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Pre-clinical LNP manufacturing - CASE STUDY

* Preclinical client targeting scale-up for GLP/TOX batch.

* Robust LNP in development.

* Sudden loss of in vitro potency observed in scale-up LNPs. Transfection &
Detection Control

Commercial Transfectlon'
Reagent + naked RNA
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* Normal potency of neat mRNA payload.
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WHAT WOULD LEAD TO TOTAL LOSS OF POTENCY?

* No obvious change in particle characteristics/ RNA
integrity/etc.

* New lipid lot used.

Actin
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Cytiva offers complete solutions for mRNA LNPs

Conditioning, capture, and
polishing

LNP formulation

Services and support

From flexible unit operations - to integrated boxes - to manufacturing capabilities
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Full stack of technology to enable the genomic medicine
revolution

e Genomic medicine toolkit Y
Disease target Genomic payload GenVoy™ delivery NanoAssemblr™ Drug development
platform platform manufacturing platform experience
A convenient Synthetic gene delivery Highly durable gene Rapid production of RNA- Demonstrated end-to-end
platform to mix and not requiring the modulation. LNP on demand. drug development
match multiple packaging of a cell line. capabilities.
antigen binding Transient nature of the Same proprietary NxGen™
domains. Easily adapted to Cas9 mRNA minimizes mixing architecture to scale
introduce mRNA into a the risk of off-target from microliters to hundreds
k variety of T cell subsets edits. of liters.
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MRNA LNPs: An analytically complex drug product

LNP composition RNA quality
Size, PDI, ¢-potential - - Quantity
Stability o MM - Integrity
Lipid composition (, ,"’ Ve W . Structure
Excipients ¢

Payload design ol Encapsulation

Sequence In Vitro Potency . %EE
Assay

Production . Location of RNA
Biology
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LNPs contains an analytically complex mixture of lipids

lonizable cationic lipid

Neutral at pH 7
Cationic at pH ~4.5

Cholesterol

Binds ApoE

Mediates endocytosis
via LDL receptor

Helper lipid (e.g., DSPC, DOPC)

Fills voids

Been found to affect release

PEG-lipid

Stabilizes particle during formation

Protect from opsonization
Believed to shed from particle over time following systemic injection
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LNPs contains an analytically complex mixture of lipids
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lonizable cationic lipid

Neutral at pH 7
Cationic at pH ~4.5

Cholesterol

Binds ApoE

Mediates endocytosis
via LDL receptor

Helper lipid (e.g., DSPC, DOPC)

Fills voids
Been found to affect release

PEG-lipid

Stabilizes particle during formation
Protect from opsonization

Believed to shed from particle over time following
systemic injection

Analytical challenges

. Numerous....

0 Poor ionization in electrospray
ionization (ESI)
. Source? Purity? Solubility?

0 Stability? Solubility?
O Anionic, liquid chromatograph
(LC) peak shape

. Polydispersity
. Complexity/size
. Impurities



lonizable lipids enable LNP technologies

Alkyl-group 7%.

* Although most contain a tertiary amine, structures range widely for ionizable lipids.

* Recent trends include biodegradable lipids, complex alkyl groups, and polymeric species.
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lonizable lipids enable LNP technologies

* Although most contain a tertiary amine, structures range widely for ionizable lipids.

. Recent trends include biodegradable lipids, complex alkyl groups, and polymeric species.
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GenVoy™ platform: lipid nanoparticle delivery

o Proprieta ry LNP tech nology and Diverse library of novel ionizable lipids Novel ;::(Tc?fti):::)opr:isc:te;:gzed for
associated intellectual property Lead Candidate Selection

O || L

lonizable cationic lipid

© Binds & protects RNA
© Facilitates endosomal escape
© Neutral charge at pH 7.4

* Novel lipids and compositions Frzrrrr vy W "1"3'...‘1?' " ’1?'.
designed and optimization for ==========
established use cases (i.e., vaccine, e on m oe ow o on ne oe on

gene therapy, cell therapy) as well HERRYYTEYR
as emerging applications e

PNI PNI PNI PNI PNI PNI PNI
21 22 23 24 25 26 27 28 29

Cholesterol
PNI PNI PNI PNI PNI PNI PNI PNI PNI
31 32 33 34 35 36 37

O Important for endocytosis
via LDL receptor and ApoE

Helper lipid

O Structural
PNI PNI PNI PNI PNI PNI PNI PNI PNI PNI
61 62 63 64 65 66 67 68 9
BNI PNl PNl PNl PNI BNl PNl PNl BNl PNI Stabilizer
7

72 73 7 3 16 7 18 719 80

© Stabilizes particle
O Protect from opsonization

- i-bi g PNI PNI PNI PNI PNI PNI PNI PNI PNI PNI
and non-biodegradable lipids 71 72 73 74 75 76 77 78 79 80
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Navigating the realities: From Discovery to Scale-up

Cytiva | SCIEX

Your Plan
A pae:

b

Discovery Drug Product
Reality

/, / - T \\
Achieving Lipid  Sourcing GMP  LNP Manufacturability Navigating Legal
Stability Lipids Capabilities Compliance Requirements
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Navigating the realities: From Discovery to Scale-up

Lipid Purity?

Cytiva | SCIEX

Your Plan
A pae:

b

Discovery Drug Product
Reality

Achieving Lipid  Sourcing GMP | LNP Manufacturability Navigating Legal
Stability Lipids Capabilities Compliance Requirements
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Lipid impurities present risks for LNP formulations

* Tertiary amines iniLs oxidize

H.O Aldehyde to N-oxide impurities which
(T C - — i are thought to degrade into
AN N — o /y reactive aldehydes(1).
: |
° N * Aldehydes crosslink with

Tertiary amine N-oxide nucleoside bases forming

. e LIPID ADDUCTS.

* (Cytiva has developed assays
to directly monitor mRNA

0.10 |. i .

| adduct Reactive with amines or Ipid adducts

) L J\/L hydroxyls in ribonucleosides

1. Packer M, Gyawali D, Yerabolu R, Schariter J, White P. A novel mechanism for the loss of mrna activity in lipid nanoparticle delivery systems. Nature News. November 22, 2021. Accessed March 30, 2024.
https://www.nature.com/articles/s41467-021-26926-0
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Lipid impurities present risks for LNP formulations

Aldehyde
gr |

/cl)\ (0] H
I
Tertiary amine —OXi N
y N-oxide NG
. mMRNA
Transfection& « ~ o Commercial Transfection
. o [a [a RNA Control
Detectlon Control Z z zZ Reagent + naked RNA RNA-LNP 1
- — RNA-LNP 3
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- adduct
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Lipid adducts appear to be the source of inactivation in these LNPs.

1. Packer M, Gyawali D, Yerabolu R, Schariter J, White P. A novel mechanism for the loss of mrna activity in lipid nanoparticle delivery systems. Nature News. November 22, 2021. Accessed March 30, 2024.
https://www.nature.com/articles/s41467-021-26926-0
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Lipid impurities present risks for LNP formulations

Aldehyde
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Aldehydes detected in
ionizable lipid stocks.

Hydrophobicity consistent
with degradation of N-oxide
from iLs.

1. Packer M, Gyawali D, Yerabolu R, Schariter J, White P. A
novel mechanism for the loss of mrna activity in lipid
nanoparticle delivery systems. Nature News. November 22,
2021. Accessed March 30, 2024.
https://www.nature.com/articles/s41467-021-26926-0
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Q: How do we predict if adduct formation is likely?

0 week

1 week

2 weeks

3 weeks

4 weeks

uoljeuw.oy yonppe o,
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lonizable Lipids

Impurities vs LP

R2=0.7506

% Impurities
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100m

% Transfection

control
Lipid B
Lipid C
Lipid G

12+ unique iLs screened for adduct formation.
Monitored aldehyde formation, integrity, in vitro potency, etc.

No simple correlation was observed across iL structure (pKa, size, etc.),
aldehyde content, RNA stability, etc.

HOWEVER, the largest prediction of adduct formation was LIPID PURITY.
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Not all impurities are equal

e Adduct formationis

iL
gairrelloattsegl;\ll;cgr“epc;flc’g\ljgty \ iL purity <80% by charged aerosol detector (CAD)

* Assignment of impurities is HL2 ‘
paramount. 1 l

A RIS
iy
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Profiling lipid impurities by high-resolution mass

spectrometry (HRMS)

 Modelionizable lipid DLin-MC3-DMA (MC3) included in screen as LIPID E.

* Purity by UHPLC-CAD ~ 90%.

e Atits peak, MC3 resulted in 30-40% mRNA adduct (in binary system, not LNP).

0 week
1 week
2 weeks
3 weeks

4 weeks

lonizable Lipids
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Digging deeper into the molecule

MS/MS spectra of Phosphatidylcholine (PC) with different fragmentation modes.

Head group fragment
10 - Electron associated dissociation (EAD)
provides greater fragment ion spectral
depth.

Regioisomerism and fatty acid chain

fragments.

EAD

I | R T

% Intensity
o

l

Collision induced
dissociation (CID)

No other diagnostic fragments!

-10
200 300 400 500

Mass/Charge
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Bringing lipid characterization to the next level

 The exact structure of a /
.. o Sn-1 o
]

. . . . : :1(n-9:cis O H s
determined within a single LC- va/\_y\/\%sn_z 750.5490
MS/MS run by USing EAD 184.0649

10000 (4) double bond @ n-9

§ (3) regioisomerdiagnostic peak = 16:0

> \ 4913144

w

& 5000 209,929

o

- (2) backbone = glycerol 5203154

amide
575.4767
448.2970 ‘ J \
0 — .” : : i i || |.I ‘ w||| | || ‘!. .‘L Jl.\ L .I||‘| ||.| || . ]'I | \I J.U J .J. J‘
200 300 400 500 600 700
Mass/Charge
®5 } x 100
2.J. Larry Campbell and Takashi Baba Analytical Chemistry 2015 87 (11),
5837-5845D0I: 10.1021/acs.analchem.5b01460
20

Cytiva | SCIEX



Applying EAD to ionizable lipids used in LNPs

Zoom-in of MS/MS spectra of DLin-MC3-DMA (MC3)

| ST
PN ko — NN

CID
.Il Jl |

40 60 80 100 120

| HJ.. || 1. . P . . PV T TR PO S I R I l
140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 9560 580 600 620 640

% Intensity

Many more fragment ions allow structural in-depth
EAD characterization

L__.M“ . ..“_ L Lmhlm ||J| i .LJLMM lﬁ.ﬂ ML \
420 440 460 480 500 520 540 560 580 600 620 640
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Mass/Charge
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Alkyl chain characterization of MC3

Intensity

//
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| : : I
. | — — P - —>
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. 1
E ! 5314994 544 5068 I i .
| 518 !1910 5304918 : 571 '5307 284.5382 CH2 I
h 205 Tm 5115212 [ [532 5072 poszz 5531'5222 l Pe9aoT
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Every carbon-carbon bond is
cleaved by EAD.

Double bonds within MC3 can
be determined.



MC3 and related impurities

Extracted ion chromatograms (XIC)

. If sTrTTTTT TS TS TS ‘I MC3 I _
100% | 0.3% Impurity 1 | : Impurity 3
1.0%#
I I
%‘ 80% | 0-2% Impurity 2 | :
3 60% : 0.1%" : | 0.5%
= | | :
X 40% I 909 I 0
 0-0% 13.0 135 14.0 | : 0.0% 16.5 17.0
20% ] e e e L i
0% d AN \‘\ \
13.0 13.5 14.0 14.5 15.0 15.5 16.0 16.5 17.0
Time, min

Several low-abundance impurities were detected
in the MC3 preparation.
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Impurity 1 and 2: Oxygen incorporation

But where in the molecule is the Oxygen?

% Intensity

Cytiva | SCIEX

] T -T-T = ===== I MC3

100%, | 03% Impurity 1 !
|

80% | : 0.2% Impurity 2 I
|

60% | : 0.1% l
|

|
40% | | 0.0%
20%| L ____
P /,
0% =2
13.0 13.5 14.0 14.5 15.0 5 16.0 16.5 17.0
Time, min
10000{ TOFMS oo Mass shift of +15.995 amu TOFMS s 61ss

7 8000 compared to MC3 indicates & 20000

= 6000 . . =

[z oxygen incorporation G 659.6165

B 4000 659.6163 Y9 P é 10000

2000 l 660.6199 660j197 661.6240
o 658 659 660 661 - 662 o 658 659 660 661 _A 662
Mass/Charge Mass/Charge
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Localization of oxygen incorporation

With EAD
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EAD MS/MS
0.3% 0.3% 561.5094 -
0.10% 0.10% @
02%| No 61 0.2% No 511
- 0.1% 0.1% 0.05% 0.05%
> 100%
5 o | 0% 61 6263 | [100% 52 sia i 0% 560 565 570 575 1y 000% 590
= . 80%
= o] — — H :
=2 gy “llx/\)kd Oxidation
kD ~ —
[=
< 40% o at C6
° 42.0083 132.1 558.5
20%{ | 910536 (132.100) No 148 574.5
‘ 587.5
0%’. Il i Ll
50 100 150 200 250 300 350 400 450 500 550 600 650
EAD MS/MS Mass/Charge
0.3% 0.3% @
100% 0.2% @ 0.2% 1481
N 61.05 ) .
> 80% 1 10.1% 0.1% ) o — A ~— N-oxide
e S
S 00% oo 61 GJé 65 100" ! 512 514 - 7 — -
E -Ee 511.5
) 20% 120083 148.0959
0 [ 910537 : 329-13064 657.6045
0% L s a
° 50 100 150 200 250 300 350 400 450 500 550 600 650
Mass/Charge

* EAD provides a higher amount
of descriptive fragments.

* Impurity 1: unique fragment
ions at m/z 558.5 and 574.5
pinpoint oxygen incorporation
to C6.

* Impurity 2: unique fragment
ion at m/z 61 identified
impurity as the N-oxide.
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MC3 and related impurities

Extracted ion chromatograms

e e e MC3 ! _ |

100% | 0.3% I Impurity 3 :

I I 1.0%> o !

> 80% I 0.2% : I

G | ' |
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Time, min

Several low abundance impurities were detected
in MC3 preparation
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Impurity 3: Localization of saturation

e |mpurity 3 showed a mass shift

EAD MS/MS spectra
of 2 amu compared to MC3.

e Exact localization of the

MC3
| i :
i~ saturation of one of the double
bonds at position C6 based on
detailed fragmentation of the
P Saturation . .
g) 547.5318 | 5 alkyl chains with EAD.
(4]
E 545.5164 /N\/\)ko
=
587.5626
533.5160 573.5468
Ak ]l LJ ] I lllll. lllll ....JJ 1
530 535 540 545 550 555 560 565 570 575 580 585

Mass/Charge
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MC3 impurities characterized by Zeno EAD

Relative abundance  m/z error * Impurities well below 0.1%
Compound 0 : g
[%] [ppm] were identified and
MC3 97.9 0.2 .chara.cterlzed within a single
Injection.
Saturation at C6 of alkyl chain 1.11 -1.1 o
e Exact positions of

Desaturation at C3 of alkyl chain 0.41 -0.5 modifications could be
N-de-methylation 0.19 1.6 determined with Zeno EAD.
Oxidation of head group 0.15 -0.3 * Relative quantification was

, _ performed simultaneously
De-methylation of alkyl chain 0.10 -1.3 using MS1 XIC peak areas.
Oxidation at C6 of alkyl chain 0.06 -0.4

De-ethylation of alkyl chain 0.03 -3.2
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Summary

 RNA-lipid adducts appear ubiquitously across LNP compositions however their formation does not
correlate well with the chemical properties of different ionizable lipids

 |nitial data suggests ionizable lipid purity being the largest predictor of adduct formation

* Lipid impurities can affect LNP formulation integrity and mRNA activity, even if present at very low
abundances.

 |dentification of impurity species is key to ensuring high product quality, but existing technologies
struggled with detailed structural elucidation.

- Many more fragments can be obtained with EAD compared to CID, allowing exact localization of
oxidation and double bonds in ionizable lipids.

— Differentiation of concerning N-oxides from other oxidation-related impurities can be achieved with
confidence at very low abundances.
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Thank you

Adam Crowe

Adam.crowe@cytiva.com
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