Rational design of mMRNA folding
architecture to enhance protein
production

Ni Qiangian, PhD, Assistant Professor
Diagnostic Radiology, Nanomedicine TRP
School of Medicine, National University of Singapore

Email: ggian.ni@nus.edu.sg

NEXT-GENERATION
DELIVERY INNOVATIONS

CRS ==

ANNUAL MEeTINé PHILADELPHIA, PA
& EXPOSITION JULY 13-18, 2025




RNA therapy: bridging niche to mainstream medicine
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Therapeutic Developer Type  Indication Target organ Administratio  Approval

1 route vear
Fomivirsen (Vitravene) Tonis ASO CMV Eye Intravitreal FDA 1098
EMA 1992
Eteplirsen (Exondys 51) Sarepta ASO DMD Muscle Intravenous FDA 2016
Mipomersen (Kynamro) Ionis ASO HoFH Liver Subcutaneous | FDA 2013
EMA 2012
Nusinersen (Spinraza) Tonis ASO SMA CNS Intrathecal FDA 2016
EMA 2017
Inotersen (Tegsedi) Tonis ASO hATTR-PN Liver Subcutaneous | FDA 2018
EMA 2018
Volanesoren (Waylivra) Ionis/Akcea ASO FCS Liver Subcutaneous | EMA 2012
Golodirsen (Vyondys 53) Sarepta ASO DMD Muscle Intravenous FDA 2019
Casimersen (Amondys 43) | Sarepia ASO DMD Muscle Subcutaneous | FDA 2021
Viltolarsen (Viltepso) NS Pharma ASO DMD Muscle Intravenous FDA 2020
Eplonterson (Wainua) Tonis ASO hATTR-PN Liver Subcutaneous | FDA 2023
Tofersen (Qalsody) Tonis ASO ALS CNS Intrathecal FDA 2023 L] ]
~=  The major hurdle for RNA therapeutics:
Givosiran (Givlaari) Alnylam siRNA | AHP Liver Subcutaneous | FDA 2019 [ ]
EMA 2020
Inclisiran (Leqvio) Novartis/Aln | siRNA | ASCVD, HeFH | Liver Subcutaneous | EMA 2020
vlam FDA 2021
Lumasiran (Oxlumo) Alnylam siRNA | PH1 Liver Subcutaneous | FDA 2020
EMA 2020
* Patisiran (Onpattro) Alnylam siRNA | hATTR-PN Liver Intravenous FDA 2018
EMA 2018
Lumasiran (Oxlumo) Alnylam siRNA | PH1 Liver Subcutaneous | FDA 2020 D I L) D I L) D I -
EMA 2020
Vutrisiran (Amvuttra) Alnylam siRNA | hATTR-PN Liver Subcutaneous | FDA 2022 e l Very’ e l Ve ry, e ’ Verz
EMA 2022
Alipogene tiparvovec uniQure DNA LPLD Muscle Intramuscular | EMA 2012
(Glybera)
Voretigene neparvovec Spark DNA IRD/RPEGS Eye Subretinal FDA 2017
(Luxturna) gene EMA 2018
Onasemnogene abeparvove | AveXis/Nova DNA SMA CNS Intravenous FDA 2019
(Zolgensma) s EMA 2020
Oxford-AstraZeneca AstraZeneca  DNA COVID-12 Lymphoid organ = Intramuscular | FDA 2021
(Vaxzevria) EMA 2021
Ad26.COV2.S (Jeovden) Johnson & DNA COVID-19 Lymphoid organ = Intramuscular | FDA 2021
Johnson EMA 2021
Etranacogene uniQure DNA Hemophilia B Liver Intravenous FDA 2022
dezaparvovee (Hemgenix) EMA 2023
Nadofaragene firadenovec | Merk DNA Bladder cancer | Bladder Intravesical FDA 2022
(Adstiladrin)
Valoctocogene BioMarin DNA Hemophilia A Liver Intravenous FDA 2023
roxaparvovec (Roctavian) EMA 2022
Eladocagene exuparvovec | PTC DNA ADCC Brain Brain FDA 2024
(Upstaza) Therapeutics deficiency infusion EMA 2022
Beremagene geperpavec ( | Krystal DNA DEB Wounds Topical FDA 2023
Vyjuvek) Biotech
* Tozinameran (Comirnaty) | BioNTechPfi mRNA | COVID-19 Lymphoid organ = Intramuscular | FDA 2021
zer EMA 2020
% mMRNA-1273 Modema/NIA mRNA | COVID-19 Lymphoid organ  Intramuscular | FDA 2020
ID/BARDA EMA 2020 H H H H H
Ni Q, Peng L, Nature Review Bioengineering, In Press
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Fomivirsen (Vitravene) Tonis ASO CMV Eye Intravitreal FDA 1098
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dezaparvovee (Hemgenix) EMA 2023
Nadofaragene firadenovec | Merk DNA Bladder cancer | Bladder Intravesical FDA 2022
(Adstiladrin)
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We develop platform technologies for mRNA delivery and
modification

Major scientific challenges

* Improve protein production of mRNA therapeutics

« Target RNA therapeutics to specific cells and organs
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How can we improve protein production of mRNA therapeutics?

MRNA payload design

MRNA delivery carrier
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MRNA structural optimization

SARS-CoV-2 spike protein: 1,273 amino acids; mRNA length: 3,822 nt

Amino acid ~ Met Phe Val Phe Leu Val Leu Tyr Thr STOP
uuc GUG uuc cuG GUG CuG UAC ACC UGA _ Optimally stable mRNA
me— ouc > cuc _» (G — EE— -LM::W\WM_{ & MANA
Codon GuU e~ Guu cuu | ACU UAG e
GUA uuG GUA \ uuG | ACG
UUA UUA '
1
CUA CUA 1 No. of mRNA candidates
No. of choices 1 x 21 x 4 x 2 x 6  x 4 x 6 x ox 2 x 4 x 3 = 2.4 x 105
)
Y
Wild type ° Optimally stable mRNA s
-967.8 kecal mol-' (63.4% paired) :,.,>§ 11 min of -2,487.3 keal mol-' (83.6% paired) ot .
(high free energy) ) o K optimization by e, (lowest free energy) P
+ & & oo LinearDesign s S R
A -lﬁz'- e, { fut
o t’ A g +f-¥s " [ S L
“& < e ‘J". 2% & Versus enumeration: 1911 Helix Sl
1 .9, X ~10°" billion years ~ e [ [
X %o ' e
* Loop oA SN
Mostly single- stranded loops 2.6x free energy reduction

Mostly double-stranded helices

Folded secondary structure, such as helices and loops that arise from nucleotide pairing, influences RNA stability

Zhang H, Huang L, et al. Nature (2023)

CRS ==

ANNUAL MEeTiNé PHILADELPHIA, PA
& EXPOSITION JULY 13-18, 2025

NEXT-GENERATION
DELIVERY INNOVATIONS



MRNA structural modification

Branched chemically modified poly(A) tails

Multitail mRNA

Enhance mRNA translation
Enhance mRNA stability
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Multicapped mRNA

- Capped circular RNA
(QRNA)

I m'W-compatible

&
\ _/

Wang X, et al., Nat. Biotechnol. (2024)
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Whether RNA tertiary structures engineering could influence mRNA
molecules for expressing proteins?
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Rational design of mRNA folding architecture to enhance
intracellular processing and protein production
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NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION. Yang B, et al, Ni Q*. Nature Nanotechnology, Under Revision
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MARF strategy enhances protein production
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NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION. Yang B, et al, Ni Q*. Under Revision
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Three key factors involved in enhancing mRNA protein production:

Intracellular delivery, translation efficiency and mRNA stability
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MARF strategy has negligible effect on translation activity and cellular
stability
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MARF strategy improves cellular uptake of mRNA
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MAREF strategy enhances RNA delivery through rigidity-dependent nano-
bio interactions
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NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION. Yang B, et al, Ni Q*. Under Revision
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How can we use this MARF strategy in therapeutic applications?
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In vivo performance of MARF strategy
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Why liver? Surface protein corona?
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MARF strategy enhances NP retention in liver tissues
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NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION. Yang B, et al, Ni Q*. Under Revision
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MARF strategy enhances NP retention in liver tissues
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MARF strategy enhances NP retention in liver tissues
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MARF strategy improves PCSK9 targeted genome editing
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NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION. Yang B, et al, Ni Q*. Under Revision
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Summary

Tertiary structures of mMRNA may influence the performance and adaptation of LNP
towards surrounding physiological environment.

We answered the questions from industry — “whether and how metal ions can be
used in RNA therapy and RNA vaccine”

We opened up a new avenue for investigating basic nano-bio interactions to fully
harness their capabilities in drug delivery.
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What else can we do beyond liver?
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Moderna-SM102

Lipid engineering for mRNA delivery L AL

>250 ionizable lipid
Mucosal mRNA delivery

\ Spleen targeted delivery

Lung targeted delivery
T cell targeted delivery

Brain targeted delivery

NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION.
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Lipid engineering for mRNA delivery

Spleen targeting (intravenous injection)
! 6h post injection

Mucosal mRNA delivery

/o, Lung targeted delivery

‘\\, Spleen targeted delivery
f———
A

T cell targeted delivery

Brain targeted delivery Spleen: liver

30:1
Unpublished data
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Spleen targeted mRNA delivery
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Spleen targeted mRNA delivery
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NOT FOR REPRODUCTION OR CIRCULATION WITHOUT PERMISSION. Unpublished data
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Spleen targeted mRNA synergizes with PD-1 blockade
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Spleen targeted mRNA facilitates immune cell proliferation in
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Spleen targeted mRNA facilitates tumor infiltration of effector cells
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Spleen targeted mRNA induces potent potent activation of APCs
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Spleen targeted mRNA induces potent potent activation of APCs
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Validation in non-human primates
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