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ABSTRACT

pB-thalassemia and sickle cell disease are widespread fatal genetic diseases. None of the existing clinical treatments
provides a solution for all patients. Two main strategies for treatment are currently being investigated: (i) gene
transfer of a normal B-globin gene; (ii) reactivation of the endogenous y-globin gene. To date, neither approach has
led to a satisfactory, commonly accepted standard of care. The §-globin gene produces the §-globin of hemoglobin
A2. Although expressed at a low level, hemoglobin A2 is fully functional and could be a valid substitute of hemo-
globin A in B-thalassemia, as well as an anti-sickling agent in sickle cell disease. Previous in vitro results suggested
the feasibility of transcriptional activation of the human 8-globin gene promoter by inserting a Kruppel-like factor
1 binding site. We evaluated the activation of the Kruppel-like factor 1 containing 8-globin gene in vivo in transgenic
mice. To evaluate the therapeutic potential we crossed the transgenic mice carrying a single copy activated 6-g%obin
gene with a mouse model of p-thalassemia intermedia. We show that the human §-globin gene can be activated
in vivo in a stage- and tissue-specific fashion simply by the insertion of a Kruppel-like factor 1 binding site into the
promoter. In addition the activated d-globin gene gives rise to a robust increase of the hemoglobin level in -tha-
lassemic mice, effectively improving the thalassemia phenotype. These results demonstrate, for the first time, the
therapeutic potential of the d-globin gene for treating severe hemoglobin disorders which could lead to novel

approaches, not involving gene addition or reactivation, to the cure of f-hemoglobinopathies.

Introduction

pB-thalassemia and sickle cell disease (SCD) are severe hered-
itary anemias and are among the most common monogenic
diseases worldwide."” Both are chronic diseases with consider-
able morbidity and high mortality. B-thalassemia is generally
fatal if not treated in the earliest years of life. Heterologous
bone marrow transplantation is the only definitive cure but is
currently available only for patients with a matched donor,
optimally a sibling. For the majority of patients there is current-
ly no hope for a permanent cure. It is, therefore, necessary to
find alternative ways to treat the disease. Two main alternative
strategies for the treatment of B-hemoglobinopathies are cur-
rently being investigated: (i) gene transfer of a normal B-globin
gene, mostly through the use of retroviral vectors;* and (ii)
reactivation of the endogenous y-globin gene that is normally
expressed only during fetal life.” To date, neither approach has
led to a satisfactory, commonly accepted standard of care for
hemoglobinopathies."”

Previous studies by our group,’® as well as by others,” led us
to believe that human d-globin gene activation could represent
an alternative approach to the treatment of p-thalassemia and
SCD. Relatively few studies have addressed the regulation of
the d-globin gene, which is part of hemoglobin A2 (HbA2).”
HbA2 (820.2) is a minor adult hemoglobin usually expressed at

levels less than 3% in normal individuals. The & and f human
globin genes derive from a common gene ancestor and have
maintained a strong sequence homology by gene conversion
events. HbA2 has functional properties that are nearly identical
to those of HbA (a2p2)."” Moreover HbA2 inhibits HbS poly-
merization by acting as an anti-sickling agent."

Treatment of p-thalassemia and SCD by stimulation of the
adult d-globin gene has, in principle, some advantages over
reactivation of the fetal y-globin gene. HbF and HbA2 are minor
components of adult blood which are equally effective at
inhibiting HbS polymerization." However, in adult blood, HbF
is expressed only in a small fraction of cells (less than 2%),
called F cells, whereas the expression of the 8-globin chain is
always pancellular. The y-globin gene is therefore in an inactive
chromatin configuration in most adult erythroid cells, whereas
the d-globin gene is in an active chromatin configuration and is
transcribed in all erythroid cells, although at a low efficiency.
The low expression of §-globin in adult blood is mostly due to
a mutation in the Kruppel-like factor 1 (KIf1) binding site
(CACCC box) within the 8-globin proximal promoter region.”
? Some instability of the 8-globin mRNA may also contribute."

Several research groups, including ours, have demonstrated
in transient cell culture expression assays®® as well as in primary
erythroid cells,” the feasibility of transcriptionally activating the
human §-globin gene promoter by inserting the p-globin prox-
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imal CACCC box, which has high affinity for the transcrip-
tion factor KIf1.” KIf1 is an erythroid tissue-restricted tran-
scription factor belonging to the zinc-finger family of DNA
binding proteins.” Its pivotal importance in the expression
of the adult B-globin gene has been highlighted by gene
ablation (knock-out) experiments in mice.”*** KIf1 stimula-
tion of the B-globin gene promoter depends on binding to
the CACCC box.” The activation of the §-globin gene pro-
moter obtained with the insertion of the f-CACCC is the-
oretically sufficient to compensate the imbalance of globin
chains caused by B-thalassemia.”’

Based on these results, we have undertaken studies in vivo
by creating transgenic mice containing the same DNA con-
structs as those tested in cell cultures. Here we show in vivo
that it is possible to activate the promoter of the §-globin
gene to a level similar to that of the wild-type (wt) -globin
gene promoter confirming in an animal model the efficacy
demonstrated in previous in vitro studies.”” Moreover, a sin-
gle copy transgenic mouse line carrying the full length §-glo-
bin gene coding sequence under the control of the KIf1 acti-
vated d-globin gene promoter expresses the d-globin gene
to a high level.

To better highlight the therapeutic potential of the d-glo-
bin chain for the treatment of f-hemoglobinopathies, we
crossed transgenic mice carrying the activated d-globin gene
with a mouse model of p-thalassemia intermedia
(Hbbth3/+). The resulting animals have substantially
increased hemoglobin levels, which are maintained in adult
life over time, and a dramatic improvement of hematologic
parameters.

These results are the first proof of principle validation of
the therapeutic potential of the 8-globin gene in f-hemoglo-
binopathies and provide the basis for the development of
approaches based on §-globin gene expression for the ther-
apy of p-thalassemia and SCD.

Methods

Constructs

In vivo reporter analysis was carried out using HS28FLBRL con-
structs.® A DNA construct containing the mini-LCR (HS1-HS4) and
the 8-globin gene driven by the CACCC-containing §-globin gene
promoter (CACCCS-LCR) was produced using the GSE 1417 vec-
tor." A similar DNA construct containing the 8-globin gene driven
by the wt 8-globin promoter (8-LCR) was also produced.

Generation of transgenic mice

Transgenic mice were generated by standard techniques.
Genotype was determined by polymerase chain reaction. All ani-
mal protocols used in this study were approved by national and
institutional policies on laboratory animal care.

Luciferase assay

Crude proteins extracted were assayed for luciferase versus renil-
la activity by the Dual-Luciferase Reporter Assay System
(Promega) on a Lumat LB9501 luminometer (Bertold and Wallac).

Copy number analysis
The average transgene copy number was determined by

Southern blot assay as well as real-time quantitative PCR (RT-
qPCR).

Gene expression analysis
RNA extraction and retrotranscription were carried out using
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standard techniques. Gene expression was assessed by an S1 pro-
tection assay, carried out as described by Stroubulis ] e al.” and

Poddie et al.,”® as well as RT-qPCR.

Hematologic analyses

Blood samples from adult mice were obtained by retro-orbital
puncture under anesthesia. Hematologic parameters were deter-
mined using an Automated Hematology Cell Counter MS4 (Melet
Schloesing Lab) and the HemoCue Hemoglobin System.

Red cell morphology

Blood smears were obtained from wild-type, Hbbth3/+ and
Hbbth3/+CACCCS-LCR (homozygous and heterozygous) adult
mice and stained with May-Griinwald Giemsa (Sigma) for mor-
phological analysis of red blood cells. The analysis was performed
using a double-blind procedure.

High-performance liquid chromatography
Globin chains were separated by high-performance liquid chro-
matography (HPLC) using analytical Beckman System Gold equip-

ment.

Flow cytometry
Fluorescence-activated cell sorting (FACS) analysis was carried
out by classical CD71 and Ter119 co-staining.

Measurement of tissue iron content
The iron content of the liver, heart, and spleen was determined

by non-heme iron analysis, as described by Torrance and
Bothwell.”

Statistical analysis
Statistical differences between means were calculated with
Student's t-test (Microsoft Excel).

Results

Expression analysis of the d-globin promoter in vivo
using reporter constructs

To evaluate the activation of the CACCC-containing 6-
globin gene promoter in competition with the B-globin
gene promoter /1 vivo we created transgenic mice constructs
in which the wt B-globin gene promoter and the §-globin
gene promoter containing the proximal CACCC (or the wt
d-globin gene promoter in a control construct) were linked
in ¢fs to a single enhancer (HS280FLBRL in Figure 1A).°

In this construct the wt B-globin gene promoter drives the
renilla luciferase ¢cDNA and the d-globin gene promoter
drives the firefly luciferase cDNA. We produced and ana-
lyzed three independent transgenic mice lines bearing the
CACCC-containing d-globin gene promoter
(HS20CACCCELBRL) and three transgenic mice lines bear-
ing the wt d-globin gene promoter (HS28FLBRL).
Transgenic copy number was determined by Southern blot-
ting. All transgenic lines were multicopy (data not shown).

The level of expression of the two reporter genes was
assessed in the yolk sac at days 10.5 post-coitum (pc), in the
fetal liver at days 12.5, 14.5 and 16.5 pc and in the periph-
eral blood in adult mice. For each transgenic line we ana-
lyzed three different pregnancies. In each experiment the
luciferase activity of the -globin promoter was considered
as 100% and all other values were calculated as percent-
ages of the B-globin promoter activity (relative luciferase
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Figure 1. Schematic representation of the constructs used in the present study. (A) Schematic representation of the HS23FLBRL construct
used for in vivo reporter analysis. The construct is composed of a single HS2 enhancer, the d-globin gene promoter wt (HS20wtLBRL) or the
CACCC-containing d-globin gene promoter (HS2CACCCOFLBRL) driving firefly luciferase and the f-globin gene promoter driving renilla
luciferase. (B) Schematic representation of the human -globin cluster showing the relative location of the five hypersensitive sites (HS) of the
LCR, ¢, Gy, Ay, 0 and B-genes. (C) Schematic representation of the 6-LCR construct used for in vivo studies. The construct is composed of mini-
LCR containing HS4-HS3-HS2-HS1 sites and the full length CACCC-containing d-globin gene (CACCCY-LCR).

activity, RLA). In the yolk sac at 10.5 pc the CACCC-con-
taining d-globin gene promoter did not show any increase
in RLA compared to that of the wt d-globin gene promoter
(Figure 2).

This result indicates that the insertion of the CACCC box
(KIf1 consensus sequence) does not alter the stage specifici-
ty of the d-globin gene promoter, which is not expressed in
the yolk sac (embryonic erythropoiesis). On the other hand,
the same construct displayed increased d-globin promoter
activity in the fetal liver at the stage of definitive erythro-
poiesis (Figure 2). In comparison to the activity of the wt -
globin gene promoter in cis, the RLA rose to 8217 % (t-test,
P=1.57x10° in the 12.5 pc fetal liver, 75+22% (t-test,
P=0.0002) in the 14.5 pc fetal liver and 97+29% (t-test,
P=0.00006) in the 16.5 pc fetal liver. In adult peripheral blood,
the RLA of the d§-globin promoter increased up to
95%+13% (t-test, P=0.00058).

These data are in agreement with previous results® and
indicate that the creation of a single KIfl consensus
sequence inside an otherwise wt 8-globin gene promoter is
sufficient to enhance the expression in erythroid tissue in
vivo to an extent comparable to the wt p-globin gene pro-
moter.

Expression of the activated d-globin gene promoter was
confined to hematopoietic tissues as ectopic expression was
undetectable (data not shown).

In summary our results show that the activation of the
CACCC-modified human d-globin gene promoter in defin-
itive erythropoiesis is comparable to the wt -globin gene
promoter and is tissue- and stage-specific.

Expression analysis of single copy activated
0-globin gene transgenic mice

To evaluate the ability of the activated §-globin gene pro-
moter to drive the expression to the high level of a full

length §-globin gene we produced three single-copy trans-
genic mouse lines carrying the mini LCR (HS1-HS4) and a
full length d-gene driven by the CACCC containing & pro-
moter (CACCCS-LCR) (Figure 1C). The mini-LCR confers
erythroid-specific, site-of-integration-independent expres-
sion of the transgene."

Single copy transgenic lines were produced by microin-
jection of diluted DNA constructs. The presence of a single
copy transgene was assessed by qPCR by comparison to an
established single copy transgene that contains the full p-
globin cluster and therefore a single-copy §-globin gene (line
72 described by Stroboulis et al”’) Of the three lines pro-
duced, two expressed comparable levels of §-globin mRNA
whereas the third did not express any d-globin mRNA as
determined by gPCR. Southern blotting analysis of the third
transgenic line revealed that the mini-LCR had unwanted
deletions that impaired functionality and was not, there-
fore, further investigated (data not shown). One of the two
expressing lines was further investigated to establish the full
therapeutic potential of the d-globin gene.

We also produced single copy wt 8-globin transgenic
lines. None of the three single copy wt 8-globin gene trans-
genic lines produced detectable levels of expressed trans-
gene. Southern blotting analysis revealed that the transgene
was rearranged in two lines (data not shown). The third line
was intact but did not express detectable levels of the trans-
gene. Therefore, as a control for single copy §-globin
expression level we preferred to use the transgenic line 72,
which expresses detectable, although low, levels of §-glo-
bins.

The expression of the §-globin transgene was first ana-
lyzed in adult blood of heterozygous CACCC8-LCR mice
by S1 nuclease protection assay in comparison to the
endogenous a-globin murine gene and to line 72 (Figure
3A).
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Figure 2. The histogram represents the
relative luciferase activity (RLA),
expressed as a percentage of activity
of the wt p-globin gene promoter.
Black indicates wt (-globin promoter,
gray the CACCC-containing d-globin
promoter (HS2CACCCOFLBRL) and
white the wt d-globin promoter
(HS20FLBRL). The level of promoter
activity was evaluated at 10.5 pc, 12.5
pc, 14.5 pc, 16.5 pc and in adulthood
by measurement of firefly luciferase
activity relative to the internal control
renilla luciferase activity. Fold increase
was calculated compared with expres-
sion in wt d-globin gene promoter. 10.5
pc P=0.23; 12.5 pc P=1.57x10°, 14.5
pc P=0,000232; 16.5 pc P=0.000605
and adult P=0.0056. Error bars indi-
cate SD of the mean of at least three
independent experiments.

10.5 pc 12.5 pc 14.5 pc

S1 probes were a mixture of mouse o and human §,  and
y globins. Blood RNA from wt mice was included in the
experiment as a negative control for d-globin gene expres-
sion. In S1 analysis, the correct and expected protected frag-
ments for mouse a-globin mRNA were present in all the
lines. In addition the expected human 8-globin S1 protected
fragment was present in the CACCC8-LCR sample (Figure
3A, lane 2). The relative expression level was 20% com-
pared to that of the endogenous a-globin mouse gene, as
determined by phosphoimager with a correction for probe-
specific activity. As shown in Figure 3A (lane 1) the §-globin
gene expression signal of the control line 72 was barely vis-
ible making it difficult to compare the expression level and
to evaluate the extent of activation of the CACCCS-LCR
transgene versus the wt d-globin gene. On the other hand, in
this transgenic line the 8-globin mRNA is detectable by RT-
gPCR. Therefore, to analyze the level of expression of the
activated d-globin transgene in comparison to the wt 8-glo-
bin gene further, we performed RT-qPCR analysis on our
single copy transgenic line (CACCCS-LCR) in comparison
to line 72. The expression level of the & globin gene was
approximately 18-fold (+1.59) more in the homozygous
mice and 8.9-fold (+1.21) more in the heterozygous animals
with respect to the single copy transgenic line bearing the
entire human f globin cluster.

Rescuing the thalassemic phenotype of the Hbbth3/+
mice model

To evaluate whether the production of §-globin in our
transgenic model was able to ameliorate a f-thalassemic
phenotype, we crossed the homozygous transgenic line
CACCC)-LCR with the heterozygous mouse model of §°
thalassemia (Hbbth3/+).”

Phenotype rescue was evaluated by comparison of hema-
tologic parameters, total hemoglobin, red blood cell (RBC)
count, hematocrit, mean corpuscular volume (MCV), mean
corpuscular hemoglobin (MCH), mean cell hemoglobin
concentration (MCHC), and red cell distribution width
(RDW), in wt, Hbbth3/+ and Hbbth3/+ CACCCS-LCR
adult mice either heterozygous or homozygous for the
transgene.

Correction of anemia was inferred mainly from the
hemoglobin levels that increased from 8.75+0.97 g/dL in

165 pc

adult

Hbbth3/+ mice to 11.32+0.97 g/dL in Hbbth3/+ CACCCd-
LCR heterozygous mice and to 12.96+0.59 g/dL in
Hbbth3/+ CACCCS-LCR homozygous mice, which was
very close to the normal value of 14.49+1.28 g/dL in the wt
control mice (Figure 4).

Relative to Hbbth3/+ mice, the Hbbth3/+ CACCC8-LCR
homozygous adult mice show not only an increase in hemo-
globin, but also a significant improvement in all other hema-
tologic parameters whether measured (hematocrit, RBC
count) or derived (RDW, MCV, MCH, MCHC) (Figure 4).

High-performance liquid chromatography

HPLC elution analysis was performed on Hbbth3/+ and
Hbbth3/+CACCCS-LCR homozygous blood samples from
the single Hbb genotype mice. This elution analysis
showed the characteristic globin chain profiles with the
mouse a and B-chain peaks in mice with the Hbbth3/+
genotype (Figure 5A) and the presence of an additional peak
formed by human d&-chain in mice with the
Hbbth3/+CACCCS-LCR genotype (Figure 5B).

Red cell morphology

Blood smears were obtained from wt (Figure 6A),
Hbbth3/+ (Figure 6B) and Hbbth3/+ CACCCS-LCR
homozygous (Figure 6C) adult mice. Blind microscopic
evaluation of Hbbth3/+ mice blood smears showed charac-
teristics typical of those seen in patients with severe tha-
lassemia, including marked anisocytosis and poikilocytosis,
microcytes and frequent target cells. Red cells were general-
ly hypochromic with variable numbers of teardrop, oval
forms and fragmented cells (Figure 6B). In comparison to
blood smears from Hbbth3/+ mice, those from
Hbbth3/+CACCCH-LCR homozygous mice showed a
much lesser degree of anisocytosis and poikilocytosis,
fewer target and fragmented cells and the RBC were nor-
mochromic rather than hypochromic (Figure 6C).

Activation of &-gene improves erythropoiesis
in Hbbth3/+ mice

To estimate the extent of ineffective erythropoiesis we
evaluated the fraction of spleen and bone marrow cells in
discrete erythroid populations by flow cytometry using co-
staining for the transferrin-receptor CD71 and erythroid-
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specific TER119. The analysis was performed on wt,
Hbbth3/+CACCC8-LCR homozygous,
Hbbth3/+CACCCS-LCR heterozygous and Hbbth3/+ mice
lines at 2.5 months of age (Figure 7A,B). The CD71*/Ter119*
population corresponds to early erythroid cells (basophilic
erythroblasts, late basophilic and chromatophilic erythrob-
lasts), whereas the CD71/Ter119* population corresponds
to orthochromatophilic erythroblasts and, mostly, to enu-
cleated erythroid cells. FACS analysis performed on spleen
and bone marrow cells showed that the percentage of early
erythroid cells (CD717/Ter119") is significantly lower in

I M.F. Manchinu et al.

Hbbth3/+CACCCS-LCR homozygous mice lines than in
Hbbth3/+ mice, whereas the relative number of more dif-
ferentiated erythroid cells (CD717/Ter119°) was higher (rep-
resentative FACS profiles of splenic erythroid cells are
shown in Figure 7A).

The amount of ineffective erythropoiesis in the spleen
and bone marrow was estimated based on the ratio
between early precursor (Ter119/CD71") and more mature
erythroid cells (Ter119/CD71") (Figure 7B).

Ineffective erythropoiesis was significantly improved in
Hbbth3/+CACCCH-LCR  heterozygous mice (spleen:

Hbbth3/+CACCCs-LCR heterozygous and  P=0.0022; bone marrow: P=0.042) and Hbbth3/+CACCCd-
A M 1 2 3 B
W Line 72
oxx [l CACCC3LCR homozigous
—

[C] CACCCSLCR heterozigous

20
- hy
- hp 15
™ 10
11 B
0 —

Figure 3. Determination of d-globin gene expression level. (A) S1 nuclease protection analysis of 12.5 day pc fetal liver RNA from transgenic
line 72 as a positive control for d-globin gene expression (lane 1), transgenic line CACCCO-LCR (lane 2) and wt whole blood mouse as a nega-
tive control for d-globin gene expression (lane 3). M is the DNA molecular weight marker plasmid ®X174 Haelll-digested. (B) Relative expres-
sion levels of d-globin gene by RT-qPCR. The histogram represents the expression level of 5-globin gene analyzed in blood samples from the
transgenic line bearing the entire human {-globin cluster line 72 (black), the transgenic line bearing the d-globin gene (CACCCO-LCR) in
homozygosity (dark gray) or heterozygosity (light gray). mRNA levels of reference genes were used for normalization in all cases. ***P<0.001

or **P<0.01 according to a t-test.
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LCR homozygous mice (spleen: P=0.0089; bone marrow:
P=8.4x10") compared to that in Hbbth3/+ mice (Figure 7B).

The improvement of ineffective erythropoiesis in our
mice model was further evaluated by measuring the spleen
size in the different animals. We observed a marked reduc-
tion of splenomegaly in Hbbth3/+CACCCS-LCR homozy-
gous mice (P=3.1x10°) and a slight reduction in
Hbbth3/+CACCCH-LCR  heterozygous mice (P=0.048),
both compared to Hbbth3/+ mice (Figure 7C,D).

Organ iron content

We evaluated the iron content of organs involved in
RBC production and iron homeostasis. The iron content
of the spleen, liver, and heart was analyzed by non-heme
iron quantification® in all the different animals. At 2.5
months the iron content was significantly lower in the
spleen (P=0.0012), liver (P=1x10"), and heart (P=6.9x10")
of Hbbth3/+CACCCS-LCR homozygous mice compared
to that in the corresponding organs of Hbbth3/+ mice
(Figure 7E).

In the Hbbth3/+CACCCS-LCR heterozygous transgenic
mice only the heart showed a significantly lower iron con-
tent compared to that of the Hbbth3/+ mice (P=0.006)
(Figure 7E).

However, the assessment of iron content at 5 months
revealed that Hbbth3/+CACCCS-LCR heterozygous mice
had a significant decrease of iron content compared to the
Hbbth3/+ mice (data not shown) also in the spleen
(P=2.73%10") and in the liver (P=0.0037).

Discussion

f-thalassemia and SCD have a pronounced impact on

both socio-economic structure and national health care sys-
tems. Gene therapy of p-thalassemia has been a goal pur-
sued for decades. Encouraged by preclinical studies,”* the
first clinical trial using a lentiviral construct to treat patients
with B-thalassemia was started in 2007.*% In this trial, a sin-
gle patient with BE-thalassemia major (BE/BT) established
10% engraftment and an increase of hemoglobin of 3 g/dL
compared to the pre-treatment level. However, a detailed
analysis showed that in a partially dominant hematopoietic
clone, the viral vector had integrated into a proto-oncogene,
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Figure 5. Representative HPLC elution profiles of globin chains from
whole blood samples. (A) Transgenic line Hbbth3/+. (B) Transgenic
line Hbbth3/+CACCCS-LCR. The spectra of the transgenic line
Hbbth3/+CACCCO-LCR show the presence on d-globin chain beside
the normal globin chains (o and f3).

May-Grunwald stain) (B) Adult Hbbth3/+ mouse, (x63, May-
Grunwald stain) (C) Adult Hbbth3/+CACCCO-LCR homozygous
mouse, (%63, May-Grunwald stain) Blood smears from
Hbbth3/+CACCCO-LCR homozygous mouse show less anisocytosis
and poikilocytosis, fewer target cells and fragmented cells compared
to Hbbth3/+ mouse blood smears and normochromic instead of
hypochromic red cells.
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which could be a harbinger of a leukemic transformation as
seen previously in gene therapy protocols with
retroviruses.*”

Another important line of research for the treatment of f3-
thalassemia and SCD is the activation of the y-globin gene,
not normally expressed in adults, although success with this
strategy had been limited.”

Although promising none of the treatments so far
explored is resolutive for all patients and it is, therefore,
important to develop alternative and complementary
approaches such as boosting the expression of the §-globin
gene that we propose here.

The validation of the d-globin as a possible therapeutic
target for the treatment of B-hemoglobinopathies is novel
and could open a promising field of translational research.

In this report we present i1 vivo results demonstrating that
the creation of a single KIf1 consensus sequence (proximal
B-globin CACCC box) in the context of a normal §-globin
gene promoter increases the level of promoter activity
almost to the level of that of the normal $-globin gene pro-
moter in both fetal liver and adult peripheral blood. Hence,
the activation of the d-globin promoter occurs, as predicted,
in the sites of adult erythropoiesis, but not in the embryonic
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yolk sac indicating that the expression is tissue- and devel-
opmental stage-specific.

In our assay, the wt d-globin gene promoter exhibited
about 20% residual activity compared to the B-globin gene
promoter. This ratio of expression in our reporter constructs
is higher than expected and could be explained by the
absence of the second intervening sequence (IVS2), which
contains an enhancer in the $-globin gene,” and to the lack
of the enhancer located 3’ to the B-globin gene.”

Next, we produced transgenic mice lines carrying a single
copy of a full length d-globin gene driven by its own pro-
moter, wt or modified by the insertion of the proximal
CACCC box, and by a mini-LCR. However, the lack of -
globin expression in the wt construct forced us to use, as a
reference for expression, a transgenic line that contains the
full B-globin gene cluster (line 72), which expresses low but
detectable levels of §-globin RNA. In this assay, the
CACCC-activated d-globin gene was expressed at high lev-
els in vivo, nine times more than the expression observed in
line 72.

The extent of activation of the human d-globin gene
was evaluated in a transgenic line in which the 8-globin
gene was under the control of the mini-LCR in compari-

Hbbth3/+

Hbhth3/+CACCCS-LCR heteroz

0 10° 10° 10 10°

B C D
,.;.\ 12 — £ 99 T
o8 ——— 2 k=)
= Spleen =10 1 Bone marrow 2
c 6- s 8 215
2 = 38
= =6 <10
= Sy =
22 2 g 5
m R0 &
S0l ©0 = 0
4 N7 N4 N6 N4 N7 N4 N6 S N4 N6 N5
E
. . 15 -
600 3 L. 300 CE =X 0O wt
> Spleen Liver Heart

Total iron (
n S
o o
o o o
Total iron (ug)
— N
(=1 o
o o o

N4 N6 N5 N5 N4 N7 N3

B cAccesLeR homoz
[] CACCCALCR heteroz
W Hootha/

—_
o

Total iron (ug)
o

N4 N5 N5 N4

o

N3

Figure 7. Effect of the activated 6-globin gene on ineffective erythropoiesis and organ iron content in animals with a f-thalassemia intermedia
phenotype (Hbbth3/+ mice) at 2.5 months of age. (A) Erythroid populations in splenic cell suspensions measured by classical CD71 and
Ter119 co-staining showing the percentage of double-positive cells and single-positive Ter119 cells. FACS profiles from four representative
mice: wt mice, Hbbth3/+ CACCCO-LCR homozygous, Hbbth3/+ CACCCH-LCR heterozygous and Hbbth3/+ transgenic lines. (B) Amount of inef-
fective erythropoiesis estimated in the spleen and in the bone marrow based on the ratio between early precursor (Ter119*/CD71") and more
mature erythroid cells (Ter119*/CD71") in wt mice, Hbbth3/+CACCCS-LCR homozygous, Hbbth3/+CACCCH-LCR heterozygous and Hbbth3/+
transgenic lines. (C) Spleen weights normalized to body weight of wt, Hbbth3/+CACCCS-LCR homozygous, Hbbth3/+CACCCS-LCR heterozy-
gous and Hbbth3/+ mice lines. (D) Spleen size observed in three representative mice: 1) wt mouse; 2) Hbbth3/+CACCCO-LCR homozygous
and 3) Hbbth3/+ transgenic lines. (E) Total iron (ug) content of the spleen, liver and heart as measured by non-heme iron analysis in wt mice,
Hbbth3/+CACCCO-LCR homozygous, Hbbth3/+CACCCO-LCR heterozygous and Hbbth3/+ mice transgenic lines. *P<0.05; **P<0.01;
*%*%P<0.001 according to the t-test. Data are presented as mean + SD. N indicates the number of mice.
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son to a transgenic line containing the full B-globin locus.
Hence, our reference construct might have had lower 8-
globin expression because of the potential competition
between the & and p-globin gene for the LCR.
Nevertheless previous results*” as well as those reported
here, on when the 8 and B-globin gene promoters were
allowed to compete freely for the HS2, strongly support
the autonomous activation of the CACCC-modified d-
globin gene. Further support comes from the knowledge
that the Lepore B-thalassemic gene, which is a 8/p hybrid
single gene and thus not exposed to competition, is poorly
expressed in both humans® and BAC transgenic mice.”
Finally, the observation that human p-thalassemic carriers
(including those with B-globin gene promoter deletions)
have a much lower increase in d-expression than that
observed here, is in agreement with the boosting of the -
globin gene specifically due to the presence of the KIf1
binding site and not to the lack of competition with the wt
B-globin promoter.

To further validate the d-globin gene as a therapeutic tar-
get for B-hemoglobinopathies, we crossed the activated d-
globin transgenic line with the Hbbth3/+ p-thalassemia
intermedia mouse model in an attempt to rescue the tha-
lassemic phenotype. Resulting animals showed an average
hemoglobin increase of 4.21 g/dL. This increase in hemo-
globin concentration persisted lifelong and was the likely
reason for the laboratory and clinical improvement of the -
thalassemia phenotype. These data are the first experimen-
tal evidence showing that the d-globin chain can efficiently
compensate the unbalanced globin chain synthesis that
characterizes p-thalassemia.

Interestingly, the observed increase in hemoglobin con-
centration was greater than that obtained in previous stud-
ies with lentivirus-based gene therapy in two murine mod-
els of B-thalassemia.”® The hemoglobin gain was also
greater than the 3 g/dL observed in the unique fB-tha-
lassemia patient recently cured by gene transfer with a
lentivirus-encoded B-globin construct.”**

Here we have strongly improved the p-thalassemia
intermedia phenotype of Hbbth3/+ mice. The improve-
ment of hematologic parameters and the decrease in the
number of immature erythroid cells indicate that expres-
sion of the d-gene in Hbbth3/+ mice had a positive effect
on ineffective erythropoiesis and was correlated with
decreased spleen, liver and heart iron load and a reduction
of splenomegaly.

We also attempted to rescue the homozygous Hbbth3 f-
thalassemia major phenotype. However, no rescued
Hbbth3 homozygous mice were detected among 72 live-
born pups (data not shown). Hence the 4.21 g/dL increase in
hemoglobin concentration is very likely not sufficient to
rescue the Hbbth3 homozygous B-thalassemic phenotype
in mice, which is lethal in utero® and thus far more severe
than human B0-thalassemia. A murine model of Cooley’s
anemia, more similar to the human phenotype, based on
fetal liver hematopoietic transplantation, has been proposed
by Rivella et al.” The effect of the activated 8-globin gene in
this p-thalassemia major mice model will be investigated in
the near future. Nevertheless, the observed increase in
hemoglobin concentration could represent the difference
between transfusion-dependence and transfusion-inepen-
dence in most B-thalassemia patients and is predicted to be
curative in SCD.

The 30% increase in hemoglobin concentration obtained
by the full length activated d-globin gene is significantly

lower than the 82-95% RLA of the isolated promoter seen
with the reporter constructs. This result is best explained by
the difference among  and 8 second intervening sequences
(IVS2). B-IVS2 is in fact critical for high mRNA expression
in erythroid cells.”® Some instability of the d-globin mRNA
compared to the B-globin mRNA may also contribute to
this difference.”” Another reason for the difference in the
expression level between reporter and gene constructs
might be the use of only the HS2 in the reporter constructs,
in place of the mini-LCR used in the full gene construct,
which could act differently on the 8 and p globin gene pro-
moters.

A previous preliminary report suggested severe red cell
abnormalities in transgenic mice expressing high levels of
normal human §-chain.* In our transgenic mice, we did not
observe any abnormality due to the expression of the §-glo-
bin gene in spite of the comparable level of expression of
the transgene (30% in homozygous mice). This difference
is most likely due to the fact that those abnormalities were
observed in transgenic mice homozygous for the $-major
deletion and expressing high levels of unassembled human
a-globin chains.”

In practice, & globin gene activation could be obtained
with the use of molecules selected through high-through-
put screening, by transcription factors engineered to boost &
globin gene expression and by gene therapy approaches.

Zinc finger (ZF) proteins engineered to target specific
DNA sequences are easily produced and commercially
available.” Recently up-regulation of the human §-globin
gene (as well as the y-globin gene) by recombinant KIf1 fac-
tors fused to GATAl has been reported.” Using this
approach, d-globin gene was up-regulated 2.7-fold in CD34*
cells. The modest level of increase of the d-globin gene
expression was most likely due to the fact that the authors
used a chimeric transcription factor harboring the GATA1
DNA binding domain. This artificial protein binds to a
GATA1 binding site at position -74bp from the cap site of
the d-globin gene promoter. This interaction is likely to
hamper the binding of the endogenous wt GATA1 tran-
scription factor, which is of pivotal importance for the func-
tion of the d-globin gene promoter.”

Activation could most likely be obtained by designing an
artificial chimeric transcription factor made of ZF DNA
binding domains designed to interact with the §-globin
gene promoter in the site where we created the KIf1 bind-
ing site, fused to the KIf1 activation domain. This artificial
transcription factor should be able to activate the §-globin
gene promoter specifically without interfering with other
transcription binding sites crucial for the d-globin promoter
architecture.

Another strategy could rely on genome editing through
homologous recombination promoted by ZF nucleases tar-
geting the d-globin promoter to create a KIf1 binding site.
Homologous recombination promoted by ZF nuclease
appears to be highly efficient and has been successtully
used against various human genes.”* A single couple of ZF
nucleases could be designed to target the 8-globin gene pro-
moter and endorse homologous recombination to create a
KIf1 binding site. This approach would avoid the need to
design different couples of ZF nucleases for each of the
more than 200 mutations causing pB-thalassemia.

In summary, here we have shown for the first time that it
is possible to activate in vivo the human d-globin gene to a
considerable extent by the creation of a single KIf1 binding
site in the promoter and that 8-globin activation is tissue-
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