Conclusions
Currently, abundant titan cell production has only been possible in vivo. While multiple
groups have been able to generate enlarged cells in vitro, these cells are often a very small
proportion of the population and/or do not have all the characteristics of titan cells (15, 22,
23). This limitation has inhibited our ability to study this unique cell type. In order to
perform analytical studies of the capsule, cell wall, metabolite production, and replication/
division of titan cells, a robust in vitro system that can generate abundant titan cells that
exhibit all the titan cell characteristics is needed.

Yet recent studies have clearly shown that titan cell production is a distinct morphological
transition in C. neoformans that promotes virulence of this important human fungal
pathogen. Although titan cells are best known for their production during mammalian
infections, similar cells have also been described during interactions with invertebrate hosts,
such as amoebae and insects. These observations suggest that titan cell formation could be
under selective pressure in the environment.

On the surface, titan cell formation may look radically different from the yeast/hyphal
switch observed in other human fungal pathogens. Whether this assumption is valid remains
to be determined. Similar to titan cell production, hyphal formation in C. albicans is
regulated, in part, by both the cAMP pathway and the transcription factor Rim101 (reviewed
in (31)). Transition from the filamentous to yeast phase in dimorphic fungal pathogens

Zaragoza and Nielsen Page 4

Curr Opin Microbiol. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



induces expression of yeast specific traits including alterations in the cell wall (reviewed in
(32)). Alterations in the titan cell surface are also observed that may affect host recognition.
It seems likely that titan cell production in C. neoformans is performing a similar function
during pathogenesis to morphological transitions in other pathogens. Understanding how
titan cells form and how they promote pathogenesis will identify why these cells play a key
role in cryptococcal virulence, how this role is similar/different from morphological
transitions in other pathogens, and how titan cell formation can be targeted in novel
treatment strategies to limit cryptococcal infections and subsequent disease. Because titan
cells appear to play a role in both latent infection and disseminated disease, treatment
strategies targeting titan cells could have a profound impact on disease prevention and
treatment in at-risk patient populations.
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Highlights

Cryptococcus has an unusual morphological transition in vivo to generate enlarged titan
cells

Titan cells are greater than 15 microns in diameter, have a thick cell wall, and highly
cross-linked capsule

Titan cells are produced in both mammalian and invertebrate infections

Titan cells are important for cryptococcal pathogenesis
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Figure 1. Cell enlargement in Cryptococcus neoformans
Bronchoalveolar lavage from an infected mouse. Typical size cells, indicated in blue, are
readily phagocytosed by host mononuclear cells (gray cells). Titan cells, indicated in red, are
unable to be phagocytosed by host cells. Bar = 5 μm. Image courtesy of Laura Okagaki.
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Figure 2. Morphological features of titan cells shown by electron microscopy
A-D) Scanning electron microscopy of typical cells grown in Sabouraud medium (A) or of
titan cells isolated from the lungs of infected mice (B-D). Scale bar in B applies to panels C
and D. E-F) Transmission electron microscopy of cells grown in vitro (E) or of titan cells
(F). CP, capsule; CW, cell wall; CY, cytoplasm. The pictures shown in this figure are
reproduced from reference (16).
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