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Abstract

B thalassemia major or Cooley’s Anemia (CA) has been difficult to model in mice due to their lack
of a fetal hemoglobin gene equivalent. This summary describes novel preclinical humanized
mouse models of CA that survive on human fetal hemoglobin at birth and are blood-transfusion
dependent for life upon completion of their human fetal-to-adult hemoglobin switch after birth.
These CA models are the first to recapitulate the temporal onset of the disease in human patients.
These novel humanized CA disease models are useful for the study of the regulation of globin
gene expression, synthesis, and switching; examining the onset of disease pathology; development
of transfusion and iron chelation therapies; induction of fetal hemoglobin synthesis; and the testing
of novel genetic and cell-based therapies for the correction of thalassemia.
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Introduction

Hemoglobin is a tetramer consisting of two a globin chains and two B globin chains.
Thalassemia is caused by an imbalance in a and g globin chain production. The most severe
form of B thalassemia, p-thalassemia major or Cooley’s Anemia (CA), is caused by
complete absence of the adult p globin chains. Newborn CA patients are initially healthy
due to high levels of fetal hemoglobin but develop severe anemia upon completion of their
fetal to adult hemoglobin switch at about 1 year of age.12 In a futile response to correct their
anemia, CA patients expand the production of short-lived thalassemic erythroid progenitors
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in their bone marrow in a process termed ineffective erythropoiesis.3 For survival into
adulthood, CA patients require lifelong regular blood transfusion. A preclinical CA animal
model that more closely mimics the developmental onset and disease pathology of
thalassemia in humans will greatly facilitate the study of CA.

Modeling human hemoglobin disorders in mice is complicated by the fact that mice do not
have a true fetal hemoglobin. Both humans and mice change the type of a and B globin
chains produced in the blood during development.2:>6 This hemoglobin switching occurs in
two distinct cell types. The first type, the primitive erythroid cell, arises early in
development in the yolk sac blood islands. These primitive erythroid cells are large,
nucleated, and synthesize embryonic globin chains. The second type termed definitive
erythroid cell arises when erythropoiesis shifts to the fetal liver. Definitive erythroid cells are
smaller, enucleated, and synthesize predominantly adult (mouse) or fetal (humans) globin
chains. When definitive erythropoiesis shifts to the bone marrow after birth, mice continue
to express the same adult globin genes synthesized during fetal development, but human
definitive erythroid cells undergo a fetal to adult hemoglobin switch.

Murine models of B thalassemia have been made by deleting the adult mouse B goblin genes
or replacing the adult mouse B globin genes with nonfunctional human p globin transgenes.
7-12 Because murine fetal liver definitive erythropoiesis requires adult g globin gene
expression, all of these mice die /n utero when homozygous for the adult mouse p globin
genes deletion. Mice have no fetal hemoglobin equivalent to sustain definitive erythropoiesis
in the absence of their adult globin genes. Furthermore, attempts to produce mice that
express high levels of human fetal hemoglobin in definitive erythroid cells by introducing
human cosmid, BAC, or YAC transgenes that encompass the entire human p globin locus
has been largely unsuccessful.13-17 The human y globin transgene expression in these
models is predominantly confined to the primitive erythroid cells.18-20 Modified human
transgenes that contain the locus control region linked directly to human -y and p globin
genes with much of the intergenic sequence deleted have been successful in producing
human B globin gene expression in definitive erythroid cells.21:22 Indeed, such a delayed
fetal to adult hemoglobin-switching transgene was important for the generation of a mouse
model of sickle cell disease.?! Recently, our group has used a delayed fetal to adult
hemoglobin-switching cassette to generate murine models of CA that more faithfully
recapitulate the hemoglobin switch that occurs in humans.18:19

The ideal mouse model of CA should have the following characteristics: express only human
hemoglobin in their red blood cells (RBCs), complete the human -y to B globin gene switch
after birth, synthesize no functional adult g globin chains in RBCs, require regular blood
transfusions for life, and be genetically heritable. Recently, our group has made a series of
humanized CA mouse models that have all of these qualities by targeted gene replacement
of the adult mouse a and B globin genes with human a and yp° globin genes in mouse
embryonic stem (ES) cells.181°9 Each model synthesizes high levels of human fetal
hemoglobin at birth, but becomes severely anemic upon completion of their hemoglobin
switch to a nonfunctional human p° globin allele after birth. Humanized CA mice exhibit
increasing ineffective erythropoiesis and expire in the absence of life sustaining blood
transfusions. These humanized CA mouse models will be useful for the study of the
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mechanism of human hemoglobin switching, examining the onset of disease pathology,
developing novel methods for regulating iron toxicity, and for the testing of novel cellular
and genetic therapies for the cure of CA.

Production of humanized mouse models of Cooley’s Anemia

[ thalassemia major in mouse models generated by deletion of the adult g globin genes
results in early fetal death because the mouse does not have a fetal globin gene equivalent.
We hypothesized that replacement of the mouse adult  globin genes with a human fetal to
adult hemoglobin-switching cassette would produce animals with high levels of human fetal
hemoglobin during fetal life. Using this strategy, we recently reported the production of two
humanized mouse models of CA.1819 |n this summary, we compare these models with an
additional CA model. Each of these humanized models was produced by replacing the
endogenous adult mouse a and B globin genes with human a and -y or y8p globin genes,
respectively. Material and methods may be found online in the Supporting Information.

Figure 1 illustrates the gene-targeting strategy whereby human p-like globin genes were
knocked into (KI) the murine B globin locus simultaneously deleting the adult murine B
globin genes in ES cells. All three CA models have a nonfunctional human p° globin Ki
allele that contains a splice donor site mutation in the first base of intron 1 (IVS 1.1 G to A)
that results in the production of no functional  globin chains.1%23 The y#° KI model
contains a wild-type human -y globin promoter, whereas the yHPFHB° K1 and yHPFHgBe Ki
models have the Greek-type hereditary persistence of fetal hemoglobin (HPFH) mutation in
the y globin gene promoter (=117 G to A).2* The minor human adult & globin gene is
included in the yHPFH8@° KI model. Mice produced from each of these KI ES cells were
bred to human a2al globin KI mice (T.M.R., unpublished data) generated by similar
methodology to produce humanized CA mice that synthesize solely human hemoglobin in
their RBCs.18:19.25

Completion of the fetal-to-adult hemoglobin switch after birth extends the

postnatal lifespan of humanized CA mice

Humanized yp KI mice synthesize high levels of fetal hemoglobin during fetal life that
persists after birth. In Figure 2A, the human -y, 6, and B globin chain levels in hemolysates
of humanized wild-type control (-yg*/yp”) and compound heterozygous mice (yHPFHBe/
vB” and yHPFHSR /v BA) are plotted over time. At birth, there are high levels of fetal
hemoglobin in all three types of humanized mice illustrating the delayed hemoglobin switch
inherent in the yp KI cassette. In addition, the humanized mice all complete their fetal to
adult hemoglobin switch after birth. Although the -y globin chains in humanized control
mice (ypA/yBA) decrease to background levels by 3 weeks of age, the fetal chain levels in
both the yHPFH K1 mice persist into adulthood. Finally, there is also a fetal (HbF) to minor
adult (HbA2) hemoglobin switch that occurs over time in humanized yHPFHsg/ypA KiI
mice.18

The level of fetal globin chain production and the completion of the fetal to adult
hemoglobin switch greatly influence the severity of anemia and the lifespan of humanized
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CA mice. Figure 2B is a plot of the survival curves for homozygous CA mice. Only 20% of
humanized yp°/yp° mice survive to birth. These CA mice are extremely pale and die within
the first 24 h after birth.19 In contrast, all humanized CA mice containing the HPFH
mutation in the human -y globin gene promoter are alive at birth. As the high fetal
hemoglobin levels in these CA mice declines over the first few weeks of life, the majority of
the animals die around 2 weeks of age. At birth, virtually 100% of the RBCs in yf KI mice
contain fetal hemoglobin. This pancellular distribution of HbF at birth is evident by flow
cytometry in compound heterozygous yHPFHBe/yBA KI mice after staining with an anti-HbF
antibody in Figure 2C. In adult mice, HbF is distributed heterocellularly being present in less
than 50% of the circulating RBCs. All the above data suggest that -yp globin KI mice
synthesize high levels of fetal hemoglobin throughout fetal life and complete their fetal to
adult hemoglobin switch after birth similar to humans.

Severe anemia, pathology, and death of humanized CA mice are prevented

by serial blood transfusion

Humanized CA mice become severely anemic after birth. Compared to wild-type humanized
controls, homozygous yHPFH8B° KI CA mice have marked reductions in their RBC,
hemoglobin, and hematocrit levels (Fig. 3A). Homozygous CA mice have a massive
reticulocytosis exceeding 70% of peripheral blood cells. Peripheral blood smears show
numerous erythroblasts and nucleated RBCs, hypochromic RBCs, and anisopoikilocytosis
(Fig. 3B). Heterozygous yHPFHsB°/ypA KI mice also show significant changes in their RBC
indices, but are only mildly anemic. The persistent expression of fetal hemoglobin from the
HPFH allele results in a much milder anemia compared to heterozygous p globin knockout
or human yB° globin K1 mice 81819

Histopathological sections of spleen and liver of humanized control (ypA/yBA),
heterozygous (yHPFH8B°/ypA), and homozygous (yHPFHsR /HPFHER®) CA mice are
shown in Figure 3B. The severe anemia in CA mice causes a massive erythroid hyperplasia
resulting in splenomegaly characterized by the loss of lymphoid white pulp regions and the
expansion of the red pulp with erythroid progenitors. The livers of anemic CA mice have
numerous foci of extramedullary erythropoiesis and increased iron deposition. In contrast,
the heterozygous yHPFH8B°/yBA KI mice show little disease pathology consistent with their
slight anemia.

The severe anemia and shortened lifespan of humanized CA mice are similar to human
patients with B thalassemia major that do not receive treatment. The average age of death of
CA mice is approximately equivalent to a 1- to 2-year-old human. To extend the life of CA
mice, we transfused them with packed RBCs from GFP transgenic mice so that the donor
RBCs could be tracked /in vivo (Fig. 4). All the transfused CA mice were rescued from their
lethal anemia and survived beyond weaning age. After five weekly transfusions, the
endogenous erythropoiesis in the CA mice was effectively suppressed. Over 99% of the
peripheral blood was from donor GFP transgenic mice and the hemoglobin level stabilized at
14 g/dL. After eight weeks of transfusion, the experiment was stopped and the CA mice
were analyzed. All had marked reductions in spleen size and endogenous erythropoiesis was
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suppressed.18 Importantly, the transfused CA mice had increased iron deposition in the liver
similar to transfused CA patients.18

Summary of improvements in humanized CA mice over previous 8

thalassemia major mouse models

Successful generation of mice with true fetal hemoglobin during development was achieved
by replacement of the adult mouse p globin genes with delayed switching human -y globin
KI cassettes. The definitive erythroid cells produced in these humanized KI mice switch
from fetal to adult hemoglobin similar to humans rather than continuously express the
endogenous mouse M and ™" globins throughout both fetal and adult life in wild type
mice. Presumably, the high-level expression of the human KI genes is enhanced through
interactions with the murine p globin LCR sequences located far upstream (Fig. 1).

There are multiple improvements in these humanized KI mice over previous models of CA.
For the first time, homozygous CA pups are alive at birth. Furthermore, similar to humans
the high level of human a and -y globin chains synthesized during fetal life generates CA
mice that survive upon human HbF at birth. Similarly, as the fetal to adult hemoglobin
switch is completed after birth in humanized CA mice, the onset of anemia and disease
pathology develops postnatally. Incorporation of an HPFH mutation in the human -y globin
promoter and the minor adult 6 globin gene in the K1 allele extends the postnatal lifespan of
the CA mice, making them more amenable for experimental manipulation. The disease in
humanized CA mice is heritable in contrast to an adult transplant model of p thalassemia
major produced by transplantation of early fetal liver cells from homozygous  globin
knockout mice into irradiated wild-type mice.26 Furthermore, disease in the transplant
model occurs in adults only after senescence of the recipient’s wild-type RBCs and is
marked by abnormal erythroblast differentiation of the donor fetal erythroblasts in the
absence of any hemolysis or reticulocytosis.2” Anemia in humanized CA KI mice occurs
postnatally as a consequence of hemoglobin switching and is marked by ineffective
erythropoiesis, hemolysis, and reticulocytosis similar to human patients.18

Future studies

These novel preclinical humanized mouse models of CA are amenable to many diverse areas
of study. Because they survive to birth and develop disease postnatally similar to humans,
the pathophysiology of disease progression can be analyzed in parallel with transfusion and
chelation therapy. Indeed, new transfusion regimens, iron chelators, or novel small
molecules designed to make existing iron chelation therapy more efficient can be analyzed
in these mice. Cellular and genetic therapies with stem or progenitor cells designed to cure
or ameliorate CA are straightforwardly tested in this model. Because human fetal to adult
hemoglobin switching is an integral component of this model, studies of the epigenetic
changes during the silencing of the human -y globin Kl allele or experiments designed to
reactivate the -y globin Kl allele in the adult could provide important insights into the
mechanism of globin gene switching in humans. For example, the role that BCL11A, a
modulator of -y globin levels identified in genome-wide association studies in humans,28:29
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may play in the regulation of fetal to adult globin gene switching in humanized CA KI mice
could help identify important cis-regulatory sequences required for its action.20:30

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Gene-targeting strategy in ES cells used to replace the adult mouse p globin genes with
human globin genes in the mouse B globin locus. Top line represents the wild-type mouse
globin locus. A single-targeting vector is drawn below the locus illustrating homologous
recombination between 5" and 3" mouse homology regions. After removal of the
hygromycin marker gene (hyg) by recombinase (CRE), the resulting human globin gene Ki
alleles are shown. Locus control region (LCR) represented by blue ovals, functional mouse
embryonic genes (ey and ph1), and adult genes (B™& and ™M) represented by blue boxes,
mouse pseudogenes drawn as gray boxes, human genes are red boxes, hygromycin marker
gene is brown box, loxP sites are green triangles.
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Figure2.

HPFH mutations modulate the human +y globin levels in CA mice. (A) Total p-like globin
chains in peripheral blood hemolysates of humanized newborn to 5-week-old mice were
separated by HPLC and quantified. High fetal -y globin levels at birth are replaced by adult B
globin as the hemoglobin switch is completed after birth. Genotype of each humanized Ki
mouse shown at the top of each figure. Fetal -y globin chains shown in red, adult g globin in
blue, and adult & globin in orange. Values represent mean = SEM. n= 9 at each time point.
(B) Survival curves of humanized CA mice. The percentage of mice alive for each genotype
is plotted with age. The few humanized yp° KI CA mice that survive to birth die within the
first 24 h. Incorporation of the HPFH mutation in the human -y globin gene promoter in CA
mice results in 100% survival to birth and an average lifespan of 14 and 15 daysforthe
yHPFHgRe and yHPFHB CA mice, respectively. (C) F-cell distribution in newborn and adult
heterozygous yHPFHB°/ypA K1 mice. Peripheral mouse blood was fixed and stained with
anti-human fetal hemoglobin monoclonal antibody and analyzed by flow cytometry. HbF is
pancellularly distributed in newborn humanized mice, whereas adult mice have a
heterocellular distribution. Green line is wild-type mouse control.
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Figure 3.
Hematological RBC indices and histopathology of humanized control, heterozygous, and

homozygous CA mice. (A) RBC indices of peripheral blood from humanized mice showed a
slight but significant anemia in heterozygous CA mice. Homozygous CA mice are severely
anemic with marked reductions in RBC, hemoglobin, and hematocrit levels and an extreme
reticulocytosis compared to control mice. Humanized control and heterozygous mice were
analyzed eight weeks after birth. Moribund homozygous CA mice were analyzed prior to
their euthanasia around two weeks of age. Values represent mean = SEM. n= 9 for each
mouse line. Statistical significances were determined compared to the yp”/ypA control
mice. Pvalues were calculated by two-tailed unpaired Student’s #test. (B) Peripheral blood
smear, spleen, and liver sections of humanized control (yB”/yp?), heterozygous (yHPFHsp
°/yBA), and homozygous (yHPFHsB/yHPFHER°) CA mice. Control mice have normocytic
RBCs and typical splenic and hepatic structure. Heterozygous CA mice are slightly
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thalassemic with frequent RBC targeting, but little erythroid hyperplasia in the spleen or
extramedullary hematopoiesis in the liver. Homozygous CA mice have numerous nucleated
RBCs and erythroblasts in the peripheral blood, marked erythroid hyperplasia in the spleen
and extramedullary hematopoiesis, and extensive iron overload in the liver.
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Humanized CA mice can be rescued from lethal anemia by blood transfusion. (A) Blood
transfusion scheme for CA mice. Each week fresh peripheral RBCs were collected from
GFP transgenic mice, pelleted through Ficoll, washed, resuspended to 70% hematocrit in
saline, and transfused into CA mice. (B) Blood chimerism (blue line) and hemoglobin levels
(red line) measured over time in transfused CA mice. The donor RBC chimerism was
determined by measuring the percentage of GFP* RBCs in the peripheral blood by flow
cytometry. Hemoglobin concentrations maintained at 14 g/dL efficiently suppressed
endogenous erythropoiesis indicated by the virtual absence of GFP negative RBCs in the
peripheral blood. Transfused CA mice live into adulthood free of anemia but develop severe
iron overload.18
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