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Abstract

Vascular progenitor cells show promise for the treatment of microvasculature endothelial injury. 

We investigated the function of renal artery progenitor cells derived from radical nephrectomy 

patients, in animal models of acute ischemic and hyperperfusion injuries. Present in human 

adventitia, CD34positive/CD105negative cells were clonal and expressed transcription factors 

Sox2/Oct4 as well as surface markers CXCR4 (CD184)/KDR(CD309) consistent with endothelial 

progenitor cells. Termed renal artery-derived vascular progenitor cells (RAPC), injected cells were 

associated with decreased serum creatinine after ischemia/reperfusion, reduced albuminuria after 

hyperperfusion, and improved blood flow in both models. A small population of RAPC integrated 

with the renal microvasculature following either experimental injury. At a cellular level, RAPC 

promoted local endothelial migration in co-culture. Profiling of RAPC microRNA identified high 

levels of miRNA 218; also found at high levels in exosomes isolated from RAPC conditioned 

media after cell contact for 24 hours. After hydrogen peroxide-induced endothelial injury, RAPC 

exosomes harbored Robo-1 transcript; a gene known to be regulated by mir218. Such exosomes 

enhanced endothelial cell migration in culture in the absence of RAPC. Thus, our work shows the 

Corresponding author’s contact information: Andrew M. Siedlecki, MD, Harvard Institutes of Medicine, 77 Avenue Louis Pasteur, 
HIM Rm 568B, Boston, MA 02115, Ph 314-809-2879, Fax 617-582-6167, asiedlecki@bwh.harvard.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosures:
All the authors declared no competing interests.

HHS Public Access
Author manuscript
Kidney Int. Author manuscript; available in PMC 2018 January 01.

Published in final edited form as:
Kidney Int. 2017 January ; 91(1): 129–143. doi:10.1016/j.kint.2016.07.037.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



feasibility of pre-emptive pro-angiogenic progenitor cell procurement from a targeted patient 

population and potential therapeutic use in the form of autologous cell transplantation.
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INTRODUCTION

Vascular progenitor cells (VPC) are found in extra-marrow sites including human skeletal 

muscle microvasculature1, the adult saphenous vein,2 the adult circulation,3 and the fetal 

aorta.4 As these cells express CD34, a transmembrane sialomucin5, they have been termed 

either mesenchymal stem cells or endothelial progenitor cells. Isolation of endothelial 

progenitor cells centers on the circulating capacity of the cell type.3, 6 Endothelial progenitor 

cells have yet to be isolated from discarded tissue and evaluated as a therapeutic for kidney 

injury.

Endothelial cell injury is central to the pathophysiology of acute renal ischemia/reperfusion 

injury (IRI) and nephron mass reduction (NMR). During IRI the endothelial cells that 

compose the peritubular capillaries in the renal cortex and outer medulla are damaged due to 

oxygen depletion and reactive oxygen species generation.7–9 NMR results in hyperperfusion 

and increased shear stress on the endothelial cell surface of the afferent arteriole and 

glomerulus. Increased glomerular pressure results in albuminuria as described in pre-clinical 

and clinical studies of NMR.10, 11

Renal endothelial cell injury is manifest in the setting of radical nephrectomy. People who 

donate a kidney for transplantation have an increased risk for renal failure within eight 

years12 while half of patients undergoing total nephrectomy as extirpative therapy for renal 

cell cancer develop kidney disease within 20 months of the procedure.13 Etiologies include 

recurrent ischemia/reperfusion and hyperperfusion injury disrupting endothelial function in 

the kidney microcapillary network.

In this current work we demonstrate that CD34 positive/CD105 negative cells can be 

isolated from a patient’s renal artery at time of radical nephrectomy. This cell population 

demonstrates endothelial progenitor-like characteristics and integrates into capillaries after 

acute ischemia/reperfusion injury and nephron mass reduction. Given the risk of kidney 

disease progression in patients undergoing unilateral nephrectomy, we report for the first 

time the feasibility of pre-emptive procurement of progenitor cells from the discarded 

arterial tissue of a targeted patient population with the potential for future therapy in the 

form of autologous cell transplantation.
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RESULTS

Human Renal Arteries Contain Vascular Progenitor Cells that Manifest Endothelial 
Qualities

Renal artery cross sections were analyzed consecutively. Cell orientation from donor 

nephrectomies and renal cell cancer nephrectomies were similar. Tissue revealed nucleated 

CD34+ cells present in the adventitia distinct from CD34+ cells co-localizing with CD105 

and CD31 in the intima of the vasa vasorum (Figure 1A,B). CD34+ cells co-localized with 

CD309 but not with neural/glial antigen 2 (NG2) (Figure 1B). Orientation of CD34+ cells 

was consistent in tissue sections irrespective of the indication for nephrectomy. The above 

histologic characterization informed our proceeding analyses.

CD34 protein was detected in consecutive human renal artery tissue by immunoblot 

technique (Figure 2A[i]). Several cell markers were observed in dissociated tissue sections 

undergoing surface receptor analysis using flow cytometry (Figure 2A[ii]). We used single-

cell sorting technology to isolate a specific cell population from whole-tissue digest 

expressing the CD34 surface marker in the absence of CD105 (Figure 2B)(n=22). Cells also 

expressing CD105, a surface marker localizing to differentiated CD31+ endothelial 

cells,14, 15 and mesenchymal stromal stem cells,16 were analyzed separately (data not 

shown). Selected CD34+/CD105− cells were routinely plated in basal media free of 

epidermal and vascular endothelial growth factors. Mouse-derived CD34+/CD105− cells 

could be isolated from the renal artery (Supplemental Figure 1), however our studies in this 

report focused on the characterization of human renal artery-derived CD34+/CD105− cells.

Cells were evaluated for properties compatible with a progenitor phenotype (Figure 2C). 

Single CD34+/CD105− cells were distributed in an automated fashion to single wells in 96 

well plates. Individual cells demonstrated clonality followed by confluency in 94% of total 

observations (Figure 2C[i]). Cells could be grown to confluency, trypsinized and re-seeded 

20+ times. Stellate bodies were observed within 48 hours of culture on fibronectin-coated 

(0.5microgram /cm2) sterile plastic plates (Figure 2C[ii]). Cells avidly phagocytosed LDL 

after 6 hours (Figure 2B[iii]). Endotube formation was observed in matrigel culture (Figure 

2C[iv]). Adhesion to fibronectin, lipid phagocytosis, and endotube formation were consistent 

with a hematopoietic progenitor cell phenotype.3, 17 Human inducible pluripotent stem cells 

derived from dermal fibroblasts expressed Sox2 and Oct4 mRNA in levels similar to isolated 

cells (Figure 2D). RAPC did not express smooth muscle actin however mesenchymal 

transformation was induced after prolonged exposure to TGF-β1 (Supplemental Figure 2).

Plated cells maintained co-expression of CD309, a marker of endothelial progenitor cells, 

and CD184 (Figure 3A[i])(n=22). CD14 expression was variable however CD163, expressed 

by differentiated tissue macrophages,18 was not present in the selected cell population of 

interest (Figure 3A[ii]). Cells displayed a differentiated endothelial phenotype after 

treatment with VEGF for seven days. Monolayers exposed to VEGF expressed surface 

markers including CD73, CD105, CD202, and CD31 also found on the surface of human 

endothelial cells (Figure 3B). Endothelial nitric oxide synthase (NOS) was increased 6.9-

fold compared to untreated progenitor cells (Figure 3C). eNOS protein levels increased 

27.6% following VEGF treatment. vWF protein expression increased 16.1-fold (Figure 3D). 
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Based on the above results the cells of interest were identified as renal artery-derived 

vascular endothelial progenitor cells (RAPC) rather than cells of mesenchymal origin.

Renal Artery Derived Progenitor Cells (RAPCs) Integrate In Peritubular Capillaries After 
Renal Ischemia/Reperfusion Injury

If cells that reside in the adventitia of the renal artery directly affect the renal parenchyma in 

nature, there must be evidence of cell transit. CMdil cytotracker was microsurgically 

injected to the adventitia of the mouse renal artery to determine if cell transit occurred 

during the repair phase following IRI. Five days after IRI, less than five CMdil+ cell per 

1,000 total cells was identified in the region of the kidney cortex and outer medulla and two 

CMdil+ cells per 1000 after ten days (Figure 4). These findings indicated few endogenous 

adventitial cells of any type migrated from the renal artery to the kidney parenchyma after 

IRI in a mouse model.

Despite the infrequent event of transmural migration, animals were administered RAPC by 

intravenous tail injection after IRI to simulate previously successful cell-based treatment 

approaches.19, 20 NOD/ShiLtSz-Prkdcscid (NOD-SCID) animals underwent kidney ischemia/

reperfusion injury (IRI) followed by tail vein injection of human RAPC to assess function in 

a pre-clinical injury model that did not require immunosuppression. In fixed tissue 

monoclonal anti-HLA-ABC antibody was used to identify if human cells localized to the 

mouse kidney after IRI. HLA+ cells were then sorted and re-cultured to confirm the 

monoclonal antibody was binding to the surface of viable human cells and not cellular 

debris. Whole kidney was digested and HLA+ cells were sorted (n=5) (1.97±1.29%) by flow 

cytometry, re-cultured and submitted for Combined DNA Index System short tandem repeat 

polymorphism (STR) analysis (Figure 5). DNA identity was confirmed in each match 

analysis linking individual cell culture to the associated patient. DNA analysis was also 

compared to known non-self input (n=5) to confirm the specificity of the technique.

Separately, tissue was processed to study the location of HLA+ cells in the kidney. It has 

been previously shown that bone marrow-derived mesenchymal stem cells localize to the 

kidney interstitium after IRI following intravenous injection.19 We therefore compared 

RAPC, as a potential cell-based therapy with endothelial-like properties, to MSC following 

IRI (IRI+RAPC vs IRI+MSC). HLA+ cells were present in histologic sections from IRI

+MSC after 5 days (Figure 6A). 2.72-fold more RAPC compared to MSC were present after 

5 days, and 4.16-fold more RAPC compared to MSC after 10 days. HLA+ cells were present 

in IRI+RAPC 10 days after injury localizing to the outer medulla. Few cells were detected in 

the cortex, inner medulla or papilla. Regional localization of HLA+ cells was confirmed by 

transducing RAPC with GFP-expressing lentivirus (Supplemental Figure 3 and 4) and 

injecting cells into animals after IRI as described above. GFP-expressing RAPC were 

identified three days after injury in peritubular areas containing CD31+ cells with highest 

density in the outer medulla (Supplemental Figure 5). Tissue was re-probed with CD31 

antibodies specific for human and mouse epitopes. Cells binding human specific anti-HLA 

monoclonal antibody were found adjacent to cells binding mouse-specific anti-CD31 

antibody (Figure 6B). This finding demonstrated that human cells occupied a 
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microenvironment shared by mouse endothelial cells. Human CD31+ cells were detected 

adjacent to mouse CD31+ in greatest number 10 days after IRI (Figure 6B).

Renal Vascular Repair and Renal Function are Affected by RAPC Injection After Ischemia/
Reperfusion Injury or After Nephron Mass Reduction

Peritubular capillaries were identified by probing tissue with monoclonal antibody to CD31 

estimating capillary density five, ten and twenty days after IRI. All animals survived until 

each time point. In a separate cohort, 30 day survival rate after IRI in NOD-SCID animals 

was 91% (n=11). Mean number of patent peritubular capillaries per tubular lumen increased 

after ten and twenty days in RAPC-treated compared to MSC-treated animals at the same 

time points (Figure 7A[i]). Capillary density paralleled results obtained by fluorescence 

microangiography performed twenty days after IRI (Figure 7A[ii]). Renal function was 

measured by serum creatinine on day 2, 10, and 20. On day 10 and day 20, renal function 

improved in animals treated with RAPC or MSC compared to animals treated with vehicle. 

On day 10 renal function improved in RAPC-treated animals compared to MSC-treated 

animals (Figure 7B). Renal perfusion was measured 20 days after IRI by dynamic MRI. 

Perfusion increased in animals treated with RAPC compared to animals treated with MSC or 

vehicle (Figure 7C).

Function of RAPC was assessed in a second model of endothelial injury involving nephron 

mass reduction (NMR). Animals underwent NMR and followed by treatment with human 

derived RAPC or MSC. On day 5 and day 10 RAPC were present in glomeruli after injury in 

greater proportion per total glomeruli (Figure 8A[i]) and in greater number of cells per 

glomeruli (Figure 8A[ii]) compared to MSC. Serum creatinine was similar in RAPC-treated 

animals compared to MSC (Figure 7B[i]). Urinary albumin was decreased in RAPC and 

MSC-treated animals after 10 days, however after 20 days a persistent reduction in 

microalbuminuria was only observed in the RAPC-treated group (Figure 8B[ii]). There was 

no significant difference in microalbuminuria between MSC-treated and vehicle-treated 

animals 20 days after surgery (Figure 8B[ii]). Cortical renal perfusion improved in RAPC-

treated animals after 20 days compared to both MSC- and vehicle-treated animals (Figure 

8C).

RAPC Encourage Endothelial Cell Migration in Response to Injury

Local migration may play a critical role in the pro-angiogenic effect of RAPC during 

microcapillary repair after IRI. Local migration of RAPC+EC co-cultures were first studied 

with a standardized streak test following H2O2 –induced injury (Figure 9). Endothelial cells 

in co-culture treated with H2O2 more rapidly repopulated the denuded surface when 

compared to endothelial cells without GFP+ RAPC (Figure 9B). Because the GFP+ 

population remained numerically small we inferred RAPC influenced endothelial cells in a 

paracrine fashion. We proceeded to evaluate the significance of microRNA patterning in 

RAPC because of the well-known modulatory effect of microRNA in various cell types of 

the vascular system.21, 22 We compared miRNA microarray patterns of non-stimulated 

RAPC to microarrays available in the NCBI-sponsored Gene Expression Omnibus (GEO) 

database including human endothelial progenitor cells (EPC), human umbilical vein 

endothelial cells (HUVEC) and human bone marrow-derived mesenchymal stem cells 
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(MSC). RAPC miRNA patterning most closely correlated with miRNA expressed in EPC 

(ρ=0.67, CI 0.54–0.79; p<0.01) (Figure 10).23–25 mir-218 was among 14 miRNA present 

exclusively in EPC and RAPC microarrays (Figure 10, grey box).

We measured mir-218 transcript in several cell types. RAPC culture expressed mir-218 2.4-

fold higher than human endothelial cell culture, 11.1-fold compared to human vascular 

smooth muscle cell culture, 9.1-fold compared to human mesenchymal stem cell culture and 

>50-fold compared to human inducible pluripotent stem cell culture when quantitated by 

RT-PCR (Figure 10B). In vitro mir-218 expression in RAPC was suppressed using LNA-

mir-218. A corresponding increase in Robo-1 protein expression was observed by 

immunoblot (Figure 10C). Functional susceptibility of RAPC to mir-218 inhibition was 

confirmed with cell migration studies that demonstrated sensitivity of RAPC to mir-218 

inhibition significantly greater than endothelial cells (Figure 10D).

Above we determined that endogenous migration of RAPC from the adventitia of the renal 

artery to the renal parenchyma was limited (Figure 4). However we additionally identified 

exosomes that contained mir218 transcript in the supernatant of RAPC culture (Figure 11A). 

Under maintenance conditions, exosomes from RAPC contained mir218. Following oxidant 

stress, exosomal mir-218 levels were diminished (Figure 11B[i]) while exosomal Robo1 

mRNA levels were enriched (Figure 11B[ii]). Exosomes isolated from RAPC treated with 

LNA-mir218 also contained increased Robo1 mRNA transcript (Figure 11B). Exosomes 

from conditioned RAPC were then added to injured endothelial cells alone and migration 

increased in comparison to cells treated with exosomes from RAPC cultured under 

maintenance conditions (Figure 11C).

DISCUSSION

We report on the discovery of a cell population in human renal arterial adventitia that not 

only exhibits progenitor cell qualities with the capacity to differentiate into human 

endothelial cells in a murine kidney model, but also contribute to accelerated recovery of 

peritubular capillary density following intravenous injection. Our studies support the 

conclusion that CD34+ and CD105− cell selection was effective to isolate an endothelial 

progenitor cell subtype whereas expression of CD34 and CD105 was most consistent with a 

differentiated endothelial cell14, 26 or one of mesenchymal origin.2

To meet the definition of a progenitor, selected cells were evaluated with both qualitative and 

functional assays. RAPC exhibited clonality and expressed Sox2 and Oct4. Sox2 and Oct4 

levels were comparable to human inducible pluripotent stem cells. RAPC could be cultured 

and were characterized positively by CD309 and CD184 surface expression and negatively 

by low expression of CD31, CD105, and CD73. CD309 co-localized to CD34+ cells in the 

adventitia of each human renal artery we analyzed. Werner and colleagues used CD309 to 

identify circulating human endothelial progenitor cells.27 Walter and colleagues showed 

CD184 was critical to endothelial progenitor cell migration.28 In aggregate our studies show 

RAPC to be characterized as progenitor cells that can differentiate into endothelial cells that 

express CD7329, 30, CD 105, CD31, exhibit endotube formation, NOS activity and express 

high levels of vWF.3
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We compared RAPC therapy to MSC therapy because MSC were reported to have an effect 

in the setting of kidney-specific IRI. Capillary rarefaction and tubular epithelial cell damage 

following kidney-specific IRI has been reduced by MSC therapy in pre-clinical models.31, 32 

However most MSC, being of stromal origin, have infrequently been identified to display 

endothelial-like properties.33 Our experiments demonstrated that RAPC had greater 

beneficial effect on models of kidney-specific endothelial cell injury.

We first characterized RAPC function after IRI. Although progenitor cell density decreased 

after 10 and 20 days others have speculated that the vital period of progenitor cell activity is 

the first week following kidney injury.20, 34 Serum creatinine improved more quickly in 

animals treated with RAPC. Blood perfusion was increased in RAPC-treated animals and 

coincided with an increase in capillary density. MRI results and corresponding histology 

inferred that differences in kidney perfusion may anticipate chronic kidney injury despite 

unrevealing serum creatinine levels.8

Following NMR, RAPC affected albuminuria and renal perfusion while renal function was 

unchanged. Histologic analysis showed RAPC localizing to the glomerulus in higher density 

compared to peritubular capillary localization of RAPC in the IRI model. Increased 

albuminuria after 10 days was consistent with glomerular injury associated with the renin-

angiotensin system activation and subsequent glomerular hyperfiltration.35, 36 Albuminuria 

was improved in RAPC- and MSC-treated animals compared to vehicle at 10 days with 

persistent effect in RAPC-treated after 20 days. Renal perfusion was also improved in RAPC 

compared to MSC after 20 days. The mechanism of RAPC function in NMR is unclear but 

localization of RAPC to the glomerulus, reduction in albuminuria, and improvement of renal 

perfusion implicates a normalization of flow dynamics in the microvasculature due to 

accelerated endothelial repair.

The role of mir218 in angiogenesis reinforced the potential for RAPC to promote an 

endothelial program and offered a potential mechanism by which RAPC promoted 

endothelial repair.37–39 Microrray results were confirmed by RT-PCR demonstrating that 

vitro RAPC expressed relatively high levels of mir218 compared to other cell types 

interrogated. This finding was consistent with a sedentary phenotype that could be 

manipulated using anti-mir218 conditioning. This was further demonstrated by increased 

Robo-1 protein expression when mir218 was inhibited. These findings were consistent with 

others that have shown Robo-1 is regulated by mir-218 expression and that upregulation of 

Robo-1 is linked with endothelial migration.37

We then made the critical discovery that mir-218 and Robo-1 mRNA are differentially 

expressed by exosomes derived from RAPC. Following treatment of injured endothelial cells 

with RAPC-derived exosomes, endothelial migration improved. LNA-mir218 treatment 

further emphasized how RAPC may be conditioned prior to injection to enhance Robo-1 

transmission and stimulate a reparative phenotype via exosome delivery.

Our study is limited by anatomic variation in the mouse renal artery compared to the human 

renal artery. Namely, the mouse renal artery contains no vasa vasorum since the vascular 

thickness of murine renal arteries does not necessitate this for oxygen delivery. However, we 

Pang et al. Page 7

Kidney Int. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrated that mouse-derived CD34+/CD105− cells can be isolated from dissociated 

renal artery tissue and cultured in vitro. This infers a murine analogue to human RAPC 

which deserves further investigation in future studies.

Conclusion

We describe a unique progenitor cell population derived from discarded renal artery tissue of 

patients undergoing radical nephrectomy. RAPC show the capacity to differentiate into 

endothelial cells and have functional benefit in two models of renal microvascular injury. 

Mir218 is a critical modulator of RAPC function which we validated in both isolated human 

tissue culture and pre-clinical animal models. Our discoveries have direct clinical 

application. Select patients undergoing radical nephrectomy are at risk of progressive 

decline in renal function. We offer a conceptual framework in which autologous progenitor 

cells can be utilized for patients with an immediate therapeutic need.

CONCISE METHODS

Human Renal Artery Procurement

Written consent was obtained from all participating patients prior to tissue procurement. 

Renal arteries were procured in the operating room by means of the Brigham and Women’s 

Hospital Tissue and Blood Repository service.

CD34+/CD105− Cell Isolation

Human renal artery tissue was minced under sterile technique then placed in FBS-free 

Endothelial Basal Media-2 (EBM2) media (Lonza, Inc) and digested with collagenase type 

II (0.5mg/mL) and collagenase type IV (0.5mg/mL) (Thermo Scientific Fisher, Inc) for 25 

minutes at 37C. Whole tissue was then filtered through a 70micron filter. Cell pellet was 

generated and resuspended in FACS buffer containing human anti-CD34 antibody labelled 

with APC and human anti-CD105 antibody labelled with FITC. Cell Sorting was performed 

with a BD FACSAria sorter special order system using FACSDiva software version 6.1.2 

Cells were plated on a 3.2cm2 sterile plastic surface and cultured in EBM2 (Lonza Inc) 

containing basic fibroblast growth factor, ascorbic acid, insulin-like growth factor, 

hydrocortisone, and 5% fetal bovine serum without epidermal growth factor (EGF) or 

vascular endothelial growth factor (VEGF). Using similar technique mouse renal artery-

derived CD34+/CD105− cells were isolated (Supplemental Figure 1).

Murine 30 Minute Bilateral Renal Ischemia/reperfusion Injury Model

All research involving the use of mice were performed in strict accordance with protocols 

approved by the Animal Studies Committee of Harvard Medical School. Ischemia/

reperfusion injury was performed as we previously described.40, 41

Murine Nephron mass reduction (NMR) Model

NMR was performed using a technique that we and others have described previously.42, 43 

The surgery required two stages. Unilateral nephrectomy was performed followed by 

removal of the upper and lower pole of the contralateral kidney one week after the first 

Pang et al. Page 8

Kidney Int. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



surgery. Absorbable gelatin (Pfizer, Inc.) was applied to the cortical incisions to achieve 

hemostasis. The model maintained elevated serum creatinine (0.18±0.01mg/dL) eight weeks 

after injury (Supplemental Figure 6).

Cell Culture Preparation and Injection in Animal Models of Kidney Injury

Human RAPC were grown to 80–90% confluency, then harvested and quantified by 

hemoctyometry. 1.0 × 106 cells were re-suspended in sterile normal saline and administered 

through the tail vein. Human bone-marrow derived MSC were prepared using the same 

growth and quantification parameters.

Renal Perfusion by Dynamic Contrast-Enhanced Magnentic Resonance Imaging

Studies were performed as previously reported.41, 44 Imaging protocol parameters included 

echo time, 1085ms; repetition time 2170ms; excitation pulse angle, 60; flip angle, 30; FOV 

5×4 cm; matrix size 128×96; slice thickness, 1.5mm. All images were obtained in the 

transverse plane.

Exosome isolation

Exosomes were isolated as previously described.45 Briefly, RAPC reaching 70–80% 

confluency were incubated with fresh media for 24 hours. Media was removed under sterile 

conditions, and centrifuged at 10,000g for 30 minutes, then passed through a 0.22 

micrometer filter and combined with Exoquick (SBI, Inc.) per the manufacturer’s 

instructions. Exosome-rich isolates were enriched by ultracentrifugation for 70 minutes at 

100,000g. Exosome pellets were then re-suspended in Trizol or media or PBS according to 

the experimental condition. For migration studies exosomal RNA concentrations were 

measured with a NanoDrop 2000c spectrophotometer (Thermo Scientific, Inc.).

Cell migration assay

Human endothelial cell and human RAPC co-culture was generated as described above. 

Cells were then transferred to 3.2cm2 wells in a 10:1 ratio, 56,000 (EC) : 5,600 (RAPC). A 

linear streak of cells approximately 700micrometers in width was denuded under sterile 

conditions. Cell migration was monitored for twenty hours using a Nikon ECLIPSE Ti 

Inverted Research Microscope. Live cells were kept in a humidified chamber kept at 

constant temperature (37C) with continuous 6% CO2 supplementation surrounding the 

microscope housing. Rate change of cell movement was calculated by obtaining digital 

photomicrographs every 15 minutes. Images were processed using NIS-Elements Imaging/

analysis Software (Nikon, Inc.). Cells conditioned with H2O2 were treated with 2.5µM H2O2 

for 6 hours and fresh media was then exchanged. Single cell types were plated and 

transfected with mir218-LNA or scrambled-LNA. Streak testing was performed as described 

above. Streaking testing of cells treated with exosome isolates was performed in 96-well 

plates with RNA concentration of 1ng per microliter of EC media.

Statistical analysis

SPSS v22 (IBM, Inc.) software was used for all calculations. Experimental conditions were 

evaluated for significance using analysis of variance (ANOVA) in pair-wise group 
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comparison among multiple groups along with the Bonferroni correction method. Student’s 

T-test was used to evaluate for significance between two groups. Log-rank testing (Mantel-

Cox) was used to compare survival between two groups. All values represent a condition’s 

mean value ± standard deviation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Histologic distribution of CD34 in the human renal artery. (A) Representative 

photomicrograph (n=14) of monoclonal antibody probes for CD34 and CD105. CD34 and 

CD105 probes localize to the adventitia (top left) (scale bar= 250micrometers). CD105 

distributes to nucleated cells in the intima of the vasa vasorum, (hashed line inset). CD34 

localizes to nucleated cells in adjacent stroma of the adventitia (scale bar=20micrometers). 

(B) Differential localization of CD34+ cells proximate to the vasa vasorum of the adventitia. 

(black arrow, toward medial layer in all photomicrographs) (i) CD31+ and CD34+ nucleated 

cells are present in the intima of the vasa vasorum. CD34+ /CD31− cells are found in the 

adjacent stroma (low power scale bar=50 micrometers; high power scale 

bar=20micrometers). (ii) neural/glial antigen 2 (NG2) displays in adjacent nerve bundles 

(nb) distinct from CD34+ cells composing vasa vasorum (vv) (low power scale 

bar=50micrometers; high power scale bar=25micrometers). (iii) CD146+ co-localizes with 

CD34+ in the arterial vasa vasorum (a) distinct from the venous (v) vasa vasorum. (iv) 

CD34+ co-localizes with cells that display CD309+ (low power scale bar=25micrometers; 

high power scale bar=10micrometers).
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Figure 2. 
Characterization of RAPC derived from human renal artery tissue. (A)[i] Representative 

immunoblot of human renal artery tissue probed for monoclonal anti-human CD34 antibody 

normalized to beta-actin tissue content. Indication for nephrectomy included living donor 

kidney donation (lane 1–3) and renal cell cancer (lane 4–10) (relative intensity, 0.80±0.032 

vs 0.88±0.19, respectively (p=NS), [ii] Flow cytometry of whole digest (n=26), CD34 (1.8 

± 1.0 %), CD105 (3.9 ± 3.7), CD73 (2.8 ± 2.4), CD90 (1.0 ± 0.6), CD146 (2.4±1.8), CD202 

(3.1 ± 1.6), CD309 (2.6 ± 2.5), CD31 (2.8 ± 2.0 %), CD144 (2.5 ± 1.5), CD184 (3.1±1.9), 

CD45 (0.4 ± 0.3), CD133 (0±0), TR181 (1.1 ± 1.0), (B) CD34+ /CD105− cells sorted(%), 

FITC/APC control (cell count=10,000), CD34+/CD105− (0.66±0.47), CD34+/

CD105+ (1.09±0.42), CD34−/CD105+ (2.26±1.00) (n=22). (C)[i] Individually sorted CD34+/

CD105− cells distributed into single wells of a 96-well plate, cultured in basal media, and 

monitored daily for colony formation and subsequently for confluency [ii] Phase contrast 

image of RAPC in monolayer on fibronectin-coated plates show a stellate body with cell 

progeny emanating from a central colony (scale bar =50micrometers) [iii] DiI fluorescence 

of RAPC after 6 hour exposure to DiI-ac-(human) LDL (scale bar =10micrometers) [iv] 

composite image (80µ depth) of RAPC treated with VEGF exhibiting capillary loop 

structures in matrigel media (scale bar =50micrometers) (D) Relative CD184, CD309, Sox2, 

and Oct4 mRNA expression by quantitative PCR in RAPC (n=10 separate patients), human 

iPS (n=10), human endothelial cells (EC) (n=10), and human aorta-derived vascular smooth 

muscle cells (VSMC)(n=10) (4 groups compared pairwise); CD184, RAPC vs iPS 
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(1.00±0.00 vs 0.12±0.20)(*p<0.001, CI=0.77–1.03); CD184, RAPC vs EC (1.00±0.00 vs 

0.02±0.00)(**, p<0.001, CI=0.76–1.01); CD184, RAPC vs VSMC (1.00±0.00 vs 

0.046±0.03)(***, p<0.001, CI=0.86–1.12); CD309, RAPC vs iPS (1.00±0.00 vs 0.04±0.03)

(*p<0.001, CI=0.89–1.02); CD309, RAPC vs EC (1.00±0.00 vs 0.11±0.02)(**, p<0.001, 

CI=0.83–0.96); CD309, RAPC vs VSMC (1.00±0.00 vs 0.04±0.03)(***, p<0.001, CI=0.93–

1.06); Sox2, RAPC vs iPS (1.00±0.00 vs 1.02±0.13)(p=NS, CI=−0.06–1.0); Sox2, RAPC vs 

EC (1.00±0.00 vs 0.03±0.02)(*, p<0.001, CI=0.88–1.05); Sox2, RAPC vs VSMC 

(1.00±0.00 vs 0.00±0.00)(**, p<0.001, CI=0.91–1.08); Oct4, RAPC vs iPS (1.00±0.00 vs 

1.04±0.10)(p=NS, CI=−0.11–0.03); Oct4, RAPC vs EC (1.00±0.00 vs 0.04±0.05)(*, 

p<0.001, CI=0.89–1.02); Oct4, RAPC vs VSMC (1.00±0.00 vs 0.00±0.00)(**, p<0.001, 

CI=0.93–1.06).
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Figure 3. 
Characterization of renal artery-derived progenitor cell culture (A)[i] Isolation of RAPC by 

single-cell sorting. Representative fluorescent intensity (FI) histogram due to binding of 

non-specific IgG2a-κ isotype control control antibody (0.0%), anti-human CD184 

monoclonal antibody labelled with APC (94.7%) and anti-human CD309 antibody labelled 

with APC (85.3%) on sorted cells derived from non-confluent monolayer prior to VEGF 

exposure (dashed line linked to CD184 and CD309 bar graph), cell count=10,000 per 

condition, [ii] RAPC cultured for seven days in basal media compared to RAPC treated with 

VEGF (n=22), CD184 pre- vs post-VEGF (91.3±4.3%, vs 37.0±5.2%), CD309 pre- vs post-

VEGF (85.2±4.3% vs 34.6±4.2%), CD14 pre- vs post-VEGF (48.0±5.1% vs 27.6±4.58%), 

CD202 pre- vs post-VEGF (42.9±4.0% vs 38.4±4.0%), CD73 pre- vs post-VEGF (2.9±1.2% 

vs91.5%±3.8%), CD105 pre- vs post-VEGF (1.5±1.3 vs 88.9±4.5%), CD90 pre- vs post-

VEGF (0.8±0.7% vs 2.6±1.9%), CD144 pre- vs post-VEGF (1.6±1.3% vs 27.7±3.9), CD31 
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(1.4±1.8% vs 29.2±3.2%), CD133 pre- vs post-VEGF (0.5±0.6% vs 0.96±1.1), CD45 

(0.9±0.8% vs 0.6±0.9%) CD163 (0.8% ± 0.9%), respectively; (*, p<0.001). (B) Relative 

CD105, CD73, CD202, and CD31 mRNA expression by quantitative PCR in RAPC+VEGF 

(n=10 separate patients), RAPC (n=10 separate patients), human EC (n=10) and human 

VSMC (n=10) (4 groups compared pairwise). CD105, RAPC+VEGF vs RAPC (1.00±0.00 

vs 0.01±0.01)(*p<0.001, CI=0.89–1.10); CD105, RAPC+VEGF vs VSMC (1.00±0.00 vs 

0.00±0.00)(**, p<0.001, CI=0.89–1.10); CD73, RAPC+VEGF vs RAPC (1.00±0.00 vs 

0.01±0.01)(*p<0.001, CI=0.89–1.10); CD73, RAPC+VEGF vs VSMC (1.00±0.00 vs 

0.00±0.00)(**, p<0.001, CI=0.89–1.10); CD202, RAPC+VEGF vs RAPC (1.00±0.00 vs 

1.11±0.11)(*p=0.002, CI=−0.19–0.03); CD202, RAPC+VEGF vs EC (1.00±0.00 vs 

0.18±0.06)(**, p<0.001, CI=0.88–1.04); CD202, RAPC+VEGF vs VSMC (1.00±0.00 vs 

0.04±0.04)(***, p<0.001, CI=0.89–1.10); CD31, RAPC+VEGF vs RAPC (1.00±0.00 vs 

0.02±0.01)(*p=0.001, CI=−0.91–1.04); CD31, RAPC+VEGF vs VSMC (1.00±0.00 vs 

0.02±0.01)(**, p<0.001, CI=0.91–1.05); (C) Fluorescent intensity (arbitrary units, AU) of 

trazolofluorescein was measured to assess for NOS activity, before (RAPC) and after (RAPC

+VEGF) VEGF exposure (1.16±0.35 [AU][n=10] vs 8.05±2.03 [n=10]; *, p<0.001). NOS 

was also measured in human vascular smooth muscle cells (scale bar = 200 micrometers). 

(D) Representative immunoblots of eNOS (1.16 ± 0.02 AU [n=7] vs 1.48 ± 0.07 [n=7]; 

p=0.01) and vWF protein (1.10± 0.04 [n=8] vs 17.70 ± 3.71 [n=8]; p<0.001) protein 

expression in RAPC cultured without VEGF supplementation and 7 days after VEGF 

supplementation, respectively.
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Figure 4. 
Cell transit from adventitia of mouse renal artery to kidney parenchyma. (A) CMdil content 

of adventitia two days after directed injection and IRI (scale bar=500micrometers). (B) 

CMdil content of renal artery 10 days after [i] CMdil injection and sham injury, [ii] CMdil 

injection +IRI with CMdil+ cell in vessel lumen (white arrow), and representative image of 

CMdil content in outer medulla 10 days after [iii] sham and [iv] IRI (low power scale 

bar=100micrometers, high power scale bar=50micrometers). (C) Total number of CMdil-

containing cells among total cells in cortex and outer medulla 5 days after sham (n=5)(0.8 

per 1000 cells±0.001) compared to IRI (n=5)(4 per 1000 cells±0.001) (*, p<0.001) and 10 

days after sham (n=5)(0.1 per 1000 cells±0.000) compared to IRI (n=5)(2 per 1000 cells

±0.001) (*, p<0.001)
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Figure 5. 
RAPC are present in an animal model of acute ischemia/reperfusion injury. Near-sconfluent 

cells were prepared (input control) and injected into NOD/ShiLtSz-Prkdcscid animals after 

undergoing acute renal ischemia/reperfusion injury. 10 days subsequent to injection kidneys 

were procured and digested. Single cells were probed with HLA-ABC monoclonal antibody 

(cy3 secondary) to identify the presence of an epitope in the human β-microglobulin subunit 

(HLA) on cell membranes. Sorted HLA+ cells were plated and genomic DNA was extracted 

(output). A representative comparison of short tandem repeat polymorphisms in 15 

consensus loci were analyzed to determine the human origin of cells initially injected into 

the animal model (input control vs output). DNA from sorted cells (n=5,5) were analyzed in 

comparison to isolated DNA from the autologous input colony (n=5) and non-autologous 

input colony derived from other patients (n=5). Each autologous input matched autologous 

output in 13 of 15 loci (random match probability, p<1×10−15 per paired match analysis).
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Figure 6. 
HLA-ABC-expressing cells and human CD31-expressing cells after RAPC injection. (A) 

HLA-ABC+ in in the cortex (C) and outer medulla (OM) compared to total cells (per 10hpf) 

5, 10 and 20days after ischemia/reperfusion injury. Photomicrographs are representative of 

cell density in the outer medulla. RAPC were present in C+OM at 5, 10 and 20 days after 

IRI showing localization of HLA-ABC adjacent to cells expressing mouse CD31 surface 

antigen. Fraction of CD31+ to total cells 5 days after injury in RAPC-treated (IRI+RAPC) 

and MSC-treated (IRI+MSC), respectively (0.046±0.004 [n=7] vs 0.017±0.002 [n=7]; *, 

p<0.001 [3 groups compared pairwise, CI 0.027–0.041]), and 10 days in IRI+RAPC vs IRI

+MSC (0.026±0.002 [n=7] vs 0.006±0.001 [n=7]; *, p<0.001 [CI 0.019–0.024]), and 20 

days in IRI+RAPC vs IRI+MSC (0.013±0.003 [n=7] vs 0.000±0.000 [n=7]; *, p<0.001 [CI 

0.104–0.147]) (low power scale bar=50micrometers; high power scale bar=25micrometers). 

(B) Kidney was probed simultaneously for mouse CD31 antigen and human CD31 antigen 

with monoclonal antibodies. Fraction of human CD31+ cells per total cells in cortex and 

outer medulla was calculated for tissue 5 days after injury, IRI+RAPC vs IRI+MSC 

respectively (0.013±0.001 [n=7] vs 0.000±0.000 [n=7]; *, p<0.001, [3 groups compared 

pairwise, CI 0.012±0.013]), after 10 days, IRI+RAPC vs IRI+MSC (0.023±0.004 [n=8] vs 

0.007±0.001 [n=8]; *, p<0.001 [CI 0.014–0.019]), and after 20 days, IRI+RAPC vs IRI
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+MSC (0.006±0.001 [n=7] vs 0.000±0.000; *, p<0.001 [CI 0.006–0.007]) (low power scale 

bar=50micrometers; high power scale bar=10micrometers).
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Figure 7. 
Functional analysis of RAPC injected after ischemia/reperfusion injury. (A)[i] Patent 

peritubular capillary cross sections (red arrowheads) at baseline (BL), five days, ten days and 

twenty days after ischemia/reperfusion injury. 10 days after injury, IRI+RAPC vs IRI+veh 

(3.44±0.26 [n=6] vs. 1.40±0.39 [n=6]; *, p=0.016, [4 groups compared pairwise, CI 1.47–

2.61]), IRI+RAPC vs IRI+MSC (3.44±0.26 [n=6] vs 2.07±0.13 [n=6]; *, p<0.001 [CI 0.79–

1.95]) and, 20 days after injury, IRI+RAPC vs IRI+veh (4.14±0.39 [n=6] vs 2.90±0.12 

[n=6]; *, p<0.001 [CI 0.78–1.71]), IRI+RAPC vs IRI+MSC (4.14±0.39 vs 3.20±0.35 [n=6]; 

**, p<0.001 [CI 0.48–1.39]) respectively, (low power scale bar=50micrometers; high power 

scale bar=20micrometers) [ii] Capillary quantification (peritubular capillaries per tubular 

lumen) via fluosphere nanoparticle injection 20 days after injury, IRI+RAPC vs IRI+veh 

(4.52±0.34 [n=5] vs 3.06±0.43 [n=5]; *, p=0.005 [CI 0.31–2.09]), IRI+RAPC vs IRI+MSC 

(3.22±0.32 [n=5]; **, p=0.03 [CI 0.04–2.01]) (low power scale bar=50micrometers; high 

power scale bar=10micrometers). (B) Serum creatinine in animals 10 days after injury in IRI

+RAPC vs IRI+veh (0.41±0.08 [n=6] vs 0.85±0.12 [n=6]; *, p<0.001, CI −0.56 to −0.30), 

IRI+RAPC vs IRI+MSC (0.41±0.08 [n=6] vs 0.65±0.04 [n=6]; **, p=0.001, CI −0.37 to 

−0.11), and 20 days after injury, IRI+RAPC vs IRI+veh (0.21±0.01 [n=6] vs 0.65±0.02 

[n=6]; *, p<0.001, CI −0.62 to −0.27), and IRI+RAPC vs IRI+MSC (0.21±0.01 [n=6] vs 
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0.18±0.08 [n=6]; p=NS) respectively. (C) Gadolinium contrast intensity (arbitrary units) 

over initial 60% of time interval (AUC60) obtained by DCE-MRI in animals 20 days after 

IRI, comparing IRI+RAPC vs IRI+veh (9.84±0.46 [n=5] vs. 6.57±0.47 [n=5]; *, p<0.001 [6 

groups compared pairwise, CI 2.36–4.18]) IRI+RAPC vs IRI+MSC (9.84±0.46 [n=5] vs 

8.42±0.40 [n=5]; **, p=0.001, CI 0.50–2.33) and respectively.
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Figure 8. 
Histologic characterization and functional analysis of RAPC injected after nephron mass 

reduction. (A) glomerular content [grey solid line] of HLA in animals treated with RAPC 

(n=7 per group per time point) (low power scale bar=75micrometers; inset (dashed line), 

high power scale bar=10micrometers). (i) Fraction of HLA+ glomeruli per total glomeruli 5 

days after injury, NMR+RAPC vs NMR+MSC (0.071±0.009 vs 0.004±0.001; *, p<0.001 [3 

groups compared, CI 0.060–0.075]) and 10 days after injury, NMR+RAPC vs NMR+MSC 

(0.026±0.009 vs 0.0±0.0; *, p<0.001 [CI 0.018–0.027]) (scale bar=50micrometers; inset 

scale bar=10micrometers) (ii) Fraction of HLA+ cells per glomerulus 5 days after injury, 

NMR+RAPC vs NMR+MSC (0.389±0.090 vs 0.024±0.009; *, p<0.001 [3 groups 

compared, CI 0.291–0.439]) and 10 days after injury, NMR+RAPC vs NMR+MSC 

(0.149±0.011 vs 0.005±0.005; *, p<0.001 [CI 0.135–0.154]) respectively. (B) (i) Serum 

creatinine 10 days after nephron mass reduction (n=8 per group) (3 groups compared 
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pairwise), NMR+veh (0.32±0.09), NMR+RAPC (0.35±0.12mg/dL), NMR+MSC 

(0.33±0.09), and after 20 days NMR+RAPC (0.21±0.02) and NMR+MSC (0.22±0.02) and 

NMR+veh (0.21±0.02), (ii) ratio of urinary microalbumin (µg) to urinary creatinine (mg) 

after 10 days, NMR+veh vs NMR+RAPC (44.6±19.2µg/mg [n=8] vs 18.2±9.4 [n=8]; *, 

p=0.002 [3 groups compared, CI 8.8–43.2]), NMR+veh vs NMR+MSC (20.5±8.4; **, 

p<0.001 [CI 6.4–40.8]), and 20 days, NMR+veh vs NMR+RAPC (27.4±9.9 [n=8] vs 

10.3±4.8 [n=8]; *, p=0.002 [CI 6.1–28.0]) respectively. (C) Gadolinium contrast intensity 

(arbitrary units) over initial 60% of time interval (AUC60) obtained by DCE-MRI in animals 

20 days after NMR, comparing NMR+RAPC vs NMR +MSC (12.89±0.41 [n=5] vs 

11.88±0.37 [n=5]; *, p=0.025 [3 groups compared pairwise, CI 0.12–11.89]) and NMR 

+RAPC vs NMR +veh (12.89±0.41 [n=5] vs 10.99±0.67 [n=5]; **, p<0.001 [CI 1.01–2.78]) 

respectively.
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Figure 9. 
RAPC promote endothelial survival and migration after hydrogen peroxide-induced 

endothelial injury. (A) GFP-transfected RAPC could be grown in co-culture with 

differentiated human endothelial cells. (scale bar = 100micrometers, scale bar inset = 25 

micrometers), (B) Representative photomicrograph 13 hours after denudation. Rate of 

migration in EC+veh (saline) vs EC+RAPC+veh (n=9 per condition, 5 groups compared 

pairwise) (10.0±1.3micrometers/hr vs 24.4±4.1micrometers/hr; *, p<0.001, [CI=−18.7 to 

−10.0]), EC+H2O2 vs EC+RAPC +H2O2 (7.0±1. vs 15.5±3.4; **, p<0.001, [CI=−21.7–

13.0]) and EC+RAPC+H2O2 vs EC+RAPC+veh (***, p<0.001, [CI=−13.2 to −4.6]) 

respectively (scale bar = 80micrometers).
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Figure 10. 
mir218 expression in human RAPC (A) 73 miRNA were detected from freshly isolated 

RAPC (n=4). miRNA expression detected in all samples was compared to EPC (n=3), MSC 

(n=3), and HUVEC (n=3) to calculate Pearson’s ρ coefficient in relation to RAPC miRNA 

expression. Correlation coefficients compared RAPC to EPC miRNA expression (0.67, CI 

0.54–0.79; p<0.01), to MSC (0.51, CI 0.32–0.66; p<0.01) or HUVEC (0.36, CI 0.14–0.54; 

p<0.01). (B) mir-218 expression in cell types compared to RAPC (n=6 experiments per 

group) (5 groups compared pairwise). RAPC vs EC (0.41±0.29; *, p<0.001 [CI, 0.345–

0.834]), vs VSMC (0.091±0.06; **, p<0.001 [CI, 0.67–1.15], vs MSC (0.13±0.09; ***, 

p<0.001 [CI 0.62–1.11], vs iPS (0.01±0.01; †, p<0.001 [CI, 0.75–1.24]. (C) RAPC treated 

with scrambled LNA, 12.5, 25, and 100 nM mir-218 LNA (n=10 per group) (4 groups 

compared pairwise). Normalized signal intensity (arbitrary units), 12.5nM vs 25nM 

(0.18±0.05 vs 0.85±0.04; *, p<0.001, [CI −0.75 to −0.56]), 25nM vs 100nM (0.85±0.04 vs 

0.69±0.13; **, p<0.001, [CI 0.06–0.25]). (D) Cell migration in RAPC and EC after mir-218 

inhibition (n=9 experiments per group) (4 groups compared pairwise). Cells were pre-treated 
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with 50nM LNA scrambled or LNA mir-218 and monitored for migration after linear 

denudation. Photomicrographs are representative of conditions 6.5 hours after manual 

denudation. Rate of migration (micrometers/hour) of EC+LNA mir218 was compared to EC

+LNA scr (31.5±4.1 vs 11.4±3.4; [CI 12.5–27.7]; *, p<0.001) respectively; RAPC+LNA 

mir218 was compared to RAPC treated with scrambled LNA (49.5±2.6 vs 15.5±4.2; **, 

p<0.001, [CI 21.3–32.7]) respectively, and RAPC+LNA mir218 was compared to EC treated 

with LNA mir218 (31.5±4.1) (**, p<0.001, [CI 8.4–23.2]) respectively (scale bar 

=100micrometers).
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Figure 11. 
Characterization of exosomes in RAPC following oxidant stress (A) [i] immunoblot of 

enriched exosome isolates probed for CD63 and CD9 protein expression from fresh media 

exposed to RAPC (lanes 1–3 derived from three separate patients) and fresh media not in 

contact with cells (lane 4), [ii] electron microscopy image of exosomes extracted from agar 

preparation (scale bar = 30 nanometers). (B)[i] Ratio of RAPC exosomal expression of 

mir-218 to cel-mir-39 (mean triplicate values from four separate patients, n=4 per group)(5 

groups compared pairwise), control vs post-H202 (3.102 ±0.960 vs 0.174±0.127 [CI 0.968–

4.889]; *, p=0.002), LNA scr vs LNA mir218 (2.951±1.539 vs 0.001±0.001 [CI 0.991–

4.911; **, p=0.002) [ii] Ratio of exosomal Robo-1 mRNA expression to cel-mir-39 (mean 

triplicate values from four separate patients, n=4 per group)(5 groups compared pairwise), 

control vs post-H202 (0.001±0.002 vs 0.491±0.167 [CI −0.916 to −0.70]; *, p=0.016), LNA 

scr vs LNA mir218 (0.564±0.358 vs 0.002±0.002 [CI −1.017 to −0.111]; **, p=0.012) 

respectively (C) Migration of injured endothelial cells after treatment with exosomes 

isolated from RAPC+LNA-mir218 (n=4 per group, 5 groups compared pairwise). Rate of 

migration in LNA scr exo vs LNA 218 exo (n=5 per group) (13.0±1.8micrometers/hr vs 

25.9±7.6micrometers/hr; *, p<0.001, [CI=−20.7 to −5.3]), LNA scr exo +H2O2 vs LNA 218 

exo+H2O2 (8.0±1.7 vs 12.2±1.23; **, p<0.001, [CI=6.0–21.5]) respectively (scale bar 

=80micrometers).
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