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Abstract. Toll‑like receptor 2 (TLR2) is an important sensor 
for innate immune cells, including neutrophils, for the recog‑
nition of pathogen infection. Lipoteichoic acid (LTA), a cell 
wall component of gram‑positive bacteria, is a TLR2 ligand. 
LTA‑induced TLR2 signaling pathways are well established 
in neutrophils. However, experimental studies regarding 
transcriptional regulation and the molecular mechanisms 
in primary human neutrophils are limited due to their short 
lifespan. The promyelocytic leukemia cell line, HL‑60, can 
differentiate into a neutrophil‑like phenotype following treat‑
ment with dimethyl sulfoxide. The aim of the present study was 
to investigate whether differentiated HL‑60 (dHL‑60) cells 
induced a similar gene expression profile upon LTA treatment 
as that previously determined for primary human neutrophils. 
After 4 or 24 h of Staphylococcus aureus LTA treatment, 
undifferentiated HL‑60 (uHL‑60) and dHL‑60 cells were 
collected for RNA sequencing. The results demonstrated that 
hundreds of identical differentially expressed genes (DEGs) 
were observed in 1 and 10 µg/ml LTA‑treated dHL‑60 cells 
following 4 and 24 h of incubation, while almost no DEGs 
between LTA‑treated HL‑60 and dHL‑60 cells were observed. 
Using Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes analyses (KEGG), it was noted that the path‑
ways of shared DEGs between the 1 and 10 µg/ml LTA‑treated 
dHL‑60 cells at both time points were significantly enriched in 
immune and inflammatory response‑related pathways, such as 
cellular response to tumor necrosis factor, interleukin‑1, inter‑
feron γ, neutrophil chemotaxis, the NF‑κB signaling pathway 
and the Toll‑like receptor signaling pathway. In addition, when 
comparing the effect of 1 and 10 µg/ml LTA treatment on 

dHL60 cells, it was found that all enriched GO and KEGG 
pathways were associated with the TLR signaling pathways of 
neutrophils. The results of the present study provided impor‑
tant information for the implementation of mRNA profiling in 
LTA‑treated dHL‑60 cells and may indicate the feasibility of 
using dHL‑60 cells as a research model for TLR2 signaling in 
human neutrophils.

Introduction

Neutrophils constitute 50‑70% of white blood cells in 
humans (1), and are short‑lived effector cells of the innate 
immune system that play an important role in the response 
to extracellular pathogens (2). These pathogens can be recog‑
nized by pattern recognition receptors on neutrophils, which 
subsequently activate anti‑pathogen responses, including the 
production of reactive oxidative species (ROS) and inflamma‑
tory mediators, the release of lytic enzymes from granules and 
the formation of neutrophil extracellular traps (NETs) (3‑5). 
The toll‑like receptor (TLR) family is a class of pattern recog‑
nition receptors (6). With the exception of TLR3, all TLRs are 
expressed in neutrophils (7). The TLR family plays a critical 
role in innate bacterial recognition (8). For example, TLR2 
recognizes the cell wall components of Gram‑positive bacteria 
including lipopeptides, peptidoglycan and lipoteichoic acids 
(LTAs) (9‑11). By contrast, TLR4 senses lipopolysaccha‑
ride, a component of the outer membrane of Gram‑negative 
bacteria (12‑14). Thus, TLR‑mediated signaling pathways are 
important for regulating antibacterial immune responses in 
neutrophils.

LTAs are found in the cell walls of many gram‑positive 
bacteria, such as Staphylococci, Streptococci, Bacilli and 
Listeria (15). Different types of LTAs found in different 
bacterial species can be grouped according to their chemical 
structure (16). For example, type I LTAs are found in Bacillus 
subtilis, Staphylococcus aureus and Listeria monocytogenes, 
whereas type IV LTAs are found in Streptococcus pneu‑
moniae (16). Exposure to S. aureus‑derived LTA activates the 
TLR2 and NF‑κB signaling pathways, increases production 
of ROS and induces the secretion of inflammatory molecules 
such as tumor necrosis factor‑α (TNF‑α), interleukin (IL)‑1β 
and chemokine (C‑X‑C motif) ligand 8 (CXCL8, or IL‑8) in 
human neutrophils (17‑20).
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Experimental studies on the molecular mechanisms and 
cell behaviors of primary human neutrophils are typically 
limited due to the short lifespan of human neutrophils (21,22). 
Therefore, a surrogate neutrophil‑like cell line, such as the 
human promyelocytic leukemia cell line, HL‑60, has been 
developed (23). HL‑60 cells differentiate into a neutrophil‑like 
phenotype in vitro (23). Differentiated HL‑60 (dHL‑60) 
cells serve as a good model for studying the phenotypes of 
human neutrophils, including chemotaxis, phagocytosis and 
the responses of TLR signaling pathways (24‑27). Several 
protocols have been established for differentiating HL‑60 cells 
into a neutrophil‑like state using dimethyl sulfoxide (DMSO), 
N,N‑dimethylformamide and all‑trans retinoic acid (23,28,29). 
Reports have shown that different reagents induce the differ‑
entiation of HL‑60 cells via different mechanisms (30,31), 
and that the characteristics of HL‑60 cells differentiated by 
different methods are not completely identical to those of 
primary human neutrophils.

Although LTA‑induced inflammatory responses have been 
studied in human neutrophils, comprehensive transcriptional 
regulation in LTA‑treated neutrophil‑like cells is not currently 
well understood. Specifically, there is a lack of relevant 
studies comparing LTA treatment at different time points and 
concentrations. Since DMSO‑differentiated HL‑60 cells can 
respond to TLR2 and TLR4 ligands (26), DMSO‑induced 
neutrophil‑like cells served as the experimental model in 
the present study. The present study investigated the tran‑
scriptional profiles of LTA‑treated dHL‑60 and LTA‑treated 
undifferentiated HL‑60 (uHL‑60) cells, and further evaluated 
whether dHL‑60 cells could be an alternative cell model for 
TLR studies in human neutrophils.

Materials and methods

Cell culture and differentiation. HL‑60 cells were obtained 
from the Bioresource Collection and Research Center. The 
HL‑60 cells were maintained in RPMI 1640 medium with 
L‑glutamine (GeneDireX, Inc.) supplemented with 20% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and anti‑
biotics, including 100 U/ml penicillin, 100 µg/ml streptomycin 
and 0.25 µg/ml amphotericin B, at 37˚C in a humidified atmo‑
sphere with 5% CO2. The cell density was maintained between 
1x105 and 1x106 cells/ml. To differentiate the HL‑60 cells 
into a neutrophil‑like phenotype, the cells were cultured at a 
density of 1x106 cells/ml in RPMI 1640 medium containing 
L‑glutamine supplemented with 10% fetal bovine serum, 
10 mM HEPES (Gibco; Thermo Fisher Scientific, Inc.), the 
aforementioned antibiotics and 1.25% DMSO for 6 days.

Evaluating NET formation, NETosis and ROS production in 
dHL‑60 cells. To observe the induction of NETs in dHL‑60 
cells, dHL‑60 cells were collected 6 days after DMSO stimu‑
lation. Extracellular DNA of NET were then visualized using 
SYTOX Green staining. Briefly, dHL‑60 cells were seeded 
into 24‑well plates (2x105 cells per well) in serum‑free RPMI 
1640 medium containing 1% bovine serum albumin and 1 mM 
calcium chloride, then treated with vehicle (DMSO) or 20 nM 
phorbol myristate acetate (PMA; MedChemExpress) at 37˚C. 
After 4 h, dHL‑60 cells were stained with 5 µM SYTOX Green 
(Invitrogen; Thermo Fisher Scientific, Inc.) for 10 min in the 

dark at room temperature. Images were then obtained using 
a Nikon Eclipse TE2000‑S inverted fluorescence microscope 
equipped with x10 magnification objectives. The experiment 
was repeated 3 times.

NET formation in dHL‑60 cells was evaluated using a 
NETosis Assay Kit (Cayman Chemical Company). Briefly, 
2x105 dHL‑60 cells were treated with either vehicle or PMA 
and then incubated at 37˚C for 4 h to induce NET formation, 
according to the manufacturer's instructions. After 4 h, the 
culture supernatant was collected and NET‑associated neutro‑
phil elastase activity was detected at 405 nm. The experiment 
was repeated 3 times.

ROS production in dHL‑60 cells was detected by staining 
with a DCFDA/H2DCFDA‑Cellular ROS Assay Kit (Abcam). 
After a 4‑h stimulation with vehicle, 2 or 20 nM PMA, the 
dHL‑60 cells were stained with 10 µM DCFDA for 30 min at 
37˚C and then analyzed on a BD Accuri C6 Flow Cytometer 
(BD Biosciences), and the data were analyzed using FCSalyzer 
ver. 0.9.22‑alpha (https://sourceforge.net/projects/fcsalyzer/). 
The experiment was repeated 2 times.

RNA sequencing. For RNA sequencing, 2x106 uHL‑60 cells 
were treated with 1 µg/ml S. aureus LTA (cat.no. L2515; 
Sigma‑Aldrich; Merck KGaA) or vehicle (ddH2O) for 4 and 
24 h (n=1), and 2x106 dHL‑60 cells were treated with 1 µg/ml 
or 10 µg/ml S. aureus LTA or vehicle (ddH2O) for 4 and 24 h 
(n=2) in 37˚C incubator with 5% CO2. Total RNA from 2x106 
uHL‑60 and dHL‑60 cells was extracted using a Total RNA 
Purification Kit (Norgen Biotek Corp.). The purified RNA was 
used for the preparation of the sequencing library by TruSeq 
Stranded mRNA Library Prep Kit (Illumina, Inc.) following 
the manufacturer's recommendations. After the generation of 
double‑strand cDNA and adenylation on 3' ends of DNA frag‑
ments, the adaptors were ligated and purified with AMPure XP 
system (Beckman Coulter, Inc.). The quality of the libraries 
was assessed on the Agilent Bioanalyzer 2100 system and 
a Real‑Time PCR system. RNA sequencing was performed 
using the Illumina NovaSeq 6000 platform with 150 bp paired 
end read lengths and 20 million clean reads per sample by a 
commercial vendor (Genomics BioSci & Tech Co. Ltd.). 
The bases with low quality and sequences from adapters in 
raw data were removed using program fastp (version 0.20.0; 
https://github.com/OpenGene/fastp). The filtered reads were 
aligned to the reference genomes using HISAT2 (version 
2.1.0; https://daehwankimlab.github.io/hisat2/). The software 
FeatureCounts (v2.0.1; https://subread.sourceforge.net) in 
Subread package was applied for the quantification of the gene 
abundance. For identification of differentially expressed genes 
(DEGs), DESeq2 (version 1.28.0; https://bioconductor.org/pack‑
ages/release/bioc/html/DESeq2.html) and EdgeR (version 3.36.0; 
https://bioconductor.org/packages/release/bioc/html/edgeR.
html) were used to analyze samples with and without biological 
replicates respectively. The criteria for DEGs were set at fold 
change ≥2.0 and P<0.05 in the dHL‑60 cell group. Compared 
with the dHL‑60 cells, the gene expression of uHL‑60 was less 
affected by LTA treatment. Therefore, the criterion of DEGs for 
the uHL‑60 cells was set at P<0.05, owing to the small number of 
DEGs. Raw and processed RNA sequencing data were uploaded 
to the Gene Expression Omnibus (GEO) database (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE239859).
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Bioinformatic analysis. The processed RNA sequencing 
data deposited as GSE239859 in GEO database was further 
analyzed through the following methods. Principal Component 
Analysis (PCA), heatmaps and bubble plots were constructed 
using the online web tool, Srplot (http://www.bioinformatics.
com.cn/srplot), and Venn diagrams were compiled using the 
website http://bioinformatics.psb.ugent.be/webtools/Venn/. To 
perform Gene Ontology (GO) analysis (biological processes) 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathways, the DEGs were analyzed using the Database for 
Annotation, Visualization, and Integrated Discovery (DAVID; 
v6.8; https://david.ncifcrf.gov/) (32). The identified DEGs of 
uHL‑60 and dHL‑60 were further processed as input data for 
the DAVID analyses. A significant difference was indicated by 
a P<0.001. The predicted gene‑targeted microRNAs (miRNAs) 
were analyzed using the miRNet 2.0 website (https://www.
mirnet.ca) (33). The interaction network was constructed 
using Cytoscape software 3.9.1 (https://cytoscape.org). Gene 
Set Enrichment Analysis (GSEA) was performed using the 
WeB‑based GEne SeT Analysis Toolkit (http://www.webge‑
stalt.org) (34). The gene set for the KEGG pathway analysis 
was obtained from the Molecular Signatures Database [curated 
gene sets, canonical pathways, KEGG analysis for human gene 
symbols; v2022.1; https://www.gsea‑msigdb.org/gsea/index.
jsp] (35), while a false discovery rate of <0.05 was set as the 
significance level. For GSEA analysis, all genes identified by 
RNA sequencing were as input data.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA of dHL‑60 was extracted using a Total RNA Purification 
Kit (Norgen Biotek Corp.) and then reverse‑transcribed to 
cDNA using an iScript™ cDNA Synthesis Kit (Bio‑Rad 
Laboratories, Inc.) according to the manufacturer's instruc‑
tions. All qPCR experiments were run on a QuantStudio 5 
Real‑Time PCR system (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) using the SYBR Green I‑based TB Green 
Premix Ex Taq II (Takara Bio, Inc.) and the program, 95˚C for 
30 sec, 40 cycles of 95˚C for 3 sec, and 60˚C for 30 sec. The 
relative mRNA expression was normalized to the expression 
of the internal control, b‑actin, using by 2‑∆∆Cq method (36). 
The nucleotide sequences for the primers used are listed in 
Table I.

Statistical analysis. Bar plots and statistical analyses were 
performed using GraphPad Prism 8.4.3 software (Dotmatics). 
A two‑tailed unpaired t‑test was used to analyze the differ‑
ences between two groups. One‑way ANOVA and Tukey's 
multiple‑comparison test were used to compare three groups. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Evaluation of the neutrophil‑like phenotypes of dHL‑60 
and the transcriptomes of differentiated and undiffer‑
entiated HL‑60 cells. A flowchart of the present study is 
presented in Fig. 1A. To obtain neutrophil‑like phenotypes, 
uHL‑60 cells were differentiated by DMSO treatment. The 
neutrophil‑like phenotype of dHL‑60 cells was then further 
evaluated. PMA is a known inducer of NET formation and 

ROS production (37,38). Fluorescence microscopy revealed 
the formation of NETs in PMA‑stimulated dHL‑60 cells 
(Fig. 1B). The NETosis assay also demonstrated that PMA 
stimulation significantly increased NET‑associated elastase 
activity (Fig. 1C). In addition, ROS production was increased 
following PMA stimulation (Fig. 1D). These results indicated 
that DMSO‑differentiated HL‑60 cells had neutrophil‑like 
phenotypes.

The doses of 0.1‑10 µg/ml S. aureus LTA are used in 
several published studies (18,20), and treatment with LTA 
>1 µg/ml induces relatively significant immune responses 
in immune cells. However, the present pretest experiments 
showed that treatments with 1 or 10 µg/ml S. aureus did not 
induce the expression of inflammatory molecules in uHL‑60 
as in human primary neutrophils (data not shown). Therefore, 
the current study focused on LTA‑treated dHL‑60, while 
udHL‑60 was tested only at a single dose of LTA using a 
single sample. For RNA sequencing analysis, uHL‑60 cells 
were treated with 1 µg/ml S. aureus LTA or vehicle (ddH2O) 
for 4 and 24 h (n=1), and dHL‑60 cells were treated with 
1 µg/ml or 10 µg/ml S. aureus LTA or vehicle (ddH2O) for 4 
and 24 h (n=2). Subsequently, the gene expression profiles of 
the harvested cells were analyzed by RNA sequencing, and 
PCA was performed to examine the distribution of DEGs in 
each group. Fig. 2A and B show the differences in gene expres‑
sion profiles between the uHL‑60 and dHL‑60 cells. The PCA 
plot demonstrated a clear separation between the uHL‑60 and 
dHL‑60 cells, and LTA‑treated dHL‑60 and vehicle‑treated 
dHL‑60 were also distributed in two clusters. By contrast, 
there was no clear separation of LTA‑treated uHL‑60 and 
vehicle‑treated uHL‑60 cells at either time point. A heatmap 
plot revealed similar clusters among the uHL‑60 and dHL‑60 
cell samples (Fig. S1).

The Venn diagram demonstrated that various shared 
DEGs were identified in the ‘LTA1 vs. Vehicle’ and ‘LTA10 
vs. Vehicle’ groups for the dHL‑60 cells at both time points 

Table I. Primer sequences used in reverse transcription‑
quantitative polymerase chain reaction.

Primer name Sequence (5'‑3')

CCL2 forward TCTGTGCCTGCTGCTCATAG
CCL2 reverse TGGAATCCTGAACCCACTTC
CCL5 forward CGTGCCCACATCAAGGAGTAT
CCL5 reverse CGGTTCTTTCGGGTGACAAA
CXCL8 forward TGTGTGTAAACATGACTTCCAAGCT
CXCL8 reverse GCAAAACTGCACCTTCACACAG
IL‑1β forward TGAAAGATGATAAGCCCACTCTACA
IL‑1β reverse AGACTCAAATTCCAGCTTGTTATTG
TNF forward CCCAGGCAGTCAGATCATCTTC
TNF reverse GCTTGAGGGTTTGCTACAACATG
β‑actin forward TTAGTTGCGTTACACCCTTTCTTG
β‑actin reverse TCACCTTCACCGTTCCAGTTT

CCL, C‑C motif chemokine ligand; CXCL8, C‑X‑C motif ligand 8; 
IL‑1β, interleukin‑1β; TNF, tumor necrosis factor.
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(Fig. 2C and D). However, only 1 shared DEG [C‑C motif 
chemokine ligand 1 (CCL1)] and 2 shared DEGs (hemo‑
globin subunit β and spermatogenesis and oogenesis specific 

basic helix‑loop‑helix 2 genes) were identified in the three 
groups comparison at 4 and 24 h, respectively. The results 
showed that the transcript levels of uHL‑60 cells were 

Figure 1. Overall study design and the neutrophil‑like phenotypes of dHL‑60 cells. (A) Flowchart of the present study. Differentiation of HL‑60 cells was induced 
by DMSO treatment, and then the neutrophil‑like phenotypes of dHL‑60 cells were confirmed. To investigate the gene expression profiles of LTA‑treated 
uHL‑60 and dHL‑60 cells, uHL‑60 cells were treated with vehicle (ddH2O) or 1 µg/ml S. aureus LTA for 4 and 24 h (n=1), and dHL‑60 cells were treated with 
vehicle (ddH2O), 1 µg or 10 µg of S. aureus LTA (n=2). The cell samples were then analyzed via RNA sequencing. DEGs in each group were merged using Venn 
diagrams, and then the expression levels of genes were further validated by RT‑qPCR. The GO and KEGG pathway analysis was performed using DAVID, 
and the predicted miRNA‑gene interaction was analyzed by miRnet. (B) Formation of NETs were detected by fluorescent microscopy. Following treatment 
with 20 nM PMA or vehicle (DMSO) for 4 h, the samples were stained with SYTOX Green (magnification, x10; scale bar, 100 µm). Because SYTOX Green 
stain does not penetrate living dHL‑60, untreated live dHL‑60 cells showed little or no fluorescence. By contrast, extracellular DNA of NET induced by PMA 
were stained with SYTOX Green fluorescence. (C) The activity of neutrophil elastase was measured following treatment with 20 nM PMA or vehicle (DMSO) 
for 4 h. Data presented as the mean ± standard deviation. *P<0.05, determined using an unpaired t‑test. (D) Flow cytometry of H2DCFDA staining for ROS 
in dHL‑60 cells following treatment with 2 or 20 nM PMA or vehicle (DMSO) for 4 h. DAVID, Database for Annotation, Visualization; DEGs, differentially 
expressed genes; DMSO, dimethyl sulfoxide; GO, Gene Ontology; dHL‑60, differentiated HL‑60; LTA, lipoteichoic acid; KEGG, Kyoto Encyclopedia of 
Genes and Genomes; LTA1, cells treated with 1 µg/ml LTA; LTA10, cells treated with 10 µg/ml LTA; miRNAs, microRNAs; PMA, phorbol myristate acetate; 
ROS, reactive oxygen species; RT‑qPCR, reverse transcription‑quantitative PCR; uHL‑60, undifferentiated HL‑60.
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completely different from those of dHL‑60 cells after LTA 
treatment. The results suggested that uHL60 and dHL60 
indeed had different characteristics, and their responses to 
LTA treatment were almost completely different. Therefore, 
the enriched pathways in uHL‑60 and dHL‑60 cells were 
investigated separately.

LTA‑affected pathways in uHL‑60 cells. The functions of 
the identified DEGs in uHL‑60 cells after 4 and 24 h of LTA 
treatment were annotated by GO analysis using DAVID. No 
significant pathways were enriched after 4 h of LTA treat‑
ment. The enriched pathways in uHL‑60 cells after 24 h of 
LTA treatment are shown in Table II. Most of the identified 
pathways were associated with survival of motor neuron 1, 
telomeric (SMN1) and survival of motor neuron 2, centromeric 
(SMN2) genes. The results therefore suggested that treatment 
with 1 µg/ml LTA affected only a small proportion of genes 
in uHL‑60 cells.

LTA‑affected pathways in dHL‑60 cells. A large number of 
common DEGs were identified in the 1 µg/ml LTA (LTA1) 
and 10 µg/ml LTA (LTA10) treated dHL‑60 cells at both time 
points (Fig. 2C and D). Compared with the vehicle group, 
increased expression levels of known LTA‑induced inflamma‑
tory molecules were observed in the LTA1 and LTA10 groups, 
according to the RNA sequencing data (Fig. 3A and B). To 
further confirm the observed expression profiles, the mRNA 
expression levels of CCL2, CCL5, CXCL8, IL‑1β and TNF 
were quantified using RT‑qPCR. In general, the expression 
patterns of these molecules in the RT‑qPCR analysis were 
similar to those observed in the RNA sequencing analysis 
(Fig. 3C‑G).

To fur ther investigate the enriched pathways in 
LTA‑treated dHL‑60 cells, GO (biological processes) and 
KEGG pathway analyses were performed using DAVID, 
according to the common upregulated 1,234 and 718 
DEGs in the 4 and 24 h LTA‑treated groups, respectively 

Figure 2. Principal component analysis of uHL‑60 and dHL‑60 cells treated with LTA and vehicle (DMSO) for (A) 4 and (B) 24 h. Differentially expressed 
genes from ‘LTA1 vs. Vehicle’ in uHL‑60 cells, ‘LTA1 vs. Vehicle’ in dHL‑60 cells and ‘LTA10 vs. Vehicle’ in dHL‑60 cells were merged in a the Venn 
diagram to identify the shared genes among these three groups following (C) 4 and (D) 24 h of LTA treatment. CCL1, C‑C motif chemokine ligand 1; DMSO, 
dimethyl sulfoxide; dHL‑60, differentiated HL‑60; HBB, hemoglobin subunit b; LTA, lipoteichoic acid; LTA1, cells treated with 1 µg/ml LTA; LTA10, cells 
treated with 10 µg/ml LTA; SOHLH2, spermatogenesis and oogenesis specific basic helix‑loop‑helix 2; uHL‑60, undifferentiated HL‑60.
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(Fig. 4A and B). Fig. 4C‑F show the identified top 10 signifi‑
cantly enriched biological processes and KEGG pathways. 
The top 20 biological processes, KEGG pathways and 
detailed gene lists are presented in Tables SI‑SIV. Numerous 
identical biological processes were observed including 
‘inflammatory response’, ‘cellular response to lipopolysac‑
charide’, ‘immune response’, ‘cellular response to tumor 
necrosis factor’, ‘signal transduction’, ‘apoptotic process’, 

‘chemokine‑mediated signaling pathway’, ‘positive regula‑
tion of inflammatory response’, ‘neutrophil chemotaxis’, 
‘positive regulation of cell migration’, ‘chemotaxis’ and 
‘positive regulation of ERK1 and ERK2 cascade’ in the 4 
or 24 h LTA‑treated groups. Furthermore, identical KEGG 
pathways including ‘Cytokine‑cytokine receptor interaction’, 
‘TNF signaling pathway’, ‘Viral protein interaction with 
cytokine and cytokine receptor’, ‘Lipid and atherosclerosis’, 

Table II. GO enriched pathways in undifferentiated HL‑60 cells following 24 h of lipoteichoic acid treatment.

GO term Count P‑value Genes

GO:0006353, DNA‑templated transcription, termination (BP) 2 0.0075 SMN2, SMN1
GO:0000245, spliceosomal complex assembly (BP) 2 0.0161 SMN2, SMN1
GO:0000387, spliceosomal snRNP assembly (BP) 2 0.0173 SMN2, SMN1
GO:0032797, SMN complex (CC) 2 0.0092 SMN2, SMN1
GO:0097504, Gemini of coiled bodies (CC) 2 0.0111 SMN2, SMN1
GO:0031083, BLOC‑1 complex (CC) 2 0.0120 BLOC1S5,
   BLOC1S5‑TXNDC5
GO:0034719, SMN‑Sm protein complex (CC) 2 0.0166 SMN2, SMN1

BP, Biological Processes; BLOC1S5, biogenesis of lysosomal organelles complex 1 subunit 5; CC, Cellular Component; GO, gene ontology; 
SMN1, survival of motor neuron 1, telomeric; SMN2, survival of motor neuron 2, centromeric; TXNDC5, thioredoxin domain containing 5.

Figure 3. Expression of LTA‑induced inflammatory molecules in dHL‑60 cells. After RNAseq analysis, the fold change (LTA‑treated group/vehicle group) of 
each gene was determined following (A) 4 and (B) 24 h of LTA treatment. The relative expression levels of (C) CCL2, (D) CCL5, (E) CXCL8, (F) IL‑1β and 
(G) TNF were determined using reverse transcription‑quantitative polymerase chain reaction. Data are presented as the mean ± standard deviation. *P<0.05 
vs. Vehicle, determined using one‑way ANOVA and Tukey's multiple‑comparison test. CCL, C‑C motif chemokine ligand; CXCL8, C‑X‑C motif ligand 8; 
dHL‑60, differentiated HL‑60; IL‑1β, interleukin‑1β; LTA1, cells treated with 1 µg/ml LTA; LTA10, cells treated with 10 µg/ml LTA; TNF, tumor necrosis 
factor; RNAseq, RNA sequencing.
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‘NF‑kappa B signaling pathway’, ‘IL‑17 signaling pathway’, 
‘NOD‑like receptor signaling pathway’, ‘Toll‑like receptor 
signaling pathway’, ‘Chemokine signaling pathway’ and 
‘Rheumatoid arthritis’ were observed in the top 20 enriched 
KEGG pathways. Therefore, the results demonstrated that 
the enriched pathways following 4 and 24 h LTA treatment 
of dHL‑60 cells were similar.

Our previous study demonstrated that the expression levels 
of four miRNAs, including hsa‑miR‑34a‑5p, hsa‑miR‑34c‑5p, 
hsa‑miR‑708‑5p and hsa‑miR‑1271‑5p, are affected by LTA 
treatment in human primary neutrophils (39). Although the 
present study aimed to determine whether the same miRNA 
is regulated in LTA‑treated dHL‑60 cells, microRNA 
sequencing was not performed in this study. Therefore, the 
miRNAs that were predicted to interact with the commonly 
upregulated DEGs in the 4 or 24 h LTA‑treated groups were 
analyzed using the miRnet website. The above four miRNAs 
were also included in the list of miRNAs predicted to interact 
with the upregulated DEGs. These results implied that similar 
miRNA‑gene interactions can be found in both human primary 
neutrophils and dHL‑60 cells treated with LTA. A possible 
interaction network between the shared upregulated DEGs in 

LTA‑treated dHL‑60 and the aforementioned four miRNAs is 
shown in Fig. 5.

Effect of low and high dose LTA treatment in dHL‑60 cells. The 
impact of high and low concentrations of LTA on dHL‑60 cells 
was further investigated by comparing the enriched pathways 
between the two groups. A volcano plot presenting the DEGs 
between the LTA1 and LTA10‑treated dHL‑60 cells is shown 
in Fig. S2. The results revealed that less DEGs were found in the 
samples treated for 4 h compared with the samples treated for 
24 h. GSEA was performed to further investigate the enriched 
pathways in both groups. The ‘Complement and coagulation 
cascades’ was the only pathway that reached statistical signifi‑
cance (false discovery rate <0.05) in the LTA1 cells treated 
for 4 h (Fig. 6A). By contrast, multiple significantly enriched 
KEGG pathways were observed in the LTA10 cells treated for 
24 h (Fig. 6B‑L). Several immune response‑related pathways 
were enriched, including ‘Cytokine‑cytokine receptors inter‑
action,’ ‘Chemokine signaling pathways,’ ‘Toll‑like receptor 
signaling pathway,’ ‘NOD like receptor signaling pathway’ 
and ‘Cytosolic DNA sensing pathway.’ These enriched path‑
ways were associated with innate immune responses.

Figure 4. GO and KEGG pathway analyses of the shared upregulated DEGs in dHL‑60 cells following 4 and 2 h of LTA treatment. Venn diagrams showing 
the shared upregulated DEGs between ‘LTA1 vs. vehicle’ and ‘LTA10 vs. vehicle’ in dHL‑60 cells after (A) 4 and (B) 24 h of LTA treatment. Top 10 shared 
enriched GO biological processes after (C) 4 and (D) 24 h of LTA treatment are presented in a bar chart. Top 10 shared enriched KEGG pathways after (E) 4 
and (F) 24 h of LTA treatment are presented in a bar chart. DEGs, differentially expressed genes; dHL‑60, differentiated HL‑60; GO, Gene Ontology; LTA, 
lipoteichoic acid; KEGG, Kyoto Encyclopedia of Genes and Genomes; LTA1, cells treated with 1 µg/ml LTA; LTA10, cells treated with 10 µg/ml LTA.
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Discussion

In the present study, uHL‑60 cells were only treated with 
a single concentration of LTA (1 µg/ml) for 4 and 24 h. 
RNA sequencing revealed that only a few genes were 
affected by this LTA treatment. No significantly enriched 
pathways were found following GO and KEGG analyses in 
the 4‑h LTA treatment group. By contrast, some biological 
processes reached statistical significance in the 24‑h 
LTA treatment group. In total, 4 genes, including the 
protein‑coding genes SMN1, SMN2 and biogenesis of lyso‑
somal organelles complex 1 subunit 5 (BLOC1S5), and the 
non‑protein‑coding gene BLOC1S5‑TXNDC5 readthrough 
(NMD candidate) (BLOC1S5‑TXNDC5), are involved in 
these biological processes. SMN1 and SMN2 play important 
roles in small nuclear ribonucleoproteins (40), and the func‑
tions of BLOC1S5 and BLOC1S5‑TXNDC5 are associated 
with the BLOC‑1 complex (41). However, the mechanism by 
which SMN1, SMN2 and BLOC‑1 complexes are regulated 
by LTA treatment remains unknown. Overall, uHL‑60 cells 
treated with LTA showed a transcriptional profile completely 
different from that of LTA‑treated dHL‑60.

In previous studies, the S. aureus LTA‑induced immune 
responses in human neutrophils have been investigated over 
<6 h or following 16 and 24 h of treatment at concentrations 
of LTA ranging 1‑10 µg/ml (17,18,39). A DMSO‑differentiated 
HL‑60 cell model has also been used previously to investigate 
the functions of neutrophils, including cell polarization, ROS 
production, chemotaxis, NETosis and phagocytosis, which the 
present study aimed to further confirm (42). The present study 
investigated the effects of S. aureus LTA on DMSO‑treated 
dHL‑60 cells. The experimental conditions used in the present 
study, including the LTA concentrations and time points, were 
set according to previous reports.

LTA stimulation activates TLR2 signaling and the 
pro‑inflammatory cytokine response, including TNF‑α, 
IL‑1β and CXCL8, in human neutrophils (17‑20). In addition, 
CXCL8 recruits more neutrophils and immune cells (43), and 
prolongs the lifespan of neutrophils (17). In addition, S. aureus 
infection can be recognized by TLR, nucleotide binding 
oligomerization domain (NOD) and C‑type lectin (CLR) 
receptors (44). Th17 signaling is also activated following LTA 
stimulation (45). In the present study, the RNA sequencing 
results demonstrated that hundreds of identical DEGs were 
found in samples treated with 1 and 10 µg/ml LTA for 4 and 
24 h. According to the GO and KEGG pathway analyses of 
DEGs with upregulated expression, biological processes 
and KEGG pathways, such as ‘immune response’, ‘inflam‑
matory response’, ‘Cytokine‑cytokine receptor interaction’, 
‘TNF signaling pathway’, ‘Toll‑like receptor pathway’, ‘IL‑17 
signaling pathway’, ‘NOD‑like receptor signaling pathway’ and 
‘NF‑kappa B signaling pathway’ were significantly enriched 
in LTA‑treated dHL‑60 cells at both time points. Interferon γ 
(IFN‑γ) is a cytokine that promotes Th1 cell development (46), 
and the presence of IFN‑γ could enhance CCL2 production in 
LTA‑treated neutrophils (47). In the present study, significantly 
high CCL2 expression was observed by RNA sequencing 
and RT‑qPCR analysis, which may suggest that the enriched 
IFN‑γ signaling pathways also enhanced CCL2 and chemokine 
signaling pathways in LTA‑treated dHL‑60 cells. In summary, 
the known LTA‑induced signaling pathways in human neutro‑
phils were also observed in 1 and 10 µg/ml LTA‑treated dHL‑60 
cells following 4 and 24 h of treatment. This suggested that 
dHL‑60 cells could serve as an in vitro model for investigating 
TLR2 signaling pathways in human neutrophils.

The effects of different LTA concentrations on dHL‑60 
cells were also determined in the present study. Due to the 
relatively small number of DEGs observed between the 

Figure 5. Interactions of genes and predicted target miRNAs. The shared upregulated genes in the 4 and 24 h treatment groups were selected for analysis, and 
the potential target miRNAs were predicted using the miRnet website. The resulting predicted interactions between selected genes and miRNAs, including 
hsa‑miR‑34a‑5p, hsa‑miR‑34c‑5p hsa‑miR‑708‑5p and hsa‑miR‑1271‑5p, following (A) 4 and (B) 24 h of lipoteichoic acid treatment are shown. The circles 
filled with white color represent genes and the circles filled with gray color represent miRNAs. miR/miRNA, microRNA.
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Figure 6. Analytical results of the Gene Set Enrichment Analysis of DEGs between the LTA1 and LTA10 samples. The KEGG pathway gene set was used 
to analyze the DEGs. Enrichment plots showing the significantly enriched KEGG terms (FDR<0.05), including (A) ‘Complement and coagulation cascades’ 
pathway enriched in LTA1, and (B) ‘Cytokine‑cytokine receptors interaction’, (C) ‘Chemokine signaling pathway’, (D) ‘Toll‑like receptor signaling pathway’, 
(E) ‘Type I diabetes mellitus’, (F) ‘Graft vs. host disease’, (G) ‘NOD like receptor signaling pathway’, (H) ‘Steroid biosynthesis’, (I) ‘Prion disease’, (J) ‘Allograft 
rejection’, (K) ‘Cytosolic DNA sensing pathway’ and (L) ‘Complement and coagulation cascades’ pathways enriched in LTA10. DEGs, differentially expressed 
genes; FDR, false discovery rate; LTA, lipoteichoic acid; KEGG, Kyoto Encyclopedia of Genes and Genomes; LTA1, cells treated with 1 µg/ml LTA; LTA10, 
cells treated with 10 µg/ml LTA; NES, normalized enrichment score.
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1 and 10 µg/ml treated groups, GSEA analysis was performed 
instead of over‑representation analysis. Only the ‘Complement 
and coagulation cascades’ was a significantly enriched 
KEGG pathway in the 1 µg/ml 4‑h LTA‑treated dHL‑60 
cells, while no KEGG pathways were significantly enriched 
in the 1 µg/ml 4‑h LTA‑treated uHL‑60 cells. By contrast, 
several significantly enriched pathways were observed in the 
10 µg/ml 24‑h LTA‑treated dHL‑60 cells. These enriched 
pathways, including ‘Cytokine‑cytokine receptor interac‑
tion’, ‘Chemokine signaling pathway’, ‘Toll‑like receptor 
signaling pathway’, ‘NOD‑like receptor signaling pathway’ 
and ‘Cytosolic DNA sensing pathway’ are associated with or 
are downstream of TLR signaling pathways (6). Furthermore, 
other identified pathways, such as ‘Type I diabetes mellitus’, 
‘Graft vs. host disease’, ‘Prion disease’, ‘Steroid biosynthesis’ 
and ‘Allograft rejection’ are associated with innate immune 
responses (48‑52). The ‘Complement and coagulation cascade’ 
was also enriched in both the 1 µg/ml 4‑h LTA‑treated dHL‑60 
cells and the 10 µg/ml 24‑h LTA‑treated dHL‑60 cells. The 
complement and coagulation pathways are important for the 
host defense functions of neutrophils (53). However, this is 
related to the mechanism by which S. aureus evades phago‑
cytosis (54). Altogether, it was discovered that all enriched 
pathways were associated with TLR signaling pathways in 
neutrophils, although there were some differences in gene 
expression between the high and low concentrations of LTA 
treatment for 4 and 24 h.

Bacterial infection alters the expression of inflamma‑
tion‑related miRNAs in vivo (55). For example, miR‑142 
is essential for the clearance of S. aureus infections at skin 
wound sites via neutrophil regulation (56). In addition, 
targeting miR‑223 and miR‑139‑5p may serve as a therapeutic 
strategy to enhance the clearance of S. aureus infections in 
skin wounds (57,58). Our previous study identified several 
differentially expressed miRNAs using small RNA sequencing 
in LTA‑stimulated primary human neutrophils (39). Although 
small RNA sequencing was not performed in the present study, 
predictive tools were used to determine whether dHL‑60 cells 
have a regulatory network similar to that of human neutro‑
phils. In total, hundreds of miRNAs were identified in the 
prediction results, which also included the same miRNAs 
as previously identified in primary human neutrophils (39). 
However, these interactions should be experimentally verified 
in future studies.

The present study had some limitations. For example, there 
is a gap between transcription, translation and post‑trans‑
lational processes. Therefore, the change in transcriptional 
levels may not necessarily be reflected in the protein levels. 
As such, the protein levels of LTA‑treated dHL‑60 cells need 
to be validated. Furthermore, the effect of LTA on primary 
human neutrophils under similar experimental conditions was 
not investigated. These issues require further investigation.

In summary, RNA sequencing of LTA‑treated dHL‑60 
cells confirmed that the enriched pathways following treatment 
were associated with TLR signaling pathways at the two tested 
time points. A comparison of different LTA concentrations 
also revealed that TLR and TLR‑related signaling pathways 
were enriched following treatment. This further suggested 
that DMSO‑differentiated HL‑60 cells may be a suitable 
alternative model for studying human neutrophils.
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