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Abstract

:

We previously reported that macropinocytosis (accompanied by actin reorganization, ruffling of the plasma membrane, and engulfment of large volumes of extracellular fluid) is an important process for the cellular uptake of extracellular vesicles, exosomes. Accordingly, we developed techniques to induce macropinocytosis by the modification of biofunctional peptides on exosomal membranes, thereby enhancing their cellular uptake. Arginine-rich cell-penetrating peptides have been shown to induce macropinocytosis via proteoglycans; accordingly, we developed peptide-modified exosomes that could actively induce macropinocytotic uptake by cells. In addition, the activation of EGFR induces macropinocytosis; based on this knowledge, we developed artificial leucine-zipper peptide (K4)-modified exosomes. These exosomes can recognize E3 sequence-fused EGFR (E3-EGFR), leading to the clustering and activation of E3-EGFR by coiled-coil formation (E3/K4), which induces cellular exosome uptake by macropinocytosis. In addition, modification of pH-sensitive fusogenic peptides (e.g., GALA) also enhances the cytosolic release of exosomal contents. These experimental techniques and findings using biofunctional peptides have contributed to the development of exosome-based intracellular delivery systems.
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1. Introduction


Extracellular vesicles (EVs), including exosomes and microvesicles, are secreted from most cells in the human body. EVs can carry biofunctional molecules, such as microRNAs and enzymes, and play crucial roles in cell-to-cell communication and disease progression (e.g., cancer); further, recent EV research has received significant attention for its role in maintaining healthy homeostasis and in disease progression [1,2,3]. For example, exosome-mediated delivery of miR-181c triggers the breakdown of the blood-brain barrier (BBB), leading to brain metastasis [4], and EVs encapsulating matrix metalloproteinase 1 mRNA have been observed in ovarian cancer metastasis [5]. Therefore, experimental techniques, such as molecular weight measurement, antibody-based detection, real-time polymerase chain reaction, and polymer-based reverse-phase glycoprotein array, have been used to detect EV-encapsulated miRNA and protein in cancer diagnosis [3]. Exosomal cargo molecules have been observed to be cancer biomarkers as follows: pancreatic cancer, glycan-1, and zinc transporter 4; colorectal cancer, copine III and miR-6803-5p; non-small cell lung cancer, alpha-2-HS-glycoprotein, and extracellular matrix protein 1; and prostate cancer, miR-1246 [3]. Further, microvesicles released from blood cells can potentially be used to diagnose acute coronary syndrome, ST-elevation myocardial infarction, cardiac remodeling, type2 diabetes mellitus, diabetic retinopathy, and other cardiometabolic diseases [6]. In addition, EV-mediated intracellular delivery of therapeutic molecules is expected to be a next-generation cell-derived tool with pharmaceutical advantages such as immunological control, expression of functional sequences in/on EVs, the encapsulation of artificially designed and synthesized molecules, low cytotoxicity, BBB penetration, and brain targeting, and the effective use of cell-to-cell communication routes. Further interdisciplinary research in medical, pharmaceutical, engineering, and physicochemical fields to develop EV-delivery techniques will enable the intravital detection of disease progression and the manipulation of cellular functions.




2. Characteristics of EVs


EVs include exosomes, microvesicles, and apoptotic bodies, and each vesicle can be secreted from cells via different mechanisms and pathways [1,2,7,8]. Apoptotic bodies can be generated during the process of apoptotic cell death, and they contain organelles and cellular components such as chromatin [9]. The diameter of the vesicles is approximately 800–5000 nm [1,6,8,9]. Apoptotic bodies are eventually engulfed by phagocytes in a process known as efferocytosis [9]. During apoptosis, membrane blebbing occurs in the majority of the cells; however, some cells exhibit other types of membrane protrusions such as microtubule spikes, apoptopodia, and beaded apoptopodia. These membrane protrusions eventually lead to the formation and release of apoptotic bodies [9]. Biofunctional molecules encapsulated in apoptotic bodies can be acquired by recipient cells, leading to the transfer of macromolecules and a biological response [9].



Microvesicles can be generated by plasma membrane budding [1,7,8] and can encapsulate not only membrane proteins and lipids but also nucleic acids including mRNAs, microRNAs, and long non-coding RNAs [6]. The vesicles (0.1–1 μm diameter) bud as small membrane protrusions surrounding a small portion of the cytoplasm and are released to the extracellular milieu by calpain activation, calcium influx, and cytoskeleton reorganization [6,10]. Microvesicles play various roles in intercellular communication, signal transduction, and the immune regulation of (a) coagulation, by coordinating platelet, macrophage, and neutrophil functions; (b) inflammatory diseases, by the release of cytokines; and (c) tumor progression, by facilitating the migration and invasion of cancer cells to trigger metastasis [6,10].



On the other hand, exosomes can be formed within cells; multivesicular endosomes (MVEs), formed by internal budding, encapsulate cytosolic molecules, which is followed by fusion of the MVE membrane with the plasma membrane to extracellularly secrete the formed vesicles (30–200 nm) [1,2]. Inhibitory G protein (Gi)-coupled sphingosine 1-phosphate (S1P) receptors have been shown to regulate MVE maturation to exosomes, and the receptors are essential for cargo sorting and maturation of MVEs via the endosomal sorting complex required for transport (ESCRT)-independent pathway [11]. Inhibitors of sphingosine kinase and reduced expression of S1P receptors affect cargo loading into exosomes [11]. siRNA-mediated knockdown of sphingosine kinase 2, but not sphingosine kinase 1, have been shown to result in a reduction of cargo content in exosomes [12]. Continuous activation of the S1P receptor and subsequent downstream G protein signaling to Gβγ subunits/Rho family GTPases have been observed to regulate F-actin formation on MVEs for cargo sorting into exosomal intralumenal vesicles [13]. Encapsulation of the “message” such as cytosolic microRNAs and proteins into exosomes is essential for transporting biofunctional molecules and intercellular communication, and detailed mechanisms should be elucidated to further understand their role in human homeostasis, mechanisms of disease progression, and their regulation.




3. Cellular Exosomes Uptake and the Importance of the Macropinocytosis Pathway


Cellular uptake of exosomes mediated by receptor-ligand complexes has been observed in the following cases: the interaction between C-type lectin (lectin family) receptor in dendritic cells and C-type lectin on exosomes [14], the interaction between sialoadhesin (CD169; Siglec-1) expressed on macrophages and B-cell-derived exosomal α-2,3-linked sialic acids [15], the interaction between siglec-3 expressed on HeLa cells or antigen-presenting cells and sialic acids on mesenchymal stem cell exosomes [16], the interaction between CD44, CD11, CD54, and CD49d (adhesion molecules) expressed on leukocytes and CD81 and CD9 of pancreatic adenocarcinoma exosomes [17], cellular uptake of breast cancer exosomes expressing integrins α6β4 and pancreatic cancer exosomes expressing αvβ5 into lung fibroblast and liver macrophage [18], the interaction between macrophage exosomes expressing LFA-1 and brain endothelial cells expressing ICAM-1 [19], interaction between heparin sulfate proteoglycans expressed on glioblastoma multiforme and myeloma cells and myeloma exosomes expressing fibronectin [20,21], and between exosomes expressing phosphatidylserine and dendritic cells expressing TIM receptors [22,23]. In exosome-mediated cell-to-cell communication, the receptor-ligand interaction is essential to determine the efficacy of exosome accumulation in targeted cells. Clathrin-mediated endocytosis is a typical endocytosis pathway that occurs by the activation of receptors on recipient cells. However, endosomal vesicles coated with clathrin triskelion and AP2 adaptors are limited by size (approximately 120 nm, because of the triskelion coating), and the cellular uptake efficacy of the exosomes might be affected by such endosomal vesicular formation [24].



Therefore, we focused on the role of macropinocytosis in the cellular uptake of exosomes. Macropinocytosis is an endocytosis process that involves actin polymerization in the cell periphery, increased actin-mediated membrane ruffling, and the cellular uptake by macropinosomes, which is distinct from the clathrin-mediated endocytosis pathway [25,26]. Our research team found that macropinocytosis significantly enhanced the cellular uptake of exosomes [27]. It has been reported that increased macropinocytotic activity in tumors is an essential mechanism for the uptake of nutrients [28]; therefore, our findings could contribute toward the development of targeted therapeutics in cancers. For example, in pancreatic adenocarcinoma, the cellular uptake of exosomes through macropinocytosis is ~10-fold higher in MIA PaCa-2 cells, which are homozygous for the KRASG12C allele (oncogenic Ras-expressing), compared to the BxPC-3 cells, which express wild-type KRAS [27]. Saporin is a ribosome-inactivating toxin protein with potential utility as a cancer therapeutic [29]. Saporin-encapsulated exosomes showed enhanced cytotoxicity against epidermal growth factor receptor (EGFR)-activated cancer cells (the A431 cell line) by the induction of macropinocytosis, suggesting that exosomes may have potential applications in drug delivery and the treatment of malignant tumors.




4. Cell Targeting and Intracellular Delivery Systems Using Biofunctional Peptide-Modified Exosomes


Cell-to-cell communication is an active research topic, and exosomes are an important component of this phenomenon. As mentioned above, exosomes are potential next-generation biological tools for the targeted delivery of therapeutic molecules. They possess multiple advantages, including (i) infinite secretion, (ii) the artificial encapsulation of biofunctional molecules, (iii) the controlled expression of artificial proteins in exosomal membranes, (iv) low cytotoxicity, (v) regulated immunogenicity, (vi) effective usage of cell-to-cell communication routes, and (vii) the possibility of targeting the brain owing to BBB permeability. However, there are certain disadvantages associated with exosome-based delivery systems, which include poor cell targeting, low cellular uptake efficacy, and insufficient cytosolic release of exosomal contents. Therefore, further improvements are required in the design of sophisticated exosome-based delivery systems.



We have previously developed and successfully demonstrated a novel drug delivery system based on biofunctional peptide-modified exosomes (Figure 1); this includes arginine-rich cell-penetrating peptide-modified exosomes for the active induction of macropinocytosis and effective intracellular delivery of therapeutic molecules, a pH-sensitive fusogenic peptide for enhanced cytosolic release of exosomal contents, and a receptor target system using artificial coiled-coil peptide-modified on exosomal membranes.



4.1. Arginine-Rich Peptide-Modified Exosomes for the Active Induction of Macropinocytosis and Effective Intracellular Delivery of Therapeutic Molecules


As described above, we found that active macropinocytosis is essential for the efficient cellular uptake of exosomes. Therefore, we enhanced the cellular uptake of exosomes by exploiting the biological functionality of arginine-rich cell-penetrating peptides (CPPs); these peptides can efficiently induce macropinocytosis by modifying the peptides on exosomal membranes [30] (Figure 2).



Receptor-mediated and clathrin-mediated endocytosis have been reported to be major pathways for the cellular uptake of exosomes; however, it has a limited size (maximum ~120 nm) for vesicle formation during endocytotic cellular uptake. Moreover, cellular membrane proteins and glycosaminoglycans further reduce the cargo size. This size limitation reduces the efficacy of endocytosis-mediated cellular uptake of exosomes, and negatively charged exosomes (zeta-potential is minus several tens of millivolts) are difficult to accumulate on the negatively charged cellular membranes. Macropinocytosis induces the engulfment of large volumes of extracellular fluid, and this pathway enables the cellular uptake of large-sized cargo (>1 μm). Our research team reported that increased macropinocytosis via activation of cancer-related receptors and oncogenic K-Ras expression enhances the cellular uptake efficacy of exosomes in tumor cells, as described above [27].



Arginine-rich CPPs can induce macropinocytosis, leading to the efficient cellular uptake of the peptides [31]. We found that membrane-associated proteoglycans play a crucial role in the induction of macropinocytosis by CPPs, and the activation of small G-protein Rac1 and reorganization of actin (lamellipodia and membrane ruffling) were observed within a few minutes after treatment of the peptides; this leads to the efficient cellular uptake of the peptides and their cytosolic translocation [32,33,34]. We also discovered that arginine-rich CPPs induce macropinocytosis by clustering syndecan-4 and PKCα binding to the syndecan-4 V domain [35].



The D-form of the octaarginine peptide (R8) is arginine-rich and can induce efficient macropinocytosis [31,32,33,34,35]. To modify the R8 peptides on exosomal membranes, we stearylated the N-terminus of the peptides and thereby inserted the hydrophobic moiety into the exosomal membrane (Figure 2a) [30]. The functionality of exosomal membrane proteins might be conserved even after anchoring the stearyl peptides on the membranes. In that study, exosomes expressing the tetraspanin CD63-green fluorescent protein (GFP) fusion (CD63-GFP) marker were used to assess cellular uptake. Modifying the membrane surface of exosomes with stearyl-R8 peptides significantly enhanced their uptake via macropinocytosis, with syndecan-4 clustering on the recipient cell membranes [30]. The dependency of cellular uptake efficacy on the peptide concentration on exosomal membranes was also shown (e.g., treatment of 16 μM stearyl-R8 peptides increased 33-fold compared to the cellular uptake of the unmodified exosomes) [30]. Treatment with the macropinocytosis inhibitor, 5-(N-ethyl-N-isopropyl)amirolide (EIPA), significantly reduced the cellular uptake of stearyl-R8-modified CD63-GFP exosomes. On the other hand, the inhibitor did not affect the cellular uptake of exosomes without peptide modifications [30]. The use of the stearyl moiety for anchoring functional peptides on exosomal membranes is promising, and this methodology could foster the development of exosome-based intracellular delivery systems with advanced exosomal functionality.




4.2. The Number of Arginine Residues in CPPs of Modified Exosomal Membrane Affects the Cytosolic Release of Exosomal Contents and Biological Activity


As described above, oligoarginine CPPs have been shown to induce macropinocytosis via proteoglycans on plasma membranes [32]. In addition, the number of arginine residues in the peptide sequence has been shown to affect the efficacy of macropinocytosis induction and cellular uptake of exosomes [32,36]. In this study, we examined whether the number of arginine residues in the peptide sequence affected macropinocytosis induction and the cellular uptake of the peptide-modified exosomes [37]. We prepared oligoarginine peptide (Rn; n = 4–16)-modified exosomes with a cross-linker, (N-ε-maleimidocaproyl-oxysulfosuccinimide ester, sulfo-EMCS), by simple mixing of the peptides and targeted exosomes (Figure 2b). The chemical linker covalently binds to the amino group of the exosomal membrane proteins. We then evaluated the relative cellular uptake of Rn-conjugated CD63-GFP-exosomes (20 μg/mL) for 24 h at 37 °C in CHO-K1 cells (derived from Chinese hamster ovary). We observed that the number of arginine residues in the Rn-conjugated CD63-GFP-exosomes had an effect on macropinocytosis induction and improved the efficacy of cellular uptake by 14-fold (R4), 29-fold (R8), or 18-fold (R16) compared to the cellular uptake of the unmodified exosomes [37]. Enhanced lamellipodia formation was also observed on exosomal membranes after arginine-peptide modification [37]. On the other hand, oligoarginine peptides without the chemical linker did not increase the efficiency of cellular uptake of the exosomes. In addition, we artificially encapsulated the ribosome-inactivating protein, saporin, having anti-cancer bioactivity, in exosomes (saporin-exosome) using an electroporation system [37]. Saporin (molecular weight: ~28,000) belongs to the N-glycosidase family of toxins that can specifically and irreversibly inactivate large ribosomal subunits by depurinating specific adenine bases; once it enters the cytosol, saporin can cause cell death by blocking protein synthesis [29]. Therefore, saporin is widely used as a toxin-based anti-cancer drug, and its activity can be further enhanced by antibody-conjugation for cancer-receptor targeting [29]. Interestingly, the saporin-exosome with modified R16 peptides showed higher biological activity (83% cells were dead (48 h treatment)) than that of the R8 peptide (only 17% cells were dead), even though the cellular uptake efficacy of R16-modified exosomes was lower than that of the R8-modified exosomes [37]. This suggests that the cytosolic release efficacy differs depending on the specific modification to CPP arginine number. These results suggest that a balance in efficiency should be struck between cellular exosome uptake and the cytosolic release of exosomal contents to attain sophisticated intracellular delivery using biofunctional peptide-modified exosomes. Further, these can be adapted for the delivery of other therapeutic molecules.




4.3. Targeted Receptor Clustering and Activation by Coiled-Coil Peptide-Modified Exosomes for Achieving Effective Cellular Uptake


The clustering of cellular receptors on the plasma membrane often induces receptor activation. The ability to control this clustering is potentially valuable for manipulating cellular functions and studying signal transduction mechanisms. Our research team has already proposed an approach for controlling receptor activation using coiled-coil recognition elements to stimulate the dimerization of cell-surface receptors [38]. Here, we utilized an artificial receptor system controlled by heterodimeric coiled-coil peptides to achieve targeted receptor assembly on the exosomes to act as scaffolds that control exosome-based intracellular delivery of therapeutic molecules (Figure 3) [39].



In that particular study, we developed a technique for effectively targeting receptors using artificial leucine zipper peptides (E3/K4), which were developed by Hodges and coworkers [40,41], to form heterodimeric-coiled coils. We demonstrated this using an EGFR model; the successful clustering of receptor molecules on cell surfaces led to actin reorganization and stimulated the cellular uptake of exosomes via macropinocytosis. Modification of the exosomal surface using an artificial leucine-zipper K4 peptide (amino acid sequence: KIAALKEKIAALKEKIAALKEKIAALKE) allowed for the recognition of E3 (amino acid sequence: EIAALEKEIAALEKEIAALEK)-fused epidermal growth factor receptor (E3-EGFR) on the cell membrane. As mentioned previously, in order to modify the K4 peptides on exosomal membranes, we stearylated the N-terminus of the peptides to insert the hydrophobic moiety into the exosomal membrane [39]. Clustering of the E3-EGFR molecules on cell surfaces by treatment with K4 peptide-modified exosomes led to the activation of the receptors (autophosphorylation reaction), signal transduction, and actin reorganization (lamellipodia formation), thereby stimulating the cellular uptake of exosomes through a specific form of endocytosis (i.e., macropinocytosis) in human breast adenocarcinoma-derived MDA-MB-231 cells (e.g., treatment of 5 μM stearyl-K4 peptides increased 2-fold compared to the cellular uptake of the unmodified exosomes) [39]. On the other hand, EGFR without an E3 sequence was not activated by treatment with K4 peptide-modified exosomes. The macropinocytosis inhibitor, EIPA, also significantly reduced the cellular uptake of K4 peptide-modified exosomes via E3-EGFR [39]. In this study, we adopted EGFR as a model; however, a similar approach may be possible using other receptors (e.g., chemokine receptors and proteoglycans). Our approach has a high potential for tumor targeting, where the induction of macropinocytosis by receptor clustering (e.g., proteoglycans (syndecan-4) and CXCR4) could be attained by displayed peptides on exosomal surfaces that could then stimulate exosome uptake into the tumor cells. Macropinocytosis is an effective endocytic approach for engulfing exosomes. Therefore, this approach could enhance tumor therapy by using exosomes with specific receptor targeting.




4.4. Enhanced Cytosolic Release of Exosomal Contents Using a pH-Sensitive Fusogenic Peptide


To improve the efficiency of cytosolic release of exosomal contents following the cellular uptake of exosomes, we studied the effects of the pH-sensitive fusogenic peptide GALA on endosomal and exosomal membranes and its role in the intracellular trafficking of exosomes via endocytosis [42]. In this study, we used a 30-residue amphipathic peptide, GALA, with a repeating sequence of glutamic acid-alanine-leucine-alanine (the amino acid sequence of GALA is WEAALAEALAEALAEHLAEALAEALEALAA); this sequence mimics the viral fusion protein sequences that mediate the escape of the viral gene from the acidic endosomes to the cytosol [43,44,45]. The secondary structure of the GALA peptide changes from random to helical in reduced pH (ranging from 7 to 5), leading to membrane destabilization and fusion [43,44,45]. We have previously reported the cytosolic delivery of avidin by using the GALA peptide in combination with cationic lipids to enhance the accumulation of negatively charged GALA peptides on the plasma membrane and, thereby, cellular uptake [45,46]. Cationic lipids can act similar to glue for pasting exosomes to targeted cells (as mentioned earlier, exosomal membranes are also negatively charged), and we examined the cellular uptake of exosomes using a commercially available transfection reagent, Lipofectamine LTX, which contains cationic lipids. The combination treatment of exosomes with the GALA peptide and cationic lipids shows efficient cellular uptake of both peptides and the exosomes. This leads to the enhanced cytosolic release of exosomal contents since the low pH of endosomes results in increased membrane disruption and fusion by the GALA peptides (Figure 4) [42]. In this experimental technique, a high concentration of cationic lipids induces cytotoxicity (for instance, 8.0% (v/v) Lipofectamine LTX treatment resulted in ~90% cell death); thus, optimization of the combinational treatment is required to prevent cytotoxic effects (for instance, 2.0% (v/v) Lipofectamine LTX treatment resulted in approximately 11-fold enhanced cellular uptake without any cytotoxicity) [42]. Dextran (molecular weight: 70,000) was used as a model macromolecular cargo in exosomes (encapsulated by electroporation), and the effective cytosolic release of fluorescently labeled dextran originally encapsulated in exosomes could be observed in the combinational treatment with the GALA peptides and cationic lipids [42]. In the absence of cationic lipids, cellular uptake efficacy of the GALA peptides was significantly reduced, leading to low efficacy of exosomal and endosomal cytosolic release in cells [42]. In addition, treatment with NH4Cl to prevent endosomal pH reduction decreased the cytosolic release of fluorescently labeled dextran from the delivered exosomes, even in the combinational treatment with GALA peptides and cationic lipids [42]. Saporin encapsulated in exosomes also showed significant cytotoxic effects against cancer cells in the combinational treatment with GALA peptides and cationic lipids (98% cells were dead by treatment of 2 μM GALA peptides 2% (v/v) Lipofectamine LTX modified saporin-encapsulated exosomes, on the other hand, only 6% cells were dead by the unmodified exosomes (24 h treatment on HeLa cells)) [42], suggesting a broad spectrum of the utility of exosome-based biofunctional protein delivery into the cytosol. Thus, we successfully developed a straightforward methodology for enhancing the cellular uptake of exosomes, followed by the efficient cytosolic release of the encapsulated cargos from the exosomes via the formation of a complex with cationic lipids and the pH-sensitive fusogenic peptide.





5. Other Active Target Systems Based on Exosomes Recently Developed


5.1. Expressing System: LAMP-2B


For delivery of microRNA (miR)-140 into chondrocytes across the dense nonvascular extracellular matrix of cartilage, a chondrocyte affinity peptide (CAP) attached to exosomes expressing the lysosome-associated membrane glycoprotein 2b (Lamp2b) protein has been developed. CAP has been shown to successfully deliver miR-140 to deep cartilage regions through the dense mesochondrium in a rat model [47]. Exosomal expression of interleukin 3 fused to Lamp2b was also attempted for targeting chronic myeloid leukemia [48].



Rabies virus glycoprotein (RVG) was also fused with Lamp2b by genetic engineering, leading to expression of the fused protein on secreted exosomes for delivering high-mobility group box 1 (HMGB1) small interfering RNA (siRNA) against ischemic strokes [49] and alpha-synuclein functionalized short hairpin RNA (shRNA) for specific delivery into the brain in an alpha-synuclein preformed fibril model of parkinsonism [50]. In addition, exosomes genetically engineered to express Lamp2B fused with RVG and glycosylation-stabilized peptides on the exosomal membrane could be coated onto the surfaces of gold nanoparticles using mechanical extrusion methods, leading to efficient brain targeting in mice after administration by intravenous injection [51].



Exosomes from cardiosphere-derived cells (CDCs) have been shown to modulate cardiomyocyte apoptosis and hypertrophy. Cardiomyocyte-specific peptide (CMP, amino acid sequence: WLSEAGPVVTVRALRGTGSW) fused with the extra-exosomal N-terminus of Lamp2b was expressed in CDCs to achieve the secretion of CMP-expressing exosomes [52]. These exosomes resulted in improved specific uptake by cardiomyocytes, decreased cardiomyocyte apoptosis, and enhanced cardiac retention following intramyocardial injection in vivo [52]. Another cardiac-targeting peptide (CTP, amino acid sequence: APWHLSSQYSRT) was also adapted for Lamp2b-based expression on the exosomal membrane for targeting heart tissues in vivo [53].



In addition, the possibility of degradation of the peptides fused to the N-terminus of Lamp2b has been pointed out. In this context, Dr. Hung and Leonard have developed a method to introduce a glycosylation motif that protects the peptide from degradation and leads to an increase in overall expression of the Lamp2b-fused protein in both cells and exosomes [54].




5.2. Expressing System: CD63


Curley et al. reported the engineering of exosomal marker protein CD63 expression as a molecular scaffold to impart cellular targeting properties to the exosomal surface [55]. Sequential deletions of the transmembrane helix of CD63 were carried out to generate a series of truncated CD63 analogs, and the transmembrane helix 3 (TM3) was targeted and anchored to the exosome membrane with n-, N-, Ω-, or I-shaped membrane topologies [55].



In addition, Duong et al. have developed a CD63 surface-display system to produce decoy exosomes bearing genetically transformed TNFα receptors. The authors designed and constructed a chimeric gene composed of three geometrically defined protein domains, namely the transmembrane protein CD63, the decoy TNF receptor 1 on the outer surface (second loop on the outer exosomal surface), and the fluorescent protein on the inner surface of the exosomes (C-terminus inside lumen), in HEK293 cells [56]. The decoy exosomes were found to exhibit a specific anti-TNFα activity on an inflammatory cell reporter system [56].




5.3. Expressing System: VSVG


The exosome-anchoring protein vesicular stomatitis virus glycoprotein (VSVG) could be fused with lysosomal β-glucocerebrosidase (GBA) by genetic engineering, leading to efficient exosomal loading of the fused protein without alterations in exosomal surface markers, particle size, or distribution [57]. The developed system was aimed at treating a large family of lysosomal storage diseases and was validated by the significant increase in GBA biological activity observed upon endocytosis of GBA-exosomes [57].




5.4. Membrane Protein-Ligand System


Exosomes have been reported to contain various membrane proteins such as transferrin receptors (TfR), known to bind its natural ligand transferrin (Tf), which could be employed for binding to multiple functional molecules on exosomal membranes [58,59]. Carboxylated chitosan interacts with the amino group of Tf in the presence of carbodiimide and N-hydroxysulfosuccinimide to yield Tf-modified supermagnetic iron oxide nanoparticles (SPIONs), which could be used for surface modification of exosomes with high TfR expression level [58,59]. The authors successfully achieved TNF-α-based therapeutic delivery using this exosomal system, leading to enhanced therapeutic effects on various types of cancers including breast cancer [59]. In addition, the BAY 55-9837 peptide delivery system was employed to target the pancreas and improve glucose-dependent insulin secretion [58]. Yang et al. used a superparamagnetic system to achieve precise and mild separation of TfR-expressing exosomes in blood, along with a pH-dependent dissociation of Tf and TfR [60].



Streptavidin-lactadherin modified exosomes designed by gene engineering have been developed by Dr. Takakura group, and those functionalized with biotin-tagged CpG DNA on the exosomal surface (CpG-sEV) have also been reported [61]. CpG-sEV could be mixed with cross-linker DNA to induce assembly of the CpG-sEVs [61]. The assembled CpG-sEV was selectively taken up by antigen-presenting cells, leading to an effective tumor antigen-specific immune response in vivo [61].




5.5. DSPE or Other Hydrophobic Moiety Insertion System


Feng et al. developed human hyaluronidase expressing exosomes using genetic engineering by introducing folic acid (FA) modification of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[folate(polyethylene glycol)] (DSPE-PEG-FA) (collectively termed Exo-PH20-FA). These can degrade high molecular weight hyaluronan to low molecular weight analogs in the tumor stroma, leading to reorientation of pro-tumorigenic M2-like tumor-associated macrophages (TAMs) to anti-tumorigenic M1-like TAMs [62]. Due to its effective use of therapeutic molecules (e.g., anticancer drugs such as doxorubicin) encapsulated in exosomes, the Exo-PH20-FA system could emerge as a strong candidate to attain combined chemotherapy and immune therapy strategies [62].



Similar systems, including FA-modified exosomes with encapsulated erastin (ferroptosis inducer) for targeting triple-negative breast cancer cells, have been reported [63].



The DSPE system is particularly well-suited for PEG functionalization of exosomal surfaces to improve the circulation lifetime in vivo. Eman et al. have shown that PEGylated exosomes (PEG2000) accumulated in murine colorectal cancer cell (C26)-tissue, leading to enhanced exosome uptake by the cancer cells and immune cells [64].



In addition, mannose-conjugated PEG-DSPE (DSPE-PEG-mannose) was prepared using the reaction of amino-PEG-DSPE with α-D-mannopyranosylphenyl isothiocyanate. Mannose-PEG-DSPE-modified exosomes exhibited excellent intracellular uptake into dendritic cells, and enhanced the immune response on account of the adjuvant monophosphoryl lipid A encapsulated within the exosomes [65].



To target CD44-expressing cancer cells, hyaluronic acid (HA) grafted with octadecyl lipids was used to functionalize exosomal membranes [66]. HA-functionalized exosomes with encapsulated doxorubicin (DOX) substantially increased intracellular DOX accumulation in drug-resistant breast cancer cells [66].



Multifunctional chimeric peptide engineered exosomes (ChiP-Exo) were developed by Cheng et al. for plasma membrane and nucleus targeted photodynamic therapy (PTD) [67]. The multifunctional chimeric peptide (ChiP) of C16-K(protoporphyrin IX (PpIX))-PKKKRKV consisted of an alkyl chain for exosomal decoration, a photo sensitizer of PpIX for PTD, and a nuclear localization signal (NLS) peptide for nuclear translocation [67]. Plasma membrane-targeted ChiP-Exo could activate ROS upon light irradiation, and subsequently disrupt plasma membrane structure and cause cell death [67]. Lysosomal escape at the first of stage light irradiation improved cellular delivery to the cytosol, and NLS peptide enhanced the intranuclear PTD effect at the second-stage light in vitro and in vivo both investigations [67].



The cholesterol moiety is also suitable for insertion into the exosomal membrane and is, therefore, used to incorporate functional molecules on exosomal surfaces. For targeting non-small cell lung cancer (NSCLC) cells, the octapeptide cNGQGEQc (CC8), which specifically binds to integrin α3β1, was conjugated to the maleimide-PEG2000-cholesterol (CC8-Mal-PEG-CLT) linker [68]. CC8-Mal-PEG-CLT was added to imperialine-loaded exosomes, leading to the development of CC8-modified exosomes for specific delivery to NSCLC [68].




5.6. DNA and RNA Nanotechnology


Dr. Guo’s group developed an RNA-based nanotechnological breakthrough to obtain FA-decorated exosomes for efficient cell targeting, siRNA delivery, and cancer regression, such as those functionalized with survivin siRNA for use in colorectal cancer xenografts [69,70,71]. Cholesterol-modified and folate-harboring RNA nanoparticles were incubated with siRNA-loaded exosomes for FA-based functionalization [69,70,71]. Recently, these authors demonstrated receptor-mediated cytosolic delivery of siRNA payload without endosomal trapping using these FA-studded exosomes, leading to successful realization of biological activities of siRNAs in targeted cells [71].



The DNA tethering technique for exosomal surface functionalization was also developed recently by Yerneni et al. [72]. In this method, the authors used an 18-mer DNA tether with a 5′-tetra(ethylene glycol) (TEG) spacer and a cholesterol moiety (Chol-DNA) [72]. Simple mixing of Chol-DNA and exosomes in buffered solution for 5 min resulted in DNA modification on the exosomal surface [72]. The DNA strand complementary to the Chol-DNA, used for annealing with Chol-DNA inserted into the exosomal membrane, leads to an exosome with a duplex DNA [72]. This system can be utilized to modify functional proteins on exosomal membranes by binding to complementary DNA strands, such as Fas ligands for apoptosis induction in vitro and in vivo [72].




5.7. Coating with Gel


Amphiphilic cationic nanogels can be complexed with exosomes to improve their intracellular delivery [73]. The developed nanogel has amino group-modified cholesterol-bearing pullulan (CHP), which forms a hybrid material with exosomes [73]. By effective usage of this system, the authors have successfully achieved neuron-like differentiation of human adipocyte-derived MSCs using exosomes from PC12 cells [73]. In addition, magnetic nanogels, consisting of CHP and iron oxide nanoparticles, were hybridized to exosomes isolated from PC12 cells [74]. The magnetic field efficiently transferred the exosome-magnetic hybrid into target adipose-derived stem cells, leading to differentiation of the stem cells into neuron-like cells [74].




5.8. Antibody Modification System


Dual-targeted exosomes with anti-somatostatin receptor 2 (SSTR2) monoclonal antibody (mAb) and anti-C-X-C motif chemokine receptor 4 (CXCR4) mAb against neuroendocrine (NE) cancers in vivo have been developed [75]. Both mAbs were tagged to extracellular vesicles including exosomes via a DSPE-PEG succinimidyl ester (DSPE-PEG-NHS) linker. Encapsulation of the naturally occurring cytotoxic marine compound verrucarin A and the microtubule polymerization inhibitor meytansine (DM1) in these exosomes effectively inhibited NE tumor growth in vivo in comparison to treatments based on single targeting and single drugs [75]. Similar Ab-functionalization techniques using the DSPE-PEG-NHS linker have been reported for exosomal target delivery of romidepsin (FK228, a potent histone deacetylase inhibitor that induces apoptosis through the generation of hydrogen peroxide) using SSTR2 Ab against NE cancers [76].



Azide-modified exosomes derived from M1 macrophages have been conjugated with dibenzocyclooctyne-modified Abs such as CD47 and signal regulatory proteins alpha-linked to pH-sensitive benzoic-imine bonds [77]. The Ab-decorated exosomes accumulated on the CD47-overexpressed tumor surface, leading to the selective cleavage of the benzoic-imine bond in the slightly acidic microenvironment and release of the Abs [77]. The released Abs suppressed the “don’t eat me” signaling and improved the phagocytosis of macrophages [77].



By effective usage of lactadherin C1-C2 domains that bind to exosomal surfaces, high-affinity anti-HER2 single-chain variable fragment (scFv; Kd = 10−9 mol/L) could be attached to the exosomal surface for targeting the cancer HER2 receptor in vitro (e.g., HCC1954 and SK-BR-3 cells [78]) and BT474 HER2+ xenografts implanted in mice [79].



Topping et al. reported a sonication technique for the incorporation of anti-ROS-CII Ab in extracellular vesicles derived from human neutrophils using aqueous energy dissemination, in which sonication resulted in the production of liposomes entrapping the Ab while simultaneously integrating within the vesicle membranes [80]. The vesicles and antibody solution were added to the phospholipid film, and the solution was sonicated for 5 min to attain enrichment of the vesicles with Abs for specifically targeting the arthritic joint in vivo [80].



Zou et al. developed expression of scFv of HIV-1-specific mAb (10E8) on the exosomal surface using the pDisplay gene engineering technique [81]. Curcumin (for killing HIV-1- infected cells) or miR-143 (for apoptosis induction) encapsulated exosomes were used to deliver the cargos to Env+ target cells to induce a strong suppression of the tumor growth in vivo [81].



Nanobodies are single variable domains derived from the heavy chains of Camelidae heavy chain Abs, and nanobody-PEG-micelles were mixed with exosomes to transfer nanobody-PEG-lipids to the exosomal membrane targeting EGFR with cell specificity, prolonged circulation time, and enhanced accumulation in targeted tissues [82]. In addition, GPI-linked nanobodies were developed for attachment to the exosomal surface to improve cell association to EGFR-expressing tumor cells under flow conditions [83].





6. Enhancement of Cellular Exosome Uptake by Cotreatment of Anticancer Drug


In addition to functional peptide-modified exosomes for enhanced cellular uptake, we also determined the effects of anticancer drugs on the internalization of exosomes by cancer cells. In this study, we demonstrated the effects of gefitinib, a tyrosine kinase inhibitor of EGFR, on the cellular uptake of exosomes [84]. In EGFR-mutant HCC827 non-small cell lung cancer (NSCLC) cells, which are sensitive to gefitinib, macropinocytosis was suppressed by gefitinib treatment. However, the cellular uptake of exosomes was increased by gefitinib treatment (10 nM gefitinib treatment increased cellular uptake of exosomes (4-fold) in gefitinib-sensitive HCC827 cells but not in A549 cells that are not sensitive to gefitinib), whereas that of the liposomes was reduced (10 nM gefitinib treatment reduced cellular uptake of liposomes (35%) in gefitinib-sensitive HCC827 cells but not in A549 cells that are not sensitive to gefitinib) [84]. In accordance with the results of the cellular uptake studies, the anti-cancer activity of doxorubicin (DOX)-loaded exosomes in HCC827 cells was significantly increased in the presence of gefitinib (10 nM gefitinib treatment increased cell death (~50%) in gefitinib-sensitive HCC827 cells but not in A549 cells that are not sensitive to gefitinib), whereas that of DOX-loaded liposomes was reduced (10 nM gefitinib treatment reduced cell death (~50%) in gefitinib-sensitive HCC827 cells but not in A549 cells that are not sensitive to gefitinib) [84]. The digestion of exosomal membrane proteins by trypsin surprisingly increased uptake, suggesting a complex cellular uptake mechanism. These results suggest that gefitinib can enhance cell-to-cell communication via exosomes within the tumor microenvironment. It is likely that this unidentified mechanism greatly improves cellular uptake by the additive effect of both drugs; however, further elucidation of the mechanisms is needed to confirm this. Regardless, exosomes show potential as drug delivery vehicles in combination with gefitinib for the treatment of patients harboring EGFR-mutant NSCLC tumors.




7. Conclusions


In this review, the importance of macropinocytosis in the cellular uptake of exosomes and the methods for modification of biofunctional peptides on exosomes to induce macropinocytosis in targeted recipient cells have been discussed. Another active target system based on exosomes recently developed was also summarized and discussed, and macropinocytosis induction might possibly contribute to improvement for the cellular uptake efficacy and biological efficiency in the system. In exosome-based cell-to-cell communication, cellular uptake pathways may significantly affect their communication efficacy, and cellular macropinocytosis induction, which is affected by each cellular innate capacity and environmental condition, might also decide exosome-based control of cellular functions even in disease progression, including cancer (e.g., macropinocytosis inducible cancer-related receptors such as epidermal growth factor receptors and chemokine receptors (EGFR and CXCR4)). Further elucidation of exosome-based communication in homeostasis and disease progression is required to develop sophisticated therapeutic technology utilizing cellular uptake. We have developed straightforward techniques to modify biofunctional peptides on exosomal membranes which could be useful in controlling intercellular communications and the development of therapeutic delivery systems. These findings and experimental techniques for “macropinocytosis in exosomes” controlled by biologically functional peptides will hopefully contribute toward the study of exosome-based communication. And other macropinocytosis inducer will be applicable, however, there are few macropinocytosis inducers reported including arginine-rich peptides, and ligands for macropinocytosis inducible cancer-related receptors such as EGFR and CXCR4, therefore, further development of macropinocytosis inducer, which is useful for enhancing cellular uptake in not only exosome-based intracellular delivery but also other systems such as antibody-based delivery and liposomes, should be needed.
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Figure 1. Modification of biofunctional peptides on exosomal membranes to target recipient cellular membrane proteins and enhance the cytosolic release of exosome contents. 
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Figure 2. (a,b) Arginine-rich cell-penetrating peptide-modified (membrane insertion (a) and covalently conjugation (b) methods) exosomes for macropinocytosis induction and efficient recipient cellular uptake. 






Figure 2. (a,b) Arginine-rich cell-penetrating peptide-modified (membrane insertion (a) and covalently conjugation (b) methods) exosomes for macropinocytosis induction and efficient recipient cellular uptake.



[image: Processes 09 00224 g002]







[image: Processes 09 00224 g003a 550][image: Processes 09 00224 g003b 550] 





Figure 3. (a,b) Coiled-coil peptide-modified exosomes for recognition of tagged receptors, clustering, receptor activation, and cellular uptake via macropinocytosis. (a) Synthesis of stearyl-K4 peptide. (b) K4-exosomes recognize E3-receptors, leading to the receptor clustering, activation, signal transduction, macropinocytosis induction, and enhanced cellular uptake of the exosomes. 
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Figure 4. Enhanced cellular uptake and cytosolic release of exosomal contents by combinational treatment of pH-sensitive fusogenic peptide, GALA, and cationic lipids. 
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