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KEY PO INT S

l Increased EPO
sensitivity or activity
improves
erythropoiesis in
b-thalassemia.

l Combinatorial use of
erythroid-stimulating
agents and erythroid
iron restriction agents
correct anemia in
b-thalassemia.

b-Thalassemia intermedia is a disorder characterized by ineffective erythropoiesis (IE),
anemia, splenomegaly, and systemic iron overload. Novel approaches are being explored
based on the modulation of pathways that reduce iron absorption (ie, using hepcidin
activators like Tmprss6-antisense oligonucleotides [ASOs]) or increase erythropoiesis (by
erythropoietin [EPO] administration or modulating the ability of transferrin receptor 2
[Tfr2] to control red blood cell [RBC] synthesis). Targeting Tmprss6 messenger RNA by
Tmprss6-ASO was proven to be effective in improving IE and splenomegaly by inducing
iron restriction. However, we postulated that combinatorial strategies might be superior
to single therapies. Here, we combined Tmprss6-ASO with EPO administration or removal
of a single Tfr2 allele in the bone marrow of animals affected by b-thalassemia intermedia
(Hbbth3/1). EPO administration alone or removal of a single Tfr2 allele increased hemoglobin
levels and RBCs. However, EPO or Tfr2 single-allele deletion alone, respectively, exac-

erbated or did not improve splenomegaly in b-thalassemic mice. To overcome this issue, we postulated that some level
of iron restriction (by targeting Tmprss6) would improve splenomegaly while preserving the beneficial effects on RBC
production mediated by EPO or Tfr2 deletion. While administration of Tmprss6-ASO alone improved the anemia, the
combination of Tmprss6-ASO 1 EPO or Tmprss6-ASO 1 Tfr2 single-allele deletion produced significantly higher
hemoglobin levels and reduced splenomegaly. In conclusion, our results clearly indicate that these combinatorial
approaches are superior to single treatments in ameliorating IE and anemia inb-thalassemia and could provide guidance
to translate some of these approaches into viable therapies. (Blood. 2020;136(17):1968-1979)

Introduction
b-Thalassemias are a heterogeneous group of hereditary dis-
orders yielded by several hundred mutations that strike in the
b-globin gene or its regulatory elements.1-3 Depending on the
genetic background and consequent levels of functional he-
moglobin (Hb) produced, the severity of the disease can range
from the asymptomatic thalassemia minor to the most severe
b-thalassemia major.1-3

b-Thalassemia intermedia (non–transfusion-dependent thalas-
semia [NTDT]) is characterized by mild to severe ineffective
erythropoiesis (IE), exhibiting anemia and increased iron ab-
sorption, eventually leading to iron overload.1,3,4 NTDT does not
require blood transfusion for survival.4 However, the anemia in
patients often worsens over time, resulting in the development

of transfusion dependence, a feature of the most severe form
(b-thalassemia major or transfusion-dependent thalassemia).1,3,5

Impaired synthesis of b-globin chains leads to the excess of
a-globin chains and consequent production of insoluble
hemichromes.6,7 These accumulate in erythroid progenitors,
triggering IE, which is characterized by increased number of
erythroid progenitors, reduced differentiation, and increased
apoptosis of late erythroblasts.7-9 Some of the major conse-
quences of IE are anemia, extramedullary hematopoiesis,
splenomegaly, and systemic iron overload mediated by down-
regulation of hepcidin (the master regulator of iron homeostasis)
due to the increased synthesis of erythroferrone (ERFE).10,11 In
addition, the anemia leads to hypoxia, which triggers upregu-
lation of iron-related genes such as DMT1 and ferroportin (FPN)
in the duodenum, further exacerbating iron absorption and iron
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overload.12 Therefore, improvement of anemia could slow down
or even reverse the deteriorating effects observed in aging
patients, such as organ iron overload and the comorbidities
associated with it.13,14

In our mouse model of NTDT (Hbbth3/1), we have shown that
increasing hepcidin levels causes iron restriction, thus improving
anemia and reducing splenomegaly. This effect is associated
with a reduction in the formation of hemichromes and an im-
proved lifespan of red blood cells (RBCs).15-18 However, the exact
mechanism through which iron restriction ameliorates erythro-
poiesis has not yet been elucidated. These findings emphasize
the crosstalk among erythropoiesis, RBC synthesis, and iron
metabolism. In theory, agents that can enhance erythropoiesis
(like erythropoietin [EPO]) could improve anemia by increasing
the production of RBC and concurrently consume iron stored in
organs, mitigating the iron overload. However, in this scenario,
we would also predict that EPO alone may have some negative
effect on hepcidin, with potential increased iron absorption and
transferrin saturation. This may neutralize the beneficial effect of
“erythroid-mediated consumption of stored iron." Therefore, we
postulated that upon increasing erythropoiesis by EPO admin-
istration or by modulating the activity of transferrin receptor 2
(Tfr2) in the bone marrow (BM), some level of iron restriction
would be required to achieve the beneficial effects of improving
anemia and, concurrently, decreasing iron overload in a mouse
model of b-thalassemia intermedia.

Over the last decade, several strategies have been investigated
in order to enhance hepcidin activity (such as hepcidin inducers,
mimetic, or FPN inhibitors) in diseases associated with iron
overload due to low hepcidin expression.15-21 It has been already
established by us and other groups that increasing hepcidin
expression by reducing the transmembrane serine protease
Tmprss6 is an effective approach for the treatment of iron
overload–associated diseases, such as hereditary hemochro-
matosis and b-thalassemia.15,18,19,22,23

In the present study, we enhanced erythropoiesis in our
b-thalassemia intermedia mouse model by 2 approaches. On
one hand, we used a new ex vivo technology called TARGT
(transduced autologous restorative gene therapy) for prolonged
production and secretion of therapeutic agents (EPO). The
TARGTEpo approach uses mouse dermal fibroblasts transduced
with adenovirus vector expressing the Epo gene under the
EF1a promoter.24 The transduced fibroblasts, subcutaneously
implanted in our mouse model (Hbbth3/1), started producing
EPO immediately and continuously for the length of the ex-
periment. On the other hand, we usedHbbth3/1 mice lacking one
of the Tfr2 alleles in the BM (Tfr2BM hetero/Hbbth3/1). TFR2 in the
liver contributes to hepcidin regulation, but in erythroid cells, it is
known to be a component of the EPO receptor complex, with an
important but still not completely elucidated role in efficient
erythropoiesis.25-28 We have shown that mice lacking Tfr2 in the
BM have higher Hb levels and RBC number most likely due to
increased erythroblast sensitivity to EPO.25

In both animal models, enhanced erythropoiesis leads to im-
proved Hb levels and RBC number but no changes, or even
worsening, of splenomegaly.25 We then induced iron restriction
by targeting the Tmprss6 messenger RNA (mRNA) using a
Tmprss6-ASO. Combining enhanced erythropoiesis with iron

restriction allowed us to achieve a significant improvement in
anemia. The remarkable improvement in Hb levels and RBC
number not only significantly improved anemia but also sig-
nificantly reduced splenomegaly.

Finally, in search of an approach potentially translatable to the
clinic, we proved that a pretreatment of Hbbth3/1 mice with
Tmprss6-ASO followed by a simultaneous administration of
constrained doses of recombinant human EPO (rhEPO) improves
anemia more effectively than Tmprss6-ASO alone.

Overall, our results show that combinatorial treatments are su-
perior to approaches targeting single pathophysiological cues
and may represent a future option for the management of
b-thalassemia.

Methods
Animal models
Hbbth3/1 mice (with heterozygous deletion of b1 and b2 genes)29

were purchased from The Jackson Laboratory (Bar Harbor, ME).
Mice receiving fibroblasts were bred in the animal facility at the
Children’s Hospital of Philadelphia and kept in a pure C57BL/6J
background. Hbbth3/1 mice (on a pure C57BL/6N background)
were crossed with Tfr21/2 mice (on a pure 129S2 background) in
the animal facility at San Raffaele Scientific Institute. The phe-
notype of mice has been evaluated as described in the sup-
plemental Material, available on the Blood Web site. The
sequences of the oligos utilized for gene expression analysis are
reported in Table 1. Hbbth3/1 and Tfr21/2/Hbbth3/1 progenies are
on a mixed C57/129S2 background.30

Bone marrow transplantation (BMT)
BM cells isolated from 10-week-old C57/129S2 Tfr21/2/Hbbth3/1

andHbbth3/1 male mice were used for BM transplantation (BMT),
as described previoulsy.26 In brief, 5 3 106 BM cells recovered
from the femur of Tfr21/2/Hbbth3/1 double mutants and Hbbth3/1

mice (expressing the CD45.2 surface antigen) were transplanted
into lethally irradiated C57BL/6-Ly-5.1malemice (expressing the
CD45.1 surface antigen), generating thalassemic mice with both
(tHbbth3/1) or a single Tfr2 allele (Tfr2BM hetero/Hbbth3/1) in the BM.
Nine weeks after BMT, mice were treated with triantennary
N-acetyl galactosamine (GalNAc)-conjugated antisense oligo-
nucleotide (ASO)t against Tmprss6 mRNA or control (Table 2).

Fibroblasts expansion and transduction
Cryopreserved C57BL/6N mouse primary dermal fibroblasts
(catalog number C57-6067, Cell Biologics) and/or fibroblasts

Table 1. Oligonucleotide primers used for quantitative
reverse transcription polymerase chain reaction by
TaqMan

Transcript Assay ID

Hprt1 Mm01318743_m1

Hamp Mm00519025_m1

Tmprss6 Mm00551119_m1

Epo Mm01202755_m1
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extracted in-house from C57BL/6N mice were expanded in full
media (Dulbecco’s modified Eagle medium supplemented
with 10% serum, 2.5 mg/mL amphotericin B, and 50 mg/mL
gentamycin sulfate) until generation of a sufficient number of
plates with 90% of confluency. Transduction of the fibroblasts
was performed as follows: per one 100-mm plate, the viral
vector (HDAd-EF1a-mEpo, 5.79 3 1012 viral particles/mL) was
diluted in 3 mL “full media” to a final amount of 1 3 1010 viral
particles in 3 mL (1.72 mL vector 1 3 mL media). Some plates
were not transduced and kept as control. Plates were kept at
37°C, 5% CO2 for 16 to 24 hours. After 16 to 24 hours, the cells
were washed, and the transduction media was replaced with
10 mL of full media and then kept in incubator until the
implantation day (#48 hours after transduction). Transduced
and nontransduced cells were embedded in Matrigel (Corning)
and then injected subcutaneously in the dorsal area of 2- to
5-month-old Hbbth3/1 female. The following day, the mice
receiving fibroblasts overexpressing Epo were injected with
GalNAc-conjugated ASO against Tmprss6 mRNA, while ani-
mals receiving empty (nontransduced) fibroblasts were treated
with a control ASO (CTRL-ASO).

Hemichrome analysis
To visualize membrane-bound a-globins (hemichromes) in control
and treated animals, we used Triton/acetic acid/urea (TAU) gel as
previously described.17,18

Animal studies
All animal studies were conducted under protocols approved
by the institutional animal care committees of the Children’s
Hospital of Philadelphia and San Raffaele Scientific Institute
and in accordance with European Union and United States
guidelines.

Statistical analysis
Data are presented as mean6 standard deviation (SD). One-way
analysis of variance (with multiple comparisons tests) or unpaired
Student t test analysis was performed using Prism 5.0 or 8.0
(GraphPad). Only comparisons with P , .05 were considered
statistically significant and included in the figures.

Results
A helper-dependent adenoviral vector system
allows sustained production of high levels of mouse
EPO in vivo
In order to express sustained and high levels of EPO and in-
crease erythropoiesis, we used an ex vivo approach called
TARGT for prolonged production and secretion of therapeutic
agents.24 We implanted wild-type (WT) and b-thalassemic
(Hbbth3/1) animals with murine primary dermal fibroblasts
transduced with a helper-dependent adenoviral vector carry-
ing the Epo gene (TARGTEpo). Three groups were generated

for both WT and Hbbth3/1 mice, using different amounts of
genetically modified fibroblasts (1 3 105, 5 3 105, and 1 3 106

transduced cells). One additional group received 1 3 106

untransduced fibroblasts as control. Complete blood count
(CBC) and serum harvest for EPO measurement were per-
formed 1 week after implantation and then every 10 days until
the end of the experiment at 7 weeks. This pharmacokinetic
study indicated that 13 106 cells were sufficient to significantly
increase circulating EPO levels in WT and Hbbth3/1 mice after
7 weeks (supplemental Figure 1A-B). This led to an increase in
Hb levels of ;3 g/dL in both WT and Hbbth3/1 mice as early as
1 week after fibroblasts implantation (not shown). At the end of
the treatment, WT animals showed significantly increased Hb
levels (18.56 1.7 g/dL, 19.46 0.5 g/dL and 19.86 0.8 g/dL in
the groups implanted with 1 3 105, 5 3 105, and 1 3 106 fi-
broblasts, respectively, compared with 13.5 6 0.8 g/dL in
controls; Figure 1A), high hematocrit levels, and erythrocytosis
(supplemental Figure 1C-D).

In Hbbth3/1 mice at the end of the treatment, Hb levels reached
8.7 6 0.3 g/dL, 10.7 6 1.0 g/dL, and 10.6 6 1.8 g/dL in the
groups implanted with 13 105, 53 105, and 13 106 fibroblasts
respectively, compared with 7.7 6 0.7 g/dL in controls
(Figure 1B). Hematocrit levels and RBC count followed the
same trend as in WT mice, showing significant increases in the
groups implanted with transduced fibroblasts (supplemental
Figure 1E-F).

However, as expected, stimulation of erythropoiesis led to in-
creased spleen weight in WT mice (Figure 1C) and exacerbation
of splenomegaly in Hbbth3/1 animals (Figure 1D).

This was associated with increased reticulocyte numbers and
suppression of hepcidin in WT mice (supplemental Figure
1G-H, respectively), while we only observed a trend for these
2 parameters in Hbbth3/1 animals (supplemental Figure 1I,L). This
likely prevented the beneficial effect of erythroid-mediated
consumption of stored iron in Hbbth3/1 animals, as indicated by
unchanged LIC (263 mg/g in controls and 265 mg/g in ani-
mals receiving 1 3 106 fibroblasts producing EPO). We then
postulated that, in this setting, some level of iron restriction
is required to improve anemia without exacerbation of
splenomegaly.

Combination of EPO administration and
Tmprss6-ASO corrects anemia and reduces
splenomegaly of b-thalassemia animals
We then combined the fibroblasts overexpressing Epo with an
ASO targeting the Tmprss6 mRNA (Tmprss6-ASO). Previously,
we have shown that deletion or inhibition of Tmprss6 increased
expression of endogenous hepcidin, which decreased iron ab-
sorption and limited erythroid iron intake. This improved IE,
splenomegaly, and iron overload in Hbbth3/1 mice.15,18,23 For this
study, we used a GaINAc-conjugated Tmprss6-ASO, which
enables selective delivery of the ASO to hepatocytes where
Tmprss6 is expressed.31,32

In agreement with published data, GalNAc-conjugated
Tmprss6-ASO treatment significantly increased Hb levels
(Figure 2A) and RBC count (Figure 2B) of Hbbth3/1 mice. Animals
receiving Tmprss6-ASO also showed reduced mean corpuscular
volume (MCV) (Figure 2C), while minimal effects were observed

Table 2. Sequences of the ASOs used

ASOs Sequence (59-39)

GalNAc Tmprss6 GCTTAGAGTACAGCCCACTT

GalNAc control CCTTCCCTGAAGGTTCCTCC
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on mean corpuscular Hb (MCH) (Figure 2D). Improvement in
anemia was also associated with significant reduction in re-
ticulocyte number (Figure 2E) and spleen size (Figure 2F). At the
end of the 6-week treatment, high levels of EPO (mediated by
TARGTEpo) ameliorated anemia (Figure 2A-B) but also signifi-
cantly increased reticulocyte number (Figure 2E) and spleen size
(Figure 2F) as expected.

The combination of Tmprss6-ASO and TARGTEpo did not fur-
ther increase RBC count and Hb levels (Figure 2A-B), but it
significantly reduced reticulocyte number and spleen size,
reaching values comparable to mice receiving Tmprss6-ASO
alone (Figure 2E-F). Reduction of splenomegaly was also con-
firmed by flow cytometry analysis of the erythroid compartment
in the spleen (Figure 2G).

Interestingly, we observed higher levels of EPO in circulation in
animals treated with Tmprss6-ASO and TARGTEpo than in those
treated with TARGTEpo alone (Figure 2H). Since splenomegaly

and the number of erythroid cells was superior in animals treated
with TARGTEpo alone (Figure 2F-G), we interpreted this effect as
the result of the different amounts of EPO used per mass of
erythroid cells. In other words, if we assume the production of
EPO was the same in each animal, then the consumption of EPO
was higher in animals treated with TARGTEpo than in those with
TARGTEpo 1 Tmprss6-ASO, which showed better erythroid
differentiation, longer lifespan, less apoptosis, and an overall
lower number of erythroid cells.

ERFE levels in the serum were increased by EPO adminis-
tration in Tmprss6-ASO–treated mice (Figure 2I), in agree-
ment with high circulating EPO and erythropoiesis expansion.
Similar results comparing Tmprss6-ASO vs Tmprss6-ASO 1
EPO were observed with Erfe transcript levels in the BM and
spleen (supplemental Figure 2A-B). Administration of exog-
enous EPO, achieved by engineered fibroblasts, led to the
suppression of endogenous Epo expression in the kidney
(Figure 2L).
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Figure 1. Pharmacokinetic studies in WT and Hbbth3/1 mouse models. Wild type (WT) and b-thalassemic (Hbbth3/1) animals were implanted with murine primary dermal
fibroblasts (Fib) overexpressing Epo. Three groups were generated for each genotype (1 3 105, 5 3 105, and 1 3 106 transduced cells). Increased expression of Epo leads to
significant increased Hb levels in bothWT (A) andHbbth3/1 (B) mice. As expected, enhanced erythropoiesis was also associated with splenomegaly in WT (C) and worsening of it
in b-thalassemic animals (D). Dotted red line indicates mean values for untreatedWTmice. Dashed black lines indicates mean values for untreatedHbbth3/1 mice. Bars represent
SD. Asterisks refer to statistically significant differences (****P # .001; ***P # .005; **P # .01; *P # .05).

COMBO THERAPIES FOR b-THALASSEMIA blood® 22 OCTOBER 2020 | VOLUME 136, NUMBER 17 1971

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/136/17/1968/1778050/bloodbld2019004719.pdf by guest on 29 M

ay 2024



Iron restriction induced by Tmprss6-ASO in
association with EPO significantly reduces iron
parameters and improves RBC survival in
Hbbth3/1 animals
As previously reported, GalNAc-conjugated Tmprss6-ASO ad-
ministration suppressed Tmprss6 mRNA in livers (#96%) (sup-
plemental Figure 3A) of Hbbth3/1 mice, even in the presence of
high EPO levels.15,18 This corresponded to a 2.5-fold increase in
hepcidin mRNA expression in the liver (supplemental Figure 3B)
and protein level in the serum (Figure 3A). The iron-restrictive
effect induced by Tmprss6-ASO led to a significant reduction
in serum iron (Figure 3B) and transferrin saturation (Figure 3C).
While liver iron concentration was significantly reduced in

animals treated with Tmprss6-ASO alone, we only observed a
trend toward reduction in mice treated with the combination of
the 2 drugs (Figure 3D). In particular, we observed that mice that
had the lowest liver iron concentration (LIC) showed less iron
in parenchymal cells but some accumulation (as expected) in
Kupffer cells. In contrast, those that showed higher LIC still
presented iron not only in Kupffer cells but also in parenchymal
cells. This suggests that for some animals, longer treatment with
Tmprss6-ASO should have been required to significantly re-
duce total LIC. This was due to iron retention in macrophages.
However, iron retention in macrophages was not observed in
animals with very low levels of iron in the liver (supplemental
Figure 3C-D), suggesting that in some animals, longer treatment
is required to significantly decrease the LIC.
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Furthermore, reduced erythroid iron intake due to Tmprss6-ASO
administration significantly reduced the formation of a pre-
cipitates (Figure 3E). Quantification of the globin proteins
(Figure 3F) confirmed that combined treatment did not worsen

the ⍺/b-globin chains balance compared with Tmprss6-ASO
alone. This was also associated with improved RBC distribu-
tion width (RDW) (Figure 3G) and normalized RBCs lifespan
(Figure 3H).
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The combination of Tfr2-haploinsufficiency and
Tmprss6-ASO strongly ameliorates anemia in
Hbbth3/1 mice
In order to validate our results, we decided to investigate whether
Tmprss6-ASO treatment synergizes with Tfr2 deletion in the BM,
which increases EPO sensitivity of erythroid cells, for the correction of
b-thalassemia. In view of a potential pharmacologic approach able to
inhibit TFR2 only in erythroid cells, we decided to verify whether BM
Tfr2 haploinsufficiency (which does not impact systemic iron ho-
meostasis) is also able to improve the thalassemic phenotype. To this
aim,wegeneratedHbbth3/1micewith either (tHbbth3/1[t, transplanted])
or a single Tfr2 allele (Tfr2BM hetero/Hbbth3/1) in the BM through BMT.

Nine weeks after BMT, mice were treated with GalNAc-
conjugated Tmprss6-ASO or CTRL-ASO twice a week for

6 weeks. Deletion of a single Tfr2 allele in the BM of Hbbth3/1

mice increased RBC count (Figure 4A) and Hb levels (Figure 4B)
while reducing the percentage of reticulocytes (Figure 4C) and
the erythrocyte indexesMCV (Figure 4D) andMCH (Figure 4E). A
comparable beneficial effect was reached at the end of Tmprss6-
ASO treatment in tHbbth3/1 mice.

Treatment of Tfr2BM hetero/Hbbth3/1 animals with Tmprss6-ASO
induced a significant increase in the number of RBCs, reaching
the normal range after 3 weeks of treatment. Surprisingly, at the
end of treatment RBC count was even greater than that of WT
mice (Figure 4A).

Hb levels of Tfr2BM-hetero/Hbbth3/1 were increased by ;2 g/L com-
pared with tHbbth3/1 after 3 weeks of Tmprss6-ASO administration,
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Figure 4. Tfr2 haploinsufficiency in combination with Tmprss6-ASO significantly ameliorates anemia of b-thalassemic mice. Tfr2BM hetero/Hbbth3/1 and tHbbth3/1 mice were
treated with Tmprss6-ASO or CTRL-ASO (5mg/kg, intraperitoneally) twice a week for 6 weeks starting 9 weeks after BMT. Complete blood count was determined at the
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and only a modest further improvement was achieved at the end
of treatment (Figure 4B). After 6 weeks of treatment, the re-
ticulocyte count normalized, while MCV and MCH were strongly
reduced, indicating a disproportionate erythropoietic expansion
relative to the available iron (Figure 4C-E).

The combination of Tfr2 haploinsufficiency and
Tmprss6-ASO induces iron restriction, improves
erythropoiesis, and reduces splenomegaly in
Hbbth3/1 mice
We confirmed that the 6-week-long treatment with GalNAc-
conjugated Tmprss6-ASO efficiently inhibited Tmprss6 ex-
pression in the liver of both Tfr2BM-hetero/Hbbth3/1 and tHbbth3/1

mice in a similar fashion (;94%; supplemental Figure 4A), with a
consequent fourfold increase of hepatic hepcidin (Hamp) ex-
pression (supplemental Figure 4B). Transferrin saturation (sup-
plemental Figure 4C) and serum iron (supplemental Figure 4D)
were reduced in CTRL-ASO–treated Tfr2BM hetero/Hbbth3/1 mice
compared with tHbbth3/1 controls, likely because of the en-
hanced erythropoiesis induced by Tfr2 deletion. As expected,
treatment with Tmprss6-ASO resulted in a strong reduction of
transferrin saturation and serum iron, reaching comparable
values in both genotypes. Following Tmprss6-ASO treatment,
spleen iron content was significantly augmented in Tfr2BM hetero/
Hbbth3/1 mice, compatible with high hepcidin levels, whereas it
was only mildly increased in tHbbth3/1 animals (supplemental
Figure 4E). LIC was comparable among all groups (supplemental
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Figure 5. Tfr2 haploinsufficiency in combination with Tmprss6-ASO significantly ameliorates erythropoiesis and splenomegaly of b-thalassemic mice. At the end of the
treatment with Tmprss6-ASO or CTRL-ASO, Tfr2BM hetero/Hbbth3/1 and tHbbth3/1 mice were euthanized, and we evaluated kidney mRNA expression of EPO (Epo) relative to
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Figure 4F), likely due to iron sequestration into macrophages, as
previously shown (supplemental Figure 3D).

Epo transcript levels in the kidney (Figure 5A) and protein levels
in the serum (Figure 5B) inversely correlated to Hb levels. EPO
levels were reduced in CTRL-ASO–treated Tfr2BM-hetero/Hbbth3/1

and Tmprss6-ASO–treated tHbbth3/1 mice when compared with
tHbbth3/1 controls. Furthermore, they were even lower (within the
normal range) in Tmprss6-ASO–treated Tfr2BM-hetero/Hbbth3/1

animals. This was also confirmed by similar alterations in the
expression levels of the EPO-target gene Erfe both in the BM
(Figure 5C) and in the spleen (Figure 5D).

As expected from our previous findings, Tfr2 haploinsufficiency
did not alter spleen size in thalassemic mice, while treatment
with Tmprss6-ASO significantly reduced splenomegaly in both
Tfr2BM-hetero/Hbbth3/1 and tHbbth3/1 animals in a comparable
manner (Figure 5E).26 Tfr2 deletion modestly improved IE in the
BM (Figure 5F), but not in the spleen (Figure 5G). Tmprss6-ASO
administration, on the other hand, strongly ameliorated BM and
spleen erythropoiesis of both Tfr2BM-hetero/Hbbth3/1 and tHbbth3/1

animals in a comparable manner. The RDW SD was significantly
reduced in Tmprss6-ASO–treated Tfr2BM-hetero/Hbbth3/1 animals
relative to Tmprss6-ASO–treated tHbbth3/1 (32.9 6 2.0 fL and
37.36 3.9 fL, respectively; P5 .045), suggesting better fitness of
Tfr2-haploinsufficient b-thalassemic erythrocytes.

Iron restriction mediated by Tmprss6-ASO
mitigates the effect of EPO on Akt and
Jak2 activation
We next inquired how the combination of iron restriction
and enhanced EPO stimulation improved erythropoiesis. We
quantified the nucleated erythroid cells positive for the phos-
phorylated forms of Akt and Jak2, proteins activated by EPO but
whose activity is potentially limited by iron restriction.33 For
instance, the total number of pAkt1 and pJak21 proerythroblasts
in the spleen, normalized to circulating EPO levels, was reduced
in Hbbth3/1 mice treated with GalNAc-conjugated Tmprss6-ASO

or Tmprss6-ASO 1 TARGTEpo (respectively 296% and 284%
for pAkt1 and 291% and 284% for Jak21 when compared with
control Hbbth3/1 mice; Figure 6A-B). The total number of pro-
genitor erythroid cells (erythroid colony-forming unit [CFU-E])
was also decreased with Tmprss6-ASO treatment, and that of
erythroid burst-forming units followed a similar trend (Figure 6C;
supplemental Figure 5).

Altogether, these data suggest that under conditions of IE, the
combination of erythroid iron restriction with strategies aimed to
increase RBC synthesis improves the quality of RBC and does not
reduce the overall production of erythrocytes, despite lower
levels of erythroid progenitors being produced.

Iron restriction induced by Tmprss6-ASO in
association with lower doses of EPO significantly
improves anemia and reduces splenomegaly in
Hbbth3/1 animals
To overcome the possible issues associated with the use of very
high levels of EPO in a clinical setting, we evaluated additional
treatment regimens. Hbbth3/1 animals were first pretreated with
the regular doses of Tmprss6-ASO for 3 weeks to abate IE,
followed by the coadministration of lower doses of EPO (ad-
ministered as rhEPO or fibroblasts overexpressing Epo) in the
last 2 weeks of the experiment. This strategy was based on the
hypothesis that less EPO would be needed once IE was con-
trolled. At the end of the study, animals receiving the lower
doses of rhEPO (Figure 7A-C) or a lower dose of fibroblasts
overexpressing Epo (Figure 7D-F) displayed a significant im-
provement in anemia (as shown by increased RBC number and
Hb levels) and reduction of splenomegaly when compared with
animals receiving Tmprss6-ASO alone (Figure 7A-F). These data
provide the proof of principle that a tailored combination
therapy could be extremely beneficial in the clinical setting,
allowing for a further improvement of the thalassemic phenotype
without detrimental effects on the reduced splenomegaly in-
duced by Tmprss6-ASO alone.
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Discussion
Traditional treatment of b-thalassemia is still far from being
optimal, and all of the ongoing experimental approaches are
based on the administration of single agents. We decided to
investigate the possibility of increasing the effectiveness of
b-thalassemia treatment through a “combinatorial” approach,
in analogy with current therapies for hematological malignan-
cies. Past studies indicated that despite high EPO levels in
b-thalassemia, additional EPO administration was effective in
improving anemia in patients.34-40 However, this approach was
abandoned in light of potential cardiovascular complications
associated with the high dose of rhEPO required, the transient
effect, costs, and inconvenient route of administration of the
drug.41

Furthermore, we have shown that iron restriction improves
anemia in b-thalassemia mice and reduces oxidative stress,
hemichrome formation, and splenomegaly.15,17,18 Therefore, we
decided to evaluate whether iron restriction could prevent the
side effects of EPO administration (ie, splenomegaly) and its
inability to improve hemichromes formation without impairing
RBC production. Here, we demonstrated that the induction of

iron restriction through Tmprss6-ASO administration and the
stimulation of EPO activity (through either EPO administration or
reducing Tfr2 in BM cells) synergize to improve the thalassemic
phenotype and ameliorate or correct hematological parameters,
erythropoiesis, and splenomegaly.

However, the results obtained with the 2 therapeutic approaches
did not overlap completely. With EPO administration, the in-
crease in RBC count was exclusively EPO mediated (as no ad-
ditive effect with Tmprss6-ASO was observed) and reached
levels observed in WT mice. However, the contribution of
Tmprss6-ASOwas clear when we characterized the quality of the
red cells and, in the spleen, the total number of erythroid cells,
the portion of these that were pAkt1 and pJak21, and the total
number of CFU-Es. Administration of Tmprss6-ASO not only
improved red cell quality and lifespan but also reduced the
number of erythroid progenitors that exacerbated the spleno-
megaly by EPO administration, as indicated by the number of
pAkt1 and pJak21 erythroid cells normalized by serum EPO
levels. In other words, while EPO was required to increase RBC
synthesis, administration of Tmprss6-ASO induced some level of
iron restriction that limited overproduction of erythroid cells and,
simultaneously, corrected IE. In contrast, in Tfr2-haploinsufficient
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Figure 7. Pretreatment with Tmprss6-ASO followed by a concomitant lower dose of EPO is more effective than Tmprss6-ASO alone in improving anemia in Hbbth3/1

mice. Thalassemic mice receiving cotherapy with Tmprss6-ASO (T6-ASO) and lower dose of EPO (in the form of rhEPO or fibroblasts overexpressing Epo) following a
pretreatment with Tmprss6-ASO showed significantly improved anemia when compared with animals receiving Tmprss6-ASO alone. At the end of the treatment we observed
increased RBC number, Hb levels and reduced splenomegaly when both a low dose of rhEPO (A-C) or lower dose of fibroblasts overexpressing Epo (D-F) were coadministered
with Tmprss6-ASO. Dotted red line indicates mean values for untreated WT mice. Dashed black lines indicates mean values for untreated Hbbth3/1 mice. Bars represent SD.
Asterisks refer to statistically significant differences (****P # .001; ***P # .005; **P # .01; *P # .05).
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b-thalassemic mice, Tmprss6-ASO administration further in-
creased RBC count, to levels superior to those of WT mice.
Following implantation of fibroblasts overexpressing Epo, RBC
production might reach plateau levels, which do not further
increase with additional Tmprss6-ASO administration. If this is
the case, then why did Tfr2-deficient b-thalassemic mice have
higher levels of RBCs in circulation? One possibility is that lack of
Tfr2 may reset the EPO sensitivity of the erythroid cells so that
lower or similar levels of EPO may lead to higher production of
RBCs. Alternatively, since the diet administered to the Tfr2-
deficient b-thalassemic mice was more iron rich, this could pos-
itively impact RBC synthesis. Future studies will address these
questions.

EPO administration alone is not an option for b-thalassemic
patients because of the risk of side effects associated with the
high doses required.37,42 However, our results prove that a
pretreatment with Tmprss6-ASO, aimed at limiting IE,
strongly reduces the amount of EPO required to achieve a
beneficial effect on the thalassemic phenotype in mice,
making this approach a potential therapeutic option for
b-thalassemic patients. Selective targeting of Tfr2 on ery-
throid cells may represent an alternative strategy for the fu-
ture. Once the TFR2-EPO receptor–interacting site is
identified, small molecules/peptides that interfere with
binding may be designed and tested, or an approach based
on specific ASOs or small interfering RNAs could be envi-
sioned. As we have shown here and previously, Tfr2 hap-
loinsufficiency is enough to improve the b-thalassemic
phenotype, without impairing hepcidin expression in the liver
and causing iron overload.25

Although our results suggest that the combination of EPO
administration or Tfr2-targeting and anti-Tmprss6 therapy may
be clinically effective, the induction of excessive iron restriction
has to be avoided. Indeed, we have shown that at the end of
the 6-week-long protocol, iron restriction induced by Tmprss6
inhibition in Tfr2 haploinsufficient mice is disproportionate
relative to the strong erythropoietic stimulus, leading to ex-
aggerated erythrocytosis, microcytosis, and hypochromia.
However, the time-course analysis of hematological parame-
ters revealed that earlier in the course of treatment, RBC and
reticulocyte counts are within the normal range, Hb levels are
already high, and only a small effect on MCV and MCH is
observed. These findings suggest that in view of a potential
therapeutic approach, an optimal Tmprss6-ASO treatment
regimen can be identified. Nevertheless, here, we showed that
in non–transfusion-dependent b-thalassemia, the combination
of iron restriction and strategies aimed at stimulating eryth-
ropoiesis maximizes the correction of anemia while improv-
ing splenomegaly and, to some extent, iron overload. Whether
this approach might also benefit transfusion-dependent
b-thalassemia is still not known and worthwhile to be tested
in future studies.

In addition, our findings pave the way for and strongly support
the use of additional drugs that target iron metabolism (ie,
hepcidin mimetics, FPN inhibitors, or TMPRSS6 inhibitors) in
combination with erythroid enhancer agents (ie, EPO, TFR2
inhibitors, and luspatercept) to improve the treatment of
b-thalassemia. In conclusion, we suggest that combinatorial
therapies targeting different pathophysiological pathways of this

disorder could represent a valid and superior approach for the
management of b-thalassemia.
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