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Delivery of RNA Therapeutics:
The Great Endosomal Escape!
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RNA therapeutics, including siRNAs, antisense oligonucleotides, and other oligonucleotides, have great poten-
tial to selectively treat a multitude of human diseases, from cancer to COVID to Parkinson’s disease. RNA
therapeutic activity is mechanistically driven by Watson—Crick base pairing to the target gene RNA without the
requirement of prior knowledge of the protein structure, function, or cellular location. However, before wide-
spread use of RNA therapeutics becomes a reality, we must overcome a billion years of evolutionary defenses
designed to keep invading RNAs from entering cells. Unlike small-molecule therapeutics that are designed to
passively diffuse across the cell membrane, macromolecular RNA therapeutics are too large, too charged, and/or
too hydrophilic to passively diffuse across the cellular membrane and are instead taken up into cells by endo-
cytosis. However, similar to the cell membrane, endosomes comprise a lipid bilayer that entraps 99% or more of
RNA therapeutics, even in semipermissive tissues such as the liver, central nervous system, and muscle. Con-
sequently, before RNA therapeutics can achieve their ultimate clinical potential to treat widespread human
disease, the rate-limiting delivery problem of endosomal escape must be solved in a clinically acceptable manner.
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Introduction to the Macromolecular RNA
Therapeutic Delivery Problem

O LIGONUCLEOTIDE RNA THERAPEUTICS, including
siRNAs, charged phosphorothioate (PS) antisense oli-
gonucleotides (ASOs), and neutral phosphorodiamidate
morpholino oligomer and peptide nucelic acid ASOs, as well
as other oligonucleotides, have great potential to selectively
treat a multitude of human diseases, from cancer to COVID to
Parkinson’s disease. Currently, there are 13 FDA-approved
ASOs and siRNA therapeutics targeting cells in the liver,
central nervous system (CNS), and muscle [1-3].

Based on the number of late-stage clinical trials, there is an
expectation of 15 or more additional approvals over the next
5 years. RNA therapeutics have been shown to knock down
genes (siRNAs and PS ASOs) and alter mRNA splicing pat-
terns (PS ASOs and PMO ASOs) in the clinic. There are
also preclinical data to support a weaker, but significant,
gene knockup mechanism of action of small activating RNAs
(saRNAs and ASOs) [1,3].

All of this has been possible due to 40+ years of stellar
chemistry resulting in dramatic improvements in metabolic

stability, decreased off-target effects, and elimination of
innate immune activation, while increasing the delivery
potential of RNA therapeutics (Table 1) [4,5]. Indeed, a sin-
gle dose of inclisiran, an FDA-approved siRNA that targets
PCSKO to treat hypercholesterolemia, results in a 6-month
pharmacodynamic (PD) response in patients [6].

Based largely on the clinical successes of the chemistry,
there has been an explosion of RNA therapeutic biotech
startups launched in the last several years with ginormous
rounds of funding [7].

The mechanism of action of RNA therapeutics relies
solely on Watson—Crick base pairing with their cognate tar-
get gene RNA, thereby requiring only target gene validation
without any prerequisite knowledge of structure or function
[4,5]. Impressively, RNA therapeutics have the ability to
pharmaco-evolve their sequence to keep pace with mutations
in diseases driven by genetic change, including cancer and
COVID , a property that is absent from all other clinical
modalities.

Not surprisingly, most RNA therapeutics have very lim-
ited to no ability to enter cells [1,4]. Indeed, cells have been
evolving defense mechanisms to prevent macromolecules,
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CHALLENGES FOR SIRNA AND ASO DELIVERY

PS ASO

TABLE 1.

Challenge SIRNA

Metabolic stability

Innate immune activation
Off-target effects
Toxicity

Long duration of response
Endosomal escape
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J/=solved with chemistry; X=not yet solved.
PS, phosphorothioate; ASO, antisense oligonucleotide.

especially RNAs, from entering them for over a billion years
[4,8]. Consequently, starting from the dawn of the RNA ther-
apeutic revolution 40+ years ago [9], The Delivery Problem
has remained the 800-pound gorilla in the room that needs to
be solved before RNA therapeutics can achieve their ultimate
clinical potential to treat widespread human diseases.

Small-molecule therapeutics with an intracellular mecha-
nism of action are designed and selected for their ability to
not only hit their cognate target but also to passively diffuse
across the cell membrane [10,11]. The majority of small-
molecule therapeutics are under 500 Da in size, have no
charged atoms, and are moderately lipophilic (log P), and
they were succinctly summarized in 2001 as Lipinski’s rule
of five [10,11].

In contrast to small-molecule therapeutics, macromolec-
ular RNA therapeutics are too large, too charged, and/or too
hydrophilic to passively diffuse across the cell membrane
[4,5]. Indeed, a typical siRNA is >12kDa in size, has >40
anionic charged phosphodiester (PO) linkages, and has a
highly hydrophilic log P value <1. Likewise, a typical PS
ASO is 5-8 kDa in size, has >16 anionic charged PS linkages,
and a hydrophilic log P value <1.

Consequently, in contrast to small-molecule therapeu-
tics, RNA therapeutics are unable to passively diffuse across
the cell membrane and are instead taken up into cells by
endocytosis [1-5]. However, similar to the cell membrane,
endosomes comprise a lipid bilayer. Therefore, even in semi-
permissive tissues, such as liver hepatocytes, neurons of the
CNS, and skeletal muscle, endosomes entrap 99+% of RNA
therapeutics [4,12-14].

Thus, endosomal escape is The Delivery Problem (Fig. 1).

PS ASO
(6-8 kDa)
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FIG.1. RNA therapeutics, includ-
ing PS ASOs, siRNAs, PMO
ASOs, PNA ASOs, and other oli-
gonucleotides, are too large, too
charged, and/or too hydrophilic to
passively diffuse across the billion-
year-old cell membrane lipid bila-
yer, but instead require a TD to
drive uptake by endocytosis. How-
ever, endosomes also comprise a
lipid bilayer, and 1% or less of
endocytosed RNA therapeutics es-
cape the endosome. Thus, endo-
somal escape is the rate-limiting
delivery step. TD, targeting do-
main; PS, phosphorothioate; ASO,
antisense oligonucleotide.
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The Magnitude of the Endosomal Escape Problem

Naked (unconjugated) RNA therapeutics are inefficiently
taken up into cells by a variety of endocytotic mechanisms
[1,4,14,15]. However, conjugation of a targeting domain
such as N-acetylgalactosamine (GalNAc), which binds to the
highly expressed liver hepatocyte, asialoglycoprotein recep-
tor (ASGPR) [16], enhances the amount of endocytosed PS
ASO 10-fold [17]. Due to their nonprotein-binding anionic
charged PO backbone, the vast majority (>95%) of naked
siRNAs are cleared by first-pass renal filtration [1,4]. In
contrast, 50%—70% of the administered dose of GalNAc-
conjugated siRNAs is endocytosed by liver hepatocytes [18].

However, while targeting domains, such as GalNAc, dra-
matically increases the amount of RNA therapeutics inside
endosomes, they do not directly impact the rate of endosomal
escape. Recent work from Jiang’s group using quantitative
NanoSIMS microscopy found that only 1%-2% of GalNAc-
PS ASO conjugates escape endosomes in vivo [13]. Likewise,
using a highly quantitative approach, Brown et al. found that
only <0.3% of the endocytosed siRNAs escape from endo-
somes in vivo [12].

While endosomally trapped siRNAs serve as a ‘“‘depot
effect” that results in a single siRNA dose achieving very long
PD responses due to a constant low level of siRNA leakage into
the cytoplasm over months [12], this notion also belies the fact
that 99.7% of endocytosed siRNAs never escape into the cy-
toplasm and fail to engage their target gene RNA.

Thus, the lack of endosomal escape is the singular biggest
problem preventing the widespread use of RNA therapeutics for
treating cancer, COVID, and a multitude of other diseases.

Mechanisms of Endosomal Escape

Sooner or later, a very small amount of macromolecular
RNA therapeutics will cross the endosomal lipid bilayer to
enter the cytoplasm of permissive cells, such as liver hepa-
tocytes, neurons of the CNS, and skeletal muscle. That much
is certain. However, irrespective of how RNA therapeutics
enter endosomes, there is a paucity of rigorous data avail-
able on the mechanism(s) that siRNAs or ASOs use to pro-
ductively escape into the cytoplasm. Likewise, there is no
understanding as to why these seemingly permissive cells are
in fact permissive.

siRNA
(14 kDa)
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The Billion-Year-Old Barrier
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Unlike insects, mammals do not have functional RNA
transporters [4]. Previous studies have estimated that ~ 2,000
cytoplasmic siRNAs are required for a maximal RNAi
response [19], whereas PS ASOs require ~ 50,000 for max-
imal activity [20]. In the clinics, single-dose GalNAc-siRNA
conjugates require 2-3 weeks before achieving a maximal
RNAI response [6], giving us a back-of-the-envelope calcu-
lation of, on average, ~5 siRNAs escaping per hour. This is
the reason why it takes 2-3 weeks to achieve a maximal
RNAI response, which is how the depot effect works to con-
stantly, but ever so slowly, reload new Ago2 complexes over
6 or more months.

As for the putative endosomal escape mechanism(s), there
are no rigorous data determining how RNA therapeutics enter
the cytoplasm. However, like oil on water, when perturbed,
lipid bilayers spontaneously ‘‘heal” to close the hole. We
speculate that evolution may not have completely selected
against rare, very short duration (ns scale), and small-
diameter (<10 nm) lipid bilayer perturbations in endosomes,
perhaps because there was no selection against small RNAs
capable of rapidly traversing such a small hole and they
did not carry enough genetic information or catalytic activity
to be harmful.

Alternatively, as endosomes mature, they fuse to form
multivesicular bodies (MVBs) as well as fuse with lysosomes
[14]. During the fusion events, there is an inherent breach of
the lipid bilayer, which could allow localized RNA thera-
peutics to escape. Moreover, retro-transport to the Golgi
may also place RNA therapeutics in an environment where
breaching across the lipid bilayer may be more permissible
[14]. Retro-transport has not been thoroughly investigated.

Determining the mechanism of action that allows macro-
molecular RNA therapeutics to escape across the endosomal
lipid bilayer and enter the cytoplasm could open up a sig-
nificant avenue for therapeutic manipulation. However, when
only 1% or less of a given RNA therapeutic escapes over the
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course of two to three weeks, it is extremely difficult to
biochemically ascertain where and when the escape actually
occurred.

Indeed, experimental manipulation by inhibitors or knock-
down of endolysosomal system genes often results in sig-
nificant cell biological perturbations that may or may not
actually identify genes and pathways involved in endosomal
escape in unperturbed cells in vivo. Likewise, RNA thera-
peutics conjugate to hydrophobic, aromatic fluorescent
dyes and dramatically alter the RNA’s overall biophysical
properties.

Moreover, microscopically following a 0.3% endosomal
escape of an siRNA-dye conjugate is no easy task. In our
opinion, the most significant methodological advancement in
dissecting endosomal escape mechanisms has been the recent
utilization of quantitative NanoSIMS microscopy that merely
requires substituting Br atoms on the RNA (no dyes) [13].
However, it will take multiple nonperturbing methodologies
to identify the endosomal escape mechanism(s).

Current Approaches to Enhance
the Endosomal Escape

Given the magnitude of the endosomal escape problem,
it is not surprising that there have been a wide variety of
approaches over the last four decades to enhance delivery,
and hence endosomal escape, of RNA therapeutics (Fig. 2).
However, significant enhancements of endosomal escape
more often than not come at the expense of cytotoxicity.
Indeed, it has been extremely difficult to uncouple the two.

PS backbones

The PS linkage is the mainstay of PS ASOs and the termini
of siRNA strands. PS linkages add significant metabolic sta-
bility and resistance to RNases [5,15]. While the lone pair of
electrons in a PO linkage are in resonance equally between

C Enveloped Viruses

Localized Membrane
Destabilization

FIG. 2. Endosomal escape approaches. (A) Small-molecule endolytic agents, such as chloroquine (CQ), are membrane
permeable, but become protonated, positively charged (CQ+), and trapped inside the low pH environment of an endosome,
resulting in a 1,000-fold or more concentration increase that leads to endosomal bursting. (B) Endolytic peptides and
polymers are often codelivered with RNA therapeutics in 10- to 30-fold molar excess and ultimately disrupt the endosomal
lipid bilayer membrane, leading to endosomal bursting. (C) Enveloped viruses contain fusogenic peptide domains that are
selectively activated in the low pH of endosomes, causing localized endosomal membrane disruption (not endosomal

bursting). Adapted from the study by Dowdy [4].
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the two nonbridging oxygen atoms, in a PS linkage, the
electrons reside 97% of the time on the sulfur atom [5,15].
Because the sulfur atom has a larger outer electron shell than
oxygen, the lone pair of electrons has to travel greater dis-
tances and this is thought to translate biochemically into a
more hydrophobic atomic surface that is capable of binding
proteins, whereas the nonbridging oxygen atoms of a PO
linkage do not bind proteins [4,5,15].

The enhanced protein binding of PS linkages not only
increases the PS ASO’s pharmacokinetics by binding to se-
rum proteins, such as albumin, but it also allows PS ASOs to
bind to cell surface proteins and thereby either stimulate
endocytosis or be passively taken up into endosomes [15].
While a full PS backbone ASO is a critical design component
and facilitates endosomal escape, unfortunately only 1%—2%
of PS ASOs escape the endosome [13].

The addition of single-stranded PS tails on the guide strand
of dimer siRNAs (di-siRNAs) has also enhanced delivery for
CNS disorders [21], although it remains unclear how much of
this effect is due to increased residency in the cerebrospinal
fluid of the larger di-siRNA, effectively giving it more shots
on goal, versus monomeric siRNAs and/or due to increased
endosomal escape from the PS tails [21].

Cholesterol, lipid tails, and saponins

Conjugation of hydrophobic cholesterol or alkyl lipid tails
to siRNAs and PS ASOs has been a pillar for enhancing PK,
endocytosis, and endosomal escape of RNA therapeutics for
several decades [1-5,22]. Indeed, lipidation of PS ASOs
can result in a fivefold enhanced endosomal escape [23].
Cholesterol and lipid tails bind to serum lipid particles and
proteins, resulting in an increased PK and delivery, especially
to the liver and CNS [21,24].

The proposed mechanism of action is that the hydrophobic
lipid tail buries itself into the endosomal lipid bilayer. This
concentrates the RNA conjugate on the luminal surface of the
endosomal membrane, followed by unknown rare membrane-
disruptive events, resulting in the conjugate flipping into the
cytoplasm. Saponins, such as digitonin, are natural product
nonionic detergents that avidly bind cholesterol and have
been used for decades to permeabilize mammalian cell mem-
branes to make lysates [25]. Saponins have been used to
enhance endosomal escape of coadministered PS ASOs [26]
and they are undergoing further optimization for targeted
delivery and endosomal selective activation [27].

However, currently, the mechanism of endosomal escape
remains unclear. One of the downsides of hydrophobic con-
jugates is that their biophysical properties tend to domi-
nant the overall PK of the conjugate and negate the ability
to incorporate highly selective targeting domains, such as
monoclonal antibodies, nanobodies, DARPins, centyrins, and
others, for systemic delivery.

All things considered, lipid conjugates are currently at the
top of the list as a usable endosomal escape approach for
local delivery into the CNS and eye as well as the liver.

Small-molecule endolytics

Some of the earliest work showing the ability to enhance
endosomal escape was performed by addition of the small-
molecule endolytic, chloroquine, an antimalarial drug
[28,29]. Due to two ionizable nitrogen atoms, chloroquine
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preferentially concentrates 1,000-fold or more in the low pH
of endosomes (charged small molecules cannot passively
diffuse across lipid bilayers), followed by insertion of its
hydrophobic bicyclic aromatic rings into the lipid bilayer,
resulting in endosomal lysis [29,30].

While coadministration of chloroquine with RNA thera-
peutics enhances their endosomal escape, this comes with a
high price of cytotoxicity as at the effective concentration,
many endosomes/lysosomes undergo lysis [4,30]. Likewise,
newer small-molecule endolytics such as Retro-1 [31] and
guanabenz [32], which enhance endosomal escape of RNA
therapeutics, also have been associated with cytotoxicity
concerns, whereas UNC7938 (with two ionizable nitrogen
atoms and four hydrophobic aromatic rings) has recently
shown significantly enhanced endosomal escape of a PMO
in the lungs of mouse models [33].

While targeted endosomal delivery of siRNA conjugates
with nigericin, a hydrophobic ionophore that catalyzes the
exchange of K* for HY, can enhance endosomal escape, it
does so by bursting the entire endosome [34,35], which is
not a clinically acceptable path forward. Overall, due to the
uncontrollable problem of hitting many endosomes in many
cell types and tissues, regardless of whether or not they con-
tain RNA therapeutic cargo, we do not foresee a clinical
development path going forward for using small-molecule
endolytic agents, especially those whose mechanism of
action results in endosomal bursting and release of the entire
endosomal contents into the cytoplasm.

Endolytic peptides

Multiple approaches to addressing the endosomal escape
problem have been built off of viral peptides and insect toxins
[14]. At its critical concentration, melittin, the active peptide
in bee venom, which comprises N-terminal hydrophobic res-
idues and C-terminal cationic residues, forms a pore through
the cell membrane and has been heavily investigated for
use as an RNA therapeutic endosomal enhancer [36]. While
melittin is extremely effective at forming pores, it is far too
toxic, too antigenic, and too uncontrollable for use in clinics.

Moreover, due to its cationic charge, melittin aggregates
anionic RNA therapeutics, as do all cationic peptides. Endo-
porter, an amphipathic peptide comprising ionizable His and
Leu residues, has also been extensively used to enhance
delivery of RNA therapeutics in cell culture [37]. Although it
points the direction forward, due to toxicity (although dra-
matically less than melittin) and requirement for >10-fold
molar excess, endoporter is not an acceptable solution for
clinical applications.

The most impressive endolytic peptide for enhancing
endosomal escape of RNA therapeutics has been a derivative
of the influenza fusogenic hemagglutinin 2 (HA2) peptide
[38], called INF7 [39]. Brown et al. showed that the GalNAc-
INF7 endolytic peptide could enhance endosomal escape of a
coadministered GalNAc-siRNA 20-fold in vivo, but this still
resulted in less than 0.2% total escape [12].

However, this required a 30-fold molar excess of GalNAc-
INF7 endolytic peptide and came at the expense of unac-
ceptable cytotoxicity. Moreover, there remains concern for
an adaptive immune response to all endolytic peptides,
thereby restricting the number of times the molecule could be
used in a specific patient. Consequently, we do not foresee a
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clinical path forward for the use of this generation of
endosome-bursting endolytic peptides to enhance delivery of
RNA therapeutics.

Our own work on endosomal escape peptides has pro-
duced both insights and mixed results. The highly cationic
guanidinium group on Arg residues of the transActivator of
Transcription (TAT) protein transduction domain peptide, also
called a cell-penetrating peptide, stimulates endocytosis and
facilitates endosomal escape [40,41]. However, all guanidinium-
containing escape domains, including TAT, are extremely sticky
and adhere to cell surfaces, anionic plasma components, in-
cluding glycosides, proteins, lipids, and nucleic acids, including
anionic RNA therapeutics [42]. Therefore, cationic peptides
have predominantly been successfully used in vivo only with
neutral backbone PMO or PNA oligonucleotides [43].

While investigating the endosomal delivery mechanism of
TAT, we showed a ~ 10-fold improved delivery of a tester
TAT-Cre recombinase protein (37kDa) into cells when it
was codelivered with the TAT-HA2 peptide that directs the
influenza HA2 endosomal escape peptide into the same en-
dosomal compartments [43]. To avoid potential concerns for
HA2 immunogenicity, we synthesized and screened a library
of short, hydrophobic, endosomal escape domain (EED)
peptides <6 amino acids, which is below the length required
for an adaptive immune response [30].

We performed a GFP complementation screen with EED
peptides by linking them to a TAT peptide that was conju-
gated through a disulfide bond to the beta-11 GFP peptide
fragment [30]. None of the alkyl residue EED peptides
showed increased activity, whereas EED peptides containing
two or three hydrophobic aromatic Trp and/or Phe residue
combinations showed an approximately eightfold enhanced
endosomal escape [30].

Unfortunately, due to too much solution-exposed hydro-
phobicity, Trp/Phe-containing EEDs conjugated to siRNAs
underwent a hydrophobic collapse, whereby the aromatic
residues aggregated and precipitated the conjugate mole-
cule, resulting in significant cell surface toxicity. While these
results identified a potential direction to enhance endosomal
escape, significant additional chemistry improvements to mask
the hydrophobicity are needed to address hydrophobic col-
lapse and hence cytotoxicity.

Dynamic polyconjugate and ionizable
lipid nanoparticles

Building on earlier work with the melittin peptide, Rozema
et al. developed a ~50-kDa endolytic dynamic polycon-
jugate (DPC) polymer containing cationic primary amines,
hydrophobic butyl groups, GalNAc-targeting domains, and
siRNAs [44]. The primary amines are masked (neutralized)
with PEG through an acid-labile maleic anhydride bond that
is stable in plasma (pH ~ 7.4), but unstable in the low pH (<6)
of endosomes.

The result is an endosomal selective conversion of neu-
tral DPC into a cationic, active endolytic polymer inside
endosomes. DPC was further refined to replace the some-
what unstable pH bond for a more stable cathepsin B protease
cleavable bond [45]. Unfortunately, similar to small-
molecule endolytic agents, the DPC mechanism of action
results in lysis of the entire endosome, releasing all of its
contents into the cytoplasm of the cell. Guidry et al. also
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determined that after DPC escapes or bursts the endosome, it
can then retro-escape from the cytoplasm across the cell
membrane lipid bilayer back out of the cell, resulting in
significant cytotoxicity [46].

The pH-sensitive DPC-siRNA was tested in several clin-
ical trials against HBV (ARC-520); however, it was ulti-
mately dropped due to an FDA clinical hold based on
deaths in a primate toxicology study [47]. Overall, DPC is
an interesting endosome-activated escape approach, but
requires further refinement into a form that initiates only
localized endosomal membrane disruption and not endo-
somal bursting.

Patisiran, the first FDA-approved siRNA, targets the trans-
thyretin (TTR) gene and is delivered in an ionizable (MC3)
lipid nanoparticle (LNP) [2]. Mechanistically similar to the
selective unmasking approach of DPCs, the surfaces of ion-
izable lipid LNPs are effectively neutral in plasma, but due to
an ideal pKa of 6.4, they become selectively cationic inside
endosomes [2]. There are no cationic lipids in nature.

Therefore, ionized cationic lipids are thought to ion-pair
with endosomal anionic lipids to form a cone structure that
destabilizes lipid bilayers by driving transition into an in-
verted hexagonal Hy; phase, resulting in endosomal escape of
the LNP into the cytoplasm [48]. However, due to the advent
of extreme metabolic stabilizing chemistry combined with
their small size (<14kDa) and conjugation of targeting
domains, it is doubtful that there will be another LNP-
delivered siRNA (or ASO) taken into the clinics. Indeed,
vutrisiran, a GaINAc-siRNA-targeting TTR that has finished
phase III clinical trials and is being evaluated for FDA
approval, is due to replace patisiran [49].

In contrast to relatively small siRNAs and ASOs, much
larger mRNA vaccines (~1 megaDa) and nonviral DNA
vectors (~3 megaDa) require LNPs (~ 100 megaDa) for
protection from degradative enzymes, avoidance of the in-
nate immune system, and to facilitate endosomal escape
[1,2]. Similar to DPC, the key development of ionizable
LNPs is the masking in plasma and their selective activation
inside endosomes (due to their ~6.4 pKa), which drives
localized endosomal membrane disruption, not endosomal
bursting [50].

The Enveloped Virus Endosomal Escape
Mechanism—Evolutionary Perfection

Certainly, the most impressive and perhaps the most effi-
cient mechanism that nature has evolved to escape the en-
dosome is that of enveloped viruses [51]. Enveloped viruses
are similar in size to LNPs, are taken up into cells by endo-
cytosis, and require an endosomal escape mechanism. In
contrast to the dismal <1% endosomal escape of RNA ther-
apeutics, enveloped viruses have a whopping 30%-70%
endosomal escape efficiency [52,53]. The most well studied
of the enveloped viral escape mechanisms is that of the HA
protein from influenza virus [53]. HA is a homotrimer com-
prising two domains: an outer HA1 receptor-binding domain
that masks an inner HA2 fusogenic domain [54].

HAT1 and HA?2 are proteolytically cleaved from each other
during viral production, but remain tightly bound to each
other. HA1 binding to its target sialic acid glycoprotein
receptors on the cell surface stimulates endocytotic uptake
of the virus [54]. The low pH (<6) of endosomes causes a
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gross conformational change that results in HA1 shedding
and exposes HA2’s fusogenic peptide that buries itself into
the endosomal lipid bilayer, thereby driving membrane
fusion and escape. SARS-CoV-2’s spike (S) protein has
evolved a similar endosomal escape mechanism utilizing S1
and S2 domains [55].

Thus, nature’s most evolutionarily efficient endosomal
escape mechanism drives localized endosomal membrane
disruption, not endosomal bursting.

How to Pull off the Great Endosomal Escape!

The endosomal escape of RNA therapeutics remains the
problem to solve before we can begin to tackle the myriad
of currently undruggable diseases. Depot effects, where
>99+% of the RNA therapeutic remains trapped inside an
endosome, are preventing us from treating cancer, pandemic
virus, and Parkinson’s disease patients with RNA therapeu-
tics. We believe that an effective depot of 50% or even 20%
or less of a slow-releasing RNA therapeutic would suffice
for maintaining long PD responses, thereby freeing up 50%
or more of the RNA therapeutic designated for rapid, enhan-
ced endosomal escape.

While it is easy to escape the endosome with endolytic
agents that cause the endosome to burst, the hard part is
achieving significant levels of escape without killing the cell
or causing toxicities in the process. With that critical balance
in mind, of all the natural approaches that have evolved to
escape endosomes, we believe that the HA and spike mech-
anism of enveloped viruses causing localized endosomal
membrane disruption presents the best potential path forward
for dramatically enhancing the delivery of RNA therapeutics
in a nontoxic clinically acceptable manner.

Unfortunately, because HA and spike are large proteina-
ceous machines as well as the immunogens for vaccines,
we cannot merely conjugate them onto RNA therapeutics.
Likewise, even if it were possible to dramatically reduce their
size with peptide mimetics while maintaining a high endo-
somal selective escape function (which has yet to be done),
these peptides would still potentially be recognized by the
adaptive immune system.

To master the endosomal escape of RNA therapeutics,
we need a novel EED chemical entity with the following
properties:

(1) It achieves a 10-fold or greater enhanced endosomal
escape that is tunable for different disease indications
and RNA therapeutics.

(2) It covalently attaches to the RNA therapeutic, thereby
avoiding acting on non-RNA cargo-containing
endosomes.

(3) It is masked and/or inert in plasma with a foolproof
endosomal activation mechanism.

(4) The escape mechanism is localized endosomal
membrane disruption, not endosome bursting.

(5) It is metabolically stable to prevent premature acti-
vation and degradation.

(6) It does not biophysically dominate or interfere with
the targeting domain.

(7) It is not of a peptide or protein origin, thereby
allowing repetitive dosing and avoidance of the
adaptive immune system.

DOWDY ET AL.

(8) By-products are nontoxic at the cellular and systemic
levels.

(9) It is capable of undergoing large-scale synthesis for
eventual clinical trials.

Fortunately for us, the entire history of success in devel-
oping RNA therapeutics was built on the backs of chemists.
They are the undisputed heroes of this story. Therefore,
to pull off the Great Endosomal Escape, we need them to
synthesize new and unique EEDs that incorporate all of these
properties.
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