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= R Increasing Drug Development Success:
& + Understanding Drug-Disease Interactions
. Through Quantitative Systems Pharmacology

. November 2-3, 2015: New York, New York

Description
Roche Pharma Research and Early Development (pRED) is sponsoring an exciting interactive forum, from which experts from a variety of specialties —
including computational methods, mathematical modeling, clinical investigation, and experimental medicine — will come together to explore how to leverage

the interfaces of theoretical and experimental pharmacology for ultimately increasing drug development success rates. The symposium is designed to
inspire new research directions as thought leaders with various viewpoints collaboratively analyze the connectivities among different disciplines and
disease areas to determine the optimal applications of quantitative systems pharmacology.

Modelling Biology with Mathematics and applying it to drug development: Piet van der Graaf (Leiden), Ben-Fillippo Koppendorf
(Roche), Mark Coles (York), Ravi Lyengar (Mount Sinni), Don Mager (Buffalo), Ben Ribbi (Roche),

Investigating disease and drug response heterogeneity: Phillippe Sanseau (GSK), Philip Maini (Oxford), John Issacs (Newcastle)

The challenge of treatment failure and the emergence of resistance: Ron Germain (NIH), Karen Bush (Indiana), James Collins
(Boston), Elisabet Nielsen (Uppsala)

The challenge of treatment failure and the emergence of drug resistance: Alan Perelson (Los Alamos), William Pao (Roche),
Franziska Michor (Harvard)

Information to Register

Attendance will be limited to 100 experts from key disciplines. If you would like to participate, please register your interest at
http://tinyurl.com/pREDsymposium. The scientific organizing committee will review all applications and inform you as soon as
possible about your application.
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Molecular and biophysical mechanisms that regulate immune responses
In tissue microenvironments

Vasculature

Epithelium

Understanding and Resolving Pathology:
Cross talk in the context of the microenvironment

Problems where modelling can address key questions



Why integrate mechanistic modelling with experimental

Immunology?

Experimental
Driven

» Analysed time

OVA/GLA-SE
24hrs

OVA/GLA-SE
72hrs

- Expensive

- Use of large
numbers of animals

- Reactionary




Why integrate mechanistic modelling with experimental
Immunology?

"All models are wrong some are just useful”




Combining Approaches for mechanistic discovery and

therapeutic development

Experimental Data Driven
Models Modelling
“Polyomics”

Transcriptomics

Metabolomics
Proteomics
Cytomics

In ViVO

In vitro

Data Rich
listic

Hypothesis testin
Use animal models

to replicate in vivo - Emergence

physiology - Data Driven rather than
3D models of hypothesis driven
human immune - Top down approach

microenvironment

Mechanistic
Modelling

Holistic

Emergence
Mechanism rich
Hypothesis driven
modelling

Bottom up approach




Understanding Immune Microenvironments:

Formation and Function: Pairing an experimental biologist with a modeller

Experimental
Question

Experimental
Biologist

Computational
[/ Mathematical
Modeller

Approach

Wound
Healing

" Liz Gothr

ODE/PDE

Lymphoid Tissue Tertiary Lymphoid
Development Tissue Formation

Kieran Alden James Butler

ABM Multiscale

Lymph Node Inflammatory
Remodelling Tumour Stroma

V.

James Butler

Jason Cosgrove

Multiscale Multiscale



Questions raised by the biology but difficult to address experimentally

Wound
Healing

Lymphoid Tissue
Development

Tertiary Lymphoid
Tissue Formation

Lymph Node
Remodelling

Inflammatory
Tumour Stroma

How does the interplay between Innate lymphoid cells (type 3)
and macrophages control the wound healing process?

What is the relative role of adhesion and chemokines in the
induction and growth of lymphoid tissues during embryonic
development?

Is a feedback loop between lymphocytes and stroma sufficient
to drive the formation of highly organised tertiary lymphoid
tissue found in autoimmune pathology?

What are the key factors required for nascent follicle formation
in lymph nodes treated with TLR agonists?

How does competition between VLA4, SPARC and VCAM-1
drive tumour cell migration?




Biophysics of Immune Responses: From Atoms to Organisms

Single Molecule Imaging Multi-photon imaging Light Sheet (3D structure)
(TIRF, STORM, PALM) Confocal Microscopy Immunohistochemistry
Fluorescent Electron Microscopy Flow Cytometry Bio-photonic & electrical Devices
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Mathematical Models
Monto Carlo Simulations Agent based models
PDE, ODE models PDEs

Hybridised Multi-scale Models




Part 2. The biological problem; Immune Function is

controlled migration and stochastic cell interactions

he 68-metre-high

radio mast on the
top of the Empire State
Building brings its
height to 448.¢
above street level

The Empire State Building

metres

Stepped pl,

hitects
ichmond Shreve
m Lamb and
tHarmon

i their design
Htimes.

O verseers used bells to direct the
placement of the steel beams. The
ound of the bells indicated to the
cable machine operator, who was
usually out of sight of the bell ringer,

to raise or lower the beam into place
Sometimes a worker would ride on
the beam, holding onto the cable and
guiding the beam with his feet

jammed it
rivet in place

powered by
Riveting gangs were made
up of five men - the heater.
the catcher, the bucker-up,
the riveter and the driver.
There was also a young
helper known as a punk

The heater heated ten or
more rivets on his forge until
they were red-hot. Then,
using tongs, he took a rivet
out of the forge and tossed it
to the catcher, who caught it
in mid-air in his

catching

F' 2nd level

Punk.

the high-iron
805, who stood
¥ beams 102
Wgh, the

king the

w

The catcher took
rivet in his tongs and

The bucker
a
heavy steel dolly bar

compressed air

A any of the
; workers on the
dio tower  Empire State Building 7

were Mohawk
Indians, as they
'\( Yrnamentation seemed to lack a fear
of heights, The
riveters were paid just
over $1.92 per hour,
and were given a
lunch of sandwiches
and coffee for 40

cents. This was often
sent up to them on the
high beams using a
bucket and pulleys

“Art deco
shell forms
round lantern

The top fioor sways up to
one metre in a strong wind.

The observation fioor, at a
height of 320 metres, offers a
view that on a clear day
extends for 80 kilometres. Migrating birds became
contused by the lighting

on the radio mast and would
fly into the buiding. The

Because of wind currents
around the Empire State
Building, snow sweeps lights are now turned off
upwards instead of falling. during the migration

amework is so seasons. 0
1, in 1945, when a

'5 bomber crashed into its
Side between the 78th and
79th fioors, the stabiity of the
iding was not affected,
although several offices
were destroyed.

Once in position, the
steel beam was first
bolted into place and
then the riveting gang
made the connection
permanent.
.
It was important fo _
cap the rivet while it
was still hot and &
malleable, so riveting
crews had to work
qQuickly. As it cooled,
the length of the rivet
shrank, thus
tightening its bond.

The driver on the
other side of the
hole, using a
compressed-air hammer,
smashed his end of the
rivet into a wide cap,
thereby bonding together
the two sections of
the framework. The riveter
checked the work and
supervised the gang.

into the hole.
up held the

Heater

Right Cell, Right Place, Right Time
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Structural organisation: Lymph
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CD35
Wntlc'eRosa26¢eYFP




How? Application of multiscale hybrid agent based models to

understand immune microenvironments

Agent Based Model (ABM): A collection of individual entities that interact in and

with an environment

 Models the components of a complex system

« ODE/PDE are used to describe receptor dynamics and cytokine/chemokine
diffusion

 Behaviours emerge from the models

SPATIALLY RESOLVED
NO YES

E PBPK

:"25 NO ODE PDE

o

1]

ki

m

L

i

; ves| State-Based ABM

a Model HYBRID-ABM

© Independent rule based agents




Agent Based Models (ABM) capture stochastic cell movement and

Interactions which drive stochastic disease formation

An ABM of Experimental Autoimmune Encephalomyelitis
(mouse multiple sclerosis)

In-vivo In-silico

EAE severity
N W

10 15 20
Days

DISEASE SCORE
DISEASE SCORE

EAE severity
~ w

0...A40..,.20..,.30....40....50. .. .60...

Days
DAYS AFTER IMMUNIZATION DAYS AFTER IMMUNIZATION

» |n stochastic computer models different outcomes occur on each simulation run just as
observed in mice or humans. This permits analysis of therapeutic intervention. We run
thousands of simulations on a cluster.

= However it is important to apply an appropriate technique to an appropriate question,
ABMs are useful for certain types of questions, but not others. “Fit for purpose”



Use a defined process based on engineering principles

Biological
Models in UML
(Read et al, 2014)

Complex Systems Modelling and Simulation infrastructure

determine research question

abstract model from biclogy
. create computational
—»| Domain Model model specification P Platform Model
- ~ Artoo
I 1
| Biological | (Alden et al,
| | submitted) -
| System | build executable
A ! or mathematical
simulation
Model Analysis
] . with VBIS Toolkit
interpret results within \ J
research context
perform in silico Simulation
Results Model (<& experimentation Platform

+

Statistical Analysis in
SPARTAN
(Alden et al, 2013)




UML: Domain Model

Domain State Machines

* A ‘domain’ version of
each finite state machines
defined for each agent in
the system

« Defined using the Unified
Modelling Language
commonly used in
software engineering

« Defines what an agent
does based on

®

B Cell | TLT Domain Model | State Machine Diagram
\|s / enter TLT after ~day 5

-

[ Local B cell chemoattractant level |,
sufficient for migration ]

\C/

| l
Responsive t_o local B Random Movement
cell chemokine level

!/ lose & replenish CXCR5 / random walk
/ chemotaxis

A 73
c ?else? . o
[ B cell in contact with stromal cell \/ T

& Cell expresses adhesion molecules
& Bind between cells is sufficient
& Cell adhesion level is sufficient ]

State of Adhesion
Prolonged contact with localised
movement around adhesion

molecule expressing cell

[ [ Bind is insufficient | Cell adhesion level is insufficient ]

_________________________________________________________________

1

1
- [ Express S3 Stromal : Express CXCR5 -
- L Stimulation Factor 1 (B Cell Chemokine Receptor)

1

1

Express LFA-1 ] -
(Adhesion Molecule Receptor) J




UML: Platform Model — Defining transition states

- .% Stromal Progenitor Cell | TLT Platform Model | State Machine Diagram
Platform State Machines , )

S2 Localized Stromal
p(S182) evaluated each time step Precursor
g1 Stromal Progenltor\ && canBecomeLymphoidStroma = True [ canExpressTCCA = True )
)/slromalstate 2

* A'domain’ and ‘platform’ | \ -
version of each of these L ) -

adhesionS4UpregulationRate

[ T cell contact) && p(S2S3) fails ]

finite state machines e\ J | TR

& adhesionExpressionLevel < adhesionS4Maximum ]

' : T e/ [ adnedion2Upreguiationtae F
defined for each agent in r—

tccaS4DownregulationRate

the system ST

[ p(upregulateAdhesionLevel) per time step
&& adhesionExpressionLevel <
\adhesionSzMaximum 1

& tccaExpressionLevel > 0 J/
------------------------------------- [T Cell Contact
&& p(S2S3) ]
cxcl13ExpressionLevel * / stromalState = 3
. B . n cxcl13S4UpregulationRate - ~
S3 Maturing Stromal
- Defined using the Unifie
& t(lastSignalReceived)
& cxcl13ExpressionLevel < cxcl13S4Maximum ] canExpressCXCL13 = True )

cxcl13ExpressionLevel *
cxcl13S3UpregulationRate

Modelling Language ‘ /
[ B Cell Contact & t(lastSignalReceived)
&& p(S3S84) ] & cxcl13ExpressionLevel < cxcl1383Maximum |
I d - / stromalState = 4
y [ T Cell Contact u
" . & t(lastSignalReceived)
S Oftware e n g I n e e r I n g & cxcl13ExpressionLevel < cxcl13S3Maximum ]
tccaExpressionLevel *
tccaS3UpregulationRate
[T Cell Contact

& t(lastSignalReceived)
—————————————————————————————————————————— | & tccaExpressionLevel < tccaS3Maximum |

* Defines every possible RN e

| =True

L
1
i adhesionExpressionLevel *
- | adhesionS2UpregulationRate
state and conditions for [ U | e
p(canBecomelLymphoidStroma) (canBecomeLymphoidStroma]: i i
1
I
1

& t(lastSignalReceived)
§ =True

L adhesionExpressionLevel < adhesionS3Maximum ] )
hangi tat . J
C a n g I n g S a e NB: Lymphocyte Cell Contact is true when centre of cell overlaps with any part of the stromal cell




UML: Activity Diagram — Defining the interactions

Activity Diagram

« Using the finite state
machines, a UML activit
diagram Is created.

« Defines expected flow o
cellular interactions and
resultant behaviors.

Activity Diagram | Domain Model | Tertiary Lymphoid Tissue Induction

fenters LT between B.CEN SpC
days588) [ network present
in local tissue | {already
presentin
[ Local TNF-a & IL-13 sufficient T) [enters TLT between
to activate stromal cell | days 0 and 5]

B cell ™ TLT

Expresses Adhesion Mol

2els0 ?
[Local CXCL13 gy
chemokine gradient
detectable |

‘ [ B cell in contact with SPC |

SPC S1 becomes S2
Expresses CCL19/21

Chemotactic Migration C aw ration iaratic
Random Walk 3 of lymphocytes Random Walk 0"9'"‘00‘;6:1‘2 x:araﬂon
& receptor internalisation & receptor i ).

lecules

[ Local CCL19/21
chemokine gradient
detectable ]

[T cell in contact with SPC |

B & SPC

SPC increases adhesion
molecule expression

Zebso? ‘ [SPCis S20r54]
[SPCTs 53]
2els0 7
[SPC s S4 & sufficient B Cell Teka?

[p(s259) & stimulation occurred ]
B cell expresses S3L |

EEX]
SPC: upregulates CXCL13
downregulates CCL19/21

Q

[CXCL13 not

maximally expressed | ‘ ‘
SPC SPC
upregulates downregulates
cXcLi3 CCLig21

‘ ()

B Cell adhered to
SPC (localized
movement)
[ adhesion no
longer sufficient ]

*k

T&spPC
SPC increases adhesion
molecuie expression

[SPCisS2]

[SPCisS3orsa]

[p(S283) &

B cell expresses SaL ] [SPCisS3]

s2-+83
SPC: upregulates CCL19/21
expresses CXCL13

T Cell adhered to
SPC (localized
movement)

[ adhesion no
longer sufficient ]




Confidence and Transparency in Simulations

Context:
Simulation
Description of the
simulation

Context: Purpose

Description of the
purpose of the
simulation

AN

Top claim

Simulation is adequate
for its purpose

»

Top strategy

Argue over engineering,
results and science

,p  a

Claim 2

Context: Adequacy

Description of
criticality and impact
of simulation

PN

— e

Claim 3

Simulation is an
appropriate model of the
scientific domain

<>

J

Defines the Provides a
purpose of the reasoning behind
argument and the selection of

key terms a strategy or claim

<*

Claim 1
Engineering quality is
substantiated by
appropriate software
engineering and testing

<>

Simulation results are
in line with expectation

<>

claim strategy

The steps that will
be taken to argue
that the claim is
supported

<>

The goal of the

argument that

we are seeking
to support

Provides an
explicit statement
of any assumptions
made in place of
biological
understanding

Undeveloped Claim:

A claim that
cannot currrently
be supported due

to incomplete
evidence

Expanded Claim:
A claim that
for space reasons
is expanded upon
in a separate
diagram

Evidence that
supports the
argument made
in the attached
claim



Defining Arguments

INTERFACE

Using argument notation to engineer
biological simulations with increased

The Arfoo Argumentation Tool

rsif.royalsocietypublishing.org

Research 8 (!)

CrossMark

click for updates

File... Build... || View... || About || Help

Load Example

confidence

Kieran Alden'2°, Paul S. Andrews'>*, Fiona A. C. Polack'3*,
Henrique Veiga-Fernandes®, Mark C. Coles%” and Jon Timmis'>’

flow cytometry
results from E15.5:
0.45% of cells

LTin [15]

assumptions:
1. The percentage of cells
established through flow
cytometry is used as the

age of gut arca

by the cells at E15.5,
thus giving an estimate of

cell number

2. This cell number is used

in the calculation of a lincar
input rate, that inputs the
required number of cells

per time-step such that the
required number is reached

at the time-point

representing E15.5

3. As no further flow
cytometry data are available,

flow cytometry
results from E15.5:
0.37% of cells

LTi[15]

cell speed ranges
3.8-8.8um min
(14]

claim LLLLI; | | claimL.1.11.2:
cell size and speeds
number of “""!‘m are biologically verified generator
of the
number observed
biologically

context:
scale set where
1 pixel =4 pym

strategy 1.1.1.1:

argue that number and attributes of
cells is

of hloluglcal system

this input rate continues
through to the end of
the simulation

context:
this goal purely examinates the biological
information included in the domain model,
and is not a justification of abstractions,
This is argued in goal 1.1.2

Jusuf'callon

¥ 3
[14]. Simulalcd cells
assigned speeds using
Gaussian number

claim 1.1.1:
underlying biological data
are adequate/accurate

assumpnons:
1. The percentage of cells
established through flow
cytometry is used as the
percentage of gut area
occupied by the cells at
EI15.5, thus giving an
estimate of cell number
2 Onlv a percentage of
aw

pem;nugu has been set
through calibration

strategy 1.1.1.2:

argue that number and attributes
of stromal cells is representative
of biological system

context:
scale set where
I pixel =

4um

claim 1.1.1.2.1:
number of cells is
representative of

the number observed
biologically

claim 1.1.1.2.2:
cell size is
biologically verified

floweytometry

results from
E15.5: 20% of
cells LTi [15]

Slereomicroscopy
measurements
taken at E15.5
(15

claim 1.1.1.3.1:
simulated gut environment
can be related to
biological measurements

A

(15]

strategy 1.1.1.3:
argue that the

spatial measurements
have been captured
correctly

SLEreomicroscopy
measurements
taken at E16.5

assumptions:
taking measures
at E15.5 and
E16.5 ensures a
rate of gut growth
can be calculated

context:
scale set where
I pixel=4 ym

Q

strategy 1.1.1.4:

argue that the data available

10 judge aggregation formation
is fit for purpose

claim 1.1.1.4.1:
suitable data available to

quantify number of aggregations
that form in the mouse gut

claim 1.1.4.2:
suitable data
available to
contrast
simulation
aggregation to
size observed

in vive

observations

taken from
adult mice
(15]

six




Statistical and Visualization Tools

Virtual Biological Insight into Simulations

Spartan

Statistical analysis of
in silico model outputs

}

INDIRECT COMPARISON
BETWEEN MODEL
AND BIOLOGICAL SYSTEM

Simulation

in silico simulation of biology

1
1
i
Generation of novel '
in silico model outputs '

1

transform 010101100100001001

—_— oroo 0107100110010
NO000 1010100010011 —_—
:r‘»r gO111101001100

v_immunohistochemistry

consistency analysis
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2-output A 6
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_ — E i :
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analysis A
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v_tracking

Wet Lab
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Experimentation
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Statistical and Visualization Tools

Analysing Models using Flow

High Content Analysis of Virtual Histology Cytometry Software

Quantified Output

Identify TLT Patches
1

.

Apply Thresholding Rules

—

.
Simulation Output
T =15 Days

' 4
o
7
Identify Follicular Regions

Cell Profiler e .

Analysing Models using Heat Maps

0 to 24 hours ‘é 24 to 48 hours g 48 to 72 hours g

VCAM-1
CCL19

[—_— [

I 119 Dominant

VCAM-1 Dominant .
Low High (Chemokines)

(Adhesion Molecules)

3D parameter values .

over time




Part 3: Applications
Using Agent Based Model to Understand Peyer’s Patch Development

Henrique Veiga-Fernandes Jon Timmis Kieran Alden

Patel, A, et al. Science Signalling, 2012

Alden, K, et al., Frontiers in Immunology, 2012
Alden, K et a., PLOS Computational, Biology, 2013
Alden, K et al., Natural Computing, 2014



Peyer’s Patches Development:

What is the relative role of adhesion and chemokines in the induction and growth
of lymphoid tissues during embryonic development?

Peyer’s Patches
_—

DsRed T cells
GFP T cells eYFP B cells

Specialised lymphoid tissue of the intestinal tract

Defined Signalling pathways
Stochastic Process involving cell movement using genetic mutants

Wild Type Ret Deficient

Coles, et al., PNAS, 2006
Veiga-Fernandes, et al., Nature, 2007




Modelling the Environment

244 pixels -> 0.976mm

7203 pixels -> 28.8mm

Experimental Measurements Taken:
Measured the length and circumference of the
developing mid-gut from 12 embryos using
stereomicroscopy (Zeiss) and ImageJ (Fiji)
Averages taken for use in the simulation.
Having both measurements allows for inclusion
of growth over the period

Simulation Environment:

1 screen pixel = 4 microns, Length and width
represent the gut measurements taken.

Cells that leave top or bottom appear on
opposite side. Cells that leave left and right are
deemed to take no more part in the simulation



Turning Cells into Agents

Innate Lymphoid Cell
Lymphoid Tissue inducer (LTi)

LTi
( Domain ) Migration into intestine tract
between timepoints stated by v and n
( Random movement on tract surface ' )
Local Chemokine Level <= @ Local Chemokine Level = @
( Response to Chemokine Level in Local Environment )
.
LTo adhesion level insufficient >
to prolong contact
OR cell moves away for Contact Cellis an
other reason LTo Cell . Contact Cell is not
Prolonged Surface Contact (Adhesion Effect AND ool e an LTo
rolonged Surface Contact (Adhesion ] Bind between cells is cl_all and RET _ OR
A sufficient (= ¥ ) I;'g?;i I:Z-Epressmg Cell Bind between cell
Contact Cell is an LTo Cell AND &LTo cell is
AND LTo adhesion level insufficient (< x )
Bind between cells is sufficient (= x ) insufficient to
AND prolong contact
LTe adhesion level sufficient
to prolong contact ¢'
( Contact with Cell Expressing RET Ligand )

1: Cell Speed falls somewhere between a lower bound specified by w and an upper bound specified by £

Alden et al., Frontiers in Immunology, 2012



Simulatin

g Peyer’s p

atch formation

PO—)?

No adhesion - cell
moves away

LTin Cell

LTin migrates into gut

LTo Cell

Random Movement

Distance between cell and RET
Ligand Expressing Cell < o/2 + 1/2

Contact with RET Ligand
expressing LTin/LTi
Collsion 4

with LTin/LTi
expressing
RET Ligand

Adhesion no longer holding
cellin place - cell moves away

LTo maturation level
insufficient ta prolong contact

Contact with cell
pressing RET Ligand

Adhesion leads to maturation of LTo

Contact with stromal cell
expressing RET Ligand

iy

v
v

LTi Cell

On completion

of time delay set by y

LTi migrates into gut }

+

Random Movement

Distance between cell
and VCAM positive LTo
cell < gf2 +1(2

Movement Affected -
determine the cause

Collision
with LTin/LTi

Contact with mature
VCAM positive LTo Cell Chemokine
Level =1
Local chemokine level prompts

migration of LTi towards
mature VCAM positive LTo Cell

Distance between

LTo receives maturation signal and
upregulates VCAM

(

cell and RET ligand
expressing cell

)

4
Al

Adhesion level mediates d
prolonged stable contact

<gl2+72

Adhesion leads to
activation of cell signalling

‘D——J

etermine maturation
effect

ted

—=

¥ LTo maturation level
Isufficient to
prolong contact

Adhesion with VCAM
positive LTo Cell

Contact with stromal cell
expressing RET Ligand

LTo upregulates Chemokine
expression

)

LTo maturation level insufficient to prolong contact

expressing
RET-Ligand

Contact with RET Ligand
expressing LTin/LTi

No adhesion - cell
moves away

Distance between
cell and inactive
stromal cell

Contact inactive
stromal cell

Distance between
cell and inactive
stromal cell
<ol2+71/2

Adhesion no longer holding
cellin place - cell moves away

Determine maturation Effect o

gt

LTo at peak adhesion molecules
and Chemokine expression levels

(

Adhesion level mediates
prolonged stable contact

) LTo maturation level

sufficient to prolong contact

v




Agent Based Model of Peyer’s Patch Development

« The ABM had explicit representation of the different cell types
involved in Peyer’s patch development. The simulation was able to
capture the heterogeneous and stochastic cellular behaviours that
led to patch formation.

« Why was an ABM the most appropriate approach?
« Can handle large numbers of individual agents and variables
simulating real world like levels of complexity, including

Incorporating time and space, two key parameters in biology.

* Importantly we could recreate all the cells in the system, thereis
a 1:1 correlation between biology and the simulation

 Peyer’s patches are highly stochastic in their development

« Development occurs in a 2D plane (biologically not always the
case)



Simulation predicts Peyer’s patch formation




Simulation Predicts Cellular Behaviour

Ex vivo explant culture

400

200

Microns (mm)

In silico simulation

Microns (mm)

Patel et al., Science Signalling, 2012
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A Test Score

Median Value Across Runs microns

0.0

Two Step Model of Lymphoid Tissue Induction

12-13hr time point
Trigger stage

VCAM-1

LHC Analysis for F : maxVCA ilityC utoff

Measure: Velocity
Correlation Coefficient: -0.908
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LHC Analysis for Parameter: chemoLowerLinearAdjust
Measure: MedianVelocity
Correlation Coefficient: -0.0484795436325807
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Chemokines are important
at later stages in Peyer’s
patch formation
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Testing Predictions Experimentally

VCAM-1 cells proliferate Blocking VCAM-1 inhibits
LTin cell clustering

GFP [ Vcam1/BrdU P=0.04
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- ©
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w o
3 375 E
g 8 T
E E
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Patel et al., Science Signalling, 2012



Using Multi-scale Model to Understand Tissue Pathology

Christopher Buckley Jon Timmis James Butler

Tertiary Lymphoid Tissue formation in Sjoégren's syndrome



During autoimmune  disease,
lymphoid tissues can form where
they are not normally found
(Tertiary Lymphoid Tissue) they
are involved in the pathology.

Experiments suggest TLTs self-
organise through complex
Interactions Involving two
iInflammatory cytokines and
lymphocytic infiltration.

It Is unclear if a simple induction
loop model of tissue formation is
sufficient to explain the
emergence of TLT in autoimmune
pathologies. Our model aims to
test this.

Tertiary Lymphoid Tissues in Autoimmune Pathology
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Hypothesis: T cell and B cell amplification loop driven by localised IL13
and TNFa is sufficient to explain highly organised tertiary lymphoid tissue

formation and high affinity autoantibody response.

Stages of Development

Time Scale T Cell B Cell B/T Zone
Colonization Colonization Segregation
Stage | Mav e | Stage Il | — Stage Il
9 Day 5 g Day 8 g

Observable phenomena

in vivo

Hypotheses of how
observable phenomena
manifest

Lymphoid stromal precursors
present, populated with very
small numbers of T cells.

T cells found within developing TLT,
randomly distributed.

B cells found within
developing TLT, randomly
distributed.

B and T cells segregated, B cell
follicular structures present and
surrounded by T cells.

<< expected >>
Stromal progenitor cells become localized
stromal precursors due to TNF-a and IL13
present in the environmental millieu.

T cells migrate to the developing tissue fir st,
via blood vessels at the periphery, or outer

<< expected >>
T cells stimulate localized
lymphoid stroma to begin
maturing.

Localized stroma retain T cells
via adhesion molecules and

<< expected >>

B cells now migrate to the TLT
in response to B cell
chemoattractants expressed
by maturing lymphoid stroma.

chemokines.

edge, of the structure.
T

2\

<< expected >>
A positive feedback loop is created by B
cells stimulating maturing stromal cells to
differentiate into B cell stromal cells (FDC
precursors), which produce large amounts
of B cell chemoattractant, thereby
attracting more B cells.

<< expected >>
The colonization of the organ cortex by
B cells, which are retained by adhesion
molecules and chemokines expressed
by stromal cells, prevents T cells from
occupying this space.

This results in a mechanical exclusion of
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The Multi-scale Computational Model: An Overview

2D Multi-Scale

| \2 Agent-Based Simulation
7 \\_—

<-B & T Lymphocytes

<-Stromal Network

s
s e »<- Inflammatory Cytokines
Continuous SpaceaJAgents - - L £ /"/’/ (TNF-a &IL13)
ODE - Receptor Intemalization [~ 7~ <-B Cell Chemokine cxo
=

Stochastic Grammar

Generates Cellular Automata ™ /& T
Stochastic Trigger -

P
{'/)/’/é/' - T Cell Chemokines (ccLigry
) / —

Z>

PDE - Diffusion & Secretion
ODE - Chemokine Internalization

|
Z

A multi-scale hybridised agent-based model incorporating cellular automata,
generative grammar, PDEs, ODEs and Monte Carlo methods.



Implementing the Simulation

 Programmed in Java using MASON ToolKkit.

* Integrates Generative Grammar, Agent-Based
Model, ODEs, PDEs, Monte Carlo methods &
Cellular Automata into one hybrid multi-scale
model.

« Simulation has independent visualisation layer,
developed to generate images comparable to
histology or confocal microscopy images for
validation & experimentation.



Calibrating Simulation vs. Observed Phenomena

Stages of Development

Observable phenomena
in vivo ié

B Cell
Colonization
Stage Il

T Cell

Time Scale Colonization

Lymphoid stromal precursors
present, populated with very
small numbers of T cells.

T cells found within developil
randomly distributed.

B/T Zone
Segregation
Stage Il

B cells found within
developing TLT, randomly
distributed.

B & TCells®

Stronfal Progenitors & T Cells. T Cells adhering to
| |

B Cells randomly distfbuted.®

Steady State.

700 localized lymphoid stroma® —z—7—

T Cells
& Chemokines

Key

® Stroma
@ FRC

® FDC

@ B cell
O T cell

Chemokine Gradients:
CCL19/21 (RED)
CXCL3 (GREEN)

o 100 M

"B.Céells - _
~ & Chemdkirves, .;

All Entities

Parameter Set 002

B and T Cells segregated, with
tendency for B cells to form
clusters surrounded by T Cells.

B & T Cells.
B Cells forming follicle.

100 pM

T Cells
& Chemokines

B Cells
& Chemokines

Stromal Network
4 State Cellular Automata




Effect of TNFa/lL13 Reduction on TLT Formation

B - Demonstrates critical timing of dose

* Reducing levels of inflammatory
cytokines TNFa/lIL13 seeded into
environment over first 5 days has
significant effect on TLT induction.

& « | ess inflammation results in less
organized B Cell follicular zone.

| - This could be considered an
abstraction for administering anti-
TNFa mAbs or looking at KO mice.

Relative Inflammation Level

« This brings us one step closer to
designing or testing drug
regimes in silico — esp. biologics.




Multiscale Model of Tertiary Lymphoid Tissue Formation

 The multi-scale model was sufficient . It supported two key findings
of Peyer’s patch development:

1) Adhesion is important in triggering but not important for the growth, in
contrast chemokines are key for the growth but not triggering of structure

2) A two step mechanism provided by two distinct cell types is required for
triggering vs. growth (PP: LTin & LTi)(TLT: Epithelium, Lymphocytes)

« Why was a multi-scale model approach:

« Although an ABM can handle large numbers of individual agents
and variables simulating real world like levels of complexity,
ODE/PDEs are key to including key signalling events that occur
within and between individual agents. This is key to replicating
biology.

« TLT formation is highly variable in size and composition.



Leishmania Simulation:

Virtual Infectious Disease Laboratory Sim Omics
Exemplar Project: LeishSim EvidencC

LeishSim 1.1

Jirtual Lab powered by SimOmics

[ Home Intervention | Simulation Stats Biomarkers l

Host:

Species: Mus musculus

Strain: wild type

Compartment: Liwver

Parasite:

Species: L.donovani

Strain: Lab adapted

Intervention:

immune null: 75 mag/kg, every 48 hours,
from day 12 to day 33

Intervention 1

Host:

Species: Mus musculus

Strain: wild type

Compartment: Liver

Parasite:

Species: L.donowvani

Strain: Lab adapted
Intervention:

immune null: &80 mg/kg, every 8
hours, from day 0 to day 7

Submit intervention to Virtual Lab
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