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Introduction

Summary

Experimental Cryptococcus neoformans infection in rats has been shown to
have similarities with human cryptococcosis, revealing a strong granuloma-
tous response and a low susceptibility to dissemination. Moreover, it has
been shown that eosinophils are components of the inflammatory response
to C. neoformans infections. In this in vitro study, we demonstrated that rat
peritoneal eosinophils phagocytose opsonized live yeasts of C. neoformans,
and that the phenomenon involves the engagement of FcyRII and CD18.
Moreover, our results showed that the phagocytosis of opsonized C. neofor-
mans triggers eosinophil activation, as indicated by (i) the up-regulation of
major histocompatibility complex (MHC) class I, MHC class II and costim-
ulatory molecules, and (ii) an increase in interleukin (IL)-12, tumour
necrosis factor-a (ITNF-a) and interferon-y (IFN-y) production. However,
nitric oxide (NO) and hydrogen peroxide (H,0,) synthesis by eosinophils
was down-regulated after interaction with C. neoformans. Furthermore, this
work demonstrated that CD4" and CD8" T lymphocytes isolated from
spleens of infected rats and cultured with C. neoformans-pulsed eosinophils
proliferate in an MHC class II- and class I-dependent manner, respectively,
and produce important amounts of T-helper 1 (Th1) type cytokines, such
as TNF-a and IFN-y, in the absence of T-helper 2 (Th2) cytokine synthesis.
In summary, the present study demonstrates that eosinophils act as fungal
antigen-presenting cells and suggests that C. neoformans-loaded eosinophils
might participate in the adaptive immune response.

Keywords: antigen presentation; Cryptococcus neoformans; eosinophils;
T-helper 1 (Thl) profile

monocyte/macrophages (M), dendritic cells and lym-
phocytes [CD4" T cells, CD8" T cells, B cells and natural

Cryptococcus neoformans is a facultative intracellular patho-
gen that causes severe meningoencephalitis or disseminated
mycosis in immunocompromised patients." This encapsu-
lated yeast is also able to persist in healthy hosts, thus caus-
ing dormant infections that may later be reactivated under
an immunosuppressive disease.” Cryptococcal infections in
rats have been shown to have similarities with human
cryptococcosis, revealing a strong granulomatous response
and a low susceptibility to disseminated infections.’
T-cell-mediated immunity is a critical component of
protective immunity against infection with C. neoformans.
Both CD4" and CD8" T cells are required for effective
immune pulmonary clearance and prevention of extrapul-
monary dissemination.* The cells recruited during the
inflammatory response include neutrophils, eosinophils,

killer (NK) cells]. Of these cells, activated M, neutroph-
ils and lymphocytes are all capable of in vitro killing or
growth inhibition of C. neoformans.” Related to this, pre-
vious studies in our laboratory have shown that M¢ from
infected rats appear to be able to kill C. neoformans, prin-
cipally by generating nitric oxide (NO).°® Moreover, the
NADPH oxidase system was also found to be very impor-
tant in the mechanism of C. neoformans killing by rat
peritoneal cells, with the superoxide anion, hydrogen per-
oxide (H,0,) and the hydroxyl radical being involved in
this process.”

Eosinophils, in contrast, are implicated as effector cells
in helminthic infections, releasing their many cytoplasmic
granules, containing toxic molecules, in response to anti-
genic stimuli.®> Moreover, they notably contribute to aller-
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gic inflammation at airway mucosal sites.” Recent studies
have also demonstrated that eosinophils are able to func-
tion as antigen-presenting cells (APCs). The eosinophils
express major histocompatibility complex (MHC) class I
and class II, and the costimulatory molecules CD28,
CD40, CD80 and CD86, suggesting that these cells can
directly communicate with T cells to regulate immune
responses. In addition, eosinophils also secrete a range of
cytokines that are not only proinflammatory, but also
function as growth factors, stimulants and chemoattrac-
tants [e.g. interleukin (IL)-2, IL-4, IL-5, IL-10, IL-12,
IL-16, interferon-y (IFN-y) and regulated on activation,
normal, T-cell expressed, and secreted (RANTES)] for T
cells.' In this sense, eosinophils were demonstrated to
present antigens to primed T cells, thus increasing
T-helper 2 (Th2) cytokine production.'®™* Furthermore,
antigen-loaded eosinophils migrate into local lymph
nodes and localize in the T-cell-rich paracortical zones,
where they stimulate the expansion of CD4" T cells." It
was shown that eosinophil effector responses, the expres-
sion levels of MHC class II, CD80 and CD86, and the
capability to induce resting T cells to proliferate, can be
enhanced by exposing them to specific eosinophil-active
cytokines, including the eosinophil growth-factor cyto-
kines, granulocyte—-macrophage colony-stimulating factor
(GM-CSF), IL-3 and IL-5."

Although the role of eosinophils in the immune response
to fungal infections has not been extensively studied, there
are some results suggesting that Coccidioidomycosis,
caused by the fungus Coccidioides immitis, may be accom-
panied by an increase in peripheral blood eosinophils of
the order of 3-10%.!” Moreover, during Paracoccidioid-
omycosis in humans, Wagner et al.'® have shown a clear
association among the presence of Paracoccidioides brasili-
ensis, infiltration of the lesion by eosinophils and deposi-
tion of myelin basic protein (MBP) on the fungus. In this
regard, Feldmesser et al.'® have demonstrated in vitro that
rat eosinophils phagocytose opsonized C. neoformans
yeasts, and they also observed a direct interaction between
eosinophils and C. neoformans in vivo during an experi-
mental murine intratracheal infection. Even though eosin-
ophils are unlikely to be the predominant effector cells in
the immune response to this organism, their occurrence, in
intimate association with C. neoformans, suggests a poten-
tial function for eosinophils as effector cells.

The aim of this study was to evaluate the ability of rat
peritoneal eosinophils to be activated by C. neoformans
yeasts in order to present fungal antigens to T cells,
thereby promoting the development of an immune
response to this pathogen. The results presented here
show that eosinophils became activated by C. neoformans,
increasing the surface expression of MHC class I and class
IT and of CD80 and CDB86, resulting in the secretion of
proinflammatory cytokines, such as IL-12, IFN-y and
tumour necrosis factor-oo (TNF-o). Finally, this work

Eosinophil as C. neoformans antigen-presenting cell

demonstrated that these fungal-activated eosinophils
induce the development of a C. neoformans-specific
T-helper 1 (Thl) immune response.

Materials and methods

Reagents and media

For cell cultures, RPMI-1640 supplemented with 10%
fetal bovine serum (FBS), 2 mm glutamine and 50 pg/ml
of gentamycin (Sigma-Aldrich Co., St Louis, MO) was
used. The mouse monoclonal antibodies (mAbs) anti-rat
CD32 (FcyRII), CD18 (WT.3), MHC class II (RT1b),
MHC class I (RT1a), CD80 (B7-1), CD86 (B7-2), OX-62,
CD11b/c, CD4, CD8a, CD25, IFN-y (DB-1), IL-4 (OX-
81) and IL-10 (A5-4) were obtained from BD Biosciences
(San Jose, CA). The glucuronoxylomannan-specific mAb,
3C2 (mouse 1gG1l), was a generous gift from Thomas R.
Kozel (Department of Microbiology and Immunology,
University of Nevada, Reno, NV 89557). Recombinant rat
GM-CSF was obtained from BioSource (Camarillo, CA),
and 2,7'-dichlorodihydrofluorescein diacetate (DCF) was
obtained from Sigma-Aldrich.

Animals

Male, 7- to 8-week-old Wistar rats, weighing 250 g, were
housed and cared for in the animal resource facilities of
the Department of Clinical Biochemistry, Faculty of
Chemical Sciences, National University of Cordoba, fol-
lowing institutional guidelines. These animal resource
facilities are accredited as an entity that follows interna-
tional norms of the ‘Guide to the Care and Use of Exper-
imental Animals’ regulation published by the Canadian
Council on Animal Care (assurance number A5802-01).
All experimental protocols were approved by the Animal
Experimentation Ethics Committee, Faculty of Chemical
Sciences, National University of Cordoba (resolution
number 1135/09).

C. neoformans

Serotype A C. neoformans strain 102/85 (National Univer-
sity of Cordoba stock culture collection) was used. This
strain of Cryptococcus is a clinical isolate with a large cap-
sule, typified by a polymerase chain reaction (PCR) mul-
tiplex and PCR fingerprinting (Centro de Biotecnologia
da Universidade Federal do Rio Grande do Sul, Brasil) as
C. neoformans var. grubii, which has been used in previ-
ous studies.*”** To perform the experiments, living
yeasts of C. neoformans were expanded in liquid Sabou-
raud media for 24 hr in a gyratory shaker at 30°. Then,
the yeasts were washed three times with phosphate-buf-
fered saline (PBS), resuspended at 107 cells/ml and opson-
ized with 5 pg/ml of mAb 3C2 for 30 min at 37°. After
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this, the yeasts were washed with PBS and finally
resuspended in RPMI-1640 supplemented with 10% FCS,
2mM glutamine and 50 pg/ml gentamycin for subse-
quent cultures with eosinophils.

Isolation and culture of eosinophils

Eosinophils were purified from the peritoneal cavity of
normal rats by washing it with cold PBS, pH 7-3, contain-
ing 0-1% FBS. The cells thus obtained were centrifuged at
400 g for 10 min and resuspended in 2 ml of 1x Hanks’
balanced salt solution (HBSS). Then, the cells were sepa-
rated on a discontinuous Percoll gradient (2 ml of a solu-
tion of Percoll with a density of 1090 g/ml and 2 ml
with density of 1-080 g/ml, carefully overlaid). The tubes
were centrifuged at 400 g for 25 min, and the eosinophils
were collected from the middle interface between the Per-
coll layers.** The percentage of eosinophils was > 90%, as
determined by May-Griinwald—Giemsa staining. This
population was further purified by negative selection, by
incubation for 30 min with anti-CD11b/c- and anti-OX-
62-labelled fluorescein isothiocyanate (FITC), and then
for a further 15 min with anti-FITC MicroBeads (Milte-
nyi Biotec, Bergisch Gladbach, Germany). The eosinophil
population contained < 1% OX-62" cells and < 2%
CD11b/c" cells, which was not significantly different from
the isotype control (Fig. S1). Finally, the percentage of
eosinophil viability was > 95%, as determined by the Try-
pan Blue dye-exclusion test.

Purified eosinophils were incubated in supplemented
RPMI-1640 alone, or with opsonized or non-opsonized
live yeasts of C. neoformans at 37° and a 5% CO, humidi-
fied atmosphere, in the presence or absence of GM-CSF
(5 ng/ml).

For some comparative experiments, rat peritoneal M
were used. These cells were purified from the upper inter-
face of the Percoll layers.

Eosinophil phagocytosis assays

Phagocytosis assays were performed as described in previ-
ous studies with some modifications.'®?® In brief, eosin-
ophils were plated at a density of 10° cells/ml in media
on a 24-well plate containing 10° opsonized or non-ops-
onized yeast cells/ml (i.e. at an effector : target cell ratio
of 1:1) and with or without 5 ng/ml of GM-CSF. In some
experiments, eosinophils were preincubated for 30 min
with anti-FcyRII and/or anti-CD18 (5 pg/ml). The plates
were incubated for 2 hr at 37° in an atmosphere of 5%
CO,. The cells were then collected from the wells, centri-
fuged in a Cytospin cytocentrifuge (Eppendorf AG, Ham-
burg, Germany) for 5 min and stained with May-
Griinwald-Giemsa, and the number of eosinophils (out
of a total of 100) containing ingested cryptococci was
determined by counting no fewer than 500 cells.

Flow cytometry assay for eosinophil surface expression of
MHC class I and class II, and CD80 and CD86

Three-hundred-thousand cells were plated on a 96-well
U-shaped plate with the same number of opsonized or
non-opsonized yeast cells, or with medium alone, in the
presence or absence of GM-CSF. In some experiments,
the eosinophils were preincubated for 30 min with anti-
FcyRII and/or anti-CD18 (5 pg/ml). The plates were incu-
bated at 37° and 5% CO, for 24 hr. The cells were then
blocked with anti-(rat FcyRII) (CD32) for 15 min at
room temperature and stained with anti-(rat MHC class
I), anti-(rat MHC class II), anti-(rat CD80) or anti-(rat
CD86) for 30 min under the same conditions. After incu-
bation, the cells were collected by centrifugation, fixed in
1% Paraphormaldehyde, washed three times with wash
buffer and then 20 000 events were analyzed by flow
cytometry (Cytoron Absolute; ORTHO Diagnostic Sys-
tem, Raritan, NJ). The percentage of positively labelled
cells was determined using logarithmic-scale histograms.
Autofluorescence was assessed using untreated cells and
control isotypes.

Nitrite measurement

Cells were plated at a density of 10°/ml in medium with
or without GM-CSF (5 ng/ml), on a 24-well plate con-
taining 10° opsonized yeast cells/ml. In some experiments,
eosinophils were preincubated for 30 min with anti-
FcyRII and/or anti-CD18 (5 pg/ml). Nitrite accumulation,
an indicator of NO production, was measured using the
Griess reagent.® Briefly, 100-pl aliquots of 24-hr culture
supernatants were mixed with an equal amount of Griess
reagent and incubated at room temperature for 15 min.
The absorbance at 540 nm was measured using an auto-
mated microplate reader (BioRad, Hercules, CA). The
concentration of nitrite was calculated from a NaNO,
standard curve.

Flow cytometric detection of intracellular H,O,

To measure the concentration of intracellular H,O,,
eosinophils were incubated with DCF, with the non-fluo-
rescent reduced form being converted into a green fluo-
rescent form when oxidized. DCF is oxidized by cellular
H,0,, hydroxyl radicals and other free-radical products
of H,0,. However, it is relatively insensitive to oxidation
by superoxide.’® Eosinophils were treated for 2 hr
(because at earlier time-points there was no H,O, release
detected) in the presence or absence of GM-CSF (5 ng/
ml), with medium alone or opsonized live yeasts, before
being washed with PBS and treated with 10 pm DCF for
20 min at 37°. In some experiments, eosinophils were
preincubated for 30 min with anti-FcyRII and/or anti-
CD18 (5 pug/ml). A total of 10 000 events were analyzed
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by flow cytometry (Cytoron Absolute; ORTHO Diagnos-
tic System) for changes in fluorescence.*®

Eosinophil cytokine assays

Supernatants from cultures set up as described above
were collected after 24 hr in order to measure the concen-
trations of IL-12p40, TNF-x, IFN-p, IL-10, IL-4 and
IL-13, and were frozen at —70° until analyzed. IL-12p40,
TNF-o and IFN-y were measured using the enzyme-linked
immunosorbent assay (ELISA) sandwich CytoSets accord-
ing to the manufacturer’s protocol (Biosource). Dilutions
of recombinant rat IL-12p40, TNF-o. and IFN-y were used
as standards. After washing, the plates were reacted with
horseradish peroxidase conjugated to streptavidin (Bio-
source). This was followed by the addition of tetramethyl-
benzidine (TMB; Biosource) for 5-20 min and stopped
with sulphuric acid. The reaction was read using a Micro-
plate Reader (BioRad), and the results were expressed as
pg/ml.

In vitro antigen presentation by eosinophils to naive or
C. neoformans-primed T cells

Naive mononuclear spleen cells (MSCs) were obtained
from untreated Wistar rats, and C. neoformans-primed
MSCs were collected from rats infected intraperitoneally,
7 days before the experiment with 107 live yeasts of C. neo-
formans in 1 ml of PBS. Spleens were pressed through
wire-mesh screens to separate the cells. Erythrocytes were
lysed with a lysis buffer, pH 7-3, and MSCs were obtained
after centrifugation on a Hystopaque 1083 (Sigma-Aldrich)
gradient and a 6-hr adherence culture to remove adherent
cells. For some experiments, purified CD4" and/or CD8"
T cells were obtained by incubating MSCs for 30 min with
FITC-labelled anti-CD4 and/or anti-CD8a, and then for a
further 15 min with anti-FITC MicroBeads. By positive
selection (MACS; Miltenyi Biotec), > 97% pure T cells
were obtained with a viability of 98%.

Eosinophils were cultured in RPMI-1640 supplemented
with 5 ng/ml of GM-CSF in the absence (unpulsed eosin-
ophils) or presence of opsonized C. neoformans (C. neofor-
mans-pulsed eosinophils), at a ratio of 1:1, for 24 hr, as
described above. Then, these eosinophils were removed
from the plates, washed twice with RPMI-1640 supple-
mented with 2.5 pg/ml of amphotericin B, and fixed in
1% paraformaldehyde to avoid degranulation and to pre-
serve the cells during subsequent co-cultures.'"*” Fixed
antigen-pulsed APC have been shown to have unchanged
expression levels of MHC class II and to be able to stimu-
late the proliferation of T cells.”® After 24 hr, the eosin-
ophils were extensively washed with RPMI-1640, and
6 x 10* of these cells were incubated in flat-bottomed 96-
well plates containing 3 x 10° naive or C. neoformans-
primed MSCs or purified T cells in RPMI-1640 supple-

Eosinophil as C. neoformans antigen-presenting cell

mented with 50 pum 2-mercaptoethanol (Merck, Damstadt,
Germany). In some experiments, 1 pg of anti-MHC class I
or anti-MHC class IT was added to 10° cells. The cultures
were incubated for 7 days at 37° and 5% CO,. After the
addition of 1 pCi of [3H]thyrnidine (obtained from Comi-
sion Nacional de Energia Atomica, CNEA) to each well,
the incorporation of [*H]thymidine by lymphocytes was
determined, 16-18 hr later, using a cell harvester and a
liquid scintillation counter.

For some comparative studies, similar cultures were
performed using unpulsed or C. neoformans-pulsed M¢
as APC.

Furthermore, the production of IFN-y, TNF-o, IL-4,
IL-13 and IL-10 by purified T cells was measured in
supernatants of 96-hr cultures using anti-(rat IFN-y),
anti-(rat-TNF-o), anti-(rat-IL-4), anti-(rat-IL-13) and
anti-(rat-IL-10) CytoSets (BioSource), as described above.

Immunofluorescent staining for intracellular cytokine
detection in CD4" and CD8" T cells by flow cytometry

For intracellular cytokine and surface-marker staining,
C. neoformans-primed CD4" and CD8" T cells (1 x 10°
cells) were co-cultured with unpulsed or C. neoformans-
pulsed eosinophils (2 x 10° cells), or in medium alone,
for 4 days. Then, T cells were stimulated with phorbol
12-myristate 13-acetate (PMA; 50 ng per 2 X 10° cells),
ionomycin (500 ng per 1 x 10° cells) and brefeldin A
(5 ng/1 x 10° cells) for 3 hr at 37° under a 5% CO,
humidified atmosphere. For cell-surface staining, cells
were incubated for 30 min at 4° in the dark with FITC-
conjugated mouse mAb specific to rat CD4 (0-5 mg per
10° cells) or CD8 (0-5 mg per 10° cells). The cells were
then washed twice (30 min each wash, at room tempera-
ture) with PBS containing 3% FCS and then fixed over-
night at 4° in PBS containing 1% paraformaldehyde.
Before intracellular cytokine staining, the cells were
washed with PBS containing 0-5% saponin. Cells in this
buffer were incubated with phycoerythrin (PE)-conju-
gated mouse anti-(rat IFN-y) (0-125-0-5 pg per 10°
cells) and anti-(rat IL-4) (0-1-0-5 png per 10° cells), or
appropriate controls (corresponding to IgG-negative iso-
types) in the dark for 30 min at room temperature. The
cells were washed twice with PBS containing 0-5% sapo-
nin and finally resuspended in 0-2 ml of flow wash.*
The immunofluorescently stained cells were analyzed
using a Becton Dickinson FACS Canto II flow cytometer
(San José, CA). The percentage of double-positive
labelled cells was determined using dot-plot graphs.

Statistical analysis

Data were expressed as means + standard errors of the
mean (SEM) and analyzed statistically using the Student’s
t-test. Statistical significance was taken to be a P-value of
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< 0-05. All experiments were repeated and equivalent
results were obtained.

Results

Rat eosinophils phagocytose opsonized C. neoformans
and increase MHC class II expression through
FcyRII and CD18 interactions

First, we evaluated the ability of eosinophils to phagocy-
tose live yeasts of C. neoformans. Purified eosinophils
were exposed to yeasts of C. neoformans that were either
opsonized with the mAb 3C2 which binds specifically to
C. neoformans glucuronoxylomannan, or non-opsonized,
at a ratio of 1:1, in the presence or absence of GM-CSF
(5 ng/ml) for 24 hr. Eosinophils incubated with opson-
ized C. neoformans, non-opsonized C. neoformans or
medium alone, showed more than 85% viability, as deter-
mined using the Trypan Blue dye-exclusion test, and
< 10% apoptosis when tested by propidium iodide stain-
ing and flow cytometry (data not shown). Figure 1 shows
that both non-stimulated and GM-CSF-stimulated eosin-
ophils phagocytosed opsonized yeasts of the fungus, with
20-25% of phagocytosis being carried out by eosinophils
in the absence or presence of GM-CSF. However, eosin-
ophils were not able to ingest non-opsonized yeasts
(eosinophils plus opsonized C. neoformans versus eosin-
ophils plus non-opsonized C. neoformans, P < 0-05).
C. neoformans phagocytosis was blocked by anti-FcyRII
and anti-CD18 mAbs (Fig. 1b), suggesting that both
receptors are involved in this phenomenon.

Flow cytometric analysis of MHC class II surface
expression demonstrated that the ingestion of opsonized
yeasts stimulated the increase of both the percentage and
the mean fluorescence intensity (MFI) of MHC class II
on eosinophils (Fig. 2a) (eosinophil plus opsonized
C. neoformans versus eosinophil plus non-opsonized
C. neoformans; P < 0-02). According to the observations
for C. neoformans phagocytosis, MHC class II expression
by eosinophils incubated with opsonized yeasts was com-
pletely inhibited by FcyRII and CD18 (Fig. 2b). Further-
more, the increased expression of MHC class II on
eosinophils treated with opsonized C. neoformans was sig-
nificantly higher in cultures with GM-CSF than in its
absence (60% versus 20%; P < 0-02) (Fig. 2b).

C. neoformans promotes eosinophil activation,
inducing increased expression of MHC class I,
CD80 and CD86 and increased production

of IL-12 p40, TNF-a and IFN-y

We further analyzed the expression of MHC class I,
CD80 and CD86 on the surface of eosinophils incubated
with opsonized or non-opsonized C. neoformans, in the
presence or absence of GM-CSF. Figure 3a demonstrates

(b) .30 N —= Eo + non-opsonzied Cn
225 % ====Fo + opsonized Cn
2 5 3 : ==xxa F0 + opsonized Cn + anti-Fc yRII
2 - zzzza Eo + opsonized Cn + anti-CD18
% 15 ez E0 + opsonized Cn + anti-FcyRIl +
g 10 anti-CD18
25
o
0

5 ng/ml
GM-CSF

Figure 1. Exposure of eosinophils to opsonized live yeasts of Crypto-
coccus neoformans leads to fungal phagocytosis. Eosinophils (1 x 10°
cells/ml) were incubated for 2 hr with 1 x 10° yeasts/ml, with or
without opsonizing monoclonal antibody (mAb) (5 pg/ml) and
granulocyte-macrophage colony-stimulating factor (GM-CSF) (5 ng/
ml). In some experiments, anti-FcyRII and/or anti-CD18 were added
to the culture. (a) Cytospin preparations of eosinophils in medium
alone (left photographs) or cultured with opsonized C. neoformans
(right photographs), May-Griinwald—Giemsa staining (magnification
1000 x). (b) Percentage of eosinophils with ingested cryptococci, cal-
culated by counting no fewer than 500 cells. Bars represents the
means * standard error of the mean (SEM) of triplicates from three
independent  experiments. *P < 0-05  (eosinophils + opsonized
C. neoformans versus eosinophils + non-opsonized C. neoformans).
Cn, Cryptococcus neoformans; EO, eosinophils.

that in the presence of GM-CSF, opsonized C. neoformans
drastically increased the percentage and MFI of MHC
class I expression on eosinophils (eosinophil plus opson-
ized C. neoformans versus eosinophil plus non-opsonized
C. neoformans; P < 0-01). Moreover, opsonized C. neofor-
mans significantly up-regulated the surface expression of
CD80 and CD86 on these cells (eosinophil plus opsonized
C. neoformans versus eosinophil plus non-opsonized
C. neoformans; P < 0-05). Similar results were observed in
cultures performed in the absence of GM-CSF (Fig. 3b).
Therefore, in contrast to that observed for MHC class II,
opsonized C. neoformans up-regulated the expression of
MHC class I and costimulatory molecules, regardless of
the presence of GM-CSF in the medium.

The levels of IFN-y, TNF-a and IL-12p40 were also
quantified in the supernatants of eosinophils obtained
24 hr after culture with opsonized or non-opsonized
C. neoformans in the presence or absence of GM-CSF.
Figure 4 shows the production of cytokines in cultures
containing GM-CSF, revealing that in the presence of
opsonized C. neoformans, eosinophils secreted significant
amounts of IFN-y, TNF-o and IL-12p40, compared to
cells incubated in medium alone or with non-opsonized
yeasts (P < 0-03). In contrast, Th2 cytokines (such as
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IL-4, IL-10 and IL-13) were not detected in these culture
supernatants. Almost the same results were obtained in
the absence of GM-CSF (data not shown).

C. neoformans inhibits the GM-CSF-stimulated
production of H,0, and NO by eosinophils
through FcyRII

In order to evaluate the production of fungicidal mole-
cules by GM-CSF-stimulated eosinophils incubated with
opsonized C. neoformans, we measured the production of
H,0, using DCF oxidation and flow cytometry, and the
synthesis of NO using the Griess reaction. Figure 5a
shows that opsonized C. neoformans drastically inhibited
the production of H,0, by GM-CSE-stimulated eosin-
ophils (P < 0-03; eosinophils plus opsonized C. neofor-
mans eosinophils in medium alone). This
phenomenon was exclusively dependent on FcyRII,
because, in the presence of a blocking antibody, opson-
ized C. neoformans were unable to suppress H,O, produc-
tion. To a lesser extent, opsonized C. neoformans also
inhibited NO production by GM-CSF-stimulated eosin-
ophils (Fig. 5b; P < 0-05; eosinophils plus opsonized
C. neoformans versus eosinophils in medium alone)
through FcyRII interactions. Similarly, in the absence of

versus
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GM-CSF, opsonized C. neoformans also inhibited the
basal production of H,O, or NO by eosinophils (data not
shown).

C. neoformans-pulsed eosinophils promote the
proliferation of C. neoformans-primed CD4" and
CD8" T cells in an MHC class II- and MHC
class I-dependent manner, respectively

Experiments were then performed in order to evaluate
the ability of eosinophils to present fungal antigens. Tak-
ing into account that the expression of MHC class II was
significantly higher on eosinophils cultured with C. neo-
formans in the presence of GM-CSF than in its absence
(Fig. 2b), eosinophils were pulsed with opsonized C. neo-
formans in the presence of GM-CSF for 24 hr before
being fixed with paraformaldehyde. Then, they were cul-
tured with MSCs or purified T lymphocytes (CD4" and
CD8") obtained from untreated rats (naive lymphocytes)
or from rats infected with 107 yeasts 7 days previously
(C. neoformans-primed lymphocytes). Seven days after
culture, the lymphoproliferation was measured by thymi-
dine incorporation. The results showed that C. neofor-
mans-primed lymphocytes (MSCs or purified CD4" plus
CD8" T cells), but not naive lymphocytes, proliferated
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Figure 2. Phagocytosis of Cryptococcus neoformans increases the expression of major histocompatibility complex (MHC) class II in eosinophils.

(a) Eosinophils (3 x 10> cells) were incubated for 24 hr with opsonized or non-opsonized fungal yeasts (at a ratio of 1:1), or with medium alone,

in the presence of granulocyte—-macrophage colony-stimulating factor (GM-CSF) (5 ng/ml). The eosinophils were then stained with anti-(MHC

class II), and 20 000 events were analyzed by flow cytometry. The

percentage of positively labelled cells and the mean fluorescence intensity

(MFI) were determined using logarithmic-scale histograms (open histograms indicate the isotype control). (b) Anti-FcyRII or/and anti-CD18

blocking monoclonal antibodies (mAbs) were added to the culture 2 hr before the addition of the yeasts. Data are representative of five indepen-

dent experiments. *P < 0-02 (eosinophils + opsonized C. neoformans versus eosinophils + non-opsonized C. neoformans). Cn, Cryptococcus

neoformans; EO, eosinophils.
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Figure 3. Cryptococcus neoformans promotes eosinophil activation, resulting in an increased expression of major histocompatibility complex
(MHC) class I, CD80 and CD86. Eosinophils (3 x 10° cells) were incubated for 24 hr with opsonized or non-opsonized fungal yeasts (at a ratio
of 1:1), or with medium alone, in the presence (a) or in the absence (b) of granulocyte-macrophage colony-stimulating factor (GM-CSF) (5 ng/
ml). Eosinophils were then stained with anti-(MHC I), anti-CD80 or anti-CD86, and 20 000 events were analyzed by flow cytometry. The per-
centage of positively labelled cells and the mean fluorescence intensity (MFI) were determined using logarithmic-scale histograms (open histo-
grams indicates isotype control). Data are representative of five independent experiments. *P < 0-02 (eosinophils + opsonized C. neoformans

versus eosinophils + non-opsonized C. neoformans). Cn, Cryptococcus neoformans.

significantly in the presence of C. neoformans-pulsed unpulsed eosinophils (Fig. 6a,b). Moreover, in the
eosinophils, compared with MSCs or T cells cultured absence of eosinophils, neither MSCs nor T cells prolifer-
in medium alone, or with fixed C. neoformans yeasts or ated, even when incubated with C. neoformans alone, dis-

180 © 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 174-187



(a) 1000

m— o T
— Eo + non-opsonized Cn
8001 === Eo + opsonized Cn
£ 6001
> T
=
i
Z 4001
L
200
0.
(b) 4000 1
= Eo
—— Eo + non-opsonized Cn b
=== Eo + opsonized Cn
30001
E
& 2000
¢
z
[T
'_
1000 1
NI
(c) 600 -
m— EoO
C— Eo + non-opsonized Cn *x
500 4| === Eo + opsonized Cn
E
D
£
2 400
o 100
(9]
=
01— ——— ——

Figure 4. Cryptococcus neoformans promotes eosinophil activation,
resulting in the production of proinflammatory cytokines. Eosinoph-
ils (3 x 10° cells) were incubated for 24 hr with opsonized or non-
opsonized fungal yeasts (at a ratio of 1:1), or with medium alone, in
the presence of granulocyte—macrophage colony-stimulating factor
(GM-CSF) (5 ng/ml). (a) Interferon-y (IFN-y), (b) tumour necrosis
factor-oo (TNF-o) and (c) Interleukin (IL)-12p40 production by eo-
sinophils were measured in the supernatants using enzyme-linked
immunosorbent assay (ELISA) sandwich CytoSets. Data are represen-
tative of at least four independent experiments. *P < 0-002 (eosin-
ophils + non-opsonized C. neoformans versus eosinophils) and
**P < 0-04 (eosinophils + opsonized C. neoformans versus eosinoph-
ils + non-opsonized C. neoformans). Cn, Cryptococcus neoformans;
Eo, eosinophils.

counting any possible effect of APC contamination within
the eosinophil preparation or among the purified T cells.
In addition, Fig. 6b shows that C. neoformans-pulsed peri-

Eosinophil as C. neoformans antigen-presenting cell

321 mmm Eo
[ Eo + opsonized Cn

2
C
[
>
i}
102 103
DCF-flourescence
(b) s EO
25, = Eo + opsonized Cn
== Eo + opsonized Cn + anti-FcyRI|

~ 20

= *k

=

f=

215

o

>

°

o

210

2

E

5
0

Figure 5. Cryptococcus neoformans inhibits the release of radical oxy-
gen species and nitric oxide by eosinophils through FcyRII interac-
tions. Eosinophils were incubated with granulocyte-macrophage
colony-stimulating factor (GM-CSF) (5 ng/ml), in medium alone or
with opsonized C. neoformans (at a ratio of 1:1). Anti-FcyRIT was
added to the culture. (a) After 2 hr of culture, eosinophils were
washed with phosphate-buffered saline (PBS), treated with 10 pm
2',7'-dichlorodihydrofluorescein diacetate (DCF) for 20 min at 37°
and then 10 000 events were analyzed by flow cytometry for changes
in fluorescence. (b) After 24 hr of culture, the supernatants were
analyzed for nitrite accumulation using the Griess reagent. Data are
representative of at least three independent experiments. **P < 0-04
(eosinophils + opsonized C. neoformans versus eosinophils and
eosinophils + opsonized C. neoformans + anti-FcyRII). Cn, Crypto-
coccus neoformans; Eo, eosinophils.

toneal M¢ did not stimulate T-cell proliferation. In this
regard, it has been previously demonstrated that mono-
cytes pretreated with encapsulated cryptococci have little
or no ability to stimulate T-cell proliferation.*

To evaluate if C. neoformans-primed CD4" or CD8" T
cells were responsible for the lymphoproliferation
observed in Fig. 6b, the CD4" and CD8" T-cell prolifera-
tions were measured separately in the presence of C. neo-
formans-pulsed eosinophils. Figure 6¢ shows that both
CD4" and CD8" T cells proliferated in the presence of
C. neoformans-pulsed eosinophils compared with CD4"
and CD8" T cells cultured in medium alone. However,
CD4" T cells were the main population sensitive to the
stimulation of C. neoformans-pulsed eosinophils, showing
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a higher incorporation of thymidine incorporation than
that observed by CD8" T cells (10 000 c.p.m. versus
3000 c.p.m.; P < 0-03).

From these data, along with those shown in Figs 2 and
3, we speculate that eosinophils not only present antigens
to CD4" T cells in an MHC class II pathway, but also
present antigens to CD8" T cells by using their MHC
class I molecules. To test this hypothesis, experiments
were performed to determine whether the induction of
C. neoformans-primed T-cell proliferation was caused by
the presentation of antigens by eosinophils in conjunction
with MHC class I and MHC class II molecules. C. neofor-
mans-pulsed eosinophils were treated with anti-MHC
class I or anti-MHC class II mAbs before incubation with
C. neoformans-primed CD4" and CD8" T cells. The
blocking of MHC molecules on the eosinophil surface
was found to suppress the ability of C. neoformans-pulsed
eosinophils to stimulate C. neoformans-primed T-cell pro-
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liferation (Fig. 6d). Moreover, the suppression seen in the
lymphocyte proliferation was more pronounced with
anti-MHC class II, which coincided with the higher pro-
liferation of CD4" T cells shown in Fig. 6c.

In conclusion, C. neoformans-pulsed eosinophils stimu-
lated C. neoformans-primed MSCs and T cells (CD4" as
well as CD8") in an MHC class II- or class I-dependent
manner. This stimulation of proliferation, however, was
not observed for naive T cells or when C. neoformans-
pulsed M¢ were used as APCs.

C. neoformans-pulsed eosinophils mainly stimulate
the increase of an IFN-y-producing T-cell population

To characterize and differentiate the T-cell profile seen
after co-culture with C. neoformans-pulsed eosinophils,
C. neoformans-primed purified T cells (CD4" and CD8")
were analyzed by flow cytometry to determine the intra-
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Figure 6. Cryptococcus neoformans-pulsed eosinophils promote C. neoformans-specific CD4"* and CD8" T cells to proliferate in a major histocom-
patibility complex (MHC) class II- and MHC class I-dependent manner. (a) Mononuclear spleen cells (MSCs) from the spleens of normal rats or
from rats infected with 107 live yeasts of the fungus were co-cultured with fixed C. neoformans-pulsed eosinophils, unpulsed eosinophils and
yeasts of C. neoformans. (b) Purified CD4" and CD8" T cells from normal rats or from rats infected with 107 live yeast of the fungus were co-cul-
tured with fixed C. neoformans-pulsed eosinophils, unpulsed eosinophils, C. neoformans-pulsed macrophages, unpulsed macrophages or yeasts of
C. neoformans. (c) Purified CD4" or/and CD8" T cells were co-cultured with C. neoformans-pulsed eosinophils or medium alone. (d) In a sepa-
rate experiment, C. neoformans-pulsed eosinophils were fixed and incubated for 30 min at 37° with monoclonal antibodies (mAbs) specific to
MHC class IT and MHC class I before culture with primed CD4" and CD8" T cells. Then, 1 pCi of [SH]thymidine was added to each well, and
the incorporation of [*H]thymidine by lymphocytes was determined 16-18 hr later, using a cell harvester and a liquid scintillation counter. Data
are representative of four independent experiments. *P < 0-04 (C. neoformans pulsed-eosinophils versus medium), **P < 0-001 (CD4" and CD8"
versus CD4" and CD8") and ***P < 0-04 (C. neoformans pulsed-eosinophils versus medium, C. neoformans and eosinophils). Cn, Cryptococcus

neoformans; c.p.m., counts per minute; Eo, eosinophils; M, macrophages.
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cellular expression levels of IFN-y and IL-4 after 4 days of
culture with C. neoformans-pulsed eosinophils or medium
alone. Figure 7 shows a significant increase in the per-
centage of IFN-y-producing cells when T cells were incu-
bated with C. neoformans-pulsed eosinophils compared
with T cells cultured in medium alone (6-56% versus
1-61%; P < 0-02). With regard to the IL-4-producing
T-cell population, the percentage with C. neoformans-
pulsed eosinophils (2-42%) was similar to that for med-
ium alone (2-35%). These results allowed us to conclude
that C. neoformans-pulsed eosinophils were able to induce
the expansion of IFN-y-producing Thl cells, but not of
IL-4-producing Th2 cells.

C. neoformans-pulsed eosinophils promote the
production of IFN-y and TNF-a by C. neoformans-
primed CD4" and CD8" T cells

To analyze the production of cytokines by CD4" and
CD8" T cells in supernatants, the concentrations of IFN-
7, TNF-o, IL-4, IL-10 and IL-13 were measured after
4 days of culture. The results presented in Fig. 8(a,b)
show that there was a significant increase in the produc-
tion of IFN-y and TNF-a generated by C. neoformans-
primed T cells cultured with C. neoformans-pulsed
eosinophils compared to the cytokine production by T
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Figure 7. Cryptococcus neoformans-pulsed eosinophils stimulate the
increase of C. neoformans-specific interferon-y (IFN-y) production
by CD4" and CD8" T cells. Splenic CD4" and CD8" T cells purified
from infected rats (C. neoformans-primed) were co-cultured with C.
neoformans-pulsed eosinophils or cultured in medium alone. After
4 days, intracellular IFN-y and interleukin (IL)-4 were detected by
flow cytometry. Data are representative of four independent experi-
ments. *P < 0-05 (C. neoformans-pulsed eosinophils versus medium).
Cn, Cryptococcus neoformans; Eo, eosinophils.

Eosinophil as C. neoformans antigen-presenting cell

cells cultured in medium alone, with fixed yeasts of
C. neoformans or with unpulsed eosinophils. In contrast,
no differences in the levels of IL-4, IL-13 or IL-10 were
detected in supernatants of C. neoformans-primed T cells
cultured with C. neoformans-pulsed eosinophils or in
medium alone (Fig. S2). In addition, IFN-y production
by naive T cells incubated with C. neoformans-pulsed eo-
sinophils was similar to controls (Fig. 8a). However, the
production of TNF-a by these cells showed a significant
increase in the presence of C. neoformans-pulsed or
unpulsed eosinophils (Fig. 8b).

Finally, we decided to investigate which T-cell popula-
tion (CD4" or CD8") was involved in the production of
IFN-y and TNF-o. Surprisingly, only C. neoformans-
primed CD8" T cells cultured with C. neoformans-pulsed
eosinophils produced IFN-y. However, when both primed
CD4" T cells and CD8" T cells were incubated with
C. neoformans-pulsed eosinophils, large amounts of IFN-y
and TNF-a were produced (Fig. 8c,d). These results sug-
gest that cooperation between C. neoformans-primed
CD4" and CD8" T cells is very important in the case of
IFN-y and necessary for TNF-o production in the pres-
ence of C. neoformans-pulsed eosinophils. C. neoformans-
pulsed eosinophils not only stimulated the proliferation
of C. neoformans-primed CD4" and CD8" T cells, but
also produced a Thl microenvironment where coopera-
tion between these two T-cell populations could take
place.

Discussion

This study provides the first evidence that rat eosinophils
are capable of phagocytosing and presenting C. neofor-
mans antigens to primed T cells, which then trigger a
fungal-specific Thl immune response. Eosinophils have
been shown to be components of the inflammatory
response to C. neoformans infection in the rat lung,” and
we have previously observed the presence of a large
number of eosinophils in the granulomas surrounding
C. neoformans-encapsulated yeasts during disseminated
cryptococosis  in rats (unpublished data). Moreover,
although rat peritoneal eosinophils are unable to signifi-
cantly phagocytose C. neoformans in vitro in the absence
of opsonizing antibody, initial phagocytosis is rapidly
completed in the presence of a specific mAb as an
opsonin."’

Eosinophils constitutively express a variety of Fc recep-
tors, including FcyRII, FceRII and FcoR, with this expres-
sion varying according to the cytokine stimulation. Cross-
linking of Fc receptors results in a variety of effects,
including the induction of cytotoxicity, phagocytosis,
immune complex binding and respiratory burst."” Herein,
we have demonstrated that eosinophils phagocytose ops-
onized live yeasts of C. neoformans and that this phenom-
enon involves the engagement of FcyRII and CDIS8,
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Figure 8. Cryptococcus neoformans-pulsed eosinophils promote the production of interferon-y (IFN-y) and tumour necrosis factor-oo (TNF-a) by

C. neoformans-specific CD4" and CD8" T cells. Purified CD4" and/or CD8" T cells from normal or infected rats were cultured in medium alone,
or with C. neoformans-pulsed eosinophils, unpulsed eosinophils, or yeasts of C. neoformans. After 96 hr of culture, (a and ¢) IFN-y and (b and
d) TNF-o production was measured in supernatants using enzyme-linked immunosorbent assay (ELISA) capture kits. Data are representative of

four independent experiments. **P < 0-02 (eosinophils versus C. neoformans) and ***P < 0-01 (C. neoformans-pulsed eosinophils versus eosin-

ophils). Cn, Cryptococcus neoformans; Eo, eosinophils.

because the blocking of these receptors together caused
the almost complete inhibition of fungal phagocytosis.
These results are in agreement with previous reports
which showed that M¢ and dendritic cells take up
C. neoformans yeasts and the capsular polysaccharide via
FcyRII and CD18.2>>*!3% Furthermore, our results dem-
onstrate that the phagocytosis of opsonized C. neoformans
triggers eosinophil activation, as indicated by (i) the up-
regulation of MHC class I, MHC class II and co-stimula-
tory molecules, and (ii) the increased production of
IL-12, TNF-o and IFN-y, without IL-4, IL-10 and IL-13
synthesis being modified. This, however, is in contrast
with previous studies, which reported that eosinophils
mainly secrete Th2-type cytokines in response to parasite
antigens and allergens.”>**

The GM-CSF is a cytokine expressed by a variety of
cells, including activated T cells, M¢, fibroblasts and epi-
thelial cells. GM-CSF is required for the recognition of
pathogens, the timely development and proper compart-
mentalization of the immune response and the control of
pulmonary growth of C. neoformans.”®> Furthermore, GM-
CSF stimulates the functional activity of eosinophils and
maintains the maximum viability of cells,”® and GM-CSF-
activated eosinophils have been reported to be capable of
acting as specific APCs to a T-cell clone derived from
mice infected with Mesocestoides corti.”” The results of the
present study showed that GM-CSF only modified the
MHC class II expression levels on eosinophil surfaces

cultured with C. neoformans. Moreover, C. neoformans-
pulsed eosinophils in the presence of GM-CSF expressed
threefold more MHC class II than C. neoformans-pulsed
eosinophils in the absence of this stimulating factor
(Fig. 2b). In contrast, GM-CSF did not modify phagocy-
tosis of the fungus, the expression of MHC class I, CD80
or CD86, cytokine production or the fungicidal molecules
released by eosinophils incubated with the fungus. Related
to this, Feldmesser efal'® have demonstrated that
short-term  incubation with IL-5, GM-CSF and
lipopolysaccharide (LPS) did not appear to enhance
eosinophil phagocytosis.

Phagocyte—microbe contact is accompanied by intracel-
lular signals that trigger cellular processes as diverse as
cytoskeletal rearrangement, alterations in membrane traf-
ficking, activation of microbial killing mechanisms, pro-
duction of pro- and anti-inflammatory cytokines and
chemokines, activation of apoptosis and the production
of molecules required for efficient antigen presentation to
the adaptive immune system.’®”” In this regard, it has
been shown that eosinophils are able to produce H,0, in
response to phagocytosis of heat-killed Staphylococcus aur-
eus’® and excretory—secretory products (ESP) from inter-
acting with Fasciola hepatica.® In addition, Phipps et al.”’
suggests that eosinophil-derived NO contributes to innate
protection against the respiratory syncytial virus. In fact,
in cryptococosis, the generation of NO is required for
resistance to primary fungal infections. Moreover, mice
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deficient in inducible nitric oxide synthase (iNOS) did
not survive a primary infection.”” Snelgrove et al.*' have
shown that NADPH oxidase-deficient mice elicited a
heightened M¢-driven Thl response with the contain-
ment of cryptococci within pulmonary granulomatous
lesions. They also observed improved clearance of patho-
gen in lung and airways, with reduced dissemination to
the brain. In the present study, opsonized C. neoformans
down-regulated NO and H,0, synthesis by eosinophils in
an FcyRII-dependent manner. In particular, FcyRII was
essential in order to inhibit H,O, production (Fig. 5).
Down-regulation of NO and H,O, by eosinophils could
be a mechanism for protecting neighbouring eosinophils
from the high toxicity and lack of specificity of this spe-
cies, as H,0, is involved in the spontaneous apoptosis of
eosinophils.® Moreover, when performing as an APC
there might be a benefit for individual eosinophils to
down-regulate toxic molecules in order to prolong sur-
vival and therefore function. We observed 85% viability
of eosinophils after culture for 2448 hr with opsonized
C. neoformans, similar to that observed for eosinophils in
medium alone. In contrast, it has been demonstrated that
live yeasts of C. neoformans inhibit NO production by
Mo in vitro through efficient free-radical scavengers.*?
Moreover, we have previously reported that FcyRII block-
ade up-regulates the production of NO by rat M¢ incu-
bated with glucuronoxylomannan, the major component
of Cryptococcus capsular polysaccharide.*

The present work demonstrates that MSCs and purified
T cells isolated from spleens of infected rats and cultured
with C. neoformans-pulsed eosinophils proliferate in an
MHC class I- and MHC class II-dependent manner, pro-
ducing a large quantity of Thl-type cytokines, such as
TNF-a and IFN-7, in the absence of Th2 cytokine synthe-
sis. However, although naive T cells did not proliferate or
increase IFN-y production, they did produce TNF-o in
response to C. neoformans-pulsed and unpulsed eosinoph-
ils. Therefore, fungally activated eosinophils induced the
growth and activation of C. neoformans-specific CD4"
and CD8" Thl cells. In contrast, it has been previously
demonstrated that antigen-loaded eosinophils present
antigens to primed T cells and increase the production of
Th2 cytokines.'™"" In this regard, eosinophils pulsed with
Strongyloides stercoralis antigen stimulated antigen-specific
primed T cells and CD4" T cells to increase the produc-
tion of IL-5.">'* However, in a pulmonary cryptococcosis
developed in BALB/c mice, Huffnagle et al.® observed
that infiltrating T cells secreted significant amounts of
Th2-type cytokines (IL-4, IL-5 and IL-10) in addition to
Thl-type cytokines (IFN-y and IL-2). These results sug-
gest that the phenotype of CD4" T cells recruited into the
lungs included a combination of Thl, Th2 and/or
T-helper 0 (ThO) cells. Nevertheless, recent studies have
associated eosinophils with protective immunity to respi-
ratory virus infections. In this regard, Handzel et al.** has

Eosinophil as C. neoformans antigen-presenting cell

demonstrated that human eosinophils bind rhinoviruses
(RV), present viral antigens to RV16-specific T cells, and
induce T-cell proliferation and IFN-y secretion. Moreover,
Davoine et al.*’ has shown that the concentration of both,
IFN-y and GM-CSF appeared to increase when human
eosinophils were added to the co-culture of T cells, para-
influenza virus type 1 and dendritic cells. In addition,
Phipps et al.’® demonstrated that the expression of both
IFN-y and IEN-f was significantly increased in the lung
of hypereosinophilic mice 1-3 days after infection with
respiratory syncytial virus. Therefore, further studies are
being carried out in our laboratory to investigate the abil-
ity of C. neoformans-activated eosinophils to develop a
protective Th1l immune response in vivo.

The current work demonstrates that C. neoformans is
taken up by an exogenous pathway (phagocytosis), with a
considerable, subsequent, increase of MHC class II and
MHC class I molecules, which promote the expansion of
CD4" and CD8" T-cell populations in an MHC class II-
and MHC class I-dependent pathways. These results sug-
gest the possibility that cross-presentation of C. neoformans
antigens to CD8" T cells could occur in the C. neoformans-
loaded eosinophils. In this regard, there is a consensus that
activating types of FcyRs on APCs are internalized upon
binding to IgG immune complexes (as in the case of opson-
ized yeasts), thereby inducing dendritic cell maturation and
leading to a significant enhancement of the MHC class II-
restricted presentation of antigen to CD4" T cells as well as
to a class I-restricted cross-presentation to CD8" T cells.*
Furthermore, it is well known that C. neoformans is a facul-
tative intracellular pathogen that survives in various intra-
cellular compartments,” with Lindell et al.*® having
reported CD4" T-cell-independent CD8" T-cell activation,
suggesting that both endogenous and exogenous antigen-
presentation pathways are probably active during C. neofor-
mans infection.

In the present study, we observed that co-operation
between CD4" and CD8" T cells is necessary for IFN-y
and TNF-o production in the presence of C. neoformans-
treated eosinophils. In agreement with this finding, it has
been demonstrated that both CD4" and CD8" T cells are
required for inflammatory cell recruitment, phagocyte
activation, pulmonary clearance and protection against
extrapulmonary dissemination of C. neoformans.*>***
The absence of either or both T-cell subsets resulted in
the reduction or ablation of inflammation, suggesting that
CD4" and CD8" combine to mediate a protective
inflammatory response to C. neoformans in the lungs.*’
Therefore, the present study indicates that C. neoformans-
loaded eosinophils could participate in the protective
adaptive immune response to these fungi. In this regard,
we have previously mentioned that the cells recruited
during the initiation of the inflammatory response to
C. neoformans infection include neutrophils, eosinophils,
monocyte/M¢, dendritic cells and lymphocytes.” This
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immune response peaks 2 weeks after infection and coin-
cides with the beginning of gradual clearance of the path-
ogen.”> Moreover, it has been shown that dendritic cells
internalize, process and ultimately initiate a T-cell
response to C. neoformans in a more efficient way than
alveolar and monocyte-derived macrophages.” The pres-
ent work suggests that eosinophils, present since the initi-
ation of the inflammatory response to these fungi,” would
be capable of phagocytosing and presenting C. neoformans
antigens to primed T cells after the immune response had
peaked and the immunoglobulin switch from the initial
IgM had also occurred, thereby helping the development
of a more effective protective Thl immune response.

In summary, the present study demonstrates that ops-
onized live yeasts of C. neoformans activate eosinophils,
inducing the expression of MHC class I, MHC class II
and costimulatory molecules. Furthermore, although the
secretion of proinflammatory cytokines is also increased,
the production of oxygen and nitrogen radicals is down-
regulated. These activated eosinophils can also stimulate
CD4" and CD8" T cells to produce an antigen-specific
immune response, thus creating a Th1l microenvironment.
These results suggest that, in addition to their role as
effector cells, eosinophils may also serve as specific APCs
during fungal infection. Moreover, the fact that eosinoph-
ils are able to communicate with T cells suggests that they
could be involved in the adaptive immune response to
C. neoformans.
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