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Dynamical modelling of haematopoiesis:
an integrated view over the system in
homeostasis and under perturbation

Erica Manesso1, José Teles1, David Bryder2 and Carsten Peterson1

1Computational Biology and Biological Physics, Department of Astronomy and Theoretical Physics,
Lund University, Lund, Sweden
2Section for Immunology, Experimental Medical Sciences, Lund University, Lund, Sweden

A very high number of different types of blood cells must be generated daily

through a process called haematopoiesis in order to meet the physiological

requirements of the organism. All blood cells originate from a population of

relatively few haematopoietic stem cells residing in the bone marrow, which

give rise to specific progenitors through different lineages. Steady-state

dynamics are governed by cell division and commitment rates as well as by

population sizes, while feedback components guarantee the restoration of

steady-state conditions. In this study, all parameters governing these processes

were estimated in a computational model to describe the haematopoietic hier-

archy in adult mice. The model consisted of ordinary differential equations

and included negative feedback regulation. A combination of literature data,

a novel divide et impera approach for steady-state calculations and stochastic

optimization allowed one to reduce possible configurations of the system. The

model was able to recapitulate the fundamental steady-state features of hae-

matopoiesis and simulate the re-establishment of steady-state conditions

after haemorrhage and bone marrow transplantation. This computational

approach to the haematopoietic system is novel and provides insight into

the dynamics and the nature of possible solutions, with potential applications

in both fundamental and clinical research.
1. Introduction
All functionally distinct blood cell populations are generated through haemato-

poiesis arising from the rare haematopoietic stem cells (HSC) located in the

bone marrow. HSC have the potential to self-renew and also to differentiate

into any haematopoietic cell lineage, ensuring the supply of functionally differ-

entiated mature blood cells [1,2]. Considerable progress has been made in

delineating developmental pathways of several lymphoid and myeloid lineages

and in identifying transcription factors that establish and maintain their fate

(for review, see [3,4]), where HSC and early progenitors make an irrevocable

choice between lymphoid and myeloid fates is still under debate (for review,

see [5–7]). In the classical model, haematopoiesis is depicted as a hierarchical

differentiation tree system where HSC give rise to multipotent progenitors of

the two main lineages (myeloid and lymphoid) and then to precursors, commit-

ting to multiple or single pathways ultimately leading to the mature cells [8,9].

This unidirectional lineage specification process is thought to proceed by a

series of irreversible decisions which commit the cell populations to increas-

ingly differentiated states with decreasing potential for self-renewal, as well

as a general and gradual increase in cell numbers [10,11].

The tight control and regulation of all these concurrent processes are funda-

mental for maintenance of homeostasis as the system responds to external

perturbations such as haemorrhage or disease by supplying the necessary

number of mature blood cells. The clinical importance of the haematopoietic

system, as well as its privileged position as a model for stem cell biology,

has inspired the development of mathematical models for more than three

decades [12–14]. Since such a large system is not easily amenable to global
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modelling, most attempts have focused on specific aspects of

the haematopoietic hierarchy in order to reduce complexity.

A number of models have addressed the dynamical features

of specific branches of the system, e.g. the oscillatory behaviour

of HSC [15,16], regulation of erythropoiesis [17,18], T-cell pro-

duction [19] or the effects of ageing on B-cell development [20].

Other models have focused on fundamental structural and

functional properties of haematopoiesis, such as the regulation

of self-renewal [21,22], the characterization of the stem cell

population as the most sensitive to environmental signals out

of all haematopoietic cell populations [11], the importance of

signalling factors on the decision to self-renew or differentiate,

depending, for example, on the number of fully differentiated

cells [23,24], the role of feedback control mechanisms [25–27]

and lineage specification principles [28]. More global attempts

describe haematopoiesis from HSC to mature cells, but mostly

implementing simplified architectures, either by not explicitly

considering the different lineages and branching points [29],

or by doing so at a course grained level. The latter has been

particularly useful when modelling clinically relevant phenom-

ena such as periodic haematological diseases [30–32] and

response to chemotherapy [33,34]. As a whole, these models

have provided insights into the steady-state properties of

haematopoiesis, as well as the dynamics of response to pertur-

bations, fundamental in maintaining homeostasis. However,

these efforts have focused on details of specific features and

populations, rather than a more fine-grained compartmental

view of haematopoiesis as a whole.

In this work, we have addressed haematopoiesis from a

global perspective and have implemented what, to our knowl-

edge, is the most extensive model of the haematopoietic system,

explicitly considering the main branching points and specific

lineages from HSCs to the main mature cell type populations

in adult mice. This was achieved through (i) exhaustive litera-

ture searches; (ii) an innovative constrained optimization

strategy (i.e. divide et impera heuristic approach) that allowed

the identification of a large number of possible configurations

for the steady state; (iii) a series of selection and filtering criteria

to determine the best configuration for the steady state; explora-

tion of the parameter space defining the feedback activation by

simulating (iv) 10 per cent haemorrhage and (v) bone marrow

transplantation (BMT) after irradiation. Our model provided a

detailed description of steady-state dynamics in the different

lineages and was able to qualitatively capture the observed be-

haviour of the system under mild (10% haemorrhage) and

heavy (BMT after irradiation) perturbations, thus providing

insight into the relevance of feedback control mechanisms for

the maintenance of homeostasis.
2. Methods: a mathematical model for the
haematopoietic system

2.1. Architecture
Among the various representative structures of lineage

branches in haematopoiesis [6,7], the classical haematopoietic

hierarchic architecture [8,9] has been chosen as a scaffold for

the dynamic model (figure 1). In this structure, long-term

haematopoietic stem cells (LT-HSCs) reside at the top of the

system, giving rise to short-term haematopoietic stem cells

(ST-HSCs), which commit into multipotent progenitors

(MPPs). These branch into common myeloid (CMP) and
common lymphoid progenitors (CLP). The first commit into

granulocyte–monocyte progenitors and precursors (GMPP)

which differentiate into granulocytes and monocytes (GM).

CMP also give rise to megakaryocyte–erythrocyte progeni-

tors (MEP), which commit into platelets and erythrocytes,

through platelet progenitors and precursors (PPP) and eryth-

rocyte progenitors and precursors (EPP), respectively. On the

other hand, CLP give rise to naive B lymphocytes, T lympho-

cytes and natural killer (NK) cells, through the corresponding

progenitors and precursors, i.e. BPP, TPP and NKPP. The

experimental evidence for the existence of two LT-HSC popu-

lations in mice has also been considered [35,36]. Specifically,

the first population, dormant long-term haematopoietic stem

cells (d-LT-HSC), is characterized by the highest self-renewal

potential, but it is activated only in response to haematopoie-

tic stress. The second, active long-term haematopoietic stem

cells (a-LT-HSC), gives rise to progenitors and mature cells

required for daily maintenance of haematopoiesis.

The final structure of the model is the result of intensive

literature searches, compromising between the need for pro-

viding a global description of the haematopoiesis process

and the limits related to compiling parameter information

from a multitude of different experimental settings. This

involved minimal and schematic lineages, neglecting some

secondary branches and collapsing cascades of different

populations of cells. Hence the names assigned to each popu-

lation considered in the model should be considered as general

descriptions. Moreover, the lineage of dendritic cells and naive

B, T and NK cells has been omitted. This restriction has been

imposed since it is beyond the scope of this study to model

the full complexity of the immune system (e.g. distinc-

tion between naive, activated and memory cells; antigenic

stimulation; presence of adjuvants; etc.), or characterize its

steady state.

2.2. Population dynamics
Each cell population or compartment is assumed to have a

homogeneous behaviour. The homeostasis of each compart-

ment results from the balance between formation, either

from commitment of upstream stem cells/progenitors or

from cell division and loss, ascribable either to cell death or

to commitment to downstream cells. The time evolution for

a generic compartment i (any of the compartments in

figure 1) is then given by

dNiðtÞ
dt

¼ �
X

j

kC
j;iðt;NjÞ �NiðtÞ þ kND

i ðt;NiÞ �NiðtÞ

þ
X

l

kC
i;lðt;NiÞ �NlðtÞ; ð2:1Þ

where Ni (t) is the average number of cells in compartment i
at time t; kC

j;iðt;NjÞ (day21) is the commitment rate of cells in

compartment i into cells in compartment j and is assumed to

depend on both time and number of cells in the receiving

compartment, i.e. Nj; kND
i ðt;NiÞ (day21) is the net division

rate (i.e. division rate corrected by death rate) for compart-

ment i and is assumed to be a function of both time and

number of cells in the same compartment; kC
i;lðt;NiÞ is the

commitment rate of cells in compartment l into cells in com-

partment i and is assumed to depend on both time and

number of cells in the receiving compartment, i.e. Ni.

In other words, the first term of equation (2.1) is the loss

of cells in compartment i owing to the commitment in

http://rsif.royalsocietypublishing.org/
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Figure 1. Dynamical model: architecture and feedbacks. The dynamical model is based on the classical representation of the haematopoietic system constituted by: dormant
long-term haematopoietic stem cells, d-LT-HSC; active long-term haematopoietic stem cells, a-LT-HSC; short-term haematopoietic stem cells, ST-HSC; multipotent
progenitors, MPP; common myeloid progenitors, CMP; megakaryocyte – erythrocyte progenitors, MEP; platelet progenitors and precursors, PPP; platelets, P; erythrocyte
progenitors and precursors, EPP; erythrocytes, E; granulocyte – monocyte progenitors and precursors, GMPP; granulocyte – monocytes, GM; common lymphoid progenitors,
CLP; naive B-cell progenitors and precursors, BPP; naive T-cell progenitors and precursors, TPP; naive NK-cell progenitors and precursors, NKPP. Naive B, T and NK cells are
shaded since their dynamics are not included in the model. The straight arrows indicate the commitment rates, the looped arrows the net division rates and the blue lines
the negative feedbacks. The divide et impera heuristic approach divides the structure into three parts: the ROOT (shaded grey), the MYELOID BRANCH (shaded red), and the
LYMPHOID BRANCH (shaded green). (a, b) The behaviour of the negative feedbacks: upon perturbation a given compartment will try to reestablish its steady-state cell
number (Ni;SS) by increasing the net division rate (from the steady-state value kND

i;SS to a maximum of kND
i;SS þ aND

i ; kND
i;SS is the steady-state value of net division rate for

the cells in the compartment i; aND
i is the maximum increase of the net division rate; (a)) and only after a critical threshold level (ci � Ni;SS) will it be supplied with cells

from the upstream compartment, by increase of the commitment rate (from the steady-state value kC
i;SS to a maximum of kC

i;SS þ aC
i ; kC

i;SS is the steady-state value of
commitment rate for the cells committing to the compartment i; aC

i is the maximum increase of the commitment rate; (b)).
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downstream compartments, while the second and third

terms represent the formation of cells in compartment i
ascribable either to net division or commitment from

upstream compartments, respectively.

Equation (2.1) is valid for all but mature cells, i.e. platelets

(P), erythrocytes (E), granulocytes and monocytes (GM).

These cells are assumed to neither divide nor commit and

to have a constant death rate. The corresponding equation

for mature cells is then

dNiðtÞ
dt

¼ �kdeath
i �NiðtÞ þ kC

i;lðt;NiÞ �NlðtÞ; ð2:2Þ

where i [ fP;E;GMg; kdeath
i (day21) is the death rate; the

commitment rate kC
i;lðt;NiÞ (day21) from the respective pro-

genitors (i.e. l [ fPPP;EPP;GMPPg) is assumed to depend

on the number of mature cells Ni as well as on the time t.
The detailed dynamical equations for each compartment are
included in electronic supplementary material, section

Dynamical equations.

2.3 Model properties
2.3.1. Feedback control
Communication between cell populations throughout the

differentiation process is crucial in maintaining tight control

over cell numbers according to physiological requirements,

both in steady-state and upon perturbation. A number of

secreted factors are known to constitute feedback control mech-

anisms between populations. Examples of such feedbacks are

the regulation of erythrocyte production by erythropoie-

tin [37,38], platelet production by thrombopoietin [39] or

leucocyte production by granulocyte colony-stimulating

factor [40]. We have assumed a simplified model of negative

feedbacks, involving local interactions between compartments

http://rsif.royalsocietypublishing.org/


Table 1: Steady-state parameters retrieved from literature for adult mice

description value references parameter

number of d-LT-HSC 1.3 � 104 [43 – 45] Nd-LT-HSC;SS

number of a-LT-HSC 2.0 � 104 [43 – 45] Na-LT-HSC;SS

number of ST-HSC 2.0 � 105 [43,44] NST-HSC;SS

number of MPP 2.5 � 105 [43,46] NMPP;SS

number of CMP 1.0 � 106 [43,47] NCMP;SS

number of P 2.0 � 109 [48] NP;SS

number of E 1.3 � 1010 [48,49] NE;SS

number of GM 7.9 � 106 [48] NGM;SS

number of CLP 1.0 � 105 [43,50] NCLP;SS

number of TPP 3.0 � 106 [51] NTPP;SS

number of NKPP 2.6 � 105 [52] NNKPP;SS

net division rate for d-LT-HSC 0 day21 [45] kND
d-LT-HSC;SS

net division rate for a-LT-HSC 1/32 day21 [45] kND
a-LT-HSC;SS

net division rate for TPP 1/3 day21 [51,53] kND
TPP;SS

TPP production 50 cells d21 [53] kC
TPP;CLP;SS � NCLP;SS

naive B-cell production 2.0 � 107 cells d21 [54] kC
naive B;BPP;SS � NBPP;SS

commitment rate of TPP into naive T cells 1/3 day21 [51,53] kC
naive T;TPP;SS

death rate for P 1/5 day21 [48,49,55,56] kdeath
P

death rate for E 1/48 day21 [48,57,58] kdeath
E

death rate for GM 1/1.5 day21 [48,59 – 61] kdeath
GM
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for the majority of the system. Upon perturbation, steady

state in a given compartment will primarily be re-established

by increasing the net division rate. After a critical threshold

level is reached in terms of cell numbers, a second response

is activated by increasing the commitment rate from the

immediately upstream compartment. Piece-wise linear func-

tions were used to formulate these feedbacks (figure 1a,b).

See the electronic supplementary material, section Feedback

control for details.

In order to assess the importance of communication

between populations in maintaining homeostasis upon per-

turbation, we have implemented two alternative schemes:

no feedbacks and no critical threshold between the first

(increase in net division rate) and second (increase in commit-

ment rate) responses. Specifically, in the first case net division

and commitment rates are assumed constant, that is indepen-

dent from the number of cells in the compartment they refer

to. In the second case, as soon as the number of cells decrease

in one compartment, its net division and commitment rates

start to linearly increase simultaneously.
2.3.2. Parameters
The dynamic model has in total 16 equations—one for each com-

partment. For the steady state, there are 50 parameters (in detail:

16 compartment sizes, 13 net division rates, 18 commitment rates

and three death rates). For feedback activations, there are 44

additional parameters related to the step-wise linear functions

(in detail: 13 maximum net division rates, 15 maximum commit-

ment rates and 16 critical thresholds).The critical threshold ci is

one of the parameters describing the feedback control in our

model. During perturbation, a compartment will try to

re-establish its steady state by increasing first its net division
rate. After the critical threshold is reached in terms of cell

number, e.g. the current cell number is below a fraction ci of its

steady-state value, a second response is activated by increasing

the commitment rate from the upstream compartment. The criti-

cal threshold has been set to 1 for the commitment rates in mature

cells (i.e. P, E, GM) since these cells do not have any proliferative

capacity. On the other hand, the same parameter has been fixed

to 0.95 for the net division rate of d-LT-HSC given their properties

of highest self-renewal potential and activation only in response

to haematopoietic stress [35,36].

2.3.3. Scaling of commitment rates
In order to support the observed general increase in cell num-

bers from top to bottom of the haematopoietic system [10],

we have assumed increasing commitment rates for the vast

majority of compartments going downstream in the system

in steady state (see the electronic supplementary material,

section Scaling of commitment rates for details). This scaling

property is reasonable for all cell populations, but it is not

necessarily fulfilled in the lymphoid branch. A possible

reason is that while platelets, erythrocytes, granulocytes

and monocytes do not proliferate, certain lymphocytes

never need to become fully post-mitotic [41,42].

2.4. Steady state
Steady-state parameters retrieved from the literature for adult

mice are summarized in table 1. In particular, the net division

rate for d-LT-HSC (kND
d�LT�HSC;SS) has been fixed to zero since

we have assumed that the death rate equals the division rate

given the negligible turnover rate of those cells in steady state

(that is, one division every 171 days [45]) compared with the

lifetime of a mouse.

http://rsif.royalsocietypublishing.org/
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The information retrieved from the literature reduced the

number of unknown parameters from 50 to 32. Solving the 16

dynamic equations of the model in steady state (i.e. equations

(2.1) and (2.2) equal to zero) in 32 unknowns clearly leads to

a multitude of solutions. The exploration of the parameter

space has been interpreted as an optimization problem and

faced, in the first instance, with the simulated annealing algor-

ithm. As the scaling property consists in constrains between

unknown parameters, the parameter space continuously

changes during a simulation, making this a very challenging

problem for this optimization algorithm (see the electronic sup-

plementary material, section Exploration of the steady-state

solution space for details). This hurdle was overcome through

the implementation of a divide et impera heuristic approach

which consists in (see the electronic supplementary material,

section Exploration of the steady-state solution space for

details): (i) dividing the haematopoietic system in three mod-

ules, namely ROOT, MYELOID BRANCH and LYMPHOID

BRANCH (figure 1), (ii) exploring the parameter space in

each module by taking advantage of the scaling property.

This step led to different possible configurations for each

module. (iii) A merging algorithm was then used to connect

the independently gained parameter configurations from the

three modules (see the electronic supplementary material, sec-

tion Exploration of the steady-state solution for details). The

configuration with (i) the smallest value of merging error,

defined as the sum of the squares of the differences between

predicted values of the dynamical equations and zero, i.e.

their steady-state value, (ii) respecting the scaling property

and (iii) not exceeding the total number of BM cells (mature

cells and TPP not included in the counting) has been selected

as the best configuration of the steady state. The robustness of

the best configuration for the steady state was tested (see the elec-

tronic supplementary material, section Robustness for details).

2.5. Perturbations: haemorrhage and bone marrow
transplantation after irradiation

Once established the best configuration for the steady state

(see the electronic supplementary material, figure S5), the

parameter space defining feedback activation has been

explored by simulation of the recovery from haemorrhage

and BMT after irradiation with random values for these par-

ameters. Only the configurations of parameters that allowed

the recovery within a biologically reasonable time window

have been considered. In detail, for the 13 parameters corre-

sponding to maximum net division rates (aND
i ), three

possible options have been taken into account, i.e. 2 day21;

3 day21; 2 day21 for d-LT-HSC, a-LT-HSC, ST-HSC, MPP,

CMP, CLP and 3 day21 for MEP, PPP, EPP, GMPP, BPP,

TPP and NKPP (i.e. aND
i ¼ 2ð3Þ � kND

i;SS). The 15 parameters

for the maximum commitment rates (ai
C) have been uni-

formly randomly generated in the range [0,20] day21 with

the Latin hypercube sampling technique [62] respecting the

scaling property where applied, similarly to what has been

done for the steady state. Finally, the 12 critical thresholds

(ci) for a-LT-HSC, ST-HSC, MPP, CMP, MEP, PPP, EPP,

GMPP, CLP, BPP, TPP and NKPP have been uniformly ran-

domly generated in the range [x,1], where x has been fixed

either to 0.5, 0.7 or 0.9, scaling the parameter from high to

low values while moving upstream in the system (similarly

to what was done in steady state for the commitment rates

where the scaling property was valid) in order to capture
the notion that, given their multipotent capacity, cells in

upstream compartments should be as preserved as possible.

The use of these different ranges allowed a wide coverage

of the parameter space. All the possible combinations of

these options have been applied to simulate a 10 per cent

blood loss (in total 1.35 � 105 simulations; see the electronic

supplementary material, table S1 for the initial conditions

for the compartment sizes). Among these combinations the

ones (7067) showing a recovery time (defined as the time

elapsed between time 0 and the time when 98 per cent of

the steady-state compartment size is reached) of two

weeks [48] without the involvement of the d-LT-HSC have

been selected to simulate the haematopoietic reconstruction

by BMT after irradiation. In detail, two scenarios have been

explored: the first one shows that the transplantation of

only HSC and MPP leads to thrombocytopenia and

anaemia (considered as loss of platelets and erythrocytes

higher than 15% with respect to homeostasis), the second

allows for the recovery of steady-state values provided by

the transplantation of myeloid progenitors together with

HSC and MPP (see the electronic supplementary material,

table S1 for the initial conditions for the compartment

sizes) [63]. Only 26 configurations among the 7067 valid for

the 10 per cent haemorrhage simulation have been able to

represent the second scenario.

All methods described above are summarized in the

flowchart pictured in figure 2.
3. Results
3.1. Dynamical properties in steady state
The best solutions were used to characterize some of the

steady-state features of the system. Taking into account the

mean transit times between compartments, the inverse of

the corresponding commitment rates versus number of cells

in each compartment (figure 3), a number of dynamical

principles can be observed:

— The mean transit time decreases with differentiation

where the scale property has been applied (i.e. in all the

hierarchy, except the lymphoid branch). Transition from

a-LT-HSC into ST-HSC is by far the longest (over 30

days). A key implication of these findings is the necessity

to co-transplant more rapidly differentiating precursor

cells to allow sufficient recovery following myeloablation,

which has experimental support [64];

— The mean transition time from a-LT-HSC to any terminal

mature compartment is never less than 45 days, with

differentiation in the MYELOID faster than in the

LYMPHOID BRANCH. This finding is compatible with

the reconstitution kinetics of highly purified HSC [44];

— Terminal maturation in the erythroid branch involves a fast

and dramatic increase in cell numbers in the latest stages,

particularly, between MEP and the mature P and E (transi-

ently through PPP and EPP, respectively). Again, this is

supported experimentally by the recent observation that

such later stages of erythroid development are character-

ized by dramatically enhanced cell cycling [65];

— Maturation in the LYMPHOID BRANCH is more time-

demanding—the extreme case being the transition from

CLP into TPP (around 2000 days). This value was calcu-

lated from parameters in the literature [43,50,51,53]. It is

http://rsif.royalsocietypublishing.org/
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7067 configurations respect two week-recovery time

simulation of BMT after irradiation

26 configurations show radioprotection provided
by the transplantation of myeloid progenitors

divide et impera
heuristic approach
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812 680 configurations

filtering and selecting
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robustness

exploration of the parameter space
by simulating 10% haemorrhage

(1.35 × 105 runs)

Figure 2. Flowchart. After reducing the parameter space for the steady state
by intensive literature search, a novel divide et impera heuristic approach has
led to the identification of 812 680 possible configurations for the steady state.
Once a configuration has been selected as the best steady-state configuration
through ad hoc processes of filtering and selection (i.e. the configuration with
(i) the smallest value of merging error, (ii) respecting the scaling property and
(iii) not exceeding the total number of BM cells (mature cells and TPP not
included in the counting)), the parameter space defining the behaviour of the
model during perturbations has been explored by simulating a 10 per cent
blood loss. Among these combinations the ones (7067) showing a recovery time
of two weeks have been selected to simulate the haematopoietic reconstruction
by BMT after irradiation. Only 26 configurations among the 7067 have been
able to restore homeostasis given the transplantation of myeloid progenitors
together with HSC and MPP.
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considerably higher than the average lifespan of a mouse

(700–800 days). These results challenge the notion that the

CLP would be a required and sufficient intermediate

precursor of the T-cell lineage [66–69].
3.2. Perturbations allow for pruning of solution space
and provide insight into feedback control

Steady-state conditions reflect the homeostatic behaviour of

the system, but represent an incomplete picture of the pro-

cess. Organisms are subject to different environmental

perturbations and the production of blood cells must respond

to these changes accordingly to maintain homeostasis. In

order to reflect this structural feature of the system, feedbacks

were implemented between a compartment size and its net

division rate, as well as the commitment rate from the

compartment immediately upstream (figure 1a,b). Upon per-

turbation on a given compartment, the net division rate

increases up to a plateau level which then signals for the

increase in the commitment rate. The commitment and net

division rate maximum values, as well as the critical

threshold for commitment were optimized, with the single

constraint being the scaling of maximum commitment rates,

from higher to lower values when moving upstream on the

system (as was performed for steady-state conditions).

The initial optimization step yielded a high number of

possible solutions satisfying the constraint. In order to

prune the solution space, we considered two perturbation

scenarios, reproducing experimental results:

(a) Simulation of 10 per cent blood loss (mild haemorrhage):

only solutions that allowed for full recovery on a two-

week period [48] were selected for subsequent analysis;

(b) BMT after irradiation: only solutions allowing for recovery of

steady-state values without anaemia and thrombocytopenia,

as provided by transplantation of myeloid progenitors

together with HSC and MPP, were selected [63].

From the initial pool of 1.35 � 105 solutions, 7067 were

selected in step (a) and a final set of 26 was reached after step (b).

The solution space for the non-steady-state configurations

was scrutinized in more detail (figure 4a). The effect of

sequential selection of good solutions using the two pertur-

bation scenarios was evident in the maximum commitment

rate parameter (middle plot). The final 26 configurations (in

blue) were located at lower values compared with the initial

parameter sets (in black) and the 7067 configurations

to a-LT-HSC in steady state, d-LT-HSC are not represented.
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respecting the two-week recovery time for a 10 per cent blood

loss (in red). In other words, to recapitulate biological

behaviour under haemorrhage and BMT after irradiation,

maximum commitment rates must be tightly controlled and

at low levels, otherwise there is a risk of depletion of the pri-

mordial compartments. Analysing in detail the 26 final

configurations (figure 4b), the critical threshold seems to be

the more flexible parameter with respect to the maximum

values for net division and commitment rates (bottom plot).
3.2.1. Response to mild haemorrhage is confined to the
myeloid branch

Haemorrhage conditions were simulated by reducing by 10 per

cent the steady-state cell number values of all terminal
compartments in the MYELOID BRANCH (P, E and GM)

and allowing the system to evolve until a new equilibrium

was reached. This process was repeated for all 26 possible sol-

utions in order to obtain the average behaviour for the system

(figure 5). Full recovery (defined as the time required, after the

perturbation (time zero), to reach the 98 per cent of steady-state

compartment size) required the involvement of the immedi-

ately upstream compartments for all cell types (PPP, EPP and

GMPP for P, E and GM; figure 5a). Recovery of E required

the greatest participation of the progenitor cells, with approxi-

mately 4 per cent of EPP loss. Relative losses of 2 per cent

and 1 per cent were observed for the PPP and GMPP compart-

ments, respectively. Consistent with these observations,

recovery times were longer for the E compartment (15 days)

than the P (6 days) or GM (1 day) compartments
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(figure 5b,c). If we consider blood donation as an induced form

of mild haemorrhage, these results are in accordance with data

available in healthy adult male humans, where donated plasma

is replaced after 2–3 days while red blood cells are restored at a

slower rate, after around 36 days [70]. A more detailed descrip-

tion of the response could be obtained by analysing the changes

in net division and commitment rates for the different compart-

ments over time. Upon the initial perturbation, commitment

rates from the progenitor into mature compartments increased

to compensate the 10 per cent loss (figure 5d, left panel). In

absolute terms, the commitment rate into the P compartment

was the highest, followed by commitment into E and finally
commitment into GM. However, and more significantly, the

largest deviation from steady-state values was observed for

the E compartment, whereas commitment rates for P and

GM showed minor change. This could be explained by the sig-

nificant difference between steady-state compartment sizes (see

the electronic supplementary material, figure S5), with E being

approximately one order of magnitude larger than P and four

orders of magnitude larger than GM. Consequently, a 10 per

cent decrease in compartment sizes required a more pro-

nounced response from EPP than PPP or GMPP. This effect

also propagated into the net division rates in these compart-

ments (figure 5d, middle panel). EPP net division increased
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significantly as a response, whereas in PPP and GMPP changes

were minimal. The difference between EPP and PPP net div-

ision changes could also be attributed to the steady-state

commitment rates feeding from their common progenitor,

MEP, with commitment into PPP almost twice as fast as com-

mitment into EPP (figure 5d, right panel), allowing faster

re-establishment of this compartment. Very importantly, com-

mitment rates into these compartments remained constant at

steady-state levels and all changes were limited to the lower

levels of the MEYLOID BRANCH, with MEP and CMP being

unaltered throughout the simulation.

Contrary to the 14-day recovery time for haemorrhage, this

was not a selection criterion when screening for solutions, and

could not have been predicted beforehand. It is an important

feature of the system, which exhibited robustness within the

context of a significant perturbation and contained its effects

to only the most differentiated compartments. Compartments

at the ROOT, where perturbations would have more serious

consequences for the organism, were not perturbed at all.

We then simulated increasingly more pronounced haemor-

rhage scenarios: for 15 per cent blood loss the system still

recovered within reasonable time (see the electronic sup-

plementary material, figure S7); for 30 per cent, recovery was

observed but only after 40 days (see the electronic
supplementary material, figure S8); for 50 per cent the

system did not recover within the 90-day simulation period

(see the electronic supplementary material, figure S9).
3.2.2. Co-transplantation of myeloid progenitor cells is necessary
in order to reestablish homeostasis after irradiation

Bone marrow irradiation is an extreme perturbation which

broadly wipes out the progenitor populations and constitutes,

in conjunction with external BMT, a reboot to the haemato-

poietic system. The levels of erythrocytes and platelets may

decrease to life-threatening levels, causing anaemia and

thrombocytopenia. The process was simulated by reducing the

levels of all compartments to zero except the HSC (d-LT-HSC,

a-LT-HSC, ST-HSC), which were kept at 0.1 per cent of the

steady-state value (simulating BMT), the MPP, which were

kept at 1 per cent of the steady-state value and the mature

compartments of the MYELOID BRANCH (P, E and GM),

which were not affected (scenario 1). An alternative protocol

was to include a fraction of myeloid progenitor cells, as

described by Nakorn et al. [63] (scenario 2). In

both scenarios, the system was evolved for all 26 possible

solutions in order to obtain the average behaviour (figure 6).

The transplantation of only HSC and MPP as simulated
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in scenario 1 did not allow for the sustained maintenance of E

and P levels, leading to anaemia and thrombocytopenia within

10 days after transplantation (figure 6a and electronic

supplementary material, figures S10–S11). The recovery

of platelets within 30 days in this scenario, as emerging

from the 95% confidence interval (calculated as:

mean + 1:96 � s:d:), can be misleading, but the loss of platelets

and erythrocytes within 10 days after transplantation is in any

case incompatible with survival.

On the other hand, the beneficial effects of transplanting

myeloid progenitors together with HSC were clearly observa-

ble, with levels of P and E suffering minor changes.

Importantly, we tested different levels of myeloid progenitor

transplantation and observed that the minimum number of pro-

genitor cells that allow for recovery of steady-state values, in this

context without anaemia and thrombocytopenia, is 20 per cent

of the steady-state value. Considering scenario 2, there was

barely any loss of E and P cells, although the recovery time

for the latter compartment was longer than the first and still

of approximately 7 days (figure 6b,c). The longer recovery of

platelets was because of a faster and more dramatic loss (see

the electronic supplementary material, figure S11B) related to

their higher death rate (see the electronic supplementary

material, figure S5) compared with erythrocytes.
3.3. Feedback mechanisms are fundamental
for homeostasis

We have assessed the importance of feedback mechanisms in

maintaining homeostasis upon perturbations, by testing two

alternatives to our minimal feedback model: no critical

threshold between increase in net division and commitment

rates; and no feedbacks altogether, with net division and

commitment rates never increasing from steady-state values.
3.3.1. The haemorrhage scenario
Here feedbacks allowed for the fast re-establishment of the E,

P and GM compartments with minimal involvement of

the respective progenitors, and without perturbations at the

ROOT level (figure 7a,b). When no feedback responses were

in place, changes were still limited to the mature com-

partments and their progenitors. However, since recovery

depended on steady-state rates, re-establishment of the E

compartment was achieved only after 72 days, incompatible

with the physiological needs of the organism. Finally, when

no critical threshold between feedback responses was

enforced, we observed that the initial 10 per cent perturbation

propagates throughout the system, displaying significant

effects up to the MPP compartment (figure 7a). As a conse-

quence of this significant disruption, homeostasis could not

be reached, and steady-state values were not recovered

within the 90-day period of the simulation, with the excep-

tion of the GMPP and GM compartments (figure 7b).
3.3.2. The bone marrow transplantation after irradiation scenario
For this more extreme perturbation scenario, the feedback

response also allowed for the recovery of the system, avoid-

ing anaemia and thrombocytopenia (see the electronic

supplementary material, figure S12A) and supporting the

recovery of the system to steady-state levels within physio-

logically reasonable times (see the electronic supplementary

material, figure S12B,C). Absence of feedbacks, on the other

hand, led to anaemia and thrombocytopenia, since steady-

state commitment and net division rates could not replenish

the E and P compartments, depleted through cell death

(see the electronic supplementary material, figure S12A).

That was also the case for all other compartments in the

system, since none of the 26 solutions allowed for recovery

of steady-state values within 90 days (see the electronic
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supplementary material, figure S12B), evidencing that

repopulation after transplantation was not possible without

feedback control systems. Feedback responses without critical

threshold also lead to anaemia and thrombocytopenia

(see the electronic supplementary material, figure S12A),

but in this case partial repopulation was observed. Neverthe-

less, this feedback scheme could not support the normal

re-establishment of the myeloid branch, where (with the

exception of GMPP and GM) less than 50 per cent of

the 26 solutions allowed for full recovery (see the electro-

nic supplementary material, figure S12B), and never

within physiologically reasonable times (see the electronic

supplementary material, figure S12C).
Interface
10:20120817
4. Discussion
The fundamental properties of differentiation, multipotentiality

and self-renewal were described for HSC more than 40 years

ago [71]. The considerable efforts on basic and clinical research

that followed have made haematopoiesis a privileged system

for the study of tissue-specific stem cell biology. Numerous

mathematical models have been developed over the years,

providing an understanding on the dynamical properties of

haematopoiesis [12–34]. However, owing to the size and com-

plexity of the system, these models have mostly focused on

particular aspects and do not allow a more encompassing

analysis over the whole system.

In this work, we have designed and implemented what is,

to our knowledge, the most comprehensive global model of

haematopoiesis, encompassing all the main branches and

bifurcations. We adopted the classical model of the haemato-

poietic structure and compiled extensive experimental data

from the literature in order to define parameters as accurately

as possible. We also took into account a minimal set of

assumptions regarding structural and functional principles

of not only the haematopoietic, but also adult stem cell

systems in general.

The model allowed for a characterization of steady-state

properties of the system. Additionally, we assumed the exist-

ence of negative feedback loops enabling communication

between the different compartments, essential in maintaining

homeostasis of the system during perturbation events. The

molecular mechanisms and functional implications underlying

these feedbacks have been modelled in detail for the haemato-

poietic [25–27] and other stem cell systems [24]. Here, we

assumed a common minimal model of local communication

for the majority of the structure. Despite the need for further

experimental validation, this feedback scheme provided

robustness to the system, allowing recovery after perturbation

and preserving the most undifferentiated compartments at

the top of the hierarchy. These desirable properties were not

observed when feedbacks were not present, or the critical

threshold was not enforced (net division and commitment

rates increased simultaneously). Furthermore, the final set of

optimal feedback parameters provided some insight into the

fundamental properties and limits of the response, namely

the need for tight regulation and low values of maximum

commitment rates in order to maintain homeostasis.

Haemorrhage and BMT after irradiation were used as per-

turbation scenarios at a second stage of our modelling process.

Although fundamental in pruning the solution space, the

study of these scenarios did not in itself influence the model
design, and it is thus not trivial that solutions reproducing bio-

logical behaviour could be reached for both scenarios. Also,

selection of solutions was based solely on the ability of the

system to recover, and not on particular routes for that recov-

ery. The best solutions provided us with a detailed description

of the dynamical response to perturbations over the system

and allowed us to estimate times of recovery and maximum

loss for all compartments. Interestingly, for a mild pertur-

bation such as 10 per cent blood loss, perturbations were

only observed on the lower compartments of the myeloid

branch, reinforcing the notion of system robustness. For BMT

after irradiation, we confirmed the need for co-transplantation

of myeloid progenitor cells together with HSC and MPP in

order to assure recovery of steady-state values. Even with

limitations in our model that does not consider factors,

such as contaminations, saturation of niches or graft-versus-

host effects, we could also predict the minimum fraction of

progenitor cells able to confer this property.

Using relevant clinical scenarios, such as haemorrhage

and BMT after irradiation, we were able to reduce the poss-

ible solution set from 7067 to 26. Although this is a

dramatic reduction, we recognize that having 26 possible con-

figurations is still not ideal. Nevertheless, taking into account

the complexity of the problem, these results can be con-

sidered encouraging and provide a very promising global

framework for the dynamical properties of haematopoiesis.

Another fundamental question in this study was the

structure of the haematopoietic system itself. The definition

of different compartments is not straightforward and

depends on operative and functional criteria that frequently

change within the community, as new experimental methods

are developed. Although the resolution of these methods

tends to increase, leading to the description of more sub-

compartments, we have purposefully addressed the problem

within what we believe to be a reasonable level of detail. We

have taken into account major compartments which in some

instances could be further subdivided, but would raise more

problems from the modelling perspective. In recent years,

the notion that HSC make an irrevocable choice between

myeloid and lymphoid lineages early on has been increas-

ingly questioned, and a number of alternatives to the

classical model of haematopoiesis have been suggested (for

review, see [6,7]). In 2005, Adolfsson et al. [72] proposed a

revised version of the classical haematopoietic hierarchy

where pluripotent HSC develop into lymphoid primed multi-

potent progenitors (LMPP) upon loss of megakaryocyte and

erythrocyte potential, and subsequently generate CLP upon

loss of granulocyte–monocyte potential. We have performed

an exploratory comparative analysis by implementing the cor-

responding changes in our model architecture. The most

significant difference was the fact that mean transit times for

most lineages were significantly smaller in the LMPP model,

with differences between 5 and 15 days (data not shown).

Although preliminary, these results support the view that

our global model can provide a ground for more detailed com-

parisons between architectures in the future.

We have presented here a comprehensive global model of

the haematopoietic system, compiling extensive experimental

data and implementing minimal assumptions regarding fun-

damental properties of stem cell systems. Our model was

able to describe and predict fundamental features of the

system both in steady-state and under perturbation scen-

arios, recapitulating observed behaviours for haemorrhage
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and BMT after irradiation. In doing so, while at the same

time being unconstrained by any particular branch or

property of the system at the design level, we believe that

this model constitutes a general framework on top of

which new models can be built, addressing more specific

questions and providing new insight regarding the dynami-

cal principles of haematopoiesis and their application to

fundamental and clinical research.
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