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Abstract
Objective
The diversity and heterogeneity of circulating immune cells have been extensively investigated in systemic lupus
erythematosus (SLE). However, little is known about the influence of belimumab, an anti-BAFF (B cell-activating
factor) monoclonal antibody, on the heterogeneity of peripheral immune cell landscape in SLE patients. In this study,
we aimed to investigate the altering effect of belimumab on autoimmunity in SLE.

Methods
The single-cell RNA sequence revealed a total of 11 cell clusters by comparing the transcriptome profiles of 24.869
peripheral blood mononuclear cells (PBMCs) from normal controls (NC) and SLE patients with/without belimumab
treatment. Flow cytometry was conducted to further confirm the diversity and heterogeneity of peripheral immune cell
landscape. The disease-specific T cell, B cell, monocyte (M), and NK cell subpopulations in SLE patients treated
with/without belimumab were identified.

Results
Compared to the NC group, SLE patients exhibited a significant upregulation of CD3*T, CD8*T, CD3*PD-1T,
and CD8*PD-1*T cells, while the proportions of CD16*CD56*NK cell, CD14*CD206* monocyte and CD14*CD163*
monocyte, and the ratio of CD3*CD4*T/CD3*CD8*T were significantly reduced in SLE. After belimumab treatment,
the proportions of CD19*B and CD3*PD-1*T cells were significantly decreased in the peripheral blood of SLE patients.

Results
Our study has implicated the substantial heterogeneity and disease-specific immune cell subsets in belimumab-treated
and non-belimumab-treated SLE patients. Belimumab treatment may exert therapeutic effects in SLE patients probably
by regulating the proliferation, phenotypes and functions of CD19*B cells and CD3*PD-1*T cells, which warrants
further investigation in the future particularly regarding their potential roles and molecular mechanisms.
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Introduction

Systemic lupus erythematosus (SLE) is
a common autoimmune disease defined
by the aberrant activation of disease-
specific immune cells and long-lasting
immune and inflammatory responses,
leading to impairment of key organs,
such as the skin, joints, and kidneys (1-
3). The diversity and unpredictability of
clinical symptoms in SLE impede the
progress in treatment. SLE is caused
by various intricate elements, including
genetic predisposition, environmental
triggers, immunological factors, and
hormonal dysregulation (4, 5). Autoim-
mune disorders due to abnormal pro-
liferation or overactivation of immune
cells or immunological evasion of the
body’s immune system contribute to
SLE (5-7). Besides, the excessive re-
moval of dying cell debris can lead to
aberrant activation of T cells and B cells
through activating type I interferon
(IFN) and Toll-like receptor (TLR) sig-
nalling pathways, resulting in the sub-
sequent amplification of immune and
inflammatory responses (7-9). Further-
more, the aberrant activation of B cells
and overproduction of autoantibodies
enhance the effective presentation of
specific antigens by activated B cells to
T cells, thereby facilitating T cell acti-
vation in SLE (10-12). In addition to the
overabundance of self-reactive B cells,
dysregulation of T cell subsets, such as
CD4*, CD8*, and CD4*CD8* T cells,
plays a critical role in the pathogen-
esis of autoimmune diseases (13, 14).
Increasing evidence has supported that
the disruption of immune balance due
to the dysregulated immunometabolism
is also a pivotal factor for the develop-
ment of SLE (15, 16). Understanding
the atypical alterations in SLE-specific
immune cell subpopulations is crucial
for assessing the efficacy of current
treatment approaches and identifying
novel therapeutic targets.

Belimumab, a monoclonal antibody
against B cell-activating factor (BAFF)
also known as B lymphocyte stimulat-
ing factor (BLyS), has gained approval
for the treatment of SLE as a targeted
biological drug. Belimumab hinders
the attachment of soluble BlyS to its
receptors on B cells, therefore inhib-
iting the survival of B cells including

self-reactive B cells and decreasing
their transformation into Ig-producing
plasma cells (17). At present, belimum-
ab is extensively utilised in the clinic,
despite the ongoing debate on its ef-
ficacy. Most randomised clinical trials
(RCTs) have consistently demonstrated
that belimumab is efficacious in im-
proving disease activity in patients with
lupus nephritis (LN) (18). However, the
retrospective observational data from a
Swedish study has implicated that beli-
mumab treatment increased the risk of
new LN among non-renal SLE patients
(19, 20). Moreover, the underlying mo-
lecular mechanism of belimumab in
regulating innate or adaptive immunity
in SLE is not fully understood. Hence,
it is valuable to investigate how beli-
mumab regulates the proliferation, dif-
ferentiation and function of immune
cell subsets, providing valuable insight
into the biological treatment of SLE.

In this study, we aimed to investigate the
altering effect of belimumab on autoim-
munity in SLE by the single-cell RNA
sequencing (scRNA seq) examining
24.869 peripheral blood mononuclear
cells (PBMCs) from 3 healthy controls,
3 originally-diagnosed and untreated
SLE patients, and 3 SLE patients treated
with belimumab. The disease-specific
immune subsets were further validated
using flow cytometry technology by a
larger cohort study of 105 healthy con-
trols, 136 belimumab-untreated SLE pa-
tients, and 47 SLE patients treated with
belimumab. The findings of this study
will elucidate the disease-specific im-
mune cell subpopulations in SLE and
the influence of belimumab on immune
cell landscape primarily including T
cells, B cells, NK cells and monocytes,
offering novel perspectives and implica-
tions on the anti-BAFF therapy for indi-
viduals with SLE.

Material and methods

Study population

This study included a total of 105
healthy individuals as controls with-
out any medical conditions, 136 firstly
diagnosed and untreated SLE patients,
and 47 patients with SLE who had been
treated with belimumab (Benlysta, GSK
Plc, UK). All patients were recruited
from the Weifang People’s Hospital,
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Fig. 1. Flowchart and t-SNE clustering for scRNA sequence.
A: Schematic diagram of single-cell sequencing process (completed by Figdraw online tool, ID: RAOSW0033a). B: Scatter plot of t-SNE dimensionality
reduction clustering results (each point represents a cell). C: Scatter plot showing the total t-SNE grouping of samples from NC group, SLE group, and SLE-
BAFF group. D: Scatter plot of t-SNE grouping between NC group, SLE group, and SLE-BAFF group samples. E: The distribution bar chart of clusters
among the NC group, SLE group, and SLE-BAFF group samples. F: The distribution of each cluster within the three sample groups NC group, SLE group,

and SLE-BAFF group forms a bar chart.

Shandong Second Medical University,
between November, 2019 to October,
2023. All patients receiving belimum-
ab treatment must have undergone at
least five treatments before blood can
be collected for following determina-
tions. Normal control (NC) group was
individuals who completed physical ex-
aminations during the same admission
period in the same hospital. The Institu-
tional Medical Ethics Committee of the
Weifang People’s Hospital, Shandong
Second Medical University granted
this study (no. KYLL2022YX73). All
participants were required to approve
and sign a written informed consent
form. Additionally, the research was
adhered to the ethical guidelines out-
lined in the Helsinki Declaration. SLE
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patients were diagnosed according to
the EULAR/ACR classification crite-
ria established by the European Union
Against Rheumatology (EULAR) and
the American Society of Rheumatol-
ogy (ACR) in 2019 (21). Patients with
any other immunological problems,
such as malignant tumours or rheuma-
toid arthritis, were excluded. During
the trial, patients were categorised into
two groups depending on whether they
were administered to belimumab treat-
ment, namely Belimumab-treated SLE
patients and belimumab-untreated SLE
patients. The clinical data obtained
from SLE patients include the follow-
ing parameters: erythrocyte sedimen-
tation rate (ESR), concentrations of
complement 3 (C3) and complement 4

(C4), red blood cell count (RBC), white
blood cell count (WBC), platelet count
(PLT), urinary microalbumin (mALB),
titres of anti-nuclear antibodies (ANA),
and titres of anti-double-stranded DNA
(dsDNA) antibodies.

Isolation of PBMCs

3—10ml of fresh peripheral blood were
obtained from individuals who are in
NC, individuals with SLE, and those
with SLE who have been treated with
belimumab (SLE-BAFF). PBMCs were
isolated by the Ficoll Paque gradient
centrifugation for 30 minutes at 2000
rpm. Cells in the intermediate white
membrane were extracted and washed
twice with phosphate-buffered saline
(PBS), which were then centrifuged at
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Fig. 2. Identification of major immune cell populations between groups.
A: Topmarker gene expression heatmap. B: Scatter plot of t-SNE for cell type identification. C: Scatter plot of t-SNE for cell type identification of NC group,
SLE group, and SLE-BAFF group samples. D: The proportion of different cell subpopulations in the NC group, SLE group, and SLE-BAFF group samples.
E: The proportion of different cell types in the NC group, SLE group, and SLE-BAFF group samples. F: Heat map related to cell type identification.
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1500 rpm for 5 minutes. At last, PB-
MCs were precipitated and used for the
flow cytometry analyses of T cells, B
cells, NK cells. In addition, 100 pl of
whole blood sample was used for flow
cytometry analyses of monocytes ac-
cording to the protocols.

Single-cell RNA sequencing
(scRNA-seq) analysis

This study collected PBMCs from
fresh peripheral blood samples of
three healthy controls (NC group),
three newly diagnosed and untreated
SLE patients (SLE group), and three
SLE-BAFF patients who received be-
limumab treatment (SLE-BAFF group)
for scRNA-seq, with technological as-
sistance from Shanghai Ouyi Company
(Shanghai, China). Concisely, PBMCs
were promptly and fully thawed in a
water bath at a temperature of 37°C,
followed by two washes with pre-
heated culture medium (IMDM with
10% FBS). PBMCs were obtained
by centrifugation at 4°C, 300 rcf, for
5 minutes, and then suspended in 1 x
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PBS with 0.04% bovine serum albumin
(BSA, Thermo Fisher, USA). Cell vi-
ability was assessed after cell counting
using Thermo Fisher (USA) staining.
Next, the 10 x Genomics Chromium
Controller was employed to introduce
the cell suspension into the droplets,
resulting in the creation of individual
cell gel beads within the lotion. The
complementary DNA (cDNA) library
by utilising the Single Cell 3 ‘Reagent
v3 Kits was applied for sequencing us-
ing the Agilent 2100 Bioanalyzer (Agi-
lent, USA) on the Illumina sequencing
platform (Illumina, Inc., USA). Raw
data can be acquired from the GEO
database located at https:/ww.ncbinlm.
nih. gov/geo/ (serial no.: GSE266852,
GSE270215). The scRNA-seq data was
analysed using the Cell Ranger soft-
ware (v. 3.1.0, USA) by 10 x Genom-
ics. The R package Seurat (22) (v. 3.0)
was utilised to manage the counting
matrix of unique molecular identifiers.
The method outlined by Macosko et al
(23) was used to identify the top-level
variable genes across single cells. Cells

were visualised using t-distribution
random neighbourhood embedding
(t-SNE) for clustering. We use the R
package SingleR (24) for unbiased cell
type recognition of scRNA seq. DEGs
were determined using Seurat (22).
p<0.05 and | log2 fold change I>1 (or
| log2 fold change [>0.58) were set as
thresholds for differential expression.
GO functional enrichment and KEGG
signalling pathway enrichment analy-
ses were performed for the prediction
analysis of the selected DEGs.

Flow cytometry

According to the protocol of the spe-
cific fluorescent labelled antibodies, the
antibodies were incubated with whole
blood samples and then detected using
flow cytometry using Agilent NovoCell
FCS (Agilent Technologies, Inc., USA).
The specific antibodies tested for in the
peripheral blood lymphocyte subsets in-
cluded CD3-FITC, CD8-PE, CD4-APC,
CD45 PerCP, CD16*CD56-PE, CD19-
APC, PD-1-PE, CD4-FITC, CD25-
APC, and CDI127-PE (Agilent Tech-

Clinical and Experimental Rheumatology 2025
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Fig. 3. Cluster analyses of T, B, NK, and M cells.
A: Scatter plot of T-cell t-SNE clustering. B: The distribution bar chart of T cells in clusters among the NC group, SLE group, and SLE-BAFF group samples.
C: Scatter plot of t-SNE classification of T cells in NC group, SLE group, and SLE-BAFF group samples. D: Scatter plot of t-SNE clustering in B cells.

E: Bar chart of cluster distribution of B cells among NC group, SLE group, and SLE-BAFF group samples. F: Scatter plot of t-SNE classification of B
cells in NC group, SLE group, and SLE-BAFF group samples. G: Scatter plot of NK cell t-SNE clustering. H: Histogram of cluster distribution of NK cells
among NC group, SLE group, and SLE-BAFF group samples. I: Scatter plot of t-SNE classification of NK cells in NC group, SLE group, and SLE-BAFF
group samples. J: Scatter plot of t-SNE clustering in M cells. K: Cluster distribution bar chart of M cells in NC group, SLE group, and SLE-BAFF group
samples. L: Scatter plot of t-SNE classification of M cells in NC group, SLE group, and SLE-BAFF group samples.
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nologies Inc., USA). Monocyte-specific
antibodies used for detection include
CDI14-FITC, HLA-DR-PE, CD206-PE,
CD163-APC, CD64-FITC, and CD161-
PE antibodies (Bio Legend, USA).

Statistical analysis

The statistical analyses were conducted
using SPSS 17.0. Data was given as the
mean value plus or minus the standard
deviation (SD). Three sets of samples
were subjected to one-way analysis of
variance (ANOVA), while two sets of
samples were subjected to paired sam-
ple t-tests, Wilcoxon tests, or Kruskal-
Wallis tests, depending on the peculiari-
ties of the data. The difference was con-
sidered statistically significant when
the p-value was less than 0.05.

Clinical and Experimental Rheumatology 2025

Results

ScRNA seq cell clustering

We utilised the 10 x Genomics Chro-
mium platform to conduct scRNA se-
quence of 24.869 PBMCs, among which
8.899 cells from the NC group, 7.810
cells from the newly diagnosed and
untreated SLE group, and 8.160 cells
from the SLE-BAFF group undergoing
belimumab treatment. The precise pro-
cedures were outlined in Figure 1A. The
t-SNE clustering was used to visually
single cells with comparable expression
profiles in a two-dimensional space. The
analysis revealed a total of 11 distinct
cell clusters (Fig. 1B). The disease-spe-
cific cell populations between groups
were shown in Figure 1C.

In brief, clusters 1, 3, 5, and 11 showed

a higher level of enrichment in the NC
group, while cluster 4 and 8 exhibited a
higher level of enrichment in the SLE
group. However, clusters 3, 5, 7,9, 10,
and 11 showed a relatively lower level
of enrichment in the SLE group. In the
SLE-BAFF group, clusters 2,9, and 10
are enriched, while clusters 4, 5, 8, and
11 showed a relatively lower level of
enrichment (Fig. 1D-F). Additionally,
there are notable differences of clusters
3,4,5,8,and 11 between the SLE group
and NC group, and clusters 2, 3,4,7, 8,
9, and 11 between the SLE group and
SLE-BAFF group, as well as cluster 2,
5,8,9,10,and 11 between the NC group
and SLE-BAFF group (Fig. 1D-F).

These findings implicated a notable im-
mune cell landscape in the peripheral
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Fig. 4. Heterogeneity analyses of T and B cell subpopulations.

blood of patients with SLE compared
to healthy individuals. Furthermore,
SLE patients who received belimumab
treatment exhibited distinct alterations
in the immune cell populations in the
peripheral blood, particularly regard-
ing clusters of 2, 3,4, and 8.

Identification of marker genes

and major cell types

According to the t-SNE clustering
analysis, we have identified the top 10
Topmarker genes specifically for each
cluster (Fig. 2A). We categorised the
11 clusters into 5 immune cell groups
based on the specific cell markers, in-
cluding T cells (clusters 1, 2, 3, 4, 8),
NK cells (cluster 5), monocyte cells
(M) (clusters 7, 10), B cells (clusters
6, 9), and DC cells (cluster 11) (Fig.
2B). Besides, the comparison of ma-
jor immune cell populations between
groups revealed that the abundance of
T cell populations in the SLE group
was greater than that in the NC group

1264

and SLE-BAFF group (Fig. 2. C-E).
Furthermore, the B cell population ex-
hibited a substantial increase in both
the SLE group and SLE-BAFF group in
contrast to the NC group. Conversely,
the NK cell population was much lower
in the SLE group and SLE-BAFF group
compared to the NC group. In compari-
son to the NC group, the M cell group
exhibited an obvious reduction in the
SLE group and a greater enrichment in
the SLE-BAFF group (Fig. 2C-E).

These findings had implicated that beli-
mumab treatment might have a signifi-
cant impact on the differentiation and
function of B cells and monocytes. The
heatmap in Figure 2. F displayed dis-
tinct markers of the immune cell group.
The T cell clusters exhibited strong ex-
pression of specific markers, such as
CD3 and KLRD1, while the expression
of specific markers was lower, such as
LILRA4, VPREB3, and FLT3. The B
cell clusters showed higher expression
of CD79, CD19, VPREB, MS4A1, and

CDIC, but lower expression of func-
tional markers of GZMB, CSFIR, and
S100A12. NK cells had higher expres-
sion of FCGR3A (CDI16), NCAMI
(CD56), GZMB, KLRD1, and GNLY
but lower expression of FLT3 and
MS4A1. Monocytes displayed higher
expression of CD14, CD68, CD163,
S100A12, CSFIR, and CDIC, but low-
er expression of GZMB and SCT.

Cluster analysis of T, B, NK,

and M cells

We performed an in-depth t-SNE clus-
tering analysis on the characteristics
of the four immune cell populations,
primarily including T, B, NK, and M,
utilising the unique marker genes. Fig-
ure 3. A-C displayed the division of the
T cell population into 10 cell distinct
clusters. The B cell population were
grouped into 6 clusters (Fig. 3. D-F).
As shown in Figure 3. G-I, the NK cell
group into 6 clusters. The M cell popu-
lation was categorised into 7 clusters

Clinical and Experimental Rheumatology 2025
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Fig. 5. Heterogeneity analyses of M and NK cell subpopulations.
A: Topmarker hotspot map of M cells. B: Scatter plot of differences in cluster Top5 gene characteristics among M cell subpopulations. C: Cluster Top5
gene violin plot of M cell subpopulation differences. D: Topmarker hotspot map of NK cells. E: Scatter plot of cluster Top5 gene characteristics for NK cell
subpopulations. F: Cluster Top5 gene violin plot of NK cell subpopulation differences.

(Fig. 3J-L). In addition, T cell clusters
1,2,4,5,6,8, and 9 in the peripheral
blood were different between SLE pa-
tients and the NC group (Fig. 3A-C).
Interestingly, belimumab treatment re-
sulted in a significant decrease of clus-
ters 1,2, and 4 but a significant increase
of clusters 5, 6, 8, and 9 in the SLE-
BAFF group (Fig 3B-C). Regarding B
cell population, the clusters of 1, 2, 3,
5, and 6 were different between SLE
patients and the NC group (Fig. 3D-F).
Belimumab treatment induced a sig-
nificant upregulation of B cell clusters
1 and 4, but an obvious reduction in B
cell clusters of 2, 3,5, and 6 in the SLE-
BAFF group (Fig. 3E-F). Clusters 1, 2,
3, 5, and 6 were disease-specific NK
cell subpopulations in SLE (Fig. 3G-
I). In the group of SLE patients treated
with belimumab, there was a consider-
able rise in the enrichment of NK cell
cluster 4, whereas NK cell clusters 5
and 6 were dramatically decreased (Fig.
3H-I). Nevertheless, the alterations in
clusters 1,2, and 3 were not significant.
The clusters of 1,2, 3,4, 5, and 6 were

Clinical and Experimental Rheumatology 2025

Table I. Characteristics of study populations.

NC SLE untreated with SLE treated with
Belimumab Belimumab
Sample size 105 136 47
Age (mean+SD) 32.28+8.204 37.71£12.16%%#%* 31.70+£11.874444
Male 3 6 5
Female 102 130 42

Compared with NC group, **** p<0.0001 (Kruskal-Wallis test). Compared with SLE untreated with
belimumab group, *4*4p<0.0001 (Kruskal-Wallis test). p<0.05 was considered to be significant.

disease-specific monocytes in SLE
(Fig. 3J-L). Additionally, SLE patients
treated with belimumab exhibited a
significant higher enrichment of M cell
clusters 2,4, and 5, but less enrichment
of M cell clusters 1, 3, 6, and 7 in the
peripheral blood (Fig. 3K-L).

Taken together, the scRNA-seq had
identified SLE-specific T cell, B cell,
M cell, and NK cell populations in the
peripheral circulation. In particular,
SLE patients treated by belimumab dis-
played specific alterations in common
immune cell subpopulations, including
T cell, B cell, M cell, and NK cell. In
following experiments, we conducted a

more in-depth analysis of the diversity
and specificity of main immune cell
subpopulations in SLE patients and
BAFF-treated SLE patients.

Heterogeneity analyses of T,

B, M, and NK cell subpopulations
Using the clustering results depicted in
Fig. 3, we used the Seurat software to
identify the T, B, M, and NK cell popu-
lations. We then chose the Top 5 marker
genes of the cell cluster that had a nota-
ble influence on the diversity of immune
cells following belimumab administra-
tion. Within the T cell subgroup, the
SLE-BAFF group that received be-
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Table II. Characteristics of SLE patients treated and untreated with belimumab.

ESR (mm/h) C3 (g/L) C4 (g/lL) WBC (x1079/L) RBC (x10712/L) PLT (x10A9/L) mALB (mg/L) ANA (au/mL) Anti-dsDNA
antibody (u/MI)
SLE untreated with 24.94+22.54 0.72+0.23 0.16+0.08 8.34+25.66 4.27+0.63 215.8+£76.25 354.369+987.57 121.9+118.7 69.0+68.53
belimumab (n=136)
SLE treated with 20.68+18.31 0.74+0.19 0.19+0.11 5.99+2.25 4.46x1.08 242.95+80.65% 322.193.1+412.55 177.4+1214  64.80+84.93

belimumab (n=47)

Compared with SLE untreated with belimumab group, * p<0.05(Wilcoxon test).

ESR: erythrocyte sedimentation rate (0-20mm/h); C3: serum concentrations of complement factors 3 (0.79-1.52g/L); C4: serum concentrations of comple-
ment factors 4(0.16-0.38g/L); WBC: white blood cell count (4.0-10.0x1029/L); RBC: erythrocyte count (3.5-5x10~12/L); PLT: platelet count (100.00-
300.00x1079/L); mALB: micro-albminuria (0-30mg/L); ANA: antinuclear antibody (0-32au/mL); Anti-dsDNA antibody(0-25u/MI).

Table III. Characteristics of SLE patients before and after treatment with belimumab.

ESR (mm/h) C3 (g/L) C4 (g/lL) WBC (x10M9/L) RBC (x10A12/L) PLT (x10A9/L) mALB (mg/L) ANA (au/mL)  Anti-dsDNA
antibody (u/MI)
SLE before belimumab 25.53+18.52 0.60+0.25 0.17+0.23 6.54+2.41 4.30+0.96 215.76+74.27  628.26+773.43  160.2+1142  72.77+63.38
treatment (n=22)
SLE after belimumab ~ 20.10+18.34*  0.74+0.19***  0.17+0.09* 5.92+2.10 4.35+0.66 254.55+75.914% 292.89+451.47** 1953+141.0  62.56+86.20

treatment (n=22)

Compared with SLE before belimumab treatment group, * p<0.05 (Wilcoxon test).**p<0.01 (Wilcoxon test); **4p<0.001 (Wilcoxon test). p<0.05 was con-
sidered to be significant.

ESR: erythrocyte sedimentation rate (0-20mm/h); C3: serum concentrations of complement factors 3 (0.79-1.52g/L); C4: serum concentrations of comple-
ment factors 4 (0.16-0.38g/L); WBC: white blood cell count(4.0-10.0x10A9/L); RBC: erythrocyte count (3.5-5x10~12/L); PLT: platelet count (100.00-

300.00x1079/L); mALB, micro-albminuria (0-30mg/L); ANA: antinuclear antibody (0-32au/mL); Anti-dsDNA antibody (0-25u/MI).

limumab treatment had a noteworthy
rise in clusters 5, 6, 8, and 9. The top
5 marker genes expressed in cluster 5
were TNFRSF4, PLP2, GADDA45G,
IRS2, and SAMSNI. The top 5 mark-
er genes expressed in cluster 6 were
CCR7, CLECI1A, AIF1, FHIT, and
LINC02446. Cell cluster 8 had the top
5 marker genes expressed as CREM,
METRNL, GZnK, TUBAIC, and
CKS2. The five most significant marker
genes expressed in cell cluster 9 were
METRNL, GZMB, S1PRS5, PLA2G16,
and F2R (Fig. 4A-C).

Within the B cell subgroup, the SLE-
BAFF group that received belimumab
treatment exhibited a significant aug-
mentation in clusters 1 and 4. The top
5 marker genes expressed in cluster 1
were ZNF296, SERTAD1, GADD45A,
LINO1781, and TUBAIC. In cluster 4,
the top 5 marker genes were GIMAP7,
CD7,CDS8B,ITK, and CD3G (Fig. 4D-
F).

The M cell subpopulation of the SLE-
BAFF group exhibited a notable aug-
mentation in clusters 2, 4, and 5. The
top 5 marker genes expressed in clus-
ter 2 were HLA-DRB5, TMEM176B,
TMEM176A, NRG1, and TNNTI1. In
cluster 4, the top 5 marker genes were
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CCL2,PHLDA2, TNFRSF12A, HESI,
and HIC1. In cluster 5, the top 5 mark-
er genes were CD3E, CD3G, LBH,
SPOCK2, and RHOH (Fig. 5A-C).
Belimumab therapy led to a significant
enrichment of NK cell cluster 4 in the
SLE-BAFF group. The top 5 marker
genes expressed in the cluster 4 were
GADD45G, GRASP, CKS2, B3GNT7,
and MX1 (Fig. 5. D-F).

The effect of belimumab treatment on
the heterogeneity of peripheral blood
immune cell subsets in SLE patients
- Impact of belimumab treatment on
the general clinical characteristics
of SLE patients
Table I presented the characteristics of
the study population enrolled in this
study, such as age and gender. The
mean age of the NC group differed from
the belimumab-untreated SLE group
(p<0.001). There was no statistically
significance between the NC group
and the Belimumab-treated SLE group
regarding the status of age (p=0.374).
The age disparity between the treatment
group and the untreated group exhib-
ited statistical significance (p=0.002).
Table II and Table IIT showed a sum-
mary of the characteristics of ESR, C3,

C4, RBC, WBC, PLT, mALB, ANA,
and anti dsDNA antibodies. Following
administration of belimumab, a minor
elevation in the level of mALB of SLE
patients was observed (p<0.05), while
no other significant differences were
observed with regard to other clinical
characteristics. A paired comparison
analysis was performed on the clini-
cal indicators of 22 SLE patients be-
fore and after belimumab therapy. It
was shown that belimumab treatment
resulted in a large increase in serum
levels of C3 and C4 (p<0.001) and a
significant reduction in the inflamma-
tory index ESR (p<0.05) among SLE
patients. No statistical significance was
found regarding other clinical indexes,
including WBC, RBC, ANA, and anti-
dsDNA antibody.

- Effect of belimumab treatment on

the heterogeneity of peripheral blood
lymphocyte subsets in SLE patients
The scRNA seq analysis had demon-
strated notable diversity and hetero-
geneity of main lymphocyte subsets
in SLE with or without belimumab
treatment, primarily including CD3*T
cells, CD3*CD4*T cells, CD3*CD8'T
cells, CD19'B cells, CD3*PD-1*T
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Fig. 6. Heterogeneity of peripheral blood lymphocyte subsets analysed by single-cell sequencing.

cells, CD4*PD-1*T cells, CD8*PD-1*T
cells, CD4*CD25*CD127*T cells, and
CD16"CD56*NK cells (Fig. 6A-E). We
further performed flow cytometry to
validate the alterations in the peripheral
lymphocyte subsets in SLE. Table IV
displayed the flow cytometry analysis
of peripheral blood lymphocyte subsets
distributions in a total of 288 individu-
als, including 105 healthy controls, 136
SLE patients untreated with belimum-
ab, and 47 SLE patients treated with be-
limumab. It has been found the peak age
of SLE patients in China ranges from 30
and 49 (25). To further assure whether
the confounding factor of age could af-
fect the results obtained, we re-analysed
the data of the age-overlapping popula-
tion. The findings were consistent with
the original data in Table IV, implicat-
ing that age has no significant effects
on the lymphocyte subsets distributions
between groups (Supplementary Ta-
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Table I'V. Heterogeneity of peripheral lymphocyte subsets in SLE patients treated/untreated

with belimumab.

NC (n=105) SLE untreated with SLE treated with
belimumab (n=136) belimumab (n=47)
CD3*T (%) 71.25+6.53 81.83+7.25% %% 81.52+7.68 4444
CD3*CD4*T (%) 36.40+5.82 37.12+£7.36 33.30+10.18
CD3*CD8'T (%) 29.46+5.96 41.30+11.32 sk 38.21+£6.89 4444
CD3*CD4*T/ CD3*CDS8*T (%) 1.29+0.41 1.03+0.44 #sk** 0.93+0.364444
CDI19'B 12.13+£3.70 12.65+7.37 5.74%2 .64 4444 A0
CDI16*CD56*NK (%) 15.08+6.56 8.37+6.07%#** 8.45+6.394444

Compared with NC group, ****p<0.0001 (Kruskal-Wallis test); Compared with NC group,
A4445<0.0001 (Kruskal-Wallis test); Compared with SLE un-treated with belimumab group, 244

p<0.0001 (Kruskal-Wallis test).

bles S1 and S2). However, belimumab
treatment has significantly influenced
the differentiation of peripheral blood
lymphocytes in SLE patients. Besides,
the peripheral blood samples from 10
healthy individuals, 10 SLE patients
who were not treated with belimumab,
and 10 SLE patients treated with beli-
mumab were detected to analyse the

alterations of T lymphocyte subsets,
namely CD4*CD25*CDI127'T cells,
CD3*PD-1"T cells, CD4*PD-1"T cells,
and CD8*PD-1*T cells (Table V). The
flow cytometry results were consistent
with the data of scRNA sequencing.
In comparison to the NC group, SLE
patients untreated with belimumab ex-
hibited significantly higher percentages
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Table V. Heterogeneity of CD4*CD25*CD127*T and PD-1*T lymphocytes in SLE patients
treated/untreated with belimumab.

NC (n=10) SLE untreated with SLE treated with
belimumab (n=10) belimumab (n=10)
CD4*CD25*CD127*T (%) 6.82+2.14 9.97+4 .21 8.11+£2.72
CD3*PD-1*T (%) 13.3x13.24 27.09+14.004+ 16.33+7.70 »
CD4*PD-1*T (%) 16.53+7.50 27.99+13.05 16.69+9.66
CD8*PD-1"T (%) 15.52+8.05 29.25+13.52* 21.04+15.02

Compared with NC group, “p<0.05 (Kruskal-Wallis test); *4p<0.01, (Kruskal-Wallis test).
Compared with SLE un-treated with Belimumab group, » p<0.05.

Table VI. Heterogeneity of peripheral lymphocyte subsets in SLE patients before and after
belimumab treatment.

SLE before belimumab
treatment (n=22)

SLE after belimumab
treatment (n=22)

CD3*T (%) 80.86+7.93 84.70+9.12 *
CD3*CD4*T (%) 35.36+10.60 36.60x11.64
CD3*CD8*T (%) 42.28+9.54 44.80£13.50
CD3*CD4*T/CD3*CD8'T (%) 0.92+0.46 0.93+0.45
CDI19*B (%) 8.51+4.45 7.69+16.45 **
CD16*CD56"NK (%) 8.56+6.59 9.08+8.25

Compared with SLE pre-treated with Belimumab group, * p<0.05 (self-paired Wilcoxon test).
** p<0.01 (self-paired Wilcoxon test). p<0.05 was considered to be significant.

- NC
100 =5 SLE untreated with Belimumab
4 :f o SLE treated with Belimumab
2 : : £ St S
8 %0 gly gid TE e
- . : . .
° §%§ s : --'_}— '%
= B SANN .;fz._
__ S PY TRERE R B
L. SR

Fig. 7. Heterogeneity of lymphocyte subpopulations in belimumab-treated and non-belimumab-treated
SLE patients.

*p<0.05 (Kruskal-Wallis test); ** p<0.01 (Kruskal-Wallis test); **** p<0.0001 (Kruskal-Wallis test).
A p-value of 0.05 was considered to be significant.

For CD3* T, CD3* CD4*T, CD3* CD8&*T, CD3* CD4*T/CD3* CD8*T, CD19*B and CD16* CD56*NK,
NC group, n=105, SLE untreated with belimumab group, n=136, SLE treated with belimumab group,
n=47; for CD4*CD25*CD127*T, CD3*PD-1*T, CD4*PD-1*T, CD8*PD-1*T, n=10 for each group.

of CD3*T, CD8*T, CD3*PD-1*T, and
CD8*PD-1*T cells in the peripheral
blood. Besides, significantly decreased
percentage of CDI16*CD56*NK cell
was observed in SLE group compared
to NC group (Table IV). Reduced ra-
tio of CD3*CD4*T/CD3*CD8*T was

also found in SLE (Table IV). There
was no significant difference in the
percentages of CD4*T, CDI9'B,
CD4*CD25*CD127*T,  CD4*PD-1*T
cells, and NK cells between SLE and
NC groups (Table IV, Table V and
Fig. 7). Moreover, the proportions of
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Fig. 8. Heterogeneity of peripheral blood im-
mune cell subsets in SLE patients before and after
treatment with belimumab.

*p<0.05  (Kruskal-Wallis  test);  **p<0.01
(Kruskal-Wallis test). p<0.05 was considered to
be significant. n=22.

CD19*B and CD3*PD-1*T cells were
significantly lower in the peripheral
blood of SLE patients treated with
Belimumab compared to belimumab-
untreated SLE patients (Table IV, Table
V and Fig. 7). These results suggested
that belimumab, functioning as a BLyS
inhibitor, exerted its therapeutic effect
on SLE mainly by regulating B cells-
mediated immune and inflammatory
responses. CD3*PD-1*T cell could also
be potentially influenced by belimum-
ab. More future studies are warranted
to investigate the precise effects and
mechanism of belimumab in regulat-
ing the differentiation and function of
CD19*B and CD3*PD-1*T cells in SLE,
which might help to guide and improve
the therapeutic efficacy of belimumab
in SLE.

- Heterogeneity of peripheral blood
immune cells in SLE patients before
and after treatment with belimumab

Here, we focused on examining the

heterogeneity of immune cells in the

peripheral blood before and after treat-

ment by belimumab. A total of 22

patients with SLE treated with beli-

mumab were enrolled in this analysis.

As shown in Table VI and Figure 8,

belimumab treatment significantly in-

creased the level of total CD3*T cells
in the peripheral blood of SLE patients

(p<0.05), while significantly reduced

CD19*B cells were induced by beli-

mumab treatment (p<0.01). Here, the
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Fig. 9. Heterogeneity of peripheral blood monocyte subsets analysed by scRNA-seq.

alterations of total CD3*T and CD19*B
cells were similar to findings in previ-
ous study in all SLE patients treated
by belimumab. Accordingly, belimum-
ab therapy can effectively suppress
CD19'B cells but promote CD3*T cells
in the peripheral circulation of SLE
patients. However, the function and ac-
tivation of those cells need to be eluci-
dated in the future.

- The effect of belimumab treatment
on the heterogeneity of peripheral
blood monocyte subsets in SLE

Initially, we found some disease-

specific subpopulations of monocytes

Clinical and Experimental Rheumatology 2025

using scRNA-seq, including mono-
cytes specifically expressing FCGRI1A
(CD64), KLRB1 (CD161), MRCI
(CD206), CD163, ITGAX (CDllc),
ITGAM (CDI11b), and HLA-DRA
(Fig. 5). Those cells exhibited notable
heterogeneity in SLE. Subsequently,
we performed flow cytometry analysis
to determine the proportions of differ-
ent monocyte subsets in the peripheral
blood between the three groups of NC
group (14 cases), SLE patients un-
treated with belimumab (15 cases), and
SLE patients treated with belimumab
(21 cases), including CD14*HLA-DR*,
CD14*CD206*, and CD14*CD163*

monocytes. Besides, we included an
additional 10 SLE patients in the NC
group, 10 SLE patients untreated
with belimumab, and 10 SLE patients
treated with belimumab to examine
the effect of belimumab treatment on
the peripheral blood CD64*CD161*
monocyte in SLE. As shown in Figure
9, the scRNA-seq data had implicated
obvious heterogeneity of peripheral
blood monocyte subsets in SLE pa-
tients treated with or without belimum-
ab, mainly including CD14*CD206*
monocyte, CD14*CD163* mono-
cyte, CD64* monocyte, and CD161*
monocyte. We further performed flow

1269



Single cell sequencing of blood from patients with SLE / W. Sun et al.

Table VII. Heterogeneity of peripheral monocyte subsets in SLE patients treated/untreated

cytometry to confirmed the disease-
specific monocyte subsets in SLE.
As presented in Table VII and Fig.
10, the percentages of CD14*CD206*
monocyte and CD14*CD163* mono-
cyte were significantly decreased in
the peripheral blood of SLE patients.
Belimumab treatment did not signifi-
cantly influence the differentiation of
CD14*CD206* and CDI14*CD163*
monocytes. Taken together, there
was significant heterogeneity of pe-
ripheral blood monocyte subsets in
SLE, characterised by reduced M2-
type monocytes (CD14*CD206* and
CD14*CD163*cells) in SLE. Nonethe-
less, belimumab did not have notable
impacts on the heterogeneity of periph-
eral blood monocyte subsets in SLE.

Differential expression genes

and functional enrichment

prediction analysis

We performed GO and KEGG enrich-
ment analyses of all differential ex-
pressed genes between the NC group,
SLE group, and SLE-BAFF groups.
During the GO enrichment analysis,
we specifically chose GO Level 2 and
filtered out GO entries that had more
than 2 differential gene counts in the
biological process, cellular component,
and molecular function categories. Fig.
11. A demonstrated that GO terms of bi-
ological adhesion, reproduction, repro-
ductive process, cell junction, synapse,
synapse part, enzyme regulator activity,
protein binding transcription factor ac-
tivity, protein tag, receiver regulator ac-
tivity, and translation regulator activity
were enriched in SLE group compared
to the NC group, while GO terms of
cell killing, catalytic activity, and trans-
porter activity were significantly down-
regulated in the SLE group. In compar-
ison to the NC group, the SLE-BAFF
treatment group exhibited some notable
GO terms, such as extracellular matrix,
nucleoid, protein tag, antioxidant activ-
ity, receiver activity, structural motor
activity, and channel regulator activity.
However, the GO term for molecular
transmitter activity was downregulat-
ed in the SLE-BAFF treatment group
(Fig. 11B). In comparison to the SLE
group, the SLE-BAFF treatment group
showed significant enrichment of some
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with belimumab.

NC (n=14) SLE untreated SLE treated with
with belimumab belimumab (n=21)
(n=15)
CDI14*HLA-DR* monocyte (%) 97.80+3.03 95.65+4 .43 95.64+3.86
CD14*CD206* monocyte (%) 22.06+11.29 11.82+17.65* 47648 .73% %%
CD14*CD163* monocyte (%) 98.34+2.52 85.22+9.31444 83.83+£6.98% %
CD64*CD161* monocyte (%) (n=10) 37.67+£7.90 32.26+13.85 27.83+11.60

Compared with NC group, * p<0.05 (Kruskal-Wallis test); “** p<0.001 (Kruskal-Wallis test).
Compared with NC group, **** p<0.0001 (Kruskal-Wallis test). p<0.05 was considered to be significant.

Fig. 10. Distribution bar chart
of peripheral blood monocyte
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*#p<0.001 (Kruskal-Wallis
test); ***%p<0.0001 (Kruskal-
Wallis test). p<0.05 was con- g 100
sidered to be significant. [7]
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GO terms, such as extracellular matrix,
nucleoid, protein tag, receiver regulator
activity, structural motor activity, and
translation regulator activity. However,
the GO term of molecular transmitter
activity was downregulated in the SLE-
BAFF treatment group (Fig. 11C).

Regarding KEGG enrichment analysis,
we chose pathway entries based on more
than 2 differentially expressed genes,
which were arranged in descending or-
der based on the -log,, p-value associat-
ed with each entry. Figure 12 displayed
the gene bubble diagram featuring the
top 20 genes. In comparison to the NC
group, the SLE group showed signifi-
cant enrichment of a number of KEGG
pathways, such as allograft rejection,
graft versus host disease, antigen pro-
cessing and presentation, cell adhesion
molecules, Th1l and Th2 cell differen-
tiation, and Th17 cell differentiation
(Fig. 12A). However, only the pathway
related to natural killer cells mediated
cytotoxicity showed downregulation in
the SLE group (Fig. 12B). In compari-
son to the NC group, the SLE-BAFF
group showed considerable enrichment

of ribosome, ferroptosis, and other
KEGG pathways (Fig. 12C). Similarly,
KEGG pathways of apoptosis, natural
killer cell mediated cytotoxicity, regu-
lation of active cytotoxicity showed a
significant decrease in the SLE-BAFF
group (Fig. 12D). In comparison to
the SLE group, the SLE-BAFF group
showed a significant enrichment of the
ribosome pathway (Fig. 12E). Addition-
ally, KEGG pathways of cell adhesion
molecules, haematopoietic cell lineage,
Th17 cell differentiation, Th1 and Th2
cell differentiation, were significantly
downregulated in the SLE-BAFF group
(Fig. 12F). The KEGG Level2 horizon-
tal distribution map showed the differ-
entially expressed genes (DEGs) that
were enriched in various KEGG path-
ways (Fig. 13).

The GO and KEGG enrichment analy-
ses of all DEGs between groups might
play critical roles in SLE through in-
tricate biological functions and signal
transduction mechanisms mentioned
above. BAFF treatment might exert
regulatory effects on these DEGs and
mediate immune and inflammatory re-
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Fig. 11. GO enrichment analyses A

of all DEGs between groups at the 1007
GO Level 2 level.
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sponses in SLE, which warranted fur-
ther investigations in future studies.

Discussion

BAFF or BLyS, a key activator of B
lymphocytes, is critical for the survival,
differentiation, and activation of B cells,
thereby maintaining reactive B cells and
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preventing their depletion (26-28). The
upregulation of BAFF has been shown
to enhance B cell activation, with the
interaction between BAFF and its re-
ceptor BAFF-R facilitating B cell matu-
ration and plasma cell survival (29). In
animal studies, the introduction of trans-
genic mice expressing BAFF can induce

a SLE-like phenotype, whereas the use
of BAFF antagonists has been demon-
strated to relieve disease activity (30).
Elevated levels of circulating BAFF are
demonstrated in mice genetically pre-
disposed to spontaneous SLE, such as
NZBWF1 and MRL/MpJ-Fas**™® mice,
while treatment with BAFF antagonists
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has shown promise in improving disease
progression in these lupus mice models
(29). In human populations, it has been
well documented that more than half
of SLE patients exhibited an increased
level of BAFF, which was correlated
with high level of anti-dsDNA antibod-
ies and enhanced disease activity (29).
Furthermore, BAFF has been shown
to modulate B-cell homeostasis by ac-
tivating the PI3K/Akt/mTOR and NF-
kB signalling pathways through BAFF/
BAFF-R interaction (31, 32). These
findings have well supported the criti-
cal role of BAFF in SLE pathogenesis
and the promising application of BAFF
antagonism in the treatment of this dis-
ease. This study is aimed to investigate
SLE-specific immune cell subsets and
the influence of belimumab treatment
on the immune cell landscape in SLE
by a series experiments including scR-
NA-seq, offering novel perspectives
and implications on the anti-BAFF
therapy for SLE patients.
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The balance of the immune system is
crucial for maintaining human body
health. Accumulated studies have dem-
onstrated that the dysregulation of im-
mune cell differentiation, polarisation
and function, specifically T, B, NK
lymphocytes and monocytes, plays a
significant role in the development and
progression of SLE (15, 33). As a prev-
alent autoimmune disorder, SLE is dis-
tinguished by an imbalance in the dif-
ferentiation of lymphocyte and mono-
cyte subsets, along with impaired cellu-
lar function (22, 23). The pathogenesis
of SLE is primarily driven by abnor-
mal B cell activation, the generation
of excessive autoantibodies, immune
complex formation, and complement
system activation (30). The disease ac-
tivity of SLE is closely linked to height-
ened B cell activation. Autoantibodies
in SLE patients are predominantly de-
rived from autoallergic B cells express-
ing high levels of CD27 and CD38 (34).
It has been demonstrated that B cells,

specifically plasma cells and long-lived
plasma cells, are the primary sources
of autoantibodies, contributing to the
maintenance of long-sustained inflam-
mation and immune disorders in the
body through the generation of pro-
inflammatory factors and immune com-
plexes (35). Wang et al. (36) found a
significant increase in CD11c™T bet B
cells in patients with SLE, which have
the potentials to differentiate into auto-
reactive plasma cells and play a crucial
role in the pathogenesis of SLE. The
involvement of B cells in SLE is mul-
tifaceted. A previous study has impli-
cated the autoantibody-secreting B cell
played a significant role in the progres-
sion of SLE (35). Therefore, targeting
B cell differentiation, activation, and
plasma cell generation is essential for
exploring the effective SLE therapy.
The current study has shown similar
findings by scRNA-seq and flow cy-
tometry analyses. We have found that
the total percentage of CD19*B cell in
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the peripheral blood of SLE patients
was slightly increased compared to
NC group but without statistical sig-
nificance. However, the proportion of
CD19'B cell was significantly lower
in the peripheral blood of SLE patients
treated with belimumab compared to
Belimumab-untreated SLE patients,
suggesting the pivotal role of B cell in
SLE pathogenesis and the response to
belimumab treatment. This trend was
also observed in SLE patients after be-
limumab therapy compared to the same
patients before belimumab therapy,
demonstrating the significantly inhibi-
tory effect of belimumab on CD19*B
cell in SLE. These findings are consist-
ent with previous publications, suggest-
ing that belimumab primarily functions
by suppressing B cell proliferation and
activation in the treatment of SLE (29,
37, 38).

In addition to B cells, the dysregulation
of T cells is recognised as a pivotal fac-
tor in the SLE pathogenesis (29). Previ-
ous research has demonstrated that el-
evated levels of OX40L in B cells could
contribute to the proliferation of T fol-
licular helper (Tfh) cells, thereby pro-
moting B cell activation and the onset of
SLE (31). Tth cells are implicated in the
regulation of B cell activation and func-
tion (39, 40). Furthermore, B cells have
the capability to initiate a cascade of
inflammatory processes in SLE by acti-
vating T cells (21, 41). Therefore, T cell
response and the interaction between
B cells and T cells are closely related
to SLE. In this study, the SLE-specific
T cell subpopulations in the peripheral
circulation of patients with SLE have
been well documented, notably charac-
terised by a reduction in CD3*CD4*T
cells and a marked elevation in CD3*T
and CD8'T cells in SLE. Besides, a
notable increase in the percentages of
CD3*PD-1'T, and CD8*PD-1*T cells
in the peripheral blood of SLE patients
compared to healthy controls, suggest-
ing CD3*PD-1'T and CD8&'PD-1*T
cells as disease-specific T cell subsets
in SLE. These T cell subsets might con-
fer important effects in the development
and progression of SLE. Following the
administration of belimumab, a notable
rise in the peripheral blood of CD3*T
cells was observed in SLE patients after
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belimumab treatment, suggesting that
belimumab might exert therapeutic ef-
fects in SLE by expanding CD3*T cells.
Furthermore, a significant reduction in
the proportion of CD3*PD-1*T cells
in the peripheral blood was observed
SLE patients treated with belimumab
compared to belimumab-untreated SLE
patients. Accordingly, as a BLyS inhibi-
tor, belimumab plays a crucial role in
the regulation of CD3*PD-1*T cell re-
sponse, thereby exerting its therapeutic
effect in SLE. Nonetheless, more future
studies are warranted to elucidate the
precise molecular mechanisms through
which belimumab regulates CD3*T cell
and CD3*PD-1*T cell in SLE, in order
to better guide and improve the thera-
peutic efficacy of belimumab.

Increasing evidence has suggested that
the dysregulated activation and func-
tion of monocytes plays an important
role in the pathogenesis of autoimmune
diseases (42). The aberrant differen-
tiation and phenotypic polarisation
of monocytes/macrophages has been
demonstrated in SLE (43). Expansion
and abnormal activation of monocytes/
macrophages is distinctive in SLE-
prone mice, with monocytes compris-
ing approximately more than 50% of
white blood cells in elderly BXSB male
mice than healthy mice (42, 44). Mono-
cytes have the potential to differenti-
ate into pro-inflammatory M1 cells or
anti-inflammatory/immunosuppressive
M2 cells under specific immune micro-
environment (45). Currently available
studies have demonstrated an imbal-
anced polarisation of monocytes/mac-
rophages in SLE (45, 46). Moreover, the
inadequate clearance of apoptotic cells
due to abnormal phagocytic and effe-
rocytotic functions of monocytes/mac-
rophages also contributes to the devel-
opment of SLE (47-49). In the NZB/W
lupus mouse model, the TLR2/1 agonist
PAM3 has been shown to improve the
outcome of SLE by promoting the dif-
ferentiation of M2 macrophages (50),
implicating that the vital role of M1/M2
balance in maintaining homeostasis. In
the present study, the scRNA-seq has
revealed significant alterations in mono-
cyte subpopulations in the peripheral
circulation of SLE patients, particularly
in patients following treatment with be-

limumab. The peripheral blood M2-type
subpopulations of CD14*CD206" and
CD14*CD163* monocytes were obvi-
ously reduced in SLE, suggesting the
important role of M1/M2 macrophage
imbalance in SLE pathogenesis. How-
ever, the administration of belimumab
did not yield a significant impact on
the differentiation of CD14*CD206*
and CD14*CD163* monocytes in SLE.
Although there is significant heteroge-
neity of peripheral blood monocytes/
macrophages subsets in SLE, charac-
terised by reduced M2-type monocytes,
more studies are needed to clarify the
regulatory roles of CD14*CD206* and
CD14+*CD163* monocytes in SLE onset
and progression. Furthermore, it can be
concluded that belimumab has no signif-
icant impacts on the heterogeneity of pe-
ripheral blood monocyte subsets in SLE.
As a critical cell in the innate immune
system, NK cell plays an important role
in the regulation of immune response
and the maintenance of immune balance
(51). It has been shown that restoring
the normal cellular function of NK cells
via targeting SLAMF7 and CD38 led to
a reduction in plasma cell level and the
improvement in SLE (52). Our research
has found a significant decrease in
CD16"CD56*NK cell in the peripheral
blood of SLE patients, whereas the be-
limumab therapy did not affect the pro-
portion of this NK cell subpopulation.
However, a previous study has shown
the evidence that decreased NK cell in
blood and salivary was related to a bet-
ter response to belimumab treatment
in primary Sjogren’s syndrome (53).
Despite mounting evidence suggesting
the significance of NK cells in SLE,
the existing data remains insufficient to
conclusively support their representa-
tive importance in the pathogenesis of
the disease, as well as the influence of
belimumab treatment on NK cell prolif-
eration and activity.

There are several limitations needing
to be considered when interpreting
the data in the present study. The first
limitation of this study is the restricted
sample size in the scRNA-seq and flow
cytometry analyses illustrating the in-
fluence of belimumab treatment on the
M1/M2 imbalance in SLE. Besides, age
bias exists in this study, which should
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be thought about in this investigation.
However, the findings by eliminating
the effect of age are still consistent with
the original data in this study, suggest-
ing the significant effect of belimumab
treatment on lymphocytes differentia-
tion in SLE. Lastly, the potential effects
and regulatory mechanisms of beli-
mumab on SLE-specific immune cells
validated in this study, warrant to be
investigated in a series of cellular and
animal experiments in vitro and in vivo.

Conclusion

Belimumab, an approved drug for
clinical treatment over the past six
decades, has been validated in certain
clinical trials for its efficacy and safety
in managing SLE. Nevertheless, the
impact of belimumab on the differen-
tiation and function of immune cells
in SLE remains poorly understood.
Our study reveals the significant het-
erogeneity of immune cells in the pe-
ripheral circulation of patients with
SLE, which underscores the necessity
for additional investigations into the
molecular pathways of belimumab in
regulating inflammation and autoim-
munity in SLE. Belimumab therapy is
a promising approach for SLE patients,
particularly those resistant to achiev-
ing clinical remission. In addition to
the suppressive effect on CD19*B cells,
belimumab may participate into regu-
lating the proliferation, phenotypes and
functions of CD3*PD-1*T cells, thereby
exerting therapeutic effects in SLE.
Further comprehensive investigations
are warranted to elucidate the precise
regulatory mechanisms of belimumab
on SLE-specific immune cells to better
guide the clinical use of the anti-BAFF
reagent in SLE treatment.
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