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Abstract 

Background Retinitis pigmentosa is a neurodegenerative disease with major pathologies of photoreceptor apopto-
sis and immune imbalance. Mesenchymal stem cells (MSCs) have been approved for clinical application for treating 
various immune-related or neurodegenerative diseases. The objective of this research was to investigate the mecha-
nisms underlying the safeguarding effects of MSC-derived exosomes in a retinal degenerative disease model.

Methods Interferon gamma-stimulated exosomes (IFNγ-Exos) secreted from MSCs were isolated, purified, 
and injected into the vitreous body of RCS rats on postnatal day (P) 21. Morphological and functional changes 
in the retina were examined at P28, P35, P42, and P49 in Royal College of Surgeons (RCS) rats. The mechanism 
was explored using high-throughput sequencing technology and confirmed in vitro.

Results Treatment with IFNγ-Exo produced better protective effects on photoreceptors and improved visual func-
tion in RCS rats. IFNγ-Exo significantly suppressed the activated microglia and inhibited the inflammatory responses 
in the retina of RCS rats, which was also confirmed in the lipopolysaccharide-activated microglia cell line BV2. Further-
more, through tRNA-derived small RNA (tsRNA) sequencing, we found that IFNγ-Exos from MSCs contained higher 
levels of Other-1_17-tRNA-Phe-GAA-1-M3, Other-6_23-tRNA-Lys-TTT-3, and TRF-57:75-GLN-CGG-2-m2 than native 
exosomes, which mainly regulated inflammatory and immune-related pathways, including the mTOR signaling path-
way and EGFR tyrosine kinase inhibitor resistance.

Conclusions IFNγ stimulation enhanced the neuroprotective effects of MSC-derived exosomes on photoreceptors 
of the degenerative retina, which may be mediated by immune regulatory tsRNAs acting on microglia. In conclusion, 
IFNγ-Exo is a promising nanotherapeutic agent for the treatment of retinitis pigmentosa.
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Graphical Abstract

Introduction
Retinitis pigmentosa (RP) induces irreversible vision loss, 
with key pathological changes including photoreceptor 
apoptosis and immune imbalance. Although there is still 
no effective treatment for RP, immunomodulatory ther-
apy has been regarded as a promising approach in clinical 
applications to protect the retina and slow photoreceptor 
degeneration [1].

Mesenchymal stem cells (MSCs) have demonstrated 
excellent therapeutic effects on various neurodegenera-
tive diseases because of their unique multi-differentia-
tion potential and potent immune regulation capabilities 
[2–5]. The therapeutic effects of MSCs and their inter-
action with the immune system appear to mainly occur 
through the paracrine pathway [6], through the secretion 
of soluble factors, including growth factors, cytokines, 
chemokines, and extracellular vesicles (EVs) [7, 8]. EVs 
comprise two general sizes, larger vesicles > 200 nm 
in diameter and smaller vesicles, i.e., exosomes, with 
a diameter between 30 and 200 nm. Exosomes, which 
are lipid bilayer vesicles, are actively discharged by 

mammalian cells, including MSCs, contributing to inter-
cellular communication [9, 10].

As a cell-free therapy, MSC-derived exosomes (MSC-
Exos) have been used in a series of neurodegenerative 
diseases and have shown significant functional improve-
ment. Indeed, exosomes derived from bone marrow 
mesenchymal cells (BMSCs) have been shown to sig-
nificantly improve the behavior of experimental autoim-
mune encephalomyelitis (EAE) rats by promoting the 
polarization of microglia from M1 to M2 and secreting 
anti-inflammatory cytokines [11]. Moreover, in experi-
mental autoimmune uveoretinitis (EAU) mice, treatment 
with MSC-Exos significantly rescued damaged photo-
receptors and retinal infiltration of  CD3+ T cells and 
macrophages [12, 13]. A similar improvement in visual 
function has been found in a rat retinal ischemia model 
with the infusion of MSC-Exos into the vitreous humor, 
through reduction of neuroinflammation and apoptosis 
[14]. It has also been shown that MSC-Exos enhances 
hippocampal neurogenesis and improves memory in 
Alzheimer’s disease mice through the suppression of 
over-activated microglial cells and astrocytes [15]. These 
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results demonstrate that MSC-Exos produce neuropro-
tection partially through their specific immune regula-
tion in the nervous system.

The characteristics of exosomes vary greatly among 
different cell types or subpopulations from which they 
are secreted. External stimuli during MSC culture can 
change the cargoes of exosomes, and preconditioning 
MSCs with specific stimuli can improve the ratio and 
purity of exosomes with specific therapeutic effects. 
Indeed, pretreatment of MSCs with certain cytokines, 
chemicals, or hypoxia has been proven to improve their 
immunomodulatory and regenerative effects [16]. A 
recent study showed that intraocular injection of TNF-
α-stimulated gingival MSC exosomes markedly sup-
pressed inflammation and produced better protective 
effects on the retinal cells of retinal ischemia-reperfusion 
injury (IRI) mice than native exosomes [17]. Moreo-
ver, exosomes derived from human MSCs stimulated 
by IFNγ have been shown to produce better therapeutic 
effects than native exosomes in EAE mice [18], although 
the underlying mechanisms have not been clarified. As a 
typical inherited retinal degenerative (RD) disease, RP is 
characterized by the loss of photoreceptor and/or retinal 
pigment epithelial (RPE) cells, leading to the deteriora-
tion of the retinal immune microenvironment and ulti-
mately causing vision loss [19, 20]. Our previous study 
demonstrated that exosomes derived from neural stem 
cells were engulfed by activated microglia in the retina of 
Royal College of Surgeons (RCS) rats and delayed retinal 
degeneration by specifically suppressing microglial over-
activation [21].

Low production is a major challenge in the clinical 
application of exosomes. A series of strategies have been 
used to improve the production of exosomes includ-
ing physical, chemical, and biological stimulation to the 
cells [22]. The physical stimulation, including mechanical 
load, geometric, acoustic, and electrical. Among these, 
the mechanical load was proved to significantly increase 
the exosome production, as high as 150 times higher than 
the traditional methods of cultivation [23]. Chemical 
stimulation is another effective strategy to increase exo-
some production by adding chemical compounds includ-
ing oxidative phosphorylation and glycolysis inhibitors, 
inhibitors of end lysosomal transport, adiponectin, small 
molecule modulators including n-methyl dopamine, and 
norepinephrine [22]. Manipulation of key genes involved 
in exosome biogenesis and recycling including heat shock 
protein, TSPAN 6, systemin, FYVE-type zinc finger (PIK-
fyve), ISGylation, and Corneum was reported recently 
[24]. Regulating environmental stimuli, such as hypoxia, 
pondus hydrogenii (PH), and glucose content, among 
which PH is a more promising environmental stimulus 
was used to improve the production of exosomes [25]. 

However, studies of environmental factors are mostly 
concerned with the nature of exosomes rather than 
the amount of secretion [22, 24]. Based on the thera-
peutic effect of MSC-derived exosomes in RP [26], we 
aimed to optimize the therapeutic effect and explore 
the mechanism of stem cell therapy and new cell-free 
therapy. Therefore, when we choose the way to optimize 
exosomes, we should consider not only the yield, but also 
the performance. Exosome production and active load-
ing of contents are related to external stimuli, the most 
important and convenient of which is to pretreat the exo-
some-producing cells with cytokines (e.g. IFN-γ, IL-1β, 
TNF-α, TGF-β). Among them, activation of MSCs by 
IFNγ enhances the immunosuppressive ability of MSC-
derived exosomes, and more importantly, enhances their 
anti-inflammatory ability and therapeutic efficacy in a 
variety of immune-related diseases and neurodegenera-
tive diseases [27–33]. However, the mechanism by which 
IFNγ regulates the immunomodulatory and inflamma-
tory inhibition capacity of exosomes produced by MSCs 
is unclear, and that has not been reported in RP. There-
fore, this study was devoted to studying the changes in 
exosomes after IFNγ pretreatment and its effect on reti-
nitis pigmentosa.

The effects of exosomes are determined by their car-
goes, including proteins, mRNAs, and non-coding RNAs 
(ncRNAs). As documented in numerous studies, various 
ncRNAs, mainly miRNAs and lncRNAs, are present in 
abundant quantities within exosomes and engage with 
recipient cells to regulate cellular functions and the pro-
gression of diseases. Additionally, recent research indi-
cates that tsRNAs, a subtype of ncRNAs, are also widely 
found in exosomes, exhibiting enhanced stability [34]. 
tRFs and tiRNAs can be transferred to recipient cells 
via exosomes to play a role [35, 36]. In addition, as one 
of the non-coding small RNAs in exosomes, tsRNA has 
several advantages. The proportion of different types of 
tsRNAs might be used as a marker of disease diagnosis 
[37, 38]. Compared with miRNA, tsRNA is more stable 
and has conservation between species [39]. Meanwhile, 
tsRNAs can regulate gene expression in more ways than 
that in miRNAs [40]. In addition, tsRNA contains abun-
dant modifications, which is closely related to the rich-
ness of its functions [41], so tsRNAs are being considered 
as potential biomarkers for detection and as minimally 
invasive therapeutic tools [42]. It has shown that BMSC-
derived exosomes loaded with tsRNA-10,277 enhance 
the osteogenic differentiation ability of BMSCs, which is 
of great significance for the treatment of osteonecrosis 
of the femoral head [43]. Despite this, the specific role of 
exosomal tsRNAs remains poorly understood, particu-
larly within the context of neurodegenerative diseases. 
The structure of tsRNAs, generally comprising only 
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14–40 specific nucleotides, is stable and highly conserva-
tive. tsRNAs have been roughly divided into two catego-
ries: tRNA-derived fragments (tRFs), which are generated 
by mature or precursor sequences of tRNA, and tRNA-
derived stress-induced RNA (tiRNA), which are gener-
ated by cutting mature tRNA sequences at the anti-codon 
position [44, 45]. Multiple studies have shown that tRFs 
and tiRNAs are biologically active in the regulation of 
gene expression and translation [46, 47], epigenetic regu-
lation [48], and intercellular communication [49], among 
others. tsRNAs are involved in regulation and are piv-
otal to the development of neurodegenerative diseases, 
immune-related diseases, tumors, and metabolic diseases 
[35, 39]. It has been demonstrated that tsRNA-21,109 
in MSC-Exos inhibits the M1-type polarization of mac-
rophages, thereby delaying systemic lupus erythematosus 
[50]. Recently, it was shown that the expression of tRFs 
and tiRNAs in exosomes was affected by the immune 
microenvironment [51]. However, it remains unclear 
whether the IFNγ level in the microenvironment affects 
the expression of tRFs and tiRNAs in the exosomes of 
MSCs and their effects on retina degeneration.

In the present study, we sequenced the tRF and tiRNA 
expression profiles of MSC-derived exosomes and ana-
lyzed the influence of IFNγ stimulation, as well as the 
effects of MSC-Exos on the development of retinal 
degeneration. Our results demonstrated that IFNγ stim-
ulation enhanced the neuroprotection of MSCs-Exos 
and delayed retinal degeneration partially through sup-
pression of microglial overactivation and retinal inflam-
mation via tsRNA-mediated down-modulation of Src 
expression.

Results
Characteristics of IFNγ‑Exos extracted from bone marrow 
MSCs
MSCs were isolated from the femur and tibia of wild-
type rats and purified by subculture. The MSCs showed 
uniform and clear contours with a long spindle shape 
(Supplementary Material, Figure S1A). Flow cytometry 
confirmed that more than 90% of MSCs expressed CD29, 
CD90, CD105, and CD44, whereas only 1% expressed 
CD11b, CD34, and CD45 (Figure S1B). Moreover, the 

MSCs demonstrated spontaneous osteogenic, adipo-
genic, and chondrogenic differentiation potential, as 
shown in Figure S1C–E.

To analyze the influence of IFNγ stimulation on the 
characteristics of exosomes, rat MSCs were evenly 
divided into two groups. The exosomes were extracted 
separately from the conditional medium in which MSCs 
had been cultured for 48 h with or without 50 ng/mL 
IFNγ stimulation; that is, with either IFNγ-stimulated 
exosomes (IFNγ-Exos) or native exosomes (Native-Exos), 
respectively (Fig. 1A). Transmission electron microscopy 
(TEM) images confirmed that the exosomes exhibited a 
spherical shape (Fig. 1B). Nanoparticle tracking analysis 
(NTA) revealed that the exosomes had an average diam-
eter of approximately 115 nm in the Native-Exo group 
and 119 nm in the IFNγ-Exo group (Fig. 1C). The over-
all exosome concentration in the IFNγ-Exo group was 
higher than that in the Native-Exo group (Fig. 1D). Upon 
analysis, it was observed that the IFNγ-Exo group had 
a lower count of exosomes with a particle size ranging 
from 50 to 100 nm compared to the Native-Exo group. 
Conversely, the IFNγ group exhibited a higher count of 
exosomes with a larger particle size of 150–200 nm when 
compared to the Native-Exo group (Fig.  1E). Western 
blotting (WB) further confirmed that exosomes in both 
groups expressed exosomal signature proteins, including 
CD63, CD81, and CD9 (Fig. 1F). Notably, IFNγ treatment 
upregulated the expression of CD63, CD81, and CD9 
proteins (Fig. 1G-I).

To exclude the possibility that the increase in exosomes 
in the IFNγ-Exo group was caused by the increased pro-
liferation of MSCs, the morphology of MSCs (Figure 
S2A), CCK-8 cell activity analysis (Figure S2B), and flow 
cytometry apoptosis detection (Figure S2C, D) were per-
formed. These results demonstrate that IFNγ not sig-
nificantly influences the viability or apoptosis of MSCs, 
suggesting that IFNγ promotes MSCs to produce more 
exosomes with larger diameters.

IFNγ‑Exos improves the visual function of RCS rats
To assess the therapeutic effect of different exosomes, we 
injected equal amounts of IFNγ-Exos and Native-Exos 
(1 ×  1011/eye) into the vitreous cavity of RCS rats on 21 

Fig. 1 Characteristics of exosomes isolated from rat MSCs and the influences of IFNγ pretreatment. A Procedure diagram of the exosomes obtained. 
B, B1 Typical morphology of exosomes under TEM (n = 3). C, C1 Typical NTA curves and image display of exosomes in the Native-Exo and IFNγ-Exo 
groups. D The relative number of exosomes in the two groups was analyzed by NTA (n = 12). E NTA was used to analyze the proportion of exosomes 
of the Native-Exo and IFNγ-Exo groups in different particle size distribution ranges (n = 12). F Representative images of western blot showing 
exosomal protein markers (CD63, CD81, CD9) in the Native-Exo and IFNγ-Exo groups. G–I Comparison of protein grayscale analysis of CD63, CD81, 
and CD9 between the Native-Exo and IFNγ-Exo groups (n = 6). Data represent the mean ± SEM.∗ P < 0.05, ∗∗∗P < 0.001, ∗∗∗∗ P < 0.0001. Scale bars: 
200 μm, 20 μm

(See figure on next page.)
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Fig. 1 (See legend on previous page.)
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days postnatal (P21). Equal volumes of phosphate-buff-
ered saline (PBS) were injected into the vitreous cavity 
of RCS rats as a control. Flash electroretinogram (FERG) 
analysis was performed at 2, 4, 6, and 8 weeks after injec-
tion according to previous research [21, 52]. The test 
flow chart is shown in Fig. 2A. After analyzing the reti-
nal current response under 3.0 cd*s/m2 light intensity, 
we found that the amplitudes of the a and b waves in 
the Native-Exo and IFNγ-Exo groups were significantly 
higher than those in the PBS group at 2 weeks after 
injection. The amplitude of the b-wave in the IFNγ-Exo 
group was significantly higher than that in the Native-
Exo group, whereas there was no significant difference 
in the amplitude of the a-wave between these two groups 
(Fig. 2B–D). The amplitudes of the a and b waves in the 
Native-Exo and IFNγ-Exo groups at 4 and 6 weeks after 
surgery were significantly improved compared with those 
in the PBS group. Moreover, the amplitudes of a and b 
waves in the IFNγ-Exo group were significantly higher 
than those in the Native-Exo group at 4 and 6 weeks 
after surgery (Fig.  2E–J). Similar effects were observed 
in the amplitude of the b-wave at 8 weeks after IFNγ-
Exo or Native-Exo injection, however, pairwise compari-
son of the amplitude of the a-wave between the three 
groups showed that only the amplitude of the IFNγ-
Exo group was significantly higher than that of the PBS 
group (Fig.  2K–M). Collectively, these findings suggest 
that exosomes in the IFNγ-Exo and Native-Exo groups 
can restore retinal function, with the protective effect 
of exosomes found to be improved by IFNγ stimulation, 
lasting from 2 to 8 weeks after injection.

IFNγ‑Exos protects photoreceptor survival in RCS 
rats
The difference in retinal function protection between 
IFNγ-Exo and Native-Exo groups was most significant 4 
weeks after exosome injection. The exosomes were only 
a small amount distributed in the outer nucleus layer 
(ONL) at this time point (Fig. 3A). The thickness of the 
ONL in the IFNγ-Exo and Native-Exo groups (position 
1, -1, 2) was thicker than that in the PBS group. In some 
positions (-3, -2, -1, and 1) of the retina, the thickness of 
the ONL in the IFNγ-Exo group was greater than that 

in the Native-Exo group (Fig.  3B). In addition, TUNEL 
staining showed that the apoptotic cells were mainly 
distributed in the ONL of RCS rats (Fig. 3C). Moreover, 
the number of TUNEL-positive cells in the ONL of the 
two exosome injection groups was significantly lower 
than that in the PBS group, which was more obvious 
in the IFNγ-Exo group (Fig.  3C, D). Rhodopsin is a cell 
marker of photoreceptors, and our experimentsshowed 
that its fluorescence intensity in the two exosome injec-
tion groups was higher than that of the PBS group, and 
the area of the IFNγ-Exo group was significantly higher 
than that of the Native-Exo group (Fig.  3E, F). These 
findings suggest that IFNγ treatment enhances the pro-
tective effect of MSC-derived exosomes on degenerative 
photoreceptors.

Expression profile of tRFs and tiRNAs in IFNγ‑Exos
To explore the mechanism by which IFNγ-Exo is more 
effective in delaying RP development, the tRF and tiRNA 
levels in exosomes were analyzed using high-throughput 
sequencing technology.

The quality score plots display that the quality score 
of each sample is above 30, meeting the quality control 
of tRF and tiRNA sequencing (Figure S3A-F ). The cor-
relation coefficient shows that samples within the same 
group have high similarity, while samples among groups 
have notable variations (Figure S3G). Venn diagram 
presents that The number of detected tRFs and tiRNAs 
was 1069, and no tRFs and tiRNAs was identified in the 
database (Figure S3H). The significant differences in the 
expression of tRFs and tiRNAs in exosomes between the 
IFNγ-Exo and Native-Exo groups were shown by prin-
cipal component analysis (Fig. 4A). There were 387 tRFs 
and tiRNAs present in both IFNγ-Exo and Native-Exo 
groups, while 217 and 27 tRFs and tiRNAs were unique 
to the IFNγ-Exo group and Native-Exo group, respec-
tively (Fig.  4B). In addition, tRF-3a, tRF-3b, and tRF-2 
were detected in the IFNγ-Exo exosomes instead of in the 
Native-Exo group (Fig. 4C). The stacking diagram shows 
that tRNAs can produce a type of tRF or tiRNA by split-
ting into fragments with the same sequence (Fig.  4D). 
The frequencies of subtype against the length of the tRFs 

(See figure on next page.)
Fig. 2 IFNγ pretreated exosomes protect retinal function in RP rats. A Chart of exosome infusion and schematic of the time point of the retinal 
function test. B Representative waveforms of the FERG test 2 weeks after exosome infusion at 3.0 cd*s/m2 light intensity. C, D Comparison of a and 
b wave amplitudes at 2 weeks after exosome infusion (n > 10). E Representative waveforms of the FERG test 4 weeks after exosome infusion at 3.0 
cd*s/m2 light intensity. F, G Comparison of a and b wave amplitudes at 4 weeks after exosome infusion (n > 10). H Representative waveforms 
of the FERG test 6 weeks after exosome infusion at 3.0 cd*s/m2 light intensity. I, J Comparison of a and b wave amplitudes at 6 weeks after exosome 
infusion (n > 10). K Representative waveforms of the FERG test 8 weeks after exosome infusion at 3.0 cd*s/m2 light intensity. L, M Comparison 
of a and b wave amplitudes at 8 weeks after exosome infusion (n > 10). Data represent the mean ± SEM. ns: No significant difference, ∗P < 0.05, 
∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001
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Fig. 2 (See legend on previous page.)
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Fig. 3 IFNγ pretreated exosomes protect photoreceptors in RCS rats. A Whole retinal montage and partial enlargement of PKH26 stained 
exosomes in the retina at 4 weeks after injection. B Quantification of ONL thickness at different positions of the retina in differently treated 
groups of rats (n = 6). C Immunofluorescence staining images of TUNEL staining (green), PKH26 (Red) and DAPI (blue) of the three retinal groups. 
D Comparison of the numbers of TUNEL-positive cells in one field of the retina in the two treatment groups (n = 5). E Representative images 
of immunofluorescence for specific markers of photoreceptor cells (purple) and DAPI (blue) in the rat retina showing Rhodopsin expression 
in the three groups. F Quantitative analysis of the area of Rhodopsin expression in the three groups shown in (E) (n = 5). Positions–1 and 1: Both 
sides of the optic disk, Positions–2 and 2: The middle of the optic disk and the ciliary margin, Positions–3 and 3: Marginal position of the retina. GCL: 
Retinal ganglion cell layer, INL: Inner nuclear layer, ONL: Outer nuclear layer. #: PBS vs. Native-Exo; +: PBS vs. IFNγ-Exo; *: Native-Exo vs. IFNγ-Exo. Data 
represent the mean ± SEM; ns: No significant difference, ∗P < 0.05, ∗∗P < 0.01, ##, P < 0.01;++P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001. Scale bars: whole 
retinal map, 500 μm; enlarged view, 50 μm; C, E 50 μm



Page 9 of 25A et al. Cell Communication and Signaling          (2024) 22:543  

and tiRNAs in the two groups (Fig.  4E). Figure S4A–F 
shows the relationship between the total reading and the 
length of the trim reading.

Differential expression of tRFs and tiRNAs 
in IFNγ‑Exo
Under the truncation criteria of fold change ≥ 1.5 and 
P < 0.05, 224 differentially expressed tRFs/tiRNAs were 
observed in the IFNγ-Exo group compared with the 
Native-Exo group. Among them, 120 were upregulated 
and 104 were downregulated (Fig.  5A, S5). The unsu-
pervised hierarchical clustering heatmap shows the sig-
nificant difference of tRF and tiRNA expression profiles 
in the IFNγ-Exo and Native-Exo groups (Fig. 5B). After 
excluding the type of pre- and chrM-tRFs and tiRNAs, 
we predicted the target genes of the top 50 differentially 
expressed tRFs and tiRNAs. And 1830 target mRNAs 
for 28 DE tRFs/tiRNAs were identified using RNA 
Hybrid and miRanda algorithms. GO analysis showed 
that these target genes were mainly related to Wnt 
signaling and metabolism (Figure S6A). And KEGG 
pathway analysis confirmed that target genes mainly 
converged on inflammatory and immune-related path-
ways, including the Ras, mTOR, Chemokine, and 
Wnt signaling pathways (Figure S6B). This suggests 
that IFNγ treatment alters the tRF expression profile 
of MSC exosomes, which may disturb immune and 
inflammation-related pathways.

To further explore effective molecules of research 
significance (length > 16 nt), the following three, which 
were related to immune inflammation, were selected: 
Other-1_17-tRNA-Phe-GAA-1-M3, Other-6_23-
tRNA-Lys-TTT-3, and TRF-57:75-GLN-CGG-2-m2. 
These three tRFs and tiRNAs were only expressed in 
the IFNγ-Exo group and not in the Native-Exo group 
(Fig.  5C). The criterion for target gene prediction was 
a structure score ≥ 140. The target genes were selected 
to construct the Other-1_17-tRNA-Phe-GAA-1-M3, 
Other-6_23-tRNA-Lys-TTT-3, and TRF-57:75-GLN-
CGG-2-m2 networks. It showed that the target genes 
of the three tRFs and tiRNAs were also involved in 

inflammatory and immune-related pathways, such as 
EGFR tyrosine kinase inhibitor resistance, mTOR sign-
aling pathway, and Wnt signaling pathway (Fig.  5D). 
Thus, IFNγ-Exo may achieve better protective effects on 
the retinal function and photoreceptors in the degener-
ative retina mainly through immune and inflammatory 
regulation.

IFNγ‑Exos regulates the immune microenvironment 
in the retinas of RCS rats
Because microglia play an important role in the regula-
tion of the immune microenvironment associated with 
retinal inflammation [53, 54], we observed that PKH26-
labeled MSC-Exos colocalized with Iba1-labeled retinal 
microglia 4 weeks after injection (Fig.  6A). In both the 
IFNγ-Exo and Native-Exo groups, there was a notable 
reduction in the number of microglia labeled with Iba1 
in the retinas of RCS rats compared to the PBS group. 
Moreover, the decline observed in the IFNγ-Exo group 
was more substantial in comparison to the decrease 
witnessed in the Native-Exo group (Fig. 6B, C). As pre-
viously reported [1], we used grid analysis to charac-
terize the morphological differences in microglial cells 
(Fig. 6D). The results showed that the grid cross point of 
microglia in the IFNγ-Exo group was significantly higher 
than that in the Native-Exo group in both the full layer of 
the retina (Fig. 6E) and the outer retina (ONL and SSR) 
(Fig.  6F), whereas there was no significant difference in 
the inner retina (Fig. 6G).

We then analyzed the CD86 and Iba1 double-
stained microglia in the retina and found that the 
number of CD86/Iba1 double-stained microglia was 
significantly decreased in both the IFNγ-Exo and 
Native-Exo groups, and that the number of CD86/
Iba1 double-stained cells in the IFNγ-Exo group was 
less than that of the Native-Exo group (Fig.  7A, B). 
CD206 was selected as a signature protein to analyze 
microglia homeostasis, and immunostaining showed 
that the number of CD206-positive microglia was 
increased in the IFNγ-Exo group compared to that 
in the Native-Exo group (Fig.  7C, D). Furthermore, 

(See figure on next page.)
Fig. 4 tRFandtiRNAprofiles of exosomes isolated from IFNγ-pretreated MSCs. A Primary component analysis. The three main factors that influenced 
the expression level of the sample are represented by the X, Y, and Z axes. Each colored point signifies a specific sample and its position reflects 
the primary characteristic of that sample. The spatial distance is indicative of the similarity in data size. B The number of commonly and specifically 
expressed tRFs and tiRNAs is represented in this Venn diagram. It illustrates the presence of tRFs and tiRNAs in both groups, as well as their specific 
expressions. C, C1 Distribution of tRF and tiRNA subtypes. The colors represent the tRF and tiRNA subtypes. The values in brackets represent 
the numbers of tRF and tiRNA subtypes. D, D1The number of subtypes of tRFs and tiRNAs against tRNAs is decoders. The X-axis represents tRNAs 
is decoders, and the Y-axis shows the number of all subtypes of tRFs and tiRNAs against tRNAs is decoders. The color represents the subtypes 
of tRFs and tiRNAs. E, E1 The frequency of subtypes against the length of tRFs and tiRNAs is depicted in the graph. The X-axis represents the length 
of the tRFs and tiRNAs, while the Y-axis shows the frequency of the subtypes. The color in the graph represents the different subtypes of tRFs 
and tiRNAs
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Fig. 4 (See legend on previous page.)
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exosomes significantly inhibited the expression of the 
proinflammatory genes IL-1β, TNF-α, IL-6, iNOS, and 
the effect of the IFNγ-Exo group was better than the 
Native-Exo group (Fig. 7E–H). Other-1_17-tRNA-Phe-
GAA-1-M3 exhibited the highest expression level and 
the greatest difference in expression of the above three 
important effective small RNA molecules. Src is an 
important target gene of Other-1_17-tRNA-Phe-GAA-
1-M3. Interestingly, Src expression was not affected 
by Native-Exo, whereas it was significantly increased 
by IFNγ-Exo (Fig.  7I). These findings suggest that 
exosomes inhibit the overactivation of microglia in the 
degenerative retina and reduce retinal inflammation, 
and that IFNγ-Exo treatment is more effective than 
Native-Exo treatment.

IFNγ‑Exos regulate the cellular immune response 
of BV2 cells
To further verify the effect of exosomes on microglia, 
BV2 cells were cultured with LPS and freshly extracted 
PKH26-labeled exosomes. The results showed that 
exosomes were engulfed by BV2 cells at 0.5 h, and 
almost all exosomes were engulfed by microglia at 4 h 
(Fig. 8A). BV2 cells were treated with 1 µg/mL LPS for 
24 h, and then IFNγ-Exos and Native-Exos were added 
and maintained for 24 h. The three-dimensional recon-
struction revealed that the exosomes were encased in 
the cytoskeleton (Fig.  8B). LPS treatment activated 
the BV2 cells, and the cytoskeleton became short and 
cluttered (Fig.  8C). CCK-8 analysis showed no sig-
nificant differences in cell activity among all groups 
(Fig.  8D). IFNγ-Exo treatment significantly upregu-
lated the LPS-induced decline in Src expression, while 
there was no significant difference in Src expression 
between the Native-Exo + LPS and LPS-treated groups 
(Fig.  8E). LPS stimulation also significantly increased 
the expression of IL-1β, TNF-α, IL-6, and iNOS in 
BV2 cells, whereas exosome treatment significantly 
downregulated the expression of these proinflamma-
tory genes in both groups, with IFNγ-Exo treatment 

showing the greatest effect (Fig.  8F–I). Therefore, 
these results suggest that IFNγ-Exos produces a better 
anti-inflammatory effect on LPS-activated microglia 
cells than Native-Exo in vitro.

Other‑1_17‑tRNA‑Phe‑GAA‑1‑M3/Src plays a key 
role in the enhanced anti‑inflammatory effect 
of IFNγ‑Exos
Among the three tRNAs discussed above, both the 
expression level and the difference in the expression of 
Other-1_17-tRNA-Phe-GAA-1-M3 were higher than 
those of Other-6_23-tRNA-Lys-TTT-3 and TRF-57:75-
GLN-CGG-2-M2. Mimics were synthesized based on the 
sequences of Other-1_17-tRNA-Phe-GAA-1-M3. BV2 
cells were activated through 24-hour LPS treatment. Src 
was then knocked down in some of the BV2 cells with 
lentivirus, after which the mimics were added to the two 
types of BV2 cells. The results showed that LPS activa-
tion caused cytoskeleton disorder in BV2 cells, which 
was significantly improved after the addition of the mim-
ics. However, this effect was blocked by Src knockdown 
(Fig.  9A, B). Moreover, the mimics significantly inhib-
ited the levels of the inflammatory factors IL-1β, TNF-
α, IL-6, and iNOS, and the anti-inflammatory effect was 
blocked after Src knockdown (Fig. 9C–F). This suggests 
that Other-1_17-tRNA-Phe-GAA-1-M3 mimics improve 
LPS-evoked microglia activation through the upregula-
tion of Src expression.

Discussion
RP is a group of hereditary disorders affecting the ret-
ina, and microglia activation has been observed in both 
experimental and clinical instances of RP [55, 56]. In the 
current study, we found that BMSC-Exos significantly 
improved the activation status of microglia. Importantly, 
after treatment with IFN-γ, this effect became stronger 
and was also more effective in protecting the degenera-
tive retina of RP rats. Our results showed that IFNγ pre-
treatment increased the expression of CD81 and CD9 
and the particle size and quantity of exosomes. In-depth 
analysis showed that the high expression of the tsRNA 

Fig. 5 Differential expression (DE) analysis of tRF and tiRNA expression profiles in exosomes derived from IFNγ-treated MSCs. A Volcano plot of tRFs 
and tiRNAs. The values of the X and Y axes in the volcano plot are  log2 transformed fold change and  log10 transformed p-values between the two 
groups, respectively. Circles colored in red or blue signify statistically significant differentially expressed tRFs and tiRNAs, displaying a fold 
change of 1.5 and a p-value of ≤ 0.05 (red indicates up-regulation, while blue indicates down-regulation). On the other hand, circles colored 
in gray denote non-differentially expressed tRFs and tiRNAs, implying that their fold change and/or q-value fail to meet the determined cutoff 
thresholds. B Unsupervised hierarchical clustering heatmap for tRFs and tiRNAs. The color in the panel represents the relative expression level 
 (log2-transformed): blue represents an expression level less than the mean, and red represents an expression level greater than the mean. The 
colored bar on the right side of the panel indicates the divisions that were performed using K-means. C Comparison of CPM values of three tRFs. 
D The network of the tRF-mRNA pathway, including Other-1_17-tRNA-Phe-GAA-1-M3, Other-6_23-tRNA-Lys-TTT-3, and TRF-57:75-Gln-CTG-2-m2, 77 
mRNAs, and 10 pathways. Orange represents tRFs, cyan represents mRNA, and blue represents the pathway

(See figure on next page.)
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Other-1_17-tRNA-Phe-GAA-1-M3 in the exosomes of 
the IFNγ-treated group was regarded as targeted to regu-
late the expression of Src, which may serve to modulate 
the immune status of microglia. By adding Other-1_17-
tRNA-Phe-GAA-1-M3 mimics to the microglia culture 
system and targeting Src expression, we further demon-
strated that the regulation of Src by Other-1_17-tRNA-
Phe-GAA-1-M3 improved microglial activation.

MSCs have promising efficacy for treating retinal 
degeneration, partially through the regulation of micro-
glia or macrophages [57, 58]. IFNγ, a cytokine secreted by 
activated natural killer (NK) cells and T cells, serves as a 
pivotal player in adaptive immune responses [59]. MSCs 
that have been stimulated with IFN-γ demonstrate potent 
immunomodulatory effects by inducing the elevation of 
immune-activating molecules [27]. Nevertheless, there 
remains a significant knowledge gap regarding alterations 
in microglial subtypes after treatment with exosomes 
derived from IFNγ-pretreated MSCs and the functional 
improvement in RCS rats. Our findings indicated that 
IFNγ induces MSCs to produce more exosomes with 
larger diameters, and the expression of the exosomal sig-
nature protein CD9 was significantly upregulated, which 
was consistent with the report of Zhang’s group [60]. Our 
results demonstrated that injection of IFNγ-Exos into 
the vitreous body of RCS rats produced better protection 
of photoreceptors and retinal functions than the native 
MSC-derived exosomes. This is consistent with the find-
ings of a previous report, in which exosomes derived 
from human MSCs stimulated by IFNγ produced bet-
ter therapeutic effects on EAE mice [18]. These findings 
suggest that IFNγ preconditioning may represent a strat-
egy to optimize the exosomes of MSCs, providing new 
insight into improving exosome performance for treating 
related diseases.

To explore the mechanisms underlying the neuropro-
tective effect of IFNγ-Exos on RCS rats, we compared the 
proteomic cargo between IFNγ-Exos and Native-Exos. 
As functional small non-coding RNAs, tRFs and tiRNAs 
are abundantly distributed in exosomes and maintain 
a stable structure and highly conserved characteristics 
[39, 61]. In this study, we demonstrated that three tRFs 
and tiRNAs were highly expressed in IFNγ-Exos; it was 

related to neuroinflammation. Among them, the expres-
sion level of Other-1_17-tRNA-Phe-GAA-1-M3 was the 
highest. Given the large number of tRFs that were signifi-
cantly different between IFNγ-Exos and Native-Exos, we 
performed target enrichment analysis to investigate the 
targets of the complete EV tRF cargo. The top targets of 
the IFNγ-Exo-tRF cargo included Src and several genes 
involved in cell proliferation, migration, and develop-
ment, such as the adaptor protein transducing beta-like 
1 (TBL1X), the Clip1, and the ligand Delta-like 4 (Dll4).

Src is an important target gene of Other-1_17-tRNA-
Phe-GAA-1-M3, which modulates the MAPK pathway, 
and MAPK regulates macrophage activation, cytokine 
production, and chemotaxis [62]. Notably, Src-related 
signaling participates in the factor-regulated interaction 
between inflammatory cells. Src is sufficient for devel-
oping microgliosis [63]. tRFs and tiRNAs exhibit vari-
ous biological functions through multiple mechanisms, 
including interactions with proteins or mRNA, gene 
expression regulation, cell cycle modulation, intercellu-
lar communication, and involvement in chromatin and 
epigenetic modifications [48, 61, 64–67]. In the present 
study, Other-1_17-tRNA-Phe-GAA-1-M3 was observed 
to upregulate Src expression. It has been suggested that 
tsRNAs may enhance gene expression by attenuating 
gene silencing, as they compete with miRNAs/mRNA 
for incorporation into RNA-binding proteins (RBPs) 
(e.g. YABX1), thereby forming essential components 
in RNA-induced silencing complexes (RISC) [68, 69]. 
Moreover, recent research indicates that tRFs, which 
exhibit miRNA-like functions, can induce mRNA con-
formational changes, which in turn promote tsRNA to 
bind to partially complementary sequences within target 
genes, thus enhancing mRNA stability and translation 
[70, 71]. Nevertheless, the precise mechanism by which 
Other-1_17-tRNA-Phe-GAA-1-M3 regulates Src mRNA 
remains unclear; thus, further investigations are needed 
to elucidate the regulatory network involving tRFs. An 
in-depth study of the function and regulatory mechanism 
of tsRNAs will help reveal its role in biology and medi-
cine, as well as its role in disease diagnosis and treatment, 
which will be our major research direction in the future.

(See figure on next page.)
Fig. 6 IFNγ-pretreated exosomes inhibit microglia activation in the retina of RCS rats. A Whole retinal montage and partial enlargement 
of the colocalization of Iba1-labeled microglia and PKH26-labeled exosomes. B Representative images of immunofluorescence for specific 
markers of microglia (green) and DAPI (blue) in the rat retina showing Iba1 expression in the three groups. C Quantitative analysis of the number 
of Iba1-positive cells expressed in the three groups shown in (B) (n = 5). D Three groups of representative grid cross images of Iba1-labeled 
microglial immunofluorescence morphogram. E–G Comparison of the number of microglial cell grid intersections at different locations in the three 
retina groups: E. Grid cross point in the whole retina, F. Grid cross point in the ONL and SSR, and G. Grid cross point in the inner retina (n = 5). SSR: 
Subretinal cavity, GCL: Retinal ganglion cell layer, INL: Inner nuclear layer, ONL: Outer nuclear layer. Data represent the mean ± SEM. ns: No significant 
difference, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001. Scale bars: whole retinal map, 500 μm; enlarged view, 50 μm; B 50 μm; Grid diagram, 10 μm
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Microglia, which are immune cells situated in the ret-
ina, play a crucial role in RP development. New investiga-
tions have uncovered the potential of varied phenotypic 
expressions in microglia, rendering them highly diverse 
and adaptable. The manifestation of these phenotypes is 
contingent upon the disease’s severity and stage, as well 
as the distinct inflammatory environment [72]. Our pre-
vious research demonstrated that resident microglia in 
the OPL effectively inhibit ectopic neurogenesis and 
delay vision deterioration by engulfing synapses in the 
early stages of RP [73]. Furthermore, the activation of 
disease-associated microglia (DAM) in the outer retina 
of RCS rats reduces secondary photoreceptor degen-
eration caused by the accumulation of dead cells and 
infiltrated neutrophils [74]. These findings suggest that 
microglia can respond to various photoreceptor insults 
and transform into different phenotypes, both pro- and 
anti-inflammatory, each exerting distinct functions [74]. 
Therefore, redirecting microglial activation toward ben-
eficial and neuroprotective phenotypes has the potential 
to halt the progression of RP.

To verify the regulatory effect of IFNγ-Exos on micro-
glia, we injected them into the vitreous body of RCS rats 
and co-cultured them with LPS-induced BV2 microglia 
in  vitro. The results demonstrated that IFNγ-Exos pro-
moted activated microglia polarization to homeostasis 
and inhibited the expression of proinflammatory genes 
in  vivo. Importantly, treatment with IFNγ-Exos signifi-
cantly upregulated LPS-induced Src expression. We also 
used lentivirus and mimics to knock down Src expression 
and found that the anti-inflammatory effect of IFNγ-Exos 
was blocked. Hence, our results suggest that Other-1_17-
tRNA-Phe-GAA-1-M3/Src may represent a novel target 
in the investigation of IFNγ-Exo treatment, implying a 
potential molecular mechanism by which IFNγ-Exos 
polarizes microglia homeostasis in RP.

Next, to establish whether IFNγ-Exos have immune-
regulatory functions, we injected them into the vitre-
ous body of RCS rats. For the in  vitro experiments, we 
chose BV2 microglia and used LPS to induce microglial 
neuroinflammation in  vitro. Microglia can exert dou-
ble-edged effects depending on their intrinsic subtypes, 
including disease-associated and homeostasis pheno-
types. A previous study demonstrated that miR-124 

could reduce inflammation by modulating microglial 
polarization in intracerebral hemorrhage [75]. Dou et al. 
proved that MSC-Exos inhibited the M1-type polariza-
tion of macrophages, possibly by transferring tsRNA-
21,109, in systemic lupus erythematosus [50]. In this 
study, the IFNγ-Exo group was shown to promote micro-
glia to restore homeostasis and reduce pro-inflamma-
tory cytokines both in vivo and in vitro. Based on these 
results, we conclude that IFNγ-Exos represents a prom-
ising bioagent to improve functional behavioral recovery 
by promoting the microglia to restore homeostasis in 
RCS rats.

To better understand the phenomenon underlying 
the ability of IFNγ-Exos to promote microglia to restore 
homeostasis in  vivo and in  vitro, we chose the target 
tsRNA Other-1_17-tRNA-Phe-GAA-1-M3 and its target 
gene Src for further study. Src kinases are present in glial 
cells and are upregulated following neurological insults in 
both human and animal models. BV2 were activated and 
showed increased TNF-a levels, which were attenuated 
by a Src kinase inhibitor, suggesting that Src plays a role 
in neuroinflammation and microglia polarization [63]. A 
previous study on the retina showed that Src inhibition 
in an ischemia-reperfusion injury model significantly 
reduced microglial activation, changed the morphology 
of microglia to a resting phenotype, and prevented neu-
ronal apoptosis [76]. We also performed loss-of-function 
experiments to further confirm Src as the target gene of 
the identified tsRNA. The results demonstrated that the 
knockdown of Src in BV2 cells could abolish the benefi-
cial effects observed from the anti-inflammatory effect in 
IFNγ-Exos. Taken together, we conclude that exosomal 
Other-1_17-tRNA-Phe-GAA-1-M3 derived from IFNγ-
pretreated MSCs can suppress microglial-induced neu-
roinflammation by promoting microglia from DAM to 
homeostasis and inhibiting Src expression in RCS rats.

Despite the significant potential of exosomes derived 
from MSCs for the treatment of neurodegenerative dis-
eases, their clinical application is limited by several fac-
tors, including shorter effectiveness period than the 
MSCs, limited targeting capabilities, rapid clearance fol-
lowing administration, and inadequate payload [77]. The 
varying physiological states of MSCs can influence the 
therapeutic efficacy of the exosomes derived from them. 

Fig. 7 IFNγ-pretreated exosomes inhibit the homeostasis of microglia subtypes in the retinas of RCS rats. A, C Representative immunofluorescence 
images for specific markers of microglia (green), Iba1(red), and DAPI (blue) in the rat retina showing that the retinas express CD86 (A in green) 
and CD206 (C in green) in the three groups. B, D Quantitative analysis of the numbers of CD86 (A), CD206 (C), and Iba1 co-target microglial 
expression in the three groups shown in (A, C) (n = 5). Data represent the mean ± SEM. ∗P < 0.05, ∗∗∗P < 0.001. E–I Real-time PCR analysis 
of the expression of IL-1β, TNF-α, IL-6, iNOS, and the important target gene Src (n = 3). GCL: Retinal ganglion cell layer, INL: Inner nuclear layer, ONL: 
Outer nuclear layer. Data represent the mean ± SEM. ns: No significant difference, ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. Scale bars: 50 μm

(See figure on next page.)
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This issue may be partially addressed by using pre-con-
ditioning techniques or by utilizing MSCs derived from 
induced pluripotent stem cells or embryonic stem cells, 
as these approaches may reduce the lot-to-lot variabil-
ity commonly observed with primary naive MSCs [78]. 
Furthermore, it is essential to establish standards for 
the purity and quality control of isolated MSC-derived 
exosomes. It has demonstrated that different concentra-
tions and durations of interferon- IFN-γ priming sig-
nificantly impact the therapeutic effects of MSC-derived 
exosomes. It appears that limited enhancement in thera-
peutic effects was observed when utilizing low doses 
of IFN-γ for pre-conditioning [79]. In conclusion, the 
exploration of IFN-γ for the priming of MSCs remains 
an active area of investigation, with notable variability in 
methodologies employed across various studies. Despite 
this variability, there is a general consensus that priming 
MSCs with IFN-γ concentrations ranging from 10 ng/
mL to 100 ng/mL for a duration of 24 to 48 h can aug-
ment the therapeutic potential of these cells [80]. Further 
validation is required to establish a standardized IFN-γ 
priming protocol that can be consistently applied across 
diverse studies and clinical applications.

Conclusion
In conclusion, our results suggest that MSC-Exo pro-
tects retinal photoreceptors and alleviates RP symptoms. 
Importantly, exosomes secreted by cells pretreated with 
IFN-γ produce better effects, which may be achieved by 
upregulating the expression of Other-52:71-tRNA-Ala-
AGC-2 and TRF-57:75-GLn-Cgg-2-m2 in exosomes. 
tRFs and tiRNAs modulate inflammatory and immune-
related pathways to inhibit microglial overactivation and 
retinal inflammatory responses. However, these conclu-
sions need to be confirmed in the future by conducting 
simulation studies. Our findings not only provide new 
evidence for enhanced production and immune per-
formance of MSC-derived exosomes but also provide a 
promising means to optimize the treatment of immune 
disorders and neurodegenerative diseases.

Materials and methods
Animals
Specific pathogen-free (SPF) grade RCS rats and their 
homologous normal rats (RCS-rdy+) were provided (21 

days after birth) and raised by the Experimental Animal 
Center of the Army Military Medical University. The 
environment was maintained in a 12-h light/dark cycle. 
All animal trials were approved by the Army Medical 
University Institutional Review Board, and all trials met 
guidelines. The production certificate number for our 
laboratory animal is SCXK-PLA-20,120,011, and the 
occupancy permit number is SYXK-PLA-20,120,031. All 
procedures in this study were approved.

Cell culture
As previously reported [81], bone marrow-derived MSCs 
were isolated and extracted from the femurs and tibias of 
RCS-rdy+ rats 21 days after birth. Briefly, the bone mar-
row was flushed with pre-cooled phosphate-buffered 
saline (PBS), and all cells were collected by centrifuga-
tion and incubated in bone marrow mesenchymal cell 
complete culture medium (RAXMX-90011, Orilcell) in a 
37 °C incubator filled with 5%  CO2. Two days later, the 
floating cells were washed with PBS and cultured. The 
cells were cultured to approximately 80–90% fusion and 
passed to the next generation. BV2 microglia cells were 
donated by Dr. Guo from the Department of Neurosur-
gery, Southwest Hospital [1] and cultured in Dulbecco’s 
Modified Eagle Medium (SH30023.01B, Hyclone) con-
taining 10% fetal bovine serum (FBS) (SH30406.05, 
Hyclone) in a 37 °C incubator containing 5%  CO2.

Purity and characterization of BMSCs
MSCs were identified according to current standards 
[82–84]. The cell morphology was observed under a light 
microscope and photographed. The surface markers of 
MSCs were analyzed by flow cytometry. Antibodies, such 
as CD11b, CD34, CD45, CD29, CD90, CD105, and CD44, 
were added to suspensions of 1 ×  106 MSCs per tube, with 
allogenic nonimmune immunoglobulins used as con-
trols, and incubated at 4 °C in the dark for 30 min. Fol-
lowing incubation, the cells were washed, resuspended, 
collected, and subjected to flow cytometry, before ana-
lyzing using FlowJo software (FlowJo 10.2).  OriCell® 
Rat Bone Marrow Mesenchymal Stem Cell Osteogenic 
Differentiation Kit (RAXMX-90021, Orilcell) was used 
to detect the osteogenic differentiation ability of MSCs. 
After 14 days of culture according to the manufacturer’s 
instructions, mineralization was measured with Alizarin 

(See figure on next page.)
Fig. 8 IFNγ-pretreated exosomes inhibited activation of BV2 more efficiently. A Representative images of exosome phagocytosis by microglia 
at different times: (A) 0.5 h;  A1 1 h;  A2 4 h;  A3 24 h. B Three-dimensional reconstructions showing that exosomes are engulfed by microglia 24 h 
after addition. C Morphological images of phalloidin (purple), PKH26 (green), and DAPI (blue) in the four groups of BV2 cells 24 h after the addition 
of exosomes. D Comparison of cell viability in different groups by CCK-8 assay (n = 5). E–I Real-time PCR analysis of the expression of Src, IL-1β, TNF-α, 
IL-6 and iNOS (n = 3). Data represent the mean ± SEM. ns: No significant difference, ∗P < 0.05, ∗∗P < 0.01. Scale bars: 10 μm
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Red S contained in the kit. The  OriCell® Rat Bone Mar-
row Mesenchymal Stem Cells Adipogenic Differentia-
tion Kit (RAXMX-90031, Orilcell) was used to detect the 
adipogenic differentiation ability of MSCs. After 14 days 
of culture according to the instructions, mineralization 
was measured with the Oil Red O Solution contained in 
the kit. The chondrogenic differentiation ability of MSCs 
was determined using the  OriCell® Rat Bone Marrow 
Mesenchymal Stem Cell Chondrogenic Differentiation 
Induction kit (RAXMX-90041, Orilcell). After 14 days of 
culture according to the manufacturer’s instructions, the 
chondrocytes were made into frozen sections and stained 
with Alcian Blue 8GX Solution contained in the kit to 
detect chondrogenic differentiation. The differentiation 

of MSCs was observed using an optical microscope and 
photographed.

Exosome isolation
To stimulate MSCs, 50ng/mL recombinant rat IFNγ 
(598806, Biolegend) was added to the medium and 
incubated for 48 h. To isolate exosomes, the serum in 
the medium was replaced with exosome-depleted FBS 
(C38010050, VivaCell). MSCs were cultured in the exo-
some-free medium for 48 h, and the culture superna-
tants of stimulated and unstimulated cells were collected. 
As previously reported for exosome extraction [85], we 
first centrifuged the supernatant at 300 g for 10 min to 
remove the cells. The supernatant was further centri-
fuged at 2000 g for 10 min and 10,000 g for 30 min to 

Fig. 9 Other-1_17-Trna-Phe-GAA-1-M3 mimics promote inhibition of BV2 activation by upregulating Src expression. A‑A3 Morphological 
images of phalloidin (purple), PKH26 (green), and DAPI (blue) in the four groups of BV2 cells 24 h after the addition of mimics and Src inhibitors. 
B–F Real-time PCR analysis of IL-1β, TNF-α, IL-6, iNOS and src (n = 3). Data represent the mean ± SEM. ns: No significant difference, ∗P < 0.05, 
∗∗P < 0.01. Scale bars: 10 μm
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remove cell debris. Then, a hollow fiber membrane with 
10-kDa interception molecular weight (Millipore) was 
used to concentrate the supernatant at 2,500 g for 10 min. 
The supernatant was then filtered through a 0.22-µm fil-
ter (Millipore) and centrifuged in a 30% sucrose cushion 
at 110,000 g for 70 min (SW 28Ti Swinging-Bucket Rotor, 
Beckman OPTIMA XPN-100). After carefully discarding 
the supernatant, PBS was added to wash the precipitate, 
before centrifuging again at 110,000 g for 70 min to col-
lect the precipitate. Finally, the collected exosomes were 
precipitated with PBS. We used the ExoQuick-TC™ Exo-
some Precipitation Solution (EXOTC10A-1, System 
Biosciences) to separate exosomes according to the kit 
instructions.

Transmission electron microscopy (TEM)
The exosomes extracted from the rat BMSC culture 
supernatant were diluted with PBS, dropped on form-
var-coated copper grids, and allowed to sit for 20 min 
at room temperature. The sample was then immersed 
in 2% polyformaldehyde, 2% glutaraldehyde, and 0.05 M 
phosphate solution and fixed for 2 min. Subsequently, the 
samples were washed with distilled water three times, 
before placing the copper mesh in 1% phosphotungstic 
acid redyeing for 1 min. After drying the copper mesh, 
TEM (JEM-1400PLUS, Japan) was used to observe and 
photograph the samples [52].

Nanoparticle tracking analysis (NTA)
Exosomes were extracted from two groups of cell culture 
supernatants of equal volume and simultaneous culture, 
and fresh exosomes were diluted with PBS buffer. The 
diluent was drawn with a 1-mL syringe and pushed into 
the detection chamber according to the ZetaView instru-
ment (Particle Metrix, Germany) operating instructions, 
before recording and analyzing the dynamic image.

Western blotting (WB)
We performed WB analysis according to the method 
described previously [52, 86]. The extracted exosomes 
were cleaved in ice-cold tissue lysis buffer (1% 
PSMF + 99% RIPA). Protein was collected by centrifuga-
tion at 4 °C at 2000 g for 30 min. The bicinchoninic acid 
assay (BCA) (Beyotime, China) was used to determine 
the protein concentration according to the operating 
instructions. Equal numbers of exosomes from the two 
groups were loaded and separated on 12% SDS-PAGE 
gel. The electrophoretic conditions were as follows: 80 
V accumulation and 100 V separation. The samples were 
then transferred to PVDF membranes and blocked in 
TBST buffer with 5% skim milk for 30 min. The mem-
brane was then incubated with the primary antibody at 

4 °C overnight, followed by incubation with the enzyme-
labeled secondary antibody at room temperature for 1 
h. Finally, according to the operating instructions, the 
protein bands were imitated by enhanced chemilumines-
cence (Amersham, Piscataway, NJ, USA), scanned by an 
Odyssey infrared imager system, and the protein staining 
was quantitatively analyzed by ImageJ software.

Cell viability assay
We performed a cell viability assay as described previ-
ously [86]. According to the Cell Counting Kit-8 (CCK-
8; Dojindo Laboratory, Japan) instructions, we added 
1 ×  104 cells into one hole of the 96-well plate. The 
supernatant was removed and replaced with a 10:1 mix-
ture of fresh serum-free medium and the CCK-8 kit. 
Incubation was performed at 37 °C for 1 h in the dark. 
Absorbance was measured at 450nm using a microplate 
reader (Varioskan Flash, Thermo Fisher).

Intravitreal injection
Intravitreal injection was performed as described pre-
viously [86, 87]. The concentrations of freshly extracted 
exosomes were measured by NTA assay, and the two 
groups were diluted to an equal concentration with 
PBS. The day that the rats were born was recorded as 
P0, and so on. At P21, the rats were anesthetized by 
intraperitoneal injection of 1% sodium solution of pell-
tobarbitalum natricum (Thermo Fisher, Waltham, MA, 
USA) (2.5mL/kg), and oxybuprocaine hydrochloride 
was added to perform ocular surface anesthesia. A total 
of 1 ×  1011 exosomes were injected into the vitreous 
cavity with a microsyringe (33G; Hamilton, Bonaduz, 
Switzerland), and the same volume of PBS was injected 
into another eye as a control. After surgery, the eye sur-
face was coated with tobramycin dexamethasone eye 
ointment (Dian Bishu), and the rats were placed back 
into the cage after recovery.

Electroretinogram (ERG)
Electroretinogram tests were performed as described 
above [88]. The rats were placed in a dark environment 
for at least 12 h before the experiment began. The rats 
were anesthetized by intraperitoneal injection of 1% 
sodium solution of pelltobarbitalum natricum (Thermo 
Fisher, Waltham, MA, USA) (2.5mL/kg) and placed on 
a 37 °C heating blanket to maintain body temperature. 
After applying tropicamide eye drops (Santen Phar-
maceutical, Osaka, Japan) to the surface of the eye to 
dilate the pupils, the rats were then placed on the oper-
ating table of an ERG device (MAYO LS-100, Inazawa, 
Aichi, Japan), the ground electrode was held at the root 
of the tail of the rats, the electrode was recorded close 
to the cornea, and the dark-adapted ERG response was 
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measured at a light intensity of 3.0 cd*s/m2. The ampli-
tudes of a and b waves were recorded, and the data 
were analyzed using GraphPad Prism 6.

Immunofluorescence staining and terminal 
deoxynucleotidyl TUNEL assays
Immunofluorescence staining and terminal deoxynu-
cleotidyl TUNEL assays were performed as previously 
reported [86]. The rats were sacrificed at the testing time, 
and the eyeballs were separated, fixed in 4% paraform-
aldehyde (PFA) at room temperature for 1.5 h, and then 
transferred to 30% sucrose at 4 °C overnight. The samples 
were immersed in Optimal Cutting Temperature (OCT) 
(Sakura FineTek, Torrance, CA, USA) to generate fro-
zen tissue and cut into slices 10-µm thick on the sagittal 
plane. For the cells, we first fixed the slides in 4% PFA at 
4 °C for 20 min, before incubating them with 0.3% Triton 
X-100 and 3% bovine serum albumin (BSA) at 37 °C for 
30 min. The tissue sections and cell slides to be stained 
were soaked in 1% BSA + 0.1% Triton-diluted primary 
antibody and incubated at 4 °C overnight. Fluorophore-
conjugated secondary antibodies diluted in PBS were 
then incubated at 37 °C for 1 h. For TUNEL staining (In 
Situ Cell Death Detection Kit, Roche, Basel, Switzerland), 
according to the manufacturer’s instructions, buffers 1 
and 2 were mixed in a ratio of 1:9, immersed in tissue or 
cells, and incubated at 37 °C for 2 h. Following incuba-
tion, the samples were incubated at room temperature 
in dimercaptophenylhydrazine solution (4′,6-diamidino-
2-phenylindole, DAPI; Sigma) for 10 min. Visualization 
was achieved through confocal microscopy (Zeiss LSM 
800 confocal microscope, ZEN Microsystems; ZEISS, 
Germany).

tRF and tiRNA sequencing
To assess the integrity of the total RNA samples, agarose 
gel electrophoresis was employed, while quantification of 
the samples was conducted using a NanoDrop ND-1000 
instrument. The total RNA samples underwent pretreat-
ment steps to eliminate certain RNA modifications that 
interfere with the construction of small RNA-seq librar-
ies. These steps included deacylation of the 3’-aminoacyl 
(charged) group to convert it into 3’-OH for subsequent 
ligation with the 3’-adaptor, removal of 3’-cP (2’,3’-cyclic 
phosphate) to 3’-OH for 3’-adaptor ligation, phosphoryl-
ation of the 5’-OH (hydroxyl group) to generate 5’-P for 
5’-adaptor ligation, and demethylation of m1A and m3C 
to enable efficient reverse transcription. The pretreated 
total RNA from each sample was then utilized for the 
preparation of tRF and tiRNA-seq libraries, following a 
series of steps: (1) ligation of the 3’-adapter, (2) ligation 
of the 5’-adapter, (3) cDNA synthesis, (4) PCR amplifica-
tion, and (5) selection of PCR amplified fragments with 

a size range of approximately 134–160 bp, which corre-
sponds to small RNA molecules of approximately 14–40 
nt. The final libraries were quantified using an Agilent 
2100 Bioanalyzer and subsequently pooled in equal pro-
portions based on the quantification results, before being 
subjected to sequencing. The sequencing type was 50-bp 
single RNA. The assessment of sequencing quality con-
trol for each sample involved utilizing a quality (Q) score 
map. Samples with Q scores higher than 30(> 99.9% cor-
rect) were categorized as high-quality data.

Analysis of microglia
The Zeiss confocal imaging system was used to capture 
images of the same relative position of three groups of 
retinal sections. After processing the maximum inten-
sity projections (MIPs), the image was transferred to 
Photoshop software (21.2.2) for grid system analysis. We 
counted the number of grid cross points for each cell 
to determine the morphology of the microglial cells in 
the sections. The numbers of  Iba1+,  CD86+  Iba1+, and 
 CD206+   Iba1+cells were quantitatively analyzed by cell 
counts in retinal sections.

Real‑time quantitative polymerase chain reaction 
(RT‑qPCR)
As previously reported, we followed the steps for PCR 
testing [1, 52]. The primer sequence used in our experi-
ment was provided by Sangon Biotech (Shanghai, China), 
as shown in Table  1. First, total RNA was extracted 
from the sample with 1 mL of TRIzol™ (Sigma-Aldrich, 
St. Louis, MO, USA), 500 µL of isopropanol, 200 µL of 
chloroform, and 1 mL of 75% ethyl alcohol. The purity 
and concentration of RNA were then measured using 

Table 1 List of primers

Name Forward primer Reverse primer

Rat

β-Actin CCC CAT TGA ACA CGG CAT TGTCA ACC CTC ATA GAT GGG CAC AGTGT 

IL-1β TGT GGC AGC TAC CTA TGT CT GGG AAC ATC ACA CAC TAG CA

TNF-α CTC AAG CCC TGG TAT GAG CC GGC TGG GTA GAG AAC GGA TG

IL-6 CTG GAT ATA ACC AGG AAA GTT GGG GTA GGA AGG ACT 

iNOS ATC CCG AAA CGC TAC ACT ATC CAC AAC TCG CTC CAA 

Src TGG ACA GTG GCG GAT TCT AC TTC TCA TGC CTC AGT TTC TTCAT 

Mouse

β-Actin TGA GCT GCG TTT TAC ACC CT TTT GGG GGA TGT TTG CTC CA

IL-1β CCT GCA GCT GGA GAG TGT GGAT TGT GCT CTG CTT GTG AGG TGCT 

TNF-α AGC CCA CGT CGT AGC AAA CCAC AGG TAC AAC CCA TCG GCT GGCA 

IL-6 TAG TCC TTC CTA CCC CAA TTTCC TTG GTC CTT AGC CAC TCC TTC 

iNOS AAG TCC AGC CGC ACC ACC CT GAC AAT CCA CAA CTC GCT CC

Src CAC ATC CAA GCC TCA GAC CC CTT CCG ACA CCA CAG CAT ACA 
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a spectrophotometric instrument (Thermo Fisher). 
Reverse transcription was performed using the Prime 
Script RT Reagent Kit (Takara, Tokyo, Japan) according 
to the kit instructions, and qPCR was performed using 
SYBR Green qPCR Mix (Takara Bio Inc., Japan) with a 
CFX96 Real-Time PCR System (Bio-rad, Hercules, CA, 
USA). The PCR conditions were as follows: 30 s at 95 °C, 
41 cycles of 5 s at 95 °C and 30 s at 60 °C, followed by 
plate reading, and then 10 s at 95 °C, followed by melting 
curve analysis (65–95 °C in increments of 0.5 °C per 5 s).

Statistical analysis
Data are reported as the mean ± SEM. Student’s two-
tailed t-test was employed for our experiments. All 
results were replicated more than three times, and rep-
resentative results are presented. P-values < 0.05 indicate 
significant differences. Statistical graphs were analyzed 
and drawn using GraphPad Prism 6.
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