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Abstract

Human blood cell production is maintained by hematopoietic stem cells (HSC) which give rise to all types of
mature blood cells. Experimental observation of HSC in their physiologic bone-marrow microenvironment, the
so-called stem cell niche, is challenging. Therefore, the details of HSC dynamics and the cellular interactions in
the stem cell niche remain elusive. Mutations that give a competitive advantage to the mutated cells are the
cause of clinical challenges when treating HSC-derived malignancies such as acute myeloid leukemia (AML) or
the myeloproliferative neoplasms (MPNs). To investigate the significance of the interaction between the HSC
and the stem cell niche in these malignancies, we propose and analyse a mechanism-based mathematical model
of HSC dynamics within the bone-marrow microenvironment.

The model is based on the central hypothesis that HSC self-renewal depends on the niche. In the model, the
interaction of HSC with specific niches located in the bone marrow are key to the indefinite renewal necessary
for long-term maintenance of blood-production. We formulate a general model of n distinct clones that differ
with respect to cell properties. We identify an attractive trapping region and compute and classify all steady
states. A concept of HSC fitness naturally arises from the model analysis. HSC fitness is found to determine the
asymptotic behaviour of the model, as the only steady state that is locally stable is related to the HSC-clone
with the highest fitness.

Based on biological assumptions about HSC, we propose two reduced models of different complexity. A
thorough mathematical analysis reveals that both reduced models have the same asymptotic behaviour as the
full model.

We compare the simpler of the two models, a logistic equation of the disease burden, to clinical data of
MPN-patients. The reduced model is found to agree well with data and suggests a simple interpretation and
possible prediction of patient prognosis.

The proposed mathematical model and the reduced forms have the potential to provide insights into the
regulation of HSC dynamics and blood cell formation, and ultimately for future advances in treatment of
hematologic malignancies.

1 Introduction

Human blood consists of a vast amount of blood cells. As these mature blood cells (such as e.g. red blood cells,
thrombocytes or leukocytes) die by programmed cell death or other mechanisms, a large number of new cells
must be produced each day. The process of blood cell production, referred to as hematopoiesis, originates in the
pool of hematopoietic stem cells (HSC). Through many steps of cell-division, self-renewal and differentiation,
the diverse types of blood cells are produced, without exhaustion of the HSC population. While much research
has been done in an effort to uncover the cell intrinsic regulatory mechanisms of HSC, open questions about
their properties and functions still remain.

One particular area where an understanding of HSC-dynamics has a significant impact is the research of
hematopoietic malignancies, such as acute myeloid leukemia (AML), chronic myeloid leukemia (CML) or the
myeloproliferative neoplasms (MPNs). These diseases are believed to arise from malignant stem cells (Reya
et al., 2001) that give rise to malignant cells which trigger disease-specific symptoms, such as e.g. an excess
of thrombocytes. Understanding how malignant stem cells differ from wild-type HSC is crucial for efficient
treatment (Dingli and Michor, 2006) and hence patient prognosis. HSC-specific niches have been in the focus
of some research as they have been found to induce cellular quiescence, which can explain why some malignant
stem cells respond poorly to treatment (Ishikawa et al., 2007).



Somatic mutations in the HSC genome can result in a subpopulation of HSC, referred to as a HSC clone,
that differ from the normal HSC. As mutations accumulate through ageing, clonal hematopoiesis in which a
substantial part of the production of blood cells is due to a single clone is expected to arise in as many as 10%
of the population of people over 65 years of age. (Genovese et al., 2014). While clonal hematopoiesis by itself
does not necessarily lead to symptoms of disease, it gives rise to the clinical concept of clonal hematopoiesis of
indeterminate potential (CHIP) which can be a precursor or early stage of hematopoietic malignancy (Jaiswal
and Ebert, 2019). Determining the significance of mutations and CHIP can be highly relevant in regards to the
clinical question of understanding the risk of hematopoietic malignancies, particularly in an ageing population.

Despite years of comprehensive research on the behaviour and dynamics of HSC, both mathematically and
biologically, a complete quantitative description still remains unclear. This leaves some open questions about
HSC yet to be answered, such as:

e Which role do the HSC-specific niches play in maintaining HSC and blood cell counts?

e Which factors determine the outcome of competition between multiple distinct clones within the bone
marrow microenvironment?

e How do mutational changes to HSC properties lead to the wide range of disease dynamics observed in
patients with hematologic malignancies?

e Why are some clinical interventions highly successful for specific HSC-derived malignancies, yet less suc-
cessful for other similar malignancies?

e Can insights about one malignancy guide the clinical management of other, potentially similar, malignan-
cies?

In an effort to explore these questions, as well as many others, mathematical models have been developed
throughout the literature. These include models of ordinary differential equations (Stiehl et al., 2015; Wang
et al., 2017; Stiehl et al., 2020; Dingli and Michor, 2006; Andersen et al., 2017; Komarova and Wodarz, 2007;
Ashcroft et al., 2017), delay differential equations (Colijn and Mackey, 2005; Park et al., 2019) as well as
stochastic models (Roeder and Loeffler, 2002; Catlin et al., 2011). We refrain from giving a complete review of
such work, but direct the reader to the work of Clapp and Levy (2015) or to a more general review on cancer
modelling due to Altrock et al. (2015).

The mathematical models of hematologic malignancies and HSC behaviour found in the literature differ
greatly in complexity, and hence the applicability of the models also varies. While complex models provide a
detailed picture of a system, simpler models allow more directly for comparison with clinical data. Hence a
dilemma arises where a model must have enough detail to be biologically accurate, but still simple enough to
be useful in a clinical setting. Constructing complex models based on biological ideas and hypotheses allows
for investigations about the nature of those ideas and hypotheses. By reducing and simplifying a complex
model in mathematically or biologically reasonable ways, a simpler model arises. Such simpler models allow
for comparison with data which would have been inconclusive when based on the complex model. In this
way simplification helps to identify the data necessary to distinguish between different complex models. Hence,
model reduction, simplification and subsequent comparison with experimental data both clarify the applicability
of the model and pave the way for future experiments that can determine the validity of the hypotheses that
the model was based on.

In this paper we present a model of HSC-behaviour, which captures the most significant parts of the biology,
as well as the dynamical behaviour of blood cell production observed in both healthy and diseased individuals.
The model is based on the dynamics of HSC within the bone-marrow microenvironment and builds on a central
hypothesis about limited HSC renewal following detachment from HSC-specific niches. The processes impairing
self-renewal when HSC are removed from their microenvironment are not well understood. Different from
previous models of HSC dynamics (Stiehl et al., 2020; Ashcroft et al., 2017; Becker et al., 2019), we here
propose that HSC can perform a limited number of divisions after detaching from the niche and then either
differentiate or reattach to the niche. Reattachment to the niche is required to maintain stemness and to become
reactivated at a later time.

A simplified version of the model has previously been presented by the authors (Pedersen et al., nd), and
was used to investigate medical interventions such as HSC mobilization and transplantation. In particular, we
found evidence that when suggesting novel treatment strategies of HSC-derived malignancies, careful attention
must be paid to the treatment-induced changes in healthy and malignant stem cell dynamics to avoid potential
harm.

Through mathematical analysis of the model, we determine the dynamics for non-negative initial conditions
of a general model of n distinct HSC clones. By assuming that most HSC remain quiescent or inactive for
extended periods of time, we propose a reduced model. The reduced form maintains the same general structure
and dynamics as the full model, but allows for a more direct comparison with experimental data from literature.



Following still further simplifications, the simplest form of the model is compared to clinical data. In the
most reduced form, the model is in agreement with data, suggesting that the proposed model is useful, albeit
overparametrized in the full form with the current data available.

2 Model presentation

We propose a model of hematopoetic stem cells (HSC) and in particular their interaction with the bone marrow.
Such a model has previously been developed by us (Pedersen et al., nd), and the present work is a generalization
of that model. The biological foundation and assumptions are described here:

e HSC-specific niches are located in the bone marrow microenvironment. The specific cellular composition
of the niches is not considered, and rather we consider an abstract notion of niches, assumed to be well-
mixed throughout the bone marrow. It has been suggested that niche cells dynamically respond to the
presence of HSC, and fluctuate in numbers (Becker et al., 2019). We hypothesize that the effect is minor
and assume constant counts of niche-cells.

e HSC bind to the niches and remain quiescent for extended periods of time. The nature of how quiescence
of HSC is maintained by the niches is a complex picture involving many different types of signalling (Nie
et al., 2008; Nilsson et al., 2005), and is assumed to be necessary for maintaining stem cell function (Kumar
and Geiger, 2017; Vaidya and Kale, 2015; Zhang and Gao, 2016). We denote niche-bound HSC as N, and
denote the remaining free niches Ng.

e Niche-bound cells are assumed to detach from the niches with rate u, either spontaneously or through
activation. The specifics of how this activation occurs are assumed not to impact on the behaviour of the
resulting free HSC. We denote the activated free HSC as A. We assume that activated HSC can reattach
to the empty niches N with rate b4. These two processes can be written as:

N % A+ Ng (1)
Np+ A5 N (2)

e Upon detaching from the niche, the free HSC lose their quiescence and enter the cell-cycle (Kumar and
Geiger, 2017). The detached cells are primed to undergo either self-renewal or differentiation, possibly
due to signalling from the niche prior to release (Wilson and Trumpp, 2006). We assume that when HSC
differentiate into more mature cells, they cannot reacquire stemness. We focus on the remaining stem
cells, and differentiation is simply considered a loss of cells. If differentiation occurs with rate d4 this can
be written as:

A4 (3)

Note that this may include death of the HSC. However, under normal circumstances HSC death is assumed
to occur for a negligible fraction of HSC.

If a free HSC self-renews, it divides into two HSC. Assuming the rate of division-related mutations is
negligible, the two resulting cells are identical. We hypothesize that the resulting HSC are limited in their
ability to further self-renew if they do not reattach to the niche. HSC following division that have to
reattach to the niche to restore their full self-renewing potential are referred to as inhibited or exhausted
HSC. For the the most general formulation, we consider one free HSC to self-renew with rate r and that
the process results in 2 inhibited HSC where v > 1. In the supplementary material A we argue for the
appropriateness of including the factor v € R. The process can be written as:

I (4)
where I denotes the inhibited HSC.

e The inhibited HSC cannot self-renew, but are still assumed to differentiate into more mature cells such
as progenitors. This occurs with rate dj, and as above we do not keep track of the resulting cells:

7% (5)

Inhibited HSC are hypothesized to attach to free niches, thereby gaining the ability to self-renew if they
detach again. The attachment occurs with rate by and thus we write the process as:

I[+Ng 2N (6)



The above processes are modelled as a system of differential equations, describing the rate of change of free
niches, Ng, and the different states of HSC, N, A and I.

In the bone-marrow microenvironment, HSC with different cell-specific properties can co-exist for extended
periods of time. We refer to HSC subpopulations with persistent and inheritable differences in cell properties as
different clones. To define our model in the most general form, we model n different clones. The rates involved
in the processes described above can all differ from one clone to the other, and hence we write each clone-specific
rate with a subscript. Note that different clones interact only through the niches. No direct interaction between
cells of different clones are considered in the model. A schematic representation of the model for n = 2 is shown
in figure 1. The complete n-clone system of differential equations has 3n + 1 dimensions, and is given by:

Ng =Y uN;—Ng Y _(br1; +ba,A;) (7a)
i=1 i=1

Nj :bIjNEIj—i-bA],NEAj—Uij (7b)

Aj = uij — bAjNEAj — T’jAj — dAjAj (7d)

where j refers to the j' clone and " represents the derivative with respect to time ¢, %. Ng denotes the
abundance of empty niches, N; are niches occupied by HSC of the 4t clone while Aj; and I; are free HSC of
the j*" clone, in the active and inactive state, respectively. Based on their biological meaning, all parameters
are non-negative: wu;, by, ,ba;,7;,dr;,da; > 0 for all j. A unique solution to system (7) exists and the solutions
Ng(t),N;j(t),1;(t), A;(t) are C*', since the right-hand sides of system (7) are continuous and fulfil a Lipschitz
condition in the variables. As negative cell-counts are biologically meaningless, we define feasibility of solutions.

Definition 2.1: Feasibility

A set of solutions Ng, N;, I;, A; is feasible if all variables Ng, Nj, I;, A; are non-negative for all j.

For non-negativity (and hence feasibility) of solutions, the time-derivatives for each variable must be non-
negative when the given variable is zero. For all variables non-negative we find:

NE|NE=0 = ZUiNi >0 (8a)
1=1

Njin,—0 = Ni (ba; Aj +br,1;) >0 (8b)

Ljj =g =21 4; 20 (8¢)

Ajia,o=uiN; >0 (8d)

for all j. Thus, due to the existence and uniqueness of solutions described above, the solutions of the system
will remain non-negative for all ¢ > 0, given non-negative initial conditions at ¢ = 0.

From equations (7a) and (7b), Ng 4+ 3.7 | N; = 0, and we define K = Ng + 31| N;. As all variables are
non-negative, K > 0, and in general we assume K > 1. Eliminating Ng, the system of equations reduces to a
3n dimensional system:

Nj = by, (K -3 Ni> Ij+ba, (K -3 Ni> Aj —u;N; (9a)
=1 ]

=1
jj ZQ’YTjAj—bIj (K—ZN1> Ij_deIj (gb)
i=1
Aj :Uij_bAj (K—ZN1> Aj—TjAj—dA].Aj (9C)
i=1

for all j. In addition, Ng = K — Z,?:l N;. Assuming feasible initial conditions, Ng > 0 restricts the range of
N;(t) to [0, K] for all j. In fact, Ng > 0 implies > . ; N;(¢) < K. For feasible initial conditions, the range of
I;(t) and A;(t) is [0, 00) for all j. This reformulation is an equivalent system, so results and conclusions based
on one of the two formulations also holds for the other formulation. For this reason, parts of the analysis use
the formulation in equations (7), while other parts make use of equations (9) to ease analysis.

Default parameters, determined in our previous work (Pedersen et al., nd), are given in table 1.
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Figure 1: Compartment diagram of the model. The diagram
depicts two distinct clones and the (indirect) competition through
the niche. The two clones are denoted by subscript j and k respec-
tively. Each box illustrates a variable while arrows illustrate the
relationship between variables. The circle with the cross, X, signi-
fies a multiplication with 2v. Note that I and A cannot change to
N when there are no free niches, illustrated by the darkened boxes.
The red rectangles at the bottom illustrate the bone-marrow cells
that are part of the HSC niches.

K | 15000 cells | u; | 0.04 day™!

r; | 2.32 day™" | by, | 0.96 day ™!

J

3.77 day !

da, | 2.06 day™" | d,

J

Table 1: Default parameters for the proposed model.
Parameter-values were determined in our previous work (Peder-
sen et al., nd). Unless otherwise noted, parameters are equal for
all clones j. While bs; = 0 was previously assumed, we here set
ba; =0.01 day~—!.

3 Model analysis

3.1 Identifying an attractive trapping region

We showed above that the solutions of equations (9) remain non-negative for non-negative initial condition, and
that IV;(t) is restricted to the domain [0, K] for all j. In this section we show that an attractive trapping region
exists in which solutions with initial conditions inside the region stay within the region.

An upper limit for the sum of niche-bound cells is " | N; = K, and thus for any given clone N; =
K — Zk# Nj > 0. Hence, N, is bound from above, since due to equation (9a),

Nilsp, N=x = —u;N; <0 (10)
Note that Nj = 0 exactly when N; = 0.
Extending this, note that:
n n
ZNi‘E?:I N;=K = — ZulNl <0 (11)
i=1 i=1

since not all u;N; are zero when > " | N; = K.
We define A, = % + € for any € > 0. Thus:

. n K
Aj|Aj:Aj,e = —U,j(K — Nj) — (Tj +dAj)€ — bAj(K — ZNl) (’U,] + 6) (12)

< —(rj+da;)e<0 (13)



since Z?:l N; < K and N; < K. Hence Aj <0Ofor A; = /1]-,0 and Aj <0 for A; > Aj,e for any € > 0.
Consider an interval A = [A; ., A; .+ A] with A > 0 on which 4; < 0. Due to the extreme value theorem,
there exists a finite p such that —A; > u,VA; € A, since A is a compact subset. In particular

i&f(—Aj) = min(—4;) = p >0 (14)

and hence % < % holds for all A; € A.
yr :

To determine the time ¢4 it takes for the flow from A;(0) = A; . 4+ A to reach A;(ta) = A; . we integrate

over the interval:
ta Aj(tA) 1 Aj7€+A 1 A
0 4;0)  Aj A j

e _AJ H

and hence t 4 is finite. Thus for any A > 0, any point with A4;(0) = A4, . + A will move along a trajectory that

enters the region A; < Aj,e in finite time for any ¢ > 0.

2yrju; K 2

For I;, we define I; , = + JITJ € + € for any € > 0. Thus, for both 4; < A; . and I; > I :
J

de (Tj+dAj)

i u; K - 2vyrju; K 21,
Ll _s < 2yr; | —1—— — b, | K- N; dr, ) J 16
ilL=tyon. <2075 (Tj+dAj +e) (n ( > >+ 1_7> <d1j(rj+d,4j) o e+e> (16)

=1
< —dpe<0 (17)

since Y. | N; < K. Hence for A; < Aj7€ and I; > IAjye, fj <0, with fj < 0 for all € > 0.
Through an argument similar to the one above, it can be shown that trajectories with I;(0) > I; . will follow
a trajectory that enters the region I; < fj’e in finite time for any € > 0.

Theorem 3.1: Trapping region TR,

. A uiK P 29rjui K 291; . . .
Defining A; . = Titda; +eand I = @0, (r17da;) + o, e+e for any € > 0, a trapping region for equations

(9) is given by:

TR = [I(V;, 4, 1;) e R*™ : N; > 0,4; 2 0,1; >0, N; <K, A;j <A, I; <Lje,j=1,...,n
j=1 =1

(18)

for any € > 0. For € > 0, TR, is an attracting trapping region.

3.2 Steady states

To understand the asymptotic behaviour of the trajectories of the model, we look for steady states in T Ry.
All points in TR\ have feasible values of the variables, and hence existence of such steady states also implies
feasibility of the steady state. We denote the steady state values with an asterisk (*).

For brevity, we use N}, as the empty niches in a given steady state, i.e. Nj; = K=" | N/. From equations
(9) it is seen trivially that:

. Uiy (19)
rj+ dAj + bA,-NE
and similarly:
e 2yrjui Ny (20)
! (Tj +da; + bAjNE) (dr, +b1,Ng)
Considering Nj = 0 we find:
* 1 * * *
Nj = =N (b I} + ba, 47) (21)

J

N7 = 0 for all j implies both A7 = 0 and I7 = 0, and hence a steady state in which a cell-type j has
zero niche-bound cells but non-zero free cells cannot exist. However, equation (21) implies existence of a trivial
steady state.



Theorem 3.2: Trivial steady state S;

A trivial steady state, denoted Sg, always exists. In the trivial steady state Ny = A7 = I7 = 0,
vy e{l,...,n}.

The number of empty niches N, in the trivial steady state is Nj, = K since Np = K — Z?zl N;.
We proceed to investigate the case N7 > 0. From equations (19), (20) and (21) we obtain:

291 1
N = Ng | b J +ba. N} 22
’ : < " (TJ' + dAj + bAjNE) (dfj + bIjNE) B ritda, + bAjNE> ! (22)

which for N¥ > 0 simplifies to

2yr;

ba. Ni 23
+b[jNE+ AiE ( )

ri + dAj + bAjNE = bIjNEd[.

since we assume Nz > 0. Hence:

NE:Ksz:: de (Tj+dAj)

i=1 b]]. ((2’7 - 1)7'j - dAj) ’ (24)

assuming (2v — 1)7; # da,;. Thus, requiring N; > 0 implies a unique value of Nj = K — i N;. For later
purposes we define the fitness of the j** clone:

Definition 3.1: Fitness

The fitness of the j** clone is defined as:

Fo— b[j ((2’)/ — I)Tj — dAj)
! dr (Tj + dAj) .

(25)

Hence, equation (24) can be written K — Y " | N = Fj_l. Since in general 0 < > | N; < K, we find
that 0 < F j_l < K must hold. Hence, for feasibility of a steady state in which N7 > 0 we have in particular
(2y = 1)rj > da,; and Fj_1 < K. In the case Fj_1 = K, we would have 7' | N; = 0 and hence N} > 0 is
violated and only Sj exists.

A7 and I} are unique and given in terms of N due to equations (19) and (20). In addition, A7 and I7 are
non-zero only if N7 is non-zero.

Lemma 3.1: Steady state values for free cells

For any non-trivial steady state, with N7 > 0 and K — > Nr=F ]717 A% and I are unique and given
by equation (19) and (20) respectively.

Lemma 3.1 allows us to restrict our focus to just N.
A steady state where only the j** clone is non-zero exists, with N T=K- ijl.

Theorem 3.3: Single-clone steady state S7

Given (2y—1)r; > da; and Fj_1 < K, a single-clone steady state exists for which N > 0,47 > 0,17 >0
and Nj, > 0 while V& # j : Nj: = A = It = 0. In particular, Ny = K — F; ' and Nj = F; 1.
We denote the unique j** single-clone steady state as S5

Equation (24) holds for any clone j. This allows for existence of steady states where the multiple clones
co-exist, if F; is equal for the clones.

As a particular example, we consider a scenario with two clones, 1 and 2, with equal fitness F' (i.e. F =
Fy = F3). The clones have equal fitness only when

bIl ((27 - 1)T1 — dAl) _ blz ((27 - 1)T2 - dA2)

26
dh (Tl + dA1) dl2 (TQ + dA2) ( )




Note that the conditions (2y — 1)1y > da, and (2y — 1)ry > da, as well as F' < K must hold for existence
of a non-trivial steady state. In a co-existences steady state, the empty niches are uniquely determined as
Ni = F~!. In addition, it must hold that F~! + N{ + Nj = K which constrains the possible values of N;
and Ny (and in turn A%, I7, A3 and I3, due to lemma 3.1) In particular, for N = 3, Ny = K — F~! — .
Since F~1 is uniquely determined, this is a line parametrized by 3, connecting the single-clone steady states S}
(when 8= K — F~1) and S (when 3 = 0).

Similar relations may be found for 3 distinct clones (Resulting in a triangle of co-existences steady states)
as well as higher numbers of clones.

Theorem 3.4: Co-existence steady states

Co-existence steady states in which multiple clones assume positive concentrations may exist.

A necessary and suflicient condition for co-existence is that F} is equal for all co-existing clones.

The number of empty niches, N, in the co-existence steady states is given uniquely by N = Fj_l.
Additionally, the bound cells must fulfil the condition » ... N; = K — F{l where C is the set of all
co-existing clones.

This implies that co-existence steady states exists on a simplex where the dimension of the simplex is
the number of co-existing clones, dim(C).

When there is no ambiguity, we denote the simplex of steady states S¢.

We note that multiple co-existence steady states can exist. As an example, consider a scenario with four
clones. In such a scenario, we could have Fy = Fy # F3 = F,, which implies two separate lines of co-existence,
one connecting ST and S5 and another connecting S5 and Sj. Similarly, many different combinations of co-
existence steady states can exist when two or more clones have the same fitness. However, such situations
of equal fitness are unlikely to persist in a noisy biological setting. Because of this, we do not discuss the
vast multitude of possible combinations of co-existence, and instead restrict our focus to situations without
multiple simplexes of co-existence steady states. In some part we do however briefly comment on the case with
co-existence of just two distinct clones, as it is exemplary for situations with multiple cases of equal fitness.

We sum up the feasible steady states. When the fitness of all clones are different, there are n + 1 steady
states: A trivial steady state, Sg, (theorem 3.2) and n single-clone steady states, S; (theorem 3.3). In case of
k clones with equal fitness, a k-dimensional simplex of steady states, as described in theorem 3.4.

As a particular example, the two-dimensional case features three steady states and, if F; = F5, a line of
steady states for which Nf + Ny = K — F;' = K — F; .

Omitting A7, I7, A5 and I3 due to lemma 3.1, but including Ny, for clarity, we order a subset of variables
as (N5, N7, N3)T, and the steady states are written as:

K Ft Fyt
Ss=10|,»S=|K-F1'| . S= 0 (27)
0 0 K-F;!

K—F ' =5

where 3 is a number between 0 and K — F 1_1. We refer to this line as the co-existence steady states for cell-types
1 and 2.

In figure 2 all possible combinations of steady states for one, two and three clones are illustrated. Since the
unique values of A7 and I7 follow directly from N7, the figures depict only the values of N;.

As we describe below, the stability of steady states can be determined. In all panels of figure 2 the white
circle signifies an unstable steady state, black circles signify steady states with no positive eigenvalues while the
grey circle signifies a steady state which is stable only on the single-cell subspace.

3.3 Local stability of steady states

In this section, we determine the local stability of the steady states discussed above.
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Figure 2: Tllustrations of all possible combinations of steady
states for one, two and three feasible clones. For clones that
permit feasible single-clone steady states, all possible combinations
are shown here. Hence this figure is a complete visual description
of one-, two-, and three-clone scenarios up to permutations. As
A3 and I7 follow directly from N7, the figures depict the Nj-axes.
In all figures, the white circle depicts the trivial steady state S§ in
which all cell-counts are zero. Grey circles are steady states that are
not locally stable, but are attracting within a single-clone subspace.
Black circles and thick black lines depict locally stable steady states.
Panel (a) shows a single-clone scenario. When (2y—1)r; > da,, the
ST steady state is feasible and stable. Panel (b) depicts a scenario
with two distinct clones. In particular, F; < F5, which implies that
the S5 steady state is stable and both the trivial and the ST steady
state is unstable. If no cells from clone 2 are present, the S steady
state is attracting. The dashed line is only for illustrative purposes.
In panel (c), a two-clone scenario is also shown, but here F; = Fy,
resulting in a line of steady states connecting ST and S5. Numerical
investigations show that this line is attracting, however, as shown in
supplementary material B, the steady states have a zero eigenvalue
and hence the steady states are non-hyperbolic. Panels (d) through
(g) depict the full range of possible scenarios with three clones. In
(d) all three clones have different fitness. In (e) Fy = F> < F3, while
panel (f) has Fy < Fy = F3. Finally, panel (g) depicts the scenario
where Fy = F» = F3. The greyed out triangles in panel (d-f) are
guides for the eye, while the black triangle in panel (f) is a triangle
of co-existence steady states S¢.




Using the formulation of equations (9), we order the 3n variables as (N1, I1, A1, ..., Ny, I, Ay,). This allows
us to write the Jacobian as a block-matrix of the form:

D, Gy Gy ... Gy
Gy Dy Go ... Gy
Jac = Gs Gs Ds ... Gs (29)
G, G, G, D,
where
—br,I; —ba;Aj —uy b, (K — Z?:l N;) ba, (K — Z?:l N;)
Dj = br, I ~br, (K =0 | N;) — dy 2yr; (30)
uj +ba,A; 0 —ba; (K =327 Ni) —7j —da,
and

by, I~ by A; 0 0
Gj: b]jIj 0 0 (31)
bad; 0 0

To determine the stability of the steady states described above, we investigate the eigenvalues of the Jacobian
evaluated at the steady states. We note that the matrix D; is the Jacobian for the subspace considering only
the j’'th clone, i.e. the subspace with all other Ny, I} and Ay equal to zero, for k # j.

At the trivial steady state, S§, the matrices G; are zero, and hence the eigenvalues of the full Jacobian is
given by the eigenvalues of the D; matrices, since the Jacobian is a diagonal block-matrix:

Dilss 0 0 ... 0
0 D2 Sy 0 0

Jacls; = | 0 0 Dslss ... 0 (32)
0 0 0 ... Dyls;

where |s: denotes evaluation in Sg.

In the k’th single-clone steady state, S}, any G; where j # k is zero. Thus the eigenvalues of the Jacobian
are again given by the eigenvalues of the D; matrices. For illustration, the Jacobian in the single-clone steady
state with clone 1, Jac|s:, is given as:

D,

sy Gilsy Gilsy ... Gils;
0 Dals: 0 ... 0
Jacls; = | 0 0 Dilss ... 0 (33)
0 0 0 DnlS*

10



Lemma 3.2: Stability of S§ and S} is determined by D;

In the trivial steady state Sj and in the single-clone steady states S}, the eigenvalues of the Jacobian
of the system of equations (9) evaluated in the given steady state values, are equal to the eigenvalues of
the submatrices Dj;, defined in equation (30).

Hence, the stability of the steady states can be determined by considering the submatrices D;.

Before considering the co-existence steady states, S¢., we first discuss the sign of the eigenvalues of D;.
In appendix B, we go through the process of checking the Routh-Hurwitz stability criterion for D;. The
results are summarized in the lemma below:

Lemma 3.3: Routh-Hurwitz stability criterion for D;

Assume that S} is feasible and hence (27 — 1)r; > da; as well as K — Fj_1 > 0 holds.

The matrix D; of equation (30) evaluated in the trivial steady state, Sg, i.e. Dj|ss, has at least one
eigenvalue with positive real part.

Evaluated in S 7, the 4" single-clone steady state, all eigenvalues of the matrix D;
part.

The eigenvalues of D s; where k # j (i.e. the matrix with parameters of the jt" clone, evaluated in
the single-clone steady state of the k' clone) depend on the fitnesses of both the j** clone and the k"
clone. In particular, if Fj, > F}, all eigenvalues have negative real part, and when Fj, < Fj at least one
eigenvalue has positive real part.

s have negative real

J

Hence, for scenarios where no clones have equal fitness, we have determined the signs of the real parts of
the eigenvalues of D; when evaluated in S§ and S7. This in turn determines the local stability of S5 and S7.

Theorem 3.5: Stability of Sj and S} for all j

If the system has a feasible single-clone steady state S7, the trivial steady state S is locally unstable.
Otherwise, it is locally stable.

Assuming no clones have equal fitness, a particular single-clone steady state S is stable if and only if
Fj, > F; holds for all j # k. If it does not hold, the steady state S} is unstable.

In the special case where only one clone is considered, S} is stable.

Thus, when no fitnesses are equal, the system has exactly one stable steady state and n unstable steady
states. In particular, the stable steady state is the single-clone steady state of the clone with the highest fitness.
Our use of fitness for F} is thus justified.

Stability of the co-existence steady state

As discussed above, a simplex of solutions exists when multiple cell-types have equal fitness. As such situa-
tions are unlikely to arise in a noisy biological setting, we do not discuss them in great detail. In supplementary
material B we show that in a scenario with two clones with equal fitness, the line of co-existences steady states
has an eigenvalue of zero with a corresponding eigenvector along the line. Numerical investigations have shown
that there is a zero eigenvalue along the simplex in general, see supplementary material B. When multiple clones
have the same fitness, the Jacobian evaluated in the simplex of steady states has a zero eigenvalue. Furthermore,
the numerical investigations also show that the eigenvalues depend on the fitness in the expected way: If the
clones with equal fitness have a higher fitness than all other clones, the remaining eigenvalues are negative,
and hence solutions of the system will approach the simplex of steady states. In the scenario where another
clone has a higher fitness, the single-clone steady state of that type is stable, as expected. These relations are
summarized in table 2.

In conclusion, the considerations about an equal fitness scenario shown in table 2 together with theorem 3.5
provides a complete description of hyperbolic steady states of the system and the criteria for non-hyperbolic
steady states to arise.

11



Fi>F>Fy>... | Fi=F>F;>... Fi=F,=F;>... Fy > F,=F3> ...
Sy Stable Zero eigenvalue Zero eigenvalue Stable
S5 Unstable Zero eigenvalue Zero eigenvalue Zero eigenvalue
S3 Unstable Unstable Zero eigenvalue Zero eigenvalue
Sg Unstable Unstable Unstable Unstable
Co-existence? No Line (S7 and S3) | Triangle (ST, S5 and S5) | Line (S5 and S%)

Table 2: Overview of the stability of steady states for exam-
ples of combinations of fitness. All steady states are assumed to
be feasible. The row labeled co-existence describes the given simplex
of co-existence steady states and the points it connects. All steady
states located on the co-existence simplex lead to the existence of a
zero eigenvalue of the related Jacobian.

4 Model reduction

We present a model reduction. Scaling of variables together with two assumptions reduce the 3n dimensional
system of equations (9) to an n dimensional system. The reduced system maintains most of the features and
dynamics of the full system. While our considerations above yielded a complete description of the steady states
of the model, a reduced model offers greater versatility as the number of parameters is reduced.

We make two general assumptions based on biological considerations:

Assumption 1 Only few niches remain empty at any given time, as found in the work of Bhattacharya et al.
(2009). Hence Ng should be low in numbers compared to N; + I; + A, in steady state.

Assumption 2 Under most circumstances, the majority of HSC are niche-bound. Hence, in steady state, NV;
are numerous compared to A; and I;.

Assumption 2 is in agreement with HSC mobilization studies (Yang et al., 2009) and the low division frequencies
of HSC (Lee-Six et al., 2018).

Before proposing a reduced model, we first introduce a simplification by setting b4, = 0. Biologically, ba;
is the re-attachment rate of HSC that have not yet divided after detaching from the niche. The simplification
is justified, since such cells that immediately rebind can be considered included in the count of bound cells, IV;.
Note that ba; does not contribute to either the steady state values N and N, or to the fitness, equation (25).
The local stability of the steady states described above has been determined to be unchanged when b4, = 0.
In addition, preliminary numerical investigations showed that the parameter should be small for the model to
agree with data from literature. The model presented separately (Pedersen et al., nd) is this special case, with
the additional assumption of v = 1.

We introduce a scaling of the variables. Denoting unscaled variables with a superscript o and denoting
the new scaled variables with the original notation without superscript, we define N? = N;N;, I? = I;1; and

A7 = :4VjAj. Our particular choices of scalings are va] =K, I~j = ;TJ and :4? = Z—JK Defining the smallest u;
as U, i.e. the u; such that u; < uy holds for all k, we introduce a scaled time-variable: 7 = Ut. The scaled
version of equations (9) with ba; = 0 is thus:

de ’U,j "
=0 <<IX_;N> Iij> (34a)

dl; -
UL =29b, KA; — b, K (1 - ZN) I; —dr,I; (34b)
i=1
dA;
UdiTj = T’ij — (T’j —+ dAj)Aj (340)
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where IV;, I; and A; now denote the scaled variables. The scaling of IN; also scales the domain of functions
that are solutions to N;, and hence N;(t) € [0,1] while still A;(t),I;(t) € [0,00). The empty niches are also
scaled, such that we now have Np =1-3" | N; € [0,1].

From the steady state considerations discussed in the previous section, we note that the steady state values
of I{ and Af scale linearly with u; (Equations (20) and (19)), while the steady state values of N¢ and Ng
are 1ndependent of u;, see theorem 3.3. In addition, the steady state value of N scales with b . Hence,
Assumption 1, stating that the steady state value of N is small compared to those of N7, I? and A° can be
mathematically interpreted as - < 1.

We divide by b;, K in equatlon (34b). When we defined K in the text immediately before equations (9),

we assumed K > 1 to hold in general. Hence R S < % < 1. Letting bILK — 0, we obtain a
J

J

quasi-steady-state approximation for I; for all j.

Lemma 4.1: Quasi-steady-state approximation, I;

The expression

27
Ij,redu - dI Z N Aj (35)
i=1

is a quasi-steady-state approximation of equation (34b), which is valid under Assumption 1.

Note that I req scales with A;.

Dividing equation (34c) by r;4d;, the expression - +Ud appears on the left-hand-side. When b4, = 0, the
steady state value of AJ, equation (19) is simply —ﬂﬁN ox’ Under Assumption 2, IV; are numerous compared

to I; and Aj, or equivalently, .—2— < 1. Hence - < 1 suggests the limit —=— — 0, and a

L
rj+dAj S Tj +d
quasi-steady-state approx1mat10n for A; arises.

Lemma 4.2: Quasi-steady-state approximation, A;

The expression
s
J

A edy = —2—N
j,redu rj+dAj i

is a quasi-steady-state approximation of equation (34c), which is valid under Assumption 2.

The two quasi-steady-state approximations together give rise to a reduced model, which is valid under
Assumption 1 and Assumption 2. We first define the domain of the reduced model.

Definition 4.1: Reduced domain, T

We define the reduced domain as:

T={M,....,Na): N; 20,j=1,...,nA > N; <1} (37)

By substituting A; in equation (35) by Aj; req and subsequently substituting I; in equation (34a) by the
resulting expression for I requ, the reduced model is obtained.

Definition 4.2: Reduced Model

On the domain T, the Reduced Model, is given by:

' 2vp;(1 = 30y Ni)
N, =u; = —1|N;
i= Uy ( o +1— Z?:l N, J (38)

where p; =

and a; = ;. The variables I; and A; are given by equations (35) and (36)

L
ri+da g
respectively.

Note that equation (38) is given in unscaled time. We refer to the parameters u;, p; and a; as the reduced
parameters. While p; and «; are dimension-free, u; has dimension [time]~!.

13



4.1 Steady states of the reduced model

The reduced form of the model, equation (38), was obtained through quasi-steady-state approximations of I
and AJ, and hence the steady states of the reduced form and the full system are the same. We here derive the
steady states for illustration, and show that the stability of the steady states of the reduced form mirrors the full
system. In the reduced model, I; and A; are obtained from NN; through equations (35) and (36) respectively,
so we only consider N7.

As discussed above, the niche-bound cells are scaled with K. Hence 0 < 211:1 N; <1 must hold generally,
and the empty niches are given as Ngp =1 — Z?:l N;.

In steady state, we find that either N =0 or

1 ZN 2% — (39)
assuming 2yp; # 1. Note that the condition (2y— 1)7°j > da; described in section 3.2, is equivalent to 2vp; > 1.
As with the scaled variables, we introduce a scaling of the fitness. The scaled fitness is f; = KF};, where F)
is the fitness of the full model as defined in definition 3.1. Hence the fitness in terms of the reduced parameters
p; and ay is:
20—t
Qa;

fi= (40)

and hence equation (39) can be written as 1 — Y | N = f;l.
This leads to the reduced forms of the steady states.

Theorem 4.1: Trivial steady state S, reduced form

A trivial steady state, denoted S, always exists. In the trivial steady state N} =0, Vj € {1,...,n}.

When 0 < fj_1 < 1, a single-clone steady state exists and is feasible.

Theorem 4.2: Single-clone steady state 57, reduced form

Given 2yp; > 1 and fj_1 <1, a single-clone steady state exists for which N7 > 0 while Vk # j : Ni =0

3 * =il x _ p—1
In particular, Ny =1 — f;" and N = f;".

We denote the j* single-clone steady state as S5

As for the full model, for clones with equal fitness, co-existence steady states also exist, with the condition
YiceNi=1- f~! where C is the set of all co-existing clones and f is the fitness for the clones.

Two-clone example

For illustration, the steady states of the two-clone reduced form, ordered as (N7, N3)T, are:

0 1—ft 0
0 0 1—ft

If f1 = f, a line of steady states exists, given as:

Sc = ’ (42)

1—f1-5

where f = f; = fo and B € [0,1 — f~1]. Note that both S7 and S are on the line, with =1~ f~! and 3 =0
respectively.

Local stability of the steady states of the reduced model

To investigate the stability of the steady states of the reduced form, we first define:

172?—1Ni*f‘_1
(N1, .. N = wje; f =1 i 43
g;(N1,...,Np) uja]f](aj—kl—zi_lN (43)
and )
By (N1, Ny) = =2 ( ! ) N (44)
(N1,...,N,) = —2yp;aju; = ;
VASAS! VP5 O U aG+1-S" N J
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As the functional dependence on Ny, ..., NN, is clear, we simply write g; and h; for the rest of this section.
Note that equation (38) can be written as N; = g;N; and that 893 = thj_l
This allow us to write the Jacobian for the reduced system as:

hi + g1 hy e hy
hg h2 + g2 ... hg
Jacrequ = (45)
han hn coo hp+0gn
In the trivial steady state, S;, we find
QU
gjlsy = % (fi—1) (46)

for all j. The feasibility criteria for the single-clone steady state S}, implies that f; > 1 when S7 is feasible.
Thus the sign of g; in the trivial steady state depends on the feasibility of the single-cell steady state.
Evaluating in the j’th single-clone steady state S we find gj\s; = 0. For any k # j, we find that:

e (I
s;_ozwrflj(fj 1) o

Hence the sign of g is determined by the relative fitness of the two clones. When clone k is more fit than clone
7, 9k s > 0, and when they have the same fitness, it is zero.

We note that Nj = 0 = h; = 0. Thus hj|s: = 0, as well as hk|5; = 0 for any k& # j. In addition, when
NJ’-" > 0 we find that h; < 0, and hence h; sr < 0 as well as hj|sé < 0.

Evaluating the Jacobian in the trivial steady state we find:

9k

gilsz 0 0
0 ga1sx ... 0
Jacredu Sy = ’ (48)
0 0 ce gnlsg

Since the matrix is diagonal, the eigenvalues are simply g;|s:, and hence the stability of Sj is unstable if
any f; > 1, and stable only if for all j, f; < 1, in which case S is the only feasible equilibrium.

The stablhty of the single-clone steady state S7 follows that of the full model. For illustration, we evaluate
the Jacobian in the steady state for the 1¢ cell- type

hils

hils

hi|s:

0 g2 Sy ce 0
Jac7'edu|5’;‘ = (49)

0 0 gn|5’*

The matrix is upper trlangular and hence the eigenvalues are again easily found. For any j # 1, the sign
of gj|s: is determined by f— — 1. When g;|s: <0, fi > f;. Since hy|s: < 0 always, we note that Sy is stable
when f1 > f; holds for all j, and unstable if any f; > fi. This result holds for any single-clone steady state.

Finally, in a co-existence steady state, S¢, where m clones have the same fitness and p clones have lower
fitness, the Jacobian has m rows of hj|s:, < 0 and p rows of zeros. As an example, a three dimensional case
where f1 = fo > f3 we have:

h

sy hlsz  hls:
Jacredulsy = | hlss, hls; hlss, (50)
0 0 0
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where h|s:, = hi|s;, = hals;,, and hence the eigenvalues are 2h[s» < 0 and 0 (with algebraic multiplicity 2).
In conclusion, the stability of the reduced model mirrors that of the full model: Fitness of clones determines
the stability in such a way that the single-clone steady state for the clone with the highest fitness is stable.

4.2 Change of variables and further simplifications

Biologically, the relative frequency of a malignant clone can be considered a measure for the molecular residual
disease in the stem cell compartment.
On the set T\ S§ in R™, we define the sum of total niche-bound cells:

i=1
and the relative frequency of a clone for j € (2,3,...,n) as:
N
Oy =t 52)
’ Ei:l Ni

Note that we can calculate C; as C; = 1 — > 1", C;. As the trivial steady state S§ = {(0,...,0)} has been
omitted, T' > 0 holds and C; is well-defined.
The n differential equations for the reduced model in equation (38) can be given in terms of T' and Cj.

Definition 4.3: Transformed Model

On the domain (0,1] x [0,1]*~! the transformed model is given as:
. n
T=T) g(T)C; (53a)
i=1

a=1 a=1

n

Ci=1-) C (53¢)
i=2
where g¢;(T) is given as
=fl
9;(T) = uja;f; =T 5 (54)
7 19N\ ¥ 1T

Lemma 4.3: Equivalence of the reduced model and the transformed model

When excluding the trivial steady state S§ from the domain of the reduced model, the transformed
model is equivalent to the reduced model from definition 4.2 in the sense that solutions of one model
can be transformed to equivalent solutions of the other model.

The function

n
N2 Nn
F:(Nl’...’N)GT\S*CRTL'—)(T7CQ,...’C): N', o yeeey o
" ’ ! ; CYLINTU LN

) € (0,1]x[0,1]" ' c R"

(55)
transforms points in the domain of the reduced model to the domain of the transformed model. The inverse
function is trivially found as:

FLi(T,Cy,...,Cp) € (0,1]x]0,1]" " CR" = (Ny,...,N,) = (T(l —Y Ci),TCs, ... ,T0n> e T\S; c R"
i=2
(56)
The transformation F and its inverse are bijective, and hence lemma 4.3 is proven.
The function g;(7') in equation (54) determines the sign of 7" and C;. g;(T") = 0 only when T = T} = 1—f;1,
i.e. the steady-state value of IV; in the single-clone steady state, S7. For T > 1 — f{l, then ¢;(T") < 0 and



conversely ¢;(T) > 0 when T' < 1 — f;l. Hence, for C; = 1 and C; = 0 for all ¢ # j, we find that T" will
approach the j’th single-clone steady state:

T —1-f" (57)

t—o00

In the transformed model, the steady states previously discussed correspond to:

- - g5 -3 -
0 1 0 0

g1 - 0 ) §2 = 0 ) §3 = 1 9 ey g'n - 0 (58)
0 0 0 1

where S; describes (T, Cs,Cs, ..., Cy,).
Co-existence steady states also exists under the same conditions as before the transformation. We restrict our
attention to a two-clone scenario where the dynamics and the co-existence steady states are clearly illustrated.

4.2.1 Total cell-count and relative HSC frequency in a two-clone scenario

While multiple populations of distinct malignant clones can arise during some hematologic malignancies, we
now consider malignancies with just one population of malignant stem cells.

Such malignancies can be described as a two-clone scenario, where the one clone models the healthy HSC
population and the second clone models the population of malignant stem cells. In a two-clone subsystem, we
write C as C' to be concise (and hence C; =1 — C3). Equations (53a) and (53b) can be written as:

T =[g1(T)(1 = C) + g2(T)C| T (59a)

C = (92(T) —u(T)) 1 = O)C (59b)

We refer to this model as the 2-clone transformed model. In section C of the supplementary material, a detailed
analysis of the model is presented. We here summarize the most important results and refer the reader to the
supplementary material for details.

For equal fitness, f = f1 = f», the functions g; and go are identical only if all parameters are equal (i.e.
U1 = ug, a1 = ay and fi = f5). In this particular case, the system reduces to C' = 0 and T = g(T)T where
g =91 = g2

For f = fi1 = f2 but as # ay, the system has a line of steady state for which T'=1— f~! and C € [0, 1].

Theorem 4.3: Transformed two-clone system, equal fitness

For f = fi = fa, a line of steady states S¢c = {(T,C) = (1 — f~1,n)} for all 5 € [0,1] exists. The line

of steady states is attracting along the T-axis for all C. C' = 0 for all T only if a3 = as and u; = us.

Otherwise T = 14 oqag ;2= 15~ exists and is a nullcline for C,if 0 <T* < 1.

Considering now only f; # fo. The steady states S; and S exist, corresponding to S} and Sj respectively.
In order (7', C) they are:

_ 1—f! _ 1—f!
S1 = , So = (60)

0 1

These two steady states are the only steady states of the system when f; # fo, and the global dynamics can
be determined.

Theorem 4.4: Global dynamics of the transformed two-clone system

For f; # fa, the system of equations (59) has just two steady states, S; and S, as defined in equations
(60). There are no periodic solutions.

For f; > fo, all solutions with C'(0) < 1 are attracted toward S;.

For fi < f», all solutions with C'(0) > 0 are attracted toward Ss.
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Details and proof of theorem 4.4 are given in section C of the supplementary material.
Nullclines for 7" and C' can be determined.

Lemma 4.4: Nullclines for the 2D transformed model

C has 2 to 4 nullclines within the domain. These are C' = 0, C' = 1, and the two values T = T}y given
in supplementary material C.
T4 depend on parameters and are not considered nullclines when they are outside the domain.
T has a nullcline described by a value T between 1 — fi Land 1 — fa ! and a corresponding value of
Cnuni(T) given as:

91(T)
91(T) — g2(T)

The C-nullclines and the T-nullcline only cross in S; and 5.

Onull(T) = (61)

In figure 3 some exemplary plots of the (T, C') phase-plane are shown. The nullcline(s) for C' are shown in
red, while the nullcline for T is shown in green. Further examples are shown in supplementary C. The figures
highlight changes in the relative frequency of the HSC belonging to the two clones which could be difficult
to notice when considering solutions of the reduced model for two clones. In particular, one of the simulated
scenarios shown in figure 3c starts from initial conditions where T(0) = 0.3 and C'(0) = 0.5. In this scenario,
cell counts of both clones, N; and Ns, increase initially, with IV; increasing faster. By modelling the relative
frequency directly, we see that a decrease in relative frequency is followed by an increase when T approaches
~ 0.65. Hence even if N; is increasing faster than No, the 15¢ clone is eventually outcompeted by the 27¢ clone.
If the 2 clone is a malignant clone, such scenarios could have clinical significance as they could arise following
treatment.
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(a) f1 > fo (b) f1=f2 (c) i < fo

Figure 3: Phase-planes displaying exemplary scenarios of the
2-clone transformed model. The open circle denotes unstable
steady states while the asterisk denotes the stable steady states.
Grey lines are numerical solutions, with the same initial conditions
in the three panels. The green dashed lines are the nullclines for
T, while the red dotted lines are the nullclines for C. The arrows
show the directional field of flows. As the flow and the values of the
steady states depend on the specific parameter values, the figures
are examples of typical behaviours, but differences in parameter will
influence the specific flows. In panel (b) the fitness is equal, and the
line of co-existence steady states, S¢ is shown as a black dash-dotted
line

4.2.2 Additional simplification of a two-clone scenario

We introduce a final simplification of the model, valid close to S;. Evaluating in S, i.e. T = T}, we see from
equation (54), g1(77) = 0 and

92(T7) = UQan—fol <% - 1> (62)

Assuming Ty ~ Ty, we approximate T' = 0. For T(0) = T}, a simplified expression for the relative frequency
of the HSC belonging to the two clones arises, in which the expression for g (75) above determines the model
behaviour.
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Definition 4.4: Logistic Approximation describing the relative frequency of the mutated

clone

The Logistic Approximation Model is given as

C=¢(1-C)C (63)

where ¢ = go(T}) = u2 ogij’fl (% = ) The sum of HSC is constant with 7' =1 — f;'.

Note that ¢ is not a dimension-free parameter and has units of [time] !, like Uj.

The logistic approximation model is valid close to S, and when T} ~ Ty, i.e. when the steady-state cell-
count of second clone is similar to the cell-count of the first clone in steady state. This is the case when f; =~ fs.
Hence, we assume that the initial stages of a malignancy which only has a minor fitness advantage are described
accurately by the logistic approximation model.

Equation (63) is a logistic equation, with steady states C = 0 and C' = 1, corresponding to S; and S5
respectively. ¢ determines the direction of flow and hence the disease progression. When ¢ > 0, the steady
state C' = 1 is stable, while C' = 0 is stable for ¢ < 0. The sign of ¢ depends solely on % When fy > f1, ¢ >0,
while fo < fi implies ¢ < 0. Thus the asymptotic behaviour of the logistic approximation is in agreement with
previous analysis of the model.

¢ does not depend on uy. This is an artefact of the approximation. When u; and us are much different,
only little agreement is found with numerical solutions of equations (59).

The logistic approximation model represents the simplest formulation that maintains the asymptotic be-
haviour of the model. Further simplification, e.g. to exponential growth during initial disease stages, fails to
capture both S; and S, and the dependence on fitness as determinant of steady-state stability.

5 Model application to clinical data

Consider a specific hematopoietic malignancy; the group of Philadelphia-negative myeloproliferative neoplasms
(MPNs), characterized by the JAK2V61"F mutation. The allele burden of cells with the JAK2V617F mutation
provides an estimate of the residual disease and can be interpreted as the relative frequency of the malignant
clone in our model.

We introduce examples of patient-data, previously presented (Pedersen et al., 2020). The patient-data
consists of measurements of the JAK2V617F allele burden identified in blood-cells during treatment-free periods
and periods with mono-therapy with pegylated Interferon-o. We consider the measured JAK2V67F allele
burden indicative of the frequency of mutated HSC among all HSC.

A general rule for applying models to clinical practice is to keep the models as simple as possible without
losing the agreement with data to avoid overparametrization. From visual inspection, the data for both the
treatment-free disease progression and the development during therapy is approximately logistic. We fit the
logistic approximation from equation (63) to data, by minimizing the mean square error, using the MATLAB
R2018Db function fminsearch. In figure 4a depicts data from three untreated MPN-patients along with fits of
the logistic equation. In addition, we also fit the initial value of C'. Note that the first 200 days are excluded from
the fit. This is done since all three patients previously received treatment and a continued decline immediately
after treatment-stop is expected (Pedersen et al., 2020).

Figure 4b displays five patients with a range of different initial JAK allele burdens, receiving treatment
with pegylated interferon alfa-2a (Pegasys) or pegylated interferon alfa-2b (PegIntron). The figure also shows
a fit of the logistic approximation model to the data. Baseline-measurement have been time-shifted to coincide
with a growth of the JAK2V617F allele burden of ¢ = 0.6, similar to two of the patients shown in figure 4a.

The data and fits presented exemplify the range of values of ¢ for disease progression and treatment for
MPN-diagnosed patients.

2V617F
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Figure 4: Fit of the logistic approximation to data from
MPN-diagnosed patients. Panel (a) depicts data from three
patients during a treatment-free period. Note that data during the
initial 200 days were excluded from the fit, as delayed responses from
previous treatment are expected to influence this period. For the
fits, both the initial value of C' and the value of ¢ was fitted to the
data. Panel (b) shows a typical disease progression in the model in
dotted black, along with data from five patients receiving treatment
with interferon-c, time-shifted to coincide with the growth. At the
time of treatment initialization, the value of ¢ is changed. The new
value of ¢ was fitted such that it minimized the least-square error
between the model and the given patient. In units of years™!, the
three patient-specific values of ¢ in panel (a) during untreated de-
velopment of MPNs are 0.59, 0.63 and 0.30. For the development
during treatment, the five patient-specific values of ¢ in panel (b)
are —0.66, —0.85, —1.1, —1.7 and —2.3.

6 Discussion and conclusion

Despite the vital role of HSC in the human body, many questions about their dynamics remain unanswered.
The elusive processes within the bone-marrow microenvironment have yet to be fully identified and determined
quantitatively. We propose a mechanism-based mathematical model of HSC behaviour based on the state-of-
the-art biological knowledge about HSC behaviour. Through mathematical analysis and numerical simulations,
the model can help to clarify the general understanding of HSC dynamics, and in future work be used to
generate testable hypotheses that can elucidate the open questions surrounding HSC, both in health and in
disease. Through a series of considerations and assumptions based on biological knowledge, multiple model
simplifications arise. This leads to a reduced model (Definition 4.2), a transformed model (Definition 4.3) and
a logistic approximation model (Definition 4.4), in addition to the full model.

Mathematical analysis of a proposed model of HSC dynamics

The full form of the proposed model consists of a system of ordinary differential equations, describing HSC-
specific niches in the bone-marrow and n distinct clones of HSC. In the model, HSC can be in three distin-
guishable states; niche-bound, active and inactive. The n clones model separates subpopulations of HSC where
cells pertaining to a given clone are assumed to be identical. Considering multiple clones in the model hence
corresponds to scenarios where cellular heterogeneity is present in the HSC population, such as in the case of
hematologic malignancies as e.g. acute myeloid leukemia or MPN. HSC are modelled to bind reversibly to the
niches. Following detachment from the niches, the HSC are in the active state. The self-renewal potential of
this active state decreases during divisions outside the niche. After a certain number of divisions, cells enter an
inactive state and have to rebind to the niche or differentiate. During rebinding to the niche, the HSC restore
their self-renewal potential and can become reactivated. The switching between the niche-bound HSC state,
the active state (outside the niche, prone to divide) and inactive state (outside the niche, prone to differentiate
or reattach) is the novelty of the proposed model.

A special case of the model has previously been investigated with focus on certain clinical consequences
of the modelled mechanisms (Pedersen et al., nd). In contrast, the present work is a thorough mathematical
analysis of a more general model.

The proposed model bears similarities to models of HSC found in the literature. Ashcroft et al. (2017)
proposed a similar model of HSC dynamics and interaction with the niches, in which detachment from the niche
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was also explicitly considered. The detachment was related to a subsequent release into the peripheral blood,
related to an enhanced probability of stem cell death, and not related to stem cell division in the way we consider
in our model. Instead, Ashcroft et al. (2017) models HSC division such that one cell maintains its position within
the niche and the other enters either an empty niche or the peripheral blood. By modelling detachment from
the niche as a prerequisite for HSC division, we were able to investigate which effect such detachment could have
on clonal competition. Interestingly, our model implies that clonal dominance was independent of detachment
rate, which suggests that detachment in the way we modelled it only plays a minor role in competition between
clones. We emphasize that our suggestion of detachment as a prerequisite for division is a novel hypothesis, and
requires confirmation by experimental evidence. In the work of Stiehl et al. (2020), a model of the HSC-niche
system is also considered. Similarly, cell-division occurs in the niche and one of the resulting cells maintains
its position in the niche. The model does not consider explicit detachment from the niche, instead free stem
cells can dislodge bound stem cells from the niche leading to a cell-cell competition for specific niches. HSC
differentiate after a certain number of unsuccessful attempts to occupy a niche. Hence, the model proposed by
Stiehl et al. (2020) provides a biological explanation for why HSC differentiate which is lacking in our proposed
model. However, a model extension with multiple stages of free cells, similar to the extension discussed in
supplementary material A, could allow for a similar interpretation in our model, by modelling an increasing
probability for differentiation following each division.

Becker et al. (2019) considers a model of HSC interaction with the niche. Similar to our model, niche-bound
cells are considered quiescent and free cells are proliferating. In the model described by Becker et al. (2019),
HSC feedback on niche cells plays a significant role, modelling a dynamic relation between HSC and niche cells.
In contrast, we implicitly assume that the number of niches are constant in our model, and instead focus on
the dynamics of HSC under this condition. Modelling changes in the number of niches could be considered by
a more elaborate expression for the dynamics of empty niches, the processes considered by Becker et al. (2019)
could be included on our model. However, due to the uncertainty about the exact cells that make up the niche,
considering such specifics as reproduction and death rates of the abstract niches we consider would be difficult.
Combining the findings of our model with those of Becker et al. (2019), suggest that the biological HSC-niche
system is robust, and can return to homeostasis after perturbations of both cell- and niche-count.

Analysis of our model identified an attractive trapping region. Solutions to the system of differential equa-
tions with initial conditions outside this region were found to enter the region in finite time. This implies that
the model is biologically reasonable and appropriate even when the initial state is perturbed.

Mathematical analysis revealed the equilibria of the system, as well as their local stability. The existence,
non-negativity and stability of the steady states were found to depend on an expression consisting of clone-
specific parameters, which we denote as the HSC fitness, F; for the 4 clone. A trivial steady state, Sg, with no
HSC and only empty niche-space always exists. For each clone considered, a single-clone steady state, S7, exists
in which the given clone has non-zero cell-counts and all other clones are vanishing. The j** clone has positive
cell-counts only when the respective fitness F} is positive. When any Fj; is positive, the trivial steady state is
unstable. The single-clone steady state of the clone with the higher fitness is locally stable. Determining the
fitness of clones thus reveals which clone is dominant in a competitive setting. If multiple clones have the same
fitness, a simplex of steady states exists in which the clones co-exists. Although such situations of co-existence
could be mathematically possible, it is biologically unlikely that equal fitness is attainable for extended lengths
of time due to the noisy biological environment and other systemic factors. For this reason, the co-existence of
steady states can be considered a mathematical artefact rather than a biological relevant feature of the system.
The complete local stability considerations of the full 3n + 1 dimensional model are described in section 3.3.

The stability of the steady states reveals that the fitness can be used to predict the outcome of competition
between HSC clones. A given clone outcompetes a less fit clone, leading to extinction of the less fit clone.
Comparing this dynamic to dynamics known from ecology sheds light on the nature of competing stem cells
as not simply cells that interact freely with the bone-marrow niches, but instead as populations competing for
a shared resource, similar to ecological systems. The fitness expression depends solely on the properties of a
given clone and its interaction with the bone-marrow niches and thus it is independent of the properties of other
clones. For this reason, the fitness of a clone can be determined from single-clone experiments and the result
of competition can be predicted without experiments in which multiple clones are present simultaneously. The
fitness is independent of the number of niches, K. This implies that the presence of many or few niches has no
qualitative effect on the asymptotic behaviour; the clone with the higher fitness will out-compete other clones
regardless of niche-counts. It is possible that this independence of the number of niches is a consequence of
the assumption that K is constant in the proposed model. Changes to the niche-count K could arise due to
e.g. age-related growth of a young individual, a specific HSC-niche interaction as suggested by Becker et al.
(2019), or feedback from the immune system in response to hematologic malignancy. Such changes could affect
the entire bone-marrow microenvironment, either indirectly by changing niche-counts, or indirectly through
other means. This could in turn affect the proposed model and the fitness expression. By considering HSC in
isolation from external factors, the proposed model provides an estimate of HSC dynamics based on the process
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parameters that we considered most significant.

Biological assumptions imply a model reduction

Based on the biological assumptions that only few niches are empty in homeostasis and that the majority of
HSC are bound to the niche, a reduced model is proposed. These assumptions are interpreted mathematically
and imply that quasi-steady-state approximations of non-niche-bound HSC are appropriate. For n clones, the
full model has 3n dynamic variables, whereas the reduced model is given by an n-dimensional system of ODEs,
and reduce the number of parameters considered from 6n + 2 to 3n + 1. The steady states of the reduced
model correspond to the steady state of the full model, and stability considerations reveal that the criteria
for stability of the steady states depend on HSC fitness in the same way as in the full model. In the reduced
model, parameters are grouped together in aggregated parameters. Thus, it is possible that specific changes to
the parameters are not captured by the reduced model, e.g. if the attachment and differentiation of inactive
HSC increase equally, the reduced model remains unchanged while minor changes appear in the full model. For
comparing the model with experimental or clinical data however, this implies that there can be types of data
where the reduced model is identifiable but the full model is not.

Transformation of the model highlights clinical relevance

We presented a transformation of the reduced model to the total HSC cell-count and a measure of the fraction
of cells pertaining to a given clone. Under the transformation the trivial steady state is omitted, however the
existence and stability of the remaining steady states are identical to those in the full model. The transformed
variables can be related to clinical measurements. In particular, many hematologic malignancies arise from a
single malignant clone in a setting where the remaining HSC are similar enough in properties to be considered
identical. As such, considering the transformation for a two-clone scenario has significant clinical relevance.

The transformed model offers a different way to understand and illustrate HSC dynamics compared to the
reduced model. One particular concept with clinical relevance was illustrated in figure 3c. In a scenario where
a malignant clone had a higher fitness compared to healthy HSC, we observed that for low initial counts of
HSC, it was possible for the relative frequency of the malignant clone to decrease initially before approaching
the attracting steady state corresponding to full disease. Clinically, this is interesting as low HSC counts can
arise due to treatment such as chemotherapy. Hence, the model suggests that after chemotherapy, a patient
could experience a temporary decrease in disease burden, followed by an increasing disease burden. Immediately
following the treatment, it could hence wrongly be interpreted that the treatment leads to long-lasting decrease
of disease burden, and give false hopes for eradication of the malignancy. Even for scenarios with equal fitness,
chemotherapy leading to an equal decrease for all clones can cause changes in relative frequency, as illustrated
in supplementary figure A2. It is unclear how these observations apply to clinical practice, but our findings
suggest evaluating the response to treatment can be nonlinear and complex.

Further simplification allows for simple comparison to clinical data

A further simplification of the transformed model for two clones may be illustrative as well as applicable in the
clinical setting. Under the assumption that HSC counts in steady state do not vary significantly between the
healthy state and the full-blown disease state, the transformed model simplifies to a logistic equation for the
relative frequency of the malignant clone. A single aggregated parameter, ¢, determines the dynamics of the
relative frequency, revealing how independent parameters influence the general behaviour. The steady states of
the logistic approximation were the same as in the full model. Local stability of the steady states was similarly
determined sby HSC fitness, and the criteria for clonal dominance in the logistic approximation model agree
with the full model. The simplification offers an explanation for the success and frequent use of logistic or
exponential models to describe hematologic malignancies. Our approach provides a theoretical foundation for
otherwise empirical models of disease burden growth and decay.

We identified the parameter ¢ of the logistic equation for the relative frequency for an exemplary subset of
a published MPN-patient cohort. Both treatment-free disease progression and periods of interferon-a mono-
therapy were found to agree well with the logistic approximation. Hence, the model provides an estimate for the
development of the disease burden for the patients investigated. The clinical data consisted of measurements
of the JAK2V1™F allele burden in blood cells. Although the disease burden of blood cells and HSC can be
different in principle, evidence suggests that specifically for the JAK2V6'7F mutation, the disease burdens in
mature and immature cell compartments are strongly correlated (Takahashi et al., 2013). For this reason, we
assumed the relative frequency of malignant cells to be equal for blood cells and HSC.

The single-parameter logistic expression agreed well with data of MPN patients during and following
interferon-a treatment and set a lower bound for how well a more complex model could fit to data. When
considering the scenario with two distinct HSC clones, the reduced model has 7 parameters and the full model
has a total of 14 parameters. Hence, a fit of either model to the sparse data presented could result in significant

22



overparametrization. Thus, even if the logistic approximation appeared simplistic, it provided a reasonable
estimate for HSC dynamics. Further investigation of how the different forms of the model compares to data
may suggest novel in vitro or mice experiments to understand and directly quantify the HSC-processes that
the model was based on. This could include various HSC labelling assays which could identify properties such
as e.g. how many times an active HSC divides before exhaustion () or if labelled cells always divide before
attaching to the niche in vivo, implying b4, = 0.

Concluding remarks

In conclusion, mathematical analysis of a proposed model of hematopoietic stem cells allowed us to investigate
the dynamics of a complex biological system which is inherently difficult to observe experimentally. Through
a sequence of model reductions and simplifications based on biological knowledge, a simple logistic expression
arose. Long-term persistence of a clone was determined by an expression of stem cell fitness, and criteria for
clonal dominance were the same for the reduced and simplified models. By comparing the simplified model
to clinical data, the model was found to be in agreement with clinical observations. Our results have clinical
implications about hematopoietic stem cells when the various systems of feedback from the blood or immune
system are not considered. In this work, we assumed that the effect of such feedbacks had little significance.
How these feedbacks, such as e.g. inflammation of the bone-marrow, change the dynamics of the hematopoietic
stem cells is an important topic to be investigated in future work.
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Supplementary material

A Arbitrary number of division before HSC exhaustion

In general, the number of divisions HSC perform before entering the state of exhaustion can be larger than
one. In the following, we present a model where HSC become exhausted after an arbitrary finite number of J
divisions. Under certain assumptions, this model is identical to the model derived in the main text. For the sake
of simplicity we consider a version of the model describing only a single clone. We subdivide the compartment
of active cells A to keep track of the number of divisions cells have performed. By A; we denote the population
of activated HSC that have performed ¢ — 1 divisions. Hence, cells that have just detached from the niche belong
to compartment A, upon division each cell of compartment A; gives rise to two cells of compartment As, et
cetera.
The model with J HSC divisions before exhaustion can be written as:

J
N => " (bi(K - N)A;) —uN (A.la)
i=1
Al = —bl(K — N)A1 — (7"1 + dl)Al + ulN (Alb)
Ay = —b)(K — N)A; +2ri-1 A1 — (ri + di) Ay (A.lc)
AJZ—bJ(K—N)AJ+2TJ_1AJ_1—dJAJ (Ald)

d

dy
d

(Progenitors)

3

\ bJ
v

Figure Al: Compartment diagram of the model with mul-
tiple stage of free HSC. Each box illustrates a variable, with
arrows depicting the relations between the variables. The circles
with the crosses, x signify a doubling.

By a quasi-steady-state approximation of As type cells, we find that

27"1

Ay =0= Ay =
2 > ro4dy+ by(K — N)

Ay (A.2)

The expression for As can then be written as:

27‘1
T2+d2+b2(K—N)

A3 = 27’2 < > A1 - d3A3 - bg(K - N)Ag (AS)

For the model presented in our previous work (Pedersen et al., nd), fitting to data revealed that b4, is very

low. Here this corresponds to b;. Assuming that this also holds for the intermediate steps, we set by = 0.
Equation (A.3) then becomes

Ag = 47"1[)2141 — d3A3 — bg(K — N)A3 (A4)
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T2
ro+dy

Repeating this for all division events taking place before exhaustion, i.e. assuming b; = 0 and making a
quasi-steady-state approximation of step ¢, the final step, A, becomes:

where pa =

J
AJ:2T1 <H2pZ>A1dJAJbJ(KN)AJ (A5)

=2

Defining v = HiJ:Q 2p; we obtain the system described in the main text. In addition, if the probability r;
that a stem cell in compartment A; divides is approximately equal to the probability that it differentiates, d;,
we can approximate 2p; = T{[d ~ 1. This implies that v = 1 which further simplifies the system. Hence the
final step, Ay, is defined as presented in the main paper.

B Details about stability of steady states

In section 3.3 of the main text, we consider the stability of the steady states for the full 3n system.
For the trivial steady state S; and the single-clone steady states ST, this depends solely on the eigenvalues
of the matrix D; defined as:

_bfjjj - bAjAJ' —Uj bfj (K — Z?:l N;) bAj (K — Z;L:l N;)
Dj = br, I; ~br, (K — 30| N;) — d, 2yr; (B.1)
u]‘—l—bAjAj 0 _bAj (K—Z?lei)—Tj—dAj

The characteristic polynomial of D;, can be written as P;(\) = A3 + aaA? + a1\ + ag for which:

az =(by; +ba;)Ng +br, Ij +ba,Aj +dp; +da;, +7j +uj
dr,

a1 :bAjbIjNJZE’ + bIj (bAjAj + bAjIj + bAj by, + dAj +r; + U,j)NE

+ (dAj +d[j +’/’j) (bAjAj +b[jfj +Uj) +d]j(1"j +dAj)
ap :b]j [bA].d[jIj — ((2’}/ — 1)7’j — dA].)bAJ.Aj — ((2’}/ — ].)Tj — dAj)’LLj] NE
+ d[]. (Tj + dA]») (bAjAj + b[].IJ + Uj)

where Ng = K - " | N;

The Routh-Hurwitz criterion can be used to determine if all roots of the polynomial P; have negative real
part. This is the case if and only if as > 0, a; > 0, ag > 0 and asa; > agp.

It can be seen from the above expressions that when Ng, A; and I; are non-negative, it must hold that
az > 0 as well as a; > 0. Hence when D; is evaluated in either of the feasible steady states, it is the case that
as > 0 and a1 > 0.

Whenever Ng, A; and I; are non-negative, we find that asa; —ap > 0. This can be seen by considering the
negative parts of —ag. Each negative contribution also appears in asa; and hence only positive contributions
of —ag and asa; remain, and thus asa; —ag >0

Thus, the Routh-Hurwitz stability criterion depends only on the sign of ag.

When evaluating in the trivial steady state, Sg, we find that the characteristic polynomial of D;

aolss = —u;br; ((27 —Dr; — dAj) (K — F%) The requirement for feasibility of a single-clone steady state S}

implies that (27 —1)r; —da; > 0 as well as K — F% > 0, and hence if the j’th single-clone steady state is feasible,

Sy has

s+ has at least one eigenvalue
0

ao\sg < 0, and hence the Routh-Hurwitz stability criterion does not hold and D;
with positive real part.

Evaluating in the single-clone steady state, S7, sr = —ao
criterion holds. Hence, all eigenvalues of D;| s have negative real part.

Finally we consider Dj|S; where j # k, i.e. the matrix related to the j’th clone evaluated at the k’th
single-clone steady state. Again, assuming the j’th clone has feasible steady states, only the sign of a¢ has to
be considered.

To determine the eigenvalues of D,
polynomial is:

we find ag sz, and the Routh-Hurwitz stability

s; for j # k, we find that the constant term of the characteristic

1 [ F
aO’Dﬂs; = ujbfj ((27 - l)rj - dAj) Fk (Fk - 1) (B.2)
J
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If F, > F; we find ag p; ;. > 0, and the Routh-Hurwitz stability criterion holds, and the eigenvalues of
k

Dj|s,j all have negative real part. Conversely, when Fj, < F}, the criterion does not hold, and at least one
eigenvalue has positive real part.

Co-existence steady state

When two or more cell-type have equal fitness, a simplex of steady states exists, S¢. We here show that the
system has an eigenvector along the simplex, and that the corresponding eigenvalue is zero. For simplicity, we
show this for the case where only two cell-types are considered.

In this particular case, the Jacobian is given as:

D, G4
Jac = (B.3)

Gg Do

When projecting the simplex of steady states onto a Ny, N plane, it is a line with slope —1. The particular
non-zero eigenvector corresponding to the eigenvalue zero can be written as:

1
l/[1
VA1
Vo = (B.4)
-1
—v,
—va,
where v4, and vy, are defined as
Uuj
VA, = B.5
Aj bAjFLJ + rj + dAj ( )
and 5 5
A TiVA,
l/I], = ,le']u] ) = d i ]b AJI (BG)
(rj+da, +ba, 25 ) (dr, +0r,2) 4 o7
Note that the steady state values of A; and I; can be written in general as:
A; =va, N} (B.7)
and
I} = v, N (B.8)

The Jacobian multiplied by the eigenvector V| yields:

—u1 + v, by, Ng +v4,ba, Ng
—vp, (b, Ng +dy5,) +va, 29y
uy — VAl(bAlNE +T1 +dA1)
JacVy = (B.9)
—ug +v,br,Ng +v4,b4,Ng

—VJ, (bIQNE + d[2) + I/A22’)/T’2

Uz — VAz(bAzNE +’r2 +dA2)
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For existence of the co-existence steady state, we have F' = I} = F5. Evaluating at S¢ we find:

—uy + V[lbllF_l + VAlelF_l
—v, (b, F7Y +dy,) +va,2ym
Uy — VA, (bAlFfl +ry + dAl)

s:Vo = (B.10)
—U2 + V[2512F_1 + UAszzF_l

Jac

-y, (b[2F71 =+ d12) + I/AQQ’}/T’Q

U — VAz(bAQFfl —+ 1o + dAg)

bIl ((2771)T17dA1)
dry (r1i+day)

in the bottom three components. Thus, we find

All terms of this vector are zero. This can be seen by substituting F with F} = in
bIQ((Z’Y*l)"?*dAz)
dr, (r2+da,)

sz Vo = 0Vo, and the vector Vj is indeed a non-zero eigenvector of J ac|53, with the corresponding eigenvalue

the first three components and with Fy =

Jac
of 0.

C Details about analysis of the transformed model

In section 4.2 we present a transformation of the reduced model. When only two distinct clones are considered,
the 2-clone transformed model is given as:

T=(g(T)(1 = C) +ga2(T)C) T (C.1a)
C = (g2(T) — (1)1 = O)C (C.1b)
where g; = ujajfj%. Ounly solutions to equations (C.1) that exists on the domain D = {(T,C) €

(0,1] x [0,1]} are considered. In this section, we present a detailed analysis of equations (C.1).

Initially, note that solutions are indeed restricted to the domain ID. This can be observed by considering
equations (C.1) along the boundaries of the domain. We first consider the lower boundary of T by taking
T—0":

im —=¢g1(0)(1-C 0)C C.2

Am 7 =g1(0)(1 = C) + g2(0) (C.2)

In general, we assume that feasible steady states exists for both clones, and hence 0 < f; l<1land0< Iy b,

This implies that ¢;(0) > 0 and g2(0) > 0, and hence limp_,o+ % > 0, and trajectories of solutions with initial

conditions within D do not approach 7' = 0. The restrictions of the remaining three boundaries are determined
by evaluating the differential equations at the boundaries:

Tlr—1 = g1(1)(1 = C) 4 g2(1)C = —u1 (1 = C) —usC < 0 (C.3)
Clo=o =0 (C.4)
Clo=1=0 (C.5)

Equilibria

While the steady states for the n-clone transformed model were presented in the main text, we briefly re-
iterate the steady states of the 2-clone form. C' = 0 implies either C' = 0, C' =1 or go(T) = ¢1(T). We consider
these in order. For C =0, T = ¢, (T)T', which has just one zero, namely 7' =T} =1 — ffl. This results in the
equilibrium S, = (1 — f;*,0). Similarly, C = 1 implies 7' = g»(T)T which has zero T = Ty = 1 — f; !, resulting
in the equilibrium S5 = (1 — f; %, 1).

Lastly we consider co-existence steady states, Sc, where 0 < C* < 1. We note that T can be re-written
such that: )

T = (g1(T) + (92(T) —n (1)) O) T (C.6)

When g¢2(T) = g1(T), we can write T = ¢1(T)T, which is zero only if T = T7. Hence, an equilibrium with
0 < C < 1 must have T = T}. Since g;(T)) = 0 only holds for g;(1 — f]-_l), T = 0 implies go(T}) = 0, and
hence f; = fo. Thus, co-existence steady states S¢ only exist when f; = fo. For f1 # f2, equations (C.1) has
just two equilibria, S; and Sy.
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Lemma C.1: Equilibria of the 2-clone transformed model

For f; # f2, equations (C.1) has just two equilibria, S; and S3. In order (T, C) these are:

=t (= p
S = and Sy = (C.7)

0 1

When f; = fo, a line of steady states S¢ exist:

where v € [0, 1].

For fi # fa, the two equilibria S; and Sy exist on the boundary of . Hence an orbit of solutions cannot
enclose either of the equilibria. For f = fi = f», the line of steady states S¢ divides D in two sub-domains,
one with T € (0,1 — f~!) and one with T € (1 — f~1,1]. Trajectories in one sub-domain cannot enter the
other as it would require leaving the domain I or crossing Sc, neither of which is possible. Hence, periodic
orbits surrounding So cannot exist. As any periodic orbit in 2D must have at least one interior equilibrium
due to index theory (Meiss, 2007), there can be no periodic solutions to equations (C.1). Thus, due to the
Poincaré-Bendizon theorem, any solution trajectory must converge to either S; or So when f; # fa, or to a
point on S¢ for f1 = fa.

Global attraction of steady states

It can be shown trivially that when f; = fo, T > 0 forall T € (0,1 — f~') and T < 0 for T € (1 — f~1,1].
Hence the points on the line S¢ are attractive for all initial conditions. Note however, as we show below, C' is
not necessarily constant when f; = f3, see figure A2.

For f1 # f5, an attractive trapping region can be found. For brevity, we consider the case fi < fa, as the
case f1 > fy follows by symmetry.

Defining

Toe=1—fy'+e (C.9)

for any € > 0, we observe that g1(T2,) < 0 and g2(T ) < 0, with equality only for e = 0. Hence
T|T2,E = (g1(T2,)(1 = C) + g2(T2,)C) To,c 2 0 (C.10)

where Tz, . = 0 only when both C'=1 and € = 0.

We present an argument analogous to our definition of the trapping region of the full model in section 3.1
of the main text.

Consider an interval T = [Tz, To . + A] with A > 0 on which T < 0. Due to the extreme value theorem,
there exists a finite n such that -7 > 1n,VI € T, since T is a compact subset. In particular

n%f(_T) = m%n(—T) =7>0 (C.11)

and hence j—T < % holds for all T" € T.

To determine the time ¢ it takes for the flow from T'(0) = Tz . + A to reach T'(ta) = To  we integrate over
the interval:

ta T(ta) q Tae+A 4 A
0 To) T Ty, =T U]

and hence ta is finite. Thus for any A > 0, any point with T(0) = T . + A will move along a trajectory that
enters the region T' < T ¢ in finite time for any e > 0.
Defining
T, _c=1—f"—¢ (C.13)

a similar argument can be made that any point with T'(0) < Ti _. enter the region in finite time. Hence there
is a region M = {(T,C) € [l — f{',1— f5 '] x (0,1)} C D which is an attractive trapping region for all points
inD\M
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Observe that for all T € M, it holds that ¢;(T) < 0 with equality only in T = T, and ¢2(T) > 0 with
equality only in T' = T5. Hence g2(T) — g1(T') > 0 since 15" # Ty . Thus, for T € M:

CILH&Jr g = Cl;m (g2T)—n(T)(1=C)=g2(T) —n(T) >0 (C.14)

and hence S; is unstable.

We define M, = {(T,C) € [1 — f;'1 — f;'] x (¢,1)} for any ¢ > 0. The region M., only contains
one equilibrium, S5. As there can be no periodic solutions, we have determined that Sy is attractive for all
trajectories with C'(0) > 0. As M is an attractive trapping region for all points in D \ M, this result extends
to all points in I. For the case f; > f3, a similar construction with C' € [0,1 — €] for all € > 0 can be made,
implying that S; is an attractor for all initial conditions with C(0) < 1.

Lemma C.2: Limit sets of solutions

For f; < fs, there are two equilibria, E and E E is an attractor for all points with C'(0) > 0.
For f; > fo, there are two equilibria, S; and S3. Sy is an attractor for all points with C(0) < 1

1 i - — -

/ ~ —

0.8 ; p -
o i

0.6 , p E“

© b i

04r ; ; E/
C L

o2t |, 3

o i

ok ]

0 0.2 04 0.6 0.8 1

Figure A2: Illustrative example of an equal fitness scenario.
In the simulation, p; = ps and a1 = a5 and hence f; = fo. However
ug = buy, which causes the abundance of the clone with the higher
fitness to increase as solutions approach the co-existence equilib-
rium.

)-

Conditions for g3(T) = g:(T
g1(T) can be written as a second order polynomial in T'. Defining p; = uja; f;:

The expression go(T) =

92(T) = 1(T) (C.15)
1-T—f7' 1-T— ft
e AT . (C.16)
1-T—f" 1-7T—f!
= .1
et 1-T Mav1-T (C.17)
aT?> +bT +c=0 (C.18)
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where

a = 2 — 1 (ClQa)
b=—po (L= fo )+ (ar+ 1) +p (1= fi 1)+ (a2 + 1)) (C.19b)
c=pa(1 = fo ) +1) — (1= fy H(az +1) (C.19¢)

Ifa=0,b=0and c =0, then g; and g5 are identical functions. Assuming p; = us = u, a = 0 is fulfilled.
Equation (C.19b) then becomes:

b=p(fs ' —fit+as—a) (C.20)
For b = 0, it must hold that f; - fy !+ ay — ay. This allows for a simplification of ¢:
c:,u(f{1 + aq) (a2 — o) (C.21)

And hence oy = a1 implies ¢ = 0, since all parameters are positive.
Writing up ¢2(T) = ¢1(T) again, with o = a1 = s, we obtain:

-1 —1
K 2104_ +T 1_—f§r —h 1a_ +T 1_—f1T (C.22)
pe(l=T = fy ) =m(1 =T~ f') (C.23)
po(1=T—fo ') = m(1=T—f")=0 (C.24)
—(p2 — )T+ pa(l— f31) — (1= ;%) =0 (C.25)

which is linear in 7T'. If p1 = pe, the expression simplifies to fi; = fo.
Finally, when both f; = f3 and a; = a9, the functions ¢g; and gy are identical only when u; = us. Thus, it
is only possible for go(T) = ¢1(T) to hold for all T when all parameters are equal.

Lemma C.3: Condition for g, = g1

The functions g1 (T") and g2(T) are equal for all T if and only if f; = fo, a1 = a and u; = ug, in which
case g1 and go are identical functions.

We emphasize that f; = f2 is not sufficient for go(T") = ¢1(T) to hold for all T

Nullclines for 7" and C

Assuming that g; and go are not identical, and hence that f; # fs, a1 # as and u; # ua, it is possible for
the second order polynomial of equation (C.18) to have one or two real roots between 0 and 1. These values,
T, are nullclines for C, shown in red in the figures of this section and in the main text. It is possible for both
T to be between 0 and 1 simultaneously, see figure A3, and for neither to be between 0 and 1.

For equal fitness, f = fi = f2, the differential equation for T can be written:

. U100 _ U200 o -1
T_<—a1+1_T(1 C)+—a2+1_TC)(1 T—fHfT (C.26)

T = 0 has two solutions: TP =1- f~and

u1(1 —C) 4+ uC
1&1(1 — C) + ugaC

T: =1+ ajag - (C.27)

Since C' € [0, 1], and all parameters are positive, T,y > 1 and hence not feasible. Thus, in a scenario with equal
fitness, the sign of T only changes at Tf =1 — f~1.

For fi # fa, the sign of T' is determined by g1 (T)(1 — C) + g2(T)(C), from which a function Ci,.;(T) can
be defined:

g1(7T)
Crut(T) = —=—"2
i) = 0) - o)
T =0 for all (T, C) = (T, Crutr(Ty)) and hence Ci,py(T) is a nullcline for 7. In the two single-clone steady
states, we find Chqp(1 — fl_l) =0and Cpyun(l — f{l) =1.
Observe that

(C.28)

Coun(T) —s  + C.29
I (€-29)

and thus the C),,;;(T) is undefined for T'= T and the nullclines do not cross, as expected from the analysis of
steady states above.
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Figure A3: Phase plane illustration of two C-nullclines. The
figure illustrates a particular choice of parameters such that the two
roots of g2(T) — g(1) = 0, Ty, are both between 0 and 1. The
particular choice of parameter for the figure were p; = 0.529, po =
0.627, ay = 0.008, ag = 0.079, uy = 0.113 and ue = 0.038.
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