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Abstract

It has been reported that IL-33 receptor ST2 deficiency mitigates Cryptococcus neoformans (C. neoformans) pulmonary
infection in BALB/c mice. IL-33 may modulate immune responses in ST2-dependent and ST2-independent manners. The
host genetic background (i.e., BALB/c, C57BL/6 J) influences immune responses against C. neoformans. In the present
study, we aimed to explore the roles of IL-33 and ST2 in pulmonary C. neoformans-infected mice on a C57BL/6 J genetic
background. C. neoformans infection increased IL-33 expression in lung tissues. IL-33 deficiency but not ST2 deficiency
significantly extended the survival time of C. neoformans-infected mice. In contrast, either IL-33 or ST2 deficiency reduced
fungal burdens in lung, spleen and brain tissues from the mice following C. neoformans intratracheal inoculation. Similarly,
inflammatory responses in the lung tissues were more pronounced in both the IL-33~~ and ST2~'~ infected mice. However,
mucus production was decreased in IL-337/~ infected mice alone, and the level of IL-5 in bronchoalveolar lavage fluid
(BALF) was substantially decreased in the IL-337/~ infected mice but not ST2™~'~ infected mice. Moreover, IL-33 deficiency
but not ST2 deficiency increased iNOS-positive macrophages. At the early stage of infection, the reduced pulmonary fungal
burden in the IL-337~ and ST2™~ mice was accompanied by increased neutrophil infiltration. Collectively, IL-33 regulated
pulmonary C. neoformans infection in an ST2-dependent and ST2-independent manner in C57BL/6 J mice.
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Introduction

Cryptococcus neoformans (C. neoformans) is a facultative
intracellular pathogen that can be inhaled into the lungs
directly and results in pneumonia in immunocompromised
individuals, especially AIDS patients. Genetic backgrounds,
from either the fungus strains or the infected hosts, may
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influence the immune responses. H99, a highly virulent
C. neoformans clinical isolate, potentially evokes type 2
immune responses in BALB/c mice [1]. In contrast, 52D, a
moderately virulent strain, initiates type 1 immune responses
in BALB/c mice [2]. In response to C. neoformans 52D
infection, BALB/c mice develop a Thl-skewed immunity
that is propitious to the clearance of infection in the lungs,
while C57BL/6 mice initiate a Th2-skewed immunity that is
permissive to C. neoformans infections [3]. The mechanisms
of host defenses against C. neoformans pulmonary infection
still need to be further explored.

IL-33 is an alarmin released by lung epithelial cells upon
exposure to pathogens, including C. neoformans [4]. IL-33
is a dual-function cytokine. The full-length IL-33 protein
(flIL-33) serves as an intranuclear gene regulator, and mature
IL-33 (mIL-33) is an extracellular cytokine from damaged
cells [5]. The IL-33 receptor ST2 plays a crucial role in
host immune defense against C. neoformans infections in
BALB/c mice by regulating innate type 2 immunity as well
as subsequent adaptive Th2-skewed lung immunopathology
[6, 7]. In particular, ST2 was required for IL-5 and IL-13
production in a pulmonary infection model of C. neoformans
[7, 8]. Abrogation of ST2 signaling in Foxp3* Treg cells
compromised their suppressive function in C. neoformans-
infected BALB/c mice [9]. Therefore, ST2 signaling may be
a key mediator in host defense against C. neoformans infec-
tion. However, IL-33, especially fllL-33, is fully capable of
activating ST2-dependent or ST2-independent signaling [10,
11]. The roles of IL-33 and its receptor ST2 in pulmonary C.
neoformans infection warrant further study.

To date, all of the above related studies only applied ST2-
deficient BALB/c mice [6-9]. Therefore, very little is known
about the precise roles of IL-33/ST2 in pulmonary C. neo-
formans infection in C57BL/6 J mice. In the present study,
we explored the roles of IL-33/ST2 signaling pathways in an
experimental pulmonary Cryptococcus neoformans infection
model in wild-type (WT), IL-33-deficient (IL-337") and
ST2-deficient (ST277) C57BL/6 J mice.

Materials and methods
Cryptococcus neoformans strains and culture

Cryptococcus neoformans H99 (ATCC, 208821) was cul-
tivated in Sabouraud Dextrose Broth (Becton Dickinson,
238230) for 24 h at 30 °C and 200 rpm. The fungal cells
were washed three times with sterile phosphate-buffered
saline (PBS) and counted using a hemocytometer. Subse-
quently, strains were resuspended to the desired concentra-
tion in saline for in vivo infection or in PBS for in vitro
stimulation.
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Mice and Intratracheal inoculation of C. neoformans

Wild-type (WT) female C57BL/6 mice, aged 6 to 8 weeks,
were purchased from the Laboratory Animal Center,
Nanjing Medical University (Nanjing, China). Age- and
sex-matched IL-33-deficient (IL-337/7) or ST2-defi-
cient (ST2™/7) mice on the C57BL/6 J background were
obtained from Dr. Hong Zhou’s laboratory (Department of
Immunology, Nanjing Medical University). All mice were
maintained under specific pathogen-free conditions at the
Animal Core Facility of Nanjing Medical University. All
experimental protocols were reviewed and approved by
the Animal Care and Use Committee of Nanjing Medical
University (IACUC-1708004).

For intratracheal inoculation of C. neoformans, mice
were anesthetized with pentobarbital sodium by intraperi-
toneal (i.p.) injection. A total of 1 x 10* CFU of H99 in
a volume of 30 pl of sterile saline was injected into the
airway by using a 1 ml syringe, followed quickly by a
200 pl volume of air to help H99 diffuse into the airways.
For the survival study, mice were monitored daily for sur-
vival following inoculation. For the cryptococcal organ
burden assay, cytokine determination, inflammatory cell
analysis, and histology, mice were sacrificed at 14 days
postinfection. For neutrophil infiltration analysis during
the innate immune response at an early stage, mice were
infected with 1 x 10° CFU of H99 and sacrificed 4 h after
inoculation.

Bronchoalveolar lavage fluid (BALF) harvest

Mice were sacrificed at 14 days or 4 h postinfection, and
BALF was collected. Briefly, a 22-gauge catheter was
inserted into the airway after the mouse was anesthetized.
A volume of 0.5 ml ice-cold PBS containing 1 mM EDTA
was injected into the airway via the catheter, followed by
gentle aspiration. The lavage procession was then repeated
twice (recovery rate >80%). The BALF was then centrifuged
at 500 x g for 5 min, and the supernatants were stored at
— 80 °C for cytokine and chemokine analysis, while the cell
pellet was resuspended in PBS for inflammatory cell analysis
by flow cytometry.

Cryptococcal organ burden quantification

After BALF harvest, mice were perfused with PBS, and the
lung, spleen, and brain were collected into separate tubes on
ice. Subsequently, the left lobe of the lung and whole spleen
and whole brain were homogenized in a volume of 1 ml ster-
ile PBS. Tenfold serial dilutions of homogenates were plated
on Sabouraud Dextrose Agar (Becton Dickinson, 210950)
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and incubated at 32 °C for 36 h. Subsequently, CFUs were
counted and expressed as log10 (CFU/ml).

Flow cytometry

BALF cells were washed twice with protein-free PBS
and incubated with a zombie NIR™ Fixable Viability Kit
(Biolegend 423105) at room temperature for 30 min in
the dark. After washing twice with 1% BSA, Fc receptors
were blocked with anti-CD16/32 antibody (eBioscience,
14-0161-85, Clone: 93) for 10 min. Subsequently, the BALF
cells were incubated with anti-CD45-PE-Cy7 (Biolegend,
103114, Clone: 30-F11), anti-CD11b-BV510 (Biolegend,
101245, Clone: M1/70) and anti-ly6G-Alexa Fluor647 (Bio-
legend, 127,610, Clone: 1AS8) in the dark at 4 °C for 40 min.
The counting beads (eBioscience, 01-1234-42) were used
to count the cell number. Data were acquired with a BD
FACSCalibur and analyzed using FlowJo software (Treestar,
Woodburn, OR, USA).

Quantitative real-time PCR

Total RNA was extracted from fresh lung tissue with a
TRIzol reagent kit (Life Technologies) according to the
manufacturer’s instructions. Briefly, 10 mg lung tissue was
homogenized in 1 ml TRIzol reagent using a tissue homog-
enizer (Jingxin, Tiss-24), and subsequently, 200 pl chlo-
roform was added to homogenates. After centrifugation at
12,000 X g for 15 min, the aqueous phase was collected into
new tubes, and equal volumes of isopropanol were added.
After centrifugation again, the pellets were washed with 1 ml
of 75% ethanol, centrifuged and resuspended in nuclease-
free water. Subsequently, RNA was reverse-transcribed into
cDNA with a reverse-transcription kit (Abm, G490). Finally,
cDNA was quantified with SYBR Green-based detection
using a StepOnePlus Real-Time PCR System (ABI, USA),
and each sample was run in triplicate. The relative expres-
sion of targets is shown as — ACT = CTrpygers — CTp yeqin- The
primers designed by referring to PrimerBank (https://pga.
mgh.harvard.edu/primerbank) are listed in Table 1.

Table 1 Primers used in the study

Target Primer

p-actin-F 5'- GAGAAGCTGTGCTATGTTGCT-3'
f-actin-R 5'- CTCCAGGGAGGAAGAGGATG-3'
Argl-F 5'- CTCCAAGCCAAAGTCCTTAGAG-3'
Argl-R 5'- AGGAGCTGTCATTAGGGACATC-3'
iNOS-F 5'- GTTCTCAGCCCAACAATACAAGA-3'
iNOS-R 5'- GTGGACGGGTCGATGTCAC-3'

Enzyme-linked immunosorbent assay (ELISA)

Cytokine and chemokine contents in BALF, lung homogen-
ates or cell culture supernatants were measured by using
commercially available ELISA kits: interleukin-4 (IL-4)
(Biolegend, 431104), interleukin-5 (IL-5) (Biolegend,
431204), interleukin-13 (IL-13) (Peprotech, 900-K207),
interferon gamma (IFN-y) (Biolegend, 430804) and
chemokine (C-X-C motif) ligand 1 (KC) (R&D, Y453-05).
All assays were performed according to the manufacturer’s
instructions provided by commercially available ELISA Kkits.

Histopathological analysis

Following euthanasia, the pulmonary vasculature was per-
fused with ice-cold PBS via the right ventricle of the heart
to remove blood from the lungs. Subsequently, the right
lower lobes of the lungs were embedded in paraffin and cut
into 5-um-thick tissue sections. Furthermore, sections were
stained with H&E, periodic acid-Schiff (PAS) or mucicar-
mine reagents. Images of the slides were acquired with an
Olympus BX51 light microscope (Olympus Canada) at a
magnification of 400 X. The severity of peribronchial inflam-
mation was semiquantitatively graded for the following
features: 0, normal; 1, few cells; 2, a ring of inflammatory
cells 1-cell layer deep; 3, a ring of inflammatory cells 2—4
cells deep; and 4, a ring of inflammatory cells 4 cells deep.
The numerical scores for the abundance of PAS-positive
mucus-containing cells in each airway were determined as
follows: 0,<0.5% PAS-positive cells; 1, 5-25%; 2, 25-50%;
3,50-75%; and 4,>75% [12].

Immunofluorescence

For immunofluorescence, slides were fixed with 4% para-
formaldehyde, rinsed twice with PBS, and permeabilized in
PBS containing 0.5% Triton X-100. Samples were incubated
with 5% normal goat serum for 1 h at room temperature
and stained in blocking buffer with anti-F4/80 (Service-
bio, GB113373, 1:500), anti-iNOS (Servicebio, GB11119,
1:3000) and anti-Arg1 (Cell Signaling Technology, #93668,
Clone: D4E3 M, 1:1000) overnight at 4 °C. After the sam-
ples were washed with PBS, the corresponding secondary
antibodies were added to the samples and incubated for 1 h
in the dark at room temperature. The samples were finally
mounted with DAPI (Yeasen, 36308) to stain the nucleus.
Images were collected with a slice scanner (Pannoramic
MIDI, 3Dhistech).

Western blot analysis

Total cell or tissue protein was lysed in RIPA (Pierce,
89900) with PMSF (Beyotime Biotech, ST506) on ice and
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centrifuged for 10 min at 12,000 rpm at 4 °C. The super-
natant was then transferred to a new tube and denatured in
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) loading buffer (Yeasen, 20315) with heating
at 100 °C for 10 min. The supernatant was then stored at
— 80 °C. The proteins were separated by 15% SDS-PAGE
and transferred at 300 mA for 1 h at 4 °C. The blots were
then blocked with 5% nonfat dry milk in TBST and incu-
bated with 1:1,000 primary antibodies against B-actin (Cell
Signaling Technology, 4970 L, 1:1000) and IL-33 (Abcam,
ab187060, Clone: EPR17831, 1:1000) overnight before
adding HRP-linked anti-rabbit IgG (Cell Signaling Tech-
nology, 7074, 1:5000). After the membranes were treated
with Immobilon Western Chemiluminescent HRP Substrate
(Merck Millipore, WBKLS0500), the binding of specific
antibodies was visualized using a Syngene G:BOX Imaging
System and was analyzed with ImageJ.

Bone marrow-derived macrophage culture

Tibias and femurs were excised, and marrow cells were
flushed, lysed with Red Blood Cell Lysis Buffer and resus-
pended at 3x 10° cells/ml in Dulbecco’s modified Eagle’s
medium (DMEM) containing 10% fetal calf serum, penicil-
lin, streptomycin and 20 ng/ml recombinant mouse GM-CSF
(Biolegend, 576308). The medium was changed every three
days. After 7 days, the resultant nonadherent cell popula-
tions were discarded, and the remaining adherent cells were
collected for further use.

C. neoformans H99 was opsonized in 10% normal mouse
serum at 37 °C for 45 min. For stimulation with C. neofor-
mans, BMDMs were plated in 24-well culture plates infected
with MOI =2 for 24 h, and then supernatants were collected
for the detection of KC (CXCL1) [13]. The experiments
were repeated 4 times.

Neutrophil isolation

Mouse neutrophils were isolated from bone marrow by
density gradient centrifugation as previously described
[14]. Briefly, the mice were euthanized and immersed in
70% ethanol for 15 min. The bone marrow from the femur
and tibia was flushed using a 1 ml sterile syringe filled with
PBS and filtered through a 70 um cell strainer (Falcon). The
collected cell suspension was washed and resuspended in
1 ml sterile PBS. Then, separating medium and cell sus-
pension were gently added into 15-ml centrifuge tubes in
accordance with the following order: 3 ml of Histopaque
1119 (Sigma—Aldrich, 111191), 3 ml of Histopaque 1077
(Sigma—Aldrich 10771) and 1 ml of bone marrow cell sus-
pension. Finally, neutrophils were obtained at the interface
of the Histopaque 1119 and Histopaque 1077 layers by den-
sity gradient centrifugation.
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In vitro killing assay

Murine neutrophils were incubated with C. neoformans
cells (MOI=0.01) in 96-well flat-bottomed plates con-
taining 200 ul RPMI 1640 supplemented with 40% fresh
mouse serum. Control wells contained C. neoformans cells
alone with 40% mouse serum. Cocultures were harvested
and washed with PBS after 6 h by centrifugation. The pellet
was released by lysing the neutrophils in distilled water. The
number of C. neoformans CFUs was determined by plat-
ing tenfold serial dilutions for each sample onto Sabouraud
dextrose agar plates after 48 h of incubation at 30 °C. The
percent killing was calculated by dividing the CFU for each
well by the average CFU in wells without neutrophils and
then subtracting this value from 1 [15].

Statistical analysis

All data are expressed as the mean + SEM, and all statisti-
cal analyses were performed using GraphPad Prism 7. A
Q-Q (for quartile-quartile) plot was used to visually compare
the sample distribution against a Gaussian ideal. A single
comparison was conducted by an unpaired ¢ test. Multiple
comparisons were tested by using one-way ANOVA with
Tukey’s adjustment. Survival study comparison was per-
formed using Kaplan—Meier analysis. For all analyses, statis-
tical significance was set as p <0.05. *p <0.05; **p <0.01;
**%*p <0.001; ns, not significant.

Results

IL-33 deficiency but not ST2 deficiency extended
the survival time of pulmonary Cryptococcus
neoformans-infected C57BL/6 J mice

To explore whether IL-33 expression changed during the
course of pulmonary C. neoformans infection, we quanti-
fied IL-33 at different times. As shown in Fig. 1A, the
level of flIL-33 in lung tissues was significantly increased
from infected mice 3 weeks following intratracheal injec-
tion with C. neoformans, while mlIL-33 reached the peak
2 weeks postinfection, suggesting that IL-33 may be
involved in C. neoformans pulmonary infection. ST2 is the
putative receptor of IL-33. To determine if the protective
function of ST2 deficiency was not uniquely restricted to
the BALB/c mouse infection model, we evaluated the sur-
vival of infected mice and organ dissemination of fungi in
C57BL/6 J mice (WT, IL-337=, ST27/7) by intratracheal
inoculation with C. neoformans. As shown in Fig. 1B,
IL-33 deficiency markedly prolonged the survival time
of infected mice (median survival time postinfection in
WT: 27 days; IL-337/~, 35 days). IL-33 could exert its
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Fig.1 IL-33 deficiency but A
not ST2 deficiency prolonged

the survival time of mice with
pulmonary C. neoformans
infection. A IL-33 in lung tis-
sues was measured by Western
blotting at 0 ~3 weeks postin-
fection. B WT, IL-337"~ and

B-actin(42KDa)
fIL-33(35KDa)

mliL-33(15KDa)

ST27~ mice were intratrache-

ally inoculated with 1 x 10* B
C. neoformans strain H99 and

monitored daily for survival.

Data represent the mean + SEM.

(n=9 per group). *p <0.05; ns,

not significant

100+

Probability of Survival
o
o
L

-~ WT (n=9) :l
-+ |L-33"(n=9) ) ]

= 8T27(n=9)

0 10

1
20 30 40 50

Days post infection

function not only in an ST2-dependent way but also in an
ST2-independent way [11]. In contrast with the previous
observation in BALB/c mice that ST2 deficiency signifi-
cantly extended survival time [6], the survival curves of
pulmonary infected WT and ST2 deficiency in C57BL6/]
genetic background mice were comparable (median sur-
vival time postinfection in WT: 27 days; ST27/~: 24 days).
Collectively, IL-33 deficiency but not ST2 deficiency
was protective in pulmonary Cryptococcus neoformans-
infected C57BL/6 J mice, suggesting that IL-33 may
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Fig.2 Deficiency in IL-33 or ST2 restricted C. neoformans fungal
burdens. WT, IL-337"~ and ST2™/~ mice were intratracheally inocu-
lated with 1x10* CFU C. neoformans strain H99 and sacrificed
14 days postinfection. A CFU in the lung tissues. B Representative
lung sections were stained with mucicarmine, identifying C. neofor-
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regulate pulmonary Cryptococcus neoformans infection
in C57BL/6 J mice at least partially independent of ST2.

Both IL-33 deficiency and ST2 deficiency limited
fungal burdens in C57BL/6 J mice

To decipher the discrepancy between IL-337~ and its recep-
tor ST2™'~ mice with pulmonary C. neoformans infection,
we first quantified fungi in the lung. As shown in Fig. 2A,
compared with WT mice infected with pulmonary C.
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mans as a red-stained cell surrounded by a clear capsular halo. Scale
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Data represent the mean+SEM. (n=9-11 per group). *p<0.05;
*#%%p <0.0001; ns, not significant
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neoformans, either IL-337~ or ST2™~ mice had reduced
CFU in the lung tissues. Pulmonary CFUs in the IL-337~ and
ST27/~ mice following intratracheal infection were simi-
lar. To directly observe the fungi in the lung tissues, we
stained the fungi with mucicarmine, which again validated
the significant reduction in pulmonary fungal burden in
IL-337/~ and ST27/~ mice following C. neoformans infec-
tion (Fig. 2B). Fungal local growth and fungal dissemination
into other organs are associated with progressive infection.
Therefore, we measured the fungal burdens in the spleen
and brain tissues 14 days postinfection. Similar to the lung
tissues, compared with WT C57BL/6 J mice, fungal burdens
in the spleen and brain tissues from IL-33~~ or ST2™/~ mice
were significantly reduced; again, CFUs in the spleens or
brains were similar in IL-33~"~ or ST2™'~ mice (Fig. 2C,
D). The pattern of fungal burdens in the WT, IL-337'~ or
ST2~'~ mice was similar among the lung, spleen and brain.
Collectively, these data suggested that IL-33 and ST2 may
mediate the growth of C. neoformans in lung tissues and
dissemination into extrapulmonary organs, i.e., the spleen
and brain.

IL-33 deficiency but not ST2 deficiency reduced
mucus section

The discrepancy in survival curves and fungal burdens in the

IL-337"~ and ST2™'~ mice following C. neoformans infec-
tion implied that IL-33 deficiency or ST2 deficiency might

H&E

30"

[

. G
%

PAS

Fig.3 Increased inflammatory response in the lung tissues of
IL-337~ or ST27/~ mice following cryptococcal infection. WT,
IL-337~ and ST2™~ mice were intratracheally inoculated with 1x 10*
C. neoformans strain H99 and sacrificed 14 days postinfection. A
Representative lung sections were stained with hematoxylin and eosin
to analyze the infiltration of inflammatory cells, and the severity of
peribronchial inflammation was graded semi-quantitatively by analyz-
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result in the development of distinct lung tissue pathology.
To test this hypothesis, we stained lung sections from WT,
IL-337'~ and ST2~'~ mice with H&E and PAS at 14 days
postinfection. Consistent with previous reports [6], H&E
staining revealed that inflammatory infiltration was signifi-
cantly increased in the lungs of IL-337~ and ST2™/~ infected
mice compared with WT C57BL/6 J mice (Fig. 3A). In con-
trast, PAS staining demonstrated that mucus secretion was
decreased in the airways of IL-33~/~ C57BL/6 J mice only;
compared with WT, ST2 deficiency only slightly decreased
mucus secretion (Fig. 3B). Taken together, our data revealed
that IL-33/ST2 deficiency promoted pulmonary inflamma-
tion, and IL-33 deficiency but not ST2 deficiency reduced
mucus sections in C57BL/6 J mice following C. neoformans
infection.

IL-33 deficiency reduced pulmonary type 2
responses at least partially independent of its
receptor ST2

It has been previously shown that a proinflammatory
immune response (type 1) is protective against Cryptococcus
[16—18]. Conversely, an anti-inflammatory immune response
(type 2) is permissive for cryptococcal infection [16, 19].
IL-33 is capable of initiating type 2 immune responses with
ST2 dependency [20, 21]. To investigate whether IL.-33/ST2
deficiency could alter the pattern of immune responses in
C57BL/6 J mice following cryptococcal infection, we further
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Mucus score( in grades)

o
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ing HPF (high power fields) per sample. B Representative lung sec-
tions were stained with PAS to assess goblet cell hyperplasia, and the
percentage of PAS-positive cells per bronchiole was calculated by
analyzing HPF (high power fields) per sample. Magnification, X 400,
Scale bar, 50 pm. Data represent the mean+SEM. (n=6 per group).
*p<0.05, **p <0.01; ns, not significant
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assessed the contents of type 1 cytokines (IFN-y) and type
2 cytokines (IL-4, IL-5 and IL-13) in the lung homogenates
at 14 days postinfection (Fig. 4). IFN-y in the lung tissues
was increased in the IL-33~'~ mice following pulmonary
cryptococcal infection. In contrast, IL-4, IL-5 and IL-13 in
the lung tissues were decreased in IL-33~~ mice. IL-4 in the
ST27'~ infected mice was significantly decreased. Similarly,
IL-13 in the ST2~'~ infected mice was decreased, although
it did not reach significance. In the ST2~/~ infected mice,
however, IFN-y and IL-5 were comparable with the WT con-
trols. In summary, IL-33 deficiency reduced pulmonary type
2 responses in C57BL/6 J mice following C. neoformans
infection, which was at least partially in an ST2-independent
manner (i.e., IL-5).

IL-33 deficiency but not ST2 deficiency induced M1
polarization in pulmonary cryptococcal infection

It has been well established that the fungicidal activity of
macrophages depends on their polarization status. Classi-
cally activated macrophages (M1) are protective, and alter-
natively activated macrophages (M2) are permissive for
cryptococcal infection. IL-33 has recently been described to
influence macrophage polarization [5, 22, 23]. Thus, we next
addressed whether the improved outcomes of pulmonary
C. neoformans infection in IL-337'~ or ST27~ mice were
associated with differential M1/M2 polarization. First, we

measured the mRNA levels of iNOS (a putative M1 marker)
and Argl (a putative M2 marker). IL-33 deficiency skewed
toward M1, as evidenced by increased iNOS and decreased
Argl in IL-33"~ mice following pulmonary C. neoformans
infection. However, iNOS and Argl were similar in WT
and ST2™'~ mice infected with C. neoformans (Fig. 5A,
B). Furthermore, immunofluorescence staining was used to
validate the above qRT-PCR observations. As presented in
Fig. 5C, macrophages expressing iNOS were increased in
IL-337/~ but not ST2™~ mice infected with C. neoformans;
meanwhile, Argl-positive macrophages were decreased in
the lungs of IL-33~'~ mice but not in ST2~~ infected mice.
Taken together, our results suggested that IL.-33 deficiency
promoted macrophages to acquire the M1 phenotype in an
ST2-independent manner.

Deficiency in IL-33 or ST2 restricted fungal growth
and increased neutrophil infiltration at the early
stage of pulmonary C. neoformans infection

Several recent studies have implicated neutrophils in
cryptococcal clearance at the early stage of infection
[24], and IL-33 has been demonstrated to influence the
migration of neutrophils in infections such as sepsis [25,
26]. Therefore, we further investigated the clearance of
C. neoformans at 4 h postinfection. To test this hypoth-
esis, we analyzed the lung CFU among WT, IL-33~/~ and

Fig.4 Reduced type 2 response A IFN-y B IL-4
in the lungs following crypto- ns
coccal infection in IL-337"~ and I 1 *%
ST27~ mice. WT, IL-337~ and f 1
ST2~/~ mice were intratrache- 60001 2507 ok %k % Xk %k %k %k
ally inoculated with 1 x 10* - .I. If 1
C. neoformans strain H99 and
sacrificed 14 days postinfection. _ 40007 — 150+ a
IFN-y (A) and IL-4 (B), IL-5 E E
(C), and IL-13 (D) in the lung g 2 1004
homogenates were measured 20004 .
with ELISA. Data represent 50+
the mean+ SEM. (n="7-8 per
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Fig.5 Pulmonary macrophage polarization following cryptococcal
infection in IL-337~ and ST27'~ mice. WT, IL-337~ and ST27~
mice were intratracheally inoculated with 1 x 10* CFU C. neoformans
strain H99 and sacrificed 14 days postinfection. A, B Lung mRNA
expression levels of M1 macrophage markers (iNOS) and M2 mac-
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Argl (pseudored) in lung tissues. Scale bar, 50 pm. Data represent
the mean +SEM. (n=10-13 per group). *p <0.05; **p <0.01; ns, not
significant
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ST2~'~ mice at 4 h postinfection and found that the lung
fungal burden was obviously decreased in IL-33~/~ and
ST27'~ mice (Fig. 6A). To determine whether the clear-
ance of C. neoformans was linked to an early innate
immune response, we performed flow cytometry analysis
(gate strategy, Figure S1) of immune cells in BALF. At
4 h postinfection, the numbers of total CD45" immune
cells and CD45*Ly6G*tCD11b* neutrophils were signif-
icantly increased in IL-33-deficient and ST2-deficient
mice (Fig. 6B, C, Figure S1). In line with the increased
neutrophil infiltration, the chemokine KC, which medi-
ates neutrophil migration, was upregulated in BALF
(Fig. 6D). Following C. neoformans infection in vitro,
BMDMs defective in IL-33 or ST2 produced more KCs
(Fig. 6E). Meanwhile, the fungicidal effects of WT and
IL-337"- neutrophils were similar; however, the cytotoxic-
ity of ST27/~ neutrophils against C. neoformans was sig-
nificantly increased (Fig. 6F). Thus, deficiency in IL-33
or ST2 restricted pulmonary C. neoformans growth and
increased neutrophil recruitment at the early stage of pul-
monary cryptococcal infection.
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Discussion

The outcome of infectious diseases is determined by the
host genetic background, the virulence of microbes and the
complicated interplay between the host and microbes. In
the present study, we demonstrated that abrogation of IL.-33
in C57BL6/] mice was protective against C. neoformans
pneumonia, as evidenced by the extended survival time and
reduced fungal burdens in the lung, spleen and brain tis-
sues. Unexpectedly, although IL-33 receptor ST2 deficiency
similarly reduced the fungal burdens, ST2 deficiency was
dispensable for survival in C57BL6/J-infected mice. The
protective effect of IL-33 deficiency was associated with
altered immune response patterns. Specifically, in response
to the established C. neoformans pneumonia, mice defective
in IL-33 but not ST2 decreased IL-5 and mucus produc-
tion and increased M1 differentiation. In the early stage of
C. neoformans pneumonia, either IL-33 or ST2 deficiency
promoted neutrophil infiltration and diminished fungal sur-
vival in the lung tissues. These observations may shed light
on how IL-33/ST2 regulates C. neoformans pneumonia in
C57BL6/J mice.

Neutrophils

Cell numbers(*10°)

1L-33" sT2” wT 1L-33" sT2”

F
Neutrophils

[—l** ns ns
2000 057
* ns o a
f f ! Z 0.4+ u
1500 a ‘s .
£ 2 0.3
S, 1000 =
g X 0.2
° c
@
500 S 044
&
wr 1L-337 sT2" 0 0.0-
WT 1L-337" sT2" WT 1L-33" sT2”

Fig.6 IL-33 or ST2 deficiency restricted pulmonary C. neofor-
mans growth and increased neutrophil infiltration. WT, IL-33~"~ and
ST27~ mice were intratracheally inoculated with 1x 10 C. neofor-
mans strain H99 and sacrificed 4 h postinfection. A Lung CFU. B,
C Quantification of total immune cells and neutrophils in the BALF.
D The chemokine KC in BALF was determined using ELISA. E

Levels of KCs in the supernatant from WT, IL-337~ and ST27/~
BMDMs infected with C. neoformans strain H99. F The fungicidal
activity of WT, IL-337~ and ST2™'~ neutrophils against C. neofor-
mans. Data represent the mean + SEM. (n=4-6 per group). *p <0.05;
*#%p <0.001; ****p <(0.0001; ns, not significant
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The fungal burdens in IL-337/~ and ST2~/~ infected mice
were similar. However, IL-33 deficiency, but not ST2 defi-
ciency, prolonged the survival time of C57BL6/J mice, sug-
gesting that fungal burden was not the direct cause of death
in mice with fungal pneumonia. The overproduction and
hypersecretion of mucus may predispose to fungal infec-
tion by disturbing the clearance of inhaled fungal spores and
by causing their sustained colonization [27]. In the present
study, the reduced mucus production in the IL-33~'~ infected
mice was in line with prolonged survival. In contrast, ST2
deficiency was negligible for mucus production and survival
extension. Of note, goblet cell hyperplasia and increased
mucus production are regulated by IL-4, IL-5, IL-9 and
IL-13 [28, 29]. IL-5, which was reduced in IL-33~"~ but not
ST27/= C. neoformans-infected mice, may be responsible
for the mitigation of mucus production in IL-33~'~ but not
ST2/~-infected mice. Of note, in C. neoformans-infected
mice with a Balb/c genetic background, ST2 deficiency
decreased IL-5 production [7], suggesting that the host
genetic background may influence the immune response.

Macrophages are one of the first lines of defense for the
innate immune system against C. neoformans. In the present
study, deficiency of IL-33 but not ST2 in mice with C. neo-
formans pneumonia promoted the differentiation of M1 mac-
rophages (increased iNOS) and suppressed M2 macrophages
(decreased Argl). IL-33, especially mature IL-33 bound to
its receptor ST2, is a potent inducer of M2 [30]. In addition
to favoring M2 polarization, IL-33 also contributes to M1
chemokine production [31]. Myeloid differentiation factor
88 (MyD88) was required for the production of proinflam-
matory cytokines and restriction of pulmonary infection in
experimental murine cryptococcosis models [32]. Interest-
ingly, IL-33 may function in a MyD88-dependent manner,
which is independent of ST2 [33].

Similar to macrophages, neutrophils are also the first
responders in pulmonary cryptococcosis. In the present
study, neutrophil infiltration in the airway from IL-33~ or
ST2~'~ mice was increased at 4 h postinfection, which was
consistent with the increased KC from macrophages infected
with C. neoformans. Fungcidal ability in IL-337'~ or
ST2/~ neutrophils was not impaired; in contrast, ST2 defi-
ciency increased the ability of neutrophils to kill C. neofor-
mans. Therefore, the reduced fungal burdens may be due to
the increased recruitment and fungicidal activity of neutro-
phils in either IL-33~ or ST27'~ infected mice.

This preliminary study has some limitations. First, the
cell sources of various cytokines, i.e., IL-4, IL-5, IL-13
and IL-33, were not investigated. IL.-4 may be secreted by
basophils, mast cells, CD4"NK1.1* T cells, ILC2 cells,
and Th2 cells [34]. Similarly, Th2 cells, NK cells, and
eosinophils secrete IL-5. However, IL-5-producing cells in
the lung may be IL-4 negative [35], i.e., airway epithelial
cells may release IL-5 but not IL-4 [36]. Interestingly, IL-5

@ Springer

production in the lung is strongly regulated by IL-33 [35].
In the present study, we revealed that IL-5 production was
impaired in IL-337'~ infected mice but not ST2~'~ infected
mice, indicating that IL-4-producing cells and IL-5-pro-
ducing cells in response to C. neoformans infection may
be different. Second, mechanistic analysis in IL-337~ and
ST27'~ infected mice warrants further research, especially
the ST2-independent roles of IL-33 in pulmonary infection
and immune response.

In summary, we demonstrated that IL-33 and its recep-
tor ST2 played crucial roles in C. neoformans pulmonary
infection by regulating inflammatory responses. In the model
of C. neoformans pulmonary infection with the C57BL6/J
genetic background, IL-33 deficiency decreased IL-5,
increased M1 polarization and extended survival time in
an ST2-independent manner. Meanwhile, either IL-33 defi-
ciency or ST2 deficiency promoted neutrophil infiltration in
the airway and reduced fungal burdens. Our findings provide
more clues that will help us better understand the mecha-
nisms of host defenses against C. neoformans pulmonary
infection.
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