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Thesis statement

Different scientific domains contribute to systems biology.

A unified computational language for modeling biological systems
could enable interdisciplinary collaboration.

The proposed computational framework includes a modeling
approach for complex biological systems, and a model description
language to make it usable for the diverse systems biology community.
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Biological

systems are
multi-level

A biological entity
can work as "the
changing local
environment" to

other ones
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Spatiality Biological local

Potential > Actual Interactions
interactions interactions

Spatiality mediates
functional
interactions.
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Salazar et al, 2003
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Form of tissue territories affects
induced patterns

Curved Straighter Straight

Distance of tissue territories affects
induced patterns
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Induced patterns have complex three
dimensional shapes
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Architectural
complexity
emerges along
development

Colette et al, 2015
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Cell fates and
differentiation

Phenotype
complexity
emerges along
development



Influence of
environment

Developmental
landscape

A dynamic
landscape of
regulations

Functional networks

Genetic and epigenetic
regulations draw a
flexible hierarchy of
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Genes
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NEW TECHNOLOGIES

The systems
biology
circular

pipeline

This work focuses
on computational
approaches for
systems biology.




3. Systems biology as a domain
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Yugi et al, 2016
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multiple system
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different biological
branches and
omics...
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Different
scientific
cultures

...cultures (even
within the same
group of experts)...




Different ways
to express
knowledge

...and languages.




4. Managing knowledge




Models to represent and infer knowledge

Hierarchy
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Models for knowledge integration
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Towards real interdisciplinarity

"Integrating knowledge and
methods from different
disciplines, using a real

synthesis of approaches,
towards the creation of a
unity of intellectual
frameworks beyond the
disciplinary perspectives”

Interdisciplinarity requires generality and formalism uniformity.

Jensenius, 2012



Models to represent and exchange knowledge
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Representations of biological systems need to be F.A.I.R.

Wilkinson, 2016
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The Framework
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Petri Nets

Petri Nets are
visual,
mathematically
defined and

executable.




Petri Nets
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T1

Petri Nets

Petri Nets are
visual,
mathematically
defined and

executable.

Expressing
timing, and
stochasticity.
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Bardini et al, 2018

Nets-within-nets

NWNSs express
recursively nested
levels,
encapsulation and
selective
communication.

Supporting
dynamic
hierarchies and
objects.
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(3) Cross-layer reading

(C) Intra-layer reading

_O

(D) Cross-layer writing

() Intra-layer writing

Bardini et al, 2018

NWNs

communication
styles

Communication
channels read or
write information

or resources within
or across levels.




Combined basic
mechanisms
make a complex
landscape

Y - ‘
't‘ell autonomous mechanisms

) Division of Asymmetric mitosis Temporal dynamics
& heterogen with mitosis

o8 00 >88 8

Inductive mechanisms
Hierarchic Emergent

6D ooy
Morphogenetic mechanisms The goal is to
model spatiality-
mediated local
Interactions at
different levels and
the dynamic
sigeer i O hierarchy of

regulations they

\v/, *; l‘
"t q”‘ ”;1E?>
” l

"
. ‘W

Adapted from Salazar et al, 2003
Noble, 2015 (modified from Waddington, 1957) | . bEIOHg to...

42 /85




=
+
Q
-
Q
Q0
O
-
O
S
O
>

patterns emerge

...to simulate
morphogenetic
pattern formation,

considering

itectural and

phenotype
complexity.

arch

43 / 85



44 /85

Interactive Spatial Grid Differentiative Landscape

Biological Entities (Cells)

A multi-level and
multi-context
modeling
approach

Making the
regulation landscape
explicit, mediating
functional
interactions...
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Biological Entities (Cells)

A multi-level and
multi-context
modeling

approach

...over multiple
system levels.
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Interactive Spatial Grid

Differentiative Landscape

Biological Entities (Cells)

Basic building
blocks for local
Interactions

Contexts have
specific biological

semantics, and are
consistent with each
other. Sample
building blocks
provide examples of
the modeled basic
mechanisms.




Cells building
blocks - enzymatic
reaction

Enzyme + Substrate Enzyme-Substrate Enzyme + Products
Complex

Substrate Black tokens: discrete

guantity of molecules.

Places: molecular species
Enzyme and states.

Transitions: bioprocesses.

Product
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ISG building blocks
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ISG building blocks —
neighbor communication
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" “ position 2
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Application examples
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Modeling antibiotic resistance in the microbiota
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Is the modeling approach alone F.A.l.R. enough?
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Modeling biological complexity using Biology
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Modeling biological complexity using Biology
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‘Control and Computer Eng. Dep., Politecnxo & Torino
Torino, Maly. Contact: alfredo.benso@ politost
*Masachusests Instituse of Technology Boston, Massachesetts
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integrated im0 a single language
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Structural
descriptions
cover
functional
modules

Behavioral
descriptions
cover their
functional
relationships
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PACKAGE PathwaysRegulations

ONTOLOGY Proteins =

"hteps: //research biocinformatics. udel  edu/pro/entsy/PRYIN"
ONTOLOGY Gene -
"https://www.ncbi.nlm.nih.gov/gene?omd=Retrieveédopt=full
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“http://bioportal .bicontology.org/ontologies/PTS/?paclasses
sconceptide=httptIAL2F2Fscal . fraunhofer. ded 2FFWDICTA 23"

{ EGF-like_signal,
Y mpk_1_act,

¢ mpk_1,
{ EGFR-likeRec)

BISDL

MODULE RAS_RAF_MAPK_sig_path (F
-

BIOLOGICAL REFERENCE

PathwayOntelogy.ID0176

ENTITIES
Y RAS, RAS act, ECFR-likeRec_act
ENTITY GRB-2/505, GRB- ~2/505_act

INIT
\ GRB-2/505 = simple_protein ("GRB2/505",
| Proteins . 000008220,
: n()*3)

black t
RAS = simple _protein(” RAS 9!’0“”\' 0CC311’J‘3
n()*3)

GRB-2/505 - i le pr n.n( GRH-2/505 o
Modeling biological complexity using Biology H uman _set = sisple protain CQN-2/WS st
System Description Language (BiSDL) RAS_sct = simple_protein ("RAS sct*

Proteins. 000013743 ,black taken()*3)
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EGFR-likeRec_act = simple _protein ("EGFR-likeRec_act”,
E Muggianu’, A. Benso®, R Bardini”, E. Hu*, G, Politano”. S. Di Carlo” Proteins. 000006933 black token()*3)

‘Control and Computer Eng. Dep., Politecnxo & Torino

descriptions

Torino, Maly. Contact: alfredo.benso@ politost PROCESSES
*Masachusests Institute of Technology Boston, Massachesetts b{;..,"... pticn (RAS, Gene.3845)
transcription (BGFR-1likeRec, Gene. 1956)

Abwraer—The Nets-within-Nets formaliom (NWN) allows te  cntinies or between entitics ad processes. Nevertheless, none transcription (GRB-2/505, Gene.2885)
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PACKAGE PathwaysRegulations

ONTOLOGY Proteins =

"hteps: //research biocinformatics. udel  edu/pro/entsy/PRYIN"
ONTOLOGY Gene -
"https://www.ncbi.nlm.nih.gov/gene?omd=Retrieveédopt=full
reportiliat uidse”

ONTOLOGY PathwayOntology =
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¢ EGF-like_signal,
Y mpk_1_act,

TY mpk_1,

TY EGFR-likeRec)

MODULE RAS_RAF_MAPK_sig_path (¢
5
BIOLOGICAL REFERENCE
PathwayOntelogy.ID0176

Y RAS, RAS act, ECFR-likeRec_act
Y GRB-2/505, GRB-2/505_act

INIT

GRB-2/505 = simple_protein ("GRB2/505",
Proteins . 000008220,
black token()*3)

RAS » n;nplo_pr:ra:n("m".Pl’ouinl.C‘CCﬁl 3743,

bl token()*3)
GRB-2/505_act = simple_protein ("GRB-2/505_act”,
Proteins .000008220 ,black token()*3)

RAS_act = simple protein ("RAS_act”,

Proteins. 000013743 ,black taken()*3)

EGFR-likeRec_act = simple _protein ("EGFR-likeRec_act”,

Proteins. 000006933 black _token()*3)

transcription (RAS, Gene . 3845)
transcription (BGFR-1likeRec, Gene. 1956)
transcription (GRB-2/505, Gene.2885)
asctivation(BGFR-1ikeRec, tG!‘-l.;k-__uan.l.
EGFR-1ikeRec_act)
activation(GRB-2/3505, EGFR-likeRec_act,
GRB-2/%05_act )
lon(RAS, GRB-2/505_act, RAS_act)
acti on(mpk_1, RAS_act, mpk_l_act)
dn:;rnd-t;nn(npk_l_act. 100)
END
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shared in
libraries

Protaii tamm = Simi
protein. token (token)
END

MODULE simple_gene (o
BIQLOGICAL REFERENC)

- gene

GONe . DADE = DADe
gene. token( token )

END
JLE transcription (ENTITY protein, STRING ID)
EN iIES
PLACE gene
INIT
gene = simple 7cro(protom name + " _wt",ID,
ack to al))

s (BI:{gene), OUT:{protein} )

JLE degradation (ENTITY protein, INT n)

s (IN: {protein), delay(n) )

Human
- readability

\ivate (4]},
n_act) )

Modules to be

™ .1 Findable
references

GE PathwaysRegulations

0GY Proteins =

8://zeseazch biocinformatics. udel  edu/pro/entsy/PRYIN"
0GY Gene -
s://www.ncbi.nlm.nih.gov/gene?omd=Retrieveédopt=full
telist uidse”

OGY PathwayOntology =

://bioportal .bicontology.org/ontologies/PTS/?paclasses
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¢ EGF-like_signal,
! mpk_1_act,

t mpk_1,

Y EGFR-likeRec)

JE RAS_RAF_MAPK_sig_path (EN
¥

AL REFERENCE

l!.hu-yOn!.ology ID0176

ITIES
o Y RAS, RAS act, ECFR-likeRec_act
NTITY GRB~ 2/505 GRB-2/505_act

RB-2/5085 = ::r:_’.‘.n_}:.':ra-ln(‘Gm/WS'
Proteins . 000008220,

black t ()*3)
R = n:ﬂpl«_prﬁrw:n("m".Prouln..LCCJl 3743,
black 1()*3)

RB-2/505_act = simple_ tei 1( GRS - 2/505 act”

Proteins 000008220 ,black ‘-"'()’3)
\S_act = simple_protein(” m_lc!
Proteins. 000013743 ,black ken()*3)

[GFR-likeRec_act = simple_protein ("EGFR-likeRec_act”
Proteins. 0000069033, 5)lack token()*d)

CESSES

fanscription (RAS, Gene . 3845)

Machine-
readiness

transcription (BGFR-1likeRec, Gene. 1956)
transcription (GRB-2/505, Gene.2885)
sctivation(EGFR-1ikeRec, EGF-like_signal,
EGFR-1ikeRec_act)
activation(GRB-2/3505, EGFR-likeRec_act,
GRB-2/505_act )
on(RAS, GRB-2/505_act, RAS_act)
activation(mpk_1, RAS_act, mpk_l1_act)
degradation (mpk_1_act, 100)
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Necessary

Improvements

Modeling

Hybrid simulations of molecular

approach . :
diffusion
Automated and data-driven model
construction
Flow . )
usability BiSDL visual language
Populate BiSDL libraries
Test with diverse user base
Industrial
applications Knowledge management and

automation for biotech and pharma
industries
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First steps

Modeling
approach

NICO

Neuroscience Institute

S UNIVERSITA
%% 8 DEGLISTUDI
55" DITORINO

Efficient simulation of morphogen |l
gradient formation OR

scRNA-seq data analysis of cerebellar
astrocytes heterogeneity in development

Flow
usability

Industrial
applications

Bioinformatic pipelines for biologists to
characterize nutraceutical agrifood

duct %
products V'.;

HEART

VDA

Computational method to improve cell
culture processes - patent pending
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