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Background: This study employed RNA-seq technology and meta-analysis to

unveil the molecular mechanisms of neuropsychiatric systemic lupus

erythematosus (NPSLE) within the central nervous system.

Methods: Downloaded transcriptomic data on systemic lupus erythematosus

(SLE) from the Gene Expression Omnibus (GEO) and analyzed differential genes

in peripheral blood samples of NPSLE patients and healthy individuals. Employed

WGCNA to identify key genes related to cognitive impairment and validated

findings via RNA-seq. Conducted GO, KEGG, and GSEA analyses, and integrated

PPI networks to explore gene regulatory mechanisms. Assessed gene impacts on

dendritic cells and blood-brain barrier using RT-qPCR, ELISA, and in vitromodels.

Results: Public databases and RNA-seq data have revealed a significant

upregulation of CCL2 (C-C motif chemokine ligand 2) in the peripheral blood

of both SLE and NPSLE patients, primarily secreted by mature dendritic cells.

Furthermore, the secretion of CCL2 by mature dendritic cells may act through

the RSAD2-ISG15 axis and is associated with the activation of the NLRs (Nod Like

Receptor Signaling Pathway) signaling pathway in vascular endothelial cells.

Subsequent in vitro cell experiments confirmed the high expression of CCL2 in

peripheral blood dendritic cells of NPSLE patients, with its secretion being

regulated by the RSAD2-ISG15 axis and inducing vascular endothelial cell

pyroptosis through the activation of the NLRs signaling pathway. Clinical trial

results ultimately confirmed that NPSLE patients exhibiting elevated CCL2

expression also experienced cognitive decline.

Conclusions: The secretion of CCL2 by dendritic cells induces pyroptosis in

vascular endothelial cells, thereby promoting blood-brain barrier damage and

triggering cognitive impairment in patients with systemic lupus erythematosus.
KEYWORDS
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Introduction

Systemic lupus erythematosus (SLE) is a common manifestation

of autoimmune disease, where the immune system mistakenly

attacks and damages healthy tissues due to various reasons (1).

This disease could affect various body parts, most commonly the

skin, joints, heart, and kidneys (2–4). Neuropsychiatric systemic

lupus erythematosus (NPSLE) is a complex subtype of systemic

lupus erythematosus (SLE) that affects the central nervous system,

resulting in various neurological symptoms, including headaches,

anxiety, depression, and cognitive impairments (5). In recent years,

clinicians and researchers have increasingly recognized the cognitive

impairments caused by NPSLE. However, these impairments’ exact

aetiology and pathogenesis remain unclear (6).

The occurrence and development of SLE are triggered by

complex interactions among genetic, epigenetic, environmental,

and immunological factors. Over the past decade, extensive

research has been conducted on the cellular and molecular

mechanisms behind the intricate inflammatory pathology of SLE,

providing new insights into the pathophysiology of SLE and

fostering the development of novel diagnostic markers or drug

targets (7). The immunopathogenic features of SLE include the

overproduction of type I interferon (IFN-I), proinflammatory

cytokines, autoantibodies, abundant deposition of immune

complexes (IC), and the hyperactivity of innate and adaptive

immunity due to the failure of immune tolerance. The innate

perception of antigens is considered the triggering event leading

to the autoimmune reactivity in SLE. DCs, discovered by Ralph

Steinman in 1973, serve as crucial antigen-presenting cells that play

a key role in linking innate and adaptive immunity in SLE (8).

Dendritic cells (DCs) are crucial cells in the immune system,

playing a central role in antigen recognition, capture, presentation,

and immune response regulation (9). Recent research has

demonstrated the crucial involvement of dendritic cells (DCs) in

developing SLE. The activation and dysfunction of DCs have been

strongly linked to the inflammatory response and immune

irregularities observed in SLE (10). Among the inflammatory

factors secreted by DCs, CCL2 has garnered attention from

researchers due to its role in cell migration and mediation of

inflammatory responses (11).

The blood-brain barrier (BBB) is a specialized barrier consisting

primarily of brain capillary endothelial cells, astrocytic foot

processes, and the surrounding basement membrane. Its primary

function is safeguarding the brain from potentially harmful

substances (12). Several studies have indicated that CCL2 could

result in the enhanced permeability of the BBB, leading to

inflammation and brain damage (13). Hence, it is crucial to

investigate the correlation between CCL2 and BBB to better

comprehend the mechanisms that contribute to cognitive

impairment in NPSLE patients (14).

In conclusion, it is imperative to investigate dendritic cells,

CCL2, the blood-brain barrier, and relevant diagnostic techniques

to comprehensively explore and understand the mechanisms of

cognitive impairment induced by systemic lupus erythematosus.
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Materials and methods

Downloading and organizing GEO data

Data related to systemic lupus erythematosus (SLE) was obtained

by downloading the dataset GSE112087 from the GEO database

(https://www.ncbi.nlm.nih.gov/). This dataset comprises 58

peripheral blood samples from healthy individuals and 62 peripheral

blood samples from SLE patients, with contributions from 29 healthy

volunteers and 31 individuals diagnosed with systemic lupus

erythematosus. A differential analysis of a dataset was conducted

using the R software package limma. The criteria used for the

selection of differentially expressed genes were |log2FC| > 1 and

FDR < 0.05. Subsequently, the R software package “WGCNA” was

utilized to construct a co-expression network. This workflow includes

the construction of a gene co-expression network, module

identification, analysis of module relationships, and identification of

highly correlated genes. The soft thresholding parameter (b) was set to
5, and the scale-free R2 was set to 0.90 to identify the module genes that

exhibit the strongest positive correlation with SLE for further analysis.

A list of genes related to cognitive dysfunction was obtained

from the GeneCards database, and genes with a correlation

coefficient greater than 15 were selected for further analysis. The

module genes, differential genes, and cognitive dysfunction-related

genes were intersected using the Sangerbox3.0 website. A violin plot

of the expression levels of the intersected genes in GSE112087 was

generated (15).
Clinical sample collection and high-
throughput RNA sequencing

A total of 60 patients diagnosed with neuropsychiatric systemic

lupus erythematosus (NPSLE) who were hospitalized and treated at

our institution from December 2020 to February 2023, as confirmed

by the Montreal Cognitive Assessment (MoCA), were included in

the study, along with 60 healthy volunteers serving as the control

group. The inclusion criteria consisted of the following: 1)

diagnosing NPSLE according to the American College of

Rheumatology (ACR) criteria; 2) conducting a case-control study

to measure blood or cerebrospinal fluid antibodies in SLE patients

with and without NP symptoms; 3) conducting a prospective study

to measure blood or CSF antibodies in SLE patients with and

without NP symptoms at the end of the follow-up period; 4)

performing clinical evaluations for the presence of NP symptoms

or using standardized instruments for assessment; and 5) reporting

clearly defined antibody titers (presence or absence) or absolute titer

levels to calculate effect sizes and odds ratios (OR) (16). The clinical

characteristics of the included patients are presented in Table S1,

with the age of participants ranging from 30 to 70 years. Peripheral

blood samples were collected from all individuals included in the

study. Following the assessment of eligibility criteria, peripheral

blood was collected for cell isolation, sequencing, and ELISA testing.

All cases included in this study have been discussed and approved
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HeBei General Hospital’s Medical Ethics Committee. The patients

and their families have also provided informed consent by signing

consent forms. This study adheres to the ethical principles

regarding biomedical research involving human subjects as

outlined in the Helsinki Declaration (17).

Three samples were randomly selected from the above two groups

of blood samples. Total RNA was isolated from the samples using

Invitrogen’s Total RNA Isolation Reagent Kit (Catalog Number:

12183555). The extracted total RNA was quantified by measuring

its optical density (OD) value. The integrity of the total RNAs was

assessed by employing agarose gel electrophoresis. To construct an

RNA library, high-quality total RNA was reverse transcribed into

cDNA and subsequently subjected to sequencing using the Illumina

NextSeq 500 platform. The raw image data is converted into raw reads

using base calling during the sequencing process. To ensure data

quality, we employed cutadapt to eliminate sequencing adapter

sequences and filter out low-quality sequences. The remaining reads

were denoted as ‘clean reads’. The sequences were aligned to the

human reference genome usingHisat2 software. The expression levels

of genes were then quantified using the R software package, resulting

in a matrix of gene expressions. Differential expression analysis was

conducted using R software’s “edgeR” package. A threshold of

|log2FC|>1 and p<0.05 was applied for filtering (18).
The MoCA-INA score to assess patients’
cognitive function

The Montreal Assessment Scale was used to measure cognitive

function in both NPSLE patients and healthy volunteers. The scale

covers 11 sub-items across 8 cognitive domains, including

orientation, attention, executive function, language, abstraction,

memory, visuospatial skills, and calculation, with a total score of

30. An additional point is added to the score for individuals with

less than 12 years of education. A total score equal to or greater than

26 is considered normal, while a score below 26 indicates cognitive

impairment (19, 20).
Immune infiltration analysis

The term “infiltration” in “immune infiltration analysis” refers

to the process where immune cells migrate from peripheral blood

into specific tissues under certain disease conditions. Immune

infiltration analysis utilizes linear support vector regression to

deconvolute the expression matrix of immune cell subtypes to

estimate the abundance of immune cells. CIBERSORT provides

data on 22 common immune infiltrating cell types, including

various immune cell types and functional states. We downloaded

the expression matrix of the 22 immune cell feature gene sets from

the CIBERSORT website and used the CIBERSORT algorithm to

analyze immune cells in the GSE112087 dataset. The simulation was

run 1000 times, filtering out non-infiltrating immune cells. The

relationship between target genes and different immune cells was

examined using the R script of “CIBERSORT” to analyze the
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infiltration (21).
Functional and pathway enrichment
analysis of differential genes

To conduct GO and KEGG enrichment analysis on differentially

expressed genes, the R software package ClusterProfiler was utilized,

employing an FDR < 0.1 and p < 0.05 as the filtering criteria. Conduct

GSEA enrichment analysis on the merged GEO dataset using GSEA

v4.2.3 software. The proteins encoded by the differentially expressed

genes in the GSE112087 dataset could be inputted into the String

website with a minimum correlation coefficient of 0.7. Subsequently,

the Cytoscape v3.9.1 software could retrieve the protein-protein

interaction (PPI) network associated with genes that encode CCL2.

Furthermore, the genes potentially involved in regulating CCL2 in the

protein-protein interaction (PPI) network could be explored using

the Coexpedia website and chipbase3.0 website (22).
Isolation of peripheral blood mononuclear
cells and dendritic cells

The density gradient centrifugation method (catalog number:

10771, Sigma) was employed to isolate peripheral blood

mononuclear cells (PBMCs) from 60 healthy volunteers and 55

patients with Neuropsychiatric Systemic Lupus Erythematosus

(NPSLE). Subsequently, the PBMCs were stained with the following

antibodies: anti-CD317 (catalog number: 12–3179-42, Thermo Fisher),

anti-CD11c (catalog number: 11–0116-42, Thermo Fisher), anti-

CD11b (catalog number: 11–0118-42, Thermo Fisher), anti-CD14

(catalog number: 17–0149-42, Thermo Fisher), anti-CD80 (catalog

number: 11–0809-42, Thermo Fisher), and anti-CD83 (catalog

number: 17–0839-42, Thermo Fisher). Specifically, CD317 and

CD11c were utilized for dendritic cell identification, CD11b and

CD14 for monocyte identification, and CD80 and CD83 for

activated dendritic cell identification. Flow cytometry analysis was

conducted using the BD FACS LSRFortessa flow cytometer (BD,

USA) and analyzed with BD FACSDiva software (BD Bioscience,

USA). Gates were set based on morphological characteristics limited to

immune cell populations, with a minimum of 50,000 cells analyzed.

The results were expressed as percentages of the studied cell

subsets (23).
Cell culture

The human brain microvascular endothelial cell line hCMEC/

D3 was procured from Biobw (Catalog number: bio-51720). The

human induced pluripotent stem cell line iPS (IMR90)-4 was

obtained from WiCell (Catalog number: WISCi004-B). The

hCMEC/D3 cells were cultured in a culture dish pre-coated with

mouse tail collagen (Catalog number: 122–20, Sigma) at 37°C for 2

hours with a growth medium containing 10% fetal bovine serum
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(Catalog number: 12106C, Sigma), and 1% penicillin/streptomycin

(Catalog number: V900929, Sigma) in endothelial cell growth

medium (Catalog number: M200500, Gibco). To mimic the

blood-brain barrier environment in vitro, human iPS (IMR90)-4

cells were differentiated into endothelial cells (iPS-EC) as previously

described (24), and then cultured. Dendritic cells isolated from

healthy volunteers were cultured in RPMI 1640 medium containing

10% fetal bovine serum, 25 ng/mL GM-CSF (Catalog number:

GF304, Sigma), and 5 ng/mL IL-4 (Catalog number: SRP3093,

Sigma) for immune cell studies (25, 26). All cell cultures were

maintained at 5% CO2 and 37°C.
Cell transfection

The following dendritic cell (DC) cell lines were constructed

using lentiviral-mediated transfection: dendritic cells with silenced

CCL2 (sh-CCL2) and their control (sh-NC), dendritic cells with

silenced ISG15 (sh-ISG15) and their control (sh-NC), dendritic cells

with silenced RSAD2 (sh-RSAD2) and their control (sh-NC). The

plasmids for CCL2 silencing, along with the corresponding

lentiviruses, ISG15 silencing plasmids and related lentiviruses,

and RSAD2 silencing plasmids and their corresponding

lentiviruses, were obtained from Hanheng Biotechnology Co., Ltd.

(Shanghai, China). The constructed pHBLuc plasmids (sh-NC, sh-

CCL2, sh-ISG15, and sh-RSAD2) were transfected into 293T cells

(Catalog number: bio-73410, Biobw) for lentivirus packaging.

Subsequently, 5×105 cells were seeded into 6-well plates, and

when cell confluence reached 70–90%, they were exposed to

lentiviruses containing sh-NC, sh-CCL2, sh-ISG15, and sh-

RSAD2 (MOI=10, working titer around 5×106 TU/mL) along

with 5 mg/mL polybrene (Catalog number: TR-1003, Merck) in

the culture medium for transfection. After 4 hours, an equal amount

of culture medium was added to dilute the polybrene. Puromycin

resistance selection was performed 48 hours post-transfection using

1 mg/mL puromycin (Catalog number: A1113803, Thermo Fisher)

to obtain stable transfected cell lines. The sequences for shRNA

silencing are detailed in Supplementary Table S2 (27).
RT-qPCR

Total RNA was extracted from clinical patient tissues and in vitro

cell cultures using TRIzol (Catalog number: 10296010CN, Thermo

Fisher) and quantified with Nanodrop (Nanodrop 3300, Thermo

Fisher). The total RNA from cells or tissues was reverse transcribed

into cDNA using TaqMan reverse transcription reagents (Catalog

number: N8080234, Thermo Fisher) following the manufacturer’s

instructions. PCR analysis was performed using PowerUp SYBR

Green pre-mix reagent (Catalog number: A25741, Thermo Fisher)

by mixing 2 mL of cDNA template, 0.2 mL of each forward and reverse

primer, 10 mL of qRT-PCR Mix, and adding RNAase-free water to

make up to 20 mL. The PCR amplification was carried out in a Bio-Rad

real-time quantitative PCRmachine CFX96 with the following reaction

conditions: initial denaturation at 95°C for 30 seconds, followed by 40

cycles of denaturation at 95°C for 10 seconds, annealing at 60°C for 30
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seconds, extension at 72°C for 30 seconds, and a melting curve analysis

from 65°C to 95°C. The 2-△△CT method was employed to analyze the

relative expression levels of various genes, with GAPDH serving as an

internal reference. The primer sequences are shown in (Supplementary

Table S3) (28, 29).
Construction and evaluation of an in vitro
blood-brain barrier model for
integrity assessment

iPS (IMR90)-4-derived endothelial cells were seeded in the upper

chamber of Transwell plates (Catalog number: CLS3412, Corning),

with fresh culture medium added to the lower chamber. The cells

were divided into two groups: control (con) group and CCL2 group.

In the CCL2 group, an additional 200 ng/mL of human recombinant

CCL2 (Catalog number: SRP3109, Sigma) was added to the upper

chamber. After 48 hours of incubation, the medium was replaced

with fresh culture medium, and the trans-endothelial electrical

resistance (TEER) was measured using a Millicell ERS-2 (Merck

Millipore, USA) resistance system combined with electrode-type

STX3 (World Precision Instruments, USA) 40 minutes later. To

exclude material interference, TEER values were also measured from

the upper chamber coated with type IV collagen (Catalog number:

CC076, Sigma) as a blank sample. The TEER values obtained from

the endothelial cells derived from iPS (IMR90)-4 (W·cm2) were

calculated by subtracting the average TEER of the blank sample

and multiplying these values by the surface area of the insert.

Subsequently, 150 mL of 1 mg/mL FITC-dextran (40 kDa, Catalog

number: 46944, Sigma) was added to the upper chamber, and after

30 minutes, samples were collected from the lower chamber.

Fluorescence intensity was measured using a microplate reader at

an excitation wavelength of 485 nm and an emission wavelength of

535 nm (25, 30).
Cell fluorescence staining

iPS-EC stimulated by CCL2 and hCMEC/D3 cells co-cultured

were seeded at a density of 3000 cells per well in a 12-well plate coated

with 0.01% poly-L-lysine (Catalog No: P8920, Sigma). The cells were

fixed with 4% paraformaldehyde (PFA), washed, permeabilized with

0.5% Triton-X 100 (Catalog No: T8787, Sigma), and blocked with 3%

bovine serum albumin (BSA, Catalog No: ST025, Beyotime) for 1 hour

at room temperature. Following the blocking step, the cells were

incubated overnight at 4°C with primary antibodies (anti-Ki67 (#14–

5698-82, 1:50, ThermoFisher) and anti-CD69 (#MA1–207, 1:50,

ThermoFisher)). After the overnight incubation, the cells were

incubated for 2 hours at room temperature in the dark with

secondary antibodies (#PA184709, Invitrogen) with a corresponding

wavelength of 570 nm. Nuclear staining was performed using DAPI

dye (Catalog No: 62247, ThermoFisher). Images were captured using a

fluorescence microscope (Olympus X73, Japan) and the Image-J

software was used for quantifying the positive signals. The materials

mentioned were purchased from Sigma, ThermoFisher, and Beyotime.

Fluorescence data were obtained from 5 different fields of view (31).
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The detection parameters were the expression of Ki67 (cell vitality) and

CD69 (proliferative capacity).
TUNEL

The apoptosis of iPS-EC stimulated by CCL2 and co-cultured

with hCMEC/D3 cells was assessed using the TUNEL cell apoptosis

detection kit (Catalog No: C1089, Beyotime) in combination with

Annexin V-FITC/PI cell apoptosis detection kit (Catalog No:

C1062L, Beyotime). The process for TUNEL cell apoptosis

analysis is briefly described as follows: cells were fixed with

paraformaldehyde and then incubated with TUNEL solution for

30 minutes. After staining with DAPI for 5 minutes, fluorescent

microscopy was used for imaging. The ImageJ software was utilized

to quantify apoptotic cells and calculate the percentage of TUNEL-

positive cells. The detection parameter was the proportion of

TUNEL-positive cells.

For the flow cytometry assay combined with the Annexin V-

FITC/PI cell apoptosis detection kit (Catalog No: C1062L,

Beyotime), the procedure is outlined as follows: iPS-EC

stimulated by CCL2 and co-cultured with hCMEC/D3 cells were

washed and resuspended. Subsequently, 1×105 cells were stained

with 10 µL Annexin V-FITC and 5 µL propidium iodide (PI) under

dark conditions. The percentage of apoptotic cells was then detected

using a flow cytometer (BD, USA). The detection parameter was the

proportion of cells positive for both Annexin-FITC and PI (32).
Co-culture of cells in vitro

hCMEC/D3 cells were co-cultured with transfected or

untransfected dendritic cells (1:5 ratio) at 37°C and 5% CO2 for

48 hours, divided into the control group (con group), LPS group,

LPS+sh-NC group, and LPS+sh-ISG15 group. In the co-culture

system, dendritic cells were added to the upper chamber, and 100

ng/mL LPS (Catalog No: L4391, Sigma) was added to the dendritic

cell culture medium for activation (the control group did not receive

LPS), while hCMEC/D3 cells were seeded in the lower chamber of

Transwell plates (Catalog No: CLS3412, Corning). Dendritic cells

and hCMEC/D3 cells were separated by a 0.4 µm membrane,

allowing only soluble factors to pass through. After 48 hours, the

supernatant was collected for ELISA to assess CCL2 expression, and

the cultured cells were collected for Western blot analysis.

Additionally, blood-brain barrier integrity was assessed following

the aforementioned methodology (evaluation parameters included

TEER and FITC-dextran) (33).
Western blot

The extraction of total protein from cells and tissues was carried

out using RIPA lysis buffer containing 4% protease inhibitor

(catalog number: P0013B, Beyotime). The protein concentration

was determined using a BCA protein assay kit (catalog number:
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P0010S, Beyotime). The protein concentration was adjusted to 1 mg/
mL, with a sample volume of 100 mL per tube, boiled at 100°C for 10

minutes to denature the proteins, and stored at -80°C until further

use. SDS gels ranging from 8% to 12% were prepared based on the

target protein band size. Subsequently, 10 mL protein samples were

loaded into each lane of the gel using a micropipette for

electrophoresis separation. The proteins from the gel were

transferred onto a PVDF membrane (catalog number: 1620177,

BIO-RAD, USA). The PVDF membrane was blocked with 5% skim

milk (catalog number: P0216–300 g, Beyotime) in TBST (5 mL) at

room temperature for 1 hour and then probed with primary

antibodies against ISG15 (#703131, 1:5000, Thermofisher),

RSAD2 (#SAB1409978, 1:1000, Sigma), ASC (#SAB4501315,

1:1000, Sigma), NLRP3 (#SAB5700723, 1:1000, Sigma), GSDMD

(#ZRB1274, 1:1000, Sigma), CXCL10 (ab306587, 1:1000, Abcam),

LIF (ab138002, 1:500, Abcam), CXCR6 (ab137134, 1:5000, Abcam),

TNFAIP6 (ab267469, 1:1000, Abcam), CXCR5 (ab254415, 1:1000,

Abcam), OAS1 (ab272492, 1:1000, Abcam), OAS2 (ab197655,

1:1000, Abcam), OAS3 (ab154270, 1:2000, Abcam), MX1

(ab284603, 1:1000, Abcam), and GAPDH (#SAB4300645, 1:1000,

Sigma) overnight at 4°C. The following day, the membrane was

washed three times for 5 minutes each with 1× TBST at room

temperature. It was then incubated with an HRP-conjugated goat

anti-rabbit IgG secondary antibody (ab6721, 1:5000, Abcam, UK) at

room temperature for 1 hour followed by three additional washes

with 1× TBST buffer for 5 minutes each. The membrane was

immersed in ECL reagent (catalog number: 1705062, Bio-Rad,

USA) at room temperature for 1 minute, after which the liquid

was removed, covered with plastic wrap, and exposed on an Image

Quant LAS 4000C gel imaging system (GE Company, USA). The

relative expression levels of proteins were determined by comparing

the grayscale values of target bands to reference bands (GAPDH) in

both total cell and cytoplasmic proteins. Protein quantification was

performed using ImageJ software (34).
ELISA

According to the manufacturer’s instructions, an appropriate

amount of co-cultured cell culture supernatant or serum was taken,

centrifuged to collect the supernatant, and then the concentration of

CCL2 in the supernatant was measured using a CCL2 assay kit

(PC130, Beyotime) at a detection wavelength of 450 nm (35).
Statistical analysis

All data were analyzed using IBM’s SPSS 21.0 statistical

software. Metric data were presented as mean ± standard

deviation. The t-test was utilized to compare two groups, while

one-way ANOVA was employed to compare multiple groups. Data

comparison at different time points was analyzed using repeated

measures ANOVA, and non-parametric tests for data not following

a normal distribution. The values p<0.05, p<0.01, and p<0.001

indicate that the observed differences are statistically significant.
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Results

Role of CCL2 overexpression in the
pathogenesis of neuropsychiatric systemic
lupus erythematosus

To investigate the specific mechanism of neuropsychiatric

systemic lupus erythematosus (NPSLE), we initially downloaded

the dataset GSE112087 related to systemic lupus erythematosus

(SLE) from the GEO database. Subsequently, we performed

differential analysis on the downloaded dataset. The results

(Figure 1A) indicate that the GSE112087 dataset has a total of

207 differentially expressed genes, including 139 genes that are

upregulated and 68 genes that are downregulated. Subsequently, a

co-expression network was constructed using WGCNA to identify

the key genes associated with the disease phenotype and gene

expression in systemic lupus erythematosus (SLE) using the

GSE112087 dataset. A correlation coefficient threshold of 0.9 was
Frontiers in Immunology 06
utilized to select a soft threshold parameter b of 5, constructing 10

co-expression modules (Figures 1B, C). The module feature

correlation analysis results revealed that the core genes of the

green and red modules exhibited a negative correlation with SLE.

Conversely, the core genes of the pink, turquoise, and brown

modules exhibited a positive correlation with SLE. Moreover, the

brown module demonstrated the highest correlation with SLE, as

depicted in Figure 1D. Next, the intersection of the differentially

expressed genes, genes from the brown module, and the gene list

related to cognitive dysfunction downloaded from the GeneCards

database was obtained, resulting in three core upregulated genes:

NTNG2, CCL2, and HLA-DQB1 (Figures 1E, F).

To validate the reliability of the analysis above results, we

performed sequencing on peripheral blood samples obtained from

both healthy volunteers and patients diagnosed with NPSLE, which

were collected during clinical trials. The findings indicate that there

are 2020 differentially expressed genes in the peripheral blood of

NPSLE patients, which is different from healthy individuals. Among
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FIGURE 1

Differential Analysis and WGCNA Analysis for Identification of Core Differentially Expressed Genes in SLE-related GEO Dataset and Sequencing Data.
(A) Volcano plot for differential analysis of GSE112087 dataset (normal=58, SLE=62); (B) Scale-free fit index analysis for various soft threshold
powers; (C) Gene co-expression network constructed by WGCNA, where each colour represents a module in the gene co-expression network
constructed by WGCNA; (D) Correlation analysis between different modules and disease phenotypes, with each cell containing the correlation
coefficient and corresponding p-value; (E) Venn diagram of differentially expressed genes in the GSE112087 dataset, module genes most correlated
with disease, and gene list related to cognitive impairment from GeneCard database; (F) Expression trends of three core differentially expressed
genes in the GSE112087 dataset; (G) Volcano plot for differential analysis of sequencing data (normal=3, NPSLE=3); (H) Venn diagram of differential
genes between GSE112087 dataset and sequencing data; (I) Expression trends of three core differentially expressed genes in sequencing data.
* indicates comparison between two groups, p<0.05, **p<0.01, ***p<0.0001.
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these genes, 999 were upregulated, while 1021 were downregulated

(Figure 1G). The overlap between the sequencing data and the

differentially expressed genes from the analysis of the GSE112087

dataset resulted in a total of 28 shared genes, excluding HLA-DQB1

(Figure 1H). Based on the sequencing data, NTNG2 shows a

downregulation in patients with NPSLE, whereas CCL2 exhibits

an upregulation (Figure 1I).

To validate the impact of high concentrations of CCL2 on the

blood-brain barrier, we subjected iPS-EC to continuous CCL2

stimulation. The results showed a significant decrease in the

transendothelial electrical resistance (TEER) values of CCL2-

stimulated iPS-EC compared to the control group. Additionally,

there was an increase in the content of FITC-dextran, indicating a

notable enhancement in the blood-brain barrier permeability

following CCL2 stimulation (Figures 2A, B). Subsequently, we

collected iPS-ECs that had been stimulated with CCL2 and

evaluated both cell viability and levels of apoptosis in these cells.

The results revealed that the iPS-EC cells in the CCL2 group

exhibited a reduction in cell viability (Ki67) and proliferative

capacity (CD69) compared to the control group. Additionally,

there was an increase in cellular apoptosis in the iPS-EC cells of

the CCL2 group (Figures 2C–E).

These results suggest that the overexpression of chemokine

CCL2 may play a crucial role in developing NPSLE.
Dendritic cells: the primary contributors to
elevated CCL2 production in
NPSLE patients

To investigate the impact of immune cells on the disease in

systemic lupus erythematosus (SLE) patients, we analyzed the
Frontiers in Immunology 07
GSE112087 dataset to compare the infiltration of immune cells in

peripheral blood between healthy individuals and SLE patients. The

findings revealed significant differences in the levels of various

immune cells between the healthy individuals and SLE patients

(Figures 3A, B). SLE patients exhibited an increase in activated

memory CD4 T cells, activated dendritic cells, and neutrophils,

whereas a decrease was observed in immature B cells, CD8 T cells,

and monocytes (Figure 3C). By examining the correlation between

genes and immune cells, it was determined that the expression of

CCL2 in SLE patients did not exhibit any association with the levels

of activated memory CD4 T cells and neutrophils. However, it was

positively correlated with activated dendritic cells (Figure 3D).

Based on the findings above, we speculate that neuropsychiatric

systemic lupus erythematosus (NPSLE) may be associated with

excessive secretion of CCL2 by dendritic cells.

To further elucidate the immune cells responsible for the notable

increase in peripheral blood CCL2 levels in NPSLE patients, we

utilized flow cytometry to isolate dendritic cells from healthy and

NPSLE patients. The purity of the isolated cells was confirmed to be

over 98% (Supplementary Figure S1A), and their activation level was

subsequently evaluated. The results demonstrated an increase in the

frequency of CD80 and CD83 positive dendritic cells in the

peripheral blood of NPSLE patients compared to healthy

individuals (Figure 3E). These findings suggest an elevated

activation level of dendritic cells in NPSLE patients. Compared to

healthy individuals, NPSLE patients exhibited a marked elevation in

CCL2 mRNA expression within peripheral blood dendritic cells

(Figure 3F). To minimize interference from monocytes, which

have a higher proportion of immune cells in both groups, we

extracted and detected monocytes from the peripheral blood of

healthy individuals and patients with neuropsychiatric systemic

lupus erythematosus (NPSLE) (Supplementary Figure S1B), cell
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FIGURE 2

Investigation of the Effect of CCL2 on the Blood-Brain Barrier and Endothelial Cells in vitro. (A, B) TEER experiments and ELISA for assessing the
effects of CCL2 on the in vitro blood-brain barrier iPS-EC; (C) Immunofluorescence staining experiments to evaluate the impact of CCL2 on the
expression of Ki67 and CD69 in iPS-EC composing the blood-brain barrier (Scale bar = 50 mm); (D, E) Tunel staining and flow cytometry to explore
the influence of CCL2 on the apoptosis of iPS-EC composing the blood-brain barrier (Scale bar = 100 mm). Cell experiments repeated 3 times,
* indicates comparison between two groups, p<0.05, *p<0.01.
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purity > 97%. The analysis revealed no difference in the two groups’

expression levels of CCL2 in monocytes (Figure 3G).

We believe that dendritic cells are mainly responsible for the

excessive production of CCL2 in the blood of NPSLE patients.
ISG15 regulates CCL2 expression and
secretion in dendritic cells influencing
blood-brain barrier integrity

To further investigate the causal relationship between CCL2 and

neuropsychiatric systemic lupus erythematosus (NPSLE), we

conducted enrichment analysis using the GSE112087 dataset for

Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes

(KEGG), and Gene Set Enrichment Analysis (GSEA) (Figures 4A, B).
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The Gene Ontology (GO) analysis results revealed that the

differentially expressed genes are primarily enriched in categories

related to biological processes, including ‘Defense response to virus’

and ‘Defense response to symbiont’. In the cellular component

category, enrichment was observed in terms such as ‘Collagen-

containing extracellular matrix’ and ‘Laminin complex’, while in

the molecular function category, genes associated with ‘Double-

stranded RNA binding’ and ‘Single-stranded RNA binding’ were

found to be enriched. The results from KEGG analysis indicate that

the differentially expressed genes are predominantly enriched in

signalling pathways such as “Cytokine-cytokine receptor interaction”

and “Cell adhesion molecules”. Furthermore, the GSEA enrichment

analysis showed that SLE patients demonstrated a noteworthy

upregulation of signaling pathways, including the ‘Rig I Like

Receptor Signaling Pathway’ and ‘Nod Like Receptor Signaling
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FIGURE 3

Analysis and Experimental Validation of Peripheral Blood Immune Cell Infiltration in Healthy Individuals and SLE Patients. (A) Stacked bar chart
showing the proportions of 22 immune cell types in peripheral blood of healthy individuals (n=58) and SLE patients (n=62); (B) Heatmap illustrating
the proportions of 22 immune cell types in peripheral blood of healthy individuals (n=58) and SLE patients (n=62); (C) Violin plots comparing the
proportions of 22 immune cell types in peripheral blood of healthy individuals (n=58) and SLE patients (n=62), with blue representing healthy
individuals and red representing SLE patients; (D) Correlation analysis between the expression of CCL2 in peripheral blood of SLE patients (n=62) and
the increased proportions of activated memory CD4 T cells, activated dendritic cells, and neutrophils; (E) Flow cytometry analysis of the activation
level of dendritic cells in peripheral blood of healthy individuals (n=12) and NPSLE patients (n=7); (F, G) RT-qPCR experiment to detect the
expression levels of CCL2 mRNA in activated dendritic cells and monocytes extracted from peripheral blood of healthy individuals (n=12) and NPSLE
patients (n=7). * indicates comparison between two groups, *p<0.05.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1343805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1343805
Pathway,’ compared to healthy individuals (Figure 4C). Conversely,

signalling pathways such as the ‘Primary Immunodeficiency’ and

‘Hedgehog Signaling Pathway’ were downregulated.

Subsequently, to further identify the factors associated with

CCL2-induced blood-brain barrier damage through the Protein-

Protein Interaction (PPI) network analysis, the potential protein

interactions were explored among six genes encoding proteins –

ISG15, CXCL10, and LIF, as illustrated in Figure 4D. Furthermore,

the network revealed a higher number of genes associated with

ISG15 and CXCL10. Prior studies have demonstrated that the

upregulation of ISG15 gene expression occurs before the onset of

blood-brain barrier disruption and brain oedema in mice following

traumatic brain injury. Furthermore, ISG15 and CCL2 exhibit

increases during inflammation reactions induced by autoimmune

responses (36, 37). Furthermore, the expression levels of ISG15,

CXCL10, LIF, CXCR6, TNFAIP6, and CXCR5 in peripheral blood

dendritic cells of NPSLE patients were examined. The results

revealed a significant upregulation in the mRNA and protein

expression of ISG15, CXCL10, LIF, CXCR6, TNFAIP6, and
Frontiers in Immunology 09
CXCR5 within dendritic cells of NPSLE patients compared to

those of healthy individuals, with the most notable change

observed in ISG15 (Figures 4E, F). Hence, we hypothesize that

there may be an association between ISG15 and the expression

of CCL2.

To investigate the regulatory relationship between ISG15 and

CCL2, we designed two specific shRNA sequences to silence ISG15

and two specific shRNA sequences to silence CCL2, respectively.

These sequences were transfected into mature dendritic cells, and

those with high silencing efficiency were chosen for subsequent

experiments (Figure 5A). The results of RT-PCR analysis indicated

that the expression levels of CCL2 and ISG15 mRNA were

upregulated in dendritic cells that were activated by LPS

stimulation compared to the control group. Silencing CCL2 did

not affect the expression of ISG15, whereas silencing ISG15 resulted

in a notable decrease in CCL2 mRNA expression (Figure 5B).

Moreover, the inhibition of ISG15 reduced the secretion of CCL2

by mature dendritic cells. It was demonstrated by detecting the

levels of CCL2 in the hCMEC/D3 cell culture medium (Figure 5C).
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FIGURE 4

Enrichment analysis of GO, KEGG, and GSEA and PPI network of differentially expressed genes in the GSE112087 dataset and in vitro experimental
validation. (A) GO and KEGG enrichment analysis of differentially expressed genes in the GSE112087 dataset (normal=58, SLE=62); (B) GSEA
enrichment analysis of the GSE112087 dataset (normal=58, SLE=62); (C) Top 4 signalling pathways upregulated in peripheral blood of SLE patients
based on GSEA enrichment analysis (normal=58, SLE=62); (D) PPI network of proteins encoded by differentially expressed genes in the GSE112087
dataset (normal=58, SLE=62); (E) The measurement of mRNA expression levels of ISG15, CXCL10, LIF, CXCR6, TNFAIP6, and CXCR5 in peripheral
blood dendritic cells of healthy volunteers (n=7) and NPSLE patients (n=12) was conducted using RT-qPCR experiments; (F) The assessment of
protein expression levels of ISG15, CXCL10, LIF, CXCR6, TNFAIP6, and CXCR5 in peripheral blood dendritic cells of healthy volunteers (n=7) and
NPSLE patients (n=12) was performed through Western blotting experiments. Statistical significance between the two groups is represented
by *p<0.05.
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These results suggest that ISG15 functions as an upstream gene that

regulates CCL2.

Next, we co-cultured mature dendritic cells with silenced ISG15

with hCMEC/D3 cells. Evaluation of BBB integrity markers showed a

significant decrease in TEER values and an increase in FITC-dextran

content in the LPS group compared to the control group, indicating a

notable increase in blood-brain barrier permeability after LPS
Frontiers in Immunology 10
stimulation. In comparison to the LPS+SH-NC group, the LPS+sh-

ISG15 group exhibited a significant increase in TEER values and a

decrease in FITC-dextran content, as displayed in Figures 5D, E. This

suggests a significant increase in brain barrier permeability after LPS

stimulation and a notable decrease in blood-brain barrier

permeability when ISG15 is silenced concurrently with LPS

stimulation. The results demonstrated that compared to the control
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FIGURE 5

In vitro experimental validation of the regulatory relationship between ISG15 and CCL2 in mature dendritic cells. (A) Silencing efficiency of CCL2 and
ISG15 shRNA sequences determined by RT-qPCR experiment; (B) Effects of silencing CCL2 or ISG15 on their respective mRNA expression levels
determined by RT-qPCR experiment; (C) CCL2 content in co-culture medium of hCMEC/D3 cells determined by ELISA experiment; (D) TEER
experiment detected the effects of co-culturing different DCs and hCMEC/D3 on the in vitro blood-brain barrier; (E) Enzyme-linked immunosorbent
assay detected the effects of co-culturing different DCs and hCMEC/D3 on the in vitro blood-brain barrier; (F) Immunofluorescence staining
experiment detected the expression levels of Ki67 and CD69 in hCMEC/D3 cells co-cultured under a scale bar of 50 mm; (G) Tunel staining detected
the apoptosis levels of hCMEC/D3 cells co-cultured with a scale bar of 100 mm; (H) Statistical graph of Ki67 and CD69 fluorescence intensity in
hCMEC/D3 cells in the immunofluorescence staining experiment; (I) Statistical graph of fluorescence intensity in positive regions of hCMEC/D3 cells
in the Tunel staining experiment; (J) Flow cytometry detected the apoptosis rate of hCMEC/D3 cells. Cell experiments were repeated three times,
and statistical significance is represented by # for p<0.05; *** 0.001.
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group, there was a reduction in the expression of Ki67 and CD69 in

hCMEC/D3 cells co-cultured with mature dendritic cells in the LPS

group. Moreover, the silencing of ISG15 in the LPS+sh-NC group

resulted in the restoration of cell viability and proliferation capacity in

hCMEC/D3 cells (Figures 5F, H). In the LPS group, hCMEC/D3 cells

co-cultured with mature dendritic cells showed a higher number of

Tunel-stained positive areas and an elevated level of cell apoptosis

compared to the LPS+sh-NC group. In addition, silencing ISG15

substantially decreased the proportion of Tunel-stained positive areas

and apoptotic cells in hCMEC/D3 cells (Figures 5G, I, J).

Based on the findings, it could be concluded that ISG15

regulates the expression and secretion of CCL2 in dendritic cells.
RSAD2 mediates ISG15 expression in
dendritic cells influencing CCL2 secretion
in NPSLE patients

The previous bioinformatics analysis showed a potential

relationship between the expression of ISG15 in the peripheral

blood of SLE patients and several differentially expressed genes,

including USP18, OAS3, and RSAD2 (Figure 4D). Firstly, we

examined the correlation between these genes and ISG15

expression in the GSE112087 dataset to explore any potential

involvement in regulating ISG15 expression. The results

demonstrate a positive correlation between these genes and the

expression of ISG15, as depicted in Figure 6A. Subsequently, key

genes regulating ISG15 were identified through bioinformatics

analysis (Figure 6B). By performing an intersection of these

genes, a set of five common genes was revealed, namely OAS1,

OAS2, OAS3, RSAD2, and MX1 (Figure 6C).

Furthermore, the ChipBase3.0 website demonstrates a positive

correlation between ISG15 and these five genes’ expression in the

general population’s blood (Figure 6D). Furthermore, we assessed

the expression of RSAD2, OAS1, OAS2, OAS3, RSAD2, and MX1 in

dendritic cells of patients with neuropsychiatric systemic lupus

erythematosus (NPSLE). The results revealed significantly

elevated mRNA and protein expression levels of RSAD2, OAS1,

OAS2, OAS3, RSAD2, and MX1 in dendritic cells of NPSLE

patients compared to healthy controls, with the most prominent

changes observed in RSAD2 (Figures 6E, F). As a result, we

hypothesize that RSAD2 could be linked to the expression of ISG15.

To further ascertain whether the expression of ISG15 is

regulated by RSAD2, we designed and silenced RSAD2

(Figure 6G). Subsequent RT-PCR results revealed that the

silencing of CCL2 or ISG15 had no impact on the expression of

RSAD2. Conversely, the silencing of RSAD2 decreased the mRNA

expression levels of ISG15 and CCL2 (Figure 6H). Subsequently, the

effect of RSAD2 silencing on the secretion of CCL2 by mature

dendritic cells was assessed using ELISA experiments. Compared

with the sh-NC group, the sh-RSAD2 group showed lower levels of

CCL2 in the culture medium of mature dendritic cells (Figure 6I).

Based on the integration of Figures 6, 5, our proposition is that

mature dendritic cells in the peripheral blood of NPSLE patients

facilitate CCL2 secretion through the RSAD2-ISG15 axis.
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CCL2 secretion by mature dendritic cells
induces endothelial cell pyroptosis via
NLRP3 inflammasome activation,
disrupting blood-brain barrier integrity in
NPSLE patients

In previous studies, we examined how NPSLE patients influence

the secretion of the key factor CCL2 inmature dendritic cells. However,

the mechanisms by which CCL2 causes damage to the blood-brain

barrier remain unclear. Hence, we conducted further research to

examine how CCL2 disrupts the integrity of the blood-brain barrier.

In the aforementioned (Figures 4B, C), several signalling

pathways, including the “Rig-I Like Receptor Signaling Pathway”

and the “Nod-Like Receptor Signaling Pathway”, showed

upregulation in the peripheral blood of patients with systemic

lupus erythematosus (SLE). CCL2 contributes to upregulating the

Nod Like Receptor Signaling Pathway, also known as the NLR

signalling pathway (Figure 7A; Supplementary Table S4).

Furthermore, analysis conducted on the ChipBase3.0 website

demonstrated a noteworthy positive correlation between CCL2

and NLRP3 expression in normal human vascular tissue

(Figure 7B). Hence, we hypothesize that mature dendritic cells

secrete CCL2, which induces pyroptosis in endothelial cells by

activating the NLRP3 inflammasome.

To investigate whether mature dendritic cells could induce

endothelial cell pyroptosis by activating the NLRP3 inflammasome,

we assessed the expression levels of pyroptosis markers, namely

NLRP3, ASC, and GSDMD, in iPS-EC cells treated with CCL2 and

in co-cultured hCMEC/D3 cells (38, 39). The results demonstrated

that the protein expression levels of NLRP3, ASC, and GSDMD were

upregulated in iPS-EC cells treated with CCL2 and hCMEC/D3 cells

co-cultured with mature dendritic cells, compared to the control

(Figure 7C). Subsequently, to mitigate interference from other factors

generated by mature dendritic cells, we conducted additional research

into the impact of suppressing dendritic cell CCL2 expression on

endothelial cell apoptosis markers. The results revealed that NLRP3,

ASC, and GSDMD protein expression levels were reduced in

hCMEC/D3 cells co-cultured with mature dendritic cells after

silencing CCL2, compared to the LPS+sh-NC group. Further, the

protein expression levels were restored to that of the control group

(no difference) (Figure 7D). These findings suggest that mature

dendritic-like induced hCMEC/D3 cells undergo apoptosis,

primarily due to the expression level of CCL2.

Based on the results above, we posit that CCL2, secreted by

mature dendritic cells, triggers endothelial cell pyroptosis via the

NLRs signalling pathway. Consequently, this blood-brain barrier

disruption leads to cognitive dysfunction in patients diagnosed

with NPSLE.
Increased CCL2 expression and cognitive
decline in NPSLE Patients

Subsequently, we assessed CCL2 expression in NPSLE patients

through ELISA analysis. The results indicated a significant increase
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FIGURE 6

In vitro experimental validation of the effects of silencing RSAD2 on the expression of ISG15 and CCL2 in mature dendritic cells. (A) Co-expression
correlation heatmap of ISG15-related genes in the PPI network; (B) Top 10 genes ranked by co-expression correlation with ISG15 predicted by
Coexpedia website; (C) Venn diagram showing the intersection of genes related to ISG15 in the PPI network and genes predicted by Coexpedia
website; (D) Expression correlation of ISG15 with the intersecting genes in normal blood (n=444) predicted by ChipBase3.0 website; (E) Expression
levels of RSAD2, OAS1, OAS2, OAS3 and MX1 mRNA in peripheral blood dendritic cells of healthy volunteers (n=7) and NPSLE patients (n=12)
determined by RT-qPCR experiment; (F) Expression levels of RSAD2, OAS1, OAS2, OAS3 and MX1 protein in peripheral blood dendritic cells of
healthy volunteers (n=7) and NPSLE patients (n=12) determined by Western blot experiment; (G) Silencing efficiency of RSAD2 shRNA sequences
determined by RT-qPCR experiment; (H) Effects of silencing CCL2 or ISG15 and silencing RSAD2 on the expression of RSAD2, ISG15, and CCL2
determined by RT-qPCR experiment; (I) Effects of silencing RSAD2 on the secretion of CCL2 in mature dendritic cells determined by ELISA
experiment. Cell experiments were repeated three times, and statistical significance is represented by # for p<0.05; *0.05; **0.01.
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in CCL2 expression in peripheral blood samples of the NPSLE

group compared to the Normal group (Figure 8A). Furthermore,

Western blot analysis revealed a significant upregulation of NLRP3,

ASC, and GSDMD protein levels in peripheral blood samples of

NPSLE patients in comparison to the Normal group, indicating

activation of the NLRs signaling pathway (Figure 8B). Cognitive

impairment is prevalent in NPSLE patients (40). Cognitive function

was evaluated using the Montreal Cognitive Assessment (MoCA-

INA) in NPSLE patients, with the Normal group scoring 27.95 ±

1.43 and the NPSLE group displaying a notably lower score of

21.12 ± 2.39, indicating significant cognitive deficits in the NPSLE

group (Figure 8C).

These findings collectively demonstrate elevated CCL2

expression and cognitive decline in NPSLE patients.
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Discussion

Systemic lupus erythematosus (SLE) is an autoimmune disease

involving multiple systems, organs, and various autoantibodies.

Tissue damage is caused by a large quantity of pathogenic

autoantibodies and immune complexes in the body, leading

to manifestations of damage in various systems and organs such

as the skin, joints, serous membranes, heart, kidneys, central

nervous system, and blood system. Neuropsychiatric systemic

lupus erythematosus (NPSLE) is one of the most destructive

manifestations of SLE, encompassing mental, central, and

peripheral neurological signs and symptoms. Studies indicate that

40–90% of SLE patients experience cognitive impairment, the

etiology of which remains unclear, with limited diagnostic and
A
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FIGURE 7

Mechanistic exploration and in vitro experimental validation of CCL2-mediated blood-brain barrier disruption. (A) Heatmap of gene expression in the
“Nod Like Receptor Signaling Pathway” in healthy individuals (n=58) and SLE patients (n=62) in the GSE112087 dataset; (B) Co-expression
relationship validation of CCL2 and NLRP3 in normal vascular tissue (n=444) using ChipBase v3.0 website; (C) Expression levels of NLRP3, ASC, and
GSDMD proteins in iPS-EC cells stimulated with CCL2 and co-cultured with mature dendritic cells determined by Western blot experiment; (D)
Effects of silencing CCL2 on the expression of NLRP3, ASC, and GSDMD proteins in hCMEC/D3 cells co-cultured with mature dendritic cells
determined by Western blot experiment. Cell experiments were repeated three times, and statistical significance is represented by * for p<0.05 and
# for p<0.05.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1343805
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Wang et al. 10.3389/fimmu.2024.1343805
treatment options. Therefore, elucidating the pathogenesis of

NPSLE remains a significant challenge that urgently needs to

be addressed.

In recent years, a growing body of research has examined

the expression and function of CCL2 in a wide range of diseases

(41–43). CCL2 plays a crucial role as a chemokine in the

pathogenesis of numerous inflammatory and autoimmune diseases

(44). Consistent with our research findings, the expression of CCL2

is elevated in the peripheral blood of both SLE and NPSLE patients

(45). However, we have identified for the first time that mature

dendritic cells primarily secrete CCL2, and this process may involve

the RSAD2-ISG15 axis. This discovery provides a novel target for the

future treatment of NPSLE.

The blood-brain barrier is paramount in safeguarding brain

tissue (46). Multiple studies have confirmed that disruptions to the

blood-brain barrier could result in neuroinflammation and

cognitive impairments (47). Our research has uncovered that

CCL2 can induce pyroptosis in endothelial cells, damaging the

blood-brain barrier (48). This finding offers new clues to the

aetiology of NPSLE and provides insights for designing

treatment strategies.

The signalling pathways of NLRs play a crucial regulatory role

in numerous diseases (49). Our study is the first to demonstrate a

potential close association between the NLR signalling pathway and

blood-brain barrier damage in NPSLE. Activation of this signalling
Frontiers in Immunology 14
pathway may impact vascular endothelial cells’ function,

exacerbating the neuropsychiatric systemic lupus erythematosus

(NPSLE) condition. It guides the conducting of comprehensive

studies on the molecular mechanism of NPSLE and the discovery of

novel treatment approaches.

In contrast to prior studies, our research has thoroughly

investigated the molecular mechanisms of NPSLE and has

substantiated them through various experimental methods.

Furthermore, we have proposed a correlation between the CCL2

and RSAD2-ISG15 axis and the NLRs signalling pathway for the

first time. It provides a novel avenue for investigating the

pathogenesis of NPSLE and developing therapeutic strategies.

Based on the results above, we could tentatively establish the

following findings: the CCL2 gene plays a role in causing cognitive

impairment in patients with NPSLE, and mature dendritic cells

enhance CCL2 secretion via the RSAD2-ISG15 axis. Furthermore,

CCL2 induces apoptosis in vascular endothelial cells and disrupts

the integrity of the blood-brain barrier. It ultimately results in

cognitive dysfunction, which is mediated by the activation of the

NLRs signaling pathway (Figure 9). This study utilized RNA-seq

technology and meta-analysis to comprehensively investigate the

molecular mechanism of NPSLE. Furthermore, it successfully

identified critical differentially expressed genes between NPSLE

patients and healthy individuals, offering valuable resources for

future research.
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FIGURE 8

Validation of Cognitive Function and CCL2 Expression in Peripheral Blood of NPSLE Patients. (A) ELISA assessment of CCL2 expression in NPSLE
patients; (B) Western blot examination of NLRs signaling pathway activation downstream of CCL2; (C) Evaluation of cognitive abilities in NPSLE
patients using MoCA-INA. * indicates comparisons between the two groups, with statistical significance at p<0.05.
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Through integration with the GeneCards database, this study

has uncovered the genes linked to cognitive dysfunction in

neuropsychiatric systemic lupus erythematosus (NPSLE). This

discovery provides valuable insights into the pathogenesis of

NPSLE and offers potential therapeutic targets for clinical

treatment. This study revealed, for the first time, the presence of

mature dendritic cells in the peripheral blood of patients with

systemic lupus erythematosus. It highlights the involvement of

CCL2 and NLR signalling pathways in blood-brain barrier injury

and suggests new therapeutic strategies for clinical treatment.

This study’s primary data source is public databases,

specifically GEO. However, it is important to acknowledge that

these databases may introduce potential biases due to variations

in platforms, technologies, and sample handling methods (50). In

research, in vitro , experiments could only simulate the

environment within living organisms, but they may not

accurately reflect the actual biological responses. The clinical

presentations and gene expression patterns of patients with

neuropsychiatric systemic lupus erythematosus (NPSLE) could

differ among individuals. One study alone cannot encompass all

the diverse clinical presentations and genotypes. The lack of

experimentation involving dendritic cells from patients with

NPSLE, as only dendritic cells from healthy subjects were

utilized in the in vitro experiments, to some extent hampers the

generalizability of this study.

In future studies, it may be feasible to enhance the sample size of

both NPSLE patients and healthy controls, thus improving the

statistical power of the research. The roles of CCL2 and NLR

signalling pathways in NPSLE could be further validated in

animal models based on the findings of this study. Drug
Frontiers in Immunology 15
screening could target the CCL2 and NLR signalling pathways to

offer more focused treatment options for patients with NPSLE.
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