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Abstract 

Triggering receptors expressed on myeloid cell-1 (TREM-1) has been shown to participate in 

inflammatory autoimmune diseases. Nevertheless, the detailed underlying mechanisms and therapeutic 

benefits remain elusive, especially in myeloid dendritic cells (mDCs) and systemic lupus erythematosus 

(SLE). In this study, we screen TREM-1 as one of the hub genes closely correlated with the progression 

of SLE and identify soluble TREM-1 (sTREM-1) in serum as a valuable diagnostic biomarker for SLE. 

Moreover, activation of TREM-1 by its agonist promotes activation and chemotaxis of mDCs and 

increases production of inflammatory cytokines and chemokines, showing higher expression of IL-6, 

TNF-α and MCP-1. Disorders of epigenetic processes including non-coding RNA give rise to SLE, 

resulting in complicated syndromes. Herein, we show that lupus mice display a unique miRNA signature 

in spleen, among which miR-150 is the most significantly expressed miRNA that targeting TREM-1 

compared with wild type group. Transfection of miRNA-150-5p mimics directly suppresses the 

expression of TREM-1 by binding to its 3' UTR. Our in vivo experiments first indicates that 

administration of miR-150-5p agomir effectively ameliorates lupus symptoms. Intriguingly, miR-150 

inhibits the over activation of mDCs through TREM-1 signal pathway in lymphatic organs and renal 

tissues. Overall, TREM-1 represents a potentially novel therapeutic target and we identify miR-150-5p 

as one of the mechanisms to alleviate lupus disease, which is attributable for inhibiting mDCs activation 

through TREM-1 signaling pathway. 

Keywords: SLE, mDCs, Lupus, TREM-1 signaling pathway, miR-150-5p 

 

  



Introduction 

Systemic lupus erythematosus (SLE) is a life-threatening autoimmune disorder characterized by massive 

production of autoantibodies against nuclear antigens along with immune complex (IC) deposition 

leading to inflammatory damage of multiple organs [1, 2]. Patients with SLE display distinct clinical 

manifestations, and among them, lupus nephritis (LN) is the most feared which is associated with poor 

clinical outcome [3]. The current standard treatment of lupus is still unsatisfactory and often associates 

with severe side effects [2, 4, 5]. Thus, there is an urgent need to elucidate the key immune mechanism 

in order to identify evaluated biomarkers and effective therapeutic targets. 

Although the etiology of SLE remains largely unknown, abnormalities in the innate and adaptive 

immune systems all participate in the occurrence and development of SLE. Over-activated T and B 

lymphocytes are the main effector cells which mediate aberrant inflammatory responses and 

autoantibodies production and therefore they are considered as the main therapeutic targets in the 

treatment of SLE [6-8]. In the past few decades, researchers shifted the focus to a pivotal 

immunomodulator: dendritic cells (DCs) due to their ability to derive immune activation or establish and 

maintain immune tolerance [9-11]. One crucial mechanism underlying SLE is the significant alternations 

of DCs in frequencies, phenotypes and functions. Evidence from patients with SLE and mice with lupus-

like syndromes suggest that the abnormal activation of DCs including the increased expression of 

costimulatory molecules (CD40, CD80, and CD86), major histocompatibility complex (MHC) molecules 

and chemokine receptors, was associated to the occurrence of SLE immune disorders [12-14]. As the 

most potent professional antigen-presenting cells (APCs), dysfunction of DCs, especially myeloid DCs 

(mDCs), results in overactivation of autoreactive T and B lymphocytes and they play critical roles in the 

onset, amplification and perpetuation of SLE [11]. Therefore, unraveling the molecular mechanisms 

involved in the dysregulation of DCs will provide clinical advantages for SLE therapy. 

Triggering receptor expressed on myeloid cells-1 (TREM-1), a novel innate immune receptor, is 

widely expressed on neutrophils, DCs, and macrophages. Previous studies indicated that TREM-1 was 

closely linked to various infections, as well as acute and chronic noninfectious inflammatory disorders 

[15-18]. Moreover, our Review has highlighted the characteristics and pivotal roles of TREM-1 in 

autoimmune diseases [19]. TREM-1 signal pathway can initiate inflammation or amplify inflammatory 

responses by synergizing with Toll like receptors (TLRs) and/or nucleotide-binding oligomerization 

domain (NOD)-like receptors (NLRs) [20, 21]. Furthermore, activation of TREM-1 in human monocytes 

increased the expression of co-stimulatory molecules (CD40 and CD86) and MHC-II molecules leading 

to the differentiation of monocytes into DCs with subsequent improvement of their ability to present 

antigens and elicit T cell responses [22]. Our previous study provided the first evidence that the surface 

expression of TREM-1 on myeloid DCs from spleen of MRL/lpr mice was enhanced compared to control 

group [23]. Thus, modulation of TREM-1 signal pathway seems to be a promising strategy to treat SLE. 

However, the precise function of TREM-1 and its downstream factors in SLE particularly in orchestrating 

phenotypic and functional properties of mDCs is largely unknown. Also, the epigenetic factors that 

modulate TREM-1 signal pathway in mDCs during the development of lupus have not been well clarified. 

In the present study, differentially expressed genes (DEGs) between patients with SLE and healthy 

individuals were analyzed by four mRNA microarray datasets from Gene Expression Omnibus (GEO). 

TREM-1 was identified as a hub gene closely correlated with the progression of SLE. The validation 

experiment of clinical samples also confirmed that TREM-1 is highly expressed in PBMCs of SLE 

patients. Further analysis of soluble TREM-1 (sTREM-1) in serum indicated that sTREM-1 might serve 

as a valuable diagnostic biomarker for SLE. The effects of TREM-1 cascade on mDCs phenotype and 



function were investigated. Furthermore, we found that miRNA-150 is an important epigenetic regulator 

that can directly bind to the 3'-UTR region of TREM-1 to directly inhibit its expression. In lupus like 

murine model, miR-150-5p agomir treatment ameliorated organ damage and autoimmune responses, 

which were closely associated with the inhibition of TREM-1 signal pathway and the activation of mDCs 

in vivo. Therefore, our results reveal an unsuspected role of TREM-1 in SLE and demonstrate that 

regulation of TREM-1 signal pathway by miRNA-150 can be used as an effective means to alleviate 

lupus progression. 

 

  



Materials and methods 

Ethics statement  

Informed consent was obtained from all human participants. All experimental methods in the current 
study were approved by the research committee at Wenzhou Medical University. All experiments were 
carried out in accordance with guidelines from the research committee at Wenzhou Medical University 
(Certificate No. SYXK- (Zhejiang, China) (2018-0017)). All experiments using mice were approved by 
the Institutional Animal Care and Use Committee at Wenzhou Medical University (Animal Welfare 
Assurance). The study protocol was approved by the Clinical Research Ethics Committees of the First 
Affiliated Hospital of Wenzhou Medical University. 
Human subjects  

This study was followed in accordance with the Helsinki Declaration. 23 healthy controls (HCs) and 64 
patients with SLE were enrolled from the First Affiliated Hospital of Wenzhou Medical University from 
May 2020 to December 2022. All participants have signed the informed Consent. Serum from 64 SLE 
patients and 23 HCs were collected in the First Affiliated Hospital of Wenzhou Medical University. The 
clinical features of SLE and HC cases were displayed in Supplementary Table S1. The patients fulfilled 
the American College of Rheumatology revised criteria for the classification of SLE [24]. SLE disease 
activity index 2000 (SLEDAI-2K) was determined at the time of blood sampling [25]. 
Mice  

Specific pathogen-free 4-6 weeks old C57BL/6 mice were purchased from the Beijing Vital River 
Laboratory Animal Technology Co., Ltd. The animals were maintained on standard rodent chow and 
water. All mice were given at least 1 week to acclimate to their surroundings prior to use. Pristane induced 
murine lupus: female BALB/c mice (6–8 weeks old) were bought from the Beijing Vital River Laboratory 
Animal Technology Co., Ltd. and were housed in a pathogen-free condition in a 12 h light and dark cycle. 
All procedures involved in mice were approved by the institutional guidelines for animal care and used 
based the Animal Care Committee at Wenzhou Medical University. All animals were acclimatized for 2 
weeks before experiments, the mice were injected with 0.5 mL of pristane (Sigma) by intraperitoneal 
injection, which defined as 0 month.  

Cell culture  

DCs were generated from femur and tibia bone marrow (BM) progenitor cells of wild type C57BL/6 
mice. Briefly, BM cells were treated with red blood cell lysing buffer and washed twice with PBS. Cells 
were seeded into 12-well plates at a density of 1 × 106 cells/mL with complete medium (RPMI 1640 
supplemented with 10% heat-inactivated fetal bovine serum, 10 ng/mL recombinant GM-CSF, and 10 
ng/mL recombinant IL-4) (PeproTech). Half of the culture medium was replaced with fresh medium 
every 2 days. After 7 days of culture, non-adherent and loosely adherent cells were harvested and 
transferred into appropriate plates as needed according to further experiments. All cultures were 
incubated at 37 °C in 5% humidified CO2. 
Data source  

The gene expression matrixes were obtained from microarray datasets GSE144390, GSE50772, 
GSE20864 and GSE45291 which were available at the Gene Expression Omnibus (GEO) database 
(www.ncbi.nlm.nih.gov/geo/). “Systemic lupus erythematosus” was used as a keyword for searching. 
The GSE144390(containing 3 SLE PBMCs samples and 3 health control PBMCs samples) was based on 
the GPL6244 platform (Afymetrix Human Gene 1.0 ST Array), the GSE50772 (containing 61 SLE 
PBMCs samples and 20 health control PBMCs samples ) was based on the GPL570 platform (Affymetrix 
Human Genome U133 Plus 2.0 Array), the GSE20864 (containing 21 SLE peripheral blood samples and 
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45 health control peripheral blood samples) was based on the GPL1291 platform (Hitachisoft AceGene 
Human Oligo Chip 30K 1 Chip Version) and the GSE45291 (containing 292 SLE whole blood samples 
and 20 control whole blood samples ) was based on the GPL13158 platform (Affymetrix HT HG-U133+ 
PM Array Plate). The above datasets were analyzed by GEO2R to obtain corresponding DEGs. The 
“ggplot2” R package was then employed to make volcano and heat maps of differential genes. Finally, 
the corresponding intersection and Wayne diagram was obtained by Venny 
(http://bioinfogp.cnb.csic.es/tools/venny/). 
GO and KEGG analysis  

The DEGs obtained by intersection of four datasets were enriched in Gene Ontology (GO) biological 
process (BP), GO cellular component (CC), and GO molecular function (MF), which was performed by 
the “clusterProfiler” R package. The Visualization results of GO analysis were presented by "ggplot2" R 
package. Then the DEGs were introduced into the FunRich3.1.3 (functional enrichment analysis tool) 
(http://www.funrich.org/) for Kyoto Encylopaedia of Genes and Genomes (KEGG) pathway analysis. 
The results were presented in a bar chart. 
Hubgene identification and analysis of PPI network  

Intersection genes that were upregulated in each dataset were put into the “STING” (https://string-db.org/) 
database for protein-protein interaction (PPI) network. Cytoscape v3.9.1 and the CytoHubba plugin 
(version 0.1) were used to screen the hub genes. The top 15 hub genes were obtained based on the filtering 
algorithm (closeness). 
Screening of miRNAs targeting TREM-1 

TargetScan(http://www.targetscan.org/vert_72/),miRNAMap(http://mirnamap.mbc.nctu.edu.tw/), 
miRWalk (http://mirwalk.umm.uni-heidelberg.de/) were used to predict differentially expressed miRNA 
in different species of targeting TREM-1. Venny (https://bioinfogp.cnb.csic.es/tools/venny/) is used to 
obtain the intersections of a Venn diagram. Intersection between differentially expressed TREM-1-
targeting miRNAs in different species. Finally, miRNAs that targeting TREM-1 were identified. 
RNA isolation and quantitative PCR  

Total RNA was extracted using the Trizol reagent according to the recommendations of the manufacturer 
(Invitrogen). RNA concentrations were quantified by spectrophotometer at 260 nm. One microgram of 
RNA was then reverse-transcribed in a 20 μL system using a Revert Aid First-Strand cDNA Synthesis 
kit (Vazyme). Subsequently, 1 μL of complementary DNA was used as the template for the PCR, which 
used a 2 X Taq Enzyme Mix kit (Vazyme). The sequences of the primers were showed in Supplementary 
Table S2. 
miRNA quantification: Bulge-loop™ miRNA RT-qPCR Primer Sets (one RT primer and a pair of qPCR 
primers for each set) specific for miR-15a, miR-15b, miR-16, miR-122, miR-20b, miR-532, miR-93 and 
miR-150 are designed by RiBoBio (Guangzhou, China). To determine the quantity of mature miRNA, 
the specific TaqMan MicroRNA Assay kit (RiBoBio) was used, and the expression levels were 
normalized to small nuclear RNA U6. Relative expression levels were calculated using the 2-ΔΔct method. 
Western blot  

DCs were washed with cold PBS and lysed in ice-cold buffer containing protease and phosphatase 
inhibitors. After incubation for 30 min at 4 °C, cellular debris was removed by centrifugation and protein-
containing supernatants were collected. Total protein concentration was determined using the BCA 
protein assay (Beyotime Biotechnology) according to the manufacturer's recommendation. Equal 
amounts of the protein-containing supernatants were mixed with 1×loading buffer and heated at 100°C 
for 5 min. Samples were electrophoresed in 10% SDS-PAGE and transferred to a polyvinylidene 
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difluoride membrane (Roche, Germany) by electroblotting. Membrane was blocked with 5% bovine 
serum albumin (BSA) for 2 h, washed briefly, incubated overnight with primary antibodies against rabbit 
anti-mouse phospho-STAT3 (9134, Cell Signaling Technology), phospho-IκB-α (AF2002, Affinity), 
IκB-α (AF5002, Affinity), STAT3 (4904, Cell Signaling Technology), GAPDH mAb (AF7021, Affinity) 
and mouse anti-TREM-1 antibody (DF6091, Affinity) at 1:1000 dilutions in antibody dilution buffer (5% 
BSA in TBST) with gentle shaking at 4℃. Blots were washed with TBST (3 times, 10 min/wash) and 
incubated for 2 h at room temperature with HRP-conjugated secondary antibodies (S001, Affinity). After 
washing, the proteins were detected with enhanced chemiluminescence HRP substrate system (Millipore), 
and the bands were visualized by gel imaging system (Tanon). The results represent at least three 
independent experiments. Quantification of band intensities was performed with Image J software 
(National Institutes of Health). 
Flow cytometry  

For DCs stimulation, 10 μg/mL of control IgG or anti-TREM-1 antibody (R&D Systems) were added in 
6 well plate and were collected after 24 h. Meanwhile, 100 ng/mL LPS (InvivoGen) were also added in 
6 well plate as positive control. DCs were washed twice in FACS medium phosphate buffered saline 
(PBS) containing 1% FCS and 0.1% NaN3. Then, the cells were incubated for 30 min at 4°C with 
antibodies according to the standard procedure. A single-cell suspension was prepared from dissected 
spleens. Red blood cell (RBC) lysis was achieved using BD FACS Lysing solution as per manufacturer’s 
instructions. Splenocytes were resuspended in PBS with 1% (vol/vol) FCS and labeled with the 
appropriate antibodies or isotype control. Monoclonal antibodies against the following antigens were 
used: CD11c-PE (12-0114-82, Invitrogen), MHC-II-APC (17-5321-82, Invitrogen), CD40-FITC (11-
0402-82, Invitrogen), CCR7 (1633498, R&D Systems) and TREM-1-FITC (1564352, R&D Systems). 
To identify the expression of CD40 and TREM-1 on murine splenic cDCs, cells were gated on CD11c+ 
MHC-II + and analyzed CD40 and TREM-1 expression. An isotype control was used for each antibody. 
The data were analyzed with FlowJo software.  

Transfection of miRNA mimics and negative control  

The miRNAs specific to miR-150-5p mimics and the negative control (NC) were designed and 
synthesized by manufacturer (RiBoBio, Guangzhou, China). Transfection of DCs with miRNA mimics 
and negative control were optimized utilizing lipofectamine 3000 (L3000015, Invitrogen) according to 
the recommendations of the manufacturer. The transfection efficiency was at least 80%. DCs were 
transfected with the miR-150 mimics and negative control at a final concentration of 200 nmol/L, 
respectively. Cells were harvested for 24h after miRNA transfection. 
Chemotaxis activity analysis  

Transwell chambers was used to detect the migration ability of DCs [26, 27]. DCs treated were collected 
and resuspended with chemotaxis medium (RPMI-1640 containing 1% BSA and 25 mM HEPES) to 
adjust cell density to 1×106/mL. Cell suspension (100 μL) was cultured in the upper chambers of 
transwell-24 pore plate, and 600 μL, CCL19 (200 ng/mL, PeproTech) was added to lower chambers. 
After incubation for 3 h at 37℃, migrated cells were harvested from the lower chambers. They were 
washed with cold PBS containing 2% FBS, and they were labeled with surface antibody CD11c-PE for 
30 min on ice in dark. CD11c+ cells were counted by flow cytometry. 
Luciferase reporter assays  

HEK293T cells were co-transfected with the pmirGLO plasmid containing the wild type or mutated 
TREM-1 3′UTR (Promega) and miR-150-5p mimics or negative controls using Lipofectamine 3000 
(L3000015, Invitrogen) in 96-well plates. Firefly and Renilla luciferase activities were measured 24 h 



after transfection using a dual luciferase reporter assay kit (Promega) following the manufacturer’s 
protocol. Renilla luciferase activity values were used for normalization. 
miR-150-5p agomir treatment in pristane induced-lupus mice model  

Three groups were defined in the experiment as Ctrl group (control mice), miR-150-5p agomir group 
(pristane-induced lupus mice treated with miR-150-5p agomir), and NC-agomir group (pristane-induced 
lupus mice treated with NC-agomir). When the mice injected with pristane grew to 5 months, they were 
treated with miR-150-5p agomir and agomir negative control. The miR-150-5p agomir and agomir 
negative control were synthesized by RiboBio (Guangzhou, China) (n = 4 per group). Each mouse 
received a tail vein injection of either miR-150-5p agomir or agomir negative control, at a dose of 20 
nmol in 0.2 mL saline every twice a week for 4 weeks and sacrificed 48 h after the last injection. Serum, 
spleens, lymph nodes and kidneys were harvested. The onset of disease progression in lupus mice was 
monitored by assessment of proteinuria, determined using BCA Protein Assay Kit (P0010S, Beyotime 
Biotechnology), simultaneously, the weight changes of lupus mice also regularly recorded. 
ELISA  

The serum of patients and samples was analyzed for sTREM-1 with ELISA kits (JL18244-96T, Solabio) 
according to manufacturer’s instruction. The mice serum levels of total IgG (46639M1, MeiMian) and 
ds-DNA (46273M1, MeiMian) were determined by performing a sandwich ELISA based on the 
manufacturer's published protocols. The absorbance at 450 nm was determined using a micro-ELISA 
plate reader. Each sample was run in duplicate and averaged. 
Renal histopathology and immunofluorescence  

Whole kidneys were fixed in 10% buffered formalin overnight, dehydrated and embedded in paraffin. 
For histological examination, kidney samples were taken after routine fixation and paraffin embedding 
of the tissues. Sections 4 μm thick were cut and stained with hematoxylin-eosin (HE) and periodic acid-
Schiff (PAS) staining (G1281-4, Solarbio). Glomerular pathology scores were determined by individuals 
blinded to the genotypes of the animals. Briefly, the severity of glomerulonephritis was graded on a 0–4 
scale as follows: 0, normal; 1, mild, or early proliferative; 2, multifocal proliferative with increased 
matrix; 3, diffuse proliferative; 4, strong intracapillary proliferation, extensive sclerosis/crescents [28]. 
Images were captured under a light microscope (Leica). For immunofluorescence：kidneys were 
embedded in Tissue-Tek O.C.T. (Sakura Finetek) and frozen at −80 °C for further immunofluorescence. 
Acetone fixed sections were blocked for 1 h by goat serum working solution (Beijing Zhongshan Jinqiao 
Biotechnology Co., Ltd.). Kidney frozen sections were stained with the following antibodies: C3-FITC 
(sc-58926, Santa) and IgG-FITC (SA00013, Proteintech) overnight at 4°C. After rinsing, nuclei were 
counter stained with DAPI (P0131, Beyotime Biotechnology). Images were acquired using confocal 
microscopy (Nikon). The immunofluorescence (IF) intensity within the peripheral glomerular capillary 
walls and mesangial region were scored on a scale from 0 to 3 (0 = none; 1 = weak; 2 = moderate; 3 = 
strong) [29]. At least 4 glomeruli/section were analyzed. The integrated density of IgG and C3 deposits 
was evaluated by assessing Image J software on a semi-quantitative scale. 
Statistical analysis 

The data were presented as mean ± SD from three independent experiments. Statistical analysis was 
performed using the student’s t-test for between group comparisons or one-way ANOVA for multiple 
group comparisons in GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA). Differences were 
considered significant when p < 0.05. 
 

  



Results 

Screening of DEGs and functional correlation analysis  

Based on the high throughput analysis, differentially expressed genes (DEGs) in four microarray datasets 
containing SLE patients and HCs were screened with two-group comparisons (p < 0.05). A total of 1179 
(up-regulated 708 and down-regulated 471 genes), 8475 (up-regulated 3924 and down-regulated 4551 
genes), 10550 (up-regulated 4627 and down-regulated 5923 genes) and 3096 (up-regulated 1389 and 
down-regulated 1707 genes) DEGs from GSE144390, GSE50772, GSE45291 and GSE20864 were 
identified respectively (Fig. 1A, Supplementary Table S3). Among them, 111 DEGs overlapped in the 
four datasets (Fig. 1B) and were performed by functional enrichment analysis further. The results showed 
that these DEGs were categorized into three function groups: cellular component group, molecular 
function group, and biological process group. In the biological process group, the most significantly 
enriched GO term of the 111 common DEGs were significantly enriched in some biological processes 
related to SLE, such as cytokine-mediated, type I IFN and pattern recognition receptor signaling 
pathways (Fig. 1C, Supplementary Table S4). Results of the KEGG analysis indicated that cytokines and 
type I IFN mediated responses were most relevant to the pathogenesis of SLE (Fig 1D, Supplementary 
Table S5). We conducted more in-depth screening in order to further find out highly expressed genes 
closely related to these pathways. Based on the integration analysis, 26 significantly common up-
regulated genes were shown by the Venn map (Fig. 1E). The heat map showed that CHI3L1, CDA, PADI4, 
MNDA, and TREM-1 are the top 5 of the 26 up-regulated genes in GSE144390 (Fig. 1F). The heat maps 
of 26 up-regulated genes in GSE50772, GSE45291 and GSE20864 datasets were shown in 
supplementary Fig. S1A. The protein-to-protein interaction (PPI) network was constructed using 
Cytoscape and the STRING database (Supplementary Fig. S1B). Based on the closeness algorithm, the 
top 15 hub genes were identified using the Cytohubba plugin (Fig. 1G, Supplementary Table S6). MNDA 
and TREM-1, two of the top 15 linked proteins, were also among the top 5 up-regulated factors in Fig. 
1F. TREM-1 is a crucial membrane receptor that controls immunological response either independently 
or in conjunction with other pattern recognition receptors, such as TLR2 and TLR4. It plays a pivotal 
role in the production of inflammatory cytokines and type I IFN. Therefore, we will further explore the 
important roles of TREM-1 in SLE. 
 

  



 

Fig. 1 Screening of DEGs in different datasets and functional correlation analysis. (A) The volcano 
plot illustrates DEGs between control and SLE after analysis of the GSE144390, GSE50772, GSE45291, 
and GSE20864 datasets with GEO2R. Green dots represent down-regulated expression, while red dots 
represent upregulated expression. (B) Venny is used to obtain the intersection of DEGs in four datasets, 
with an overlap of 111 genes. (C) The first 10 terms of BP in the GO enrichment map are visualized 
respectively. Strength of the color represents the p-value (from the lowest in green to the highest in red), 
and the bubble size represents the number of DEGs. (D) Top 6 terms of KEGG analysis in biological 
pathway category (Ranged by p value). (E) Venn diagram of the up-regulated DEGs in common between 
the four datasets, with an overlap of 26 genes. (F) Heatmap of 26 up-regulated genes in GSE144390 
datasets. (G) Interaction network of 15 hubgenes. 



Verification of sTREM-1 as a diagnostic marker for SLE  

We further verified the expression characteristics and roles of TREM-1 in clinical samples of SLE (Fig. 
2A). Serum sTREM-1 was significantly increased in SLE patients compared to HCs (Fig. 2B). Patients 
were then divided into two groups based on the median value of serum sTREM-1, and several clinical 
and laboratory characteristics were compared between the two groups. We found that the greater sTREM-
1 group had lower serum C3 levels (Fig. 2C), and serum IgG and creatinine levels were upregulated in 
patients with high serum sTREM-1 (Fig. 2D, E). To test whether serum sTREM-1 could be a high-risk 
factor of SLE, we analyzed the correlation of sTREM-1 with some common serum markers of 
autoimmune diseases. Intriguingly, serum sTREM-1 levels correlated inversely with the concentration 
of serum C3 (Fig. 2F) while positively levels associated with IgG and creatinine levels from SLE patients. 
Serum IgG and creatinine levels were positively associated with serum sTREM-1 levels from SLE 
patients (Fig. 2G, H). Additionally, there was a positive association between the sTREM-1 levels and the 
SLEDAI score (Fig. 2I). TREM-1 expression in PBMCs was also significantly increased in patients with 
SLE (Fig. 2J-L). According to the SLEDAI score, we further divided SLE patients into inactive SLE 
group and active SLE groups. Serum levels of sTREM-1 in the two groups of SLE patients were higher 
than that in HCs, and with the progress of the disease, its expression level further increased. (Fig. 2M). 
The ROC curve of sTREM-1 revealed its probability as valuable biomarker with AUC of 0.9511 (95% 
confidence interval, 0.9097-0.9925), indicating that sTREM-1 has a high accuracy of predictive value 
(Fig. 2N). 
 

  



 
Fig. 2 Serum sTREM-1 levels are positively correlated with disease activity in lupus patients. (A) 
Schematic illustration of the experimental procedure. (B) Serum samples are collected from 12 to 87-
year-old SLE patients (n = 64) and HCs (n = 23). The levels of sTREM-1 in serum were detected by 
ELISA. (C-E) Patients are divided into two groups based on their serum sTREM-1 levels (below or 
above the median value of 66.5 pg/mL). Levels of serum C3 (C), total IgG (D) and creatinine (E) are 
compared between the high and low sTREM-1 groups. (F-H) Correlation of sTREM-1 levels in serum 
from SLE patients with serum C3 (F), IgG (G) and creatinine (H) is analyzed. (I) Correlation between 
serum sTREM-1 levels and SLEDAI score. (J) qPCR analysis of the TREM-1 expression levels in 
PBMCs from SLE patients (n = 13) and HCs (n = 11) respectively. (K and L) Western blot analysis of 
the TREM-1 expression levels in PBMCs from SLE patients (n = 13) and HCs (n = 11). The protein 



expression level is calculated by the ratio of protein to GAPDH. (M) The serum sTREM-1 levels in HCs 
(n = 23), patients with inactive SLE (n = 23) and patients with active SLE (n = 41) are determined by 
ELISA. (N) ROC curve analyses of sTREM-1, which show the values for AUC. All of the reactions are 
conducted in triplicate. Data were presented with mean ± SD. * represents p < 0.05, ** represents p < 
0.005, *** represents p < 0.001, **** represents p < 0.0001. 
 

  



Stimulation of TREM-1 signal pathway promotes the activation of mDCs  

Our previous study confirmed the aberrant expression of TREM-1 in lupus prone mice, especially on 
CD11c+ MHC-II+ DCs (mDCs) [23]. Herein, we further examined the effect of TREM-1 signaling 
pathway on mDCs maturation, activation and function. It is well known that LPS can significantly 
promote the expression of costimulatory molecule CD40. The phenotypic analysis showed that activation 
of TREM-1 by its agonist synergistically enhanced this effect. Moreover, the activation of TREM-1 alone 
also effectively upregulated the expression of CD40 (Fig. 3A, B, E). Interestingly, stimulation of TLR4 
or TREM-1 alone or in combination significantly increased the level of TREM-1 on the surface of mDCs 
(Fig. 3C, F). And these findings indicate that TREM-1 may serve as a novel marker to indicate the 
activation status of mDCs. Upon the presence of inflammatory stimuli, DCs mature and gain CCR7 
expression which, by binding to its ligand CCL21 or CCL19, direct DCs to the lymph nodes for antigen 
presentation [30]. Therefore, we evaluated CCR7 expression on mDCs, with or without agonist of 
TREM-1 treatment, and their migratory capacity toward CCL19 using the transwell system. Upon 
agonist of TREM-1 treatment mature mDCs expressed significantly higher levels of CCR7 compared 
with untreated mDCs (Fig. 3D, G). Of note, the proportion of CCR7 upregulation after agonist of TREM-
1 treatment alone had no significant difference compared to single LPS treatment and combined 
stimulation group. In addition, agonist of TREM-1 treated mDCs showed a significantly enhanced 
migration efficiency toward CCL19 in comparison to untreated mDCs (Fig. 3H). Next, we aimed to 
explore the important signal events downstream of TREM-1 pathway. Stimulation of TREM-1 promoted 
the phosphorylation of IκB-α and STAT3 (Fig. 3I) and increased the expression of pro-inflammatory 
cytokines (IL-6, TNF-α and MCP-1) (Fig. 3J-L). Collectively, these data indicate that activation of 
TREM-1 signaling pathway effectively regulate the activation and function of the mDCs. 
 

  



 
 

  



Fig. 3 Activation of TREM-1 signaling pathway promotes the maturation and migration mDCs. (A 
and B) Representative flow cytometry and quantification of CD40 MFI (E) in mDC cells which treated 
agonist of TREM-1(10 μg/mL), LPS (100 ng/mL) or LPS combined with agonist of TREM-1. DCs are 
treated for 24 h. (C) Representative flow cytometry and quantification of TREM-1 MFI (F) in mDC cells 
which treated agonist of TREM-1(10 μg/mL), LPS (100 ng/mL) or LPS combined with agonist of 
TREM-1. DCs are treated for 24 h. (D) Representative flow cytometry and quantification of CCR7 MFI 
(G) in mDC cells which treated agonist of TREM-1(10 μg/mL), LPS (100 ng/mL) or LPS combined with 
agonist of TREM-1. DCs are treated for 24 h. (H) Effect of agonist of TREM-1(10 μg/mL), LPS (100 
ng/mL) or LPS combined with agonist of TREM-1 on chemotaxis ability of DCs. The migration of DCs 
were proved by the harvested cells from the bottom transwells chambers and counted with flow cytometry. 
DCs are treated for 24 h. (I) Western blot analysis of STAT3, phosphorylated STAT3 (p-STAT3), IκB-α 
and p-IκB-α expression levels in mDC cells treated with agonist of TREM-1 (10 μg/mL) for 48 h. (J-L) 
qPCR analysis of IL-6, TNF-α and MCP-1 expression levels in mDC cells treated with agonist of TREM-
1 (10 μg/mL) for 24 h. All of the reactions are conducted in triplicate. Data were presented with mean ± 
SD. * represents p < 0.05, ** represents p < 0.005, *** represents p < 0.001, **** represents p < 0.0001. 
 

  



miR-150-5p directly targets and negatively regulates TREM-1 expression  

To predict miRNAs most likely to repress TREM-1 expression, we analyzed miRNA candidates by three 
databases: Targetscan (http://www.targetscan.org/vert_72/), miRMap (http://mirnamap.mbc.nctu.edu.tw/) 
and miRWalk (http://mirwalk.umm.uni-heidelberg.de/). The predicted results showed that eight common 
miRNAs can target the 3′ UTR of both human and murine TREM-1 (Fig. 4A). Next, the expression 
pattern of these miRNAs was further verified in WT and lupus like mouse. In the splenocytes of the two 
groups, the expression of miRNA-150 was the most significant difference (Fig. 4B). Moreover, levels of 
miR-150-5p also showed consistently significant decline in PBMCs of SLE patients compared with HCs 
(Fig. 4C). Of note, it correlated inversely with the levels of TREM-1(Fig. 4D). In order to explore whether 
miR-150-5p could directly target and inhibit the expression of TREM-1, miR-150-5p mimics and NC 
mimics were transfected into mDCs respectively (Fig. 4E). Further analysis by RT-qPCR and 
immunoblot showed that miR-150-5p possessed a negative effect on both the mRNA and protein levels 
of TREM-1 (Fig. 4F-H). Dual luciferase reporter assays demonstrated that miR-150-5p overexpression 
strongly suppressed the luciferase reporter gene activity of TREM-1 3ʹ-UTR WT compared with miRNA-
NC, but did not affect the activity of the TREM-1 3ʹ-UTR mutant luciferase reporter gene, indicating that 
TREM-1 is a direct target of miR-150-5p (Fig. 4I, J). 
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Fig. 4 The expression of TREM-1 is directly repressed by miR‑150-5p. (A) Intersection of miRNAs 
that can target TREM-1 in TargetScan, miRMap and miRWalk databases. Eight miRNAs are screened. 
(B) qPCR analysis of eight miRNAs expression levels in spleen from WT and lupus mice. (C) qPCR 
analysis of miR-150-5p expression levels in PBMCs from SLE patients and HCs. Results show average 
and SD from SLE patients (n = 8) and HCs (n = 6). (D) Correlation between miR-150-5p and TREM-1. 
(E) qPCR analysis of miR-150-5p expression levels in DCs transfected with miR‐150-5p or miR‐NC (50 
nmol). mDCs are transfected for 12 h. (F) qPCR analysis of TREM-1 expression levels in DCs 
transfected with miR‐150-5p or miR‐NC (50 nmol). DCs are transfected for 12 h. (G and H) Western 
blot analysis of TREM-1 expression levels in DCs transfected with miR‐150-5p or miR‐NC (50 nmol). 
DCs are transfected for 48 h, with GAPDH used as a loading control. The protein expression level is 
calculated by the ratio of protein to GAPDH. (I) Predicted binding sites for miR-150-5p in the 3′ UTR 
of TREM-1. (J) HEK293T cells (1x106) are transfected with the control construct (pmirGLO), or a 
construct encoding the wild-type TREM-1 3′ UTR or mutated TREM-1 3′ UTR (mutant), in addition to 
the miR-150-5p mimic. After 24 h, luciferase activity in HEK293T cells lysates is detected. All of the 
reactions are conducted in triplicate. Data were presented with mean ± SD. * represents p < 0.05, ** 
represents p < 0.005, *** represents p < 0.001, **** represents p < 0.0001. 
 

  



miR-150-5p agomir treatment ameliorates organ damage and autoimmune responses in pristane-
induced lupus mice  

We next assessed the effects of miR-150-5p on lupus mice in vivo. Pristane-induced lupus mice were 
injected with 20 nmol miR-150-5p agomir or NC-agomir every 3 days for 4 weeks to examine whether 
systemic administration of miR-150-5p agomir could rescue the organ damage in lupus mice (Fig. 5A). 
When compared to control group, NC-agomir group showed severe splenomegaly and lymphadenopathy, 
while treatment with miR-150-5p agomir significantly decreased the spleen and lymph node index (Fig. 
5B, C). The high levels of serum antibodies contribute to the pathogenesis of SLE [31, 32]. Therefore, 
we detected the serum levels of total IgG and anti-dsDNA of each group. As shown in Fig. 5D and E, we 
found that the serum total IgG and anti-dsDNA levels in NC-agomir group significantly enhanced 
compared with control group. However, the levels of total IgG and anti-dsDNA in miR-150-5p agomir-
treated group were lower than those in NC-agomir group. To further confirm the effect of miR-150-5p 
agomir on lupus nephritis, kidney section histopathology was detected. HE and PAS staining showed that 
inflammatory cells infiltrations and the mesangial matrix diffuse expansion decreased in miR-150-5p 
agomir-treated group compared with NC-agomir group (Fig. 5F). Meanwhile, reduced glomerular 
depositions of IgG and C3 were observed in miR-150-5p agomir-treated group compared with NC-
agomir group (Fig. 5G). Collectively, these data suggest that miR-150-5p agomir significantly alleviates 
organ damage and disease progression in pristane-induced lupus mice. 
 

  



 

 

  



Fig. 5 miR-150-5p agomir alleviates organ damage and immune disorders in lupus mice. (A) 
Schematic diagram of miR-150-5p agomir administration in pristane-induced lupus mice. (B and C) 
Spleen and lymph nodes index from Ctrl, NC-agomir and miR-150-5p agomir groups, respectively (n = 
4). The statistical summary of spleens and lymph nodes in the three groups. (D and E) The levels of total 
IgG (D) and anti-dsDNA (E) in serum were detected by ELISA. (F) HE and PAS staining of kidney 
sections of each group (n = 4). Histological score for glomerulonephritis (score ranging from 0 to 4) were 
determined by HE and PAS staining. Four mice of each group of pathology score were evaluated by three 
pathologists. (G) Representative images of IgG and C3-FITC expression in kidney obtained from 
immunofluorescence assay. All of the reactions are conducted in triplicate. Data were presented with 
mean ± SD. * represents p < 0.05, ** represents p < 0.005, *** represents p < 0.001, **** represents p 
< 0.0001. 
 

  



miR-150-5p agomir treatment supresses TREM-1 signal pathway in different organs of lupus mice  

Our in vitro study has demonstrated that miR-150-5p negatively regulated TREM-1 expression in mDCs. 
Herein, we further wanted to confirm whether miR-150-5p is involved in the development of SLE by 
regulating TREM-1 expressed in mDCs in vivo. In the pathological progress of lupus, the surface 
expression of TREM-1 on mDCs was significantly enhanced compared with wild mice while was 
strongly suppressed by miR-150-5p agomir-treatment (Fig. 6A-D). In addition, we also evaluated the 
changes of TREM-1 in kidneys by qPCR and western blot analysis. As shown in Fig. 6E, miR-150-5p 
agomir treatment significantly decelerated the levels of TREM-1 compared with NC-agomir group. 
Although miR-150-5p agomir did not significantly down regulate the protein levels of TREM-1 in renal 
tissue (Fig. 6F), it could affect the major events of its downstream signal pathway. Because western blot 
results indicated that the phosphorylation of IκB-α and STAT3 involved in the downstream of TREM-1 
signaling pathway was significantly inhibited (Fig. 6G). Finally, we aimed to verify the expression of 
pro-inflammatory cytokines (IL-6, TNF-α and MCP-1) which were usually elicited by activation of 
TREM-1 signal pathway. The data showed that IL-6 and TNF-α in miR-150-5p agomir treatment group 
sharply decreased compared to NC-agomir group. Of note, the expression of MCP-1 was only slightly 
decreased by miR-150-5p agomir, and there was no significant difference (Fig. 6H). Taken together, these 
results indicated that miR-150-5p agomir treatment negatively regulated the expression of TREM-1 on 
mDCs in lymphatic organs and inhibited the activation of TREM-1 signal axis in vivo. 
 

  



 



Fig. 6 miR-150-5p agomir inhibits the expression of TREM-1 and its downstream pathways in 
lupus mice. (A and C) Representative flow cytometry and quantification of TREM-1 MFI in mDC cells 
of spleen (n = 4). (B and D) Representative flow cytometry and quantification of TREM-1 MFI in mDC 
cells of lymph nodes (n = 4). (E) qPCR analysis of TREM-1 expression levels in kidneys (n = 4). (F) 
Western blot analysis of TREM-1 expression levels in kidneys. The protein expression level is calculated 
by the ratio of protein to GAPDH (n = 3). (G) Western blot analysis of STAT3, phosphorylated STAT3 
(p-STAT3), IκB-α and p-IκB-α expression levels in kidneys (n = 2). (H) qPCR analysis of the mRNA 
expression levels of IL-6, TNF-α and MCP-1 in the kidneys (n = 4). All of the reactions are conducted 
in triplicate. Data were presented with mean ± SD. * represents p < 0.05, ** represents p < 0.005, *** 
represents p < 0.001, **** represents p < 0.0001. 
 

  



 
Fig. 7 The graphical abstract depicts the identification of TREM-1 and miR-150-5p expression levels in 
SLE patients by employing bioinformatics analysis. We further explore the effect of TREM-1 signaling 
pathway on mDCs maturation and function. Finally, we confirm that regulating signaling pathway of 
TREM-1 by miR-150-5p alleviates the manifestations of pristane-induced lupus in disease models. 
 

  



Discussion 

TREM-1 signaling pathway contributes to the pathology of both infectious and non-infectious 
inflammatory diseases [20, 33]. Given the role of TREM-1 in inflammatory conditions, an increasing 
number of studies focus on the key functional role of TREM-1 in different types of autoimmune diseases, 
which has been well discussed by our previous Review [19]. However, studies on TREM-1 in the 
research field of SLE are rare, and most of them are only about the detection of sTREM-1, lacking in-
depth exploration of its mechanism. For instance, previous studies indicated that sTREM-1 levels in 
serum and plasma of SLE patients were significantly elevated when compared with matched HCs [34-
36]. The data presented here are consistent with these previous findings. Furthermore, our results 
highlight the close correlation between sTREM-1 and other clinical indicators, such as C3, IgG, and 
creatinine. We found that levels of sTREM-1 in serum were not only significantly different between SLE 
patients and HCs, but also obviously higher in active SLE patients than that of inactive group. The ROC 
curve of sTREM-1 revealed its probability as valuable biomarker. And all of the above results indicated 
that sTREM-1 has a high accuracy of predictive value in SLE. 

TREM-1 is mainly expressed on myeloid cells, including a subset of monocytes, DCs, neutrophils, 
and macrophages. Herein, TREM-1 in PBMCs was screened as one of the hub genes and it was relevant 
to cytokines and type I IFN mediated responses in the pathogenesis of SLE based on high throughput 
analysis. Activation of TREM-1 in human monocytes was demonstrated to upregulate the expression of 
co-stimulatory molecules, leading to the differentiation of monocytes into immature DCs with 
subsequent improvement of the ability to elicit T-lymphocyte cell responses [22]. TREM-1-activated 
monocytes results in the production of multiple proinflammatory cytokines and chemokines [37]. 
Although numerous evidence highlighted pDCs as the major culprit to favor SLE development by 
secreting type I IFN [38, 39], as the most potent antigen presenting cells, mDC has attracted more and 
more researchers' attention. mDCs are considered as the prototype of conventional DCs (cDCs) and they 
play an active role in inducing both central and peripheral tolerance. In SLE, inappropriate presentation 
of self-antigens by mDCs to lymphocytes resulting in dysregulated autoreactive T cell and B cell 
activation [11, 40]. Our previous report provided the first evidence that the surface expression of TREM-
1 on mDCs from spleen of MRL/lpr mice was enhanced when compared to wild type mice [23]. 
Nevertheless, the detailed roles and mechanisms of TREM-1 in mDCs and lupus remained elusive. 
TREM-1 was reported to be combined with TLR4 to synergistically promote the production of 
inflammatory cytokines in monocytes [41]. Our in vitro experiments revealed that either engagement of 
TREM-1 by its agonist or activation of TLR4 by LPS can affect the maturation and function of mDCs, 
which is manifested by the increased levels of CD40, TREM-1 and CCR7, enhanced chemotaxis and 
elevated inflammatory cytokines production. Of note, the agonistic monoclonal antibody of TREM-1 
and LPS showed a synergistic effect only regarding the expression of CD40, rather than other molecules. 
The available data suggest that synergistic effects between TREM-1 and TLR4 might be not only cell 
type specific, but also functional specific. 

Disorders of epigenetic processes give rise to several typical human autoimmune diseases. Altered 
miRNA profiles have been identified in patients with SLE and they are associated with immune disorders 
and organ damage [42, 43]. Accumulating studies demonstrate that miRNAs have the potential to be 
developed as therapeutic agents. For instance, Tfh cell overexpansion promotes autoimmune responses 
and disease flares in SLE. miR-21 is highly expressed in SLE CD4+ T cells. Administration of Antagomir-
21 significantly reduced the expansion of Tfh cells and improved intracellular iron homeostasis, 
contributing to the remission of disease symptoms in MRL/lpr mice [44]. In addition, miR-16 has a 



potent protective role in relieving pathological symptoms in renal tissues and reducing proliferation of 
mesangial cells [45]. MiR-663 was found to impair the regulatory function of bone marrow-derived 
mesenchymal stem cells (BM-MSCs) by targeting TGF-β1. In MRL/lpr mice, inhibition of miR-663 
could improve the remission of lupus [29]. Another study conducted by the same team showed that 
systemic delivery of miR-199a-5p agomir increased splenic CD4+ T cell senescence through Sirt1/p53 
pathway and alleviated lupus pathologies in MRL/lpr mice [46]. The above evidence supports the notions 
that manipulating specific miRNA expression in vivo can be novel therapeutic strategy for SLE. 

Associated epigenetic regulatory mechanisms involved in TREM-1 cascade in mDCs remained 
unclear before. In this study, miRNAs that can target TREM-1 were predicted by bioinformatics analysis 
and we first identified miRNA-150-5p as one of the key regulators that inhibit TREM-1 expression by 
directly binding to its 3ʹ UTR in mDCs. Additionally, the dysregulated expression of miRNA-150-5p in 
spleen of lupus mice and PBMCs of SLE patients indicates that it participates in the pathological 
progression of lupus. These findings encouraged us to examine whether modulation of miR-150-5p could 
rescue autoimmune disorders in pristane-induced murine lupus. Our in vivo data indeed indicated that 
administration of miR-150-5p agomir successfully ameliorated disease phenotypes and restored immune 
homeostasis to some extent. Moreover, delivery of miR-150-5p agomir in vivo could also inhibit the 
over-activation of mDCs and suppress the expression and activation of TREM-1 in mDCs. One limitation 
of the present study is that we focused on mDCs, but other immune cells may be involved in TREM-1 
regulation and controlled by miR-150-5p in vivo, which will be included in our future investigations. 

As summarized in the graphical abstract, we have screened TREM-1 as one of the hub genes by 
bioinformatics analysis and demonstrated sTREM-1 as valuable clinical biomarkers. Moreover, we have 
verified the key roles of TREM-1 signal pathway in mDCs and lupus mice, and identified one pivotal 
factor, miR-150-5p, which was responsible for reduced inflammation in SLE by regulating over-
activation of mDCs through NF-κB and STAT3 downstream of TREM-1 signal pathway. The in vivo data 
have shown that miR-150-5p agomir treatment ameliorated organ damage and autoimmune responses in 
lupus mice. Therefore, the current study advances our knowledge of the clinical significance of TREM-
1 in SLE, and offers that miR-150-5p may serve as an effective therapeutic target for lupus. 
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