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Supplementary Figures

Figure S1: CD34"CD38'ALDH" cells show increased colony forming potential.
Comparison of CFC frequencies of different subpopulations derived from (A) ALDH-rare AML (n=25)

and (B) normal BM (n=8). Data are shown as mean + SEM.



Figure S2: CD34"ALDH" cells are clonal marker negative.

FISH analysis shows clonal marker negativity for CD34 'ALDH" cells of AML12,13.



Figure S3: Patients with no detectable nl-HSC display extremely poor survival.
(A) FACS plots of 2 patients in which no CD34'CD38'ALDH" cells were detectable. (B) Survival
analysis of 2 patients with no detectable nl-HSC revealed extremely poor overall and disease free

survival.



Figure S4: Residual nl-HSC decrease in AML cases with persistent disease.

Blast percentages and nl-HSC percentages at diagnosis and various follow-up time points with the

percentage contribution of these populations in total BM MNC are shown for patients 14 and 15 (AB).

NI-HSC numbers are shown as cells/ml. Time points of persistence and the event of allogeneic HSCT

are indicated on the respective time line. Detailed patient characteristics on this and other AML

patients are described in Supplementary Table S2. CR (complete remission): blast% <5%; PR (partial

remission): blast% 5-25%; Persistent: blast% >25%; Relapse: blast% >5%.
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Figure S5: Model of the hematopoietic cell lineage.

Stem cells can divide infinitely. The maximal number of divisions a cell can perform in the progenitor

or precursor state is limited by n; or n, respectively. Depending on environmental signaling,

progenitors and precursors can differentiate before they have performed the maximal number of n; (1)

divisions. ¢, : stem cells residing in the niche, ¢, : progenitor cells that have performed 0 divisions

since entrance into the progenitor state, c¢,,;: progenitor cells that have performed 1 division since

entrance into the progenitor state, etc. c;,: precursor cells that have performed 0 divisions since

entrance into the progenitor state, ¢ ;: precursor cells that have performed 1 division since entrance

into the progenitor state, etc. ¢,; mature cells. The respective proliferation rates are denoted as p;, the

fractions of self-renewal as a;. The feedback signal regulating self-renewal is denoted as s, the feedback

signal regulating proliferation rates of stem and progenitor cells as §. v, flux from the stem cell

compartment to the progenitor compartment, d,: death rate of mature cells.
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Figure S6: Overview of processes in the BM-niche.

One of the progeny cells emerging from division of a stem cell occupies the niche space of the parent
cell that gave rise to it. The second progeny makes i attempts to occupy an empty niche space or to
dislodge a LSC. If this is not successful, the progeny differentiates. p,: Probability that a niche is empty.

pr: Probability that a niche is occupied by a LSC. p, : Probability that a LSC is dislodged by a nl-HSC.
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Figure S7: Model with cytokine dependent leukemic cells leads to similar dynamics as model with

cytokine independent leukemic cells.

(A) Simulation of the model with cytokine dependent leukemic cells and niche competition. Also in

case of cytokine dependent leukemic cells early decline of nl-HSC numbers can only be explained by a

model with niche competition. (B) The mathematical model with cytokine dependent leukemic cells

and without niche competition cannot reproduce the early decline of nl-HSC numbers.
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Figure S8: Niche displacement of cycling nl-HSC only is not sufficient to reproduce decline of nl-HSC
before relapse.
If it is assumed that nl-HSC can only be displaced from the niche during division, the early decline of

nl-HSC numbers cannot be reproduced.



Figure S9: Allografted and relapsing nl-HSC™™" AML showed delayed engraftment in
comparison to allografted and non-relapsing nl-HSC" AML.

Comparison of median engraftment time points for thrombocytes (>30/nl), granulocytes (>0.5/nl) and
leucocytes (>1/nl) of 11 nl-HSC" AML and 3 nl-HSC™*™ AML (for detailed patient information see
supplementary table S5). Engraftment was significantly delayed for thrombocytes and leucocytes in

nl-HSC”°Y AML.



Supplementary Tables

Table S1: Patient characteristics.

Characteristic nl-HSC" AML nl-HSC" AML
n 16 45

Age years, median (range) 64.5 (48-87) 57 (27-86)
Male/ Female 13/3 25/20

Blast frequency (%), median (range) 60 (8-91) 60 (11-90)

WBC (X 109/L), median (range)

Cytogenetic risk group, n Favorable

(%) Intermediate
Adverse

FLT3 mutation n (%) Positive
Negative

Not analyzed

NPM1 mutation n (%) Positive

Negative

Not analyzed

71.34 (0.17-200.9)

1 (6.25)

14 (87.5)

1 (6.25)

3 (18.75)

10 (62.5)

3 (18.75)

1 (6.25)

13 (81.25)

2(12.5)

13.14 (0.67-279)

9 (20)

28 (62.22)

8 (17.78)

6 (13.33)

31 (68.89)

8 (17.78)

5(11.11)

35 (77.78)

5(11.11)




Table S2: Characteristics of patients in nl-HSC tracking.

s w
2 =
] E - z
S 2 2 Z. o~ e
E g = C & £
- (2] k- % = ~ = o=
A = g 3 ) @ c =
E - ° £ Q & 5 n
] = -
S < S § 5 2 °
oA I Q =
5 = 8 3
= ]
1 NA 53 M Normal Pos Neg Neg 203 133 Dead, 333 days
after diagnosis
2 NA 67 M 46,X,-Y,+13 Neg Neg Neg 73 No Dead, 73 days after
diagnosis
3 MA4E0 46 M 46,XY,inv(16) NA Neg NA No 73 DF post-1*
remission, 743
days after
diagnosis
4 M2 59 47,XX,+21 Neg Neg Neg No 107 DF post-SCT, 750
days after
diagnosis
5 M4/5 62 Normal Neg Neg Pos No No DF post-1*
remission, 1037
days after
diagnosis
6 M4 63 M Normal Neg Neg Neg No 78 DF post-SCT, 860
days after
diagnosis
7 M2 48 45,X,-X Neg Pos Neg 303 371 Dead, 383 days
after diagnosis
8 M4/5 62 M 47,XY,+8 Pos Pos Neg 187 103 Dead, 239 days

after diagnosis



10

11

14

15

MO

M5

M2
AML/
MDS
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Complex

Normal

Neg

Neg

Neg

NA

Neg

Neg

Neg

Neg

Neg

Neg

Neg

Neg

NA

NA

109

185

106

NA

No

128

129

170

66

Dead, 247 days

after diagnosis

Dead, 284 days

after diagnosis

DF post-SCT, 265
days after

diagnosis

Dead, 81 days after

diagnosis

DF post-SCT, 397
days after

diagnosis

Pt: Patient Number; SCT: stem cell transplantation; DF: disease free; NA: not

available.



Table S3: Course of nl-HSC frequencies in AML patients suffering from relapse

nl-HSC frequency nl-HSC number
Pt No. Time point Blast frequency (%)
(%) (cells/ml)
Diagnosis 80 0.0027 216
7 Molecular relapse 2 0.0224 3584
Molecular relapse 2 0.0161 241.5
Diagnosis 85 0.0025 700
8 Molecular relapse 4 0.0134 53.6
Frank relapse 68 0.0077 77
9 Diagnosis 90 0.0474 12798
Frank relapse 15 0.0408 326.4
10 Diagnosis 87 0.0122 10248
Frank relapse 8 0.0038 22.8
Diagnosis 53 0.002 2000
11 1st Frank relapse 76 0.0035 126

2nd Frank relapse 64 0.0026 52




Table S4: Steady state blood cell counts used for calibration of the model.

Cell Type Cells [1/1] (ref. 22) Cells [1/kg]* Cells total * Life time dying [1/d]  Dying [1/(kg day)]*
Erythrocyte 510" 3.1-10" 25-10%  120d(ref.23)  2.1-10" 2.6-10°
Thrombocyte 150 - 10 94-10° 7.5-10" 8 d (ref. 24) 9.4-10" 12-10°
Megakaryocyte” 75 - 10° 4.7-10° 3.8-10° 4.8-10 59-10°
Granulocyte 4-10° 2.5-10° 2-10" gh" (ref. 25) 6-10" 7.5-10°
Total® 3.1-10" 2.5-10" 2.7-10" 3.4-10°

Reference numbers refer to the Supplementary Methods.

*: assuming 51 of blood and 80 kg of body weight;

Assuming that each
megakaryocyte gives rise to 2000 platelets (ref. 26) we calculate to how many
megakaryocytes the thrombocyte counts correspond; “: time in blood stream before
migrating to tissue; *: Erythrocyte+Megakaryocyte+Granulocytes.



Table S5: Engraftment kinetics of allografted and non-relapsing nl-HSC™ AML
versus allografted and relapsing nl-HSC”*" AML
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3 46 M No No 73 TBI 8 Gy/Fludarabin 9 18 13
4 59 F No No 107 TBI 8 Gy/Fludarabin 11 19 14
12 32 M No No 77 Melphalan/Fludarabin 12 16 15
16 27 F No No 135 Busulfan/Fludarabin/ATG 12 17 16
17 71 F No No 194 Treosulfan/Fludarabin/ATG 9 24 21
18 75 M No No 159 Treosulfan/Fludarabin/ATG 14 19 15
19 59 F No No 148 Treosulfan/Fludarabin/ATG 17 24 20
20 56 M No No 137 Busulfan/Fludarabin NA 25 16
21 57 F No No 392 Busulfan/Fludarabin NA 17 14
22 28 F No No 116 Busulfan/Fludarabin/ATG 10 8 18
23 55 F No No 488 Melphalan/Fludarabin/ATG 11 NA 11
1 53 M Yes Yes 133 Treosulfan/Fludarabin/ATG 17 25 24
24 52 M Yes Yes 122 Melphalan/Fludarabin/ATG 35 31 31
25 65 M Yes Yes 104 Treosulfan/Fludarabin/ATG 21 23 22

Pt: Patient; SCT: stem cell transplantation; NA: not available.



Supplementary Methods

nl-HSC number calculation

nl-HSC frequency x MNC number after isolation (cells)
nl-HSC (cells/ml) =

Primary bone marrow volume after puncture (ml)

In vivo NOD/SCID/interleukin 2 receptor ™" (NSG) mouse transplantation

1-2x10° MNC of diagnostic AML samples were T cell depleted using CD3
MicroBeads (Miltenyi, Bergisch Gladbach, Germany) according to manufacturer’s
instructions and subsequently transplanted by intra bone injection in sublethally
irradiated (200 ¢Gy) NSG mice. 12 to 16 weeks after transplantation animals were
sacrificed and BM cells harvested. BM samples were stained with CD45-PE (clone
HI30), CD33-PE-Cy7 (clone WM53) and CD19-APC (clone HIB19) (eBioscience,
Frankfurt, Germany) and analyzed for AML or multi-lineage engraftment. BM
samples with >0.1% human cells, defined by human CD45-positivity were scored
successfully engrafted. Myeloid engraftment over 80% (human CD33" cells/human
CD45" cells >80%) was scored AML engraftment, whereas multi-lineage engraftment
was defined by myeloid and lymphoid engraftment (with CD33" cells/human CD45"
cells <80% and detectable CD19" cells) Animal experiments were performed at the
German Cancer Research Center (DKFZ) under institutional and governmental

guidelines.

Fluorescence in situ hybridization (FISH) analysis

Sorted primary cells were expanded in Stemline II medium with cytokines (Sigma



Aldrich, Munich, Germany) for 7 to 10 days as described previously (ref. 14). Cells
were fixed on glass slides using methanol/acetic acid (3:1, volume: volume) for 10
min. Interphase FISH analysis was performed according to the manufacturer’s
instructions using probes for the respective chromosome aberrations (MetaSystems,
Altlussheim, Germany). Evaluation of the FISH results was performed using an
automated interphase FISH spot counting system SC300-25A (Applied Spectral
Imaging, Edingen-Neckarhausen, Germany). Hybridization efficiency was validated
on interphase nuclei obtained from bone marrow of a healthy donor and the thresholds

were set according to the threefold standard deviation.

Statistics

Statistics were performed using SPSS Statistics 19 (IBM, Armonk, NY, USA). All
values are shown as mean value + standard deviation (SD), mean value + standard
error of the mean (SEM) or median with range. Student’s ¢ test or Mann-Whitney U
test was performed to compare differences between two groups. Kaplan-Meier-curves
were used to show survival of AML patients. Differences between subgroups were
calculated using log-rank test. P values <0.05 were considered as statistically

significant.



Mathematical model

Model structure

The model describes the interaction of one hematopoietic cell lineage and one leukemic
cell lineage. The hematopoietic lineage comprises 4 cell types (compartments). These are
non-leukemic hematopoietic stem cells (nl-HSCs), hematopoietic progenitor cells (HPCs),
hematopoietic precursor cells and post-mitotic mature blood cells. By ¢;(¢) we denote the
number of nl-HSCs per kg of body weight at time ¢, by ¢;(¢), c3(¢) and c4(¢) we denote the
respective numbers of hematopoietic progenitor cells, hematopoietic precursor cells, and
mature blood cells. Details are described in the section “Parametrization of the hematopoi-
etic system”. Similarly, the leukemic cell lineage consists of leukemic stem cells (LSCs),
leukemic progenitor cells, leukemic precursor cells and post-mitotic leukemic blasts. The

respective leukemic cell numbers per kg of body weight at time ¢ are denoted as /1 (¢), [>(t),

l3(l‘) and l4(l‘).

The discrete structure of the hematopoietic system and the leukemic cells are adopted from
literature (1} 2, 13, 4). Mathematical models mimicking the compartmental structure of
the hematopoietic system have been successfully applied to clinically relevant questions
(5, 16l [7). The presented model is an extension of the models of healthy hematopoiesis
(5, 18, 9, [10) and acute leukemias (6, [11, [12). The new feature is detailed consideration
of cell competition for bone marrow niche spaces including dislodgement of healthy stem

cells by leukemic stem cells.

We assume that stem cells reside in a stem cell niche and can divide infinitely. In con-



trast, all mitotic non-stem cells can perform only a limited number of divisions (1} [2). The
maximal number of divisions performed by progenitor cells is denoted as n; and that of
precursor cells as n;. A schematic overview of the structure of the hematopoietic compart-

ment is depicted in Figure SS5.

Cells are characterized by the following properties:

* Proliferation rate p, describing the frequency of cell divisions per unit of time. We

assume that cells of the most mature compartment are post-mitotic.

* Fraction of self-renewal a, describing the fraction of progeny cells returning to the
compartment occupied by the parent cells that gave rise to them (process referred
to as self-renewal). Based on our earlier work, (8)), we assume that the fraction of

self-renewal is regulated by feedback-signaling.

* Death rate d, describing the fraction of cells dying per unit of time. For simplicity,
we assume that dividing cells do not die and that non-dividing cells die at constant

rates.

Feedback regulation

Formation of healthy blood cells is a tightly regulated process. If there is a need for more
blood cells of a certain type, the concentration of signaling molecules (cytokines) increases
and stimulates formation of mature cells (13, 14} [15). As shown by experiments (16, [17)
and as in our previous models (3, [7), we assume that proliferation rates of hematopoietic
stem- and progenitor cells increase with increasing cytokine stimulation. We furthermore

assume that the number of divisions performed by progenitor and precursor cells before ter-



minal differentiation increases with increasing cytokine stimulation. This has been shown

in (5, 8). Differentiation and self-renewal of stem cells is regulated by the niche.

We denote s(t) the feedback signal regulating self-renewal of progenitor and precursor cells

at time ¢

1
O =

(D
which assumes values between zero and one. This expression can be derived from cytokine
kinetics (8) and takes into account that the concentrations of important cytokines such as
EPO and G-CSF depend on the concentration of mature cells (13} [15). We use the term
“self-renewal” not only in the context of nl-HSCs. If a progenitor / precursor cell gives
rise to progenitor / precursor cells, we also denote this as self-renewal. Importantly, in our

model only stem cells have unlimited self-renewal capacity and progenitor / precursor cells

differentiate after a finite number of divisions.

Self-renewal of a certain cell type at time ¢ is assumed to be given as a maximal possible
self-renewal of this cell type multiplied by s(¢). We denote by a$(¢) := a$s(t) the fraction of
self-renewal of hematopoietic progenitors at time ¢. The parameter a5 can be interpreted as
the self-renewal of progenitor cells in case of maximal cytokine stimulation. Analogously
we denote by af() := a§s(t) the fraction of self-renewal of hematopoietic precursor cells at
time ¢. In analogy the regulation of proliferation rates is modeled (5, [7) using the feedback
signal

1

T 1+ kea(r) @

$(1)

The proliferation rates of hematopoietic stem and precursor cells are given by p§(t) =



pss(t) fori=1,2.

For simplicity, we assume for the moment that leukemic cells do not depend on cytokine
signaling, due to constitutive activation of signaling pathways (18, 119,20). This means that
self-renewal and proliferation do not depend on s(¢) or §(¢). In the sections “Cytokine de-
pendent leukemic cells”, we present a version of the model that takes into account cytokine
dependent leukemic cell expansion. Simulations of the modified model lead to similar dy-
namics. They are presented in Figure S7. The cytokine dependence of leukemic cells does

not change the conclusions drawn from the models.

Stem cell niche

We assume that the stem cell niche has a limited capacity n.. The niche capacity n. is the
number of stem cells per kg of body weight that can reside in the niche. We assume that
stem cells dislodged from the niche differentiate into HPC. The number of empty niche
spaces per kg of body weight is denoted as n,. We treat the bone marrow niche as a *well
mixed tank’. Consequently, the probability that a randomly chosen niche space is empty
is given by p, := n,/n.. The probability that a nl-HSC occupies a randomly chosen niche
space is given by p. := ¢ /n., where c; is the number of nl-HSCs per kg of body weight.

The corresponding probability for LSC is given by p; :=1; /n,.

We assume that leukemic and hematopoietic stem cells compete for niche spaces, nl-HSCs
are able to dislodge LSCs from the niche and vice versa. We denote the niche affinity of
LSCs by n; € (0, 1] and that of nl-HSCs by 1. € (0, 1]. The probability that a nl-HSC dis-

lodges a LSC is given by a function p2 which depends on the fraction 7. /7; of nl-HSC and



LSC niche affinity. Precisely, the probability that a LSC is dislodged by a nl-HSC is given
by pH (n./m;). The probability that a nl-HSC is dislodged by a LSC is given by pZ(n;/1.).
The functions p~ and p#’ are assumed to map to [0, 1] and to be strictly monotonously in-
creasing with p(0) = p~(0) = 0. We assume that dislodged stem cells differentiate into
progenitor cells. We do not consider dislodgement of nl-HSC by nl-HSC and dislodgement
of LSC by LSC since these do not change the size of the nl-HSC or LSC population. If
we set pfl = 0, the occupation of a niche space by a LSC is irreversible, i.e., a niche space
occupied by a LSC at time #y will be occupied by a LSC for all ¢ > f,. This choice of p is
compatible with the hypothesis that LSC destroy the niche space, e.g., by modification of

stromal cells.

In the following, for simplicity, we set p/ = pL and denote the function by p,. We further-
more assume that p,(1) = 0.5. The latter condition implies that if cells with identical niche
affinity compete for a niche space, each of the two cells has the same probability to occupy

it.

For simplicity we assume that stem cells always divide symmetrically and give rise to 2
stem cells. One progeny occupies the niche space of the parent cell and maintains stem-
ness. The second progeny makes at most 7i attempts to occupy nearby niche spaces. If all

7i attempts fail, the cell differentiates.

In detail the following processes are assumed to happen in the nl-HSC compartment:
* A nl-HSC divides and produces two progeny stem cells

* One progeny replaces the parent cell in its niche and thus maintains stemness



* The second progeny makes at most 77 attempts to occupy a niche space

o 1% attempt: The probability that a randomly chosen niche space which the
progeny tries to occupy is empty equals p,, the probability that it is occupied by
a LSC equals p;. The probability that the LSC is dislodged equals p,(1./n;).
Consequently the probability that the offspring finds a niche space at the first

attempt is given by

PrnicheHSC,1 *= Pe+ PiDr(Ne/M1)-

The probability that a LSC is dislodged during this process equals

Ddislodger.sC,1 = PiPr(Ne/M1)-

The probability that the attempt to occupy a niche space is unsuccessful is given
by
pm’cheHSC,l =1 — PnicheHSC,1-

o 2™ attempt: The cell makes a second attempt to occupy a niche if and only if
the first attempt fails. The probability that the first attempt fails is ppicherisc;1-
The probability that the niche which the cell tries to occupy is empty equals
De, the probability that it is occupied by a LSC equals p;. The probability that
the LSC is dislodged equals p,(n./mn;). Consequently, the probability that a
nl-HSC successfully occupies a niche space during the second attempt is given

by
PricheHSC,2 *= PrnichetSC,1(Pe + P1Pr(Ne/M1)) = PricheHSC,1PnicheHSC,1-

The probability that a LSC is dislodged during the second attempt equals

PdislodgeLSC,2 = pdislodgeLSCJp_nicheHSC,1 .



The probability that the first and the second attempt fail equals ﬁfu. cheHSC.1-

o 7i'" attempt: The probability that the first 7i— 1 attempts fail is given by ﬁZ;}l CHSC.1°
The probability that the offspring occupies a niche during the 7’ attempt is

given by

-1 — i1
PnicheHSC it -= PhicheHSC,1 (Pe+pipr(Me/M)) = PhicheHsc,1PnicheHSC,1-

The probability that a LSC is dislodged during this process is given by
DdislodgeLSCji = ﬁZ;éeHSc, 1PdislodgeLSC,1-

* The probability that the second progeny cell is able to occupy a niche during at most

7i subsequent attempts is given by

i )
Plodgetisc =Y, Pnichetisc.,j = 1 — (1= pe — pipr(Me/m1))" -
=

* The probability that a LSC is dislodged during this process is given by

n

PdislodgeLSC = Z PdislodgeLSC,j
j=1

(1 - (1 — Pe _plpr<nc/nl))ﬁ> % p_nicheHSC,l 7£ 1
0 ﬁnicheHSC,l =L

* The probability that the second progeny cell fails to occupy a niche during 7 subse-

quent attempts is given by
Pdif ferentiateHSC = 1 — PlodgeHSC = p_ZicheHSC,l = (1 — Pe — plpr(nc/nl))ﬁ .

The analogous processes are supposed to happen in the LSC compartment. An overview

of the scenarios is given in Figure S6.



Compartment dynamics

For simplicity we neglect the duration of mitosis which is short in comparison to generation
times. In the nl-HSC compartment, the flux to mitosis at time 7 is given by p{Sc;. These
cells produce 2p{Scy progeny, piSc; of the progeny move to the niche of their parent cells
and remain stem cells. The remaining p{Sc cells make 7 attempts to find a niche space. As
calculated above, in average, (1 — ﬁzich eHSC,1> piSc cells find a niche space and maintain
stemness. The remaining ﬁﬁi cheHSC.1 p{Scy cells differentiate. The flux to differentiation
from the nl-HSC compartment is given by the number of progeny which find no niche
space and by the number of nl-HSCs which are dislodged by LSCs. The latter is given by

PdislodgedH Scplll 1. We therefore obtain:

d _ Cca Cca
61T pisa + p1sci
t N—— N~

flux to mitosis  50% of progeny occupy niche space of parents

” I
+ PlodgeHSCP15C1 — PdislodgeHscP111
N / NG >y

progeny nl-HSC finding empty spaces or dislodging LSCs  nl-HSCs dislodged by dividing LSCs

- (1 —(1=pe —pzpr(nc/m))ﬁ> pSscy

(1= (1= pe=pepr(m/me))") 2L phiy pe+ pepr(m/ne) #0

0 Pe+pepr(Mi/Me) =0

3)



The flux from the nl-HSC compartment to differentiation is given by

c._ =i c 1
V1 *=PhicheHsc,1P1€1 + PaisiodgerscP11

= (1= pe— pipr(Me/M)" PS5y

(1= (1= pe = pepr(m/mo))") 2L phiy pe+ pepr(mi/me) #0

+

0 Pe+pepr(Mi/Me) = 0.
4)

In analogy we obtain

d

a. 1 ny 1
= (1= = pe=peprdm/na)") pit

(1 —(1=pe— pzpr(nc/nz))ﬁ) %pim Pe+pipr(Ne/M) # 0
0 Pe+pipr(Ne/M) = 0.
(&)

The flux from the LSC compartment to differentiation is given by

Vi =(1 = pe—pepr(mi/ne))" Pily

. (1= (1= pe = prpr(ne/m))") 2L piser  pe+ pepr(m/ne) #0

0 Pe +pcpr(nl/nc) =0.

(6)
Progenitor cells
To account for the finite number of n; cell divisions a progenitor can perform, we di-

vide the progenitor compartment into n; + 1 partitions (sub-compartments), denoted as

€2,0,---,C2,,- The second index indicates how many divisions the cells have performed



since they entered the progenitor state.

The influx from the stem cell compartment to the progenitor compartment at time ¢ is de-
noted as v{ (). These cells enter the sub-compartment ¢, ( (sub-compartment containing all
cells that have performed 0 divisions since entrance into the progenitor state). With each
division the originating progenitor cells move to the next downstream sub-compartment

€2.1, €22, CtC.

The flux to mitosis in sub-compartment ¢, ; (1 <i < ny) is given by p>§c; ;. From mito-
sis 2p58co ; progeny originate. If i < ny the progeny can either be progenitors which then
belong to sub-compartment ¢ ;1 or they can differentiate to the precursor state and then
belong to sub-compartment c3 o. The fraction of progeny staying in the progenitor com-
partment is given by 2a5sp53c; ;, the fraction of progeny differentiating to the precursor
state is given by 2(1 —a§s) p5sca ;. If cells from sub-compartment ¢ ,, divide, all 2p$sc; ,,

progeny move to the precursor state 3 o. This results in the following set of equations:

d _ c Cx
—C20= Vi P25€20
dt —
influx from nl-HSCs  flux to mitosis

d . .
—c2,1 = 2a58p58co0—  p5Sern
dt —_———— ——

influx from ¢ 9 flux to mitosis

d - -
2 = 2a§sp§sc2,n1,1 - pgsczml
—_— ———

dt

influx from €21 flux to mitosis

(7



The influx v5 to the precursor compartment is given by (i) cells that have differentiated
without having performed the maximal number of divisions and (ii) cells differentiating
having performed the maximal number of n; divisions in the progenitor compartment.
ny
i

Therefore, v5(t) = 2p5§co », + 2(1 — ags) PSSy :61 c2,;- A similar system of equations has

been derived in ref. (10).

The equations for the leukemic progenitor cells are obtained analogously. The only differ-

ence is, that leukemic cells do not depend on feedback mechanisms.

l l

—bho= Vi — Pabyo
dt ~— Nagis”

influx from LSCs  flux to mitosis
d 11 l
—h1= 2a,pyhh0 — prhag
dt — ——

influx from l, o flux to mitosis
d

1 I
d_ZZ,nl = 2a>p5lr n—1 — polop,
t ——— ——

influx from lZJlrl flux to mitosis

®)

The influx V} to the precursor compartment is given by V4 () = 2pbls ,, +2 (1- alz) P Zgal L.

Precursor cells

We assume that precursor cells can perform at most n, divisions. The equations describing

dynamics of the precursor compartments are obtained in analogy to the equations describ-



ing progenitor dynamics. The only difference is that proliferation rate of hematopoietic
precursors is assumed to be constant, as suggested by experimental data (16, [17). We ob-

tain:
C C
—-C30=V; — P3C30
dt ) 2 p3 bl

d
0= 2a5sp5c3,0 — P5es,

d
C C C
7 C3m = 2a35p3¢3,ny-1 — P3C3 0,

d
Zl3o= VL —phl

d
Z I3 =2d:phls o — Pl
di 3,1 aspP3i3 0 — P33l

d
Els,nz =245 P503 np-1 — P13 1,

€))

The influx v5 to the post-mitotic cell compartment is given by
ny—1

vi(t) =2p5c3p, + 2(1 — a§s)p§ Z 3,
i=0

np—1

V() =2p3lam +2(1-a3)ps ) b
i=0

Post-mitotic cells

The post-mitotic cells of the hematopoietic and leukemic cell line die at constant rates. The

death rate for mature hematopoietic cells is denoted as dj, that of post-mitotic leukemic



cells as di. We obtain the following equations:

d
—C4 = Vs — ch4
dt 3 4

d
Zl=vi—di,.
dt4 3 44

(10)

ODE system

The full model is given by the ordinary differential equations (3)-(I0) together with the
feedback signals from equations (1)) and (2)) and p. = p.(t) = c1(¢) /n¢, pr = pi(t) =11 (t) /nc
and p, = p.(t) = 1 — p.(t) — p;(t). The function p, is monotonously increasing and fulfills
pr(0) =0, p,(1) =0.5, py(0) = 1. We assume that the initial conditions are non-negative

and fulfill ¢;(0) +7,(0) < n.

Parametrization of the hematopoietic system

Mature cell counts

We assume an average body weight of 80 kg and a blood volume of 5 liters. We denote
the steady state count of mature cells as ¢4. We calibrate ¢4 based on physiological healthy
blood cell counts and physiological life spans of the individual cell types. We do not con-
sider lymphocytes which proliferate and mature in the lymphatic tissues (21). Platelets
are formed out of megakaryocytes by a fragmentation process that is different from mito-
sis. We do not model the process of thrombocyte formation in detail. Instead we consider
megakaryocytes and not thrombocytes in the model. Megakaryocytes originate from the

stem cells by proliferation and differentiation similarly as the other mature cell types. Ma-



ture cell counts are summarized in Table S4. Based on the values from the Table S4, we

have ¢4 = 3.1- 10! mature cells per kg of body weight.

nl-HSC and progenitor counts

We identify the CD347CD38 ALDH™ cells with nl-HSCs and CD34"CD38"ALDH™
cells with hematopoietic progenitors. Our measurements in healthy subjects imply that
in average 0.098% of mono-nucleated cells (MNC) are nl-HSC and 0.251% of MNC are
progenitors. The estimations of nucleated cells per kg of body weight reach from 10'° to
~3.5-10' per kg (27, 28, 29). Since 20-30% of nuclear cells are considered to be MNC
(30), we assume that we have approximately 10! MNC per kg of body weight. Then
we obtain as steady state nl-HSC count &; = 9,8 - 10 cells per kg of body weight and as

progenitor count & = 2.5- 107 cells per kg of body weight.

Division rates

It is known from experiments that division rates of stem and progenitor cells can increase
at most 4 fold (16)). Based on literature, it is known that stem cells divide approximately
twice per year in equilibrium (corresponding to a proliferation rate of 3.8 - 1072 /day) (31).
Since the maximal proliferation rate is 4 times higher, we set p{ = 15.2- 1073 /day. We
assume that precursors divide approximately once per day (p3 = 0.69/day). This is in
accordance with data from granulopoiesis and with model based parameter estimations for
erythropoiesis, (5,(7,132,133). It is known that with increasing amounts of CD38 expression
division frequency increases. In peripheral stem cell grafts progenitor cell cycle durations
between 1 day and 10 days have been reported, (34)). For simplicity we assume a steady

state division frequency of once per week (corresponding to a proliferation rate of 0.1 /day),



the 4 fold increased maximal rate is then p§ = 0.4/day.

Death rates

We assume that immature cells do not die. Based on the data from Table S4, we calculate
the average death rate for the mature cells. We obtain d,, ~ 1072 /day.

Parameter &

We denote § the steady state value of §. It is known from experiments that division rates of

immature cells can increase at most 4 fold compared to steady state values (16). Therefore,

§=10.25. We choose k such that —— = §. Then we can calculate V¢ = & pS5.
1+kC4 1 1

Further parameters

The other parameters follow from a computational calibration process. They are not unique.
Nevertheless, simulation results are similar for the different parameter sets obtained. The
calibration process is based on analytical calculation of the steady states. We express all
unknown parameters as a function of known parameters, steady state cell counts and a;,
ni, ny. On this three dimensional manifold we search for parameter sets leading to realistic
engraftment kinetics after stem cell transplantation (at least 5 - 10% neutrophils per liter of

blood 2 weeks after transplantation of a standard dose of CD34* cells) (33).

Simulation results

The simulations shown in the main text and in Figures S7 and S8 are obtained by setting

ny =30, my = 20, n. = &, =5, a$ = 1, a§ = 0.57303, a§ = 0.73994, k = 2.9222-1013,



k=9.6-10"12, al1 =1, al2 =as, al3 = a5, pl1 =5p§, pl2 =5, pé =5, di =dy, n;/ne =400.
Other parameter sets obtained from the calibration procedure lead to similar results. We set
pr(x) = %er This implies that if two cells have the same niche affinity, the probability that
one of them dislodges the other is 50%. To simulate cytokine dependent leukemic cells (see
sections Cytokine dependent leukemic cells”) we set /i = k and m = k. Different choices
lead to similar results. The smaller al2 and aé and the higher pll, the later the blast count

increases in comparison the decline of nl-HSC. As initial condition we set healthy steady

state cell counts and one leukemic stem cell.

Simulations show that the nl-HSC count at diagnosis decreases with increasing value of
M1/Me. This observation leads to the conclusion that niche affinity of LSC is higher in

nl-HSC—//*" AML compared to nl-HSC™ AML.

Cytokine dependent leukemic cells

So far, we have assumed that the leukemic cells do not depend on cytokine signaling. At
least for some patients, this assumption might be invalid. The following findings under-
line the importance of cytokines for leukemic cell expansion: (i) Leukemic blasts of some
patients do no expand in vitro in absence of cytokines ref. (36, 37), (ii) leukemic cells
of some patients express cytokine receptors, ref. (38), and show enhanced expansion in
response to cytokine stimulation ref. (39, 40), (iii)) NOD/SCID mice transgenic for human
growth factors show improved engraftment of human AML samples compared to conven-

tional NOD/SCID mice ref. (41, 142, 43]).

In this section, we provide a version of the model that takes into account the dependence



of leukemic cells on hematopoietic cytokines. We assume that the cytokines have simi-
lar effects on healthy and leukemic cells. As above and in accordance with ref. (6, [11),
we assume that increased cytokine concentrations lead to increased proliferation rates of
leukemic stem and progenitor cells. We furthermore assume that the number of divisions
performed by leukemic cells in the progenitor and precursor state increases with increasing

cytokine stimulation.

Similar as in ref. (6, [11)), we set

1
S<t> .:1+kC4(l‘) —I—ml4(t)’ (ih
and
()=, (12)
1+kC4(l‘)—|—ml4(l‘)

to take into account binding of cytokines to receptors on leukemic cells. The signal §(¢)
regulates proliferation of healthy and leukemic stem- and progenitor cells. The signal s(r)
regulates the number of divisions performed in the progenitor and precursor compartments
of healthy and leukemic cells. The full model is given by equations (3)-(10) with pll, pl2
substituted by p!§(t), ph5(t) and ab, a} substituted by a)s(t), ass(t). The signals §(r) and
s(t) are given by equations and (12). A simulation of this model is depicted in Figure
S7. Simulation results are very similar to the scenario with cytokine independent leukemic
cells. Also in case of cytokine dependent leukemic cells, the decline of nl-HSC before overt

leukemia can only be observed in presence of niche competition and nl-HSC dislodgement.



Dislodgement during division

So far we have assumed that each nl-HSC can be dislodegd by a LSC and, with a smaller
probability, vice versa. An alternative scenario could be that cells detach from the niche
during division and that only detached cells can be dislodged. This means that LSCs can
only occupy niches of dividing nl-HSCs and vice versa. We can model this scenario by
adjusting the quantities p. and p;. As defined above, p. is the probability that a randomly
chosen niche space contains a nl-HSC that is a potential candidate to be dislodged by a LSC,
py is defined analogously. In the section “Stem cell niche”, we have set p.(t) := ¢ (¢)/nc,
where ¢ (¢) is the number of nl-HSCs per kg of body weight at time ¢ and n, the number
of niche spaces per kg of body weight. This choice implies that all nl-HSCs, independent
of their cycling status, are candidates for potential dislodgement. To allow that only cells
during division are candidates for dislodgement, we set p.(t) := ¢ giv(t)/nc, where ¢q 4y (1)
is the number of nl-HSCs per kg of body weight that are in mitosis at time ¢. The flux of
nl-HSCs to mitosis at time ¢ is given by p{§(¢)ci(t). If we assume that 7, is the average
duration of mitosis, we obtain ¢ g;,(¢) = j;t_rm Pi5(0)c1(0)d6. We can approximate this
quantity by p{§(t)ci(t)T,. In analogy we define /; 4;, (1) = fttffm PiL(0)d6 = pili(t)Tm
and p;(t) := Iy 4iv(t)/n.. We simulated the model with these modifications and for 7, €
[0.5day, 5days|. An example simulation (7, = 1 day) is depicted in Figure S8. Simulation
results imply that if only mitotic cells can be dislodged from their niche, the early decline
of nl-HSCs is not observed. Furtermore the time between appearance of the first LSC and

clinical onset of the disease is prolonged.



Model without niche competition

To study the impact of niche competition on the nl-HSC population, we compare simula-
tions of the model described above to simulations of a model without niche competition. To
design a model without niche competition, we assume that nl-HSC and LSC reside in dif-
ferent niches. To observe decline of healthy blood cell counts it is necessary that leukemic
and healthy cells interact. In accordance with previous models on acute leukemias we as-
sume in this model that leukemic cells induce differentiation in all types of healthy cells
(6). This mode of interaction corresponds to a competition between healthy and leukemic
cells that is not confined to the niche space but to all hematopoietic cell types. This inter-

action could be mediated by cytokines or other soluble signaling molecules (6).

For simplicity we assume that both the niche for nl-HSC and the niche for LSC have the

same capacity n.. Interaction between healthy and leukemic cells is realized using a signal

$(t) = E SN (t1)+):?§0 VOO We assume that self-renewal of hematopoietic
cells decreases in presence of leukemic cells. For this purpose we set a§(t) = 1-§(t),
as(t) = a - $(t)s(t) etc. This kind of feedback has been established in previous models of
acute leukemias and has widely been used (6, [11} [12). Since the niches are separated, we
obtain p, = (n. —c1)/nc and p;=0 for the nl-HSC niche (no LSCs are residing in the nl-
HSC niche). and p, = (n. — 1) /n. and p,=0 for the LSC niche (no nl-HSCs are residing

in the LSC niche).

These assumptions result in the following equations for ¢y and /;:



d ne—cp\"
—c1 = —piSc; + $p{scy = (1—== aispisc
dt —— —— ne

flux to mitosis ~ with prob. § one progeny takes parents’ niche  \ v

progeny nl-HSC finding empty spaces

d ne— [ 1 L
—li= —pili + pili +l1=(1- pili
dt N—— ~~ ne

flux to mitosis  one progeny occupies niche of parents v

progeny LSC finding empty spaces

(13)

The other equations are analogous to the equations presented above. The only modification
is that self-renewal of hematopoietic cells depends in this model also on §, i.e., af (t)= asss.
For the simulations depicted in the main text we take parameters from the section “Simula-
tion results” and set k =2.9- 10~ !!. Simulation results remain qualitatively unchanged for
k varying over several orders of magnitude. Simulating modifications of the model where
§ only depends on post-mitotic leukemic cells or only on LSC leads to comparable results.
Similarly, the models from ref. (11) and ref. (12) which assume a competition of healthy
and leukemic cells for cytokines or increased death rates of immature hematopoietic cells
in presence of leukemia, cannot reproduce the early decline of nl-HSC. This provides evi-
dence that niche competition together with nl-HSC dislodgement is required to explain the

observed decrease of nl-HSC counts before overt relapse.

Cytokine dependent leukemic cells

Cytokine dependent expansion of leukemic cells can be included in the model without niche
competition. As above, we assume that increased cytokine concentrations lead to increased
proliferation rates of leukemic stem/progenitor cells and that the number of divisions in the

progenitor/precursor state increases with increasing cytokine stimulation. The modified



model is obtained from the model without niche competition with pll, pl2 substituted by
pi3(t), pb3(t) and ab, af substituted by abs(t), ass(t). The signals §(¢) and s(t) are given by
equations (IT)) and (T2)). A simulation of this model is depicted in Figure S7 (B). The model
with cytokine dependent leukemic cells and without niche competition cannot reproduce

the early decline of nl-HSC observed in the data.
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