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Try the nanoHUB tool at
https://nanohub.org/tools/cc3dcovid19




Premise: Primary Acute Local Infection and
Innate Response In a Planar Milieu

o |nfeCt|On |n a Sma” quaS|_2D patch 4000 m 8000 m 12000 min. 16000 20000 min.
of susceptible tissue °’

« Assume primary infection
* NO pre-existing adaptive immune
response

* no specific antibodies, memory T-cells
or targeted B cells

« Assume acute infection

 consider a short time where the
Immune system either clears the
virus, the virus spreads over the
entire tissue patch, or something in
between
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Overview of Model Components

---------------------------------------------------------------

Epithelium i 1 Extracellular Environment

e TWo cell classes R i
 Epithelial cell: the susceptible cells / Epithelial Cells \E ﬁ Immune Cells \ 5

« Immune cell: the infection fighters »[ - o) | { p— ] [m } i
. . . A———| Internalization Replication —& Cytotoxicity en'lnzotams | -
 Three diffusive fields . ] [ I R | >

. (Extracellular) Viral Field: 1 et I

extracellular virus transport N cor | Jif)i | ([ omeemg [ actuston | |
« Cytokine Field: local and global (E3) @ i (9 " I |
signaling A 2N Rt
e Oxidative Agent Field: ep|the||a| cell :‘::::::::::::::::::::1::::::::::’..-' ) J E

kKilling by immune cells ).
[ Cytokine } E
Transport ! Recruitment

,‘.‘.'.'.'.:F.'.‘.T.‘.‘.ZT.‘.‘. E
- i R ———

* Lymph node

Oxidative
» Compartmental model fr [rm‘;gzrfm,]
« Regulates local immune cell Viral Oxidatve Agent | | Cytokine | !
populatlon Field VAN Field Field 2, s Lymph Node

......... » Transformation
—» Mass Transport
———=# Regulation




,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Modules of the Viral Lifecycle

Viral Field
e

* Viral Internalization: how virus gets into a cell / b \

* Virus is taken from the environment and transferred into a cell sl B G
* Binding to receptors determines rate of internalization vs. :
extracellular viral concentration (vt canome] [ proan
* Viral Replication: how virus replicates inside a cell L
« Four basic stages of replication: Unpacking, Genome Epithelial Cell
Replication, Protein Synthesis, and Assembly and Packing ~ — ——
« Exponential amplification phase: Genome Replication 3 Mass Transpor
 Viral Release: how virus Is released into the .
environment ¢ = Uptake —n,U
* Virus is taken from the cell and transferred into the AR _ i g Thar o
environment dt 7 T YR by
- Rate of release Is proportional to internal amount of ap b
Assembled and Packaged genomic material L ¢
i 1, P — Release
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Simulate Therapy with RNA-Synthesis Blocker
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Drugs like Remdesivir inhibit RNA synthesis,
the one exponential step in viral replication

Issues:

 Effectiveness decreases rapidly as the time
of first treatment increases

« Optimal treatment: lowest effective dose
Easy to model and simulate

* Treatment corresponds to reducing
replication rate in viral replication model

* Treatment can be applied at various times
after initial infection in simulation

rfrtﬁ.'l:' {- 't;l

'

Replication rate
reduction event

s i T T A

dt

[ > I
1
12000 minutes 20000 minuttis

Example simulated therapy. 7,4 IS the
replication rate of all cells in simulation time.

dU
— = Uptake —nr,,U

y
—=nU + rmaxR half I— ¢ R
! + Thaif
— = —1,P
7 =1nR—1,
dA

— =1,P — Release
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Time vs Potency Tradeoffs for an RNA-
Synthesis Blocker

Number of uninfected cells

Replication rate . o ;
red‘Lct —— Time delay of application (Minutes)
0 4000 6000 8000 1 12000 14000

] FrmbEmbn. I fn

I 1 1
100I ) i 1 § 1 | e— 1 i
102 1 ! 4 M ; __ﬁ‘ .fﬂ “—X .

I 1 1 1
104 i
O e ENEN Y
1004
100 s e s i bl e '
102 - ! 1 4 ! 1 4 ! | I X - X J
OO S ININDR
102 1 | I L | n 7 L | I | L . 7 |
o4 i i i p i B i i Y b §
102 +—F—f 4— 1— 41 4 E ,
N EN i ¥

TN -

0102001020010200102001020010200102001020

Simulation time (Minutes) x 103

GL8°0 SL0 SZ9°0 S0 SLEQ SZ0 SZ1°0 00

ledninw (*) ejeluonelidal eaIp

Total extracellular virus

Later Treatment

Replication rate

reduction even

104

D E N ISR
0 0 N N S S S
Il &-JL‘\\]/WN /NH/T‘] :
am B
al :

10°

; 5 Time delay of application (Minutes)
0 2000 4000 6000 8000 10000 r12m 14000
RN NN N YT

mmmgﬁ
= 2

0102001020010200102001020010200102001020

e
a
fadh}
ulfa)

mf-

Simulation time (Minutes) x 103

Jeidyinw (*74) ejesuoneoldal felA

Green: virus controlled and most cells left uninfected
Red: most cells infected, virus not controlled
In between: high stochasticity, uncertain outcome

9 E



0 C v T e ts ety | Semma i | olfSartimgond T 4
e Voue e L3t temen ¢

TDC Caat. CDM Do - g
20 °HHME v sy
C 0 x| (G ot i - -

Framework Deployment

418

e o ol i
¢ C8
EY EH
H L - F
Al
# §
£

 CompuCell3D: a widely used software
environment for virtual tissue modeling
* Open source
* PDE solver suite, ODE solver (libRoadrunner)
« Real-time GUI-based interactive simulations
« Code editor supporting easy model specification
« HPC deployment (e.g., Carbonate at 1U)

« Modular model specification using XML and
Python
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Repository () Simple Recovery

Collaborative, Concurrent e = a - S ..
Model Development =

« Simulation framework is designed with
Interchangeable, shareable, and extensible
model modules (architecture like the Python
programming language)

« Simulation specification: load a set of model
modules

 Built-in support for seamlessly downloading,
addolln , using and uploading add-on mode
modules

 Architecture prevents collision during concurrent
development

 Framework and library are maintained on
GitHub: collaborative public development

NeighborRecovery
* Get Viral Infection Framework
Environment
* Inherit from Simple Recovery
» Overwrite test for recovery in a dead

cell

| redwe | [ Epithelial Cells )
(E6) E6 E5 E1-E4
r ¢ J

Simple
Recovery

650

Number of uninfected cells

Neighbor

Models.RecoveryNeighbor.RecoverySteppables leighborRecoveryDataSteppable St

0 4 8 12 16 20 0 4 8 12 16 20

Simulation time (Minutes) x 102
CompuCellSetup.register_steppable( =NeighborRecoveryDataSteppable( =14

CompuCellSetup.run()




Group A recovery model: RecoverySimple

Group B recovery model: RecoveryNeighbor
Dead cells resurrect with a fixed probability

Extend recovery model by Group A with
neighbor-dependent recovery probability
(Add-on library) (Model Module) (Model Specification)

Models HEEE"."EI'_',"S-iI"I'IﬁIE 3 HE':':"-'-EI}"S-tEF[Jﬂh|EE.[3'_'_1" Models Rec I:*.-'EI}-'N Elghhﬂl' ] F!.EI:I:"."EI'_'_."StEﬁﬁﬂhlEE.ﬁ'_‘_."

'RE'“E?"*’I”P”“ Import model parameters defined in a different script
-RecoveryInputs * . . . . TEESERr s L=y =
§ Import model parameters defined in a different script

rec_steppable_key =
Import recovery model by Group A
sys.path.append(os.environ[ 1
SimpleRecoverySteppable (SteppableBasePy): Get CompuCe”3DsS model SpeCification features Models.RecoverySimple.RecoverySteppables SimpleRecoverySteppable, SimpleRecoveryDataSteppable

NeighborRecoverySteppable(SimpleRecoverySteppable): Copy the recovery model by Group A

frequency=1):

frequency)

frequency=1):

.rec_steppable_key = rec_steppable_key (frequency)

.rec_steppable_key = rec_steppable_key
.shared_steppable_vars[ .rec_steppable_key] =

cell recovers(
Test for recovery at each step
vers(cell)]

.cell_list by type( .DYING)

Overwrite recovery criterion

([a n, a .get_cell neighbor_data_list(_cell)

5_To_mcs

random.random() < ca * recovery_rate *

Define a recovery criterion

_ _ Main simulation script
random.random() < recovery_rate * s_to_mcs

recover_cell( cell): T ViralInfectionVTMSteppables
Load from

] MET eI CompuCellSetup.register steppable( =oxidationAgentModelSteppable(
Define what recovery means

PP Load from Models.RecoveryNeighbor.RecoverySteppables NeighborRecoverySteppable
ViralInfectionVTMLib.vrl key add-on Iibrary

oxidationAgentModelSteppable

.num_recovered += CompuCellsetup.register_steppable( =NeighborRecoverySteppable |




Repository ()

Model specification

Building a Better Simulation e |
Framework Together |

« Continuous development of framework to better |. &

* Registerall imported

Integrated HCV

* Get Viral Infection Framework
Environment

+ Declare viral replication model

* Load viral replication model

support community development -

| Model specification

o DefaUIt framework |S part|CU|ar to SARS_COV_Z, B min. 4000min. _8000min. _12000min. 16000 min. 20000 min.
but supports modeling other viruses =

Integrated Compartmental HCV subcellular model Revised viral replication model
(Dahari, Ribeiro, Rice, Perelson, J Virol, 2007) au
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Extending the Framework: Enhanced Immune
Response Modeling

- . - Label Variable
« Collaboration with Profs. Ericka
[ ] TNF T
IL-10 L
ochan (Carlow U.) an ard o :
R u u Macrophages M
Blood neutrophils N
rl I l e I l ro u I S u r Tissue neutrophils N
" Reactive oxygen species X
Target epithelial cells H
. - Infected epithelial cells 1
. roach: generate a spatia
. Virus v
. .
Type 1 interferon F
model analogue of their calibrated i :
- Natural killer cells K
Antigen presenting cells P
B cells B
= . ] CD8+T cells E
immune (innate and adaptive :
CD4+T cells 0
r Antibodies A
I Inflammatory response Immune response
" Neutrophils in Blood () Neutrophils in m . Macrophages (M) i IL-10 (L) Neutraphils in Blood (N) Neutrophils in Tissue (N) Macrophages (M) 1o
ST T 11 ET———— e 5 ST 5 1000
F—\ L [ S0 WN &0
+ / f—
"o g 19 15 "o 2 1 15 i 5 10 13 "o S 10 15 9 5 10 15 % 5 10 15 o3 5 10 15 o 10 15
200 TNF-a (M 50 Nitric Oxide Synthase (X) 5000 IgM Antibodies(4) 5000 Chemokines (C) S5 TNF-o (T) & Nitric Oxide Synthase (X) S5 Igh Antibodies(A) 56 Chemokines (C)
200 200
G e 0 _‘w"”‘j—‘ A 10 5 - &
o5 5 10 15 o5 5 10 15 0 10 15 g 5 0 0 o 0
19 1B 0 5 0 15 ] 5 10 15 [ 5 10 15 0 5 0 15
x10° Infected Cells (I)  10° Target Epithelial Cells (H) - Type | Interferon (F) Influenza A Virus (V) i 1D5 Infected Cells () ; m”argei Epithelial Cells (H) - Type | Interferon (F) Influenza A Virus (v)
2 2 5 / 2 2 5 /”
100
1 1 m 4 " 1 1 100 t‘;/(_\ / \*\
o5 B 9 8 g 0 0 0 0
10 % 0 5 10 15 0 5 10 1 o 5 10 1 0 5 10 15 ] 5 10 15 0 5 10 15 0 5 0 15
x10° Epithelial Damage(DH) 8 Natural Killer T-Cells (E) B-Cells (B) Natural Killer Cells () «10° Epithelial Damage(DH) Natural Killer T-Cells (E) B-Cells (B) Natural Killer Cells (K)
2 5 5 5 2 g 5 5 5
5
: 2 -L/}—‘r—o—\ 4 /_’_4_{-\ i f\ ; 3 ; ‘{' It
o ¥ s 3 el Elid s 3 B aitd
” |2 19 1 0 8 0 it g g 10 18 0 g 10 1 % 5 10 15 0 5 10 15 0 5 10 15 0 5 10 15
5 Anigen Preseriing Cals ) IL12 (W) " Type Il Interferon () y Tty Helper Cellz (0) Antigen Presenting Cells (P) IL12 (W) Type Il Interferon (G) Thy Helper Cells (0)
* ] 4 6
A/—’\\ 500 LA zj\ 5/'/*_“?\ 4/,_—% souf 5 - 5/1”—\
Las 4 + 4
2 0 0 2 0 0 =
0 5 10 15 0 5 10 15 ] 5 10 15 0 5 10 15 a 5 0 5 5 5 0 5 ) 5 0 5 a 5 0 5 14
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Try the nanoHUB tool at
https://nanohub.org/tools/cc3dcovid19
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