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Abstract

Extracellular vesicles (EVs) have evolved across all phyla as an intercellular communication system.
There are intrinsic advantages of leveraging this capability to deliver therapeutic cargo to treat disease,
which have been demonstrated in numerous in vivo studies. As with other new modalities, the challenge
has now shifted from proof of concept to developing reliable and efficient large-scale infrastructure to
manufacture consistently pure and potent drug for broad-based patient access. This review focuses on
how this challenge has been met with both existing and emerging technology platforms that are making
impressive strides in the industrialization of EV manufacturing. In addition, we also highlight the gaps and
opportunities that are beginning to be explored and addressed to hasten ushering in the era of

therapeutic EVs.
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High-impact areas for research and development in the emerging EV biomanufacturing industry.

Introduction

Extracellular vesicles (EVs) are lipid-bound particles secreted by both prokaryotic and eukaryotic cells
that contain a heterogenous cargo of proteins, nucleic acids and metabolites. Although the complexity of
EV structure, function, and biosynthesis is not completely understood, EVs represent an important
mechanism of intercellular communication and play significant roles in many physiological and
pathological processes. While academic research into EV biology began in the 1980s, biotechnology
industry involvement intensified nearly 25 years later. This long time lag was due to various factors,
including the initial interpretation of EVs as cellular waste-removing vesicles, which diminished the
perceived biological significance [1]. This view changed quickly after the publication of a few seminal
papers [2—4] demonstrating that EVs are also information carriers capable of modifying the behavior of
cells in distant organs [5] and even across species [6]. With this knowledge came the recognition that

EVs could be exploited to deliver therapeutic payloads for a wide range of indications. While the promise



of therapeutic exosomes is still largely manifest at the preclinical stage, Table 1 highlights the burgeoning

application of therapeutic EVs in the clinic.

EVs have several advantages over synthetic nanoparticle drugs and other cell-based therapies. These
nanoparticles exhibit low levels of immunogenicity when derived from either autologous or allogeneic
sources, thus limiting potential side effects. Furthermore, EVs deliver cargo to recipient cells more
efficiently than artificial nanoparticles [7] and have been shown to traverse the blood-brain barrier [8].
Current estimates suggest that EVs can transfer between 10-30% of the RNA cargo to the cytosol of
recipient cells, in contrast to lipid nanoparticle systems that are estimated to deliver only ~1-2% [9]. The
size and membrane lipid composition facilitate fusion with target cells, where EVs can deliver the cargo
while avoiding degradation. As a result, EVs have recently emerged as promising alternatives for delivery
of nucleic acids [10,11], proteins [12,13], and small molecules [14] to recipient cells. EVs can be
endogenously or exogenously loaded with a range of different therapeutic molecules, are highly
biocompatible and non-toxic, and intrinsically express surface proteins capable of promoting increased

blood circulation, tissue-targeted delivery, and cellular uptake [15,16].

The emergence of a new therapeutic modality is a rare event associated with tremendous opportunities,
but also, certain challenges (Figure 1). In particular, due to the high complexity of EVs, the large-scale
manufacturing of EVs is a difficult task that has recently taken a central stage in the EV field [17].
Historically, early methods for production of complex biologics have been established in academia, and
later transferred to industry for further refinement and scale-up. While this might be perceived as the
fastest path to commercialization, such methods are not always compatible with the demands of large-
scale GMP manufacturing. The lessons learned from other modalities, such as AAV gene therapies, can
be instructive in the manufacturing of EV therapeutics. The demand projections for AAVs vary broadly
between clinical indications, in some cases increasing beyond 10" viral genomes per dose. Such large
numbers have resulted in major AAV manufacturing capacity challenges [18]. While clinical experience
with EVs is still limited, recent reports suggest similar broadly varying dose patterns [19—21]. Hence, there
is a critical need for basic science and engineering research that will lead to improvements in scalable
and rapidly adaptable technologies for EV biomanufacturing. It is also important to learn from prior
empirical approaches and advance toward the rational design of engineered EVs with defined and

tunable therapeutic properties.

EV Engineering Approaches

Multiple approaches to enable the effective loading of different types of pharmacologically active
molecules have been explored with varying degrees of efficiency. These engineering efforts can be
broadly lumped into two classes; the engineering of cells to affect the intracellular loading of molecules by

co-opting the cellular EV biosynthesis machinery (endogenous loading) or alternatively, exogenous



loading post EV purification. For effective loading of protein cargo, recent advances in the identification
of specific EV markers such as PTGFRN and BASP1 [22] or oligomerizing the N-terminus of syntenin [23]
have opened the door to classical genetic engineering to produce stably modified host cells in which
proteins of interest are effectively loaded on or in EVs at high valency via genetic linkage to these fusion
partners. An alternative genetic engineering approach that enables soluble EV cargo loading takes
advantage of transient light induced dimerization of a therapeutic protein fused to a photoreceptor
cytochrome and a corresponding light inducible dimerization domain fused to a tetraspanin. EVs loaded
with a transcriptional repressor using this technology have been shown to be efficacious in animal models
of sepsis [24] and have been approved to initiate a healthy volunteer safety trail in Australia. From a
manufacturing perspective, endogenous loading is the most straightforward path to developing
engineered EV based therapeutics as no API (active pharmaceutical ingredient) needs to be combined

with the EV carrier during drug product manufacturing.

Similar approaches for the endogenous loading of nucleic acids, particularly RNAs, has not been as
straightforward although recent work [25] have identified a series of consensus sequences termed
“EXOmotifs” present in miRNAs that are enriched in extracellular vesicles relative to the cytoplasma.
When said motifs were engineered into miR-37c, a miRNA normally not enriched in EVs, the authors,
using a transwell format, showed a fifteen-fold increase in the delivery of the EXOmotif engineered miR-
37c to the recipient cells relative to wild type miR-37c. In a similar strategy, Reshke et al. [11] integrated
siRNA sequences into pre-miR-451 hairpins that selectively load into EVs. These engineered EVs
reduced expression of target genes in the liver, intestine and kidney of mice at siRNA doses that are at
least tenfold lower than the doses typically delivered via lipid nanoparticles. Whether these approaches
will be broadly applicable to a variety of potential host cell lines and capable of loading an efficacious

level of therapeutic miRNAs or siRNAs remains to be proven.

As noted above, exogenous loading methods have been developed out of necessity to engineer EVs
post-purification for molecules not readily amenable to endogenous loading. Many studies have been
published utilizing electroporation in an attempt to introduce small molecules and nucleic acids into EVs.
However, the Schwan equation predicts that permeabilizing exosomes of 50-200nm diameter requires
field strengths significantly higher than that achievable with commercially available electroporation
systems designed for cell electroporation [26]. In addition, it has been shown that aluminum electrodes
shed aluminum hydroxide particles when pulsed [25]. These particles will be difficult to distinguish from
vesicles by the standard nanoparticle tracking analysis and can influence the cellular uptake of biological
nanoparticles [26]. Consistent with this observation, a similar finding demonstrated that electroporation of
siRNA resulted in severe aggregation of the siRNA and little effective loading into the lumen of the EVs
[27]. Despite these obstacles, apparent successes have recently been published for a range of molecules
such as the chemotherapeutic agent Doxorubicin [28] as well as miRNAs [29,30]. Regardless of the

ability to overcome the technical challenges of electroporating small vesicles, there is currently the



additional limitation of scale. Although commercially available flow electroporation systems are available,
these systems have volume restrictions that would make it impractical to generate large GMP batches of

electroporated EV drug product.

Orthogonal approaches for exogenous loading have been successfully developed that capitalize on the
recognition that efficacious EV mediated delivery of cargo can be achieved not only when loaded within
the vesicle but also when attached to the surface. Conjugating a cholesterol anchor and linker to different
classes of nucleic acid therapeutics such as siRNA [31] and antisense oligonucleotides [32] have been
shown to enable loading of upwards of 2000-3000 molecules per vesicle and effective knockdown of the
target gene. An alternative approach for loading RNA onto the surface of vesicles has also recently been
published [33] and is based upon the identification of a phosphatidylserine binding motif in the GAPDH
enzyme that has an affinity for EVs. When this motif was fused to dsRNA binding domains and the
resulting fusion protein incubated with siRNA, the authors demonstrated the loading of approximately

500-700 siRNA molecules per vesicle and knock down of the target gene in vivo.

EV sources

A major factor influencing the EV manufacturing process is the EV source. Most reported studies have
been focused on EVs of human origin derived from bulk sources (such as blood or plasma, [34,35]),
primary mesenchymal stem cells (MSCs) [36], induced pluripotent stem cells (iPSCs) [8], immortalized
primary cells (such as MSC-MYC [37]), or established cell lines such as HEK-293 (Human Embryonic
Kidney cells) and CAP (CEVEC Amniocyte Production cells; CEVC Pharmaceuticals GmbH). While each
of these sources has its advantages and disadvantages, immortalized cell lines are of primary interest for
large-scale EV manufacturing and will likely find broad application. Such cell lines facilitate the
construction of engineered EVs with advanced therapeutic properties, and have fewer barriers to scale-up
[22]. The production of EVs for therapeutic purposes from various non-human sources is also attracting
significant attention. Examples are microbial culture [38], bovine milk [39,40], various plants [41], and
marine microalgae [42]. The main advantage of these sources is the broad availability and low cost. At
present, however, the therapeutic applications are still limited, likely due to immunogenicity concerns

specifically for parenteral administration.

Upstream EV manufacturing

For natural EV sources (human blood/plasma, bovine milk, plants), upstream manufacturing is not
needed. On the other hand, the production of EVs in cell culture (human, microbial, microalgae) requires
cultivation under optimized conditions in bioreactors of appropriate type and scale. Most current

applications utilize primary or immortalized human cells. Examples of the former are MSCs producing



native EVs with promising applications in tissue regeneration [43,44]. Primary cells are most often
anchorage-dependent, usually grown in two dimensional culture systems at low cell density. Due to the
limited productivity and scalability, the 2D systems are increasingly being replaced with 3D bioreactors,
such as stirred tanks with microcarriers, packed-bed systems, and hollow-fiber cartridges [45]. In parallel,
the traditional (EV depleted) serum-containing media formulations are being replaced with serum-free
media (enriched with growth factors [46]) of improved safety, performance and cost. However, even with
the recent technological advancements, EV productivity from primary cells is limited, mainly due to low

bioreactor cell densities [47].

Utilization of established human cell lines (HEK-293, CAP, etc.) grown in suspension mitigates these
productivity constraints. Cultivation of these cell lines is compatible with the most advanced
bioprocessing technology available today, including fed-batch or, particularly, high-density perfusion
processing using chemically defined media, which can yield high EV productivity and is compatible with
existing biomanufacturing infrastructure [48]. Likewise, impressive EV productivity, process robustness
and low cost can be achieved in industrial bioreactors growing microbial cells, either wild-type or
engineered. Most recently, the application of marine microalgae to large-scale EV production has been
reported [42]. Good performance has been reported for scalable photobioreactors using ultra-low-cost
media based on seawater. However, despite the excellent safety and nutritional values of microalgae,
large demand for such EVs does not yet exist. The opportunity for microalgae EV engineering will likely

broaden their therapeutic application [49].

Downstream EV manufacturing

While upstream EV manufacturing strongly depends on the EV source, downstream methods have
broader applicability to different types of EVs. These methods have evolved historically as a variety of
individual unit operations [50], which are often combined in sequences to achieve better EV purity. In
general, most methods start with a cell separation step using differential centrifugation, filtration, or a
combination of both [48,51,52]. Regardless of their broad acceptance, the centrifugation methods are
slow, laborious, and not compatible with large-scale GMP manufacturing. For these reasons, new
methods based on chromatography (size exclusion, ion exchange, hydrophobic interaction, affinity, multi-
mode) and filtration (depth, tangential flow, dead end) are being actively developed [50,51]. Applications
of advanced new purification methods based on field flow fractionation [53], nanoscale lateral
displacement [54], acoustics [34], or affinity separation [55,56] are increasingly reported. The latter is
facilitated by decorating the EV surface with desired proteins, which can be a convenient targets for
affinity ligands [56,57].



High-impact areas for further development

Further advancement of EV manufacturing undoubtedly requires research in many directions. A few

high-impact areas are outlined below.

Rational cell line engineering for high EV productivity and potency. The cellular pathways
involved in EV synthesis are complex and not well understood. Therefore, exploiting host cell line
engineering to improve EV productivity and product quality is still in its infancy and will be enhanced
by better understanding of EV biosynthesis and assembly pathways and bottlenecks [10]. Research
in this area will help identify specific targets amenable to host cell engineering, yielding high
performance cell lines for EV manufacturing

Cell culture media development. Most current media formulations have been designed for high
productivity of monoclonal antibody or recombinant proteins. Considering the composition of EVs, it
is likely that the nutritional requirements of EV producing cells are not fully met by the existing
formulations. Understanding and mapping these requirements into new media formulations could
significantly boost EV productivity [57].

Affinity chromatography. The recent progress with synthetic affinity ligands has potential in the
design of a new generation of chromatography media with high EV specificity and capacity.
Chromatography steps utilizing such media will deliver high purity, yield, and shorter purification trains
[55,56].

Novel EV separation methods based on microfluidics and acoustics. This technology is being
developed for the separation of various particles, recently including EVs [34]. This purely physical
approach has the additional advantages of being compatible with long-term continuous operation
under aseptic conditions. Major current challenge is scalability, which could be tackled with the
application of massively parallel microfluidics technology.

Application of integrated continuous biomanufacturing. Recent studies have demonstrated the
compatibility of this technology with several new therapeutic modalities [58]. The reported
implementations are based on hollow fibers [45] and high-density stirred tank bioreactors [59,60],
including 500L Good Manufacturing Practice (GMP) manufacturing of engineered EVs for different
clinical indications [48]. Integration of the up- and downstream unit operations into a continuous
production system is an attractive opportunity offering additional advantages [57].

Analytical methods for single EV characterization. The analytical needs in the EV field are
enormous at all stages, including basic research, product and process development, and GMP
manufacturing. Of specific interest are methods for single EV characterization, needed for

understanding the structure-function relationships and natural EV heterogeneity [61].



Conclusions

The broad clinical potential of EVs and the opportunities for precise engineering points to a bright future
for EV therapeutics [43,62]. As with cell therapies [63,64], the exciting progress with EV engineering has
enriched the EV clinical paradigm. It has allowed moving beyond the limitations of identifying what
clinical indications could benefit from the intrinsic properties of native EVs to rationally engineering EV's
with specific properties for targeted clinical indications. This approach has also eliminated the limitations
of producing EVs from cell types with poor manufacturability attributes that significantly constrain the
ability to manufacture large quantities of drug. As a result, significant progress has been made with the
development of large-scale EV manufacturing processes [64]. As illustrated in Figure 2, a single 500L
GMP campaign can yield 10'7-10'@ purified EVs enabling large-volume applications, such as

vaccines. Even with these strides, EVs remain a new emerging modality with much untapped potential
for further multifold productivity and potency enhancement. This potential will be realized via continued
investment and research in cell line and EV engineering, media optimization, up/downstream process

development, all supported by novel analytical methods.
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Annotated References
* of special interest

** of outstanding interest

** (Reshke, 2020) Reports an approach where siRNA sequences can be endogenously loaded into EVs
by integration into pre-miR-451 hairpins that are selectively enriched in EVs. By loading EVs with siRNA
targeting GFP and then administering them intravenously to a transgenic mouse that expresses GFP

ubiquitously, the authors assessed in vivo tropism and knockdown activity in a variety of organs.

* (Jang, 2021) Describes the development of exoSTING, an EV that is exogenously loaded with an
immunomodulatory cyclic dinucleotide (CDN) via simple incubation with sufficiently high concentrations to
allow for passive loading. It was found that exoSTING was ~100—-200-fold more potent than free CDN in
human peripheral blood mononuclear cells, resulting in significant improvements in antitumor activity in
preclinical models of melanoma (when administered intratumorally) and hepatocellular carcinoma (when

administered intravenously).

** (Dooley, 2021) Demonstrated that highly enriched EV proteins were effective engineering scaffolds for
high density display of proteins with therapeutic potential on the surface or lumen of EVs via genetic

engineering of the production cell line.

* (Gupta, 2021) Showed that fusing cytokine receptors containing oligomerization domains to the N-
terminal fragment of syntenin enabled effective display of these decoy receptors on the surface of EVs.

These engineered EVs were shown to be potent in multiple in vivo models of inflammation.

* (Garcia-Martin, 2022) Identified RNA sequence motifs that result in either cellular or EV enrichment.
Authors showed inclusion of a EV motif increased miRNA delivery and subsequent target gene knock

down in recipient cells.
* (Cheng, 2022) Provides a comprehensive summary of the clinical applications of EVs of various types.

* (Liangsupree, 2021) Well-structured review of EV purification technologies and development trends.



Tables and Figures

Table 1: Summary of clinical trials currently enrolling and/or treating patients with EV based

therapeutics (As of May 2022). https://www.clinicaltrials.gov/

Study Native or

Identifier Sponsor Indication Phase Source of EVs Engineered Therapeutic
NCT05127122 Direct Biologics Covid Induced ARDS 1 Bone Marrow MSCs Native Undefined
NCT04969172 Tel-Aviv Sourasky Medical Center Covid-19 I HEK293 Engineered CD24
NCT05216562 Dermama Bioteknologi Laboratorium | Covid-19 I Undefined MSCs Native Undefined
NCT04592484 Codiak Biosciences Solid Tumors 1/ HEK293 Engineered STING agonist
NCT03384433 Isfahan University Acute Ischemic Stroke /1 Undefined MSCs Native Undefined
NCT04544215 Ruijin Hospital Pulmonary Infection /1 Adipose MSCs Native Undefined
NCT04388982 Ruijin Hospital Alzheimer /1 Adipose MSCs Native Undefined
NCT04213248 Sun Yat-sen University GVHD Dry Eyes 1/ Umbilical MSCs Native Undefined
NCT05156229 Codiak Biosciences CTCL I HEK293 Engineered IL-12
NCT05375604 Codiak Biosciences Liver Cancer | HEK293 Engineered STAT6 ASO
NCT04652531 University of Turin Venous Ulcers | Autologous Sera Native Undefined
NCT04276987 Ruijin Hospital Coronavirus Pneumonia | Adipose MSCs Native Undefined
NCT01294072 University of Louisville Colon Cancer | Undefined Plant Engineered Curcumin
NCT05261360 Eskisehir Osmangazi University Meniscal Injury | Autologous Synovial MSCs Native Undefined
NCT03608631 M.D. Anderson Cancer Center Pancreas Cancer | Undefined MSCs Engineered kRAS siRNA
NCT01668849 University of Louisville Oral Mucositis I Grapes Native Undefined
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Figure 1. Challenges and opportunities for large-scale EV biomanufacturing. Unlocking the
tremendous therapeutic potential of EVs requires advances in (i) understanding cellular mechanisms that
control EV biosynthesis, cargo loading, and secretion, (ii) identifying properties of EVs that regulate the in
vivo trafficking, biodistribution, and cargo delivery, and (iii) developing efficient solutions to cultivate EV-
producing cells at high density and to purify EVs with specific features or contents.
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Figure 2. Large-scale GMP production of engineered EVs using a 500L high-density perfusion bioreactor
and filtration/chromatography-based purification train. EVs are both endogenously (PTGFRN) and
exogenously (STAT6 antisense oligonucleotide) engineered. Drug Substance of highly concentrated
PTGFRN-EVs is stored as three sublots in 5L bags. Drug Product is produced by loading these EVs with
STAT6 antisense oligonucleotide, resulting in a single lot stored in a 20L bag, ready for vial fill. The EV
material is produced to support an immune-oncology clinical program sponsored by Codiak BioSciences
[31]. Such 500L perfusion runs yield 10'7-10'® Drug Substance EVs, with a significant potential for a

further multifold productivity increase.





