
1 v2 prototype

1.1 Transport

We model external virus as a concentration that diffuses and can be uptake or
exported. We use the standard PhysiCell equations:

∂ρ

∂t
= D∇2ρ− λρ+

∑
cells i

δ(~x− ~xi) [−ViUiρ+ Ei] (1)

where D is the diffusion coefficient, λ is the decay and/or removal rate, U is
the cell’s uptake rate (see more below), and E is the net export rate (see more
below).

We use a PDE like this for viral particles V , uncoated virus U (which might
be released by dead cells), viral RNA R (might be released by dead cells), viral
protein P (might be released by dead cells), and also release assembled virus
(used as a technical assist on viral internalization and export dynamics–all viri-
ons in this last equation are immediately transferred to the viral concentration.
See below).

1.2 Internal virus model

Let’s define the following variables:

V virions that have been released from internalized ACE2 receptors in the cell (more below).
U viruses that have been uncoated
R RNA that has been delivered from uncoated virus U
P (full sets) of viral proteins that have been synthesized from RNA R
A assembled virions that are ready for export.

Our placeholder model of this is a system of ODEs:

dV

dt
= −runcoatV +

from receptor submodel︷ ︸︸ ︷
SourceV (2)

dU

dt
= runcoatV − rprepU (3)

dR

dt
= rprepU − λRR (4)

dP

dt
= rsynthR− λPP − rassembleP (5)

dA

dt
= rassembleP −EA,i︸ ︷︷ ︸

automatically done by PhysiCell

(6)
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1.2.1 Exocytosis

Next, we need to figure out net virus export. We use PhysiCell’s standard form.
If ρA is the external concentration of exported (and assembled) viral particles,
then:

dρA
dt

= ...
∑

cells i

δ(~x− ~xi)EA,i (7)

where δ is the Dirac delta function centered at the cell’s position ~xi, and EA,i

is the net export rate (in assembled virions per time). Integrating this, the rate
change in exported assembled virions is

dAexternal
dt

= ...
∑

cells i

EA,i. (8)

We use the following constitutive relation:

EA = rexoA. (9)

As one final note: we want exported A diffuse and be able to infect other
cells. We do this with a “cleanup” step at each PhysiCell diffuison time step:
in each voxel, we move all of ρA to ρV (the concentration of viral particles).

1.3 Receptor binding, endocytosis, and trafficking

Define:

REU external unbound ACE2 receptor
REB external bound ACE2 receptor (bound to virus)
RIB internal bound ACE2 receptor (bound to virus, in an endosome)
RIU internal unbound ACE2 receptor (released virus, on way back to membrane)

External virus binds to REU to create REB . We assume that only one virus
can bind a single ACE2 receptor. REB is trafficked inside to become RIB . Virus
is released from endosomes (when leaving RIB) are a source term for V above.

Let’s use this system of ODEs. If n is the number of virions within interactoin
distance of the cell’s unbound receptors,

dREU

dt
= −rbindnVREU + recycleRIU (10)

dREB

dt
= rbindnVREU − rendoREB (11)

dRIB

dt
= rendoREB − rreleaseRIB (12)

dRIU

dt
= rreleaseRIB − rrecycleRIU (13)
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Matching the uptake term in the PDE to the binding term, we have

rbindnVREU = UiViρ, (14)

and so

nV ≈ Viρ (15)

Ui = rbindREU . (16)

This gives us a constitutive relation where the uptake rate is modulated by
available ACE2 receptors.

Next, note that the release term gives the source rate of internalized virions
for the virion model:

SourceV = rreleaseRIB . (17)

1.3.1 Implementation detail

By setting the uptake rate Ui = rbindREU , PhysiCell will automatically remove
the correct amount of virions from the diffusing field and deliver them to inter-
nalized virions (in phenotype.molecular.internalized_total_substrates).

If this amount is cleared at each time step, then the amount in the internal-
ized variable represents

dREB = ∆trbindnVREU = ∆tUiViρ. (18)

Thus, we call that dREB , deduct it from REU , add it to REB , and then set the
“internalized substrate” quantity to zero.

1.3.2 Very preliminary ballpark parameter estimates

https://www.nature.com/articles/cr200815#MOESM255 states about 3 hours
to see endocytosed receptors, 13 hours (3 + 10 additional hours) to see few
receptors in vessicles, and 14 hours to see recycled receptors.

Based on this, let’s say it takes 3 hours to move from REU to REB to RIB ,
so that

1

rbindREU (0)
+

1

rendo
= 180 min. (19)

(We scale the first parameter by initial number of receptors to acount for the
fact that this rate holds early when there are many free receptors.) Supposing
that binding is relatively fast compared to endocytosis, let’s suppose binding
take on the order of 1 minute (for plentiful free receptors), and endocytosis
requires on the order of 180 minutes.

Continuing, we need 13-3 = 10 hours = 600 min to transit from RIB to RIU ,
so rrelease = 1

600 .
Then, we need and additional 60 minutes to recycle the freed receptor (14

hours from start to finish), so rrecycle = 1
60 .
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Since these are rough estimates, let’s use only one significant digits:

REU (0)rbind = 1 min−1 (20)

rendo =
1

175
∼ 0.006 min−1 (21)

rrelease =
1

600
∼ 0.002 min−1 (22)

rrecycle =
1

60
∼ 0.02 min−1 (23)

(24)

Assuming there are 1000 to 10000 receptors per cell, we will use a default 1000
receptors and set rbind0.001. Because the other estimates are rough, we wil
round to nearest order of magnitude. Thus,

rbind = 0.001 min−1 (25)

rendo = 0.01 min−1 (26)

rrelease = 0.001 min−1 (27)

rrecycle = 0.01 min−1 (28)

(29)

The paper states that viral proteins were expressed by about 18 hours. So,
this will help constrain teh viral dynamics parameters. Supposing it takes about
13 hours to release virion, the process of uncoating, preparing RNA, and syn-
thesizing proteins takes on the order of 18-13 = 5 hours. Let’s divide the time
evening among these points, so that takes 100 minutes in each step. Then we
will for now set

runcoat = 0.01 min−1 (30)

rprep = 0.01 min−1 (31)

rsynth = 0.01 min−1 (32)

Let us suppose for now that rassemble = rexo = 0.01 min−1.

1.4 Cell apoptotic response (PD)

We use a fairly standard Hill function: let e be the effect, which we model as
increasing with assembled viral particles:

e − An

An +An
1
2

(33)

where A 1
2

is the half max, and n is the Hill coefficient.
Then, the cell’s apoptosis rate is

rapoptosis = rmaxe. (34)

At death, some fraction f of the cell’s V , U , R, P , and A are released into
the microenvironment. These can potentially be individually specified.
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1.5 Later

Use a molecular-scale model of ACE2 to model how the uptake rate changes.
Use a receptor trafficking model to also modulate virion uptake.
Better parameter estimates of viral replication.
Add immune response with more cell types. Cell death can release immunos-

timulatory factors that bring in macrophages. Those cause more damage and
feedback. Connect that to ARDS.

2 v1 prototype

2.1 Diffusion

We model external virus as a concentration that diffuses and can be uptake or
exported. We use the standard PhysiCell equations:

∂ρ

∂t
= D∇2ρ− λρ+

∑
cells i

δ(~x− ~xi) [−ViUiρ+ Ei] (35)

where D is the diffusion coefficient, λ is the decay rate, U is the cell’s uptake
rate, and E is the net export rate (see more below).

We use a PDE like this for viral particles V , uncoated virus U (which might
be released by dead cells), viral RNA R (might be released by dead cells), viral
protein P (might be released by dead cells), and also release assembled virus
(used as a technical assist on viral internalization and export dynamics–all viri-
ons in this last equation are immediately transferred to the viral concentration.
See below).

2.2 Internal virus model

Let’s define the following variables:

1. V are viruses that are bound to the cell surface and in the process of
endocytosis / adsorption.

2. U are viruses that have been fully endocytoses and coated.

3. R is RNA that has been delivered from uncoated virus U

4. P are (full sets) of viral proteins that have been synthesized from RNA R

5. A are assembled virions that are ready for export.

Let’s model just the internal processes, noting that PhysiCell automatically
takes care of virus intake (source for V ) and export (sink for A).
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Our first model of this will be a system of ODEs:

dV

dt
= −rUV (36)

dU

dt
= rUV − rPU (37)

dR

dt
= rPU − λRR (38)

dP

dt
= rSR− λPP − rAP (39)

dA

dt
= rAP (40)

Next, we need to figure out net virus export. We use PhysiCell’s standard
form. If ρA is the external concentration of exported (and assembled) viral
particles, then:

dρA
dt

= ...
∑

cells i

δ(~x− ~xi)EA,i (41)

where δ is the Dirac delta function centered at the cell’s position ~xi, and EA,i

is the net export rate (in assembled virions per time).
We use the following constitutive relation:

EA = rEA. (42)

As one final note: we want exported A diffuse and be able to infect other
cells. We do this with a “cleanup” step at each PhysiCell diffuison time step:
in each voxel, we move all of ρA to ρV (the concentration of viral particles).

2.3 Cell apoptotic response (PD)

We use a fairly standard Hill function: let e be the effect, which we model as
increasing with assembled viral particles:

e − An

An +An
1
2

(43)

where A 1
2

is the half max, and n is the Hill coefficient.
Then, the cell’s apoptosis rate is

rapoptosis = rmaxe. (44)

At death, some fraction f of the cell’s V , U , R, P , and A are released into
the microenvironment. These can potentially be individually specified.
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2.4 Later

Use a molecular-scale model of ACE2 to model how the uptake rate changes.
Use a receptor trafficking model to also modulate virion uptake.
Better parameter estimates of viral replication.
Add immune response with more cell types. Cell death can release immunos-

timulatory factors that bring in macrophages. Those cause more damage and
feedback. Connect that to ARDS.
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