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Abstract

β-thalassemia is a disorder characterized by anemia, ineffective erythropoiesis

(IE), and iron overload, whose treatment still requires improvement. The activin

receptor-ligand trap Luspatercept, a novel therapeutic option for β-thalassemia,

stimulates erythroid differentiation inhibiting the transforming growth factor β

pathway. However, its exact mechanism of action and the possible connection

with erythropoietin (Epo), the erythropoiesis governing cytokine, remain to be

clarified. Moreover, Luspatercept does not correct all the features of the disease,

calling for the identification of strategies that enhance its efficacy. Transferrin

receptor 2 (TFR2) regulates systemic iron homeostasis in the liver and modulates

the response to Epo of erythroid cells, thus balancing red blood cells production

with iron availability. Stimulating Epo signaling, hematopoietic Tfr2 deletion ame-

liorates anemia and IE in Hbbth3/+ thalassemic mice. To investigate whether

hematopoietic Tfr2 inactivation improves the efficacy of Luspatercept, we treated

Hbbth3/+ mice with or without hematopoietic Tfr2 (Tfr2BMKO/Hbbth3/+) with RAP-

536, the murine analog of Luspatercept. As expected, both hematopoietic Tfr2

deletion and RAP-536 significantly ameliorate IE and anemia, and the combined

approach has an additive effect. Since RAP-536 has comparable efficacy in both

Hbbth3/+ and Tfr2BMKO/Hbbth3/+ animals, we propose that the drug promotes ery-

throid differentiation independently of TFR2 and EPO stimulation. Notably, the

lack of Tfr2, but not RAP-536, can also attenuate iron-overload and related com-

plications. Overall, our results shed further light on the mechanism of action of

Luspatercept and suggest that strategies aimed at inhibiting hematopoietic TFR2

might improve the therapeutic efficacy of activin receptor-ligand traps.
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1 | INTRODUCTION

β-thalassemia is an inherited recessive disorder due to mutations in

the β-globin gene or in its promoter, characterized by ineffective

erythropoiesis (IE), chronic anemia, and secondary iron overload. Differ-

ent mutations lead to a variable degree of reduction of β-globin chain

synthesis, resulting in a heterogeneous severity of the disease.1–6 Mild

anemia and lack of need for regular blood transfusion regimen are fea-

tures of non-transfusion-dependent β-thalassemia (NTDT). Patients

affected by the most severe transfusion-dependent (TDT) form require

lifelong regular blood transfusions for survival, a suboptimal and demand-

ing therapeutic approach2,7,8 that should be associated to iron chelation

to avoid excessive iron accumulation.9–14 The only curative options for

TDT are hematopoietic stem-cell transplantation and gene therapy, both

expensive approaches limited by the paucity of HLA-matched donors

and the complexity of technical issues for cell products, respectively.15–20

Promising innovative strategies are agents that restrict iron for

erythropoiesis21–23 and gene editing,24–28 now tested in clinical trials.

Luspatercept (ACE-536), a drug recently approved for TDT29 and NTDT

(https://news.bms.com/news/corporate-financial/2023/), induces sus-

tained elevations of red blood cells (RBC) and hemoglobin (Hb) levels in

normal rodents,30 non-human primates and healthy volunteers,29–32 as

well as in murine models and patients with myelodysplastic syndromes

and β-thalassemia.30,32–34 It is composed of the modified extracellular

domain of human activin receptor type IIB fused to the human IgG1 Fc

domain, which stimulates erythroid differentiation sequestering TGF

ligands, mainly growth differentiation factor 11 (GDF11), in vitro.30,34,35

However, the involvement of GDF11 in the Luspatercept-mediated

induction of erythropoiesis in vivo has been recently disputed.36–38

Recent results propose that Luspatercept, by inhibiting the activation of

the son-of-mothers against decapenthaplegic 2/3 (SMAD2/3)

pathway,39 would favor the nuclear localization of the transcription inter-

mediary factor 1γ (TIF1γ), thus up-regulating Gata1 and its erythroid

gene signature.40–42 In this way, the drug would promote erythroid dif-

ferentiation, without increasing proliferation of early erythroid precur-

sors. Also, Luspatercept murine analogues were able to increase

erythropoietin (Epo) expression in an NTDT murine model,43,44 but not in

a different one.30 So, the exact mechanism of the Luspatercept-mediated

induction of erythroid differentiation remains unclear.

Transferrin Receptor 2 (TFR2) is a transmembrane protein highly

homologous to the iron importer TFR1, mutated in type 3 hereditary

hemochromatosis.45 As TFR1, also TFR2 binds iron-loaded transferrin

(holo-TF), even if with a lower affinity and a regulatory, rather than an

iron import, function.46,47 In iron-replete conditions, the binding to

holo-TF stabilizes TFR2 on the plasma membrane by inhibiting its pro-

teolytic cleavage48 and reducing its lysosomal degradation.49 TFR2 is

expressed in the liver and, to a lower extent, in erythroid cells.50

While the involvement of TFR2 in the regulation of hepcidin has been

extensively studied,45,51 the erythroid function of the protein

remained elusive for years, until it was demonstrated that TFR2 and

the erythropoietin receptor (EPOR) are synchronously activated

and co-expressed during erythroid differentiation.52 Interestingly,

mice with hematopoietic-specific Tfr2 deletion (Tfr2BMKO) show

enhanced erythroid differentiation in the presence of comparable EPO

levels,53,54 accompanied by an increase in RBC count and hemoglobin

levels, mainly in conditions of high erythroid demand.54 The mechanism

responsible for the TFR2-mediated modulation of erythropoiesis is not

completely understood, but Tfr2-deficient erythroid cells are more sen-

sitive to EPO stimulation.54 Overall, these findings identify TFR2 as an

important negative regulator of erythropoiesis, that adjusts RBC pro-

duction according to the available iron. Moreover, hematopoietic Tfr2

deletion ameliorates IE, anemia, and iron parameters in a murine model

of NTD β-thalassemia,53 and abolishes blood transfusion requirement

for survival in TD mice.55 These results indicate that TFR2 targeting

might be a promising therapeutic option for the disease.

We hypothesized that hematopoietic Tfr2 deletion, enhancing

EPO signaling, could improve the therapeutic efficacy of Luspatercept.

Here we demonstrate that the murine analog RAP-536 has an addi-

tive effect to hematopoietic Tfr2 deletion in ameliorating anemia and

IE in NTDT Hbbth3/+ mice, and that RAP-536 activity is independent

from the EPO-pathway. In addition, hematopoietic Tfr2 deletion, but

not RAP-536 alone, attenuates iron overload and hepatic inflamma-

tion. Taken together our results suggest that combining Luspatercept

with hematopoietic TFR2 targeting might become a promising thera-

peutic approach to significantly improve the outcome of β-thalassemia

patients.

2 | METHODS

2.1 | Animal models

Hbbth3/+ mice (with heterozygous deletion of b1 and b2 genes) on

a pure C57BL/6 background were purchased from The Jackson

Laboratory (Bar Harbor, ME). Tfr2-ko mice on a pure 129S2 back-

ground were generated as described.56,57 Hbbth3/+ and Tfr2-ko

mice were crossed to generate Tfr2-ko/Hbbth3/+ and Hbbth3/+

progenies on a mixed C57/129S2 background.

Bone marrow (BM) cells isolated from 12-week-old C57/129S2

Tfr2-ko/Hbbth3/+ and Hbbth3/+ male mice were used for BM transplan-

tation (BMT), to generate thalassemic mice with (Hbbth3/+) or without

Tfr2 (Tfr2BMKO/ Hbbth3/+) in the hematopoietic compartment. In brief,

5 � 106 BM cells were recovered from the femur of Tfr2-ko/Hbbth3/+

double mutants and Hbbth3/+ mice (expressing the CD45.2 surface

antigen) and transplanted, trough retro-orbital injection, into lethally

irradiated C57BL/6-Ly-5.1 male mice (expressing the CD45.1 surface

antigen). Animals were fed a standard diet and maintained in the ani-

mal facility of San Raffaele Scientific Institute in accordance with the

European Union guidelines. The study was approved by the Institu-

tional Animal Care and Use Committee of the Institute.

2.2 | Experimental protocol

Nine weeks after BMT, Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice were

subcutaneously treated with RAP-536 (10 mg/kg), the murine analog
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of Luspatercept (Celgene, BMS group), or vehicle, twice a week for

8 weeks. A blood sample for complete blood count (CBC) was recov-

ered by tail vein puncture every 2 weeks starting from the beginning

of the treatment. At sacrifice, blood and organs were collected for

complete phenotypic characterization.

2.3 | Hematological analysis

CBC was measured on an IDEXX Procyte dx automated blood cell

analyzer (Idexx Laboratories).

Transferrin saturation was calculated as the ratio between serum

iron and total iron binding capacity, using The Total Iron Binding

Capacity Kit (Randox Laboratories Ltd.), according to the manufac-

turer's instructions. Serum EPO levels were measured using mouse

EPO quantikine set (R&D System), according to the manufacturer's

instructions.

2.4 | Flow cytometry

For phenotypic analysis of erythroid maturation by flow cytometry,

BM and spleen cells were stained with PE-C7 rat anti-mouse

CD45, PE-C7 rat anti-mouse B220, FITC rat anti-mouse Ter119

and APC rat anti-mouse CD44 (BD Biosciences) for 30 min in the

dark at 4°C as previously reported.58 Donor/host chimerism was

evaluated on BM cells from transplanted mice by using FITC rat

anti-mouse CD45.1 and APC rat anti-mouse CD45.2 antibodies

(BD Biosciences). Samples were acquired at Gallios/Navios cyt-

ometer (Beckman Coulter) and results analyzed by using FCS

express software (De Novo Software).

2.5 | Immunofluorescence

Spleen and liver tissues were fixed in 4% paraformaldehyde, dehy-

drated, embedded in paraffin through standard methods and sec-

tioned at a thickness of 4 μm at the Animal Histopathology facility

of San Raffaele Hospital. Sections were deparaffinized and then

incubated for 1 h in PBS + 0.1% Triton-X + 3% Bovine Serum

Albumin, followed by staining with APC rat anti-mouse Ter-119

(BD Biosciences) for 30 min in the dark. Images were acquired with

the Sapphire Biomolecular Imager (Azure Biosystems) and mean

fluorescence intensity of each section was determined using the

Image J software.

2.6 | Histological analysis

Spleen and liver sections prepared as above were stained with Hema-

toxylin & Eosin by standard methods and digital slide scanning was

performed with the ImageScope software at the Animal Histopathol-

ogy facility of San Raffaele Hospital.

2.7 | Gene expression analysis

RNA was extracted from snap-frozen murine livers, spleens, and kid-

neys using the guanidinium thiocyanate–phenol–chloroform method

(Trifast Reagent, Euroclone), following manufacturer's recommenda-

tions. BM RNA was extracted by combining the Trifast Reagent proto-

col with a resin-based purification (ReliaPrep RNA Miniprep system,

Promega), after the addition of isopropanol.

RNA (2 μg) was used for first-strand synthesis of cDNA with the

High-Capacity cDNA Reverse Transcription kit (Applied Biosystems),

according to manufacturer's instructions. For quantitative polymerase

chain reaction (qPCR) analysis, specific murine Assays-on-Demand

products (20X) and TaqMan Master Mix (2X) (Applied Biosystems) or

specific murine oligos (designed using the NCBI Pick Primer software

and generated by Merck) and SYBRgreen Master Mix (2X) (Applied

Biosystems) were used, and the reactions were run on CFX96 Real-

Time PCR System (BioRad). Each cDNA was normalized to the corre-

sponding level of Hypoxanthine Phosphoribosyltransferase 1 (Hprt1)

or Ribosomal Protein L13 (Rpl13). Primers used for qRT-PCR are listed

in Supplementary Tables S1 and S2.

2.8 | Tissue iron content

To measure iron concentration, tissue samples were dried at 65°C for

1 week, weighted, and digested in 1 mL of acid solution (3 M HCl,

0.6 M trichloroacetic acid) for 20 h at 65°C. The clear acid extract was

added to 1 mL of working chromogen reagent (1 volume of 0.1%

bathophenanthroline sulfate and 1% thioglycolic acid solution, 5 vol-

umes of water, and 5 volumes of saturated sodium acetate). The solu-

tions were then incubated for 30 min at room temperature until color

development and the absorbance measured at 535 nm. A standard

curve was plotted, using an acid solution containing increasing

amounts of iron sulfate diluted from a stock solution (Merck).

2.9 | Statistics

Data are presented as mean ± standard deviation. One-way and

2-way ANOVA were performed using GraphPad Prism 8.0

(GraphPad). Selected comparisons were evaluated also through a Stu-

dent t-test analysis. p < .05 was considered statistically significant.

3 | RESULTS

3.1 | RAP-536 and hematopoietic Tfr2 deletion
synergistically ameliorate anemia and ineffective
erythropoiesis of Hbbth3/+ mice

To evaluate the effect of a combinatorial strategy based on hemato-

poietic Tfr2 deletion and RAP-536 treatment in a model of NTDT, we

generated Hbbth3/+ mice with or without Tfr2 (Tfr2BMKO/Hbbth3/+) in

TANZI ET AL. 3
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BM-derived cells through BMT. Nine weeks after BMT, mice were

treated with RAP-536 (10 mg/kg), twice a week for 8 weeks.

Complete engraftment is confirmed through the evaluation of

both BM chimerism (Supplementary Figure S1A) and the evaluation of

Tfr2 expression in BM (Supplementary Figure S1B) and spleen

(Supplementary Figure S1C). As previously shown,53 hematopoietic

Tfr2 deficiency ameliorates anemia (Figure 1A), splenomegaly

(Figure 1B, C), and IE (Figure 1D, E) of Hbbth3/+ mice, an effect which

is maintained at least until 34 weeks after transplantation

(Supplementary Figure S2). RAP-536 increases RBC count, Hb levels,

and HCT already after 2 weeks of treatment with a comparable efficacy in

both Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice, and the beneficial effect is

maintained for the entire protocol (Figure 1A). No significant changes are

observed in MCV, MCH, and reticulocytes in both groups of mice. Spleno-

megaly and red pulp expansion are improved by hematopoietic Tfr2 dele-

tion, but not by RAP-536 in Hbbth3/+ mice (Figure 1B–D and

Supplementary Figure S1D,E). This is accompanied by the amelioration of

IE both in BM (Figure 1E) and spleen (Figure 1F), with reduced proportion

of immature erythroblasts and increased mature RBCs. Erythroid differenti-

ation is further improved in RAP-536-treated Tfr2BMKO/Hbbth3/+ mice both

in BM (Figure 1E) and spleen (Figure 1F). Of note, spleen size and architec-

ture are almost comparable to those of wild-type animals (Figure 1B–D

and Supplementary Figure S1D,E). Severe anemia and hypoxia in Hbbth3/+

mice are associated to compensatory hepatic extramedullary erythropoiesis

and Epo production in the attempt of sustaining the erythropoietic activity.

Indeed, some erythroid foci are visible in the liver of thalassemic animals

(Supplementary Figure S1F), together with high positivity to the erythroid

marker Ter119/Glycophorin A (Gypa) both at protein (Figure 1G,H) and

mRNA level (Figure 1I) and remarkable Epo expression (Figure 1L). All these

features are reduced or even abrogated by hematopoietic Tfr2 deletion,

consistent with hypoxia and hepatic extramedullary erythropoiesis correc-

tion, while RAP-536 has a very modest effect.

Overall, these data prove that hematopoietic Tfr2 genetic inacti-

vation acts synergistically with Luspatercept in ameliorating anemia,

and ineffective and extramedullary erythropoiesis in the Hbbth3/+

murine model of NTD β-thalassemia.

3.2 | RAP-536 does not correct iron overload in
both Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice

Since iron overload plays an important role in the development of

complications in β-thalassemia, we analyzed iron parameters both at

serum and tissue levels. As previously shown, Tfr2BMKO/Hbbth3/+ mice are

characterized by a trend toward a reduction in serum iron (Figure 2A) and

transferrin saturation (TS, Figure 2B), with no changes in total transferrin

levels (Total Iron Binding Capacity, TIBC, Figure 2C). Liver (LIC,

Figure 2D), heart (HIC, Figure 2E), and kidney iron content (KIC,

Figure 2F) are decreased in Tfr2BMKO/Hbbth3/+ relative to Hbbth3/+ mice.

RAP-536 treatment prevents HIC reduction in Tfr2BMKO/Hbbth3/+ mice

but does not modify iron levels in serum or in other tissues in both groups

of mice, excluding a direct role for RAP-536 in the regulation of systemic

iron homeostasis, according to previous findings.14 Of note, iron content

of erythropoietic organ, such as spleen (SIC), shows a trend toward reduc-

tion in RAP-treated mice (Figure 2G), in accordance with the partial ame-

lioration of IE. Interestingly, mice with maximal IE improvement, namely

the RAP-536 treated Tfr2BMKO/Hbbth3/+ mice, show the lowest SIC

among all groups of animals.

In line with lower LIC, the expression of the iron-sensitive Bone

Morphogenetic Protein 6 (Bmp6) is reduced in Tfr2BMKO/Hbbth3/+ mice

as compared to Hbbth3/+ (Figure 2H), while Bmp2 is unchanged

(Figure 2I), leading to the downregulation of the BMP–SMAD path-

way and decreased mRNA levels of the target genes Hamp (Figure 2L)

and Inhibitor of Differentiation 1 (Id1, Figure 2M). However, Hamp

mRNA levels appears more appropriate to the systemic iron loading

(Hamp/LIC ratio, Figure 2N) in Tfr2BMKO/Hbbth3/+ mice as compared

to Hbbth3/+, likely because of the reduction of inhibitory signals

(i.e., the erythroid regulator Erythroferrone and others) from the more

effective erythropoiesis. On the contrary, RAP-536 does not influence

the expression of Bmp6, Bmp2, Hamp and Id1, confirming the lack of

effect on the regulation of systemic iron homeostasis.

3.3 | Hematopoietic Tfr2 deletion limits
inflammation in Hbbth3/+ mice

In β-thalassemia iron overload is associated with severe oxidative

stress and inflammation, mediators of cell and organ injury.59 Therefore

we investigated the effect of hematopoietic Tfr2 deletion and RAP-536

on the pro-inflammatory status of Hbbth3/+ mice. Tfr2BMKO/Hbbth3/+ ani-

mals show decreased hepatic expression of Cd45 (Figure 2O), a marker of

leucocyte infiltration, of the acute phase protein α-2-macroglobulin (A2m,

Figure 2P) and of the STAT3 target genes Tumor Growth Factor β1 (Tgf-

β1 Supplementary Figure S3A) and B-Cell Lymphoma 2 (Bcl2, Supplemen-

tary Figure S3B) relative to Hbbth3/+ mice, suggesting reduced systemic

inflammation. In agreement, mRNA levels of the pro-inflammatory cyto-

kine interleukin-6 (Il-6) and interleukin-1β (Il-1β) are decreased in the liver

of mice lacking Tfr2 in BM-derived cells (Supplementary Figure S3C,D). A

similar trend is observed for Il-6 levels in BM (Supplementary Figure S3E),

but not in the spleen (Supplementary Figure S3F). RAP-536 does not

affect Cd45, Il6 and Il1β levels in both Hbbth3/+ and Tfr2BMKO/Hbbth3/+

mice, and only mildly decreases the transcription of A2m in the liver.

However, no differences among the genotypes and treatments were

observed in circulating total white blood cells and relative subpopulations

(Supplementary Figure S4).

Overall, our findings suggest that the addition of hematopoietic

Tfr2 deletion to Luspatercept, besides correcting anemia more effi-

ciently, improves the main disease complications, such as iron-

overload and inflammation.

3.4 | EPO is inappropriately high in RAP-536
treated mice

As expected, anemia amelioration leads to a strong downregulation of

serum EPO levels in Tfr2BMKO/Hbbth3/+ mice (Figure 3A) and of its

4 TANZI ET AL.
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expression in the kidney (Figure 3B). Interestingly, this does not occur

upon RAP-536 treatment in both Hbbth3/+ and Tfr2BMKO/Hbbth3/+

mice, in which, despite higher hemoglobin, Epo mRNA and protein

levels are comparable, or even higher than those of vehicle-treated

animals of the same genotype. This suggests that RAP-536 treatment

might directly increase kidney Epo expression, in line with previous

F IGURE 1 Legend on next page.
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results obtained with its analog RAP-011.43 We hypothesized that

this effect might be mediated by the inhibition of the TGF-β signaling,

since a recent study showed that TGF-β decreases kidney Epo produc-

tion repressing the transcription of Epas1 (the gene encoding for the

Epo activating protein HIF-2α) in EPO-producing cells.60 However,

Epas1 mRNA levels in the kidney are not affected by RAP treatment

(Figure 3C), excluding that this mechanism is involved in the mainte-

nance of high EPO levels.

Low EPO limits the proliferation of early erythroid precursors,

further contributing to the correction of IE and restricting the produc-

tion of the erythroid regulator erythroferrone (Erfe) in Tfr2BMKO/

Hbbth3/+ animals, both in BM (Figure 3D) and spleen (Figure 3E),

resulting in reduced circulating levels of the hormone (Figure 3F).

Since ERFE is a negative regulator of hepcidin expression,61 its reduc-

tion is possibly responsible for the more appropriately high hepcidin

levels of double mutant mice. No changes in BM and spleen Erfe levels

are observed upon RAP-536 treatment in both genotypes, likely

because of the sustained EPO production. Consistently, the expres-

sion of the EPO-EPOR target genes Bcl-xl (Supplementary Figure S5A,B)

and Epor itself (Supplementary Figure S5C,D) is not affected by RAP-536

treatment, further supporting the hypothesis of its EPO-independent

effect. On the contrary, mRNA levels of Bcl-xl and Epor of Tfr2BMKO/

Hbbth3/+ animals, despite comparable to values measured in Hbbth3/+,

are inappropriately high relative to low EPO (Figure 3G–L). Similar results

are observed for additional EPO-EPOR target genes, such as Cyclin G2

(Ccng2) and cKit, activated by the EPO-AKT pathway, and TLC domain

containing 4 (Tlcd4) and Cellular Inhibitor of Apoptosis (cIap), acti-

vated by the EPO-ERK signaling (Supplementary Figure S5E-N).

The same trend is evident also when Erfe levels are normalized on

serum EPO (Supplementary Figure S5O-P). Overall, these findings

confirm the enhanced EPO responsiveness of Tfr2-deficient ery-

throid cells.53,54

3.5 | Chronic RAP-536 treatment does not inhibit
SMAD2/3 signaling pathway

To better investigate the mechanism through which RAP-536 pro-

motes erythroid differentiation in our model, we evaluated the activa-

tion of the SMAD2/3 pathway, which is expected to be

downregulated upon Luspatercept treatment. Surprisingly, the expres-

sion of cMyc (Figure 4A,B), Id1 (Figure 4C,D), Pai1 (Figure 4E,F), and

Smad7 (Figure 4G,H), target genes positively modulated by SMAD2/3

pathway,62,63 is unchanged or even increased upon RAP-536 treat-

ment both in BM and spleen, indicating that, in chronic conditions, the

TGFβ-SMAD2/3 pathway is not inhibited by Luspatercept. Activin

Ligand Traps have been proposed to promote differentiation enhanc-

ing apoptosis of defective immature erythroblasts through the FAS–

FASL pathway.43 In line with this observation, Fasl mRNA is aug-

mented in the BM of Hbbth3/+ treated mice (Figure 4I) and show a

trend toward an increase in the spleen of RAP-treated Tfr2BMKO/

Hbbth3/+ animals (Figure 4L), suggesting a pro-apoptotic phenotype.

4 | DISCUSSION

Despite the recent approval of innovative approaches, such as gene

therapy16 and Luspatercept,29,33,43 the treatment of β-thalassemia, a

disease with about 60.000 affected individuals born every year, is still

far from optimal. This is likely due to the complex pathophysiology of

the disorder, with several contributing and modifier factors, in addi-

tion to the genetic defect. In agreement, combinatorial treatments tar-

geting different pathologic cues of the disease have been shown to be

more effective than single agent strategies in preclinical studies.22

Here, we demonstrate that RAP-536, the murine orthologue of Luspa-

tercept that promotes the maturation of late-stage erythroblasts,40

and hematopoietic Tfr2 deletion, that increases EPO-sensitivity of

early erythroid precursors,54 synergize in the correction of anemia

and IE in Hbbth3/+ mice, proving that the two approaches act through

different mechanisms. Similar findings have been obtained combining

an analog activin-ligand trap with agents that redistribute iron, as anti

Tmprss6 antisense oligonucleotides (ASO) (Guerra A. et al., submitted)

or monoclonal antibodies,64 further supporting the therapeutic poten-

tial of combination strategies for the treatment of β-thalassemia.

Hematopoietic Tfr2 inactivation improves anemia and IE of thal-

assemic mice more than RAP-536, and the combined approach has an

impressive effect, raising RBC count and Hb levels to wild-type

values. An additive effect of the two strategies is observed also in the

improvement of IE both in the BM and, even more strikingly, in

the spleen, leading to an almost complete correction of splenomegaly

F IGURE 1 Additive therapeutic effect of RAP-536 and hematopoietic Tfr2 deletion in Hbbth3/+ mice. Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice
were generated through bone marrow (BM) transplantation, and 9 weeks later were treated with RAP-536 (RAP, 10 mg/kg, s.c.) or vehicle (Veh)
twice a week for 8 weeks. In the figure are reported: (A) red blood cell (RBC) count, hemoglobin (Hb) levels, hematocrit (HCT), mean corpuscular
volume (MCV), mean corpuscular hemoglobin (MCH) and reticulocyte percentage (RET); (B) spleen weight relative to body weight; (C) Ter119
immunofluorescence on deparaffinated spleen slices and (D) relative mean fluorescence quantification (MFI); (E, F) erythroid cells differentiation in

the BM and in the spleen evaluated based on the relative expression of CD44 and Ter119, and on cells size. Gated populations: proerythroblasts (I),
basophilic erythroblasts (II), polychromatic erythroblasts (III), orthochromatic erythroblasts and immature reticulocytes (IV) and mature red cells (V);
(G) Ter119 immunofluorescence on deparaffinated liver slices and (H) relative MFI quantification; hepatic mRNA levels of (I) Glycophorin A (GypA)
and (L) erythropoietin (Epo) relative to the housekeeping gene Hypoxanthine-guanine phosphoribosyltransferase 1 (Hprt1). Mean values of 4-6 mice
per group are reported. Dotted blue line indicates mean value of wild-type (wt) mice. Error bars represent standard deviation (SD). Asterisks indicate
statistically significant differences calculated by Two-way (A) or One-way (B–L) ANOVA. ****p < .0001; ***p < .001; **p < 0.01. Hashtags indicate
statistically significant differences by Student t tests. ###p < .001; ##p < .01.
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F IGURE 2 Hematopoietic Tfr2 deletion, but not RAP-536, reduces iron-overload and inflammation of Hbbth3/+ mice. Hbbth3/+ and Tfr2BMKO/
Hbbth3/+ mice were generated through bone marrow (BM) transplantation and sacrificed after 8 weeks of treatment with RAP-536 (10 mg/kg, s.
c.) or vehicle (Veh). In the figure are reported: (A) serum iron; (B) Transferrin Saturation (TS); (C) Total Iron Binding Capacity (TIBC); iron content in
(D) the liver (LIC), (E) heart (HIC), (F) kidney (KIC) and (G) spleen (SIC); hepatic mRNA levels of (H) Bone Morphogenetic Protein 6 (Bmp6), (I) Bone
Morphogenetic Protein 2 (Bmp2), (L) hepcidin (Hamp) and (M) Inhibitor of Differentiation 1 (Id1) relative to the housekeeping gene Hypoxanthine-
guanine phosphoribosyltransferase 1 (Hprt1); (N) the ratio between hepatic Hamp levels and LIC (Hamp/LIC); hepatic mRNA levels of (O) alpha
2 macroglobulin (A2m) and (P) cluster of differentiation 45 (Cd45) relative to the housekeeping gene Hypoxanthine-guanine
phosphoribosyltransferase 1 (Hprt1). Mean values of 4-6 mice per group are reported. Dotted blue line indicates mean value of wild-type
(wt) mice. Error bars represent standard deviation (SD). Asterisks indicate statistically significant differences calculated by One-way ANOVA.
****p < .0001; ***p < .001; **p < .01; *p < .05. Hashtags indicate statistically significant calculated by Student t tests. ##p < .01; #p < .05. p-values
close to .05 are also reported.
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in RAP-treated Tfr2BMKO/Hbbth3/+ mice. In addition, the combined

treatment abrogated Epo production by the liver, a feature associated

with severe anemia and hypoxia. Of note, since RAP-536 ameliorates

anemia of both Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice with a compara-

ble efficacy, it modulates erythropoiesis independently from TFR2,

which acts to enhance EPO signaling in erythroid cells.

Tfr2 is expressed in other cells of hematopoietic origin, such as

macrophages, which are replaced by donor cells through BM trans-

plantation procedure. So, in principle, a contribution of Tfr2-deficient

macrophages to the phenotype of Tfr2BMKO/Hbbth3/+ mice cannot be

ruled-out. Evaluating strategies alternative to BMT, CRE-Flox mice

would not be a solution, since no CRE model is currently available to

F IGURE 3 RAP-536 does not stimulate erythropoiesis through the EPO-EPOR signaling pathway. Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice,
obtained through bone marrow (BM) transplantation, were sacrificed after 8 weeks of treatment with RAP-536 (10 mg/kg, s.c.) or vehicle (Veh).
In the figure are reported: (A) serum erythropoietin (EPO) levels; mRNA levels of (B) Epo and (C) Endothelial PAS Domain Protein 1 (Epas1) in the
kidney and of (D, E) erythroferrone (Erfe) in the BM and spleen; (F) serum ERFE levels; mRNA levels of (G,H) the antiapoptotic factor B-cell
lymphoma-extra large (Bcl-Xl) and (I, L) EPO receptor (Epor) in the BM and in the spleen normalized on serum EPO. Values are expressed relative
to the housekeeping gene Hypoxanthine Phosphoribosyltransferase 1 (Hprt1) for the kidney and to ribosomal protein L13 (Rpl13) for the BM and
the spleen. Mean values of 4-6 mice per group are reported. Dotted blue line indicates mean value of wild-type (wt) mice. Error bars represent
standard deviation (SD). Asterisks indicate statistically significant differences calculated by One-way ANOVA. ***p < .001; **p < .01; *p < .05.
Hashtags indicate statistically significant differences by Student t tests. ##p < .01; #p < .05.
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achieve erythroid-specific gene inactivation. As in our model, Vav-

CRE mice inactivate the gene of interest in all hematopoietic cells,

whereas Epor-CRE inactivates the gene of interest in all Epor expres-

sing cells, which means not only hematopoietic cells65 but also brain

cells,66 endothelial cells,67 and cardiomyocytes.68 Of note, no iron or

erythroid phenotype has been described for mice with macrophage-

specific Tfr2 inactivation.69 Also, the improved inflammatory status of

Tfr2BMKO/Hbbth3/+ mice is likely macrophage-independent, since

F IGURE 4 RAP-536 treatment does not inhibit the SMAD2/3 pathway in chronic conditions. Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice,
generated through bone marrow (BM) transplantation, were sacrificed after 8 weeks of treatment with RAP-536 (10 mg/kg, s.c.) or vehicle (Veh).
In the figure are reported: mRNA levels of (A, B) the myelocytomatosis oncogene (cMyc), (C, D) the inhibitor of differentiation (Id1), (E, F) the
plasminogen activated inhibitor 1(Pai1), (G, H) the small mothers against decapenthaplegic 7 (Smad7), and (I, L) the pro-apoptotic gene Fas ligand
(Fasl) relative to the housekeeping gene ribosomal protein L13 (Rpl13) in the BM and in the spleen. Mean values of 4–6 mice per group are
reported. Error bars represent standard deviation (SD). Asterisks indicate statistically significant differences calculated by One-way ANOVA.
*p < .05, **p < .01. p-values close to .05 are also indicated. Hashtags indicate statistically significant differences calculated by Student t tests.
##p < .01; #p < .05.
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Tfr2-deficient macrophages showed a more pronounced pro-

inflammatory behavior in a model of experimental arthritis.70 There-

fore, we concluded that an effect of Tfr2 deficient macrophages is

unlikely in our setting.

The interference of activin ligand traps on EPO function in the

modulation of erythropoiesis is a controversial issue. A previous study

showed that RAP-536 treatment corrected anemia and EPO produc-

tion in thalassemic mice.33 However, RAP-011, the activin ligand trap

composed of the extracellular domain of ActRIIA instead of ActRIIB,

whose activity is similar to that of RAP536, increased EPO production

in thalassemia murine models,43 claiming for a potential EPO-

mediated function of the compound. In our model despite anemia cor-

rection, EPO is not reduced, but even increased in RAP-treated mice,

a finding that may explain the lack of beneficial effect on splenomeg-

aly. The mechanism responsible for the maintenance of high EPO is

still unknown, but likely involves the stabilization of HIF-2α protein

since we excluded that RAP-536 increases Hif-2α mRNA or modulates

iron content in the kidney. However, since RAP-536 has comparable

effect in both Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice, characterized by

different EPO sensitivity, increased EPO production is unlikely to be

the main driver of anemia improvement by the drug.

HIF-2α stabilization following RAP-536 treatment might be also

responsible for the lack of reduction of heart iron loading. Indeed, in

Tfr2-deficient mice anemia and hypoxia correction might limit heart

hepcidin expression, which is specifically upregulated by hypoxia,71

thus promoting local iron release. RAP-536, stabilizing HIF, might pre-

vent heart hepcidin downregulation in Tfr2BMKO/Hbbth3/+ mice, thus

maintaining HIC comparable to vehicle-treated Hbbth3/+ animals.

However, the drug does not worsen heart iron loading of thalassemic

mice carrying Tfr2, so this observation is likely not a concern for Lus-

patercept treatment.

The proposed mechanism of action of activin ligand traps includes

the inhibition of the TGFβ-SMAD2/3 signaling pathway and the pro-

motion of FASL-mediated apoptosis of defective erythroblasts.43

Here, we show that, in chronic conditions (8 weeks of treatment),

RAP-536 is unable to reduce the activation of the SMAD2/3 pathway,

suggesting that inhibition of this signaling is not crucial to the pro-

longed activity of the drug. On the contrary, RAP-536 increases Fasl

expression in erythroid tissues, suggesting that the pro-apoptotic

activity of Luspatercept contributes to erythropoiesis improvement in

long term. However, the exact mechanism of action of the drug

remains to be fully elucidated.

In line with our previous findings,53,54 hematopoietic Tfr2 defi-

ciency significantly improves iron parameters of thalassemic mice,

likely because of the more effective erythropoiesis and low EPO

levels, which reduce the production of the erythroid regulator Erfe. In

agreement, Hamp relative to LIC is more appropriate, leading to a con-

dition of iron restriction, known to be beneficial to thalassemic eryth-

ropoiesis. On the contrary, RAP-536 treatment does not correct iron

overload in both Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice, with the sole

exception of a mild SIC reduction, likely because of diminished ery-

throphagocytosis, in line with patients' data.72,73 In addition, the

expression of iron-regulatory genes is unchanged in RAP-treated

thalassemic animals, consistent with previous findings.30 The inability

of the drug to correct iron overload is likely due to the maintenance

of high EPO production despite anemia correction, which keeps ERFE

expression high, and unchanged hepcidin and iron.

In this context, combining hematopoietic Tfr2 deletion with Lus-

patercept might not only improve the therapeutic efficacy of the drug

on erythroid differentiation but also reduce iron overload, thus pre-

venting liver damage. Of note, the partial correction of tissue iron

loading driven by Tfr2 loss reduces hepatic and systemic inflammation

in both RAP- and vehicle-treated Tfr2BMKO/Hbbth3/+ mice. Thus, our

proposed combinatorial approach might also counteract severe com-

plications due to systemic inflammation, among which hypercoagula-

tion and increased hemolysis of fragile thalassemic RBCs,59,74,75

further contributing to improve anemia.

Several strategies might be envisaged to selectively inhibit Tfr2 in

cells of hematopoietic origin. We recently tested an RNA-

interference-based approach. However, unfunctionalized antisense

oligonucleotides were unable to efficiently downregulate Tfr2 mRNA

in erythroid tissues,76 calling for the identification of targeting moie-

ties, in analogy with the GalNac conjugation for hepatic delivery.77–79

Gene editing might be an intriguing alternative, likely exploiting

recently developed strategies for in vivo editing.80 Further studies are

required to identify the most appropriate strategy to translate hema-

topoietic Tfr2 deletion into a therapeutic tool.

Overall, our preclinical results suggest that the combination of

Luspatercept with approaches that inhibit erythroid Tfr2 might repre-

sent a future option for treatment of β-thalassemic patients, improving

anemia, IE, splenomegaly and iron-overload and decreasing the risk of

associated complications, such as organ damage and inflammation.

AUTHOR CONTRIBUTIONS

Emanuele Tanzi performed research, analyzed data, and wrote the

paper; Simona Maria Di Modica, Jessica Bordini, Violante Olivari,

Alessia Pagani and Valeria Furiosi performed experiments; Laura

Silvestri and Alessandro Campanella contributed to critical data analy-

sis and paper editing; Antonella Nai conceived the experiments, ana-

lyzed results, wrote and reviewed the manuscript. All Authors

approved the final version of the manuscript.

ACKNOWLEDGMENTS

The authors are indebted to Clara Camaschella for criticism and sug-

gestions on experimental design and manuscript review. Graphical

abstract was created with the free software from bioicons.com (MIT

license). Open access funding provided by BIBLIOSAN.

FUNDING INFORMATION

This work was supported by Celgene (BMS group, Research Grant

GRANT-ITA-0149) and Cariplo Foundation (Young Investigator

Grant 2017-0916) to A.N. Results of the research are not influenced

by Celgene commercial interests.

CONFLICT OF INTEREST STATEMENT

The other authors declare no competing financial interests.

10 TANZI ET AL.

 10968652, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27336 by C

ochraneItalia, W
iley O

nline L
ibrary on [22/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request.

ORCID

Jessica Bordini https://orcid.org/0000-0002-2669-6953

Laura Silvestri https://orcid.org/0000-0002-8726-9808

Alessandro Campanella https://orcid.org/0000-0002-3463-1199

Antonella Nai https://orcid.org/0000-0002-0739-5282

REFERENCES

1. Taher AT, Weatherall DJ, Cappellini MD. Thalassaemia. Lancet. 2018;

391(10116):155-167. doi:10.1016/S0140-6736(17)31822-6

2. Farmakis D, Porter J, Taher A, Domenica Cappellini M, Angastiniotis M,

Eleftheriou A. 2021 Thalassaemia international federation guidelines for

the management of transfusion-dependent thalassemia. Hema. 2022;

6(8):e732. doi:10.1097/HS9.0000000000000732

3. Modell B. Global epidemiology of haemoglobin disorders and derived

service indicators. Bull World Health Organ. 2008;2008(6):480-487.

doi:10.2471/BLT.06.036673

4. Borgna-Pignatti C, Cappellini MD, De Stefano P, et al. Survival and

complications in thalassemia. Ann N Y Acad Sci. 2005;1054:40-47.

doi:10.1196/annals.1345.006

5. Premawardhena A, Fisher CA, Olivieri NF, et al. A novel molecular

basis for β thalassemia intermedia poses new questions about its

pathophysiology. Blood. 2005;106(9):3251-3255. doi:10.1182/blood-

2005-02-0593

6. Khandros E, Thom CS, D'Souza J, Weiss MJ. Integrated protein

quality-control pathways regulate free α-globin in murine β-thalasse-
mia. Blood. 2012;119(22):5265-5275. doi:10.1182/blood-2011-12-

397 729

7. Olivieri NF, Nathan DG, MacMillan JH, et al. Survival in medically

treated patients with homozygous β-thalassemia. N Engl J Med. 1994;

331(9):574-578. doi:10.1056/NEJM199409013310903

8. Forni GL, Grazzini G, Boudreaux J, Agostini V, Omert L. Global

burden and unmet needs in the treatment of transfusion-

dependent β-thalassemia. Front Hematol. 2023;2:2. doi:10.3389/

frhem.2023.1187681

9. Musallam KM, Cappellini MD, Wood JC, et al. Elevated liver iron con-

centration is a marker of increased morbidity in patients with thalas-

semia intermedia. Haematologica. 2011;96(11):1605-1612. doi:10.

3324/haematol.2011.047852

10. Taher AT, Cappellini MD. How I manage medical complications of

β-thalassemia in adults. Blood. 2018;132(17):1781-1791. doi:10.

1182/blood-2018-06-818187

11. Brittenham GM. Iron-chelating therapy for Transfusional iron

overload. N Engl J Med. 2011;364(2):146-156. doi:10.1056/

NEJMct1004810

12. Maggio A, Kattamis A, Felisi M, et al. Evaluation of the efficacy and

safety of deferiprone compared with deferasirox in paediatric patients

with transfusion-dependent haemoglobinopathies (DEEP-2): a multi-

centre, randomised, open-label, non-inferiority, phase 3 trial. Lancet

Haematol. 2020;7(6):e469-e478. doi:10.1016/S2352-3026(20)30100-9

13. Camaschella C, Nai A, Silvestri L. Iron metabolism and iron disorders

revisited in the hepcidin era. Haematologica. 2020;105(2):260-272.

doi:10.3324/haematol.2019.232124

14. Graziano JH, Markenson A, Miller DR, et al. Chelation therapy in

β-thalassemia major. I. Intravenous and subcutaneous deferoxamine.

J Pediatr. 1978;92(4):648-652. doi:10.1016/S0022-3476(78)80315-1

15. Mohamed SY. Thalassemia major: transplantation or transfusion and

chelation. Hematol Oncol Stem Cell Ther. 2017;10(4):290-298. doi:10.

1016/j.hemonc.2017.05.022

16. Marktel S, Scaramuzza S, Cicalese MP, et al. Intrabone hematopoietic

stem cell gene therapy for adult and pediatric patients affected by

transfusion-dependent ß-thalassemia. Nat Med. 2019;25(2):234-241.

doi:10.1038/s41591-018-0301-6

17. Granot N, Storb R. History of hematopoietic cell transplantation: chal-

lenges and progress. Haematologica. 2020;105(12):2716-2729. doi:

10.3324/HAEMATOL.2019.245688

18. Angelucci E, Matthes-Martin S, Baronciani D, et al. Hematopoietic

stem cell transplantation in thalassemia major and sickle cell disease:

indications and management recommendations from an international

expert panel. Haematologica. 2014;99(5):811-820. doi:10.3324/

haematol.2013.099747

19. Thompson AA, Walters MC, Kwiatkowski J, et al. Gene therapy in

patients with transfusion-dependent β-thalassemia. N Engl J Med.

2018;378(16):1479-1493. doi:10.1056/NEJMoa1705342

20. Locatelli F, Thompson AA, Kwiatkowski JL, et al. Betibeglogene Auto-

temcel gene therapy for non–β 0 /β 0 genotype β-thalassemia. N Engl

J Med. 2022;386(5):415-427. doi:10.1056/NEJMoa2113206

21. Casu C, Nemeth E, Rivella S. Hepcidin agonists as therapeutic tools.

Blood. 2018;131(16):1790-1794. doi:10.1182/BLOOD-2017-11-

737411

22. Casu C, Pettinato M, Liu A, et al. Correcting β-thalassemia by com-

bined therapies that restrict iron and modulate erythropoietin activ-

ity. Blood. 2020;136(17):1968-1979. doi:10.1182/blood.2019004719

23. Nai A, Pagani A, Mandelli G, et al. Deletion of TMPRSS6 attenuates

the phenotype in a mouse model of β-thalassemia. Blood. 2012;

119(21):5021-5029. doi:10.1182/BLOOD-2012-01-401885

24. Cosenza LC, Gasparello J, Romanini N, et al. Efficient CRISPR-

Cas9-based genome editing of β-globin gene on erythroid cells from

homozygous β 0 39-thalassemia patients. Mol Ther Methods Clin Dev.

2021;21:507-523. doi:10.1016/J.OMTM.2021.03.025

25. Ali G, Tariq MA, Shahid K, Ahmad FJ, Akram J. Advances in genome

editing: the technology of choice for precise and efficient

β-thalassemia treatment. Gene Ther. 2021;28(1-2):6-15. doi:10.1038/

S41434-020-0153-9

26. Fu B, Liao J, Chen S, et al. CRISPR–Cas9-mediated gene editing of

the BCL11A enhancer for pediatric β0/β0 transfusion-dependent

β-thalassemia. Nat Med. 2022;28(8):1573-1580. doi:10.1038/

s41591-022-01906-z

27. Antoniani C, Meneghini V, Lattanzi A, et al. Induction of fetal hemo-

globin synthesis by CRISPR/Cas9-mediated editing of the human

β-globin locus. Blood. 2018;131(17):1960-1973. doi:10.1182/

BLOOD-2017-10-811505

28. Psatha N, Reik A, Phelps S, et al. Disruption of the BCL11A erythroid

enhancer reactivates fetal hemoglobin in erythroid cells of patients

with β-thalassemia major. Mol Ther Methods Clin Dev. 2018;10:313-

326. doi:10.1016/J.OMTM.2018.08.003

29. Cappellini MD, Viprakasit V, Taher AT, et al. A phase 3 trial of Lus-

patercept in patients with transfusion-dependent β-thalassemia. N

Engl J Med. 2020;382(13):1219-1231. doi:10.1056/

NEJMoa1910182

30. Suragani RNVS, Cadena SM, Cawley SM, et al. Transforming growth

factor-β superfamily ligand trap ACE-536 corrects anemia by promot-

ing late-stage erythropoiesis. Nat Med. 2014;20(4):408-414. doi:10.

1038/NM.3512

31. Attie KM, Allison MJ, Mcclure T, et al. A phase 1 study of ACE-536, a

regulator of erythroid differentiation, in healthy volunteers.

Am J Hematol. 2014;89(7):766-770. doi:10.1002/AJH.23732

32. Taher AT, Cappellini MD, Kattamis A, et al. Luspatercept for the treat-

ment of anaemia in non-transfusion-dependent β-thalassaemia

(BEYOND): a phase 2, randomised, double-blind, multicentre,

placebo-controlled trial. Lancet Haematol. 2022;9(10):e733-e744. doi:

10.1016/S2352-3026(22)00208-3

33. Suragani RNVS, Cawley SM, Li R, et al. Modified activin receptor IIB

ligand trap mitigates ineffective erythropoiesis and disease

TANZI ET AL. 11

 10968652, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27336 by C

ochraneItalia, W
iley O

nline L
ibrary on [22/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-2669-6953
https://orcid.org/0000-0002-2669-6953
https://orcid.org/0000-0002-8726-9808
https://orcid.org/0000-0002-8726-9808
https://orcid.org/0000-0002-3463-1199
https://orcid.org/0000-0002-3463-1199
https://orcid.org/0000-0002-0739-5282
https://orcid.org/0000-0002-0739-5282
info:doi/10.1016/S0140-6736(17)31822-6
info:doi/10.1097/HS9.0000000000000732
info:doi/10.2471/BLT.06.036673
info:doi/10.1196/annals.1345.006
info:doi/10.1182/blood-2005-02-0593
info:doi/10.1182/blood-2005-02-0593
info:doi/10.1182/blood-2011-12-397&thinsp;729
info:doi/10.1182/blood-2011-12-397&thinsp;729
info:doi/10.1182/blood-2011-12-397&thinsp;729
info:doi/10.1056/NEJM199409013310903
info:doi/10.3389/frhem.2023.1187681
info:doi/10.3389/frhem.2023.1187681
info:doi/10.3324/haematol.2011.047852
info:doi/10.3324/haematol.2011.047852
info:doi/10.1182/blood-2018-06-818187
info:doi/10.1182/blood-2018-06-818187
info:doi/10.1056/NEJMct1004810
info:doi/10.1056/NEJMct1004810
info:doi/10.1016/S2352-3026(20)30100-9
info:doi/10.3324/haematol.2019.232124
info:doi/10.1016/S0022-3476(78)80315-1
info:doi/10.1016/j.hemonc.2017.05.022
info:doi/10.1016/j.hemonc.2017.05.022
info:doi/10.1038/s41591-018-0301-6
info:doi/10.3324/HAEMATOL.2019.245688
info:doi/10.3324/haematol.2013.099747
info:doi/10.3324/haematol.2013.099747
info:doi/10.1056/NEJMoa1705342
info:doi/10.1056/NEJMoa2113206
info:doi/10.1182/BLOOD-2017-11-737411
info:doi/10.1182/BLOOD-2017-11-737411
info:doi/10.1182/blood.2019004719
info:doi/10.1182/BLOOD-2012-01-401885
info:doi/10.1016/J.OMTM.2021.03.025
info:doi/10.1038/S41434-020-0153-9
info:doi/10.1038/S41434-020-0153-9
info:doi/10.1038/s41591-022-01906-z
info:doi/10.1038/s41591-022-01906-z
info:doi/10.1182/BLOOD-2017-10-811505
info:doi/10.1182/BLOOD-2017-10-811505
info:doi/10.1016/J.OMTM.2018.08.003
info:doi/10.1056/NEJMoa1910182
info:doi/10.1056/NEJMoa1910182
info:doi/10.1038/NM.3512
info:doi/10.1038/NM.3512
info:doi/10.1002/AJH.23732
info:doi/10.1016/S2352-3026(22)00208-3


complications in murine β-thalassemia. Blood. 2014;123(25):3864-

3872. doi:10.1182/BLOOD-2013-06-511238

34. Carrancio S, Markovics J, Wong P, et al. An activin receptor IIA ligand

trap promotes erythropoiesis resulting in a rapid induction of red

blood cells and haemoglobin. Br J Haematol. 2014;165(6):870-882.

doi:10.1111/BJH.12838

35. Gao X, Lee HY, Da Rocha EL, et al. TGF-β inhibitors stimulate red

blood cell production by enhancing self-renewal of BFU-E erythroid

progenitors. Blood. 2016;128(23):2637-2641. doi:10.1182/BLOOD-

2016-05-718320

36. Guerra A, Oikonomidou PR, Sinha S, et al. Lack of Gdf11 does not

improve anemia or prevent the activity of RAP-536 in a mouse model

of β-thalassemia. Blood. 2019;134(6):568-572. doi:10.1182/BLOOD.

2019001057

37. Camaschella C. GDF11 is not the target of luspatercept. Blood. 2019;

134(6):500-501. doi:10.1182/blood.2019001983

38. Goldstein JM, Sengul H, Messemer KA, et al. Steady-state and regener-

ative hematopoiesis occurs normally in mice in the absence of GDF11.

Blood. 2019;134(20):1712-1716. doi:10.1182/blood.2019002066

39. Blank U, Karlsson S. The role of Smad signaling in hematopoiesis and

translational hematology. Leukemia. 2011;25(9):1379-1388. doi:10.

1038/LEU.2011.95

40. Martinez PA, Li R, Ramanathan HN, et al. Smad2/3-pathway ligand

trap luspatercept enhances erythroid differentiation in murine

β-thalassaemia by increasing GATA-1 availability. J Cell Mol Med.

2020;24(11):6162-6177. doi:10.1111/JCMM.15243

41. Rossmann MP, Hoi K, Chan V, et al. Cell-specific transcriptional con-

trol of mitochondrial metabolism by TIF1γ drives erythropoiesis. Sci-

ence. 2021;372(6543):716-721. doi:10.1126/SCIENCE.AAZ2740

42. Ransom DG, Bahary N, Niss K, et al. The zebrafish moonshine gene

encodes transcriptional intermediary factor 1gamma, an essential reg-

ulator of hematopoiesis. PLoS Biol. 2004;2(8):e237-e246. doi:10.

1371/JOURNAL.PBIO.0020237

43. Dussiot M, Maciel TT, Fricot A, et al. An activin receptor IIA ligand

trap corrects ineffective erythropoiesis in β-thalassemia. Nat Med.

2014;20(4):398-407. doi:10.1038/NM.3468

44. Kubasch AS, Fenaux P, Platzbecker U. Development of luspatercept

to treat ineffective erythropoiesis. Blood Adv. 2021;5(5):1565-1575.

doi:10.1182/bloodadvances.2020002177

45. Camaschella C, Roetto A, Calì A, et al. The gene TFR2 is mutated in a

new type of haemochromatosis mapping to 7q22. Nat Genet. 2000;

25(1):14-15. doi:10.1038/75534

46. Kawabata H, Germain RS, Vuong PT, Nakamaki T, Said JW,

Koeffler HP. Transferrin receptor 2-alpha supports cell growth both

in iron-chelated cultured cells and in vivo. J Biol Chem. 2000;275(22):

16618-16625. doi:10.1074/JBC.M908846199

47. Gao J, Chen J, Kramer M, Tsukamoto H, Zhang AS, Enns CA. Interac-

tion of the hereditary hemochromatosis protein HFE with transferrin

receptor 2 is required for transferrin-induced hepcidin expression.

Cell Metab. 2009;9(3):217-227. doi:10.1016/J.CMET.2009.01.010

48. Pagani A, Vieillevoye M, Nai A, et al. Regulation of cell surface transfer-

rin receptor-2 by iron-dependent cleavage and release of a soluble

form. Haematologica. 2015;100(4):458-465. doi:10.3324/HAEMATOL.

2014.118521

49. Chen J, Wang J, Meyers KR, Enns CA. Transferrin-directed internali-

zation and cycling of transferrin receptor 2. Traffic. 2009;10(10):

1488-1501. doi:10.1111/J.1600-0854.2009.00961.X

50. Kawabata H, Germain RS, Ikezoe T, et al. Regulation of expression of

murine transferrin receptor 2. Blood. 2001;98(6):1949-1954. doi:10.

1182/BLOOD.V98.6.1949

51. Hentze MW, Muckenthaler MU, Galy B, Camaschella C. Two to

tango: regulation of mammalian iron metabolism. Cell. 2010;142(1):

24-38. doi:10.1016/J.CELL.2010.06.028

52. Forejtnikovà H, Vieillevoye M, Zermati Y, et al. Transferrin receptor

2 is a component of the erythropoietin receptor complex and is

required for efficient erythropoiesis. Blood. 2010;116(24):5357-5367.

doi:10.1182/BLOOD-2010-04-281360

53. Artuso I, Lidonnici MR, Altamura S, et al. Transferrin receptor 2 is a

potential novel therapeutic target for β-thalassemia: evidence from

a murine model. Blood. 2018;132(21):2286-2297. doi:10.1182/

BLOOD-2018-05-852277

54. Nai A, Lidonnici MR, Rausa M, et al. The second transferrin receptor

regulates red blood cell production in mice. Blood. 2015;125(7):1170-

1179. doi:10.1182/BLOOD-2014-08-596254

55. Di Modica SM, Tanzi E, Olivari V, et al. Transferrin receptor 2 (Tfr2)

genetic deletion makes transfusion-independent a murine model of

transfusion-dependent β-thalassemia. Am J Hematol. 2022;97(10):

1324-1336. doi:10.1002/ajh.26673

56. Roetto A, Di Cunto F, Pellegrino RM, et al. Comparison of

3 Tfr2-deficient murine models suggests distinct functions for

Tfr2-alpha and Tfr2-beta isoforms in different tissues. Blood. 2010;

115(16):3382-3389. doi:10.1182/BLOOD-2009-09-240960

57. Nai A, Cordero-Sanchez C, Tanzi E, Pagani A, Silvestri L, Di

Modica SM. Cellular and animal models for the investigation of β-thal-
assemia. Blood Cells Mol Dis. Published online May. 2023;104:

102761. doi:10.1016/j.bcmd.2023.102761

58. Bordini J, Bertilaccio MTS, Ponzoni M, et al. Erythroblast apoptosis

and microenvironmental iron restriction trigger anemia in the

VK*MYC model of multiple myeloma. Haematologica. 2015;100(6):

534-841. doi:10.3324/haematol.2014.118000

59. Taher AT, Musallam KM, Cappellini MD. β-Thalassemias. Longo DL,

ed. N Engl J Med. 2021;384(8):727-743. doi:10.1056/NEJMRA

2021838

60. Shih HM, Pan SY, Wu CJ, et al. Transforming growth factor-β1
decreases erythropoietin production through repressing hypoxia-

inducible factor 2α in erythropoietin-producing cells. J Biomed Sci.

2021;28(1):28-73. doi:10.1186/S12929-021-00770-2

61. Kautz L, Jung G, Valore EV, Rivella S, Nemeth E, Ganz T. Identification

of erythroferrone as an erythroid regulator of iron metabolism. Nat

Genet. 2014;46(7):678-684. doi:10.1038/ng.2996

62. Hill CS. Transcriptional control by the SMADs. Cold Spring Harb Per-

spect Biol. 2016;8(10):a022079. doi:10.1101/cshperspect.a022079

63. Liang YY, Brunicardi FC, Lin X. Smad3 mediates immediate early

induction of Id1 by TGF-β. Cell Res. 2009;19(1):140-148. doi:10.

1038/cr.2008.321

64. Wake MS, Palin A, Belot A, et al. A human anti-matriptase-2 antibody

limits iron overload, α-globin aggregates and splenomegaly in

β-thalassemic mice. Blood Adv. 2024;8(8):1898-1907. doi:10.1182/

bloodadvances.2023012010

65. Zhang H, Wang S, Liu D, et al. EpoR-tdTomato-Cre mice enable iden-

tification of EpoR expression in subsets of tissue macrophages and

hematopoietic cells. Blood. 2021;138(20):1986-1997. doi:10.1182/

blood.2021011410

66. Ott C, Martens H, Hassouna I, et al. Widespread expression of eryth-

ropoietin receptor in brain and its induction by injury. Mol Med. 2015;

21(1):803-815. doi:10.2119/molmed.2015.00192

67. Anagnostou A, Liul Z, Steiner M, et al. Erythropoietin receptor mRNA

expression in human endothelial cells. Proc Natl Acad Sci U S A. 1994;

91:3974-3978. https://www.pnas.org

68. Wright GL, Hanlon P, Amin K, Steenbergen C, Murphy E,

Arcasoy MO. Erythropoietin receptor expression in adult rat cardio-

myocytes is associated with an acute cardioprotective effect for

recombinant erythropoietin during ischemia–reperfusion injury.

FASEB J. 2004;18(9):1031-1033. doi:10.1096/fj.03-1289fje

69. Rishi G, Secondes ES, Wallace DF, Subramaniam VN. Normal sys-

temic iron homeostasis in mice with macrophage-specific deletion of

transferrin receptor 2. Am J Physiol Gastrointest Liver Physiol. 2016;

310(3):G171-G180. doi:10.1152/ajpgi.00291.2015

70. Ledesma-Colunga MG, Baschant U, Weidner H, et al. Transferrin

receptor 2 deficiency promotes macrophage polarization and

12 TANZI ET AL.

 10968652, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27336 by C

ochraneItalia, W
iley O

nline L
ibrary on [22/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1182/BLOOD-2013-06-511238
info:doi/10.1111/BJH.12838
info:doi/10.1182/BLOOD-2016-05-718320
info:doi/10.1182/BLOOD-2016-05-718320
info:doi/10.1182/BLOOD.2019001057
info:doi/10.1182/BLOOD.2019001057
info:doi/10.1182/blood.2019001983
info:doi/10.1182/blood.2019002066
info:doi/10.1038/LEU.2011.95
info:doi/10.1038/LEU.2011.95
info:doi/10.1111/JCMM.15243
info:doi/10.1126/SCIENCE.AAZ2740
info:doi/10.1371/JOURNAL.PBIO.0020237
info:doi/10.1371/JOURNAL.PBIO.0020237
info:doi/10.1038/NM.3468
info:doi/10.1182/bloodadvances.2020002177
info:doi/10.1038/75534
info:doi/10.1074/JBC.M908846199
info:doi/10.1016/J.CMET.2009.01.010
info:doi/10.3324/HAEMATOL.2014.118521
info:doi/10.3324/HAEMATOL.2014.118521
info:doi/10.1111/J.1600-0854.2009.00961.X
info:doi/10.1182/BLOOD.V98.6.1949
info:doi/10.1182/BLOOD.V98.6.1949
info:doi/10.1016/J.CELL.2010.06.028
info:doi/10.1182/BLOOD-2010-04-281360
info:doi/10.1182/BLOOD-2018-05-852277
info:doi/10.1182/BLOOD-2018-05-852277
info:doi/10.1182/BLOOD-2014-08-596254
info:doi/10.1002/ajh.26673
info:doi/10.1182/BLOOD-2009-09-240960
info:doi/10.1016/j.bcmd.2023.102761
info:doi/10.3324/haematol.2014.118000
info:doi/10.1056/NEJMRA2021838
info:doi/10.1056/NEJMRA2021838
info:doi/10.1186/S12929-021-00770-2
info:doi/10.1038/ng.2996
info:doi/10.1101/cshperspect.a022079
info:doi/10.1038/cr.2008.321
info:doi/10.1038/cr.2008.321
info:doi/10.1182/bloodadvances.2023012010
info:doi/10.1182/bloodadvances.2023012010
info:doi/10.1182/blood.2021011410
info:doi/10.1182/blood.2021011410
info:doi/10.2119/molmed.2015.00192
https://www.pnas.org
info:doi/10.1096/fj.03-1289fje
info:doi/10.1152/ajpgi.00291.2015


inflammatory arthritis. Redox Biol. 2023;60:102616. doi:10.1016/j.

redox.2023.102616

71. Merle U, Fein E, Gehrke SG, Stremmel W, Kulaksiz H. The iron regula-

tory peptide hepcidin is expressed in the heart and regulated by hyp-

oxia and inflammation. Endocrinology. 2007;148(6):2663-2668. doi:

10.1210/en.2006-1331

72. Denton CC, Vodala S, Veluswamy S, Hofstra TC, Coates TD,

Wood JC. Splenic iron decreases without change in volume or liver

parameters during luspatercept therapy. Blood. 2023;142(22):1932-

1934. doi:10.1182/blood.2023021839

73. Girelli D, Marchi G. Deironing the spleen with luspatercept. Blood.

2023;142(22):1856-1858. doi:10.1182/blood.2023022548

74. Eldor A, Rachmilewitz EA. The hypercoagulable state in thalassemia.

Blood. 2002;99(1):36-43. doi:10.1182/blood.V99.1.36

75. Musallam KM, Taher AT, Karimi M, Rachmilewitz EA. Cerebral infarc-

tion in β-thalassemia intermedia: breaking the silence. Thromb Res.

2012;130(5):695-702. doi:10.1016/j.thromres.2012.07.013

76. Olivari V, Di Modica SM, Lidonnici MR, et al. A single approach to

targeting transferrin receptor 2 corrects iron and erythropoietic

defects in murine models of anemia of inflammation and chronic

kidney disease. Kidney Int. 2023;104(1):61-73. doi:10.1016/j.kint.

2023.03.012

77. Debacker AJ, Voutila J, Catley M, Blakey D, Habib N. Delivery of oli-

gonucleotides to the liver with GalNAc: from research to registered

therapeutic drug. Mol Ther. 2020;28(8):1759-1771. doi:10.1016/j.

ymthe.2020.06.015

78. Hangeland JJ, Flesher JE, Deamond SF, Lee YC, Ts'o POP, Frost JJ.

Tissue distribution and metabolism of the [32 P]-labeled Oligodeoxy-

nucleoside Methylphosphonate-Neoglycopeptide conjugate, [YEE(ah-

GalNAc) 3]- SMCC-AET-pUmpT7, in the mouse. Antisense Nucleic

Acid Drug Dev. 1997;7(3):141-149. doi:10.1089/oli.1.1997.7.141

79. Biessen EAL, Vietsch H, Rump ET, et al. Targeted delivery of oligo-

deoxynucleotides to parenchymal liver cells in vivo. Biochem J. 1999;

340(3):783-792. doi:10.1042/bj3400783

80. Breda L, Papp TE, Triebwasser MP, et al. In vivo hematopoietic stem

cell modification by mRNA delivery. Science (1979). 2023;381(6656):

436-443. doi:10.1126/science.ade6967

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Tanzi E, Di Modica SM, Bordini J,

et al. Bone marrow Tfr2 deletion improves the therapeutic

efficacy of the activin-receptor ligand trap RAP-536 in

β-thalassemic mice. Am J Hematol. 2024;1‐13. doi:10.1002/

ajh.27336

TANZI ET AL. 13

 10968652, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ajh.27336 by C

ochraneItalia, W
iley O

nline L
ibrary on [22/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1016/j.redox.2023.102616
info:doi/10.1016/j.redox.2023.102616
info:doi/10.1210/en.2006-1331
info:doi/10.1182/blood.2023021839
info:doi/10.1182/blood.2023022548
info:doi/10.1182/blood.V99.1.36
info:doi/10.1016/j.thromres.2012.07.013
info:doi/10.1016/j.kint.2023.03.012
info:doi/10.1016/j.kint.2023.03.012
info:doi/10.1016/j.ymthe.2020.06.015
info:doi/10.1016/j.ymthe.2020.06.015
info:doi/10.1089/oli.1.1997.7.141
info:doi/10.1042/bj3400783
info:doi/10.1126/science.ade6967
info:doi/10.1002/ajh.27336
info:doi/10.1002/ajh.27336

	Bone marrow Tfr2 deletion improves the therapeutic efficacy of the activin-receptor ligand trap RAP-536 in β-thalassemic mice
	1  INTRODUCTION
	2  METHODS
	2.1  Animal models
	2.2  Experimental protocol
	2.3  Hematological analysis
	2.4  Flow cytometry
	2.5  Immunofluorescence
	2.6  Histological analysis
	2.7  Gene expression analysis
	2.8  Tissue iron content
	2.9  Statistics

	3  RESULTS
	3.1  RAP-536 and hematopoietic Tfr2 deletion synergistically ameliorate anemia and ineffective erythropoiesis of Hbbth3/+ mice
	3.2  RAP-536 does not correct iron overload in both Hbbth3/+ and Tfr2BMKO/Hbbth3/+ mice
	3.3  Hematopoietic Tfr2 deletion limits inflammation in Hbbth3/+ mice
	3.4  EPO is inappropriately high in RAP-536 treated mice
	3.5  Chronic RAP-536 treatment does not inhibit SMAD2/3 signaling pathway

	4  DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


