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Reprogramming Mitochondrial Metabolism in Synovial
Macrophages of Early Osteoarthritis by a Camouflaged

Meta-Defensome

Lei Zhang, Xiang Chen, Pinggiang Cai,* Han Sun, Siyu Shen, Baosheng Guo,*

and Qing Jiang*

Osteoarthritis (OA) is a low-grade inflammatory and progressive joint
disease, and its progression is closely associated with an imbalance in
M1/M2 synovial macrophages. Repolarizing pro-inflammatory M1 mac-
rophages into the anti-inflammatory M2 phenotype is emerging as a strategy
to alleviate OA progression but is compromised by unsatisfactory efficiency.
In this study, the reprogramming of mitochondrial dysfunction is pioneered
with a camouflaged meta-Defensome, which can transform M1 synovial
macrophages into the M2 phenotype with a high efficiency of 82.3%. The
meta-Defensome recognizes activated macrophages via receptor—ligand
interactions and accumulates in the mitochondria through electrostatic
attractions. These meta-Defensomes are macrophage-membrane-coated
polymeric nanoparticles decorated with dual ligands and co-loaded with
S-methylisothiourea and MnO,. Meta-Defensomes are demonstrated to
successfully reprogram the mitochondrial metabolism of M1 macrophages by
scavenging mitochondrial reactive oxygen species and inhibiting mitochon-
drial NO synthase, thereby increasing mitochondrial transcription factor A
expression and restoring aerobic respiration. Furthermore, meta-Defensomes
are intravenously injected into collagenase-induced osteoarthritis mice and
effectively suppress synovial inflammation and progression of early OA, as
evident from the Osteoarthritis Research Society International score. There-
fore, reprogramming the mitochondrial metabolism can serve as a novel and
practical approach to repolarize M1 synovial macrophages. The camouflaged
meta-Defensomes are a promising therapeutic agent for impeding OA pro-
gression in tclinic.
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role in the symptomology and structural progression of OA.

1. Introduction

Osteoarthritis (OA) is a progressive degener-
ative joint disease characterized by articular
cartilage destruction and synovial inflam-
mation.”! Pathological changes in joints can
lead to progressive functional limitations
and joint dysfunction, thereby disrupting
the quality of life.l?l Reports indicated that
this is the primary cause of disability world-
wide and is an enormous clinical and eco-
nomic burden.Pl There is growing evidence
showing that inflammation (particularly
synovitis) is significantly associated with
OA severity (except for mechanical loading),
which indicates a major role of innate
immunity in OA progression.! However,
clinical therapeutics for OA treatments only
relieve pains and symptoms. Their thera-
peutic effects are tremendously limited by
poor bioavailability, low stability, and rapid
joint clearance.’! Given the complicated
pathogenesis of OA in the end stage, joint
replacement has been the single choice
to cease disease progression,® which is,
unfortunately, confronted with high costs
and high risks of surgical failures for OA
patients.”) Hence, there is an urgent need to
develop novel therapeutic agents to manage
and prevent early-stage OA.

Lines of evidence have demonstrated

that synovial macrophages play a critical
8]
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Macrophages are generally dichotomized into two phenotypes:
pro-inflammatory M1 and anti-inflammatory M2. An imbal-
ance in M1/M2 synovial macrophages was highly correlated
with OA severity.”) M2 macrophages secrete anti-inflammatory
cytokines associated with the resolution of inflammation.l! In
contrast, M1 macrophages are predominant during the early
stage of inflammation and secrete pro-inflammatory cytokines
such as interleukin (IL)-1/3 and tumour necrosis factor (TNF)-c.
Notably, activated M1 macrophages produce reactive oxygen
species (ROS) and nitric oxide (NO), resulting in 30-fold higher
amounts of NO than in the M2 phenotype.'Yl In line with this,
current therapeutic agents are designed to regulate intracellular
ROS and NO levels, attempting to repolarize M1 into M2
macrophages.'”l However, these attempts involve intermittent
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and prolonged drug administration (over 4 weeks) due to insuf-
ficient M1 macrophage repolarization (less than 50%).13] Tt is
probably because the mitochondria-derived ROS and NO that
account for 90% of the ROS and NO production have not yet
been resolved.['

Therefore, it is necessary to resolve mitochondrial meta-
bolism and its relationship with M1/M2 imbalance in OA.
Previous studies have established that the energy metabolic
pathways of M1 macrophages differ from those of their M2
counterparts in tumors, showing disordered mitochondrial
respiration.®) M1 macrophages in tumors exhibit high levels of
inducible nitric oxide synthase (iNOS) and hydrogen peroxide
(H,0,),">18] which increases NO competing with oxygen (O,)
for cytochrome c oxidase, resulting in mitochondrial dysfunc-
tion and increased mitochondrial reactive oxygen species
(mtROS). This abnormal metabolic pathway in M1 macro-
phages aggravates oxidative stress and elevates the secretion
of inflammatory factors, contributing to the development of
tumors.l”) Tt has been reported that mitochondrial dysfunction
and oxidative stress contribute to dysregulation of the inflam-
matory response.®! Inflammatory M1 macrophage activation
blunts oxidative phosphorylation, thereby preventing repo-
larization.'”] In addition, mitochondrial ROS plays a key role
in promoting macrophage polarization to inflammatory M1
phenotype in inflammation-related diseases.'?¢2% Therefore,
therapeutically restoring mitochondrial function might be
useful to improve the reprogramming of inflammatory M1
macrophages into anti-inflammatory M2 cells to control the
disease. In tumor-associated macrophages, the modulation of
the mitochondrial morphology results in T-cell activation and
enhances anti-tumor immunity.?! Meanwhile, reprogram-
ming of macrophages from M1 to M2 can be achieved by
targeting rescue mitochondria metabolism.?2l Unfortunately,
mitochondrial metabolism in synovial macrophages in OA
remains unclear. Reprogramming mitochondria might be
able to repolarize synovial macrophages from M1 to M2 pheno-
types, if mitochondrial dysfunction accounts for the M1/M2
imbalance in OA.?3] So far, there has been no effective strategy to
repolarize M1 macrophages by restoring mitochondrial
dysfunction.

Biomaterial-based inflammation control has recently gained
much attention in the treatment of arthritis.?¥l Biomaterials can
be applied to targeted delivery of anti-inflammatory therapeu-
tics to desired cells, tissues, and organs, to anti-inflammatory
efficacy, and to reduce toxicity.?*) Among them, membrane-
coated nanocarriers inherit the biological functionalities of the
source cells, such as superior biocompatibility, long circulation
time, and disease-relevant targeting ability; and therefore have
been widely used in inflammation-related diseases. Recently,
red blood cells (RBCs) and platelets have been exploited as
membrane materials for concealing nanoparticles.?>! None-
theless, nonhomologous RBCs and platelet membranes can
cause abnormal or heterogeneous immune responses in
vivo.2 In addition, the low content of functional biomolecules
on membranes limits their targeting capabilities when wrap-
ping functionalized nanoparticles.’’] By contrast, immunocyte
membranes are emerging as novel camouflages for intro-
ducing nanomedicine formulations into the immune system,
such as cell membranes originating from macrophages, NK
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cells, T-cells, and dendritic cells.?®l Among them, membranes
from NK cells, T-cells, and dendritic cells are advantageous in
activating innate and adaptive immune responses and are there-
fore widely used in immunotherapies for cancer elimination.!?”!
However, the pathogenesis of OA, including biomechanical and
metabolic factors, is complex and restricts its use in OA treat-
ment.’% Many studies have shown that nanocarriers, cloaked in
the macrophage membrane providing a camouflage effect, can
evade immunological surveillance.}!! Macrophage membrane-
coated nanocarriers have exhibited high targeting efficiency in
various inflammatory diseases, including rheumatoid arthritis,
cancer, and sepsis.?¥ In addition, macrophage membrane-
coated nanocarriers are rendered with prolonged circulation.
Despite the camouflage effect, it is necessary to further boost
the phagocytosis of warped nanocarriers through a bio-friendly
strategy.?? Tt is indispensable to engineer the macrophage
membrane, to promote the entry of wrapped nanocarriers into
synovial macrophages, and repolarize the M1 phenotype into
the M2 phenotype.

Here, we hypothesized that such innate chemotaxis towards
inflammation might promote the accumulation of drug-loaded
macrophage mimics in the inflammatory tissues of OA joints,
thereby defending them against worsening inflammation.
Hence, we developed a novel meta-Defensome by metabolically
engineering macrophage membrane coated PLGA nanoparti-
cles (MMP) to target M1 macrophages and selectively release
cargoes in the mitochondria. The meta-Defensomes were fur-
ther camouflaged with dual-targeting ligands, by decorating
the wrapping membrane with dextran sulfate (DS) by MGE-
mediated bioorthogonal copper-free click chemistry,** and
DSPE-PEG,0p-TPPP  through post-insertion techniques. It
could regulate mitochondrial metabolism and promote M2
macrophage transformation in OA models by efficient scav-
enging of mtROS and inhibition of NO production locally in
mitochondria (Figure 1). In the meta-Defensome, manganese
dioxide nanoparticles (MnO, NPs, 5 nm) were encapsulated
to scavenge abnormal mtROS, which effectively triggered the
decomposition of H,0, and release of oxygen. S-methyliso-
thiourea (SMT), an iNOS inhibitor, was simultaneously incor-
porated to inhibit abnormal mtNOS expression. The obtained
meta-Defensomes were shown to successfully target the syno-
vitis site of OA joints after intravenous injection in response to
inflammatory factors, restore mitochondrial dysfunction in M1
macrophages, and drive macrophage polarization from M1 to
M2 phenotype via regulating the expression of mitochondrial
transcription factor A (TFAM). Camouflaged meta-Defensomes
targeted activated macrophages at synovitis from OA mice at an
early stage in response to inflammatory factors and effectively
recognized M1 macrophages by targeting the SRA receptor,
thereby achieving real-time visualization by bimodal MRI/IVIS
imaging. Notably, camouflaged meta-Defensomes effectively
attenuate oxidative stress and suppress inflammation in the
OA synovium to prevent OA progression through regulating
the mitochondrial dysfunction of M1 synovial macrophages in
collagenase-induced osteoarthritis (CIOA) mice. Therefore, our
study demonstrates a promising therapeutic strategy to effec-
tively prevent OA progression via the targeted interface of mito-
chondria metabolism, which has excellent potential for clinical
OA treatment.

© 2022 Wiley-VCH GmbH
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Figure 1. Schematic of targeted mitochondrial metabolism reprogramming in M1 synovial macrophages. The meta-Defensome (DS/TPP-MMSP)
targeted the synovitis site of OA joints after systemic administration and specifically accumulated in the mitochondria of M1 macrophages. Subse-
quently, meta-Defensomes reprogramed pro-inflammatory M1 macrophages to the anti-inflammatory M2 phenotype by restoring aerobic respiration.

The reprogramming is achieved through scavenging mtROS and inhibiting mtNOS which both increase TFAM expression.

2. Results and Discussion

2.1. Mitochondrial Dysfunction is Positively Associated
with OA Severity

Synovial macrophages play a critical role in the pathogenesis of
OA. The ratio of M1/M2 phenotypes of synovial macrophages
is known to increase with OA severity, and thus there exists
a perturbation of homeostasis.’® This suggests that repro-
gramming M1 macrophages into the M2 subtype might be
a promising therapeutic option for OA treatment. To find an
effective reprogramming strategy, we performed single-cell
RNA sequencing of the human synovium to investigate the
abnormal gene expression of synovial macrophages in OA
patients. As shown in the t-SNE analysis (Figure 2A), three
transcriptionally distinct macrophage clusters were identified
in the synovium of healthy controls and patients with OA. In
the human OA synovium, MO macrophages were activated
into M1 and M2 phenotypes, which led to enhanced synovial
hyperplasia and macrophage-related synovial inflammation as
shown by the hematoxylin and eosin (H&E) staining (Figure S1,
Supporting Information). In addition, the ratio of M1/M2 mac-
rophage in the human OA synovium was 4.8-fold higher than
that in the normal synovium, which is consistent with previous
studies.l**>3%l The OA synovium exhibited more iNOS-positive
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cells (marking M1 macrophages) than the normal synovium, as
well as a 3.8-fold increase in scavenger receptor class A (SRA)
(Figure S2, Supporting Information). In contrast, the number
of CD206-positive cells in the OA synovium was significantly
lower than that of iNOS-positive cells, suggesting an imbal-
ance in the M1/M2 ratio (Figure S2A, Supporting Information).
Meanwhile, the human OA synovium showed higher levels of
inflammatory cytokines (TNF-o and IL-1f) than the normal
synovium (Figure S3, Supporting Information), which is con-
sistent with the proportion of M1 cells.

To screen the genes associated with increased M1 polariza-
tion, we analyzed differentially expressed genes for each cluster
and chose upregulated and downregulated genes (log2 FC >
0.36 and p-value < 0.01) in human OA synovium by the like-
lihood-ratio test. The expression heatmap showed dozens of
genes associated with mitochondrial dysfunction were down-
regulated in M1 macrophages (Figure 2B). Many of these genes
are essential for the maintenance of mitochondrial biogenesis
and energy production, including MT-CO3,”] MTATP6P1,138
MT-ATP6,3% MT-CYB,l MT-ND4,l RNR2,4l and MT-DN1.4}]
Moreover, MT-ND3* and MT-CO3¥*! can be regulated by
hypoxia, and their dysfunction is related to oxidative stress,
oxygen supply, and lipid metabolism (Figure 2C, Figure S4,
Supporting Information). This implies that mitochondrial
dysfunction might contribute to the vastly increased number
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Figure 2. Mitochondrial dysfunction in M1 synovial macrophages promoted the progression of human OA. A) 2D t-SNE visualization of 8796 cells in
synovium from normal patients (n = 3) and OA patients (n = 3). Three transcriptionally distinct macrophage clusters (M0, M1, and M2) were identi-
fied. The ratio of M1 macrophage in OA synovial tissues was 4.8-fold higher than in normal tissues. B) Heatmap of differentially expressed genes in
macrophage clusters from synovial tissues (n = 3) in (A). Columns show differentially expressed signature genes in each cluster, and rows exhibited
different clusters (M0, M1, and M2). C) Violin plots showing the differential expression of MT-ND3 in each cluster of M1 macrophages in the syn-
ovium from OA patients (n = 3) and healthy subjects (n = 3). Mitochondrial biogenesis-related gene MT-CO3 and Hypoxia-related gene MT-ND3 were
downregulated in OA synovium compared to normal ones. D) TEM images of mitochondria in OA and normal human synovium. Mitochondria in OA
human synovium were swollen, and round-shaped, and the mitochondrial cristae were disrupted, whereas mitochondria in normal human synovium
were less swollen with well-organized cristae. Scale bars: 500 nm. E) Immunofluorescence imaging of iNOS/mtROS (top) and iNOS/TFAM (bottom)
in OA and normal human synovium. The mtROS level (red) and TFAM expression (red) were investigated in M1 macrophages (cells stained positively
for iNOS (green)). M1 macrophage from OA synovium exhibited severe mitochondrial damage, as evident from the increased mtROS levels, and the
decreased TFAM expression. Scale bars: 50 um. F) TEM images of mitochondria in the synovium from normal, early CIOA, and late CIOA mice models.
The damage to mitochondrial integrity was positively correlated with OA severity. Scale bars: 500 nm. G) Immunofluorescence imaging of iINOS /
TFAM and iNOS/mtROS in the synovium from normal, early CIOA, and late CIOA mice models. The mtROS level (Red) and TFAM expression (red)
were investigated in M1 macrophages (cells stained positively for iNOS (green)). M1 mitochondrial dysfunction marker is positively correlated with
OA severity. Scale bars: 50 um. The upregulated mtROS level and downregulated TFAM expression in M1 macrophages positively correlate with OA
severity. H) Bar chart showing ATP levels in synovium from normal and CIOA mice with early or late stage. The downregulated ATP levels in synovial
tissues are positively related to OA severity. The ATP levels of the normal group were used as control and set to be 100%. Data are shown as means
+ SD. (n = 5). The significant differences are determined by the unpaired t-test (double tail), ***p < 0.001, in comparison with the normal group.
1) Schematic of mitochondrial dysfunction degree positively associated with OA severity.
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of M1 synovial macrophages and therefore the pathogenesis
of OA. OA mice models were developed using CIOA and
surgical destabilization of the medial meniscus (DMM) in
this study. SRA overexpression was used as a measure of M1
macrophage activation.*®l SRA markedly increased in synovial
macrophages (F4/80 positive) on day 3 after collagenase injec-
tion or day 7 after DMM surgery, and continued to increase on
day 28 (Figure S5, Supporting Information), corresponding to
early-stage and late-stage OA, respectively. SRA overexpression
was also accompanied by elevated expression of IL-15, TNF-¢,
and MMP-3 in cartilage and synovium (Figures S6 and S7, Sup-
porting Information). Notably, the number of M1-like macro-
phages marked by iNOS increased on day 3 post-CIOA and
day 7 after DMM surgery (Figure S8, Supporting Information),
implying an imbalance of the M1/M2 ratio in OA mice.

The semi-quantitative relationship between OA severity and
mitochondrial dysfunction in synovial macrophages was inves-
tigated in different stages of OA patients and CIOA mice. We
measured the expression of TFAM and mtROS in synovial
macrophages, as mtROS can promote mitochondrial damage
by suppressing TFAM-mediated mtDNA maintenance. M1
macrophages from human OA synovium exhibited severe mito-
chondrial damage (Figure 2D), as evidenced by the morphology
change, showing the decrease of mitochondrial area to 29%
and the length/width ratio to 23.3% (Figure S9, Supporting
Information), an 8.2-fold increase in mtROS levels, down to
19.2% in TFAM expression, and down to 55.8% in the ATP
level, in comparison with normal human synovium (Figure 2E,
Figures S10 and S11, Supporting Information). Meanwhile, M1
macrophages from the early OA synovium in CIOA mice exhib-
ited less mitochondrial damage (Figure 2F), as evidenced by the
morphology change, showing the decrease of mitochondrial
area to 44.6% and the length/width ratio to 39.6% (Figure S12,
Supporting Information), down to 54.0% in mtROS levels, but
a 2.37-fold higher TFAM expression than that in the late CIOA
synovium (Figure 2G, Figure S13, Supporting Information),
suggesting that mitochondrial dysfunction was also exhibited
in early OA. In addition, ATP production was reduced in
synovial tissues from CIOA mice at the early stage, generating a
2.1-fold increase compared to the late stage (Figure 2H). These
results confirmed a positive correlation between OA severity
and mitochondrial dysfunction in M1 synovial macrophages
(Figure 2I). This suggests that intervention with mitochondrial
metabolism is a promising macrophage reprogramming target
to prevent the progression of early OA. According to the severe
mitochondrial dysfunction of M1 synovial macrophages from
both OA patients and CIOA mice models, the biomaterials-
based strategy for targeting the mitochondrial metabolism of
M1 synovial macrophages holds excellent potential for OA treat-
ment in the clinic.

2.2. Preparation of the Dual-Targeting Meta-Defensome

The positive correlation between OA severity and mitochondrial
dysfunction in M1 synovial macrophages was confirmed in both
OA patients and mouse models, therefore, we developed a cam-
ouflaged meta-Defensome to interfere with the mitochondrial
metabolism of M1 macrophages to prevent the progression of
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early OA. Selective targeting of M1 synovial macrophages was
the first requirement for these camouflaged meta-Defensomes
to defend mitochondria against metabolic dysfunction. Given
the chronic inflammation-directed chemotactic ability of
macrophage membrane-coated nanocarriers, it remains unclear
whether they can regulate macrophage heterogeneity. To target
M1 macrophages and reprogram mitochondria dysfunction, we
collected the macrophage membrane and inserted dual-ligands
(Figure 3A). First, an azide group was introduced onto the
surface of macrophages after their incubation with Ac4ManNAz,
followed by functionalization with DS through biorthogonal
copper-free click chemistry (Figures S14 and S15, Supporting
Information). Thereafter, DS served as the targeting moiety
for SRA, which is abundant in M1 macrophages in early OA.
Meanwhile, MnO, NPs (5 nm) and SMT were encapsulated
in PLGA nanoparticles using an emulsion solvent evaporation
method (Figure S16, Supporting Information) to relieve
mitochondria stress caused by mtROS and mtNOS in M1
macrophages, respectively. The DS-bearing macrophage mem-
brane was then introduced to wrap the PLGA nanoparticles
through mechanical extrusion. Last, DSPE-PEG,yy-TPP was
incorporated onto the surface of macrophages, which con-
ferred mitochondrion-targeting ability. This process resulted in
a camouflaged meta-Defensome (also named DS/TPP-MMSP),
which could potentially defend mitochondria against metabolic
dysfunction in M1 macrophages and thus protect the joint
from further OA progression. Then, the structural characteri-
zation of the camouflaged meta-Defensomes was carried out.
The Meta-Defensomes showed a core—shell morphology in the
TEM images (Figure 3B) and a narrow size distribution with
an average hydrodynamic diameter of approximately 140 nm
as measured by DLS (Figure S17A, Supporting Information).
Sphere-like MnO, nanoclusters appeared to be encapsulated
in the core (Figure 3B), with an average size of approximately
5 nm (Figure S18, Supporting Information). Energy-dispersive
spectrometry (EDX) also validated the existence of Mn
(in yellow) and O (in red) (Figure 3C), while the UV-vis absorp-
tion spectra of the meta-Defensome exhibited a broad absorp-
tion band at 300400 nm, corresponding to MnO, (Figure S19,
Supporting Information). These results suggested the incor-
poration of MnO, into the meta-Defensomes. In addition, the
zeta potential of meta-Defensomes was approximately —20 mV
(Figures S17B and S20, Supporting Information), endowing
it with excellent solubility and long-term colloidal stability
(7 days) in the physiological environment (Figure S21, Supporting
Information). Next, we confirmed that the modification of DS
and TPP ligands had little effect on the biological functions
of the macrophage membrane. The typical surface markers of
macrophages, such as F4/80 and CD11b, remained in the meta-
Defensome (Figure 3D). In addition, the protein composition
of the meta-Defensome was consistent with that of the MMSP
and the macrophage membrane as shown by gel electropho-
resis (Figure S22, Supporting Information). The grafting ratio
of DS and TPP on meta-Defensome was determined using
high-sensitivity flow cytometry (HSFCM). Rhodamine modified
DBCO or DSPE-PEGy,-FITC was inserted into the macrophage
membrane following the process of meta-Defensome fabrication,
which yielded Rhodamine/FITC-MMSP. Given the concentra-
tion of Rhodamine/FITC-MMSP to be 1.99 x 10® particles mL™,
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Figure 3. Preparations and Characterization of meta-Defensome. A) Schematics illustrating the preparation of meta-Defensome (DS/TPP-MMSP).
B) TEM images of meta-Defensomes. The left column shows the meta-Defensomes stained with phosphotungstic acid, and the arrow indicates the
DS-MM on the surface. The right column shows meta-Defensomes without staining, and the arrow indicates MnO, nanoparticles. Scale bar: 20 nm.
C) EDX mapping of Mn, O, and C elements in meta-Defensomes. Scale bar: 20 nm. D) Western blots of the expression of F4/80 and CD11d of protein
sample from meta-Defensomes. E) The line plot shows the release of SMT from meta-Defensomes in PBS within 60 h. Data are shown as means +
SD. (n =5). F) Oxygen production by meta-Defensomes in H,0O, within 30 h. G) The r1 characterization of meta-Defensomes. The inset shows T1
images of meta-Defensomes at various concentrations. The linear relationship between signal intensity and meta-Defensomes concentration implied

its potential as an imaging agent. Data are shown as means + SD. (n = 3).

we calculated that each meta-Defensome contained an average
of =680 rhodamine-DS and 487 FITC-TPP, according to the
concentration and molecular weight of rhodamine or FITC.
Subsequently, the SMT release kinetics of the meta-Defensome
were analyzed in a physiological environment. The meta-Defen-
some (DS/TPP-MMSP) and MMSP exhibited sustained release
with no initial burst (Figure 3E). The similar release patterns
of meta-Defensome (DS/TPP-MMSP) and MMSP suggested
that the ligand modifications had minimal influence on the
release kinetics. In addition, the catalytic performance of meta-
Defensome enabled by MnO, was measured using H,0,. A
rapid increase in O, production was detected upon the addition
of meta-Defensome (DS/TPP-MMSP), DS-MMSP, or MMSP
to the 10 mm H,0, solution, in contrast to the negligible O,
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production after adding bare PLGA nanoparticles (Figure 3F).
Meanwhile, the retention of MR capability of MnO, upon
encapsulation was confirmed. The Tl-weighted signal inten-
sity of the meta-Defensome was positively correlated with the
MnO, concentration (Figure 3G) with r1 of 6.7 mm~! s7, close
to that of free MnO, (6.6 mm™' s7%; Figure S23, Supporting
Information).

M1 macrophages-mitochondrial targeting is a prerequisite
for an effective therapeutic agent for reprogramming mitochon-
drial metabolism in M1 macrophages. The selectivity of DS
modified macrophage membrane coated PLGA NPs (DS-MP)
for M1 macrophages was evaluated using flow cytometry. As
shown in Figure S24, Supporting Information, strong green
fluorescence was detected in the RAW 246.7-differentiated M1
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macrophages after being incubated with Cé6-loaded DS-MM
(DS-MM-C6) for 4 h. In contrast, nearly no fluorescence was
observed in mouse fibroblast-like synoviocytes (FLS), MC3T3E1
osteoblasts, ATDC5 chondrocytes, MO macrophages, and
BV2 microglia cells. These results suggest that DS-MM has a
good targeting ability for M1 macrophage in the synovial tissue.
In addition, the mitochondrial targeting ability of meta-Defen-
some was also investigated by using co-localization analysis
of fluorescence microscopy images. The DS-modified formu-
lations (both DS-MP-C6 and DS/TPP-MP-C6) were almost
internalized into the cytoplasm of RAW 246.7-differentiated
M1 macrophages (Figure 4A,B, Figure S25, Supporting Infor-
mation), but the unmodified formulation remained outside
(MP-C6). As shown in Figure 4B, compared with the unmodi-
fied formulation (MP-C6 and TPP-MP-C6), the DS-modified
formulation (DS-MP-C6 and DS/TPP-MP-C6) was primarily
internalized into the cytoplasm of M1 macrophages (Figure 4B,
Figure S25, Supporting Information), indicating that DS modi-
fication enhanced cellular accumulation of drugs in activated
macrophages. Furthermore, the mitochondrion-targeting
capability of the formulations with additional TPP-modification
was examined. DS/TPP-MP-C6 (green channel) colocalized with
the mitochondrial network (red channel) with a colocalization
coefficient R of 0.62 (Figure 4C), which was much higher than
that of DS-MP-C6 (R = 0.16). This indicated that DS/TPP-MP
had an excellent mitochondrion-targeting capability. It is note-
worthy that the total cellular accumulation in M1 macrophages
was down to 32% of DS/TPP-MP-C6, although TPP-MP-C6 had
a high colocalization coefficient in mitochondria compared to
the TPP unmodified formulation (DS-MP-C6 and MP-C6). It
suggests that a lack of DS declaration reduced the targeting effi-
ciency of TPP to mitochondria. Therefore, DS/TPP-MP-C6 has
a high mitochondria-targeting efficiency in M1 macrophages.

2.3. Oxidative and Energy Metabolism Regulated by
Meta-Defensome

The meta-Defensomes containing MnO, are supposed to con-
sume excessive mtROS and reduce oxidative stress in M1
macrophages. The ROS-scavenging ability of the meta-Defensomes
was evaluated using a MitoSOX fluorescent probe and we
found a significant reduction in mtROS levels of M1 macro-
phages compared to the control groups (Figure 4D). Moreover,
meta-Defensomes exhibited an effective ROS scavenging capa-
bility (Figure S26, Supporting Information), which was down
to 178% in ROS levels than that in M1 macrophages. Meta-
Defensomes upregulated the expression of mtNOS in the
dysfunctional mitochondria of M1 macrophages (Figure S27,
Supporting Information), thereby significantly reducing NO
production in M1 macrophages (Figure S28, Supporting Infor-
mation). Taken together, MnO,- and SMT-encapsulated meta-
Defensomes are capable of regulating oxidative metabolism by
scavenging mtROS and increasing mtNOS activity.

The regulation of intracellular energy metabolism by the
meta-Defensomes was further evaluated using an ATP assay in
M1 macrophages. The results showed that meta-Defensomes
promoted ATP production (Figure 4E) and markedly increased
mitochondrial succinate dehydrogenase activity (Figure S29,
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Supporting Information). At the same time, these particles
inhibited glycolytic capacity and promoted aerobic glycolysis
of M1 macrophages, as evidenced by the increased OCR level
and decreased ECAR levels (Figure 4F, Figure S30, Supporting
Information). In addition, the increased expression of HIF-lo
by stimulation with LPS plus IFN-y which could activate
glycolysis metabolism and inhibit mitochondrial oxidation in
macrophages,|¥) was also suppressed by meta-Defensomes in
M1 macrophages. In short, this suggests that meta-Defensomes
are potent in promoting energy generation and reprogramming
the metabolic pathway of M1 macrophages.

2.4. M1 Macrophage Repolarization by Meta-Defensome

Given the excellent ability of meta-Defensomes to regulate
intracellular oxidative metabolism and energy metabolism in
M1 macrophages, we examined the polarization of RAW264.7
cells-differentiated macrophages. A notable decrease in iNOS
and an increase in CD206 were observed in Ml-polarized
RAW264.7 after meta-Defensomes treatment (Figure 4G,
Figure S31, Supporting Information). After incubation with
meta-Defensomes, the number of F4/80*INOS* cells (M1
macrophage) was decreased from 56.3% to 9.68%, indi-
cating that meta-Defensomes repolarized M1 macrophages
with a high efficiency of 82.8%. Meanwhile, the number of
F4/80*CD206" cells (M2 macrophage) was increased from
4.22% to 42.6%, suggesting that meta-Defensomes transformed
M1 macrophages into M2 phenotype with a high efficiency of
82.3%. In comparison with DS modified macrophage nanocar-
riers, the transformation efficiency from M1 macrophage into
M2 of DS-MMSP is down to 65.0% of meta-Defensomes group,
demonstrating that the regulation of mitochondria metabolism
processed of excellent M1 macrophage transformation ability. A
consistent transformation trend was confirmed using immu-
nofluorescence staining for iNOS and CD206. It was observed
that M1-polarized RAW264.7 cells (iNOS-positive) were almost
totally transformed into M2-polarized RAW264.7 cells (CD206-
positive; Figure 4H). In contrast, meta-Defensomes appeared
to protect M2-polarized RAW264.7 cells from being pathologi-
cally transformed into M1 macrophage polarization. Despite
stimulating M2-polarized RAW264.7 cells with LPS plus IFN-y
that mimics the synovitis microenvironment, a negligible M1
marker (iNOS) appeared but high level of M2 marker (CD206,
green) remained (Figures S32 and S33, Supporting Infor-
mation). These results demonstrated that meta-Defensomes
effectively induced the repolarization of M1 macrophages and
protected M2 macrophages from being transformed into the
M1 phenotype.

2.5. Mitochondrial Function Recovery by Meta-Defensome via
TFAM Upregulation

To investigate the underlying mechanism of mitochondrial
metabolic reprogramming in M1 macrophages by meta-Defen-
somes, the expression of COXIV, ATP5A and TOMM20 was
examined, considering their essential roles in mitochondrial
function. COX IV is one of the subunits of the cytochrome
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Figure 4. The reprogramming of M1 macrophage polarization by meta-Defensome. A) Schematics illustrating the reprogramming of M1 macrophages
into M2 macrophages by meta-Defensome (DS/TPP-MMSP) treatment. B) Confocal laser scanning imaging showing the colocalization of C6-labeled
multi-stage formulations in mitochondria of differentiated M1 macrophages. C6 (green) and Mitortracker for mitochondria staining (red) were observed.
Scale bar: 20 um. C) Colocalization coefficient of C6-labeled multi-stage formulations with mitochondria in M1 macrophages. Data are shown as means
+ SD. (n = 5). The significant differences are determined by the unpaired t-test (double tail), ***p < 0.001, in comparison with the control group
(MP-C6). D) Confocal laser scanning imaging shows the decreased mtROS in M1 macrophages upon meta-Defensomes treatment. Scale bar: 20 um.
E) Bar chart of relative ATP production in M1 macrophages upon meta-Defensomes treatment. The ATP production of the MO macrophage group was
used as control and set to be 1. Data are shown as means £ SD. (n = 5). The significant differences are determined by the unpaired t-test (double tail),
**%p < 0.001, in comparison with the M1 macrophage group. F) Bar chart of relative ECAR level in M1 macrophages upon meta-Defensomes treatment.
The ECAR level of the MO macrophage group was used as control and set to be 1. Data are shown as means = SD. (n = 5). The significant differences
are determined by the unpaired t-test (double tail), ***p < 0.001, in comparison with M1 macrophage group. G) Flow cytometry shows the increased
ratio of M1 macrophages upon meta-Defensomes treatment (stained with F4/80 and iNOS). H) Confocal laser scanning imaging of M1 macrophages
labeled with F4/80 (green), iNOS (red), and CD206 (purple) before and after treatment with meta-Defensomes. Scale bar: 20 um. 1) Western blots
show the expression of COX IV, ATP5A, TOMM?20, and TFAM in M1 macrophages upon different treatments. |) Schematic illustrates that mitochondrial
dysfunction in M1 macrophage was reversed by inhibiting TFAM deficiency upon meta-Defensomes treatment.
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C Oxidase (COX) hetero-oligomeric enzyme located in the
inner mitochondrial membrane, which drives ATP synthesis
by catalyzing molecular oxygen into water and translocating
protons across the inner mitochondria membrane.*¥! ATP5A
is a catalytic subunit of the mitochondrial ATP synthase com-
plex responsible for the synthesis and hydrolysis of ATP.* The
expression of COX IV and ATP 5A was upregulated after meta-
Defensomes treatment, in contrast to macrophages treated with
MMSP (Figure 4I), indicating meta-Defensomes can regulate
the ATP supply in M1 macrophages. The mitochondrial electron
transport chain utilizes a series of electron transfer reactions
to generate cellular ATP through oxidative phosphorylation
(OXPHOS).% Mitochondrial OXPHOS is inhibited in activated
M1 macrophages, rendering them unable to be converted into
M2 phenotype.’) As shown in Figure S34A, Supporting Infor-
mation, the expression level of ATP5A, UQCRC2, and SDHB
were increased in M1 macrophages after meta-Defensomes
treatments. However, the expression levels of OXPHOS system
remained unchanged in M2 macrophages after co-cultured
with meta-Defensomes (Figure S34B, Supporting Information).
These results indicated that meta-Defensomes can regulate
OXPHOS in M1 macrophages to restore mitochondria ATP
supply while do not affect the disturb the electron transport
chain during oxidative phosphorylation in M2 macrophages.
Meanwhile, meta-Defensomes promoted mitochondrial biogen-
esis, as shown by the upregulation of TOMM20 (a marker of
mitochondrial content; Figure 41).52

In addition, the protein levels of TFAM in M1 were lower
than in M2.1°3] Meta-Defensomes were found to restore TFAM
expression, which might subsequently restore mitochondrial
metabolism in M1 macrophages. Furthermore, meta-Defensomes
were found to inhibit the secretion of inflammatory factors in M1
macrophages (Figures S35 and S36, Supporting Information),
including TNF-« and IL-15, which were 3.1-fold and 2.3-fold
lower than those in the TPP-MMSP groups, respectively.
Furthermore, meta-Defensomes induced negligible apoptosis
in chondrocytes (Figure S37, Supporting Information), indi-
cating good cellular biocompatibility. Additionally, the super-
natant of M1 macrophages cultured with meta-Defensomes
significantly inhibited MMP-13 protein expression in ATDCS5
cells (Figure S38, Supporting Information). These results
suggest that meta-Defensomes may protect chondrocytes from
the inflammatory microenvironment in OA joints. In summary,
our work demonstrated that meta-Defensomes could repolarize
M1 macrophages by reversing mitochondrial dysfunction in a
TFAM-dependent manner (Figure 4]).

2.6. Alleviating the Progression of Disease in CIOA Mice

Macrophage membrane-coated nanocarriers exhibit high
targeting efficiencies in various inflammatory diseases.’?l In
addition, no obvious immunotoxicity was observed in mice
administered with external macrophages, even at the highest
dosage (10° macrophages kg™),*¥ indicating the good bio-
compatibility of macrophage membrane-coated nanocarriers
in vivo. In this study, mouse peritoneal macrophages were
selected as live cell-based carriers for camouflaged defense
mechanisms. To systemically evaluate the biocompatibility of
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DS- and TPP- modified macrophage membrane-coated PLGA
NPs (DS/TPP-MP), three groups of C57BL/6 mice were iv.
injected with saline, macrophage membrane-coated PLGA NPs
(MP), and DS/TPP-MP for half a month with a high dose of
10 mg kg™! every four days (for four injections). The body weight
(Figure S39A, Supporting Information) and counts of immune-
associated cells including monocytes, lymphocytes, and neutro-
phils, in the blood (Figure S39B, Supporting Information) of
the treated mice were similar to those in the control group. In
addition, histological analysis of the main organs (including
the liver, lungs, kidneys, and spleen) of mice treated with
DS/TPP-MP indicated no toxicity (Figure S39C, Supporting
Information). Furthermore, the liver function biomarkers
alanine transaminase (ALT) (Figure S39D, Supporting Infor-
mation) and aspartate aminotransferase (AST) (Figure S39E,
Supporting Information) and kidney function biomarkers blood
urea nitrogen (BUN) (Figure S39F, Supporting Information) in
the serum of mice treated with DS/TPP-MP were comparable
to those of the saline-treated group. These results demonstrated
that no obvious immunotoxicity occurred in mice adminis-
tered macrophage membrane-coated nanocarriers, even at the
highest dosage.

To determine the synovium-targeting ability of the camou-
flaged meta-Defensome, DiR-labeled DS/TPP-MMP was intra-
venously injected into the tail vein of early-stage CIOA mice.
The accumulation of DS/TPP-MMP in the knee joint was quan-
tified using an IVIS imaging system. Robust fluorescence (DiR)
was observed shortly in OA knees at 4 h post-injection of DS/
TPP-MMP, and continued to increase within 12 h post-injec-
tion, reaching a 1.9-fold higher level than the DS-MMP group
(Figure 5A,B). This implies their excellent targeting ability for
OA joints and their long-period retention. In addition, ex vivo
imaging showed fluorescence in the inflamed joints of CIOA
mice after treatment with DiR-DS/TPP-MMP and DiR-DS-MMP
compared to DiR-MMP, indicating that DS modification can
improve the targeting ability of macrophage membrane-coated
nanocarriers. Furthermore, more DiR-DS/TPP-MMP accu-
mulated in OA joints than DiR-DS-MMP, suggesting that the
dual ligand (DS and TPP) targeting strategy has OA good tar-
geting ability in vivo. Importantly, a lower distribution of DiR
signals in the liver and spleen was observed in the DiR-DS/
TPP-MMP group than in the DiR-MMP and DiR-DS-MMP
groups, confirming that DS/TPP-MMP has high selectivity
toward OA inflammatory joints (Figure S40, Supporting Informa-
tion). Notably, further investigations revealed that DS/TPP-MMP
was specifically enriched in the articular synovium of CIOA
mice, in contrast to MMP (Figure S41, Supporting Infor-
mation). DS/TPP-MMP also allowed in vivo MRI of syno-
vial macrophages, once intravenously injected into OA mice
(Figure 5C), consistent with the results shown in Figure 3G.
The T1 signal appeared stronger in knees of CIOA mice at 12
h-post-injection than in MMP-treated CIOA mice, in agree-
ment with the trend in IVIS imaging (Figure 5A). These results
confirmed the synovium targeting of meta-Defensomes in the
early stages of OA.

Subsequently, we investigated whether meta-Defensomes
effectively suppressed OA progression in vivo through intrave-
nous injection (Figure 5D). Compared with the saline control,
meta-Defensomes effectively reduced the levels of inflammatory
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Figure 5. Meta-Defensome attenuated OA by inducing synovial macrophage M1 repolarization. A) In vivo imaging of CIOA mice after 4, 8, and 12-h
treatment of DiR-labeled DS/TPP-MMP (meta-Defensome). B) Bar chart of relative fluorescence intensity (FL) of knee joints in (A). The fluorescence
intensity of paw tissue was used as control and set to be 1. Data are shown as means £ SD. (n = 3). The significant differences are determined by the
unpaired t-test (double tail), ***p < 0.001, in comparison with the DiR-MMP group. C) T1 images of CIOA mice after treatment of MMP, DS-MMP,
and DS/TPP-MMP. The circle indicates knee joints. The T1 signal of knee joints from CIOA mice after treatment with DS/TPP-MMP was much higher
than that of other groups. D) Schematics illustrating meta-Defensomes treatment attenuates OA in model mice. E) Representative immunohistochem-
istry images of TNF-¢, IL-13, and MMP3 in the synovium from CIOA mice upon corresponding treatments. Scale bar: 100 um. F) TEM images of the
mitochondria of synovial macrophage from CIOA mice treated with different treatments. Scale bars: 500 nm. G) Immunofluorescence of iNOS and
CD206 in the synovium from CIOA mice treated with different treatments. Scale bars: 50 um. H) H&E and safranin O staining of the joint from CIOA
mice after meta-Defensomes treatment. Scale bar: 50 um. |) The severity of OA-like phenotype was analyzed by grading histological sections in medial
femoral condyles (MFCs) and the medial tibial plateau (MTP) using the OARSI score system. The OARSI score of sham group was used as control
and set to be 1. Data are shown as means + SD. (n = 6). The significant differences are determined by the unpaired t-test (double tail), ***p < 0.001,
in a comparison with saline group. J) Schematics illustrating gait analysis for OA mice. K) Gait analysis for CIOA mice treated with meta-Defensomes
treatment. The red dotted line represents stride length; the black dotted line represents step length. Red print: fore paw; black print: hind paw.

factors (INF-o¢ and IL-18) and matrix metallopeptidase  seemed negligible compared to that in sham groups, indicating
3 (MMP3). More importantly, the expression of inflamma- that meta-Defensomes can effectively alleviate synovitis in
tory factors in early OA mice treated with meta-Defensomes  OA (Figure SE). Importantly, the mitochondrial morphology
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recovered, showing less swelling but more organized
mitochondrial cristae, mitochondrial area, and mitochondrial
length to width after meta-Defensomes treatment, compared
to the other groups (Figure 5F, Figure S42, Supporting Infor-
mation). In addition, a greater number of CD206-positive cells
were observed in the synovium of CIOA mice treated with
meta-Defensomes than in those treated with saline (Figure 5G),
suggesting that successful inhibition of M1 polarization of
synovial macrophages in CIOA mice. Meanwhile, TFAM
expression in iNOS-positive M1 macrophages was also signifi-
cantly restored by meta-Defensomes compared to other groups,
which indicated that the recovery of mitochondrial dysfunction
in synovial tissues was beneficial to facilitating M1 macrophage
repolarization (Figure S43, Supporting Information). To further
confirm that meta-Defensomes could relieve joint inflamma-
tion and reduce cartilage destruction, joints of CIOA mice
were sectioned for histological analysis at the study endpoint
(4 weeks after meta-Defensomes treatments). Prominent syno-
vial hyperplasia was observed in the joints of mice intra-articu-
larly injected with collagenase and was significantly inhibited
by treatment with meta-Defensomes (Figure 5H, upper row).
Meanwhile, reduced safranin O staining of proteoglycans and
exacerbated cartilage surface erosion was observed in CIOA
mice injected with saline. In contrast, the intravenous injection
of meta-Defensomes ameliorated OA pathology (Figure 5H,
lower row). In addition, severe cartilage erosion can occur in
CIOA mice. The administration of meta-Defensomes caused a
remarkable (though not full) reduction in cartilage degradation,
as evident from the Osteoarthritis Research Society Interna-
tional (OARSI) scores (Figure 5H,I).

Additionally, we evaluated the biosafety of the meta-
Defensomes in vivo. H&E staining of organs in mice revealed
no histopathological abnormalities or lesions after meta-
Defensomes injection compared with those in the saline group
(Figure S44, Supporting Information). Meanwhile, routine
blood testing showed few differences between the meta-Defen-
somes and control groups, suggesting that meta-Defensomes
might have little negative influence on the circulatory system
(Figure S45, Supporting Information). Collectively, these results
suggest that meta-Defensomes have good biosafety and could
be used as a promising therapeutic drug for OA treatment.

Finally, we performed gait analysis to assess pain manage-
ment in CIOA. The separation of the prints of the hind and
forepaws on the affected side and the changes in step length
and stride length were used to reflect the claudication of the
mice during walking (Figure 5]). As shown in Figure 5K, after
meta-Defensomes treatment, the prints of the front and hind
paws relatively overlapped, and the step length and stride
length were more similar to those of the sham group com-
pared to other groups, indicating that claudication was greatly
relieved by meta-Defensomes treatment. This excellent thera-
peutic effect on early OA mice might be ascribed to the effec-
tive reprogramming of mitochondria metabolism and therefore
the repolarization of M1 macrophages into the M2 phenotype.

3. Conclusion

This study establishes a camouflaged meta-Defensome that
specifically targets activated macrophages via receptor-ligand
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interactions and selectively accumulates in mitochondria
through electrostatic attraction between TPP and mitochon-
dria. More importantly, meta-Defensomes targeted synovitis
in early-stage OA joints in response to inflammation and
effectively recognized M1 macrophages by targeting the SRA
receptor, thereby allowing real-time visualization of synovial
macrophages through bimodal (MRI/IVIS) imaging. In vitro
studies showed that the mitochondrial metabolism of M1 syno-
vial macrophages was reprogrammed by scavenging mtROS
while inhibiting mtNOS, which restored aerobic respiration by
increasing TFAM expression, thereby effectively repolarizing
the M2 phenotype. The meta-Defensomes effectively defended
the OA synovium against inflammatory stress and protected
cartilage from degeneration. This clearly shows that reprogram-
ming mitochondrial metabolism can be a promising strategy
to delay OA progression and that the newly developed meta-
Defensome holds great potential for OA treatment in clinical
practice.

4. Experimental Section

Patient Samples: The human synovium samples were collected from
three patients with OA patients undergoing joint replacement surgery.
The normal synovium samples were obtained from three patients
with no synovitis and no cartilage injury, as confirmed by arthroscopic
examination. All samples were collected from Drum Tower Hospital
Affiliated to the Medical School of Nanjing University. Informed consent
was obtained from all patients, and ethical approval was obtained from
the Ethics Committee of Drum Tower Hospital Affiliated to the Medical
School of Nanjing University (approval No. 2020-156-01).

Modification of DS on the Surface of Macrophages: Fresh mouse
peritoneal macrophages from C57BL/6 mice were harvested according
to previously reported method.’*l The mice were intraperitoneally
injected with 1 mL 4% thioglycolate broth for 3 days before being
sacrificed and disinfected by immersing in 75% ethanol. The body was
then injected with 5 mL Dulbecco’s modified Eagle medium (DMEM)
in enterocoelia followed by a full massage. The withdrawn DMEM
containing fresh peritoneal macrophage was collected and cultured in
DMEM containing 10% FBS maintained in CO, incubator. Since sialic
acids presented on the macrophage surface,’®l the macrophages were
incubated with Ac4ManNAz (10 x 10°% M) to generate azide groups on
the surface through the sialic acid pathway. After 48 h of incubation,
macrophages were washed twice with PBS and treated with serum-
free medium containing DBCO-DS (10 X 107® M) for 2 h. After washing
the cells twice with PBS, the DS modified macrophages membrane
(DS-MM) was obtained through freezing and thawing for 3 cycles.

Preparation of PLGA-MnO,/STM NPs (MSP): MnO, NPs were
synthesized by reducing potassium permanganate with polyallylamine
hydrochloride (PAH).”] Briefly, KMnO4 (30 mg mL™") was mixed with
PAH (30 mg mL™). After reacting for 30 min, MnO, NPs were obtained
after purification. The synthesized MnO, NPs and S-methylisothiourea
(STM) were encapsulated into PLGA to produce MnO,/STM-PLGA NPs
(MMP) by a modified double-emulsion solvent-evaporation method.®l
Briefly, PLGA (200 mg) was dissolved in 2 mL of ethyl acetate with STM
(10 mg) and MnO, NPs (10 mg). Poly(vinyl alcohol) (PVA, 5% w/v) was
added drop by drop to the previous solution with intermittent vertexing.
MSP was obtained after being washed with pure water several times.

Preparation of Meta-Defensomes: DS-MM were sonicated for 6 min
using a sonicator, and DS-MA membrane vesicles were obtained
by repeatedly extruding through 400 nm, 200 nm, and 100 nm
polycarbonate porous membranes using a mini extruder (Avanti
Polar Lipids, AL, USA). MSP at 5 mg mL™ was mixed with 1 mL of
DS-MA membrane vesicles, followed by extrusion through a 100 nm
polycarbonate membrane at least 5 times to obtain DS-MMSP. Finally,
DSPE-PEG200-TPP was incubated with DS-MMSP for 4 h at 37 °C in
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PBS (pH 7.4), then meta-Defensomes were prepared. These NPs were
characterized for size and zeta potential by Dynamic Light Scattering.
The TEM images and EDX of DS/TPP MMPs were measured by
transmission electron microscopy. The amount of SMT was determined
by HPLC methods, and the amount of manganese was evaluated
with ICP-MS. SMT or Mn encapsulation capacity was calculated as
ECSMT% = ((Wadded-SMT-or-Mn - Wunencapsulated-SMT-or-Mn)/Wadded-SMT-or-Mn) % 100%,
SMT or Mn loading capacity was calculated as LCsyr % = ((Wadded-SMT-or-Mn —
Wunencapsu\ated SMT-or-Mn)/Wmeta-Defensome-(DS/TPP-MMSP)) % 100%. The encap-
sulation efficiency of SMT in meta-Defensomes was approximately
45.3%. The drug-loading capacity of SMT or Mn in meta-Defensomes
was approximately 4.3% or 8.8%. The encapsulation efficiency of in
meta-Defensomes was approximately 25.3% or 35.6%.

Macrophage Polarization Detection: RAW264.7 cells pretreated with
LPS plus IFN-y (24 h) were co-cultured with meta-Defensomes for
24 h (1 mg mL™). Subsequently, the cells were washed thrice with PBS
and fixed with a 4% paraformaldehyde solution. After being incubated
with 0.2% Triton X-100 in PBS for 20 min, the cells were blocked with
1% BSA in DPBS for 45 min. Then, the cells were treated with anti-iINOS
antibody-PE or anti-CD206 antibody Alexa Fluor 488 at 4 °C for 30 min.
Thereafter, fluorescence images of cells were obtained using a confocal
laser microscope.

Treatment of CIOA Mice: C57BL/6 mice were purchased from the
Model Animal Research Center of Nanjing University. All mice were kept
under pathogen-free and 12 h light/dark cycle conditions with sufficient
food and water. Animal use and experimental protocols were reviewed
and approved by the Animal Care Committee of Nanjing University, in
accordance with the guidelines of the Institutional Animal Care and
Use Committee (2021AE01031). CIOA was induced by two intra-articular
injections of 1 U collagenase type VIl into knee joints of 10-week-old
male C57BL/6 at the right knee joint on day O and day 2, causing
damage to collateral and cruciate ligaments leading to joint dysfunction
of the knee joint.’®l The sham operation with the control mice of the
same age was performed with intra-articular injections of saline. CIOA
mice were i.v. injected with meta-Defensomes (100 uL, 1 mg mL™)
every 2 days for 2week. At study endpoints, mice were euthanized, and
the joints were collected for H&E staining and safranin O-fast green
staining. The safranin O-fast green sections were evaluated utilizing the
OARSI score, which scored the product of six grades (depth of lesion)
and four stages (extent of involvement) on a scale of 0 (normal) to
24 (severe osteoarthritis).

Statistical Analysis: The data analyzed with normalization are specified
in the figure legends. All data were presented as the mean * standard
deviation (SD). For single-cell RNA sequencing analysis for human
synovium, n = 3; in vivo imaging studies, n = 3 mice in each group; the
r1 characterization, n = 3; quantification of mitochondrial area, n = 6;
the ratio of mitochondrial length to width, n = 6; CIOA mice treatment,
n = 6 mice in each group; otherwise, n = 5. An unpaired two-tailed
t-test was used to calculate the significance of differences (p value).
p < 0.05 was considered to demonstrate statistically significant
differences. Statistical analysis was performed using SPSS software
(version 13.0; Social Inc. IL, Chicago, USA).”
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