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Cryptococcus neoformans is a fungal pathogen that causes pulmonary infections, which may progress into life-threatening men-
ingitis. In commonly used mouse models of C. neoformans infections, fungal cells are not contained in the lungs, resulting in
dissemination to the brain. We have previously reported the generation of an engineered C. neoformans strain (C. neoformans
�gcs1) which can be contained in lung granulomas in the mouse model and have shown that granuloma formation is dependent
upon the enzyme sphingosine kinase 1 (SK1) and its product, sphingosine 1-phosphate (S1P). In this study, we have used four
mouse models, CBA/J and C57BL6/J (both immunocompetent), Tg�26 (an isogenic strain of strain CBA/J lacking T and NK
cells), and SK�/� (an isogenic strain of strain C57BL6/J lacking SK1), to investigate how the granulomatous response and SK1-
S1P pathway are interrelated during C. neoformans infections. S1P and monocyte chemotactic protein-1 (MCP-1) levels were
significantly elevated in the bronchoalveolar lavage fluid of all mice infected with C. neoformans �gcs1 but not in mice infected
with the C. neoformans wild type. SK1�/� mice did not show elevated levels of S1P or MCP-1. Primary neutrophils isolated from
SK1�/� mice showed impaired antifungal activity that could be restored by the addition of extracellular S1P. In addition, high
levels of tumor necrosis factor alpha were found in the mice infected with C. neoformans �gcs1 in comparison to the levels found
in mice infected with the C. neoformans wild type, and their levels were also dependent on the SK1-S1P pathway. Taken together,
these results suggest that the SK1-S1P pathway promotes host defense against C. neoformans infections by regulating cytokine
levels, promoting extracellular killing by phagocytes, and generating a granulomatous response.

Cryptococcosis is a serious fungal infection in immunocom-
promised hosts that results in deadly meningitis once fungi

disseminate to the central nervous system (CNS) (1–3). Crypto-
coccus neoformans is a common environmental fungus, and expo-
sure is thought to be extremely prevalent but rarely progresses to
disease in healthy individuals (4–6). Most human hosts are able to
combat and contain C. neoformans in the lungs to prevent spread
to the CNS. A successful immune response results in the killing
of C. neoformans and the formation of a granuloma in the lungs,
which is thought to prevent C. neoformans from accessing the
vasculature and causing infection of the CNS. Under conditions
of immune suppression, this response does not occur success-
fully and C. neoformans survives within macrophages, which are
thought to transport C. neoformans across the blood-brain barrier
and lead to life-threatening meningitis (3, 5). Although significant
work has been done to elucidate the role of the host defense during
early pulmonary infection, much work regarding the develop-
ment of a granuloma in response to C. neoformans remains to be
done (7, 8).

Despite the induction of proinflammatory cytokines in com-
monly used mouse models of C. neoformans infection, granuloma
formation does not occur and immunocompetent mice succumb
to infection with wild-type (WT) strain H99 of C. neoformans (2).
In an effort to recapitulate the progression of the human disease,
work has been done to study an attenuated mutant strain of C.
neoformans, C. neoformans �gcs1, that is unable to synthesize the
sphingolipid glucosylceramide. The absence of this lipid prevents
the fungi from replicating in the extracellular lung environment,
which is neutral or alkaline in pH. Instead, C. neoformans �gcs1
grows normally only under acidic conditions, such as those found

in the phagolysosome (9). This mutation causes C. neoformans
�gcs1 to become an obligate intracellular pathogen, whereas wild-
type C. neoformans is a facultative (intracellular) pathogen (10).
Interestingly, infection of wild-type mice with the C. neoformans
�gcs1 strain results in granuloma formation and containment of
the fungi in the lungs, whereas infection of immunocompromised
Tgε26 mice with this strain results in fungal dissemination and
death of the host (2, 9, 10). This phenomenon mimics the human
physiopathology of C. neoformans infection in immunocompe-
tent and immunocompromised subjects. Previous work has used
this model to study the development of granuloma in the mouse
model and found it to be dependent on the sphingosine 1-phos-
phate (S1P) pathway (2).

S1P is a bioactive sphingolipid that serves important functions
in many biological processes. S1P is produced by the phosphory-
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lation of sphingosine by one of two sphingosine kinases (SKs; SK1
and SK2) (11). S1P signals extracellularly through a family of G-
protein-coupled receptors (S1PRs) and also functions intracellu-
larly independently of S1PRs (12). S1P signaling has been shown
to play a role in angiogenesis, vascular permeability, brain and
cardiac development, and cancer growth and metastasis (13–15).
In addition to these functions, S1P has been implicated as a key
player in the immune response. Mast cells, platelets, and mono-
nuclear phagocytes are the main sources of S1P in the immune
system (16). Additionally, S1P serves important functions in both
the innate and adaptive immune responses. S1P receptors are im-
portant for thymus-derived lymphocyte (T-cell) egress and traf-
ficking and proinflammatory pathways (17, 18).

Evidence from the literature suggests that S1P plays an impor-
tant role in the immune response to microbial pathogens. Garg
and colleagues reported an increase in macrophage intracellular
killing of Mycobacterium tuberculosis and Mycobacterium smegma-
tis in response to S1P addition and elucidated a protective role for
S1P in lung fluids during Mycobacterium infections (19, 20). We
previously showed that S1P promotes the phagocytosis of C. neo-
formans cells by macrophages (21). Importantly, we also found
that SK1 and S1P are required for the formation of a granuloma in
mice infected with the C. neoformans �gcs1 strain (2, 21). Due to
the established role of SK1 in the S1P signaling pathway and the
role of S1P in immune signaling, in this study we sought to eluci-
date how S1P contributes to the granulomatous response and
containment of C. neoformans infection using the C. neoformans
�gcs1 mouse model of cryptococcosis.

MATERIALS AND METHODS
Mouse strains. Five- to 7-week-old mice were used for the experiments in
this study. Four different mouse strains were used: CBA/J and C57BL6/J
(The Harlan Laboratory and The Jackson Laboratory, respectively),
Tgε26 (an isogenic strain of strain CBA/J lacking T cells), and SK1�/� (an
isogenic strain of strain CBA/J lacking SK1). Tgε26 and SK1�/� mice were
generated previously, and colonies were maintained as described previ-
ously (10, 22–24). All mice were available to us through the Medical Uni-
versity of South Carolina Center of Biomedical Research Excellence
(MUSC COBRE) Animal Core Facility, directed by Toshihiko Kawamori,
who provided breeding pairs for this study. For all experiments, mutant
mice were age and sex matched with isogenic wild-type mice. All work was
approved by the MUSC Institutional Animal Care and Use Committee.

Cryptococcus strains. C. neoformans var. grubii serotype A strain H99
(wild type) (obtained from the Duke University Medical Center, Durham,
NC, USA) and a mutant C. neoformans strain lacking GCS1 (C. neofor-
mans �gcs1) derived from H99 (9) were used in this study. Both strains
were grown in yeast extract-peptone-dextrose (YPD) medium for 16 to 18
h at 30°C in a shaking cell culture incubator.

Infection of mice. Prior to inoculation, the mice were anesthetized
with an intraperitoneal injection of 60 �l of a xylazine-ketamine mixture
containing 95 mg of ketamine per kilogram of body weight and 5 mg of
xylazine per kilogram of body weight. Then, the C. neoformans strains
were pipetted into the nasal cavity of anesthetized mice using 20 �l of
phosphate-buffered saline (PBS; pH 7.0) containing 5 � 105 fungal cells.

Cell lines. The MHS alveolar macrophage cell line was obtained from
the American Type Culture Collection and maintained according to the
culture conditions prescribed by the ATCC. The medium used was RPMI
1640 supplemented with 2-mercaptoethanol to a final concentration of
0.05 mM and fetal bovine serum to a final concentration of 10%.

Isolation of primary cell lines. Murine primary alveolar macrophages
were isolated from the lungs of mice as described previously (2). Briefly,
cells collected from bronchoalveolar lavage (BAL) fluid were allowed to
adhere for 30 min before the cell dishes were washed three times and fresh

medium (RPMI 1640 supplemented with 0.1% penicillin-streptomycin)
was added. Cells were incubated for an additional 90 min prior to exper-
imentation. Murine primary neutrophils were obtained from CBA/J
SK1�/� and CBA/J SK1�/� mice using the Ficoll-Paque Premium (cata-
log no. 17-5442-02; GE Healthcare) method, which has been described
previously (24).

Infection of primary alveolar macrophages. C. neoformans cells were
coincubated with primary macrophages in their medium for 4 h at a ratio
of 1 macrophage to 10 C. neoformans cells in the absence of lipopolysac-
charide, gamma interferon, or antibody so that the C. neoformans cells
would remain extracellular.

Mass spectroscopy. Total lipids were extracted as described previ-
ously (25). In brief, lipid extraction was performed according to the meth-
ods of Bligh and Dyer (26). A quarter of the samples were aliquoted for
inorganic phosphate determination. The tubes were vacuum dried and
used for mass spectrometry analysis. S1P levels were measured by liquid
chromatography-mass spectrometry at the Medical University of South
Carolina.

Cytokine analysis. Cytokine levels were ascertained by enzyme-linked
immunosorbent assay (ELISA). Many cytokines (�16 or more) were
tested using a Cytometric Bead Array system kit from BD Biosciences. The
results for those cytokines that showed significant changes were then val-
idated using ELISA kits directed against those specific cytokines. For
monocyte chemoattractant protein-1 (MCP-1), a mouse MCP-1 ELISA
set from BD Biosciences was used. For soluble tumor necrosis factor alpha
receptor 1 (sTNA-�R1), a custom ELISA kit from BD Biosciences was
used.

Neutrophil killing assay. According to the methods of a previously
described experiment (24), freshly isolated murine neutrophils were in-
cubated with C. neoformans �gcs1 (20:1 ratio of murine neutrophils/C.
neoformans cells) in filtered PBS with 10% pooled mouse serum from the
respective mouse strain for 4 h at 37°C in a 5% CO2 atmosphere. At the
end of the incubation, the cultures were serially diluted, streaked onto
YPD agar, and incubated for 48 h at 30°C. The numbers of CFU were
counted to assess the killing of C. neoformans compared with that of con-
trol cultures of C. neoformans alone with no neutrophils (24). At 2 h after
infection, extracellular S1P at nanomolar concentrations dissolved in
methanol was added to the neutrophils. The results are reported as the
percentage of killed cells compared to the number of C. neoformans cells
not exposed to neutrophils or S1P.

Histology. Organs were harvested and fixed overnight in 37% form-
aldehyde, paraffin embedded, sectioned, and stained with hematoxylin
and eosin (H&E) or Movat. Visualization of host components was done
using light microscopy. The Histology Core Facility at the Medical Uni-
versity of South Carolina performed all staining and tissue processing.

Statistical analysis. All data are expressed as the mean 	 standard
deviation. No samples or animals were excluded from the analysis. For
animal studies, group sizes were chosen so that they were sufficient to
reach a statistical power of at least 80% (http://www.statisticalsolutions
.net/pss_calc.php). Mice were randomly assigned to treatment groups.
Statistical analysis was performed using unpaired t tests (for comparison
of two groups). Data were compared for statistically significant differ-
ences. Statistical tests were carried out using GraphPad Prism (La Jolla,
CA, USA) software for the Macintosh (v.400). The replicates used were
biological replicates. Results were considered significant at P values of
�0.05.

RESULTS
S1P levels in BAL fluid. Since SK1 and S1P are regulators of host
immunity (27–31) and antimicrobial activity (2, 20), we won-
dered whether the SK1-S1P pathway is stimulated by C. neofor-
mans infection and if there is a difference in the stimulation of this
pathway between wild-type (WT) C. neoformans strain H99
(which causes 100% mortality in mouse models) and C. neofor-
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mans �gcs1 (which can be contained in the lungs of mice without
causing mortality) (9).

To determine if the SK1-S1P pathway is stimulated by C. neo-
formans, we used mass spectrometry to measure the levels of S1P
in the bronchoalveolar lavage (BAL) fluid of mice 4 days after
intranasal infection with C. neoformans. Four different mouse
models with the following four mouse strains were used to exam-
ine whether S1P generation is affected by immunodeficiency or
SK1 activity: CBA/J and C57BL6/J (both immunocompetent),
Tgε26 (an isogenic strain of strain CBA/J lacking T and NK cells),
and SK1�/� (an isogenic strain of strain C57BL6/J lacking SK1).
The levels of extracellular S1P were significantly increased after
infection with C. neoformans �gcs1 in all mice except SK1�/�

mice, indicating that SK1 is the enzyme responsible for S1P pro-
duction in the lungs upon infection (Fig. 1A to C). The significant
difference in S1P levels was observed at the earliest time point of 4
days after infection (Fig. 1A) and continued throughout the ex-
periment (Fig. 1B and C). Since macrophages cannot be activated
through a gamma interferon-mediated mechanism in Tgε26
mice, the high level of extracellular S1P in Tgε26 mice suggests
that macrophage activation is not required for S1P accumulation.
Interestingly, the C. neoformans �gcs1 strain stimulated S1P accu-
mulation significantly more than the WT strain (e.g., 20.5 	 2.5
pmol/ml of BAL fluid versus 5.8 	 0.6 pmol/ml of BAL fluid in
CBA/J mice at day 4 after infection), suggesting improved immu-
nity against the mutant strain.

The mice infected with the wild-type strain do not survive the
infection after 21 days (2), and this number is even lower for the
Tgε26 mice, which have an average survival of 17.2 days (10).
Thus, the measurements could not be continued for all models
after this length of time. However, the measurements were con-
tinued in CBA/J and C57BL6/J mice until 60 days postinfection.
The measurements showed that the S1P levels in mice infected

with the C. neoformans �gcs1 strain remained high up to 60 days
after infection (34.2 	 5.1 pmol/ml of BAL fluid in CBA/J mice
and 39.6 	 4.3 pmol/ml of BAL fluid in C57BL6/J mice). These
values were significantly higher than the S1P values in uninfected
mice at the same time (4.2 	 0.7 pmol/ml of BAL fluid in CBA/J
mice and 4.2 	 0.6 pmol/ml of BAL fluid in C57BL6/J mice). It
should be noted that reconstitution of strain C. neoformans �gcs1
(the C. neoformans �gcs1 GCS1 strain) restored the phenotypes
observed for the wild-type strain and established virulence in all
four mouse models. Thus, this strain was not included in these
studies to reduce the number of animals required for the study.

Macrophages are known sources of S1P generation (16). Thus,
one possible explanation for the differences in S1P levels observed
in mice infected with various C. neoformans strains could be that
the C. neoformans �gcs1 strain was able to induce S1P generation
by macrophages more efficiently. To test this hypothesis, an MHS
macrophage cell line was infected with C. neoformans strains and
examined for S1P generation (Fig. 1D). Macrophages showed a
significant increase in S1P levels upon infection with C. neofor-
mans �gcs1 (26.5 	 2.3 pmol/ml of medium versus 7.7 	 1.1
pmol/ml of medium in noninfected cells), which was in agree-
ment with the measurements in the BAL fluid. A slight accumu-
lation of S1P was observed after infection of macrophages with the
C. neoformans WT (12.3 	 1.0 pmol/ml of medium), while the
level of S1P detected from the fungal cells in the absence of mam-
malian cells was significantly lower (0.4 	 0.2 pmol/ml of me-
dium).

MCP-1 levels in BAL fluid. The studies of S1P were followed
by a screening of the level of cytokines in the BAL fluid following
infection with the C. neoformans WT and �gcs1 strains in the same
mouse models. The cytokine that was most stimulated after infec-
tion was monocyte chemotactic protein-1 (MCP-1) (Fig. 2A), a
chemokine that is responsible for the recruitment of monocytes

FIG 1 Measurement of S1P levels after infection of mice or an alveolar macrophage cell line with C. neoformans (Cn). (A to C) S1P levels in the BAL fluid of
CBA/J, Tgε26, C57BL6/J, and SK1�/� mice uninfected or infected with the C. neoformans H99 WT or C. neoformans �gcs1 strain. Data were collected from three
mice per time point at 4 (A), 8 (B), and 16 (C) days postinfection. (D) S1P levels in the medium of the MHS macrophage cell line 2 h after infection with C.
neoformans (MHS/C. neoformans ratio 
 1:10). *, values significantly (P � 0.01) greater than those for both uninfected mice and mice infected with the C.
neoformans H99 WT strain.
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and is a critical factor in the Th1-type immune response against
pulmonary cryptococcosis (32–35). Similar to the results of the
S1P measurement experiments, the levels of MCP-1 were signifi-
cantly higher in the BAL fluid of animals infected with the C.
neoformans �gcs1 strain until 16 days postinfection (Fig. 2B and
C). MCP-1 stimulation was totally abrogated in the SK1�/� mice
but preserved in the Tgε26 mice, indicating that the SK1-S1P
pathway and not the T (or NK) cells were responsible for the
accumulation of MCP-1. Analogously to S1P, MCP-1 levels re-
mained high until 60 days postinfection with C. neoformans �gcs1
in CBA/J and C57BL6/J mice (27.9 	 4.1 pg/ml of BAL fluid in
CBA/J mice versus 2.1 	 0.7 pg/ml of BAL fluid in uninfected
mice; 29.7 	 5.4 pg/ml of BAL fluid in C57BL6/J mice versus 1.7 	
0.8 pg/ml of BAL fluid in uninfected mice).

To understand whether the bronchoalveolar macrophages
were involved in the process of in vivo MCP-1 generation follow-
ing the infection, these cells were separated from the C57BL/6J
mice (isogenic for SK1�/� mice) and SK1-knockout mice, and the
levels of MCP-1 in the medium were measured 2 h after infection
with the C. neoformans WT and �gcs1 strains (Fig. 2D). A signif-
icant increase in the levels of MCP-1 in the medium was observed
in the macrophages extracted from the C57BL/6J mice 2 h after
infection with the C. neoformans �gcs1 strain (310.3 	 54.5 pg/ml
of medium versus 10.3 	 1.6 pg/ml of medium for the uninfected
macrophages). A slight but significant increase in the MCP-1 level
was also observed after infection with the WT strain. However, no
changes in the MCP-1 levels of macrophages from SK1�/� mice
were observed after infection with either strain. This finding was
in agreement with the observations from the mouse experiments
(Fig. 2A), further confirming the importance of the SK1-S1P path-
way for MCP-1 production.

The effect of extracellular S1P on antifungal activity. Al-
though the addition of extracellular S1P increases the phagocytic
index of macrophages in response to C. neoformans infection, the

intracellular fungicidal activity of alveolar macrophages remains
unchanged following S1P addition (21). Since C. neoformans
�gcs1 infection stimulates the SK1-S1P pathway, the effects of S1P
on the extracellular fungicidal activity of primary neutrophils iso-
lated from C57BL/6J and SK1�/� mice were examined. For these
experiments, primary neutrophils were obtained from the SK1�/�

and C57BL/6J (SK1�/�) mice, and their extracellular killing activ-
ity was monitored. Neutrophils isolated from the SK1�/� mice
showed an almost 3-fold decrease in killing activity compared to
that of neutrophils isolated from C57BL/6J (SK1�/�) mice (Fig.
3). Interestingly, addition of nanomolar concentrations of extra-
cellular S1P restored the ability of primary neutrophils from
SK1�/� mice to kill C. neoformans �gcs1. This increase in killing
ability was dose dependent and increased with increasing concen-
trations of S1P, indicating that extracellular S1P regulates the kill-
ing activity of neutrophils. It should be noted that S1P by itself did

FIG 2 Measurement of MCP-1 levels after infection of mice or primary alveolar macrophages with C. neoformans. (A to C) MCP-1 levels in the BAL fluid of
CBA/J, Tgε26, C57BL6/J, and SK1�/� mice uninfected or infected with the C. neoformans H99 or C. neoformans �gcs1 strain. Data were collected from three mice
per time point at 4 (A), 8 (B), and 16 (C) days postinfection. (D) MCP-1 levels in the medium of primary alveolar macrophages isolated from SK1�/� or SK1�/�

mice 2 h after infection with C. neoformans (MHS/C. neoformans ratio 
 1:10). *, P � 0.01 versus the results for uninfected mice or mice infected with the C.
neoformans H99 WT strain.

FIG 3 Killing activity of primary neutrophils isolated from SK1�/� or SK1�/�

mice untreated or treated with S1P. *, P � 0.01 versus the results for SK1�/�

mice not treated with S1P.
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not show fungicidal activity on C. neoformans even at micromolar
levels.

Granulomatous response to C. neoformans infection. Our
previous survival studies in mouse models of cryptococcosis
showed that mice succumb to intranasal infections with the C.
neoformans WT but are able to survive infections with C. neofor-
mans �gcs1 (9). The observations regarding the stimulation of the
SK1-S1P pathway can partly explain the differences in mouse sur-
vival following infection with each strain. However, analysis of
cytokines in the BAL fluid of mice infected with these strains re-
vealed another interesting difference: the level of soluble tumor
necrosis factor alpha (TNF-�) receptor 1 (sTNF-�R1), which se-
questers free TNF-�, was significantly higher in mice infected with
C. neoformans WT than in uninfected mice and mice infected with
C. neoformans �gcs1 (Fig. 4A). This was observed in all mouse
models regardless of T or NK cell levels and SK1 deficiency. The
reduced amount of sTNF-�R1 in mice infected with C. neofor-
mans �gcs1 suggested an increased level of free TNF-� in these
mice; thus, the levels of this cytokine were also measured. These
measurements confirmed the increased levels of free TNF-� in C.
neoformans �gcs1-infected mice (Fig. 4B). Interestingly, a correla-
tion between increased levels of sTNF-�R1 and decreased levels of
TNF-� after infection was observed for all mouse models except
the model with SK1�/� mice (Fig. 4B). The same trends were

observed in all mouse models until 12 days postinfection (data not
shown). Given that SK1�/� mice are unable to form granulomas,
this suggests that TNF-�, the levels of which are at least partially
regulated by sTNF-�R1 and the SK1-S1P pathway, can account
for granuloma formation.

In previous studies, we showed that a granuloma is observed in
the lungs of C57BL/6J mice infected intranasally with C. neofor-
mans �gcs1, which was controlled by the SK1-S1P pathway (2).
This granulomatous response was also observed in CBA/J mice
infected with the same strain (Fig. 5A and B) but was absent from
SK1�/� mice (not shown). The granuloma was marked by a cen-
tral necrotic area, in which fungal cells were contained (Fig. 5A).
This area was surrounded by a ring of giant multinuclear macro-
phages and a ring of fibrotic tissue infiltrated with lymphocytes
and neutrophils (Fig. 5B). The structure of the granuloma that
developed in C. neoformans �gcs1-infected mice was very similar
to that of the granuloma that developed in the lung of an immu-
nocompetent human subject with cryptococcosis (Fig. 5C), both
of which were characterized by a ring of fibrotic tissue with multi-
nucleated macrophages.

DISCUSSION

In the mouse model of cryptococcosis, the ability of animals to
survive infection depends on the generation of a granulomatous

FIG 4 Measurement of sTNF-�R1 (A) and TNF-� (B) levels in the BAL fluid of CBA/J, Tgε26, C57BL6/J, and SK1�/� mice uninfected or infected with the C.
neoformans H99 or C. neoformans �gcs1 strain. Data were collected from 3 mice at 4 days after infection. *, P � 0.001 versus the results for uninfected mice or C.
neoformans �gcs1-infected mice (A); W, P � 0.001 versus the results for uninfected mice or C. neoformans WT strain-infected mice (B).

FIG 5 (A) Movat staining of a mouse (CBA/J) lung cryptococcal granuloma infected with C. neoformans �gcs1. White arrowheads, the ring of multinucleated
macrophages containing the C. neoformans cells (blue) in a necrotic center; green arrow, normal lung tissue; black arrowheads, ring of fibrotic tissue with a
lymphocyte and neutrophil component. (B) H&E staining of the granuloma in panel A showing the macrophage ring (white arrowheads) and neutrophils and
lymphocytes (black arrowheads). Histology sections were prepared at the end of the experiment (60 days postinfection). (C) H&E staining of a human lung
cryptococcal granuloma showing a similar ring of multinucleated macrophages. (From the New England Journal of Medicine, R. M. Fairhurst and D. A. Pegues,
Pulmonary cryptococcal granulomas, vol. 347, p. 497, Copyright 2002 Massachusetts Medical Society. Reprinted with permission from Massachusetts Medical
Society.) Bars 
 200 �m (A and C) and 50 �m (B).
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response, which can contain the yeast cells in the lungs and avoid
infection of the central nervous system. Our previous studies, us-
ing an obligate intracellular Cryptococcus strain (C. neoformans
�gcs1), revealed that granuloma formation in the mouse model is
dependent on the SK1-S1P pathway and mice deficient in SK1 are
unable to form a granuloma against the infection (2). The results
of the current study show that mouse infection with C. neoformans
�gcs1 stimulates the accumulation of S1P, which is accompanied
by increased levels of MCP-1 and TNF-�. Interestingly, these phe-
nomena were observed only when mice or macrophages were in-
fected with the �gcs1 strain, and infection with the wild type sig-
nificantly reduced or totally abrogated the response. The
increased levels of MCP-1 and TNF-� in response to the C. neo-
formans �gcs1 infection were dependent on the SK1-S1P pathway,
and cytokine levels were significantly reduced in the SK1�/� mice.

A number of studies have focused on the role of cytokines and
chemokines following intranasal infections with C. neoformans
(33, 36, 37). However, despite the recent evidence that S1P affects
phagocytosis and granuloma formation in mouse models of cryp-
tococcosis (2, 21), the mechanisms by which this bioactive lipid
affects the mouse immune response following infection remain
poorly understood. Our studies reveal that S1P levels were in-
creased after infection with C. neoformans �gcs1 by more than
8-fold (Fig. 1). Interestingly, infection with the C. neoformans WT
led to a less than 2-fold increase in S1P levels, suggesting that
differences in S1P levels play an important role in the immune
response of mice against these infections (all mice except for
Tgε26 and SK1�/� mice survived the C. neoformans �gcs1 infec-
tion, whereas all mice succumbed to the C. neoformans H99 infec-
tion). The increase in S1P levels was dependent on SK1 but not on
mouse immunocompetence, as SK1�/� mice showed no change
in S1P levels following infection. An increase in S1P levels in all
other mice was observed as soon as 4 days after infection (Fig. 1),
which was the earliest time point of evaluation in this study, and
continued for the entire 60-day period of the mouse survival
study. Since S1P is known to contribute to immune cell migration
(29, 38, 39) and phagocytosis (21), these results indicate a sustain-
able immune response against C. neoformans �gcs1 infection
throughout the infection.

Macrophages, platelets, and mast cells are known intracellular
sources of S1P (16). Of these, macrophages are the major effector
cells in the alveoli and the first line of defense against pulmonary
cryptococcosis. Stimulation of a macrophage cell line by C. neo-
formans cells resulted in a marked increase in S1P production (Fig.
1D), suggesting that macrophages are responsible for the spike in
S1P levels in the BAL fluid following infection and are able to
release S1P extracellularly. Extracellular S1P acts through S1P re-
ceptors 1 to 5, which display selective cellular expression (40). S1P
receptors 1, 3, and 5 are involved in B- and T-cell migration and
monocyte recruitment (27, 41, 42), while S1P receptor 4 plays a
role in neutrophil trafficking (17). In addition, we have previously
shown that S1P receptor 2 regulates the expression of the phago-
cytic Fc� receptors, thereby playing an important role in the
phagocytosis of C. neoformans (21). Thus, the extracellular release
of S1P can significantly boost the immune response against C.
neoformans infection by initiating the migration of immune cells
or boosting the phagocytic activity of resident macrophages.

Examination of cytokine levels in the BAL fluid of mice re-
vealed that MCP-1 was the cytokine that was the most stimulated
by C. neoformans �gcs1 infection (Fig. 2A). MCP-1 plays an im-

portant role in cell-mediated immunity against cryptococcosis
(33). It has been reported that the neutralization of MCP-1 using
an anti-MCP-1 antibody significantly reduces the recruitment of
macrophages and CD4� T cells, leading to inhibition of crypto-
coccal clearance (33). The increase in MCP-1 levels was not de-
pendent on the immune cells but was controlled by SK1 and was
totally abrogated in SK1-deficient mice, indicating the impor-
tance of the SK1-S1P pathway in the production of this cytokine.
Huffnagle et al. (33) have reported an increase in MCP-1 levels
following infection with C. neoformans strain 52D. This increase
was time dependent and peaked at 4 weeks postinfection. In the
current study, a similar time-dependent increase in MCP-1 levels
was observed following infection with C. neoformans �gcs1.
MCP-1 levels in the BAL fluid increased at 4 days after infection
and plateaued at 30 days postinfection. However, in contrast to
the study of Huffnagle and colleagues (33), a very modest increase
in MCP-1 levels was observed following infection with the wild-
type strain. This difference might have been caused by two factors.
(i) The increase in MCP-1 levels in both studies was time depen-
dent; thus, it is possible that the mice infected with the wild-type
strain did not survive long enough to demonstrate a spike in
MCP-1 (the mice died in an average of 21 days, with the latest
measurement being performed at 16 days postinfection). (ii) The
strain used in the study of Huffnagle et al. (33), strain 52D, is less
virulent than the strain used in the current study, strain H99 (43).
It is possible that a stronger immune response is elicited against
less virulent cryptococcal strains, and this notion is consistent
with our observations that MCP-1 levels were significantly in-
creased in response to the attenuated C. neoformans �gcs1 strain
but not in response to the wild type. Additional information is
needed to characterize the cell types recruited to the site of infec-
tion following infection with the wild-type and attenuated strains,
which can be the focus of future studies.

To understand whether the increase in MCP-1 levels in vivo
was caused by resident alveolar macrophages, primary alveolar
macrophages were isolated from C57BL6/J and SK1�/� mice
(SK1�/� is an isogenic strain of C57BL6/J mice) and infected with
C. neoformans. An increase in MCP-1 levels was observed only in
mice that were not SK1 deficient (Fig. 2D). These observations
suggest that MCP-1 production in macrophages is also controlled
by the SK1-S1P pathway. This finding is in agreement with previ-
ous reports showing that incubation of human mammary endo-
thelial cells and a neuroblastoma cell line with extracellular S1P
increases MCP-1 expression in a time- and concentration-depen-
dent manner (44, 45).

Mouse survival following intranasal C. neoformans infections
depends on the ability of the animals to form a granuloma in the
lungs and prevent the pathogen from invading the brain. Our
cytokine analysis revealed a significant difference in the levels of
sTNF-�R1 (Fig. 4A). sTNF-�R1 is ubiquitous, is expressed on
almost all cell types, and sequesters free TNF-� (46, 47). Indeed,
the increased levels of sTNF-�R1 were accompanied by a reduc-
tion in the amount of TNF-� in the BAL fluid (Fig. 4B). TNF-� is
a key stimulator of the granulomatous response, and TNF-�-de-
ficient mice have been shown to be unable to form tight granulo-
mas in response to bacterial infections (48). In agreement with this
observation, it has been reported that patients infected with M.
tuberculosis who show a poor response to antimycobacterial treat-
ment have higher levels of sTNF-�R1 in their serum than patients
who respond well to the treatment (49). TNF-� also plays an im-
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portant role in response to cryptococcosis, and elevated levels of
TNF-� have been observed in SJL/J mice that are resistant to cryp-
tococcal infections (50).

The increased levels of TNF-� might also provide a mechanism
for the observed increase in MCP-1 generation and the subse-
quent strong immune response against C. neoformans �gcs1 infec-
tion. TNF-� has been shown to induce S1P generation in murine
and human cell lines (51). S1P generation has been shown to ac-
tivate the nuclear factor kappa–light-chain enhancer of activated
B cells (NF-B) protein complex (52), which is believed to regu-
late MCP-1 gene expression (45). S1P is also able to increase
MCP-1 expression (44, 45) and regulates TNF-�-induced MCP-1
expression (45). Thus, a TNF-�–S1P–NF-B network might be in
play in regulating MCP-1 generation.

Based on our observations in the current and previous studies,
we propose the following model for the role of the SK1-S1P path-
way in regulating the immune response against infection with the
wild-type and C. neoformans �gcs1 strains (Fig. 6). Upon infection
with C. neoformans �gcs1, resident macrophages are stimulated
(either directly or through the action of TNF-�, the levels of which
are regulated by sTNF-�R1) to convert sphingosine to S1P
through the action of SK1. S1P production increases the phago-
cytosis of macrophages (21) and the extracellular killing of neu-
trophils (Fig. 3) and stimulates the generation of MCP-1. MCP-1
recruits macrophages/monocytes and CD4� T cells to the site of
the infection, resulting in a strong immune response against C.
neoformans �gcs1 (Fig. 6A). Upon infection with the wild type,
sTNF-� R1 levels increase and reduce the levels of free TNF-�.
This leads to lower levels of S1P generation and a weaker response
by phagocytes in response to infection. MCP-1 levels are also re-
duced in this case, resulting in the recruitment of fewer immune
cells or the delayed recruitment of immune cells to the site of the
infection. This leads to the increased proliferation of fungal cells in
the lungs, which, coupled with a lack of granuloma formation, can
result in dissemination in the bloodstream and, eventually, to
death of the host.

The findings of the current study suggest that differences in the
levels of S1P, MCP-1, and TNF-� are some of the factors contrib-
uting to the formation of lung granuloma around C. neoformans
�gcs1 but not the C. neoformans WT. The granuloma observed in
mice following C. neoformans �gcs1 infection is regulated by the

SK1-S1P pathway and shows striking similarity to a human lung
granuloma, characterized by multinucleated giant cells, fibrous
tissue, and lymphocyte and neutrophil penetration, observed in
an immunocompetent subject (53, 54). Thus, the C. neoformans
�gcs1 strain provides a model for studying the immunological
basis of granuloma formation in cryptococcosis. Obviously, such
a model does not perfectly recapitulate the physiological condi-
tions of clinical relevance (i.e., a human host infected with the
wild-type strain), and one should be cautious in drawing compar-
isons between granuloma formation in this model and granuloma
formation in the human host.
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