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Abstract

The rise of biologics and RNA-based therapies challenges the limitations of traditional drug treatments. However,
these potent new classes of therapeutics require effective delivery systems to reach their full potential. Lipid
nanoparticles (LNPs) have emerged as a promising solution for RNA delivery, but endosomal entrapment remains
a critical barrier. In contrast, natural extracellular vesicles (EVs) possess innate mechanisms to overcome
endosomal degradation, demonstrating superior endosomal escape (EE) compared to conventional LNPs. This mini
review explores the challenges of EE for lipid nanoparticle-based drug delivery, and offers insights into EV escape
mechanisms to advance LNP design for RNA therapeutics. We compare the natural EE strategies of EVs with those
used in LNPs and highlight contemporary LNP design approaches. By understanding the mechanisms of EE, we will
be able to develop more effective drug delivery vehicles, enhancing the delivery and efficacy of RNA-based
therapies.

Keywords: RNA therapeutics, drug delivery, lipid nanoparticles, membrane fusion, endosomal escape, extracellular
vesicles

INTRODUCTION

RNA-based drugs, with precisely controllable mechanisms of action and the ability to target various diseases
at their root, offer substantial potential as therapeutics. This strategy could address untreatable conditions,
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revolutionizing treatments with potentially fewer side effects and greater efficacy compared to current
options'?

However, the therapeutic use of RNA faces significant challenges. Nucleic acids, especially RNAs, are
susceptible to rapid degradation by enzymes (nucleases) or elimination via renal filtration without further
protection strategy”. Moreover, the relatively large size of RNA molecules (around 22 to 25 base pairs for
siRNA and over 1000 nucleotides for mRNA) and their polyanionic nature hinder passive diffusion across
biological membranes into the cell’s cytosol - the primary site of action for RNA medicines”. To overcome
these hurdles, the development of specialized drug delivery systems is essential.

Various approaches for delivering RNA-based therapeutics are under exploration, each offering distinct
advantages and potential limitations. Biodegradable polymers, for example, can be designed to encapsulate
and protect nucleic acids, offering controlled release properties. Highly branched cationic molecules such
as dendrimers can very efficiently complex with RNA molecules and offer customizable surface groups'.
Directly conjugating RNA to molecules like peptides, antibodies, or lipids can facilitate targeted delivery and
enhance its uptake by respective cell types'®”.

Lipid nanoparticles (LNPs) have emerged as leading carriers for RNA therapeutics, offering protection and
transport capabilities™. This progress has already translated into clinical success, with several LNP-based
drugs gaining approval. Notable examples include Onpattro® (patisiran), the first FDA-approved siRNA
drug for the treatment of hereditary transthyretin-mediated amyloidosis, and vaccines against COVID-19
based on mRNA technology. Market projections indicate substantial growth, with the LNP-based RNA
therapeutics market surpassing $50 billion by 2030\

Nonetheless, a persistent bottleneck remains: endosomal escape (EE). After entering cells, LNPs, like many
drug delivery vehicles, often become trapped within endosomes. The endosomal-lysosomal system is a
dynamic cellular network responsible for sorting and processing internalized cargo. After uptake via
endocytosis, most drug delivery vehicles enter early endosomes, the cell’s primary sorting station". Within
the EE, molecules can be recycled back to the plasma membrane or progress toward late endosomes!?. The
decision to recycle or continue into the lysosomal pathway is guided by factors such as the composition of
membrane domains, pH gradients within the early endosome, and specific molecular tags like
ubiquitin"*"?. Late endosomes are characterized by a lower pH and often fuse with lysosomes - the cell’s
dedicated degradation compartments. Lysosomes contain a potent collection of hydrolytic enzymes that
operate optimally in an acidic environment!>"*. This presents a major hurdle for LNPs and other drug
delivery systems. To avoid degradation, they must orchestrate their escape from the endosome before
encountering this harsh lysosomal environment. The development of escape strategies is crucial for
ensuring the successful delivery of their therapeutic payload.

In seeking solutions to this challenge, we can draw inspiration from nature’s own communication system.
Extracellular vesicles (EVs) are membrane-enclosed particles naturally secreted by a wide range of cells,
serving as vital intercellular communication vehicles"”. They encompass diverse subtypes, including
exosomes, microvesicles/ectosomes, and apoptotic bodies. These subtypes differ in their origins within the
cell. Their ability to package and transport diverse bioactive molecules like proteins, lipids, and nucleic acids
across significant distances in vivo positions them as promising therapeutic delivery systems"®. Notably,
studies have demonstrated that the EE performance of certain EVs can be more than 10-fold higher than

17-19

commercial lipid nanoparticles"”"”. Understanding the underlying mechanisms stands to provide valuable
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blueprints for enhancing the design of synthetic drug delivery systems, enabling us to overcome a
fundamental barrier to their clinical success.

CONTEMPORARY STRATEGIES FOR DESIGNING LIPID NANOPARTICLES FOR EE

Past and present of lipid nanoparticles in a nutshell

Liposomes composed of positively charged lipids were among the earliest medical-chemistry-based
attempts to deliver RNA™. The net positive charge promoted interaction with negatively charged cell
membranes, prevented aggregation of the nanoparticles, and facilitated RNA encapsulation. Once the
liposomes had been taken up via endocytosis, this positive charge also proved beneficial for disrupting the
endosomal membrane. Unfortunately, the persistent cationic character often induces both pro-
inflammatory cytokines and type I interferon by TLR4 activation, thereby disrupting cellular membranes,
not just endosomal, resulting in unwanted side effects"”"*.

To overcome this problem, researchers developed the concept of ionizable lipids. These lipids contain
structural components with pKa values below 7 [Figure 1]. This ensures that the lipid is only positively
charged under acidic conditions like those found within the endosomal compartment. This innovation
allowed lipid-based nanocarriers to maintain a neutral charge at physiological pH, reducing cytotoxicity
while still promoting EE through charge interaction with the endosomal membrane'.

The introduction of PEGylated lipids further advanced LNP technology™'. The highly flexible structure, low
intrinsic toxicity, and hydrophilic nature of PEG were shown to be beneficial and PEGylation significantly
reduced aggregation during formulation and storage. By shielding charge and hindering opsonization,
PEGylation also introduced stealth-like properties, increasing circulation half-life in the bloodstream by
minimizing interactions with the immune system*. However, this effect of a stealth-like aqueous boundary
layer formed by the PEG also results in less interaction with cell membranes and reduced uptake and EE®.
Another downside is the lack of biodegradability of PEG. The necessity to balance the benefits of stealth
properties of PEG against efficient uptake and endosomal release - known as the “PEG Dilemma”®" -
became a crucial aspect of LNP design’. As a result, the search for alternatives to PEGylation is already
underway, with polyoxazolines and polysarcosines being promising examples””*".

Continued advancements in both lipid design and formulation processes have significantly improved LNP
performance. The development of microfluidic and jet mixing techniques offered a way to generate highly
reproducible nanoparticles on both small and industrial scales, with precise control over mixing procedures
for optimal LNP formation". These advancements culminated in a landmark achievement - the first

9,32]

FDA-approved RNAI therapeutic encapsulated in lipid nanoparticles in 2018!

Modern LNPs possess several key functions: they protect RNA payloads from nucleases and unwanted
immune reactions, enable transport from the site of administration to the target tissue, and ideally, exhibit
stealth-like properties to evade the immune system!. To achieve this, FDA-approved lipid nanoparticle-
based nucleic acid therapeutics share a typical composition. Ionizable lipids facilitate RNA encapsulation
and EE [Figure 2]. Phospholipids form the core structural component of the nanoparticle, while cholesterol-
type lipids contribute to stability and enhance rigidity. Finally, PEGylated lipids provide a protective surface
layer, improving circulation time.

Mechanism of EE
The EE mechanism of LNPs is complex and not yet fully understood. This section aims to provide a
comprehensive understanding of the proposed mechanisms and efforts to enhance the probability of EE.
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Figure 1. lonizable lipids used in LNP formulations. lonizable lipids used in clinical trials mostly contain head groups with pKa values
below 7. Furthermore, the ratio between head group and tail group volume has been optimized to reach the optimal lipid per membrane
area for sufficient endosomal escape. This resulted in different lipids with 2-4 alkyl tails with different degrees of saturation of the alkyl

tails. LNP: Lipid nanoparticle.
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Figure 2. Endosomal escape of LNPs. Following endocytosis, LNPs follow the endo-lysosomal pathway. With the environment becoming
increasingly acidic, ionizable lipids become protonated again. Now, the positively charged ionizable lipids can interact with negative
membrane lipids to facilitate fusion with the endosomal membrane and release of the nucleic acid into the cytosol. Parts of this figure

were created using Biorender. LNPs: Lipid nanoparticles.

The need to understand and improve the EE is highlighted by findings that only 1%-2% of encapsulated
siRNA formulated within commercially available LNPs entering an endosome are successfully released into

33,34]

the cytosol, while the majority are trafficked to the extracellular membrane>**.

To improve EE, research has primarily focused on the role of ionizable lipids(ILs) in the composition of
LNPs"™\. ILs are typically defined by their chemical structure, which features a small ionizable head group
with a pKa between 6 and 7, and a nonpolar tail group that includes either saturated or unsaturated alkyl
chains with varying degrees of branching [Figure 1]*. This specific pKa range allows the lipid to become
positively charged during the RNA encapsulation process, facilitated by an aqueous acidic buffer, and then
return to its unprotonated state following dialysis against neutral buffers, resulting in the final LNP
formulation. Measurements conducted through Small Angle Neutron Scattering (SANS) and Small Angle
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X-ray Scattering (SAXS) have subsequently verified that the ionizable lipid is predominantly located within
the LNP, in close proximity to the RNA®,

In the initial stages of investigating the chemical properties of ILs, the influence of alkyl chain saturation
and pKa range was prioritized. It was discovered that DSDMA, characterized by fully saturated hydrophobic
chains, exhibited the highest cellular uptake but the lowest transfection efficiency. In contrast, DLinDMA,
which contains two double bonds, showed a knockdown efficiency of nearly 80%. To unravel the reasons
behind the varying transfection efficiencies, comparisons using P31-NMR revealed that the phase transition
temperature of the ILs decreases as the number of double bonds in the alkyl chain increases, which
correlates with fusogenic activity due to the adaption of the lamellar phase (L) to an inverted hexagonal
phase (Hy). This trend becomes prominent with up to two double bonds, beyond which the differences
become negligible””. Advances in IL design have concentrated on inducing the phase transition of the
endosomal membrane bilayer to increase EE probability. This has been facilitated by altering the shape of
the ILs. Traditional cylindrically shaped lipids tend to have a smaller membrane area per lipid as they can be
packed more tightly. Therefore, these lipids are more likely to form the inner leaflet of a membrane, often
described as lipids with intrinsic negative curvature. Compared to these cylindrical lipids, double bonds
were introduced into ILs and the branching degree of the nonpolar tail groups was increased, thereby
forming a more cone-like structure”. These newly designed ILs have a high membrane area per lipid,
especially when interacting with negatively charged lipids from the inner side of the membrane of the
endosome. As a result, these lipids with an intrinsic positive curvature can lead to phase transition of the
lipid bilayer membrane of endosomes”*. Such modifications have led to increased mRNA transfection
efficiency compared with the Dlin-MC3 counterpart. Notable examples include SM-102, used in Moderna’s
vaccine, and ALC-0315, featured in BioNTech/Pfizers’s mRNA vaccine'. For the next generation of
ionizable lipids and lipid compositions, innovative strategies have been developed. By leveraging the
knowledge of the hexagonal phase transition, greater branching can be utilized to enhance the design and
function of these lipids. Additionally, the biocompatibility of ionizable lipids (ILs) can be increased by
introducing biodegradable structural elements, such as disulfide bonds, which can be cleaved inside the
cell*”. A recent publication introduces another bottom-up approach, demonstrating that a liquid crystalline
inverse hexagonal lipid phase within LNPs, directed by lipid composition and ratios, can enhance
transfection efficiency compared to lamellar phases'*.

The significance of phospholipids such as DOPE or DSPC and PEGylated lipids such as PEG-DMG in
interfering with the EE is also important. DOPE can also promote the formation of the hexagonal phase
transition of the endosomal membrane, while DSPC is currently used in approved LNP formulation by
enhancing the overall stability of the LNP®. On the other hand, the percentage of PEGylated lipids, while
essential for extending the circulation time and improving the biodistribution of LNPs, requires careful
optimization as EE can be negatively influenced”. This balance between enhancing EE and preserving the
nanoparticle’s stability and distribution highlights the complexity involved in the formulation of effective
RNA delivery systems.

Another postulated mechanism for the EE is the proton sponge effect. This theory, primarily associated
with polymeric-based mechanisms of EE, posits that upon their protonation, ionizable lipids induce an
influx of chloride ions into the endosome, which can be controlled by adjusting the buffering capacity of the

IL. This leads to osmotic swelling and, ultimately, the rupture of the endosomal membrane'*.

The process of optimizing ILs also necessitates a careful evaluation of the target cells. Since mechanistic
studies on EE are predominantly conducted in vitro, it is essential to acknowledge that the pathways of
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internalization and endosomal processes, along with pH levels, can differ significantly among various cell
types. This variability underscores the complexity of accurately predicting and enhancing EE in a
physiological context!***l.

It is important to emphasize that EE must be both effective and safe. Recent studies have shown a
correlation between high EE efficiency and inflammation. This observation was shown to be linked to
irreversible damage some of the highly potent ILs cause to the endosomes. Nevertheless, exceptions were
also found: the ionizable lipid 4A3-SCs achieves high mRNA expression while causing low inflammation,
suggesting high EE efficiency can be achieved without permanently damaging the endosomal compartment.
Furthermore, the study pinpoints that enhanced biodegradability is a desirable feature in the design of new
lipids. This is a characteristic that could be attained by designing lipids inspired by the natural properties of
extracellular vesicles™.

Lastly, mRNA has been detected in secreted exosomes following LNP internalization, which could then

[47

potentially be taken up by recipient cells"”. This suggests a multifaceted mechanism of action, where not
only the direct delivery of LNPs but also the subsequent intercellular communication through exosomes
play critical roles in the effective transfection. This insight opens up additional avenues for research and
optimization in the field of RNA delivery, highlighting the dynamic and interconnected nature of cellular

processes involved in gene therapy.

EXTRACELLULAR VESICLES IN DRUG DELIVERY

EVs encompass a diverse range of cell-secreted particles with promising potential as therapeutic delivery
vehicles. One of the current biggest hurdles is the clear isolation and characterization of respective subtypes.
EVs can broadly be defined by their size, with small EVs often marked by a diameter smaller than 200 nm
and large EV's above 200 nm. Another approach is the categorization by their origin. For example, exosomes
are small EVs that form within multivesicular bodies (MVBs) and are released when MVBs fuse with the
cell membrane. In contrast, ectosomes are EVs of comparable size to exosomes but originate directly from
the plasma membrane®. Due to their endosomal origin, exosomes might possess intrinsic mechanisms for
EE, making them particularly interesting for drug delivery"”. Microvesicles form through direct outward
budding of the cell membrane, and their larger size may be advantageous for carrying greater amounts of
therapeutic cargo"”. Apoptotic bodies, arising from the process of programmed cell death, have shown
promise for encapsulating and delivering complex biological molecules, including drugs, facilitating
targeted and efficient therapeutic interventions*>*. It is important to consider that while there can be
overlap in size or origin, a population of EVs may still contain multiple different EV subtypes. Depending
on their cargo, these subtypes can have drastically different effects on their recipient cells'*". Understanding
the biogenesis is crucial for effectively utilizing their potential in drug delivery. Researchers are actively
seeking specific markers to reliably distinguish between EV subtypes, which will further enhance their
tailored use.

EVs offer several benefits for carrying drugs compared to synthetic or virus-based carriers. Their natural
membrane structure provides biocompatibility and some degree of protection for the therapeutic cargo. The
specific properties of different EV types may be exploited for tailored delivery strategies. Researchers are
investigating various methods to load drugs into EVs. One strategy involves passive diffusion, where small,
lipophilic drugs may naturally diffuse across the EV membrane and become encapsulated. Electroporation
is another techniqu, in which electrical pulses are used to create temporary pores in the EV membrane,
allowing for the loading of larger or less lipophilic therapeutic molecules such as nucleic acids”'. A third
approach involves genetically or metabolically modifying the cells that produce EVs. This can enable the
cells to directly package specific therapeutic molecules into the EVs during their formation®.
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The field of EVs as drug delivery systems holds great promise, yet no EV-based therapy has been approved
by the FDA to date. However, some Phase 3 trials are currently in progress. One notable example is the
EXTINGUISH ARDS trial (NCT05354141), which is evaluating the safety and efficacy of ExoFlo, a
treatment derived from bone marrow mesenchymal stem cell extracellular vesicles, for moderate-to-severe
acute respiratory distress syndrome from any cause. This trial, which started in 2022, is expected to be
completed by August 2025. Most clinical trials are utilizing EV's as biomarkers. Along with these, there are
several Phase I clinical trials using EVs as drug delivery systems carrying siRNA (NCT03608631), miRNA
(NCTo03384433) and mRNA (NCT05043181).

EE mechanisms of EVs

Understanding how EV's naturally achieve EE is crucial for designing effective drug delivery systems. Over
the years, different mechanisms have been proposed and investigated that enable EV-based drug delivery
systems to escape the endosomal entrapment [Figure 3]

Membrane fusion

EVs possess the remarkable ability to escape the endosomal compartment through direct membrane fusion
with the endosomal membrane [Figure 3]. This allows EVs to release their therapeutic contents directly into
the cell’s cytoplasm. The unique lipid and protein composition of the EV membrane plays a crucial role in
enabling this process. Specific lipids, like ceramide, contribute to the formation of inward-budding vesicles
by inducing curvature of the membrane. Additionally, cholesterol, an important component of MVBs,
enriches the membranes of exosomes, facilitating exosome secretion”. Furthermore, both EV membranes
and endosomal membranes contain specialized proteins that promote membrane fusion. These include
SNARE proteins (SNAP receptors), which form complexes that bring membranes into close proximity, and
Rab proteins, which regulate various stages of membrane trafficking and fusion”. Recent research
identified syntaxin-4, SNAP-23, and VAMP-7 as the cognate SNAREs mediating MVB-PM fusion, crucial
for exosome secretion in MCF-7 breast cancer cells™. Tetraspanins, a family of membrane proteins, have
also been implicated in facilitating vesicle fusion events, with studies highlighting their role in cargo sorting
and exosome secretion. The tetraspanin family members, including CD9, CD63, and CD81, are significantly
involved in the regulation of cargo sorted for exosome secretion'™. The mildly acidic environment within
the endosome might play a role as well, potentially activating pH-sensitive proteins on the EV or endosomal
membrane and triggering conformational changes that promote fusion. Research has provided valuable
insights into the potential interactions that could underlie EV-mediated membrane fusion. For instance,
studies suggest that the tetraspanin CD63 on the EV membrane might interact with specific lipids on the
endosomal membrane to facilitate this process™”.

Pore formation

EVs may utilize another fascinating EE mechanism: the ability to induce the formation of transient pores
within the endosomal membrane. These pores can act as channels for the controlled release of EV cargo
directly into the cytoplasm [Figure 3]"*. Researchers are exploring specific lipids or proteins within the EV
membrane as critical factors in triggering this pore-formation process. The presence of cone-shaped lipids
within the EV membrane, such as phosphatidylethanolamine, is hypothesized to contribute to pore
formation. Their insertion into the endosomal membrane could potentially disrupt its structure, leading to
localized weaknesses and the creation of pores. Additionally, certain peptides, such as those derived from
the influenza virus hemagglutinin-2 protein or the bacteriorhodopsin protein, can undergo pH-dependent
conformational changes that enable them to insert into the endosomal membrane and disrupt its
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Figure 3. Escape mechanisms of extracellular vesicles. There are four proposed mechanisms for delivering EV cargo into the cytoplasm.
The first mechanism involves the direct fusion of the EV with the cellular membrane, resulting in the complete release of the EV's
contents. The second mechanism, known as back fusion, occurs when the EV fuses with the endosomal membrane after being taken up
via endocytosis. In the third mechanism, following endosomal uptake, EVs can induce pore formation, allowing the cargo to be
transported into the cytoplasm. Finally, EVs can promote endosomal escape by buffering acidification and increasing the number of
protons transported into the endosome, leading to membrane leakage through osmotic pressure caused by high ionic strength. This
figure was created using Biorender. EV: Extracellular vesicle.

integrity*”. Similarly, the incorporation of pH-sensitive peptides into the surface of extracellular vesicles is
speculated to directly form pores, akin to mechanisms seen in microbial strategies for cell entry". These
specialized proteins might directly insert themselves into the endosomal membrane, creating channels for
cargo release. It is proposed that lipids and proteins within the EV membrane work together to induce pore
formation, with initial membrane destabilization by lipids setting the stage for protein insertion and
subsequent pore formation'®. Moreover, researchers identified importin 81 within EVs through proteomic
analysis. By comparing the nuclear delivery efficiency of labeled EV components with and without
importazole, an inhibitor of 81 importin, they have proven the importance of 81 for the nuclear delivery of
EVs from the endosome. These findings highlight the importance of different molecules within the EVs and
how different EV compositions may influence their delivery efficiency depending on the cell type and target
compartment, further highlighting the importance of identifying the subtypes of EVs®Y. Additionally,
understanding the mechanisms of EV-mediated pore formation is an ongoing research area, crucial for
elucidating the specific molecules involved and the detailed processes leading to the disruption of
endosomal membrane integrity through pore formation"?.
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“Back-fusion”

EVs might exploit another unique mechanism to escape the endosomal compartment, known as “back-
fusion”. Multivesicular bodies (MVBs) are specialized compartments within the endosome that contain
smaller intraluminal vesicles (ILVs). While it is established that MVBs can fuse with the cell’s plasma
membrane to release ILVs as exosomes, it is also theorized that MVBs might undergo a reverse process, or
“back-fusion”, with the outer endosomal membrane. This would enable the release of any internalized EV's
trapped within the MVB directly into the cytoplasm, thereby evading lysosomal degradation [Figure 3]
Similar to other membrane fusion events, the “back-fusion” of MVBs with the endosomal membrane likely
involves specialized proteins such as SNAREs, which are known to facilitate the proximity of membranes
for fusion, and Rab proteins, which are crucial in regulating the stages of membrane trafficking and
fusion"**). The feasibility of “back-fusion” as an EE mechanism may depend on various factors, including
the specific lipid and protein composition of both the MVB and the endosomal membranes. Additionally,
the nature of the cargo within the EV might play a role in its sorting into MVBs destined for “back-fusion”
rather than lysosomal degradation. Supporting evidence for the “back-fusion” hypothesis includes research
on exosomes derived from hypoxia-conditioned mesenchymal stem cells, which suggests that these
exosomes can enhance intercellular communication with injured heart cells, potentially contributing to
repair mechanisms'*.

pH buffering

Endosomes maintain a mildly acidic internal environment due to the action of proton pumps. This acidity
plays a critical role in the sorting and degradation processes within the endosome. Interestingly,
extracellular vesicles (EVs) might possess an intrinsic ability to counter this acidification through pH
buffering. Components within EVs, potentially specific proteins and membrane lipids, may have buffering
capacities that minimize drastic pH shifts. By preventing significant acidification, these EVs could protect
their cargo and themselves from degradation by pH-sensitive lysosomal enzymes. Researchers are actively
investigating the precise mechanisms behind EV pH buffering. Studies suggest that certain EV proteins
might play a role in capturing or transporting protons, thus modulating the endosomal environment.
Recent research has revealed that treating cells with bafilomycin A1, an inhibitor of the endosomal
acidification process, leads to decreased transfection rates. This suggests that the EE mechanism does not
directly result from the pH buffering effect. The theory is that buffering the acidification in the endosome
causes the proton pumps responsible for acidification to increase their activity, transporting more ions into
the endosome. This rise in ionic strength increases the osmotic pressure, which may cause the endosome to
rupture [Figure 3]. To investigate this trend, researchers developed GFP-conjugated CD63-containing EV's
from HEK293T cells and delivered them to cells containing anti-GFP nanobodies fused with mCherry. The
presence of red and green co-spots indicated that CDe63 was released into the cytosol. However, when
endosome acidification was hindered with bafilomycin A1, there was a dramatic decrease in these co-spots
compared to untreated cells'*'. Additionally, the unique lipid composition of the EV membrane could
contribute to its buffering capacity'*’.

The relative importance of these EE mechanisms is likely context-dependent, influenced by factors such as
the EV subtype, its cargo, and the target cell type. Continuous research is crucial to fully understand these
complex processes and their implications for the design of next-generation EV-based drug delivery systems.

LESSONS LEARNED - HOW NATURE’S WAY MIGHT BE UTILIZED TO BOOST THE EE
PERFORMANCE OF THE NEXT GENERATION OF LNPS

The EE rate of commercially available LNPs is limited to 1%-2%"*, whereas for exosomes, rates higher than
20%"" are reported in the literature. Increased cytosolic release could hold therapeutic significance across
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various fields, potentially reducing the need for excipients in RNA-based therapies such as vaccinations or
cancer treatments. A higher concentration of available RNA in the cytosol could lead to enhanced treatment
efficacy, raising the question of what LNPs could learn and adapt from EVs.

We have learned that the rational design of ionizable lipids is crucial. Specifically, an increased branching
degree of the ionizable lipid tail can enhance the formation of a hexagonal phase with the endosomal
membrane, facilitating EE and subsequent RNA release into the cytosol”®. At this point, where hundreds of
ILs have been screened to improve the current state of the art, the question arises whether the optimization
of the chemical structure, including the optimal pKa and steric shape, has already reached its limits. To
further explore opportunities to enhance treatment possibilities, a closer look at EVs is crucial due to their
exceptional EE efficiency.

Could we, for example, leverage EV-associated pathways within the endosomes, such as the postulated
tetraspanin, to target and control the fate of lipid nanoparticles or polymeric nanocarriers? With research
still in its early stages, detailed mechanistic studies are essential to deepen our understanding of these
processes. Gaining insights into how EVs naturally modulate their surroundings within the endosome could
provide critical knowledge for developing bio-inspired LNPs. The inclusion of pH-buffering components or
structural modifications in the lipid chemistry may safeguard sensitive therapeutic agents and enhance EE
efficiency. While buffering-related mechanisms have been heavily investigated for polymeric-based carriers,
there is a noticeable gap in investigations concerning LNPs!*.

A survey conducted in 2019 among experts in the field of EVs showed a high level of agreement that both
proteins displayed on EV surfaces and those present in the endosomal compartment are highly important
for the interactions of EVs with their target cells. In addition, they pointed out that by manipulating the
surface features of EVs, it is possible to manipulate the fate of EVs taken up by endocytosis'*”. Based on this,
the attempt to adjust lipid composition within the LNP and therefore the LNP shell is very coherent. Most
of this research nowadays focuses on biodistribution and uptake into specific cells"”. Focusing on the
protein corona and how to modify the LNPs to accumulate proteins favorable for EE may bring new
strategies. Even preloading the LNPs with a protein corona is an attempt already tried in literature, but
mostly for targeting®”. Therefore, designing LNPs with a protein corona assembled of proteins could be
capable of boosting EE, but it needs to have proteins with high affinity to the LNPs surface, while still not
preventing uptake and biodistribution.

Another factor that can be utilized to increase delivery efficiency is the chemistry of RNA. For siRNA,
chemical modifications to the ribose, phosphate, or base can enhance stability against nucleases or
potency'®. A notable example is the approved drug Vutrisiran for the treatment of hereditary transthyretin-
mediated (hATTR) amyloidosis. By attaching the targeting ligand GalNAc (targeting the asialoglycoprotein
receptor located on the extracellular membrane of hepatocytes) to the highly stabilized siRNA, it was
possible to bypass the need for a delivery vector. Vutrisiran offers reduced dosing frequencies, necessitating
administration only every three months”. This approach capitalizes on minimal EE, with residual RNA
being stored in endosomes for a gradual release”". To further this approach, modified nucleic acids are
encapsulated in LNPs, which either form a depot of nucleic acid in the endosome or promote EE. This
could be achieved by conjugating ligands that promote EE in EVs, on the RNA. As a result, a deeper
understanding of these proteins, for example, tetraspanins, their subtypes, and binding domains, is needed.
However, it remains uncertain whether such treatment strategies are viable for longer RNA molecules like
mRNA or saRNAs, especially in scenarios requiring high cytosolic RNA availability.
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While the pharmacodynamics of LNPs have been extensively studied, their pharmacokinetics require
further investigation'®. Concerns also arise regarding their toxicological profile™. Unlike extracellular
vesicles, which are composed of naturally occurring components, LNPs are artificial vectors. Therefore, the
biodegradability and immunogenicity of each new component must be assessed. Incorporating naturally
occurring structures from EVs into LNPs may reduce the risk of immune stimulation and bioaccumulation,
potentially diminishing the need for extensive pharmacokinetic studies. Despite efforts to improve this
aspect, clinical validation has not yet been achieved.

For EVs, the reproducible and reliable characterization, isolation and production of the final drug carrier is
still a major hurdle, as shown by the clinical trial NCT03079401. Here, they managed to surpass the primary
endpoint of phase 3 of the clinical trial, but did not get approval from the FDA because of the unreliable
measurement of the final product’s biological activity””. Compared to the biogenesis and production of
therapeutic EVs, LNPs are well-defined and reproducible drug carriers. Therefore, combining EVs and LNP
to eliminate their downsides and push their strength is a promising attempt.

Lastly, translating these discoveries into in vivo studies or clinical applications, particularly in human
subjects, presents considerable challenges. Considering the effect of preincubation of lipid nanoparticles in
serum on their uptake and delivery efficiency, the absence of serum proteins in most in vitro experiments
emphasizes this challenge'®’. No direct in vitro to in vivo correlation has been established for LNPs nor for
EVs, evidenced by a low mouse-to-human correlation**>”*, This discrepancy raises critical questions about
the efficacy of study designs for both EVs and LNPs and whether they can inform the rational design of

compositions to improve EE and future treatment possibilities.
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