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The concept of a Digital Twin

Digital Twins are virtual equivalents, or
twins, of physical objects.

These digital copies are increasingly
popular because they can be used to
drive important simulations that haven t
been possible until now.
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Lee et al., 2020

The concept of a Digital Twin for complex human pathologies
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Lǎ ŜǾŜǊȅǘƘƛƴƎ ŘƛƎƛǘŀƭ ŀ ά5ƛƎƛǘŀƭ ¢ǿƛƴέ Κ

ÅDigital Model: 

Åa virtual representation of a physical 
object, system, or process (algorithm, 
mathematical model, 3D representation 
etc). 

ÅVisualization, analysis, and manipulation 
of objects or systems in a digital 
environment, aiding in design, 
optimisation, and testing. 

ÅUsed for in silico simulations and 
hypothesis testing (predictions) of how a 
physical object, system, or process might 
operate in the future or in a particular 
environment.

ÅDigital Shadow:

ÅA digital shadow is an evolving digital 
representationthat mirrors the current 
state and behaviourof a physical entity 
or system. 

ÅIt collects data through sensors, 
Internet of Things (IoT) devices, or 
other sources and provides a feed of 
information that is fed into the model. 

ÅTypically, digital shadows are 
mathematical models, but they could 
also be 3D representations.

ÅThey enable monitoring, predictive 
analysis, and decision-making.
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wŜŀƭ ά5ƛƎƛǘŀƭ ¢ǿƛƴέ 

ÅReal-time connection between the physical entity 
and its digital counterpart, where the physical 
object gives information to the digital replica and 
vice versa. 

ÅDigital twins simulate, monitor, and control physical 
objects or systems, facilitating analysis, 
optimisation, and predictive maintenance. 

ÅThey enable live feedback loops and foster insights 
for improving performance, efficiency, and 
reliability.

ÅTo put it differently, there is a two-way interaction 
between the physical and the digital environments, 
where the digital replica is able to change how the 
physical entity operates. 

https://www.tandemdiabetes.com/5



Human immune response in various pathologies
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Niarakis, A., Laubenbacher, R., An, G. et al. Immune digital twins for complex human pathologies: applications, limitations, and 

challenges. npj Syst Biol Appl 10, 141 (2024).



Immune digital twins
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Where to start? 

https://www.bioregulatory-systems-medicine.com/en/brsm-model/autoregulation-of-biological-networks
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Whatisthe plan? 

ωMapping of cell(s) and pathways involved 
in the pathogenesis / mechanism of 
interest

ωConstruction of causal networks using low 
and high throughput experimental 
evidence, AI assistedliterature mining, 
reverse engineering algorithms and 
human curation

Build causal 
mechanistic networks

ÅAutomatic inference of executable, 
computational large-scale models based on 
the causal mechanistic networks 

ÅModel validation, and enrichment using 
experimental observations and omics data

Infer dynamical 
models Å1. Predictionsand hypothesestesting

Å2. Identification of novel druggable
targets (combinations)

Å3. Drug-repurposing analysis

Perform in silico 
simulations and 

perturbation analyses
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Signal 
transduction

Gene 
transcription & 

translation

Phenotype
regulation 10

Systems biology to better understand complex diseases

(Mazeinet al., 2018)
(Le Novèreet al., 2009)
(Jutyet al., 2012)

Extracellularspace

Cytoplasmicmembrane

Cytoplasm

Secretedcomponents

Disease
phenotypes

Á Assemble the available and 
fragmented knowledge in 
diseasemaps

Á Manually curated and 
extensively annotated  

Á Both humanand machine-
readable

Á Standardized: SBGN PD, 
MIRIAM, stable identifiersand 
HGNC symbols
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Å Addition of the missing interaction:

ÅSBGN PD compliant;

Å720 species (329 proteins,

135 genes, 136 RNAs, 54

simple molecules, 1 ion, 65

molecular complex)

Å9 phenotypes

Å602 reactions

Å 575 PMIDs

Å MIRIAM standards for

annotations.
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Rheumatoid Arthritis Map (RA-Map V2)

V. Singh, G.D. Kalliolias, M. Ostaszewski, M. Veyssiere, E. Pilalis, P. Gawron, A. Mazein, E. Bonnet, E. Petit-Teixeira, A. Niarakis RA-map: Building a state-of-the-art

interactive knowledge base for rheumatoid arthritis, Database, Volume 2020, 2020, baaa017, https://doi.org/10.1093/database/baaa017 (2020)
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Staticand dynamicrepresentationsof causal networks

ÅNode: 0 or 1 Ą biological entity absent/inactive or present/active

ÅEdges: activators or inhibitors

ÅActivation of one or multiple nodes Ÿ Model behavior

Adapted from Schwab et al., 2020

Dynamic 

Boolean model

Simulations & 

Analyses

2 3
Static

Molecular Map

1
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Threesteps: 1) Map reduction 2) PDto AFform conversion3) Computationof the logicalrules
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CaSQto automatically infer Boolean models from MIMs

ABcomplexformation in Celldesigner Thecorrespondingmodel

Thelogicalrulesassociatedwith eachnodeof the model

(Aghamiriet al., 2020)
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A large-scale Boolean model for RA

V. Singh, M. Ostaszewski, G.D Kalliolias, G. Chiocchia, R. Olaso, E. Petit-Teixeira, T. 

Helikar, A. Niarakis Computational Systems Biology Approach for the Study of 

Rheumatoid Arthritis: From a Molecular Map to a Dynamical Model. Genomics and 

Computational Biology Vol 4 No 1 (2018)

Dynamicmodel
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Á Stategraph: the transitionof onevariablefrom onepoint in time to the next
Á Synchronousandasynchronousupdatingschemes
Á In synchronousmodelsall Booleanfunctionsare appliedat the sametime while in asynchronousmodelsonly one

randomlychosenfunction is updatedper step.
Á Long-term behavior= attractors= biologicalphenotypes
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Systems biology to better understand complex diseases
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State transition graph and attractorsof the toy model

(Schwab et al., 2020)

ABC ABC ABC ABC
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The proposed computational framework

(Zerrouket al., npj systemsbiology& applications, 2024) ImmPort Webinar



Á SimilarityscoreS= (ὔ00 +ὔ11)/(ὔ00 +ὔ11 +
ὔ10+ὔ01)

N00 and N11 = number of nodeswith the same
state in both the steadystate and the discretized
vectorof experimentallyobservedexpressions

N01 and N10 = number of nodes with different
states in the steady state and the discretized
vectorof experimentallyobservedexpressions
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±ŀƭƛŘŀǘƛƻƴ ƻŦ ǘƘŜ ƳƻŘŜƭΩǎ ōŜƘŀǾƛƻǊ 

0.584-0.584

Gene expression discretization on a volcano plot showing the DEGs 
between RA and osteoarthritis synovial fibroblasts. DEGs were 
filtered using an FDR equal to 0.05 and a logFCequal to 0.584. 

(Zerrouket al., npj systemsbiology& applications, 2024) ImmPort Webinar
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Adapted from Aghakhani, S.; Zerrouk, N.; Niarakis, A. Cancers (2021)

Building a joint one cell at a time? 

Models
Number of 

nodes

Number of 

edges

Cell proliferation/ 

cell

growth/survival

235 364

Apoptosis 233 352

Inflammation 230 368

Osteoclastogene

sis and bone 

erosion

217 341

Matrix 

Degradation
195 280

Model with five 

phenotypes
309 504
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A large-scale Boolean model for RA-FLS

VidishaSingh, AurelienNaldi, Sylvain Soliman, Anna Niarakis, A modular, large-scale Boolean model of the 
Rheumatoid Arthritis fibroblast-like synoviocytes, npjSystems Biology & Applications, 2023
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Modelling the effect of mono/ combined 
treatment 
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General architecture of the hybrid modeling framework.

Aghakhani S, Soliman S, Niarakis A (2022) Metabolic reprogramming in Rheumatoid Arthritis Synovial Fibroblasts: A hybrid modeling approach. 
PLOS Computational Biology 18(12): e1010408. https://doi.org/10.1371/journal.pcbi.1010408
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1010408
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A hybrid model for RASF

Constraining FBA with Stable States Constraints

Å 8 trap-spaces identified;

Å 12 metaboliteôsstable states = 0 (out of 29 common metabolites between RASF-Model and MitoCore);

Å 7 metabolic enzymeôsstable states = 0 (out of 19 common enzymes between RASF-Model and MitoCore);

ᵼ50 metabolic reactionsôflux constrained to 0 from the regulatory network.
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Knockout simulations and FBA results reveal an 
important role of HIF1 as a metabolic switch

This finding suggests 
that targeting HIF1 could 
participate in the 
restoration of a healthy 
metabolic profile in 
RASFs.

Furthermore, this is 
consistent with recent 
experimental studies 
demonstrating that HIF1 
knockdown reduces 
glycolytic metabolism in 
human synovial 
fibroblasts.
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Mʊ

M1 M2

Inflammatorycytokines
Matrix degradationenzymes 
ProinflammatoryT 
activation

Anti-inflammatorycytokines
Tissue homeostasisand 
repair
RegulatoryT cellsactivation

RA 
M1/M2

M2

M1

Apoptosisҩ
Proliferationҫ

Apoptosisҫ
Proliferationҩ

(Yang et al., 2020)
(Cutoloet al., 2022)

Targeting macrophages in RA
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Selective M1 macrophage depletion and M2 macrophage 
promotion in the RA synovium 

?

RA 
M1/M2

M2

M1

Apoptosisҩ
Proliferationҫ

Apoptosisҫ
Proliferationҩ

RA 
M1/M2

M2

M1

Apoptosisҩ
Proliferationҫ

Apoptosisҫ
Proliferationҩ
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Selective M1 macrophage depletion and M2 macrophage 
promotion in the RA synovium 

NF-ˁ.inhibition for therapeuticinterventionsin RA&
for downregulatingthe M1 markers
(Xiaet al., 2018, Cutoloet al., 2022)

(Zerrouket al., npj SBA, 2024)

GSK3B inhibition for therapeutic interventions in RA& 
for increasing the expression of the M2 markers (Kwon et 

al., 2014, Peng et al., 2022)
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