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The  inflammatory  response  plays  a crucial  role  in  infectious  diseases,  and  the  intestinal  microbiota  is
linked  to maturation  of  the  immune  system.  However,  the  association  between  microbiota  and  the
response  against  fungal  infections  has  not  been  elucidated.  Our  aim  was  to  evaluate  the influence  of micro-
biota  on  Cryptococcus  gattii  infection.  Germ-free  (GF), conventional  (CV),  conventionalized  (CVN—mice
that  received  feces  from  conventional  animals),  and  LPS-stimulated  mice  were  infected  with  C. gattii.
GF  mice  were more  susceptible  to  infection,  showing  lower  survival,  higher  fungal  burden  in the  lungs
and  brain,  increased  behavioral  changes,  reduced  levels  of  IFN-�,  IL-1�  and IL-17,  and  lower  NF�Bp65
phosphorylation  compared  to CV mice.  Low  expression  of  inflammatory  cytokines  was  associated  with
smaller yeast  cells  and  polysaccharide  capsules  (the  main  virulence  factor  of  C.  gattii)  in the lungs,  and

less  tissue  damage.  Furthermore,  macrophages  from  GF  mice  showed  reduced  ability  to  engulf,  produce
ROS, and kill  C. gattii.  Restoration  of  microbiota  (CVN  mice)  or  LPS  administration  made  GF  mice  more
responsive  to infection,  which  was  associated  with  increased  survival  and  higher  levels  of  inflammatory
mediators.  This  study  is  the  first  to  demonstrate  the  influence  of  microbiota  in  the  host  response  against
C. gattii.

©  2016  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Cryptococcus gattii causes cryptococcosis, affecting the lungs
nd central nervous system (CNS) of immunocompetent individ-
als, and cryptococcal meningoencephalitis is the most severe
linical manifestation (Perfect et al., 2010; Franco-Paredes et al.,
015). Severe C. gattii infection is due to defective induction of

he host immune response, resulting in low levels of proinflamma-
ory cytokines (Brouwer et al., 2007). During infection, important
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ias  Biológicas, Universidade Federal de Minas Gerais, Av. Antonio Carlos, 6627,
ampulha, Belo Horizonte, Minas Gerais 31270-901, Brazil.
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438-4221/© 2016 Elsevier GmbH. All rights reserved.
changes occur in the capsular polysaccharides and cell morphology,
affecting pathogenicity (Okagaki et al., 2010a,b).

Axenic animals, created in sterile conditions without micro-
biota contact and colonization (Germfree—GF), have been used as
a model to study the effect of the absence of microorganism on the
host physiology and anatomy (Yi and Li, 2012). The gut microbiota
regulates the development and maturation of the immune system
(Kamada et al., 2013). Compared to conventionally raised mice, GF
mice show reduced Peyer’s patches (Sommer and Bäckhed, 2013),
mesenteric lymph nodes (Round and Mazmanian, 2009), cytokine
production, serum immunoglobulin levels (Kamada et al., 2013),
and hematopoiesis (Khosravi et al., 2014). These features make GF
animals more susceptible to infection by bacteria (Khosravi et al.,

2014), e.g., Listeria monocytogenes (Inagaki et al., 1996; Mittrücker
et al., 2014), Salmonella enterica Typhimurium (Nardi et al., 1989),
and Klebsiella pneumoniae (Fagundes et al., 2012). The absence

dx.doi.org/10.1016/j.ijmm.2016.03.010
http://www.sciencedirect.com/science/journal/14384221
http://www.elsevier.com/locate/ijmm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmm.2016.03.010&domain=pdf
mailto:das@ufmg.br
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188 M.C. Costa et al. / International Journal of Med

Fig. 1. Cryptococcus gattii induces lethality in germfree (GF) mice in an inoculum-
dependent manner.
GF mice (n = 6) were inoculated by the intratracheal route with 1 × 104, 1 × 105,
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bated with specific primary antibodies (1:2000; Sigma, St. Louis,
 × 106, or 1 × 107C. gattii cells. Mice in the uninfected group (NI) were administered
BS. The results shown are percent survival postinfection.

f microorganisms can have either a negative (Ichinohe et al.,
011) or positive (Kuss et al., 2011) effect on viral infection (Wilks
t al., 2013). Although these studies demonstrated the role of host
icrobiota on viral and bacterial infections, the effects on fungal

nfections are not yet known.
The aim of this study was to investigate the influence of gut

icrobiota on murine cryptococcosis caused by C. gattii. Our data
emonstrate that the absence of microbiota leads to a delayed

nflammatory response and morphological alterations in the yeasts
uring cryptococcosis.

. Material and methods

.1. Animals and ethics

GF Swiss/NIH mice (6–8-weeks old) from the GF nucleus
Taconic, Germantown, NY, USA) and Swiss conventional (CV) mice
ere used in this study. GF mice were maintained in flexible
lastic isolators (Standard Safety Equipment) using classical gno-
obiology techniques. As a microbiological control, fecal samples
ere plated on thioglycollate broth and brain heart infusion (BHI)

roth and incubating at 37 ◦C (Pedroso et al., 2015). Groups of GF
ice were subjected to conventionalization (CVN mice; i.e., fecal

amples removed from the large intestine of CV mice were homog-
nized in saline [10%] and administered by oral gavage to GF mice,
hich were colonized for 21 days prior to intratracheal [i.t.] inoc-
lation of C. gattii) (Souza et al., 2004). CVN mice were i.t. infected
ith C. gattii in the next day after the conventionalization was

ompleted. Other groups received LPS (Escherichia coli 0111: B4,
 mg/kg; Sigma-Aldrich) i.p. 48 h prior to C. gattii inoculation. The
nimal protocol was approved by the Comitê de Ética no Uso de
nimais (CEUA) of Universidade Federal de Minas Gerais (Protocol
87/2012). Mice were sacrificed under anesthesia (i.p. ketamine
60 mg/kg] and xylazine [10 mg/kg]) by cervical dislocation.

.2. Infection of mice with C. gattii

The L27/01 strain of C. gattii was cultured on Sabouraud dex-
rose agar (SDA) for 48 h at 35 ◦C and colonies were suspended in
BS to generate inoculum at 1 × 104, 1 × 105, 1 × 106, or 1 × 107

FU/animal. Mice (n = 6/group) were anesthetized by i.p. injection
f ketamine hydrochloride (80 mg/kg) and xylazine (15 mg/kg) in

terile saline and inoculated (i.t.) with 30 �L of cryptococcal cells
nd were monitored daily to determine the inoculums to use in
ubsequent experiments (Santos et al., 2014).
ical Microbiology 306 (2016) 187–195

2.3. Fungal burden, myeloperoxidase (MPO) and
ˇ-N-acetylglucosaminidase (NAG) activities, cytokine and
chemokine levels, NF�Bp65 phosphorylation, and histopathology

GF, CV, CVN, and LPS-stimulated mice were inoculated (i.t.) with
1 × 107 CFU/animal (standardized inoculum) or PBS only (control).
Lungs and brain were obtained at 1 or 10 days post inoculation,
homogenized in PBS and plated onto SDA for measurement of fun-
gal burden (Maxeiner et al., 2007).

The MPO  assay and cytokine analysis was  performed accord-
ing to Elian et al. (2015) and NAG assay according to Aires et al.
(2013), both with modifications. MPO  and NAG assay were used
as an indirect measurement of neutrophil and macrophages accu-
mulation in lungs, respectively. Briefly, 100 mg  of the lungs were
used for cytokines analysis and MPO/NAG assays. The tissue was
homogenized with 1 mL  of PBS (pH 7.0) containing anti-proteases
(0.1 mM PMSF, 0.1 mM benzethonium chloride, 10 mM EDTA and
20 Kallikrein inhibitor units of aprotinin A, all purchased from
Sigma-Aldrich and 0.05% tween 20). The samples were centrifuged
for 10 min at 3000g, at 4 ◦C and the supernatant was  frozen at −20 ◦C
and utilized for cytokines analysis. The levels of cytokines TNF-�,
IFN-�, IL-1�, IL-10 and IL-17 was  determined by ELISA with com-
mercially available antibodies according to the procedures supplied
by the manufacturer (R&D Systems, Minneapolis, MN, USA).

The pellet obtained as described above was  resuspended in
1.9 mL  of buffer, pH 4.7 (0.1 M NaCl, 0.02 M NaH2PO4·1H20, 0.015 M
Na2-EDTA) and centrifuged again (12,000 g for 10 min). The super-
natant was discarded and to the precipitate was added 0.9 mL
of 0.2% NaCl solution followed by addition of an equal volume
of solution containing 1.6% NaCl and 5% glucose. After homog-
enization, the content was  equally divided into two new tubes,
one for MPO  assay and another for NAG assay. The tubes were
centrifuged (12,000g, at 4 ◦C, for 10 min), the supernatant dis-
carded and the pellet resuspended in 0,6 mL  of 0.05 M NaPO4buffer
(pH 5.4) containing 0.05% hexadecytrimethyl-amonium bromide
(HTAB) (Sigma-Aldrich) for MPO  assay and in 0.6 mL  0.9% saline
solution containing 0.1% (v/v) Triton X-100 for NAG assay. After
frozen three times in liquid nitrogen, the content was centrifuged
at 4 ◦C at 12,000g for 10 min. The supernatant was collected in a
new tube and kept in −80 ◦C.

For MPO  assay, 25 �L of the supernatant was added to
microplates of 96 wells, in triplicate, following addition of same vol-
ume  of 3,3′,5,5′-Tetramethylbenzidine (TMB) (Sigma-Aldrich) and
incubation at 37 ◦C for 5 min. After that, 100 �L of 0.002% (v/v) H2O2
was added and the samples were again incubated at 37 ◦C for 5 min.
After the incubation period, the reaction was stopped by adding
100 �L1 M H2SO4. The absorbance reading was taken at 450 nm.
The result was expressed in MPO/100 mg  of tissue.

For NAG assay, the supernatant was diluted in citrate-phosphate
buffer, pH 4.5 (0.1 M citric acid and 0.1 M Na2HPO4), in proportion
of 1:3, and100 �L of each diluted sample was  added in microplate
of 96 wells, in triplicate. Then, 100 �L 2,24mMp-nitrophenyl-N-
acetyl-�-d-glicosaminide (Sigma-Aldrich) substrate diluted in a
citrate-phosphate buffer was added in each well and the microplate
was incubated at 37 ◦C for 5 min. After reaction, 100 �L of 0.2 M
glycine buffer, pH 10.6 (0.8 M glycine, 0.8 M NaCl and 0.8 M NaOH)
were added to stop the reaction. The absorbance was  read at
400 nm.  The result was  expressed in NAG/100 mg  of tissue.

NF�Bp65 phosphorylation levels in the lungs of GF and CV mice
was determined by western blotting (Lv et al., 2014). Briefly, sam-
ples containing 30 �g of protein were resolved on an SDS-PAGE gel
and transferred to a PVDF membrane. The membrane was incu-
MO,  USA) and then with a secondary anti-mouse HRP-conjugated
antibody (1:5000; Amersham), and the signal was quantified using
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Fig. 2. Lack of microbiota turns GF mice more susceptible to infection, showing lower survival and higher fungal burden in the lungs and brain.
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 = 6 animals per group were inoculated by the intratracheal route with 1 × 107 C
noculation, mice were sacrificed. The CFU of yeasts per g of lung (B) or brain (C) we
PS:  LPS-stimulated mice; ND: not-detected. *p:  were significantly different from G

 chemiluminescence system (Santa Cruz Biotechnology, Santa
ruz, CA, USA).

In addition, organs were stained with hematoxylin-eosin.

.4. Phagocytosis assay, intracellular proliferation rate (IPR)
etermination, and measurement of reactive oxygen species (ROS)
roduction by macrophages

Murine peritoneal macrophages were used to assess phagocytic
ndex, ROS production, and the IPR of C. gattii (Ma  et al., 2009). GF,
V, and CVN mice were stimulated with i.p. injection with 1.5 mL
f 3% thioglycolate (300 mg  thioglycolate, 42 mg  NaHCO3, 10 mL  of
BS). Four days later, mice were sacrificed under anesthesia by cer-
ical dislocation and the peritoneal exudate cells were harvested
y two cycles of injection of 5 mL  of cold RPMI 1640 (GIBCO).
ollected cells were washed by centrifugation at 290g for 5 min,
esuspended in RPMI 1640 supplemented with 100 U/mL penicilin,
00 mg/mL  estreptomicin (GIBCO), and 10% fetal bovine serum
Sigma). Briefly, 500 �L of murine macrophages (1 × 105 cells/well)
n RPMI were plated into 24-well plates and incubated overnight
t 37 ◦C under 5% CO2. Then, the culture supernatant was  removed
nd adherent macrophages were infected with 500 �L of suspen-
ion containing 3 × 104 cells/well viable yeasts (proportion 3:1 of
acrophages:cryptococcus), and after 0 and 24 h post infection,

hagocytic index and IPR were analized.
The phagocytic index was calculated as the percentage of cells

ith internalized C. gattii 24 h post infection (Santos et al., 2014).
n addition, the intracellular proliferation rate (IPR) assay was per-
ormed as described previously (Ma  et al., 2009) with modifications.
on-internalized yeast cells in the supernatant were taken from the
ells and washed with 200 �L PBS. Macrophages were lysed at 24 h
ith 200 �L of cold sterile distilled water and incubated for 30 min

t 37 ◦C, then 200 �L was collected and mixed with Trypan Blue
n a 1:1 ratio, and the viable yeast cells were counted. Intracellular
roliferation rate was calculated as the quotient of the intracellular
east cell numbers at 24 h and 0 h.

Endogenous amounts of ROS were measured by fluoromet-
ic assay with specific probes. 0.2 × 105 macrophages/well in
PMI-1640 without phenol red (Sigma-Aldrich), supplemented
ith 100 U/mL penicilin, 100 mg/mL  estreptomicin (GIBCO), and

0% fetal bovine serum (Sigma), were plated into 96-well plates
nd incubated overnight at 37 ◦C under 5% CO2. Macrophages
ere then infected with yeast 0.6 × 104 cels/well (propor-

ion 3:1 of macrophages:cryptococcus), and incubated for 24 h

t 37 ◦C under 5% CO2. To quantify ROS production, 10 mM
′,7′-dichlorofluorescein diacetate (Invitrogen, Life Technologies,
arlsbad, CA, USA) was added. For both the protocols, the probe
as add 30 min  prior the mensuration with a fluorometer (Synergy
i cells. Results shown are percent survival postinfection (A). At 1 or 10 days post
ermined. CV: conventional mice; GF: germ-free mice; CVN: conventionalized mice;
e (p < 0.05).

2 SL Luminescence Microplate Reader; Biotek) using excitation and
emission wavelengths of 500 nm (Ferreira et al., 2013).

2.5. Behavioral analysis

The SmithKline/Harwell/Imperial College/Royal Hospi-
tal/Phenotype Assessment (SHIRPA) protocol for behavioral
and functional assessment of neurological diseases in animal
models (Rogers et al., 1997; Rogers et al., 2001), was used in this
study. This provides reliable information on cerebral dysfunction
and general status of mice. GF, CV, CVN, and LPS mice were
inoculated with C. gattii or PBS (control). At 10 days post infection,
the SHIRPA protocol was applied to all groups of mice. The tasks
assessed by SHIRPA were grouped into five functional categories:
neuropsychiatric state, motor behavior, autonomic function, mus-
cle tone and strength, and reflex and sensory function (available in
the Supplementary Table S1) (Lackner et al., 2006; Pedroso et al.,
2013; Santos et al., 2014). Changes in each functional category
were expressed as scores to assess behavioral performance.

2.6. Cell diameter, capsule size, and zeta potential measurements
of C. gattii

Colonies recovered from the lungs of GF, CV, and CVN mice at 1
or 10 d.p.i. were used for morphometric analyses and zeta potential
measurements as previously described (Ferreira et al., 2015).

2.7. Statistical analysis

All statistical analyses were performed using GraphPad Prism
(version 5.0;GraphPad Software, San Diego CA, USA). P < 0.05 was
considered statistically significant and all groups (CV, CVN, LPS)
were analyzed in comparison to GF mice. Survival was  plotted as
a Kaplan-Meier curve and analyzed using the log rank test. Fungal
burden, phagocytosis, IPR, MPO, NAG, and cytokine and chemokine
levels were analyzed by ANOVA and the nonparametric Friedman
test. SHIRPA data were analyzed with the Wilcoxon Rank-Sum Test
(Pedroso et al., 2010).

3. Results

3.1. C. gattii induces lethality in GF mice in an
inoculum-dependent manner
GF mice inoculated with 1 × 106 or 1 × 107 CFU showed signs
of cryptococcosis earlier than mice administered with 1 × 104 and
1 × 105 CFU. Animals infected with all inoculum succumbed to
infection dependently of fungi load of infection. Mice injected with
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 × 107 yeasts succumbed after 14 days post infection (d.p.i.) (Fig. 1)
nd this inoculum was chosen for all subsequent experiments.

.2. Lack of microbiota turns GF mice more susceptible to
nfection

GF mice succumbed to infection earlier than CV animals
Fig. 2A). Microbiota restoration and systemic administration of LPS
mproved the survival of GF mice (Fig. 2A). A higher fungal burden
n the lungs of GF mice was found at 1 d.p.i. (Fig. 2B), and C. gattii
eached the CNS of GF mice within 1 day after infection (Fig. 2C).
owever, at 10 d.p.i., there was no statistical difference in the lung
r brain of GF and CV mice (Fig. 2B and C). Conventionalization
educed the fungal burden in the lungs (at 10 d.p.i.; Fig. 2B) and
rain (at 1 d.p.i.; Fig. 2C) of CVN mice. Although the fungal burden

n the lungs (Fig. 2B) and brain (Fig. 2C) of LPS-administered mice
as similar to that in GF mice, LPS prevented C. gattii dissemination

o the brain at the beginning of the infection (Fig. 2C).

.3. Germ-free mice showed a delayed inflammatory response

The MPO  activity in the lungs (Fig. 3A), production of IFN-�
Fig. 3B), IL-17 (Fig. 3C), IL-1� (Fig. 3D) and TNF-� (data not show)
n the lungs and NF-�Bp65 (Fig. 3E–F) phosphorylation were signif-
cantly reduced (p < 0.05) in GF mice at 1 d.p.i. Only IL-10 (data not
how) levels in the lungs were similar in GF and CV mice (p > 0.05)
t 1 d.p.i. At 10 d.p.i., the MPO  activity and the levels of IL-1� (Fig. 3A
nd D) were similar between all the groups of mice (p > 0.05). How-
ver the production of IFN-� (Fig. 3B) was lower for CVN and LPS
ice and the levels of IL-17 (Fig. 3C) and IL-10 (data not shown)
ere higher for GF mice in comparison with all the other groups.

There were no differences in the activity of MPO  (Fig. 3A) into the
ung when the microbiota was restored. CVN mice showed higher
xpression of TNF-� (data not show), IFN-� (Fig. 3B), IL-17 (Fig. 3C)
nd IL-1� (Fig. 3D) in the lungs at 1 d.p.i., with decreased levels
f these cytokines at 10 d.p.i. Lower levels of IL-17 (Fig. 3C) and
L-10 (data not show) were also detected at 10 d.p.i. in CVN mice.
dministration of LPS did not alter the MPO  activity (Fig. 3A) in

ungs. However LPS increased the levels of IFN-�, IL-17 and IL-1�
Fig. 3B–D) in the lungs (p < 0.05) after 1 d.p.i.; but IFN-� and IL-17
evels (Fig. 3B–C) were significantly reduced at 10 d.p.i.

Similar NAG activity, an indirect measure of macrophage
ecruitment, was verified for GF, CV and CVN mice (p > 0.05, data
ot shown). Otherwise, administration of LPS increased the NAG
ctivity in the lungs at 10 d.p.i. in comparison to GF mice (NAG
ctivity for LPS = 0.22 ± 0.056 vs.  NAG activity for GF = 0.15 ± 0.06
AG/100 mg  of lung).

.4. Macrophages recovered from GF mice showed reduced ability
o engulf, produce ROS, and kill C. gattii

In the phagocytosis assay, fewer fungi were engulfed by
acrophages from GF mice than by macrophages from CV mice

p < 0.05; Fig. 4A). Macrophages from CVN mice showed the same
bility to engulf C. gattii that GF (Fig. 4A). However, C. gattii prolif-
rated at a greater rate inside GF macrophages (Fig. 4B) and lower
evels of ROS were produced in this group of mice (p < 0.05; Fig. 4C).

.5. Morphological alterations in C. gattii cells recovered from GF,
V and CVN mice
Fungi recovered from the lungs of GF mice (Fig. 5A) were smaller
han those recovered from CVN (Fig. 5B) and CV (Fig. 5C). Indeed,
hese data are represented in Fig. 5D (whole cell diameter) and 5E
capsule size). The cellular charges, expressed as the zeta potential,
ical Microbiology 306 (2016) 187–195

was more negative for colonies recovered from CV mice at 10 d.p.i.
in comparison to GF and CVN mice (Fig. 5F)

3.6. Delayed inflammation in GF mice was associated with
reduced tissue damage

Fungal translocation to the CNS of infected GF mice occurred
faster compared to that in CV, CVN, and LPS-stimulated mice
(Fig. 6A and B). In the lungs, GF mice showed a higher number of
yeast in the alveolar lumen and mild inflammation (Fig. 6E). CV,
(Fig. 6F), CVN (Fig. 6G) and LPS (Fig. 6H) mice presented moderate
to intense inflammation and numerous yeasts.

3.7. GF mice showed prominent behavioral alterations associated
with cryptococcosis

The behavioral assessment scores of GF, CV, CVN, and LPS-
stimulated mice compared to those of uninfected mice (NI) are
presented in Table 1. Although all of the mice in the infected groups
showed changes in muscle tone and strength, GF mice were unique,
presenting prominent alterations (p < 0.05) in motor behavior and
reflex and sensory function.

4. Discussion

GF animals are important tools for evaluating the role of micro-
biota on different conditions (Fagundes et al., 2012; Wilks et al.,
2013), but little is known about it in fungal diseases. Our data
showed that microbiota is important for the host response against
C. gattii; GF mice succumbed early, and showed a delayed inflam-
matory response, which enabled translocation of C. gattii to the
brain within 1 d.p.i. The higher fungal burden in lungs and brain of
GF mice infected with C. gattii indicates that the response on these
mice is not sufficient to control the fungal growth and translocation.
This result was corroborated by the higher intracellular prolifer-
ation rate within the macrophages of GF mice (due to low ROS
production), since it has been well established that translocation
from the lungs to the CNS depends on fungal survival inside phago-
cytes (Charlier et al., 2009).

The delayed inflammatory response of GF mice was also evi-
denced by the lower levels of proinflammatory mediators and cell
recruitment to the lungs. These data were confirmed by the lower
NF�Bp65 phosphorylation levels in the lungs of GF  mice. In this
context, TLR activation by the bacterial products of the microbiome
may  lead to homeostasic activation of NF�B and upregulation of the
proinflammatory cytokines that facilitate host defense against the
pathogen (Lavelle et al., 2010). Another study showed that a lack of
microbiota primarily impairs the early recruitment and activation
of granulocytes (Mittrücker et al., 2014), probably due a primary
defect in hematopoiesis (Khosravi et al., 2014). Low production of
proinflammatory mediators was reported in previous studies with
GF mice (Fox et al., 2012). Interestingly, GF mice showed increased
production of proinflammatory cytokines after 10 d.p.i., demon-
strating a later immune response. This has not been previously
described since other studies followed GF mice until a maximum
of 72 h after infection or other stimuli ( Fagundes et al., 2012). It
is likely that the immune system was  stimulated by the pathogen
during the first 10 days of infection.

Moreover, yeasts have developed complex strategies to ensure
their adaptation under different conditions. Within the host, the
cryptococcal cells alter its morphology and physiology to survive
under the immune system pressure. By modifying the capsule and

the whole cell diameter, the pathogen may  inhibit phagocytosis,
which is crucial for the host response in the early phase of the
infection (Zaragoza et al., 2010). In our study, GF mice showed
lower levels of proinflammatory mediators, leading to reduced
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Fig. 3. Germ free mice showed a delayed inflammatory response.
n  = 6 animals per group were inoculated by the intratracheal route with 1 × 107 C. gattii cells or PBS (NI). After 1 or 10 d.p.i., mice were sacrificed. MPO activity in the lungs
was  used as an index of neutrophil influx in the tissue (A). Levels of IFN-� (B), IL-17 (C) and IL-1� (D) are expressed as pg per 100 mg  of lung. Quantitative densitometry (E) of
the  western blot (F) of the expression of phosphorylated NF�Bp65 in CV and GF mice (CVc: non-infected conventional mice, GFc: non-infected germ-free mice, CVi: infected
conventional mice, GFi: infected germ-free mice). CV: conventional mice; GF: germ-free mice; CVN: conventionalized mice; LPS: LPS-stimulated mice. *p: were significantly
different from GF mice (p < 0.05).

Fig. 4. Macrophages recovered from GF mice showed reduced ability to engulf, produce ROS, and kill C. gattii.
Murine peritoneal macrophages from GF, CV, and CVN mice were infected with C. gattii. The phagocytic index was calculated as the percentage of macrophages (A) with
internalized C. gattii. Intracellular Proliferation Rate (B).The amount of reactive oxygen species (ROS) is expressed in arbitrary units of fluorescence (AU) (C). CV: conventional
mice;  GF: germ-free mice; CVN: conventionalized mice. *p: were significantly different from GF mice (p < 0.05).
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Fig. 5. Morphological alterations in C. gattii cells recovered from GF, CV and CVN mice.
CV,  GF, and CVN mice were inoculated by the intratracheal route with 1 × 107 C. gattii cells. At 1 and 10 d.p.i., the mice were sacrificed, and yeasts were recovered from the
lungs.  Microscopic visualization of India ink-stained cells recovered from GF at 10 d.p.i. (A), CVN (B), and CV mice (C). Cell diameter (D) and capsule (E) size were determined by
India  ink counter staining. The zeta potential of yeast cells was calculated (F). CV: conventional mice; GF: germ-free mice; CVN: conventionalized mice; *p: were significantly
different from GF mice (p < 0.05).

Table 1
GF mice showed prominent behavioral alterations associated with cryptococcosis. Scores from the assessment of behavioral performance in GF, CV, CVN, and LPS-infected
mice  compared to the uninfected group (NI) at 10 days post infection.

GF CV CVN LPS

Functional categories NI 10d NI 10d NI 10d NI 10d

NS1 480 ± 20 365 ± 4 516 ± 55 443 ± 58 460 ± 40 438 ± 45 486 ± 56 359 ± 16
AF2 487 ± 12 467 ± 18 557 ± 9 512 ± 11 530 ± 12 487 ± 12 554 ± 18 507 ± 10
MB3 733 ± 24 463 ± 54* 671 ± 23 567 ± 15 710 ± 20 565 ± 49 662 ± 9 551 ± 30
RSF4 360 ± 18 298 ± 31* 380 ± 12 343 ± 17 370 ± 12 350 ± 0 360 + 10 335 ± 15
MT5 225 ± 0 93 ± 27* 220 ± 5 135 ± 6* 220 ± 5 125 ± 27* 225 ± 0 143 ± 15*

GF: Germfree, CV: Conventional, CVN: Conventionalized and LPS: LPS-stimulated mice. NI: Non-infected mice. 10d: Score 10 days after infection. The tasks were grouped
into  five functional categories: neuropsychiatric state (NS1), autonomic function (AF2), motor behavior (MB3), reflex and sensory function (RSF4), muscle tone and strength
(  the in
t

s
s
f
k
t
t
a

MT5). The results are presented mean ± SEM of six animals in each group. Scores of
est.

* p < 0.05 was considered to be significant.

timuli to enlargement of the capsule and yeast cell. Likewise, other
tudies reported these phenotypic alterations of yeasts isolated
rom immunocompromised patients (Robertson et al., 2014). It is

nown that bigger cryptococcal cells have reduced penetration in
he central nervous system (Okagaki et al., 2010a,b). In this way,
he higher fungal burden in the brain of GF mice was  also associ-
ted to the smaller cells. Indeed, smaller cells adapt to changes in
fected groups were compared with the uninfected group by the Wilcoxon matched

environmental conditions faster than larger cells (Young, 2006) and
Cryptococcus displays ovoid morphology during transmigration,
suggesting that morphological changes are important for infection

(Shi et al., 2010).

Conventionalization and LPS stimulation of GF mice reversed
the delayed inflammatory profile of GF mice, leading to increased
survival. According to a previous study (Fagundes et al., 2012), GF
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Fig. 6. Delayed inflammation was associated with lower tissue damage in GF mice.
CV,  GF, CVN, and LPS mice were inoculated by the intratracheal route with 1 × 107C. gattii cells or PBS (NI). Brain and lungs were removed for histopathological analysis. (A)
GF  mice 10 days post inoculation (d.p.i.) showed yeast (arrow head) in the leptomeninge (in detail). (B) No changes were observed in the brain of mice in other groups (CV
m 0 d.p.
i ad), an
a r and p

m
l
(

r
t
t
a

ice).  Lungs of non-inoculated mice: GF(C) and CV (D) groups. Lungs of GF mice at 1
nflammation (arrow) (E). The lungs of CV mice at 10 d.p.i. showed yeasts (arrow he
nd  LPS (H) mice at 10 d.p.i. showed yeast (arrow head), and moderate perivascula

ortality may  result from an inability to recruit neutrophils to the
ungs, which requires MyD-88-dependent signaling by microbiota
Karmarkar and Rock, 2013).

Assessment of Cryptococcus interaction with host tissue

evealed that this process is strongly influenced by the immune sta-
us of the host (Okubo et al., 2013). The intensity of the lesions in
he lungs was mild in GF mice and moderate to intense in CV, CVN,
nd LPS-stimulated mice infected with C. gattii. Conversely, GF mice
i. showed numerous yeasts (arrow head), intense hyperemia, and mild perivascular
d moderate interstitial inflammatory infiltrates (large arrow) (F). Lungs of CVN (G)
eribronquial inflammation (arrow).H&E, 200×.

had limited tissue damage due an inefficient immune response. CV,
CVN and LPS-stimulated mice exhibited more pronounced tissue
damage due to a more substantial immune response.

The SHIRPA battery mimics the human neurological, psychiatric

and general parameters of morbidity (Rogers et al., 1997). We  used
this protocol in this model to evaluate the general health of animals
and this parameter confirmed the results showed in the survival
curve. Germ-free animals, despite to have the same load fungi in
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he brain (10 d.p.i) than other groups, presented more moribund.
he behavioral changes were more evident in GF mice, in which C.
attii reached the brain at 1 d.p.i., and yeast cells were observed at
he meningeal membranes. This early translocation probably led to
he more prominent behavioral alterations (Charlier et al., 2008).

In conclusion, this study provides new insights into the impor-
ant role of microbiota as a stimulus to the immune response
uring cryptococcosis. Our findings demonstrated that GF mice
ave delayed immune response against C. gattii, therefore the
easts were smaller and the mice is more susceptible to infec-
ion, presenting high fungal burden, more evident alterations in
ehavior and reduced inflammation.
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