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Abstract
Systemic lupus erythematosus (SLE) is a chronic, heterogeneous, systemic autoimmune disease characterized by autoantibody 
production, complement activation, and immune complex deposition. SLE predominantly affects young, middle-aged, and 
child-bearing women with episodes of flare-up and remission, although it affects males at a much lower frequency (female: 
male; 7:1 to 15:1). Technological and molecular advancements have helped in patient stratification and improved patient 
prognosis, morbidity, and treatment regimens overall, impacting quality of life. Despite several attempts to comprehend the 
pathogenesis of SLE, knowledge about the precise molecular mechanisms underlying this disease is still lacking. The current 
treatment options for SLE are pragmatic and aim to develop composite biomarkers for daily practice, which necessitates the 
robust development of novel treatment strategies and drugs targeting specific responsive pathways. In this communication, 
we review and aim to explore emerging therapeutic modalities, including multiomics-based approaches, rational drug design, 
and CAR-T-cell-based immunotherapy, for the management of SLE.
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Introduction

Systemic lupus erythematosus (SLE) is a multifaceted dis-
ease and is well-known to have an unpredictable fluctuating 
course with periods of exacerbation and remission [1]. A 
significant number of patients with SLE have uncontrolled 
disease due to genetic and environmental factors, and this 
combined with adverse effects of treatment, contributes 
to multiorgan damage, leading to increased comorbidities 
and thereby impacting patients’ quality of life [2]. With 
the improved understanding of the pathophysiology and 
molecular mechanisms involved in the development of 
SLE, advances in personalized medicine are being made. 
The standard treatment regimens include various drugs, 
including glucocorticoids, antimalarials, immune suppres-
sive, corticoids, and biologics. However, regimens vary 
among individuals and cause a substantial degree of damage. 
Recent therapeutic strategies have aimed to target novel evi-
dence-based tailored strategies and molecular genotyping of 
patients [3, 4]. In this review, we discuss in detail the devel-
opment and advancements in treatment strategies for lupus, 
including cellular-based therapy, such as chimeric antigen 
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receptor (CAR-T) cells; targeting B cells, T cells, and small 
circulatory miRNAs; and targeting specific pathways, along 
with the use of precise transcriptomics, genomics, and pep-
tide-based immunomodulators to aid and effectively manage 
SLE [5]. Additionally, all these therapies are under trial and 
not approved until now while studies are going on.

CAR​‑T‑cell therapy in SLE

Chimeric antigen receptor T (CAR-T) cells are engineered 
recombinant T cells used for treating CD19 + B-cell malig-
nancies and are now widely used for treating various auto-
immune diseases [6]. CAR-T cells integrating targeted 
CD19 + B cells have been introduced for the treatment of 
SLE patients, and understanding the immunopathogenesis 
of the disease is much needed (Fig. 1). Mackeson et al. 
studied five patients with treatment-refractory SLE and 
showed that patients with CD19-related SLE achieved 
drug-free remission after receiving CAR-T cells, which 
effectively deplete B cells. CAR-T-cell therapy is safe 
and sufficient functional CAR-T cells can be generated 
from patients with SLE. The breakdown of B-cell-medi-
ated autoimmune SLE remains absent, even after B-cell 
reconstitution, and none of the patients developed a flare-
up of SLE. One important benefit of using CAR-based 
therapy to treat autoimmune disorders is that it targets 
CD19, which is also expressed by plasma blast cells [7, 
8]. For the first seven SLE patients receiving autologous 
CD19-directed CAR-T-cell therapy, long-term clinical 
effectiveness and safety data were obtained. All patients 

experienced long-lasting drug-free remission and were 
disease-free for more than 22 months, based on evidence. 
Patients with severe SLE may benefit from CD19 CAR-T-
cell therapy, which can prevent the disease [9]. Advance-
ments in CAR-T-cell technology potentially provide better 
and more promising new avenues as effective treatment 
options for many autoimmune diseases [10].

The effectiveness of Kansal et al. investigated a CD19-
targeted CAR-T-cell strategy and demonstrated the possibil-
ity of using this approach in disorders such as lupus. CAR-T 
cells targeting CD19 are more effective than antibody-medi-
ated cytotoxic agents. B cells are efficiently depleted when 
CD19-targeted CAR-T cells deplete them without needing 
any other accessory cell type. Additionally, activated CD19 
is expressed on B cells, such as developing plasma blasts 
and early plasma cells that target B cells stimulated by 
autoantigens and oversee the production of autoantibodies. 
Simultaneously, by verifying that the CAR-T cells remained 
functional for several months and depleting the transferred 
autologous CD19 + B cells, cell-based therapies ensure that 
CD19 + B cells are depleted from various tissues to which 
CAR-T cells can access, such as the spleen and bone mar-
row, as shown in a mouse model [11]. Additionally, the 
Food and Drug Administration has authorized CAR-T-cell 
therapy and granted the Fast Track designation to CABA-
201 for treating systemic lupus erythematosus (SLE) and 
lupus nephritis. CABA-201 is a completely human CD19 
CAR-T-cell line in which 4-1BB depletes CD19-positive 
B lymphocytes, causing disease inactivity in patients with 
lupus nephritis and SLE [12, 13].

Fig. 1   Immunopathogenesis of 
B cell, T cell, and dendritic cell 
in lupus. BAFF: B-cell activat-
ing factor, APRIL: proliferation-
inducing ligand, BCR: B-cell 
receptor, VAV2: Vav guanine 
nucleotide exchange factor 2, 
PLC ý: Phospholipase C gamma 
2, TGF-ß: Transforming growth 
factor beta, TLR: Toll-like 
receptor, IFN: Interferon, IRF: 
Interferon regulatory factor
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Some studies show promising results in CAR-T-cell ther-
apy, including Li et.al patient with refractory thrombocyto-
penia of SLE when treated with CAR-T cells, show complete 
elimination of circulating CD19 B cells within a month [14]. 
In pediatric lupus nephritis Anti-CD19 CAR-T cells, therapy 
achieved sustained remission a gradual decrease in inflam-
matory cytokines IL-6 and TNFα, along with the significant 
drop in SLE-associated antibodies in five out of six patients 
[15]. While experimental therapies offer hope for patients, it 
is crucial to approach them with realistic expectations. Rig-
orous and well-designed clinical trials are essential to deter-
mine their true value in assessing safety and efficacy and 
identifying optimal treatment approaches. Very few clinical 
trials 25 studies out of which 64% of studies conducted by 
China have been registered under clinical trials for CAR-T-
cell therapy in SLE. An open, Phase I clinical trial conducted 
in China has been conducted in moderate to severe SLE 
[16]. Similarly GC012F injection (CD19-BCMA CAR-T 
cells) in patients with refractory systemic lupus erythema-
tosus for dual target CAR-T-cell treatment has been explored 
[17]. BCMA-CD19 cCAR-T cells therapy in patients with 
relapsed and/or refractory SLE [18]. Another trial includ-
ing cutaneous lupus is done using BRL-301 in refractory 
SLE cases [19]. Trials in childhood lupus to understand the 
therapeutic efficacy of anti-CD19 CAR-T cells are being 
conducted [20].

Additionally, a CARLYSE a phase I study of obe-
cabtagene autoleucel (obe-cel), autologous T cells engi-
neered with a chimeric antigen receptor (CAR) targeting 
CD19, with severe, refractory systemic lupus erythemato-
sus (SLE) is under registered trial [21]. The experimental 
technique has potential risk, limitation and challenges: Mild 
cytokine syndrome has been seen in several observations 
including Mackensen and group series of five patients. 
Wang et.al using BCMA-CD19 compound chimeric anti-
gen receptor T cells (cCAR) dual technique as well as case 
series conducted by Muller et, al shown grade 1 cytokine 
release syndrome proves CD19 CAR-T-cell transfer is fea-
sible, tolerable, and highly effective in SLE; however, long-
term consequences need to study more [22–24]. Immune 
effector cell-associated neurotoxicity syndrome (ICANS) is 
a potentially life-threatening neurotoxicity that commonly 
occurs with CAR-T-cell therapy [25]. However, no ICANS 
was observed and CRS observed was mild (grade I) in SLE 
patient [22].

The status of the technique raises questions regard-
ing the feasibility of engineering specific T cells for every 
patient including significant toxicities like cytokine release 
syndrome (CRS), neurotoxicity, immunosuppression, and 
cytopenia challenges [26, 27]. The complex manufacturing 
process results in high treatment costs as well as limited 
accessibility to therapy for many patients, and responses 
differ due to polygenicity of the disease. Long-term 

outcomes and safety profiles are still under investigations 
[28]. The main challenges that arise with the selection of 
the patients with treatment resistance, severity of the organ 
damage, and disease activity for the procedural of the 
therapy should be carefully monitored along with safety, 
efficacy, and toxicity [29]. The technical complexity, acces-
sibility, and cost persist overall challenges of CAR-T-cell 
therapy in SLE. FDA-approved CAR-T therapies currently 
cost US$350,000–500,000, with problems down the road 
around EUR 350.000 [30, 31]. The complexity lies in the 
manufacturing process, development, quality control, and 
the requirements for industrial scaling [32]. Contemplate 
is that obtaining informed consent from patients is crucial, 
especially given the experimental nature of CAR-T-cell 
therapy. The long-term consequences of CAR-T-cell therapy 
in SLE, including the potential for unexpected side effects 
or long-term changes in immune function, require care-
ful monitoring and ethical consideration. The production 
and administration of CAR-T cells can be expensive due 
to the complex manufacturing process and specialized care 
requirement. Traditional treatments for SLE often involve a 
combination of medications, including immunosuppressants 
and corticosteroids. These treatments can have significant 
side effects and may not always achieve long-term remis-
sion [33]. CAR-T-cell therapy could offer several potential 
advantages over traditional treatments; CAR-T-cell therapy 
induces longer-lasting remission than traditional treatments, 
and patients may experience fewer adverse events. The abil-
ity to target specific antigens like CD19 on B cells provides 
a high degree of specificity, reducing the risk of off-target 
effects [34]. Large-scale production of CAR-T cells for a 
broader patient population remains a challenge. However, 
ongoing research and technological advancements are 
addressing this issue [35]. CAR-T-cell therapy is currently 
expensive due to personalized nature of the treatment. How-
ever, as manufacturing costs decrease and insurance cover-
age expands, the treatment may become more accessible. 
As the technology matures and costs decrease, CAR-T-cell 
therapy may become a viable treatment option for patients 
with SLE. Dias et al. discussed the manufacturing process, 
development, quality control, and the requirements for 
industrial scaling [32]. Obtaining informed consent from 
patients is crucial, especially given the experimental nature 
of CAR-T-cell therapy and the potential benefits, risks, and 
uncertainties associated with the treatment. The long-term 
consequences of CAR-T-cell therapy in SLE, including the 
potential for unexpected side effects or long-term changes 
in immune function, require careful monitoring and ethical 
consideration [36]. CAR-T-cell therapy could offer several 
potential advantages over traditional treatments: CAR-T 
cells directly target B cells, induce longer-lasting remis-
sion, and reduce side effects, potentially leading to more 
effective treatment. The high upfront costs and specialized 
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infrastructure required for CAR-T-cell therapy can make it 
challenging to implement in resource-limited settings. How-
ever, several strategies could be explored to improve acces-
sibility: Governments, healthcare providers, and pharmaceu-
tical companies could collaborate to develop cost-sharing 
programs that make CAR-T-cell therapy more affordable. 
Establishing regional manufacturing centers could reduce 
the cost of producing CAR-T cells. Supporting research 
into CAR-T-cell therapy in resource-limited settings can 
help identify more cost-effective and accessible treatment 
options [5]. CAR-T-cell therapy has shown significant prom-
ise in other hematological malignancies. The technology is 
advancing rapidly, making it more feasible for application 
in SLE. Large-scale production of CAR-T cells for a broader 
patient population remains a challenge. However, ongoing 
research and technological advancements are addressing 
this issue. Presently, there is a lack of extensive long-term 
data regarding the efficacy of CAR-T-cell therapy. Clinical 
applications are mainly in the investigative phase with few 
clinical trials, requiring ongoing assessment of safety and 
long-term results. The practical limitations of producing 
patient-specific cell products hinder the technology appli-
cation [37, 38].

Single‑cell transcriptomics in SLE

Single-cell RNA sequencing (scRNA-seq) technology helps 
to understand and reveal individual cells heterogeneity and 
complexity. Since their discovery in 2009, they have helped 
in the subgrouping of different cell types and better under-
standing of the composition and interaction of cells [39]. 
The use of computational and experimental scRNA-seq tech-
nology for treating many diseases, especially in personalized 
medicine, has increased due to the development of high-res-
olution cell catalogs for identifying better therapeutic targets 
for any disease [40]. Single-cell technologies have enabled 
molecular stratification through high-throughput cell profil-
ing and open chromatin accessibility, spatial information, 
and protein surface expression [41]. In recent years, multi-
plex single-cell RNA sequencing (mux-seq) has been used 
to profile peripheral blood mononuclear cells to elucidate 
genes and transcriptional signatures linked to systemic lupus 
erythematosus (SLE) and to specifically define their cellu-
lar makeup [42]. The recent review by Perez et al. revealed 
specific cell types and their genetic associations with lupus. 
Using multiplexed single-cell RNA sequencing, they ana-
lyzed over 1.2 million peripheral blood mononuclear cells 
(162 patients, 99 controls) and demonstrated a decrease in 
naïve CD4+ T cells with an increase in type 1 interferon-
stimulated genes (ISGs) in monocytes. They further strati-
fied patients into two molecular subgroups, linking SLE-
associated mutations to cell type-specific cis-expression 
quantitative trait loci, and integrated rich genotyping data 

identifying transcriptional signatures and genetic variants 
associated with SLE [43]. Dunlap and colleagues presented 
a comprehensive single-cell RNA-Seq profile of T and NK 
cell types found in cutaneous lupus patient lesioned and non-
lesional skin biopsies, demonstrating increased expression of 
IFN-simulated genes. These findings allow for a cross-tissue 
comparison revealing striking variations in the makeup and 
activity of T/NK cells in various lupus tissues, constituting 
the first comprehensive transcriptome investigation of T and 
NK cells in cutaneous lupus at the single-cell level [44]. 
Evan et al., in their recent review, showed that type I inter-
feron is involved in the pathogenesis of lupus. More specifi-
cally, tubular cells upregulate the type I interferon signature 
in addition to infiltrating cells. Additionally, single-cell tran-
scriptomics revealed that pathways targeting ECM proteins 
involved in the fibrotic response are highly upregulated in 
nonresponse patients [45, 46].

Single-cell transcriptomics, along with ATAC-Seq 
(for identifying assessable chromatin), has revolutionized 
molecular biology [47]. Guo et al. revealed the role of Treg 
cells in transcriptional dysfunction through ATAC-seq 
and single-cell transcriptome sequencing (scRNA-seq) of 
peripheral CD4 + T cells from 72 patients with SLE and 
30 healthy controls. Specifically, two Treg subpopulations, 
the CCR7 and CD74 Treg subgroups, are associated with 
type I interferon-induced dysfunction in SLE patients, sug-
gesting that specific pathways in lupus need to be targeted. 
Tregs represent a new target for drugs for the treatment of 
lupus [48]. Another area is single-cell proteomics (SCP), 
which is at the edge of revolutionizing the field of single-
cell biology, and various studies have shown that the regula-
tion of translation is more stable than that at the transcrip-
tome level, especially where the heterogeneity of diseases 
is like that of lupus [49]. Bulk proteomics lacks sensitivity 
in detecting rare cells, which can only be detected by the 
SCP technique. This technique has enabled us to understand 
posttranslational modifications and integrate transcriptomic 
data. There have been improvements in SCP techniques, but 
high-throughput, automated, reliable, and scalable technol-
ogies for SCP investigation are still being developed [50, 
51]. However, single-cell omics technologies will eventually 
offer a genuinely holistic and all-encompassing perspective 
of single-cell biology and aid in unraveling the enigma of 
lupus at the single-cell level [52]. The current scenario of 
single-cell RNA sequencing (scRNA-seq) helps in under-
standing transcriptionally defined subpopulations within 
major cell types, including monocytes, CD4 + and CD8 + T 
cells, natural killer cells, and plasmacytoid dendrites, at dif-
ferent degrees of disease activity [53]. Despite its potential, 
the application of scRNA-seq to population cohorts has 
been limited by low sample throughput, high cost, and sus-
ceptibility to technical variability. The future of single-cell 
transcriptomics makes understanding disease heterogeneity 
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easier, but understanding the computational algorithm, cost 
and scalability still greatly hinder its use in daily practice. 
Single-cell transcriptomics (scRNA-seq) is a powerful tool 
for understanding the heterogeneity of diseases like systemic 
lupus erythematosus (SLE). However, the direct application 
of scRNA-seq in clinical settings for SLE patients is still 
immature and undersized. The main challenges or potential 
risks lie in capturing the functional state of immune cells 
at different disease activities along with data acquisition. 
Longitudinal studies need to be done addressing the clinical 
heterogeneity of the disease. A translational challenge in 
identifying clinically actionable biomarkers and therapeutic 
targets is complex and requires further validation. Noise in 
single-cell RNA seq data is high compared to bulk transcrip-
tomics. Bioinformatics analysis of scRNA-seq data is still 
challenging [54] and computational pipelines for handling 
raw data files remain limited [55]. SLE samples, especially 
from specific tissues at different disease activities, can be 
difficult to procure. The choice of method droplet-based 
versus plate-based impact data quality and analysis [56]. 
Epigenetic modifications play a significant role in SLE but 
are often not captured by scRNA-seq alone. Bridging the 
gap between scRNA-seq findings and clinically relevant 
biomarkers or therapeutic targets can be challenging [57].

SCT examining gene expression on a single-cell level 
offers unprecedented understanding of cellular variation, 
immune cell types, and causes of disease. Long-term out-
comes may involve categorizing disease subtypes or identi-
fying patient-specific biomarkers, resulting in more precise 
and efficient therapies. Long-term advancement will aid in 
forecasting lupus flares and tracking response to treatment, 
discovering new targets and pathways to speed up the crea-
tion of novel treatments [58, 59]. SCT relatively expensive 
technology due to the high cost of sequencing and compu-
tational analysis. However, technological advancements and 
economies of scale have led to a gradual decrease in costs. 
Further cost reduction is expected as the technology becomes 
more widely adopted and standardized [60]. FDA approval 
may be necessary for the use of single-cell transcriptomics 
as a diagnostic or prognostic tool hinderance to the regula-
tory factors in single-cell transcriptomics. The management 
of patient-level genomic data needs to follow strict privacy 
regulations. The analysis of extensive single-cell transcrip-
tomic datasets necessitates specific bioinformatics tools and 
skills. This could pose a bottleneck in environments where 
resources are limited. Ensuring consistent quality checks, 
standardization consistency and comparability in research 
through the use of standardized procedures for sample col-
lection, processing, and data analysis [61]. Patients must 
be provided with adequate information about the single-cell 
transcriptomics, including utilizing their personal genetic 
information as well. Equitable research in single-cell tran-
scriptomics should strive to include a variety of patient 

populations. Starting a single-cell transcriptomics laboratory 
can require a substantial initial investment, particularly in 
areas with limited resources. In the long run, potential ben-
efits like better diagnosis, prognosis, and treatment results 
may compensate for the initial expenses. In comparison with 
conventional treatments: The cost-effectiveness of single-
cell transcriptomics in contrast to traditional SLE treatments 
(such as immunosuppressants and biologics) will vary based 
on factors like the specific use, result precision, and person-
alized treatment potential. Lack of essential infrastructure 
(such as high-throughput sequencing bioinformatics tools) 
is a significant problem in areas with limited resources [62]. 
According to Rao et al., single-cell genomics data can play 
a role in shaping clinical decisions. Their research illus-
trated the use of single-cell RNA sequencing in studying 
renal inflammation in lupus nephritis [63]. Likewise, Sande 
et al. demonstrated that observing diseased tissues through-
out treatment in a longitudinal study can offer physicians a 
more direct and mechanistic understanding of how patients 
respond to treatment [64].

Epitranscriptomics in SLE: Role of RNA modification 
in SLE pathogenesis

The etiology of SLE is not well-known and includes genetic, 
epigenetic, and environmental factors that dysregulate the 
immune system an epigenetic mechanism is one of the main 
players in autoimmune disorders. Significant RNA base line 
m6A modification has been observed in patients with SLE 
[65, 66]. Several epigenetic compounds with therapeutic 
potential are under clinical trial for malignancy, but their 
beneficial role in autoimmunity is less explored due to 
adverse side effects. In recent years, we have elucidated the 
role of epigenetics and its correlation in understanding the 
pathogenesis of this disease [67]. Epigenetic modifications 
include DNA methylation, chromatin remodeling through 
histone modifications, and noncoding RNAs—affecting 
gene expression without affecting the genomic sequence 
[68]. N4-acetylcysteine has been reported to be an impor-
tant epigenetic modifier in systemic lupus erythematosus 
(SLE) [57]. The ac4C distribution in mRNA transcripts 
was substantially conserved and enriched in mRNA cod-
ing sequence areas by transcriptome-wide ac4C profiling 
through ac4C-RIP-Seq in CD4+ T cells from SLE patients. 
The targeted signaling pathways include NF-beta and 
ROS-induced cellular signaling pathways. Additionally, 
the unique ac4C-related transcripts revealed new dysregu-
lated ac4C mRNAs that may be translated in lupus CD4 + T 
cells and linked to important immunological and inflam-
matory responses. Given the importance of ac4C mRNA 
alterations and transcriptional relevance, ac4C is a possible 
treatment target in the pathophysiology of SLE. Single-cell 
transcriptome profiling revealed an exhausted regulatory 
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CD4 + T-cell subset in systemic lupus erythematosus [69, 
70]. Luo et al. and colleagues studied N6-methyladenosine 
epigenetic modifications in patients with SLE. Their study 
indicated that the pathophysiology of SLE is influenced by 
the mRNA level of ALKBH5 (writer) in peripheral blood 
[71]. SLE may result from altered three-dimensional (3D) 
genomic architecture and long-range interactions that alter 
gene expression by rewiring intrachromosomal connections 
in a tissue- or cell-specific way. Along with the disease 
activity of SLE, patients' T cells display unique 3D chro-
mosomal arrangements [72, 73]. Histone alterations include 
determining chromosomal loops linked to the action of SLE 
and genes with variable expression. Furthermore, the over-
expression of the interferon pathway gene is attributed to the 
transcription factor SPI1, whose motif is in the altered loop 
in SLE [74, 75]. 3D genome structural changes linked to the 
development of SLE provide new information for examin-
ing the connections between chromosomal structure and the 
regulation of gene expression in SLE [76]. Epitranscriptom-
ics has revolutionized the field of cancer since its discovery 
in 2011[77]. This technology has increased the ability to 
map and engineer RNA modifications and understand RNA 
biology and methylation states in patients with lupus. The 
future of the technique lies in therapeutic and target devel-
opment in lupus using mapping, RNA modification, and a 

supervised machine-learning approach. The conventional 
approach to treating SLE is now changing and the use of 
a modern multiomics approach to come as personalized 
therapy in lupus (Fig. 2). Epitranscriptomic modifications 
are diverse and complex, making it challenging to decipher 
their exact roles in disease pathogenesis. Detecting and 
quantifying subtle epitranscriptomic modifications requires 
highly sensitive and specific techniques while advancements 
have been made, challenges remain in accurately measuring 
these modifications, especially at low abundance quality and 
integrity are critical for epitranscriptomics studies(81) [78]. 
Developing drugs that specifically targeted therapy for one 
type of RNA modification without affecting others is diffi-
cult [79]. Epitranscriptomic data can reveal sensitive genetic 
information, necessitating robust data protection measures 
[80]. Epitranscriptomic modifications are dynamic and can 
change rapidly in response to cellular signals and environ-
mental cues. This makes capturing the full spectrum of 
modifications in a single snapshot challenging. Identifying 
epitranscriptomic biomarkers that are universally relevant 
to all SLE patients is challenging. While epitranscriptomic 
modifications offer potential therapeutic targets, translating 
basic research findings into effective clinical interventions 
can be a significant hurdle [81]. In a review, Adams and 
Shao noted that pharmaceuticals can reverse epigenetic 

Fig. 2   Illustrate SLE patients with different clinical manifestations. The conventional approach to treating the disease versus the era of molecular 
and personalized medicine
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modifications, making targeted therapy a viable option for 
treating SLE. Nevertheless, applying SLE epigenetics to pre-
cision medicine and finding therapeutic targets is difficult 
because of the widespread nature of epigenetic changes [57]. 
Thus, it is difficult to anticipate therapeutic results, which 
could be linked to adverse side effects. However, epigenetic 
abnormalities have been suggested as tools for diagnosing or 
predicting diseases [82]. Epitranscriptomics offers valuable 
insights into the pathogenesis of SLE, despite being a new 
field that requires long-term results to be observed. War-
dowska reported epigenetic changes in antigen-presenting 
cells in SLE [83]. The technology and expertise needed for 
epitranscriptomics research can be costly. Mubarak et al. 
summarized key advances in transcriptomics and epitran-
scriptomics for precision and personalized medicine, with 
techniques mainly focused on research institutions and spe-
cialized laboratories [84]. Efforts are being made to make 
epitranscriptomics more available to clinicians and patients, 
though obstacles persist.

Role of miRNA in SLE

Despite many attempts to comprehend the pathogenesis of 
SLE, there is still a lack of adequate knowledge about the 
precise mechanisms underlying the disease and to develop 
effective therapies for SLE patients. MicroRNAs (miR-
NAs) have been implicated in the pathogenesis of SLE in 
recent studies. miRNA dysfunction leads to autoimmun-
ity. miRNA-mediated changes in B cells and T cells lead to 
the pathogenesis of SLE [85]. The expression of different 
miRNAs, such as miR-126, miR-21, miR-146a, miR-155, 
and miR-1246, is altered by epigenetic modifications, cell 
subset differentiation, B-cell hyperactivity, and autoantibody 
production [86].

miR-146a gene polymorphisms across populations have 
been identified as the genetic basis of SLE [87]. Distinct 
miRNAs are differentially expressed in both SLE mouse 
models and patients. miRNAs are important targeting mol-
ecules in SLE. MicroRNAs are small, noncoding RNAs that 
regulate gene expression at the transcriptional and trans-
lational levels. They play a crucial role in developing the 
immune system and regulate both the innate and adaptive 
immune systems. Altered expression of miRNAs is observed 
in autoimmune diseases such as SLE. miRNAs can bind 
to multiple mRNA targets, leading to unintended conse-
quences. Manipulating miRNA expression could potentially 
exacerbate autoimmune responses in SLE [88]. Consider-
ing this, miRNAs have become an area of interest owing 
to their contributory role in disease pathogenesis. In SLE, 
both the innate and adaptive immune systems are activated, 
and specific miRNAs are linked to key processes involved in 
both processes. Some of these processes include interference 
in type 1 interferon (IFN)-signaling pathway (miR-146a, 

miR-155), DNA hypomethylation in T cells (miR-21, miR-
126, miR-148a), inflammatory chemokine pathway (miR-
125a), neutrophil development and function (miR-125a, 
miR-223, miR-451a), B-cell hyperstimulation and T-cell 
overactivation (miR-142-3p/5p) (16), the induction of regu-
latory T cells (miR-16), and the regulation of myeloid cell 
development (miR-223) [49, 50]. Significantly elevated 
levels of miR-199a-3p were discovered in lupus patients, 
and these levels were found to correlate with clinical fea-
tures such as low C3 levels, positive anti-dsDNA antibodies, 
high ESR levels, active lupus nephritis, and active disease 
activity [89]. Zheng et al. demonstrated for the first time the 
differentially expressed circulatory RNAs in PBMCs and 
plasma. They established that the circulatory miRNA net-
work may be a useful diagnostic biomarker for lupus [90]. 
Effective delivery of miRNA-based therapeutics to target 
tissues remains a significant hurdle. Inefficient delivery can 
reduce therapeutic efficacy and increase the risk of side 
effects [91]. The long-term safety profile of miRNA-based 
therapies is still under investigation. Potential long-term side 
effects cannot be ruled out. miRNA expression levels can 
change dynamically during SLE, making identifying con-
sistent biomarkers or therapeutic targets challenging [92]. 
External factors such as stress, infections, and medications 
can also influence miRNA expression, adding to the system's 
complexity. Technical variability in sample collection, pro-
cessing, and storage can introduce noise into miRNA expres-
sion data, affecting the reliability of findings. Accurate nor-
malization of miRNA expression data is crucial for reliable 
comparisons, but it can be challenging due to the lack of 
universally accepted reference genes. Despite promising pre-
clinical findings, there is a lack of large-scale clinical trials 
evaluating the therapeutic potential of miRNAs in SLE [93]. 
The development of miRNA-based therapies faces regula-
tory hurdles due to their novel nature and potential risks. 
Exosomal miRNAs, such as miR-21 and miR-15, could be 
useful biomarkers for detecting SLE and LN [94]. Despite 
being in its early stages, miRNA-based treatments have seen 
limited progress in clinical development, with none advanc-
ing to phase III trials and some being terminated because of 
toxicity concerns. Major obstacles involve achieving miRNA 
sensitivity, specificity, and selectivity toward their desired 
targets, reducing immunogenic responses and off-target 
effects, creating improved techniques for targeted transpor-
tation, and identifying the best dosage for therapeutic effec-
tiveness with minimal side effects. Moreover, the clinical 
application of miRNAs is constrained by the incomplete 
knowledge about their specific functions [95].  Despite these 
limitations, ongoing research continues to explore the poten-
tial of miRNAs as diagnostic biomarkers and therapeutic tar-
gets in SLE. Overcoming these challenges will be essential 
for translating miRNA-based research into clinical practice. 
miRNA has not been used as a therapeutic in patients, so it 
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will be too early to comment on long-term results. Kapoor 
et al. in gastric cancer found miRNA to be cost-effective in 
screening intervention [96]. Targeting dysregulated miRNAs 
could be a potential therapeutic approach for SLE involv-
ing using miRNA mimics miRNA inhibitors [97]. However, 
more research is needed to understand the specific roles of 
individual miRNAs in SLE and to develop safe and effective 
miRNA-based therapies. In the future, miRNAs will show 
promising results in various clinical applications for treat-
ing lupus, but there are potential limitations and adverse 
effects associated with their use. More detailed studies on 
the clinical utility of miRNAs in the diagnosis, detection of 
flare-ups and remission, and specific targeted treatment of 
lupus are needed.

Stem cell therapy in SLE: future possibility

The current treatment for SLE involves treating patients with 
immunosuppressive agents, which have improved mortality 
but have failed to prevent flares. Therefore, alternative treat-
ment options, such as stem cell therapy, can be approach-
able [98]. Stem cell treatment has been demonstrated to be 
a viable therapeutic method for treating individuals with 
refractory SLE in several animal studies and human trials. 
Stem cells modulate the innate and adaptive immune sys-
tems by regulating the origin and fate of the cells. These 
findings suggest that stem cells are promising potential ther-
apeutic targets for treating lupus. The potential risks associ-
ated with stem cell therapy includes a majority of cases of 
relapse; Jayne et.al in 2004 showed significant relapse and 
the mortality of the patients was high [99, 100]. A study 
conducted by Jun Liang et al. reported significantly reduced 
disease activity in 15 Lupus patients treated with allogeneic 
stem cell therapy at the time of active disease. The percent-
age of peripheral blood regulatory T cells, renal function, 
and serological characteristics (antinuclear antibodies and 
anti-double-stranded DNA, or anti-dsDNA) were used to 
assess patient outcomes using the SLEDAI [101]. Yuan et al. 
demonstrated the process by which dendritic cells employ 
mesenchymal stem cells and examined serum FLT3L levels, 
which decreased substantially in SLE patients, and periph-
eral tolerogenic CD1c + dendritic cells (DCs). Consequently, 
it has been proposed that transplanting allogeneic umbilical 
cord-derived MSCs (UC-MSCs) considerably stimulates 
interferon-γ by upregulating serum FLT3L and peripheral 
blood in CD1c + DCs via activation of the JAK/STAT sign-
aling pathway [102]. Cheng et al. showed an increase in 
CD4 + T-cell senescence through miR-199a-5p using mes-
enchymal stem cells as one of the mechanisms to alleviate 
lupus in a mouse model [103]. Autologous hematopoietic 
stem cell transplantation for long-term remission in SLE 
patients can be achieved by modifying the immune sys-
tem, taking into consideration transplant-related mortality 

and the development of other comorbidities and secondary 
autoimmune diseases [104]. The short-term complications 
include infections including both bacterial, fungal and viral 
mucormycosis, cytomegalovirus, herpes zoster as well as 
methicillin-resistant Staphylococcus aureus (MRSA) endo-
carditis study done by Burt et al. [105]. A recent case study 
highlighted about chronic graft-versus-host disease Goeser 
et al. showed in pediatric lupus after hematopoietic stem cell 
transplantation [106]. Another study showed the incidence 
of grades II-IV acute GvHD was reported in which 53 out 
of 128 patients developed acute GvHD along with the case 
of new malignancy in one patient [107]. While promising, 
stem cell therapy for SLE is still in its early stages, and its 
long-term effectiveness is not fully established presents 
with a wide range of symptoms and severity, making it dif-
ficult to develop a one-size-fits-all stem cell therapy. Li et al. 
talked about mesenchymal stem cells being used in early 
clinical stages. Furthermore, MSC treatment enhances SLE 
but does not offer a complete cure. In a different study, it 
is still unclear whether MSCs are effective in treating LN, 
and potential advancements in stem cell science and spe-
cific mechanisms of action are needed for LN treatment 
confirmation in the future [108]. The effectiveness of stem 
cell therapy may vary significantly between patients due to 
genetic differences and disease progression. Introducing 
new cells into the body could potentially trigger an immune 
response and exacerbate SLE symptoms. Ensuring that stem 
cells reach the affected tissues and survive in the body can 
be challenging [109]. The ability of stem cells to integrate 
into the host environment and exert their therapeutic effects 
is crucial. Stem cell therapy can sometimes lead to immune-
related side effects, such as graft-versus-host disease. The 
long-term safety and efficacy of stem cell therapy for SLE 
are still being investigated. The use of embryonic or fetal 
stem cells raises ethical concerns [110]. The average treat-
ment cost for stem cell therapy is $4,000 USD to $8,000 
USD. The cost is relatively high due to the complex cell con-
ditioning and the need for high doses of immunosuppressive 
drugs [111]. MSCT in SLE patients were monitored longitu-
dinally revealing that MSCT can enhance hematologic issues 
like leukocytopenia, thrombocytopenia, and anemia [112]. 
Only a few specialized centers in the world offer stem cell 
transplants for SLE with minimal insurance coverage addi-
tionally access to the specialized centers may be limited for 
patients in certain regions. Stem cell therapy for SLE would 
likely require rigorous clinical trials to establish safety and 
efficacy obtaining approval from FDA. Monitoring patients 
for long-term outcomes and potential side effects is essen-
tial. Logistical consideration, including cell source, process-
ing, and accessibility particularly in resource-limited set-
tings, is a significant challenge. Ethical guidelines for stem 
cell research and patients informed consent, understanding 
the potential risks and benefits of the therapy for long-term 
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outcomes [113]. Stem cell therapy can be expensive due to 
the cost of cell isolation, processing, and transplantation. 
However, if proven to be effective in managing, it could 
potentially reduce long-term healthcare costs associated with 
the disease. Stem cell therapy may offer potential advantages 
in terms of efficacy and side effects. In resource-limited set-
tings, affordable alternatives, collaborations, and patient pri-
ority will maximize the benefit. HSCT relapse and infection 
after transplantation are the major drawbacks of stem cell 
therapy. Stem cells can be used as an alternative therapy 
that has drastic effects on the immune profile of SLE ani-
mal models and patients. Future research should focus on 
understanding the different stem cell types involved and their 
pleiotropic effects on lupus [114, 115].

Therapeutic peptides in SLE: new modalities

Numerous peptides have shown great promise in the treat-
ment of systemic lupus erythematosus (SLE) in various 
studies. The rationale for their use is justified by their 
immunomodulating mechanism rather than their immuno-
suppressive nature. These materials are good candidates 
because of their low toxicity, minimal side effects, target 
selectivity, and cost-effectiveness. Currently, three thera-
peutic peptides have been tested in clinical settings and are 
undergoing clinical trials. They can be utilized in manag-
ing SLE flares and special subgroups of patients by com-
bining them with small peptides and vaccines with highly 
efficient pharmacological effects [116, 117]. Although vari-
ous peptides have entered phase II and III clinical studies 
and had primary results, P140, the CDR1-based peptide, 
and AMG623 have failed to meet the primary objectives 
but have demonstrated the best outcomes in certain SLE 
groups [118]. Lupuzor/P140 given at a dose of 200 µg thrice 
at 4-week intervals for 12 weeks was efficacious and gener-
ally well tolerated in SLE patients [119]. A peptidomimetic 
called FISLE-412 can neutralize anti-dsDNA autoantibod-
ies linked to SLE. It has been demonstrated that FISLE-412 
inhibits harmful interactions with tissue antigens and lupus 
autoantibody-mediated antigen recognition by serum from 
SLE patients [120].

A synthetic peptide called LJP-394 causes the immune 
system to become resistant to double-stranded DNA 
(dsDNA). It is a tetrameric oligonucleotide that has been 
shown to reduce lupus nephritic flare episodes. Thus, so far 
14 clinical trials have examined LJP-394, and the results 
indicate that it is both safe and effective in lowering circulat-
ing anti-dsDNA antibodies and disease activity in individu-
als with active SLE [121]. Clinical studies on lupus have 
not shown much success with peptide-based treatments. 
In clinical studies, peptides have been demonstrated to 
be highly effective except for their safety and tolerability. 
Peptide-based therapies selectively target specific B-cell or 

T-cell populations. Despite this, peptide-based therapy has 
many challenges, starting from identifying the optimal pep-
tide sequences along with their dosage [122]. Nanotechnol-
ogy can aid in the proper delivery of peptides to a target, 
reducing toxicity and increasing efficacy [123]. The histone 
peptide shows remarkable tolerance for inhibiting immune 
cells and is nontoxic when specific nanoparticles are used. 
The potential risks associated with the peptide-based ther-
apy include membrane imperiality and poor in vivo stabil-
ity [124]. Zimmer et al. evaluated peptide Lupuzor which 
was well tolerated in SLE patients, the only minor adverse 
event was injection-site erythema, and in few patients 
pneumonia, soft-tissue infection, diverticulitis, and gastritis 
were observed [125]. Peptides are often rapidly degraded 
by enzymes in the body, limiting their bioavailability and 
efficacy. This necessitates frequent dosing, which can be 
inconvenient and costly for patients. Peptides may bind to 
unintended targets, leading to off-target effects and potential 
toxicity. Responses to peptide therapy can vary significantly 
among individuals, making it difficult to predict outcomes. 
Tailoring treatment to individual patients may be necessary 
to maximize efficacy. Peptides have shown safety and toler-
ability in clinical trials, but only a small number have shown 
effectiveness in reducing disease activity in SLE. This 
poses a challenge in developing appropriate biomarkers for 
monitoring response and exploring combination therapies 
involving peptides and other immunosuppressants for future 
clinical use [121]. In conclusion, despite the drawbacks of 
traditional immunosuppression, peptide-based treatments 
have emerged as novel immunomodulatory therapies for 
SLE (Tables 1 and 2).

Small molecules as therapeutic targets

Understanding the pathogenesis of SLE is challenging; how-
ever, novel small molecules may reverse the pathophysiol-
ogy of the disease by targeting intercellular signaling path-
ways. The targeted molecules are convenient both in terms 
of administration and affordability and lack immunogenicity 
[126]. Janus kinases, Bruton’s tyrosine kinase, immunopro-
teasomes, etc., have shown potential in phase II/III trials 
for SLE, indicating that small molecules hold promise for 
personalized therapy in the future (PMID: 36972009).

Small molecules target several pathways, such as Janus 
kinases, Bruton’s tyrosine kinases, and spleen tyrosine 
kinases, and activate downstream signals from immune cells 
that regulate various cytokines, chemokines, hormones, and 
B-cell receptors. With advancements in technology, these 
small molecules will be new drivers in the treatment of sys-
temic lupus erythematosus and will contribute to the devel-
opment of precision medicine [127, 128].

Toll-like receptors (TLRs) are important for under-
standing the host mechanism and are involved in the 
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pathophysiology of lupus through their ability to recognize 
self-molecules. Numerous TLRs in humans and animals, 
such as TLR2/4, TLR5, TLR3, and TLR7/8/9, have been 
linked to the pathophysiology of SLE. MyD88, IRAKs, and 
IFN-α are examples of TLR signaling cascades that have 
been identified as possible therapeutic targets for the treat-
ment of SLE [129]. Furthermore, the recently discovered 
novel modification of the TLR signaling system by long-cod-
ing RNA regulation and microRNA holds promise for SLE 
therapy in the future [130]. Six small molecules—acetohexa-
mide, suloctidil, terfenadine, prochlorperazine, mefloquine, 
and triprolidine—have the potential to cure lupus nephritis, 
according to research performed by Qing et al. utilizing a 
bioinformatics approach [131]. Povetacicept (ALPN-303) 
is an Fc fusion protein that has demonstrated encouraging 
outcomes in preclinical models of SLE. It functions mainly 
by decreasing APRIL and BAFF [132]. A recent study pub-
lished in Nature Chemical Biology showed that targeting 
the SLC15A4 protein is a potential drug avenue specific for 
endolysosomal TLR stimulation by the molecule AJ2-30 
[133]. Lack of evidence on the difference in efficacy and 
safety among different targeted small-molecule drugs used 
in SLE. Meta-analysis conducted by Wang et al. showed 
that the adverse reactions of targeted small-molecule drug 
therapy are mild, and symptoms include nausea, vomiting, 
urinary tract infection, and upper respiratory tract infec-
tion [134]. Small molecules have shown promise in target-
ing specific pathways involved in SLE, offering potential 
therapeutic benefits. Over time, pathogenic cells can develop 
mutations that confer resistance to small molecules. Small 
molecules are more economically sustainable and accessible 
than biologics [135].

Conclusions

The clinical and molecular heterogeneities of SLE are well 
accepted. The newer technologies developing in this field 
may help in the stratification of patients in various disease 
subtypes. Additionally, targeting certain pathways will 
also facilitate tailored therapy for treatment. Groundbreak-
ing diagnostic developments in the field of molecular and 
genomic research are evolving to predict the lupus flare, cre-
ating a new unexplored path. Techniques like miRNA and 
single-cell transcriptomics will identify precise cell types to 
open new avenues in drug design.

Detection of risk loci may comprehend patients’ unique 
genetic makeup and understand the evolutionary mechanism 
of the disease. Newer technologies like pharmacogenom-
ics will help identify the response of the drugs and their 
targeted organ. CAR-T-cell therapy already revolutionized 
this field, but its long-term effect and cost-effectiveness raise 
a question. The various therapeutic peptides are in queue, 

and different phases of clinical trials show interesting targets 
down the road. The use of hematopoietic stem cell therapy 
in daily practice remains challenging due to dysregulated 
immune systems and posttransplant complications. How-
ever, small molecules prove better in terms of cost-effec-
tiveness and immunogenicity in comparison with traditional 
treatment regimens.

Combinatorial diagnostics and the evolution of many 
newer techniques are at an experimental stage. The various 
drugs are in the discovery phase, and some are already in 
the last stages of clinical trials. The future lies in the devel-
opment of newer technologies working specifically, target-
ing, and understanding more meticulously the molecular 
mechanism of the disease. Given the complexity of this dis-
ease along with its multigenic risks, deeper investigations 
are imperative to come up with a remedy. As of now, the 
known knowns are the strong phenotype of this disease that 
rheumatologists can deal with. The known unknowns are 
the clinical trials and novel therapeutic discoveries and their 
outcome. The unknown are the drug specificities, collateral 
damages, and emergence of drug resistance. A multiomics-
based systems biology approach seems to be the way to take 
it forward.

Acknowledgements  Financial support for this study was provided by a 
grant supported by the Department of Health Research, India; authors 
thank the funding agency for their financial support.

Author contributions  AK, UK, SK, and MMP made substantial con-
tributions to the conception and design of the work or the acquisition; 
AK, SHANKAR P,VR, VBS, and SMITHA P drafted the work and 
revised it critically for important intellectual content; MMP, VR, SK, 
and SHANKAR P approved the version to be published; and VBS, 
SMITHA P, UK, and AK agree to be accountable for all aspects of the 
work in ensuring that questions related to the accuracy and integrity 
of any part of the work are appropriately investigated and resolved.

Funding  Open access funding provided by Manipal Academy of 
Higher Education, Manipal. This work was supported by Department 
of Health Research, India, grant no 2022-2146.

Data availability  No datasets were generated or analyzed during the 
current study.

Declarations 

Competing interests  The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

http://creativecommons.org/licenses/by/4.0/


Clinical and Experimental Medicine (2024) 24:223	 Page 13 of 17  223

References

	 1.	 Petri M, et al. Systemic lupus erythematosus. In: Stone JH, edi-
tor., et al., A clinician’s pearls & myths in rheumatology. Cham: 
Springer; 2023. https://​doi.​org/​10.​1007/​978-3-​031-​23488-0_​12.

	 2.	 Ameer MA, Chaudhry H, Mushtaq J, et al. An overview of sys-
temic lupus erythematosus (SLE) Pathogenesis, classification, 
and management. Cureus. 2022;14(10):e30330. https://​doi.​org/​
10.​7759/​cureus.​30330.

	 3.	 TéllezArévalo AM, Quaye A, Rojas-Rodríguez LC, Poole 
BD, Baracaldo-Santamaría D, Tellez Freitas CM. Synthetic 
pharmacotherapy for systemic lupus erythematosus: potential 
mechanisms of action, efficacy, and safety. Medicina (Kaunas). 
2022;59(1):56. https://​doi.​org/​10.​3390/​medic​ina59​010056.

	 4.	 Tsang-A-Sjoe MWP, Bultink IEM. New developments in 
systemic lupus erythematosus. Rheumatology (Oxford). 
2021;60(Suppl 6):vi21–8. https://​doi.​org/​10.​1093/​rheum​atolo​
gy/​keab4​98.

	 5.	 Accapezzato D, Caccavale R, Paroli MP, et al. Advances in the 
pathogenesis and treatment of systemic lupus erythematosus. Int 
J Mol Sci. 2023;24(7):6578. https://​doi.​org/​10.​3390/​ijms2​40765​
78.

	 6.	 Bao L, Bo XC, Cao HW, Qian C, Wang Z, Li B. Engineered T 
cells and their therapeutic applications in autoimmune diseases. 
Zool Res. 2022;43(2):150–65. https://​doi.​org/​10.​24272/j.​issn.​
2095-​8137.​2021.​363.

	 7.	 Mackensen A, Müller F, Mougiakakos D, et  al. Anti-CD19 
CAR T cell therapy for refractory systemic lupus erythema-
tosus. Nat Med. 2022;28:2124–32. https://​doi.​org/​10.​1038/​
s41591-​022-​02017-5).

	 8.	 Műzes G, Sipos F. CAR-based therapy for autoimmune diseases: 
a novel powerful option. Cells. 2023;12(11):1534. https://​doi.​org/​
10.​3390/​cells​12111​534.

	 9.	 Taubmann J, Müller F, Boeltz S, et al. OP0141|Term safety and 
efficacy of car-T cell treatment in refractory systemic lupus ery-
thematosus - data from the first seven patients. Ann Rheum Dis. 
2023;82:93–4.

	 10.	 Blache U, Tretbar S, Koehl U, Mougiakakos D, Fricke 
S. CAR T cells for treating autoimmune diseases. RMD 
Open. 2023;9(4):e002907. https://​doi.​org/​10.​1136/​rmdop​
en-​2022-​002907.

	 11.	 Kansal R, Richardson N, Neeli I, Khawaja S, Chamberlain D, 
Ghani M, Ghani QU, Balazs L, Beranova-Giorgianni S, Gior-
gianni F, Kochenderfer JN, Marion T, Albritton LM, Radic M. 
Sustained B cell depletion by CD19-targeted CAR T cells is a 
highly effective treatment for murine lupus. Sci Transl Med. 
2019;11(482):eaav1648. https://​doi.​org/​10.​1126/​scitr​anslm​ed.​
aav16​48.

	 12.	 Jin X, Xu Q, Pu C, et al. Therapeutic efficacy of anti-CD19 
CAR-T cells in a mouse model of systemic lupus erythemato-
sus. Cell Mol Immunol. 2021;18(8):1896–903. https://​doi.​org/​
10.​1038/​s41423-​020-​0472-1.

	 13.	 https://​www.​empr.​com/​home/​news/​drugs-​in-​the-​pipel​ine/​cd19-​
car-t-​cell-​thera​py-​fast-​track​ed-​for-​syste​mic-​lupus-​eryth​emato​sus/

	 14.	 Li M, Zhang Y, Jiang N, et  al. Anti-CD19 CAR t cells in 
refractory immune thrombocytopenia of SLE. N Engl J Med. 
2024;391(4):376–8. https://​doi.​org/​10.​1056/​NEJMc​24037​43.

	 15.	 Nunez D, Patel D, Volkov J, et al. Cytokine and reactivity profiles 
in SLE patients following anti-CD19 CART therapy. Mol Ther 
Methods Clin Dev. 2023;31:101104. https://​doi.​org/​10.​1016/j.​
omtm.​2023.​08.​023.

	 16.	 Anti-CD19 CAR-T Cell Therapy in Participants With Moderate 
to Severe Active Systemic Lupus Erythematosus .ClinicalTri-
als.gov identifier: NCT06310811. Updated on: March 15, 2024. 
https://​clini​caltr​ials.​gov/​study/​NCT06​310811

	 17.	 Dual Target CAR-T Cell Treatment for Refractory Systemic 
Lupus Erythematosus (SLE) Patients ClinicalTrials.gov identi-
fier: NCT05858684. Updated on: May15,2023, https://​clini​caltr​
ials.​gov/​study/​NCT05​85868

	 18.	 BCMA-CD19 cCAR T Cell Treatment of Relapsed Refrac-
tory Systemic Lupus Erythematosus  (SLE) ClinicalTrials.
gov  identifier: NCT05474885. Updated on: July 26, 2022 
Accession no https://​clini​caltr​ials.​gov/​study/​NCT05​474885

	 19.	 Universal  CAR-T  Cells  (BRL-301) in Refractory  Sys-
temic Lupus Erythematosus ClinicalTrials.gov  identifier: 
NCT05988216. Updated on: January 12, 2024 https://​clini​caltr​
ials.​gov/​study/​NCT05​988216)

	 20.	 Study of Therapeutic Efficacy of Anti-CD19 CAR-T Cells in 
Children with Refractory  Systemic Lupus Erythematosus 
ClinicalTrials.gov ID NCT06222853. Updated on: January 
25, 2024. https://​clini​caltr​ials.​gov/​study/​NCT06​222853

	 21.	 A Study of CD19 Targeted CAR T Cell Therapy in Patients 
with Severe, Refractory Systemic Lupus Erythematosus (SLE) 
(CARLYSE) ClinicalTrials.gov ID NCT06333483. Updated 
on: June 26, 2024 )

	 22.	 Mackensen A, Müller F, Mougiakakos D, et al. Anti-CD19 
CAR T cell therapy for refractory systemic lupus ery-
thematosus [published correction appears in Nat Med. 
2023;29(11):2956. https://​doi.​org/​10.​1038/​s41591-​022-​02091-
9]. Nat Med. 2022;28(10):2124–2132. https://​doi.​org/​10.​1038/​
s41591-​022-​02017-5

	 23	 Wang W, He S, Zhang W, et al. BCMA-CD19 compound CAR T 
cells for systemic lupus erythematosus: a phase 1 open-label 
clinical trial. Ann Rheum Dis. 2024. https://​doi.​org/​10.​1136/​
ard-​2024-​225785.

	 24.	 Müller F, Taubmann J, Bucci L, et al. CD19 CAR T-cell ther-
apy in autoimmune disease - a case series with follow-up. N 
Engl J Med. 2024;390(8):687–700. https://​doi.​org/​10.​1056/​
NEJMo​a2308​917.

	 25.	 Hughes AD, Teachey DT, Diorio C. Riding the storm: man-
aging cytokine-related toxicities in CAR-T cell therapy. 
Semin Immunopathol. 2024;46:5. https://​doi.​org/​10.​1007/​
s00281-​024-​01013-w.

	 26.	 Xiao X, Huang S, Chen S, et  al. Mechanisms of cytokine 
release syndrome and neurotoxicity of CAR T-cell therapy 
and associated prevention and management strategies. J Exp 
Clin Cancer Res. 2021;40(1):367. https://​doi.​org/​10.​1186/​
s13046-​021-​02148-6.

	 27	 Zhang Y, Qin D, Shou AC, Liu Y, Wang Y, Zhou L. Exploring 
CAR-T cell therapy side effects: mechanisms and management 
strategies. J Clin Med. 2023;12(19):6124. https://​doi.​org/​10.​
3390/​jcm12​196124.

	 28.	 Chohan KL, Siegler EL, Kenderian SS. CAR-T cell therapy: 
the efficacy and toxicity balance. Curr Hematol Malig Rep. 
2023;18(2):9–18. https://​doi.​org/​10.​1007/​s11899-​023-​00687-7.

	 29.	 Schett G, Müller F, Taubmann J, et  al. Advancements 
and challenges in CAR T cell therapy in autoimmune dis-
eases. Nat Rev Rheumatol. 2024. https://​doi.​org/​10.​1038/​
s41584-​024-​01139-z.

	 30.	 Mullard A. CAR T cell therapies raise hopes - and ques-
tions - for lupus and autoimmune disease. Nat Rev Drug 
Discov. 2023;22(11):859–61. https://​doi.​org/​10.​1038/​
d41573-​023-​00166-x.

	 31.	 Giorgioni L, Ambrosone A, Cometa MF, Salvati AL, Magrelli 
A. CAR-T state of the art and future challenges, a regulatory 
perspective. Int J Mol Sci. 2023;24(14):11803. https://​doi.​org/​
10.​3390/​ijms2​41411​803.

https://doi.org/10.1007/978-3-031-23488-0_12
https://doi.org/10.7759/cureus.30330
https://doi.org/10.7759/cureus.30330
https://doi.org/10.3390/medicina59010056
https://doi.org/10.1093/rheumatology/keab498
https://doi.org/10.1093/rheumatology/keab498
https://doi.org/10.3390/ijms24076578
https://doi.org/10.3390/ijms24076578
https://doi.org/10.24272/j.issn.2095-8137.2021.363
https://doi.org/10.24272/j.issn.2095-8137.2021.363
https://doi.org/10.1038/s41591-022-02017-5)
https://doi.org/10.1038/s41591-022-02017-5)
https://doi.org/10.3390/cells12111534
https://doi.org/10.3390/cells12111534
https://doi.org/10.1136/rmdopen-2022-002907
https://doi.org/10.1136/rmdopen-2022-002907
https://doi.org/10.1126/scitranslmed.aav1648
https://doi.org/10.1126/scitranslmed.aav1648
https://doi.org/10.1038/s41423-020-0472-1
https://doi.org/10.1038/s41423-020-0472-1
https://www.empr.com/home/news/drugs-in-the-pipeline/cd19-car-t-cell-therapy-fast-tracked-for-systemic-lupus-erythematosus/
https://www.empr.com/home/news/drugs-in-the-pipeline/cd19-car-t-cell-therapy-fast-tracked-for-systemic-lupus-erythematosus/
https://doi.org/10.1056/NEJMc2403743
https://doi.org/10.1016/j.omtm.2023.08.023
https://doi.org/10.1016/j.omtm.2023.08.023
https://clinicaltrials.gov/study/NCT06310811
https://clinicaltrials.gov/study/NCT0585868
https://clinicaltrials.gov/study/NCT0585868
https://clinicaltrials.gov/study/NCT05474885
https://clinicaltrials.gov/study/NCT05988216
https://clinicaltrials.gov/study/NCT05988216
https://clinicaltrials.gov/study/NCT06222853
https://doi.org/10.1038/s41591-022-02091-9
https://doi.org/10.1038/s41591-022-02091-9
https://doi.org/10.1038/s41591-022-02017-5
https://doi.org/10.1038/s41591-022-02017-5
https://doi.org/10.1136/ard-2024-225785
https://doi.org/10.1136/ard-2024-225785
https://doi.org/10.1056/NEJMoa2308917
https://doi.org/10.1056/NEJMoa2308917
https://doi.org/10.1007/s00281-024-01013-w
https://doi.org/10.1007/s00281-024-01013-w
https://doi.org/10.1186/s13046-021-02148-6
https://doi.org/10.1186/s13046-021-02148-6
https://doi.org/10.3390/jcm12196124
https://doi.org/10.3390/jcm12196124
https://doi.org/10.1007/s11899-023-00687-7
https://doi.org/10.1038/s41584-024-01139-z
https://doi.org/10.1038/s41584-024-01139-z
https://doi.org/10.1038/d41573-023-00166-x
https://doi.org/10.1038/d41573-023-00166-x
https://doi.org/10.3390/ijms241411803
https://doi.org/10.3390/ijms241411803


	 Clinical and Experimental Medicine (2024) 24:223223  Page 14 of 17

	 32	 Dias J, Garcia J, Agliardi G, Roddie C. CAR-T cell manufac-
turing landscape-Lessons from the past decade and considera-
tions for early clinical development. Mol Ther Methods Clin 
Dev. 2024;32(2):101250. https://​doi.​org/​10.​1016/j.​omtm.​2024.​
101250.

	 33	 Hoi A, Igel T, Mok CC, Arnaud L. Systemic lupus erythemato-
sus. Lancet. 2024;403(10441):2326–38. https://​doi.​org/​10.​1016/​
S0140-​6736(24)​00398-2.

	 34.	 Parodis I, Long X, Karlsson MCI, Huang X. B cell tolerance and 
targeted therapies in SLE. J Clin Med. 2023;12(19):6268. https://​
doi.​org/​10.​3390/​jcm12​196268.

	 35.	 Levine BL, Miskin J, Wonnacott K, Keir C. Global manufac-
turing of CAR T cell therapy. Mol Ther Methods Clin Dev. 
2016;4:92–101. https://​doi.​org/​10.​1016/j.​omtm.​2016.​12.​006.

	 36	 Bellal M, Malherbe J, Damaj G, Du Cheyron D. Toxicities, inten-
sive care management, and outcome of chimeric antigen receptor 
T cells in adults: an update. Crit Care. 2024;28(1):69. https://​doi.​
org/​10.​1186/​s13054-​024-​04851-0.

	 37.	 Short L, Holt RA, Cullis PR, Evgin L. Direct in vivo CAR T cell 
engineering. Trends Pharmacol Sci. 2024;45(5):406–18. https://​
doi.​org/​10.​1016/j.​tips.​2024.​03.​004.

	 38	 Wang JY, Wang L. CAR-T cell therapy: where are we now, and 
where are we heading? Blood Sci. 2023;5(4):237–48. https://​doi.​
org/​10.​1097/​BS9.​00000​00000​000173.

	 39.	 Jovic D, Liang X, Zeng H, Lin L, Xu F, Luo Y. Single-cell RNA 
sequencing technologies and applications: a brief overview. Clin 
Transl Med. 2022;12(3):e694. https://​doi.​org/​10.​1002/​ctm2.​694.

	 40.	 Chang X, Zheng Y, Xu K. Single-cell RNA sequencing: techno-
logical progress and biomedical application in cancer research. 
Mol Biotechnol. 2024;66(7):1497–519. https://​doi.​org/​10.​1007/​
s12033-​023-​00777-0.

	 41.	 Van de Sande B, Lee JS, Mutasa-Gottgens E, et al. Applications 
of single-cell RNA sequencing in drug discovery and develop-
ment. Nat Rev Drug Discov. 2023;22:496–520. https://​doi.​org/​
10.​1038/​s41573-​023-​00688-4.

	 42.	 Vandereyken K, Sifrim A, Thienpont B, et al. Methods and appli-
cations for single-cell and spatial multi-omics. Nat Rev Genet. 
2023;24:494–515. https://​doi.​org/​10.​1038/​s41576-​023-​00580-2.

	 43	 Perez RK, Gordon MG, Subramaniam M, et al. Single-cell RNA-
seq reveals cell type-specific molecular and genetic associations 
to lupus. Science. 2022;376(6589):eabf1970. https://​doi.​org/​10.​
1126/​scien​ce.​abf19​70.

	 44.	 Dunlap GS, Billi AC, Xing X, Ma F, Maz MP, Tsoi LC, 
Wasikowski R, Hodgin JB, Gudjonsson JE, Kahlenberg JM, Rao 
DA. Single-cell transcriptomics reveals distinct effector profiles 
of infiltrating T cells in lupus skin and kidneys. JCI Insight. 
2022;7(8):e156341. https://​doi.​org/​10.​1172/​jci.​insig​ht.​156341.

	 45.	 Der E, Suryawanshi H, Morozov P, et  al. Tubular cell and 
keratinocyte single-cell transcriptomics applied to lupus nephritis 
reveal type I IFN and fibrosis-relevant pathways. Nat Immunol. 
2019;20:915–27. https://​doi.​org/​10.​1038/​s41590-​019-​0386-1.

	 46.	 Sciascia S, Cozzi M, Barinotti A, Radin M, Cecchi I, Fenoglio 
R, Mancardi D, Wilson Jones G, Rossi D, Roccatello D. Renal 
Fibrosis in Lupus Nephritis. Int J Mol Sci. 2022;23(22):14317. 
https://​doi.​org/​10.​3390/​ijms2​32214​317.

	 47.	 Heumos L, Schaar AC, Lance C, et al. Best practices for single-
cell analysis across modalities. Nat Rev Genet. 2023;24:550–72. 
https://​doi.​org/​10.​1038/​s41576-​023-​00586-w.

	 48.	 Psarras A, Wittmann M, Vital EM. Emerging concepts of 
type I interferons in SLE pathogenesis and therapy. Nat Rev 
Rheumatol. 2022;18(10):575–90. https://​doi.​org/​10.​1038/​
s41584-​022-​00826-z.

	 49.	 Ahmad R, Budnik B. A review of the current state of 
single-cell proteomics and future perspective. Anal Bio-
anal Chem. 2023;415(28):6889–99. https://​doi.​org/​10.​1007/​
s00216-​023-​04759-8.

	 50	 Lohani V, Akhiya AR, Kundu S, Akhter MQ, Bag S. Single-cell 
proteomics with spatial attributes: tools and techniques. ACS 
Omega. 2023;8(20):17499–510. https://​doi.​org/​10.​1021/​acsom​
ega.​3c007​95.

	 51.	 Arias-Hidalgo C, Juanes-Velasco P, Landeira-Viñuela A, García-
Vaquero ML, Montalvillo E, Góngora R, Hernández ÁP, Fuentes 
M. Single-cell proteomics: the critical role of nanotechnology. 
Int J Mol Sci. 2022;23(12):6707. https://​doi.​org/​10.​3390/​ijms2​
31267​07.

	 52.	 Trzupek D, Lee M, Hamey F, Wicker LS, Todd JA, Ferreira RC. 
Single-cell multi-omics analysis reveals IFN-driven alterations 
in T lymphocytes and natural killer cells in systemic lupus ery-
thematosus. Wellcome Open Res. 2022;6:149. https://​doi.​org/​10.​
12688/​wellc​omeop​enres.​16883.2.

	 53.	 Kamen DL. Environmental influences on systemic lupus erythe-
matosus expression. Rheum Dis Clin N Am. 2014;40(3):401–vii. 
https://​doi.​org/​10.​1016/j.​rdc.​2014.​05.​003.

	 54	 Chen G, Ning B, Shi T. Single-cell RNA-seq technologies and 
related computational data analysis. Front Genet. 2019;10:317. 
https://​doi.​org/​10.​3389/​fgene.​2019.​00317.

	 55	 Hwang B, Lee JH, Bang D. Single-cell RNA sequencing technol-
ogies and bioinformatics pipelines. Exp Mol Med. 2018;50(8):1–
14. https://​doi.​org/​10.​1038/​s12276-​018-​0071-8.

	 56.	 Lu J, Sheng Y, Qian W, Pan M, Zhao X, Ge Q. scRNA-seq data 
analysis method to improve analysis performance. IET Nanobio-
technol. 2023;17(3):246–56. https://​doi.​org/​10.​1049/​nbt2.​12115.

	 57	 Adams DE, Shao WH. Epigenetic alterations in immune cells 
of systemic lupus erythematosus and therapeutic implications. 
Cells. 2022;11(3):506. https://​doi.​org/​10.​3390/​cells​11030​506.

	 58.	 Seumois G, Vijayanand P. Single-cell analysis to understand the 
diversity of immune cell types that drive disease pathogenesis. J 
Allergy Clin Immunol. 2019;144(5):1150–3. https://​doi.​org/​10.​
1016/j.​jaci.​2019.​09.​014.

	 59.	 Baysoy A, Bai Z, Satija R, Fan R. The technological land-
scape and applications of single-cell multi-omics. Nat Rev 
Mol Cell Biol. 2023;24(10):695–713. https://​doi.​org/​10.​1038/​
s41580-​023-​00615-w.

	 60	 Wang S, Sun ST, Zhang XY, et al. The evolution of single-cell 
RNA sequencing technology and application: progress and per-
spectives. Int J Mol Sci. 2023;24(3):2943. https://​doi.​org/​10.​
3390/​ijms2​40329​43.

	 61	 Adil A, Kumar V, Jan AT, Asger M. Single-cell transcriptomics: 
current methods and challenges in data acquisition and analysis. 
Front Neurosci. 2021;15:591122. https://​doi.​org/​10.​3389/​fnins.​
2021.​591122.

	 62.	 BoakyeSerebour T, Cribbs AP, Baldwin MJ, et al. Overcom-
ing barriers to single-cell RNA sequencing adoption in low- and 
middle-income countries. Eur J Hum Genet. 2024. https://​doi.​
org/​10.​1038/​s41431-​024-​01564-4.

	 63.	 Rao DA, Arazi A, Wofsy D, Diamond B. Design and application 
of single-cell RNA sequencing to study kidney immune cells in 
lupus nephritis. Nat Rev Nephrol. 2020;16(4):238–50. https://​
doi.​org/​10.​1038/​s41581-​019-​0232-6.

	 64.	 Van de Sande B, Lee JS, Mutasa-Gottgens E, et al. Applications 
of single-cell RNA sequencing in drug discovery and develop-
ment. Nat Rev Drug Discov. 2023;22(6):496–520. https://​doi.​
org/​10.​1038/​s41573-​023-​00688-4.

	 65.	 Xiao F, Rui K, Shi X, et al. Epigenetic regulation of B cells 
and its role in autoimmune pathogenesis. Cell Mol Immunol. 
2022;19:1215–34. https://​doi.​org/​10.​1038/​s41423-​022-​00933-7.

	 66.	 Zhao W, Qi X, Liu L, Ma S, Liu J, Wu J. Epigenetic regulation 
of m6A modifications in human cancer. Mol Ther Nucleic Acids. 
2020;19:405–12. https://​doi.​org/​10.​1016/j.​omtn.​2019.​11.​022.

	 67.	 Liang Y, Turcan S. Epigenetic drugs and their immune modulat-
ing potential in cancers. Biomedicines. 2022;10(2):211. https://​
doi.​org/​10.​3390/​biome​dicin​es100​20211.

https://doi.org/10.1016/j.omtm.2024.101250
https://doi.org/10.1016/j.omtm.2024.101250
https://doi.org/10.1016/S0140-6736(24)00398-2
https://doi.org/10.1016/S0140-6736(24)00398-2
https://doi.org/10.3390/jcm12196268
https://doi.org/10.3390/jcm12196268
https://doi.org/10.1016/j.omtm.2016.12.006
https://doi.org/10.1186/s13054-024-04851-0
https://doi.org/10.1186/s13054-024-04851-0
https://doi.org/10.1016/j.tips.2024.03.004
https://doi.org/10.1016/j.tips.2024.03.004
https://doi.org/10.1097/BS9.0000000000000173
https://doi.org/10.1097/BS9.0000000000000173
https://doi.org/10.1002/ctm2.694
https://doi.org/10.1007/s12033-023-00777-0
https://doi.org/10.1007/s12033-023-00777-0
https://doi.org/10.1038/s41573-023-00688-4
https://doi.org/10.1038/s41573-023-00688-4
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1126/science.abf1970
https://doi.org/10.1126/science.abf1970
https://doi.org/10.1172/jci.insight.156341
https://doi.org/10.1038/s41590-019-0386-1
https://doi.org/10.3390/ijms232214317
https://doi.org/10.1038/s41576-023-00586-w
https://doi.org/10.1038/s41584-022-00826-z
https://doi.org/10.1038/s41584-022-00826-z
https://doi.org/10.1007/s00216-023-04759-8
https://doi.org/10.1007/s00216-023-04759-8
https://doi.org/10.1021/acsomega.3c00795
https://doi.org/10.1021/acsomega.3c00795
https://doi.org/10.3390/ijms23126707
https://doi.org/10.3390/ijms23126707
https://doi.org/10.12688/wellcomeopenres.16883.2
https://doi.org/10.12688/wellcomeopenres.16883.2
https://doi.org/10.1016/j.rdc.2014.05.003
https://doi.org/10.3389/fgene.2019.00317
https://doi.org/10.1038/s12276-018-0071-8
https://doi.org/10.1049/nbt2.12115
https://doi.org/10.3390/cells11030506
https://doi.org/10.1016/j.jaci.2019.09.014
https://doi.org/10.1016/j.jaci.2019.09.014
https://doi.org/10.1038/s41580-023-00615-w
https://doi.org/10.1038/s41580-023-00615-w
https://doi.org/10.3390/ijms24032943
https://doi.org/10.3390/ijms24032943
https://doi.org/10.3389/fnins.2021.591122
https://doi.org/10.3389/fnins.2021.591122
https://doi.org/10.1038/s41431-024-01564-4
https://doi.org/10.1038/s41431-024-01564-4
https://doi.org/10.1038/s41581-019-0232-6
https://doi.org/10.1038/s41581-019-0232-6
https://doi.org/10.1038/s41573-023-00688-4
https://doi.org/10.1038/s41573-023-00688-4
https://doi.org/10.1038/s41423-022-00933-7
https://doi.org/10.1016/j.omtn.2019.11.022
https://doi.org/10.3390/biomedicines10020211
https://doi.org/10.3390/biomedicines10020211


Clinical and Experimental Medicine (2024) 24:223	 Page 15 of 17  223

	 68.	 Mazzone R, Zwergel C, Artico M, et al. The emerging role of 
epigenetics in human autoimmune disorders. Clin Epigenet. 
2019;11:34. https://​doi.​org/​10.​1186/​s13148-​019-​0632-2.

	 69.	 Guo G, Shi X, Wang H, et al. Epitranscriptomic N4-acetylcyt-
idine profiling in CD4+ T cells of systemic lupus erythemato-
sus. Front Cell Dev Biol. 2020;8:842. https://​doi.​org/​10.​3389/​
fcell.​2020.​00842.

	 70.	 Jung S, Lee JS. Single-cell genomics for investigating patho-
genesis of inflammatory diseases. Mol Cells. 2023;46(2):120–
9. https://​doi.​org/​10.​14348/​molce​lls.​2023.​0002.

	 71.	 Luo Q, Fu B, Zhang L, Guo Y, Huang Z, Li J. Decreased 
peripheral blood ALKBH5 correlates with markers of autoim-
mune response in systemic lupus erythematosus. Dis Mark. 
2020. https://​doi.​org/​10.​1155/​2020/​81938​95.

	 72.	 Ntasis VF, Panousis NI, Tektonidou MG, et  al. Extensive 
fragmentation and re-organization of transcription in systemic 
lupus erythematosus. Sci Rep. 2020;10:16648. https://​doi.​org/​
10.​1038/​s41598-​020-​73654-4.

	 73.	 Zhao M, Feng D, Hu L, et al. 3D genome alterations in T cells 
associated with disease activity of systemic lupus erythema-
tosus. Ann Rheum Dis. 2023;82:226–34.

	 74.	 Farivar S, ShaabanpourAghamaleki F. Effects of major epige-
netic factors on systemic lupus erythematosus. Iran Biomed J. 
2018;22(5):294–302. https://​doi.​org/​10.​29252/​ibj.​22.5.​294.

	 75.	 Xiang N, Fang X, Sun XG, et al. Expression profile of PU.1 in 
CD4+T cells from patients with systemic lupus erythemato-
sus. Clin Exp Med. 2021;21:621–32. https://​doi.​org/​10.​1007/​
s10238-​021-​00717-9.

	 76.	 Zhao M, Feng D, Hu L, Liu L, Wu J, Hu Z, Long H, Kuang 
Q, Ouyang L, Lu Q. 3D genome alterations in T cells associ-
ated with disease activity of systemic lupus erythematosus. 
Ann Rheum Dis. 2023;82(2):226–34. https://​doi.​org/​10.​1136/​
ard-​2022-​222653.

	 77.	 Aringer M, Alarcón-Riquelme ME, Clowse M, Pons-Estel GJ, 
Vital EM, Dall’Era M. A glimpse into the future of systemic 
lupus erythematosus. Ther Adv Musculoskelet Dis. 2022. 
https://​doi.​org/​10.​1177/​17597​20X22​10867​19.

	 78.	 Kumar S, Mohapatra T. Deciphering epitranscriptome: modi-
fication of mRNA bases provides a new perspective for post-
transcriptional regulation of gene expression. Front Cell Dev 
Biol. 2021;9:628415. https://​doi.​org/​10.​3389/​fcell.​2021.​
628415.

	 79.	 Liu WW, Zheng SQ, Li T, et al. RNA modifications in cellular 
metabolism: implications for metabolism-targeted therapy and 
immunotherapy. Signal Transduct Target Ther. 2024;9(1):70. 
https://​doi.​org/​10.​1038/​s41392-​024-​01777-5.

	 80.	 Cerneckis J, Ming GL, Song H, He C, Shi Y. The rise of epitran-
scriptomics: recent developments and future directions. Trends 
Pharmacol Sci. 2024;45(1):24–38. https://​doi.​org/​10.​1016/j.​tips.​
2023.​11.​002.

	 81.	 Qiu L, Jing Q, Li Y, Han J. RNA modification: mechanisms and 
therapeutic targets. Mol Biomed. 2023;4(1):25. https://​doi.​org/​
10.​1186/​s43556-​023-​00139-x.

	 82.	 Wang Z, Chang C, Peng M, Lu Q. Translating epigenetics into 
clinic: focus on lupus. Clin Epigenet. 2017;9:78. https://​doi.​org/​
10.​1186/​s13148-​017-​0378-7.

	 83.	 Wardowska A. The epigenetic face of lupus: focus on antigen-
presenting cells. Int Immunopharmacol. 2020;81:106262. https://​
doi.​org/​10.​1016/j.​intimp.​2020.​106262.

	 84.	 Mubarak G, Zahir FR. Recent major transcriptomics and epi-
transcriptomics contributions toward personalized and precision 
medicine. J Pers Med. 2022;12(2):199. https://​doi.​org/​10.​3390/​
jpm12​020199.

	 85.	 Schell SL, Rahman ZSM. miRNA-mediated control of 
B cell responses in immunity and SLE. Front Immunol. 
2021;12:683710. https://​doi.​org/​10.​3389/​fimmu.​2021.​683710.

	 86.	 Choi D, Kim J, Yang JW, Kim JH, Park S, Shin JI. Dysregulated 
MicroRNAs in the pathogenesis of systemic lupus erythemato-
sus: a comprehensive review. Int J Biol Sci. 2023;19(8):2495–
514. https://​doi.​org/​10.​7150/​ijbs.​74315.

	 87.	 El-Akhras BA, Ali YBM, El-Masry SA, Bassyouni IH, El-Sayed 
IH, Talaat RM. mir-146a genetic polymorphisms in systemic 
lupus erythematosus patients: correlation with disease manifes-
tations. Non-coding RNA Res. 2022;7(3):142–9. https://​doi.​org/​
10.​1016/j.​ncrna.​2022.​05.​001.

	 88.	 Zhang L, Wu H, Zhao M, Chang C, Lu Q. Clinical significance 
of miRNAs in autoimmunity. J Autoimmun. 2020;109:102438. 
https://​doi.​org/​10.​1016/j.​jaut.​2020.​102438.

	 89.	 So BYF, Yap DYH, Chan TM. MicroRNAs in lupus nephritis-
role in disease pathogenesis and clinical applications. Int J Mol 
Sci. 2021;22(19):10737. https://​doi.​org/​10.​3390/​ijms2​21910​737.

	 90.	 Honarpisheh M, Köhler P, von Rauchhaupt E, Lech M. The 
involvement of MicroRNAs in modulation of innate and adaptive 
immunity in systemic lupus erythematosus and lupus nephritis. 
J Immunol Res. 2018;2018:4126106. https://​doi.​org/​10.​1155/​
2018/​41261​06.

	 91.	 Shaikh FS, Siegel RJ, Srivastava A, Fox DA, Ahmed S. Chal-
lenges and promise of targeting miRNA in rheumatic diseases: 
a computational approach to identify miRNA association with 
cell types, cytokines, and disease mechanisms. Front Immunol. 
2024;14:1322806. https://​doi.​org/​10.​3389/​fimmu.​2023.​13228​06.

	 92.	 Seyhan AA. Trials and tribulations of MicroRNA therapeutics. 
Int J Mol Sci. 2024;25(3):1469. https://​doi.​org/​10.​3390/​ijms2​
50314​69.

	 93.	 Nag S, Mitra O, Tripathi G, et  al. Exploring the theranos-
tic potentials of miRNA and epigenetic networks in autoim-
mune diseases: a comprehensive review. Immun Inflamm Dis. 
2023;11(12):e1121. https://​doi.​org/​10.​1002/​iid3.​1121.

	 94.	 Li W, Liu S, Chen Y, et al. Circulating exosomal microRNAs 
as biomarkers of systemic lupus erythematosus. Clinics (Sao 
Paulo). 2020;75:e1528. https://​doi.​org/​10.​6061/​clini​cs/​2020/​
e1528.

	 95.	 Momin MY, Gaddam RR, Kravitz M, Gupta A, Vikram 
A. The challenges and opportunities in the development of 
MicroRNA therapeutics: a multidisciplinary viewpoint. Cells. 
2021;10(11):3097. https://​doi.​org/​10.​3390/​cells​10113​097.

	 96.	 Kapoor R, So JBY, Zhu F, Too HP, Yeoh KG, Yoong JS. 
Evaluating the use of microRNA blood tests for gastric cancer 
screening in a stratified population-level screening program: an 
early model-based cost-effectiveness analysis. Value Health. 
2020;23(9):1171–9. https://​doi.​org/​10.​1016/j.​jval.​2020.​04.​1829.

	 97.	 Kitai H, Kato N, Ogami K, et al. Systematic characterization 
of seed overlap microRNA cotargeting associated with lupus 
pathogenesis. BMC Biol. 2022;20:248. https://​doi.​org/​10.​1186/​
s12915-​022-​01447-4.

	 98.	 de Silva NL, Seneviratne SL. Haemopoietic stem cell transplan-
tation in systemic lupus erythematosus: a systematic review. 
Allergy Asthma Clin Immunol. 2019;15:59. https://​doi.​org/​10.​
1186/​s13223-​019-​0373-y.

	 99.	 Jayne D, Passweg J, Marmont A, et al. Autologous stem cell 
transplantation for systemic lupus erythematosus. Lupus. 
2004;13(3):168–76. https://​doi.​org/​10.​1191/​09612​03304​lu525​
oa.

	100.	 Yuan X, Sun L. Stem cell therapy in lupus. Rheumatol Immunol 
Res. 2022;3(2):61–8. https://​doi.​org/​10.​2478/​rir-​2022-​0011.

	101.	 Sharma J, Hampton JM, Valiente GR, Wada T, Steigelman H, 
Young MC, Spurbeck RR, Blazek AD, Bösh S, Jarjour WN, 
Young NA. Therapeutic development of mesenchymal stem cells 
or their extracellular vesicles to inhibit autoimmune-mediated 
inflammatory processes in systemic lupus erythematosus. Front 
Immunol. 2017;8:526. https://​doi.​org/​10.​3389/​fimmu.​2017.​
00526.

https://doi.org/10.1186/s13148-019-0632-2
https://doi.org/10.3389/fcell.2020.00842
https://doi.org/10.3389/fcell.2020.00842
https://doi.org/10.14348/molcells.2023.0002
https://doi.org/10.1155/2020/8193895
https://doi.org/10.1038/s41598-020-73654-4
https://doi.org/10.1038/s41598-020-73654-4
https://doi.org/10.29252/ibj.22.5.294
https://doi.org/10.1007/s10238-021-00717-9
https://doi.org/10.1007/s10238-021-00717-9
https://doi.org/10.1136/ard-2022-222653
https://doi.org/10.1136/ard-2022-222653
https://doi.org/10.1177/1759720X221086719
https://doi.org/10.3389/fcell.2021.628415
https://doi.org/10.3389/fcell.2021.628415
https://doi.org/10.1038/s41392-024-01777-5
https://doi.org/10.1016/j.tips.2023.11.002
https://doi.org/10.1016/j.tips.2023.11.002
https://doi.org/10.1186/s43556-023-00139-x
https://doi.org/10.1186/s43556-023-00139-x
https://doi.org/10.1186/s13148-017-0378-7
https://doi.org/10.1186/s13148-017-0378-7
https://doi.org/10.1016/j.intimp.2020.106262
https://doi.org/10.1016/j.intimp.2020.106262
https://doi.org/10.3390/jpm12020199
https://doi.org/10.3390/jpm12020199
https://doi.org/10.3389/fimmu.2021.683710
https://doi.org/10.7150/ijbs.74315
https://doi.org/10.1016/j.ncrna.2022.05.001
https://doi.org/10.1016/j.ncrna.2022.05.001
https://doi.org/10.1016/j.jaut.2020.102438
https://doi.org/10.3390/ijms221910737
https://doi.org/10.1155/2018/4126106
https://doi.org/10.1155/2018/4126106
https://doi.org/10.3389/fimmu.2023.1322806
https://doi.org/10.3390/ijms25031469
https://doi.org/10.3390/ijms25031469
https://doi.org/10.1002/iid3.1121
https://doi.org/10.6061/clinics/2020/e1528
https://doi.org/10.6061/clinics/2020/e1528
https://doi.org/10.3390/cells10113097
https://doi.org/10.1016/j.jval.2020.04.1829
https://doi.org/10.1186/s12915-022-01447-4
https://doi.org/10.1186/s12915-022-01447-4
https://doi.org/10.1186/s13223-019-0373-y
https://doi.org/10.1186/s13223-019-0373-y
https://doi.org/10.1191/0961203304lu525oa
https://doi.org/10.1191/0961203304lu525oa
https://doi.org/10.2478/rir-2022-0011
https://doi.org/10.3389/fimmu.2017.00526
https://doi.org/10.3389/fimmu.2017.00526


	 Clinical and Experimental Medicine (2024) 24:223223  Page 16 of 17

	102.	 Liang J, Zhang H, Hua B, Wang H, Lu L, Shi S, Hou Y, Zeng 
X, Gilkeson GS, Sun L. Allogenic mesenchymal stem cells 
transplantation in refractory systemic lupus erythematosus: 
a pilot clinical study. Ann Rheum Dis. 2010;69(8):1423–9. 
https://​doi.​org/​10.​1136/​ard.​2009.​123463.

	103.	 Yuan X, Qin X, Wang D, Zhang Z, Tang X, Gao X, Chen 
W, Sun L. Mesenchymal stem cell therapy induces FLT3L 
and CD1c+ dendritic cells in systemic lupus erythematosus 
patients. Nat Commun. 2019;10(1):2498. https://​doi.​org/​10.​
1038/​s41467-​019-​10491-8.

	104.	 Cheng T, Ding S, Liu S, Li Y, Sun L. Human umbilical cord-
derived mesenchymal stem cell therapy ameliorates lupus 
through increasing CD4+ T cell senescence via MiR-199a-5p/
Sirt1/p53 axis. Theranostics. 2021;11(2):893–905. https://​doi.​
org/​10.​7150/​thno.​48080).

	105.	 Burt RK, Han X, Gozdziak P, et al. Five year follow-up after 
autologous peripheral blood hematopoietic stem cell trans-
plantation for refractory, chronic, corticosteroid-dependent 
systemic lupus erythematosus: effect of conditioning regi-
men on outcome. Bone Marrow Transplant. 2018;53(6):692–
700. https://​doi.​org/​10.​1038/​s41409-​018-​0173-x. (PMID: 
29855561).

	106.	 Goeser LE, Chiu YE, Lerret SM, Nocton JJ. Systemic lupus 
erythematosus in a 15-year-old with graft-versus-host disease 
following liver transplant and unexpected full hematopoietic 
engraftment. JAAD Case Rep. 2022;24:4–7. https://​doi.​org/​10.​
1016/j.​jdcr.​2022.​03.​015.

	107	 Greco R, Labopin M, Badoglio M, et al. Allogeneic HSCT for 
autoimmune diseases: a retrospective study from the EBMT 
ADWP, IEWP, and PDWP working parties. Front Immunol. 
2019;10:1570. https://​doi.​org/​10.​3389/​fimmu.​2019.​01570.

	108	 Li A, Guo F, Pan Q, et al. Mesenchymal stem cell therapy: hope 
for patients with systemic lupus erythematosus. Front Immunol. 
2021;12:728190. https://​doi.​org/​10.​3389/​fimmu.​2021.​728190.

	109.	 Hoseinzadeh A, Mahmoudi M, Rafatpanah H, et al. A new gen-
eration of mesenchymal stromal/stem cells differentially trained 
by immunoregulatory probiotics in a lupus microenvironment. 
Stem Cell Res Ther. 2023;14(1):358. https://​doi.​org/​10.​1186/​
s13287-​023-​03578-z.

	110.	 Műzes G, Sipos F. Issues and opportunities of stem cell therapy 
in autoimmune diseases. World J Stem Cells. 2019;11(4):212–21. 
https://​doi.​org/​10.​4252/​wjsc.​v11.​i4.​212.

	111	 Imran SAM, M Hamizul MHA, KhairulBariah AAN, Wan 
KamarulZaman WS, Nordin F. Regenerative medicine therapy in 
Malaysia: an update. Front Bioeng Biotechnol. 2022;10:789644. 
https://​doi.​org/​10.​3389/​fbioe.​2022.​789644.

	112.	 Wang D, Zhang H, Liang J, et al. A long-term follow-up study 
of allogeneic mesenchymal stem/stromal cell transplantation in 
patients with drug-resistant systemic lupus erythematosus. Stem 
Cell Rep. 2018;10(3):933–41. https://​doi.​org/​10.​1016/j.​stemcr.​
2018.​01.​029.

	113.	 Sharma J, Hampton JM, Valiente GR, et al. Therapeutic develop-
ment of mesenchymal stem cells or their extracellular vesicles 
to inhibit autoimmune-mediated inflammatory processes in sys-
temic lupus erythematosus. Front Immunol. 2017;8:526. https://​
doi.​org/​10.​3389/​fimmu.​2017.​00526.

	114.	 Khaddour K, Hana CK, Mewawalla P. Hematopoietic Stem Cell 
Transplantation. [Updated 2023 May 6]. In: StatPearls [Internet]. 
Treasure Island (FL): StatPearls Publishing; 2024 Jan-. Available 
from: https://​www.​ncbi.​nlm.​nih.​gov/​books/​NBK53​6951/

	115.	 Huang X, Chen W, Ren G, Zhao L, Guo J, Gong D, Zeng C, Hu 
W, Liu Z. Autologous hematopoietic stem cell transplantation 
for refractory lupus nephritis. Clin J Am Soc Nephrol CJASN. 
2019;14(5):719–27. https://​doi.​org/​10.​2215/​CJN.​10570​918.

	116.	 Schall N, Page N, Macri C, Chaloin O, Briand JP, Muller S. 
Peptide-based approaches to treat lupus and other autoimmune 

diseases. J Autoimmun. 2012;39(3):143–53. https://​doi.​org/​10.​
1016/j.​jaut.​2012.​05.​016.

	117.	 Wang B, Chen S, Zheng Q, Liu Y, Shi G. Peptide-based vac-
cination therapy for rheumatic diseases. J Immunol Res. 
2020;2020:8060375. https://​doi.​org/​10.​1155/​2020/​80603​75.

	118.	 Talotta R, Atzeni F, Laska MJ. Therapeutic peptides for the 
treatment of systemic lupus erythematosus: a place in therapy. 
Expert Opin Investig Drugs. 2020;29(8):845–67. https://​doi.​org/​
10.​1080/​13543​784.​2020.​17779​83.

	119.	 Zimmer R, Scherbarth HR, Rillo OL, Gomez-Reino JJ, Muller 
S. Lupuzor/P140 peptide in patients with systemic lupus erythe-
matosus: a randomised, double-blind, placebo-controlled phase 
IIb clinical trial. Ann Rheum Dis. 2013;72(11):1830–5. https://​
doi.​org/​10.​1136/​annrh​eumdis-​2012-​202460.

	120.	 He M, Cheng KF, VanPatten S, Bloom O, Diamond B, Al-Abed 
Y. A structural investigation of FISLE-412, a peptidomimetic 
compound derived from saquinavir that targets lupus autoanti-
bodies. Bioorg Med Chem Lett. 2017;27(20):4725–9. https://​doi.​
org/​10.​1016/j.​bmcl.​2017.​08.​070.

	121	 Singh RP, Bischoff DS, Singh SS, Hahn BH. Peptide-based 
immunotherapy in lupus: where are we now? Rheumatol 
Immunol Res. 2023;4(3):139–49. https://​doi.​org/​10.​2478/​
rir-​2023-​0020.

	122.	 Barman P, Joshi S, Sharma S, Preet S, Sharma S, Saini A. Stra-
tegic approaches to improvise peptide drugs as next generation 
therapeutics. Int J Pept Res Ther. 2023;29(4):61. https://​doi.​org/​
10.​1007/​s10989-​023-​10524-3.

	123.	 Patra JK, Das G, Fraceto LF, et al. Nano-based drug delivery 
systems: recent developments and future prospects. J Nanobio-
technol. 2018;16:71. https://​doi.​org/​10.​1186/​s12951-​018-​0392-8.

	124	 Wang L, Wang N, Zhang W, et al. Therapeutic peptides: current 
applications and future directions. Signal Transduct Target Ther. 
2022;7(1):48. https://​doi.​org/​10.​1038/​s41392-​022-​00904-4.

	125.	 Zimmer R, Scherbarth HR, Rillo OL, Gomez-Reino JJ, Muller 
S. Lupuzor/P140 peptide in patients with systemic lupus erythe-
matosus: a randomised, double-blind, placebo-controlled phase 
IIb clinical trial. Ann Rheum Dis. 2013;72(11):1830–5. https://​
doi.​org/​10.​1136/​annrh​eumdis-​2012-​20246​0P.

	126.	 Mok CC. Targeted small molecules for systemic lupus erythe-
matosus: drugs in the pipeline. Drugs. 2023;83:479–96. https://​
doi.​org/​10.​1007/​s40265-​023-​01856-x.

	127.	 Neys SFH, Hendriks RW, Corneth OBJ. Targeting Bruton’s tyros-
ine kinase in inflammatory and autoimmune pathologies. Front 
Cell Dev Biol. 2021;9:668131. https://​doi.​org/​10.​3389/​fcell.​
2021.​668131.

	128.	 Markopoulou A, Kyttaris VC. Small molecules in the treatment of 
systemic lupus erythematosus. Clin Immunol. 2013;148(3):359–
68. https://​doi.​org/​10.​1016/j.​clim.​2012.​09.​009.

	129.	 Fillatreau S, Manfroi B, Dörner T. Toll-like receptor signal-
ling in B cells during systemic lupus erythematosus. Nat 
Rev Rheumatol. 2021;17:98–108. https://​doi.​org/​10.​1038/​
s41584-​020-​00544-4.

	130.	 Xu N, Liu J, Li X. Lupus nephritis: the regulatory inter-
play between epigenetic and microRNAs. Front Physiol. 
2022;13:925416. https://​doi.​org/​10.​3389/​fphys.​2022.​925416.

	131.	 Qing J, Song W, Tian L, Samuel SB, Li Y. Potential small mol-
ecules for therapy of lupus nephritis based on genetic effect 
and immune infiltration. Biomed Res Int. 2022;2022:2259164. 
https://​doi.​org/​10.​1155/​2022/​22591​64.

	132.	 Evans LS, Lewis KE, DeMonte D, Bhandari JG, Garrett LB, 
Kuijper JL, Ardourel D, Wolfson MF, Debrot S, Mudri S, Kleist 
K, Griffin LL, Hebb L, Sanderson RJ, Wang N, Seaberg M, 
Chunyk AG, Yang J, Hong Y, Maria Z, Dillon SR. Povetacic-
ept, an enhanced dual APRIL/BAFF antagonist that modulates 
B lymphocytes and pathogenic autoantibodies for the treatment 
of lupus and other B cell-related autoimmune diseases. Arthr 

https://doi.org/10.1136/ard.2009.123463
https://doi.org/10.1038/s41467-019-10491-8
https://doi.org/10.1038/s41467-019-10491-8
https://doi.org/10.7150/thno.48080)
https://doi.org/10.7150/thno.48080)
https://doi.org/10.1038/s41409-018-0173-x
https://doi.org/10.1016/j.jdcr.2022.03.015
https://doi.org/10.1016/j.jdcr.2022.03.015
https://doi.org/10.3389/fimmu.2019.01570
https://doi.org/10.3389/fimmu.2021.728190
https://doi.org/10.1186/s13287-023-03578-z
https://doi.org/10.1186/s13287-023-03578-z
https://doi.org/10.4252/wjsc.v11.i4.212
https://doi.org/10.3389/fbioe.2022.789644
https://doi.org/10.1016/j.stemcr.2018.01.029
https://doi.org/10.1016/j.stemcr.2018.01.029
https://doi.org/10.3389/fimmu.2017.00526
https://doi.org/10.3389/fimmu.2017.00526
https://www.ncbi.nlm.nih.gov/books/NBK536951/
https://doi.org/10.2215/CJN.10570918
https://doi.org/10.1016/j.jaut.2012.05.016
https://doi.org/10.1016/j.jaut.2012.05.016
https://doi.org/10.1155/2020/8060375
https://doi.org/10.1080/13543784.2020.1777983
https://doi.org/10.1080/13543784.2020.1777983
https://doi.org/10.1136/annrheumdis-2012-202460
https://doi.org/10.1136/annrheumdis-2012-202460
https://doi.org/10.1016/j.bmcl.2017.08.070
https://doi.org/10.1016/j.bmcl.2017.08.070
https://doi.org/10.2478/rir-2023-0020
https://doi.org/10.2478/rir-2023-0020
https://doi.org/10.1007/s10989-023-10524-3
https://doi.org/10.1007/s10989-023-10524-3
https://doi.org/10.1186/s12951-018-0392-8
https://doi.org/10.1038/s41392-022-00904-4
https://doi.org/10.1136/annrheumdis-2012-202460P
https://doi.org/10.1136/annrheumdis-2012-202460P
https://doi.org/10.1007/s40265-023-01856-x
https://doi.org/10.1007/s40265-023-01856-x
https://doi.org/10.3389/fcell.2021.668131
https://doi.org/10.3389/fcell.2021.668131
https://doi.org/10.1016/j.clim.2012.09.009
https://doi.org/10.1038/s41584-020-00544-4
https://doi.org/10.1038/s41584-020-00544-4
https://doi.org/10.3389/fphys.2022.925416
https://doi.org/10.1155/2022/2259164


Clinical and Experimental Medicine (2024) 24:223	 Page 17 of 17  223

Rheumatol (Hoboken, NJ). 2023;75(7):1187–202. https://​doi.​
org/​10.​1002/​art.​42462.

	133.	 Chen X, Xie M, Zhang S, et al. Structural basis for recruitment 
of TASL by SLC15A4 in human endolysosomal TLR signal-
ing. Nat Commun. 2023;14(1):6627. https://​doi.​org/​10.​1038/​
s41467-​023-​42210-9.

	134.	 Wang S, Ning W, Tang H, Mu C, Huang X. Efficacy and safety 
study of targeted small-molecule drugs in the treatment of sys-
temic lupus erythematosus. Arthritis Res Ther. 2024;26(1):98. 
https://​doi.​org/​10.​1186/​s13075-​024-​03331-8.

	135.	 Alnaqbi KA, Bellanger A, Brill A, et al. An international com-
parative analysis and roadmap to sustainable biosimilar markets. 
Front Pharmacol. 2023;14:1188368. https://​doi.​org/​10.​3389/​
fphar.​2023.​11883​68.

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/art.42462
https://doi.org/10.1002/art.42462
https://doi.org/10.1038/s41467-023-42210-9
https://doi.org/10.1038/s41467-023-42210-9
https://doi.org/10.1186/s13075-024-03331-8
https://doi.org/10.3389/fphar.2023.1188368
https://doi.org/10.3389/fphar.2023.1188368

	Molecular profiling and therapeutic tailoring to address disease heterogeneity in systemic lupus erythematosus
	Abstract
	Introduction
	CAR​-T-cell therapy in SLE
	Single-cell transcriptomics in SLE
	Epitranscriptomics in SLE: Role of RNA modification in SLE pathogenesis
	Role of miRNA in SLE
	Stem cell therapy in SLE: future possibility
	Therapeutic peptides in SLE: new modalities
	Small molecules as therapeutic targets

	Conclusions
	Acknowledgements 
	References




