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Background: Neutrophils rapidly accumulate in large numbers at sites of tissue damage, exhibiting not only their well-known 
bactericidal capabilities but also playing crucial roles in angiogenesis and tissue repair. While exosomes derived from human umbilical 
cord mesenchymal stem cells (HucMSC-Exo) have emerged as a promising therapeutic tool, their exact mechanisms of action remain 
partly elusive. We hypothesize that HucMSC-Exo treatment may modulate neutrophil phenotypes, thereby significantly influencing 
wound healing outcomes.
Methods: HucMSC-Exo were isolated via ultracentrifugation and subsequently administered through subcutaneous injection into full- 
thickness cutaneous wounds in mice. To determine the impact of host neutrophils on the healing effects of HucMSC-Exo in skin 
injuries, strategies including neutrophil depletion and adoptive transfer were employed. Flow cytometry was used to evaluate the 
proportion of N2 subtype neutrophils in both normal and diabetic wounds, and the effect of HucMSC-Exo on this proportion was 
assessed. Furthermore, the mitochondrial metabolic reprogramming driven by HucMSC-Exo during N2 polarization was investigated 
through JC1 staining, ATP quantification, fatty acid uptake assays, and assessment of FAO-related genes (Cpt1b, Acadm, and Acadl).
Results: Depleting host neutrophils strikingly dampened prohealing effect of HucMSC-Exo on skin injury, while adoptive transfer of 
bone marrow neutrophils rescued this process. During normal healing process, some neutrophils expressed N2 markers, in contrast, 
diabetic wounds exhibited a reduced expression of N2 markers. After treatment with HucMSC-Exo, most neutrophils increased the 
phosphorylation of STAT6, leading to mitochondrial metabolic reprogramming and thus acquired an N2 phenotype. These N2 
neutrophils, polarized by HucMSC-Exo, boosted the release of proangiogenic factors, particularly BV8, a myeloid cell-derived 
proangiogenic factor, and induced angiogenesis thereby favoring tissue restoration.
Conclusion: This research uniquely demonstrates the identification of N2 neutrophils in skin injury and shows that HucMSC-Exo 
could skew neutrophils toward N2 phenotype, enhancing our insight into how cells react to HucMSC-Exo.
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Introduction
Exosomes derived from human umbilical cord mesenchymal stem cells (HucMSC-Exo) have emerged as a promising 
tool in regeneration medicine, offering potential benefits for facilitating wound healing.1–3 While there is existing 
evidence supporting the idea that HucMSC-Exo promotes wound healing, there is a lack of consistent reporting on the 
molecular mechanisms involving diverse cell populations.4,5 This inconsistency may result from the cellular diversity 
involved in healing and the complexities of the immune system within wounds.
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Cutaneous wound repair is a complex and interconnected process involving various cells that act in coordination to 
manage inflammation, proliferation, and remodeling.6 Transitioning from the early inflammation to subsequent prolifera-
tion stages is a pivotal point for healing outcomes.7 Among the immune cells involved in wound healing, neutrophils are 
the first to be recruited and dominate in numbers during the early stages after injury.8 If the skin barrier is breached, 
neutrophils play a crucial role in limiting bacterial translocation. Activated neutrophils degranulate, releasing proteases 
and coordinating the healing response. Following their demise through NETosis, neutrophils release chromatin and form 
neutrophil extracellular traps to trap pathogens.9 Despite these potent functions, these activities of neutrophils can lead to 
collateral damage, contributing to excess inflammation and hinder tissue repair, leading to a somewhat negative 
perception of neutrophils in the context of tissue restoration. Nevertheless, recent studies indicate a need to reassess 
the conventional perspective on neutrophils.8,10

Over the past decade, there has been significant exploration of phenotypic heterogeneity in macrophages.11–13 The 
current consensus is that macrophages transition from an inflammatory M1 state right after injury to an anti-inflammatory 
M2 state, assisting in inflammation resolution and tissue healing.13,14 In contrast to macrophages, the phenotypic 
heterogeneity of neutrophils has been understudied, partly due to their short lifespan (only 10 hours in circulation) and 
nonadherent nature in culture.15

The objective of this research was to investigate how myeloid cells, especially neutrophils, contribute to the healing- 
promoting impact of HucMSC-Exo at the wound site. Previously, we characterized the heterogeneity of neutrophils and 
macrophages during HucMSC-Exo-mediated tissue repair through single-cell sequencing.16 Herein, we found that the 
pro-healing effect of HucMSC-Exo heavily depended on infiltrated neutrophils rather than macrophages. Adding 
complexity to this, HucMSC-Exo guided the phenotypic switching of neutrophils at the wound site, directly reprogram-
ming naïve neutrophils (N0) into an anti-inflammatory proangiogenetic status (N2). The reprogrammed N2 neutrophils 
exhibited the capability to produce angiogenic factors, such as vascular endothelial growth factor (VEGF) proteins and 
BV8. Further investigation into the signaling pathway revealed that STAT6 signaling played a critical role in the 
metabolic regulation of N2 polarization during HucMSC-Exo stimulation. By impacting mitochondrial metabolism, 
HucMSC-Exo induced metabolic reprogramming messages that converged upon fatty acid oxidation (FAO), lipid 
metabolism, and mitochondrial adaptations, consequently driving neutrophils into another immunometabolic cell fate.

Methods
Cell Culture and Reagents
The SVEC4-10 mouse endothelial cell line and the HL-60 human neutrophilic promyelocyte cell line were both sourced 
from the American Type Culture Collection and cultivated in their appropriate media—RPMI-1640 or DMEM— 
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supplemented with 10% fetal bovine serum, streptomycin (100 mg/mL), and penicillin (100 units/mL). For the isolation 
of mouse primary neutrophils from C57BL/6N mice, femur and tibia were extracted from euthanized mice. A 25-gauge 
needle filled with 1× Hanks’s balanced salt solution (HBSS) 0.38% sodium citrate buffer was used to flush the bones. The 
extracted cell suspension was gently disintegrated and filtered through a 40 µm Corning cell strainer to obtain a single 
cell suspension. Red blood cells were removed using Servicebio’s (Wuhan, China) red blood cell lysis buffer, with 
a hypotonic lysis step included. After washing in HBSS, neutrophils were further purified via a Miltenyi Biotec magnetic 
associated cell sorting (MACS)-based protocol (kit# 130–097-658), then maintained in RPMI-1640. All cell cultures 
were kept at 37°C with 5% CO2.

Hucmsc-Exo Isolation and Identification
HucMSC-Exo were offered by Aiyi Life Technology Co., Ltd. The producer cells were cultured under serum-free 
conditions in DMEM medium for 48 hours, and the supernatant was collected for exosome isolation by a sequence of 
centrifugation steps at 1000×g for 10 minutes, 4000×g for 20 minutes, and 10,000×g for 40 minutes, followed by 
ultracentrifugation at 100,000×g for 70 minutes at 4°C.17 The resulting solution was resuspended in PBS and filtered 
through a 0.22 µm filter.

Nanoparticle tracking analysis (NTA) with a Nanosizer™ measured the size distribution of the HucMSC-Exo. Their 
morphology was assessed via transmission electron microscopy (TEM) while Western blotting probed for the surface 
markers CD63 and Alix.

HucMSC-Exo Labeling and Cellular Uptake
Exosomes were stained for visibility using the PKH67 green fluorescent dye according to the manufacturer’s protocol 
from Solarbio (China). This involved mixing the HucMSC-Exo with PKH67 and Diluent C for 5 minutes, before 
stopping the reaction with the addition of 1% FBS. The fluorescent HucMSC-Exo were then introduced into an 
ultrafiltration tube to discard excess dye, using centrifugation at 4000g for 30 minutes. In vitro studies included co- 
culturing primary neutrophils with labeled exosomes and imaging following Hoechst 33,258 staining. In vivo studies 
involved injecting mice subdermally with the labeled exosomes and imaging using an IVIS Lumina Series III system. 
Post-injection at various time points, tissues were harvested, stained with DAPI, and observed under confocal 
microscopy.

Wound Healing Model and Treatment
Female 6~8 weeks old C56BL/6N mice, including diabetic and non-diabetic individuals, were prepared for skin wound 
experiments. All experimental procedures adhered to relevant international regulations outlined in the Guide for the Care 
and Use of Laboratory Animals. The study was approved by the Institutional Animal Ethics Committee for animal 
experiments. An electric clipper and 70% ethanol prepared the site for a sterile 8 mm biopsy punch incision. Wound 
healing progress was photo-documented every two days. HucMSC-Exo treatments (100 µg in 100 µL) occurred bi-daily. 
Wound diameters were measured in Photoshop to calculate closure rates.

Neutrophil Depletion in Live Mice
For neutrophil depletion studies, mice received an intraperitoneal injection of an anti-Ly6G antibody (200 µg per mouse) 
one day before starting HucMSC-Exo treatment. At the study endpoint, mice were sacrificed, and the efficacy of 
neutrophil depletion was assessed using flow cytometry. This analysis provided quantitative verification of the reduction 
in neutrophil populations, confirming the successful implementation of the neutrophil-depleting strategy.

In vivo Adoptive Transfer of CD11b+Ly6G+ N2-Neutrophils
For the adoptive transfer of N2-neutrophils, neutrophils were isolated from the bone marrow of Donor mice using the 
MACS-based neutrophil isolation kit (Miltenyi Biotec) following the manufacturer’s recommendation. The isolated 
neutrophils were then subjected to HucMSC-Exo-driven polarization. Recipient mice were subcutaneously injected with 
a single injection of N2 neutrophils (10 × 106) resuspended in ice-cold HBSS in a volume of 100 µL at the indicated time 
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point. This adoptive transfer aimed to introduce polarized N2-neutrophils into the recipient mice for further investigation 
and analysis.

Generation of Conditioned Medium
Conditioned medium (CM) was created by incubating 1–2×106 primary neutrophils with or without 100 µg HucMSC- 
Exo in 10% FBS-supplemented RPMI media for 12 hours. After a PBS wash, the cells were incubated for another 12 
hours in serum-free conditions. The harvested CM was centrifuged at 300×g for 10 minutes to clear out cells and debris, 
then frozen at −80°C for future experiments.

Cell Proliferation
Cell proliferation of SVEC4-10 targeted by the CCK-8 assay in 96-well plates. In brief, cells were treated with PBS, N0- 
CM, and HucMSC-Exo-polarized N2-CM for 24 h, 48 h, and 72 h, with optical density (OD) readings taken at 450 nm 
after a 2-hour treatment with a CCK-8 solution (Dojindo, Japan). EdU incorporation visualized with the BeyoClickTM 
EdU Kit (Beyotime, China) with Alexa Fluor 488 provided further cell proliferation insights.

Cell Migration and Invasion Assessments
The cell migration capacities were quantified using scratch assays. SVEC4-10 cells were plated in six-well plates and 
grown until they occupied 90% of the surface. A scratch was then made with the narrow end of a 10 µL pipette tip. The 
medium supplemented with different conditions similar to those in cell proliferation assays. Cell migration was 
documented at 0, 12, 24, and 48 hours post-scratch by photographing under a microscope. ImageJ software analysis 
provided cell migration figures and the scratch’s gap measurements. The migration rate was computed with the formula: 
cell migration rate = [(original gap width - gap width at 12, 24, or 48 hours) / original gap width] × 100%. The cell 
invasion capacities were quantified using transwell assays, with migrated cells stained with crystal violet and observed 
under an optical microscope.

Tube Formation Assay
A 96-well plate was prepped with 50 µL of Matrigel, set at 37°C for 30 minutes. SVEC4-10 endothelial cells were then 
cultured at 20,000 cells per well in conditions akin to those used in the proliferation study. Post 6 hours incubation, tube 
structures were imaged via microscopy, with total branch points quantified using ImageJ software.

SiRNA Transfection
For silencing the specific gene, small interfering RNAs for BV8 (siBV8) and STAT6 (siSTAT6) were designed using the 
GenBank Accession Number: NM_001037539, NM_001178078, respectively. Provided by GenePharma, their sequences 
are listed in Table S1. After applying the transfection agent for 6 hours, cell media was refreshed. Post-transfection, 
knockdown efficiency in neutrophils was verified by qRT-PCR.

Immunofluorescence
Formalin-fixed, paraffin-embedded tissue sections were de-waxed, rehydrated, and underwent antigen retrieval. To block 
endogenous peroxidase activity, sections were treated with 3% H2O2 and further blocked with 3% BSA for 1 hour. Tissue 
sections were decorated with anti-mouse antibodies against CD31 (1:100, Abcam), Arg1 (Proteintech, 1:400), Ly6G 
(ThermoFisher, 1:1000), and p-STAT6 (1:100, Cell Signaling Technology) for 12 hours at 4 °C, secondary antibodies for 
an hour at room temperature, and DAPI to tag nuclei. An inverted fluorescence microscope captured the staining results, 
measured by ImageJ software.

Flow Cytometry
For flow cytometry analysis, cellular suspensions from skin samples (n=3) were washed once with PBS and permeabi-
lized using eBioscience™ Foxp3/Transcription Factor Staining Buffer Set (catalog. 00-5523-00) following the manu-
facturer’s instructions. Conjugated antibodies were added and incubated for 1 hour at room temperature. The antibodies 
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used included Alexa Fluor™ 700-CD11b (eBioscience, 56-0112-80, 1:100), FITC-Ly-6g (eBioscience, 11-5931-82, 
1:400), PE-iNOS (eBioscience, 12-5920-80, 1:300), and APC-Arginase (eBioscience, 17-3697-80, 1:100). A flow 
cytometer recorded cell fluorescence, with FlowJo software analysis and appropriate control antibodies ensuring data 
accuracy.

Western Blot Analysis
Protein concentrations in cell and tissue extracts were quantified using the bicinchoninic acid protein assay prior to 
separation by SDS-PAGE. Proteins were then moved to PVDF membranes, blocked with 5% BSA, and incubated with 
primary antibodies at 4 °C, followed by incubated with HRP-conjugated secondary antibodies for 1 hour at room 
temperature. Detection was via the LAS-3000 Luminescent Image Analyzer.

Reverse Transcription-Quantitative PCR
RNA extraction was carried out using the RNA Easy Fast Tissue/Cell Kit (TIANGEN, DP451). The concentration of 
cell-free total RNAs was determined using NanoDrop 2000. Subsequently, cDNA was synthesized with the ReverTra Ace 
qPCR RT Master Mix with gDNA remover (FSQ-301; Toyobo) kit. For quantitative reverse transcription PCR (qRT- 
PCR), the SYBR Green Kit (Vazyme, Nanjing, China) was employed. GAPDH served as the internal control for 
normalization. The specific primer sequences can be found in Table S2.

JC1 Staining
Bone marrow-derived neutrophils were treated with PBS, HucMSC-Exo, or HucMSC-Exo plus AS1517499 for 12 hours. 
Neutrophils were stained with JC1 (Solarbio, China) for 20 minutes at 37°C. Fluorescent signals were visualized and 
captured using a fluorescent inverted microscope.

ATP Quantification
Neutrophils were treated with PBS, HucMSC-Exo, or HucMSC-Exo plus AS1517499 for 12 hours. ATP was assessed 
using the Cell Counting Kit-Luminescence Assay Kit (Dojindo, Japan).

Fatty Acid Uptake
Neutroplils were treated with PBS, HucMSC-Exo, or HucMSC-Exo plus AS1517499 for 12 hours. Fatty acid uptake in 
neutrophils were assessed using the Fatty Acid Uptake Assay Kit (Dojindo, Japan). Fluorescent signals were visualized 
and captured using a fluorescent inverted microscope.

Statistical Analysis
All statistical analyses in this study were conducted using GraphPad Prism 8 InStat Software (San Diego, CA, 
USA). The data were presented as the mean ± SEM from at least three separate trials. Group comparisons involved 
the Student’s t-test or ANOVA, with a p-value below 0.05 marking statistical significance. Statistical tiers were 
annotated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Results
Characterization of HucMSC-Exo
After purification, we conducted NTA analysis, TEM, and Western blotting analysis to characterize the size, morphol-
ogy, and surface marker expression of purified nanoparticles derived from huc-MSCs. NTA measurement revealed 
a medium diameter of 102.6 nm (Figure 1A), consistent with reported HucMSC-Exo size distributions. TEM displayed 
a round vesicle-shaped morphology (Figure 1B), typical of HucMSC-Exo. Furthermore, exosomal markers CD63 and 
Alix were identified through Western blotting analysis (Figure 1C), confirming the identity of these nanoparticles as 
HucMSC-Exo.
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Retention of HucMSC-Exo in Skin Tissues
We investigated the retention of HucMSC-Exo within dermal tissues using fluorescence microscopy post-injection. Four 
hours after administration, a considerable accumulation of PKH67-stained HucMSC-Exo was evident around the peri-
nuclear zones of dermal cells. However, the signal intensity decreased by 24 hours; by 2 days after injection, HucMSC- 
Exo were significantly less dense in skin tissues. By day 4, no fluorescent signal was detected (Figure 1D). Quantitative 
analysis confirmed a time-dependent decline in uptake of the labeled exosomes around the wound sites (Figure 1E). 
These findings suggest that transplanted HucMSC-Exo led to a gradual reduction in stimuli for resident skin cells over 
time.

Before exploring wound healing effects, real-time fluorescence imaging analysis was employed to investigate the 
in vivo biodistribution of HucMSC-Exo (Figure 1F). The PKH67-labeled HucMSC-Exo fluorescence signal persisted 
well in subcutaneous tissue for more than 2 days, gradually reducing. By day 4 post-subcutaneous injection, the 

Figure 1 Characterization and retention of HucMSC-Exo in cutaneous wound tissues. (A) Measurement of the particle size distribution of HucMSC-Exo by nanoparticle 
tracking analysis. (B) Morphological features of HucMSC-Exo observed by transmission electron microscope. Scale bar = 200 nm. (C) Surface markers of HucMSC-Exo 
detected by Western blotting. (D) Typical images of skin tissue uptaking HucMSC-Exo at different time point. Scale bars, 50 μm. (E) Quantification of the amount of skin cells 
that uptake PKH67-labeled hHcMSC-Exo at indicated times in (D). n = 3 per group. All P < 0.0001 compared with the 4 h group. (F) Representative in vivo imaging picture 
of retention of PKH67 labeled HucMSC-Exo at day 2 and day 4 on wound.
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fluorescence dropped to under 10%. This observation substantiates that subcutaneously injected HucMSC-Exo have 
sufficient time for potentially inducing local cellular phenotype reprogramming (Figure 1F).

In situ Wound Healing Effect of Hucmsc-Exo Relied on Neutrophil Infiltration
During the wound healing process, activated myeloid cells, including neutrophils and macrophages, infiltrate the wound 
site. Our prior recognition of the participation of myeloid cells, specifically macrophages and neutrophils, in the wound 
healing process led us to investigate their role in HucMSC-Exo-guided wound healing.16 We deployed two strategies to 
selectively deplete either circulating monocytes (via anti-F4/80 treatment) or neutrophils (via anti-Ly6G) in recipient 
mice (Figure 2A). Intraperitoneal injection of the anti-Ly6G antibody resulted in the effective depletion of neutrophils 
without affecting circulating monocytes. Conversely, anti-F4/80 treatment selectively depleted circulating monocytes 
while sparing neutrophils (Figure 2B). Depletion of circulating monocytes through anti-F4/80 treatment did not 
significantly impact wound healing and vascularization; HucMSC-Exo injected into F4/80-treated mice exhibited 
a microvascular density comparable to the control group (Figure 2C-E). In contrast, the depletion of neutrophils via anti- 
Ly6G had a detrimental effect on wound healing and vascularization. Mice treated with anti-Ly6G and injected with 
HucMSC-Exo displayed reduced vascularization compared to the control group (Figure 2C-F). These results stress the 
critical reliance of HucMSC-Exo’s wound repair function on the presence of infiltrating neutrophils.

Adoptive Transfer Bone Marrow (BM)-Derived Neutrophils Rescued Vascularization
To further validate the pivotal function of neutrophils, we implemented an adoptive transfer strategy using neutrophils- 
depleted mice. In this approach, HucMSC-Exo were implanted into mice depleted of neutrophils, with or without the 
transfer of neutrophils from non-depleted donor mice (Figure 2G). To obtain neutrophils, we utilized a magnetic 
associated cell sorting protocol to purify a predominantly mCD11b+/mLy6G+ neutrophil population, ensuring a 98% 
purity (Figure S1). HucMSC-Exo implanted into neutrophils-depleted mice exhibited delayed vascularization. However, 
the adoptive transfer of BM-derived neutrophils partially restored vascularization, resulting in a mature network of blood 
vessels (Figure 2H and I). An experiment utilizing blood-origin mLy6G+ cells also aided vascularization, albeit less 
effectively (Figure 2I). Notably, the transfer of F4/80+ cells, identifying monocytes/macrophages, did not yield similar 
restorative effects on the vasculature (Figure 2I), emphasizing the distinctive and indispensable contributions of 
neutrophils to this phase of healing. Adding complexity to this scenario, confocal microscopy demonstrated that 
transferred neutrophils were predominantly localized at branch points and integrated into the vessel network 
(Figure 2J), indicating a potential crosstalk between these cells. Intriguingly, neutrophils localized chiefly around nascent 
vessels rather than matured ones, likely because the fact that mature vessels had finalized their remodeling phase. In 
summary, these comprehensive results authenticate the indispensable role of host mLy6G+ neutrophils in promoting 
vascularization during skin wound healing.

HucMSC-Exo Induces Phenotypic Switching of Neutrophils to the N2 Subtype
A range of studies has brought neutrophils’ remarkable plasticity to the fore, detailing how LPS+IFN-gamma can induce 
a pro-inflammatory N1 state, while IL-4 can orient neutrophils towards an anti-inflammatory N2 phenotype, analogous to 
the M1 and M2 classifications in macrophages.18–20 Building on our prior investigation,16 which demonstrated that 
HucMSC-Exo increased the abundance of M2 macrophages, we aimed to investigate whether HucMSC-Exo could 
induce a similar phenotype switch in neutrophils. To achieve this, myeloid neutrophil cells were isolated using MACS 
cell sorting kits, and BM-derived neutrophils were incubated with HucMSC-Exo (Figure 3A). Following a 12-hour 
incubation period, the expression of N1 and N2-related markers was assessed using qRT-PCR. The results demonstrated 
that treatment with HucMSC-Exo induced a significant shift of neutrophils towards the N2 phenotype, with a surge in N2 
marker expression, including Arg1, CD163, and CD206 (Figure 3B). To further validate this phenomenon in vivo, we 
examined whether HucMSC-Exo could drive the phenotype switch of wound-resident neutrophils towards an anti- 
inflammatory N2 phenotype (Figure 3C). After direct application of HucMSC-Exo to an excisional skin wound in mice 
through subcutaneous injection around the wound, flow cytometry was employed to measure the phenotype switching of 
neutrophils. At 24 hours post-insult, approximately one-third of the neutrophils in the wound area were found to be 
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Figure 2 HucMSC-Exo-polarized N2 neutrophils showed enhanced proangiogenic ability. (A) Schematic diagram of the experimental procedure showing bone marrow-derived 
neutrophils incubated with HucMSC-Exo. (B) qPCR detects the transcriptional levels of N1 markers (iNOS, IL-1, TNF-α), and N2 markers (Arg1, CD163, CD206) in HucMSC-Exo 
treated neutrophils. (C) Schematic diagram showing in vivo phenotypic switching of neutrophils that triggered by HucMSC-Exo. (D) Flow cytometry and quantitative analysis of Arg1- 
positive cells in skin wound lesions treated with PBS or HucMSC-Exo at day 1 and day 3. (E) Schematic diagram of the experimental procedure of endothelial cell co-cultured with 
HucMSC-Exo-polarized N2 neutrophils. (F) Representative images of the scratch healing assay. (G) Quantification of repair area after incubating 12, 24, and 48 h. Scale bars, 300 μm. (H) 
Representative images of transwell invasion assay. Scale bars, 300 μm. (I) Quantification of migrated cell number in transwell assay. CCK8 assays (J) and fluorescence images (K) showing 
the proliferation capacity of endothelial cell treated with condition medium derived from different phenotype of neutrophils (green: EdU staining; blue: DAPI staining). Scale bars, 300 μm. 
(L) Quantification of portion of EdU positive cells (%). (M) Tube formation of endothelial cell treated with condition medium derived from different phenotype of neutrophils. Scale bars, 
300 μm. (N) Quantification of total branch points representing tube formation ability. [*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data were expressed as mean ± SD and analyzed 
by unpaired two-tailed t-test].
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Arg1+, with this percentage not significantly affected by HucMSC-Exo. However, by day 3, a notable shift occurred, 
indicating that HucMSC-Exo significantly skewed neutrophils towards a Ly-6g+Arg1+ neutrophil population, character-
istic of the N2 subtype, achieving an exceptionally high conversion efficiency of approximately 85% (Figure 3D).

Figure 3 The healing effect of HucMSC-Exo on wound relies on infiltrated neutrophil. (A) Schematic diagram of myeloid depletion strategies. (B) Flow cytometry analysis of blood 
samples after different depletion treatments. The gross view of wounds (C) and immunofluorescence stained CD31 (D) of HucMSC-Exo, HucMSC-Exo plus neutrophil depletion, and 
HucMSC-Exo plus macrophagy depletion groups at day 1, 3, 5 and 7. Scale bars, 100 μm. Quantification of the wound closure (E) and fold change of CD31+ vessel area (% total area) (F). 
n = 3 per group. (G) Schematic diagram for adoptive transfer (ADT) of host neutrophils. (H) In vivo distribution of CD31 labeled neovessels in wound treated with HucMSC-Exo, 
HucMSC-Exo plus neutrophil depletion, and HucMSC-Exo plus neutrophil depletion plus adoptively transferred neutrophils. Scale bars, 100 μm. (I) Quantification of fold change of 
CD31+ vessel area (% total area). (J) Co-localization of fluorescent-labelled endothelial cells (green) and neutrophil (red). Scale bars, 50 μm. Arrows mark the merging of neutrophils into 
the network structure. [**p < 0.01, ***p < 0.001, ****p < 0.0001; data were expressed as mean ± SD and analyzed by unpaired two-tailed t-test].
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Effects of HucMSC-Exo-Polarized Neutrophils on Angiogenesis in vitro
While it is recognized that myeloid cells play an essential role in the processes of neovascularization and angiogenesis,21– 

23 there has been a more pronounced emphasis on how monocytes and macrophages influence tumor angiogenesis.24–26 

However, emerging evidence points to a noteworthy contribution of neutrophils to angiogenesis.27 To pinpoint the 
specific effect of HucMSC-Exo-polarized N2 neutrophils on vascular function, a series of assays evaluating endothelial 
cell proliferation, migration, invasion, and vascular anastomosis were conducted using conditioned medium and co- 
culture in vitro (Figure 3E). The initial focus was on evaluating the impact of conditioned media derived from HucMSC- 
Exo-polarized N2 neutrophils (N2-CM) on scratch repair (Figure 3F). Naïve neutrophil-derived conditioned media (N0- 
CM) served as a control. At 12 and 24 hours, the N2-CM group exhibited a significantly superior repair capability 
compared to the N0-CM group. Even at 48 hours, a substantial unrepaired area persisted in the N0-CM group (Figure 3F 
and G). Additional examination under co-culture conditions demonstrated that the co-cultured N2 neutrophils alongside 
endothelial cells notably boosted the repair rate in contrast to N0 neutrophils (Figure S2). Transwell assays corroborated 
these findings, with the N2-CM treated group showing the highest levels of invaded endothelial cells among all tested 
groups (Figure 3H and I). Further focus on the proliferation capacity of endothelial cells revealed that the N2-CM group 
had a slight proliferation advantage over the control or N0-CM within the initial 24 hours, with this capacity increasing at 
48 and 72 hours, as indicated by CCK-8 assay results (Figure 3J). This cell proliferation trend was further supported by 
EdU assay data. The prevalence of green-fluorescing endothelial cells—which designates their active proliferation— 
revealed that HucMSC-Exo-polarized N2 neutrophils had the highest pro-proliferation ability (Figure 3K and L), aligning 
with the observations from the CCK-8 results.

Acknowledging that sprouting and subsequent vascular anastomosis are vital for effective vascular regeneration, 
a tube formation assay was conducted, which crucially illustrated the influence of phenotypically distinct neutrophils on 
this process. The results indicated that endothelial cells stimulated with N2-CM showcased a stark enhancement in their 
capacity to establish capillary structures in contrast to those interacting with N0-CM (Figure 3M and N).

Secreted BV8 by HucMSC-Exo-Activated N2 Neutrophil Promotes the Angiogenesis 
of Endothelial Cells
Investigating further into the molecular mechanisms, a gene expression profile analysis on mouse primary neutrophils – 
with and without HucMSC-Exo treatment – was performed focused on angiogenesis-related genes. This analysis brought 
to light that BV8 (prokineticin-2), a secretory glycoprotein found within neutrophil granules and known to be highly 
mitogenic for endothelial cells, was dramatically upregulated in HucMSC-Exo-activated N2 neutrophils as opposed to 
the control cells (Figure 4A). BV8 is recognized as a pivotal angiogenic factor, especially within the realm of neutrophil- 
dependent tumor angiogenesis.28 Confirmation of these findings came via ELISA analysis, which showed that both 
mouse primary neutrophils and human HL-60 neutrophil cells released more BV8 following exposure to HucMSC-Exo 
than untreated neutrophils (Figure 4B). Moreover, the upregulation of BV8 in wounds treated with HucMSC-Exo, and 
the attenuation of this trend upon neutrophil depletion, was also observed (Figure 4C). Prior study showed CD11b+Ly- 
6G+ neutrophils mediate tumor angiogenesis by producing various proangiogenic factors, most notably Bv8. To delineate 
the exact role of BV8 in inducing angiogenesis, endothelial cells were treated with mouse recombinant BV8 (mrBV8). At 
a low concentration (1 µM), mrBV8 spurred angiogenesis in endothelial cells, accompanied with strong HIF-1α 
expression (Figure 4D and E), while intriguingly, VEGFα expression in the BV8-treated group did not show any 
significant alteration, suggesting BV8’s critical involvement in VEGF-independent angiogenesis (Figure 4E).

Furthermore, to directly assess the influence of BV8 secreted by N2-neutrophils on angiogenesis, siRNA technology 
was utilized to knockdown BV8 in neutrophils. In vitro testing revealed a significant decrease in angiogenesis upon 
treatment with CM derived from HucMSC-Exo-treated BV8-knockdown N2 neutrophils, as opposed to the control (wild- 
type) (Figure 4F). Further tested in vivo, when BV8 knockdown neutrophils were adoptively transferred into neutrophil- 
depleted mice, the loss of BV8 significantly correlated with decreased angiogenesis compared to those with normal BV8 
expression (Figure 4G). These cumulative results indicate that HucMSC-Exo-activated N2 neutrophils partially enhance 
angiogenesis by prompting the release of BV8.
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HucMSC-Exo Spurs Mitochondrial Metabolic Reprogramming in Neutrophils via the 
Jak2/STAT6 Pathway
In the course of M2-like polarization, STAT6 signaling pathways, in collaboration with peroxisome proliferator-activator 
receptor gamma (PPARγ), propel macrophage metabolism towards the mitochondrial beta-oxidation of fatty acids and 
oxidative phosphorylation for energy production.29 In an attempt to discern if HucMSC-Exo elicited comparable 
reactions in neutrophils, protein expression levels of p-Jak1/2, STAT1/3/6, and p-STAT1/3/6 were analyzed through 

Figure 4 BV8 Secreted by HucMSC-Exo-polarized N2 neutrophil promotes angiogenesis. (A) Mouse primary neutrophils were subjected to treatment with or without 
HucMSC-Exo for 12 h, followed by examining the expression of a series of secretory factors that are involved in angiogenesis. (B) BV8 protein levels in condition medium 
derived from HucMSC-Exo treated or untreated neutrophils (mouse primary and human HL-60 cells) were quantified by ELISA. (C) Representative Western blotting images 
of BV8 in skin wound after treated with HucMSC-Exo or HucMSC-Exo plus neutrophil depletion. (D) Tube formation of endothelial cells treated with or without 1μm 
mouse recombinant BV8. Scale bars, 300 μm. (E) Representative Western blotting images of HIF-1α and VEGFα from endothelial cells treated with or without 1μm mouse 
recombinant BV8. (F) Tube formation of endothelial cells treated with condition medium derived from wild type or BV8 knockdown neutrophils. (G) In vivo distribution of 
CD31 labeled neovessels in wounds treated with adoptively transferred wild-type or BV8 knockdown neutrophils. Scale bars, 100 μm. [**p < 0.01, ***p < 0.001, ****p < 
0.0001; data were expressed as mean ± SD and analyzed by unpaired two-tailed t-test].
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Western blotting after HucMSC-Exo or PBS treatments. The results revealed that HucMSC-Exo significantly increased 
the phosphorylation of Jak2 and STAT6 while markedly decreasing the expression of p-STAT1 (Figure 5A).

Recognizing STAT6’s importance in lipid metabolism—enhancing fatty acid oxidation (FAO) and energy generation 
in M2 macrophages—a selective STAT6 inhibitor, AS1517499, was employed to assess its effect.30 This inhibitor, in 
a dose-responsive manner, suppressed STAT6 function in HucMSC-Exo-stimulated neutrophils and counteracted the 
surge in mRNA levels of PPARγ and FAO genes (Cpt1b, Acadm, and Acadl) (Figure 5B-D). Post HucMSC-Exo 
treatment, fatty acid uptake in neutrophils rose, yet this was mitigated by inhibiting STAT6 expression (Figure 5E).

These findings resonate with previous research indicating that nuclear receptors, through metabolic shifts, contribute 
to M2-like polarization, marking PPARγ as a regulator of FAO for ATP production to maintain cellular functions.31 The 
reduced FAO in AS1517499-treated neutrophils correlated with significantly diminished ATP levels, highlighting 
a bioenergetic redirection akin to the metabolic profile changes observed in M1 and M2 macrophages (Figure 5F). It 
has been established that M2 macrophages rely on oxidative metabolism for prolonged energy generation to maintain 
wound healing and tissue repair functions.32 Our metabolomic analysis corroborated this energetic shift, identifying 
significant modifications in OXPHOS and glycolysis initiated by HucMSC-Exo (Figure 5G). Interestingly, AS1517499 
dampened oxidative metabolism in HucMSC-Exo-treated neutrophils, suggesting that HucMSC-Exo induced 
a bioenergetic recalibration in neutrophils that was attenuated when STAT6 signaling was impeded (Figure 5G). 
Moreover, mitochondria in HucMSC-Exo-treated neutrophils showed heightened membrane potential, distinguished by 
an increased number of red-fluorescent aggregates from JC-1 staining, unlike the AS1517499-treated cells that exhibited 
a higher count of mitochondria with low membrane potential (Figure 5H).

HucMSC-Exo Sknewed Neutrophil Toward a N2 Phenotype in a STAT6-Dependent 
Manner
The role of HucMSC-Exo in skewing neutrophils towards an N2 phenotype was further demonstrated to be STAT6- 
dependent, particularly in the transcriptional control of Arg1, a hallmark of the N2 state.33 Examination revealed that 
HucMSC-Exo treatment substantially pushed neutrophils towards the N2 phenotype (Arg1+), while STAT6 inhibition 
decreased Arg1 activity in a dose-responsive manner (Figure 6A). Human neutrophils (HL-60 cells) treated with 
HucMSC-Exo in the presence of AS1517499 also displayed significant downregulation of N2-associated markers 
(Figure S3A). Further corroboration was achieved by treating HL-60 cells with HucMSC-Exo in the absence or presence 
of STAT6-specific siRNA, leading to a notable reduction in Arg1 expression (Figure S3B). Additionally, dose-dependent 
downregulation of BV8 was apparent in HucMSC-Exo-treated N2-neutrophils in the presence of AS1517499 (Figure 
S3C). The in vivo study showed a significant decreased in p-STAT6 expression in the mice wound site treated with 
AS1517499 (Figure 6B). Evaluation of the activation status of STAT6 in CD11b+Ly-6g+ neutrophils on the wound site 
revealed that HucMSC-Exo induced STAT6 phosphorylation, while AS1517499 mitigated STAT6 activity within 
CD11b+Ly-6g+ neutrophils in vivo (Figure 6C). Immunofluorescence analysis of relevant N2 neutrophil markers on 
the wound site demonstrated that HucMSC-Exo induced the polarization of N2-neutrophils (Arg1), which was dampened 
by AS1517499, indicating that STAT6 blockage in vivo attenuated this phenotypic switching process driven by 
HucMSC-Exo (Figure 6D). Furthermore, HucMSC-Exo treatment in the presence of AS1517499 significantly dampened 
wound neoangiogenesis and impeded the wound healing process, underscoring that HucMSC-Exo-facilitated wound 
healing hinged on STAT6 activation in N2-neutrophils (Figure 6E-H). These results suggests that the augmentation of 
wound healing response to HucMSC-Exo involves N2-neutrophils energized through STAT6 signaling.

Neutrophils Failed to Skew Toward N2 Phenotype in Diabetic Wounds
In comparison to normal healing processes, wounds in diabetics show slower closure rates, extended periods of 
inflammation, and suboptimal blood vessel formation.34 Based on the aforementioned findings, we are interested in 
determining whether there are deficiencies in the transition process of neutrophils to the N2 phenotype during wound 
healing process in the context of diabetes. Initially, we conducted an examination to assess the extent of neutrophil 
infiltration in wound throughout the healing process. As shown in Figure 7A, on days one and three, the number of 
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Figure 5 HucMSC-Exo induced mitochondrial Metabolic recalibration in neutrophils in a STAT6-dependent manner. (A) Mouse primary neutrophils were treated with 
HucMSC-Exo for 12 h, and examined for p-Jak1/2, STAT1/3/6 and p-STAT1/3/6 expression by Western blot. β-actin was used as controls (n = 3 individual experiment/group). 
(B) Mouse primary neutrophils were treated with HucMSC-Exo or AS1517499 at various concentrations and STAT6 expressions were examined by qRT-PCR. GAPDH was 
used as a normalization control (n=3). (C) Representative Western blotting images of p-STAT6 from mouse primary neutrophils treated with HucMSC-Exo or AS1517499 (1 
µM). (D) Transcript levels of PPARγ and FAO genes (Cpt1b, Acadm, and Acadl) in mouse primary neutrophils treated with HucMSC-Exo or HucMSC-Exo plus AS1517499 (1 
µM). (E) Fatty acid uptake was analyzed in mouse primary neutrophils treated with HucMSC-Exo or HucMSC-Exo plus AS1517499 (1 µM). Scale bars, 50 μm. (F) Cellular 
ATP content in mouse primary neutrophils. (G) ATP content of OXPHOS and glycolysis in mouse primary neutrophils. (H) Representative images of JC-1 staining in mouse 
primary neutrophils. The cationic dye JC-1 forms red fluorescent aggregates at high mitochondrial potentials and maintains green fluorescent monomers at low 
mitochondrial potentials. Scale bars, 50 μm. [*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; data were expressed as mean ± SD and analyzed by unpaired two- 
tailed t-test].
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Figure 6 HucMSC-Exo induced STAT6 activation and thereby skewed neutrophil to an N2 phenotype. (A) Mouse primary neutrophils were treated with HucMSC-Exo or 
AS1517499 at various concentrations and Arg1 expressions were examined by qRT-PCR. GAPDH was used as a normalization control (n=3). (B) Representative Western 
blotting images of p-STAT6 from mouse wound lesson treated with PBS or HucMSC-Exo. (C) Representative immunofluorescence images of Ly6G+pSTAT6+ neutrophils in 
wound sections of HucMSC-Exo or HucMSC-Exo plus AS1517499s treated mice. Scale bars, 50 μm. (D) Representative immunofluorescence images of N2 (Arg1+) 
neutrophils in wound sections treated with HucMSC-Exo or HucMSC-Exo plus AS1517499s. (E) In vivo distribution of CD31 labeled neovessels in wounds treated with 
HucMSC-Exo or HucMSC-Exo plus AS1517499s. Scale bars, 100 μm. (F) Quantification of fold change of CD31+ vessel area (% total area). (G) The gross view of wounds 
from mouse treated with HucMSC-Exo or HucMSC-Exo plus AS1517499s at day 1, 3, 5 and 7. (H) Quantification of the wound closure. [*p < 0.05, **p < 0.01, ****p < 
0.0001; data were expressed as mean ± SD and analyzed by unpaired two-tailed t-test].
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infiltrating neutrophils in the diabetic wounds was comparable to that in normal wounds. However, by day five and day 
seven, the quantity of neutrophils in normal wounds began to decrease, while their numbers remained high in the diabetic 
wounds. We further verified the proportion of N2 subtype within the total neutrophil population. We discovered that, 
within the first seven days of wound healing, the proportion of N2 subtype neutrophils among the total neutrophil 
population in normal wounds progressively increased, reaching as high as 82.36% by day seven. In contrast, their 
proportion in diabetic wounds consistently remained below 10% (Figure 7B). Mechanically, we observed that molecule 
p-STAT6 within neutrophils is deactivated within the microenvironment of diabetic wounds (Figure 7C). Further 
investigations were conducted into the tissue-specific chemokine and cytokine profile influencing neutrophil recruitment 
and polarization. It was discerned that within diabetic wound sites, there were significant elevations in the levels of 
CCL2, CCL3, and CCL5, which are pivotal in mediating neutrophil recruitment (Figure 7D). Concurrently, there were 
noticeable decreases in the concentration of IL-4 and IL-13, cytokines crucial for the polarization towards an N2 
neutrophil phenotype, whereas the levels of IFN-gamma, a cytokine essential for N1 neutrophil programming, were 
increased (Figure 7E). These findings elucidate the altered chemokine and cytokine milieu that may contribute to the 
dysregulated inflammatory response observed in diabetic wound healing. Meanwhile, the diminution of the N2 subtype 
within diabetic wounds was concomitant with impediments to angiogenesis (Figure 7F). Collectively, these observations 
highlighted a potential correlation between the reduced presence of N2 neutrophils and the compromised vascularization 
intrinsic to the pathophysiology of diabetic wound healing.

HucMSC-Exo Promotes Diabetic Wound Healing by Driving Neutrophil Polarization 
Toward Angiogenic N2 Phenotype
We further explored whether HucMSC-Exo could expedite the healing and revascularization process in diabetic wounds 
by encouraging neutrophil polarization toward N2 phenotype. In the context of diabetic wounds, the N2 subtype of 
neutrophils constituted less than 10%, but with the application of HucMSC-Exo, their proportion significantly increased 
to 80.37% (Figure 8A and B). Mechanistically, dormant p-STAT6 in neutrophils was reactivated under the influence of 
HucMSC-Exo (Figure 8C). With the rise in N2 subtype neutrophils, enhanced wound healing and increased vasculariza-
tion were observed (Figure 8D-G). While previous researches had highlighted HucMSC-Exo’s direct promotive effects 
on vascular endothelial cells and re-epithelialization,35 our findings indicated an additional indirect healing facilitation 
through the modulation of neutrophil polarization to the N2 subtype. To ascertain the importance of HucMSC-Exo acting 
via neutrophils, we utilized AS1517499 to impede their polarization towards the N2 subtype. Subsequent to the use of 
AS1517499, inactivation of p-STAT6 was observed in neutrophils, abolishing the N2 polarization induced by HucMSC- 
Exo (Figure 8A-C). Notably, when N2 polarization was inhibited, the prohealing effects induced by HucMSC-Exo was 
diminished, accompanied by a reduction in neovascularization (Figure 8D-G). In summary, the gathered evidences 
underscore the significant role of HucMSC-Exo in not only directly promoting wound healing and revascularization, but 
also indirectly by modulating neutrophil polarization towards the N2 phenotype, highlighting the multifaceted actions of 
HucMSC-Exo in potential therapeutic strategies addressing diabetic wound management.

Discussion
Our study sheds light on the intriguing role of HucMSC-Exo in the polarization of neutrophils toward an M2-like, or N2 
phenotype, an orientation that is coupled with enhanced angiogenesis and expedited healing of full-thickness skin 
wounds. While lymphocytes and macrophages have demonstrated the ability to switch phenotypes,12 this study provides 
hitherto undocumented evidence of HucMSC-Exo-induced neutrophil reprogramming at the wound site, coinciding with 
improved healing outcomes.

To date, various research groups have highlighted the pro-healing properties of HucMSC-Exo in wounds, primarily 
attributed to their anti-inflammatory and antioxidant mechanisms.1,3,5 In our investigation, we aimed to explore how 
HucMSC-Exo impacts the peripheral inflammatory response, specifically focusing on the orchestration of infiltrated 
neutrophils toward a pro-healing status. Contradictory findings from studies depleting neutrophils in animal models 
prompted us to delve into the role of neutrophils in our wound model. Interestingly, depleting circulating neutrophils 
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Figure 7 Neutrophils in diabetic wounds fail to skew towards N2 phenotype. Flow cytometry analyzed the proportion of total neutrophils (CD11b+Ly-6G+) (A) and N2 
phenotype neutrophils (Ly-6G+Arg1+) (B) in normal and diabetic wounds at day 1, 3, 5, and 7 (n=3). (C) Representative immunofluorescence images of Ly6G+pSTAT6+ 
neutrophils in wound sections from normal or diabetic mice. (D) Expressions of chemokine CCL2, CCL3, and CCL5 were examined by qRT-PCR. GAPDH was used as 
a normalization control (n=3). (E) Expressions of cytokines IL-4, IL-13, and IFN-gamma were examined by qRT-PCR. GAPDH was used as a normalization control (n=3). (F) 
In vivo distribution of CD31 labeled neovessels in wound sections from normal or diabetic mice. Scale bars, 100 μm. [*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; 
data were expressed as mean ± SD and analyzed by unpaired two-tailed t-test].
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Figure 8 HucMSC-Exo facilitates angiogenesis and wound closure by inducing neutrophils skewing toward N2 phenotype in diabetic wounds. (A) Flow cytometry analyzed 
the proportion of N2 phenotype neutrophils (Ly-6G+Arg1+) in diabetic wounds treated with HucMSC-Exo or HucMSC-Exo plus AS1517499. (B) Quantitative analysis of 
the results in (A) (n=3). (C) Representative immunofluorescence images of Ly6G+pSTAT6+ neutrophils in wound treated with HucMSC-Exo or HucMSC-Exo plus 
AS1517499. Scale bars, 50 μm. (D) The gross view of wounds from mouse treated with HucMSC-Exo or HucMSC-Exo plus AS1517499. (E) Quantification of the wound 
closure. (F) In vivo distribution of CD31 labeled neovessels in wound treated with HucMSC-Exo or HucMSC-Exo plus AS1517499. Scale bars, 100 μm. (G) Quantification of 
fold change of CD31+ vessel area (% total area). [****p < 0.0001; data were expressed as mean ± SD and analyzed by unpaired two-tailed t-test].
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proved detrimental to the wound-healing process, aligning with previous observations.8,10,36 Our prior findings provided 
evidence that HucMSC-Exo significantly ups the count of infiltrated neutrophils at the wound site in mice (930 vs 157, 
p < 0.00001).16 These cells are paramount in early inflammation, serving as a frontline defense against microbes. 
However, emerging experimental evidences suggest that neutrophils possess alternative functions beyond their classic 
bactericidal roles.37,38 In our present study, the administration of HucMSC-Exo failed to confer protection after depleting 
neutrophils, suggesting that neutrophils do not exert detrimental effects in the presence of HucMSC-Exo. Besides, it is 
highly conceivable that the pro-healing effect of HucMSC-Exo is contingent upon the presence of infiltrated neutrophils.

The unexpected association between the pro-healing effect induced by HucMSC-Exo and increased neutrophil numbers at 
wound sites prompted us to ponder over the existence of distinct neutrophil subsets with different pathophysiological roles. We 
speculated that HucMSC-Exo might reprogram neutrophils into a beneficial phenotype, much like the tissue-repairing M2 
macrophage phenotype, which is recognized for tempering inflammation and facilitating tissue repair.18,37,39–44 Cutting-edge 
research in oncology has revealed that neutrophils within tumor environments can manifest a pro-tumor N2 phenotype by 
expressing Arg1, CCL2, and CCL5, mainly regulated by the transforming growth factor-β within the tumor milieu.45 

Extending this concept to wound healing, we found a diverse array of neutrophils at the injury site, with a notable fraction 
expressing M2 markers— Arg1—marking the first reported occurrence of N2 neutrophils in skin tissue.

Interestingly, HucMSC-Exo have the potential to skew macrophages towards the M2 phenotype.3 We hypothesized that 
similar phenotypic alterations occur in neutrophils, accounting for the improved healing despite increased density of 
neutrophils in wounds. Arg1 is widely recognized as a definitive indicator of M2 polarization in macrophages within mice 
and is also known to express under inflammatory conditions in the skin.46 The presence of Arg1 has been linked with 
various healing processes including new blood vessel formation, wound closure, and reducing inflammation, with its skin 
expression closely tied to reparative outcomes.46–48 We conducted a quantitative assessment of Arg1+ (N2) neutrophilic 
subpopulations in the wound lesion and determine if HucMSC-Exo could affect their phenotypic balance. After the initial 
wound, our observations, taking place at 24 hours, showed that around one in three neutrophils in the wound region were 
Arg1-positive—a percentage that remained unchanged with HucMSC-Exo administration. Interestingly, at the 72-hour 
mark, a marked increase in Arg1-positive neutrophils was recorded in specimens that treated with HucMSC-Exo. It’s 
important to note that these N2 neutrophils originated from local phenotype alterations at the wound site, as opposed to 
being a result of circulating N2 neutrophils’ infiltration, which was substantiated by the lack of Arg1-positive neutrophils 
detected in the bloodstream following injury in mice that had received HucMSC-Exo treatment. Notably, deeper researches 
are warranted to discern if this Arg1+ population is homogeneous or consists of different neutrophilic subsets. Nevertheless, 
our findings provide the inaugural demonstration of HucMSC-Exo-driven reprogramming of neutrophils to an N2 
phenotype, fostering their infiltration at wound sites in association with a healing outcome.

When exploring the molecular mechanisms behind this phenotype switching of N2 neutrophils following insult in the 
presence of HucMSC-Exo intervention, we observed an augmentation in the phosphorylation of STAT6 and upregulated 
expression of its transcriptional target, namely Arg1, pivotal in the immune-suppressive state of neutrophils. As a crucial 
mediator in the immunosuppressive programming of macrophages, STAT6 serves as a co-factor for PPARγ, facilitating 
the activation of gene transcription that regulates FAO metabolism.30 As a result of these findings, we delved into the 
impact of phosphorylated STAT6 (p-STAT6) on the gene expression involved. Our discoveries revealed that blocking 
STAT6 significantly reduced the expression levels of PPARγ and FAO genes including Cpt1b, Acadm, and Acadl. During 
the polarization of macrophages, PPARγ collaborates with STAT6 to provoke lipid uptake and stimulate FAO activity, 
which serves as a primary energy source to satisfy the metabolic needs of M2 macrophages.49 In neutrophils, we 
observed that HucMSC-Exo induced STAT6 signaling activation, leading to the upregulation of lipid uptake and FAO. 
Moreover, metabolic shifts that delineate the bioenergetic distinctions between N1 and N2 neutrophils are critical to their 
activation and functionality. N2 neutrophils, with their high energy demands, tap into mechanisms that enhance oxidative 
phosphorylation (OXPHOS) and lipid oxidation. In contrast, N1 neutrophils mainly depend on glycolysis, an ATP- 
producing pathway albeit a less efficient one. To encapsulate, our study uncovers a previously unidentified influence of 
HucMSC-Exo in modulating neutrophil phenotype shifts, guiding the function of STAT6-dependent FAO, and effectively 
dictating the energy state of N2 neutrophils.
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While the role of neutrophils in healing has been debated—with high numbers often equated with detrimental 
inflammation50,51 alternative perspectives suggest neutrophils go beyond their traditional bactericidal roles.37 

Previous studies have highlighted the importance of myeloid cells in adult neovascularization and angiogenesis. 
Notably, in contrast to macrophage depletion, the depletion of host neutrophils significantly impairs vasculogenesis 
in UGrafts, while adoptive transfer of neutrophils restores vascularization in myeloid-depleted mice.27 Activated 
neutrophils can directly stimulate angiogenesis by releasing vascular endothelial growth factor (VEGF). 
Additionally, neutrophils can release BV8 to promote angiogenesis.52 The presence of neutrophils has been 
associated with promoting angiogenesis, providing abundant oxygen and nutrients for cancer cell growth.52 

However, the impact of different neutrophil phenotypes on angiogenesis and tissue regeneration remains largely 
unknown. Our data strongly support the involvement of HucMSC-Exo in modulating myeloid cells after a wound 
insult. Importantly, we found that N2 neutrophils, alternatively activated by HucMSC-Exo in the wound, secreted 
more BV8. This secretion facilitated neovascularization and angiogenesis in a paracrine manner, representing 
a crucial step in wound healing. Interestingly, our findings revealed that the adoptive transfer of BV8-null 
neutrophils was less effective in inducing angiogenesis compared to wild-type neutrophils, suggesting BV8 repre-
sents a potential bone marrow-derived driver of angiogenesis.

Diabetic wounds are characterized by prolonged inflammation and poor angiogenesis. The chronic inflammatory 
state in diabetic individuals hinders the normal healing process, leading to delayed wound closure and increased risk 
of infections.53 This persistent inflammation is often accompanied by an imbalance in pro-inflammatory and anti- 
inflammatory cytokines, impairing tissue repair and regeneration. In our research, we found a remarkable elevation 
in the levels of chemokines CCL2, CCL3, and CCL5, which are known to play a critical role in the recruitment and 
activation of neutrophils within the wound environment. These chemokines act as chemoattractants, guiding 
neutrophils to the site of injury and initiating the immune response. On the other hand, our investigation also 
revealed a notable decline in the concentrations of IL-4 and IL-13, which are important cytokines involved in the 
polarization and programming of N2 neutrophils. This intricate immune dysregulation observed in diabetic wounds 
may partly explained why there are more neutrophils infiltrating to the wound but less N2 subtype in diabetic 
wounds.

Addressing the factors that contribute to poor angiogenesis in diabetic wounds is essential for effective wound 
management.34 The reduced blood supply and inadequate formation of new blood vessels limit nutrient and oxygen 
delivery to the wound site, hindering the formation of granulation tissue and impeding the healing process.54 Our 
research highlights the proangiogenetic effects of HucMSC-Exo, which not only directly impact endothelial cells but also 
indirectly by modulating neutrophil polarization towards the N2 phenotype. It demonstrates a previously unexplored 
pathway of HucMSC-Exo action that could be pivotal for therapeutic interventions in diabetic wound care. Notably, it 
also uncovers a potential target, p-STAT6, in boosting the healing process, offering insight for future drug development.

In a nutshell, our data provided preliminary evidences that metabolic reprogramming induced by HucMSC-Exo 
plays a crucial role in modulating neutrophil behavior after wound induction. We presents a groundbreaking 
revelation that M2-like, N2 neutrophils exist within skin wound sites. The ability of HucMSC-Exo to modulate 
neutrophil polarization at these sites introduces an innovative pathway for controlling acute inflammatory responses, 
and further, shines a light on a novel mechanism through which wound healing can be markedly enhanced. This 
discovery holds considerable significance in regenerative medicine, highlighting HucMSC-Exo’s therapeutic poten-
tial for advancing tissue repair and regeneration. Moreover, HucMSC-Exo’s capacity to steer neutrophil polarization 
toward the N2 phenotype deepens our insight into the intricate crosstalk between immune responses and angiogenic 
pathways, paving the way for innovative treatments that target these processes for improved wound healing and 
tissue restoration.
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