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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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Is everything digital a “Digital Twin” ?

• Digital Model: 

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

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

• Used 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.

• Digital Shadow:

• A digital shadow is an evolving digital 
representation that mirrors the current 
state and behaviour of a physical entity 
or system. 

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

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

• They enable monitoring, predictive 
analysis, and decision-making.

4



Real “Digital Twin” 

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

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

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

• To 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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What is the plan? 

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

• Construction of causal networks using low 
and high throughput experimental 
evidence, AI assisted literature mining, 
reverse engineering algorithms and 
human curation

Build causal 
mechanistic networks

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

• Model validation, and enrichment using 
experimental observations and omics data

Infer dynamical 
models • 1. Predictions and hypotheses testing

• 2. Identification of novel druggable
targets (combinations)

• 3. 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

(Mazein et al., 2018)
(Le Novère et al., 2009)
(Juty et al., 2012)

Extracellular space

Cytoplasmic membrane

Cytoplasm

Secreted components

Disease
phenotypes

 Assemble the available and 
fragmented knowledge in 
disease maps

 Manually curated and 
extensively annotated  

 Both human and machine-
readable

 Standardized : SBGN PD, 
MIRIAM, stable identifiers and 
HGNC symbols
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• Addition of the missing interaction:

• SBGN PD compliant;

• 720 species (329 proteins,

135 genes, 136 RNAs, 54

simple molecules, 1 ion, 65

molecular complex)

• 9 phenotypes

• 602 reactions

• 575 PMIDs

• MIRIAM standards for

annotations.
11

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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Static and dynamic representations of causal networks

• Node: 0 or 1  biological entity absent/inactive or present/active

• Edges: activators or inhibitors

• Activation of one or multiple nodes → Model behavior

Adapted from Schwab et al., 2020

Dynamic 

Boolean model

Simulations & 

Analyses

2 3
Static

Molecular Map

1
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Three steps : 1) Map reduction 2) PD to AF form conversion 3) Computation of the logical rules

13

CaSQ to automatically infer Boolean models from MIMs

AB complex formation in Celldesigner The corresponding model

The logical rules associated with each node of the model

(Aghamiri et al., 2020)
ImmPort Webinar
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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)

Dynamic model
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 State graph : the transition of one variable from one point in time to the next
 Synchronous and asynchronous updating schemes
 In synchronous models all Boolean functions are applied at the same time while in asynchronous models only one

randomly chosen function is updated per step.
 Long-term behavior = attractors = biological phenotypes
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Systems biology to better understand complex diseases

101

001 100

111

000

010 110

011
A = B 
B = A AND NOT C
C = A AND NOT B 

A

B C

State transition graph and attractors of the toy model

(Schwab et al., 2020)

ABC ABC ABC ABC
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The proposed computational framework

(Zerrouk et al., npj systems biology & applications, 2024) ImmPort Webinar



 Similarity score S = (𝑁00 + 𝑁11)/(𝑁00 + 𝑁11 +
𝑁10 +𝑁01)

N00 and N11 = number of nodes with the same
state in both the steady state and the discretized
vector of experimentally observed expressions

N01 and N10 = number of nodes with different
states in the steady state and the discretized
vector of experimentally observed expressions
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Validation of the model’s behavior 

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 logFC equal to 0.584. 

(Zerrouk et al., npj systems biology & 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

ImmPort Webinar
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A large-scale Boolean model for RA-FLS

Vidisha Singh, Aurelien Naldi, Sylvain Soliman, Anna Niarakis, A modular, large-scale Boolean model of the 
Rheumatoid Arthritis fibroblast-like synoviocytes, npj Systems 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

• 8 trap-spaces identified;

• 12 metabolite’s stable states = 0 (out of 29 common metabolites between RASF-Model and MitoCore);

• 7 metabolic enzyme’s stable states = 0 (out of 19 common enzymes between RASF-Model and MitoCore);

⇒ 50 metabolic reactions’ flux 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.

ImmPort Webinar
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MΦ

M1 M2

Inflammatory cytokines
Matrix degradation enzymes 
Proinflammatory T 
activation

Anti-inflammatory cytokines
Tissue homeostasis and 
repair
Regulatory T cells activation

RA 
M1/M2

M2

M1

Apoptosis ↗
Proliferation ↘

Apoptosis ↘
Proliferation ↗

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

Targeting macrophages in RA

ImmPort Webinar



25

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

?

RA 
M1/M2

M2

M1

Apoptosis ↗
Proliferation ↘

Apoptosis ↘
Proliferation ↗

RA 
M1/M2

M2

M1

Apoptosis ↗
Proliferation ↘

Apoptosis ↘
Proliferation ↗

ImmPort Webinar
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Selective M1 macrophage depletion and M2 macrophage 
promotion in the RA synovium 

NF-κB inhibition for therapeutic interventions in RA &
for downregulating the M1 markers
(Xia et al., 2018, Cutolo et al., 2022)

(Zerrouk et 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)

ImmPort Webinar
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Selective M1 macrophage depletion and M2 macrophage 
promotion in the RA synovium 

The potential therapeutic value of co-targeting 
ERK1 and Notch1 has already been demonstrated 
in cancer but not in RA (Krepler et al., 2016)

(Zerrouk et al., npj SBA, 2024)
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Selective M1 macrophage depletion and M2 macrophage 
promotion in the RA synovium 

Baricitinib is an FDA approved drug for treating 
RA  Its effect on the macrophage’s phenotypes 
is not understood (Magnon et al., 2019, Palasiewicz et al., 2021)

(Zerrouk et al., npj SBA, 2024)

ImmPort Webinar
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A Mechanistic Multicellular Atlas of the Rheumatic Joint , Naouel Zerrouk, Sahar Aghakhani, Vidisha Singh, Franck Augé and Anna Niarakis, Frontiers in Systems Biology, 2022

Building a multicellular model for RA – SANOFI R&D

ImmPort Webinar
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RA multicellular map construction

 Literature and databases mining, Causaly and

CellphoneDB, search in PubMed

 Integration of omics datasets via ICELLNET and

DiSiR to identify statistically significant

interactions

 Filtering of the retrieved interactions to cross

validate the results

 Connection of the RA cell-specific maps and

generation of the first RA multicellular map.

(https://www.causaly.com/our-company) 
(Efremova et al., 2020)
(Noel et al., 2021)
(Vahid et al., 2023)

ImmPort Webinar
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Integrating detailled cellular crosstalk between
cell specific maps (source of multiple challenges)

M1 macrophage

640 species

448 reactions

Fibroblast

853 species

509 reactions
M2 macrophage

520 species

342 reactions

TH1

321 species

179 reactions

Interacting cell-types Number 

of pairs of 

datasets

Cell source 1 Cell source 2

Macrophage ↔

Fibroblast
4

SDY998 SDY998

E_MTAB_8322 SDY998

SDY998 GSE109449

E_MTAB_8322 GSE109449

Fibroblast ↔ CD4+

Th1
2

SDY998 SDY998

GSE109449 SDY998

Macrophage ↔

CD4+ Th1
2

SDY998 SDY998

E_MTAB_8322 SDY998
ImmPort Webinar



In silico simulations
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Investigation of new therapeutic options using the RA multicellular 
model 

Published experimental evidence support TBX21 
inhibition for downregulating hyperactive RA Th1 (Xue et 

al., 2014, Bruyn et al., 2007)  

Published literature support CAV1 inhibition for 
downregulating hyperactive RA fibroblasts (Xing et al., 2016, 

Li et al., 2017, Takeba et al., 2000)

ImmPort Webinar



MIR221 inhibition  Subsequent 

activation of THBS1

34

Investigation of new therapeutic options using the RA multicellular 
model 

Experiments show that MIR221 inhibition 
could reduce the angiogenesis in the 
arthritic joint (Mcmorrow et al., 2013)

ImmPort Webinar
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Investigation of new therapeutic options using the RA multicellular 
model 

ImmPort Webinar
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Therapeutic targets that perturb RA phenotypes 
in the RA multi-cellular model

Successful

targets

RA multi-cellular model's phenotypes

M1

Macrophage

M2 

macrophage

Fibroblast Th1 Joint
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AKT2 ↘ ↘

CAV1 ↗ ↘ ↘

CREB1 ↘

GSK3β ↘ ↗

ERK1 ↘ ↘

MIR221 ↘

mTOR ↗ ↘ ↘

NF-κB ↗ ↘ ↘ ↘ ↘ ↘ ↘

TBX21 ↗ ↘ ↘

Successful 

targets 

Target type Associated disease(s) Drugs with the 

highest status

CAV1 Literature-reported target / /

AKT2 Literature-reported target / Akt inhibitor VIII 

(Investigative)

CREB1 Literature-reported target / /

NF-kappaB Successful target Irritable bowel syndrome, 

Rheumatoid arthritis, Choreiform

disorder, Lupus erythematosus, 

Multiple sclerosis...

Sulfasalazine 

(Approved)

TBX21 Literature-reported target / /

MTOR Successful target Arteries/arterioles disorder, 

Chronic myelomonocytic

leukaemia, Hydrocephalus, 

Multiple myeloma, Renal cell 

carcinoma

Everolimus 

(Approved)

ERK1 Clinical trial target Melanoma, Pancreatic cancer, 

Cancer, Arteries/arterioles 

disorder, Mature T-cell lymphoma

BVD-523 (Phase 2)

GSK3β Clinical trial target Myotonic disorder, Acute myeloid 

leukaemia, Osteosarcoma, Fragile 

X chromosome, 

Myeloproliferative neoplasm

Tideglusib (Phase 2/3)

MIR221 Literature-reported target / /



Rheumatoid Arthritis
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DigiTREAT

PEPR DIGITAL HEALTH 

Building a Digital Twin 

for the personalised treatment of 

RhEumatoid ArthriTis
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In silico simulations: reproducing experimental evidence

Simulation of IFN type 1 and 2

→ Unstable phenotypes such as Inflammation, MHC class 1 

Activation and MHC Class 2 Activation (Associated PMIDs: 2444171 

& 25102056)
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In silico simulations: simulating drug effects

Simulation of IFN Type 1 Simulation of IFN Type 1 after adding Tofacitinib

(JAKi)

Drug added

→ Inflammation oscillating

→ Negative feedback loop By SOCS3 (JAK1 

inhibition) (Associated PMID: 26995659)

→ Decrease of inflammation and MHC Class 1 

Activation

40



● DigiDermA
● MODELLING THE CROSSTALK BETWEEN MAST

CELLS AND SENSORY NEURONS IN ATOPIC DERMATITIS

01/16ImmPort Webinar
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Bibliometric analysis

TSLP

TRPA1

Substance P

NGF
CGRP

Figure 1: Network visualization of co-citation among scholarly 
sources, generated with VOSviewer [5](version 1.8.0) based on 
materials indexed in Lens.org [6](2015–2025).

The dataset includes publications related to the keywords 
"atopic dermatitis," "mast cell," "sensory neuron," and 
"cytokines."

ImmPort Webinar
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05Single-cell transcriptome analysis

Healthy or Atopic 

Dermatitis ?
Single-cell RNA 

sequencing

Method: 

10x Genomics

platform, and

libraries were

sequenced with

Illumina HiSeq 2500.

Skin biopsies

Healthy humans (8 samples) Atopic Dermatitis Patients (09 samples)

Dataset Overview:

Organism:

Homo sapiens

4 lesional LS.
GSM4430459 (S1_LS)

GSM4430460 (S2_LS)

GSM4430463 (S5_LS)

GSM4430465 (S7_LS)

5 non-lesional samples
GSM4430461 (S3_NL)

GSM4430469 (S11_NL)

GSM4430472 (S14_NL)

GSM4430473 (S15_NL)

GSM4430474 (S16_NL)

Healthy humans ( 08 samples)

GSM4430462 (S4_H)

GSM4430464 (S6_H)

GSM4430466 (S8_H)

GSM4430467 (S9_H)

GSM4430468 (S10_H)

GSM4430470 (S12_H)

GSM4430471 (S13_H)

GSM4430475 (S17_H)

https://www.ncbi.nlm.nih.gov/geo/query /acc.cgi?acc=GSE147424

ImmPort 

Webinar
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05Single-cell transcriptome analysis

KRT5 
KRT14 
KRT1

DCN 
MFAP5

MLANA

VWF 
ACKR1

45/16

SCGB1D2 
SCGB2A2

MRC1

CD3D 
CD40LG 
NKG7 
TAGLN 
ACTA2 
RGS5

KIT 
IL7R

KC: Keratinocytes

FB: Fibroblasts

MEL: Melanocytes

VECs: Vascular Endothelial Cells

SGCs: Sweat Gland Cellweat Gland Cells

MAC_DC: Macrophage and Dendritic Cells

TC: T Cells

PC_vSMCs: Pericyte and 

Vascular Smooth Muscle Cells

MC: Mast Cells

KC FB MEL VECs
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Figure 3: : Distinct gene signatures (top 10differentially expressed genes; 
Wilcoxon rank sum test) of skin cell populations identified in single-cell RNA 
sequencing data.

Figure 2:
t-SNE plot for 39,042 skin cells from AD patients (lesional/nonlesional) and 
healthy controls. Cell identities were annotated using the SCINA.
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Simuscale Implementation and
simulation

Mastocytes

SN ending

Keratinocytes

Epidermis

Dermis

Simuscale/ 

src/

plugins/

Cell_LC.[h/cpp] 

Cell_Th2.[h/cpp]

...

# Langerhans Plugin 

# Th2

Plugin

simuscale-core/

CellType.values.in # List of all cell types 

InterCellSignal.values.in

# List of all 36 molecular signals

...
run

AD_model

param.in 

init_XXX.txt

# Main configuration file 

#Initial positions

Figure 4: Preliminary implementation for three different cell 
types in the modelling platform SimuScale. For each cell 
type the behaviour has been coded based on the 
conceptual model.
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Simuscale Implementation and simulation 

A) Temporal dynamics of 
filaggrin expression in 
keratinocytes (Healthy 
condition).

B) Reduced filaggrin and 
upregulation of IL-25, IL-33, 
and TSLP in keratinocytes 
(Atopic dermatitis condition).

A

Barplot showing the average expression of TSLP in each condition. 

Data source: GEO Series GSE147424 [9].

Loss of filaggrin → barrier 
disruption → allergen penetration 
→ activation of mast cells and 
stimulation of sensory neurons via 
increased cytokine production (IL-
25, IL-33, TSLP) by keratinocytes 
→ chronic inflammation (atopic 
dermatitis).
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Simuscale Implementation and simulation 

Temporal dynamics of HISTAMINE, TRYPTASE, IL4, IL13, 
IL31, CYSLT2R, NGF, TNF (Healthy condition). Temporal dynamics of HISTAMINE, TRYPTASE, IL4, IL13, 

IL31, CYSLT2R, NGF, TNF (AD condition).

Projet Digi-DermA 48



Analysing spatial 
transcriptomics

ImmPort Webinar 49



Mice studies using Xenium 10x Genomics

First batch of 4 

mice of contact 

dermatitis

Second batch of 

4 mice of the 

oxazolone model

ImmPort Webinar 50



Added value of the in silico part 

• Dynamic aspect predictions, hypothesis testing

• Accelerating research by prioritizing targets/ combinations

• Complementary approaches that help understand better the mechanistic aspect of 

different biological processes

• Adapted for signaling/ GRN/ metabolism

• Methods usually disease –agnostic: contextualization/ personalization of the models 

with data

• Advances in scaling and computational cost handling

• Challenge of the “one question one model” dogma: building of models that can 

be re-used and expanded to serve multiple purposes

• Limitations:

• Usually data available are wide but not deep

• Depending on the approach –quantitative/ qualitative (smaller scale/ loss of information)

• Interoperability and standardization issues for tissue level models

• Still time consuming to build

51



Digital Twins in healthcare - how far are we? 

• Some successful examples: (diabetes, cardiovascular diseases)

• AI is developing fast

• Causal AI will play a major role in automatic model reconstruction

• Access to real patient data / medical records is becoming a necessity

• Scaling up can be tricky: HPC infrastructure 

• Formal approaches and methodologies that can robustly handle complexity

• Ethical aspects: human in the loop

• Clinician involvement from the start of the project design (real versus virtual 

patient)

• Policies for medical devices 

• Implementation

52



53

Acknowledgements

Sylvain Soliman, PhD

INRIA Saclay-Île-de-France 

CR

Marek Ostaszewski, PhD

University of Luxembourg, Centre for 

Systems Biomedicine, Luxembourg

Researcher

Gilles Chiocchia, PhD

University of Versailles-Saint-Quentin-en-
Yvelines

Professor - Hospital Practitioner

Benjamin Hall, PhD

UCL, UK

Group Leader

Georges D. Kalliolias, MD, PhD

Hospital for Special Surgery, New York City

Weill Cornell Medical College, New York City

Assistant Professor, Assistant Scientist 

François Fages, PhD

INRIA Saclay-Île-de-France 

DR

Tomas Helikar, PhD

University of  Nebraska-Lincoln

Assistant professor

Franck Augé, PhD

Associate Director Omics Data 

Science. SANOFI, Paris

Gaetane NOCTURNE, MD, PhD

MCU-PH, Centre De Références Maladies 

Auto-immunes Systémiques Rares

Hopital Kremlin Bicetre

Xavier Mariette, head of the Immuno-

Rheumatology Department at Bicêtre

Hospital, professor of rheumatology at 

Université Paris-Saclay and director of the 

Autoimmunity team in the Immunology of 

Viral, Autoimmune, Haematological and 

Bacterial Diseases Laboratory

Dr Nico Gaudenzio, Research 

Director at the French national 

institute of health (Inserm) and 

Chief Scientific Officer (CSO) at the 

biotech Genoskin (Toulouse FRA, 

Salem MA USA).

Fabien Crauste. French 

National Centre for Scientific 

Research | CNRS · MAP5 -

Applied Maths Laboratory at 

Université de Paris 



Elisa Mages
M2 intern
IMT Mines Alès | 3ème année d'école 
d'ingénieur | Double diplôme Mines 
Saint Etienne Biomédical

Ouissem Saidi
M2 intern
Université de Picardie Jules 
VerneUniversité de Picardie Jules 
Verne
Master Ingénierie des Systèmes 
Complexes, Modélisation pour la 
biologie et la santé

Sara Strachalova
M2 intern
Master’s degree in Bioinformatics 
Faculty of Science, Charles University

Sacha E Silva-Saffar
PharmD | PhD candidate in Computational 
systems biology

Nicolas RICORT-TEIXIDOR
Study Engineer (IE)
Computational Systems Biology Team, 
Molecular, Cellular and Developmental
Biology (MCD) unit
Centre de Biologie Intégrative (CBI)
CNRS - Toulouse University

Yasmine Boukadida, 
M1 intern, project ImmunoGIT, MSc student in 
Bioinformatics - University of Toulouse

Guillaume Souede M1 intern, project 
ImmunoGIT
MSc student in Bioinformatics -
University of Toulouse

Issa Kerima Khalil, M1 intern, project 
ImmunoGIT,
MSc student in Bioinformatics -
University of Toulouse

Hawa Balde Mamadou,
M1 intern, project ImmunoGIT

MSc student in Bioinformatics 
- University of Toulouse



55

Bringing stakeholders together!

More than 90 participants
19 countries: France, Netherlands, USA, India, Spain, UK, 
Norway, South Africa, Switzerland, Luxembourg, Greece, 
Denmark, Israel, Germany, Spain, Portugal, Belgium, Italy, 
Sweden

Interdisciplinary backgrounds:
Immunologists, clinicians, engineers, biologists, 
mathematicians, informaticians, bioinformaticians, 
modellers ,biochemists, computational biologists, 
pharmacists

Early career and senior scientists
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