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Abstract 14 

Background: Autoimmune uveitis is an inflammatory disease triggered by an aberrant 15 

immune response. Mesenchymal stem cell-derived small extracellular vesicles (MSC-16 

sEVs) are emerging as potential therapeutic agents for this condition. CD73, an 17 

ectoenzyme present on MSC-sEVs, is involved in mitigating inflammation by 18 

converting extracellular adenosine monophosphate into adenosine. We hypothesize that 19 

the inhibitory effect of MSC-sEVs on experimental autoimmune uveitis (EAU) could 20 

be partially attributed to the surface expression of CD73.  21 

Methods: To investigate novel therapeutic approaches for autoimmune uveitis, we 22 
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performed lentiviral transduction to overexpress CD73 on the surface of MSC-sEVs, 1 

yielding CD73-enriched MSC-sEVs (sEVs-CD73). Mice with IRBP-induced EAU 2 

were grouped randomly and treated with 50 μg MSC-sEVs, vector infected MSC-sEVs, 3 

sEVs-CD73 or PBS via single tail vein injection. We evaluated the clinical and 4 

histological features of the induced mice and analyzed the proportion and functional 5 

capabilities of T helper cells. Furthermore, T-cells were co-cultured with various MSC-6 

sEVs in vitro, and we quantified the resulting inflammatory response to assess the 7 

potential therapeutic benefits of sEVs-CD73. 8 

Results: Compared to MSC-sEVs, sEVs-CD73 significantly alleviates EAU, leading 9 

to reduced inflammation and diminished tissue damage. Treatment with sEVs-CD73 10 

results in a decreased proportion of Th1 cells in the spleen, draining lymph nodes, and 11 

eyes, accompanied by an increased proportion of Treg cells. In vitro assays further 12 

reveal that sEVs-CD73 inhibit T-cell proliferation, suppress Th1 cells differentiation, 13 

and enhance Treg cells proportion. 14 

Conclusion: Over-expression of CD73 on MSC-sEVs enhanced their 15 

immunosuppressive effects in EAU, indicating that sEVs-CD73 have the potential as 16 

an efficient immunotherapeutic agent for autoimmune uveitis. 17 

Keywords: mesenchymal stem cell, small extracellular vesicle, CD73, adenosine, 18 

autoimmune uveitis 19 
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Background 1 

Autoimmune uveitis is a complex and heterogenous inflammation that manifests with 2 

diverse symptoms, including blurred vision, photophobia and pain [1, 2]. Several 3 

therapeutic modalities, such as glucocorticoids (GCs) and immunosuppressive agents, 4 

are employed to address the intricacies of this condition. Predominantly, GCs stand as 5 

the primary choice in clinical uveitis treatment. However, their protracted usage is 6 

encumbered by drawbacks, which encompass adverse effects like cataracts, glaucoma, 7 

and systemic repercussions [3-5]. Other methodologies also exhibit certain limitations. 8 

Consequently, ongoing researches into novel therapies aspire to not only heighten 9 

treatment efficacy but also mitigate adverse effects, ultimately refining the 10 

comprehensive management of uveitis. 11 

In recent years, some studies have assessed both the efficacy and safety of mesenchymal 12 

stem cells (MSCs) in addressing experimental autoimmune uveitis (EAU) in animal 13 

models [6-8]. MSCs, widely recognized for their regenerative and immunomodulatory 14 

functions, have been employed to attenuate diverse immune responses, including 15 

autoimmune disorders [9]. Nonetheless, the utilization of MSCs-based therapy not only 16 

presents challenges in cell product preservation and transport, but also elevates the risks 17 

associated with vessel obstruction, malignant transformation, and allogenic 18 

immunological rejection [10-13]. To mitigate these obstacles, attention has turned to 19 

their secretions, small extracellular vesicles (sEVs). These nano-sized vesicles play a 20 

pivotal role in shuttling nutrient substances to mediate recipient cell functions, 21 

mirroring the impact of their parent cells [14-16]. The lipid bilayer membrane structure 22 
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of sEVs could protect their cargo from degradation. Consequently, they have been 1 

extensively harnessed as ideal drug carriers and strategically modified for therapeutic 2 

interventions in various immune disorders. Furthermore, the utilization of MSC-3 

derived sEVs (MSC-sEVs) holds promise for therapeutic agent applications, as they 4 

offer improved safety and stability compared to their parent MSCs. Nevertheless, the 5 

current immunosuppressive potency of MSC-sEVs falls short for clinical 6 

implementation, and ongoing research endeavors are dedicated to optimizing the use of 7 

MSC-sEVs by exploring their immunomodulatory mechanism [16].  8 

CD73 is one of the key markers of MSCs. We previously proved that MSCs could exert 9 

their immunomodulatory capacity through the CD73 pathway in intraocular immune 10 

responses [17]. The ectoenzyme CD73, characterized as a 11 

glycosylphosphatidylinositol-anchored glycoprotein, plays a pivotal role in purinergic 12 

signaling [18]. It facilitates the conversion of extracellular pro-inflammatory adenosine 13 

triphosphate (ATP) into the anti-inflammatory adenosine (Ado) [19]. As the activity of 14 

CD73 is irreversible, ongoing research on CD73 holds promise, particularly in its 15 

potential to modulate immune responses via Ado production. Research has shown that 16 

human MSC-sEVs share similar surface markers with their parent cells, including 17 

CD73 [20]. Based on this premise, in this study, we investigated the 18 

immunosuppressive effect of CD73-overexpressed MSC-sEVs (sEVs-CD73) using 19 

EAU models, and found that compared to normal MSC-sEVs, sEVs-CD73 20 

demonstrated stronger therapeutic effect in EAU. 21 

 22 
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Materials and methods 1 

Animals 2 

All female C57BL/6 mice (7–8 weeks old) purchased from GemPharmatech Co., Ltd. 3 

(China) were housed under specific pathogen-free (SPF) conditions. Animal care and 4 

experimentation were conformed to the Association for Research in Vision and 5 

Ophthalmology (ARVO) Statement. All animal procedures were approved by the 6 

Animal Care and Use Committee of Tianjin Medical University Eye Hospital 7 

(TMUEC). 8 

Culture and Identification of Mesenchymal Stem Cells 9 

Human umbilical cord MSCs were provided by Beijing Beilai Biological Co., Ltd. 10 

(China), and MSC isolation and culture were performed as previously described [21]. 11 

Various methods are available for the identification of MSCs, including flow cytometry 12 

and differentiation assays. According to International Society for Cell & Gene Therapy 13 

(ISCT), MSCs were identified by their capacity to express specific cell surface markers 14 

(CD73, CD90), and lack expression of hematopoietic lineage markers (CD34, CD45) 15 

[22]. Additionally, their ability to differentiate into adipocytes, chondrocytes, and 16 

osteocytes under defined conditions was demonstrated by staining in vitro and the 17 

expression of the target genes in MSCs was detected by Quantitative Real-time PCR 18 

(qRT-PCR). 19 

Production and Transduction of Lentiviruses 20 

Lentiviral vectors overexpressing CD73 and empty plasmids (pCDH-CMV-MCS-EF1-21 

copGFP) (Hanbio Biotechnology, Shanghai, China) were packaged into human 22 
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embryonic kidney 293 T cells (HEK-293 T) following the manufacturer's instructions. 1 

The packaging plasmids and envelope plasmids were also involved in the transfection 2 

process. At 48 and 72h post-transfection, the lentiviral particles were harvested from 3 

the culture and subsequently concentrated by ultracentrifugation at 72000×g for 2 h. 4 

Subsequently, the viral titer was assessed using the serial dilution method, as outlined 5 

in previous studies [23]. 6 

Transfection and Supernatant Collection 7 

Upon reaching approximately 60% confluency at passage 2, MSCs were exposed to a 8 

viral particle mixture with a multiplicity of infection (MOI) of 50 and 8 μg/ml polybrene 9 

(Sigma-Aldrich, St. Louis, USA) in the culture medium. Subsequently, we obtained 10 

normal MSCs (MSC-N), vector-infected MSCs (MSC-V), and CD73-overexpressed 11 

MSCs (MSC-CD73). The conditioned medium from the third to fifth passage was 12 

collected for the production of MSC-sEVs. MSCs were cultured with complete 13 

DMEM/F-12 (Gibco, California, USA) media containing 10% sEVs-free FBS (Gibco) 14 

and 100 U/mL penicillin and streptomycin (Gibco). To generate sEVs-free FBS, excess 15 

sEVs from FBS were removed by overnight centrifugation at 110,000×g, 4°C. 16 

Quantitative Real-time PCR (qRT-PCR) 17 

The qRT-PCR was conducted to assess mRNA expression levels of different MSCs 18 

(MSC-N, MSC-V, MSC-CD73). Total RNA extraction was performed using the TRIzol 19 

reagent (Invitrogen) following the manufacturer's instructions. Subsequently, cDNA 20 

was synthesized utilizing the RevertAid First Strand cDNA Synthesis Kit (Thermo 21 

Fisher, Massachusetts, USA). Each PCR reaction was set up in 384-well plates, 22 
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comprising FastStart SYBR Green Master (Roche, Basel, Switzerland), cDNA, and 1 

0.25 uM forward and reverse primers. The relative mRNA expression levels of the 2 

target genes were determined using the 2−ΔΔCq method, with GAPDH serving as an 3 

internal standard [24]. The primer sequences used were as follows: CD73 forward: 4 

CCAGTACCAGGGCACTATCTG, reverse: TGGCTCGATCAGTCCTTCCA; 5 

GAPDH forward: AGGTCGGTGTGAACGGATTTG, reverse: 6 

GGGGTCGTTGATGGCAACA.  7 

Collection of Mesenchymal Stem Cell-derived Small Extracellular Vesicles 8 

The supernatant of both uninfected and infected MSCs was collected after 48 h of 9 

incubation and separated by ultracentrifugation in order to obtain each group of MSC-10 

sEVs. After centrifugation at 200×g for 10 minutes at 4℃, 2000×g for 20 minutes at 11 

4℃ , and 10,000×g for 30 minutes at 4℃ , the resulting supernatant was further 12 

centrifuged twice at 110,000g for 70min at 4℃ to obtain a high concentration of MSC-13 

sEVs [25]. All ultracentrifugation steps were performed on an Optima XLA/I centrifuge 14 

equipped with an An-45Ti rotor (Beckman-Coulter, California, USA). The final pellets 15 

were resuspended in sterile PBS (Gibco), and the concentration was measured using a 16 

BCA protein assay kit (Solarbio, China).  17 

Identification of Mesenchymal Stem Cell-derived Small Extracellular Vesicles 18 

To accurately characterize and distinguish different types of MSC-sEVs, various 19 

techniques were utilized in this study. Samples were quickly fixed with 20 

paraformaldehyde (Sigma-Aldrich) for 5 minutes and applied to carbon copper grids. 21 

Negative staining was performed using 2% uranyl acetate solution (Sigma-Aldrich). 22 
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After drying, direct visualization of the MSC-sEVs was conducted using Transmission 1 

Electron Microscopy. Additionally, nanoparticle tracking analysis (NTA) was utilized 2 

to measure the size and concentration of MSC-sEVs in a liquid medium. The particle 3 

size was analyzed using NTA software (version 3.3, Nanosight). For identification of 4 

various protein markers associated with different MSC-sEVs, Western blot was used. 5 

The isolated MSC-sEVs were lysed to release their protein content, which was then 6 

separated by polyacrylamide gel electrophoresis (SDS-PAGE) based on size and charge. 7 

The separated proteins were transferred onto a polyvinylidene difluoride (PVDF) 8 

membrane (Sigma-Aldrich) and incubated with a 5% non-fat dried milk to prevent non-9 

specific binding of the antibody. The membrane was then probed with antibodies 10 

specific to MSC-sEVs-associated proteins, including CD9 (Abcam, UK), CD63 11 

(Abcam), TSG-101 (Abcam), CD73 (Abcam) and β-actin (Abcam). Additionally, the 12 

expression of CD73 on the surface of MSC-sEVs was also identified using ELISA kits, 13 

following the manufacturer’s instructions (R&D Systems). 14 

Induction and Treatment of Experimental Autoimmune Uveitis 15 

EAU in C57BL/6 mice was induced by immunization with an emulsion comprising 16 

equal volumes of complete Freund’s adjuvant (CFA, Sigma Aldrich) and 5 mg/mL 17 

desiccated Mycobacterium tuberculosis (TB, Sigma-Aldrich), as well as 300 μg 18 

IRBP651-670 (LAQGAYRTAVDLESLASQLT, Shanghai Hanhong Chemical Co., Ltd., 19 

Shanghai, China) in PBS. This emulsion was then applied to four spots on the tail base 20 

and flank. In addition, mice were intraperitoneally administered 500 ng pertussis toxin 21 

(PTX, List Biological Laboratories, California, USA) on the day of immunization and 22 
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24 h post-immunization. Immunized mice were randomly placed into cages assigned to 1 

different groups, including PBS, MSC-sEVs (sEVs-N), vector-infected MSC-sEVs 2 

(sEVs-V), and sEVs-73 group. On day 11 post immunization, different groups of mice 3 

were injected via tail vein with 50 μg diverse MSC-sEVs respectively or equal volume 4 

of PBS.  5 

Clinical and Histological Assessment of Experimental Autoimmune Uveitis 6 

EAU mice were examined every other day by head-mounted indirect fundoscopy from 7 

day 9 to day 21 post-immunization. On the 17th day post-immunization, mice were 8 

euthanized, and their eye tissues were fixed in 4% paraformaldehyde, paraffin-9 

embedded, sectioned (4μm), and stained with hematoxylin and eosin (H&E). The 10 

histopathological changes of retina were examined and scored. The incidence and 11 

severity of inflammation were assessed according to the criteria of Caspi [26]. 12 

Optical Coherence Tomography 13 

On the 17th day post-immunization, a total of six mice per group were anesthetized, 14 

and the pupils were dilated with 0.1% tropicamide. The mice were then placed in a 15 

prone position, and a corneal contact lens was used to stabilize the eye. Spectralis 16 

optical coherence tomography (OCT) (Heidelberg, Germany) was used to scan the 17 

retina, and the images were scored based on the criteria previously established by 18 

Gadjanski and colleagues [27]. 19 

Flow Cytometry Detection of Inflammatory Cells 20 

Mice were sacrificed on day 17 after immunization and their eyeballs, spleens (SP) and 21 

lymph nodes (LN) were separated and ground. To prepare single lymphocyte 22 
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suspension, the spleen was lysed with red blood cell lysis buffer (Sigma), while the 1 

eyeball tissue was digested with 1mg/ml of collagenase D (Sigma-Aldrich) for 1 hour. 2 

The resulting cell suspensions were filtered through a 70-µm filter and then centrifuged. 3 

Part of these cells were incubated in a 96-well plate with 50 ng/mL phorbol 12-4 

myristate 13-acetate (Sigma), 1 μg/mL ionomycin (Sigma), and 1 μg/mL brefeldin A 5 

(Abcam, Cambridge, USA). After incubation of 4.5 hours, these cells were utilized to 6 

assess the ratio of Th1 and Th17 cells, while the remaining cells were prepared into 7 

single cell suspensions to determine the proportion of Treg cells. 8 

The cells were stained with fluorescein-conjugated anti-mouse CD4 antibody for 30 9 

min at 4°C. Further fixation and permeabilization were performed according to the 10 

manufacturer’s instructions. After staining with corresponding antibodies, the 11 

proportion of IFN-γ, IL-17A, and FOXP-3 was detected by FACSCalibur flow 12 

cytometer (BD Biosciences, USA) and analyzed using flow cytometry software 13 

(FlowJo, USA). All antibodies were obtained from BioLegend. 14 

Assay of T-cell Proliferation in vitro by Carboxyfluorescein Diacetate Succinimidyl 15 

Ester (CFSE) 16 

The 96-well plates were precoated with 10 μg/mL anti-mouse CD3 mAb (BioLegend) 17 

and 5 μg/mL anti-mouse CD28 mAb (BioLegend) to stimulate CD4+T-cells. The total 18 

CD4+T-cells were isolated from spleens of naive mice by positive CD4+T-cell isolation 19 

kit (Miltenyi Biotec, California, USA). The cells were then labeled with 1 μM 20 

carboxyfluorescein diacetate succinimidyl ester (CFSE) (Invitrogen) for 10 min and co-21 

cultured with MSC-sEVs at a concentration of 10 μg/ml. After 72 hours of incubation, 22 
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the CFSE fluorescence intensity was measured by FACS and analyzed by FlowJo. 1 

T-cell Differentiation Assays in vitro 2 

Naive CD4+T-cells from spleens of naive mice were isolated using a positive isolation 3 

kit (Miltenyi Biotec). These purified cells were seeded at a density of 2x105 cells/well 4 

in 96-well plates pre-coated with anti-CD3/CD28 and then cultured under Th1, Th17, 5 

and Treg differentiation conditions, respectively. After cultivation, the corresponding 6 

antibody was stained. Th1, Th17 and Treg cell populations were analyzed by flow 7 

cytometry. 8 

For Th1 polarization, cells were cultured in RPMI-1640 cell culture medium (Gibco) 9 

(supplemented with IL-12 at 20 ng/mL and anti-IL-4 at 10 μg/mL). For Th17 10 

polarization, cells were cultured in RPMI-1640 cell culture medium (supplemented 11 

with IL-6 at 20 ng/mL, anti-IL-4 at 10 μg/mL, anti-IFN-γ at 10 μg/mL, and TGF-β1 at 12 

2ng/mL). For Treg polarization, cells were cultured in RPMI-1640 cell culture medium 13 

(supplemented with TGF-β1 at 5 ng/mL and IL-2 at 20 ng/mL). After 5 days of culture, 14 

the cells were collected and analyzed using FACS. Recombinant cytokines were 15 

purchased from R&D Systems (Minneapolis, USA), while antibodies against these 16 

cytokines were purchased from BD Biosciences (California, USA). 17 

Quantification of Adenosine Levels using high performance liquid 18 

chromatography (HPLC) 19 

Naive T-cells were cultured in RPMI-1640 cell culture medium supplemented with anti-20 

CD3 and anti-CD28. After three days of culture, 50 µL cell supernatant was collected 21 

and transferred to a 1.5 ml EP tube. Subsequently, 50 µL of methanol was added, 22 
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followed by thorough vortex mixing. Then, 100 µL of acetonitrile was added, vortexed 1 

for 30 seconds, and centrifuged at 12,000 rpm for 10 minutes at 4℃. The supernatant 2 

was collected for mass spectrometry detection. The subsequent performance liquid 3 

chromatography (HPLC) procedures were conducted using the ACQUITY UPLC I-4 

Class/Xevo TQ-XS (Waters, Massachusetts, USA). A series of Ado standards ranging 5 

from 200 pg/ml to 20,000 pg/ml was prepared and stored at 4℃. A standard curve was 6 

constructed using the average peak area as the x-axis and Ado concentration as the y-7 

axis, with the regression equation calculated. The chromatographic column used was 8 

Waters BEH C18 (2.1*100 mm, 1.7 μm), maintained at 30℃.  9 

Statistical Analysis 10 

The data obtained from all experiments are expressed as mean±standard deviation 11 

(SD). In contrast, the one-way analysis of variance (one-way ANOVA) was utilized 12 

determine the statistical significance. These data were analyzed using the software 13 

GraphPad Prism 9.4 (GraphPad Software, USA). The criterion for statistical 14 

significance was set at P < 0.05. 15 

  16 
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RESULTS  1 

Transfection of lentivirus into mesenchymal stem cells  2 

To obtain a high expression lentivirus vector of CD73, we packaged the constructed 3 

plasmid into HEK-293T cells and measured the titer of the resulting supernatant after 4 

concentration. We found that the transfected HEK-293 T cells exhibited high green 5 

fluorescent protein (GFP) fluorescence expression under a fluorescence microscope. 6 

The titer of the CD73-overexpressed lentivirus reached 7x107 TU/ml, while that of the 7 

control vector was 2x109 TU/ml (Figure 1A, B). The MSCs were then transduced with 8 

the virus, and high fluorescence expression was observed under a fluorescence 9 

microscope 48 hours post-transfection (Figure 1C). 10 

Identification of mesenchymal stem cells 11 

The microscopic examination revealed the spindle-shaped morphology of MSCs 12 

adhering to the culture flask walls. Furthermore, under specific differentiation 13 

conditions, MSCs demonstrated their ability to differentiate into osteocytes, 14 

chondrocytes, and adipocytes (Supplementary figure S1). Additionally, the flow 15 

cytometry identification of surface markers on MSCs can be referenced based on our 16 

previous findings [28]. 17 

Identification of mesenchymal stem cell-derived small extracellular vesicles 18 

Using Nanosight and TEM techniques, we analyzed the size and morphology of sEVs 19 

purified from the conditioned medium of MSCs. Nanosight analysis revealed an 20 

average diameter of approximately 100nm for MSC-sEVs (Figure 2A). TEM images 21 

illustrated that sEVs-N, sEVs-V, and sEVs-CD73 were uniformly sized, circular and 22 
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had double-layered membrane vesicular structures, consistent with the typical features 1 

of sEVs (Figure 2B). Western blotting results confirmed the expression of CD9, CD81, 2 

TSG101, and CD73 in all groups, with successful high expression of CD73 in the sEVs-3 

CD73 group (Figure 2C). Real-time PCR analysis showed high expression of the target 4 

gene post-viral infection in MSCs, corroborated by fluorescence microscopy 48 hours 5 

post-transfection (Figure 2D). ELISA results indicated higher levels of the target 6 

protein in sEVs-CD73 compared to the other groups (Figure 2E).  7 

Augmented suppression of experimental autoimmune uveitis through over-8 

expression of CD73 on mesenchymal stem cell-derived small extracellular vesicles 9 

by inhibiting inflammatory cell infiltration 10 

To evaluate the therapeutic efficacy of sEVs-CD73, we administered tail vein injections 11 

to mice on the 11th day post-immunization. Clinical scoring indicated that 12 

inflammatory changes in the fundus occurred around the 11th day and peaked at 13 

approximately 17 days post-immunization (Figure 3A). We observed that injection of 14 

sEVs-N and sEVs-V effectively halted the progression of EAU, and this 15 

immunomodulatory effect was further strengthened upon over-expression of CD73. 16 

Fundus images showed severe inflammation and partial linear lesions at the peak of the 17 

disease in the PBS-treated group. The sEVs-N and sEVs-V group displayed less 18 

pronounced inflammatory responses. Notably, treatment with sEVs-CD73 19 

demonstrated the most significant inhibition of these alterations among the four groups 20 

(Figure 3B). Histological results analysis confirmed these findings, with the sEVs-21 

CD73-treated mice exhibiting fewer infiltrating inflammatory cells, reduced retinal 22 
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folds, detachment, and granulomas (Figure 4). 1 

T-cells, including Th1, Th17 and Treg cells, play crucial roles in cell-mediated 2 

immunity. At the peak of the disease, we collected tissues such as eyeballs, spleen, and 3 

draining lymph nodes from mice to detect the proportion of different T-cell subsets in 4 

each group. Flow cytometric results showed an increase in the proportions of Th1 cells 5 

in the sEVs-CD73 group compared to the sEVs-N and sEVs-V groups, suggesting 6 

sEVs-CD73 have an enhanced inhibitory effect on Th1 cells. However, unexpectedly, 7 

CD73 over-expression did not significantly alter the inhibitory effect of MSC-sEVs on 8 

Th17 cells (Figure 5A). Moreover, the proportion of Treg cells also exhibited significant 9 

changes in the spleen and draining lymph nodes. As illustrated in Figure 5B, the 10 

proportion of Treg cells in the sEVs-CD73 group was significantly higher than that in 11 

the sEVs-N and sEVs-V groups. These results indicate that MSC-sEVs with high CD73 12 

expression enhance their stimulative effects on Treg cells.  13 

Amplified inhibitory efficacy of mesenchymal stem cell-derived small 14 

extracellular vesicles on T cell proliferation in co-culture via CD73 over-expression 15 

To assess the effect of MSC-sEVs from different groups on T-cell proliferation, we 16 

isolated CD4+ T-cells from the spleen and draining lymph nodes of untreated mice using 17 

a magnetic bead positive selection kit. These T-cells were co-cultured with a certain 18 

concentration of MSC-sEVs from each group, and CFSE expression was observed after 19 

four days of culture. Flow cytometric results revealed that sEVs-CD73 exhibited a more 20 

pronounced inhibitory effect on T-cell proliferation compared to sEVs-N and sEVs-V 21 

groups at a concentration of 10 μg/ml (Figure 6A-B).  22 



16 

 

Enhanced inhibition of Th1 cell differentiation and promotion of Treg cell 1 

differentiation in co-culture via CD73 over-expression on mesenchymal stem cell-2 

derived small extracellular vesicles 3 

Naive T-cells combined with 10 μg/ml of various MSC-sEVs in specific differentiation 4 

conditions were cultured for 4 days to assess immune cell proportions. Flow cytometric 5 

analysis revealed that MSC-sEVs with CD73 over-expression exhibited a significantly 6 

heightened inhibitory effect on Th1 cells and a pronounced promotional effect on Treg 7 

cells, in contrast to sEVs-N and sEVs-V. Notably, their impact on Th17 cells remained 8 

unchanged (Figure 6C-H). 9 

CD73-enriched mesenchymal stem cell-derived small extracellular vesicles 10 

increased adenosine levels in the T-cell supernatant 11 

Using HPLC, the Ado content in the supernatant of Naive T-cells co-cultured with 12 

different groups of MSC-sEVs was analyzed. The linear regression equation for the 13 

Ado standard curve was Y=13.8533X+3980.22, with an R2 value of 0.9991 (Figure 14 

7A). A distinct peak at 1.62 min was observed (Figure 7B). The addition of sEVs-N and 15 

sEVs-V led to an increase in Ado production compared to the control group, although 16 

not reaching statistical significance. However, the sEVs-CD73 group showed a 17 

significant increase in adenosine compared to the other three groups (Figure 7C). 18 
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 1 

Figure 1. Lentiviral titration assays and transduction. (A-B) Lentivirus titration 2 

assays depict the over-expression of CD73 and empty vector controls, with viral titers 3 

reaching approximately 7x107TU/ml and 2x109TU/ml, respectively. (C) Bright/dark 4 

field images reveal targeted gene expression 48 hours post-lentiviral infection of MSCs. 5 
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The high expression of GFP confirms the successful transduction of the lentivirus. 1 

 2 

Figure 2. Identification of MSC-sEVs. (A) Nanosight analysis depicting the size 3 

distribution of various MSC-sEVs. (B) TEM images illustrating the morphology of 4 

various MSC-sEVs. Scale bar=200 nm. (C) Western blotting results indicating the 5 

expression of CD9, CD81, TSG101, and CD73 in sEVs-N, sEVs-V, and sEVs-CD73 6 

group. To maintain conciseness, cropping was performed. Full-length blots were 7 

presented in Supplementary Figure S2. (D) Real-time PCR results showing robust 8 

expression of the target gene after viral infection of MSCs. (E) ELISA results 9 
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demonstrating elevated levels of the target protein in sEVs-CD73 compared to the other 1 

groups. Mean±SD, n=3 per group, one-way ANOVA test. ***: P < 0.001. 2 

 3 

Figure 3. Over-expression of CD73 enhanced the therapeutic efficacy of MSC-4 

sEVs in EAU. (A-B) Mean clinical scores of mice treated with tail vein injection of 5 

50ug sEVs recorded every 2 d from day 9 to day 21 post-immunization.  (C, E) On 6 

day 17 post-immunization, OCT was conducted, and the outcomes were quantified and 7 

presented as OCT scores. (D) The fundus imaging of each sEVs-treated group on day 8 

17 post-immunization. Mean±SD, n=6 per group, one-way ANOVA test. *: P＜0.05; 9 
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**: P＜0.01; ***: P＜0.001.  1 

 2 

Figure 4. Treatment with sEVs-CD73 in EAU mice showed reduced inflammatory 3 

cell infiltration, retinal folds and granulomas. (A) Representative H&E-stained 4 

retinal cross-sections from different treatment groups. The black arrows indicate retinal 5 

folds and detachments near the optic disk. (B) Quantitative histopathological scores of 6 

the retina in each group. Mean±SD, n=6 per group, one-way ANOVA test. **: P＜7 

0.01; ***: P<0.001. 8 
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 1 

Figure 5. sEVs-CD73 treatment in EAU mice inhibited Th1 cells and increased 2 

Treg cells compared to sEVs-N. (A) Flow cytometric results of the proportions of Th1 3 

(CD4+IFN-γ+) cells and Th17 (CD4+IL-17A+) cells in the eyeballs (n=5), draining 4 

lymph nodes (n=6) and spleen (n=6) of mice from different groups. (B) Flow cytometric 5 

results of the proportions of Treg (CD4+FOXP3+CD25+) cells in the draining lymph 6 

nodes (n=6) and spleen (n=6) of mice from different groups. (C-G) The flow cytometric 7 

results of sEVs-N group, sEVs-V group, and sEVs-CD73 group were separately 8 

analyzed to calculate the difference compared to the blank control. Mean±SD, one-way 9 

ANOVA test. *: P＜0.05; **: P＜0.01; ***: P＜0.001. 10 
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 1 

Figure 6. sEVs-CD73 stimulated T-cell proliferation and Th1 cell differentiation, 2 

while inhibiting Treg cells in vitro. (A, B) In vitro inhibition of T-cell proliferation by 3 

sEVs-CD73 compared to other groups. (C, D) In vitro inhibition of Th1 cell 4 

differentiation by sEVs-CD73 compared to other groups. (E, F) In vitro unchanged 5 

effect of Th17 cell differentiation by sEVs-CD73 compared to sEVs-N and sEVs-V 6 

groups. (G, H) In vitro promotion of Treg cell differentiation by sEVs-CD73 compared 7 

to other groups. Mean±SD, n=3 per group, one-way ANOVA test. All experiments were 8 

independently repeated 3 times. *: P＜0.05; **: P＜0.01; ***: P<0.001. 9 
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 1 

Figure 7. sEVs-CD73 facilitates the generation of adenosine in vitro. (A) The linear 2 

regression equation of Ado standard curve. (B) The chromatographic peak of Ado in 3 

sEVs-CD73 group detected by HPLC. (C) After co-culturing with T-cells, cell 4 

supernatant from the sEVs-CD73 group exhibited the highest proportion of secreted 5 

Ado among the four groups. Mean±SD, n=3 per group, one-way ANOVA test. ***: P6 

＜0.001. 7 

 8 

Discussion 9 

Our study established that, in comparison to the control group, MSC-sEVs 10 

exhibiting elevated CD73 expression exerted a more robust suppressive effect on the 11 

progression of EAU. In vivo experiments indicated that sEVs-CD73 can significantly 12 

reduce tissue infiltration of EAU in mice compared to normal MSC-sEVs. This 13 

alteration may be achieved by inhibiting T-cell proliferation, reducing the Th1 ratio, 14 
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and increasing the Treg ratio. In vitro results were consistent with those observed in 1 

vivo. Moreover, we speculated that the suppressive effect of sEVs-CD73 on EAU was 2 

likely mediated by the increased production of Ado.  3 

MSCs and their secreted sEVs are considered to possess discernible 4 

immunosuppressive capabilities. MSC-sEVs, with their heightened stability, present 5 

distinct advantages in transportation and storage compared to MSCs. Therefore, MSC-6 

sEVs have emerged as an attractive therapeutic tool for various immune-related 7 

diseases, including multiple sclerosis [29], inflammatory bowel disease [30-32], and 8 

autoimmune uveitis [21, 33]. However, our previous findings confirm the inherent 9 

inflammation-regulating capacity of MSC-sEVs falls short of producing robust 10 

inhibitory effects on EAU [21]. This limitation necessitates the utilization of a 11 

substantial quantity of MSC-sEVs for clinical translation, incurring both financial and 12 

resource expenditures. To enhance the anti-inflammatory properties of MSC-sEVs, 13 

scientists have directed their attention towards drugs with potent anti-inflammatory 14 

effects and loaded them onto MSC-sEVs via methods such as sonication, 15 

electroporation, chemical modification, extrusion and transfection [28, 34]. 16 

Under normal physiological conditions, cells release a minimal amount of ATP. 17 

However, in states of inflammation, damage, or toxicity, a substantial amount of ATP 18 

is extracellularly released, and its degradation rate is considerably lower than its 19 

production rate, exacerbating the occurrence of inflammation. ATP clearance 20 

predominantly relies on the CD39-CD73 pathway. In this process, ATP is initially 21 

degraded to ADP and AMP, ultimately degraded by CD73 to Ado [19]. Subsequently, 22 
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Ado acts on various immune cells, including mast cells, neutrophils, dendritic cells, 1 

macrophages, and lymphocytes, by binding to one or more Ado receptors on the cell 2 

surface (A1, A2A, A2B, and A3) [35]. Among them, the A2A receptor serves as the 3 

principal Ado receptor governing lymphocyte responses. The A2A knockout models 4 

suggest that activation of the A2A receptor inhibits the production of certain 5 

inflammatory factors, such as IFN-γ and IL-4 [36, 37], while concurrently reducing the 6 

secretion of IL-2 [36] by naive CD4+ T-cells, thereby diminishing T-cell proliferation 7 

[38, 39]. Furthermore, A2A receptor activation can upregulate the expression of 8 

negative co-stimulatory molecules such as cytotoxic T-lymphocyte antigen 4 (CTLA-9 

4) and programmed cell death protein 1 (PD-1), while downregulating the expression 10 

of positive co-stimulatory molecule CD-40L [38]. For Treg cells, the surface expression 11 

of CD39 and CD73 allows for the breakdown of ATP and ADP, leading to the generation 12 

of Ado [40]. The generated Ado not only directly influences T effector cells but can also 13 

reciprocally act on Treg cells by activating the A2A receptor, serving as an autocrine 14 

regulatory factor for Treg cells [41]. Thus, Ado and its A2A receptor play a role in 15 

suppressing inflammation in lymphocyte-mediated immune responses. Unfortunately, 16 

due to the short half-life of Ado, achieving prolonged inflammation suppression 17 

through direct elevation of Ado concentration is challenging. Therefore, drugs that 18 

interfere with Ado production and breakdown have become subjects of exploration.  19 

As a rate-limiting enzyme in the degradation process of ATP, CD73 plays a crucial 20 

role in Ado production. CD73, also known as ecto-5'-nucleotidase (5'-NT, eN, eNT, 21 

NT5E), have broad potential in immunology, especially in autoimmune uveitis [42-22 
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44]. As one of the surface markers of MSCs, CD73 is considered to be involved in the 1 

immune regulation process of MSCs. Research has suggested that the 2 

immunomodulatory effects of MSCs are predominantly mediated by Ado, and 3 

inhibiting CD73 expression and blocking A2A receptor signaling can both suppress the 4 

function of MSCs [45]. Chen et al. first reported that the surface CD73 of MSCs can 5 

catalyze the production of Ado, which, upon binding to the A2A adenosine receptor, 6 

inhibits the proliferation of Th1 cells [17]. Further research suggested that MSCs can 7 

generate a large amount of Ado through the CD73 pathway, and MSCs can indirectly 8 

suppress inflammation by upregulating the proportion of Tregs through the Ado 9 

pathways [46]. These findings suggest a potential mechanism through which MSCs 10 

could exert their immunomodulatory effects on EAU. As CD73 is also expressed on 11 

MSC-sEVs, targeting CD73 may also enhance the immunosuppressive potential of 12 

MSC-sEVs and reduce the amount of MSC-sEVs needed for clinical applications.  13 

In recent years, many researchers have successfully overexpressed CD73 on the 14 

surface of cells [47, 48]. However, limited studies have focused on the over-expression 15 

of CD73 in MSC-sEVs. Our study successfully constructed sEVs-CD73 through 16 

lentiviral transduction. We speculated that sEVs-CD73 may promote Ado generation 17 

and regulate the Th1/Th17/Treg cell balance by interacting with CD4+ T-cells via CD73, 18 

thereby creating an immune-suppressive microenvironment. To validate our hypothesis, 19 

mice immunized with IRBP651-670 were administered engineered MSC-sEVs via tail 20 

vein injection at the onset of the disease. The experimental results were generally 21 

consistent with our predictions. However, over-expression of CD73 seems to have no 22 
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impact on the proportion of Th17 cells. Currently, conflicting data exists for the role of 1 

CD73 in Th17 cells. The prevailing view suggests that CD73 has an inhibitory effect 2 

on the proportion of TH17 cells [49], and MSCs can regulate the proliferation of Th17 3 

cells and the secretion of cytokines, such as IL-17A, through the Ado generation 4 

pathway mediated by CD39 [17, 50]. However, some scholars have proposed different 5 

viewpoints. They argue that the absence of CD73 does not affect the differentiation, 6 

recruitment, or function of Th17 cells in experimental autoimmune encephalomyelitis 7 

(EAE). They speculate that Th17 cells might indeed limit their activation by 8 

upregulating the CD39/CD73 enzyme complex, but the removal of ATP, rather than the 9 

generation of Ado, may play a more crucial role [51]. Our HPLC results revealed an 10 

increase in Ado content in the sEVs-CD73 group after in vitro cultivation, aligning with 11 

this speculation.  12 

From our studies, engineering MSC-sEVs with enhanced CD73 expression 13 

emerges as a promising avenue for advancing sEVs-based therapies in the realm of 14 

autoimmune uveitis. This strategy ensures both biological safety and excellent immune 15 

regulation, allowing for the full utilization of MSC-sEVs as a natural 16 

immunosuppressive nanomaterial.  17 

 18 

Conclusions 19 

Overall, these findings indicated that both MSC-sEVs and sEVs-CD73 exhibited 20 

suppressive effects on EAU, with the latter showing significantly enhanced therapeutic 21 

efficacy. To facilitate clinical translation, future research should focus on the elucidating 22 
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the mechanism of sEVs-CD73 in EAU and on efficient production of sEVs-CD73. 1 

 2 
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Additional file 1: Figure S1.bmp. Identification of MSCs. Specific differentiation 1 

conditions promote successful differentiation of MSCs into osteoblasts, chondrocytes, 2 

and adipocytes. 3 

Additional file 2: Figure S2.bmp. The Western blot gel image depicted protein 4 

expression patterns in sEVs-N, sEVs-V, sEVs-CD73. To minimize cross-5 

contamination between different antibodies, two gels were prepared to detect the 6 

expression of surface proteins on distinct groups of sEVs. Gel 1 was utilized for 7 

detecting CD9, CD81 and TSG101, while Gel 2 was employed for incubating with 8 

CD73. Both gels were loaded with the same amounts of samples, and β-actin was 9 

probed on each gel to ensure consistency in loading. Lane assignments were as follows: 10 

Lane 1, 2 (sEVs-N); Lane 3, 4 (sEVs-V); Lane 5, 6 (sEVs-CD73). For conciseness, the 11 
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