JCOOHXCCO00C0O0HXCCO0C OO0
OIXC000HCOHNCO0O0HNCONCOOONCONCOOO0INCOIOO
J200H0C 000 K002 0000020 00020015C000 1200 (¢
COCOO0XODX(COCLOOYXODX OCLOOHXONDLOLOOHNXODXLOCLCOO

X
Lo
[a)
x
=
S~
a
a
o

ions for mAbs

ict

Stability Pred
Using Arrhen

Based Kinetics

IUS-

Mitja Zidar (on behalf of Drago Kuzman)
CMC Strategy Forum Europe — CASSS

October 18th, 2023

d NOVARTIS | Reimagining Medicine

OO X OO0 NXOOHX OO0 HXOO X
COCOOHNXOHXXCOCOONOHXCOCOO
DCOO0COCCOCOOCOCCOCOOC

UL U TOT uwo T 000020 C0C000D2C0C0OC00

JCOXIOCCOCOIINCCOCOIIOCCOCOINIOCCOCOIN0

QOCOO0NOCOOCOONOCOOCOONOCOOCOONXOCOOC

JXCCOOCOOIXCOOCO0 X



Agenda

From two to one step Arrhenius based kinetic models

Does aggregation of proteins follow Arrhenius relation?

Example of application

Conclusions
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Excellent Agreement With the
Experimental Real-time Data

Evaluation of Arrhenius-based kinetic models through a T o
cross-company perspective on stability modeling: Biatherapeuic Sono—Crerged Barme
Biotherapeutics Sanofi Glass transition temperature (Tg), RMC

- key Stab I I Ity I n d ICatI n g attri b utes Biotherapeutics gzs\éi; Monomer content (SEC)

Biotherapeutics HMW % (SEC)

. . . . Biotherapeutics MSD The emergence of impurity %
- different types of biotherapeutics, vaccines and Novrispuriy (1GE-5D)
Biother Novartis Aggregates HMW(SEC)
M M H M M H H M i i Novartis Aggregates HMW (SEC)
biomolecules combined in in vitro diagnostic kits Bk vceme S —T
. . . Multivalent vaccine Sanofi Depolymerization (%)
FI i Sanofi Anti tent
- flve b I O p h arm a- CO m pan I es F'(l:l;:ac:cl::ride-Frotein conjugate vaccine S::Zf: FFEEZZ\;:;ci;aride (%)
age . . Live-attenuated virus Sanofi Infectious titer (CCIDS0)
- Quadrivalent ine (Tet ) Sanofi Antigenicity of diphteri: d FHA (ELISA)
stability predictions up to 3 years for products at storage =~ s s i S
L Live-attenuated virus (vYF) Sanofi Infectious fiter (CCID50)
con d itions In vitro diagnostic - VIDAS ® PTH (1-84) biolériews  VIDAS ® relafive fuorescent value on Cir C1 vial

In vitro diagnostic - VIDAS ® Cortisol S bioMérieux  VIDAS ® relative fluorescent value on Std S1 vial

1 1 1 In vitro di tic - VIDAS ® NEPHROCHECK ® bioMeéris VIDAS ® relative fl it val Ctr C1 |
- temperature excursions outside the cold-chain in i dagnosti -VIDAS & NEPHROCHECK © Diiiriow VIDAS © ks Tuorosoont vl o O 1 vl

Kinetic rate da/dt was phenomenological described as the sum of two individual one-step reactions:

da E,, E,,
—=7vX X ——= | X — nl y q,m x cP1 — X e I 04 — n2 » o, M2 % CP2
Frimid Ay X exp < RT) 1-ay) a; CP' + (1 —-v) XA, X exp < RT 1-ay) a; C

Sci Rep. 2023 Jun 21;13(1):10077. doi: 10.1038/s41598-023-35870-6.
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Simplified Biotherapeutic Degradation
Models: One Step First-Order Kinetics

da E E
il X Ay X exp <—R—";> X (1—a)™ xa;™ x P+ (1 —v) X 4, X exp <——a;> X (1—az)™ x a,™* x CP?

\ Rituximab /

Adalimumab /
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CEX sum of acid variants (%)
»

CEX sum of acid variants (%)

S

o

1
time (months) time (months)

Stability profiles of Charge profiles,
. . Accelerated stability data Three years prediction
aggregation, fragmentation, potency
at standard storage conditions. Sci Rep. 2021 Oct 15;11(1):20534. doi: 10.1038/s41598-021-99875-9.
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Example Models for a Rituximab batch

Measured six
months
accelerated
stability data
and Kinetic
models

Prediction
verification
by 36 months
experimental
stability data

Aggregation Acid variants Fragmentation
98
80 A o \ —u —
g g '
g2 P 94
g 5o : v 92 -
g *50c s / 5°C ‘5390
2 . o 25 °C z 25°C
ks e 8 40 / sw°c 388 H0SE
1 ; *40°C 5 2
E E / B 86
g 2 w B4
= = L J & - o E:;
05 S5 5 % o 1 2 3 4 5 6 0 1 2 3 4 5 6
time (months) time (months) time (months)
08 -
- ‘_-“" ~18
g —_ £
woel === ® i
£ 5
L] .-}
g ¢ o 0 8 14
o
904 %
% - 12
£
702 5 10
o
g >
_____ O
b mm———
0 10 20 30 0 10 20 30 0 10 70 30

time (months) time (months) time (months)

Sci Rep. 2021 Oct 15;11(1):20534. doi: 10.1038/s41598-021-99875-9.
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Long-Term Stability Predictions
Verifications with Experimental Data

mAb1l Rituximab Etanercept Adalimumab

CEX amount of main variants (%) 100% 91% 100% 99%

CEX sum of acid variants (%) 100% 97% 100% 99%
nrCE SDS purity (%) 100% 95% 100% 98%
nrCE SDS sum of fragments (%) 100% no data no data no data
Relative potency n.a. 97% 100% 100%
SEC purity (%) 100% 98% 90% 100%
SEC sum of aggregates (%) 100% 94% 90% 97%
CEX amount of basic variants 85% 90% 74% 99%
Number of batches 8 36 11 19

Ratio of experimental long-term data points between 6 and 36 months at 5 °C that fall within the 95 % prediction interval relative to the total
number of all measured values during that time (e.g. 100 % - all longterm data fall within prediction interval)

Sci Rep. 2021 Oct 15;11(1):20534. doi: 10.1038/s41598-021-99875-9.
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Degradation of ,Sum of basic variants*
Described by 2-Step Model

One step — first order model Two steps model

Data and model

Data and model

ke
. % o
24 . ®sc i, % SR
h 259 A 25°C
~_ - 22 P
I ‘ 40°c . had T 40°C
[T
-JRT T
g —
F,
6 10
| g s
2y L]
of 4
o 10 20 30 z .
time (months) 0 e o o
time (menths)
Lower specification limit (%) Upper specification limit (%)
Lower specification limit. (%): Upper specification limit. (%):
Prediction
28 Prediction
30
VB e ®s50C
s 26 5°C
z
" e PI
i
ERH # 0
E10 s 18
5o S
€ o —
4 g T
2 Above the "
E ¢ = = Prediction 1

Interval E 1 x %

time {months)

. U NOVARTIS | Reimagining Medicine



(Non) Arrhenius Degradation

Arrhenius relation for temperature dependent
kinetic rate of degradation proces:

(o))
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CEX amount of main variants (%)
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gregation: Non-Arrhenius Plots from
Literature

a
30 T T T T T T T b
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-~ 5
- .
10k ., S B PR
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. . - s Figure 2. Arrhenius plot of the initial aggregation rate at 100 mg/mL mAb concentration and pH = pl (blue squares), pl — pH = 1 (light blue circles), pl — pH = 2 (vellow upward
F g. 4. Arrhenius pll}l of observed rate coefficient values for triangles), pl — pH = 3 (orange downward triangles), and pl — pH = 4 (red diamonds). (a) mAb-1 without excipient, (b) mAb-2 without excipient, (c) mAb-1 with 150 mM sodium
aggregation of bG-CSF (circles) and a MAD (squares). See main text chicride, (d) mAb-2 with 150 mM sodium chloride.
for additional details
Wang & Roberts: AAPS Journal, Vol. 15, No. 3, July 2013 Walchli: Journal of Pharmaceutical Sciences 109 (2020) 595-602
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Temperature is Promoting Different
Aggregation Pathways

B C

low T aggregation '
——high T aggregation

K
04 W experiment I NI NI
X /
N/ :

104
T
154 @ D kDE D an D
D’ 2 o/
0.0028 0.003 0.0031 oopaz  MT(UK)

& 70 0 % o T(C) High-temperature pathway (HT)

Low-temperature pathway (LT)

In{aggregation rate constant)

Journal of Medicinal Chemistry 2022 65 (3), 2623-2632,
DOI: 10.1021/acs.jmedchem.1c02010
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Aggregation Prediction for a Fusion
Protein
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Aggregation Prediction for a Fusion
Protein
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Aggregation Prediction for a Fusion
Protein
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Aggregation Prediction for a mAb

Accelerated al
12 stability data
&
@ 10 ® 50C -5
g8 L 25°C (2] =
= g 2 =
%6 A=~
G N 40 °C o S 2
E1 PEDE - — <
S
22 e 8 8 < -7
0 1 2 3 4
time (months) | ) .
0.0032 0.0034
yT

T[5-45°C]
Ea = 44.9 kcal/mol

g20 ®50C

$24 — 50

o -PI

52.2

o

L)

B 2 mm———————— e ———

E

218 !

8 [ ]

RG] [, S ——— ————— e
0 10 20 30

time (months)

14 U NOVARTIS | Reimagining Medicine



Aggregation Prediction for a mAb

Accelerated

2" stability data
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Aggregation Prediction for a mAb
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Improved robustness, speed and
accuracy of stability predictions

17

(3]

(g%
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SEC sum of aggregates (%)
=] =Y

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
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Aggregation of Rituximab: comparison of Arrhenius kinetic model (orange) and linear
extrapolation (blue) prediction intervals by using 3, 6, 12, 18 or 24 month experimental
stability data (black data points) respectively. In grey, remaining measured data points at
intended storage are shown for visual verification of the prediction intervals.

Sci Rep. 2021 Oct 15;11(1):20534. doi: 10.1038/s41598-021-99875-9.
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Conclusions

* Simplified one-step Arrhenius-based kinetics for mAbs longterm stability predictions
(6 months accelerated stability data -> 3 years prediction verified by real data)

* Arrhenius relation applies to protein aggregation, with attention to temperature
range

* Practical applications: formulation development, temperature excursions

e Valuable insights for assessing shelf life and ensuring product quality and safety

Check-out publications:

2021: D. Kuzman et al., Long-term stability predictions of therapeutic monoclonal antibodies in solution using Arrhenius-based kinetics (Sci.
Reports)

2022: M. Bunc et al., Aggregation Time Machine: A Platform for the Prediction and Optimization of Long-Term Antibody Stability Using Short-
Term Kinetic Analysis (J. Med. Chem.)

2023: M. Huelsmeyer et al., A universal tool for stability predictions of biotherapeutics, vaccines and in vitro diagnostic products (Sci. Reports)
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