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A B S T R A C T   

Pulmonary fibrosis (PF) is a devastating lung disease with limited treatment options. During this pathological 
process, the profibrogenic macrophage subpopulation plays a crucial role, making the characterization of this 
subpopulation fundamentally important. The present study revealed a positive correlation between pulmonary 
macrophages with higher mitochondrial mass (Mømitohigh) and fibrosis. Among the Mømitohigh subpopulation of 
CD206+ M2, characterized by higher expression of dynamin 1-like (Drp1), as determined by flow cytometry and 
RNA-seq analysis, a therapeutic intervention was developed using an exosome-based formula composed of 
pathfinder and therapeutics. A pathfinder exosome called “exosomeMMP19 (ExoMMP19)”, was constructed to 
display matrix metalloproteinase-19 (MMP19) on the surface to locally break down the excessive extracellular 
matrix (ECM) in the fibrotic lung. A therapeutic exosome called “exosome therapeutics (ExoTx)”, was engineered to 
display D-mannose on the surface while encapsulating siDrp1 inside. Prior delivery of ExoMMP19 degraded 
excessive ECM and thus paved the way for ExoTx to be delivered into Mømitohigh, where ExoTx inhibited mito
chondrial fission and alleviated PF. This study has not only identified Mømitohigh as profibrotic macrophages but it 
has also provided a potent strategy to reverse PF via a combination of formulated exosomes.   

1. Introduction 

PF is characterized by injuries in the lung alveolar epithelium, 
fibroblastic foci accumulation, progressive ECM, and collagen deposi
tion [1]. To make matters worse, PF has a poor prognosis and limited 
treatment options [2]. As the cell powerhouse, mitochondria play an 
essential role in the regulation of signaling, metabolism, and cell death 
[3]. Mitochondrial dysfunction involves the generation of mitochondrial 
ROS (mtROS), loss of mitochondrial membrane potential (ΔψM), 

reduced ATP synthesis and glutathione levels, as well as the release of 
mitochondrial DNA [4,5]. Previous studies indicate that mitochondrial 
dysfunction is emerging as a crucial pathological feature in the devel
opment of PF [6–8]. However, the underlying mechanisms of mito
chondrial dysfunction in PF remains to be elucidated [9,10]. 

Macrophages play a critical role in maintaining immune homeostasis 
and regulating adaptive inflammatory responses. Previous studies have 
demonstrated that weakened mitochondrial quality control causes 
mitochondrial dysfunction and metabolic reprogramming in lung 
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macrophages and triggers profibrotic responses [11]. Macrophages in 
fibrotic lung tissues show abnormalities in mitochondrial mass and the 
mitochondrial biogenesis process. While the M1/M2 paradigm has been 
used to understand macrophage polarization, it fails to capture the 
complexity of macrophage phenotypes in the fibrosis lung [12]. Thus, 
reclassifying pulmonary macrophage populations based on mitochon
drial mass may offer a novel approach to macrophage classification and 
serve as an appealing therapeutic strategy for treating PF. 

Mitochondrial dynamic encompasses two processes: mitochondrial 
fission and fusion and an imbalance in mitochondrial fission and fusion 
processes are implicated in the pathogenesis of fibrotic diseases [13,14]. 
Mitochondrial fission is responsible for regulating the process of mito
chondrial fragmentation, controlling the morphology of the mitochon
dria cristae, and coordinating various processes that require an 
increased number of fission events [15,16]. Drp1, as the key regulator in 
the mitochondrial fission process, has been shown to play a central role 
in several signaling cascades, such as cell differentiation, metabolism, 
proliferation, and death [17]. It has been reported that mitochondrial 
fission can boost mtROS production, further disrupt the balance of 
mitochondrial fusion-fission, aggravate mitochondrial damage, and 
eventually accelerate the development of PF by polarizing macrophages 
to a profibrotic phenotype [15,18,19]. Furthermore, lung macrophages 
isolated from asbestos-exposed mice showed a loss of ΔψM. Drp1 

depletion attenuated the loss of ΔψM, while an increase in ΔψM reduced 
the production of ROS, subsequently inhibiting fibrosis [20,21]. Given 
the contribution of profibrogenic macrophages to the pathogenesis of PF 
by initiating mitochondrial fission, targeting Drp1 may possibly be an 
appealing therapeutic approach for the treatment of PF. 

Exosomes, currently emerging as a rational carrier for drug delivery, 
are extracellular vesicles ranging from 40 to 150 nm in diameter [22,23]. 
Previous studies have established exosomes as potential drug carriers for 
inhalation because of their safety and ability to deliver nucleic acids and 
proteins to acceptor cells [24,25]. Recently, prostaglandin F2 receptor 
negative regulator (PTGFRN), a family of type I transmembrane glyco
proteins, has been evaluated as a surface display scaffold by fusing an 
array of structurally and biologically diverse proteins, such as IL-7, IL-12 
and CD40L, to the surface-exposed N terminus [26]. In the present study, 
ExoTx, a novel kind of therapeutic exosome, was constructed, based on the 
PTGFRN and biotin–avidin system to treat PF by targeting Drp1 in 
Mømitohigh. In addition, given the dense fibrotic stroma in the fibrotic lung, 
MMP19, a family of endopeptidases that can degrade the ECM in the lung, 
was delivered to the exosomal surface via the fused protein 
MMP19-PTGFRN-Flag, allowing MMP19-PTGFRN-Flag-modified exo
somes (ExoMMP19) to disrupt the biological barriers and pave the way for 
ExoTx delivery (Scheme 1). 

Scheme 1. Schematic illustration of the study. ExoMMP19, the pathfinder exosome, and ExoTx, the therapeutic exosome, were engineered. As prior delivery of 
ExoMMP19 degraded excessive ECM, the way was paved for ExoTx delivery into Mømitohigh, the novel profibrogenic macrophage subtype we identified. The formulated 
exosome therapy inhibited mitochondrial fission and alleviated pulmonary fibrosis efficiently. 
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2. Results 

2.1. Lung macrophage populations can be classified into macrophages 
with low mitochondrial mass (Mømitolow) and macrophages with high 
mitochondrial mass (Mømitohigh) 

To elucidate the differences in the mitochondrial mass of lung 
macrophages, mitochondrial mass was measured in the lungs of wild- 
type C57BL/6 mice and mice with Bleomycin (BLM)-induced PF 
(Fig. S1) by flow cytometry. Remarkably, the mitochondrial mass 
increased in the macrophages of mice with BLM-induced PF (Fig. 1B). 
Next, lung Mømitolow and Mømitohigh populations in BLM-induced mice 
were sorted, and the relative mRNA levels of profibrotic cytokines were 
examined using qRT-PCR (Fig. 1A). The results show that transforming 
growth factor beta 1 (Tgfβ1), platelet derived growth factor alpha 
(Pdgfα), chitinase 3 like 1 (Chi3l1), tumor necrosis factor (Tnfα), inter
leukin 1 beta (IL1β), and cellular communication network factor 2 
(Ccn2) significantly increased in the Mømitohigh compared to Mømitolow 

(Fig. S2). Furthermore, the expression of M1 specific genes such as Tnfα, 
IL1β and interleukin 12b (IL12b) and M2 specific genes such as resistin 
like alpha (Retnla), arginase (Arg1) and interleukin 10 (IL10) increased 
remarkably, while M2 specific genes such as interleukin 4 (IL4) 
decreased remarkably in the Mømitohigh in comparison with Mømitolow 

(Figs. S2 and S3). To explore the mechanism underlying the alteration in 
mitochondrial mass in BLM-induced PF, Mømitolow and Mømitohigh pop
ulations were further sorted for RNA-Seq analysis to compare the gene 
expression profiles (Fig. 1A). Analysis of differently-expressed genes 
(DEGs) revealed that 3842 genes were significantly higher in Mømitohigh 

than in Mømitolow (Fig. 1C). Gene Set Enrichment Analysis (GSEA) 
showed enrichment in the pathways involved in the positive regulation 

of mitochondrial fission, which is significantly involved in the regula
tion of the mitochondrial mass (Fig. 1D). Furthermore, the expression of 
various genes was analyzed, including components of the VPS35 retro
mer complex (Vps35), mitochondrial fission genes such as mitochondrial 
ubiquitin ligase activator of NFKB 1 (Mul1), kinase insert domain pro
tein receptor (Kdr), mitochondrial elongation factor 1 (Mief1), Drp1, 
DDHD domain containing 1 (Ddhd1), DDHD domain containing 2 
(Ddhd2), and mitochondrial elongation factor 2 (Mief2). The results 
showed a significant upregulation of these genes (Fig. 1E). To validate 
these findings, qRT-PCR was performed, which validated the fact that 
Drp1 was the most highly expressed gene in Mømitohigh (Fig. 1F). 

2.2. Suppression of Drp1 could restore mitochondrial dysfunction and 
decrease expression of fibrotic genes in vitro 

To verify the above findings, a cell model was established by 
exposing bone marrow-derived macrophages (BMDMs) to supernatants 
derived from mouse lung epithelial-12 (MLE-12) cells treated with BLM/ 
PBS (Fig. S4A). Remarkably, the mRNA levels of Drp1 in BMDMs were 
significantly upregulated by the BLM-exposed MLE-12 supernatants 
(Fig. S4B). Fig. S4C demonstrated that BMDMs treated with superna
tants obtained from BLM-exposed MLE-12 exhibited an increase in 
mitochondrial mass. 

Given that mitochondrial dysfunction is characterized by increased 
mtROS and reduced Δψm [27], the alteration in mitochondrial function 
was examined. Flow cytometry results showed that BMDMs treated with 
BLM-exposed MLE-12 supernatants had a higher mtROS, reduced JC-1 
aggregates and increased JC-1 monomers, indicative of a reduced 
Δψm (Figs. S4D and E). The relative genes expression of Tgfβ1, Pdgfα, 
Chi3l1, Tnfα, IL1β, and Ccn2 in different groups was then examined. The 

Fig. 1. Drp1 was highly expressed in Mømitohigh of mice with PF. (A) Schematic illustration of the process for RNA-Seq analysis. (B) Flow cytometric analysis of lung 
Mitohigh macrophages after intratracheal administration of PBS/BLM. Representative data from three independent experiments. (C) Volcano plot showing DEG 
between Mømitolow and Mømitohigh in fibrotic lung tissues. (D) GSEA analysis of Mømitolow and Mømitohigh. NES, normalized enrichment score. P, Nominal P value. (E) 
Heat map diagram of mitochondrial fission related genes expression in Mømitolow and Mømitohigh. n = 3. (F) qRT-PCR analysis of mitochondrial fission related genes in 
Mømitolow and Mømitohigh in fibrotic lung tissues. Data are expressed as mean ± SEM of three independent experiments. *p < 0.05 by two-tailed unpaired Student’s 
t-test. 
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mRNA levels of these fibrotic genes exhibited a significant increase in 
the supernatants group when compared to the PBS group (Fig. S4F). 

To further elucidate the relation between Drp1 and mitochondrial 
mass, mitochondrial function, and profibrotic genes, BMDMs were 
treated with BLM-exposed MLE-12 supernatants and then transfected 
with siDrp1 for 48 h (Fig. 2A). First, the mRNA and protein levels of 
Drp1 were analyzed using qRT-PCR and western blotting. The results 

revealed that the mRNA and protein levels in the siDrp1 group were 
significantly lower than those in the PBS and siNC group (Fig. 2B and C). 
Fig. 2D demonstrates that the siDrp1 group had a lower mitochondrial 
mass in BMDMs treated with BLM-exposed MLE-12 supernatants. 
Additionally, siDrp1 also downregulated the mitochondrial mass when 
BMDMs were treated with PBS (Fig. S5). Next, the role of Drp1 in 
regulating mtROS and Δψm in BMDMs was assessed. In the present 

Fig. 2. Interference with Drp1 reversed mitochondrial dysfunction and downregulates profibrotic genes in vitro. (A) Schematic illustration of the experiment. BMDMs 
were transfected with PBS/siNC/siDrp1. (B) qRT-PCR analysis of relative expression of Drp1 in BMDMs transfected with PBS/siNC/siDrp1. Data are expressed as 
mean ± SEM of three independent experiments. *p < 0.05 by One-way ANOVA. (C) Western blot analysis of Drp1 expression in BMDMs transfected with PBS/siNC/ 
siDrp1. GAPDH served as the loading control. Representative data from three independent experiments. (D) Flow cytometric analysis of mitochondrial mass in 
BMDMs transfected with PBS/siNC/siDrp1. Representative data from three independent experiments. (E) Flow cytometric analysis of mtROS in BMDMs transfected 
with PBS/siNC/siDrp1. Representative data from three independent experiments. (F) Flow cytometric analysis of Δψm in BMDMs transfected with PBS/siNC/siDrp1. 
Representative data from three independent experiments. (G) Representative TEM images of mitochondrial morphology in BMDMs transfected with PBS/siNC/ 
siDrp1. Scale bars: 1 μm. (H) Calculated mitochondria per cell and mitochondrial length. Data are expressed as mean ± SEM of three independent experiments in 
which 30 cells were analyzed. *p < 0.05 by One-way ANOVA. (I) qRT-PCR analysis of relative expression of Tgfβ1, Pdgfα, Chi3l1, Tnfα, IL1β and Ccn2 in BMDMs 
transfected with PBS/siNC/siDrp1. Data are expressed as mean ± SEM of three independent experiments. *p < 0.05 by One-way ANOVA. 
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study, it was found that knockdown of Drp1 downregulated mtROS 
levels while upregulating Δψm levels in BMDMs (Fig. 2E and F). 
Moreover, the morphology of mitochondria was assessed using trans
mission electron microscopy (TEM), which also found that BMDMs in 
the siDrp1 group exhibited decreased mitochondria but increased 
mitochondrial length compared to those in other groups (Fig. 2G and H). 
Given that Tgfβ1, Pdgfα, Chi3l1, Tnfα, IL1β and Ccn2 are significantly 
involved in PF, in further experiments, whether Drp1 regulated the 
expression of these fibrotic genes were verified. The results showed that 
the mRNA levels of these fibrotic genes were significantly down
regulated by siDrp1 compared to the control groups (Fig. 2I). The results 
above-mentioned indicated that Drp1 played a key role in the regulation 
of mitochondrial function and expression of profibrotic genes. 

2.3. Drp1 was highly expressed in CD206+ macrophages 

To differentiate the two phenotypically distinct macrophage pop
ulations, the differential expression of surface genes between Mømitolow 

and Mømitohigh was further ascertained by RNA-Seq analysis and qRT- 
PCR. Fig. 3A, B and S6 demonstrated that among the top 20 highly 
expressed cell surface genes of Mømitohigh compared to Mømitolow, CD206, 
CD86, CD80, CD163, and CD200R were highly upregulated, and CD206 
exhibited the most compellingly increased gene expression compared to 
others. Next, the correlation between lung CD206+ macrophages and 
Mømitohigh in BLM-induced mice was analyzed (Fig. 3C). Notably, flow 

cytometry results showed that mitochondrial mass in CD206+ macro
phages was much higher than CD206- macrophages (Fig. S7), while 
CD206+ macrophages accounted for the vast majority of the Mømitohigh 

(Fig. 4D). These findings suggest that, unlike the M1/M2 paradigm, 
CD206+ macrophages may represent the Mømitohigh subset. Given that 
CD206 and Drp1 surface markers significantly increased in Mømitohigh, it 
was determined whether Drp1 increased in CD206+ macrophages 
(Fig. 3C). By sorting lung CD206+ macrophages and CD206- macro
phages from mice with BLM-induced PF and measuring their Drp1 
mRNA levels using qRT-PCR, it was found that the level of Drp1 was 
higher in CD206+ macrophages than in CD206- macrophages (Figs. S8A 
and B). Drp1 was also found to be overexpressed, as evidenced by the 
increased fluorescence intensity for CD206+ macrophages in the alpha- 
smooth muscle actin (α-SMA) and collagen type I alpha 1 (Col1a1) 
double-positive fibrotic lung tissue (Fig. 3E). 

2.4. ExoTarget can target CD206+ macrophages in the lung 

According to prior mechanism studies, CD206 may act as a surface 
marker of the Mømitohigh, and Drp1 may play an important role in the 
regulation of PF. Against this background, Drp1 in CD206+ macro
phages in the lung were targeted to alleviate PF. In this study, a general 
and replaceable engineered exosome was constructed for drug delivery, 
building upon emerging evidence of exosomal potential as drug delivery 
vehicles [28,29]. First, to generate ExoTraptavidin, we fused the trapta 

Fig. 3. Drp1 was highly expressed in CD206+ macrophages. (A) Venn diagram of highly-expressed cell surface genes of Mømitohigh compared to Mømitolow. (B) qRT- 
PCR analysis of macrophage markers in Mømitolow and Mømitohigh in fibrotic lung tissues. Data are expressed as mean ± SEM of three independent experiments. *p <
0.05 by two-tailed unpaired Student’s t-test. (C) Schematic illustration of the process for lung flow cytometric analysis and cell sorting. (D) Flow cytometric analysis 
of mice lung CD206+ macrophages in Mømitohigh after BLM-induced PF. Representative data from three independent experiments. (E) Representative multiplexed 
immunofluorescence images of Drp1 in macrophages of fibrotic lung tissues. Scale bar: 50 μm. n = 3. 
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vidin, a streptavidin variant maximizing biotin binding strength [30], to 
PTGFRN by introducing the pcDNA3.1(− )-Traptavidin-His-PTGFRN 
plasmid into human embryonic kidney 293T (HEK293T) cells (Fig. S9A). 
The supernatants of HEK293T cells to extract exosomes were then 
collected via ultracentrifugation. 

To validate whether the pcDNA3.1(− )-Traptavidin-His-PTGFRN 
plasmid was successfully transfected into HEK293T cells, western blot 
analysis was conducted. The results showed overexpression of the 
Traptavidin-His-PTGFRN fusion protein in both the cells and the derived 
exosomes (Fig. S9B). A similar increase in the Traptavidin-His-PTGFRN 
fusion mRNA was also observed in the cells (Fig. S9C). We further 
analyzed the exosomal inclusive markers (TSG101 and CD9) and the 
exclusive marker (GM130) by western blot and confirmed that the 
fusion protein did not change the characteristics of exosomes (Fig. S9D). 
By TEM (Fig. S9E) and nanoparticle tracking analysis (NTA) (Fig. S9F), it 
was found that the modification of exosomes did not affect the 
morphology and size distribution. Moreover, in order to determine 
whether traptavidin is localized in the extracellular space of exosomes, 
the engineered exosomes were incubated with biotin-Cy5 antibodies, 
followed by flow cytometry analysis. The results confirmed that trap
tavidin was successfully expressed on the surface of ExoTraptavidin 

(Fig. S9G). 
Given that CD206 is the prototypical member of the mannose family 

of proteins, it is possible for the N-terminal Cysteine-Rich domain of 
CD206 to bind glycoconjugates terminated in mannose, fucose, or 
GlcNAc in a calcium-dependent manner [31]. Therefore, Mannose- 
modified exosomes were developed to specifically target CD206+ mac
rophages. To construct ExoTarget, biotinylated D-mannose was bound to 
ExoTraptavidin. Figs. S10B and C show that ExoTarget exhibited a zeta po
tential of − 23.9 ± 2.0 mV and an average size of 129.54 ± 18.34 nm and 
TEM demonstrated that ExoTarget was round-shaped and was enveloped 
by a membrane with a diameter of approximately 100 nm (Fig. S10A). 
Next, to assess the in vivo distribution of exosomes, DiR dye was 

incubated with ExoNone, ExoTraptavidin, and ExoTarget for 30 min prior to 
their administration via intratracheal inhalation (Fig. 4A). In vivo im
aging system (IVIS) showed that both the two control groups and Exo
Target accumulated in the lung, whereas ExoTarget exhibited higher 
retention compared to the control groups (Fig. 4B). DiI-labeled exo
somes were also tracked through immunofluorescence microscopy 
analysis (Fig. 4C), which revealed that, compared to the controls, Exo
Target was localized mainly in the F4/80 and CD206 double-positive cells 
(Fig. 4D and E). Flow cytometry analysis further demonstrated that 
ExoTarget was specifically targeted to CD206+ macrophages (Fig. 4F and 
S11). 

2.5. siDrp1-loaded Exotarget (ExoTx) alleviated mitochondrial dysfunction 
and suppressed expression of fibrotic genes 

In line with the effect of siDrp1 on BMDMs in vitro, the mechanism 
underlying the anti-fibrotic efficacy of ExoTx was investigated in mice 
after a BLM induction for 14 days. To address CD206+ macrophages in 
PF mice, ExosiNC and ExoTx were constructed by loading siDrp1 and siNC 
into ExoTarget via electroporation. As shown in Fig. S12, the encapsula
tion efficiencies of ExosiNC and ExoTx were around 0.97 % and 0.92 %, 
while the loading capacities of ExosiNC and ExoTx were approximately 52 
copies per exosome and 47 copies per exosome, respectively. The zeta- 
potentials of ExosiNC and ExoTx were − 25.2 ± 2.1 and − 25.6 ± 2.3 
mV (Fig. S10B), respectively. In addition, TEM (Fig. S10A) and NTA 
(Fig. S10C) also showed that the siRNA-loaded ExoTarget did not change 
the morphology and size distribution. 

Next, BLM-induced mice were forced to intratracheally inhaled with 
PBS/ExosiNC/ExoTx. The mitochondrial mass in lung CD206+ macro
phages of BLM-induced mice was measured using flow cytometry after 
48 h. Of note, ExoTx decreased mitochondrial mass more significantly 
compared to the PBS and ExosiNC groups (Fig. 5A and S13). Additionally, 
TEM showed that lung macrophages in the ExoTx group exhibited less 

Fig. 4. ExoTarget can target CD206+ macrophages in vivo. (A) Schematic illustration of the experimental procedure. (B) Biodistribution of DiR-labeled ExoNone/ 
ExoTraptavidin/ExoTarget among organs after the intratracheal administration. n = 5. (C) Schematic illustration of the experimental procedure. (D) Representative 
fluorescence images of the DiI-labeled ExoNone/ExoTraptavidin/ExoTarget in lung tissues. Scale bar:10 μm. n = 5. (E) The percentage of triple-positive cells in DiI-positive 
cells. n = 5. *p < 0.05 by One-way ANOVA. (F) Flow cytometric analysis of DiO-positive CD206+ macrophages in fibrotic lung tissues of mice treated with ExoNone/ 
ExoTraptavidin/ExoTarget. Representative data from five independent experiments. 
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mitochondria and increased mitochondrial length compared to the 
controls (Fig. 5B and C). Then, lung CD206+ macrophages of BLM- 
induced mice were sorted by flow cytometry and subjected to qRT- 
PCR analysis (Fig. 5D). As expected, the results show that ExoTx signif
icantly downregulated the Drp1 mRNA (Fig. 5E). Consistent with the 
effect of siDrp1 in vitro, ExoTx also significantly downregulated the 
mRNA levels of Tgfβ1, Pdgfα, Chi3l1, Tnfα, IL1β, and Ccn2 in CD206+

macrophages (Fig. 5F). Taken together, results of both in vitro and in vivo 
treatment with ExoTx lend evidence to the observation that suppressing 
Drp1 in macrophages substantially is a viable approach for the inhibi
tion of fibrotic genes. 

2.6. ExoMMP19 degraded excessive ECM and served as a pathfinder in the 
fibrotic lung 

Excessive ECM has been acknowledged as a hallmark of PF that 
blocks the delivery of exosomes to CD206+ macrophages, and that 
MMPs can degrade excessive ECM [32]. However, since some types of 
MMPs are pro-fibrotic while others have anti-fibrotic functions, such as 
MMP19 and MMP13 [33]. To degrade excessive ECM in the dense 
fibrotic stroma without exacerbating the disease progression, ExoMMP19 

was generated by fusing the MMP19 to PTGFRN through introducing the 
pcDNA3.1(− )-MMP19-PTGFRN-Flag plasmid into HEK293T cells 
(Fig. S14A). Consistent with the prior study of characterization of 

ExoTraptavidin, western blot (Fig. S14B) and qRT-PCR (Fig. S14C) showed 
that MMP19-PTGFRN-Flag fusion protein was overexpressed in the cells 
and exosomes, and exosomes expressed exosomal markers TSG101and 
CD9, but did not express the cell-specific marker GM130 (Fig. S14D). 
TEM (Fig. S14E) and NTA (Fig. S14F) also confirmed that ExoMMP19 

displayed a typical exosome morphology with a size distribution ranging 
from 30 to 200 nm in diameter. Moreover, Fig. S14G also revealed that 
MMP19 is localized in the extracellular space of exosomes by incubating 
ExoMMP19 with FITC-MMP19 antibodies. 

In order to determine whether ExoMMP19 can degrade the ECM, PBS/ 
ExoNone/ExoMMP19 was added to the mouse fibroblasts L929 cells 
(Fig. 6A). Western blot results exhibited that ExoMMP19 significantly 
reduced the expression of fibronectin, Col1a1, and α-SMA of L929 cells 
(Fig. 6B). Next, to evaluate the in vivo distribution of exosomes, DiR- 
labeled exosomes were inhaled into the lung, the distribution of the 
DiR-labeled exosomes was measured using IVIS (Fig. 6C). It is noted that 
ExoMMP19 had a stronger ability to accumulate in the lung (Fig. 6D) than 
controls. DiI-labeled exosomes were then tracked by using immunoflu
orescence (Fig. 6E), which revealed that ExoMMP19 was localized in the 
less fibrotic area marked by collagen, whereas exosomes of the control 
groups overlapped with the fibrotic area, indicating ExoMMP19 had 
degraded the excessive collagen (Fig. 6F and G). 

Since excessive ECM in fibrotic lungs can prevent exosomes from 
reaching the fibrotic area, DiI-labeled ExoTarget was administered to the 

Fig. 5. ExoTx decreased mitochondrial mass and downregulated the profibrotic genes in vivo. (A) Flow cytometric analysis of mitochondrial mass in CD206+

macrophages in fibrotic lung tissues of mice treated with PBS/ExosiNC/ExoTx. Representative data from five independent experiments. (B) Representative TEM images 
of mitochondrial morphology in lung macrophages treated with PBS/ExosiNC/ExoTx. Scale bars: 1 μm. (C) Calculated mitochondria per cell and mitochondrial length. 
Data are expressed as mean ± SEM of five independent experiments in which 50 cells were analyzed. *p < 0.05 by One-way ANOVA. (D) Schematic illustration of the 
process for lung cells sorting after exosomes treated. (E) qRT-PCR analysis of Drp1 in lung CD206+ macrophages of BLM-induced mice treated with PBS/ExosiNC/ 
ExoTx. Data are expressed as mean ± SEM of five independent experiments. *p < 0.05 by One-way ANOVA. (F) qRT-PCR analysis of Tgfβ1, Pdgfα, Chi3l1, Tnfα, IL1β 
and Ccn2 in lung CD206+ macrophages of BLM-induced mice treated with PBS/ExosiNC/ExoTx. Data are expressed as mean ± SEM of five independent experiments. 
*p < 0.05 by One-way ANOVA. 
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BLM-mice 30 min after ExoNone/ExoMMP19 was inhaled by the mice to 
evaluate the efficacy of targeting CD206+ macrophages (Fig. 6H). As 
shown in Fig. 6I and J, in the ExoTarget + ExoMMP19 group, fluorescence 
intensity of DiI in the F4/80 and CD206 double positive cells remarkably 
enhanced compared to the group that was treated with the ExoTarget +

ExoNone. Flow cytometry also revealed that ExoMMP19 improved the ef
ficacy of ExoTarget in targeting CD206+ macrophages (Fig. 6K). Taken 
together, these findings suggest that ExoMMP19 can potentially serve as a 
pathfinder in the treatment of lung fibrosis. 

2.7. Intratracheal inhalation of ExoMMP19 and ExoTx alleviated the BLM- 
induced PF 

To illustrate the therapeutic efficacy of engineered exosomes, PF was 
first induced as described. Then, BLM-induced mice were randomized 
into six groups treated with PBS, ExoNone, ExoMMP19, ExosiNC, ExoTx, and 

ExoMMP19 + ExoTx (30 min after ExoMMP19 inhaled), respectively, on 
days 10, 14 and 17 (Fig. 7A). The alterations of Mømitolow and Mømitohigh 

in lung tissues were first estimated by flow cytometry. Fig. S15 showed 
that ExoTx significantly reduced the ratio of Mømitohigh and ExoMMP19 

enhanced the effectiveness compared to controls. To verify whether 
siDrp1 was successfully delivered to CD206+ macrophages, lung 
CD206+ macrophages and CD206- macrophages were sorted and the 
mRNA level of Drp1 was assessed (Fig. S16A). As shown in Fig. S16B, 
Drp1 expression was notedly downregulated by the ExoTx group while 
ExoMMP19 + ExoTx group exhibited a lower Drp1 expression in lung 
CD206+ macrophages. However, Drp1 were only downregulated in the 
ExoMMP19 + ExoTx group, and there was no significant difference be
tween the ExosiNC and ExoTx group in the alterations in Drp1 mRNA in 
lung CD206- macrophages (Fig. S16C). To further verify the efficacy, 
immunostaining was applied. Resonating the above findings, ExoTx 

remarkably attenuated fluorescence intensity of Drp1 in lung CD206+

Fig. 6. ExoMMP19 degraded excessive ECM and improved the targeting efficacy of ExoTarget. (A) Schematic illustration of the experimental procedure. (B) 
Western blot analysis of fibronectin, Col1a1 and α-SMA of L929 cells. GAPDH served as the loading control. Representative data from three independent experiments. 
(C) Schematic illustration of the experimental procedure. (D) Biodistribution of DiR-labeled ExoNone/ExoEmpty vector/ExoMMP19 among organs after the intratracheal 
administration. n = 5. (E) Schematic illustration of the experimental procedure. (F) Representative fluorescence images of the DiI-labeled ExoNone/ExoEmpty vector/ 
ExoMMP19 in lung tissues. Scale bar:20 μm. n = 5. (G) Col1a1 relative MFI was analyzed. MFI, mean fluorescence intensity. n = 5. *p < 0.05 by One-way ANOVA. (H) 
Schematic illustration of the experimental procedure. (I) Representative fluorescence images of the DiI-labeled ExoTarget in lung tissues. Scale bar:10 μm. n = 5. (J) 
The percentage of triple-positive cells in DiI-positive cells. n = 5. *p < 0.05 by two-tailed unpaired Student’s t-test. (K) Flow cytometric analysis of DiO-positive 
CD206+ macrophages in fibrotic lung tissues of mice treated with ExoTarget + ExoNone or ExoTarget + ExoMMP19. Representative data from five independent 
experiments. 
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macrophages while the ExoMMP19 + ExoTx group exhibited lower fluo
rescence intensity of Drp1 than other BLM-induced groups (Fig. S16D). 

Next, the therapeutic efficacy of targeting Drp1 on PF was assessed. 
Figs. S17A and B demonstrate that the ROS in lung tissues of the ExoTx 

and ExoMMP19 + ExoTx group was notably lower than the controls. 
Moreover, profibrotic genes Tgfβ1, Pdgfα, Chi3l1, Tnfα, IL1β, and Ccn2 in 
lung tissues of the ExoMMP19 + ExoTx group also remarkably down
regulated compared to the PBS group, and the ExoMMP19 + ExoTx group 
exhibited a lower mRNA expression of Tgfβ1, Pdgfα and Ccn2 compared 
to the ExoTx group (Fig. S18). To further evaluate the therapeutic effi
cacy of exosomes, survival rate, western blot, qRT-PCR and immuno
staining were conducted to examine the fibrotic markers in the lung. As 
shown in Fig. 7B, the survival rate of the mice treated with ExoMMP19, 
ExoTx and the ExoMMP19 + ExoTx was significantly higher than that of the 
control groups. However, the ExoMMP19 + ExoTx group exhibited a lower 
mortality than the ExoTx or ExoMMP19 group. Strikingly attenuated lung 
injury and fibrosis were also observed in the ExoTx, ExoMMP19 and 
ExoMMP19 + ExoTx groups as shown by the hematoxylin and eosin 
(H&E), Masson’s trichrome, Sirius red staining, and immunohisto
chemical staining of α-SMA and the ExoMMP19 + ExoTx group displayed a 
lower Ashcroft score compared to the ExoTx or ExoMMP19 group. (Fig. 7C 

and S19). In good agreement with the above findings, further evaluation 
of the therapeutic efficacy by qRT-PCR and western blot showed that the 
mRNA and protein levels of fibronectin (Fn1), Col1a1, and α-SMA 
(Acta2) were significantly downregulated in the ExoTx, ExoMMP19 and 
ExoMMP19 + ExoTx group than in the other PF groups, and ExoMMP19 

improved the therapeutic efficacy of ExoTx on alleviating PF. (Fig. 7D 
and E). To be brief, our data suggest that the formulated exosome 
combination alleviated the BLM-induced PF more effectively than that 
treated with ExoTx only. 

3. Discussion 

In this study, we reclassified pulmonary macrophages based on 
mitochondrial mass and validated the role of Drp1 in regulating PF. In 
addition, a multi-functional drug delivery system was constructed using 
engineered exosomes to promote a local degradation of ECM and 
improve mitochondrial function in fibrotic macrophages. 

Currently, there are no drugs available that can either improve or 
stabilize lung function in cases of PF. Inspired by previous studies sug
gesting that macrophages have augmented mitochondrial mass with 
increased mitochondrial biogenesis and fission during PF [20,34], we 

Fig. 7. Therapeutic efficacy of ExoTx combined with ExoMMP19 in vivo. (A) Schematic illustration of the experimental procedure and exosomes treatment time course. 
(B) Survival curve of the mice after treatments. n = 20. *p < 0.05. (C) Representative H&E, Masson’s trichrome, Sirius red staining images and immunohistochemical 
staining of α-SMA of lung tissues in different groups. Scale bar: 200 μm. n = 5. (D) qRT-PCR analysis of Fn1, Col1a1 and Acta2 of lung tissues with different 
treatments. *p < 0.05. Data are expressed as mean ± SEM of five independent experiments. *p < 0.05 by One-way ANOVA. (E) Western blot analysis of fibronectin, 
Col1a1 and α-SMA of lung tissues with different treatments. GAPDH served as the loading control. Representative data from five independent experiments. 

W. Zhang et al.                                                                                                                                                                                                                                  



Bioactive Materials 32 (2024) 488–501

497

hypothesized that mitochondrial mass can possibly serve as a novel 
hallmark for classifying lung macrophage populations in PF. In the 
present study, pulmonary macrophages were reclassified into two main 
categories based on mitochondrial mass, viz. Mømitolow and Mømitohigh. 
More importantly, it was observed that the number of Mømitohigh 

significantly increased whereas that of Mømitolow decreased in 
BLM-induced mice. In the meantime, Mømitohigh revealed a remarkably 
high expression of profibrotic genes such as Tgfβ1, Pdgfα, Chi3l1, Tnfα, 
IL1β, and Ccn2 compared to Mømitolow, suggesting that these cells may 
have the potential to trigger the fibrotic process. 

Previous studies have shown that an increase in Drp1 expression can 
lead to higher mitochondrial mass, fragmented mitochondrial 
morphology, loose cristae, and reduced Δψm [19]. The transcriptome 
sequencing results in this study also revealed a significant upregulation 
of Drp1 in Mømitohigh, indicating its crucial role in mitochondrial 
biogenesis and fission and suggesting that Drp1 can potentially serve as 
a key regulator of mitochondrial fission in PF. Loose cristae and reduced 
mitochondrial membrane Δψm potential may impair mitochondrial 
electron transport chain, leading to an increase in the levels of mtROS in 
profibrotic macrophages [35,36]. In the present study, siDrp1 reduced 
the mitochondrial mass of BMDM models in vitro by suppressing mito
chondrial fission. At the same time, reduced mitochondrial fission 
restored the Δψm, alleviated mtROS generation, and reduced the 
expression levels of profibrotic genes, including Tgfβ1, Pdgfα, Chi3l1, 
Tnfα, IL1β, and Ccn2. These findings suggest that targeting mitochon
drial fission could be a potential approach for reversing PF. 

CD206+ macrophages have been observed in various chronic in
flammatory and fibrotic tissue responses [37,38]. Our research also 
revealed that CD206 mRNA was upregulated compared to CD86, CD80, 
CD163, and CD200R in the Mømitohigh of BLM-induced lung fibrosis. 
Thus, our findings strongly support that CD206 can be reliably used as a 
potential therapeutic target for Mømitohigh in BLM-induced lung fibrosis. 
A formulated exosome combination system was further constructed to 
deliver siDrp1 to the Mømitohigh specifically in mice with fibrosis. A 
general-targeted exosomes were designed by fusing traptavidin with 
exosomal protein PTGFRN, which has been utilized as a surface display 
scaffold for structurally and biologically diverse proteins. Biotinylated 
D-mannose was then mixed with traptavidin expressing exosomes to 
acquire D-mannose modified exosomes, viz. ExoTarget, for CD206 tar
geting. siDrp1 was loaded into ExoTarget and delivered into the fibrotic 
area. It is noteworthy, however, that siDrp1 decreased the expression 
level of Drp1 in lung CD206+ macrophages. Consistent with the results 
in vitro, ExoTarget carrying siDrp1 inhibited mitochondrial fission, 
restored mitochondrial function, and blunted the release of profibrotic 
genes in lung CD206+ macrophages. Additionally, our CD206-targeting 
exosomes significantly alleviated lung fibrosis in the BLM-induced mice. 
Most prior research paid much attention to expressing targeting peptides 
directly on the surface of exosomes, which results in a narrow range of 
application [39–41]. In the present study, a traptavidin that expresses 
exosomes was developed to allow for a free assembly and replacement of 
proteins on the exosome surface. 

In fibrotic lungs, abnormal tissue repair may lead to the proliferation 
of progressive fibroblast and myofibroblast, causing an excessive 
deposition of ECM proteins [42], hindering foreign exosomes from 
reaching alveoli. Notwithstanding the fact that MMPs can degrade ECM 
proteins, most studies show that MMPs aggravated PF [33]. As MMP-19 
protests against PF progression [43], MMP19-PTGFRN-modified exo
somes were constructed, referred to as ExoMMP19. These modified exo
somes can degrade ECM proteins and facilitate the delivery of 
CD206-targeting exosomes. The results revealed that ExoMMP19 signifi
cantly degraded ECM such as fibronectin, Col1a1, and α-SMA. Surpris
ingly, the confocal images showed that ExoTarget had a better target and 
delivery efficiency combined with ExoMMP19. Furthermore, the com
bined treatment of ExoMMP19 with ExoTx produced a more pronounced 
therapeutic efficacy compared to the use of ExoTx alone. It is worth 
mentioning that we have applied atomized inhalation instead of the 

conventional tail vein administration to deliver exosomes. Since this 
non-invasive delivery approach is more acceptable to patients, it shows 
a better efficacy and fewer side effects [44]. 

4. Limitations of study 

A significant relationship between monocyte-derived macrophages 
and Mømitohigh was not found in according to the RNA-seq data despite 
that monocyte-derived macrophages are reportedly responsible for 
fibrotic progression [45]. Moreover, we also did not examine the 
mitochondrial membrane potential and mitochondrial morphology of 
Mømitolow and Mømitohigh in lung tissues. This warrants further studies to 
explore the potential mechanism underlying Mømitolow and Mømitohigh 

classification. 
The process on how ExoMMP19 controlled the mRNA expression of 

Drp1 was not explored in our study. Although there has been scant 
research on the relationship between MMP19 and Drp1, we speculated 
that MMP19 reduces intracellular mRNA via the following mechanisms. 
Characterized by excessive ECM accumulation and ECM stiffening, PF 
has been reported to correlate with higher levels of Drp1 expression at 
the mRNA and protein levels in cells cultured on stiff matrix [46]. 
MMP19, as a kind of matrix metalloproteinases that may alter the 
characteristics of the ECM by degrading collagen, can affect the 
expression of Drp1. In addition, it has been reported that ECM can 
activate macrophages, leading to sustained profibrotic phenotype 
through enhanced biogenesis and fission processes [15]. Hence, the 
strategy of reducing extracellular matrix may help alleviate macro
phages activation and thereby decrease the level of Drp1. Moreover, it 
has been reported that MMP19 may be involved in some signaling 
pathways such as mitogen-activated ERK1/2 pathway and 
stress-activated JNK and p38 pathways, which are related to mito
chondrial dynamics [47,48]. Thus, it is recommended that additional 
research be conducted to validate the hypothesis stated above. 

MMPs, such as MMP19 and MMP13, are anti-fibrotic functions. 
Hence, ExoMMP19 was generated for degrading ECM and thus paved the 
way for ExoTx delivery into CD206+ macrophages. However, further 
evaluation is still needed to assess whether other MMPs will be better in 
degradation of ECMs in PF. 

5. Conclusion 

In this study, lung macrophage populations were reclassified in BLM- 
treated mice by mitochondrial mass and found that Mømitohigh contrib
uted to the progression of PF. In terms of mechanism, Drp1 regulated 
mitochondrial mass, functions, and profibrotic genes. In BLM-induced 
mice, intratracheal inhalation of ExoMMP19 broke down collagen bar
riers and paved the way for ExoTx delivery. Additionally, loading Exo
target with siRNA against Drp1 significantly inhibited mitochondrial 
fission, restored mitochondrial functions, and decreased the expression 
levels of profibrotic genes, ultimately leading to the resolution of PF. 
Our research has highlighted the critical role of targeting Drp1-mediated 
mitochondrial fission of Mømitohigh in the protection against PF. 

6. Experimental section 

6.1. BLM induction of PF and tissue preparation 

All male C57BL/6 mice (8–10 weeks) were purchased from Animal 
Center of the Fourth Military Medical University. The mice were housed 
in a specific pathogen-free (SPF) animal facility with autoclaved water 
and irradiated food. All animal experimental procedures were approved 
by the Animal Experimentation and Ethics Committee of the Fourth 
Military Medical University (REF NO.20210426-5). C57BL/6 mice were 
anesthetized with 1 % pentobarbital sodium (50 mg/kg) and then 
inhaled BLM (5 U/kg, 40 μl/mouse; Selleck, USA) diluted in PBS or same 
volume of PBS alone using a microsprayer (YSKD BioTec, China). 
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To prepare for lung single-cell suspension, mouse lungs were har
vested into 5 mL microcentrifuge tube containing 3 ml of 0.5 % colla
genase type I (Gibco) at day 21 after BLM inhaled, and then minced into 
3–4 mm pieces. After 2 h of incubation at 37 ◦C, the tissues were filtered 
through a nylon mesh into a 15 ml centrifuge tube and washed 2 times 
by centrifugation (1400 rpm, 5 min, 4 ◦C) in cell stain buffer (Bio
Legend). The cells were then lysed by resuspending cell pellet in 500 μL 
of RBC lysis buffer (eBioscience) for 15 min at 4 ◦C. After centrifugation 
(1000 rpm, 5 min, 4 ◦C) and washing with cell stain buffer (1000 rpm, 5 
min, 4 ◦C), cells were counted under the microscope for cell stain. 

6.2. Flow cytometry 

For flow cytometry and cell sorting, cells were blocked by TruStain 
FcX™ PLUS Antibody (BioLegend) and then incubated with Fixable 
Dead Cell Stain Near-IR fluorescent exclude dead cells (Life Technolo
gies) on ice for 20 min. Cells were then stained with the following an
tibodies: CD45-BV421 (BioLegend), F4/80-PE/Dazzle™594 
(BioLegend), CD64-PE/Cyanine7 (BioLegend), CD206-APC (Bio
Legend), mitochondria-MitoTracker™ Green (Invitrogen), mtROS- 
MitoSOX™ Red (Invitrogen) and MMP-eBioscience™ JC-1 (Invitrogen). 
Subsequently, they were washed twice with cell stain buffer. After the 
final washing, the cell population was sorted in a BD FACSAria II flow 
cytometer (BD Biosciences, USA) or performed by the NovoCyte D1040 
(ACEA Biosciences, USA) or CytoFLEX (Beckman Coulter, USA). The 
data were further analyzed with FlowJo 10.8.1 software. 

6.3. RNA sequencing (RNA-seq) 

RNA-Seq was conducted by Novogene Cp. Ltd (Beijing, China). Total 
RNA from the sorted lung CD45+F4/80+CD64+mitolow cells and 
CD45+F4/80+CD64+mitohigh of BLM-treated mice was extracted by 
Trizol reagent. Following the manufacturer’s recommendations, 
sequencing libraries were generated according to NEBNext® Ultra™ 
RNA Library Prep Kit for Illumina® (New England Biolabs, USA). The 
library preparations were sequenced on an Illumina Hiseq platform, and 
125 bp/150 bp paired-end reads were generated. Three biological rep
licates were used for each group. 

6.4. Cell culture 

MLE-12 were purchased from the American Type Culture Collection 
(ATCC) and were cultured in DMEM/F12 (Gibco) supplemented with 
HEPES (25 mM, Gibco), pyruvate (1 mM, Gibco), amphotericin B (0.25 
g/ml, Gibco), 1 % penicillin/streptomycin (Gibco), and 10 % fetal 
bovine serum. 107 cells were seeded into a 10 cm dish, exposed to BLM 
(100 mU/ml) or PBS for 24 h, and then supernatants were collected for 
further use. 

The isolation and culture of BMDMs were performed according to the 
protocol of Zhang et al. [49]. The hind legs were amputated from the rest 
of the body, and the muscles surrounding the tibia and femur were 
dissected. Working in the DMEM (Gibco) supplemented with 10 % fetal 
bovine serum and 1 % penicillin/streptomycin, the ends of bones were 
cut off and then flushed with sterile PBS in a 10 cm dish. The progenitor 
cells were centrifuged at 1000 rpm for 5 min, and then the supernatant 
was discarded. Next, cells were resuspended and seeded on a 10 cm dish 
with bone marrow macrophage complete medium DMEM supplemented 
with 10 % fetal bovine serum, 1 % penicillin/streptomycin, and 20 
ng/ml M-CSF (Sino Biological Inc, China). After 7 days of differentiation 
at 37 ◦C, 5 % CO2 incubator, cells were seeded into 6-well dishes, 
exposed to supernatants (1:1) from MLE-12 treated with BLM or PBS for 
24 h, and then cells were collected for further experiments. 

HEK293T cells were purchased from Procell Biotechnology and 
cultured in complete media containing high glucose DMEM supple
mented with 10 % fetal bovine serum and 1 % penicillin/streptomycin in 
a humidified incubator with 5 % CO2 at 37 ◦C. 

The mouse fibroblasts L929, obtained from ATCC, were cultured in 
RPMI 1640 (Gibco) supplemented with 10 % fetal bovine serum, and 1 
% penicillin/streptomycin in a humidified incubator with 5 % CO2 at 
37 ◦C. Cells were seeded (106 cells/well) into 6-well dishes. PBS, ExoNone 

or ExoMMP19 (at a protein level of about 1 mg/mL) were added to the 
well and co-incubated for 12 h. Cells were then collected for further use. 

6.5. Plasmid construction 

Using pcDNA3.1 (− ) as the vector, the Traptavidin-His-PTGFRN 
fragment, and MMP19-PTGFRN-Flag fragment were respectively inser
ted into the downstream of the promoter cytomegalovirus to construct 
expression vectors. The gene synthesis and vector construction were 
synthesized by Genscript Biotech Corporation (GenScript, China). 

6.6. Exosome isolation and characterization 

Exosomes were collected from HEK293T cells and purified using an 
ultrafiltration method. HEK293T cells were cultured for 48 h in serum- 
free DMEM before collection. Next, the supernatants were collected and 
centrifuged at 3000 g for 15 min to remove dead cells and cellular debris 
and filtered with a 0.22 μm filer. Then the supernatants were centrifuged 
at 100,000 g for 70 min at 4 ◦C. Exosomes were then washed and 
resuspended in sterile PBS and stored at − 80 ◦C for further experiments. 
For TEM analysis, exosomes were added to the grid and stained with 2 % 
uranyl acetate and imaged by TEM (JEM-2000EX and JEM-1400FLASH, 
JEOL, Japan). For NTA, the isolated exosomes were diluted to 1 mg/mL 
and analyzed by NanoPlus (Otsuka Electronics, Japan). The zeta po
tential of exosomes was measured by dynamic light scattering (Malvern 
Zetasizer, UK). The Size distribution and zeta potential of exosomes are 
listed in Table S2. 

6.7. Exosome labeling and tracking in vivo 

For in vivo analysis of distribution of exosomes, exosomes (about 1 
mg/mL at protein level) were incubated with 1 mM DiR (Invitrogen), DiI 
(Invitrogen) or DiO (Invitrogen) at a ratio of (500:1 in volume) for 30 
min at 37 ◦C. Free dyes were then removed by washing with PBS. DiR- 
labeled exosomes were intratracheally inhaled via a microsprayer. The 
distribution of exosomes was analyzed by an IVIS Lumina II in vivo im
aging system (PerkinElmer, Thermo Fisher, USA) after 6 h. For analysis 
of the intercellular and intracellular distribution of exosomes, mice were 
forced to intratracheally inhale with DiI-labeled exosomes via a micro
sprayer. After 6 h, mice were sacrificed and their lungs were isolated. 
The isolated lungs were fixed for 15 min with 4 % paraformaldehyde 
before sectioning. The fresh lung tissue was then embedded in an 
optimal cutting temperature compound and sectioned at a thickness of 8 
μm. After being blocked with 5 % bovine serum albumin (BSA) for 1 h, 
the tissue sections were incubated with anti-F4/80 (Proteintech, 28463- 
1-AP, 1:500), and anti-CD206 (Proteintech, 60143-1-Ig, 1:500) or anti- 
collagen I (Abcam, ab21286, 1:200) overnight. Next, the tissue sec
tions were incubated with FITC goat anti-rabbit IgG antibody (Pro
teintech, SA00003-2, 1:100) or CoraLite647 donkey anti-mouse IgG 
antibody (Proteintech, SA00014-8, 1:100) at room temperature for 1 h. 
The nuclei were counterstained with 4′-6-diamidino-2-phenylindole 
(DAPI) (Invitrogen). The DiI-labeled exosomes were tracked in a fluo
rescence microscope (ECLIPSE Ti, Nikon, Japan). To analyze the target 
efficacy of exosomes, DiO-labeled exosomes were intratracheally 
inhaled via the microsprayer. After 6 h, mice were sacrificed, and lung 
single-cell suspension was prepared for flow cytometry. 

6.8. Preparation of siRNA-loaded exosomes (ExoTx) 

To generate ExoTx, siDrp1 was added into ExoTarget by electropora
tion. Briefly, ExoTarget was firstly prepared by incubating ExoTraptavidin 

with biotinylated D-Mannose (0.1 mg, QIYUE) in PBS for 20 min. Next, 
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siRNA was added to the mixture at a final concentration of siRNA: 
exosome protein = 0.5OD:200 μg. Electroporation was then performed 
at 700V, 150 μF for 2 pulses in 0.4 cm electroporation cuvettes. To 
calculate the encapsulation efficiency and loading efficiency of siRNA, 
exosomes were diluted with PBS and then centrifuged at 100,000×g for 
70 min to remove free siRNA. The RNA was isolated from pellets using 
Trizol reagent according to the manufacturer. The copy numbers were 
calculated via an absolute RNA quantification method. The standard 
curves that created by serial dilution of purified and quantified PCR 
products of each synthesized siRNA. Exosome particle numbers were 
obtained by NTA. The encapsulation efficiency and loading capacity of 
siRNA was calculated using the following formulas: 

Encapsulation efficiency (%)=
loaded siRNA
original siRNA

∗ 100%  

Loading capacity=
copies of loaded siRNA

number of exosomes
∗ 100%  

6.9. Animal experiments 

The specific grouping of the experiment animals is as follows: (1) 
Healthy group: PBS + PBS; (2) BLM model: BLM + PBS; (3) Exosomes 
control group: BLM + ExoNone; (4) ExoTarget control group: BLM +
ExosiNC; (5) ExoTarget group: BLM + ExoTx; (6) ExoMMP19 group: BLM +
ExoMMP19; and (6) ExoMMP19 + ExoTx group (1:1): BLM + ExoMMP19 +

ExoTx. On days 10, 14, and 17 following BLM induction, exosomes (0.5 
OD siRNA/200 μg exosomes per mouse) were administered to the cor
responding group of mice. All the mice were euthanized on day 21 
following the BLM challenge to analyze PF. 

6.10. Histology 

Mice were sacrificed and perfused with PBS; thereafter, the lungs 
were collected and fixed in 4 % PFA for further use. Immunofluores
cence staining was performed on paraffin-embedded tissue slices fol
lowed by permeabilization and blocking with 5 % BSA. The antibodies 
used for staining included anti-F4/80 (Abcam, ab6640, 1:100), anti- 
CD206 (Proteintech, 60143-1-Ig, 1:500), and anti-Drp1 (Proteintech, 
12957-1-AP, 1:300). Alexa Fluor 488 anti-mouse IgG antibody (Invi
trogen, A-11001, 1:200), Alexa Fluor 594 anti-Rat IgG antibody (Invi
trogen, A-21209, 1:200), and Alexa Fluor Plus 647 anti-rabbit IgG 
antibody (Invitrogen, A32733, 1:200) were used as fluorescent sec
ondary antibodies. The ROS content in lung tissues was determined 
using ROS-specific fluorescent staining [50]. Fresh lung tissues were 
collected and stained with ROS-specific fluorescent dihydroethidium 
(DHE). The nuclei were counterstained with DAPI. Images were 
observed using a fluorescence microscope. Lung and tissue samples from 
BLM-induced mice were evaluated by H&E, Masson’s trichrome, and 
Sirius red staining. H&E stained sections were used for Ashcroft scoring, 
performed in a design-blind way. The expression of α-SMA (Abcam, 
ab5694, 1:200) in the lung was evaluated by immunohistochemistry. 

6.11. Multiplexed immunofluorescence (mIF) staining 

mIF staining was conducted using the PANO 7-plex immunohisto
chemistry kit, cat 0004100100 (Panovue, China). Formalin-fixed and 
paraffin-embedded (FFPE) lung tissue blocks were consecutively 
sectioned into 5 μm sections. Then the FFPE tissue slides were incubated 
consecutively with primary antibodies F4/80 (CST, 70076, 1:200), 
CD206 (CST, 24595, 1:200), Drp1 (Abcam, ab184247, 1:200), α-SMA 
(Abcam, ab5694, 1:200), and Col1a1 (Abcam, ab21286, 1:200). This 
was followed by incubation with horseradish peroxidase-conjugated 
secondary antibody incubation and tyramide signal amplification. The 
nuclei acids were stained with DAPI. Multiplexed stained sections were 
imaged using an Olympus VS200 (Olympus, Germany), in conjunction 

with Olympus UPLXAPO 20x objective lens. Multilayer images were 
annotated using QuPath software. 

6.12. Quantitative Real-time PCR 

Total RNA was isolated from tissues, cells, or exosomes by Trizol 
(Invitrogen) according to the manufacturer’s instructions. PrimeScript 
First-Strand cDNA Synthesis Kit (Takara) was used for total RNA reverse 
transcription. The RNA quantity and quality were measured with a 
NanoDrop 2000 spectrophotometer (Thermo Scientific, USA). qRT-PCR 
was performed on a Roche LightCycler 96 qPCR system (Roche) using 
SYBR Green Mix (Takara). RNA expression was normalized to GAPDH 
levels and calculated using 2–ΔΔCt. The primer sequences are listed in 
Table S1. 

6.13. Western blotting 

Tissues, cells, or exosomes were subjected to RIPA lysis buffer 
(Beyotime). Purified proteins were separated in 8 % or 12 % SDS-PAGE 
and then transferred onto a nitrocellulose membrane, which was 
blocked with 5 % BSA for 1 h, and incubated overnight with primary 
antibodies at 4 ◦C. 

The primary antibodies used included anti-Fibronectin (1:1000, 
Abcam, ab2413), anti-Col1a1 (1:1000, Invitrogen, PA5-29569), anti- 
α-SMA (1:1000, Abcam, ab5694), anti-Drp1 (1:1000, Proteintech, 
12957-1-AP), anti-GM130 (1:1000, Abcam, ab30637), anti-TSG101 
(1:500, Santa, sc-7964), anti-CD9 (1:1000, Proteintech, 20597-1-AP), 
anti-His (1:1000, Proteintech, 66005-1-Ig), anti-PTGFRN (1:1000, 
Abcam, ab97567), anti-Traptavidin (1:1000, Prospec, ANT-345), anti- 
Flag (1:1000, Proteintech, 20543-1-AP), anti-MMP19 (1:1000, Pro
teintech, 14244-1-AP), and anti-GAPDH (1:5000, Abcam, ab181602). 
Secondary antibodies used in the study included HRP Conjugated goat 
anti-mouse IgG (1:5000, Proteintech, SA00001-1) and HRP Conjugated 
goat anti-rabbit IgG (1:5000, Proteintech, SA00001-2). The bands were 
visualized using the ECL Prime Western Blotting Detection Reagent (GE 
Healthcare, UK). 

6.14. Statistical analysis 

All statistics were analyzed using GraphPad Prism 9. Experimental 
data in this study are expressed as mean ± SEM as indicated. Two-tailed 
unpaired Student’s t-test was used for two groups comparison while a 
one-way ANOVA test was used to compare the differences across more 
than three groups. The significance for survival was analyzed by using 
Kaplan–Meier with log-rank analysis. A p value < 0.05 indicates statis
tical difference. 
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