












FIG. 5. Intracellular survival of C. neoformans var. neoformans spores is dependent on alveolar macrophage activation state. (A) C. neoformans var.
neoformans spores were cocultured with untreated alveolar macrophages, and intracellular germination was assessed 24 h postinfection. Numerous
budding yeast (white arrowheads) enveloped in capsule (black arrowheads) were observed inside alveolar macrophages. (B) Within 24 h, intracellular C.
neoformans var. neoformans spores germinated into yeast (white arrowheads). Confocal microscopy of calcofluor labeled yeast inside actin stained
alveolar macrophages showed yeast exiting intact alveolar macrophages (yellow arrow). (C) Three-dimensional reconstruction of a deconvolved confocal
image of calcofluor labeled yeast inside actin-stained alveolar macrophages. The three-dimensional image confirmed the intracellular localization of yeast
(white arrowheads) and exit of yeast from the alveolar macrophages (yellow arrowhead). The images are representative of three independent experi-
ments. (D) C. neoformans var. neoformans spores were cocultured with alveolar macrophages (AM) treated with LPS and IFN-� (Stim.) or left untreated
as a control. After 4 h of coculture the wells were washed to remove extracellular spores and yeast, and cultures were allowed to continue for 24 h.
Phagocytosis (time point [TP] 0 h) and inhibitory activity (TP 24 h) were assessed by CFU analysis. The results demonstrate that activation state affects
alveolar macrophage (AM) antifungal activity. (E) An identical experiment was performed with spores and yeast opsonized with anti-GXM IgG.
Activated macrophages inhibited the growth of spores, but not yeast. The bars represent means plus the standard errors.
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are two previous reports in which C. neoformans spores were
successfully isolated and tested for virulence (42, 45). In both
studies, spores were isolated from C. neoformans var. neofor-
mans parental strains (42, 45). Although these strains sporulate
abundantly, they have the limitation of being minimally viru-
lent. This was reflected in the findings of both studies: C.
neoformans var. neoformans spores were infectious in mice but
did not cause morbidity or mortality (42, 45). To extend the
findings of these studies, we modified a purification protocol
developed for the isolation of C. neoformans var. neoformans
spores (4) and isolated spores from the more virulent C. neo-
formans var. grubii strains. We found that spores from virulent
C. neoformans strains caused morbidity and mortality in mice
(from two independent genetic backgrounds) equivalent to
that of yeast. These observations demonstrated that C. neofor-
mans spores are infectious propagules. Based on these find-
ings, we propose that the infectious life cycle of C. neoformans
include both yeast and spores as infectious propagules.

Alveolar macrophages provide the first line of innate cellular
defense against inhaled pathogens in the lungs (26, 44). The
recognition of PAMPs by host PRRs enables alveolar macro-
phages to phagocytose and kill a wide variety of inhaled patho-
gens (26, 44). The PRR Dectin-1, which recognizes the fungal
PAMP �-(1,3)-glucan, contributes to innate immunity against
several pathogenic fungi, including Aspergillus fumigatus, Pneu-
mocystis carinii, Histoplasma capsulatum, and Candida albicans
(14, 19, 37, 40, 41). We found that Dectin-1 also plays an
important role in the recognition of C. neoformans spores by
alveolar macrophages. The leukocyte adhesion receptor CR3
(CD11b/CD18), a member of the CD18 subfamily of integrins,
is another host receptor that binds fungal PAMPs, including
�-glucans and mannose. Recognition of these carbohydrate
structures is mediated by a lectin-like binding domain in
CD11b (7). We found that blocking CD11b inhibited phago-
cytosis of C. neoformans spores by alveolar macrophages, a
finding consistent with previous studies in which Blastomyces
dermatitidis, Histoplasma capsulatum, and Candida albicans
were shown to exploit CD11b/CD18 as a means of gaining
entry into host cells (2, 18, 34). As a control, we also blocked
the CD11c component of leukocyte adhesion receptor CR4
(CD11c/CD18) and observed no inhibition of phagocytosis.
Thus, it is unlikely that the effect of blocking CD11b was due
to indirect interference with CD18, which is not known to bind
carbohydrates. Given that soluble �-mannan did not inhibit
phagocytosis, interactions between CD11b and �-(1,3)-glucan
may be important for phagocytosis. This also ruled out the
possibility that mannose receptor, another host pattern recog-
nition receptor, was involved in phagocytosis of C. neoformans
spores. The observation that none of our treatments com-
pletely inhibited phagocytosis suggests that additional recep-

tor-ligand interactions that remain to be discovered are in-
volved in the phagocytosis of C. neoformans spores.

Not surprisingly, the functional consequence of phagocytosis
on C. neoformans spores was largely dependent on the activa-
tion state of alveolar macrophages. However, it was surprising
that the antimicrobial activity against spores was mediated by
reactive oxygen-nitrogen species. C. neoformans yeast possess a
highly redundant antioxidant defense system that provides pro-
tection against innate immune mechanisms that utilize reactive
oxygen-nitrogen species (9, 21, 22). In our in vitro studies,
reactive oxygen-nitrogen species accounted for nearly all of the
antimicrobial activity of alveolar macrophages against C. neo-
formans spores. We observed equivalent spore germination
and subsequent intracellular replication of spore-derived yeast
over time in alveolar macrophages from iNOS�/� gp47phox�/�

mice, independent of activation state. Whether this is the case
in vivo is not clear. It is possible that in vivo, additional com-
ponents of the pulmonary innate immune response could mod-
ulate the response of alveolar macrophages to spores. For
example, binding of complement or the surfactant proteins
(SP-D and SP-A) to C. neoformans spores could have immu-
nomodulatory effects and affect the outcome of phagocytosis
(26, 43, 44). The observation that iNOS�/� gp47phox�/� mice
exhibited increased susceptibility to infection by C. neoformans
spores, but not yeast, provided compelling evidence that the
production of reactive oxygen-nitrogen species played a role in
innate immunity against spores and demonstrated an impor-
tant relationship between morphotype and pathogenesis.
Taken together, our results suggest that the survival of intra-
cellular C. neoformans spores is dependent on their ability to
germinate into yeast, which are facultative intracellular patho-
gens (16), before alveolar macrophages become activated.

Based on our in vitro results, intracellular parasitism might
explain how mice infected with C. neoformans spores or yeast
had dramatically different pulmonary fungal burdens but sim-
ilar median times to death. We observed that spores germi-
nated in alveolar macrophages, and the subsequent yeast rep-
licated intracellularly and escaped into the extracellular space
without damaging the host cells. This is consistent with previ-
ous studies that have shown that yeast are intracellular patho-
gens (16). Moreover, it has been shown that intracellular C.
neoformans yeast replicate faster than extracellular yeast (15),
suggesting that alveolar macrophages serve as a protected
niche and nutrient source for yeast. Because yeast replication
is based on a geometric progression, it is possible that even a
very small increase in the replication rate could potentially
offset very large differences in the initial population size.

The results of the present study suggest that C. neoformans
may provide an attractive model for studying host-fungal spore
interactions. The robust genetic and immunological tools avail-

FIG. 6. Alveolar macrophage (AM) inhibitory activity is mediated by reactive oxygen-nitrogen species. (A) C. neoformans var. neoformans
spores were cocultured with mouse alveolar macrophages from iNOS�/� gp47phox�/�double-knockout mice for 4 h. Phagocytosis (time point [TP]
0 h) and inhibitory activity (TP 24 h) were assessed by CFU analysis. Stimulated macrophages from knockout mice did not inhibit spore
germination. (B) Groups of four iNOS�/� gp47phox�/� or C57BL/6 mice were infected with 105 C. neoformans var. grubii spores via intranasal
inhalation. There was a statistically significant difference in the median time to death (P 	 0.004) of iNOS�/� gp47phox�/� mice infected mice
compared to or C57BL/6 wild-type mice. (C) In contrast, there was no significant difference in the median time to death of groups of four iNOS�/�

gp47phox�/� or C57BL/6 mice infected with C. neoformans var. grubii strain H99 yeast (105) via intranasal inhalation.
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able for the study of C. neoformans pathogenesis provide an
opportunity to gain insights into the molecular mechanisms
that control germination and parasitization of host immune
cells and to discover additional fungal PAMPs and host PRRs
involved in spore-host immune cell interactions. We anticipate
that this model will yield insights into the pathogenic implica-
tions of infections caused by spores and facilitate the develop-
ment of therapeutic interventions for the prevention and treat-
ment of fungal infections.
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