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Purpose of review

Theoretic and, in particular, mathematic models can help
biologists to select and design experiments, to highlight
general principles, to discriminate similar and to link different
phenomena, and to predict novel features. Specifically, they
contribute to an understanding of latent mechanisms and
crucial parameters of biologic processes. The following review
gives an overview of recent developments in the field of
hematopoietic tissue stem cell modeling.

Recent findings

A number of experimental findings on heterogeneity, flexibility,
and plasticity of hematopoietic and other tissue stem cells are
challenging the classic stem cell concept of a predefined
intrinsic stem cell program. Self-organizing systems provide a
more elegant and comprehensive alternative to explain
experimental data.

Summary

Within the last few decades, modeling approaches in stem cell
biology have evolved and now encompass a broad spectrum
of phenomena, ranging from the cellular level to the tissue
level. The application of theoretic models is currently
suggesting that we abandon the classic assumption of a strict
developmental hierarchy and understand stem cell organization
as a dynamic, functional process. Such a perspective has
implications for a prospective characterization of tissue stem
cells (eg, regarding gene expression profiles and genetic
regulation patterns).
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Introduction

Within the natural sciences, a model is understood as a
simplifying abstraction of a more complex construct or
process, and examples, such as animal or ## vitro models,
are familiar to all biologists. In contrast to these experi-
mental models, we focus on recent developments among
theoretic models. These include qualitative concepts
(7e, a descriptive representation of a biologic process)
and quantitative models (7, mathematic representa-
tions). In contrast to qualitative concepts, quantitative
models allow for an analytic, numeric, or simulation
analysis.

Theoretic models can help biologists in several ways.
Model predictions can be used to select and design ex-
perimental strategies, and they help to anticipate the
impact of manipulations to a system and its response.
Modeling is able to discriminate similar and to link dif-
ferent phenomena. Specifically, models originating from
the same principles adapted to different systems (7, tis-
sues or cell types) may help to understand common con-
struction and regulation principles. Furthermore, they
contribute to the understanding of latent mechanisms or
crucial parameters of biologic processes and may predict
new phenomena.

Classic entity-based tissue stem

cell models

Already the first experimental demonstration of a self-
renewing population of hematopoietic progenitor cells
using the CFU-S assay [1] was accompanied by a math-
ematic stem cell model [2]. Using a simple stochastic
approach, the authors explained the experimentally ob-
served heterogeneity of secondary CFU-S colonies. The
production of secondary CFU-S from a primary cell was
used to define functionally the stem cell (self-renewing)
property. Till ez al. [2] assumed that all hematopoietic
stem cells (7, CFU-S cells) are alike. To describe the
generation of the frequency distribution of secondary
CFU-S (0 to 200 CFU-S were obtained from the trans-
plantation of one primary CFU-S colony), they used a
single-cell-based model in which stem cells can either
divide symmetrically (ze, self-renew) or differentiate.
These options are realized with fixed probabilities p and
¢ respectively. Flexibility, feedback regulation, or micro-
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Figure 1. Stem cell models
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(A) Classic p-q model introduced by Till et al. [2]. Stem cells have the ability to
divide symmetrically into two stem cells or to differentiate. These two options are
realized with probabilities p and g respectively. (B) The pedigree model assumes
a heterogeneity of stem cells with an irreversibly declining probability of
self-renewing divisions (p, <p, <pz<...).

environmental effects were not considered. This type of
a stochastic p-¢ model (Fig. 1A) was extended by many
other authors for hematopoietic stem cells [3-5] and for
other tissues [6-9]. A population-based (deterministic)
version, which averaged the individual (stochastic) deci-
sions of self-renewal or differentiation, was proposed by
different groups [10,11]. In contrast to the stochastic rep-
resentations using fixed self-renewal/differentiation
probabilities, these approaches included a feedback
regulation of the self-renewal rate and the proliferative
fraction of stem cells. Additionally, to the steady-state
situation, this approach allowed the analysis of system
perturbations, like the recovery after damage. Another
extension of the classic self-renewing/differentiation
view includes pedigree models [9,12], which assume a
heterogeneity of the stem cell population with declining
self-renewal capacity of the cells (Fig. 1B). This implies
an irreversible, unidirectional process with gradual de-
creasing stem cell (self-renewing) potential.

The homogenous p-¢ concept and the heterogeneous
pedigree concept imply that the stem cells somehow
“know” that they are stem cells (4, have an imprinted
stem cell entity), which can only be lost, but not regained.

The functional tissue stem cell definition

To achieve criteria to validate stem cell models, it is
helpful to check whether they comply with the func-
tional definition of tissue stem cell (Table 1 [13,14]).

We like to emphasize that this definition does not re-
quire the existence of predefined stem cell entities.
Rather, it focuses on the potential of a population of cells
as a part of a living system (¢g, a tissue or organ). This
functional view has a number of implications. It uses a
relative exclusion criteria (undifferentiated cells; ze, lack
of differentiation markers) to describe potential stem
cells. These have certain capabilities that, however, are
not necessarily used in all circumstances. The capabili-

ties can only be checked in specific assay systems (¢g
transplantation assays, colony-forming assays), which
themselves inevitably alter the cells tested. This fact is
sometimes addressed as the “uncertainty principle of
stem cell biology” [14].

Conceptual challenges based on recent
experimental evidence

It is now generally accepted that tissue stem cells are
heterogeneous with regard to function (¢g, cycling activ-
ity, engraftment potential, differentiation status) and to
marker expression (¢g, adhesion molecules, cell sur-
face antigens). However, during the last few years ex-
perimental evidence has accumulated that these proper-
ties can be reversibly changed [15-20]. As suggested
by experiments dealing with tissue plasticity phenomena
(for reviews see others, for example [21-23]), micro-
environmental effects seem to play an essential role in
directing the cellular development. These experimental
results also initiated debates, whether the view of a strict
unidirectional developmental hierarchy within tissue
stem cell populations is appropriate [24-27,28ee]. Al-
though the general existence of tissue plasticity pro-
perties is widely accepted, the underlying mechanisms
(¢g, trans-/dedifferentiation or cell fusion) and the rel-
evance of these plasticity potential in normal iz vivo
systems or even in the clinical setting is still unclear
[23,29]. Clone tracking experiments (¢g, using retrovi-
ral marking of individual clones) [30-33] or chime-
rism studies [34,35] highlight relative differences of
inheritable cellular properties between stem cell clones
and their impact on the competitive potential. Fur-
thermore, high throughput analysis of gene expres-
sion (see, for example, [36-38]) and signaling studies
(see, for example [39-42]) offer the chance to extend
our knowledge on tissue stem cells to the molecular
level.

Because classic stem cells models are not able to explain
all these experimental findings consistently, new con-
ceptual approaches and theoretic models are required.
To be able to characterize modeling approaches in a sys-

Table 1. Functional tissue stem cell definition

Stem cells of a particular tissue are a potentially heterogeneous
population of functionally undifferentiated cells (relative to a
functional tissue), capable of

® homing to an appropriate growth environment,

® proliferation,

® production of a large number of differentiated functional progeny,

® self-renewing or self-maintenance of their population,

® regeneration of the functional tissue after injury,

with a flexibility and reversibility in the use of these options.

These criteria were formulated by Loeffler and Roeder [13] in 2002 as
one result of a conceptual discourse on general principles of tissue
stem cell organization at the Tissue Stem Cells—Models and Concepts
workshop held in Leipzig, Germany, 2001. This definition is an
amended version of the original definition by Potten and Loeffler [14]
from 1990.




tematic way, Table 2 establishes a general characteriza-
tion scheme for theoretic models.

Recent developments in conceptual

modeling of stem cell organization

To describe and classify models of stem cell organization
systematically, we discuss the proposed approaches with
respect to their relation to the tissue stem cell criteria
(Table 1) as well as to the criteria characterizing theoretic
models (Table 2).

A simple quantitative, individual cell-based model has
been proposed by Agur ez /. [43]. This approach focuses
on local cell—ell interactions of stem cells. Considering a
homogenous stem cell population, Agur ¢ @/. [43] show
that a simple combination of a delayed differentiation
onset (controlled by a cell intrinsic process) together with
a negative feedback regulation of differentiation (depen-
dent on the local stem cell number) are sufficient to
ensure the production of a constant amount of differen-
tiated cells, for the self-maintenance of the stem cell
population and the regeneration of the system after dis-
turbances. The simulations have not been explicitly
linked to experimental data; however, they underline the
possibility of generating a homeostatic, globally stable
stem cell system on the basis of local cell—ell interac-
tions.

Based on the stem cell entity approach, assuming a self-
renewing population of stem cells that are recruited to
differentiation at a certain rate, Mackey [44] proposed a
quantitative model on the cell population level. In con-
trast to the classic p-g-model of Till ef 4/. [2], he consid-
ered the possibility of hematopoietic stem cells to
change their cell cycle status reversibly (actively
cycling/dormant in GO0). Based on the comparison with
specific S-phase labeling experiments, he provides esti-
mates of cell cycle time, apoptotic rate, activation (reen-
try in cell cycle from GO) rate, as well as differentiation

Table 2. Charaterization of models

Criterion Specification
Granularity level ® Tissue level (ie, modeling of averaged cell
populations)

® Cellular level (/e, modeling of single cells or
clones of cells)

® Molecular level (ie, modeling of signal

transduction, gene regulation, or

epigenetic mechanisms)

Qualitative (conceptual description)

Quantitative (mathematic model)

No comparison with data

Consistent with data from one type of

experiment

Consistent with a variety of data sets from

different types of experiments

Formal specification

Link to data

For example, the stochastic p~g model can be assigned as a model on
a cellular level, with a quantitative approach related to one single
phenomenom (CFU-S growth after transplantation).
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rate, and analyzed their impact on system behavior. An
extension of this model has been described by Bernard ez
al. [45¢]. Additional to the features introduced by
Mackey [44], Bernard e 4/. [45¢] account for the experi-
mentally observed heterogeneity of the stem cell popu-
lation by introducing an age-maturity structure of the
cell population under consideration. This allows a more
detailed investigation of stem cell kinetics, particularly
their development during the maturation process (e, di-
vision history) of stem cells. :

To understand recent experimental findings on changing
contributions of different stem cell clones in chimeric
animals, the quantitative, individual cell-based, stochas-
tic model proposed by Abkowitz ef 4/. [5] in 1996 has
been analyzed in a series of publications [34,46,47]. Also,
this model is basically a variant of the classic entity-based
p—¢ model with a homogenous, self-maintaining popula-
tion of stem cells. However, Abkowitz er /. [5] adapted
their model specifically to the situation of chimeric he-
matopoiesis. Very recently, this approach has been used
to explain long-term skewing in the chimerism develop-
ment of cat chimeras [48e¢]. The authors demonstrate
that very small differences in the kinetic properties of
different stem cell populations (which might not even be
detectable in noncompetitive assays) can explain long-
term growth advantages of one clone over another.

A similar conclusion has also been reached in an exten-
sive simulation study based on another quantitative, in-
dividual cell-based model of hematopoietic stem cell or-
ganization introduced by Roeder and Loeffler [49].
Their results strongly suggest that small differences of
inheritable (clonal) regulatory characteristics (7, respon-
siveness to signals) of the cells are affecting the competi-
tive and, therefore, the engraftment potential of stem
cells [50] (Roeder I, Kamminga L, Braesel K, ¢ a/., un-
published data). Both model analyses point to the rela-
tivity of stem cell potential, which can only be specified
with regard to the competitor cells [48¢,50] and to the
signals of the growth environment [50].

In contrast to the approach used by Abkowitz e /. [5],
the model proposed by Roeder and Loeffler [49] is able
to track the fate trajectory of individually labeled cells
and their clonal progeny. It postulates the possibility of
progenitor cells to change their actual growth environ-
ment, which in turn induces different cycling activities.
Furthermore, depending on the actual growth environ-
ment, the cells are able to change reversibly their affinity
for homing to these local environments. The model is
also able to generate a stationary heterogeneity of func-
tional stem cells after perturbations and has been com-
pared with a broad variety of different experimental set-
tings [49]. It should be noted that the model by Roeder
and Loeffler [49] is conceptually different from the pre-
vious models because it attempts to avoid the idea of a
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stem cell entity and, rather, uses principles of self-
organizing processes, which permit that cell properties
can be altered in a reversible way within some limits.

On the level of a quantitative description, other authors
have suggested discarding the classic view of an unidi-
rectional developmental hierarchy of tissue stem cells.
Under the impression of experimental reports on tissue
plasticity phenomena, Blau ez 4/. {27] discussed the quali-
tative concept of evolving stem cells. The concept intro-
duced the possibility of stem cells being able to reverse
their differentiation history in a graded fashion. Further-
more, the authors promote the idea that tissue stem cells
are able to change their actual tissue compartment (7,
the microenvironment) by a transportation process
within the blood stream.

Stem cells show plastic changes of cellular properties not
only between, but also within one tissue. Because of the
observation of reversibility in the engraftment potential,
the homing, or the differentiation ability of hematopoi-
etic progenitor cells [18,19], Quesenberry ¢z al. [51,52e¢]
suggested the qualitative concept of a stem cell con-
tinuum. The main idea is that the phenotype of primi-
tive marrow stem cells can be shifted from one state to
another in a reversible way. The authors list a number of
experimental results that provide evidence for a nonhi-
erarchical, but functionally plastic nature of hematopoi-
esis. Besides the formulation of the qualitative concept,
which accounts for these observations, the authors also
hypothesize molecular mechanisms, such as chromatin
modulation and reversible gene expression, as processes
responsible for the flexibility of stem cell behavior.

This flexibility of stem cell behavior was already cap-
tured in the functional stem cell definition more than a
decade ago (compare with Table 1). The characterization
of stem cells by capabilities implies a distinction of po-
tential and actually used properties. Potten and Loeffler
[14] explicitly suggested the distinction of potential and
actually active stem cells in the intestinal crypt. Because
of the spatial restrictions in the crypt environment, only
a few cells that have the potential to act as clone-forming
cells can occupy the appropriate spatial niche at the bot-
tom of the crypt to become actually tissue forming [S3].

Based on observations of neuronal cell development in
the retina, Liversey and Cepko [54] proposed the so-
called competence model. In their model, neuronal stem
cells are expected to pass different competence stages
(ie, with the ability to receive and interpret specific sig-
nals), which can be used, if induced by appropriate
stimuli from the (micro)environment.

Without restricting to one specific tissue stem cell sys-
tem, Loeffler and Roeder [13] discussed a similar con-

cept, denoted as two-level dynamics. Level 1 defines the
general accessibility of cellular potential (¢g, a certain
gene or a cluster of genes). Level 2 dynamics deal with
the activation or inactivation of these capabilities (¢g,
transcription and translation of genes). Therefore, differ-
ent potentials of stem cells can be reversibly activated on
the basis of level 2. In contrast, level 1 allows a (poten-
tially irreversible) locking of certain functionalities (¢g,
terminal differentiation).

An essential conceptual point that is currently discussed
in the literature is the question of whether stem cells
should be considered as fixed, predefined entities. Such
a view implies that stem cells “know” about their status
and act as a result of an intrinsic program (which may be
deterministic or stochastic). Alternatively, the concept of
self-organization has been suggested to explain tissue
stem cell organization. Properties of such systems are
elaborately discussed and clearly illustrated by Theise
[55#¢] and Theise and d’Inverno [56]. Instead of focus-
ing purely on cellular properties, the self-organization
paradigm suggests considering not just individual cells,
but the entire system of cell—cell and cell-environment
interactions. The authors point out that an important
characteristic that enables self-organizing systems to pro-
duce complex behavior (eg, flexible responses to distur-
bances) is a certain degree of stochastic behavior (¢g, in
the interpretation of cellular or microenvironmental sig-
nals).

A working example, showing that self-organizing prin-
ciples can be used to explain tissue stem cell organiza-
tion, has been presented by Roeder and Loeffler
[13,49,57¢¢] for the hematopoietic system. The pre-
sented quantitative, individual cell-based model is fully
compatible with the functional criteria of tissue stem
cells and it consistently explains a broad variety of dif-
ferent experimental situations [49,57ee].

A similar idea of understanding stem cell organization as
a systemic phenomenon has also been promoted by
Flake [58¢]. He specifically points to the loss of essential
information by dissecting systems into isolated compo-
nents for their analysis and to the context-dependent
interpretation of biologic phenomena (¢g, different assay
type, clinical or experimental background investigation).
Consequently, a comprehensive model of stem cell or-
ganization should explain 7 vivo as well as in vitro situ-
ations consistently.’

Understanding the molecular level of stem
cell organization

All quantitative models described so far consider cell fate
decisions on the cellular level. Molecular mechanisms
underlying, for example, the interpretation of neighbor-
ing information [43], the decision for self-renewal or dif-



Table 3. Conceptual views of stem cell organization
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Classic view

Proposed view

Cellular entity perspective

® Internal stem cell program
Snapshot perspective

® Actual status of cells

>
—>

Tissue self-organization

® Cell—cell/cell growth environment interaction
Dynamic perspective

e Potentials of cells

e Plasticity of cellular properties

® Generation of heterogeneity

ferentiation [5], or the growth environment transition or
the loss and regaining of cellular properties [49] have
been described by abstract deterministic or stochastic
rules.

A quantitative approach for extending the modeling pro-
cess to the intracellular level has been presented by
Kaneko and others [59,60,61¢]. These authors assign a
network of autocatalytic biochemical reactions to the
cells in which each chemical is linked to several reactions
determining the change of its concentration within the
cell. Furthermore, the internal chemical concentrations
are influenced by gradients of chemical concentrations in
the surrounding medium, which in turn are affected by
the chemicals produced within the cells [61e¢]. Using
such an intracellular dynamic, cell—cell interactions, and
a simple cell division algorithm, major steps in stem cell
development (including reversible differentiation) can
be explained. Thus far, Kaneko ez a/. [59,60,61%¢] have
analyzed only the mathematic properties of their model
without relating the results directly to biologic param-
eters. Nevertheless, the proposed class of models might
serve as a prototype for a quantitative analysis of mo-
lecular networks that produce self-organizing stem cell
systems.

Some of the conceptual models discussed earlier suggest
molecular candidate mechanisms, such as transcriptional
networks [54] or chromatin remodeling [51], which
might underlie the flexible function of tissue stem cells.
Other qualitative models describing molecular mecha-
nism have been formulated (¢g, for asymmetries in stem
cell divisions [62,63]).

To extend a theoretic stem cell modeling framework to
molecular processes, one challenge is to incorporate high
throughput data, such as gene expression measurements,
into the modeling. However, because of the growing evi-
dence that stem cell populations are highly flexible, self-
organized systems, hopes for a simple assessment of one
stem cell-specific gene expression pattern (at one time
point) may be overoptimistic. To cover the range of op-
tions, a complex scanning of regions of potential gene
expression patterns (over time and with regard to differ-
ent modes of perturbation) and their relation to one an-
other (sequence of changes required to migrate from one
pattern to another) might be necessary.

Conclusion: conceptual novelty

and achievements

One can recognize that the comprehensiveness of mod-
els has improved a lot. The scope of the covered phe-
nomenology has extended from a simple description of
the heterogeneity in colony-forming assays, to encom-
pass a broad variety of different classes of experimental
phenomena on the cellular and tissue levels, ranging
from cell kinetic studies to the analysis of fluctuations in
clonal contribution.

Actually, we are experiencing a changing view in con-
cepts of stem cell organization (Table 3). Models based
on functional, self-organizing systems with stochastic
components (sources for generation and for elimination
of variance) have been shown to be powerful models and
they are challenging the classic entity-based models
(compare Figures 1 and 2). It can be shown that self-

Figure 2. Simplified scheme of the self-organizing view on
stem cell organization
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The current state of a cell is characterized by a set of potential cell functionalities
(eg, cycling activity, specific homing ability, adhesiveness) coded by capital
letters A, B, C, and D. These potentials can be actually expressed and changed
according to specific rules that might depend on cell—cell or cell-environment
interactions. If defining self-renewal by the return to a previously expressed state,
and differentiation by an irreversible loss of some potential, different trajectories
of cells realizing these two fates are possible within the illustrated example
scenario. For example, self-renewal: AB — ABC — AB or ABC — BC —» BCD
— BD —» ABD — AB — ABC:; differentiation: AB — ABC — BC — C or AB —
AB — ABC - BC —»BCD —»BD - D.
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organizing principles can generate a heterogeneous
population of tissue-forming cells that fulfill all criteria of
the functional definition of tissue stem cells, including
flexibility of cellular development within a range of per-
mitted options.

Concluding from these conceptual insights, the major
experimental challenge is, in our opinion, to explore the
potential repertoire of cell populations containing tissue
stem cells (7, to focus on the scope of skills rather than
on select, individual abilities). Also, modeling ap-
proaches need to be extended in several regards. First,
more simulation studies are required to demonstrate that
the concepts proposed comply with a broad spectrum of
data. Furthermore, it will be important to show that the
same general model principles hold for tissue stem cells
as diverse as the blood-forming stem cells, epithelial
stem cells, and other systems. The major challenge in
the field of theoretic modeling, however, is the design of
predictive models that bridge all three descriptive levels
(tissue, cells, molecules), and thus link a molecular de-
scription of tissue stem cells to the functional definition.
It is evident that modeling, besides new bioinformatic
methods in data analysis, will be important in linking
data from these three levels into one comprehensive
framework.
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