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Abstract. Investigating the factors that influence the inflam‑
matory response of microglial cells is crucial for understanding 
the pathogenesis of cryptococcal meningitis (CM). MicroRNAs 
(miRNAs/miRs) play an important role in inducing host 
defenses and activating the immune response during microbial 
infection; however, the regulatory mechanisms of miRNAs in 
cryptococcal meningitis remain poorly defined. In a previous 
study, the authors assessed the miRNA profiles of THP‑1 
(human acute monocytic leukemia cells) cells following 
Cryptococcus neoformans (C. neoformans) infection. In the 
present study, it was found that miR‑4792 expression was 
downregulated in BV2 cells infected with C. neoformans, 
whilst that of its target gene, epidermal growth factor receptor 
(EGFR), was upregulated. Infected cells in which miR‑4792 
was overexpressed exhibited a decreased EGFR transcript 
expression, reduced mitogen‑activated protein kinase (MAPK) 
signaling and a decreased secretion of inflammatory cytokines. 
In addition, following antifungal treatment in patients with 
cryptococcal meningitis, the levels of miR‑4792 in the cere‑
brospinal fluid significantly increased, whilst the expression of 
EGFR significantly decreased. In addition, receiver operator 
characteristic analysis revealed miR‑4792 (AUCROC=0.75) 

and EGFR (AUCROC=0.79) as potential diagnostic markers in 
patients with cryptococcal meningitis.

Introduction

Cryptococcal meningitis (CM) is associated with mortality 
rates of ~15% in patients with acquired immunodeficiency 
syndrome (AIDS), accounting for ~181,100 related deaths per 
year. China and other developing countries have observed 
a higher impact of CM infection in non‑HIV AIDS hosts 
with an unknown risk of susceptibility (1,2). The lung is the 
first organ exposed to fungal spores following inhalation. 
Colonization of the fungi in the host lung leads to immune 
activation in the absence of fungal clearance during the 
incubation period, which can be reactivated when the host 
becomes immunocompromised, leading to asymptomatic 
infection. Common symptoms include pulmonary disease 
characterized by pulmonary nodules and inflammation (3,4). 
In immunosuppressed individuals, the fungi spread to other 
organs, particularly the brain. and cryptococcal cells prolif‑
erate hematogenously to disseminate to the brain through 
the blood‑brain barrier (BBB) (5). Ngamskulrungroj et al (6) 
previously demonstrated that, unlike Cryptococcus gattii, 
Cryptococcus neoformans (C. neoformans) exhibits a prefer‑
ence for the brain as opposed to the lungs as a site of infection. 
C. neoformans can survive under phagocytosis and can endure 
the oxidative attack of the innate immune response, which 
facilitates dissemination to the central nervous system (CNS) 
and causes meningoencephalitis (7).

Microglia are macrophages within the CNS that partici‑
pate in the immunosurveillance of C.  neoformans. The 
efficiency of the immune response dictates the outcome 
of C.  neoformans infection, producing a disseminated 
disease or state of latency. The CNS is immune‑privileged 
and isolated from peripheral organs due to separation by 
the BBB. Microglial activation enhances innate immune 
response, enhancing the phagocytosis of invasive bacteria or 
fungi, thus protecting neuronal cells (8,9). The assessment of 
the association between macrophages, innate immunity and 
C. neoformans can enhance the current understanding of the 
pathogenesis of CM.
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MicroRNAs (miRNAs/miRs) are highly conserved small 
non‑coding RNAs of 18‑22 nucleotides (10). miRNAs regu‑
late gene expression by binding to the 3' untranslated region 
(3'UTR) of mRNAs, leading to a loss of gene expression 
through mRNA degradation or by preventing translation. A 
role for miRNAs in the immune response to fungal exposure 
has been documented. miR‑21, miR‑146, miR‑132, miR‑155 
and the let‑7 family have been shown to regulate inflammatory 
responses following exposure to bacterial pathogens, and a 
range of miRNAs have been used as therapeutics for cancers 
and other diseases  (11). The miRNA response to fungal 
exposure is comparable to that of inflammatory and allergic 
responses (12‑17). miR‑4792 has been shown to be downregu‑
lated in glioblastoma‑infiltrating CD14+ cells, in contrast to 
miR‑4792 that is upregulated in glioma microvesicles (18‑22). 
Epidermal growth factor receptor (EGFR) regulates epithelial 
tissue development and homeostasis, its dysregulation being 
common in lung, breast and glioblastoma tumors. In previous 
studies, miRNA‑34a, miRNA‑101‑3p.1 and miRNA‑223 were 
demonstrated to play important roles in several disease states, 
including gastric cancer, chronic obstructive pulmonary 
disease and non‑small cell lung cancer through their ability to 
target EGFR (23‑25).

Approximately 50% of patients with cryptococcal menin‑
gitis succumb to the disease within 1 year of infection due to 
a lack of successful therapy (26). In the absence of effective 
anti‑fungal agents, the immune response to fungal infection is 
poorly defined. In the present study, the changes in miR‑4792 
expression following pathogen infection and the regulation of 
its target genes during neuroinflammation were investigated, 
in order to provide a novel theoretical basis and more effective 
approaches for antifungal therapeutics.

Materials and methods

Cells and cell culture. Given the limited availability of 
primary cultures, BV2 cells were used as a representative 
immortalized microglia cell line due to their known similari‑
ties to primary microglia cells (27,28). BV2 cells were cultured 
at 37˚C in 5% CO2 in Dulbecco's modified Eagle's medium 
(DMEM; Gibco; Thermo Fisher Scientific, Inc.) containing 
10%  heat‑inactivated fetal bovine serum (FBS; Omega 
Scientific, Inc.) and 1%  penicillin/streptomycin (all from 
Beyotime Institute of Biotechnology). Cell densities did not 
exceed 5x105 cells/cm2. The BV2 and THP‑1 cell lines were 
purchased from the Stem Cell Bank (The Cell Bank of Type 
Culture Collection of the Chinese Academy of Sciences).

Induction of BV2 cells. The cells were seeded at a density 
of 1x107 cells into 6‑well plates and incubated at 37˚C with 
C. neoformans (5x107 of the WM148 strain obtained from 
the Centre for Preservation of Medical Mycology, Shanghai, 
China) for 6 h at a ratio of 5:1. The cells were subsequently 
treated with the EGFR inhibitor (AG1478, 40 µm) (TargetMol), 
miR‑4792 inhibitor or inhibitor negative controls, miR‑4792 
mimics or mimic negative controls (Guangzhou RiboBio Co., 
Ltd.) for 24 h as described below.

Western blot analysis. For western blot analysis, the 
cells incubated with WM148 were washed three times in 

phosphate‑buffered saline (PBS) and lysed in RIPA buffer 
supplemented with 1  µm phenylmethylsulfonyl fluoride 
(PMSF; protease inhibitor). Protein samples were quantified 
using a BCA Protein Assay kit (Shanghai Epizyme Biomedical 
Technology Co., Ltd.). Equivalent amounts of protein (15 µg) 
from each sample were run at 10% SDS‑PAGE and trans‑
ferred to 0.45 µm polyvinylidene fluoride membranes (EMD 
Millipore). After blocking with Protein Free Rapid Blocking 
Buffer (1X) (Shanghai Epizyme Biomedical Technology Co., 
Ltd.) at room temperature for 10 min, the membranes were 
first incubated with the appropriate primary antibodies over‑
night at 4˚C. The membranes were then washed and labeled 
with HRP‑conjugated secondary anti‑rabbit or anti‑mouse 
antibodies (1:3,000, cat. no. 7074S, or 7076S, Cell Signaling 
Technology, Inc.) at room temperature for 1 h. Finally, bands 
were visualized with enhanced chemiluminescence (ECL) 
kits (Beyotime Biotech Inc), and resulting digital images 
were analyzed using ImageJ software (version 1.8.0, National 
Institute of Health) to obtain the optical densities (OD) of 
signals. The primary antibodies used in the study included the 
following: Phosphorylated (phosphor/p)‑EGFR monoclonal 
antibodies (1:200; cat. no. sc‑81488, Santa Cruz Biotechnology, 
Inc.), EGFR monoclonal antibodies (1:100; cat. no. sc‑377229, 
Santa Cruz Biotechnology, Inc.), CD11b rabbit monoclonal 
antibodies (1:1,000; cat. no. 49420, Cell Signaling Technology, 
Inc.), major histocompatibility complex (MHC) class II 
mouse monoclonal antibodies (1:1,000; cat. no. 68258, Cell 
Signaling Technology, Inc.), phospho‑ERK1/2 rabbit mono‑
clonal antibodies (1:2,000; cat.  no.  4370, Cell Signaling 
Technology, Inc.), phospho‑p38 rabbit monoclonal anti‑
bodies (1:1,000; cat.  no. 4511, Cell Signaling Technology, 
Inc.), phospho‑JNK rabbit monoclonal antibodies (1:1,000; 
cat. no. 4668, Cell Signaling Technology, Inc.), IL‑1β poly‑
clonal antibodies (1:1,000; cat. no. 16806‑1‑AP, ProteinTech 
Group, Inc.) and TNF‑α rabbit polyclonal antibodies (1:1,000; 
cat. no. 17590‑1‑AP, ProteinTech Group, Inc.). β‑actin (1:5,000; 
cat. no. 20536‑1‑AP, ProteinTech Group, Inc.) was used as an 
internal control.

Quantification of cytokine levels. The WM148‑infected BV2 
cells were treated with AG1478 (40 µm) for 6 h, or transfected 
with miR‑4792 mimics and inhibitors for 24 h as described 
below. Following the treatments, cell culture supernatants were 
collected, and IL‑1α, IL‑12, eotaxin, granulocyte‑macrophage 
colony stimulating factor (GM‑CSF), monocyte chemoat‑
tractant protein‑1 (MCP‑1/CCL2) were quantified using 
Mouse Multi‑Analyte kits (cat. no. M60009RDPD, Bio‑Plex 
Suspension Array System; Bio‑Rad Laboratories, Inc.) 
according to the manufacturer's instructions. Antibody arrays 
were performed by Wayen Biotechnology according to estab‑
lished protocols. Briefly, 50 µl antibody‑conjugated beads were 
added to assay plates to which 50 µl tissue lysates, standards 
and blank controls were added in the dark at room temperature 
with rotational speed of shaker 850 rpm/min for 2 h. After 
washing, 50 µl biotinylated antibodies were added in the dark 
at room temperature with shaking at 850 rpm/min for 1 h. The 
plates were then washed and 50 µl of streptavidin‑phycoery‑
thrin (PE) was added in the dark at room temperature with 
shaking at 850 rpm/min for 30 min. The plates were then 
washed and read using a Bio‑Plex MAGPIX Multiplex Reader 
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(Bio‑Rad Laboratories, Inc.). Bio‑Plex Manager™ software 
(version 6.1, Bio‑Rad Laboratories, Inc.) was used for data 
acquisition and analysis.

Reverse transcription‑quantitative PCR (RT‑qPCR) analysis 
of miR‑4792 and EGFR. The cells (1x105  cells/cm2) were 
seeded onto coverslips and treated with 40 µm AG1478 for 
24 h following WM148 (5x105  cells/cm2) induction. RNA 
was extracted at 0, 3, 6, 9 and 12 h. The expression levels of 
miR‑4792 and EGFR in CSF were measured using miRNeasy 
Serum/Plasma kits (cat. no. 217184, Qiagen, Inc.) according to 
the manufacturer's recommendations. Total RNA was extracted 
using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, 
Inc.). RNA (500 ng) was used for cDNA synthesis with reverse 
transcriptase (RR036B, Takara Bio, Inc.). cDNA (1 µl) was 
used for qPCR with GoTaq qPCR Master Mix (Promega 
Corporation). The reaction conditions were as follows: Hot 
start at 95˚C/5 min (for miRNA) or 95˚C/30 sec (for RNA); 
40 cycles of 30 sec at 95˚C, 30 sec at 60˚C and 30 sec at 72˚C, 
and 10 min at 72˚C. Target gene expression was calculated 
relative to GAPDH (for RNA) or U6 (for miRNA)and values 
were normalized to untreated controls. The 2‑ΔΔCq method was 
used to quantify the relative levels of gene expression (29). The 
primer sequences are presented in Table I.

Transient transfection. The cells were seeded at a density of 
2x105 cells/plate and were transfected with miR‑4792 mimics 
(50 nM), mimic controls (50 nM), miR‑4792 inhibitor (100 nM) 
and inhibitor controls (100 nM) using riboFECT™ CP reagent 
(Guangzhou RiboBio Co., Ltd.) as per the manufacturer's recom‑
mendations. The sequences of the mimics and inhibitors are 
presented in Table I. Briefly, 5 µl of the miRNA mimic or 10 µl 
of the miRNA inhibitor were diluted with 120 µl riboFECT™ 

CP buffer at 37˚C for 10 min. Diluents were mixed with 12 µl 
of riboFECT™ CP reagent and incubated for 15 min at 37˚C. 
RiboFECT™ CP‑miRNA mixtures were then added to the cells 
with 2 ml of DMEM and incubated at 37˚C for 24 h.

Luciferase reporter assay. The miR‑4792 target gene, 
EGFR, was searched using the bioinformatics tool, miRanda 
(http://www.microrna.org) and TargetScan (http://www.
targetscan.org). BV2 cells were exogenously transfected with 
either 60 nM miR‑controls and 60 nM miR‑4792 mimics 
in combination with wild‑type (WT) and mutant type (mut) 
3'UTR EGFR using Lipofectamine 3000 (Thermo Fisher 
Scientific, Inc.). At 48 h post‑transfection, dual‑luciferase 
reporter assays were performed to monitor Firefly and Renilla 
luciferase activity (Promega Corporation).

Flow cytometry. MHC II (FITC anti‑mouse I‑A/I‑E, 
BioLegend, Inc.) and CD11b (APC anti‑mouse/human CD11b, 
BioLegend, Inc.) expression were measured using a BD 
FACSCalibur™ (version  5.0, BD Biosciences) using flow 
cytometer (BD Biosciences).

Patients. CSF samples were obtained by lumbar puncture 
from 11 patients with CM (7 males and 4 females; age range, 
16‑62 years; mean age, 45 years; all HIV(‑). CSF was collected 
before and after antifungal therapy between January, 2014 and 
December, 2017 at Shanghai Changzheng Hospital (patient 
details are presented in Table II) (29). The patient inclusion 
criteria were as follows: i) Clinical symptoms of CM; ii) 
CSF ink staining microscopic examination (+) or CSF fungal 
culture (+) or CSF latex agglutination test >1:8; iii) HIV test (‑); 
iv) vital signs were stable and there are no other serious organ 
diseases of heart, liver, kidney, or blood system.

Table I. List of primers used for RT‑qPCR and mimic and inhibitor sequences.

Primer/name	 Sequence

Human GAPDH‑F	 5'‑GCACCGTCAAGGCTGAGAAC‑3'
Human GAPDH‑R	 5'‑TGGTGAAGACGCCAGTGGA‑3'
Human EGFR‑F	 5'‑ GCCAAGGCACGAGTAACAAGC‑3'
Human EGFR ‑R	 5'‑AGGGCAATGAGGACATAACC‑3'
Mouse GAPDH‑F	 5'‑ACCCAGAAGACTGTGGATGG‑3'
Mouse GAPDH‑R	 5'‑TCTAGACGGCAGGTCAGGTC‑3'
Mouse EGFR‑F	 5'‑CTGCCAAAAGTTCCAAGATGAGG‑3'
Mouse EGFR‑R	 5'‑GGGGCACTTCTTCACACAGG‑3'
Mouse U6‑F	 5'‑CTCGCTTCGGCAGCACA‑3'
Mouse U6‑R	 5'‑AACGCTTCACGAATTTGCGT‑3'
miR‑4792	 CGGTGAGCGCTCGCTGGC
miR‑4792 mimics 	 5'‑CGGUGAGCGCUCGCUGGC ‑3'
	 3'‑GCCAGCGAGCGCUCACCG ‑5'
Mimics negative control	 5'‑UUUGUACUACACAAAAGUACUG ‑3'
	 3'‑AAACAUGAUGUGUUUUCAUGAC‑5'
miR‑4792 inhibitor	 GCCAGCGAGCGCUCACCG
Inhibitor negative control	 5'‑CAGUACUUUUGUGUAGUACAAA ‑3'

F, forward; R, reverse.
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Treatment included the following: Induction treatment 
period: Amphotericin B 0.7‑1.0  mg/kg/day intravenously 
guttae + flucytosine 100 mg/kg/day p.o. for at least 2 weeks; 
Consolidation period: Fluconazole 800  mg/day p.o. for 
8‑10  weeks; Maintenance treatment period: Fluconazole 
200 mg/day p.o. for 6‑12 months. The clinical observation 
period was 12 months. CSF fungal culture was negative for at 
least 3 consecutive times. All patients fulfilled the criteria of 
the Infectious Diseases Society of America (IDSA) (30). All 
protocols were approved by the Ethics Committee of Ethics 
Committee of Changzheng Hospital and written consent was 
obtained from all patients. The study was performed according 
to the declaration of Helsinki guidelines.

Statistical analysis. The majority of the experiments were 
performed independently at least three times and yielded 
similar results. Data are presented in figures as the mean ± SD 
using GraphPad Prism8 (GraphPad Software, Inc.). An 
independent two‑tailed Student's t‑test was used to compare 
two independent groups. For multiple group comparisons, 
one‑way ANOVA was performed, and a post hoc analysis was 
conducted using Tukey's test. Receiver operating character‑
istic (ROC) curves were used to analyze the predictive value 
of miR‑4792 and EGFR. A value P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR‑4792 and EGFR expression in BV2 cells following 
infection with C. neoformans (WM148). The preliminary data 
revealed that the expression of miR‑4792 increased in the 
THP‑1 cells infected with C. neoformans (WM148) (Fig. 1A). 
To further investigate the expression of miR‑4792 in microglia, 
BV2 cells were infected with WM148 for 0, 3, 6 and 9 and 12 h 
and RT‑qPCR was performed to detect miR‑4792 expression. 
It was found that the expression of miR‑4792 decreased over 
time, reaching its lowest level after 6 h (Fig. 1B), whereas 
the expression of EGFR gradually increased, peaking at 6 h 
(Fig. 1C). In a previous study, the authors demonstrated that 
the secretion of the inflammatory factors, TNF‑α and IL‑6, 

by microglia gradually increased over time, whereas the IL‑1β 
levels exhibit no obvious changes (31).

EGFR is targeted by miR‑4792. To further define the molecular 
mechanisms governing the regulatory effects of miR‑4792, the 
bioinformatics tool, miRanda (http://www.microrna.org) and 
TargetScan (http://www.targetscan.org) were used to investi‑
gate novel miR‑4792 targets. These analyses revealed EGFR 
as a miRNA target, the sequence of which was assumed to 
be in the 3'UTR (Fig. 2A). Additionally, western blot analysis 
was performed to assess the phosphorylation status of EGFR 
(p‑EGFR) in the BV2 cells. It was found that miR‑4792 over‑
expression significantly reduced the p‑EGFR levels compared 
with the cells infected with WM148 for 6 h (Fig. 2B). Dual 
luciferase assays also confirmed EGFR as a direct target 
of miR‑4792. The exogenous overexpression of miR‑4792 
significantly inhibited WT EGFR 3'UTR activity, whereas it 
exerted minimal effects on the mutant EGFR 3'UTR sequence 
(Fig. 2C). These data strongly indicate that EGFR is a direct 
target of miR‑4792.

EGFR blockade inhibits WM148‑induced microglial 
activation. Microglia regulate the innate immune responses 
of the CNS (32,33). Given that microglia are responsible for 
pro‑inflammatory cytokine production (34), the present study 
examined the effects of WM148 on microglial induction. 
Western blot analysis and flow cytometry were performed to 
assess the cell surface expression of CD11b and MHC II, consid‑
ered phenotypic markers of microglial activation (35). The data 
demonstrated that following 6 h of WM148 infection, higher 
levels of CD11b, MHC II and p‑EGFR were observed in the 
infected BV2 cells (Fig. 3A). By contrast, 24 h of treatment with 
the EGFR inhibitor, AG1478, led to a loss of CD11b, MHC II and 
p‑EGFR expression [Fig. 3A (bottom panels) and B] confirmed 
by western blot analysis and flow cytometry. Of note, miR‑4792 
expression was inversely associated with the EGFR levels, 
further highlighting EGFR as a target of miR‑4792 (Fig. 3C).

Inhibition of EGFR prevents MAPK‑mediated cytokine 
production in BV2 cells. Activated microglia stimulate 

Table II. Clinical information of the patients with cryptococcal meningoencephalitis.

	 Pre‑therapy	 Post‑treatment
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Patient no.	 Sex	 Age (years)	 No. of cryptococci	 Antibody titer	 No. of cryptococci	 Antibody titer

  1	 Male	 51	 2	 1:640	 0	 1:20
  2	 Male	 16	 0	 1:40	 0	 1:1
  3	 Male	 62	 182	 1:5120	 0	 1:20
  4	 Male	 35	 2	 >1:5120	 0	 1:1
  5	 Male	 45	 10	 1:5120	 0	 1:20
  6	 Male	 56	 42	 1:80	 2	 1:20
  7	 Male	 18	 2	 1:320	 0	 1:10
  8	 Female	 40	 4	 1:1280	 0	 1:10
  9	 Female	 49	 620	 1:5120	 2	 1:160
10	 Female	 60	 0	 1:80	 0	 1:10
11	 Female	 54	 2	 1:160	 0	 1:5
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neuronal inflammation and enhance the levels of pro‑inflam‑
matory cytokines, including IL‑1β and TNF‑α in the CNS (36). 
ERK1/2, JNK and p38 MAPK are key cell signaling cascades. 
MAPKs are known to enhance the production and secretion of 
cytokines (37‑39). For example, MAPK signaling promotes the 
lipopolysaccharide‑induced synthesis of IL‑1β and TNF‑α (40). 
MAPK is also stimulated following EGFR activation (41,42). 
Consistent with previous findings, the present study found 
that AG1478 treatment inhibited MAPK phosphorylation, 
leading to a loss of ERK1/2, p38 MAPK and JNK activation 
in WM148‑infected BV2 cells. In these cells, p‑ERK1/2 and 
p‑p38 MAPK levels were significantly decreased; however, 
no significant differences were observed in the p‑JNK levels 
(Fig. 4A). Similarly, AG1478 treatment inhibited both IL‑1β 
and TNF‑α production in the WM148‑infected BV2 cells 
(Fig. 4B). The presents study then simultaneously assessed the 
secretion of other inflammatory factors in WM148‑infected 
BV2 cells. The results revealed that the IL‑1α, IL‑12, eotaxin, 
GM‑CSF and MCP‑1/CCL2 levels decreased following 
AG1478 treatment compared with the control group, amongst 
which the expression of MCP‑1/CCL2 significantly decreased 
(Fig. 4C).

miR‑4792 regulates the EGFR/MAPK axis in BV2 
cells. The present study then examined the effects of the 

miR‑4792‑mediated regulation of EGFR on ERK1/2, JNK and 
p38 MAPK signaling in BV2 cells infected with WM148. As 
shown in Figs. 2B and 5A (top and bottom panels), the levels of 
active p‑EGFR, p‑ERK1/2 and p‑p38 significantly decreased in 
the presence of miR‑4792 mimics compared with the WM148 
group, whilst no significant differences in CD11b, MHC II and 
p‑JNK levels were observed, as shown by western blot analysis. 
Flow cytometry revealed that the number of CD11b+/ MHC II+ 
cells decreased in the presence of miR‑4792 mimics compared 
with the WM148 group, whilst no significant differences 
were observed in the CD11b levels (Fig. 5A, top and middle 
panels). The levels of the inflammatory cytokines, IL‑1β and 
TNF‑α, also decreased significantly (Fig. 5B). These findings 
were confirmed by RT‑qPCR analysis, which revealed that the 
expression of miR‑4792 significantly increased, and EGFR 
expression decreased without significance following transfec‑
tion with miR‑4792 mimics for 24 h. Opposite results were 
observed following transfection with miR‑4792 inhibitors 
(Fig. 5C). A previous study (12) by the authors demonstrated 
that p‑EGFR was highly expressed, whilst miR‑4792 was 
expressed at low levels following WM148 infection (Fig. 1). 
Furthermore, the secretion of other inflammatory factors 
by WM148‑infected BV2 cells was assessed. following 
transfection with miR‑4792 mimics for 24 h, the levels of 
pro‑inflammatory factors, including IL‑1α, IL‑12, eotaxin, 

Figure 1. Expression of miR‑4792 and EGFR in THP‑1 cells and BV2 cells infected with Cryptococcus neoformans (WM148). (A) Levels of miR‑4792 in 
THP‑1 cells infected with WM148 at the indicated time points (0, 3, 6, 9 and 12 h) determined by RT‑qPCR. Relative miRNA levels are shown on the ordinate. 
Bars present the mean values. The mean value at 0 h was set at 1. (B) miR‑4792 expression in BV2 cells infected with WM148 at the indicated time points 
determined by RT‑qPCR. Relative miRNA levels are shown on the ordinate. Bars present the mean values. The mean value at 0 h was set at 1. (C) EGFR 
expression in BV2 cells induced by WM148 determined by RT‑qPCR. All data are expressed as the mean ± SD from three independent experiments. *P<0.05; 
**P<0.01, vs. 0 h.
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GM‑CSF and MCP‑1/CCL2 decreased, amongst which the 
decrease of GM‑CSF and MCP‑1/CCL2 were significant 
(Fig. 5D). Taken together, these data highlight that in BV2 
cells, miR‑4792 regulates EGFR/MAPK signaling following 
WM148 infection and partially alleviates MAPK‑mediated 
inflammatory responses, thus affecting the production of 
pro‑inflammatory factors following WM148 infection.

Expression of miR‑4792 in patients with CM before and after 
treatment. CSF was collected from patients with CM before 
and after regular antifungal treatment. The results revealed that 
the expression of miR‑4792 in the CSF significantly increased 
following treatment (Fig. 6A). ROC curve analysis revealed an 
area under the curve (AUC) value of 0.75 (95% CI, 0.54‑0.96) 
(Fig. 6C). The expression of EGFR in the CSF also significantly 
decreased following treatment (Fig. 6B). ROC curve analysis 
revealed AUCs of 0.79 (95% CI, 0.6‑0.98) (Fig. 6D). These 
data confirmed the reciprocal association between miR‑4792 
and EGFR in vivo during fungal infection and demonstrated 
that the CSF levels of miR‑4792, highlighting EGFR as a 

useful biomarker when assessing the treatment efficacy of 
patients with CM. Fig. 6E showed the proposed model of the 
regulatory and functional role for miR‑4792 and EGFR in the 
process of C. neoformans infecting BV2 cells.

Discussion

Cryptococcosis is a life‑threatening fungal infection, the 
common clinical manifestation of which is CM. The time 
from onset to diagnosis is relatively long, with an average 
of 172.9 days, and an observed mortality of 57.1% (43). CM 
diagnostics have rapidly improved over the past 10 years due 
to advancements being made in point‑of‑care testing that 
are highly specific, sensitive, accurate and capable of data 
production within 10 min of test initiation (https://www.
immy.com/crag; https://www.biosynex.com/flyers/pro/mycol‑
ogie/en/cryptops.pdf). Despite these diagnostic advances, 
the discovery of effective anti‑fungal agents has stalled. The 
results of the present study provide a perspective and theo‑
retical basis for the control of CNS inflammation following 

Figure 2. EGFR is a target of miR‑4792. (A) Binding of miR‑4792 with the 3'‑UTR of EGFR was predicted using TargetScan. (B) Western blot analysis of 
p‑EGFR levels following treatment with WM148 for 6 h and incubation with 50 nM miR‑4792 mimics for 24 h. *P<0.05 compared with the control group. 
β‑actin was used as a loading control. Protein levels were quantitated by scanning densitometry and corrected for the levels of β‑actin in the same samples. 
Maximum levels in the controls were set as 1. Horizontal bars indicate average values. Vertical bars represent the SD. (C) Luciferase reporter assays performed 
to verify the binding of miR‑4792 in the 3'UTR of EGFR. **P<0.01, vs. mimics NC.
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Figure 3. Continued
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cryptococcus infection. miRNAs protect the host from 
infection by regulating key genes involved in host immune 
defenses amongst different phenotypes of macrophages and 
immune responses  (44,45). In vitro, macrophage phagocy‑
tosis is directly associated with clinical outcome (46,47). As 

previously demonstrated, following C. neoformans exposure 
in human monocytic THP‑1 cells, miR‑146a is upregulated 
and inhibits NF‑κB activation and inflammatory cytokine 
release  (12). miRNAs function in concert to induce host 
defenses and are frequently dysregulated in an array of disease 

Figure 3. EGFR blockade inhibits WM148‑induced microglial activation, EGFR phosphorylation and increases miR‑4792 expression. Purified microglia 
were infected with WM148 for 6 h prior to treatment with 40 µm AG1478 for 24 h. (A) Western blot analysis of BV2 cells revealed that WM148 upregulated 
CD11b, MHC II and p‑EGFR expression. Flow cytometry revealed that the number of CD11b+/MHC II+ cells increased in the presence of WM148, whereas it 
decreased following AG1478 stimulation. 6 h, represents BV2 cells were treated with WM148 for 6 h; 6 h+, represents BV2 cells were treated with WM148 and 
for 6 h and then incubated with 40 µm AG1478 for 24 h. (B) Western blot analysis showing that AG1478 suppresses CD11b, MHC II and p‑EGFR expression 
in WM148‑infected BV2 cells. (C) RT‑qPCR analysis showing that AG1478 significantly suppressed EGFR expression, whilst miR‑4792 expression increased. 
6 h‑, represents cells treated with WM148 for 6 h alone; 6 h+, represents cells treated with WM148 for 6 h and incubated with 40 µm AG1478 for 24 h. Data 
are the mean ± SD from three independent experiments. *P<0.05; **P<0.01, vs. the 0 h (control) or 6 h (WM148) group.
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models  (23‑25,31), including following exposure to fungal 
pathogens. As such, miRNAs serve as novel biomarkers for 
fungal infections.

In the present study, in BV2 cells, exposure to WM148 
led to a significant upregulation of IL‑1β, TNF‑α and IL‑6 
expression levels. Pro‑inflammatory cytokines are key 

Figure 4. EGFR blockade suppresses EGFR/MAPK activation and cytokine production. BV2 cells were treated with WM148 for 6 h, followed by incubation 
with 40 µm AG1478 for 24 h. Western blot analysis of the phosphorylation status of ERK, JNK, p38MAPK and cytokine production (IL‑1β and TNFα). 6 h‑, 
represents cells treated with WM148 alone; 6 h+, represents cells treated with WM148 for 6 h and incubated with 40 µm AG1478 for 24 h. (A) p‑ERK and p‑p38 
levels are significantly decreased by AG1478, whilst p‑JNK levels were not significantly affected (B) Decreased expression of TNF‑α and IL‑1β. (C) Expression 
of IL‑1α (P=0.13), IL‑12 (P=0.29), eotaxin (P=0.25), GM‑CSF (P=0.055) and MCP‑1/CCL2 (P=0.009) compared to WM148 treatment, amongst which the 
expression of MCP‑1/CCL2 significantly decreased. Data are the mean ± SD from three independent experiments. *P<0.05; **P<0.01, vs. the 6 h‑group.

https://www.spandidos-publications.com/10.3892/ijmm.2021.5031
https://www.spandidos-publications.com/10.3892/ijmm.2021.5031
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Figure 5. Continued.
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mediators of neuroinflammation in a number of CNS patholo‑
gies, highlighting the ability of C.  neoformans to induce 
a neuroinflammatory phenotype (32,48‑50). BV2 cells are 

RAF/Myc immortalized murine neonatal microglia models 
and act as surrogates for primary microglia (51). The suit‑
ability of BV2 microglia as an alternative model system 

Figure 5. miR‑4792 mimics suppress EGFR/MAPK activation and cytokine production. BV2 cells were treated with WM148 for 6 h, followed by incubation 
with 50 nM miR‑4792 mimics for 24 h. Western blot analysis was performed to assess the phosphorylation status of ERK, JNK and p38 and cytokine produc‑
tion (IL‑1β and TNFα). 6 h, treated with WM148 alone; miR‑4792 mimics, transfected with WM148 for 6 h and 50 nM miR‑4792 mimics for 24 h. (A) Western 
blot analysis of BV2 cells showing that miR‑4792 mimics suppressed the phosphorylation of ERK and p38 following WM148 induction, whilst the expression 
of CD11b, MHC II and p‑JNK exhibited no significant differences. Flow cytometry showing that the number of CD11b+/MHC II+ cells decreases in the pres‑
ence of miR‑4792 mimics compared with the WM148 group, whilst no significant differences were observed in the CD11b levels. (B) Western blot analysis 
of BV2 cells showing that miR‑4792 mimics suppressed the levels of the inflammatory cytokines, IL‑1β and TNFα. (C) RT‑qPCR confirming the effects of 
miR‑4792 mimics/inhibitors on miR‑4792 expression, whilst the expression of EGFR did not significantly differ from the control group. (D) Quantification 
of cytokines showing that miR‑4792 mimics suppressed the expression of IL‑1α (P=0.29), IL‑12 (P=0.087), eotaxin (P=0.33), GM‑CSF (P=0.028) and 
MCP‑1/CCL2 (P=0.014) compared with WM148 alone, amongst which the expression of GM‑CSF and MCP‑1/CCL2 significantly decreased. Data are the 
mean ± SD from three independent experiments. *P<0.05; **P<0.01, vs. the respective control group.

https://www.spandidos-publications.com/10.3892/ijmm.2021.5031
https://www.spandidos-publications.com/10.3892/ijmm.2021.5031
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has been previously established (51,52). These in vitro data 
further highlight the inflammatory responses induced by 
C. neoformans.

Neuroinflammation is the coordinated response of the CNS 
to threats posed by a variety of conditions, including pathogens 
and trauma. Responses are mediated by the production of 

cytokines, chemokines, reactive oxygen species and secondary 
messengers. These mediators are produced by resident CNS 
glia (microglia and astrocytes), endothelial cells and peripher‑
ally derived immune cells. Initially, inflammation is defined and 
determined by the release of pro‑inflammatory cytokines, such 
as TNF‑α, IL‑1β and adhesion molecules. IL‑1β and TNF‑α play 

Figure 6. Expression of miR‑4792 and EGFR in patients with cryptococcal meningitis before and after treatment. (A and B) qPCR showing that the expres‑
sion of miR‑4792 in CSF significantly increased following treatment, whilst the expression of EGFR in CSF significantly decreased following treatment. 
(C and D) Receiver operating characteristic (ROC) curve for CSF miR‑4792 and EGFR to distinguish patients with cryptococcal meningitis before and after 
treatment. AUC, area under the curve; CI, confidence interval. (E) Proposed model of the regulatory and functional role for miR‑4792 and EGFR in the process 
of C. neoformans infecting BV2 cells. Data are the mean ± SD of three assays. *P<0.05, vs. compared the before treatment.
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an integral role in pathological inflammation and the accelera‑
tion of disease (49). Microglia are key effector cells in the host 
defense to microbial infections and act as antigen presenting 
cells that can produce active substances that promote inflam‑
matory cell death (53,54). Following C. neoformans exposure, 
microglia produce TNF‑α, IL‑1β and IL‑6 to upregulate MHC 
class II and CD11c expression (55,56). Moreover, microglia can 
phagocytose C. neoformans and upregulate inducible nitric 
oxide synthase (iNOS) levels with anti‑fungal effects that are 
dependent on G protein‑coupled receptor 43 (GPR43) expres‑
sion (57‑60). Despite the phagocytic capabilities of microglia, 
they are unable to destroy yeast cells and remain susceptible 
to latent intracellular infections (60,61). Microglia are also 
activated in response to injury in which cell‑surface CD11b 
is a typical phenotypic marker  (35). Microglia continually 
survey the microenvironment for noxious agents and injury, 
and respond to extracellular signals to clear debris and toxic 
substances, and secret trophic factors, providing neuroprotec‑
tion. Increasing evidence implicates microglial activation as a 
major cause of CNS inflammation, the suppression of which 
reduces tissue damage and morphological alterations (62‑64). 
This highlights microglia as critical for analysis during 
C. neoformans infection.

In the present study, the role for EGFR/MAPK signaling 
in WM148‑mediated inflammation in the CNS was confirmed. 
EGFR is expressed in astrocytes, neurons oligodendrocytes and 
microglia (65,66). The inhibition of EGFR/MAPK signaling 
prevents microglial inflammatory responses by attenuating 
Ras/Raf/MAPK signaling (65). MAPK activation is essential 
for the production of inflammatory cytokines, including IL‑1β, 
TNF‑α and IL‑6, and regulates cell survival, differentiation 
and proliferation through its effects on gene expression (37,67). 
Oral epithelial cells infected with Candida albicans activate 
three MAPK subfamilies and enhance the production of inflam‑
matory mediators (68). Sporothrix schenckii yeast induces the 
robust activation of JNK, ERK1/2 and p38 MAPK in dendritic 
cells, which is related to IL‑6 and TNF‑α secretion (69). Recent 
study demonstrated that miR‑4792 participates in the apoptotic 
induction of A549 cells through RTHF via the MAPK pathway 
and determines the apoptotic mechanism (70). In the present 
study, it was found that miR‑4792 mimics/inhibitors did not 
significantly influence EGFR expression at the transcript level, 
suggestive of translational regulation. It was found that the 
inhibition of EGFR led to the inhibition of downstream MAPK 
signaling, preventing microglial activation and inflammatory 
cytokine production. Taken together, these data highlight the 
importance of EGFR and its effects on MAPK signaling and 
pro‑inflammatory factors during the microglial inflammatory 
response to C. neoformans.

Exposure to dangerous pathogenic fungal infections 
poses a risk to human health. Enhancing the current under‑
standing of the mechanisms governing the host innate 
immune response to pathogenic infections can lead to the 
discovery of novel anti‑fungal agents. Previous studies have 
solely focused on the endpoint of the host response to fungal 
exposure  (68,69); however, the specific molecular mecha‑
nisms underlying these responses differ for fungal species. 
Although an array of studies has investigated the pulmonary 
immunological response following both chronic and acute 
exposure to lethal fungal spores  (71‑73), the miRNAs that 

mediate these responses/deficiencies are poorly character‑
ized. In the present study, using up‑to‑date models and the 
assessment of miR‑4792 and EGFR in clinical samples, the 
role of miR‑4792 and EGFR in the host immune response to 
fungal exposure was specifically analyzed. The data provide 
a theoretical basis for the future development of anti‑fungal 
immune therapeutic regimens and permit the identification 
of at‑risk populations, enabling targeted treatments to those 
deemed most at risk, providing a novel methodology for the 
assessment of the treatment efficacy for patients with CM. 
Following effective treatment, the expression of miR‑4792 
CSF increases, whilst EGFR expression decreases, which can 
be used as an effective index to judge whether patients can 
be discharged from hospital. However, the present study had 
certain limitations. For example, human primary microglia 
are difficult to culture in vitro; thus, BV2 cells were used as an 
alternative. As miRNAs are highly conserved, the results may 
guide future human assessments. Further studies on the role 
of miR‑4792 in cryptococcal meningitis animal models are 
required however, through its intramedullary injection using 
liposomes or exosomes.
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