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ABSTRACT

Messenger RNA (mRNA)-based therapeutics hold the potential to cause a major
revolution in the pharmaceutical industry because they can be used for precise and
individualized therapy, and enable patients to produce therapeutic proteins in their
own bodies without struggling with the comprehensive manufacturing issues
associated with recombinant proteins. Compared with the current therapeutics, the
production of mMRNA is much cost-effective, faster and more flexible because it can
be easily produced by in vitro transcription, and the process is independent of mMRNA
sequence. Moreover, mRNA vaccines allow people *» dewvelop personalized
medications based on sequencing results and/or pe:.~tiuzed conditions rapidly.
Along with the great potential from bench to be‘'siae, technical obstacles facing
MRNA pharmaceuticals are also obvious. The _abil ty, immunogenicity, translation
efficiency, and delivery are all pivotal issusc need to be addressed. In the recently
published research results, these issies are gradually being overcome by
state-of-the-art development technow ai.s. In this review, we describe the structural
properties and modification techno.~gies of mMRNA, summarize the latest advances in
developing mMRNA delivery sys.e ng, review the preclinical and clinical applications,
and put forward our views 1, *he prospect and challenges of developing mRNA into a
new class of drug.

Key Words: mRN A erapeutics; mRNA modification; mRNA delivery; Gene

therapy; Nucleic aciu *herapeutics; In vitro transcription



1 INTRODUCTION

Messenger RNA (mRNA) has become an attractive subject of basic and applied
research since it was first discovered in 1960s (Brenner et al., 1961). Accordingly, the
understanding of mRN A has shifted from a simple link between DNA and protein to a
versatile molecule that regulates the functions of genes in all living organisms. Based
on this change, numerous types of mMRNA-based therapeutics have emerged. In 1990,
Wolff et al. firstly reported that intramuscular injection of mRNA into the skeletal
muscle of mice led to the expression of encoding proteins (Wolff et al., 1990). Since
then, mRNA- based therapeutics have been exploited ir 2 variety of applications,
including cancer immunotherapy, infectious disease vaz<ines, protein substitution and
cellular genetic engineering. In 2001, ex vivo "N~ transfected dendritic cells
entered clinical trial for the first time (Heis:r e al, 2002), and hundreds of
MRNA-based clinical trials have been launchzl owver the past two decades.

However, mMRNA was not considered & new class of drug in the first decades after
its discovery. Obstacles such as ins.”bliity and immunogenicity have hampered its
development, making it less pursucd than DNA in gene therapy (Burnett and Rossi,
2012; Crooke et al., 2018; Geals :t il, 2013; Hajj and Whitehead, 2017; Kallen and
Thess, 2014 ; Kreiter et al., z211; Reautschnig et al., 2017; Sahin et al., 2014; Van et
al, 2015). In recent yeus, these key problems have been mainly solved by
introducing modified nucleosides into mMRN A sequences and developing various RNA
packaging and delive 'y systems. A lot of evidences not only proved that mRNA can
mediate superior transfection efficiency and longer protein expression time, but also
revealed the main advantages of mMRNA over DNA. The advantages of mRNA include:
(1) mRNA does not need to enter the nucleus to be functional. As soon as it reaches
the cytoplasm, the mRNA initiates protein translation. In contrast to mMRNA, DNA
needs to reach the nucleus first and then be transcribed into mRNA. This process
makes DNA less efficient than mRNA, because its function depends on the
destruction of nuclear envelope during cell division (Sahin et al., 2014). (2) Unlike
DNA and viral vectors, mRNA does not insert into the genome, but only transiently

expresses the encoding proteins. Therefore, it provides an excellent safety choice for
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researchers and pharmaceutical companies due to its low risk of insertional
mutagenesis (Cavazzana et al., 2016; Schlaeger et al., 2015). (3) mMRNA can be easily
synthesized by an in vitro transcription (IVT) process. The process is relatively
inexpensive and can be rapidly applied to different therapies (Sahin et al., 2014). (4)
Moreover, MRNA is theoretically capable of expressing any protein and may be used
to treat almost any disease. Hence, from the view of pharmaceutical industries,
MRNA is a very potential drug candidate that will meet the needs of gene therapy,
cancer therapy as well as vaccination and so on.

In this review, we summarize the latest progresses = su'ving a series of key
problems around mRNA therapeutics, including avoidi~g n.«nunogenicity, increasing
stability, improving translation efficiency, and enha'ciny delivery. The current status
of preclinical and clinical studies, as well .~ p/yelines of mRNA-based drug
candidates for infectious diseases, cancer, z.3 genetic diseases treatment are also

overviewed. At last, the concerns and ;erspectives of mRNA drug industry and

biopharmaceutical enterprises are dis. s ed.

2 Structural elements of MRN.A

Genrerally, natural mRN,* has a single strand structure, consisting of a
7-methyl-guanosine residuc binding at the 5’-end (the 5°-cap) and a poly (A)-tail at
the 3’-end. The pro’ein encoding open reading frame (ORF) is marked by a start
codon and a stop cou>n. The untranslated regions (UTRs) locate between the cap/tail
and the ORF (Sonenberg and Hinnebusch, 2009). Plasmid DNA, PCR product or
synthetic double-stranded oligonucleotide can be used as transcription templates for
MRNA synthesis in vitro. The transcription process is carried out by T7, T3 or SP6
phage RNA polymerases in the presence of ribonucleoside triphosphates to synthesize
a complementary RNA strand (Loomis et al., 2018; Sahin et al., 2014). During this
process or after transcription, mRNA is capped by the 7-methylguanosine cap
molecules enzymatically at the 5’-end (Li and Kiledjian, 2010; Martin and Moss,
1976). Studies have shown that the 5’-cap plays a crucial role in mMRNA maturation,

splicing, translation and nonsense-mediated decay (Dwarki et al., 1993; Martin et al.,
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1975). The poly (A) tail at the 3’-end is very important for the stability and
subsequent translation process of MRNA (Eckmann et al., 2011; Martin and Keller,
1998). Whereas the 3’-UTR region contains o- and B- globin sequences, which can
also enhance the stability and translational efficiency of mMRNA. Both 3’- and 5’-UTR
regions can inhibit the decapping and degradation of mRNA (Ross and Sullivan, 1985;
Zinckgraf and Silbart, 2003).

3 Improving the stability and translation of mMRNA

One of the major challenges of naked mRN A-based th~ra.y is its short half- life,
which is caused by the rapid degradation by abundz.* catracellular RNases. The
half-life of in vitro transcribed mRNA (IVT mRMA) and its protein products is a
crucial factor affecting the pharmacokinetic (”K) and pharmacodynamics (PD)
properties of mMRNA-based therapeutics. T2 2ptimize the efficiency of mRNA, a
variety of chemical modifications to n:NA structures were explored, including
modifications to the 5’-cap, poly (A) 1, 5°- and 3°-UTRs, and coding region.

For the modification of the 5°-~ap of mMRNA, several cap mimics were designed
(Figure 1). The mRNA cap conss’s ot 7-methylaguanosine (m’G), which is connected
to the first transcribed RNA >ucleotide during transcription via a 5°, 5’-triphosphate
bridge (ppp) (M'GpppN sucture). It not only participates in RNA translation by
binding to the translitio. Initiation factor 4E (EIF4E) , but also to the DCP1/DCP2
complex, which reguiates mRNA decay (Li and Kiledjian, 2010). The most reported
cap analogues are the anti-reverse cap analogues (ARC As) modified within the ribose
moiety of the m’G (Jemielity et al., 2003; Ziemniak et al., 2013). The ARCA-capped
mMRNA prevents incorrect cap incorporation during mRNA synthesis, hence exhibits
superior translation efficiency. In recent years, another cap analogue, called S
analogue that contains a single phosphorothioate (O-to-S) substitution in the
triphosphate bridge was developed (Grudzien-Nogalska et al., 2007). It is reported
that replacing ARCAs with an S in the B position of the triphosphate bridge
(B-S-ARCAS) results in two benefits: high affinity of the cap to EIF4AE and low
susceptibility to the decapping complex DgPl/DCPZ (Grudziennogalska et al., 2007;



Kowalska et al., 2008). Experiments showed that B-S-ARCAs enhanced the
expression of MRNA encoding antigen both in vitro and in vivo, and were applied in
ongoing clinical trial of mMRNA vaccine against melanoma (Kuhn et al., 2010).
Recently, Jacek Jemielity et al. synthesized a new class of cap analogue, termed 2S
analogue, which combines dithiodiphosphate modification, ARCA and extended
polyphosphate chain. They found that these 2S analogues elevated the owverall
translation in human immature dendritic cells and were superior to the previously
published phosphate-modified cap analogues applied in clinical trials (Strenkowska et
al., 2016).

The poly (A) tail decorates the 3° end of matur. miiiNA in eukaryotes. It is
produced by transcribing its DNA template or b usmig a recombinant poly (A)
polymerase post transcriptionally. The latter is Ii.niter. because the length of poly (A)
tail can vary with each other in the productic of mRNA batches, which makes the
reproducible batches with a defined po!’ (~) length very difficult (Gallie, 1991;
Korner and Wahle, 1997). Using D: 'A emplate to transcribe poly (A) tail in vitro,
which results in a defined length, s welcomed by the manufacturing industry. It is
well known that the poly (A) @il plays a key role in regulating the stability and
translation efficiency of mk,'A (Chang et al., 2014; Gallie, 1991; Mockey et al.,
2006). Longer tails were 1L 'nu to increase the protein expression in various cell types
(Elango et al., 2005, w1 and Brewer, 2012). Mockey et al. demonstrated that the
protein translation in dendritic cells was improved continuously with a poly (A) tail of
100 nucleotides together with a 5° ARCA cap analogue (Mockey et al., 2006).
Holtkamp et al. reported that the long poly (A) tail of 120 nucleotides achieved
higher protein expression level than the conventional poly (A) tail of 64 nucleotides
(Holtkamp et al., 2006). However, some experts believe that the poly (A) tail is not
the longer the better (Choi and Hagedorn, 2003; Jalkanen et al., 2014; Meijer et al.,
2007; Yangetal., 2011). They suggested that proper regulation of poly (A) tail length
is very important for maintaining specific biological behaviors in cells, but whether
the tail needs to be shorter or longer appears to be transcriptional- specific.

The 5’- and 3’-UTRs in mMRNA contain specific regulatory sequence elements that
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modulate the translation and stability of mRNA. The half-life of mMRNA can be
improved by introduction of stabilizing elements into UTRs. For example, the
3’-UTRs of a- and B-globin mRNAs are key factors for mRNA half- life of more than
1 day (Holcik and Liebhaber, 1997). In order to increase the stability and translation
efficiency, many IVT mRNA conjugating the 3°-UTRs of a- and - globin mRNAs
were designed (Kariko et al., 1999; Waggoner and Liebhaber, 2003; Yu and Russell,
2001). The stabilizing effect can be further improved by incorporating two - globin
3’-UTRs together in a head to tail orientation (Holtkamp et al., 2006). In addition to
the widely applied globin UTRs, various UTRs such as *-= _’-UTR of human heat
shock protein 70, internal ribosomal entry sites (IRES.) a.d 3’-UTR of eukaryotic
elongation factor 1a (EEF1Al) et al. have been irresuyated for therapeutic mRNA
application (Bergman et al, 2007; Vivinus €: al. 2001; Yakubov et al, 2010;
Zinckgraf and Silbart, 2003).

For the protein coding region of mRN.'\. cudon optimization leads to controllable
translation of the sequence to desireu nrotein. Single synonymous codon substitution
may have a significant impact on p.~tein expression, protein folding, and cell function.
Because the same amino acid can oe translated from a distinct set of codons, there are
multiple choices to rewritr .1 MRNA code to produce exactly the same protein.
Recently, researchers of ."ouerna, Inc. observed that mRNA secondary structure
could regulate protei 1 exression by changing the half- life of mRNA translation, and
modified nucleotides that stabilize mRNA spatial structure enabled high protein
expression level (Mauger et al., 2019). Machine learning is also applied to design the
sequence of MRNA to produce more or less desired proteins (Hatzivassiloglou et al.,
2001). Until now, this technology has been successfully employed in mRNA- based
therapeutics, such as the expression of non-viral proteins and development of
infectious disease vaccines (Frelin et al., 2004; Kim et al., 2015).

In general, the structural mRNA elements of 5° -cap, 3’-poly (A) tail, 5’- and
3’-UTRs and coding region are all modification targets. In order to obtain the best
MRNA therapeutic efficiency, it is necessary to optimize the combination for specific

applications.



4 Avoiding immunogenicity of mRNA

A great issue along with IVT mRNA is its immunogenicity, because exogenous
RNA will be recognized as a signal of viral infection. Non-immune cells recognize
RNA through the retinoic acid- inducible gene 1 (RIG-1) receptor and then trigger an
innate immune response (Chow et al., 2018; Hornung et al., 2006; Kawai and Akira,
2007; Loo and Gale, 2011). Immune cells can be activated by IVT mRNA and induce
inflammation through the Toll-like receptors (Diebold et al., 2004; Heil et al., 2004;
Hornung et al., 2008; Kawai and Akira, 2006). The U-rich PN,* sequences are known
potent activators of Toll-like receptors (Diebold et al , 20,55; Hornung et al., 2008).
Therefore, it is possible to solve the immunogen::ity problem by reducing the U
content of MRNA (Thess et al., 2015).

To date, several strategies for nucleotide <.:»mical modification can be selected to
reduce the immunogenicity without intcvfering with the translation properties of
mRNA. For example, replace natur.' 24enosine with N*-methyladenosine (m*A) or
N®-methyladenosine (m°A) (Hajj a>d Whitehead, 2017; Kariko et al., 2005); replace
natural cytidine with 5-methycvtiaine (m5C); and replace natural uridine with
5-methyluridine  (m5U), 2-thiouridine  (s2U), 5-methoxyuridine  (5moU),
pseudouridine (y) or N*-n.>thylpseudouridine (m'y) (Anderson et al., 2010; Andries
et al, 2015; Kariko t a., 2005; Kariko and Weissman, 2007; Kormann, M.S. et al,,
2011) (Figure 2). Aiong them, m5C and v are the most welcomed because they
reduce the immunogenicity of mRNA as well as increase the translation efficiency
both in vitro and in vivo (Kariko et al., 2008). It is also proved that increasing the
length of poly (A) tail will generate mRNA with low immunogenicity as the U content
decreases or is shielded in the sequence (Koski et al., 2004; Weissman and Kariko,
2015).

In addition to modifying nucleotides and adding poly (A) tails, optimizing the
codons to render the mMRNA GC-rich, minimizing U content is another effective way
to eliminate RNA immunogenicity (Mauro, 2018; Thess et al., 2015; Victor et al.,

2018). CureVac and Acuitas Therapeutics developed a sequence- engineering method
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without any chemical modification of mMRNA. They designed the sequence of EPO
MRNA by selecting GC-rich codons for each amino acid and delivered the mRNA to
pigs using lipid nanoparticles (LNPs) by systemic administration. Results showed that
the expression of EPO protein led to meaningful physiological responses without
detectable immunogenicity (Thess et al., 2015). However, it should be noted that
more GC content is not better, because excessive GC content is not benefit for protein
expression (Konu and Li, 2002; Novoa and Ribas de Pouplana, 2012).

After the in vitro transcription, a series of purification processes including
concentration, precipitation, extraction, and chromatograzv cre needed to produce
MRNA. Sophisticated techniques such as anion e»ihange chromatography, size
exclusion columns, high performance liquid chroatoyraphy (HPLC) and affinity
chromatography are applied to remove dsRN Aa.:1 tri ncated transcripts (Henninger et
al., 1993; Kariko et al., 2011; McKenna et =.. 2007). These purification procedures
are reliable methods to eliminate immu~ogenicity (Batey and Kieft, 2007). It is
reported that mRNA with y modific ~ti,n is non-immunogenic after purification by
HPLC, and the protein translation >fficiency is significantly increased (Kariko et al.,
2005; Vallazza et al., 2015). In « representative example, Pardi et al. synthesized m'y
modified and HPLC purifiecu. mRNAs encoding the light and heavy chains of the
broadly neutralizing anti-r:'Vv-1 antibody VRCO1, and encapsulated the mRNA into
LNPs. They found ttat fter systemic administration, the mRNA-LNPs were quickly
translated into funcuonal antibodies in mice. A single injection of mMRNA-LNPs

completely protected mice from challenge of HIV-1 infection (Pardi etal., 2017).

5 mRNA delivery

Efficient and safe delivery of mRNA is one of the biggest challenges in the
development of mMRNA-based therapeutics, which is more challenging than delivery
of small oligonucleotides (Islam et al., 2015; Kowalski et al., 2019; Li et al., 2018).
The size of mRNA (300-5,000 kDa, 1-15 kb, Figure 3a) is significantly larger than
SiRNA and miRNA mimic (13-15 kDa), antisense oligonucleotide (4-10 kDa) and
antimiR (4-10 kDa). The N-Acetylgalactosgamine (GalNAc)-oligo conjugate exhibited



excellent efficiency and safety of hepatocyte-targeted delivery in vivo, but was
non-effective for mRNA delivery. Because of their size, charge, and degradability,
naked mRNA cannot readily pass through the cell membrane and efficiently leak into
the cytoplasm. Researches proved that naked mRNA was taken up by cells via the
scavenger-receptor mediated endocytosis pathway and accumulated in the endosome
(Lorenz et al., 2011; Valadi et al., 2007). Most cells have a low efficiency of mRNA
uptake, while the immature dendritic cell is an exception, which can take up mMRNA
through the macropinocytosis pathway and accumulate mRNA efficiently (Diken et
al., 2011; Selmi et al., 2016). However, the broad applicati~n o therapeutical mMRNAS
requires more effective and safer delivery methods, wk.ch s key to the realization of
potential transformation therapies such as vaccinaton, protein replacement therapy,
and genome editing. Hence, suitable mRNA forr.: 'lations, e.g., liposomes, polysomes,
lipoplexes, and polyplexes, are required and J2veloped to effectively deliver mRNA
into most type of cells (Figure 3b). 7 mically, mRNA-loaded nanoparticles are
internalized via endocytosis, and th.n mMRNA released from endosomes and
lysosomes will initiate translatio,. and produce any types of proteins, including
secretory, transmembrane, intracul’ular and intramitochondrial proteins (Figure 3c).

In recent years, various 1.aterials, such as lipids, lipidoids, polymers, peptides,
proteins, extracellular ves.~les, etc., have been designed and explored for mRNA
delivery in vitro anr. 1 vivo. Most of these materials are inspired by siRNA and
plasmid DNA delivcr technologies. Chemical structures of representative lipid,
lipidoid and polymer-based materials is shown in Figure 4. Detailed information
regarding to their compositions and ratios, MRNA cargos, routes of administration,
indications, sponsors and corresponding references is summarized in Table 1.

Lipids and lipid-derived materials are the main members of delivery systems
(Figure 4). By employing lipid or lipid-like materials (lipidoids), various vesicles can

be prepared, e.g. liposomes, lipid nanoparticles (LNPs), lipid emulsions, lipid

implants, etc. (Pardi et al, 2018) . For example, N-[1-(2,
3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTMA),
1,2-dioleoyloxy-3-trimethylammonium propane chloride (DOTAP),
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1,2-dioleoyl-sn-glycero- 3-phosphoethanolamine (DOPE), as classical cationic lipids,
were previously used to deliver DNA, siRNA and mRNA (Felgner et al., 1987,
Krzyszton et al, 2017; Malone et al, 1989; Manunta et al., 2017). Recently,
BioNTech used DOTMA, DOTAP, DOPE and cholesterol to deliver mRNA to
dendritic cells, macrophages, lung endothelial cells, chimeric antigen receptor T
(CAR-T) cells. Their technology is undergoing clinical trials (Grunwitz et al., 2019;
Kranz et al., 2016; Reinhard et al., 2020; Rosigkeit et al., 2018).

A series of lipids and lipidoids have been previously investigated for siRNA
delivery, and further thoroughly explored to deliver mRNM.A 1. vivo. These materials
include DIINDMA (Morrissey et al., 2005), DIin-MC3-Z*a 4 (Jayaraman et al., 2012),
C12-200 (Love et al., 2010), cKK-E12 (Dongetal., ’014v), 5A2-SC8 (Zhou, K. et al.,
2016), 7C1 (Dahlman et al, 2014), and '.3, -triazinane-2,4,6-trione (TNT)
derivatives (Dong et al., 2014a), etc. (Figure %, Based onthese key lipids or lipidoids,
effective mRNA delivery and protein ex‘ression can be achieved by adjusting the
molar ratio of key lipids to helper ..nis, PEG-lipids and cholesterol, changing the
helper lipids or PEG-lipids, addiny 2nother components (e.g. protamine), or using the
same formulations of SiRNA or 0)timized formulations. (Cheng et al., 2018; DeRosa
et al,, 2016; Geall et al., 201.; Jain et al., 2018a; Kauffman et al., 2015; Kauffman et
al., 2016; Li, B. et al.,, 201C° Nabhan et al., 2016; Oberli et al., 2017; Rybakova et al.,
2019; Sago et al., 20°.8; Jedic et al., 2018; Yanez Arteta et al., 2018; Yin et al., 2016;
Yinetal, 2017). An.ong them, DLin-MC3-DMA is a FDA approved material, which
is also used in the first SIRNA therapeutic Onpattro (patisiran) approved by FDA and
EC (Weng et al., 2019). Several other cKK-E12 derived lipidoids, including OF-02,
OF-DegLin and OF-C4-Deg-Lin, have been proved to deliver mRNA to the liver
and/or spleen and express protein efficiently through systemic (intravenous)
administration (Fenton et al., 2017; Fenton et al., 2016; Fenton et al., 2018).

Additional lipids and lipipoids, including I-DD3/A-DD3/B-DD3, lipid 5 and H,
TT3, LP01, C14-113, ZA3-Epl0, MPA-A/MPA-B, C12-(2-3-2), 3060,
ssPalm/ssPalmO-Paz4-C2 and ATX-100 (representative lipid of Arcturus) (Figure 4),

have been designed and investigated for intravenous or local delivery of mRNA to
11



targeted tissues and cells (An et al., 2017; Ball et al, 2018; Finn et al, 2018;
Jarzebinska et al., 2016; Jiang, L. et al., 2018; Kowalski et al., 2018; Kowalski et al.,
2019; Lietal, 2015; Miller et al., 2017; Ramaswamy et al., 2017; Sabnis et al., 2018;
Schrom et al., 2017; Tanaka et al., 2018a; Turnbull et al,, 2016; Zhang, X. et al,,
2017). DOTMA, lipid 5, LP01, C12-(2-3-2) and ATX-100 are representative
preclinically and clinically investigated mRNA delivery materials developed by
BioNTech (Reinhard et al., 2020), Moderna (Hassett et al., 2019), Intellia
Therapeutics (Finn et al,, 2018), Ethris (Jarzebinska et al., 2016) and Arcturus
Therapeutics (Joseph and Padmanabh, 2016; Ramaswamy' ~t o', 2017), respectively.
In a recent study, T cells were bioengineered with 20 viA-lipoplex-encapsulated
MRNA vaccine encoding a single-chain variable fra:'meiuw (sScFv) that can specifically
bind to CLDNG, a strictly oncofetal cell surface & 2tige n for CAR-T cell targeting. The
functionalized CAR-T cells achieved excellz.:* anti-tumor effects in difficult-to-treat
mouse models (Reinhard et al, 2020). Mouderna recently developed DOTMA
LNP-targeted mRNA therapeutic fu: t'eatment of arginase deficiency in inherited
metabolic liver disorder, an autoso.al recessive metabolic disease caused by arginase
(ARGL1) gene mutation (Truong ¢ a ., 2019). The Intellia Therapeutics team achieved
clinically relevant levels of . vivo genome editing of mouse transthyretin gene in the
liver by using the LNP-:*"101 delivery system, which contains a biodegradable,
ionizable lipid LPO1 (Fu.1 et al., 2018).

In addition, we ha.= developed some lipid or lipid-derived materials and achieved
effective gene or siRN A delivery (Deng et al., 2016; Dong et al., 2018; Huang et al.,
2017; Lietal., 2014; Liu etal.,, 2014; Zhang etal., 2016; Zhang, H. et al., 2017; Zhao
etal, 2016; Zhengetal., 2018). Whereupon, we continue to develop and investigate a
library of lipid-based mMRNA delivery systems, and obtain an excellent liver-targeted
MRNA delivery system.

The rationales of lipid design for mRNA delivery remain to be further elucidated.
However, several aspects have demonstrated to be key determinants of delivery
efficiency and safety. Firstly, the component ratio and selected phospholipid have an

important influence on delivery efficiency. Although phospholipids are not necessary
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for siRNA delivery in some cases, relatively less ionizable cationic lipids and more
zwitterionic phospholipids are beneficial to mMRNA delivery. mMRNA-LNP containing
zwitterionic lipid of DOPE was more efficacious than that containing DSPC
(1,2-distearoyl-sn-glycero-3-phosphocholine), which is more popularly used in
SIRNA delivery (Cheng et al., 2018; Miller et al., 2017). It is speculated that MRNA is
much larger and more flexible than siRNA. A small amount of ionizable cationic
lipids are sufficient to load and condense mRNA, form stable nanoparticles, and
effectively release the payloads when entering cells. However, a large number of
ionizable cationic lipids may bind mRNA too tightly and -~ni.>t be released in cells,
which may lead to low delivery efficiency. The differe.. be. rormances of DOPE and
DSPC may also be attributed to the different iroac. patterns on the molecular
interaction around RNAs in the water pockets of : NP .

Secondly, biodegradability is of importz.se for both efficacy and safety. As
mentioned before, DIin-MC3-DMA is an . DA approved excipient. However, in order
to further improve the therapeutic 1>4fx of SIRNA-LNP, its biodegradable version
L319 was develop by adding este, bonds in the hydrophobic dialkyl chains, which
enables rapid elimination of siRid A- _LNPs in the liver (Maier et al., 2013). ATX lipids
(Arcturus) were also desiqiod to contain an ionizable amino head group and a
biodegradable lipid backuone (Figure 4), which can degrade and scavenge much
faster in the liver then L'in-MC3-DMA (Arcturus, 2020), as a result, they were well
tolerated in non-hun.an primates (NHPs). Lipid 5, a biodegradable ionizable lipid,
was also employed a primary ester on one of the hydrophobic tails to enhance the
liver clearance. Furthermore, OF-Deg-Lin is a biodegradable ester version of OF-02,
which tends to deliver mRNA to the spleen, whereas the non-biodegradable OF-02
accumulates in the liver and promotes mMRNA expression (Fenton et al., 2017) (Figure
4).

Thirdly, lipid saturation significantly influences intracellular mRNA delivery. It
was reported that as saturation increases from 2 to 0 double bonds, lamellar (La) to
reversed hexagonal (Hy;) phase transition temperature increases, indicating decreasing

fusogenicity (Heyes et al., 2005). DLin-DMA had the lowest phase transition
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temperature, as the most fusogenic lipid, it showed the most potent sSiRNA delivery
efficiency. Therefore, unsaturated lipids, especially the cis-double bonded ones, were
designed to promote mMRNA delivery. As an example, OF-02 was designed based on
cKK-E12 by introducing unsaturated fatty chains to increase mRNA expression in
vivo. It is hypothesized that unsaturated lipid tails similar to linoleic acid can improve
cell membrane fluidity by establishing structural defects, which will promote cellular
entry and endosomal escape, two key factors in determining the final efficacy.

Polymers or their derivatives consist another large familv of mRNA delivery carrier.
Linear or branched polyethylenimine (PEI) is a kind of ca*:~n.> polymer widely used
for nucleic acids delivery in vitro and in vivo (Boussif ¢* ai., 1995; Guo et al.,, 2010;
Guo et al., 2011; Huang et al., 2012; Lin et al., 2911,. It is also used to package
self-amplifying mRNA (saRNA) encoding i fluerza virus hemagglutinin and
nucleocapsid to protect people from virus .~tection (Demoulins et al, 2016). In
addition to the classical gene delivery polymer PEI, many different polymers have
been synthesized to evaluate thei cupability of mRNA delivery. Polymers of
TarN3C10, DD90-C12-122, Al, =1 (PBAE-PCL), amino polyesters (APEs) and
hDD90-118 (Figure 4), develope1 by Daniel G. Anderson and colleagues (Capasso
Palmiero et al., 2018; Don7g ¢t al., 2016; Kaczmarek et al., 2018; Kaczmarek et al.,
2016; Patel et al., 2019), v.ere used alone or together with other lipids (e.g., DSPC,
cholesterol, 14/0 PE(20200 PE, or 18:1 PEG2000 PE) to deliver mRNA to hepatocytes
or lung epithelium \ia intravenous injection or inhalation, and achieved an ideal
potency and safety outcomes. Polymers of N5 (PEH) and polyamine (2-2-2-2) (Figure
4) formed nanoplexes with mRNA and ribonucleoproteins through electrostatic
interactions, and elicited high levels of mRNA transfection in different cells by
enhancing the mRNA stability and protein synthesis. (Li et al., 2017a; Li et al,,
2017b).

In addition to the above materials, there is another kind of biodegradable polymers
called charge-altering releasable transporters (CARTS) (Figure 4, CART Di3/A11 7),
which was designed and synthesized by Robert M. Waymouth and colleagues (Benner

et al., 2019; Haabeth et al, 2019; Haabeth et al., 2018; McKinlay et al., 2018;
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McKinlay et al., 2017). These materials, specifically oligomers (carbonate-b-o-amino
esters), have adopted an unprecedented mMRNA delivery mechanism. As oligo
(a-amino ester) polycations, they can noncovalently complex, protect, and deliver
mRNA and then change physical properties through a degradative,
charge-neutralizing intramolecular rearrangement, leading to release of functional
MRNA and highly efficient protein translation in cells.

TriMan-lip, a  trimannosyl  diether lipid, together  with Lipl
(O,0-dioleyl-N-[3N-(N-methylimidazolium iodide) propylene] phosphoramidate),
Lip2 (O,O-dioleyl-N-histamine phosphoramidate) an? FZ=G-HpK (PEGylated
histidinylated polylysine), were used to form lipopol,c'leacs that efficiently deliver
MRNA to dendritic cells and enabled cancer treatm:-nt (e Moignic et al., 2018; Van
der Jeught et al., 2018). PAA8k-(2-3-2), an 80C" De poly(acrylic acid) grafted with
(2-3-2) tetramine, was reported to deliver mNA to lung via aerosol administration
(Jarzebinska et al., 2016). PE4AK-A17-0.32"1«, a polyester-based carrier, and pluronic
F127 were also used for lung-targe.>d delivery of mRNA by intravenous injection
(yan et al, 2017). Morecver, CP2k, aPACE, PEljok-LinAss-PEG;),
PEG-PAsp(TEP)-Chol, cRGD-F:G-P(Lys-MP), PEG[GIUDET)],, etc. have been
reported to deliver mRNA t2 ."e lung, liver, or tumor via intravenous or subcutaneous
administration (Chen et a1, 2u17; Dunn et al., 2018; Jiang, Y. et al., 2018; Li, M. et
al., 2016; Schumann eta’, 2018; Uchida et al., 2016) (Figure 4).

Previously, we des:gned and evaluated plenty of polymers for nucleic acid delivery,
and investigated the effects of molecular structure, polymerization form and degree,
hydrophobic core, hydrophilic chain, PEG segment, targeting moiety decoration, etc.,
of polymers on nucleic acid (SiRNA) delivery performance (Cheng et al., 2016;
Chenget al,, 2013; Duetal., 2017; Guo etal., 2010; Guo etal., 2011; Hanet al., 2015;
Huanget al., 2012; Lin etal., 2013a; Linetal., 2011; Lin etal.,, 2013b; Qi etal., 2012;
Wang et al.,, 2017; Xiao et al.,, 2017; Zhang, T. et al., 2018; Zhou, J. et al., 2016).
Various polymers have been further synthesized and are being evaluated for mMRNA
delivery. As a representative example, a hybrid polymer composed of

CcRGD-poly(ethylene glycol) (PEG)-polylysine (PLys) (thiol) and
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poly(N-isopropylacrylamide) (PNIPAM)-PLys (thiol) successfully delivered mRNA
to tumor tissue and mediated potent gene expression (Chen etal., 2017).

Compared with lipids, polymers are relatively less popular in nucleic acid
therapeutics development, to a large extent, owing to their molecular complexity and
uncontrollable manufacture (Akinc et al., 2019; Crommelin et al., 2019; Leroux,
2017). In this case, simple but effective polymers are most likely to be used in the
clinic. Meanwhile, biodegradation and biological response are also key considerations
of mMRNA delivery we need to pay attention to. The former is beneficial to reduce
toxicity and enhance therapeutic index, while the latter m2:/1.cilitate cellular uptake
and bioresponsive endosome escape. PBAEs (Caricsu rPalmiero et al., 2018;
Kaczmarek et al., 2018), CARTs (McKinlay et al., 211+, as well as APEs (Kowalski
et al., 2018) are representative biodegradable cnlyrers that exhibit potent mRNA
delivery efficiency in animals. Furthermore, {.-geting moieties can be introduced into
polymers to enhance their tissue tarcet."g performance, wherein TriMan-Lip and
CRGD-PEG-P(Lys-MP) are examples ‘F.gure 4).

Another commonly used mawial for mRNA transfection is protamine, an
arginine-rich small protein. P otamine can complex with mRNA to form
tightly-bound nanoparticles . at protect against the influenza virus in mice, ferrets,
and pigs (Petsch et al., 2012\, Protamine/mRN A complex has also advanced through a
number of clinical trials, ‘with several more are ongoing (Sebastian et al., 2014; Weide
et al., 2009). Howew. r, there is a certain trend in mMRNA pharmaceutical companies
that protamine is gradually replaced by LNPs as the latter has a better mRNA
protection and delivery efficiency. In addition, some other proteins or peptide derived
materials e.g., OM-PBAE (Fornaguera et al., 2018), RALA (Udhayakumar et al.,
2017), as well as extracellular vesicles (Usman et al., 2018; Wang, J.H. et al., 2018;
Yang et al, 2019; Yu et al., 2018), virus-liked particles (Zhitnyuk et al., 2018),
chitosan-alginate gel scaffolds (Yanet al., 2018), fluorinated peptoid crystals (Song et
al, 2018), DNA-decorated gold nanoparticles (Yeom et al, 2013), and
polycation-functionalized zirconium (Zr)-based metal-organic frameworks (MOF)

(Sunetal., 2018) have been demonstrated to be used for mRN A transportation in vitro
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and/or in vivo. Several polymers or lipid-based commercial transfection reagents, e.g.,
in vivo-jetPEl"™", Lipofectamine™, MegaFectin ", Stemfect™, and TransIT ', are also
able to condense and load mRNA, protect their cargo from degradation, and transport
them to cells in vitro or in vivo (Kormann, M.S.D. et al., 2011; Su et al., 2011; Thess
et al., 2015).

The nanosized formulations have many advantages, such as easy fabrication, low
batch-to-batch variability, good biocompatibility, and scalability compared with many
other delivery systems. In addition, some liposomes and polysomes can be easily
functionalized with ligands for specific cell or tissue de'*#«i, by conjugating with
chemical reaction groups. These nanoparticles or nar.c-tiuctures have been widely
used in mMRNA-based cancer immunotherapy, a:tivius vaccine, and functional
protein expression in specific tissues in recent ye:rs (-enton et al., 2017; Oberli et al.,
2017; Sedic et al., 2017).

In addition to the delivery system, sei~cting appropriate administration route for
particular tissues or diseases is alsc irportant to ensure the successful delivery of
mRNA. Electroporation and n.-roinjection are commonly used for mMRNA
transfection in vitro and in vivo. Several preclinical and clinical studies have
evaluated electroporation ‘with IVT mRNA or patients-derived mRNA for cancer
immunotherapy (Table 2). Inravenous injection of naked mRNA can activate the
innate immune syst:m, which shows that this technology can be applied to the
treatment that requn.s immune response and relatively small amount of encoded
protein. It may not be suitable for other clinical applications such as protein
replacement therapy as a relatively large amount of protein is needed. However, when
formulated with delivery vehicles, mRNA can be administered via various routes,
such as intravenous, subcutaneous, intradermal, intramuscular, intratumoral,
intranasal, intraperitoneal, intratracheal and retro-orbital injection (Table 1). To date,
dozens of preclinical and clinical studies have been conducted to study the therapeutic
effects of different mRNA administration routes on infectious disease, cancer and

protein deficiency diseases.
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6 Preclinical and clinical advances of mMRNA therapeutics
6.1 mMRNA vaccines for cancer immunothe rapy

According to the information of ongoing clinic trials registered at
http://www.clinicaltrials.gov, mRNA therapies are mainly applied in the field of
cancer immunotherapy, specifically for the mRNA-based DC vaccines. The DCs play
a crucial role in inducing potent immune responses. They have the ability to direct
cytotoxic T lymphocytes and natural killer cells to powerful anti-tumor weapons that
are capable of attacking tumor cells (Kirkwood et al., 2012; Palucka and Banchereau,
2012). For mRNA-based DC vaccines, both of IVT mPM A ~nd autologous tumor
stem cell-derived mRNA are used to load the DCs with oo, specific antigens.

The DCs can be engineered with mRNA either ir. an ex vivo or in situ strategy. For
the ex vivo strategy, DC precursor cells isolate ! frc m patients were activated into
mature DCs, loaded with antigen encodinz mRNA and re-administrated into the
patients. Several methods can be apnli~d w antigen loading of DCs, including
nucleofection, lipofection, sonop.vaton and electroporation, among which
electroporation is a frequently useu *achnique (Melhem et al., 2008; Temmerman et al.,
2011; Tuyaerts etal., 2002; Van T:nneloo et al., 2001). The most widely used reagents
for DC differentiation e granulocyte-macrophage colony stimulating factor
(GM-CSF) in combinatior. with 1L-4 (Wilgenhof et al., 2013; Wilgenhof, S et al,,
2011). GM-CSF is 1 potent stimulant of the immune system. It recruits immune
effectors to the injec.'an site and promotes antigen presentation. DC vaccines pulsed
with GM-CSF adjuvant and mRNA, has been used in several clinical trials
(NCT03396575, NCT00204516, NCT00204607, NCT00626483, etc.).

The maturation state of DCs is very essential for vaccination, because the mature
DCs express high levels of co-stimulatory surface markers, resulting in a better
therapeutic efficacy (Benencia et al., 2012; Dalod et al., 2014; Sabado and Bhardwaj,
2010). However, there is also contrary report that mRNA uptake and subsequent
antigen expression only occur in immature DCs (Diken et al., 2011). In addition to the
maturation state, the ability of DCs to produce IL-12p70, an important Tyl driving

cytokine, was proved to influence the clinical response of DC vaccines (Carreno et al.,
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2013; Okada et al., 2011). Production of 1L-12p70 can be achieved by stimulating
DCs with TLR ligands or proinflammatory cytokines (Napolitani et al., 2005; Warger
et al., 2006).

For in situ transfection of DCs, direct injection of antigen encoding mRNA into the
lymph nodes or co-delivery with TriMix are both welcomed methods. Clinical trials
are being conducted in both areas. For example, a phase | clinical trial
(NCT01684241) of an intranodally administered naked mRNA vaccine against
advanced melanoma has been completed. TriMix is a mixture of three MRNA
molecules encoding immunomodulators CD40L, CD70 =1 v incated, constitutively
active TLR4 (Bonehill et al., 2008). It is reported that 2"t su-called TriMix platform
showed superior stimulation capacity than other classical stimulatory cytokines
cocktail composed of IL-18, TNF-a, IL-6 and prcstac landin E2 to stimulate DCs, and
enhanced the expansion and function of efferic* T cells (Bonehill et al., 2008; Dewitte
et al, 2014; Van Lint etal., 2012; Van Nu>=l ecal., 2012a).

Although naked mRNA is able tu ancvate TLRs and induce DC activation, this
process is insufficient to complete. ’ activate the antigen-presenting capacity of DCs
(Benteynetal., 2015; Van et al., 2J15). It is an effective way to co-deliver the antigen
encoding mMRNA with stim'n. reagents such as TriMix. The first trial of TriMix-DC
vaccine for advanced me.>noma therapy was performed in 2010 (NCT01066390)
(Van Nuffel et al., 2u'2b; Wilgenhof, S. et al, 2011). Latter efforts on the
combination of Ti:Mix-DC vaccine with checkpoint inhibitor ipilimumab also
yielded encouraging results (NCT01302496) (Lebbé et al., 2014).

Boczkowski et al. reported for the first time that DCs induced potent
antigen-presenting ability and inhibited tumor growth in mice after they were
stimulated by mRNA encoding tumor antigens (Boczkowski et al., 1996). Since then,
the availability of tumor-associated antigens such as carcinoembryonic antigen (CEA),
human telomerase reverse transcriptase (hTERT), prostate cancer associated antigen
(PSA), Wilm’s tumor-1 (WT1), gpl00, MUC1, tyrosinase and survivin, etc. has
increased, and the number of preclinical and clinical studies of mMRNA as an

off-the-shelf anticancer vaccine has boomed (Table 2). For example, University
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Hospital Antwerp initiated several clinical trials to investigate the role of autologous
DCs loaded with mRN A coding for WT1 antigen in cancer treatment (NCT02649829,
NCT02649582, NCT01291420, NCT01686334, NCT01686334). Patients-derived
hTERT and survivin mRN A were loaded into DCs and the trial of vaccine therapy for
patients with curative resected prostate cancer was in clinical stage I/l
(NCT01197625).

The administration route of DC vaccines has an important impact on DCs’
distribution. Only if DCs reach the lymph nodes can they induce immune
responses(Van et al., 2012). Several administration routes 2 L s have been tested in
clinical trials, such as intravenous, subcutaneous. uudermal, intranodal and
intratumoral administration (Aarntzen et al., 2012; Connuily et al., 2008; Oshita et al.,
2012; Triozzi et al., 2015), among which inti.der nal administration is the most
frequently applied (Van et al., 2015). This i~ because there are multiple types of
immune cells in different layers of skin. i.>~luaing Langerhans cells, T cells, skin DCs
and plasma cell-like DCs. Some studies reported that DC vaccines injected
intravenously is less effective in ly.~nh node migrations (Eggert et al., 1999; Okada et
al, 2001). Other studies slowedu that, compared with intradermal mRNA
administration, internodal apnlication of mMRNA exhibits a superior efficacy in
inducing antigen-specific T-cell response, which is due to the rapid and efficient
engulfment of mRN 1 b," lymph node resident DCs (Johansen et al., 2005; Maloy et
al., 2001; Martinez-Comez et al., 2009; von Beust et al., 2005). However, more and
more evidences proved it a matter of debate which DC administration route is
superior than the other (Kallen et al., 2013; Lesterhuis et al., 2011). Combined
different administration routes may be a good choice to induce more systemic
immune response.

In addition to DCs, mRNA is also transfected into other immune cells to generate
cancer vaccines, such as Langerhans cells (LCs), cytotoxic T lymphocytes and natural
Killer (NK) cells. LC is a subset of DC in the skin. Several studies showed that LCs
are remarkably efficient in inducing cytotoxic lymphocyte (CTL) responses

(Klechevsky et al., 2008). Clinical trials using LC-based cancer vaccines for either
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melanoma or myeloma therapy are underway (NCT01995708, NCT01456104).
Besides, T cells and NK cells can be transfected with chimeric antigen receptor (CAR)
encoding mMRNA, leading to antigen binding and cell activation, thus specifically
recognizing and Killing tumor cells that express these antigens on their cell surface.
The CAR strategy was reported to be effective in several animal tumor models and
has entered clinical trials (NCT01355965, NCT03415100) (Almasbak et al., 2011;
Barrett et al., 2013; Barrett et al., 2011; Zhao et al., 2010).

By studying the ongoing clinical trials of mMRNA vaccines for tumor
immunotherapy, we found that the combination of D7 \occination with other
anti-tumor therapeutics such as chemotherapy, SIRNAs, c:aunines, and antibodies, etc.
is increasing (NCT00672542, NCT02649829, M ~Tus396575). As reported by
Anguille, et al., the combination therapy is ba:ad n three principal mechanisms:
enhancing the immune response, preserviry tumor-associated immunosuppression,
reducing tumor burden and increasing im.une susceptibility of tumor cells (Anguille
et al., 2014). Rational use of DC vaccinis in combination with other therapeutics can
improve the overall efficacy of the >re rate.

6.2 mMRNA vaccines protect agui 151 Infectious disease

Vaccination for infectio's Yiseases is a widely applied field of mRNA therapeutics.
Several mRNA-based vaccines are under investigation for treatment of infectious
diseases such as infiue.'za, rabies, HIV, Zika virus infection, etc. Among mRNA
technology companie>, Moderna, Inc. has the most pipelines of developing vaccines
for infectious diseases, mainly based on their LNP platform. Their HioNg influenza
vaccine, a modified mRNA vaccine formulated with LNP, which encodes the viral
antigenic protein hemagglutinin (HA), has been investigated in a phase | clinical
study in healthy wvolunteers (NCT03076385). The data presented that 100 pg
intramuscular cohort could induce high levels of immunogenicity, and was safe and
well tolerated (Bahl et al., 2017; Liang et al., 2017).

Human cytomegalovirus (CMV) is the leading cause of infection in newborns. It
can lead to serious complications such as deafness, microcephaly, vision loss and

mental deficiencies, etc. There is no approved vaccine for CMV infection. The latest
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published data showed that Moderna’s mRNA vaccine encoding CMV glycoproteins
gB and pentameric complex (PC) produced potent and durable neutralizing antibody
titers in immunized mice and NHPs (John et al, 2018). The vaccine is currently
undergoing a Phase I clinic trial (NCT03382405).

Another LNP-formulated vaccine, Moderna’s Zika mRNA Vaccine encoding viral
antigenic protein (Zika virus prM and E) is currently in the Phase I/l clinical study in
healthy volunteers (NCT03014089). Children born to mothers infected with Zika
virus suffer from microcephaly, a severe disease characterized by abnormally small
head and severe neurologic disability. There is no trer*me.:t option or approved
vaccine for the Zika virus infection or congenital Zika &,u.ome. Preclinical study of
Zika mRNA Vaccine showed that the vaccine preve*t tre intrauterine transmission of
Zika virus in mice and protected the fetuses f.om Zika-related congenital damage
(Richrer et al., 2017a; Richner et al, 2017:). This is the first study to establish
vaccine protection from the Zika virus ¢ 'riny pregnancy. Until now, a few mRNA
vaccines for infectious diseases are ‘'wrdergoing clinical trials, mainly rabies, HIV,
CMV, influenza and Zika vaccies (Table 2). More preclinical studies are in
development and the prospects fur stccess are bright.

6.3 Protein replacement the.?oy

One of the most freque t applications of MRNA is the introduction of therapeutic
antibodies as well ac tu.ctional proteins, which are missing or malfunctional due to
gene mutations. Alt.ough these concepts have been proposed for several decades,
mMRNA molecules were not initially considered as attractive drug candidates. In recent
years, advanced technologies such as chemical modification of nucleosides, refined
purification process, and novel delivery strategies have largely overcome these
shortcomings. MRNA-mediated transcriptional replacement therapy can be applied to
produce functional copies of cystic fibrosis transmembrane conductance regulator
(CFTR) protein, which is known to be defective in CF patients. In an in vitro study;,
transfection of wild type CFTR mRNA into primary cultured human nasal epithelial
(HNE) cells and human bronchial epithelial cells resulted in almost two-fold increase

of CFTR expression, and a considerable amount of CFTR were located in the cell
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membrane (Bangel-Ruland et al., 2013). Translate Bio’s CF mRNA therapy is
currently in Phase | clinical study, making it the first company to conduct mRNA
therapy testing for rare genetic disease in humans (NCT03375047). Moderna is
currently exploring pulmonary mRNA delivery to treat CF.

At present, most mRNA-based gene therapies are carried out in preclinical studies.
In 2016, AstraZeneca and Moderna initiated a phase | clinical trial of AZD8601, an
investigational mRNA-based therapy that encodes vascular endothelial growth
factor-A (VEGF-A). Previously, scientists injected the VEGFA encoding mRNA
directly into the hearts of mice. They found that this m™N," can produce enough
proteins to improve the survival and health of animals ~:*~ « heart attack (Zangi et al.,
2013). On May 1, 2018, a randomized, double-! linu phase Il clinical trial was
launched to investigate the safety and tolerabii:'v o AZD8601 following epicardial
injection in patients with moderately impairsa systolic function undergoing Coronary
Artery Bypass Grafting (CABG) surgery (N 03370887). This is by far the most
advanced program of Moderna.

The proteins translated by mrNA can be converted into therapeutic proteins
through a series of processes ‘nciuding folding, post-translational modification,
aggregation into secretory r.nules, and transport to the outside of the cell. Multiple
factors may affect the finar ~hysiological effect of proteins during these processes. For
example, the signal peptide takes great role in directing protein secretion and is
applied widely to in.orove the expression of protein in cells. Extracellular mRNA
should be transfected ideally into cells that the encoded protein is naturally secreted.
Otherwise the signal sequence should be optimized (Roberts et al., 2011; Sahin et al.,
2014; Weissman, 2015). Another major factor should be considered is cell- or
tissue-specific delivery of IVT mRNA. The differences of post-translational
modifications among various cells is varied from each other. For example,
glycosylation, proteolysis, cofactor-dependent folding and clearance of misfolded
proteins are cell dependent in heterologous tissues (Weiss et al, 2010). Besides,
compared with long-term gene therapies such as plasmid DNA transfection, mRNA

delivery results in protein expression with a shorter duration. Sometimes this is
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recognized as a limitation of mMRNA therapy. However, in the case of repeated
administration, many pathological defects can be treated with transient expression of
therapeutic proteins. Further understanding of the pharmacokinetic and
pharmacodynamic properties of mRNA is certainly required to direct the dosage of
MRNA.
6.4 Modulating cell fate and differentiation

Another promising direction of mMRNA-based therapy is to use mMRNA to program
cells and redirect their fates. The discovery of IPSCs provides potential cell sources
for building disease models, regenerative medicine, or ti~suc bioengineering. Both
DNA and RNA-based technologies have been successic'ly used to transfect somatic
cells to generate IPS cells, while employment of I’ T 1niRNA has shown faster gene
expression and is able to generate integration-fre. clhical relevant iPSCs (Preskey et
al., 2016; Rohani et al., 2016; Yoshioka et al , 2013).

Until now, RNA-based technoloaic® applied in cell reprogramming and
lineage-conversion are still in the sw.ve of laboratory research. Many attempts have
been made around the main coi.ciderations of mMRNA, such as the cytotoxicity,
immunogenicity, and transfecticn eiicacy etc. Warren et al. reprogrammed multiple
human somatic cells to pluri.~tency cells efficiently and safely (Warren et al., 2010)
by transfecting four chen..~aily modified mRNAs encoding KLF4, c-MYC, OCT4,
and SOX2 factors in*o s. matic cells. Yoshioka et al. reported another approach based
on \enezuelan equ.ne encephalitis-reprogramming factor (VEE-RF) RNA. The
VEE-RF RNA replicon expressed four reprogramming factors. iPS cells were
generated efficiently by a single VEE-RF RNA transfection into human fibroblasts,
(‘YYoshioka et al., 2013). These mRN A-based iPS cell reprogramming techniques may
have a great chance to be transferred into clinical application.

The IVT mRNA is also applied to direct the differentiation of iPSCs into terminally
differentiated cells. It was also demonstrated by Warren et al. that the iPSCs would
trans-differentiate into terminally differentiated myogenic cells after repeated
introduction of human MYOD1 mRNA (Warren et al, 2010). Besides, using

therapeutic mMRNA to program undesired, diseased cells to synthesize toxic
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intracellular proteins, thus inducing cells self-destruct, is attracting the attention of
researchers and biotechnology companies. Moderna, Inc. designed an mMRNA
encoding a toxin protein, which contains two different miRNA binding sites (miRts)
in the 3 UTR. Upon LNP encapsulation and intratumoral injection of the mRNA,
sufficient toxic proteins were expressed in hepatocellular carcinoma cells (HCCs) and
induced cell apoptosis, but the expression of toxic protein in healthy hepatocytes
was limited (Jain et al., 2018b). This is because different miRNAs are recruited into
HCCs and healthy hepatocytes by mRNA, and the abundant miRNA 122 in healthy
hepatocytes degrades mRNA through the mechanism of <:an interfering RNA. The
other recruited miRNA142 is abundant in hematorc'eu. cells, resulting in the
suppression of protein expression in many :>ntiyen presenting cells. Such
miRN A-mediated Trojan horse mRNA allowed for 1 solution to mitigate off-target
expression and immune response in MRNA thc-apy.

6.5 Gene editing using MRNA recombircnt wechnigues

Gene editing technologies hold gicat promise in treatment of genetic maladies by
using engineered nucleases to knc~k in or knock out the defective gene precisely.
These nucleases include zinc-iirger nucleases (ZFNs), transcription activator like
effector nucleases (TALEMs,, and the RNA guided clustered regularly interspaced
short palindromic repeat (CR1SPR)/CRISPR-associated protein (Cas) endonucleases.
To date, successful 2di’ng has been mediated by DNA plasmid vectors. But the
persistent expression ~f nucleases mediated by plasmids is a double-edged sword. On
the down side, the continuous expression of nucleases increases the chance of
off-target genome editing. Consequently, the delivery of mRNA encoding ZFNs,
TALENSs, and Cas endonucleases seems to be an attractive alternative, as their
expression is transient.

In recent years, mRN A encoding genome editing tools have been widely used in the
construction of human original cells and transgenic animals. The CRISPR/Cas9
system is one of the most common and simple systems used for generating modified
genome carrying animals. For example, Cas9 mRNA and guide RNA (gRNA) were

introduced into the zygote by microinjection or electroporation, and successfully
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produced a large scale of mutant mice (Hashimoto and Takemoto, 2015; Mashiko et
al., 2013; Yasue et al, 2014). Other Cas nucleases, such as Cpfl, have also been
applied in generation of knockout mice (Kim et al., 2016). In a proof-of-concept study,
Cas9 mRNA (=4500 nt) and sgRNA (=100nt) were intravenously administered with a
novel zwitterionic amino lipids (ZALs) delivery system to induce targeted DNA
editing in mice (Miller et al., 2017). Such non-viral RN A delivery system provides a
powerful tool for in vivo gene editing. Genome editing in human hematopoietic stem
cells, progenitor cells (HSPCs) and T cells were alsc achieved efficiently by
electroporating ZFN mRN A and adeno-associated virus (A.*\/) cerotype 6 vectors into
these cells (Wang et al., 2016; Wang et al., 2015). Hov.. %, the safety and efficiency
of gene editing technology in clinical translation ¢ ouw be paid much attention to,
because a study on genome editing of hematop. ‘atic stem cells and progenitor cells
based on CRISPR/Cas9-AAV6 found thet “as9 mRNA invoked transcriptional
changes, elicited viral response and overc. | transcription down-regulation (Cromer et

al., 2018).

7 Concerns over the mMRNA mec'icimal industry

Based on the prospect u."t MRNA can be turned into a powerful therapeutic for
treatment of genetic diseasc ~. cancer, infectious diseases, and other diseases, more and
more well-funded Fiow=h companies have been established, such as Moderna,
CureVac, BioNTech, Argos Therapeutics, RaNA, Translate Bio, Ethris, Arcturus,
Acuitas, etc. Although these companies have made breakthroughs in technology, they
still have not completely solved the key problems of delivery, off-target effects and
immunogenicity of mMRNA. Turning mRNA into a drug still has a long way to go. For
protein replacement therapy, the dosage needs to be carefully addressed, as the
amount of protein produced by the same dose of MRN A may vary greatly in different
populations. It is reasonable to screen mMRNA candidates encoding proteins that are
effective at low doses with broad therapeutic windows (Sahin et al., 2014). That’s
why vaccines for cancer immunotherapy and infectious diseases are the first choice of

mRNA industry. For cancer immunotherapy, a big problem may be the selection of
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mMRNA antigens. For example, mRN A-4157 (Moderna) consists of 20 mRNAs, which
are screened by sequencing the genes of patients-derived tumor and blood.
Techniques are still being developed to screen new antigens and predict their potency
to produce sufficient immune responses. Important new antigens may be missed,
while inefficient and off targeted antigens may be selected, leading to safety problems.
It is difficult to figure out how many antigens are needed to produce sufficient
immune response because mutant clones in tumor tissues can vary widely.

Deliver mRNA into cells and prompt it escaping from endosome are additional
challenges. MRNA spans hundreds to thousands of nuclz~tiu>s and is much larger
than other kinds of RNA drugs such as siRNA. So ne.." uesigned delivery systems
are required. An even bigger long-term challenge wii pe the tissue selectivity of
MRNA. The commonly used LNPs tend to ag vege te in the liver, making mRNA
useful for liver targeted therapy. However, %> delivery of mRNA into other organs
requires an appropriate administration rc''te, such as AstraZeneca’s clinical trial of
heart attack in which VEGF mRNA = ~dministered by epicardial injection, or a new
smart deliver system.

Another noteworthy issue i the transparency of mRNA companies, including
technological advances and u.~closure of patents. These companies continued to raise
funds from private investo.: but largely kept details of their science. It is possible that

investors may see the sciontific data, but outsiders can only guess.

8 Summary and perspective

Over the past two decades, mMRNA has been one of the least explored frontiers of
drug discovery. It has attracted billions of dollars. Compared with traditional protein
pharmaceuticals, mRNA has a shorter production cycle, lower cost and easier
pollution control. RNA vaccines also avoid several issues associated with DNA
vaccines. Moreover, two of the most concerned issues of MRNA, immuno genicity and
stability, are under control to some extent upon chemical modification of selected
nucleotides. With the approval of other RN A drugs ASO and RNAI, mRNA research

field will be hotter if more positive data are released. In the short-term mRNA
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technology may have various problems, but it is definitely worth exploring in the long

run.

ACKNOWLEDGEMENTS AND FUNDING

This work was supported by the National Natural Science Foundation of China
(31871003, 31901053), the Beijing Institute of Technology Research Fund Program
for Young Scholars and the Fundamental Research Funds for the Central Universities,
the Hunan Provincial Natural Science Foundation of China (2018JJ1019,
2019JJ50196), the Hu-Xiang Young Talent Program (2c'8RS3094), and the
Postdoctoral Science Foundation of China (2018M62C%2). All authors made the

contributions to the manuscript and had approved the fina version of the manuscript.

AUTHOR CONTRIBUTION
Y. W. and Y. H. wrote the paper. T. Y,, *>. L., B. H, M. Z and S. G. involved in
information collection and discussiar. H. X. and X.J. L. provided insightful

discussions and suggestions. Y. H. _'wervised the project.

CONFLICT OF INTERES v

The authors declare no con.eung financial interests.

REFERENCES

Aarntzen, E.H., Schreibelt, G., Bol, K., Lesterhuis, W.J., Croockewit, AJ., de Wilt, J.H., van Rossum,
M.M., Blokx, W.A., Jacobs, J.F.,, Duiveman-De, B.T., 2012. Vaccination with mRNA-electroporated
dendritic cells induces robusttumor antigen-specific CD4+and CD8+ T cells responses instagelll and
IV melanoma patients. Clinical Cancer Research An OfficialJournal of the American Association for
Cancer Research 18(19), 5460-5470.
Akinc, A., Maier, M.A.,, Manoharan, M., Fitzgerald, K., Jayaraman, M., Barros, S., Ansell, S., Du, X., Hope,
M.J., Madden, T.D., Mui, B.L.,, Semple, S.C., Tam, YK., Ciufolini, M., Witzigmann, D., Kulkarni, J.A., van
der Meel, R., Cullis,P.R., 2019.The Onpattro story and the clinical translation of nanomedicines
containing nucleic acid-based drugs. Nat Nanotechnol 14(12),1084-1087.
Almasbak, H., Rian, E., Hoel, H.J,, Pule, M., Walchli,S., Kvalheim, G., Gaudernack, G., Rasmussen, A.M.,
2011.Transientlyredirected T cells for adoptive transfer. Cytotherapy 13(5), 629-640.
An, D., Schneller, J.L,, Frassetto, A, Liang, S., Zhu, X., Park,J.S., Theisen, M., Hong, S.J.,, Zhou, J.,
Rajendran,R., Levy, B., Howell, R., Besin, G., Presnyak, V., Sabnis, S., Murphy-Benenato, K.E.,

28



Kumarasinghe, E.S., Salerno, T., Mihai, C., Lukacs, C.M., Chandler, R.J.,, Guey, LT, Venditti, C.P., Martini,
P.GV. 2017.Systemic Messenger RNA Therapy as a Treatment for Methylmalonic Acidemia. Cell Rep
21(12),3548-3558.

Anderson, B.R., Muramatsu, H., Nallagatla, S.R., Bevilacqua, P.C., Sansing, L.H., Weissman, D., Kariko, K.,
2010.Incorporation of pseudouridineinto mRNA enhances translation by diminishing PKR activation.
Nucleic Acids Res 38(17), 5884-5892.

Andries, O., Mc Cafferty, S., De Smedt, S.C., Weiss, R., Sanders,N.N., Kitada,T., 2015.
N(1)-methylpseudouridine-incorporated mRNA outperforms pseudouridine-incorporated mRNA by
providing enhanced protein expression and reduced immunogenicityin mammaliancell lines and
mice. J Control Release217,337-344.

Anguille, S., Smits, E.L., Lion, E., van Tendeloo, V.F., Berneman, Z.N., 2014. Clinical use of dendritic cells
for cancer therapy. Lancet Oncol 15(7), e257-267.

Arcturus, 2020. Arcturus Therapeutics: Building the Next Generation of Ri." Medicines.
http://ir.arcturusrx.com/static-files/acle7ab2-7b98-499d-8ef4-a163 3080 591, 1-25.

Azimi, S.M., Sheridan,S.D., Ghannad-Rezaie, M., Eimon, P.M., Yar.k,. .., 2018. Combinatorial
programming of human neuronal progenitors using magnetica 1y-, .ed stoichiometric mRNA delivery.
Elife7.

Badieyan, Z.S., Berezhanskyy, T., Utzinger, M., Aneja, M.K., L ri~.h, D., Erben, R., Schuler, C., Altpeter, P,
Ferizi, M., Hasenpusch, G., Rudolph, C., Plank, C., 2016 Trunscript-activated collagen matrix as
sustained mRNA delivery system for bone regenerati r.J 1 .ontrol Release 239, 137-148.

Bahl, K., Senn, J.J., Yuzhakov, O., Bulychey, A, Brito, ' A., Hassett, K.J., Laska, M.E., Smith, M.,
Almarsson, 0., Thompson, J.,, Ribeiro, A.M., 'Vatson, M., Zaks,T., Ciaramella,G.,2017. Preclinicaland
Clinical Demonstration of Immunogenicity by mi.NA Vaccines against HLON8 and H7N9 Influenza
Viruses. Mol Ther 25(6), 1316-1327.

Ball,R.L, Hajj,K.A,, Vizelman, J., Bajaj P. w..itehead, K.A., 2018. Lipid Nanoparticle Formulations for
Enhanced Co-delivery of siRNA ancd m."NA. Nano Lett 18(6),3814-3822.

Bangel-Ruland, N., Tomczak, K., Fern. ndez Fernandez, E., Leier, G., Leciejewski, B., Rudolph, C.,
Rosenecker, J., Weber, W.M., 2213. “ystic fibrosistransmembrane conductanceregulator-mRNA
delivery: a novel alternative. >r c\stic fibrosis gene therapy. J Gene Med 15(11-12),414-426.

Barrett, D.M., Liu, X., Jial g,S., June, C.H., Grupp, S.A., Zhao, Y., 2013. Regimen-specific effects of
RNA-modified chimeric . ntigenreceptor T cells in micewith advanced leukemia.Hum Gene Ther
24(8),717-727.

Barrett, D.M., Zhao, Y, Liu, X,, Jiang,S., Carpenito, C., Kalos, M., Carroll,R.G., June, C.H., Grupp, S.A,,
2011.Treatment of advanced leukemia in mice with mRNA engineered T cells. Hum Gene Ther 22(12),
1575-1586.

Batey, RT., Kieft, J.S., 2007. Improved native affinity purification of RNA. RNA 13(8), 1384-1389.
Benencia, F., Sprague, L., McGinty, J., Pate, M., Muccioli, M., 2012. Dendritic cells the tumor
microenvironmentand the challenges for an effective antitumor vaccination.J Biomed Biotechnol
2012,425476.

Benner, N.L,, McClellan,R.L, Turlington, C.R., Haabeth, O.AW., Waymouth, R.M., Wender, P.A.,, 2019.
Oligo(serineester) Charge-Altering Releasable Transporters: Organocatalytic Ring-Opening
Polymerization andtheir Use for in Vitro and in Vivo mRNA Delivery. J Am Chem Soc 141(21),
8416-8421.

Benteyn, D., Heirman, C., Bonehill, A,, Thielemans, K., Breckpot, K., 2015. mRNA-based dendritic cell

29



vaccines. Expert Rev Vaccines 14(2),161-176.

Bergman, N., Moraes, K.C., Anderson, J.R., Zaric, B., Kambach, C., Schneider, R.J., Wilusz, C.J., Wilusz, J.,
2007.Lsm proteins bind and stabilize RNAs containing5' poly(A) tracts. Nature Structural & Molecular
Biology 14(9), 824-831.

Boczkowski, D., Nair, S.K., Snyder, D., Gilboa, E., 1996. Dendritic cells pulsed with RNA are potent
antigen-presentingcells invitroandinvivo.Journal of Experimental Medicine 184(2),465-472.
Bogers, W.M., Oostermeijer, H., Mooij, P, Koopman, G., Verschoor, E.J.,, Davis, D., Ulmer, J.B., Brito,
L.A, Cu, Y, Banerjee, K., Otten, G.R., Burke, B., Dey, A., Heeney, J.L., Shen, X., Tomaras, G.D., Labranche,
C., Montefiori, D.C., Liao, H.X., Haynes, B., Geall, AJ., Barnett, SW., 2015. Potent immune responsesin
rhesus macaques induced by nonviral delivery of a self-amplifying RNA vaccineexpressing HIVtype 1
envelope with a cationic nanoemulsion.JInfect Dis 211(6),947-955.

Bonehill, A, Tuyaerts, S., Van Nuffel, AM., Heirman, C., Bos, T.J., Fosti¢e, K., Neyns, B., Thielemans, K.,
2008. Enhancingthe T-cell stimulatory capacity of human dendritic celis . ‘ co-electroporation with
CD40L, CD70 and constitutively active TLR4 encoding mRNA. Mol Thir 16,5), 1170-1180.

Boussif, 0., Lezoualc'h, F., Zanta, M.A., Mergny, M.D., Scherman, .., . >meneix, B., Behr, J.P, 1995. A
versatilevector for gene and oligonucleotidetransferintocell< in. "dreandinvivo:
polyethylenimine. Proc Natl Acad Sci U S A 92(16),7297-73" 1

Brenner, S., Jacob, F., Meselson, M., 1961. An unstableinte: mec.atecarryinginformation fromgenes
to ribosomes for protein synthesis. Nature 190, 576-581.

Brito, L.A., Chan, M., Shaw, C.A., Hekele, A., Carsillo, . scl aefer, M., Archer, J., Seubert, A., Otten, G.R,,
Beard, CW., Dey, AK,, Lilja, A, Valiante, N.M., Mas_n, PW., Mandl, CW., Barnett, SW., Dormitzer, PR.,
Ulmer, J.B., Singh, M., O'Hagan,DT.,, Geall,/ ., 2)14.A cationic nanoemulsion for the delivery of
next-generation RNA vaccines. Mol Ther 22(12), *118-2129.

Burnett, J.C., Rossi,J.J., 2012.RNA-based 1. ~rapeutics: current progress and future prospects. Chem
Biol 19(1), 60-71.

Capasso Palmiero, U.,Kaczmarek, J ., “eniwon, O.S., Anderson, D.G., 2018. Poly(beta-amino
ester)-co-poly(caprolactone) Ter,,oly.ners as Nonviral Vectors for mRNA Delivery In Vitro and In Vivo.
Adv Healthc Mater 7(14),e18(224.

Carreno, B.M., Becker-Hapak, M., Huang, A., Chan, M., Alyasiry, A,, Lie, W.R., Aft, R.L.,, Cornelius, LA,
Trinkaus, K.M., Linette, C P.,, 2."13. IL-12p70-producing patient DCvaccineelicits Tc1-polarized
immunity. J ClinInvest .”3(x),3383-3394.

Cavazzana, M., Six, E., L~Z.esle-Peyrou, C., Andre-Schmutz, |., Hacein-Bey-Abina, S., 2016. Gene
Therapy for X-Linked Severe Combined Immunodeficiency: Where Do We Stand? Hum Gene Ther
27(2), 108-116.

Chang, H., Lim, J., Ha, M., Kim, V.N., 2014.TAIL-seq: genome-wide determination of poly(A) tail length
and 3' end modifications. Mol Cell 53(6),1044-1052.

Chen, G., Ma, B.,, Wang, Y,, Gong, S., 2018. A Universal GSH-Responsive Nanoplatform for the Delivery
of DNA, mRNA, and Cas9/sgRNA Ribonucleoprotein. ACS Appl Mater Interfaces 10(22),18515-18523.
Chen, Q., Qi,R,, Chen, X., Yang, X.,, Wu, S., Xiao, H., Dong, W., 2017. A Targeted and Stable Polymeric
Nanoformulation Enhances Systemic Delivery of mRNA to Tumors. Mol Ther 25(1),92-101.

Cheng, Q., Du, L, Meng, L, Han, S., Wei, T., Wang, X., Wu, Y, Song, X., Zhou, J., Zheng, S., Huang, Y.,
Liang, X.J., Cao, H., Dong, A., Liang, Z., 2016. The Promising Nanocarrier for Doxorubicin and siRNA
Co-delivery by PDMAEMA-based Amphiphilic Nanomicelles. ACS Appl Mater Interfaces 8(7),
4347-4356.

30



Cheng, Q., Huang, Y, Zheng, H., Wei, T, Zheng, S., Huo, S., Wang, X., Du, Q., Zhang, X., Zhang, HY,
Liang, X.J., Wang, C,, Tang, R,, Liang, Z., 2013.The effect of guanidinylation of PEGylated
poly(2-aminoethyl methacrylate) on the systemic delivery of siRNA. Biomaterials 34(12),3120-3131.
Cheng, Q., Wei, T, Jia, Y, Farbiak, L., Zhou, K., Zhang, S., Wei, Y, Zhu, H., Siegwart, D.J., 2018.
Dendrimer-Based Lipid Nanoparticles Deliver Therapeutic FAH mRNA to Normalize Liver Functionand
Extend Survival ina Mouse Model of Hepatorenal Tyrosinemia Type |. Adv Mater, €1805308.

Choi, Y.H., Hagedorn, C.H., 2003. Purifying mRNAs with a high-affinity elF4E mutant identifies the
short3' poly(A) end phenotype. Proc Natl Acad Sci U SA 100(12), 7033-7038.

Chow, KT., Gale, M., Jr., Loo, Y.M., 2018. RIG-l and Other RNA Sensors in Antiviral Immunity. Annu Rev
Immunol 36,667-694.

Connolly,N.C., Whiteside, T.L., Wilson, C., Kondragunta, V., Rinaldo, C.R., Riddler,S.A., 2008.
Therapeutic immunization with human immunodeficiency virus type 1 (HIV-1) peptide-loaded
dendritic cells issafeand induces immunogenicity in HIV-1-infected inaiv, 'uals. Clinical & Vaccine
Immunology Cvi 15(2), 284.

Coolen, AL, Lacroix, C., Mercier-Gouy, P., Delaune, E., Monge, C. tx, 2sito, )Y, Verrier, B., 2018.
Poly(lactic acid) nanoparticles and cell-penetrating peptide pot 2anv. ~*~ mRNA-based vaccine
expressionindendritic cellstriggeringtheir activation.Bior.. =rn.'s 195,23-37.

Cromer, M.K., Vaidyanathan,S., Ryan, D.E., Curry, B, Lucas,.* B. Camarena, J., Kaushik, M., Hay, S.R.,
Martin, R.M., Steinfeld, |., Bak, R.O., Dever, D.P,, Hendel. A., Brunn, L., Porteus, M.H., 2018. Global
Transcriptional Responseto CRISPR/Cas9-AAV6-Base 1 ‘ser ome Editingin CD34(+) Hematopoietic Stem
and Progenitor Cells. Mol Ther 26(10),2431-2442,

Crommelin, D.J.A,, van Hoogevest, P, Storm G., ~.019. The roleof liposomes in clinical nanomedicine
development. What now? Now what? J Control .’ ~lease318, 256-263.

Crooke, S.T., Witztum, J.L,, Bennett, C.F.,, Ba:"er, B.F., 2018. RNA-Targeted Therapeutics. Cell Metab
27(4), 714-739.

Dahlman, J.E., Barnes, C., Khan, O.F, 1. inut, A,, Jhunjunwala,S., Shaw, T.E., Xing, Y., Sager, H.B., Sahay,
G., Speciner, L., Bader, A., Bogorzd, ~n.' ., Yin,H.,, Racie, T., Dong, Y, Jiang, S., Seedorf, D., Dave, A., Singh
Sandhu, K., Webber, M.J.,, Nov.ra. *seva, T, Ruda, V.M., Lytton-Jean, AK., Levins, C.G., Kalish,B.,
Mudge, D.K., Perez, M., Abezg~uz L., Dutta, P, Smith, L., Charisse, K., Kieran, MW., Fitzgerald, K.,
Nahrendorf, M., Danino, D., Tu der, R.M., von Andrian, U.H., Akinc, A.,, Panigrahy, D., Schroeder, A,,
Koteliansky, V., Langer, 1. Anderson, D.G., 2014. Invivo endothelial siRNAdelivery using polymeric
nanoparticles with low ~_lecular weight. Nat Nanotechnol 9(8), 648-655.

Dalod, M., Chelbi, R., Malissen, B., Lawrence, T.,, 2014. Dendritic cell maturation:functional
specialization through signaling specificity and transcriptional programming. EMBO J 33(10),
1104-1116.

Demoulins, T., Milona, P, Englezou, P.C.,, Ebensen, T., Schulze, K., Suter, R., Pichon, C., Midoux, P.,
Guzman, C.A,, Ruggli, N., McCullough, K.C., 2016. Polyethylenimine-based polyplex delivery of
self-replicating RNA vaccines. Nanomedicine 12(3),711-722.

Deng, H., Zhao, X., He, D., Guo, W,, Yang, K., Dong, A,, Liang, X.J.,, 2016.One-step gene deliveryinto the
cytoplasmin a fusion-dependent manner based on a new membrane fusogenic lipid. Chem Commun
(Camb) 52(46), 7406-7408.

DeRosa, F.,, Guild, B., Karve, S., Smith, L., Love, K., Dorkin, J.R., Kauffman, K.J., Zhang, J., Yahalom, B,,
Anderson, D.G., Heartlein, M\W., 2016. Therapeutic efficacyina hemophilia Bmodel usinga
biosynthetic mRNA liver depot system. Gene Ther 23(10), 699-707.

31



Dewitte, H., Van Lint, S., Heirman, C., Thielemans, K., De Smedt, S.C., Breckpot, K., Lentacker, I., 2014.
The potential of antigen and TriMix sonoporation using mRNA-loaded microbubbles for
ultrasound-triggered cancer immunotherapy. J Control Release 194,28-36.

Diebold,S.S., Kaisho, T., Hemmi, H., Akira,S., Reis e Sousa, C., 2004. Innateantiviralresponses by
means of TLR7-mediated recognition of single-stranded RNA. Science 303(5663),1529-1531.
Diebold,S.S., Massacrier, C., Akira, S., Paturel, C., Morel, Y,, Reis e Sousa, C., 2006. Nucleicacid
agonists for Toll-like receptor 7 are defined by the presence of uridineribonucleotides. EurJ Immunol
36(12),3256-3267.

Diken, M., Kreiter, S., Selmi, A., Britten, C.M., Huber, C., Tureci, 0., Sahin, U., 2011. Selective uptake of
naked vaccine RNA by dendritic cells is driven by macropinocytosis and abrogated upon DC maturation.
Gene Therapy 18(7),702-708.

Dirisala, A., Uchida, S., Tockary, TA., Yoshinaga, N,, Li, J., Osawa,S., Gorantla, L., Fukushima,S., Osada,
K., Kataoka, K., 2018. Precisetuning of disulfide crosslinkingin mRNA poly,~lex micelles for optimizing
extracellular andintracellular nucleasetolerability.) Drug Target, 1-2 3.

Dong, Y., Dorkin,J.R.,, Wang, W., Chang, P.H., Webber, M.J,, Tang, ..., Yang, J., Abutbul -lonita,I.,
Danino, D., DeRosa, F., Heartlein, M., Langer, R., Anderson, D.G, z."“.Poly(glycoamidoamine) Brushes
Formulated Nanomaterials for Systemic siRNAand mRNA D-~... rer, inVivo. Nano Lett 16(2),842-848.
Dong, Y., Eltoukhy, A.A,, Alabi, C.A,, Khan, O.F, Veiseh, O., L.rki"(,J.R., Sirirungruang,S.,Yin, H.,, Tang,
B.C., Pelet, J.M., Chen, D., Gu, Z., Xue, Y., Langer, R., Ander.on, D.3., 2014a. Lipid-like nanomaterials for
simultaneous gene expressionandsilencinginvivo.. dv H :althc Mater 3(9), 1392-1397.

Dong, Y., Love, KT., Dorkin, J.R,, Sirirungruang.S. .ang, Y, Chen, D., Bogorad,R.L, Yin, H., Chen, Y,
Vegas, AJ., Alabi, C.A., Sahay, G., Olejnik, K7 . W~ ng, W,, Schroeder, A., lytton-Jean, AK., Siegwart, D.J,,
Akinc, A., Barnes, C., Barros, S.A,, Carioto, M., Fi."gerald, K., Hettinger, J., Kumar, V., Novobrantseva,
T.I., Qin,J., Querbes, W., Koteliansky, V., La:.zer, R., Anderson, D.G., 2014b. Lipopeptide nanoparticles
for potent andselective siRNAdeliver' ir r.._ents and nonhuman primates.Proc Natl Acad SciU S A
111(11),3955-3960.

Dong, Y., Yu, T, Ding, L, Laurini, .., hoang, Y., Zhang, M., Weng, Y, Lin, S., Chen, P.,, Marson, D., Jiang, Y.,
Giorgio, S., Pricl, S., Liu, X., Roc. i, . Peng, L., 2018. A Dual Targeting Dendrimer-Mediated siRNA
Delivery System for Effective “ane Silencingin Cancer Therapy.J Am Chem Soc 140(47),16264-16274.
Du, L, Zhou, J., Meng, L, Wat 3,X., Wang, C,, Huang, Y, Zheng, S., Deng, L., Cao,H., Liang, Z,, 2017.
The pH-Triggered Triblo.” Nanocarrier Enabled Highly EfficientsiRNA Delivery for Cancer Therapy.
Theranostics 7(14),343” 3445.

Dunn, AW.,, Kalinichenko, V.V, Shi, D., 2018. Highly EfficientIn Vivo Targeting of the Pulmonary
Endothelium Using Novel Modifications of Polyethylenimine: An Importance of Charge. Adv Healthc
Mater 7(23), e1800876.

Dwarki, V.J., Malone, RW.,, Verma, |.M., Wu, R., 1993. Cationic liposome-mediated RNA transfection.
Proceedings of the National Academy of Sciences of the United States of America 217(16), 644-654.
Eckmann, C.R., Rammelt, C., Wahle, E., 2011. Control of poly(A) tail length. Wiley Interdisciplinary
Reviews Rna 2(3), 348.

Eggert, A.A., Schreurs, M\W., Boerman, O.C., Oyen, W.J., de Boer, AJ., Punt, C.J., Figdor, C.G., Adema,
G.J., 1999.Biodistribution and vaccine efficiency of murine dendritic cells aredependent on the route
of administration. Cancer Research 59(14),3340-3345.

Elango, N., Elango,S., Shivshankar, P.,, Katz, M.S., 2005. Optimized transfection of mRNA transcribed
from a d(A/T)100 tail-containing vector. Biochem Biophys Res Commun 330(3), 958-966.

32



Erkan, E.P., Senfter, D., Madlener, S., Jungwirth, G., Strobel, T., Saydam, N., Saydam, O., 2017.
Extracellular vesicle-mediated suicide mRNA/protein delivery inhibits glioblastoma tumor growth in
vivo.Cancer Gene Ther 24(1), 38-44.

Fan, Y.N,, Li, M., Luo, Y.L, Chen, Q., Wang, L., Zhang, H.B., Shen, S., Gu, Z., Wang, J., 2018. Cationic
lipid-assisted nanoparticles for delivery of mMRNA cancer vaccine. Biomater Sci 6(11), 3009-3018.
Felgner, P.L.,, Gadek, T.R., Holm, M., Roman, R., Chan, HW., Wenz, M., Northrop, J.P., Ringold, G.M.,
Danielsen, M., 1987. Lipofection: a highly efficient, lipid-mediated DNA-transfection procedure. Proc
Natl Acad Sci U S A84(21),7413-7417.

Fenton, O.S., Kauffman, K.J., Kaczmarek, J.C., McClellan, R.L., Jhunjhunwala, S., Tibbitt, M\W., Zeng,
M.D., Appel, E.A., Dorkin, J.R., Mir, F.F.,, Yang, J.H., Oberli, M.A.,, Heartlein, MW., DeRosa, F., Langer, R.,
Anderson, D.G., 2017.Synthesis and Biological Evaluation of lonizable Lipid Materials for theIn Vivo
Delivery of Messenger RNA to B Lymphocytes. Adv Mater 29(33).

Fenton, O.S., Kauffman, K.J., McClellan, R.L,, Appel, E.A., Dorkin,J.R,, Tibb.*.MW.,, Heartlein, M\W.,
DeRosa, F.,, Langer, R., Anderson, D.G., 2016. Bioinspired Alkenyl Ami 10 Al\ ohol lonizable Lipid
Materials for Highly Potent In Vivo mRNA Delivery. Adv Mater 28/15,, 2939-2943.

Fenton, O.S., Kauffman, K.J., McClellan,R.L, Kaczmarek, J.C., Zcng, “.0., Andresen, J.L.,, Rhym, LH.,
Heartlein, M\W., DeRosa, F., Anderson, D.G., 2018. Customi~.. 'e. pid Nanoparticle Materials for the
Delivery of siRNAs and mRNAs. Angew Chem Int Ed Engl 57,"1) 13582-13586.

Finn, J.D., Smith, AR., Patel, M.C., Shaw, L., Youniss, M.R., van Heceren, J., Dirstine, T,, Ciullo, C.,
Lescarbeau, R., Seitzer, J., Shah, R.R.,, Shah, A, Ling.L . arc we, J.,, Pink, M., Rohde, E., Wood, K.M.,
Salomon, W.E., Harrington, W.F., Dombrowski, € . > -apps, W.R., Chang, Y., Morrissey,D.V., 2018.A
Single Administration of CRISPR/Cas9 Lipid "-anc sarticles Achieves Robustand PersistentIn Vivo
Genome Editing. Cell Rep 22(9),2227-2235.

Fornaguera, C., Guerra-Rebollo, M., Angel .~zaro, M., Castells-Sala, C., Meca-Cortes, O., Ramos-Perez,
V., Cascante, A, Rubio, N., Blanco,J., Br’o:,5., 2018. mRNA Delivery System for Targeting
Antigen-Presenting Cells InVivo.Ac'v ,"=aithc Mater 7(17),e1800335.

Frelin, L., Ahlén, G., Alheim, M., ' Ver, ~nd, O., Barnfield, C., Liljestrom, P., Sdllberg, M., 2004. Codon
optimization and mRNA ampli.” ~au.n effectively enhances the immunogenicity of the hepatitis Cvirus
nonstructural 3|[sol]|4Agen. Gene Therapy 11(6),522.

Gallie,D.R., 1991. The cz o anc poly(A) tail function synergistically to regulate mRNA translational
efficiency. Genes Dev 5, 1), 2108-2116.

Geall,AJ.,, Mandl,CW., '""mer, J.B., 2013. RNA: the new revolutionin nucleicacidvaccines.Semin
Immunol 25(2), 152-159.

Geall,Al.,, Verma, A, Otten, G.R., Shaw, C.A., Hekele, A,, Banerjee, K., Cu, Y, Beard, CW,, Brito, LA,
Krucker,T., O'Hagan, D.T,, Singh, M., Mason, PW.,, Valiante, N.M., Dormitzer, P.R., Barnett, SW.,
Rappuoli, R., Ulmer, J.B., Mandl, CW., 2012. Nonviral delivery of self-amplifying RNA vaccines. Proc
Natl Acad Sci U S A109(36), 14604-14609.

Grudzien-Nogalska, E., Stepinski, J., Jemielity, J., Zuberek, J., Stolarski, R.,Rhoads, R.E., Darzynkiewicz,
E., 2007. Synthesis of anti-reverse cap analogs (ARCAs) and their applicationsin mRNA translation and
stability. Methods in Enzymology 431, 203.

Grudziennogalska, E., Jemielity, J., Kowalska, J., Darzynkiewicz, E., Rhoads, R.E., 2007.
Phosphorothioate cap analogs stabilize mMRNA and increase translational efficiency in mammalian cells.
Rna-a Publication of the Rna Society 13(10), 1745.

Grunwitz, C., Salomon, N., Vascotto, F., Selmi, A., Bukur, T., Diken, M., Kreiter, S., Tureci, O., Sahin, U.,

33



2019.HPV16 RNA-LPX vaccine mediates complete regression of aggressively growing HPV-positive
mouse tumors and establishes protective T cell memory. Oncoimmunology 8(9), e1629259.

Guo, S., Huang, Y, Jiang,Q., Sun, Y., Deng, L, Liang, Z., Du, Q., Xing, J., Zhao,Y.,, Wang, P.C., Dong, A,
Liang, X.J.,, 2010. Enhanced gene delivery and siRNA silencing by gold nanoparticles coated with
charge-reversal polyelectrolyte. ACS Nano 4(9), 5505-5511.

Guo, S., Huang, Y.,, Zhang, W., Wang, W,, Wei, T, Lin, D, Xing, J., Deng, L., Du, Q,, Liang, Z., Liang, X.J,,
Dong, A., 2011.Ternary complexes of amphiphilic polycaprolactone-graft-poly
(N,N-dimethylaminoethyl methacrylate), DNA and polyglutamic acid-graft-poly(ethyleneglycol) for
gene delivery. Biomaterials 32(18),4283-4292.

Haabeth, 0.AW., Blake, T.R., McKinlay, C.J., Tveita, A.A,, Sallets, A., Waymouth, R.M., Wender, PA,
Levy, R., 2019. Local delivery of OX40L, CD80, and CD86 mRNA kindles global anti-cancer immunity.
Cancer Res.

Haabeth, 0.AW., Blake, T.R., McKinlay, C.J.,, Waymouth, R.M., Wender, F.A., Levy, R., 2018. mRNA
vaccination with charge-alteringreleasabletransporters elicits humz n Tce !l responses and cures
established tumors in mice. Proc Natl Acad Sci US A 115(39),E91%,5-.9161.

Hajj, K.A., Ball,R.L, Deluty, S.B., Singh, S.R., Strelkova, D., Knac o, L.*", Whitehead, K.A., 2019.
Branched-Tail Lipid Nanoparticles Potently Deliver mRNA Ip .7 *0 . "1e to Enhanced lonization at
Endosomal pH. Small, e1805097.

Hajj, K.A., Whitehead, K.A., 2017. Tools for translation: nc.i1-virai materials for therapeutic mMRNA
delivery. Nat Rev Mater 2(10).

Han, S., Cheng, Q., Wu, Y,, Zhou, J., Long, X., Wei. 1., Huang, Y.,, Zheng, S., Zhang, J., Deng, L, Wang, X,,
Liang, X.J., Cao, H,, Liang, Z,, Dong, A., 2015 €&ffe .ts of hydrophobic corecomponents in amphiphilic
PDMAEMA nanoparticlesonsiRNAdelivery. Bio, ~aterials 48,45-55.

Hashimoto, M., Takemoto, T., 2015. Electrc, oration enables the efficientmRNA deliveryintothe
mouse zygotes and facilitates CRISPR/ 'a.y _ased genome editing. Sci Rep 5, 11315.

Hassett, K.J., Benenato, K.E., Jacquine., E., Lee, A.,, Woods, A., Yuzhakov, O., Himansu, S., Deterling, J.,
Geilich, B.M., Ketova, T., Mihai, (., ly. n, A,, McFadyen, |., Moore, M.J., Senn, J.J., Stanton, M.G.,
Almarsson, 0., Ciaramella, G., . -ito, .A., 2019. Optimization of Lipid Nanoparticles for Intramuscular
Administration of mRNA Vacc. nes. Mol Ther Nucleic Acids 15,1-11.

Hatzivassiloglou, V., Dub ué, + A., Rzhetsky, A., 2001. Disambiguating proteins, genes, and RNA in text:
amachine learningapp. ~acn. Bioinformatics 17 Suppl 1(suppl_1),597.

Heil, F., Hemmi, H., Hoc'~zin, H., Ampenberger, F., Kirschning, C., Akira,S., Lipford, G., Wagner, H.,
Bauer, S., 2004. Species-specific recognition of single-stranded RNA via toll-likereceptor 7 and 8.
Science 303(5663),1526-1529.

Heiser, A., Coleman, D., Dannull, J.,, Yancey, D., Maurice, M.A,, Lallas, C.D., Dahm, P., Niedzwiecki, D.,
Gilboa, E., Vieweg, J., 2002. Autologous dendritic cells transfected with prostate-specific antigen RNA
stimulate CTL responses against metastatic prostatetumors.J Clin Invest109(3),409-417.

Henninger, H.P.,, Hoffmann, R., Grewe, M., Schulze-Specking, A., Decker, K., 1993. Purificationand
quantitativeanalysis of nucleic acids by anion-exchange high-performanceliquid chromatography. Biol
Chem Hoppe Seyler 374(8),625-634.

Heyes, J., Palmer, L., Bremner, K., Maclachlan,|.,2005. Cationic lipid saturation influences intracellular
delivery of encapsulated nucleic acids.J Control Release 107(2),276-287.

Holcik, M., Liebhaber, S.A., 1997. Four highly stable eukaryotic mMRNAs assemble 3' untranslated region
RNA-protein complexes sharingcis and trans components.Proc Natl Acad Sci US A 94(6), 2410-2414.

34



Holtkamp, S., Kreiter, S., Selmi, A., Simon, P., Koslowski, M., Huber, C., Tureci, O., Sahin, U., 2006.
Modification of antigen-encoding RNA increases stability, translational efficacy,and T-cell stimulatory
capacity of dendritic cells.Blood 108(13),4009-4017.

Hornung, V., Barchet, W., Schlee, M., Hartmann, G., 2008. RNA recognition via TLR7 and TLR8. Handb
Exp Pharmacol(183),71-86.

Hornung, V., Ellegast, )., Kim, S., Brzozka, K., Jung, A., Kato, H., Poeck, H., Akira,S., Conzelmann, K.K.,
Schlee, M., Endres, S., Hartmann, G., 2006.5'-Triphosphate RNA is the ligand for RIG-I.Science
314(5801),994-997.

Huang, Y, Jin, X., Zheng, S., Gao, S., Liang, Z., 2017.siRNA mediated inhibition of pancreatic tumor
growth invitroandinvivo. ) Control Release 259, e179-e180.

Huang, Y, Lin, D, Jiang, Q., Zhang, W., Guo, S., Xiao, P,, Zheng, S., Wang, X., Chen, H., Zhang, H.Y,, Deng,
L., Xing, J., Du, Q., Dong, A,, Liang, Z., 2012.Binary andternary complees based on
polycaprolactone-graft-poly (N, N-dimethylaminoethyl methacrylate) for .. rgeted siRNA delivery.
Biomaterials 33(18),4653-4664.

Islam, M.A,, Reesor, E.K., Xu, Y, Zope, H.R., Zetter, B.R., Shi, J., 207.5. “fomaterials for mRNA delivery.
Biomater Sci 3(12),1519-1533.

Jain, R,, Frederick, J.P., Huang, E.Y., Burke, K.E., Mauger, D.M., “nu.ianova, E.A,, Farlow, S.J., Siddiqui, S.,
Pimentel, J.,, Cheung-Ong, K., McKinney, K.M., Kohrer, C., M. ~re, M.J.,, Chakraborty, T., 2018a.
MicroRNAs Enable mRNA Therapeutics to Selectively Prog.am Cancer Cells to Self-Destruct. Nucleic
Acid Ther.

Jain, R., Frederick, J.P., Huang, E.Y.,, Burke, K.E., Ma. ~er, D.M., Andrianova, E.A., Farlow, S.J., Siddiqui, S.,
Pimentel, J.,, Cheung-Ong, K., McKinney, K.V . Ke irer, C., Moore, M.J., Chakraborty, T., 2018b.
MicroRNAs Enable mRNA Therapeutics to Selecw. ‘ely Program Cancer Cells to Self-Destruct. Nucleic
Acid Ther 28(5), 285-296.

Jalkanen, A.L, Coleman, S.J., Wilusz,J. 271 .. Determinants and implications of mRNA poly(A) tail
size--does this protein make my tai’ 10 ~kuig? Semin Cell Dev Biol 34,24-32.

Jarzebinska, A., Pasewald, T, Lan pre ht, J., Mykhaylyk, O., Kummerling, L., Beck, P., Hasenpusch, G.,
Rudolph, C., Plank, C., Dohmer, C., 2016.A Single Methylene Group in Oligoalkylamine-Based Cationic
Polymers and Lipids Promote. Enk anced mRNA Delivery. Angew Chem Int Ed Engl 55(33),9591-9595.
Jayaraman, M., Ansell,S. vl,, N'ui, B.L, Tam, YK., Chen, J.,, Du, X., Butler, D., Eltepu, L., Matsuda, S.,
Narayanannair, J.K., Raj. v, K.G., Hafez, .M., Akinc, A., Maier, M.A., Tracy, M.A,, Cullis, P.R., Madden,
T.D., Manoharan, M., Hr-2, M.J., 2012. Maximizingthe potency of siRNA lipid nanoparticles for
hepatic gene silencinginvivo. Angew Chem IntEd Engl 51(34), 8529-8533.

Jemielity, J., Fowler, T., Zuberek, J., Stepinski, J., Lewdorowicz, M., Niedzwiecka, A., Stolarski,R.,
Darzynkiewicz, E., Rhoads, R.E., 2003. Novel "anti-reverse" cap analogs with superior translational
properties. Rna-a Publication of the Rna Society 9(9), 1108-1122.

Jiang, C., Mei, M., Li, B., Zhu, X., Zu, W,, Tian,Y,, Wang, Q., Guo, Y, Dong, Y, Tan, X., 2017.A non-viral
CRISPR/Cas9 delivery system for therapeutically targeting HBV DNA and pcsk9invivo. Cell Res 27(3),
440-443.

Jiang, L., Berraondo, P, Jerico, D., Guey, LT.,, Sampedro, A,, Frassetto, A., Benenato, K.E., Burke, K.,
Santamaria, E., Alegre, M., Pejenaute, A., Kalariya, M., Butcher, W., Park, J.S., Zhu, X., Sabnis,S.,
Kumarasinghe, E.S., Salerno, T., Kenney, M., Lukacs, C.M., Avila, M.A., Martini, P.GV., Fontanellas,A.,
2018.Systemic messenger RNA as an etiological treatment for acute intermittent porphyria. Nat Med
24(12),1899-1909.

35



Jiang, Y, Gaudin, A, Zhang, J., Agarwal, T., Song, E., Kauffman, A.C., Tietjen, GT., Wang, Y, Jiang, Z,,
Cheng, C.J.,, Saltzman, W.M., 2018. A "top-down" approach to actuate poly(amine-co-ester)
terpolymers for potent and safe mRNA delivery. Biomaterials 176,122-130.

Johansen, P, Haffner, A.C., Koch, F., Zepter, K., Erdmann, |., Maloy, K., Simard, J.J., Storni, T,, Senti, G,,
Bot, A.,, Wuthrich, B., Kundig, T.M., 2005. Directintralymphatic injection of peptide vaccines enhances
immunogenicity. Eur J Immunol 35(2), 568-574.

John, S., Yuzhakov, O., Woods, A., Deterling, J., Hassett, K., Shaw, C.A,, Ciaramella, G.,2018.
Multi-antigenic human cytomegalovirus mRNA vaccines thatelicit potent humoral and cell-mediated
immunity. Vaccine 36(12),1689-1699.

Joseph, E.P., Padmanabh, C., 2016. lonizable cationic lipid for rna delivery,in: Organization, W.I.P. (Ed.)
World Intellectual Property Organization. Arcturus Therapeutics, Inc., USA, pp. 1-90.

Kaczmarek, J.C., Kauffman, K.J., Fenton, O.S., Sadtler, K., Patel, AK., He".rtlein, MW., DeRosa, F,,
Anderson, D.G., 2018. Optimization of a Degradable Polymer-Lipid Nanop. -ticlefor Potent Systemic
Delivery of mRNA to the Lung Endothelium and Immune Cells.Nano ett . 8(10),6449-6454.
Kaczmarek, J.C., Patel, AK., Kauffman, K.J., Fenton, O.S., Webber, wvi... Heartlein, MW., DeRosa, F.,
Anderson, D.G., 2016. Polymer-Lipid Nanoparticles for Systemi : D '+ ery of mRNA to the Lungs.
Angew Chem Int Ed Engl 55(44), 13808-13812.

Kallen, K.J., Heidenreich, R., Schnee, M., Petsch, B., Schlake, T. Taess, A., Baumhof, P.,, Scheel, B., Koch,
S.D., Fotin-Mleczek, M., 2013. A novel, disruptivevaccinaZ.on technology:self-adjuvanted
RNActive((R)) vaccines.Hum Vaccin Immunother 9(11),22 53-2276.

Kallen, K.J., Thess, A., 2014. A development that m./ evolve into a revolutionin medicine: mRNA as
the basis for novel, nucleotide-based vaccir 2s ar.d drugs. Ther Adv Vaccines 2(1), 10-31.

Kariko, K., Buckstein, M., Ni, H., Weissman, D., 2.15. Suppression of RNA recognition by Toll-like
receptors: the impact of nucleoside moditi. ~tion and the evolutionary origin of RNA. Immunity 23(2),
165-175.

Kariko, K.,Kuo, A., Barnathan, E., 179- Overexpression of urokinasereceptorin mammalian cells
following administration of the i.i viu ~transcribed encoding mRNA. Gene Ther 6(6), 1092-1100.
Kariko, K., Muramatsu, H., Ludv.?g, .. Weissman, D., 2011. Generating the optimal mRNA for therapy:
HPLC purification eliminates . mm ineactivation and improves translation of nucleoside-modified,
protein-encoding mRNA. Nuc Xic Acids Res 39(21), e142.

Kariko, K., Muramatsu,:. Wwelsh,F.A,, Ludwig, J., Kato, H., Akira,S., Weissman, D.,2008. Incorporation
of pseudouridineinto m ™ A yields superior nonimmunogenic vector with increased translational
capacity and biological stability. Mol Ther 16(11),1833-1840.

Kariko, K., Weissman, D., 2007. Naturally occurring nucleoside modifications suppress the
immunostimulatory activity of RNA: Implication for therapeutic RNA development. Current Opinionin
Drug Discovery & Development 10(5),523-532.

Kauffman, K.J., Dorkin, J.R., Yang, J.H., Heartlein, M\W., DeRosa, F., Mir, F.F.,, Fenton, O.S., Anderson,
D.G., 2015. Optimization of Lipid Nanoparticle Formulations for mRNA Deliveryin Vivowith Fractional
Factorial and Definitive Screening Designs.Nano Lett 15(11),7300-7306.

Kauffman, K.J., Mir, F.F,, Jhunjhunwala, S., Kaczmarek, J.C., Hurtado, J.E., Yang, J.H., Webber, M.J,,
Kowalski, P.S., Heartlein, MW., DeRosa, F., Anderson, D.G., 2016. Efficacy and immunogenicity of
unmodified and pseudouridine-modified mRNA delivered systemically with lipid nanoparticles in vivo.
Biomaterials 109, 78-87.

Kawai, T, Akira,S., 2006. Innate immune recognition of viral infection. Nat Immunol 7(2), 131-137.

36



Kawai, T, Akira,S., 2007. Antiviral signaling through pattern recognition receptors. J Biochem 141(2),
137-145.

Kim, Y., Cheong, S.A,, Lee, J.G, Lee, SW., Lee, M.S., Baek, I.J., Sung, Y.H., 2016. Generation of knockout
mice by Cpfl-mediated gene targeting. Nature Biotechnology 34(8), 808-810.

Kim, YH., Youn, H., Na, J., Hong, K.J., Kang, KW., Lee, D.S., Chung, J.K., 2015. Codon-optimized Human
Sodium lodide Symporter (opt-hNIS) as a Sensitive Reporter and Efficient Therapeutic Gene.
Theranostics 5(1), 86-96.

Kirkwood, J.M., MD, Butterfield, L.H., PhD, Tarhini, A.A., MD, PhD, Zarour, H., MD, Kalinski, P.,2012.
Immunotherapy of cancerin2012.Ca A Cancer Journal for Clinicians 62(5),309-335.

Klechevsky, E., Morita, R., Liu, M., Cao, Y, Coquery, S., Thompson-Snipes, L., Briere, F., Chaussabel, D.,
Zurawski, G., Palucka, A.K., Reiter, Y, Banchereau, J., Ueno, H., 2008. Functional specializations of
human epidermal Langerhans cells and CD14+ dermal dendritic cells.| nmunity 29(3), 497-510.
Konu, O., Li, M.D., 2002. Correlations between mRNA expression levels ai.* GC contents of codingand
untranslated regions of genes inrodents. ) Mol Evol 54(1), 35-41.

Kormann, M.S., Hasenpusch, G., Aneja, M.K., Nica, G., Flemmer, /.w., Herber-Jonat, S., Huppmann, M.,
Mays, L.E., lllenyi, M., Schams, A., Griese, M., Bittmann, |, Han igt . ~.ger, R., Hartl, D., Rosenecker, J.,
Rudolph, C., 2011. Expression of therapeutic proteins after ~._"'ive. y of chemically modified mRNA in
mice. Nat Biotechnol 29(2), 154-157.

Kormann, M.S.D., Hasenpusch, G., Aneja, M.K., Nica,G.. F.emme:, AW., Herberjonat, S., Huppmann,
M., Mays, L.E., lllenyi, M., Schams, A., 2011. Express. 7. of :herapeutic proteins after delivery of
chemically modified mRNA in mice. Nature bioteci. ~ology 29(2), 154-157.

Korner, C.G., Wahle, E., 1997. Poly(A) tail sh «rter.ngbya mammalian poly(A)-specific
3'-exoribonuclease. Journal of Biological Chemis ~y272(16),10448-10456.

Koski, G.K., Kariko, K., Xu, S., Weissman, D., "ohen, P.A., Czerniecki, B.J., 2004. Cutting edge: innate
immune system discriminates betweer RN+ _ontainingbacterial versuseukaryotic structural features
that prime for high-level IL-12 secr.ac ™ by dendritic cells.JImmunol 172(7),3989-3993.
Kowalska, J., Lewdorowicz, M., Z ibe: ~k, J,, Grudzien-Nogalska, E., Bojarska, E., Stepinski, J., Rhoads,
R.E., Darzynkiewicz, E., Davis, . F., . “mielity, J.,, 2008. Synthesis and characterization of mRNA cap
analogs containing phospho. ~thinatesubstitutions thatbind tightly to elF4E and are resistantto the
decapping pyrophospha aseL cpS.Rna-a Publication of the Rna Society 14(6), 1119.

Kowalski, P.S., Capasso. ~Imiero, U.,Huang, Y, Rudra, A,, Langer, R., Anderson, D.G., 2018. lonizable
Amino-Polyesters Synth~-,zed via Ring Opening Polymerization of Tertiary Amino-Alcohols for Tissue
Selective mRNA Delivery. Adv Mater, e1801151.

Kowalski, P.S., Rudra, A., Miao, L., Anderson, D.G., 2019. Deliveringthe Messenger: Advancesin
Technologies for Therapeutic mRNA Delivery. Mol Ther 27(4),710-728.

Kranz, L.M., Diken, M., Haas, H., Kreiter, S., Loquai, C., Reuter, K.C., Meng, M., Fritz, D., Vascotto, F,,
Hefesha, H., Grunwitz, C., Vormehr, M., Husemann, Y,, Selmi, A., Kuhn, A.N., Buck, J., Derhovanessian,
E., Rag, R, Attig, S., Diekmann, J., Jabulowsky, R.A., Heesch, S., Hassel, J,, Langguth, P, Grabbe, S.,
Huber, C., Tureci, 0., Sahin, U., 2016.Systemic RNA delivery to dendritic cells exploits antiviral defence
for cancer immunotherapy. Nature 534(7607),396-401.

Kreiter, S., Diken, M., Selmi, A., Tureci, O., Sahin,U., 2011. Tumor vaccination using messenger RNA:
prospects of a future therapy. Curr Opin Immunol 23(3), 399-406.

Krzyszton, R., Salem, B., Lee, D.J., Schwake, G., Wagner, E., Radler,J.0., 2017. Microfluidic

self-assembly of folate-targeted monomolecular siRNA-lipid nanoparticles. Nanoscale9(22),

37



7442-7453.

Kuhn, A.N., Diken, M., Kreiter,S., Selmi, A., Kowalska, J., Jemielity, J., Darzynkiewicz, E., Huber, C,,
Tlreci, O., Sahin, U., 2010. Phosphorothioatecap analogsincreasestability and translational efficiency
of RNA vaccines inimmaturedendritic cells and induce superiorimmuneresponses in vivo. Gene
Therapy 17(8),961-971.

Le Moignic, A.,, Malard, V., Benvegnu, T.,, Lemiegre, L., Berchel, M., Jaffres, P.A., Baillou, C., Del ost, M.,
Macedo, R., Rochefort, J., Lescaille, G., Pichon, C., Lemoine, F.M., Midoux, P., Mateo, V., 2018.
Preclinical evaluation of MRNA trimannosylated lipopolyplexes as therapeutic cancer vaccines
targeting dendritic cells.J Control Release278, 110-121.

Lebbé, C., Weber, J.S., Maio, M., Neyns, B., Harmankaya, K., Hamid, O., O'Day, S.J., Konto, C., Cykowski,
L., Mchenry, M.B., 2014.Survival follow-up andipilimumab retreatment of patients with advanced
melanoma who received ipilimumabin prior phasell studies. Annals cfOncology 25(11),2277-2284.
Leroux, J.C., 2017.Editorial: Drug Delivery: Too Much Complexity, Not Encu.eh Reproducibility? Angew
Chem Int Ed Engl 56(48), 15170-15171.

Lesterhuis, W.J,, de Vries, 1.J., Schreibelt, G., Lambeck, A.J., Aarnt-en, .H., Jacobs, J.F., Scharenborg,
N.M., vande Rakt, MW., de Boer, A.J., Croockewit, S., van Rossum, “*.M., Mus, R., Oyen, W.J,,
Boerman, 0.C,, Lucas, S., Adema, G.J., Punt, C.J.,, Figdor,C.G, 791..Route of administration modulates
the induction of dendritic cell vaccine-induced antigen-spe.ific’. cells inadvanced melanoma patients.
ClinCancer Res 17(17),5725-5735.

Li, B., Luo, X., Deng, B., Giancola,J.B., McComb, DW., S_hr ittgen, T.D., Dong, Y, 2016. Effects of local
structural transformation of lipid-like compounrds . ~ delivery of messenger RNA. Sci Rep 6, 22137.

Li, B., Luo, X., Deng, B., Wang, J.,, McComb, ™ W., ,hi, Y, Gaensler, K.M., Tan, X., Dunn, AL, Kerlin,B.A.,
Dong, Y., 2015. An Orthogonal Array Optimizatic .~ of Lipid-like Nanoparticles for mRNA Deliveryin Vivo.
Nano Lett 15(12),8099-8107.

Li, B., Zhang, X., Dong, Y, 2018.Nanos ‘a'e,.. atforms for messenger RNA delivery. Wiley Interdiscip Rev
Nanomed Nanobiotechnol, e1530.

Li,J., He, Y, Wang, W., Wu, C., Hcng, = . Hammond, PT, 2017a.Polyamine-Mediated Stoichiometric
Assembly of Ribonucleoprotei. = fo. Enhanced mRNA Delivery. Angew Chem Int Ed Engl 56(44),
13709-13712.

Li,J.,, Wang, W, He, Y, Li Y, Yen, E.Z,, Zhang, K., Irvine, D.J.,, Hammond, PT., 2017b. Structurally
Programmed Assemply . ¥ Translation Initiation Nanoplex for Superior mRNA Delivery. ACS Nano 11(3),
2531-2544.

Li, M., Zhao, M,, Fu, Y, Li, Y, Gong, T., Zhang, Z., Sun, X., 2016. Enhanced intranasal delivery of mRNA
vaccine by overcoming the nasal epithelial barrier via intra- and paracellularpathways.J Control
Release 228,9-19.

Li, Y, Cheng, Q., Jiang,Q., Huang, Y, Liu, H., Zhao, Y, Cao,W., Ma, G., Dai, F,, Liang, X,, Liang, Z., Zhang,
X., 2014.Enhanced endosomal/lysosomal escape by distearoyl
phosphoethanolamine-polycarboxybetainelipid for systemic delivery of siRNA. J Control Release 176,
104-114.

Li, Y, Kiledjian, M., 2010. Regulation of mRNA decapping. Wiley Interdisciplinary Reviews Rna 1(2),
253-265.

Liang, F., Lindgren, G., Lin, A.,, Thompson, E.A., Ols, S., Rohss, J., John, S., Hassett, K., Yuzhakov, O., Bahl,
K., Brito, LA., Salter, H., Ciaramella, G., Lore, K., 2017. Efficient Targeting and Activation of

Antigen-Presenting Cells In Vivo after Modified mRNA Vaccine Administrationin Rhesus Macaques.

38



Mol Ther 25(12), 2635-2647.

Lin, D., Cheng, Q., Jiang,Q., Huang, Y, Yang, Z,, Han, S., Zhao, Y, Guo, S., Liang, Z,, Dong, A., 2013a.
Intracellular cleavable poly(2-dimethylaminoethyl methacrylate) functionalized mesoporous silica
nanoparticles for efficientsiRNAdeliveryinvitroand invivo.Nanoscale5(10),4291-4301.

Lin, D., Huang, Y., Jiang, Q., Zhang, W, Yue, X., Guo, S., Xiao, P, Du, Q., Xing,J., Deng, L, Liang, Z,, Dong,
A., 2011.Structural contributions of blocked or grafted poly(2-dimethylaminoethyl methacrylate) on
PEGylated polycaprolactonenanoparticles in siRNAdelivery. Biomaterials 32(33),8730-8742.

Lin, D., Jiang, Q., Cheng, Q., Huang, Y, Huang, P, Han, S., Guo, S., Liang, Z,, Dong, A., 2013b.
Polycation-detachable nanoparticles self-assembled from mPEG-PCL-g-SS-PDMAEMA for invitroand
invivo siRNA delivery. Acta Biomater 9(8),7746-7757.

Liu, X., Zhou, J., Yu, T,, Chen, C., Cheng, Q., Sengupta, K., Huang, Y, Li, H,, Liu, C., Wang, Y., Posocco, P,
Wang, M., Cui, Q., Giorgio, S., Fermeglia, M., Qu, F., Pricl, S., Shi, Y., Lia 1g, Z., Rocchi, P, Rossi, J.J., Peng,
L., 2014. Adaptive amphiphilic dendrimer-based nanoassemblies as robu.*and versatilesiRNA
delivery systems. Angew Chem IntEd Engl 53(44),11822-11827.

Loo, .M., Gale, M., Jr.,, 2011. Immune signaling by RIG-I-likerece ,to, *.Immunity 34(5), 680-692.
Loomis, K.H., Lindsay, K.E., Zurla, C., Bhosle,S.M., Vanover, D.A, Bi. ~.nard, E.L,, Kirschman, J.L,,
Bellamkonda, RV., Santangelo, PJ., 2018.In Vitro Transcrib~.. mk.'A Vaccines with Programmable
Stimulation of Innate Immunity. Bioconjugate Chemistry 25,7). ©072-3083.

Lorenz, C., Fotinmleczek, M., Roth, G., Becker, C., Dam. T.C., Veraurmen, W.P.R., Brock, R., Probst, J.,
Schlake, T., 2011. Protein expression from exogenou: r.RN A: Uptake by receptor-mediated
endocytosis and traffickingvia thelysosomal path. -ay. Rna Biology 8(4),627-636.

Lou, B., De Koker, S., Lau, CYJ., Hennink, W.” ., M .strobattista, E., 2018. mRNA Polyplexes with
Post-Conjugated GALA Peptides Efficiently Targe. Transfect,and Activate Antigen PresentingCells.
Bioconjug Chem.

Love, K.T., Mahon, K.P., Levins, C.G., Wit:h _.d, K.A., Querbes, W., Dorkin, J.R., Qin, J., Cantley, W., Qin,
L.L, Racie, T., Frank-Kamenetsky, M., .1, n.N., Alvarez, R., Sah, D.W., de Fougerolles, A., Fitzgerald, K.,
Koteliansky, V., Akinc, A., Langer. R., » nderson, D.G., 2010. Lipid-like materials for low-dose, in vivo
gene silencing. Proc Natl Acad -i L S A 107(5), 1864-1869.

Luo, X, Li, B., Zhang, X., Zhac, \W., Bratasz, A., Deng, B., McComb, D.W., Dong, Y., 2017. Dual-functional
lipid-like nanoparticles f r der very of mRNA and MRI contrastagents.Nanoscale9(4),1575-1579.
Maier, M.A,, Jayaramar,, M., Matsuda,S., Liu, J., Barros, S., Querbes, W., Tam, YK., Ansell, S.M., Kumar,
V., Qin,J., Zhang, X., We~_, Q., Panesar,S., Hutabarat, R., Carioto, M., Hettinger, J., Kandasamy,P,,
Butler, D., Rajeev, K.G., Pang, B., Charisse, K., Fitzgerald, K., Mui, B.L,, Du, X., Cullis, P, Madden, T.D.,
Hope, M.J., Manoharan, M., Akinc, A., 2013.Biodegradablelipidsenabling rapidly eliminated lipid
nanoparticles for systemic delivery of RNAi therapeutics. Mol Ther 21(8), 1570-1578.

Malone, RW., Felgner, P.L, Verma, |.M., 1989. Cationic liposome-mediated RNA transfection.Proc Natl
Acad Sci US A 86(16),6077-6081.

Maloy, K.J., Erdmann, I., Basch, V., Sierro,S., Kramps, TA., Zinkernagel, R.M., Oehen, S., Kundig, T.M.,
2001. Intralymphaticimmunization enhances DNA vaccination. Proc Natl Acad Sci U S A 98(6),
3299-3303.

Manunta, M.D.l., Tagalakis, A.D., Attwood, M., Aldossary, A.M., Barnes, J.L., Munye, M.M., Weng, A,
McAnulty, RJ., Hart, S.L., 2017. Delivery of ENaC siRNA to epithelial cells mediated by a targeted
nanocomplex: a therapeutic strategy for cystic fibrosis. Sci Rep 7(1), 700.

Martin, G., Keller, W., 1998.Tailingand 3'-end labeling of RNA with yeastpoly(A) polymeraseand

39



various nucleotides. RNA 4(2), 226.

Martin, S.A., Moss, B., 1976. mRNA guanylyltransferaseand mRNA (guanine-7-)-methyltransferase
from vacciniavirions. Donor and acceptor substrate specificites. Journal of Biological Chemistry
251(23),7313-7321.

Martin, S.A., Paoletti, E., Moss, B., 1975. Purification of Messenger-Rna Guanylyltransferaseand
Messenger-Rna(Guanine-7-)-MethyltransferasefromVaccinia Virions. Journal of Biological Chemistry
250(24),9322-9329.

Martinez-Gomez, J.M., Johansen, P, Erdmann, I., Senti, G., Crameri, R., Kundig, .M., 2009.
Intralymphaticinjectionsas a newadministration route for allergen-specificimmunotherapy. Int Arch
Allergy Immunol 150(1), 59-65.

Mashiko, D., Fujihara, Y, Satouh, Y, Miyata, H., Isotani, A, lkawa, M., 2013. Generation of mutant mice
by pronuclearinjection of circular plasmid expressing Cas9 and singler uided RNA. Sci Rep 3, 3355.
Mauger, D.M., Cabral,B.J,, Presnyak, V., Su, SV., Reid, D.W., Goodman, b., .'nk, K., Khatwani, N.,
Reynders, J., Moore, M.J., McFadyen, |.J., 2019. mRNA structure regt lates protein expression through
changes in functional half-life. Proc Natl Acad Sci US A 116(48), 2 +u.'~-24083.

Mauro, V.P,, 2018.Codon Optimizationinthe Production of Recon..~ant Biotherapeutics: Potential
Risks and Considerations. BioDrugs 32(1),69-81.

McKenna, S.A., Kim, I., Puglisi, EV,, Lindhout, D.A., Aitken, L.~ . Mlarshall,R.A., Puglisi,J.D., 2007.
Purification and characterization of transcribed RNAs usir.g gel ti.tration chromatography. Nat Protoc
2(12),3270-3277.

McKinlay, C.J., Benner, N.L., Haabeth, O.A., Wavmc 'th, R.M., Wender, PA., 2018. Enhanced mRNA
deliveryinto lymphocytes enabled by lipid-- arie.libraries of charge-alteringreleasabletransporters.
Proc Natl Acad Sci U SA 115(26), E5859-e5866.

McKinlay, CJ., Vargas, J.R., Blake, T.R., Haru ' JW.,, Kanada, M., Contag, C.H., Wender, PA., Waymouth,
R.M., 2017.Charge-alteringreleasablc tr 4r.. sorters (CARTs) for the delivery and release of mRNA in
livinganimals. Proc Natl Acad Sci U > ~. 114(4), E448-e456.

Meijer, H.A., Bushell, M., Hill,K.. 3a1.~ TW., Willis, A.E., Jones, P., de Moor, C.H., 2007.A novel method
for poly(A) fractionationrevea. - ai."ge population of mRNAs with a shortpoly(A) tail in mammalian
cells.Nucleic Acids Res 35(1> ' el32.

Melhem, N.M., Gleason, 5.M., Liu, X.D., Barrattboyes, S.M., 2008. High-level antigen expressionand
sustained antigen prese. tatuon indendritic cells nucleofected with wild-type viral mRNA but not DNA.
Clinical & VaccineImmu~- _logy Cvi 15(9), 1337.

Miller, J.B., Zhang, S., Kos, P., Xiong, H., Zhou, K., Perelman, S.S., Zhu, H., Siegwart, D.J., 2017. Non-Viral
CRISPR/Cas Gene EditingIn Vitro and In Vivo Enabled by Synthetic Nanoparticle Co-Delivery of Cas9
mRNA and sgRNA. Angew Chem IntEd Engl 56(4),1059-1063.

Mizrak, A., Bolukbasi, M.F., Ozdener, G.B., Brenner, G.J.,, Madlener, S., Erkan, E.P.,, Strobel, T,
Breakefield, X.0., Saydam, O., 2013. Genetically engineered microvesicles carryingsuicide
mRNA/protein inhibitschwannoma tumor growth. Mol Ther 21(1),101-108.

Mockey, M., Goncalves, C., Dupuy, F.P., Lemoine, F.M., Pichon, C., Midoux, P., 2006. mRNA transfection
of dendritic cells:synergistic effect of ARCA mRNA cappingwith Poly(A) chainsincisandintransfora
high protein expression level. Biochem Biophys Res Commun 340(4), 1062-1068.

Morrissey, D.V., Lockridge, J.A., Shaw, L., Blanchard, K., Jensen, K., Breen, W., Hartsough, K., Machemer,
L., Radka, S., Jadhav, V,, Vaish, N., Zinnen, S., Vargeese, C., Bowman, K., Shaffer, C.S., Jeffs, L.B., Judge,
A., Maclachlan, ., Polisky, B., 2005. Potent and persistentinvivo anti-HBV activity of chemically

40



modified siRNAs. Nat Biotechnol 23(8), 1002-1007.

Nabhan, J.F., Wood, K.M., Rao, V.P,, Morin, J.,, Bhamidipaty,S., LaBranche, T.P., Gooch, R.L,, Bozal,F,,
Bulawa, C.E., Guild, B.C., 2016. Intrathecal delivery of frataxin mRNA encapsulatedin lipid
nanoparticles to dorsalrootgangliaas a potential therapeutic for Friedreich's ataxia. Sci Rep 6, 20019.
Napolitani, G., Rinaldi, A., Bertoni, F., Sallusto, F., Lanzavecchia, A., 2005. Selected Toll-like receptor
agonistcombinations synergistically trigger a T helper type 1-polarizing programin dendritic cells. Nat
Immunol 6(8), 769-776.

Novoa, E.M., Ribas de Pouplana, L., 2012. Speeding with control:codon usage, tRNAs, and ribosomes.
Trends Genet 28(11), 574-581.

Oberli, M.A., Reichmuth, A.M., Dorkin,J.R., Mitchell, M.J., Fenton, O.S., Jaklenec, A., Anderson, D.G.,
Langer, R., Blankschtein, D.,2017.Lipid Nanoparticle Assisted mRNA Delivery for Potent Cancer
Immunotherapy. Nano Lett 17(3), 1326-1335.

Okada, H., Kalinski, P., Ueda, R., Hoji, A., Kohanbash, G., Donegan, T.E., Mi. *z, AH., Engh, J.A,, Bartlett,
D.L, Brown, C.K., Zeh, H., Holtzman, M.P,, Reinhart, TA., Whiteside,” L., b itterfield, L.H., Hamilton,
R.L., Potter, D.M,, Pollack, I.F.,Salazar,AM., Lieberman, F.S., 2017. i1, 'uction of CD8+ T-cell responses
againstnovel glioma-associated antigen peptides and clinical z ctiv ™’ oy vaccinations with {alpha}-type
1 polarized dendritic cellsand polyinosinic-polycytidylicaci . . *avL 'ized by lysineand
carboxymethylcellulosein patients with recurrent malignai.”elima.J Clin Oncol 29(3),330-336.
Okada, N., Tsujino, M., Hagiwara, Y, Tada, A., Tamura, Y. Nori, k., Saito, T., Nakagawa, S., Mayumi, T,,
Fujita,T., 2001. Administration route-dependent vac "i’.e € ficiency of murine dendritic cells pulsed
with antigens. British Journal of Cancer 84(11) 15.1-1570.

Oshita, C., Takikawa, M., Kume, A., Miyata,' ., As.izawa, T, lizuka, A., Kiyohara, Y, Yoshikawa, S.,
Tanosaki, R., Yamazaki, N., 2012. Dendritic cell-. ~sed vaccination in metastatic melanoma patients:
phasell clinicaltrial. Oncology Reports 28-'.1131.

Palucka, K., Banchereau, J., 2012.Cancer.n ...unotherapy via Dendritic Cells. Nature Reviews Cancer
12(4), 265-277.

Pardi,N., Hogan, M.J,, Porter, F\' ., \w~issman, D.,2018. mRNA vaccines -a new era in vaccinology. Nat
Rev Drug Discov17(4),261-27>

Pardi, N., Secreto, AJ., Shan,.” . D2bonera, F, Glover, J., Yi,Y, Muramatsu, H., Ni, H., Mui, B.L., Tam,
Y.K., Shaheen, F., Collma 1,R.G , Kariko, K., Danet-Desnoyers, G.A.,, Madden, T.D., Hope, M.J.,
Weissman,D., 2017. Aa. “inistration of nucleoside-modified mRNA encoding broadly neutralizing
antibody protects hume~'zed mice from HIV-1 challenge. Nat Commun 8, 14630.

Parhiz, H., Shuvaey, VV., Pardi, N., Khoshnejad, M., Kiseleva, RY.,, Brenner, J.S., Uhler, T,, Tuyishime,S.,
Mui, B.L., Tam, Y.K., Madden, T.D., Hope, M.J., Weissman, D., Muzykantov, V.R., 2018. PECAM-1
directed re-targeting of exogenous mRNA providingtwo orders of magnitude enhancement of
vasculardelivery and expressioninlungsindependent of apolipoprotein E-mediated uptake. J Control
Release 291,106-115.

Patel, AK., Kaczmarek, J.C., Bose, S., Kauffman, K.J., Mir, F., Heartlein, M\W., DeRosa, F.,, Langer, R.,
Anderson, D.G., 2019. Inhaled Nanoformulated mRNA Polyplexes for Protein Productionin Lung
Epithelium. Adv Mater, e1805116.

Paunovska, K., Da Silva Sanchez, A.J., Sago, C.D., Gan, Z., Lokugamage, M.P,, Islam, F.Z., Kalathoor,S.,
Krupczak, B.R., Dahlman, J.E., 2019. Nanoparticles Containing Oxidized Cholesterol Deliver mRNA to
the Liver Microenvironmentat Clinically RelevantDoses. Adv Mater, e1807748.

Petsch, B., Schnee, M., Vogel, A.B., Lange, E., Hoffmann, B., Voss, D., Schlake, T, Thess, A, Kallen, K.J.,

41



Stitz, L., 2012. Protective efficacy of in vitro synthesized, specific mRNA vaccines againstinfluenza A
virus infection. Nature Biotechnology 30(12),1210.

Preskey, D., Allison, T.F,, Jones, M., Mamchaoui, K., Unger, C., 2016. Synthetically modified mRNA for
efficientand fasthuman iPS cell generation and directtransdifferentiation to myoblasts. Biochem
Biophys Res Commun 473(3),743-751.

Prieve, M.G., Harvie, P, Monahan, S.D., Roy, D., Li, A.G., Blevins,T.L.,, Paschal, A.E.,, Waldheim, M., Bell,
E.C., Galperin, A, Ella-Menye, J.R., Houston, M.E., 2018. Targeted mRNA Therapy for Ornithine
Transcarbamylase Deficiency. Mol Ther 26(3), 801-813.

Qi,R., Liu, S., Chen, J., Xiao,H., Yan, L., Huang, Y, Jing, X., 2012. Biodegradable copolymers with
identical cationicsegments and their performance in siRNA delivery.J Control Release 159(2),
251-260.

Ramaswamy, S., Tonnu, N., Tachikawa, K., Limphong, P, Vega, J.B., Karriali, P.P,, Chivukula, P, Verma,
I.M., 2017.Systemic delivery of factor IX messenger RNA for protein repla. ment therapy. Proc Natl
Acad Sci US A 114(10),E1941-e1950.

Reautschnig, P., Vogel, P, Stafforst, T., 2017.The notorious R.N.A. (n .~e spotlight - drug or target for
the treatment of disease. RNA Biol 14(5), 651-668.

Reinhard, K., Rengstl, B., Oehm, P., Michel, K., Billmeier, A., '..-*du.;, N, Klein, O., Kuna, K., Ouchan,Y,
Woll, S., Christ, E., Weber, D., Suchan, M., Bukur, T, Birtel, n. J2andel, V., Mroz, K., Hobohm, K., Kranz,
L., Diken, M., Kuhlcke, K., Tureci, O., Sahin, U., 2020. An Rl A vaccinedrives expansion and efficacy of
claudin-CAR-Tcells againstsolid tumors. Science.

Richner,J.M., Himansu,S., Dowd, K.A., Butler, S 1., Jalazar, V., Fox, J.M,, Julander,).G., Tang, WW.,
Shresta, S., Pierson, T.C., Ciaramella, G., Dia' 1onr, M.S., 2017a. Modified mRNA Vaccines Protect
againstZika Virus Infection.Cell 168(6),1114-1."5.e1110.

Richner, J.M., Jagger, BW,, Shan, C., Fontes, ~.R., Dowd, K.A., Cao, B., Himansu,S., Caine, E.A., Nunes,
B.T.D., Medeiros, D.B.A., Muruato, A.E. Fur....1an, B.M,, Luo, H., Wang, T., Barrett, A.D., Weaver,S.C,,
Vasconcelos, P.F.C.,, Rossi,S.L., Ciar.m.'la, G.,, Mysorekar, |.U., Pierson, T.C., Shi, PY,, Diamond, M.S,,
2017b.Vaccine Mediated Protec ion “gainstZika Virus-Induced Congenital Disease. Cell 170(2),
273-283.e212.

Roberts, S.A., Dong, B., Firrn.. n,J A, Moore, AR., Sang, N., Xiao, W., 2011. Engineering Factor Viii for
Hemophilia Gene Therag v.J G *net Syndr Gene Ther 1.

Robinson, E., MacDona. ' K.D., Slaughter, K., McKinney, M., Patel,S., Sun, C., Sahay, G., 2018. Lipid
Nanoparticle-Delivered < iemically Modified mRNA Restores Chloride Secretion in Cystic Fibrosis. Mol
Ther 26(8), 2034-2046.

Rohani, L., Fabian, C., Holland, H., Naaldijk, Y., Dressel, R., Loffler-Wirth, H., Binder, H., Arnold, A.,
Stolzing, A., 2016. Generation of human induced pluripotentstem cells using non-synthetic mRNA.
Stem Cell Res 16(3),662-672.

Rosigkeit, S., Meng, M., Grunwitz, C., Gomes, P., Kreft, A., Hayduk, N., Heck, R., Pickert, G., Ziegler, K.,
Abassi, Y., Roder, J., Kaps, L., Vascotto, F, Beissert, T., Witzel, S., Kuhn, A., Diken, M., Schuppan, D.,
Sahin, U., Haas, H., Bockamp, E., 2018. Monitoring Translation Activity of mRNA-Loaded Nanoparticles
in Mice. Mol Pharm 15(9), 3909-3919.

Ross, J., Sullivan, T.D., 1985. Half-lives of beta and gamma globin messenger RNAs and of protein
synthetic capacityin cultured human reticulocytes. Blood 66(5), 1149-1154.

Rybakova, Y., Kowalski, P.S., Huang, Y., Gonzalez, JT., Heartlein, MW., DeRosa, F., Delcassian, D.,
Anderson, D.G., 2019. mRNA Delivery for Therapeutic Anti-HER2 Antibody Expression In Vivo. Mol

42



Ther.

Sabado, R.L.,, Bhardwaj, N., 2010. Directing dendritic cell immunotherapy towards successful cancer
treatment. Immunotherapy 2(1), 37-56.

Sabnis, S., Kumarasinghe, E.S., Salerno, T., Mihai, C., Ketova, T., Senn, J.J., Lynn, A, Bulychey, A,
McFadyen, I., Chan, J., Almarsson, O., Stanton, M.G., Benenato, K.E., 2018. A Novel Amino Lipid Series
for mRNA Delivery: Improved Endosomal Escapeand Sustained Pharmacology and Safety in
Non-human Primates. Mol Ther 26(6), 1509-1519.

Sago, C.D., Lokugamage, M.P,, Paunovska, K., Vanover, D.A., Monaco, C.M., Shah, N.N., Gamboa Castro,
M., Anderson, S.E., Rudoltz, T.G., Lando, G.N., Munnilal Tiwari, P, Kirschman, J.L.,, Willett,N., Jang, Y.C.,
Santangelo, PJ., Bryksin,AV., Dahlman, J.E., 2018. High-throughput invivo screen of functional mRNA
deliveryidentifies nanoparticles for endothelial cell gene editing. Proc Natl Acad Sci US A 115(42),
E9944-e9952.

Sahin, U., Kariko, K., Tureci, O., 2014. mRNA-based therapeutics--develop:.~ea new classofdrugs. Nat
Rev Drug Discov 13(10), 759-780.

Schlaeger, TM., Daheron, L., Brickler, T.R., Entwisle, S., Chan, K., Cian.i, A.,, DeVine, A., Ettenger, A.,
Fitzgerald, K., Godfrey, M., Gupta, D., McPherson, J., Malwadkz r, +., upta, M., Bell, B, Doi, A., Jung, N.,
Li, X., Lynes, M.S., Brookes, E., Cherry, A.B., Demirbas,D., Ts~.. “ov, A.M., Zon, L., Rubin, LL.,, Feinberg,
A.P., Meissner, A.,, Cowan, C.A,, Daley, G.Q., 2015.A compa.-or of non-integrating reprogramming
methods. Nat Biotechnol 33(1), 58-63.

Schrom, E., Huber, M., Aneja, M., Dohmen, C., Emric . J., 3eiger, J., Hasenpusch, G., Herrmann-Janson,
A., Kretzschmann, V., Mykhailyk, O., Pasewald T, ~k, P,, Hilgendorff, A.,, Wohlleber, D., Hoymann,
H.G., Schaudien, D., Plank, C., Rudolph, C., ¥ 1bis .h-Dohmen,R., 2017. Translation of
Angiotensin-Converting Enzyme 2 upon Liver- a:. ¥ Lung-Targeted Delivery of Optimized Chemically
Modified mRNA. Mol Ther Nucleic Acids 7, 250-365.

Schumann, C., Nguyen, D.X., Norgard, /. b_.tnyak, Y, Korzun, T., Chan, S., Lorenz, AS., Moses, AS.,
Albarqi, H.A,, Wong, L., Michaelis,'..,.~u, X., Alani,AW.G., Taratula, O.R., Krasnow,S., Marks,D.L,,
Taratula, 0.,2018. Increasinglez n m.<clemass in micevia nanoparticle-mediated hepatic delivery of
follistatin mRNA. Theranostics ?(1s’,5276-5288.

Sebastian, M., Papachristofii ', A, Weiss, C., Friih, M., Cathomas, R., Hilbe, W., Wehler, T,, Rippin, G.,
Koch, S.D., Scheel, B., 20 4. P, aselbstudy evaluatinga self-adjuvanted mRNA cancer vaccine
(RNActive®) combined v. th 1ocal radiation as consolidation and maintenancetreatment for patients
with stage IV non-small ~ 2l lung cancer. BMC Cancer,14,1(2014-10-06) 14(1), 748.

Sedic, M., Senn, J.J,, lynn, A,, Laska, M., Smith, M., Platz, S.J., Bolen, J., Hoge, S., Bulychey, A,,
Jacquinet, E., Bartlett, V., Smith, P.F.,, 2017. Safety Evaluation of Lipid Nanoparticle-Formulated
Modified mRNA inthe Sprague-Dawley Rat and Cynomolgus Monkey. Veterinary pathology,
300985817738095.

Sedic, M., Senn, J.J,, lynn, A,, Laska, M., Smith, M., Platz, S.J., Bolen, J., Hoge, S., Bulychev, A,
Jacquinet, E., Bartlett, V., Smith, P.F.,, 2018. Safety Evaluation of Lipid Nanoparticle-Formulated
Modified mRNA inthe Sprague-Dawley Rat and Cynomolgus Monkey. Vet Pathol 55(2), 341-354.
Selmi, A., Vascotto, F., Kautzneu, K., Tureci, O., Sahin, U., Von, S.E., Diken, M., Kreiter,S., 2016. Uptake
of synthetic naked RNA by skin-residentdendritic cells viamacropinocytosis allows antigen expression
andinduction of T-cell responses in mice. Cancer Immunology Immunotherapy 65(9), 1075-1083.
Sonenberg, N., Hinnebusch, A.G., 2009. Regulation of Translation Initiation in Eukaryotes: Mechanisms
and Biological Targets. Cell 136(4),731-745.

43



Song, Y., Wang, M., Li, S., Jin, H,, Cai, X., Du, D., Li, H., Chen, C.L, Lin, Y., 2018. Efficient Cytosolic
Delivery Using Crystalline Nanoflowers Assembled from Fluorinated Peptoids.Small 14(52),e1803544.
Strenkowska, M., Grzela, R., Majewski, M., Wnek, K., Kowalska, J., Lukaszewicz, M., Zuberek, J.,
Darzynkiewicz, E., Kuhn, AN., Sahin, U., 2016.Cap analogs modified with 1,2-dithiodiphosphate
moiety protect mRNA from decappingandenhance its translational potential. Nucleic Acids Research
44(20),9578.

Su, X., Fricke, J., Kavanagh, D, Irvine,D.J., 2011. Invitroand invivo mRNA delivery using
lipid-enveloped pH-responsive polymer nanoparticles. Mol Pharm 8(3), 774-787.

Sun, P, Li, Z.,, Wang, J., Gao, H., Yang, X., Wu, S, Liu, D., Chen, Q., 2018. Transcellular delivery of
messenger RNA payloads by a cationic supramolecular MOF platform.Chem Commun (Camb) 54(80),
11304-11307.

Tanaka, H., Nakatani, T., Furihata, T, Tange, K., Nakai, Y., Yoshioka, H., Parashima, H., Akita, H., 2018a.
In Vivo Introduction of mRNA Encapsulatedin Lipid Nanoparticles to Brai,. Neuronal Cells and
Astrocytes via Intracerebroventricular Administration. Mol Pharm 1& (5),2760-2067.

Tanaka, H., Watanabe, A., Konishi, M., Nakai, Y, Yoshioka, H., Ohkaw. va, T., Takeda, H., Harashima, H.,
Akita, H., 2018b. The delivery of mRNA to coloninflammatory esi. =~ by lipid-nano-particles
containing environmentally-sensitive lipid-like materials wi*!. ~le.. acid scaffolds. Heliyon 4(12),
e00959.

Temmerman, M.LD., Dewitte, H., Vandenbroucke, R.E.. Lu.as,B., Libert, C., Demeester, J., Smedt,
S.C.D., Lentacker, 1., Rejman, J., 2011. mRNA-Lipople» |,ac 2d microbubble contrastagents for
ultrasound-assisted transfection of dendritic cells. Yiomaterials 32(34),9128-9135.

Thess, A., Grund, S., Mui, B.L., Hope, M.J., B .um! of, P, Fotinmleczek, M., Schlake, T., 2015.
Sequence-engineered mRNA Without Chemical . "icleoside Modifications Enables an Effective Protein
Therapy in Large Animals. Mol Ther 23(9), .156-1464.

Triozzi, P.L., Khurram,R., Aldrich, W.A., Wa1 ._r, M.J,, Kim, J.A,, Jaynes, S., 2015. Intratumoral injection
of dendritic cells derived in vitroin pa . enws with metastatic cancer. Cancer 89(12),2646-2654.
Truong, B., Allegri, G., Liu, X.B., Burke, K.E., Zhu, X., Cederbaum, S.D., Haberle, J., Martini, PGV,
Lipshutz, G.S., 2019. Lipid nanc ~ar. le-targeted mRNA therapy as a treatment for the inherited
metabolicliver disorder argi.~se leficiency.Proc Natl AcadSciUS A 116(42),21150-21159.
Turnbull, I.C., Eltoukhy, A A, + sh,K.M., Nonnenmacher, M., Ishikawa, K., Chen, J., Hajjar,R.J.,
Anderson, D.G., Costa, n N., 2016. Myocardial Delivery of Lipidoid Nanoparticle Carrying modRNA
Induces Rapidand Tran<’ _.ntExpression. Mol Ther 24(1), 66-75.

Tuyaerts, S., Noppe, S.M., Corthals, J., Breckpot, K., Heirman, C., De, G.C., Van, R.l., Thielemans, K.,
2002. Generation of large numbers of dendritic cells ina closed systemusing Cell Factories.Journal of
Immunological Methods 264(1),135-151.

Uchida,S., Kinoh, H., Ishii, T., Matsui, A., Tockary, T.A., Takeda, K.M., Uchida, H., Osada, K., Itaka, K.,
Kataoka, K., 2016.Systemic delivery of messenger RNA for the treatment of pancreatic cancer using
polyplex nanomicelles with a cholesterol moiety. Biomaterials82,221-228.

Udhayakumar, V.K., De Beuckelaer, A., McCaffrey, J., McCrudden, C.M., Kirschman, J.L.,, Vanover, D.,
Van Hoecke, L., Roose, K., Deswarte, K., De Geest, B.G., Lienenklaus,S., Santangelo, PJ., Grooten, J.,
McCarthy, H.O., De Koker,S., 2017. Arginine-Rich Peptide-Based mRNA Nanocomplexes Efficiently
Instigate Cytotoxic T Cell Immunity Dependent on the Amphipathic Organization of the Peptide. Adv
Healthc Mater 6(13).

Usman, W.M., Pham, T.C., Kwok, YY.,, Vu, LT, Ma, V., Peng, B., Chan, YS., Wei, L, Chin,S.M., Azad, A,

44



He, A.B., Leung, AY.H., Yang, M., Shyh-Chang, N., Cho, W.C,, Shi, J., Le, MT.N., 2018. Efficient RNA drug
delivery usingred blood cell extracellularvesicles. Nat Commun 9(1), 2359.

Valadi, H., Ekstrom, K., Bossios, A, Sjostrand, M., Lee, J.J., Lotvall, J.O., 2007. Exosome-mediated
transfer of MRNAs and microRNAs is a novel mechanism of genetic exchange between cells. Nature
Cell Biology 9(6), 654.

Vallazza, B., Petri, S., Poleganov, M.A,, Eberle, F., Kuhn, ANN., Sahin, U., 2015.Recombinant messenger
RNA technology andits applicationin cancer immunotherapy, transcriptreplacementtherapies,
pluripotentstem cell induction,and beyond. Wiley Interdiscip RevRNA 6(5), 471-499.

Van der Jeught, K., De Koker, S., Bialkowski, L., Heirman, C., Tjok Joe, P, Perche, F., Maenhout, S.,
Bevers, S., Broos, K., Deswarte, K., Malard, V., Hammad, H., Baril, P, Benvegnu, T., Jaffres, P.A,,
Kooijmans, S.A.A., Schiffelers, R., Lienenklaus, S., Midoux, P., Pichon, C., Breckpot, K., Thielemans, K.,
2018. Dendritic Cell Targeting mRNA Lipopolyplexes Combine Strong A'.titumor T-Cell Immunity with
Improved Inflammatory Safety. ACS Nano 12(10), 9815-9829.

Van Lint, S., Goyvaerts, C., Maenhout, S., Goethals, L., Disy, A, Bente' n, D. Pen, J.,, Bonehill, A,
Heirman, C., Breckpot, K., Thielemans, K., 2012.Preclinical evalu.tc.> ot TriMix and antigen
mRNA-based antitumor therapy. Cancer Res 72(7), 1661-1671

Van, LS., Goyvaerts, C., Maenhout, S., Goethals, L., Disy, A., Z_nte,n, D., Pen, J.,, Bonehill, A, Heirman,
C., Breckpot, K., 2012. Preclinical evaluation of TriMix and a. tiez.n mRNA-based antitumor therapy.
Cancer Research 72(7), 1661.

Van, LS., Renmans, D., Broos, K., Dewitte, H., Lentac: <, I. Heirman, C., Breckpot, K., Thielemans, K.,
2015.The ReNAissanCe of mRNA-based cancer the. apy. Expert Review of Vaccines 14(2),235.

Van Nuffel, A.M., Benteyn, D., Wilgenhof,S. Cortaals,)J., Heirman, C., Neyns, B., Thielemans, K.,
Bonehill, A., 2012a.Intravenous and intraderma. TriMix-dendriticcell therapyresultsina broad T-cell
responseand durabletumor responseina . hemorefractory stage IV-M1c melanoma patient. Cancer
Immunol Immunother 61(7), 1033-10. 3

Van Nuffel, A.M., Benteyn, D., Wilgzn. ~, 5., Pierret, L., Corthals, J., Heirman, C., van der Bruggen, P.,
Coulie, P.G., Neyns, B., Thielemai s, n.. Bonehill, A., 2012b. Dendritic cells loaded with mRNA encoding
full-length tumor antigens prii. » C. 4+ and CD8+ T cells in melanoma patients. Mol Ther 20(5),
1063-1074.

Van Tendeloo, V.F,, Pons: erts, 2, Lardon, F, Nijs, G., Lenjou, M., Van, B.C., Van Bockstaele, D.R,,
Berneman, Z.N., 2001.:. shiy efficientgene delivery by mRNA electroporationin human
hematopoietic cells:sur-.iority to lipofection and passive pulsing of mMRNA and to electroporation of
plasmid cDNA for tumor antigen loading of dendritic cells.Blood 98(1),49-56.

Veiga, N., Goldsmith, M., Granot, Y,, Rosenblum, D., Dammes, N., Kedmi, R., Ramishetti,S., Peer, D.,
2018. Cell specific delivery of modified mRNA expressingtherapeutic proteins to leukocytes. Nat
Commun 9(1), 4493.

Victor, M.P., Acharya, D., Begum, T., Ghosh, T.C., 2018. The optimization of MRNA expression level by
its intrinsic properties-Insights from codon usage pattern and structural stability of mRNA. Genomics.
Vivinus, S., Baulande, S., van Zanten, M., Campbell, F., Topley, P., Ellis,J.H., Dessen, P, Coste, H., 2001.
An element withinthe 5' untranslated region of human Hsp70 mRNA which acts as a general enhancer
of mRNA translation. EurJ Biochem 268(7),1908-1917.

von Beust, B.R., Johansen, P, Smith, K.A., Bot, A, Storni, T., Kundig, TM., 2005. Improvingthe
therapeutic index of CpG oligodeoxynucleotides by intralymphaticadministration. Eur J Immunol 35(6),
1869-1876.

45



Waggoner, S.A., Liebhaber, S.A., 2003. Regulation of alpha-globin mRNA stability. Experimental Biology
& Medicine 228(4),387-395.

Wang, C, Du, L, Zhou, J., Meng, L., Cheng, Q., Wang, C., Wang, X., Zhao, D., Huang, Y., Zheng, S., Cao,
H., Zhang, J., Deng, L, Liang, Z., Dong, A., 2017.Elaboration on the Distribution of Hydrophobic
Segments inthe Chains of Amphiphilic Cationic Polymers for Small Interfering RNA Delivery. ACS Appl
Mater Interfaces 9(38), 32463-32474.

Wang, F., Xiao, W,, Elbahnasawy, M.A, Bao, X., Zheng, Q., Gong, L., Zhou, Y,, Yang, S., Fang, A, Farag,
M.M.S., Wu, J., Song, X., 2018. Optimization of the Linker Length of Mannose-Cholesterol Conjugates
for Enhanced mRNA Deliveryto Dendritic Cells by Liposomes. Front Pharmacol 9,980.

Wang, J., DeClercq, J.J., Hayward, S.B., Li, PW., Shivak, D.A., Gregory, P.D., Lee, G., Holmes, M.C., 2016.
Highly efficienthomol ogy-driven genome editingin human T cells by combiningzinc-finger nuclease
mRNA and AAV6 donor delivery. Nucleic Acids Res 44(3), e30.

Wang, J., Exline, C.M., DeClercq, J.J., Llewellyn, G.N., Hayward, S.B., Li, kW Shivak, D.A., Surosky,RT.,
Gregory, P.D., Holmes, M.C., Cannon, P.M., 2015. Homology-driven g :nom ' editingin hematopoietic
stem and progenitor cells usingZFN mRNA and AAV6 donors.Nat sic*echnol 33(12), 1256-1263.
Wang, J.H., Forterre, AV., Zhao, J., Frimannsson, D.O., Delcayre,A., "~es, TJ., Efron, B., Jeffrey, S.S.,
Pegram, M.D., Matin, A.C., 2018. Anti-HER2 scFv-Directed E'...~ce!'ular Vesicle-Mediated mRNA-Based
Gene Delivery Inhibits Growth of HER2-Positive Human Bre. -t Tumor Xenografts by Prodrug Activation.
Mol Cancer Ther 17(5), 1133-1142.

Warger, T., Osterloh, P, Rechtsteiner, G., Fassbender, V., I gib, V., Schmid, B., Schmitt, E., Schild, H.,
Radsak, M.P.,, 2006. Synergistic activation of dendr. "ic cells by combined Toll -like receptor ligation
induces superior CTLresponses invivo.Blor 110.,(2),544-550.

Warren, L., Manos, P.D., Ahfeldt, T.,, Loh, Y.H., Li,.', Lau, F, Ebina, W., Mandal, P.K., Smith, Z.D.,
Meissner, A., Daley, G.Q., Brack,A.S., Colli.- JJ., Cowan, C., Schlaeger, T.M., Rossi,D.J., 2010. Highly
efficientreprogramming to pluripoten y ar..' directed differentiation of human cells with synthetic
modified mRNA. Cell Stem Cell 7(5°, b.%-030.

Weide, B., Pascolo,S., Scheel, B.. Dei."ovanessian, E., Pflugfelder, A., Eigentler, T.K., Pawelec, G., Hoerr,
I, Rammensee, H.G., Garbe, C., ?20L". Directinjection of protamine-protected mRNA: results ofa
phase1/2 vaccination trial i, met1static melanoma patients. Journal of Immunotherapy 32(5),
498-507.

Weiss, R., Scheiblhofer,” Koesler, E., Ferreira, F., Thalhamer, J., 2010. ProphylacticmRNA vaccination
againstallergy. Curr Opi- Allergy Clin Immunol 10(6),567-574.

Weissman, D., 2015. mRNA transcripttherapy. Expert Review of Vaccines 14(2),265-281.

Weissman, D., Kariko, K.,2015. mRNA: Fulfillingthe Promise of Gene Therapy. Mol Ther 23(9),
1416-1417.

Weng, Y., Xiao, H., Zhang, J., Liang, X.J., Huang, Y., 2019.RNAi therapeuticand its innovative
biotechnological evolution. Biotechnol Adv 37(5),801-825.

Wilgenhof, S., Van Nuffel, A.M., Benteyn, D., Corthals, J., Aerts, C., Heirman, C., Van, R.l., Bonehill,A,,
Thielemans, K., Neyns, B., 2013. A phaselB study on intravenous synthetic mRNA electroporated
dendritic cell immunotherapyin pretreated advanced melanoma patients. Annals of Oncology 24(10),
2686-2693.

Wilgenhof, S., Van Nuffel, A.M., Corthals, J., Heirman, C., Tuyaerts, S., Benteyn, D., De, C.A., Van, R.l,,
Verfaillie, G., Vandeloo, J., 2011. Therapeutic vaccination with an autologous mRNA electroporated

dendritic cell vaccinein patients with advanced melanoma. Journal of Immunotherapy 34(5), 448.

46



Wilgenhof, S., Van Nuffel, AM., Corthals, )., Heirman, C., Tuyaerts, S., Benteyn, D., De Coninck, A., Van
Riet, |., Verfaillie, G., Vandeloo, J., Bonehill, A., Thielemans, K., Neyns, B., 2011. Therapeutic
vaccination with an autologous mRNA electroporated dendritic cell vaccine in patients with advanced
melanoma. J Immunother 34(5), 448-456.

Wolff, J.A., Malone, RW., Williams, P., Chong, W., Acsadi, G., Jani, A., Felgner, P.L,, 1990. Direct gene
transfer into mouse muscle invivo.Science 247(4949),1465-1468.

Wu, X., Brewer, G., 2012.The regulation of mRNA stabilityin mammalian cells:2.0. Gene 500(1),
10-21.

Xiao,H., Qi,R., Li, T, Awuah, S.G., Zheng, Y., Wei, W., Kang, X., Song, H., Wang,Y, Yu, Y, Bird, M.A,,
Jing, X., Yaffe, M.B., Birrer, M.J., Ghoroghchian, P.P., 2017. Maximizing Synergistic Activity When
Combining RNAi and Platinum-Based Anticancer Agents. J Am Chem Soc 139(8),3033-3044.

Yakubov, E., Rechavi, G., Rozenblatt, S., Givol, D., 2010.Reprogramminr of human fibroblasts to
pluripotentstem cells using mRNA of four transcription factors. Biochem . ophys Res Commun 394(1),
189-193.

Yan, J., Chen, R., Zhang, H., Bryers,J.D., 2018. Injectable Biodegrz ua..'e Chitosan-Alginate 3D Porous
Gel Scaffold for mRNA Vaccine Delivery. Macromol Biosci,e18( 0z-:?

Yan, Y, Xiong, H., Zhang, X., Cheng, Q., Siegwart, D.J., 2017.Z, ~te...ic mRNA Delivery to the Lungs by
Functional Polyester-based Carriers. Biomacromolecules 1¢‘12,4307-4315.

Yanez Arteta, M., Kjellman, T., Bartesaghi, S., Wallin,S. W 4, X, kvist, A.J., Dabkowska, A., Szekely, N.,
Radulescu, A., Bergenholtz, J., Lindfors, L., 2018. Suc. e.sfi | reprogrammingof cellular protein
production through mRNA delivered by functionai. ad lipid nanoparticles. Proc Natl Acad Sci US A
115(15),E3351-e3360.

Yang, L., Duff, M.O., Graveley, B.R., Carmichael,  G., Chen, LL, 2011.Genomewide characterization
of non-polyadenylated RNAs. Genome Bio: " 2(2),R16.

Yang, Z., Shi, J., Xie, J.,, Wang, Y, Sun, J. Liy, 7, Zhao, Y, Zhao, X., Wang, X., Ma, Y,, Malkoc, V., Chiang,
C., Deng, W,, Chen, Y, Fu, Y, Kwak, '\, Fan, Y, Kang,C., Yin, C., Rhee, J.,, Bertani, P.,, Otero, J., Lu, W.,
Yun, K., Lee, AS., Jiang, W., Teng, L., .""m, BYXS., Lee, LJ., 2019. Large-scalegeneration of functional
mRNA-encapsulatingexosome. via ~ellular nanoporation. Nat Biomed Eng.

Yasar, H., Biehl, A., De Rossi, - Krch, M., Murgia, X., Loretz, B., Lehr, C.M., 2018. Kinetics of mMRNA
delivery and protein trar slati. nin dendritic cells using lipid-coated PLGA nanoparticles.)
Nanobiotechnology 16." 72.

Yasue, A., Mitsui, S.N., V'~.canabe, T., Sakuma, T., Oyadomari, S., Yamamoto, T.,, Noji, S., Mito, T., Tanaka,
E., 2014. Highly efficient targeted mutagenesis in one-cell mouse embryos mediated by the TALEN and
CRISPR/Cas systems. Sci Rep 4, 5705.

Yeom, J.H., Ryou, S.M., Won, M., Park, M., Bae, J., Lee, K., 2013.Inhibition of Xenograft tumor growth
by gold nanoparticle-DNAoligonucleotide conjugates-assisted delivery of BAX mRNA. PLoS One 8(9),
e75369.

Yin, H., Song, C.Q., Dorkin, J.R., Zhu, LJ., Li, Y, Wu, Q., Park, A., Yang, J., Suresh,S., Bizhanova, A,
Gupta, A., Bolukbasi, M.F.,, Walsh,S., Bogorad, R.L,, Gao, G., Weng, Z., Dong, Y., Koteliansky, V., Wolfe,
S.A., Langer, R., Xue, W., Anderson, D.G., 2016. Therapeutic genome editing by combined viral and
non-viral delivery of CRISPR system components invivo. Nat Biotechnol 34(3), 328-333.

Yin, H., Song, C.Q., Suresh, S., Wu, Q., Walsh, S.,Rhym, L.H., Mintzer, E., Bolukbasi, M.F.,, Zhu, LJ.,
Kauffman, K., Mou, H., Oberholzer, A,, Ding, J., Kwan, S, Bogorad, R.L., Zatsepin, T., Koteliansky, V.,
Wolfe, S.A., Xue, W., Langer, R., Anderson, D.G., 2017. Structure-guided chemical modification of guide

47



RNA enables potent non-viral invivo genome editing. Nat Biotechnol 35(12),1179-1187.

Yoshioka, N., Gros, E., Li, H.R., Kumar, S., Deacon, D.C., Maron, C., Muotri, AR., Chi, N.C,, Fu, X.D., Yu,
B.D., Dowdy, S.F., 2013. Efficientgeneration of human iPSCs by a synthetic self-replicative RNA. Cell
Stem Cell 13(2),246-254.

Yu, J., Russell, J.E., 2001. Structural and functional analysis of an mRNP complex that mediates the
high stability of human beta-globin mRNA. Mol Cell Biol 21(17),5879-5888.

Yu, T., Wang, X,, Zhi, T., Zhang, J., Wang, Y, Nie, E., Zhou, F, You, Y, Liu, N., 2018. Delivery of MGMT
mRNA to glioma cells by reactive astrocyte-derived exosomes confers a temozolomide resistance
phenotype. Cancer Lett 433,210-220.

Zangi, L, Lui, K.O,, von Gise, A,, Ma, Q., Ebina, W., Ptaszek, LM., Spater, D., Xu, H., Tabebordbar, M.,
Gorbatov, R,, Sena, B., Nahrendorf, M., Briscoe, D.M,, Li, R.A.,, Wagers,AlJ., Rossi,D.J,, Pu, WT,, Chien,
K.R., 2013. Modified mRNA directs the fate of heart progenitor cells ar dinduces vascular regeneration
after myocardialinfarction. Nat Biotechnol 31(10), 898-907.

Zhang, H., Gao, S., Huang, Y,, 2016. siRNA, Pharmaceutical Composit on A d Conjugate Which Contain
siRNA, And Uses Thereof. World Intellectual Property Organizaticnv.22016206626,1-47.

Zhang, H., Gao, S., Huang, Y, 2017. Small Interfering RNA, Phar na.~".cal Composition, And
Application Thereof. World Intellectual Property Organizati~.. ‘"N 2017036398, 1-37.

Zhang, R., Men, K., Zhang, X., Huang, R, Tian, Y., Zhou, B., Y. C_Wang,Y, Ji, X., Hu, Q., Yang, L., 2018.
Delivery of a Modified mRNA Encoding IL-22 Binding Prot_in (IL-22BP) for Colon Cancer Gene Therapy.
J Biomed Nanotechnol 14(7),1239-1251.

Zhang, T.,, Huang, Y, Ma, X., Gong, N., Liu, X,, Li'* L., Ve, X., Hu, B., Li, C., Tian, J.H., Magrini, A,, Zhang, J.,
Guo, W., Xing, J.F., Bottini, M., Liang, X.J., 2C - 8. F uorinated Oligoethylenimine Nanoassemblies for
EfficientsiRNA-Mediated Gene Silencingin Seru. *-Containing Media by Effective Endosomal Escape.
Nano Lett 18(10),6301-6311.

Zhang, X,, Li, B., Luo, X., Zhao, W., Jian_, )., ...ang, C., Gao, M., Chen, X., Dong, Y, 2017.Biodegradable
Amino-Ester Nanomaterials for Ca< 3.1. RNA Delivery inVitroand in Vivo. ACS Appl Mater Interfaces
9(30), 25481-25487.

Zhao, C., Deng, H., Xu, J,, Li, S., ”ho..3, L, Shao, L, Wu, Y,, Liang, X.J., 2016."Sheddable" PEG-lipidto
balancethe contradiction o1 "cGv!ation between longcirculation and poor uptake. Nanoscale 8(20),
10832-10842.

Zhao, W.,, Zhang, C,, Li,. Znang, X., Luo, X., Zeng, C., Li, W., Gao, M., Dong, Y,, 2018. Lipid Polymer
Hybrid Nanomaterials f~~ mRNA Delivery. Cell Mol Bioeng 11(5),397-406.

Zhao, Y., Moon, E., Carpenito, C., Paulos, C.M., Liu, X., Brennan, A.L, Chew, A,, Carroll,R.G., Scholler, ).,
Levine, B.L., Albelda,S.M., June, C.H., 2010. Multipleinjections of electroporated autologous T cells
expressinga chimeric antigen receptor mediate regression of human disseminated tumor. Cancer Res
70(22),9053-9061.

Zheng, S., Wang, X., Weng, Y.H,, Jin, X,, Ji, J.L,, Guo, L, Hu, B,, Liu, N., Cheng, Q., Zhang, J., Bai, H., Yang,
T, Xia, X.H., Zhang, HY, Gao, S., Huang, Y, 2018. siRNA Knockdown of RRM2 Effectively Suppressed
Pancreatic Tumor Growth Alone or Synergistically with Doxorubicin. Mol Ther Nucleic Acids 12,
805-816.

Zhitnyuk, Y., Gee, P, Lung, M.SY, Sasakawa, N.,Xu, H., Saito, H., Hotta, A., 2018. Efficient mRNA
delivery system utilizing chimeric VSVG-L7Ae virus-like particles. Biochem Biophys Res Commun 505(4),
1097-1102.

Zhou, J.,, Wu, Y, Wang, C,, Cheng, Q., Han, S., Wang, X., Zhang, J.,, Deng, L., Zhao, D., Du, L., Cao, H.,

48



Liang, Z.,, Huang, Y, Dong, A., 2016. pH-Sensitive Nanomicelles for High-Efficiency siRNADeliveryin
Vitro andin Vivo: An Insightinto the Design of Polycations with Robust Cytosolic Release. Nano Lett
16(11),6916-6923.

Zhou, K., Nguyen, L.H., Miller, J.B,, Yan, Y, Kos, P, Xiong, H,, Li, L., Hao, J., Minnig, JT., Zhu, H., Siegwart,
D.J., 2016. Modular degradable dendrimers enable small RNAs to extend survivalinanaggressiveliver
cancer model. Proc Natl Acad Sci US A 113(3), 520-525.

Ziemniak, M., Strenkowska, M., Kowalska, J., Jemielity, J., 2013. Potential therapeutic applications of
RNA cap analogs. Future Medicinal Chemistry 5(10),1141.

Zinckgraf, JW., Silbart, LK., 2003. Modulating gene expression using DNA vaccines with different
3'-UTRs influences antibody titer, seroconversion and cytokine profiles.Vaccine21(15),1640-1649.

49



Figure Legends

Figure 1. 5’-cap analogues that have been used to express proteins.

Figure 2. Representative base modifications used for in vitro transcription of mRNA.
Figure 3. mRNA delivery and protein expression. (a) Scheme of the structure of in
vitro transcribed (IVT) mRNA. (b) Representative mRNA delivery formulations. (c)
MRNA cellular uptake and protein expression process.

Figure 4. Representative chemical structures of lipids, lipidoids and polymers
developed for mRNA delivery. The organs or cells that current delivery materials can
transport to are shown in the middle. The key consider>*ni1.. of developing novel
lipids, polymers, as well as other materials were .'su included in the figure.

MRNA-NP, mRNA-Iloaded nanoparticle.
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Table 1 Representative mRNA delivery systems

Delivery materials Component Ratioof Payload Adminis Targeted cell Disease m
ratio material mRNA tration  or tissue indication(
(mol% if to route
not MRNA
specified)
Lipid
DOTMA or DOTAP, DOPE NA 1.3/2 eGFP, Luc, iv. DC, Cancer (me
or cholesterol (charge) HA, OVA, macrophage
gp70
DOTMA/DOPE, or 2/1or 1/1 4/1 or Luc, Gi° iv. Lung NA
DOTMA/cholesterol (mol) 1.3/2 endothelial
(charge) and
¢\ macrophage
Liposome (DOTAP, 1/2 3/1 '\_-22BP i.p. Tumor Colon canc
cholesterol, 1/1(mol)), (lipids/prota  (wiw;
protamine mine, w/w)
DLinDMA, DSPC, cholesterol, 40/10/48/2 3. Luc, saRNA  im. Vascular RSV infect
DMG-PEG2000 (N/P) encoding endothelia or
o RSV-F myocytes.
DLin-MC3-DMA, DSPC, 50/10/38..' 10/1 EPO iLv. Hepatocyte Anemia
cholesterol, DMG-PEG2000 1.5 (w/w)
DLin-MC3-DMA, DSPC, 55/10/32.5/  30/1 Luc, Frataxin  intrathec  Dorsal root Friedreich’
cholesterol, DMG-PEG2(:1 2.5 (wiw) al ganglia
DLin-MC3-DMA, D."C, 50/10/38.5/ NA CFTR nasal Airway Cystic fibre
cholesterol, DMG-PE"".000 1.5 pumping epithelia
DLin-MC3-DMA, DSPC, 50/7/40/3 NA FIX, Luc, iv. hepatocyte hemophilia
cholesterol, DMG-PEG2000 GFP
DLin-MC3-DMA, DSPC, 50/10.5/38/ 16/1 Luc, IL10 iLv. Leukocyte Inflammatc
Cholesterol, DMG-PEG2000, 1.4/0.1 (wiw) disease
DSPE-PEG2000
DOTAP, DOPE, Chol, 50/10/35/5  5/1 GFP Invitro  DC NA
MPyg00-LPX (N/P)
Antibody-modified liposome 50/10/38.5/  20/1 Luc, eGFP iv. Lung NA
(ionizable cationic 1.5 (wiw) endothelial
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lipid/phosphatidylcholine/chol
esterol/PEG-lipid)

Lipidoid

C12-200, DOPE, cholesterol, 35/16/46.5/  10/1 EPO, FIX, iv. Hepatocyte Anemia (El
DMG-PEG2000 2.5 (wiw) Cas9 mRNA hemophilia
and anti- hereditary t
FAH sgRNA (anti-FAH
cKK-E12, DOPE, cholesterol, 15/26/40.5/ 10/1 _uETRPZ, s.c.,iv. DC, Cancer;
C14-PEG2000, Sodium Lauryl 2.5/16 (wiw) gp+J0, OVA, macrophages,  hyperchole
Sulfate (additive) p-gal, Cas9 neutrophils, (anti-pcsk9
mRNA and and B cells
oy SgRNA
cKK-E12, DOPE, 20a-OH, NA A Cre iLv. Endothelial NA
C18-PEG2000 (extrapo’..> cells,
from f.;ure hepatocytes,
1\ Kupffer cells,
50/12.../35/ immune cells
25
cKK-E12, DOPE, cholesterol,, 316/46.5/ NA Anti-HER2 Lv. Hepatocyte HER2-posi
14:0 PEG2000 PE .5 Antibody cancer
OF-02, DOPE, cholester~l,  35/16/46.5/  10/1 EPO i.v. Hepatocyte Anemia
DMG-PEG2000 2.5 (w/w)
OF-Deg-Lin, DOPE, 35/16/46.5/  10/1 Luc iv. Hepatocyte, B NA
cholesterol, DMG-PEG2000 2.5 (wiw) cell
OF-C4-Deg-Lin, DOPE, 35/16/46.5/  10/1 Luc iv. Liver, spleen NA
cholesterol, DMG-PEG2000 2.5 (w/w)
Lipid 5, DSPC, cholesterol, 50/10/38.5/  5.67/1 Luc, hPBGD  i.v. Hepatocyte Acute inter
DMG-PEG2000 15 (N/P) porphyria
Lipid 5, DSPC, cholesterol, 50/10/38.5/  5.67/1 hEPO, iv. Hepatocyte Anemia
DMG-PEG2000 1.5 (N/P) mCherry
Lipid 5, DSPC, cholesterol, 50/10/38.5/  5.67/1 hMUT iv. Hepatocyte Methylmalc
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DMG-PEG2000 1.5 (N/P) acidemia
Lipid H, DSPC, cholesterol, 50/10/38.5/  5.67/1 influenza HA, i.m. Muscle Influenza o
DMG-PEG2000 1.5 (N/P) prM-E from Infection
Zika
ATX-100, DSPC, cholesterol,  50/7/40/3 NA GFP, FIX iv. Hepatocyte Hemophilia
DMG-PEG2000
TT3, DOPE, cholesterol, 20/30/40/0. NA Luc, FIX iv. Hepatocyte Hemophilia
DMG-PEG2000 75
TT13, DOPE, Gd-DTPA-BSA, 20/12/18/40 NA Luc, eGFP iv. Hepatocyte NA
cholesterol, DMG-PEG2000 /0.75
TT3, DOPE, cholesterol, 15/25/45/0. NA Cas9 "RNA, i.v. Hepatocyte HBV or
DMG-PEG2000 75 anti-HRv r hyperchole
psc ‘9 so INA
LNP-INTO1, DSPC, 45/44/9/2 4.5/1 Casd mMRNA  iv. Hepatocyte TTR amylo
cholesterol, DMG-PEG2000 (N/P) ad anti-TTR
sgRNA
TNT-b;y, DOPE, cholesterol, 30/40/35/0. M. Luc iLv.ip. Spleen, liver NA
DMG-PEG2000 75 [ s.C. (hepatocyte)
C14-113, DSPC, cholesterol, 50/10/3f.0"  10/1 eGFP Intramyo cardiomyocyte Heart disea
DMG-PEG2000 1.5 (wiw) cardial
ZA3-Ep10, cholesterol, 10071, 7.5/1 Cas9 mRNA  iwv. Hepatocyte NA
PEG-lipid (racl) (wiw) and anti-LoxP
SgRNA
5A2-SC8, DOPE, cholesterc:, 25.8/23.8/4  20/1 Luc, iv. Hepatocyte Hepatorena
DMG-PEG2000 7.6/4.8 (wiw) mCherry, tyrosinemie
FAH
MPA-A (or MPA-/ Y), Yo} 'E, 20/30/40/0. NA Luc, Cas9 Intratum  Cancer cell NA
cholesterol, DMG-PEG.'000 75 oral, i.v.
C12-(2-3-2), DOPE, 8/5.29/4.41/ 17/1 Luc iv. Liver, lung NA
cholesterol, DMPE-PEG2000 0.88 (mol) (N/P)
C12-(2-3-2), DPPC, NA 8/1 Luc, ACE2 iLv. Liver, lung Liver and |
cholesterol, DMPE-PEG2000 (projected: (N/P) fibrosis
8/5.29/4.41/
0.88, mol)
C12-(2-3-2), DPPC, 8/5.29/4.41/ 8/1 Luc, BMP-2 local Osteoblast Bone defec
cholesterol, DMG-PEG2000, 0.88 (mol (N/P) implanta
and collagen, sucrose for lipids) tion
7C2 50/23.5/6.5/ 10/1 Cre, Cas9 iLv. Splenic Inflammatc
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(7Cl/cholesterol/C14-PEG200 20 or (wiw) mRNA and endothelial
0/18:1 Lyso PC) or 7C3 60/10/25/5 anti ICAM2 cells,
(7C1l/cholesterol/C14-PEG200 sgRNA hepatocyte
0/DOPE)
30600, DSPC, DOPE, 38.8/3.6/10. 8.75/1 Luc iv. Hepatocyte NA
cholesterol, 14/0 PEG2000-PE ~ 9/44.5/2.25  (w/w)
306019, DOPE, cholesterol, 35/46.5/16/ NA Luc iLv. Hepatocyte NA
C14-PEG2000 2.5
LNPgspaim, ((ssPalm, DOPE, (3/3/4) +3% NA Luc, eGFP Intracere Brain neuronal NA
cholesterol) + or 1% mol broventri cells and
DMG-PEG2000) cular astrocytes
LNPsspaim, (60/10/30) + NA Luc iLv. Inflammatory NA
((ssPalmO-Paz4-C2, DOPC, 3% mol lesions
cholesterol) + DSG-PEG5000) \
Lipid and polymer hybrid Y
TarN3C10, DSPC, cholesterol, 5/2/2/1 5/1 Eru iLv. Hepatocyte Anemia
DMG-PEG2000 (wiw) (wiw}
DD90-C12-122, 14/0 PEG2000  100/7 571 Luc iv. Lung NA
PE (mol%) iv/?)
Al, 18/0 PEG2000 PE 100/5 /1 Luc iv. Lung NA

(mol%, (N/P)
C1 (PBAE-PCL), 14/0 10715 50:1 Luc iv. Lung NA
PEG2000 PE (wi%) (wiw)
Amino-polyester (1-DD3.  50/25/23.5/  8/1 Luc, Cre iv. Lung NA
A-TD3, B-DD3), DOPE, 1.5 (N/P) endothelium,
cholesterol, DMG-"=G00r, hepatocyte,

splenic APC
Liposome (DOTAP, CHEMS, NA NA Luc, OTC iv. Hepatocyte Ornithine
cholesterol, PEG 2000-lipid) transcarbar
and and micelle deficiency
(GalNAc-C5-PEG12-ECT
(CTA))
DOTMA, PLGA 13/60 (w/w) 30/1 mCherry In vitro DC NA
(wiw)

Lipl, Lip2, TriMan-Lip, and 47.5/47.5/5 3/1 OVA, E7, Lv. DC Cancer
PEG-HpK (for lipids) (wiw) MART1
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PLGAA4-7 LPNs ((TT3, DOPE, 25/25/45/0. NA Luc, eGFP Invitro  Hep3B NA
cholesterol, DMG-PEG2000) + 75 for lipids
PLGA4) (mol),
PLGA/mR
NA =9/1
(w/w)
CLAN (PEGsk-PLGA 1k, 21.875/1.92 25.8/0.1 OVA iv. DC Lymphoma
PLGA1x, BHEM-cholesterol)  5/2 (w/w) (wiw)
Polymer o~
CP 2k N/A 16/1 Luc. HIN in. Nasal HIV
(N/P) pl) associated
lymphoid
N tissue
hDD90-118 N/A 50/1 Luc inhalatio  Lung NA
) n epithelium
PAASK-(2-3-2) N/A L Luc aerosol  Lung NA
N/P)
PE4K-A17-0.33C12, Pluronic 95/ (w/w)  30/1 Luc iv. Lung NA
F127 (wiw)
CART Dy3/A11 7 N;, 10/1 eGFP, Luc im.iv. Myocyte NA
(oligo(carbonate-b-a-amino (cation/a (i.m.), spleen
ester)) nion) and liver (i.v.)
PElok-LinA5-PEG; N/A 4.5/1 eGFP iLv. Pulmonary NA
(wiw) microvascular
endothelium
PEG-PAsp(TEP)-Chol N/A 8/1 sFIt-1, Luc iv. Tumor Pancreatic
(N/P)
CRGD-PEG-P(Lys-MP), N/A 1.5/1 Luc, GFP iv. Tumor Neuroglion
PNIPAM-PLys(SH) (N/P)
PEG[GIu(DET)], N/A 2/1 follistatin s.C. Hepatocyte Muscle wa
(N/P) disorder
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aPACE N/A 100/1 EPO iv. Hepatocyte Anemia
(wiw)
P(Asp-AED-ICA)-PEG N/A 20/1 GFP in vitro Cell line N/A
(N/P)
PEG-PLys(AMP-26) N/A 2/1 Luc In vitro Huh-7 NA
(N/P)
N5 (PEH), recombinant, N/A elF4E to  ovalbumin, iLv. Lung NA
human elF4E mRNA:  SIIN"-EKL
1/1(wiw) peptide. ¢
;i N5
(PEH) to
MRNA:
50/1( "w
P)
Polyamine (2-2-2-2), PABP N/A P B to  Luc iv. Lung NA
TRNA
U1(wiw)
Polyami
ne to
MRNA:
50/1
(N/P)
Polymer and peptide
OM-PBAE N/A 25/1 Luc, eGFP iv. Spleen, liver NA
(wiw)
PPx-GALA N/A 4/1 eGFP, OVA In vitro Cell line, dc NA
(N/P)
poly(lactic acid), CPP NA NA eGFP In vitro DC NA
(LAH4-L1, LAH4, RALA)
RALA N/A 10/1 eGFP, OVA id. DC NA
(N/P)
Biologics
Exosome N/A NA MGMT intratum  Glioma cell Glioma
oral
RBC EV N/A NA Cas9 mRNA  Invitro Leukemia cell NA
and anti-
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miR-125b-2

locus sgRNA
EV NA NA HchrR6 i.p. Tumor Breast canc
EV NA NA EGFP, intratum  Tumor Schwannor

CD-UPRT oral oma
VSVG-L7Ae virus like NA NA eGFP In vitro iPSC and NA
particle monocyte
Lipid hybrid [§
Chitosan-alginate gelscaffold, NA NA -uc, DVA s.C. DC NA
Stemfect™
CombiMag (neodymium, NA NA LMX1A, In vitro hNP1 Generate
NdFeB), Stemfect™ (lipid) FOXA2 and dopaminerg

~~y PITX3

Squalene, DOTAP, sorbitan 4.3/0.4/0.5/ .1 Clade C i.m. Myocytes, HIV infecti
trioleate, polysorbate 80 0.5 (wt%,, N/P) envelope DC,

glycoprotein macrophage,

neutrophil
Others : )
Nhex2NcF4Nce6 (fluorinated  Ni/-. 30/1 eGFP In vitro H1299 NA
peptoid crystal) \ (mol%)
AUNP-DNA NA NA BAX intratum  Tumor Cancer
N\ oral
MOF-PGMA(EA) N/A 1.5/1 Luc Invitro  Cell line NA
(N/P)

Abbreviation: N/A, not applicable; NA, not available; i.d., intradermal; i.m., intramuscular; i.n.,
intranasal; i.p., intraperitoneal; i.t., intratracheal; iv., intravenous; s.c., subcutaneous; r.o.,
retro-orbital injection; ACE2, angiotensin converting enzyme 2; APC, antigen presenting cell;
ASSET, anchored secondary scFv enabling targeting; AuNP, gold nanoparticle; BAX, BCL-2
(B-cell lymphoma 2)-associated X-protein; Cas9, clustered regularly interspaced short
palindromic repeats (CRISPR) associated protein 9; CD-UPRT, cytosine deaminase (CD) fused to
uracil phosphoribosyltransferase (UPRT); CFTR, cystic fibrosis transmembrane conductance
regulator; CPP, cell-penetrating peptide; Cre, cyclization recombination enzyme; DC, dendritic
cell; DLinDMA , 1,2-dilinoleyloxy-3-dimethy laminopropane; DLin-MC3-DMA,
(62,92,282,312)- Heptatriaconta- 6,9,28,31-tetraen-19-yl 4-(dimethylamino) butanoate; DOPE,
1,2-dioleoyI-sn-glycero-3-phosphoethanolamine; DOTAP, 1,2-dioleoy loxy-3-trimethylammonium
propane chloride; DOTMA, N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride;
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; E7, human papillomavirus 16 (HPV16)
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oncoprotein E7; eGFP, enhanced green fluorescence protein; elF4E, eukaryotic initiation factor 4E;
EPO, erythropoietin; EV, extracellular vesicle; FAH, fumarylacetoacetate hydrolase; FIX, factor
IX; FOXA2, forkhead box protein A2; gp100, glycoprotein 100; gp120, glycoprotein 120; gp70,
glycoprotein 70; HA, influenza virus hemagglutinin; hBMP-2, human bone morphogenetic protein
2; HBV, Hepatitis B virus; hMUT, human methylmalony|-CoA mutase; hNP1, H9-derived human
neural progenitor cell line; hPBGD, human porphobilinogen deaminase; ICAMZ2, intercellular
adhesion molecule 2; IL-22BP, IL-22 binding protein; iPSC, induced pluripotent stem cell;
LMX1A, LIM homeobox transcription factor 1 alpha; Luc, luciferase; MGMT,
0-6-methylguanine-DN A methyltransferase; MART1, melanoma antigen recognized by T-cells 1;
MIT, Massachusetts Institute of Technology; N/P, molar ratio of the amino group (N) to the
phosphate group (P); OTC, ornithine transcarbamylase; OVA, ovalbumin; PAA, poly(acrylic acid);
PABP, poly(A) binding proteins; PEG, polyethylene glycol, PTl. polyethylenimine; PITXS3,
pituitary homeobox 3; PLGA, poly(lactic-co-glycolic acid); RBC, red blood cell; RSV-F,
respiratory syncytial virus fusion glycoprotein; saRNA, s:f-aplifying mRNA; sFlt-1,
anti-angiogenic protein; ssPalm, SS-cleavable proton-activawd lipid-like material, TRP2,
tyrosinase-related  protein  2; TTR, Transthyretin; [-2°, p-galactosidase; 20a-OH,
20a-hydroxycholesterol.
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