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TIMP1,
Senescence-accelerated

USC-EVs are not obviously affected by the USC donors’ ages, genders, or health status. Proteomic
analysis reveals that USC-EVs are enriched with plasminogen activator urokinase (PLAU) and tissue in-

mice; hibitor of metalloproteinases 1 (TIMP1). These two proteins contribute importantly to the anti-senescent

Natural aging mice

effects of USC-EVs associated with the inhibition of matrix metalloproteinases, cyclin-dependent kinase

inhibitor 2A (P16™%%) and cyclin-dependent kinase inhibitor 1A (P21°"P"). These findings suggest a
great potential of autologous USC-EVs as a promising anti-aging agent by transferring PLAU and

TIMP1 proteins.

© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and Institute
of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under the CC BY-NC-

ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Aging process is accompanied with the increase of skin wrinkles,
the decline of learning and memory ability, the loss of bone/
muscle mass and strength, and the ever-increasing susceptibility to
various diseases and even to death' . Cellular senescence and
stem cell exhaustion are hallmarks of aging”. Senescent cells enter
a stable state of cell cycle arrest and release abundant pro-
inflammatory cytokines and matrix metalloproteinases (MMPs),
which are termed ‘“senescence-associated secretory phenotype
(SASP)” factors and can aggravate aging® °. The exhaustion of
stem cells is a notable characteristic of aging and refers to a
reduction in stem cell number and function associated with stem
cell senescence’. Stem cell exhaustion leads to the decline of
tissue regenerative capacity and the failure of multiple organs™®.
This opens the possibility of designing strategies for suppressing
cellular senescence and increasing stem cell abundance and
function to attenuate aging and age-related diseases.

Transplantation of young and healthy stem cells has been
shown to increase health and lifespan in aged mice’. A study by
Lavasani et al.'” has reported that the intraperitoneal injection of
muscle stem/progenitor cells from young mice can extend
healthspan and lifespan in progeroid mice. Interestingly, the
transplanted cells are not detected in many rejuvenated tissues'®,
suggesting that their anti-aging effects are mainly mediated by
activating endogenous cells in the host through the paracrine
factors. Secretion of extracellular vesicles (EVs) is a part of
normal physiology in both prokaryotes and eukaryotes'""'>. EVs
are selectively enriched with various molecules such as proteins
and nucleic acids from their parent cells and serve as a key
mediator of cell paracrine action by transferring these molecules
to their recipient cells'*'®. Stem cells-derived EVs have become
an attractive option for therapeutic uses because these nano-
particles have fewer safety concerns and are easy to store, trans-
port, and use compared with stem cells themselves. Recent studies
have reported that EVs from embryonic stem cells'”'®, induced
pluripotent stem cells'”, adipose stem cells**', hypothalamic
stem/progenitor cells”’, and umbilical cord- or umbilical cord
blood-derived MSCs”*** can alleviate aging-related phenotypes in
aged mice, indicating the promising potential of EVs as an anti-
aging agent. Nevertheless, the use of these stem cells as the
“factory” to harvest EV are limited by many problems, such as the
ethical issue for cell use, the lack of enough source to obtain cells,
or/and the requirement of fast, convenient, and invasive proced-
ures for cell isolation.

As compared with stem cells from other sources, urine-derived
stem cells (USCs) can be collected by a low-cost, simple, and safe

method without ethical concerns. We have previously demon-
strated that the local injection of USC-derived EVs (USC-EVs)
can accelerate wound repair in diabetic mice by enhancing
angiogenesis'®. We have also found that the intravenous injection
of USC-EVs can reduce bone loss and enhance bone strength in
osteoporotic mice'*. Moreover, these nanovesicles can exert pro-
tective effects against glucocorticoid-induced osteonecrosis by
promoting angiogenesis, and suppress cell apoptosis after sys-
temic administration'”. In our previous study, we obtained pro-
teomic data regarding the differentially expressed proteins
between USC-EVs and USCs'®. In this study, we further analyzed
these data and found that a class of USC-EVs-enriched proteins
have been previously shown to possess anti-aging function, such
as tissue inhibitor of metalloproteinases 1 (TIMP1)*, plasmin-
ogen activator urokinase (PLAU)?°, insulin-like growth factor
binding protein 5/, senescence marker protein-30°%, and con-
nective tissue growth factor”’. Thus, we hypothesized that USC-
EVs might be capable of rejuvenating old organs from aging via
transferring of anti-aging proteins.

Here, we tested the effects of USC-EVs on cellular senescence
in vitro and on the aging-related phenotypes in different organs of
both senescence-accelerated mice and natural aging mice. Then,
we compared the anti-aging function of USC-EVs from donors
with different ages, genders, and health conditions. Furthermore,
we screened the candidate anti-senescent proteins in USC-EVs
and confirmed their contributions to the USC-EVs-induced anti-
aging effects in vitro and in vivo.

2. Materials and methods

2.1.  Isolation and characterization of USCs and USC-EVs

The collection of human urine for harvesting USCs and the use of
USC-EVs for experiments were approved by the USC donors with
written informed consents. USCs were harvested from urine
samples of two women with postmenopausal osteoporosis and
seven healthy people of different ages and genders as previously
described'*. The procedures for USCs isolation and culture were
detailed in our earlier study'®. The identification of USCs and
USC-EVs was described in the Supporting Material.

2.2.  Cell culture and treatments

The sources and culture conditions of CAD, HL-1, C2C12, and
BMSCs were detailed in Supporting Information. To induce
senescence and neurite growth of CAD, the culture medium of
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these cells was replaced with fresh serum-free DMEM/F-12 and
the cells were incubated for 3 days. Then, the medium was
replaced with fresh serum-free DMEM/F-12 containing USC-
EVs, EVs from control short hairpin RNAs (shCon)-treated
USCs (USC*'°".EVs), EVs from shPLAU-transfected USCs
(USCSPPLAUEVg)  EVs  from  shTIMPI-transfected USCs
(USCPTMPLEV/S) or an equal volume of vehicle (PBS). Cells in
the un-induced group were maintained in DMEM/F-12 added with
10% FBS and an equal volume of phosphate buffered saline (PBS:
vehicle of USC-EVs). After treatment with USC-EVs or vehicle
for 24 h, the cells were washed, fixed, and stained for SA-3-Gal.
To test the effects of USC-EVs on hydrogen peroxide-induced cell
senescence and the roles of PLAU and TIMP1 in this process, the
above cells were cultured in complete medium with hydrogen
peroxide (Sinopharm  Chemical Reagent, Shanghai,
China) + USC-EVs from different donors, hydrogen
peroxide + USC*'“™.EVs, hydrogen peroxide + USC®P-AU.
EVs, hydrogen peroxide + USC™"™PLEVs, or hydrogen
peroxide + vehicle (control) for 24 h. Then, the cells were pro-
cessed for SA-(-Gal staining and annexin V-FITC/PI staining
followed by flow cytometry. Hydrogen peroxide and EVs were
used at the dose of 100 pmol/L and 100 pg/mL, respectively. To
evaluate the effects of USC-EVs on hydrogen peroxide-induced
cytotoxicity, the above cells were treated with hydrogen
peroxide + USC-EVs or hydrogen peroxide + vehicle for 24 h
and then subjected to CCK-8 assay. To investigate the involvement
of MMPs and PI3K—AKkt signaling in the USC-EVs- and their
enriched proteins PLAU- and TIMP1-induced anti-senescent ef-
fects in HL-1, C2C12, and BMSCs, these cells were cultured in
normal condition, or under senescent induction by hydrogen
peroxide and treated with vehicle, PLAU (1 pg/mL; Nevoprotein,
Suzhou, China), TIMP1 (1 pg/mL; Nevoprotein), USsChCon gy,
USC™"AY-EVs, or USC™™PLEVs. After 24 h, these cells were
processed for Western blotting to detect the expression of MMP1,
MMP12, phosphorylated-PI3K (P-PI3K), PI3K, P16™X4% and
P21°". To assess whether the inhibition of MMPs or PI3K—Akt
signaling could affect the anti-senescent effects of USC-EVs,
PLAU, and TIMPI1, the cells were treated with hydrogen
peroxide with or without PLAU, TIMPI, ilomastat (10 nmol/L;
Selleckchem, Houston, USA), wortmannin (10 nmol/L;
MedChemExpress, NJ, USA), USC-EVs, ilomastat + USC-EVs,
or wortmannin + USC-EVs. After 24 h of incubation, the cells
were subjected to SA-B-Gal staining.

2.3.  EV uptake assay

USCs were labeled with a lipophilic stain Dil (Thermo Fisher
Scientific, Madison, Waltham, USA) as described in detail in our
previous study’. The Dil-labeled USC-EVs were harvested from
the culture supernatant by procedures described above and then
added to the culture of CAD, HL-1, HSF, C2C12, and BMSCs.
After incubation for 3 h, the treated cells were fixed with 4%
paraformaldehyde (PFA) for 15 min, stained with DAPI (Vector
Laboratories, Burlingame, USA), and detected under a fluor-
escence microscope (Carl Zeiss ApoTome, Jena, Germany).

2.4.  Proteomic analysis

USCs from the above-mentioned 28-year-old healthy women and
their EVs were collected for proteomic analysis, which was per-
formed by Jingjie PTM BioLab (Hangzhou, China). The method
for proteomic analysis, data processing, and bioinformatics

analysis of the obtained data had been described in detail in our
16

previously published study .
2.5. Inhibition of PLAU and TIMP1

The design and packaging lentivirus carrying EGFP gene and
shCon or shRNAs targeting PLAU (#1, #2, and #3) or TIMP1 (#1,
#2, and #3) were performed by Cyagen Biosciences (Guangzhou,
China). To transfect USCs, these cells were seeded into 6-well
culture plates and incubated in serum-free medium added with
lentiviral particles (multiplicity of infection = 30) and polybrene
(5 pg/mL; Cyagen). Twenty-four hours later, the medium was
discarded and replaced by fresh complete medium. The efficiency
of transfection was confirmed by detecting the percentage of cells
expressing EGFP protein and qRT-PCR analysis of the expression
of Plau and Timpl in USCs. The sequences of shRNAs were
shown in the Supporting Information.

2.6. qRT-PCR analysis

USCs receiving different treatments were collected and subjected
to total RNA extraction using the RNAiso plus reagent (Accurate
Biology, Changsha, China). 500 ng RNA per sample was reverse
transcribed to cDNA using all-in-one 1st-Strand cDNA Synthesis
SuperMix (Novoprotein Scientific Inc., Suzhou, China). The
product was subjected to qRT-PCR with SYBR Green qPCR
Master Mix (Bimake, Houston, USA) on an FTC-3000 real-time
PCR system (Funglyn Biotech, Canada). GAPDH was used for
normalization. Primer sequences were detailed in Supporting
Information.

2.7.  Western blotting

The procedures for western blotting were detailed in the supple-
mentary material. Anti-CD9 (1:500), anti-CD63 (1:500), anti-
CDS81 (1:500), and anti-PLAU (1:500) were purchased from Santa
Cruz Biotechnology. Anti-TSG101 (1:1000) and anti-MMPI
(1:2000) were bought from ProteinTech (Chicago, USA). Anti-
MMPI12 (1:2000), anti-P16™%* (1:3000), and anti-P21<""
(1:3000) were purchased from Servicebio (Wuhan, China). Anti-
TIMP1 (1:1000), anti-p-PI3K (1:1000), anti-PI3K (1:1000), and
the secondary antibodies (1:5000) were obtained from Cell
Signaling Technology (Danvers, USA).

2.8.  SA-B-gal staining

After serum starvation or hydrogen peroxide treatment for 24 h,
the cells were washed with PBS and treated with fixative provided
by the commercial SA-(-gal staining kit (Yeasen Biotech,
Shanghai, China) for 15 min. The cells were washed with PBS and
then stained with SA-$-gal staining reagent. After incubation at
37 °C overnight in the absence of light, the SA-3-gal-stained cells
(blue) were washed and observed under an optical microscope.
The mean intensity of blue signals was assessed by Image-Pro
Plus 6 software.

2.9. CCK-8 assay

Cells were plated into 96-well plates (5 x 10° cells for each well)
and treated with vehicle (Un-induced group), hydrogen
peroxide 4  vehicle (Control group), or hydrogen
peroxide + USC-EVs for 24 h. Then, the cells were incubated in
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fresh medium (100 pL for each well) with CCK-8 solution (10 pL
for each well; 7Sea Biotech, Shanghai, China) for another 3 h. The
blank group was just added with fresh medium containing CCK-8
without cells. The absorbance was read at 450 nm with the
Thermo Scientific Varioskan LUX multimode microplate reader
(Waltham, USA).

2.10. Apoptotic cell assay

Cells were incubated in serum-free condition and treated with
vehicle, hydrogen peroxide, hydrogen peroxide + USC-EVs from
different donors, hydrogen peroxide + USC*"“-EVs, hydrogen
peroxide + USC"PAU_EVs, hydrogen peroxide 4+ USCSTIMPL
EVs for 24 h. The cells were then washed with the binding buffer
from the annexin V-FITC/PI staining kit (Yeasen Biotech), and
stained with annexin V-FITC and PI solution for 15 min. After
that, the cells were subjected to flow cytometry analysis.

2.11. Animal treatments

All experiments were conducted with the approval of Ethics
Committee and animal experiments and followed the guidelines
for the Care and Use of Laboratory Animals at Xiangya Hospital
of Central South University. To test the distribution of USC-EVs,
USC-EVs  were labeled  with 1,1-dioctadecyl-3,3,3,3-
tetramethylindotricarbocyanine iodide (Santa Cruz) and intrave-
nously injected into 16-month-old male aged C57BL/6J mice via
the tail vein. Three hours later, the mice were killed. The heart,
liver, spleen, lungs, kidneys, brain, femurs, and tibias were ob-
tained and subjected to fluorescent imaging with a fluorescence
molecular tomography in vivo imaging system (FMT-4000;
PerkinElmer, USA). To test the anti-aging activity and the roles of
PLAU and TIMPI transporters of USC-EVs, SAMPS mice or
aged C57BL/6] mice (16-month-old male) were intravenously
treated with USC-EVs from different donors, USC"“°"EVs,
USC"PLAUEVs, or USCH™™PLEVS (100 pg EVs dissolved in
100 pL. PBS) once a week. The mice were subjected to behavioral
tests after treatment for 8 (SAMP mice) or 12 (C57BL/6J mice)
weeks. Blood samples were collected for harvesting serum and the
mice were killed to collect the tissues for further analyses.

2.12. MWM test

The maze (RD1101-MWM-M; Shanghai Mobiledatum Informa-
tion Technology, Shanghai, China) is a black circular pool with a
height of 50 cm and a diameter of 120 cm. The pool was filled
with 24 £ 2 °C water (depth: 25 cm) and divided into four equal
quadrants with prominent visual cues in each direction of every
quadrant. A circular platform (height: 20—35 cm; diameter: 6 cm)
was placed in the center of a quadrant and under 0.5 cm of the
water surface. The mice receiving different treatments were
trained every day for 4 days to assess spatial learning ability. In
each training trial, the mice were placed into the water maze at
one of the randomly selected locations in each quadrant and
allowed to swim for a maximum of 60 s to find and climb onto the
submerged platform. If the mice could not accomplish this task
within 60 s, they were guided to find the platform and then stayed
on it for 10 s. After training, the platform was submerged under
1 cm of the water surface and five consecutive days of testing
trials were performed. The escape latency to the platform was
recorded. To assess spatial memory ability, the platform was
removed at 24 h after spatial learning test. The mice were placed

into the water maze and allowed to search for the platform. The
target quadrant occupancy (time spent in the target quadrant) and
crossing times through the platform within 90 s were recorded.
Each test was conducted three times with a 20 min interval in each
session. The average data in the three repeated trials in a day were
used for within-animal comparisons.

2.13.  Grip strength test

To test the grip strength of the forelimbs, the mice in different
groups were held by the tails and allowed to grasp the iron rod
(diameter: 9 mm; length: 50 cm) on two mounting brackets
(height: 40 cm) by their forepaws. Then, their tails were gently
released so that the mice could hang on the rod. The timer was
started and continued until the mice released the rod. After 24 h of
training three times, four consecutive days of testing trials (three
times a day) were conducted. The latency to fall (time spent on the
rod) for each mouse was recorded.

2.14. Balance beam test

A horizontal wooden beam (0.9 cm x 0.9 cm x 50 cm) was
supported by two platforms (height: 40 cm) and a dark box was
installed at the end of the beam. To test motor coordination and
balance, the mice in different groups were individually placed on
the beam at the same location opposite to the dark box and
allowed to run across the beam to the dark box. After training for
24 h, testing trials were performed three times a day for four
consecutive days. The time spent on the balance beam was
recorded and the speed to cross the beam was calculated.

2.15. Rotarod test

The motor function of mice was also assessed by rotarod test with
a commercial rotarod (Unibiolab, Beijing, China; diameter: 3 cm).
The mice in different groups were individually placed on the
rotating rotarod at a gradually increasing speed (accelerated
speed: 5 rpm) from a slow initial speed to 60 rpm. After 24 h of
training three times, testing trials were performed for four
consecutive days (three times a day) and the latency to fall (time
spent on the rotarod) for each mouse was recorded.

2.16.  Three-point bending test

The strength of the left femurs was examined using a Instron 3343
biomechanical testing machine (Instron, Canton, USA). The
specimens were placed on two parallel supporting bars (distance
between these two bars: 8 mm) and loaded at the middle position
in vertical direction. The compression load was maintained at a
constant test velocity of 5 mm/min until fracture happened. The
ultimate load (N) of the femur was determined according to the
load—displacement curves generated by the machine.

2.17.  uCT analysis

To assess bone microstructures, the right femurs were fixed with
4% PFA for 48 h and analyzed by a vivaCT80 uCT scanner
(SCANCO Medical AG, Bruettisellen, Switzerland; resolution
11.5 pm per pixel, 45 kV, 100 pA). Three softwares including
NRecon, CTAn v1.11, and uCTVol v2.0 were used to reconstruct,
analyze, and visualize trabecular and cortical bones in the distal
femurs. The region of interest (ROI) for trabecular bone analysis
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was the area between 0.6 mm and 1.2 mm proximal to the distal
growth plate, while the region for cortical bone analysis was
started from the midpoint of femoral shaft and extended distally
for 5% of femoral length. Tb. BV/TV, Tb. Th, Tb. N, Tb. Sp, Ps.
Pm, Es. Pm, and Ct. Th were measured.

2.18.  Histological and immunohistochemical analyses

The left brain was fixed for 6 h in 4% PFA, washed with PBS,
dehydrated in 30% sucrose (Macklin, Shanghai, China), and then
embedded in OCT (Sakura Finetek, Torrance, USA). 10-um-thick
brain sections were made and placed overnight at —20 °C. The
cryopreserved brain sections were recovered at room temperature
for 15 min and incubated overnight at 37 °C with SA-B-gal
staining solution (Yeasen Biotech). The right brain, muscle, heart,
and skin tissues were fixed in 4% PFA for 48 h, dehydrated using
graded ethanol, immersed in n-butanol, and then embedded in
paraffin. The right femur was fixed with 4% PFA for two days and
decalcified for one week in 0.5% EDTA before dehydration,
transparency, and embedding. These tissues were sectioned into 5-
pum-thick slices and subjected to histological analysis or immu-
nohistochemistry (IHC) staining. For histological analysis, the
muscle and skin sections were stained with hematoxylin and eosin
(H&E) staining reagents and Masson’s trichrome stain (Service-
bio), respectively, in order to determine the size of muscle fiber,
the extent of collagen deposition, and the thickness of dermal
tissues. The bone tissue sections were stained with TUNEL
staining kit from Elabsceience (Wuhan, China). All of the above
tissues were subjected to IHC staining for p16™542 P21SP! or/
and collagen XVII (COL17A1). Primary antibodies and secondary
antibodies were purchased from AiFang biological (Changsha,
Hunan) or Servicebio, respectively. The procedures for IHC
staining were detailed in our earlier study®. The mean intensity of
the positive signals was determined by Image-Pro Plus 6 software.

2.19.  SASP factor analysis

Serum specimens were stored at —80 °C before analysis. To assess
the serum concentrations of SASP factors (IL-1e, IL-16, IL-6, and
TNF-«), the specimens were thawed and subjected to enzyme-
linked immunosorbent assay (ELISA) using the commercial kits
from MultiSciences (Lianke) Biotech (Hangzhou, China).

2.20.  Statistical analysis

All data (mean + SD) were analyzed using GraphPad Prism 8
software. Differences between two groups were determined by
unpaired, two-tailed Student’s #-test. One- or two-way analysis of
variance (ANOVA) with Bonferroni post hoc test was used for the
comparisons between multiple groups. Statistical significance was
concluded when P < 0.05.

3. Results

3.1.  USC-EVs attenuate serum deprivation- or hydrogen
peroxide-induced cellular senescence and apoptosis

Supporting Information Fig. S1 shows the identification results of
USCs from a 28-year-old healthy woman. Consistent with the
results of our previous studies'* '®, USCs showed a spindle-like
morphology (Fig. S1A), possessed the differentiation capacities

towards osteoblasts (Fig. S1B-i), adipocytes (Fig. S1B-ii), and
chondrocytes (Fig. S1B-iii), and displayed a marker expression
profile of MSCs (Fig. S1C). USC-EVs had a cup-like morphology
(Fig. 1A) with diameters mainly ranging from 50 to 100 nm
(Fig. 1B) and positive for the exosomal markers (CD9, CD63,
CD81, and TSG101; Fig. 1C), indicating that these EVs are pri-
marily exosomes, the most characteristic EVs.

To examine the effects of USC-EVs on cellular senescence, we
first determined whether USC-EVs could be taken up by different
cells, including mouse neuronal cell line CAD, mouse car-
diomyocyte cell line HL-1, mouse myoblast cell line C2C12,
human skin fibroblasts (HSF), and primary bone marrow-derived
MSCs (BMSCs). Fig. 1D shows abundant red fluorescent signals
in the perinuclear region of CAD, HL-1, HSF, C2C12, and
BMSCs after incubation with the red lipophilic dye Dil-labeled
USC-EVs for 3 h, indicating the uptake of USC-EVs by these
cells. CAD cells is a neuronal cell line in which neuronal differ-
entiation can be induced by removal of serum®. Once cultured in
serum-free condition, CAD cells stop proliferating and extend
long neurites’’. Consistently, our result showed that CAD cells
extended neurites of different lengths in response to serum
deprivation, but most of the differentiated CAD cells became se-
nescent in response to serum deprivation, as revealed by the
senescence-associated (3-galactosidase (SA-(3-gal) staining images
and the quantitative data of neurite length and mean intensity for
SA-B-gal (Fig. 1E—G). USC-EVs did not only significantly
enhance the length of neurites of the differentiated CAD cells, but
also markedly reduced the extent of serum deprivation-induced
CAD senescence (Fig. 1E—G), indicating that USC-EVs can
promote neurite growth and inhibit cellular senescence. SA-(-gal
staining revealed that USC-EVs were also able to remarkably
suppress hydrogen peroxide-induced senescence of HL-1, HSF,
C2C12, and BMSCs (Fig. 1H and I). Cell counting kit-8 (CCK-8)
assay indicated that treatment with hydrogen peroxide for 24 h
profoundly inhibited the survival/growth of CAD, HL-1, HSF,
C2C12, and BMSCs, but the changes were significantly reversed
by co-incubation with USC-EVs (Fig. 1J). Increased cellular
apoptosis occurs with the aging of various organs®'~*. We further
evaluated the effects of USC-EVs on cellular apoptosis. As evi-
denced by Annexin V-FITC/Propidium Iodide (PI) apoptosis
analysis with flow cytometry, treatment with USC-EVs profoundly
reduced the hydrogen peroxide-induced increase of late apoptotic/
dead (Annexin V-FITC"/PI"; Q2) and/or early apoptotic (Annexin
V-FITC*/PI"; Q3) CAD, HL-1, and C2C12 (Fig. 1K and
Supporting Information Fig. S2). These findings indicate that
USC-EVs can protect against serum deprivation- or hydrogen
peroxide-induced cellular senescence and apoptosis.

3.2.  USC-EVs exert anti-aging effects in senescence-
accelerated mice and natural aging mice

We first assessed the tissue distribution of USC-EVs in aged mice
after intravenous administration. As shown by ex vivo fluorescent
imaging, the DIR-labeled USC-EVs could be detected in all the
tested tissues of aged C57BL/6J mice (16-month-old; male) after
intravenous injection for 3 h, with higher levels of accumulation in
the mouse liver, spleen, lung, kidneys, and bones (femurs and
tibias) (Fig. 2A), indicating that USC-EVs can be transported to
various tissues of the recipient mice.

We then assessed the anti-aging effects of USC-EVs in both
SAMPS and natural aging mice. Evidence has shown that 100 ug
EVs per animal one time a week for 6—12 weeks can induce
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Figure 1 USC-EVs attenuate serum deprivation- or hydrogen peroxide-induced cellular senescence. (A)—(C) Assessments of morphology
(A; Scale bar: 50 nm), diameter distribution (B), exosomal marker expression (C) by a transmission electron microscope, dynamic light scattering
analysis, and Western blotting, respectively, in USC-EVs. (D) Uptake of the Dil (red)-labeled USC-EVs by different types of cells. Scale bar:
100 um. (E) Senescence-associated $-galactosidase (SA-(-gal) staining images of CAD cells in complete culture medium (un-induced) or in
serum-free condition receiving vehicle (control) or USC-EVs treatment. Scale bar: 50 pm. (F and G) Quantification of the mean intensity for the
SA-@-gal-stained cells (F) and the length of neurites (G). n = 3 per group. (H) SA-§-gal staining images of different types of cells in normal
culture medium (un-induced) or in hydrogen peroxide-containing medium added with vehicle (control) or USC-EVs. Scale bar: 50 pm.
(I) Quantification of the mean intensity for the SA-(-gal-stained cells. n = 3 per group. (J) Cell counting kit-8 (CCK-8) analysis of the survival/
growth of different types of cells in normal culture medium (un-induced) or in hydrogen peroxide-containing medium added with vehicle (control)
or USC-EVs. n = 3 per group. (K) Cellular apoptosis was assessed by flow cytometry combined with annexin V-FITC/PI staining in hydrogen
peroxide-induced senescent CAD, HL-1, and C2C12 with different treatments. The percentages of late apoptotic/dead cells (Q2) and early
apoptotic cells (Q3) were measured. n = 3 per group. Data are shown as mean £+ SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 2

USC-EVs improve cognitive function, physical fitness, and bone quality in senescence-accelerated mice and natural aging mice.

(A) Ex vivo fluorescent imaging of the DIR-labeled USC-EVs in different tissues after intravenous injection to mice for 3 h. Scale bar: 6 mm.
(B) Schematic diagram for evaluating the anti-aging effects of USC-EVs by intravenous (i.v.) route in SAMPS8 mice. (C)—(E) Spatial learning and
memory abilities of the mice in (B) were examined by MWM test. The escape latency to platform (C), target quadrant occupancy (D), and
crossing times through the platform (E) were recorded. n = 5 per group. (F) The muscle strength of the mice in (B) was assessed by grip strength
test. The latency to fall from the rod was recorded. n = 5 per group. (G, H) The motor function of the mice in (B) were evaluated by balance beam
test and rotarod test. The speed to cross the beam (G) and the latency fall from the rotarod (H) were measured. n = 5 per group. (I)—(K) Three-
point bending test of the femur strength (I) and uCT-reconstructed femur images (j). Scale bar: 1 mm. n = 5 per group. (K) Quantification of bone
microstructural parameters of femurs from mice in (B). n = 5 per group. (L) Schematic diagram for evaluating the anti-aging effects of USC-EVs
in natural aging mice. (M)—(O) Morris water maze (MWM) test of the spatial learning and memory abilities of the mice in (L). n = 7—10 per
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Figure 3  USC-EVs alleviate aging-related phenotypes in different organs of natural aging mice. (A) SA-B-gal staining images of the hip-
pocampus and quantification of the mean staining intensity in the vehicle- or USC-EVs-treated natural aging mice. Scale bar: 500 um. n = 5 per
group. (B) Immunostaining images of cyclin-dependent kinase inhibitor 2A (P16™ %) in subgranular zone of the hippocampus and quantification
of the mean staining intensity. Scale bar: 100 um. n = 5 per group. (C) Immunostaining images of P21<"P! in different tissues and quantification
of the mean staining intensity. Scale bar: 50 um (for femurs) or 100 um (for other tissues). n = 5 per group. (D) TUNEL staining images and
quantification of apoptotic cell number in bone tissues. Scale bar: 20 pm. n = 5 per group. (E) H&E staining images of muscle tissues and
quantification of the muscle fiber size. Scale bar: 100 pm. n = 5 per group. (F) Immunohistochemical staining for collagen type XVII (COL17A1)
in skin tissues and quantification of the mean staining intensity. Scale bar: 50 um. n = 5 per group. (G) Masson’s trichrome staining for skin
collagen fibers and quantification of the mean staining intensity and dermal thickness. Scale bar: 200 um. n = 5 per group. (H) Serum con-
centrations of senescence-associated secretory phenotype (SASP) factors tested by ELISA. n = 5 per group. Data are shown as mean £ SD.
**P < 0.01, ##*P < 0.001.

marked therapeutic benefits in animals®> >, We have found that of these treated mice. As shown in Fig. 2C—E, treatment with
the intravenous injection of USC-EVs (100 pg per mouse) weekly USC-EVs significantly reduced the escape latency, enhanced the
for 2 or 3 months induces significant bone-protective effects in target quadrant occupancy, and increased the crossing times
osteoporotic mice'*. Thus, USC-EV treatment (100 pg/mouse) through the platform in the MNM test, indicating that USC-EVs
was conducted once a week for 2 months in SAMP mice and for 3 improve the cognitive function of SAMP8 mice. Grip strength
months in natural aging mice through intravenous route. Fig. 2B test revealed that the USC-EVs-treated mice showed a longer la-
shows the schematic diagram for evaluating the anti-aging effects tency to fall from the iron rod compared to the vehicle-treated
of USC-EVs in SAMP8 mice. Morris water maze (MWM) test control mice (Fig. 2F), revealing that USC-EVs enhance the
was conducted to assess the spatial learning and memory abilities muscle strength of SAMPS mice. Balance beam test and rotarod

group. (P)—(R) Muscle strength and motor function assessments by grip strength test (P), balance beam test (Q), and rotarod test (R). n = 7—10
per group. (S) Three-point bending test of the femur strength. n = 7—10 per group. (T and U) uCT-reconstructed images of the femurs (T) and
quantification of the bone microstructural parameters (U). Scale bar: 1 mm. n = 7—10 per group. Data are shown as mean + SD. *P < 0.05,
##P < 0.01, #**P < 0.001.



1174 Shanshan Rao et al.

A
> 0.015 HL-1 - 0.04 HSF > 0.004 c2C12 - 0.015 BMSCs
- -
B @ 0.03 @ 0.003 8
§ 0010 8 g g o010
= £ 0.02 £ 0.002 £
£ 0.005 & ] < 0.005
o # © 0.01 3 0.001 b # 4 #
] # 48 # ## o # # # # ] ] # # # #
R B # # # | # 4 # # # # 7 #
2 wollAAAnf0sam = Lafamsmmada = ] (AL A AL = SORSAOS(M
Cell models of hydrogen peroxide-induced senescence
B
0.004 SR X 800 CAD
2z & # # 2 * Control 25-year-old man-ygc-gys
g 0.003 - 5 600 o - ® 4-year-old boy-sC-EVs e 28-year-old woman-ygc-EVs
§ 0.002 # # 5 400 ! = 5-year-old boy-ysc.-EVs ® 65-year-old man-ygc-EVs
c ] e 3-year-old girl- e 63-year-old woman-|
S 0.001 # g4 #pg# # £ 200 Y gir-ysc-Evs Y USC-EVs
2 ﬁ ﬁ ﬁi&] 5 ® 24.year-old man-ygc-Eys © 78-year-old woman-gc-EVs
0.000 H % 0

Serum deprivation-induced CAD senescence model
Q2: late apoptotic/dead cells

@ Un-induced e Control e USC-EVs-Y o USC-EVs-A e USC-EVs-O Q3: early apoptotic cells

C Fkk
KhKk D
25 CAD i kik 15 c2c12 ok e 60 MwWM
—_— —_— —_— Fek —_—
X 20 " 2 X Kk ek L s
= = =10 s E
| = 15 [ [ - 30
o [ @ -]
S 10 , o £ 5 , : o &
S s ; K K % % a3 15 o o L o
18 [T s i e
Q2 Q3 Q2 Q3 D1 D2 D3 D4 D5
E F
MWM a Grip strength o Balance Rotarod
-osn - g é 5 3 20 7 skx  wwk kwk T** E 5 - Rk **l‘f w25
0 ] = e 3 e bk e - e Je de :
T > =34 s g 4l % = 20
S 2 a3 e 2 3 /4/1 S 15
— —
5 5 2 =2 g 2, > 10
o 8 2 g‘ 1 [] 7 1 c 5
= ° - s g, g,
-l ]
£0 D1 D2 D3 D4 G D1 D2 D3 D4 - D2 D3 D4
J kK _—
6q —2 1007 =% 0.0010 800
- *xkk 10 e - =% —_
_ >u'-, E\_ . o g g0 — = 'y [ g- 0.0008 ’E“ 600
o 2 E < 60z < 0.0006 2 P
E & > i = 401 Z 0.0004 &
o 0 . 2 i a8 8 200
=) a lfl - 20 ~ 0.0002 =
0 0 0.0000 0
L
8 * 200 ***
< o — Txxx —_ s = - Tk % ¢ Control
- Q E 6 g 4 = 5.150 E 2 ® USC-EVs-Y
w w g g st E
& o g 4 £ e =8 USC-EVs-A
»n 7] = 2 - 2 = g5 g =2
=] =] E 7] (] (8] ] e USC-EVs-O
o w w
0 0 0

Figure 4  Multiple donor-derived USC-EVs inhibit cellular senescence, reduce cellular apoptosis, improve behavioral performance, and in-
crease bone quality. (A) SA-B-gal staining was conducted in different types of cells treated with hydrogen peroxide + vehicle (control) or
hydrogen peroxide + different donor-derived USC-EVs. The mean intensity of the SA-(-gal-stained cells was measured. n = 3 per group.
(B) CAD cells treated with vehicle or different donor-derived USC-EVs in serum-free condition were subjected to SA-f3-gal staining. The mean
staining intensity and the length of neurites were quantified. n = 3 per group. (C) Apoptosis of different cell types receiving different treatments
was measured by flow cytometry with annexin V-FITC/PI staining. The percents of late apoptotic/dead cells (Q2) and early apoptotic cells
(Q3) were analyzed. n = 3 per group. (D)—(F) MWM test of the spatial learning and memory abilities of the natural aging mice treated with
vehicle or different donor-derived USC-EVs. n = 6—8 per group. (G)—(I) Muscle strength and motor function assessments of the vehicle- or
different donor-derived USC-EVs-treated natural aging mice by grip strength test (G), balance beam test (H), and rotarod test (I). n = 6—8 per
group. (J, K) uCT-reconstructed images of the femurs (J) and quantification of the trabecular and cortical bone microstructural parameters (K) in
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test showed that the USC-EVs-treated mice also exhibited a higher
speed to cross the balance beam and a longer latency to fall from
the rotarod compared with the control mice (Fig. 2G and H),
indicating that USC-EVs can prevent the aging-induced decline of
motor function including coordination, balance, and endurance of
mice. Three-point bending test indicated a much higher femur
bending strength of the USC-EVs-treated mice than that of the
control mice (Fig. 2I). Microcomputed tomography (uCT) anal-
ysis revealed that USC-EVs markedly enhanced bone mass in
SAMPS mice, as indicated by the representative images of the
trabecular and cortical bones of the femurs (Fig. 2J) and the sig-
nificant changes of quantitative parameters including trabecular
bone volume fraction (Tb. BV/TV), trabecular thickness (Tb. Th),
endosteal perimeter (Es. Pm), and cortical thickness (Ct. Th)
(Fig. 2K). No obvious alterations were observed in the values of
trabecular number (Tb. N), trabecular separation (Tb. Sp), and
periosteal perimeter (Ps. Pm) (Fig. 2K).

We then tested the effects of USC-EVs on cognitive function,
physical fitness, bone strength, and bone mass in 16-month-old
natural aging mice after intravenous injection once a week for 12
weeks (Fig. 2L). Consistent with that observed in SAMP8 mice,
MWM test showed that the administration of USC-EVs to natural
aging mice caused a shorter escape latency to find the platform
(Fig. 2M), a longer time in the target quadrant (Fig. 2N), and a
higher frequency of crossing the platform (Fig. 20). Other three
behavioral tests including the grip strength test, the balance beam
test, and the rotarod test revealed that USC-EVs also induced a
longer latency to fall from the iron rod (Fig. 2P), a higher speed
to cross the balance beam (Fig. 2Q), and a longer latency to fall
from the rotarod in these mice (Fig. 2R). Three-point bending test
and uCT analysis indicated that the USC-EVs-treated mice had
much higher values of femur ultimate load, Tb. BV/TV, Tb. Th,
Tb. N, Ps. Pm, and Ct. Th, as well as much lower value of Tb.
Sp compared with the control mice (Fig. 2S—U). These findings
demonstrate that USC-EVs can enhance spatial learning and
memory abilities, muscle strength, motor function, bone mass,
and bone strength of natural aging mice after intravenous
administration.

We further detected the senescent phenotypes of different or-
gans in both SAMP8 mice and natural aging mice. The hippo-
campus is a key brain area for spatial learning and memory. As
shown in Supporting Information Fig. S3A and Fig. 3A, there
were large numbers of senescent cells strong positive for SA-(3-gal
in the hippocampus of the vehicle-treated control mice, whereas
the accumulation of hippocampal senescent cells was markedly
attenuated in USC-EVs treatment group, indicating that USC-EVs
effectively prevent hippocampus senescence. The subgranular
zone (SGZ) of the dentate gyrus in the hippocampus is an
important region for neurogenesis, which is closely associated
with cognitive functions such as learning and memory’®. Immu-
nohistochemical staining for the senescence marker cyclin-
dependent kinase inhibitor 2A (P16™X4%) revealed that USC-
EVs significantly reduced the number of pl6™<**positive se-
nescent cells in SGZ region of SAMP mice (Fig. S3B) and natural
aging mice (Fig. 3B), consistent with the benefits of USC-EVs on
spatial learning and memory abilities of aged mice. Cyclin-
dependent kinase inhibitor 1A (P21°"*Yy is another marker of

senescence. As shown in Fig. S3C and Fig. 3C, immunohisto-
chemical staining for P21P! showed that the senescent cells were
accumulated in the femur, muscle, heart, and skin tissues of both
SAMPS mice and natural aging mice, but cellular senescence in
these tissues was significantly mitigated in the USC-EVs-treated
aged mice, as revealed by the much lower staining intensity for
P21°"P! in these tissues of USC-EVs group than that of the control
group. Terminal Deoxynucleotidyl Transferase mediated dUTP
Nick-End Labeling (TUNEL) staining revealed that USC-EVs
markedly reduced apoptotic cell numbers in the aged bone tis-
sues (Fig. S3D and Fig. 3D). H&E staining indicated that USC-
EVs could also increase the size of muscle fiber in these two
types of aging mice (Fig. S3E and Fig. 3E), in accordance with the
positive effect of USC-EVs on muscle strength. Collagen type
XVII (COL17A1) plays an important role in the maintenance of
skin homeostasis and “youthful”, but its expression declines with
age’’. Immunostaining for COL17A1 indicated that USC-EVs
treatment resulted in a remarkable increase of COLI17Al
expression in both the epidermal and dermal tissues of the skin
(Fig. S3F and Fig. 3F), indicating that USC-EVs can rejuvenate
skin in aged mice. Masson’s trichrome staining showed that USC-
EVs not only increased collagen contents in skin tissues, but also
enhanced the thickness of dermal tissues (Fig. S3G and Fig. 3G),
which further demonstrate the anti-aging effects of USC-EVs on
skin. SASP factor analysis by ELISA showed significant re-
ductions of IL-la, IL-18, IL-6, and TNF-« in the USC-EVs-
treated mice compared with the control mice (Fig. S3H and
Fig. 3H). These results demonstrate that USC-EVs alleviate aging-
related phenotypes in different organs and generate a “youthful”
environment in SAMP8 mice and natural aging mice.

3.3.  Multiple donor-derived USC-EVs alleviate aging-
associated phenotypes in vitro and in vivo

Next, we obtained USCs from nine donors at different age phases,
including three 3- to 5-year-old healthy children (two boys and one
girl), three 24- to 28-year-old healthy adults (two men and one
woman), and three 63- to 78-year-old people (a healthy man and two
women with age- and menopause-related osteoporosis). Their
derived USC-EVs were collected and the effects of these EVs on
cellular senescence were compared. As revealed by SA-(-gal stain-
ing, USC-EVs from the above-described nine donors all could pro-
foundly suppress hydrogen peroxide-induced senescence of HL-1,
HSF, C2C12, and BMSCs (Fig. 4A). These donors-derived USC-EVs
could also markedly decrease the extent of serum deprivation-
induced CAD cellular senescence and increase the length of neu-
rites formed by the differentiated CAD cells (Fig. 4B). No age-,
gender-, or health condition (with or without osteoporosis)-related
changes of the anti-senescent abilities were observed in these USC-
EVs from different donors (Fig. 4A and B).

For each age phase (young, adult, and elderly), one donor-
derived USC-EVs were selected and their anti-apoptotic ability
was assessed. As indicated by flow cytometry analysis, USC-EVs
from the young (Y: a 5-year-old healthy boy), adult (A: a 24-year-
old healthy adult man), and old (O: a 63-year-old osteoporotic
woman) donors could all notably reverse the hydrogen peroxide-
induced increase of late apoptotic/dead (Annexin V-FITC*/PI';

natural aging mice treated with vehicle or different donor-derived USC-EVs. Scale bar: 1 mm. n = 6—8 per group. (L) Three-point bending test of
the femur strength in natural aging mice treated with vehicle or different donor-derived USC-EVs. n = 6—8 per group. Data are shown as
mean + SD. For panels (A, B): **P < 0.01, *P < 0.001 vs. Control group. For other panels: *P < 0.05, **P < 0.01, ***P < 0.001.



1176

Shanshan Rao et al.

Q2) and/or early apoptotic (Annexin V-FITC/PI"; Q3) CAD,
HL-1, and C2CI12 cells (Supporting Information Fig. S4 and
Fig. 4C). No significant changes of the anti-apoptotic effects were
observed among these EVs (Fig. S4 and Fig. 4C).

The anti-aging effects of these USC-EVs were then evaluated
in 16-month-old natural aging mice after intravenous injection
once a week for 12 weeks. As revealed by MWM tests, treatment
with either one of these donors-derived EVs could markedly
reduce the escape latency (Fig. 4D), enhance the time in the target
quadrant (Fig. 4E), and increase the number of platforms crossing
times (Fig. 4F) in aged mice, indicating the positive effects of
these EVs on spatial learning and memory abilities. USC-EVs-Y,
USC-EVs-A, and USC-EVs-O could also notably increase the
latency of mice to fall from the iron rod, the speed to cross the
balance beam, and the latency to fall from the rotarod, as revealed
by the grip strength test (Fig. 4G), the balance beam test (Fig. 4H),
and the rotarod test (Fig. 4I), respectively, indicating that USC-
EVs from different donors can enhance muscle strength and
motor function of aged mice. No significant differences were
detected in the above parameters among three types of USC-EVs
groups (Fig. 4D—I). uCT analysis and three-point bending test of
the femurs showed that all these USC-EVs could markedly
improve most of the bone microstructural parameters (including
Tb. BV/TV, Tb. Th, Tb. N, and Ct. Th) and increase the femur
ultimate load in aged mice (Fig. 4J—L). USC-EVs-A exhibited
slightly higher anti-osteoporotic effects compared with USC-EVs-
Y and USC-EVs-O, because just USC-EVs-A not only had a
profound negative effect on Tb. Sp, but also induced a significant
positive effect on PS. Pm (Fig. 4] and K). However, there were no
statistical differences in the positive effects of these EVs on bone
mass and strength (Fig. 4J—L).

Senescent cell staining showed that USC-EVs-Y, USC-EVs-A,
and USC-EVs-O could all remarkably reduce cellular senescence
in the hippocampus, femur, muscle, heart, and skin tissues, as
revealed by the much lower mean intensity for SA-3-gal-positive
cells in the hippocampus (Fig. 5A and B), fewer p16™<*"-positive
cells in the SGZ site of the hippocampus (Fig. 5C and D), and
lower mean intensity for P21P'-positive cells in the femur,
muscle, heart, and skin tissues (Fig. SE and F). TUNEL staining
showed that treatment with these EVs resulted in a significant
reduction of apoptotic cell number in the aged bone tissues
(Fig. 5G and H). H&E staining, COL17A1 immunostaining, and
Masson’s trichrome staining, respectively, showed that these EVs
were also able to notably increase muscle fiber size (Supporting
Information Fig. S5A and Fig. 5I), stimulate skin COL17Al
expression (Fig. S5B and Fig. 5J), augment skin collagen depo-
sition, and enhance dermal thickness (Fig. S5C and Fig. 5K) in
natural aging mice. In addition, treatment with these different
donor-derived USC-EVs induced remarkable decreases in the
circulating levels of SASP factors in aged mice (Fig. 5L). No
obvious differences were detected in the abilities of USC-EVs-Y,
USC-EVs-A, and USC-EVs-O to attenuate aging-related pheno-
types in different tissues (Fig. SSA—S5C and Fig. 5A—K) and
reduce the levels of the systemic SASP factors (Fig. 5L).

3.4. PLAU and TIMP1 are enriched in USC-EVs and contribute
to the anti-aging effects of USC-EVs in senescent cells

We previously performed proteomic analysis to identify proteins
expressed in USC-EVs and USCs from the above-mentioned 28-
year-old woman'®. In this and subsequent studies, we determined
the function of several proteins highly enriched in USC-EVs'*™'°.

We further analyzed the proteomic data and screened the proteins
that might mediate the anti-aging effects of USC-EVs. In the
proteins that have been proven to have anti-aging effects, the top
five most abundant proteins in USC-EVs compared with
USCs were PLAU (E/C = 3842 £ 2.82-fold), TIMP1
(EIC = 3534 + 7.66-fold), IGFBP5 (E/C = 23.17 £ 2.25-
fold), SMP30 (E/C = 1472 + 1.21-fold), and CTGF
(E/C = 9.13 £ 2.49-fold) (Fig. 6A). We selected the top two most
abundant proteins (PLAU and TIMPI1) for further exploration.
Western blotting revealed that both of these two proteins were
detected in these nine donors-derived USC-EVs, but no age-
related reduction of these proteins was observed (Supporting
Information Fig. S6).

To examine whether PLAU and TIMP1 were responsible for
the anti-aging effects of USC-EVs, these two proteins in USC-
EVs were down-regulated by inhibiting their genes in USCs using
the respective shRNAs. The inhibitory effects of three shRNAs
targeting PLAU or TIMP1 in USCs were compared by quantitative
real-time PCR (qRT-PCR) analysis. As shown in Fig. 6B, shPLAU
#3 and shTIMP1 #1 exhibited the highest efficiency of inhibiting
PLAU and TIMP1, respectively. Western blotting revealed that the
inhibition of PLAU and TIMPI in USCs successfully suppressed
the levels of these proteins in their derived EVs (USCS""AU_EVs
and USC"™™PLEVs) as compared to USC*'“°-EVs (Fig. 6C).
SA-@-gal staining revealed that the inhibition of either one of
these two proteins especially PLAU resulted in significantly
reduced abilities of USC-EVs to reverse hydrogen peroxide-
induced senescence of HL-1, HSF, C2Cl12, and BMSCs
(Fig. 6D and E). The inhibitory effect on serum deprivation-
induced senescence and stimulatory effect on neurite growth of
CAD cells were also markedly repressed with the down-regulation
of either of these two proteins especially PLAU in USC-EVs
(Fig. 6F and G). Flow cytometry with Annexin V-FITC/PI stain-
ing revealed that knockdown of PLAU or TIMP1 markedly
impaired the anti-apoptotic capacity of USC-EVs (Supporting
Information Fig. S7 and Fig. 6H). Suppression of either PLAU
or TIMP1 did not entirely abolish the anti-senescent, neurite
growth-promoting, and anti-apoptotic effects of USC-EVs
(Fig. 6D—H and Fig. S7). These results indicate that PLAU and
TIMP1 partially mediate the protective effects of USC-EVs in
senescent cells.

3.5.  Inhibition of MMPs, P16™%* and P21°"' by PLAU and
TIMP]1 contributes to the anti-senescent effects of USC-EVs

Senescent cells can secrete MMPs as part of their SASP factors
and subsequently re-enforce senescence though an autocrine or
paracrine manner”°. The MMPs such as MMP1 and MMP12 have
been reported to be capable of inducing cellular senescence”>’.
Since TIMP1 is a potent inhibitor of MMPs, we then assessed the
expression changes of MMP1 and MMP12 in different cell types
treated with vehicle, TIMP1 recombinant protein, USC*"“°"-EVs,
or USCS"™PLEVs under senescence induction by hydrogen
peroxide. The effects of PLAU protein and USCS"™AU_EVs on the
expression of these two MMPS were also evaluated. Western
blotting revealed that incubation with TIMP1 protein or USC*"“"-
EVs significantly reduced the protein levels of MMP1 and
MMPI12 in senescent HL-1, C2C12, and BMSCs (Fig. 7A).
However, the reductions of these two MMPs were not significant
in the above-described senescent cells treated with TIMP1-lacking
USC-EVs (USCS"™MPLEVS) but not USC'PLAV_EVs (Fig. 7A).
We also assessed the protein levels of the senescence marker
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Figure 5 Multiple donor-derived USC-EVs attenuate aging-related phenotypes in different organs of natural aging mice. (A, B) SA-G-gal
staining images of the hippocampus (A) and quantification of the mean intensity for the positive signals (B) in natural aging mice treated with
vehicle or USC-EVs from different donors. Scale bar: 500 um. n = 5 per group. (C, D) Immunostaining images of P16™%** in SGZ region of the
hippocampus (C) and quantification of the mean staining intensity for P16™4 in natural aging mice with different treatments. Scale bar: 100 pm.
n = 5 per group. (E, F) Immunostaining images of P21P! in different tissues (E) and quantification of the mean staining intensity for P21P!
(F) in natural aging mice with different treatments. Scale bar: 50 um (for femurs) or 100 um (for other tissues). n = 5 per group. (G, H) TUNEL
staining images (G) and quantification of the number of apoptotic cells (H) in bone tissues of the natural aging mice with different treatments.
Scale bar: 20 um. n = 5 per group. (I) Quantification of the size of the H&E-stained muscle fibers in natural aging mice with different treatments.
n = 5 per group. (J) Quantification of the mean staining intensity for COL17A1 in skin tissues of natural aging mice receiving different
treatments. n = 5 per group. (K) Quantification of the mean staining intensity for the Masson’s trichrome-stained collagen fibers and dermal
thickness in natural aging mice with different treatments. n = 5 per group. (L) Evaluation of the serum concentrations of SASP factors in natural
aging mice with different treatments by ELISA. n = 5 per group. Data are shown as mean £ SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 7 Inhibition of MMPs, P16™K4  and p21©P! by PLAU and TIMP1 contributes to the anti-senescent effects of USC-EVs. (A, B)

Western blot analysis of the protein expression of MMP1, MMP12, P16INK4a, PZIC“’], P-PI3K, and PI3K in HL-1, C2C12, and BMSCs receiving
different treatments under senescence induction by hydrogen peroxide. (C) SA-(-gal staining images in BMSCs receiving different treatments
under senescence induction by hydrogen peroxide. Scale bar: 50 pm. (D)—(F) Quantification of the mean intensity for the SA-3-gal-stained cells
in BMSCs (D), C2C12 (E), and HL-1 (F) receiving different treatments under senescence induction by hydrogen peroxide. n = 3 per group. Data
are shown as mean + SD. *P < 0.05, ***P < 0.001.

P16™K4 and p21¢P!,

which are involved in inducing senes-
cence®. The result showed that these senescence markers were
remarkably increased in BMSCs, HL-1, and C2C12 after exposure
to hydrogen peroxide, whereas this alteration was profoundly

USC™"PLAY_EVs

in the above-described

suppressed by PLAU, TIMP1, and USC™“"-EVs (Fig. 7B).
and USCHT™PLEVg _
reduced abilities to down-regulate P16™5** and P21“P! proteins

exhibited markedly

cells compared with USC*“"EVs
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(Fig. 7B), suggesting that the anti-senescent effects of PLAU,
TIMP1, and these two proteins-abundant USC-EVs are exerted by
targeting  P16™%*.  and  P21%P'-dependent  pathways.
Phosphoinositide-3 kinase-protein kinase B (PI3K—Akt) signaling
is involved in the regulation of cellular senescence”’ and can be
activated by PLAU** and TIMP1**. Western blotting revealed that
hydrogen peroxide treatment resulted in a marked reduction of
PI3K phosphorylation in BMSCs, HL-1, and C2C12, whereas this
change was notably reversed by co-incubation with PLAU,
TIMPI, or USC™".EVs (Fig. 7A and B). The capacity of
USC"PLAUEVs and USCH"™™PLEVs to enhance PI3K phos-
phorylation was much lower than that of USC™"“°"-EVs (Fig. 7A
and B).

Ilomastat, a broad-spectrum inhibitor of MMPs, was used to
interfere with the function of MMPs. SA-(-gal staining showed
that treatment with either Ilomastat, TIMP1 protein, or USC-EVs
markedly suppressed the hydrogen peroxide-induced senescence
of the above three cell types (Fig. 7C—F). USC-EVs and TIMP1
protein could still suppress senescence in the Ilomastat-treated
BMSCs, but their anti-senescent effects, especially those of
TIMP1 protein, were notably impaired (Fig. 7C—F), suggesting
that the inhibition of MMPs by TIMP1 is a critical mechanism by
which USC-EVs exert anti-senescent effects. We further assessed
whether the inhibition of PI3K—Akt signaling by a commercial
inhibitor, wortmannin, could affect the anti-senescent effects of
USC-EVs. SA-(-gal staining revealed that wortmannin increased
the hydrogen peroxide-induced cellular senescence, and additional
treatment with USC-EVs, PLAU, or TIMP1 further reduced
cellular senescence in the wortmannin-treated cells (Fig. 7C—F).
The extent of cellular senescence inhibition by PLAU, TIMPI1,
and USC-EVs was not notably affected by wortmannin
(Fig. 7C—F), suggesting that PI3K—Akt signaling is not involved
in the USC-EVs and their enriched proteins PLAU- and TIMP1-
induced inhibitory effects against cellular senescence.

3.6.  PLAU and TIMPI1 mediate the anti-aging activity of USC-
EVs in natural aging mice

To determine the roles of PLAU and TIMP1 in the anti-aging
activity of USC-EVs in vivo, 16-month-old C57BL/6J mice were
intravenously injected with USC"™AUV_EVs, USCHT™PLEV,
USC™C"_EVs, or vehicle once a week for 12 weeks. MWM test
showed that the administration of USC*"*-AY_EVs or USCS"T™MPL
EVs to the mice just induced a significant reduction of the latency
to escape onto the platform on Day 1 and trend of increases in
target quadrant occupancy or/and platform crossing times,
whereas the mice treated with USC"°"-EVs showed markedly
reduced escape latency from Day 1 to Day 5 as well as notably
higher time in target quadrant and number of crossing times
through the platform compared to the control mice (Fig. 8A—C).
Suppression of either one of these two proteins especially PLAU
also significantly impaired, but did not entirely block, the abilities
of USC-EVs to increase the latency to fall in the grip test
(Fig. 8D), the crossing speed in the balance beam test (Fig. 8E),
and the latency to fall in the rotarod test (Fig. 8F). uCT analysis
and three-point bending test of the femurs showed that
USCS"PLAU_EVS and USCS'T™PIEVs exhibited much lower ca-
pacities to reduce Tb. Sp and enhance Tb. BV/TV, Tb. N, Ct. Th,
and ultimate load values compared with USC™°"-EVs
(Fig. 8G—I). However, USC*""AV_EVs and USC*""™PL_EVs still
could induce significant changes of many of these parameters, as
compared with the vehicle group (Fig. 8G—I). These results

indicate that PLAU and TIMP1 partially mediate the positive ef-
fects of USC-EVs on spatial learning and memory abilities, motor
function, bone mass, and bone strength in aged mice.

Senescent cell staining showed that treatment with USC*"P-AU.
EVs or USC"T™PLEVs caused significant reductions in the mean
intensity for SA-g8-gal-positive cells in the hippocampus (Fig. 9A
and B), the number of P16™*"positive cells in the SGZ site of
the hippocampus (Fig. 9C and D), and the mean intensity for
P21 _positive cells in the femur, muscle, heart, and skin tissues
of natural aging mice (Fig. 9E and F), whereas their anti-senescent
effects in these tissues were much lower compared with USC*"“°"-
EVs (Fig. 9A—F). TUNEL  staining showed that the
down-regulation of PLAU or TIMP1 in USC-EVs markedly sup-
pressed the anti-apoptotic effect of USC-EVs in the aged bone
tissues (Fig. 10A and B). Inhibition of PLAU or TIMP1 also
notably impaired the abilities of USC-EVs to increase muscle
fiber size (Fig. 10C and D), skin COL17A1 expression (Fig. 10E
and F), skin collagen deposition, and dermal thickness (Fig. 10G
and H) in aged mice. However, the suppression of positive effects
of USC-EVs on muscle fiber size and skin COL17A1 expression
was much obvious with the inhibition of PLAU (Fig. 10C—F).
Additionally, down-regulation of either one of these two proteins
especially PLAU profoundly repressed the negative effects on
systemic SASP factor generation (Fig. 10I). These results further
determine the critical contribution of PLAU and TIMP1 to the
anti-aging properties of USC-EVs.

Collectively, in our study, we isolated USCs from human urine
and then collected USC-EVs for assessing their anti-aging effects
in aged mice after intravenous injection (Fig. 11). Our results
showed that USC-EVs could reduce senescent cell burden and
improve the structure and function of different organs (brain,
bone, muscle, heart, and skin) in aged mice by transferring PLAU
and TIMP1 proteins, thereby reverting the old organ towards a
more “youthful” state (Fig. 11).

4. Discussion

Aging is defined as a gradual loss of biological integrity with time
due to accumulation of molecular and cellular damage, which
finally leads to decreased physiological function and increased
vulnerability to death®**. Developing strategies for delaying the
aging process and the onset and progression of age-associated
disorders would have tremendous health and financial benefits™*.
Various strategies show promise to slow aging and extend
healthspan and lifespan, but only a few of them can be explored
for clinical practice due to the long validation times*’. In this
study, we harvested stem cells from human urine and determined
that their EVs (USC-EVs) could prevent cellular senescence,
promote neurite growth, and mitigate age-associated functional
decline and/or structural changes in various tissues. Surprisingly,
there was no USC donor’s age-related significant reduction of the
anti-aging properties of USC-EVs, and there were also no regular
changes of the anti-aging effects of USC-EVs from donors with
different genders or health status (healthy or with age- and
menopause-related osteoporosis), consistent with our previous
findings that the bone-protective capacity of USC-EVs is not
markedly affected by the USC donor’s age, gender, and health
conditions'*. These results, along with the advantages of EV-based
therapy, suggest the great potential of autologous USC-EVs as a
promising agent for anti-aging and rejuvenation. Nevertheless,
future studies are required much larger sample sizes to compare
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Figure 8

Downregulation of PLAU and TIMP1 weakens the benefits of USC-EVs on behavioral responses and bone quality in natural aging

mice. (A)—(C) MWM test of the spatial learning and memory abilities of the natural aging mice treated with vehicle, USC*"“°"-EVs, USC*"P-AU.
EVs, or USCS"T™PIEVs. 5 = 8—10 per group. (D)—(F) Muscle strength and motor function assessments by grip strength test (D), balance beam
test (E), and rotarod test (F) in natural aging mice treated with vehicle, USC*"“°"-EVs, USC*'*LAV_EVs, or USC'T™PLEVS 5 = 8—10 per
group. (G, H) uCT-reconstructed images of the femurs (G) and quantification of the trabecular and cortical bone microstructural parameters (H) in
natural aging mice treated with vehicle, USC*"®°"-EVs, USC*'PLAV_EVs, or USC'T™PLEVs. Scale bar: 1 mm. n = 8—10 per group. (I) Three-
point bending test of the femur strength in natural aging mice treated with vehicle, USC*"“°"-EVs, USC*"P"AV_EVs, or USC'™PLEVs,
n = 8—10 per group. Data are shown as mean = SD. For panel (D): *P < 0.05 vs. Control group and *P < 0.05 vs. USC*"“°"-EVs group.

##p < 0,05, = p < 0,01, #*##p < 0,001. For other panels: *P < 0.05, **P < 0.01, ***P < 0.001.

the in vivo anti-aging effects of USC-EVs from donors of different
age, gender, and health conditions, which will be better for
determining the factors affecting the function of USC-EVs.
Furthermore, USC-EVs used in our study were isolated from the
cultured USCs that had been away from their in vivo microenvi-
ronment. It remains to be further investigated whether the anti-
aging capacity of the endogenous USC-EVs from USCs resident
in the body is reduced with age.

Cellular senescence contributes greatly to aging and aging-
related diseases. Emerging evidence indicates that neuronal cells,
BMSCs, cardiomyocytes, myoblast cells, and fibroblasts, can
become senescent with age and play critical roles in the aging of
the related organs, leading to cognitive function impairment*>*°,
osteoporosis®’, cardiac failure*®, muscle dysfunction®’, and
reduction of collagen and dermal thickness™, respectively. In our
study, we found that treatment with USC-EVs markedly inhibited
serum deprivation-induced senescence of mouse neuronal cell line
CAD, and hydrogen peroxide-induced senescence of mouse

primary BMSCs, mouse cardiomyocyte cell line HL-1, mouse
myoblast cell line C2C12, and human skin fibroblasts. Consis-
tently, the results in vivo indicated that the administration of USC-
EVs into the aged mice notably suppressed cellular senescence in
the brain, bone, heart, muscle, and skin. The above findings sug-
gest that the suppression of cellular senescence is an important
mechanism by which USC-EVs exert anti-aging effects in the
mice, such as improving cognitive function, enhancing muscle
strength, increasing bone density, etc. Other pathways may also be
involved in the anti-aging properties of USC-EVs. Increased
cellular apoptosis occurs with the aging of various organs’'*>. We
found that treatment with USC-EVs profoundly decreased cellular
apoptosis both in the cultured cells and the brain of the aged mice,
suggesting that the suppression of cellular apoptosis may also
contribute to the benefits of USC-EVs in the aged organs.
Impaired angiogenesis and endothelial dysfunction contribute to
the increased prevalence of cardiovascular aging muscle weak-
ness, and bone loss in the elderly’' . Our previous study has
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PLAU and TIMP1 mediate the inhibitory effects USC-EVs on cellular senescence in different organs of natural aging mice. (A, B)

SA-B-gal staining images of the hippocampus (A) and quantification of the mean staining intensity (B) in natural aging mice treated with vehicle,
USCHCon By, USCPEAV_EVS, or USCS'T™MPLEVS. Scale bar: 500 um. n = 5 per group. (C, D) Immunostaining images of P16™%4? in SGZ
region of the hippocampus (C) and quantification of the mean staining intensity (D) in natural aging mice from (A). Scale bar: 100 um. n = 5 per

group. (E, F) Immunostaining images of P21

in femur, muscle, heart, and skin tissues (E) and quantification of the mean staining intensity

(F) in natural aging mice with different treatments. Scale bar: 50 um (for femurs) or 100 pm (for other tissues). n = 5 per group. Data are shown

as mean £+ SD. *P < 0.05, **P < 0.01, ***P < 0.001.

shown that USC-EVs can enhance angiogenesis in the wounds by
transferring pro-angiogenic proteins to endothelial cells'®. There
is a possibility that the promotion of angiogenesis may also be a
contributing factor to the anti-aging effects of USC-EVs, which
warrants future exploration.

PLAU is a secreted serine protease that is also called
urokinase-type plasminogen activator and shares conserved
functional domains among different mammalian species™. This
protein cleaves plasminogen to plasmin, which is also a serine
protease that can hydrolyze fibrin clots and various proteins in the
extracellular matrix (ECM)*°. PLAU plays important roles in
vascular remodeling™, nerve repair/regeneration’, inflamma-
tion’”, and aging”®**°*>°_ Overexpression of PLAU or down-
regulation of plasminogen activator inhibitor-1 can induce
senescence bypass in fibroblasts*’. Transgenic mice over-
expressing PLAU in the brain exhibit markedly reduced food
consumption and body weight, longer lifespan, and much slower
age-related declines in wound healing and cardia function
compared with the wild-type mice’®***’. EVs are key mediators
of intercellular communication by interacting with target cells and
then unloading cargos into their recipient cells to modulate cell

activity. In this study, we found that PLAU protein was accumu-
lated in USC-EVs and partly mediated the anti-aging effects of
USC-EVs both in vitro and in vivo. Even though PLAU negatively
modulates food intake and body weight*®”*°? the USC-EVs-
treated mice did not show symptoms of anorexia and weight
loss (data not shown). That may be because some other molecules
in USC-EVs exert positive effects on food intake and weight
growth opposite to those exerted by PLAU.

TIMP1 is a secretory glycoprotein that inhibits MMPs, a group
of conserved peptidases that degrade ECM proteins®’. TIMPI also
inhibits cell apoptosis®', promotes cell proliferation®, and benefits
bone health®. Previous studies have shown that the expression of
TIMP1 is reduced with skin natural aging or photoaging and this
alteration contributes to dermal ECM degradation and decreased
cell proliferation and survival in aged skin®>*. Overexpression of
TIMP1 leads to a profound inhibition of ultraviolet B radiation-
induced cutaneous photoaging®. In the present study, we deter-
mined that this protein was highly enriched in USC-EVs and acted
as an important contributor to the USC-EVs-induced inhibitory
effects on cellular senescence and age-related functional and
structural changes. Previously, we have shown that TIMP1 is
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Figure 10 PLAU and TIMP1 contribute to the USC-EVs-induced suppression of various aging-related phenotypes in different organs of natural

aging mice. (A, B) TUNEL staining images (A) and quantification of apoptotic cell number (B) in bone tissues of the natural aging mice with
different treatments. Scale bar: 20 pm. n = 5 per group. (C, D) H&E staining images of muscle tissues (C) and quantification of muscle fiber size
(D) in natural aging mice with different treatments. Scale bar: 100 um. n = 5 per group. (E, F) Immunohistochemical staining for COL17A1 in
skin tissues (E) and quantification of the mean staining intensity (F) in natural aging mice with different treatments. Scale bar: 50 um. n = 5 per
group. (G, H) Masson’s trichrome staining of skin tissues (G) and quantification of the mean staining intensity as well as dermal thickness (H) in
natural aging mice with different treatments. Scale bar: 200 um. n = 5 per group. (I) Evaluation of the serum concentrations of SASP factors in
natural aging mice with different treatments by ELISA. n = 5 per group. Data are shown as mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001.

required for the protective effects of USC-EVs against
glucocorticoid-induced cell apoptosis and osteonecrosis'”. Thus,
in addition to its direct negative role in cellular senescence, the
influences on other processes such as the inhibition of cell
apoptosis and the augmentation of bone cell function may be also
involved in the TIMP1-mediated anti-aging effects of USC-EVs.

The benefits of EVs are exerted by transferring multi-
functional factors, but not just by a single or two fac-
tors'*1>'"2!Qur results revealed that the inhibition of PLAU
or TIMP1 did not completely abolish the USC-EVs-induced
anti-aging effects, which might be due to the fact that USC-
EVs also contained other molecules possessing anti-aging ca-
pacities, such as insulin-like growth factor binding protein 5°7,
senescence marker protein-30°°, and connective tissue growth
factor’’. It remains to be investigated whether these proteins
in USC-EVs can rejuvenate senescent cells and delay the

aging process in aged body. Besides the anti-senescent pro-
teins, other molecules may also make contributions to the
USC-EVs-induced beneficial effects in aged mice. We have
previously determined that USC-EVs alleviate ovariectomy-
induced osteoporosis associated with the transfer of pro-
osteogenic and anti-osteoclastic proteins including collagen
triple-helix repeat containing 1 and osteoprotegerin'?. These
molecules may also contribute to the USC-EVs-induced im-
provements of bone mass and bone strength in aged mice,
which still needs future exploration. Another limitation in our
study is that we did not further explore why the above-
described functional proteins such as PLAU and TIMP1
were highly enriched in USC-EVs. Future studies are also
worthwhile to investigate the detailed molecular mechanism
that controls the specific enrichment of the anti-aging proteins
in USC-EVs.
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Schematic diagram showing human USC-EVs rejuvenate multiple old organs in aged mice through the transfer of PLAU and TIMP1

proteins. USCs were isolated from human urine and USC-EVs were collected from the culture medium of USCs. The intravenous administration
of USC-EVs to aged mice reduced senescent cell burden and improved the structure and function of various organs by transferring PLAU and
TIMP1 proteins, thereby rejuvenating the old organ towards a more “youthful” state.

5. Conclusions

Our study demonstrates that USC-EVs can efficiently delay
multiple-organ aging and their anti-aging effects are not notably
affected by the USC donors’ ages, genders, or health status. The
underlying mechanism is primarily the transfer of PLAU and
TIMP1 protein, which down-regulated in USC-EVs significantly
blocks their anti-aging effects. These findings suggest the prom-
ising potential of USC-EVs as an anti-aging agent by transferring
PLAU and TIMP1.
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