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iNOS/Arginase-1 expression in the
pulmonary tissue over time during
Cryptococcus gattii infection
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Abstract

Inhalation of Cryptococcus gattii yeasts (causing cryptococcosis) triggers an anti-cryptococcal immune response initiated

by macrophages, neutrophils or dendritic cells, and the iNOS expressed by various cells may regulate the function and

differentiation of innate and adaptive immune cells. Here, we evaluated the effect of progression of C. gattii infection on

the host innate immune response. C. gattii infection in BALB/c mice spreads to several organs by 21 d post infection.

The numbers of neutrophils and lymphocytes in the peripheral blood of C. gattii–infected mice were remarkably altered

on that day. The frequency of CD11bþ cells and cell concentrations of CD4þ and CD8þ T cells was significantly altered

in the pulmonary tissue of infected mice. We found a higher frequency of CD11bþ/iNOSþ cells in the lungs of infected

mice, accompanied by an increase in frequency of CD11bþ/Arginase-1þ cells over time. Moreover, the iNOS/Arginase-1

expression ratio in CD11bþ cells reached its lowest value at 21 d post infection. In addition, the cytokine micro-

environment in infected lungs did not show a pro-inflammatory profile. Surprisingly, iNOS knock-out prolonged the

survival of infected mice, while their pulmonary fungal burden was higher than that of infected WT mice. Thus, C. gattii

infection alters the immune response in the pulmonary tissue, and iNOS expression may play a key role in infection

progression.
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Introduction

Cryptococcus gattii, a causative agent of cryptococco-

sis, is an emerging fungal pathogen that preferentially

infects the lungs and CNS of immunocompetent indi-

viduals.1 It preferentially infects the pulmonary

tissue, which is supported by animal studies that

associate mortality with pulmonary infection.2

Following the inhalation of C. gattii yeast or desic-

cated basidiospores, lung-resident macrophages initi-

ate an anti-cryptococcal immune response.

Infiltrating macrophages can act in both fungal clear-

ance and dissemination, which have been described

as two phenotypes: M1 (classically activated macro-

phages) and M2 (alternatively activated macro-

phages), respectively.3,4 These macrophage

phenotypes are defined by expression of markers:
M1 markers include inducible NO synthase (iNOS
or iNOS2), while M2 markers include arginase-1
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(Arg-1), found in inflammatory zone 1 (Fizz1), and
chitinase-like molecule (Ym1).5,6

The role of iNOS expressed by macrophages is crit-
ical in the balance between M1 and M2 subsets,
because iNOS regulates the expression of hallmark
genes in M1 macrophages and modulates the produc-
tion of pro-inflammatory cytokines.7,8 On the other
hand, Arg-1 expressed by macrophages plays a pivotal
role in the regulation of the immune response, mostly
through competition between iNOS and Arg-1 for the
intracellular arginine, resulting in the protection of
tissue against injury in response to inflammation.9

iNOS and Arg-1 are expressed by a variety of cells,
and the effector activity of immune cells may be regu-
lated by iNOS.10–12 Previous studies have demonstrat-
ed that iNOS expression can negatively regulate the
differentiation of effector dendritic cells (DCs),13 and
iNOS also acts as a mediator in the suppressive func-
tion of myeloid-derived suppressor cells.14 These find-
ings evidence a regulatory function of iNOS expression
on immune cells modulating the immune response
against pathogens. In the context of Cryptococcus neo-
formans infection, iNOS activity was required to gen-
erate a primary immune response, while iNOS
expression was not essential for the development of
secondary immunity to C. neoformans infection.15

Previous studies have reported a protective effect of
IFN-c and Th1 cells during C. neoformans infec-
tion.16,17 Th17 immunity has been shown to collabo-
rate with the protective Th1-type anti-cryptococcal
immune response.18,19 However, Th1 and Th17
responses in the lungs are impaired during C. gattii
infection, owing to multiple factors: (a) C. gattii fails
to provoke the migration of neutrophils in the lungs,
(b) lower levels of pro-inflammatory cytokines in the
lung and higher levels of IL-13 in response to C. gattii
infection and (c) attenuation of DCs, impairing chemo-
kine expression associated with the induction of the
Th1 immune response.20,21 Interestingly, the major
pro-inflammatory cytokine, IFN-c, associated with an
overall protective Th1 immune response, failed to
potentiate the phagocytic and microbicide activity of
macrophages in the presence of C. gattii.22,23 In this
line, reactive oxygen species (ROS), which play a crit-
ical role in the microbicidal activity of phagocytic cells,
favour the growth of C. gattii strain R265.24,25 These
findings support the ability of C. gattii to infect both
immunocompromised and immunocompetent hosts.

In the current study, we evaluated the effects of the
progression of C. gattii infection on the host immune
response. The plasticity of iNOS/Arg-1 expression in
the lungs was also studied. The frequency of CD11bþ

cells in pulmonary tissue was higher in C. gattii–
infected mice than in uninfected mice in all periods
studied, and the concentrations of CD4þ and CD8þ

T cells were significantly increased on day 21 post infec-

tion relative to uninfected mice. We found that the cell

concentration of CD11bþ/Arg-1 cells increased over

time during infection and reached levels close to

CD11bþ/iNOS on day 21 post infection.

Interestingly, the C. gattii burden in the lungs of

knock-out (KO) mice for iNOS was higher relative to

WT mice. However the absence of iNOS prolonged the

survival of mice infected with C. gattii.

Materials and methods

Animals

Male BALB/c, C57BL/6 and iNOS KO (C57BL/6

genetic background) mice, 6–8 wk old, were acquired

from the animal house of the Campus of Ribeir~ao

Preto, University of S~ao Paulo (Ribeir~ao Preto, S~ao
Paulo, Brazil). Animals were maintained under stan-

dard housing conditions in the Department of Cell

and Molecular Biology and Pathogenic Bioagents of

the Ribeir~ao Preto Medical School, University of S~ao
Paulo, under optimised hygienic conditions. All animal

experiments were approved by the Committee on

Ethics in Animal Research of the Ribeir~ao Preto

Medical School at the University of S~ao Paulo and

were conducted in accordance with the Ethical

Principles in Animal Research adopted by the

Brazilian College of Animal Experimentation (protocol

204/2016).

Fungicidal activity of AMJ2-C11 cell line in the

presence of L-NG-monomethyl-L-arginine acetate

The alveolar macrophage cell line was routinely grown

in DMEM (GibcoVR ; Life Technologies, Carlsbad, CA)

supplemented with 10% FBS, 4mM L-glutamine,

4500mg/l Glc, 5mM HEPES and antibiotics in a

humidified 5% CO2 atmosphere at 37�C. The AMJ2-

C11 cell line was kindly provided by Dr Ana Marisa

Fusco-Almeida (Department of Clinical Analysis,

Laboratory of Clinical Mycology, Faculty of

Pharmaceutical Sciences, S~ao Paulo State University-

UNESP, Araraquara-SP, Brazil).
AMJ2-C11 macrophages (5� 105/ml) were incubat-

ed with L-NG-monomethyl-L-arginine acetate

(L-NMMA; 1mM) or medium alone (negative control)

for 4 h, and these cells were infected with C. gattii

yeasts (yeast-to-macrophage ratio of 1:100). After

24 h of incubation, the monolayer culture was detached

and mixed with supernatant to quantify the growth of

C. gattii by the CFU assay.
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C. gattii infection and survival analysis

C. gattii strain R265 (VGII molecular genotype) was

recovered from 25% glycerol stocks stored at –80�C
and plated on Sabouraud dextrose agar. After 24 h of

incubation at 30�C, one loopful from a single colony

was inoculated in Sabouraud dextrose broth and grown

for 24–30 h at 30�C with constant shaking. Yeast were

harvested by centrifugation at 7500 g for 10min at

25�C, washed in sterile PBS and counted using China

ink in a Neubauer chamber.
Animals were anaesthetised with ketamine (150mg/

kg of body mass) and xylazine (7.5mg/kg of body

mass) prior to intra-nasal inoculation of C. gattii

(103–106 yeast/mice). The control group received

intra-nasal PBS alone. The survival of mice was

assessed daily over 47 d to create the survival curve.

For other assays, an inoculum of 104 C. gattii per

mouse was used, and the control group received PBS

alone. Animals were euthanized on d 7, 14 and 21 post

infection to collect whole blood, lungs, brain, liver,

spleen, heart and kidneys aseptically. The KO mice

were euthanized on d 14 post infection for fungal

burden analysis.

Fungal burden

Fungal burden was assessed in the blood, lungs, brain,

liver, spleen, heart and kidney homogenates. Tissue

homogenates were diluted in sterile PBS buffer (pH

7.2), and 50 ml aliquots were plated on Sabouraud dex-

trose agar. After 48 h at 30�C, the number of CFU was

determined as CFU/mg organ mass, as described by

Almeida et al.26

Measurement of biochemical markers

Plasma levels of glutamic oxaloacetic transaminase

(GOT), glutamic pyruvic transaminase (GPT), amylase

and creatinine were measured with a commercial col-

orimetric assay (Labtest, Lagoa Santa, Brazil).

Concentrations were measured by absorbance using a

spectrophotometer (Power Wave-X microplate reader;

BioTek Instruments, Inc., Winooski, VT) according to

the manufacturer’s instructions.

Leucogram in the peripheral blood

Peripheral blood was collected by cardiac puncture.

Blood was diluted 1:20 in Turk’s solution, and the

total leucocyte count was estimated using a Neubauer

chamber. Mononuclear and granulocytic cells from the

blood smear were quantified under a light microscope

with an oil immersion (100�) objective after panoptic

staining. Total leucocyte, lymphocyte, neutrophil and

monocyte counts were expressed as leucocytes/mm3.

The determinations of relative numbers of lymphocyte,

neutrophil and monocyte counts are expressed as per-

centages. In both leucocyte analyses, the procedures

were performed as described by Oliveira-Brito et al.27

Pulmonary leucocyte isolation

Lung tissues of uninfected and infected mice were per-
fused with sterile 1� PBS on day 0, 7, 14 and 21 post

infection. The lungs were removed and fragmented

with scissors to 1-mm chunks, placed in falcon tubes

with RPMI 1641 medium (2ml) and subjected to diges-

tion in RPMI 1640 plus 10 U/ml collagenase type IV

(Sigma–Aldrich, St Louis, MO) and 20 mg/ml of Type

IV DNAse I at 37�C for 45min. The reaction was

stopped by adding 1ml heat-inactivated FBS. The

digested tissues were successively filtered (40 mm;

Thermo Fisher Scientific, Durham, NC) and washed

with PBS. Erythrocytes were depleted with lysis

buffer (nine parts 0.16 M ammonium chloride and
one part 0.17 M Tris–HCl; pH 7.5) for 5min at 4�C,
followed by the addition of a 10-fold excess of PBS.

The leucocytes were centrifuged (300 g) for 10min,

washed twice with PBS and suspended in PBS plus

10% heat-inactivated FBS. The live cell count was

determined using trypan blue dye exclusion in a

haemocytometer.

Flow cytometry using pulmonary leucocytes

Aliquots of 1� 106 cells from each mouse were assayed

to phenotype T cells and CD11bþ populations within
iNOSþ cells and Arg-1þ cells by flow cytometry.

Pulmonary leucocytes were incubated with anti-CD4

FITC (20 mg/ml; clone H129.19) plus anti-CD3 PE

(20 mg/ml; clone 145-2C11), or anti-CD8 FITC (20mg/
ml; clone 53-6.7) plus anti-CD3 PE to quantify CD4þ

and CD8þ T cells, respectively. After 45min, the cells

were washed twice with PBS and analysed by flow

cytometry (Guava easyCyte, Guava Technologies;

Millipore, Hayward, CA). The pulmonary leucocytes

were incubated with anti-CD11b PE (20mg/ml; clone

M1/70) Ab for 45min at 4�C and washed twice with

PBS before being fixed and permeabilised with a

Fixation/Permeabilization Solution Kit (Cytofix/
CytopermTM; BD Biosciences, Franklin Lakes, NJ)

for 20min at 4�C. Then, they were washed with per-

meabilisation wash buffer (BD Biosciences). Cells were

incubated with murine anti-iNOS (1:200; clone 4E5) or

rabbit anti-Arg-1 (1:100; clone 24HCLC) Ab for 45min

at 4�C. Cells were washed and incubated with anti-

mouse IgG-biotin Ab (1:100) or anti-rabbit IgG-

biotin Ab (1:100) for 45min at 4�C. Afterwards, the

cells were washed and incubated with streptavidin-

FITC conjugate (1:100) for 45min at 4�C and then
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analysed by flow cytometry. The CD11bþ cells were
gated to distinguish the positive cells for iNOS or
Arg-1 expression, and the data were used to calculate
the percentage, cell concentration and fluorescence
intensity of CD11bþ/iNOSþ and CD11bþ/Arg-1þ.

Cytokine measurement

Lungs collected from infected mice were homogenised
in 1ml sterile PBS and centrifuged at 3200 g for 10min
at 4�C. The supernatants were used for the measure-
ment of IL-12p40, TNF-a, IFN-c, IL-10 and IL-17
levels by ELISA according to the manufacturer’s pro-
tocol using Ab pairs purchased from BD Biosciences
(Pharmingen, San Diego, CA), as previously
described.26,27 Concentrations were determined relative
to standard curves prepared from recombinant murine
cytokines. Absorbances were read at 450 nm in a
PowerWave X microplate scanning spectrophotometer
(BioTek Instruments, Inc.). The levels of cytokines are
expressed as picograms per milligram of tissue.

Quantitative RT-PCR

Total RNA was extracted from the lungs with TRIzol
reagent according to the manufacturer’s instructions.
Reverse transcription to produce cDNA from oligo d
(T) primers was performed using the ImProm-IITM

Reverse Transcription System (Promega Corp.,
Fitchburg, WI). PCR was performed using EVA
Green (Bio-Rad Laboratories, Hercules, CA) on a
Bio-Rad CFX96 Real-Time Detection System in
10 ml reaction volumes under the following conditions:
95�C for 30 s, then 40 cycles of 95�C for 5 s and 60�C
for 5 s. Quantification of gene expression was per-
formed by the DDCt method relative to a b-actin
endogenous control. The specific gene primers used
for quantitative RT-PCR of macrophage polarisation
markers were: b-actin (F-CCTAAGGCCAACCGTG
AAAA; R GAGGCATACAGGGACAGCACA),
iNOS2 (F-CCGAAGCAAACATCACATTCA; R-
GGTCTAAAGGCTCCGGGCT), Arg-1 (F-GTTCC
CAGATGTACCAGGATTC; R-CGATGTCTTTGG
CAGATATGC) and Ym1 (F-TCACAGGTCTGG
CAATTCTTCTG; R-ACTCCCTTCTATTGGCCTG
TCC). This analysis was performed as previously
described.28–30

Statistical analysis

Results are presented as means�SEM or means�SD.
All data were analysed using GraphPad Prism v6.0
(GraphPad Software, San Diego, CA). The normality
and homogeneity of variance of all statistical determi-
nations were analysed by the Kolmogorov–Smirnov
test. Student’s t-test was applied to experiments with

two groups, and ANOVA followed by Bartlett’s tests

was applied to experiments with three or more groups
when the samples had Gaussian distributions. For data

sets with a non-normal distribution, the Mann–
Whitney test was applied to experiments with two

groups, and the Kruskal–Wallis test was used for
experiments with three or more groups. Differences

between the means of groups were evaluated by one-
way ANOVA followed by Tukey’s multiple compari-

sons test or Kruskal–Wallis test followed by Dunn’s
multiple comparisons test. Survival curves were ana-
lysed by log-rank (Mantel–Cox) tests. Differences at

P< 0.05 were considered statistically significant. All
assays were performed independently in triplicate,

and five mice were used for each group in all
experiments.

Results

Systemic evaluation of fungal burden and

biochemical markers after C. gattii intra-nasal
inoculation

Since host-pathogen interactions during C. gattii infec-
tion have not been fully studied, we evaluated biochem-

ical and immunological changes during experimental
murine infection. BALB/c mice were inoculated intra-

nasally with 103, 104, 105 and 106 C. gattii yeasts, with
the negative control group receiving vehicle instead of

fungal suspension. Mouse survival was monitored daily
for 7 wk post infection, and the survival curves of the

experimental groups were different for various inocu-
lum. By 5 wk post infection, all animals in the 105 or

106 groups had died, whereas complete mortality was
observed at 6 wk post infection in the groups inoculat-

ed with 104 yeasts. Groups inoculated with 103 yeasts
exhibited 60% mortality at the end of the 7-wk obser-

vation period (Figure 1a). The mice infected with 104

yeasts were monitored for 3 wk and were euthanized

randomly each wk. The lungs of the animals were
examined for fungal burden by CFU, which showed

a 10-fold increase after each wk post infection
(Figure 1b). The CFU assay was also used to detect

the presence of C. gattii in multiple organs of the
infected mice each wk to measure the extent of fungal

dissemination in the heart, liver, kidney, brain and
spleen. At the end of the first wk, about 20% of the

animals presented with C. gattii in the liver, kidney and
brain, whereas at the end of the second wk, its presence

varied from 27% to 48% of mice, varying by organ. At
3 wk post infection, 100% of mice had C. gattii in the

spleen and brain, while the heart, liver and kidney were
affected in 80–95% of mice (Table 1). Fungus was also

detected in the blood of 68% of the animals by the

120 Innate Immunity 26(2)



third wk (Table 1). C. gattii burden increased in all
organs analysed over time during infection, and at 3
wk post infection, the fungal burden was higher in the
brain and blood (Figure 1c). These results provide new
insights into the progression and dissemination of
intra-nasal infection.

Because C. gattii dissemination can have systemic
effects, we measured the biochemical markers for
hepatic, pancreatic and renal dysfunction in the
plasma samples. GOT, GPT, amylase and creatinine
were evaluated in samples collected from BALB/c
mice on d 7, 14 and 21 post infection. Interestingly,

the plasma levels of GOT, GPT, amylase and creatinine
in the infected mice did not differ significantly from
those of uninfected mice at any of the time points ana-
lysed (data not shown). In spite of the statistical differ-
ence, the levels of biochemical markers were within
normal ranges. Our results indicate that intra-nasal
inoculation of 104 C. gattii yeasts does not significantly
alter these biochemical parameters.

C. gattii intra-nasal inoculum causes an alteration in
leucogram of the peripheral blood

During our analysis of systemic manifestations of
C. gattii infection, we performed leucograms on periph-
eral blood samples collected on d 7, 14 and 21 post
infection and compared the results to those from unin-
fected mice. There was no significant alteration in the
total leucocyte count (Figure 2a). Moreover, the abso-
lute number of lymphocytes in mice infected with
C. gattii decreased on d 21 post infection (Figure 2b)
relative to uninfected mice. However, BALB/c mice did
not exhibit any alteration in the absolute number of
neutrophils and monocytes throughout the infection
period (Figure 2c and d). The relative frequencies of
leucocytes from uninfected mice were consistent over
all periods studied. However, the relative frequencies of
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Figure 1. Mouse survival after C. gattii infection and the fungal burden in multiple organs. (a) Survival of BALB/c mice after intra-nasal
(i.n.) inoculation of 103, 104, 105 or 106 C. gattii yeasts and a control group that received PBS via the intra-nasal route. The survival
curve was analysed by a log-rank (Mantel–Cox) test. The differences were considered significant when *P< 0.05. (b and c) Fungal
burden in infected BALB/c mice. (b) Fungal burden in lung. (c) Fungal burdens in organ homogenates and whole blood on d 7, 14 and
21 post infection. Results are expressed (mean� SD) as CFU/mg, CFU/ml or not detected (N.D.).

Table 1. Percentage of infected organs over time during C.
gattii infection.

7 dpi 14 dpi 21 dpi

Organs Mean� SD Mean� SD Mean� SD

Heart 7.14� 10.10 28.56� 40.39 80.00� 28.28

Liver 20.00� 0.00 27.14� 18.19 100.00� 0.00

Kidney 14.28� 20.19 48.56� 12.11 100.00� 0.00

Brain 20.00� 0.00 30.00� 42.43 95.00� 7.07

Spleen 0.00� 0.00 38.56� 26.25 90.00� 14.14

Blood 0.00� 0.00 0.00� 0.00 68.33� 2.36

dp: d post infection.
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leucocytes from infected mice showed a reduction in

the relative lymphocyte count and an increase in

the relative neutrophil count on d 21 post infection

(Figure 2e). Therefore, C. gattii infection is associated

with alterations in the absolute number and/or relative

frequencies of lymphocytes and neutrophils in the

peripheral blood on d 21 post infection.

Persistence of high levels of CD11bþ cells in the

lungs of C. gattii–infected mice in all period

of infection

The measurement of the frequency and cell concentra-

tion of leucocytes, such as CD11bþ and T cells, in the

lungs of mice infected with C. gattii was performed by

flow cytometry. Pulmonary leucocyte suspensions from

C. gattii–infected mice and uninfected mice were incu-

bated with anti-CD11b Ab. We observed that the fre-

quencies of CD11bþ cells of infected mice were

significantly increased at 7, 14 and 21 d post infection

relative to those of uninfected mice (Figure 3a).

In addition, the percentages and cell concentrations

of CD4þ T and CD8þ T cells were evaluated, which

did not differ between infected and uninfected mice

(Figure 3b and d). Otherwise, the concentrations of

CD4þ T and CD8þ T cells in pulmonary leucocytes

of infected mice significantly increased on d 21 post
infection relative to those of uninfected mice (Figure
3c and e). These findings show that C. gattii infection
induces an early migration of CD11bþ cells into the
lungs, while T cells infiltrate later in the infection.

We hypothesised that the cytokine micro-
environment in the pulmonary tissue might be
drastically altered in C. gattii–infected mice due to an
imbalance of pro- and anti-inflammatory responses.
We therefore measured the IL-12p40, IFN-c, TNF-a,
IL-17 and IL-10 levels in lung homogenates at d 7, 14
and 21 post infection. We did not observe a significant
change in pro-inflammatory cytokine levels over this
time period (Figure 4a–d). However, IL-10 levels
were significantly lower in infected mice than in unin-
fected controls on d 21 post infection (Figure 4e).
Therefore, the reduction of anti-inflammatory cytokine
levels, IL-10, in the lungs after infection may be asso-
ciated with the differentiation and migration of
CD11bþ cells in the lungs.

Plasticity of iNOS/Arg-1 expression in the lungs
during C. gattii infection

We investigated the relative expression of mRNAs
encoding the iNOS (M1 macrophages) and Arg-1 and
Ym-1 (M2 macrophages) in pulmonary tissue of
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*P< 0.05 relative to uninfected controls.
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infected and uninfected mice. The relative expression of

iNOS was reduced by infection at 7 d post infection

(Figure 5a), while the relative expression of Arg-1 and

Ym-1 was increased at 14 and 21 d after infection

(Figure 5b and c). The relationship between relative

expression of iNOS and Arg-1 was evaluated in

CD11bþ cells located in the lungs by flow cytometry.

CD11bþ cells in the lungs include interstitial macro-

phages, monocytes and polymorphonuclear cells.31

Previously to C. gattii infection, the prevalence of

CD11bþ/iNOSþ cells in the lungs of BALB/c mice

was significantly higher compared to CD11bþ/Arg-1þ

cells (Figure 6g–i). We found that the fold-change in

percentage of CD11bþ/iNOSþ cells and CD11bþ/Arg-

1þ cells, as well as their cell concentrations, were sig-

nificantly higher in the lungs of infected mice relative to

uninfected controls at d 14 and/or 21 post infection

(Figure 6a and b and d and e). To determine the prev-

alence of CD11bþ/iNOSþ cells over CD11bþ/Arg-1þ

cells, we calculated the frequency and concentrations

of these cells over time during infection. We observed

that the percentage of CD11bþ/Arg-1þ cells increased

on d 14 and 21 post infection (Figure 6g), but the con-

centration of these cells was lower than that of CD11bþ/
iNOS cells at 7 and 14 d post infection (Figure 6h).

However, the CD11bþ/Arg-1þ cell concentration

reached levels close to that of CD11bþ/iNOSþ cells by

d 21 post infection (Figure 6h). The iNOS/Arg-1 expres-

sion ratio was lowest at 21 d post infection (Figure 6i).

Thus, the iNOS/Arg-1 expression in CD11bþ pulmo-

nary cells dynamically changes during infection.

Absence of iNOS improves the survival of

C. gattii–infected mice

We showed that over the course of C. gattii infection in

mice, there was a prevalence of CD11bþ/iNOS cells in

pulmonary tissue mainly at 7 and 14 d post infection.
This cell subset is relevant to the control of cryptococ-
cosis. Initially, the inhibition of iNOS of alveolar mac-

rophage cell line (AMJ2-C11) was performed
previously to C. gattii infection, and the cells treated
with iNOS inhibitor did not reduce the proliferation of
C. gattii compared to untreated cells (Figure 7a).

Therefore, we infected homozygous mutant KO mice
for the major inflammatory mediator, iNOS (iNOS
KO), with C. gattii and the pulmonary fungal burden

in these mice was compared to that in control C57BL/6
mice at d 14 post infection. The absence of iNOS
resulted in a significantly higher burden in the lungs
relative to WT control mice (Figure 7b), but the differ-

ence between them was less than a log unit.
Surprisingly, the survival curve of C. gattii–infected
mice demonstrated that the lack of iNOS contributed

to higher survival, but it did not prevent the death of
the mice (Figure 7c). Thus, while pulmonary fungal
growth is impaired by iNOS activity, survival was pro-
longed in the absence of iNOS (Figure 7).

Discussion

The effect of progression of C. neoformans infection

on the host immune response is well studied concerning
knowledge about C. gattii strain R265. Considering the
global health impact of cryptococcosis caused by

C. gattii due its ability to infect both immunocompe-
tent and immunocompromised individuals, we
explored the host immunity profile, primarily in pulmo-
nary tissue, during C. gattii infection. Initially, we

observed that intra-nasal infection induced an alter-
ation in the absolute number and relative frequency
of lymphocytes and neutrophils in the peripheral

blood. However, the biochemical parameters were not
significantly modified. We also observed a consistent

5(a) (b) (c)

4

3

2

R
el

at
iv

e 
ex

pr
es

si
on

(iN
O

S
)

1

0

250 60
45
30
10

8
6
4
2
0

150
200

50
100

2

3

R
el

at
iv

e 
ex

pr
es

si
on

(A
rg

in
as

e)

R
el

at
iv

e 
ex

pr
es

si
on

(Y
M

1)

1

0
7 14

*

* * *

7

***

14
Days

21
Days

21 7 14
Days

21

Uninfected C. gattii

Figure 5. Relative expression of macrophage polarisation markers in the pulmonary tissue of BALB/c mice infected with C. gattii.
Relative expression levels of (a) iNOS, (b) arginase-1 and (c) Ym-1 RNAs determined by quantitative RT- PCR, normalised to b-actin
expression. The levels of the relative expression were compared between infected mice and the control group (uninfected). Results
are expressed as means� SD. Differences were considered significantly different at *P< 0.05 and ***P< 0.001 relative to unin-
fected controls.

124 Innate Immunity 26(2)



infiltration of CD11bþ cells into the pulmonary tissue

after infection, with the concentration of CD11bþ/Arg-

1 cells increasing over time during infection and reach-

ing levels close to those of CD11bþ/iNOS cells by d 21

post infection. Moreover, the iNOS/Arg-1 expression

ratio fell to its lowest level at 21 d of C. gattii infection.

The pulmonary micro-environment of infected mice

had low levels of IL-10 on d 21 post infection, while

the levels of pro-inflammatory cytokines did not differ

during the period of C. gattii infection studied.

Unexpectedly, the survival of iNOS KO mice was

better than that of WT mice after infection with

C. gattii, despite the iNOS KO mice having an

increased pulmonary fungal burden at 14 d post infec-

tion. Thus, this study reports new features of the

dynamic CD11bþiNOSþ/CD11bþArg-1þ cells during

progression of C. gattii infection.

C. gattii is typically found in tropical and subtrop-

ical regions, but it has recently been found in temperate

climates as well.32 It has also been reported in HIV-

positive individuals residing in sub-Saharan Africa.33,34

Most patients with cryptococcal lung infection show

symptoms such as a dry cough, dyspnoea, chest tight-

ness and fever. However, some patients with cryptococ-

cal pulmonary infection have more vague symptoms.

So, an early diagnosis becomes a challenge.35 From the

C. gattii strains that have been studied in murine model

of infection, we chose the strain R265 because of its

high virulence relative to R272 and WM276 in C57BL/

6 and A/JCr mice.36 The infection of C57BL/6 mice

with strain R265 (5� 104 yeasts) by intra-pharyngeal

aspiration was more lethal than that with C. neofor-

mans strain H99. Moreover, the pulmonary fungal

burden was more severe in mice infected with R265.2
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In this study, 100% mortality was observed by d 28
post infection in C57BL/6 mice infected with 5� 104

yeast of C gattii. Our results from intra-nasal infection
of BALB/c mice with 1� 104 yeasts of strain R265 are
consistent with the C57BL/6 results. We observed that
the pulmonary fungal burden increased consistently
during infection, and extra-pulmonary infection was
established in 100% of mice at 21 d post infection,
which is also consistent with previous studies.2

Conversely, we could detect C. gattii in the peripheral
blood only after d 21 of infection in 65% of infected
mice. These findings show that intra-nasal inoculation
establishes extra-pulmonary infection, as has been
observed with the intra-pharyngeal route of infection.

The distribution of C. gattii in extra-pulmonary
organs prompted us to follow the serum levels of rele-
vant biochemical parameters throughout the infection.
Our results demonstrate that the biochemical parame-
ters analysed were not strictly correlated with the
progression of C. gattii infection in specific organs.
By contrast, the relative number of neutrophils and
lymphocytes was higher on d 21 post infection
(Figure 2e). These findings suggest that the ability of
C. gattii and its Ags to inhibit neutrophil migration in
vivo and in vitro20,36 may explain normal absolute num-
bers of neutrophils in the blood on d 7, 14 and 21 post
infection. A previous report verified the ability of
C. gattii Ags to maintain CD4þ T cells in lung-
draining lymph nodes at 7 and 14 d post infection.20

This study is supported by our demonstration of a
higher infiltrate of CD4þ T cells and CD8þ T cells in
the pulmonary tissue, with a reduction of lymphocyte
numbers in peripheral blood on d 21 post infection.

The protective immune response to cryptococcal
infection involves adaptive immunity, particularly
cell-mediated immunity, which controls C. gattii

infection.37 The mechanism used by C. gattii to
escape the Th1- and Th17-mediated immunity primar-
ily involves impairment of innate immune-cell activa-
tion, blocking the development of fungus-specific Th1
and Th17 cells, compromising the DC-mediated effec-
tive response, which has been well documented.20,21

Consistent with this mechanism, we found a higher
infiltrate of CD4þ T cells and CD8þ T cells in the
lungs of infected mice after 21 d of infection
(Figure 3), suggesting a delay in the development of
cell-mediated immunity. In addition, the relative
expression of transcripts for T-bet and ROR-ct in the
lungs of mice infected with C. gattii were significantly
higher than those of mice infected with C. neoformans,
indicating that C. gattii regulates the host adaptive
immune response more strongly in the pulmonary
tissue.20 This modulation of the host immune response
is supported by demonstration of a deficiency of
C. gattii–infected mice to increase pulmonary pro-
inflammatory cytokine levels (Figure 4). Previous stud-
ies also showed that C. gattii infection induced lower
levels or unaltered levels of protective cytokines.20,36

These findings highlight the capacity of C. gattii infec-
tion to alter the cytokine micro-environment and to
control the infiltration of T cells in the lungs, which
contributes to disease progression.

In the case of C. neoformans infection, macrophage
polarisation in the lungs from BALB/c mice infected
intra-tracheally with 104 yeasts was altered during
infection. The pulmonary macrophages were strongly
M2-polarised, which was verified by high levels of Arg-
1 mRNA at 1 wk post infection, while the polarisation
of macrophages shifted to M1 at 3 and 4 wk following
C. neoformans infection.38 Until now, the iNOS and
Arg-1 expression in the pulmonary tissue during
C. gattii infection has not been evaluated. We infected
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BALB/c mice with 104 C. gattii yeasts by the intra-
nasal route and measured the levels of Arg-1, YM-1
and iNOS mRNA in the pulmonary tissue. We detected
high levels of transcripts fromM2 macrophages at wk 2
and 3 post infection, while the relative expression of the
M1 marker iNOS did not predominate throughout the
infection period (Figure 5). This micro-environment
produced in the lungs by C. gattii infection led us to
measure the prevalence of CD11b cells positive for
iNOS and Arg-1 expression by flow cytometry.
Pulmonary leucocyte analysis from C. gattii–infected
mice revealed a prevalence of frequency and cell con-
centration of CD11bþ/iNOSþ cells on d 7 and 14 post
infection (Figure 6h). However, an increase in frequen-
cy and concentration of CD11bþ/Arg-1þ cells in the
lungs of C. gattii–infected mice occurred mainly
between d 7 and 14 (Figure 6g and h). The augmenta-
tion of CD11bþ/Arg-1þ cells during infection was cor-
roborated by the iNOS/Arg-1 expression ratio within
CD11bþ cells, which reached a low level on d 21 post
infection (Figure 6). Our results demonstrate that
CD11bþiNOSþ/CD11bþArg-1þ has a plasticity in the
pulmonary tissue of C. gattii–infected mice, suggesting
a critical factor in host–pathogen interaction. We
believe that the prevalence of CD11bþ/iNOSþ cells in
the lungs of C. gattii–infected mice for 14 d could be
caused by the host immune response, despite the inabil-
ity to control pathogenesis. Previous studies showed
that iNOS sourced from macrophages regulates M1
macrophage differentiation and the production of
inflammatory cytokines usually produced by M1 mac-
rophages, but this finding is not fully understood.39

Therefore, the high levels of CD11bþ/iNOSþ cells in
the lungs of C. gattii–infected mice identified on d 7
may impair M1 macrophage differentiation and the
production of pro-inflammatory cytokines, as verified
on d 14 and 21 post infection (Figure 6). The effect of
iNOS expression on the regulation of M1 macrophages
produces a significant increase in CD11bþ/Arg-1þ cells in
the pulmonary tissue of infected mice on d 14 and 21 post
infection. However, a balance in the M1/M2 macrophage
ratio could prevent tissue damage. Thus, the progression
of C. gattii infection can be favoured by the lack
of a balance in CD11bþiNOSþ/CD11bþArg-1þ early
in infection.

Considering that iNOS is essential for pulmonary
macrophage polarisation into the M1 subtype and
there is little knowledge about such polarisation
during C. gattii infection, we investigated the fungal
burden in the pulmonary tissue from iNOS KO mice.
The mice lacking iNOS had a higher burden than that
of WT control infected mice at d 14 post infection
(Figure 7). Davis et al.38 also demonstrated that M1
polarised by an IFN-c stimulus had enhanced inhibi-
tion of in vitro growth of C. neoformans. These M1

macrophages depend strictly on iNOS to produce NO

as an anti-microbial effector molecule.40,41 and also as

an immunosuppressive molecule that mediates the apo-

ptosis of inflammatory cells.42 In this context, Rossi

et al.41 verified that the inhibition of iNOS in vivo by

aminoguanidine promoted an increase in yeast burden

in the lungs and decreased rat survival after C. neofor-

mans infection. Furthermore, Aguirre et al.15 and

Rivera et al.43 demonstrated that intra-tracheal crypto-

coccal infection in iNOS KO mice resulted in lower

survival relative to WT controls, but a lower pulmo-

nary fungal burden was detected in the iNOS KO mice.

In contrast, we found that iNOS KO mice infected with

C. gattii had a longer survival curve relative to that of

WT control mice, despite a higher pulmonary fungal

burden. These findings demonstrate a divergence

between survival and fungal burden, which was noted

after infection with both C. neoformans44 and Candida

albicans.45 This dissociation may be caused by factors

other than fungal burden, and supporting that hypoth-

esis, Chiapello et al.42 observed that the high levels of

NO induced by C. gattii mediated the apoptosis of

inflammatory cells, compromising the control of cryp-

tococcosis. Moreover, Cánovas et al.46 reported that

the deletion of iNOS attenuated or restored the viru-

lence of C. neoformans. In addition, the inhibition of

ROS in macrophages impaired increased intracellular

proliferation of C. gattii.24,25 Thus, our findings suggest

an important role of iNOS in the pathogenesis of C.

gattii strain R265 that may be related to the mainte-

nance of virulence, which may be supported by the

‘division of labour’ hypothesised by Voelz et al.25 or

may be related to the effect of iNOS expression in the

balance between M1 and M2 macrophages.8,39 The

current work indicates that the effect of inhibition

and lack of iNOS on progression of C. gattii infection

should be evaluated among distinct strains of mice.

Conclusion

In conclusion, we found that intra-nasal inoculation of

C. gattii establishes a systemic infection spreading

to multiple organs, and the primary target organ of

C. gattii had a cytokine micro-environment favouring

C. gattii growth. The regulation of iNOS/Arg-1

expression in the pulmonary tissue is critical in

C. gattii pathogenesis and is likely to be modulated

by iNOS expression.
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