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The Future of Biopharmaceuticals is more complex than Mabs

1. Advanced Biologics 2. Cell-based Therapies 3. Gene-based Therapies 4. RNA-based Therapeutics

« Bispecific antibodies *CAR-T cell therapy *AAV-based gene therapies | - mRNA vaccines
« Antibody—-drug conjugates (ADCs) *TCR-engineered T cells «Lentiviral gene therapies i *mRNA-based protein replacement
*Nanobodies / single-domain *NK cell therapies (natural killer cells) *Non-viral gene delivery systems therapies

antibodies «Stem cell-based therapies +Gene editing therapies *siRNA
«Engineered cytokines & immune- *ASOs
modulators + Circular RNA

5. Protein Degradation & ' ' i 6. Microbiome-based 7. Next-Generation Delivery
Modulation il | - Therapeutics Modalities

* Proteolysis-targeting chimeras w *Live biotherapeutics « Lipid nanoparticles for nucleic acids
*Molecular glues : 1 * Postbiotics / metabolite-based S8 - Exosome-based delivery

+Lysosome-targeting chimeras i | i | interventions ™ < Polymeric carriers & smart
biomaterials
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Business challenges and needs to succeed in the race — or just to survive...

. Unknown and more quality
attributes

* Inherent raw / starting material
quality

(

* Process intensification
 Continuous processing

o

\

Ve

Master
complexity
of products

Reduce
COGS

Speed up
time to
market

De-risk
batch
failure

* Predictive technology transfer /
into clinics

» Robust processes lead to higher

probability of success

» Master Product Life Cycle

* Predictive and compensatory
control strategies
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Knowledge & Wisdom is the new oil — Cel

Knowledge management in the QbD
paradigm: manufacturing of biotech
therapeutics

Christoph Herwig'?, Oscar F. Garcia-Aponte™, Aydin Golabgir', and
Anurag S. Rathore®
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Data — Information - Knowledge
& IsPE.

Data Information Knowledge
to tell the color from color decide which ones to buy
(physical attribute) (make decision by linking
information to the
establish sugar content objective)

(chemical attribute)

Knowledge management: a “systematic approach to acquiring, storing, and disseminating information related to
products, manufacturing processes, and components.” (ICH Q10)
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Quality by Design - Process understanding & Control strategy

CPPs CPP = critical process parameter

H Il H H I SO T Cea process parae

Unit operations
?.o.. oo 4 _/\.,\_ UF/DF CQAS
oo O - |
¥
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|

Process understanding
& Control strategy
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Current Quality by Design Approach —
From data to information to knowledge and control

- Scalable Process ' N
YA process Analytical ‘,Q'ys‘
understand. understanding technology m
- A 4 \
Parameters Quality
& &
Materials Performance
N\ J \_ Yy,
)
Capture Optimized CONTR
& implement & predictive
digital twins control
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Why Modelling? The trajectory matters!

* Unknown and more * Predictive technology
quality attributes transfer / into clinics
+ Inherent raw / + But robust processes
D a ta L starting material lead to higher
quality probability of success.

Master o
complexity of Speed up time

Tabular products to market Time SerieS

De-risk batch
failure in

StatiC/DOE Mode”ing Coes manufacturing

Reduce

* Process = Master Product Life
intensification Cycle
+ Continuous * Predictive and
processing compensatory control
strategies

nivariate pred rCGE

Information

Ul S Simulation Optimization Prediction Control
What if? What is optimal? What will happen? What should | do?

KORBER Korber Pharma Austria GmbH a Kdérber Group company —Copyright © 2025 Korber AG or its affiliates. All rights reserved. 7/2/2026



Model Credibility

KORBER
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Verification, Validation and
Uncertainty Quantification

ASME V&V 40 risk-informed credibility assessment framework

GUIDANCE DOCUMENT

Considerations for the Use of Artificial
Intelligence To Support Regulatory Decision-
Making for Drug and Biological Products

Draft Guidance for Industry and Other Interested Parties

JANUARY 2025
Establish Risk Informed Credibility V&YV Activities Assess Credibility
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Validation: the process
of determining the
degree to which a

RAPID COMMUNICATION | VOLUME 110, ISSUE 4, P154

o Download Full Issue

model or a simulation
is an accurate
representation of the
real world

KORBER

Verification and Validation of Computational Models Used in
Biopharmaceutical Manufacturing: Potential Application of the ASME
Verification and Validation 40 Standard and FDA Proposed Al/ML
Model Life Cycle Management Framework

deault " « Anthony Scaccia s Thomas Zahel '« Robert W. Landertinger « Chathuri Daluwatte 2 =«

ed: January 22, 2021 * DOI: hitps://doi.org/10.1016/j.xphs.2021.01.016 *

Is the model
uncertainty smaller

then the required
acceptance for the
context of use?

2 July 2026 1"



The Protein Alternative

-————————————--———————————-\ =

Commercial Production \ ’ fermify Technology

133 tons 0 cows

643 unhappy cows

205,760 L Methane B-Casein 85% less CO
. per Annum
322 to 429 hectares land ) 4 98% less land, 4,000 L Tank
32M L water ? F4 \\\ 75% less water
’
. / \ . .
Highly dependent on external /7 %, Independent from milk price and

factors like inflations, climate, etc. ,/ \\ supply fluctuations.

fermify

1. Hogan, J, Shaw, |, Berry, P, & Australian Bureau of Agricultural and Resource Economics. (2004). A review of the Australian dairy industry. In ABARE eReport 04.24. Australian Bureau of Agriculturaland Resource Economics. https;//www.accc.gov.au/system/files/public-
registers/documents/D05%2B17526.pdf
2. Craig Thomas, Michigan State University Extension. (2011b, April 5). Drinking water for dairy cattle: Part 1. MSU Extension. https:;//www.canr.msu.edu/news/drinking_water_for_dairy_cattle_part_1



The unbeatable advantage of continuous processing

Fed-batch VS Continuous Production
TSIP/Prep Batch Fed-Batch Production cip A SIP/Prep Batch Fed-Batch Production ap
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Intensified & Continuous Integrated Processing

O harvest clarification capture

purification polishing product
-
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GM IN BIOTEGH
PROGESSES

Challenges for Implementation
Robert Dream, CPIP, PE; Christoph Herwig, PhD; and Emilie Pelletier

Roger F. Sherwood Article of the Year, ISPE

Identify

Data
saence Variability

Model-based
methods

PAT tools
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Population Analysis by
Online Flow Cytometry

Does an online FCM enable to monitor the drop in productivity?

Can we gain more knowledge about populations with specific staining??
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BIOTECHNOLOGY

BIOENGINEERING

Population Analysis by
O n I i ne F I ow Cytometl'y Reducing phenotypic instabilities of a microbial population

during continuous cultivation based on cell switching

dynamics
== Thai M. Nguyen, Samuel Telek, Andrew Zicler, Juan A. Martinez, Boris Zacchetti, Julian Kopp,
\ e Christoph Slouka, Christoph Herwig, Alexander Grinberger, Frank Delvigne 5%«
\ First published: 15 June 2021 | https://doi.org/10.1002/bit.27860 |  ~* VIEW METRICS
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High dynamics in subpopulations lead to decrease in productivity...
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Main rationales for establishing a competitive & scalable technology

Keep reactors small
* Avoid mixing inhomogeneity, which may occur at more than 20 m3 scale

Yet achieve high productivity and allow full scalability
» Switch to continuous processing, which achieves >15 x higher productivities than fed-batch processes

Keep product quality constant and efficiency high
» Steady-state conditions along the complete process chain
« Avoid complete unit operations, achieve optimum economy

B\ ANALYTICS & DIGITALIZATION
\ & DOWNSTREAM
UPSTREAM PROCESSING i PROCESSING
PATENTED GROWTH PROI::UCTION HARVEST
MICROBE e ® o o o = . T 90-95% pure
- O ° O 0 O e et casein protein

Unique ® e ® ttet W
composition A ® o ® A Se vt e
of GROWTH ® ® ® © O Cet

MEDIUM
17



Key Elements...

...for economical and scalable production of heterologous proteins

gy | [ ey |
P i
Bleed

Reactor 1 Reactor 2

Continuous Production

Integrated Continuous Bio-
manufacturing as the core
basis for economic and
ecological competitive
advantages

——— CQAs

——> KPIs

Digitalization
Holistic understanding and
control strategies of single unit

operations and complete
process chain

CQA = critical quality attribute
| l KPI = key performance indicate

Holistic KPI

Prediction

Control

Robust and optimum
productivity with Iistenin? to
the happiness of the cells

18



MIMO System: Multiple Input, Multiple Output Optimization Problem

[ cERy(#) [ CERy(t)
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Highly correlated system: Infinite combination of experimental setups can yield the same result



fermify

Bayesian optimization suggests an optimal next
experiment to do, given your present data

One wetric to
rule them all

“Optimal” new
experiment to do:
Temperature = 47 °C
Time = 14 min

Color =Blue
IngredientA =14¢g

Quality

measure

Experiment A small
goal data set
Factors we

Scary math

IngredientB =72¢g
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For optimization, multiple inputs are required fermify
to change at the same time: NON OBVIOUS Adjustments
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How to achieve process robustness

Reduction of OOS results
Increased space-time yield
Increased reproducability
Sustainability

Decrease cost of goods

Temp —&4—

KORBER
22



What needs to be optimized?

All outputs (responses) at the same time

Feed B

Feed A

Temp |

etc. |

Process KP

Glucose

Aggregrates
Growth rate

etc.

71212026
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Real-time estimation using Digital Twin Observers
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Real-Time Estimation capabilities of difficult to measure KPIs fermify

{'Growth': 'F24 C11G°, 'Production': 'F24_C11P'}
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Real time model-guided methodology to estimate initial conditions / raw
material uncertainty

Real time fed-batch process monitoring of biomass specific rates

State estimation using
particle filtering enables real
- ©
€ 01 o 01 .
process robustness despite
g 005 g 005 . .

L 3, raw material uncertainty
?‘g

-0.05 S 05

0 20 40 60 80 20 40 60 80
‘T: 02 o 02 Bioresource Technology 321 (2021) 124395
‘1% 0.15 ‘7:7 0.15 Contents lists available at ScienceDirect
2 S — Offline measured rates B
% S0 e Online estimated rates FECCESE S 28
g :"'i El .\'] VIER journal homepage: www.elsevier.com/locate/biortech
2 2 005
2 8 S
g £ 0 Noninvasive online monitoring of Corynebacterium glutamicum fed-batch
.é’ 5)} bioprocesses subject to spent sulfite liquor raw material uncertainty
B 0,05 -0.05

0 . 40 60 . 20 40 60 80 Peter Sinner”, Marlene Stiegler °, Christoph Herwig “, Julian Kager ™

Time (h) Time (h)
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Contents lists available at ScienceDirect

Bioresource Technology

MIMO (Multiple Input Multiple Output) System = -

Addressing raw material variability: In-line FTIR sugar composition analysis
of lignocellulosic process streams

Raw Material S Computation Control Reference
Batch wise changeup of Time-Resolved PLS model for sugar Processmodel to keep Measurements for

sugar compostion measuring of spectra concentration culture in steady sate validation of setpoints

in-line FTIR
Measurement Point

|
| \
l llll Biomass
—" ~——3MIN
Product #MIN
|
| >
|
° | | H |

Control Model

L))

hosa 1
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Prediction Capabilities
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What needs to be optimized?
All outputs (responses) at the end of the process (DS)

Holistic KPI
C A /ii
T ~
Feed B —> Process KP‘ P A e Productivity
Feed A > | t >
romn T l\J I Prediction
\/ Yield

— |
te- | MPC - DT |

71212026 29



Digital Twin Based

Advanced Control using Model Predictive Control
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End-to-End Digital Twin as a Framework

pH —+| | Temp. + Flow —# pH —+| |pH — Flow —# pH —4+| [Cond. &+
Cond. ¥+ RPM —+ Cond. + Cond. ¥+ Cond. ¥+ Cond. 4+ Cond. ¥+ T™MP —

4

I

CQAs , [

PPs KPIs ® [
CMA

KORBER 2 July 2026
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End-to-End Digital Twin as a Framework
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Projects / ProcessModel Demo Bio

Process Models

Process Parameter Settings
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Real Time Application of End to End Digital Twins in Manufacturing

Y
1 FinalYield  80%

Final Quality 88%

pH —A—
Cond. —-§

KORBER 7/2/2026
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End-to-End Digital Twins as Recommender Systems in Manufacturing
Multi-Input, Multi-Output & Multi UO Optimization Problem

EEHB ©® 2 @ © Momszand

Fermentat . 2_Hi t 3_Capt 1 4_Polish
o ® max ma ® max mn =, ma mn
1 . . Losdcond |
B L1 B B 5 w
b |
0 1
| | |
= BE) o5 iz Ly W E I
- - -
]
1 |
55 L1 L. Ll
|
o L1
»
Plot o W

Aggregates (00S: 1.8%)

Aggregates (00S: 1.8%)

KORBER k



Data Maturity Model

Maturity Models

A How can autonomous
reaction take place?

& \SPE. | PHARMA 4.0 “Self-optimizing*

BioPhorum ’—J'

What will happen?

“Being prepared* ’-I

What does happen?
“Seeing" ’—l @

Level 1 Level 2
Predigital plant Digital silos

Industry 3.0 ‘ ’ towards Industry 4.0 Development path

Maturity level
KORBER

Lift does net g0
above floor 1 until
basement issves resolved.

— Facilities (Data Team)

Business Value

Level 5
Adaptive plant
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Holistic Data Management: Challenges with data analysis
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Data Sources

MS

PCS

PD

KORBER
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Data should be available from multiple dimensions
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Conclusions
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Control Options:
End-to-End Digital Twin: Predictive control along the process chain

2 July 2026
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Methodological success factors

Intelligent & digitalized holistic continuous process control by

* Holistic data management

* Holistic design of experiments to
gather holistic process understanding

 Formulation of process understanding and
its capture in digital twins

 Control inside of the process understanding to
achieve the right product quality and optimum KPls

« Establish life cycle capability

Identify

Data
science

Variability

Model-based
methods

PAT tools
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@1 Technology

MICROHARVEST

Revolutionizing protein biomanufacturing as a first vertical

FLEXIBLE INPUT

Bacterial strains

RN

Agrifood side-streams

Fast growing, safe and
bacterial strains

Flexibility to use agrifood
side-streams

MICROHARVEST

+ PROPRIETARY FERMENTATION

(grams / litre / hour)
vs. gas fermentation or mycoprotein.

Industrial-scale fermentation with

lower CAPEX and COGS.

PREMIUM FOOD & FEED

full amino acid profile, proven palatability
and digestibility.

than conventional products and a lower
water footprint
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