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Outline

(I) Sensitization in IFN⍺ signaling

(a) ODE model application (b) Methodological development

● Mechanistic insights ● Selected publications from the Timmer group

(II) Application to Patient-derived Human Hepatocytes (PHH)

● USP18 as a biomarker for sensitization threshold
● Model adaptations and extensions
● Pharmacokinetics 
● Treatment Strategies
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Interferons – why and where they matter?

● Therapeutic IFN⍺ used against 
chronic viral infections (e.g. HBV, 
HCV), but some patients do not 
respond

● Signaling pathway is known to 
desensitize upon activation

● ODE modeling approach to 
understand the mechanistic origin 
of desensitization
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IFN⍺ signaling – Part of Innate Immune Response

● Pattern recognition receptors 
sense viral particles 

● Interferons (IFN⍺) and Interferon 
stimulated genes (ISGs) are 
activated
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IFN⍺ signaling – Part of Innate Immune Response

● Pattern recognition receptors 
sense viral particles 

● Interferons (IFN⍺) and Interferon 
stimulated genes (ISGs) are 
activated

● IFN⍺ activates signaling pathway, 
Formation of STAT complexes

● Binding to GAS and ISRE, 
Activation of further ISGs

● Induction of negative feedbacks 
SOCS1, SOCS3 and USP18

● Induction of positive feedbacks 
STAT1, STAT2, and IRF9
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Pathway sensitization

Pre-stimulation with a

● Low dose → Priming 
/ Hypersensitization

● High dose → 
Desensitization

Sensitization Experiments:

Low dose High doseDefinition:
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Formalizing the ODE model
Biological cartoon Reaction network (SBGN)

Frequently used rate equations:

● Mass action: A + B ⟶ C
Ȧ = Ḃ = -Ċ = -k·A·B

● Enzyme kinetics: E+S ⟷ ES ⟶ E+P 

   approx. by Michaelis-Menten: 
Ṗ = Vmax·S/(KM + S)

● Inhibition: A ⟶ B inhibited by C:
Ḃ = k1∙A/(1 + k2∙C)

ODE formulation

● Determine unknown parameters by 
Maximum likelihood estimation
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Calibration of the ODE model

Time derivative of ODE model states x:

Observables y:

Minimize weighted residual sum of squares:

Implementation in modeling toolboxes:

Kaschek et al. “Dynamic modeling, …” 
Journal of Stat. Software (2019)

Raue et al. “Data2Dynamics …” 
Bioinformatics (2015)

dMod, R

D2D, Matlab
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Calibration of the ODE model
Time course of mRNA (qPCR):
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Calibration of the ODE model
Time course of mRNA (qPCR):

Aligned protein data (Western blot):
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Calibration of the ODE model

Model size:
● 40 dynamic variables
● 85 parameters
● 11700 data points for 20 observables

Measurement techniques:
● Western blot (WB)
● qPCR
● Mass spec (MS)

Experimental conditions:
● Time course over 32 hours
● Dose response at 1h, 4h and 24h
● USP18 over-expression and inhibition (siRNA)
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Define a measure for the antiviral response:

Dose-dependent pathway sensitization
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Relative antiviral response

Pre-stimulation dose (log10 pM) 

(hyper)-
sensitization

desensitization

Dose-dependent pathway sensitization
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Relative antiviral response

Pre-stimulation dose (log10 pM) 

IRF9, STAT2

USP18, SOCS1

Pathway sensitization is determined by dose-dependent induction of intracellular feedback proteins

(hyper)-
sensitization

desensitization

Dose-dependent pathway sensitization
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Numerical optimization

Raue et al. “Lessons Learned …”
PLoS ONE (2013)
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Identifiability analysis via the Profile likelihood

Raue et al. “Structural and Practical …”
Bioinformatics (2009)



Dr. Marcus Rosenblatt, University of Freiburg – Sensitization of IFN⍺ signaling 25

Current Opinion in Systems Biology

“Tailor the model complexity to the 
information content of the data”

F.G. Wieland, A.L. Hauber, M. Rosenblatt,
C. Tönsing, J.Timmer. (2021)
“On structural and practical identifiability”

Current Opinion in Systems Biology
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The problem of non-identifiability

● Values of parameters cannot be determined
● Uncertainty quantification impossible and predictions 

may become non-meaningful
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Curing non-identifiability

Steiert et al. “Experimental Design …”
PLoS ONE (2012)

Maiwald et al. “Driving the model …”
PLoS ONE (2016)
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Dynamics of Transcription Factors

● Calibration by measuring sum of STAT complexes
● Model disentangles dynamics of individual complexes
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Model correctly predicts dynamics of individual STAT complexes

Model prediction uncertainty calculated
via prediction profile likelihood
Kreutz et al. “Profile likelihood …”
FEBS Journal (2013)

Dynamics of Transcription Factors
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Dynamics of Gene Expression

● Model correctly predicts dose-dependent sensitization at gene level
● GAS: no hypersensitization, only desensitization
● ISRE: potentially strong hypersensitization, if dose and timing is chosen properly

ISREGAS
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Dynamics of Promoter Regions

● Model correctly predicts dose-dependent sensitization at gene level
● GAS: no hypersensitization, only desensitization
● ISRE: potentially strong hypersensitization, if dose and timing is chosen properly
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Model adaptation

● Sensitization experiments performed for hepatoma cell line 
HepG2 and primary human hepatocytes (PHH)

● Model structure conserved

● Differences between cell systems are modeled by differences 
in (a few) system-specific parameters

● Identification by means of L1 regularization
for N=2: Steiert et al. “L1 regularization facilitates …” Bioinformatics (2016)
for N>2: Hauber et al. “Uncovering specific mechanisms…” bioRxiv (2023)
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Pathway sensitization across cell systems

● Characteristic shape of pathway 
sensitization is conserved 
across different cell systems

● Exact positioning is determined 
by abundance of feedback 
proteins
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Pathway sensitization across cell systems

● Characteristic shape of pathway 
sensitization is conserved 
across different cell systems

● Exact positioning is determined 
by abundance of feedback 
proteins

● Threshold between sensitization 
and desensitization determined 
by the abundance of USP18
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Link to dynamics of transcriptome

Wilder et al. “A stimulus-contingent feedback …” 
Molecular Systems Biology (2023)
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Sensitization of transcription factor dynamics
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Dynamics of Gene Response
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Dynamics of Gene Response
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Link to pharmacokinetic model

Pre-stimulation dose (log10 pM) 

(hyper)-
sensitization desensitization

Rof / Peg ∅
∅

Rof / Peg subcutan /
intramuscular

blood

ke

ka

Relative antiviral response (including IFN baseline and PK):

PK of Roferon and Pegasys:
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Link to pharmacokinetic model

Rof / Peg ∅
∅

Rof / Peg subcutan /
intramuscular

blood

ke

ka

ke
low high

low

high

ka

Huh7.5
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Link to pharmacokinetic model
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Link to pharmacokinetic model
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Summary

Rof / Peg ∅
∅

Rof / Peg subcutan /
intramuscular

blood

ke

ka
Dose-dependent sensitization observable across:

- Multiple cell systems (including PHH)
- Different stimuli including their PK
- Transcription factors, promoter regions and ISGs
- Dynamic of ISPs (work in progress)

Patient-individual optimal treatment is influenced by
- Abundance of feedback proteins
- PK parameters
- Desired readout (ISRE vs. GAS, Target protein)
- But interestingly: Optimal treatment time point is relatively stable

What next?
- Optimize response given a multiple treatment scheme
- Compare to clinical application
- More patient data?
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Back-up slides
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Relative antiviral response

Pre-stimulation dose (log10 pM) 

(hyper)-
sensitization

desensitization

Dose-dependent pathway sensitization
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Disentangle feedback contributions
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The role of USP18

USP18 is a negative regulator USP18 is not sufficient 
for desensitization

USP18 knockdown USP18 over-expression
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Model selection

STAT2 as adaptor for USP18
not necessary

Synergetic effect of SOCS1 
and USP18
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Interferons – A very current topic

“SARS-CoV-2 patients benefit from 
therapeutic interferons when given early 

enough”



Dr. Marcus Rosenblatt, University of Freiburg – Sensitization of IFN⍺ signaling 55

Alignment of biological replicates using BlotIt

● Replicate information
● Use for modeling

● Simple data visualization
● Use for modeling, if low 

amounts of replicates

Kemmer, Bang et al. “BlotIt – Optimal alignment …”. 
PLoS ONE (2022)
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Analytical steady-state constraints

Rosenblatt et al. “Customized steady-state constraints …” 
Frontiers in Cell and Developmental Biology (2016)


