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Abstract

B-thalassemia and Polycythemia vera are genetic disorders which affect the synthesis of red blood
cells, also referred to as erythropoiesis. Although essentially different in clinical presentation —
patients with B-thalassemia have an impairment in 3-globin synthesis leading to defective
erythrocytes and anemia, while patients with Polycythemia vera present with high hemoglobin
levels because of excessive red blood cell synthesis — both pathologies may characterized by
lasting high erythropoietic activity, i.e. chronic stress erythropoiesis. In both diseases, therapeutic
strategies targeting chronic stress erythropoiesis may improve the address phenotype and prevent
secondary pathology, such as iron overload. The current review will address the basic concepts of
these strategies to reduce chronic stress erythropoiesis, which may have significant clinical
implications in the near future.
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1. Introduction

B-thalassemia (BT) represents one of the most common causes of congenital anemia. While
BT has an estimated world-wide incidence of 1:100.000, the genetic defects that cause it are,
similar to many other hemoglobinopathies, mostly found in newborns originating from
(sub)tropical regions, such as the Mediterranean, northern Africa and southeast Asia
(Ginzburg and Rivella, 2011). Due to the serious anemia associated with B-thalassemia
major, patients are usually diagnosed within the first two years of life — displaying general
symptoms of anemia, such as paleness, irritability and failure to thrive — and require chronic
treatment, including transfusions with iron-chelation therapy (Higgs et al., 2012). The
anemia in p-thalassemia intermedia, which diagnosis is based on the later onset of
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presentation (between the age of 2 and 6 years), is generally less prominent and does not
always require therapeutic intervention. However, due to the anemia-induced elevated
erythropoietic activity, in some cases in combination with regular blood transfusions, these
patients often develop iron overload and are consequently at risk of secondary morbidity
including cardiac disease. Finally, p-thalassemia minor is only characterized by an, often
asymptomatic, microcytic anemia.

Polycythemia vera (PV) is associated with an uncontrolled proliferation of cells of the
myeloid linage, leading to expanded numbers of erythrocytes, megakaryocytes and
granulocytes. Affecting primarily a population of over 60 years of age, PV is currently
defined by the WHO by a hemoglobin (Hb) concentration higher than 18.5 g/dL (men) or
16.5 g/dL (women), or ‘other evidence of increased red cell volume’; as well as the presence
of a Janus kinase 2 (Jak2) mutation (major criteria). Since thrombotic complications form
the main cause of concern in patients with PV, therapeutic management is aimed at reducing
the risk of major thrombosis and other cardiovascular morbidity by reducing the red blood
cell volume and/or production to achieve a hematocrit below 0.45 through phlebotomy or
the administration of hydroxyurea, respectively (Marchioli et al., 2013).

2. Pathogenesis

2.1. Steady-state erythropoiesis

Erythropoiesis involves the process of proliferation and differentiation of new red blood
cells, which at steady-state conditions primarily occurs in the bone marrow.

One key player is erythropoietin (Epo), in adults primarily produced in the kidney, which
regulates the erythropoietic activity in response to cellular hypoxia. In turn, Epo expression
is mediated by hypoxia inducible factor (HIF) (Haase, 2013).

Upon the binding of Epo to its receptor (EpoR), the tyrosine kinase Jak2 is phosphorylated,
which subsequently activates Stat5. Finally, Stat5 initiates the expression of genes
responsible for erythroid proliferation, differentiation and survival (Socolovsky, 2001).

Another key player is the iron pool, balanced by hepcidin, a peptide that controls iron
metabolism by limiting iron absorption and cellular iron egress through degradation of
ferroportin. The cellular iron balance is influenced by the iron-responsive element (IRE)-
iron regulatory protein (IRP) system (Hentze et al., 2010). IRPs modulate under low-iron
conditions the intracellular iron metabolism by binding IREs; depending on the exact
position of the complementary IRE, they stimulate expression of genes associated with
cellular iron uptake and limit expression of those associated with iron egress and utilization
(Anderson et al., 2013). Low iron levels therefore induce a reduction of erythropoietic
activity, and conversely, IRE/IRP-mediated iron regulation in erythroid cells depends
significantly on Stat5 activity, illustrating the strong embrace between erythropoiesis and
iron metabolism (Kerenyi et al., 2008).
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2.2. Stress erythropoiesis

When steady-state erythropoiesis is insufficient to provide adequate levels of oxygenation,
the rate of erythropoiesis may be expanded significantly, also known as stress
erythropoiesis. Although there remains a clear and prominent role for the EpoR/Stat5
pathway (Goodell et al., 2012, Peslak et al., 2012), there are a number of additional
mechanisms that direct stress erythropoiesis. Bone morphogenic protein 4 (BMP4) induces,
through SMADS signaling, the proliferation of stress erythroid progenitors, which are
phenotypically different from steady-state progenitors (Lenox et al., 2005). In parallel, stem
cell factor (SCF) and its receptor, c-kit, have a driving role in the expansion of stress
progenitors via Erk and Akt, which is potentiated by concomitant activation of the
glucocorticoid receptor (GR) (Varricchio et al., 2012). Specifically, the GR stimulates,
through expression of the downstream RNA-binding protein ZFP36L2, the self-renewal of
erythroid progenitors by preventing their differentiation, thereby ensuring erythroid
expansion (Zhang et al., 2013). Interestingly, but not surprisingly, the efficiency of BMP4
and SCF/c-kit signaling is strongly dependent on the cellular oxygenation level. In hypoxic
conditions, by a mechanism that likely involves HIFs, stress progenitors are more sensitive
to the proliferative induction of BMP4, SCF and GR-signaling, while the expression of
BMP4 itself is modulated by the oxygen-dependent HIF-2a (Flygare et al., 2011, Perry et
al., 2007).

Furthermore, several studies demonstrated a controlling role for the embryogenesis-
associated hedgehog signaling pathway in stress erythropoiesis, although its exact role
remains to be completely elucidated. While Desert hedgehog (Dhh) has been reported to be
a negative, i.e. inhibiting, regulator of the proliferation and differentiation of steady-state
and stress progenitors, it has been demonstrated that some hedgehog signaling is required
for ensuring sensitivity of stress progenitors to the BMP4-induced stress response (Lau et
al., 2012, Perry et al., 2009).

Another fundamental signaling pathway, the Notch pathway, has been implicated with
erythropoiesis as well (Oh et al., 2013). In contrast to Notch receptor 1, which is associated
with the commitment of early progenitors to the lymphoid lineage, Notch receptor 2 drives
differentiation towards the erythroid phenotype. While at steady state Notch 2 receptor
deficiency in mice is associated with reduced numbers of erythroid progenitors, without
overt anemia, under erythropoietic stress this is associated with an adequate erythroid
response and severe deficit in all stages of erythroid differentiation, indicating that Notch 2
signaling is a key factor in directing the fate of early progenitors towards an erythroid
destiny.

Finally, anti-inflammatory polymeric immunoglobulin A1 (plgAl) activates stress
erythropoiesis through an alternative, transferrin receptor 1 (TfR1)-mediated, pathway
(Coulon et al., 2011). Produced by B cells in response to tissue hypoxia (e.g. in anemia),
plgAls can bind TfR1 and activate downstream Erk and Akt signaling, which is
independent of, but additive to the binding of transferrin to TfR1. In addition to its induction
of Erk/Akt signaling, the binding of plgAl to TfR1 potentiates the activity of Epo on EpoR-
Stat5 signaling, but the mechanism by which this occurs remains unclear.
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2.3. Macrophages and (stress) erythropoiesis

In addition to regulation on a molecular level, erythropoietic activity is also controlled by
the erythroid microenvironment. The formation of new red blood cells generally takes place
under the supervision of macrophages; which can be observed macroscopically as a central
macrophage surrounded by differentiating erythroblasts, the erythroid island. Upon
depletion of macrophages the number of erythroblasts is significantly reduced, both in
steady-state and stress erythropoiesis, suggesting that these central macrophages have a
supporting role in erythropoiesis, which takes place through direct cellular interactions
(Chow et al., 2013, Ramos et al., 2013).

There are several candidates that may be associated with the macrophage-erythroblast
crosstalk. Some adhesion molecules are under investigation, including integrin 3 (Wang et
al., 2013), and integrin a4B1 which is highly expressed on developing erythroblasts and may
interact with VCAM-1 present on macrophages (Ulyanova et al., 2014). In addition, focal
adhesion kinase (FAK), located downstream of the integrin signaling pathway, has been
associated with the stress erythroid response, possibly through mediation of the Epo/STAT5
pathway (Vemula et al., 2010).

2.4. Pathogenesis of p-thalassemia and Polycythemia vera: chronic stress erythropoiesis

In BT, homozygous or compound heterozygous mutations in the f-globin gene or promoter
impair the production of B-globins. This results in the relative overproduction of a-globins
and formation of insoluble hemichromes, which is associated with increased oxidative stress
and erythroid apoptosis. The short life span and inefficient oxygen-carrying ability of these
imperfect erythrocytes causes chronic anemia in patients with B-thalassemia, which, in turn,
stimulates erythropoietic activity, resulting in a permanent state of stress erythropoiesis, i.e.
chronic stress erythropoiesis. This enduring focus on red blood cell production has a
counterproductive effect, and in fact promotes the a/B-globin imbalance is even further.

In PV, 98% of patients present with a mutation in JAK2, in most cases related to the V617F
allele (Tefferi et al., 2013). By inducing in a gain of function of JAK2, these mutations are
associated with constitutively activated downstream signaling pathways, including the
JAK2/STATS pathway, causing chronic stress erythropoiesis and an excessive red blood cell
volume.

3. Therapy

In both BT and PV, although essentially different pathologies with contrasting clinical
features, there is a crucial role for chronic stress erythropoiesis (CSE) in the disease
phenotype. Whereas in Polycythemia vera CSE leads to a overproduction of erythrocytes, in
BT it stimulates the production of imperfect erythrocytes, also known as ineffective
erythropoiesis, further aggravating the anemia. In animal models it has been demonstrated
that there is a beneficial effect of reducing CSE in both PV and BT, resulting in lower and
higher levels of Hb, respectively.
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3.1. Targeting Epo/Jak2/Stat5 pathway

The Jak2 defects that underlie the redundant Jak2 activation in PV, suggest that Jak2
inhibition may be an excellent therapeutic strategy. Indeed, a number of Jak2 inhibitors have
been evaluated in human trials, but unfortunately, high toxicity associated to a small
therapeutic index forms a serious impediment for their clinical application.

Jak2 inhibition has also demonstrated successful reduction of ineffective erythropoiesis and
splenomegaly in thalassemic mice (Libani et al., 2008). Although a (partial) correction of
anemia by Jak?2 inhibition alone could not be achieved, this therapy may have clinical
significance in thalassemia patients where ineffective erythropoiesis, causing iron overload,
and splenomegaly form serious problems.

3.2. Targeting iron metabolism

Reduction of erythroid iron availability limits CSE, as hemoglobin synthesis requires iron,
making it a viable strategy in BT and PV. In BT, the combination of high erythroid iron
demand, resulting in high systemic iron absorption, regular blood transfusions, and the lack
of a physiological way to excrete iron from the body, makes iron overload a significant
problem in CSE. In PV, therapeutic phlebotomies limit the total body iron accumulation.
Therefore, targeting CSE through iron metabolism may limit erythroid expansion in both PV
and BT, reducing iron overload in BT and normalizing iron content in PV.

In BT, this principle has been utilized by a variety of approaches. Inhibition of TMPRSS6, a
serine protease involved in reducing hepcidin expression, successfully increased hepcidin
expression and reduced the iron load in mice with BT, while limiting CSE and improving
anemia (Guo et al., 2013, Schmidt et al., 2012). Similarly, a small hepcidin-derived peptide,
minihepcidin, demonstrated iron-restricting activity in animal models of iron-overload, and
may therefore be of high clinical relevance for the management of BT (Ramos et al., 2012).
The administration of transferrin, the circulating protein responsible for iron transport, forms
another approach to limit erythroid iron availability by reducing the amount of iron ions
delivered by each transferrin molecule, which ameliorated CSE and improved anemia. (Li et
al., 2010).

3.3. Targeting macrophage interaction

While having demonstrated to limit CSE in animal models of BT and PV (Ramos et. al,
2013), the depletion of macrophages severely compromises the innate immune system,
increasing risk of opportunistic infections, and will therefore as such not have a clinical
future. However, specifically interfering with the macrophage-erythroblast interaction,
without affecting their immunological function, may be a very viable strategy to limit CSE.
Studies are currently underway to identify the players involved in the cellular crosstalk,
allowing the development of new therapies directed at the associated pathways, thereby
limiting macrophage-induced erythropoietic activity and attenuating CSE in disorders such
as p-thalassemia and Polycythemia vera.
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Figure 1.
Cellular mechanisms regulating steady-state and (chronic) stress erythropoiesis. In steady-

state erythropoiesis, erythroid proliferation, differentiation and survival is primarily
dependent on EpoR/Jak2/Stat5 signaling and iron-dependent IRE/IRP modulation (A). In
(chronic) stress erythropoiesis, the expansion of stress erythroid progenitors is regulated by
several other mechanisms in addition to the EpoR/Jak2/Stat5 pathway. This includes BMP4
signaling through SMAD4 and SCF/c-kit signaling through Akt/Erk, which are both
dependent on oxygenation, possibly via HIFs; plgAl-mediated transferrin receptor 1 (TfR1)
activation which stimulates Akt/Erk and potentiates EpoR/Stat5 signaling; glucocorticoid
receptor (GR) signaling via ZFP36L2; and the desert Hedgehog (Dhh) pathway, which
inhibits the response. Moreover, there is a regulating role of the microenvironment through
Notch2 signaling, which stimulates switching of early progenitors towards the erythroid
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lineage, as well as macrophage-associated regulation, which stimulate erythropoiesis
through a currently unknown mechanism (B).
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Figure 2.

Disease characteristics of p-thalassemia and Polycythemia and the effect of reducing chronic

stress erythropoiesis.

[-thalassemia is characterized by a defect in p-globin synthesis, leading to the formation in
imperfect erythrocytes with reduced oxygen carrying ability and short lifespan. As a result,
patients have anemia, splenomegaly, and iron overload due to increased iron absorption.
Therapy consists of blood transfusions, which may aggravate iron overload even further.
Polycythemia vera is caused by a defect in Jak2 signaling, resulting in excessive erythrocyte
production, causing erythrocytosis and splenomegaly. Therapy includes phlebotomies to
reduce hematocrit and prevent secondary complications.
In both disorders reduction of chronic stress erythropoiesis improves the pathological
phenotype, leading to reduction of anemia, splenomegaly and iron overload in case of 3-
thalassemia, and reduction of hematocrit and splenomegaly in case Polycythemia vera. As a
consequence, the frequency of therapeutic interventions may be reduced.
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