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Extracellular vesicles (EVs) are membrane vesicles, the

submicron-size microparticles and the nanometer-size

exosomes, that carry RNAs, proteins and lipids from their

parent cells. EV generation takes place under cellular activation

or stress. Cells use EVs to communicate with other cells by

delivering signals through their content and surface proteins.

Beyond diagnostic and discovery applications, EVs are

excellent candidates for enabling safe and potent cell and gene

therapies, especially those requiring strong target specificity.

Here we examine EVs, their engineering and applications by

dissecting mechanistic and engineering aspects of their

components that endow them with their unique capabilities:

their cargo and membranes proteins. Both EV cargo and

membranes can be independently engineered and used for

various applications. We review early efforts for their

biomanufacturing.
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Introduction
Extracellular vesicles (EVs) are generated by most if not

all mammalian cells [1–3] and carry RNAs, proteins, and

lipids from their parent cells during EV generation, which

takes place frequently under cellular activation or stress

[2]. Among EVs, the submicron-size microparticles/

microvesicles (MPs/MVs; also known as ectosomes) are

the larger ones ranging from 100 to 1000 nm in size. They

bud off the cytoplasmic membrane of the parent cell
www.sciencedirect.com 
under normal physiological or pathophysiological condi-

tions, including coagulation, inflammation, tumorigene-

sis, and differentiation [2]. Exosomes (Exos), distinct

from MPs, are nano-size particle (<100 nm) which origi-

nate from multivesicular bodies through exocytosis [2,4].

Besides mammalian cells, outer membrane vesicles

(OMVs), derived from bacteria (especially Gram-negative

bacteria) are involved in stress response, promoting sur-

vival, pathogenesis, and interaction between bacteria in a

community [5].

Cells use EVs to communicate with other cells by deliv-

ering signals through their content [2]. As reviewed (e.g.

Refs. [6–8]), over the last few years, EVs have emerged as

important mediators of intercellular communication reg-

ulating an ever-expanding range of biological processes,

both on normophysiology and pathophysiology. The for-

mer includes enhancing and accelerating native develop-

mental programs in immunology, vascular repair, and

angiogenesis, while the latter includes carcinogenesis

and cancer metastasis, neurodegenerative disorders,

and infectious and cardiovascular diseases. As such,

EVs are suitable for a broad range of applications, from

minimally invasive diagnostic applications to therapeutic

interventions, including cell therapies and macromolecu-

lar drug delivery. In order to pursue such applications

involving EVs, better EV characterization, as well as

better understanding of the mechanisms of cell targeting

and methods for EV biomanufacturing are needed

(Figure 1).

How do EVs recognize and deliver cargo to
target cells?
Understanding how do EVs target and are taken up by cells

is crucial for their applications [9,10]. The interaction

typically starts with a ligand–receptor mediated binding,

adhesion, or docking of EVs to target cells (Figure 1). The

ligands and receptors involved are EV and target-cell

specific, and, in some cases, this ligand–receptor recogni-

tion step is sufficient to alter the fate of target cells [11–13].

Yet, in most cases, EVs exert their biological effect through

transferring of signaling molecules (miRNAs, mRNAs,

proteins, phospholipids, or generally, a morphogen), which

likely requires uptake of EVs by the target cells [2,14].

It has been suggested that the two major mechanisms

used by targeted cells to take up EVs are endocytosis and

membrane fusion [2,14] (Figure 1), and that cells use one
Current Opinion in Biotechnology 2019, 60:89–98
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Figure 1
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A systems view of EV-based applications.

Development for EV-based applications detailed in six steps. Step 1: Determination of the target cell type. One could target and induce tumor-cell

death, or target normal cells to enhance cell proliferation, differentiation or trigger other positive phenotypic responses. Step 2: Identify one or

more EV types for targeting the desirable cell type from Step 1, based on the biology of EV-to-target-cell interactions. Narrow down the options

from EV’s target specificity or biological outcomes. Step 3: Surface modification on EVs to enhance recognition of and uptake of EVs by target

cells, if there are no naturally targeting EVs. Step 4: Determination and optimization of the method for EV biogenesis (chemically, physically,

starvation-induced, stimulation-induced or other). Step 5: Manufacturing of EVs from bench to bioreactor scale, and optimization of EV purification

and characterization for GMP-grade EVs. Step 6: Post-biomanufacturing modification of EVs to engineer membrane characteristic and content.
of these two mechanisms [15,16]. The mechanisms of EV

uptake largely depend on the recipient cell type [17��].
Several endocytosis pathways have been examined in EV

uptake. For example, macropinocytosis and clathrin-

independent endocytosis dominate the uptake of EVs

by tumor cells [18��], while phagocytosis is usually

engaged by immune cells (dendritic cells, macrophages,

or T cells) [19]. Receptor-mediated endocytosis such

as clathrin-dependent or caveolin-dependent endocytosis

was reported for microglia, macrophages or tumor cells

[10,20]. Direct fusion of EVs with cells was also claimed in

some studies [16,21], but the evidence for such fusion

events was challenged [22��]. The fusion event requires

the interaction among surface proteins from EVs and

recipients cells, such as syncytin and its receptor Major

Facilitator Superfamily Domain 2a (MFSD2a) [23]. EV

uptake is examined in in vitro co-cultures of EVs with

target cells. EVs are stained with a lipid-membrane dye

(e.g. PKH26 or DiD) or a cytosolic dye (e.g. CFSE) for

tracking the EVs and the cargo delivery into target cells.

We have recently reported detailed studies on the uptake

of megakaryocyte-derived MPs (MkMPs) by hematopoi-

etic stem/progenitor cells (HSPCs) through both endocy-

tosis and membrane fusion [22��] (Figure 2). We have

used CFSE-stained MkMPs and identified individual
Current Opinion in Biotechnology 2019, 60:89–98 
intact MPs in target cells thus demonstrating MP uptake

through endocytosis (Figure 2a and b) [22��]. To identify

EV uptake via membrane fusion, transferring of fluores-

cence dye from the EVs to target cells were detected by

confocal microscopy [16,21]. Using confocal fluorescent

microscopy, we have shown the generation of gradients of

CFSE dye carried by MkMPs into HSPCs, thus suggest-

ing the delivery through membrane fusion (Figure 2c)

[22��]. Electron microscopies can provide higher resolu-

tion and detailed imaging of EV uptake. With scanning

electron microscopy (SEM), we have demonstrated the

fusion of MkMPs to HSPCs in four stages (Figure 2d),

with microvilli on the HSPC surface noted near the

‘landing’ site of MkMPs on the HSPCs [22��]. With

transmission electron microscopy (TEM), fusion events

of MkMPs into HSPCs were detailed based on different

TEM textures of MkMPs compared to those of the target

cells (Figure 2e), further supporting the likely role of

microvilli on the HSPCs on the MP to target recognition

[22��]. Further, we demonstrated that MkMPs recognize

HSPCs through ligand–receptor interactions mediated by

several surface antigens on MkMPs (CD54, CD11b,

CD18 and CD43), and that the preferential site of

MkMPs on the HSPCs is the uropod (‘back tail’) of

the HSPCs (Figure 2a).
www.sciencedirect.com
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Figure 2
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Mechanisms involved in EV target recognition and uptake by targeted cells based on the example of megakaryocytic MPs (MkMPs) targeting

hematopoietic stem and progenitor cells (HSPCs).

(a) Confocal microscopy showing that MkMPs recognize and target HSPCs at the uropod area (CD133+) of HSPCs. MkMPs were pre-stained with

CFSE (green) dye before co-cultured with HSPCs for 3 hours. Scale bars represent 10 mm. Internalized MkMPs in HSPC uropods are indicated by

yellow arrows. (b) Evidence for MkMP uptake by HSPCs via endocytotic processes. CFSE-stained MkMPs were co-cultured for 3–5 hours with

day three cultured HSPCs. Intact MkMPs (yellow arrow) inside HSPCs were identified via confocal microscopy. Inserts amplify images to show

more details. Scale bars represent 20 mm. (c) Evidence for MkMP fusion to HSPC membranes. CFSE-stained MkMPs were co-cultured for

3–5 hours with day 3 cultured HSPCs. Confocal microscopy images in the upper panel demonstrate CFSE dye gradients inside the cells

emanating from one or few fluorescent particles (yellow arrow) on the cell surface. Scale bars represent 20 mm. Figures in the lower panel show

the CFSE dye intensity profiles quantitating the dye gradient along the black arrows of cells #1 and #2. (d) MkMPs were co-cultured with HSPCs

for 3–5 hours. Micrographs from scanning electron microscopy demonstrate four consecutive stages of the MkMP (yellow arrow) fusion into HSPC

membranes. Scale bars represent 1 mm. (e) Evidence for MkMP fusion to HSPC membranes. MkMP were co-cultured with HSPCs for three–five

hours. Micrographs from transmission electron microscopy display partial membrane fusion (white arrow). Adapted from the authors’ own work

(Ref. [22��]).
EVs alter the biology and fate of target cells
through diverse mechanisms
Uptake of EVs enables delivery of EV cargo to recipient

cells, thus triggering a broad spectrum of biological phe-

notypes. Tumor-derived EVs regulate the tumor micro-

environment and impart an invasive effect in cancer

progression and angiogenesis [24,25]. Exosomes derived

from hepatocellular carcinoma cells delivered both

SMAD Family Member 3 (SMAD3) protein and mRNA

to circulating hepatocellular carcinoma cells, enhanced

their adhesive ability, and supported their metastasis

[26��]. EVs also play roles in cell differentiation and

reprogramming. In our previous studies, MkMPs trig-

gered megakaryocytic differentiation of HSPCs by

transferring of RNA, especially miRNAs [22��,27]. Ultra-

sound-induced exosomes released from human dermal
www.sciencedirect.com 
fibroblasts carried reprogramming factors and quickly

induced cell differentiation of fibroblasts to neural-

progenitor cells [28��]. MPs from endothelial progenitor

cells activated angiogenesis by transferring of mRNA to

other endothelial cells [29]. Delivery of miR-150 by

monocyte-derived MPs to endothelial cells promoted

angiogenesis [30]. EVs have also demonstrated therapeu-

tic potential. For example, MPs derived from human

bone marrow mesenchymal stem cells stimulated prolif-

eration of tubular epithelial cells and protected cells from

apoptosis through RNA delivery [31].

Translational applications of native EVs
As discussed, native EVs (MP and exosomes) have a good

potential as therapeutic agents in translational applica-

tions. Below, we review the target specificity and the
Current Opinion in Biotechnology 2019, 60:89–98



92 Pharmaceutical biotechnology

Table 1

Translational applications of EVs

In vitro/in vivo Functionality Native cargo Target cell Ref.

Mesenchymal stem cell

(MSC)-derived EVs

In vitro MSC-EVs targeted monocytes and B cells. N/A Monocytes, B

cells

[33��]

In vitro MSC-EVs increased the expression of anti-apoptotic

genes (e.g.: Bcl-xL, Bcl2, and BIRC8) and decreased the

expression of proapoptosis genes (e.g.: Caspase 1,

Caspase 8, and lymphotoxin alpha) in human tubular

epithelial cells.

N/A Tubular epithelial

cells

[34]

In vivo (xenograft tumor model) MSC-EVs promoted cell growth of lung adenocarcinoma

cancer cells.

miR-410 Lung

adenocarcinoma

cancer cells

[35]

Endothelial progenitor cell

(EPC)-derived EVs

In vitro and in vivo (SCID mice) EPC-derived MVs were incorporated in endothelial cells

by interaction with alpha-4 and beta-1 integrins expressed

on the MV surface, and trigger angiogenesis, promoted

endothelial cell survival, and proliferation.

mRNA Endothelial cells [29]

In vitro and in vivo (LPS-induced

ALI in mice)

Administration of EPC-Exos ameliorated LPS-induced ALI

and restored the in vivo pulmonary integrity. EPC-Exos

enhanced the proliferation, migration and tube formation

of endothelial cells (ECs).

miR-126 Endothelial cells [36�]

In vitro and in vivo (murine sepsis

model)

EPC exosomes treatment improved survival, suppressing

lung and renal vascular leakage, and reducing liver and

kidney dysfunction in septic mice.

miR-126-3p,

miR-126-5p

HMVECs [37]

In vitro and in vivo (AKI rat model) EPC-MVs protected the kidney from ischemic acute injury

by enhancing tubular cell proliferation, reduced apoptosis,

and leukocyte infiltration, by delivering of miR-126 and

miR-296. EPC-MVs specifically targeted endothelial cells

and epithelial cells, but fibroblast-MVs did not.

miR-126,

miR-296

Tubular

endothelial cells,

tubular epithelial

cells

[38]

Megakaryocyte (Mk)-derived and

platelet-derived EVs

In vitro Human megakaryocyte-derived microparticles induced

megakaryocytic differentiation of hematopoietic stem/

progenitor cells via transferring of RNA.

mRNA,

miRNA

Hematopoietic

stem/progenitor

cells

[22��]

In vitro P-EVs bound to neutrophil or endothelial cells through

specific markers, and promoted the interaction between

neutrophils and endothelial cells.

N/A Neutrophils or

endothelial cells

[41��]

Red blood cell-derived EVs

In vitro RBC-EVs bound to monocytes through CD11b/CD18 to

activate endothelial cells.

– Monocytes and

granulocytes

[80]

Abbreviations: LPS, Lipopolysaccharide; ALI, Acute lung injury; AKI, Acute kidney injury.
nature of the native cargo of EVs derived from a few select

cell types. These and additional reports are summarized

in Table 1.

Mesenchymal stem/stromal cell (MSC)-derived EVs

MSC-derived EVs (MSC-EVs) have shown therapeutic

effects in tissue repair based on their anti-apoptotic,

anti-inflammatory, or anti-oxidant effects (reviewed in

Ref. [32��]). MSC-EVs can enhance proliferation, and/

or reduce apoptosis of epithelial cells in kidney disease,

hepatocytes in liver diseases, or cardiomyocytes in heart

disease, apparently by delivery of RNA or growth

factors [32��]. Di Trapani et al. have shown that

MSC-EVs specifically target monocytes and B cells,
Current Opinion in Biotechnology 2019, 60:89–98 
but not other lymphocytes (T, NK cells) in peripheral

blood [33��]. Bruno et al. demonstrated  specific anti-

apoptotic effects from MSC-EVs, but not from fibro-

blast EVs, to human tubular epithelial cells by

upregulating anti-apoptotic genes and downregulating

pro-apoptotic genes [34]. In contrast, human umbilical

cord MSC-EVs promoted cell growth of lung adenocar-

cinoma cells mediated by miR-410, thus suggesting

another therapeutic option (miR-410 inhibition) to

inhibit tumor progression [35].

Endothelial progenitor cell-derived EVs (EPC-EVs)

EPC-EVs target specifically endothelial cells or epithelial

cells. In vitro, EPC exosomes (EPC-Exos) enhanced the
www.sciencedirect.com
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proliferation and migration of endothelial cells [36�]. Invivo,
injection ofEPC-Exos intomicealleviated Lipopolysachar-

ide(LPS)-induced acute lung injury (ALI) by transferring

miR-126 to endothelial cells [36�]. EPC-Exos, which are

enriched in miR-126-3p and miR-126-5p, improved cell

survival in a murine sepsis model [37]. Deregibus

et al. demonstrated that EPC microvesicles (EPC-MVs)

specifically target endothelial cells via the surface proteins

VLA-4 (alpha-4 and beta-1 integrins), thus triggering angio-

genesis and enhancing endothelial survival [29]. In an acute

kidney injury (AKI) rat model, EPC-MVs enhanced tubular

endothelial/epithelial cells proliferation mediated by the

delivery of miR-126 and miR-296 [38]. These EPC-MVs

target endothelial/epithelial cells but not fibroblasts [38].

Megakaryocyte and platelet-derived EVs (Mk-EVs and P-

EVs)

Mk-EVs and P-EVs are the most abundant EVs in circu-

lation [39]. Although they have the same ontogeny and

both present the megakaryocytic markers (CD41 or

CD42b), they differ in that P-EVs are CD62P+ while

Mk-EVs (the most abundant in circulation of the two) are
Figure 3
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not. As discussed, Jiang et al. demonstrated that MkMPs

target HSPCs specifically through membrane fusion and

endocytosis, as mediated by surface proteins CD11b,

CD18, and CD54 [22��]. MkMPs can transfer RNA

[22��] to induce megakaryocytic differentiation of HSPCs

[27]. P-EVs trigger angiogenesis and play a role in tissue

repair and tumor progression [40]. In a recent study,

P-EVs (mostly platelet-derived microparticles, PMPs)

were shown to efficiently bind to neutrophils or endothe-

lial cells to enhance the interaction between neutrophils

and endothelial cells. CD62P or CD11b mediated the

recognition of neutrophils by P-EVs, while CD61, CD21,

and CD51 were involved in the interaction between

P-EVs and endothelial cells [41��].

Engineering using EVs or their components
for cargo delivery
EVs exhibit desirable native characteristics that makes

them suitable as vehicles for cargo delivery (Figure 3). As

summarized in Figure 3, all EVs components (their native

cargo, surface proteins, and membranes), can be engi-

neered for various applications. Loading of synthetic
(b)
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sed bilayer membranes, and internal cargo (DNA, RNAs, small RNAs,

n EVs and/or their components. For example, native cargo can be

 to use EVs or their membranes for targeted delivery. For example,

 enhanced by expressing additional antigens, ligands, receptors or

cell targets aiming to achieve various biological effects. Endogenous

ading) or directly loaded RNAs or proteins in EV-producing cells with

xing) or active (electroporation, sonication, or extrusion) cargo lading to

dently to load cargo for targeted delivery. For example, membrane

Vs) carrying specific receptors for targeting. MVs can be used for
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cargo is an important first engineering goal. EVs can be

also engineered to enhance target specificity. Finally,

their native cargo can be used for diagnostic, discovery

or therapeutic applications.

Cargo loading

Two main approaches have been used for cargo loading

(Figure 3b). Endogenous loading was used for protein or

RNA loading, whereby EV-producing cells were trans-

fected with plasmid DNA [42] or RNA [43,44] to over-

express specific genes and/or proteins [45]. Also, rather

than transfection, simple incubation of drugs with cells

leads to drug loading upon EV biogenesis [46,47]. More

investigations have focused on exogenous cargo loading
largely through electroporation to load RNAs or drugs

[46,48–50]. The loading capacity of cargo molecules

varies among different EV subsets. Small RNAs (miRNAs

[51] or siRNAs [52]) can be easily loaded into exosomes

with electroporation. MVs/MPs, due to their larger size,

can carry linear or plasmid DNA (pDNA either loaded by

direct electroporation [50,53��] or transferred from the

EV-producing cells [54]). Loading linear dsDNA larger

than 1000 bp to HEK293T-derived exosomes was ineffi-

cient, while loading pDNA practically was impossible due

to the small size of exosomes [50]. Both in vitro and in vivo
cargo delivery by HEK293FT-derived exosomes and

MPs demonstrated that functional protein expression

was only possible from pDNA delivery [54]. We demon-

strated that up to 4200 copies of pDNA can be loaded per

MkMP, which is significantly higher than the exosome

capacity for pDNA encapsulation (less than 10 copies per

exosome) [53��]. For loading practically significant

amounts of large size cargo molecules like pDNA, one

must use MPs due to their higher cargo capacity [53��].
Other methods such as saponin-mediate loading, extru-

sion or dialysis have also been used for cargo loading into

EVs, but electroporation was shown to be the most

effective method [46].

Surface modifications

Surface proteins are essential for recognizing specific

antigens on target cells (Figure 1). Beyond the natural

target specificity of some EVs (Table 1), one could

engineer EVs by expressing proteins or peptides on their

surface to enable or enhance target specificity (Figure 3b).

Ohno et al. engineered exosomes by expressing a peptide

fusion protein to specifically target and deliver miRNA to

breast cancer cells expressing EGFR (epidermal growth

factor receptor [42]. Tian et al. demonstrated doxorubicin

delivery by engineering dendritic-cell derived exosomes

expressing the exosomal membrane protein Lamp2b-

fused to an integrin-specific iRGD to target tumor cells

in vivo [55]. In another application, using exosomes

expressing Lamp2b fused to the neuron-specific RVG

peptide, GAPDH-siRNA was specifically delivered to

various cell types in the mouse brain [52].
Current Opinion in Biotechnology 2019, 60:89–98 
Mechanisms of EV biogenesis
Key to the biomanufacturing process is the mechanism by

which one can induce EV formation from various cell

types. EVs are produced typically under physiological or

pathophysiological stress or stimulation. Biogenesis of

two major type of EVs (exosomes or MPs) is quite

distinct. For exosome generation, several stimuli such

as cellular stress, irradiation, hypoxia, or starvation have

been shown to increase exosome production. Details

regarding the mechanisms of exosomes biogenesis at a

molecular level have been reviewed [56��]. Currently,

starvation is the only method that has been used in

exosome manufacturing [57��,58��].

Mechanisms of MP formation

MP formation requires cytoskeletal reorganization, espe-

cially as related to actin filaments. Inhibition of actin

polymerization affected MP generation by different cell

types. Treatment with cytochalasin D during platelet or

neutrophil activation decreased MP formation [59,60].

However, latrunculin A led to a 2.4-fold increased MkMP

generation [39]. ROCK-II (rho-associated coiled-coil-

containing protein kinases 2) mediates thrombin-medi-

ated erythrocytic-MP generation, with Caspase-2 as a

ROCK-II activator [61]. Caspase-3 mediates ROCK-I

cleavage and subsequently increased phosphorylation

of myosin light chain and membrane blebbing [62]. In

some cases, this is followed by flipping of phosphatidyl-

serine (PS) from the inner to the outer leaflet of plasma

membrane as mediated by the enzymes flippase, flop-

pase, and scramblase [63]. Calcium appears to be involved

in MP generation, as well. The calcium ionophore A23187

was shown to increase cytosolic Ca2+, and to activate

calpains involved in PMP formation [64].

Inducers of MP formation

MP formation can be stimulated by simple or complex

chemicals, growth factors or other stimuli. For example,

thrombin induces PMP [65] or endothelial-derived MP

[61] generation. We have previously demonstrated

shear-force-induced MkMP formation in vitro, appar-

ently mediated by PS exposure and caspase-3 and cas-

pase-9 activation [27,66]. The calcium ionophore A23187

has been used to increase Ca2+ influx and biogenesis of

PMPs [67] and erythrocytic MPs [68]. TNF-a stimu-

lated neutrophil-derived MP formation [69], giving rise

to two distinct types of MPs from human aortic endo-

thelial cells: one population is ROCK-dependent,

miRNA-rich MPs, and the other population is caspase-

dependent, miRNA-poor MPs [70]. Lastly, lipopolysac-

charide was used to stimulate MP generation from

monocytes or granulocytes [71].

Biomanufacturing of EVs: exosomes and MPs
EVs are currently pursued by several startup and larger

companies for a broad range of applications, from mini-

mally invasive diagnostic applications to therapeutic
www.sciencedirect.com
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interventions, including cell therapies and cargo delivery.

To achieve large-scale EV production, it is necessary to

develop EV manufacturing using Good Manufacturing

Practices (GMP). Currently, several approaches have

been reported for GMP-grade manufacturing of exo-

somes either from MSCs [58��,72] or from cardiac pro-

genitor cells [57��]. The transition from bench-scale to

large-scale exosome production for clinical use has been

recently reviewed [73��]. These exosome manufacturing

protocols are all based on surface-attached (anchorage-

dependent) cells, which are generated in small or larger

scale using technologies that have been developed since

the 1980s to expand these cell types, and whereby exo-

somes are collected late in culture under some nutrient-

starvation protocol. However, very little has been done in

GMP-manufacturing of the larger MPs (MVs) from either

a systems or mechanistic point of view.

In a systems-analysis examination that applies to all EVs,

as shown in Figure 1, the first step is to identify which cell

type to target. For clinical applications, one could target

tumor cells aiming to enhance cell death, or target normal

cells to impart desirable positive phenotypic responses,

such as promoting cell proliferation or cell differentiation

or to rescue cells from injury. Next, according to the

biology of EV-to-target-cell interaction, one or more

specific types of EVs will be selected for initial examina-

tion based on target specificity and biological outcomes in

preclinical studies before narrowing the selection to one

EV type for scaling up. If there are no options among

naturally targeting EVs, one could engineer the surface

characteristics of EVs to enhance the uptake process from

the corresponding receptors presented by target cells.

These EVs can be selected from easy-to-generate EVs

such as MSC-EVs [74] or HEK-derived EVs. Once the

EV source cells are selected, methods for EV biogenesis

should be optimized. As discussed above, several mecha-

nisms are known to and have been used to induce EV

biogenesis. Among them, controlled biomechanical forces

show a great potential for producing EVs. This can be

executed quite readily for both suspension cultures

[75,76] as well as for cultures of anchorage-dependent

cells [77,78]. Scaling up the EV production process

includes the following: (a) manufacturing EV-producing

cells in a bioreactor of suitable scale; (b) applying an

optimized protocol to induce EV formation; (c) optimiz-

ing of EV collection and purification process; (d) devel-

oping assays for and testing the biological of GMP-grade

EVs; and (e) developing technologies for storage and

freezing of EVs. Biomanufacturing will require detailed

characterization of the cellular and functional EV proper-

ties to enable to identify and optimize key design and

operational features of the culture system for a scalable

and reproducible manufacturing process. Assays for

detailed characterization of EVs based on physicochemi-

cal properties (size, density), surface-protein expression,

and intraparticle content, and understanding how these
www.sciencedirect.com 
properties relate to biological effectiveness will be nec-

essary for EV manufacturing. These assays are to assess

functional product ‘quality’, and thus to establish a

‘process’ versus ‘function’ relationship to address the

question if and how does the manufacturing process affect

product quality. For example, given that mixing and

agitation in cell culture bioreactors affect expression of

surface proteins and RNA content [79], it is clear that

scaling up must be optimized to achieve the desirable EV

content and surface protein expression. This issue has not

yet been explored in the MP literature, but is widely

recognized as important in the emerging cell-therapy

industry. This is analogous to the issue to protein glyco-

sylation of protein therapeutics that was brought to the

forefront (and remains at the forefront) of manufacturing

protein therapeutics, whereby the process profoundly

affects protein glycosylation and thus therapeutic

efficacy.

Future developments
Understanding the mechanisms of EV-to-target recogni-

tion and its specificity is crucial for developing more

effective technologies for EV-based therapies or for using

parts of the EVs or their parent cells to construct semi-

synthetic delivery systems. Are there any reasons as to

why some EV has exquisite target specificity while other

do not? Can we determine if a cell’s EVs will have some

specific targets? Can we use modular engineering of one

EV type to specifically target different cell types? This

would enable to use one single biomanufacturing process

with post-manufacturing EV engineering to develop the

final product.

Similarly, better understanding of mechanistic aspects of

EV uptake by target cells will enable better technologies

to enhance the uptake process and deliver EV cargo to the

desirable target-cell location. For example, if the nucleus

is the target location, one would expect that endocytotic

EV uptake might be undesirable due to the likely EV-

cargo degradation through endosomal processing.

Instead, understanding the mechanism of EV fusion to

the plasma membrane (Figures 1 and 2) might enable

means to enhance fusion and suppress endocytotic

uptake. A related issue is that the dichotomy of target

recognition versus EV uptake. We have shown that

PMPs, which similar ontogeny as MkMPs can recognize

and bind to HSPCs, but are not taken up by HSPCs [22��].
The mechanism that underlies this observation is

unknown, but the phenomenon most likely is not unique,

and can be exploited in several possible ways, including

the development of competitive inhibition of undesirable

EV uptake by a specific cell type.

A related issue is the mechanism that determines EV

stability in circulation and biodistribution post infusion

into the patient. The process by which transplanted cells

home to the desirable organ has been investigated in
Current Opinion in Biotechnology 2019, 60:89–98
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some cases, but remains, generally, not well understood.

How much of that knowledge applies to EVs is unknown.

It is also important to develop synthetic-biology tools and

vesicle technologies to enable combining components

from different EVs or cell sources and synthetic mem-

branes to create new synthetic vehicles. This would allow

one to combine a broader spectrum of targeting mecha-

nisms and cargo loading. Could one embed specific anti-

bodies to the EV membrane for even more specific or

enhanced target recognition? Could one load EVs with

‘toxin’ proteins to target cancer and other aberrant cells?

Could one use EVs for targeted immunotherapy?

While some early efforts in exosome biomanufacturing

have been reported, MP biomanufacturing remains

largely unexplored. EV biomanufacturing would benefit

from methods to quickly and accurately determine the

loading efficiency of cargo (DNA, RNA, protein, or drugs)

and the development of scalable, high-resolution purifi-

cation methods, as well as technologies for product

‘finishing’, formulation, and storage. EV-product stability

is also critical, as it would permit a wider spectrum of

clinical applications, such as the case of the MkMPs,

which can be stored frozen and could be possibly used

as a possible substitute of platelet transfusions, to over-

come the inability to store and transport platelets [22��].
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