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ABSTRACT  20 

Small extracellular vesicles (EVs) are released by cells and deliver biologically active payloads to coordinate the response 21 

of multiple cell types in cutaneous wound healing.  Here we used a cutaneous injury model as a donor of pro-reparative 22 

EVs to treat recipient diabetic obese mice, a model of impaired wound healing.  We established a functional screen for 23 

miRNAs that increased the pro-reparative activity of EVs and identified a down-regulation of miR-425-5p in EVs in vivo 24 

and in vitro associated with the regulation of adiponectin.   We tested a cell type-specific reporter of a tetraspanin CD9 25 

fusion with GFP to lineage map the release of EVs from macrophages in the wound bed, based on the expression of miR-26 

425-5p in macrophage-derived EVs and the abundance of macrophages in EV donor sites.  Analysis of different 27 

promoters demonstrated that EV release under the control of a macrophage-specific promoter was most abundant and 28 

that these EVs were internalized by dermal fibroblasts.   These findings suggested that pro-reparative EVs deliver 29 

miRNAs such as miR-425-5p that stimulate the expression of adiponectin that has insulin-sensitizing properties.  We 30 

propose that EVs promote intercellular signaling between cell layers in the skin to resolve inflammation, induce 31 

proliferation of basal keratinocytes, and accelerate wound closure.  32 

     33 
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INTRODUCTION  34 

Healthy repair of cutaneous wounds is a coordinated response of hemostasis, immune cell recruitment, 35 

angiogenesis, and re-epithelialization,1,2 however, dysregulation of these normal processes in diabetes, obesity, aging 36 

and infection presents a risk for chronic wounds.3,4  Recent studies have identified extracellular vesicles (EVs), especially 37 

small EVs (50-120 nm), as the most abundant EV mediators of signaling crosstalk between mammalian cells.5-7  In the 38 

context of wound healing, we have previously shown that  small EVs comprise the vast majority of all EVs in the wound 39 

bed,8-10 and deliver biologically active nucleic acid and protein payloads demonstrating their physiological relevance in 40 

intercellular signaling in skin injury.8,11   Currently, many EV studies include the use of  in vitro cultured cells as EV 41 

donors that often test activity of human cell-derived EVs in mouse models.12  The use of human derived EVs in mouse 42 

models represents a significant limitation of the translational potential because of rejection considerations.  An additional 43 

limitation is the overall lack of in vivo studies that address the heterogeneity of in vivo EV donors and the cell type of 44 

origin of EVs released into the wound microenvironment.11,13,14     45 

Since pro-reparative activity of EVs that is generally associated with their ability to promote tissue repair by 46 

horizontal transfer of nucleic acids and proteins to recipient cells,7,15 we developed an allograft model where EVs were 47 

harvested from subcutaneous implantations of sterile polyvinyl alcohol (PVA) sponges.9,10  PVA sponge implants were 48 

originally developed as an animal model of foreign body response that we adapted for the efficient recovery of cells that 49 

release EVs relevant to the immune component of the injury response and for in vivo gene delivery to modify the activity 50 

of infiltrating cells.16-18   The key advantages are that high concentrations of biologically active EVs are recovered using 51 

non-destructive approaches without the complications of blood products and culture media components used in vitro.8  52 

We  previously used this model to identify the mobilization of human myeloid cells to PVA sponge implants in humanized 53 

mouse models, defined the activity of specific EV biogenesis genes that uncouple the production of pro-reparative EVs 54 

in wound healing, and used vesicle flow cytometry (vFC) to quantify EV heterogeneity in vivo.9,10  Another key limitation 55 

of many wound healing studies of EVs as therapeutics is the lack of translationally relevant animal models of impaired 56 

tissue repair.  We addressed this by focusing  on testing of genetically-defined mouse models of impaired wound healing 57 

such as the Leptin receptor knockout mouse, referred to as the db/db mouse, that has an onset of obesity and 58 

hyperglycemia at 12 weeks of age.19-22  db/db mice are characterized by impaired wound healing kinetics and are an 59 

important genetic model for the study of injury-related complications in diabetes.  Protease inhibitors were identified as 60 
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down-regulated in EVs isolated from db/db mice. In the context of functional testing of the biological activity of specific 61 

pro-reparative EV payloads, we have recently engineered the protein payload of the EVs.    Specific protease inhibitors 62 

were  over-expressed in engineered EVs and used to reverse the impaired wound healing phenotype.8  Together, we 63 

identified the importance of using genetically-defined donor mice for allograft studies of the biological activity of donor 64 

EVs to address a major challenge in the translational relevance of EVs as therapeutics and engineered EV payloads in 65 

cutaneous injury.     66 

While the relative importance of EVs released from various cell types in vivo remains poorly understood, recent 67 

advances in the development of cell type-specific transgenic models have demonstrated the utility of tracking fluorescent 68 

EV reporters.23-26  For example, expression of EV-associated proteins such as the tetraspanins CD9, CD63 and CD81 as 69 

fusion proteins with fluorescent reporter proteins can be used to identify EV distribution in the circulation and tumor 70 

microenvironment.   Since these three tetraspanins are among the most highly enriched EV markers, they have been used 71 

to monitor EV trafficking in vitro in release and uptake studies.25,26  In the context of cutaneous injury and our 72 

development of defined allograft models of EV release,8-10  we used single cell RNA sequencing (scRNAseq) to define 73 

the cellular landscape from where EVs are harvested in combination with  transgenic mice expressing CD9 with a C-74 

terminal green fluorescent protein (GFP) tag to determine the relative contributions of specific cell types in the donor 75 

site microenvironment.24  These reporter approaches address key questions regarding the relative contributions of EVs 76 

released from different cell types, as well as being useful tools to assess the uptake of GFP+ EV populations in recipient 77 

cells.    In addition to GFP-based reporter models, we used single vFC to quantify the size, number, expression of specific 78 

endogenous proteins presents on the surface of EVs, as well as tracking of epitope tagged EV proteins.      79 

In the field of cutaneous injury, intercellular communication can regulate differentiation and tissue injury 80 

responses between adipose, dermal, and epidermal cell layers.  Directional movement of cells can also be controlled by 81 

persistent release of EVs that conditions the microenvironment, promotes adhesion, and regulates cell polarization.25    82 

Therefore, we focused on testing the pro-reparative activity of EVs isolated from wildtype (WT) vs. db/db animals 83 

implanted with PVA sponges that were used to collect donor site EVs.  We identified EV-mediated differences in  EVs 84 

from WT vs. db/db donors that regulated wound repair kinetics, changes in microRNA (miRNA) payloads and tested the 85 
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activity of specific miRNAs by loading EVs and testing their capacity to restore tissue repair in the impaired wound 86 

healing model db/db recipient mice.13     87 

 Together, these studies take advantage of recent technological advances in vFC,27 EV payload profiling by 88 

miRNAseq,28 transgenic reporters to identify EV source,29  and uptake in cell types relevant to wound repair.6     Based 89 

on the distribution of macrophages interspersed in subcutaneous adipose tissue,30    we propose that macrophage-derived 90 

EVs can be internalized by overlying fibroblasts, leading to production of adipokines such as adiponectin that are pro-91 

reparative and associated with increased cell proliferation of basal keratinocytes.  Our data supports a model in which 92 

EV-mediated acceleration of wound closure is regulated by specific miRNA payloads released by donor cells such as 93 

macrophages to affect the activity of overlying cell layers of the skin.   94 

 95 

RESULTS  96 

Diabetic obese mice drive a transcriptional reprogramming of immune cell subsets recruited into sites of 97 

cutaneous injury.    98 

To determine the source of EVs and identify biologically active payloads in impaired models of wound healing 99 

in the analysis of EVs from biological fluids it was essential to have model systems with defined cell profiles.  Therefore, 100 

we used scRNAseq to identify the activation state of cell types infiltrating sterile subcutaneous PVA sponges implanted 101 

in the dorsum of WT mice (Figure 1A), a model that we and others have shown reflects the recruitment of macrophages 102 

and neutrophils observed in wound healing.8-10,31  scRNAseq was performed at 7 days post-implantation, a timepoint that 103 

we previously showed was associated with peak of EV release,8 to identify cells recruited to the PVA sponge.  These 104 

cells were primarily macrophages and neutrophils, along with lower levels of dendritic cells and lymphocytes, as seen 105 

on the UMAP projection (Figure 1B and Supplementary Figures S1A and B).  Expression of canonical genes associated 106 

with each cell type (Log2Max visualization of multiple genes based on Loupe Browser; Figure 1C and Table S1) were 107 

used as the basis to identify cell type-specific changes in gene expression mediated by the loss of the leptin receptor in 108 

the db/db mouse model (Figure 1D).  Cell type designations were based on canonical genes for each cell type (i.e., Trem2 109 

for macrophages, S100a8 for neutrophils, Ccr7 and Zbtb46 for DCs, and CD3 for lymphocytes).32-42  Additional genes 110 

(i.e., H2-dmb1 and Ms4a4c) were also identified as highly expressed in macrophages infiltrating PVA sponges (Table 111 
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S1).43,44  We identified changes in gene expression that were common among several cell types such as increased levels 112 

of Apolipoprotein E (ApoE), Cathepsin L (Ctsl), and Prostaglandin synthase (Ptgs2), and Cystatin domain proteins 113 

(Cstdc4). Cell type-specific changes in gene expression of the top 10 genes upregulated vs. down-regulated genes of WT 114 

vs. db/db PVA sponges were observed in each major cell type.  For example, we noted changes of specific genes in 115 

macrophages (Stfa2l1 and Trf), neutrophils (Egr), DCs (Lyz2 and Ccl17), and lymphocytes (Mmp12 and Il1r2).  116 

scRNAseq analysis identified additional changes in gene expression associated with the db/db mouse model that were 117 

primarily comprised of metabolic factors associated with diabetic obesity (Supplementary Figure S1D).  Importantly, 118 

regardless of the genetic background of the donor mice, similar numbers of macrophages, neutrophils, DCs and 119 

lymphocytes were recruited to the PVA sponge in db/db and WT mice (Supplementary Figure S1E and F), and were 120 

consistent with analyses of cell types recruited to the PVA sponge based on antibody-dependent flow cytometry studies.8   121 

These findings identified macrophages and neutrophils as the predominant cell types in the PVA sponge model used as 122 

in vivo EV donors.  In addition, this data showed that although there were differences in the gene profile of cells harvested 123 

from WT vs db/db mice, these changes were related to their physiology rather than affecting pathways directly related 124 

to EV release.    125 

  126 

Characterization of EVs released into biological fluid of cutaneous injury site.  127 

Our previous studies established the efficacy of PVA sponge implants as an in vivo source of highly concentrated 128 

EVs relevant to wound healing.8  We used these established standard parameters to analyze EVs purified from PVA 129 

implants in WT and db/db mice.  EVs harvested from the PVA sponge implants in the wound fluid were subjected to 130 

serial centrifugation followed by size exclusion chromatography (SEC) (Figure 2A).  We have previously shown that the 131 

most numerous EVs in subcutaneous implants of PVA sponges were 100-120 nm in diameter and comprised the vast 132 

majority of all EVs observed in this biological fluid, with relatively few larger EVs being observed.8  Each fraction of 133 

the SEC was analyzed for EV concentration using vesicle flow cytometry (vFC) as assessed by staining with the 134 

fluorescent lipophilic membrane dye, vFRed (Figure 2B, column), and compared in parallel with protein concentration 135 

in each fraction (Figure 2B, line) as detailed in the Methods and Materials.  Each fraction of the SEC was further validated 136 

for EV content by immunoblotting for a canonical EV marker like the tetraspanin CD9.  We identified of high levels of 137 

CD9 protein in the EV containing fraction 7 by immunoblot (Figure 2C) and by vFC with a fluorescently-labeled anti-138 
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CD9 antibody (Supplementary Figure S2). Low levels of CD9 protein were detected in later fractions that lacked 139 

significant numbers of small EVs (i.e., fractions 15-20; Figure 2C).  Immunoblotting of whole cell lysates (WCL) 140 

compared to purified EVs from the same WT PVA sponges demonstrated that CD9, CD63, CD81, and Alix were all 141 

expressed in mouse PVA sponge EVs (Figure 2D).  Enrichment of CD9 and Alix in EVs vs. WCLs was noted in the 142 

analyses of mouse PVA sponge EVs, suggesting that these proteins may be more EV-specific.  For the characterization 143 

of EVs isolated from db/db mice, we established cohorts of 12–16-week-old WT and db/db mice where db/db mice used 144 

for the collection of EVs were significantly more hyperglycemic (Figure 2E) and obese (Figure 2F) compared to WT 145 

mice.  These two parameters were the hallmark of the diabetic obese phenotype that is characteristic of the db/db mouse 146 

model.  The concentration of EVs isolated from PVA sponges was in the range of 5-7 x 106 PVA EVs/μL (Figure 2G). 147 

EVs isolated from WT and db/db mice had similar size distributions with the mean diameter of EVs detected being 116.7 148 

± 8.79 nm (n=6) from db/db donors and 119.8 ± 6.8 nm (n= 6) from WT donors (Figure 2H).  Similar sizing analysis of 149 

each of the other SEC fractions did not reveal any substantial numbers of larger EVs in later fractions (Figure 2B and 150 

data not shown).  Transmission electron microscopy established that the EVs purified from WT and db/db donors had a 151 

similar size and shape (Supplementary Figure S3A).  To monitor for the potential of lipoprotein contamination of EV 152 

fractions collected by SEC we performed immunoblotting of SEC fractions with an antibody to detect lipoproteins such 153 

ApoE that could be present in EV fractions.  We confirmed that the EVs collected in early fractions of the SEC (i.e., 154 

fractions 6-9; See Figure 2B) were well-separated from lipoproteins observed collected in late fractions (i.e., fractions 155 

21-23; Supplementary Figure S3B and C).   We also observed that the levels of ApoE expression were unchanged between 156 

WT and db/db EVs (Supplementary Figure S3D).45,46  Together, these analyses established the purification, expression 157 

of canonical protein markers, size, and concentration from an in vivo EV donor model that is known to exhibit a well-158 

defined phenotype of impaired wound healing.8   159 

  160 

Identification of changes in EV proteins isolated from diabetic obese donor model.   161 

To determine the profile of proteins expressed on the EV surface we used a combination of batch and single EV 162 

analysis (i.e., vFC; Figure 3A).  WT EVs were purified from cutaneous implants and subjected to a multiplex analysis 163 

(Figure 3B) that identified proteins associated with leukocytes (i.e., CD45, MHCII, and CD20), leukocyte activation 164 

(CD44, CD66a) and cell adhesion (CD49e, CD11b, CD61).  To address the heterogeneity of EVs in this biological fluid, 165 
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we performed vFC to determine the expression of individual tetraspanins that are generally used as EV markers.  We 166 

observed high levels of CD9 and CD63 expression on the surface of WT EVs (Figure 3C).  Further, vFC analysis 167 

identified several immune cell-relevant proteins expressed on the surface of WT EVs such as MHC I, CD29 (ITGB1), 168 

CD274 (PD-L1), and CD39 (ENTPD1) (Figure 3D).  These assays on WT EVs formed the basis for the vFC analysis of 169 

proteins expressed on biological replicates of WT vs db/db EVs (n=5 for each genotype).  For example, we observed that 170 

expression levels of tetraspanins CD9 and CD63 measured by vFC were unchanged between WT and db/db EVs thus 171 

providing a control for the levels of EVs collected from each genotype using canonical tetraspanin markers (Figure 3E).   172 

Based on the importance of integrins in mediating binding to the extracellular matrix, we next measured proteins levels 173 

of integrins by vFC.  We noted reductions of in the number of EVs expressing detectable CD11b (ITGAM) (0.6-fold 174 

decrease, p < 0.0026) and CD49e (ITGA5) (0.69-fold decrease, p < 0.0074) in db/db vs. WT EVs, but no significant 175 

change for CD29 (ITGB1) (Figure 3F).  We observed significant reductions in the number of EVs expressing detectable 176 

immune-related proteins CD45 (PTPRC) (0.77-fold decrease, p < 0.0285), CD44 (hyaluronic acid receptor) (0.83-fold 177 

decrease, p < 0.0246), and CD54 (ICAM1) (0.75-fold decrease, p < 0.0221).  In contrast, levels of CD274 (PD-L1) were 178 

increased in db/db vs WT EVs (1.47-fold increase, p < 0.0345).  Levels of MHC I-positive EVs were unchanged (Figure 179 

3G).  We  observed no significant changes in the number of EVs positive for other EV markers implicated in injury 180 

models including CD326 (EPCAM), CD39 (ENTPD1), CD66a (CEACAM1), CD24 (HAS), or CD126 (IL6R) (Figure 181 

3H).47-51  Taken together, these findings suggested that the quantitative differences in the expression of select integrins 182 

and other immune-related factors between WT and db/db EV donors may affect EV binding and activity in the wound 183 

bed. 184 

  185 

EVs from diabetic obese donors have impaired wound healing activity.  186 

We previously reported that the pro-reparative phenotype of EVs in wound healing can be uncoupled by 187 

interference with specific EV biogenesis pathways,9 and that the EV profile (i.e., expression of proteins on the surface 188 

of EVs) is regulated by the genetic background of immune-deficient and db/db donor models.10  To define the activity of 189 

EVs from db/db vs. WT donors, we purified EVs from PVA sponge implants from WT and db/db mice as described 190 

above and applied these EVs to naïve wounds (Figure 4A).  Specifically, EVs were applied topically in a single dose (5-191 

10 x 106 EVs/50μl/wound) to freshly prepared splinted full thickness wounds into naive recipient db/db mice, the standard 192 
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mouse model for impaired wound healing (Figure 4B).  We observed that db/db donor EVs had a significant reduction 193 

of pro-reparative activity in wound healing compared to the treatment with WT control EVs at Days 5, 7, 10 and 13 194 

(n=10; Figure 4C, p values: **<0.005, *<0.05).  Analysis of the kinetics of db/db EV-mediated wound closure was 195 

comparable to saline-treated controls (Figure 4C).    Histological analysis revealed decreases in wound closure (Figure 196 

4D), and statistically significant reductions in epidermal thickness (Figure 4E; p <0.0001), and dermal cellularity in the 197 

margins (Figure 4F; refer to brackets in Figure 4D for regions of analysis; p <0.0001) of wounds treated with db/db vs. 198 

WT EVs.  To determine whether there were differences in epithelial cell proliferation in EV-treated wounds, a hallmark 199 

of the wound repair process,52,53 we performed immunostaining with an anti-Ki67 antibody to localize the effects of EVs 200 

on proliferation.  We observed that treatment with WT EVs promoted proliferation of basal keratinocytes as detected by 201 

the increase in Ki-67+ cells, a molecular endpoint that is physiologically relevant for wound closure, whereas there was 202 

an absence of Ki67+ cells in basal keratinocytes of db/db EV-treated wounds was observed (Figure 4G).  Given this effect 203 

of WT EV treatment stimulating the proliferation of basal keratinocytes, we focused on an EV tagging strategy to assess 204 

the distribution of EVs in the wound bed to better understand what cells may uptake EVs based on localization of the 205 

EV tag.  We designed a FLAG-tagged tetraspanin CD63 that would express the FLAG tag on the outside of the EV that 206 

took advantage of the transient transfection properties of a cell line like HEK293 to rapidly prepare high purity EVs for 207 

biological testing.  Since HEK293 cells are also widely used in the EV field for engineering and production,54-56 we could 208 

purify EVs from the conditioned media of cultured HEK293 cells that either over-expressed human CD63 or CD63-209 

FLAG (Figure 4H, top).  We determined that the FLAG epitope was displayed on 29% of all EVs collected from the 210 

conditioned media (Figure 4H, bottom).  FLAG expression was confirmed by immunoblotting of EVs from CD63-FLAG 211 

transfected cells vs. control CD63-transfected cells (Figure 4I).  Next, CD63-FLAG or CD63 expressing EVs were added 212 

to full thickness wounds and incubated for 24 hours.  Upon harvest and immunohistochemical staining to detect the 213 

FLAG tag, we observed uptake of FLAG-tagged EVs in cells of the dermis, where especially in the higher 214 

magnifications, FLAG-positive cells were observed primarily in the dermis, a cell layer characterized by an abundance 215 

of fibroblasts (Figure 4J).  Wounds treated with untagged CD63 or saline treated wounds used as negative 216 

immunohistochemical controls (Figure 4J).  Based on the substantial localization of FLAG-tagged EVs in the dermis, 217 

we further assessed the uptake of CD63-FLAG-expressing EVs into cultured primary fibroblasts using mouse embryonic 218 

fibroblasts (MEFs).  MEFs were treated with CD63-FLAG tagged EVs or control CD63 EVs and immune-stained with 219 
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an anti-FLAG antibody and imaged by immunofluorescence (Figure 4K).  We observed dose dependent EV uptake into 220 

MEFs (Figure 4L).  These findings showed that the activity of EVs administered to full thickness wounds can be 221 

monitored by assessing cell proliferation as a molecular endpoint for the activity of pro-reparative EVs and that the 222 

uptake of EVs can be localized using molecular tags such as the FLAG tag.   223 

  224 

Regulation of miRNA EV payloads isolated from diabetic obese donor model.  225 

Studies of miRNAs in EVs in diabetic wounds have established their translational relevance in wound healing.13  226 

Therefore, we analyzed changes in miRNA payloads from WT and db/db mice in our model.   We performed miRNA 227 

sequencing (miRNAseq) on EVs purified from WT and db/db donors harvested from the PVA sponge model and 228 

identified statistically significant changes in miRNAs from three biological replicates from WT and db/db EVs (Data has 229 

been archived at NCBI #GSE242496) (Figure 5A).  While many EV miRNAs were similar between WT and db/db EVs 230 

(Figure 5B), consistent with the concept many miRNAs could be considered housekeeping miRNAs.57,58  However, of 231 

the miRNAs that were down-regulated more than 2 fold in db/db vs. WT EVs, changes in the following miRNAs were 232 

statistically significant: miR-425-5p (2.68 fold decrease), 361-3p (3.15 fold decrease), 3068-3p (3.15 fold decrease), and 233 

186-5p (2.02 fold decrease). The only miRNA that was significantly up-regulated in EVs from db/db vs. WT donors 234 

more than 2-fold was miR-409-5p (2.38-fold increase) (Figure 5C). KEGG pathway analysis (Figure 5D) of the overall 235 

changes of these db/db-regulated miRNAs were associated with signaling pathways relevant in diabetic wound healing 236 

and complications such as stem cell regulation and AGE-RAGE signaling in diabetic complications that are relevant in 237 

impaired wound healing in a diabetic obese model.59  To better understand the potential targets of individual miRNAs 238 

identified, we analyzed potential targets using miRPathDB v2.0 and performed a literature search as summarized in Table 239 

S2.  With this approach, we identified miR-425-5p as the lead candidate as it had also been recently reported to mediate 240 

endothelial survival relevant to EV action in a streptozoicin-induced diabetic mouse model,60 stimulate cell proliferation 241 

relevant to the Ki-67 readouts of the wound healing model60,61 and that miR-425-5p was the only miRNA predicted from 242 

miRPathDB to mediate dysregulation of insulin signaling62,63; all highly relevant to the db/db model used here.  GO Term 243 

analysis also provided additional candidate targets for miR-425-5p action suggesting roles in regulating hypoxia 244 

inducible factor, cyclin-dependent kinase and CD44 (Supplementary Figure S4).   Therefore, to better understand the 245 

relevance of a specific miRNA we focused on a relevant in vitro model.  Since we observed that myeloid cell types 246 
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comprised the vast majority of cells in PVA sponges as identified by scRNAseq (Figure 1), and that the collection of EVs 247 

from cultured primary macrophages yields biologically active EVs,8 we used M-CSF to differentiate cells isolated from 248 

PVA sponge implants from WT vs. db/db mice from which EVs were then collected for further analysis (Figure 5E).  249 

Equivalent numbers of EVs were released into the conditioned media from db/db and WT macrophages (Figure 5F).  250 

These EVs were subjected to qRT-PCR to measure changes in the levels of miR-425-5p in EVs from db/db vs. WT 251 

macrophages and identified a significant decrease in miR-425-5p levels (15-fold decrease, p < 0.0051) in db/db EVs 252 

compared to WT mouse EVs (Figure 5G).   These in vitro findings focused on EVs collected from cultured macrophages 253 

were consistent with in vivo miRNAseq studies of PVA sponge-derived EVs where both showed a down-regulation of 254 

miR-425-5p levels in db/db vs. WT EVs.  Therefore, we next focused on identifying a biological activity of miR-425-255 

5p-loaded EVs in the db/db wound model.  256 

 257 

Functional activity of miR-425-5p-loaded EVs in diabetic wounds. 258 

Having shown that db/db EVs isolated from cultured macrophages have reduced levels of miR-425-5p compared 259 

to WT EVs (Figure 5G), we tested the in vivo biological activity of miR-425-5p-loaded EVs on wound healing compared 260 

to a negative control miRNA.  We used cel-miR-67 as a negative control as it is derived from C. elegans and associated 261 

with minimal effects on eukaryotic cell signaling.57,63,64 In addition several control studies using fluorescently labeled 262 

miRNA controls were performed to optimize the concentrations for loading EVs with specific miRNAs and validating 263 

by vFC that the surface profile of canonical tetraspanins CD9 and CD63 were unchanged by treatment with Exofect 264 

reagent (Supplementary Figure S5).  We focused on using WT EVs for miRNA loading since although WT EVs are 265 

known to be pro-reparative, our goal was to identify a miRNA payload that would substantially improve upon the known 266 

pro-reparative activity of WT EVs from naïve mice.  Therefore, to determine whether treatment with miR-425-5p-loaded 267 

EVs would stimulate a pro-reparative phenotype in a wound healing assay, we treated full thickness wounds in recipient 268 

db/db mice, observed the wounds over 14 days and performed image analysis over 14 days (Figure 6A).  We observed 269 

that treatment with miR-425-5p-loaded EVs significantly accelerated wound closure on Day 7 compared to standard WT 270 

EVs from naïve mice (no loading with any miRNA) (Figure 6B; p < 0.005), consistent with the hypothesis that pro-271 

reparative activity of WT EVs was increased by loading EVs with miR-425-5p.  Additional controls comparing miR-272 

425-5p-loaded EVs with negative control miRNA, Mock-loaded EVs (i.e., treated with the Exofect reagent but lacking 273 
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miRNA), or saline alone demonstrated the pro-reparative activity of miR-425-5p-loaded EVs in wound healing on Days 274 

7, 10 and 14 (Figure 6C; p < 0.0001).  Based on our observation that treatment with WT EVs led to an increased number 275 

of Ki67+ basal keratinocytes in wound healing (Figure 4), we analyzed the effect of miR-425-5p-loaded EVs on cell 276 

proliferation in treated wounds as a molecular endpoint for the accelerated wound healing.  We observed an increase in 277 

Ki67+ basal keratinocytes (Figure 6D) that was quantified and statistically significant (5.2-fold increase, p < 0.0024) 278 

compared to a negative control miRNA mimic-loaded EVs (Figure 6E).  Analysis of H&E histology following treatment 279 

with miR-425-5p-loaded EVs, negative control EVs, or saline controls further defined the effects of EV treatment (Figure 280 

6F).  Treatment with miR-425-5p-loaded EVs led to a statistically significant increase in the number of cells (Figure 6G, 281 

based on blue box on margins of Figure 6F; 1.6-fold increase, p < 0.0001), but no significant changes in epidermal 282 

thickness (Figure 6H, centered on the wound bed), or collagen staining based on a Masson’s Trichrome stain (Figure 6I; 283 

Image J analysis of blue staining).  We did observe an overall increase in the differentiation of the underlying dermis that 284 

was associated with increased vascularity based on H&E staining (Supplementary Figure S6A and B).  However, the 285 

density of CD31+ blood vessels per high powered field was similar between treatment with miR-425-5p-loaded EVs vs. 286 

Neg-miR-loaded EVs (Supplementary Figure S6C and D). Therefore, the effects of treatment with miR-425-5p-loaded 287 

EVs on blood vessels in this model may be indirect because it was associated with a robust pro-reparative phenotype or 288 

may be direct by promoting endothelial survival as recently proposed.60  Based on the translational relevance of our 289 

studies of miR-loaded EVs on wound healing, we next determined whether loading of EVs with miRNA using Exofect 290 

would lead to a significant amount of miRNA attached to the surface or would miRNAs be internalized and protected by 291 

the lipid membrane.  Therefore, we tested the effect of an in vitro nuclease treatment on isolated EVs using benzonase.65  292 

qRT-PCR was performed to measure changes in levels of miR-425-5p from vehicle vs. benzonase-treated EVs.  We 293 

observed no substantial differences, consistent with miRNAs being present within the EV and thus protected from 294 

benzonase activity (Supplementary Figure S7).  295 

Based on the pro-reparative effect miR-425-5p-loaded EVs on wound healing (Figure 6C) associated with the 296 

increased proliferation of basal keratinocytes (Figure 6D and E), we focused on the identification of soluble mediators 297 

such as cytokines and adipokines that could mediate signaling between cell layers in the skin.  Therefore, we performed 298 

a cytokine analysis testing a panel of 24 cytokines/adipokines to quantify relevant changes in inflammation mediators.66  299 

Whole cell lysates of wound tissue treated with miR-425-5p-loaded EVs were compared with tissues treated with 300 
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negative control miRNA-loaded EVs as described above.   We observed significant increases in several factors, including 301 

Adiponectin (2.4-fold increase, p < 0.0009), IL-1 (2.3-fold increase, p < 0.002), and Serpin E1 (1.9-fold increase, p < 302 

0.037), along with many other factors that were unchanged (Supplementary Figure S8). Based on the relevance of 303 

Adiponectin as an important mediator of glucose metabolism in diabetic obese models,67,68 the uptake of FLAG-tagged 304 

EVs into fibroblasts (Figure 4), and the general abundance of fibroblasts in the wound bed, we focused on testing whether 305 

macrophage-derived EVs containing miR-425-5p (Figure 5G) could stimulate fibroblasts in vitro.  Therefore, we 306 

assessed whether treatment of MEFs with miR-425-5p-loaded EVs would stimulate Adiponectin expression in vitro 307 

(Figure 6K), as predicted from in vivo treatments with miR-425-5p-loaded EVs stimulating Adiponectin expression 308 

(Figure 6J).  We subjected cultures of MEFs to 48 h treatment with miR-425-5p-loaded EVs compared to negative control 309 

miRNA-loaded EVs as prepared for the in vivo studies above.  We observed by immunoblotting of whole cell lysates 310 

that miR-425-5p-loaded EVs led to a 1.4-fold increase in Adiponectin expression compared to treatment of MEFs with 311 

control EVs (Figure 6L), using actin levels as a loading control.  Although it remains unclear whether miR-425-5p has a 312 

direct effect on the Adiponectin mRNA based on predicted binding sites of miR-425-5p, these findings suggest that 313 

treatment of wounds in vivo or MEFs in vitro with miR-425-5p-loaded EVs leads to increases in Adiponectin expression.  314 

In a model where macrophage-derived EVs promote intercellular signaling such as the release of EVs from macrophages 315 

that stimulate fibroblasts, defining cell type-specific EV release with a genetic tool would provide important insights. 316 

  317 

Cell type-specific tracking of EV release and uptake.  318 

To address the question of cell type-specific EV release, we used a Cre-lox system for the regulated expression 319 

of a fluorescent EV reporter, the tetraspanin CD9 as a fusion to GFP.  Cell profiling of PVA sponge donor site using 320 

scRNAseq showed high numbers of macrophages and related cell types (Figure 1), while immunohistochemistry of full 321 

thickness wounds showed high numbers of F4/80+ macrophages distributed in the adipose layer (Supplementary Figure 322 

S9).  Therefore, we selected transgenic mice that expressed the Cre recombinase in macrophages for comparison with 323 

transgenic mice expressing Cre in other skin-relevant cell types such as endothelium (TEK) and keratinocytes (KRT14). 324 

Each tissue-specific transgenic Cre mouse line was crossed with mice expressing the CD9:GFP, termed the TIGER 325 

reporter (Transgenic inducible GFP EV reporter; Figure 7A).24  Tissue specific expression of CD9-GFP was under the 326 

control of an upstream lox-STOP-lox cassette and crossed with transgenic mice expressing Cre under the control of the 327 
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LysM promoter (LysM-Cre) to assess the expression and release of GFP+ EVs from myeloid immune cells like 328 

macrophages and monocytes.  Crosses with TEK-Cre and CD9-GFP mice were performed in parallel with crosses with 329 

TEK-Cre x CD9: GFP and KRT14-Cre x CD9-GFP.  We first established the expression of GFP in each of the transgenic 330 

mouse lines by analyzing cells recruited into the PVA sponge implants in parallel with the collection of donor EVs as 331 

described above (Figure 7B).   In addition, laser scanning confocal microscopy of PVA sponge implants was performed 332 

for each genotype to establish positive controls for each of the mouse models (i.e., TEK-CD9-GFP, LysM-CD9-GFP and 333 

KRT14-CD9-GFP; Supplementary Figure S10).  For each donor genotype, cells (Figure 7B) and EVs (Figure 7C) were 334 

purified from the PVA sponge implants as described above.  Standard cell flow cytometry was performed for cells 335 

collected where we observed that LysM-CD9-GFP and TEK-CD9-GFP mice expressed GFP.  Since the surgical 336 

placement of PVA sponge implants was between the adipose and dermal layers, few KRT14+ cells migrated or infiltrated 337 

the PVA sponge implant in KRT14-CD9-GFP mice (Figure 7B and Supplementary Figure S10), although KRT14+ 338 

keratinocytes were present in intact overlying skin (data not shown).  Analysis of EVs purified from PVA sponge implants 339 

of each genotype focused on LysM-CD9-GFP mice that released high numbers of bright GFP+ EVs.  In contrast, there 340 

were few TEK-CD9-GFP+ or KRT14-CD9-GFP EVs (Figure 7C).  We proceeded to further assess the distribution of 341 

macrophage-derived EVs (i.e., LysM-CD9-GFP EVs) based on their abundance relative to other cell type-specific 342 

promoters tested (Figure 7B) by treatment of full thickness wounds of db/db mice (Figure 7D).  We observed that GFP+ 343 

EVs or accumulations of GFP+ EVs could be observed by confocal microscopy in wounds treated with LysM-CD9-GFP 344 

EVs compared to the lack of signal in images of wounds treated with non-fluorescent controls EVs isolated from sibling-345 

matched controls lacking the Cre driver genes (Figure 7E). To determine whether LysM-CD9-GFP EVs could be 346 

localized in fibroblasts based on a model of EV uptake by fibroblasts in the wound bed, we first established the 347 

distribution of fibroblasts in the wound site by immunostaining full thickness wound sites with an anti-vimentin antibody 348 

(Figure 7F).  Imaging of both the left and right sides of the wound show the distribution of vimentin+ fibroblasts on the 349 

wound margin (Figure 7F, sides of the images of the left and right panels) and the wound bed (Figure 7F, bottoms of the 350 

images of the left and right panels).  These low magnification images provide landmarks for the wound margins (i.e., 351 

sides of the wound) vs. the wound bed (i.e., bottom of the wound), and the negative control images for wounds treated 352 

with WT non-fluorescent EVs (Figure 7F) vs. wounds treated with LysM-CD9-GFP EVs (Figure 7G).  These 353 

representative low magnification images (Figure 7F and G) were further analyzed at higher magnification to localize the 354 
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accumulation of LysM-CD9-GFP EVs in replicate high power fields of the wound margin (Figure 7H, based on red box 355 

corresponding to Figure 7D), and in the wound bed (Figure 7I, based on blue boxes corresponding to Figure 7D).    These 356 

imaging studies established that populations of LysM-CD9-GFP EVs were co-localized with vimentin+ fibroblasts in the 357 

wound margin (Figure 7H) and in the wound bed (Figure 7I).  While these co-localization analyses did not exclude the 358 

possibility of CD9-GFP uptake into other cell types, these studies provided insights into the distribution of EV uptake in 359 

a complex microenvironment.  Furthermore, EVs purified from a specific cell type such as macrophages express surface 360 

proteins that may be relevant to their tropism and activity.    361 

  362 

DISCUSSION  363 

The healthy wound healing response is characterized by coordinated phases of hemostasis, inflammation, 364 

proliferation, and remodeling, however, many aspects of the molecular and cellular basis of this response remain poorly 365 

understood.  The dysregulation of the coordinated response that is associated with impaired wound healing has led us to 366 

identify defects in intercellular signaling between cell layers in the skin with a focus on EVs and their payloads as 367 

mediators of these processes.  We propose that macrophage-derived EVs from resident macrophages have biologically 368 

active payloads that are internalized by skin fibroblasts to stimulate signaling, and specific adipokine expression that 369 

leads to a pro-reparative response that includes proliferation of overlying keratinocytes.   370 

The composition and function of EVs released into biological fluids and cultured media, which are heterogenous 371 

in origin, is dependent on the cells that produce them.  There are few in vivo models that have mapped the landscape of 372 

cells and EVs in a well-defined microenvironment with genetic tools.  Here, we focused on wound healing in db/db mice 373 

as a genetic model of impaired wound healing to show that EVs enriched from db/db donors have impaired wound 374 

healing activity and reduced capacity to signal specific molecular endpoints in fibroblasts that was associated with 375 

stimulating proliferation of basal layer epithelial cells.   miRNAseq of EVs isolated from db/db vs.  WT mouse donors 376 

revealed a reduction in the miR-425-5p.  miR-425-5p, especially when loaded into EVs, has been associated with 377 

dysregulated insulin signaling in some models61 or as a pro-survival endothelial factor in db/db EVs in other models.60  378 

We show that miR-425-5p was differentially expressed in macrophage-derived EVs isolated from db/db vs. WT mice, 379 

that wounds treated with miR-425-5p-loaded EVs promoted wound closure, and identified a miR-425-5p-mediated 380 

upregulation of Adiponectin in the wound bed in vivo and in cultured fibroblasts in vitro.   Based on our findings that 381 
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macrophage-derived EVs signal to other cell types in the wound, we used a cell type-specific CD9-GFP reporter model 382 

to define the distribution and map uptake of macrophage-derived EVs into fibroblasts.  Together, these studies defined a 383 

population of macrophage-derived EVs that are internalized by dermal fibroblasts to regulate Adiponectin expression 384 

associated with promoting wound healing and cell proliferation.   385 

Recent work from our lab has focused on the identification of quantitative changes in protein payloads in EVs  386 

isolated from db/db vs. WT donor mouse models with a goal of engineering EVs to deliver these pro-reparative payloads 387 

to the wound bed. For example, we identified a down-regulation of proteins associated with extracellular matrix 388 

remodeling and innate immunity8  and re-expressed select serine protease inhibitors to reverse the impaired wound 389 

healing phenotype of db/db recipients.  Here we focused on miRNA analysis of db/db vs. WT EV payloads and identified 390 

several miRNAs that were down-regulated in db/db EVs and others that were up-regulated.   To establish the function of 391 

a specific miRNA as an example of how to validate the activity of candidate miRNA, we selected miR-425-5p for testing, 392 

along with negative controls for activity, and positive controls for EV loading.  While several miRNA profiling studies 393 

have identified miRNAs that are relevant in impaired wound healing, comparatively fewer have assessed the activity of 394 

specific EV-loaded miRNAs in wound healing.69  Therefore, we used a combination of target pathway analysis databases 395 

and literature review to prioritize specific miRNAs for functional testing.  While our studies were limited to the 396 

identification of miRNAs dysregulated in the db/db PVA sponge model, further studies with antagomirs, miRNA 397 

knockout mice and miRNA activity reporter tools will be important to better understand loss of function phenotypes for 398 

specific miRNAs.70-73  One of the limitations of functional testing of endogenous miRNA-loaded EVs in the field is the 399 

poorly understood nature of miRNA abundance and distribution in a population of EVs.74,75   For our analysis of miRNA 400 

activity, we focused on testing a miRNA that was down-regulated in db/db EVs that could  then be delivered in an EV to 401 

restore a pathway(s) in a wound bed treated with EVs loaded with that down-regulated miRNA.  To this end we identified  402 

miR-425-5p as one of the most relevant miRNAs based on the obese hyperglycemic phenotype of the db/db mice from 403 

which EVs were collected and analyzed by miRNAseq, and reports that linked miR-425-5p action to the regulation of 404 

insulin responsiveness.62,63   We suggest that miR-425-5p regulated insulin signaling may be linked to the miR-425-5p-405 

mediated changes in the expression of an adipokine like Adiponectin in the regulation glucose sensitivity.76  We proposed 406 

that miR-425-5p-loaded EVs may have a role in stimulating secreted factors in adjacent cell types that promote wound 407 

healing.  In addition to Adiponectin, future studies may focus on other candidates such as IL-1 and Serpin E1, also 408 
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known as plasminogen activating inhibitor, that are relevant in inflammation and angiogenesis, respectively.  Therefore, 409 

with recent studies identifying an activity for miR-425-5p in endothelial cells as a pro-survival regulator of endothelial 410 

cells that promotes wound healing in a streptozoicin model of impaired diabetic wound healing60 we examined the effects 411 

of miR-425-5p-loaded EVs in a genetic db/db model.  Although we did not observe a significant difference in CD31+ 412 

blood vessel density, systematic approaches that test miRNA action in complex tissues will be necessary to better define 413 

cell type-specific effects of miRNAs.   414 

With a significant interest of the EV field focused on how to define EV source and uptake, we focused on an in 415 

vivo model where the EV source is defined by cell types relevant to cutaneous wound healing, like macrophages.  We 416 

show that macrophage-derived EVs can be tracked and purified for adoptive transfer studies using cell type-specific 417 

promoters to follow GFP fluorescence by flow cytometry and microscopy.  Fluorescent reporter systems utilizing CD9-418 

GFP fusions,24 as we have done for cutaneous injury models, along with recent studies using  fusion reporters with CD81 419 

for EV tracking from blood, brain, liver and ovary,26 provide important insights into the relevant cell types and 420 

biodistribution in vivo.  The development of pH-dependent fluorescent EV reporters that distinguish between EVs in 421 

acidic late endosomal MVBs vs. the release of EVs in neutral extracellular space and for tracking EV uptake provide 422 

further support for the utility of tetraspanin:fluorescent reporters in the understanding of EV release and uptake.77  These 423 

tetraspanin:fluorescent reporters are important tools to understand the biodistribution and activity of nucleic acid 424 

payloads like functional miRNAs and guide RNAs that direct CRISPR/Cas9 machinery for gene editing target cells.78  425 

We have also shown here that direct tagging of tetraspanins, like the FLAG tagging of CD63 on EVs takes advantage of 426 

a well-established molecular tool that also has utility in purification strategies.79   427 

The overall novelty of our studies is that we establish an in vivo system for the efficient and high yield 428 

purification of EVs that can be applied to various animal models to define the biological activity and assess molecular 429 

endpoints of engineered EVs.  These engineered EVs can deliver pro-reparative payloads identified by -omic approaches 430 

that are most relevant in accelerating the resolution of inflammation and promoting the proliferation of specific cell types 431 

relevant in tissue repair.  With the application of fluorescent, genetic and other advanced EV tracking technologies, 432 

lineage mapping of the source of EV release and uptake of EVs into recipient cells can lead to a molecular understanding 433 

of intercellular signaling mediated by EVs between skin layers in wound healing. 434 
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 435 

MATERIALS AND METHODS  436 

Mouse model for EV collection from PVA sponges 437 

All mouse studies were conducted in accordance with the Institutional Animal Care and Use Committee of the 438 

University of California San Diego.  12-16 week old WT and db/db mice (B6.BKS(D)-Leprdb/db/J; The Jackson 439 

Laboratory #000697, Bar Harbor, Maine) where db/db mice had a blood glucose level > 300 mg/dL and body weight 440 

>45 g, criteria for the diabetic obese model80,81.  Mice were prepared for the subcutaneous implantation of three Polyvinyl 441 

Alcohol (PVA) sponges (Cat# SQ5000, PVA Unlimited Inc., Warsaw, IN) by shaving and topical treatment with 442 

depilatory cream of dorsal skin.  Following PVA sponge implantation, skin was closed with nylon monofilament sutures 443 

and incubated for 7 days.  PVA sponges were then harvested by direct transfer of all three sponges into 1 mL of phosphate-444 

buffered saline for the recovery of cells infiltrating the sponges and associated fluid flushed from the sponges that 445 

contained EVs.  Centrifugation at 3,000 × g for 5 min separated cells into a pellet that was used for scRNAseq, while the 446 

supernatant of the PVA sponge fluid contained EVs for further analysis.  447 

For the goal of identifying cell type-specific sources of EVs, we used transgenic mice expressing a CD9-TurboGFP 448 

reporter targeted to extracellular vesicles under the control of a lox-STOP-lox cassette to facilitate cell type specific 449 

expression based on promoters driving the expression of Cre in specific cell types, termed TIGER knock-in mice.24 The 450 

following three crosses were performed with these CD9-GFP mice (B6;129S1-Gt(ROSA)26Sortm1(CAG-CD9/GFP)Dmfel/J; 451 

Jackson Laboratories #033361).  For expression of the CD9-GFP reporter in macrophages/monocytes mice were crossed 452 

with a LysM-Cre mice (B6.129P2-Lyz2tm1(cre)Ifo/J; Jackson Laboratories #004781). For the expression of the CD9-GFP 453 

reporter in endothelial cells, mice were crossed with TEK-Cre mice (B6.Cg-Tg(TEK-cre)12Flv/J; Jackson Laboratories 454 

#004128).  For the expression of CD9-GFP reporter in keratinocytes, mice were crossed with KRT14-Cre mice (B6N.Cg-455 

Tg(KRT14-cre)1Amc/J; Jackson Laboratories #018964) (Table S2).  456 

 457 

scRNAseq  458 

scRNAseq was performed on cells recovered from PVA sponges implanted into each of 3 different WT mice that 459 

were then pooled and compared with similarly pooled cells from each of 3 different db/db mice.  scRNAseq data was 460 
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archived at NCBI (GSE242497).  In brief, 1 x 105 cells were collected from the PVA sponges from each mouse, pooled 461 

and then 1 x 104 cells were loaded on the 10x Chromium Next GEM using the Single Cell 3’ Reagent (v3.1) with gel 462 

beads and master mix for cell capture and GEM generation (Cat # 1000147, 10X Genomics, San Francisco, CA). 463 

Subsequently, samples underwent GEM reverse transcription cleanup, cDNA amplification, and 3’ gene expression 464 

library construction according to the manufacturer’s instructions (10x Genomics). Constructed libraries were then 465 

sequenced on HiSeq sequencers (Illumina, San Diego, CA) using paired end reads at the University of California, San 466 

Diego Institute for Genomic Medicine (IGM) (Table S3 and S7).  scRNAseq data was demultiplexed, giving rise to 2 467 

FASTQ files per sample (4 FASTQ files in total), and aligned to the reference murine genome GRCm38 (mm10, v2020-468 

A) into single cells using the Cell Ranger Count pipeline (10x Genomics, v7.0.0) with the following settings for each 469 

sample, independently— Library Type: Single Cell 3’ Gene Expression; check library compatibility: true; chemistry: 470 

auto; include introns: true; no_bam: false; no secondary analysis: false. Cell Ranger Count outputs for each sample were 471 

then aggregated and normalized into a single gene expression matrix using the Cell Ranger Aggr pipeline (10x Genomics, 472 

v7.0.0) with the follow settings— no secondary analysis: false; normalization mode: mapped. Running Cell Ranger Aggr 473 

yielded approximately 18,000 post-normalizations mean reads per cell. Further data filtering and analysis were conducted 474 

using Loupe Browser (10x Genomics, v6.1.0). Quality control included omitting cells with >15% Mitochondrial UMIs 475 

per barcode (Linear) or <9.185 Genes per Barcode (Log2); cells that passed these quality control filters were included in 476 

downstream analysis. The top 10 principal components were used for graph-based clustering, and the following settings 477 

were applied for dimensionality reduction via uniform manifold approximation and projection (UMAP) analysis— 478 

Minimum Distance: 0.1; Number of Neighbors: 15. 479 

 480 

EV isolation and analysis 481 

EV studies addressed the methodological recommendations of the Minimal Information for Studies of 482 

Extracellular Vesicles 2018 (MISEV 2018)82 including nomenclature, collection/pre-processing, EV 483 

separation/concentration, EV characterization, functional studies, and reporting that are all archived at EV-TRACK 484 

(evtrack.org; #EV230979).  For the isolation of EVs from PVA sponge implants, the cell-free supernatant was subjected 485 

to two 10,000 × g spins for 30 min at 4o C followed by size exclusion chromatography (SEC) (Cat # ICI-70, IZON, 486 
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Medford, MA) and collection of 22 fractions of 700 µL each.   EVs from cultured cell media were enriched using 487 

Exoquick reagent (Cat # EQULTRA-20A-1, System Biosciences, Palo Alto, CA) following the manufacturer’s protocol.     488 

 489 

Single vesicle flow cytometry (vFC)   490 

EV concentration, size, and analysis of surface proteins and fluorescent proteins were measured by single 491 

vesicle flow cytometry (vFC) using a commercial assay based on a fluorescent lipophilic membrane dye, vFRed (vFC 492 

Assay kit, Cat # CBS4HP-1PE, Cellarcus Biosciences, San Diego, CA), using a CytoFLEX flow cytometer (Model S, 493 

V4-B2-Y4-R3, Beckman Coulter, Indianapolis, IN) (Table S7). The flow cytometer was calibrated for vesicle size and 494 

immunofluorescence (IF) using fluorescent intensity standard beads (nanoRainbow, Cellarcus) and antibody capture 495 

beads (nanoCal, Cellarcus),83-85  and showed a size (diameter) limit of detection (LOD) of ~80 nm and an IF LOD of ~25 496 

PE MESF.  Samples were diluted (optimal dilution determined in preliminary experiments), stained with vFRed and PE-497 

conjugated antibodies (See Table S5 and S6), subjected to a 1000-fold post-stain dilution, and 100 µL measured on the 498 

flow cytometer at a flow rate of 60 µL/min. Data were analyzed using FCS Express (Dotmatics/Denovo Software) and a 499 

standardized layout used to apply gating, compensation, and calibration (Cellarcus).  Single vesicle flow cytometry data 500 

was archived at flowcytometry.org (ID: FR-FCM-Z749) with a MIFlowCyt Score of 95%. 501 

EV characterizations by immunoblotting, electron microscopy, and multiplex analysis  502 

Lysates of EVs isolated from PVA sponges, paired along with whole cell lysates (WCLs) from the sponge 503 

implants, were prepared in RIPA lysis buffer. Loading of WCLs were normalized by protein quantification with a BCA 504 

assay (Cat# 23225, ThermoFisher, Carlsbad, CA) while loading of EVs was normalized to EV counts based on vFC 505 

analysis as described above.  Nonfat Dry Milk (Cell Signaling Technology, Denver, MA) was used for blocking in Tris-506 

buffered saline with 0.05% Tween 20 and primary antibodies incubated overnight at 4 °C. Table S4 details primary and 507 

secondary antibodies used for immunoblotting.  Immunoblots were detected with horseradish peroxidase-conjugated 508 

secondary, incubated with enhanced chemiluminescent reagent (Cat# 32209, ThermoFisher) and detected with an IVIS-509 

Lumina Imager (Perkin Elmer).  For imaging of EVs by transmission electronic microscopy, EV samples were applied 510 

onto EM grids, washed, and stained with uranyl acetate and images obtained with a Jeol 1400 plus transmission electron 511 

microscope at 80 KeV.  For the multiplex analysis of EVs present on EVs, a bead-based screen for 37 EV surface proteins 512 
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was used (MACSPlex Exosome Kit, Cat#130-122-211, Miltenyi-Biotec, San Diego, CA), and followed manufacturer’s 513 

recommendations.  Data was analyzed with data analysis template using MACSQuant (ver. 2.12.2) (Miltenyi-Biotec).  514 

 515 

EVs studies to assess wound healing, signaling and uptake in vivo.  516 

To assess the activity of EVs upon the kinetics of wound closure, EVs were purified from PVA sponge implants 517 

as described above and used to treat full thickness splinted 4 mm wounds as previously described.86,87 Briefly,  a silicone 518 

ring (Cat# GBLRD476687, Grace Bio-labs, Bend, OR) was immobilized with 4-0 nylon sutures (Cat # 50-118-0628, 519 

ThermoFisher) around each wound and immediately treated with 5-7 × 106 EVs in a volume of 50 μl of PBS per wound 520 

and covered with 3M Tegaderm (Cat #, 264435, Mckesson, Irving, TX).86 Wounds were imaged with a Galaxy S10e 521 

(1200 pixels, AF, F1.5/F2.4 super speed dual pixel, Samsung) and analyzed by Image J (1.53e version).  Tissues were 522 

harvested for histology analysis by fixation of skin wound samples in paraformaldehyde into paraffin at the UCSD Tissue 523 

Technology Shared Resource (TTSR) that prepared slides stained with Hematoxylin/Eosin and Masson’s Trichrome 524 

stains, to detect collagen staining in blue.  Immunohistochemical staining to localize Ki-67 (1:50; Cat #,16667, Genetex, 525 

Irvine, CA) immunohistochemical staining was performed with a Intellipath Automated IHC Stainer (Biocare, Pacheco, 526 

CA) by the TTSR, while immunostaining with anti-FLAG antibody (1:100; Cat # 14793, Cell Signaling Technologies) 527 

and anti-F4/80 (1:100, Cat# 70076, Cell Signaling Technologies) was performed with HRP detection SignalBoost 528 

reagents (Cat# 8114 and 8059, Cell Signaling Technologies).  Tissues harvest for analysis for cytokines/adipokines was 529 

performed with a Proteome Profiler (Cat # ARY028, R&D Systems, Minneapolis, MN) and followed manufacturers 530 

recommendations for detection and quantification with an IVIS-Lumina imaging system.  Analysis of wounds treated 531 

with CD9-GFP+ EVs was performed by cryosectioning treated wounds with a cryostat (Model CM1850, Leica, 532 

Davisburg, MI), imaged with a Nikon Confocal microscope (Model AXR, Tokyo, Japan).  Counterstaining of CD9-GFP+ 533 

EVs was performed with an anti-vimentin antibody (1:200, Cat # 5741, Cell Signaling Technologies) to localize 534 

fibroblasts and detected with an Alexa 546 secondary antibody (1:1,000, Cat #A11010, ThermoFisher). All H&E, 535 

Masson's Trichrome and immunofluorescence images were analyzed with Image J software. 536 

  537 
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Generation and testing of FLAG-tagged EVs  538 

An epitope tagged variant of CD63 was created by cloning the FLAG sequence (DYKDDDK) at amino acid 1397 539 

on the second extracellular loop of CD63. Following transient transfection of HEK293T cells (Cat # CRL-1573, ATCC, 540 

Manassas, VA) with Lipofectamine 3000 (ThermoFisher) per manufacturer’s directions, the expression on the cell 541 

surface was validated by immunoblot with an anti-FLAG antibody (Cat# F-1804, Sigma, St. Louis, MO). vFC was 542 

performed to detect expression of FLAG-tagged CD63 on EVs isolated from the conditioned media of transfected cells 543 

using a PE-conjugated anti-FLAG antibody (Cat# CBS18-PE-100T, Cellarcus Biosciences, San Diego, CA). Uptake of 544 

FLAG-tagged EVs into primary MEFs was assessed by treatment of 1e6 cultured primary MEFs (Cat# SCRC-1008, 545 

ATCC) with 2 × 109 EVs in a volume of 100 μl, incubated for 48 h, fixed, and stained with an anti-FLAG tag antibody 546 

(1:100, Cat#14793, Cell Signaling Technologies) and a fluorescent anti-Rabbit Alex Fluor 488 (Cat# A-11008, 547 

ThermoFisher).   548 

 549 

In vitro analysis of macrophage-derived EV miRNAs and Adiponectin expression  550 

Primary macrophages prepared from PVA sponges were cultured for the collection of macrophage-derived EVs 551 

to measure levels of miR-425-5p.  Briefly, PVA sponges were implanted into mice, incubated for 7 days and cells 552 

harvested as described above.   Cells were cultured in RPMI media supplemented with 10% fetal bovine serum and 25 553 

ng/ml M-CSF (Cat # 14-8983-80, Life Technologies, Carlsbad, CA) for 7 days, with a media change at 3 days. Flow 554 

cytometry was performed on cells incubated for 7 days in M-CSF with an anti-F4/80 antibody, which was used to verify 555 

>90% F4/80+ cells.  After the 7 day incubation, cells were transferred to RPMI media supplemented with 10% exosome-556 

depleted FBS (SBI) and conditioned media collected after an additional 7 day incubation.  From this conditioned media, 557 

EVs were harvested using Exoquick per manufacturer’s recommendation, and EVs analyzed for qPCR for miR-425-5p 558 

as described below.  The activity of miR-425-5p-loaded EVs upon the stimulation of MEFs was determined by incubation 559 

of EVs for 48 h, then measured by immunoblotting for adiponectin with an anti-adiponectin antibody (Cat #MA1-054, 560 

ThermoFisher) and followed by detection with an IVIS-Lumina Imaging system.  561 

miRNA sequencing, analysis, EV loading and RT-PCR   562 
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For the analysis of miRNA EV payloads, EVs were purified by SEC from 7 day PVA sponge implants of WT 563 

vs. db/db mice.  To obtain a more concentrated sample for RNA extraction, purified EVs were subjected to 564 

ultracentrifugation (259,000 x g, for 70 minutes, Beckman Optima, Rotor TLA 120.2, k-factor 8), the supernatant 565 

discarded, and the pellet extracted to obtain RNA using Trizol (ThermoFisher).   RNA quality and quantity were analyzed 566 

with a Bioanalyzer 2100 (Agilent, CA, USA), and 1 µg of RNA used to prepare a small RNA library using a TruSeq 567 

Small RNA Sample Prep Kit (Illumina, San Diego, CA).  Single-end 50 bp sequencing was performed on an Illumina 568 

HiSeq 4000 (LC Sciences, Houston, TX) with initial processing of raw reads using proprietary software ACGT101-miR 569 

(LC Sciences) to remove adapter dimers, foreign sequences, low-complexity fragments, common RNA families (e.g. 570 

rRNA, tRNA, snRNA, snoRNA) and repetitive sequences.  Sequences were mapped against species-specific miRNA 571 

precursor sequences available in miRBase 21.0 using NCBI BLAST to identify known and potentially novel miRNAs, 572 

with the alignment process allowing for length variation at both the 3' and 5' ends of the sequence and a tolerance for 573 

one mismatch within the sequence.  Identification of known miRNAs involved recognition of unique sequences aligned 574 

with the mature miRNAs of a specific species located on the hairpin arm. At the same time, sequences aligning with the 575 

opposite arm of a known species-specific precursor hairpin without an annotated mature miRNA were classified as 576 

candidates for new 5p- or 3p-derived miRNAs.  Unmapped sequences were aligned against the precursor sequences of 577 

selected species (excluding certain species) within miRBase 21.0 and subjected to further analysis. These mapped pre-578 

miRNAs were then cross-referenced with the genome of a specific species to confirm their genomic location and 579 

classified as known miRNAs.  The remaining unmapped sequences were subjected to BLAST searches against the 580 

genomes of specific species. Hairpin RNA structures containing these sequences were predicted using RNA fold software 581 

(http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) using the 80 nucleotides flanking the sequence.88-90  For 582 

the analysis of differentially expressed miRNAs, a normalization based on deep-sequencing counts. To predict the genes 583 

targeted by most abundant miRNAs, two computational target prediction algorithms (TargetScan 50 and Miranda 3.3a) 584 

were used to identify miRNA binding sites. Finally, the data predicted by both algorithms were combined and the 585 

overlaps were calculated. The GO terms and KEGG Pathway of these most abundant miRNAs, miRNA targets were also 586 

annotated.  For loading miRNAs into EVs isolated from WT PVA sponge donors, 100 µL of EVs at a concentration of 6 587 

x 106 PVA EVs/μL were mixed with 200 pmoles of miR-425-5p (Cat# C-310988-01-0050, Horizon, San Diego, CA) or 588 

a negative control cel-miR-67 (Cat# CN-001000-01-50, Horizon) in a volume of 200 µL following manufacturer’s 589 
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recommendations for Exofect kit (Cat# EXFT20A-1, System Biosciences, SBI, Palo Alto, CA).  Conditions for EV 590 

loading with miRNAs were optimized with a Cy3-labeled miR control (SBI).  miR-loaded EVs and followed 591 

manufacturer’s recommendations for purification. qRT-PCR was performed on CFX96 (Bio-Rad) using the TaqMan™ 592 

Fast Advanced Master Mix for qPCR (Cat# 4444556, ThermoFisher) and TaqMan™ Advanced miRNA Assay 593 

(mmu481161_mir) (Cat# A25576, ThermoFisher).  To confirm the expression of miR-425-5p in EVs collected from M-594 

CSF-differentiated PVA macrophages, we extracted RNA using a mirVana™ miRNA Isolation Kit (Cat#AM1560, 595 

ThermoFisher, Carlsbad, CA) following manufacturer’s protocol.     cDNA was synthesized for each sample using the 596 

TaqMan™ Advanced miRNA cDNA Synthesis Kit (Cat# A28007, ThermoFisher).  and qPCR performed with a 597 

TaqMan™ Fast Advanced Master Mix (Cat# 4444556, ThermoFisher) and the TaqMan™ Advanced miRNA Assay 598 

specific for mouse miR-425-5p (mmu481161_mir; ‘3-AAUGACACGAUCACUCCCGUUGA-5’) (Cat# A25576, 599 

ThermoFisher).   600 

  601 

Statistical analysis  602 

All statistical analyses were performed with Prism 6.0 (Graphpad Software). Data were expressed as the mean 603 

± standard deviation (SD). Differences between different groups were compared by Student t-test (i.e., vFC) and two-604 

way ANOVA with multiple comparisons (i.e, wound healing assays), with statistically significant p-values indicated as 605 

****<0.0001, ***<0.001, **<0.005, *<0.05. All statistical analyzes and representative images presented and observed 606 

in at least 3 independent experiments.  607 

 608 

  609 
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Detailed Reagent Supporting Information 610 

Additional details on reagents, mice, software, kits, antibodies, and software are provided in Supplementary Tables S3-611 

8. 612 
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List of Figure Captions 908 

Figure 1. Diabetic obese mice drive a transcriptional reprogramming of immune cell subsets recruited into sites 909 

of cutaneous injury.  910 

(A) Schematic of PVA implant model for the harvest of EVs from cutaneous site. (B) scRNAseq of cells from PVA 911 

sponge implants in WT vs. db/db mice (C) Expression of genesets mapping to macrophages, neutrophils, dendritic cells 912 

(DCs), and lymphocytes based on supporting references in Table S1. (D) Analysis of changes in gene expression of top 913 

10 up-regulated vs. down-regulated genes in cells from WT vs. db/db donors (GSE #242496).  914 

   915 

Figure 2. Identification and characterization of EVs derived from the PVA sponges.  916 

(A) Schematic of EV purification and profiling using size exclusion chromatography (SEC). (B) Quantification of SEC 917 

fractions by determining EV concentration using vFRed staining as detailed in the Materials and Methods (bars) and 918 

soluble protein using a BCA assay (line) from a representative WT EV sample.  EV concentration of WT vs. db/db EVs 919 

from each SEC fraction is quantified in replicates in Supplementary Figure S2A.  (C) Immunoblotting of SEC fractions 920 

to detect CD9 (bottom) and a Memcode protein stain (top) for total protein from each SEC fraction.  (D) Immunoblotting 921 

of EV markers of whole cell lysates (WCLs) and EVs from a representative WT PVA donor. (E) Blood glucose and (F) 922 

body weight measurements that define the pathophysiology of the db/db mouse model. (G) EV concentration and (H) 923 

size distributions of WT vs. db/db EVs in fraction 7 (n=10). (p values: *<0.05, ****<0.0001).  924 

   925 

Figure 3. vFC of EVs isolated from PVA sponge implants.   926 

(A) Schematic of EV analyses by batch vs. vesicle flow cytometry (vFC). (B) Quantification of a bead-based EV protein 927 

screen of inflammation-related proteins of WT EVs. (C) Representative vFC analysis of isotype and tetraspanin levels 928 

on WT PVA EVs, and (D) immune-related proteins.  vFC analysis of WT vs. db/db EVs for (E) tetraspanins, (F) integrins, 929 

(G) immune-related proteins, and (H) other EV-related inflammation proteins.  (n=5 for each group; p values: **<0.005, 930 

*<0.05).  931 

   932 

 933 

 934 

 935 
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Figure 4. Adoptive transfer of EVs from diabetic obese donors have impaired wound healing activity.  936 

(A) Schematic of EV adoptive transfer strategy. (B) Representative images of recipient wound beds on each day after 937 

treatment with saline control, WT EVs, or db/db EVs (a volume of 50 µL of EVs at 5-7 x 106 PVA EVs/μL) and (C) 938 

quantification of wound closure kinetics (n=10 per group; p values: ****<0.0001, **<0.005, *<0.05). (D) Representative 939 

hematoxylin and eosin (H&E) stained wounds on Day 14 after treatment with WT vs. db/db EVs (inset on right = high 940 

magnification).  (E) Quantification of epidermis thickness (μm) based on H&E images indicated with brackets in Panel 941 

D. (F) Quantification of cell count per area (mm2) based on H&E-stained images. (G) Localization of Ki67+ cells by 942 

immunohistochemistry on Day 14 after treatment with WT or db/db EVs. (H) Schematic of WT CD63 and CD63-FLAG 943 

tag (top) and vFC analysis of surface levels FLAG tag (bottom). (I) Immunoblotting to detect FLAG tag expression. (J) 944 

Localization of FLAG-tagged EVs in wound bed after a 24 hour treatment with saline (top), CD63-expressing EVs 945 

(middle), or CD63-FLAG expressing EVs. (green line: edge, blue box: wound margin, red box: wound bed). High 946 

magnification images of wound margin (middle) and wound bed (red) are shown.  (K) Uptake of control CD63 (top) vs. 947 

CD63-FLAG-tagged (bottom) EVs into MEFs. (L) Quantification of FLAG-tagged EV uptake into MEFs.  948 

  949 

Figure 5. Regulation of miRNA EV payloads isolated in diabetic obese mouse model.  950 

(A) miRNAseq analysis of fold changes in WT vs db/db EVs. (B) Distribution of miRNA profile between WT and db/db 951 

EVs. (C) Analysis of fold change (FC) vs. significance (P) of miRNAs identified as described in the Materials and 952 

Methods. (D) KEGG pathway analysis of miRNAs identified. (E) Schematic of EV collection from cultured sponge-953 

derived macrophages.  (F) Quantification of EV yield from cultured macrophages. (G) qRT-PCR analysis of miR-425-954 

5p in EVs isolated from the conditioned media from db/db vs. WT macrophages (n=3 from each group. p < 0.005).  955 

  956 

Figure 6. Biological testing of miR-425-5p-loaded EVs. 957 

(A) Schematic of EV collection, loading with specific miRNAs in vitro, followed by treatment of splinted wounds in 958 

vivo to assess miR-425-5p biological activity. (B) Comparison of wound closure kinetics of normal WT EVs (i.e., no 959 

miRNA loading) vs. WT EVs loaded with miR-425-5p to show that EVs loaded with miR-425-5p are more pro-reparative 960 

than WT EVs. (C) Analysis of wound closure kinetics with controls including saline (black), mock-treated EVs (i.e., EVs 961 

treated with Exofect reagent without miRNA; green), negative control miRNA-loaded EVs (i.e., cel-miR-67; blue), or 962 

Jo
urn

al 
Pre-

pro
of



 

37 

 

miR-425-5p-loaded EVs (red) (a volume of 50 µL of EVs at 5-7 x 106 PVA EVs/μL). (D) Localization and (E) 963 

quantification of Ki67+ cells in the basal epidermal skin layer to assess the general pro-reparative effects of miR-425-5p-964 

loaded EV treatment. (F) Representative H&E (top) and Masson’s Trichrome stained images (bottom) on Day 14 after 965 

treatment with saline, neg-miRNA-loaded EVs or miR-425-5p-loaded EVs (Red dotted line = wound margin; blue box 966 

= area used for cell counts and epidermis thickness measurements).  Quantification of the effects of treatment with neg-967 

miRNA-loaded EVs vs. miR-425-5p-loaded EVs on (G) cell count, (H) epidermis thickness, and (I) collagen as a 968 

percentage of the dermis area (mm2) based on Masson’s Trichrome staining. (J) Protein panel quantifying changes in 969 

adipokine/cytokine expression in wound beds treated with miR-425-5p-loaded EVs vs. negative control miRNA-loaded 970 

EVs at 14 days (n=2 for each treatment group). Supplementary Figure S8 has the complete profile. (K) Schematic of in 971 

vitro of PVA sponge-derived EVs loaded with negative control miRNA vs. miR-425-5p used to treat MEFs. (L) 972 

Immunoblotting of Adiponectin protein of MEFs treated with control vs. miR-425-5p-loaded EVs. (p values: 973 

****<0.0001, ***<0.001, **<0.005, *<0.05)  974 

 975 

Figure 7. Transgenic mice expressing the tetraspanin CD9-GFP to assess cell type specific EV release and track 976 

EV uptake.  977 

(A) Schematic of lineage mapping mouse lines using CD9-GFP TIGER model and cell-type specific expression of Cre. 978 

(B) Analysis of GFP expression in cells and (C) EVs from PVA sponge implants from transgenic mice expressing CD9-979 

GFP under the control of LysM, TEK, or Krt14 promoters, as detailed in the Materials and Methods. (D) Schematic of 980 

adoptive transfer of CD9-GFP EVs into splinted wounds of db/db mice. (a volume of 50 µL of EVs at 5-7 x 106 PVA 981 

EVs/μL) (E) Detection of CD9-GFP+ EVs (left; green fluorescence) vs. WT EVs (right; non-fluorescent EVs from CD9-982 

GFP- mice) in the wound bed. Representative low magnification images of (F) WT non-fluorescent EVs vs. (G) CD9-983 

GFP+ EVs (white arrowheads) in the splinted wound (left and right images comprise the full wound site), counterstained 984 

with vimentin for fibroblasts (red) and DAPI for nuclei (blue). (H) Representative high magnification images of CD9-985 

GFP+ EVs from two different fields (top and bottom) detected in the wound margin (based on red box from Panel D) and 986 

(I) wound bed (based on blue box from Panel D). CD9-GFP+ EVs colocalized with vimentin indicated with white arrows.  987 

 988 
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Eliceiri and colleagues identify a novel intercellular signaling axis mediated by the release of pro-

reparative extracellular vesicles from macrophages to accelerate wound healing.  We identify biologically 

active payloads and establish genetic models that define the source and uptake of vesicles into specific cell 

types in the wound bed. 
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