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Cryptococcal infections are primarily caused by two related fungal species: Cryptococcus neoformans and Cryptococcus gattii. It
is well known that C. neoformans generally affects immunocompromised hosts; however, C. gattii infection can cause diseases
in not only immunocompromised hosts but also immunocompetent individuals. While recent studies suggest that C. gattii in-
fection could dampen pulmonary neutrophil recruitment and inflammatory cytokine production in immunocompetent hosts,
the impact of C. gattii infection on the development of their adaptive T helper cell immune response has not been addressed.
Here, we report that C. neoformans infection with highly virulent and less virulent strains preferentially induced pulmonary Th1
and Th17 immune responses in the host, respectively. However, fewer pulmonary Th1 and Th17 cells could be detected in mice
infected with C. gattii strains. Notably, dendritic cells (DC) in mice infected with C. gattii expressed much lower levels of surface
MHC-II and 1112 or 1123 transcripts and failed to induce effective Th1 and Th17 differentiation in vitro. Furthermore, the ex-
pression levels of Ip10 and Cxcl9 transcripts, encoding Th1-attracting chemokines, were significantly reduced in the lungs of
mice infected with the highly virulent C. gattii strain. Thus, our data suggest that C. gattii infection dampens the DC-mediated
effective Th1/Th17 immune responses and downregulates the pulmonary chemokine expression, thus resulting in the inability

to mount protective immunity in immunocompetent hosts.

Cryptococcus is an encapsulated basidiomycetous fungus that
causes diseases in humans and other animals. The pathogenic
sibling species Cryptococcus neoformans and Cryptococcus gattii are
different with regard to their natural habitat, geographical distri-
butions, and clinical manifestations (1, 2). While C. neoformans
causes meningitis or disseminated diseases in immunocompro-
mised patients, C. gattii predominately involves the lungs, result-
ing in pneumonia and respiratory failure in healthy individuals (3,
4). However, when invading the central nervous system (CNS), C.
gattii is more likely to form cryptococcoma in the brain. A recent
study comparing the pathogenesis of C. neoformans H99 and C.
gattii R265 strains in murine models demonstrated that C. neofor-
mans grew faster in the brain and caused death by meningoen-
cephalitis, while C. gattii grew faster in the lungs and caused death
without producing fulminating meningoencephalitis (4). How-
ever, the immunological mechanisms contributing to the differ-
ences in pathogenesis between these two species of pathogenic
fungi remain unclear.

The host immune response is considered a key factor in deter-
mining the development of cryptococcal diseases. While the in-
nate immune system constitutes the first line of defense against
cryptococcal infection, adaptive immunity, especially cell-medi-
ated immunity, is required for the control of disease progression.
Accumulating evidence suggests that C. gattii may thrive in im-
munocompetent hosts by suppressing the protective immune re-
sponse (4-8). Previous studies in humans indicated that C. gattii
cell and culture filtrates could not stimulate polymorphonuclear
leukocytes migration (6, 8). In the mouse model, C. gattii strains
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failed to provoke the migration of neutrophils into the lungs of
C57BL/6 mice (4, 5). Moreover, lower levels of inflammatory cy-
tokines, including tumor necrosis factor alpha (TNF-a), interleu-
kin 6 (IL-6), and interferon gamma (IFN-vy), were detected in the
lungs of mice infected with C. gattii strains (5). Altogether, these
studies implicate that the underlying mechanisms by which C.
gattii is capable of infecting healthy individuals may be mediated
by inhibiting the migration of leukocytes and the induction of the
protective immune response.

CD4™ T helper cells play a central role in orchestrating adap-
tive immune response to various pathogens, including Cryptococ-
cus. Indeed, the incidence of C. neoformans infection increased in
patients with deficient numbers of CD4™ T cells. Naive CD4* T
cells can differentiate into T helper cell lineages such as Th1, Th2,
and Th17, depending primarily on antigens and the polarizing
cytokines present in the microenvironment. Thl cells primarily
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produce IFN-v; Th2 cells produce IL-4, IL-5, and IL-13; and Th17
cells produce IL-17 and IL-17F (9). The observation that an in-
creased susceptibility to cryptococcal infection could occur in
mice treated with neutralizing antibodies against I[FN-vy, IL-12,
and TNF-a strongly suggests the requirement of the Th1 immune
response in mounting host protection against C. neoformans (10—
13). In contrast, the cytokines secreted by Th2 cells are associated
with uncontrolled fungal growth and persistence of C. neoformans
infection (11, 14-17). Recently, Th17 cells were shown to be in-
volved in promoting pulmonary clearance of C. neoformans (16,
18, 19). While many studies have investigated the T helper cell
immune responses against C. neoformans, little is known about the
T helper cell response during pulmonary infection with C. gattii in
healthy individuals.

In this study, we characterized T helper cell responses in a
mouse model of C. gattii infection. Our results suggest that C.
gattii may dampen the capability of an immunocompetent host to
mount effective Th1/Th17 immune responses in the lungs by at-
tenuating both the induction of Th1/Th17 cells (through down-
regulating expression of MHC-II on dendritic cells and the Th1/
Th17-inducing cytokines IL-12/IL-23) and their infiltration
(through the inhibition of chemokine/chemokine receptor ex-
pression), thereby causing fatal pulmonary diseases.

MATERIALS AND METHODS

Animals. C57BL/6 mice were obtained from The National Laboratory
Animal Center, Mahidol University. Female 6- to 8-week-old mice were
used for experiments. Mice were housed in enclosed filter-top cages in a
pathogen-free animal facility at the Faculty of Allied Health Science,
Thammasat University. All animal studies were approved by the Tham-
masat University Animal Care and Use Committee.

Cryptococcal strains. We used two sets of reference strains: the highly
virulent strains Cryptococcus neoformans H99 (serotype A, VNI) and
Cryptococcus gattii R265 (serotype B, VGII) and the less virulent strains
Cryptococcus neoformans WM148 (serotype A, VNI) and Cryptococcus gat-
tii WM179 (serotype B, VGI). The reference strains were stored in 25%
glycerol at —80°C until use and were maintained on Sabouraud dextrose
agar (SDA) at 25°C during the study. For cytokine assays, yeast cells were
washed in sterile phosphate-buffered saline (PBS) and heat killed at 56°C
for 1 h. The absence of viable organisms was confirmed by plating an
aliquot containing 1 X 10® organisms on Sabouraud dextrose agar.

Monoclonal antibodies. Fluorescein isothiocyanate (FITC)-conju-
gated anti-CD11b (M1/70), allophycocyanin (APC)-conjugated anti-
CD11c (HL3), PerCP-conjugated anti-CD4 (RM4-5), APC-conju-
gated-anti-Gr.1 (RB6-8C5), phycoerythrin (PE)-conjugated-anti-IL-17
(TC11-18H10), FITC-conjugated anti-IFN-y (XMG1.2), PE-conjugated-
anti-CD80 (16-10A1), PE-conjugated-anti-CD86 (GL1), PE-conjugated-
anti-I-A/I-E (major histocompatibility complex class II [MHC-II]) (clone
M5/114.15.2), APC-conjugated anti-CD3 (145-2C11), FITC-conjugated
anti-CD40 monoclonal antibody (MAb) (clone 3/23), and FITC- and
PE-conjugated anti-mouse CD44 (clone IM7) were from BD Pharmin-
gen. APC-conjugated-anti-CXCR3 (220803) and PE-conjugated-anti-
CCR6 (140706) were from R&D Systems. PE-conjugated anti-IL-13
(clone eBiol3a) and APC-conjugated anti-mouse Foxp3 (clone: FJK-16S)
were from eBioscience. Isotype-matched antibodies (from BD Pharmin-
gen, R&D Systems, and eBioscience) were used as controls for nonspecific
binding. Cells were analyzed using a FACSCalibur cytometer (BD Biosci-
ences).

Murine model of fungal infections. For infection, yeast cells were
grown for 24 h in Sabouraud dextrose broth in a shaking incubator. The
cultures were then washed in phosphate-buffered saline (PBS), counted
using a hemocytometer, and resuspended in PBS ata concentration of 1 X
10° yeast cells/ml as previously described (5). Mice were treated with PBS
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or infected with Cryptococcus spp. by intranasal inoculation (5). After
anesthetization with Isoflurane, each mouse received 50 pl of the yeast cell
suspension (5.0 X 10* yeast cells/mouse) (5). For the mixed-infection
experiments, C. neoformans (5.0 X 10* yeast cells/mouse) was mixed with
C. gattii (2.5 X 10%,5 X 10%, or 1 X 10° yeast cells/mouse) in a final volume
of 50 pl. Infected mice were euthanized using CO, inhalation at day 7
postinfection. For kinetics studies of effector T cell infiltration and
chemokine expression analysis, mice were infected and analyzed at days 1,
7, and 14 postinfection. For lung fungal burden analysis, lungs were ho-
mogenized in sterile PBS, diluted, and plated on yeast extract-peptone-
dextrose (YPD) agar for colony counts. CFU were enumerated following
incubation at 30°C for 48 h. For survival analysis, mice were monitored by
inspection twice daily and euthanized if they appeared to be in pain or
moribund.

In vitro cocultures of DCs and T cells. Bone marrow cells were cul-
tured in complete RPMI containing 10% heat-inactivated fetal bovine
serum (FBS) in the presence of 20 ng/ml granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF) for 3 days. On day 4, fresh medium
containing 20 ng/ml GM-CSF was added. On day 6, nonadherent CD11c™
dendritic cells (DCs) were sorted using anti-CD11c-coated magnetic
beads, according to the manufacturer’s directions (Miltenyi Biotec, Au-
burn, CA, USA). Enriched CD4 " T cells were isolated from lymph nodes
and spleens using magnetic bead positive selection (CD4™ [L3T4] beads;
Miltenyi Biotec, Auburn, CA, USA) according to the manufacturer’s in-
structions. Purified bone marrow-derived dendritic cells (BMDCs) (1 X
10 cells/ml) were stimulated with heat-killed Cryptococcus at a ratio of
1:5. After 24 h, activated BMDCs were washed and cocultured with en-
riched CD4™ T cells at the ratio of 1:2. The activated BMDCs were also
analyzed for the expression of costimulatory molecules (via flow cytom-
etry) and cytokines (via real-time PCR analysis). On day 3 of DC-T cell
coculture, cultured supernatant was then collected and assessed for cyto-
kine production by enzyme-linked immunosorbent assay (ELISA).

Flow-cytometric analysis. For the immunofluorescence analysis of
lung inflammatory cells, total leukocytes were isolated from murine lungs
that had been processed as previously described (5). Single-cell suspen-
sions of lungs or blood were prepared, stained, and analyzed usinga FAC-
SCalibur cytometer (BD Biosciences) as described previously (5). As pre-
viously described (5), neutrophils were analyzed based on the expression
of Gr-1 and CD11b (5); dendritic cells express high levels of CD11b and
CDl1c, and T helper cells express CD4™ or CD4™ CD3™ for some exper-
iments. The positive populations were created based on the PBS-treated
control. For intracellular cytokine staining analysis, lungs or lung drain-
ing lymph nodes were prepared for single-cell suspension. Cells in sus-
pension were then restimulated with 500 ng/ml ionomycin and 50 ng/ml
phorbol myristate acetate (PMA) in the presence of GolgiStop (BD Bio-
sciences) for 5 h (20). Cells were permeabilized with a Cytofix/Cytoperm
kit (BD Biosciences) and analyzed for the expression of cytokines in gated
CD4% or CD4™ CD44™ cells. For intracellular staining of Foxp3, a mouse
Foxp3 staining kit was used, according to the manufacturer’s protocol
(eBioscience).

Antigen-specific cytokine production. Lung-draining lymph nodes
were harvested from mice infected with C. neoformans or C. gattii at var-
ious time points after infection or from PBS-treated mice. Single-cell sus-
pensions of lungs or lung-draining lymph nodes were prepared and stim-
ulated with heat-killed C. neoformans or C. gattii (at ratio of 2:1 heat-killed
cryptococcus cells to leukocytes). Following a 3-day incubation at 37°C
with 5% CO,, culture supernatants were collected and analyzed for the
production of cytokines. The antibody pairs for IFN-vy, IL-17, and IL-4
were obtained from BD Pharmingen, the IL-13 ELISA kit was obtained
from R&D Systems, and assays were performed according to the manu-
facturer’s instructions.

Real-time RT-PCR analysis. Lungs were removed from naive or in-
fected mice and homogenized in TRIzol reagent (Invitrogen). Total RNA
extracted using TRIzol reagent was used to generate cDNA using oli-
go(dT), random hexamers, and Moloney murine leukemia virus
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FIG 1 C. gattii infection attenuates the Th1/Th17 immune response in the lungs. C57BL/6 mice were treated with PBS (control) or infected with highly virulent
strains of C. neoformans (H99) or C. gattii (R265) (A) or with less virulent strains of C. neoformans (WM148) or C. gattii (WM179) (B). Lungs from PBS-treated
mice and infected mice were harvested and analyzed for surface CD4 expression and intracellular cytokine expression of IFN-vy and IL-17. The results shown are
representative dot plots, average percentage of double-positive cells, and average total cell number (plots were first gated on CD4™ cells, and then cytokine-
positive gates were determined by comparison to PBS-treated controls). Data are means = SD and are representative of three experiments with three to four mice

per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

(MMLV) reverse transcriptase (Invitrogen) (20). To detect cytokine ex-
pression, cDNA samples were amplified in IQ SYBR green supermix (Bio-
Rad Laboratories). The data were normalized to actin expression (Actb).
The primer pairs for the analysis of cytokines, transcription factors, and
chemokines were used as previously described (20-22).

Statistical analysis. Each experiment was conducted two or three
times. Data are presented as means and standard deviations (SD). Data
were analyzed using one-way analysis of variance (ANOVA) with Tukey’s
post hoc analysis. Survival data analysis was obtained using Kaplan-Meier
survival curves, and P values were obtained from a log-rank test. Fungal
burden analysis was evaluated using an unpaired two-tailed ¢ test. All
statistical analysis was performed with GraphPad Prism 5 software. A P
value of <0.05 was considered significant.

RESULTS

C. gattii-infected mice mount attenuated Th1/Th17 immune
responses. Previous studies suggested that Th1 and Th17 immune
responses play critical roles in the clearance of pulmonary C. neo-
formans infection (19). To understand the T helper cell immune
response against C. gattii infection, we analyzed and compared the
occurrence of IFN-y-producing (Thl) and IL-17-producing
CD4™" (Th17) cells induced in the lungs of mice following inocu-
lation for 7 days with C. gattii, C. neoformans, or a phosphate-
buffered saline (PBS) control by intracellular cytokine staining.
The genome-sequenced strains C. neoformans H99 (VNI) and C.
gattii R265 (VGII) were selected as representative highly virulent
strains (23). Similar to previous findings (4), mice infected with C.
gattii strain R265 had higher fungal burdens in the lungs than
those infected with C. neoformans strain H99 (see Fig. S1 in the
supplemental material). Interestingly, fewer Th1 cells were de-
tected in the lungs of mice infected with the highly virulent C.
gattii strain R265 (1.5% = 0.5%, or 0.05 X 10* = 0.01 X 10* cells
[mean * SD]) than in mice infected with the highly virulent C.
neoformans strain H99 (8% = 1%, or 3.2 X 10* = 0.9 X 10* cells)
(Fig. 1A). Although we detected comparable percentages of Th17
cells in the lungs of mice infected with the highly virulent strains of
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C. neoformans and C. gattii (H99-3.4% = 0.3% versus R265-
4.4% = 0.5%), the absolute numbers of Th17 cells in C. gattii-
infected lungs were reduced (H99, 1.3 X 10* = 0.2 X 10* cells,
versus R265, 0.2 X 10* = 0.05 X 10* cells) (Fig. 1A). Notably,
CD44™" CD4" T cells (effector T cells), but not CD44~ CD4* T
cells (naive T cells), primarily secreted the cytokines IFN-y and
IL-17 (see Fig. S2A in the supplemental material). To confirm the
effect of C. gattii infection on T helper cell responses, we per-
formed additional analysis of Th1 and Th17 immune responses in
mice infected with the other strains of C. neoformans (WM148
[serotype A, VNI]) and C. gattii (WM179 [serotype B, VGI]) (24).
These two strains appear to be less virulent, as shown by our sur-
vival and fungal burden analysis (see Fig. S1 in the supplemental
material). While mice infected with the highly virulent C. neofor-
mans strain H99 had more Th1 cells (8% * 1%, or 3.2 X 10* =
0.9 X 10* cells) than Th17 cells (3.4 + 0.3%, or 1.3 X 10* = 0.2 X
10* cells) in the lung (Fig. 1A), those infected with the less virulent
C. neoformans strain WM148 had more pulmonary Th17 cells
(8.1% = 0.9% or 4.4 X 10* = 0.6 X 10 cells) than Th1 cells
(2.7% * 0.7%, or 1.5 X 10* = 0.4 X 10* cells) (Fig. 1B). We
observed fewer Th1 cells (1% = 0.3% or 0.9 X 10* = 0.2 X 10*
cells) and Th17 cells (1.9 + 0.2% or 1.2 X 10* = 0.4 X 10" cells) in
the lungs of mice infected with C. gattii strain WM179 than those
infected with C. neoformans strain WM148 (Fig. 1B).

To confirm the above observations, we examined expression of
the signature cytokines that specify T helper cell subsets (9). Com-
pared to that in mice treated with PBS, Ifng expression was signif-
icantly induced in the lungs of mice infected with C. neoformans
(H99 and WM148) but not in those infected with C. gattii (R265
and WM179) (Fig. 2A and B). While 1117 expression was elevated
in lungs of mice infected with the highly virulent C. neoformans
strain H99 and C. gattii strain R265 (Fig. 2A), infection with C.
gattii strain WM 179 did not trigger strong induction of I117 tran-
script compared to infection with C. neoformans strain WM148
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FIG 2 Reduced Th1/Th17 cytokine expression in C. gattii-infected lungs is associated with an enhanced Th2 immune response. C57BL/6 mice were treated with
PBS as a control or infected with a highly virulent strain of C. neoformans (H99) or C. gattii (R265) or with a less virulent strain of C. neoformans (WM148) or C.
gattii (WM179). (A and B) Lungs were harvested and analyzed for cytokine expression. Total RNA was isolated from lungs and subjected to cDNA synthesis and
subsequent real-time PCR analysis. Data are expressed as fold induction over actin (Actb) expression, with mRNA levels in the uninfected group set as 1. (C)
Lungs were analyzed for intracellular cytokine staining of IL-13 and isotype-matched antibody on gated CD4" CD44™ cells. Data are means * SD and are
representative of three experiments with three to four mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

(Fig. 2B). Interestingly, both C. neoformans and C. gattii also trig-
gered a significant increase of Th2 cytokine (Il4 and I113) expres-
sion in the lungs of infected mice (Fig. 2A and B). The expression
of 1113 in mice infected with both strains of C. gattii (R265 and
WM179) was significantly greater than that in mice infected with
C. neoformans (H99 and WM 148) (Fig. 2A and B). We confirmed
our findings by observing the enhanced expression of intracellular
IL-13 in pulmonary CD4" CD44" T cells of mice infected with
both strains of C. gattii (R265 and WM179) (Fig. 2C). The tran-
scription factors T-bet, RORyt, and GATA3 are known to govern
Th1, Th17, and Th2 cell development, respectively (9). We de-
tected upregulation of the Thet mRNA transcript in lungs of mice
infected with C. neoformans (H99 and WM148) but not in those
infected with C. gattii (R265 and WM179) (see Fig. S2B and C in
the supplemental material). The expression of Roryt transcript
was strongly induced in the lung homogenate of mice infected
with C. neoformans strain WM148 but not those infected with C.
gattii strain WM179 (see Fig. S2C in the supplemental material).
Notably, no significant differences in Gata3, Tgfb, and Foxp3
mRNA expression or FOXP3™ CD4™" T cell infiltration between
the lung homogenates of mice infected with C. neoformans and C.
gattii was found (Fig. S2B to D in the supplemental material).
Collectively, these data suggest that the immunocompetent mice
fail to elicit a robust Th1/Th17 immune response against C. gattii
infection.

C. gattii attenuates Th1/Th17 cell response by downregulat-
ing dendritic cell activation and function. To understand the
potential mechanisms involved in the failure to mount an effective
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Th1/Th17 immune response in C. gattii-infected mice, we exam-
ined the characteristics of CD11¢™ CD11b™" dendritic cells (DCs)
in the lungs of infected mice 7 days after C. neoformans or C. gattii
infection. This included examining the expression levels of surface
MHC-II and the costimulatory molecules CD80, CD86, and
CDA40, as well as the genes for lung IL-12 (p35 and p40 subunits)
and IL-23 (p19 and p40 subunits), known to drive Th1 and Th17
cell differentiation, respectively (25). Compared to those in PBS-
treated mice, pulmonary CD11c” CD11b" DCs in mice infected
with either C. neoformans (H99 and WM148) or C. gattii (R265
and WM179) upregulated their surface CD80, CD86, and CD40
expression at comparable levels (Fig. 3A; also, see Fig. S3A in the
supplemental material). Interestingly, the MHC-II expression
level of lung CD11c™ CD11b™ DCs in C. gattii-infected mice
(R265 and WM 179) was significantly lower than that in C. neofor-
mans-infected mice (H99 and WM148) (Fig. 3A; also, see Fig. S3A
in the supplemental material). Moreover, the expression levels of
lung 1112 p35 (R265 and WM179), 1123 p19 (WM179), or common
subunit p40 (R265) transcripts in mice infected with the C. gattii
were significant lower than those in mice infected with C. neofor-
mans (H99 and WM 148) (Fig. 3B; also, see Fig. S3B in the supple-
mental material).

Since IL-12/IL-23 production by DCs and macrophages plays
an important role in inducing Th1/Th17 immune responses (9),
we analyzed antigen-specific Th1/Th17 cytokine production in
lung-draining lymph nodes at 7 days postinfection. Lung-drain-
ing lymph nodes harvested from C. neoformans- and C. gattii-
infected mice were activated with heat-killed cryptococci for 3
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FIG 3 C. gattii strain R265 infection attenuates the expression of MHC-II on lung DCs and pulmonary IL-12 mRNA. C57BL/6 mice were treated with PBS as an
uninfected control or infected with highly virulent C. neoformans (H99) or C. gattii (R265). Lungs were harvested from uninfected or infected mice and analyzed
for the expression of CD80, CD86, MHC-II, and CD40 in gated CD11bMCD11c™ cells by flow cytometry (A) or for gene expression of IL-12 (p35/p40) and IL-23
(p19/p40) by quantitative real-time PCR (B). (A) Representative histogram profiles from one of three independent experiments. (B) Total RNA of lungs was
isolated and subjected to cDNA synthesis and subsequent real-time PCR analysis of IL-12p35, IL-23p19, and common subunit p40 expression. Data are expressed
as fold induction over actin (Actb) expression, with the mRNA levels in the PBS-treated group setas 1. Data are means = SD and are representative of at least three
independent experiments with three to four mice per group. *, P < 0.05; **, P < 0.01.

days before the collection of supernatants for the analyses of anti-
gen-specific cytokine production by ELISA. Indeed, we found that
draining lymph node cells in mice infected with C. gattii produced
significantly lower levels of the Thl cytokine IFN-y (R265 and
WM179) and the Th17 cytokine IL-17 (WM179) in response to
antigen stimulation than those infected with C. neoformans (H99
and WM148) (Fig. 4A; also, see Fig. S4A in the supplemental ma-
terial). Notably, we also observed much higher antigen-specific
IL-13 production in lymph nodes of mice infected with C. gattii
than in mice infected with C. neoformans (Fig. 4A; also, see Fig.
S4A in the supplemental material). To further investigate whether
C. gattii could regulate DC function that leads to inefficient Th1/
Th17 cell responses, we stimulated purified bone marrow-derived
dendritic cells (BMDCs) with C. neoformans and C. gattii and
cocultured them with purified CD4™ T cells from naive mice.
Compared to CD4" T cells cultured with C. gattii (R265 and
WM179)-activated DCs, those cultured with C. neoformans (H99
and WM 148)-activated DCs produced markedly greater IFN-vy
and IL-17 levels (Fig. 4B; also, see Fig. S4B in the supplemental
material). However, C. gattii-DC- and C. neoformans-DC-stimu-
lated CD4™" T cells produced comparable amounts of IL-13, but
not IL-4, using this DC-T cell coculture experiment in vitro (Fig.
4B). Indeed, C. gattii impaired the activation of bone marrow-
derived dendritic cells in vitro, since C. gattii-treated BMDCs
failed to upregulate expression of surface markers MHC-II, CD80,
and CD86, as well as cytokine transcripts /12 and 1123, compared
to C. neoformans-treated BMDC:s (Fig. 4C and Dj also, see Fig. S4C
and D in the supplemental material). Collectively, these data sug-
gest that C. gattii fails to mount effective antigen-specific Th1/
Th17 immune responses by attenuating dendritic cell activation
and function.
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Kinetics of the Th1/Th17 cell response in the lungs of mice
infected with a highly virulent strain of Cryptococcus gattii.
Since we observed the inefficient induction of Th1/Th17 cells in
mice infected with C. gattii, we further characterized the kinetics
of Th1/Th17 responses in the lungs by using the highly virulent
strains of C. neoformans and C. gattii as a representative model for
more detailed analysis. Th1 and Th17 cell infiltration in the lungs
and draining lymph nodes of mice were assessed on days 1, 7, and
14 postinfection with the highly virulent C. neoformans strain H99
or C. gattii strain R265. While the percentages of CD4™ T cells in
lung draining lymph nodes remained constant during infection,
pulmonary CD4* T cells increased, peaked at day 7, and then
declined at day 14 following infection with C. neoformans or C.
gattii (Fig. 5A). At day 7 postinfection, the numbers of CD4™ T
cells in peripheral blood were comparable between C. neoformans
and C. gattii-infected mice (see Fig. S5 in the supplemental mate-
rial); however, mice infected with C. gattii strain R265 had fewer
CD4™" T cells in the lungs than C. neoformans H99-infected mice
(C. gattii, 5% * 1%, or 0.15 X 10* = 0.03 X 10* cells, versus C.
neoformans, 13% * 2.5%, or 0.88 X 10* = 0.1 X 10* cells) (Fig.
5A; also, see Fig. S6 in the supplemental material). We detected
significantly fewer Th1 cells in draining lymph nodes (>2-fold)
and a reduced Th1 percentage and absolute number in the lungs
(>5-fold) of C. gattii-infected mice than in those of C. neofor-
mans-infected mice (Fig. 5A). Thus, these data indicate that mice
infected with the highly virulent C. gattii strain R265 demonstrate
impaired Th1 cell recruitment to the infected site.

Next, we further examined and compared the expression pat-
terns of chemokine receptors CXCR3 and CCR5 that were shown
to preferentially direct the migration of Th1 cells, as well as CCR6
and CCR2, which are important for Th17 cell and monocyte mi-
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FIG 4 C. gattii strain R265 inefficiently elicits antigen-specific Th1/Th17 cytokine production. (A) C57BL/6 mice were treated with PBS as an uninfected control
or infected with the highly virulent strain for C. neoformans (H99) or C. gattii (R265). Lung-draining lymph nodes were harvested and cultured with heat-killed
Cryptococcus cells. After lymph node cells were restimulated with Cryptococcus for 72 h, supernatants were collected and analyzed for antigen-specific cytokine
production by ELISA. (B to D) Purified bone marrow-derived dendritic cells (BMDCs) were stimulated with heat-killed Cryptococcus (H99 and R265). (B) After
24 h, medium-treated DCs (Med-DCs) or activated BMDCs (H99-DC and R265-DC) were washed and cocultured with purified CD4™ T cells from naive mice
ataratio of 1:2. On day 3, culture supernatants were then collected and assessed for cytokine production by ELISA. (C and D) Medium-treated DCs (Med-DCs)
or activated BMDCs (H99-DC and R265-DC) were analyzed for the expression of MHC-II, CD80, and CD86 after 24 h of activation by flow cytometry analysis
(C) and cytokine gene expression by real-time PCR analysis (D). (C) Representative histogram profile of one of three independent experiments. (D) Total RNA
was isolated and subjected to cDNA synthesis and subsequent real-time PCR analysis of IL-12p35, IL-23p19, and common subunit p40 expression. Data are
expressed as fold induction over actin (Actb) expression, with the mRNA levels in the medium-treated DCs set as 1. Data are means = SD and are representative
of at least three independent experiments with four mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

gration, respectively (26, 27). We found that the expression of
CXCR3 and CCRS5 transcripts was significantly elevated and
peaked on day 7 postinfection with a kinetic pattern similar to that
of Thl cell recruitment in the lungs of C. neoformans-infected
mice (Fig. 5B); however, the expression of these chemokine recep-
tors was not induced in lungs of C. gattii-infected mice (Fig. 5B).
Moreover, we did not detect significant changes in CCR6 and
CCR2 transcripts during the highly virulent C. neoformans and C.
gattii infection. In line with gene expression analysis, we showed
that surface CXCR3 expression by lung CD4™" T cells was greatly
enhanced in mice following C. neoformans infection but remained
unchanged in mice after C. gattii infection (Fig. 5C). Interestingly,
IFN-v expression by lung CXCR3* CD4™ T cells in mice infected
with C. neoformans was significantly higher than that in mice in-
fected with C. gattii or treated with PBS (Fig. 5C). While there was
no significant difference in percentage of CCR6-expressing CD4 ™"
T cells between mice infected with C. neoformans (8.7% = 1.5%)
or C. gattii (6.7% = 1%), the absolute number of CCR6™ CD4* T
cells in C. gattii-infected lungs was reduced (C. neoformans,
0.198 X 10°> = 0.05 X 10° cells, versus C. gattii, 0.07 X 10°> =
0.02 X 10’ cells) (Fig. 5C). Moreover, the expression of IL-17 by
lung CCR6" CD4" T cells in C. gattii-infected mice was moder-
ately reduced compared to that in C. neoformans-infected mice
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(Fig. 5C). Similar chemokine expression patterns were detected in
CD44™ CD4™ effector T cells (see Fig. S7 in the supplemental
material). Collectively, these data suggest that the highly virulent
C. gattii infection may cause impaired Th1 immune responses by
affecting not only the Th1 cell induction but also infiltration.
Reduced Thl-promoting chemokine production in mice in-
fected with highly virulent C. gattii R265 is associated with at-
tenuated induction of the Th1 immune response. To further un-
derstand the potential mechanisms that result in the reduced Th1
cell response in the lungs of mice infected with highly virulent C.
gattii, R265, we analyzed the expression kinetics of chemokines,
known to be involved in the recruitment of T cells (IP-10 and
CXCL-9 for Th1, CCL20 for Th17 cells, and CCL17 for Th2 cells)
as well as neutrophils (CXCLI and CXCL2), monocytes/dendritic
cells (MCP-1), and eosinophils (CCL11). Lung cells harvested
from mice infected with C. neoformans H99 or C. gattii R265 for 1,
7, and 14 days were subjected to RNA extraction, followed by
cDNA synthesis and chemokine gene expression analysis by quan-
titative real-time PCR. Compared to PBS-treated mice, the ex-
pression of Ip10, Cxcl9, Mcpl, Cxcll, Cxcl2, Ccl20, Cclll, and
Ccl17 transcripts in the lung of mice infected with C. neoformans
and C. gattii was found to be upregulated, and all reached peak
levels at day 7 postinfection (Fig. 6). The expression levels of Cxcl1

iai.asm.org 3885


http://iai.asm.org

Angkasekwinai et al.

A CD4+ IFN-y+CD4+ IL-17 + CD4+ OPBS
040 1 S 21 2 27 ®H99
g £151 s £15 7 BR265
c 4 J ey s J
320 § 1 g 1 B Cxer3 Cers OpPBS
0.5 1 $ 0.5 1 XCr.
2 &0. o 0..—:.:&:.:. o 0 - =20- :20- ;gggs
B S 1z J e 8 e
Zla 51 e a3 ~3 1 §15 515 1
o 3 = o x o 4
Elx S $21 # .. g2 £ 10 £10 .
e 211 211 Z 51 3 51
8 0 - 8 0 -—r-k-r—L- g 0 * 0 w 0 -
1 7 14 1 7 14 1 7 14 1 7 14
© 20 =2 58 1 == o 81 e Ccer2
g15 £6 1 g6{ = _gj_ 87 Ot
§10 84 g4 1 B R
S 821 S2]_ 3] 3]
(& 0 0- a0- o2 1 £ ]
3|a15 ~57 =95 €11 3
e g 54 - Erae o 4 A o 0 - w
x 1 % 3 1 x 3 A - 0 -
2 @ 21 @24 1 7 14 1 7 14
?30.5 %14 2 1 i Day post infection Day post infection
0 €0 0
1 7 14 1 7 14 1 7 14
Day post infection Day post infection Day post infection
C C.neoformans C.gattii C.neoformans C.gattii
e (H99) (085 = (H99) (R266)
© o w© 8.5% B.5%
g = g L e
5 1 & % %
PUSes Goa — PBS CD4 - PBS
%20 % 1 & . == C.neoformans (H39) | 45 . = 0.5 == C.neoformans (H99)
3 38117 o| —Cgati(R65) ¥ 2504 = C.gatti (R285)
015 0208 = 8 10 800-3 I
‘ r X06 > %0
g0 204 @ 2 & 502
X < 802 . 8 G 801
go (S g o 88 0
PBS H99 R265 PBS H99 R265 IFN-y PBS H99 R265 PBS H99 R265 IL-17

FIG 5 Kinetics of Th1/Th17 response and pulmonary chemokine expression in lungs of mice infected with the highly virulent C. gattii infection. C57BL/6 mice
were treated with PBS as an uninfected control or infected with highly virulent C. neoformans (H99) or C. gattii (R265). After mice had been infected for 1, 7, or
14 days, their lungs and lung-draining lymph nodes were harvested at the indicated times postinfection. (A) Cells were stained for surface expression of CD4 and
intracellular cytokines IFN-y and IL-17. The results are presented as percentages and absolute numbers of cells. (B) Lungs were homogenized, followed by RNA
extraction and cDNA analysis for chemokine receptor gene expression (CXCR3, CCR2, CCR5, and CCR6) by real-time PCR. Data are expressed as fold induction
over actin (Actb) expression, with the mRNA levels in the PBS-treated group set as 1. (C) On day 7 postinfection, lungs were prepared as a single-cell suspension
and analyzed by flow cytometry for surface expression of CXCR3 and CCR6 (on CD4 ™ T cells) and the intracellular cytokines IFN-y (on gated CXCR3 " CD4™")
or IL-17 on (CCR6™ CD4™ T cells). The results are presented as dot plots or as percentages or absolute numbers of cells. Values are means = SD and are
representative of three experiments with three to four mice per group. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

and Cxcl2 transcripts (induced at days 1 and 7 postinfection, re-
spectively) and Mcp1 (induced at day 7 postinfection) were signif-
icantly higher in C. neoformans-infected mice than in C. gattii-
infected mice (Fig. 6). Notably, the expression levels of Ip10 and
Cxcl9, the chemokines that selectively attract Thi lymphocytes,
were dramatically elevated in lungs of C. neoformans-infected
mice but not in those of C. gattii-infected mice (Fig. 6). In con-
trast, we found that the expression levels of Ccl20, Ccl11,and Ccl17
were comparable between the lungs of mice infected with C. neo-
formans and C. gattii.

To further confirm the ability of C. gattii to attenuate Th1 cell
infiltration, a mixed infection of C. neoformans H99 with increas-
ing doses of C. gattii R265 was given to the mice, and then pulmo-
nary Th1 cell responses and chemokine expression were assessed.
As described above, lungs in mice infected with C. neoformans
H99 had stronger Th1 immune responses than those in C. gattii
R265-infected mice. Interestingly, mice infected with a mixed in-
fection of H99 and increasing doses of R265 had lower Th1 cell
infiltration (Fig. 7A) and reduced levels of the Thl-attracting
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chemokine IP-10 and CXCL-9 in a dose-dependent fashion com-
pared to those infected with only C. neoformans H99 (Fig. 7B).
Altogether, these data suggest that the highly virulent C. gattii
strain is capable of attenuating adaptive Th1 cell recruitment into
the lungs of mice, which are therefore ineffective in controlling
pulmonary fungal burdens.

DISCUSSION

An adaptive immune response is crucial for controlling the devel-
opment of cryptococcal infection and disease persistence (17). For
example in HIV patients, T helper cell defects are associated with
systemic infection of C. neoformans and life-threatening crypto-
coccosis (28). C. gattii, recently classified as a separate species, is
notable in causing infection in immunocompetent hosts (17).
Previous data have suggested that this fungus is capable of sup-
pressing protective immunity by inhibiting neutrophil migration
and the inflammatory cytokine response (5). The ability of C.
gattii to modulate the T helper cell response, however, has not
been clearly addressed. In the present study, we examined the
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effect of C. gattii on the T helper cell response to better understand
the mechanism whereby C. gattii downregulates host immune re-
sponses and causes disease in immunocompetent hosts. We found
that mice infected with C. gattii, not C. neoformans, fail to mount
an efficient Th1/Th17 immune response by attenuating dendritic
cell function and chemokine expression.

While protective immunity against C. neoformans was known
to be dependent upon the induction of Th1- and Th17-type cyto-
kine responses (11-13), the role of these cells in immunity against
C. gattii infection is less clear. Indeed, we observed that mice in-
fected with the highly virulent C. neoformans strain H99 induced a
greater Th1l response (compared to Th17) in the lungs, whereas
Th1 cells in mice infected with the highly virulent C. gattii strain
R265 were markedly reduced. However, the less virulent C. neo-
formans strain WM148 induced higher Th17 than Th1 responses
in the lungs, and the frequencies of Th17 cells were greatly de-
creased in mice infected with the less virulent C. gattii strain
WM179. It is possible that the C. neoformans strain with less vir-
ulence may induce a lower strength of T cell stimulation that fa-
vorsa Th17 response over Th1 (29). Indeed, we could detect IL-17
secretion by cells from lung-draining lymph nodes of C. neofor-
mans- and C. gattii-infected mice in the absence of restimulation
with antigen-specific heat-killed cryptococci, suggesting innate
cellular sources of IL-17 during fungal infection. Besides Th17
cells, IL-17 can also be produced by non-CD4™ T cells, including
v3 T cells, NKT cells, neutrophils, and CD8 " T cells. It is likely that
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IL-17 derived from innate immune cells may play important roles
in enhancing effective pulmonary immune responses in the early
phase of infection. How IL-17 functions in response to C. neofor-
mans and C. gattii infection has not been clearly defined and re-
quires further investigation. Interestingly, the higher numbers of
IL-13" CD4" T cells were observed in both strains of C. gattii-
infected mice, although GATA3 was not upregulated. Type 2 cy-
tokines such as IL-4 and IL-13 were known to attenuate host im-
mune responses against C. neoformans and C. gattii by promoting
intracellular yeast cell proliferation in vitro (16). It is likely that
greater induction of Th2 cytokines such as IL-13 by C. gattii infec-
tion may create a lung environment that allows them to grow
faster than during C. neoformans infection. It will be interesting to
further investigate the role of IL-13 and its regulation during C.
gattii infection. Indeed, we did not detect enhanced IL-13 expres-
sion in CD4™ T cells that were stimulated with C. gattii-treated
DCs compared to C. neoformans-treated DCs in vitro, suggesting
that other innate immune cells, such as type 2 innate lymphoid
cells (ILC2), may contribute to creation of a microenvironment
potentiating a Th2 immune response during C. gattii infection in
vivo. These data indicate that C. gattii attenuates Th1l and Th17
immune responses and may enhance a Th2 type bias that favors a
more deleterious Th2 immune response.

The activation and determination of T helper cell response
depend on several signals, including types of antigens, the expres-
sion of MHC-II, costimulatory molecules, and cytokines. IL-12
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and are representative of three experiments with three to four mice per group.

and IL-23 are derived from antigen-presenting cells and play im-
portant roles in promoting the differentiation of Thl and Th17
cells, respectively (9). IL-12 was known to be important for con-
trolling pulmonary and disseminated infection with C. neofor-
mans (13, 30). IL-23p19 knockout mice infected with C. neofor-
mans serotype D exhibited decreased survival times and higher
organ burdens, which correlate with impaired IL-17 production
(18, 31). We found that C. gattii dampened the induction of Thl
cell response (R265 and WM179) and Th17 immunity (WM179)
in infected mice. Our data showing reduced expression levels of
MHC-II in lung DCs and pulmonary cytokines IL-12/IL-23, at-
tenuated production of antigen-specific Th1/Th17 cytokines in
lung draining lymph nodes, and failure to generate Th1/Th17 cells
upon stimulation with C. gattii-treated DCs in vitro indicate that
Thl and Th17 cells, which are critical for the host against fungal
infection, are inefficiently developed in response to C. gattii infec-
tion. Similar to our findings, human dendritic cells exposed to C.
gattii failed to mature and were incompetent to activate T cells
(32).

Kinetic studies of T helper cell responses indicated that the
highly virulent C. gattii strain R265 may impair the migration of
Th1 cells into the lungs. Analysis of chemokine receptor expres-
sion in the lungs revealed that the expression levels of both CXCR3
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and CCR5 were highly elevated and their expression kinetics were
correlated positively with the pattern of effector Thl cell migra-
tion into the lungs of mice following C. neoformans strain H99
infection but not in mice infected with C. gattii strain R265. Pre-
vious studies have shown that CD4" Thl1 cells preferentially ex-
press CCR5 and CXCR3, which may regulate migration of these
cells into the site of infection (33). Expression of the CXCR3
chemokine receptor was required for optimal generation of IFN-
v-secreting Th1 cells in vivo, and expression of CCR5 is required
for host defense and survival after infection with C. neoformans
(34, 35). Chemokines play important roles in the recruitment,
migration, and trafficking of immune cells to specific sites in in-
flammatory tissues (27). To characterize the initial events that
instruct pulmonary inflammatory cell infiltration preceding the
effector T helper cell response, we compared the expression levels
of chemokines in the lungs. IP-10 (CXCL10) and CXCL9 are li-
gands for the chemokine receptor CXCR3, which is categorized
functionally as a Th1l chemokine (27). CCL17, interacting with
CCR4, contributes to the recruitment of Th2 cells (27). Consistent
with our studies on CXCR3 expression, we found that expression
levels of the induced Ip10 and Cxcl9, but not Ccl17, transcripts
were significantly lower in mice infected with C. gattii than those
in mice infected with C. neoformans. These data indicate that C.
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gattii strain R265 may selectively inhibit the induction of Th1-
attracting chemokine expression in the lung, which results in im-
paired Th1 cell migration. Moreover, infection with C. gattii strain
R265, but not C. neoformans strain H99, also dampened the in-
duction of expression of CxclI, Cxcl2, and Mcpl, which encode
chemokines critical for neutrophils, dendritic cells, and mono-
cytes, but not the induction of CclII expression, which drives
eosinophil recruitment. Therefore, mice infected with C. gattii fail
to recruit neutrophils and dendritic cells to the lungs, and these
cells may be essential for mounting Th1 immune responses. Fur-
ther studies to understand the underlying mechanisms that are
involved in the downregulation of chemokine expression during
C. gattii infection may facilitate the design of treatments to pre-
vent the persistence of diseases.

In conclusion, we provide direct evidence that infection with
C. gattii attenuates adaptive T helper cell responses by dampening
the induction of Th1/Th17 cells. Further analyses of the kinetics of
T helper cell responses when infected with highly virulent C. gattii
indicate that this fungus is capable of inhibiting chemokine/
chemokine receptor expression, which results in selectively re-
duced Thl cell migration into the lungs. Although our analysis
was limited to a few strains of C. neoformans and C. gattii, the
finding that C. gattii attenuates the immune response in infected
mice by dampening dendritic cell activation and immune cell mi-
gration may provide new insight into the underlying mechanisms
C. gattii utilizes to infect immunocompetent hosts and cause fatal
lung infection. Previous studies suggested that mice infected with
C. gattii strain R265 may die due to overwhelming intrapulmo-
nary growth, whereas the infection of C. neoformans strain H99
primarily causes fulminating brain disease (4). Although the over-
all survival rates of mice infected with C. neoformans (H99) and
those infected with C. gattii (R265) were similar, the fungal bur-
dens in C. gattii (R265 and WM179)-infected lungs were signifi-
cantly greater than those in C. neoformans (H99 and WM148)-
infected lungs, supporting the notion that the suppression of
neutrophil migration and adaptive Thl immunity after C. gattii
infection further contributes to the uncontrolled growth of C.
gattii in the lung. We could not exclude the possibility that other
factors, including fungal virulence factors, host immune compo-
nents, and genetics, may result in the differences in disease pro-
gression and survival. Future studies of the Th1 and Th17 immune
response to the C. gattii infection by other strains may provide
more evidence supporting our current observations that can be
instrumental for understanding the complex immune responses
to Cryptococcus infection.
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