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Abstract
Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder that affects various organs and systems, 
significantly impacting patients’ health and quality of life. Conventional drugs, including glucocorticoids and 
standard immunosuppressive drugs, may not be enough to achieve a satisfactory therapeutic outcome in some 
refractory SLE patients. The abnormal phenotype and function of macrophages participate in the development 
of SLE. The targeted delivery to reprogram macrophage in SLE has been a long-standing challenge. Apoptotic 
bodies (ApoBDs) are essential for intercellular communications. This study aims to explore an effective and 
targeted treatment to SLE via macrophage reprogramming and Treg differentiation. In this work, we found that 
M2 macrophages-derived ApoBDs (M2-ApoBDs) could selectively target and localize to the spleen, where they 
were engulfed by splenic macrophages (phagocytic rate 73.4%). Single-cell RNA sequencing revealed that the 
efferocytosis of M2-ApoBDs triggered transcriptional changes in M2 (anti-inflammatory) macrophages within the 
spleen, subsequently promoting the differentiation of Treg cells in vivo. Immunological experiments revealed that 
M2-ApoBDs prompted the reprogramming of M2 macrophages in vitro, which subsequently influenced Treg cell 
differentiation via ligand-receptor interactions. In SLE mice, M2-ApoBDs alleviated the disease progression, including 
24-hours urinary protein, plasma creatinine, plasma C3 levels, and glomerular sclerosis and interstitial fibrosis. These 
findings show that M2-ApoBDs can targeted-modulate macrophage polarization and Treg immune regulation, 
offering a novel therapeutic strategy for the effective treatment of SLE.
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Introduction
Systemic lupus erythematosus (SLE) is a chronic and 
severe autoimmune disease that can affect virtually any 
organ system, including the lungs, kidneys, and hemato-
logic system, among others. It predominantly occurs in 
young women [1]. Current therapeutic strategies for SLE 
involve corticosteroids, antimalarial drugs, and immu-
nosuppressants, which are not always effective and may 
cause some severe side effects. A subset of patients fails 
to respond to existing therapies, and are at high risk for 
organ failure and even death. Young women, who make 
up the majority of those affected, continue to face the 
threat of early mortality [2]. Consequently, there is an 
urgent need for safe, effective, and innovative therapies 
for SLE.

Accumulated studies have suggested that both the 
innate and adaptive immune responses are crucial in 

the pathogenesis of SLE [3]. Macrophages, key effectors 
and regulators in the innate immune system, can per-
form phagocytosis, release pro-inflammatory factors, 
and present antigens to T cells [4]. These macrophages 
exhibit plasticity, differentiating into either pro-inflam-
matory M1 or anti-inflammatory M2 phenotypes in 
response to specific immune microenvironmental cues 
[5]. Previous research has suggested that imbalance of 
M1/M2 macrophages polarization affects the develop-
ment of SLE. Lupus flares are linked to a relative rise 
in the frequency of M1/M2 macrophages [6]. Identify-
ing potential targets for macrophage polarization, thus 
increasing the proportion of M2 macrophages, can offer 
insights into new biological treatment strategies for SLE 
[7]. Previous study showed that adoptive transplantation 
of M2 macrophages, but not M1 macrophages, signifi-
cantly improved SLE clinical manifestation in clodronate 
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Graphical Abstract
Schematic diagram of the findings of this study. (A) Scheme of M2 Mφ and derived-ApoBDs preparation. (B)The 
transplantation of ApoBDs. (C) Immune regulation of M2-ApoBDs. (D) Illustration of M2-ApoBDs therapy in SLE 
model.
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(to eliminate macrophages)- and ALD-DNA-treated 
mice [8]. Therefore, increasing the proportion of M2 
macrophages is expected to be the one of the important 
means of SLE treatment. However, systemic administra-
tion of intact M2 macrophages faces numerous possible 
challenges. For instance, the functionality and/or effec-
tiveness of M2 macrophages can be influenced by storage 
and transportation conditions, and the characteristics of 
transplanted M2 macrophages might revert to M1 mac-
rophages because of oxidative stress and inflammatory 
environments in vivo [9, 10]. Transplanted living immune 
cells are prone to death in vivo due to hypoxia, inflam-
mation or immune clearance, leading to unstable thera-
peutic effects. The current cell therapies rely on paracrine 
effects of living cells, but the release profiles of cytokines 
are difficult to precisely control, which may lead to cyto-
kine storm. Therefore, there is a need for more stable, 
convenient, and safe treatments.

Extracellular vesicles (EVs), including exosomes, 
microvesicles, and apoptotic bodies (ApoBDs), are mem-
brane-bound structures originating from cells and carry 
various bioactive molecules, such as proteins, lipids, 
mRNAs, microRNAs, and DNA [11–13]. Our previous 
study showed that exosomes from bone marrow-mesen-
chymal stem cells exerted beneficial therapeutic effects 
on osteoarthritis [14]. Wang et al. reported that perito-
neal M2 macrophage-derived EVs, taken up by macro-
phages, inhibited multiple key proinflammatory pathways 
and attenuated infectious disease-related cytokine storms 
[15]. ApoBDs are a subset of EVs. Like microvesicles and 
exosomes, ApoBDs exert therapeutic effects by modulat-
ing diverse recipient cell populations, encompassing both 
professional phagocytes and adjacent non-professional 
cells [16]. Unlike exosomes and microvesicles, ApoBDs 
are formed during the late stages of apoptosis when chro-
matin and the nucleus condense, encapsulating intact 
organelles, nucleosome fragments, and chromatin debris, 
exhibiting more abundant and intact cargo contents [17]. 
Phagocytes (e.g. macrophages) could recognize ‘find-
me’ signals expressed by ApoBDs and ‘eat-me’ signals on 
the ApoBDs to engulf them. Therefore, ApoBDs can be 
engulfed more readily by macrophages than other EVs. 
The homing ability of exosomes and MVs depend on pas-
sive diffusion mechanisms, but target cells of ApoBDs 
are less variable, markedly improving targeting efficiency 
[18]. ApoBDs exhibit natural immunoregulatory poten-
tial through their intrinsic phagocyte-targeting specific-
ity, which facilitates precise modulation of inflammatory 
responses [19]. Based on the potential of ApoBDs to 
unleash powerful biological functions, ApoBDs have 
emerged as new therapeutic opportunities in SLE.

In this study, we isolated and characterized M2 mac-
rophages and derived-ApoBDs successfully. We further 
demonstrated that most of ApoBDs were captured by 

spleen tissue, especially spleen macrophages, which pro-
vided a possibility to regulate the polarization of macro-
phages. Results showed that efferocytosis of M2-ApoBDs 
could induce transcriptional reprogramming of spleen 
macrophages and then modulated Treg cells differen-
tiation, based on single-cell RNA sequencing in vivo. 
M2-ApoBDs induced M2 macrophages reprogramming 
in vitro, then induced M2 macrophage modulated the 
differentiation of Treg cells through this ligand–receptor 
interaction. At last, the therapeutic effect of M2-ApoBDs 
on treating SLE was investigated. We found that systemic 
administration of M2-ApoBDs could alleviate the devel-
opment of SLE by macrophage reprogramming and Treg 
differentiation. Taken together, M2-ApoBDs represents a 
promising strategy for SLE therapy.

Materials and methods
Mice and treatments
10-week-old female MRL/lpr mice, MRL/mpj mice and 
BALB/c mice were sourced from Shanghai SLAC Labora-
tory Animal Institute Co. Ltd. MRL/lpr mice (n = 15) and 
MRL/mpj mice (n = 5) were housed in a pathogen-free 
environment at the Experimental Animal Center of Nan-
tong University. The Ethics Committee of Nantong Uni-
versity granted approval for All animal procedures (No. 
S20230818-002). The mice were intravenously adminis-
trated with ApoBDs (appropriately 100  µg on the basis 
of protein measurement) or vehicle control (PBS) once a 
week for 8 weeks.

Isolation, culture and identification of BMDMs
BMDMs were generated by extracting bone marrow cells 
from tibias and femurs of BALB/c mice. Freshly extracted 
cells were cultured in high-glucose DMEM (Servicebio, 
China) with the addition of 10% fetal bovine serum (FBS) 
(Gibco, USA), 1% penicillin/streptomycin (NCM Biotech, 
China) and 20 ng/mL recombinant mouse macrophage 
colony-stimulating factor (M-CSF) (PeproTech, USA). 
Following a 7-day induction period, mature BMDMs 
were collected and characterized by flow cytometry with 
percp/cy5.5-conjugated anti-F4/80 (BioLegend, USA). 
Mature BMDMs were utilized for subsequent assays. 
BMDMs were induced to M2 Mφ by incubating with 50 
ng/mL recombinant mouse IL-4 (PeproTech, USA) pro-
teins for 48 h. The M2 Mφ were then harvested and ana-
lyzed using flow cytometry with percp/cy5.5-conjugated 
anti-F4/80, and PE-conjugated CD206 (BioLegend, USA).

Induction of BMDMs apoptosis
BMDMs were rinsed two times with PBS, and the cul-
ture medium was replaced with a complete medium that 
included EV-depleted FBS (SBI, USA) and 250 nM stau-
rosporine (STS) (Beyotime, China). After 12 h treatment, 
apoptosis in BMDMs was assessed using the Annexin 
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V-FITC/PI Apoptosis Detection Kit (Vazyme, China) as 
per the provided guidelines.

Collection, isolation and identification of BMDM-ApoBDs
Following the initiation of apoptosis, a series of cen-
trifugation steps were performed to isolate ApoBDs. 
In particular, the media were taken from the petri dish 
and centrifuged at 300 × g for 10 min to remove cellular 
debris. Subsequently, the leftover supernatant was centri-
fuged at 3000 × g for 30 min to collect the ApoBDs.

For transmission electron microscope (TEM) observa-
tion, ApoBDs were preserved with 2% paraformaldehyde 
and placed on a formvar-coated grid. Then, ApoBDs 
were negatively stained using 2% uranyl acetate. Stained 
ApoBDs were washed with double-steamed water. After 
drying at room temperature, images were captured. The 
particle size distribution of ApoBDs was measured by 
nanoparticle tracking analysis (NTA).

To detect apoptotic markers, isolated ApoBDs were 
analyzed through western blotting with anti-Caspase-3 
antibodies (Proteintech, China). Additionally, ApoBDs 
were marked using Annexin-V-FITC labeling reagent 
(Vazyme, China), then examined with a confocal micro-
scope and analyzed via flow cytometry.

Bioluminescence imaging in vivo
For studying the bio-distribution of ApoBDs through 
whole-body imaging, 100 µg of ApoBDs in 100 µL were 
tagged with DiR near-infrared fluorescent dye and sub-
sequently administered to mice through the tail vein. 
The IVIS Lumina XRMS system was used to perform in 
vivo fluorescence imaging on anesthetized mice at 2  h, 
6 h, 12 h and 24 h post-injection. Following in vivo imag-
ing, the mice were euthanized, and their organs were 
extracted for ex vivo imaging. The fluorescence intensity 
was measured using the Living Image software.

ApoBDs uptake by spleen macrophages in vivo
To confirm the uptake of ApoBDs in spleen tissue, puri-
fied ApoBDs were tagged with Dil (Beyotime, China) fol-
lowing the manufacturer’s guidelines and administered 
intravenously to mice. At 24 h after injection, spleen was 
harvested to conduct the subsequent experiments. To 
further observe how macrophages take up ApoBDs in 
vivo, we employed flow cytometry and immunofluores-
cence staining techniques. On the one hand, the suspen-
sion of single-cells was prepared from the spleen tissues. 
Then, splenocytes were unfrozen, resuspended with 
FACS buffer, washed and centrifuged (700  g for 5  min 
at 4 °C) twice and resuspended with PBS and FBS. Each 
sample was incubated for 30  min in darkness at ambi-
ent temperature using a range of anti-mouse monoclo-
nal antibodies (BD or Biosciences), including B220-APC, 
CD3-APC-cy7, CD4-FITC, CD8-AF700, CD19-BV510, 

and F4/80-percp-cy5.5. The samples were examined 
using a BD Fortessa FACS Calibur (USA) and analyzed 
with FlowJo software. On the other hand, the spleen was 
preserved in 4% paraformaldehyde, cryoprotected with 
30% sucrose, and encased in optimal cutting temperature 
(OCT) medium. Subsequently, 4  μm cryosections were 
created using a Leica instrument from Germany, and 
immunofluorescent staining was conducted on spleen 
sections to detect the macrophage marker F4/80. Then, 
spleen cryosections were incubated with DAPI (Abcam, 
UK) for nuclear staining. Images captured with a Zeiss 
microscope were analyzed through the ImageJ software.

ApoBDs uptake by BMDMs in vitro
In order to observe the uptake of ApoBDs by BMDMs in 
vitro, ApoBDs were labeled with Dil (Beyotime, China) 
according to the provided guidelines. ApoBDs were sepa-
rated through centrifugation and rinsed twice with PBS 
to remove any remaining unbound Dil dye. To investigate 
ApoBDs uptake using fluorescence microscopy, BMDMs 
were placed in 24-well chamber slides with high-glucose 
DMEM containing 10% EV-depleted FBS for 24  h and 
then incubated with the ApoBDs. The cells were sub-
sequently fixed with 4% paraformaldehyde (Beyotime, 
China) for 15  min, blocked at room temperature for 
30 min, stained with DAPI (Abcam, UK) for nuclei stain-
ing, and finally observed under a Zeiss microscope.

Western blot analysis
Cells or ApoBDs samples were broken down in radio-
immunoprecipitation assay (RIPA) buffer (Beyotime, 
China) with added protease inhibitor (Beyotime, China). 
The total protein concentration was determined using 
Nanodrop 2000 (Thermofisher, USA). Proteins in equal 
quantities were separated using 10% sodium dodecyl sul-
fate-polyacrylamide gels (SDS-PAGE) and subsequently 
transferred onto polyvinylidene difluoride (PVDF) mem-
branes (Millipore, USA). PVDF membrane was treated 
with a 5% skim milk solution for blocking, followed by an 
overnight incubation at 4℃ with one of the primary anti-
bodies: anti-CD206, anti-CD86, or anti-iNOS (Protein-
tech, China). The PVDF membranes were treated with 
HRP- conjugated secondary antibodies at room tem-
perature for two hours. Protein bands on the membranes 
were detected with an enhanced chemiluminescence kit 
from NCM Biotech, China, and their intensity was mea-
sured using ImageJ software.

RNA isolation and qRT-PCR
Samples of BMDMs were collected and rinsed with PBS. 
Total RNA was extracted using the Bioteke RNA Isola-
tion Kit (Bioteke Corporation, Beijing, China) accord-
ing to the manufacturer’s recommended protocol. 
Following the manufacturer’s instructions, the mRNA 
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was converted into cDNA with the RevertAid First 
Strand cDNA Synthesis Kit (Thermo Fisher, USA). The 
QuantStudio™ 5 real-time PCR detection system, using 
SYBR Green PCR mix from Vazyme Biotech in China, 
was utilized to conduct real-time polymerase chain reac-
tion (PCR). The primers used were designed by RiboBio 
(China). The variations in mRNA levels were determined 
using the delta-delta Ct technique, with GAPDH serving 
as the reference gene.

RNA sequencing (RNA-seq) analysis
According to the manufacturer’s guidelines, Trizol (Invi-
trogen, USA) was used to extract total RNA from apop-
totic BMDMs and derived ApoBDs. RNA sequencing 
libraries, with insert sizes between 100 and 500 base 
pairs, were created and sequenced on the Illumina Nova-
Seq 6000 PE150 platform at Wuhan Biobank in China. 
A small number of Reads in Raw Data obtained by high-
throughput sequencing include sequencing connectors, 
low-quality bases, etc. In order to ensure the quality of 
information analysis, Fastq was used in this project to 
conduct quality control on Raw Data and Clean Data was 
obtained [20]. Subsequent analyses utilized this Clean 
Data. The R programming language was utilized for data 
processing and analysis. For normalizing counts and 
analyzing differential gene expression in RNA-seq data, 
the DESeq2 1.4.5 R package was utilized. Differentially 
expressed genes (DEGs) (Fold change > 1.5 and p < 0.05) 
were selected for subsequent functional analysis using 
GO and KEGG databases.

Cell suspensions Preparation and quality control of single 
cell RNA-sequencing (scRNA-seq)
Spleen tissues were freshly harvested from mice, rinsed 
with ice-cold PBS, and then processed to create single-
cell suspensions. Prior to creating single cell suspensions, 
the fresh spleen tissues were divided into two sections: 
one for assessing immune regulation via flow cytometry 
analysis and the other for preparing single cell suspen-
sions for scRNA-seq. To create cDNA libraries, the sus-
pensions were incorporated into gel bead emulsions using 
the GemCode Single-Cell platform (10X Genomics) and 
subsequently sequenced on a Hiseq 2500/4000 system 
(Illumina) at Gene Denovo Biotechnology in Guangzhou, 
China. The counts quantification, genome alignment 
and data quality control were performed through 10X 
Genomics Cell Ranger software (version 3.1.0). In sum-
mary, a matrix of raw unique molecular identifier (UMI) 
counts was created, and reads with poor-quality barcodes 
and UMIs were excluded. For UMI counting, reads that 
were uniquely aligned to the transcriptome and over-
lapped an exon by at least 50% were taken into account. 
Following quality assessment, gene expressions were 
standardized using LogNormalize, a method for global 

scaling normalization. Afterward, we utilized a technique 
called Harmony to combine all the samples, thereby 
reducing any possible batch effects. Subsequently, princi-
pal component analysis was performed on the combined 
expression matrix to reduce dimensions.

Cell clustering and annotation
Cells were clustered by using Seurat [21]. In brief, the 
cells were embedded in a shared-nearest neighbor graph 
and partitioned into highly interconnected quasi-pop-
ulations based on the calculated distances between cells 
of the principal components. Subsequently, the Louvain 
method was employed to cluster and group the cells, and 
the results were visualized using UMAP plots. The log-
normalized matrices were loaded onto Single R programs 
to annotate the cell kinds. The cells were then classified 
by comparing their gene expression from scRNA-seq 
with reference cell types. After that, as previously docu-
mented, the annotation was manually adjusted using the 
conventional markers [22].

Pathway analysis
The analysis of pathways was conducted to identify key 
pathways and cellular processes enriched in various cell 
groups. To identify differentially expressed genes in cell 
subsets, the gene expression in a specific cluster was 
compared to the rest of the cells using the Wilcoxon 
rank-sum test, applying a fold change greater than 2 and 
an adjusted p-value less than 0.05 as thresholds. Subse-
quently, the genes with differential expression underwent 
pathway analysis, which encompassed GO enrichment 
and KEGG analysis. Additionally, the GSEA for the speci-
fied cell subsets was performed using the desktop appli-
cation available at ​h​t​t​p​​:​/​/​​s​o​f​t​​w​a​​r​e​.​​b​r​o​​a​d​i​n​​s​t​​i​t​u​​t​e​.​​o​r​g​/​​g​s​​e​a​
/​i​n​d​e​x​.​j​s​p.

Prediction of cellular crosstalk
Cellchat was used to predict relationships between dif-
ferent cell types based on the quantity of surface ligand-
receptor interactions. Analysis was only done when the 
relevant ligands or receptors were expressed by more 
than 10% of the examined cells in that specific cell clus-
ter. After that, the enhanced ligand-receptor from the 
previous study was used to evaluate the interaction rela-
tionship and network diagram between the cells. Fur-
thermore, the ligand-target gene regulatory potential 
analysis and ligand activity prediction were carried out 
using NicheNet. Spearman’s correlation analysis was 
carried out to evaluate the proportions of gene expres-
sion association of pairwise cell type, and|Rs| > 0.6 and 
FDR < 0.05 was considered as significant correlation.

http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
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Pseudotime trajectory analysis
Monocle2 was utilized to conduct pseudotime trajec-
tory analysis, aiming to forecast and chart the differen-
tiation of Treg subsets in the spleen, as well as to identify 
the translational connections between these subsets. 
The Monocle2 function for plotting pseudotime heat-
maps was utilized to identify the significant role of dif-
ferent genes in the differentiation process. Genes with 
a q-value < 0.01 were deemed significantly altered and 
were detected using the differential GeneTest function in 
Monocle2.

Enzyme‑linked immunosorbent assay (ELISA)
Mouse blood was drawn into EDTA tubes, centrifuged 
(3000  rpm, 10  min), and plasma was stored at -80  °C. 
According to the manufacturer’s guidelines, plasma con-
centrations of anti-dsDNA antibodies, C3, and creatinine 
were determined using a Mouse ELISA Kit from Jingmei 
Biotechnology, China.

Renal histological analysis
Kidneys were harvested when the mice were euthanized 
after the administration of ApoBDs. Each kidney was 
divided in half, with one portion preserved in 4% para-
formaldehyde in PBS, then embedded in paraffin and 
sliced into 4 μm sections. The sections were dyed using 
hematoxylin and eosin (H&E) and periodic acid–Schiff 
(PAS). As outlined in reference [23], the quantification 
of renal histopathological changes was performed. In 
brief, glomerular pathology was evaluated by analyzing 
20 glomerular cross-sections from each kidney, with each 
glomerulus being rated on a semiquantitative scale con-
sidering factors like glomerular hypercellularity, mesan-
gial matrix expansion, lymphocytes infiltration, focal 
necrosis, hyalinosis and crescent formation.

For indirect immunofluorescence assessment of IgG 
and C3 deposits in kidney tissues, sections were incu-
bated with the anti-C3 antibody and anti-IgG (Abcam, 
USA) overnight at 4  °C. After washing off the primary 
antibodies, sections were stained with FITC-conjugated 
secondary antibodies at room temperature for 2 h. They 
were finally observed under a Zeiss microscope.

Lung histological analysis
The lungs were harvested when the mice were eutha-
nized after the administration of ApoBDs. Each lung tis-
sue was divided in half, with one portion preserved in 4% 
paraformaldehyde in PBS, then embedded in paraffin and 
sliced into 3  μm sections. The samples were dyed using 
H&E. The assessment and grading of inflammatory cell 
infiltration into tissues were conducted using this scale: 
0 = no inflammatory cell presence; 1 = fewer than 10 
cells detected; 2 = fewer than 20 cells observed; 3 = more 
than 20 cells identified. All the sections were assessed 

by a pathologist. The pathologist, who was not given any 
information about the trial groups, assessed five sections 
per animal [24].

Flow cytometry analysis for lymphocytes and 
macrophages in spleen
The single-cell suspension was created from spleen sam-
ples to conduct the flow cytometry experiments. Sple-
nocytes were unfrozen, resuspended with FACS buffer, 
washed and centrifuged (700  g for 5  min at 4  °C) twice 
and resuspended with PBS and FBS. Each sample was 
incubated for 30  min in darkness at room temperature 
with a range of anti-mouse monoclonal antibodies (BD 
or Biosciences): Fixable viability stain (FVD)-455UV; 
F4/80-percp-cy5.5; CD86-FITC; CD206-PE; CD3-APC-
cy7; CD4-FITC; CD25-PE; Foxp3-BV421; ICOS-BV605; 
PD-1-APC. Cells were treated with permeabilization buf-
fer (Thermofisher, USA) to stain for intracellular Foxp3 
following the guidelines provided by the manufacturer. 
Samples were examined on a FACS Calibur (BD fortessa, 
USA) and analyzed with Flowjo software.

Albuminuria
24-hour urine samples were gathered from each mouse 
using metabolic cages. Urinary albumin concentrations 
were determined with a commercially available ELISA kit 
(Solarbio, China), following the provided guidelines.

Statistical analysis
The statistical analysis was performed by GraphPad 
Prism version 8. For comparisons between two groups, 
two-tailed unpaired Student’s t-tests were applied. Mul-
tiple group comparisons were analyzed by either one-way 
or two-way analysis of variance (ANOVA). The difference 
between groups was considered statistically significant 
for *p < 0.05.

Results
Generation and characterization of M2 macrophages and 
derived-ApoBDs
To gain macrophages and derived-ApoBDs, we differen-
tiated mononuclear cells from mouse bone marrow and 
activated macrophages (Fig.  1A). In brief, mononuclear 
cells extracted from the bone marrow of mouse tibia 
were cultured with macrophage colony-stimulating fac-
tor (M-CSF) for 7 days to develop into mature macro-
phages (M0 Mφ). Macrophages showed relatively small 
and round in shape, with some protrusions (Fig. S1A). 
According to flow cytometry data, over 99% of bone mar-
row-derived mononuclear cells differentiated into F4/80-
positive M0 Mφ (Fig. S1B). We additionally activated 
the unpolarized M0 Mφ with IL-4, showing a time- and 
concentration dependent manner (Fig. S2). Therefore, 
100 µg/mL IL-4 and stimulation time of 48 h were used 
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Fig. 1 (See legend on next page.)
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to conducting the follow-up experiments. Flow cytome-
try showed that more than 95% of macrophages had been 
polarized to M2 macrophages (F4/80+CD206+) (Fig. 1B). 
To induce cell apoptosis, macrophages were washed with 
PBS and subsequently exposed to staurosporine (STS). 
Flow cytometry was employed to measure the apoptosis 
of macrophages (Fig. 1C, S3). ApoBDs were isolated from 
apoptotic macrophages by means of an enhanced den-
sity gradient centrifugation approach [25]. Subsequently, 
flow cytometry was employed to analyze Annexin V 
expression. Results showed that ApoBDs were mostly 
(above 94%) positive for Annexin V (Fig.  1D). Fluores-
cence staining was used to detect Annexin V expression, 
which revealed the exposure of phosphatidylserine (PS) 
(Fig.  1E). TEM showed that macrophages-derived Apo-
BDs were vesicles approximately 0.5  μm in diameter 
(Fig. 1F). NTA analysis results showed that the diameter 
peak value of ApoBDs was 522.5  nm (Fig. S4). Western 
blotting analysis were performed to demonstrate the 
presence of apoptosis-associated marker Caspase 3 and 
cleaved Caspase 3 (Fig. 1G). The molecular composition 
of EVs is a key area of interest in the field, as they carry 
various functional mRNA [26]. To pinpoint the specific 
mRNA features of M2 macrophages and derived-Apo-
BDs, we conducted transcriptome sequencing. A total 
of 3776 mRNA were identified (Fig.  1H), within which 
1277 mRNAs were significantly upregulated in Apo-
BDs (Fig.  1I). Subsequently, we concentrated on these 
enhanced genes and performed a functional evaluation. 
Firstly, we investigated the pathways associated with the 
upregulated mRNAs using Kyoto Encyclopedia of Genes 
and Genomes (KEGG) pathway analysis. Findings indi-
cated that these mRNAs were linked to the ‘TNF signal-
ing pathway’, ‘Toll − like receptor signaling pathway’, ‘Th1 
and Th2 cell differentiation’ and ‘NF − kappa B signaling 
pathway’, participating in the process of immune regu-
lation and inflammatory response (Fig.  1J). Regarding 
the functional annotations derived from Gene ontology 
(GO) database, the upregulated genes were categorized 
into several terms across the three domains: ‘Biologi-
cal process’, ‘Cellular component’, and ‘Molecular func-
tion’, indicating a variety of functional mRNA present 
in ApoBDs (Fig.  1K). Analysis of enrichment indicated 
that M2-ApoBDs exhibited elevated mRNA expression 
with regulatory functions, such as ‘regulation of T cells’ 
and ‘regulation of inflammatory response’. Furthermore, 

results of molecular function enrichment analysis 
showed that these genes were associated with ‘Toll − like 
receptor binding’ and ‘immune receptor activity’. The 
results indicate that M2-ApoBDs, which are rich in func-
tional mRNAs closely associated with immune regulation 
and inflammatory response, have the potential to regu-
late the function of immune cells.

ApoBDs were preferentially enriched in spleen and 
selective taken up by spleen macrophages
The spleen, a crucial organ of the immune system, is 
vital for the clearance of apoptotic cells, the activation 
of immune cells, and the production of autoantibod-
ies [27]. Dysregulated activation of immune cells in the 
spleen is linked to the pathogenesis of SLE [28]. To inves-
tigate the spleen-specific targeting capability of ApoBDs, 
we detected the distribution of administered ApoBDs 
in MRL/lpr mice model at 2 h, 6 h, 12 h and 24 h (Fig. 
S5). Ex vivo fluorescence imaging of organs showed sig-
nificant accumulation of ApoBDs in spleen at 24 h post-
injection, second only to the liver (Fig. 2A, B). To explore 
the selective cellular targeting ability, flow cytometry 
analysis revealed that spleen macrophages engulfed a 
higher percentage of ApoBDs compared to CD4+T cells, 
CD8+T cells and B cells (73.4% vs. 7.93% vs. 3.13% vs. 
9.73%) (Fig. 2C, S6). The tissue fluorescence results fur-
ther confirmed accumulation of ApoBDs in the spleen 
macrophages at 24  h post-injection (Fig.  2D). In sum-
mary, these findings indicated the remarkable targeting 
ability of ApoBDs to spleen tissue and the specific up-
taken by macrophages just as we expected.

M2-ApoBDs induced functional changes in spleen 
macrophages in MRL/lpr mice
Previous studies have demonstrated that ApoBDs can 
significantly influence the immune response in mac-
rophages [29]. To further study the immune regula-
tion effect of M2-ApoBDs on macrophages in SLE, we 
administered M0 and M2-ApoBDs via tail vein injec-
tions to 10-week-old MRL/lpr mice weekly for 8 weeks. 
Single-cell suspension of the spleens was profiled with 
scRNA-seq.  Based on specifically upregulated gene sig-
natures in each cluster, 9 major cell types were identified 
[30]: Basophils (Cpa3, Ms4a2), NK cells (Ncr1, Klrd1), 
Dendritic cells (Olfm1, Xcr1, Clec9a), Plasma cells (Igkc, 
Jchain), Macrophages (CD68, C1qb, C1qc), Neutrophils 

(See figure on previous page.)
Fig. 1  Generation and characterization of M2 Mφ and derived-ApoBDs. (A) Schematic showed the purification of M2-ApoBDs through primary cell 
extraction, apoptosis induction and multiple centrifugations, as well as the production of ApoBDs. (B-C) Flow cytometric analysis showed that the propor-
tion of M0, M2 Mφ and apoptotic Mφ. (D) Flow cytometric examination of Annexin V (green) staining in ApoBDs. (E) Representative microscopy images 
of Annexin V (green) staining in ApoBDs. Scale bars, 20 μm. (F) Representative TEM image of ApoBDs. Scale bars = 200 nm. (G) Western blotting analysis of 
M2 Mφ and derived-ApoBDs. (H) Heatmap representation of mRNA sequences between M2-ApoBDs and M2 Mφ (Fold change > 1 and P value < 0.05). (I) 
The volcano plot illustrates mRNAs that are significantly increased (red dots) and decreased (blue dots) in M2-ApoBDs relative to M2 macrophages (Fold 
change > 1, P value < 0.05). (J) KEGG pathway analysis of significantly upregulated mRNAs in M2-ApoBDs. (K) GO analysis of notably increased mRNAs in 
M2-ApoBDs, categorized into ‘Cellular component’, ‘Molecular function’ and ‘Biological process’
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(Camp, Cxcl2, Retnlg), Erythrocytes (Hba-a2, Hba-a1), 
B cells (Ms4a1, CD19, CD79a), T cells (CD3g, CD3e, 
CD3d) (Fig.  3A-B). To explore the change of gene 
expression in macrophages cluster, a volcano plot and 

heatmap showing specific differentially expressed genes 
(DEGs) were created (Fig.  3C-D). Results showed that 
compared with that of M0-ApoBDs treatment group, 
15 genes exhibited up-regulated expression, while 74 

Fig. 2  ApoBDs were preferentially enriched in spleen and selective taken up by macrophage. (A) Ex vivo fluorescence imaging of the major organs 24 h 
after injection of DiR-labeled ApoBDs. (B) Quantification of average fluorescence units in organs of lung, liver and spleen. The color scale corresponds to 
radiant efficiency [(p/sec/cm2/sr)/(µW/cm2)]. (C) Flow cytometric analysis showed the uptake of Dil-labeled ApoBDs by macrophages, CD4+T cells, CD8+T 
cells and B cells in the spleen. (D) Representative immunofluorescent (IF) staining images of F4/80 (green) and Dil-labeled ApoBDs (red) in the spleen, 
counterstained by DAPI (blue). Scale bars, 100 μm
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Fig. 3 (See legend on next page.)
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genes showed down-regulated expression in the mac-
rophage cluster of M2-ApoBDs treatment group (Fold 
change > 0.2, p < 0.05). Several genes with the potential 
to induce inflammation were down-regulated, including 
Tgpt1 (also known as Irgb6) [31], Oasl2 [32], Irf7 [33], 
S100a9 [34], Rsad2 [35], Klrk1 [36], and anti-inflam-
matory genes are up-regulated, including Hspa1a (also 
known as Hsp72) [37], Dnajb1 [38], Lrp1 [39], Ifngr1 
[40]. Significantly, Tgpt1, Oasl2 and Irf7 were important 
immune-related genes that played a crucial role in the 
functional regulation of macrophages [41]. The expres-
sion of Irf7 is closely related to the polarization state of 
macrophages, and it may influence the immune patho-
logical processes of SLE by regulating macrophage activ-
ity [42]. Then, we investigated the pathways associated 
with DEGs between M0-ApoBDs and M2-ApoBDs treat-
ment groups via KEGG pathway analysis. KEGG enrich-
ment analysis showed that several inflammatory-related 
pathways, e.g. ‘TNF signaling pathway’ and ‘NOD-like 
receptor signaling pathway’ were highly enriched for 
these downDEGs in macrophages from M2-ApoBDs 
treatment groups (Fig. 3E). GSEA results of KEGG terms 
further revealed that ‘TNF signaling pathway’ and ‘NOD-
like receptor signaling pathway’ were down-regulated in 
M2-ApoBDs treatment groups (Fig. 3F-G). ‘T cell signal-
ing pathway’ and ‘TGF-β signaling pathway’ were up-reg-
ulated in M2-ApoBDs treatment groups, which reminded 
us that reprogrammed macrophage might interact with 
T cells, especially Treg cells (Fig. S7A-B). M1-like (pro-
inflammatory) and M2-like (anti-inflammatory) macro-
phages are the two extremes on this functional spectrum, 
so we checked the effects of ApoBDs on macrophage 
M1/M2 polarization by using flow cytometry (Fig. S8). 
The percentage of M1 macrophages (F4/80+CD86+) in 
spleen after treatment with M2-ApoBDs was down-
regulated, compared to M0-ApoBDs and non-inter-
vention treatment group, by using flow cytometry 
(Fig.  3H-I). Meanwhile, the percentage of M2-like mac-
rophage (F4/80+CD206+) was significantly up-regulated 
(Fig. 3J-K). These results indicated that targeting delivery 
of M2-ApoBDs leaded to transcriptional reprogramming 
of macrophages in spleen of MRL/lpr mice.

M2-ApoBDs induced M2-like (anti-inflammatory) 
reprogramming of macrophages in vitro
We firstly assessed the efficiency of the uptake of Apo-
BDs and found that ApoBDs could be up-taken by mac-
rophages at 6  h and 12  h (Fig.  4A; Fig. S9). To verify 
whether M2-ApoBDs can trigger the M2 reprogramming 
in macrophages, 100ng/mL LPS pre-stimulated BMDMs 
were used to mimic SLE macrophages firstly (Fig. S10), 
then we incubated macrophages with ApoBDs at con-
centration gradients of 0–100 µg/mL for 24 h to observe 
the effect of ApoBDs on reprogramming of macrophages. 
Flow cytometry method was used to detect the percent-
age of F4/80+ CD206+ cells, showing that the percent-
age of M2 reached 75.4% at a concentration of 10 µg/mL 
when incubated with M2-ApoBDs, and this significantly 
increased to 86.2% at 100  µg/mL ApoBDs (Fig.  4B, C). 
Therefore, the 100 µg/mL concentration of M2 ApoBDs 
were selected to conduct the following experiments. 
Western blot results showed that CD206 protein expres-
sion level in macrophages after M2-ApoBDs incubation 
increased, while the protein expression levels of iNOS 
and CD86 decreased (Fig.  4D, E). QRT-PCR results 
were consistent with previous Western blot experiments 
(Fig. 4F-I). Elisa results showed the expressions of TNF-α 
and IL-6 were down-regulated in M2-ApoBDs-cocul-
tured group (Fig. 4J, K). These results indicate that mac-
rophages can be successfully reprogrammed into M2-like 
(anti-inflammatory) macrophages by M2- ApoBDs-
guided phenotypic switch.

M2-ApoBDs promoted the differentiation of Treg cells in 
MRL/lpr mice
Macrophages are crucial in regulating adaptive immune 
response, especially T cell immune regulation. Mac-
rophages are capable of facilitating and delivering the 
essential costimulatory signaling and cytokine release 
necessary for T cell activation [43]. Quantitative and 
functional impairments of Treg cells have been observed 
in numerous autoimmune disorders, especially SLE [44]. 
According to the recently published single-cell data of 
immune canonical markers [45], T cells were categorized 
into 14 clusters (Fig.  5A). Expression levels of 14 T cell 
clusters marker genes were showed in Fig. S11. To dis-
cover the effect of M2-ApoBDs on T cell differentiation, 
we carried out the pseudo-time analysis of T cell clusters. 

(See figure on previous page.)
Fig. 3  M2-ApoBDs induced functional changes in spleen macrophages in MRL/lpr mice. (A) UMAP analysis showed that there were 9 different cell clus-
ters in the spleen. Different cell clusters are color-coded. (B) Expression levels of cell marker genes used to define 9 cell clusters. (C) Volcano plot showing 
significantly up-regulated (red dots) and down-regulated (blue dots) mRNAs in spleen macrophages of M2-ApoBDs compared to M0-ApoBDs (Fold 
change > 0.2, P value < 0.05). (D) Heatmap representation of mRNA sequences in spleen macrophages between M2-ApoBDs and M0-ApoBDs treatment 
group (Fold change > 0.2 and P value < 0.05). (E) KEGG pathway analysis of significantly down-regulated mRNAs in macrophages from M2-ApoBDs treat-
ment group. (F-G) GSEA-KEGG analysis showed ‘TNF signaling pathway’ and ‘NOD-like receptor signaling pathway’ were down-regulated in M2-ApoBDs 
treatment groups. (H-I) Flow cytometric analysis showed the proportion of F4/80+ CD86+ cells in spleen after M2-ApoBDs or M0-ApoBDs administration. 
(J-K) Flow cytometric analysis showed the proportion of F4/80+ CD206+ cells after M2-ApoBDs or M0-ApoBDs administration. Statistical analysis was 
processed using a one-way ANOVA with multiple comparison test (*p < 0.05)
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Fig. 4 (See legend on next page.)
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As shown in Fig. 5B, the trend of Treg differentiation was 
obvious in active stage. In order to further examine the 
changes in gene expression, we performed pseudo-time 
analysis on the single cells. Foxp3, a marker of Treg cells, 
showed relatively high expression in M2-ApoBDs-treated 
group (Fig. 5C, D). Therefore, we supposed that the treat-
ment of M2-ApoBDs could promoted the differentiation 
of Treg cells in MRL/lpr mice. Then, we performed the 
transcriptome analysis of Treg cluster and identified 11 
upregulated genes and 15 downregulated genes, includ-
ing Irf7, S100A9 and Danjb, which were also included in 
the differential genes of macrophage cluster (Fig. 5E, F). 
These results reminded us that reprogrammed macro-
phages could regulate Treg cell differentiation through 
intercellular interaction. With regard to the functional 
analysis based on KEGG database, the DEGs in Treg 
cluster were associated with immunity and inflammation, 
including ‘NOD-like receptor signaling pathway’, ‘PI3K-
Akt signaling pathway’, ‘IL-17 signaling pathway’, and 
‘Toll-like receptor signaling pathway’ (Fig.  5G). GSEA 
results revealed that ‘TGF-β signaling pathway’ was up-
regulated in M2-ApoBDs treatment groups (Fig. 5H). We 
also sought to assess the effect of ApoBDs treatment on 
Treg cells via flow cytometry analysis. Our investigations 
showed that the proportion of Treg cells and ICOS+ Treg 
cells in spleen were increased after M2-ApoBDs injection 
(Fig. 5I-L).

M2 macrophages reprogrammed by M2-ApoBDs promoted 
the differentiation of Treg cells in vitro
Macrophages can modulate T cell suppression via direct 
interaction and the release of cytokines and metabolic 
byproducts [46]. To determine whether reprogrammed 
macrophages regulated the differentiation of Treg cells, 
we established the flow cytometry panel of Treg cells (Fig. 
S12A) and cocultured splenocytes with macrophages 
after incubated with M2-ApoBDs or M0-ApoBDs. Our 
observations revealed that the proportion of Treg cells 
increased when cocultured with macrophages after incu-
bated with 10–100  µg/mL M2-ApoBDs in direct cocul-
ture (Fig. S12B). To discover the contact dependent 
manner between macrophage and T cells, we used two 
cell culture methods of direct coculture and trans-well 
coculture. As the result showed, the proportion of Treg 
cells increased cocultured splenocytes with macrophages 
after incubated with M2-ApoBDs in direct coculture 
(Fig. 6C-H), not in trans-well coculture manner (Fig. 6A, 

B), which indicated that macrophages might promote 
the differentiation of Treg cells through receptor-ligand 
interaction. ICOS (inducible T-cell co-stimulator) and 
PD-1 (programmed cell death protein 1), as costimula-
tory molecules, regulate Treg cells expansion [47]. There-
fore, we detected the percentage of ICOS+ Treg cells and 
PD-1+ Treg cells after cocultured with macrophages. The 
percentage of ICOS+ Treg cells elevated significantly after 
cocultured with M2 macrophages. However, the propor-
tion of PD-1+Treg cells showed no statistical difference. 
Taken together, M2 macrophages triggered the differen-
tiation of Treg cells in direct contact manner. To inves-
tigate intercellular receptor-ligand interaction, we used 
CellChat to explore cell-cell communications between 
macrophages and other immune cells. It was found that 
macrophages might interact with Treg cells via APP-
CD74 ligand-receptor pairs in the M2-ApoBDs treatment 
group (Fig. 6I-J).

Multiple mRNAs were up-regulated in M2-ApoBDs 
compared to M0-ApoBDs, of them, Mgl2 played a vital role
ApoBDs have been shown to carry functional mRNA 
cargos to recipient cells, thus play an important role in 
intercellular communication [48]. We assessed whether 
M2-ApoBDs could carry functional mRNAs, which 
would lead to mRNA expression in macrophages that 
internalize them. Therefore, ApoBDs isolated from M0 
macrophages and M2 macrophages were subjected to 
mRNA sequencing (Fig.  7A). A total of 469 differen-
tially expressed mRNAs were identified, including 113 
up-regulated mRNAs in M2-ApoBDs (Fig.  7B). The top 
4 up-regulated mRNAs (Ccl8, Rnase2a, Mgl2 and Chil3) 
were selected for preliminary validation. Of them, the 
expression of Mgl2 was significantly upregulated in 
M2-ApoBDs compared with M0-ApoBDs (Fig.  7C). 
To further discover the relationship between Mgl2 and 
Macrophage phenotype, we transfected macrophages 
with Mgl2 siRNA or negative control (NC). According 
to the transfection efficiency, si-Mgl2 4# was selected 
for the next experiment (Fig. S13A). The results of qRT-
PCR indicated that si-Mgl2 4# significantly reduced 
CD206 expression and induced iNOS expression (Fig. 
S13B, C). We then examined the impact of si-Mgl2 on 
inflammation. The application of Mgl2 siRNA to mac-
rophages led to a notable augmentation in TNF-α and 
IL-6 (Fig. S13D-E). There was no statistical difference in 
the expression of IL-1β, but there was an upward trend 

(See figure on previous page.)
Fig. 4  M2-ApoBDs induced M2-like (anti-inflammatory) reprogramming of macrophages in vitro. (A) fluorescence images of Mφ incubation with of 
Dil-labeled ApoBDs (Red) at 6 h. Scale bars, 10 μm. (B-C) Flow cytometric analysis showed the proportion of F4/80 + CD206 + cells after M2-ApoBDs or 
M0-ApoBDs incubation. (D-E) Western blot analysis of Mφ treated with 100 µg/mL of M2-ApoBDs or M0-ApoBDs. (F-G) Relative gray value of CD206, iNOS 
and CD86 in Mφ. (H-J) Relative mRNA expression of CD206, iNOS and CD86 in Mφ. (I) Heat map for expression analysis (using RT-qPCR) of CD206, iNOS 
and CD86. (J-K) Elisa was used to detect the levels of of TNF-α and IL-6 in ApoBDs and macrophages cocultured supernantant. Statistical analysis was 
processed using a one-way or two-way ANOVA with multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001)



Page 14 of 21Ji et al. Journal of Nanobiotechnology          (2025) 23:354 

Fig. 5 (See legend on next page.)

 



Page 15 of 21Ji et al. Journal of Nanobiotechnology          (2025) 23:354 

(Fig. S13F). Therefore, Mgl2 played a vital role in macro-
phage reprogramming. KEGG pathway analysis revealed 
upregulated-DEGs in M2-ApoBDs were linked to cellular 
behavior, signaling transduction and immune regulation, 
such as ‘Chemokine signaling pathway’, ‘Cytokine − cyto-
kine receptor interaction’ and ‘Antigen processing and 
presentation’ (Fig. 7D). Similarly, concerning the ‘Molec-
ular function’ category in GO database, there was an 
obvious enrichment of DEGs linked to cellular behavior, 
signaling transduction, including ‘chemokine activity’, 
‘CCR chemokine receptor binding’, ‘chemokine receptor 
binding’ and ‘receptor ligand activity’. These data indi-
cated that multiple functional mRNAs were up-regulated 
in M2-ApoBDs compared to M0-ApoBDs, among them, 
Mgl2 played a vital role.

Administration of M2-ApoBDs improved SLE clinical 
manifestation
To determine whether increased M2-ApoBDs accumula-
tion in spleen and subsequent macrophages polarization 
to Treg immune regulation could further ameliorate SLE, 
10-week-old MRL/lpr mice were tail vein injected M0 
and M2-ApoBDs once a week for 8 weeks (Fig. 8A). At 18 
weeks, blood, kidneys, lungs, and spleens were collected 
from all mice. Our findings indicated that M2-ApoBDs 
significantly decreased the levels of albuminuria and 
creatinine in MRL/lpr mice, but M0-ApoBDs did not 
(Fig. 8B, C). Complement C3 and anti-dsDNA autoanti-
body are commonly associated with lupus activity, so we 
measured their levels using ELISA Kits. The level of anti-
dsDNA was decreased in M2-ApoBDs-treated group 
(Fig. 8D). Although the level of C3 did not reach statis-
tical difference, there was an upward trend in M2-Apo-
BDs-treated group (Fig. 8E). We think that the expression 
trend of C3 was meaningful. The small sample size, 
individual variations and the timing of detection might 
explain why plasma C3 levels did not show statistically 
significant differences. HE staining of the lung sections 
revealed M2-ApoBDs reduced interstitial lung inflam-
mation and the histologic score (Fig.  8F, G). Results of 
H&E and PAS staining revealed that M2-ApoBDs therapy 
downregulated immune cell infiltration in the kidney 
interstitium and lessened glomerular mesangial enlarge-
ment (Fig. 8H-J). The application of M2-ApoBDs signifi-
cantly decreased glomerular C3 and IgG depositions in 

kidney compared to M0-ApoBDs and non-intervention 
group (Fig.  8K, L). The complement C3 might be pri-
marily activated locally in the kidneys without entering 
the systemic circulation in large quantities, which could 
explain why plasma C3 levels did not show statistically 
significant differences, but the immunofluorescence 
results show significant differences. A toxicity assessment 
was performed in normal mice following the adminis-
tration of M0 and M2-ApoBDs. Histological analysis 
showed no obvious acute organ damage in any of the 
treated groups (Fig. S14). Overall, the findings indicated 
that M2-ApoBDs with improved immunomodulatory 
properties could serve as a safe and effective treatment 
option for SLE.

Discussion
In this study, we successfully isolated M2-ApoBDs which 
could be captured by spleen tissue, especially spleen 
macrophages, which provided a possibility to regulate 
the polarization of macrophages. The efferocytosis of 
M2-ApoBDs induced transcriptional reprogramming 
of M2 macrophages, then induced-M2 macrophage 
enhanced the differentiation of Treg cells in cellular 
direct contact. Systemic administration of M2 macro-
phages derived-ApoBDs could alleviate the development 
of SLE by macrophage reprogramming and Treg differen-
tiation. Taken together, M2-ApoBDs represents a prom-
ising strategy for SLE therapy.

Targeted immune therapy is an attractive strategy for 
autoimmune disease, including SLE [49, 50]. Although 
EVs from living cells have received substantial atten-
tion recently, our knowledge about ApoBDs generated 
by apoptotic cells remains quite limited [16]. During cell 
apoptosis, ApoBDs are uniquely formed to encapsulate 
cellular components produced in the process. PtdSer rec-
ognition receptors are crucial for identifying and engulf-
ing apoptotic bodies [51]. Antigen-presenting cells such 
as macrophages phagocytose apoptotic bodies, present-
ing antigens to the immune system to modulate T cell 
responses. ApoBDs possess characteristics such as high 
stability, biocompatibility, immunogenicity, and precise 
targeting, making them a promising option for immuno-
therapy [52]. Previous study showed that apoptotic ves-
icles derived from MSCs could reprogram macrophages 
at the transcriptional level through efferocytosis, reduce 

(See figure on previous page.)
Fig. 5  M2-ApoBDs promoted the differentiation of Treg cells in MRL/lpr mice. (A) UMAP analysis showed that there were 23 different cell clusters in 
the spleen. Different cell clusters are color-coded. (B) Pseudo-time analysis of T cell clusters. (C-D) The expression of Foxp3 was upregulated as T cells 
differentiated. (E) Volcano plot showed significantly upregulated (red dots) and downregulated (blue dots) mRNAs in spleen Treg cells of M2-ApoBDs 
compared to M0-ApoBDs (Fold change > 0.2, P value < 0.05). (F) Heatmap representation of mRNA sequences in spleen Treg cluster between M2-ApoBDs 
and M0-ApoBDs treatment group (Fold change > 0.2 and p value < 0.05). (G) KEGG pathway analysis of significantly downregulated mRNAs in Treg cells 
from M2-ApoBDs treatment group. (H) GSEA-KEGG analysis showed ‘TGF-β signaling pathway’ was up-regulated in M2-ApoBDs treatment groups. (I-J) 
Flow cytometric analysis showed the proportion of Treg cells after M2-ApoBDs or M0-ApoBDs administration. (K-L) Flow cytometric analysis showed the 
proportion of ICOS+ Treg cells after M2-ApoBDs or M0-ApoBDs administration. Statistical analysis was processed using a one-way ANOVA with multiple 
comparison test (*p < 0.05)
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macrophage accumulation and improve type 2 diabe-
tes [53]. Neutrophil apoptotic bodies, actively targeted 
to macrophages, could alleviate myocardial infarction 
by enhancing macrophage efferocytosis and resolving 

inflammation [54]. Our study demonstrated that ApoBDs 
could selectively target and localize to the spleen, sec-
ond only to the liver. The liver, as a key organ for drug 
metabolism and a site rich in macrophages (e.g. Kupffer 

Fig. 6  M2 macrophages reprogrammed by M2-ApoBDs enhanced the differentiation of Treg cells in vitro. (A-B) Flow cytometric analysis showed the pro-
portion of Treg cells transwell cocultured splenocytes with Mφ after incubated with M2-ApoBDs or M0-ApoBDs. (C-D) Flow cytometric analysis showed 
the proportion of Treg cells direct cocultured splenocytes with Mφ after incubated with M2-ApoBDs or M0-ApoBDs. (E-F) Flow cytometric analysis 
showed the proportion of ICOS+ Treg cells direct cocultured splenocytes with Mφ after incubated with M2-ApoBDs or M0-ApoBDs. (G-H) Flow cytometric 
analysis showed the proportion of PD-1+Treg cells cocultured splenocytes with Mφ after incubated with M2-ApoBDs or M0-ApoBDs. (I-J) CellChat was 
used to analyze the relationship between immune-related ligands and receptors to predict the interaction between macrophages and other immune 
cells. Statistical analysis was processed using a one-way ANOVA with multiple comparison test (*p < 0.05, **p < 0.01, ***p < 0.001)
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cells), is capable of engulfing apoptotic bodies and other 
nanoparticles. The spleen and liver sequester most of 
administered nanoparticles, including apoptotic bod-
ies, preventing them from entering the diseased tissue. 

Therefore, they may be the main barrier in the treatment 
of some diseases using nanomedicine, such as tumors 
or cardiovascular disease. However, it represents a great 
opportunity to therapeutically target splenocytes for 

Fig. 7  Multiple mRNAs were up-regulated in M2-ApoBDs compared to M0-ApoBDs, of them, Mgl2 played a vital role. (A) Heatmap representation of 
mRNA sequences between M2-ApoBDs and M0 ApoBDs. (B) Volcano plot showing significantly upregulated (red dots) and downregulated (blue dots) 
mRNAs in M2-ApoBDs compared to M0 ApoBDs (Fold change > 1, p < 0.05). (C) The expression of Ccl8, Rnase2a, Chil3 and Mgl2 in M2-ApoBDs and M0 
ApoBDs by qRT-PCR. (D) KEGG pathway analysis of upregulated mRNAs in M2-ApoBDs. (E) GO analysis of upregulated mRNAs in M2-ApoBDs, categorized 
into ‘Cellular component’, ‘Molecular function’ and ‘Biological process’. Statistical analysis was processed using a one-way ANOVA with multiple compari-
son test (*p < 0.05, **p < 0.01, ****p < 0.0001)
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Fig. 8 (See legend on next page.)
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treating SLE [55]. The spleen plays a central role in main-
taining immune tolerance by clearing apoptotic cells, 
inducing Treg differentiation, and suppressing autore-
active T cells. Dysregulation of the spleen contributes 
to lupus [56]. Making targeting splenic immunoregula-
tory mechanisms provides a promising new direction 
for lupus therapy. Therefore, we further explore the tar-
get cells of apoptotic bodies in the spleen. Flow cytom-
etry analysis revealed splenic macrophages have higher 
uptake efficiency (73.4%) compared to T cells and B cells. 
This finding suggested a potential role for ApoBDs in SLE 
therapy.

Macrophages, innate immune cells present in nearly 
all tissues, play a pivotal role in initiating, sustaining, 
and resolving inflammation. Their functions critically 
influence tissue damage or repair, and immune regu-
lation [57]. The effects of macrophages are associated 
with the significant diversity and plasticity among vari-
ous phenotypes. In brief, macrophages stimulated by 
specific microenvironmental signals can be categorized 
into two main types: M1 macrophages, which are clas-
sically activated and have pro-inflammatory properties, 
and M2 macrophages, which are alternatively activated 
and involved in anti-inflammatory responses and tissue 
repair [58, 59]. The polarization of macrophages is cru-
cial for the progression and prognosis of autoimmune 
diseases, including SLE [6]. Dysregulation of macrophage 
phenotypes is known to play a pathogenic role in SLE. 
M1 macrophages are frequently appear in SLE with pro-
inflammatory profiles [60]. Defective M2 macrophages 
could uncontrollably produce cytokines that contributed 
to the development of SLE [61]. This functional adapt-
ability holds immense therapeutic value as it can be uti-
lized to restore balance between different macrophage 
subtypes. Thus, the regulation of macrophages provides a 
potential approach for treating SLE [62]. Wei Huang et al. 
found that M2-ApoBDs could alleviate osteoarthritis pro-
gression by transforming M1 macrophages into a M2-like 
phenotype [63]. Our results showed that M2-ApoBDs 
could promote the transcriptional reprogramming of M2 
(anti-inflammatory) macrophages via scRNA-seq in vivo 
and also in vitro, which provided an immunological basis 
in the treatment of SLE.

The reduction in the frequencies and malfunction 
of Treg cells are one of important mechanisms for the 
breakdown of peripheral tolerance and onset of SLE [64]. 
Enhancing self-tolerance by promoting functional Treg 
cells is a potential treatment for SLE [65]. Macrophages 

can regulate T cell immune through direct cellular inter-
actions (e.g. Receptors-ligands) and through non-cellu-
lar direct contact (e.g. secretion of cytokines). Previous 
research showed that preprogrammed macrophages 
could enhance the functionality of Treg cells via the PD-
L1-PD-1 pathway for autoimmune disease therapy [66]. 
Our experiments revealed that after incubated with 
M2-ApoBDs, M2 macrophages triggered the differen-
tiation of Treg cells in direct contact coculture manner, 
which also reminded us that macrophages might promote 
the differentiation of Treg cells through receptor-ligand 
interaction. We used CellChat to study cell-cell commu-
nications between macrophages and other immune cells. 
It was found that macrophages might interact with Treg 
cells via APP-CD74 ligand-receptor pairs in the M2-Apo-
BDs treatment group. CD74 is a type II transmembrane 
glycoprotein, which is mainly involved in antigen pre-
sentation, inflammatory signal transduction and other 
processes, and can effectively promote the activation of 
CD4+T cells [67]. The characteristics of macrophages 
can affect their capacity to display costimulatory or coin-
hibitory molecules, thereby regulating T cell activation or 
suppression [46].

However, there are a few limitations of our study. Our 
current study elucidated the immunoregulatory func-
tions of ApoBDs and investigated the preliminary safety 
and efficacy of ApoBD-based therapy. A comprehensive 
evaluation of chronic toxicity would require large-scale 
animal studies with extended observation periods and 
specialized toxicological testing. Currently, we have com-
pleted preliminary safety assessments. Further research 
is essential to fully understand chronic toxicity, immune 
tolerance, and potential off-target effects of ApoBDs.

Conclusion
In summary, we collected M2 ApoBDs which were cap-
tured by spleen macrophages in vivo. Efferocytosis of 
ApoBDs could induce transcriptional reprogramming 
of spleen macrophages and then modulated Treg cells 
differentiation through this ligand-receptor interaction 
based on scRNA-seq. Because of targeted immune regu-
lation function, systemic administration of M2-ApoBDs 
could alleviate the development of SLE. Overall, these 
findings not only provide promising employment for 
M2-ApoBDs in the treatment of SLE but also highlight 
the immune regulation potential of M2-ApoBDs for 
SLE, which enhances the possibility of M2-ApoBDs tar-
geted immune therapy in clinical application. Therefore, 

(See figure on previous page.)
Fig. 8  Administration of M2 macrophages derived-ApoBDs improved SLE clinical manifestation. (A) Flowchart of mice ApoBDs treatment. (B) 24-hours 
urinary protein was measured by coomassie brilliant blue method. (C-E) Elisa was used to detect the levels of creatinine, C3 and anti-dsDNA. (F-G) Rep-
resentative photographs of lung sections stained with HE. Scale bar: 200 μm. (H-J) Representative photographs of kidney sections stained with HE, PAS. 
Scale bar: 50 μm and 100 μm. (K-L) Immunofluorescence staining for mouse IgG and C3. Scale bar: 100 μm. Statistical analysis was processed using a 
one-way ANOVA with multiple comparison test (*p < 0.05, **p < 0.01, ****p < 0.0001)
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further research and clinical investigations are warranted 
to delve into the long-term effects of M2-ApoBDs in 
treating SLE.
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