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Axolabs is a world leading service provider in the field of oligonucleotide- and mRNA-based therapeutics and vaccines. Axolabs offers several analysis methods for the identification and characterization of critical quality attributes (CQA) of mRNA drug substances

and drug products.

The portfolio includes a capping assay to characterize the 5-terminus, including the cap structure and determination of the capping efficiency. This assay also allows for analysis of the phosphorylation status of uncapped mRNA (OH-, mono-, di-, tri-phosphates).
Another important CQA is determination of the poly-A tail length and polydispersity by (U)HPLC/MS. Poly-A tails up to 170 nucleotides (nts) can be analyzed. This assay can be conducted under GMP like the cap assay.

In addition, Axolabs offers, as in-process control, a fingerprint assay with mass spectrometry (MS1) for identity confirmation, and is currently in the process of establishing a tandem MS (MS2) method. MS2 improves the process by confirming the nucleotide
sequence of the respective detected fragments. Axolabs recently introduced an orthogonal method for identity confirmation with the fingerprint assay, using long read Oxford Nanopore sequencing technology. With this technique, the sequence as well as the poly-A

tail length, can be characterized.

Besides these analysis methods, Axolabs’ portfolio includes (U)HPLC-(MS) analysis for assessment of mRNA integrity and purity as well as characterization of the mRNA raw material, such as NTPs or capping reagents. Axolabs’ biology group offers further purity
methods for determination of dsRNA impurities by ELISA or residual plasmid load by RT-gPCR or protein load by SDS-PAGE with subsequent silver staining. Besides mRNA drug substance characterization, Axolabs can provide services for mRNA drug product and
lipid nanoparticle (LNP) formulations. LNPs can be characterized for size, polydispersity, surface charge and payload encapsulation together with quantitative analysis of lipid and mRNA-composition.
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MRNA Capping Assay by LC/MS after RNase H Treatment

Intact MRNA does not allow full quantification of capped and
uncapped species

Selective cleavage of the 5'-Cap fragment is mediated by RNase H in
presence of a Biotin-conjugated antisense oligonucleotide (ASO)
Isolation of the 5’-fragments is achieved using magnetic beads
ESI-MS supports the identification of the capped and uncapped
species, as well as site products from the capping procedure
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MRNA Capping Assay with RNase H Cleavage
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Characterization of uncapped and capped Clean Cap mRNA fragments and
low abundant site products (e.g. addition of one G)

* The determination of the capped-to-uncapped mRNA ratio is based
on UV-detection at 260 nm (capping efficiency)
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Analysis of phosphorylation status of the uncapped mRNA fragment

o Separation and identification of mono-, di- and tri-phosphate variants
by IP-RP-HPLC/MS coupled to ESI/MS

GMP-compliant Method Validation & Analysis via HPLC/UV
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Our mRNA Capping Assay can be validated as a ratio method of full-
length uncap to full-length cap (capping efficiency) under GMP with:

e Linear range of the assay is determined from 1% - 25% uncapped
MRNA spiked into capped mRNA (R2= 0.99)

e The assay precision is < 3% (n=6) within the linear range

» Recovery for spiked uncapped mRNA is between 90% and 110%

MRNA Identity by LC/MS — Fingerprint: /n Silico Digest
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MRNA Identity Testing by LC/MS — Fingerprint
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Specificity of mRNA |dentity Testing by LC/MS
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Redqi or? The RNase digestion of mMRNA generates specific mRNA fragments RNase digestion of mMRNAs results in fully reproducible chromatograms The fingerprint procedure allows the identification and quantification of
Comlparablle t9 proteomics, the respective mRNA- Fingerprint can be analyzed by IP-RP-HPLC coupled to ESI-MS after RNase digest » Four mRNAs with ~ 90% sequence homology were identified from a
predicted in S//./CO | | - e Each peak cluster represents fragment(s) of identical length but pool based on the specific fragments of each individual species
The combination with ES|‘MS allows identification of the fragments different with nucleotide sequence(s) « The mRNA-specific signals can serve as identifiers, and as tools for
based on molecular weight | « ESI-MS was used to further characterize the individual fragments to quantification of the individual species in mixtures
Sequence ponf|rmat|on s achieved applying tandem-MS (MS2) to allow the confirmation of identity along the batch process
the respective MS-fragments
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Position-wise Basecalling Accuracy error in MRNA when aligned
Axolabs’ bioinformatic analysis pipeline i;’gfg: e m against reference sequence
Synthetic mRNA sequence and polyadenylation can be analyzed « Translation of the nanopore current changes into a sequence of <n % g AREIN | | (red box) |
using the Oxford Nanopore long-read sequencing technology bases to generate raw reads ° 00 posion w0 e Apart from synthesis error,
The method uses flow cells which contain a nanopore array  Read length distribution and read quality are analysed, and low- good position-wise  base-
embedded in an electro-resistant membrane for the sequencing of quality reads are removed | . Poly-ATall Determination calling accuracy.
long MRNA molecules . H|gh-qgallty reads are mapped against a reference sequence g0 A « Heterogenous poly-A tail is
As the mRNA strand is guided through the nanopore, each base * Evaluatlonl of the mapping quality in terms of sequencing coverage ° 0 , | , shown by two distinct peaks
causes a specific measurable change in the ionic current and mapping accuracy | ’ poiy-A tail length 2°°
This raw signals are used for subsequent bioinformatic analysis » Calculation of the distribution of the poly-A tail length
Characterization of Polyadenylation of the mRNA by LC/MS Characterization of Polyadenylation of the mRNA by LC/MS GMP-compliant Method Validation & Analysis via HPLC/UV
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Intact MRNA does not allow characterization of the length and  The digested mRNA is analyzed by IP-RP-HPLC with the poly-A
heterogeneity of the poly-A tail by LC/MS in full detail eluting well separated from background signals
Before analysis, Axolabs separates the poly-A tail from the » Poly-A tail fragment is characterized by ESI-MS after deconvolution | _
mRNA using an endoribonuclease e The example shows a length distribution from 103 to 126 nts, with The MS-based method is transferable to a UV-only one, fulfilling GMP
The endoribonuclease cuts the mRNA into smaller fragments, similar the most abundant length of 111 nts and ICH Q2 method validation requirements:
to the fingerprint, and a well separated longer poly-A fragment * The complex MS data are difficult to validate under GMP  Linearity of calibration curve R = 0.99
The length and polydispersity of the poly-A tail can then be analyzed e Transfer to an UV-detection method allows full GMP-compliant » Precision is £ 1% (n=6) for the poly-A length
3’ _ Polv-A by IP-RP-HPLC combined with ESI-MS validation » Accuracy compared to theoretical poly-A length/MS data is between
y 95% and 105%
Further questions? Axolabs mRNA capabilities (R&D and GMP):
Visit us on MRNA Drug Substance LNP-formulated mRNA Drug Product Preclinical Development

www.axolabs.com

Analysis of mRNA size, purity and integrity by HPLC (IP-RP or SEC)
|dentity testing by mRNA fingerprinting and Nanopore sequencing
Poly-A length and polydispersity by HPLC with UV and ESI-MS
Analysis of capping by HPLC with UV and ESI-MS

Determination of dsRNA impurities by ELISA

Determination of residual NTPs, plasmid or protein

Base composition analysis

Thermodynamic analysis by UV, CD or DSC

Transfer of methods established for the Drug Substance to the LNP-
formulated Drug Product

» Determination of mMRNA label claim by HPLC

» Determination of mMRNA encapsulation

* Analysis of lipid content and lipid composition

* Analysis of particle size, polydispersity and zeta-potential by DLS

o PKand biodistribution of synthetic mMRNA (GLP/GCP)

« mRNA pharmacology

* Proof-of-concept studies in mice

* [n vitro and in vivo safety analysis

o Cell-based assays to study mRNA therapeutics

« Target expression / function by ELISA (Luminex or MSD-platform)
or by flow cytometry
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