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The effects of Klotho delivering mesenchymal 2
stem cell-derived small extracellular vesicles
on acute kidney injury
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Abstract

Acute kidney injury (AKI) is a life-threating syndrome characterized by sudden loss of kidney function, and its
management is challenging and often suboptimal. Mesenchymal stem cells (MSCs) have shown promise in AKI
therapy in pre-clinical and clinical trials; however, their clinical application still faces many challenges. MSC-derived
small extracellular vesicles (sEV) may help overcome these challenges. In the current study, we overexpressed
Klotho in MSCs and then isolated Klotho-loaded sEV (Klotho-sEV) using anion-exchange chromatography. Klotho-
sEV displayed characteristics comparable to those of sEV in terms of size, morphology, conventional markers, and
biosafety, as well as a higher abundance of Klotho protein. In rhabdomyolysis-induced AKI, sEV showed preferential
tropism in injured kidneys. We found significantly and stably accelerated renal recovery, mitigated functional and
histological abnormalities, stimulated tubular cell proliferation, reduced injury and inflammatory marker expression,
and restored endogenous Klotho loss in mice after the administration of Klotho-sEV. In addition, Klotho-sEV
treatment activated the mTOR and MEK1/2 signaling pathways. Proteomics and small RNA sequencing analyses of
sEV and Klotho-sEV revealed abundant proteins and miRNAs involved in anti-inflammation and reno-protection,
and Klotho-sEV showed characteristics that were different from those of sEV. In conclusion, Klotho-sEV may be a
promising cell-free strategy for the treatment of AKI.
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Introduction

Acute kidney injury (AKI) is characterized by a sudden
loss of renal function and strongly associated with high
morbidity and mortality [1, 2]. It is a common complica-
tion in hospitalized patients, and the pooled world inci-
dence and associated mortality rates of AKI are 21.6%
and 23.9%, respectively, during a hospital episode of
care [3], while its incidence in intensive care has been
reported in more than 50% of patients [4]. AKI manage-
ment in critical care settings, which includes providing
optimal nutritional support, nephrotoxic drug manage-
ment, appropriate volume control, and timing and type
of kidney support, is challenging. The management of
AKI is often suboptimal. Therefore, improvement of AKI
treatment is an urgent and unmet medical need.

Stem cell-based treatments have proven to be promis-
ing for AKI owing to their physiological activities related
to immunomodulation, apoptosis, angiogenesis, and tis-
sue regeneration in extensive pre-clinical and clinical
studies [5-7]. It is worth noting that mesenchymal stem/
stromal cells (MSCs) have been widely documented ther-
apeutic efficacy in many pre-clinical models and a record
safety in human beings. Although MSCs have these
advantages, defects in immunogenicity, stability, stor-
age, and transportation restrict their clinical application
[8-10].

Nowadays, increasing and compelling evidence sug-
gests that MSCs can exert their paracrine effects by
releasing extracellular vesicles (EV), a class of roughly
50-1000 nm nanometer-sized particles with a lipid mem-
brane enclosure. EV are secreted by all the cell types [11].
In particular, small extracellular vesicles (sEV, within
200 nm in diameter) carrying proteins, nucleic acids,
and lipid cargo propagate the key immunoregulatory and

regenerative characteristics of their parental cells and
have been reported to exert therapeutic effects in many
pre-clinical studies [12-16]. Unlike its parental cells,
MSC-derived sEV have remarkable advantages including,
but not limited to, low immunogenicity, no oncogenicity,
good biocompatibility, no cell structure, convenience of
storage and transportation, and acting as drug carriers.
By transferring the biological cargo of MSCs to recipi-
ent cells, sSEV may act through multiple regenerative
processes, including the inhibition of inflammation, pro-
motion of tubular cell survival and proliferation, and sup-
pression of fibrosis, in AKI [17-19].

Moreover, the lipid biolayer membrane structure of
sEV not only makes them convenient for drug carriage
but also protects the cargo from degeneration. Klotho,
a single-pass transmembrane protein that plays a vital
role in renal tissue regeneration, is insufficient in MSC-
sEV [20]. Klotho, initially known as an anti-aging gene,
is highly expressed in the kidneys [21, 22]. There are
two forms of Klotho protein (a membrane form and
a secreted form), the extracellular domain of which is
cleaved by membrane-anchored proteases and released
into circulation. Both forms demonstrate biologic effects
[23]. Results from existing literature have shown that
Klotho is closely associated with acute and chronic kid-
ney damage, and exogenous Klotho supplementation can
be a promising approach for AKI therapy [24-26].

In this study, we aimed to construct Klotho-loaded
MSC-sEV (Klotho-sEV) to combine the reno-protec-
tive and pro-regenerative effects of Klotho and sEV. We
also explored the therapeutic effects of Klotho-sEV on
rhabdomyolysis-induced AKI, and identified functional
proteins and nucleic acids that may have a synergistic
therapeutic effect on AKL
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Materials & methods

Generation of Klotho-overexpressed MSCs

The preparation of human induced-pluripotent stem cell
(iPSC)-derived MSCs and purification of sEV have been
described previously [27]. Klotho was overexpressed in
cultured MSCs and loaded into MSC-derived sEV. Briefly,
recombinant lentiviruses of LV-EFla-3XFlag-Klotho-
P2A-EGFP-PGK-Puro-WPRE (plasmid information is
shown in Supplementary Fig. 1) and LV-EFla-3XFlag-
P2A-EGFP-PGK-Puro-WPRE were designed and con-
structed by the Brain VTA. MSCs were seeded at 2 x 10°
cells/well in 6-well plates. When MSCs reached 40-50%
confluence, LV-EFla-3XFlag-Klotho-P2A-EGFP-PGK-
Puro-WPRE or LV-EFla-3XFlag-P2A-EGFP-PGK-Puro-
WPRE (MOI=50) was added to the culture medium,
which was replaced with a fresh culture medium 24 h
later. To select Puromycin-resistance cells, 2 ug/mL Puro-
mycin (InvivoGen, ant-pr-1) was used. Viral infection and
selection were performed twice. Flow cytometry analysis
revealed that 74% of MSCs were green fluorescent pro-
tein (GFP)-positive.

Isolation of sEV using anion-exchange chromatography
Klotho-overexpressed MSCs were further passaged and
seeded in 150 cm? cell culture plates. When the cells
reached 80-90% confluency, the medium was replaced
with chemically defined and protein-free medium
(CDPF). Six h later, the medium was discarded and
replaced with fresh CDPF medium for another 42 h of
incubation. After 42 h of incubation, CDPF were col-
lected for the isolation of sEV using anion-exchange
chromatography. Briefly, an Econo-Pac column (Bio-
Rad Laboratories, CD63 Hercules, CA, USA) with 4 mL
of equilibration buffer was packed with 4 mL of anion-
exchange resin (Q Sepharose Fast Flow; GE Healthcare
Life Science, Pittsburgh, PA, USA) and equilibrated with
another 8 mL of equilibration buffer. Then, 150 mL of
CDPF was loaded into the column, followed by 40 mL
of wash buffer to remove proteomic impurities, and the
sEV were eluted by 1 mL elution buffer for eight times.
The sEV concentrations were estimated using the Brad-
ford protein assay. The fractions with peak concentration
of SEV were pooled for PBS dialysis overnight at 4 °C. An
ultrafiltration device (30 kDa; Thermo Fisher Scientific,
San Jose, CA) was used to concentrate the sEV [27]. The
final concentration of the SEV was determined using the
Bradford protein assay. The isolated sEV were either used
for study immediately or preserved at —80 °C.

Nanoparticle tracking analysis

The particle size of the sEV was determined using
nanoparticle tracking analysis (Nanosight NS300, Mal-
vern). The samples were diluted to 1:100 or 1:200 in
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particle-free PBS before analysis. Each sample was
recorded for three 30 s videos.

Transmission electron microscopy for sEV

Fresh sEV samples were fixed in 2% glutaraldehyde
(Sigma-Aldrich) for 30 min. Next, 10 uL of fixed samples
were incubated with copper grids with carbon-coated
formvar film for 10 min. Then, the grids were incu-
bated with 30 puL of 3% uranyl acetate (Sigma-Aldrich)
for 5 min after three washes with H,O. The sEV were
photographed using a Tecnai G2 SpiritTwin+GATAN
832.10 W instrument (FEI).

Western blot analysis

The protein levels of SEV and cell lysates were quanti-
fied using the Pierce™ BCA protein assay (Thermo Fisher
Scientific, San Jose, CA), and then equal amount of pro-
tein was denatured in SDS loading buffer at 95 C for
10 min. Then, 10-30 pg of the samples were loaded, sepa-
rated by SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Roche Diagnostics, Mannheim).
The membranes were blocked with 5% skimmed milk
for 1-2 h and further incubated with antibody CD9
1:2000, ab263019), CD63 (1:2000, ab134045), CD81
1:2000, ab109201), Alix (1:5000, ab186429), TSG101
1:1000, ab125011), Calnexin (1:1000, ab133615), GM130
1:1000, ab52649), Klotho (1:1000, ab181373), AKT
(1:1000, 9272 S), pAKT (1:1000, 4060 S), pmTOR (1:1000,
5536T), MEK1/2 (1:1000, 8727 S), pMEK1/2 (1:1000,
9154), GAPDH (1:2000, 5174T) at 4 °C overnight. After
three washes with TBST (10 min), the membranes were
incubated with HRP-conjugated Goat Anti-Rabbit IgG
(1:1000-2500, cw0103s) for 1-2 h. The membranes were
washed three times with TBST (10 min), incubated with
Enhanced Chemiluminescence Plus (Millipore Corpo-
ration), and photographed using an imaging analysis
system (ChemiDoc Touch, Bio-RAD). The primary anti-
bodies were purchased from Abcam (Cambridge, UK)
and Cell Signaling Technology (Danvers, Massachusetts,
USA).

Py

NanoFCM

The location of Klotho was determined using a NanoFCM
(NanoFCMU30). Briefly, Klotho-sEV were treated with
0.1% Triton X-100 (ELR00280, eLGbio) (diluted by PBS)
or equal volume of PBS at 37 “C for 30 min. The Klotho-
sEV were washed with PBS and concentrated using an
ultrafiltration device. Next, Klotho-sEV were incubated
with antibody Klotho (1:50, ab181373) at 4 C for 30 min.
After wash and concentration, Klotho-sEV were incu-
bated with Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647)
(1:1000, ab150083) at 37 C for 30 min. After another
wash and concentration, the Klotho-sEV were recorded
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using NanoFCM. The antibodies were purchased from
Abcam (Cambridge, UK).

Enzyme-linked immunosorbent assay (ELISA)

Klotho levels in the Klotho-sEV and sEV were deter-
mined using the Human Klotho ELISA Kit (SEKH-0221,
Solarbio). All procedures were performed according to
the manufacturer’s instructions.

The uptake effects of human proximal tubular (HK2) cells
on sV

The HK2 cells were a gift from Professor Yi Zhou (The
First Affiliated Hospital, Sun Yat-sen University). To
determine the uptake effects of HK2 cells on sEV, they
were co-cultured with 20 ug/mL mCherry-labelled SEV
for 3h,6h,9h,12h, 24 h, 48 h and 72 h, and the mean
fluorescence intensity (MFI) of mCherry in HK2 cells was
analyzed using flow cytometry. The HK2 cells were co-
cultured with 20 ug/mL mCherry-labelled sEV for 24 h
and the nuclei were counterstained using 4’, 6-diamid-
ino-2-phenylindole (DAPI, Invitrogen). The HK2 cells
were then photographed using an Olympus BX63 micro-
scope (BX63).

Model of myoglobin-induced cytotoxicity

Based on the existing literature [28, 29] and our pilot
study, a concentration of 4 mg/mL (240 puM) ferrous
myoglobin was applied in this study. A mixture of 240 uM
Myoglobin (M0630, Sigma-Aldrich) and 2.4 mM ascor-
bic acid (A4544, Sigma-Aldrich) was prepared to obtain
the ferrous myoglobin media. Prior to ferrous myoglobin
treatment, the HK2 cells were co-cultured with 25 pg/mL
sEV for 24 h. After 20-24 h of exposure to ferrous myo-
globin, the HK2 cells were analyzed.

Animals

Female C57BL/6 mice aged 4—-6 weeks were purchased
from GemPharmatech Co., Ltd. The animals were main-
tained in a specific pathogen-free environment at the
Animal Experimental Center of the North Campus, Sun
Yat-sen University. All animal procedures were approved
by the Ethics Committee of Sun Yat-sen University
(SYSU-IACUC-2022-000827).

Rhabdomyolysis-induced AKI

Based on the existing literature [30-33] and our pilot
study, AKI was induced in 8-week-old C57BL/6 mice
with 18-24 h of water deprivation by intramuscular
injection of 8 mL/kg of a 50% hypertonic glycerol solu-
tion (Sigma-Aldrich) into the inferior hind limbs. On
Day 1, post injury, the mice received a tail vein injec-
tion of 500 pg/mL sEV/Klotho-sEV in 200 pL saline
(sEV/Klotho-sEV group) or the same volume of PBS
(Vehicle group). The mice were sacrificed 48 h after sEV
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administration. Serum creatinine and urea were mea-
sured. For renal histology, paraffin-embedded kidney sec-
tions were routinely stained with hematoxylin and eosin
(HE) and Periodic Acid-Schiff (PAS). The number of casts
and tubular profiles showing necrosis was assessed in
non-overlapping fields (up to 10 for each section) using
a 20x objective. The number of proliferating cell nuclear
antigen (PCNA)-positive cells was evaluated by counting
the number of positive nuclei per field in 10 randomly
chosen Sect. (20x magnification) using Image] software.

Biosafety assessment

As shown in Fig. 10A, healthy mice received a tail vein
injection of 500 pg/mL sEV/Klotho-sEV in 200 pL saline
(sEV/Klotho-sEV group) or the same volume of PBS
(Control group) on Day 0 and 1, respectively. The body
weights were recorded every other day for two weeks.
Then, the mice were sacrificed. Serum creatinine and
urea were measured. For renal histology, paraffin-embed-
ded kidney sections were routinely stained with HE.

Quantitative real-time PCR (RT-PCR)
Total RNA was extracted using RNAiso Plus (TAKARA,
9109). Isolated RNA was used for synthetization of cDONA
templates using PrimeScript™ RT Master Mix (Perfect
Real Time) (TAKARA, RR036A). Quantitative real-time
PCR was performed using the FastStart Universal SYBR
Green Master (Rox) (Roche, 4913914001) on Applied
Biosystems QuantStudio™ 5 System (Thermo Fisher Sci-
entific, San Jose, CA).

Primer information:

Primer F R
Hu-beta-actin CTCCATCCTGGCCTCGCTGT  GCTGTCACCTTCAC-
CGTTCC
Mu-beta-actin CGTGCGTGACATCAAAGAGA-  CGTTGCCAATAGT-
AG GATGACCTG
Hu-Klotho GCGTCCATCTGGGATACGTT  TCGCGGAAGACGTT-
GTTGTA
Mu-IL-6 ACCAGAG- TGATGCACTTG-
GAAATTTTCAATAGGC CAGAAAACA
Mu-IL-13 CAACCAACAAGTGATATTCTC- GATCCACACTCTC-
CATG CAGCTGCA
Mu-TNF-a CATCTTCTCAAAATTCGAGT-  TGGGAGTAGA-
GACAA CAAGGTACAACCC
Mu-PAI AGTCAATGAGAAGGGCA- TAGGTCCCGCTGGA-
CAGCT CAAAGAT
Mu-SOX9 AGTACCCGCATCTGCACAAC  AC-
GAAGGGTCTCTTCTC-
GCT
Mu-NGAL TGCACAGGTATCCTCAGGTA-  GGAAAAATACCATG-
CAGA GCGAACTG




Deng et al. Journal of Nanobiotechnology (2025) 23:427

Cytometry
For analyses of MSC surface markers, anti-
HLA-DR-APC/Cyanine? (Biolegend, 307617),

anti-CD14-PE-CYN7 (eBioscience, 25-0149-42), anti-
CD73-APC (Biolegend, 344005), anti-CD105-APC (Bio-
legend, 800507), anti-CD90-APC (Biolegend, B322310),
anti-CD34-PE (Biolegend, 4341649), anti-CD45-APC
(BD, 560973), and anti-CD19-PerCP-Cyanine5.5 (eBio-
science, 45-0198-41) were used.

For apoptotic cell analysis, an Annexin V/PI Apoptosis
Detection Kit (Yeasen, 40302ES60) was used according to
the manufacturer’s instructions.

sEV biodistribution

NanoLuc-MSC were prepared similarly to LV-KL-MSC,
and the isolated sEV were called NanoLuc-sEV. For sEV
tropism detection, the mice were subjected to rhabdo-
myolysis-induced AKI. After 3 d post-administration, the
mice were administrated intravenously with 150 pg sEV
or NanoLuc-sEV for 1 h, the main organs were surgically
exposed, collected, and subjected to Nano-Glo Lucifer-
ase Assay (1:400 dilution in PBS) for 1-2 min for further
detection of luminescence intensity on the IVIS Spec-
trum system.

Proteomic analysis of kidneys

Four-dimensional data-independent acquisition (4D-
DIA) proteomics was performed by Metware Biotech-
nology Co., Ltd. Briefly, kidney tissues were used for
protein extraction, and the total protein concentration
was measured using the BCA protein quantitation assay.
Equal amounts of protein from each sample were used
for tryptic digestion. Liquid chromatography was per-
formed on a nanoElute UHPLC (Bruker Daltonics, Ger-
many). The liquid chromatography was coupled online
to a hybrid timsTOF Pro2 (Bruker Daltonics, Germany)
via a Captive Spraynanoelectrospray ion source (CSI).
[‘DIA-NN(v1.8.1)’] with library-free method was used
to analyze the raw MS data. The Homo sapiens Swis-
sProt database (20425 entries) was used to create a spec-
tral library using deep-learning algorithms for neural
networks. The MBR was employed to create a spectral
library from the DIA data, which was then reanalyzed.
The FDR of the search results was adjusted to <1%
at both the protein and precursor ion levels, and the
remaining identifications were used for further quantifi-
cation analysis. Fold change (Fc)>1.5 or <0.6667 and p
value <0.05 was set as significant.

Proteomic analysis of sEV and Klotho-sEV

Isobaric tags for relative and absolute quantification
(iTRAQ) proteomics were performed by BGI Co., Ltd.
After protein extraction, quality control, and proteolysis,
the peptide samples were dissolved in 0.5 M TEAB and
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added to the corresponding iTRAQ labelling reagent (dif-
ferent sample peptides used different iTRAQ labels). The
Shimadzu LC-20AB liquid phase system was used, and
the separation column was a 5 pm 4.6 x 250 mm Gemini
C18 column for liquid phase separation of the sample.
The separation was performed using a Thermo UltiMate
3000 UHPLC system. The peptides separated using liq-
uid-phase chromatography were ionized using a nanoESI
source and passed to a Q-Exactive HF X tandem mass
spectrometer (Thermo Fisher Scientific, San Jose, CA)
for data-dependent acquisition (DDA) mode detection.
Quantitative analysis of the labelled peptides with iso-
baric tags was performed using the automated software
IQuant. The differentially expressed proteins (DEPs) were
defined by their q value <0.05 and|log2Fc| > 0.26303.

Small RNA sequencing of sV and Klotho-sEV

Small-RNA sequencing was performed by BGI Co., Ltd.
The parameters for calculating the significant differential
expression of DEseq2 are|log2Fc| > 0 & q value<0.05,
and the parameters for calculating the significant differ-
ential expression of DEGseq and PossionDis are|log2Fc]|
> 1 & q value<0.001.

Statistical analysis

Statistical analysis was performed using the Prism soft-
ware (GraphPad Software). The statistical analysis was
assessed using the unpaired Student’s t-test for single
comparisons or one-way ANOVA with Tukey’s or Dun-
nett’s correction for multiple comparisons. A P-value less
than 0.05 was considered statistically significant.

Results

Engineering and characterization of Klotho-
overexpression MSCs

The Klotho expression was insufficient in MSC-derived
sEV (0.19 pg in 100 pg sEV). To load Klotho into sEV, we
first designed and constructed a recombinant lentivirus,
then cultured human iPSC-derived MSCs transfected
with the recombinant lentivirus of LV-EFla-3XFlag-
Klotho-P2A-EGFP-PGK-Puro-WPRE (LV-KL-MSC)
or LV-EFla-3XFlag-P2A-EGFP-PGK-Puro-WPRE (LV-
MSC) (Fig. 1A). The MSCs infected with lentiviruses
were GFP-positive (Fig. 1B). We found that the frequen-
cies of GFP* MSCs were 74% (Fig. 1C) and the mRNA
levels of Klotho were significantly increased in LV-KL-
MSC (Fig. 1D). Western blot results showed that Klotho
protein was overexpressed in MSCs (Fig. 1E). In addition,
we found that Klotho overexpression did not affect the
expression of MSC markers, including positive (CD73,
CD90, and CD105) and negative (CD14, CD19, CD34,
CD45, and HLA-DR) markers [34, 35] (Fig. 1F). There-
fore, we successfully built a steady cell line by transfecting
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Fig. 1 Klotho-overexpressed mesenchymal stem cell preparation. (A) Schematic diagram for the preparation of Klotho-overexpressed MSCs. (B) Detec-
tion of green fluorescent protein (GFP) in purified MSCs by means of fluorescent microscopy. Original magnification x400. (C) Flow cytometry analyses
showed that 74% MSCs were GFP (FITC) positive. (D) mRNA levels of Klotho were determined using quantitative real-time PCR (RT-PCR). (E) Klotho protein
was overexpressed in MSCs as determined using western blot. (F) Flow cytometry analyses showed that the overexpression of Klotho could not change
MSC maker expression (Red, MSCs labelled with antibody; Blue, blank). In all plots, mean with SD are shown. ****p <0.0001 by unpaired t-test

MSCs with a lentivirus to achieve overexpression of
Klotho.

Isolation and characterization of Klotho-sEV

We isolated sEV from the cell culture CDPF medium
using anion-exchange chromatography (Fig. 2A). As
determined by nanoparticle tracking analysis, the mean
diameters of sEV (163.5 nm) and klotho-sEV (166.7 nm)
were comparable, both with a sharp peak at approxi-
mately 150 nm diameter (Fig. 2B). sEV/Klotho-sEV
with a diameter of less than 200 nm were confirmed by
transmission electron microscopy, which revealed the
characteristic lipid bilayer (Fig. 2C). Using western blot,
we further confirmed that sEV and Klotho-sEV were
positive for the conventional sEV markers CD9, CD63,
CD81, ALIX, and TSG101, and negative for Calnexin
and GM130 (Fig. 2D). As expected, the Klotho protein
was successfully loaded into the sEV (Fig. 2E). We fur-
ther confirmed that Klotho was mostly located on the
membrane of the sEV using NanoFCM (Fig. 2F). The lev-
els of Klotho in Klotho-sEV were further analyzed using
ELISA, and we identified that the levels of Klotho were
2.15 pg in 100 pg Klotho-sEV. In summary, encapsulation

of Klotho in sEV did not affect their characteristics in
terms of size, morphology, and conventional markers.

Klotho-sEV ameliorated rhabdomyolysis-induced AKI
Myoglobin plays a vital role in rhabdomyolysis-induced
AKI [28, 29, 36]. To explore the effects of Klotho-sEV
on myoglobin-induced cell apoptosis, we successfully
developed an in-vitro cell model using 4 mg/mL ferrous
myoglobin. Klotho-sEV pre-treatment stably ameliorated
myoglobin-induced tubular cell apoptosis, and increased
live cell frequencies (Supplementary Fig. 2). Collectively,
these data revealed that Klotho-sEV attenuate myoglo-
bin-induced apoptosis in HK2 cells.

To further explore the potential effects of Klotho-sEV
on rhabdomyolysis-induced AKI, we developed a murine
model by intramuscular injection of 8 mL/kg of a 50%
hypertonic glycerol solution into the inferior hind limbs
(Fig. 3A). Creatinine and urea are recognized kidney
function biomarkers. We found that the intramuscular
injection of hypertonic glycerol sharply increased the
levels of creatinine and urea in the blood, revealing that
the model was successfully developed. Mice injected with
Klotho-sEV showed a notable reduction in creatinine
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Fig. 2 The characterization of Klotho-sEV. (A) Schematic diagram of the isolation of small extracellular vesicles (sEV)/Klotho-sEV using anion-exchange
chromatography (AEQ). (B) Representative results of the sEV/Klotho-sEV nanoparticle tracking analyses. (C) Transmission electron microscopy images of
sEV/Klotho-sEV (scale bar, 200 nm). Original magnification x59,000. (D) sEV/Klotho-sEV were positive for CD9, CD63, CD81, and ALIX and negative for Cal-
nexin and GM130, as determined using western blotting. (E) Klotho protein levels in sEV/Klotho-sEV were determined using western blotting. (F) Klotho

localization was determined using NanoFCM

and urea levels on Day 3, whereas the effects of sEV
seemed unstable (Fig. 3B and C). To further confirm the
effects of Klotho-sEV on AKI, the kidney sections were
histologically evaluated. Histological evaluation of the
vehicle group revealed casts and necrosis of the tubular
epithelial cells. Compared with the vehicle group, mice
that received Klotho-sEV treatment showed a signifi-
cantly decreased number of casts and necrotic tubules.
No significant difference was observed between the

sEV treatment and vehicle groups, as determined by HE
staining (Fig. 3D). This was confirmed by PAS staining
(Fig. 3E).

The regenerative effects of Klotho-sEV were confirmed
using PCNA staining. Compared with PBS and sEV treat-
ments, Klotho-sEV treatment promoted renal cell pro-
liferation (Fig. 4A). We further analyzed the effects of
Klotho-sEV on renal damage and inflammatory mark-
ers at the mRNA level. In particular, AKI mice showed
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Fig. 3 Klotho-sEV significantly alleviated rhabdomyolysis-induced AKI. (A) Schematic of the development of rhabdomyolysis-induced AKI in mice. (B)
Serum creatinine levels in mice subjected to different treatments. (C) Urea levels in the serum of mice subjected to different treatments. (D) Representa-
tive micrographs of hematoxylin-eosin (HE) staining of kidneys of mice with different treatments on Day 3 after damage. Original magnification x200. (E)
Representative micrographs of Periodic Acid-Schiff (PAS) staining of kidneys of mice with different treatments on Day 3 after damage. Original magnifica-
tion x200. In all plots, mean with SD are shown. *p <0.05, **p < 0.01, ***p <0.001, ****p <0.0001 by one-way ANOVA

up-regulated expression of renal injury markers including
PAI, NGAL, and SOX9. Administration of sEV slightly
decreased the expression of injury markers, whereas
Klotho-sEV administration significantly down-regulated
the expression of these injury markers (Fig. 4B). In addi-
tion, the renal tissue of AKI mice showed a significant
upregulation of pro-inflammatory cytokines including
interleukin-1beta (IL-1f), IL-6 and tumor necrosis factor
alpha (TNF-a). In contrast, Klotho-sEV treatment signifi-
cantly reduced the expression of pro-inflammatory cyto-
kines (Fig. 4C).

A

In summary, our findings demonstrated the therapeutic
and regenerative effects of Klotho-sEV in rhabdomyoly-
sis-induced AKIL

The treatment of Klotho-sEV made the proteins changed in
the kidneys

To elucidate the potential molecular mechanisms of
Klotho-sEV in the treatment of AKI, the total proteins
were isolated from renal tissues 3 d after hypertonic glyc-
erol treatment and subjected to 4D-DIA proteomics. A
total of 10,970 proteins were identified in all the renal
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Fig. 4 Klotho-sEV significantly promoted proliferation and reduced injury and inflammatory marker expression. (A) Immunohistochemical staining of
proliferating cell nuclear antigen (PCNA) in renal tissue. Original magnification x400. (B) The mRNA levels of PAl, NGAL, SOX9 in the kidney were deter-
mined using RT-PCR. (C) The mRNA levels of IL-1(, IL-6, TNF-a in the kidneys were determined using RT-PCR. Means with SD are shown in all the plots.

*p<0.05, **p<0.01,***p <0.001 by one-way ANOVA
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tissues (Fig. 5A). Compared to the healthy control group,
there were 1009 DEPs (296 with upregulation and 713
with downregulation) in the vehicle group, 739 DEPs
(221 with upregulation and 518 with downregulation)
in the sEV group, and 690 DEPs (250 with upregulation
and 440 with downregulation) in the Klotho-sEV group.
Compared to the vehicle group, there were 31 DEPs (11
with upregulation and 20 with downregulation) in the
sEV group, 168 DEPs (132 with upregulation and 36 with
downregulation) in the Klotho-sEV group. The proteins
in the control group were clearly different from those in
the other three groups (Vehicle, sEV, and Klotho-sEV)
(Fig. 5B). DEPs in each comparison (Control vs. Vehicle,
Vehicle vs. Klotho-sEV, Vehicle vs. sEV vs. Klotho-sEV,
Control vs. sEV vs. Klotho-sEV) were then analyzed
by hierarchical clustering, showing distinguishable
(Fig. 5C-E).

We used the KEGG database to analyze DEPs in the
vehicle vs. control comparison group, and the results
showed that these DEPs were mainly enriched in metab-
olism, and metabolic pathways (295 proteins) were the
most abundant. This suggests that metabolism plays a
vital role in AKI. In particular, AKI had a strong impact
on the PI3BK-AKT, Rapl, mTOR, and PPAR signaling
pathways (Fig. 5G). Further, KEGG enrichment analysis
(Control vs. Vehicle vs. Klotho-sEV) showed that DEPs
were mainly enriched in human diseases, organismal sys-
tems, and environmental information processing. Path-
way enrichment revealed that the metabolic pathways,
PI3K-AKT, Rapl, MAPK, mTOR, FoxO, and Ras path-
ways could participate in the disease process and repair
of AKI (Fig. 5H).

Klotho-sEV treatment activated mTOR and MEK1/2 signal
pathways in injured kidneys

Animal and clinical observational studies have shown that
the Klotho protein not only serves as a biomarker of AKI
but also functions as a promising reno-protective candi-
date [26, 37]. Western blotting was performed to further
explore the effects of Klotho-sEV. The results showed that
hypertonic glycerol treatment sharply down-regulated
endogenous Klotho expression, whereas Klotho-sEV
treatment reversed the levels of Klotho (Fig. 6A and B).
Klotho is an essential component of endocrine fibroblast
growth factor (FGF) receptor complexes as it is required
for the high-affinity binding of FGF (19, 21, 23) to cog-
nate FGF receptors [38]. mTOR and ERK1/2 are phos-
phorylated in the presence of Klotho and FGF [39, 40]. To
validate the data from 4D-DIA proteomics and further
determine the factors involved in the effects of Klotho-
sEV on rhabdomyolysis-induced AKI, western blotting
was performed. The pAKT levels were up-regulated after
hypertonic glycerol administration (Fig. 6C). Surpris-
ingly, we found that the phosphorylation levels of mTOR
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were up-regulated after Klotho-sEV treatment compared
to those in the control, vehicle, and sEV groups (Fig. 6D).
MEK1/2, which is upstream of ERK1/2, is involved in the
MAPK pathway [41]. We found that pMEK1/2/MEK1/2
levels were dramatically down-regulated after hypertonic
glycerol treatment, whereas Klotho-sEV treatment up-
regulated the pMEK1/2/MEK1/2 levels (Fig. 6E).

Taken together, these data showed that Klotho-sEV
restored Klotho expression in renal tissues and that the
reno-protective effects of Klotho-sEV might be mediated
by the phosphorylation of mMTOR and MEK1/2.

sEV biodistribution and injury tropism

To elucidate the mechanisms by which sEV influence
kidney function, in-vitro and in-vivo experiments were
performed. Firstly, the uptake of SEV by HK2 cells was
evaluated. mCherry-labelled sEV were successfully pre-
pared (Supplementary Fig. 3A and B), and the uptake
effects of HK2 cells on sEV were evaluated using flow
cytometry. Using mCherry* cell frequencies and MF]I,
we observed that that sEV were significantly taken up
by HK2 cells after 48 h and 72 h of incubation, and that
HK2 cells took up sEV in a time-dependent manner
(Fig. 7A and B). Furthermore, we confirmed the in-vitro
uptake effects of HK2 cells on sEV (red) using fluorescent
microscopy (Fig. 7C). These results indicate that HK2
cells took in sEV in a time-dependent manner.

Next, an endogenous labelling of sSEV with a luciferase
protein (NanoLuc-sEV) (Supplementary Fig. 3C-E) were
used to elucidate the in-vivo distribution and tropism
of sEV. Mice were injected intravenously with Nano-
Luc-sEV, then ex vivo imaging of the main organs was
performed to determine the complete biodistribution
of sEV. This analysis showed the organic distribution of
sEV observed in the brains, lungs, hearts, livers, spleens,
and kidneys, 1 h post-administration (Fig. 7D). For the
rhabdomyolysis-induced AKI model, we observed signifi-
cantly enhanced sEV accumulation in the kidneys, brains,
and hearts, with most aggregation in the injured kidneys
(Fig. 7D and E). Overall, these results indicate sEV pref-
erential tropism to the injured kidneys in the setting of
rhabdomyolysis-induced AKI.

Klotho-sEV and sEV contained abundant proteins

We next used iTRAQ to elucidate the protein compo-
nents of Klotho-sEV and sEV. A total of 4347 proteins
were identified in the two types of sEV, of which 40.9%
(1776 proteins) were found in the VesiclePedia database
(Fig. 8A). Conventional EV markers, CD63, CD81 and
TSG101, were identified in both sEV (Supplementary
Fig. 4A). Our data demonstrated that the abundance of
322 proteins (q value<0.05) was significantly altered
in the Klotho-sEV and sEV. Specifically, 212 proteins
showed higher expression (Fc>1.2), and 110 proteins
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Fig. 6 mTOR and MEK1/2 phosphorylation were activated by Klotho-sEV in damaged kidneys. (A) GAPDH, Klotho, AKT, pAKT, pmTOR, MEK1/2, pMEK1/2
protein levels were determined using western blot. (B-E) Statistical quantification showed the relative expression of endogenous Klotho (B), pAKT (C),
pmTOR (D), and pMEK1/2/MEK1/2 (E) in each group. Western blots indicated protein expression of injured kidneys in each group, 3 d after intramuscular
injection of hypertonic glycerol. In all plots, mean with SD are shown. *p <0.05, **p < 0.01, ***p < 0.001, ****p <0.0001 by one-way ANOVA

showed lower expression (Fc<0.8333) in Klotho-sEV
than in sEV (Fig. 8B). The iTRAQ-based proteomic anal-
ysis identified 322 proteins that were categorized as cell
components, the majority of which were assigned to the
nucleus (114 proteins), cytosol (75 proteins), extracellu-
lar space (49 proteins), plasma membrane (32 proteins),
and mitochondria (31 proteins) (Fig. 8C). Proteins with
altered abundance levels were visualized in a volcano
plot, which showed that most proteins were up-regulated
in the Klotho-sEV (Fig. 8D). CC126, PHKG2, RMD1,
LIPA3, LRP8, TPRX1, TBCA, Klotho, MYO9B, and
RIPK2 were the top ten up-regulated proteins, whereas
QCR1, ACSA, DKK1, PDK2, PKHA5, PEBP1, T2EA,
CHID1, PTPRJ, and KCC2G were the top ten down-
regulated proteins. The up-regulated expression of the
Klotho protein in Klotho-sEV was confirmed. In addi-
tion, LRP8 (Fc 2.46), ARF5 (Fc 1.98), and FRAS1 (Fc
1.66) were also up-regulated (Fig. 8D and Supplementary
Fig. 4B). It has been reported that LRP8, a low-density
lipoprotein receptor-related protein 8, exerts anti-inflam-
matory activity by switching macrophages from the M1
phenotype to the M2 phenotype [42, 43]. ARF5 is a novel
activator of mTOR signaling [44]; FRASI not only initi-
ates kidney development but is also required for the
formation of normal glomeruli [45, 46]. These data sug-
gest that the expression of Klotho could change the pro-
tein components of SEV and that the abundant proteins
in sEV might participate in reno-protection and tissue
repair after injury in addition to Klotho.

We used the KOG database to analyze DEPs in the
Klotho-sEV vs. sEV comparison group, and the results
showed that these DEPs were mainly enriched in cel-
lular processes and signaling, information storage and
processing, and metabolism, while others were poorly
characterized. Among cellular processes and signaling,
signal transduction mechanisms, and post-translational
modifications, protein turnover, and chaperones were
the two main enriched categories. The main categories
of information storage and processing were transcrip-
tion, RNA processing, and modification (Fig. 8E). Fur-
thermore, DEPs were searched in the GO database to
determine enriched functional categories. According to
the GO enrichment results, the DEPs of the Klotho-sEV
vs. sEV comparison group were enriched in three main
functional categories: biological processes, cellular com-
ponents, and molecular functions. These three main
functional categories were subdivided into 29, 19, and
13 smaller functional categories, respectively. Among
the biological processes, cellular processes, metabolic
processes, biological regulation, and regulation of bio-
logical processes were the four main enriched categories.
Cells, cell parts, organelles, organelle parts, membranes,
membrane-enclosed lumens, and macromolecular com-
plexes were functional categories of DEPs that were
widely enriched in the cellular components. The aggre-
gation of DEPs in terms of molecular function was rela-
tively concentrated primarily in terms of binding and
catalytic activity (Fig. 8F). Finally, KEGG pathway analy-
sis was performed. KEGG enrichment analysis showed
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Fig. 7 Preferential tropism of sEV in damaged kidneys. (A) Representative flow cytometric data of human renal proximal tubule (HK2) cells incubated
with mCherry-labelled sEV. The levels of mCherry positive HK2 cells were shown. (B) The mean fluorescence intensity (MFI) of mCherry. (C) Detection of
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that many co-differentially expressed proteins were
enriched in cellular processes, environmental informa-
tion processing, genetic information processing, human
diseases, metabolism, and organismal systems. Cellu-
lar processes, transport and catabolism, cell growth and
death, eukaryotic cellular communities, and cell mobility
were the main categories. Signal transduction, signaling
molecules and interactions, and membrane transport
are the main categories of environmental information
processing. Regarding genetic information processing,
DEPs were mainly enriched in translation, folding, sort-
ing and degradation, transcription and replication, and
repair. The human disease category showed that these
DEPs were mainly enriched in cancers, infectious dis-
eases, endocrine and metabolic diseases, and neurode-
generative diseases. In addition, KEGG analysis revealed
that, for metabolism, the DEPs were mainly enriched in
carbohydrates, amino acids, and lipids, whereas for the
organismal system, the DEPs were mainly enriched in the
immune, endocrine, and nervous systems (Fig. 8G).

Overall, iTRAQ proteomics reports suggest that over-
expression of Klotho by lentivirus infection could change
the protein components of sEV, and other protein com-
ponents in sEV might have reno-therapeutic effects in
addition to Klotho.

Klotho-sEV and sEV carried abundant MiRNAs

To identify miRNA components in Klotho-sEV and
sEV, we performed small RNA sequencing. A total of
1007 miRNAs were identified in Klotho-sEV and sEV,
and 9 of top 10 miRNAs were common, including hsa-
let-7a-5p, hsa-miR-1246, hsa-miR-146a-5p, novel-hsa-
miR264-3p, hsa-let-7f-5p, hsa-let-7i-5p, hsa-miR-127-3p,
hsa-miR-100-5p, and hsa-miR-181a-5p. The abundance
of 51 miRNA (|log2Fc| = 0, q value<0.05) was obvi-
ously changed in Klotho-sEV and sEV. In addition, 30
miRNAs were down-regulated in Klotho-sEV than in
sEV, whereas 21 miRNAs were up-regulated in Klotho-
sEV compared to sEV (Fig. 9A). Hierarchical clustering
showed that the miRNAs were distinguishable between
Klotho-sEV and sEV (Fig. 9B). Target prediction of dif-
ferentially expressed miRNAs using GO cellular compo-
nent analysis showed that most miRNAs were assigned
to the cytoplasm, nucleus, cytosol, and nucleoplasm
(Fig. 9C). Target prediction by KEGG pathway analysis
revealed that the altered miRNAs were involved in the
MAPK signaling pathway, pathways in cancer, hepatocel-
lular carcinoma, proteoglycans in cancer, and the Rapl
signaling pathway (Fig. 9D). The miRNAs with altered
abundance levels were visualized in a volcano plot, which
revealed that most miRNAs were down-regulated in
Klotho-sEV (Fig. 9E). hsa-miR-141-3p, hsa-miR-375-3p,
novel-hsa-miR245-5p, novel-hsa-miR62-5p, hsa-
miR-3651, hsa-miR-182-5p, hsa-let-7b-5p, hsa-miR-1246,
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novel-hsa-miR289-5p, hsa-let-7d-5p were the top 10
up-regulated miRNA, while novel-hsa-miR30-3p, novel-
hsa-miR148-3p, hsa-miR-130b-5p, hsa-miR-7704, hsa-
miR-487a-5p, novel-hsa-miR293-5p, hsa-miR-10a-5p,
novel-hsa-miR294-3p, hsa-miR-337-5p, hsa-miR-369-3p
were the top 10 down-regulated miRNAs. The let-7 fam-
ily and miR-1246 exert anti-inflammatory effects [47, 48].
We found that the let-7 family (hsa-let-7a-i), miR-1246
(Fc 1.76), and miR-125b-5p (Fc 0.33) were identified in
both sEV groups (Fig. 9E and Supplementary Fig. 4D),
suggesting that SEV containing miRNAs might play a role
in reno-protection.

Biosafety of Klotho-sEV

We further investigated the biocompatibility of Klotho-
encapsulated sEV in mice (Fig. 10A). The body weights
of the mice receiving different treatments were recorded
every other day for two weeks. Fluctuations in the body
weight of mice in each experimental group tended to be
stable (Fig. 10B). In addition, there was no significant dif-
ference in blood creatinine and urea levels between the
different experimental groups (Fig. 1C and D). Histologi-
cal evaluation showed no evidence of detectable toxicity
in the brains, hearts, lungs, livers, spleens, and kidneys
(Fig. 10E). Overall, these results revealed that both sEV
and Klotho-sEV were almost harmless to healthy mice.

Discussion

The global burden of AKI-related mortality remains high
at 20-50%, AKI management is often suboptimal, and
many cases are diagnosed late or missed entirely [2]. In
the current study, we successfully developed Klotho, a
reno-protective protein, encapsulated MSC-derived sEV.
We demonstrated that compared to sEV, Klotho-sEV
were able to stably attenuate rhabdomyolysis-induced
AKI. Moreover, we revealed that Klotho-sEV exerted
reno-therapeutic effects by activating the mTOR and
MEK1/2 signaling pathways.

MSCs are pluripotent stem cells derived from the
mesoderm that have the ability to regenerate, self-renew,
and repair deficient cells. In addition, MSCs exert secre-
tory effects that induce anti-inflammatory, immunosup-
pressive, and anti-fibrotic effects. Significant advances
have been made in MSC transportation for various dis-
eases such as liver disease, systemic lupus erythema-
tosus, Crohn’s disease, myocardial infarction, cerebral
infarction, Parkinson’s disease, and kidney disease, both
in pre-clinical and clinical trials [49-53]. Although sub-
stantial evidence is available on the therapeutic effects of
MSCs, their risks, including transmission of infectious
factors, immune rejection, accumulation of genomic
mutations and chromosomal abnormalities, and intravas-
cular embolism, cannot be neglected [54, 55]. In recent
years, it has been suggested that the therapeutic effects of
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Klotho-sEV

MSCs are mediated by sEV secretion. MSC-derived sEV
have similar therapeutic effects on MSCs because of their
paracrine effects but do not have the disadvantages men-
tioned above [56-58]. To enhance the therapeutic effects
of sEV on kidney disease, we overexpressed the reno-
protective protein Klotho in MSCs by lentivirus infection
to build a steady LV-KL-MSC cell line and found that
approximately 74% of MSCs were infected, and Klotho
overexpression did not change conventional MSC marker
expression. Anion-exchange chromatography was used
to isolate the sEV in the CDPF cell culture medium.
Western blot, ELISA, and NanoFCM confirmed that
Klotho protein was successfully loaded into the sEV and
that the conventional markers of SEV were comparable in
sEV and Klotho-sEV. Nanoparticle tracking analysis and
transmission electron microscopy revealed that Klotho
overexpression did not affect the characterization of SEV
in terms of size and morphology. Previous study reported
that urine derived EV contained Klotho and improved

the recovery of renal function in an acute tubular injury
model [20]. However, our engineered Klotho-sEV exhib-
ited more advantages including higher Klotho levels,
lower cost, easier derived and acceptable, and enhanced
clinical translation potential.

AKI is a serious complication of severe rhabdomyoly-
sis, and its prognosis is substantially worse if renal failure
develops. During the Wenchuan earthquake, the mortal-
ity rate of patients with rhabdomyolysis-related AKI was
10.96% [59]. The rhabdomyolysis-induced AKI mouse
model is characterized by muscle injury, the subsequent
release of nephrotoxic substances, and iron deposition in
the renal tissue [60, 61]. To better understand the renal
absorption of sEV and sEV biodistribution in the setting
of AK], in-vitro and in-vivo experiments were conducted.
We used mCherry-labelled sEV to investigate the uptake
effects in HK2 cells and found that HK2 cells took in sEV
in a time-dependent manner. Ex vivo imaging demon-
strated that sEV were imaged in the brains, lungs, hearts,
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livers, spleens, and kidneys, but predominantly accumu-
lated in the lungs. Previous studies have revealed sEV
preferential tropism towards the injured kidneys [19,
20]; however, sEV biodistribution in the main organs in
AKI remains to be elucidated. NanoLuc-sEV were then
administered to mice 3 d after treatment with 50% solu-
tion of hypertonic glycerol by intravenous injection, and
imaging was performed 1 h later. sEV showed preferen-
tial tropism to the injured kidneys, brains, and hearts
and was dominantly accumulated in the injured kidneys.
Therefore, our data further extend the current knowledge
on the biodistribution of SEV in AKI settings.

We explored the effects of Klotho-sEV on rhabdomy-
olysis-induced AKI. Our in-vitro experiments showed
that Klotho-sEV pretreatment ameliorated myoglobin-
induced tubular cell apoptosis and increased the fre-
quency of live cells. Moreover, in-vivo experiments
demonstrated that Klotho-sEV stably accelerated renal
recovery, mitigated functional and histological abnor-
malities, stimulated tubular cell proliferation, reduced
the expression of injury and inflammatory markers, and
restored endogenous Klotho loss. 4D-DIA proteomics
revealed that the metabolic pathways, PI3K-AKT, Rapl,

MAPK, mTOR, FoxO, and Ras pathways could par-
ticipate in the disease process and repair of AKIL. West-
ern blotting confirmed that the activated AKT pathway
was involved in rhabdomyolysis-induced AKI. Notably,
Klotho-sEV activated the phosphorylation of mTOR and
MEK1/2, consistent with previous data [39, 40, 62]. These
data demonstrated that Klotho-sEV may attenuate rhab-
domyolysis-induced AKI by activating the mTOR and
MEK1/2 pathways.

Biological safety is essential for the clinical application
of these drugs. Intravenous injection of Klotho-sEV/sEV
did not cause obvious histopathological damage to the
main organs, affect kidney function, or significantly alter
body weight. This revealed that when used for kidney dis-
ease therapy, neither sEV nor Klotho-sEV caused adverse
systemic effects.

sEV play a crucial role in the communication between
cells, which relies on their cargo. In our study, 4347 pro-
teins were identified in sEV and Klotho-sEV, of which
322 proteins were significantly altered and most DEPs
were up-regulated. Subcellular location prediction of
DEPs revealed that the nucleus, cytosol, and extracellular
space were the major categories. A higher abundance of
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Klotho in the Klotho-sEV was reconfirmed. LRP8, ARF5,
and FRAS1 were also up-regulated. LRP8, low-density
lipoprotein receptor-related protein 8, also named apo-
lipoprotein E receptor-2 (apoER2) can be bind to ligand
apolipoprotein E to exert its anti-inflammatory activity
by switching macrophages from M1 phenotype to M2
phenotype [42, 43]. ARF5, an ADP-ribosylation factor 5,
is a novel regulator of mTOR signaling [44] which may
participate in the phosphorylation of mTOR in injured
kidney repair. FRAS1 is a basement membrane-asso-
ciated protein that mediates both the initiation of the
mammalian kidney and the integrity of renal glomeruli
[45, 46] which are important for maintaining renal func-
tion. These data revealed that apart from Klotho, other
proteins, including but not limited to LRP8, ARF5, and
FRAS]I, in sEV and Klotho-sEV may exert reno-protec-
tive activity.

Much evidence has shown that nucleic acids, par-
ticularly miRNAs, a class of non-coding single-stranded
RNA that exert biological functions through the post-
transcriptional regulation of RNA targets, play a vital role
in sEV-mediated cell-to-cell communication [63-65].
Using small RNA sequencing, 1007 miRNAs were identi-
fied of which there were 51 miRNAs that were obviously
altered, and the majority of which were down-regulated.
hsa-let-7a-5p, hsa-let-7f-5p, and hsa-let-7i-5p were the
three most common of the top 10 abundant miRNAs
in sSEV and Klotho-sEV, which belong to let-7 family. In
fact, let-7a-i was identified in both the sEV. The let-7 fam-
ily suppresses the expression of IL-6 and IL-13, thereby
participating in anti-inflammation and this has been well
documented [47, 66, 67]. miR-146a inhibit inflammation
and apoptosis in the diabetic retina by suppressing the IL-
6-mediated STAT3/VEGF pathway [68], which was com-
parable in sEV and Klotho-sEV. miR-1246 (Fc 1.76) exert
anti-inflammatory effects by inducing M2 macrophage
polarization by targeting TER2IP via STAT3 and NF-«xB
pathways [48]. MSC-derived exosomal miR-125b-5p
promotes tubular repair by suppressing p53 in ischemic
AKI [19], in the current study, miR-125b-5p was found in
both sEV and Klotho-sEV although the levels were down-
regulated in Klotho-sEV. Surprisingly, Klotho mRNA
accumulated in Klotho-sEV (data not shown). Sahu and
colleagues demonstrated that EV from young animals
rejuvenated skeletal muscle regeneration and aged cell
bioenergetics in a Klotho mRNA-dependent manner
[69], indicating that Klotho transcripts within sEV may
contribute to the regenerative response. These data sug-
gested that the reno-protective effects of Klotho-sEV not
only rely on the Klotho protein but also some miRNAs.
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Conclusion

In summary, we successfully established steady Klotho
overexpressed MSCs for Klotho encapsulated sEV iso-
lation. We found that Klotho-sEV significantly acceler-
ated renal recovery in rhabdomyolysis-induced AKI and
that Klotho mRNA, proteins, and miRNAs included in
sEV may facilitate intra-nephron communication. Our
study supports the further development of Klotho-sEV
as an innovative cell-free therapeutic strategy for AKI
treatment.
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