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A B S T R A C T   

Dysfunction of B-cell subsets is critical in the development of systemic lupus erythematosus (SLE). 
There is a great diversity of B-lineage cells, and their features and functions in SLE need to be 
clarified. In this study, we analyzed single-cell RNA sequencing (scRNA-seq) data from peripheral 
blood mononuclear cells (PBMCs) and bulk transcriptomic data of isolated B-cell subsets from 
patients with SLE and healthy controls (HCs). We preformed scRNA-seq analysis focused on the 
diversity of B-cell subsets and identified a subset of antigen-presenting B cells in SLE patients that 
highly expressed ITGAX. A list of marker genes of each B-cell subset in patients with SLE was also 
identified. Comparison of bulk transcriptomic data of isolated B-cell subpopulations between SLE 
patients and HCs revealed the upregulated differentially expressed genes (DEGs) for each B-cell 
subpopulation in SLE. Common genes identified using these two methods were considered to be 
upregulated marker genes of B cells in SLE. The scRNA-seq data of SLE patients and HCs revealed 
that CD70 and LY9 were overexpressed in B cells vs. other cell types from SLE patients, and this 
pattern was validated by RT‒qPCR. Because CD70 is the cellular ligand of CD27, previous studies 
on CD70 have focused mainly on T cells from SLE patients. LY9 appears to have different func-
tions in mice and humans: its expression is decreased in lupus-prone mice but is increased in T 
cells and some B-cell subpopulations in SLE patients. Here, we describe the overexpression of two 
costimulatory molecules, CD70 and LY9, which may be a novel feature of B cells in SLE patients.   

1. Introduction 

Systemic lupus erythematosus (SLE) is a heterogeneous autoimmune disease that can induce systemic organ damage and often 
leads to a poor prognosis. Genetic susceptibility, environmental factors, sex, innate immune cells and lymphocyte disturbances all 
contribute to the development of SLE. Multiple factors trigger the loss of immune tolerance of endogenous nuclear material and the 
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production of autoantibodies [1]. In the pathogenesis of SLE, the imbalance of B-cell homeostasis and dysregulation of T-cell cos-
timulation contributes to aberrant B-cell maturation and autoantibody production [2]. A deep understanding of immune cells is 
essential for the treatment of SLE and prediction of its progression. 

With the development of high-throughput sequencing technologies, transcriptomic analysis has emerged as a method to decode 
diseases. Both bulk transcriptomic analysis and single-cell RNA sequencing (scRNA-seq) have been used to detect the heterogeneity of 
SLE. Although a high interferon-stimulated gene (ISGhi) signature is a major feature of SLE, scRNA-seq analysis of peripheral blood 
from SLE patients revealed that cells with ISGhi signature was predominantly a few transcriptionally defined subpopulations, including 
a ISGhi DN2 B-cell subset and ISGhi plasma cells, which were expanded in patients with high disease activity [3]. However, some 
established cell subpopulations failed to be detected by scRNA-seq, mainly due to sparse expression at the single-cell level. To address 
this issue, a large-scale bulk transcriptome study of peripheral blood from SLE patients was recently conducted, which included data 
from 27 immune cell types, covering virtually all types of immune cells [4]. The study focused on profiling cell-type-specific tran-
scriptome perturbation patterns during disease onset and progression phases, where transcriptome perturbation of naïve CD4/8+ T 
cells was dominant in the disease-state pattern, plasmablasts were dominant in the disease-activity pattern and neutrophil-lineage cells 
were dominant in the shared pattern. These observations suggest that a combination of these two types of transcriptomic analysis of 
immune cells may provide a better understanding of SLE. B-lineage cells are the most important cells in humoral immunity and are 
equally essential for cellular immunity [5,6]. Besides their role in antibody production, they are also involved in T-cell activation 
through antigen presentation, co-stimulation and cytokine production [7]. B cells are considered “professional” antigen-presenting cell 
(APC), and B-cell-specific MHC II deletion in a lupus-prone mouse model (MRL/lpr) resulted in reduced numbers and impaired 
function of activated Th cells and substantially ameliorated organ damage [8]. Recent evidence suggests that upon activation of B cells 
by virus-like antigens, B cells act as predominant APCs and promote the differentiation of naïve T cells to T follicular helper cells 
(TFHs); this finding provides new insight into the antigen-presenting function of B cells in autoimmune diseases [9]. In addition, 
studies have revealed that autoreactive CD11c + CD27− IgD- CXCR5- B cells expand in lupus patients and that excessive CD11c + Tbet 
+ B cells promote aberrant TFH differentiation and autoantibody production in lupus, indicating that CD11c + B cells act as a 

Fig. 1. Integrated analysis of the SLE PBMC scRNA-seq datasets. (a) A UMAP plot representing 8 SLE patients, showing that the B cells from SLE6, 
SEL7 and SLE8 were specifically enriched. (b) A UMAP plot representing the 7 clusters across 42,732 PBMCs from 8 SLE patients. (c) Heatmap 
showing the expression of the top 5 DEGs in each cell type in SLE patients. (d) Bar plots showing the proportions of cell types in each sample in 
SLE patients. 

Q. Liu et al.                                                                                                                                                                                                             



Heliyon 9 (2023) e15684

3

pathogenic subpopulation in lupus [10,11]. In light of the diversity of B-lineage cell features and functions, the roles of B cells in SLE 
need to be clarified. 

In this study, we analyzed scRNA-seq data of peripheral blood mononuclear cells (PBMCs) in combination with bulk transcriptomic 
data of isolated B-cell subsets from SLE patients to profile B cells in SLE. Using transcriptomic analysis, we identified the features of B- 
cell subsets and the upregulated marker genes in the B cells of lupus patients. Furthermore, real-time quantitative polymerase chain 
reaction (RT‒qPCR) was used to detect the relative expression level of mRNA in the B cells to verify the upregulated marker genes from 
SLE patients. Two costimulatory molecules, CD70 and LY9, were confirmed to be overexpressed in the B cells of lupus patients. 

2. Results 

2.1. Integrated analysis of single-cell transcriptomic datasets of PBMCs from patients with SLE 

To characterize the peripheral blood immune profiles of SLE, single-cell transcriptomic data of PBMCs from three GEO datasets 
representing 8 SLE patients were analyzed. After raw data processing and filtering, 42,732 cells were reserved for further analyses 
(Fig. S1). Using graph-based clustering, the cells from the 8 SLE patients were partitioned into 7 clusters (Fig. 1a and b). Cell-type 
annotation with the “SingleR” package of R identified the following 7 cell clusters: B cells, monocytes, CD4+ T cells, natural killer 
(NK) cells, neutrophils, dendritic cells (DCs) and T cells (Fig. 1b). The heatmap of the top 5 marker genes for each cluster revealed a 
distinct separation of each cluster (Fig. 1c). The cell-type marker gene scores calculated using the “SingleR” package verified the 
annotation of each cluster (Fig. S1d). There is great heterogeneity in the proportion of each cell lineage among individuals, although 
the PBMCs of individuals SLE6, SLE7 and SLE8 had been specifically enriched in B cells prior to sequencing (Fig. 1d). Next, to clarify 
the features of B-lineage cells, we extracted B-cell clusters for downstream analysis. 

Fig. 2. Reclustering and analysis of the B cells of SLE patients. (a) A UMAP plot representing the 5 subclusters of B cells. (b) DEG enrichment 
analysis of antigen-presenting B-cell subclusters by Metascape. (c) UMAP plots showing the expression of some feature genes in B-cell subclusters. 
(d) Monocle pseudotime trajectory analysis revealing the arrangement of different subclusters. 
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2.2. Differentiated features of different B-cell subclusters 

Based on their differentially expressed genes (DEGs), B cells were divided into five subclusters: activated B cells, antigen-presenting 
B cells, CD27+ memory B cells, naïve B cells and plasma cells (Fig. 2a and Fig. S2a). The top 5 marker genes for antigen-presenting B 
cells were CD74, MT-CO1, RPL12, EIF1, and HLA-B (Table S1). As shown in Fig. 2b, DEG pathway enrichment analysis of the antigen- 
presenting B-cell subset showed that the top GO term was antigen processing and presentation of the exogenous peptide antigen via 
MHC class II (GO: 0019886), which confirmed the annotation of antigen-presenting B cells. 

We found that some feature genes, including some canonical markers of B cells, such as IGHD, CD24 and CD27, clearly delineated 
B-cell subclusters (Fig. 2c). Previous studies have shown that CD24, CD27 and IgD can be used to illustrate the maturation process of B 
cells [12,13]. Consistent with previous studies, our results revealed that IGHD and CD24 were mainly expressed on naïve B cells and 
that CD27 was mainly expressed on CD27+ memory B cells (Fig. 2c). Interestingly, ITGAX, the gene encoding CD11c, was a marker 
found on autoimmune-associated B cells and was mostly expressed by antigen-presenting B cells (Fig. 2c). 

Moreover, pseudotime trajectory analysis revealed that the different clusters were aligned in line with their expected differenti-
ation pathways. Naïve B cells were distributed at the start of the trajectory, followed by activated B cells and CD27+ memory B cells. 
Antigen-presenting B cells and plasma cells were distributed at the end of the trajectory (Fig. 2d and Fig. S2b). 

2.3. Identification of feature genes by combining the single-cell and bulk transcriptomic data of B cells from SLE patients 

Bulk transcriptomic data of naïve B cells, memory B cells and plasmablasts of healthy donors and SLE patients from GSE156751 
were analyzed. The isolated B-cell subpopulations were classified based on surface markers. All the data were found to be suitable for 
comparison (Figs. S3a and S3b), and significant DEGs were found between SLE patients and healthy donors (Fig. S3c). A Venn diagram 
was generated from the marker genes of the B-cell subset from the scRNA-seq data and the upregulated DEGs in B cells from the bulk 
transcriptomic data, and some upregulated genes, including GPR137B, NKG7, CD70 and ITGAX, were found in both the bulk and 
single-cell datasets (Fig. 3 and Table S2). 

In the single-cell sequencing data, all of these common genes in SLE were expressed in antigen-presenting B cells with the exception 
of CD70, which was expressed in activated B cells, suggesting that antigen-presenting B cells may play an important pathogenic role in 
SLE (Table S1). However, the bulk transcriptomic analysis showed that CD70 and ITGAX were overexpressed in naïve B cells, whereas 
GPR137B and NKG7 were overexpressed in memory B cells. These results suggest that cell classification based on transcriptomic 
profiles may reflect the cell features better than that based on surface markers. 

2.4. B cells activated and overexpressed CD70 and LY9 in SLE patients compared to healthy controls (HCs) 

ScRNA-seq data of HCs were obtained from two GEO datasets representing three healthy people. After data processing, the cells 
were partitioned into 7 clusters. The “SingleR” R package was used for unbiased automatic cell-type annotation, and the heatmap of 
the top 5 marker genes revealed distinct separation of each cluster (Fig. 4a and Fig. S4a). The cell-type marker gene scores, which were 
obtained using the “SingleR” package, verified the annotation of each cluster (Fig. S4b). The expression of canonical B-cell marker 
genes and the common upregulated genes, i.e., genes identified as upregulated in SLE in both bulk and single-cell transcriptomic 
datasets, was analyzed (Fig. 4b). Among these genes, four genes, FTH1, LY9, GPR137B and CD70, were significantly upregulated in B 
cells compared with other cell types in patients with SLE but not in HCs. However, IGHD and CD24, markers of unswitched B cells and 

Fig. 3. Venn diagram revealing the common upregulated genes between the bulk and single-cell transcriptomic data of B cells from SLE patients.  
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resting B cells, were underexpressed in SLE patients. The protein‒protein interaction (PPI) network showed the connections among the 
overexpressed genes (Fig. S4c). 

To verify the overexpression of the four genes significantly upregulated in B cells in patients with SLE, RT‒qPCR was performed, 
and the results confirmed the upregulation of CD70 and LY9 in SLE patients (p < 0.05). In addition, there was a trend for higher 
expression of FTH1 and GPR137B in SLE patients than in HCs, but the difference was not statistically significant, which probably due to 
the low sample size (Fig. 4c). 

3. Discussion 

SLE is a heterogeneous autoimmune disease in which all types of immune cells, and especially B-cell subpopulations, may 
contribute to its pathogenesis [14]. Dysfunction of pathogenic and regulatory B-cell subsets is critical in the development of SLE [15]. 
With the development of high-throughput sequencing technologies, many researchers have used transcriptomic analysis to charac-
terize the B-cell profile of SLE patients. Akita, Yasaka [16] classified B cells into naïve B cells, memory B cells and plasmablasts ac-
cording to surface markers and identified the unique biological characteristics of SLE plasmablasts. Since different cell subsets play 
different roles in the pathogenesis of SLE, it is better to classify the cells according to their biological features. However, cell classi-
fication and isolation are usually based on surface markers. ScRNA-seq has emerged with the development of single-cell genomics 
technologies and shown an unbiased ability to identify immune cell features and functions [17]. In our current study, we focused on 
the diversity of B cells and identified five subsets of B cells in SLE patients. We further analyzed the bulk transcriptomic data of 
classified B cells and identified some common upregulated genes by the both bulk transcriptomic analysis and scRNA-seq analysis, 
including GPR137B, NKG7, CD70 and ITGAX. CD11c, encoded by ITGAX, is a marker of autoimmune-associated B cells, and 
CD11c/ITGAX-expressing B cells have been found to be expanded in lupus patients [11,18]. CD11c + B cells have been a focus of 
studies on B cells in lupus over the past years. Transcriptional and functional analysis showed that CD11chi B cells were a distinct 
subpopulation of B cells and that CD11chi double negative B cells in SLE might be precursors of autoantibody producing cells [11,18]. 
In the presence of IL-21, CD11chiT-bet + B cells can differentiate into autoantibody-secreting cells [11,19]. Additionally, CD11c + B 
cells have been found to have antigen-presenting function, and excessive accumulation of CD11c + Tbet + B cells was found to 
dysregulate TFH cell differentiation in the context of SLE based on the potent antigen-presenting function of these cells [10,20]. 
Consistent with previous studies, our current study identified a subset of antigen-presenting B cells that highly express ITGAX in SLE 
patients. Moreover, most of the common upregulated genes in our study, particularly ITGAX, were marker genes of antigen-presenting 

Fig. 4. Overexpressed genes in SLE patients compared to HCs. (a) A UMAP plot representing the 7 clusters of PBMCs from 3 healthy donors. (b) 
Heatmap showing the expression of some canonical B-cell marker genes and common upregulated genes, i.e., upregulated genes in SLE identified by 
both bulk transcriptomic analysis and single-cell sequencing, in SLE patients (left) and HCs (right). (c) The mRNA levels of genes in the HC and SLE 
groups that are overexpressed in SLE (n = 8). The data are expressed as the means±SEMs. *P < 0.05. 
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B cells, suggesting that antigen-presenting B cells may play an important pathogenic role in SLE. However, how the ITGAX-expressing 
antigen-presenting B cells contribute to SLE needs further investigation. Most of these genes were upregulated in antigen-presenting B 
cells according to the scRNA-seq data, but when the cells were classified based on surface markers, these genes were found to be 
overexpressed in naïve B cells or memory B cells because the antigen-presenting B cells could not be isolated by surface markers. In our 
study, we verified the unbiased ability of scRNA-seq to reveal the features of immune cells and identified some common genes 
upregulated in the B cells of SLE patients using two types of transcriptomics-based technology. 

Compared with their expression in B cells from healthy donors, IGHD and CD24 were underexpressed in B cells from SLE patients, 
while FTH1, LY9, GPR137B and CD70 were overexpressed in SLE. Since IGHD and CD24 are markers of unswitched B cells and resting 
B cells, respectively, their low expression revealed B-cell activation in SLE. Next, we verified gene overexpression by RT‒qPCR and 
confirmed the overexpression of CD70 and LY9. In addition, we analyzed the correlations of age, SLEDAI-2K and some serological 
indexes with CD70 and LY9 expression. However, no significant correlations were found, which may have been due to the low sample 
size and the heterogeneity of lupus. As the cellular ligand of CD27, CD70 is a costimulatory molecule transiently expressed on activated 
T cells, B cells, and DCs [21,22]. And CD70 is sometimes constitutively expressed on the surface of many B lymphocyte malignancies 
[23]. In a previous study, 6–30% of the B cells in the peripheral blood of healthy donors were found to be CD70+ B cells, and the vast 
majority of these also expressed CD27, indicating that CD70 is also a marker of mature B cells. Based on previous studies, although 
CD70 appears to be unessential for lymphocyte development, it plays unique roles in lymphocyte activation, germinal center for-
mation, and effector cell differentiation [24]. In a previous study, CD70 expression in B cells was found to be strongly correlated with 
their ability to secrete immunoglobulin in response to T-cell-derived differentiation signals [25]. In a mouse model, constitutive 
transgene expression of CD70 in B lymphocytes was shown to lead to expansion and differentiation of T cells into IFN-γ producing 
effector lymphocytes [26]. In many studies of SLE patients, T cells have been reported to overexpress CD70, and this increased 
expression might contribute to B-cell costimulation and immunoglobulin overproduction [27–29]. Although most studies in SLE 
patients have been focused on CD70 overexpression in T cells, our present study confirmed CD70 overexpression in B cells. CD70 
overexpression in B cells indicates the hyperactivation of B cells in SLE, but the role of CD70+ B-cell interaction with CD27 in the 
pathogenesis of SLE remains to be clarified. 

The signaling lymphocytic activation molecule family (SLAMF) represents a complex family of surface coreceptors that are 
expressed on cells of hematopoietic origin and play important roles in immunomodulation [30]. LY9, a member of SLAMF, also known 
as CD229 or SLAMF3, is mainly expressed on the surfaces of B and T cells and acts as a cosignaling molecule that regulates lymphocyte 
homoeostasis and activation. Defects in the LY9 gene in mice lead to autoantibody production, a process that initiates SLE syndrome 
[31]. Similarly, LY9, along with other BCR signaling regulators, may serve as a potential causative gene for B-cell hyperactivation in 
lupus-prone mice by reducing its mRNA synthesis [32], indicating that LY9 might be a negative regulator of B-cell hyperactivation and 
autoantibody production in mice. However, altered LY9 expression was also found in the lymphocytes of autoimmune disease patients, 
in contrast to the findings in mice. Previous studies have revealed increased LY9 expression on the surfaces of naïve T cells in SLE 
patients [33]. Upregulated LY9 and LY108 expression in T cells from SLE patients was found to serve as a major costimulus for Th17 
differentiation and IL-17 production [34]. Using single-cell mass cytometry to identify the expression of all SLAMF receptors on SLE 
PBMCs, Humbel, Bellanger [35] found that naïve B cells coexpressing SLAMF1 and LY9 and switch memory B cells coexpressing 
SLAMF1, LY9, SLAMF5 and SLAMF6 were significantly increased in SLE patients. However, the expression of LY9 in total B cells 
showed no significant difference between SLE patients and HCs. An increase in LY9+ B cells has been reported in rheumatoid arthritis 
synovium, indicating B-cell activation [36]. In our study, we first verified increased LY9 mRNA expression in the B cells of SLE patients. 
Our results indicate that LY9 in B cells might have different functions between humans and mice: although LY9 mRNA expression has 
been found to be decreased in lupus-prone mice, it was increased in B cells of SLE patients in our study. The function of LY9 in human B 
cells needs further investigation. 

In conclusion, we described the features of B cells in SLE patients by both scRNA-seq and bulk transcriptomic analysis. We verified 
the unbiased ability of scRNA-seq to explore the features of immune cells and confirmed some common upregulated genes. The 
markers of unswitched B cells and resting B cells were underexpressed, revealing B-cell activation in SLE. In addition, CD70 and LY9, 
which were previously reported to be upregulated in T cells of SLE patients, were confirmed in our study to also be overexpressed in B 
cells; CD70 overexpression and LY9 overexpression may be novel features of B cells in SLE patients. Both CD70 and LY9 are cos-
timulatory molecules, and their functions of antigen presentation and costimulation in B cells and T cells need further investigation. 

4. Limitations of the study 

The transcriptomics data in this study are obtained from different datasets in GEO database, which may have introduced bias. 
Considering the multiple data sources and the heterogeneity of SLE patients and HCs, we analyzed scRNA-seq data of SLE and HCs 
separately. The lack of integration is a limitation because it prevented us from directly comparing gene expression, as determined from 
the scRNA-seq data, between the two groups at the beginning. However, after finding the genes of interest, we compared their 
expression levels among the different cell types in each of the two groups separately and used RT–qPCR to verify relative gene 
expression using CD19+ B cells from 8 SLE patients and 8 healthy donors. 

We identified a group of antigen-presenting B cells that highly expressed ITGAX in SLE; however, we didn’t assess the functions of 
this B-cell subset. As this was a basic transcriptome-based study, no protein confirmation of the markers was performed. Our study 
described the transcriptomic features of B cells in SLE patients and verified the overexpression of CD70 and LY9 by RT‒qPCR. 
However, the functions of CD70 and LY9 proteins in B cells of SLE patients remain to be investigated. In addition, the results may be 
biased due to the small sample size. 
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Data availability statement 

Data associated with this study has been deposited at Both single-cell and bulk transcriptomic data were obtained from the GEO 
database. For the SLE group, three scRNA-seq datasets, GSE142016, GSE162577 and GSE163121, were enrolled based on sample type 
(only the expression profiles of peripheral immune cells were considered). For the HC group, two scRNA-seq datasets, GSE142016 and 
GSE162577, were enrolled. 

For bulk transcriptomic data, the gene expression profiles of naïve B cells, memory B cells and plasmablasts were obtained from 
GSE156751. GSE156751 was based on GPL17077 Agilent-039494 SurePrint G3 Human GE v2 8 × 60K Microarray 039381, containing 
12 SLE and 12 healthy control samples. 

Star methods 

Patients and sample preparation 

The study was approved by the Ethics Committee of the Chinese People’s Liberation Army General Hospital (No. S2019-095-01). 
Blood samples were collected from patients who met the criteria established by the American College of Rheumatology for a diagnosis 
of SLE. Blood samples from age- and sex-matched HCs without any autoimmune or inflammatory diseases were also obtained. A total of 
8 SLE patients and 8 HCs were recruited from December 2021 to April 2022. Clinical information of SLE patients and healthy donors is 
provided in Supplemental Table 3. Fresh blood samples were collected, and PBMCs were isolated by Ficoll density gradient centri-
fugation. CD19+ B cells were isolated from PBMCs using CD19 MicroBeads according to manufacturer’s instructions. Then, RNA was 
extracted from CD19+ B cells using TRIzol (Invitrogen, Carlsbad, CA, USA) and stored at − 80 ◦C for subsequent analysis. 

Data source 

Both single-cell and bulk transcriptomic data were obtained from the GEO database. For the SLE group, three scRNA-seq datasets, 
GSE142016, GSE162577 and GSE163121, were retrieved based on the sample type (only the expression profiles of peripheral immune 
cells were considered). For SLE6, SLE7 and SLE8 from GSE163121, B cells were isolated from PBMCs by the EasySep Human Pan-B Cell 
Enrichment Kit and then subjected to scRNA-seq. For the HC group, two scRNA-seq datasets, GSE163121 and GSE162577, were 
retrieved. 

For the bulk transcriptomic data, the gene expression profiles of naïve B cells, memory B cells and plasmablasts were obtained from 
GSE156751. GSE156751 was based on GPL17077 Agilent-039494 SurePrint G3 Human GE v2 8 × 60K Microarray 039381 and 
contained 4 SLE and 4 HC samples. 

ScRNA-seq data quality control 

Considering that the SLE and HC samples came from different datasets and that integrated analyses may introduce bias, the SLE 
group and HC group were analyzed separately. We used R (version 4.1.3) and the Seurat R package (version 4.1.0) for follow up 
analyses [37]. The MergeSeurat function was used to integrate multiple datasets. Cells with <200 and >2000 genes, a mitochondrial 
gene percentage of >10% and a hemoglobin gene percentage of >3% were filtered according to the median number of genes and the 
percentages of mitochondrial genes and hemoglobin genes. (Fig. S1A). The raw counts of each sample were normalized using Nor-
malizeData function in Seurat. After normalization, all highly variable genes in each cell were identified using FindVariableFeatures 
function in Seurat (Fig. S1B). Subsequently, principal component (PC) analysis with variable genes was used as the input, and sig-
nificant PCs were identified based on the jackstraw function. Twenty PCs were selected as the input for uniform manifold approxi-
mation and projection (UMAP). 
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Batch effect correction and cell type identification 

Since the data came from different samples, batch correction was performed using “Harmony” package (version 1.0) [38] to avoid 
batch effect interfering with downstream analysis (Fig. S1C). Cells were clustered by the FindClusters function, and marker genes of 
each correspondingcluster were identified by the function FindAllMarkers. Genes with a log-fold change threshold >0.25 and false 
discovery rate (FDR) < 0.01 were identified as marker genes or significant DEGs. 

The package “SingleR” is a computational tool for unbiased cell annotation that assigns a cellular identity to single-cell tran-
scriptomes by evaluating the global similarity of gene expression between each cell and the reference datasets [39]. In our study, two 
reference datasets of purified immune cells, Blueprint/ENCODE and Monaco Immune Cell Data, were used. The Spearman correlation 
between the single-cell data and reference datasets was calculated, and cell labels were assigned to each single cell from the reference 
datasets. Cell types were eventually identified by manually checking the cell signature marker genes and cell labels from “SingleR”. 
After clustering and cell type identification of total PBMCs, B cells were extracted for further analysis. Due to the inconsistency and 
ambiguity remaining with the SingleR automatic assignment, B-cell subclusters were identified based on the CellMarker database or 
published articles. 

Pseudotime analysis of B cells 

To investigate the potential differentiated trajectory of each B-cell subcluster, we performed pseudotime trajectory analysis by 
using the Monocle package (version 3.0). Based on biological knowledge, we chose naïve B cells as the starting point of the trajectory. 
Then, RNA velocity was calculated and visualized on the first two PCs. 

Comparison with the bulk gene expression dataset 

Bulk transcriptomic data of naïve B cells, memory B cells and plasmablasts of healthy donors and SLE patients were obtained from 
GSE156751. The GEO2R (https://www.ncbi.nlm.nih.gov/geo/geo2r/) online tool was used to analyze the DEGs between the two 
groups. The adjusted p value (padj) was calculated by the Benjamini and Hochberg method. The following cutoff criteria were used: padj 
value < 0.05 and ∣log FC | >2. A Venn diagram was generated to identify the common upregulated genes in B cells, i.e., the upregulated 
genes shared between the scRNA-seq and bulk gene expression data from B cells. 

PPI network construction and gene pathway enrichment analysis 

The STRING database (version 11.5) was used to detect PPIs of the common upregulated genes. Gene pathway enrichment analysis 
was performed by Metascape [40]. 

RT‒qPCR analysis of candidate genes 

RNA that had been extracted with TRIzol and stored at − 80 ◦C was thawed and cDNA was then synthesized using the ProtoScript II 
First Strand cDNA Synthesis Kit (New England Biolab) according to manufacturer’s instructions. RT‒qPCR was performed using SYBR 
Select Master Mix (Life Technologies) and an RT‒qPCR detection system (Bio-Rad, Hercules, CA, USA). The following primers were 
synthesized: CD70 forward GCTTTGGTCCCATTGGTCG, CD70 reverse CGTCCCACCCAAGTGACTC, FTH1 forward AAGCTGCA-
GAACCAACGAGG, FTH1 reverse AGTCACACAAATGGGGGTCATT, GPR137B forward CTCACCGTCGTCTACACCG, GPR137B reverse 
GCCGCCACGAAGTCTTTGA, LY9 forward CTTCCTGCTCATGGGACTAAGA, and LY9 reverse GCCCAGGTAGCTTTTGACCA. The 
expression of each target gene was normalized to GAPDH, and relative expression differences were calculated by the 2− ΔΔCT method. 

Statistical analysis 

RT‒qPCR data were analyzed and plotted using GraphPad Prism 9.0 software. Statistical analysis was performed using unpaired 
Student’s t-test. The means, SEMs, and levels of statistical significance are shown in figures. P < 0.05 was considered to indicate a 
statistically significant difference. 
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