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Exosomes derived from LPS‑preconditioned 
bone marrow‑derived MSC modulate 
macrophage plasticity to promote allograft 
survival via the NF‑κB/NLRP3 signaling pathway
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Abstract 

Objectives  This study investigated whether exosomes from LPS pretreated bone marrow mesenchymal stem cells 
(LPS pre-MSCs) could prolong skin graft survival.

Methods  The exosomes were isolated from the supernatant of MSCs pretreated with LPS. LPS pre-Exo and rapa-
mycin were injected via the tail vein into C57BL/6 mice allografted with BALB/c skin; graft survival was observed 
and evaluated. The accumulation and polarization of macrophages were examined by immunohistochemistry. The 
differentiation of macrophages in the spleen was analyzed by flow cytometry. For in vitro, an inflammatory model 
was established. Specifically, bone marrow-derived macrophages (BMDMs) were isolated and cultured with LPS 
(100 ng/ml) for 3 h, and were further treated with LPS pre-Exo for 24 h or 48 h. The molecular signaling pathway 
responsible for modulating inflammation was examined by Western blotting. The expressions of downstream inflam-
matory cytokines were determined by Elisa, and the polarization of macrophages was analyzed by flow cytometry.

Results  LPS pre-Exo could better ablate inflammation compared to untreated MSC-derived exosomes (BM-Exo). 
These loaded factors inhibited the expressions of inflammatory factors via a negative feedback mechanism. In vivo, 
LPS pre-Exo significantly attenuated inflammatory infiltration, thus improving the survival of allogeneic skin graft. 
Flow cytometric analysis of BMDMs showed that LPS pre-Exo were involved in the regulation of macrophage polari-
zation and immune homeostasis during inflammation. Further investigation revealed that the NF-κB/NLRP3/procas-
pase-1/IL-1β signaling pathway played a key role in LPS pre-Exo-mediated regulation of macrophage polarization. 
Inhibiting NF-κB in BMDMs could abolish the LPS-induced activation of inflammatory pathways and the polarization 
of M1 macrophages while increasing the proportion of M2 cells.

Conclusion  LPS pre-Exo are able to switch the polarization of macrophages and enhance the resolution of inflam-
mation. This type of exosomes provides an improved immunotherapeutic potential in prolonging graft survival.
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Introduction
In the face of end-stage organ failure, organ transplan-
tation has been recognized as one of the most effective 
treatments, but graft rejection raises a great challenge 
for long-term graft survival [1]. In transplantation biol-
ogy, how to induce transplantation tolerance while avoid-
ing long-term immunosuppression remains a key goal 
of research [2]. Recent articles have shown that mac-
rophages are associated with allograft rejection [3]. More 
specifically, macrophages have been detected in acute 
antibody-mediated and cell-mediated rejection [4, 5], 
and have also been implicated in both mouse and human 
chronic allograft injury models [6, 7]. Some authors 
reported that macrophages accounted for up to 60% of 
immune cells in severe rejection after kidney transplan-
tation. By examining the role of CD68+ CD206+ mac-
rophages in kidney rejection after transplantation, Toki 
et  al. [8] summarized that the number of macrophages 
was positively related to the expressions of whole-tissue 
inflammatory genes and negatively related to the allo-
graft outcomes. These findings suggest that macrophages 
play a pivotal role in the allograft rejection process and 
that targeting macrophages is a promising strategy for 
improving immune tolerance and prolonging allograft 
survival.

With the growth of knowledge in the field of immu-
noregulation in recent decadea, cell-based therapy has 
emerged as a novel technique for attenuating transplant 
rejection [9]. Owing to advantages of good migratory 
ability, plasticity, paracrine activity, immune modulation, 
and regenerative properties, mesenchymal stem cells 
(MSCs) have been recognized as important candidates 
for cell-based therapeutics, especially in organ trans-
plantation. Previous studies revealed that MSCs had 
strong anti-inflammatory effects and excellent immu-
nomodulatory properties [10, 11]. Interestingly, the 
immunomodulatory and immunosuppressive functions 
of mesenchymal stem cells (MSCs) primarily rely on 
their paracrine effects [12]. Exosomes, which are com-
posed of protein, lipid or microRNA cargos, are the 
primary paracrine effectors for MSCs [13–15]. Recent 
studies have shown that exposure to a lipopolysaccharide 
(LPS)-preconditioned culture environment can promote 
the functional properties and trophic effects of MSCs in 
defending inflammatory conditions [14, 16–18]. How-
ever, it remains uncertain whether exosomes from LPS-
preconditioned MSCs (LPS pre-Exo) can induce allograft 
rejection by regulating macrophages.

The nuclear factor kappa B (NF-κΒ) pathway, as a criti-
cal proinflammatory pathway, contributes to M1 polari-
zation[19]. Suppression of the NF-κΒ pathway has been 
demonstrated to deactivate the priming signal of the 
pyrin domain-containing 3 (NLRP3) inflammasome, 

leading to attenuation of the inflammatory cascade by 
promoting the transition from the M1 to M2 polariza-
tion state [20]. Many studies have indicated that NLRP3 
inflammasome dysregulation is involved in several auto-
immune and inflammatory diseases, as well as graft-ver-
sus-host disease (GvHD), and skin and corneal allograft 
rejection [21–25]. Nonetheless, the mechanism by which 
LPS pre-Exo mediates its immunomodulatory function 
through the NF-κΒ/NLRP3 pathway warrants further 
investigation.

In this study, we aimed to characterize the exosomes 
secreted by LPS-preconditioned bone marrow MSCs 
(LPS pre-BM-MSCs) so as to examine the effect of LPS 
pre-Exo on immunosuppressive allograft rejection and 
clarify the related mechanism. Our results revealed that 
LPS pre-Exo were able to effectively trigger macrophage 
polarization into the regenerative M2 phenotype and 
prolong the survival of skin graft. In addition, we also 
examined the NF-κB/NLRP3/ASC/procaspase-1 signal-
ing pathway, which was shown to be involved in the ther-
apeutic effect of LPS pre-Exo. Our research supported 
that LPS pre-Exo could prolong allograft survival as a 
therapeutic strategy.

Results
Characterization of LPS‑pre‑Exos
Bone marrow-derived MSCs were isolated from SD rats 
and preprocessed with 100 ng/ml LPS for 48 h. The BM-
MSCs appeared to be irregularly triangular-shaped or 
spindle-shaped under microscope (Additional file 1: Fig. 
S1a). The MSC purity was examined by flow cytometry 
based on the positive marker expressions of CD29, CD44, 
and CD90 and the negative marker expression of CD45 
(Additional file 1: Fig. S1c). The isolated BM-MSCs were 
found to be able to differentiate into osteoblasts, chond-
roblasts and adipocytes (Additional file  1: Fig. S1b). No 
significant apoptosis was observed in BM-MSCs treated 
with LPS after AMCYAN-Live staining (Additional 
file  1: Fig. S1d, e). The data confirmed that the original 
features of MSCs were not changed by LPS exposure. 
Then, exosomes were purified from the supernatant of 
BM-MSCs treated with or without LPS through gradient 
centrifugation and were verified by transmission electron 
microscopy (TEM), nanoparticle tracking analysis (NTA) 
and Western blotting, respectively. Morphologically, 
LPS-pre-Exos were cup‐shaped spherical vesicles in TEM 
images (Fig.  1A), which was not significantly different 
from BM-Exo. The specific markers of exosomes, CD63, 
CD9, Tsg101 and HSP90B1 (Fig.  1d), were detected by 
Western blotting, and no significant differences were 
shown between Exo and LPS pre-Exo. NTA analysis sug-
gested that the size of Exo and LPS pre-Exo exhibited 
similar peaks around 128  nm (Fig.  1B). To evaluate the 
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exosome release by MSCs and LPS-pre-MSCs, we also 
measured the protein concentration of each purified exo-
some by BCA assays. The results indicated that the total 
protein content of LPS pre-Exo was significantly elevated 
compared to the untreated group, implying that the MSC 
secretion of exosomes was enhanced by LPS stimula-
tion for 48 h (Fig. 1C). We observed that PKH 26-stained 
exosomes were endocytosed successfully by BMDMs 
and localized around the nucleus (Fig.  1E). Subsequent 
flow cytometry analysis revealed that macrophages 
(F4/80+) exhibited higher efficiency in phagocytosis of 
LPS-pretreated exosomes (PKH26+) (Fig.  1F, G). These 
data showed that Exos and LPS-Exos were obtained 
successfully.

LPS‑pre‑Exos significantly prolonged the survival time 
of skin grafts
To clarify the effect of LPS-pre-Exos on allograft rejec-
tion, fully MHC-mismatched BALB/C skin allografts 
were transplanted into C57BL/6 mice which were treated 
with LPS-pre-Exos and the short‐term rapamycin‐based 
immunosuppressive therapy (Fig.  2A). The control 
mice were just treated with exosome-free PBS, and the 
remaining three groups were injected with rapamycin. 
The 3rd and 4th groups were additionally injected with 
Bm-Exos or LPS pre-Exos. Significant differences were 
found in allograft survival among the groups. Specifi-
cally, the Rapamycin group had a median survival time 
of 11.8  days, which was extended to 16  days with the 
addition of bm-Exos. Notably, the LPS pre-Exos group 
showed the longest median survival time of 20 days, sig-
nificantly longer than the control group’s median sur-
vival time of 6.6  days (Fig.  2B, C). All skin allografts in 
the control group were subjected to rejection on post-
operative day (POD) 10. In addition, the survival time 
of skin grafts in the LPS-pre-Exo group was significantly 
longer than that in the other groups. The histopathology 
of graft skins on POD 7 was examined by H&E staining 
with allograft rejection scoring following the previously 
research methodologies [26] (Fig.  2D, E). The allografts 
from the controls exhibited histological signs of rejection 
and significant cellular infiltration, which was consistent 
with clinical outcomes. The skin samples collected from 
LPS-pre-Exo‐treated recipients showed no or minimal 
cellular infiltration, which supported that no or minimal 

histological signs of rejection were observed. These 
results implied that LPS pre-Exo could prolong the sur-
vival time of skin grafts.

LPS‑pre‑Exos inhibited macrophage infiltration 
and attenuated immune rejection by switching 
the macrophage phenotype in vivo
Macrophage polarization has been revealed to play a 
critical role in allograft rejection, and shifting the mac-
rophage phenotype from M1 to M2 may attenuate 
immune response and prolong allograft survival. With 
this in mind, the effect of LPS pre-Exo on macrophage 
activity and phenotype of graft-infiltrating macrophages 
was investigated therapeutically in vivo. Specifically, the 
macrophage subpopulation was identified by immuno-
histochemical staining and immunofluorescence stain-
ing based on the molecular markers F4/80 (macrophage 
marker), iNOS (M1 marker) and CD206 (M2 marker). 
The results of our study showed that the addition of 
rapamycin led to a reduction in the expression of F4/80 
and iNOS, while increasing the expression of CD206. 
Interestingly, we observed that exosomes had a syner-
gistic effect with rapamycin, especially in the case of 
LPS pre-treated exosomes, leading to enhanced effects 
on CD206 expression (Fig.  3A). Similarly, in the immu-
nofluorescence analysis, we found that exosomes also 
exhibited a synergistic regulation with rapamycin on 
F4/80 + iNOS + and F4/80 + CD206 + cell populations. 
Notably, the combination of LPS-pretreated exosomes 
with rapamycin had a more pronounced effect on these 
cell populations (Fig.  3B, C). To verify the effect of 
changes in macrophages subpopulation proportions 
on the immune tolerance in  vivo, we further investi-
gated the percentages of CD86+ and CD206+ cells on 
POD 7 and 14 in the blood of recipient mice. On POD 
7, the administration of rapamycin resulted in a signifi-
cant reduction in M1-like macrophages, and this effect 
was further enhanced when combined with LPS pre-
treated exosomes. Regarding M2-like macrophages, 
all exosomes augmented the promotive effect of rapa-
mycin, but LPS pre-treated exosomes demonstrated a 
stronger effect (Fig.  4A–C) (n = 3). Moving to POD 14, 
the number of F4/80+CD86+ and F4/80+CD206+ cells 
showed a similar trend as observed on POD 7. However, 
an interesting observation was made as time passed. The 

Fig. 1  Identification of Exo. A TEM images of Exo and LPS pre-Exo. B The diameter of exosomes were detected by NTA analysis (n = 3). C The 
enhanced secretion of exosomes detected by BCA assay after LPS pretreatment (n = 3). Data are presented as mean ± SD.*P < 0.05. D The markers 
(HSP90B1, CD63, TSG101, CD9) of exosomes analyzed by Western blot. (Full-length blots are presented in Additional file 1: Fig. S2). E Macrophage 
phagocytosis of Exo and LPS Pre-Exo was observed under a fluorescence microscope. F, G Representative image of exosome (PKH26+) Uptake 
by Macrophages (F4/80.+) with flow cytometry analysis. Values are presented as the mean ± SD (n = 3). *P < 0.05

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Fig. 2  Effects of LPS pre-Exo on the survival of allogeneic skin grafts in vivo. A Schematic diagram of allogeneic skin grafting. The allografts 
Skin from BALB/c were transplanted into C57 recipient mice. B, C The necrosis of allograft skins was observed immediately after operation 
and at postoperative day 7, 14, 21, 23. Necrosis was observed at post-transplanted day 7 in the control group. The survival time of transplanted 
skins was prolonged by both rapamycin (1 mg/kg) and Exo (50 mg/kg), while LPS pre-Exo(50 mg/kg) was more effective (n = 5). B The percentage 
of allograft skin necrosis after transplantation (n = 5). D, E Representative H&E staining images of skin graft (day 7) in various groups. E Quantification 
of allograft rejection score in transplanted skin tissue in each group (n = 7). *P < 0.05, ****P < 0.0001

Fig. 3  Effects of LPS pre-Exo on the polarization of macrophages in transplanted skin. The allogeneic skins were harvested at postoperative day 
7. A Representative images of immunohistochemical staining of F4/80, iNOS and CD206 of transplanted skin in various groups. B Representative 
immunofluorescence images of F4/80 and iNOS in the transplanted skin tissues were obtained from each group of recipient mice. C Representative 
images of immunofluorescence of F4/80 and CD206 in allografted skin tissues of recipient mice in each group. D, E The data of positive cells 
in immunofluorescence images are shown as mean ± SD with One-way ANOVA analyses (n = 5). ns > 0.05, * P < 0.05, ** P < 0.005. F4/80: green; iNOS: 
red;CD206: magenta; DAPI: blue. Scale bars: 50 μm

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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inhibitory effect of control exosomes on F4/80+CD86+ 
macrophages polarization increased, while no significant 
difference was observed in F4/80+CD206+ cells number 
compared to the rapamycin group (Fig. 4D, E) (n = 3). The 
combined evidence demonstrates that LPS pre-Exo is 
able to inhibit M1-like macrophage infiltration and facili-
tate M2 macrophage polarization.

LPS pre‑Exo inhibited the proliferation of primed 
macrophages and induced M2 macrophage polarization 
in vitro
To examine whether LPS pre-Exo could inhibit the pro-
liferation of primed macrophages and accelerate the 
polarization of M2 macrophages in vitro, after labeling 
LPS pre-Exo with a red fluorescent dye (PKH26), they 
were co-cultured with macrophages to observe whether 
the LPS pre-Exo would be internalized by BMDMs or 
not. The results of fluorescence microscopy confirmed 
the internalization of the labelled exosomes by mac-
rophages (Fig.  1E). Next, to determine whether LPS 
pre-Exo could induce the shifting from proinflamma-
tory macrophages (M1) to anti-inflammatory mac-
rophages (M2) in  vitro, the M1 macrophage marker 
CD86 and the M2 macrophage marker CD206 were 
used respectively to identify macrophage subpopula-
tions through flow cytometry. The results showed a 
significant increase in the density and distribution of 
M2 macrophages, and a significant reduction in those 
of M1 macrophages in the LPS pre-Exo group. Similar 
results were obtained with the NF-κB inhibitor BAY 
11–8072 (Fig.  5A–D). M2 macrophages have been 
found to secrete cytokines (IL-6), while proinflamma-
tory cytokines (IL-1β, IL-18, IL-2) have been associated 
with the polarization of M1 macrophages [19, 27, 28]. 
We then performed ELISA to further detect the relative 
expression levels of proinflammatory cytokines (IL-1β, 
IL-18, IL-2) and cytokines (IL-6), and the results indi-
cated that BMDMs produced significantly more IL-6 
and less IL-1β, IL-18, and IL-2 at 48 h in the LPS pre-
Exo group (Fig.  6A). The combined evidence showed 
that LPS pre-Exo induced an immunosuppressive 
phenotype in activated macrophages and effectively 
inhibited the release of inflammatory cytokines. These 
findings indicate that LPS pre-Exo have a great thera-
peutic potential for improving allograft survival by 

boosting the polarization of M2 macrophages while 
inhibiting the proliferation of primed macrophages.

LPS pre‑Exo regulated macrophage activity via NF‑κB/
NLRP3/ASC/Procaspase‑1 signaling
Previous studies have shown that LPS pre-Exo can 
induce the polarization of anti-inflammatory M2 in 
macrophages. To examine the molecular pathways that 
are targeted and affected by LPS pre-Exo in suppress-
ing acute rejection in skin allografts, we investigated 
the expression of NLRP3 and the related proteins in 
BMDMs (Fig. 6B). Compared to the control group, LPS 
stimulation for 3  h led to a significant increase in the 
protein expression of NLRP3, NF-κB, procaspase-1, and 
ASC. However, after the addition of normal exosomes 
for 24  h, the stimulatory effect of LPS on NLRP3 and 
NF-κB expression was significantly inhibited, while the 
expression levels of procaspase-1 and ASC showed no 
significant changes. After treatment with LPS pre-Exos 
for 24 h, the protein expression levels of NLRP3, NF-κB, 
procaspase-1, and ASC were significantly downregu-
lated compared to both the PBS group and the Bm-Exo 
group (Fig. 6C). The time-dependent effect of exosome 
action was explored by comparing the protein expres-
sion levels after co-culturing for 24 h and 48 h (Fig. 6D). 
The results revealed that after co-culturing for 24  h, 
the inhibitory effect of LPS pre-Exos on NLRP3 and 
NF-κB expression was stronger compared to control 
exosomes. The protein expression levels of NLRP3, 
NF-κB, and procaspase-1 in BMDM cells treated with 
LPS pre-Exos for 24  h were not significantly different 
from those treated with Bm-Exos for 48  h, except for 
ASC expression, where the inhibitory effect of Bm-Exos 
at 48  h was better than that of LPS pre-Exos at 24  h.
Furthermore, after co-culturing for 48 h, the inhibitory 
effect of LPS pre-Exos on the protein expression levels 
of NLRP3, NF-κB, procaspase-1, and ASC was more 
pronounced compared to control exosomes (Fig.  6E). 
The results revealed that LPS pre-Exo inhibited NLRP3, 
ASC, procaspase-1 and NF-κB activation in BMDMs 
(Fig.  6C), and the expression levels of inflammatory 
proteins in BMDMs were also significantly downregu-
lated 48 h after treatment (Fig. 6E).

(See figure on next page.)
Fig. 4  Effects of LPS pre-Exo on macrophage polarization in allograft recipients. A Gating strategy for detection of spleen macrophages by flow 
cytometry. B, C Representative images of CD86+and CD206+ at postoperative day 7 in various groups of spleen macrophages analyzed by flow 
cytometry. Values are presented as the mean ± SD (n = 3). ns > 0.05, *P < 0.05, **P < 0.005, **** P < 0.0001. D, E Representative images of CD86+and 
CD206.+ at postoperative day 14 in various groups of spleen macrophages analyzed by flow cytometry. Values are presented as the mean ± SD 
(n = 3). ns > 0.05, *P < 0.05, **P < 0.005, **** P < 0.0001
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Fig. 4  (See legend on previous page.)
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Fig. 5  Effects of LPS pre-Exo on macrophage polarization in vitro. A, B BMDM cells were stimulated with LPS for 3 h, followed by Exo or LPS 
pre-Exo treatment for 24 h. IL-10 were added to the experimental groups for 24 h(n = 3). C, D The effect of the NF-κB inhibitor, BAY 11–8072 
on the polarization of macrophages. B, D Representative images of CD86+ and CD206.+in different groups of BMDM cells analyzed by flow 
cytometry. Values are presented as the mean ± SD (n = 3). ns > 0.05, **P < 0.005, *** P < 0.0005, **** P < 0.0001
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Fig. 6  Effects of LPS pre-Exo on protein expression levels in macrophages. A The concentrations of cytokine (IL-2, IL-6, IL-1β, IL-18) were detected 
by Elisa in the macrophage supernatant of each group.(n = 4). B, C BMDM cells were pretreated with LPS (100 ng/m) for 3 h before culturing 
with LPS pre-Exo for 24 h. Protein expressions of NF-κB, NLRP3, Procaspase-1 and ASC in macrophages of each group analyzed by western 
blot. (Full-length blots are presented in Additional file 1: Fig. S3) The effect of LPS pre-Exo on protein expression in the macrophages compared 
with bm-Exo (n = 3). D, E BMDM cells were pretreated with LPS (100 ng/m) for 3 h before culturing with LPS pre-Exo for 48 h. Protein expression 
of NF-κB, NLRP3, Procaspase-1 and ASC in the macrophages of each group analyzed by Western blot. (Full-length blots are presented in Additional 
file 1: Fig. S4) The effect of LPS pre-Exo on protein expression in the macrophages compared with bm-Exo. (n = 3). A, C, E Data are presented 
as mean ± SD. *P < 0.05, **P < 0.005, *** P < 0.0005, **** P < 0.0001
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The miRNA profile of Bm‑Exos was significantly altered 
by LPS
Exosomes transport various signaling molecules in intercel-
lular communication, miRNA has been identified as a crucial 
player. For further insights into the underlying mechanisms 
of the aforementioned effects induced by LPS pre-Exos, we 
performed miRNA sequencing (Fig.  7A). The results dem-
onstrated that LPS pre-Exos exhibited an upregulation in 
the expression of 46 miRNAs with 71 miRNAs showed 
a downregulation, in comparison to Bm-Exo (Fig.  7B). 
KEGG analysis revealed that target miRNAs were enriched 
in NF-κB signaling pathway, PI3K-Akt signaling pathway, 
autophagy and mTOR signaling pathway, which are classi-
cal siganal in inflammatory response and immune regulation 
(Fig.  7C). Further GO analysis revealed that the analyzed 
target miRNAs could affect biological processes from mod-
ulating molecular functions, including transmembrane 
receptor protein serine/threonine kinase signaling path-
way, positive regulation of cellular catabolic process, nega-
tive regulation of phosphate metabolic process, response to 
hypoxia, and exert their regulatory effects on molecular 
functions through kinase regulator activity, protein ser-
ine/threonine/tyrosine kinase activity, protein serine/
threonine kinase activity, DNA-binding transcription 
activator activity (specific to RNA polymerase II), and 
DNA-binding transcription activator activity (Fig.  7D). 
Following the criteria (P < 0.001, |log2(fold change)|> 1.8), 
we selected 8 significantly upregulated miRNAs, includ-
ing miR-486, miR-206-3p, miR-409a-3p, miR-543-3p, 
miR-144, miR-222-3p, miR-1b, and miR-411-3p. Sub-
sequently, we examined their corresponding expression 
levels and found a significant increase in the expression 
of miR-222-3p loaded by LPS pre-Exos compared to nor-
mal exosomes (Fig.  7E). Collectively, these data demon-
strated that LPS pre-Exo prolonged allograft survival by 
inhibiting the proliferation of M1 macrophages, which 
was dependent on the attenuation of NF-κB/NLRP3 
pathway by miRNA-222-3p (Fig. 8).

Discussion
As small vesicles secreted by cells, exosomes can be 
loaded with a variety of cellular biological factors for 
intercellular communication [29, 30]. Some studies have 

shown that the upregulation of miRNA-222-3p could 
induce immune escape [31, 32]. Previously, it has been 
reported that MSC-derived exosomes exhibited a nota-
ble therapeutic effect on lung injury by inhibiting NF-κB 
activation or suppressing the release of inflammatory 
factors, such as IL-1β, IL-6 and TNF-α [33–35]. Mean-
while, NF-κB and the NLRP3 inflammasome were found 
to activate the polarization of antigen-presenting cells to 
further cause allograft rejection [36, 37]. Obviously, the 
factors loaded into exosomes were affected by the cell 
state [38, 39]. The superior inhibitory effect of exosomes 
derived from LPS-pretreated MSCs (LPS pre-Exo) has 
already been demonstrated [14, 40]. In the current study, 
we aimed to delineate the specific effect of LPS pre-Exo 
on allograft survival and to elucidate the correspond-
ing mechanism of LPS pre-Exo in inducing immune tol-
erance. LPS pre-Exo were previously examined in the 
allogeneic skin graft model of mice [41]. Our findings 
suggested that LPS pre-Exo could significantly prolong 
survival (MST = 20 days) compared to the control treat-
ment (MST = 6.6 days; Fig. 2). In earlier studies, no obvi-
ous tumorigenicity or immune rejection was observed 
after using exosomes [42, 43], but the safety and cyto-
toxicity of LPS pre-Exo still require further investigation 
[40, 43]. Considering the immunosuppressive effect and 
half-life of exosomes, we chose a dose of 50 mg/kg for the 
mouse model to decipher the potential inhibitory mecha-
nism [44].

The NLRP3 inflammasome, which is an intracellular 
multimeric protein signaling complex, can activate potent 
inflammatory responses and has been associated with 
many inflammatory and autoimmune diseases, includ-
ing diabetes, atherosclerosis, asthma, systemic lupus ery-
thematosus and rheumatoid arthritis [22, 23, 45]. NLRP3 
plays a pivotal role in the activation and assembly of 
NLRP3 inflammasome [46]. It can respond to pathogens 
(PAMPs) and endogenous activators (DAMPs), such as 
microbes, extracellular ATP, viral RNA, mitochondrial 
dysfunction, endoplasmic reticulum (ER) stress, and 
lysosomal rupture [47–50]. Activated inflammasome 
complexes contribute to the proliferation and differen-
tiation of proinflammatory macrophages as well as tis-
sue damage by mediating the activation of caspase-1 and 

Fig. 7  The expression of MiRNA-222-3p in LPS pre-Exos was sharply increased and it can regulate macrophages through exosomal transfer. A 
The heatmap showed the differential expression of miRNAs between Bm-Exo group and LPS pre-Exo group (n = 3). (Fold change > 1.0; P < 0.05). 
B The volcano plot demonstrated the altered expression levels of miRNAs between Bm-Exos and LPS pre-Exos. C The KEGG analysis of target 
genes associated with differentially expressed miRNAs showed that 30 signaling pathways were significant enriched (P < 0.05). D Gene Ontology 
(GO) analysis was conducted on the target genes of differentially expressed miRNAs (P < 0.05). E The qPCR analysis demonstrated the differential 
expression level of miR-486, miR-206-3p, miR-409a-3p, miR-543-3p, miR-144, miR-222-3p, miR-1b, and miR-411-3p in Bm-Exo group and LPS pre-Exo 
group. Data are presented as mean ± SD (n = 3). *** P < 0.0005

(See figure on next page.)
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Fig. 7  (See legend on previous page.)
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the secretion of proinflammatory cytokines (IL-1β and 
IL-18) [51, 52]. Shi et al. reported that caspase-1 cleavage 
and the activation of NLRP3 inflammasome promoted 
the polarization of M1 macrophages so as to exacerbate 
liver damage [53]. Wu et  al. found that in GvHD mod-
els, activated NLRP3 inflammasomes induced the polari-
zation of M1 macrophage, which resulted in Th1 and 
Th17 differentiation and exacerbated the disease [21]. 
Moreover, allograft survival was affected by macrophage 
polarization via the NLRP3 inflammasome. Tian et  al. 
showed that M1 polarization was reduced by inhibiting 
the postoperative activation of the NLRP3/IL-1β axis, 
thereby alleviating rejection in a rat corneal transplant 
model [54]. Amores-Iniesta et al. suggested that the P2X7 
receptor in macrophages could recognize the extracel-
lular ATP released by donor immune cells to activate 
the NLRP3 inflammasome and promote the matura-
tion of IL-18 to signal immune rejection in mouse skin 
graft models [25]. Zhu et  al. used melatonin to inhibit 
the activation of NLRP3 inflammasome and reduce the 
expression of IL-1β in mouse corneal transplant models, 
which decreased the infiltration of macrophages into the 
graft and improved the survival rate [24]. Zou et al. indi-
cated that Pcsk9 depletion suppressed the macrophage 
recruitment and reduced vascular injury in mice with 
abdominal aorta allografts, which was associated with 
the blocking of NLRP3 inflammasome activation [55]. 

Furthermore, LPS-Exos have also been found to affect 
the NF-κB or NLRP3 signaling pathway, regulate mac-
rophage polarization, reduce inflammation and facilitate 
tissue repair in kidney injury, diabetes, nerve injury, and 
myocardial infarction disease models [14, 34, 40, 56]. Du 
et al. revealed that the NF-κB signaling pathway was acti-
vated by DAMPs generated after allogeneic transplanta-
tion that were recognized by TLR4 on antigen-presenting 
cells via the classical pathway and initiated synthesis of 
the NLRP3 inflammasome [37]. Therefore, it was specu-
lated that LPS pre-Exo could exert an immunosuppres-
sive effect on the mouse skin allograft by down-regulating 
the NLRP3 inflammasome pathway.

On POD 7, we observed that LPS pre-Exo reduced 
the infiltration of F4/80+ and CD86+ macrophages and 
increased the percentage of CD206+ macrophages in 
allogeneic skin grafts. Moreover, a similar change in 
macrophage polarization was revealed in the spleen 
cells of recipient C57 mice (Figs.  2, 3, 4). In this study, 
the effect of LPS pre-Exo on macrophage polariza-
tion was examined by pretreating BMDMs with LPS. 
BMDMs were found to inhibit the differentiation of 
CD86+ macrophages and increase the proportion of 
CD206+ macrophages more effectively after treatment 
with LPS pre-Exo (Fig.  5). Further, LPS pre-Exo attenu-
ated the LPS-induced activation of NF-κB, inhibited the 
expressions of NLRP3, procaspase-1, ASC, IL-1β, IL-18 

Fig. 8  The simulation of signaling pathway by which Exo/LPS pre-Exo modulates the immune response to allografts. Step 1: LPS was recognized 
by macrophages and induced upregulation of NLRP3, IL-1β and IL-18 expression through the NF-κB signaling pathway. Step 2: After being 
endocytosed, LPS pre-Exo interacted with the NF-κB for preventing its activation and inhibited the expression of NLRP3 with suppressing 
the synthesis of NLRP3 inflammasome and subsequent production of IL-1β and IL-18. Step 3: In the subsequent immune response, 
following administration of LPS pre-Exo which induced alternation in the polarization of macrophages for expanding the ratio of M2 with CD86+ 
macrophages. Taken together, the functional outcome is to suppress the innate immune response
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and IL-2, and promoted the expression of IL-6 (Fig.  6). 
This finding contrasted with some previous findings 
[34, 57]. Interestingly, several reports indicate a close 
relationship between the polarization of M2-like mac-
rophages and elevated expression levels of IL-6 [58–60]. 
This phenomenon might be attributed to the complex 
and diverse regulatory mechanisms mediated by IL-6 in 
macrophages [61, 62]. Further miRNA sequencing and 
Real-time RT-PCR analysis revealed that miRNA-222-3p 
may play a key role in the observed experimental results. 
The above results showed that miRNA-222-3p loaded 
by LPS pre-Exo prolonged the allograft survival time by 
inhibiting NF-κB and exerting an immunosuppressive 
effect against acute rejection by down-regulating NLRP3 
expression. After allogeneic transplantation, alloan-
tigens, including LPS and DAMPs, were significantly 
increased in recipients and were recognized by TLR4 in 
macrophages, which initiated the classical inflammatory 
cascade through the NF-κB signaling pathway to induce 
the expressions of NLRP3, ASC, IL-1β and IL-18. Upon 
being endocytosed, LPS pre-Exo could prevent the acti-
vation of NLRP3 inflammasome by interacting with 
NF-κB via miRNA-222-3p and inhibiting NLRP3 expres-
sion, thus preventing the activation of IL-1β and IL-18 in 
recipient macrophages. Subsequently, the macrophage 
polarization to CD86+ cells was decreased by LPS pre-
Exo, the proportion of CD206+ macrophages and the 
release of IL-6 were increased, while the IL-2 secretion 
was reduced. Overall, the innate immune responses were 
suppressed. In this paper, we mainly focused on the regu-
latory effect of LPS pre-Exo on macrophage polarization 
after allograft transplantation, and the in vitro results of 
NLRP3 and the related molecules were used to elucidate 
the potential role of LPS pre-Exo.

We investigated the expressions of NF-κB and the 
related molecules in BMDMs after LPS pre-Exo treat-
ment in vitro but did not examine the differentiation of 
extracellular ATP, P2X7 receptor, or Treg or Th17. There-
fore, the results could not be comprehensively integrated. 
In addition, we only performed molecular and histologi-
cal studies on the data 7 days after transplantation (acute 
rejection). However, due to a lack of data with longer 
time points, we were unable to confirm whether the 
immune status of recipients after LPS pre-Exo treatment, 
the persistence of CD86 + macrophages, and the down-
regulation of NLRP3 and its related molecules should 
be regarded as chronic rejection, delayed acute rejec-
tion, or real transplant tolerance. Thus, our results were 
still inadequate. Moreover, due to the absence of neces-
sary resources, this study only examined the changes in 
miRNAs loaded in LPS pre-Exo without their associ-
ated molecular mechanisms, which shall be explored in 
the future. Admittedly, further experiments need to be 

conducted to address the above issues and to clarify the 
differences in miRNAs loaded in LPS pre-Exo and the 
underlying molecular mechanisms.

Our study demonstrates that the exosomes with 
miRNA-222-3p secreted from MSCs after LPS treat-
ment may have better alleviation and regulation capabili-
ties to balance macrophages and suppress inflammatory 
responses. LPS pre-Exo possessed a visible advantage 
in shifting macrophages from a proinflammatory M1 
phenotype to an immunosuppressive M2 phenotype to 
prolong allotransplantation survival. The changes in mac-
rophage polarization suggests that transferring exosomes 
released by preconditioned MSCs may have a significant 
therapeutic potential in the future treatment of allografts.

Conclusions
The results of this study demonstrate that LPS pre-
Exo can inhibit M1 polarization and promote M2 
proliferation. Furthermore, LPS pre-Exo loaded with 
miRNA-222-3p target the NF-κB pathway and inhibit 
the expressions of NLRP3/caspase-1/IL-1β to promote 
inflammation reduction. In allogeneic murine models, 
LPS pre-Exo were found to switch the phenotype of infil-
trated macrophage and induce immune tolerance to pro-
long skin graft survival. Overall, modified MSC-Exos can 
serve as the basis for future immunosuppressive therapy 
to prolong allograft survival.

Method
Cell preparation and in vitro treatment
Primary bone marrow-derived MSCs (Bm-MSCs) were 
isolated from three-week-old SD rats following the 
procedure previously reported [63]. The isolated cells 
were cultured in the minimum essential medium-alpha 
(MEM-α; Gibco) containing 10% exosome-free fetal 
bovine serum (FBS; Gibco). The cultures were main-
tained under the conditions of 37 °C, 95% humidity and 
5% CO2, and the 3rd–4th passage cells were collected for 
experimental purposes. To verify the purity of isolated 
BM-MSCs, purified cells were stained for specific mark-
ers and verified as CD45−, CD29+, CD44+, and CD90+ by 
flow cytometry.

Preconditioning with LPS was performed once the 
cells had reached 70–80% confluence. After aspirating 
the medium and rinsing it with the phosphate buffered 
solution (PBS) for three times, the experimental cells 
were treated by LPS (100 ng/ml, Sigma), while the nega-
tive control was treated by PBS [38]. After resting for 
48  h, the supernatant was taken to perform follow-up 
experiments.

Primary bone marrow-derived macrophages (BMDMs) 
were  extracted  from C57BL/6  J mice following the pro-
cedure described previously. The BMDMs were cultured 



Page 15 of 19Zhang et al. Journal of Nanobiotechnology          (2023) 21:332 	

in low-glucose Dulbecco’s modified Eagle’s medium 
(DMEM) (Gibco) containing 10% FBS, 1% penicillin/
streptomycin and M-CSF (10 μg/ml, Sigma). The medium 
was replaced once in 2 days, and experiments were per-
formed on the 5th day of differentiation [64].

Purification of exosomes
To purify the exosomes, cells were cultured following the 
procedure described in previous studies [65, 66]. After 
filtering with a 0.22-µm filter, the culture supernatants 
were centrifuged at 3,000 g at 4  °C for 30 min (Thermo 
Fisher) first, and then further centrifuged at 10,000  g 
at 4  °C for 1 h (Beckman Coulter, Optima XPN-100) to 
remove cell debris, dead cells and large vesicles. Subse-
quently, after centrifugation at 100,000 g at 4  °C for 2 h 
(Beckman Coulter, Optima XPN-100), the exosomes 
were pelleted and stored at  80 °C for further use.

Characterization of purified exosomes
The collected exosomes were suspended in PBS and 
stored at 4  °C in the Electron Microscopy Room at the 
Pathology Research Center of Xiangya Hospital for verifi-
cation by electron microscopy.

The concentration and size of the purified exosomes 
were detected by NanoSight NS300 (Malvern Instru-
ments), which is built in with a fast video-capturing and 
particle-tracking application.

Quantification of protein concentration in exosomal 
fractions was performed using the BCA protein assay kit 
as per the manufacturer’s instructions(NCM Biotech).

Internalization of exosomes by BMDMs
To examine the purified exosomes by fluorescence 
microscopy, the exosomes were labeled with PKH26 
(Sigma) and centrifuged at 100,000 × g at 4  °C for 2  h 
after washing with PBS. Then, the labeled exosomes were 
cultured with BMDMs for 6 h at a final concentration of 
20  μg/ml. Further, the cells were fixed by 4% paraform-
aldehyde for 20 min and stained with DAPI for 20 min. 
After washing with PBS, the cells were finally investi-
gated and photographed using a confocal imaging system 
(Olympus FV1200).

Animals
The BALB/C mice, C57BL/6 mice and SD rats (all male) 
were acquired from the Experimental Animal Center of 
The Third Xiangya Hospital of Central South Univer-
sity. We used 4- to 6-week-old mice and 3- to 4-week-old 
rats for all experiments. The animals were maintained in 
plastic cages at 60% relative humidity and 21 ± 2 °C under 
pathogen-free conditions. Lighting was provided based 
on a 12 h light-12 h dark cycle. All mice and rats were fed 
in pathogen-free facilities at The Third Xiangya Hospital 

of Central South University. All experimental procedures 
involving the mice and rats had been approved by the 
Animal Care and Use Ethics Committee of Central South 
University, and the best attempt was made to reduce 
the use of animals and their suffering throughout the 
experiments.

In vivo mouse study
To establish the allotransplantation model with 
C57BL/6 mice, skin allografts were transplanted as pre-
viously described [67]. BALB/C skin-removed fascia 
(1  cm × 1.5  cm) were transplanted into C57BL/6 mice, 
and rapamycin (1  mg/kg) was injected into the recipi-
ent mice on the first three days after transplantation. Tail 
vein injections of exosomes (50 mg/kg) were performed 
once in 3 days for a total of 3 times. If the necrosis in the 
donor skin tissue was over 80%, it indicated the occur-
rence of rejection [41]. Then, hematoxylin & eosin (H&E) 
staining was conducted on the paraffin sections of skin 
grafts. The mice were euthanized properly before taking 
skin and spleen samples. Allocation of mice was imple-
mented on a random basis. Downstream analysis of 
mouse samples (immunohistochemistry and flow cytom-
etry) was performed in a blinded manner.

Western blotting
To perform Western blotting, cells were collected, lysed 
in the RIPA buffer containing PMSF (100  mmol/ml), 
and then sonicated properly. The protein concentra-
tions were detected by the BCA protein assay kit (NCM 
Biotech). The exosomal proteins were separated by 12% 
SDS–PAGE. The cell lysates were separated by 12% or 8% 
SDS–PAGE, and were then shifted onto nitrocellulose 
membranes. The blots were blocked by 5% nonfat dry 
milk for 90 min at room temperature and incubated with 
different primary antibodies at dilutions as instructed by 
the manufacturers at 4  °C overnight. Thereafter, HRP-
conjugated secondary antibodies (Cell Signaling Tech-
nology) were added and the samples were incubated for 
1  h at room temperature. ECL detection reagents (Bio-
Sharp) were used to develop the blots. In BMDM, the 
protein expression of NLRP3 (Abcam, ab263899, 40 μl), 
NF-κB (Abcam, ab32536, 40  μl), procaspase-1 (Abcam, 
ab179515, 40  μl), and ASC (Cell Signaling Technology, 
67824 T, 20 μl) was detected. CD63, CD9, TSG101, and 
HSP90B1 were used as exosome markers [68, 69], and 
β-actin was chosen as the loading control. At least three 
parallel tests were carried out to confirm the final results.

Flow cytometry
Single-cell suspensions of the cultured BMDMs and 
splenocytes were prepared. Cell surface staining was 
then performed using AMCYAN-Live, PE-Cy7-CD45, 
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PE-CD11b, BV421-F4/80, and APC-CD86 antibodies 
(Invitrogen) on ice in a dark environment for 30  min. 
For intracellular cytokine staining, the cells were first 
placed on ice for 45  min using a fixation/permeabiliza-
tion kit, and then were incubated with FITC-CD206 anti-
bodies (Invitrogen) on ice in a dark environment for 1 h 
after proper washing with the Perm/Wash buffer twice. 
Finally, all samples were washed with the Perm/Wash 
buffer twice to proceed with flow cytometry and FlowJo 
analyses.

ELISA
ELISA plates (96-well) (eBioscience) were used to detect 
cytokines in the culture supernatant. After centrifugation 
at 3000 rpm at room temperature for 20 min, the BMDM 
culture supernatant was collected from each group. Then, 
50 μl of supernatant was added to the plates coated with 
monoclonal antibodies, and the cultures were incubated 
at room temperature for 90 min. Subsequently, the wells 
were washed with wash buffer for three times, and any 
residual buffer was removed. Next, 100  μl of horserad-
ish peroxidase-conjugated streptavidin (BD Biosciences) 
which was diluted with PBS was added to the plates, and 
the cultures were incubated at 37 °C for 1 h. After wash-
ing with wash buffer for five times, 50 μl of developer A 
and 50 µl of developer B were added sequentially to the 
plates, and the cultures were further incubated at 37 °C in 
a dark environment for 30 min. Lastly, 50 μl of stop solu-
tion was added to the plates, and the absorbance was read 
at 450 nm. The data were then collected and analyzed.

Histological analysis
The mice were sacrificed 7 d after transplantation. The 
transplanted skin samples were excised and fixed in 4% 
formalin (v/v) at 4 °C overnight, then dehydrated in 30%, 
50%, 70%, 80%, 90% and 100% ethanol for 1 h each after 
washing with PBS twice, and soaked in xylene for 4  h. 
Subsequently, the samples were embedded in paraffin 
and were cut into 5  μm sections for histological stain-
ing. H&E staining was employed to determine the sever-
ity (i.e., 0, normal; 1, mild; 2, modest; and 3, severe) of 
inflammatory cell infiltration in a blinded manner [26].

Immunohistochemical staining
For immunohistochemical staining, the skin sections 
were heat-fixed at 60 °C for 2 h, deparaffinized in xylene 
for 30 min, and then rehydrated in 100%, 95%, 90%, 80%, 
and 70% ethanol for 10 min. After washing with PBS and 
PBST (PBS containing 0.05% Tween-20) for 5 min each, 
the sections were incubated with the endogenous peroxi-
dase  blocking  buffer (Beyotime Biotechnology; P0100A, 
100 ml) for 10 min. Next, the sections were washed with 
PBS for three times, and antigen retrieval was conducted 

for 10 min by steaming in 10 mM citrate antigen retrieval 
solution. Further, the sections were blocked with 3% 
bovine serum albumin (BSA; Sigma, V900933, 100  g) 
which was diluted by PBS for 1  h, then stained with 
F4/80, CD86, and CD206 at 4 °C overnight, and washed 
with PBST and PBS properly. The stained sections were 
incubated in a hypersensitive HRP-labeled goat anti-
mouse/rabbit Ig mixture for 20 min and incubated with 
the signal enhancer reagent. After washing with PBST 
and PBS, DAB reagent was added and the sections were 
further incubated for 120 s. Thereafter, the samples were 
re-stained with hematoxylin for 60 s. Finally, the sections 
were dehydrated with 70%, 80%, 90%, 95%, 100% etha-
nol for 1 min each, with xylene for 10 min, and covered 
with neutral balsam for imaging and observation under a 
Leica fluorescence optical microscope.

Immunofluorescence staining
For immunofluorescence staining, antigen retrieval was 
performed by boiling 0.1  M citrate buffer (pH = 6.0) for 
10  min after dewaxing with xylene and rehydrating the 
samples. After being washed with PBS, permeabilization 
with 0.3% Triton X-100 (Invitrogen™, 10 ml, HFH10) was 
performed on all sections for 15 min before blocking by 
5% bovine serum albumin (BSA, Sigma-Aldrich, 1  kg, 
V900933) for 1 h. The paraffin-embedded sections were 
incubated overnight at 4  °C with primary antibodies. 
Following this, the sections were washed with PBS and 
incubated with fluorophore-conjugated secondary anti-
bodies at room temperature for 1 h, ensuring avoidance 
of exposure to light. Finally, the samples were stained 
with DAPI (Thermo Scientific™, 1 ml, 62,248) for 20 min, 
washed with PBS, and observed using a Leica confocal 
microscope.

MiRNA microarray assay
The miRNA array analysis was performed by Guang-
zhou RiboBio Co., Ltd (Guangzhou, China) using exo-
some and LPS-pre Exos samples. The isolated RNA was 
assessed using the K5500 and Agilent 2200 TapeStation 
(Agilent Technologies, USA). Subsequently, the purified 
RNA underwent RT-PCR amplification and size selection 
using PAGE gel following the instructions of the NEB-
Next® Multiplex Small RNA Library Prep Set to gener-
ate Illumina®-compatible libraries of appropriate size. 
The quality of the purified library products was evaluated 
using the Agilent 2200 TapeStation. Finally, the librar-
ies were subjected to single-end 50  bp sequencing on 
the HiSeq 2500 platform (Illumina, USA) at Ribobio Co. 
Ltd (Ribobio, China). For further pathway analysis, Gene 
Ontology (GO) and KEGG (Kyoto Encyclopedia of Genes 
and Genomes) databases were employed. GO and KEGG 
analyses for differentially expressed miRNAs identified 
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downstream genes regulated by miRNAs (P < 0.001, |log2 
(fold change)|> 1.8).

Real‑time RT‑PCR
Total RNA from exosomes and LPS-pre Exos was iso-
lated by using Total RNA Purification Micro Kit (Nor-
gen, Biotek Corp.,Canada) according to the protocol of 
manual. We used NanoDrop 2000 spectrophotometer 
(NanoDrop Technologies, Thermo Scientific, USA) to 
detect the purity and content of total RNA. MiRNA 
1st Strand cDNA Synthesis Kit (Accurate Biotechnol-
ogy, Hunan, China) was used to synthesize cDNA. The 
SYBR® Green Premix II Pro Taq HS qPCR Kit reagent 
(Accurate Biotechnology, Hunan, China) was employed 
as per the manufacturer’s instructions for quantitative 
RT-PCR analysis. The QuantStudio 5 real-time PCR sys-
tem (Thermo Fisher) was utilized for this purpose. The 
expression level of the target gene was determined using 
the 2-ΔΔCt method, wherein the Ct value of U6 was 
subtracted to calculate the relative expression level. The 
primers used in the real-time RT-PCR experiments were 
purchased from Accurate Biotechnology (Hunan, China) 
and are listed in Table 1.

Statistical analysis
All tests were conducted for three times at least, includ-
ing both in  vitro and in  vivo (5 animals in each group). 
The results were expressed as the mean ± standard devia-
tion or SEM. GraphPad Prism 9.0 was used for statistical 
analysis. The significance of mean differences was deter-
mined by the Student’s t test or one-way analysis of vari-
ance to evaluate the effect of exosome treatment. P < 0.05 
was considered statistically significant.
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Additional file 1: Fig. S1 (A) Representative photomicrographs of BM-
MSCs and LPS pre-MSCs in culture showing similar fusiform and triangular 
morphologies. Scale bar 100μm. (B) LPS pre-MSCs differentiated into 
osteocytes, chondrocytes and adipocytes. (C) Characteristic cell surface 
markers of LPS pre-MSCs were detected by flow cytometry. (D), (E) 
After appropriate lipopolysaccharide stimulation, Live-Amcyan staining 
flow analysis showed no significant difference in the mortality of MSCs 
between the two groups (n = 3). Data are presented as mean ± SD. ns 
P>0.05. Fig. S2 The markers (HSP90B1, CD63, TSG101, CD9) of exosomes 
analyzed by western blot. Full-length blots are presented in Supplemen-
tary Figure 2. Blots: Origin images of Western blots; White: Origin images 
of transferred PVDF membranes; Merge: The origin images of which 
blots merged with the PVDF membrane. The blots marked in red are the 
parts cropped. Fig. S3 BMDM cells were pretreated with LPS (100ng/m) 
for 3h before culturing with LPS pre-Exo for 24h. Protein expression of 
NF-κB, NLRP3, Procaspase-1 and ASC in macrophages of each group was 
analyzed by western blot. Full-length blots are presented in Supplemen-
tary Figure 2. Blots: Origin images of Western blots; White: Origin images 
of transferred PVDF membranes; Merge: The origin images of which 
blots merged with the PVDF membrane. The blots marked in red are the 
parts cropped. Fig. S4 BMDM cells were pretreated with LPS (100ng/m) 
for 3h before culturing with LPS pre-Exo for 48h. Protein expression of 
NF-κB, NLRP3, Procaspase-1 and ASC in macrophages of each group was 
analyzed by western blot. Blots: Origin images of Western blots; White: 
Origin images of transferred PVDF membranes; Merge: The origin images 
of which blots merged with the PVDF membrane. The blots marked in red 
are the parts cropped.
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