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ABSTRACT

Rheumatoid arthritis (RA) is a chronic inflammatory disease characterized by synovitis and destruction of
cartilage, promoted by sustained inflammation. However, current treatments remain unsatisfactory due to
lacking of selective and effective strategies for alleviating inflammatory environments in RA joint. Inspired by
neutrophil chemotaxis for inflammatory region, we therefore developed neutrophil-derived exosomes func-
tionalized with sub-5 nm ultrasmall Prussian blue nanoparticles (uPB-Exo) via click chemistry, inheriting
neutrophil-targeted biological molecules and owning excellent anti-inflammatory properties. uPB-Exo can
selectively accumulate in activated fibroblast-like synoviocytes, subsequently neutralizing pro-inflammatory
factors, scavenging reactive oxygen species, and alleviating inflammatory stress. In addition, uPB-Exo effec-
tively targeted to inflammatory synovitis, penetrated deeply into the cartilage and real-time visualized inflamed
joint through MRI system, leading to precise diagnosis of RA in vivo with high sensitivity and specificity.
Particularly, uPB-Exo induced a cascade of anti-inflammatory events via Th17/Treg cell balance regulation,
thereby significantly ameliorating joint damage. Therefore, nanoenzyme functionalized exosomes hold the great
potential for enhanced treatment of RA in clinic.

1. Introduction

the immune balance and leading to cartilage and bone damage [2,4-6].
The current therapeutic approaches for RA aim to suppress the inflam-

Rheumatoid arthritis is an autoimmune disease with chronic sys-
temic inflammatory disorder, which is characterized by chronic syno-
vitis that induces damage to articular cartilage [1-4]. Immune cells (T
cells, macrophages, and neutrophils) and nonimmune (fibroblasts and
chondrocytes) cells play an important role in the progression and
prognosis of RA. Under the inflammatory microenvironment, immune
cells participate in the secretion of many proinflammatory cytokines,
chemokines and Matrix metalloproteinases (MMPs), thereby disturbing
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mation process, for example, by inhibiting the generation of inflam-
matory cytokines or clearing inflammatory cells from inflamed sites [7,
8]. Although these treatments have generated substantial success, there
is still more than 30% of RA patients exhibiting insufficient response to
the first-line therapy [9-11]. Importantly, joint replacement has become
the only choice for patients with advanced RA to restore joint function.
Therefore, it is essential to develop novel therapeutic strategy with the
potential to improve the efficacy for RA treatments.
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Oxidative stress, a key component in the pathogenesis of chronic
inflammation, implicated in the progression of RA [12-15].
Anti-oxidative agents, such as curcumin (Cur), lycopene and vitamin E,
have the ability to reduce cartilage damage in RA animal models [6].
Unfortunately, their clinic applications were limited by low bioavail-
ability, serious side effects, and expensive cost [16-20]. However,
Prussian blue nanoparticles (PBNPs), as an antioxidative enzyme mimic,
can effectively relief oxidative stress by catalyzing oxygen radicals [21,
22]. Importantly, Prussian blue has been approved by the U.S. Food and
Drug Administration (FDA) as a commonly used dye and medicine,
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suggesting its good biocompatibility and broad biomedical application
[22,23]. Particularly, PBNPs can shorten the relaxation time of protons
to enable their application as magnetic resonance imaging (MRI)
contrast agents. Although PBNPs has promising antioxidative activities
in the treatments of RA, its clinical application has been restricted due to
the lack of specificity [25,26]. To overcome these defects of conven-
tional drug treatment, it is necessary to develop a novel nanomedicine
platform for effective RA therapy.

Currently, intelligent strategies for fostering restorative environment
emerged as effective therapeutic interventions for the treatments of RA
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Fig. 1. Schematic illustration of nanoenzyme functionalized neutrophil-derived exosomes (uPB-Exo) mediated restoring inflammation environment for effective
treatment of advanced rheumatoid arthritis. (A) uPB-Exo were developed by surface engineered neutrophil-derived exosomes (NEs-Exo) with sub-5 nm ultrasmall
PBNPs (uPB) via click chemistry. (B) uPB-Exo can selectively accumulate in inflamed joints, and inhibiting the production of pro-inflammatory factors and alleviating
inflammatory stress in activated fibroblast-like synoviocytes (FLS), macrophages and chondrocytes. In addition, uPB-Exo effectively targeted inflammation synovitis,
penetrated deeply into the cartilage and real-time visualized inflamed joint in CIA mice in vivo, leading to diagnosis of RA with high sensitivity and specificity.

Particularly, uPB-Exo showed significant therapeutic efficacy in RA by ameliora
anti-inflammatory events via Th17/Treg cell balance regulation.

ting joint damage and suppressing overall arthritis severity via inducing a cascade of
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[27]. During the progression of RA, neutrophils accumulate in the
inflamed joints of RA at the early-stage of RA responding to inflamma-
tory signals, and release pro-inflammatory cytokines (e.g. TNF-a, IL-1p,
IL-6) resulting in continuous production of increased reactive oxygen
species (ROS), leading to cartilage destruction and bone erosion [28].
Inspired by the critical roles in the initiation and progression of the
disease, neutrophil based broad-spectrum anti-inflammatory strategy
has emerged as a potent therapeutic strategy for RA. Zhang and the
co-workers have developed neutrophil membrane-coated nanoparticles,
which can neutralize proinflammatory cytokines, therefore inhibiting
synovial inflammation and alleviating joint damage in inflammatory
arthritis [29]. Meanwhile, Mauro Perretti and his group reported that
neutrophil-derived MVs could decrease the production of
stress-adaptive homeostatic mediators, thereby, lessening cartilage
degradation caused by inflammatory arthritis [30]. Since neutrophil
based anti-RA strategy have exhibited the therapeutic potential by
decreasing proinflammatory cytokines, therefore, novel treatment
strategy for attenuating inflammatory environments holds the great
potential for the improvement therapy of RA.

Exosomes, 40- to 150-nm extracellular vesicles secreted by various
kinds of cells, process the advantages of both synthetic carriers and cell-
mediated carriers [31]. Previous studies demonstrate that exosomes can
avoid the rapid clearance by the immune systems, minimize biotoxicity
associated with synthetic vehicles, and even eliminate the unnecessary
complexity in the applications of cell-mediated drug delivery systems in
clinic [32]. Therefore, exosomes have the great potentials as a
next-generation drug delivery vehicle. In addition, many issues have
reported that exosomes possessed of anti-inflammatory effects, making
it an alternative therapeutic agent for autoimmune diseases treatment
[33]. Meanwhile, antioxidant therapy may offer novel complementary
treatment options aiming at better controlling disease progression. For
RA therapy, there is an unmet need to combine antioxidant and
neutrophil derived exosomes, which can promote the synergistic effects
of anti-inflammation for RA treatments.

Stimulated by our earlier successes in the development of neutrophil-
mediated drug delivery system [34,35], here we attempted to develop a
nanoenzyme functionalized neutrophil-derived exosomes to restore in-
flammatory environment in the inflamed joints of RA. In this study, we
prepared a neutrophil-derived exosomes engineered with sub-5 nm ul-
trasmall PBNPs (uPB) via click chemistry, shortened for uPB-Exo, which
can effectively achieve anti-inflammatory therapy for RA (Fig. 1A).
uPB-Exo selectively accumulated in activated fibroblast-like synovio-
cytes, subsequently neutralizing pro-inflammatory factors and allevi-
ating inflammatory environment (Fig. 1B). In addition, uPB-Exo can
target inflamed joints of RA in vivo, and generating MRI images with
good signal-to-noise. Particularly, uPB-Exo inhibits the production of
pro-inflammatory factors and alleviates inflammatory stress, and
consequently relieving inflammation synovitis and ameliorating carti-
lage damage via inducing Th17/Treg cell balance regulation in
advanced RA mice model. Compared to current antirheumatic drugs,
including anti-inflammatory drugs and biological antibodies [36-38],
our anti-RA strategy owns prominent targeting ability for inflamed joint,
which could improve therapeutic efficacy, shorten administrations
times, and decrease unwanted side effects. Although nanotherapeutics
have been developed for the treatment of RA with relatively reduced
doses and side effects [39-41], uPB-Exo processes of almost no potential
side effects derived from nanoenzyme (PBNPs) [22,23] or endogenous
exosomes [42]. Most importantly, currently available RA mitigation
drugs showed no obvious therapeutic effects for delaying the develop-
ment of joint dysfunction in advanced RA [43,44], uPB-Exo could
response to the increased inflammatory factors in the inflamed joints
from RA mice with advanced arthritis, therefore scavenging reactive
oxygen species and alleviating inflammatory stress. In summary, the
engineered exosomes, as the inflammatory microenvironment regulator,
has the great potential for facilitating RA diagnostic and therapeutic
applications in clinic.
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2. Materials and methods
2.1. Patient samples

The human peripheral blood samples, synovium, cartilage, and sy-
novial fluid were obtained from three patients with late-stage RA pa-
tients (according to the American College of Rheumatology criteria)
undergoing joint replacement surgery. The normal synovium, peripheral
blood samples, cartilage, and synovial fluid were obtained from three
patients with no synovitis and no cartilage injury as confirmed by
arthroscopic examination. All samples were collected from Gulou 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 Gulou Drum Tower Hospital
Affiliated to the Medical School of Nanjing University (approval No.
2020-156-01).

2.2. Neutrophils-derived exosome isolation

Lipopolysaccharide (LPS, 1.5 mg/kg) was injected intraperitoneally
into the mice to activate neutrophils in vivo. Neutrophils were collected
from bone marrow of mice after 6 h post injection, by Percoll gradient
method described previously [34]. Neutrophils (107) were cultured in a
100-mm dish for 12 h in RPMI 1640 media and 10 mL supernatant were
collected. Then neutrophils-derived exosomes were isolated from the
harvested supernatant by using a supercentrifuge rotor. Briefly, the su-
pernatant from neutrophils were centrifuged at 400 g for 10 min, 1250 g
for 15 min, and 10,000 g for half an hour at 4 °C to remove cells and
debris. After filtered using a 0.22-mm filter (Millipore, Billerica, MA,
USA), the solution was centrifuged at 100,000 g for 70 min at 4 °C using
an ultracentrifuge (Beckman Coulter, Brea, CA, USA). The exosome
pellet was collected and resuspended in PBS, and ultracentrifuged again
at 140,000 g for 70 min. Finally, the pelleted neutrophil-derived exo-
somes were obtained, and the protein quantification were determined
by using a Micro BCA Protein Assay kit. To detect neutrophil marker
(LFA-1, anti-IL-1R, anti-TNF-aR) and exosome markers (CD9, CD63 and
TSG 101), western blotting was carried out with anti-LFA, anti-IL-1R,
anti-TNF-aR, anti-CD9, anti-CD63 and anti-TSG 101 antibodies (Abcam,
Cambridge, UK).

2.3. Preparation and characterization of azide modified prussian blue
nanoparticles

PVP-modified Ultrasmall Prussian Blue Nanoparticles (uPB) were
fabricated according to the reported procedure [45]. For the preparation
of azide modified uPB, equal volume of uPB (1 mg/mL) and PAA solu-
tion (1.5 mg/mL) was mixed and stirred for 3 h. After removing excess
PAA molecules using filters (100 kDa MWCO, Millipore), purified
PAA@uPB was obtained. After stirring a mixture of PAA@uPB solution,
PAH solution (3 mg/mL) and EDC solution (2 mg/mL) for 4 h at neutral
environment (pH 7.4), the carboxyl groups from PAA and the amino
groups from PAH on the surface of PB were chemically crosslinked.
Then, PAH@PAA@uPB was obtained after purified with filters. Finally,
azide modified Prussian blue nanoparticles N3@uPB was obtained after
mixing PAH@PAA@uPB solution with Azidoacetic Acid NHS Ester so-
lution (2 mg/mL in PBS) under sonication overnight at room tempera-
ture. After purified with filters, transmission electron microscope (JEOL,
Tokyo, Japan) was employed to observe the morphology of PBs. The size
distribution and zeta potentials of PBs were also measured using a Nano
7890 device (Malvern). The ultraviolet-visible (UV-vis) absorption
spectra of PBs were then obtained by a UV-vis spectrophotometer
(UV-3600, Shimadzu, Japan).

2.4. Preparation and characterization of uPB-Exo

In order to prepare uPB-Exo, dibenzylcyclootyne (DBCO) groups
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were introduced on the surface of exosomes using a hetero bifunctional
crosslinker [46].  Briefly, dibenzocyclooctynesulfo-N-hydrox-
ysuccinimidyl ester (DBCO-sulfo-NHS) (Sigma, St.Louis, MO, USA) was
mixed with exosomes (0.5 mg/mL) in PBS solution on a rotating mixer at
room temperature (RT) for 4 h. After removing extra DBCO-sulfo-NHS
was through filters (Millipore), DBCO conjugated exosomes
(DBCO-Ex0) obtained for linking N3@uPB via copper-free click chem-
istry. Therefore, uPB-Exo were obtained, and the morphology was
observed by Transmission electron microscope (JEOL, Tokyo, Japan).
NTA was performed using a NanoSight NS300 system (Malvern). The
size distribution and zeta potentials of exosomes were measured using a
Nano ZS90 device (Malvern). Ultraviolet-visible (UV-vis) absorption
spectra of uPBs were obtained by a UV-vis spectrophotometer
(UV-3600, Shimadzu, Japan).

2.5. Measurement of magnetic resonance imaging (MRI) efficacy

The MRI assay was performed using a 7.0 T MR scanner (Biospec 7T/
20 USR, Bruker, Germany). uPB-Exo (uPB concentration: 0.03125,
0.0625, 0.125, 0.25, 0.5, and 1.0 mM) and uPB solution with equal uPB
concentration were used for T1 and T2 measurements. According to the
T1 and T2 relaxation times, the values of longitudinal and transverse
relativities (r1 and r2) were calculated to evaluate the contrast efficacy
of samples.

2.6. Serum stability of uPB-Exo

Size distribution changes of uPB-Exo were evaluated after incubating
in 50% Fatal Bovine Serum at 37 °C. Size and polydispersity index were
measured at 1, 2, 4, 6, 8, 12 and 24 h by dynamic light scattering.

2.7. Cell culture

Primary mice chondrocytes, Fbroblast-like synoviocytes (FLS), or
RAW 264.7 (ATCC) were cultured in DMEM medium (both from Cell
Applications) at 37 °C in a 5% CO3 environment.

2.8. Cellular uptake of uPB-Exo in activated FLS, chondrocytes and RAW
264.7 cells

FLS, chondrocytes or RAW 264.7 cells were seeded in 6-well culture
plates. After cultured overnight, the culture medium was changed and
LPS (2 pg/mL) was added for 6 h-stimulation, cells were washed with
PBS and incubated with serum-free medium containing DiO-labeled
NEs-Exo or uPB-Exo (Exosome 10° per well) for 2 h. After washed and
stained by Hoechst, the cells were immediately observed using CLSM
and the intracellular fluorescence intensity was measured using flow
cytometry.

2.9. Measurements of cytokines level by ELISA

FLS, chondrocytes or RAW 264.7 cells were seeded in 6-well culture
plates. After cultured overnight, the culture medium was changed, and
LPS (2 pg/mL) or/and uPB-Exo (Exosome 10° per well) was added for
48 h. The supernatant was collected from culture media, and analyzed
for the secretion of TNF-a or IL-1p using Elisa kit.

2.10. Measurement of ROS

FLS, chondrocytes or RAW 264.7 cells were seeded and incubated
with stimulations (LPS 2 ug/mL) for 24 h uPB-Exo (Exosome 10° per
well) were then added and incubated for 6 h. The intracellular levels of
ROS in cells were stained by a ROS probe DCFH-DA. The cells were
washed, and immediately observed using fluorescent microscope
(Olympus), and the intracellular fluorescence intensity was measured
using flow cytometry.

Bioactive Materials 18 (2022) 1-14

2.11. Cell viability assay

FLS, chondrocytes or RAW 264.7 cells were seeded and incubated
with stimulations (LPS 2 pg/mL) for 24 h uPB-Exo were then added and
incubated for 12 h. The cell viability was measured through CCK8 assay.

2.12. Live and dead cells assay

FLS, chondrocytes or RAW 264.7 cells were seeded and incubated
with stimulations (LPS 2 pg/mL) for 24 h uPB-Exo (Exosome 10° per
well) were then added and incubated for 12 h. The Live/Dead viability
assay kit was used to observe apoptotic cell death. Fluorescence images
were visualized under a confocal fluorescent microscope (Olympus).

2.13. Apoptosis evaluation

FLS, chondrocytes or RAW 264.7 cells were seeded and incubated
with stimulations (TNF-a 100 ng/mL) for 24 h uPB-Exo (Exosome 10°
per well) were pretreated for 4 h. The rates of cell apoptosis were
determined using flow cytometry (FCM) analysis with an Annexin V-
FITC/PI apoptosis kit.

2.14. RNA library construction and sequencing

After treated with TNF-a with or without uPB-Exo, total RNA was
harvested from FLS, chondrocytes or Macrophage. The total RNA was
extracted by TRIzol reagent (Invitrogen, CA, USA), and paired-end
sequencing were performed on an Illumina HiSeq 4000 at LC-BIO
Technologies (Hangzhou) Co., LTD by following the vendor’s recom-
mended protocol. cDNA library preparation and sequencing reactions
were performed to unravel the crucial molecular regulator during uPB-
Exo treatments in protecting FLS, chondrocytes, or Macrophage from
cytokines.

2.15. Induction of collagen induced arthritis

DBA1/J mice were purchased from Model Animal Research Center of
Nanjing University. All mice were kept under pathogen free and 12 h
light/dark cycle conditions with enough food and water. The animal use
and the experimental protocols were reviewed and approved by the
Animal Care Committee of the Nanjing University in accordance with
the Institutional Animal Care and Use Committee guidelines. CIA mouse
model was established by following a previously published protocol
[47]. Briefly, chicken CII (Condrex Inc., WA, USA) was emulsified with
an equal volume of complete Freund’s adjuvant (Sigma, MO, USA).
DBA1/J mice were immunized via an intradermal injection at the base
of the tail with 50 pL of emulsion (CII 100 pg/mouse) at 0 day and 21
days. Mice with 5 days of disease induction were stipulated as CIA mice
with early-stage arthritis and an advanced arthritis mice model was
successfully developed 15 days after disease induction.

2.16. In vivo imaging of engineered exosome in CIA mice

CIA mice were intravenously injected with DiR-labeled exosome
(DiR@NE-Exo and DiR@uPB-Exo0), fluorescence dye DiR was taken as
control. Mice were anesthetized with isoflurane and images were taken
by the IVIS Spectrum system (Caliper, USA) at 1, 2, 4, 8, 12 and 24-h post
injection. The mice were euthanized, and paws as well as major organs
were harvested and subjected for ex vivo imaging. Region-of-interests
were circled around the organs, and the fluorescence intensity was
analyzed by Living Image Software. To further confirm whether
DiR@uPB-Exo was mainly accumulated in the cartilage region, the fresh
joints were collected and immediately fixed in 4% PFA solution for 1
day, followed with the decalcification in 0.5 M EDTA at 4 °C with
constant shaking for 5 days. Then, the joints were infiltrated with 25%
sucrose phosphate buffer for 2 days. All samples were embedded in the
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mixture of 25% sucrose solution and OCT compound (Leica) at the ratio
of 1 : 1. The joints were cut into 10-pm-thick sagittal sections, and then
stained with Collagen II antibody. Nuclei were stained with Hoechst
(Beyotime Biotechnology), and images were taken by CLSM.

2.17. Invivo MR imaging of engineered exosome in CIA mice

T1-weighted MR images were collected using a 7.0-T 20-cm-bore
MRI system (Bruker Biospin, Ettlingen, Germany) equipped with a mice
brain surface coil (4 ch). T2-weighted MR images were acquired under
inhalational anesthesia with isofluorane and at 1, 2 and 4 h after
intravenous injection of uPB-Exo and uPB solution (150 pL, 0.5 mg/mL
in PBS). T1 color map images were processed with the Image Sequence
Analysis Tool of Bruker Paravision 5.1 (Bruker Biospin, Ettlingen,
Germany).

2.18. Engineered exosomes penetration study

DiR-labeled Engineered exosomes (DiR@NE-Exo or DiR@uPB-Exo)
or DiR dye were incubated with the femoral heads pretreated with 10
ng/mL recombinant mouse IL-1f at 37 °C for 24 h. After washed with
PBS, femoral heads were embedded in OCT Compound for frozen
sectioning. The joints were cut into 10-um-thick sagittal sections, and
then stained with Collagen II antibody. Nuclei were stained with
Hoechst (Beyotime Biotechnology), and images were taken by CLSM
(Zeiss, Germany).

2.19. Invivo efficacy study

To evaluate therapeutic efficacy with CIA mice, 100 pL of engineered
exosome uPB-Exo and NEs-Exo (Exosome 10’ per mouse) was injected
into each tail vein on days O (first day of obvious clinical signs of late-
stage arthritis), 3, 6, 9, 12, 15, 18, and 21 days. Sterile PBS and
PBNPs solution as negative control was injected intravenously to CIA
mice on the same days. The arthritis index, weight, paw thickness and
paw volume of each group was recorded over time. After 25 days of
treatment, the mice were sacrificed, and the paw joints were collected
for micro-computed tomography (micro-CT) analysis. Briefly, the paws
of mice from the different groups were fixed for 24 h with 4% para-
formaldehyde, then examined and analyzed using a micro-CT imaging
system micro-CT scanner (Scanco Medical, Bruettisellen, Switzerland).

2.20. Histological analysis of mouse joints

At study endpoints, mice were euthanized and the joints were
collected for H&E staining and safranin-O staining. In addition, the joint
tissues sections were scored for changes in cell infiltration, bone erosion,
and synovial proliferation, all on a scale of 0—4. The score was assessed
and the average grades were calculated. To analyses fibroblast-like
synoviocyte activation, knee joint sections were stained with a rabbit
anti-IL-6, rabbit anti-TNF-o or a rabbit anti-IL-1p. Alexa Flour 594
labeled anti-rabbit IgG was used as the secondary antibody. Sections
were counter-stained with to visualize cell nuclei. Frozen sections were
stained by DAPI and imaged with confocal (Zeiss, Germany).

2.21. Quantification of inflammation cytokines

The serum samples from CIA mouse were collected on days O (first
day of obvious clinical signs of late-stage arthritis), 5, 10, 15 and 20
days, and concentrations of IL-1p and TNF-a were quantified with ELISA
according to the manufacturer’s instructions.

2.22. Flow cytometry

Cells were isolated from the blood of arthritic mice after different
treatments. The following fluorescence-conjugated mouse antibodies
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were used for flow cytometric analysis: from BioLegend (San Diego, CA,
USA): mouse FITC-CD4, APC-CD25, PE/Cy7-Foxp3, PE-IFN-y. Cell sub-
set was analyzed on a FACS Calibur flow cytometer using Cell Quest
Software (Becton Dickinson). For intracellular staining, including IFN-y
and Foxp3, cells were first stained with surface marker CD4, and further
fixed and permeabilized for intracellular staining. Plot figures were
prepared using FlowJo Software (Tree Star Inc., Ashland, OR, USA).

2.23. In vivo safety evaluation of exosomes in CIA mice

The safety of the exosomes was evaluated by examining the main
organs via histological sectioning and H&E staining. Samples from un-
treated mice were used as controls.

2.24. Statistical assessment

SPSS 13.0 software (Statistical Package for the Social Sciences, USA)
was used to analyze the obtained data, which are presented as the mean
+ SD. Comparison between two groups was accomplished via an un-
paired two-tailed student’s t-test. p < 0.05 indicated a statistically sig-
nificant difference.

2.25. The inflammatory microenvironment of joint from advanced RA
patients

Rheumatoid arthritis (RA) is an inflammatory autoimmune disease,
characterized by a highly coordinated inflammatory response which
causes chronic synovitis and bone erosion [3]. At the initiation and
progression of RA, neutrophils migrate into the articular cavity and
become activated in response to inflammatory factors [30]. Activated
neutrophils sequentially interact with normal FLS, and drive them into
an inflammatory phenotype. To investigate the inflammatory microen-
vironment of RA patients, neutrophils associated inflammatory factors
and chemokines in synovium tissue were measured by immunofluores-
cence analyses. As shown in Fig. 2A, synovium tissue from RA patients
exhibited higher expression of inflammatory factors (TNF-a and IL-1p)
and neutrophil Chemokines (IL-8) compared with normal patients
(Fig. S1). In addition, obvious expression of neutrophil surface maker
CD11b was detected in synovium tissue from RA patients, however,
synovium tissue from normal patients exhibited negative staining of
CD11b by immunofluorescence analysis (Fig. S1), suggesting that neu-
trophils play an important role in the development of RA.

Collected evidence have shown that the dysregulated inflammatory
occurred in the synovium results in the destruction of both cartilage and
bones of the joint [48], we therefore identified the distribution of
neutrophil in cartilage and synovial fluid in RA patients. As show in
Fig. 2B, noticeable number of neutrophils was observed in synovial fluid
from RA patients compared to normal patients (Fig. S2). In addition,
neutrophils, stained with Myeloperoxidase (MPO), a key neutrophil
enzyme [49], can penetrate into RA articular cartilage deeply (Figs. 2C
and S3). These results indicated that neutrophils can participate in the
progression in RA patients with obvious cartilage destruction (Fig. S4).
Since neutrophils act as mediators of inflammation, the concentration
gradient of inflammation factor was further to explored in both serum
and synovium in advanced RA patients by Elisa kit. As shown in Fig. 2D
and E, the expression of inflammatory factors (TNF-a and IL-1f) and
neutrophil Chemokines (IL-8) in RA patients were more than 4-fold,
compared to normal people samples, suggesting that neutrophils can
migrate to the inflammation joint responding to chemotactic factor
generation conditions. Therefore, neutrophils associated dysregulated
inflammatory occurred in the synovium, articular cavity, and cartilage
of joints from RA patients.

2.26. Recruitment of NEs-Exo in advanced RA inflammation joint

Many issues have shown that the neutrophil activation could release
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Fig. 2. Recruitment of NEs-Exo in inflamed joints from advanced RA responding to pathological inflammation. (A) Immunofluorescence analyses of CD11b, TNF-a,
IL-1p and IL-8 in synovium tissue from RA patients. Scale bars indicate 20 pm. (B) Wright-Giemsa stain of neutrophil on synovial fluid from RA patients. Images were
acquired at 10x magnification on an Olympus microscope. The red arrows indicate neutrophils. (C) IHC staining of MPO in cartilage from RA patients. Images were
acquired at 10x magnification on an Olympus microscope. The red arrows indicate MPO-positive neutrophils. (D), (E). The concentration of inflammation factors
(TNF-q, IL-1p and IL-8) in serum (D) and synovium tissue (E) from RA patients. (F) Representative micro-CT images of ankle joints from normal mice, CIA mice with
early-stage arthritis, and CIA mice with late-stage arthritis. (G), (H) Quantitative micro-CT analyses of bone mineral density (BMD) and bone surface density (BS/BV)
in ankle joints from normal mice, CIA mice with early-stage arthritis, and CIA mice with late-stage arthritis. (I) Inmunofluorescence analyses of the TNF-a, IL-1f, IL-8
and CD11b in the joint tissues from normal mice, CIA mice with early-stage arthritis, and CIA mice with late-stage arthritis. Scale bars indicate 20 pm. (J) The
concentration of inflammation factors (TNF-a, IL-1p and IL-8) in serum from normal mice, CIA mice with early-stage arthritis, and CIA mice with late-stage arthritis.
(K) In vivo fluorescence images of DiR labeled NEs-Exo after i.v. injected with CIA mice with early-stage arthritis and late-stage arthritis within 8 h-post injection. (L)
Immunofluorescence analyses of the ICAM-1 (green) and the fluorescence images of DiR labeled NEs-Exo (red) in the joint tissues from CIA mice with early-stage
arthritis and late-stage arthritis. Scale bars indicate 20 pm. Data represent the mean + SD (n = 3 independent samples). Statistical significance was determined by a

two-sided Student’s t-test. ***p < 0.001.

IL-1B, and stimulate macrophages and synoviocytes to express proin-
flammatory factors, which in turn amplify neutrophil recruitment.
Subsequently, neutrophil activation would produce extra ROS and
release MMPs, which causes cartilage destruction and bone erosion [28].
Therefore, the accumulation of extra neutrophil carriers in inflammation
joints of RA has high risk for promoting the development and progres-
sion of RA. It has been reported that exosomes are nano-sized (30-100
nm) mammalian extracellular particles with essential properties in
terms of cell communications [31]. Exosomes are cell-created vesicles
that inherit identical phospholipid membrane [50]. Neutrophil mem-
brane expressed the key surface antigens (including LFA-1, IL-1R and
TNF-aR). Since the LFA-1 on the neutrophil membrane could bind with
the intercellular activation molecule 1 (ICAM-1) overexpressed on
activated FLS [51], chondrocytes [52] and macrophage [53], the tar-
geting capability of NEs-Exo is probably attributed to the expression of
LFA-1 derived from neutrophils [54,55]. Therefore, we conjectured that
neutrophil transfer key surface antigens to their exosomes, thereby,
neutrophils-derived exosomes (NEs-Exo) can response to the appeals of
inflammation.

To explore the targeting ability of NEs-Exo in RA, a CIA mouse
model, a well-characterized model for assessing the stages of pathology
in RA and exploring arthritis mechanisms, is established. We therefore
investigated joint destruction and synovial inflammation in CIA mice by
using micro-computed tomography (micro-CT), immunofluorescence
and Elisa assay. After scanned the ankle joints of mice by using Micro-
CT, the smooth bone surface in ankle joints were observed in CIA
mice with early-stage arthritis compared to normal ankle joints. In the
contrast, CIA mice with advanced arthritis displayed apparent rough
bone surfaces and significantly decreased bone mineral density (BMD)
and bone surface density (BS/BV) (Fig. 2F, G and 2H) compared to
normal ankle joints. Moreover, various chemoattractants, including
TNF-a, IL-1p and IL-8, have been identified that promote neutrophil
migration into inflammation ankle joint. Compared to early-stage
arthritis, significant increased expression of chemoattractants were
observed in CIA mice with late-stage arthritis (Fig. 2I and J). These re-
sults indicated that NEs-Exo has the great potential to be a potent target
carrier for advanced RA. To assess the recruitment ability of NEs-Exo
(Figs. S5 and S6) to advanced RA, in vivo imaging experiment were
carried out in both early-stage arthritis and late-stage arthritis. As shown
in Fig. 2K, we found that apparent red signal of DiR labeled NEs-Exo
were observed in inflamed joints of CIA mice after 1 h-i.v. injection.
Importantly, NEs-Exo exhibited notable accumulation in ankle joints
region from advanced RA, generating a 2.4-fold higher in fluorescence
intensity compared to early-stage arthritis (Fig. S7). In addition, we
found that more ICAM-1(Green signal) were observed in late-stage
arthritis compared to early stage (Fig. 2L). In addition, obviously DiR
labeled NEs-Exo (red signal) accumulated in ICAM-1(Green signal)
labeled inflamed ankle joints in late-stage arthritis, and the merged
yellow signal were stronger than that in inflamed ankle joints in early-
stage arthritis. These results indicate that NEs-Exo holds great poten-
tial as a target carrier for RA treatments. Considering that NEs-Exo
showed no apparently inflammation-promoting ability (Fig. S8), NEs-

Exo therefore holds the great promising in the diagnosis and treatment
of advanced RA. Current RA mitigation drug show no obvious effects for
delaying the development of joint dysfunction in advanced RA, hence, it
is essential to develop novel therapeutic strategy with the potential to
improve the efficacy for RA treatments.

2.27. Preparation and characterization of uPB-Exo

Increasing evidence have reported that oxidative stress, which can
lead to chronic inflammation, plays a key role in the pathogenesis of RA
[12]. Antioxidants therapies for RA were limited by low bioavailability,
serious side effects, and expensive cost. Since exosomes, possessing of
good biocompatibility, have been widely applied as a drug delivery
system. Inspired by the excellent targeting ability of NEs-Exo for
advanced RA and potential anti-inflammatory activity based neutrophil
derived vesicles [30], we therefore functionalized NEs-Exo with sub-5
nm ultrasmall PBNPs (uPB-Exo) via “click chemistry”, endowed it with
mimic enzyme activities for ROS scavenging and visualization capability
for magnetic resonance imaging. As show in Fig. 3a, uPB modified
NEs-Exo (uPB-Exo) were obtained by linking the DBCO groups on the
exosomes with azide-functionalized uPB (Fig. S9, S10 and S11) to form
stable triazole linkages using copper-free click chemistry. NEs-Exo with
average diameter of 116 nm and zeta potential of —25 mv displayed
round and well dispersed appearance measured by TEM images. After
engineered with uPB, the mean diameter of exosomes increased to 126
nm, and the zeta potential remained nearly unchanged for NEs-Exo
(Fig. 3B and C). In addition, the UV-vis spectra showed obvious uPB
peak at 694 nm, demonstrating that uPB were successfully coating at
NEs-Exo (Figs. 3D and S12). Meanwhile, the size distributions of
uPB-Exo were evaluated using NTA, which showed that the highest peak
of both profiles were around 124 nm (Fig. 3E), which is consistent with
DLS measurement. More importantly, we implemented HSFCM to
determine the grafting ratio of uPB on NEs-Exo. Cy3-N3 were modified
into the surface of NEs-Exo according to the same method of uPB-Exo,
therefore Cy3-Exo were obtained. The particle concentration of
Cy3-Exo (with an Cy3 concentration of 0.1 mg/mL) was measured to be
1.98 x 10'° particles/mL. Based on the concentration and molecular
weight of the Cy3, it was calculated that the NEs-Exo contained an
average of ~378 Cy3-N3 per particle. These results indicated that
NEs-Exo contained an average of ~378 uPB per NEs-Exo. Furthermore,
the serum stability assay was conducted to investigate interactions be-
tween uPB-Exo and blood components. The average particle sizes
remained nearly unchanged for NEs-Exo after 24 h of storage in 50%
fetal bovine serum (FBS) at 37 °C (Fig. 3F), suggesting its good bio-
stability. Importantly, WB experiments demonstrated the presence and
enrichment of key surface antigens, including TNF-a receptor (TNF-aR),
IL-1 receptor (IL-1R) and lymphocyte function-associated antigen-1
(LFA-1) on both uPB-Exo and NEs-Exo (Fig. 3G), confirming that the
modification of uPB cannot affect the biofunction of NEs-Exo.

In our previously work, uPB exhibited good performance in POD-
and CAT-like Catalytic activity [56], we therefore assessed the anti-
oxidative ability of uPB-Exo to relief ROS. Fig. 3H displays that uPB-Exo



L. Zhang et al.

Bioactive Materials 18 (2022) 1-14

6
DBCO-NEs-Exo .
©
T4
@
C
3
82
©
o
. o
) 200 60 40 -20 0 -20
Size (nm) Zeta Potential (mV)
D E
~1.0 1 r
_ | o ———————*
%08 £20 Enen 0.1
o [] (=
c 0.61 o< 1.5 ~ T
@ = o) 0.0 ©
2 0.4+ @ 1.01 N -
8 NQ. (©2] 100 L-0.1
3 0.2- g 0.51 ’
< 01— r y o 0 T g 0 L-0.2
400 600 800 0 500 1000 0 1 2 4 6 8 24
Wavelength (nm) Size (nm) Time (h)
G ’?/*0 ’?}o ‘\\)«\ H 2 5 -16 o l 0 06250125 025 05 1.0 mM
8O e Y=0.03305X+0.2227 - 2z g
|FA-| e— c— ’; 2.01 L14 (‘5 g
- 5_‘; %) —
TNF-0R | - -,_ g— 1.01 ; § 0625 0.125 025 05 1.0 mM
-3 0.5 Y=0.0868X+9.688 a 2
CDY [ s = &
rn— % 40 60 %0 05 10
TSG101 : ' :
Timel/s Concentration (mM)

Fig. 3. Preparation and characterization of uPB-Exo. (A) Schematic representation of uPB-Exo designed for selectively suppressing inflammatory stress in RA joints.
uPB-Exo are constructed by coating uPB on the surface of Neutrophil-derived exosome (NEs-Exo), which mimic source cells to bind with immunoregulatory mol-
ecules without potentiating the immune cascades for disease progression. (B) Hydrodynamic size of uPB-Exo measured by DLS. The insert image indicated the
transmission electron microscopy images of uPB-Exo. Scale bar indicated 100 nm. (C) The zeta potential of uPB-Exo measured by DLS. (D) The UV-vis absorbance of

uPB-Exo measured by Microplate Reader. (E) NTA distribution of uPB-Exo. (F) The

serum stability of uPB-Exo in 50% Feta bovine serum within 24 h. (G) Western

blots for Exo markers (CD63, CD9, TSG101) and neutrophil markers (LFA, IL-1R, TNF-oR) of uPB-Exo and NEs-Exo. Fresh Exo-free complete medium was used as
control. (H) POD-like catalytic activity of uPB-Exo (Left longitudinal axis). CAT-like catalytic activity of uPB-Exo (Right longitudinal axis). (I) uPB concentration-
dependent T1 and T2 relaxation rates of uPB-Exo. The insert indicated T1, T2-weighted MRI phantoms of uPB-Exo with various uPB concentrations. Data repre-

sent the mean + SD (n = 3).

exhibits almost overlapped POD-(Fig. S13) and CAT-like Catalytic ac-
tivity (Fig. S14) with uPB, implying that uPB-Exos has superior POD-like
catalytic activity similar to uPB. As a multifunctional nanozyme, uPB
can also act as CAT to catalyze the decomposition of HyO into Oz and
H,0 under neutral conditions. As shown in Fig. 3H, S13 and S14, uPB as
well as uPB-Exo exhibited excellent catalytic activity even when its
concentration (0.3 pg/mL). These results indicated that uPB-Exo
exhibited an intensive ability of decomposing hydrogen peroxide to
generate oxygen, scavenging free radicals, and protecting cells from
being oxidized. Therefore, uPB-Exo could effectively scavenge free
radicals and owned great application potential in the antioxidative
treatment for RA.

Prussian blue nanoparticles can influence the longitudinal and
transverse relaxation times of protons from water as T1 contrast agent
[56]. In this study, a 7.0 T MRI system was used to measure a series of
proton T1 relaxation times. The T1-weighted MRI slices of phantoms
consisting of uPB and uPB-Exos with various uPB concentrations are
displayed in Fig. 3L, the longitudinal and transverse relaxation rates (rl
and r2) could be measured with the linear slopes of 1/T1 and 1/T2
versus the uPB concentration, respectively (Fig. S15). In addition, the
r2/r1 ratio of uPB was calculated, which was similar as uPB-Exo. These
results demonstrated that uPB-Exo could act as an effective T1 contrast

agent for the diagnosis of RA in clinic.

2.28. Inflammatory environment regulation of uPB-Exo in vitro

The activation of fibroblast-like synoviocytes (FLS) in the inflamed
synovium contribute to cartilage destruction through their production of
inflammatory cytokines and chemokines [1,2]. We therefore take acti-
vated FLS as RA cell models to investigate the distribution behaviors of
various prepared exosomes in inflamed joint in vitro. The fluorescent
probe DiO, was used to labeled uPB-Exo, and intracellular uptake were
measured through Confocal laser scanning microscope (CLSM) and flow
cytometry. As shown in Figs. 4A and S16, uPB-Exo and NEs-Exo can
selectively accumulate in cytokine activated FLS compared to normal
cells, suggesting that uPB-Exo could selectively target cytokine activated
FLS. In addition, flow cytometry measurements confirmed that signifi-
cant increase in mean fluorescence intensity (MFI) in activated FLS after
incubated with uPB-Exo, which is 3.1-fold compared to normal FLS
(Fig. S17). The selectivity of uPB-Exo in activated Chondrocyte and
RAW264.7 cells were also observed in Fig. 4A and B. These results
demonstrated the good targeting ability of uPB-Exo for inflamed
RA-associated cells. The specific binding was probably attributed to
specific interactions between LFA-1 on the surface membrane of
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Fig. 4. Inflammatory environment regulation of uPB-Exo in vitro. (A) Confocal microscopic images of activated FLS, Chondrocyte, RAW264.7 cells incubated with
DiO labeled uPB-Exo. The scale bars indicate 20 pm. Cells treated with PBS were used as control. (B) The relative expression of TNF-«a in activated FLS, Chondrocyte,
RAW264.7 cells incubated with activated uPB-Exo, NEs-Exo and uPB. Cells treated with PBS were used as control. (C) ROS scavenging capacity of different for-
mulations in activated FLS, Chondrocyte, RAW264.7 cells. (D) Fig. S21. Immunofluorescence analyses of the expression of antioxidative factors of SOD-2 (green) and
NOX-2 (red) in activated RAW264.7 cells, Chondrocyte, FLS pre-incubated with DiD labeled uPB-Exo (yellow), DiD labeled NEs-Exo (yellow) or uPB, respectively.
FLS, Chondrocyte or RAW264.7 cells were pretreated with uPB-Exo, NEs-Exo, uPB or culture media for 4 h, then cells were treated with 2 pg/mL LPS for 12 h. LPS
activated cells pretreated with culture media were used as control. (E) Flow cytometry analysis with Annexin V-PI staining was performed to evaluate the percentage
of apoptotic cells in activated FLS, Chondrocyte, RAW264.7 cells incubated with uPB-Exo. (F) The live/dead stained of activated FLS, Chondrocyte, RAW264.7 cells
incubated with uPB-Exo. (G) Protein expression levels of Cleaved Caspase-3 in activated FLS, Chondrocyte, RAW264.7 cells incubated with uPB-Exo detected by
Western blot assay. (H) KEGG pathway analysis of activated FLS treated with uPB-Exo compared with PBS. Significance is indicated by color, and the number of DEGs
is indicated by the size of a circle. (I) Protein expression levels of PI3K/AKT in activated FLS incubated with uPB-Exo detected by Western blot assay.

uPB-Exo and the intercellular activation molecule 1 (ICAM-1) overex-
pressed on activated FLS. The activated FLS in RA joints play important
roles in synovial inflammation and joint destruction [39]. To investigate
whether uPB-Exo could effectively decrease the inflammation in FLS,
their expression profile of inflammation factors (TNF-a and IL-1B) was
determined by Elisa kit. As shown in Figs. 4B and S18, both NEs-Exo and
uPB demonstrated apparent anti-inflammation activities in activated
FLS compared to control group. Particularly, uPB-Exo treatment
exhibited the lowest expression of both TNF-a and IL-1f in activated

FLS, compared to control groups. The anti-inflammatory ability of
uPB-Exo were observed in activated Chondrocyte and RAW264.7 cells
(Fig. 4B). These result indicating that uPB-Exo holds the great potential
for ameliorating joint inflammation.

2.29. Anti-oxidative effects of uPB-Exo in vitro

ROS regulate the migration and invasion of FLS, and play a promi-
nent role in the progression of RA. uPB own outstanding POD-like and
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CAT-like activities, thereby endowing uPB-Exo with the great antioxi-
dant activities for relieving oxidative stress [36]. We next examined the
ROS level of activated cells pre-treated with uPB-Exo via flow cytometry
assay (Fig. S19) and fluorescence microscopic imaging (Fig. 4C), stain-
ing with a ROS probe (DCFH-DA). Quantitative flow cytometry experi-
ments showed that uPB-Exo demonstrated much better antioxidative
effect than uPB under the same concentration (Fig. S19). In addition, the
greatest decrease in green signals were observed in uPB-Exo treatments
in activated FLS, Chondrocyte and RAW264.7 cells, indicating that
uPB-Exo has good ROS elimination ability (Fig. 4C). Moreover, the
expression of antioxidative factors expression level was also assessed by
immunofluorescence staining. Superoxide dismutase 2 (SOD-2) and
NADPH oxidase 2 (NOX-2) protein are well known biomarkers of
oxidative stress [57,58]. SOD-2 is localized within mitochondria and
efficiently eliminates the superoxide generated from molecular oxygen
in the respiratory chain [59]. Many issues have reported that LPS caused
a time- and dose-dependent manner in up-regulating SOD-2 protein
expression, and the increased SOD-2 conferred oxidative stress tolerance
on cells [60-62]. In addition, LPS treatment also could induce the pro-
duction of ROS [63,64]. Considering the increased NOX-2 is an impor-
tant indicator of ROS generation [58], these oxidative stress-related
biomarkers (SOD-2 and NOX-2) were measured to further determine
whether uPB-Exo could reduce oxidative stress in LPS-treated FLS. In
previous studies, we found that LPS upregulates SOD-2 expression
within 24 h in FLS, and the SOD-2 levels reached maximum values after
12 h-treatment (Fig. S20). These results indicated that elevated SOD-2
protein levels could protect FLS form subsequent challenges of oxida-
tive stress induced by ROS. FLS were pretreated with uPB-Exo for 4 h,
then cells were treated with 2 pg/mL LPS for 12 h to induce profound
elevation of SOD-2 and NOX-2 expression. As shown in Fig. 4D, LPS
treatment induced apparently SOD-2 expression in FLS after LPS treat-
ment. However, pretreatment with uPB-Exo significantly reversed the
improvement of SOD-2 by LPS treatment, which is 2.1-fold lower
compared to NE-Exo groups (Figs. S21-522). These results suggested
that uPB-Exo can act as SOD-2 mimics with excellent protecting effects
against oxidative stress. In addition, increasing expression of NOX-2
protein was also observed in FLS, Chondrocyte and RAW264.7 cells
with only LPS treatment. After pretreated with uPB-Exo, the protein
expression of the NOX-2 was notably decreased compared with uPB or
NE-Exo groups, which are in good agreement with the ROS assay data.
These results indicated that uPB-Exo can be used as an effective ROS
scavenger to regulate oxidative microenvironment in inflamed joints.

2.30. Protective effects of uPB-Exo against cytokine induced cell apoptosis
in vitro

It has been generally accepted that cytokine induced cell apoptosis
displays a key role in pathogenesis of RA [48]. Pro-inflammatory cyto-
kine TNF-a have been shown to induce the apoptosis of normal FLS cells
in vitro and in vivo [65-68], resulted in cartilage matrix degradation and
joint inflammation, thereby contributing to RA progression. Thus, our
study used TNF-a to mimic an in vitro model of RA, and the cell apoptosis
were measured via Annexin-V/PI flow cytometry. As shown in Figs. 4E
and S2.3, after treated with uPB-Exo, the percentages of FLS cells in both
early and late apoptosis states were significantly reduced compared to
TNF-a stimulated groups. Since high level of proinflammatory cytokines
activate apoptosis signaling and initiate cell death, we therefore evalu-
ated the rescue of uPB-Exo for TNF-a-promoted cell death. uPB-Exo
could significantly rescue the cell viability of FLS induced by TNF-o
(Fig. S24). In addition, a live/dead kit assay was conducted to evaluate
joint protection ability of uPB-Exo in activated FLS (Fig. 4F). Our study
further confirmed pre-treatment with uPB-Exo could remarkably reduce
the cell apoptosis in stimulated FLS induce by TNF-a. Importantly, to
determine whether uPB-Exo can modulate the expression of apoptotic
marker, we examined TNF-a-stimulated FLS with or without
pre-treatment of uPB-Exo by Western blot (Fig. 4G). The expression of
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cleaved caspase-3 was increased in stimulated FLS compared to normal
cells. However, uPB-Exo remarkably inhibited TNF-a-induced cleaved
caspase-3 overexpression, indicating that uPB-Exo might have an
anti-apoptotic effect on TNF-a-stimulated FLS via suppressing cleaved
caspase-3 expression. Similar anti-apoptotic results were also observed
in Chondrocyte and RAW264.7 cells (Fig. 4E-G). These results suggest
that uPB-Exo has a joint protective effect on TNF-a-induced cell models
via attenuating the oxidative stress in RA joints.

Since uPB-Exo has excellent protective effects against cytokine
induced cell apoptosis, we therefore performed an RNA-Seq assay in
combination with expression profiling using TNF-a stimulated FLS,
Chondrocyte or RAW264.7 cells pretreated with or without uPB-Exo to
unravel the underlying mechanisms for regulating the inflammatory
microenvironment. Genome-wide analysis indicated that numerous
modulatory genes were associated with FLS cellular fate after uPB-Exo
treatment. We found that the inflammation related genes, including
colony stimulating factor 3 [69,70], matrix metallopeptidase 9 [71],
interleukin 1 alpha [72], interleukin 1 beta [72], interleukin 7 receptor
[73] and Von Willebrand factor [74], were markedly downregulated in
uPB-Exo groups (Fig. S25). Of note, their down-regulation indicated
anti-inflammatory effects of uPB-Exo. Collected evidences have shown
that the downregulated genes, including colony stimulating factor 3
[75], matrix metallopeptidase 9 [76], interleukin 1 alpha [77], inter-
leukin 1 beta [78], interleukin 7 receptor [79] and Von Willebrand
factor [80] could be regulated by PI3K/AKT pathway. Meanwhile, KEGG
pathway enrichment analysis demonstrated that numerous
down-regulated genes were significantly enriched PI3K-Akt pathway in
FLS with uPB-Exo treatment (Fig. 4H). We therefore valuated the
expression of PI3K/AKT and related proteins in FLS by Western blot
analyses after RNA-Seq screening. As shown in Fig. 41, TNF-a could
induce the overexpression of p-AKT and AKT in FLS compared with
control group. After treated with uPB-Exo, inhibited p-AKT and AKT
expression were apparently observed. In consideration of the same result
observed in apoptosis analysis (Fig. 4E), these results demonstrated that
uPB-Exo may inhibit the apoptosis of FLS via regulating PI3K/AKT
signaling pathway.

In addition, KEGG pathway analysis showed that NF-kB pathway
participated in RAW264.7 cells after treated with uPB-Exo (Fig. S26A).
As shown in Fig. S26B, the expression of p-P65 were activated after TNF-
o treatment in RAW264.7 cells, implying the detrimental effect of NF-xB
activation on RAW264.7 cells induced by TNF-a. However, the admin-
istration of uPB-Exo led to significant alleviation in terms of p-P65,
indicating that the NF-xB pathway was inhibited by uPB-Exo to protect
chondrocytes from TNF-a inflammation. Furthermore, mTOR pathway
plays an important role in promoting the proliferation and survival of
chondrocyte. To further clear the effect of uPB-Exo on the mTOR
pathway in Chondrocyte, the phosphorylation level of mTOR were
determined. Although the mTOR phosphorylated activation was not
obviously increased after treated with TNF-a, uPB-Exo indeed decreased
the phosphorylation of mTOR (Fig. S26C). Hence, uPB-Exo protected
joint from damage in RA through the effective inhibition of cytokines-
induced cell apoptosis, which making it a decisive option in the treat-
ment against RA onset and development.

2.31. Inflammation targeting ability of uPB-Exo

Neutrophils-derived exosomes (NEs-Exo) are nano-sized (50-150
nm) mammalian extracellular particles with essential properties similar
to neutrophils. Considering the inflammation targeting ability of NEs-
Exo, the biodistribution of engineered exosomes in CIA mice model
were further evaluated. In this work, CIA mice were i.v. injected with
DiR@NEs-Exo, DiR@uPB-Exo or DiR dye, followed by imaging with IVIS
Spectrum imaging system. Fig. 5A shows that both DiR@NEs-Exo and
DiR@uPB-Exo exhibited the more accumulation into inflammation
joints at every time point compared to DiR group (Fig. S27), and
reaching the maximum fluorescence accumulation with 4 h post
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Fig. 5. The biodistribution and therapeutic treatment of uPB-Exo in advanced RA mouse model. (A) In vivo fluorescence imaging of CIA mice after intravenous
injection of DiR@NEs-Exo or DiR@uPB-Exo. (B) The relative fluorescent signal ratios between RA inflammation ankle joint regions and normal tissues were measured
at different time points after injected with DiR dye, DiR@NEs-Exo or DiR@uPB-Exo. Data expressed as mean =+ SD, n = 3. ***P < 0.001, compared with controls
(two-tailed Student’s t-test). (C) Representative confocal images of the knee joints of mice after systemic administrated with DiR-labeled exosomes (Red signal) or DiR
(Red signal) for 24 h. The cartilage region was stained with Collagen II antibody (Green signal), and Nuclei were stained with Hoechst (Blue signal). The Scale bars
indicated 100 pm. (D). In vivo T1-weighted MR images of inflamed paws of CIA mice injected intravenously with uPB-Exo or uPB. (E) T2-weighted MR signal as a
function of time for uPB-Exo or PB. Data expressed as mean + SD, n = 3. ***P < 0.001, compared with controls (two-tailed Student’s t-test). (F) The study protocol of
a prophylactic regimen with a CIA mouse model. (G) Arthritis index in different groups over 25 days of treatment; n = 6, p-value, ***p < 0.001. (H) Representative
micro-CT images of ankle joints from mice with different treatments. (I) Quantitative micro-CT analyses of bone mineral density (BMD). n = 6, p-value, ***p < 0.001.
(J) Representative images of H&E staining and safranin-O staining on ankle joints from mice with different treatments. Images were acquired using a bright-light
microscope (10 x magnification). (K) Immunofluorescence analyses of the TNF-a, IL-1f and IL-6 in the joint tissues from CIA mice treated with different groups.
(L)(M) Concentration profiles of TNF-a (L) and IL-1p (M) in the serum of CIA mice treated with different groups. (N)(O) The expression of IFN-y (N), and

CD25+Foxp3+ (0) on CD4" T cells were measured in serum by flow cytometry. Data expressed as mean =+ SD, n = 6. p-value, ***P < 0.001, compared with controls
(two-tailed Student’s t-test).

injection in the region of inflamed paws (Fig. $28), indicating that the mice (Fig. 5F). The CIA mice in advanced-stages developed severe
engineered Exos have good RA targeting ability as well as NEs-Exo. In swelling in the ankles and paws after 15 days of arthritis induction. The
addition, DiR@uPB-Exo group displayed significantly fluorescence extent of paw swelling was used as a direct indicator for the treatment of
within 24 h post injection, and generating a 11.5-fold higher fluorescent RA. Thus, paw swelling was observed over time as an index of arthritis.
signal compare to DiR group (Fig. 528), suggesting that uPB-Exo can As shown in Fig. 5G, free uPB and anti-TNF o group showed relatively
improve inflammation joints accumulation with a long-period retention. low efficacy in decreasing the paw thickness and ankle diameters of CIA
Furthermore, ex vivo imaging shows that obvious fluorescence was mice with advanced arthritis. In addition, increased swelling was
detected in inflammation paws after treated with DiR@uPB-Exo, and observed in free uPB and anti-TNF-a group, compared to normal mice. In
lower distribution of DiR signal in liver were observed in DiR@uPB-Exo contrast, uPB-Exo and NEs-Exo showed higher efficacy in reducing
group compared to DiR group (Figs. 5B and S29), confirming that uPB- swelling in ankle joints and paws (Fig. 5H and I). Significantly, uPB-Exo
Exo has high selectivity toward inflammatory ankle joints. group showed an ankle diameter and paw thickness closer to that of the
Many studies have reported the good penetration ability of neutro- normal group at the study endpoint (Figs. S31 and S32). These results
phils in inflammation cartilage [33], we therefore investigated the dis- indicated that uPB-Exo has excellent therapeutic effects for RA, holding
tribution of uPB-Exo in cartilage penetration. Mouse femoral head great potential for the treatment of RA in clinic.
explants were collected and cultured in medium containing IL-1§ to To further confirm that uPB-Exo could relief joint inflammation and
mimic inflammatory arthritis. DiR labeled exosomes were administrated reduce cartilage destructions, the ankle joints of mice were sectioned for
and cultured for 8 h of incubation. As shown in Fig. S30, notable histological analysis at the study endpoint. As show in Fig. 5J, HE
accumulation of both DiR@uPB-Exo and DiR@NEs-Exo (red signal) stained sections from the saline group displayed severe synovial hy-
were observed in Coll II labeled cartilage region (Green signal) perplasia, along with bone and cartilage destruction. The free uPB and
compared to DiR group. Despite the surface of cartilage, DiR@uPB-Exo anti-TNF-a group exhibited a limited effect in reducing these symptoms,
as well as DiR@NEs-Exo penetrated cartilage matrix deeply. The while uPB-Exo can not only reduce synovial inflammation but also
enhanced cartilage penetration of DiR@uPB-Exo is probably attribut- decrease the loss of cartilage to some extent compared with the saline
able to the adhesion interactions between NEs-Exo and chondrocytes. To group (Fig. 5J). In addition, safranin-O staining indicated that the GAG
further confirm whether DiR@uPB-Exo could accumulate in the carti- levels in uPB-Exo were higher than those control group, suggesting that
lage region deeply, the fresh joints were collected after injected with the cartilage damage was efficiently reversed and prevented progres-
DiR@uPB-Exo within 24 h. As shown in Fig. 5C, the confocal images sive. Importantly, the uPB-Exo group had larger positive areas for
showed that more DiR@uPB-Exo (red signal) was accumulated in the safranin-O staining, which were closer to those of the normal group,
Coll II labeled cartilage region (green signal), exhibiting more yellow suggesting effective therapeutic effects for RA. These results demon-
signal in RA cartilage region, as compared with DiR group, which sug- strated that uPB-Exo can alleviate synovial inflammation and reduce
gested that DiR@uPB-Exo could penetrated cartilage matrix deeply in cartilage destructions in CIA mice with advanced arthritis, holding the
vivo. These results demonstrated the potential therapeutic effects of great potential in the treatment of RA in clinic.
uPB-Exo for cartilage destruction. Collected evidence have shown that the therapeutic effects on
Since uPB-Exo was a contrast agent for MRI, we also analyzed MR rheumatoid arthritis have been positively associated with a decrease
images of the CIA mice treated with uPB-Exo or uPB (Fig. 5D). In the expression of proinflammatory cytokines. Therefore, the changes of
control group, slight signals of uPBs were observed in the inflamed paws proinflammatory cytokine expression were evaluated after the treat-
within 4 h after PBs injection. In contrast, the mice treated with uPB-Exo ments of uPB-Exo. As shown in Fig. 5K, the expression of proin-
showed apparent amount of uPB accumulated in the inflamed paw, and flammatory cytokines, including TNF-a, IL-13 and IL-6, were
generating 8.6-fold higher in T1 signals compared to uPB groups significantly elevated in the saline group compared with normal mice
(Fig. 5E), which is consistent with the in vivo imaging experiments. group, indicating the important involvement of these cytokines in the
These results confirmed that the modification of uPB on NEs-Exo can pathogenesis of RA. In addition, no significant differences in the
promote delivery of uPB to the inflamed paws and enhanced its reten- expression of these cytokines were observed in both anti-TNF-a group
tion, indicating that uPB-Exo has the great potential for effective treat- and uPB group compared with saline group. Whereas, the expression
ment of RA. levels of the proinflammatory cytokines, including TNF-a, IL-1f and IL-

6, were decreased in the uPB-Exo group. In addition, the levels of
proinflammatory cytokines in serum, including TNF-« and IL-1, were
also monitored during the treatments of uPB-Exo. As shown in Fig. 5L
and M, uPB-Exo exhibited obviously anti-inflammatory ability
compared to other treatments. These results demonstrated that the
administration of uPB-Exo to CIA mice with advanced RA could
remarkably reduce the production of proinflammatory cytokines, pre-
sumably contributing to the therapeutic effect against RA.

2.32. Effective therapeutic effects of uPB-Exo in advanced RA

It has been reported that biodistribution determined the therapeutic
efficacy of nanoscale therapeutics. Inspired by the excellent inflamma-
tion ankle targeting capability and good cartilage permeability, we
therefore investigated the therapeutic efficacy of uPB-Exo in CIA mice
model. Saline or various exosomes were intravenously injected into CIA
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2.33. Immune-regulation of uPB-Exo in CIA mice with advanced stage

Considering that Th17/Treg balances play a pivotal role in RA pa-
thology [81,82], we next investigated the impact of uPB-Exo on these
effector cells. To determine whether the Th17 and Treg cell populations
were altered in uPB-Exo-treated CIA mice, the ratios of CD4" IL-17"
cells (Th17 cells) and CD4" Foxp3 " cells (Tregs) in the CD4" T cells
were assessed by flow cytometry (Figs. S33 and S34). Compared to
health mice, uPB-Exo-treated CIA mice exhibited up-regulated CD4"
IL-17+ cells and down-regulated CD4" Foxp3+ cells, suggesting the
increased of Th17 cell population and decreased Treg cell population
(Fig. 5N and O), indicating that Th17 cell/Treg imbalances associated
with arthritis were rescued by uPB-Exo treatment. Importantly, uPB-Exo
showed good biocompatibility, and no noticeable changes in the body
weight and systemic toxicity were observed (Figs. S35 and S36). These
results indicated that uPB-Exo induced a cascade of anti-inflammatory
events via Th17/Treg cell balance regulation, thereby providing a
promising strategy for RA in clinic.

3. Conclusions

In summary, we have developed a neutrophil-derived exosomes
engineered with sub-5 nm ultrasmall PBNPs (uPB) via click chemistry,
termed as uPB-Exo, which could selectively neutralize pro-inflammatory
factors and alleviate oxidative stress in activated fibroblast-like syno-
viocytes (FLS), macrophages and chondrocytes. uPB-Exo effectively
targeted to inflammation synovitis, and penetrated into cartilage deeply.
In addition, uPB-Exo could significantly ameliorate joint damage and
suppress overall arthritis severity in CIA mice via Th17/Treg cell bal-
ance regulation in advanced RA mouse model. Therefore, the engineered
exosomes displayed considerable potential for the clinical diagnosis and
treatment of RA.
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