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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 simulationsthath aven t
been possible until now.
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The concept of a Digital Twin for complex human pathologies
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A Digital Model:

A avirtual representation of a physical
object, system, oiprocess(algorithm,
rr%a)thematlcal model, 3D representation
etc).

A Visualizationanalysis, and manl‘aulanon
of objects or systems in a digita
environment, aiding in design,
optimisation and testing.

A Used forin silicosimulations and
h%po_thess_ testing (predictions) of how a
physicalobject, system, or process might
operate inthe future or in a particular
environment.
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A Digital Shadow:

A A digital shadow is agvolving digital
representationthat mirrors the current
state andbehaviourof a physical entity
or system.

At collects data through sensors,
Internet of Thingsl¢T) devices, or
other sources and provides a feed of
information that is fed into the model.

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

A They enable monitoring, predictive
analysis, and decisiemaking.



DIGITAL MODEL DIGITAL SHADOW DIGITAL TWIN
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A Reaktime connection between the ﬁhysmal_ entity
and its digital counterpart, where the physical
object gives information to the digital replica and
vice versa.

A Digitaltwins simulate, monitor, andontrol physical
ob{ects or systems, facilitating analysis,

optimisation and predictive maintenance.
| . —
A Theyenablelive feedback loops and foster insights
for |mprOV| ng performance’ eff|C|ency, and HELPS PROTECT YOU FROM LOWS HELPS PROTECT YOU FROM HIGHS AND LOWS
rel |ab| | |ty_ Basal-IQ® predictive low-glucose suspend Control-IQ™ advanced hybrid closed-loop
technology on the t:slim X2™ insulin pump. technology on the t:slim X2 insulin pump.

A To put it differently, there is a twavay interaction
between the physical and the digital environments,
where the d!?ltal replica is able to change how the
physical entity operates.

5 https://www.tandemdiabetes.com/



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).
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Immune digital twins
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Where to start?

DIAGNOSTIC APPROACHES

Multiple scales of biology

CURRENT

[1SSUI

https://www.biorequlatory-systemsmedicine.com/en/brsrmodel/autorequlationrof-biologicatnetworks



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

Whatisthe plan?

-

wMapping ofcell(s) and pathwaysvolved
in the pathogenesismechanism of
interest

~

wConstruction of causal networks using low
and high throughput experimental
evidence, Al assistdiierature mining,
reverse engineering algorithms and
human curation

N

Build causal
mechanistic networks

Infer dynamical

models

AAutomatic inference oéxecutable,

computational largescale model®ased on
the causal mechanistic networks

AModel validation, and enrichment using

N

4 N

A1. Predictionsand hypothesedesting

A2.dentification of novetruggable
targets (combinations)

A3. Drug-repurposing analysis

experimental observations and omics data

/

ImmPort Webinar
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Perform in silico

simulations and
perturbation analyses




Systems biology to better understand complex diseases

A Assemble the available and
fragmented knowledge in
diseasemaps

A Manually curated and
extensively annotated

A Both humanand machine
readable

A Standardized SBGN PD,
MIRIAM stableidentifiersand
HGNGymbols

(Mazeinet al., 2018)
(LeNovéreet al., 2009)
(Jutyet al., 2012)
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Rheumatoid Arthritis Map (RMap V2)
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A Addition of the missing interaction:
—A SBGN PD compliant;

A 720 species (329 proteins,
135 genes, 136 RNAs, 54
simple molecules, 1 ion, 65

for

EMBO
N—


https://doi.org/10.1093/database/baaa017

Staticanddynamiaepresentation®f causal networks

H Static eDynamic eSimulations &

Molecular Map Boolean model Analyses

Network
Modelling

Simulated
Dynamics

<190-e/og
Z(t) = Et+1) =+ 2)
Interacting : " p .
Biological Entities Static Properties Dynamic Properties

A Node: 0 or 1 A biological entity absent/inactive or present/active
A Edges: activators or inhibitors
A Activation of one or multiple nodes Y Mo dehavior

ImmPort Webinar Adapted from Schwab ]e% al., 2020



CaSQo automatically infer Boolean models from MIMs

Threesteps: 1) Map reduction 2) PDto AFform conversion3) Computationof the logicalrules

A ABcomplexformation in Celldesigner B Thecorrespondingmodel

‘ Inhibitor 1 I Activator 2 ‘Activator ! \ Inhibitor1 Activator 2 Activator 1

2 re2 re2

rel -

Complex AB
‘
C Thelogicalrules associatedvith eachnode of the model
Nodes Logical rules
Complex AB_complex (Activator 2 | Activator 1) & I Inhibitor 1
Activator 1 Activator 1
Activator 2 Activator 2
Inhibitor 1 Inhibitor 1
ImmPort Webinar 13

(Aghamiriet al., 2020
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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)

argescale Boolean model for RA

A Logic functions with one molecular regulator

0|0 01
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AR Cnl @ @ A B cnl
0 0} 1 0 o1
1 00 1 01
The absenceofAand | 0 1| 0 Either the absenceof | 0 1| 1
the absence of B 1 110 Aorthe absenceof8 |11 10
aclivates C. aclivates C.
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Systems biology to better understand complex diseases

A Stategraph: the transition of one variablefrom one point in time to the next

A Synchronousindasynchronousipdatingschemes

A In synchronousmodelsall Booleanfunctions are applied at the sametime while in asynchronouamodelsonly one
randomly chosenfunction is updated per step.

A Longterm behavior= attractors= biologicalphenotypes

LA ABC ABC ABC ABC
—A

101 111 010 1b
-J 001 100
| : )
T | "

000 011
AmB C/
B =A AND NOT C

C=AAND NOTB State transition graph andttractorsof the toy model

(Schwab et al., 2020) ImmPort Webinar 15



The proposed computational framework

XML format

Molecular
interaction map

CasQ
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(Zerrouket al.,npj systemsbiology& applications, 2024) ImmPort Webinar
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A SimilarityscoreS= (0 00+ 0 11)/(6 00 + 0§ 11 + @® Up-regulation @ Down-regulation

” ” -|
() 10 +0 01) 0910DR) -0.584 0 0.584

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

NO1 and N10 = number of nodeswith different
states in the steady state and the discretized
vectorof experimentallyobservedexpressions

FDR = 0.05

9 12

log2(Fold-change)

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

(Zerrouket al.,npj systemsbiology& applications, 2024) ImmPort Webinar 17



Building a joint one cell at a time?

Recruitment and Activation of

e e Pro-Inflammatory Factors

Synovial membrane
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Adapted from Aghakhani, S.; Zerrouk, N.; Niarakis, A. Cancers (2021)

cell 235 364
growth/survival
Apoptosis 233 352
Inflammation 230 368
Osteoclastogene
sis and bone 217 341
erosion
Matrix
Degradation 195 280

Model with five
phenotypes

309

504

ImmPort Webinar
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A largescale Boolean model for RA.S

RECEPTORS
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VidishaSingh AurelienNaldi SylvairSoliman Anna Niarakis, A modular, largeale Boolean model of tthmPort Webinar

Rheumatoid Arthritis fibrobladtke synoviocytesnpj Systems Biology & Applications, 2023
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Mono drug therapy —

Modelling the effect of mono/ combined—=

Tofacitinib (RA-FLS), Baricitinib, Itacitinib JAKE2
Secukinumab IL-172
an | SyStemS bIOIOgy and appllcatlons Andecaliximab, Celastrol (RA-FLS) MMP9100101
. . . ‘ Imatinib PDGF16102
Explore content ¥ About the journal ¥  Publish with us v
Methotrexate IL1B, PDGF, NFKB103.124
nature > npjsystems biology and applications > articles > article ‘ P e IL1BIS
Article | Open access | Published: 15 July 2023 ’
Combined drug therapy Targets
L3
A large-scale Boolean model of the rheumatoid ) T U,
L3 L3 L] . L3 L]
a rth rltls fl brObIaSt- I I ke SynOVIocytes prEd ICtS d rug Methotrexate + Cyclosporine NFKB, PDGFA, IL1B targeted by Methotrexate + Calcineurin targeted by Cyclosporine198109
synerg Ies In the a rth rltlc JOInt Methotrexate + Azathioprine NFKB, PDGFA, IL1B targeted by Methotrexate + RACT by Azathioprine! 10111
Vidisha Slngh, Aurelien Naldi Svlvain Soliman & Anna Niarakis & Methotrexate + Hydroxychloroquine NFKE, PDGFA, IL1B targeted by Methotrexate + TLRs targeted by hydroxychloroquinel12112
ablld
npj Systems Biology and Applications 9, Article number: 33 (2023) ‘ Cite this article
Identified drugs Target components Target phenotypes and expected effect
1000 Accesses ‘ 1 Citations ‘ 6 Altmetric ‘ Metrics
Pamidronate, Incadronate, and Zoledronic Acid CAV‘II Apoptosis
Abstract
Sarilumab, Tocilizumab IL-6 Inflammation
Rheumatoid arthritis (RA) is a complex autoimmune disease with an unknown aetiology.
However, rheumatoid arthritis fibroblast-like synoviocytes (RA-FLS) play a significant role in L7 ,
GSK2618960, and T-5224, Acitretin Bone erosion
initiating and perpetuating destructive joint inflammation by expressing immuno-modulating e
cytokines, adhesion molecules, and matrix remodelling enzymes. In addition, RA-FLS are
Batimastat MMP3 Matrix degradation
primary drivers of inflammation, displaying high proliferative rates and an apoptosis-resistant
phenotype. Thus, RA-FLS-directed therapies could become a complementary approach to CREBT
666-15 and AS1842856 Cell proliferation
. ; - ) YWHAQ (FOXO1)
ImmPort Webinar




General architecture of the hybrid modeling framework.

BROWSE PUBLISH ABOUT SEARCH
PLOS COMPUTATIONAL BIOLOGY
RASF Regulatory MitoCore Metabolic
Network Network
@ OPENACCESS B PEER-REVIEWED
| RESEARCH ARTICLE B . 1_
RASF initial conditions Save Citation
! Metabolic reprogramming in Rheumatoid Arthritis Synovial
H . H H 946
- Fibroblasts: A hybrid modeling approach
Identification of y gapp View
Sahar Aghakhani, Sylvain Soliman, Anna Niarakis
trap-spaces
|Version 2 N \ Published: December 12, 2022 » https://doi.org/10.1371/journal pcbi.1010408
| Article Comments Media Coverage Peer Review Download PDF -
Translation
} . E
Metabolic Flux Metabolic Flux Abstract Abstract
c o Check for updates
Constraints Constraints Author summary Rheumatoid Arthritis {(RA) is an autoimmune disease characterized by a highly invasive pannus ®
1. Introduction formation consisting mainly of Synovial Fibroblasts (RASFs). This pannus leads to cartilage,
[ ) Melhod bone, and soft tissue destruction in the affected joint. RASFs' activation is associated with o
- Methods metabolic alterations resulting from dysregulation of extracellular signals’ transduction and gene Subject Areas
3. Results regulation Deciphering the intricate mechanisms at the origin of this metabolic reprogramming
. may provide significant insight into RASFs’ involvement in RA's pathogenesis and offer new Enzyme metabolism
4. Discussion therapeutic strategies Qualitative and quantitative dynamic modeling can address some of
5. Perspectives these features, but hybrid models represent a real asset in their ability to span multiple layers of
Fl X B | n . biological machinery This work presents the first hybrid RASF model the combination of a cell-
u alanca 6. Conclusion specific qualitative regulatory network with a global metabolic network. The automated Metaholic patfrways
Analysis Supporting information framewaork for hybrid modsling exploits the regulatory network’s trap-spaces as additional Metabolic networks
constraints on the metabolic network. Subsequent flux balance analysis allows assessment of
References RASFs’ regulatory outcomes’ impact an their metabolic flux distribution. The hybrid RASF Enzyme regulation
model reproduces the experimentally observed metabolic reprogramming induced by signaling
Gene regulation

and gene regulation in RASFs. Simulations also enable further hypotheses on the patential
reverse Warburg effect in RA. RASFs may undergo metabolic reprogramming to turn into
"metabolic factories”, producing high levels of energy-rich fuels and nutrients for neighbaring
demanding cells through the crucial role of HIF1.
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Aghakhani S, Soliman S, Niarakis A (2022) Metabolic reprogramming in Rheumatoid Arthritis Synovial Fibroblasts: A Hiryyid ppooizch.
PLOS Computational Biology 18(12): e1010408. https://doi.org/10.1371/journal.pcbi.1010408
- H M - f)- - - -
https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pchi.1010408 ImmPort Webinar 21



https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1010408

A hybrid model for RASF
Constraining FBA with Stable States Constraints

A 8 trap-spaces identified;
A 12met a b o stableesiates = 0 (out of 29 common metabolites between RASF-Model and MitoCore);
A 7 metabolic e n z y mstable states = 0 (out of 19 common enzymes between RASF-Model and MitoCore);

+ 50 metabolic reactionsoflux constrained to 0 from the regulatory network.

R —EA son ot m —
e
total ATP
MCT
Pyruvate ———— |actate —— Lactate Pyruvate — |_actate == | actate

K C-Flux: 9.42% C-Flux: 88.69%
TCA
96% of
total ATP
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Knockout simulations and FBA results reveal an
important role of HIF1 as a metabolic switch

Component Set of Initial Conditions
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https://doi.org/10.1371/journal.pcbi.1010408.t1004
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Thisfinding 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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Targeting macrophages in RA

My Apoptosise
Proliferationg

Apoptosis;
Proliferationa

Inflammatorycytokines Anti-inflammatorycytokines

Matrix degradationenzymes Tissuenomeostasiand

ProinflammatoryT repair

activation ReqgulatoryT cellsactivation

(Yang et al., 2020) ImmPort Webinar 24

(Cutoloet al., 2022)



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

Apoptosise Apoptosi: ¢
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Selective M1 macrophage depletion and M2 macrophage
promotion in the RA synovium
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(Xiaet al., 2018 Cutoloet al., 2022
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