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Therapeutic RNA Delivery for COVID and Other Diseases

Curtis Dobrowolski, Kalina Paunovska, Marine Z. C. Hatit, Melissa P. Lokugamage,
and James E. Dahlman*

RNA can alter the expression of endogenous genes and can be used to
express therapeutic proteins. As a result, RNA-based therapies have recently
mitigated disease in patients. Yet most potential RNA therapies cannot
currently be developed, in large part because delivering therapeutic quantities
of RNA drugs to diseased cells remains difficult. Here, recent studies focused
on the biological hurdles that make in vivo drug delivery challenging are
described. Then RNA drugs that have overcome these challenges in humans,
focusing on siRNA to treat liver disease and mRNA to vaccinate against
COVID, are discussed. Finally, research centered on improving drug delivery
to new tissues is highlighted, including the development of high-throughput
in vivo nanoparticle DNA barcoding assays capable of testing over 100
distinct nanoparticles in a single animal.

1. Delivering RNA to Diseased Cells Is an
Inefficient, Multistep Process

As high-throughput genetic tools have become commonplace,
our understanding of the genes that cause disease has improved.
As a result, the number of potential therapeutic targets is likely
to increase, especially as biological assays probe how genes[1]

and noncoding elements[2] drive cellular phenotypes and con-
tribute to disease. These biological advances are complemented
by the ability to specifically manipulate gene expression using
RNA therapies, which can roughly be subdivided into four cat-
egories based on their biological effects. In the first category,
mRNA-based drugs can replace protein activity in order to treat
diseases caused by loss-of-function mutations[3] or lead to the
production of antigens that elicit an immune response[4] (Figure
1A). In the second, mRNA encoding nucleases can alter gene ex-
pression via RNA or DNA editing, utilizing a growing number
of biochemical mechanisms that include the formation of inser-
tions and deletions, base editing, and the purposeful insertion
of specific gene sequences using a separate DNA template or re-
verse transcribed template[5,6] (Figure 1B). In the third, siRNA-,
miRNA-, and antisense oligonucleotide (ASO)-based drugs can
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reduce aberrant protein activity via RNA-
induced silencing complex (RISC) or
RNAse H, respectively[7] (Figure 1C). Fi-
nally, disease caused by irregular splicing
can be alleviated using ASOs targeting
acceptor or donor sites[7] (Figure 1D).

In all four cases, the RNA drug must
access the cytoplasm or nucleus of diseased
cells. To enter the correct cells via systemic
delivery, the RNA must be protected from
proteins called nucleases that can degrade
it in the blood, avoid unwanted uptake
facilitated by phagocytic cells such as
Kupffer cells, access the target tissue from
the bloodstream, and interact with and
enter the cytoplasm of the on-target cell
within a complex tissue microenvironment
without eliciting a strong immune response

(Figure 2A).[8] This multistep process makes drug delivery chal-
lenging, and as a result, drug delivery is often inefficient. For ex-
ample, when researchers analyzed published nanoparticle deliv-
ery datasets focused on the delivery of small-molecule drugs to
tumors, they found that 0.7% of the administered nanoparticle
dose was delivered to solid tumors, on average.[9] To address this
issue, researchers subsequently defined the dose of nanoparti-
cles that needs to be delivered to a single mouse to achieve ef-
ficient tumor delivery.[10] They found that by saturating deliv-
ery to liver Kupffer cells, which clear nanoparticles, they were
able to bypass liver accumulation and increase nanoparticle cir-
culation long enough to achieve 12% delivery to solid tumors
after a systemic injection.[11] The need to saturate or circum-
vent liver-mediated clearance has also been observed when lipid
nanoparticles (LNPs) carry nucleic acid-based therapeutics; sci-
entists have shown that a significant amount of systemically ad-
ministered nanoparticles ends up in hepatic cell types.[12] LNPs
have been developed to bypass this challenge and specifically de-
liver to particular cell types in nonhepatic tissues such as lung
ECs, splenic ECs, splenic T-cells, B lymphocytes, and bone mar-
row ECs.[13–16] In a recent example, scientists pretreated mice
with a “nanoprimer” designed to saturate Kupffer cells, then sub-
sequently injected mice with a nanoparticle carrying mRNA or
siRNA (Figure 2B). Nanoprimer pretreatment increased mRNA
delivery, quantified by the expression of human erythropoietin, as
well as siRNA delivery, quantified by factor VII gene silencing.[17]

One key question that will need to be addressed when saturating
Kupffer cells, or other hepatic cell types that act as clearance cells
when nonhepatic delivery is wanted (e.g., hepatocytes, endothe-
lial cells, dendritic cells), is considered as a pretreatment is toler-
ability, especially given the potential role Kupffer cell activation
may play in dose-limiting and systemic nanoparticle-mediated
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Figure 1. RNA therapies. A) mRNA delivery allows for production of missing or mutated proteins. B) CRISPR/base editors can be used to delete or edit
genes to prevent aberrant protein production. C) siRNAs with the help of the RISC complex can degrade aberrant mRNA production. D) ASOs bind to
complementary RNA targets, resulting in their removal with RISC or altered splicing patterns.

toxicity.[18] Specifically, authors found that platelet-activating fac-
tor, likely released by Kupffer cells, was a key driver of the im-
mune response from nanoparticles carrying siRNA.[19] Even af-
ter a nanoparticle reaches and enters a target cell, at least 98% of
the material does not enter the cytoplasm.[20]

One biological hurdle to drug delivery that is currently un-
derappreciated is the role of endogenous cellular machinery
required for the function of an RNA payload after it is released
in the cytoplasm. Specifically, several lines of evidence now
suggest that pathways governing endogenous mRNA translation
or metabolism may influence the efficiency with which LNP-
mediated mRNA delivery leads to functional protein.[21–26] In one
example, researchers knocked down genes related to the mam-
malian target of rapamycin (mTOR) pathway in order to investi-
gate their impact on LNP functional delivery.[21] They found that
knocking down Rab4a and Rab5a, proteins necessary for early
endosomal trafficking and endosomal recycling, had no impact
on LNP delivery, whereas knocking down Rab7a, a protein nec-
essary for endosomal maturation and late endosomal trafficking,
significantly reduced LNP delivery. Researchers hypothesized
that the decrease in Rab7a reduced mTORC1-mediated mRNA
translation, thereby negatively impacting LNP-mediated mRNA
delivery. To validate these results, they upregulated mTORC1 and
discovered that it led to a significant increase in LNP delivery.
Additional data support the hypothesis that mTOR signaling, or
signaling pathways that interact with the mTOR pathway, may
influence delivery.[22] Recently, scientists found that the bioactive
lipid phosphatidylinositol (3,4,5)-triphosphate (PIP3) reduces

LNP-mediated mRNA delivery by changing a cell’s metabolic
state.[22] Based on transcriptomic and metabolomic analyses,
researchers concluded that reductions in LNP delivery could be
mediated by two potential mechanisms: first, that PIP3 induces
consumption of cellular resources, limiting resources available
for the translation of exogenously delivered mRNA; second,
that PIP3 induces a catabolic cell response that triggers protein
degradation and decreased translation. Although the relative
importance of these two mechanisms is unknown, this sharp re-
duction in protein translation in PIP3-altered cells suggests that
the metabolic state of a cell can alter LNP delivery. A second cell
signaling pathway that influences nanoparticle delivery is TLR-
mediated inflammation and its subsequent effects on mRNA
translation efficiency.[23] In one example, authors found that de-
creasing TLR activation using chemically modified mRNAs led
to increased protein production.[23] In a second example, authors
observed that even small increases in TLR4 signaling blocked
LNP-delivered mRNA from being translated.[24] By pretreating
cells with small molecules antagonizing TLR4 or its downstream
mediator PKR, the authors significantly increased protein pro-
duction at a given mRNA dose.[24] Given these studies, it is clear
that metabolic signaling and immunological response can affect
and govern LNP delivery and potency. Future studies of clinically
relevant LNPs will need to assess the significance of disease
states on LNP delivery in order to understand the impact that
genes and pathways may have, prior to conducting clinical trials.

A third type of endogenous cell signaling that may influ-
ence the efficacy of RNA drugs has been identified using ASOs
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Figure 2. A) Biological barriers that prevent lipid nanoparticle delivery. Endosomal degradation, phagocytosis and immune cell clearance, receptor
sequestration, and interaction with serum protein. B) Pretreatment with a nanoprimer can be used to reduce clearance of nanoparticles in the liver.

without a drug delivery system. ASOs have been found to inter-
act with a suite of proteins within different compartments in-
side the cell; these interactions affect ASO efficacy.[25] In one ex-
ample, authors determined that reducing the Golgi-endosome
including GCC2 and M6PR resulted in less ASO release from
endosomes.[26] This suggests that pharmacologically activating
these genes, or inhibiting a gene that inhibits them, could
improve delivery. In another example, scientists found that
phosphorothioate-modified antisense oligonucleotide (PS-ASO)
activity could be changed by including sugar modifications to
a single nucleotide.[27] The use of a phosphorothioate backbone
has been shown to block digestion by exonuclease III and some
restriction enzymes.[28] Additionally, by adding a specific 2-O-
methyl modification to the ASO, the interactions between the
ASO and proteins were reduced, leading to decreased RNAse H1-
dependent delocalization of paraspeckle proteins and subsequent
nucleolar stress. By decreasing activation of cellular stress path-
ways, the authors reduced PS-ASO hepatotoxicity and simultane-
ously improved functional activity, thereby increasing the ther-
apeutic index, a ratio that defines the amount of a therapeu-
tic that causes a therapeutic effect relative to the amount that
causes toxicity. These studies with naked ASOs led to interest-
ing questions with direct clinical relevance. First, do the same
pathways influence siRNA or mRNA drugs, and second, to what
extent does the presence of a drug delivery vehicle influence these
interactions?

2. siRNA and mRNA Can Be Systemically
Delivered to the Liver in Humans

Despite the physical barriers that make systemic RNA delivery
challenging, both siRNA- and mRNA-based drugs have been de-
livered to the liver in patients. In a phase 1 clinical trial led by
Moderna, LNPs were formulated to carry mRNA encoding anti-
bodies that target human chikungunya virus.[29] The LNPs were
administered to 22 patients at doses of 0.1, 0.3, and 0.6 mg kg−1,
and detectable antibody concentrations were measured in all pa-
tients for at least 16 weeks postadministration. Of the four pa-
tients receiving the highest dose, three reported some degree of
infusion-related adverse events (AEs), including a range of grade
1, grade 2, and grade 3 AEs. Grade 1 AEs are mild adverse events
that require no medical intervention; grade 2 events are moderate
events that require minimal, local, or noninvasive intervention;
grade 3 events are severe and characterized by symptoms that of-
ten require invasive intervention and hospitalization and may be
disabling, as defined by the FDA. None of the low or medium
dose-receiving patients reported AEs. LNPs have also been used
to deliver siRNA in patients. Specifically, Alnylam Pharmaceu-
ticals, which develops siRNA-based therapies, received FDA ap-
proval for its LNP-mediated delivery of siRNA in hepatocytes, a
drug known as patisiran (Figure 3). In this case, the siRNA si-
lences mutant transthyretin (TTR) expression, which if left un-
treated causes amyloidosis.[30] The FDA-approved LNP utilizes
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Figure 3. A) GalNAc-siRNA conjugates are subcutaneously injected and enter hepatocytes, which are accessible past the endothelial and Kupffer cell
layer. Efficiency of the construct is then assessed by looking at target protein expression knockdown in mice that received the conjugate versus a saline
control. B) GalNAc conjugates enter cells by binding to the asialoglycoprotein receptor (ASGPR) on hepatocytes. Once inside, the exogenous siRNA can
cleave target mRNA by interacting with RISC.

DLin-MC3-DMA; this lipid is targeted to hepatocytes by inter-
acting with the serum lipoprotein ApoE, which leads to subse-
quent endocytosis by cells expressing the ApoE receptor LDLR.[31]

In a phase 1 clinical trial, Alnylam demonstrated that patisiran
led to >80% reduction in TTR levels in patients receiving an
LNP dose of 0.15–0.5 mg kg−1 when compared to a placebo
control.[31] In the pivotal phase 3 trial, 225 patients were treated
with 0.3 mg kg−1 LNP (148 patients) or placebo (77 patients) every
three weeks. After 18 months of treatment, the neuropathy im-
pairment score and other endpoints were used to gauge patient
improvement. Once again, patisiran led to substantial (>70%) re-
duction in serum TTR levels for up to 81 weeks, compared to a
placebo control. Whereas 97% of patients in each group reported
mild or moderate AEs, including 36–40% of patients reporting
serious AEs and 28–36% of patients reporting severe AEs, it is
unlikely the LNP or the siRNA drug led to these, since the fre-
quency of AEs did not increase within the treatment group as
compared to a placebo control. Instead, it is more likely that the
AEs were associated with the disease itself.

Alnylam has also received FDA approvals for siRNA therapies
targeted to hepatocytes using GalNAc, a carbohydrate-derived
conjugate that binds the rapidly recycled asialoglycoprotein re-
ceptor (ASGPR), which is specifically expressed on hepatocytes.
GalNAc conjugates, which are administered subcutaneously, lead
to prolonged gene silencing. For example, in the phase 3 trial
for givosiran, which was subsequently approved by the FDA to
treat acute intermittent porphyria, 48 patients were treated sub-
cutaneously with 2.5 mg kg−1 of siRNA monthly for six months,
which led to>75% reductions in mean aminolevulinic acid (ALA)
and porphobilinogen (PBG) levels for up to six months.[32] Pa-
tients with acute intermittent porphyria often have accumula-
tion of ALA and PBG, which are intermediates in the heme
biosynthesis pathway.[33,34] Accumulation of these two interme-
diates can cause psychiatric symptoms, abdominal pain, and pe-
ripheral neuropathies; thus, increased urinary levels of ALA and

PBG are also used to diagnose patients with acute intermittent
porphyria.[34] By using an siRNA to reduce levels of the precur-
sor ALA synthase (ALAS1), givosiran prevented accumulation of
ALA and PBG and improved disease symptoms.[35,36] GalNAc-
siRNA conjugates similarly reduced PCKS9 expression, which
led to promising phase 3 clinical data.[37] More specifically, in-
clisiran lowered LDL cholesterol levels by >50% after 510 d when
given once every six months subcutaneously. Sustained gene si-
lencing is considered a significant advantage over statins, which
require patients to take pills every day. GalNAc also served as the
drug delivery system for lumasiran, which uses siRNA to silence
hydroxyacid oxidase 1 (HAO1), the gene that encodes for glyco-
late oxidase (GO) enzyme, in order to reduce hepatic production
of oxalate.[36] Scientists showed that lumasiran achieved >50%
silencing of urinary oxalate levels, leading to improvements in
secondary endpoints such as plasma oxalate levels and prevent-
ing kidney failure and eventual multiorgan damage from sys-
temic oxalosis, and resulting in an FDA-approved drug treating
primary hyperoxaluria type 1 (PH1).[38] Alnylam has two late-
stage drugs under development for amyloidosis and hemophilia
as well as multiple early-stage programs for alpha-1 liver dis-
ease, hepatitis B infection, and complement-mediated diseases,
all of which utilize their enhanced stabilization chemistry (ESC)-
GalNAc platform.[39] Fitusiran, which works by targeting the an-
tithrombin gene SERPINC1, has resulted in increased thrombin
levels in patients with hemophilia A or B similar to levels found in
healthy patients.[40] In a phase 1 clinical trial, patients treated with
fitusiran experienced up to a 90% reduction in mean antithrom-
bin activity following a once-monthly high-dose injection and up
to a 60% reduction following a once-weekly low-dose regimen.[36]

Alnylam is not the only company utilizing GalNAc-siRNA con-
jugates in human trials. Dicerna, Arrowhead Pharmaceuticals,
and Silence Therapeutics also have ongoing clinical trials[5,41–43]

(Table 1). For example, nedosiran, made by Dicerna, has been
used in clinical trials to treat primary hyperoxaluria types 1, 2,
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Table 1. Select list of current mRNA and RNAi therapies in clinical trials.

Sponsor RNAi therapy: disease Mechanism of action
Administration
route Clinical trial phase: NCT # Comments

Select
a)

siRNA clinical trials

Alnylam
Pharmaceuticals
Genzyme
(Sanofi)

Fitusiran (ALN-AT3SC):
Hemophilia A/
hemophilia B

Antithrombin III
inhibitors, hemostasis
stimulants

Subcutaneous Hemophilia A—Phase II/III:
NCT03974113

Hemophilia B—Phase II/III:
NCT03974113

One patient death in phase II for
hemophilia A; phase II/III
recruiting and expected to be
complete in Oct 2021.

Alnylam
Pharmaceuticals
The Medicines
Company

Inclisiran (ALN-PCSSC):
Hypercholesterolaemia,
atherosclerotic
cardiovascular disease,
renal impairment

PCSK9 protein inhibitors Subcutaneous Phase I, II, III; NCT03060577,
NCT03159416, NCT02963311,
NCT03705234

Up to 50% reduction in
low-density lipoprotein (LDL)
cholesterol at 180 d. Alnylam
intends to market inclisiran in
year 2020.

Alnylam
Pharmaceuticals

Givosiran (ALN-AS1): Acute
intermittent porphyria

5-Aminolevulinate
synthetase inhibitors

Subcutaneous Phase I, I/II, III; NCT02949830,
NCT03338816, NCT02240784,
NCT03547297

Monthly injection (2.5 mg kg−1)
for 6 months resulted in a 70%
decrease of porphyria attacks.

Alnylam
Pharmaceuticals

Lumasiran (A16ALN-GO1):
Primary hyperoxaluria

Glycolate oxidase
expression inhibitors

Subcutaneous Phase I/II, II, III: NCT02706886,
NCT03350451, NCT03681184

Dosed monthly at 3 mg kg−1 for
3 months followed by quarterly
maintenance doses;
normalization of urinary
oxalate levels observed after
6 months.

Arrowhead
Pharmaceuticals

ARO-AAT:
𝛼1-antitrypsin deficiency

liver disease

𝛼1-antitrypsin inhibitors Subcutaneous Phase I: NCT03362242 Up to 93% AAT reduction at 6
weeks after single dose; no
severe AEs up to 300 mg kg−1.

Enrollment in the first sequential
cohort in its phase II trial
complete.

Arrowhead
Pharmaceuticals
(Janssen)

ARO-HBV:
Hepatitis B

Antivirals,
hepatoprotectants

Subcutaneous Phase I, II: NCT03365947 100% of patients achieved >1
log10 reduction in HBsAg; well
tolerated up to 400mg.

Arrowhead
Pharmaceuticals
(Amgen)

AMG 890:
Cardiovascular diseases

Reduce production of
apolipoprotein A

Subcutaneous Phase II: NCT04270760 Phase II recruiting in progress.

Arrowhead
Pharmaceuticals

ARO-APOC3:
Hypertriglyceridemia

Reduce production of
apolipoprotein C-III

Subcutaneous Phase I: NCT03783377 Well tolerated; patients achieved
high levels of pharmacologic
activity against the target.

Arrowhead
Pharmaceuticals

ARO-ANG3:
Dyslipidemia

Reduce production of
angiopoietin-like
protein 3

Subcutaneous Phase I: NCT03747224 Multiple doses achieved high
levels of APOC3 and ANGPTL3
protein knockdown in phase I.

Arrowhead
Pharmaceuticals

ARO-HSD:
Liver diseases

Reduce production of
hydroxysteroid
dehydrogenase
HSD17B13

Subcutaneous Phase I: NCT04202354 Phase I recruiting in progress.

Arrowhead
Pharmaceuticals

ARO-ENaC:
Cystic fibrosis

Reduce production of
the epithelial sodium
channel alpha subunit
(𝛼ENaC) in the
airways of the lung

Nebulization Phase II: NCT04375514 Phase I/II recruiting in progress.

Arrowhead
Pharmaceuticals

ARO-HIF2:
Renal cell carcinoma

inhibit the production of
HIF-2𝛼

Intravenous Phase I: NCT04169711 Phase I recruiting in progress.

Dicerna
Pharmaceuticals

Nedosiran (DCR-PHXC):
Primary hyperoxaluria

Oxalate modulators Subcutaneous Phase I: NCT03392896 Well tolerated; most patients
reach normal circulating
oxalate.

Dicerna
Pharmaceuticals

DCR-A1AT:
𝛼1-antitrypsin deficiency

𝛼1-antitrypsin inhibitors Subcutaneous Phase I: NCT04174118 Phase I recruitment in progress.
Administration of a single or
multiple doses will be
explored.

(Continued)
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Table 1. (Continued).

Sponsor RNAi therapy: disease Mechanism of action
Administration
route Clinical trial phase: NCT # Comments

Silence
Therapeutics

SLN360:
Cardiovascular diseases

Reduce production of
Lp(a)

Subcutaneous Phase I: NCT04606602 Phase I recruitment in progress.

Silence
Therapeutics

SLN124:
ß-thalassemia

Myelodysplastic
syndrome

Lower serum iron levels,
modulate tissue iron
distribution

Intramuscular Phase I: NCT04176653 Phase I recruitment in progress.

Select
a)

mRNA clinical trial

Moderna
Therapeutics

mRNA-1273:
COVID-19 infections

Immunostimulants Intramuscular Phase III: NCT04470427 Two doses of the vaccine via IM
injection in the upper arm
≈28 d apart. Emergency use
authorization in Dec 2020 by
the FDA.

Moderna
Therapeutics

mRNA-1944:
Chikungunya virus Infection

mRNA encoding
antibodies

Intravenous Phase I: NCT03829384 3 doses tested (0.1, 0.3, and
0.6 mg kg−1).

3 patients receiving the highest
dose showed AEs, including 1
patient showing grade 3 AEs.

BioNTech/Pfizer BNT162b1:
COVID-19 infections

Immunostimulants Intramuscular Phase III: NCT04368728 Emergency use authorization in
Dec 2020 by the FDA

a)
These clinical trials are described in the text. In the interest of space, additional clinical trials that are not described in the text were omitted from the table.

and 3. In a long-term, open-label extension trial, nedosiran led to
long-term reductions in urinary oxalate levels to the normal range
found in healthy patients. Dicerna reported multiple AEs but
only two serious AEs, which were unrelated to the therapy and
a common disease-related occurrence.[41] In collaboration with
Roche, Dicerna is also conducting a phase 1 clinical trial for the
treatment of noncirrhotic chronic hepatitis B infection. The lead
candidate, RG6346, targets hepatitis B mRNA for long-term viral
clearance. Dicerna is also recruiting patients for a phase 1 trial for
the treatment of alpha-1 antitrypsin deficiency using DCR-A1AT,
a GalNAc-siRNA conjugate therapy.

Arrowhead Pharmaceuticals is currently undergoing a phase 2
clinical trial with Takeda for the treatment of alpha-1 antitrypsin-
associated liver disease after a preliminary phase 1 trial showed
robust reduction in serum alpha-1 antitrypsin (AAT) levels fol-
lowing injections of ARO-AAT, their lead candidate.[40] Interim
phase 1I results show >95% reduction in hepatic AAT levels as
well as improvements in other secondary outcomes measured.[44]

Arrowhead is also undergoing phase 1I trials for the treatment
of hepatitis B and cardiovascular disease, the lead candidates
of which are licensed to Janssen and Amgen, respectively. In
addition, Arrowhead has multiple phase 1 clinical trials near
completion for hypertriglyceridemia, dyslipidemia, and liver dis-
ease, as well as two ongoing phase 1 clinical trials for cystic fi-
brosis and renal cell carcinoma. Recent phase 1/II clinical data
for cardiovascular disease candidate ARO-APOC3, which tar-
gets apolipoprotein C-III, shows reductions in APOC3 levels
and secondary reductions in triglycerides, low-density lipopro-
tein cholesterol, and apolipoprotein B, and an increase in high-
density lipoprotein cholesterol. These lipid profile changes are
consistent with requirements for combating cardiovascular dis-
ease. Similarly, phase 1/II data for ARO-ANG3, which targets

angiopoietin-like protein 3 in order to treat dyslipidemia, has
shown similar changes in patient lipid profiles after dosing once
every four to six months. Silencing of angiopoietin-like protein 3
lowers serum LDL and triglyceride levels—making ARO-ANG3
a good candidate for cardiovascular disease as well.[42]

Finally, Silence Therapeutics has initiated or is in the process
of initiating phase 1 clinical trials for cardiovascular disease (lead
candidate SLN360), ß-thalassemia (lead candidate SLN124), and
myelodysplastic syndrome (lead candidate SLN124). SLN360 is
an siRNA-based therapeutic that targets lipoprotein(a), a pro-
tein whose levels are high in patients with cardiovascular dis-
ease, and Silence Therapeutics has stated they will begin dosing
healthy volunteers with SLN360 by the end of 2020. Meanwhile,
a double-blind, placebo-controlled phase 1 trial has been initiated
for the GalNAc-siRNA conjugate candidate SLN124, and the FDA
has granted SLN124 orphan drug designation.[43] These clinical
datasets have given scientists a chance to thoroughly evaluate the
safety of GalNAc-siRNA conjugates. In many of the ongoing clin-
ical trials mentioned above, mild and severe AEs were reported.
However, these AEs were similar to AEs in the placebo groups, in-
dicating that they may be unrelated to the treatment itself. Given
that many hundreds of patients have been treated with GalNAc-
siRNA drugs, and that GalNAc-siRNA conjugates have been con-
sistently safe, it is likely that GalNAc-siRNA conjugates will be
used to treat even more hepatic diseases in the future.

3. LNPs Have Delivered mRNA Encoding
SARS-CoV-2 Antigens in Humans

Partially driven by the evidence that LNPs can be approved for hu-
man therapies, these nanoparticles have recently been used to de-
liver mRNA encoding SARS-CoV-2 antigens in order to develop
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Figure 4. 20–250 µg of the formulated LNP is administered using intra-
muscular injection. Upon delivery of the mRNA, full-length SARS-CoV-
2 spike proteins are produced via translation and translocated onto the
cell. B cells with receptors that recognize the SARS-CoV-2 spike protein
are stimulated and become partially activated. Following T cell activation,
these specific B cells expand and differentiate into plasma cells releasing
copious amounts of antibody targeting SARS-CoV-2 virions.

COVID-19 vaccines. Both the Moderna mRNA-1273 and BioN-
Tech/Pfizer BNT162b1 vaccines have generated promising phase
1 and phase 2 readouts, and are now progressing through 30,000-
person phase 3 clinical trials in order to determine whether these
drugs can be rapidly approved for eventual distribution to hun-
dreds of millions or even billions of people.[45] Although there
are important differences between the vaccines, described below,
both vaccines have the overarching goal of training the immune
system to recognize and neutralize specific components of the
SARS-CoV-2 virus. These LNP-based SARS-CoV-2 vaccines con-
tain RNA for the glycosylated spike proteins found on the surface
of all coronaviruses. These exterior regions of the virus are acces-
sible to neutralizing antibodies and are used for both adsorption
and entry of the virion.[46] Using convalescent patient sera and B
cell receptor sequencing, the region found to be the most effective
at developing broadly neutralizing antibodies is the S2 region, in
particular the HR1 domain.[47] Because the S2 region is primarily
used for virion-cell fusion, it is likely that neutralizing antibodies
prevent new fusion events as well as canonical agglutination and
opsonization.[48]

Using the LNPs loaded with HR1-RNA allows for expression
of the SARS-CoV-2 protein in host cells. The expression of a non-
human protein results in a T cell response though HLA-ABC pro-
cessing of the HR1 peptides. This T cell response allows for full
activation of the humoral immune response, in particular activa-
tion of B cells and further differentiation into antibody-producing
plasma cells.[49] In addition, both vaccines require two shots (the
first shot termed a “prime” and the second shot termed a “boost”)
three to four weeks apart. Using this prime-boost approach, these
vaccines may generate long-lived immunity against SARS-CoV-2
(Figure 4). This prime-and-boost approach has been utilized in
other vaccine candidates, in particular subunit vaccines such as

the hepatitis B or human papilloma virus vaccines.[50] By devel-
oping this strong humoral and cell-mediated memory response,
it is thought long-lived immunity to SARS-CoV-2 will develop as
long as significant mutations in HR1 do not arise.

The Moderna LNP formulation likely consists of a proprietary
ionizable lipid (SM-102) along with cholesterol, PEG2000 DMG,
and DSPC at a 50:38.5:1.5:10 ratio, respectively.[29] The compo-
nents that likely make up this LNP are commonly used in the
field of drug delivery. Cholesterol, DSPC, and PEG2000 have
been used in previous preclinical studies as well as approved
FDA delivery vehicles.[51] In an early example, researchers sys-
temically delivered siRNA to the liver in nonhuman primates
(NHPs) using an LNP.[52] This LNP, which had a hydrodynamic
diameter between 70 and 90 nm and led to protein knockdown
at a dose of 1.0 mg kg−1, contained the lipid DLinDMA, choles-
terol, PEG-C-DMA, and DSPC, combined at a 40:48:2:10 molar
ratio.[52] Future studies screened ionizable lipids in vitro in or-
der to understand the impact of the lipomer–RNA ratio, PEG
chain length, and particle size on an LNP’s pharmacokinetics and
biodistribution.[53] In one example, the lipid C12-200 delivered
siRNA to the liver in mice and NHPs at low doses and was for-
mulated with cholesterol, PEG2000 DMG, and DSPC at a formu-
lation ratio of 50:38.5:1.5:10.[54] In a second example, researchers
first formulated the lipid MC3 with cholesterol, PEG2000, and
DSPC at a ratio of 40:40:10:10. They then optimized this formu-
lation ratio for siRNA-mediated silencing in NHPs such that the
lipid was formulated with cholesterol, PEG-C-DMA, and DPPC at
a ratio of 57.1:34.3:1.4:1.7.[55] Finally, as a third example, authors
identified the lipid cKK-E12 as a potent material for siRNA and
mRNA delivery,[56,57] typically formulating this LNP with choles-
terol, PEG2000 DMG, and DSPC at a ratio of 50:38.5:1.5:10 for
siRNA delivery and with cholesterol, PEG2000, and DOPE at a
ratio of 35:46.5:2.5:16 for mRNA delivery. Thus, the molar ratio
that may be used by Moderna has been reported to work well with
other commonly used ionizable lipids such as C12-200, cKK-E12,
and MC3,[54,56,58] making it a valid choice as a vaccine candidate.

Studies have also highlighted the importance and impact of
PEG structure as well as PEG molar ratios on LNP delivery.[59]

Scientists have shown that PEG can reduce interactions with op-
sonizing proteins and subsequent immune cells by creating a hy-
drophilic barrier around the LNP.[60] However, it has also been
shown that too much PEG in an LNP can inhibit the adsorption
of protein coronas that promote delivery to target cells.[61,62] Ad-
ditionally, PEG has been used as a conjugate to improve the deliv-
ery of peptides, antibodies, and siRNAs.[62,63] Alternatives to PEG
such as PLGA have also been explored for siRNA conjugates.[64]

The Moderna LNP was selected based on data from an LNP
vaccine candidate containing Zika mRNA,[65] highlighting the
true platform nature of this technology; Zika mRNA was quickly
replaced by the CoV-2 mRNA, creating a potential new therapeu-
tic candidate in a matter of weeks. The Moderna LNP formula-
tion carries mRNA encoding the S2 region of the SARS-Cov-2
spike protein. Notably, the sequence was modified with two pro-
line substitutions at the top of the central helix in order to stabi-
lize the S protein in a prefusion conformation, thereby increasing
immunogenicity.[66] Upon successful mRNA delivery, full-length
SARS-CoV-2 spike proteins are produced via translation and are
translocated onto the cell surface. As of the publication of this
review, Moderna has completed phase 1 and 2 clinical trials and
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reported successful topline results from a phase 3. The phase 1
open-label clinical trial was conducted to determine overall safety
as well as the proper dose in 120 adult participants. Four doses
were chosen based on nonhuman primate data: 10, 25, 100, and
250 µg. LNPs were administered in a 0.5 cc dose via an intra-
muscular (IM) injection at day 1 followed by a booster on day 29.
Participants will be followed for 12 months after the first injec-
tion with visits occurring 1, 2, and 4 weeks post first vaccination
and 3, 6, and 12 months post second vaccination. The majority of
adverse events were mild and most frequently included fatigue,
chills, headache, myalgia, and injection site pain with most seri-
ous AEs associated with the second booster at the highest dose
(250 µg). The mean S-2P antibody titer was 7–10 times higher
in patients who received the medium dose (100 µg) as compared
to the lowest dose (25 µg), indicating that 100 µg would be the
best candidate for further clinical trials. A significant CD4 T cell
cytokine response also developed, indicating full immune activa-
tion and subsequent immunological memory. The phase 1 clini-
cal trial showed that the 100 µg dose, administered twice, would
be an effective and safe dose for the phase 2 clinical trial.[67] These
encouraging results showed that, for the first time, an LNP could
be used to deliver a vaccine payload with a significant immuno-
logical response.

The phase 2 placebo-controlled clinical trial was fully enrolled
in early July and is scheduled to be fully completed in March 2021.
In this study, 300 adult participants (split into two groups ages
18–54 and 55+) were randomized and administered either 50 µg,
100 µg, or a placebo (PBS). The objectives of this clinical trial
are to determine effectiveness at developing an S-2P antibody re-
sponse as compared to the placebo control as well as determin-
ing if there are any additional adverse events that were missed
during the phase 1 clinical trial. The phase 3 clinical trial is now
completely enrolled with 30 000 adult participants. The 100 µg
dose was chosen based on its ability to develop an increased S-
2P titer with mild adverse events. This randomized, double-blind
study will be used to determine how protective the S-2P anti-
body response is in preventing infection with SARS-CoV-2; in late
2020, Moderna reported topline results from the phase 3 clinical
trial suggesting that the vaccine reduced infection rates by 94.5%
compared with placebo.

The BioNTech LNP formulation was not developed by BioN-
Tech scientists, but rather was in-licensed from Acuitas, a com-
pany that focuses on LNP design. Similar to previously reported
LNP formulations, the LNP consists of four components: a pro-
prietary lipid, a cholesterol, a PEG-lipid, and a helper lipid, and
may be similar to previously reported LNP formulations used
by Acuitas collaborators for IM delivery of mRNA.[68] The over-
all mechanism of immune activation and subsequent protec-
tion from SARS-CoV-2 is similar to the Moderna vaccine apart
from the region of the SARS-CoV-2 spike protein encoded for.
Two candidates were developed for use as a SARS-CoV-2 vac-
cine: BNT162b1, which encodes a secreted trimerized SARS-
CoV-2 receptor-binding domain, and BNT162b2, which encodes
a membrane-anchored SARS-CoV-2 full-length spike stabilized
in a perfusion conformation. The BNT162b1 vaccine candi-
date was developed in hopes that an antibody response to the
receptor-binding domain of SARS-CoV-2 would prevent de novo
virion binding to cellular receptors, thus eliciting greater pro-
tection. The BNT162b2 candidate was developed to produce a

wide gamut of SARS-CoV-2 antibodies, allowing for a strong hu-
moral immune response similar to what is developed during ac-
tive infection.[69]

Both candidates were evaluated in the phase 1 clinical trial us-
ing two IM injections administered three weeks apart with ei-
ther 10, 20, 30, or 100 µg. The purpose of this phase 1 clinical
trial was to determine which vaccine candidate was safe and ef-
fective and at what dose. A total of 195 adult participants were
randomized and split into two groups, ages 18–55 and 65–85.
Both candidates resulted in significant production of SARS-CoV-
2 antibodies, similar to or greater than the titers seen in conva-
lescent patients. Midway through the trial it was determined that
BNT162b1 resulted in more serious systemic adverse events in
older adults, most likely because of the secretion of the SARS-
CoV-2 SP-1 protein into the bloodstream. Following this result
BNT162b2 was determined to be the best candidate and was ad-
vanced into the phase 2/3 clinical trials.[70] Currently, the phase
2/3 clinical trial is recruiting participants for a large-scale double-
blind efficacy trial with initial results showing a SARS-CoV-2 pre-
vention efficacy of 90%, and full-scale results should be avail-
able by mid-2021. The efficacy and safety profiles of the Moderna
and BioNTech vaccines suggest that mRNA vaccines delivered by
LNPs may be effective weapons against COVID. Both of these
vaccine candidates show strong efficacy rates that are on par with
or better than some of the best vaccines we have available, such
as MMR (97%-88%), HPV (88%), and HBV (80–90%).[50,71]

4. Preclinical RNA Delivery to the Lung, Spleen,
and Immune System Is Emerging

The clinical results described above demonstrate that RNA ther-
apies can benefit patients, and that effective drug delivery is
required for clinical results. Given this, academic and indus-
try labs have allocated significant resources to improving drug
delivery. For example, from 2006 to 2014, the dose required
to deliver siRNA to hepatocytes decreased more than 10,000-
fold.[52,56] These advances, which led to clinically relevant hepa-
tocyte delivery,[31] were enabled by two key facts. The first is well-
known: unique physiology and structure make the liver easier to
target with drug delivery systems than most, but not all, other
organs. The liver exhibits discontinuous basement membranes
in hepatic sinusoids, which makes hepatocytes and other hepatic
cell types physically accessible from the bloodstream.[72] This dis-
continuous basement membrane results in 7.5-fold more nano-
material interactions with hepatic cells, compared to peripheral
cells.[12] Similarly, slow blood flow in liver sinusoids increases
nanoparticle resonance time within the liver sinusoids, thereby
increasing the odds that nanoparticles interact with, and there-
fore are taken up by, cells within the liver microenvironment.[73]

The second fact is that the nanomedicine field has a simple, in-
expensive way to quantify siRNA delivery to hepatocytes. More
specifically, a kit quantifying factor VII (FVII) serum protein is
regularly used to quantify how well nanoparticles deliver siRNA
targeting FVII. Since FVII is only expressed by hepatocytes, the
hepatocyte-targeting efficiency of an LNP can be easily deter-
mined by quantifying FVII levels in serum. Critically, this assay
quantifies how well the siRNA functioned inside the cell (i.e., the
siRNA-mediated silencing of FVII protein), rather than quantify-
ing just biodistribution (i.e., where the nanoparticle went). FVII
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assays have been used to study hundreds of chemically distinct
nanoparticles in vivo, leading to the discovery of an LNP that de-
livered siRNA to mice at a dose of 0.01 mg kg−1, and subsequently
patisiran.[74]

Historically, it has been more challenging to evaluate cell type-
specific delivery to other cell types in vivo. This may partially ex-
plain why other cells and tissues that share important physio-
logical traits that promote delivery to the liver have not had the
same degree of clinical success to date. For example, endothelial
cells are physically accessible to nanoparticles injected into the
blood; the bone marrow contains discontinuous endothelium,
which could promote nanoparticle extravasation from the blood;
and the spleen has a specialized structure that likely dramatically
increases nanoparticle resonance time within the organ. Yet a
growing number of publications have shown that effective non-
liver delivery is possible in mice and nonhuman primates. In
one example, screening epoxide-modified lipid-polymer hybrids
at different lipid:RNA ratios in vitro resulted in the identification
of an LNP containing a new lipid-based compound, termed 7C1,
that potently delivers siRNA to heart (ED50 ≈ 0.05 mg kg−1) and
lung (ED50 ≈ 0.02 mg kg−1) endothelial cells in mice after a sin-
gle systemic injection.[75] This same LNP was validated in NHPs,
where researchers saw up to 80% protein silencing in lung en-
dothelial cells after a 1 mg kg−1 systemic administration.[76]

Other researchers have delivered RNA to the lung by altering the
phospholipid molar ratio. Increasing the phospholipid molar ra-
tio of LNPs formulated with the hepatocyte-targeting ionizable
lipid cKK-E12 led to potent and specific mRNA delivery to the
lungs with minimal off-target delivery detected in the liver and
spleen.[77] More recently, selective organ targeting (SORT) was
used to deliver mRNA to nonliver tissues by including a supple-
mental SORT lipid.[78] Researchers used SORT to demonstrate
that increasing the molar ratio of charged phospholipids in LNP
formulations shifted LNP tropism away from the liver. Specifi-
cally, the use of negatively charged SORT molecules (e.g., 18PA)
shifted delivery to the spleen, while positively charged SORT
molecules (e.g., DOTAP) shifted delivery to the lungs. Finally,
it was also demonstrated that changing the overall charge of an
LNP, by varying the molar ratio of DOPE or DOTMA, resulted in
a shift of delivery toward the lungs (when cationic) or the spleen
(when neutral).[79]

RNA has also been delivered to the lung by locally adminis-
tering nanoparticles via intranasal or nebulized administrations
in order to tackle delivery in disease models of cancer and cystic
fibrosis.[80–82] In one example, authors found that an LNP previ-
ously optimized for liver delivery could deliver mRNA encoding
cystic fibrosis transmembrane conductance regulator (CFTR) to
epithelial cells after intranasal administration in CFTR−/− mouse
models of cystic fibrosis.[81] In another, authors screened a series
of functional polyester nanoparticles and identified nanoparticles
that resulted in preferential RNA delivery to lung cancer cells
compared to normal cells.[82] Similarly, Translate Bio, an mRNA
company, has evaluated inhalation-based mRNA drugs for the
treatment of cystic fibrosis. In a phase 1 clinical study, CF patients
showed improvement after they were treated with MRT5005, an
mRNA drug contained within a nanoparticle that encoded for
CFTR. Patients were given one of three mRNA doses (8, 16, or
24 mg) or a placebo control. Of the 12 patients in the study, seven
were already taking an FDA-approved CFTR modulator. All pa-

tients in the medium- and high-dose groups saw significant im-
provement in percent predicted forced expiratory volume in one
second (ppFEV1), one of the primary measures of lung function.
There were no severe AEs but multiple mild treatment-emergent
AEs reported in each treatment group, including the placebo; de-
spite this, patient symptoms tended to resolve after 24 h.[83]

Nanoparticles have also been used to target the spleen as
well as immune cells.[84–86] Researchers found that biodegradable
variants of the potent ionizable lipid cKK-E12 led to splenic im-
mune cell delivery, albeit with off-target delivery to the liver.[84]

Moreover, a targeting platform known as Anchored Secondary
scFv Enabling Targeting (ASSET) was developed to coat LNPs
with monoclonal antibodies in order to facilitate cell targeting.[87]

One key aspect to ASSET was the ability to easily create antibody-
lipid conjugates that could be anchored into the hydrophobic re-
gions of LNPs, and the ability for ASSET to direct liver-trophic
LNPs to other cell types was exploited for applications in in-
flammatory bowel disease.[85] LNPs with novel ionizable lipids
have also been designed to deliver nucleic acids to leukocytes,
a traditionally difficult-to-transfect cell type.[88] Authors formu-
lated siRNA-based LNPs with novel linker moieties including hy-
drazine, hydroxylamine, and ethanolamine. Specifically, 14 dif-
ferent lipid structures were formulated to contain cholesterol,
DSPC, and PEG-lipid at the fixed molar ratio 50:38.5:10:1.5 and
then screened in vitro. Authors then formulated the most potent
in vitro LNPs and modified them so that they contained a surface-
based anti-𝛽7-mAb or an isotype control and confirmed their po-
tency in vivo.[88] LNPs surface modified with the anti-𝛽7-mAb car-
rying siRNA against CD45 achieved ≈30–50% silencing of the
CD45 protein in CD4+ and CD8+ cells in the spleen and lymph
nodes. In another example of delivering mRNA to immune cells,
researchers demonstrated that LNPs containing vitamin C could
be used to deliver mRNA to macrophages in vitro for the treat-
ment of multidrug-resistant bacterial sepsis.[89] Vitamin C was
included so that LNPs specifically accumulated in macrophage
lysosomes, where they released an antimicrobial peptide and
cathepsin B. Adoptive transfer of these macrophages into an im-
munocompromised mouse model of sepsis led to the elimination
of multidrug-resistant bacteria and complete animal recovery.[89]

Delivery of mRNA to Kupffer cells, specialized macrophages in
the liver microenvironment, has also been achieved in vivo with-
out the use of targeting ligands. More specifically, an unbiased
high-throughput in vivo DNA barcoding was used to identify
LNPs that preferentially deliver mRNA to Kupffer cells, relative
to other cell types in the liver.[24,90]

5. Identifying Nanoparticles with Tropism to New
Cells Using High-Throughput In Vivo Assays

These studies suggest that clinical RNA delivery to the lung,
spleen, or immune system may emerge. However, delivery to
the heart, brain, kidney, pancreas, muscle, and other tissues may
be more difficult and may require testing increasingly diverse
nanoparticle chemistries. Even if nanoparticle size, shape, and
charge are ignored, it is possible to envision 1010 or more chem-
ically distinct nanoparticles[91] created using standard synthetic
routes like Michael addition-, epoxide-, peptide-, esterification-,
and thiol-based chemistries.[15,80,92] This leads to a key question:
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what is the best way to evaluate a very large nanoparticle chem-
ical space? In this instance, an LNP chemical space refers to all
of the possible chemical compounds that can be used to formu-
late an LNP. One potential answer is to markedly improve the
ease with which delivery is measured in vivo by creating an as-
say that is i) high throughput (i.e., >100 nanoparticles at once),
ii) quantifies functional (i.e., mRNA being translated into ac-
tive protein, or siRNA silencing protein) delivery, and iii) does
so directly in vivo, to any desired cell type. The value of a high-
throughput in vivo screen is supported by recent evidence that
in vitro nanoparticle delivery does not predict systemic in vivo
nanoparticle delivery.[93–95]

To address the need for more efficient discovery of potent
LNPs, new assays that enable multiplexed evaluation of nanopar-
ticle delivery in animals have been developed. These systems
use a unique molecular tag to individually tag nanoparticles; the
nanoparticles are then pooled together and administered.[93,95,96]

After waiting for drug delivery to occur, the signals are detected
and the delivery efficiency of each individual nanoparticle is de-
convoluted using its unique molecular tag. Several molecules
can serve as multiplexed molecular tags, including peptides and
fluorescent nanodots.[96,97] In one example, Negron et al. used
nanoparticles containing ZsGreen plasmids, labeled with Cy5,
to monitor delivery in spheroid cultures of a glioma cell line.
Using this approach, the authors identified nanoparticles that
worked successfully in vivo.[95] In a second example, the Lindfors
group used radiolabeled mRNA-containing nanoparticles of dif-
ferent sizes to determine their efficacy at delivering and releasing
mRNA in an iPSC-derived liver model.[98]

One alternative to these molecular tags is the use of DNA.
DNA-based tags, often referred to as DNA barcodes, are in-
herently stable, can be modified chemically to increase their
drug-like properties,[99] and are similar to the nucleic acid
drugs typically formulated into nanoparticles. Moreover, DNA
barcodes allow for many nanoparticles to be easily tagged at
once, since the number of combinations with a DNA sequence N
nucleotides long is 4N. For example, an eight-nucleotide barcode
can be used to distinguish up to 65 536 distinct nanoparticles, far
more nanoparticles than can be made in a single experiment at
this time. In addition, DNA barcodes provide a sensitive, robust,
and specific signal—they can easily be amplified using PCR, and
then sequenced using next-generation sequencing (NGS), an
approach that is affordable and fast. For example, a sequencer
the size of a desktop computer can now be purchased for less
than $50 000 and can generate over 20 million datapoints per
experiment within a few hours.

Currently, predominant nucleic acid barcoding technologies
utilize a small DNA oligo. In one early system, each barcode was
a DNA oligo that was differentiated by either its size or unique
PCR primer sites found on each end of the barcode; successful
drug delivery was analyzed and quantified using gel electrophore-
sis and qPCR readouts.[100] Using this system, chemotherapies
were loaded into an LNP library and tested in an in vivo tumor
model using a single administration. Researchers isolated dead
cells from tumor tissue and amplified the DNA barcodes to de-
termine which chemotherapies were effective. By contrast, sci-
entists developed a distinct DNA barcoding strategy that relies
on an NGS readout. This system uses a DNA oligo composed of
a universal primer region, a unique molecular identifier (UMI),

and a carefully designed 8 nt barcode region.[101] More specifi-
cally, each barcode should be unique at three of the eight barcode
nucleotides, to allow for enough diversity to reduce sequencing
errors. The DNA barcode is then incorporated at a 1:10 ratio with
functional RNAs into an LNP (Figure 5A). Using DNA barcodes
in combination with NGS allows for hundreds of LNPs to be ad-
ministered to a single animal, resulting in a robust and efficient
high-throughput screening system (Figure 5B). This method-
ology has successfully been used to develop high-throughput
in vivo screening systems for both siRNA and mRNA delivery.
Furthermore, incorporation of a payload (e.g., mRNA, siRNA)
and DNA barcode allows for quantification of both functional
delivery and biodistribution (Figure 5C). For example, we uti-
lized Cre mRNA in a Lox-Stop-Lox-CAG-tdTomato mouse model,
which only expresses tdTomato when Cre protein is expressed
and translocates to the nucleus to excise the stop signal.[14] More
specifically, an LNP containing Cre mRNA must be taken up by
the target cell, released from the endosome, and translated for
a tdTomato signal to be detected. Because this results in a geno-
typic change within the cell, the signal is long-lived, allowing us to
expand our timepoints for in-depth biochemical analyses. Using
fluorescence-activated cell sorting (FACS), tdTomato-expressing
cells are sorted from multiple organ systems. Sorting on the td-
Tomato signal makes it easy to distinguish between cells with
LNPs that are bound to the surface of the cell or stuck in endo-
somes (tdTomato negative) as compared to LNPs that have been
fully processed and released into the cytoplasm (tdTomato posi-
tive) (Figure 5C). The ability to distinguish between biodistribu-
tion and functional delivery is key in any nanoparticle-screening
assay since the majority of nanoparticles are not released from
endosomes.[20,102] Similarly, being able to determine which LNPs
are functionally delivered increases the possibility of finding cor-
relations between LNP structures created by novel biomaterials
and their potential impact on endosomal escape. More recently,
a new mRNA barcoding system was reported.[103] In this system,
luciferase mRNA is synthesized in vitro so that it contains unique
barcode sequences downstream of the T7 promoter as well as
the same universal primer sites used in previous DNA barcod-
ing papers.[104]

6. Conclusions and Future Perspectives

Emerging datasets demonstrate that RNA targeted to cells via
manufacturable, safe, and effective delivery systems can treat dis-
ease in humans. This clinical success underscores the need for
at least two significant efforts in the field. The first effort is to im-
prove our understanding of the genes that influence the safety
and efficacy of drug delivery systems in vivo. For example, it
remains unclear whether subsets of a given immune cell type
(e.g., subsets of Kupffer cells) respond to drug delivery systems
the same way. Given that cell subsets have been shown to influ-
ence immune response to other stimuli,[105] it is conceivable that
a small subset of immune cells act as “super responders” that
drive systemic toxicity. Similarly, mRNA-based vaccines may be
improved upon in the coming years by identifying the subsets of
immune cells that, when delivered to, lead to the safest, yet most
durable immune response.

A second near-term focus of the drug delivery field could cen-
ter on improving the efficiency with which drug delivery systems
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Figure 5. High-throughput LNP barcoding can be used to find potent delivery vehicles. A) DNA barcodes contain universal primer sites, a 7 nt random-
ized region, and an 8 nt barcode region, allowing us to generate hundreds of distinct DNA barcodes. B) Joint Rapid DNA Analysis of Nanoparticles
(JORDAN) uses DNA barcodes and NGS to analyze the biodistribution of thousands of particles in vivo. C) Screening LNPs using JORDAN does not
differentiate between LNPs at the cell surface, LNPs trapped in an endosomal compartment, and LNPs that facilitate functional delivery (i.e., mRNA
translated into functional protein). Fast Identification of Nanoparticle Delivery (FIND) can be used in order to test specifically for LNP functional delivery.
FIND relies on the identification of cells that undergo Cre-mediated gene editing and, therefore, only LNPs that have been functionally delivered.

are discovered. Historically, nanoparticles have been screened
in cell culture, in large part because synthesizing thousands of
nanoparticles was feasible but studying them in vivo was not.
The ability to quantify delivery to new tissues via high-throughput
multiplexed experiments now makes it possible to study thou-
sands of drug delivery systems directly in vivo.[14,16,93] By testing
hundreds of nanoparticles at once in vivo, scientists have been
able to find LNPs that functionally deliver to novel cell types.
This development is important for two reasons. First, it allows
researchers to analyze and understand LNP on-target functional
delivery for any combination of desired cell types that can be iso-
lated using standard techniques such as FACS. Specifically, func-
tional delivery of an siRNA-based delivery vehicle is defined as
delivery that leads to protein silencing, whereas functional de-
livery of an mRNA-based vehicle is defined as delivery that leads
to production of a new, functional protein. Second, LNP on-target
functional delivery can be studied alongside LNP biodistribution,
thereby allowing scientists to identify cells where LNPs enter the
cell but do not lead to functional payload delivery. This is espe-
cially important when considering delivery to off-target cells such
as phagocytic Kupffer cells. Thus, understanding the on-target to
off-target ratio of a drug delivery vehicle is crucial when develop-
ing therapeutics.

A second critical design criterion for successful delivery vehi-
cles is their tolerability and efficacy in large-animal models such
as NHPs. cKK-E12, currently licensed for clinical development,
has been shown to have an ED50 as low as 0.002 mg kg−1 for the
delivery of siRNA in mice.[56] A lower ED50 leads to a higher ther-
apeutic index, a quantitative measurement that describes the rel-
ative safety of a drug. However, this therapeutic index typically de-
creases as a therapeutic is tested in larger-animal models, in part
because the dose required to achieve the same potency goes down
and the immune response in a large animal tends to be more se-

vere than in mice.[106,107] Specifically, it may be that LNPs typically
well tolerated in mice are not well tolerated in NHPs. As an exam-
ple, early studies that attempted to translate DNA vaccines from
mice to NHPs showed that immunogenicity in a small-animal
model did not necessarily translate to a large-animal model, lead-
ing to decreased vaccine efficacy.[108] Therefore, the way an LNP
behaves in terms of functional delivery and immune response in
a small-animal model, such as a mouse, might be very different
from how it functionally delivers in a larger-animal model such
as an NHP or in a clinical trial. Given this potential disparity,
it may be necessary to identify novel methods to test LNPs that
are more indicative of the cellular and physiological environment
present in an NHP or a human. It is unknown whether drug de-
livery in smaller animals predicts drug delivery in NHPs, which
are considered the gold standard in preclinical assays. We find it
likely that species-to-species predictivity will vary with cell type.
Although additional work is needed, if the drug delivery field is
able to understand the genes that influence delivery and stream-
line the preclinical selection of drug delivery systems, we find it
likely that RNA therapies may be applied to a growing number of
diseases.
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