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SUMMARY
The interleukin 6 (IL6) signaling pathway plays pleiotropic roles in regulating the inflammatorymilieu that con-
tributes to arthritis development. Here, we show that activation of IL6 trans-signaling induces phenotypic
transitions in tissue-resident cells toward an inflammatory state. The establishment of arthritis increases
the serum number of extracellular vesicles (EVs), while these EVs express more IL6 signal transducer
(IL6ST, also known as gp130) on their surface. Transferring these EVs can block IL6 trans-signaling in vitro
by acting as decoys that trap hyper IL6 and prevent inflammatory amplification in recipient arthritic mice.
By genetically fusing EV-sorting domains with extracellular domains of receptors, we engineered EVs that
harbor a higher quantity of signaling-incompetent decoy receptors. These exogenous decoy EVs exhibit
significant potential in eliciting efficient anti-inflammatory effects in vivo. Our findings suggest an inherent
resistance of decoy EVs against inflammation, highlighting the therapeutic potential of efficient decoy EVs
in treating inflammatory diseases.
INTRODUCTION

Inflammatory arthritis constitutes a group of articular conditions

characterized by tissue inflammation, cartilage destruction, and

systemic manifestations. Cytokines such as interleukin 6 (IL6),

tumor necrosis factor alpha (TNFa), and IL1b can initiate a

cascade of responses characterized by the induction of a broad

spectrum of pro-inflammatory cytokines and aberrant functions

of tissue-resident cells,1 instigating the joint microenvironment

out of physiological homeostasis. Current therapies for inflam-

matory arthritis are insufficient in preventing progressive joint

erosion and curing the disease completely. First-line drug

agents, such as methotrexate, have a wide range of side effects

experienced by a portion of rheumatoid arthritis (RA) patients

during treatment.2,3 Capable of efficiently suppressing cytokines

and their cascade reaction, anti-cytokine therapy has emerged

as an attractive therapeutic strategy for inflammatory arthritis.1

IL6 signaling plays a key role in the inflammatory cascade in

arthritis. The pathway activated by IL6 and membrane-bound
Cell Rep
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IL6R (mIL6R) is considered cis-signaling, while the activity

elicited by IL6 and soluble IL6R (sIL6R) is referred to as trans-

signaling.4 Formation of both complexes results in trans-phos-

phorylation and activation of JAK, which subsequently phos-

phorylates STAT3, leading its dimerization and translocation to

the nucleus.4 Aberrant activation of IL6 signaling is implicated

in the pathogenesis and progression of both RA and

osteoarthritis (OA).5 So far, several phase III clinical trials found

that blockade of IL6 with tocilizumab or sarilumab improved

RA prognosis and clinical score, leading to their approval as a

first-line treatment.6 The recent identification of distinct homeo-

static or pathogenic IL6-induced signaling pathways has intro-

duced the concept of selectively inhibiting the deleterious effects

of IL6 trans-signaling while preserving the homeostatic bioactiv-

ities of IL6 cis-signaling for regeneration of tissue microenviron-

ment.4,7 However, the impact of selectively inhibiting IL6 trans-

signaling on inflammatory arthritis remains uncertain.

Extracellular vesicles (EVs) are nanosized particles released

by virtually all types of cells into the extracellular space or
orts Medicine 4, 101228, October 17, 2023 ª 2023 The Authors. 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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body fluids.8 Apart from the generally recognized roles in inter-

cellular or interorgan communications, a growing number of

studies are illuminating the potential of these vesicles to func-

tionally load and deliver biomolecules. We and others have

uncovered that cargos carried by EVs canmodulate signal trans-

duction in both physiological bone remodeling and pathological

bone metastasis,9–11 highlighting the potential therapeutic appli-

cation of EVs in bone-related diseases. Besides, genetic manip-

ulation and chemical modification have been employed to engi-

neer the surface receptors or luminal cargos of EVs, aiming to

overcome their suboptimal in vivo distribution and to enhance

their functional efficacy.8 However, the underlying mechanisms

of EV cargo sorting are independent of parental cells,8,12,13 impli-

cating the challenge of poor controllability of cargo for EV ther-

apy. This is particularly important in EV engineering, especially

how to assemble target proteins efficiently and stably on the sur-

face of EVs, to precisely improve the therapeutic effect while

reducing the interference of other unnecessary EV cargos.14,15

In this study, we investigate the biological effects of IL6 trans-

signaling on several tissue-resident cells of articular joint,

including chondrocytes, osteoclasts, and synovial fibroblasts,

all of which are keystone mediators of the disturbed processes

implicated in arthritis. We confirm that the emergence of IL6ST-

bearing decoy EVs was along with arthritis onset, while adoptive

transfer of these EVs can prevent inflammatory amplification in

recipient arthritic mice. Furthermore, we develop several EVs

that harbor respective decoy receptors through genetic engi-

neering technology. The antagonistic capacity of these decoy

EVs against cytokines and their therapeutic effects on inflamma-

tory arthritis were further confirmed both in vitro and in vivo.

RESULTS

Response of IL6 trans-signaling by tissue-resident cells
of articular joint
Most cells respond to both classical and trans-signaling of IL6,

but their activation levels are largely dominated by the ratio be-

tween mIL6R and IL6ST on cell membrane.4,7 We first detected

surface levels of both mIL6 and IL6ST by flow cytometry. We

found that chondrocytes express abundant IL6ST even higher

than oncostatin M receptor (OSMR) or IL1R, while mIL6R was

barely detectable (Figures 1A and 1B). Comparable conse-

quences were also observed in bone marrow macrophages

(BMMs), a major origin of bone resorbing osteoclasts (Figures

S1A and S1B). Gene set enrichment analysis of a previously pub-

lished RNA expression dataset16 showed that treatment of IL6/

sIL6R complex upregulated nine gene sets associated with cyto-

kine synthesis and substance metabolism, while it down-

regulated four gene sets related to skeletal development and

endochondral osteogenesis (Figure S2A). Key involvement of

IL6 trans-signaling on production of multiple cytokines was

further independently confirmed by stimulating mouse cartilage

explants with hyper IL6 (Figures 1C and 1D), a fusion protein of

IL6 and sIL6R able to selectively activate IL6 trans-signaling in

IL6ST-expressing cells.17 Substantial evidence was also

observed when sgp130Fc and hyper IL6 were applied together,

for which the massive cytokine production was completely

blocked (Figures 1C and 1D). Upon stimulation of hyper IL6, pro-
2 Cell Reports Medicine 4, 101228, October 17, 2023
tein expression of MMP inhibitor family (TIMP) 1 and 3 in explant

lysates increased in parallel with ADAMTS4/5 and MMP1, even

though the hypertrophy marker RUNX2 was not altered (Fig-

ure S1C). Compared with wild-type mice, il6stfl/fl Col2a1-cre

mice developed a phenotype with attenuated cartilage degener-

ation and reduced proteoglycan loss after injection of collage-

nase into the knee joint (Figures S1D–S1G). Of note, IL6ST

knockout did not affect membranous IL6R (mIL6R) expression,

but it reducedNITEGE staining, suggesting a strong dependence

of aggrecanases activation on IL6 trans-signaling (Figure S1H).

IL6 trans-signaling regulates osteoclastogenesis through two

major ways, by amplifying the response of osteoclasts to

RANKL stimulation18 or by inducing osteoblasts to secrete solu-

ble RANKL.19 We found that 50 ng/mL hyper IL6 was sufficient to

induce the formation of TRAP-positive multinucleated cells in the

absence of RANKL, where sgp130Fc effectively blocked

hyper IL6 but not RANKL-induced osteoclast fusion (Figures

1E and 1F). The expression of pSTAT3 in BMMs was controlled

by hyper IL6 in a dose-dependent manner (Figure S1I), suggest-

ing that IL6 trans-signaling controls a RANKL-independent

osteoclastogenic pathway. Indeed, cellular responsiveness to

hyper IL6 was attributed to membranous IL6ST, evidence that

osteoclastogenesis was suppressed upon knockout of IL6ST

but not RANK (Figures 1E and 1F). Corroborative evidence for

this was observed when wild-type BMMs were treated with tyr-

phostin AG490 (a JAK2 inhibitor) and Stattic (a STAT3 inhibitor),

in which both reagents decreasedmultinucleated TRAP-positive

cell number (Figures 1G and 1H). Given that the significant in-

flammatory response in synovium is a typical feature of RA, we

also tested the ability of synovial tissue in response to IL6

signaling using a collagen-induced arthritis (CIA) mouse model.

The fluorescence intensities of both IL6ST and mIL6R in synovial

fibroblasts were markedly higher in the late phase of the disease

than those in the pre-symptomatic phase (Figures S1J–S1L),

implying an increased sensitivity of synovium in response to

IL6 trans-signaling. Together, the above data implied the

different biological effects of IL6 trans-signaling on multiple cell

types, indicating trans-signaling as a potential therapeutic target

for arthritis pathology.

Inflammatory stimulation promotes the release of
IL6ST-bearing decoy EVs
To determine whether elevated membranous IL6ST induced by

inflammation involves to the vesicular IL6ST level, we tested

the level of IL6ST decoy EVs in two RA mouse models—K/BxN

serum transfer-induced arthritis (STA) and CIA—and an experi-

mental autoimmune myositis (EAM) mouse model. In all three

disease models, we observed a moderate increase of EV

numbers in both serum and liver compared to controls (Fig-

ure 2A). We further found an increase in the molecular weight

band of IL6ST in EV fractions isolated from the serum of CIA

mice compared with unimmunized dilute brown non-agouti

(DBA)/1J mice (Figures 2B and 2C), even if these EVs were

morphologically comparable and shared similar particle size dis-

tribution (Figures 2D and S2B). We further quantified the IL6ST

number at the single-EV level using a previously reported flow

cytometry-based method.20 IL6ST numbers in blood from

K/BxN STA (237.6 ± 24.46), CIA (148.4 ± 13.46), and EAM
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Figure 1. Response of IL6 trans-signaling by tissue-resident cells of articular joint

(A and B) Flow cytometric histogram (A) and quantitative gMFI (B) showing the expression of respective receptors in primarymouse chondrocytes. n = 3 biological

replicates. gMFI, geometric mean fluorescence intensity.

(C and D) Experimental design (C) and heatmap (D) showing the secretion of interleukins, chemokines, andmatrix enzymes from cartilage explants (n = 3) treated

with hyper IL6, sgp130Fc, or their combination at the indicated doses. Each cell of heatmap represents the average expression value of cytokines from three

technical replicates. Cytokines were measured using Luminex assay.

(E) Representative TRAP stain images of BMMs (isolated fromwild-type, il6st�/�, and tnsrsf11a�/�mice) treated with 50 ng/mL hyper IL6 or 100 ng/mL RANKL for

5 days. Scale bars, 500 mm. These micrographs are representative of three biological replicates for each group.

(F) Surface area of TRAP-positive BMMs in (E) was measured using ImageJ software. Each dot represents the pixel size of an identified osteoclast.

(G) Representative TRAP stain images of hyper IL6-induced BMMs treated with DMSO (<0.1%), 20 mg/mL AG490, or 5 mmol/L Stattic. Scale bars, 500 mm. These

micrographs are representative of three biological replicates for each group.

(H) Surface area of TRAP-positive BMMs in (G) was measured using ImageJ software. Each dot represents the pixel size of an identified osteoclast.

The data are representative of two (A–D) or three (E–H) independent experiments with biologically independent samples. All data are presented asmean ±SEM. In

(F) and (H), statistical significance was calculated using Kruskal-Wallis test with Dunn’s multiple comparisons test.
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(56.32 ± 8.66) mouse models were higher than that in control

DBA/1J mice (29.94 ± 5.65) (Figures 2E and S2C). We then

tested whether these released EVs could serve as a decoy to

bind and inhibit hyper IL6.We found that EVs isolated from blood

of K/BxN STA and CIA mice, but not from control DBA/1J mice,

were able to inhibit the hyper IL6-induced trans-signaling in a hu-

man secreted embryonic alkaline phosphatase (SEAP) reporter

cell model (Figures 2F and S2D). Importantly, we demonstrated

that EVs from blood of K/BxN STA mice alleviated arthritis score

in CIA mouse model, whereas preincubation of EVs with IL6ST

monoclonal antibodies (mAbs) mitigated the protective effects

of EVs (Figures 2G–2I). These results showed that EVs function

as decoy to sequestrating IL6/sIL6R heterodimeric complexes,
suggesting a natural protection role of EVs against inflammation

in vivo.

Construction of engineered IL6ST decoy EVs by surface
display of chimeric proteins
The presence of IL6ST-bearing decoy EVs implies a promising

targeting strategy, wherein the decoy efficiency of EVs can be

improved through genetic engineering of IL6ST decoy receptors

using a surface display technique. Two EV-sorting proteins,

CD63 (a four-transmembrane EV hallmark) and syntenin (a cyto-

solic adaptor of the single transmembrane domain protein syn-

decan), were selected as display scaffolds based on their (1)

high expression in EVs and localization at EV membrane, as
Cell Reports Medicine 4, 101228, October 17, 2023 3
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Figure 2. Inflammatory stimulation promotes the release of IL6ST-bearing decoy EVs

(A) EV quantification in blood and liver samples from DBA/1J (n = 3), K/BxN STA (n = 6), CIA (n = 6), or EAMmice (n = 3) using nanoparticle tracking analysis (NTA).

(B and C) Protein lysates were collected from serum EVs from DBA/1J, K/BxN STA, CIA, and EAM mice. Representative western blot (B) and quantification

analysis (C) of IL6ST are shown. b-tubulin was used as a loading control. n = 3 mice each group.

(D) Representative transmission electron micrographs of serum EVs from indicated mouse models. Scale bars, 100 nm.

(E) Total estimated number of IL6ST receptors per EV from serum of DBA/1J (n = 2), K/BxN STA (n = 6), CIA (n = 6), or EAM mice (n = 3) estimated based on

obtained MFI values after fluorescence calibration of with Quantibrite polyethylene (PE) beads by flow cytometry.

(F) Relative intensities of SEAP signal in HEK-Blue IL6 reporter cells induced by 10 ng/mL hyper IL6 and treatedwith 53 108 EV isolated fromDBA/1J, K/BxNSTA,

CIA, or EAM mice. Data were normalized to HEK-Blue IL6 reporter cells treated with mock. Treatment with 200 ng/mL sgp130Fc was used as a positive control.

n = 3 biological triplicates. Each dot represents the average value of three technical replicates.

(G) Experimental design for EV transfer from K/BxN STA model mice to recipient CIA mice.

(H and I) Clinical arthritis score over time (H) and at the endpoint (day 52) (I) in CIA mice treated with saline (n = 3), K/BxN STA mouse EVs (n = 5), or K/BxN STA

mouse EVs preincubated with IL6STmAb (n = 3) or IgG control (n = 3) recorded at the indicated time points. Eachmouse was intravenously injected with 53 1010

EVs. mAb, monoclonal antibody.

The data are representative of two independent experiments with biologically independent samples (A–I). Data are presented as mean ± SEM.

(A, C, E, F, and I) Statistical significance was calculated using one-way ANOVA with Tukey’s post hoc test for multiple comparisons.
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determined by a number of previous reports8; (2) short amino

acid chains and small molecular weight to facilitate engineering

and expression; (3) low cytotoxicity to parental cells; and (4)

reported tolerance to fusion with other proteins.21 Genetic con-

structs were established by fusing the fluorescein-tagged extra-

cellular domain of IL6ST with the transmembrane helix of

PDGFRb and to the N terminus of CD63 or syntenin, respectively

(Figure 3A). Donor HEK293T cells were respectively expressed

with the crystal structure of two chimeric proteins, CD63-

eGFP-IL6ST and IL6ST-mCherry-syntenin, containing N-termi-

nal domains and C-terminal domains, extracellular, transmem-

brane, and intracellular domains of each protein (Figure 3B). In

this conceptual design, expression of chimeric proteins dis-

played signaling-incompetent IL6ST receptors on the EV

membrane, while eGFP and mCherry were kept outside the EV

surface functioning as fluorescent reporters and distribution

trackers for chimeric proteins (Figure 3C). HEK293T cells were

transiently transfected with plasmids expressing different con-

structs, and engineered EVs were isolated by differential ultra-

centrifugation in combination with sucrose cushion ultracentrifu-

gation. Common EV morphology with lipid bilayer vesicles of
4 Cell Reports Medicine 4, 101228, October 17, 2023
engineered EVs was identified using transmission electron mi-

croscopy, as well as a size distribution in line with NTA

(Figures S2E and S2F). In addition, EV number per cell increased

by 35% after expressing IL6ST-syntenin construct (Figure S2G),

indicating that fusion with IL6ST did not suppress the regulation

of syntenin on endosomal sorting complex required for transport

(ESCRT)-dependent EV biogenesis pathway.13 We found that

trans-signaling, instead of classical signaling, was efficiently

blocked by engineered EVs, highlighting the specificity of

trans-signaling inhibition by engineered EVs (Figure 3D).Western

blot probing for the respective fused fluorescent proteins or

IL6ST corroborated the expression of fusion proteins and the

functionality of cytokine decoy EVs (Figure 3E). Fused fluores-

cent modules efficiently tracked cellular internalization of decoy

EVs, as evidenced by an increase in intracellular fluorescence in-

tensities over time (Figures 3F and 3G).

Co-expression of chimeric proteins optimizes the
display of decoy receptors
Given the limited expression of any kind of sorting proteins in in-

dividual EVs, the utilization of single sorting domains may
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Figure 3. Construction of engineered IL6ST decoy EVs by surface display of chimeric proteins

(A) Schematic of DNA constructs expressing IL6ST-eGFP-CD63 and IL6ST-mCherry-syntenin.

(B) Predicted accurate model building for the intracellular, extracellular, and transmembrane domains of IL6ST-eGFP-CD63 (pLDDT = 84.25), or IL6ST-syntenin

(pLDDT = 81.22). A, Ig-like C2-type; B, fibronectin type-III 1; C, fibronectin type-III 2; D, fibronectin type-III 3; E, fibronectin type-III 4; F, fibronectin type-III 5;

pLDDT greater than 70 indicates that the predicted structure has a high degree of confidence. pLDDT, predicted local-distance difference test.

(C) Schematic diagram showing two types of IL6ST decoy EVs obtained by fusing IL6ST to EV-sorting proteins in tandem with fluorescent proteins.

(D) Relative intensities of SEAP signal in HEK-Blue IL6 reporter cells induced by 10 ng/mL of either hyper IL-6 (left) or IL6 (right) and treated with wild-type EVs,

IL6ST-CD63 EVs, or IL6ST-syntenin EVs at the indicated doses. n = 3 biological replicates. Data were normalized to cells treated with wild-type EVs.

(E) Protein lysates was collected from IL6ST decoy EVs or their donor cells. Western blot analysis was performed examining IL6ST, mCherry and eGFP. b-tubulin

was used as a loading control. Specific bands corresponding to the predicted molecular weight of chimeric proteins are indicated by the black boxes.

(F) Representative fluorescence images showing IL6ST decoy EVs labeled with eGFP (green) or mCherry (red) are internalized by HEK293 cells. Scale bars,

10 mm.

(legend continued on next page)
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impede efficient use of EV surface space for displaying decoy re-

ceptors. To address this issue, we transfected both chimeric

constructs into HEK293 with the aim of enhancing the display ef-

ficiency of surface receptors (Figure 4A). The survival rate of

donor cells transfected with respective chimeric construct or

co-transfection was comparable to that of controls, with a cell

viability greater than 92% (Figure S3A), indicative of the low pre-

dicted cytotoxicity of these constructs and expressed proteins,

reducing the rate of apoptotic EV secretion to the conditioned

media. A high degree of colocalization of the two chimeric pro-

teins, i.e., the overlap between the red and green signals at the

pixel level, was observed almost throughout the cytoplasm but

not in the nucleus (Figures S3B and S3C). We also observed

enrichment of IL6ST labeling dots outside the bilayer membrane

of engineered EVs (Figure 4B). Quantification of IL6ST epitopes

of EVs from cells co-transfected with chimeric constructs was

significantly higher than that of respective transfection (Fig-

ure 4C), suggesting a high display efficiency by co-transfection.

We further quantified the IL6ST receptor number at the single EV

level. The number of IL6ST of IL6ST-syntenin EVs (568.3 ± 46.13)

or IL6ST-CD63 EVs (603.6 ± 21.78) was higher than that of wild-

type EVs (23.4 ± 7.19), while this was increased further after co-

transfection of chimeric constructs (947 ± 38.52) (Figures 4D and

S3D). Engineering the decoy receptors did not affect the general

content of EVs, as the pan-EV markers expression of IL6ST-

CD63/syntenin EVs was comparable to controls (Figure S3E).

In the presence of IL6ST-CD63/syntenin EVs, the hyper IL6-

induced cytokine secretion by cartilage explants was almost

completely blocked (Figure 4E). Phosphorylation of STAT3

induced by hyper IL6 was decreased by approximately 75%

upon a high dose of IL6ST-CD63/syntenin EVs (5 3 109 EV per

mL) (Figure S3F). Importantly, both secretion of matrix-degrad-

ing enzymes and IL6-induced osteoclastogenesis were signifi-

cantly attenuated by IL6ST-CD63/syntenin EVs, compared

with either IL6ST-syntenin EVs or IL6ST-CD63 EVs (Figures

4F–4H). A relative high dose (3 3 1010 EV per mL) of engineered

EVs was well tolerated whether by cell lines or primary BMMs/

chondrocytes (Figures S3G–S3I). In another separate in vivo

experiment for toxicity evaluation, mice treated with a high

dose of IL6ST-CD63/syntenin EVs (3 3 1011) displayed similar

levels in body weight, hepatic function, and hematological pa-

rameters at the endpoint, compared to either wild-type EVs or

saline treatment (Figure S3J–S3R). Together, these data clearly

support the notion that co-expression of chimeric constructs

optimized the display of decoy receptors and increased biolog-

ical efficacy of engineered decoy EVs.

Efficient sorting of decoy tumor necrosis factor
receptor-1 (TNFR1) and IL1RII into engineered EVs
through chimeric protein construction
The pathogenesis of inflammatory arthritis involves the intricate

interplay of multiple cytokines, thereby posing a challenge for
(G) The number of eGFP or mCherry particles per cell in (F). The dot plot represe

each group.

The data are representative of three independent experiments with biologically in

(D) Statistical significance was calculated using two-way ANOVA with Dunnett’s

(G) Statistical significance was calculated using Kruskal-Wallis test with Dunn’s

6 Cell Reports Medicine 4, 101228, October 17, 2023
therapeutic interventions targeting individual cytokines.22 This

drives us to sequentially engineer decoy EVs that antagonize

other cytokines. We constructed chimeric proteins targeting

IL1b and TNFa signaling to efficiently display their signaling-

incompetent receptors outside the EV membrane (Figures 5A,

S4A, and S4B). TNFR1 was selected for restraint of TNFa

signaling based on previous research experience. IL1RII was

selected because it does not bind with interleukin 1 receptor

antagonist (IL1Ra), a natural competitive inhibitor of IL1b, which

hinders the binding of IL1b to IL1RI and impairs the neutralization

of free IL1b by decoy receptors.23 In all cases, the engineered

EVs were 50–200 nm in diameter and enriched in the classical

EV markers (Figure S4C). Expressing the chimeric constructs

increased the respective geometric mean fluorescence intensity

(gMFI) of IL1RII and TNFR1 on the cell surface by 1.9-fold and

1.7-fold compared with controls, while this increase was smaller

than that of directly transfecting cells with IL1RII and TNFR1

expression vectors (2.63-fold and 2.96-fold, respectively)

(Figures 5B–5E). Importantly, however, EVs from cells express-

ing chimeric constructs showed higher numbers of decoy recep-

tors than cells transfected with expression vectors (Figures 5F

and 5G), suggesting that EV-sorting proteins as molecular scaf-

folds are essential for the effective display of decoy receptors.

This proposal was also corroborated by immunogold electron

microscopy probing the respective epitopes, showing an evident

accumulation of decoy receptors around the engineered EV sur-

face (Figures 5H and 5I). We confirmed efficient tracking of

decoy EVs by fused fluorescent modules by investigating EV

internalization by HEK293T cells (Figure S4D). We further

confirmed the dose-dependent inhibition of engineered decoy

EVs on TNFa and IL1b signaling transduction using well-estab-

lished reporter cells of TNFa and IL1b (Figures 5J, 5K, and

S4E). Besides, we confirmed that decoy IL1RII EVs specifically

inhibited the activation of osteoclastogenic Tregs driven by

IL1b (Figures 5L, 5M, and S4F).24 Neither of these two engi-

neered EVs had negative effects on cell viability at a dose of

5 3 109 EV per mL (Figure S4G).

Decoy EVs reduced knee joint inflammation in
collagenase-induced osteoarthritis mice
Inflammation-driven OA is a common subtype of clinical OA,

characterized by degradation of extracellular matrix and dysre-

gulated anabolism of chondrocytes induced by a high level of

multiple cytokines. We therefore sought to detect whether decoy

EVs have therapeutic potential in experimental OA mice. To

generate stable cells that enable production scale-up and to

reduce variability emanating from transient transfection of cells,

we stably engineered HEK293T producer cells to produce IL6ST,

TNFR1, and IL1RII decoy EVs using lentiviral transduction. Pre-

vious studies have indicated that fluorescent markers such as

eGFP are immunogenic across several models, which may

potentially confound the interpretation of in vivo experimental
nts the number of eGFP or mCherry particles from individual cells. n = 20 cells

dependent samples (D–G). Data are presented as mean ± SEM.

multiple comparisons test.

multiple comparisons test.
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Figure 4. Co-expression of chimeric proteins optimizes the display of decoy receptors

(A) Schematic diagram of the arrangement at the EV membrane of IL6ST fused to the sorting proteins in tandem with fluorescent proteins.

(B) Representative transmission electron micrographs of decoy EVs with nanogold-labeled antibodies staining of IL6ST. Scale bars, 100 nm. Nanogold-labeled

IgG antibodies was used as a negative control. These micrographs are representative of over 10 such images for each group.

(C) Quantification of nanogold-labeled IL6ST epitopes at the EV membrane. The dot plot represents the number of nanogold particles from individual micro-

graphs. n = 10 images each group.

(D) Total estimated number of IL6ST receptors per EV estimated based on obtainedMFI values after fluorescence calibration of with Quantibrite PE beads by flow

cytometry. n = 3 biological replicates.

(E) Heatmap showing the expression of interleukins, chemokines, andmatrix enzymes in the supernatant ofmouse cartilage explants treatedwith 50 ng/mL hyper

IL6 and increasing doses of decoy EVs. Each cell of heatmap represents the average expression value of cytokines from three biological replicates. Cytokines

were measured using Luminex assay.

(F) Quantitative analysis showing the expression of six matrix enzymes in the supernatant of mouse cartilage explants treated with 50 ng/mL hyper IL6 and 3 3

109/mL decoy EVs. Each dot represents the average expression value of cytokines from three biological replicates. Cytokines were measured using Luminex

assay.

(legend continued on next page)

Cell Reports Medicine 4, 101228, October 17, 2023 7

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
data when we use immunocompetent animals.25,26 To avoid the

eGFP and mCherry fluorophores from altering our arthritis

model, we removed fluorophores from the chimeric constructs

and reacquired decoy EVs for the subsequent animal experi-

ments (Table S2). The antagonistic ability of decoy EVs to

respective cytokines was validated using reporter cell lines

(Figures S5A–S5D). We did not observe obvious therapeutic ef-

fects upon intraarticular (i.a.) injection of decoy EVs in mice with

anterior cruciate ligament transection (ACLT) surgery, as evi-

denced by comparable OA score and serum levels of inflamma-

tory cytokines between treatment and control groups (Figures

S5E and S5F). However, i.a. injection of collagenase-induced

osteoarthritis (CIOA) mice with either IL6ST decoy EVs or combi-

natorial decoy EVs reduced destruction of articular cartilage,

with a significant decrease in the number of interarticular osteo-

phytes and improved bone morphological parameters of sub-

chondral bone (Figures 6A–6D and S5G–S5I). Decreased levels

of IL1b, IL6, and TNFa parallelly corroborated the antagonism

of these decoy EVs against cytokines (Figure S5J). Notably,

the therapeutic disparities of decoy EVs in these two models

may be attributed to a more profound and prolonged inflamma-

tion induced by CIOA, while ACLT is likely to elicit a chronic and

low-grade inflammation (Figure S5K), as previously proposed.27

Additionally, treatment with decoy EVs resulted in a reduction of

phosphorylated STAT3 activation both in synovium and cartilage

of CIOA mice, as well as a decrease in MMP-13 expression by

chondrocytes (Figure S5L).
Decoy EVs safely and efficiently alleviate systemic
inflammatory arthritis
Systemic administration of exogenous EVs can send them to

several specific organs or tissues, even solid tumors.28,29 Here

we established a CIA mouse model to mimic systemic RA fea-

tures and confirmed the different tissue biodistribution of intrave-

nously injected EVs between sham and CIA mice. We respec-

tively assessed EV accumulation in CIA mice 10 days after the

first immunization and 5 days after the second immunization,

where EV number was increased in synovium and bone marrow

of CIA mice at both points of time compared to sham mice

(Figures 6E and 6F). Nevertheless, this is still not sufficient to

reason the increased EV uptake efficiency by CIA tissue, as the

EV yield of cells in a disease state could be increased compared

to that of healthy condition.30 We therefore detected the fluores-

cent trackers of decoy EVs 26 days after the first immunization

and found amarkedly increased eGFP+/mCherry+ EV population

in the CIA group compared to control (Figure S5M). These data

suggest an increased uptake quantity of EVs by CIA tissue and

enable us to further study the biological functions of decoy EVs

in vivo.
(G) Representative TRAP stain images of BMMs treated with 50 ng/mL hyper IL6

representative of three biological replicates for each group.

(H) Mature osteoclasts with three or more nuclei per well (n = 3) were counted.

The data are representative of two (B–F) or three (G) independent experiments w

(C and D) Statistical significance was calculated using one-way ANOVA with Tuk

(F) Statistical significance was calculated using one-way ANOVA with Dunnett’s

(H) Statistical significance was calculated using two-way ANOVA with Tukey’s p
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CIA mice were treated with decoy EVs before and after the

onset of arthritis symptoms, so that the protective and therapeu-

tic effects of EVs could be discriminated. In the protective treat-

ment experiment, 3 3 1011 combinatorial decoy EVs showed

comparable efficacy with 2mg/kgmethotrexate, with decreased

RA incidence rate and reduced clinical arthritis score at the

endpoint compared to saline treatment (Figures 6G–6I).

Compared with methotrexate treatment, a decrease in serum

alanine transferase (ALT) activity was evident after decoy EV

treatment along with reduced steatosis and inflammatory infiltra-

tion of hepatic sections (Figures S6A and S6B), suggesting a

favorable protection of liver function by decoy EVs. In another

separate experiment for therapeutic evaluation, we treated CIA

mice with two different doses of decoy EVs after symptom onset

(Figure 6J). We observed a significant reduction of clinical

arthritis score by 33 1011 decoy EVs at the endpoint (Figure 6K).

Significant reductions of hallmark cytokines corroborated the

effective antagonism of decoy EVs against inflammation (Fig-

ure 6L). Further bone morphological analysis revealed extensive

erosion coupled with re-mineralization around the ankle joints of

mice treated with saline, observed as dents and knobs on the

bone surface, whereas bone surfaces of mice treated with high

dose of decoy EVs (3 3 1011 each mouse) were smooth in

appearance (Figure S6C), indicating a decrease in erosions

and remodeling events. Corroborative evidence for this also

came from (1) a decreased number of erosion pores and

improved bone morphological parameters of the calcaneus

and (2) reduced expression of osteoclast markers in paw lysate

(Figures S6D–S6F). Taken together, these data suggest that

combinatorial decoy EVs effectively target multiple cytokine sig-

nals to regulate molecular and cellular events, making it a prom-

ising strategy in the management of inflammatory arthritis

(Figure 6M).
DISCUSSION

Tissue-resident cells can respond to inflammatory stimuli in

various manners, which primarily depends on their membrane

receptor distribution. In this study, we identified that IL6 trans-

signaling can drive robust cytokine production from chondro-

cytes and promote osteoclastogenesis from BMMs. Both chon-

drocytes and BMMs have significantly higher membrane IL6ST

while almost absent mIL6R, reflecting their stronger ability in

response to trans-signaling than classic signaling. The above,

along with the observation that synovial fibroblasts express

increased IL6ST with arthritis progression, prompted us to

ascertain the host response to inflammatory milieu in vivo. We

found that the number of serum EVs in either K/BxN STA or

CIA mice was much higher than that in healthy mice. These
and 53 109 decoy EVs for 5 days. Scale bars, 500 mm. These micrographs are

ith biologically independent samples. All data are presented as mean ± SEM.

ey’s post hoc test for multiple comparisons.

multiple comparisons test.

ost hoc test for multiple comparisons.
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Figure 5. Effective sorting of decoy TNFR1 and IL1RII into engineered EVs by chimeric protein construction

(A) Schematic diagram of the arrangement at the EV membrane of TNFR1 or IL1RII fused to the sorting proteins in tandem with fluorescent proteins.

(B and C) Flow cytometric histogram (B) and TNFR1 gMFI (C) in HEK293T cells transfected TNFR1 expression vector or TNFR1 chimeric constructs. n = 3

biological triplicates. Data were normalized to transfection of empty vector.

(D and E) Flow cytometric histogram (D) and IL1RII gMFI (E) in HEK293T cells transfected with IL1RII expression vector or IL1RII chimeric constructs. n = 3

biological triplicates. Data were normalized to transfection of empty vector.

(F and G) Total estimated number of TNFR1 (F) and IL1RII (G) per EV estimated based on obtainedMFI values after fluorescence calibration of with Quantibrite PE

beads by flow cytometry. n = 7 technical replicates.

(H) Representative transmission electron micrographs of decoy EVs with nanogold-labeled antibodies staining of TNFR1 and IL1RII. Scale bars, 100 nm. These

micrographs are representative of over eight such images for each group.

(I) Quantification of nanogold-labeled TNFR1 or IL1RII epitopes at the EV membrane. The dot plot represents the number of nanogold particles from individual

micrographs. n = 8 images each group.

(J) Schematic of reporter assay for testing the antagonistic ability of TNFR1 decoy EVs or their donor cells to TNFa.

(K) Relative intensities of SEAP signal in 5 ng/mL TNFa-induced HEK-Blue TNFa reporter cells co-cultured with EV donor cells at the indicated densities or treated

with TNFR1 decoy EVs at the indicated doses. n = 3 biological replicates. Data were normalized to cells treated with wild-type HEK293T cells or wild-type EVs.

(L) Sorted Treg cells induced by 10 ng/mL IL1b were co-cultured with BMMs and treated with 53 109/mL IL1RII decoy EVs. TRAP staining was performed after

7 days of co-culture. Scale bars, 500 mm. These micrographs are representative of three biological replicates for each group.

(M) Surface area of TRAP-positive BMMs in (L) was measured using ImageJ software. Each dot represents the pixel size of an identified osteoclast.

The data are representative of two (B–I) or three (J–M) independent experiments with biologically independent samples. All data are presented asmean ±SEM. In

(C), (E), (F), and (G), statistical significancewas calculated using one-way ANOVAwith Tukey’s post hoc test formultiple comparisons. In (I), statistical significance

was calculated using Student’s two-sided t test. In (K), statistical significance was calculated using two-way ANOVA with Sidak’s multiple comparisons test. In

(M), statistical significance was calculated using Kruskal-Wallis test with Tukey’s post hoc test for multiple comparisons.
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Figure 6. Decoy EV treatment relieves disease phenotypes of several arthritis mouse models

(A) Experimental design for assessing effects of decoy EV treatment on knee OA progression using a CIOA mouse model.

(B) Clinical Osteoarthritis Research Society International (OARSI) score of disease progression in CIOA mice intraarticularly injected with saline (n = 3), 3 3 1011

wild-type EVs (n = 3), 3 3 1011 IL6ST decoy EVs (n = 6), or 3 3 1011 combinatorial decoy EVs (n = 6) at the endpoint (day 42). The combinatorial EVs were

composed of IL6ST, TNFR1, and IL1RII decoy EVs in equal proportions (1011 of each type).

(C and D) Representative micro-CT images of sagittal views of subchondral bone medial compartment (C) and quantification of aberrant calcified tissue volume

(Cal Tis. V) (D) in CIOAmice treated with saline (n = 3), 33 1011 wild-type EVs (n = 3), 33 1011 IL6ST decoy EVs (n = 6), or 33 1011 combinatorial decoy EVs (n = 6)

at the endpoint (day 42). Black arrows indicate osteophytes on the edge of the tibial plateau.

(E) Experimental design for assessing the biodistribution of decoy EVs in diseased tissues of a CIA mouse model. 5 3 1010 EVs were injected intravenously into

mice in a single dose at day 10 or day 26, respectively. The distribution of decoy EVs in synovium and bonemarrowwas detected using NTA 6 h after EV injection.

(F) EV numbers in synovium and bone marrow from sham mice (n = 3) or CIA mice (n = 6) were measured using NTA.

(G) Experimental design for assessing the protective effects of decoy EVs on arthritis onset in a CIA mouse model. Mice were intravenously injected with saline,

2 mg/kg methotrexate, 3 3 1011 wild-type EVs, or 3 3 1011 combinatorial decoy EVs from day 3 to day 21 after the first immunization.

(H) The incidence of arthritis in (H) was observed and recorded from day 21 to the endpoint (day 52).

(I) Clinical arthritis score showing disease progression in CIA mice treated with saline (n = 3), 2 mg/kg methotrexate (n = 5), 33 1011 wild-type EVs (n = 5), or 33

1011 combinatorial decoy EVs (n = 12) over time.

(J) Experimental design for assessing the therapeutic potential of decoy EVs on arthritis symptoms in a CIA mouse model.

(K) Clinical arthritis score of disease progression in CIAmice treatedwith saline (n = 3), 33 1010 combinatorial decoy EVs (n = 10), or 33 1011 combinatorial decoy

EVs (n = 10) over time. The combinatorial EVs were composed of IL6ST, TNFR1, and IL1RII decoy EVs in equal proportions.

(L) Heatmap and quantification of serum IL1b, TNFa, and IL6 in CIA mice treated with saline (n = 3), 33 1010 decoy EVs (n = 10), or 33 1011 decoy EVs (n = 10).

Saline treatment was used as a negative control. Cytokines were measured using Luminex assay.

(legend continued on next page)
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findings are partially in line with recent studies,31,32 which pro-

posed that inflammation may also promote EV release. We

further demonstrated that IL6ST was enriched on EVs derived

from inflammatory milieu; these IL6ST-bearing EVs can prevent

inflammatory amplification in recipient arthritic mice by acting

as cytokine decoys. In view of the special transduction mode

of IL6 trans-signaling, these EVs are likely to bind and inhibit

the in vivo heterodimeric complex formed by IL6 and sIL6R.

Therefore, on the one hand, cytokines induce target cells to enter

an aberrant state that contributes to cascade reaction and tissue

damage; on the other hand, the host can mount a protective

response against inflammation by releasing EVs carried with

IL6ST decoy receptors. Consistent with our findings, a recent

study has reported that Schwann cells can selectively seques-

tered TNFR1 into EVs upon stimulation by TNFa, while these

EVs can buffer against the toxic effects of TNFa.33 These sug-

gest that decoy receptors on EV membrane can be diverse,

and their types might vary according to distinct inflammatory mi-

lieus. In addition, a recent study proposed a critical role of EVs in

innate immune response to bacterial infection by acting as de-

coys that trap membrane-acting virulence factors, such as

pore-forming toxins, to prevent damage of target tissues.34

Therefore, it is reasonable to hypothesize that tissues might

release EVs loaded with neutralizing molecules in response to

external stimuli. One of the potential mechanisms that mediates

the decoy EV secretion might be secretory autophagy, which is

recently described as a mechanistically coordinated process

for extracellular cargo secretion by EVs.30,34 Studies have also

demonstrated a strong association between secretory auto-

phagy and both bacterial infection and inflammation.34,35

Although this spontaneous process may not reverse disease

progression, EVs marked with neutralizing factors still have

great potential as biomarkers for disease surveillance and

assessment.

Discovery of IL6ST-bearing decoy EVs provides the possibility

to treat disease using engineered EVs with enhanced neutral-

izing efficacy. For this purpose, we designed engineering strate-

gies for surface display of biologics on EVs. Generally, EV sur-

face engineering is performed by genetically overexpressing

the target proteins in parental cells to increase the protein abun-

dance of the EV membrane. However, it should be pointed that

gene expression and EV cargo sorting are not synchronized,

since EV cargo sorting is independently and tightly controlled

by a series of mechanisms headed by ESCRT machinery.12,13

Our data also demonstrated that expression vectors of both

TNFR1 and IL1RII show an efficient expression of membrane re-

ceptor in parental cells, whereas this high efficiency cannot be

reproduced at the vesicular level. Using the concept of chimeric

proteins, we fused the cytokine-binding domains to the EV-sort-

ing domains for efficient sequestration of decoy receptors into

EV membrane. Syntenin interacts with apoptosis-linked gene-

2-interacting protein X (ALIX) to directly prompt the intraluminal

budding and abscission of endosomal membranes,12,13 while
(M) Schematic diagram showing proposed mechanism of action for therapeutic

All data are presented as mean ± SEM. In (B) and (D), statistical significance w

comparisons. In (F) and (L), statistical significance was calculated using Student’s

way ANOVA with Dunnett’s multiple comparisons test.
CD63 is a tetraspanin steadily accumulated in multivesicular

bodies (MVBs).8,12 Hence, syntenin and CD63 are initially local-

ized on the surface of intraluminal vesicles (ILVs) and are

secreted along with ILVs upon fusion of MVBs with the plasma

membrane.8,12 Our data confirmed that syntenin and CD63 as

cargo sorting domains in the fusion protein can efficiently carry

decoy receptors into EVs.

We examined display efficiency of decoy receptors in donor

cells transfected with chimeric constructs and expression vec-

tors of respective receptors. Compared with expression vectors

of IL1RII and TNFR1, chimeric constructs displayed fewer

plasmamembrane receptors, but robustly increased the number

of EV membrane receptors. One step further, by co-expressing

distinctive chimeric proteins, we increased the number of EV

membrane receptors and improved cytokine trap efficiency of

decoy EVs. The effective display of decoy receptors also contrib-

utes to reducing EV dose for treatment, minimizing the interfer-

ence of other unnecessary EV cargos. Another engineering strat-

egy is allowing EVs from a single origin to simultaneously inhibit

more than two cytokines.20 However, the irregular elevation of

distinct cytokines should be noted, which is determined by

various factors such as disease types, disease stages, and indi-

vidual differences among patients or among animals. Therefore,

decoy EVs expressing a single type of receptor have a strong

antagonistic ability to a specific cytokine, while combinations

of certain types of decoy EVs could tailor precise, individualized

strategies for therapy, allowing better therapeutic outcomes to

be achieved with minimal doses of EVs.

In this study, we fused fluorescent modules into the extracel-

lular region of chimeric constructs to track the subcellular

expression of these chimeric proteins in parental cells. Gener-

ally, fusion with other proteins does not affect the luminescent

function of eGFP and mCherry,21,36 both of which have relative

short amino acid chains with small molecular weight. Based on

this, incorporation of fluorescent modules allows us to visually

assess whether the target chimeric sequences were efficiently

expressed, especially since recent studies have proposed that

chimeric proteins with large molecular weight may have low or

virtually no expression.37,38 Our data confirmed that chimeric

proteins were fully expressed in parental cells, while colocaliza-

tion of eGFP and mCherry also suggested that CD63 and synte-

nin in chimeric proteins still have biological function. On the other

hand, fluorescent proteins could also efficiently track EVs in vitro

(Figure 3F). Unlike the transient fluorescent dyes commonly used

for EV labeling such as PKH67 and DiD, conformational stabil-

ities of eGFP and mCherry enable them to remain stable for

long periods both in vitro and in vivo. Expression of certain fluo-

rescent proteins such as dsRedmay be significantly cytotoxic.39

Our data showed that, in all cases, expression of chimeric pro-

teins induced only minimal cytotoxicity.

In a separate experiment, we examined the remission of RA

phenotype by treatment with either decoy EVs or methotrexate.

We showed that therapeutic potential of decoy EVs is
potential of decoy EVs in inflammatory arthritis.

as calculated using one-way ANOVA with Tukey’s post hoc test for multiple

two-sided t test. In (I) and (K), statistical significance was calculated using two-
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comparable with methotrexate, and both therapies can effec-

tively slow down RA onset in the protective treatment model.

However, benefits of methotrexate in RA therapy are achieved

along with histological changes including steatosis and hepatic

fibrosis (Figure S6B), reflecting a wide range of side effects suf-

fered by a portion of RA patients during methotrexate treat-

ment.2,3 In contrast, mice that received decoy EV treatment re-

tained their physiological hepatic structure, suggesting minimal

hepatotoxicity and high biocompatibility of EVs. Our EV treat-

ment is based on IL6ST decoy EVs or a combination of three

types of decoy EVs against respective inflammatory pathways,

showing that decoy EVs against multiple cytokines are generally

more effective in remission of arthritis phenotype than decoy EVs

against the single IL6 trans-signaling. These results, along with

recent studies,22,40 strongly suggest the importance of broad-

ening the anti-cytokine profile, especially in several clinical trials

that have proposed that mAbs against a single cytokine such as

IL1b and TNFa could not significantly improve synovitis, bone

and cartilage destruction, and arthritic pain in arthritis pa-

tients.41,42 Notably, decoy EVs failed to reproduce their thera-

peutic effects on ACLT mice, highlighting that different arthritis

models have their specific advantages in exploring arthritis path-

ogenesis. That is, ACLT mimics human post-traumatic OA with

slowly progressing and lower cytokine levels, while CIOA in-

duces rapid and severe joint degeneration with intense inflam-

mation.27 Our data suggest that therapeutic outcomes of decoy

EVs depend on the degree of inflammatory infiltration. The irreg-

ularity of cytokine elevation in different diseases or different

models also implies the need to combine decoy EVs with precise

and customized strategies in hope of achieving better outcomes.

Additionally, treatment strategies should consider the blockade

of other cytokines that play crucial roles in driving arthritis,

such as IL17, IL18, and TGFb.43,44

In summary, our findings show an inherent resistance of EVs

against inflammatory progression and propose a potential

therapeutic strategy for treating inflammatory arthritis by the en-

gineering of decoy EVs capable of efficiently sequestering cyto-

kines. In addition, the observed therapeutic differences among

disease models suggest the importance of customized combi-

nations and doses of decoy EVs in anti-cytokine therapy for

arthritis treatment.

Limitations of the study
First, the present study did not investigate the underlying

mechanisms by which inflammatory stimulation induces the

release of IL6ST-bearing EVs. Although these EVs were de-

tected in mouse serum, their tissue origin and parental cells

remain undefined. Further investigation is required to clarify

the specific molecular mechanisms involved in this process.

Second, it should be noted that the decoy EVs employed in

this study lacked specific targeting capabilities toward bone,

joint, or muscle tissues. So far, there is limited research dedi-

cated to enhancing the bone-targeting efficacy of EVs.

Although it is reported that intravenous administration of EVs

derived from specific cell types can naturally accumulate in

bone tissue, there is currently insufficient evidence to substan-

tiate the claim that these EVs still have acceptable bone-target-

ing capacity even after engineering.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-GAPDH Abcam Cat# ab9485; RRID: AB_307275

Rabbit anti-IL6ST Abcam Cat# ab283685

Rabbit anti-eGFP Bioss Cat# bs-2194R; RRID: AB_10881247

Rabbit anti-mCherry Bioss Cat# bs-41161R

Rabbit anti-TIMP1 Bioss Cat# bs-0415R; RRID: AB_10856775

Rabbit anti-TIMP3 Abcam Cat# ab277794

Rabbit anti-ADAMTS4 Bioss Cat# bs-4191R; RRID: AB_11073215

Rabbit anti-ADAMTS5 Bioss Cat# bs-3573R; RRID: AB_10856276

Rabbit anti-RUNX2 Bioss Cat# bs-1134R; RRID: AB_10856062

Rabbit anti-MMP1 Bioss Cat# bs-0424R; RRID: AB_10858058

Rabbit anti-STAT3 Bioss Cat# bsm-52235R

Rabbit anti-pSTAT3 Bioss Cat# bs-1658R;RRID: AB_10855117

Goat anti-rabbit IgG Bioss Cat# bs-0295G; RRID: AB_10856483

Rabbit anti-mIL6R Bioss Cat# bs-23660R

Rabbit anti-MMP13 Bioss Cat# bs-10250R

Rabbit anti-IL6ST BioLegend Cat# 149401; RRID: AB_2565294

Rabbit anti-mIL6R BioLegend Cat# 115803; RRID: AB_313674

Rabbit anti-IL1RII Abcam Cat# ab212208

Mouse anti-TNFR1 Abcam Cat# ab194814; RRID: AB_2889242

Goat anti-rabbit IgG H&L (Alexa Fluor� 488) Abcam Cat# ab150077; RRID: AB_2630356

Goat anti-mouse IgG H&L (Alexa Fluor� 488) Abcam Cat# ab150113; RRID: AB_2576208

Rabbit anti-CD81 Abcam Cat# ab109201; RRID: AB_10866464

Rabbit anti-CD9 Abcam Cat# ab307085

Rabbit anti-TSG101 Abcam Cat# ab125011; RRID: AB_10974262

Rabbit anti-HSP27 Abcam Cat# ab12351; RRID: AB_299035

Rabbit anti-b Tubulin Abcam Cat# ab6046; RRID: AB_2210370

Rabbit anti-TNFR1 Abcam Cat# ab223352

Rabbit anti-IL1RII Abcam Cat# ab273025

Biological samples

Primary mouse chondrocytes C57BL/6 mice in this study N/A

Mouse bone marrow macrophages C57BL/6 mice in this study N/A

Chemicals, peptides, and recombinant proteins

Collagenase D Roche Cat# roche.11088858001

Fetal bovine serum Hyclone Cat# SH30406.02

Recombinant mouse M-CSF R&D Systems Cat# 416-ML-050/CF

Recombinant mouse RANKL R&D Systems Cat# 462-TR-010/CF

Recombinant human TNFa R&D Systems Cat# 210-TA-020

Recombinant human IL1b Sigma-Aldrichs Cat# SRP3083

Recombinant human gp130Fc R&D Systems Cat# 671-GP-100

Recombinant mouse gp130Fc R&D Systems Cat# 468-MG-100

Recombinant mouse hyper IL6 R&D Systems Cat# 9038-SR-025

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Penicillin-streptomycin Hyclone Cat# SV30010

Complete Freund’s Adjuvant Chondrex Cat# 7001

Incomplete Freund’s Adjuvant Chondrex Cat# 7002

Chicken collagen-II Chondrex Cat# 20011

RIPA buffer Thermo-Scientific Cat# 89901

Paraformaldehyde Servicebio G1101

EDTA Servicebio G1105

Safranin O-Fast Green staining solution Servicebio G1053

EV-depleted FBS System Biosciences Cat# EXO-FBS-250A-1

Critical commercial assays

QUANTI-BlueTM Solution InvivoGen rep-qbs

TRAP stain kit Sigma-Aldrich Cat# SCR004

BCA assay kit Thermo Fisher Cat# 23225

Mouse Luminex Discovery Assay kit R&D Systems Cat# LXSAMSM

ExostepTM kit Immunostep Cat# ExoS-25-C9

BD Quantibrite TM Beads PE Fluorescence

Quantitation Kit

BD Cat# 340495

Deposited data

Mouse primary chondrocytes RNA

expression dataset

Liu et al.16 Table S2

Experimental models: Cell lines

HEK293T cells ATCC CRL-3216; RRID: CVCL_0063

HEK-BlueTM IL6 Reporter cells InvivoGen hkb-hil6; RRID: CVCL_UF60

HEK-BlueTM TNFa Reporter cells InvivoGen hkb-tnfdmyd; RRID: CVCL_UF25

HEK-BlueTM IL1b Reporter cells InvivoGen hkb-il1bv2; RRID: CVCL_A8CL

Experimental models: Organisms/strains

C57BL/6 mice Laboratory Animal Center of TMMU this manuscript

BALB/c mice Laboratory Animal Center of TMMU this manuscript

DBA/1J mice Laboratory Animal Center of TMMU this manuscript

Col2a1-cre mice Jackson Laboratories RRID:IMSR_JAX:003554

il6stfl/fl mice Cyagen Biosciences S-CKO-03111

Oligonucleotides

Primer used, see Table S3 N/A N/A

Recombinant DNA

IL6ST-eGFP-CD63 This Paper N/A

IL6ST-mCherry-syntenin This Paper N/A

TNFR1-eGFP-CD63 This Paper N/A

TNFR1-mCherry-syntenin This Paper N/A

IL1RII-eGFP-CD63 This Paper N/A

IL1RII-mCherry-syntenin This Paper N/A

Software and algorithms

GraphPad Prism 9.4.0 GraphPad http://www.graphpad-prism.cn/; RRID:

SCR_002798

FlowJo v.10 Tree Star, Inc. https://www.flowjo.com/; RRID: SCR_008520

AlphaFold2 DeepMind https://github.com/deepmind/alphafold

Pymol v2.5 Schrödinger, Inc. ; RRID: SCR_000305

CT Analyser Bruker http://bruker-micro-ct-software/

ImageJ v1.54f National Institutes of Health https://imagej.net/; RRID: SCR_003070
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Qinyu Ma

(maqinyu@tmmu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d Previous published datasets that were reanalyzed are available under https://doi.org/10.1016/j.joca.2015.05.011.16

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
3–7 days old C57BL/6 mice, 8–10 weeks old C57BL/6 mice, DBA/1Jmice and BALB/cmice were purchased from Laboratory Animal

Centre of Third Military Medical University (Chongqing, CHINA). Col2a1-cre and il6stfl/fl mice were obtained from Jackson Labora-

tories and Cyagen Biosciences. The Col2a1-cre transgenic mice were backcrossed with il6stfl/fl mice to generate chondrocyte-spe-

cific conditional knockout mice (il6stfl/flCol2a1-cre). Mice were given food and water ad libitum and maintained under 12 h light, 12 h

dark cycles. Mice were euthanized according to the AVMA Guidelines for the Euthanasia of Animals. All animal breeding and exper-

iments were approved by the Institutional Animal Care and Use Committee of Third Military Medical University.

Cell culture and reagents
Primary chondrocytes were isolated from newborn C57BL/6 mice (3–7 days) as described previously.45 Briefly, after mice were

euthanized, articular cartilage from femoral heads, femoral condyles and tibial plateauwas carefully dissected and subjected to over-

night digestion with 0.5 mg/mL collagenase D. Chondrocytes were collected the next day and seeded on a culture dish (53 103 cells

per cm2). Mouse bone marrow cells were isolated from hind limbs (femurs and tibias) of C57BL/6 mice and incubated with M-CSF

(50 ng/mL) for 96 h to obtain BMMs, as described previously.10,46 HEK293T cells were purchased from the ATCC cell bank. All cells

were cultured in DMEMmedium supplementedwith 10% fetal bovine serum (FBS) and 1%penicillin-streptomycin, andmaintained at

37�C in 5% CO2. All cells were confirmed as free from mycoplasma contamination.

METHOD DETAILS

Reporter cell lines
HEK-Blue IL6 Reporter cells, HEK-Blue TNFa Reporter cells and HEK-Blue IL1b Reporter cells were used to detect the activation of

their respective cytokine-mediated signaling pathways. To detect the suppression of IL6ST decoy EVs to IL6 trans-signaling, 13 104

HEK-Blue IL6 cells were planted in 96-well plate. After 24 h, cells were treated with IL6ST decoy EVs in the presence of 10 ng/mL

hyper IL6 and incubated at 37�C in 5% CO2 for 6 h. QUANTI-Blue Solution (InvivoGen) was prepared according to the instructions.

20 mL cell supernatant and 180 mL QUANTI-Blue Solution were mixed in 96-well plates to form a 200 mL reaction system. After incu-

bation at 37�C for 2 h in the dark, SEAP levels in the supernatant were quantified with optical density at 630 nmby aMicroplate reader

(Bio-Rad iMark). To detect the suppression of decoy EVs to TNFa or IL1b signaling transduction, HEK-Blue IL1b cells or HEK-Blue

TNFa cells were administered with 5 ng/mL TNFa or 10 ng/mL IL1b, in the presence of respective decoy EVs. After 6 h, SEAP levels

were detected with optical density at 630 nm using QUANTI-Blue Solution.

Mouse models
For CIA mouse model, DBA/1J mice were intradermally injected with 100 mL Complete Freund’s Adjuvant (CFA) and chicken

collagen-II (CII) emulsion at the base of the tail. The booster injection was administrated on day 21 with CII and IFA. For EAMmouse

model, BALB/c mice were immunized by intradermal injection of 200 mg myosin-binding protein C emulsified with CFA containing

Mycobacterium tuberculosis on the back of mice on days 0, 7, and 14. The mice were given 500 ng pertussis toxin intraperitoneally

immediately after the first immunization. For K/BxN STAmouse model, DBA1/J mice were injected with 150 mL of serum from K/BxN

mice on days 0 and 2 as described previously.47 For experimental OA mouse models, mice were either induced a chronic and low-

grade inflammation with ACLT surgery, or an acute and profound inflammation with CIOA as described previously.48,49 To harvest

cartilage explants, the femoral head of 8–10 weeks old C57BL/6 mice were collected and cultured with FBS-free DMEM for 24 h.

Subsequently, the cartilage explants were cultured with hyper IL6 in the presence or absence of sgp130Fc. After 72 h, the superna-

tant was collected for Luminex assay. In the protective treatment experiment, CIA mice were intravenously administrated with saline,
Cell Reports Medicine 4, 101228, October 17, 2023 e3
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2 mg/kg methotrexate, 33 1011 wild-type EVs and 33 1011 combinatorial decoy EVs every three days from day 3 to day 21 after the

first immunization. In the therapeutic treatment experiment, CIA mice were intravenously administrated with saline, 3 3 1010 decoy

EVs and 33 1011 decoy EVs every three days from day 22 to day 40. The clinical RA score was recorded as described previously.50

In vivo toxicity detection
To detect EV toxicity in vivo, male C57BL/6micewere randomly administrated intravenous or intraperitoneal injections of saline, wild-

type EVs, and IL6ST decoy EVs. Mice were administrated injections at five-day intervals. The body weight of mice was measured on

day 1 and 16 post the initial EV injection, while whole blood samples were collected from the orbital cavity for routine and biochemical

analyses. Subsequently, mice were euthanized, liver samples were collected, fixed in 4% paraformaldehyde, and embedded in

paraffin for subsequent histological experiments.

Osteoclast differentiation and TRAP staining assay
33 103 BMMs were seeded in 96-well plates and cultured with DMEM at 37�C for 24 h. After adhesion, BMMs were stimulated with

50 ng/mL hyper IL6 or 100 ng/mL RANKL, respectively, and incubated at 37�C in 5% CO2 for 5 days. TRAP staining assay was per-

formed to evaluate osteoclast formation using a TRAP stain kit. Briefly, cells were fixed with 4% paraformaldehyde for 20 min and

washed with PBS for three times. The TRAP staining solution was prepared according to the manufacturer’s instructions. Cells

were incubated with staining solution in the dark for 1 h, followed by PBS washing and microscopic observation.

Plasmid design and construction
All protein sequences were obtained from UniProt (entry IDs: IL6ST: Q00560; TNFR1: P25118; IL1RII: P27931; CD63: P08962; syn-

tenin: O00560; eGFP: C5MKY7; mCherry: X5DSL3; PDGFRb: P09619) to generate chimeric proteins (protein sequences available on

Table S1; S2). Sequences were linked together by a ‘‘GGGGS’’ flexible linker. The molecular 3D structure of chimeric proteins was

predicted using AlphaFold2 and visualized using PyMOL software. To construct the expression vectors of chimeric constructs, pro-

tein sequences were reversely translated into DNA sequences using codon optimization. Then DNA inserts were synthesized (Gen 9)

and cloned into a pCMV6-AC-Myc DNA vector at BamHI and XhoI sites using PCR amplification, enabling recombinant protein

expression under the control of a CMV promoter. All cloned sequences were identified by DNA sequencing. All constructs were

sourced through GenScript. For Transient plasmid transfection, 53 105 HEK293T cells were seeded on 6-well plates and transfected

with 3 mg CD63-eGFP-IL6ST or IL6ST-mCherry-syntenin DNA plasmid using 1mg/mL Polyethylenimine Linear (PEI) MW40000with a

3:1 ratio of PEI to DNA (w/w), respectively. After 48 h of cell transfection, cell culture supernatants were collected for EV isolation.

Lentivirus transfection and cell transfection
HEK293T cells were co-transfected with transfer plasmids containing sorting proteins fused to fluorescent proteins, packaging plas-

mids and envelope vectors. Cell supernatant was collected after 72 h of co-transfection and ultracentrifuged at 50,000 g for 2 h at 4�C
for lentivirus purification. The pelleted lentiviral particles were then resuspended in PBS and stored at �80�C. To obtain stable cell

lines, 53 105 HEK293T cells were transfected with 5 mL CD63-eGFP-IL6ST or IL6ST-mCherry-syntenin virus respectively. For stably

production of IL6ST-CD63/syntenin EVs, 53 105 HEK293T cells were engineered by co-transfection with 2.5 mL CD63-eGFP-IL6ST

and 2.5 mL IL6ST-mCherry-syntenin virus. The stable expression cells were selected with puromycin (CD63-eGFP-IL6ST) or

neomycin (IL6ST-mCherry-syntenin), starting at 48 h after infection, for at least 10 days prior to other experiments.

Luminex assay
For cytokine detection in vitro, the supernatant of mouse cartilage explants was collected and centrifuged at 16,000g for 15 min.

Samples were then treated with Mouse Luminex Discovery Assay kit according to the manufacturer’s instructions, and the expres-

sion of multiple cytokines was tested using a Bio-Rad Bio-Plex analyzers. For cytokine detection in mouse serum, blood samples

were collected and clotted at room temperature for 1 h, followed by centrifugation at 2,000 g for 20 min. Serum samples were sub-

sequently collected and subjected to analysis using aMouse Luminex Discovery Assay kit and a Bio-Rad analyzer. All standards and

samples were set up in triplicate, averaged, and then the mean fluorescence intensity of the blank samples was subtracted. A stan-

dard curve was created to calculate the final concentration.

Western blotting
Cell and EV samples were collected, washed with PBS, and subsequently suspended in RIPA buffer supplemented with 10 3 pro-

tease inhibitor. Tissue homogenate was pelleted twice at 10,000 g for 10 min at 4�C. Protein concentration was determined using a

BCA assay kit, followed by dilution of the total protein with 53 loading buffer and incubation at 100�C for 10 min. For SDS-PAGE

electrophoresis, 30 mg of proteins were loaded onto SDS-PAGE gel and run at 120 V for 1 h. Proteins were then transferred to an

ImmunoBlot PVDF membrane using the Bio-Rad transfer system at 100 V for 120 min. Then the PVDF membrane was soaked in

5% BSA blocking solution and blocked for 2 h at room temperature. Membranes were incubated overnight at 4�C with primary an-

tibodies: rabbit anti-GAPDH at 1:10,000, rabbit anti-IL6ST at 1:2000, rabbit anti-eGFP at 1:1,000, rabbit anti-mCherry at 1:1,000, rab-

bit anti-TIMP1 at 1:1,000, rabbit anti-TIMP3 at 1:1,000, rabbit anti-ADAMTS4 at 1:500, rabbit anti-ADAMTS5 at 1:500, rabbit anti-

RUNX2 at 1:1,000, rabbit anti-MMP1 at 1:1,000, rabbit anti-STAT3 at 1:1,000, rabbit anti-pSTAT3 at 1:1,000. Membranes were
e4 Cell Reports Medicine 4, 101228, October 17, 2023
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washed three times with TBST and probed with secondary antibody Goat Anti-Rabbit IgG for 60 min at RT. Following another

washing with TBST, membranes were exposed using ChemiDoc XRS+ imaging system (Bio-Rad).

Cell analysis using flow cytometry
Cells were planted into 35mmPetri dishes. After 24 h, cells were digestedwith 0.02%EDTA andwashedwith PBS for three times and

collected by centrifugation at 1,000g for 10 min at 4�C. 1 3 105 cells were resuspended in 50 mL flow cytometry staining buffer and

stained with antibodies against IL6ST (1:200), mIL6R (1:200), OSMR (1:200), TNFR1(1:50) and IL1R (1:200) at 4�C for 30 min. Cells

were then washed with flow cytometry staining buffer for three times and incubated with secondary antibody (Alexa Fluor 488, Goat

anti-IgG (H + L)) for 30 min at 4�C in the dark. Finally, cells were washed with PBS for three times and resuspended for flow cytometry

analysis using a CytoFLEX (Beckman Coulter).

EV analysis using flow cytometry
A Exostep kit was used for flow cytometry analysis of EVs. Briefly, 1 3 108 EV resuspended in 50 mL PBS were mixed with 50 mL

superparamagnetic capture beads overnight at room temperature. Then, the bead-bound EVs tube was incubated with 5 mL primary

antibodies for 1 h at 4�C. The samples were then washed with 13 assay buffer and magnetic beads were collected and incubated

with 5 mL secondary antibody for 30 min at 4�C. After incubation, the samples were washed with 13 assay buffer. Magnetic beads

were collected, resuspended in 300 mL 13 assay buffer and placed on ice to for further flow cytometry analysis. To quantify the num-

ber of decoy receptors on the EV membrane, BD Quantibrite Beads PE Fluorescence Quantitation Kit was used. Isolated EVs were

incubated with PE-labelled antibodies against respective receptors for 1 h at room temperature. BD Quantibrite PE tube was run at

the same instrument settings and theMFI values were converted into the number of PEmolecules per bead. By using known ratios of

MFI to PE molecules, the number of decoy receptor on EVs was estimated.

Micro-CT
Mice were euthanized at the respective endpoints and their knee and ankle joints were harvested. After fixation with 4% paraformal-

dehyde for 24 h, the joints were scanned using a Bruker MicroCT Skyscan 1272 system (Kontich, Belgium). After dataset reconstruc-

tion and localization, analysis of the calcaneus surface erosion was performed using a customized script in ImageJ. Osteophyte

development and all other bone morphological parameters were assessed using the CT Analyser (Kontich, Belgium) analysis

software.

Histological analysis
Mouse joints were fixed with 4% paraformaldehyde after the skin and muscle were removed. The joints were decalcified with

EDTA for 4 weeks and embedded in paraffin. Continuous coronal sections (5 mm thick) were made of the entire knee or ankle

joint. Each of five sections from both groups was stained with Safranin O-Fast Green to observe cartilage destruction. The

OARSI scoring system (grade 0–6) and the Mankin scoring system were used to assess the cartilage degeneration of knee joint.

Cartilage damage was determined by measuring 3–5 evenly distributed thicknesses in the medial tibial plateau. For immunohis-

tochemical staining, sections were dried, deparaffinized in xylene, rehydrated with ethanol gradients. Sections were incubated

with 0.3% H2O2 methanol for 5 min to block endogenous peroxidase activity. After blocking with 10% FBS, sections were incu-

bated with rabbit anti-NITEGE (1:200), rabbit anti-mIL6R (1:200) and rabbit anti-MMP13 (1:200) for 1 h at room temperature, fol-

lowed by incubated with biotinylated secondary antibody for 30 min at 37�C. DBA substrate solution was added on the slides to

reveal the color of antibody staining. German semi-quantitative scoring system was used to evaluate the IHC scores, as described

in previously.9

Purification of EVs
EV isolation was performed using a series of differential ultracentrifugation in combination with sucrose cushion ultracentrifugation

steps as described previously.10,51 For EV purification from cell culture supernatant, cells were first cultured with medium containing

10% EV-depleted FBS (System Biosciences). After 24 h, the supernatant was collected and centrifuged at 1,000 g for 15 min and

3,000 g for 15 min to remove cell debris and apoptotic bodies (Beckman Coulter, Allegra X-15R). Subsequently, the supernatant

was centrifuged at 18,000 g for 30 min to further remove any large particles. The supernatant was ultracentrifuged at 110,000 g

for 70 min at 4�C (Type 70 Ti rotor) to pellet EVs. The pelleted EVs were washed in 13 particle-free PBS, loaded over 30% sucrose

solution (diluted with D2O) slowly without mixing the two layers, and centrifuged at 110,000 g, 4�C for 2 h (SW 32 Ti rotor). For tissue

samples, EVs were collected as previously described.52 Briefly, the tissues were gently dissociated into small pieces and incubated

with collagenase D and DNase I for 30 min at 37�C. After filtration through a 70 mm pore size filter, EVs were collected through dif-

ferential ultracentrifugation in combination with sucrose cushion ultracentrifugation. For serum EVs, blood samples were collected

from mice, left for 1 h at room temperature, and centrifuged at 1,000 g for 20 min at 4�C. Ultracentrifugation operations were con-

ducted using an Optima XE-90 (Beckman Coulter). After elution with PBS, EV samples were concentrated using an Amicon

Ultra-4 10 kDa centrifugal filter (Millipore) and stored at �80�C for further experiments.
Cell Reports Medicine 4, 101228, October 17, 2023 e5
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Characterization of the purified EVs
We characterized and quantified the separated EVs through several approaches including western blot analysis of well-established

pan-EV markers (CD9, CD81, TSG101 and HSP27), transmission electron microscopy and NTA according to Minimal Information

2018 for Studies of Extracellular Vesicles (MISEV2018) guidelines.53 EV samples were resuspended with 103 RIPA buffer and lysed

by sonication. Protein concentration was determined using BCA assay. After SDS-PAGE and blotting, the membrane was incubated

overnight at 4�Cwith primary antibodies against CD81 (1: 1,000), CD9 (1: 1,000), TSG101 (1: 2,000), HSP27 (1: 1,000) and b-tubulin (1:

500). Membranes were washed and incubated with secondary antibody. After washing with TBST, membranes were exposed using

ChemiDoc XRS+ imaging system (Bio-Rad). NTA was performed to evaluate the distribution size and concentration of EV. EV sam-

ples were diluted with PBS to a final volume of 1 mL. NTAmeasurement was operated using Nanosight NS300 according to theman-

ufacturer’s software manual as previously described.10

Transmission electron microscopy
EV samples were resuspended in PBS to the optimal concentration andmixedwith 4%paraformaldehyde at 1:1 ratio. A drop of 10 mL

resuspended EVs was added to Formvar-carbon coated grids and fixed for 20 min at room temperature. The grids were placed on

100 mL PBS droplet and washed twice for 3 min, then transferred to 100 mL 50mM glycine droplet for 3min and repeated three times.

For Immunogold staining, the grids were blocked in 100 mL 5% BSA blocking buffer for 10 min and washed six times with PBS. The

grids were incubated with 20 mL primary antibodies against IL6ST, TNFR1, IL1RII and IgG for 30 min. Then, the grids were incubated

with gold-labeled secondary antibody for 30min, transferred to 1% glutaraldehyde for 2 min, and stained with uranyl acetate for 15 s.

Grids were dried naturally and viewed with FEI Tecnai 20 at an accelerating voltage of 80 kV, digital images were obtained.

RT-qPCR
Mouse pawswere segmented into small pieces and immersed in 2mL TRIzol reagent. Tissue homogenization was performed using a

low-temperature tissue grinder machine. The supernatant was collected by centrifugation at 12,000 g for 10 min at 4�C. Subse-
quently, total RNAwas extracted according to themanufacturer’s instructions of TRIZOL reagent. RNA concentration wasmeasured

using NanoDrop2000. The cDNA was synthesized by reverse transcription using PrimeScript RT Reagent Kit. SYBR Premix Ex Tag II

was used for PCR reaction. The primer sequences were listed in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses and graphing in this study were performed using GraphPad Prism software (Version Prism 9.4.0). Values are ex-

pressed as mean ± SEM. Number of animals or independent replicates are denoted in the figure legend. A Student’s two-sided t test

or two-tailed Mann-Whitney U test was performed for two-group comparisons. Multiple comparisons were performed using an

ANOVA or Kruskal-Wallis test, followed by Sidak’s, Dunn’s, Dunnett’s or Tukey’s post hoc tests for intergroup comparisons.

p < 0.05 were considered statistically significant.
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