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Cardiac progenitor cell-derived extracellular vesicles (CPC-EVs) have been successfully applied via different delivery routes for treating post-myocardial infarction injury in several preclinical models. Hence, understanding the in vivo fate of CPC-EVs after systemic or local, i.e. myocardial, delivery is of utmost importance for the further therapeutic application of CPC-EVs in cardiac repair. Here, we studied the tissue- and cell distribution and retention of CPC-EVs after intramyocardial and intravenous injection in mice by employing different EV labeling and imaging techniques. In contrast to progenitor cells, CPC-EVs demonstrated no immediate flush-out from the heart upon intramyocardial injection and displayed limited distribution to other organs over time, as determined by near-infrared imaging in living animals. By employing CUBIC tissue clearing and light-sheet fluorescent microscopy, we observed CPC-EV migration in the interstitial space of the myocardium shortly after EV injection. Moreover, we demonstrated co-localization with cTnI and CD31-positive cells, suggesting their interaction with various cell types present in the heart. On the contrary, after intravenous injection, most EVs accumulated in the liver. To potentiate such a potential systemic cardiac delivery route, targeting the cardiac endothelium could provide openings for directed CPC-EV therapy. We therefore evaluated whether decorating EVs with targeting peptides (TPs) RGD-4C or CRPPR connected to Lamp2b could enhance EV delivery to endothelial cells. Expression of both TPs enhanced CPC-EV uptake under in vitro continuous flow, but did not affect uptake under static cell culture conditions. Together, these data demonstrate that the route of administration influences CPC-EV biodistribution pattern and suggest that specific TPs could be used to target CPC-EVs to the cardiac endothelium. These insights might lead to a better application of CPC-EV therapeutics in the heart.
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1 INTRODUCTION
Myocardial infarction (MI) is one of the main causes of mortality and the most common cause of chronic heart failure worldwide (Virani et al., 2020). Acute mortality post-MI has decreased due to improved reperfusion strategies. Still, these also induce additional damage, known as ischemia-reperfusion injury (IRI), further contributing to progressive deterioration of cardiac pump function (Algoet et al., 2022). Currently, no curative treatment is available for chronic heart failure patients besides heart transplantation (Ibanez et al., 2018). In the past years, extracellular vesicles (EVs) have been discovered to be the functional part of the progenitor cell secretome and have emerged as a promising therapeutic approach in the treatment of chronic heart failure (Timmers et al., 2007; Timmers et al., 2011; Arslan et al., 2013; Chen et al., 2013; Ibrahim et al., 2014).
EVs comprise a heterogeneous group of lipid bilayer-enclosed vesicles that have been implicated to play a role in intercellular communication in many physiological and pathological processes (Jeppesen et al., 2019). Due to their ability to transfer bioactive cargo, composed of a wide variety of nucleic acids, proteins and lipids, to target cells and tissues, they exhibit promising therapeutic features for cardiac repair (van Niel et al., 2018). Several studies demonstrated that administration of EVs derived from cardiac progenitor cells (CPCs) or closely related cardiosphere-derived cells (CDCs) was beneficial in preclinical models of acute MI or IRI, independent of the route of administration (Barile et al., 2014; Barile et al., 2018; Maring et al., 2019; Yang et al., 2019). Although high local levels of EVs can be administered to the heart with intramyocardial injection, this might not necessarily result in high EV retention as shown, for example, for stem and progenitor cells that are quickly removed from the heart upon intramyocardial administration (van den Akker et al., 2016). The retention and biodistribution of CPC-EVs after cardiac administration are largely unknown. Less invasive intravenous administration is clinically better applicable and higher volumes and multiple dosing regimens can be applied. However, unmodified EVs are rapidly cleared from the blood circulation and are mainly distributed to the liver and other organs of the reticuloendothelial system after intravenous injection in mice (Takahashi et al., 2013; Lai et al., 2014; Smyth et al., 2015; Wiklander et al., 2015; Mentkowski and Lang, 2019). Investigating the retention and biodistribution of CPC-EVs after different routes of administration is essential for the clinical application of CPC-EVs as regenerative therapy in the heart. Moreover, most EVs demonstrate limited tropism to a specific cell type (Hoshino et al., 2015; Nolte-’t Hoen et al., 2009). Increasing specificity by targeting CPC-EVs to specific cell types in the heart could provide additional features apart from their low immunogenicity, biological tolerability, and ability to cross multiple biological barriers, further developing them as natural therapeutics or drug carriers (Alvarez-Erviti et al., 2011; EL Andaloussi et al., 2013).
In this study, we employed different imaging techniques to study the short-term and long-term retention of CPC-EVs in the heart and biodistribution to other organs after intramyocardial injection and intravenous administration in mice. We, for the first time, investigated EV migration in the heart by employing CUBIC tissue clearing combined with light-sheet fluorescent microscopy and studied EV association with specific cell types resident in the heart. This improved our understanding of EV retention in the heart at tissue and cellular levels. Moreover, we sought to enhance CPC-EV targeting towards the cardiac endothelium through controlled expression of endothelial targeting peptides RGD-4C (ACDCRGDCFCG) or CRPPR to the extravesicular N-terminus of Lamp2b on the CPC-EV surface.
2 MATERIALS AND METHODS
2.1 Cell culture and preparation of conditioned medium
Human microvascular endothelial cells (HMEC-1) were cultured in MCDB131 medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Promega), 1% Penicillin/Streptomycin (P/S) (Invitrogen), 5% L-glutamine (Invitrogen), 50 nM Hydrocortisone (Sigma) and 10 ng/ml rhEGF-1 (Peprotech/Invitrogen). HEK293fT cells were cultured in Dulbecco’s Modified Eagle Medium (Gibco) supplemented with 10% FBS and 1% P/S. Cardiac progenitor cells (CPCs, donor HFH070809) were obtained from human fetal hearts as described before (Smits et al., 2009b). Human fetal heart tissue was obtained by individual permission using standard written informed consent and after approval of the ethics committee of Leiden University Medical Center (Netherlands), according to the principles outlined in the Declaration of Helsinki for the use of human subjects or tissue. CPCs were cultured in SP++ medium (66% M199 medium (Gibco), 22% EGM-2 (Lonza), 10% FBS, 1% P/S, and 1% MEM nonessential amino acids (Gibco). CPCs and HMEC-1 were cultured in flasks coated with 0.1% gelatin, and all cells were kept at 5% CO2 at 37°C and passaged at 80–90% confluency after digestion with 0.25% trypsin. For EV-enriched conditioned medium (CM) preparation, CPCs were cultured for 3 days until 80% confluency was reached, after which medium was replaced with basal FBS- and supplement-free M199 medium.
2.2 Generation of lentiviral vectors expressing targeting peptide constructs
The pcDNA5 GASTM-3-RVG-10-Lamp2b-HA plasmid was obtained from Addgene (#71295) and the GASTM-RVG cDNA sequence was replaced by the glycosylation sequence GNSTM followed by BbsI restriction sites using PCR and subsequent NEBuilder HiFi DNA assembly (New England Biolabs) according to manufacturer’s instructions. Afterward, the open-reading frame containing an N-terminal signal peptide (SP) was cloned into the pJET1.2/blunt cloning vector (Thermo Scientific) by PCR and NEBuilder HiFi DNA assembly, after which specific targeting peptide (TP) tags flanked by BbsI restriction sites were incorporated into the BbsI cut by T4 DNA ligase (New England Biolabs) according to manufacturer’s instructions. Complete SP-GNSTM-3-TP-10-Lamp2b-HA cDNA sequences were amplified by PCR to contain BamHI and NotI overhangs and cloned into the pHAGE2-EF1alpha-IRES-PuroR-WPRE lentiviral vector (Wilson et al., 2008; de Jong et al., 2020). TP tags included: TP-FLAG (DYKDDDDK), TP1 (RGD-4C; ACDCRGDCFCG), TP2 (CRPPR) and TP-9R (RRRRRRRRR). 3; 10: glycine-serine amino acid spacers. Oligo sequences are provided in Supplementary Table S1. Primer sequences are available upon request.
2.3 Stable CPC line generation
Lentiviral vectors containing PalmtdTomato and PalmGFP cDNA sequences were kindly provided by Prof. Xandra Breakefield (Lai et al., 2015). To generate lentiviruses, 50–60% confluent HEK293fT cells were transfected with plasmid DNA (lentiviral plasmids mixed with pCMV delta R8.2 (Addgene#12263) and pCMV-VSV-G (Addgene #8454) helper plasmids) using Lipofectamine 3000 reagent (Life Technologies) according to the manufacturer’s instructions. After 48 h, virus-containing medium was harvested, and cell debris was removed by centrifugation at 350 x g for 15 min and filtration using a 0.45 µm surfactant-free cellulose acetate membrane (SCFA) syringe filter (Corning). CPCs were infected with the lentivirus-containing medium and selected with Blasticidin S (ThermoFisher Scientific) to stably express PalmGFP or PalmtdTomato. To generate lines expressing specific TPs, PalmGFP stable CPC lines were infected with TP-Lamp2b lentivirus containing medium and selected with Puromycin (ThermoFisher Scientific).
2.4 EV isolation by ultrafiltration and size-exclusion chromatography (SEC)
CM was collected after 24 h and first centrifuged at 2000 x g for 15 min, followed by 0.45 µm filtration (aPES bottle top, Nalgene) to remove cellular debris. To obtain EV-enriched CM, CM was concentrated using 100 kDa molecular weight cut-off (MWCO) Amicon Ultra-15 spin filters (Merck Millipore) until 200 µl was reached. To obtain EVs, CM was concentrated by Tangential Flow Filtration (TFF) using a Minimate TFF capsule with 100 kDa MWCO and subsequently loaded onto an S400 high-prep column (GE Healthcare) using an ÄKTA start system (GE Healthcare) containing a UV 280 nm flow cell. Fractions containing EVs were pooled, filtered using a 0.45 µm SCFA syringe filter (Corning), and again concentrated using a 100 kDa MWCO Amicon Ultra-15 spin filter (Merck Millipore). EVs were stored at 4°C for a maximum of 2 days until further use. GFP fluorescence was determined with a SpectraMax iD3 Multi-mode Microplate Reader (VWR).
2.5 Fluorescent EV labeling and EV purification
For in vivo tracking studies, CPC-EVs were labeled with Alexa Fluor 790- or Alexa Fluor 647 NHS ester dyes (Thermo Fisher Scientific). EVs were incubated with 0.05 nM reactive dye in 0.1 M NaHCO3 in phosphate-buffered saline (PBS) and incubated for 30 min at 37°C while shaking at 450 rpm. After labeling, the free amine-reactive dye was quenched using a final concentration of 0.1 M Tris-HCl for 30 min at RT. Quenched free dye was removed using a Sepharose CL-4B column coupled to an ÄKTA start system (GE Healthcare) containing a UV 280 nm flow cell. EV-containing fractions were concentrated using a 100 kDa MWCO Amicon Ultra-4 spin filter (Merck Millipore). Fluorescent labeling efficiency was determined by diluting different EV volumes in 50 µl PBS and measuring fluorescence at 800 nm using an Odyssey M Infrared Imager (LI-COR Biosciences).
2.6 Proteinase K treatment
EV-containing CM was treated with or without 1% Triton-X and incubated in a final concentration of 20 μg/ml Proteinase K (Promega) for 30 min at 37°C. Proteinase K was inactivated with protease inhibitor (Roche), and CM was subsequently concentrated using 100 kDa MWCO Amicon Ultra-4 spin filters. CM samples without treatment with Proteinase K, but with the subsequent concentrating steps, were taken along in parallel and served as untreated controls.
2.7 EV uptake and fluorescent microscopy
For in vitro EV uptake experiments, HMEC-1 (1.4 × 104/well) were seeded on cover glass in a 24-wells plate and incubated for 24 h (647-NHS ester-labeled) PalmtdTomato- or PalmGFP-EVs were administered to the culture media of the recipient cells and incubated for 4 h at 37°C, after which HMEC-1 were washed with PBS and fixed using 4% paraformaldehyde (PFA). Cells were stained with Alexa Fluor 555 or -488 phalloidin (Thermo Fisher Scientific), and nuclei were stained using 1:10,000 Hoechst 33342 (Invitrogen) for 30 min at RT. The cover glass was mounted on a slide using Fluoromount-G (SouthernBiotech) or Mowiol and fluorescent images were taken using a Thunder fluorescent microscope (Leica).
2.8 Genomic DNA extraction and PCR
Genomic DNA was extracted from stable CPC lines using the GeneJet Genomic DNA Purification kit (Thermo Scientific) following the recommended protocol. To assess successful incorporation of the targeting peptide constructs in the CPC genome, the construct-specific cDNA was amplified by PCR using Q5 Hot Start High-Fidelity 2x Master Mix (NEB) on 100 ng DNA template. After an initial incubation at 98°C for 30 s, 35 cycles of 98°C for 10 s, 65–68°C for 30 s, and 72°C for 30–45 s were used followed by a final extension at 72°C for 10 min. Annealing temperature and extension time was dependent on the used primer sequences, which can be found in Supplementary Table S2. Primers amplifying ß-actin were included as a control to validate the presence of genomic DNA. PCR products were separated on a 1% agarose gel containing ethidium bromide, and gels were imaged with a Gel Doc XR + imaging system (Bio-Rad) to confirm the presence of the constructs.
2.9 Nanoparticle tracking analysis
EV particle size distributions were produced using a Nanosight NS500 system (Malvern Technologies) equipped with a 405 nm laser, capturing three videos of 30 s using a camera level of 16 and a detection threshold of 5. EVs were diluted in PBS to a concentration of between 30 and 100 tracks per frame. Size and particle concentration were determined with the Nanosight NTA 3.3 software (Malvern Technologies).
2.10 EV protein determination
Total protein concentrations of EV samples were determined using the Pierce microBCA Protein Assay Kit (Thermo Fisher Scientific) according to the manufacturer’s protocol after lysis in 1x RIPA buffer (Abcam).
2.11 Western blot for EV markers
EV samples were mixed with NuPAGE sample reducing agent (Thermo Fisher Scientific) and NuPAGE sample buffer (Thermo Fisher Scientific), heated to 90°C for 10 min, and equal amounts of proteins were subjected to electrophoresis over 4–12% Bis-Tris polyacrylamide gels (Thermo Fisher Scientific). Proteins were blotted on Immobilon-FL polyvinylidene difluoride (PVDF) membranes (Merck Millipore), which were subsequently blocked with 50% v/v Odyssey Blocking Buffer (LI-COR Biosciences) in Tris-buffered saline (TBS). Antibodies were incubated in 50% v/v Odyssey Blocking Buffer in TBS containing 0.1% v/v Tween 20 (TBS-T). Primary antibodies used were rabbit anti-Calnexin (GeneTex, GTX 101676, 1:1,000), mouse anti-β-actin (Sigma, 1:5,000), mouse anti-Syntenin-1 (Origene, TA504796, 1:1,000), rabbit anti-Annexin A1 (Abcam, ab214486, 1:1,000), mouse anti-CD81 (clone B-11, Santa Cruz, 1:1,000), rabbit anti-GAPDH (clone 14C10, Cell Signaling, 1:2,000), goat anti-HA (GenScript, A00168, 1:1,000), rabbit anti-RFP (Rockland Immunochemicals, 600-401-379, 1:1,000), and mouse anti-GFP (clone GF28R, Thermo Fisher Scientific, MA515256, 1:1,1000). Secondary antibodies included Alexa680-conjugated goat anti-mouse (Thermo Fisher Scientific, 1:7,500) and IRG800-conjugated goat anti-rabbit (LI-COR Biosciences, 1:7,500). Imaging was performed on an Odyssey M Infrared Imager (LI-COR Biosciences) at 700 and 800 nm.
2.12 Transmission electron microscopy (TEM)
Concentrated EVs were adsorbed to carbon-coated formvar grids for 15 min at RT. After a PBS wash, the grids were fixed in a 1% glutaraldehyde in PBS fixing buffer for 30 min at RT, followed by counterstaining with uranyl-oxalate. Grids were embedded in a mixture of 1.8% methylcellulose and 0.4% uranyl acetate at 4 °C and imaged on a Jeol JEM-1011 TEM microscope (Jeol).
2.13 HMEC-1 uptake experiments
200,000 HMEC-1 were plated 1 day, or 100,000 HMEC-1 were plated 2 days before stimulation in a 24-wells plate or µ-Slide I 0.6 Luer (Ibidi). The day before stimulation, µ-slides were connected to a yellow/green Ibidi Perfusion Set (Ibidi) and HMEC-1 were subjected to a 300/s shear rate to mimic the shear stress in the venous system employing the Ibidi Pump System connected to the PumpControl Software (Ibidi), according to manufacturer’s instructions. Before stimulation, HMEC-1 were supplemented with fresh complete growth medium and concentrated CM was administered, normalized on total GFP fluorescence. Empty M199 medium was supplemented as a negative control. µ-slides were subjected to 300/s shear rate. For peptide inhibition experiments, 50 µM recombinant peptides (NH2-CRGDC-COHN2 or NH2-CRPPR-CONH2; DGpeptides) were added to µ-slides and subjected to a 300/s shear rate 30 min before CM addition. After 4 h, HMEC-1 were harvested employing trypsinization and EV uptake was analyzed using a CytoFlex flow cytometer (Beckman) for GFP expression.
2.14 In vivo tracking experiments
All animal experiments were performed at the University Utrecht in compliance with ‘Guide for the Care and Use of Laboratory Animals’ and were approved by the Animal Ethical Experimentation Committee, Utrecht University, Netherlands. We used surplus BALB/c or C57BL/6 mice (male or female, 10–14 weeks old) and animals received standard chow and water ad libitum and were housed under standard conditions with 12 h light/dark cycles until experimental procedures. Mice were anesthetized by intraperitoneal injection of medetomidine (0.05 mg/kg body weight), midazolam (5 mg/kg) and fentanyl (0.5 mg/kg), followed by intubation and mechanical ventilation (1:1 oxygen-air ratio). An automatic heating blanket-maintained body temperature at 37°C during surgery. Left lateral open thoracotomy was performed and followed by intramyocardial (IM) injection of 5 µl CPC-EVs in the left ventricle using a 30G needle. Next, surgical wounds were closed, followed by a subcutaneous injection of antagonists consisting of atipamezole hydrochloride (1.0 mg/kg), flumazenil (0.5 mg/kg), and buprenorphine (0.1 mg/kg). Mice were euthanized with an intraperitoneal injection of pentobarbital (150 mg/kg). For short-term near-infrared imaging (NIRF) imaging experiments, male C57BL/6 mice were injected with 6 × 109 790NHS ester-labeled EVs followed by NIRF imaging up to 20 min after injection. For long-term in vivo tracking experiments, male BALB/c were injected with 4 × 109 790NHS ester-labeled EVs followed by NIRF imaging up to 5 days after injection. 50 µL containing 4 × 109 790NHS ester-labeled EVs in PBS were injected in the tail vein for 90 min follow-up after intravenous injection. For EV-cell association experiments, 1 × 1010 PalmtdTomato+ EVs were IM administered in male Balb/c and C57BL/6 mice. After 4 h, the heart was perfused with PBS and EV association to specific cells was determined by immunohistochemistry. To determine EV distribution in the myocardium by whole-mount tissue clearing, 2 × 1010 PalmTdTomato+ 647NHS ester-labeled EVs were administered to the heart of female C57BL/6 and BALB/c mice by IM injection. 20 min after administration, the heart was perfused with 10 μg/ml Lectin-FITC (Merck) in PBS, followed by perfusion and storage in 4% PFA.
2.15 Near-infrared fluorescent (NIRF) imaging
The localization and bio-distribution of 790-NHS-Esther- and DiR-labeled EVs were examined using NIRF imaging in mice at various time points after intramyocardial EV administration. Images were acquired on a PearlTM Impulse Imaging system (LI-COR Biosciences) in living animals before and immediately following EV administration. At the final time point, mice were terminated, blood was collected from the retro-orbital plexus, and individual organs were imaged.
2.16 Tissue lysis and fluorescent measurement
At termination, individual organs were collected, snap-frozen and stored at −80°C. Organs were weight, cut, and lysed in 1x RIPA buffer (Abcam) using ceramic beads and a Precellys 24 tissue homogenizer (Bertin Instruments). Total fluorescence of 50 µl lysed sample was measured using an Odyssey M Infrared Imager (LI-COR Biosciences) at 800 nm. Fluorescent units were determined as mean grey value, corrected for background fluorescence of organs collected from the negative control (PBS-injected) mice.
2.17 Immunocytochemistry
Post-euthanasia, organs were collected and cut in half across the infarct. Half was used for cryosectioning and tissue lysis for total fluorescent measurements. The other half was fixed in 4% PFA and embedded in paraffin, followed by confocal microscopy. In short, heart sections (4 μm) were cut, deparaffinized and exposed to heat-induced epitope retrieval in 10 mM citrate buffer (pH 6.0) followed by 10% goat serum blocking. Sections were stained overnight at 4°C with rabbit anti-human RFP (Rockland, 600-401-379, 1:500) in 1% BSA in PBS, followed by incubation with poly-HRP-conjugated secondary antibody. Signals were amplified using the Alexa Fluor 555 Tyramide Signal Amplification kit (Thermo Fisher Scientific, B40923), according to the manufacturer’s instructions. Slides were then extensively washed in PBS and incubated for 1 h with rabbit anti-human PECAM-1 (Santa Cruz, sc-1506, 1:100) or rabbit anti-human TNNI3 (Santa Cruz, sc-15368, 1:100), followed by incubation with anti-rabbit secondary antibody conjugated to Alexa 488 (Thermo Fisher Scientific, A11034, 1:400). DAPI (1 mg/ml) was added for 15 min and slides were mounted using Mowiol. Fluorescent signal was analyzed by a Thunder fluorescent microscope (Leica) and laser intensities and gains were set using the negative control (PBS injected) heart tissue to minimize background fluorescence. Once the laser intensity for FITC and APC was assessed using the negative control, it was kept constant across all subsequent imaging. Serial scanning was performed to prevent ‘bleed-through’ from one laser wavelength to another.
2.18 Whole mount tissue clearing and light-sheet fluorescent microscopy
Tissue clearing was performed using the water-based clearing method CUBIC L as described previously (Tainaka et al., 2018). In our hands, this method has been shown to preserve the fluorescence as well as the tissue structure, decolor residual blood and efficiently clear the tissue for imaging. Briefly, samples were cleared with CUBIC L solution (10% N-butyldiethanolamine (v/v), 10% Triton X-100 (v/v) in ddH20) for 2 weeks at 37°C with gentle rocking, with refreshing the solution after 1, 3, and 7 days. Followed by PBS washing 3 times for 1 h and refractive index (RI) matching in CUBIC RA solution (45% antipyrine, 30% N-methylnicotinamide) for 1 week with gentle rocking at 37°C. After RI matching, tissue was imaged via dual side illumination with the Zen black software (ZEISS) in CUBIC RA solution with the RI of 1.51 on a Carl ZEISS lightsheet Z1 and 7 microscope, equipped with a Plan-Apochomat 5x/0,1NA, Clr Plan-Neofluar 5x/0.16NA and Plan-Apochromat 20x/1,0 NA detection objectives and with ×5/0.1NA foc. as well as 10x/0,2NA foc. illumination objectives. Fluorescence was excited with 488 nm, 561 nm and 640 nm lasers and detected via 505–545 nm BP (green), 575–615 nm BP (red) or 660 nm LP (far red) filters. Acquired tiles were sorted and dual-side illuminated tiles of center positions were fused with the Zen software and then loaded in ArivisVision4D (Arivis) for stitching, visualization and analysis.
2.19 Statistics
Statistical analyses of scratch assay results were performed using Prism 5.0 (GraphPad Software Inc.). The statistical difference between two groups was analyzed using an unpaired Student’s T-test. Differences between more than two groups were tested with a one-way ANOVA followed by Tukey’s HSD multiple comparison test as a post-test. Differences between EV uptake with and without synthetic peptides were tested with a paired Student’s T-test. Differences with two-tailed p-values < 0.05 were considered statistically significant. All results are expressed as mean ± standard deviation (SD).
3 RESULTS
3.1 PalmtdTomato- and PalmGFP-labeled EVs can be isolated from CPC-derived conditioned medium
To examine EV distribution and uptake in vitro and in vivo, we labeled EVs with green fluorescent protein (GFP) or tandem dimer Tomato (tdTomato). CPCs were engineered to stably express tdTomato or GFP N-terminally fused with a palmitoylation signal (PalmGFP, PalmtdTomato) which labels cell membranes and thus EV membranes as described (Lai et al., 2015) (Figure 1A). PalmtdTomato-expressing (PalmtdTomato+) and PalmGFP-expressing (PalmGFP+) CPCs were cultured in serum-free medium for 24 h and EVs were isolated from the conditioned medium employing size-exclusion chromatography (SEC). The size distribution of the isolated EVs was determined by nanoparticle tracking analysis (NTA) and showed typical EV size distributions with median sizes of approximately 100 nm (Figure 1B). Western blot analysis showed the presence of PalmtdTomato or PalmGFP together with EV marker proteins CD81, Syntenin-1 and AnnexinA1 in PalmtdTomato+- and PalmGFP+ EVs, respectively. Calnexin was not detected in either EV population (Théry et al., 2018) (Figure 1C). TEM analyses confirmed the presence of membrane-enclosed particles of varying sizes (Figure 1D). Intravesicular membrane labeling with the constructs was confirmed as Proteinase K treatment did not affect PalmGFP expression levels while decreasing the expression of CD81 and β-actin, which are present on the surface or outside of EVs (Supplementary Figure S1). To investigate in vitro uptake, human microvascular endothelial cells (HMEC-1) were incubated with labeled EVs for 4 h. Fluorescent imaging demonstrated the presence of EVs in HMEC-1, which showed that both PalmGFP+ and PalmtdTomato+ EVs are being internalized (Supplementary Figure S2).
[image: Figure 1]FIGURE 1 | Characterization of PalmGFP- and PalmtdTomato-labeled EVs derived from CPCs. (A) Fluorescent microscopy pictures of CPC cells stably expressing (top) PalmGFP or (bottom) PalmtdTomato. Scale bars represent 400 µm. (B) Representative NTA plots showing the size distribution and particle concentration of EVs after SEC isolation of conditioned medium derived from PalmGFP+- and PalmtdTomato+ CPCs. (C) Western blot analysis showing the presence of CD81, Syntenin-1 (SYNT), AnnexinA1 (ANXA1), GAPDH, PalmGFP and/or PalmtdTomato, and absence of Calnexin (CNX) in (left) PalmGFP+- and (right) PalmtdTomato+ EVs. Cell lysates (CL) derived from (left) PalmGFP+ or (right) (TdTomato-negative) CPCs were included as control. Uncut blots are included in Supplementary Figure S10. (D) Representative TEM images of PalmGFP+ EVs at two different magnifications.
3.2 CPC-EVs distribute in the heart after intramyocardial injection
Progenitor cells demonstrate rapid flush-out from the heart and display low engraftment levels after intramyocardial administration, limiting their clinical efficiency in treating post-MI injury (van den Akker et al., 2016). The retention and biodistribution of EVs directly after cardiac administration are largely unknown. Investigating CPC-EV retention and biodistribution upon intramyocardial injection in mice could provide hints for a better clinical application of CPC-EVs as a cardioprotective therapeutic. To monitor EV distribution in living animals by near-infrared (NIRF) imaging, isolated CPC-EVs were labeled with AlexaFluor790-NHS ester and subsequently purified employing SEC (Supplementary Figure S3A). NHS ester-labeled EVs demonstrated the expression of commonly used EV marker proteins (Supplementary Figure S3B) and showed a mean size and mode size of 94.1 nm and 83.6 nm, respectively (Supplementary Figure S3C). Fluorescent labeling with AlexaFluor790-NHS ester was confirmed (Supplementary Figure S3D, Figure 2B). To better understand short-term EV retention and distribution in the heart after intramyocardial injection, we administered 5 µl containing 6 × 109 790NHS ester-labeled EVs in the left ventricle wall during open-chest surgery. NIRF imaging of living animals confirmed the presence of EVs in the mouse heart 20 min after a single dose administration (Figures 2A,B). After termination, we determined the fluorescent signal in individual organs (Figure 2C) and tissue lysates (Figure 2D). A large proportion of the EV signal was still present in the heart, reaching similar levels as compared to an ex vivo injected heart, and limited distribution to other organs could be observed 20 min after administration.
[image: Figure 2]FIGURE 2 | Short-term EV biodistribution after intramyocardial injection. (A) Schematic overview of EV administration and near-infrared (NIRF) imaging directly or at 20 min after intramyocardial injection (IM) of 5 μL EVs in the left ventricle. (B) NIRF images taken from the Eppendorf containing labeled EVs and living animal at baseline and 20 min after intramyocardial EV administration. (C) NIRF images of individual organs collected after termination. Uncut images are included in Supplementary Figure S11. (D) Quantification of fluorescence (800 nm) per ng protein in organ lysates as compared to organ background. An ex vivo heart injected with 5 μL EVs was included as control. (E,F) Snap-shots of 3D fluorescent images of the heart injected with (E) 2.5 × 1010 or (F) 1.75 × 1010 AlexaFluor647 NHS ester-labeled EVs, generated after CUBIC tissue clearing and subsequent light-sheet fluorescent microscopy. Images represent two independent experiments. (E) Heart was perfused with Lectin-FITC to stain blood vessels before tissue collection. Snapshots at higher magnification are displayed in (G). Arrows indicate no co-localization of (yellow) EVs and (white) blood vessels.
To assess EV distribution at the tissue level, AlexaFluor647 NHS ester-labeled PalmTdTomato+ EV distribution was evaluated in the heart through CUBIC tissue clearing, followed by light-sheet fluorescent microscopy and 3D-reconstruction (Tainaka et al., 2018). 3D-image processing demonstrated the presence of EVs in the left ventricle wall of the mouse heart and migration from the fluid injection site into the myocardium, 20 min after injection (Figures 2E,F; Supplementary Movie S1). Before tissue collection, the heart was perfused with Lectin-FITC to stain blood vessels. Higher magnifications demonstrate that EVs did not colocalize with vessels and aligned next to the vessels (Figure 2G; Supplementary Movie S2), which hints toward the presence of EVs in the interstitial space some minutes after injection. To confirm true EV visualization and rule out the presence of free AlexaFluor647 dye, co-localization of AlexaFluor647 and tdTomato was confirmed in the ex vivo heart and after uptake in HMEC-1 (Supplementary Figure S4). These results imply limited flush-out of EVs from the heart and their diffusion through the interstitial space shortly after intramyocardial administration.
3.3 CPC-EVs are retained in the mouse heart after intramyocardial injection
Intramyocardial administration of CPC-EVs has been reported to reduce infarct size and promote cardiac function in several preclinical models several days up to weeks after administration (Barile et al., 2014; Barile et al., 2018; Maring et al., 2019; Yang et al., 2019). A large body of evidence suggests that CPC-EVs modulate different short-term and long-term cardiac repair processes, such as modulating cardiomyocyte apoptosis, promoting angiogenesis, and modulating fibrosis and the immune response upon intramyocardial injection (Sluijter et al., 2018). Investigating the retention and distribution of CPC-EVs up to days after administration might hint at whether EVs are still resident in the heart at those moments and modulate the more chronic repair processes or whether effects are mainly evoked in the short-term.
To assess long-term EV distribution in mice, we administered a single dose of 4 × 109 790NHS ester-labeled EVs in the left ventricle wall and followed NIRF signal distribution in living mice at different time points after injection (Figures 3A,B). Over time, an increased fluorescent signal could be detected in the liver, while a decreased but detectable fluorescent signal was retained in the heart even 5 days after injection (Figures 3B,C). On day 5, individual organs were imaged (Figure 3D) and organ lysates were analyzed for fluorescence (Figure 3E), which showed fluorescent signals in the heart and the presence of signals in the liver, spleen, lung, kidney and thymus. These findings indicate that a large proportion of EVs are retained in the heart after intramyocardial injection. This may suggest that EVs could exert therapeutic effects both immediately as well as up to days after administration.
[image: Figure 3]FIGURE 3 | Long-term EV distribution in the mouse after intramyocardial injection. (A) Schematic overview of intramyocardial (IM) EV administration in the left ventricle wall and near-infrared (NIRF) imaging up to 5 days after intramyocardial injection. (B,C) Representative NIRF images taken from (B) the eppendorf containing labeled EVs, (C) the living animal at various time points after EV administration and (D) of individual organs collected after 5 days follow-up. Uncut images are included in Supplementary Figure S11. (E) Quantification of fluorescence (800nm) per ng protein in organ lysates as compared to organ background. Data of two mice are shown and are displayed as mean ± SD.
3.4 CPC-EVs associate with specific cell types in the heart
To further investigate the cell types with which EVs interact after intramyocardial injection in mice, PalmtdTomato+ EVs were administered in the left ventricle wall of healthy living mice. After 4 h, the heart was perfused with PBS and EV association to specific cells was determined by immunohistochemistry. Due to the weak fluorescent signal of EV-associated TdTomato, antibodies against TdTomato were used to amplify EV signal, which demonstrated the presence of EVs in the area of injection (Figures 4A–F; Supplementary Figures S5A–F). Co-staining with antibodies against cardiomyocyte-specific cardiac Troponin I (cTnI) (Figures 4A–C; Supplementary Figure S5A–C), or endothelial cell-specific CD31 (Figures 4D–F; Supplementary Figures S5D–F) showed EV co-localization with these cell types, as well as their presence in the interstitial space between cardiac cells. These results imply EV interaction with different cardiac cell types, as well as their presence in the interstitial space 4 h after intramyocardial injection.
[image: Figure 4]FIGURE 4 | Immunocytochemistry analysis of EV uptake in the heart. PalmtdTomato-EVs were administered in the left ventricle wall of a healthy mouse heart through intramyocardial injection and heart tissue was collected after 4 h (A–F) Immunofluorescence staining of two subsequent heart sections, cut across the sagittal plane, using antibodies against tdTomato (shown in red), and co-staining with antibodies against (A–C) cardiomyocyte marker cardiac Troponin I (cTnI, shown in green) and (D–F) blood vessel-specific CD31 (shown in green). (B) Enlargement of the square in panel A. (C) Enlargement of the square in panel B. (E) Enlargement of the square in panel D. (F) Enlargement of the square in panel E. Nuclei are visualized with DAPI (shown in blue). tdTomato co-localization with other stainings are indicated with arrows: cTnI (white), CD31 (yellow), no co-localization (red). Scale bars = 50 μm (A,D), 250 μm (B,E), 100 μm (C,F).
3.5 CPC-EVs distribute mainly to the liver after intravenous administration
An alternative, more clinically applicable method of therapeutic EV administration is through intravenous injection. This does not require open-chest surgery, and multiple dosing regimens with larger volumes can be applied. When we administered EVs in the tail vein of a healthy mouse, EVs showed a typical nanoparticle-like biodistribution pattern 90 min after injection, with EVs mainly localized in the liver while rarely in the heart (Figures 5A–C; Supplementary Figure S6). The observed limited amount of CPC-EVs in the heart after therapeutic intravenous administration corresponds with previous reports on EV distribution (Takahashi et al., 2013; Smyth et al., 2015; Wiklander et al., 2015). This suggests a need for targeted delivery of CPC-EVs to the heart to apply CPC-EV therapeutics through intravenous administration.
[image: Figure 5]FIGURE 5 | EV distribution in the mouse after intravenous injection. (A) Schematic overview of EV administration and NIRF imaging up to 90 min after tail vein injection. (B,C) Representative NIRF images taken (B) from the living animal at various time points after EV administration and (C) of individual organs collected after 90 min follow-up. Uncut images are included in Supplementary Figure S11.
3.6 CPC-EV targeting to endothelial cells employing targeting peptides
Angiogenesis is an essential process for cardiac repair, and CPC-EVs have been demonstrated to promote vessel formation in vitro and in vivo (Smits et al., 2009a; Vrijsen et al., 2010; Den Haan et al., 2012; Vrijsen et al., 2016; Mol et al., 2017; Mol et al., 2019). Moreover, endothelial cells are the first cell type reached after systemic injection. Therefore, targeting EVs to the cardiac endothelium to deliver therapeutic CPC-EV cargo seems a potentially successful strategy for treating ischemia-induced chronic heart failure. One of the strategies to target specific tissues and organs is employing a display of so-called targeting peptides (TPs), which are short peptide sequences able to bind receptors on the cell membrane. Based on the literature, we selected two different endothelium-TPs for expression on the EV surface (Figure 6A). TP1 is the RGD-4C peptide (ACDCRGDCFCG) (Ellerby et al., 1999; Hölig et al., 2004), containing RGD, a ligand for αvβ3 integrins, highly expressed on activated endothelial cells (Brooks et al., 1994; Ruoslahti, 1996; Avraamides et al., 2008; Kapp et al., 2017). TP2 is peptide sequence CRPPR, previously identified by phage-display technology to target cardiac endothelium (Zhang et al., 2005). DNA sequences of these peptides were fused to the transmembrane protein lysosomal associated membrane protein 2b (Lamp2b) by insertion into a Lamp2b expression construct (Hung and Leonard, 2015), flanked by GS-linker regions, and a HA tag at the C-terminus for detection (Figure 6B). The strategy of TP fusion to Lamp2b for display on EVs has previously been employed to target the heart (Wang et al., 2018; Mentkowski and Lang, 2019), brain (Alvarez-Erviti et al., 2011; Yang et al., 2017) and tumors (Bellavia et al., 2017), but was hampered by undesired proteolytic peptide degradation in other studies (Hung and Leonard, 2015). To suppress TP cleavage from Lamp2b, we incorporated the GNSTM glycosylation motif at the N-terminus of the expression construct (Hung and Leonard, 2015). A FLAG tag and a cell-penetrating 9R peptide were included as negative and positive controls, respectively. PalmGFP+ CPCs were stably transduced with a lentivirus to express TP-Lamp2b. Successful incorporation of the constructs in the genome was confirmed by PCR (Supplementary Figure S7). Western blotting for the HA-tag confirmed the expression of the constructs in the CPC lysate (Figure 6C). For in vitro uptake experiments, EV-containing conditioned medium (CM) was collected and concentrated using 100 kDa molecular weight cut-off membranes. Particle presence in the concentrated CM was confirmed by NTA (Figure 6D), and the amount of GFP fluorescence per particle was similar across all conditions (Figure 6E). The presence of the HA-tagged construct, PalmGFP, and common EV marker proteins CD81, Syntenin-1, AnnexinA1, and absence of Calnexin was confirmed by western blotting (Figure 6F). These results demonstrated the expression of TP-Lamp2b proteins in CPC-EVs with similar characteristics among the different types of TP-EVs.
[image: Figure 6]FIGURE 6 | Generation of EVs expressing targeting peptides for endothelial cells. (A) Amino acid sequence of TP1, TP2, TP-FLAG, which was included as negative control, and TP-9R. (B) Schematic of constructs expressed on EVs consisting of a specific targeting peptide (TPx) connected to transmembrane protein Lamp2b, flanked by a N-terminal signal peptide (SP) and GNSTM glycosylation sequence, and C-terminal HA-tag. (C) Representative western blot analysis showing expression of HA-tag and PalmGFP in cell lysate (CL) harvested from CPC lines stably expressing PalmGFP+ and specific TPs. CPCs transduced with GFP were included as negative control. GAPDH and beta-actin (ß-ACT) were included as house-keeping proteins. (D) Representative NTA plots showing the size distribution and particle concentration of concentrated conditioned medium (CM) derived from PalmGFP+ TP-expressing CPCs. (E) GFP fluorescence per 1010 particles determined in CM derived from PalmGFP+ TP-expressing CPCs (n = 2). Data are displayed as mean ± SD. (F) Representative western blot analysis showing expression of HA-tag, PalmGFP, CD81, Syntenin-1 (SYNT) and AnnexinA1 (ANXA1) in CM. CL of PalmGFP+ CPCs stably expressing TP-FLAG were included as control. CM derived from CPCs transduced with GFP was included as negative control (cntrl). Calnexin (CNX) was only present in CL. Uncut blots are included in Supplementary Figure S10.
We next evaluated whether TP1 and TP2 expression enhanced EV uptake in endothelial cells in vitro. HMEC-1 were cultured in static 2D conditions or channel µ-slides under unidirectional continuous medium flow (at a shear rate of 300 s−1 comparable to human carotid arteries). EV addition was normalized on total GFP fluorescence, and EVs were incubated for 4 h under static incubation conditions or continuous medium flow. The uptake of PalmGFP+ particles in HMEC-1 could be confirmed by fluorescent microscopy (Supplementary Figure S8). Under continuous medium flow, uptake of EVs expressing the specific TPs exceeded uptake of TP-FLAG expressing EVs (Figure 7A), as determined by flow cytometry. For all EV types, uptake under medium flow was higher than under static conditions, as a higher fluorescent signal could be detected in HMEC-1 exposed to flow. Notably, no significant difference in HMEC-1 uptake between the specific TP-EVs and the negative control (TP-FLAG-EVs) in static conditions (Figure 7B). On the contrary, TP-9R-EVs, which were included as a positive control, demonstrated enhanced uptake (Supplementary Figures 9A–C). Uptake of TP-EVs was inhibited by preincubating HMEC-1 with synthetic CRGDC or CRPPR peptides under continuous flow, demonstrating specificity of the interaction of targeted EVs with the cells (Figure 7C). These results indicate an enhanced uptake of EVs by displaying endothelium-targeted peptides in vitro.
[image: Figure 7]FIGURE 7 | Targeting peptide expression on EVs increases EV uptake in HMEC-1 under flow conditions. (A, B) EV-TP1, -TP2, and -TP-FLAG uptake in HMEC-1 under (A) flow or (B) static conditions, determined by flow cytometry. Mean fluorescence is corrected for negative control (M199 medium administration). (C) EV-TP1 and EV-TP2 uptake in HMEC-1 under flow after HMEC-1 pre-incubation of CRGDC or CRPPR peptides. For each replicate, mean fluorescence is corrected for the average of negative control, and conditions with peptides are compared to conditions without peptide pre-incubation. Data are displayed as mean ± SD and represent three replicate experiments.
4 DISCUSSION
Cardiovascular disease is the leading cause of death worldwide, and its prevalence is expected to increase in the coming decades (Virani et al., 2020). Specific and targeted cardiac repair strategies are desirable. Multiple studies have demonstrated the therapeutic potential of intramyocardial CPC-EV delivery for decreasing infarct size and improving cardiac function (Barile et al., 2014; Barile et al., 2018; Maring et al., 2019; Yang et al., 2019). However, it is known that the biodistribution of EVs influences their therapeutic efficacy and off-site effects (Mentkowski and Lang, 2019), and the actual retention and biodistribution of CPC-EVs after administration is largely unknown. In this study, we, for the first time, demonstrated that a large proportion of CPC-EVs is retained in the healthy mouse heart after intramyocardial injection. CPC-EVs were still present 20 min after injection, demonstrating no immediate flush-out of EVs from the heart. This is in line with previous observations of CDC-EV retention in the heart, 2 h after intramyocardial injection (Mentkowski and Lang, 2019). On the contrary, progenitor cells display less than 10% engraftment levels after intramyocardial injection and demonstrate rapid flush-out through clearance by venous drainage (van den Akker et al., 2016). It might be hypothesized that the smaller EVs are quickly taken up by cardiac cells or can migrate through the extracellular matrix in between cardiac cells and therefore have no direct flush-out upon cardiac administration. Indeed, by employing CUBIC tissue clearing combined with light-sheet fluorescent microscopy, we demonstrated that EVs diffuse through the interstitial space from the fluid injection site within minutes after injection.
For translational relevance, we also investigated intravenous delivery as the route of EV administration. In agreement with previous reports, CPC-EVs were distributed primarily to the liver and minimally to the heart after intravenous injection in healthy mice (Takahashi et al., 2013; Lai et al., 2014; Smyth et al., 2015; Wiklander et al., 2015; Mentkowski and Lang, 2019). Uptake of EVs in the heart is restricted by limited passing through the cardiac capillaries due to tight junctions between their endothelial cells, while after IRI, when the microvasculature gets damaged, access to the interstitial myocardium is limited due to the no-reflow phenomenon (Kloner, 2011). Therapeutic effects have been observed when EVs were administered through intravenous injections (Yang et al., 2019), which hints towards a more systemic, immune-modulating effect when EVs are applied in the circulation, while different, local cardioprotective mechanisms may be initiated after intramyocardial injection (Sluijter et al., 2018). This demonstrates the importance of discriminating between localization and function. Sites of EV accumulation might not equal areas of function and only show a final stage. Our findings demonstrate that CPC-EVs co-localize with cardiomyocytes and endothelial cells after administration in the left ventricle wall, suggesting their interaction with these cell types. This is in accordance with previous observations of CPC-EV uptake by cardiac cells in the ischemic left ventricle (Maring et al., 2019), and internalization in cardiomyocytes (Chen et al., 2013; Barile et al., 2018; Ciullo et al., 2019), endothelial cells (Youn et al., 2019), macrophages and cardiac fibroblasts (Ciullo et al., 2022) in vitro. EVs can activate recipient cells not only after their uptake and subsequent release of bioactive cargo, but also through direct EV-cell interactions for which no internalization is required (Roefs et al., 2020; van Niel et al., 2022). Future studies should focus on which mechanisms are involved in the active uptake and cellular activation of CPC-EVs, and if accumulation correlates with function.
Live imaging of single EVs in mice is hindered by limited tissue penetration of fluorescent and bioluminescent signals and impractical quantitative analysis, and is currently restricted to tissues immediately adjacent to mammary imaging windows or larger EVs (Zomer et al., 2015; Van Der Vos et al., 2016; Gupta et al., 2020; Verweij et al., 2021). Moreover, for lipophilic dyes, non-specific binding to contaminants in EV preparations leading to the transfer of lipophilic dyes to recipient cells was reported (Lai et al., 2015; Takov et al., 2017). We, therefore, employed fluorescent NHS-ester dyes that bind proteins present at the surface of CPC-EVs, to obtain sufficient EV labeling for CPC-EV visualization in living mice. A drawback of this labeling technique is the potential labeling of protein contaminants and the presence of reactive free dye in EV preparations. However, we observed a typical nanoparticle distribution pattern of EVs upon intravenous administration with no immediate free-dye excretion by the kidneys. Also, the co-localization of the NHS-ester dye and EV-contained PalmtdTomato demonstrates true labeling of our EV preparations and ruling out the contribution of free dye. Another danger is that the half-life of the dye greatly exceeds that of EVs and EV degradation after cellular uptake can be masked by recycling and trafficking of the fluorescent dye itself or protein fragments (Verweij et al., 2021). Since EVs are rapidly cleared from the circulation and tissue (Lai et al., 2014; Imai et al., 2015; Gupta et al., 2020), the sensitivity of our approach might be questioned at later time points and our approach might be best suited for distribution studies up to a day follow-up. Apart from the route of administration, donor cell source and modifications, EV dose and the pathological conditions of the in vivo model could affect EV retention and biodistribution profile (Wiklander et al., 2015). IRI affects endothelial barrier function, which could alter the efficiency of EV propagation and uptake (Verweij et al., 2021). The CPC-EV retention upon intramyocardial injection in a more clinically relevant IRI model and the influence of EV purity on CPC-EV uptake and distribution is a subject for further studies.
Although intramyocardial injection provides a higher therapeutic dose at the target site, intravenous injections might be more suitable for therapeutic applications as this technique is less invasive, there is no need for open-chest surgery, and repetitive treatments in larger volumes can be applied. However, previous reports demonstrated that <1% of EVs isolated from different cell sources accumulate in the non-injured heart upon systemic injection (Takahashi et al., 2013; Lai et al., 2014; Smyth et al., 2015; Wiklander et al., 2015; Mentkowski and Lang, 2019). Moreover, with a few exceptions, most naturally secreted EVs demonstrate limited tropism to a specific cell type (Hoshino et al., 2015; Nolte-’t Hoen et al., 2009). This reflects the need for strategies to improve CPC-EV targeting of cardiac cells. To achieve targeting of EVs to the cardiac endothelium for use in ischemic heart disease, we modified prior genetic approaches to create recombinant fusion proteins of the RGD-4C peptide (ACDCRGDCFCG) or CRPPR peptide connected to the extra-EV N-terminus of Lamp2b. Overexpression of Lamp2b fusion proteins and other protein fusion complexes has previously been demonstrated not to alter EV morphology (Tian et al., 2014; Kooijmans et al., 2016; Li et al., 2020). RGD-4C is a double cyclic peptide that binds to integrin αvβ3, which is preferentially expressed on the vascular surface in the ischemic area after IRI (Brooks et al., 1994; Cleaver and Melton, 2003; Mitra et al., 2005). RGD peptide expression on the EV surface has been demonstrated to induce EV targeting to the vasculature of tumor and brain (Tian et al., 2014; Tian et al., 2018; Cao et al., 2019; Zhang et al., 2019; Xin et al., 2021; Yang et al., 2021). CRPPR has been shown to improve (cardiac) endothelium targeting of synthetic and natural systems by binding to neuropilin-1 (Zhang et al., 2005; Zhang et al., 2008; Teesalu et al., 2009; Greig et al., 2010; Kean et al., 2012; Zhang et al., 2012; Paoli et al., 2014; Zhang et al., 2015), an isoform-specific receptor for vascular endothelial growth factor, upregulated in endothelial cells after ischemic injury in the peri-infarct region (Soker et al., 1998; Zhang et al., 2001; Beck et al., 2002; Zentilin et al., 2010). It might be hypothesized that under ischemic conditions in the heart, the local upregulation of Neuropilin-1, together with a more leaky vasculature after MI induction, will lead to enhanced uptake of EVs at the target site.
In (patho)physiological conditions, the connection between EVs and endothelial cells in blood vessels is subjected to the effects of constant blood flow (i.e., shear stress). Fluid-induced shear stress induces conformational changes of endothelial cells and leads to the activation of integrin αvβ3 on the cell membrane (Tzima et al., 2001; Li et al., 2005; Hennig et al., 2011), and upregulation of neuropilin-1 mRNA expression (Thi et al., 2007). This might influence how TP-EVs interact with endothelial cells compared to static conditions frequently used in vitro assays that aim to study EV uptake (Van Der Meer et al., 2009; Valencia et al., 2012; Yang Chen et al., 2020). To better represent the in vivo EV-endothelial cell contact, we studied EV uptake under medium flow at a shear rate of 300 s−1, comparable to the mean shear rate reported for the human carotid artery (Reneman et al., 2006; Stroev et al., 2007). We demonstrated that under continuous medium flow, EV uptake in endothelial cells was enhanced by displaying the specific TPs. In line with our results, Wang et al. demonstrated increased targeting of RGD-coated EVs to blood vessels both in vitro and in zebrafish (Wang et al., 2017). Others demonstrated the increased interactions between HUVECs and cyclic-RGD-expressing PEGylated nanoparticles under continuous flow. However, no comparison between static and flow conditions was performed (Martínez-Jothar et al., 2020). We here directly compared in vitro static and flow conditions on TP-mediated EV uptake and demonstrated the importance of investigating EV uptake under continuous medium flow.
5 CONCLUSION
We demonstrated that a large proportion of CPC-EVs was retained in the mouse heart after intramyocardial injection. Shortly after administration, we observed CPC-EV migration into the interstitial space followed by interaction with cardiac cells. This implies that there is no direct flush-out of EVs from the heart. Whether cardiac retention correlates to CPC-EV function as demonstrated in previous therapeutic studies has yet to be determined. Furthermore, CPC-EV targeting of endothelial cells under continuous medium flow in vitro could be enhanced by the expression of RGD-4C and CRPPR targeting peptides on the CPC-EV surface. These insights into the sustained presence of CPC-EVs after cardiac administration that possibly still evoke therapeutic effects, and the possibility to direct them to specific cells present in the heart further expand the application of CPC-EVs in cardiac repair.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Instantie voor Dierenwelzijn Utrecht/Animal Welfare Body Utrecht.
AUTHOR CONTRIBUTIONS
MR, WH, ZL, PV, and JS conceived and planned the experiments. MR, WH, MB, and CSB carried out the experiments. MR wrote the manuscript with support from PV and JS. All authors discussed the results and contributed to the final manuscript.
FUNDING
This work was supported by European Research Council (ERC) under the EVICARE grant (number 725229) to JS.
ACKNOWLEDGMENTS
The authors acknowledge Cor Seinen for outstanding technical assistance with TEM, and thank the Imaging Core Facility Basel for access to the Lightsheet Microscope and analysis Software.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.1052091/full#supplementary-material
REFERENCES
 Algoet, M., Janssens, S., Himmelreich, U., Gsell, W., Pusovnik, M., Van den Eynde, J., et al. (2022). Myocardial ischemia-reperfusion injury and the influence of inflammation. Trends cardiovasc. Med. 22, S1050–1738. doi:10.1016/J.TCM.2022.02.005
 Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S., and Wood, M. J. A. (2011). Delivery of siRNA to the mouse brain by systemic injection of targeted exosomes. Nat. Biotechnol. 29, 341–345. doi:10.1038/nbt.1807
 Arslan, F., Lai, R. C., Smeets, M. B., Akeroyd, L., Choo, A., Aguor, E. N. E. E., et al. (2013). Mesenchymal stem cell-derived exosomes increase ATP levels, decrease oxidative stress and activate PI3K/Akt pathway to enhance myocardial viability and prevent adverse remodeling after myocardial ischemia/reperfusion injury. Stem Cell Res. 10, 301–312. doi:10.1016/j.scr.2013.01.002
 Avraamides, C. J., Garmy-Susini, B., and Varner, J. A. (2008). Integrins in angiogenesis and lymphangiogenesis. Nat. Rev. Cancer 8, 604–617. doi:10.1038/NRC2353
 Barile, L., Cervio, E., Lionetti, V., Milano, G., Ciullo, A., Biemmi, V., et al. (2018). Cardioprotection by cardiac progenitor cell-secreted exosomes: role of pregnancy-associated plasma protein-A. Cardiovasc. Res. 114, 992–1005. doi:10.1093/cvr/cvy055
 Barile, L., Lionetti, V., Cervio, E., Matteucci, M., Gherghiceanu, M., Popescu, L. M., et al. (2014). Extracellular vesicles from human cardiac progenitor cells inhibit cardiomyocyte apoptosis and improve cardiac function after myocardial infarction. Cardiovasc. Res. 103, 530–541. doi:10.1093/cvr/cvu167
 Beck, H., Acker, T., Püschel, A. W., Fujisawa, H., Carmeliet, P., and Plate, K. H. (2002). Cell type-specific expression of neuropilins in an MCA-occlusion model in mice suggests a potential role in post-ischemic brain remodeling. J. Neuropathol. Exp. Neurol. 61, 339–350. doi:10.1093/JNEN/61.4.339
 Bellavia, D., Raimondo, S., Calabrese, G., Forte, S., Cristaldi, M., Patinella, A., et al. (2017). Interleukin 3- receptor targeted exosomes inhibit in vitro and in vivo Chronic Myelogenous Leukemia cell growth. Theranostics 7, 1333–1345. doi:10.7150/THNO.17092
 Brooks, P. C., Clark, R. A. F., and Cheresh, D. A. (1994). Requirement of vascular integrin αvβ3 for angiogenesis. Science 264, 569–571. doi:10.1126/SCIENCE.7512751
 Cao, Y., Wu, T., Zhang, K., Meng, X., Dai, W., Wang, D., et al. (2019). Engineered exosome-mediated near-infrared-II region V2C quantum dot delivery for nucleus-target low-temperature photothermal therapy. ACS Nano 13, 1499–1510. doi:10.1021/acsnano.8b07224
 Chen, L., Wang, Y., Pan, Y., Zhang, L., Shen, C., Qin, G., et al. (2013). Cardiac progenitor-derived exosomes protect ischemic myocardium from acute ischemia/reperfusion injury. Biochem. Biophys. Res. Commun. 431, 566–571. doi:10.1016/j.bbrc.2013.01.015
 Ciullo, A., Biemmi, V., Milano, G., Bolis, S., Cervio, E., Fertig, E. T., et al. (2019). Exosomal expression of CXCR4 targets cardioprotective vesicles to myocardial infarction and improves outcome after systemic administration. Int. J. Mol. Sci. 20, 468. doi:10.3390/ijms20030468
 Ciullo, A., Li, C., Li, L., Ungerleider, K. C., Peck, K., Marbán, E., et al. (2022). Biodistribution of unmodified cardiosphere-derived cell extracellular vesicles using single RNA tracing. J. Extracell. Vesicles 11, e12178. doi:10.1002/JEV2.12178
 Cleaver, O., and Melton, D. A. (2003). Endothelial signaling during development. Nat. Med. 96 (9), 661–668. doi:10.1038/nm0603-661
 de Jong, O. G., Murphy, D. E., Mäger, I., Willms, E., Garcia-Guerra, A., Gitz-Francois, J. J., et al. (2020). A CRISPR-Cas9-based reporter system for single-cell detection of extracellular vesicle-mediated functional transfer of RNA. Nat. Commun. 111, 1113. doi:10.1038/s41467-020-14977-8
 Den Haan, M. C., Grauss, R. W., Smits, A. M., Winter, E. M., Van Tuyn, J., Pijnappels, D. A., et al. (2012). Cardiomyogenic differentiation-independent improvement of cardiac function by human cardiomyocyte progenitor cell injection in ischaemic mouse hearts. J. Cell. Mol. Med. 16, 1508–1521. doi:10.1111/J.1582-4934.2011.01468.X
 El Andaloussi, S., Lakhal, S., Mäger, I., and Wood, M. J. A. (2013). Exosomes for targeted siRNA delivery across biological barriers. Adv. Drug Deliv. Rev. 65, 391–397. doi:10.1016/J.ADDR.2012.08.008
 Ellerby, H. M., Arap, W., Ellerby, L. M., Kain, R., Andrusiak, R., Rio, G. D., et al. (1999). Anti-cancer activity of targeted pro-apoptotic peptides. Nat. Med. 5, 1032–1038. doi:10.1038/12469
 Greig, J. A., Shirley, R., Graham, D., Denby, L., Dominiczak, A. F., Work, L. M., et al. (2010). Vascular-targeting antioxidant therapy in a model of hypertension and stroke. J. Cardiovasc. Pharmacol. 56, 642–650. doi:10.1097/FJC.0b013e3181f8f19f
 Gupta, D., Liang, X., Pavlova, S., Wiklander, O. P. B., Corso, G., Zhao, Y., et al. (2020). Quantification of extracellular vesicles in vitro and in vivo using sensitive bioluminescence imaging. J. Extracell. Vesicles 9, 1800222. doi:10.1080/20013078.2020.1800222
 Hennig, T., Mogensen, C., Kirsch, J., Pohl, U., and Gloe, T. (2011). Shear stress induces the release of an endothelial elastase: Role in integrin αvβ3-mediated FGF-2 release. J. Vasc. Res. 48, 453–464. doi:10.1159/000327009
 Hölig, P., Bach, M., Völkel, T., Nahde, T., Hoffmann, S., Müller, R., et al. (2004). Novel RGD lipopeptides for the targeting of liposomes to integrin-expressing endothelial and melanoma cells. Protein Eng. Des. Sel. 17, 433–441. doi:10.1093/PROTEIN/GZH055
 Hoshino, A., Costa-Silva, B., Shen, T.-L., Rodrigues, G., Hashimoto, A., Tesic Mark, M., et al. (2015). Tumour exosome integrins determine organotropic metastasis. Nature 527, 329–335. doi:10.1038/nature15756
 Hung, M. E., and Leonard, J. N. (2015). Stabilization of exosome-targeting peptides via engineered glycosylation. J. Biol. Chem. 290, 8166–8172. doi:10.1074/jbc.M114.621383
 Ibanez, B., James, S., Agewall, S., Antunes, M. J., Bucciarelli-Ducci, C., Bueno, H., et al. (2018). 2017 ESC Guidelines for the management of acute myocardial infarction in patients presenting with ST-segment elevationThe Task Force for the management of acute myocardial infarction in patients presenting with ST-segment elevation of the European Society of Cardiology (ESC). Eur. Heart J. 39, 119–177. doi:10.1093/EURHEARTJ/EHX393
 Ibrahim, A. G. E., Cheng, K., and Marbán, E. (2014). Exosomes as critical agents of cardiac regeneration triggered by cell therapy. Stem Cell Rep. 2, 606–619. doi:10.1016/j.stemcr.2014.04.006
 Imai, T., Takahashi, Y., Nishikawa, M., Kato, K., Morishita, M., Yamashita, T., et al. (2015). Macrophage-dependent clearance of systemically administered B16BL6-derived exosomes from the blood circulation in mice. J. Extracell. Vesicles 4, 26238–8. doi:10.3402/JEV.V4.26238
 Jeppesen, D. K., Fenix, A. M., Franklin, J. L., Higginbotham, J. N., Zhang, Q., Zimmerman, L. J., et al. (2019). Reassessment of exosome composition. Cell 177, 428–445. doi:10.1016/j.cell.2019.02.029
 Kapp, T. G., Rechenmacher, F., Neubauer, S., Maltsev, O. V., Cavalcanti-Adam, E. A., Zarka, R., et al. (2017). A comprehensive evaluation of the activity and selectivity profile of ligands for RGD-binding integrins. Sci. Rep. 7, 39805. doi:10.1038/SREP39805
 Kean, T. J., Duesler, L., Young, R. G., Dadabayev, A., Olenyik, A., Penn, M., et al. (2012). Development of a peptide-targeted, myocardial ischemia-homing, mesenchymal stem cell. J. Drug Target. 20, 23–32. doi:10.3109/1061186X.2011.622398
 Kloner, R. A. (2011). No-reflow phenomenon: Maintaining vascular integrity. J. Cardiovasc. Pharmacol. Ther. 16, 244–250. doi:10.1177/1074248411405990
 Kooijmans, S. A. A., Aleza, C. G., Roffler, S. R., van Solinge, W. W., Vader, P., and Schiffelers, R. M. (2016). Display of GPI-anchored anti-EGFR nanobodies on extracellular vesicles promotes tumour cell targeting. J. Extracell. Vesicles 5, 31053. doi:10.3402/jev.v5.31053
 Lai, C. P., Kim, E. Y., Badr, C. E., Weissleder, R., Mempel, T. R., Tannous, B. A., et al. (2015). Visualization and tracking of tumour extracellular vesicle delivery and RNA translation using multiplexed reporters. Nat. Commun. 6, 7029. doi:10.1038/ncomms8029
 Lai, C. P., Mardini, O., Ericsson, M., Prabhakar, S., Maguire, C. A., Chen, J. W., et al. (2014). Dynamic biodistribution of extracellular vesicles in vivo using a multimodal imaging reporter. ACS Nano 8, 483–494. doi:10.1021/nn404945r
 Li, Y. S. J., Haga, J. H., and Chien, S. (2005). Molecular basis of the effects of shear stress on vascular endothelial cells. J. Biomech. 38, 1949–1971. doi:10.1016/J.JBIOMECH.2004.09.030
 Li, Z., Zhou, X., Gao, X., Bai, D., Dong, Y., Sun, W., et al. (2020). Fusion protein engineered exosomes for targeted degradation of specific RNAs in lysosomes: a proof-of-concept study. J. Extracell. Vesicles 9, 1816710. doi:10.1080/20013078.2020.1816710
 Maring, J. A., Lodder, K., Mol, E., Verhage, V., Wiesmeijer, K. C., Dingenouts, C. K. E., et al. (2019). Cardiac progenitor cell–derived extracellular vesicles reduce infarct size and associate with increased cardiovascular cell proliferation. J. Cardiovasc. Transl. Res. 12, 5–17. doi:10.1007/s12265-018-9842-9
 Martínez-Jothar, L., Barendrecht, A. D., de Graaff, A. M., Oliveira, S., van Nostrum, C. F., Schiffelers, R. M., et al. (2020). Endothelial cell targeting by crgd-functionalized polymeric nanoparticles under static and flow conditions. Nanomaterials 10, 13533. doi:10.3390/nano10071353
 Mentkowski, K. I., and Lang, J. K. (2019). Exosomes engineered to express a cardiomyocyte binding peptide demonstrate improved cardiac retention in vivo. Sci. Rep. 9, 10041. doi:10.1038/s41598-019-46407-1
 Mitra, A., Mulholland, J., Nan, A., McNeill, E., Ghandehari, H., and Line, B. R. (2005). Targeting tumor angiogenic vasculature using polymer–RGD conjugates. J. Control. Release 102, 191–201. doi:10.1016/J.JCONREL.2004.09.023
 Mol, E. A., Goumans, M.-J., Doevendans, P. A., Sluijter, J. P. G., and Vader, P. (2017). Higher functionality of extracellular vesicles isolated using size-exclusion chromatography compared to ultracentrifugation. Nanomedicine 13, 2061–2065. doi:10.1016/j.nano.2017.03.011
 Mol, E. A., Lei, Z., Roefs, M. T., Bakker, M. H., Goumans, M.-J., Doevendans, P. A., et al. (2019). Injectable supramolecular ureidopyrimidinone hydrogels provide sustained release of extracellular vesicle therapeutics. Adv. Healthc. Mat. 8, 1900847. doi:10.1002/adhm.201900847
 Nolte-’t Hoen, E. N. M., Buschow, S. I., Anderton, S. M., Stoorvogel, W., and Wauben, M. H. M. (2009). Activated T cells recruit exosomes secreted by dendritic cells via LFA-1. Blood 113, 1977–1981. doi:10.1182/BLOOD-2008-08-174094
 Paoli, E. E., Ingham, E. S., Zhang, H., Mahakian, L. M., Fite, B. Z., Gagnon, M. K., et al. (2014). Accumulation, internalization and therapeutic efficacy of neuropilin-1-targeted liposomes. J. Control. Release 178, 108–117. doi:10.1016/J.JCONREL.2014.01.005
 Reneman, R. S., Arts, T., and Hoeks, A. P. G. (2006). Wall shear stress--an important determinant of endothelial cell function and structure--in the arterial system in vivo. Discrepancies with theory. J. Vasc. Res. 43, 251–269. doi:10.1159/000091648
 Roefs, M. T., Sluijter, J. P. G., and Vader, P. (2020). Extracellular vesicle-associated proteins in tissue repair. Trends Cell Biol. 30, 990–1013. doi:10.1016/j.tcb.2020.09.009
 Ruoslahti, E. (1996). RGD and other recognition sequences for integrins. Annu. Rev. Cell Dev. Biol. 12, 697–715. doi:10.1146/annurev.cellbio.12.1.697
 Sluijter, J. P. G., Davidson, S. M., Boulanger, C. M., Buzás, E. I., de Kleijn, D. P. V., Engel, F. B., et al. (2018). Extracellular vesicles in diagnostics and therapy of the ischaemic heart: Position paper from the working group on cellular biology of the heart of the European society of cardiology. Cardiovasc. Res. 114, 19–34. doi:10.1093/cvr/cvx211
 Smits, A. M., Van Laake, L. W., Den Ouden, K., Schreurs, C., Szuhai, K., Van Echteld, C. J., et al. (2009a). Human cardiomyocyte progenitor cell transplantation preserves long-term function of the infarcted mouse myocardium. Cardiovasc. Res. 83, 527–535. doi:10.1093/CVR/CVP146
 Smits, A. M., van Vliet, P., Metz, C. H., Korfage, T., Sluijter, J. P. G., Doevendans, P. A., et al. (2009b). Human cardiomyocyte progenitor cells differentiate into functional mature cardiomyocytes: an in vitro model for studying human cardiac physiology and pathophysiology. Nat. Protoc. 4, 232–243. doi:10.1038/nprot.2008.229
 Smyth, T., Kullberg, M., Malik, N., Smith-Jones, P., Graner, M. W., and Anchordoquy, T. J. (2015). Biodistribution and delivery efficiency of unmodified tumor-derived exosomes. J. Control. Release 199, 145–155. doi:10.1016/j.jconrel.2014.12.013
 Soker, S., Takashima, S., Miao, H. Q., Neufeld, G., and Klagsbrun, M. (1998). Neuropilin-1 is expressed by endothelial and tumor cells as an isoform-specific receptor for vascular endothelial growth factor. Cell 92, 735–745. doi:10.1016/S0092-8674(00)81402-6
 Stroev, P. V., Hoskins, P. R., and Easson, W. J. (2007). Distribution of wall shear rate throughout the arterial tree: a case study. Atherosclerosis 191, 276–280. doi:10.1016/J.ATHEROSCLEROSIS.2006.05.029
 Tainaka, K., Murakami, T. C., Susaki, E. A., Shimizu, C., Saito, R., Takahashi, K., et al. (2018). Chemical landscape for tissue clearing based on hydrophilic reagents. Cell Rep. 24, 2196–2210. doi:10.1016/j.celrep.2018.07.056
 Takahashi, Y., Nishikawa, M., Shinotsuka, H., Matsui, Y., Ohara, S., Imai, T., et al. (2013). Visualization and in vivo tracking of the exosomes of murine melanoma B16-BL6 cells in mice after intravenous injection. J. Biotechnol. 165, 77–84. doi:10.1016/J.JBIOTEC.2013.03.013
 Takov, K., Yellon, D. M., and Davidson, S. M. (2017). Confounding factors in vesicle uptake studies using fluorescent lipophilic membrane dyes. J. Extracell. Vesicles 6, 1388731. doi:10.1080/20013078.2017.1388731
 Teesalu, T., Sugahara, K. N., Kotamraju, V. R., and Ruoslahti, E. (2009). C-end rule peptides mediate neuropilin-1-dependent cell, vascular, and tissue penetration. Proc. Natl. Acad. Sci. U. S. A. 106, 16157–16162. doi:10.1073/PNAS.0908201106
 Théry, C., Witwer, K. W., Aikawa, E., Alcaraz, M. J., Anderson, J. D., Andriantsitohaina, R., et al. (2018). Minimal information for studies of extracellular vesicles 2018 (MISEV2018): a position statement of the international society for extracellular vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 7, 1535750. doi:10.1080/20013078.2018.1535750
 Thi, M. M., Iacobas, D. A., Iacobas, S., and Spray, D. C. (2007). Fluid shear stress upregulates vascular endothelial growth factor gene expression in osteoblasts. Ann. N. Y. Acad. Sci. 1117, 73–81. doi:10.1196/ANNALS.1402.020
 Tian, T., Zhang, H.-X., He, C.-P., Fan, S., Zhu, Y.-L., Qi, C., et al. (2018). Surface functionalized exosomes as targeted drug delivery vehicles for cerebral ischemia therapy. Biomaterials 150, 137–149. doi:10.1016/j.biomaterials.2017.10.012
 Tian, Y., Li, S., Song, J., Ji, T., Zhu, M., Anderson, G. J., et al. (2014). A doxorubicin delivery platform using engineered natural membrane vesicle exosomes for targeted tumor therapy. Biomaterials 35, 2383–2390. doi:10.1016/j.biomaterials.2013.11.083
 Timmers, L., Lim, S. K., Arslan, F., Armstrong, J. S., Hoefer, I. E., Doevendans, P. A., et al. (2007). Reduction of myocardial infarct size by human mesenchymal stem cell conditioned medium. Stem Cell Res. 1, 129–137. doi:10.1016/j.scr.2008.02.002
 Timmers, L., Lim, S. K., Hoefer, I. E., Arslan, F., Lai, R. C., van Oorschot, A. A. M., et al. (2011). Human mesenchymal stem cell-conditioned medium improves cardiac function following myocardial infarction. Stem Cell Res. 6, 206–214. doi:10.1016/J.SCR.2011.01.001
 Tzima, E., Del Pozo, M. A., Shattil, S. J., Chien, S., and Schwartz, M. A. (2001). Activation of integrins in endothelial cells by fluid shear stress mediates Rho-dependent cytoskeletal alignment. EMBO J. 20, 4639–4647. doi:10.1093/EMBOJ/20.17.4639
 Valencia, P. M., Farokhzad, O. C., Karnik, R., and Langer, R. (2012). Microfluidic technologies for accelerating the clinical translation of nanoparticles. Nat. Nanotechnol. 7, 623–629. doi:10.1038/NNANO.2012.168
 van den Akker, F., Feyen, D. A. M., van den Hoogen, P., van Laake, L. W., van Eeuwijk, E. C. M., Hoefer, I., et al. (2016). Intramyocardial stem cell injection: go(ne) with the flow. Eur. Heart J. 38, 184–186. doi:10.1093/eurheartj/ehw056
 Van Der Meer, A. D., Poot, A. A., Duits, M. H. G., Feijen, J., and Vermes, I. (2009). Microfluidic technology in vascular research. J. Biomed. Biotechnol. 2009, 823148. doi:10.1155/2009/823148
 Van Der Vos, K. E., Abels, E. R., Zhang, X., Lai, C., Carrizosa, E., Oakley, D., et al. (2016). Directly visualized glioblastoma-derived extracellular vesicles transfer RNA to microglia/macrophages in the brain. Neuro. Oncol. 18, 58–69. doi:10.1093/NEUONC/NOV244
 van Niel, G., Carter, D. R. F., Clayton, A., Lambert, D. W., Raposo, G., and Vader, P. (2022). Challenges and directions in studying cell–cell communication by extracellular vesicles. Nat. Rev. Mol. Cell Biol. 23, 369–382. doi:10.1038/s41580-022-00460-3
 van Niel, G., D’Angelo, G., and Raposo, G. (2018). Shedding light on the cell biology of extracellular vesicles. Nat. Rev. Mol. Cell Biol. 19, 213–228. doi:10.1038/nrm.2017.125
 Verweij, F. J., Balaj, L., Boulanger, C. M., Carter, D. R. F. F., Compeer, E. B., D’Angelo, G., et al. (2021). The power of imaging to understand extracellular vesicle biology in vivo. Nat. Methods 18, 1013–1026. doi:10.1038/s41592-021-01206-3
 Virani, S. S., Alonso, A., Benjamin, E. J., Bittencourt, M. S., Callaway, C. W., Carson, A. P., et al. (2020). Heart disease and stroke statistics—2020 update: A report from the American heart association. Circulation 141, E139–E596. doi:10.1161/CIR.0000000000000757
 Vrijsen, K. R., Maring, J. A., Chamuleau, S. A. J., Verhage, V., Mol, E. A., Deddens, J. C., et al. (2016). Exosomes from cardiomyocyte progenitor cells and mesenchymal stem cells stimulate angiogenesis via EMMPRIN. Adv. Healthc. Mat. 5, 2555–2565. doi:10.1002/adhm.201600308
 Vrijsen, K. R., Sluijter, J. P. G., Schuchardt, M. W. L., Van Balkom, B. W. M., Noort, W. A., Chamuleau, S. A. J., et al. (2010). Cardiomyocyte progenitor cell-derived exosomes stimulate migration of endothelial cells. J. Cell. Mol. Med. 14, 1064–1070. doi:10.1111/j.1582-4934.2010.01081.x
 Wang, J., Li, W., Lu, Z., Zhang, L., Hu, Y., Li, Q., et al. (2017). The use of RGD-engineered exosomes for enhanced targeting ability and synergistic therapy toward angiogenesis. Nanoscale 9, 15598–15605. doi:10.1039/C7NR04425A
 Wang, X., Chen, Y., Zhao, Z., Meng, Q., Yu, Y., Sun, J., et al. (2018). Engineered exosomes with ischemic myocardium-targeting peptide for targeted therapy in myocardial infarction. J. Am. Heart Assoc. 7, e008737. doi:10.1161/JAHA.118.008737
 Wiklander, O. P. B., Nordin, J. Z., O’Loughlin, A., Gustafsson, Y., Corso, G., Mäger, I., et al. (2015). Extracellular vesicle in vivo biodistribution is determined by cell source, route of administration and targeting. J. Extracell. Vesicles 4, 26316. doi:10.3402/jev.v4.26316
 Wilson, A. A., Kwok, L. W., Hovav, A.-H., Ohle, S. J., Little, F. F., Fine, A., et al. (2008). Sustained expression of alpha1-antitrypsin after transplantation of manipulated hematopoietic stem cells. Am. J. Respir. Cell Mol. Biol. 39, 133–141. doi:10.1165/rcmb.2007-0133OC
 Xin, L., Yuan, Y. W., Liu, C., Zhou, L. Q., Liu, L., Zhou, Q., et al. (2021). Preparation of internalizing RGD-modified recombinant methioninase exosome active targeting vector and antitumor effect evaluation. Dig. Dis. Sci. 66, 1045–1053. doi:10.1007/s10620-020-06262-x
 Yang Chen, Y., Syed, M., Abdullah, M., Presley, R., Jonathan, V., Chan, W., et al. (2020). Flow rate affects nanoparticle uptake into endothelial cells. Adv. Mat. 32, 1906274. doi:10.1002/ADMA.201906274
 Yang, J., Zhang, X., Chen, X., Wang, L., and Yang, G. (2017). Exosome mediated delivery of miR-124 promotes neurogenesis after ischemia. Mol. Ther. Nucleic Acids 7, 278–287. doi:10.1016/J.OMTN.2017.04.010
 Yang, L., Zhu, J., Zhang, C., Wang, J., Yue, F., Jia, X., et al. (2019). Stem cell-derived extracellular vesicles for myocardial infarction: a meta-analysis of controlled animal studies. Aging 11, 1129–1150. doi:10.18632/aging.101814
 Yang, M., Wang, X., Pu, F., Liu, Y., Guo, J., Chang, S., et al. (2021). Engineered exosomes-based photothermal therapy with mri/ct imaging guidance enhances anticancer efficacy through deep tumor nucleus penetration. Pharmaceutics 13, 1593. doi:10.3390/pharmaceutics13101593
 Youn, S.-W., Li, Y., Kim, Y.-M., Sudhahar, V., Abdelsaid, K., Kim, H., et al. (2019). Modification of cardiac progenitor cell-derived exosomes by miR-322 provides protection against myocardial infarction through nox2-dependent angiogenesis. Antioxidants 8, 18. doi:10.3390/antiox8010018
 Zentilin, L., Puligadda, U., Lionetti, V., Zacchigna, S., Collesi, C., Pattarini, L., et al. (2010). Cardiomyocyte VEGFR-1 activation by VEGF-B induces compensatory hypertrophy and preserves cardiac function after myocardial infarction. FASEB J. 24, 1467–1478. doi:10.1096/FJ.09-143180
 Zhang, H., Kusunose, J., Kheirolomoom, A., Seo, J. W., Qi, J., Watson, K. D., et al. (2008). Dynamic imaging of arginine-rich heart-targeted vehicles in a mouse model. Biomaterials 29, 1976–1988. doi:10.1016/j.biomaterials.2007.12.033
 Zhang, H., Li, N., Sirish, P., Mahakian, L., Ingham, E., Curry, F.-R., et al. (2012). The cargo of CRPPR-conjugated liposomes crosses the intact murine cardiac endothelium. J. Control. Release 163, 10–17. doi:10.1016/j.jconrel.2012.06.038
 Zhang, H., Tam, S., Ingham, E. S., Mahakian, L. M., Lai, C. Y., Tumbale, S. K., et al. (2015). Ultrasound molecular imaging of tumor angiogenesis with a neuropilin-1-targeted microbubble. Biomaterials 56, 104–113. doi:10.1016/J.BIOMATERIALS.2015.03.043
 Zhang, H., Wu, J., Wu, J., Fan, Q., Zhou, J., Wu, J., et al. (2019). Exosome-mediated targeted delivery of miR-210 for angiogenic therapy after cerebral ischemia in mice. J. Nanobiotechnology 17, 29. doi:10.1186/S12951-019-0461-7
 Zhang, L., Hoffman, J. A., and Ruoslahti, E. (2005). Molecular profiling of heart endothelial cells. Circulation 112, 1601–1611. doi:10.1161/CIRCULATIONAHA.104.529537
 Zhang, Z. G., Tsang, W., Zhang, L., Powers, C., and Chopp, M. (2001). Up-regulation of neuropilin-1 in neovasculature after focal cerebral ischemia in the adult rat. J. Cereb. Blood Flow. Metab. 21, 541–549. doi:10.1097/00004647-200105000-00008
 Zomer, A., Steenbeek, S. C., Maynard, C., and Van Rheenen, J. (2015). Studying extracellular vesicle transfer by a Cre-loxP method. Nat. Protoc. 11, 87–101. doi:10.1038/nprot.2015.138
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Roefs, Heusermann, Brans, Snijders Blok, Lei, Vader and Sluijter. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-1052091-g005.gif





OPS/images/fphar-13-1052091-g006.gif





OPS/images/fphar-13-1052091-g003.gif
FEFPrRs]





OPS/images/fphar-13-1052091-g004.gif





OPS/images/fphar-13-1052091-g007.gif
R T
N
c s
L e
gmu
os
H
oo
BT

EYrm———

[er—r






OPS/xhtml/nav.xhtml
Contents

		Cover

		Evaluation and manipulation of tissue and cellular distribution of cardiac progenitor cell-derived extracellular vesicles		1 Introduction

		2 Materials and methods		2.1 Cell culture and preparation of conditioned medium

		2.2 Generation of lentiviral vectors expressing targeting peptide constructs

		2.3 Stable CPC line generation

		2.4 EV isolation by ultrafiltration and size-exclusion chromatography (SEC)

		2.5 Fluorescent EV labeling and EV purification

		2.6 Proteinase K treatment

		2.7 EV uptake and fluorescent microscopy

		2.8 Genomic DNA extraction and PCR

		2.9 Nanoparticle tracking analysis

		2.10 EV protein determination

		2.11 Western blot for EV markers

		2.12 Transmission electron microscopy (TEM)

		2.13 HMEC-1 uptake experiments

		2.14 In vivo tracking experiments

		2.15 Near-infrared fluorescent (NIRF) imaging

		2.16 Tissue lysis and fluorescent measurement

		2.17 Immunocytochemistry

		2.18 Whole mount tissue clearing and light-sheet fluorescent microscopy

		2.19 Statistics





		3 Results		3.1 PalmtdTomato- and PalmGFP-labeled EVs can be isolated from CPC-derived conditioned medium

		3.2 CPC-EVs distribute in the heart after intramyocardial injection

		3.3 CPC-EVs are retained in the mouse heart after intramyocardial injection

		3.4 CPC-EVs associate with specific cell types in the heart

		3.5 CPC-EVs distribute mainly to the liver after intravenous administration

		3.6 CPC-EV targeting to endothelial cells employing targeting peptides





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics Statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
, frontiers | Frontiers in Pharmacology

Evaluation and manipulation of
tissue and cellular distribution of
cardiac progenitor cell-derived
extracellular vesicles





OPS/images/fphar-13-1052091-g001.gif





OPS/images/fphar-13-1052091-g002.gif
A

W injaction of EVEor PBS.

Signal unitaing proteln ©

2. P
- -

|










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





