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Modeling the architecture
and dynamics of hematopoiesis
David Dingli1,2 and Jorge M. Pacheco3∗

Hematopoiesis is a multistep process that results in the production of a variety of
blood cells with different morphologies and diverse functions. All of these cells
have their origin in hematopoietic stem cells (HSCs) that replicate slowly to self-
renew and give rise to progeny cells that proceed along the path of differentiation.
The process is complex with the cells responding to a wide variety of cytokines
and growth factors. We discuss a model of hematopoiesis based on stochastic
cell behavior. Multiple compartments are introduced to keep track of each cell
division process and increasing differentiation. Despite its simplicity, the model
is able to account for the salient features of hematopoiesis and is compatible
with considerable and independent experimental data. The model is applicable to
hematopoiesis across mammals and can be used to understand the dynamics of
various disorders both in humans and in animal models.  2009 John Wiley & Sons, Inc.
WIREs Syst Biol Med

INTRODUCTION

Blood is composed of a variety of cells suspended
in a fluid medium known as plasma. With the

exception of lymphocytes, circulating blood cells have
a finite lifespan. The average lifetime of an erythro-
cyte (red blood cell) is 120 days, neutrophils stay in
the circulation for about 12 h while platelets survive
in the circulation for approximately 14 days. In order
to maintain relatively constant numbers of circulating
blood cells, the total output from the bone marrow in
a healthy adult human is of the order of 3.5 × 1011

cells per day.1 The physiological process responsible
for blood cell formation is known as hematopoiesis. In
mammals, hematopoiesis occurs in active areas of the
bone marrow known as red marrow. At the root of
hematopoiesis are the hematopoietic stem cells (HSCs)
that are operationally defined by their combined prop-
erty of self-renewal and an ability to give rise to all the
various differentiated cells present in blood.1–5 Several
investigators have developed models that capture this
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process at various levels of complexity.6–16 Many of
these models were developed with specific conditions
in mind such as cyclic hematopoiesis17 or hematopoi-
etic reconstitution after stem cell transplantation.
These models rely on differential equations, some-
times with delay to accommodate the diverse dynamics
of hematopoietic disorders, but all models, to some
extent ‘compartmentalize’ hematopoiesis based on
known physiology. These models have provided many
novel insights into the control of hematopoiesis under
normal conditions18–21 as well as the pathophysi-
ology of cyclic hematopoiesis and optimization of
therapy with growth factors.8,14,22,23 Although dif-
ferential equations are excellent for modeling large
populations, it is becoming clearer that the pool of
active HSC and the most primitive progenitors are
small and so stochastic effects can be important.
Moreover, it is now increasingly accepted that the
behavior of individual cells throughout hematopoiesis
is stochastic in nature,24,25 hence we opted to develop
a model that accounts for the stochastic behavior
of individual cells. In the following, we discuss our
approach to modeling this process for human and
other mammalian species26

Understanding the architecture and dynamics of
hematopoiesis requires knowledge of HSC dynamics,
although this is by no means sufficient. Hence, we start
by considering the number of HSCs that are contribut-
ing to blood formation, the rate of replication of these
cells, and how this pool of cells changes during human
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growth from birth to adult life. Subsequently, we
discuss a model that connects HSC dynamics and bone
marrow output as seen in healthy adults. Given the
similarities of hematopoiesis in mammalian species,
we show how allometric principles can be used to
unify the dynamics of hematopoiesis across mammals.

Hematopoietic cells divide and differentiate
under the influence of the marrow microenvironment
that provides the necessary cues in the form of
cell-to-cell contacts, cytokines, and growth factors.27

This environment also relates the cells together
in space imposing a functional architecture to the
process. Hence, hematopoietic cells together with
the cues emanating from the rest of the body (e.g.,
erythropoietin, androgens, glucocorticoids, colony
stimulating factors, etc.) engage in a dynamic process
that is able to rapidly respond, as a whole, to the
various demands for cellular output.

When things go wrong, we face bone marrow
disorders, which can be classified into either ‘failure
syndromes’ where one or more blood cell lineages are
reduced or absent or ‘myeloproliferation syndromes’
where one or more cell lineages are produced in
excess. Rarely, disorders characterized by either
hematopoietic failure or myeloproliferation exhibit
oscillatory behavior whereby the circulating levels of
various cell lineages vary in a rhythmic pattern as
a consequence of inherited (congenital) or acquired
defects or as a result of therapy.28 We briefly discuss
some applications of our approach to understand the
dynamics of a variety of disorders including chronic
myeloid leukemia (CML), cyclic neutropenia (CN),
and paroxysmal nocturnal hemoglobinuria (PNH).
We chose these disorders because in our view they
illustrate different aspects of abnormal dynamics in
hematopoiesis ranging from excess cell production, to
neutral drift of mutant clones to periodic and sustained
cycling as a result of feedback mechanisms.

HEMATOPOIETIC STEM CELLS

Active and reserve HSC
HSCs were initially inferred by the experimental
observation that limiting dilutions of bone marrow
cells can be used to reconstitute hematopoiesis in syn-
geneic mice that had received myeloablative radiation
therapy.3 In principle, one HSC can rescue a lethally
irradiated mouse and reconstitute hematopoiesis
for the remaining lifetime of the animal, providing
ultimate proof of the self-renewal and differentiation
capability of these cells.29,30 The reader should note
that hematopoiesis is not necessarily restricted to
the bone marrow and can occur in other organs

including the spleen in some animals. Moreover,
during ontogeny, the yolk sac, liver, and spleen are
also major sites of hematopoiesis.

Evidence from other mammals, including
humans, point to a total number of HSC which
is small—studies on the frequency of bone marrow
reconstituting activity in various mammals suggest
that the number of HSC (active and reserve) may not
exceed a total between 11,000 and 22,000 cells.31–34

HSCs are operationally divided into an ‘active’ pool
(NSC) where cells are dividing and contributing to
hematopoiesis and a ‘reserve compartment’ in which
the cells are inactive and may be called upon to
divide as necessary.35 The current view is that cells
in the active compartment are those which occupy
the stem cell niches, dividing ‘asymmetrically’ so that
one daughter cell remains in the HSC compartment,
that is, remains a stem cell (self-renewal) while the
other starts the path toward differentiation (Figure 1).
There is some evidence that once a HSC is selected to
contribute to hematopoiesis, it can do so for a very
long time, if not the lifetime of the mammal.36 Indeed,
it has been proposed that clonal succession in large
mammals does not occur or perhaps occurs so slowly
that it is very difficult to observe.37 These observa-
tions have important implications on the evolution of
mutant clones in the active HSC compartment.38–40 In
particular, under normal conditions one expects the
active pool of HSC not to change in size.

Scaling of the active HSC pool
It is clear that hematopoietic output is very different
across species: what murine hematopoiesis produces
in its lifetime (∼2 years) is similar to the total
marrow output of a human in a day.41 As far
as is known, hematopoiesis emerged only once in
evolution. Therefore, it makes sense to consider
that this process has been adapted to accommodate
different demands imposed by larger body mass. One
approach to tackle this conundrum is allometry, a
discipline that compares various anthropomorphic
characteristics.42,43 This approach can be justified
from the following observations: (1) basal metabolic
rate (B) scales allometrically with mass (M) over
27 orders of magnitude (B∼M3/4),44 (2) the purpose
of erythrocytes is to transport oxygen, a major
substrate for energy production, and (3) HSC by
definition should be equally represented in the
circulation by their progeny. The erythrocyte output
from hematopoiesis can be determined from the
total circulating reticulocyte count and therefore, if
an allometric relationship between total circulating
reticulocytes and adult mass can be determined
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FIGURE 1 | Hematopoietic stem cells are divided into an active
pool and a quiescent reserve. All active HSCs are equally represented
in the circulation. Consequently, if the number of reticulocytes (RT)
present in the blood scales with the mass of the adult species, then the
number of active HSC (NSC) should scale in the same way with mass.
The progeny of HSC grow exponentially (rC) leading to normal cellular
output from hematopoiesis.
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(Figure 1), one expects from (3) that the same
relationship should hold between mass and NSC (see
Ref 45). Using data for over 40 mammalian species,
we determined that NSC(M) = N0 M3/4. Using this
relationship together with the known number of
active HSC in safari cats (≥ 40)37 under physiological
conditions, we can determine NSC for any mammalian
species based on its adult mass. This relationship leads
to an estimate of NSC ≈ 400 for an average human
adult,45 a prediction that is very close to what has been
deduced from informative studies in patients with
chronic granulomatous disease.46 The relationship
also predicts that one HSC is enough to maintain
hematopoiesis in the mouse, an estimate that also
has experimental validation.29,30 Finally, the model is
supported by the observation that perhaps 13 HSCs
are active soon after bone marrow transplantation in
the cat, which means that ∼116 would be productive
in humans. This estimate is also in agreement with
experimental data.47 Therefore, we conclude that NSC
increases with mass allometrically. Interestingly, this
relationship leads to NSC∼10, 000 for the African
elephant (M = 4500 kg), close to the lower estimate
of total HSC.31,45 If the total number of HSC is
conserved, then smaller mammals have a higher
reserve of HSC than larger ones. This might explain
in part why murine HSC can be used so efficiently for
serial transplantation.

A similar analysis of the relationship between
circulating reticulocytes and mass during human
ontogenic growth suggests that NSC scales linearly
with mass. At birth, NSC ≈ 20–40, and the pool
increases with mass to reach adult size.48

The other major consideration in HSC dynamics
is the rate of cell replication across species. Given that
the species-specific basal metabolic rate also follows
an allometric relationship with mass, it should come

as no surprise that HSC replication also follows the
same relation. Indeed HSC replication in the cat,
mouse, and human scales with mass as R∼M−1/4.45 In
other words, the cell rate of replication decreases with
increasing mass. Indeed, murine HSC divide once
every 7 weeks while in humans they divide approxi-
mately once per year. Data based on serial telomere
shortening are compatible with these estimates.49

Implications on HSC dynamics
Since HSCs are long lived cells, they are at risk of
acquiring mutations. The risk of mutation is related
to their rate of replication, the number of cells, and the
lifetime of the animal.50 Mutations in these cells can
have serious implications leading to various tumors
(e.g., CML,51 polycythemia vera,52 and myelofibrosis
with myeloid metaplasia) or acquired marrow failure
syndromes (e.g., PNH53). Given the relatively small
size of the active HSC pool in humans and their slow
rate of replication, it can be shown that stochastic
effects may exert important effects on the evolutionary
history of mutant clones.39 The implications of these
dynamics include the possibility of clonal expansion
(with neutral drift or due to a fitness advantage),
clonal extinction or even stability, features that are
compatible with various diseases.54–58

HEMATOPOIESIS
The normal output from human adult hematopoiesis
is 3.5 × 1011 cells per day.1 However, the number of
active HSC is ∼400 cells, each dividing approximately
once per year. This implies that the process scales
across 9 orders of magnitude with respect to
amplification, whereas cell replication rates vary
from once a year to more than once a day.
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Hematopoiesis
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FIGURE 2 | Hematopoiesis has a tree-like
structure with the hematopoietic stem cells at
the root of the process. Each cell division gives
rise to progeny cells that can retain the
properties of their parent cell (self-renewal,
probability 1 − ε) or differentiate (probability
ε). As the progeny move further away from
the HSC, their pluripotent ability is
increasingly restricted (CMP, common myeloid
progenitor; CLP, common lymphoid
progenitor; BFU-E, erythroid burst forming
unit; CFU-GM, granulocyte-macrophage
colony-forming unit).

Experimental work suggests that hematopoiesis is
organized in a tree-like structure involving many
steps associated with progressive cellular replication
and differentiation (Figure 2). The HSCs lie at
the root of the process which give rise to more
committed progenitors. Interestingly, self-renewal
is not a property restricted to HSC alone—more
differentiated progenitors can also self-renew,59 albeit
to a more limited extent and they can only give rise to
a more restricted repertoire of cells. In other words,
‘stemness’ is a matter of degree—they must lie at the
root of the hematopoietic tree.

A compartmental model of hematopoiesis
Understanding the architecture and dynamics of
hematopoiesis requires a determination of: (1) the
number of replication steps linking HSC to the
cells found in the circulation,1 (2) the rate at which
the intermediate cells replicate, and (3) the proba-
bility that the cells differentiate versus self-renewal.
Moreover, it is thought that cell fate is determined
stochastically,24,25 meaning that probabilistic consid-
erations have to be accommodated. We have devel-
oped a model that captures many of the features of
hematopoiesis based on the concept of compartmen-
talization (Figure 3(b)).26 These compartments should
not be considered as discrete anatomical structures but
simply as a convenient accounting tool to keep track
of the fate of each cell. The smallest compartment
houses the active HSC, whereas the last (largest) com-
partment houses the cells that are leaving the bone
marrow to enter the circulation.

For the purpose of the model, whenever a
cell divides, both daughter cells have the same fate:
they either differentiate or retain the properties of

(a)
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1 1 – ε

(b)

(c)

Dynamics rk−1 · 2e

rk · (1−e)
rk · e
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k − 1 k k + 1
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FIGURE 3 | The architecture and dynamics of hematopoiesis. (a) For
the purpose of the model, cells divide symmetrically to give rise either
to daughter cells that both differentiate (probability ε) or both
self-renew (probability 1 − ε). (b) The process linking HSC to the
circulating blood is composed of many compartments that grow in size
and with cells replicating at faster rates. C is the last compartment
where cells are dividing. (c) Cell dynamics between adjacent
compartments. On average, the size of each compartment is constant
due to coupling of output from one compartment to replenish the ‘loss’
of cells from output into the next downstream compartment. Cellular
output is linked to differentiation of the cells.
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their parent (Figure 3(a)). Although our model does
not allow for asymmetric division of individual
cells, on a population level, asymmetric cell division
can be readily accommodated. A detailed analysis
of the impact of the symmetry of cell division
on evolutionary dynamics of mutations has been
presented elsewhere.38 We consider the dynamics in a
compartment k that harbors Nk cells. Whenever a cell
is chosen to divide, with probability ε both daughter
cells differentiate and move to the next downstream
compartment (k + 1) and with probability 1 − ε both
daughter cells remain in the same compartment
(self-renewal) (Figure 3(c)). The rate of replication
of cells in compartment k is given by rk, and the
number of cells in any compartment remains constant
(on average) because cells that are lost from one
compartment as a result of differentiation are replaced
by input from the upstream compartment (k − 1)
(Figure 3(c)). These ‘rules’ apply to all compartments
except the first that harbors the HSCs that self-renew
and differentiate with equal probability to maintain
their own population and provide cells to the next
downstream compartment. In other words, ε0 = 0.5.
Finally, the output from the last compartment C
reflects hematopoietic cell output.

In the absence of more specific data, we shall
assume that ε is the same across all compartments
(see below). In any given time step, compartment k
loses on average (2ε − 1)Nkrk cells: with probability
ε the compartment loses Nkrk cells per unit time
step, gaining new Nkrk cells with probability (1 − ε).
This net loss is compensated by replenishment from
compartment k − 1, by an amount given, on average,
by 2εNk−1rk−1 per unit time: with probabilityε,
2Nk−1rk−1 cells are exported from compartment
k − 1 into compartment k per unit time step. Under
stationary conditions, it follows that

2εNk−1rk−1 = (2ε − 1)Nkrk (1)

If we assume further that rk/rk−1 = r, Eq. (1) can be
rearranged to yield

Nk

Nk−1
= γ ≡ 2ε

2ε − 1
1
r

(2)

To the extent that γ > 1, one obtains an exponential
increase in the size of each compartment.26

Model calibration and parameter estimation
In order to be useful, this model requires determina-
tion of the relevant parameters. We utilized quanti-
tative data for granulopoiesis because various stages
of this process can be accurately determined from

morphological evaluation of the bone marrow. In this
process, ≈ 1010 myeloblasts give rise to ≈ 1.4 × 1011

myelocytes, a process that requires four divisions.60,61

This input together with Eq. (2) leads to γ ≈ 1.93.
Equation (2) can also be rearranged to estimate the
minimum number C of compartments that separate
the HSC from the most mature cells. Since we know
N0 = NSC and NC, we get C ≈ 31.

HSCs on average replicate once per year1,49

while the most committed granulocyte precursors
can replicate up to five times per day.62 Hence
r ≈ 1.27 and, from Eq. (1), we finally obtain ε ≈ 0.84.
This means that while cells retain a limited self-
renewal capability, most replication events lead to cell
differentiation. This is compatible with observations
based on pulse-chase experiments.62

Our model parameter estimates are based on
the well-defined data for marrow output, but the size
of the active HSC may be more model-dependent.
Hence, we determined the robustness of parameters
r and ε over a range of values of HSC for the same
daily marrow output. We found that these parameters
changed less than 4% when the active HSC was varied
from 1 to 4000 cells, suggesting that these values are
quite robust and ‘characteristic’ of hematopoiesis.26

Testing the model
The model predicts that at least 31 divisions occur
between HSC and circulating blood cells. This
estimate is similar to what has been determined
based on serial telomere shortening experiments.1,49

Moreover, our model can determine the compartment
where a mutant clone appeared based on the size of
the circulating mutant cells. It can also determine the
lifetime of such a clone based on its size. We utilized
these features to test the model independently.

It is known that healthy adults have small
clones of circulating neutrophils and erythrocytes that
harbor mutations in the enzyme complex known as
PIG-A.63 Mutant cells can be detected using flow
cytometry as a result of loss of specific cell surface
proteins (e.g., CD55 and CD59).53,64 This gene
accumulates mutations at a normal rate65 and since
both neutrophils and erythrocytes lack these proteins,
the mutation has to occur at the level of the CFU-
GEMM (Figure 2). In healthy adults, the frequency of
mutant cells is of the order of 11 × 106 − 51 × 106

neutrophils.63 One can assume that at any time, a
single clone is responsible for these mutant cells.40,66

This implies that the mutation had to occur in one of
20,000 to 100,000 CFU-GEMM cells. The model
would place these cells within compartments 5–8
(k = 5 − 8) and estimate that these clones will persist
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between 61 and 120 days (with the longer times for the
smaller compartment). This prediction is in excellent
agreement with the reported observations.63

HEMATOPOIESIS ACROSS MAMMALS
AND APPLICATIONS

The architecture of hematopoiesis is
conserved across mammals
Humans are the best-studied mammals, and the
model presented can accommodate a variety of
human disorders without any modification.40,58,67,68

However, the model is not restricted to humans,
and application of the model to other well-studied
mammals would strengthen its credibility. Given
that hematopoiesis emerged only once in evolution,
we assume that hematopoiesis in other mammals
exhibits the same tree-like structure, which scales
with mass in the same way as NSC(M). Consequently,
each adult species is characterized by its mass,
with NSC(M) = N0 M3/4 (N0 ≈ 15.9 kg−3/4)45 while
the rate of HSC replication scales as R(M) =
R0 M−1/4(R0 ≈ 2.9 kg1/4 year−1).45 The size of each
compartment (k) grows as N(k) = NSC(M)γ k while
the compartment-specific replication rate scales as
r(k) = R(M)rk.26,69 Using these relationships, the
marrow output and HSC replication rates in various
mammals can be determined and compared with
experimental observations.69 A sample of model
predictions for various mammalian species is provided
in Table 1.69 These predictions are similar to what has
been observed experimentally and provide support for
the concepts and assumptions used to generate this
model of hematopoiesis.

Cell behavior across species
Interestingly, the average lifespan (L) of mammals
also tends to scale allometrically with mass as
L(M) = L0 M1/4 (L0 ≈ 8.6 kg−1/4 year).50 The total
number of divisions (T) that a HSC undergoes depends
on the replication rate of the cell and on the lifespan
of that mammal. Therefore, T∼M−1/4 · M1/4∼M0,
meaning that the total number of divisions that
a typical HSC undergoes is independent of mass
and similar across all mammalian species.69 This
result supports the Hayflick hypothesis which suggests
that the number of divisions a cell can undergo is
fixed,70 while providing a theoretical foundation for
the suggestion by Shepherd et al.71 These arguments
suggesting that HSC replication rate is dictated by
the metabolic rate of the host species are supported
by experimental evidence. A single human HSC can

rescue a lethally irradiated mouse with reconstitution
of hematopoiesis.29,30 If HSC had an ‘intrinsic’ (or
built in) rate of replication (∼1/ year in the human
body), it would not be possible for the mouse to
survive such an experiment because it will take a
very long time for hematopoiesis to recover. Rather,
the murine environment and metabolism imposes a
replication rate that is characteristic of the species in
which the cell is hosted.

Clinical applications
The utility of a model depends on its ability to be
applied to as wide a variety of conditions as possible.
In this respect, the proposed model has been used to
understand the dynamics of CML67 in the presence
and absence of therapy, CN in humans68 and the grey
collie72 and the clonal origin and evolution of multiple
clones in PNH.40,58,66 Owing to space restrictions, we
discuss these diseases and their modeling briefly here
and refer the readers to the appropriate references
where the use of this model to understand such a
diverse group of pathological states is discussed in
depth.

Chronic Myeloid Leukemia
CML is the best-studied human tumor and is charac-
terized by the bcr-abl oncoprotein.51 The disease starts
in a HSC and is characterized by myeloproliferation
and a high risk of transformation to acute leukemia.
The disease burden can be monitored by quantitative
reverse transcriptase polymerase chain reaction
(Q-RT–PCR) and targeted therapy in the form of tyro-
sine kinase inhibitors such as imatinib is available. We
used serial bcr-abl quantitation from patients treated
with imatinib to determine (1) the number of leukemic
stem cells driving the disease, (2) the phenotypic effect
of bcr-abl expression on CML cells, (3) the fraction
of CML cells responding to therapy, and (4) the effect
of imatinib on the leukemic cells.67 Our model natu-
rally fits the ‘two-slope’ curve of the decline in bcr-abl
with time due to therapy.73,74 This observation is due
to the architecture and dynamics of hematopoiesis
and CML itself. The model suggests that the num-
ber of leukemic stem cells driving CML is small and
between one and eight cells.67 Interestingly, the effect
of bcr-abl is to enhance the self-renewal of CML
progenitors (εCML < ε0) leading to both myeloprolif-
eration and increased hematopoietic output but also
implying that CML cells undergo a higher number of
divisions before they appear in the circulation. These
model predictions have experimental validation.75,76

Imatinib reduces the fitness of mutant cells compared
with normal ones, enabling the latter to take over
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TABLE 1 Hematopoiesis Across Mammals (Details in Ref 55)

Property Mus Musculus Felix catus Macaca mulatta Canis familiaris Papio sp. Homo Sapiens

M (kg) 0.025 4.0 6.5 12.5 18.0 70.0

NSC 1 45 65 105 139 385

R(M)−1 7 25 29 34 37 52

BM output 108.91 1010.6 1010.72 1010.93 1011.05 1011.71

hematopoiesis (εIMAT > ε0). Moreover, at any time,
perhaps 5% of the cells are reversibly responding to
therapy.67 The implications of stochastic dynamics on
CML therapy are currently being evaluated.

Cyclic Neutropenia
CN is a rare congenital or acquired disorder
characterized by stable cycling of neutrophils (and
often other circulating cell lineages). Neutrophil
counts can reach dangerously low levels (<500/ µL),
increasing the risk of serious infections.7–9 Many
patients with CN have mutations in neutrophil
elastase (ELA2), an enzyme that is only expressed in
cells of the neutrophil and monocyte lineage starting
with myeloblasts and monoblasts but not in earlier
compartments.77 The mechanism of cycling in this
disease is unclear. We proposed that expression of
the mutant ELA2 alters the self-renewal properties
of CFU-GM and subsequent compartments by
reducing their sensitivity to G-CSF, the major trophic
factor for these cells.68 Assuming that adjacent cell
compartments are related to each other with a
feedback mechanism, we derived a function that links
the compartment where ELA2 is initially expressed
with the frequency of the cycles observed. As a result
we could determine the last compartment where cell
behavior is normal due to a lack of ELA2 expression.
We found that for the most common cycling frequency
(21 days), cells in compartment 18 are not expressing
ELA2, which coincides with the CFU-GM pool: cells
further downstream express ELA2 and have a reduced
self-renewal, leading to a reduction in granulocyte
output. The body senses this reduction and responds
by increasing G-CSF production which increases self-
renewal of progenitors and cells further downstream
leading to an increase in granulocyte output. Cycling
persists since neutrophils themselves scavenge G-CSF,
reducing the signal responsible for their increased
output. Interestingly, some patients with CN have
a cycling period of ∼50 days, in which case the
earliest compartment where the defect could arise
is compartment 8 (CFU-GEMM), still downstream of
the HSC pool.68

The grey collie is a spontaneous animal model
of CN but the cycling frequency is 14 days.9 We

scaled our model of hematopoiesis to the grey collie
based on its mass and could determine the period
of oscillations in the same animal. Interestingly, our
model correctly predicted the cycling frequency in the
grey collie, assuming that the phenotypic effect of
the molecular defect in the dog is similar to that in
humans72 providing further support for the robustness
and applicability of the present framework.

Paroxysmal Nocturnal Hemoglobinuria
PNH is an acquired HSC disorder due to a mutation
in the PIG-A gene leading to loss of many cell
surface proteins that are anchored to the plasma
membrane of cells via a phospholipid tag.53 The
disease has many fascinating features including the
presence of more than one distinct mutant clone (i.e.,
the same patient has two or more different clones
with distinct mutations in PIG-A),78 and despite the
lack of specific disease-modifying therapy, a significant
fraction of patients have resolution of the disorder.79

The mechanism of clonal expansion is also unclear
and a ‘second hit’ apart from PIG-A mutation has
been considered necessary for clonal expansion since
the PIG-A mutation itself does not give a fitness
advantage to the cells. We utilized our model to show
that (1) starting with a HSC that harbors a mutated
PIG-A, it is most unlikely that a second independent
mutation occurs in another HSC. Rather the second
mutation will occur in a more committed cell such as
a CFU-GEMM.40,66 (2) Similarly, we could determine
that a second mutation in a different gene that enables
clonal expansion would be unlikely, given that the
mutation rate in PNH cells is normal.65

The major issue then is to explain how the
PNH clone expands to produce disease. To answer
this question, we used stochastic simulations within
the active HSC pool to map out the incidence of a
mutation in PIG-A, and how that mutant cell can
expand into a clone. We showed that neutral drift
alone can lead to clonal expansion of the mutant
and this is sufficient to explain the known incidence
of the disease in the United States.58 Moreover, our
predictions of average clone size approach to what
has been reported in large, population-based studies.
Finally, our model could predict the incidence of
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stochastic extinction of the clone −12 to 15% which
is in excellent agreement with what Hillmen et al.
reported.79 Therefore, our model can provide rational
explanations for many of the observed dynamics in
this disorder.

CONCLUSION
Hematopoiesis is a highly complex process that results
from the interactions between many different types of
cells and the exchange of chemical messages between
them. The process is rich in dynamics and has an
underlying architecture that enables it to respond
quickly to the various demands imposed by the body

under both physiological and pathological conditions.
Understanding these dynamics is essential if we want
to make sense of a variety of pathological states that
disturb this process. However, despite its complexity,
the essential elements of blood cell formation can be
captured by a model whereby cells divide and differ-
entiate in a stochastic fashion. Although the model is
‘coarse grained’, its parameters are robust and seem to
be applicable across mammals. The model is able to
accommodate a variety of disorders including CML,
cyclic hematopoiesis, and the clonal evolution and
dynamics of PNH. Future work will build on this
model so that it can be applied to an even wider range
of hematopoietic disorders.
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