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1.



Healthy tissue architecture and homeostasis



For example: Blood



Homeostasis

Lineage
Feedback

Feedback from
microenvironment



Cancer is a tissue gone wrong: characterized by the same issue architecture

Self renewal

Majority



++

Cancer – Microenvironment interactions







normal cell

cancer cell

large-scale genetic changes small-scale genetic changes







Drug resistance can also be based on cancer stem cell persistence (no resistant mutations)



2. Modeling tissue and tumor cell evolution

• Consider pre-malignant cell evolution in the blodd

• Show how simple ordinary differential equation models can provide biological insights



Pre-cancer evolution in healthy tissue:
Clonal hematopoiesis of indeterminate potential in the blood

• How do CHIP mutants evolve? 
• What are the selection pressures?
• Can we treat to create conditions that select against CHIP clones (evolutionary therapy)?

Lots of existing mathematical modeling work by e.g. Stiehl, Marciniak-Czochra , Mackey, Loeffler, Roeder 





What is the fate of mutants arising in the different compartments?
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Mathematical modeling outline





Neutral label propagation
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Model parameterization

Fraction of the neutral label in each compartment

“Time to equilibirum”

Compartment size ratios:
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First, parameter estimation without feedback



Wild-type cell populations Mutant cell populations

Evolution

Introduce mutants:

Under what conditions
do mutants invade 
and when do they fail?



Evolution - Modeling Mutant Spread

Wild-type cell populations Mutant cell populations

 

p0=c0/(h0 (x0+y0) +1) p1=c1/(h1 (x1+y1) +1) p2=c2/(h2 (x2+y02) +1) 

p0
(m) =c0

 (m) /(h0 (x0+y0) +1) p1
(m) =c1

 (m) /(h1 (x1+y1) +1) p2
(m) =c2

 (m) /(h2 (x2+y2) +1) 

Competition through shared feedback:



Insights from evolutionary 
computer simulations

Mutant arises in LT stem cells (unlikely)
2% advantage

Mutant arises in progenitors (likely)
2% advantage

Mutant arises in progenitors
25% advantage

Where does the mutant arise?

Komarova, Rignot, Fleischman & Wodarz (2024) PNAS
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Insights from evolutionary 
computer simulations

Mutant arises in LT stem cells (unlikely)
2% advantage

Mutant arises in progenitors (likely)
2% advantage

Mutant arises in progenitors
25% advantage

Where does the mutant arise?
Mutants matter only when they arise in the downstream,
progenitor compartments

But there, successful invasion requires a massive mutant advantage

⇒ Barrier to mutant invasion



Hematopoietic hierarchy protects against 
mutations

 

Mutant invasion barrier:
 

 

LTLT-HSC ST-HSC MPP

 

 

Evolutionary compromise 
between 
• tissue amplification and
• invasion barrier

mutant 
production 
unlikely

mutant 
production 
more likely

mutant 
production 
most likely



Input of  WT cells

NO Input of  
mutant cells

Fitness of cells in progenitor compartment:

WT cells: local division + input from upstream compartment

mutant cells: local division only
=> Hence advantage in division must be large to overcome
WT fitness

Stem cells Progenitor cells



What can facilitate 
mutant invasion? Mutant arises in LT stem cells (unlikely)

2% advantage

Mutant arises in progenitors (likely)
2% advantage

Mutant arises in progenitors
25% advantage

+

-
Mutants generate inflammation

Inflammation creates environment
that is beneficial for mutants

=> Evolutionary niche construction

Mutant arises in progenitors 
2% advantage

Fast mutant emergence



3. Cell evolution in spatially structured populations:



patient-derived tumor organoid

tumors arising in patients
are spatially structured Lymph nodes packed 

with leukemia cells

Everything is spatial



Some spatial modeling approaches



Mixed vs ABM vs deme models – similarities and differences

Demes, e.g. lymph nodes



Study examples that show important roles of space for tumor evolution



Spatial structure governs tumor evolution – Noble et al (2022) Nat Eco. Evol. 







Spatial structure can be important for the competition 
between resistant and sensitive cells



More mutants in spatially growing colonies
compared to non-spatially growing colonies
at the same population size

Bubble

sector



At population size N
how many mutants?

(crucial question for resistance evolution)

neutral mutants advantageous mutants

spatial

well-mixedmixed

Wodarz & Komarova 2020, Genetics
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Complexity of Disadvantageous Mutants

disadvantageous mutants
disadvantage in death

If mutant disadvantage is in less birth:      more mutants in spatial compared to mixed system
If mutant disadvantage is in more death: less mutants in spatial compared to mixed system

Same patterns observed in 
• ABM
• Deme model with migration to nearest neighbors
• Deme model with non-spatial migration



Scaling laws for n-hit mutants in 1, 2, and 3 dimensional spatial growth

Komarova, Pritchard & Wodarz 2025, PNAS Nexus



Why are mutant scaling laws useful?

• Tumors are large cell populations, up to 1012 or 1013 cells. 

• Simulating growth to such sizes with stochastic ABMs to determine 
     mutant burden is very slow

• With scaling laws, you can extrapolate mutant burden to large population sizes
      without the need to simulate up to these huge population sizes



Application: Role of gene amplifications 

Fast mutation rate
because there are
more mutation 
targets

Slower mutation
rate

Extra Step:

Komarova, Pritchard & Wodarz 2025, PNAS Nexus



2D spatial simulation

comparing population structures
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Spatial structure is required for cells with gene amplifications to contribute to mutant evolution

cell with gene 
duplication

target mutation

target mutation



Spatial mutant evolution and selection at steady state

MULTI-STEP C
ARCINOGENESIS

AGE



FIXATION PROBABILTY as a measure of fitness

WT population at equilibrium



Fixation probability as a measure of fitness

WT population at equilibrium Introduce 1 mutant



Fixation probability as a measure of fitness

WT population at equilibrium Introduce 1 mutant

mutant 
fixation

mutant 
extinction



Mutants can be 

• neutral

• disadvantageous

• advantageous

p(fix) = 1/N

 

Fixation probability

Moran process

Advantage or disadvantage typically expressed through the change of one parameter, 
such as a changed birth rate or a changed death rate



Faster cell division rates often correlate with faster cell death rates 
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The concept of Quasi-Neutral Mutants 

reproduction rate of mutant and WT

death rate of mutant and WT

 

r d r/d

0.1 0.01 10

1.0 0.1 10

wt

mutant

life-time
repr. output

reproduction
rate

death
rate



Fixation probability of quasi-neutral mutants in well-mixed populations

stochastic process
WT cells

Mutant cells



rather than

stochastic process
WT cells

Mutant cells

Fixation probability of quasi-neutral mutants in well-mixed populations
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Fixation probability of quasi-neutral mutants in well-mixed populations



Reason for deviation from neutrality

XX X
X X XX

X

time frame

slow turnover

fast turnover



Spatial Dynamics
Dynamics of quasi-neutral mutants in deme structured populations

Deme / patch model with non-spatial migration

In each deme, Gillespie simulations are performed for the ODE mode:

Reproduction can lead to the offspring being placed into a randomly chosen deme with a certain probability.
i.e. migration is coupled to reproduction.

=> WT population is at equilibrium. Introduce 1 mutant into a randomly chosen deme

WT cells

Mutant cells

Komarova & Wodarz 2025, Nature Communications



SPATIAL STRUCTURE MAKES A QUASI-NEUTRAL MUTANT TRULY DISADVANTAGEOUS

non-fragmented

fragmented

In a deme-structured model, the quasi-neutral mutant becomes truly disadvantageous,
even though it has the same life-time reproductive success compared to WT

non-
spatial

DESPITE IDENTICAL REPRODUCTIVE SUCCESS



assumptions:
1. mutation rate is sufficiently low such that 
      individual demes are typically homogeneous 
       with respect to the type 
2. Small deme population size

= relative fitness of a mutant deme

defined by the ratio of the 2 deme conversion rates

For large populations, we have and hence 

so the effect is lost

Calculating stuff



A BIOLOGICALLY MORE REALISTIC SCENARIO: A MUTANT WITH A CHANGED LIFE-TIME 
REPRODUCTIVE OUTPUT & ALSO PROPORTIONALLY SCALED BIRTH AND DEATH RATES 

s > 1: mutant has higher reproductive output than WT

s < 1: mutant has lower reproductive output than WT

 



Neutral, 1/N Neutral, 1/N

A mutant with a higher reproductive 
output than WT can become strongly 
disadvantageous if it also has higher 
turnover

A mutant with a lower reproductive 
output than WT can become 
advantageous if it also has lower 
turnover

SPATIAL STRUCTURE REVERSES SELECTION 

Mutant with higher reproductive output Mutant with lower reproductive output

Relationship between life-time reproductive success and Darwinian fitness is more complex than previously appreciated



MOVE AWAY FROM FIXATION PROBABILITIES: 

Assume that mutant is generated by WT a certain rate

mutant with LOWER life-time
reproductive output than WT

mutant persists at 
mutation-selection balance

WT wins for τ =1 (identical turnover)

Mutant with lower
life-time reproductive
output



mutant with LOWER life-time
reproductive output than WT

MOVE AWAY FROM FIXATION PROBABILITIES: 

Assume that mutant is generated by WT a certain rate

mutant persists at 
mutation-selection balance

mutant invades and takes over

with reduced turnover (τ <1)

WT wins

Mutant with lower
life-time reproductive
output



mutant with HIGHER life-time
reproductive output than WT

mutant takes over if it has

identical turnover (τ =1 )

MOVE AWAY FROM FIXATION PROBABILITIES: 

Assume that mutant is generated by WT a certain rate

Mutant with higher
life-time reproductive
output



MOVE AWAY FROM FIXATION PROBABILITIES: 

Assume that mutant is generated by WT a certain rate

mutant with HIGHER life-time
reproductive output than WT

mutant takes over if it has

identical turnover (τ =1 )

mutant becomes disadvantageous

if it also has a higher  turnover (τ >1 )

Mutant with higher
life-time reproductive
output

mutant persists at 
mutation-selection balance



Agent-based model

deme model with non-spatial migration



Spatial agent-based model has same basic properties as deme model with non-spatial migration

Mutant with LOWER 
reproductive output

Mutant with HIGHER
reproductive output

Mutant and WT have
identical turnover

Mutant has changed turnover



Takeaway messages

Spatial structure can have important consequence on evolutionary dynamics

These can be found in relatively simple models of spatial cell dynamics

Such insights inform computational models that describe specific cancers
and take into account the higher biological complexities seen in the
spatial organization of tumors (eg cancer stem cells, differentiated cells, 
microenvironment) 
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