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Previous studies in our laboratory have shown that the subcutaneous pretreatment of rats with heat-killed
cells (HKC) of Cryptococcus neoformans emulsified in complete Freund adjuvant (CFA) promotes protective
immunity against an intraperitoneal challenge with C. neoformans. In contrast, subcutaneous treatment with
the capsular polysaccharide (PSC) emulsified in CFA exacerbates the cryptococcal infection. The purpose of
this study was to analyze the mechanisms involved in these phenomena. Adherent peritoneal cells from rats
treated with HKC-CFA showed upregulated ED2, CD80, and CD86 expression; an increase in the level of
production of anticryptococcal metabolites; and the enhanced production of interleukin-12 (IL-12) in com-
parison with the findings for cells from rats treated with CFA–phosphate-buffered saline (PBS). Adherent
peritoneal cells from rats treated with PSC-CFA, however, also presented upregulated ED2, CD80, and CD86
expression compared to the level of expression for peritoneal cells from controls, but these cells showed an
increase in arginase activity and decreased levels of production of IL-12 and tumor necrosis factor (TNF)
compared with the activity and levels of production by peritoneal cells from CFA-PBS-treated rats. In addition,
treatment with HKC-CFA resulted in a rise in the phagocytic and anticryptococcal activities of adherent
peritoneal cells compared to those for control rats. However, adherent peritoneal cells from rats treated with
PSC-CFA presented a reduction in anticryptococcal activity in comparison with that for cells from animals
treated with CFA-PBS. These results show the differential activation between adherent peritoneal cells from
HKC-CFA- and PSC-CFA-treated rats, with this differential activation at the primary site of infection possibly
being responsible, at least in part, for the phenomena of protection and exacerbation observed in our model.

Infection by the encapsulated yeast Cryptococcus neoformans
is one of the most common opportunistic infections in patients
with impaired cell-mediated immunity, such as those with
AIDS (19). The capsule represents the major virulence factor
of this fungus, with the main component of this capsule, glu-
curonoxylomannan (GXM), being continuously released by C.
neoformans during its replication (16, 17). GXM has been
implicated in multiple deleterious effects to immune function
(14, 66, 67). Furthermore, previous studies in our laboratory
have provided strong cytometric, molecular, and morphologi-
cal evidence demonstrating that purified GXM promotes cell
death by apoptosis in spleen mononuclear cells (18).

Full protection against C. neoformans is dependent on mul-
tiple factors, which include innate and acquired immunity (37,
50). The innate immune system has multiple components to
provide resistance to C. neoformans infection, such as cyto-
kines, various cell populations, chemokines, and adhesion mol-
ecules. In previous publications, different cytokines have been
shown to be important in the control of infections caused by C.
neoformans (2, 13, 39). For example, interleukin-12 (IL-12)
plays a pivotal role in the induction of a Th1 immune response
against this infection, which is essential for protection (24). In
relation to this, treatment with IL-12 was found to reduce the

fungal load and prolong the survival of mice infected with C.
neoformans (20, 38). In addition, another proinflammatory cy-
tokine, tumor necrosis factor alpha (TNF-�), is necessary dur-
ing the early stage of infection with C. neoformans, since it
promotes the maturation and migration of dendritic cells to
the draining lymph node (9). Furthermore, TNF-� can also
activate macrophages, leading to an increase in the capacity of
these cells to phagocytose and kill C. neoformans yeast, with
the neutralization of this cytokine resulting in the exacerbation
of infection (21, 36). In contrast, Th2-related cytokines, such as
IL-4 and IL-10, contribute to the progression of cryptococcal
infection (41). IL-10 suppresses T-cell proliferation and down-
regulates the production of Th1 cytokines, which includes
gamma interferon (IFN-�), IL-12, and TNF-� (23, 47, 52). The
role of transforming growth factor beta (TGF-�) in cryptococ-
cosis is still debated. Studies by Shao et al. (61) demonstrated
that the early, but not the late, administration of this cytokine
during cryptococcal infection results in an increase in the lung
fungal burden. In conclusion, the Th1-Th2 cytokine balance is
critical for host immunity against infection with C. neoformans.

Neutrophils, macrophages, dendritic cells, and natural killer
T cells constitute the cellular effectors of innate immunity
against C. neoformans (15, 40, 46, 68). Macrophages have been
demonstrated histopathologically to be the predominant cell
types after a transient influx of neutrophils into the lungs of
rats infected with C. neoformans, which has suggested an im-
portant role of macrophages in host defenses against crypto-
coccal infection (30). These cells are capable of secreting an
array of cytotoxic products, including reactive oxygen interme-
diates (ROI), such as hydrogen peroxide, and reactive nitrogen
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intermediates, such as nitric oxide (51). In addition, previous
studies in our laboratory have shown that macrophages from
infected rats appear to be able to kill C. neoformans principally
by generating NO (58). Furthermore, other functions have
been attributed to macrophages, including phagocytosis, the
production of cytokines and chemokines, and antigen presen-
tation (35, 43, 44, 65). On the other hand, alternatively acti-
vated macrophages (aaMac) can also appear. In this case, the
macrophages have high levels of arginase activity and produce
L-ornithine and urea. Other characteristics include increased
fungal phagocytosis, decreased intracellular killing, and the
promotion of fibrosis. Furthermore, alternative activation is
also associated with a high level of expression of macrophage
activation markers, such as major histocompatibility complex
class II (MHC II), CD80 (B7-1), CD86 (B7-2), and CD163
(ED2 antigen), and low levels of TNF-� production (7, 28, 29,
32, 63).

In previous studies, we have shown that subcutaneous treat-
ment of rats with heat-killed cells (HKC) of C. neoformans
emulsified in complete Freund adjuvant (CFA) provides pro-
tection against an intraperitoneal challenge with viable C. neo-
formans. In contrast, cryptococcosis is exacerbated in rats pre-
treated with capsular polysaccharide (CPS) emulsified in CFA
(8). In the study described here, our objective was to evaluate
the immunological bases of the protective and nonprotective
responses induced by these treatments. For this purpose, given
the importance of innate immunity against cryptococcosis and
the central role of peritoneal cells in our model, due to the fact
that it is in peritoneum where the first contact between the
yeast and the host immune system is produced, we studied the
activation state of adherent peritoneal cells induced by differ-
ent treatments, before fungal challenge, which could be re-
sponsible for the protection or exacerbation of cryptococcal
infection reported previously (8).

MATERIALS AND METHODS

Microorganism. A clinical isolate, Cryptococcus neoformans var. grubii sero-
type A, strain 102/85, from the National University of Córdoba stock culture
collection was used in all experiments. For each experiment, a fresh culture of C.
neoformans was started from �80°C stocks. Cultures were grown on Sabouraud
glucose agar slants at 37°C; maintained by not more than four passages on the
same medium; and periodically checked for assimilation pattern, urease produc-
tion, and virulence (59).

Cryptococcal antigens. Two different sources of C. neoformans antigens were
used in this study. One was HKC and the other was CPS. HKC were prepared by
incubating the C. neoformans isolate for 1 h at 60°C (10) and were then washed
three times in phosphate-buffered saline (PBS) before they were used to treat
rats. These washed HKC were assessed for viability by plating them on Sab-
ouraud agar.

As reported by Cherniak et al. (16), CPS was prepared by precipitation with
ethanol. The detection of neutral carbohydrates was performed by the phenol-
sulfuric acid method of Dubois et al. (25). In order to avoid endotoxin contam-
ination, which may affect the experimental results, the whole process of CPS
preparation was performed with sterile water, PBS, and plastic or glassware. The
preparations were tested for lipopolysaccharide (LPS) contamination by the
Limulus amebocyte lysate assay (E-Toxate; Sigma-Aldrich Co., St. Louis, MO),
and the endotoxin content did not exceed 0.1 endotoxin unit per ml of sample.

Animals and treatment. Female inbred Wistar rats (ages, 8 to 12 weeks) were
used in this study. The animals were housed and cared for in the animal resource
facilities of the Department of Clinical Biochemistry, Faculty of Chemical Sci-
ences, National University of Córdoba, according to institutional guidelines. Rats
were treated subcutaneously at four sites on the lower abdomen with 107 HKC
or 0.1 mg of CPS emulsified in CFA (Sigma-Aldrich Co.), and controls for these

groups received an equal volume of PBS-CFA by the same route. Three animals
per group were used (8).

Peritoneal cells. At 4 days posttreatment, the rats were killed and peritoneal
cells were obtained by washing of the peritoneal cavity with sterile Krebs Ringer
phosphate dextrose buffer (KRPG; pH 7.0; Sigma-Aldrich Co.) containing gen-
tamicin (50 mg/liter) and heparin (20 U/ml). Adherent peritoneal cells were
obtained by allowing them to adhere for 2 h at 37°C in a 5% CO2 atmosphere,
with nonadherent cells being removed by two washes with KRPG. Adherent cells
were then removed with cold PBS and a scraper, washed twice, and resuspended
in culture medium. The viability of the cells was consistently more than 90%, as
determined by a trypan blue exclusion method.

Flow cytometric analysis. Surface antigen expression on adherent peritoneal
cells was determined by flow cytometry. Adherent peritoneal cells were obtained
at 4 days posttreatment, washed, and blocked by the addition of rat Fc block
(catalog no. 550270; BD Biosciences, San Jose, CA). After blocking of the Fc
receptor, 1 � 106 cells were stained with fluorescein isothiocyanate-conjugated
monoclonal antibody (MAb) specific for ED2; phycoerythrin-conjugated MAbs
specific for MHC II, CD80, and CD86; or appropriate isotype-matched antibod-
ies (all antibodies obtained from BD Biosciences) for 30 min at 4°C. The cells
were washed twice with PBS containing 3% fetal calf serum (FCS) and 0.09%
(wt/vol) sodium azide, and the cell pellet was resuspended in the residual volume.
Stained samples were fixed in 2% formaldehyde and were stored at 4°C in the
dark until they were analyzed by flow cytometry (Cytoron Absolute; Ortho
Diagnostic Systems).

Measurement of nitrite production. Nitric oxide production by adherent peri-
toneal cells was determined by measuring the nitrite content of the culture
supernatant by use of the Griess reagent (5). Peritoneal cells (2 � 106/ml) were
incubated for 48 h in RPMI medium supplemented with 10% FCS at 37°C in a
5% CO2 atmosphere in the presence of LPS (10 �g/ml). Briefly, the Griess
reagent was prepared by mixing equal volumes of sulfanylamide (1.5% in 1 N
HCl) and N-(1-naphthyl)ethylenediamide dihydrochloride (0.13% in H2O). A
volume of 200 �l of the Griess reagent was then mixed with 100 �l of sample, and
the mixture was incubated for 15 min in the dark. The absorbance at 540 nm was
measured with an automated microplate reader (Bio-Rad), and the nitrite con-
centration was calculated by use of a calibration curve created with between 2
and 100 �M of nitrite. No nitrite was detectable in the cell-free medium.

Hydrogen peroxide production. The level of hydrogen peroxide production
was determined as described by Pick and Keisari (53). Briefly, 1 � 106 adherent
peritoneal cells were incubated in the presence of phorbol 12-myristate 13-
acetate (100 ng/ml; Sigma-Aldrich Co.) with red phenol (0.01 mg/ml) and per-
oxidase (20 U/ml). After 45 min at 37°C, the reaction was stopped with 10 �l of
1 N NaOH. The optical density at 610 nm was recorded. The hydrogen peroxide
concentrations were calculated by comparing the concentration in the superna-
tant to the concentrations on a standard curve created with known amounts of
H2O2.

Superoxide anion production. Superoxide anion production was qualitatively
determined by nitroblue tetrazolium (NBT) reduction. Adherent peritoneal cells
(1 � 106) were incubated in the dark for 30 min with 5% CO2 in the presence of
NBT (0.1%) and phorbol 12-myristate 13-acetate (100 ng/ml; Sigma-Aldrich
Co.). The reaction was stopped with 0.4 ml of 0.1 N HCl. The cells were
centrifuged, and insoluble formazan was extracted twice with 1 ml of 1,4-dioxane.
The optical densities at 560 nm of the supernatants were determined.

Arginase activity. Arginase activity was measured as described by Corraliza et
al. (22). Adherent peritoneal cells were lysed in 50 �l 0.1% Triton X-100 con-
taining 5 �g pepstatin, 5 �g aprotinin, and 5 �g antipain at room temperature for
30 min. To 50 �l of the lysed cells, 50 �l 10 mM MnCl2 and 50 mM Tris-HCl were
added to activate the enzyme, and the mixture was heated at 56°C for 10 min. To
50 �l of this activated lysate, 50 �l of 0.5 M L-arginine, pH 9.7, was added, and
the mixture was incubated for 1 h at 37°C. The reaction was stopped with 400 �l
of a solution that contained 96% H2SO4, 85% H3PO4, and H2O (at a 1:3:7 ratio,
vol/vol/vol). The urea formed was measured colorimetrically at 540 nm after the
addition of 25 �l of 9% �-isonitrosopropiophenone (in 100% ethanol); the
mixture was then heated at 100°C for 45 min. The results are expressed as �g of
urea.

Cytokine measurement. The supernatants were collected for determination of
the levels of cytokines from cultures of adherent peritoneal cells in the presence
of LPS (10 �g/ml). The supernatants were collected after 24 h of culture for
IL-12 and TNF-�, 48 h of culture for IL-10, and 72 h of culture for TGF-�. These
were frozen at �70°C until they were analyzed. Cytokine levels were measured
by a sandwich enzyme-linked immunosorbent assay, according to the manufac-
turer’s protocol, by using for each cytokine two cytokine-specific MAbs, one of
which was biotinylated. Antibodies purchased from Biosource were used for all
cytokines. Dilutions of recombinant rat IL-12, TNF-�, IL-10, and TGF-� were
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used as standards. After the plates were appropriately washed, they were reacted
with horseradish peroxidase-streptavidin, followed by the addition of o-phenyl-
enediamine (5 to 20 min). The reaction was stopped with 25 �l sulfuric acid. The
reaction was measured by use of a microplate reader (Bio-Rad).

In vitro phagocytosis. Rats were treated as indicated above with CFA-PBS,
HKC-CFA, or CPS-CFA; and 4 days later adherent peritoneal cells were ob-
tained. These cells were cultured with C. neoformans at a ratio of 5:1 adherent
peritoneal cells to fungi in RPMI medium supplemented with 10% FCS at 37°C
for 2 h in the presence of 10% rat serum. The cells were washed several times
with PBS and cytocentrifuged on a slide. The cells were then fixed and stained
with May-Grunwald-Giemsa. The phagocytic index was defined as the number of
attached and ingested cryptococci divided by the number of cells per microscope
field. The experiments were done in triplicate, and five different fields were
counted (26).

Killing assay. Adherent peritoneal cells from each group of animals and C.
neoformans were coincubated for 24 h at 37°C. The cells were lysed by the
addition of 0.1 ml of sterile distilled water, and the lysates were incubated for 30
min at room temperature. The mixture was then carefully resuspended, and 100
�l was placed in plates with Sabouraud medium to determine the numbers of
CFU (58). The results were expressed as the percentage of C. neoformans yeast
cells killed, with the percentage of dead cells being calculated with reference to
the level of development of the controls (yeast cells cultured in culture medium
only), which was taken to be 100%.

Statistical analysis. Three animals per group were used in all studies, and
experiments were performed in triplicate samples from individual animals from each
group. Data are expressed as means � standard errors of the means (SEMs). The
data were analyzed by a one-way analysis of variance with Tukey’s post hoc test to
determine the statistical significance for all pairwise multiple-comparison proce-

FIG. 1. Effect of treatment with cryptococcal antigens on the phenotype of adherent peritoneal cells. Wistar rats were treated with CFA-PBS,
HKC-CFA, or CPS-CFA. Four days after treatment, adherent peritoneal cells were obtained; stained with antibodies specific for ED2, MHC II,
CD80, and CD86; and analyzed by flow cytometry, as described in Materials and Methods. Filled histograms, levels of expression of the different
surface molecules; open histograms, reactivity obtained with isotype-matched control MAbs. �, P 	 0.006 for HKC-CFA-treated rats versus the
results for CFA-PBS-treated rats; ��, P 	 0.0003 for HKC-CFA-treated rats versus the results for CFA-PBS-treated rats; ���, P 	 0.025 for
HKC-CFA-treated rats versus the results for CFA-PBS-treated rats; #, P 	 0.005 for CPS-CFA-treated rats versus the results for CFA-PBS-
treated rats; ##, P 	 0.0005 for CPS-CFA-treated rats versus the results for CFA-PBS-treated rats; ###, P 	 0.025 for CPS-CFA-treated rats
versus the results for CFA-PBS-treated rats; ns, no significant difference for the results for HKC-CFA- and CPS-CFA-treated rats versus the results
for CFA-PBS-treated rats. Data are representative of those from three experiments, with three rats per group per experiment being tested.
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dures. A P value of 	0.05 was considered significant. All experiments were repeated,
and equivalent results were obtained in each experiment.

RESULTS

Expression of surface molecules on adherent peritoneal
cells. For the induction of immunity against pathogens, the
expression of important surface molecules is essential. For this
reason, we determined the expression of ED2, CD80, CD86,
and MHC II on the surfaces of adherent peritoneal cells ob-
tained at 4 days posttreatment. Figure 1 shows that adherent
peritoneal cells from rats treated subcutaneously with HKC-
CFA, as well as those treated with CPS-CFA, presented up-
regulated ED2, CD80, and CD86 expression compared to the
level of expression on adherent peritoneal cells from control
animals treated with CFA-PBS. On the other hand, no changes
were observed in MHC II expression on adherent peritoneal
cells obtained from the different experimental groups (Fig. 1).

In vitro phagocytosis and killing assay. In order to deter-
mine the functionality of adherent peritoneal cells in response
to antigenic treatment, we studied the ability of these cells to

phagocytose and kill C. neoformans yeast. The phagocytic in-
dex for adherent peritoneal cells from rats treated with HKC-
CFA was significantly higher than that for cells from control
rats (Fig. 2A). In contrast, there were no differences in the
phagocytosis of C. neoformans between adherent peritoneal
cells from animals treated with CPS-CFA and cells from con-
trol rats (Fig. 2A). With respect to the anticryptococcal activity,
adherent peritoneal cells from rats treated with HKC-CFA
were more effective in inhibiting C. neoformans replication
than those from CFA-PBS-treated rats (Fig. 2B). On the other
hand, the fungicidal activity observed in cultures of adherent
peritoneal cells from rats treated with CPS-CFA was lower
than that observed in cultures of cells obtained from control
animals (Fig. 2B).

Nitric oxide production by adherent peritoneal cells. Nitric
oxide production has been demonstrated to be involved in
reducing the level of C. neoformans replication in different
experimental models of infection (3, 45, 58). Therefore, the
level of NO production by adherent peritoneal cells from each
group of animals was evaluated. The nitrite levels found in
culture supernatants of LPS-stimulated cells from HKC-CFA-
treated rats were higher than those found in culture superna-
tants of cells from rats treated with CFA-PBS (Fig. 3). On the
other hand, the levels of nitrite produced by LPS-stimulated
cells from CPS-CFA-treated rats were similar to those pro-
duced by cells from control rats (Fig. 3).

Hydrogen peroxide and superoxide anion release by adher-
ent peritoneal cells. The levels of hydrogen peroxide and su-
peroxide anion (O2

�) produced by adherent peritoneal cells
obtained at 4 days posttreatment were quantified. The levels of
H2O2 produced by adherent peritoneal cells from HKC-CFA-
treated rats were higher than those produced by cells from rats
treated subcutaneously with CFA-PBS (Fig. 4A). In contrast,
the H2O2 concentration produced by adherent peritoneal cells
from CPS-CFA-treated rats did not differ significantly from

FIG. 2. Phagocytosis and killing of C. neoformans by adherent peri-
toneal cells. Adherent peritoneal cells obtained from rats treated with
CFA-PBS, HKC-CFA, or CPS-CFA were cocultivated with C. neofor-
mans yeast for 2 h to assess the phagocytic activity of experimental cells
(A) or 24 h for the killing assay (B), as described in Materials and
Methods. Each column shows the mean � SEM of three independent
experiments. *, P 	 0.05 for HKC-CFA-treated rats versus the results
for CFA-PBS-treated rats; #, P 	 0.02 for HKC-CFA-treated rats
versus the results for CFA-PBS-treated rats; &, P 	 0.04 for CPS-
CFA-treated rats versus the results for CFA-PBS-treated rats).

FIG. 3. Production of nitric oxide by adherent peritoneal cells. Rats
were treated subcutaneously with CFA-PBS, HKC-CFA, or CPS-CFA.
Four days after treatment, adherent peritoneal cells were obtained and
stimulated with LPS for 48 h, and 100 �l of the culture supernatant was
used for determination of the nitrite concentration by the Griess re-
action. Each column shows the mean � SEM for three animals in each
group, and the results are representative of those from three indepen-
dent experiments. *, P 	 0.001 for HKC-CFA-treated rats versus the
results for CFA-PBS-treated rats.
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that produced by cells from the control rats (Fig. 4A). On the
other hand, the levels of O2

� produced by adherent peritoneal
cells from rats treated with HKC-CFA or CPS-CFA were sim-
ilar to those produced by cells from the control rats (Fig. 4B).

Arginase activity in adherent peritoneal cells from experi-
mental animals. Even though activated phenotypes were pre-
sented by adherent peritoneal cells from rats treated with CPS-
CFA, these cells were not capable of producing an increase in
the level of generation of anticryptococcal molecules, such as
NO and ROS, compared with the level generated by cells from
the control animals. Furthermore, these cells also presented
impaired anticryptococcal activity compared to the activity of
the cells from the control animals. Therefore, we hypothesized
that treatment with CPS-CFA could have been associated with
the induction of alternatively activated macrophages. To con-
firm this hypothesis, the arginase activity of adherent perito-
neal cells from the different experimental groups, obtained at
4 days posttreatment, was evaluated. As shown in Fig. 5, sig-
nificantly greater levels of urea were detected in cultures of
adherent peritoneal cells from CPS-CFA-treated rats than in
cultures of adherent peritoneal cells from animals treated with
CFA-PBS. In contrast, no difference in arginase activity be-
tween adherent peritoneal cells from HKC-CFA-treated rats
and those from animals treated with CFA-PBS was observed
(Fig. 5).

Cytokine production by adherent peritoneal cells. To deter-
mine whether treatment with the different antigens could mod-
ify the cytokine production by adherent peritoneal cells, the
levels of IL-12, TGF-�, IL-10, and TNF-� in cultures of LPS-
stimulated cells were measured (Fig. 6). The levels of IL-12
produced by adherent peritoneal cells from rats treated with
HKC-CFA were higher that those produced by cells from rats
treated with CFA-PBS. In contrast, the levels of production of
TGF-� and IL-10 by these cells were lower than those by cells
from the control animals. In addition, no significant difference
in the level of TNF-� production between adherent peritoneal
cells from control rats and cells from HKC-CFA-treated rats
was observed. On the other hand, at 4 days after treatment, the
levels of IL-12 and TNF-� produced by adherent peritoneal
cells from CPS-CFA-treated rats were lower than those pro-
duced by cells from the control rats. In contrast, the levels of
production of TGF-� and IL-10 by these cells were similar to
those found in the supernatants of the control cells (Fig. 6).

DISCUSSION

Previous work carried out in our laboratory has demon-
strated that rats treated subcutaneously with HKC-CFA 4 days
before intraperitoneal infection with C. neoformans were bet-
ter able to control this infection than animals treated with PBS.
In contrast, those that were pretreated subcutaneously with
CPS-CFA presented with an exacerbation of fungal infection
(8). In the present study, the immunological basis that could
explain this differential response was evaluated.

The role of the innate immune system as a first-line defense
against a pathogenic challenge has been well documented. The
induction of the appropriate activation of the innate immune
system is related to better control of the infection. In this way,
the treatment of mice with a Toll-like receptor ligand, such as
LPS, before the infection was efficient in reducing the number
of C. neoformans yeast cells in tissues (56). In contrast, inad-
equate innate immunity may facilitate the development of dis-
ease. For example, the inoculation of rats with Trypanosoma

FIG. 4. Production of ROI by adherent peritoneal cells. Rats were
treated with the different cryptococcal antigens, and 4 days later, the
adherent peritoneal cells were obtained. Afterwards, the levels of
H2O2 (A) and O2

� (B) generation by these cells were determined.
Each column shows the mean � SEM of three independent experi-
ments. *, P 	 0.007 for HKC-CFA-treated rats versus the results for
CFA-PBS-treated rats.

FIG. 5. Arginase activity in adherent peritoneal cells. Four days
posttreatment, the arginase activity in adherent peritoneal cell lysates
was determined. The results are expressed as �g of urea. Each column
shows the mean � SEM for three animals in each group, and the
results are representative of those from three independent experi-
ments. *, P 	 0.005 for CPS-CFA-treated rats versus the results for
CFA-PBS-treated rats.
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lewisi induced immunosuppression that was strong and rapid
(at 4 to 5 days postinoculation) and that enhanced the suscep-
tibility of these animals to Toxoplasma gondii infection (34).
Furthermore, this treatment also affected the capacity of rat
alveolar macrophages to kill C. neoformans yeast (33). The
results of our studies clearly show that the subcutaneous treat-
ment of animals with different cryptococcal antigens results in
the differential activation of the innate immune system and,
particularly, adherent peritoneal cells. Those are the first im-
mune cells that come into contact with the C. neoformans yeast
after intraperitoneal infection and either restrict or enhance
their growth and dissemination.

We observed that treatment with HKC-CFA resulted in the
phenotypic activation of adherent peritoneal cells and the up-
regulation of important surface molecules, such as CD80 and
CD86, involved in the initiation of the adaptive immune re-
sponse. In addition, this treatment also resulted in the induc-
tion of expression of the ED2 antigen, which is a member of

the scavenger receptor cysteine-rich group B. In this sense,
studies by Polfliet et al. (55) have demonstrated that the liga-
tion of this receptor on rat peritoneal macrophages triggers the
production of proinflammatory mediators such as NO, TNF-�,
and IL-6. On the other hand, it has also been indicated that the
ED2 antigen is a marker for aaMac (7).

Surprisingly, the treatment of rats with CPS-CFA, which
resulted in an exacerbation of the infection, also increased the
levels of expression of these molecules on adherent peritoneal
cells compared with the levels of expression on cells from the
control rats (Fig. 1). On the other hand, the levels of expres-
sion of MHC II on adherent peritoneal cells were similar for
the different antigenic treatments.

Phagocytosis is an important host defense mechanism by
which different cells are able to ingest microbes and kill them.
In cryptococcal infection, the importance of this process has
been well established. In this way, cells such as macrophages
are capable of ingesting and killing C. neoformans yeast (11,

FIG. 6. Cytokine production by adherent peritoneal cells from rats treated with CFA-PBS, HKC-CFA, or CPS-CFA at day 4 posttreatment.
Adherent peritoneal cells from different groups were cultured in 5% CO2 at 37°C in the presence of LPS. The supernatants used for the
measurement of cytokine levels were collected at 24 h for IL-12 and TNF-�, 48 h for IL-10, and 72 h for TGF-�. A capture enzyme-linked
immunosorbent assay was used to determine the cytokine levels. Each column shows the mean � SEM of three independent experiments. *, P
	 0.01 for HKC-CFA-treated rats versus the results for CFA-PBS-treated rats; **, P 	 0.003 for HKC-CFA-treated rats versus the results for
CFA-PBS-treated rats; ***, P 	 0.0002 for HKC-CFA-treated rats versus the results for CFA-PBS-treated rats; &, P 	 0.01 for CPS-CFA-treated
rats versus the results for CFA-PBS-treated rats; #, P 	 0.008 for CPS-CFA-treated rats versus the results for CFA-PBS-treated rats.
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12). In addition, this process of phagocytosis has also been
reported to stimulate the production of chemokines and cyto-
kines by phagocytic cells (31). However, C. neoformans can
also replicate intracellularly and lyse or escape from the host
cell (4, 27, 64). In this case, macrophages could serve as per-
missive sites for the growth of fungi. Our findings demonstrate
that adherent peritoneal cells from animals treated with HKC-
CFA were able to ingest and kill the C. neoformans yeast more
efficiently than adherent peritoneal cells from control rats (Fig.
2). In contrast, the phagocytic capacity of adherent peritoneal
cells from CPS-CFA-treated rats was similar to that observed
for adherent peritoneal cells from animals treated with CFA-
PBS (Fig. 2A). However, despite the similarity in their phago-
cytic activities, the cells from these two groups of animals
differed in their abilities to kill C. neoformans cells. Conse-
quently, the fungal growth observed in cocultures of yeast and
adherent peritoneal cells from rats treated with CPS-CFA was
higher than that found in control cultures (Fig. 2B). Therefore,
these peritoneal cells were less efficient in inhibiting C. neofor-
mans replication than those from rats treated with CFA-PBS.

Previous studies in our laboratory and other laboratories
have demonstrated that the production of reactive nitrogen
intermediates and ROI by different cell types plays an impor-
tant role in the host defense against cryptococcal infection.
Chemically generated NO inhibits C. neoformans growth in
vitro (3). Moreover, in a tracheal infection model with this
yeast, it has been demonstrated that the production of IFN-�
and NO is necessary for the efficient resolution of the infection
(45). In addition, previous studies in our laboratory have
shown that macrophages from infected rats appear to be able
to kill C. neoformans, principally by generating NO (58). On
the other hand, the NADPH oxidase system was found to be
important in the mechanism of C. neoformans killing by rat
peritoneal cells, with superoxide anion, hydrogen peroxide,
and the hydroxyl radical being involved in this process (60).
Our results showed an increase in the amount of NO produced
by adherent peritoneal cells from rats treated with HKC-CFA
compared with the amount produced by cells from rats treated
with CFA-PBS. In contrast, the level of NO production by
adherent peritoneal cells from rats treated with CPS-CFA was
not significantly different from the level of NO production by
adherent peritoneal cells from rats treated with CFA-PBS (Fig.
3). With respect to the production of ROI induced by the
different treatments, the level of release of H2O2 by adherent
peritoneal cells from HKC-CFA-treated animals was signifi-
cantly higher than that found in culture supernatants of control
cells (Fig. 4A). Moreover, unlike H2O2, the levels of O2

�

observed in cultures of adherent peritoneal cells from rats
treated with HKC-CFA and CFA-PBS were not significantly
different (Fig. 4B). On the other hand, the synthesis of H2O2

and O2
� by adherent peritoneal cells from rats traded with

CPS-CFA was similar to that by cells from control animals
(Fig. 4).

During pulmonary infection by C. neoformans in IFN-�-
knockout C57BL/6 mice, the number of aaMac increases.
Moreover, the presence of this cellular population is accom-
panied by a high fungal lung burden and progressive infection
(6). Therefore, the development of aaMac could be considered
a marker of susceptibility to cryptococcosis (49). In addition, in
other infections, such as leishmaniasis and schistosomiasis, the

induction of aaMac has been related to the persistence of
pathogenic microorganisms and the pathogenesis of the dis-
ease (1, 42). aaMac produce arginase and have low levels of
TNF-� and decreased levels of intracellular killing. Further-
more, these cells have also been implicated in the differentia-
tion of naïve T cells to the Th2 phenotype (57). In our model,
the treatment with CPS-CFA caused an increase in the argi-
nase activity of adherent peritoneal cells compared with that
observed for cells from the control animals (Fig. 5). In con-
trast, this activity of adherent peritoneal cells from HKC-CFA-
treated rats was not modified compared with the arginase
activity of cells from animals treated with CFA-PBS.

Cytokines play an important role in the immunological re-
sponse to invading microorganisms. In cryptococcosis, the bal-
ance between Th1 and Th2 cytokines is critical to the outcome
of the disease. It is well known that the development of a
Th1-type immune response is associated with protection
against C. neoformans, whereas the Th2 response favors the
infection (41). Proinflammatory cytokines such as IL-12 and
TNF-� are necessary for the induction of Th1 immunity and an
effective host defense. Therefore, the early production of IL-
12, as induced by the treatment of mice with mannoprotein
from C. neoformans, is essential for the development of the
anticryptococcal response seen with this treatment (54). On
the other hand, the production of other cytokines, such as
IL-10 and TGF-�, is largely associated with more severe cryp-
tococcal infections (41). In our work, the cytokine studies dem-
onstrated that the treatment of rats with HKC-CFA induced a
Th1-Th2 disequilibrium, thus favoring the Th1-type pathway
(Fig. 6). In contrast, the treatment with CPS-CFA resulted in
the production of low levels of proinflammatory cytokines,
such as IL-12 and TNF-�, which could lead to the development
of a Th2-type response (Fig. 6).

In summary, our results have shown different states of acti-
vation of adherent peritoneal cells from rats treated with
HKC-CFA or CPS-CFA, with adherent peritoneal cells from
animals treated with HKC-CFA being more effective than con-
trol cells in ingesting and killing C. neoformans yeast. In a
consistent way, these cells were also capable of secreting high
levels of anticryptococcal metabolites and the proinflammatory
cytokine IL-12. These findings are in agreement with those of
our previous studies, in which animals treated with HKC-CFA
were more efficient than control rats at resolving the intraper-
itoneal infection with C. neoformans yeast (8). In addition, at
day 21 postinfection, these rats also presented a Th1 response,
with IFN-� being produced by CD4� T cells. Adherent peri-
toneal cells from animals treated with CPS-CFA, however,
showed an increase in arginase activity and a low level of
production of IL-12 and TNF-� and had reduced anticrypto-
coccal activity compared with the findings for CFA-PBS-
treated rats. These results are also consistent with the exacer-
bation of the infection observed in those animals treated with
CPS-CFA after intraperitoneal challenge with C. neoformans
(8). This macrophage polarization toward an alternative means
of activation induced by treatment with CPS-CFA could be
related to the findings of the in vitro studies reported by Sho-
ham et al. (62), in which the interaction of GXM with Toll-like
receptor 4 was found to result in an incomplete activation of
CHO cells, without mitogen-activated protein kinase activation
or TNF-� production, suggesting a mechanism of immune
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dysregulation induced by this polysaccharide. On the other
hand, the exacerbation of cryptococcal infection observed in
rats treated with CPS-CFA could also be promoted in part by
a polysaccharide-mediated apoptosis of immune cells. In this
sense, GXM induces the upregulation of the Fas ligand in
macrophages, which results in the apoptosis of T cells that
express Fas (48).

The activation in the peritoneum is only a part of the im-
mune response mounted by the experimental animals, since we
have also observed that HKC-CFA and CPS-CFA treatments
promote the differential activation of mononuclear spleen and
lymphatic node cells (unpublished results), suggesting systemic
involvement in the protection or exacerbation of cryptococcal
infection after antigenic treatment. However, in the present
study we used a model of intraperitoneal infection reported
previously (8). In this sense, we consider that further studies
are necessary in order to elucidate if these mechanisms are
relevant in the activation of alveolar macrophages during an
intranasal or intratracheal challenge, which better represent
the natural route of cryptococcal infection.

Therefore, subcutaneous treatment with HKC or CPS emul-
sified in CFA differentially stimulates the immune system in
naïve rats and either favors or inhibits an anti-infection re-
sponse, thus conditioning the further effector response and the
course of the cryptococcal infection.
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