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Small RNAs are an exciting class of therapeutics with significant untapped therapeutic potential, 

due to their ability to affect cell behavior at the RNA level. However, delivery of RNA is a 

challenge due to its size and labile nature. Extracellular vesicles (EVs) are promising as delivery 

vehicles due to their natural role as physiological intercellular microRNA transporters, and 

research has shown that EVs have significant advantages compared to competing technologies 

such as lipid nanoparticles. Specifically, EVs more readily transport through biological barriers, 

deliver RNA more efficiently, and are less immunogenic. However, intrinsic microRNA content 

in EVs is low and thus active small RNA loading strategies are needed to enable therapeutic use. 

Consequently, a variety of small RNA loading methods for EVs have been developed. These 

include endogenous and exogenous approaches. Exogenous approaches, in which EVs are loaded 

directly, have been shown to enable loading of hundreds to thousands of small RNAs per EV, but 

they are not readily amenable to scalable production processes. Endogenous approaches, in 

which EVs are loaded by upstream manipulation of the producer cell, are compatible with large 



 

 
 

 

scale EV production, but loading by these approaches is inconsistent and has scarcely been 

quantitatively analyzed. The work in this dissertation is focused on enabling small RNA 

therapeutics via EV delivery. The lack of an ideal small RNA loading approach for EVs is 

addressed by tackling important issues of both endogenous and exogenous loading. First, the 

loading capacity of several common endogenous loading methods was optimized and 

quantitatively analyzed. Additionally, new approaches to endogenous small RNA loading 

involving genetic manipulation of the RNA structure and the microRNA cellular processing 

pathway were developed and evaluated. Finally, exogenous loading via sonication was applied to 

enable delivery of a novel microRNA combination that was identified via a rational selection 

process. This combination of miR-146a, miR-155, and miR-223 was found to have potentially 

synergistic anti-inflammatory activity, and EV-mediated delivery of the combination opens the 

possibility for therapeutic application in inflammatory diseases and conditions such as sepsis. 

Overall, this work both improves understanding of current techniques for small RNA loading 

into EVs and opens new opportunities for advanced strategies, bringing EV-based small RNA 

therapeutics closer to clinical application. 
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Man then goes out to his work, 
to his labor until the evening. 

 

How many are the things You have made, O LORD; 
You have made them all with wisdom; 

the earth is full of Your creations. 
 

[…] vast and wide, 
with its creatures beyond number, 

living things, small and great. 
 

(Psalms 104: 23-25) 
 

 

 

 

A different exposition for “small and great”: 
these are the scholars, the small and the great, 

who sharpen their teeth on one another’s arguments. 
 

(The Midrash on Psalms) 
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Chapter 1: Introduction 

Extracellular vesicles (EVs) are increasingly studied as diagnostic and therapeutic agents in 

medicine. EVs are cell-derived membrane-delimited nanoparticles that have been shown to play 

a large role in physiological and pathological paracrine and endocrine signaling via intercellular 

transfer of proteins, lipids, and RNA. In particular, microRNA (miRNA), which are 19-23 

nucleotide (nt) RNA molecules that play an important regulatory role in cell biology, are 

enriched within EVs and are implicated as key drivers of their bioactivity [1]. Thus, EVs have 

been extensively studied as a platform for delivery of therapeutic miRNA as well as the 

functionally and structurally homologous short interfering RNA (siRNA) (miRNA and siRNA 

are collectively termed “small RNA”). A significant breakthrough occurred in 2011, when 

scientists loaded EVs with non-endogenous small RNA for delivery to the brain in a preclinical 

model [2]. Since then, numerous methods for the enrichment of specific small RNA in EVs have 

been developed, including “endogenous” methods wherein the parental cell is manipulated for 

overexpression of desired RNA into EVs and “exogenous” methods wherein the extracellular 

vesicles are first isolated and then directly enriched with RNA. Yet, despite years of research, 

there is still no consensus approach to small RNA loading of EVs, and a relative lack of 

quantitative understanding of the capabilities of the different methods in use constitutes a barrier 

to translation of EV-based therapies. The native miRNA content of EVs is subject to much 

debate and controversy in the field. Some labs have found miRNA content to be extremely 

enriched in EVs isolated from cell culture, with specific abundant miRNAs reaching above one 

or even ten copies per EV [3], [4]. Other labs have found much less miRNA content within EVs, 

both isolated from cell culture and bodily fluids, with some estimates of total miRNA 
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concentration at around one copy per EV or much less [5]–[8]. These discrepancies are likely 

attributable to a combination of factors, such as EV isolation methods and quantification scheme. 

The lower estimates have caused some to question the underlying premises that extracellular 

miRNAs play a significant physiological role, given the stoichiometric requirements for recipient 

cell target knockdown. 

 

The work in this dissertation addresses the need for increased knowledge of miRNA loading 

approaches to EVs in multiple ways. Chapter 2 provides an overview of current approaches as 

well as background on the physiological roles of EVs and miRNA and potential clinical 

applications for and alternatives to EV-mediated miRNA delivery. The subsequent three chapters 

cover techniques spanning both the endogenous and exogenous loading method space. Chapter 

3 examines the endogenous loading methods of electroporation and cationic transfection. Each 

method was optimized to maximize miRNA delivery into the parental cell and the produced EVs 

were quantitatively analyzed for miRNA loading. Chapter 4 explores the possibilities and 

complexities of DNA overexpression of miRNA as an endogenous loading strategy. The effects 

of plasmid design, RNA secondary structure, and cellular engineering on miRNA production and 

secretion were investigated. Chapter 5 builds on prior work from the advisor’s group that 

examined the exogenous method of sonication of EVs for loading of a single small RNA species. 

Here, the possible therapeutic advantage of loading multiple different RNA species into a single 

EV population using this method was investigated. Employing a rationally designed in vitro 

screen, we identified a specific combination of miRNAs that exhibited maximal anti-

inflammatory bioactivity. We then examined the secreted proteome of macrophage cells for 

targets of the combination-miRNA-loaded EVs and finally assessed the efficacy of these EVs in 
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a murine endotoxemia model. Finally, Chapter 6 summarizes the work presented in the previous 

chapters, places it within the greater context of the field, and points out the future directions 

necessary to continue to develop EVs as miRNA delivery vehicles. The Appendix includes 

various ongoing work that could benefit the RNA delivery field. 
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Chapter 2: Background 

RNA interference (RNAi) is a well-studied biological phenomenon that is still emerging as a 

therapeutic technology. Discovered by Fire and Mello in 1998, RNAi describes the silencing of 

specific protein translation based on messenger RNA (mRNA) sequence complementarity of 

small (~19-23 nt) RNAs such as endogenous microRNA (miRNA), exogenous small interfering 

RNA (siRNA), or small hairpin RNA (shRNA) [9]. RNAi has potentially far-reaching 

therapeutic potential due to the central role of RNA in many diseases. Thus far, however, only 

three small RNA pharmaceuticals have been approved for clinical use, all of which deliver to the 

liver. The major obstacle to further small RNA translational successes is delivery to the 

cytoplasm of specific cells of therapeutic interest.  

 

The human body has evolved to prevent the unregulated transport of genetic material as a matter 

of survival. As a result, numerous biological barriers to RNAi delivery exist (Figure 1), 

including: a) extracellular RNA nucleases, b) cellular membranes that repulse charged 

macromolecules, c) circulating phagocytic cells, d) clearance by the liver and kidneys, and e) 

intracellular degradation in the lysosome. These barriers have necessitated design of RNAi 

delivery strategies, including, prevalently, vehicles such as lipid nanoparticles and polymer-

based systems. Such approaches have been shown to be effective for delivery to the liver but can 

exhibit immunogenicity and be cleared by the reticuloendothelial system (RES). 
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Almost immediately after the discovery of RNAi, attempts to produce small RNA therapies 

began. Since then, findings on the intricacies of small RNA biology and their development as 

therapeutics have mostly gone hand-in-hand since their discovery. In the following sections, we 

will discuss the history and promises of small RNA, as well as relevant details about their 

biogenesis and natural function. 

Figure 1. Barriers to RNA delivery. Left: RNA in circulation is vulnerable to RNase degradation and phagocytosis, 
and access to targeted tissue is blocked by physical barriers (e.g., endothelial and epithelial layers) and renal and 
hepatic clearance. Right: Cytoplasmic delivery is impaired by the plasma membrane, degradation within lysosomes, 
and nonspecific dsRNA immune activation. The latter can occur within the endosome by activating a Toll-like 
receptor (TLR) or in the cytoplasm by activating RIG1 or protein kinase R (PKR). Images courtesy of Louisa 
Howard at Dartmouth University. Reprinted with permission from [409]. 
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Biology and clinical potential of small RNA 

History of RNAi 

In the 1990s, various groups had found that introducing single-stranded RNA (ssRNA) that was 

complementary to a specific mRNA would cause “quelling” of that mRNA. Fire and Mello, in a 

1998 paper that garnered them the 2006 Nobel Prize, showed that double-stranded RNA 

(dsRNA), not ssRNA, was the trigger for RNA interference in C. elegans [10]. This work 

indicated that complementary RNA does not inhibit mRNA activity by direct hybridization, but 

rather a completely novel mechanism. In following years, various details about the RNAi process 

were discovered: inhibitory dsRNA were being processed into small 21-23 nt RNAs (2000) [11], 

[12], that synthetic small RNAs were capable of silencing (2001) [13], that this worked in 

mammalian cells (2001) [14], that Dicer protein produced small RNAs (2001) [15], that 

Argonaute 2 (Ago2) protein was the effector protein (2006) [16], [17], and so on. Other minor 

and major details of RNAi biology continue to be elucidated to this date. 

 

miRNA biogenesis and function 

The miRNA biogenesis pathway varies for specific miRNAs, but canonically proceeds as 

follows [18]–[20] (Figure 2). First, primary miRNA (pri-miRNA) is transcribed by RNA 

Polymerase II (Pol II) from intragenic regions of the genome, occasionally within a family of 

related miRNAs. Next, these RNAs are cleaved at the base of a hairpin structure by a 

Drosha/DGCR8 complex to become a hairpin-shaped precursor miRNA (pre-miRNA) that 

typically ranges from 50-70 nucleotides long. This pre-miRNA is shuttled from the nucleus to 
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the cytoplasm by a Exportin-5/RanGTP complex. In the cytoplasm, the enzyme Dicer cleaves off 

the pre-miRNA hairpin to produce a miRNA duplex similar to siRNA. Based partly on strand 

thermodynamics, one strand of the miRNA duplex is degraded while the other is loaded into the 

RNA-induced silencing complex (RISC), which is composed of Ago2, Dicer, TRBP and other 

proteins. From here, the mature miRNA is capable of guiding Ago2-mediated binding to fully- or 

partly-complementary target RNA sequences via Watson-Crick base pairing, whereupon Ago2 

performs cleavage of the target, which is subsequently destroyed. Other Argonaute proteins 

(Ago1, Ago3 and Ago4) can also be loaded with small RNA and repress other RNAs; however, 

they are expressed at lower levels and do not cleave their targets [21]. These cytoplasmic 

processes generally occur at localized foci known as P-bodies (processing-bodies) and GW-

bodies (so-called for their enrichment with the GW182 protein) [22], [23], though these 

structures are not required for function [24].  

 

Some non-canonical exceptions to the miRNA biogenesis pathways have been elucidated (Figure 

3) [20], [25]. Briefly, mirtrons (such as miR-877) are miRNAs derived from gene introns that are 

spliced into pre-miRNAs and therefore do not require Drosha processing. Due to its short length, 

miR-451 is Dicer-independent and its 5’ strand is selectively loaded directly in Ago2, whereupon 

it undergoes 3’ progressive trimming by the PARN enzyme into a mature sequence [26]–[30]. 

Some miRNAs (such as miR-320) bypass Drosha and Exportin-5, as they are modified with a 5’ 

7-methylguanosine (m7G) cap during transcription and exported via Exportin-1 to the cytoplasm, 

where the 3’ strand is selectively loaded [31]. Other RNAs use enzymes to tweak their 

processing via minor modifications, for example let-7 is mono-uridylated by TUT7 and TUT2 

enzymes during biogenesis [32]. Finally, unexpected RNA precursors like small nucleolar RNA 
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(snoRNA) and transfer RNA (tRNA) can be processed into small RNA that are loaded into Ago2 

[25]. Additionally, miRNA can have effects besides those of target knockdown, including 

activation of toll-like receptors [33]. Other interesting exceptions to the canonical pathway exist 

[25].  

 
 
Figure 2. miRNA biogenesis pathway. Reprinted with permission from [34].  
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Figure 3. Non-canonical miRNA biogenesis, reprinted with permission from [20]. 

 

Once miRNAs are loaded into Ago2, they have the capacity to downregulate mRNA through 

partial complementary sequences primarily in their 3’ untranslated region (UTR). It is estimated 

that 30-50% of genes are regulated by miRNAs [35], [36]. Single miRNAs can also target 

hundreds of different mRNA species; likewise particular mRNAs can be targeted by multiple 

miRNAs [37]. Furthermore, the “competing endogenous RNA (ceRNA)” theory posits that 

miRNA levels are regulated by their targets as much as the opposite [38]. Thus, miRNA can be 

sponged by “miRNA response elements (MREs)”, such as long non-coding RNAs (lncRNAs) 

like circular RNA (circRNA), pseudogenes, and simple mRNAs. This leads to an idea of cellular 
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RNA as an equilibrium consisting of a complex network of MREs that is constantly shifting and 

may behave in opaque and unpredictable ways. 

 

Small RNA therapeutic development and clinical promise 

The therapeutic potential of RNAi was immediately noticed after discovery. siRNA drug 

development companies were quickly founded, with the first in-human clinical trial for an 

siRNA-based drug begun in 2004. Despite the hype, clinical trial failures coupled with negative 

press led to a waning of interest in RNAi drugs. However, recent successes have led to 

resurgence in interest. In 2018, the first siRNA-based drug, patisiran became FDA-approved, 

followed by givosiran and lumasiran. These three drugs were developed by Alnylam, and all 

target the liver. 

 

Certain technical challenges had to be overcome in order develop these drugs. Patisiran utilizes a 

lipid nanoparticle-encapsulated siRNA, while the other two drugs utilize N-acetylgalactosamine 

(GalNAc)-conjugated siRNA. Lipid nanoparticles are highly developed vehicles that mostly 

evade the immune system, and accumulate in the liver [39]. GalNAc is a carbohydrate moiety 

that binds strongly to a hapatocyte receptor [40]. Additionally, these siRNA molecules have 

extensive chemical modifications that allow them to evade degradation during extracellular 

transport and to bias strand selection in the cell, among other functions [41]. These developments 

were critical towards the development of liver-targeting siRNA therapies; however, further 

technical challenges remain for targeting other tissues. 

 



 

11 
 

 

EV biology and use as therapeutic vehicle 

The discovery in 2007 by Valadi et al. that EVs (including exosomes, microvesicles, and 

apoptotic bodies) transfer RNA species opened a new frontier of knowledge on intercellular 

communication [42]. Previously, EVs, which are secreted by mostif not allcell types and are 

prevalent in all body fluids, were considered a form of cellular waste disposal. Since Valadi et 

al., an entire field of studying the natural pathways of EV biogenesis, composition, and function 

has emerged. This research has borne out that EV-mediated RNA transfer plays an important 

role in healthy physiology as well as pathologic progression. 

 

EV physiology 

“Extracellular vesicle” is a broad term that is defined as a cell product that has a lipid bilayer and 

cannot replicate. This is used to describe any number of vesicles secreted by cells, including 

exosomes, microvesicles, and apoptotic bodies. Each of these are extremely heterogenous, made 

up of diverse lipids, proteins, and RNA species. Exosomes originate in multivesicular bodies in 

the cell and are 30-150 nm in diameter. Microvesicles originate from the cell surface and range 

from 100-1000 nm. Apoptotic bodies originate from the outward blebbing of apoptotic cells and 

are 500-2000 nm wide. These bodies contain the nuclear fractions and organelles of the apoptotic 

cell and are undesirable for therapeutic use. There are currently no established methods for 

isolating these populations from one another, thus most refer to them as a group, “extracellular 

vesicles,” or EVs. 

 

EVs are increasingly the focus of studies for their role in intercellular communication. All cell 

types release EVs, and many different roles have been proposed and verified for EVs in healthy 
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physiological and pathophysiological function, as both paracrine and endocrine signalers. These 

roles range from response to exercise [43], neonatal development [44], interkingdom gut-

microbiota communication [45], and brain cell crosstalk [46], to SARS-CoV-2 infection [47], 

heart disease [48], and immune suppression by tumor cells [49]. 

 

As indicated above, EVs subpopulations are defined based on their biogenesis pathways [50]. 

Exosomes are formed within multivesicular bodies (MVBs), which are part of the endosomal 

system. Within MVBs, intralumenal vesicles (ILVs) are formed through invagination of the 

endosome by the cytoplasm; this process is initiated by the concentration of tetraspanins and 

recruitment of the ESCRT (endosomal sorting complexes required for transport) complex. Other 

ESCRT-independent pathways, perhaps dependent on sphingolipid ceramide, may also lead to 

MVB budding. ILVs accumulate within the MVB until the MVB fuses with the plasma 

membrane, at which point the ILVs are released into the extracellular environment and become 

exosomes. Microvesicle biogenesis is less defined, and in general is likely caused by the outward 

budding of the plasma membrane due to phospholipid concentration and actin-myosin 

contraction. 

 

The contents of EVs are dependent on the species, individual, cell type, cell phenotype, and 

biogenesis pathway [51]. The contents of EVs reflect the contents of the parental cell. In terms of 

protein content, exosomes are generally enriched with proteins that are involved in biogenesis, 

like tetraspanins such as CD63 and CD9, and ESCRT proteins such as ALIX or TSG101. For 

lipid content, there are certain lipids which are enriched in EVs, such as sphingomyelin, 

cholesterol, phosphatidylserine, and others. Microvesicle lipid content largely resembles plasma 
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membrane content. The nucleic acid content of EVs is extremely diverse and enriched in shorter 

sequences (<200 nucleotides), including rRNA and tRNA fragments, YRNA, piRNA, mRNA, 

and miRNA (with the latter receiving the bulk of the attention). 

 

EV fate is determined by both specific factors such as extravesicular protein- and lipid-mediated 

interactions and generic uptake mechanisms [52]. For example, EVs produced by 

oligodendrocytes are taken up preferentially by microglia, rather than neurons, and EVs collected 

from primary neurons are only internalized by other neurons, as compared to EVs from a 

neuroblastoma cell line, which  are also internalized by astrocytes [53], [54]. Additionally, EVs 

that display CD47 or do not display phosphatidylserine have been shown to have extended half-

lives in blood circulation, most likely due to evasion of the RES [55], [56]. Upon interaction of 

surface proteins/lipids with the cell membrane, EVs deliver their cargo by either fusing directly 

with the cell membrane or through endocytosis. After endocytosis, EVs can fuse with the 

endocytic membrane, releasing their contents into the cytoplasm, or be degraded in the lysosome. 

 

EV miRNA content 

In 2009, it was shown that GW182-enriched P-bodies (referred to as GW-bodies) localize with 

MVBs and that miRNA biogenesis and activity was intimately entangled with EV biogenesis, 

with GW182 serving as a possible link between the two pathways [57], [58]. Other connections 

have been found, including identifying Ago2 and Alix as binding partners [59]. One study found 

evidence that miRNA secretion was suppressed by interacting with complementary mRNA, since 

this sequestered the miRNA in P-bodies, away from the MVB [60]. However, this finding has 

recently been challenged by another group [61]. These connections are still murky but indicate a 
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profound link between miRNA biology and EV biology, and illuminating this link could help 

elucidate other questions surrounding miRNA secretion. 

 

To a first approximation, the miRNA content of EVs reflect the contents of the parental cells, 

however to a second approximation, there can be significant enrichments or exclusions in EV 

content compared to the parental cell, including specific miRNA sequences. Some studies have 

seen a high correlation (r > 0.9) between cell and EV miRNA profiles [62], [63], while others 

have seen a weaker correlation (r = 0.5-0.7) [64], [65]. Other studies have shown that certain 

miRNA species are an enriched fraction of EV-associated miRNA when compared to their 

fraction of cellular miRNA [60], [66]–[72]. This led to the discovery of various RNA-binding 

proteins (RBPs), such as HuR, SYNCRIP, hnRNPA2B1, and others, that bind in sequence-

specific manner to miRNA and increase secretion [68], [69], [71]–[75]. Specific motifs like 

GGAG and CGGGAG, when added to the 3’ end of miRNA sequences, led to increases in 

secretion due to RBP binding [68], [72]. Additionally, nontemplated uridylation is enriched in 

EV-associated miRNA, indicating that chemical modifications could mark RNA for secretion 

[76]. All of these results indicate that miRNA secretion is an “active, selective” process, whereby 

favored sequences are exported for intracellular communication or degradation. 

 

Despite these results, however, there has been pushback on this idea, favoring a “passive, 

nonselective” process whereby miRNA sequence plays a minor or nonexistent role in 

determining secretion. Detractors point to other factors, such as RNA size, stability, local 

concentration, availability, and random stochasticity that may be much more important for 

secretion [51], [77]–[80]. In this view, RBPs and specific sequences (perhaps high in GC-
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content) may not actively promote secretion, but rather sequester miRNA from cellular RNAi 

machinery or degradation. Interestingly, a study by Chen et al. showed that mesenchymal stem 

cell (MSC)-derived EVs are more highly enriched in pre-miRNA than mature miRNA, perhaps 

due to this sequestration [81]. Additionally, while 29% of the HEK293T-derived EV proteome 

was found to be RNA-binding proteins, only 0.9% were found to be “miRNA related” [82]. 

Furthermore, stable tRNA halves were preferentially secreted into EVs, indicating that stability 

is important towards secretion [83]. 

 

An additional explanation for the phenomenon could be the “law of small numbers,” whereby 

since some miRNAs are expressed at a low amount and if EV-associated miRNAs are a tiny 

sampling of total cellular miRNA, random noise could generate outliers that are not necessarily 

the result of an active process. For example, if one copy of miR-000b is expressed in a cell, and 

by chance that copy is randomly secreted, data analysis would return that miR-000b is 100% 

selectively secreted. This would be a fallacy. 

 

There is also controversy surrounding the absolute abundance of EV-associated miRNA. Some 

estimates measure the total concentration of all miRNAs in EVs to be approximately one copy 

per EV and much less for individual sequences [5], [7], [84]. Others find specific miRNAs to be 

enriched to the ones or tens of copies per EV [3], [4]. Absolute quantification is difficult and 

depends on factors like EV isolation method and quantification scheme.  

 

Low estimates of EV-associated miRNAs have led some to question the role that they might play 

in physiology [5], [7], [84]. It has been demonstrated that ~300-2000 copies of siRNA are 
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required for 50% knockdown of a given mRNA in cells [85]–[87]. Stoichiometric evaluation of 

the system therefore necessitates the delivery of thousands of EVs to a single cell in order to 

achieve knockdown, which detractors find unlikely in most situations in vivo. However, there are 

other considerations which may alter the calculation. First, quantification of both miRNAs and 

EVs is difficult and subject to error and may be wrong. Secondly, miRNA cargo may not be 

evenly distributed among EVs. Chevillet et al. proposed a “low occupancy” model, whereby 

most EVs contain no miRNA, while some contain many copies of miRNA (Figure 4) [6]. In this 

model, one or ten highly loaded delivered EVs may be sufficient to modify a single cells 

expression. Finally, experiments looking at small RNA requirements used traditional unmodified 

siRNA, which may or may not represent trafficked EV-associated miRNA [81]. 

 
 
Figure 4. Different proposed models for miRNA occupancy within EVs. Reprinted with permission from [6]. 
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EVs as therapeutic cargo vehicles 

EVs have intrinsic bioactivity that makes them attractive for therapeutic development, and 

“character” that is reflective of their producer cell. Thus, EVs can often recapitulate a cell-based 

therapy without some of the risks of cell therapies, such as tumorigenesis. Two main areas to 

which researchers have sought to apply EVs therapies are cardiovascular and immune therapy. 

EVs from cardiac progenitor cells, CD34+ stem cells, and MSCs have all been shown to improve 

heart health [88]–[90]. Dendritic cells pulsed with tumor antigen will release EVs presenting that 

antigen alongside co-stimulatory molecules. These EVs can be used as cancer vaccines, and are 

currently in clinical trials [91]. 

 

With regard to use as a vehicle for therapeutic cargo, EVs may demonstrate superiority to 

synthetic nanoparticles, as shown in Figure 5. For example, EVs have a great safety profile 

including low immunogenicity and toxicity when compared to synthetic alternatives [92], [93]. 

Figure 5. Comparison of various delivery vehicles according to current knowledge. Safety profile describes the 
immunogenicity and toxicity of the vehicle. Extra-hepatic delivery describes the ability of the vehicle to deliver to 
internal targets outside the liver. Endosomal escape describes the ability of the vehicle to enter the cytoplasm after 
endocytosis. Manufacturing proficiency describes knowledge and viability of different techniques to be used at an 
industrial scale. Red, yellow, and green describe how well each technique fulfills each parameter. Question marks 
refer to gaps in knowledge. 
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They achieve rates of endosomal escape of 20-30%, compared to 1-2% for synthetic 

nanoparticles [5], [94]. Additionally, those nanoparticles are often limited in delivery to the liver 

and lung, whereas EVs may enable targeting and delivery to other organs. Finally, EV 

production and manufacturing is still being developed in order to put it on par with other 

vehicles. These characteristics have led researchers to use EVs as delivery vehicles for 

exogenous cargo loading, including therapeutic small RNA. For loading desired RNA, there 

have been many approaches, shown in Figure 6. They can be grouped into two broad categories: 

direct EV manipulation, or exogenous loading, and producer cell manipulation, or endogenous 

loading. A comparison of multiple exogenous and endogenous techniques is shown in Figure 7, 

including current gaps in knowledge. 

 

Figure 6. Different methods for loading cargo in EVs. 
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EV exogenous loading methods 

Exogenous loading means that the desired cargo to be loaded is added to the vesicles after 

secretion from the cell. Thus, the cargo does not interact with the producer cells at all, rather with 

the purified EV product. This strategy requires either a means of membrane disruption to allow 

RNA to enter, or decoration of the outside of EVs via chemical conjugation or chemical 

mediator. There are obvious negative consequences of these techniques: membrane disruption 

can lead to irreparable damage or aggregation and addition of chemicals can lead to a reduction 

of RNA or EV bioactivity due to diminished uptake or processivity. Another negative trait of 

exogenous loading techniques is it is likely a less efficient manufacturing process, due to the 

requirement to isolate EVs before loading. Endogenous loading techniques theoretically require 

no downstream process after isolation. Finally, exogenous techniques can lead to loading that is 

non-intravesicular, whereby RNA can become associated with the EV surface but not within the 

EV lumen. miRNA that is extravesicular may be detected in RNA quantification assays, but may 

not be protected from RNA degradation and is likely not delivered in an efficient manner.   

Figure 7. Comparison of various exogenous and endogenous loading techniques according to current knowledge. EV 
loading efficiency describes the copies RNA/EV. EV integrity describes structural and functional soundness of final 
product. Scalability describes ability to scale up to a high-throughput industrial process. Optimization still needed 
describes further research required to optimize this technique. Red, yellow, and green describe how well each 
technique fulfills each parameter. Question marks refer to gaps in knowledge. 
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For some hydrophobic cargo, such as curcumin, passive incubation is enough to achieve EV 

loading; however, for hydrophilic molecules such as RNA, despite reports to the contrary [95], 

this strategy is widely dismissed. Efforts to make siRNA hydrophobic by conjugating to lipids 

such as cholesterol succeed in loading the EVs, but only on the outside of the membrane, leaving 

the RNA vulnerable to degradation and possibly leading to inefficient delivery [96]. 

Additionally, lipids, especially cholesterol, can be promiscuous in spontaneously moving from 

membrane to membrane, which could cause a shedding of cholesterol-conjugated RNA to other 

vesicles, lipoproteins, or cells without requiring traditional EV uptake [97]–[100]. This effect 

would also likely be exacerbated by addition of a large hydrophilic RNA molecule [101].  This 

could very conceivably be a benefit towards delivery, especially in situations of cellular 

convergence towards an injury site [102]. Further development of lipid-conjugation along with 

chemical modifications to evade nuclease activity has made this technology a viable option, 

though the downstream effects of extensive loading on attributes such as EV surface charge and 

membrane character need to be determined [103]–[106]  Like the first ever study to load miRNA 

into EVs [2], a majority of studies that exogenously load cargo employ electroporation, by which 

an electric field applied to the EVs rips holes in the bilayer and allows cargo to enter. This 

loading technique may load a limited amount of nucleic acid, however it induces significant 

aggregation of RNA cargo and causes EV aggregation and fusion [107]–[110]. EV 

electroporation should likely be retired as a loading strategy. Saponin is a detergent-like 

molecule that causes pore to open in EVs, allowing for cargo to enter. Unfortunately, however, it 

is difficult to remove saponin from the preparations, making it unfeasible as a loading method 

[111]. This is similar to the commercial product Exo-Fect, which has an unknown chemical 
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formulation, but high loading efficiency [112]. Further characterization needs to be performed on 

Exo-Fect to determine if it is a viable solution. In another technique, EVs are placed in hypotonic 

solution, causing the membrane to swell and form pores, so cargo can enter. However, after the 

solution is restored to isotonic, the EVs have modified size and charge, which ultimately inhibits 

cellular uptake [111]. Heat shock in the presence of calcium chloride has been employed, with 

limited loading efficiency [112], [113]. Our lab has previously developed a pH gradient-based 

loading technique, inspired by a similar technique originally used to load lysosomes [114]. This 

technique showed high loading efficiency and is promising for further development. Sonication 

has also been used at a loading method. Our lab has optimized a protocol for sonication loading 

that has shown much less RNA aggregation with sonication when compared to electroporation 

and a high loading efficiency [107]. We have also seen sonication cause an increase in nominal 

EV size and a slight decrease in uptake. However, sonication is a simple technique that allows 

for relatively high loading and easy application. 

 

EV endogenous loading methods 

EVs can also be loaded through the manipulation of the producer cell. This option poses much 

less risk of damaging the vesicles, guarantees intravesicular loading, and is likely more scalable 

since cells can be manipulated in high-throughput fashion before EV production [115]. However, 

there are potential downsides to endogenous loading techniques. Firstly, transfection may stress 

the cell and introduce foreign materials with an unknown effect. Secondly, unintended effects of 

cellular manipulation may lead to undesired or unknown changes to the EV product. More 

challengingly, introduction of any RNA transcript will have unique and unpredictable structure- 

and sequence-specific cellular effects that may change cellular phenotype and secretome. 
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Therefore, a thorough analysis of producer cell phenotype and EV composition would be 

required for every sequence that is tested. This effect also makes recipient cell changes difficult 

to attribute to specific RNA delivery and activity, when invariably the producer cell is more 

influenced by the RNA than the recipient cell. This producer cell priming effect may, in the end, 

be a benefit of this technique. Lastly, there are likely hard limits to cellular loading. As discussed 

above, some estimates claim that miRNAs are normally secreted at an average rate of one copy 

within one EV. While it is unknown if this rate is fixed or can be increased, some exogenous 

techniques reliably load thousands of copies of EVs. 

 

As with exogenous loading, small molecules can be loaded via simple incubation. For example, 

MSCs incubated with Paclitaxel produce EVs loaded with the drug [74]. For small RNA, 

introduction via producer cells has traditionally been accomplished by transfection of the desired 

RNA or introduction of a DNA sequence for overexpression of a precursor (Figure 6). This DNA 

sequence could be transiently expressed or integrated into the genome. Transfecting the desired 

RNA sequence is more straightforward in that the only cellular process required is export, 

whereas DNA overexpression requires navigation of the miRNA biogenesis pathway.  

 

Two methods for transfection of cells are electroporation and cationic transfection. 

Electroporation is a physical process in which an electric field applied to cells causes a 

temporary rupture in the cellular membrane through which molecules can enter the cytoplasm 

and is well-established for the introduction of plasmid DNA and small RNA. Protocols are 

generally optimized for specific cells in parameters such as wave form, field strength, pulse 

length, gap size, pulse number, and others. Electroporation of siRNA into cells has long been 
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used for inducing target knockdown, especially into cell lines refractory to other forms of 

transfection [116]. In studies of DNA electroporation, aggregation is important for the uptake 

and delivery of long DNA; approximately 75% of delivered DNA is taken up through 

endocytosis [117], [118]. siRNA, due to their smaller size, enter the cell passively through pores 

in the membrane during the electroporation step and have direct access to the cytoplasm [119]. 

Studies have also examined the diffusion of DNAs in the cytoplasm after electroporation and 

seen that diffusion of small DNA is mostly unhindered by actin or other cell components [120]–

[122]. We could find only two papers that employed endogenous loading using electroporation 

[123], [124]. Wang et al. saw a 315-fold relative increase in miR-101 content in EVs and 

quantified the absolute concentration to be about 10 pg miR-101 per 1 μg MSC EVs [123]. 

Potential downsides of electroporation include possible siRNA aggregation and stress induced by 

electroporation. siRNA aggregation has not specifically been studied in the context of cellular 

electroporation, and could have a negative effect on cell health, quantification, and 

contamination. 

 

Cationic lipids or polymers bind with anionic nucleic acids, mediate entry into the cell, and may 

assist with endosomal escape into the cytoplasm. This also a well-established method for small 

RNA transfection, with many commercially available reagents that may differ in formulation and 

effective concentrations. This strategy for loading miRNA into EVs has been used in a number 

of publications, with predictably variable loading efficiencies. Potential downsides of cationic 

transfection are the introduction of foreign lipids or chemicals that may end up in the final EV 

product, and stress caused by high doses of reagent. 
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DNA overexpression is potentially the most scalable strategy, since cells with stable genome 

integration can merely be grown and their EVs collected with nucleic acid synthesis or 

specialized equipment and can also avoid the problem of contamination. This technique is well 

established and optimized for expression of shRNA in cellular model, but has also been applied 

for loading into EVs [4], [125]–[131]. This technique generally only leads to modest fold-

increases in miRNA, partly due to bottlenecks in the miRNA biogenesis pathway (shown in 

Figure 2). Recent work by Reshke et al. innovated a way to evade part of the miRNA biogenesis 

pathway, by packaging a desired mature RNA sequence within the pre-miR-451 scaffold [4]. 

miR-451 does not interact with the Dicer enzyme due to its short length, and is possibly the most 

naturally enriched miRNA within EVs. Additionally, only the 5’ strand of miR-451 is loaded 

into Ago2. Packaging a desired sequence in the pre-miR-451 scaffold reconstituted this secretion 

behavior, and was found to enrich the EV-associated miRNA to one copy/EV. Reshke et al. saw 

knockdown of their target in the small intestine and liver at a much reduced dose compared to 

synthetic nanoparticles [4]. 

 

Application of EV-based miRNA therapy – Sepsis1 

As mentioned above, small RNA has much promise as a novel therapeutic modality. Previously 

“undruggable” targets are newly available for drugging by leveraging the inherent system of 

RNA regulation found in the cell. Due to the centrality of RNA in most cellular functions, for 

many diseases there is reason to pursue an RNA-focused strategy. Therefore, there are many 

different diseases one could seek to treat with small RNA. Given the composition of our EV-

based miRNA treatments, we decided to pursue a disease that lies at the intersection of EVs and 

                                                 
1 This section is partly adapted with permission from [408]. 
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miRNA. Our previous work in the lab has found that EV-associated miRNA is significantly 

altered in septic patients, and that extracellular single-stranded miR-146a-5p is a large 

contributor to inflammation and disease progression [33], [132], [133]. While it is still unclear to 

what extent pathological EV-associated miRNA is necessary in sepsis progression, these agents 

are clearly implicated in pro-inflammatory signaling. Theoretically, then, replacement or 

displacement by anti-inflammatory EV-associated miRNA would lead to less inflammation and 

better outcomes. 

 

Sepsis is a dysregulated host immune response to infection that is distinguished by a 

heterogeneous and complex pathophysiology [134]. At point of onset, sepsis is characterized by 

an unstable cascade involving the excessive activation of inflammatory mediators that can 

prompt widespread microvascular dysfunction and systemic inflammation [135]. The resulting 

overcompensation by the immune system can develop into an immunosuppressant state, during 

which inflammation is reduced but persistent, and the patient becomes susceptible to recurrent 

and nosocomial secondary infections [136]. Immune dysregulation can ultimately lead to 

multiple-organ failure, the major cause of death in sepsis patients [135], [137]. At this time, there 

are no drugs specifically approved for the treatment of sepsis, and while widespread adoption of 

sepsis management protocols including administration of antibiotics, fluid resuscitation, and 

hemodynamic support has significantly improved outcomes, patient recovery remains 

inconsistent [138]. As a result, sepsis is the leading cause of death of hospitalized patients, and 

with an estimated 48.9 million cases of sepsis worldwide and 11 million sepsis-related deaths 

reported in 2017, it persists as a major global health problem [139]. These discouraging statistics 
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have driven numerous efforts to develop therapeutic strategies, but the failures of several clinical 

trials in the past decades have led for some to call for new directions in sepsis treatment [140]. 

 

General pathology 

Sepsis is an exceedingly complex clinical condition with a range of symptoms that occurs when 

an infection leads to a dysregulated systemic immune response. These symptoms can include: 

fever, leukocytosis or leukopenia, hypotension, organ failure, and death [141]. Within the 

context of local pathogen presence, the immune response is necessary for survival. Sepsis arises 

from an inability to contain that pro-inflammatory response to the local environment. This is how 

an adaptive immune response becomes maladaptive. Once systemic inflammation begins, it is 

difficult for the body to return to homeostasis. Sepsis is often characterized by significant 

systemic inflammation and coagulation activation, the two key components that lead to 

widespread microvascular thrombi deposition, tissue perfusion impairment, and gross clotting 

dysfunction, a condition termed sepsis-induced coagulopathy (SIC). Once sepsis causes low 

blood pressure, it is referred to as “septic shock.” 

 

As the interface between blood and organs, the endothelial cell lining plays immensely important 

roles in normal physiological function, including regulation of hemostasis, vasomotor control, 

and immunological function. Additionally, the endothelium is responsible for maintaining solute 

transport and osmotic balance. Dysfunctional endothelium in sepsis therefore leads to severe 

downstream effects that can result in death. There are many processes that contribute to and are 

affected by endothelial dysfunction. In small local infection scenarios, microvascular changes are 

beneficial to stopping the spread of pathogens. In sepsis, a positive feedback cascade is initiated 
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and subsequently mediated by innate immune cells such as neutrophils, monocytes, 

macrophages, and endothelial cells. Initially, activation of these cells via bacterial components 

such as lipopolysaccharide (LPS) leads to the release of pro-inflammatory cytokines and reactive 

oxygen species (ROS). Over-exposure of host cells to these factors can lead to undesirable 

processes such as glycocalyx shedding. The glycocalyx is the multicomponent gel-like barrier 

comprised of proteoglycans and glycoproteins. The glycocalyx is involved in processes such as 

the vascular barrier function, hemostasis, leukocyte and platelet adhesion, the transmission of 

shear stress to the endothelium, and anti-inflammatory and antioxidant defenses. Without the 

glycocalyx, edema can occur, and endothelial adhesion molecules are exposed, allowing for 

leukocyte adhesion and transmigration. Vasodilation is promoted via altered nitric oxide 

production. Additionally, hemostasis can be disrupted, by overexpression of tissue factor (TF), 

for example, allowing for the activation of the complement cascade and coagulation factors. 

These molecules activate the endothelium further, degrade endothelial junctions, and lead to 

further permeability. Pro-thrombic factors are produced, leading to microthrombosis. Eventually, 

microthrombi formation, capillary obstruction, tissue edema by capillary leak, and neutrophil 

recruitment, leads to organ dysfunction, failure, and eventually death. In this way, local 

microvascular changes that defend against infection in healthy function are adaptive, in sepsis 

become systemic and maladaptive.  

 

Native EV role in sepsis 

Sepsis is capable of inducing systemic dysfunction that can simultaneously affect the 

cardiovascular, respiratory, neurological, hematologic, hepatic, and/or renal system(s) [142]. As 

endogenous EVs are ubiquitous throughout human tissue, bodily fluids, and within the 
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circulation [143], there is reason to assume that EVs naturally play a role in the pathogenesis of 

sepsis. In fact, during the development of sepsis, endogenous EVs undergo fluctuations in both 

relative quantities and functional effects, making them integral in the progression of 

pathophysiological conditions [144]–[147]. Specifically, in sepsis and subsequent organ damage, 

endogenous EVs have been implicated as critical immunomodulatory factors that can regulate 

inflammation [148]–[157], coagulation [158]–[166], apoptosis [167], and vascular dysfunction 

[153], [168]–[172]. The ability of EVs to trigger, amplify, and sometimes suppress immune 

responses during disease can be attributed to the presence of distinct membranous proteins or 

lipids (e.g. phosphatidylserine, integrins, major histocompatibility complexes) and to differential 

luminal cargo (e.g., miRNAs, proteins) [173], [174]. There is much research dissecting these 

attributes and the mechanisms through which they work, as it can prove not only beneficial in the 

development of an EV therapeutic but also in clarifying the complex pathophysiology of sepsis. 

For example, Xu et al. showed that circulating plasma EVs in a cecal ligation and puncture 

(CLP) murine model of sepsis were not only more abundant when compared with healthy mice 

but also contained different miRNA and had pro-inflammatory effects on bone marrow-derived 

macrophages (BMDMs) [33]. This immunomodulation was shown to be partially mediated by 

EV-associated miRNAs (i.e., miR-34a, miR-122, miR-146a) that signal via a TLR7-myeloid 

differentiation primary response 88 (TLR7-MyD88)-dependent mechanism [33]. This research 

led to further investigation of the TLR7 signaling mechanism using a loss-of-function approach 

by Jian and colleagues that showed TLR7 signaling contributes to inflammation, organ injury, 

and mortality in murine sepsis [175]. These studies reveal important EV mechanisms as well as 

expose the cellular mechanisms contributing to sepsis and end-organ injury. The importance of 

endogenous EVs in sepsis was further highlighted in a study by Essandoh and colleagues in 
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which GW4869, a neutral sphingomyelinase inhibitor that partially blocks the release of EVs, 

was used to successfully reduce the number of EVs and proinflammatory cytokines emitted from 

lipopolysaccharide -stimulated macrophages [176]. This EV reduction was correlated with 

decreased systemic inflammation as well as diminished cardiac dysfunction and mortality in a 

CLP mouse model [176]. Overall, these outcomes confirm the importance of endogenous EVs in 

sepsis and highlight the potential of inhibiting or exploiting this dynamic as a promising 

intervention.  

 

The research discussed thus far has focused on how EVs within the body can serve to initiate and 

perpetuate sepsis. However, it is important to note that endogenous EVs can also lend protection 

during sepsis. Dalli et al. showed that neutrophil-derived EVs (nEVs) containing alpha-2-

macroglobulin (A2MG), an antiprotease shown to be upregulated in nEVs in septic patients 

[177], were able to mitigate bacterial titers, reduce systemic inflammation, and enhance survival 

in murine sepsis [178]. Additionally, a study by Gao and colleagues found that administration of 

murine septic EVs into a CLP mouse model suppressed inflammatory cytokine production (i.e., 

tumor necrosis factor-alpha; TNF-α), alleviated liver and lung tissue injury, and significantly 

prolonged survival [179]. When applied to engineered vascular constructs comprising human 

arterial smooth muscle cells, EVs from septic human patients were able to increase the 

expression of IL-10 and consequently reverse LPS-induced hyporeactivity and reduce oxidative 

stress [170]. Endogenous EVs can also serve as sepsis biomarkers to inform treatment strategy 

and timing, especially in critically ill patients [180]. As an example, in human septic patients, 

Dakhlallah and colleagues showed that circulating EVs had significantly higher loads of DNA 

methyltransferase (DNMT) mRNA, which regulates gene expression [181]. Specifically, more 
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severely ill patients showed increases in the ratio of de novo methylating factors DNMT3A and 

DNMT3B to the maintenance methylating factor DNMT1 encapsulated within these circulating 

EVs [181]. Research has also shown sepsis-induced differential expression of other EV-

associated molecules, including miRNAs [153], [181]–[184]. Overall, the clear importance of 

endogenous EVs in sepsis demonstrates the efficacy of targeting or exploiting EVs as a potent 

sepsis treatment. Consequently, research on endogenous EVs and their roles in sepsis continues 

to grow and reveal numerous in vivo functions and diagnostic capabilities in preclinical sepsis 

models [151], [153], [154], [156], [162], [171], [172], [182], [185]–[193], as well as in human 

patients [145], [148], [155], [161], [167], [183], [184], [189], [194]–[212]. 

 

Role of extracellular miRNA in sepsis 

Extracellular miRNAs play a large role in the progression and outcome of sepsis, depending on 

the source and identity of the miRNA. In work from our lab, extracellular RNA from septic mice 

were shown to induce a robust immune response in healthy animals and were inhibited by 

specific anti-miRNA antagonists [33]. Additionally, we have shown that EV-associated single-

stranded miR-146a-5p, but not double-stranded, is a pro-inflammatory ligand for TLR7, and 

associated with sepsis predictors in human patients [132], [133] 

 

In mice, sepsis severity and thrombosis both have a positive correlation with amount of 

extracellular RNA [213], [214]. Likewise, in humans, studies on specific extracellular RNA 

show they are modulated in sepsis patients, and are correlated with survival [215]. It appears that 

miR-150, miR-146a, and miR-223 are downregulated in patients with poorer outcomes, while 

miR-15/16 and miR-122 are overexpressed in those patients. It remains unclear if these 
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correlations are driving poor outcomes or merely markers for them. However, there is some 

evidence for the mechanisms of these miRNAs. For example, miR-223 has been shown to 

downregulate ICAM-1 (a surface molecule responsible for leukocyte adhesion and infiltration) 

and other targets in endothelial cells [216]. Similarly, miR-146a has been shown to known to 

target IRAK-1 (a signaling molecule for multiple TLRs) and regulate innate immune function 

[217], while other studies show a pro-inflammatory character. While the full mechanisms of 

extracellular RNA in the context of sepsis are still unknown, it is clear that the lack of 

homeostasis in sepsis extends to extracellular miRNA. 

 

Alternative miRNA delivery approaches2 

While RNA is trafficked within viruses and EVs, most naturally occurring RNA transport is 

protein-associated or protein-mediated. Key players include apolipoprotein A-1 (ApoA1) – 

which constitutes the primary protein component of high-density lipoprotein (HDL) – as well as 

Ago2, retroviral capsids such as activity-regulated cytoskeleton-associated protein (Arc), and 

possibly others (Figure 8). Leveraging biological phenomena involving proteins has already 

proven to be a successful formula for therapeutic development as evidenced by the clinical 

success of monoclonal antibodies and insulin analogs, among many others. Thus, protein-based 

RNAi delivery offers a biomimetic strategy with the potential to overcome some of the obstacles 

that hinder synthetic systems for RNAi therapy.  

                                                 
2 This section is partly adapted with permission from [409]. 
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A feature of protein-based therapeutic systems is manipulability, or “engineerability.” Many 

molecular attributes that contribute to optimal pharmacologic efficacy – such as low 

immunogenicity, avoidance of renal and other forms of clearance, and prevention of 

opsonization-mediated phagocytosis and degradation – can be incorporated into proteins via 

straightforward genetic engineering techniques. Protein size, charge, post-translational 

modification, and binding affinity to both cargo (e.g., RNA) and target moieties can all be 

manipulated using rational design or directed evolution approaches. For example, conjugation of 

a therapeutic protein to the Fc domain or albumin-binding domain can markedly extend its half-

Figure 8. Physiological RNA vehicles, reprinted with permission from [409].  
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life [218]. These same domains, along with a variety of others, could also be appended to 

increase protein size, an important determinant of molecular pharmacokinetics. Molecules 

greater than 60 kDa avoid renal clearance, while molecular weight is inversely related to 

endothelial permeability and tissue penetrance (and smaller molecules are more highly 

influenced by target binding affinity) [219].  

 

With regard to optimizing RNAi delivery, protein-based vehicles (and all vehicles in general) 

must accomplish protection of the RNA strand, evasion of clearance, cell/tissue targeting, cell 

penetration, and RNAi lysosomal escape. Theoretically, this could result in a Rube Goldberg-

esque chimera containing a) an RNA-binding domain, b) a tissue-targeting domain, c) an 

endocytic domain, d) an endosomolytic domain (this is often added as a second agent), e) a half-

life enhancing domain, and f) multiple flexible linkers. Unfortunately, any such vehicle would 

likely have low translational potential due to its complexity. Thus, attempts at engineering 

protein vehicles for small RNA delivery to date have in most cases focused on more practical 

approaches, including leveraging biomimicry. Here, we present a summary of the progress in the 

field, organized by vehicle RNA-binding domain. Beyond what is presented here, the Appendix 

contains further descriptions of protein-based RNA delivery vehicles. 

 

Lipoproteins 

High density lipoprotein (HDL) is a heterogeneous, complex circulating particle consisting of 

mainly phospholipids, cholesterol and proteins, with the primary protein component (>70%) 

being apolipoprotein A-1 (ApoA1). Much has been described about the role of HDL in 

cholesterol efflux and its effects on cardiovascular function, but appreciation of the importance 
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of HDL in extracellular RNA transport is more recent. In 2011, Vickers et al. reported that 

miRNA is found in complex with HDL and showed that the HDL-associated miRNA in healthy 

and atherosclerotic patients differed. HDL was further found to accept miRNA from macrophage 

cell line J774 in  vitro, with subsequent capability to deliver miRNA to hepatoma cell line Huh7 

via scavenger receptor class B type 1 (SR-B1) [220]. Wagner et al. reported that HDL facilitated 

transport of low levels (5-10 copies/cell) of miRNAs to endothelial cells in vitro [221]. Tabet et 

al. showed that native HDL delivered high levels of miR-223, a downregulator of intercellular 

adhesion molecule-1 (ICAM-1) mRNA , resulting in ICAM-1 knockdown in endothelial cells in 

vitro [216]. Additionally, many studies have examined low density lipoprotein (LDL) association 

with miRNA, with the consensus being that levels of miRNA associated with LDL are much 

lower than HDL [222]. Meanwhile, a recent study has observed that a significant amount of 

lipoprotein-RNA is non-host derived [223]. HDL delivers cargo via at least one known receptor, 

SR-B1, which is widely expressed in macrophages as well as in tissues such as fat, endothelium, 

intestines, and brain (HDL can cross the blood-brain barrier) [224]. The highest expression 

occurs in the liver and steroidogenic tissues that utilize cholesterol for bile and hormone 

synthesis, respectively [225]. Expression is also high in many tumors [226]. SR-B1 binds to 

HDL and forms a non-aqueous channel between the lipoprotein and the plasma membrane, 

through which lipophilic molecules can travel bidirectionally (down a concentration gradient) 

[225]. Therefore, HDL achieves a direct cytoplasmic delivery. Controversially, there have been 

reports that SR-B1 also mediates HDL endocytosis and resecretion, potentially playing a role in 

non-lipid delivery. In hepatocytes, HDL is resecreted deplete of cholesterol, while in 

macrophages, HDL is resecreted replete with cholesterol, indicating that cell type and cholesterol 

level play a role in HDL function [227]. There are still open questions as to how miRNA is taken 
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up, binds to, and is delivered by HDL, what the true axis of communication is, and the role of 

non-host organism-derived RNA. 

 

Due to its size, long half-life (5.8 days for ApoA1), anti-inflammatory nature, and low toxicity, 

HDL has recently received attention as drug delivery vehicle, mainly targeting the liver or 

tumors [228]–[230]. Additionally, the amphipathic nature of HDL allows for loading of 

hydrophobic, hydrophilic, or amphipathic molecules. HDL can be isolated from native blood 

samples (nHDL) or reconstituted in vitro with recombinant ApoA1 (rHDL), most commonly 

with a cholate method [231]. Reconstitution has multiple advantages, such as availability and 

low risk of contamination, and depending on the lipids used, rHDL can mimic nHDL at any 

stage of maturity. 

 

Long before the discovery of miRNA-HDL complexes in blood, molecular engineers had 

experimented with cholesterol-conjugated siRNA and antisense oligonucleotides [232]–[234]. 

Especially of note is the knockdown of apolipoprotein B (ApoB) in non-human primates via 

chol-siRNA injection in 2006 by Zimmermann et al [235]. In 2007, researchers associated with 

Alnylam Pharmaceuticals published a wide-ranging study of various lipophilic siRNA 

conjugates and their relative efficacy in murine hepatic delivery [236]. They showed that the 

lipophile-siRNAs that preferentially associated with HDL rather than albumin (or remained 

unbound) were most effective in knocking down the target (ApoB) mRNA in the liver. 

Strikingly, pre-incubating cholesterol-siRNA (chol-siRNA) with native HDL before injection led 

to ~2- to 4-fold less plasma ApoB (produced in the liver) when compared to chol-siRNA injected 

alone. The authors examined the biodistribution of chol-siRNA, with greatest uptake in liver, 



 

36 
 

 

kidney, adrenal, and ovary tissues. They also demonstrated that HDL-mediated delivery depends 

on SR-B1 and, interestingly, lipophilic-siRNA delivery depends on SidT1, a mammalian 

homologue to the Sid1 transmembrane protein that regulates systemic RNA transport in C. 

elegans. In 2012, another group associated with Alnylam, Nakayama et al., compared the liver 

delivery of chol-siRNA reconstituted with either recombinant ApoA1 or apolipoprotein E 

(ApoE) [237]. ApoE primarily binds to the LDL Receptor (LDLR), which may have led to 

greater liver delivery, and therefore siRNA efficacy, of ApoE-rHDL over ApoA1-rHDL. The 

authors also saw that adding 4 chol-siRNA molecules for every 1 rHDL (of either type) led to 

siRNA buildup on the plasma membrane in vitro, as opposed to cytoplasmic buildup seen with 

1:1 loading. This indicates that there may be a limit to how much siRNA can be loaded using this 

cholesterol-conjugated method before it interferes with receptor binding. A possible solution to 

this problem was introduced by Shahzad et al., who applied a different strategy for delivery of 

non-cholesterol-conjugated siRNA; they loaded anionic siRNA into the core of rHDL by 

neutralizing with cationic oligolysine peptides [226]. This approach may increase the siRNA 

loading capacity of rHDL. The group used siRNA against STAT3 and FAK in mouse models of 

ovarian and colorectal cancer, alone or in combination with chemotherapeutics. Results showed 

that in three different models, including a resistance model, STAT3-rHDL monotherapy or in 

combination with docetaxel or oxaliplatin averaged ~72% and ~93% decrease in tumor weight, 

respectively. Liver function was not impacted and empty rHDL did not affect tumor weight. 

Additionally, the authors reported that siRNA was distributed evenly to 80% of a given tumor 

after injection. An analysis by Ding et al., which utilized ApoA1-incorporated liposomes at a 

diameter of ~90 nm, nevertheless showed that SR-B1-mediated chol-siRNA uptake is similar to 

cholesteryl ester selective uptake [238]. Alternatively, some groups have utilized ApoA1 
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mimetic peptides [239]–[241], gold-templated nanoparticles [242], [243] and ApoA1-

incorporated liposomes [238], [244]–[247] to deliver siRNA. This review will not cover those 

strategies in detail. 

 

There have been relevant attempts to further engineer the HDL molecule for enhanced drug 

delivery. Some groups have sought to enhance targeting capabilities by incorporating targeting 

moieties to HDL to help direct delivery to the liver [248] or tumor [249]. Some groups have 

encapsulated various packages within the core, such as super paramagnetic nanoparticles for 

guided targeting [250], or hydrophobic chemotherapeutics [251]–[253] and Vitamin E [254] for 

cancer therapy. Any incorporation or encapsulation method may increase the size of the rHDL 

molecule, which could impact delivery. Additionally, naturally occurring variants of ApoA1, 

including the Milano and Paris mutants, have been discovered. These variants, R173C and 

R151C mutants, respectively, perform greater cholesterol efflux due to more transient cholesterol 

binding [255], [256]. Their behavior in a system of siRNA delivery is currently unknown. 

 

Argonaute 2 

Argonaute 2 (Ago2) is the catalytic center of the RNA-induced silencing complex (RISC) that 

accepts miRNA and siRNA, protects it from degradation, and cleaves complementary mRNA in 

the cytoplasm. Ago2 has been well-studied within the cell, but in 2011, Arroyo et al. and 

Turchinovich et al. reported that a majority of miRNA in circulation was not associated with 

vesicles, but rather protein – specifically ~100 kDa Ago2 [62], [257]. The distribution of miRNA 

among the two fractions was uneven, indicating a sorting mechanism. Arroyo et al. estimated 

that potentially 90% of extracellular miRNA were Ago2-bound. A 2016 paper from Prud’homme 
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et al. identified neuropilin-1 (Nrp1) as a receptor for extracellular Ago2, and demonstrated 

functionalized delivery in multiple cell lines [258]. Nrp1 is also a receptor for vascular 

endothelial growth factor (VEGF) and Semaphorin 3, among others, and is expressed widely in 

endothelial, immune, and many cancer cells, as well as others, including in the developing brain 

and heart [259], [260]. The results above suggest a major intercellular communication system 

based on protein-mediated miRNA delivery. This communication system would be privileged; 

endogenous miRNA must compete for Ago2 loading, but exogenous miRNA would be pre-

loaded and ready for mRNA cleavage. However, there are currently more questions surrounding 

extracellular Ago2 than answers. Ago2 secretion mechanisms are currently unknown, though 

may be related to one of many binding partners, such as Hsp90 or Hsc70 [261]. It is also 

unknown if Ago2 has any mechanism for targeting specific tissues.  

 

A 2018 paper from Li et al. developed a strategy for delivering Ago2 pre-assembled with a 

desired siRNA sequence. Briefly, they screened various polyamine polymers to find one that was 

able to deliver the Ago2-siRNA combination in vitro, finding that the polyamine with the most 

highly dense side chain performed the best. Applying this complex in vivo, the authors saw a 

downregulation of the target and extended survival in a mouse melanoma model. This strategy of 

encapsulating Ago2 and siRNA within a polyamine polymer is a novel strategy but does not 

fully exploit the natural delivery capacity of Ago2. 

 

Retroviral capsids 

Activity-Regulated Cytoskeleton-Associated protein (Arc) is a major regulator involved in 

synaptic plasticity and maturation, learning, and memory [262]. Arc is an early immediate 
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neuronal gene that regulates synaptic plasticity through AMPA receptors, which are involved in 

rapid synaptic transmission. Arc mRNA moves to the dendritic spines where it is locally 

translated and begins engaging with the endocytic machinery to regulate the AMPA receptors 

[263]. Regulation of Arc expression is essential for normal cognition and long-term memory 

storage. Abnormal Arc expression has been implicated in various neurological and 

neurodevelopmental disorders such as Alzheimer’s disease, Angelman syndrome, Fragile X 

syndrome, and schizophrenia [262]. Previous studies have noted the similarity between viral 

proteins and Arc, as it is composed of structural elements also found in Group-specific antigen 

(Gag) polyproteins encoded in retroviruses and retrotransposons, including human 

immunodeficiency virus type 1 (HIV-1) [264].  

 

In 2018, Pastuzyn et al. and Ashley et al. reported a novel mechanism by which genetic 

information (mRNA) is transferred between neurons via Arc [264], [265]. Arc encapsulates 

mRNA into viral-like capsids for delivery to neighboring neurons within EVs. When purified in 

bacterial systems, Arc spontaneously self assembles into oligomeric structures with biochemical 

properties similar to Gag proteins. Arc capsids are double-shelled structures measuring 32 nm in 

diameter and are capable of binding RNA nonspecifically, which was found to be a requisite for 

normal capsid formation. It is hypothesized that Arc is co-expressed with, and encapsulates and 

delivers, Arc mRNA, which may constitute a positive feedback system of Arc expression. Arc 

proteins are secreted within EVs, the uptake of which is thought to be dictated by targeting 

moieties on the lipid surface while the capsid itself protects and transfers the mRNA. It was also 

shown that Arc capsids delivered functional mRNA even without EV encapsulation [264].  
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Segel et al. in 2021 demonstrated the power of harnessing retroviral intercellular communication 

for therapeutic delivery [266]. Their team discovered that among potential retroviral gag genes, 

the PEG10 protein forms capsids that are secreted within extracellular vesicles and preferentially 

export PEG10 mRNA. This preferential loading is mediated primarily by the PEG10 UTR 

sequences, which, when added to a desired mRNA sequence, leads specific secretion of that 

mRNA. Segel et al. used this knowledge to package spCas9 mRNA into EVs for delivery of 

CRISPR machinery for gene editing in recipient cells. Further developments of this technology 

are likely to yield new avenues for biomimetic long RNA delivery. 

 

Outlook for EV-based small RNA therapeutics 

There are currently around 35 active clinical trials for siRNA, including three miRNA mimics, 

and three FDA-approved siRNA drugs [267]. There is also currently around 20 active clinical 

trials for EVs [92]. Among all of these trials, there are two that are small RNAs loaded into EVs: 

miR-124 mimic electroporated into MSC-derived EVs for ischemic stroke treatment (at Isfahan 

University), and anti-KRAS siRNA electroporated into MSC-derived EVs for metastatic 

pancreatic cancer (at the MD Anderson Cancer Center in Houston). Additionally, there are 

numerous trials using extracellular vesicles for treatment of Covid-19, indicating a high level of 

confidence in EV therapies [268]. For EV-based small RNA therapies to truly fulfill their 

potential in the clinic, many technical challenges need to be overcome, including standardization, 

manufacturing, cargo loading, delivery, and others. In the following chapters, we will focus on 

cargo loading and manufacturing. 
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Chapter 3: Quantification of endogenous miRNA loading into EVs3 

Introduction 

Techniques for loading cargo into EVs broadly fall into two categories: exogenous loading, 

loading the EVs after isolation from the parental cell, or endogenous loading, transfecting the 

parental cell and allowing cell machinery to load the EVs. Exogenous loading techniques, such 

as simple co-incubation [95], sonication [107], pH-loading [114], electroporation [2], and use of 

chemically-modified RNA [104], [105] or chemical-mediated EV transfection [112], among 

others, are common. Using these techniques, researchers can achieve high loading 

concentrations, sometimes reaching to thousands of copies per EV [105], [107], [112]. However, 

manipulating the EVs directly can damage their superstructure, degrade proteins, cause 

aggregation, require RNA chemical modifications, and inhibit function, and throughput is 

generally low, meaning that manufacturing at scale can be slow, laborious, and costly. 

 

Endogenous loading, on the other hand, does not require any EV manipulation after secretion or 

RNA chemical modifications, allows for high-throughput cellular transfection, and guarantees 

intravesicular loading. These characteristics are desirable yet ultimately meaningless unless 

endogenous techniques can provide high loading efficiency. In this aim, we examine the absolute 

EV loading efficiency of two common miRNA transfection techniques: cellular cationic 

transfection and cellular electroporation. 

 

                                                 
3 A. E. Pottash, L. Kuo, D. Levy, S. M. Jay, “Comparison of endogenous loading methods for 
small RNA loading into extracellular vesicles,” In preparation. 
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Electroporation is a physical process in which an electric field applied to cells causes a 

temporary rupture in the cellular membrane through which molecules can enter the cytoplasm. 

This technique is well-established for the introduction of plasmid DNA and small RNA and has 

also been previously applied towards miRNA loading into EVs. Electroporation of nucleic acids 

directly into EVs, although still commonly employed, has been largely discredited by our lab and 

others as a loading technique due to RNA aggregate formation, in addition to low loading 

efficiency [107], [109], [110]. To our knowledge, there are two papers that employed 

endogenous loading using electroporation [123], [124]. Wang et al. saw a 315-fold relative 

increase in miR-101 content in EVs and quantified the absolute concentration to be about 10pg 

miR-101 per 1μg MSC EVs [123]. 

 

Cationic lipids or polymers bind with anionic nucleic acids, mediate entry into the cell, and may 

assist with endosomal escape into the cytoplasm. This also a well-established method for small 

RNA transfection, with many commercially available reagents that may differ in formulation and 

effective concentrations. This strategy for loading miRNA into EVs has been used in a number 

of publications [269]–[274]. 

 

In this chapter we will examine these two endogenous loading techniques, first by optimizing 

their transfection in order to distinguish relevant design parameters, then by determining the 

maximum possible loading conditions. Finally, we determine the loaded concentration at this 

maximum loading condition and compare between the two techniques. 
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Methods 

Cell culture 

Human embryonic kidney HEK293T cells were cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) (Corning 10-013-CV; Corning, NY, USA) supplemented with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin in T175 tissue culture polystyrene flasks. 

For EV collection, normal FBS was replaced by EV-depleted FBS. FBS was EV-depleted via 

100,000 x g centrifugation at 4°C for 16 h where the supernatant was retained. 

 

Extracellular vesicle isolation 

Conditioned media was collected and subjected to differential centrifugation. Briefly, the 

supernatant was centrifuged at 1,000 x g for 10 min, 2,000 x g for 20 min, 10,000 x g for 30 min, 

for each of which the supernatant was retained, and finally, 100,000 x g for 2 h, after which the 

pellet was resuspended in phosphate-buffered saline (PBS) and collected. This resuspension was 

washed 2x using Nanosep 300-kDa MWCO spin columns (OD300C35; Pall, Port Washington, 

NY, USA). The washed EVs were resuspended in PBS and filtered using an 0.2-μm syringe 

filter. EV size distribution and concentration were determined by nanoparticle tracking analysis 

(NTA) via a NanoSight LM10. Each sample was analyzed in triplicate using consistent 

acquisition settings. Total EV protein was determined via bicinchoninic acid assay (BCA) 

following manufacturer’s protocol. Relative levels of relevant protein components were 

determined via western blotting. Alix (ab186429; Abcam, Cambridge, MA, USA), TSG101 

(ab125011; Abcam), GAPDH (2118L; Cell Signaling Technology) and CD63 (25682-1-AP; 

Thermo Fisher). Primary antibodies were added at a 1:1000 dilution, except for GAPDH 
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(1:2000). Secondary antibody IRDye 800CW anti-Mouse and anti-Rabbit (926-32210 and 926-

32211; LI-COR Biosciences, Lincoln, NE, USA) were added at 1:10000 dilution, and 

membranes were imaged on a LI-COR Odyssey CLX Imager. 

 

Cellular cationic transfection 

HEK293T were seeded at 1.75 million cells in a T75 tissue culture polystyrene flask. The next 

day, cells were treated with miR-146a mimic (Dharmacon) transfection reagent prepared 

according to manufacturer’s instruction immediately before addition to cells. 18 h later, the cell 

media was removed, and cells were washed 10x with PBS supplemented with calcium chloride 

and magnesium chloride. Two days later, cell media was collected for EV isolation and cell 

lysate for RNA isolation and analysis. The reagents utilized were HiPerfect (Qiagen), 

RNAiMAX (Thermo Fisher), X-tremeGENE (Sigma-Aldrich), and branched polyethylenimine 

(PEI) (Sigma-Aldrich; 408727). For PEI transfection, the protocol of Wirth et al. was followed 

[275]. For comparison of transfection reagents, 200 pmol of RNA was used for a final 

concentration of 13.3 nM RNA. 

 

Cellular electroporation 

HEK293T were trypsinized and passed through a cell strainer to achieve single-cell suspension. 

Cells were resuspended in electroporation buffer at 5 million cells/mL (final concentration) and 

mixed with desired amount of miRNA mimic. These mixtures were electroporated in 100 μL 

aliquots, before being diluted in 900 μL of growth media and spun down. After a second wash 

and spin, 1.5 million cells were seeded in a T75 tissue culture polystyrene flask. The next day, 
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cells were washed 1x with PBS. Two days later, cell media was collected for EV isolation and 

cell lysate for RNA isolation and analysis. For comparison of electroporation protocols, 250 nM 

of RNA was used. Electroporation was tested using three different protocols and two different 

buffers. Program “1” refers to the Q-001 protocol on Nucleofector 2b Device (Lonza) using 

Ingenio Cuvettes (Mirus Bio). Program “2” refers to the A-023 protocol on the same device. 

Program “3” refers to the HEK293T pre-set protocol on the Gene Pulser Xcell Electroporation 

System (Bio-rad) using Gene Pulser Cuvettes (Bio-rad). Program “A” refers to Opti-mem buffer 

(Thermo Fisher) and Program “B” refers to Ingenio Electroporation Solution (Mirus Bio). 

 

Cell viability assay 

Cell viability was determined via the XTT Cell Viability Kit (Cell Signaling #9095) according to 

manufacturer’s instruction. 

RT-PCR 

EVs were resuspended in 700 μL Qiazol spiked with 2 fmol cel-miR-39 (Norgen Biotek) per 

sample. RNA was isolated using miRNeasy Kit (Qiagen) and complementary RNA (cDNA) was 

produced using miScript RT II Kit (Qiagen) using the same amount of starting RNA according to 

manufacturer’s protocol. 2 μL cDNA product along with primers and water was added to 

Ssoadvanced Universal SYBR Green Supermix (Biorad) according to manufacturer’s protocol. 

A QuantStudio 7 Flex qPCR System was used to detect the signal from each well. The reaction 

cycle consisted of 98C (1 min), and 40 cycles of 98°C (10 s) and 60°C (20 s). The primers used 

were miR-146a fwd: (5’-GAGAACTGAATTACATGGGT-3’), miR-146a rev: (5’- 

CAGGTCCAGTTTTTTTTTTTTTTT-3’), cel-miR-39 fwd: (5’- 
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GTCACCGGGTGTAAATCAG-3’), cel-miR-39 rev: (5’- 

GGTCCAGTTTTTTTTTTTTTTTCAAG-3’), actin fwd: (5’- 

ACTTAGTTGCGTTACACCCTT-3’), actin rev: (5’- GTCACCTTCACCGTTCCA-3’).  As an 

RNA standard for absolute quantification, 40 pmol miR-146a-5p miRNA mimic was reverse 

transcribed including spike-in, and serially diluted 10-fold six times. 

 

Aggregation 

RNA aggregation was assessed by electroporating miRNA mimic spinning the sample in a 

Nanosep 300-kDa MWCO spin column and washing 2x with PBS. The retentate was then 

resuspended in PBS and quantified for RNA content using Quant-it microRNA Assay Kit 

(Thermo Fisher; Q32882) and the included standard.  

 

Statistical analysis 

Data are presented as mean ± SD, except for SEM (standard error of the mean) where noted. 

One-way ANOVAs with Dunnett’s multiple comparison test were used to determine statistical 

significance (p < 0.05) in RT-PCR experiments and plasmid/reporter fluorescence experiments. 

All statistical analysis was performed with Prism 8 (GraphPad Software, La Jolla, CA). Notation 

for significance in figures were as follows: ns = p > 0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 

0.001; **** = p ≤ 0.0001. 
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Results 

Optimization of cellular electroporation for EV loading 

Cellular electroporation protocols typically vary in parameters such as wave form, field strength, 

pulse length, etc. Three protocols previously optimized for the HEK293T cell line were tested, 

using two buffers commonly used for electroporation. To differentiate between these programs, 

cells were electroporated in the presence of 250 nM miR-146a mimic and after three days 

examined the cellular RNA content via RT-PCR (Fig. 9a). Some programs resulted in large 

increases in cellular RNA, but not others. Additionally, EVs collected from these cells had 

undetectable levels of RNA. Previous work has shown that when electroporated in cuvettes with 

metal electrodes, RNA can aggregate into large insoluble particles [109], [276]. Therefore, we 

tested for aggregation by electroporating the RNA without any cells present (Fig. 9b). 

Interestingly, the same groups that had high levels of cellular miR-146a also had some degree of 

aggregation, implicating that the increase in cellular RNA was due to RNA aggregation. The 

undetectable levels of EV-associated RNA indicated that aggregates were likely not co-isolating 

during the EV isolation process; this was previously noted by Kooijmans et al. [109]. It is 

difficult to assess the variable effect of the electroporation program on cellular RNA, since the 

Nucleofector 2b Device parameters and Ingenio Electroporation Solution composition are 

proprietary information. 

 

To prevent RNA aggregation, the chelator EDTA was employed to sequester metal ions during 

electroporation. RNA aggregation was measured as a function of EDTA concentration for two 

protocols, (Program B2 and Program B3) (Fig. 9c). Aggregation was inhibited in dose-dependent 

fashion for Program B2, with complete inhibition at 5 mM EDTA. Thus, we tested 
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electroporation in cells using Program B2 supplemented with 5 mM EDTA. Unfortunately, 

however, EDTA caused a decrease in cell viability (Fig. 9d). Given these results, we decided to 

continue without EDTA with the risk of RNA aggregates in cells. 

 

Figure 9. Aggregation of RNA during electroporation. (A) Relative fold-change of miR-146a in cells electroporated 
with the indicated protocol as measured by RT-PCR. (B) RNA aggregation as measured by RNA retention during 
filtration after electroporation with the indicated protocol. (C) RNA aggregation after electroporation over a range of 
EDTA concentrations. (D) Cell viability after electroporation measured via XTT assay. (ns = p > 0.05, * = p ≤ 0.05; 
** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001). 
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Quantification of EV-associated RNA from electroporation 

To determine the maximum loading capability of electroporation, we executed a dose curve for 

electroporation up to and including the max tolerable dose, which was previously determined to 

be 10 mM (data not shown). NTA data showed a similar size distribution between the different 

electroporating doses (Fig. 10a). The cellular RNA rose with electroporation dose, but reach a 

plateau after 4 mM, with only a slight increase between 4 mM and 10 mM (Fig. 10b). At the 4 

mM electroporation dose, miR-146a was loaded into EVs at 1.302 (SEM = 0.520) copies/EV 

(Fig. 10c). 

Figure 10. miR-146a loading into EVs using electroporation. (A) EV particle count and size distribution after 
cellular electroporation as measured by NTA. (B) Relative cellular miR-146a content after electroporation at a range 
of doses as measured by RT-PCR. (C) miR-146a copies per EV as measured by RT-PCR and NTA. (ns = p > 0.05, * 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001). 
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Comparison of cationic transfection reagent for EV loading 

To develop a working protocol for the enrichment of miR-146a in cells for subsequent re-

packaging into EVs, four different cationic transfection reagents were compared. Reagent 

formulation differences may impact both RNA transfection efficiency and the fate of transfected 

molecules. To differentiate between the four reagents, the maximum dose of miR-146a mimic 

(Dharmacon) that HEK293T cells could tolerate before experiencing toxicity was determined for 

each reagent via XTT assay (Fig. 11a). The results indicated that some reagents were more toxic 

than others and allowed for much higher RNA doses during transfection. Next, cells were 

transfected at the max tolerable dose with Cy3-tagged miR-93 (Dharmacon) to determine the 

appropriate length of time to transfect our cells before EV collection (Fig. 11b). For all reagents, 

the fluorescent signal peaked at 18 hours, before declining slightly at 24 hours. This decline is 

possibly attributable to cellular digestion of the fluorescent tag. In terms of total fluorescence, X-

tremeGENE had the highest signal, but when the fluorescent signal is normalized by dose added, 

RNAiMAX exceeds the others. Finally, cells were transfected with miR-146a with each reagent 

for 18 h, and two days later EVs were collected. Nanoparticle tracking analysis (NTA) was 

performed on the isolated EV sample to determine particle count. RT-PCR performed on 

collected EVs showed a highest amount of EV-associated RNA in the RNAiMAX and HiPerfect 

groups, respectively (Fig. 11c). The X-tremeGENE and PEI groups, along with the negative 

control groups, were not determined, due to the low sensitivity of the assay. Moving forward, we 

continued with HiPerfect since the max tolerable dose was greater in that group.  
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Quantification of EV-associated RNA from cationic transfection 

To determine the maximum loading capability of cationic transfection, a dose curve for 

RNA/HiPerfect up to and including the max tolerable dose was performed. NTA data from these 

EVs showed a significant increase in mean particle size the highest transfecting dose (mean size 

= 218.0 ±9.3 nm) compared to other doses, including nontransfection EVs (mean size = 163.5 

±8.3 nm), due to a large EV population at ~300 nm (Fig. 12a). Cellular miR-146a increased 

linearly (R2=0.952) with the transfecting dose, indicating a non-saturation even at the highest 

dose (Fig. 12b). On the contrary, EV-associated RNA followed an exponential growth curve in 

relation to transfecting dose (R2=0.999) (Fig. 12c). At the max tolerable dose, miR-146a was 

loaded into EVs at 1.043 (SEM = 0.277) copies/EV. Additionally, to control for the possibility 

that reagent-associated miR-146a was being retained in the cell media and co-isolating during 

Figure 11. Optimization of cationic transfection protocol. (A) Maximum transfection dose before cell growth was 
inhibited for variable transfection reagents as measured by XTT assay. (B) Time course of transfection for variable 
transfection reagents using fluorescently tagged RNA. (C) EV-associated miR-146a after transfection with variable 
transfection reagents as measured by RT-PCR (N.D. = Not Detected). (ns = p > 0.05, * = p ≤ 0.05; ** = p ≤ 0.01; 
*** = p ≤ 0.001; **** = p ≤ 0.0001). 
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the EV isolation process, the protocol was performed without any cells at the highest dose, 

finding a low but detectable number of particles and nonnegligible amount of miR-146a, at 0.078 

(SEM = 0.023) copies/EV. After adjusting for particle count, reagent-associated miR-146a 

accounted for 4.3% of the final EV-associated miR-146a concentration. 

Figure 12. miR-146a loading into EVs using cationic transfection. (A) EV particle count and size distribution after 
cationic transfection as measured by NTA. (B) Relative cellular miR-146a content after cationic transfection at a 
range of doses as measured by RT-PCR. (C) miR-146a copies per EV as measured by RT-PCR and NTA. (ns = p > 
0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001). 
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Discussion 

Our lab has previously studied exogenous strategies for unlabeled miRNA loading into EVs, 

including sonication-mediated, electroporation-mediated, and pH-mediated methods. Here, we 

examine basic endogenous strategies for RNA loading, using both cationic-mediated transfection 

and electroporation. Both strategies were successful in enriching miR-146a within EVs to a 

considerable degree, while each also presented technical difficulties that may compromise the 

quality of the final product and require further problem solving. Unfortunately, in this study, due 

to their proprietary nature, we were unable to assess the impact of specific electroporation 

parameters or chemical compositions on cellular or EV enrichment. 

 

In our electroporation studies, we screened a limited set of electroporation programs and saw 

enrichment in the cell. However, we also detected siRNA aggregation. Despite our attempts to 

prevent aggregation, we could not do so without causing cellular toxicity. Given that siRNA 

aggregates have not been found to co-isolate with EVs [109], we proceeded to apply our 

optimized protocol to cellular loading. We saw a large increase in cellular miR-146a at 4 mM 

transfecting dose, but none further at 10 mM, indicating saturation. Using 4 mM transfecting 

dose, the maximum loading efficiency for this strategy that we achieved was 1.302 (SEM = 

0.520) copies/EV. This is a high enrichment of the desired sequence into EVs; however, 

concerns linger about siRNA aggregation and their impact on cellular function and final EV 

quality. 
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Electroporation of siRNA into cells has long been used for inducing target knockdown, 

especially into cell lines refractory to other forms of transfection [116]. In studies of DNA 

electroporation, aggregation is important for the uptake and delivery of long DNA; 

approximately 75% of delivered DNA is taken up through endocytosis [117], [118]. siRNA, due 

to their smaller size, enter the cell passively through pores in the membrane during the 

electroporation step and have direct access to the cytoplasm [119]. Studies have also examined 

the diffusion of DNAs in the cytoplasm after electroporation and seen that diffusion of small 

DNA is mostly unhindered by actin or other cell components [120]–[122]. However, siRNA 

aggregation has not specifically been studied in the context of cellular electroporation. Three 

outcomes are possible: (1) siRNA aggregation is negligible in this context; (2) siRNA 

aggregation enhances endocytosis by the cell and a portion of the RNA is incorporated into 

extracellular vesicles; (3) siRNA aggregates interfere with cellular function. While siRNA 

aggregates are thought to successfully inhibit their target mRNA in recipient cells, it is necessary 

to follow up to see the fate of aggregated RNA. Other technical solutions may be required to 

prevent aggregation fully. 

 

In our optimization of cationic transfection for EV loading, we saw a mixed outcome for 

transfection reagents loading EVs. At the same RNA dose, RNAiMAX and HiPerfect led to 

enrichment in the EV fraction, while X-tremeGENE and PEI did not. Due to the proprietary 

nature of the reagent composition, it is impossible to speculate why there was a divergence in EV 

enrichment. The reagents were not tested for knockdown ability, so we cannot speculate about 

endocytic pathway or secretion vs. RNAi pathway preferences. We continued with HiPerfect 

since the max tolerable dose was ~6.5x greater than RNAiMAX. 
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At the highest cationic transfecting dose, we achieved 1.043 (SEM = 0.277) copies/EV. 

However, we also recovered miR-146a in negative control group conducted without any cells 

present. After adjusting for particle count, reagent-associated miR-146a accounted for 4.3% of 

final miR-146a content in the group with cells present. This result, obtained after washing ten 

times, indicates a contamination of final EV product with transfection material in the form of 

transfection reagent that is carried over in the extracellular media. For this reason, a further 

examination of potential transfection reagents for reagents that do not co-isolate with EVs is 

essential. Additionally, forms of contamination that are not as easily detected, such as 

incorporation of reagent chemicals like lipids into the final EV product need to be analyzed for 

presence and effect on downstream function. The appearance of a large particle population at 

~300 nm in the highest transfecting dose, indicates that some contamination from the reagent 

may be leading to larger EVs.  

 

Within the range of transfecting doses we applied, cellular miR-146a increased linearly 

(R2=0.952) with the transfecting dose and did not saturate even at the max tolerable dose. On the 

other hand, EV-associated miR-146a increased exponentially (R2=0.999) with transfecting dose. 

This result echoes that of Squadrito et al., who observed a similar relationship between miRNA 

expression levels and secretion [60]. This relationship indicates that optimization of cell 

transfection is incredibly important, as transfection efficiency grants accelerating returns. The 

source of transfection toxicity is unknown, but relevant if trying to maximize cellular RNA 

levels. If the reagent is the source of toxicity, then a less toxic transfection reagent may allow for 

greater loading. If the RNA itself is the source of toxicity, other solutions need to be pursued, 
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including engineering the cell or making changes to the RNA secondary structure to discourage 

toxicity or interaction with cellular RNA machinery. 

 

Both endogenous strategies yielded results in the range of one copy per EV, spurring us to 

speculate whether this is near the limit for endogenous loading strategies. Some estimates say 

that the total concentration of all miRNAs in EVs is approximately one copy per EV (depending 

on the EV source; less in HEK293T-derived EVs), and much less for individual sequences [5], 

[84], [110]. These estimates are controversial, as mentioned in Chapter 2, and comparing our 

results to those depends on factors like EV isolation method and quantification scheme. 

 

Additionally, transfection delivers supraphysiological levels of RNA. Jin et al. found that their 

cationic transfection (using the DharmaFECT 1 reagent) with 100 nM miRNA mimic led to 1-2 

million copies per HeLa cell, dwarfing the estimated 100,000 copies of mature miRNA per cell 

by a factor of ten [277]. Given that the cytoplasmic concentration of a given miRNA generally 

dictates its EV concentration, it is thus likely that our transfected RNA comprises the vast 

majority of extracellular RNA. It is also to be expected that at these drastic levels the transfected 

RNA is saturating miRNA-related cellular processes. Therefore, given the inherent limitations of 

cellular production, we hypothesize that one copy per EV may be approaching the limit of 

endogenous loading. 

 

This value is lower than reported for exogenous loading techniques, which can reach into the 

thousands of miRNA per EV [105], [107], [112]. While raw copy number of EV-associated 

miRNAs may not correlate completely with intravesicular quantity or functional delivery, this 
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gap is considerable. Interestingly, Reshke et al. find that by overexpressing a desired siRNA 

sequence within a pre-miR-451 secondary structure, they enrich the sequence to one copy per 

EV [4]. Other works have shown that including a sequence motif within the RNA strand or 

overexpressing an RNA-binding protein may lead to preferential loading into EVs [278]. These 

approaches and others could be combined with transfection-based strategies to further enhance 

efficiency of RNA secretion within EVs and inhibit off-target effects. 

 

Conclusion 

For endogenous loading, manipulating parental cells can lead to unintended changes in the cell 

that may impact the final EV product. This can occur through introduction of incidental 

byproducts of transfection, like reagent or aggregated RNA, or through off-target effects via the 

RNAi machinery of the cell (though the latter may in fact enhance the therapeutic product or be 

the primary component of it). In this aim, we examined the loading efficiency of endogenous 

loading techniques and saw a similar result of approximately one copy per EV.  
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Chapter 4: Development of a DNA overexpression system for 

endogenous miRNA loading4 

Introduction 

RNA secretion within extracellular vesicles is a topic with great relevance to RNA biology and 

therapeutic development. microRNAs make up a significant fraction of RNA in EVs, and much 

research has been devoted to understanding the mechanism of secretion, which has become 

controversial [79]. Many publications have demonstrated that EV-associated miRNAs are not 

merely representative of cellular miRNA, leading some to argue that a sorting process is 

selectively loading certain miRNA species over others, involving sequence-dependent RNA-

binding proteins [60], [66]–[72]. Thus, some previous attempts to improve secretion of desired 

small RNA have added short motifs to the mature RNA sequence, achieving modest increases in 

secretion [68], [72], [73]. Others are skeptical of this view, arguing that other factors, including 

differential RNA stability, subcellular localization, random stochasticity, and the “law of small 

numbers” cause a nonselective loading regime [51], [77]–[80]. Regardless, it has been shown 

that alteration of the cellular miRNA profile leads to changes in the EV profile, and 

overexpression of a specific miRNA in the cell will lead to increased abundance in the EV 

fraction [60]. 

 

In the canonical miRNA biogenesis pathway, primary miRNAs (pri-miRNAs) are transcribed by 

RNA Polymerase II (Pol II) and cleaved at the base of a hairpin structure by Drosha to become 

hairpin-shaped precursor miRNAs (pre-miRNAs) that typically range from 50-70 nucleotides 
                                                 
4 A. E. Pottash, E. Powsner, L. Kuo, D. Levy, S. M. Jay, “Manipulation of microRNA genesis 
pathway leads to enhanced extracellular vesicle loading,” In preparation. 
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long. This pre-miRNA is shuttled from the nucleus to the cytoplasm by Exportin-5. In the 

cytoplasm, Dicer cleaves off the pre-miRNA hairpin to produce a miRNA duplex similar to 

siRNA. One strand of the miRNA duplex is preferentially loaded into Argonaute-2 (Ago2). From 

here, the mature miRNA is capable of guiding Ago2-mediated cleavage and degradation of 

complementary RNA targets. Natural variations on the biogenesis pathway include intronic 

miRNAs that bypass Drosha, such as miR-15b and miR-126, and short complementary miRNAs 

that bypass Dicer, of which miR-451 is the only currently known example. 

 

Due to its short length, pre-miR-451 evades Dicer, but rather is loaded directly into Ago2 where 

it undergoes 3’ trimming to become a mature miR-451 [26]–[30]. Recent work by Reshke et al. 

has demonstrated that miR-451 is preferentially secreted by cells into EVs. Replacing the mature 

miR-451 sequence with a desired sequence against SOD1 or green fluorescent protein (GFP) led 

to massive enrichment in EVs (to 1 copy/EV in some cases), implying that enhanced secretion it 

is independent of the mature miR-451 sequence, but rather dependent on the unique structure of 

the pre-miR-451, which determines how it interacts with members of the miRNA biogenesis 

pathway [4]. Additionally, there have been reports that pre-miRNA is enriched over mature 

miRNA in MSC-derived EVs [81]. 

 

In this chapter, we will examine various strategies that may enhance the expression, bioactivity, 

and secretion of miR-146-5p, by tweaking interactions with miRNA biogenesis proteins. 

Throughout this process, however, we will not alter the mature sequence of miR-146-5p. 

Optimization of this process may allow for supremely scalable production of specific miR-

loaded EVs, at comparable levels to previous endogenous loading techniques. 
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Methods 

Cell culture 

The Dicer-knockout cell line NoDice was a generous gift from the Bryan Cullen lab at Duke 

University [279]. Human embryonic kidney HEK293T and NoDice cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) (Corning 10-013-CV; Corning, NY, USA) 

supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in T175 tissue 

culture polystyrene flasks. For EV collection, normal FBS was replaced by EV-depleted FBS. 

FBS was EV-depleted via 100,000 x g centrifugation at 4°C for 16 h where the supernatant was 

retained. 

 

Plasmid cloning 

pCMV-GFP was a gift from Connie Cepko (Addgene plasmid # 11153; 

http://n2t.net/addgene:11153 ; RRID:Addgene_11153). U6-scr, U6-pri, U6-pre, U6-pri451, and 

U6-pre451 oligo sequences were designed based on miRBase sequences and ordered from Twist 

Biosciences. The scramble sequence (5’-gacgagauauaagcagucuugu-3’) was designed using the 

Invivogen Scramble siRNA tool and was placed into a hsa-miR-15a-derived scaffold. The 

plasmid was linearized via EcoRI, and the NEBuilder HiFi DNA Assembly Kit (New England 

Biolabs) was used to insert the oligos upstream of the CMV promoter. In order to remove the 

CMV enhancer, the plasmids were linearized via SpeI/SnaBI digestion and the NEBuilder HiFi 

DNA Assembly Kit was used to bridge the ends. In order to insert the HDV sequence, the 

plasmids were linearized via SpeI/SnaBI digestion and the NEBuilder HiFi DNA Assembly Kit 
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was used to insert the HDV oligo (Integrated DNA Technologies) downstream of the terminal 

TT of the miR-146a scaffold. pKmyc-Exp5 was a gift from Ian Macara (Addgene plasmid # 

12552 ; http://n2t.net/addgene:12552 ; RRID:Addgene_12552). pKMyc was a gift from Ian 

Macara (Addgene plasmid # 19400 ; http://n2t.net/addgene:19400 ; RRID:Addgene_19400). 

LSB-hsa-miR-146a-5p was a gift from Ron Weiss (Addgene plasmid # 103248). LSB-hsa-miR-

126-3p was a gift from Ron Weiss (Addgene plasmid # 103192 ; http://n2t.net/addgene:103192 ; 

RRID:Addgene_103192).  

 

DNA transfection and EV production 

For plasmid transfection, cells were seeded in a T75 or T175 at 6666 cells/cm2. The next day, 

cells were treated with 83.3ng of plasmid per mL of cell culture media using Lipofectamine 3000 

(Thermo Fisher) via manufacturer’s instructions. Briefly, for a T75 flask, plasmid (1250 ng) was 

added to Opti-Mem (91.25 μL) (Thermo Fisher) in a 1.5 mL tube. After vortexing to ensure 

homogenous composition of plasmid in Opti-Mem, P3000 reagent (2.4 μL) was added, and the 

solution was vortexed a second time. In another 1.5 mL tube, lipofectamine reagent (5.1 μL) was 

added to Opti-Mem (91.25 μL). The lipofectamine solution was added to the plasmid/P3000 

solution and vigorously pipetted up and down at least 15 times and then left at room temperature 

for at least 10 min. The lipofectamine solution with the DNA plasmid of interest was then added 

directly to the 15 mL of media in the flask and the flask was swirled to disperse the reagent. The 

flask was left to incubate undisturbed for 1 h at 37°C. After 1 h, the media was aspirated from 

the cells. Fresh media was added, and the next day, media was replaced with EV-depleted media. 

Media was collected when the cells reached confluency, usually 2 days after transfection. For 

Exportin-5 co-expression, each plasmid was co-transfected at half the normal dose. 
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Extracellular vesicle isolation 

Conditioned media was collected and subjected to differential centrifugation. Briefly, the 

supernatant was centrifuged at 1,000 x g for 10 min, 2,000 x g for 20 min, 10,000 x g for 30 min, 

for each of which the supernatant was retained, and finally, 100,000 x g for 2 h, after which the 

pellet was resuspended in PBS and collected. This resuspension was washed 2x using  

Nanosep 300-kDa MWCO spin columns (OD300C35; Pall, Port Washington, NY, USA). The 

washed EVs were resuspended in PBS and filtered using an 0.2-μm syringe filter. EV size 

distribution and concentration were determined by nanoparticle tracking analysis (NTA) via a 

NanoSight LM10. Each sample was analyzed in triplicate using consistent acquisition settings. 

Total EV protein was determined via bicinchoninic acid assay (BCA) following manufacturer’s 

protocol. Relative levels of relevant protein components were determined via western blotting. 

Alix (ab186429; Abcam, Cambridge, MA, USA), TSG101 (ab125011; Abcam), GAPDH 

(2118L; Cell Signaling Technology) and CD63 (25682-1-AP; Thermo Fisher). Primary 

antibodies were added at a 1:1000 dilution, except for GAPDH (1:2000). Secondary antibody 

IRDye 800CW anti-Mouse and anti-Rabbit (926-32210 and 926-32211; LI-COR Biosciences, 

Lincoln, NE, USA) were added at 1:10000 dilution, and membranes were imaged on a LI-COR 

Odyssey CLX Imager. 

 

miRNA reporter system 

miR-146a-5p and miR-126-3p activity was detected using a reporter system developed by Gam 

et al [280]. Briefly, each plasmid expresses two fluorescent proteins: mKate2 (Red), which 
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contains multiple miRNA complementary sequences in its 3’ UTR, and EBFP2 (Blue), which 

expresses constitutively as a normalization control. For this assay, HEK293T cells were seeded 

in a 96-well black-walled plate at 1,200 cells per well. Two days later, each well was transfected 

with 15 ng of the plasmid of interest and 15 ng of reporter plasmid, along with necessary control 

wells. Two days later, images of each well were taken on an inverted microscope (Nikon Eclipse 

Ti2) and automatically analyzed in MATLAB (MathWorks, Inc.). Briefly, images were first 

segmented to only analyze the area comprising the well and ignore the outside region. Then, the 

image was binarized based on blue fluorescence intensity using an iterative thresholding method 

that finds the lowest threshold that does not include background fluorescence. Next, cells were 

segmented by the regionprops function that provides location data for each fluorescent cell. 

Finally, the Red/Blue fluorescence ratio was found for each cell and averaged across all cells 

detected in that well. GFP fluorescence intensity was measured by averaging the total 

fluorescence in the well after removing non-fluorescent pixels. 

 

RT-PCR 

EVs were resuspended in 700 μL Qiazol spiked with 2 fmol cel-miR-39 (Norgen Biotek) per 

sample. RNA was isolated using miRNeasy Kit (Qiagen) and cDNA was produced using 

miScript RT II Kit (Qiagen) using the same amount of starting RNA according to manufacturer’s 

protocol. 2 μL cDNA product along with primers and water was added to Ssoadvanced Universal 

SYBR Green Supermix (Biorad) according to manufacturer’s protocol. A QuantStudio 7 Flex 

qPCR System was used to detect the signal from each well. The reaction cycle consisted of 98°C 

(1 min), and 40 cycles of 98°C (10 s) and 60°C (20 s). The primers used were miR-146a fwd: 

(5’-GAGAACTGAATTACATGGGT-3’), miR-146a rev: (5’- 
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CAGGTCCAGTTTTTTTTTTTTTTT-3’), pre-miR-146a fwd: (5’- 

GTGTCAGTGTCAGACCTCT-3’), pre-miR-146a rev: (5’- 

CAGGTCCAGTTTTTTTTTTTTTTT-3’), cel-miR-39 fwd: (5’- 

GTCACCGGGTGTAAATCAG-3’), cel-miR-39 rev: (5’- 

GGTCCAGTTTTTTTTTTTTTTTCAAG-3’), actin fwd: (5’- 

ACTTAGTTGCGTTACACCCTT-3’), actin rev: (5’- GTCACCTTCACCGTTCCA-3’).  As an 

RNA standard for absolute quantification, 40 pmol miR-146a-5p miRNA mimic was reverse 

transcribed including spike-in, and serially diluted 10-fold six times. 

 

Statistical analysis 

Data are presented as mean ± SD. One-way ANOVAs with Dunnett’s multiple comparison test 

or two-way ANOVAs with Tukey’s multiple comparison test were used to determine statistical 

significance (p < 0.05) in RT-PCR experiments and plasmid/reporter fluorescence experiments. 

All statistical analysis was performed with Prism 8 (GraphPad Software, La Jolla, CA). Notation 

for significance in figures were as follows: ns = p > 0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 

0.001; **** = p ≤ 0.0001. 

 

Results 

Overexpression of miR-146a-5p in HEK293T cells 

In order to overexpress miR-146a-5p in HEK293T cells, which express a low level of native 

miR-146a, we constructed four homologous plasmids (and a scramble control) that placed the 

mature sequence (5’-ugagaacugaauuccauggguu-3’) within four distinct miRNA precursor 
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scaffolds (Fig. 13a). These scaffolds are based on the primary (pri-) or precursor (pre-) sequences 

of miR-146a and miR-451. Therefore, the constructs are variably independent of miRNA 

biogenesis proteins Drosha and Dicer, which may improve or inhibit their processing and 

secretion into EVs. These scaffolds were cloned into the pCMV-GFP plasmid immediately 

upstream of a five-thymine “T5” RNA polymerase III (Pol III) terminator and immediately 

downstream of a U6 promoter preceded by a cytomegalovirus (CMV) enhancer, given reports 

that the CMV enhancer increases U6 expression [281]–[283], as well as that of other RNA 

Polymerase III promoters [284]–[287].  

 

Given the array of RNA secondary structures involved, it is likely that detection by RT-PCR will 

be biased against sequences with tighter structures, especially pre451 precursors which have 

much lower ensemble diversity and Gibbs free energy according to RNAfold software [288], 

[289]. A comparison of the RNA minimum free energy (MFE) structures and positional entropy 

are shown in Figure 13b. More stable structures are less likely to degrade during RNA handling, 

however. 
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Figure 13. miR-146a overexpression sequences and predicted structures. (A) miR-146a derived sequences and 
expected base-pairing. Orange highlighted sequence is the mature miR-146a sequence. (B) Predicted minimum free 
energy (MFE) structure, Gibbs free energy, ensemble diversity, and positional entropy as shown by color bar. 
Calculations and illustrations produced by RNAfold software. 
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In order to determine the miR-146a activity from our overexpression systems, we co-transfected 

the constructs into HEK293T cells along with a fluorescence-based miR-146a reporter system, 

along with a miR-126 reporter system as a control. These cells were then imaged and analyzed 

using image analysis software in MATLAB and normalized to a No Plasmid control. The results 

showed a wide divergence of miR-146a activity based on the construct (Fig. 14a). Compared to 

No Plasmid, scr and pri451 showed no decrease in signal. Following this, pre, pri, and pre451 

constructs had increasing activity, respectively. When we doubled the transfecting dose of pri, 

we saw a concomitant decrease in signal. We also saw no change in signal in the miR-126 

control reporter system, except, strangely, from pri451. 

 

Next we expressed each construct in HEK293T cells and collected EVs via differential 

ultracentrifugation once cells reaches confluency. RNA isolation was then performed on cellular 

and EV lysates and RT-PCR was performed using two primers: one for the consensus mature 

miR-146a (“all miR-146”) and one for the stem-loop on the pri and pre constructs (“pre-146”). In 

the cellular fraction we saw incredible miR-146a enrichment in the pri and pre groups, especially 

the pre group which had a 777-fold increase in all miR-146 compared to No Plasmid (p<0.0001) 

(Fig. 14b). We saw no increase in the pri451 group, and intriguingly, only a 19-fold increase in 

pre451 group, despite the high level of knockdown in the prior experiment. In the EV fraction, 

most of the groups were not detected due to low sensitivity of the qPCR (Fig. 14c). However, we 

saw a significant enrichment favoring pre over pri in terms of secretion into EVs, normalized for 

EV number. Due to the lack of expression or knockdown from the pri451 construct, we stopped 

including this plasmid in our experiments. 
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Overexpression in Dicer-knockout cells 

Given the possibility for greater RNA stability in the absence of the Dicer enzyme, we examined 

miRNA secretion in Dicer-knockout HEK293T (NoDice) cells, originally developed by the 

Cullen lab [279]. In this cell line, pre-miRNAs accumulate and very little RNA is incorporated 

into RISC. Analysis of basal level expression in these cells indicates that the total level of mature 

Figure 14. Bioactivity and miR-146a content after overexpression. (A) Target knockdown in cells co-transfected 
with miR-146a-expressing plasmid and miR-146a reporter plasmid or miR-126 reporter plasmid. Red fluorescent 
protein expression is targeted by the corresponding miRNA, while blue fluorescent protein is constitutive. (B) 
Cellular miR-146a as measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 hairpin. (C) 
EV-associated miR-146a as measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 
hairpin, normalized by EV particle count. (N.D. = Not Detected). (ns = p > 0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p 
≤0.001; **** = p ≤ 0.0001). 
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miR-146a sequence is similar between the WT and KO cells, with 3.5-fold increase in the 

amount of pre-146a, however this difference was nonsignificant (Fig. 15a). 

 

Overexpression of the constructs yielded an similarly increased expression in the cellular fraction 

in the pri and pre groups (Fig. 15b). Surprisingly, we saw a massive enrichment of pre451 in 

comparison to the other groups, potentially due to Ago2 vacancy in Dicer-knockout cells. In the 

EV fraction, pri and pre451 had similar levels in EVs, and were both more highly secreted than 

the pre construct (Fig. 15c). 

 

Figure 15. miR-146a content after overexpression in NoDice cells. (A) miR-146a content in nontransfected NoDice 
cells as measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 hairpin (B) Cellular miR-
146a as measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 hairpin. (C) EV-associated 
miR-146a as measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 hairpin, normalized 
by EV particle count. (N.D. = Not Detected). (ns = p > 0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p 
≤ 0.0001). 
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Exportin-5 overexpression leads to increased RNA secretion 

A previous study showed that Exportin-5 overexpression increased cytoplasmic concentration of 

miRNAs and improved knockdown in cells [290]. Therefore, we postulated that overexpression 

of Exportin-5 could also lead to increased secretion of an overexpressed miRNA into EVs. 

Transfecting HEK293T cells with the pKmyc-XPO5 plasmid resulted in a 5-fold increase in 

Exportin-5 protein when compared to No Treatment and pKmyc backbone via western blot (Fig. 

16a). In the cellular fraction, co-transfecting Exportin-5 interestingly led to a decrease in cellular 

miR-146a, when normalized to the pKmyc backbone control (Fig. 16b). This trend held true in 

the scramble control, implying an effect independent of miRNA overexpression. Even more 

surprisingly, in the EV fraction, pri was significantly enriched by Exportin-5 overexpression 

when compared to the pKmyc backbone control (Fig. 16c). This inverse effect may result from 

any number of causes. For example, it is possible that nuclear miR-146a is more stable than 

cytoplasmic miR-146a, and thus facilitating nuclear export leads to lower total cellular miR-146a 

even while causing higher cytoplasmic concentrations. It is also possible that Exportin-5 

expression leads to greater Actin mRNA levels in the cell, and thus the normalization control 

would be unreliable. Indeed, we found that in cells that overexpressed Exportin-5, there was a 

decrease in the Ct value during qPCR (indicating a higher concentration) compared to cells 

expressing the pKmyc backbone (Fig. 16d). While Exportin-5 has been shown to export some 

mRNA species [291], [292], this conclusion is unreliable and requires further study. 
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Plasmid design affects miRNA expression and activity 

To determine the effect of various plasmid features on expression and activity of our miR-146a 

constructs, we built three new plasmid constructs, shown in Figure 17a. To the original plasmid 

referred to from now on as “CMV-U6”, we either removed the CMV enhancer or added a 

hepatitis delta virus (HDV) self-cleaving ribozyme immediately downstream of the miR-146a 

sequence, or both. The HDV ribozyme cleaves itself at its own 5’ end, leaving a uniform 3’ end 

of the preceding RNA sequence. The inclusion of this sequence would ensure a uniform 3’ UU 

tail of the transcribed miR-146a scaffold, similar to a synthetically produced miRNA mimic, as 

Figure 16. miR-146a content after overexpression in Exportin-5 overexpressing cells. (A) Exportin-5 protein content 
after overexpression as measured by western blot and quantified by pixel intensity. (B) Cellular miR-146a as 
measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 hairpin, normalized independently 
for each miR-146a plasmid to its pKmyc control. (C) EV-associated miR-146a after overexpression of pri as 
measured by RT-PCR with either a primer for mature miR-146a or pre-miR-146 hairpin, normalized by EV particle 
count. (D) Ct value from RT-PCR on cellular RNA using Actin-specific primer. (N.D. = Not Detected). (ns = p > 
0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001). 
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opposed to the variable 1-5 U tail produced by the T5 termination sequence [293]. The Drosha 

enzyme is expected to provide a mostly uniform 3’ end during pri biogenesis, but for pre and 

pre451, this step does not occur. A uridine tail longer than 2 nt may target an miRNA for 

degradation [294], reduce Exportin-5 export [295], or impair Ago2 binding [296]. On the other 

hand, miRNAs with greater 3’ uridylation are overrepresented in exosomes [76]. Lastly, addition 

of the HDV ribozyme downstream of shRNA has been demonstrated to improve activity in 

previous studies [297], [298]. 

 

To determine the activity of these new plasmids, we co-transfected them into HEK293T cells 

along with a fluorescence-based miR-146a reporter system, as well as a miR-126 control reporter 

system (Fig. 17b). The reporter system showed a great decrease in signal by deletion of the CMV 

enhancer (p<0.0001) and also an additionally decrease in signal by adding the HDV ribozyme to 

both the CMV-U6 plasmid and the U6 plasmid (p=0.0002 and p=0.026, respectively). Once the 

CMV enhancer was removed, variability between pri, pre, and pre451 was much reduced. The 

miR-126 reporter system registered no change in fluorescence. 

 

To look more closely at the molecular processing of each RNA transcript, we analyzed the GFP 

fluorescence expressed by each plasmid (Fig. 17c-d). In groups without the HDV ribozyme, we 

saw variable fluorescence, with decreasing signal in pre, pri, pre451, and scr, respectively. 

Addition of the HDV ribozyme diminishes the fluorescence to a very low level and abolishes 

most of the variability. GFP signal does not correlate with Red/Blue signal, as seen with the U6 

plasmids, which display both variable GFP signal and uniform target knockdown. However, the 

fluorescence may act as a reporter for both overall transcription and undesired termination 
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sequence read-through during RNA transcription. Removal of the CMV enhancer increases GFP 

fluorescence, indicating that the enhancer may interfere with U6 transcription initiation. 

Additionally, the T5 termination sequence has been shown to incompletely terminate 

transcription, and may be vulnerable to variable termination based on the sequence or secondary 

structure of the upstream sequence [293], [299]. The reduction in GFP fluorescence in plasmids 

containing HDV ribozyme is likely due to the 5’ hydroxyl product caused by self-cleavage [300]. 

 

Overexpression of optimized miR-146a scaffolds 

The U6 plasmids were overexpressed in HEK293T cells and EVs were collected for analysis. In 

the cellular fraction, U6-pri showed greater enrichment than other constructs (Fig. 18a). In the 

Figure 17. miR-146a bioactivity depending on plasmid design. (A) Layout of variable plasmid designs. (B) Target 
knockdown in cells co-transfected with miR-146a-expressing plasmid and miR-146a reporter plasmid or miR-126 
reporter plasmid. Red fluorescent protein expression is targeted by the corresponding miRNA, while blue 
fluorescent protein is constitutive.  (C) Quantified cellular GFP expression after transfection of indicated plasmid. 
(D) Fluorescent images of cells after transfection of indicated plasmid at indicated image exposure. (ns = p > 0.05, * 
= p ≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001). 
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EV fraction, U6-pri showed greater enrichment than U6-pre, including a 31.6-fold increase of the 

precursor sequence over the No plasmid group (Fig. 18b). Against a standard curve, we 

quantified the amount of miR-146a as 0.243 (SEM = 0.096) copies/EV (Fig. 18c). 

 

 

Discussion 

RNA secretion into EVs is an active area of research with ramifications in understanding 

intercellular communication and therapeutic design. This study sought to elucidate the effects of 

design choices that could potentially improve RNA loading into EVs, including engineering the 

Figure 18. miR-146a content after overexpression using “U6” plasmids. (A) Cellular miR-146a as measured by RT-
PCR with either a primer for mature miR-146a or pre-miR-146 hairpin. (B) EV-associated miR-146a as measured 
by RT-PCR with a primer pre-miR-146 hairpin, normalized by EV particle count. (C) Quantification of EV-
associated miR-146a as measured by RT-PCR and NTA. (N.D. = Not Detected). (ns = p > 0.05, * = p ≤ 0.05; ** = p 
≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001). 
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producer cell, DNA expression vector, and RNA secondary structure. However, no alterations 

were made to the mature miRNA sequence. Our findings showed that miR-146a-5p bioactivity 

and secretion can be promoted or restricted by tweaking its interactions with the miRNA 

biogenesis enzymes Drosha, Exportin-5, Dicer, Ago2, and RNA Polymerase. 

 

Initial overexpression of miR-146a-5p demonstrated a large increase in cellular enrichment when 

placed inside the pri and especially pre RNA scaffold when analyzed via RT-PCR. In isolated 

EVs, pre was enriched greater than pri, implying that requiring interaction with Drosha may be a 

bottleneck for RNA maturation. However, functional knockdown in overexpressing cells was 

seen to be greater in pri over pre, and highest in pre451, even though cellular levels of miR-146a 

were significantly inverted. We discontinued pri451, which exhibited no expression or 

knockdown for an unknown reason. 

 

Overexpression of our constructs in Dicer-knockout HEK293T cells led to similar expression 

levels for pri and pre, but an asymmetric increase in cellular expression for pre451. This is likely 

the result of the depletion of competing miRNAs that lead to Ago2 vacancy, which would grant 

miR-146a complete occupancy of cellular Ago2. Upon entering Ago2, miR-451 is progressively 

trimmed on its 3’ end into the mature sequence, as has been described previously [26]–[30], and 

this mature sequence is likely more easily detected than the pre451 precursor. In the EV fraction, 

previously undetectable pre451 was found to be exported at a similar level to pri. If the 

hypothesis regarding Ago2 vacancy is correct, it would follow that association with Ago2 does 

not prevent miRNA secretion into EVs and may perhaps facilitate it. Further study on this 

extremely unusual system could provide results that a) show vastly increased RNA secretion, 
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and/or b) illuminate the debate on miRNA secretion. Additionally, employing this system could 

streamline the production of miRNA-loaded Ago2. Unfortunately, we cannot pursue this line of 

inquiry with our current RT-PCR method. 

 

Overexpression of Exportin-5 decreased the level of cellular miR-146a. We hypothesize that this 

phenomenon could be explained as either: a) cytoplasmic miRNA is degraded or exported at a 

faster rate than in the nucleus, leading to lower total miRNA but greater cytoplasmic and 

extracellular RNA, or b) the level of Actin mRNA (the normalization control) is increased by 

Exportin-5 and therefore the cellular miR-146a result is unreliable. Either way, overexpression of 

Exportin-5 led to a significant increase in EV-associated miR-146a. 

 

Removal of the CMV enhancer and addition of a 3’ HDV ribozyme additively increased the 

bioactivity of the miRNA constructs. Variability in the bioactivity between pri, pre, and pre451 

constructs was also much reduced by removing the CMV enhancer, for unknown reasons. Given 

the native role of CMV enhancer in recruiting Pol II, combined with modest inherent Pol II 

activity of the U6 promoter [301], it is possible that undesired Pol II activity is causing 

transcriptional read-through of the T5 termination sequence. However, removal of the CMV 

enhancer actually diminished GFP expression, indicating that the enhancer most likely inhibited 

transcription, possibly through transcriptional interference [302]. It is clear that read-through is 

occurring in the U6 system, either due to modest inherent Pol II activity [301], or leaky T5 

termination, since it has been shown that T5 only terminates 95% of sequences [293]. Upstream 

hairpins have also been shown to modulate termination efficiency [299], which may explain the 

variability in GFP expression depending on the RNA scaffold used. Concerns over variable 
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length of uridine tail and read-through are good reasons to use Drosha-dependent scaffolds like 

pri, which will process the RNA into a mostly uniform pre-miRNA, or a self-cleaving ribozyme 

like the HDV ribozyme, which gives exquisite control over the 3’ terminus. The use of this 

ribozyme could also be used for simplified overexpression of therapeutic small RNA in lower 

organisms such as E. coli. Concerns that may arise from the use of a ribozyme are potential 

inclusion of the 3’ ribozyme product into extracellular vesicles meant for human treatment with 

unknown consequences, and the addition of a 2',3'-cyclic monophosphate on the 3’ product, as 

opposed to the 3’ hydroxyl that remains after Drosha cleavage. The effect of this modification 

does not appear to inhibit pre-miRNA bioactivity, but should be examined further to determine 

the effect conclusively. 

 

The U6 and U6-HDV plasmids showed more modest increases in cellular RNA compared to 

previous iterations, with U6-pri exhibiting the highest expression levels. Likewise, U6-pri 

showed higher expression in EVs compared to U6-pre. Expressing miR-146a in a U6-pri scaffold 

produced 0.243 (SEM = 0.096) copies/EV. This concentration of loaded miRNA is certainly an 

enrichment, but does not reach the concentrations seen in other endogenous loading techniques 

such as electroporation or cationic transfection. By including Exportin-5 overexpression and 

probing pre451 expression further, in addition to other techniques such as further refinement of 

the secondary structure, stable cell line production, or knockdown of RNA-degrading proteins, it 

may be possible to match or exceed other endogenous loading techniques. While pursuing these 

cellular engineering techniques, however, it is critical to ensure that inherent EV integrity and 

bioactivity is not degraded. 
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Conclusion 

Current frames of understanding RNA secretion position a “active, selective” process against 

“passive, nonselective” process with persuasive evidence for both mechanisms. In this work, we 

sought to improve RNA loading into EVs by leveraging the second mechanism, without 

requiring changes in RNA sequence or overexpression of any specific RBP. By focusing on 

sequence-agnostic changes, these engineering techniques could theoretically be applied towards 

enhanced RNA loading into EVs for (almost) any sequence. 
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Chapter 5: Combinatorial microRNA loading into extracellular vesicles 
for anti-inflammatory therapy5 

 

Introduction 

Endogenous loading strategies have some advantages over exogenous, however, a significant 

limitation of endogenous loading strategies is total RNA loading. The maximum that we 

achieved for endogenous loading was approximately one copy/EV, while some exogenous 

loading strategies have been shown to load thousands of copies/EV, including a sonication 

method previously developed by our lab [107]. While it is unknown what percentage of miRNA 

is intravesicularly loaded using this method, the enrichment vastly exceeds that of endogenous 

methods. Our goal in this chapter is to examine if the utility of exogenous approaches could be 

expanded and applied for a therapeutically relevant application. 

 

Inflammation-related diseases are responsible for millions of deaths every year [139], [303]. 

While inflammation is a critical part of an effective response to harmful stimuli, inappropriate 

acute or chronic inflammatory signaling can cause harm to the body. Widespread adoption of 

inflammation management protocols has helped lower death rates, but there are still many 

inflammatory disorders for which there are no specific approved treatments.  

 

As a result, new therapeutic approaches are being pursued. An emerging strategy involves 

microRNAs (miRNAs), which have been shown to play significant roles in inflammation in 

                                                 
5 A. E. Pottash, D. Levy, L. Kuo, S. M. Kronstadt, W. Chao, S. M. Jay, “Combinatorial 
microRNA loading into extracellular vesicles for anti-inflammatory therapy,” Submitted. 
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general and in specific inflammatory conditions such as sepsis, both in promoting pathogenesis 

and recovery [33], [132], [213], [215], [304]–[312]. For example, miRNAs such as miR-146a 

and miR-223 have been shown to be downregulated in both septic vs. healthy patients and in 

non-surviving vs. surviving patients [215]. Thus, the concept of therapeutic miRNA delivery is 

intriguing as a possible novel anti-inflammatory treatment. 

 

When considering potential vehicles for miRNA delivery, extracellular vesicles (EVs) have been 

implicated as promising based on their reported natural ability to facilitate intercellular RNA 

transfer [313]. While the physiological significance of EV-mediated miRNA transfer is still 

controversial [5]–[7], the capabilities of specifically-loaded EVs for small RNA delivery (siRNA 

and miRNA) have been clearly established [102], [104], [314]. Further, direct comparisons of 

EVs and other potential miRNA delivery vehicles such as liposomes have indicated the potential 

superiority of EVs [94], [315], [316]. Thus, EV-mediated miRNA delivery to treat inflammation 

is worthy of focused investigation. 

 

Here, we built on previous work from our group using a sonication-based miRNA loading 

strategy to package miRNA into EVs without any chemical modifications [17]. Our prior study, 

like many in the field to date, investigated delivery of only a single miRNA species. In this work, 

we sought to exploit the potential synergy of regulating multiple anti-inflammatory pathways by 

loading multiple miRNA species into a single EV population. Combinations of miRNAs were 

tested in an in vitro macrophage inflammation model, which was previously shown to correlate 

with in vivo outcomes for EVs [317]. Finally, the most effective combination was tested in an in 

vivo endotoxemia model. 
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Methods 

Cell culture 

Human embryonic kidney HEK293T cells and RAW264.7 mouse macrophage cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Corning 10-013-CV; Corning, NY, 

USA) supplemented with 10% EV-depleted fetal bovine serum (FBS) and 1% 

penicillin/streptomycin in T175 tissue culture polystyrene flasks. FBS was EV-depleted via 

100,000 x g centrifugation at 4°C for 16 h where the supernatant was retained. 

 

Extracellular vesicle isolation 

Conditioned media was collected and subjected to differential centrifugation. Briefly, the 

supernatant was centrifuged at 1,000 x g for 10 min, 2,000 x g for 20 min, 10,000 x g for 30 min, 

for each of which the supernatant was retained, and finally, 100,000 x g for 2h, after which the 

pellet was resuspended in PBS and collected. This resuspension was washed 2x using  

Nanosep 300-kDa MWCO spin columns (OD300C35; Pall, Port Washington, NY, USA). The 

washed EVs were resuspended in PBS and filtered using an 0.2-μm syringe filter. EV size 

distribution and concentration were determined by nanoparticle tracking analysis (NTA) via a 

NanoSight LM10. Each sample was analyzed in triplicate using consistent acquisition settings. 

Total EV protein was determined via bicinchoninic acid assay (BCA) following manufacturer’s 

protocol. Relative levels of relevant protein components were determined via western blotting. 

Alix (ab186429; Abcam), TSG101 (ab125011; Abcam), GAPDH (2118L; Cell Signaling 

Technology) and CD63 (25682-1-AP; Thermo Fisher). Primary antibodies were added at a 

1:1000 dilution, except for GAPDH (1:2000). Secondary antibody IRDye 800CW anti-Rabbit 
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(926-32211; LI-COR Biosciences, Lincoln, NE, USA) were added at 1:10000 dilution, and 

membranes were imaged on a LI-COR Odyssey CLX Imager. 

 

Extracellular vesicle loading 

100 μg EVs, corresponding to ~3e9 particles detected by NTA, were mixed with 1nmol miRNA 

mimic (Dharmacon) and the volume was brought up to 100 μL with PBS. This mixture was 

incubated for 30 min at room temperature, before being sonicated at in a water bath sonicator 

(VWR® symphony™; cat# 97043-964, 2.8 L capacity, dimensions 24L × 14W × 10D cm) at 35 

kHz for 15 s, placed on ice for 1 min, and sonicated for a second 15 s. The mixture was placed 

back on ice briefly, then washed 3x using Nanosep 300-kDa MWCO spin columns and 

resuspended by PBS. The miRNA mimics used were: has-miR146a-5p (C-300630-03); hsa-miR-

155-5p (C-310430-07); hsa-miR-223-3p (C-300580-07); hsa-miR-126-3p (C- 300626-07); hsa-

miR-124-3p (C-310391-05); Negative Control #1 (C-310391-05). 

 

Transmission electron microscopy (TEM) 

EVs were negatively stained using a protocol as previously described [318]. Briefly, 4% 

paraformaldehyde (10 μL) was added to EVs (10 μL) and incubated for 30 min. A carbon film 

grid was placed on the paraformaldehyde/EV droplet for 20 min, and washed with PBS. Then, 

the grid was placed on 1% glutaraldehyde (50 μL) for 5 min, and washed eight times with water. 

Finally, the grid was placed on uranyl acetate replacement stain (50 μL) for 10 min, and left to 

dry for 10 min. 
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Fluorescently labeled RNA co-loading test 

Cy3-labeled miR-93 and Cy5-labeled miR-126 (Dharmacon) were loaded at indicated ratios 

according to the normal sonication protocol. After washing, fluorescence readings were taken 

and normalized to total fluorescence. 

 

In vitro RAW264.7 inflammatory assay 

RAW264.7 cells were seeded in DMEM supplemented with 5% FBS in a 48-well plate at 

100,000 cells per well. All EVs were prepared by sonication and doses were normalized by 

protein content after sonication and washing. All treatments were diluted in DMEM 

supplemented with 5% FBS. The timing of doses depends on the treatment regime which is 

depicted in Figure 20a. In the “Pre-treat” regime, cells were treated with EVs or PBS alone for 

24 hours, when supernatant was replaced by media with 10 ng/mL LPS for 4 h. In the “Co-treat” 

regime, both EV treatments and 10 ng/mL LPS were added concomitantly for 24 hours. In the 

“Post-treat” regime, cells were treated with 10ng/mL LPS for 24 hours, and then 10ng/mL LPS 

with EV treatments for another 24 hours. After all final treatments, media was collected and 

stored at -80C. IL-6 concentration was determined using the Mouse IL-6 DuoSet ELISA Kit 

(R&D Systems; DY406). Cell transfection was achieved using HiPerfect (Qiagen) according to 

manufacturer’s protocol. For the “Co-treat” regime, phagocytosis was measured after the 

removal of the media, following the Vybrant Phagocytosis Assay Kit (Invitrogen) 

manufacturer’s protocol. All tests were performed in biological triplicate. 
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ELISA 

Samples were diluted as needed and cytokine concentrations were determined via DuoSet ELISA 

Kits (R&D Systems): IL-6 (DY406), TNFa (DY410), MIP-2 (DY452), and CCL22 (DY439). 

 

Proteome array 

An antibody-based protein array was performed on cell supernatants after a “Pre-treat” regime, 

using Proteome Profiler Mouse XL Cytokine Array (R&D Systems) according to manufacturer’s 

protocol. Expression was normalized between membranes. 

 

In vivo endotoxemia study 

Male C57BL/6J mice (Jackson Labs), 8 to 12 weeks of age, were used in this study. The animals 

were kept at a constant temperature (25°C) under a 12h light/dark cycle with free access to food 

and water. On the first and second day, animals received a 200 μL intraperitoneal injection of 

PBS or sonicated EVs at a concentration of 2.1e10 particles/mL (by NTA). On the third day, 

animals received an intraperitoneal injection of 5 mg/kg LPS. Three hours later, animals were 

anesthetized and sacrificed via cardiac blood collection. Blood was collected into EDTA-coated 

tubes (450480; Greiner Bio-One) and spun at 1,000 x g for 15min to produce plasma. All animal 

work was carried out in accordance with the NIH guidelines and approved by the Institutional 

Animal Care and Use Committee (IACUC) at the University of Maryland College Park. 

 

RT-PCR 

EVs were resuspended in 700ul Qiazol spiked with 2 fmol cel-miR-39 (Norgen Biotek) per 

sample. RNA was isolated using miRNeasy Kit (Qiagen) and cDNA was produced using 
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miScript RT II Kit (Qiagen) according to manufacturer’s protocol. 2ul cDNA product along with 

primers and water was added to Ssoadvanced Universal SYBR Green Supermix (Biorad) 

according to manufacturer’s protocol. A QuantStudio 7 Flex qPCR System was used to detect 

the signal from each well. The reaction cycle consisted of 98°C (1m), and 40 cycles of 98°C 

(10s) and 60°C (20s). The primers used were miR-146a fwd: (5’-

GAGAACTGAATTACATGGGT-3’), miR-146a rev: (5’- 

CAGGTCCAGTTTTTTTTTTTTTTT-3’), cel-miR-39 fwd: (5’- 

GTCACCGGGTGTAAATCAG-3’), cel-miR-39 rev: (5’- 

GGTCCAGTTTTTTTTTTTTTTTCAAG-3’).  As an RNA standard for absolute quantification, 

40 pmol miR-146a-5p miRNA mimic was reverse transcribed including spike-in, and serially 

diluted 10-fold six times. 

 

Statistical analysis 

Data are presented as mean ± SD. One-way ANOVAs with Dunnett’s multiple comparison test 

to determine statistical significance (p < 0.05) in in vitro inflammatory assay, and in vivo 

endotoxemia experiments. All statistical analysis was performed with Prism 8 (GraphPad 

Software, La Jolla, CA). Notation for significance in figures were as follows: ns = p > 0.05, * = p 

≤ 0.05; ** = p ≤ 0.01; *** = p ≤ 0.001; **** = p ≤ 0.0001. 
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Results 

EV loading and characterization 

In order to test multiple different combinations of miRNAs, a method of sonication-mediated EV 

loading previously developed by our lab was employed [107]. The sonication method is an 

exogenous loading technique in which pre-synthesized siRNA or miRNA mimics can be mixed 

in any combination to EVs and loaded. EVs derived from HEK293T cells were collected and 

characterized via western blot (Fig. 19a). The EVs were then sonicated in the presence of miR-

146-5p double-stranded mimic and washed extensively. These sonicated EVs were then analyzed 

via NTA to detect any changes in size (Fig. 19b). Sonicated and unsonicated EVs were imaged 

using transmission electron microscopy (TEM) (Fig. 19c). Visually, we did not detect any 

changes in EV morphology or aggregation in the sonicated EVs. The ability to controllably co-

load two different miRNA cargos into a single EV population was determined by mixing and 

sonicating Cy3-labeled miR-93 and Cy5-labeled miR-126 in varying proportions (Fig. 19d).  

 

Screening for anti-inflammatory miRNA 

EVs were loaded with five different double-stranded miRNA mimics (miR-126a-3p, miR-146a-

5p, miR-124-3p, miR-155-5p, and miR-223-3p) that were found in literature to be deficient in 

septic patients or to modulate immune responses [215], [319]–[321]. These miRNAs were loaded 

either individually, in combination with all others save one, or as the complete group. In this 

way, each miRNA could be compared with others both as a lone treatment and when left out of 

the complete group. These EV treatments were applied to RAW264.7 murine macrophage cells 

24 hours in advance of LPS treatment for 4 hours, in a “Pre-treat” regime (Fig. 20a). At the end 

of the LPS treatment, supernatants were collected and assessed using an IL-6 ELISA (Fig. 20b). 
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Results indicated that EVs loaded with all miRNA resulted in downregulated IL-6 secretion. 

There was no detected difference between groups with miRNA mixed before sonication (“All”) 

or individually loaded EV-miRNAs mixed after sonication (“All, Sonicated Separately”). 

Positive controls of Dexamethasone (Dex) (1 μg/mL) and transfection of all miRNAs showed 

significant anti-inflammatory effect. Among the individual miRNAs, miR-146 had a 

nonsignificant anti-inflammatory effect alone, and a nonsignificant effect in combination. miR-

155 had no effect alone, but a significant effect in combination. miR-223 had no effect alone and 

no effect in combination, surprising in light of previous research [322], [323]. These miRNAs 

Figure 19. EV characterization and sonication loading quantification. (A) Nanoparticle Tracking Analysis (NTA) 
performed on EVs unsonicated, sonicated, and sonicated with miRNA. (B) Western blot of EVs vs parental cells. 
(C) Transmission Electron Microscopy (TEM) for unsonicated and sonicated EVs (D) Relative quantification of 
co-loaded fluorescently-tagged miRNA mimics. 
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were included for additional testing. miR-126 had an anti-inflammatory effect alone, but in 

combination had no additional effect. miR-124 had a nonsignificant pro-inflammatory effect 

alone and a significant pro-inflammatory effect in combination. Due to these results, we 

continued with miR-146a, miR-155, and miR-223 for further experiments.  

 

All possible combinations of these three miRNAs were tested in a “Pre-treat” regime (Fig. 20c). 

All treatment groups led to significant anti-inflammatory effects, with dose-dependence evident. 

Interestingly, the No miRNA group (unmodified HEK293T EVs) showed an anti-inflammatory 

effect on par with Dex, reflecting prior data showing benefits of HEK293T EVs in a sepsis 

model via an unknown mechanism [324]. Cell phagocytic behavior was tested after LPS 

treatment to see if EV-mediated miRNA treatment impaired phagocytosis (Fig. 20d). No 

significant changes were detected. Due to the effectiveness of each miRNA combination, a more 

challenging regime was employed to differentiate between combinations. 

 

All groups were tested in a “Co-treat” regime, wherein LPS and EV treatments were both applied 

concurrently to RAW264.7 cells for 24 hours (Fig. 20d). miR-146a alone had a significant anti-

inflammatory effect, while miR-223 alone and miR-155 alone had no effect. In contrast, 

strikingly, the 155/223 combination significantly reduced IL-6 secretion. The 146a/223 treatment 

was not significantly effective, while the 146a/155 and 146a/155/223 treatments significantly 

reduced IL-6 secretion. Once again, a more challenging regime was employed to further 

differentiate between groups. 
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This time, all groups were tested in a “Post-treat” regime, wherein LPS was applied concurrently 

to RAW264.7 cells for 24 hours, and then LPS and EV treatments were concurrently applied for 

24 hours (Fig. 20e). In this regime, no significant effects were detected except for with the 

complete combination of 146a/155/223, from now on referred to as “EV-TRI”, which showed a 

small but significant effect. 

 

miR-TRI has broad anti-inflammatory effect 

Given the effectiveness of EV-TRI in suppressing IL-6 secretion, we screened to see if other 

relevant secreted cytokine were also regulated using an antibody-based cytokine array. Pre-

Figure 20. Screening of miRNA for anti-inflammatory combination. (A) Timelines for different treatment regimes. 
(B) Secreted IL-6 in response to LPS in a pre-treatment regime. “All” refers to all miRNA listed; “All, sonicated 
separately” refers to all miRNAs sonicated alone and combined for treatment; “All, transfected, 50nM” refers to all 
miRNAs transfected using HiPerfect (Qiagen). (C and D) Secreted IL-6 and subsequent phagocytosis in response 
to LPS in a pre-treatment regime. Phagocytosis as measured by the Vybrant Phagocytosis Assay Kit (Invitrogen). 
(E) Secreted IL-6 in response to LPS in a co-treatment regime. (F) Secreted IL-6 in response to LPS in a post-
treatment regime. Results were analyzed via one-way ANOVA (ns = p > 0.05, * = p ≤ 0.05; ** = p ≤ 0.01; *** = p 
≤ 0.001; **** = p ≤ 0.0001). 
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treatment of RAW264.7 cells with EV-TRI or EV-NC (HEK EVs loaded with cel-miR-67 

Negative Control miRNA mimic) showed differential protein expression after LPS treatment for 

4 hours (Fig. 21a). In comparison to EV-NC, EV-TRI showed a downregulation of IL-6, IL-10, 

CCL22, CCL17, CXCL10, CXCL13 and CXCL16 (Fig. 21b). CCL22 downregulation was 

verified via ELISA (Fig. 21c). 

 

miR-TRI has no effect on murine endotoxemia model 

A murine endotoxemia model was employed to test the efficacy of intervention on systemic 

inflammation (Fig. 22a). EVs sonicated or unsonicated in the presence or absence of miR-NC 

Figure 21. Screen for extracellular protein targets of EV-TRI. (A) Relative expression for all targets. (B) Relative 
expression for IL, CCL, CXCL cytokines. Expression as measured by the Proteome Profiler Mouse XL Cytokine 
Array (R&D Systems). (C) CCL22 expression was quantified via ELISA. Results were analyzed via one-way 
ANOVA (* = p ≤ 0.05). 
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failed to significantly alter the IL-6 response to LPS (Fig. 22b). Similarly, EV-TRI failed to show 

any improvement in this model, as no significant difference in IL-6, CCL22, TNFa, MIP-2, or 

IL-1β cytokine concentration was detected, though a possible trend was detected for IL-6, with a 

23% reduction in cytokine plasma concentration (p=0.07) (Fig. 22c). 

 

Discussion 

We had previously established [107] that sonication enables the loading of thousands of copies 

of miRNA into EVs, with only slight diminishment of in vitro EV uptake compared to 

unmodified EVs. In this study, we quantify the loading of unlabeled small RNA to be thousands 

of copies per EV. We also showed that the loading of multiple small RNA sequences by 

sonication is predictable based on the proportion of their concentration in solution. This 

Figure 22. Response of endotoxemic mice pre-treated with EV-TRI. (A) Diagram of treatment schedule. (B) IL-6 
response to EVs sonicated/unsonicated with/without RNA. (C) Cytokine response to treatment by NC and TRI. 
Results were analyzed via one-way ANOVA (ns = p > 0.05). 
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technique may thus allow several advantages over competing EV loading strategies. We are able 

to co-load any mixture of miRNA sequences into a single EV population with a reproducible 

loading efficiency. As opposed to mixtures of individually loaded EVs, the pre-mixing of 

miRNA allows for loading multiple miRNAs into a single vesicle, guaranteeing proportional 

delivery to a recipient cell. This exogenous loading technique also is also adaptable for any small 

RNA cargo and does not require any manipulation of the cargo or producer cells. 

 

To take advantage of this system, we performed a screen for anti-inflammatory miRNA 

combinations using a limited number of miRNAs selected from the literature. These miRNA 

combinations were passed through progressively more rigorous LPS challenges in vitro in order 

to determine if any specific combination of miRNAs is superior in reducing inflammation. That 

process identified the combination of miR-146a, miR-155, and miR-223 as being the most 

efficacious in reducing IL-6 production by RAW264.7 macrophages in response to LPS. This 

finding echoes work by Bhaskaran et al. that found that overexpression of three miRNAs in 

glioblastoma had a combinatorial anti-cancer effect [325], as well as a clinical study by Marik et 

al. which found that a combination of hydrocortisone, ascorbic acid, and thiamine worked 

synergistically as an anti-inflammatory against sepsis [326], [327]. 

 

miR-146a, miR-155, and miR-223 have been studied as anti-inflammatory miRNAs that change 

expression levels in response to LPS and target proteins in the TLR4 pathway [328]–[331]. 

Interestingly, these miRNA targets are largely non-overlapping, perhaps indicating that when 

attempting to downregulate a cellular pathway, greater effect may be achieved by targeting 

different proteins in that pathway rather than focusing on one protein. Work by Schulte et al. 
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described the tiered response by macrophages to LPS, in which miR-146 expression saturates at 

even sub-inflammatory LPS concentrations in order to protect against hyper-sensitivity, whereas 

miR-155 is expressed proportionally over a broad range of LPS concentrations in order to 

respond appropriately to the level of stimulation [332]. This indicates that both miRNAs seem to 

work in tandem to prevent an extreme cellular response. However, in other contexts, introducing 

miR-155 has been shown to be pro-inflammatory [333], [334]. For example, EVs from wild-type 

bone marrow-derived dendritic cells (BMDCs) increased IL-6 production in response to LPS in 

miR-155-/- BMDCs and mice, compared to EVs from miR-155-/- BMDCs [335]. These seemingly 

contradictory results indicate that miR-155 activity is nuanced and likely very context dependent. 

Concurrent introduction of other anti-inflammatory miRNAs like miR-146a and miR-223 may 

tilt the RNA network towards an environment in which miR-155 suppresses inflammation. 

Indeed, while miR-155 and miR-223 had no effect on IL-6 secretion on their own, in 

combination they were highly suppressive (Fig. 20d). 

 

The results of our protein array showed a downregulation of IL-6, as expected. CCL22 and 

CCL17, the two CCR4 ligands, which are involved in T-cell chemotaxis, are also downregulated 

by the TRI treatment. Interestingly, in an LPS challenge model, CCR4-/- mice had decreased 

cytokine release and higher survival rate when compared to wild-type mice [336]. In another 

study, CCR4-/- mice had reduced immune response and greater survival after cecal ligation and 

puncture (CLP), and greater responsiveness and survival to a secondary fungal challenge [337]. 

These previous results indicated that, in addition to inhibition of IL-6, inhibition of the CCR4 

ligands CCL22 and CCL17 may lead to an improved outcome in vivo. 
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Despite these encouraging signs, we saw no significant decrease in pro-inflammatory cytokines 

in response to EV-TRI in vivo. There are multiple reasons why this may be the case. Firstly, 

since cell source plays a role in EV biodistribution and delivery [338], the choice of HEK293T-

derived EVs may limit an in vivo effect. A recent study showed that HEK293T EVs have a short 

half-life in healthy mice; in one hour, 80% of EVs were cleared from circulation [339]. It is 

possible that cargo packaged within EVs from mesenchymal stromal cells or another cell source 

could have a greater chance of functional delivery. Additionally, while sonication may inhibit 

EV delivery only slightly in vitro, this effect may be increased under more challenging delivery 

conditions in vivo. Finally, the in vitro model used to screen for anti-inflammatory effects may 

be insufficiently representative of in vivo dynamics, despite prior correlation noted in the 

literature [317]. For example, the RAW264.7 macrophage model may be insufficiently 

representative of native macrophage behavior and is certainly insufficiently representative of 

other cell types affected by LPS injection. 

 

Conclusion 

Sonication is an effective method for loading multiple miRNAs into EVs in predictable 

proportions. Given the vast number of targets that are regulated by any one miRNA sequence 

(usually numbered in the hundreds), it would be difficult to fully map or predict the changes in 

the transcriptome, proteome, or phenotype of a cell that takes up one miRNA, let alone three. In 

this way, while literature can guide selection of therapeutic miRNA, empirical combinatorial 

testing of multiple miRNAs may be necessary when seeking to design a miRNA-based 

therapeutic. This work, which by no means exhausts the possible space of miRNA combinations, 

is nonetheless our attempt to illuminate the strengths of such an approach.  
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Chapter 6: Conclusions and outlook 

EVs are an exciting platform for small RNA delivery that could solve current obstacles in RNA 

therapeutic development. However, there are technical challenges in EV cargo loading that need 

to be addressed before this method can truly be applied. In this work, we examined current small 

RNA loading techniques and attempted to innovate new refinements and opportunities for these 

techniques. In this chapter, we will review the results of the prior chapters and discuss further 

opportunities to reach the goal of developing EV-based small RNA therapies and our 

contributions to the field. 

 

Summary of results  

In Chapter 3, we optimized protocols for the endogenous loading techniques of electroporation 

and cationic transfection. Here, we discovered that using certain transfection reagents leads to 

enrichment within EVs, but also contamination in the final EV product. Likewise, we saw RNA 

aggregation as a result of electroporation, which could possibly impact cell health and 

contaminate the EV product. We also quantified miR-146a loading into EVs with each technique 

and found that they each result in approximately one copy per one EV. This finding leads us to 

consider if one copy per one EV is approaching the limit for endogenous loading techniques, and 

supplies the field with specific values to reference. 

 

In Chapter 4, we developed a number of different miR-146a DNA expression plasmids that 

differed in RNA secondary sequence and compared them in HEK293T cells in their cellular 

bioactivity and EV export. While the miR-146a packaged within a pre-miR-451 backbone posed 
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difficulties for detection, we found that overexpression in a Dicer-knockout cell line led to an 

interestingly high level of cellular expression and export. Additionally, we co-expressed miR-

146a and Exportin-5 and saw an increase in miR-146a secretion. Next, altering the plasmid 

promoter and adding a downstream HDV ribozyme improved the bioactivity of our plasmids. 

Finally, we quantified the miR-146a loading into EVs with this method and found about one 

copy per four EVs. Figure 23 shows a comparison between all endogenous loading techniques 

based our studies, including the native level of miR-146a (which was below the limit of our 

detection; <0.015 copies/EV). While DNA overexpression did lead to lower final miR-146a 

concentration within EVs, there are still opportunities to improve this technique, including some 

studied above. 
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Figure 23. Comparison of different endogenous loading techniques in copies per EV, as measured by RT-PCR and 
NTA. 
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In Chapter 5, we sought to utilize the exogenous sonication loading technique in order to load 

multiple RNAs into a single EV population, and we saw no dramatic changes in EV size or 

morphology as a result of sonication. After demonstrating this, we screened combinations of five 

miRNAs identified from literature in an in vitro macrophage inflammation model and found that 

the combination of miR-146a-5p, miR-155-5p, and miR-223-3p demonstrated superior anti-

inflammatory effects over the single miRNAs alone. Cytokine targets of this combination were 

also identified in vitro. Finally, we applied this EV-loaded combination into a mouse 

endotoxemia model and found a 23% reduction in IL-6 (p=0.07). This result confirmed that 

sonication loading is a viable technique for loading any combination of small RNA in relative 

proportions, and that combining multiple small RNAs may enhance a desired therapeutic effect. 

 

Taken together, these results contributed to the understanding of RNA export from cells, 

determined important numbers for the wider community to reference, innovated novel techniques 

for RNA overexpression and bioactivity, and discovered a novel combination therapeutic for 

fighting inflammatory disease. 

 

Future directions 

The research presented here advances knowledge of small RNA loading into EVs, however, 

much more work needs to be done before these techniques can be implemented in a clinical 

setting. Figure 24 (an updated version of Figure 7) shows a descriptive comparison of various 

loading techniques, incorporating findings from this work. 
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For cationic transfection, if this technology is to be viable, new reagents would need to be 

developed that do not contaminate the final EV product or have residual binding. Many chemical 

reagents are lipid-based or nanoparticle-based, and thus can easily be incorporated into EVs or 

co-isolate with them. For electroporation, RNA aggregation is an issue that may hamper 

adoption of this technique. One possible solution could be the use of cuvettes with polymer-

based electrodes instead of metal electrodes, which would likely abolish aggregation [109]. 

Impressive advances in high-throughput continuous-flow microfluidic electroporation devices 

allow for large scale introduction of nucleic acid into cells, including a recent iteration that 

introduced mRNA into 20 million human T cells per minute at a 95% transfection efficiency 

[115], [340]. Additionally, cationic transfection and electroporation allow for chemical 

modification in the RNA strand. For these reasons, we view electroporation as the most 

promising near-term solution for endogenous loading into EVs. 

 

Figure 24. Comparison of various exogenous and endogenous loading techniques according to current knowledge 
including results from this thesis. EV loading efficiency describes the copies RNA/EV. EV integrity describes 
structural and functional soundness of final product. Scalability describes ability to scale up to a high-throughput 
industrial process. Optimization still needed describes further research required to optimize this technique. Red, 
yellow, and green describe how well each technique fulfills each parameter. * copies/EV. α Data from [109]. β Data 
from [107]. 
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However, in the long-term, DNA overexpression may possess advantages over electroporation. 

In terms of cost, DNA overexpression would require no RNA or DNA synthesis or specialized 

equipment at all, since desired sequences could be stably integrated into the genome. 

Additionally, producer cells would not undergo any acute stresses like chemical toxicity or 

physical/electrical forces. However, further understanding of cellular miRNA secretion is 

required to enable engineering opportunities. Ideally, cellular engineering techniques could be 

developed that promote the secretion of any sequence, to avoid sequence-dependent cell lines 

that will complicate manufacturing and production. Relatedly, for all endogenous techniques, 

strategies to avoid the secondary effects of the therapeutic small RNA on the producer cell 

should be investigated. This would allow for standardized production of small RNA therapies 

without concern for negative or complicating effect on final EV product. Of course, this could 

also remove some positive secondary effects, such as differential protein or RNA secretion. 

 

Finally, our studies on sonication loading indicate that this is a powerful method that needs only 

some further characterization before use in therapeutic development. This characterization could 

include reliable quantification of intravesicular RNA, comparison between different cell sources, 

biodistribution, dosing, and so on. Once these questions are resolved, sonication could be a 

leading method for small RNA delivery in medicine. Additionally, the specific miRNA 

combination that we discovered, miR-146a, miR-155, and miR-223, should be studied for why 

they work so well together. A broader screen of miRNA and siRNA could find further 

combinations that are synergistic and may outperform this combination. 
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Appendix A: Additional protein-based vehicles for RNA delivery6 
 

Albumin 

Human serum albumin (HSA) is the most abundant protein in blood. It is distributed throughout 

the blood circulation and has exceptionally low immunogenicity and long half-life [341]. 

Previous success in harnessing HSA as a drug delivery vehicle makes it attractive for RNA 

delivery. HSA, like RNA, is a negatively charged molecule and the two do not spontaneously 

interact. However, Sarett et al. showed that lipophilic DSPE-PEG-conjugated siRNA was 

capable of binding endogenous HSA [342]. In a mouse model, HSA-binding reduced renal 

clearance and improved half-life of modified siRNA, and enhanced delivery to the tumor, 

achieving a tumor:liver delivery ratio over 40 (in comparison to ~3 for jetPEI, a cationic 

polymer). Others have modified the charge of the albumin to generate electrostatic attraction 

with RNA. Han et al. modified the isoelectric point of bovine albumin with ethylenediamine, 

making it positively charged at the pH of blood and able to spontaneously form complexes with 

negative RNA [343]. In mice, these molecules were distributed primarily to the lungs (5-12:1 

lung:liver delivery ratio) and reduced the number of lung cancer metastases by over half. Wen et 

al. made RNA-HSA complexes by mixing unmodified molecules at pH 4, at which HSA is 

positively charged. Thermal treatment crosslinked the complexes, which remained stable at 

blood pH [344]. 

 

                                                 
6 This section is adapted from [409]. 
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p19 

The p19 protein of the Tombusvirus genus has been developed as a siRNA delivery vehicle by a 

number of groups, but has not shown success in any in vivo environments. Originally detected as 

function-ambiguous subgenomic RNA in the tomato bushy stunt plant (and named for its size), 

the 19 kiloDalton (kDa) protein was found to greatly enhance systemic invasion of plants [345]–

[348]. Voinnet et al. showed that p19 was a viral counter-defense to posttranscriptional gene 

silencing (PTGS), the analogue of RNAi in the plant kingdom [349]. Further studies elucidated 

that p19 dimers selectively bind to small double-stranded RNA (dsRNA) ~19-21 bp in length 

with subnanomolar affinity, behaving as a “molecular caliper” [350]–[352]. Engineering of the 

p19 protein began with Cheng et al. enhancing dsRNA affinity by linking two p19 monomers 

[353]. Choi et al. fused the ephrin mimetic peptide YSA to p19 monomers to effectively target 

siRNA to EphA2-expressing cancer cells in vitro [354]. This group saw a ~6- to 36-fold 

extension of siRNA half-life in 30% serum when first incubated with p19-YSA. Additionally, 

they saw protein-RNA dissociation at endosomal pH. Danielson et al. fused a cell-penetrating 

Tat peptide to p19 dimers, and saw substantial knockdown in vitro only when co-treated with 

cell-penetrating endosomolytic compound E5-TAT [355]. Yang et al. performed yeast-display 

directed evolution on p19, ultimately finding a double mutant with 160-fold greater binding 

affinity [356]. The p19 monomers were then fused to an EGFR-targeting domain and added to 

cells in vitro, along with an EGFR-targeting endosomolytic compound. Experiments showed that 

higher affinity led to greater silencing efficacy. The authors attributed this to increased uptake as 

well as enhanced intracellular pharmacodynamics. 
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Antibodies 

Some designs have utilized antibodies as targeting moieties for specific delivery, but others have 

conjugated RNA directly to antibodies themselves [357]. Cuellar et al. utilized THIOMAB 

antibodies covalently bound to siRNA to form antibody-siRNA conjugates [358]. These 

antibodies are referred to as THIOMABs since they contained an exposed cysteine residue on 

each heavy chain to which the cargo was attached, allowing for production of homogeneous 

antibody-drug conjugates [359]. These constructs targeted tumor cells in mice, but were limited 

by endosomal entrapment and intracellular clearance. Xia et al. used streptavidin-conjugated 

antibodies and biotinylated siRNA to deliver in vitro, but also saw issues with endosomal 

degradation [360]. Sugo et al. conjugated thiol-reactive siRNA to a single-chain variable 

fragment (scFv) antibody for CD71 in order to deliver to mouse heart and skeletal muscle [361]. 

Remarkably, they observed persistent knockdown (30% and 62%, respectively) even one month 

later. 

 

PKR 

Protein Kinase R (PKR) is an interferon-induced kinase that is a key component in the antiviral 

innate immune pathway in eukaryotes. PKR is activated by double stranded viral RNAs, a 

byproduct of transcription in RNA/DNA viruses. Once activated, PKR phosphorylates 

eukaryotic initiation factor-2, which inhibits translation of viral proteins and subsequent viral 

spread.  

PKR is one of the well-studied proteins with canonical dsRNA binding motifs. The protein 

contains two dsRNA binding domains (DRBD), one at the N- terminus and one at the C-terminus 

connected by a long linker [362]. The DRBDs consist of two tandem binding motifs, dsRBM1 
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and dsRBM2 joined by a 20-residue linker to form the αβββα fold. It is thought that dsRNA 

binds to PKR in a sequence independent manner. The crystal structure shows the protein 

spanning 16 bp of the dsRNA and primarily interacting with 2′-hydroxyls and the phosphate 

backbone of the dsRNA [363]. 

 

Eguchi et al. developed the fusion protein PTD-DRBD, now commercially known as 

Transductin, comprised of the PKR binding domains and a Tat peptide that showed effective 

siRNA delivery in various cell lines. However, in vivo studies showed an observed non-specific 

cell uptake, which caused several side effects [364]. It was therefore thought that replacing the 

Tat sequence with a receptor ligand would allow for specific targeting. Geoghegan et al. replaced 

the Tat peptide with B2 peptide sequence that binds to a recombinant transferrin receptor. The 

fusion protein was shown to effectively knockdown HPRT in HeLa cells and showed TfR 

mediated uptake. It was also noted that knockdown was enhanced with chloroquine suggesting 

the endosomal entrapment of the complexed protein [365].  In 2014, Lui et al. developed a 

multiagent siRNA delivery system consisting of the dsRBD domain, an EGFR clustering 

domain, and a pore-forming protein Perfringolysin O (PFO) domain to induce endosomal escape. 

The delivery system showed efficient silencing in vitro but did not achieve delivery in vivo due 

to the dissociation of the siRNA from the protein [366]. 

 

Viral vectors and virus-like particles 

~70% of gene therapy clinical trials have utilized modified viruses, starting in 1989, before the 

discovery of RNAi [367]. Some viruses deliver genetic material for transient expression, while 

others integrate into the genome, allowing for long-term expression. Long-term expression is 
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usually preferred, though when coupled with broad tropism (which many viruses exhibit) can be 

dangerous [368]. Additionally, genome integration can be carcinogenic [369]. Furthermore, in 

one case, extended genomic expression of exogenous shRNA in the liver consistently led to 

fatality in mice due to saturation of RNAi machinery [370]. Other concerns that have cooled 

interest in viral delivery are potential immunogenicity, viral sequence mutation, and difficulty in 

large-scale manufacture [371], [372]. However, there are also advantages to using viral vectors. 

Viruses have been evolutionarily honed for delivery to the mammalian cell cytoplasm (and 

nucleus), and they do so extremely efficiently and in low doses. Additionally, viruses have 

recently been approved by the FDA for multiple diseases: the treatment of inoperable melanoma, 

as an ocular gene delivery vehicle for hereditary retinal dystrophy, and for the transfection of 

chimeric antigen receptor T-cells. There are many reviews that focus on viral vectors for gene 

delivery [373]–[375]. There have been strategies to improve viral molecules for targeting, 

including pseudotyping and introducing adaptor and binding domains [368], [376]. Other 

attempts to optimize viral vectors as drug delivery vehicles are ongoing as well [377], [378]. 

 

Heterologous expression of the major structural proteins of viruses leads to the self-assembly of 

virus-like particles (VLPs). VLPs have similar structural formation of the parental virus without 

any secondary proteins or genomic data, and thereby forego some of the concerns with viral 

delivery discussed above. Unlike viruses, VLPs can be produced in high-yield expression 

systems such as E. coli or insect cells and are more easily manipulable. All VLPs discussed here 

are ~24-40 nm in diameter. A common strategy available with some VLPs is encapsulation of 

cargo via disassembly-reassembly, whereby reduction of disulfide bonds leads to VLP 

dissociation and dialysis into a oxidizing environment in the presence of nucleic acids leads to 
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packaging [379]. Bousarghin et al. utilized this strategy with a VLP based on human 

papillomavirus virus (HPV) capsid protein L1, and encapsulated plasmid DNA that expressed 

shRNA [380]. This shRNA targeted p53-inhibiting proteins, and halved tumor weight in a mouse 

model of HPV-caused cervical cancer. The same disassembly-reassembly strategy was used in 

VLPs based on JC virus by two different groups [381], [382]. Chou et al. injected VLPs 

containing IL-10 shRNA into mice along with immunogenic LPS, and saw a massive reduction 

of IL-10 and TNF-α in the bloodstream, by 93% and 81%, respectively, and improved mouse 

survival. Hoffmann et al. performed extensive in vivo studies looking at delivery of VLP-siRNA 

to the tibia and lumbar vertebrae in mice. They observed up to a 40% decrease in RANKL 

mRNA that was dose-dependent and sustained with multiple injections.  

 

A second strategy is to encapsulate the RNA through binding to the internal face of a capsid. 

Often, as in the case of the coat protein from bacteriophage MS2, the VLP will only form when 

stabilized by the presence of specific RNA sequences. Ashley et al. co-packaged four different 

siRNA molecules (~84 molecules/VLP) into MS2 VLPs, finding that a specific sequence was not 

required for them [383]. They also conjugated a peptide for targeting and saw a remarkable 

increase in endocytic specificity in vitro. Pan et al. packaged pre-miR-146a into MS2 VLPs 

using a specific sequence called a pac site and then conjugated a TAT peptide [384]. In mice, 

they saw almost equal concentration of the miRNA in plasma, lung, spleen, and kidney. Galaway 

et al. packaged siRNA into MS2 VLPs using a specific “TR” sequence, and later conjugated 

transferrin for targeting [385]. Fang et al. used a specific hairpin to load miR-30 into a VLP 

derived from the bacteriophage Qβ [386]. A third strategy was employed by Choi et al., wherein 

they made a chimera of truncated Hepatitus B Virus (HBV) capsid protein, RGD peptide (for 
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targeting), and p19 (for RNA binding) [387], [388]. This construct greatly reduced tumor size in 

a mouse model. A fourth strategy involves nano-scale self-assembled protein structures that are 

not virally derived: nanocages. In work by Lee et al., each ferritin-based nanocage was designed 

to display 24 polypeptides with the following constitution: lysosome-exclusive cleavable peptide 

– cationic protamine-derived peptide (which associated with siRNA) – EGFR-targeting affibody 

– cell-penetrating Tat peptide [389]. Likewise, Guan et al. designed a heat shock protein-based 

nanocage that displayed an arginine-rich peptide for cell penetration (see below) [390]. 

 

Naturally occurring cationic peptides 

Cationic peptides that have been used for small RNA delivery have been covered by Shukla et 

al. [391]. In general, vehicles that display a high concentration of positive charge often suffer 

due to high retention in all tissues, including those that are not being targeted [392], [393]. Here 

we briefly discuss naturally occurring cationic peptides. Protamine is a naturally-occuring 

peptide with a high percentage of arginine (67%) that is FDA approved. In nature, protamine 

condenses DNA of fish sperm for delivery to the nucleus of an egg. This property has led to 

research into its potential as an siRNA carrier. In one attempt, siRNA as well as cholesterol were 

condensed by protamine into a nanocomplex that showed preferential endocytosis into liver cells 

in vitro [394], [395]. Protamine has also been fused to antibodies and antibody fragments for 

targeted siRNA delivery to tumors, and shown inhibition of tumor genes in mouse models [357], 

[396]–[398]. Some groups have also utilized atelocollagen, which is collagen treated with 

pepsin, as a small RNA delivery vehicle [399]–[402]. Other groups have used gelatin, another 

collagen derivative. 
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Cell-penetrating and endosomolytic peptides 

Much focus has been directed at devising simple peptides for cytoplasmic delivery of siRNA. 

Cell-penetrating and endosomolytic peptides interact with the plasma membrane or the 

endosome membrane, respectively, in a biophysical manner in order to pass through the bilayer. 

These peptides are most effectively used in conjunction with targeting moieties since they are 

nonspecific and will interact with any cell type. This promiscuity contributes to their overall 

toxicity [403]. There have been a number of reviews on these peptides in the context of siRNA 

delivery [404]–[406]. Briefly, cationic arginine-rich peptides, such as the Tat peptide, interact 

with negatively charged phospholipids on the cell surface and can create transient pores in the 

membrane. Amphipathic peptides insert themselves into the lipid bilayer and can traverse the 

plasma membrane in this manner. These mechanisms are also related to endocytosis, however, 

and can lead to accumulation in the endosome [403]. Endosomolytic peptides are specifically 

designed to be reactive to the low pH environment. Fusogenic peptides change confirmation to 

become amphipathic helices which fuse to and disrupt the endosome. Some peptides have 

masked reactive moieties that are revealed through a pH-sensitive chemical reaction. Proton 

buffering peptides have weak bases and act as a proton sponge, accumulating protons and 

causing osmotic swelling and/or rupture. Some light-activated peptides have even been 

developed for endosomolytic escape. There are ongoing attempts to design peptides that exhibit 

both cell-penetrating and endosomolytic capabilities [407]. 
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