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Abstract. Severe invasive aspergillosis infection occurs when 
human immune function is impaired. The interaction between 
Aspergillus fumigatus (A. fumigatus) conidia and type II lung 
epithelial cells serves an important role in disease progression. 
The present study compared the proteomes of A549 human 
lung epithelial cells with and without A.  fumigatus infec-
tion. Gene Ontology  (GO), Kyoto Encyclopedia of Genes 
and Genomes (KEGG) and protein interaction analyses were 
performed, and differential protein expression was verified by 
western blotting and reverse transcription‑quantitative PCR 
(RT‑qPCR). In addition, the RNA interference method, an 
internalization assay and ELISA were performed. Isobaric tags 
for relative and absolute quantification analysis detected a total 
of 1,582 proteins, from which 111 proteins with differential 
expression were obtained (fold change >1.5 or <0.75). Among 
them, 18 proteins were upregulated and 93 proteins were 
downregulated in A549 cells challenged with A. fumigatus. 
GO and KEGG analyses revealed that the altered proteins 
were mainly involved in biological functions, such as cell 
metabolism, synthesis, the cellular stress response, metabolic 
pathways and pyruvate metabolism. N‑myc downstream‑regu-
lated gene 1 (NDRG1) expression was upregulated 1.88‑fold, 
while CD44 expression was downregulated 0.47‑fold following 
A.  fumigatus infection. The expression levels of specific 
proteins were verified by western blotting and RT‑qPCR. 
The internalization efficiency was affected by NDRG1 gene 
silencing. The secretion of IL‑6 and IL‑8 was affected when 
CD44 was inhibited. These results indicated that A. fumigatus 
affects lung epithelial cell metabolism and biological synthetic 
functions. A number of novel molecules, including NDRG1 
and CD44, were found to be related to A. fumigatus infection.

Introduction

The conidia of Aspergillus  fumigatus (A.  fumigatus), a 
common fungus, are ~2‑3 µm in size and easily spread by 
wind (1). Humans can inhale 100s of conidia every day, and 
conidia can also penetrate into the alveoli via mucociliary 
clearance in lung (2). Hosts with healthy immune functions 
can phagocytose or kill conidia via alveolar macrophages, 
thus infections rarely occur. However, once the body's immune 
function is impaired, invasive pulmonary aspergillosis (IPA) 
occurs and gradually spreads to the kidneys, brain and other 
organs; IPA exhibits a mortality rate as high as 50‑90% (3). 
A. fumigatus is the second leading cause of invasive fungal 
diseases worldwide (4).

The lungs are the initial organs that the A. fumigatus would 
first come into contact with. Airway epithelial cells (including 
lung epithelial cells and tracheal epithelial cells) are the site of 
the initial process of A. fumigatus conidia. Alveolar epithelial 
cells are composed of alveolar epithelial type I and type II 
cells, and inhaled conidia mainly interact with type II cells, 
which maintain the alveolar space (5). An In vitro study has 
demonstrated that A.  fumigatus conidia first adhere to the 
surface of type II lung epithelial cells and are then endocytosed 
by lung epithelial cells, which triggers an immune response 
and respiratory burst (6). The surviving conidia remain and 
germinate into hyphae, causing infection under suitable 
conditions (7). The interaction between A. fumigatus conidia 
and type II lung epithelial cells serves an important role in 
disease progression (6). The present study aimed to explore the 
molecular mechanism of the interaction between them.

Isobaric tags for relative and absolute quantitation (iTRAQ) 
are an isotopically labeled relative and absolute quantification 
technique (8). Combined with liquid chromatography‑mass 
spectrometry (LC/MS), it has advantages over traditional 
protein quantification. iTRAQ is able to mark most of the 
proteins in a sample, and the labeling process is simple, more 
timesaving and more accurate. At the same time, this method 
enables quantitative comparison of proteins in multiple 
samples in the same test to obtain a large amount of protein 
information.

In the present study, A549 cells were explored as an 
in  vitro cell model. The proteomes of A549 type II  lung 
epithelial cells with and without A. fumigatus challenge were 
compared using the isobaric tags for relative and absolute 
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quantification (iTRAQ) technique. Additionally, the func-
tions of significantly differentially expressed proteins, such 
as N‑myc downstream‑regulated gene 1 (NDRG1) and CD44, 
were discussed.

Materials and methods

Culture of A. fumigatus strain IFM40808 and A549 type II 
lung epithelial cells. A.  fumigatus strain IFM40808 was 
provided by the Medical Mycology Research Center of Chiba 
University (Chiba, Japan). The strain was cultured on potato 
glucose medium (Difco; BD Biosciences) for 7 days at 37˚C 
with 5% CO2. The conidia suspension was collected after 
being flushed with sterile 0.05% Tween‑20 in 50 mM PBS 
(pH 7.4) and the conidia concentration was then adjusted to 
2x107 cfu/ml with RPMI‑1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.).

A549 human type II lung epithelial cells were purchased 
from American Type Culture Collection. Cells were cultured 
in RPMI‑1640 medium containing 10% fetal bovine serum 
(Gibco; Thermo Fisher Scientific, Inc.), 50 IU/ml penicillin 
and 50 µg/ml streptomycin at 37˚C with 5% CO2.

Co‑incubation of A.  fumigatus conidia and A549 lung 
epithelial cells. The A549 cell concentration was adjusted 
to 2x106 cells/ml and the cells were transferred to dishes in 
medium without fetal bovine serum, following which culture 
was continued for 16‑18 h. The A549 cells were infected by 
A. fumigatus conidia at an MOI of 10 (i.e., 10 conidia to 1 cell) 
and cocultured for 6 h after infection in serum‑free medium at 
37˚C with 5% CO2.

Protein extraction, digestion and labelling with iTRAQ 
reagents. The supernatant following co‑incubation was 
aspirated and washed with pre‑cooled PBS at 4˚C. The 
proteins were extracted in accordance with the methods of 
Vuong et al (9) and She et al (10). Cell total proteins were 
extracted by grinding with liquid nitrogen and suspending 
in lysis buffer [8 M urea, 1% Triton X‑100, 65 mM dithioth-
reitol (DTT) Sigma‑Aldrich; Merck KGaA) and 0.1% protease 
inhibitor cocktail (Sigma‑Aldrich; Merck KGaA). Proteins 
were then sonicated on ice five times (5 mins for one time, 
and 30 sec on, 30 sec off) for five cycles using ultrasound 
sonicator (Ningbo Scientz Biotechnology Co., Ltd.). Lysates 
were centrifuged at 5,000 x g at 4˚C for 3 min and the superna-
tant was collected. The proteins were precipitated with cold 
15% Trichloroacetic acid (Thermo Fisher Scientific, Inc.) for 
2 h at ‑20˚C. The precipitate were collected via centrifuga-
tion at 15,000 x g for 10 min at 4˚C and rinsed three times 
with cold acetone. The air‑dried protein pellet was dissolved 
in lysis buffer (8 M urea, 100 mM Triethylamine‑carbonic 
acid buffer, pH 8.0) and the protein concentration was deter-
mined using a 2‑D Quant kit (Cytiva), and then adjusted to 
2 mg/ml.

Proteolysis and peptide labelling were carried out in accor-
dance with the methods of She et al (10) and Pizzatti et al (11). 
For proteolysis, the protein solution was treated with 10 mM 
DTT for 1 h at 37˚C and 20 mM iodoacetamide (Sigma‑Aldrich; 
Merck  KGaA) for 45  min. The solution was diluted with 
TEAB to obtain a final solution containing 1 M urea. Then, 

the solution was digested with trypsin (dilution, 1:50) over-
night. Trypsin (Promega Corporation) was added at 1:50 for 
digestion overnight and 1:100 for a second 4 h‑digestion. 
Following enzymatic hydrolysis, the obtained peptides were 
desalted using a Strata‑X C18 solid phase extraction column 
(Phenomenex I nc.). After vacuum freeze‑drying, the two 
samples were labelled according to the instructions of the 
iTRAQ Reagent8‑Plex kit (AB Sciex Pte., Ltd.).

Inspection by LC/MS. The peptides from the two groups were 
separated using a Waters 600E reversed‑phase high‑perfor-
mance liquid chromatography system with an Agilent 300 
Extend C18 column (5 µm particle size, 4.6 mm ID, 250 mm 
length; Agilent Technologies, Inc.). The column was maintained 
at room temperature and the flow rate was 1 ml/min. Briefly, 
the peptide mixture was first separated with a gradient of 
2‑60% acetonitrile in 10 mM ammonium bicarbonate (pH 10), 
over 80 min into 80 fractions. The fractions were combined 
into eight components and vacuum‑dried. The analysis was 
performed using an LTQ Orbitrap Elite LC/MS (Thermo Fisher 
Scientific, Inc.) equipped with a Dionex UltiMate  3000 
nano‑UPLC system (Thermo Fisher Scientific, Inc.). A guard 
column (C18 PepMap 100, 300 µm x 1 mm, 5 µm, 100 Å) and 
an analytical column (Acclaim PepMap C18, 15 cm x 75 µm, 
2 µm, 100 Å; Dionex;Thermo Fisher Scientific, Inc.) were 
applied. Mobile phase A  (ultra‑pure water, 0.1%  formic 
acid; Honeywell Fluka) at a gradient of ~6‑44% was used 
during the run, followed by mobile phase B [98% acetoni-
trile (Thermo Fisher Scientific, Inc.), 0.1% formic acid] at a 
gradient of 44‑98%. After one cycle had ended, the column was 
equilibrated with 98% mobile phase B followed by 6% mobile 
phase A. The column was maintained by equilibrating with 
6% mobile phase A for 5 min before the next injection. The 
technical parameters were in accordance with the settings of 
Zhang et al (12). The parameters for MS1 were set as follows: 
Cation‑positive mode; Orbitraq resolution:  60,000; scan 
range, 400 m/z. The parameters for MS2 were set as: Orbitrap 
resolution: 15,000; activation type, High Energy Collision 
Dissociation; normalized collision energy setting, 35%. The 
working conditions were: Nitrogen temperature 350˚C at a 
flow rate of 12 l/min, nebulizer pressure 60 psi and electro-
spray capillary voltage +3,000 V.

Protein database alignment and relative quantification by 
iTRAQ. The obtained raw protein data were aligned using the 
SEQUEST engine built into Proteome discoverer software 
version  2.0 (Thermo  Fisher Scientific, Inc.). The Human 
International Protein Index (IPI) protein database (IPI v3.87; 
ftp://ftp.ebi.ac.uk/pub/databases/IPI; a total of 91,464 records) 
was referenced for analysis.

Function analysis of differentially expressed proteins. Data on 
differentially expressed proteins were entered into the Database 
for Annotation, Visualization and Integrated Discovery 
(version 6.7; http://david.abcc.ncifcrf.gov/). Gene Ontology 
(GO; http://wego.genomics.org.cn/cgi‑bin/wego/index.pl) 
and Kyoto Encyclopaedia of Genes and Genomes (KEGG; 
http://www.genome.jp/kegg/) analyses were applied for 
functional prediction of the obtained differentially expressed 
proteins. The obtained GO terms and KEGG pathways were 
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considered enriched in the differentially expressed proteins 
when P<0.05 as determined by tests of statistical significance. 
Protein interaction network analysis of differentially expressed 
proteins was performed using the protein interaction network 
online database Search Tool for the Retrieval of Interacting 
Genes/Proteins (STRING; version 11.0; http://string.embl.de). 
The graphs were visualized using Cytoscape 2.8 (http://www.
cytoscape.org/) (13).

Western blot analysis. The iTRAQ results obtained from the 
infected group and the control group were verified by western 
blotting. Following infection with A. fumigatus conidia at an 
MOI of 10 for 6 h, the infected A549 cells were collected. The 
protein in cells was extracted using RIPA buffer (Beyotime 
Institute of Biotechnology) and evaluated using the BCA 
Protein Assay kit (Beyotime Institute of Biotechnology). Equal 
amounts (40 ng) of protein were separated via 12% SDS‑PAGE 
and transferred to PVDF membrane (EMD Millipore). The 
membrane was then blocked with 5% nonfat milk powder in 
PBS with 0.1% (v/v) Tween (PBST) for 1 h at room tempera-
ture, followed by rabbit anti‑human primary antibodies 
(dilution, 1:500) against N‑myc downstream‑regulated gene 1 
(NDRG1; cat. no. 9485S, Cell Signaling Technology, Inc.), 
isoform  1 of STE20‑like serine/threonine‑protein kinase 
(SLK; cat. no. 41255S; Cell Signaling Technology, Inc.) and 
CD44 (cat.  no.  37259S; Cell Signaling Technology, Inc.), 
and the internal reference protein GAPDH (cat. no. AF7021; 
dilution, 1:1,000; Affinity Biosciences) at 4˚C overnight. 
The membrane was incubated with goat anti‑rabbit IgG 
(H+L)‑HRP (cat.  no.  S0001; dilution, 1:5,000; Affinity 
Biosciences) secondary antibody at room temperature for 1 h. 
The expression levels of target proteins were detected by ECL 
(PerkinElmer, Inc.). Proteins were observed and images were 
captured with a chemiluminescence gel imager. Grayscale 
analysis was performed using ImageJ software (Version 1.52a; 
National Institutes of Health).

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR). A549 cells (1x106) with or without 
A.  fumigatus infection were harvested and the total 
RNA extraction performed with TRIzol® (Invitrogen; 
Thermo Fisher Scientific, Inc.). The total RNA (1 µg) was 
then reverse transcribed into cDNA using the TransCript 
One‑step gDNA Removal and cDNA Synthesis SuperMix kit 
(Beijing Transgen Biotech Co., Ltd.) according to the manu-
facturer's instructions. qPCR was conducted using the SYBR 
Green PCR Master Mix (Roche Diagnostics, Inc.) in a final 

reaction volume of 20 µl. Cyclic parameters of qPCR were as 
follows: Initial denaturation temperature at 95˚C for 5 min, 
followed by 40 cycles of 15 sec denaturation at 95˚C, 30 sec 
annealing at 60˚C and 45 sec extension at 72˚C. Specific 
primer sequences are listed in Table I. The ΔΔCq method 
was used to calculate relative transcript levels (14). Relative 
gene expression was normalized to the expression levels of 
GAPDH and the experiment was repeated three times.

RNA interference. A549 cells were transfected with small 
interfering RNAs (siRNAs) using siTRAN 1.0 transfection 
reagent (cat. no. TT300001; OriGene Technologies, Inc.) (15). 
The siRNAs targeted to the CD44 (cat. no. SR319622) and 
NDRG1 (cat. no. SR307046) gene, and scrambled negative 
control siRNA (cat.  no.  SR30004) were purchased from 
OriGene Technologies, Inc. The sense sequence of siCD44 
5'‑GAACGAAUCCUGAAGACAUCU‑3' and siNDRG1 
5'‑GCUGAAGCUCGUCAGUUCACCAUCC‑3' were used 
in studies. The procedure was performed according to 
OriGeneproduct manuals. Briefly, 5 µl siRNA and 20 µl trans-
fection reagent were mixed with 160 µl Opti‑MEM I Reduced 
Serum Medium (Invitrogen; Thermo Fisher Scientific, Inc.). 
Then, the mixture was incubated at room temperature for 
10 min before being added to 6‑well plates containing cells 
at confluence 60‑70% for 48 h. Cells were then subjected to 
further assays. Western blotting was performed to confirm 
CD44 and NDRG1 siRNA‑mediated knockdown.

Internalization. The pathway by which A. fumigatus is inter-
nalized before infecting A549 cells was studied by a nystatin 
protection assay according to the method of Bao et al (16). 
A549 cells transfected with CD44 or NDRG1 siRNA were 
seeded in 24‑well plates at a density of 2x104 cells/well 24 h 
prior to the experiment (Nest Biotech Co., Ltd.). The cells were 
incubated with A. fumigatus conidia at a MOI of 10 for 1 h at 
37˚C with 5% CO2. Then, the cells were washed three times 
with PBST and incubated with nystatin in DMEM at 37˚C for 
4 h. Subsequently, monolayer cells were washed three times 
with PBST and lysed by incubation in 0.25% Triton X‑100 
(BBI Life Sciences Corp.) diluted in PBS for 15 min. The 
lysate was then serially diluted and plated on PDA plates 
(three replicate plates/well) and incubated at 37˚C for 4 days 
before individual colony forming units were counted. The colo-
nies were counted to determine the total intracellular conidia. 
The conidia internalization rate was calculated based on the 
formula: Conidia internalization rate = the total intracellular 
conidia/the initial inoculum x100%.

Table I. Primers for reverse transcription‑quantitative PCR.

Gene	 Forward primer sequence (5'‑3')	R everse primer sequence (5'‑3')	A mplicon size(bp)

NDRG1	 GTCCTTATCAACGTGAACCCTT	 GCATTGGTCGCTCAATCTCCA	 250
SLK	 CAATGCGAGTGCTGCTAAAAAT	C GGATGGGTTTGTTGGAATCA	 184
CD44	 CTGCCGCTTTGCAGGTGTA	CA TTGTGGGCAAGGTGCTATT	 109
GAPDH	 TGTGGGCATCAATGGATTTGG	ACACCA TGTATTCCGGGTCAAT	 116

NDRG1, N‑myc downstream‑regulated 1; SLK, STE20‑like serine/threonine‑protein kinase.
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Determination of cytokine levels. A549 cells transfected 
with CD44 or NDRG1 siRNAwere seeded in 6‑well plates 
at a density of 2x106 cells/well 24 h prior to the experiment 
(Nest Biotech Co., Ltd.). The cells were incubated with A. fumig‑
atus conidia at a MOI of 10 for 12 h at 37˚C. The supernatants 
were collected and centrifuged at 1,500 x g at 4˚C for 15 min 
twice. IL‑6 (cat. no. 88‑7066‑22; Thermo Fisher Scientific, 
Inc.), IL‑8 (cat. no. 88‑8086‑22; Thermo Fisher Scientific, Inc.), 
TNF‑α (cat. no. 88‑7346‑22; Thermo Fisher Scientific, Inc.) 
and IL‑1β (cat. no. 88‑7261‑22; Thermo Fisher Scientific, Inc.) 
were assayed with ELISA kits according to the manufacturer's 
protocols.

Statistical analysis. All data are presented as the mean ± SD of at 
least three replicate measurements. Mean values were compared 
using unpaired t‑tests (two groups), followed by Bonferroni 
correction for multiple comparisons using one‑way ANOVA 
and Tukey's post hoc. All statistical tests were performed using 
Prism software (v5.0; GraphPad Software, Inc.). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Data analysis of the proteome of A549 cells infected with 
A. fumigatus. A total of 1,582 proteins were obtained after 
comparing the proteomes of A549  cells with or without 
A. fumigatus infection determined by iTRAQ labelling with 
the human protein database. A total of 111  differentially 
expressed proteins were identified, among which 18 were 
upregulated (>1.5) and 93 were downregulated (<0.75; Table SI), 
including: NDRG1 (fold change,1.88; function, Rab GTPase 
binding); proteasome subunit α type‑1 (1.74; threonine‑type 
endopeptidase activity); SLK (1.69; protein serine/threonine 
kinase activity and adenyl ribonucleotide‑binding ability); 
CD44 (0.47; primarily cytokine receptor activity and hyal-
uronic glucosaminidase activity), RNA‑binding protein EWS 
isoform 1 (0.53; zinc ion binding). NDRG1 and CD44 were 
the most significantly upregulated and downregulated genes, 
respectively.

GO annotation and enrichment analyses of the differentially 
expressed proteins were performed from three  perspec-
tives: Biological process (BP), cellular component (CC) and 
molecular function (MF). Fig. 1 shows the top 20 most signifi-
cantly enriched GO terms in the three categories (BP, CC 
and MF) determined by enrichment analysis. The aforemen-
tioned differentially expressed proteins were found to be 
involved in 1,169 biological processes (P<0.05; Table SII). 
The BPs enriched in the largest number (n) of proteins 
were ‘single‑organism process’ (n=96), ‘single‑organism 
cellular process’ (n=91), ‘cellular metabolic process’ (n=86), 
‘single‑organism metabolic process’ (n=66), ‘cellular compo-
nent organization or biogenesis’ (n=51) and ‘response to stress’ 
(n=40). These differentially expressed proteins in A549 cells 
in the early stage of A. fumigatus infection compared with 
uninfected A549  cells are primarily related to biological 
processes, such as cell metabolism, synthesis and the cellular 
stress response. The differentially expressed proteins were 
primarily associated with binding‑related functions, including 
‘protein binding’ (n=75), ‘organic cyclic compound binding’ 
(n=55) and ‘heterocyclic compound binding’ (n=54), and 

catalytic functions, including ‘hydrolase activity’ (n=29), 
‘oxidoreductase activity’ (n=17) and ‘transferase activity’ 
(n=13; Table SIII). The majority of these proteins were located 
in ‘membrane‑bounded organelle’ (n=105), ‘intracellular 
organelle’ (n=100), ‘intracellular membrane‑bounded organ-
elle’ (n=98) and ‘cytoplasm’ (n=96), or ‘intracellular organelle 
lumen’ (n=60; Table SIV).

NDRG1, SLK and CD44 were the three proteins with the 
most significant differences in expression and primary func-
tion. These proteins are distributed in multiple parts of the 
cell and are involved in mainly biological processes, such as 
‘biological regulation’ and ‘response to stimulus’.

Results of KEGG pathway analysis. KEGG pathway enrich-
ment analysis was performed for the 111  differentially 
expressed proteins using the KEGG pathway database. The 
results revealed 126 pathways primarily enriched in the 
differentially expressed proteins of A549 cells infected with 
A. fumigatus (Table SV). A total of 19 pathways (P<0.05) were 
obtained and the top 10 pathways were presented in Fig. 2. 
These pathways mainly concerned the ‘TCA cycle’, ‘glyoxylate 
and dicarboxylate metabolism’, ‘pyruvate metabolism’, ‘carbon 
metabolism’ and ‘protein processing in endoplasmic reticulum’. 
The involved differential proteins had lower expression levels.

Interaction analysis of differentially expressed proteins. To 
further understand the protein‑protein interactions between 
differentially expressed proteins, they were submitted to 
the STRING database (http://string.embl.de/) and subjected 
to analysis by Cytoscape software (http://www.cytoscape.
org/). Fig. 3 illustrated the interaction network among the top 
10 KEGG pathways significantly enriched in the involved 
proteins. As indicated in the figure, pathways related to metab-
olism, such as ‘metabolic pathways’, ‘carbon metabolism’ and 
‘central carbon metabolism in cancer’, were at the centre of 
the interaction network. Citrate synthase, mitochondrial, 
isoform 1 of pyruvate dehydrogenase E1 component subunit β, 
mitochondrial, pyruvate dehydrogenase E 1 component 
subunit α, somatic form, mitochondrial isoform 2 precursor, 
dihydrolipoyl dehydrogenase, mitochondrial and malate 
dehydrogenase, mitochondrial were found to be involved in 
multiple metabolic pathways. These molecules are located 
mainly in the mitochondria.

Validation of the identified proteins and their quantification 
by western blotting and RT‑qPCR. Western blotting and qPCR 
were employed to verify the accuracy of iTRAQ‑mediated 
detection. NDRG1, SLK and CD44 levels in A549  cells 
infected with A.  fumigatus determined by western blot 
analysis were consistent with the results of iTRAQ detection 
(Fig. 4A). The mRNA levels were consistent with their protein 
levels (Fig. 4B for protein and 4C for mRNA).

Knockdown of NDRG1 affects the internalization efficiency 
of A549 cells for A.  fumigatus. To evaluate the role of 
NDRG1 and CD44 in the internalization of A. fumigatus by 
A549 cells, siRNAs were employed to knock down NDRG1 
and CD44 expression. The results demonstrated that the 
internalization efficiency was significantly lower following 
NDRG1‑knockdown compared with the control group 
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(P=0.0057; Fig. 5A and B). The internalization efficiency 
tended to increase following CD44‑knockdown, but this 
difference was not statistically significant (P=0.2655; Fig. 5C 
and D).

Knockdown of CD44 reduces the secretion of IL‑8 and IL‑6 
from A549 cells. To further investigate the effect of NDRG1 
and CD44 in A549 cells on the expression of cytokines in 
response to A. fumigatus infection, ELISA was performed. 
The results demonstrated that the presence of A. fumigatus 
led to the increased secretion of IL‑8, IL‑6, TNF‑α 
and IL‑1β from A549 cells. IL‑6 (P=0.0461) and IL‑8 
(P=0.0014) were decreased to different extents after CD44 
knockdown, but there was no significant change in IL‑1β 
and TNF‑α levels. However, after NDRG1 was knocked 
down, only IL‑8 secretion was reduced (P=0.0096) and the 
expression of the other three cytokines examined remained 
constant (Fig. 6).

Discussion

The successful clearance of A. fumigatus conidia from the 
lungs depends on immune cells, such as monocytes/macro-
phages, neutrophils and airway epithelial cells, including 
bronchial epithelial cells and alveolar epithelial cells (17,18). 
Additionally, epithelial cells serve an important role in clearing 
A.  fumigatus  (19). Studies have demonstrated that conidia 
adhere to the surface of A549 cells incubated with A. fumigatus 
conidia for 2 h with the assistance of RodA and CspA, surface 
components of the cell wall (3,20). The internalization of the 
conidia by the cells at 4 h after infection is mediated by the 
activation of pattern recognition receptors, such as dectin‑1, 
mannose receptors, or Toll‑like receptors on endothelial 
cells (3). When co‑incubated for 4 h, the conidia begin to swell 
after being taken up by the endothelial cells to avoid being 

Figure 1. Top 20 most significantly enriched GO terms in differentially expressed proteins in A549 cells infected with Aspergillus fumigate conidia. Biological 
processes (blue), cell components (red) and molecular functions (yellow). The entries for each component are sorted from left to right according to the 
percentage of genes. The further to the left a GO term is, the more substantially it is enriched. The left and right vertical axes indicate the percentage and 
number of proteins corresponding to each entry, respectively. GO, Gene Ontology.

Figure 2. Top 10 most significantly enriched KEGG pathways in differen-
tially expressed proteins in A549 cells infected with A. fumigatus compared 
with uninfected A549 cells. Each selected signaling pathway and its link to 
the KEGG database are shown on the abscissa. The ordinate indicates the 
negative logarithm of the P‑value to the base 2. The red line indicates P<0.01 
and the blue line indicates P<0.05. The regulatory path represented by each 
bar is significant only when the top of the bar is higher than the blue or red 
line. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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Figure 4. Determination of differentially expressed proteins in A549 cells infected with Aspergillus fumigatus conidia. (A) Conidia of A. fumigatus were 
co‑incubated with A549 cells at a MOI of 10 for 6 h and the protein expression levels of NDRG1, SLK and CD44 proteins were analyzed by western 
blotting. (B) Data were expressed as the mean ± standard error of the mean (n=3) and analyzed using an independent sample t‑test. *P<0.05. (C) Reverse 
transcription‑quantitative PCR was used to analyze the expression levels of NDRG1, SLK and CD44 genes. Data are presented as the mean ± standard error of 
the mean (n=3) and analyzed using an independent sample t‑test; *P<0.05, **P<0.01. MOI, multiplicity of infection; NDRG1, N‑myc downstream‑regulated 1; 
SLK, STE20‑like serine/threonine‑protein kinase.

Figure 3. Analysis of the interactions between differentially expressed proteins in A549 cells infected with A. fumigatus conidia compared with uninfected 
A549 cells. The interaction analysis diagram illustrates the interaction network among the top 10 Kyoto Encyclopedia of Genes and Genomes pathways that 
were most significantly enriched in the involved proteins. The dots in the interaction map represent genes encoding the differentially expressed proteins 
(the red dots indicate proteins with upregulated expression and the green dots indicate proteins with downregulated expression). Squares indicate pathways 
enriched in differentially expressed genes (a gradual change in color from yellow to blue indicates a change in significance from low to high as shown by the 
gradient bar). A line from one dot to another dot indicates an interaction, a dotted line indicates an interaction that has not been experimentally verified and a 
solid line indicates an interaction that has been verified.
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Figure 5. Changes in NDRG1 expression influence the internalization of A. fumigatus. After A549 cells were co‑incubated with A. fumigatus conidia, A. fumigatus 
internalization was analyzed using a nystatin protection assay. A549 cells were transfected with a universal scrambled NC siRNA, (A) NDRG1‑specific siRNA, 
or (C) CD44‑specific siRNA. After 48 h, the cells were infected with A. fumigatus conidia at a multiplicity of infection of 10. Internalization of A. fumigatus 
was analyzed by nystatin protection assay for (B) NDRG1 and (D) CD44 siRNA. Data are presented as the mean ± standard error of the mean (n=6). One‑way 
ANOVA and Tukey's post hoc multiple comparison tests were used to detect changes between individual groups. **P<0.01 vs. control group. Western blotting 
was used to detect the expression levels of NDRG1 and CD44 in A549 cell lysates. A. fumigatus, Aspergillus fumigatus; Con, control; NDRG1, N‑myc 
downstream‑regulated 1; NC, negative control; siRNA, small interfering RNA.

Figure 6. NDRG1 and CD44 knockdown affects the expression levels of cytokines. A549 cells were incubated with A. fumigatus conidia at a multiplicity of 
infection of 10 for a total of 12 h. Differences in the expression levels of (A) IL‑8, (B) IL‑6, (C) TNF‑α and (D) IL‑1β in the cell supernatants of the uninfected 
group (Con), the A. fumigatus conidia‑infected group (AF), the NC siRNA‑transfected group (AF and NC siRNA), the NDRG1‑knockdown and A. fumigatus 
conidia‑infected group (AF and NDRG1 siRNA) and the CD44‑knockdown and A. fumigatus conidia‑infected group (AF and CD44 siRNA) were determined. 
Data are presented as the mean ± standard error of the mean (n=6). Data analysis was performed using one‑way ANOVA and Tukey's post hoc multiple 
comparison tests. *P<0.05, **P<0.01 and ***P<0.001 vs. AF group; #P<0.05, ##P<0.01 and ###P<0.001 vs. Control group. A. fumigatus, Aspergillus fumigatus; IL, 
interleukin; TNF‑α, tumor necrosis factor α; NC, negative control; siRNA, small interfering RNA.
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killed by immune cells and to ensure their survival (21). After 
6‑8 h post‑infection, the conidia on the epithelial cells are used 
as ‘kindling’ that eventually stimulates germination and the 
formation of germ tubes (20), although the survival rate of 
conidia on the epithelial cells decreases sharply. In the present 
study, the iTRAQ method was used to observe changes in the 
proteome of A549 cells following infection with A. fumigatus 
conidia for 6 h and the molecular mechanism of A. fumigatus 
conidia infection, and excluded the effects of conidia swelling 
and the germination of germ tubes.

GO enrichment and KEGG pathway analyses revealed 
that most differentially expressed proteins were involved in 
basic biological processes, including cell energy metabolism, 
substance metabolism and cell synthesis. The expression levels 
of some proteins related to cytoskeletal rearrangement, such as 
stathmin (fold change of 1.67), CAP‑Gly domain containing 
linker protein  1 (1.66), protein phosphatase  1 regulatory 
subunit 12A  (1.54), kinesin family member 2A  (0.71) and 
cyclin‑dependent kinase 1 (0.69), changed with A. fumigatus 
infection. These molecules are mainly involved in the 
upstream regulatory process. Chen et al (21) analyzed changes 
in the transcriptome of A549 cells following infection with 
A. fumigatus conidia for 8 h and reported that expression of 
the molecules leukocytespecific transcript 1, activity‑regulated 
cytoskeleton‑associated protein, early growth response protein 
(EGR)1 and EGR4, which are involved in the rearrangement 
of the cytoskeleton, change when A549 cells are infected with 
A. fumigatus conidia for 8 h. The results of the present study 
indicated changes in molecular regulation at 6 h following 
infection in preparation for endocytosis.

The molecules cytochrome b‑245 light chain  (0.7), 
cathepsin S (0.7) and complement component 1 Q subcom-
ponent‑binding protein  (0.7), which may participate in 
the processing of endocytosed antigens, reactive oxygen 
species production, the innate immune response, and antigen 
processing and presentation, are suppressed by A. fumigatus 
infection (Tables SI-SIV). Notably, the above proteins were 
associated with Toll‑like receptor signaling pathways and 
RIG‑I‑like receptor signaling pathways, which indicated 
that these pathways were involved in A.  fumigatus infec-
tion. The findings of the present study were consistent with 
the transcriptome and metabolome of A. fumigatus‑infected 
human dendritic cells (22). Thus, the function of non‑C type 
lectin‑like pattern recognition receptors deserves more atten-
tion in studies of the interaction between A. fumigatus conidia 
and lung epithelial cells.

NDRG1, a member of the NDRG family (NDRG 1‑4), 
is expressed in epithelial cells (23). NDRG1 is involved in 
multiple cell biological processes, such as cell proliferation, 
differentiation and development (24). However, the role of 
NDRG1 in viral infection is ambiguous. NDRG1 limits the 
life cycle of hepatitis C virus (25) but promotes the replica-
tion of influenza A virus (23). The present study identified that 
the infection of A549 cells with A. fumigatus significantly 
increased the protein expression of NDRG1, which serves 
an important role in maintaining the integrity of the lung 
epithelial cell barrier (26). However, whether elevated NDRG1 
expression on epithelial cells is helpful for A. fumigatus conidia 
invasion or the body's defense remains to be elucidated. The 
internalization efficiency was reduced when the NDRG1 gene 

was silenced, but NDRG1 silencing had little effect on the 
expression levels of cytokines. This indicated that NDRG1 
may have a positive regulatory effect on the rearrangement of 
cytoskeletal proteins, thereby promoting A. fumigatus conidia 
internalization.

CD44 is a transmembrane adhesion molecule with 
has hyaluronic glucosaminidase activity and cytokine 
receptor activity. It is widely expressed in a number of cells 
and can recognize a variety of ligands, including hyal-
uronan  (HA), collagen, laminin, fibronectin, osteopontin 
and other extracellular proteins involved in cell adhesion, 
growth, proliferation and motility  (27‑29). Studies have 
demonstrated that CD44 can promote or inhibit microbial 
infection depending on the type of microorganism and 
the initial infection site (30,31). CD44‑deficient mice have 
prolonged survival rates but elevated lung inflammation 
compared with wild‑type mice following infection with a 
lethal dose of Klebsiella pneumoniae by intranasal admin-
istration  (31). However, the effect of Streptococcus  equi 
subsp. Zooepidemicus infection is in contrast to that of 
Klebsiella  pneumoniae infection  (31). CD44‑knockout 
mice survive longer and have a lower fungal burden in 
the brain and cerebrospinal f luid than wild‑type mice 
following lateral venule injection of Cryptococcus neofor‑
mans  (32). This may be because HA on the surface of 
Cryptococcus neoformans binds CD44 on the surface of 
human brain microvascular endothelial cells (33). It is known 
that CD44 promotes cell adhesion and invasion (32,33). In 
the present study, the inhibition of CD44 expression may be 
caused by the absence of CD44‑related ligands on the cell 
wall surface of A. fumigatus. Qadri et al (34) demonstrated 
that CD44‑knockdown reduces NF‑κB nuclear translocation 
and downstream proinflammatory cytokines production. 
Therefore, the present study assayed the expression levels 
of proinflammatory cytokines following transfection with 
CD44 siRNA. This demonstrated that the expression 
levels of IL‑6 and IL‑8 were reduced, which indicated that 
A. fumigatus conidia could inhibit the inflammatory reac-
tion in epithelial cells via CD44. However, CD44 does not 
affect the internalization of A. fumigatus conidia, which is 
in contrast to Cryptococcus neoformans (32). This phenom-
enon might be related to the surface content of the fungal 
cell wall. The study of CD44 and its role in the extracellular 
matrix in fungal infection would be of great interest.

In summary, to the best of our knowledge, proteomic data 
on the interaction between A. fumigatus conidia and A549 
alveolar epithelial cells have been acquired for the first time 
and a number of differentially expressed proteins, including 
NDRG1 and CD44, were identified. In addition, NDRG1 and 
CD44 were found to affect endocytosis and cytokine expres-
sion in A549 cells, respectively, and these proteins may serve 
as diagnostic targets and may be involved in treatment regi-
mens for invasive pulmonary aspergillosis.
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