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In previous studies we showed that a Cryptococcus neoformans mutant lacking glucosylceramide (�gcs1) is
avirulent and unable to reach the brain when it is administered intranasally into an immunocompetent mouse
and is contained in a lung granuloma. To determine whether granuloma formation is key for containment of
C. neoformans �gcs1, we studied the role of C. neoformans glucosylceramide in a T- and NK-cell-immunodefi-
cient mouse model (Tg�26) in which alveolar macrophages (AMs) are not activated and granuloma formation
is not expected. The results show that Tg�26 mice infected with �gcs1 do not produce a lung granuloma and
that the �gcs1 mutant proliferates in the lungs and does disseminate to the brain, although its virulence
phenotype is dramatically reduced. Since �gcs1 can grow only in acidic niches, such as the phagolysosome of
AMs, and not in neutral or alkaline environments, such as the extracellular spaces, we hypothesize that in
immunodeficient mice �gcs1 proliferates inside AMs. Indeed, we found that depletion of AMs significantly
improved Tg�26 mouse survival and decreased the dissemination of �gcs1 cells to the central nervous system.
Thus, these results suggest that the growth of �gcs1 in immunodeficient mice is maintained within AMs. This
study highlights the hypothesis that AMs may exacerbate C. neoformans infection in conditions in which there
is severe host immunodeficiency.

Cryptococcus neoformans is an environmental pathogenic
yeast which causes life-threatening fungal meningoencephalitis
in immunocompromised as well as immunocompetent hosts (2,
17, 22, 25). After inhalation of desiccated yeast cells or spores,
the lung provides niches for intracellular and extracellular
growth. Thus, C. neoformans is a facultative intracellular
pathogen. If uncontained or uncontrolled, fungal cells can
travel to other organs, particularly the brain, where the disease
is difficult to treat. A better understanding of factors that
augment the ability of the fungus to grow in the lung environ-
ment is necessary to contain the disease before it disseminates
to cause systemic infection.

Following inhalation, alveolar macrophages (AMs) repre-
sent the first line of defense against inhaled microorganisms,
such as C. neoformans, by providing a means for their removal
and destruction (19). AMs are critical in initiating a specific
cell-mediated response through antigen presentation, costimu-
lation of T cells, and cytokine and chemokine release. Once
activated, macrophages serve as effector cells contributing to
the control of the infection and the formation of granulomas.
Thus, in conditions in which there is depressed T-cell-mediated
immunity (e.g., patients with AIDS, lymphoma, and sarcoidosis
and subjects taking immunosuppressive medications, such as
corticosteroids, cyclophosphamide, or azathioprine), crypto-

coccosis is more prevalent due to the inability of the host to
control the infection.

In addition, since C. neoformans is a facultative intracellular
pathogen, it can replicate within macrophages (7, 10), specif-
ically within their phagolysosomes (9, 14). Thus, although de-
velopment of cryptococcosis is due to both intra- and extracel-
lular C. neoformans growth (3, 8, 11, 15, 30), it is reasonable to
hypothesize that in conditions in which there is immunodefi-
ciency, the intracellular component could exacerbate crypto-
coccosis. This hypothesis is derived from the following obser-
vations: (i) C. neoformans can replicate faster intracellularly
than extracellularly (8); (ii) C. neoformans can disseminate
within macrophages (5, 16); and (iii) live C. neoformans cells
can escape from macrophages without killing the host cells (1,
18). Therefore, if upon phagocytosis AMs cannot effectively
kill C. neoformans, phagocytosis can be considered an oppor-
tunity for the fungus to produce disease. Thus, the study of
genes and factors of the pathogen or host that contribute to
intra- or extracellular growth should be useful for development
of novel strategies for prevention and treatment of fungal
infections.

Recently, we identified a fungal glycosphingolipid called glu-
cosylceramide (GlcCer) that is required for C. neoformans to
cause a brain infection when the fungus is introduced intrana-
sally into an immunocompetent mouse model (CBA/J). Par-
ticularly in CBA/J mice, the �gcs1 mutant is almost totally
contained within a lung granuloma (23). Thus, we wondered
whether this particular phenotype was due to the presence of
AMs and the subsequent formation of the granuloma and to a
unique characteristic of �gcs1 cells, that they are able to grow
within AMs and not in alveolar spaces.

We reasoned that in a host unable to form a granuloma, the
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phagocytosed �gcs1 mutant would proliferate within nonacti-
vated macrophages and eventually kill the host. To address this
hypothesis, we studied the pathogenesis of �gcs1 in an immu-
nodeficient transgenic mouse model that lacks both T and NK
cells isogenic to CBA/J cells (32, 33) and determined the role
of AMs of these mice during the course of C. neoformans
infection.

MATERIALS AND METHODS

Strains, medium, and reagents. C. neoformans var. grubii serotype A H99-
derived strains �gcs1 and �gcs1�GCS1 have been described previously in great
detail (23). H99 (wild type [WT]) and H99-derived strains �gcs1 and
�gcs1�GCS1 were grown in yeast extract-peptone-2% dextrose (YPD) medium
from Difco. The YPD medium plates used were supplemented with chloram-
phenicol (100 �g/ml) and ampicillin (100 �g/ml). All reagents used were ob-
tained from Sigma Chemical Co. (St. Louis, MO) unless otherwise specified.

Animal studies. Four- to six-week-old Tgε26 mice (32, 34) from the Animal
Core Facility, Medical University of South Carolina, Charleston, were used for
this study. The Tgε26 mice are isogenic to CBA/J mice (32, 34). Mice were
anesthetized by intraperitoneal injection of 60 �l of a xylaxine-ketamine mixture
containing 5 mg xylazine and 95 mg ketamine per kg of body weight. Wild-type
and mutant strains of C. neoformans were grown in YPD medium for 24 h at
30°C. The yeast cells were harvested, washed three times by centrifugation at
3,000 rpm for 10 min, and resuspended in sterile phosphate-buffered saline
(PBS) (pH 7.4) at a concentration of 2.5 � 107 cells/ml. For each group 10 mice
were infected intranasally with 20 �l containing 5 � 105 WT, �gcs1, or
�gcs1�GCS1 cells. Mice were fed ad libitum and monitored by inspection twice
a day. Mice that appeared to be moribund or in pain or to have clinical signs of
meningoencephalitis were sacrificed using CO2 inhalation followed by cervical
dislocation. All animal procedures were approved by the Medical University of
South Carolina Institutional Animal Care and Use Committee and followed the
guidelines of the American Veterinary Medical Association. Survival data from
the mouse experiment were analyzed by the Kruskal-Wallis test. A P value of less
than 0.05 was considered significant.

AM depletion. Liposomes containing clodronate (dichloromethylenediphos-
phonic acid, disodium salt) and empty liposomes used as a control were prepared
as described previously (31). Briefly, 8 mg cholesterol (Avanti Polar Lipids) and
86 mg L-�-phosphatidylcholine (Avanti Polar Lipids) were dissolved in chloro-
form, which was then slowly evaporated. The thin, filmy layer was resuspended
in 10 ml of PBS or 0.6 M clodronate. The mixture was exposed to N2 gas and
incubated for 2 h at room temperature with gentle shaking. The mixture was then
sonicated and incubated for another 2 h to allow liposome swelling. The solution
was centrifuged at 10,000 � g for 15 min, and the liposomes containing clodro-
nate were collected and washed twice with sterile PBS. The liposomes were kept
at 4°C under N2 until use for a maximum of 2 weeks. AM depletion was
evaluated by intranasally introducing 60 �l of PBS, PBS-containing liposomes, or
liposomes containing clodronate into mice and performing bronchoalveolar
lavage after 48 h or 7 days. Bronchoalveolar lavage was done by inserting a stub
adapter into the trachea of a mouse and rinsing the alveolar spaces 10 times using
0.5 ml PBS (pH 7.4) for each wash. The collected fluid was spun down, and viable
AMs were quantified via trypan blue exclusion. Lavage samples were taken from
two mice per time point per group. The experimental groups used for survival
studies consisted of five mice each receiving PBS (control group), PBS-contain-
ing liposomes (control group), or clodronate-containing liposomes. Two days
before infection with yeast cells, the mice were anesthetized and given 60 �l of
PBS, PBS-containing liposomes, or clodronate-containing liposomes. After 48 h,
mice were infected with the yeast cells as described above. Mice continued to
receive PBS, PBS-containing liposome, or clodronate-containing liposome treat-
ment weekly.

Tissue fungal burden. The lungs, brain, spleen, and kidneys were removed
aseptically from mice on days 4, 8, and 12 for WT-infected mice and on days 16,
26, 36, 50, 64, and 70 for �gcs1-infected mice (although only the mice treated
with clodronate were able to survive until the last two time points). Three mice
for each time point were used. The organs were homogenized in sterile PBS
using a Stomacher 80 (Lab System, Fisher Scientific, Pittsburgh, PA) for 2 min.
Serial dilutions were then plated onto YPD medium plates, CFU were counted,
and the data were recorded. Statistical analysis was performed using Student’s t
test, and a P value of �0.05 was considered significant.

Histological analyses. Organs were harvested, fixed for 48 h in 37% formal-
dehyde, paraffin embedded, sectioned, and stained with movat, mucicarmine, or
hematoxylin and eosin as described previously (23).

RESULTS

Virulence of C. neoformans �gcs1 in mouse models. In pre-
vious studies, we showed that a mutant lacking GlcCer (�gcs1)
is avirulent in an immunocompetent mouse model (CBA/J
mice) when mice are challenged intranasally with �gcs1 (23).
The average survival times of CBA/J mice infected with the
WT and with �gcs1�GCS1 were 24.6 � 3.9 and 27.3 � 4.8
days, respectively, whereas the mice infected with C. neofor-
mans �gcs1 were all alive at day 90 (P � 0.0001). Interestingly,
mice infected with �gcs1 did not eradicate the C. neoformans
infection; instead, they contained it in the lung tissue with the
formation of several granulomas (23).

In order to address whether the formation of granulomas is
key for the containment of C. neoformans �gcs1, we performed
virulence studies with an isogenic mouse model in which NK
and T cells are deficient (Tgε26 mice). In these mice, AMs are
not activated through a gamma interferon-mediated mecha-
nism (26), and classical granuloma formation is not expected.
The average survival times of Tgε26 mice infected with the WT
and with �gcs1�GCS1 were 17.2 � 1.9 and 14.9 � 2.4 days,
respectively, whereas the average survival time of mice infected
with the C. neoformans �gcs1 mutant was 58.5 � 6.2 days (P �
0.001) (Fig. 1A). As expected, lungs of Tgε26 mice infected

FIG. 1. Virulence studies with C. neoformans WT and �gcs1 and
reconstituted strains in Tgε26 mice, which are isogenic to CBA/J mice.
(A) Mouse survival. The average survival times for Tgε26 mice in-
fected with WT or �gcs1�GCS1 were 17.2 � 1.9 and 14.9 � 2.4 days,
respectively. Conversely, the �gcs1-infected mice survived 58.5 � 6.2
days (P � 0.001 †). (B) Mucicarmine staining of a lung obtained from
a Tgε26 mouse infected with C. neoformans �gcs1 for 36 days. Fungal
cells (red) are contained within a nodular structure (black arrowheads)
with a macrophage and granulocyte infiltration. The green arrow in-
dicates normal lung tissue. Bar � 50 �m.
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with �gcs1 did not show any classical signs of granuloma for-
mation (e.g., deposition of fibrotic and collagen tissues sur-
rounding macrophages with necrotic tissues inside). Instead,
there were several nodular structures characterized by infiltra-
tion of C. neoformans �gcs1 cells with macrophages and gran-
ulocytes (Fig. 1B). These results suggest that the absence of
granulomas renders mice susceptible to �gcs1 infection.

Pharmacological depletion of AMs. In order to study the
role of the inactivated macrophages during the course of in-
fection, the effect of depletion of AMs was determined. First,
the efficacy of the treatment was studied, and then its effect on
the infection was studied. Sixty microliters of a liposome sus-
pension of clodronate was intranasally injected into each
Tgε26 mouse. Two control groups were used; one group re-
ceived 60 �l of PBS-containing liposomes, and the other re-
ceived 60 �l of PBS. At 48 h or 7 days after injection, mice were
sacrificed, the bronchoalveolar lavage fluid was collected, and
the viability of AMs was assessed microscopically via trypan
blue exclusion. After 48 h, clodronate-treated mice showed a
significant decrease (58%) in the number of AMs compared to
mice treated with PBS or PBS-containing liposomes (P �
0.05). After 7 days, clodronate-treated mice showed a 52%
reduction in the number of AMs compared to control-treated
mice (P � 0.05). In a pilot experiment performed for previous
studies (28), we checked if the low number of AMs was main-
tained in an uninfected mouse for a long period using a single
weekly administration of clodronate. We found that weekly
administration of clodronate maintained the number of AMs
at a low level (	50%) up to 42 days after the first administra-
tion (data not shown). These results showed that administra-
tion of a single dose of clodronate-containing liposomes is
sufficient to decrease the number of AMs by 50% within 48 h,
that this decrease is maintained for at least 7 days, and that
weekly additional administration is sufficient to maintain a low
number of AMs for 7 weeks. These results are consistent with
previously reported observations (27) and with the fact that
complete regeneration of AMs in mice requires 18 days (29).

Effect of macrophage depletion on survival of C. neoformans-
infected Tg�26 mice. After 48 h of clodronate or control treat-
ment, mice received an intranasal injection of the C. neofor-
mans WT or �gcs1 mutant, as described in Materials and
Methods. In addition, since mice were subjected to repeated
anesthesia because of the weekly administration of liposomes
or PBS, an additional group of infected mice receiving only
weekly anesthesia without liposome or drug injection was in-
cluded as a control for anesthesia. The average survival times
of C. neoformans-infected mice receiving anesthesia alone, the
PBS control, empty liposomes, and clodronate were 16 � 2.7,
16.8 � 2.7, 15 � 1.4, and 12.8 � 5.2 days, respectively (Fig. 2).
Overall, clodronate-treated mice infected with the C. neofor-
mans WT did not show a significant change in survival com-
pared to the control groups. On the other hand, the average
survival time of �gcs1-infected mice receiving clodronate was
significantly increased (76.6 � 5.3 days) compared to the av-
erage survival times observed for �gcs1-infected mice receiving
anesthesia alone, the PBS control, and empty liposomes (54 �
1.7, 52.8 � 1.3, and 52.8 � 1.6 days, respectively) (P � 0.05)
(Fig. 2). These results showed that �gcs1-infected mice with
fewer AMs survived significantly longer than mice having a
normal number of AMs, suggesting that these phagocytic cells

may enhance the progression of disease by favoring the devel-
opment and dissemination of �gcs1 cells in Tgε26 mice.

Tissue burden studies. To address the effect of macrophage
depletion on the dissemination of �gcs1 cells, we performed
tissue burden studies of lungs, brains, spleens, and kidneys
after infection with the C. neoformans WT or �gcs1 strain. No
statistically significant differences were found in tissue coloni-
zation by C. neoformans WT cells in all organs analyzed among
the infected groups that received PBS or empty or clodronate-
containing liposomes (Fig. 3). Interestingly, mice infected with
the �gcs1 mutant treated with clodronate had a significantly
lower number of fungal cells in all organs analyzed compared
to the numbers in control-treated groups (Fig. 4A to D) (P �
0.05). Of interest, lungs infected with the �gcs1 mutant showed
an early decrease in fungal cell number in all three experimen-
tal groups (Fig. 4A), a result that was also obtained in our
previous study performed with the isogenic immunocompetent
CBA/J mice (see Fig. S1 in the supplemental material) (23).
This decrease in the fungal load is attributed to the death or
clearance of fungal cells not able to grow in the lung extracel-
lular environment (such as the alveolar spaces). More inter-
esting is the dramatic decrease in the number of �gcs1 cells in
the macrophage-depleted Tgε26 lungs (Fig. 4A). It is remark-
able that a 	50% decrease in the number of AMs reduced the
lung �gcs1 fungal load 
3,000-fold (P � 0.001 for a compar-
ison of clodronate- and liposome-treated mice). Eventually,
the �gcs1 cells did seem to grow in the lungs, although a
significant delay was clearly observed in the macrophage-de-
pleted mice. Similarly, in all other organs there seemed to be
delays ranging from approximately 14 to 28 days in fungal
growth in the clodronate-treated mice compared to the con-
trol-treated mice. These results suggest that depletion of AMs

FIG. 2. Survival studies with Tgε26 mice receiving weekly doses of
anesthesia alone, PBS, PBS-containing liposomes, or clodro-
nate-containing liposomes. The mice were infected with C. neoformans
WT or �gcs1. While there is no significant difference among the dif-
ferent groups infected with C. neoformans WT, clodronate-treated
mice survived an average of 76.6 � 5.3 days (P � 0.05 †), which is
significantly longer than the controls.
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significantly delays the growth of �gcs1 cells in the lungs and
other organs of Tgε26 immunocompromised mice.

Histopathology. To gain further insight into the host inflam-
matory response and the localization of C. neoformans �gcs1
cells in lungs, we performed a histology analysis of lungs of
Tgε26 mice infected with the �gcs1 strain and receiving lipo-
somes containing PBS or clodronate. At early time points (day
16 of infection), in lungs receiving empty liposomes �gcs1 cells
were found predominantly intracellularly in the lung paren-
chyma (Fig. 5A and 5B) or in lymph nodes (data not shown),
and the host inflammatory response was moderate or absent.
As the infection progressed, at day 36 the number of �gcs1
cells increased in mice treated with empty liposomes and there
was moderate infiltration of macrophages and granulocytes
(see Fig. S2A in the supplemental material), and by day 50 of
infection �gcs1 cells had significantly disrupted the lung struc-
ture and infiltrated the lymph nodes, with destruction of the
tissue (see Fig. S2C in the supplemental material).

In contrast, in the lungs of mice treated with clodronate
there were few �gcs1 cells in the lung parenchyma at day 16
(Fig. 6A, and 6B), and these fungal cells were mostly in the
extracellular environment. At day 36 of infection limited gran-
ulocyte infiltrations with very few �gcs1 cells were observed
(see Fig. S2B in the supplemental material). At day 70 of
infection, �gcs1 cells appeared to be present preferentially in
the lung parenchyma (see Fig. S2D in the supplemental mate-
rial). Overall, lungs treated with clodronate and infected with
the �gcs1 strain were characterized by a limited inflammatory

response and by a lack of lymph node infiltration (data not
shown).

These results showed that depletion of AMs significantly
decreased the progression of cryptococcal disease caused by
�gcs1 in the absence of T and NK cells. In T-cell- and NK
cell-deficient mice with depleted AMs the progression of �gcs1
cryptococcal disease was significantly decreased compared to
that in T- and NK-cell-deficient mice in which AMs were not
depleted.

DISCUSSION

Previous studies in our laboratory have shown that a C.
neoformans GlcCer mutant (�gcs1) is not pathogenic and is
unable to reach the central nervous system when it is inhaled
by an immunocompetent mouse. We also showed that C. neo-
formans �gcs1 was not able to grow in the lungs and was
contained within a lung granuloma. Finally, we showed that
�gcs1 cells were in growth arrest in vitro when they were
incubated at a neutral or alkaline pH with 5% CO2. Based on
these observations, we hypothesized that GlcCer favors growth
of C. neoformans in extracellular environments, which are
characterized by a neutral or alkaline pH and 5% CO2. Even if
C. neoformans �gcs1 can grow intracellularly, the host re-
sponded with formation of a well-organized lung granuloma.

In this study we showed that under conditions in which the
animal is unable to form a lung granuloma (an NK- and T-cell-
deficient host), �gcs1 eventually disseminates to the brain and

FIG. 3. Viable C. neoformans in internal organs of Tgε26 mice that were treated with PBS, PBS-containing liposomes, or clodronate-containing
liposomes and infected intranasally with C. neoformans WT. No significant differences in the number of CFU were observed in lung (A), spleen
(C), or kidney (D) homogenates at different time points after intranasal infection with C. neoformans WT. Clodronate-treated mice showed
reductions in the tissue burden of C. neoformans WT in the brain (B) and in the spleen (C), but the differences were not statistically significant.
The results are expressed as CFU per organ on a logarithmic scale.
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kills the host. Importantly, we show that depletion of AMs
significantly delays dissemination of C. neoformans �gcs1 cells
and improves mouse survival, suggesting that in animal models
in which macrophages cannot be activated AMs favor fungal
growth and dissemination.

C. neoformans is a facultative intracellular pathogen known
to survive and replicate in extracellular environments, such as
the alveolar spaces, the bloodstream, and host tissue, and
within phagocytic cells, such as macrophages (7, 10). Within
certain macrophages (nonactivated) C. neoformans replicates
in vitro more rapidly than it replicates extracellularly. Thus, it
can be hypothesized that in immunocompromised individuals,
in which macrophages are less activated or not activated, C.
neoformans replicates more vigorously intracellularly, where it
can grow unthreatened by the compromised host cellular re-
sponse. This hypothesis is supported by studies suggesting that
C. neoformans disseminates within macrophages from the lung
to the mediastinal area and to the brain when the host cellular
response is impaired (5, 16, 27). Thus, the location of C. neo-
formans cells (intra- or extracellular) in an immunodeficient
host may have direct consequences not only for the pathogen-
esis of cryptococcosis but, importantly, for the outcome of the
infection. Fungal regulatory mechanisms controlling pathogen
growth based on its location therefore assume critical impor-
tance for better management of the fungal disease process.

The results of our work can be summarized as follows. In the
extracellular space of the lung (neutral pH and 5% CO2) the

�gcs1 cells are in growth arrest. Once they are taken up by
the AMs, they are able to grow. This conclusion is supported by
previous studies in which we showed that although growth in
vitro of the �gcs1 mutant in 5% CO2 at alkaline pH is arrested,
it can be restored if cells are switched to low pH (see Fig. S3 in
the supplemental material). Intracellular �gcs1 cells can then
be extruded outside the macrophages without killing the host
cells. This hypothesis is supported by two recent studies which
showed that C. neoformans cells can enter, replicate in, and be
expelled by AMs without harming the macrophages (1, 18).
Finding themselves in the harsh conditions of the extracellular
milieu again, the �gcs1 cells undergo growth arrest until they
find refuge in other macrophages, and this cycle can be re-
peated, augmenting the number of �gcs1 cells. In other words,
C. neoformans �gcs1 can be considered an “obligate intracel-
lular pathogen.” Since upon C. neoformans extrusion macro-
phages are still intact, one macrophage can host several C.
neoformans cells. It is also possible, however, that uncontrolled
intracellular growth by the �gcs1 mutant would lead to mac-
rophage rupture. Regardless of the mechanism, for intracellu-
lar multiplication we hypothesize that the �gcs1 mutant pref-
erentially uses nonactivated macrophages throughout their
lifetime.

In conditions in which the host is immunodeficient, a gran-
uloma is not formed, and thus the large number of �gcs1 cells
growing in the lung macrophages would eventually disseminate
to the brain, killing the host. This dissemination does not

FIG. 4. Viable C. neoformans in internal organs of Tgε26 mice that were treated with PBS, PBS-containing liposomes, or clodronate-containing
liposomes and infected intranasally with C. neoformans �gcs1. Growth and dissemination of the �gcs1 strain in the lungs (A), brain (B), kidneys
(C), and spleen (D) were retarded in the clodronate-treated group. An asterisk indicates that the P value is �0.05 for a comparison of clodronate-
and liposome-treated mice. No significant differences were observed when liposome- and PBS-treated mice were compared.
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necessarily need to be intracellular. C. neoformans �gcs1 can
also travel extracellularly in the bloodstream. It is the extra-
cellular replication, not the extracellular survival, that is inhib-
ited. Indeed, 	90% of C. neoformans �gcs1 cells are still alive
in neutral or alkaline and 5% CO2 environments after 72 h of
incubation (23). Thus, it is expected that C. neoformans �gcs1
would also survive in the bloodstream. Upon intravenous in-
jection, C. neoformans cells may reach the brain within hours
(4), and �gcs1 cells do indeed reach the brain after intravenous
injection (21, 23). Once in the brain, growth of extracellular
cells can be restored in low-pH environments (e.g., within
microglial cells and in brain abscesses). Indeed, a pharmaco-
logical treatment that alkalinizes the intracellular environment
of microglial cells significantly decreases C. neoformans growth
(20).

The observation that the survival of Tgε26 mice infected
with �gcs1 significantly increases when AMs are depleted
clearly suggests that �gcs1 causes disease mainly through its
intracellular growth within nonactivated macrophages. It is
remarkable that although Tgε26 mice lack T cells, NK cells,
and 	60% of the total AMs, they still survive after infection by
the �gcs1 strain for an additional 18 to 20 days. The hypothesis
that nonactivated macrophages favor the dissemination of C.
neoformans is also supported by the decreased dissemination
of the C. neoformans WT to the brain in immunodeficient mice

in which AMs are depleted (Fig. 3B), whereas a decrease in
dissemination of fungal cells was not observed in previous
studies in which AMs were depleted in immunocompetent
mice infected with the C. neoformans WT (28). Shao et al. also
showed that depletion of AMs leads to a decrease in C. neo-
formans proliferation in the lungs at 3 and 14 days postinfec-
tion (27). It is noteworthy that we used 40% less clodronate
than Shao et al. used and yet a significant effect on fungal
dissemination was obtained. Taken together, these studies
clearly suggest that during C. neoformans infection AMs may
be detrimental for the host in immunodeficiency conditions.

AIDS patients are the most common victims of cryptococ-
cosis, and in these patients the CD4� T-cell count is low and
NK cells are dysfunctional. The advantage of working with
Tgε26 immunodeficient mice is that, since they are T and NK
cell deficient, they mimic the immune system of AIDS patients,
although it is important to consider that human macrophages
may behave differently than mouse macrophages against C.
neoformans infection (6). Nevertheless, the mouse macrophage
is a well-established model and very useful for gathering pre-
liminary results that can be validated with human macro-
phages.

Our results may introduce two promising strategies for new

FIG. 5. Histopathology of mucicarmine-stained Tgε26 lungs in-
fected with the �gcs1 strain and treated with empty liposomes. Panels
A and B show lung fields from two different mice at day 16 of infection.
The filled arrowheads indicate �gcs1 cells within macrophages,
whereas the open arrowheads indicate extracellular �gcs1 cells. Bars �
50 �m (left panels) and 10 �m (right panels).

FIG. 6. Histopathology of mucicarmine-stained Tgε26 lungs in-
fected with the �gcs1 strain and treated with clodronate. Panels A and
B show lung fields from two different mice at day 16 of infection. The
open arrowheads indicate extracellular �gcs1 cells. The filled arrow-
heads in panel B indicate a �gcs1 cell within a macrophage. Bars � 50
�m (left panels) and 10 �m (right panels).

VOL. 75, 2007 ROLE OF MACROPHAGES IN PATHOBIOLOGY OF CRYPTOCOCCOSIS 4797



treatment options when there is host immunodeficiency: C.
neoformans GlcCer and C. neoformans Gcs1 as target oppor-
tunities. In particular, one could envision that targeting GlcCer
(e.g., by administering an anti-GlcCer antibody or by inhibiting
the Gcs1 enzyme using a drug) (24) would block extracellular
growth of C. neoformans. If the anti-GlcCer treatment could
then be combined with a treatment that alkalinizes the
phagolysosome and facilitates the extrusion of C. neoformans
cells from the intracellular milieu (1, 18) (e.g., by using chlo-
roquine [12] or by using molecules or proteins that prevent
phagocytosis [16], including administration of antiphagocytic
protein 1), then C. neoformans cells would have no place to
replicate. If this were done, the efficacy of current antifungal
drugs (e.g., fluconazole) could also be greatly improved. For
instance, although the antifungal activity of fluconazole in-
creases when it is used in combination with chloroquine, the
increase in the efficacy of the combination over that of flucon-
azole alone is not dramatic (12, 13). Thus, concomitant admin-
istration of an anti-GlcCer with a fluconazole-chroloquine
treatment may significantly improve the outcome of C. neofor-
mans infection. We are very excited about these possibilities.
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