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Analysis of mMRNA therapeutics

MRNA Critical Quality Attributes

5'UTR ORF (coding region) 3 UTR

UL AR - e,

3’ PolyA

ldentity (sequence)

Content (concentration)

Integrity (purity/intactness)

5’ capping efficiency

3’ poly(A) tail length and heterogeneity
dsRNA impurities

Residual DNA template ..

Table 2. characterization and releasa testing for mRNA Drug substance

Quality

Idantity

Content

Integrity

Purity

Potancy

Safety

other

Attribute

mRMNA saquence Identity conflrmation

RMA concentration

mRMA Intactness

5 capping efficlency

3 polyla) tall lemgth

Product related Impurlties - dsRNA
Product related Impurities - aggregata
quantitation

Product related Impurlties - percentaga of
fragment mRNA

Process related Impurltles-residual DMA template

Process related Impurities - quantitation of fraef

non-Incorporated nucleosides

Process related Impurltles - residusl T7 RNA
polymerase content

Expresslon of target protein
Endotoxin
Bloburdan

Appearanca
Residual solvents

pH

Method

High throughput sequencing (HTS)

Sanger sequancing
Reverse Transcriptase - PCR (RT-PCR)
Quantitative PCR (QPCR)
Digital PCR {dPCR)
Ultraviolet Spactroscopy (UV)
Caplllary electrophoresls?
CEE arygal e EEEI;[QI:I:IE[EE 5 ,'r-EE!I:
agarcse gel alectrophoresls

Reverse-phase liquld chromatography mass
spectroscopy (RP-LC-MS/MSIE

lon palr reversed-phase high-performance liquid
chromatography (IP-RP-HPLC)

lon palr reversed-phase high-performance liquid
chromatography (IP-RP-HPLC)

Immunoblot
Enzyme-linked iImmunosorbant assay (ELISA)

Size exclusion-high-performance liquid
chromatography {SEC-HFLC)®

Reversed-phase HPLC (RP-HPLCY

quantitative PCR (gPCR)

Reverse-phase liguid chromatography mass
spectroscopy (RP-LC-MS/ME1E

Enzyme-linked Immunosorbent assay (ELIS&)

call-based assa
USP <85>

USP «61=, <62, <1115
USP 790>
USP <467
USP <T1>



mRNA identity/sequence

Indirect squencmg methods * Loss of information regarding RNA modifications

Sanger sequencing * Time taken for sample prep/data analysis

Next Generation Sequencing (NGS) . Amplification bias

TRNA RT-PCR DNA  Inaccurate poly A tail analysis (poly purine/pyrimidines)
Direct sequencing methods * -Issue of chemical modifications of mMRNA
Nanopore sequencing e -Accuracy of base calling

e -Validation of the method?
* |naccurate poly A tail analysis (poly purine/pyrimidines)

Mass Spectrometry offers a powerful alternative to traditional
sequencing methods for direct mRNA sequence mapping



Mass Spectrometry Analysis of mRNA
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Sequence mapping of mRNA therapeutics using LC MS

Digested RNA with

Nuclease T1 Themo Scientific™ Thermo Scientific™ Thermo Scier,iiﬁc“‘ Thermo Scientific™
immobilized on DNAPac™ RP UHPLC Vanquish™ UHPLC Orbitrap Exploris™ 240 BioPharma Finder™ 5.0
magnetic beads columns system mass spectrometer software

|

Data Processing
0T LC-MS/MS Analysis

Partial RNase T1 digest
\ artal Tese 17 7l / Vanhinsberg C et al., Anal Chem May 2022

mRNA sequence mapping workflow
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RNase digestions
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Thermo
Scientific™
SMART
Digest™ Kits

RNase T1/A
immobilized on
magnetic beads

Simple control of partial
RNase digests

Thermo Scientific™ KingFisher™
Duo Prime purification system for
automated RNase T1 digestions

RNase digestions
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Sequence mapping of mRNA therapeutics

Production and Purification of mRNA IP RP HPLC MS/MS Analysis
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MRNA analysis - Software

Ribonuclease selection

mRNA component detection Identification confirmation
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Sequence mapping of mMRNA therapeutics
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>90% sequence coverage <90
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Sequence coverage from non
unique oligos (map multiple times)

% sequence coverage
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Sequence mapping of mRNA therapeutics

Sequence coverage from unique
oligos (map multiple times)
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Vanhinsberg C et al., Anal Chem May 2022
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Characterization and Sequence Mapping of Large RNA and mRNA
Therapeutics Using Mass Spectrometry

Christina J. Vanhinsbergh, Angela Criscuolo, Jennifer N. Sutton, Keeley Murphy,
Andrew J. K. Williamson, Ken Cook, and Mark J. Dickman
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Generation of linear mRNA sequence maps using novel visualisation software
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Sequence mapping data output and visualisation
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 Combining multiple RNase digest

* Integrating multiple overlapping fragments

Welbourne E et al., Mass spectrometry-based mRNA sequence
mapping via complementary partial RNase digests and

¢ Slmple Vlsuallsatlon Of mRNA Sequence maps bespoke visualisation tools. Analyst 2025.



Online 2D LC MS analysis of partial RNase T1 digests

2D IP RP HPLC
Traps oligo fragments and
separations using analytical

gradient
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Intensity

Online 2D LC MS analysis of partial RNase T1 digests

1D — TEAA, 50 pl/min, 25 °C
Valve switch 10 min
2D — TEA/HFIP, 200 pl/min, 25 °C

0 3EGFPANBNA0.056.5

20 30 40 50

10 pug eGFP mRNA injected > 90% sequence coverage (based on unique oligonucleotides)

e Fully automated 2D LC MS analysis
e Sequence mapping performed in <60 min
* >90 sequence coverage 10 ug mRNA



Absorbance (LAU)

Analysis of polyA tail length and heterogeneity

Low pressure mode
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Conclusions

Established a dedicated RNA analytical facility-methods for the analysis of CQAs

Direct sequence mapping using LC MS enabled >90% sequence coverage of
MRNA in <90 mins

Developed powerful software and visualisation tools for analysis of combined
partial RNase digests for mRNA sequence mapping

Novel online 2D LC methods for mRNA sequence mapping -partial RNase T1

LC MS offers a powerful rapid approach for the analysis of polyA tail length and
heterogeneity
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