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Abstract

Background Autoimmune uveitis is an inflammatory disease triggered by an aberrant immune response.
Mesenchymal stem cell-derived small extracellular vesicles (MSC-sEVs) are emerging as potential therapeutic agents
for this condition. CD73, an ectoenzyme present on MSC-sEVs, is involved in mitigating inflammation by converting
extracellular adenosine monophosphate into adenosine. We hypothesize that the inhibitory effect of MSC-sEVs on
experimental autoimmune uveitis (EAU) could be partially attributed to the surface expression of CD73.

Methods To investigate novel therapeutic approaches for autoimmune uveitis, we performed lentiviral transduction
to overexpress CD73 on the surface of MSC-sEVs, yielding CD73-enriched MSC-sEVs (sEVs-CD73). Mice with
interphotoreceptor retinoid-binding protein (IRBP)-induced EAU were grouped randomly and treated with 50 ug
MSC-sEVs, vector infected MSC-sEVs, sEVs-CD73 or PBS via single tail vein injection. We evaluated the clinical and
histological features of the induced mice and analyzed the proportion and functional capabilities of T helper cells.
Furthermore, T-cells were co-cultured with various MSC-sEVs in vitro, and we quantified the resulting inflammatory
response to assess the potential therapeutic benefits of sEVs-CD73.

Results Compared to MSC-sEVs, sEVs-CD73 significantly alleviates EAU, leading to reduced inflammation and
diminished tissue damage. Treatment with sEVs-CD73 results in a decreased proportion of Th1 cells in the spleen,
draining lymph nodes, and eyes, accompanied by an increased proportion of regulatory T-cells (Treg cells). In vitro
assays further reveal that sEVs-CD73 inhibits T-cell proliferation, suppresses Th1 cells differentiation, and enhances
Treg cells proportion.

Conclusion Over-expression of CD73 on MSC-sEVs enhances their immunosuppressive effects in EAU, indicating that
sEVs-CD73 has the potential as an efficient immunotherapeutic agent for autoimmune uveitis.
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Background

Autoimmune uveitis is a complex and heterogenous
inflammation that manifests with diverse symptoms,
including blurred vision, photophobia and pain [1, 2].
Several therapeutic modalities, such as glucocorticoids
(GCs) and immunosuppressive agents, are employed to
address the intricacies of this condition. Predominantly,
GCs stand as the primary choice in clinical uveitis treat-
ment. However, their protracted usage is encumbered by
drawbacks, which encompass adverse effects like cata-
racts, glaucoma, and systemic repercussions [3—5]. Other
methodologies also exhibit certain limitations. Conse-
quently, ongoing researches into novel therapies aspire
to not only heighten treatment efficacy but also mitigate
adverse effects, ultimately refining the comprehensive
management of uveitis.

In recent years, some studies have assessed both the
efficacy and safety of mesenchymal stem cells (MSCs) in
addressing experimental autoimmune uveitis (EAU) in
animal models [6-8]. MSCs, widely recognized for their
regenerative and immunomodulatory functions, have
been utilized in various neurological and immune dis-
orders, including autoimmune diseases [9, 10]. Recent
studies also indicate their significant role in COVID-19
patients, particularly in virus-host interaction, drug test-
ing, tissue regeneration, and immune modulation [11].
Nonetheless, MSC-based therapy not only presents chal-
lenges in cell product preservation and transport, but
also elevates the risks associated with vessel obstruc-
tion, malignant transformation, and allogenic immuno-
logical rejection [12-15]. To mitigate these obstacles,
attention has turned to their secretions, small extracel-
lular vesicles (sEVs). Following the recommendations of
Minimal information for studies of extracellular vesicles
(MISEV) [16], we define extracellular vesicles with diam-
eters less than 200 nm as sEVs, rather than exosomes or
ectosomes. These nano-sized vesicles play a pivotal role
in shuttling nutrient substances to mediate recipient cell
functions, mirroring the impact of their parent cells [17-
19]. The lipid bilayer membrane structure of sEVs could
protect their cargo from degradation. Consequently, they
have been extensively harnessed as ideal drug carriers
and strategically modified for therapeutic interventions
in various immune disorders. Furthermore, the utiliza-
tion of MSC-derived sEVs (MSC-sEVs) holds promise
for therapeutic agent applications, as they offer improved
safety and stability compared to their parent MSCs. Nev-
ertheless, the current immunosuppressive potency of
MSC-sEVs falls short for clinical implementation, and
ongoing research endeavors are dedicated to optimizing
the use of MSC-sEVs by exploring their immunomodula-
tory mechanism [19].

CD?73, also known as ecto-5"-nucleotidase (5-NT, eN,
eNT, NT5E), plays a pivotal role in purinergic signaling
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[20]. It facilitates the conversion of extracellular pro-
inflammatory adenosine triphosphate (ATP) into anti-
inflammatory adenosine [21]. Adenosine acts on various
immune cells by binding to adenosine receptors on the
cell surface (Al, A2A, A2B, and A3) [22], influencing
cellular function through modulation of intracellu-
lar cAMP levels. While adenosine receptors A1AR and
A3AR reduce cAMP levels, A2AR and A2BAR elevate
intracellular cAMP levels, leading to activation of pro-
tein kinase A (PKA) pathways and inhibition of NF-«xB
and JAK-STAT signaling pathways [23], thereby sup-
pressing inflammation in lymphocyte-mediated immune
responses [24—26]. As the activity of CD73 is irrevers-
ible, ongoing research on CD73 holds promise, particu-
larly in its potential to modulate immune responses via
adenosine production. Research on CD73 is currently
predominantly focused on tumor immunology. CD73-
produced adenosine suppresses anti-tumor immune
responses and blocking CD73 shows potential as a can-
cer treatment strategy [27]. However, the intricacies of
CD73 in immune regulation highlight its significance
in autoimmune diseases. Chen et al. first reported that
the surface CD73 of MSCs can catalyze the production
of adenosine, which, upon binding to the A2A adenos-
ine receptor, inhibits the proliferation of Thl cells [28].
Lee et al. demonstrated that human bone marrow-
derived MSCs exhibit robust immunosuppressive capa-
bilities by modulating Th17 cell responses through the
CD39-CD73-mediated pathway [29]. Further research
has indicated that MSCs can indirectly dampen inflam-
mation by increasing the proportion of regulatory
T-cells (Treg cells) through the adenosine pathways
[30]. These findings proposed a potential mechanism by
which MSCs exert their immunomodulatory effects on
EAU. Notably, Schneider et al. showed that the AMPase
activity of CD73 is predominantly provided by CD8*
T-cells, particularly in EVs [31]. Considering that CD73
is also expressed on MSC-sEVs, attention has shifted to
exploring the relationship between MSC-sEVs and the
CD39-CD73-adenosine signaling pathway. Kerkela et al.
reported that MSC-sEVs can catalyze the production of
adenosine through their surface marker CD73, thereby
inhibiting T cell proliferation [32]. Crain et al. further
investigated that MSC-sEVs can suppress the prolifera-
tion of CD4* T-cells in a concentration-dependent man-
ner, and this effect can be mitigated by the addition of
A2A receptor antagonists [33]. These findings suggested
that the adenosine signaling pathway may play crucial
roles in the immune suppression mediated by MSC-
sEVs. Consequently, we hypothesized that overexpressing
CD73 could enhance the immunosuppressive potential of
MSC-sEVs by regulating the Th1/Th17/Treg cell balance.
Building upon this premise, our team successfully con-
structed MSC-sEVs overexpressing CD73 (sEVs-CD73)
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through lentiviral transduction. We then evaluated the
immunosuppressive efficacy of sEVs-CD73 in experi-
mental autoimmune uveitis (EAU) models.

Materials and methods

Experimental design

All experiments were carried out in compliance with
ARRIVE guidelines 2.0. Mice were randomly assigned to
cages using a computer-generated randomization pro-
cess. All measurements were standardized to ensure con-
sistency and accuracy.

Animals

We used a total of 120 mice in our study. Each experi-
mental and control group comprised 6 mice, based on
our previous experience. Detailed information regarding
the allocation of mice to specific experimental conditions
is provided in the Materials and methods section. All
female C57BL/6 mice (7-8 weeks old), purchased from
GemPharmatech Co., Ltd. (China), were housed under
specific pathogen-free (SPF) conditions. All mice were
included in the experiment only after being confirmed to
be free of any fundus or systemic diseases. Animal care
and experimentation were conducted in accordance with
the Association for Research in Vision and Ophthalmol-
ogy (ARVO) Statement. In this study, tribromoethanol
was used for anesthetizing mice, and cervical disloca-
tion was employed for euthanizing the mice. All animal
procedures were approved by the Animal Care and Use
Committee of Tianjin Medical University Eye Hospital
(TMUEC).

Culture and identification of mesenchymal stem cells
Human umbilical cord-derived MSCs were provided by
Beijing Beilai Biological Co., Ltd. (China), and MSC isola-
tion and culture were performed as previously described
[34]. Various methods are available for the identifica-
tion of MSCs, including flow cytometry and differentia-
tion assays. According to International Society for Cell
& Gene Therapy (ISCT), MSCs were identified by their
capacity to express specific cell surface markers (CD73,
CD90), and lack expression of hematopoietic lineage
markers (CD34, CD45) [35]. Additionally, their ability to
differentiate into adipocytes, chondrocytes, and osteo-
cytes under defined conditions was demonstrated by
staining in vitro.

Production and transduction of Lentiviruses

Lentiviral vectors overexpressing CD73 and empty
plasmids  (pCDH-CMV-MCS-EF1-copGFP)  (Han-
bio Biotechnology, China) were packaged into human
embryonic kidney 293 T cells (HEK-293 T) following the
manufacturer’s instructions. The packaging plasmids and
envelope plasmids were also involved in the transfection

Page 3 of 15

process. Lentiviral particles were harvested from the cul-
ture at 48 and 72 h post-transfection and subsequently
concentrated by ultracentrifugation at 72,000xg for
2 h. The viral titer was assessed using the serial dilution
method, as outlined in previous studies [36].

Transfection and supernatant collection

When reaching approximately 60% confluency at pas-
sage 2, MSCs were exposed to a viral particle mixture
with a multiplicity of infection (MOI) of 50 and 8 pg/ml
polybrene (Sigma-Aldrich, USA) in the culture medium.
Subsequently, we obtained normal MSCs (MSC-N), vec-
tor-infected MSCs (MSC-V), and CD73-overexpressed
MSCs (MSC-CD73). The conditioned medium from
the third to fifth passage was collected for the produc-
tion of MSC-sEVs. MSCs were cultured with complete
DMEM/F-12 (Gibco, USA) media containing 10% fetal
bovine serum (FBS) (Gibco) and 100 U/mL penicillin and
streptomycin (Gibco). Before use, FBS and DMEM/F-12
were diluted at a ratio of 1:4 and centrifuged at 11,000xg
overnight at 4 °C. This procedure aimed to reduce poten-
tial experimental confounds associated with sEVs present
in FBS.

Quantitative real-time PCR (qRT-PCR)

The quantitative real-time PCR (qRT-PCR) was con-
ducted to assess mRNA expression levels of different
MSCs (MSC-N, MSC-V, MSC-CD73). Total RNA extrac-
tion was performed using the TRIzol reagent (Invitrogen,
USA) following the manufacturer’s instructions. Sub-
sequently, cDNA was synthesized utilizing the Rever-
tAid First Strand ¢cDNA Synthesis Kit (Thermo Fisher,
USA). Each PCR reaction was set up in 384-well plates,
comprising FastStart SYBR Green Master (Roche, Swit-
zerland), cDNA, and 0.25 pm forward and reverse prim-
ers. The relative mRNA expression levels of the target
genes were determined using the 2722T method, with
GAPDH serving as an internal standard [37]. The primer
sequences used were as follows: CD73 forward: CCAGT
ACCAGGGCACTATCTG, reverse: TGGCTCGATCAG
TCCTTCCA; GAPDH forward: AGGTCGGTGTGAAC
GGATTTG, reverse: GGGGTCGTTGATGGCAACA.

Collection of mesenchymal stem cell-derived small
extracellular vesicles

The supernatant from both uninfected and infected
MSCs was collected after 48 h of incubation and sepa-
rated by ultracentrifugation to obtain each group of
MSC-sEVs. The separation process involved centrifuga-
tion at 200xg for 10 min at 4 °C, followed by centrifuga-
tion at 2000xg for 20 min at 4 °C, and then at 10,000xg
for 30 min at 4 °C. Subsequently, the resulting superna-
tant underwent two additional rounds of centrifuga-
tion at 110,000xg for 70 min at 4 °C to achieve a high



Duan et al. Stem Cell Research & Therapy (2024) 15:149

concentration of MSC-sEVs [38]. All ultracentrifugation
steps were performed using an Optima XLA/I centri-
fuge equipped with an An-45Ti rotor (Beckman-Coulter,
USA). The final pellets were resuspended in sterile PBS
(Gibco), and the concentration was measured using a
BCA protein assay kit (Solarbio, China).

Identification of mesenchymal stem cell-derived small
Extracellular vesicles

To accurately characterize and distinguish different types
of MSC-sEVs, various techniques were employed in this
study. Samples were quickly fixed with 50 pl 4% para-
formaldehyde (Sigma-Aldrich) for 5 min and applied to
carbon copper grids. Negative staining was then per-
formed using 2% uranyl acetate solution (Sigma-Aldrich).
After drying, MSC-sEVs were directly visualized using
transmission electron microscopy (TEM). Additionally,
nanoparticle tracking analysis (NTA) was used to mea-
sure the size and concentration of MSC-sEVs in a liquid
medium. The particle size was analyzed using Nanosight
(version 3.3). For identification of various protein mark-
ers associated with different MSC-sEVs, Western blot
was used. The isolated MSC-sEVs were lysed to release
their protein content, which was then separated by poly-
acrylamide gel electrophoresis (SDS-PAGE) based on size
and charge. The separated proteins were transferred onto
a polyvinylidene difluoride (PVDF) membrane (Sigma-
Aldrich) and incubated with a 5% non-fat dried milk to
prevent non-specific binding of the antibody. The mem-
brane was then probed with antibodies specific to MSC-
sEVs-associated proteins, including CD63 (Abcam),
TSG-101 (Abcam), CD73 (Abcam) and B-actin (Abcam).
Additionally, the expression of CD73 on the surface of
MSC-sEVs was also identified using ELISA kits, following
the manufacturer’s instructions (R&D Systems).

Induction and treatment of experimental autoimmune
uveitis

EAU in C57BL/6 mice was induced by immuniza-
tion with an emulsion comprising equal volumes of
complete Freunds adjuvant (CFA, Sigma Aldrich)
and 5 mg/mL desiccated Mycobacterium tuberculo-
sis (TB, Sigma-Aldrich), as well as 300 ug interpho-
toreceptor retinoid-binding proteingg; _¢70 (IRBPgs; _ 705
LAQGAYRTAVDLESLASQLT) (Shanghai Hanhong,
China) in PBS. This emulsion was then applied to four
spots on the tail base and flank. In addition, mice were
intraperitoneally administered 500 ng pertussis toxin
(PTX) (List Biological Laboratories, USA) on the day
of immunization and 24 h post-immunization. Immu-
nized mice were randomly assigned to different groups
using a computer-generated random number sequence.
The groups included PBS, MSC-sEVs (sEVs-N), vec-
tor-infected MSC-sEVs (sEVs-V), and sEVs-CD73. On
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day 11 post immunization, different groups of mice
were injected via tail vein with 50 ug diverse MSC-sEVs
respectively or equal volume of PBS.

Clinical and histological assessment of experimental
autoimmune uveitis

EAU mice were examined every other day by head-
mounted indirect fundoscopy from day 9 to day 21 post-
immunization. On the 17th day post-immunization, mice
were euthanized, and their eye tissues were fixed in 4%
paraformaldehyde, paraffin-embedded, sectioned (4 um),
and stained with hematoxylin and eosin (H&E). The his-
topathological changes of retina were examined and
scored. The incidence and severity of inflammation were
assessed according to the criteria of Caspi [39].

Optical coherence tomography

On the 17th day post-immunization, a total of six mice
per group were anesthetized, and the pupils were dilated
with 0.1% tropicamide. The mice were then placed in a
prone position, and a corneal contact lens was used to
stabilize the eye. Spectralis optical coherence tomogra-
phy (OCT) (Heidelberg, Germany) was used to scan the
retina, and the images were scored based on the criteria
previously established by Gadjanski and colleagues [40].

Flow Cytometry detection of inflammatory cells

Mice were sacrificed on day 17 after immunization and
their eyeballs, spleens (SP) and lymph nodes (LNs) were
separated and ground. To prepare single lymphocyte
suspension, the spleen was lysed with red blood cell
lysis buffer (Sigma), while the eyeball tissue was digested
with 1 mg/ml of collagenase D (Sigma-Aldrich) for 1 h.
The resulting cell suspension was filtered through a
70-pm filter and then centrifuged. Part of these cells
were incubated in a 96-well plate with 50 ng/mL phor-
bol 12-myristate 13-acetate (Sigma), 1 pg/mL ionomycin
(Sigma), and 1 pg/mL brefeldin A (Abcam, USA). After
incubation of 4.5 h, these cells were utilized to assess
the ratio of Th1 and Th17 cells, while the remaining cells
were prepared into single cell suspensions to determine
the proportion of Treg cells.

The cells were incubated with Brilliant Violet™ 711
anti-mouse CD4 antibody for 30 min at 4 °C, followed
by fixation and permeabilization according to the manu-
facturer’s instructions. Subsequently, FITC anti-mouse
IFN-y and PE anti-mouse IL-17 A antibodies were used
to stain Thl and Th17 cells, respectively. For Treg cells,
the cells were stained with FITC anti-CD25 and PE anti-
FOXP3 antibodies. The proportion of IFN-y, IL-17 A,
CD25, and FOXP-3 was then assessed using a FACSCali-
bur flow cytometer (BD Biosciences, USA) and analyzed
with Flow]Jo software (USA). The laser for Brilliant Vio-
let™ 711 was set at 405 nm, while for PE and FITC, it was
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set at 488 nm. The fluorescence channels corresponded to
710/50 (BV711), 575/25 (PE), and 530/30 (FITC), respec-
tively. All antibodies were purchased from BioLegend.

Assay of T-cell proliferation in vitro by Carboxyfluorescein
Diacetate Succinimidyl Ester (CFSE)

The 96-well plates were precoated with 10 pg/mL anti-
mouse CD3 mAb (BioLegend) and 5 pug/mL anti-mouse
CD28 mAb (BioLegend) to stimulate CD4*T-cells. The
total CD4"T-cells were isolated from spleens of naive
mice by positive CD4*T-cell isolation kit (Miltenyi Bio-
tec, USA). The cells were then labeled with 1 uM car-
boxyfluorescein diacetate succinimidyl ester (CFSE)
(Invitrogen) for 10 min and co-cultured with MSC-sEVs
at a concentration of 10 pg/ml. After 72 h of incubation,
the CFSE fluorescence intensity was measured by FACS
and analyzed by FlowJo.

T-cell differentiation assays in vitro
Naive CD4*T-cells from spleens of naive mice were iso-
lated using a positive isolation kit (Miltenyi Biotec).
These purified cells were seeded at a density of 2x10°
cells/well in 96-well plates pre-coated with anti-CD3/
CD28 and then cultured under Thl, Th17, and Treg dif-
ferentiation conditions, respectively. After cultivation,
the corresponding antibody was stained. Th1, Th17 and
Treg cell populations were analyzed by flow cytometry.
For Th1 polarization, cells were cultured in RPMI-1640
cell culture medium (Gibco) (supplemented with IL-12
at 20 ng/mL and anti-IL-4 at 10 pg/mL). For Th17 polar-
ization, cells were cultured in RPMI-1640 cell culture
medium (supplemented with IL-6 at 20 ng/mL, anti-IL-4
at 10 pg/mL, anti-IFN-y at 10 pg/mL, and TGF-P1 at 2ng/
mL). For Treg polarization, cells were cultured in RPMI-
1640 cell culture medium (supplemented with TGF-p1
at 5 ng/mL and IL-2 at 20 ng/mL). After 5 days of cul-
ture, the cells were collected and analyzed using FACS.
Recombinant cytokines were purchased from R&D Sys-
tems (Minneapolis, USA), while antibodies against these
cytokines were purchased from BD Biosciences.

Quantification of adenosine levels using high performance
liquid chromatography (HPLC)

Naive T-cells were cultured in RPMI-1640 cell culture
medium supplemented with anti-CD3 and anti-CD28.
After three days of culture, 50 uL cell supernatant was
collected and transferred to a 1.5 ml EP tube. Subse-
quently, 50 puL of methanol was added, followed by thor-
ough vortex mixing. Then, 100 pL of acetonitrile was
added, vortexed for 30 s, and centrifuged at 12,000 rpm
for 10 min at 4°C. The supernatant was collected for mass
spectrometry detection. The subsequent performance
liquid chromatography (HPLC) procedures were con-
ducted using the ACQUITY UPLC I-Class/Xevo TQ-XS
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(Waters, USA). A series of adenosine standards rang-
ing from 200 pg/ml to 20,000 pg/ml were prepared and
stored at 4°C. A standard curve was constructed using
the average peak area as the x-axis and adenosine con-
centration as the y-axis, with the regression equation cal-
culated. The chromatographic column used was Waters
BEH C18 (2.1*100 mm, 1.7 pm), maintained at 30°C.

Statistical analysis

The data obtained from all experiments were expressed
as meanztstandard deviation (meanzSD). In contrast,
the one-way analysis of variance (one-way ANOVA) was
utilized determine the statistical significance. These data
were analyzed using the software GraphPad Prism 9.4
(GraphPad Software, USA). The criterion for statistical
significance was set at P<0.05.

Results

Identification of mesenchymal stem cells

The microscopic examination revealed the spindle-
shaped morphology of MSCs adhering to the culture
flask walls (Fig. 1C). Furthermore, under specific differ-
entiation conditions, MSCs demonstrated their ability to
differentiate into osteocytes, chondrocytes, and adipo-
cytes (Supplementary figure S1). Additionally, the flow
cytometry identification of surface markers on MSCs can
be referenced based on our previous findings [41].

Transfection of lentivirus into mesenchymal stem cells

To obtain a high expression lentivirus vector of CD73, we
packaged the constructed plasmid into HEK-293T cells
and measured the titer of the resulting supernatant after
concentration. We found that the transfected HEK-293 T
cells exhibited high green fluorescent protein (GFP) fluo-
rescence expression under a fluorescence microscope.
The titer of the CD73-overexpressed lentivirus reached
7%107 TU/ml, while that of the control vector was 2x10°
TU/ml (Fig. 1A, B). The MSCs were then transduced with
the virus, and high fluorescence expression was observed
under a fluorescence microscope 48 h post-transfection
(Fig. 1C).

Identification of mesenchymal stem cell-derived small
extracellular vesicles

Firstly, we analyzed the size and morphology of sEVs
purified from the conditioned medium of MSCs using
Nanosight and Transmission electron microscopy (TEM).
Nanosight analysis revealed that the average diameters of
sEVs-N, sEVs-V, and sEVs-CD73 were 152 nm, 189 nm,
and 183 nm, respectively, consistent with our definition
of sEVs (Fig. 2A). TEM images revealed that sEVs-N,
sEVs-V, and sEVs-CD73 exhibited uniform size, circular
shape, and double-layered membrane vesicular struc-
tures, consistent with the typical characteristics of sEVs
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Fig. 1 Lentiviral titration assays and transduction. (A-B) Lentivirus titration assays depicted the over-expression of CD73 and empty vector controls, with
viral titers reaching approximately 7 x 10"TU/ml and 2x 10°TU/m|, respectively. (C) Bright field (BF) and dark field images revealed targeted gene expres-
sion 48 h post-lentiviral infection of MSCs. The high expression of GFP confirmed the successful transduction of the lentivirus.

(Fig. 2B). Additionally, TEM analysis also indicated that
the diameters of all three types of sEVs were smaller than
200 nm. Western blotting results confirmed the expres-
sion of CD63, TSG101, and CD73 in all groups, with suc-
cessful high expression of CD73 in the sEVs-CD73 group
(Fig. 2C). Real-time PCR analysis showed high expression
of CD73 mRNA in MSCs transfected with CD73-over-
expressing lentivirus, consistent with the findings under
fluorescence microscopy (Fig. 2D). ELISA results indi-
cated higher levels of the target protein in sEVs-CD73
compared to the other groups (Fig. 2E). These results
indicated that the vesicles isolated from MSCs exhibit
characteristics consistent with sEVs and we successfully
engineered sEVs overexpressing CD73.

Augmented suppression of experimental autoimmune
uveitis following intravenous administration of CD73-
overexpressing mesenchymal stem cell-derived small
extracellular vesicles

To compare the therapeutic efficacy, we administered
intravenous injection of 50 pg of sEVs-N, sEVs-V and
sEVs-CD73 to mice on the 11th day post-immunization.
The clinical scoring revealed inflammatory responses in
the fundus around the 11th day post-immunization. From
day 15 to day 21 post-immunization, the sEVs-CD73-
treated group demonstrated a significantly lower mean
clinical score compared to the other groups (P<0.05)
(Fig. 3A). The peak of clinical scores was observed on
day 17 post-immunization. On day 17 post-immuniza-
tion, the mean clinical scores of the sEVs-N and sEVs-V
groups were lower than those of the PBS group, although
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Fig. 2 Identification of MSC-sEVs. (A) Nanosight analysis depicting the size distribution of various MSC-sEVs. (B) TEM images illustrating the morphology
of various MSC-sEVs. Scale bar =200 nm. (C) Western blotting results indicating the expression of CD63, TSG101, and CD73 in sEVs-N, sEVs-V, and sEVs-
CD73 group. To maintain conciseness, cropping was performed. Full-length blots were presented in Supplementary Figure S2. (D) Real-time PCR results
showing robust expression of the target gene after viral infection of MSCs. (E) ELISA results demonstrating elevated levels of the target protein in sEVs-
CD73 compared to the other groups. Mean+SD, n=3 per group, one-way ANOVA test. ***: P<0.001
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Fig. 3 Over-expression of CD73 enhanced the therapeutic efficacy of MSC-sEVs in EAU. (A, D) Mean clinical scores of mice treated with tail vein injection
of 50ug sEVs recorded every 2 d from day 9 to day 21 post-immunization. (B) The fundus imaging of each sEVs-treated group on day 17 post-immuni-
zation. (C, E) On day 17 post-immunization, OCT was conducted, and the outcomes were quantified and presented as OCT scores. Mean +SD, n=6 per
group, one-way ANOVA test. *: P<0.05; **: P<0.01; ***: P<0.001
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the difference between these two groups was not sta-
tistically significant. However, both groups exhibited
higher clinical scores compared to the sEVs-CD73 group
(Fig. 3D). This finding was further corroborated by fun-
dus images (Fig. 3B). OCT results also demonstrated low
OCT signal and severe inflammation cell infiltration at
the disease peak in the PBS group, while the sEVs-N and
sEVs-V groups displayed milder inflammation. Remark-
ably, treatment with sEVs-CD73 exhibited the most sig-
nificant inhibition of these changes among all groups
(Fig. 3C). The OCT scores in the sEVs-CD73 group were
significantly lower than those in the other three groups
(P<0.05) (Fig. 3E). In addition, histological analysis con-
firmed these findings, with the sEVs-CD73-treated mice
exhibiting fewer infiltrating inflammatory cells, reduced
retinal folds, detachment, and granulomas than the other
three groups (Fig. 4). These findings suggest that overex-
pression of CD73 enhances the protective effect of SEV-N
on the retina during ocular inflammation.

Reduced infiltration of inflammatory cells following
treatment of CD73-overexpressing mesenchymal stem
cell-derived small extracellular vesicles

T-cells, including Thl, Th17 and Treg cells, play cru-
cial roles in cell-mediated immunity. In our previous
studies, we observed that compared to the PBS control
group, intravenous injection of 50 ug sEVs-N resulted in
a lower percentage of Thl and Th17 cells in the eyes of
mice, and a higher percentage of Treg cells in the spleen
and draining lymph nodes [41]. To better elucidate the
influence of CD73 overexpression on sEVs, we collected
tissues, including eyeballs, SP, and LNs, from mice to

A

Page 8 of 15

analyze the proportion of various T-cell subsets in each
group at the peak of the disease. During the process of
detecting T-cells in the eyeballs, one mouse was excluded
due to death. Flow cytometric results showed a decrease
in the proportions of Thl cells (CD4*IFN-y") in the
sEVs-CD73 group compared to the sEVs-N and sEVs-V
groups in the eyeballs, SP and LNs (P<0.05) (Fig. 5A-
C). Surprisingly, CD73 overexpression did not signifi-
cantly enhance or inhibit the effect of MSC-sEVs on
Th17 cells (CD4*IL-17 A") in these immune-related tis-
sues (Fig. 5A-C). Moreover, the proportion of Treg cells
(CD4*CD25"Foxp-3") also exhibited significant changes
in the SP and LNs (P<0.05). As illustrated in Fig. 5B-C,
the proportion of Treg cells in the sEVs-CD73 group was
significantly higher than that in the sEVs-N and sEVs-V
groups (P<0.05). These findings suggest that MSC-sEVs
exhibiting high CD73 expression possess augmented
inhibitory capabilities against Th1l cells while exerting
activating effects on Treg cells. However, CD73 overex-
pression did not significantly alter the inhibitory effects
of sSEVs on Th17 cells.

Amplified inhibitory effect of CD73 over-expressing
mesenchymal stem cell-derived small extracellular vesicles
on T cell proliferation

The effect of SEVs-CD73 on T-cell proliferation was eval-
uated by isolating CD4*T-cells from SP and LNs of naive
mice using a magnetic bead positive selection kit. These
T-cells were then co-cultured with MSC-sEVs from each
group at various concentrations, and CFSE expression
was assessed after four days of culture. Our previous
studies confirmed the impact of different concentrations
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Fig.5 sEVs-CD73 treatment in EAU mice inhibited Th1 cells and increased Treg cells compared to sEVs-N. (A) Flow cytometric results of the proportions of
Th1 (CD4*IFN-y*) cells and Th17 (CD4*IL-17A") cells in the eyeballs (n=5) of mice from different groups. (B) Flow cytometric results of the proportions of
Th1 cells, Th17 cells and Treg (CD4*FOXP3*CD257) cells in the SP of mice (n=6) from different groups. (C) Flow cytometric results of the proportions of Th1
cells, Th17 cells and Treg cells in the LNs of mice (n=6) from different groups. We performed relative quantification analysis to compare the experimental
groups with a blank control group, which served as the baseline. Mean £ SD, one-way ANOVA test. *: P<0.05; **: P<0.01; ***: P<0.001
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(0, 1, 10, 50, and 100 pug/mL) of sEVs-N on the prolifera-
tion of initial CD4* T-cells. The sEVs-N group exhibited
a notable inhibitory effect compared to the PBS group at
a concentration of 10 pg/mL, suggesting a concentration-
dependent response [41]. Consequently, we selected this
concentration of 10 pg/mL for further investigation. In
the current study, flow cytometric analysis revealed that
sEVs-CD73 exhibited a more robust inhibitory effect on
T-cell proliferation compared to the sEVs-N and sEVs-V
groups at a concentration of 10 ug/mL (Fig. 6A-B). These
findings indicate that overexpression of CD73 enhances
the inhibitory effect of sEVs-N on T cell proliferation in
vitro.
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Enhanced effect of CD73 over-expressing mesenchymal
stem cell-derived small extracellular vesicles on Th1 and
Treg cell differentiation

Naive T-cells combined with 10 pg/ml of various MSC-
sEVs in specific differentiation conditions were cultured
for 4 days to assess immune cell proportions. Com-
pared to the other groups, the sEVs-CD73 group exhib-
ited significantly enhanced inhibitory effects on Th1 cell
(CD4*IFN-y*) proportion (Fig. 6C, D) and promoting
effects on Treg cell (CD4*CD25%Foxp-3*) proportion
(P<0.05) (Fig. 6G, H). However, there were no significant
differences in the inhibitory effects on Thl and Treg cell
differentiation between the sEVs-N and sEVs-V groups
(P>0.05). Regarding Th17 cell (CD4*IL-17A") differ-
entiation, there were no significant differences among
these three groups treated with sEVs (P>0.05) (Fig. 6E,
F). These results are consistent with findings from in
vivo studies, suggesting that CD73 overexpression may
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enhance the immunosuppressive effects of sEVs-N by
modulating the proportions of Th1l and Treg cells rather
than Th17 cells.

CD73-enriched mesenchymal stem cell-derived small
extracellular vesicles increased adenosine levels in the
T-cell supernatant

Using HPLC, the adenosine content in the supernatant of
Naive T-cells co-cultured with different groups of MSC-
sEVs was analyzed. The linear regression equation for the
adenosine standard curve was Y=13.8533X+3980.22,
with an R? value of 0.9991 (Fig. 7A). A distinct peak at
1.62 min was observed (Fig. 7B). The addition of sEVs-
N and sEVs-V led to an increase in adenosine production
compared to the control group, although not reaching
statistical significance. However, the sEVs-CD73 group
showed a significant increase in adenosine compared to
the other three groups (Fig. 7C).

Discussion

Our study established that, in comparison to the control
group, MSC-sEVs exhibiting elevated CD73 expression
exerted a more robust suppressive effect on the progres-
sion of EAU. In vivo experiments indicated that sEVs-
CD73 can significantly reduce tissue infiltration of EAU
in mice compared to normal MSC-sEVs. This alteration
may be achieved by inhibiting T-cell proliferation, reduc-
ing the Thl ratio, and increasing the Treg ratio. In vitro
results were consistent with those observed in vivo.
Moreover, we speculated that the suppressive effect of
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sEVs-CD73 on EAU was likely mediated by the increased
production of adenosine.

Traditional treatment methods for uveitis typically
involve the administration of corticosteroids, immuno-
suppressive agents, or biologic therapies. Prolonged use
of corticosteroids and immunosuppressive agents can
lead to ocular complications and systemic side effects.
Biologic therapies, such as anti-tumor necrosis factor
agents, may be expensive and require regular monitoring
for adverse effects. While MSCs show promise in treating
immune-related diseases like autoimmune uveitis, clini-
cal studies have raised concerns about its safety and effi-
cacy [34, 42, 43]. Moreover, the characteristics of MSCs
are influenced by the tissue source and donor physiologi-
cal status, which should be taken into consideration in
clinical applications [44]. Compared to existing treatment
methods, sEVs-CD73 demonstrates significant advan-
tages. Firstly, sEVs-based therapy harnesses the thera-
peutic potential of EVs. After treatment, sEVs exhibit
excellent biocompatibility, allowing them to penetrate the
blood-retinal barriers and effectively reach target sites.
Secondly, as natural vesicles, sEVs exhibit inherent safety,
offering a choice for the treatment of immune disorders.

Our research team previously observed that on the
11th day post-immunization, mice treated with 50 pg
MSC-sEVs via tail vein injection exhibited a reduction
in the proportion of Thl and Thl7 cells compared to
the control group, while the proportion of Treg cells was
elevated [41]. Previous research suggested that CD73-
mediated adenosine production by MSCs contributes to
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Fig. 7 sEVs-CD73 facilitates the generation of adenosine in vitro. (A) The linear regression equation of adenosine standard curve. (B) The chromatograph-
ic peak of adenosine in sEVs-CD73 group detected by HPLC. (C) After co-culturing with T-cells, cell supernatant from the sEVs-CD73 group exhibited the
highest proportion of secreted adenosine among the four groups. Mean + SD, n= 3 per group, one-way ANOVA test. ***: P<0.001
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their immunomodulatory effects, suggesting a potential
mechanism for their therapeutic efficacy in EAU [28].
This finding aligns with previous literature regarding the
mechanism of action of MSC-sEVs. We hypothesized that
sEVs-CD73 may regulate the Th1/Th17/Treg cell balance
by promoting adenosine generation, thereby creating an
immune-suppressive microenvironment. Our results
indicated that the proportions of Th1 and Treg cells were
consistent with our expectations. However, despite the
overexpression of CD73, the administration of MSC-
sEVs did not significantly alter the suppressive effect on
Th17 cells. The relationship between CD73, its hydrolysis
product adenosine, and Th17 cells remains incompletely
understood. CD73 exhibits diverse biological functions
across different cell types, with its deficiency in some
cells enhancing susceptibility to autoimmune diseases,
while in others, the effects are reversed.

Sun et al. demonstrated contrasting effects of adenos-
ine on Th1 and Th17 cells, mediated by various immune
cells, notably y8T cells and DCs [45]. Activation of ade-
nosine receptors amplifies the activation of ydT cells,
which serve as critical promoters of Th17 responses and
significantly influences DCs differentiation. This shift in
DCs differentiation favors the generation of DCs that
stimulate Th17 responses over those that stimulate Thl
responses. These findings suggest that CD73-mediated
hydrolysis of adenosine monophosphate (AMP) to ade-
nosine may shift the balance towards Th17 cells, thereby
exacerbating autoimmune responses. During various
stages of EAU, yOT cells exhibited varying levels of CD73
and A2AR expression. In active disease stages, adenos-
ine collaborates with elevated cytokine levels, resulting
in amplified activation of y8T cells and Th17 responses
[46]. Upon activation, y8T cells exhibit elevated expres-
sion of A2AR but reduced levels of CD73. While height-
ened A2AR expression enables activated ydT cells to
efficiently bind adenosine compared to other immune
cells, diminished CD73 expression limits their capacity
to convert AMP into adenosine, potentially exacerbating
inflammatory reactions [47-49]. However, during inac-
tive disease stages characterized by low cytokine levels,
adenosine does not augment y8T cell activation. This
underscores the variable activation status of y8T cells
and A2AR expression during different EAU stages, influ-
encing disease progression. The A2AR antagonist SCH
significantly impeded the progression of EAU primarily
by regulating Th17 responses. Nevertheless, the timing of
treatment administration is crucial. The antagonist effec-
tively curbed EAU advancement only when administered
during the active disease stage, but proved ineffective if
initiated during the disease induction phase [46].

In line with our findings, Hernandez-Mir and col-
leagues (2017) reported similar results [50]. Their results
demonstrated that CD73 deficiency did not significantly
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influence the progression of experimental autoim-
mune encephalomyelitis (EAE) or the differentiation of
Th17 cells in vitro. These findings contrast with those
of Mills et al., who reported reduced severity of EAE in
CD73-/- mice along with decreased IFN-y secretion [51].
Discrepancies in EAE induction protocols across differ-
ent laboratories may contribute to variations in the bal-
ance between Th17 and Thl cell populations induced,
thus influencing the impact of CD73 presence on dis-
ease severity. Hernandez-Mir et al. suggested a primary
association between EAE and Th17 cells, while Mills et
al. focused their investigation on Thl cells, proposing a
potential pivotal role of CD73 in disease development.
Additionally, Hernandez-Mir et al. found that the lack of
CD?73 had no significant effect on the proportion of Treg
cells or their recruitment to the central nervous system.
In contrast, our study suggested that overexpression of
CD73 enhances the promotive effect of MSC-sEVs on
Treg cells in EAU-induced mice. The differences in these
results may be attributed to variations in experimental
models and procedural differences among different labo-
ratories, leading to variations in the proportions of Treg
and Th17 cells within the disease models. While conflict-
ing data exists for the role of Treg cells in EAE [52, 53],
they have been shown to act as inhibitory T cells in EAU.
These regulatory T cells can inhibit cytokine production
and T cell proliferation, and one of their immunomodu-
latory mechanisms involves promoting adenosine gen-
eration through CD39 and CD73, leading to increased
intracellular cAMP levels upon binding to adenosine
receptors. Further investigation revealed that in micro-
environments enriched with sEVs expressing CD73 or
other CD73-expressing lymphocytes, CD4*CD39" Tregs
readily interact with surface CD73, mediating adenos-
ine-driven immunosuppressive effects [54]. Although
our results demonstrate that MSC-sEVs overexpressing
CD?73 cannot directly inhibit the differentiation of Th17
cells, these vesicles effectively suppress Th1 cells and pro-
mote Treg cells. Given the critical roles of Thl and Treg
cells in the development of EAU, sEVs-CD73 can shift
the balance of immune-related cells towards Treg cells,
resulting in more potent immunosuppressive effects than
MSC-sEVs alone, thus inhibiting the progression of EAU.

However, certain limitations and avenues for further
exploration should be noted. Firstly, technical and time
constraints prevented us from measuring pro-inflamma-
tory and anti-inflammatory factors (such as IL-6, IL-4,
and IL-10) in the vitreous humor of EAU mice. Addition-
ally, we lack detection of Treg cell proportions in the eyes
among all groups. These omissions may have hindered
a comprehensive understanding of how our engineered
sEVs modulate the immune response. Furthermore, dis-
crepancies between our findings regarding Th17 cells
and those reported in existing literature underscore the
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complexity of the immune response in uveitis. These
inconsistencies warrant further investigation to clarify
the underlying mechanisms governing Th17 cell modu-
lation by sEVs-CD73. Moreover, the lack of safety vali-
dation is a notable concern. Safety validation is crucial
for clinical translation. In summary, addressing these
limitations through further research will be crucial for
advancing our understanding of the safety and efficacy
of CD73-overexpressed MSC-sEVs for the treatment of
autoimmune uveitis.

Conclusions

Overall, we successfully constructed MSC-sEVs with high
CD73 expression. We found that these vesicles exhibited
a significantly greater inhibitory effect on EAU compared
to normal MSC-sEVs. This effect may be attributed to
the enhancement of extracellular adenosine production,
thereby augmenting the impact of MSC-sEVs on Th1l and
Treg cells. Therefore, CD73-overexpressing MSC-sEVs
could present a novel therapeutic avenue for addressing
autoimmune uveitis or other autoimmune disorders.
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Additional file 1: Figure S1. Identification of MSCs. Specific differentiation
conditions promote successful differentiation of MSCs into osteoblasts,
chondrocytes, and adipocytes.

Additional file 2: Figure S2. The Western blot gel image depicted protein
expression patterns in sEVs-N, sEVs-V, sEVs-CD73.To minimize cross-
contamination between different antibodies, two gels were prepared to
detect the expression of surface proteins on distinct groups of sEVs. Gel

1 was utilized for detecting CD63 and TSG101, while Gel 2 was employed
for incubating with CD73. Both gels were loaded with the same amounts
of samples, and 3-actin was probed on each gel to ensure consistency in
loading. Lane assignments were as follows: Lane 1, 2 (sEVs-N); Lane 3,4
(sEVs-V); Lane 5, 6 (sEVs-CD73). For conciseness, the images were cropped,
as indicated by the boxed area.

Additional file 3: Figure S3. Flow cytometry gating strategy for Th1 and
Th17 cells in the eye, spleen, and lymph nodes. Cell suspensions were
prepared from eye (A), spleen (B), and lymph node tissues (C), and stained
with Brilliant Violet™ 711 anti-mouse CD4, FITC anti-mouse IFN-y and PE
anti-mouse IL-17A antibodies. Lymphocytes were gated first, followed by
selection of CD4*T-lymphocytes, and subsequently gated for specific IFN-y
and IL-17A expression.
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