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Abstract
This project created a model using MATLAB to replicate patterns of T cell numbers during
proliferation. The model was used to understand how the number of cells change with
different initial cell numbers, and different probabilities of individual cell death and division.
In particular, the point of activation when a progeny of cells begins dividing, and the time
when cell number had reached its peak, were studied.

1 Introduction
T Cells are an import class of immune cells that attack pathogens and toxins in the body. This
research specifically modeled naïve CD8+ T cells, which had become activated and began a
process of rapid proliferation. Activation of a naïve CD8+ T cell occurs when another antigen
presenting cell triggers the T cell, which causes it to start rapid division (Zhang and Bevan,
2011).
A model was created to study cell number, and rates of death and division, for activated CD8+
T cells. The model was developed using MATLAB and accepted different inputs such as
varying probability for death and division, and initial cell number. The aim of this project was
to study theoretical cell number over time and compare it to existing data, while investigating
the role of single cells’ properties in collective effects.
By understanding and being able to predict cell number it is hoped this information can be
used in therapeutics for new treatments reliant on knowing how different cell properties will
impact the overall immune response. It was found that the probability of death for individual
cells had the most influence on cell number.

1.1 Statement of Authorship
Frascoli formulated the project idea and model outline, based on experimental work done by
Dr Sarah Russell and Kajal Zibaei. The model was written by Holly Casey, analysis and
interpretation of results was performed by Casey and Frascoli. Guidance and supervision was
given by Frascoli. Project funding was provided by AMSI and the Australian Department of
Education.
3

2 Model
2.1 Terminology
When one cell divides it splits into two cells: the original cell is called the parent and the two
new cells are called daughters. If the original cell whose daughters started a population of
cells is being referred to, it is called the founder cell. When a cell divides the daughters are
said to be in the next successive generation. Figure 1 shows the relationship between parents,
daughters and their generation. A population of cells starts at generation 0, when initial cells
are considered.

Figure 1: Relationship between cells and their progeny and the generations they are from, modified
from (Hardy et al., 2001)

2.2 Probability Model for Fate Determination
The model created runs through an initial number of cells, and in cycles determines whether
each cell will die, divide or continue with no changes. One cycle determines the fate of each
cell once and at the end of one cycle the number of deaths, divisions, and quiescent cells are
recorded, along with the cycle number. The cells exist in generations, starting at generation 0.
Cells that have divided give rise to two new cells, which are placed in the following generation
at the start of the next cycle. The cells that have died are removed from the model, and cells
that do not belong to the previous cases move on to the next cycle in the generation they were
in. Figure 2 visualises this process for 4 initial cells. Appendix 2 shows an example of the code
used for generation 3.
4

Figure 2: The cell fate determination model simulates a given number of cells dying and dividing,
through different cycles.

2.3 Parameters
Experimentally, when studying naïve CD8+ T cell proliferation rates in vitro, all cells die by
the 14th day (Zibaei, 2018), so the number of cycles in the model created was 336, where each
cycle is representative of one hour. The number of initial cells in generation zero, 𝑁0 , was
either 2, 1200, 2000, or 25000. Having 2 initial cells simulated the first generation of cells
after the point of activation of the founder cell. Having 1200 initial cells replicated the
experimental peak number of cells where multiple founder cells contributed to the overall
total cell number (Zibaei, 2018, pp. 70-71). When 𝑁0 was 1200, the model ran through 5
generations, and for 2, 2000 and 25000 initial cells the model ran through 9 generations.
Because the experimental data studying individual cell progeny this model is compared to
was done in vitro, the cumulative immune response of more founder cells is simulated with
𝑁0 being 2000 and 25000.
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The probability that a cell will die, 𝑃𝐷 , and the probability that a cell will split in to 2 (divide),
𝑃𝑆 , was changed each time the model ran for the different 𝑁0 . For 𝑁0 equaling 1200, 2000 and
25000 𝑃𝑆 was first set to 0.1 and 𝑃𝐷 was tested between 0.05 and 0.15 in 0.025 steps. Then 𝑃𝐷
was 0.1 while 𝑃𝑆 changed from 0.05 to 0.15 in 0.025 steps. Next, 𝑃𝐷 was 0.1 while 𝑃𝑆 started at
0.1 in generation 0 and decreased by 0.01, 0.02, or 0.05 in each successive generation, down
to a minimum of 0.001. The same successive generational 𝑃𝑆 decrease was repeated for an
initial 𝑃𝑆 of 0.2, then for 𝑃𝐷 being 0.2 and 𝑃𝑆 starting at 0.1 and 0.2. The same method of
changing probability in each generation was then tested for 𝑃𝐷 , where it increased by 0.01
starting from 0.1 and 0.01, 0.02 from 0.1, and 0.05 from 0.01 while 𝑃𝑆 remained constant at
0.1 for those iterations. Finally, 𝑃𝑆 started at 0.1 in generation 0 and decreased by 0.01 while
𝑃𝐷 started at 0.1 and increased by 0.01. The 𝑃𝐷 increased by 0.02 from 0.1 and 0.05 from 0.01.
For 𝑁0 being 2, because it is representative of initial activation 𝑃𝑆 was tested at much higher
values. First 𝑃𝑆 was tested from 0.1 to 0.9 in 0.1 steps while 𝑃𝐷 was 0.01, 0.1 or 0.2. Then 𝑃𝐷
increased in 0.01 and 0.02 steps each generation from 0.1 while 𝑃𝑆 was 0.1, 0.3 or 0.5. Finally,
𝑃𝑆 decreased in 0.01 and 0.02 steps each generation from 0.5 while 𝑃𝐷 was 0.1, 0.3 or 0.5.

2.4 Data Collection
Each time the model ran with the different 𝑃𝐷 , 𝑃𝑆 , and 𝑁0 values, 10 trials occurred and the
number of cells that had died, 𝑁𝐷 , and the number of cells that had divided, 𝑁𝑆 was recorded
for every generation at the end of each cycle and tallied. The maximum total number of cells in
each generation, 𝑀, was recorded. The mean was then taken of those values, along with the
standard deviation. The last cycle where cells existed in a generation, T, was also recorded in
each generation, and was taken as the last value from all the trials where cells existed. An
example of how the data was stored can be seen in appendix 1.

3 Results
Results are shown for the case when 𝑁0 was 2 and 1200, since the same probability
parameters were used for 𝑁0 being 1200, 2000 and 25000, results are similar.
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3.1 2 Initial Cells
Figure 3 shows the average number of cells that divided in each generation from the different
probabilities tested, with 2 initial cells.

Figure 3: Average total number of cells that divided in each generation for different 𝑃𝑆 and 𝑃𝐷 values,
with 2 initial cells.

Figure 4 shows the last cycle from all trials when all cells had been in a generation, with the
same probabilities as figure 3. Curves that reach zero imply that there were no cells in that
generation.

Figure 4: Cycle when all cells had left a generation with different 𝑃𝑆 and 𝑃𝐷 values and 2 initial cells.

7

3.2 1200 Initial Cells
Figure 5 shows the average number of cells that divided in each generation from the different
probabilities tested, with 1200 initial cells. Similar graphs were produced for 2000 and 25000
initial cells.

Figure 5: Average total number of cells that divided in each generation from 1200 initial cells, for the
different 𝑃𝑆 and 𝑃𝐷 values tested.

Figure 6 shows the last cycle where cells existed in a generation for the same probabilities as
figure 5 and 1200 initial cells. Similar graphs were produced for 2000 and 25000 initial cells.
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Figure 6: Cycle when all cells had left a generation with different 𝑃𝑆 and 𝑃𝐷 values and 1200 initial
cells.

4 Analysis
4.1 2 Initial Cells
As can be seen in the first row of graphs from Figure 3, the most important factor in
determining the total number of cells that will divide in a generation and progeny is 𝑃𝐷 . The
greater 𝑃𝐷 is, the lower 𝑁𝑆 is. Figure 3(b) has 𝑃𝐷 10 times greater than 3(a), and only 𝑃𝑆 values
>0.7 produce an 𝑁𝑆 value greater than the lowest 𝑁𝑆 value from 3(a). Similarly, in Figure 3(c),
which has 𝑃𝐷 20 times greater than in 3(a), only a 𝑃𝑆 value of 0.9 results in a 𝑁𝑆 value greater
than the lowest value 𝑁𝑆 in 3(a). Figure 3(d) shows that a slow generational increase of 𝑃𝐷
dampens the rise of 𝑁𝑆 , equivalent starting values of 𝑃𝑆 and 𝑃𝐷 in figure 3(b) have a much
higher 𝑁𝑆 by generation 8, except for 𝑃𝑆 equal to 0.1, where 𝑁𝑆 oscillates between 0 and 2 in
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both cases. Figure 3(e) shows that a decreasing 𝑃𝑆 has little effect on 𝑁𝑆 if 𝑃𝐷 is small. 𝑃𝐷 of
0.1 in figure 3(e) and 𝑃𝑆 of 0.5 decreasing by 0.01 and 0.02 has 𝑁𝑆 values of 58.9 and 74,
respectively and a standard deviation of 6.6 and 5.2 respectively, while the equivalent 𝑃𝐷 of
0.1 and 𝑃𝑆 of 0.5 in figure 3(b) has 𝑁𝑆 of 66.3 and a standard deviation of 5.5.
Figure 4 shows that 𝑃𝐷 is also the most important factor in determining how long cells exist in
a generation, while 𝑃𝑆 still influences 𝑇. However, in some cases this is related to the relatively
low number of cells present in the systems. Figure 4(d) with 𝑃𝑆 0.1 and 𝑃𝐷 0.1 increasing by
0.01 and 0.02 has the greatest 𝑇 value in every generation, except 3, but in figure 3(d) it can
be seen that this is because in every generation there is on average less than 2 cells. This is
also seen in figure 4(a) where 𝑃𝑆 is 0.1 and 𝑃𝐷 is 0.01 which has the greatest 𝑇 values, but
figure 3(a) shows this progeny also has the least amount of cells for 𝑃𝐷 equal to 0.01.

4.2 1200 Initial Cells
Figure 5(a) and (b) show that similarly to the case of 2 initial cells, the most important factor
contributing to the value of 𝑁𝑆 is 𝑃𝐷 . Figure 3 (a) has greater 𝑁𝑆 values when 𝑃𝑆 is 0.1 and 𝑃𝐷
is 0.05 than in 3(b) where 𝑃𝑆 is 0.15 and 𝑃𝐷 is 0.1. In figure 5(e) all cells die in the generation
when 𝑃𝑆 is close to zero (0.001). When 𝑃𝑆 is greater than 𝑃𝐷 , 𝑁𝑆 increases because the number
of divided cells counterbalances the number of dead cells.
Figure 6 shows that a larger number of initial cells leads to a greater 𝑇 value, even when all
cells will die in a generation, like in figure 5(e). We find, in fact, that they still exist for at least
20 cycles. Similar to 𝑁0 being 2, the lower the value of 𝑃𝐷 and 𝑃𝑆 , the greater the value of 𝑇.
Figure 6 also shows greater 𝑇 values than equivalent 𝑃𝑆 and 𝑃𝐷 values than in figure 4,
because of the much larger 𝑁0 .
Analysis for 𝑁0 being 2000 and 25000 confirms the same trends observed in the 1200 cells
case.

4.3 Overall Analysis
The greater the number of cells was, the greater the standard deviation for 𝑁𝑆 .
10

In regards to optimising rapid proliferation once a naïve CD8+ T cell is triggered, it is more
important that cells show a lower chance of dying, than a higher chance of dividing. Having a
high chance of division decreases the amount of time needed for cells to proliferate. A
combination of a high 𝑃𝑆 and low 𝑃𝐷 is desired for a robust initial immune response. Because
CD8+ T cells proliferate rapidly in up to 20 generations and largely undergo apoptosis once a
pathogen is cleared, degeneracy in later generations of cells multiplying rapidly with high 𝑃𝑆
and low 𝑃𝐷 doesn’t need to be considered (Cui and Kaech, 2010).
Once a population of T cells has been established (𝑁0 = 1200, 2000 and 25000) having a low
𝑃𝐷 remains optimal for 𝑇, and a low 𝑃𝑆 if division is no longer desired.
Work is under way to investigate different internal and external influences on cell progeny.
Additionally, more in-depth comparison to existing data is required to verify the accuracy of
the model.

5 Conclusion
The number of dividing cells is greatly influenced by the individual probability of death of a
cell, and to a lesser extent, the probability a cell will divide. The time cells exist in a certain
generation is also influenced by the probability of death and division, with higher values
meaning less time spent in a generation, except when the number of cells is significantly low
(<2).
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Appendix 1
Example Data Collection
An example of how and what data was stored for 1200 initial cells, 𝑃𝐷 0.01, and 𝑃𝑆 increasing.
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Appendix 2
Example of Code
An example of the code used to model cell progeny for generation 3.
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