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ABSTRACT

Over 300 billion of cells die every day in the human body, producing a large number of endogenous apoptotic
extracellular vesicles (apoEVs). Also, allogenic stem cell transplantation, a commonly used therapeutic approach
in current clinical practice, generates exogenous apoEVs. It is well known that phagocytic cells engulf and digest
apoEVs to maintain the body’s homeostasis. In this study, we show that a fraction of exogenous apoEVs is
metabolized in the integumentary skin and hair follicles. Mechanistically, apoEVs activate the Wnt/f-catenin
pathway to facilitate their metabolism in a wave-like pattern. The migration of apoEVs is enhanced by treadmill
exercise and inhibited by tail suspension, which is associated with the mechanical force-regulated expression of
DKK1 in circulation. Furthermore, we show that exogenous apoEVs promote wound healing and hair growth via
activation of Wnt/p-catenin pathway in skin and hair follicle mesenchymal stem cells. This study reveals a
previously unrecognized metabolic pathway of apoEVs and opens a new avenue for exploring apoEV-based
therapy for skin and hair disorders.

1. Introduction

to form apoptotic extracellular vesicles (apoEVs), which contain cellular
components including microRNAs, mRNAs, DNAs, proteins, and lipids

Apoptosis represents a form of programmed cell death that contrib-
utes to the elimination of excess and damaged cells from an organism
without disrupting tissue and organ integrity [1,2]. It is a necessary
process to ensure organ growth and development as well as maintenance
of adult organ homeostasis [3]. Apoptotic cells undergo a series of
biological events, including blebbing, cell shrinkage, nuclear fragmen-
tation, chromatin condensation and chromosomal DNA fragmentation
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[4-6]. Eventually, apoEVs are cleared by different phagocytes, such as
professional phagocytes, non-professional phagocytes and specialized
phagocytes, after presenting “Find-Me” signals that promote the
engulfment process [7-9]. In addition, apoEVs play an important role in
intercellular communication, immune modulation, procoagulant activ-
ity, and maintenance of tissue homeostasis [9-12]. It is believed that
around 50-70 billion cells undergo apoptosis in an adult human each
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day, generating a large number of endogenous apoEVs [3,13,14]. The
metabolic pathway of these apoEVs may have a significant impact on the
biological activities of multiple organ systems and the development of
numerous diseases.

Mesenchymal stem cells (MSCs) have been used in the clinics to treat
a variety of diseases, such as systemic lupus erythematosus (SLE), graft
versus host disease (GvHD), rheumatoid arthritis and multiple sclerosis,
as well as to mediate tissue regeneration [15-19]. MSC transplantation
can generate exogenous apoEVs capable of regulating endogenous MSC
function and maintaining bone homeostasis [11]. However, the detailed
functional role of apoEVs is largely unknown. In this study, we show that
exogenous apoEVs are metabolized in the integumentary system as well
as maintaining skin and hair homeostasis.

2. Results
2.1. Identification of MSC-derived apoEVs
We used staurosporine (STS) to induce apoptosis of culture-expanded

murine MSCs and then isolated apoEVs using a sequential centrifuge
system (Fig. 1A). After 16 h of STS induction, MSCs showed significant
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morphological alteration and apoptotic responses as assessed by TUNEL
assay and flow cytometry analysis with annexin V and 7AAD staining
(Fig. 1B-E). We used transmission electron microscopy (TEM), nano-
particle track analysis (NTA), and nanoflow cytometric analysis to
confirm the morphology and size of newly isolated apoEVs (Fig. 1F-H).
Small extracellular vesicles (sEVs) isolated from MSCs were used as a
control (Figs. SIA-C). To further confirm the purity of apoptotic MSC-
generated apoEVs, we used Western blotting analysis to show that
apoEVs expressed common extracellular vesicles (EVs) markers CD9 and
TSG101, but failed to express exosomes-specific marker syntenin-1.
ApoEVs expressed high levels of apoptosis-associated markers such as
cleaved caspase-3 and calreticulin [20] (Fig. 1I). In addition, we found
that cleaved lamin B1, a caspase-3 substrate of the inner nuclear mem-
brane [21], was detected in apoEVs, but not in sEVs. Next, we used
nanoflow cytometric and super-resolution structured illumination mi-
croscopy (SIM) analysis to confirm that apoEVs expressed a higher level
of phosphatidylserine (PtdSer, shown by Annexin V binding, 80.2%),
calreticulin (41.2%) and lamin B1 (28.4%) (Fig. 1J and K). In contrast,
sEVs only expressed a lower level of PtdSer (18.5%) as well as limited
levels of calreticulin (3.2%) and lamin B1 (4.6%) (Figs. S1D and E).
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Fig. 1. Isolation and characteristics of apoEVs. (A) ApoEV isolation schema. Murine MSCs are induced by 500 nM STS for 16 h and then apoptotic cell suspensions
are isolated using a sequential centrifuge system to get fresh apoEVs. (B) MSCs show morphological change after 16 h of STS induction observed under the mi-
croscopy. (C) TUNEL assay show the apoptotic cell after STS induction as indicated by TUNEL positive cell (green). (D, E) Flow cytometry analysis of MSCs apoptosis
after STS treatment. n = 3. *P < 0.05, **P < 0.01, student’s t-test. Data shown as mean + SD. (F) TEM assay confirm the morphology of apoEVs. (G, H) NTA assay
and nanoflow cytometry analysis show the size distribution of apoEVs. (I) Western blotting shows the expression levels of CD9, TSG101, syntenin-1, calreticulin,
cleaved caspase 3, lamin B1, cleaved lamin B1 and B-Actin in apoptotic MSCs, apoEVs and small EVs (sEVs). (J, K) Nanoflow cytometry and immunofluorescent
staining show apoEVs express apoptotic body-specific surface markers Ptdser (shown by Annexin V staining), calreticulin and lamin B1. Scale bar (B), 100 pm; Scale

bar (C), 50 pm; Scale bar (F), 200 nm; Scale bar (K), 1 pm.
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2.2. ApoEVs migrated to the integumentary system

To assess the in vivo distribution of apoEVs, 4 x 10° DIR-labeled
apoEVs were intravenously infused into immunocompromised mice.
Intravital imaging showed the distribution of apoEVs throughout the
body at 1, 3 and 7 days after the infusion (Fig. S2A). The peak of apoEV
appearance occurred at 3 days and significantly decreased at 7 days
post-infusion (Fig. S2A). The majority of infused apoEVs accumulated in
the liver, skin, spleen and lung (Fig. S2B), which was further confirmed
by immunofluorescent analysis (Fig. S2C).

The integumentary system, mainly comprises the skin and hair, plays
multiple roles in maintaining the body’s homeostasis, including an
excretory function [22]. Our results indicate that exogenous apoEVs can
be partly eliminated through the integumentary system. The outer
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stratum corneum of the skin is shed at a rate of 28-85 mg per hour
throughout a person’s life [23], and it is estimated that a normal person
loses 50-100 hairs per day [24]. Indeed, we detected systemically
infused apoEVs in the stratum corneum layer (Fig. 2A). Therefore, we
hypothesized that exogenous infused apoEVs could be partly eliminated
from the integumentary system via skin and hair shedding.

To test our hypothesis, we examined the destinations of intrave-
nously infused apoEVs. Immunofluorescent staining showed that sys-
temically infused apoEVs, labeled with PKH26 (PKH26-ApoEV) or GFP
(GFP-ApoEV), migrated to the skin and pre-exfoliated stratum corneum
(Fig. 2A and B) when compared to the control group (Fig. S3A). Western
blotting results confirmed that GFP-labeled apoEVs were located in the
skin at 7 days post-infusion (Fig. 2B). Moreover, when DIR-labeled
apoEVs (DIR-ApoEV) were injected into BALB/c-nu/nu mice via the
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Fig. 2. ApoEVs are metabolized from the skin and hair follicles. (A) Immunofluorescent staining shows the distribution of apoEVs in the skin. PKH26-labeled apoEVs
(4 x 10°) were injected into C57BL/6 mice via the tail vein. White dotted line represents the dividing layer between stratum corneum (SC) and the other layers of
epidermis. (B) Immunofluorescent image shows GFP-ApoEV migrated to the stratum corneum after systemic injection. Western blotting shows GFP signal was
detected in the skin tissue after GFP-ApoEV injection. (C) Analog images and quantification graph show time-dependent apoEVs fluorescence intensity changes in the
skin at 1, 3 and 7 days post-injection. DIR-labeled apoEVs were systemically injected into BALB/c-nu/nu mice. After sacrificing mice at 1, 3, 7 days post-injection, ex
vivo skin images were collected in 745 nm channel with laser excitation at 800-820 nm using an IVIS spectrum imaging system (PerKin Elmer). n = 3. ***P < 0.001,
one-way ANOVA test. Data shown as mean =+ SD. (D) Immunofluorescent images show PKH26-ApoEV (red) at the position around stratum corneum (green). PKH26-
labeled apoEVs (4 x 10°) were injected into K14-H2BGFP mice. White dotted line represents the border of stratum corneum. (E) Immunofluorescent staining showed
the distribution of apoEVs from dermal papillae to the stratum corneum through the hair follicle post-injection. PKH26-labeled apoEVs (4 x 10°) were injected into
K14-H2BGFP mice. White dotted line represents the outer shape of hair follicles. (F) ApoEVs were observed in the hair bulbs of extracted hair. PKH26-labeled apoEVs
(4 x 10°) were injected into C57BL/6 mice. Arrow heads indicated apoEVs in the hair bulbs. (G) Super-resolution SIM microscopy analysis shows the intracellular
and extracellular location of apoEVs in different epidermal layers. PKH26-labeled apoEVs (red) were detected inside the cells containing nucleus (SS), the cells losing
nucleus (SG), and outside the cells without nucleus (SC) in different epidermal layers. The skin sections were stained with actin (green) to show the outline of
epidermal cells. The white bars indicate the different layers of epidermis. (H) Immunofluorescent staining shows colocalization of apoEVs (green) with lamin B1 (red)
in the skin at day 3. The lower panels magnify the boxed areas in the top panel. (I) Two-photon laser-scanning microscopy (TPLSM) shows the dynamic shedding of
PKH26-labeled apoEVs in the epidermis of live K14-H2BGFP mice. The left panel shows images of two different positions (1 and 2). The right panels are higher
magnification sequential images of the boxed regions. The dotted line areas indicate the dynamic change of apoEVs at different time points. SC, stratum corneum; SG,
stratum granulosum,; SS, stratum spinosum; BM, basement membrane; F, hair follicle; D, dermis. Scale bars (A, B, E, F), 50 pm; Scale bars (D, I), 20 pm; Scale bars (G,
H), 5 pm.
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tail vein, we found that MSC-derived apoEVs were distributed in the skin
at 1, 3 and 7 days after injection (Fig. 2C). Exogenously infused MSCs
showed a similar distribution pattern as the apoEV-infused group in the
skin and hair follicles (Figs. S3B-D). Interestingly, fluorescent image
intensity in the skin reached a peak at day 3 and significantly reduced at
day 7 after apoEV infusion, indicating that both infused MSCs and
exogenous apoEVs are excreted through the skin (Fig. 2C and Fig. S3D).
To avoid the potential that lipophilic membrane labeling disturbs
membrane integrity [25], we labeled apoEVs with DCPy, an AIEgen
(Aggregation induced emission luminogen) based photosensitizer tar-
geting at mitochondria capable of inducing apoptosis by generating
reactive oxygen species (ROS) upon light irradiation [26,27]. In this
way, apoEVs were generated and labeled simultaneously. We confirmed
that AIEgen labeled apoEVs (AIEgen-ApoEV) existed in the stratum
corneum and hair follicles (Fig. S3E). Using the K14-H2BGFP mice [28],
we confirmed that apoEVs were located in the stratum corneum layer
(Figs. 2D and S3F). To further confirm that apoEVs are shed during skin
and hair turnover, we used immunofluorescent image analysis to show
that apoEVs migrated to the epidermis, as indicated by co-staining with
keratin 14 (K14), a marker of the epidermis and outer root sheath
(Fig. S3F). We also observed the existence of infused apoEVs from the
hair bulb to the stratum corneum (Fig. 2E). After 4 x 10° PKH26-labeled
apoEVs were systemically injected into C57BL/6 mice, apoEVs were
detected in the hair bulbs of extracted hairs (Fig. 2F). These data imply
that apoEVs are metabolized upon hair shedding.

In order to reveal how apoEVs are eliminated from the skin surface,
we used super-resolution SIM microscopy to display the detailed loca-
tion of infused apoEVs in the epidermis. In the stratum spinosum of the
epidermis, the systemic-infused PKH26-ApoEV, GFP-ApoEV, and AIE-
gen- ApoEV were located mainly inside the cells. Three-dimensional
reconstruction of Z-stack SIM microscopy images confirmed that the
labeled-apoEV signals were localized between actin and nuclei (Figs. 2G
and S3G). Moreover, labeled-apoEVs are located both inside and outside
the cells in the non-nucleated stratum corneum, indicating that apoEVs
may be metabolized by shedding stratum corneum cells.

Co-localization of PKH67 labeled apoEVs and apoEV marker lamin
B1 further identified the presence of apoEVs in the skin (Fig. 2H). Next,
we used a parabiosis mouse model, which has been utilized to study
circulatory factors transferring from one animal to another [11,29], to
assess whether natural apoEVs could circulate from GFP mice to para-
biotically connected wild-type mice. Immunofluorescent staining
showed that GFP signals were detected in the stratum corneum and
dermis of the wild-type mice with co-expression of apoEV marker lamin
B1 (Fig. S3H), indicating that circulating apoEVs could be metabolized
and cleared from the integumentary system. To investigate the move-
ment of apoEVs during their excretion within living mice, we used
two-photon laser-scanning microscopy (TPLSM) to record the dynamic
movement of PKH26-labeled apoEVs in the epidermis of K14-H2BGFP
mice at 3 days post-infusion [30,31]. We visualized apoEVs in the
epidermis at an interval of 3 min for 0.5 h (Fig. 2I and Movie S1). It
confirmed that apoEV elimination from the skin was a continuous pro-
cess, consistent with the rapid turnover rate of skin. Our results indicate
that transplanted or natural apoptotic cell-derived apoEVs are partly
metabolized through the integumentary skin and hair follicle.

2.3. Wnt/p-catenin pathway is required for apoEVs migration

Next, we examined the mechanism that may control apoEV migra-
tion. Wnt/f-catenin signaling pathway plays a critical role in skin and
hair development [32,33]. Our previous study showed that apoEVs
upregulated Wnt/f-catenin signaling in recipient MSCs [11]. Here, we
revealed that infused apoEVs could activate the Wnt/p-catenin pathway
in the skin, as indicated by Western blotting and immunofluorescent
staining (Fig. 3A and B). We also used 5-ethynyl-2'-deoxyuridine (EdU)
staining to show that infused apoEVs accelerated the turnover rate of the
skin in K14-H2BGFP mice, especially around the basal layer of the
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interfollicular epidermis (IFE), in which epidermal stem cells control
epidermal turnover (Fig. 3C) [33].

To further explore the functional role of Wnt/B-catenin pathway in
regulating apoEV migration, we used Wnt signaling pathway activator
lithium chloride (LiCl) [34] and inhibitor XAV939 [35] to regulate the
expression of active-p-catenin (Fig. 3D). Immunofluorescent images and
Western blotting results showed that LiCl treatment increased the
number of GFP-positive apoEVs migrating to the stratum corneum at 7
days post-infusion (Fig. 3E and F). In contrast, XAV939 treatment
reduced the number of GFP-positive apoEVs migrating to the stratum
corneum at 7 days post-infusion (Fig. 3E and F), suggesting that
Wnt/p-catenin pathway regulates the secretion of apoEVs. To verify the
direct correlation between Wnt/p-catenin signaling and apoEVs, we
showed that apoEVs directly upregulated the expression level of
active-p-catenin in the skin tissue, which was blocked by XAV939
treatment along with the reduced secretion of apoEVs in the skin
(Fig. 3G). Moreover, immunofluorescent staining showed that apoEV
infusion enhanced the turnover rate of the skin in K14-H2BGFP mice,
which was also blocked by XAV939 treatment along with reduced
number of apoEVs in the skin (Fig. 3H). To further confirm the func-
tional role of apoEVs in the skin, we used Western blotting to show that
apoEVs, but not control vesicles with phosphatidylserine (PS), activated
the Wnt/p-catenin pathway in the skin (Fig. 3I). Immunofluorescent
staining showed that artificial liposome vesicles (200 nm) containing
2% Cy3 and PS failed to migrate into the epidermis (Fig. 3J).

2.4. Mechanical force regulates the metabolism of apoEVs in the skin

It is well-known that Wnt/p-catenin pathway regulates skin stem
cells proliferation and turnover. We found that apoEVs can activate
Wnt/p-catenin pathway from day 1 to day 7 of the post-infusion, which
may be an impetus to accelerate apoEV migration in the skin. ApoEV-
induced up-regulation of Wnt/p-catenin in the skin returned to normal
after 10 days post-infusion. In addition, EAU staining showed that the
proliferation rate of skin cells increased at day 3 and decreased around
day 7 of post-apoEVs injection (Figs. 4A, B, and S4).

Interestingly, the excreted apoEVs showed a multi-layer wave-like
pattern from the basal to the surface of the epidermis (Fig. 4C). Since
mechanical forces play diverse roles in modulating biological processes
[36-39], we explore the potential correlation between mechanical
forces and the pattern of apoEV migration. We used treadmill exercise to
increase mechanical force and tail suspension to reduce it (Fig. 5A).
Immunofluorescent images and Western blotting results showed that
treadmill exercise increased the number of GFP-positive apoEVs
migrating to the stratum corneum at 7 days post-infusion. In contrast,
tail suspension decreased the number of GFP-positive apoEVs migrating
to the stratum corneum at 7 days post-infusion (Fig. 5B and C), implying
that mechanical force regulates the migration of apoEVs. After infusion
of 4 x 10° PKH67-labeled apoEVs, we found that PKH67*'/Annexin
V'/CD62P~ apoEVs in the circulation were reduced in the treadmill
exercise group but increased in the tail suspension group compared to
the control group (Fig. 5D and E). Moreover, we revealed that treadmill
exercise increased skin elimination of DIR-labeled apoEVs after 0.5 days
post apoEVs infusion whereas tail suspension reduced skin secretion of
DIR-labeled apoEVs compared to the control group at 3 days post apoEV
infusion (Fig. 5F and G). Consistent with previous reports that me-
chanical force can regulate Wnt/p-catenin pathway [40,41], we found
that treadmill exercise reduced the level of Dickkopf-1 (DKK-1), an
endogenous inhibitor of Wnt signaling, but tail suspension enhanced the
level of DKK-1 in the circulation (Fig. 5H). Next, we used immunoflu-
orescent staining to show that treadmill exercise enhanced
apoEV-induced expression of active-p-catenin in skin, but tail suspension
reduced it. On the contrary, the expression level of DKK1 was inhibited
in the treadmill running group but increased in the tail suspension group
(Fig. 5I). Our results indicate that mechanical force regulates the
metabolism of apoEVs through Wnt/f-catenin pathway.
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Fig. 3. Wnt/p-catenin pathway is required for apoEVs migration. (A) Western blotting shows the systemically infused apoEVs increased the expression level of active
p-catenin in the skin. (B) Immunofluorescent images show apoEVs upregulated Wnt/p-catenin signaling (green) in the skin of C57BL/6 mice after systemically
infusion. The relative intensity of activated f-catenin was calculated. n = 3. **P < 0.01, Student’s t-test. Data shown as mean + SD. (C) EdU staining shows that
systemically infused apoEVs accelerated the turnover rate of the skin in K14-H2BGFP mice, especially in the basal layer. Dotted lines demarcate dermal-epidermal
junction. n = 4. ***P < 0.001, Student’s t-test. Data shown as mean + SD. (D) Western blotting analysis shows that LiCl treatment upregulated the expression level of
active B-catenin in apoEV-treated mice. In contrast, XAV939 treatment reduced the level of active p-catenin expression in apoEV-treated mice. (E) Immunofluorescent
images show the number of GFP-ApoEV migrating to the epidermis was increased in LiCl treatment group and reduced in XAV939 treatment group at 7 days post-
injection. White dotted line represents the dividing layer between stratum corneum and the other layers of epidermis. n = 3. *P < 0.05, one-way ANOVA test. Data
shown as mean + SD. (F) Western blotting confirmed the level of GFP in the skin tissue was increased in LiCl treatment group and reduced in XAV939 treatment
group. (G) Immunofluorescent images show XAV939 treatment reduced the expression level of Wnt/p-catenin and inhibited apoEVs secretion from the skin. Panel
includes higher magnification of the boxed region to show localization of apoEVs. White dotted line represents the dividing layer between stratum corneum and the
other layers of epidermis. The correlation between apoEVs and active-B-catenin was calculated. n = 6. ***P < 0.001, Student’s t-test. Data shown as mean + SD. (H)
Immunofluorescent images show XAV939 treatment reduced the turnover rate and apoEV (red) elimination from the skin. Panel includes higher magnification of the
boxed region to show the intensity of apoEVs at the epidermis. The correlation between apoEVs elimination and turnover rate was calculated. n = 3. **P < 0.01,
Student’s t-test. Data shown as mean + SD. (I) Western blotting shows that treatment with apoEVs, but not synthetic lipid vesicles containing PS, activates Wnt/
p-catenin signaling in the skin. (J) Immunofluorescent images show the location of PKH26-ApoEV and Cy3-PS in the skin. White dotted lines indicated the boundary
c:f epidermis. SC, stratum corneum; BM, basement membrane; F, hair follicle; D, dermis; E, epidermis. Scale bars (B, C, E, G, H), 50 pm; Scale bar (J), 25 pm.
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Fig. 4. ApoEV metabolism shows a wave-like movement pattern. (A) Immunofluorescent staining shows the proliferate rate change in the skin on days 1, 3 and 7
with or without apoEVs injection, indicated by EdU staining. The activity of Wnt/p-catenin pathway and the elimination of apoEVs are observed at the same time.
White dotted line represents the dividing layer between stratum corneum and the other layers of epidermis. (B) Quantification graph shows the change of EAU
positive cell ratio and fluorescent intensity of Wnt/f-catenin in the skin from day 1 to day 7 after apoEVs injection. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, one-
way ANOVA test. Data shown as mean + SD. (C) Immunofluorescent staining shows the wave pattern when apoEVs are cleared in the skin, but XAV939 treatment
interferes with the pattern, as indicated by the schematic graph. The white dotted lines simulate the pattern of apoEVs. SC, stratum corneum; BM, basement
membrane; D, dermis. Scale bar (A), 50 pm; Scale bars (C), 5 pm.

2.5. ApoEVs rescue impaired skin and hair follicle MSCs Western blotting analysis (Fig. 6A and B). Moreover, immunofluorescent
staining of SMSC smears showed that SMSCs could endocytose apoEVs
MRL/Ipr mice with Fas mutation are considered as an apoptosis- (Fig. 6C). ApoEV-infusion activated Wnt/p-catenin pathway and

deficient model [11,42]. Our previous study showed that bone decreased DKK1 expression in SMSCs and HF-MSCs, as assessed by
marrow MSCs from MRL/Ipr mice are significantly impaired, which Western blotting (Fig. 6D). When 4 x 10° apoEVs were subcutaneously
could be rescued by phagocytosis of exogenous apoEVs [11]. Therefore, infused, impaired SMSCs and HF-MSCs from MRL/Ipr mice were
we hypothesized that skin MSCs (SMSCs) and hair follicle MSCs rescued, as indicated by increased EAU labeling and population doubling

(HF-MSCs) in MRL/Ipr mice might be impaired due to lack of secreted rates, enhanced mineralized nodule formation, elevated expression of
apoEVs, and infusion of exogenous apoEVs could rescue this impair- Runx2 and ALP, improved adipocyte formation and elevated expression
ment. SMSCs and HF-MSCs were isolated and characterized by flow of PPARy and LPL (Fig. 6E-L). Since skin disease and hair loss are
cytometric analysis (Fig. S5). To test our hypothesis, apoEVs isolated common symptoms of SLE, these data suggest that exogenous apoEV
from GFP-MSCs were subcutaneously injected into MRL/Ipr mice. treatment may be able to offer therapeutic potential for rescuing

Immunofluorescent image analysis showed that GFP-apoEVs were impaired SMSCs and HF-MSCs in SLE patients.
engulfed by CD105-positive SMSCs, which was further confirmed by
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Fig. 5. Mechanical forces regulate the elimination of apoEVs through the skin. (A) Schematic diagram of mechanical forces applied to mice. Treadmill running
exercise as a force augmentation model; tail suspension as a weightless model. (B) Immunofluorescent images show that the number of GFP-ApoEV migrating to the
stratum corneum was increased in running group and reduced in tail-suspension group at 3 days post-injection. White dotted line represents the dividing layer
between stratum corneum and the other layers of epidermis. The quantity graph shows the relative intensity of apoEVs in the skin. n = 5. **P < 0.01, ***P < 0.001,
one-way ANOVA test. Data shown as mean + SD. (C) Western blotting confirms the level of GFP in the skin tissue is increased in running group and reduced in tail
suspension group. (D, E) PKH67-labeled apoEVs (4 x 10°) were injected into C57BL/6 mice via the tail vein. After treadmill running exercise for 7 days, blood
samples were collected. The flow cytometric calculation showed that the number of PKH67"/Annexin V*/CD62P~ apoEVs accumulated in the blood was signifi-
cantly reduced compared to the control group (D). After tail suspension for 3 days, flow cytometry analysis showed that the number of PKH67*/Annexin V*/CD62P~
apoEVs in the blood was significantly increased compared to the control group (E). n = 3. *P < 0.05, Student’s t-test. Data shown as mean + SD. (F, G) DIR-labeled
apoEVs (4 x 10°) were injected into immunocompromised mice via the tail vein. Ex vivo fluorescent images showed that the elimination of apoEVs through the skin
was increased after treadmill exercise while the migration of apoEVs through the skin was decreased after tail suspension compared to the control group, as indicated
by quantitative graph. n = 3. *P < 0.05, Student’s t-test. Data shown as mean + SD. (H) ELISA analysis showed the level of DKK1 in the circulation of C57BL/6 mice
was reduced after treadmill running, but enhanced after tail suspension. n = 3. *P < 0.05, **P < 0.01, Student’s t-test. Data shown as mean + SD. (I) Immuno-
fluorescent images show the expression level of active-B-catenin (green) in skin was enhanced after treadmill running, but reduced after tail suspension. The DKK1
expression level in the skin showed opposite trends of active-p-catenin. SC, stratum corneum; BM, basement membrane; D, dermis. Scale bar (B), 50 pm; Scale bar (1),
40 pm.

2.6. ApoEVs promote cutaneous wound healing differentiation [45]. Our results showed that Wnt/p-catenin pathway
upregulates the metabolism of apoEVs from the skin (Fig. 3D and E). To

Apoptosis plays an essential role in the wound healing process by confirm the effect of Wnt/p-catenin signaling in apoEV-mediated wound
inducing cell proliferation [43,44]. To examine whether MSC-derived healing, apoEV-treated mice were intraperitoneally injected with pla-
apoEVs could promote wound healing, the mice with excision wounds cebo (0.9% saline), LiCl (10 pg/g), or XAV939 (10 pg/g) at one day after
were systemically injected with apoEVs or MSCs. The results showed wound creation. We found that administration of LiCl potentiated
that both apoEV and MSC infusion significantly improved wound heal- wound healing at 7 days post-injection compared to the apoEV-treated
ing from 10 to 14 days post-infusion (Figs. S6A and B). In addition, sEVs control group. However, administration of XAV939 slowed the wound
injection showed a similar capacity to promote wound healing healing process when compared to apoEV-treated control group at 3
compared with the apoEV-treated mice (Figs. S8A and B). days (P < 0.01) (Figs. S6C and D). Moreover, immunofluorescent image
Previous studies showed that the Wnt/f-catenin signaling regulates analysis showed that LiCl treatment increased the accumulation of
the wound repair process by modulating stem cell recruitment and PKH26-ApoEV in the wound area, whereas XAV939 reduced it
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Fig. 6. ApoEV treatment improves skin and hair follicle MSC functions. (A) Immunofluorescent images show that GFP-ApoEV (green) were engulfed by skin MSCs
(SMSCs) (1 and 2), as indicated by co-staining with CD105 at 7 days post-injection. The right panel exhibits the higher magnification of the boxed region to show
colocalization of GFP-ApoEV and CD105 positive SMSCs. (B) Western blotting shows GFP signals was detected in SMSCs after GFP-ApoEV injection. (C) Immu-
nofluorescent staining of SMSC smears shows skin cells endocytosed apoEVs. (D) Western blotting shows Wnt/f-catenin signaling is activated and DKK1 expression is
decreased in SMSCs and hair follicle MSCs (HF-MSCs) from MRL/Ipr mice after apoEVs injection. (E, F, I and J) EAU and population doubling assay show that MRL/
Ipr SMSCs and HF-MSCs had reduced proliferation and passage rates when compared to the wild-type control group. After apoEV treatment, proliferation and passage
rates were improved in MRL/Ipr SMSCs and HF-MSCs, respectively. n = 3-5. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA test. Data shown as mean + SD.
(G, K) Compared to wild-type SMSCs, MRL/Ipr SMSCs showed reduced capacity to form mineralized nodules when cultured under osteogenic inductive conditions,
assessed by alizarin red staining, and reduced expression of osteogenic markers Runx2 and ALP, assessed by Western blotting. After apoEV treatment, reduced
mineralized nodule formation and expression of Runx2 and ALP were rescued in MRL/Ipr SMSCs (G). The osteogenic capacity of MRL/Ilpr HF-MSCs was also rescued
after apoEV treatment (K). n = 3. ***P < 0.001, one-way ANOVA test. Data shown as mean + SD. (H, L) Compared to wild-type SMSCs, MRL/Ipr SMSCs showed
reduced capacity to differentiate into adipocytes when cultured under adipogenic inductive conditions, as assessed by Oil red O staining, along with reduced
expression of adipogenic markers PPARy and LPL, as assessed by Western blotting. After apoEV treatment, reduced adipocyte formation and expression of PPARy and
LPL were rescued in MRL/Ipr SMSCs (H). The adipogenic capacity of MRL/Ipr HF-MSCs was also rescued after apoEV treatment (L). n = 3. *P < 0.05, **P < 0.01,
***P < 0.001, one-way ANOVA test. Data shown as mean + SD. Scale bars (A, C), 50 pm.

(Fig. S6E). These results indicate that Wnt/p-catenin pathway may apoEVs, MSCs and Minoxidil at 7 days post-injection, but the control

regulate apoEVs metabolism in the skin and affect the wound healing group displayed no significant alteration. From 7 to 14 days
process. post-injection, the apoEV, MSC and Minoxidil groups showed signifi-
cantly accelerated hair regrowth when compared to the control group

2.7. ApoEVs promote hair regeneration (Fig. 7A and B), as assessed by H&E staining (Fig. S7A). The treatment
with apoEVs increased the number (P < 0.01) and the length of hair

To determine whether apoEVs could induce hair growth, we exam- follicles (P < 0.001) compared to the control group (Fig. S7B). Instead,
ined the effect of apoEV treatment on C57BL/6 mice after clipping the ~ SEVs exhibited no therapeutic effect for hair growth (Figs. S8C and D).
dorsal hair. The hair cycle was synchronized by the depilation of Since the Wnt/p-catenin pathway plays a key role in normal hair

telogen-phase hairs from 7-week-old C57BL/6 mice [46]. We then follicle development and cycling [48,49], we tested whether
compared the effect of apoEVs (4 x 10%) and MSCs (1 x 10%) in inducing Wnt/p-catenin signaling contributes to apoEV-mediated hair regrowth.

hair regrowth. Minoxidil (1%) and PBS were used as positive and Immunohistochemistry staining showed that apoEVs, MSC, and
negative controls, respectively. Usually, the shaved skin of C57BL/6 Minoxidil treatment enhanced the expression of active-p-catenin in hair
mice is pink during the telogen phase and darkens with anagen initiation follicle compared to the control group (Fig. 7C). LiCl treatment pro-
[47]. We found that diffuse darkening of the skin after treatment with moted apoEV-induced expression of active-p-catenin and hair regrowth
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Fig. 7. ApoEVs promote hair regeneration. (A, B) C57BL/6 mice in the telogen phase (7 weeks old) were depilated. PBS, apoEVs (4 x 10®) or MSCs (1 x 10°) were
subcutaneously injected into the dorsal skin. Minoxidil (1%) was topically applied daily to the dorsal skin as a positive control. Representative photos of mice
showing skin color darkness and hair regrowth at 0, 7, 10 and 14 days post-injection. The level of pigmentation was quantified by the intensity of the darkness of the
back skin in the same area. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA test. ns: not significant. Data shown as mean + SD. (C) Immunohisto-
chemistry staining shows the expression level of active-f-catenin in hair follicle from control, apoEV, MSC and minoxidil groups. (D, E) Representative photos of mice
showing skin color darkness and hair regrowth after intervention at 0, 7, 10 and 14 days post-injection. The level of pigmentation was quantified by the intensity of
the darkness of the back skin in the same area. n = 3. *P < 0.05, ***P < 0.001, one-way ANOVA test. ns: not significant. Data shown as mean + SD. (F) Immu-
nofluorescent images show that LiCl treatment increased the accumulation of PKH26-ApoEV in dermal papilla to promote the hair regeneration, but XAvV939
treatment inhibited the accumulation of PKH26- ApoEV in dermal papilla to slow the regrowth process. White dotted line indicated the area of DP. The relative mean
intensity of apoEVs around DP were calculated. n = 3. **P < 0.01, ***P < 0.001, one-way ANOVA test. Data shown as mean + SD. DP, dermal papilla. Scale bar (C),

100 pm; Scale bar (F), 20 pm.

compared to the apoEV group at 10 days post-injection (P < 0.05), but
XAV939 decreased apoEV-induced expression of active-p-catenin and
the hair regeneration compared to the apoEV group (P < 0.05) (Figs. 7D,
E, and S7C). Since the dermal papilla is a major control center for hair
follicle growth and the hair cycle [50], we used immunofluorescent
image analysis to show that LiCl treatment increased the accumulation
of PKH26-positive apoEVs in the dermal papilla. However, XAV939
treatment inhibited the accumulation of PKH26-positive apoEVs in the
dermal papilla (Fig. 7F). In conclusion, our experimental data reveal a
previously unrecognized metabolic pathway of apoEVs and suggest a
potential of using apoEVs to treat skin and hair disorders.

3. Discussion and conclusion

Apoptosis is one of the most important cell death modalities for
maintaining homeostatic turnover in the body. It is believed that
phagocytes are responsible for clearing apoptotic corpses to ensure a
healthy, non-inflammatory environment, whereas apoptotic deficiency
can lead to inflammation and various pathologies. It is estimated that
each phagocyte ingests one red blood cell around every 30 min [51].

This estimation gives some perspective on the functional loading per
individual phagocyte, even just considering this one cell type. From this
point of view, we explored whether there is an alternative route to
eliminate apoEVs. Our experimental data showed that exogenous
apoEVs are metabolized in the integumentary skin and hair follicles to
maintain their homeostasis. To avoid the potential off-target effect of
labeling exogenous apoEVs or non-specific staining of labeling dye used
in this study, we used multiple labeling approaches, including
PKH26/67, GFP, DIR, and AlEgens methods to trace apoEVs metabolic
paths. The migration of apoEVs is regulated by the mechanical force to
nurture the skin and hair follicle tissues, indicating a potential interplay
between apoptotic metabolism and tissue-specific stem cell turnover.
So far, many patients have received culture-expanded MSC trans-
plantation to treat a variety of diseases [15,16,52]. However, the exact
metabolic fate of transplanted MSCs is largely unknown. It appears that
transplanted MSCs can induce recipient-derived inflammatory cell
apoptosis as well as undergo self-initiated apoptosis [53-55]. MSC
transplantation-associated apoptosis generates a certain number of
apoEVs, resulting in immune tolerance that ameliorates autoimmune
disorders. In addition, recently growing evidence shows that the
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therapeutic effect of MSC transplantation may be associated with
releasing extracellular vesicles containing mRNAs, regulatory miRNAs,
bioactive proteins and compounds [56,57]. In this study, our experi-
mental evidence suggests that apoEVs, an important apoptotic metab-
olite, are cleared through the integumentary system.

Parabiosis models have been applied to study circulating factors
between two organisms [58]. We used this system in our previous study
to demonstrate that apoEVs participate in the circulation to modulate
bone marrow MSCs [11]. To identify the metabolism of circulating
apoEVs, we generated a parabiosis mouse model, in which GFP and WT
mice were surgically joined to share the circulation system through the
microvasculature, as described in our previous report [11]. Using the
same approach, it was reported that biological molecules in the circu-
lation could be transmitted from a young mouse to an old mouse to
rejuvenate an aged organ system [59]. In this study, we observed that
the natural cell-derived apoEVs from GFP mice were eliminated from the
stratum corneum and hair follicles after heterochronic parabiosis, sug-
gesting metabolism of apoEVs through integumentary system may be a
common biological event.

The skin epidermis is regularly renewed throughout life. IFE cells
continuously proliferate and differentiate to form a cornified layer that
is continuously shed, while HFs undergo cycles of degeneration and
regeneration. Both processes require the activation of epidermal stem
cells (SCs), located in the basal layer of the IFE and the outer layer of the
bulge in the HF. Wnt/B-catenin signaling plays crucial roles in the
maintenance, activation, and fate determination of the SC populations
[33]. Loss of Wnt/p-catenin in postnatal dermal papilla or epithelia,
cause failure of matrix cell proliferation and premature catagen [60,61].
Wnt/p-catenin signaling contribute to progenitor cell proliferation in
non-hairy epithelia and IFE under homeostatic conditions [32]. There-
fore, activation of Wnt/f-catenin pathway will accelerate the elimina-
tion of apoEVs through promoting cell proliferation and exfoliation of
the skin and hair. We found the biodistribution of apoEVs in the skin is
closely associated with the expression level of Wnt/f-catenin. However,
the mechanism is unclear and should be further investigated in the
future.

Cells in all multicellular organisms are exposed to mechanical forces
through adhesion to neighboring cells and to the extracellular matrix
(ECM), as well as the ebb and flow of the environment. In this study, we
found that the pattern of apoEV elimination from the skin exhibited a
wave-like pattern, suggesting this process may be regulated by me-
chanical force. On the other hand, the generation of multi-layer wave-
like pattern from the basal membrane to stratum corneum may be partly
due to the structure characteristics of epidermis. During treadmill ex-
ercise, organisms experience mechanical power from muscles [62,63].
Tail suspension of mice is a typical mechanical unload model, which has
been widely used to simulate the effects of spaceflight and microgravity
environments [64,65]. It is known that mechanical force may regulate
the Wnt/f-catenin pathway. The level of DKK1 in serum is reduced after
exercise [66-69], but tends to increase in the tibia after tail suspension
[70]. We found the level of DKK1 in serum was decreased after treadmill
exercise and enhanced after tail suspension, suggesting mechanical force
regulates the Wnt/p-catenin pathway to control the elimination of
apoEVs through DKK1. Besides, the altered blood distribution may have
effect on EV biodistribution.

Apoptotic deficiency can cause autoimmune diseases such as sys-
temic lupus erythematosus (SLE) [71,72], in which the healthy tissue
and organs are mistakenly attacked by the immune system. MRL/Ipr
mice are an apoptosis-associated SLE model with Fas mutation, and
exhibit skin lesions, hair loss, and osteopenia [11,42,73]. Our previous
study showed that apoEVs could rescue impaired bone marrow MSCs in
MRL/Ipr mice via regulating the Wnt/f-catenin pathway [11]. Here, we
found the SMSCs and HF-SMCs are also capable of engulfing exogenous
apoEVs to activate the Wnt/p-catenin pathway and rescue impaired
stem cell function in MRL/Ipr mice, indicating that accumulation of
apoEVs in the skin not only eliminates metabolites but also nurtures the
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skin and hair follicle stem cells.

EVs can be generally categorized into the sEVs (30-150 nm),
microvesicles (100-1000 nm), and apoEVs (50-5000 nm) based on their
size, density, morphological features, content, and biogenesis. Accord-
ing to the latest statement of ISEV, biogenesis is one of the most
important distinguishing factors between apoEVs and sEVs [74]. The
inward budding of endosomal membrane generates numerous accu-
mulations of intraluminal vesicles (ILV) within MVB, which are released
into the extracellular environment by fusion of plasma membrane with
MVBs, referred to as sEVs [75]. ApoEVs are formed through the outward
budding of the plasma membrane during apoptosis [9]. Whereas sEVs
are secreted during normal cellular processes, apoEVs are formed only
during programmed cell death. ApoEVs and sEVs both possess a lipid
bilayer membrane, containing protein, lipids and genetic materials.
Although the exact physiological functions of EVs are not fully eluci-
dated, apoEVs and sEVs can serve as kind transport vehicles, exerting
their diverse biological functions [76]. In this study, our Western blot-
ting results confirmed apoEVs from mouse BMMSCs expressed f-Actin
but sEVs from mouse BMMSCs failed to express p-Actin, consistent with
previous report [77].

Cutaneous wound healing is a process comprising four phases to
restore the injured skin: homeostasis, inflammatory, proliferative and
remodeling phases [78]. Wnt/f-catenin signaling is activated by
wounding and involved in the whole healing process from the control of
inflammation and cell apoptosis to the migration of stem cell reservoirs
within the wound site [79]. Multiple roles of EVs in boosting wound
healing have been identified, including enhancing cell proliferation,
activating migration, stimulating angiogenesis and ameliorating scar-
ring [80,81]. MSC-derived exosomes can improve wound
re-epithelialization and cell proliferation by activation of Wnt/f-catenin
signaling, and knockdown of Wnt4 in MSC-derived exosomes reduces
the therapeutic effects both in vitro and in vivo [82]. During wound
healing, keratinocytes migrate from wound edge or other epidermal
reservoir areas to regenerate epidermis for wound closure [83,84]. We
found that apoEV treatment not only elevated active-f-catenin expres-
sion in mesenchymal stem cells but also in keratinocytes, which may
jointly accelerate wound healing process [33,79].

Hair follicle cycling is a dynamic and complex process involving
alternating phases of rapid growth (anagen), regression (catagen), and
quiescence (telogen) [85]. Activation of Wnt/p-catenin signaling in
dermal papilla (DP) cells is crucial for hair growth [50,86,87]. Hair loss,
induced by dysregulation of hair cycling, is caused by various factors
associated with the environment, genetics, hormones and aging [88,89].
Current drug treatments such as minoxidil provide only short-term
improvement, and hair regrowth may be impaired after discontinua-
tion of the drug [90]. MSC therapy improves hair regrowth by regulating
Wnt/p-catenin signaling in DP cells and secreting growth factors [91,
92]. EVs derived from MSCs and macrophages can activate DP cells and
increase Wnt/p-catenin pathway activity in the skin to promote hair
regeneration [93-95]. In this study, we showed that both apoEVs and
sEVs can improve wound healing process. Whereas, apoEVs, but not
sEVs, accelerate hair regeneration, which may be due to different vesicle
contents between apoEVs and sEVs. Here, we provide direct evidence to
identify a route through which apoptotic metabolites are eliminated and
show that apoEVs activate Wnt/p-catenin signaling in the skin to
improve SMSC and HF-MSC functions in MRL/Ipr mice.

4. Materials and methods
4.1. Mice

Female C57BL/6-Tg (CAG-EGFP)10sb/J and C3MRL-Fas'P"/J (MRL/
Ipr) mice were purchased from the Jackson Laboratory. Female immu-
nocompromised mice (BALB/c-nu/nu) were purchased from the Sun
Yat-sen University, Guangzhou, China. Female C57BL/6J mice were
purchased from Sebiona company. K14-H2BGFP mice were kindly
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provided by Dr. Chen of the National Institutes of Biological Sciences
(Beijing, China). All animal experiments were performed under insti-
tutionally approved protocols for the use of animal research (Sun Yat-
sen University SYSU-IACUC #2020-000407 and University of Pennsyl-
vania IACUC #805478).

4.2. Reagents and antibodies

Staurosporine (ALX-380-014) was purchased from Enzo Life Sciences
(Farmingdale, NY, USA). XAV939 (13596) was purchased from Cayman
Chemical (Ann arbor, MI, USA). Lithium chloride (14540) was pur-
chased from Alfa Aesar (Tewksbury, MA, USA). PKH26 (MINI26) and
PKH67 (MINI67) cell linker were purchased from Sigma (St. Louis, MO,
USA). DIR (C019) was purchased from ABP Biosciences (Rockville, MD,
USA). Cell mask™ Deep Red plasma membrane stain (C10046) was
purchased from Thermo Fisher Scientific (Waltham, MA, USA). EAU
staining kit (Code No. KGA331-1000) was purchased from KeyGEN
BioTECH (Nanjing, China). EdU regent (C00052), Cell-Light™
Apollo567 Stain Kit (100T) (Code No. C10371-1) and Cell-Light™
Apollo643 Stain Kit (100T) (Code No. C10371-2) were purchased from
RIBOBIO CO., LTD (Guangzhou, China). DPPS liposomes containing 2%
Cy3 were purchased from the Ruixi Biological Technology Co., LTD
(Xi’an, China). Phalloidin for actin staining (green and red) were pur-
chased from BioLegend (San Diego, CA, USA).

Anti-mouse Runx2 (8486), anti-rabbit Calreticulin (12238) and anti-
rabbit Caspase 3 (9662) was purchased from Cell Signaling Technology
(Danvers, MA, USA). Anti-rabbit CD9 (ab92726), anti-rabbit TSG101
(ab125011), anti-rabbit Syntenin (ab19903) and anti-rabbit Lamin B1
(ab133741) were purchased from Abcam (Cambridge, MA, USA). Alexa
Fluor 488, Alexa Fluor 568 and Alexa Fluor 647 antibodies were pur-
chased from Invitrogen (Carlsbad, CA, USA). Anti-mouse ALP (sc-
28904), anti-mouse PPARy (sc-7273) and anti-mouse (-catenin (sc-
7963) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti-mouse LPL (SAB2700761) and anti-p-actin antibody (A1978)
were purchased from Sigma (St. Louis, MO, USA). Annexin V-APC
(10040-11) were purchased from Southern Biotech (Birmingham, AL,
USA). CD62P-PE (12-0626) was purchased from eBioscience (San
Diego, CA, USA). Annexin V-FITC (556419) and 7AAD (559925) were
purchased from BD Biosciences. Anti-mouse active-p-catenin (05665)
was purchased from EMD Millipore (Billerica, MA, USA). Anti-rabbit
GFP (NB600-308) was purchased from Novus Biologicals (Centennial,
CO, USA). Anti-rabbit DKK1 (AF4600) was purchased from Affinity
Biosciences (Jiangsu, China).

4.3. Isolation and characterization of apoEVs

When MSCs reached full confluency, cells were washed with PBS and
the culture medium was substituted with a basic medium containing
500 nM STS without FBS. After undergoing apoptosis for 16 h, apoEVs
were isolated and purified using sequential centrifugation followed by
sequential filtering. Briefly, after 800xg centrifugation for 10 min and
2000 x g centrifugation for 10 min to remove cell debris, the supernatant
was subsequently filtered with 5 pm filters to collect the supernatant
containing particles less than 5 pm in diameter. Next, the supernatant
was centrifuged at 16000xg for 30 min to pellet the apoEVs (Fig. 1A).

For labeling of apoEVs with AlEgens, DCPy was synthesized ac-
cording to our established protocol [26]. DCPy was added to the
serum-free cell culture medium at a final concentration of 5 pM and
incubated for 30 min. Subsequently, cells were induced apoptosis by
ultralow-power light irradiation at 0.7 mW/cm? for 6 h.

The morphology of apoEVs was observed with TEM. ApoEVs pellets
were resuspended in 1% glutaraldehyde for 30 min. Samples were
dripped on Formvar-coated copper grids and incubated for 20 min. After
washing, samples were negatively stained with 2.5% uranyl acetate for
2 min. Images were performed using a JEM-1200EX TEM (JEOL, Japan).

For nanoparticle tracking analysis, apoEVs were diluted in filtered
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PBS. The particle size was measured with ZetaView PMX120 (Particle
Metrix, Germany). Data were analyzed using the ZetaView software
8.02.31.

Furthermore, apoEVs were diluted in PBS and analyzed using
nanoflow cytometry (Flow NanoAnalyzer, NanoFCM Inc.) according to
the manufacturer’s protocol [96]. The samples were diluted resulting in
a particle count within the optimal range of 4000-14,000. Particle
concentration and size distribution were calculated using the NanoFCM
software (NanoFCM Profession V1.0). To analyze the proportion of
fluorescent intensity, apoEVs were stained with Annexin V-FITC, Cal-
reticulin or Lamin Bl antibodies, followed by secondary antibody
staining.

4.4. Isolation of small EVs

When MSCs reached 80% confluency, cells were washed with PBS
and culture media supplemented with 5% exosomes-depleted FBS (SBI)
was replaced. After 40 h, culture supernatant was collected and centri-
fuged at 800xg for 10 min and 2000xg for 10 min to remove cellular
debris. Subsequently, the supernatant was centrifuged at 16000xg for
30 min to remove medium EVs and at 120000xg for 2 h to get SEVs.

4.5. TUNEL assay

After treatment with STS for 16 h, MSCs were fixed with 4% PFA and
permeabilized. According to the manufacture’s protocol, cells were
incubated with TUNEL reagent (G3250, Promega) for 60 min at 37 °C.
Positive cells were counted after counterstained with DAPI under
microscope.

4.6. Flow cytometry analysis

To evaluate the apoptosis rate of apoptotic cells, cells were sus-
pended in 1 x Annexin V binding buffer and incubated with Annexin V-
FITC and 7AAD for 15 min at room temperature. After the same volume
of 1 x Annexin V binding buffer was added to stop the reaction,
apoptosis was analyzed by flow cytometry (NovoCyte, ACEA Bio-
sciences, USA). To examine the number of exogenous apoEVs after
treadmill exercise or tail suspension, PKH67 labeled apoEVs were sys-
temically injected via tail vein and isolated from the blood samples.
ApoEVs were stained with 1 pg of CD62P-PE antibodies on ice for 30
min. ApoEVs were pelleted and stained with 1 pg of Annexin V-APC in
binding buffer. ApoEVs were defined as Annexin V-positive and CD62P-
negative events.

4.7. Isolation of mouse bone marrow, skin and hair follicle MSCs

MSCs from bone marrow and skin were isolated and cultured as in
our previous reports [11,21]. Skin tissues from mice were gently sepa-
rated, minced and digested with solution containing collagenase type I
(2 mg/ml; Worthington Biochemical) and dispase II (4 mg/ml; Roche
Diagnostics) in phosphate-buffered saline (PBS) for 1 h at 37 °C. Bone
marrow cells were flushed out from mouse femurs and tibias with 2%
heat-inactivated fetal bovine serum (FBS, RMBI, Missoula, MT, USA) in
PBS. Single-cell suspensions from the skin or bone marrow were ob-
tained by passing the cells through a 70 pm strainer (BD Biosciences). All
nucleated cells were seeded on 10 cm culture dish (Corning, NY, USA) at
37 °C in 5% CO,. Non-adherent cells were removed after 48 h and
attached cells were maintained for 12 days in alpha minimum essential
medium (o -MEM, BIL, Cromwell, CT, USA) supplemented with 20% FBS,
2 mM 1-glutamine, 55 pM 2-mercaptoethanol, 100 U/mL penicillin and
100 pg/mL streptomycin (Invitrogen). These single colonies were
passaged with frequent medium changes to eliminate potential he-
matopoietic cell contamination. Colony-forming attached cells were
passed once for further experimental use. Hair follicle MSCs were iso-
lated followed a previously reported protocol [97,98]. Briefly,
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7-week-old MRL/Ipr female mice were sacrificed with ketamine/x-
ylazine injection followed by cervical dislocation. The lip pads con-
taining vibrissae were removed with scissors and placed in PBS with 200
U/mL penicillin and 200 pg/mL streptomycin (Invitrogen). Under a
dissecting microscope, forceps and scissors were used to remove the
subcutaneous fat and connective tissue to expose the rows of vibrissae.
Individual vibrissae were separated by pulling away from the pad using
fine forceps. The matrix component was then removed, and any
epithelial tissue still present on the papilla was teased off. The end bulb
was then dissected and transferred to a 35 mm dish. Extracted papillae
were cultured in complete culture medium as described for isolation of
SMSCs and BMMSCs at 37 °C in 5% CO. After 5 days, medium was
changed twice a week. When primary cell confluence reached 80%, the
cells were passaged to a 60 mm culture dish (Corning, NY, USA) and FBS
was reduced to 10%.

4.8. Cell proliferation assay

5-ethynyl-2’-deoxyuridine (EdU) incorporation assay was used to
evaluate the proliferation of MSCs. Briefly, passage 2 (P2) MSCs (1.0 x
10* cells/well) were seeded on 2-well chamber slides (Nunc) and
cultured for 2-3 days. EdU solution (KeyGEN BioTECH) was added at
final concentration 50 pM in the medium and cells were subsequently
cultured for 2h. The cells were stained with a EdU staining kit (KeyGEN
BioTECH) according to the manufacturer’s instructions. Cell prolifera-
tion capacity was shown as a percentage of EdU-positive nuclei over
total nucleated cells. The EAU assay was repeated in three independent
samples for each experimental group.

4.9. Population doubling (PD) assay

Single colony cluster cells (PO cells) were digested using trypsin and
seeded at 0.5 x 10° on a 60 mm dish (Corning). When the cells reached
sub-confluence, they were harvested and seeded at the same density.
These steps were repeated until the cells lost dividing capability. The PD
score was calculated at every passage according to the equation: PD =
logs (number of final cells/number of initiated seeded cells). The total
scores were determined by cumulative addition of total numbers
generated from each passage. The PD assay was repeated with three
independent isolated cells for each experimental group.

4.10. Osteogenic differentiation assay

MSCs were seeded at 1 x 10° cells per well onto a 6-well plate. When
they reached 100% confluence and stopped proliferating, cells were
induced with osteogenic medium containing 100 pM v-ascorbic acid 2-
phosphate (Sigma), 2 mM f-glycerophosphate (Sigma) and 10 nM
dexamethasone (Sigma). Seven days after osteogenic induction, total
protein was extracted from cultured MSCs and the expression of Runx2
and ALP was analyzed by Western blotting. The cultures were stained
with 1% alizarin red-S (Sigma) after four weeks of osteogenic induction.
Alizarin red-positive area was analyzed using Image-J software (NIH)
and shown as a percentage of the total area.

4.11. Adipogenic differentiation

MSCs were seeded at 1 x 106 cells per well onto a 6-well plate. When
the cells reached 100% confluence and stopped proliferating, they were
induced with adipogenic medium containing 500 nM hydrocortisone
(Sigma-Aldrich), 500 nM isobutylmethylxanthine (Sigma-Aldrich), 100
nM r-ascorbic acid phosphate, 10 pg/mL insulin (Sigma-Aldrich) and 60
pM indomethacin (Sigma-Aldrich). Seven days after the induction, total
protein was extracted from cultured MSCs and the expression of PPARy
and LPL was analyzed by Western blotting. At 21 days post-induction,
the cultures were stained with Oil red O (Sigma-Aldrich), and positive
cells were quantified under microscopy and shown as a percentage of the
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total number of cells.
4.12. Western blot analysis

Total protein was extracted using M-PER mammalian protein
extraction reagent (Thermo, Rockford, IL, USA). Twenty pg of proteins
were separated on 4%-12% NuPAGE BT gel (Invitrogen) and transferred
to 0.2 pm nitrocellulose membranes (Millipore, Bedford, MA, USA). The
membranes were blocked with 5% non-fat dry milk and 0.1% tween 20
for 1 h, followed by incubation with the primary antibodies
(1:200-1000 dilution) at 4 °C overnight. The membranes were then
incubated at room temperature for 1 h in species-related horseradish
peroxidase—conjugated secondary antibody (Santa Cruz Biotechnology)
diluted at 1:10,000 in blocking solution. The immunoreactive proteins
on the membranes, enhanced by SuperSignal West Pico Chemilumi-
nescent Substrate (Thermo), were detected by ChemiDoc™ MP imaging
system (BIO-RAD). B-Actin antibody was used to quantify the amount of
loaded protein.

4.13. Ex vivo apoEVs distribution analysis

ApoEVs (4 x 106) were labeled with 20 pl DIR (1 mM). The labeled
nanoparticles were suspended in 200 pL PBS and infused into BALB/c-
nu/nu mice through the tail vein. PBS was used as a negative control.
At a set time point, the time-dependent biodistribution of the DIR-
apoEVs in the mice was imaged using an IVIS spectrum imaging sys-
tem (PerKin Elmer). At designated time intervals after injection with
DIR-apoEVs, the mice were sacrificed. Skin and the main organs (heart,
liver, spleen, lungs, kidneys) were isolated, and ex vivo fluorescence
imaging was performed using the imaging system. The signals were
collected in the 745 nm channel with laser excitation at 800-820 nm.
The intensity of fluorescence signals was quantified by average radiance
from a fixed-area region of interest (ROI) over the target organ.

4.14. Immunofluorescent staining

ApoEVs or MSCs were stained with PKH26 and infused into C57/
BL6, MRL/Ipr, or K14-H2BGFP mice. At the set time point, skin or other
tissues were collected and fixed in 4% PFA, followed by embedding in
OCT compound (Sakura Finetek, Torrance, CA, USA). Frozen sections
were prepared and slides were stained with GFP, active-B-catenin,
CD105 or Lamin B1 antibodies, followed by secondary antibody stain-
ing. Finally, slides were mounted with Vectashield mounting medium
containing DAPI and observed under the confocal microscope. To detect
surface markers, apoEVs were incubated with Annexin V-FITC for 15
min at room temperature, Calreticulin or Lamin B1 antibodies for 1 h at
4 °C, followed by secondary antibody staining. Counterstained with Cell
mask, apoEVs were placed on the slides and observed immediately. To
detect in vivo engulfment of apoEVs by SMSC, PKH26-labeled apoEVs
were injected into MRL/Ipr mice through the tail vein. At 7 days post-
infusion, the skins were excised and digested with solution containing
collagenase type I (2 mg/ml; Worthington Biochemical) and dispase II
(4 mg/ml; Roche Diagnostics) in phosphate-buffered saline (PBS) for 1 h
at 37 °C. After 1500 x rpm centrifugation for 5 min, cell smears were
placed on the slides, mounted with Vectashield mounting medium
containing DAPI and observed under the confocal microscope. Images
were performed by a Zeiss LSM 900 confocal microscope or Zeiss Elyra 7
with Lattice SIM and analyzed using the Zen 2.3 SP1 software, Blue
Edition.

4.15. Immunohistochemistry staining

Paraffin-embedded skin sections were dewaxed and hydrated. For
antigen retrieval, slides were boiled in 10 mM sodium citrate buffer and
then maintained at a sub-boiling temperature for 10 min. To block
endogenous peroxidase activity, sections were incubated in 3%
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hydrogen peroxide for 15 min in room temperature. After washing with
PBS, the slides were blocked with blocking buffer for 1 h and incubated
with anti-active-p-catenin (1:100) antibody overnight at 4 °C. After
washing, slides were incubated with biotinylated secondary antibody
(sc-516142) (1:200) for 1 h at 37 °C. After incubating with HRP-
streptavidin complex (PK-6100, VECTOR) for 30 min, slides were
developed until light brown staining was visible with DAB chromogen
kit (SK-4100, VECTOR).

4.16. Parabiosis model

The mice were anaesthetized and shaved along the opposite lateral
flanks. The excess hair was wiped off with an alcohol prep pad. After
further disinfection with Betadine solution and 70% alcohol, identical
incisions were made on the corresponding lateral aspects from the
olecranon to the knee joint of each mouse. The olecranon and knee joints
were each attached by a single 4-0 silk suture and tie, and the dorsal and
ventral skins were sewn together with continuous 5-0 Vicryl suture. The
mice were then kept on heating pads and continuously monitored until
full recovery. Buprenorphine was used for analgesic treatment by sub-
cutaneous injection every 8-12 h for 48 h after the operation.

4.17. Invivo imaging by two-photon laser-scanning microscopy (TPLSM)

The whole procedure was performed according to a previous report
[99]. Three-week-old K14-H2BGFP mice were anaesthetized with
intraperitoneal injection of ketamine and xylazine, and the skin around
the head region was shaved using a mechanical trimmer and depilatory
cream. PKH26-labeled apoEVs (4 x 10°) were subcutaneously injected
into the shaved area. The mouse was placed on a heated stage and kept
anaesthetized with vaporized isoflurane through a gas tube connected to
the head. The injected area was immobilized by a vacuum extractor and
imaged directly under a water lens. Image stacks of the skin were ac-
quired with a FVMPE-RS (Olympus) microscope equipped with a
two-photon laser. A laser beam (with a wavelength of 920 nm for GFP
and 1040 nm for PKH26) was focused through a 20X water lens. Serial
optical sections were acquired to image the layer of stratum corneum at
3 min intervals for a total of 30 min.

4.18. EAU labeling in vivo

Mice were injected intraperitoneally with EAU (10 mg/kg) in PBS
and skins were harvested at designed time points. Collected tissues were
fixed in 4% PFA, followed by embedding in OCT compound (Sakura
Finetek, Torrance, CA, USA). Frozen section slides were stained with
Cell-Light™ Apollo567 Stain Kit (RIBOBIO) or Cell-Light™ Apollo643
Stain Kit (RIBOBIO) according to the manufacturer’s protocol. Sections
were counterstained with Hoechst and mounted for fluorescence mi-
croscopy analysis.

4.19. Treadmill exercise

Mice were divided into two treatment groups, one subjected to ex-
ercise and one staying sedentary. The mice in the exercise group were
trained for one week with a lower speed to adapt to the exercise. After
training, mice experienced daily exercise consisting of 30 min treadmill
running at a speed of 7.0 m/min with no inclination of the 8-lane
treadmill (SA101C, SANS, CHINA). The mice were motivated by a
small stick or by transient electric stimulation incorporated into the
treadmill. At the designed time point, blood samples and skin were
collected for ELISA, flow cytometry, immunofluorescent staining and
intravital imaging analysis.

4.20. Tail suspension

Mice were outfitted with tail harnesses and suspended in customized
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cages. The mice could move within the cage using their forelimbs, which
remained in contact with the cage floor, but their hindlimbs remained
suspended in air and consequently failed to generate ground reaction
forces. Food and water were provided on the cage floor. At the designed
time point, blood samples and skin were collected for ELISA, flow
cytometry, immunofluorescent staining and intravital imaging analysis.

4.21. Enzyme-linked immunosorbent (ELISA) assay

Blood samples were collected after treadmill exercise or tail sus-
pension. DKK1 was measured with ELISA kits from R&D Systems
(Minneapolis, MN, USA) according to the manufacturer’s instructions.

4.22. Wound healing

Cutaneous wounds were created according to a previous report [21].
Seven-week-old C57BL/6 mice were anaesthetized and the dorsal skin
was shaved using a mechanical trimmer and depilatory cream. The skin
on the midback of each mouse was marked, lifted and excised to create a
full-thickness wound (1 cm x 1 cm). The mice were systemically
injected with PBS, MSCs (1 x 10%), apoEVs (4 x 10°) or sEVs (4 x 10°).
One day after wound creation, the mice were intraperitoneally injected
with placebo (0.9% saline), LiCl (10 pg/g) or XAV939 (10 pg/g) once
every three days. To check for the accumulation of apoEVs in the wound
area, apoEVs (4 x 10%) were labeled with PKH26, followed by immu-
nofluorescent staining. The changes in the cutaneous wounds were
recorded by a series of digital photographs, containing a ruler for scale.
At the indicated time points, the percentage of wound closure was
quantified on photographs using Image J software. The wound healing
effects were expressed as a percentage of wound area at the measured
time point over the initial wound area.

4.23. Hair regeneration

Dorsal skin hairs in the telogen phase from 7-week-old C57BL/6 mice
were depilated with an animal clipper and wax. PBS, apoEVs (4 x 10°)
or MSCs (1 x 10°) were subcutaneously injected into the dorsal skin as
well as sEVs (4 x 10%). 1% Minoxidil was topically applied daily to the
dorsal skin as a positive control. One day after apoEV injection, the mice
were intraperitoneally injected with placebo (PBS), LiCl (10 pg/g) or
XAV939 (10 pg/g) every three days. To check for the accumulation of
apoEVs in the hair follicle, apoEVs (4 x 10°) were labeled with PKH26.
Images of each animal were captured after 0, 7,10 and 14 days, and the
level of pigmentation was quantified by the intensity of the darkness of
the back color in the same area using ImageJ software. The mice were
sacrificed at set time points and skin tissues were obtained for further
histological analysis and immunofluorescent staining.

4.24. Statistical analysis

Data are presented as means + SD of at least triplicate measure-
ments. Comparisons between two groups were analyzed using inde-
pendent unpaired two-tailed Student’s t-tests, and comparisons between
more than two groups were analyzed using one-way ANOVA. P values
less than 0.05 were considered statistically significant. Graph analysis
was performed using GraphPad Prism 8.00 (GraphPad Software, USA).
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