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Abstract
Cryptococcus neoformans (C. neoformans) is an important opportunistic fungal pathogen for pulmonary cryptococcosis. 
Previously, we demonstrated that CD146 mediated the adhesion of C. neoformans to the airway epithelium. CD146 is more 
than an adhesion molecule. In the present study, we aimed to explore the roles of CD146 in the inflammatory response in 
pulmonary cryptococcosis. CD146 was decreased in lung tissues from patients with pulmonary cryptococcosis. Similarly, C. 
neoformans reduced pulmonary CD146 expression in mice following intratracheal inoculation. To explore the pathological 
roles of CD146 reduction in pulmonary cryptococcosis, CD146 knockout (KO) mice were inoculated with C. neoformans 
via intratracheal instillation. CD146 deficiency aggravated C. neoformans infection, as evidenced by a shortened survival 
time and increased fungal burdens in the lung. Inflammatory type 2 cytokines (IL-4, IL-5, and TNF-α) and alternatively 
activated macrophages were increased in the pulmonary tissues of CD146 KO-infected mice. CD146 is expressed in immune 
cells (macrophages, etc.) and nonimmune cells, i.e., epithelial cells and endothelial cells. Bone marrow chimeric mice were 
established and infected with C. neoformans. CD146 deficiency in immune cells but not in nonimmune cells increased fungal 
burdens in the lung. Mechanistically, upon C. neoformans challenge, CD146 KO macrophages produced more neutrophil 
chemokine KC and inflammatory cytokine TNF-α. Meanwhile, CD146 KO macrophages decreased the fungicidity and pro-
duction of reactive oxygen species. Collectively, C. neoformans infection decreased CD146 in pulmonary tissues, leading 
to inflammatory type 2 responses, while CD146 deficiency worsened pulmonary cryptococcosis.

Keywords  Cryptococcus neoformans · Lung infection · CD146 · Macrophages · Inflammation · Bone marrow chimera

Introduction

Cryptococcus neoformans (C. neoformans) is an important, 
opportunistic fungal pathogen for invasive pulmonary myco-
sis [1]. Once inhaled into respiratory tracts, C. neoformans 
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may deeply penetrate into pulmonary alveoli. To establish 
infection in pulmonary alveoli, C. neoformans must survive 
against diverse immune cells, i.e., macrophages and neu-
trophils. Resident alveolar macrophages, infiltrated mac-
rophages, and neutrophils constitute the first line of immune 
defenses. Classically activated macrophages (M1) favor the 
clearance of C. neoformans; in contrast, alternatively acti-
vated macrophages (M2) are permissive to the proliferation 
and dissemination of C. neoformans [2]. Similarly, neutro-
phils perform multiple tasks in pulmonary cryptococcosis 
[3]. Neutrophils not only directly kill C. neoformans [4] but 
also modulate the immune responses and even, paradoxi-
cally, increase susceptibility to pulmonary cryptococcosis 
[5]. Macrophages and neutrophils play critical roles in the 
early stage of C. neoformans pulmonary infection.

CD146, originally identified as a melanoma cell adhesion 
molecule (MCAM), is widely distributed in different tissues 
and cells. Previously, we demonstrated that CD146 in epithe-
lial cells mediated the adhesion of C. neoformans to respira-
tory tracts [6]. However, CD146 is more than an adhesion 
molecule [7]. CD146 is expressed by various immune cells, 
i.e., macrophages and neutrophils. In vitro, CD146 promotes 
monocyte migration [8]. In vivo, the evidence of CD146 in 
the activation and migration of macrophages in the model of 
atherosclerosis is being debated [9, 10]. In adipose tissues, 
CD146 in macrophages promotes the polarization of M1 
macrophages [11]. In addition to macrophages, CD146 in 
neutrophils is involved in the pathogenesis of active small-
vessel vasculitis [12]. CD146 regulates the activation and 
polarization of macrophages and neutrophils.

Previously, we demonstrated that CD146 deficiency 
decreased the adhesion of C. neoformans to epithelial cells 
and reduced the fungal burden in a 4-h acute infection 
model [13]. In the present study, we aimed to explore the 
roles and potential mechanisms of CD146 in the inflamma-
tory response to pulmonary cryptococcosis. To investigate 
whether CD146 was involved in C. neoformans pulmonary 
infection, we examined the expression of CD146 in clinical 
samples with pulmonary cryptococcosis and mouse lung tis-
sues with pulmonary infection. To dissect the mechanisms 
of CD146 regulation in pulmonary cryptococcosis, we 
compared pulmonary infections in wild-type (WT), CD146 
knockout (KO), and bone marrow chimeric mice. Further-
more, CD146 KO macrophages and neutrophils were ana-
lyzed for their potential to kill fungi.

Materials and methods

Study population and pulmonary tissues

Lung tissue biopsies from 10 immunocompetent patients 
diagnosed with pulmonary cryptococcus nodules were 

obtained from Nanjing Chest Hospital (Table 1). Healthy 
tissues were defined as tissues at least 5 cm from the cryp-
tococcus nodules. Patients with HIV-1 infection, tuberculo-
sis, diabetes, transplantation, hepatocirrhosis, cancer, or any 
other known risk factors that weakened immune responses 
were excluded. The ethical review was approved by the Nan-
jing Chest Hospital ethics committee.

Mice

Six- to eight-week-old female C57BL/6J mice were pur-
chased from the Laboratory Animal Center, Nanjing Medical 
University (Nanjing, China). CD146−/− (CD146-KO) mice 
generated with CRISPR/Cas9 techniques on the C57BL/6J 
background were obtained from Cyagen (Suzhou, China). In 
brief, gRNA to mouse CD146 exons 2–9 and Cas9 mRNA 
were co-injected into fertilized mouse eggs to generate tar-
geted knockout offspring. Homozygous CD146 KO mice 
were generated by intercrossing heterozygous F1 mice. All 
mice were maintained under specific-pathogen-free (SPF) 
conditions at the Animal Core Facility of Nanjing Medi-
cal University. All animal treatments were in accordance 
with the guidelines approved by the Institutional Animal 
Care and Use Committee of Nanjing Medical University 
(IACUC-1708004).

Culture and maintenance of C. neoformans

C. neoformans type strain H99 (ATCC, 208821) maintained 
in liquid nitrogen in 25% glycerol was expanded in Sab-
ouraud dextrose medium (Becton Dickinson, 238230) over-
night in a rotating incubator at 30 ℃. They were washed 
three times with sterile phosphate-buffered saline (PBS) 
and counted in a hemocytometer. Subsequently, fungi were 
resuspended to a desired concentration in normal saline (NS) 
for in vivo infection or in PBS for in vitro stimulation. In 

Table 1   Clinical characteristics of 10 patients with pulmonary cryp-
tococcosis

No Sex Age (year) Chest CT/disease

1 Male 55 Nodules of the lower right lung
2 Female 61 Nodules of the right upper lung
3 Male 67 Nodules of the lower right lung
4 Female 49 Nodules of the lower right lung
5 Male 52 Nodules of the lower right lung
6 Male 28 Nodules of the lower left lung
7 Female 56 Nodules of the upper left lung
8 Female 41 Nodules of the lower right lung
9 Female 49 Nodules of the lower left lung
10 Male 55 Nodules of the upper left lung
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some experiments, fungi were heat-killed by incubation in 
a 60 °C water bath for 1 h [14].

Intratracheal infection with C. neoformans

For intratracheal instillation of C. neoformans, mice were 
anesthetized i.p. with pentobarbital sodium. Then, 1 × 104 
H99 cells in 30 μl NS were injected into the airway by using 
a 1 ml syringe and a 30-gauge needle, which was followed 
quickly by 200 μl air to help H99 diffuse in airways [15]. 
Mice were monitored daily for survival following surgery.

In some experiments, 1 × 104 heat-killed H99 cells 
were injected into the airway, and the mice were sacrificed 
2 weeks post infection.

CFU analysis

Wild-type and CD146−/− mice infected with H99, as 
described above, were euthanized, and the lungs, spleens, 
and brains were excised for CFU analysis at the indicated 
time points to determine fungal burden and dissemination. 
Briefly, the organs were homogenized in 1 ml of PBS using 
a tissue homogenizer. In addition, various dilutions of the 
homogenized tissues were plated on Sabouraud dextrose 
agar (Becton Dickinson, 210950), and the colonies were 
counted following incubation at 32 °C for 48 h.

Histopathological analysis

The lung specimens obtained from mice at the indicated 
time points were fixed in 4% paraformaldehyde, dehydrated, 
and embedded in paraffin. Sections were cut into 7 μm slides 
and stained with hematoxylin and eosin (H&E) or periodic 
acid–Schiff (PAS) using standard staining procedures at 
the pathology platform of Servicebio Technology, Wuhan, 
China. Images of the slides were acquired with an Olympus 
BX51 light microscope (Olympus Canada) at a magnifica-
tion of 400×.

Immunohistochemistry and immunofluorescence 
imaging

Formaldehyde-fixed mouse lungs were dehydrated, paraffin-
embedded, and sectioned (5 μm thickness). Sections were 
rehydrated, quenched with 3% hydrogen peroxide, incubated 
in citric buffer for antigen retrieval, and blocked with the avi-
din/biotin blocking system and then 5% normal goat serum, 
followed by overnight incubation at 4 ℃ with primary anti-
CD146 antibody (ab75769, Abcam, 1:500) or with PBS as 
blank controls (Figure S5). Tissue sections were then incu-
bated with horseradish peroxidase-conjugated secondary 
antibodies for 1 h at room temperature. The staining was 
visualized with 3,3′-diaminobenzidine (DAB, Vectastain, 

Vector Laboratories, USA) and background–stained with 
hematoxylin. All CD146-stained sections were scanned 
with a Zeiss Axio Examiner microscope, and representative 
photos were chosen and presented for each stimulus group 
in the study. CD146+ cells on the tissue slide were quan-
tified by a customized cellular multiplex algorithm using 
Halo v3.0.311.314 [16].

For the clinical lung tissues, immunohistochemistry 
was performed with an automated immunohistochemistry 
staining system (Ventana BenchMark ULTRA, Ventana 
Medical Systems) using the 3,3′diaminobenzidine method. 
In brief, following deparaffinization and heat-induced anti-
gen retrieval for 60 min, the tissue sections were incubated 
for 30 min at 37 °C with anti-CD146 antibody (ab75769, 
Abcam, 1:500) or as PBS blank controls (Fig. 1A). A sub-
sequent amplification step was followed by incubation with 
hematoxylin II counter stain for 8 min and then a blue-
coloring reagent for 8 min according to the manufacturer’s 
instructions (Ventana). For immunofluorescence, slides were 
then fixed with 4% paraformaldehyde, rinsed twice with 
PBS, and permeabilized in PBS 0.5% Triton X-100. Samples 
were incubated with 5% normal goat serum for 1 h at room 
temperature (RT) and stained in blocking buffer with anti-
CD146 (ab75769, Abcam, 1:3000) overnight at 4 °C. After 
the samples were washed with PBS, secondary antibodies 
conjugated with horseradish peroxidase (HRP) were added 
to the samples and incubated for 1 h in the dark at RT. Tyra-
mide signal amplification (CY3-TSA) was used to amplify 
the fluorescence. The samples were finally mounted with 
DAPI (Yeasen, 36308). Images of the slides were captured 
by a ZEISS LSM710 confocal laser scanning microscope.

Bronchoalveolar lavage fluid (BALF) harvest

At the designated time points, the tracheae of the mice were 
exposed, and BALF was collected by lavage with ice-cold 
PBS (500 μl × 3; 85%− 90% of the lavage volume was recov-
ered) via a tracheal catheter. BALF from each mouse was 
centrifuged at 1000 rpm for 10 min at 4 °C, and the total 
number of inflammatory cells in BALF was examined by 
flow cytometry analysis. The supernatant of BALF was col-
lected and frozen at − 80 °C for enzyme-linked immuno-
sorbent assay (ELISA).

Flow cytometry for cell counting

The cell pellet was counted in a hemocytometer. BALF 
cells were washed twice with protein-free PBS and 
incubated with a Zombie NIR™ Fixable Viability Kit 
(423105, Biolegend) at room temperature for 30  min 
in the dark. After washing twice with 1% bovine serum 
albumin (BSA), the cells were stained with a CD16/
CD32 FcR blocking antibody (14-0161-85, eBioscience) 
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for 10  min. Then, the cells were fixed and permeabi-
lized (554714, BD Biosciences) in accordance with the 
instructions of the manufacturer. Subsequently, the BALF 
cells were incubated with anti-CD45-PE-cy7 (1103114, 
Biolegend), anti-CD11b-BV510 (101245, Biolegend), 
anti-Ly6G-Alexa Fluor647 (127610, Biolegend), and 
anti-F4/80-Alexa Fluor488 (53-4801-82, eBioscience) in 
the dark at 4 °C for 1 h, in accordance with the instruc-
tions of the manufacturer. Neutrophils were recognized as 
CD45+Ly6G+CD11b+, and macrophages were recognized 
as CD45+F4/80+ (Figure S1). Data were acquired with a 
FACSVerse (BD Biosciences) and analyzed using FlowJo 
software (Treestar, Woodburn, OR, USA).

Enzyme‑linked immunosorbent assay (ELISA)

The levels of IL-4, IL-5, IFN-γ (431104, 431204, 430804, 
Biolegend), KC, MCP-1 (DY453, DY479, R&D), and 
TNF-α (88-7324-88, Invitrogen) in BALF, lung homoge-
nates, and cell supernatants were measured using com-
mercial ELISA kits in accordance with the manufacturer’s 
instructions.

Quantitative real‑time PCR

Total RNA was extracted from fresh lung tissue or cells with 
a TRIzol reagent kit (Life Technologies) in accordance with 
the manufacturer’s instructions. The mRNAs were reverse-
transcribed with cDNA synthesis supermix for qPCR 
(11141, Yeasen). Quantitative real-time PCR (qRT‒PCR) 
was performed with a StepOnePlus Real-Time PCR System 
(ABI, USA). Each reaction well contained 5 μl Universal 
Blue SYBR Master Mix (11184, Yeasen), 3 μl RNase-free 
water, 0.5 μl primers, and 1 μl template. We used the fold 
change (2−△△CT) to show the expression of mRNA. The 
primers used are shown in Table 2.

Western blot analysis

Total cell or tissue protein was lysed in RIPA buffer 
(89900, Pierce) with PMSF (ST506, Beyotime Biotech) 
on ice and centrifuged for 10 min at 12,000 rpm at 4 °C. 
The supernatant was then transferred to a new tube 
and denatured in sodium dodecyl sulfate‒polyacryla-
mide gel electrophoresis (SDS‒PAGE) loading buffer 
(20315, Yeasen) with heating at 100 °C for 10 min. The 

Fig. 1   CD146 was decreased 
in patients with C. neoformans 
pulmonary infection. A–C 
Immunohistochemical staining 
for CD146 in lung sections, A 
was for negative control, B was 
for healthy tissues 5 cm distance 
from the nodules, and C was for 
cryptococcus nodules (n = 10). 
D The quantitative analysis of 
CD146 in lung section ****, 
p < 0.0001
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supernatant was then stored at − 80 °C. The proteins were 
separated by 10% SDS‒PAGE and transferred at 300 mA 
for 2 h at 4 °C. The blots were then blocked with 5% non-
fat dry milk in TBST and incubated with 1:1000 primary 
antibodies against β-actin (4970L, Cell Signaling Tech-
nology) and CD146 (ab75769, Abcam) overnight before 
adding HRP-linked anti-rabbit IgG (7074, Cell Signaling 
Technology, 1:5000). After the membranes were treated 
with Immobilon Western Chemiluminescent HRP Sub-
strate (WBKLS0500, Merck Millipore, USA), the binding 
of specific antibodies was visualized using a Syngene G: 
BOX Imaging System and analyzed with ImageJ.

Isolation of alveolar macrophages

The C57BL/6J mice were sacrificed for collection of 
alveolar macrophages. The lungs of each mouse were lav-
aged eight times using 1 ml PBS to isolate alveolar mac-
rophages, as previously described [17]. Briefly, cells were 
collected by low-speed centrifugation and washed twice 
in complete RPMI 1640 medium. Cells were allowed to 
adhere for 6 h in a 96- or 24-well plate. After washing 
with PBS, the adherent cells were alveolar macrophages, 
as identified by flow cytometry [18].

Bone marrow‑derived macrophage (BMDM) culture

Tibias and femurs were excised, and marrow cells were 
flushed, lysed with Red Blood Cell Lysis Buffer, and resus-
pended at 3*105 cells/ml in Dulbecco’s minimal essential 
medium (DMEM) containing 10% fetal calf serum, penicil-
lin, streptomycin, and 20 ng/ml recombinant mouse GM-
CSF (576308, Biolegend) [19]. The medium was changed 
every 3 days. After 7 days, the resultant nonadherent cell 
populations were discarded, and the remaining adherent 
cells (BMDMs) were collected for further use. The effi-
ciency of differentiation was validated using flow cytometry 
(Figure S3).

In Vitro killing assay

C. neoformans strain H99 was opsonized in 10% normal 
mouse serum at 37 °C for 45 min. Alveolar macrophages 
or BMDMs were seeded in a 96-well culture plate and 
infected with normal mouse serum-opsonized C. neofor-
mans strain H99 at a multiplicity of infection of 0.02, with 
H99 in DMEM complete medium without cells as a control. 
After 24 h, the content of each well was centrifuged, and 
the supernatants were removed [20]. The pellet was liber-
ated by lysing the macrophages in sterile water. The number 
of C. neoformans CFUs was determined by plating tenfold 
serial dilutions for each sample onto Sabouraud dextrose 
agar plates after 48 h incubation at 30 ℃. The percentage of 
inhibition was calculated by dividing the CFU for each well 
by the average CFU in wells without macrophages and then 
subtracting this from 1 [2, 21].

In Vitro macrophage stimulation

For stimulation with C. neoformans, macrophages (AM or 
BMDM) were plated in 24-well culture plates infected with 
H99 for 24 h [19], and then supernatants were collected for 
the detection of KC and TNF-α.

Determination of reactive oxygen species

A reactive oxygen species (ROS) assay kit (S0033, Beyo-
time) was used to determine ROS in macrophages. BMDMs 
were plated in a 24-well culture plate infected with H99 
for 24 h, and then the cells were incubated with DCFH-
DA (diluted 1:1000) in a 37 °C incubator in the dark for 
1 h. After washing with DMEM without FBS 3 times, the 
fluorescence of the cells was visualized with a Zeiss Axio 
Examiner microscope. To quantitatively analyze the intra-
cellular ROS, we used a microplate reader (Biotek-synergy, 
USA) to measure the fluorescence intensity of DCFH and 
set the excitation wavelength to 485 nm and emission wave-
length to 528 nm.

Table 2   Primers in the study

Name Sequence

β-Actin-F GAG​AAG​CTG​TGC​TAT​GTT​GCT​
β-Actin-R CTC​CAG​GGA​GGA​AGA​GGA​TG
iNOS-F GTT​CTC​AGC​CCA​ACA​ATA​CAAGA​
iNOS-R GTG​GAC​GGG​TCG​ATG​TCA​C
Arg1-F CTC​CAA​GCC​AAA​GTC​CTT​AGAG​
Arg1-R AGG​AGC​TGT​CAT​TAG​GGA​CATC​
CD146-F GGA​AAA​TCA​GTA​TCT​GCC​TCTCC​
CD146-R GGA​AAA​TCA​GTA​TCT​GCC​TCTCC​
IL-4-F GGT​CTC​AAC​CCC​CAG​CTA​GT
IL-4R GCC​GAT​GAT​CTC​TCT​CAA​GTGAT​
IL-5-F CTC​TGT​TGA​CAA​GCA​ATG​AGACG​
IL-5R TCT​TCA​GTA​TGT​CTA​GCC​CCTG​
IL-13-F CCT​GGC​TCT​TGC​TTG​CCT​T
IL-13-R GGT​CTT​GTG​TGA​TGT​TGC​TCA​
IFN-g-F ACA​ATG​AAC​GCT​ACA​CAC​TGC​
IFN-g-R CTT​CCA​CAT​CTA​TGC​CAC​TTGAG​
TNF-α-F GGA​ACA​CGT​CGT​GGG​ATA​ATG​
TNF-α-R
IL-17A-F
IL-17A-R

GGC​AGA​CTT​TGG​ATG​CTT​CTT​
TCA​GCG​TGT​CCA​AAC​ACT​GAG​
CGC​CAA​GGG​AGT​TAA​AGA​CTT​GAC​TT
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Bone marrow chimeras

Six-week-old recipient mice were provided 0.2% neomy-
cin sulfate (60207ES25, Yeasen) in their drinking water for 
the first 2 weeks before being lethally irradiated by X-ray 
(5 Gy × 2). Recipient mice were intravenously transferred with 
1 × 107 bone marrow leukocytes from the indicated donors. 
Bone marrow cells from CD146 KO mice were transferred 
into WT mice (chimeric; CD146 expressed only on nonhe-
matopoietic cells). In contrast, bone marrow cells from the 
WT mice were transferred into the CD146 KO mice (chimeric; 
CD146 positive only in the hematopoietic cells). AM originate 
from the fetal liver and renew in the lung and do not originate 
from the bone marrow, so these cells still have CD146 or not, 
depending on the chimera. Irradiated mice were treated for 
2 weeks with 0.2% neomycin sulfate. After 8 weeks of hemat-
opoietic reconstitution, mice were intratracheally infected with 
1 × 104 C. neoformans strain H99.

Statistical analysis

Data were subjected to testing for normal distribution All 
data are expressed as the mean ± SEM, and all statistical 
analyses were performed using GraphPad Prism 7. Single 
comparisons were conducted by unpaired t tests. 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, sta-
tistical significance was set as *, P < 0.05; **, P < 0.05; ***, 
P < 0.01; ****, P < 0.001; ns, not significant.

Results

Decreased CD146 in pulmonary nodules 
from patients with pulmonary cryptococcosis

Although not specific to pulmonary cryptococcosis, pul-
monary nodules are the most common radiological findings 
[1]. As expected, pulmonary nodules were observed in 10 
patients with pulmonary cryptococcosis (Table 1). In con-
trast to the wide distribution of CD146 in the lung tissues 
of the healthy tissues, CD146 in the cryptococcus nodules 
was scarcely expressed (Fig. 1A–C). Collectively, CD146 
was significantly decreased in pulmonary nodules with C. 
neoformans pulmonary infection (Fig. 1D), suggesting that 
CD146 may be involved with pulmonary cryptococcosis.

Pulmonary expression of CD146 was reduced 
in a mouse model of C. pulmonary cryptococcosis

To explore the roles of CD146 in pulmonary cryptococ-
cosis, C57BL/6J mice were infected with the virulent C. 
neoformans strain H99 via intratracheal instillation. The 

mice were sacrificed at different time points to monitor 
the fungal burdens and pathological changes. As shown in 
Fig. 2A, C. neoformans H99 led to a progressive increase 
in lung fungal burdens. As fungi proliferated in the lung, 
fungemia occurred and subsequently disseminated into the 
brain (Fig. 2B). Examination of lung tissue stained with 
H&E revealed markedly increased inflammatory infiltrates 
during infection (Fig. 2C). Furthermore, PAS staining dem-
onstrated an increase in C. neoformans and airway goblet 
cell metaplasia over time (Fig. 2D). Collectively, we estab-
lished a mouse model of pulmonary cryptococcosis.

To explore whether CD146 changed during the infection 
course of pulmonary C. neoformans, we quantified CD146 
expression with various methods. As shown in Fig. 2E, 
qRT‒PCR revealed that CD146 mRNA was significantly 
decreased 3 weeks post infection. Similarly, CD146 protein 
in lung tissues was significantly reduced in mice 3 weeks fol-
lowing intratracheal infection with C. neoformans (Fig. 2F). 
Furthermore, as observed in the clinical samples, CD146 
in the mouse lung C. neoformans nodules almost vanished 
(Fig. 2G). The panoramic distribution of CD146 in the C. 
neoformans-infected lung tissues was diminished in immu-
nofluorescence imaging (Fig. 2H). In summary, as observed 
in clinical samples, CD146 expression in the mouse model 
of C. neoformans pulmonary infection was decreased.

CD146 deficiency aggravated pulmonary C. 
neoformans infection

To investigate whether CD146 was directly involved in 
pulmonary cryptococcosis, WT and CD146 KO mice were 
infected with C. neoformans strain H99. Survival curve anal-
ysis revealed that CD146 deficiency significantly aggravated 
pulmonary cryptococcosis (Fig. 3A). In line with the delete-
rious outcome, fungal burdens in the lung tissues 2 weeks 
post infection were significantly increased in CD146 KO 
mice (Fig. 3B). Fungi in the lung tissues disseminated into 
the spleen and brain. Compared with WT mice, CD146 KO 
mice displayed a trend toward a higher fungal burden in the 
spleen (Fig. 3C) and brain (Fig. 3D). Of note, the difference 
in spleen CFU did not reach statistical significance. Col-
lectively, CD146 deficiency promoted pulmonary C. neo-
formans infection.

CD146 deficiency promoted leukocyte infiltration 
in pulmonary cryptococcosis

Two weeks post infection, histopathological analysis of 
lungs with H&E staining revealed increased inflammatory 
infiltrates around the airways in CD146 KO-infected mice 
compared with WT controls (Fig. 4A). Similarly, PAS stain-
ing demonstrated that goblet cell metaplasia was increased 
in CD146 KO-infected mice (Fig. 4B). Differential staining 
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Fig. 2   CD146 was decreased in mice infected with C. neoformans. 
C57BL/6J mice were infected with 104 of highly virulent C. neo-
formans strain H99 by intratrachea, and mice were sacrificed at the 
indicated times. A, B Lung and brain CFU were enumerated by plat-
ing organ homogenates on Sabouraud dextrose agar. C Representa-
tive lung sections were stained with hematoxylin and eosin stain to 
analyze the infiltration of inflammatory cells. D Representative lung 
sections were stained with PAS to assess goblet cell hyperplasia. E, F 
CD146 in lung tissues was measured by qPCR and Western blotting. 

The density quantifcation of CD146 was expressed as a ratio relative 
to β-actin. G Immunohistochemical staining for CD146 in lung sec-
tions from mice without or with C. neoformans infection for 3 weeks. 
Scale bar 50 μm. H Immunofluorescence staining for CD146 in lung 
sections from mice without or with C. neoformans infection for 
3 weeks. Scale bar 50 μm. Data were representative of 2 independent 
experiments with similar results (n = 3–5). *, p < 0.05; **, p < 0.01; 
***, P < 0.001; ****, p < 0.0001; ns not significant
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of the BAL cells (Figure S1) was completed to determine 
the pattern of airway inflammation during C. neoformans 
infection. Compared with the airways in WT controls, those 
of CD146 KO mice presented significant infiltration of leu-
kocytes (neutrophils and macrophages) (Fig. 4C–E). Con-
sistent with these observations, enhanced airway inflamma-
tion in CD146 KO mice was associated with the significant 
upregulation of the keratinocyte-derived chemokine (KC) 
for neutrophils and monocyte chemoattractant protein-1 
(MCP-1) for macrophages (Fig. 4F, G). Thus, in response 
to C. neoformans pulmonary infection, mice deficient in 
CD146 presented with increased leukocyte recruitment.

To explore whether this increased inflammation in CD146 
KO-infected mice was a consequence of CD146 deficiency 
or simply a reflection of increased fungal burden, we 
instilled heat-killed fungi (HK-H99) in WT or CD146 KO 
mice. As shown in Figure S2A-B, the level of TNF-α in 
lung tissue homogenates from CD146 KO mice was more 
pronounced than that from their WT counterparts, indicating 
that CD146 deficiency was at least partially involved in the 
aggravated pulmonary inflammatory responses.

CD146 deficiency shaped the inflammatory type 
2 immune response in C. neoformans pulmonary 
infection

CD4+ T helper (Th) cells are central regulators of anticryp-
tococcal immune responses. Type 2 cytokines are associated 
with a permissive bronchopulmonary environment for C. 
neoformans growth, whereas type 1-associated cytokines 
increase fungal killing and elimination [22]. To gain deeper 
insight into the Th cytokine profile in the absence of CD146 

during C. neoformans infection, ELISA analysis of BALF 
(IL-4, IL-5, and IFN-γ) or lung tissue homogenates (TNF-
α) was performed. Either type 2 cytokines (IL-4 and IL-5) 
or type 1 cytokines (IFN-γ and TNF-α) were more pro-
nounced in CD146 KO mice than in their WT counterparts 
(Fig. 5A–D). However, the ratio of IL-4/IFN-γ was higher 
in CD146 KO mice (Fig. 5E). We also detected IL-17A by 
qPCR and found that IL-17A showed no difference in the 
pulmonary tissues of CD146 KO-infected mice (Fig. 5F). 
Collectively, inflammatory type 2 immune responses char-
acterized by elevated IL-4, IL-5, IFN-γ and TNF-α [23] were 
triggered in CD146−/− mice with C. neoformans pulmonary 
infection.

CD146 in hematopoietic cells was critical for C. 
neoformans infection

Myeloid lineage cells, including macrophages and DCs, are 
key effector cells against fungi during the first few days after 
an initial infection [24]. To investigate the cellular basis of 
the CD146-related antifungal effect in myeloid lineage cells, 
we generated bone marrow (BM) chimeric mice by recon-
stituting lethally irradiated WT mice with syngeneic CD146 
KO BM or CD146 KO mice with WT BM. As shown in 
Fig. 6A, compared to WT BM to WT recipient mice, loss of 
CD146 in hematopoietic cells resulted in increased fungal 
burdens in lung tissues 2 weeks post infection (WT → WT 
vs. KO → WT). No difference in the fungal burdens in the 
lung was found upon the loss of CD146 in nonhematopoietic 
cells (WT → WT vs. WT → KO). Compared with WT BM 
to WT recipient mice, CD146 KO BM to WT recipient mice 
(KO → WT) displayed a higher fungal burden in the spleen 

Fig. 3   CD146 deficiency 
promoted pulmonary C. neo-
formans growth. A WT and 
CD146−/− mice were monitored 
daily for survival following 
intratracheal infection with 
104 CFU C. neoformans H99. 
B–D Lung, spleen, and brain 
CFUs were enumerated 2 weeks 
post infection by plating organ 
homogenates on Sabouraud 
dextrose agar. Data are rep-
resentative of 2 independent 
experiments with similar results 
(n = 9–10). *, p < 0.05; ****, 
p < 0.0001; ns not significant
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(Fig. 6B) and brain (Fig. 6C). H&E staining revealed that 
inflammatory infiltration was significantly increased in lungs 
where the hematopoietic cells lacked CD146 (Fig. 6D). PAS 
staining demonstrated that mucus secretion was increased in 
the airways of the mice that lacked CD146 in their hemat-
opoietic cells (Fig. 6E). The levels of KC and TNF-α were 
increased in hematopoietic cells or nonhematopoietic cells 
that lacked CD146 (Fig. 6F, G). In vitro, C. neoformans 
increased CD146 in macrophages (Fig. 6H), suggesting 
that CD146 changes in macrophages may be involved in 
C. neoformans infection. Collectively, CD146 deficiency in 
immune cells (i.e., macrophages) but not in nonimmune cells 

(i.e., endothelial cells and epithelial cells) was more likely to 
promote pulmonary C. neoformans infection.

CD146 deficiency polarizes M2 macrophages in C. 
neoformans pulmonary infection

Highly induced expression of iNOS is a hallmark of M1, 
while M2 is marked by expression of Arg1 [15]. In vitro, 
BMDMs from WT mice infected with H99 (MOI = 10) 
expressed more iNOS. However, the ratio of Arg1/iNOS 
showed no difference (Fig. 7A–C). In the C57BL/6J mice 
infected with C. neoformans, iNOS was increased in their 

Fig. 4   Increased inflammatory cells in the BALF of CD146−/− mice 
following cryptococcal infection. At 2  weeks post infection, mice 
were euthanized and sacrificed for analysis. A, B Representative lung 
sections were stained with hematoxylin and eosin stain to analyze the 
infiltration of inflammatory cells or stained with PAS to assess gob-
let cell hyperplasia. Scale bar 50  μm. C–E Numbers of total cells, 

macrophages, and neutrophils in the BALF of cryptococcal-infected 
mice. F, G The concentrations of murine KC and MCP-1 in BALF 
were determined by ELISA. Data are representative of 2 independent 
experiments with similar results (n = 9–10). *, p < 0.05; ns not signifi-
cant
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pulmonary tissues 2 weeks post infection, while Arg1 was 
increased 1 week post infection (Fig.  7D–F). However, 
the pulmonary macrophages were strongly M2-polarized, 
as the ratio of Arg1/iNOS was increased during the infec-
tion (Fig. 7G). To further explore the role of CD146 in 
the polarization of macrophages, we analyzed the mRNA 
expression of iNOS and Arg1 in lung tissue by RT‒qPCR. 
We found that CD146 deficiency caused a reduction in iNOS 
mRNA at 2 weeks post infection (Fig. 7H). In contrast, Arg1 
mRNA was higher in infected CD146−/− mice (Fig. 7I). 
Consequently, the pulmonary macrophages were strongly 
M2-polarized, as the ratio of Arg1/iNOS was increased in 
CD146−/−-infected mice (Fig. 7J).

To explore whether the fungi themselves affected the 
immune responses in the WT and CD146 KO mice, the 
mRNA levels of iNOS and Arg1 in the lung tissues from the 
HK-H99-treated mice were also detected. As shown in Fig-
ure S2C-D, Arg1 mRNA was higher in CD146−/−-infected 
mice. The ratio of Arg1/iNOS was not statistically significant 
with the HK-H99 treatments (Figure S2E), suggesting that 
HK-H99 alone was not sufficient to trigger robust type 2 
immune responses. Except for IL-5, the mRNA levels of 

IL-4, IL-13, IFN-γ, TNF-α, iNOS and Arg1 showed no dif-
ference in the naïve WT and CD146 KO lung tissues (Figure 
S4A-G). Collectively, CD146 deficiency may promote the 
polarization of alternatively activated macrophages in pul-
monary C. neoformans infection.

CD146 deficiency facilitated the production of KC 
and TNF‑α from macrophages after C. neoformans 
infection in vitro

Both TNF-α and KC play critical roles in the recruitment of 
neutrophils [25]. To investigate the cellular mediators that 
underlie the different numbers of neutrophils in WT and 
CD146 KO mice infected with C. neoformans, we studied 
the macrophage responses following in vitro stimulation for 
24 h. Differences in macrophage function have been related 
to susceptibility or resistance to cryptococcal infection [26]. 
Alveolar macrophages from CD146−/− mice secreted sig-
nificantly higher levels of KC and TNF-α than those from 
WT mice (Fig. 8A, B). BMDMs from CD146−/− mice also 
secreted higher levels of KC and TNF-α under the same con-
ditions (Fig. 8C, D). Taken together, these results indicated 

Fig. 5   Pronounced type 2 
response in the lungs follow-
ing cryptococcal infection in 
CD146−/− mice. At 2 weeks 
post infection, mice were eutha-
nized and sacrificed for analy-
sis. A–C IL-4, IL-5, and IFN-γ 
in BALF were measured with 
ELISA. D TNF-α in the lung 
homogenates was measured 
with ELISA. E The ratio of IL-4 
expression to IFN-γ expression 
in the two groups. F IL-17A 
in the lung homogenates was 
measured with qPCR. Data are 
representative of 2 independent 
experiments with similar results 
(n = 8–10). **, p < 0.01; ****, 
p < 0.0001; ns not significant
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that macrophages from CD146 KO mice produced more KC 
and TNF-α under C. neoformans infection, promoting neu-
trophil infiltration into lung tissues. Alveolar and infiltrat-
ing macrophages are able to phagocytize and kill invading 
pathogens [27]. In our study, however, AMs were not fungi-
cidal. More progressive cryptococcal growth was observed 
in CD146 KO AMs (Fig. 8E). In contrast, BMDMs from 
WT or CD146 KO mice were fungicidal; fungal clearance 
was reduced in CD146 KO BMDMs (Fig. 8F). Reactive oxy-
gen species (ROS) are byproducts of M1 macrophages and 
are thought to fulfill a critical role in conferring protection 
against C. neoformans infection. As shown in Fig. 8G, H, 

BMDMs from CD146 KO mice also produced fewer ROS 
under the same conditions. These results indicated that mac-
rophages from CD146 KO mice were less fungicidal due to 
the compromised production of ROS.

Discussion

Pulmonary cryptococcosis has diverse clinical manifesta-
tions, ranging from asymptomatic infection to possibly fatal 
pneumonia. Due to limitations in diagnostic tools, pulmo-
nary cryptococcosis is still underdiagnosed [1]. Generally, 

Fig. 6   Loss of CD146 in hematopoietic cells promoted C. neofor-
mans infection in  vivo. Bone marrow chimeric mice infected with 
104 C. neoformans strain H99 were sacrificed 2 weeks post infection. 
A–C Lung, spleen and brain CFUs were enumerated. D Representa-

tive lung sections were stained with hematoxylin and eosin stain. E 
Representative lung sections were stained with PAS. Scale bar 50 μm. 
F, G KC and TNF-α in the lung homogenates were measured with 
ELISA. *, p < 0.05; **, p < 0.01; ***, P < 0.001; ns not significant
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patients with pulmonary cryptococcosis present multiple or 
solitary nodular opacities. In our clinical samples with C. 
neoformans pulmonary nodules, CD146 expression was sig-
nificantly diminished in the nodules. In line with the clinical 
observations, we recorded that pulmonary CD146 expres-
sion was significantly decreased in the mice inoculated with 
C. neoformans via intratracheal instillation, suggesting that 
C. neoformans infection may reduce CD146 expression. As 
a CD146 decrease occurred 3 weeks post infection but not 
at the early stage, we speculate that the formation of nodules 
at the later stage of infection may be involved in the decay 
of CD146 expression.

The second important finding in the present study was 
that CD146 deficiency aggravated C. neoformans infec-
tion. CD146 deficiency shortened the survival time and 
increased the fungal burdens in lung, spleen, and brain 
tissues. In line with the increased fungal burdens in the 

lung, type 2 cytokines (IL-4 and IL-5) in the BALF from 
CD146 KO-infected mice were significantly increased. 
Unexpectedly, type 1 cytokines (IFN-γ and TNF-α) from 
CD146−/−-infected mice were also increased. As the bal-
ance between IL-4 and IFN-γ still shifted in favor of type 
2, we concluded that CD146 deficiency promoted inflam-
matory type 2 immune responses against pulmonary C. 
neoformans infection. Indeed, the infiltration of leukocytes 
(macrophages and neutrophils) in the lung was increased 
in CD146−/−-infected mice. CD146 deficiency promotes 
neutrophil and macrophage infiltration [10], which was in 
line with our observations that CD146 deficiency aggra-
vated lung inflammation in pulmonary cryptococcosis. Of 
note, the relationships between CD146 and inflammation 
may be complicated and even contradictory in different 
diseases. For example, CD146 expression in blood ves-
sels and infiltrated macrophages was positively correlated 

Fig. 7   Increased pulmonary M2 macrophage polarization follow-
ing cryptococcal infection in CD146−/− mice. A–D iNOS, Arg1 and 
CD146 were examined in BMDMs infected with C. neoformans 
strain H99 (MOI = 10) by qPCR. E, F Lung mRNA expression levels 
of the M1 macrophage marker iNOS and the M2 macrophage marker 
Arg1 at different times of C. neoformans H99 infection in C57BL/6J 

mice. G The ratio of Arg1 expression to iNOS expression at different 
times of C. neoformans H99 infection. H–J Lung mRNA expression 
levels of the M1 macrophage marker iNOS and the M2 macrophage 
marker Arg1 in WT and CD146−/− mice 14 days post infection. Data 
are representative of 2 independent experiments with similar results 
(n = 5–9). *, p < 0.05; **, p < 0.01; ***, P < 0.001; ns not significant
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with inflammation in atherosclerosis [28]. Moreover, 
CD146 deficiency reduced the adhesion of C. neoformans 
to the epithelium and decreased the fungal burden in a 
4-h acute infection model [13]. In contrast, CD146 defi-
ciency promoted inflammatory type 2 immune responses 
and exaggerated pulmonary C. neoformans infection in 
a 2–3 week chronic infection model. Considering that 
CD146 is expressed by epithelial cells, macrophages, and 
other cells, we speculated that CD146 in different cells 
may play diverse roles in different diseases.

Alternatively, activated macrophages (M2) were per-
missive niches for C. neoformans infection. Another 
finding in the present study was that CD146 deficiency 
promoted macrophage activation and M2 macrophage 
polarization. CD146-deficient macrophages produced 
more KC and TNF-α, which may promote leukocyte 
recruitment in mice following C. neoformans infection. 
Alveolar macrophages (AMs) and bone marrow-derived 
macrophages (BMDMs) are different. AMs reside in lung 
tissues. BMDMs reflect infiltrating macrophages from 

Fig. 8   More KC and TNF-α 
were produced by CD146−/− 
macrophages infected with 
C. neoformans. A, B KC and 
TNF-α in the supernatant were 
examined in AMs infected with 
C. neoformans H99 by ELISA. 
C, D KC and TNF-α in the 
supernatant were examined in 
BMDMs infected with C. neo-
formans strain H99 by ELISA. 
E, F Percentage of C. neofor-
mans H99 killed by AMs and 
BMDMs from uninfected WT 
and CD146−/− mice. G, H ROS 
production in BMDMs infected 
with C. neoformans H99 was 
detected by the DCFH‐DA 
probe with fluorescence micros-
copy and a microplate reader. 
Scale bar 100 μm. Data are 
representative of 2 independ-
ent experiments with similar 
results (n = 3–6). *, p < 0.05; **, 
p < 0.01; ***, P < 0.001; ****, 
p < 0.0001; ns not significant
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blood into lung tissues upon infection. Depletion of AM 
decreased C. neoformans pulmonary infection [29], sug-
gesting that AMs may be accomplices in C. neoformans 
survival. Accordingly, CD146−/− AM boosted C. neofor-
mans proliferation. The roles of BMDMs in C. neoformans 
pulmonary infection are more complicated [30]. At the 
early stage, infiltrated macrophages may help control the 
infection [31]. CD146−/− BMDMs were less fungicidal and 
produced fewer ROS, which was in accordance with the 
increased fungal burdens in CD146−/−-infected mice. Mac-
rophages originate from hematopoietic cells. Observations 
from chimeric mouse experiments indicated that CD146 
deficiency in hematopoietic cells but not in nonhemat-
opoietic cells was more likely to aggravate pulmonary C. 
neoformans infection, suggesting that CD146 deficiency 
in macrophages may be involved in pulmonary cryptococ-
cosis. As demonstrated, CD146 deficiency impaired the 
killing ability of BMDMs but increased the proliferation 
of fungi in AMs. Therefore, CD146 deficiency may indi-
rectly promote M2 differentiation in vivo by increasing the 
fungal burden in the lung.

Our study is not without limitations. First, the sample 
size of clinical tissues was small, which may weaken the 
clinical significance of CD146 in pulmonary C. neofor-
mans infection. CD146 expression is closely associated 
with cancers [32], kidney transplantation [33], systemic 
sclerosis [34] and other diseases [35]. More samples are 
required to address the clinical significance of CD146 in 
pulmonary C. neoformans infection. Second, the killing 
ability of macrophages overexpressing CD146 remains to 
be elucidated, which would improve our understanding 
of CD146 in the regulation of macrophages. CD146 defi-
ciency boosted the production of TNF-α in macrophages 
stimulated with C. neoformans. The mechanism analysis 
warrants further investigation. Third, in our flow cytom-
etry, we determined macrophages as CD45+F4/80+. 
However, several studies have reported that F4/80 is also 
expressed in lung CD11b+ dendritic cells [36] and eosino-
phils [37]. More markers to distinguish macrophages and 
other cells in the type 2 immunity of pulmonary crypto-
coccosis are needed.

In summary, we demonstrated that CD146 expression 
was decreased in pulmonary cryptococcosis clinical sam-
ples and in mice following intratracheal inoculation with C. 
neoformans. CD146 deficiency shaped inflammatory type 
2 immune responses, which favored the survival of fungi 
and exaggerated pulmonary infection. Macrophages defec-
tive with CD146 produced more KC and TNF-α, which fur-
ther recruited more neutrophils and macrophages in mice 
following C. neoformans challenge. CD146 deficiency in 
hematopoietic cells was vital for this process. Further studies 
aiming to improve CD146 expression may help to conquer 
pulmonary cryptococcosis.
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