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Direct Gene Transfer into Mouse Muscle in Vivo

JoN A. WOLFF,* ROBERT W. MALONE, PHILLIP WILLIAMS,
WANG CHONG, GYULA ACSADI, AGNES JANI, PHILIP L. FELGNER

[ RNA and DNA}.xpression vectors containing genes for chloramphenicol acetyltrans-
ferase, luciferase, and B-galactosidase were separately injected into mouse skeletal
muscle in vivo. Protein expression was readily detected in all cases, and no special
delivery system was required for these effects. The extent of expression from both the
RNA and DNA constructs was comparable to that obtained from fibroblasts transfect-
ed in vitro under optimal conditions. In situ cytochemical staining for B-galactosidase
activity was localized to muscle cells following injection of the B-galactosidase DNA
vector. After injection of the DNA luciferase expression vector, luciferase activity was

present in the muscle for at least 2 months.

OST EFFORTS TOWARD POSTNA-
tal gene therapy have relied on
indirect means of introducing

new genetic information into tissues: target
cells are removed from the body, infected
with viral vectors carrying the new genetic
information, and then reimplanted into the
body (7). For some applications, direct in-
troduction of genes into tissues in vivo,

(5). With the use of catonic lipid vesicles
(6), mRNA sequences containing clements
that enhance stability can be efficiently trans-
lated in tissue culture cells (7) and in Xeno-
pus laevis embryos (8). We now show that
injection of pure RNA or DNA directly into
mouse skeletal muscle results in significant
expression of reporter genes within the mus-
cle cells.

9 and 10 and 21 to 24, respectively). The
average total amount of CAT activity ex-
pressed in muscle was 960 pg for the RNA
injections and 116 pg for the DNA injec-
tions. The variability in CAT activity recov-
ered from different muscle sites probably
represents variability inherent in the injec-
tion and extraction technique, because sig-
nificant variability was observed when pure
CAT protein or pRSVCAT-transfected fi-
broblasts were injected into the muscle sites
and immediately excised for measurement of
CAT activity. CAT activity was also recov-
ered from abdominal muscle injected with
the RNA or DNA CAT vectors (13), indi-
cating that other muscles can take up and
express polynucleotides.

The site of gene expression was deter-
mined for the pRSViac-Z DNA vector (14)
expressing the Escherichia coli B-galactosidase
gene (Fig. 2). Seven days after a single
injection of 100 pg of pRSVia-Z DNA
into individual quadricep muscles, the entire
muscles were removed, and every fifth
15-pm cross section was histochemically
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Article

Screening of mRNA Chemical Modification to Maximize
Protein Expression with Reduced Immunogenicity

Satoshi Uchida !, Kazunori Kataoka -*3* and Keiji Itaka -*
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Pharmaceutics 7: 137-151, 2015
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Global quantification of mammalian gene
expression control

Bjérn Schwanhiusser', Dorothea Busse', Na Li', Gunnar Dittmar', Johannes Schuchhardt?, Jana Wolf', Wei Chen'
& Matthias Selbach'
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nature 473:337, 2011
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Systematic discovery of structural elements
governing stability of mammalian messenger RNAs

Hani Goodar: Zt H.lmedb Najafaba di***, Panos Oikonomou"?t, Todd M. Greco?, Lisa Fish®, Reza Salavati**®, [leana M. Cristea’
& Saeed Tawv:

LETTER

doi:10.1038/nature: 11013

doi:10.1038/nature142!

hiCLIP reveals the in vivo atlas of mRNA secondary

structures recognized by Staufen 1

Yoichiro Sugimnlo', Aless-:andra \figilamea"", Elodie Darbo’*, Alexandra Zirra?, Cristina MilittiZ, Andrea D’Ambmgin"z,
Nicholas M. Luscombe®*> & Jernej Ule'+?
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DNA Research 16, 45-58, (2009) doi:10.1093 /dnar

Database for mRNA Half-Life of 19 977 Genes Obtained by DNA
Microarray Analysis of Pluripotent and Differentiating
Mouse Embryonic Stem Cells

Lioudmila V. SHarova, Alexei A. SnarovT, Timur Neporezov, Yulan Piao, Nabeebi SHaik,
and Minoru S.H. Ko*
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Genome-wide technology for determining RNA
stability in mammalian cells

Historical perspective and recent advantages based on
modified nucleotide labeling

Hidenori Tani' and Nobuyoshi Akimitsu®*
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Engineering circular RNA for potent and stable

translation in eukaryotic cells
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A) Conventional mRNA

Vaccine Immunogen in 77'11_4
R p translation
% i Antigen or
5 UTR 3'UTR immunotherapy
B) Self-amplifying RNA M
Alphavirus nsP1-4 Vaccine Immunogen in situ in situ j
@M\/\')\/\WQI AA W translation Q translation
5 CSE 3' CSE RdRP Amplification Antigen or
complex of RNA immunotherapy
C) Trans-amplifying mRNA
Alphavirus nsP1-4 T
o B VR ST t&
' : in situ M in situ
5'UTR 3'UTR translation ﬂ M translation w ﬁ
\acans \purogen RdARP Amplification Antigen or
- AARAPS complex of RNA immunotherapy
§'CSE 3'CSE

Fig. 1 Conventional, self-amplifying, and trans-amplifying RNA
vaccine designs. A 5’ cap (m7G) and poly A tail are common to all
RNA transcripts. A Conventional mRNAs encode the vaccine
immunogen and flanking 5" and 3’ UTRs. An antigen or immu-
notherapy is translated from the nonreplicating transcript. B Self-
amplifying RNA encodes 5 and 3’ CSE sequences, the nsP1-4 genes,
a subgenomic promoter, and the vaccine immunogen. Following
in situ translation, the nsP1-4 proteins form an RARP complex which
recognizes flanking CSE sequences and amplifies vaccine-encoding
transcripts. This results in an accumulation of the antigen or immu-
notherapy within the cell. C Trans-amplifying mRNAs use two

different transcripts to achieve a similar effect to self-amplifying
RNAs. A conventional mRNA encoding the nsP1-4 genes flanked by
5" and 3’ UTRs is co-delivered with a separate transcript that encodes
the viral CSE sequences, the subgenomic promoter, and the vaccine
immunogen. In situ translation of the conventional mRNA results in
the formation of the RARP complex, which subsequently amplifies the
vaccine-encoding transcript to result in the accumulation of the antigen
or immunotherapy. UTR untranslated region, CSE conserved sequence
elements, nsP1-4 nonstructural proteins 1-4, RARP RNA-dependent
RNA polymerase.

Gene Therapy (2021) 28:117-129
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pubs.acs.org/acschemicalbiology Letters

Complete Chemical Synthesis of Minimal Messenger RNA by
Efficient Chemical Capping Reaction

Naoko Abe, Akihiro Imaeda, Masahito Inagaki, Zhenmin Li, Daisuke Kawaguchi, Kaoru Onda,
Yuko Nakashima, Satoshi Uchida, Fumitaka Hashiya, Yasuaki Kimura, and Hiroshi Abe*

Cite This: https://doi.org/10.1021/acschembio.1c00996 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations | @ Supporting Information
f&BS’l'RA.C'l': Site—.speciﬁc c.hemical modi.ﬁ.cation of.mRNA can _’ -o—g—jm . ™
improve its translational efhiciency and stability. For this purpose, it ynihesizer o

is desirable to develop a complete chemical synthesis method for g"'iﬁiﬁjﬁ’;:iﬂr:“is’zei"f”’q - o, ocks
chemically modified mRNA. The key is a chemical reaction that ! — iy-CHe
introduces a cap structure into the chemically synthesized RNA. In In‘:(?;iazp Néj«r{; ) o o o . g:‘Jf:’N

this study, we developed a fast and quantitative chemical capping 5205 v ‘N\cy—o—ﬁ?—o#-o—ﬁ—om N

reaction between S’-phosphorylated RNA and N’-methylated — Solvent R I o, om

GDP imidazolide in the presence of l-methylimidazole in the “Complete Chemical mRNA Synthesis” NS
organic solvent dimethyl sulfoxide. It enabled quantitative \ .

preparation of capping RNA within 3 h. We prepared chemically
modified 107-nucleotide mRNAs, including Né—mcthyladenosinc,
insertion of non-nucleotide linkers, and 2’-O-methylated nucleotides at the 5’ end and evaluated their effects on translational activity
in cultured HeLa cells. The results showed that mRNAs with non-nucleotide linkers in the untranslated regions were sufhiciently
tolerant to translation and that mRNAs with the Cap_2 structure had higher translational activity than those with the Cap 0
structure.

ACS Chem. Biol. 2022, 17: 1308-1314
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MRNA LNP formulation
Cationic/ionizable .
lipids : §
e.g., DOTMA, DOTAP : ﬁ\
/ MC3, C12-200
e nucleic acids + W \\Rg L \N\
complexation ; ol o o M
e membrane ¥ \\\;\ | 5\\\ e f\/\
fusion e -f/ /, )’ U\
o [ // \S S
b4 \ : AT o
Structural Z } 5‘ : 3 ®- 8
helper lipids =7 €. -4 ; = S
s SEE =
e.g., DSPC, DPPC A ',,'\H,f 1 \ s o
e bilayer support 7" 7 5 L ERG
Cholesterol :
® integrity —_— : inverted
® endosomal IS phayey ¢ hexagonal
release structure structure

“Stealth” PEG
lipids
e.g., DSPE-PEG,
DMPE-PEG
e hydrophilic surface

@ steric hindrance

Non-bilayer forming
lipids
e.g., DOPE
e endosome
destabilization

Verbeke R, et al. Three decades of
messenger RNA vaccine development.

J Nano Today 28: 100766, 2019
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RNA Payload

Nucleoside
modified
spike
mRNA
Nucleoside
modified
spike
mRNA

Unmodified
spike
mRNA

Self-amplifying

spike mRNA

Self-amplifying

spike mRNA

Nucleoside
modified
spike mRNA

Cas9 mRNA

&TTR sgRNA

TTR siRNA

Clinical trial

icati Product Compan
Application (Phase) roduc pany
Emergency
COVID-I9 —  use | RNA-1273 Moderna
vaccine (i.m.) authorized
in 2020
COVID-19
vac(:ine (i.m.) APProved R
<UL in 2021 Pfizer
COVID-19 NCT04860
CureVac
vaccine (i.m.) 258 (III) CXnEoif
COVID-19 2%;3';;5:4 LNP-nCo  Imperial
vaccine (i.m.) - VsaRNA College
6-20 (I)
LUNAR-
CO-VlDt19 Ns(;IO;tIn COV19 Arcturns
vaccine (i.m.) In (ARCT-021)

COVID-19 NCT04566 ChulaCov19 Chulalong
vaccine (i.m.) 276(1) korn
Univeristy
TR NCT04601
knockout T " T NTLA-2001  Intellia
@i.v) U
TTR A .
knockdown pprove Onpattro Alnylam
in 2018

(i.v.)

Nat Commun
12:7233,2021
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Mechanisms of innate and adaptive immunity to
the Pfizer-BioNTech BNT162b2 vaccine

Chunfeng Li', Audrey Lee’, Lilit Grigoryan', Prabhu S. Arunachalam®’, Madeleine K. D. Scott'?,
Meera Trisal', Florian Wimmers©', Mrinmoy Sanyal®3, Payton A. Weidenbacher?, Yupeng Feng©®',
Julia Z. Adamska', Erika Valore', Yanli Wang', Rohit Verma', Noah Reis ', Diane Dunham?,

Ruth O'Hara®, Helen Park®, Wei Luo’, Alexander D. Gitlin®®2°, Peter Kim*', Purvesh Khatri©'2,
Kari C. Nadeau®*™2 and Bali Pulendran @913 =

Despite the success of the BNT162b2 mRNA vaccine, the immunological mechanisms that undetlie its efficacy are poorly
undetstood. Here we analyzed the innate and adaptive responses to BNT162b2 in mice, and show that immunization stimulated
potent antibody and antigen-specific T cell resp , as well as strikingly enhanced innate responses after secondary immu-
nization, which was concurrent with enhanced serum interferon (IFN)-7 levels 1d following secondary immunization. Notably,
we found that natural killer cells and CD8* T cells in the draining lymph nodes are the major producers of this circulating IFN-y.
Analysis of | kout mice r led that induction of antibody and T cell responses to BNT162b2 was not dependent on signal-
ing via Toll-like receptors 2, 3, 4, 5 and 7 nor inflammasome activation, nor the necroptosis or pyroptosis cell death patk
Rather, the CD8* T cell response induced by BNT162b2 was dependent on type | |nterferon-dependent MDAS 5|gnalll1g These
results provide insights into the molecular mechanisms by which the BNT162b2 vaccine stimul resp

Nat. Immunol 23:543-555, 2022

Immunity

Lipid nanoparticles enhance the efficacy of mRNA
and protein subunit vaccines by inducing robust T
follicular helper cell and humoral responses

Authors

Mohamad-Gabriel Alameh,
Istvan Tombacz, Emily Bettini, ...,

Graphical abstract

Vaccine modality T GGB  MBC LLPC
- g

,‘* 1.A'*r "’,' ° Botond Z. Igyart6, Michela Locci,
mMRNA-LNP 2 Tttt TtT T1t1t 111 NorbertPardi
Empty LNP + Protein " 111 111 11t 111 Correspondence
michela.locci@pennmedicine.upenn.edu
Addavax + Protein . T T 1 1 (M.L),

pnorbert@pennmedicine.upenn.edu (N.P.)

In brief

The mechanism of action of nucleoside-
modified mRNA-LNP vaccines is
unknown. Alameh et al. demonstrate that
LNPs can possess adjuvant activity and
promote robust induction of Tth cell, B
cell, and humoral responses when utilized
in mRNA and protein subunit vaccines in
mice. IL-6 induction and the ionizable
lipid component are critical for the
adjuvant activity of LNPs.

Immunity 54, 2877-2892, 2021

Empty LNP + Protein
or mRNA-LNP
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https://doi.org/10.1038/541590-022-01160-y

M) Check for updates

IL-1 and IL-1ra are key regulators of the
inflammatory response to RNA vaccines

Siri Tahtinen', Ann-Jay Tong', Patricia Himmels', Jachak Oh®', Andres Paler-Martinez',
Leesun Kim', Sara Wichner!, Yoko Oei', Mark J. McCarron', Emily C. Freund', Zhainib Adel Amir',

1

Cecile C. de la Cruz', Benjamin Haley', Craig Blanchette', Jill M. Schartner’, Weilan Ye ®',
Mahesh Yadav', Ugur Sahin ©2, Lélia Delamarre’ and Ira Mellman®'>

The use of lipid-formulated RNA vaccines for cancer or COVID-19 is associated with dose-limiting systemic inflammatory
responses in humans that were not predicted from preclinical studies. Here, we show that the ‘interleukin 1 (IL-1)-interleu-
kin 1receptor antagonist (IL-1ra)’ axis regulates diated sy ic infl ion in a host-specific manner. In human
immune cells, RNA vaccines induce production of IL-1 cytokines, predominantly IL-13, which is dependent on both the RNA
and lipid formulation. IL-1in turn triggers the induction of the broad spectrum of pro-infl ory cytokines (including IL-6).
Unlike humans, murine leukocytes respond to RNA vaccines by upregulating anti-inflammatory IL-1ra relative to IL-1 (predomi-
nantly IL-1a), protecting mice from cytokine-mediated toxicities at >1,000-fold higher vaccine doses. Thus, the IL-1 pathway
plays a key role in triggering RNA vaccine-associated innate signaling, an effect that was unexpectedly amplified by certain
lipids used in vaccine formulations incorporating N1-methyl-pseudouridine-modified RNA to reduce activation of Toll-like
receptor signaling.

Nat. Immunol 23:532-542, 2022
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Regulatory situation of mRNA-based therapy

Difinition of “gene therapy” by FDA

“Modification of genetic material of living cells. Cells may be modified ex
vivo for subsequent administration to humans, or may be altered in vivo
by gene therapy given directly to the subject. ... Recombinant DNA
materials used to transfer genetic material for such therapy are
considered components of gene therapy.”

EU Gene Therapy (GTMP) difinition (Directive 2001-83 p164)

“Gene therapy medicinal product means a biological medicinal product

which has the following characteristics

(a)It contains an active substance which contains or consists of a
recombinant nucleic acid used in or administered to human beings
with a view to regulating, repairing, adding or deleting a genetic
sequence”

(b)Its therapeutic, prophylactic or diagnostic effect relates directly to
the recombinant nucleic acid sequence it contains, or to the product
of genetic expression of this sequence.

Gene therapy medicinal products shall not include vaccines against
infectious diseases.



80+ new viruses discovered since 1980... but vaccines on the

market against only 3 of these viruses

Novel Viruses Discovered, (1980 -2019)
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Commercial market
(2021 estimates) or
annual direct
medical costs

exceeds >$1 00B

for these viruses
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MODERNA AND MERCK ANNOUNCE MRNA-4157/V940, AN INVESTIGATIONAII PERSONALIZED MRNA CANCER VACCINE,IIN

COMBINATION WITH|JKEYTRUDA(R] (PEMBROLIZUMAB), MET PRIMARY EFFICACY ENDPOINT IN PHASE 2B KEYNOTE-942 TRIAL

DECEMBER, 13, 2022

)/ DOWNLOAD

MRNA-4157/v940, in combination with KEYTRUDA, demonstrated a statistically significant and clinically meaningful reduction in the risk of disease recurrence or death
compared to KEYTRUDA monotherapy in stage III/IV melanoma patients with high risk of recurrence following complete resection

Results are the first demonstration of efficacy for an investigational mRNA cancer treatment in a randomized clinical trial
Companies plan to discuss results with regulatory authorities and initiate a Phase 3 study in melanoma in 2023 and rapidly expand to additional tumor types

CAMBRIDGE, MA and RAHWAY, NJ / ACCESSWIRE / December 13, 2022 / Modermna, Inc. (NASDAG:MRNA), a biotechnology company pioneering messenger RNA (mRNA) therapeutics and vaccines,
and Merck (NYSE:MRK), known as MSD outside of the United States and Canada, today announced that the Phase 2b KEYNOTE-942/mRNA-4157-P201 trial of mRNA-4157/V940, an investigational
personalized mRNA cancer vaccine, in combination with KEYTRUDA®, Merck's anti-PD-1 therapy, demonstrated a statistically significant and clinically meaningful improvement in the primary endpoint
of recurrence-free survival (RFS) versus KEYTRUDA alone for the adjuvant treatment of patients with stage Ill/IV melanoma following complete resection. Adjuvant treatment with mRNA-4157/V940 in
combination with KEYTRUDA reduced the risk of recurrence or death by 44% (HR=0.56 [95% Cl, 0.31-1.08]; one-sided p-value=0.0266) compared with KEYTRUDA alone.

"Today's results are highly encouraging for the field of cancer treatment. mRNA has been transformative for COVID-19, and now, for the first time ever, we have demonstrated the potential for mRNA to
have an impact on outcomes in a randomized clinical trial in melanoma,” said Stéphane Bancel, Moderna's Chief Executive Officer. "We will begin additional studies in melanoma and other forms of
cancer with the goal of bringing truly individualized cancer treatments to patients. We look forward to publishing the full data set and sharing the results at an upcoming oncology medical conference,
as well as with health authorities.”

"These positive findings represent an important milestone in our collaboration with Moderna," said Dr. Dean Y. Li, president, Merck Research Laboratories. "Over the last six years, our teams have
worked closely together combining our respective expertise in mRNA and immuno-oncology with a focus on improving outcomes for patients with cancer. We look forward to advancing this program
into the next phase of development.”

"The results of this randomized Phase 2b trial are exciting for the field. These data provide the first evidence that we can improve on the rates of recurrence-free survival achieved by PD-1 blockade in
resected high-risk melanoma. These findings also provide the first randomized evidence that a personalized neoantigen approach may be beneficial in melanoma,” said Jeffrey S. Weber, MD, PhD,



Article

Personalized RNA neoantigen vaccines
stimulate T cells in pancreatic cancer

https://doi.org/10.1038/s41586-023-06063-y  Luis A. Rojas"*'®, Zachary Sethna'**®, Kevin C. Soares®?, Cristina Olcese?, Nan Pang?,
Erin Patterson?, Jayon Lihm®*, Nicholas Ceglia®, Pablo Guasp'?, Alexander Chu?,
Rebecca Yu'?, Adrienne Kaya Chandra'?, Theresa Waters'?, Jennifer Ruan'?,
Accepted: 6 April 2023 Masataka Amisaki'?, Abderezak Zebboud;j"?, Zagaa Odgerel'?, George Payne'?,
Published online: 10 Mav 2023 Evelyna Derhovanessian®, Felicitas Miiller®, Ina Rhee®, Mahesh Yadav®, Anton Dobrin™®,
: d Michel Sadelain™®, Marta tuksza®, Noah Cohen', Laura Tang", Olca Basturk™", Mithat Génen™,
Open access Seth Katz®, Richard Kinh Do, Andrew S. Epstein, Parisa Momtaz', Wungki Park®*,
Ryan Sugarman'®, Anna M. Varghese™, Elizabeth Won', Avni Desai, Alice C. Wei*?,
Michael I. D’Angelica??, T. Peter Kingham?3, Ira Mellman®, Taha Merghoub™,
Jedd D. Wolchok™, Ugur Sahin®, Ozlem Tiireci®'*®, Benjamin D. Greenbaum*"7=,
Wwilliam R. Jarnagin??, Jeffrey Drebin??, Eileen M. O'Reilly®™* & Vinod P. Balachandran'***

Received: 10 January 2023
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Table 1| Selected mRNA therapeutics in development

Drug
AZD8601

LUNAR-OTC

mRNA-3927
mRNA-3705
mRNA-3745
mRNA-2752
MRT5005
UX053

SAR441000
(BNT131)

BNT141

BNT151

BNT152

BNT153
BNT311/GEN1046
BNT312/GEN1042
NA

Eth42

Company

Moderna
Arcturus

Moderna
Moderna
Moderna
Moderna
Sanofi (Translate Bio)

Ultragenyx, Arcturus
Sanofi, BioNTech

BioNTech

BioNTech

BioNTech

BioNTech

Genmab, BioNTech
Genmab, BioNTech
Sanofi (Translate Bio)

Ethris

Encoded protein(s)
VEGFA

Ornithine transcarbamylase

Propionyl-CoA carboxylase
Methylmalonyl-CoA mutase
Glucose-6 phosphatase

0OX40 ligand, IL-23, IL-36

CFTR

Glycogen debranching enzyme
IL-12, [FNa, GM-CSF, IL-15

Claudin18.2 antibody

Modified IL-2

IL-7

IL-2

Bispecific antibody, PD-L1x4-1BB
Bispecific antibody, CD-40x4-1BB
DNAI1

CCDC40

Delivery method

Epicardial
injection, no carrier

LNP IV

LNP IV

LNP IV

LNP IV

LNP intratumoral
LNP inhalation
LNP IV

LNP intratumoral

LNP IV

LNP IV

LNP IV

LNP IV

\Y

v

LNP inhalation
LNP inhalation

Lead indication

Myocardial ischaemia

Ornithine transcarbamylase
deficiency

Propionic acidemia
Methylmalonic acidemia
Glycogen storage disease type 1a
Solid tumours, lymphoma

Cystic fibrosis

Glycogen storage disease typelll

Solid tumours

Solid tumours
Solid tumours
Solid tumours
Solid tumours
Solid tumours
Solid tumours
Primary ciliary dyskinesia

Primary ciliary dyskinesia

Status

Phase lla
complete

Phase |

Phase |
Phase |
Phase |
Phase |
Phase I/
Phase |
Phase |

Phase I/
Phase I/
Phase |
Phase |
Phase |
Phase I/
Preclinical

Preclinical

CCDCA40, coiled-coil domain containing 40; CFTR, cystic fibrosis transmembrane conductance regulator; CoA, coenzyme A; DNAIL, dynein axonemal intermediate
chain 1; GM-CSF, granulocyte macrophage colony-stimulating factor; IFNa, interferon alpha; IL, interleukin; IV, intravenous; LNP, lipid (or lipidoid) nanoparticle;
NA, not available; VEGFA, vascular endothelial growth factor A.

Nature Review Drug Discovery 21:699, 2022
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