
Iron metabolism and ineffective erythropoiesis in β-thalassemia
mouse models

Pedro Ramos1,2, Luca Melchiori1, Sara Gardenghi1, Nico Van-Roijen3, Robert W. Grady1,
Yelena Ginzburg4, and Stefano Rivella1

1Division of Hematology-Oncology, Department of Pediatrics, Children’s Blood Foundation
Laboratories, Weill Medical College of Cornell University, New York, New York 2Instituto de
Ciencias Biomedicas Abel Salazar, Porto, Portugal 3Department of Molecular Cell Biology, Vrije
Universiteit Medical Center, Amsterdam, the Netherlands 4Erythropoiesis Laboratory, Lindsley F.
Kimball Research Institute, New York Blood Center, New York, New York

Abstract
β-thalassemia is a disease associated with decreased β-globin production leading to anemia,
ineffective erythropoiesis, and iron overload. New mechanisms associated with modulation of
erythropoiesis and iron metabolism have recently been discovered in thalassemic mice, improving
our understanding of the pathophysiology of this disease. These discoveries have the potential to
be translated into clinically-relevant therapeutic options to reduce ineffective erythropoiesis and
iron overload. A new generation of therapies based on limiting ineffective erythropoiesis, iron
absorption, and the correction of iron maldistribution could be on the way, possibly
complementing and improving the current standard of patient care.
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Introduction
β-thalassemia is a disease characterized by reduced or absent production of β-globin chains.
The phenotype is associated with development of anemia, production of abnormal red blood
cells (RBC), ineffective erythropoiesis (IE), and iron overload. More than 200 mutations in
the β-globin gene or its promoter have been associated with this disease, contributing to a
diverse phenotypic manifestation and adding an additional degree of complexity to the
understanding and management of this disease. The most severe form, β-thalassemia major
or Cooley’s anemia, is caused by mutations that completely abrogate synthesis of β-globin
protein. Patients affected by this form of the disease develop a severe anemia requiring a
regular blood transfusion regimen to sustain life. On the other hand, mutations that allow for
production of some β-globin protein lead to milder forms of the disease, β-thalassemia
intermedia. Although these patients are usually transfusion independent, iron overload
develops due to increased iron uptake in the duodenum, leading to organ damage.1 In this
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paper, we will focus on novel experimental models modulating IE and iron overload in β-
thalassemic mice to showcase their potential utility as new therapies for patients affected by
this devastating disease.

Ineffective erythropoiesis in β-thalassemia
IE is defined as the failure of erythroid progenitors to differentiate either as a consequence
of cell death or an intrinsic differentiation defect, leading to abnormal production of mature
RBCs. The premature death or hemolysis of circulating RBCs can also contribute to this
process. Feedback from anemia triggers an increase in erythropoietic activity and results in
erythroid expansion in the bone marrow as well as de novo proliferation in the spleen and
liver, a process known as extra medullary hematopoiesis (EMH). As a consequence, patients
often develop hepatosplenomegaly, a common finding in β-thalassemic patients. In normal
individuals, the main function of the spleen is to clear senescent RBCs from circulation. For
this reason it is believed that the splenomegaly observed in β-thalassemia increases RBC
sequestration, worsening the anemia and leading to an escalation of transfusion
requirements. Patients often undergo splenectomy to reduce their transfusion requirement
and limit iron overload.

Ferrokinetic studies conducted 50 years ago have served as the basis of our understanding of
IE in β-thalassemia.2,3 In these studies it was observed that β-thalassemic patients had 10
times the plasma iron turnover of normal individuals, while their output of RBCs into the
peripheral blood was markedly reduced. This suggested that the percentage of thalassemic
erythroid precursors undergoing apoptosis was dramatically increased compared to that of
normal individuals. Subsequent reports confirmed the increased apoptosis of erythroid
progenitors in bone marrow and other sites of extramedullary erythropoiesis in β-
thalassemic patients.4,5 Taken together, these studies confirmed that the majority of
erythroid progenitors from β-thalassemic subjects die during the maturation process.
Apoptosis is associated with accumulation of α-globin chains resulting from the reduction in
β-globin synthesis. In normal erythropoiesis, erythroid progenitors possess mechanism to
control iron uptake and coordinate the production of all hemoglobin components. Iron was
shown to modulate heme biosynthesis, and heme bioavailability to control globin production
via the heme-regulated inhibitor kinase system.6,7 Under the pathological conditions of β-
thalassemia excesses of these elements leads to increased oxidative stress and accumulation
of hemichromes. This is hypothesized to cause alterations in the cytoskeletal membrane
proteins band-3 and spectrin, and to induce membrane lipid peroxidation,8,9 leading to
exposure of the anionic phospholipids phosphatidylethanolamine and phosphatidylserine.10

All of these alterations in thalassemic erythroid cells undoubtedly contribute to the increased
apoptosis observed. In agreement with the hypothesis that β-globin accumulation contributes
to the development of IE, Kong and colleagues showed that lack of α-hemoglobin
stabilizing protein (AHSP) impairs erythropoiesis and worsens the β-thalassemia phenotype,
with increased apoptosis of erythroid precursors.11 In summary, markedly increased
apoptosis of erythroid precursors and the decreased life span of β-thalassemic RBC in the
peripheral blood seem to be major factors contributing to anemia and driving IE.

Although there is unequivocal evidence of increased apoptosis in β-thalassemic erythroid
precursors the data suggests that the percentage of apoptotic cells is much lower than
originally suggested by the ferrokinetic studies.2-5,12 The original studies predicted between
60% and 80% mortality of erythroid precursors but these researchers did not have the
benefit of taking into consideration the role of hepcidin in increased iron absorption or the
fact that a significant fraction of this iron would be stored in the liver.13,14 We recently
reported that erythroid marrow expansion and EMH are also associated with increased
proliferation and decreased differentiation of erythroid progenitor cells, in addition to
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increased apoptosis.12,15 Our data, obtained in mouse models of β-thalassemia intermedia
(th3/+) and major (th3/th3), indicated that cell-cycle promoting genes were upregulated in β-
thalassemic erythroid precursors limiting their differentiation, and likely worsening IE.12

Interestingly, use of a Jak2 inhibitor, to block the erythropoietin (Epo) signaling pathway,
was effective in reducing the relative and absolute number of undifferentiated erythroid cells
and had a profound beneficial effect on splenomegaly (Fig. 1).12 These observations
corroborated our hypothesis that hyper proliferation of erythroid precursors with limited cell
differentiation is an intrinsic feature of IE in β-thalassemia. In our original studies, use of the
Jak2 inhibitor was associated with mild worsening of the anemia. Our new data in th3/+
mice indicate that a tailored dose of the Jak2 inhibitor leads to improvement of IE without
worsening of anemia.15 Moreover, in th3/th3 animals, we determined that if the inhibitor
was administered together with blood transfusions, the splenomegaly was ameliorated and
the effectiveness of the transfusions was improved.15 Higher levels of hemoglobin were
maintained over time compared to the situation in untreated transfused th3/th3 animals15

(and Melchiori 2010, unpublished data). Overall, these preclinical results support the use of
Jak2 inhibitors to prevent splenectomy, especially under conditions of increased thrombotic
risk.

In conclusion, apoptosis driven by accumulation of α-globin aggregates plays a major role
in IE. However, our data suggest that additional mechanisms may exacerbate IE. Epo signals
erythroid cells to expand, promoting their proliferation and leading to erythroid expansion.
On the other hand, it is unlikely that the mechanisms leading to decreased cell differentiation
depend on Epo production alone. We postulate that other factors contribute for this process
including activation of unknown targets by iron, ROS, heme, and globin chain imbalance,
possibly through heme-regulated inhibitor kinase.16 This is an area of active research,
especially because new tools have been identified to dissect erythropoiesis in normal and
disease conditions.17

Preventing the need for splenectomy in β-thalassemia might also limit thrombosis in this
disorder. It has been suggested that abnormal erythrocytes might predispose one to
thrombotic events and that removal of the spleen might exacerbate this process.18 Several
observations suggest that a hypercoagulable state is present in β-thalassemia.19,20 A number
of abnormalities affecting coagulation have been seen in β-thalassemia, including activation
of platelets, endothelium, and monocytes and altered levels of both coagulation factors and
inhibitors.19-21 Moreover, abnormal RBCs, through their increased cohesiveness, contribute
to the higher risk from thrombotic complications. In addition, the asymmetry of thalassemic
RBC membranes contributes to activation of important coagulation factors, such as
thrombin enhancing the hypercoagulable state.19-21

Thus, use of Jak2 inhibitors may lead to new treatments for and better management of IE,
EMH, splenomegaly and, potentially, thrombosis in this disease.

Hepcidin in β-thalassemia
Several studies, reviewed in,16,22,23 dissected the role of hepcidin in β-thalassemia thereby
adding to our understanding of the mechanisms affecting iron accumulation in this disorder.
In particular, our study14 revealed interesting differences that helped to further characterize
the regulation of iron metabolism in β-thalassemia: (1) despite a greater degree of iron
overload, animals affected by β-thalassemia major (th3/th3) had the lowest hepcidin
expression, indicating that these animals are relatively insensitive to their iron burden under
conditions of extreme IE; (2) mimicking the situation in human patients,24 transfusion lead
to increased hepcidin expression, hypothetically associated with decreased erythropoietic
activity; (3) in mice affected by β-thalassemia intermedia (th3/+) hepcidin expression was
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disproportionally low compared to their iron load (Fig. 2).14 However, hepcidin expression
increased as the animals aged, with elevated iron intake from the duodenum seemingly
associated with increased ferroportin expression in this organ. Low hepcidin expression has
also been reported in patients affected by β-thalassemia.13,25 These and other studies
suggest that the expression of hepcidin is low due to the high erythropoietic activity.26 A
corollary of this scenario is that erythroid cells secrete a protein, called the erythroid factor,
which suppresses hepcidin expression. Pak and colleagues corroborated this model showing
that blockage of erythropoietic activity in vivo was sufficient to abolish the downregulation
of hepcidin mediated by anemia, even in the presence of high levels of Epo.26 Therefore, if
an erythroid factor is secreted by erythroid progenitors, an increase in their number would
augment the total amount of secreted erythroid factor, and result in a stronger
downregulation of hepcidin. Sera from β-thalassemic patients suppressed hepcidin
expression in a human hepatoma cell line, HepG2, further corroborating the existence of the
erythroid factor. This effect was not observed using sera from normal individuals or from
patients affected by hemochromatosis.27 Based on all of these observations, and because we
expect that β-thalassemia major is associated with a greater degree of IE, we hypothesized
that the erythroid factor would be at its highest concentration exerting the greatest degree of
hepcidin repression. We demonstrated that hepcidin expression in th3/th3 mice is lower,
despite a highest iron concentration in the liver, compared to th3/+ and normal mice.14

However, under conditions of limited anemia and IE as in th3/+ animals, iron overload is
able to exert an effect on increasing hepcidin expression. In fact, although the level of
hepcidin was disproportionally low in these animals, hepcidin expression increased as the
iron burden worsened.14,16 This further supports the concept of independent pathways
regulating hepcidin expression.

Recent studies introduced two members of the TGF-β superfamily, growth differentiation
factor 15 (GDF15) and twisted gastrulation protein-1 (TWSG1), as potential candidates for
the erythroid factor.28,29 The corresponding genes were shown to be upregulated in
undifferentiated erythroid cells and analysis of serum from β-thalassemic patients confirmed
that their concentrations were elevated. Hepcidin expression in primary hepatocytes was
shown to respond to both administration and blockage of these proteins in culture,
suggesting that these erythroid derived factors are involved in the regulation of hepcidin in
β-thalassemia. However, although they seem to contribute to hepcidin regulation in β-
thalassemia, it is still not clear if they are involved in other conditions of anemia.

Modulation of iron metabolism and ineffective erythropoiesis in β-
thalassemia

Iron overload is one of the major complications of β-thalassemia and new therapies to
complement iron chelation are of great interest. This disease is characterized by an excess of
iron over that needed to form hemoglobin, which accumulates progressively in the liver.
Therefore, untransfused β-thalassemic patients and animals absorb more iron than they need
to fulfill their requirements for erythropoiesis. Therapies that decrease iron uptake from the
diet could prove efficient in reducing iron overload with minimal effect on anemia. This
hypothesis was investigated by generating thalassemic animals overexpressing hepcidin.
This resulted in decreased iron absorption and amelioration of anemia (Gardhengi 2010,
unpublished data). Recently, using the th1/th1 mouse model of β-thalassemia intermedia,30

Dr. Ginzburg’s group also suggested that iron maldistribution in β-thalassemia might
contribute to IE.31 In this study, iron delivery to erythroid cells in β-thalassemic mice was
modulated by administration of apo-transferrin, showing a remarkable improvement of their
phenotypic manifestations, including reduction of splenomegally and IE, improvement in
hemoglobin concentration, increased hepcidin expression and reduced iron accumulation.
Treatment with transferrin resulted in an increased number of RBCs, although the
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hemoglobin per cell (MCH) was decreased. These data suggest that decreasing iron
availability, by decreasing either iron absorption or transferrin saturation, is beneficial to
abnormal RBCs. Decreased iron availability likely results in more effective erythropoiesis as
iron use within erythroid cells is limited to that needed for hemoglobin synthesis and less
excess iron is available to generate free heme or α-globin precipitates, associated with
shortened RBC survival.

Recently, a new line of investigation in our laboratory is also showing promising results.
Although intrinsic properties of RBCs seem to drive IE and expansion of erythroid
precursors increases iron absorption, we postulate that the microenvironment in the bone
marrow affects erythroid maturation and differentiation under conditions of IE. Erythoid
precursors mature in specialized structures called erythroblastic islands in which they
associate with a central macrophage.32 Moreover, macrophages within the
reticuloendothelial system are also of crucial importance in the recycling of iron from
senescent RBCs and play an important role in normal iron homeostasis. Finally, it has been
proposed that macrophages participate in the regulation of hepcidin by a yet unknown
mechanism.33,34 Because of their multiple functions in erythropoiesis and iron homeostasis,
we hypothesized that macrophages might modulate the thalassemic phenotype. A suicide
technique to eliminate macrophages has been developed using liposome-mediated
intracellular delivery of clodronate, a simple bisphosphonate (dichloromethylene
diphosphonate, Cl2MDP).35 Clodronate-containing liposomes are quickly ingested by
macrophages via endocytosis, the liposome bilayers disrupted by lysosomal phospholipases,
and the clodronate released into the cytoplasm. Subsequently, the clodronate can be
metabolized to a nonhydrolysable analog of ATP, which causes collapse of the
mitochondrial membrane potential, leading to apoptosis. Original studies have been
performed to assess the effect of reducing or eliminating macrophages and macrophage-like
cells in normal mice using clodronate. Splenic macrophages and hepatic Kupffer cells were
targeted and eliminated by a single dose of intravenously injected clodronate. The effect is
reversible because macrophage repopulation starts after about 1 week. Prolonged treatment
with clodronate caused an almost complete depletion of macrophages from the spleen and a
58% reduction of those in the BM. These alterations were accompanied by an increase in
both the life span and age-related changes of their RBCs, as well as a mild anemia
associated with a reduced reticulocyte count.36 Therefore, use of clodronate is an extremely
efficient way to systematically reduce the number of macrophages.35

We performed some macrophage depletion studies using clodronate-containing liposomes.
Using this approach, we confirmed by both flow cytometry and immunohistochemistry that
macrophages in the spleen and bone marrow were markedly reduced (Fig. 3).37 Preliminary
studies indicate that while this treatment leads to reduced RBC synthesis in normal mice,
elimination of macrophages positively affects iron metabolism and IE in mouse models of β-
thalassemia. Further experiments are in progress to corroborate these observations and to
more fully understand the role of macrophages in this disorder (Ramos 2010, unpublished
data).

Future prospects
β-Thalassemia is a disease characterized by ineffective erythropoiesis, anemia, and iron
overload. Recent studies shed light on the pathophysiology of β-thalassemia, including
mechanisms driving ineffective erythropoiesis, with increased proliferation and decreased
differentiation of erythroid progenitors in association with erythroid apoptosis, and increased
iron absorption associated with inappropriately low hepcidin expression. In addition, studies
in mice suggest that iron maldistribution may enhance IE and anemia in this disorder.
Results obtained in mouse models of β-thalassemia suggest that use of Jak2 inhibitors,
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hepcidin, and transferrin might prove effective in limiting IE, iron absorption, or both.
Additional studies related to the erythropoietic niche in the bone marrow, under conditions
of chronic stress erythropoiesis and iron overload such as in β-thalassemia, will benefit our
insight into the pathophysiology of this disorder and identify novel therapeutic targets to
clinical practice. Human studies will be needed to corroborate these data and validate these
approaches.

In conclusion, although the current treatments for β-thalassemia, blood transfusions and iron
chelation, have proven to be effective in the management of this disease, recent observations
suggest alternative strategies that may further improve the treatment of β-thalassemic
patients.
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Figure 1.
Effect of Jak2 on ineffective erythropoiesis in β-thalassemia. (A) Erythroid populations in
splenic cell suspensions measured by classical CD71 and ter119 co-staining showing a
decreased percentage of double positive cells in the animals treated with Jak2 inhibitor (right
panel) compared to those of placebo treated mice (left panel). (B) Decrease in spleen size
caused by treatment with the Jak2 inhibitor.
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Figure 2.
Hepcidin mRNA expression in liver samples from thalassemic mice. Hepcidin mRNA
expression in the liver of th3/+ mice at different ages as measured by qPCR, showing very
low levels of hepcidin expression in the early stages of the disease (2m) and an increase of
hepcidin levels at later stages (1 year). The abbreviations 2m, 5m, and 12m indicate 2-
month-old, 5-month-old, and 12-month-old mice.14
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Figure 3.
Depletion of macrophages using clodronate-containing liposomes. (A)Immunohistochemical
staining of splenic sections from animals treated with PBS or clodronate-containing
liposomes using the F4/80 antibody. (B) FACS analysis of cells from BM and spleen
showing a reduction of F4/80 positive cells 48 hours after treatment with clodronate-
containing liposomes.37
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