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Over 200 Years of Building Trust in The US and Beyond Aﬁk

USP Biologics is expanding
standards to support mRNA
therapeutics

For over 200 years the United States Pharmacopeia (USP)
has provided public standards for medicines to protect
patient safety and improve public health.

USP is an independent, scientific nonprofit organization
focused on building trust in the supply of safe, and quality
medicines.

USP standards are used in over 150 countries and enforced
in over 40 countries

The USP works globally to help ensure medicines are
stored, transported, and administered properly.

The USP works globally to help ensure testing and public
standards are available to verify the quality and safety of
medicines.



Turning Vision into Reality
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From discovery of mMRNA in 1961 to US FDA approval of RSV mRNA-LNP in 2024

1990
Naked DNA and
mRNA injection

2005
Modified nucleosides
enhanced mRNA
stability and reduce its
immunogenicity

1974
Liposomes as
immunological
adjuvants used for
vaccine delivery

into mouse
muscle in vivo

1987
DOTMA, a cationic
lipid for DNA transfection

1994

lonizable cationic

lipid DODAP for
lipofection

2009 2012
Microfluidic mixing
method for making

siRNA LNPs

2017
First trial of
personalized mRNA
cancer vaccine

1961

Discovery
of mRNA

cancer vaccine
trial

Jr— N
2020 .
First mRNA-LNP
vaccine against
COvID-19
approved for
emergency use
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*| First mRNA-based

(Lipofection)

1961-1990 1991-2010 2016-2020

\ in US
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2021
izer-BioNTech mRNA-
LNP vaccine against

\COVID-IS approved in US

2022
Moderna mRNA-LNP
vaccine against COVID-19
approved in US

2024
Moderna mRNA-LNP RSV
vaccine approved in US

1975 1989 1995 2010 2013 2018
Discovery of 5'Cap Cationic lipid- Liposomal lonizable cationic CRISPR-Cas9 for LNP siRNA to treat
modification mediated mRNA doxorubicin (Doxil) lipids for next gene editing hATTR (Onpattro)
of mRNA delivery in approved by FDA generation LNPs approved by FDA

mammalian cells

2021

LNP-mRNA CRISPR-
Cas9 in vivo gene

editing in clinical trial

1987
In vitro transcription
(IVT) of mRNA

Current landscape of mRNA technologies and delivery systems for new modality therapeutics | Journal of Biomedical Science | Full Text

5

© 2023 USP


https://jbiomedsci.biomedcentral.com/articles/10.1186/s12929-024-01080-z/figures/1

Overview of Current mRNA Landscape N
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https://images.app.goo.gl/QSR4hDuYBWnHxUUC7

Global mRNA Pipeline & Market Size Aﬁ.‘

Distribution of mRNA vaccine trails

Cancer Other diseases

COVID-19 Beyond COVID-19

The future of MRNA vaccines beyond COVID-19 | CAS

What is driving the market?

Rising incidence of chronic and infectious diseases (diabetes,
cancer, viral infections, and generic disorders)

Growing need for therapeutic drugs & vaccinations for viral illnesses
(Ebola, influenza, and HIV)

14% of the pipeline are accounted for by combination vaccines
(COVID, influenza, RSV)

31% on cancer
69% on other infectious, genetic and immune diseases

Combination products of mMRNA technology with other molecules
- mRNA and antibodies (conjugates)
- mRNA and peptides
- mMRNA and CRISPR/Cas9 systems

Example of R&D initiatives

-~ Heart diseases - myocardial ischemia therapy using mRNA


https://www.cas.org/resources/cas-insights/future-mrna-vaccines#types-of-mrna-vaccines

MRNA Production Process
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MRNA Production Process N

Plasmid Enzyme
extraction & digestion and
purification purification

Linearized DNA
template

Design Construct Fermentation
sequence plasmid cultivation

: DNA . DNA
In vitro template RS MRNA In vitro template MRNA

transcription digestion capping transcription digestion purification

\4

MRNA

MRNA
purification

MRNA MRNA

- - Dilution - Dilution

tailing cyclization purification

Flow filtration Flow filtration
conc. & buffer =g Chromatography conc. & buffer Emed Sterile filtration Eaed Drug substance
exchange 1 exchange 2

MRNA vaccines drug product production

LNP
encapsulation & fmd Drug product
final formulation
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MRNA Structural Differences Aﬁ.‘

Non-replicating mRNA (NRM) » The major difference between SAM and linear IVT
cap  UR ORF UR  PolyAai MRNA is incorporation of a non-structural gene for
s C HHHIHEEEEEEE R O)OO0 % the generation of RNA-dependent RNA polymerase

— Amplifies itself in the cell and induces high level of target

tei '
Self-amplifying MRNA (SAM) protein expression

Cap UR Replicase ORF UR Poly-A-tail
s CHMHIHE I R R E-O000
» Circular mRNA

— Inserting internal ribosomal entry site (IRES) and
sequence of gene of interest are added between exon
fragment E1 and E2

Circular mRNA

— Exon sequence is flanked by split introns (self-splicing
introns)

— Developed to increase the stability of mMRNA and
overcome the short half-life of linear IVT mRNA
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Building Consensus
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MRNA Therapeutics: Challenges and Solutions

Challenges:

Diverse range of product types

Variations in raw material quality

Newly emerging pathogens present unique
challenges and require rapid development,
scalability, and efficacy testing

Goals:

l’ :
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Expanding standards development to cover quality
testing throughout the product lifecycle

Support raw materials qualification and
biomanufacturing

Focus on analytical tools, cross-cutting
standards and alignment with global norms

Standards to support emerging therapies and
new technologies



Building Consensus: Updated Guidelines and Public Outreacm.‘

Analytical Procedures

formRNAVaccine

Quality - 3" Edition. . . ,
[ e > = \‘ ¢ /'/ AT, .

To build public trust and confidence in innovative products like mRNA vaccines and therapies, they must
be of good quality, safe and effective. To address the need for a common set of methods for determining

mRNA quality—including verifying the identity of the drug trolling impurities and

content for dosing—USP is developing a set of analytical methods to support developers, manufacturers,

regulatory agencies and national control laboratories worldwide.
USP welcomes public comments on Analytical Procedures for mRNA Vaccines Quality - 3 Edition.

Submit the form below to receive the draft guidelines
Read and review the draft guidelines

Submit your comments to U SPVaccines@usp.org

USP mRNA Draft Guidelines

Analytical Procedures for mRNA Vaccine Quality - 3" Edition

WWW.USP.org/mrna-quality

Support quality of .
vaccines by providing
analytical procedures g

for testing common
quality attributes

Help streamline and
accelerate

development

Guidelines updated

over last 3 years
based on public input

Applicable across a product class and can be
applied to future vaccines

Provides options for the same attribute - some
technology platforms may not be available in all
testing labs

- Provides a starting point - can reduce time and

resources needed for in-house development

- Allows manufacturers to focus on the disease and

unique aspects of their product

- Includes USP verified methods for several CQAs

and USP chapter <1040> on DNA plasmid — IN
PF49(6)

- Validated methods would provide an additional

layer of support - NEXT STEP

1O

https://doi.usp.org/USPNF/USPNF_M17795 10101 O1.html


http://www.usp.org/mrna-quality

Defining and Monitoring Key PQAS
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USP’s Efforts on mRNA ‘Q,‘

MRNA manufacturing workflow

R st_artlng Sl : DI e Formulation Fill/Finish el Distribution Administration
materials manufacturing release release
. +
®
o A
Raw materials Product Quality Attributes Residuals & Impurities
(PQAS)
» Manufal(:turing requires complex raw » Lack of harmonized test methods » Removal of problematic starting
materials materials is critical
o _ » Lack of quality mRNA standards _
» Control of raw materials is essential - Nucleotides
for safety and lot-to-lot consistency - Enzymes
— LNP components
—~ DNA templates
— MRNA Fragments




Applying QbD Approach to Establish PQAsS/CQAs Aﬁ.‘@)

» Applying QbD (per ICH Q8 [R2]) to mMRNA modality to establish
CAQs/PQAs [ QTPP ]

— Establish Quality target product profile (QTPP) to identify the drug
product quality characteristics that ensure the drug product desired

quality, considering safety and efficacy [PQAS/CQAS]

— Identify the product quality attributes (PQASs) and critical quality T~
attributes CAQs (DP and DS) to meet the QTPP requirement. ]

— Establish the critical material attributes (CMAS) and critical process [ Spec ]
parameters (CPPs) and how they link to the CQAS/PQAs I

— Apply QbD (per ICH Q14) concept for analytical method (AM)

testing and critical material

— USP <1220> Analytical Procedure Life Cycle /\

— Set specifications (per ICH Q6B) for the drug substance(s), [ CMAs H CPPs ]
excipient(s), and manufacturing process to support the product life
cycle. This includes a strategy to manage the CQAs and PQAs P
|ifecyC|e. © 2023 USP

development to establish analytical methods for DP, DS, in process [ AV ]




PQAs vs. CQASs ‘Q,‘

» CQAs are a subset of PQAs, attributes that must be controlled to ensure the product’s
therapeutic effectiveness and patient safety

cons

General characteristics that define the overall ~ Specific attributes that directly impact the safety

SLail el quality of a product and efficacy of the product
Appearance, purity, potency, stability, Concentration of active ingredients, sterility,
Examples : . : : )
dissolution rate impurity levels, release testing
Impact on Product Important fo_r maintaining general qugllty but Essential for ensuring the products safety and
may not directly affect safety or efficacy efficacy
Monitoring and Monitored to ensure overall quality standards Closely monitored and controlled to ensure
Control are met critical quality standards are maintained
e Identified based on general quality Identified through risk assessments and
Identification : S
requirements regulatory guidelines
Regulatory Helps in maintaining general quality Necessary for meeting specific regulatory
Compliance compliance requirements for safety and efficacy

Ensures critical aspects of the product are within

Role in Manufacturing Ensures consistent quality across batches acceptable limits to guarantee safety and efficacy



Recommended Tests — Target Quality Attributes Aﬁ.‘

MRNA Drug Substance

» MRNA integrity and purity » 5’ Capping efficiency » Poly(A) tail length
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Characterization and analysis of mMRNA critical quality attributes using liguid chromatography-based methods - ScienceDirect



https://www.sciencedirect.com/science/article/pii/S0021967325000731#sec0018

Recommended Tests — Target Quality Attributes Aﬁ.‘

MRNA Drug Substance

» Process-related impurities — residual solvents » Product-related impurities — dsRNA
8 AEX-HPLC Lane-1 (ladder) Lane-2 Lane-1 (ladder) Lane-2
? g 50 ng —» . <+—1.91 ng
S o
% ‘ 50ng |—> @
% |
z
. - | o
13) = E
~4500 nt | % || <
_mRNA_ & & i §
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. e
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IIIIIIIIII L\JULS e Spike-2(313ng) <—— Spike-1 (32.6 ng)
e 7 Rresidualr NTP aﬁd | T Spike-3(1.56 ng)
Naéna?nofléhe Peak ID Av&ﬁ;ea capping agent (mM) in <+ Spike-2(21.7 ng)
P sample <7 Spike-4 (0.78 ng)
CTP 254.0 1.14E-04 0.39 nal—» <—+ Spike-3 (14.5 ng)
ATP 248.0 4.27E-05 =ong
~4500nt mRNA ™7p 514.5 2.35E-04
GTP <LLOQ ND 19
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Recommended Tests — Target Quality Attributes

» Lipid content in LNP

MRNA Drug Product

» Purity

h o

]
=

- v 8 B ¥ F E ¥ 8§ & ¥ 6 8 B ¥ # 8 8 8 B
E B B E 2 8 3 ® & 8 % B % E % E 3 B g

HPLC-ELSD

~4500 nt mRNA extracted sample

Average %

Cholesterol 9.3
DSPC 7.8
DMG-PEG 2000 3.0
ETG-23 80.0

Cholesterol

DMG-PEG 2
DsPC

DLin-MC3-DMA

0.30+

0.20+

mRNA ~2000 nt (molecule B)

mRNA ~2000 nt (Molecule A)

Impurities

e,

0.00—— """

IP-RP-HPLC

2.00 4.00 6.00 8.00

10.00
Minutes

12.00

14.00 16.00 18.00 20.00
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Recommended Tests — Target Quality Attributes Aﬁ.‘

MRNA Drug Product

» Encapsulation efficiency

CGE-LIF

s _Standard curve (TE buffer) . Standard curve (Triton) LG T T

6 - C R

.*'.
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w
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ra
0 £
0

Corrected peak area of FLuc
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*
Corrected peak area of FLuc

Free mRNA Total mRNA

0 5 10 15 (No sample dgformulation (Free and extracted mRNA)
conditions)

10 20 30
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12.5 20} Encapsulation efficiency calculation
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_/-__-JL , . Jvr— 94.3% Encapsulated
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T
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=
1
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A new approach to determine encapsulation efficiency of mRNA-lipid nanoparticles (MRNA-LNP) by capillary gel electrophoresis with laser-induced fluorescence detection



https://sciex.com/tech-notes/biopharma/a-new-approach-to-determine-encapsulation-efficiency-of-mrna-lip

Methodologies to Address Analytical Challenges Aﬁ.‘
Analytical Methods

RNA Content UV Spectroscopy, Fluorescence-based assays using fluorescent dye, HPLC

RNA Identity (Sequence) RT-PCR, Sequencing methods (Sanger, NGS, Microarrays, etc), NGS, Finger printing (LC-MS/MS), base
composition

RNA structure Integrity CE, SEC-MALS, DSC, CD spectroscopy

RNA purity, related impurity CE, IP-RP-HPLC, EX-HPLC, SEC-HPLC, HILIC-HPLC, Western Blot, FFF-MALS

5’ Capping Digestion or cleavage followed by LC-UV-MS, LC-MS, microarray

Poly (A) length and distribution Digestion or cleavage followed by CE, RP-HPLC, SEC-HPLC, LC-MS, ddPCR, microarrays, sequencing

dsRNA Immunoblot, dot blot, ELISA, LC, microfluidics (e.g., electrophoresis, immunoassays, Lab-on-a-Chip)

Residual DNA content gPCR, fluorescent based assays

Residual enzymes and HCP BCA, Nano Orange, enzyme specific assays, CE, MS, ELISA

RNA Encapsulation Ribogreen assay, EX-HPLC, RP-HPLC, CryoEM, SEC-SLS/UV

LNP size, polydispersity DLS, NTA, MALS, SEC-MALS, CE, FFF-MALS-UV-dRI

LNP Charge ELS, PALS, CE

Lipid identity, purity and content HPLC-CAD, LC-MS, FFF-MALS-UV-dRI

LNP morphology CryoEM, SANS, SAXS, DSC, FFF_MALS-UV-dRI



Platform Analytics Aﬁ.‘

“A platform analytical procedure can be defined as a multi-product method suitable to test
guality attributes of different products without significant change to its operational
conditions, system suitability and reporting structure. This type of method would apply to
molecules that are sufficiently alike with respect to the attributes that the platform method is
intended to measure.” USP <1220> and ICH Q2 [R2], Q14

» Leverage prior knowledge, insights, expertise, data

— Examples: identity testing of mMRNA - (defined by the DNA template — same type), platform formulations, same set of raw
and starting material used

— Data obtained from analytical procedure development/validation from existing method

» Implement scientific and risk-based approaches in line with QbD principles throughout analytical life cycle
— Risk identification, risk scoring and risk management based on prior knowledge and data
-~ End-to-End (E2E) approach from development to routine testing

— Take systematic/holistic approach to mRNA platform methods

True power is built over time — driven by data, sustained by continuous knowledge generation



Platform Analytics Aﬁ.‘

» Generally Applicable » Some Exceptions
- 5 Capping —e.g., LC-MS —~ Sizin_g c_)f large mMRNASs, including self-
_ Poly(A) tail length — e.g., LC-MS amplifying mRNA

_ Sizing — e.g., CGE, RP-HPLC — Degree of circularization of circRNA

- Residual impurities (residual DNA, - Potency
aggregate, fragmented mRNA, etc) — e.g., - In-vitro vaccine potency and in vivo vaccine
AEX-HPLC activity
~ Plasmid — e.g., topology methods (HPLC, - When making changes to key
components

CGE)
- New LNP components

- Changes in UTRs may impact PCR-based
tests

- Enzymes - e.g., Florescence based method
— Nucleosides — e.g., AEX-HPLC
— Double-stranded RNA — e.g., dot blot

24
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Summary and Future Directions Aﬁ‘;@

» USP is supporting new modalities and technologies
- Engagement with stakeholders to build consensus
— Development of analytical framework and tests for stakeholder comment

— Collaboration to support method validation, training, and standard development
» MRNA-based products - unique analytical challenges
— New raw and starting materials
— Novel impurities, requiring new analytical methods
— Novel delivery systems
» USP’s tool for mRNA quality
— Developed analytical toolkits and draft guidelines to support mRNA-based products

— Working on mRNA size standards for PQAs, dsRNA impurity standard and residual standards (e.g., NTPs
and modified NTPs)

25
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USP’s Ways and Opportunities to Collaborate ‘ﬁ.‘

USP is Fueled by Stakeholder Engagement

l

Develop a toolbox of platform methods
applicable to (most) mMRNA products

Harmonization of analytical methods for
assessing CQAs across products/developers

Development of physical reference materials
to support consistent measurement of CQAs

Build consensus on best practices
Expert Panel: To draft Chapters on best

practlces and testing strategies for mMRNA W

6506
AR

vaccines and therapeutics

|

Roundtables and working groups

Donated methods and/or material to support

standard development
Collaborative Testing

Reviewing Chapters and Stimuli Articles on
Pharmacopeial Forum

Notices posted on USP web site -
https://www.usp.org/biologics



https://www.usp.org/biologics

USP Resources for Vaccines

USP’s public quality standards are critical
tools for ensuring the quality and safety of

vaccines

Many tools provided in the flyer are
applicable to mRNA therapeutics

Plasmid DNA <1040> PF49(6)
Cell banking webinar

MRNA guidelines

Vaccine toolkits — mRNA
Regulatory considerations for
vaccines

Vaccine Standards | Biologics

EI_I '"h‘l
y‘:a\ --r":n!'

.r-:l'- .

ol

USP vaccine standards

There are risks that should be considered in every step of manufacturing a vaccine. These
risks can be mitigated by using USP quality standards during characterization of the drug
substance or drug product, stability testing, validation, and in post-market surveillance.

P ial risks to il ing and distribution
PROCESS —® L @ ® & —>
Raw & starting DS lot Fill/Finish DP ot Distribution  Administration
materials release
CHALLENGE - Qualty - Experience - Standards - Avallabilty of - Coldchain - Training
AREAS - Quasification - Training - stsbiity  Quality mater als - Storage - admin
- Avatability - Capacity data - Labeling strategy
- Packaging f
i for purpose sssars
Standards
Process & ssaay Vaccine handling toolkits
consistency
i
|
Y. - 2
Raw & DS & DP PQAs? Impurities Formulation
DS, RS/ARMs', - plasmids - Identity - Process-related impurtties Adjuvants (e.g., Squalene,
methods and - Enzymes - Content (2.g.. nucleosides, residuals um
monographs - Nucleosides - purtty host cell protains) Delivery systems (.., LNP,
- Critical reagents {e.g., enzymes, - Potency ::Mlu:# wlmm oesoa ol
nucl MRNA capping, etc.) - Safety ,,.f.'mm',
- Viral or non-viral vectors - Compen
- Carrier proteins (Endotoxin, Sterflity,
- Ina ents (s PH, etc)
ctivating l?!d g
1DS (Documentary dard); RS (Ref dard): ARM (Analytical Reference Material)

2Ds (Drug substance); DP (Drug product); PQAs (Product Quality Attributes)



https://www.usp.org/biologics/vaccine-standards
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Stay Connected

Sarita.kattel@usp.orq
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