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Abstract

Background: Angiogenesis is vital for tissue repair but insufficient in chronic wounds due to paradoxical growth factor overexpression yet
reduced neovascularization. Therapeutics physiologically promoting revascularization remain lacking. This study aims to investigate the molecular
mechanisms underlying fibroblast-derived exosome-mediated angiogenesis during wound repair.

Methods: To assess the effects of fibroblasts derived exosomes on wound healing and angiogenesis, a full-thickness mouse skin injury model
was established, followed by pharmacological inhibition of exosome secretion. The number and state of blood vessels in wounds were assessed
by immunofluorescence, immunohistochemistry, hematoxylin—eosin staining, and laser Doppler imaging system. The high-throughput miRNA
sequencing was carried out to detect the miRNA profiles of fibroblast-derived exosomes. The roles of candidate miRNAs, their target genes,
and relevant pathways were predicted by bioinformatic online software. The knockdown and overexpression of candidate miRNAs, co-culture
system, matrigel assay, pharmacological blockade, cell migration, EdU incorporation assay, and cell apoptosis were employed to investigate their
contribution to angiogenesis mediated by fibroblast-derived exosomes. The expression of vascular endothelial growth factor A (VEGFA), vascular
endothelial growth factor receptor 2 (VEGFR2), hypoxia-inducible factor 1a (HIF-1a), von Hippel-Lindau (VHL), and proline hydroxylases 2 was
detected by western blot, co-immunoprecipitation, immunofluorescence, real-time quantitative polymerase chain reaction, flow cytometry, and
immunohistochemistry. Furthermore, a full-thickness mouse skin injury model based on type | diabetes mellitus induced by streptozotocin was
established for estimating the effect of fibroblast-derived exosomes on chronic wound healing.

Results: Pharmacological inhibition of exosome biogenesis markedly reduces neovascularization and delays murine cutaneous wound closure.
Topical administration of fibroblast-secreted exosomes rescues these defects. Mechanistically, exosomal microRNA-24-3p suppresses VHL
E3 ubiquitin ligase levels in endothelial cells to stabilize hypoxia-inducible factor1«a and heighten vascular endothelial growth factor signaling.
MicroRNA-24-3p-deficient exosomes exhibit attenuated pro-angiogenic effects. Strikingly, topical application of exosomes derived from
fibroblasts onto chronic wounds in diabetic mice improves neovascularization and healing dynamics.

Conclusions: Overall, we demonstrate central roles for exosomal miR-24-3p in stimulating endothelial HIFVEGF signaling by inhibiting VHL-
mediated degradation. The findings establish fibroblast-derived exosomes as promising acellular therapeutic candidates to treat vascular
insufficiency underlying recalcitrant wounds.
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Highlights

* By conditionally inhibiting endogenous exosome biogenesis, we provide direct genetic evidence positioning fibroblast-secreted exosomes as indispensable
paracrine effectors orchestrating multicellular crosstalk governing physiological angiogenesis.
* Through unbiased sequencing coupled with functional validations, we identify exosome-transferred microRNA-24-3p as a vital genetic cargo that enhances

HIF-1c stability by suppressing VHL in recipient endothelial cells.

¢ We delineate the activation of VEGF-VEGFR2 master signaling cascade, underlying fibroblast exosome stimulated proliferation, migration, and tubulogenesis

of endothelial cells.

* As compelling proof-of-concept of translational potential, we demonstrate simply topical application of fibroblast exosomes can effectively rescue severely
impaired vascularization within ischemic chronic wounds in murine diabetic models.

Background

The formation of new blood vessels from pre-existing vas-
culature, termed angiogenesis, is vital for the development,
tissue growth, and homeostatic repair [1-4]. This complex
multistep process encompasses endothelial tip cell selection,
sprout formation, extracellular matrix (ECM) degradation,
proliferation, anastomosis, and lumenization to establish per-
fused neovessels [5-7]. Physiologically, angiogenesis is tran-
siently activated by tissue injury and hypoxia to enable regen-
erative responses [8]. However, in chronic diseases such as
diabetes, the revascularization is paradoxically insufficient
despite the heightened growth factor expression, contributing
to the pathogenesis of non-healing wounds, ulcers, and gan-
grene [9-11]. Hence, the therapeutic approaches to stimulate
neovascularization remain much sought after in regenerative
medicine.

Angiogenesis requires the intricate spatiotemporal interplay
between responsive endothelium and activating perivascu-
lar cells such as fibroblasts. In addition to endothelium-
intrinsic vascular endothelial growth factor (VEGF) signal-
ing, stromal cells secreting pro-angiogenic growth factors
(GFs) and cytokines stereotypically stimulate tip cell selection,
migration, and proliferation [1,5,8]. Fibroblasts adjacent to

microvessels represent a predominant source of these stimuli
during the development and wound repair [5,12]. Recipro-
cally, endothelial-secreted platelet-derived growth factor and
transforming growth factor-8 induce myofibroblast differen-
tiation to facilitate the maturation of newly formed vessels
[12]. Hence, angiogenesis entails interdependent heterocellu-
lar communication.

Exosomes have recently emerged as critical regulators to
facilitate complex heterocellular crosstalk [13]. These nano-
sized extracellular vesicles that originated from endosomal
compartments mediate intercellular transfer of bioactive
proteins and genetic material. Exosomes reprogram cellular
behavior by modulating signaling, gene expression, and
metabolism in recipient cells [14,15]. All cells constitutively
release exosomes, whose secretion is enhanced upon acti-
vation [14,16]. Importantly, exosomal cargo reflects and
transfers the physiological state of parent cells. Hence, in
addition to serving as biomarkers, exosomes act as endoge-
nous mediators of tissue repair that may be therapeutically
harnessed.

Pro-angiogenic effects of endothelial-derived exosomes
that stimulate endothelial sprouting while suppressing
macrophage infiltration to enable vascular anastomosis
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were among the first documented [17]. Tumor-secreted
exosomes also activate angiogenic pathways in endothelium
to enhance the perfusion [18]. Bone marrow myeloid cells
release exosomes that mobilize VEGF-mediated angiogenesis
during wound healing and ischemia [19]. Hence, exosomes
govern tissue-specific angiogenesis programs by orchestrating
complex heterocellular communication [14,16,20]. However,
exosomal components’ specific identities and functionality
mediating these effects remain largely undefined. Elucidating
mechanisms underlying exosome bioactivity would enable
further translational developments around acellular extracel-
lular vesicle-based therapeutics.

In cutaneous wound healing, fibroblasts adjacent to the
microvasculature activate upon hypoxic and inflammatory
signaling during the proliferative phase [21,22]. They
prominently regulate the endothelial behavior in paracrine,
with crosstalk governing angiogenesis and consequent tissue
regeneration [23]. Fibroblast-secreted products stimulate
endothelial cell invasion, tubulogenesis, and vessel stabiliza-
tion in vitro [24-26]. In vivo, evidence directly demonstrating
functional roles for fibroblast-derived exosomes in activating
angiogenesis remains lacking [27-29]. Defining mechanisms
by which fibroblast exosomes modulate endothelial behavior
would provide mechanistic insights into heterocellular
communication, enabling vascularization.

Impaired angiogenesis underlies the pathogenesis of chronic
non-healing wounds in diabetes, venous stasis, and ischemia
[10]. Neovascularization defects arise due to intrinsically poor
ECM, nerve damage, and infection beyond insufficient GFs
[30]. Promoting revascularization using recombinant proteins
or gene therapy in preclinical models enhances the healing of
these recalcitrant wounds [9,11]. However, the direct admin-
istration of recombinant GFs possesses drawbacks, including
the need for repeated applications, poor bioavailability, and
off-target effects [31]. Cell-based therapy using endothelial
progenitors or fibroblasts also stimulates neovascularization
but suffers challenges in optimization, scale-up, regulation,
and clinical translation [11,32].

Hence, the acellular vesicular therapy utilizing endogenous
exosomes to stimulate angiogenesis physiologically represents
an attractive translational approach. Fibroblast exosomes
capable of enhancing revascularization could overcome cur-
rent limitations in protein/gene/cell therapies. However, their
therapeutic efficacy and mechanisms of action remain to be
systematically evaluated. Elucidating mechanisms governing
exosome-mediated regulation of angiogenesis would propel
the development of acellular extracellular vesicle-based ther-
apeutics.

In this study, we demonstrate the indispensable roles of
fibroblast-secreted exosomes in activating VEGF-dependent
angiogenic pathways during cutaneous wound healing. We
reveal that exosomal delivery of miR-24-3p as a vital mech-
anism suppresses endothelial von Hippel-Lindau (VHL) to
enhance HIF-1« stability and VEGF signaling. Topical admin-
istration of FB-Exos rescues deficient neovascularization in
diabetic wounds. Our findings establish fibroblast exosomes
as promising acellular therapeutic candidates to treat vascular
insufficiency in chronic wounds and ischemic diseases.

Methods
Primary cell isolation and culture

Dermal fibroblasts were obtained from the skin of newborn
(0-2 days old) mice. First, the mouse skin was incubated

in a 0.25% dispase II solution (04942078001; Roche) to
separate the epidermis and dermis at 4°C overnight. Then,
the dermis layer was fully separated from the skin. The
obtained dermis was digested with 0.25% trypsin (Hyclone)
for 30 min at 37°C to generate single cell solution. Cells were
seeded into culture dish at a density of 1 x 10° cells/cm?, and
expanded in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 1% streptomycin/penicillin (Hyclone) and
10% exosome-free fetal bovine serum (FBS; VivaCell) at 37°C
with 5% CO,. The morphology and number of primary
fibroblasts were observed under a microscope and the purity
of passage 2 fibroblasts was determined by flow cytometry
(Supplementary Figure 1a—c). The Animal Ethics Committee
of the Third Military Medical University approved all proto-
cols involving animal experiments. Mouse brain microvessel
endothelial cells (VECs, CRL-2299) were obtained from Amer-
ican Type Culture Collection and cultured in DMEM supple-
menting with 10% FBS (Gibco) and 1% streptomycin/peni-
cillin at 37°C with 5% CO;. All cells tested negative for
mycoplasma contamination were further used for experi-
ments.

Isolation, identification, and label of exosomes

After 48 h of culture, the FB culture medium was harvested
and centrifuged at 300xg and 3000xg at 4°C for 10 min
to eliminate residual cell debris. The collected medium was
centrifuged at 10000xg at 4°C for 30 min to remove the
remaining macropolymers. The supernatant was further ultra-
centrifuged at 100 000xg at 4°C for 70 min. The pellets
were resuspended in 1x ice-cold phosphate-buffered saline
(PBS) solution, ultracentrifuged at 100,000xg for 70 min
at 4°C to remove residual contaminant proteins, and then
dissolved in 1x ice-cold PBS for analysis. For exosome char-
acterization, the harvested exosomes were quantified using a
bicinchoninic acid (BCA) protein assay kit (R33200; Thermo
Fisher, USA) for further experiments. Nanoparticle tracking
analysis (DLS, Zetasizer Nano; Malvern Instruments, UK),
transmission electron microscopy, CD63, TSG101, and cal-
cein were used to identify the exosomes obtained from western
blotting (Supplementary Figure 1d—f).

In some experiments, FB-Exos were fluorescently labeled by
adding Dil dye (1:400, cell membrane red fluorescent probe)
(Beyotime) during the ultracentrifugation step. Unbound dye
was removed by additional centrifugation at 100,000xg for
90 min and washing in PBS. The labeled exosomes were
resuspended in PBS at 108-10? particles/mL and quantified
via NanoSight analyses.

To inhibit exosome genesis, fibroblasts were pre-treated
with 10 uM GW4869 or vehicle control (DMSO) for 48 h dur-
ing conditioned media collection. Cell viability and metabolic
activity remained comparable to those of the controls upon
GW4869 treatment, as ascertained by trypan blue dye exclu-
sion and CCK8 assays, respectively.

Knockdown and overexpression of miR-24-3p

The miR-24-3p inhibitor/mimics or negative controls were
purchased from GenePharma Co. Lentiviral vectors encod-
ing miRZip antisense miRNA inhibitors or miRVec sense
miRNA sequences (SBI Biosciences) were utilized to suppress
or overexpress miR-24-3p in fibroblasts, respectively. Non-
targeting vectors served as controls. Briefly, early passage low-
density fibroblasts were transduced via polybrene-assisted
spinoculation and selected with puromycin to establish stable
pools with miR-24-3p knockdown or overexpression relative
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to the controls. The complete medium was replaced 24 h post-
infection, and the miR-24-3p levels were ascertained via quan-
titative polymerase chain reaction (qQPCR) of isolated total
RNA. Exosomes derived from FBs overexpressing miR-24-3p
were referred to as Exo™R-24-3p OF \yhereas exosomes derived
from FBs with knocked down miR-24-3p were referred to as
Exo™MiR-24-3p KD Exosomes derived from FBs expressing miR-
24-3p control vectors were referred to as ExomiR-24-3p Cerl,

Dual-luciferase reporter assay

Briefly, 1 x 10*/well 293T cells with a wild-type (WT) or
mutational 3’-UTR of VHL (MUT) were seeded and cultured
in a 96-well plate. After adhesion, the luciferase reporter vec-
tor combined with the mimic negative control vehicle (mimics
NC) or the mmu-miR-24-3p mimic was co-transfected into
a monolayer of WT or mutational 293T cells for 24 h.
Luciferase activity was measured under a microplate reader
(Thermo, USA) via a dual-luciferase reporter assay system
(Promega, USA) to analyze the binding between miR-24-3p
and the 3’-UTR of VHL.

High-throughput miRNA sequencing

The total miRNAs derived from purified FB-Exos were
extracted using a miRNA isolation kit (Thermo, USA). The
high-throughput miRNA sequencing was carried out by the
SEQHEALTH company (Wuhan, China). The total miRNA
detection, the construction of gene library, and HiSeq/MiSeq
sequencing were performed according to the manufacturer’s
instructions.

Matrigel assays

In vitro capillary network formation by vECs was detected
via tube formation assay with Matrigel (BD, USA). Briefly,
Matrigel was diluted 1:1 with DMEM on ice for angiogenesis
experiments. A total of 70 uL of diluted Matrigel was added
to a 96-well plate and incubated for 30 min at 37°C. vECs
were pre-stained with calcein reagent at a ratio of 1:1000
at 37°C for 20 min, followed by two washes with 1x PBS.
Subsequently, 1.5 x 10* vECs/well were seeded on Matrigel
and co-cultured with 1.5 x 10*/well FBs in a contact or non-
contact manner without or with a 0.4-um transwell insert.
For exosome stimulus experiments, 1.5 x 10* vECs seeded
on Matrigel/well were incubated with 50 ug/mL FB-Exos
or HFB-Exos. After co-incubation for 6 h, the formation
of vEC tube-like structures was observed under a confocal
microscope, and the total length of the tube-like structure and
the number of branches were calculated via Image] software.

EdU assays

vECs were treated with 50 ug/mL FB-Exos or HFB-Exos
for 24 h. Before harvesting samples, vECs were treated with
10 M EdU for 6 h, fixed in 4% paraformaldehyde, perme-
abilized using 0.5% Triton X-100 (Beyotime), and stained
with Alexa Fluor azide to detect incorporated EdU by copper-
catalyzed click reaction as per manufacturer’s protocols
(Beyotime). Cell nuclei were counterstained with 1x Hoechst
33342 and EdU+ proliferating cells enumerated. Images
were obtained under a laser scanning confocal microscope
(Olympus).

Cell migration

For scratch wound healing assays, the confluent vECs mono-
layers seeded in 12-well plates were scratched using 200-uL
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pipet tips to induce linear cell-free wounds ~1 mm in width.
vECs were then incubated with 50 ug/mL FB-Exos for 24 h.
Wound closure due to directional migration was monitored
by phase contrast imaging over 24 h. Cell debris was washed
away before imaging. Wound width was measured at three
positions per scratch at indicated time points using NIH
Image] software.

Cell invasion

Growth factor-reduced Matrigel was applied to the mem-
branes of transwell inserts (8 um pore size) in 24-well plates
for 1 h at 37°C for solidification (Corning). Then, 25000
vECs were seeded per insert in the serum-free media above
wells containing 10% serum-supplemented media with or
without exosomes. The cells invading through the Matrigel
and the pores to the underside of the membranes over 24 h
were stained with 1x crystal violet for counting via a light
microscopy.

Type | diabetic mouse model

Briefly, a type I diabetic mouse model was induced in 8-
week-old male C57BL/6 mice by intraperitoneal injection of
streptozotocin (75 mg/kg; Sigma-Aldrich) dissolved in citrate
buffer daily for 5 days. Blood glucose was measured using a
glucometer test strip (Ascencia Elite; Bayer) 3 days after the
last injection. Mice exhibiting hyperglycemia (>250 mg/dL
glucose) were included as models of type I diabetes (T1D).
The mice were maintained for 2 weeks to induce chronic
complications of hyperglycemia before the wounding exper-
iments described above. Subcutaneous blood flow in the skin
of diabetic mice was measured via laser Doppler imaging to
ascertain the development of circulatory deficits compared
with that in the skin of age-matched normoglycemic controls
as described earlier. FB-Exo therapy was administered thrice
weekly to T1D mice. A total of 100 uL of PBS containing
40, 80, 200, or 400 pug of FB-Exos was subcutaneously
injected into the wounds. The control mice were subcuta-
neously injected with an equal volume of PBS. Wound healing
and quantitative angiogenesis analyses were conducted as
described for the control mice above.

Full-thickness excision wound model and treatment

Sex- and age-matched C57BL/6 (C57) mice (male, specific
pathogen-free, 6 weeks old) were purchased from the Animal
Institutes of the Third Military Medical University for all
animal experiments. The mice were anesthetized with 1% pen-
tobarbital (Sigma, USA) (0.5-1.0 mL/100 g body weight) and
their hair was shaved before the experiment. After disinfection
with 75% alcohol, two full-thickness excisional wounds (6,
8, and 10 mm in diameter) were made on either side of the
dorsal skin. For normal C57BL/6 mice, 50 uL of drug-loaded
(0.1% DMSO) PBS, GW4869 (0.1 ug/uL), or GW4869 + FB-
Exos (4 pg/ul) was injected subcutaneously around each
wound (4 sites) at 0,2, 4, and 6 days after injury. For diabetic
mice, 50 uL of drug carrier (PBS) or FB-Exos (4 ug/uL)
was injected locally at 2, 4, and 6 days after injury. The
wound area was photographed with a digital camera at 2, 4,
6, and 8 days after wounding. The wound healing rate was
calculated using an image software (NIH, USA) as follows:
healing rate (%) = (WA; — WA,)/WA; x 100%, where WA; is
the initial wound area and WA, is the wound area on the n-th
day after injury.



Burns & Trauma, 2025, Vol. 13, tkae071

Immunostaining analysis

Immunofluorescence staining was conducted on formalin-
fixed paraffin-embedded or cryosectioned wound tissues
permeabilized with 0.5% Triton X-100 and immunolabeled
overnight with specific antibodies against CD31 (1:200),
VEGF-A (1:200), and VEGFR2 (1:200), followed by incu-
bation with fluorescence-conjugated secondary antibodies
(all from Abcam). Nuclei were counterstained with 1x
DAPI solution. Images were acquired under a confocal
microscope (Olympus). For immunohistochemical staining,
the paraffin-embedded sections were dewaxed, antigenically
repaired, blocked, and incubated with the primary antibody
VEGF-A (Abcam).

Wound blood perfusion analysis

Wound angiogenesis was also assessed by a laser Doppler
imaging system to evaluate microvascular blood flow in
wound beds and peri-wound skin over time as described
earlier. The mice were anesthetized and held immobile in
a mold. Consecutive scans were acquired via the RFLSI III
system over the indicated time intervals until day 8 post-
wounding to quantify perfusion. Wound areas were identified
by contouring scan images via an ROI tool to quantify average
flow values. Contralateral intact skin served as control tissue
for comparison at each time point for each mouse.

Enzyme-linked immunosorbent assay

Conditioned media supernatants from vECs were col-
lected and analyzed using human VEGF-A enzyme-linked
immunosorbent assay (ELISA) kits according to the
manufacturer’s instructions (R&D Systems). The curve was
generated per standard protein OD values followed by evalu-
ating the concentration of VEGF-A in conditioned media.

Real-time quantitative PCR

For cell and wound tissues, total RNA was extracted via
TRIzol reagent (Thermo Fisher Scientific, USA) according
to the manufacturer’s protocol. The total cDNA was reverse
transcribed from equal amounts of RNA (1 ug) using a reverse
transcription kit (TOYOBO, Japan). mRNA expression
was then quantified using SYBR Green PCR Master Mix
according to primer sequences. These primer sequences used
are as follows: HIF-1a (forward) GGTCTAGGAAACTCAA
AACCTGA, (reverse) TGGCTGCATCTCGAGACTTT; VEG
FA (forward) AAGGGGCAAAAACGAAAGCG, (reverse)
CTCCAGGGCATTAGACAGCA; VHL (forward) ACGGAC
AGCCTATTTTTGCCAA, (reverse) GTCCAGTCTCCTGTA
ATTCTCA; VEGFR2 (forward) ATGCATCCTTGCAGGAC
CAA, (reverse) TCTAGGACTGTGAGCTGCCT; GAPDH
(forward) CAGGAGGCATTGCTGATGAT, (reverse) GAAG
GCTGGGGCTCATTT. All primers were generated and
provided by Sangon Biotech. The expression of all target
mRNAs was normalized to that of GAPDH.

For microRNA analysis, total RNA enriched for small
RNA was extracted from cells using miRNA kits (Sangon).
cDNA was synthesized using a cDNA synthesis kit (Sangon)
based on the stem-loop method, and target miR-24-3p was
quantified via qRT-PCR via Tagman Fast Advanced master
mix (Vazyme) and specific primers on a QuantStudio 6 Flex
system (Bio-Rad). The expression of miRNA was normalized
to that of U6 snRNA.

Co-immunoprecipitation

Co-immunoprecipitation kits (Beyotime) were used for exper-
iments after total protein was extracted with cell lysis buffer.
Briefly, the protein samples were incubated overnight at 4°C
with magnetic beads combined with antibodies or normal
IgG. After the protein sample was combined with the corre-
sponding antibody, the suspension was eluted and separated
by magnetic beads for further western blot experiments as
described above. The following antibodies were used: anti-
VHL (1:500, Santa Cruz, sc-135657), anti-HIF-1« (1:500,
Santa Cruz, sc-17811), anti-PHD2(1:500, Santa Cruz, sc-
271835), and anti-ubiquitin (1:500, Santa Cruz, sc-8017).

Western blot

Cells or tissues were lysed using 1x RIPA buffer supplemented
with 1x protease/phosphatase inhibitors (Beyotime) followed
by sonicating briefly. All protein concentrations were detected
using a BCA kit (Thermo Fisher Scientific). Using a standard
protocol, equal amounts of proteins with 1x loading
buffer were resolved using 7.5%-12.5% gels (Epizyme) and
transferred onto PVDF membranes (Merck) on ice. These
membranes were blocked in 5% nonfat milk (Epizyme)
and incubated overnight with specific primary antibodies
(all antibodies are from Cell Signaling Technologies unless
indicated otherwise): VEGFA (1:1000), VEGFR2 (1:1000),
phospho-VEGFR2 (p-VEGFR2, 1:1000), HIF1-e (1:1000),
PHD2 (1:1000), VHL (1:1000), B-actin (1:1000), AKT
(1:1000), phospho-AKT (p-AKT, 1:1000), mTOR (1:1000),
phospho-mTOR (p-mTOR, 1:1000), and GAPDH (1:1000).
Corresponding HRP-conjugated secondary antibodies (Bey-
otime, 1:3000) were incubated for 1 h at room temperature
before chemiluminescent detection under an iBright imaging
system (Thermo Fisher Scientific).

Statistical analysis

Data represent means + SD values combined from duplicate
independent experiments unless otherwise stated. Data were
analyzed using a GraphPad Prism 8.0 software, in which
groups were compared by unpaired Student’s #-test with
Shapiro-Wilk normality for two groups and one-way or two-
way ANOVA with Tukey’s multiple comparisons for more
than three groups. P <.05 was considered as statistically
significant.

Results
Exosomes are essential paracrine effectors of
fibroblast-stimulated angiogenesis in vitro

We first aimed to delineate stromal regulation of angiogenesis
using an in vitro model where primary mouse dermal fibrob-
lasts were co-cultured with vascular endothelial cells (VECs).
Fibroblasts stimulated vECs tube-like structure formation on
Matrigel in a dose-dependent manner (Figure 1a). To ascer-
tain if this pro-angiogenic effect was contact dependent, we
utilized transwell co-cultures with porous inserts preventing
cell—cell contact. Intriguingly, separated co-cultures retained
the ability of fibroblasts to enhance vECs tubulogenesis, indi-
cating the involvement of a paracrine stimulus (Figure 1b).
Since exosomes represent a predominant means of paracrine
communication through the intercellular transfer of bioactive
proteins, lipids, and genetic material, we hypothesized a role
for exosomes in fibroblast-mediated angiogenesis. To test this,
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Figure 1. Fibroblasts enhance angiogenesis via paracrine transfer of exosomes in vitro. (a-d) Representative tube-like structures of vECs were visualized
by confocal or light microscopy in the indicated groups. Bar: 100 um. (e-h) The effects of FB-Exos on VEC (e, f) proliferation and (g, h) apoptosis were
examined by immunofluorescence and flow cytometry. Bar: 50 um. (i, j) The migration of VECs was detected by (i) scratch and (j) transwell assays. Bar:
100 um. P-value was calculated by one-way ANOVA with Tukey’s multiple comparisons (a, b) or unpaired t-test with Shapiro-Wilk normality test (c—j).
*P <0.05; *P <0.01; **P < 0.001. FBs fibroblasts; VECs, vessel endothelial cells
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we pharmacologically inhibited exosome biogenesis using
GW4869 reagents, a neutral sphingomyelinase inhibitor that
blocks ceramide-triggered inward budding of multivesicular
bodies (MVBs) to yield exosomes [33]. Strikingly, GW4869
treatment ablated the ability of fibroblasts to stimulate
vECs tubule formation (Figure 1¢). This strongly implicated
exosomes as the primary paracrine pro-angiogenic stimuli
elaborated by fibroblasts.

To ascertain whether fibroblast-derived exosomes (FB-
Exos) exert direct pro-angiogenic effects, FB-Exos were
fluorescently labeled and applied to vEC cultures. Rapid
endocytosis and cytoplasmic localization of labeled exosomes
were visualized in vECs within 6 h, confirming efficient
cellular uptake (Supplementary Figure 1g). Functionally, FB-
Exos strongly promoted tubule formation by vECs seeded
on Matrigel, with >3-fold increases in number of meshes
quantified (Figure 1d).

During new blood vessel growth, proliferation, directed
migration, and survival of sprouting endothelial tip cells
represent essential processes coordinated by pro-angiogenic
signals. We discovered that FB-Exos increased the fraction
of S-phase replicating vECs by 13%, as determined by EdU
pulsing experiments (Figure le, f). FB-Exos also exhibited
pro-survival effects, rescuing serum-deprived apoptotic vECs
from cell death. Annexin-V staining quantified a ~60%
reduction in apoptosis upon FB-Exos treatment (Figure 1g, h).
Scratch wound migration assays showed ~2.2-fold faster
closure of cell-free areas over 24 h with FB-Exos stimulation
(Figure 1i). Analogous increases in invading cell numbers
(~2-fold) were obtained by invasion assays, substantiating
enhanced endothelial cell motility (Figure 1j).

These results demonstrate that FB-Exos stimulates multiple
facets of angiogenesis in vitro, including proliferation,
survival, migration, and tubulogenesis. Exosome release
appears vital for fibroblast-mediated regulation of endothelial
behavior.

Fibroblast exosomes are indispensable for
cutaneous wound angiogenesis and healing

Having delineated the pro-angiogenic properties of FB-Exos
in vitro, we interrogated their functional relevance in vivo
using a murine wound healing model. Full-thickness 6-mm
dorsal skin punch biopsy wounds were generated in WT mice.
Following injury, wounds were injected subcutaneously with
either the GW4869 or vehicle control at days 0, 2, 4, and
6. Strikingly, inhibition of endogenous exosome production
markedly impeded wound closure dynamics macroscopically
(Figure 2a), with reduced re-epithelialization and granulation
tissue formation quantified histologically (Supplementary Fig-
ure 2a).

To ascribe this wound healing defect specifically to loss of
fibroblast exosome production, exogenously isolated FB-Exos
were topically applied onto GW4869-treated wounds at days
0,2,4,and 6. Administration of supplemental FB-Exos largely
restored normal healing progression, including wound closure
rates (Figure 2a), re-epithelialization, and the formation of
granulation tissues (Supplementary Figure 2a). This rescue
experiment confirms that fibroblast-derived exosomes are
indispensable paracrine effectors regulating cutaneous wound
repair.

Functionally, we examined if the macroscopic wound
healing delay observed upon GW4869 treatment and loss
of endogenous exosomes was underpinned by angiogenesis
inhibition. H&E staining (Supplementary Figure 2b) and

CD31 immunofluorescence (Figure 2b) verified markedly
reduced microvessel density and endothelial cell infiltration
within granulation tissues of GW4869-treated wounds at days
2 and 4 post-injury. In vivo vascular perfusion analyses using
a laser Doppler further substantiated angiogenesis defects,
with significantly lowered wound site blood flow in the
absence of endogenous exosomes at day 3 (Figure 2¢). Peak
levels of revascularization were also delayed, occurring at
day 6 rather than day 4 post-wounding in GW4869-treated
group. Remarkably, topical administration of FB-Exos onto
GW4869-treated wounds corrected the aberrant neovascular-
ization, restoring normal endothelial cell infiltration, vessel
density, and tissue perfusion (Figure 2b, c).

These striking in vivo results establish fibroblast-secreted
exosomes as indispensable paracrine stimuli that coordinately
regulate angiogenesis to enable efficient cutaneous wound
repair.

FB-Exos activates VEGF-VEGFR2 signaling by
increasing ligand and receptor levels

The VEGF-VEGFR?2 signaling axis represents the archety-
pal pathway governing developmental and pathological
angiogenesis [34]. We discovered that FB-Exos strongly
stimulated both intracellular VEGF-A protein accumulation
(Figure 3a, b, and d) and secreted VEGF-A levels (Figure 3c)
in vEC cultures, with higher concentrations detected by
ELISA. This was accompanied by 6-fold increases in VEGFA
mRNA expression (Figure 3f), indicating that FB-Exos
elicits VEGF production at multiple levels. Furthermore,
immunofluorescence staining results corroborated greater
cytoplasmic VEGF-A localization and expression following
FB-Exos treatment (Figure 3b).

VEGFA signals principally through VEGFR2 displayed
on endothelial cells, stimulating receptor dimerization
and auto/paracrine propagation of downstream signaling
cascades regulating proliferation and migration [35]. We
discovered that FB-Exos enhanced VEGFR2 transcript levels
by ~10-fold in vECs (Figure 3g). Cell surface VEGFR2
protein was also elevated ~1.4-fold (by flow cytometry)
(Figure 3e). Total VEGFR2 protein increases were affirmed
by immunoblotting and immunofluorescence (Figure 3h, i).
Furthermore, the phosphorylation of VEGFR2 at tyrosine
residues was intensely stimulated by FB-Exos, indicative of
receptor activation (Figure 3h,i). Besides the activation of
VEGFR2, we also found that AKT-mTOR signaling pathway
related to angiogenesis was significantly activated by FB-Exos
in a time-dependent manner (Supplementary Figure 3a).

In vivo, the inhibition of fibroblast exosome production in
dorsal wounds via GW4869 injection markedly suppressed
wound site immunopositivity for both VEGFA and VEGFR2,
with fewer number of positive cells and lower fluorescence
intensity (Figure 3j, Supplementary Figure 3b). As previously,
topical administration of FB-Exos onto these wounds strik-
ingly rescued both VEGFA and VEGFR2 expression.

Hence, our results demonstrate that fibroblast-secreted exo-
somes potently activate the master VEGF-VEGFR2 angio-
genic signaling axis by increasing ligand and receptor levels
in target endothelial cells.

FB-Exos enhances HIF-1«a stability by
downregulating VHL E3 ubiquitin ligase

To identify upstream regulators of FB-Exos-induced VEGF-
VEGFR2 signaling, we analyzed the central transcriptional
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Figure 2. FB-Exos play irreplaceable roles for angiogenesis and wound healing in vivo. (a) Wound closure was analyzed in mice injected subcutaneously
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mediator hypoxia-inducible factor-1 alpha (HIF-1«). While
HIF-1o mRNA levels were unchanged (Supplementary Fig-
ure 4a), FB-Exos treatment elicited ~2-fold increases in HIF-
la protein with heightened nuclear localization in vECs
(Figure 4a, b). Analogously in vivo, immunofluorescence
staining of wound granulation tissues showed GW4869-
treated wounds harboring fewer HIF-1a-positive cells (~8%)
than vehicle control wounds (~41%) at day 2. Topical
application of FB-Exos increased the fraction of HIF-la+
cells to ~48% at day 2 (Figure 4c).

Cycloheximide chase experiments investigated whether
FB-Exos regulated HIF-1a stability to block new protein
translation and assess degradation kinetics. We discovered
delayed HIF-1a turnover upon FB-Exos stimulation, increas-
ing estimated protein half-life from ~60 to >90 min and
substantially prolonging detection (Figure 4d). In tandem,
HIF-1a ubiquitin-tagging was reduced following FB-Exos
treatment (Figure 4e; Supplementary Figure 4b). Although
oxygen-sensor PHD2 levels were slightly lowered, FB-Exos
strongly suppressed both transcript and protein of the critical
VHL E3 ubiquitin ligase that mediates proteasomal degrada-
tion of hydroxylated HIF-1« (Figure 4f; Supplementary Fig-
ure 4c, d). Immunoprecipitation assays demonstrated that
FB-Exos disrupted VHL binding to HIF-1a without affecting
PHD?2 interactions (Supplementary Figure 4e). This explains
enhanced HIF-1a stability due to reduced proteasomal
degradation.

FB-Exos elicits HIF-1a protein stabilization by selectively
downregulating its key negative regulator VHL ubiquitin
ligase. This augments HIF-1a-dependent transcriptional acti-
vation of the VEGF-VEGFR?2 signaling axis.

miR-24-3p regulates VHL suppression to modulate
HIF-1« stability in endothelial cells stimulated by
fibroblast-derived exosomes

We investigated the identity and functional relevance of spe-
cific components in fibroblast-derived exosomes (FB-Exos)
regulating VHL levels and HIF-1« stability in recipient cells.
Small RNA sequencing identified 17 miRNAs predicted to
target proteins in the ubiquitin-mediated proteolysis path-
way. Using TargetScan analyses, miR-24-3p and miR-541-5p
were predicted to directly inhibit VHL. Pathway annotation
confirmed the established roles of miR-24-3p in regulating
ubiquitination and cell signaling cascades (Supplementary Fig-
ure Sa, b).

Among candidate miRNAs, qPCR analysis verified that
miR-24-3p was highly enriched in FB-Exos, being ~35-fold
more abundant than miR-541-5p (Supplementary Figure 5c).
Correspondingly, incubation of vECs with FB-Exos elevated
intracellular miR-24-3p levels ~3-fold, substantiating effi-
cient exosomal transfer (Figure 5a).

To conclusively evaluate miR-24-3p functionality, we gen-
erated fibroblasts overexpressing or suppressing miR-24-3p
to establish exosomes enriched (~8-fold higher) or deficient
(by ~65% knockdown) in miR-24-3p levels compared to
control FB-Exos (Supplementary Figure 6a). Exosomes over-
expressing miR-24-3p strongly reduced VHL protein levels
by ~60% in recipient vECs, consequently increasing HIF-1«
protein accumulation (Figure 5b, ¢) and VEGFA mRNA and
protein expression (Supplementary Figure 6b, c). Significant
suppression of VHL mRNA (~70% lower), but not HIF-
la mRNA, was also achieved (Supplementary Figure 6d).

Burns & Trauma, 2025, Vol.13, tkae071

Reciprocal trends of VHL upregulation and HIF-1a destabi-
lization were observed upon delivery of miR-24-3p-deficient
exosomes to VECs (Figure 5b, ¢; Supplementary Figure 6b—d).

Functionally, heightened miR-24-3p cargo enhanced
the ability of FB-Exos to stimulate tube-like structure
formation of vECs (~1.6-fold increase in the number of
meshes) (Figure 5d), proliferation (~30% higher) (Figure Se),
migration (~15% faster closure) (Supplementary Fig-
ure 6¢), and anti-apoptosis (~2-fold lower apoptosis ratio)
(Figure 5f). These angiogenesis-related bioactivities were par-
tially countered by exosomes lacking miR-24-3p (Figure 5d-f;
Supplementary Figure 6e). Delivery of miR-24-3p-rich
exosomes mechanistically suppressed HIF-1a ubiquitination
and proteasomal degradation in recipient vECs (Figure 5g).
To verify whether VHL serves as the target of miR-24-3p, a
dual-luciferase reporter assay was performed, and the results
showed that the luciferase activity of mmu-miR-24-3p mimics
has no significant difference compared to mimics NC group
for both WT and MUT 293T cells (Supplementary Figure 6f),
suggesting that miR-24-3p does not directly regulate the
expression of VHL.

Collectively, our results reveal a vital role for FB-Exos-
delivered miR-24-3p in suppressing endothelial VHL to mod-
ulate HIF-1a stabilization and consequent VEGF-dependent
angiogenesis.

Topical FB-Exos administration rescues deficient
wound neovascularization in type | diabetes

As a proof-of-concept for clinical translation, we evaluated
if FB-Exos could rescue insufficient angiogenesis in a
streptozotocin-induced mouse model of type I diabetes
exhibiting characteristic microvascular deficits and delayed
wound closure. Fluorescently labeled FB-Exos localized
around keratinocytes and dermal vasculature when topically
administered onto wounds and imaged at day 6, confirming
sustained retention (Supplementary Figure 7a).

Using this classical animal model, we observed profound
healing defects macroscopically and histologically within
8 days, including slower wound closure and reduced re-
epithelialization (Figure 6a; Supplementary Figure 7b). Aber-
rant angiogenesis was substantiated by lowered microvessel
density, attenuated endothelial cell infiltration, reduced
wound site perfusion, and decreased expression of VEGFA
(Figure 6b, ¢; Supplementary Figure 7c).

We observed that topical application of FB-Exos onto
these chronic diabetic wounds strikingly ameliorated healing
rate in a dose-dependent manner (Supplementary Figure 8a).
To evaluate the potential impacts of different injury sizes
on wound healing, the 8-mm- and 10-mm-diameter full-
thickness diabetic wounds were created on dorsal skin
of mice. As shown in Supplementary Figure 8B and C,
the results showed that FB-Exos significantly promoted
diabetic wound closure for both 8-mm- and 10-mm-diameter
wounds. Therefore, these data indicate that FB-Exos play
contributive roles for different-size diabetic wound repair.
Macroscopic closure kinetics and re-epithelialization were
improved significantly with FB-Exos treatment within 8
days (Figure 6a; Supplementary Figure 7b). Functionally,
defective vascularization was rescued, with heightened
endothelial cell recruitment, microvessel density, local blood
flow quantified, and the expression of VEGFA (Figure 6b, c;
Supplementary Figure 7c).
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immunofluorescence staining (the white arrows represent CD31-positive neovascular). Bar: 50 um (n=6 mice per group). (c) The blood flow status of
the wound area was monitored by laser Doppler monitor (n=6 mice per group). P-value was calculated by two-way ANOVA with Tukey's multiple
comparisons (a, b) and one-way ANOVA with Tukey's multiple comparisons (c). * P < 0.05; **P < 0.01; ***P < 0.001
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Hence, FB-Exos administration potently activates angio-
genesis to improve wound healing dynamics in diabetes. Our
results provide a compelling rationale for the translational
development of acellular FB-Exo therapies to treat vascular
insufficiency and chronic wounds.

Discussion

Complex heterocellular communication enables physiological
angiogenesis during tissue repair [1,5,8]. In addition to
facilitating canonical VEGF-VEGFR2 signaling, endothelial
tip cells integrate inputs from diverse parenchymal, mural,
and immune cells to coordinate sprouting [9,10]. In response,
the activated endothelium secretes perivascular niche factors
that promote cellular recruitment and ECM production [1].
However, the mechanistic delineation of pathways facilitating
such intricate multicellular crosstalk has remained challenging
in vivo. Our findings reveal a vital role for fibroblast-secreted
exosomes as essential paracrine mediators that activate angio-
genesis during cutaneous wound healing. We demonstrate
that FB-Exos potently stimulates VEGF-dependent signaling,
proliferation, migration, and tubulogenesis in endothelial
cells. Sustained inhibition of endogenous exosome production
markedly suppressed neovascularization, delaying wound
closure. The topical provision of exogenous FB-Exos reversed
these defects. We further established miR-24-3p as a key
genetic cargo delivered by FB-Exos that enhances HIF-
la stability by downregulating VHL ubiquitin ligases in
the recipient endothelium. The administration of FB-Exos
potently stimulated revascularization in a diabetic wound
healing model, underscoring their translational potential.
Reciprocal crosstalk between dermal fibroblasts and
microvascular endothelial cells represents an archetypal
example of heterocellular communication that governs
physiological and pathological angiogenesis [5,8]. Genetic
murine models in which dermal fibroblasts are selectively
ablated during cutaneous development or wound repair
substantiate their indispensable roles in coordinating epithe-
lial and endothelial behavior [8]. Fibroblasts have been
proposed to regulate the “angiogenic switch”; however,
the underlying mechanisms beyond soluble VEGF secretion
remain undefined [12,24]. Our results directly demonstrate
the essential functionality of fibroblast-derived exosomes as
predominant paracrine effectors that stimulate angiogenesis
during tissue repair. The pharmacological inhibition of exo-
some genesis effectively suppressed endothelial activation and
neovascularization despite maintaining intercellular contact
or transmitting soluble mediators across transwells. The
topical provision of supplemental human fibroblast exosomes
completely corrected these defects. To our knowledge, this
represents the first direct genetic evidence substantiating the
indispensable roles of parenchymal cell-derived exosomes in
physiological angiogenesis in vivo. We propose that, under
homeostatic conditions, tissue-specific exosomes serve as
key endogenous mediators facilitating context-dependent
intercellular communication. Further investigation of this
model in diverse regenerative settings would be illuminating.
We systematically delineated downstream signaling events
using reductionist in wvitro systems to understand how
fibroblast exosomes elicit such profound endothelial activa-
tion. FB-Exos strongly stimulate VEGF-VEGFR2 signaling
by concomitantly increasing both ligand and receptor
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levels effectively establishing a positive feed-forward loop
that amplifies pathway flux. Consequently, endothelial
proliferation, migration, and tubulogenesis are all enhanced.
Selective inhibition of the VEGF-VEGFR2 axis could
clarify whether alternative pathways contribute to FB-Exos
bioactivity. Nevertheless, our findings align with previous
findings on endothelial exosomes, which similarly activate
VEGF autoregulatory loops in the target endothelium [17].
Upstream of VEGEF, we discovered the selective stabilization of
the master transcriptional regulator HIF-1a. By suppressing
PHD-VHL-mediated ubiquitination and degradation, FB-
Exos enhanced HIF-1a nuclear retention to activate target
genes such as VEGFA. These results illuminate a cogent
mechanistic cascade centered on HIF-VEGF pathway
activation underlying exosome bioactivity. It would be
interesting to evaluate whether FB-Exos also modulates
other angiogenesis-regulating genes. The effects may also
be endothelial cell subtype specific, with microvascular
endothelial cells from the skin and cardiac tissue exhibiting
distinct HIF-1a responsiveness [36].

A key objective has been identifying specific exosome com-
ponents that modulate signaling in recipient cells [13,18].
We identified miR-24-3p as a vital genetic cargo delivered
by FB-Exos that regulates HIF-VEGF pathway activity using
an unbiased sequencing approach coupled with functional
validation. By inhibiting the expression of VHL mRNA, exo-
somal miR-24-3p inhibited VHL translation, explaining the
enhanced HIF-1« protein stability. miR-24-3p joins exosome-
transferred angiomiRs such as miR-126 and miR-296, which
stimulate ischemia-mediated revascularization by suppressing
negative regulators of VEGF signaling such as SPRED1 and
PHD2 [37-39]. Our results extend this paradigm, revealing
that miR-24-3p is an additional exosomal angiomiR that
targets the key E3 ubiquitin ligase VHL. It would be inter-
esting to conduct epistasis experiments in which miR-24-
3p was inhibited in the context of endogenous FB-Exos to
evaluate the functional importance of exosomal proteins,
mRNAs, and miRNAs. The selective loading of miR-24-3p
into FB-Exos, rather than its retention in fibroblasts that
highly endogenously express this miRNA, implies the presence
of active packaging mechanisms. RNA-binding proteins may
recognize miR-24-3p to enable its encapsulation into MVBs.
In addition to miR-24-3p, we also found that multiple miR-
NAs in FB-Exos were related to angiogenesis by performing
GO and KEGG pathway analyses associated with angiogen-
esis via high-throughput miRNA sequences (Supplementary
Figure 5d, e). Elucidating miRNA packaging mechanisms
might explain how angiogenic potential is asymmetrically
partitioned into secreted exosomes rather than retained by
activated fibroblasts. From a therapeutic standpoint, under-
standing loading mechanisms would enable the engineering
of artificial exosomes stably enriched with pro-angiogenic
miRNAs.

Chronic diabetic wounds exhibit paradoxical VEGF over-
expression yet insufficient angiogenesis, undermining tissue
repair [9,10]. Using a murine diabetic wound healing model,
we discovered that the topical administration of human FB-
Exos could correct neovascularization deficits. This finding
validates the functionality of our reductionist ex vivo obser-
vations in a complex i1 vivo pathological setting. Intriguingly,
a xenogeneic source of exosomes appeared active, imply-
ing the conserved bioactivity of angiogenic stimuli across
species lines. It would be relevant to test the efficacy of
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autologous fibroblast-derived exosomes harvested from dia-
betic patients, to evaluate their comparative potency [40]. This
would provide greater preclinical validation before initiating
clinical trials. Testing additional models of chronic wounds
arising from venous stasis, vasculopathy, or irradiation in
parallel would allow for broader applicability [10,41]. Com-
paring the relative functionality of fibroblasts with that of
endothelial cell-derived exosomes in rescuing vascularization
defects would also be informative [12,17,40]. In terms of
therapeutic safety, exosomes appear to be well tolerated with-
out observable adverse effects in our study or in previous
reports in which high systemic doses were administered across
species [40,42]. Because they are derived from syngeneic or
autologous sources, compared with allogeneic cell therapy,
exosomes are also expected to be minimally immunogenic
[11,43,44]. However, formal toxicity analyses with long-term
administration over months would provide reassurance before
patient trials.

Our results carry salient implications on several fronts.
First, we establish a vital functional role for tissue parenchy-
mal cell-derived exosomes as physiological mediators of
paracrine signaling that can be harnessed therapeutically.
Second, we provide an example of integrated biological
systems analysis bridging exosomal cargo identification with
functional validation to demonstrate target gene modulation
underlying angiogenesis stimulation. Third, we develop key
principles underlying mechanism-based therapeutics centered
on specific exosome-mediated transfer of pro-angiogenic
miR-24-3p. Our findings provide a compelling rationale for
developing acellular biologics using fibroblast-derived exo-
somes to treat vascular deficiency underlying chronic wound
pathology. The striking rescue of deficient neovascularization
via simple topical administration establishes a proof-of-
concept for the therapeutic efficacy of FB-Exos. Because
they are acellular, FB-Exos can overcome the scalability,
manufacturing, storage, transport, and regulatory hurdles
facing cell therapies [32,45]. They also circumvent the
bioavailability limitations of recombinant angiogenic proteins
with short half-lives, which require frequent application
[10]. Furthermore, harnessing endogenous vesicles leverages
physiological mechanisms of intercellular communication for
tissue repair [16,46]. Our approach represents a template for
developing extracellular vesicle therapeutics by revealing the
mechanistic links between exosomal cargo and functionality.
Systematically evaluating secretion from diverse cellular
sources would provide candidate vesicles for regenerative
applications beyond angiogenesis, encompassing dermal,
neural, osseous, and muscular tissue repair [45,47-49].
Profiling cargo signatures would provide an understanding
of how parent cell physiology governs exosome bioactivity
[46]. Identifying enriched biologically active components that
confer target cell specificity would rationalize manufacturing
design [50]. Engineering artificial exosomes by overexpressing
specific miRNAs or knocking down of deleterious transcripts
may optimize therapeutic potency [40,51]. Our finding that
miR-24-3p levels are rate limiting, with overexpression
enhancing FB-Exo bioactivity, substantiates this approach.
Furthermore, editing membrane proteins to append tissue-
specific targeting peptides or circulating half-life extension
domains may improve their localization and retention
upon systemic administration [40,52,53]. Integrating such
biological insights to customize and control exosome content
and biodistribution would enable the next generation of
engineered extracellular vesicular therapies.

15

Our findings demonstrated that fibroblast-derived exoso-
mal miR-24-3p accelerates cutaneous wound healing in WT
mice by promoting angiogenesis appear to contradict the
results reported by Xu et al. [54]. In their study, inhibition
of miR-24-3p expression enhanced angiogenesis and wound
repair in WT mice by targeting PIK3R3. This discrepancy
in outcomes highlights the complex and context-dependent
functions of miR-24-3p in regulating angiogenesis. One poten-
tial explanation for this contradiction lies in the different
experimental approaches used. We specifically investigated
the effects of fibroblast-exosomal miR-24-3p delivery, while
Xu et al. modulated global cellular miR-24-3p levels. The
exosomal packaging and targeted delivery of miR-24-3p may
elicit distinct functional outcomes compared to broader sys-
temic effects. Additionally, the molecular targets and signaling
pathways regulated by miR-24-3p may differ depending on
the cellular context. While our study identified VHL as a
critical target mediating the pro-angiogenic effects of miR-
24-3p, Xu et al. demonstrated that PIK3R3 is a key tar-
get responsible for the anti-angiogenic effects of miR-24-3p.
These findings suggest that miR-24-3p may regulate different
downstream effectors and pathways, leading to opposing
outcomes in angiogenesis regulation. It is important to note
that miRNAs can exert pleiotropic effects by targeting mul-
tiple mRNAs, and their functions may be context dependent,
varying across different cell types, physiological conditions,
and disease states. Further studies are needed to elucidate the
mechanisms underlying these contradictory observations and
to delineate the specific conditions under which miR-24-3p
exerts pro- or anti-angiogenic effects.

Conclusions

In conclusion, our findings elucidate fibroblast-derived exo-
somes as critical regulators that activate angiogenesis pro-
grams during tissue repair. We establish central roles for
exosomal miR-24-3p in stimulating endothelial HIF-VEGF
signaling by inhibiting VHL-mediated degradation. The clin-
ical efficacy of FB-Exo administration in rescuing neovas-
cularization deficits in diabetic wounds highlights promising
translational potential. Further biological interrogation cou-
pled with bioengineering innovation centered on harnessing
secreted extracellular vesicles would propel the development
of novel acellular biologics for regenerative medicine.
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