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Abstract Mesenchymal stem cell (MSC)-based therapies have emerged as promising methods for

regenerative medicine; however, how to precisely enhance their tissue repair effects is still a

major question in the field. Circulating extracellular vesicles (EVs) from diseased states carry diverse

pathological information and affect the functions of recipient cells. Based on this unique property, we

report that disease-derived circulating EV (disease-EV) preconditioning is a potent strategy for precisely

enhancing the tissue repair potency of MSCs in diverse disease models. Briefly, plasma EVs from lung or

kidney tissue injuries were shown to contain distinctly enriched molecules and were shown to induce tis-

sue injury-specific gene expression responses in cultured MSCs. Disease-EV preconditioning improved

the performance (including proliferation, migration, and growth factor production) of MSCs through

metabolic reprogramming (such as via enhanced oxidative phosphorylation and lipid metabolism)

without inducing an adverse immune response. Consequently, compared with normal MSCs, disease-
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EV-preconditioned MSCs exhibited superior tissue repair effects (including anti-inflammatory and anti-

apoptotic effects) in diverse types of tissue injury (such as acute lung or kidney injury). Disease-derived

EVs may serve as a type of “off-the-shelf” product due to multiple advantages, such as

flexibility, stability, long-term storage, and ease of shipment and use. This study highlights the idea that

disease-EV preconditioning is a robust strategy for precisely enhancing the regenerative capacity of

MSC-based therapies.

ª 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

Mesenchymal stem cell (MSC)-based therapies have emerged as
promising methods for treating various forms of tissue injury1,2.
Increasing evidence indicates that MSC therapies can mainly
promote tissue repair by exerting immunomodulatory, pro-
angiogenic, or antiapoptotic effects through paracrine mecha-
nisms2. For example, intravenously injected (IV) MSCs attenuated
acute lung injury (ALI) and acute kidney injury (AKI) by reducing
inflammation and cell apoptosis in preclinical models3,4. However,
the therapeutic outcomes of MSCs in clinical trials remain un-
satisfactory; moreover, in certain studies, MSC treatments are
reported to have moderate or even poor efficacy5,6. One of the
major reasons for these effects is that the viability and bioactivity
of MSCs are largely affected by their donor state and in vitro
culture conditions, while unsatisfactory culture conditions may
impair MSC biofunctions, such as proliferation, migration, and
paracrine effects7. Therefore, novel strategies to enhance the tissue
repair potency of MSC-based therapies are urgently needed.

Increasing evidence indicates that MSCs have a ‘short-term-
memory’ effect in response to microenvironmental stimuli in vitro,
thus avoiding the need for in vivo activation of MSCs when aiming
toward enhanced therapeutic effects6. To mimic the disease
microenvironment where transplanted MSCs are intended to be
applied, multiple strategies, such as preconditioning and genetic
modifications of MSCs, have been extensively reported1,5,6. For
example, in vitro, preconditioning of MSCs with individual
pathological factors, such as hypoxia, cytokines, and physical
stress, may activate certain signaling pathways to counter the
harsh microenvironment of the injured tissue sites, thus partially
improving the survival, homing ability, or paracrine effects of the
transplanted MSCs in vivo1. However, these single factors (such as
hypoxia and cytokines) are not disease-specific and cannot accu-
rately represent the complications of disease in cultured MSCs
in vitro. Therefore, to precisely enhance the tissue repair potency
of MSC-based therapies, additional disease-specific pre-
conditioning strategies are needed.

Extracellular vesicles (EVs) are small lipid membrane vesicles
(w50e1000 nm) secreted by live cells that are widely distributed
in various types of body fluids, such as blood, saliva, and
urine8e10. It has been well-documented that EVs can act as critical
messengers of cellecell or organeorgan communication by
transferring diverse types of biomolecules (such as proteins, lipids,
nucleic acids, and metabolites), and the bilayer lipid membrane
structure of EVs can protect such biomolecules against enzymatic
degradation in vivo8,9. Moreover, large numbers of EVs can be
readily isolated from body fluid samples (such as the blood and
urine) of patients who undergo minimally invasive operations.
Due to these unique properties, circulating EVs from diseased
states have been proposed to be potent biomarkers of various types
of diseases due to the fact that they carry diverse disease-specific
information from injured tissues or cells9,11. For example, circu-
lating EVs from the serum of lipopolysaccharide (LPS)-induced
ALI mice could stimulate lung inflammation-related responses
in vivo and in vitro12. In contrast, removal of EVs from plasma
samples of acute pancreatitis patients significantly decreased
macrophage cytokine release compared to that in plasma EVs13.
Taken together, these findings suggest that circulating EVs carry
vital disease-related information and may thereby serve as pre-
conditioning factors for MSCs; however, the detailed and under-
lying mechanisms involved in these effects have not been
previously explored.

Here, we report that disease-derived circulating EV (disease-
EV) preconditioning is an efficient strategy for precisely
enhancing the tissue repair potency of MSCs in diverse disease
models. In brief, compared with those of healthy controls, circu-
lating EVs isolated from the plasma of patients with different
diseases have distinct biomolecules, and these EVs can induce
specific tissue injury-related gene expression in MSCs. Moreover,
disease-EV preconditioning increased the proliferation, migration,
and growth factor production of MSCs via systemic metabolic
rewiring. As a result, compared with normal MSCs, MSCs primed
with disease-derived EVs showed superior tissue repair effects on
diverse types of tissue injury (Fig. 1). This study suggested that
circulating EVs can induce disease-related responses and enhance
the performance of MSCs, as well as the fact that disease-EV
preconditioning is a potent strategy for precise MSC therapy.
2. Materials and methods

2.1. Identification of disease-related molecules in circulating
EVs

The miRNA sequencing data of plasma EV samples from ARDS
patients and the proteome assay data of serum EV samples from
DKD patients were obtained from previously published
studies14,15. For analysis of the miRNA profiles of the EVs from
ARDS patients, the differentially expressed miRNAs (those with a
fold change [FC] > 1.2 and P value < 0.05) were considered
significant. Prediction of target genes for miRNAs was conducted
using multiMiR (version 1.4.0)16. Furthermore, Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) data for the target genes
were analyzed using ClusterProfiler17. For analysis of the protein
profiles of EVs from DKD patients, the differentially expressed
proteins (DEPs; FC > 1.2 and P value < 0.05) were considered
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Figure 1 Comparison of the conventional preconditioning strategy and the circulating disease-related EV preconditioning strategy. The

conventional preconditioning strategy uses a single factor (e.g., cytokines, hormones, or hypoxia) to prime MSCs but lacks disease specificity. A

novel preconditioning strategy was proposed. Disease-derived circulating EVs from body fluids (e.g., blood) can deliver disease information to

MSCs when they are preconditioned with MSCs for precisely enhanced therapeutic effects.
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significant. ClusterProfiler software (version 4.8.1) was used to
analyze the functional enrichment of DEPs, including KEGG
pathway enrichment17. The visualized results from PCA, volcano
plots, heatmaps, KEGG, etc., were obtained using ggplot2
(version 3.4.4) in the R script (version 4.2.3, https://cran.r-project.
org/).

2.2. Collection of plasma samples from AKI model rats

All animal experiments were conducted according to the National
Institutes of Health (NIH) guidelines and approved by the Animal
Care and Use Committee of West China Hospital, Sichuan Uni-
versity (Permit No. 20220209007). Animals were housed
in individual cages with controlled temperature and humidity and
a 12-h cycle of light and dark and were fed standard chow and tap
water ad libitum. Male SpragueeDawley rats (180e220 g) were
randomly divided into two groups (n Z 20 per group): the normal
control group and the AKI group. Cisplatin (5 mg/mL;
MedChemExpress, MCE, HY-17394, New Jersey, USA) was
dissolved in normal saline solution (0.9% sodium chloride, w/v),
and a rat AKI model was induced by IP injection of cisplatin at a
dosage of 5 mg/kg body weight, while rats in the normal control
group received an equal volume of 0.9% saline solution. On Day
two after AKI, the rats were anesthetized, and blood samples were
collected after the addition of an anticoagulant (K2-ethylene
diamine tetraacetic acid, K2-EDTA). Plasma samples
were obtained from whole blood using centrifugation (3000 rpm
for 15 min at room temperature, Thermo Fisher, ST16R, Waltham,
MA, USA).

2.3. Plasma sample collection from ALI patients

This study was carried out in accordance with the standards of
good clinical practice and the international ethical principles
applicable to medical research in humans (Declaration of Hel-
sinki)18. A prospective study was performed among patients in the
Department of Emergency Medicine of West China Hospital of
Sichuan University from August 2022 to August 2023; the study
was approved by the Ethics Committee of Biomedical Research.
Written informed consent was obtained from all participating
people. Informed consent was signed by the patients or
their legally authorized representatives when they were mechan-
ically ventilated. A total of 20 consecutive patients with ALI were
included. The exclusion criteria included age <18 years, preg-
nancy, primary coagulation abnormalities, fibrinolytic therapy,
immunosuppression due to medication or disease, and hemodial-
ysis. Patients with ALI met the following consensus definitions:
the presence of a risk factor (such as sepsis, aspiration, shock, or
multiple transfusions), acute onset of bilateral infiltrates on chest
radiography, severe hypoxemia with a ratio of arterial oxygen
partial pressure and an inspiratory oxygen fraction (PO2/
FiO2) < 300 for ALI19. Plasma samples were isolated from
EDTA-pretreated blood samples drawn from the patient’s veins by
centrifugation at 3000 rpm for 15 min at room temperature.

2.4. Isolation of circulating EVs from plasma samples

Circulating EVs were isolated from plasma samples of AKI rats or
ALI patients using an ultracentrifugation method as previously
described20. In brief, plasma samples were centrifuged at 2000�g
(Thermo Fisher) for 20 min and 10,000�g (Avanti JXN-26,
Beckman Coulter, Brea, CA, USA) for 30 min at 4 �C to
remove platelets and cell debris. EVs were isolated
by ultracentrifugation at 120,000�g for 70 min at 4 �C on an
Optima XPN-100 ultracentrifuge with an SW32Ti rotor (Optima
XPN-100, Beckman Coulter). Then, the isolated crude EVs were
washed with PBS and subjected to secondary ultracentrifugation
(110,000�g for 90 min at 4 �C). The purified EV pellets were
resuspended in PBS and stored at �80 �C. The protein concen-
trations of the EVs were quantified using a Bradford assay kit
(Thermo Fisher, A55864).

2.5. Characterization of plasma EVs

The characterization of EV properties (microstructure, size, and
protein markers) was performed according to minimal information
available from studies of extracellular vesicles21. The micro-
structure of the EVs was observed using a transmission electron
microscope (TEM, Hitachi, H-600, Tokyo, Japan). Briefly, 40 mL
of diluted EV sample solution was placed on a carbon-coated
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copper grid. After washing with Milli-Q water (Millipore,
Advantage A10, Sigma, Louis, MO, USA), the EV sample-loaded
grid was negatively stained with 2% phosphotungstic acid solu-
tion. After air-drying at room temperature, the grid was observed
via TEM at a voltage of 80 kV. The diameter of the EVs was
analyzed by ImageJ software (NIH, Bethesda, MD, USA) in one
hundred forty biological replicates of each group.

The size distribution of the EV samples was measured using
nano tracking analysis (NTA) on a Zeta View PMX 120 (Particle
Metrix, Meerbusch, Germany) as previously described22. Briefly,
EV samples were diluted (v/v, 1:3000) with Milli-Q water, and
their size distributions and particle concentrations were analyzed
using the parameters (min area 5, max area 1000, min brightness
20, and camera 0.713 mm/px) at 25 �C. The mean particle size of
each EV type was calculated by averaging the median particle size
of three biological replicates of each group.

The protein markers of the EV samples were detected using
western blotting with anti-HSP70 (ABClonal, A0284, Wuhan,
China), anti-TSG101 (Proteintech, 67381-1-IG, Rosemont, IL,
USA), anti-GM130 (Cell Signaling Technology, CST, 12480,
Beverly, MA, USA), anti-CD63 (Abcam, ab134045, Cambridge,
UK), anti-CD9 (SAB, 40708, Maryland, USA), or anti-Calnexin
(CST, 2433) as previously reported22.

2.6. Western blotting

Cell or tissue samples were lysed in radioimmunoprecipitation
assay buffer (RIPA buffer; CWBIO, CW2333S, Beijing, China),
and protein concentrations were determined using a BCA assay kit
(Thermo Fisher, A55864). Equal amounts of proteins were elec-
trophoresed on 12.5% sodium dodecyl sulfate-polyacrylamide
gels (SDS‒PAGE) and then transferred to polyvinylidene
difluoride membranes (PVDF, Millipore, USA). The PVDF
membrane was blocked in 5% nonfat milk buffer and
then incubated with primary antibodies, including anti-GM130,
anti-TSG101, anti-HSP70, anti-CD63, anti-CD9, and anti-
Calnexin, at 4 �C overnight. After washing with PBST, the
PVDF membrane was incubated with the corresponding HRP-
conjugated secondary antibodies (ZSGB-Bio, ZB-2301, ZB-
2305, Beijing, China) at 37 �C for 1 h. The bands on the PVDF
membrane were visualized with an enhanced chemiluminescence
(ECL) kit (MCE, HY-K1005).

2.7. Cellular uptake assay of plasma EVs

The plasma EVs were labeled with MemGlow (Cytoskeleton,
MG02-02, DENVER, CO, USA) according to the manufacturer’s
protocol. Macrophages (2 � 105 cells) or MSCs (1 � 105 cells)
were incubated with MemGlow-labeled EVs (10 mg/mL) for 4 h at
37 �C with 5% CO2. After incubation, the cells were washed with
PBS and fixed in 10% formaldehyde at room temperature for
10 min, followed by staining with FITC-phalloidin (Yeasen
Biotechnology, 40735ES, Shanghai, China) and 40,6-diamino-2-
phenylindole (DAPI, Sigma, 10236276001) according to the
manufacturer’s instructions. The stained cells were observed by an
inverted fluorescence microscope (Zeiss, Imager Z2, Oberkochen,
Germany).

2.8. Macrophage culture and plasma EV treatments

Primary mouse macrophages were isolated from the bone marrow
of male C57BL/6 mice (6 weeks old) as previously reported22.
The macrophages were cultured in RPMI 1640 medium (Gibco,
31870082, Grand Island, NY, USA) supplemented with 10% heat-
inactivated FBS (Capricorn Scientific GmbH, FBS-11A, Ebers-
dorferglund, Hesse, Germany), 1% penicillin/streptomycin and
recombinant mouse macrophage colony-stimulating factor (mM-
CSF, 20 ng/mL; Novoprotein, CB34, Suzhou, China). Macro-
phages (2 � 105 cells) were treated with plasma EVs (10 mg/mL)
or EV-free supernatant (10 mg/mL) for 4 h at 37 �C, after which
the cells were collected. The gene expression of cytokines (Il-1b,
Il-6, and Tnf-a) and chemokines (Mcp-1) in macrophages was
detected using qPCR according to previous methods.

2.9. Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted from cells using TRIzol (Gibco,
15596018CN) and reverse transcribed into cDNA using a HiS-
criptQ RT SuperMix for qPCR Kit (Vazyme Biotech, R123-01,
Nanjing, China). The primers used in this study are listed in
Supporting Information Table S1. Polymerase chain reaction
(PCR) was performed using SYBR Green PCR mix (Vazyme
Biotech, Q131-02/03) in a real-time PCR detection system (Bio-
Rad, S1000, Hercules, CA, USA). The data were analyzed using
Bio-Rad CFX Manager software, and relative changes in mRNA
levels were calculated by the delta-delta Ct method with the S18
ribosomal protein (Rps18) serving as the internal reference gene as
previously described22.

2.10. MSC culture and plasma EV preconditioning

Primary human umbilical cord MSCs were obtained from Sichuan
Neo-life Stem Cell Biotech & Sichuan Stem Cell Bank (Chengdu,
China). MSCs were cultured in DMEM (Gibco, 11885092) sup-
plemented with 10% FBS (Capricorn Scientific GmbH) and 1%
penicillin/streptomycin (Gibco) at 37 �C with 5% CO2. Pre-
conditioning experiments were performed on MSCs at passages
3e5. In brief, MSCs were incubated with plasma EVs (10 mg/mL)
from ALI patients or AKI rats at 37 �C for 12 h, and then the
preconditioned MSCs were washed with PBS and collected for
further experiments.

2.11. mRNA sequencing analysis of MSCs

Total RNA was extracted from MSCs with or without EV pre-
conditioning using TRIzol and then treated with DNase I (Takara,
Shiga, Japan) to deplete the genomic DNA according to the
manufacturer’s instructions. High-quality RNA was quantified
with a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA), and the
RNA was quantified with an ND-2000 (NanoDrop Technologies,
Wilmington, DE, USA) to construct a sequencing library. The
RNA sequencing transcriptome library was prepared following the
instructions of the TruSeqTM RNA Sample Preparation Kit from
Illumina (San Diego, CA, USA). cDNA was synthesized using a
SuperScript double-stranded cDNA Synthesis Kit (Invitrogen,
Grand Island, NY, USA) with random hexamer primers (Illumina).
Libraries were size selected for cDNA target fragments of 300 bp
on 2% low-range Ultra agarose followed by PCR amplification
using Phusion DNA polymerase (New England Biolabs, Ipswich,
MA, USA). The expression abundance of each gene was deter-
mined using TPM, and the DEGs were identified using DESeq2
based on read counts. Subsequently, clusterProfiler (version 4.8.1)
was used to analyze the functional enrichment of the DEGs
(FC > 1.2 and P value < 0.05), including GO pathway
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enrichment17, to elucidate the functions and pathways of these
genes in biological processes. Finally, ggplot2 (version 3.4.4) was
used to visualize the analysis results, such as by generating
heatmaps and volcano plots in the R script (version 4.2.3).

2.12. miRNA sequencing analysis of MSCs

Total RNA was extracted from MSCs with or without EV pre-
conditioning using TRIzol and then treated with DNase I to
deplete the genomic DNA. High-quality RNAwas quantified with
a 2100 Bioanalyzer (Agilent), and the RNAwas quantified with an
ND-2000 to construct a sequencing library. Sequencing libraries
were generated using a QIAseq MiNRA Library Kit (Qiagen)
following the manufacturer’s protocol. The activated 50 and 30

adaptors were ligated to the total RNA. Then, the adaptor-ligated
RNA was transcribed into first-strand cDNA by using reverse
transcriptase and random primers. PCR was performed using
primers complementary for 11e12 cycles, and fragments of
appropriate size were isolated via a 6% Novex TBE PAGE gel.
After quantification by Qubit4.0, the single-end RNA-seq library
was sequenced with an Illumina NovaSeq X Plus sequencer.

All identical sequences with sizes of 18 to 32 nt were counted
and removed from the initial dataset. After the elimination of
nonmiRNAs (rRNA, tRNA, snoRNA, etc.), the expression of
miRNAs was analyzed using perfectly matched sequences from
the BLAST search of miRbase (V22, http://www.mirbase.org/).
Differentially expressed miRNAs (FC > 1.2 and P value < 0.05)
were considered significant. Prediction of target genes for miR-
NAs was conducted using multiMiR (version 1.4.0)16. Further-
more, the KEGG data of the target genes were analyzed using
ClusterProfiler (version 4.8.1)17. The visualized results from
PCA, volcano plots, heatmaps, Venn diagrams, KEGG, etc., were
obtained using ggplot2 (version 3.4.4) in the R script (version
4.2.3).

2.13. MSC proliferation assay

The proliferation rates of MSCs with or without EV pre-
conditioning were assessed using a cell counting kit-8 (CCK-8)
assay (Dojindo, CK04, Kyushu Island, Japan) according to the
manufacturer’s protocol. Briefly, MSCs (5 � 103 cells) were
seeded into a 96-well plate and then treated with plasma EVs
(10 mg/mL), plasma EVs plus an SCD1 inhibitor (50 nmol/L;
MCE, HY-141525) or FCCP (500 nmol/L; Sigma, C2920) for
24 h. The absorbance at 450 nm in each well of the plate was
measured using a microplate reader (BioTek, SYNERGY H1,
Winooski, Vermont, USA), and the relative cell proliferation rates
were calculated as Eq. (1):

Proliferation ratioZðA1 ‒ A0Þ=AC ð1Þ
where A1 represents the absorbance in each well, A0 represents the
absorbance in the blank well, and AC represents the average
absorbance in the control wells.

2.14. MSC migration assay

The cell migration rates of MSCs were assessed using a scratch
test. MSCs (1.5 � 104 cells) were plated into the wells of 96-well
plates and incubated to reach confluence. The cell monolayer was
scratched using a pipette tip and washed with PBS to remove
detached cells. MSCs were then cultured in serum-free medium
supplemented with or without plasma EVs (10 mg/mL), plasma
EVs (10 mg/mL) plus an SCD1 inhibitor (50 nmol/L; MCE) or
FCCP (500 nmol/L; Sigma). The plates were photographed every
6 h by an IncuCyte SX5 (Sartorius, 4816, Göttingen, Germany).
The relative migration rates of the MSCs were calculated as Eq.
(2):

Migration rate (%) Z (A0 � An)/A0 � 100 (2)

where A0 represents the area of the initial wound area, and An

represents the remaining area of the wound at the metering point.

2.15. MSC growth factor production

Briefly, MSCs (1 � 105 cells) were seeded into the wells of
12-well plates and then treated with plasma EVs (10 mg/mL),
plasma EVs (10 mg/mL), an SCD1 inhibitor (50 nmol/L, MCE) or
FCCP (500 nmol/L, Sigma) for 24 h. Total RNA was extracted
from the MSCs using TRIzol. The gene expression of growth
factors (KGF, HGF, FGF2, and VEGF ) in MSCs was analyzed
using Bio-Rad CFX Manager software.

2.16. LC‒MS/MS-based targeted metabolomics analysis of
MSCs

Targeted MS-based aqueous metabolomics was performed on an
Agilent 1260 LC (Agilent) coupled to an AB Sciex Qtrap 5500
MS (AB Sciex, Toronto, Canada) system as described previ-
ously23. In brief, MSCs (1 � 106 cells) from different conditions
were collected and washed with precooled PBS. The metabolites
in the aqueous fraction of cells were extracted using 80% spike
MeOH/H2O (8:2, v/v) containing internal standards (0.096
mmol/L 13C6-glucose and 0.021 mmol/L 13C2-glutamic acid) on
dry ice for 30 min. After centrifugation (13,000 rpm for 10 min at
4 �C), the supernatant was collected and dried in a SpeedVac
(Eppendorf, Hamburg, Germany).

The dried samples were dissolved in 0.5 mL of hydrophilic
interaction chromatography (HILIC) solution. After centrifugation
(13,000 rpm for 10 min at 4 �C) and filtration (0.22 mm filter;
Thermo Scientific), 5 and 15 mL sample aliquots were injected
into the LC‒MS/MS system under positive and negative ion
modes, respectively. A pooled sample was used as the quality
control (QC) sample, and the QC sample was injected after every
10 study samples. Chromatographic separations of the samples
were performed by HILIC using a BEH amide column
(2.1 mm � 100 mm, 1.7 mm, Waters, Milford, MA). The 242
identified metabolites with high confidence levels were selected
for further analysis. The significantly changed metabolites
(DEMs, FC > 1.2, and VIP > 1) were considered significant. GO
analysis of the DEGs and significantly changed metabolites was
performed using the online tool MetaboAnalyst (https://www.
metaboanalyst.ca/MetaboAnalyst/). The visualized results from
PLS-DA, volcano plots, heatmaps, and GO pathways were ob-
tained using the R script (version 4.2.3).

2.17. LC‒MS/MS-based lipidomic analysis of MSCs

Global MS-based lipidomics was performed using an Agilent
1200 LC system coupled to an Agilent 6520 Q-TOF mass spec-
trometer as previously reported23. MSCs (1 � 106 cells) from the
different groups were collected and washed with PBS. A CH2Cl2/
MeOH solution (2:0.9, v/v, 2.9 mL) was added to the cells to
quench metabolism. The CH2Cl2/MeOH solution contained two
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https://www.metaboanalyst.ca/MetaboAnalyst/
https://www.metaboanalyst.ca/MetaboAnalyst/


Disease-derived circulating extracellular vesicle preconditioning 4531
lipid standards (3 mL, SPLASH LipidoMIX™ Internal Standard,
Avanti, Alabaster, AL, USA). The mixture was transferred to a
glass vial, vortexed, and incubated for 30 min at room tempera-
ture. Then, water (1 mL) and CH2Cl2 (0.9 mL) were added to the
mixture, which was vortexed for 5 s and centrifuged at 2000 rpm
for 10 min at 4 �C. The lower organic phase was collected and
dried using nitrogen.

The dried sample was reconstituted in 100 mL of ACN/CH2Cl2
(1:1 v/v) and loaded into a glass vial for lipidomic analysis. Five
microlitres of each prepared sample for positive ESI ionization
and 10 mL for negative ESI ionization were injected into an HSS
T3 column (2.1 mm � 100 mm, 1.7 mm, Waters), which was
heated to 35 �C. The m/z scan range was 100e2000, and the
acquisition rate was 1.0 spectra/s. Differential lipids (FC > 1.2
and VIP > 1) were considered significant. The visualized results
from PLS-DA, volcano plots, heatmaps, etc., were obtained using
the R script (version 4.2.3).

2.18. Proinflammatory macrophage model and MSC coculture

The macrophages were cultured in RPMI 1640 medium supple-
mented with 10% FBS (Capricorn Scientific GmbH), 1%
penicillin/streptomycin, and mM-CSF (20 ng/mL). Proin-
flammatory macrophages (M1) were induced by stimulation with
LPS (40 ng/mL; Sigma, L2630) for 4 h. M1 macrophages
(2 � 105 cells, lower chamber) were then cocultured with normal
MSCs (1 � 105 cells, upper chamber) or ALI-EV-preconditioned
MSCs (1 � 105 cells, upper chamber) for 24 h using a Transwell
system (Corning, 3412, NY, USA). At least three biological rep-
licates were included in each group. The cells in the lower
chambers were harvested, and the gene expression of cytokines
(Il-6, Ifn-g, and Tnf-a) in the cells was assayed using qPCR.

2.19. Renal TEC injury model and MSC coculture

Human TECs (HK-2 cells) were maintained in DMEM/F12
(Gibco) supplemented with 10% FBS (Capricorn Scientific
GmbH) and 1% penicillin/streptomycin. HK-2 cells were cultured
in 6-well plates (1.5 � 105 cells/well) and treated with cisplatin
(5 nmol/L, MCE) for 48 h. For MSC treatments, injured HK-2
cells (in the lower chamber) were cocultured with normal MSCs
(1 � 105 cells in the upper chamber) or AKI-MSCs (1 � 105 cells
in the upper chamber) for 24 h in a Transwell system. At least
three biological replicates (e.g., three wells of cells) were included
in each group. The cells in the lower chambers were harvested, the
mRNA levels of KIM-1, NGAL, and BAX were assayed via qPCR,
and the expression of NGAL and g-H2AX was assayed via
immunofluorescence staining.

2.20. Immunofluorescence (IF) staining

Cells or frozen renal tissue sections were fixed with 10% neutral
formaldehyde in PBS for 10 min at room temperature, washed
with PBS, and permeabilized with 0.3% Triton X-100 for 10 min.
After blocking in 1% BSA for 30 min, the cells were incubated
with primary antibodies, including anti-8-OHdG (Santa Cruz
Biotechnology, sc-393871, Dallas, TX, USA), anti-g-H2AX (CST,
9718s), anti-Kim-1 (R&D Systems, AF1817, Minneapolis, MN,
USA), and anti-neutrophil gelatinase-associated lipocalin (NGAL,
ABclonal, A2092), overnight at 4 �C, followed by incubation with
a FITC- or TRITC-conjugated secondary antibody (Life Tech-
nologies, A11017, CA, USA) for 1 h at 37 �C. Nuclei were
visualized by staining with DAPI for 5 min at room temperature.
Digital images were captured using a fluorescence microscope
(Nikon, N-STORM & A1, Tokyo, Japan) and quantified with NIH
ImageJ software.

2.21. In vivo tracking of transplanted MSCs in mice

MSCs with or without plasma EV preconditioning were labeled
with DiD (5 mmol/L, Invitrogen, D7757) as previously reported24.
DiD-labeled MSCs (105 or 5 � 105 cells in 100 mL of PBS) were
intravenously or intraperitoneally injected into mice with LPS-
induced ALI or cisplatin-induced AKI (n Z 3). Mice in the
control group (n Z 3) received 100 mL of PBS. At selected time
points after injection, the mice were anesthetized, and the organs
(heart, lung, spleen, liver, and kidneys) were collected and
observed on an IVIS Spectrum optical imaging system (Perkin
Elmer, Waltham, MA, USA). The fluorescence intensity of DiD-
labeled MSCs was quantified by Analyze 12.0 software (Perkin
Elmer).

2.22. Mouse ALI model and MSC treatments

All animal experiments were conducted according to the Na-
tional Institutes of Health (NIH) guidelines and approved by the
Animal Care and Use Committee of West China Hospital,
Sichuan University (Permit NO. 20220209007). Animals were
housed in individual cages with controlled temperature and hu-
midity and a 12-h cycle of light and dark and were fed standard
chow and tap water ad libitum. Male BALB/c mice were
randomly divided into four groups (n Z 6 per group): healthy
control (Con), ALI, ALI þ NC-MSCs treatment, and
ALI þ ALI-MSCs treatment groups. Mouse ALI was induced by
intraperitoneal injection of LPS (10 mg/kg body weight) as
previously reported4. For MSC treatments, ALI mice were
intravenously injected with NC-MSCs or ALI-MSCs
(1 � 105 cells in 100 mL of PBS per mouse) 30 min after LPS
injection. Mice in the ALI alone group were intravenously
injected with 100 mL of PBS. At 24 h after MSC treatment, the
lung tissues of the mice were collected and subjected to tissue
histological examination and qPCR assays.

2.23. Mouse AKI model and MSC treatments

Male C57BL/6 mice were randomly divided into four groups
(n Z 6 per group): healthy control (Con), AKI, AKI þ NC-MSCs
treatment, and AKI þ AKI-MSCs treatment groups. Mouse AKI
was induced by intraperitoneal injection of cisplatin (15 mg/kg
body weight). For MSC treatments, AKI mice were intraperito-
neally injected with NC-MSCs or AKI-MSCs (5 � 105 cells in
200 mL of PBS per mouse) 30 min after cisplatin injection. Mice
in the AKI alone group were intraperitoneally injected with
200 mL of PBS. On Day 2, after the MSC treatments, the serum
and kidney tissues of the mice were collected and subjected to
clinical biochemical tests, histological examination, and qPCR
assays.

2.24. Clinical biochemical tests

The concentrations of kidney function parameters, including
blood urea nitrogen (BUN) and creatinine (CREA), in the serum
samples of the mice were analyzed on a Cobas 6000 biochemistry
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analyzer (Roche Diagnostics, Switzerland) using appropriate
commercial kits.

2.25. Histological examination

Lung or kidney tissue samples fixed in 10% formaldehyde were
embedded in paraffin and cut into 4 mm-thick sections for he-
matoxylin and eosin (H&E) staining and immunohistochemistry
(IHC) staining. For IHC staining, the tissue sections were depar-
affinized in xylene and rehydrated in graded concentrations of
ethanol, and antigen retrieval was performed with citrate buffer.
After inactivation of endogenous peroxidase with 3% H2O2, the
sections were blocked with 1% bovine serum albumin (BSA),
incubated overnight at 4 �C with diluted primary antibodies,
including anti-Ly6G (Servicebio, GB11229, Wuhan, China) and
anti-MPO (Servicebio, GB11224), and then stained with horse-
radish peroxide (HRP)-conjugated secondary antibodies (ABclo-
nal) and 3,3ʹ-diaminobenzidine (DAB) substrates. Digital images
of stained sections were captured using an upright microscope
(Carl Zeiss, Germany).

2.26. Tissue TUNEL staining

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining of kidney tissues was performed using a
commercial kit (Promega, G3250, Madison, WI, USA) following
the manufacturer’s protocols, and nuclei were stained with DAPI.
The stained sections were observed under a fluorescence micro-
scope (Nikon). The average number of TUNELþ cells in 10 fields
of each section was counted and used to calculate the ratio of
apoptotic cells.

2.27. Statistical analysis

Quantitative data are presented as the mean � standard error of the
mean (SEM). Statistical analysis was performed using GraphPad
Prism 8.0.2 software (GraphPad Software, La Jolla, CA, USA).
The statistical significance of the differences between groups was
determined by t tests (for two-group comparisons) or one-way
analysis of variance (ANOVA) (for more than two group com-
parisons), and P < 0.05 was considered to indicate statistical
significance. The data were obtained from at least three biological
replicates, and “n” represents the number of independent samples
for each group.

3. Results and discussion

3.1. Disease-derived EVs are enriched with diverse tissue
injury-related biomolecules and can be presented to cultured cells

Notably, EV release is a highly conserved process among most
cell types, and it has been proposed as a route for removing
damaged or unwanted materials from host cells25. Consequently,
elevated EV secretion or altered EV compositions (such as
damage-associated molecular patterns [DAMPs]) have been
widely reported in various types of diseases9,26. For example, a
large prospective clinical study demonstrated that participants
with distinct EV-miRNA expression patterns (including miR-
2110, miR-24e3p, and miR-193e5p) had an increased risk of
declining lung function, and such EV-miRNAs were involved in
mediating the lung inflammatory response and airway structural
integrity9. The EVs released from injured cells can enter the
extracellular/pericellular environment and further enter into cir-
culation. Due to the fact that EVs from injured tissue cells carry a
large amount of active cargo from donor cells and can be detected
in almost all types of body fluids, circulating EVs have been
proposed as potential biomarkers for diverse types of tissue injury,
such as lung and kidney injury9.

To explore the changes in EV composition and pathological
role in the disease state, public multi-omics data of circulating
EVs from different types of tissue injury (such as lung injury and
kidney injury) were analyzed14,15. Acute respiratory distress
syndrome (ARDS) is a severe form of ALI characterized by
diffuse alveolar damage and is associated with an increase in
alveolar and capillary permeability, thus resulting in interstitial
and alveolar edema14. Compared with those from healthy controls,
the plasma EVs from ARDS patients displayed distinct miRNA
expression patterns, as shown by the PCA scatter plot and heatmap
(Fig. 2A, left panel). Compared with those in the controls, the
plasma EVs in the ARDS patients carried many differentially
expressed miRNAs (21 upregulated and 6 downregulated miR-
NAs), and these altered miRNAs were enriched in pathways
related to the hallmarks of ALI pathology, such as inflammation
(including TNF signaling and chemokine signaling), immune cell
activation (such as Toll-like receptor signaling and T-cell receptor
signaling) and fibrosis (such as TGF-b signaling, Fig. 2A, right
panel). Similarly, compared with those from healthy controls,
serum EVs from diabetic kidney disease (DKD) patients had
distinct protein expression patterns (Fig. 2B, left panel). There
were also many differentially expressed proteins (394 upregulated
and 293 downregulated proteins) in the serum-derived EVs
compared to the control EVs, and the upregulated proteins were
mainly enriched in the disordered immune response (including the
HIF-1 signaling pathway and AGE-RAGE signaling) and
disturbed metabolism (such as glycolysis and the pentose phos-
phate pathway, Fig. 2B, right panel). These pathways are involved
in the pathology of DKD15. Taken together, these findings suggest
that circulating EVs from diseased states are enriched in diverse
pathological information and are likely specific to different types
of tissue injury.

Afterward, we sought to determine whether circulating EVs
from diseased states can identify diverse pathological informa-
tion about cultured cells. As a proof-of-concept study, it is
difficult to include too many disease types in one study; thus,
certain critical types of tissue injury in the clinical setting were
selected. Both ALI and AKI are critical diseases with high
incidence and mortality rates; however, there are no effective
treatments for these conditions in the clinical setting27e29.
Plasma samples from different types of tissue injury, including
ALI patients and AKI rats, were collected (Fig. 2C, left panel).
ALI is a common disease in critically ill patients with high
morbidity and mortality and is characterized by uncontrolled and
self-amplified lung inflammation, which can be caused by
multiple factors, such as infections, sepsis, and trauma14. Severe
ALI, such as ARDS, can cause severe systemic inflammation
and multiple organ dysfunction, and the mortality of patients
with ARDS is 35.3% and 40.0% in intensive care units (ICUs)
and hospitals, respectively28. AKI is also a serious disease
characterized by a rapid decrease in kidney function and can
also be caused by trauma, sepsis, surgery, toxic drugs, and other
factors29. This disorder is estimated to occur in w15% of hos-
pital inpatients and up to w60% of critically ill patients, and the



Figure 2 Disease-derived EVs are enriched in diverse tissue injury-related biomolecules and can be presented to cultured cells. (A) The

experimental scheme of plasma miRNA sequencing in ARDS patients and healthy volunteers and the representative PCA score plot, differential

miRNA heatmap, volcano plot, and KEGG enrichment pathway (n Z 8e10). (B) The experimental scheme of serum proteomics in ARDS

patients and healthy volunteers and the representative PCA map, differential protein score plot, volcano plot, and KEGG enrichment pathway

(n Z 10). (C) Experimental schematic of disease-derived EVs isolated from plasma and representative TEM micrographs of ALI-EVs and AKI-

EVs (scale bar Z 200 nm). The sizes of the ALI-EVs and AKI-EVs were determined by TEM (n Z 140 EVs). ****P < 0.0001, vs. the ALI-EVs

group. (D) The size distributions of ALI-EVs and AKI-EVs were measured via NTA. The average sizes of the ALI-EVs and AKI-EVs were

measured by NTA (n Z 3). **P < 0.01, vs. the ALI-EVs group. (E) Western blot analysis of EV-positive markers (HSP70, TSG101, CD63, and

CD9) and a negative control marker (GM130 and Calnexin). (F) Schematic process for evaluating the pathological role of EVs. (G) Cytokine

(Il-1b, Il-6, and Mcp-1) levels in macrophages treated with ALI-EVs or EV-free supernatant were measured (n Z 3). **P < 0.01, vs. the Con

group; #P < 0.05, ##P < 0.01, vs. the ALI-EV group. (H) Cytokine (Il-1b and Il-6) and chemokine (Mcp-1) levels in BMDMs treated with AKI-

EVs or EV-free supernatants were measured (n Z 3). **P < 0.01, ***P < 0.001, vs. the Con group; ##P < 0.01, vs. the AKI-EVs group. (I)

Cytokine (Il-1b, Il-6, and Tnf-a) levels in BMDMs treated with AKI-EVs or normal EVs were measured (n Z 3). *P < 0.05, **P < 0.01,

****P < 0.0001, vs. the Con group; #P < 0.05, ###P < 0.001, ####P < 0.0001, vs. the AKI-EVs group.
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mortality rate of severe AKI patients in the ICU can exceed
w60%27. For example, cisplatin, a widely used chemothera-
peutic drug, can cause severe kidney injury10, and DNA damage
(indicated by 8-OHdG) and related kidney tubular cell death
(indicated by TUNEL staining) are hallmarks of cisplatin-
induced AKI (Supporting Information Fig. S1).
The purity of EVs isolated from blood samples may be affected
by background contamination because blood contains abundant
lipoproteins and large numbers of protein particles, such as al-
bumin and globulins30. To remove possible contaminants, circu-
lating EVs from plasma samples were isolated by using an
optimized differential ultracentrifugation method according to
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previous reports20,31, and the isolated crude EVs were further
washed and purified via ultracentrifugation. To evaluate the purity
of our EV samples, we performed a TEM assay to detect possible
contaminants in the crude and purified EVs. High-resolution TEM
images revealed the coexistence of many cup-shaped EVs and
abundant background contaminants (such as lipoprotein particles)
in crude plasma EVs. In contrast, only a few contaminant particles
were detected in the purified plasma EVs (Supporting Information
Fig. S2), thus suggesting the high purity of the isolated EVs.

The purified EVs that were isolated from the plasma of ALI pa-
tients (ALI-EVs) or AKI rats (AKI-EVs) exhibited typical bilayer
lipid membrane structures, and their average sizes (as measured by
TEM) were 133.8� 4.0 and 168.3� 6.2 nm, respectively (Fig. 2C).
Additionally, the size distribution of disease-derived EVs was
analyzed by using NTA, and the average sizes of the ALI-EVs and
AKI-EVs were 133.8 � 4.0 and 168.3 � 6.2 nm, respectively
(Fig. 2D). Interestingly, both the NTA and TEM results showed dif-
ferences in the size distributions of the ALI-EVs and the AKI-EVs.
Although the detailed reason for these results is unclear, the
different size distributions of ALI-EVs and AKI-EVs may be due to
differences in the species (human vs. rat) and/or type of tissue injury
(ALI vs.AKI). Moreover, these EVs were positive for the endosomal
sorting complex required for transport (ESCRT)-associated marker
proteins (HSP70 and TSG101) and tetraspanin-related markers
(CD63 and CD9) but negative for the Golgi marker GM130 and the
endoplasmic reticulum marker Calnexin (Fig. 2E). Together, these
results demonstrated that the purified plasma EVs that were used in
this study had high purity and less background contamination.

Innate immune cells (such as macrophages) can rapidly switch
to a proinflammatory phenotype in response to tissue injury or
infection. Thus, macrophages were used as model cells to evaluate
the pathological role of disease-derived circulating EVs. EVs and
EV-free supernatants were isolated from ALI or AKI plasma,
respectively, and subsequently added to bone marrow-derived
macrophages (BMDMs) (Fig. 2F) due to the fact that other soluble
substances in plasma are also involved in intracellular communi-
cation during disease infection. As shown in Supporting
Information Fig. S3, the membrane dye MemGlow-labeled
plasma EVs were efficiently taken up by macrophages. In line
with the findings of previous studies12,13, plasma EVs or EV-free
supernatant could induce cytokine (such as Il-1b and Il-6) and
chemokine (such as Mcp-1) expression in macrophages.
Compared with those in the EV-free supernatant group, cytokine
expression in the disease-EV group was further increased at the
same protein concentrations (Fig. 2G and H), thus suggesting an
overall increase in innate immune activity triggered by disease-
derived EVs. In addition, disease-derived EVs (such as AKI-
EVs) had a significantly greater ability to induce cytokine
(Il-1b, Il-6, and Tnf-a) expression in macrophages than did plasma
EVs from normal controls (Normal-EVs, Fig. 2I). A possible
reason for this effect is that disease-derived EVs are enriched in
diverse tissue injury-associated molecules, and the lipid bilayer
structure of EVs can protect biomolecules (such as RNAs, DNAs,
and proteins) from degradation in vivo. Taken together, our results
suggest that disease-EV preconditioning can efficiently relay
diverse tissue injury-related information to cultured cells.

3.2. Disease-EV preconditioning induces disease-specific gene
expression responses in cultured MSCs

Having shown that disease-derived EVs can transfer pathological
information to recipient cells, we aimed to determine whether
cultured MSCs have disease-related responses to circulating EVs
from different types of tissue injury. To this end, human MSCs
(hMSCs) were preconditioned with ALI-EVs or AKI-EVs, after
which the changes in the gene expression profiles of the MSCs
were analyzed via RNA-seq (Fig. 3A). Disease-EVs could be
efficiently taken up by MSCs after incubation for 4 h, and there
was no significant difference in the uptake rates between ALI-EVs
and AKI-EVs (Fig. 3B). A principal component analysis (PCA)
scatter plot and heatmap were generated to display marked gene
expression pattern alterations between the groups (Fig. 3C, left
panel). DEGs affected by disease-derived EVs were identified.
There were many DEGs observed in ALI-EV-preconditioned
MSCs (ALI-MSCs, 135 upregulated and 152 downregulated
mRNAs) and AKI-EV-preconditioned MSCs (AKI-MSCs, 130
upregulated and 183 downregulated mRNAs) compared to those in
normally cultured MSCs (NC-MSCs) (Fig. 3D, Fig. S4A and S4B).
Among these DEGs, there were more than 90 unique genes be-
tween ALI-MSCs (including NFKBIA, JUND, and SAMD1) and
AKI-MSCs (including IFI6, IRE2, and JUNB, Fig. 3E).

Further Gene Ontology (GO) pathway enrichment analysis
indicated that disease-EV preconditioning induced tissue injury-
related gene expression in MSCs due to the fact that these unique
genes were strongly enriched in multiple pathways related to ALI
(such as IkB kinase/NF-kB signaling and cell-cell adhesion via
plasma membrane adhesion molecules) and AKI (such as Fas
signaling pathway and regulation of membrane depolarization,
Fig. 3F, left panel). For example, NFKBIA plays an important role
in regulating lung inflammation in ALI by enhancing the nuclear
translocation of NF-kB and subsequent expression of many
proinflammatory genes32, which are upregulated in ALI-MSCs.
Similarly, IFI6 plays a vital role in regulating renal tubular cell
apoptosis in AKI by stabilizing the mitochondrial membrane po-
tential and reducing inflammation33, which is upregulated in AKI-
MSCs. Moreover, there were w40 shared DEGs (including SCD,
ACAT2, and LDLR) in both the ALI-MSCs and AKI-MSCs, and
these genes were enriched in multiple metabolic pathways, such as
fatty acid biosynthesis, cholesterol biosynthesis, and phospholipid
biosynthesis (Fig. 3F, right panel), thus suggesting that disease-
derived EVs may impact the phenotype and biofunctions of
MSCs by regulating cell metabolism.

The miRNA profiles of ALI-MSCs and AKI-MSCs were also
analyzed by using RNA sequencing because miRNA secretion
plays a vital role in regulating the phenotype and therapeutic ef-
fects of MSCs34. The PCA plot and heatmap showed clear sepa-
ration and altered miRNA expression in the ALI-MSCs or AKI-
MSCs compared to the NC-MSCs (Fig. 3C, right panel, and
3G). The differentially expressed miRNAs (31 upregulated and 9
downregulated miRNAs in ALI-MSCs and 24 upregulated and 10
downregulated miRNAs in AKI-MSCs) in MSCs after disease-EV
preconditioning were identified (Supporting Information Fig. S4C
and S4D). Compared with those of NC-MSCs, disease-EV-pre-
conditioned MSCs had many unique miRNAs (w32 miRNAs in
ALI-MSCs and 26 miRNAs in AKI-MSCs) and few shared
miRNAs (w8 miRNAs in both types of MSCs, Fig. 3G and H),
thus suggesting that different types of disease-derived EVs can
induce diverse miRNA expression in MSCs.

Furthermore, the upregulated miRNAs in the ALI-MSCs
(including miR-223-3p and miR-486-5p) were enriched in path-
ways related to the immune response, such as T cell receptor
signaling and Th1/Th2 cell differentiation (Fig. 3I), and some of
these upregulated miRNAs were strongly associated with lung
injury. For example, miR-223 is involved in lung inflammation by



Figure 3 Disease-EV preconditioning induces distinct disease-specific gene expression responses in cultured MSCs. (A) The experimental

process of circulating EV-preconditioned MSCs for mRNA and miRNA sequencing (n Z 3). (B) Representative images of disease-EV uptake

stained with phalloidine (green), DAPI (blue), and MemGlow-labeled circulating EVs (red) (scale bar Z 200 mm) (n Z 3). (C) PCA score plot of

mRNAs and miRNAs representing discrepancies between different disease-related EV preconditioning regimens. (D) Heatmap of the DEGs

between different disease EV preconditioning regimens. (E) Venn diagram representing the number of unique and overlapping genes. (F) GO

analysis of the unique (left panel) and common (right panel) genes upregulated in response to preconditioning with different disease-related EVs.

(G) Heatmap of the differentially expressed miRNAs between EVs from patients with different diseases. (H) Venn diagram representing the

number of unique and overlapping miRNAs. (I) KEGG analysis of the upregulated miRNAs related to precourse treatment with different disease-

related EVs. (J) Schematic illustrating the diverse tissue injury-related genes and pathways involved in the preconditioning of MSCs with different

disease-related EVs.
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regulating monocyte-macrophage differentiation, neutrophil
recruitment, and proinflammatory cytokine release35. In contrast,
the upregulated miRNAs in AKI-MSCs (including miR-21-3p and
miR-30e-5p) were enriched in multiple pathways related to cell
apoptosis and nephrotoxicity, such as the TGF-b signaling and
JAK-STAT pathways (Fig. 3I). Similarly, miR-21a-3p is involved
in the pathology of nephropathy by regulating redox metabolic
pathways and lipid metabolism36. Together, these results suggest
that disease-derived EVs can induce distinct and potentially
disease-specific gene responses in MSCs (Fig. 3J), and these ef-
fects are likely due to the diverse tissue injury-related bio-
molecules carried by such circulating EVs.

3.3. Disease-EV preconditioning enhances the tissue repair-
related performance of MSCs through metabolic rewiring

The survival and therapeutic potency of MSCs are strongly
dependent on their cell behaviors, such as cell proliferation, cell
migration (such as homing capacity), and paracrine effects (such
as growth factor [GF] secretion)5,6. Several preconditioning
methods (including hypoxia) have been shown to partially in-
crease proliferation rates and the expression of GFs (including
hepatocyte growth factor [HGF], fibroblast growth factor 2
[FGF2], and vascular endothelial growth factor [VEGF]) in
MSCs6. Thus, we evaluated the impact of disease-EV pre-
conditioning on MSC proliferation, migration, and GF production
(Fig. 4A). Interestingly, compared with NC-MSCs, MSCs pre-
conditioned with ALI-EVs or AKI-EVs had greater proliferation
rates, migration rates, and GF production (HGF, FGF2, kerati-
nocyte growth factor [KGF], and VEGF ) (Fig. 4B and C), and
these GFs are critical for performing tissue repair functions in
combination with MSC-based therapies37. For example, HGF has
been shown to promote epithelial cell proliferation and migration
and reduce tubular cell apoptosis in ischemic AKI38, and VEGF
can improve renal tubular cell proliferation and peritubular
capillary density while reducing renal tubular epithelial cell
apoptosis and renal functional injury in cisplatin-induced AKI39.
Therefore, these results suggest that disease-EV preconditioning
can enhance the overall performance of MSCs; however, the un-
derlying mechanism needs to be further characterized.

The behaviors and repair effects of MSCs are tightly regulated
by cell metabolic pathways40,41. For example, enhanced lipid
metabolism was associated with elevated GF secretion and wound
healing ability in MSCs40. Thus, the metabolic changes in ALI-
MSCs or AKI-MSCs were analyzed by using liquid
chromatography-tandem mass spectrometry (LC‒MS/MS)-based
metabolomics and lipidomics (Fig. 4D). A partial least squares-
discriminant analysis (PLS-DA) score plot and heatmap



Figure 4 Disease-EV preconditioning enhances the extent of tissue repair mediated by MSCs. (A) Schematic illustrating the evaluation of

proliferation, migration, and GF production in MSCs with or without disease-related EVs. (BeC) The proliferation and migration rates and GF

(KGF, HGF, FGF2, and VEGF) production of MSCs with or without disease-related EV treatment. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001, vs. the Con group. (D) The metabolomics and lipidomic data of disease-related EVs preconditioned from MSCs (n Z 5). (E)

The PLS-DA plot and heatmap of metabolites representing discrepancies between different disease-related EV preconditioning methods. (F)

Heatmap of the relative abundance of citrate cycle, OXPHOS, and FA biosynthesis metabolites in MSCs treated with or without disease-related

EVs. (G) Integrated pathway analysis of upregulated DEGs and differential DEMs. (H) Heatmap of lipids representing discrepancies between

preconditioning with different disease-related EVs. (I) The number of lipids that differed between ALI-MSCs or AKI-MSCs and NC-MSCs. (J)

The key enzymes involved in lipid biosynthesis. (K) Schematic illustrating the mechanism by which the citrate cycle, OXPHOS, and FA

biosynthesis enhance MSC proliferation and migration and GF production in MSCs with diseased EVs.
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demonstrated clear separation and distinct metabolite profiles
between the groups (Fig. 4E). The metabolites in which expres-
sion significantly changed (FC > 1.2, P < 0.05) in the ALI-MSCs
or AKI-MSCs compared with that in the NC-MSCs were identi-
fied (Supporting Information Fig. S5A). We found that, compared
with NC-MSCs, disease-EV-preconditioned MSCs had high levels
of metabolites involved in the TCA cycle (such as malate, citrate,
and aconitate), oxidative phosphorylation (OXPHOS) (such as
succinate, ATP, NADH, and NADþ), and fatty acid (FA) biosyn-
thesis (such as malonate) (Fig. 4F). The NADPH/NADPþ ratio
was increased in disease-EV-preconditioned MSCs (Supporting
Information Fig. S6).

Afterward, integrated pathway enrichment analysis of the
metabolome and transcriptome using significantly altered me-
tabolites and genes was performed, and multiple commonly
affected metabolic pathways, such as FA biosynthesis, nic-
otinate/nicotinamide metabolism, and steroid biosynthesis, were
upregulated in both ALI-MSCs and AKI-MSCs (Fig. 4G).
Specifically, several such metabolic pathways are involved in
cell proliferation and GF production in MSCs40,41. For example,
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platelet pretreatments were shown to promote GF (including
VEGF and HGF) secretion in MSCs by enhancing OXPHOS
and FA biosynthesis40. NADPH plays a vital role in the
biosynthesis of nucleic acids, FAs, cholesterol, and steroid
hormones42. FAs are important energy substrates and can be
oxidized in the mitochondria to fuel the TCA cycle to generate
ATP, as well as intermediate metabolites (such as citrate), for
other metabolic processes (including FA synthesis)41. The pro-
cess of FA synthesis (FAS) is mediated by multiple enzymatic
steps, such as fatty acid synthase (FASN) and acetyl-CoA
carboxylase (ACC), which play key roles in regulating mem-
brane lipid formation; thus, they are critical for stem cell di-
vision and proliferation41.

Based on these findings, we examined the impact of disease-
EV preconditioning on the lipid profiles, including triglyceride
(TAG), diglyceride (DAG), monoglyceride (MAG), phosphati-
dylethanolamine (PE), sphingomyelin (SM), cholesteryl ester
(CE), and ceramide (CER) profiles, of MSCs (Fig. 4D). The PLS-
DA plot and heatmap demonstrated clear differences in lipids
between the ALI-MSCs or AKI-MSCs group and the NC-MSCs
Figure 5 The underlying mechanism of enhanced proliferation, migratio

FCCP treatment experiment (n Z 3e5). (BeD) The proliferation and m

disease-derived EVs preconditioned with MSCs with or without FCCP. *P
##P < 0.01, vs. the disease EVs group. (E) Schematic illustrating the iSCD

rates and GF (FGF2, KGF, HGF, and VEGF ) production in disease-derive

**P < 0.01, vs. the Con group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs.
group (Fig. 4H and Fig. S5B). There were more than 110 signif-
icantly changed lipids (FC > 1.2, P < 0.05) in disease-EV-
preconditioned MSCs compared to NC-MSCs (Fig. S5C), and
ALI-MSCs or AKI-MSCs had more pronounced changes in
multiple lipid types, such as PE, TAGs, and CE, than did NC-
MSCs (Fig. 4I). Gene set enrichment analysis (GSEA) based on
DEGs from RNA-seq data also demonstrated the upregulation of
fatty acid biosynthesis and cholesterol biosynthesis pathways in
ALI-MSCs or AKI-MSCs (Fig. 4G and J, Supporting Information
Fig. S7). These lipids are essential for cell composition and can
regulate diverse cellular processes, such as cell survival and pro-
liferation, energy metabolism, and protein biosynthesis41,43. For
example, PE and cholesterol are the main structural components
of cellular membranes, and TAGs are vital sources of cell energy
and can be hydrolyzed into FAs41,43. These results collectively
suggest that disease-related EVs may enhance the functions of
MSCs through metabolic rewiring, such as by enhancing
OXPHOS and lipid metabolism (Fig. 4K).

To verify the critical role of metabolic pathways in regulating
MSC behaviors, we further disrupted OXPHOS or FA
n, and GF production in cultured MSCs. (A) Schematic illustrating the

igration rates and GF (FGF2, KGF, HGF, and VEGF ) production in

< 0.05, **P < 0.01, ****P < 0.0001, vs. the Con group; #P < 0.05,

1 treatment experiment (n Z 3e5). (FeH) Proliferation and migration

d EVs preconditioned with MSCs with or without iSCD1. *P < 0.05,

the disease EVs group.
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biosynthesis and subsequently assessed the changes in cell
proliferation, migration, and GF production (Fig. 5A and E).
Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP)
can damage mitochondrial OXPHOS and ATP synthesis by
disrupting mitochondrial membrane permeability44. Stearoyl-
CoA desaturase-1 (SCD1) is a key metabolic enzyme of FAS
that mediates the biosynthesis of monounsaturated fatty acids
from saturated fatty acids and can be effectively blocked by
using a specific SCD1 inhibitor (iSCD1, N-benzylimidazole
carboxamide)45. Indeed, the beneficial effects of ALI-EVs and
AKI-EVs on promoting MSC proliferation, migration, and GF
production were markedly abolished by FCCP or iSCD1 treat-
ment (Fig. 5B‒D, FeH). These results collectively suggest that
disease-EV preconditioning enhances the proliferation, migra-
tion, and GF production of MSCs by boosting OXPHOS and
lipid biosynthesis (Fig. 4K). However, it is worth noting that
Figure 6 Disease-EV preconditioning improves the tissue-protective p

preconditioned MSCs with LPS-induced inflammatory macrophages (n Z
in inflammatory macrophages treated with or without NC-MSCs or prec

****P < 0.0001, vs. the Con group; #P < 0.05, ##P < 0.01, ###P < 0.001,

NC-MSCs group; @P < 0.05, vs. the ALI-MSCs group. (C) Experimenta

apoptotic TECs (n Z 3). (D) Measurement of kidney injury marker (K

apoptotic TECs with or without NC-MSCs or preconditioned MSCs by qP

Con group; ##P < 0.01, vs. the Cisplatin group. (E) Representative images

bar Z 100 mm). (F) Quantitative analysis of NGAL and g-H2AX pro
###P < 0.001, ####P < 0.0001, vs. the Cisplatin group; $$P < 0.01, $$$

@@@P < 0.001, vs. the AKI-MSCs group.
other pathways may also participate in the regulation of these
MSC functions because EVs can carry various types of mole-
cules, thus affecting a complicated genetic and metabolic
network in recipient cells. Nevertheless, our results indicate that
disease-derived EVs can improve MSC functions in vitro, and
these effects are at least partially due to their impacts on mul-
tiple metabolic pathways.

3.4. Disease-EV preconditioning improves the tissue protective
potency of MSCs in vitro

Having shown that disease-EV preconditioning can induce tissue
injury-related gene expression and enhance the function of MSCs,
we sought to determine whether disease-EV preconditioning could
improve the tissue protective potency of MSCs in diverse cell
injury models. For example, ALI is characterized by uncontrolled
otency of MSCs in vitro. (A) Experimental scheme for coculturing

3). (B) Measurement of cytokine (Il-6, Ifn-g, and Tnf-a) mRNA levels

onditioned MSCs by qPCR. *P < 0.05, **P < 0.01, ***P < 0.001,
####P < 0.0001, vs. the LPS group; $P < 0.05, $$$$P < 0.0001, vs. the

l scheme of coculturing preconditioned MSCs with cisplatin-induced

IM-1 and NGAL) and apoptotic molecule (BAX ) mRNA levels in

CR. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the

of renal tubular epithelial cell NGAL and g-H2AX IF staining (scale

tein expression. ****P < 0.0001, vs. the Con group; ##P < 0.01,

P < 0.001, $$$$P < 0.0001, vs. the NC-MSCs group; @@P < 0.01,
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lung inflammation, and abnormally activated infiltrating innate
immune cells (such as macrophages and neutrophils) can secrete
excessive proinflammatory factors, such as Il-1b, Il-6, and Tnf-a,
which correspondingly exacerbates lung inflammation and tissue
injury, whereas MSC therapies have been reported to suppress
cytokine release in macrophages in ALI models4,46. LPS, which is
the major component of the outer membrane of gram-negative
bacteria, can cause an inflammatory response in lung macro-
phages4. Thus, LPS-induced proinflammatory macrophages were
used as a model to assess the therapeutic effects of disease-EV-
preconditioned MSCs by using a Transwell system-based cell
coculture assay (Fig. 6A). In line with the findings of previous
reports, LPS-primed macrophages exhibited elevated cytokine
(Il-6, Ifn-g, and Tnf-a) gene expression compared with that in the
control group, whereas this cytokine could be suppressed by
coculture with NC-MSCs, ALI-MSCs or AKI-MSCs (Fig. 6B).
Importantly, compared with those in the NC-MSCs group, the
expression of certain cytokines (Il-6) in macrophages cocultured
with ALI-MSCs was lower (Fig. 6B), thus suggesting that ALI-
MSCs may have greater anti-inflammatory effects than NC-
MSCs or AKI-MSCs.

Unlike ALI, toxin (such as cisplatin)-induced AKI is charac-
terized by DNA damage and renal tubular epithelial cell (TEC)
death due to the fact that TECs are sensitive to toxins47. In the
present study, TECs with cisplatin-induced damage were used as a
model to evaluate the renoprotective effect of MSCs in vitro
(Fig. 6C). Cisplatin stimulation damaged TECs and increased the
levels of DNA damage markers (g-H2AX), AKI markers (KIM-1
and NGAL), and proapoptotic signals (BAX ) in human TECs
(HK-2 cells) (Fig. 6DeF). In contrast, MSC coculture markedly
decreased the expression of NGAL, BAX, and g-H2AX in injured
TECs, and the levels of NGAL and g-H2AX were lower in TECs
from the AKI-MSC group than in those from the NC-MSCs or ALI-
MSCs group (Fig. 6DeF). In addition, MSCs were preconditioned
with plasma EVs from normal healthy rats (Nor-MSCs) or AKI rats
(AKI-MSCs), and their protective effect on TEC injury was also
evaluated in vitro. The results showed that TECs from the Nor-
MSCs group had greater expression of KIM-1 than those from the
AKI-MSCs group (Supporting Information Fig. S8A and B). These
results indicate that disease-EV preconditioning is a potential
Figure 7 In vivo distribution of disease-EV-preconditioned MSCs in mic

with or without ALI-EV preconditioning (n Z 3). (B) Representative IV

injection of DiD-labeled MSCs. (C) Quantification of the fluorescence inten

Schematic illustrating the biodistribution of AKI-EV-preconditioned MSC

harvested from mice at 48 h after intravenous injection of DiD-labeled MSC

mice. *P < 0.05, vs. the NC-MSCs group.
method for specifically enhancing the therapeutic efficacy of
MSCs, and this effect is likely a joint effect of the tissue injury-
related gene response and metabolic rewiring of MSCs.

3.5. In vivo distribution and immunogenic assay of disease-EV-
preconditioned MSCs

Before in vivo MSC therapy, we determined whether the in vivo
distribution pattern of MSCs was affected by EV preconditioning
by using different types of tissue injury or tissue injury models.
MSCs from different groups were labeled with DiD (a near-
infrared dye), and these cells were subsequently injected into
mice via systemic (intraperitoneal i.p.] or i.v.) injection (Fig. 7A
and D). In LPS-induced ALI mice, intravenously (i,v,)-injected
NC-MSCs or ALI-MSCs primarily accumulated in the lung and
had lower signals in the liver, spleen, and kidneys at 24 h after i.v.
injection; however, there was no significant difference in the MSC
signals in the lung tissues between the two groups (Fig. 7B and C).
In cisplatin-induced AKI mice, IP-injected NC-MSCs or AKI-
MSCs primarily accumulated in the liver, and few signals accu-
mulated in the kidneys; moreover, there was no significant dif-
ference in the MSC signals in the lung tissues between the two
groups (Fig. 7E and F). These results suggest that disease-EV
preconditioning has a minimal impact on MSC distribution
in vivo. A possible explanation is that MSCs are relatively large
(w15e30 mm in diameter) and can be largely trapped in the
capillary system of lung tissues after IV injection48, whereas IP-
injected MSCs may avoid primary vascular trapping in lung tis-
sues and thereby have improved retention in other organs (such as
the kidneys)49. Thus, to improve the tissue repair role of MSC
therapies, in addition to cell modification, it is vital to select a
proper cell administration route according to the tissue injury type.

In addition, the impact of disease EV-preconditioned MSCs on
innate immune cells (macrophages) response was assessed by
using an in vitro coculture system. Many previous studies have
reported the ability of MSC therapy to facilitate the repair and
regeneration of damaged tissue through their immunomodulatory
actions, and no obvious adverse events resulting from MSC
transplantation were observed in clinical trials50. It has been re-
ported that MSCs can avoid adverse host immune responses
ec (A) Schematic illustrating the biodistribution of MSCs in ALI mice

IS images of organs harvested from mice at 24 h after intravenous

sity in organs from ALI mice. *P < 0.05, vs. the NC-MSCs group. (D)

s in AKI mice (n Z 3). (E) Representative IVIS images of organs

s. (F) Quantification of the fluorescence intensity in organs from AKI
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because they do not express human leukocyte antigen (HLA) class
II or many costimulatory molecules51. Similarly, there was no
significant difference in the expression of cytokines (Il-1b and
Tnf-a) between the NC-MSCs group and the ALI-MSCs or AKI-
MSCs group (Supporting Information Fig. S9), which indicates
that disease EV-preconditioned MSCs do not induce adverse im-
mune responses and have good biocompatibility.
Figure 8 Disease-EV preconditioning improves the tissue repair potenc

scheme of ALI induction and treatment (nZ 3e6). (B) Measurement of cy

the lungs of ALI mice treated with or without NC-MSCs or ALI-MSCs by

Con group; #P < 0.05, ##P < 0.01, ###P < 0.001, vs. the LPS group. (C) R

Ly6G and MPO IHC staining (scale bar Z 100 mm). (D) Quantitative ana

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the Con g
$$P < 0.01, vs. the NC-MSCs group. (E) Experimental scheme of AKI indu

H&E staining (scale bar Z 100 mm), Kim-1 and 8-OHdG IF staining (scal

kidney injury score and serum BUN and CREA levels 48 h after AKI. *P <
#P < 0.05, ####P < 0.0001, vs. the Cisplatin group. $$P < 0.01, vs. the NC

expression and TUNELþ cells. *P < 0.05, ***P < 0.001, ****P< 0.0001,
$P < 0.05, $$P < 0.01, vs. the NC-MSCs group.
3.6. Disease-EV preconditioning improves the tissue repair
potency of MSCs in diverse forms of tissue injury in vivo

Having demonstrated the enhanced protective capacity of disease-
EV-preconditioned MSCs in vitro, we next evaluated the tissue
repair effects of these MSCs in different types of tissue injury
models (mouse ALI and mouse AKI, Fig. 8A and E) due to the
y of MSCs in diverse forms of tissue injury in vivo. (A) Experimental

tokine (Il-1b, Il-6, and Tnf-a) and chemokine (Mcp-1) mRNA levels in

qPCR. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the

epresentative images of H&E-stained lungs (scale bar Z 100 mm) and

lysis of the lung injury score and Ly6G and MPO protein expression.

roup; #P < 0.05, ###P < 0.001, ####P < 0.0001, vs. the LPS group.

ction and treatment (nZ 3e6). (FeG) Representative images of renal

e bar Z 100 mm), and TUNEL staining (scale bar Z 50 mm). (H) The

0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the Con group;

-MSCs group. (I) Quantitative analysis of Kim-1 and 8-OHdG protein

vs. the Con group; ##P < 0.01, ####P < 0.0001, vs. the Cisplatin group.
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fact that MSC therapies were shown to suppress lung inflamma-
tion in LPS-induced ALI models and reduce oxidative stress and
TEC death in cisplatin-induced AKI models3,4. We found that
LPS-induced ALI mice had severe lung lesions (thickened alve-
olar septa, alveolar hemorrhage, and edema), increased cytokine
(MPO, Il-1b, Il-6, Tnf-a, and Mcp-1) expression and Ly6Gþ

neutrophil infiltration in lung tissues; these lung injuries could be
partially attenuated after treatment with NC-MSCs or ALI-MSCs
via i.v. injection (Fig. 8B‒D). Moreover, the lung tissues of the
ALI-MSCs exhibited lower lung injury scores, Ly6Gþ neutrophil
numbers, and cytokine levels (such as MPO) than did those of the
NC-MSCs (Fig. 8B‒D), thus suggesting that, compared with NC-
MSCs, ALI-MSCs have greater anti-inflammatory potency and a
greater lung protective effect.

In the case of AKI, compared with normal mice, cisplatin-
induced AKI mice exhibited histological lesions (tubular swelling,
necrosis, and cast formation in the tubular lumen) and increased
serum CREA/BUN, Kim-1þ injured renal tubules and 8-OHdG
(which is a marker of DNA damage) expression in kidney tis-
sues (Fig. 8F‒I). The degree of kidney injury in AKI mice was
alleviated after NC-MSCs or AKI-MSCs treatment, as indicated
by the reduced serum CREA/BUN and kidney injury score
compared to those in mice with AKI alone (Fig. 8H). Importantly,
kidney tissues from the AKI-MSCs group exhibited lower levels
of Kim-1þ, 8-OHdG, and TUNELþ apoptotic cells than did those
from the NC-MSCs group (Fig. 8F‒I), thus suggesting that AKI-
MSCs have greater antiapoptotic and renoprotective effects than
do NC-MSCs. Taken together, our results suggest that disease-EV
preconditioning is a promising approach for precisely enhancing
the tissue repair potential of MSC-based therapies both in vitro
and in vivo.

Furthermore, disease-derived EVs may serve as a type of ‘off-
the-shelf’ product for MSC preconditioning compared to some
conventional preconditioning methods, such as biomolecule
(including cytokines and whole biofluid) or mechanical/stress
stimulation (such as 3D culture and hypoxia) methods, due to
multiple advantages, such as stability, long-term storage, and ease
of shipment and use. For example, the unique lipid bilayer
structure of EVs can provide protection against biomolecules
within EVs, which are more stable than free biomolecules (such as
cytokines and RNAs) in solution52. Additionally, multiple storage
techniques that can preserve long-term EV bioactivities, such as
freezing, lyophilization, and spray drying, have been devel-
oped8,52. For example, EVs in a buffered saline solution are stable
for up to 2 years at �80 �C without significant changes in their
properties, and the bioactivities of lyophilized EVs are similar to
those of frozen EVs, even when stored at room temperature for 4
weeks8. Moreover, circulating EVs can be readily noninvasively
and reproducibly isolated from the biofluid of patients because
EV-based liquid biopsy methods have been widely studied and
may be useful as biomarkers for obtaining multiple diagnostic
agents.

Although our results indicate that disease-EV preconditioning
is a potent method to precisely enhance the tissue repair role of
MSCs through metabolic reprogramming, many questions have
not been answered. For example, we cannot exclude the possi-
bility that other pathways, as well as the detailed effector mole-
cules within disease-derived EVs, may contribute to these effects
due to the fact that circulating EVs can carry various types of
molecules and thereby affect complex signaling networks in
MSCs. Additionally, the in vivo efficacy of transplanted MSCs can
be affected by multiple factors, and the detailed fate of
preconditioned MSCs needs further clarification. However, the
pathogenesis of tissue injury is complicated; for instance, multiple
types of cell injury and various intracellular processes, such as
oxidative stress, mitochondrial damage, cell death, and the in-
flammatory response, are involved in the pathology of AKI29. In
the present study, we evaluated the therapeutic efficacy of MSC
treatment in reducing DNA damage and tubular apoptosis but did
not assess the impact of MSCs on other pathological factors in
injured renal tubular cells and other types of kidney tissue cells,
which needs to be further explored.

Indeed, the translation of disease-EV-preconditioned MSCs
into clinical applications still faces many challenges. To date,
despite the existence of strong preclinical data, relatively few
clinical trials using preconditioning MSCs have been conducted
(fewer than ten studies), whereas more (hundreds of studies)
clinical trials using native MSCs have been registered for treating
various diseases53. In the present study, we only tested the effects
of disease-derived EVs from limited types of tissue injury (ALI
and AKI) on MSC function, and the role of preconditioned MSCs
in tissue repair was evaluated in mouse models. In addition, the
long-term in vivo immune response after MSC transplantation
remains elusive. To further verify the clinical translational po-
tential of disease-EV-preconditioned methods, more efficacy and
biosafety assays using more types of diseased EV sources and
larger animal models of tissue injury are needed in future studies.
Nevertheless, this study highlights the idea that disease-EV pre-
conditioning via MSC-based precision medicine is a potent
strategy for treating diverse forms of tissue injury and is worthy of
further exploration in future studies.

Conclusions

In summary, our results indicate that disease-EV preconditioning
is a potential strategy for enhancing the tissue-specific repair ef-
fects of MSC therapy. Disease-EVs can transfer various tissue
injury-related molecules into in vitro cultured MSCs and further
boost their biological functions by inducing metabolic rewiring.
Importantly, MSCs preconditioned with disease-EVs exert
improved protective roles in different types of tissue injury
models. This study highlights that disease-EV preconditioning can
enhance the therapeutic potency of MSCs and it is a promising
strategy for precision stem cell therapy.
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