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ACRONYMS AND ABBREVIATIONS 

ADHR = Autosomal dominant hypophosphatemic rickets 
AECs = arteriolar endothelial cells 
ANGPT1= angiopoietin 1 
BFU-E = burst-forming unit erythroid  
BM = bone marrow 
BMD = bone mineral density  
BMP = bone morphogenetic protein 
BMT = bone marrow transplantation 
BPs = bisphosphonate 
BThal = β-thalassemia 
CAR = CXCL12-abundant reticular 
cFGF23 = cleaved C-terminal fragment 
CFU-E = colony-forming unit erythroid 
CFU-Fs = colony-forming unit fibroblasts 
CLPs = common lymphoid progenitors 
CKD = chronic kidney disease  
CMPs = common myeloid progenitors 
CRISPR = clustered regularly interspaced short palindromic repeat 
CXCL12 = C-X-C motif chemokine ligand 12 
DMP1 = dentin matrix protein 1 
DNM = denosumab  
ECs = endothelial cells 
EMA = European Medicines Agency 
EPO = erythropoietin 
EPO-R = erythropoietin-receptor 
ERFE = erythroferrone 
FDA = Food and Drug Administration 
FGFs = fibroblast growth factors 
FGFRs = fibroblast growth factor receptors 

    FGF23 = fibroblast growth factor 23 
    GALNT3 = N-acetylglucosaminyltransferase 3 

G-CSF = granulocyte-colony-stimulating factor 
GE = gene editing  
GH = growth hormone  
GT = gene therapy  
Hb = hemoglobin 
HbF = fetal hemoglobin  
HIF1α = hypoxia-inducible factor 1 alpha 
HSCs = hematopoietic stem cells 
HSCT = hematopoietic stem cell transplantation 
HSPCs = hematopoietic stem and progenitor cells 
IDA = iron deficiency anemia 
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IE = ineffective erythropoiesis 
iFGF23 = intact fibroblast growth factor 23 
IL-7 = interleukin-7 
IO = iron overload 
ko = knock-out 
LCR = locus control region 
LEPR = leptin receptor 
Lin- = lineage negative cells 
MAPK = mitogen-activated protein kinase 
MDS = myelodysplastic syndrome 
MFI = mean fluorescent intensity 

    MKs = megakaryocytes 
MPPs = multipotent progenitors 
MSCs = mesenchymal stromal cells 
Mφs = macrophages 
NTDT = non-transfusion dependent thalassemia 
OBs = osteoblasts 
OCs = osteoclast 
OPN = osteopontin 
OPG = osteoprotegerin 
OTs = osteocytes 
PB = peripheral blood 
PCSK5 = proprotein convertase enzyme 5 
PHEX = phosphate-regulating gene with homologies to endopeptidases on the X   
chromosome 
PTH = parathyroid hormone 
PαS = PDGFRα+ Sca1+ 

RANKL = receptor activator of nuclear factor kappa-β ligand 

RBC = red blood cells 
ROS = reactive oxygen species 
SCD = sickle cell disease 
SCF = stem cell factor 
SECs = sinusoidal endothelial cells 
SOST = sclerostin 
SPC1 = subtilisin-like proprotein convertases 
TDT = transfusion-dependent thalassemia 
TGF-b = transforming growth factor-beta 
Th3 = Hbbth3/+ thalassemic mice 
TIO = tumor-induced osteomalacia 
TM = thalassemia major  
TPO = thrombopoietin 
Tregs = regulatory T cells 
wt = wild type 
XLH = X-linked hypophosphatemic rickets 
ZFNs = zinc finger nucleases 
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CHAPTER I  
 

INTRODUCTION  
 

1. β-Thalassemia 
 
β-Thalassemia (BThal) was described for the first time by Thomas Cooley and Peral Lee 

in 1925 as a form of severe anemia. BThal is one of the most widespread monogenic 

disorders, affecting the adult β-globin gene (HBB), with a consequent reduced or absent 

synthesis of β-globin chains. Hemoglobin (Hb) is a tetramer made of four polypeptide chains 

containing a heme prosthetic group, and different combinations of globin chains are 

assembled during embryonic, fetal, and adult life. The human globin locus is located on 

chromosome 11 and contains five β-like globin genes (ε, Gγ, Aγ, δ, β) 1. Adult human Hb is 

characterized by two pairs of bound globin chains (a2β2 tetramer), tightly regulated to 

ensure balanced synthesis. Defects in α-globin chains give rise to α-thalassemia, whereas 

alterations in β-globin chains cause BThal 2. The highest prevalence of BThal has been 

recorded in the Mediterranean countries, the Middle East, the Indian subcontinent, 

Southeast Asia, and Africa. However, because of the mass migration of populations, BThal 

is present in the United States, Canada, Australia, South America, and North Europe 3. It 

has been estimated that 1-5% of the world population are carriers of thalassemia mutations 
4. Hence, BThal has become an important worldwide health problem 5.  

 The diagnosis of BThal relies on the evaluation of several parameters, such as red blood 

cell (RBC) indices, Hb levels and reticulocyte count. Molecular genetic tests are becoming 

important to obtain an accurate diagnosis for BThal severity, indeed, over 300 different types 

of causative mutations have been described affecting the a-/β-chains ratio 6, giving rise to a 

clinically heterogeneous spectrum of the disease from asymptomatic expression 

(Thalassemia minor), mild clinical anemia (Thalassemia intermedia) and severe one 

(Thalassemia major) 7. However, at present, BThal patients have been classified based on 

transfusion therapy requirements into transfusion-dependent thalassemia (TDT) or non-

transfusion-dependent thalassemia (NTDT). TDT patients are unable to produce an 

adequate amount of Hb and require lifelong transfusion treatments for survival. NTDT 

patients can still require occasional transfusions but not throughout their entire lifespan 8. 

 

 

1.1 BThal pathophysiology 
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1.1.1 Ineffective erythropoiesis and enhanced EPO signaling 
 
At the molecular level, BThal mutations impair the production of β-globin chains, leading 

to an imbalance between α/β-globin chains. This results in the formation and accumulation 

of the free α-globin tetramers in RBCs. The presence of free Hb and heme promotes the 

generation of reactive oxygen species (ROS), resulting in oxidative damage, hemolysis of 

RBCs in peripheral blood (PB), and premature death of erythroid precursors in the bone 

marrow (BM). The clinical manifestations of BThal include chronic severe anemia, which 

stimulates the production of erythropoietin (EPO). Consequently, there is an intense but 

ineffective expansion of the erythroid compartment in the BM, leading to ineffective 

erythropoiesis (IE), alteration of BM homeostasis, and the release of stress signals 4. BThal 

BM is characterized by an expansion of erythroid progenitors, with a blockade in maturation 

occurring at the polychromatic stage 9. The increased production of RBCs in the BM is 

accompanied by expansion of BM and subsequent development of bone defects 4.   

In adult, erythropoiesis occurs in the BM and is characterized by the differentiation of 

hematopoietic stem cells (HSCs) into mature enucleate erythrocytes10. Erythropoiesis is 

characterized by three different phases: the first step is the commitment towards erythroid 

progenitor cells consisting of a burst-forming unit erythroid (BFU-E) and colony-forming unit 

erythroid (CFU-E) cells 11. The second step consists of precursor expansion and maturation, 

from pro-erythroblasts to basophilic, polychromatophilic, and orthochromatic erythroblasts. 

During this stage the Hb synthesis gradually increases. Finally, the cells terminally 

differentiate into mature RBCs that have no nuclei or RNA 12. Several growth factors are 

associated with erythropoiesis including EPO, which is a glycoprotein cytokine that plays a 

crucial role in regulating the final phases of erythroid maturation. EPO is primarily produced 

by adult human kidneys and secreted into the bloodstream, where it binds to its receptor 

(EPO-R), mainly expressed by erythroid progenitor cells in the BM13 (Fig. 1). Only the initial 

phase, from CFU-E to the basophilic stage, is EPO-dependent, whereas in later stages the 

cells lose EPO-R and become EPO-independent13. While EPO is constantly secreted at low 

levels in the blood, its production can also be triggered in the liver and BM osteoblasts during 

stress conditions, such as IE and hypoxia 14,15. 
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Figure 1. Overview of erythropoiesis, a stepwise process from HSC, BFU-E, CFU-E, 

Pro-E, Baso-E,Poli-E, Ortho-E and RBCs. During the process of progenitor differentiation, 
significant changes occur, including a decrease in cell size, chromatin condensation, and 
hemoglobinization. EPOR is expressed from CFU-E to polychromatophilic erythroblast 
(adapted from 13). 

In response to hypoxia, IE leads to increased production of EPO, which activates a 
downstream signaling cascade. Upon EPO binding, the EPO-R receptors undergo 

homodimerization, leading to the activation of Janus kinase 2. This, in turn, leads to the 

phosphorylation of various signaling molecules, including signal transducer and activator of 

transcription as STAT5, PI3K/AKT, NFkB and ERK2-MAPK pathway. This signaling 

cascade plays a significant role not only in promoting proliferation and differentiation of 

RBCs but also in exerting anti-inflammatory and anti-apoptotic effects13. The specific 

outcomes of these pathways depend on the specific players involved in the process (Fig 2).  

 

Figure 2. EPO-EPOR signaling pathway. Signaling cascades observed in erythroid 
progenitor cells upon activation of the EPO-R by EPO (adapted from 13).  
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1.1.2 Iron overload 
 
Hemolytic anemia triggers a cascade of events, including increased levels of iron and 

heme in the circulation 4. IE in BThal results in increased iron absorption and primary iron 

overload (IO) due to decreased levels of the hepatic hormone hepcidin. Indeed, EPO 

prompts the production of a hormone called erythroferrone (ERFE) by the erythroid 

precursors acting as a potent inhibitor of hepcidin production, which in turn triggers an 

excessive absorption of dietary iron and promotes the release of iron from macrophages 

and hepatocytes into the bloodstream (Fig 3). Additionally, transfusional iron intake can 

saturate the capacity of transferrin receptors, leading to secondary IO. This excess of iron 

can cause damage to various organs, including liver, heart, endocrine organs and bones 8. 

Despite advancements in iron chelation therapies, IO remains one of the most significant 

clinical complications in BThal patients.  

 
Figure 3. Causes of IO in BThal. IE and peripheral hemolysis of RBCs, lead to excessive 

erythroid factors, which suppress hepcidin expression in liver cells, this generates IO due to 
increased iron absorption from duodenal enterocytes, an increase in iron from hepatocytes 
and the reticuloendothelial macrophages 16. 

 
1.1.3 Bone disease 

 
Emerging clinical data highlights the connection between changes in EPO and altered 

bone homeostasis, suggesting a functional interplay between erythropoiesis regulation and 

bone dynamics within hereditary anemias 17. BThal bone disease includes a diverse range 

of conditions, such as bone deformities, pain, marrow expansion, decreased bone density, 
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and susceptibility to fractures. Among patients with BThal, common bone disorders like 

osteopenia and osteoporosis have been frequently observed, which are characterized by a 

significant decrease in bone mineral density (BMD) and an increased risk of fractures 18,19. 

TDT patients exhibit distinctive features such as bone deformities (i.g. frontal bossing, 

maxillary hyperplasia, limb deformities) along with pain. While still debated, the actual causes 

of bone loss are attributed to a range of risk factors including hormonal deficiencies, marrow 

expansion, iron toxicity and increased bone turnover 20,21. 

One possible molecular mechanism suggests a decrease in the ratio of osteoprotegerin 

(OPG) to receptor activator of nuclear factor kappa-β ligand (RANKL), leading to  enhanced 

expression of RANKL by stromal cells or osteoblasts (OBs). This, in turn, contributes to 

increased bone resorption by osteoclasts (OCs) 22. The imbalance in RANKL to OPG 

expression is evident in TDT patients, inducing elevated bone turnover primarily driven by 

enhanced OCs 23. Another study revealed a negative correlation between RANKL and free 

testosterone in males, as well as with 17-β estradiol in females with BThal22. This infers the 

potential involvement of the RANKL/OPG pathway in mediating the influence of sex steroids 

on bone. Additionally, delayed sexual maturation, primarily due to endocrinopathies caused 

by IO, significantly influences bone remodeling 23. Reduced levels of estrogen and 

progesterone impair the inhibition of OC activity and bone formation, while diminished levels 

of testosterone result in reduced stimulation of OB proliferation and differentiation. 

Furthermore, excessive accumulation of free iron in the pituitary gland can result in a 

deficiency of growth hormone (GH) or insulin-like growth factor I (IGF-1), diminishing OB 

proliferation and the formation of bone matrix and promoting bone loss through the activation 

of OCs 23,24. Sclerostin (SOST), another molecule implicated in bone defects, was found 

elevated in BThal patients. SOST, an inhibitor of Wnt signaling produced by osteocytes 

(OTs), acts to inhibit OB activity (Fig. 4). A significant correlation was identified between 

SOST levels and BMD at different skeletal locations including the lumbar spine, femoral 

neck, and radius 18. These findings suggest that increased SOST levels may serve as an 

indicator of enhanced OT activity in BThal patients. 
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Figure 4. The role of RANKL/OPG and WNT/β-catenin signaling involved in BThal 

bone defects. Enhanced OC activity can be influenced by deficiencies in sex hormones 
and GH, leading to increased bone resorption by elevating the RANKL/OPG ratio. Elevated 
levels of SOST contribute to reduced bone formation. The impact of increased RANKL/OPG 
ratio or elevated SOST levels results in low bone mass and increased bone fragility (Adapted 
from 25).  

 

However, the pathophysiology of bone loss is controversial in BThal, and bone disease 

correlates with high morbidity despite available therapies. Understanding the underlying 

pathophysiology of BThal is crucial for developing effective diagnostic and therapeutic 

approaches to manage this condition and its comorbidities. 

 

1.1.4 Multi-organ complications  

Secondary multi-organ complications due to the primary genetic defects are present in 

BTHAL patients 5 (Fig. 5). To counteract the increased loss of blood cells, multiple sites of 

hematopoiesis are activated outside the BM resulting in increased erythroid activity, in 

extramedullary hematopoietic sites, splenomegaly and hepatomegaly. Other complications 

include endocrinopathies such as hypogonadism, hypothyroidism, hypoparathyroidism, as 

well as impaired bone metabolism 8. The bone defect is associated with low circulating 

parathyroid hormone (PTH),  a condition of hypoparathyroidism observed in a fraction of 

BThal patients, thought to be an endocrine secondary defect by IO26. Moreover, the 

peripheral hemolysis characteristic of BThal can leads to thrombosis and vascular events 

by causing prothrombotic markers to be exposed on the surface of RBCs. The endothelial 

damage led to platelet activation and increased aggregation. As medical care continues to 

advance, patient survival rates improve, leading to a new array of challenges, including heart 
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disease, diabetes, renal dysfunction, and cancers, influenced by risk factors analogous to 

those prevalent in the wider non-thalassemia population. 

 

             
 
Figure 5. Pathophysiology of BThal. The unbalanced synthesis of α/β chain results in 

IE, with compensative erythropoietic expansion in the BM and extramedullary 
hematopoiesis, chronic hemolytic anemia, and IO, leading to many secondary multi-organ 
alterations 5.  
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1.2 Murine model of BThal 
 
Several mouse models have been developed to replicate different forms of BThal 27-29 

Among them, Hbbth3/+ (th3) model lacks both βmajor and βminor genes and shows a severe 

phenotype. Homozygous th3 mice experience perinatal mortality, resembling the most 

severe form of Cooley's anemia in humans 30. Heterozygotes of th3 mice exhibit 

characteristics of BThal intermedia, including IE, anemia, reduced RBC counts, increased 

reticulocytes, and extramedullary hematopoiesis but do not require RBC transfusion for 

survival, similarly to NTDT patients 30. Additionally, th3 mice display bone abnormalities with 

reduced BMD 31. Furthermore, th3 mice show high production of ERFE and subsequent 

reduced expression of hepcidin, leading to IO in the spleen, kidneys, and liver 32,33. For these 

reasons, th3 animals have been widely used for studying the complex pathophysiology of 

BThal. 

 

1.3 Therapeutic options for BThal 
 

In severe BThal cases, the mainstay treatment involves the combination of regular blood 

transfusions and iron chelation therapies. TDT patients require regular blood transfusions to 

suppress IE, increase Hb concentration and reduce the severity of bone fragility and 

deformity. Iron chelation therapy plays a crucial role in reducing systemic and hepatic iron 

burden, both in TDT and NTDT, thereby decreasing the risk of IO-related complications. 

Chelation agents, such as deferoxamine, deferiprone, and deferasirox, are crucial to prevent 

iron toxicity and related organ damage 34. However, the effectiveness of current therapies is 

often limited to the need for repeated transfusions and challenges with patient compliance. 

The development of new therapies is necessary to further reduce the burden of the disease 

and remains an unmet need 35 (Fig. 6). 
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Figure 6. New treatment options for BThal patients at various stages of clinical 
development. Emerging therapies include the treatment for improving IE, iron metabolism 
and to correct genetic defect 35. 

 
1.3.1 Strategies to improve anemia and IO 
 
Emerging therapies are explored to target IE. One significant advancement in the field is 

the approval of Luspatercept in 2019 by the Food and Drug Administration (FDA) and in 

2020 by the European Medicines Agency (EMA) for the treatment of anemia in TDT adult 

patients. Although the precise mechanism of action is not yet fully understood, Luspatercept 

is an activin receptors IIA ligand traps, which binds to transforming growth factor-beta (TGF-

β) superfamily ligands and inhibits SMAD2/3 signaling pathway, thereby acting on the late 

stages of RBCs and promoting erythroid maturation 36. 

The efficacy and safety of Luspatercept were evaluated in the multicenter Phase 3 

BELIEVE clinical study, demonstrating a significant reduction of at least 33% in transfusion 

requirements among TDT patients. Moreover, some patients even achieved transfusion 

independence 34. However, due to the complexity of the disease, limitations in the study 

include patients’ selection, age limit (>18 years), genotype, IO and the heterogeneous 

response to Luspatercept, highlighting the importance of a personalized approach 37. 

2021 update on clinical trials in β-thalassemia Non è possibile visualizzare l'immagine.

American J Hematol, Volume: 96, Issue: 11, Pages: 1518-1531, First published: 04 August 2021, DOI: (10.1002/ajh.26316) 
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Similar results were observed with another ligand trap for activin A receptor, called 

Sotatercept (ACE-011) 38. Originally developed to address bone loss disorders, clinical 

studies of Sotatercept unexpectedly showed increased Hb levels in BThal treated patients 
39,40. However, Sotatercept was not selected for phase 3 development, due to its minimal 

binding to activin A, which could potentially result in off-target effects. 

Mitapivat, an oral small molecule classified as pyruvate kinase activator, has 

demonstrated positive effects in reducing markers of IE and anemia by enhancing RBCs the 

metabolism in mouse model of BThal 41. The safety and efficacy of Mitapivat were recently 

assessed in phase 2 study conducted by Kuo et al. in NTDT adults’ patients 42.  

In BThal IE and hypoxia lead to decreased production of the hepatic hormone hepcidin. 

In both preclinical and clinical studies, interventions targeting hepcidin levels, such as 

minihepcidins that mimic the endogenous hepcidin 43, and TMPRSS6 inhibitors 44 have 

shown significant improvements in IE, anemia, and IO in a mouse model. Clinical trials are 

currently ongoing, evaluating the use of these agents in NTDT patients 35. 

Furthermore, molecules targeting iron metabolism are being studied in BThal patients. 

Vamifeport (VIT-2763), the first oral ferroportin inhibitor, has demonstrated promising results 

improving anemia and erythropoiesis in th3 mouse model 45. A Phase IIa study was 

conducted to evaluate the safety and tolerability of Vamifeport compared to placebo in NTDT 

patients, publication of the results from this trial is pending 46. 

 
1.3.2 Strategies to improve bone defects 
 
Optimal transfusion and chelation therapy effectively reduce bone fragility and deformity 

in BThal 47. While calcium and vitamin D supplementation is prevalent, evidence for 

improved BMD and fracture prevention remains limited, like in the general population.  

Osteoporotic drugs can be categorized into two groups based on their mechanism of 

action: 1) Antiresorptive drugs which slow down the bone loss, which include 

bisphosphonates (BPs), Denosumab (DMAB) and estrogens and anabolic drugs, which 

increase bone formation and bone density. Examples are Teriparatide and Romosozumab. 

BPs, potent inhibitors of bone resorption, are the main pharmacological treatment for 

BThal-related osteoporosis 25. They act by interfering with the mevalonate pathway and 

blocking GTP-binding proteins 48. This leads to decreased OC recruitment, differentiation, 

activity, and survival, increasing OC apoptosis and resulting in diminished bone resorption 
49. While BPs demonstrated a reduction in bone turnover markers and an increase in BMD, 

clinical data regarding fracture prevention in BThal patients are still lacking. Future research 
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should focus on determining the most effective timing and duration of BP therapy. Even the 

concept of BPs breaks has been explored in postmenopausal osteoporosis, its applicability 

to TDT patients remains unclear and necessitates further in-depth investigation 50. 

DMAB, a human monoclonal antibody targeting RANKL, is a potent antiresorptive for 

osteoporosis showing efficacy in both men and postmenopausal women with osteoporosis 
51,52. Studies using the same DMAB dosing schedule in TDT-induced osteoporosis showed 

significant increase of lumbar spine BMD accompanied by common side effects including 

back/extremity pain, nausea, and hypocalcemia 53,54. It's important to note that DMAB's 

mechanism of action involves blocking RANKL, which can lead to the accumulation of 

osteomorphs, a specific cell stage in the OC development process 55. Osteomorphs are 

highly mobile daughter cells of OCs that remain in the nearby BM and retain the ability to 

fuse back together to form functional OCs 56. When RANKL signaling is restored, typically 

upon discontinuing DMAB treatment, it can lead to a rapid and extensive breakdown of bone 

tissue, resulting in a sudden increase in bone resorption. This phenomenon may potentially 

lead to rebound fractures occurring in a very short period 57.  

Currently, no research explores the impact of hormone replacement therapy on fracture 

outcomes in BThal. While existing literature highlights the positive effects of sex hormone 

replacement on skeletal health, unanswered questions persist regarding dosing, 

administration methods, and treatment's influence on fracture prevention in BThal. 

Teriparatide has demonstrated increased BMD and reduced fractures in men 58 and 

postmenopausal women 59. A recent study published by Gagliardi I. et al showed teriparatide 

as a promising treatment for thalassemia major (TM)-related osteoporosis by enhancing 

BMD, particularly in the lumbar spine, and reducing fragility fractures. However, five out of 

eleven patients developed side effects, such as muscle and bone pain, compared to the 

non-TM population. This divergence in side effects might arise from the complex and diverse 

pathogenesis of osteoporosis and bone pain in TM. Further investigations are necessary to 

validate the long-term efficacy, safety, and dosing regimen of teriparatide therapy for TM 

patients, as well as to elucidate the underlying physiological mechanisms, especially related 

to bone pain 60. Teriparatide has an anabolic window that typically lasts for approximately 

two years. During this period, bone formation exceeds bone resorption, resulting in a net 

increase in bone mass. However, after this two-year anabolic window, the balance shifts, no 

further net increase in bone mass can be achieved 61,62.  

Romosozumab is an anti-SOST monoclonal antibody, and it has received recent FDA 

approval for the treatment of osteoporosis. Clinical studies have demonstrated that 
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Romosozumab has the potential to increase BMD in various skeletal regions, including the 

lumbar spine, total hip, and femoral neck, particularly in postmenopausal individuals with 

osteoporosis 63.  Romosozumab could be a promising strategy also for the treatment of TDT-

related osteoporosis since SOST has been discovered to be elevated in BThal patients. 

Thalassemia-related bone disease has emerged as a significant challenge in managing the 

increasing burden of morbidity associated with TDT, highlighting an existing medical gap 

despite available treatments. 

 
1.3.3 Allogeneic hematopoietic stem cell transplantation and gene therapy 
 
For many years, the primary curative treatment option for patients with BThal has been 

allogeneic hematopoietic stem cell transplantation (HSCT). However, this approach has 

several limitations. Firstly, it is challenging to find suitable donors, making it available to less 

than 20% of patients. Additionally, there is a risk of graft rejection associated with allogeneic 

HSCT 64. More recently, autologous transplantation of genetically corrected cells through 

gene therapy (GT) has been developed 65. GT is a promising therapeutic strategy for the 

treatment of BThal that aims to correct the underlying genetic defects in hematopoietic 

progenitor cells (HSPCs) and restore normal production of Hb through gene addition and 

gene editing (GE) approaches 66. Autologous transplantation consists of multi-step process 

starting with the harvest of autologous HSPCs from the patient through leukapheresis or BM 

aspirates followed by their ex vivo culture and genetic modification, achieved by either gene 

transfer or GE. Finally, the engineered HSPCs are reinfused into pre-conditioned patient, 

where they can reconstitute the BM and differentiate into healthy RBCs 67 (Fig. 7). 
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Figure 7. Representation of the HSPC-GT process. Autologous HSPCs are harvest 

from the patient and undergo  ex vivo genetic manipulation consisting in viral vectors or 
genome editing tools like CRISPR-Cas9. Prior to transplantation, the patient undergoes a 
conditioning regimen to create space within its BM and suppress the immune system. The 
genetically modified HSPCs are then infused back into the patient’s bloodstream, where 
they can reconstitute the BM and correct hematopoiesis 67.  

 

In the first clinical trial for BThal, TDT patients were infused with autologous CD34+ 

HSPCs transduced with the lentiviral vector BB305 (Zynteglo). This vector encodes for a β-

globin transgene with anti-sickling properties (HbAT87Q). The trial showed safety and 

efficacy in both sickle cell disease (SCD) and BThal patients, indeed 80% of non-β0β0 

patients and 38% of β0β0 patients achieved transfusion independence, while the remaining 

patients decreased the number of transfusions 68,69. On August 17, 2022, the US FDA 

announced the approval of Zynteglo (betibeglogene autotemcel), which is the first cell-based 

gene therapy for the treatment of adult and pediatric patients with BThal who require regular 

RBC transfusions (https://www.fda.gov/news-events/press-announcements/fda-approves-

first-cell-based-gene-therapy-treat-adult-and-pediatric-patients-beta-thalassemia-who).  

Moreover, in the TIGET-BTHAL clinical trial, nine TDT patients, including three adults and 

six children, were treated by directly administering autologous HSPCs intrabone. These cells 

were genetically modified using the lentiviral vector GLOBE, which carries the β-globin gene 

under the control of a minimal locus control region (LCR). The trial achieved the primary 

endpoints of safety and efficacy since adult patients showed transfusion reduction and three 

out of four evaluated children reached complete transfusion independence 70.  
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GE strategies aim to directly correct the genetic mutations or disrupt specific DNA 

sequences in the patient’s genome using nucleases, such as CRISPR-Cas9 or zinc finger 

nucleases (ZFNs), exploiting the cellular DNA repair machinery. Clinical trials using gene 

editing approaches, such as CTX001 (CRISPR-Cas9) and ST-400 (ZFNs), aim to reactivate 

fetal hemoglobin (HbF) production by inhibiting the BCL11A gene. These trials are currently 

ongoing and have shown promising initial results for both TDT and SCD 71. 

In GT, various factors including HSC source, transduction efficiency, and BM 

microenvironment status can impact clinical outcomes. Since cases of graft rejection in 

allotransplants and poor HSC harvest or low levels of engrafted genetically modified HSC 

after gene therapy are common complications, a comprehensive understanding of HSPCs 

and the BM microenvironment is crucial for achieving successful outcomes in both 

allogeneic and autologous transplantation approaches in the context of BThal. Moreover, 
potential risks associated with GT or GE for BThal include off target effects, immunogenic response, 
and the long-term consequences of genetic interventions. 

 

2 Hematopoiesis 

The blood system is a highly regenerative tissue in mammals, constantly producing 

billions of cells daily in adults in a continuous and dynamic process called hematopoiesis. 

Hematopoiesis orchestrates self-renewal, proliferation, and differentiation of a limited pool 

of HSCs in the BM. HSCs give rise to progenitor cells, which further proliferate and 

differentiate into mature blood cells 72. 

At steady state, adult HSCs remain in a quiescent state within the BM to maintain blood 

homeostasis and prevent exhaustion of the stem cell pool. However, in response to 

stressors like oxidative stress and inflammatory cues, HSCs can become activated and 

enter a proliferative state to replenish the hematopoietic system. HSCs are defined by their 

capacity to fully reconstitute all functional blood cells of a lethally irradiated recipient mice, 

whereas progenitor cells have limited self-renewal ability and fail to engraft long-term after 

transplantation 73. To explain the diversity of blood cell population, the conventional 

hierarchical model of hematopoiesis suggests that HSCs positioned at the top of a hierarchy, 

lose their self-renewal capacity, and acquire lineage-specific potential, giving rise to 

multipotent progenitors (MPPs), common myeloid progenitors (CMPs), and common 

lymphoid progenitors (CLPs) 74. However, this model oversimplifies the complexity of the 

process and  has some limitations. Recent advancements in single-cell RNA sequencing 

and in vivo cell tracking have challenged this traditional hierarchical model, revealing the 
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heterogeneity of HSCs and early lineage segregation 75 (Fig. 8). In this model, there is 

heterogeneity within the HSC population with respect to lineage potential, including 

megakaryocyte (Mks)-biased HSCs that directly give rise to Mk-Er progenitors and bypass 

the classical intermediate commitment stages, including the MPPs and CMPs stages 76-80. 

These findings suggest that the lineage commitment of HSCs may occur earlier than 

previously supposed 72. 

 

 
 
Figure 8. Schematic HSC lineage commitment. A) The classical hierarchical model 

where HSCs contribute equally to each blood lineage. B) The new revised model showing 
hematopoiesis as a continuum process where only a small fraction of HSCs produces an 
equal outcome for all mature blood cells, while most HSCs exhibit a bias towards 
differentiating into a specific lineage 75. 

 

In the mouse, long term HSCs are classified based on their phenotypic characteristics as 

Lin- ckit+ Sca1+ CD48- CD150+, while MPPs are Lin- ckit+ Sca1+ CD48- CD150- 81. In 

humans, HSCs are phenotypically defined as Lin− CD34+ CD38− CD45RA− Thy1+ Rholo 

CD49f+, while human MPPs are Lin− CD34+ CD38− CD45RA− Thy1- Rholo CD49f- 73. 

Adult HSCs reside in a specialized microenvironment in the BM called “niche”. The BM 

niche plays a crucial role in regulating HSC self-renewal, proliferation, and differentiation by 

both extrinsic and intrinsic factors and through interactions with various cellular components 
82. The BM niche comprises distinct regions, including endosteal niches near the bone 

surface and perivascular niches close to arterioles or sinusoids within the BM 83. Recently, 
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high-resolution imaging studies have shown that the most quiescent HSCs are located close 

to both sinusoids and endosteum, while activated HSCs become more motile and move 

away from the endosteum. The localization of HSCs within the niche undergoes changes 

during lineage commitment, and stress signals can influence their spatial distribution 84. 

Moreover, studies reported that aged HSCs localize further away from the endosteum as 

compared to young HSCs 85. 

 
2.1 HSC regulation in the BM niche 
 
HSC regulation in the BM niche is a critical aspect of hematopoiesis. Understanding the 

intricate regulatory mechanisms within the BM niche is essential for deciphering the balance 

between HSC quiescence and activation, as well as the control of HSC fate decisions. The 

regulation of HSCs within the niche involves interactions with various cell types, including 

non-hematopoietic stem cells as well as mature hematopoietic cells which contribute to HSC 

behavior by releasing a range of molecules including cytokine, chemokine, growth factors 

and physical cues. In addition to the extrinsic signals from the HSC niche, intrinsic factors 

also contribute to HSC heterogeneity, such as metabolic state, epigenetic alterations, and 

DNA mutations 82.  

HSCs are susceptible to various insults that can directly alter their function. These insults 

can occur through the accumulation of toxic molecules or a decrease in nutrient availability. 

Additionally, HSC function can be indirectly affected by altering the crosstalk between HSCs 

and other BM niche components. A deeper understanding of the relative contributions of 

cellular and molecular components in regulating HSC activity will pave the way for novel 

therapeutic approaches 86. 

 
2.2 HSC regulation by BM niche populations 
 
Extensive research involving conditional deletion of different cell types, depletion of niche 

factors, and advanced imaging techniques in mouse models has provided valuable insights 

into the cellular players within the HSC niche. The BM populations are closely 

interconnected, playing a crucial role in regulating HSC behavior and function within the BM 

microenvironment. Among theme, stromal BM cells, including OBs, adipocytes, Schwann 

cells, mesenchymal stromal cells (MSCs) and endothelial cells (ECs), provide structural 

support and secrete various factors that influence HSC maintenance, proliferation, and 

differentiation. Hematopoietic BM cells, such as macrophages, OCs, lymphocytes, 
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neutrophils, and MKs, contribute to HSC regulation through direct cell-to-cell interactions 

and the release of soluble factors 87 (Fig. 9). 

 
 
Figure 9. The BM niche at steady state. Several stromal (OBs, MSCs, ECs, adipocytes, 

sympathetic nerves and Schwann cells) and hematopoietic (OCs, Mφs, MKs, neutrophils 
and regulatory T cells) cell types and niche factors regulate HSC activity 87.  
 

2.2.1 Stromal BM cells 
 

Stromal BM cells are a key component of the HSC niche, playing a crucial role in the 

regulation of HSC behavior. BM stromal cells, including osteolineage cells, MSCs, and ECs 

provide physical support to HSC.  

Osteolineage cells, found on the bone surface, are a heterogeneous pool of bone-forming 

cell, including pre-osteoblasts, OBs, and terminally differentiated OTs 88. Osteolineage cells 

were the first cell population associated with HSC regulation 89-91. Studies have 

demonstrated that human OBs induce HSC differentiation towards myeloid lineages in vitro 
92, while murine OBs were found to enhance HSC engraftment in co-transplantation settings 

in vivo 93. The activation of OBs by PTH and PTH-stimulated OBs contribute to HSC 

expansion through the activation of Notch signaling 89. OBs also produce various growth 

factors and cytokines, including osteopontin (OPN), C-X-C motif chemokine ligand 12 

(CXCL12), stem cell factor (SCF), thrombopoietin (TPO), and angiopoietin1 (ANGPT1). 

Recent studies using transgenic mice with specific deletion of CXCL12 and SCF from 

mature OBs have shown that this primarily affects early lymphoid progenitors but not HSCs 

or MEP, and it does not lead to the mobilization of these cells into the circulation 94,95. OB-

derived OPN has been reported to play a crucial role in controlling HSC homing and 

engraftment, as well as exerting an inhibitory effect on HSC proliferation 96. However, recent 
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evidence suggests that osteolineage cells do not directly regulate HSCs, since other cell 

populations are considered the main functional sources of CXCL12, SCF, TPO, and 

ANGPT1. Studies have shown that hepatocytes are the primary functional source of TPO 

for the maintenance of HSCs 97, while hematopoietic and stromal cells are considered the 

main sources of ANGPT1 98. Although, the essential role of osteolinage cells is controversial, 

in vivo live imaging studies suggest that the localization and function of HSCs are closely 

linked to bone turnover, as HSC expansion is observed in bone cavities exhibiting both OB 

and OC activity 84. 

MSCs are a rare population found near blood vessels in the BM which possess the 

ability to differentiate into bone, fat, and cartilage. Human MSCs marked by CD146 can 

generate colony-forming unit fibroblasts (CFU-Fs) in vitro and form heterotopic ossicles in 

vivo, demonstrating their regenerative potential 99,100. 

Different subpopulations of MSCs have been characterized using transgenic mice 

models, by distinct surface markers including Nestin+ perivascular cells, CXCL12-abundant 

reticular (CAR) cells, leptin receptor (LEPR)+ cells and PDGFRα+ Sca1+ (PαS) cells 
94,101,102. However, it is now widely recognized that there is overlap between these stromal 

populations. MSCs exert their influence on HSC activity through both direct interactions and 

the secretion of soluble factors. N-cadherin-mediated physical interaction between MSCs 

and HSCs has been shown to modulate HSC activity 103. However, the main control of HSCs 

by MSCs is indirect, mediated by the secretion of factors such as SCF, CXCL12, ANGPT1, 

OPN, and interleukin 7 (IL-7). MSCs also play a protective role in maintaining HSC function 

under stress conditions such as oxidative stress and infections. By neutralizing excessive 

ROS, MSCs help preserve HSC quiescence and function 104. 

Adipocytes, which arise from MSCs, have been shown to have both beneficial and 

detrimental effects on HSC regulation and their role remains controversial. Adipocyte 

progenitors have been found to support HSC regeneration by increasing the secretion of 

SCF in response to radiation-induced stress 98. Adiponectin has been demonstrated to 

maintain HSC self-renewal and protect HSCs from inflammatory cytokines, particularly in 

HSCs and to a lesser extent in differentiated cells 105. In contrast, the number of BM 

adipocytes is inversely correlated with HSC content, and inhibiting adipogenesis accelerates 

HSC engraftment after transplantation or chemotherapy 106. 

ECs that line the blood vessels in the BM are essential in controlling vascular integrity, 

and in regulating HSC trafficking and function. The BM contains two distinct types of ECs 

which can be identified based on their localization and surface marker expression: Arteriolar 
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endothelial cells (AECs) and sinusoidal endothelial cells (SECs). Approximately 10% of 

HSCs are closely associated with arterioles, while the majority are in proximity to sinusoids. 

The permeability of blood vessels in the BM microenvironment is important for regulating 

the levels of ROS in adjacent HSCs and niche populations. Arterioles, which are less 

permeable, help maintain HSCs in a quiescent state with low ROS levels. On the other hand, 

leaky sinusoids increase ROS levels, promoting HSC activation and mobilization 107. In vivo 

studies using genetic modifications to specifically delete niche factors in ECs have provided 

insights into the importance of endothelial-derived factors in HSC regulation. These studies 

have demonstrated the essential role of CXCL12 and SCF produced by ECs in HSC self-

renewal and hematopoietic regeneration after injury. Furthermore, ECs regulate HSC 

quiescence through the expression of surface marker E-selectin 108,109. 

The sympathetic nervous system (SNS) extensively innervates the BM and plays a crucial 

role in modulating HSC mobilization and protecting against genotoxic stress. Nerve fibers of 

SNS target Nestin+ MSCs, stimulating the production of CXCL12 via β3-adrenergic 

receptors and regulating the release of HSCs into the bloodstream under the circadian 

rhythm 110. Furthermore, the SNS is involved in facilitating hematopoietic recovery following 

genotoxic stress 111. Non-myelinating Schwann cells, which surround sympathetic nerves, 

not only support the formation of new blood vessels (angiogenesis) and bone tissue 

(osteogenesis), but also directly interact with HSCs, promoting their quiescent state through 

the activation of TGFβ and SMAD signaling pathways 112.  

 
2.2.2 Hematopoietic BM cells 
 
BM niche is orchestrated by various terminally differentiated cells, including macrophages 

(Mφs), neutrophils, regulatory T (Tregs) cells, OCs and MKs which contribute to the 

regulation of HSC behavior. These cells interact with HSCs directly and through the 

secretion of soluble factors, influencing HSC quiescence, activation, and differentiation.  
Mφs are a heterogeneous population with phagocytic activity, that directly modulates HSC 

quiescence and self-renewal through physical interaction and the release of cytokines 113,114. 

M2 Mφs promote HSC self-renewal, while M1 Mφs have the opposite effect, preserving HSC 

repopulating potential 115. Additionally, BM Mφs indirectly control HSC location by inducing 

the expression of HSC retention factors by MSCs and promoting HSC mobilization via 

neutrophil clearance 116,117. Mφs also play a crucial role in erythrophagocytosis, contributing 

to iron homeostasis and providing iron to HSCs during hematopoietic stress.  
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Neutrophils and Tregs have been implicated in the control of HSC retention through their 

interactions with osteolineage cells although the precise mechanisms of their direct 

regulation of HSC function are not yet fully understood 118-120. 

OCs play a key role in bone resorption and remodeling, which is regulated by systemic 

endocrine factors such as PTH and estrogen under normal physiological conditions. PTH 

signaling leads to a reduction in TGF-β levels in OTs and activates PTH-PTH receptor 

signaling cascades in osteoblasts. These events stimulate the formation of OCs, initiating 

the process of bone resorption 121. The interaction between OCs and HSPCs is bidirectional. 

OCs can regulate HSPC retention within the BM niche by creating a physical barrier that 

keeps HSPCs near the endosteal surface, thereby preventing their mobilization into the 

bloodstream. The absence of OCs can disrupt this retention mechanism, potentially resulting 

in increased HSPC mobilization 122. Moreover, OCs secrete the coupling factor sphingosine 

1-phosphate (S1P), which acts on HSC through S1P1 receptors to regulate cell trafficking, 

particularly in the context of cell egress after treatment with mobilizing agents like 

granulocyte-colony-stimulating factor (G-CSF) 123. 

MKs exhibit a non-random spatial association with HSCs in the BM, and their depletion 

leads to an expansion of the HSC pool. Under steady-state conditions, MKs maintain HSC 

quiescence by secreting specific factors like CXCL4 and TGFβ 124,125. However, in response 

to chemotherapeutic stress, MKs promote HSC expansion through fibroblast growth factor 

1 signaling (FGF1) 125. MKs also indirectly regulate HSC function by interacting with bone 

cells, and they support OBs survival and HSC engraftment after myeloablative irradiation 
126. 

 
2.3 HSC niche in homeostasis and stress conditions 
 
The BM niche is a dynamic environment responding to both normal and stress conditions, 

such as oxidative stress, iron, variation of oxygen level and inflammatory signals. Under 

physiological circumstances, the niche supports HSC maintenance, self-renewal, and 

balanced hematopoiesis. However, during stress conditions, such as infection, 

inflammation, or hematological disorders, the niche undergoes alterations and HSCs adapt 

their metabolic state and cell cycle 127. Understanding the adaptive changes of the BM niche 

in response to different stressors is crucial for comprehending the impact of pathological 

conditions on hematopoiesis and developing therapeutic strategies to restore niche 

homeostasis.  
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3 Function of HSC and BM niche in BThal 
 

HSCT is a crucial treatment for hematological inherited disease. However, HSC- niche 

interactions in improving HSCT outcomes are still underexplored in the context of BThal. In 

allogeneic HSCT, the engraftment of normal donor HSCs can be compromised by the host 

BThal niche, while both the donor HSCs and the BM niche are altered in autologous HSCT, 

potentially impacting the clinical outcome. Recent studies have demonstrated that HSC 

function in BThal is negatively affected by their prolonged exposure to an impaired BM niche 
128, with detrimental effects caused by the accumulation of toxic molecules like iron and ROS 

and changes in BM cell populations 129. The th3 mouse model, which mimic the features of 

BThal intermedia, has been used to study the HSC niche, providing valuable insights that 

validate findings observed patient-derived samples. Overall, a more comprehensive 

understanding of the HSC compartment and BM niche is necessary to develop targeted 

strategies that improve the outcomes of HSCT in BThal. 

 
3.1 HSC defect in BThal   
 
A recent study conducted by Aprile A. et al. shed light on hematopoiesis in the context of 

BThal. The authors found impaired HSC function using the th3 mouse model, recapitulating 

severe BThal intermedia 128. They focused on the most primitive HSCs defined by SLAM 

family markers as Lin-, cKit+, Sca1+ CD48- CD150+ 81 and observed a reduced number of 

HSCs in the th3 mice compared to wild-type (wt) mice. Additionally, the BThal HSCs 

displayed decreased quiescence and increased cycling, with a higher proportion of cells in 

the S and G2/M phases and a lower proportion in the G0 phase. RNA sequencing analysis 

of sorted BThal HSCs confirmed these findings, showing enrichment of cell cycle G1/S 

phase transition genes and reduced expression of stemness genes like Cdkn1c, Runx1l1, 

Fgd5, and Hes1. The increased cell proliferation in BThal HSCs was associated with the 

accumulation of DNA damage. 

To evaluate HSC function, the authors conducted transplant experiments. Primary 

transplantation of equal numbers of wt and BThal HSCs into th3 mice demonstrated a 

competitive disadvantage of BThal HSCs, and this disadvantage was further exacerbated 

upon secondary transplantation. However, when BThal HSCs were transplanted into wt 

recipients, their defects were restored. These findings indicate that the dysfunction of BThal 

HSCs is not intrinsic but is caused by an altered BM niche. Consistently, Gene Set 

Enrichment Analysis (GSEA) on the RNA sequencing data confirmed significant enrichment 
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of genes associated with cellular responses to stress in the BThal HSC transcriptome, 

suggesting that stress signals in the BThal BM niche impact HSC function. Interestingly, the 

defects in HSC frequency and cell cycle were not observed in newborn animals but 

appeared around 4 weeks of age and worsened in adult mice, indicating that prolonged 

exposure to the impaired BM niche contributes to HSC dysfunction. Notably, no differences 

were found in the frequency of more committed progenitors, suggesting a distinct behavior 

between HSCs and progenitors in BThal that requires further investigation. 

Interestingly, similar findings were observed in patients with TDT which exhibited an 

increased frequency of CD34+CD38- primitive HSPCs in active cell cycle phase compared 

to healthy donors. Moreover, RNA-seq analysis of TDT CD34+ cells also displayed 

heightened responses to stress stimuli and reduced expression of key stemness genes 128, 

suggesting that TDT HSPCs are exposed to an altered BM niche.  

Overall, these findings highlight the impact of the BM niche on HSC function in BThal and 

suggest the importance of addressing the altered niche to improve HSC-based therapies for 

BThal patients. 

 
3.2 Stromal niche defect in BThal 
 
To further investigate the transplantation outcomes of th3 HSCs in a BThal BM niche, 

Aprile et al. focused on the interactions between HSCs and stromal cells, including 

osteolineage cells and MSCs. Bone abnormalities such as osteoporosis and osteopenia are 

common complications in BThal patients, resulting from hormonal deficiency, BM expansion, 

and iron toxicity 18. The study also observed reduced BMD in th3 mice due to decreased 

activity of OBs and low levels of circulating PTH 128, which aligns with bone fragility and low 

PTH levels observed in BThal patients 26. PTH plays a crucial role in regulating bone 

metabolism and maintaining HSC function through Notch signaling 89. Additionally, PTH 

directly influences MSCs by promoting their differentiation into OBs 130. In th3 mice, low PTH 

levels result in reduced OB activity and inhibit their secretion of OPN, which suppresses 

HSC proliferation and retention, as well as JAG1, a Notch-ligand implicated in HSC self-

renewal capacity. 

In vivo treatment of th3 mice with PTH rescues bone defects by increasing BMD and 

enhancing the expression of JAG1 and OPN by stromal cells, thereby restoring HSC 

frequency and normalizing their cycling activity. However, the incomplete restoration of th3 

HSC repopulating ability after PTH treatment suggests the involvement of additional cellular 

and molecular factors within the complex BThal BM niche in regulating HSCs. Furthermore, 
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th3 MSCs display reduced frequency and decreased JAG1 secretion due to low PTH levels 
128. Importantly, these findings were confirmed in BThal patients’ samples. Crippa et al. 

demonstrated that IO generates oxidative stress, thus reducing the frequency and the 

proliferation of BThal MSCs and impairing their differentiation. BThal MSCs exhibit reduced 

expression of key hematopoietic supportive factors and fail to support HSC expansion and 

engraftment in vitro and in vivo experiments. However, treatment with iron chelation restores 

the HSC-MSC niche crosstalk by reducing iron transporters' expression. These findings 

indicate that IO impairs BThal MSCs, thereby negatively impacting HSC function 129. 

 

3.3 Hematopoietic and soluble niche factors  
 
Data obtained from studies on BThal mice indicate that multiple alterations in the BM 

niche contribute to the impaired self-renewal and repopulating capacity of HSCs. Analysis 

of the BM microenvironment revealed elevated levels of FGF23 , a negative regulator of 

bone metabolism and PTH secretion, which negatively affects the interaction between HSCs 

and the stromal niche 131. Additionally, altered levels of factors such as SCF, ANGPT1, 

CXCL12, and reduced serum TPO were observed, impacting HSC-niche interactions 128.  

Moreover, focusing on hematopoietic populations of the BM microenvironment, resident 

Mφs have been found to indirectly regulate HSC retention within the BM niche by interacting 

with stromal cells 132. Recent studies have shown that in SCD, free-iron and heme overloads 

can induce the M1 phenotype in bone marrow-derived macrophages (BMDM), which was 

reported to reduce HSC self-renewal 133. However, evidence of M1-polarized macrophages 

in β-Thal is still lacking. 

Overall, the BThal BM niche is influenced by various factors including hormonal factors, 

such as PTH and FGF23, cytokines and stress signals as iron, ROS and inflammatory 

molecules. These factors can have direct or indirect effects on HSCs as well as other cell 

populations in the BM niche 87 (Fig. 10). 
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Figure 10. BThal BM niche. BThal HSC function is impaired due to prolonged exposure 

to an altered BM niche. Several BM niche populations, such as OBs, MSCs, MKs and Mjs, 
are impaired and accumulation of toxic molecules, such as iron, ROS and inflammatory 
cytokines potentially contributing to the decline in HSC function 87. 
 

 4 Fibroblast growth factor 23 (FGF23) 

FGFs are a group of small, secreted proteins that belong to the larger family of growth 

factors 134. The FGF family is classified into subfamilies based on sequence similarity, 

including canonical FGFs (FGF1-10), the hormone-like FGFs (FGF19, FGF21, FGF23), and 

the unconventional FGFs (FGF11-14) 135. FGFs bind to and activate a family of 

transmembrane receptor tyrosine kinases known as FGF receptors (FGFRs). There are four 

FGFR isoforms (FGFR1-4), and the binding specificity between FGFs and FGFRs is 

primarily determined by the heparan sulfate proteoglycans present on the cell surface, which 

act as co-receptors 136. FGFs mediate autocrine and paracrine signaling, regulating several 

cellular processes such as cell proliferation, differentiation, survival, and migration. Upon 

binding to FGFRs, FGFs induce receptor dimerization and activation of downstream 

signaling pathways, such as the MAPK/ERK, PI3K/Akt, and PLCγ pathways 137. Paracrine 

FGFs act locally and mediate signaling between adjacent cells, influencing tissue 

development and homeostasis. Endocrine FGFs, on the other hand, act as hormones and 

are secreted into the bloodstream to regulate systemic metabolic processes. They depend 

on the presence of α-klotho in their respective target tissues. α-klotho enhances the binding 

affinity between endocrine FGFs and their specific FGFRs, leading to a more efficient and 

effective signaling response 138,139. FGF23 has emerged as a significant player in the 

regulation of mineral metabolism and the pathogenesis of renal and cardiovascular 

diseases. FGF23 gene was identified as mutated in patients with Autosomal dominant 
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hypophosphatemic rickets (ADHR) 140. ADHR patients show elevated FGF23 in the 

bloodstream, which leads to an altered phosphate homeostasis and results in rickets, a 

condition which affects bone development. Since then, several studies have revealed 

FGF23 a key phosphaturic hormone mainly secreted by OTs, that primarily acts on the 

kidneys and plays a crucial role in maintaining phosphate, calcium and bone homeostasis 
141. 

4.1 The impact of systemic and local factors on FGF23 regulation  

FGF23 production and secretion are tightly regulated by various factors. High levels of 

phosphate, active vitamin D, and PTH stimulate FGF23 synthesis and release from OTs. 

On the other side, FGF23 inhibits bone mineralization and PTH, this negative feedback 

mechanism ensures that phosphate remains within the physiological range 142. Additionally, 

other factors, including anemia, iron status and inflammation can modulate FGF23 

production 143 (Fig. 11). 

 
 
Figure 11. Inducers of FGF23 production. FGF23 production is regulated by several 

systemic factors including phosphates, Vitamin D, PTH, EPO, iron deficiency and 
inflammation (Adapted from 143). 
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  Phosphate is an essential mineral that plays crucial roles in energy production, DNA 

synthesis, and bone mineralization. FGF23, a principal regulator of phosphate homeostasis, 

responds to changes in dietary phosphate intake. It has been shown that an increase in 

dietary phosphate intake increased FGF23 144. On the contrary, restricting phosphate intake 

reduces FGF23. A recent study revealed the molecular mechanism by which phosphate 

modulates FGF23 levels. Phosphate itself can bind to this receptor, leading to the 

upregulation of the N-acetylglucosaminyltransferase 3 (Galnt3) gene, which increases the 

proportion of biologically active iFGF23 145.  

Vitamin D plays a crucial role in maintaining calcium and phosphate homeostasis in the 

body. It promotes calcium absorption from the intestine and enhances phosphate 

reabsorption in the kidneys, ensuring sufficient levels of these minerals for various 

physiological functions. The active form of vitamin D directly stimulates the transcription of 

the Fgf23 gene. Mice injected with the 1,25-dihydroxy-vitamin D increased Fgf23 

transcription, specifically in bone, resulting in elevated serum FGF23 protein 146. 

Furthermore, another study in murine models has revealed that calcium can directly 

increase Fgf23 transcription by acting on the promoter of the Fgf23 gene 147. 

PTH has been identified as a regulator of FGF23 by directly increasing its expression in 

bone cells in an experimental model of chronic kidney disease (CKD) 148. Moreover, PTH 

action on bone cells includes the suppression of the gene encoding Sost. SOST acts as a 

local inhibitor of the Wnt signaling pathway, indirectly suppressing FGF23 production 149,150. 

Therefore, when PTH suppresses SOST, it allows FGF23 to be released, resulting in 

elevated FGF23 production. 

FGF23 is regulated at the local level within bone cells by several regulators. One factor 

is dentin matrix protein 1 (DMP1), a member of the SIBLING family, which is produced by 

OTs 151. DMP1 acts as a suppressor of FGF23, leading to a decrease in FGF23 production 

and secretion and enhancing bone mineralization. Another regulator is the phosphate-

regulating gene with homologies to endopeptidases on the X chromosome (PHEX), 

predominantly expressed by OBs. PHEX is also supposed to suppress the transcription 

of Fgf23 rather than its degradation 152. Inherited mutations in either PHEX or DMP1 lead to 

genetic disorders associated with renal phosphate wasting and elevated FGF23 levels. 
Inactivating mutation in PHEX causes X-linked hypophosphatemic rickets (XLH), a condition 

characterized by elevated FGF23, hypophosphatemia, rickets and osteomalacia 153. While 

inactivating mutations in DMP1 result in autosomal recessive hypophosphatemic rickets 

(ARHR) (ADHR Consortium 2000). 
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FGF23 function is mainly studied in CKD. CKD manifests with anemia due to reduced 

EPO production by kidney and iron deficiency and bone abnormalities 154. Several studies 

demonstrated that FGF23 levels increase in children and adults with CKD before the 

increase in PTH and phosphate and the decrease in vitamin D and calcium concentrations 
155,156. Once CKD with secondary hyperparathyroidism is established, FGF23 antibody 

neutralization fully normalized vitamin D and precipitated severe hyperphosphatemia. With 

the progression of CKD, FGF23 expression increases within OTs, a process dependent on 

bone-related Klotho expression and its concentration is associated with cardiovascular 

disease 157. The primary driver of increased FGF23 levels in CKD is the retention of 

phosphate due to reduced urinary excretion. Additionally, various CKD-associated factors, 

including anemia-induced tissue hypoxia and iron deficiency, contribute to the increase of 

FGF23. FGF23 is considered a potential biomarker for CKD-related bone disease but also 

a novel cardiovascular risk factor 158. 

4.2 Molecular mechanism regulating FGF23 

FGF23, primarily expressed by bone cells, including OBs and OTs 159 and BM 160 cells, plays 

a crucial role in maintaining phosphate and bone homeostasis 141.  The regulation of FGF23 

production involves three steps: transcription, translation and post-translational modification 

of nascent peptide and cleavage of mature FGF23.  

Human FGF23 is a 32-kDa glycoprotein encoded by three exons on chromosome 12p. 

FGF23 consists of 251 amino acids with a hydrophobic secretory signal sequence and a 

conserved FGF core region, along with a unique 72-amino acid COOH-terminus 161. FGF23 

can be cleaved intracellularly at arginine residues (176 and 179) by subtilisin-like proprotein 

convertases (SPC1 or FURIN) or proprotein convertase enzyme 5 (PCSK5), resulting in 

three circulating molecular species: the full-length biologically active FGF23 (iFGF23), a 

shorter N-terminal fragment lacking the C-terminal portion and the cleaved C-terminal 

fragment (cFGF23). Alternatively, FGF23 can be O-glycosylated at Threonine 178 by the 

GALNT3 enzyme, which preserves the intact form of FGF23. However, phosphorylation of 

FGF23 at serine180 by kinase family with sequence similarity 20-member C (FAM20C) 

prevents O-glycosylation and promotes FURIN-mediated cleavage 162. The cFGF23 

fragment specifically blocks FGF23 signaling by competing with iFGF23 for binding to FGFR 
161. However, other functions of this peptide are still being explored. The balance between 

these processes determines the ratio of iFGF23 to cFGF23 in circulation 141 (Fig.12). 
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Figure 12. FGF23 post-translational modifications. GALNT3 O-glycosylation 
stabilizes the FGF23 nascent peptide and protects it from cleavage. Conversely, 
phosphorylation by protein kinase FAM20C inhibits O-glycosylation and marks FGF23 for 
proteolytic cleavage by FURIN or PCSK5. Adapted from 141. 

4.3 Key factors that induced FGF23 production 

The production and cleavage of FGF23 can be influenced by several factors including 

EPO, iron and inflammation which are hallmarks of hereditary anemias, as BThal and SCD, 

as well as secondary anemias like CKD (Fig 13). 

 

Figure 13. Overview of EPO-FGF23 signaling pathway. FGF23 production and 
cleavage by erythroid BM cells, adapted from 163. 
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4.3.1 Erythropoietin  

EPO is an important regulator of FGF23 production and cleavage 163. Recent correlative 

studies have shown that EPO administration induces FGF23 production in OBs and in 

murine hematopoietic progenitors 164. Additionally, acute blood loss leads to an increase in 

circulating EPO and in cFGF23 peptide, suggesting that FGF23 contributes to maintaining 

erythropoietic homeostasis 165. Loss of FGF23 through FGF23-knockout or blocking iFGF23 

signaling in mice results in increased erythropoiesis, reduced erythroid cell apoptosis and 

elevated BM Epo mRNA expression, leading to higher circulating EPO 160. In vivo 

administration of FGF23 has been shown to cause a rapid decrease in erythropoiesis 160. 

Consistently, in conditions of severe anemia, especially those associated with CKD, levels 

of circulating FGF23 are increased. Inhibition of FGF23 signaling has been demonstrated to 

stimulate erythropoiesis by significantly reducing erythroid cell apoptosis and influencing 

HSC commitment towards the erythroid fate and this rescued anemia in a model of CKD 166. 

Overall, these data show that EPO increases the total amount of circulating FGF23 (iFGF23 

and cFGF23) and influences the balance between iFGF23/cFGF23 by promoting cFGF23 

production. This effect is achieved through EPO-mediated inhibition of Galnt3 expression in 

bone BM cells 167. While previous studies have established only a positive correlation 

between EPO and FGF23, the underlying mechanisms remained elusive. Our recent work 

demonstrated for the first time EPO is the causal factor inducing Fgf23 transcription, this 

was achieved by blocking the EPO pathway through monoclonal anti-EPO antibody. 

Moreover, we identified the molecular mechanism by which EPO modulates Fgf23 

expression by acting on bone and erythroid cells through the activation of Erk1/2 and Stat5 

pathways, respectively 131. 

4.3.2 Iron deficiency  

The first evidence linking iron deficiency and FGF23 regulation came from studies on 

ADHR, a disorder characterized by elevated FGF23 due to defective FGF23 proteolytic 

cleavage. In individuals with ADHR, serum iron was found to negatively correlate with 

circulating FGF23 168. Further investigation in a cohort of pre-menopausal women revealed 

that serum iron levels inversely correlate with the increased cFGF23, but not with iFGF23 
169. Similarly, in a cohort of elderly individuals, low iron parameters were associated with 

higher concentrations of both cFGF23 and iFGF23, with a more pronounced increase 

observed in cFGF23 170. Moreover, wt mice studies showed that iron deficiency leads to an 
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increase in the FGF23 cleaved form 164,167. This effect is associated with the stabilization of 

pre-existing hypoxia-inducible factor 1-alpha (HIF1α) which upregulates intracellular iFGF23 

cleavage 171. One key player in iron regulation is hepcidin, a peptide hormone that controls 

iron absorption and distribution. Elevated production of hepcidin in response to inflammatory 

cytokines is a significant contributor to functional iron deficiency and anemia 172 (Fig.13). 

cFGF23 has been found to downregulate hepcidin expression, thereby enhancing iron 

availability in the context of acute inflammation 173. In this study conducted by Courbon and 

colleagues, wt mice co-injected with bone morphogenetic protein (BMP) 2-9 and cFGF23 

exhibited a decrease in serum hepcidin and an increase in serum iron levels, thus indicating 

that c-terminal peptide directly regulates iron metabolism by reducing hepcidin secretion by 

acting as a BMP antagonist 173. Further investigations are needed to explore if a modest 

increase of cFGF23 during chronic inflammation is sufficient to reduce hepcidin and increase 

iron bioavailability. Recently, Li X. et al. elucidated the cellular sources of FGF23 

upregulation during iron deficiency anemia (IDA), using mice lacking transmembrane serine 

protease 6 (Tmprss6), a model for Iron-Refractory Iron Deficiency Anemia, an autosomal 

recessive disorder 174. Tmprss6-/- exhibited elevated hepcidin without signs of inflammation 

and showed increased circulating FGF23 levels. Using an Fgf23eGFP reporter allele in 

vascular regions of BM they identified Fgf23 mRNA upregulation by BM SEC in chronic 

genetically-induced IDA, in acute phlebotomy-induced anemia, and after injection of EPO in 

wt mice. Genetically induced IDA is characterized by elevated levels of EPO, which probably 

directly influences BM-SEC to enhance FGF23 production. Intriguingly, analysis of single-

cell RNA sequencing data of BM stroma from wt mice revealed the presence of both Fgf23 

and Epor expression within BM-SEC 175. 

4.3.3 Inflammation  

In two murine models of acute inflammation, there was a significant increase in bone 

Fgf23 mRNA expression and cFGF23 serum concentrations, without changes in iFGF23 171. 

Acute inflammation drives FGF23 production and its cleavage in OTs. Pro-inflammatory 

cytokines such as TNF-a, IL-1b and IL-6 are potent inducers of FGF23 secretion 176. A 

recent study has shed light on another important aspect of cFGF23’s role in inflammation. 

Bone-produced cFGF23 peptide directly regulates iron metabolism by antagonizing BMP-

induced hepcidin production 173. In summary, inflammation appears to augment both FGF23 

expression and its cleavage by increasing HIF1α expression and stabilization and enhanced 

Furin activity, but also via hepcidin-induced functional iron deficiency and subsequent non-
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hypoxic HIF1α stabilization (Fig. 14). In the context of chronic inflammation, increased 

amounts of total FGF23 with increased amounts of iFGF23, and the FGF23 cleavage system 

seems to be downregulated 171. 

 

Figure 14. Pathways linking inflammation, iron deficiency and FGF23 regulation. 
Inflammation stimulates FGF23 production and cleavage through various mechanisms, 
including elevating active vitamin D and PTH levels, boosting the expression of HIF1α, and 
reducing the expression of inhibitors of FGF23 transcription. Inflammation also promotes 
the production of hepcidin in the liver, which, by inhibiting the export of iron from cells, 
induces functional iron deficiency and subsequently increases both FGF23 production and 
cleavage. Moreover, increased bone resorption during inflammatory conditions releases 
calcium, phosphate, and potentially FGF23 from bone, further contributing to elevated 
FGF23 levels 141. 

4.4 Inhibition strategies of FGF23 signaling 

Given the role of excessive FGF23 production in the development of human diseases, 

several studies have explored targeting FGF23 as a potential treatment for disorders 

associated with its dysregulation. One approach relies on the use of neutralizing antibodies 

that specifically bind to FGF23, which has been shown to restore normal phosphate, vitamin 

D levels and increase BMD in Hyp mice, which recapitulate hypophosphatemia 177. Based 

on these results, a humanized anti-FGF23 antibody, Burosumab, was developed and tested 

in clinical trials. Burosumab increases serum phosphate levels and improves skeletal health 

in XLH by preventing FGF23 from binding to FGFRs 178. The anti-FGF23 neutralizing 
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antibody partially improved bone mineralization in XLH mice 179. Long-term treatment with 

anti-FG23 antibody improves bone microarchitecture and ameliorates anemia in a mouse 

model of Myelodysplastic syndrome (MDS) 180. Burosumab is currently approved by the FDA 

for the treatment of XLH and tumor-induced osteomalacia (TIO). However, addressing XLH 

remains a challenge, as not all patients exhibit a complete response to the treatment 181. 

Therefore, it may be necessary to explore alternative treatment options. In a recent study, 

Fuente et al. investigated the efficacy of three short C-terminal FGF23 peptides with an 

improved half-life as a treatment for XLH mice injected for seven consecutive days. To 

enhance the stability and half-life of the 72-amino acid fragment, a fusion molecule 

containing the FGF23 c-tail was generated through C-amidation and N-acetylation 182. The 

study revealed positive outcomes, including enhanced growth rate and normalized growth 

plate by improving mineralization and the structure of primary spongiosa. Additionally, the 

mineralization of cortical bone and the number of OCs were improved after treatment. 

However, longer treatments are necessary to fully address bone deformities and restore 

hormonal balance in the bloodstream 183.  

c-terminal fragments of FGF23 have recently emerged to inhibit FGF23 binding to the 

Klotho-FGF receptor complex. The purified cFGF23 protein has been shown to compete 

with iFGF23 for binding to the FGFR complex 161. Administration of the cFGF23 peptide has 

been reported to temporarily increase serum phosphate in Hyp mice 161 and rescue anemia 

by decreasing erythroid cell apoptosis in CKD mice 166.  

In addition, targeting FGFR has been demonstrated to inhibit FGF23 activities 184. NVP-

BGJ398, a pan FGFR inhibitor, increased serum phosphate, enhanced bone growth and 

improved mineralization in Hyp mice 185. 

4.5 Effects of FGF23 signaling 

FGF23 plays a crucial role as a major regulator of phosphate and calcium homeostasis, 

along with vitamin D and PTH 186,187. FGF23 exerts its actions primarily in the kidney, 

parathyroid gland, and bone by binding to the Klotho-FGF23 receptor complex 138,139,188. 

FGF23 reduces serum phosphate by inhibiting intestinal phosphate absorption through the 

downregulation of the sodium-phosphate cotransport NaPi2a and NaPi2c in the proximal 

tubule, thus increasing urinary phosphate excretion 188,189. Additionally, FGF23 

downregulates enzymes that metabolize vitamin D, as 1α-hydroxylase, leading to reduced 

levels of available active 1,25-dihydroxy-vitamin D and suppressing intestinal phosphate 

absorption 190. FGF23 also directly inhibits the secretion of PTH, which increases the uptake 
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of phosphate from bone and upregulates 1α-hydroxylase, leading to increased vitamin D 

activation and enhanced phosphate reabsorption in the intestine 142,191 (Fig.15).   

 

Figure 15. The action of FGF23 in phosphate regulation. FGF23 acts to counteract 
positive phosphate balance and hyperphosphatemia by modulating phosphate reabsorption 
in the kidney, by directly inhibiting PTH secretion from the parathyroid glands and indirectly 
reducing 1,25-dihydroxy vitamin D production, adapted from 191. 

Mice with overexpression of FGF23 exhibit low BMD. FGF23 can affect bone matrix 

mineralization by suppressing tissue non-specific alkaline phosphatase (TNAP), with 

subsequent pyrophosphate accumulation and indirect downregulation of OPN 152.  

4.4.1 FGF23 effect on the BM niche  

The role of FGF23 in the BM niche has become a topic of increasing interest due to its 

involvement in the regulation of HSC mobilization. A potential role of FGF23 in 

hematopoiesis was initially suggested by Coe and colleagues, which showed that loss of 

FGF23 leads to increased HSC frequency and differentiation toward the erythroid lineage. 

The enhanced erythropoiesis observed in PB and BM in FGF23 deficient mice could be 

attributed to FGF23's direct regulation of EPO or by increasing the expression of HIF in the 
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BM, liver, and kidney. Ongoing investigations aim to explore whether FGF23 also acts 

directly on erythroid cells, as well as elucidate the mechanisms through which FGF23 affects 

fetal liver erythropoiesis 160.  

A study conducted by Ishii and colleagues showed that FGF23 plays a role in G-CSF–

mediated HSPC mobilization.  The authors demonstrated that hypoxia, induced in the BM 

microenvironment by G-CSF, leads to an increased production of FGF23 by BM 

erythroblasts within the first 24 hours. Additionally, G-CSF activates signals from the 

sympathetic nervous system, influencing the HSPC mobilization. The increase of FGF23 

acts as an intrinsic inhibitor of cell attraction, facilitating the G-CSF-induced mobilization of 

HSPCs 192. Importantly, chimeric mice lacking FGF23 in the BM that were transplanted in 

wt recipients also had inhibition of G-CSF–dependent stem cell mobilization, suggesting that 

hematopoietic cells, likely erythroblastic cells, are a critical source of FGF23 that respond to 

G-CSF-induced mobilization. The authors explored the impact of FGF23 on CXCL12, a 

cytokine that regulates HSC retention in the BM. However, this inhibition appears to result 

from FGF23-dependent signaling rather than the alteration of CXCL12 binding to its 

receptor. Essentially, FGF23 can counteract the function of CXCR4 and mobilize HSCs 192 

(Fig 16). Additional research focusing on targeting the deletion of FGF23 in erythroid 

populations, may provide further insights into the physiological role of FGF23 in HSPC 

retention in the BM. Despite these findings, the specific mechanisms by which FGF23 

regulates HSPC mobilization remain unclear. Lastly, it remains to be determined whether 

high circulating levels of FGF23 in CKD and other congenital anemia including BThal and 

SCD may impair HSPC retention in the BM.  
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Figure 16. A model for G-CSF–induced mobilization by FGF23 from erythroblasts. 
G-CSF administration or activation of the sympathetic nervous system, inducing hypoxia, 
lead to increased expression and release of FGF23, primarily from erythroblasts and to 
some extent from stromal cells. These events disrupt the homeostatic mechanisms that 
normally anchor HSPCs to the BM microenvironment. Chemoattraction toward CXCL12 is 
inhibited by the high concentration of BM FGF23, which counteracts the CXCR4 function 
via FGFRs 192. 

In wt mice, the induction of Fgf23 expression was observed in both CD45-Ter-

119+CD71+ and CD45-Ter-119- cell populations. The latter population is expected to 

include BM-SEC, which suggests the possibility that FGF23 produced by BM-SEC may 

influence the mobilization of HSPCs 192. Moreover, the BM microvasculature plays a crucial 

role in supporting HSCs 82,193, regulating HSC self-renewal and differentiation through direct 

contact and endothelial cell-derived paracrine factors 194. It has been shown that FGF23 is 

involved in the BM sinusoidal endothelial niche regulation 195. The study by Heil J. and 

colleagues focused on the consequences of β-catenin overactivation in BM-SEC (Ctnnb1OE-

SEC), which are expressed in the SEC of the BM, liver, spleen, and lymph nodes. Their 

research revealed abnormal sinusoidal differentiation and increased levels of both iFGF23 

and cFGF23 in the serum of Ctnnb1OE-SEC mice.  

Additionally, fluorescence in situ hybridization analysis of BM tissue indicated an 

upregulation of Fgf23 expression specifically in BM-SEC. The study demonstrated that BM-
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SEC actively regulates erythropoiesis. These findings were further supported by a recent 

study conducted by Li X. et al. demonstrating that BM-SEC is a site of FGF23 upregulation 

in iron deficiency anemia (IDA) 175 and indicating its broad impact on various components of 

the BM microenvironment. The authors used a mouse model lacking Tmprss6 (Tmprss6-/-

), which is known to develop chronic IDA. They observed a significant increase in circulating 

cFGF23 in these mice. Importantly, single-cell RNA sequencing data of BM stroma from wt 

mice revealed the presence of both Fgf23 and Epor expression in BM-SEC. Additionally, in 

non-anemic Fgf23+/eGFP mice, direct injection of EPO led to an increased expression of the 

Fgf23eGFP reporter in BM-SEC compared to vehicle-treated controls. These findings suggest 

a model in which elevated circulating levels of EPO, observed in both chronic genetically 

induced IDA and acute injection of EPO, directly stimulate BM-SEC to produce FGF23. 

Future studies will be needed to elucidate the mechanisms underlying Fgf23 upregulation 

in BM-SEC and the local consequences of FGF23 elevation in BM-SEC during anemic 

states 175. 

Moreover, FGF23 has been observed to impact other populations within the BM niche, 

including MSCs. FGF23 seems to influence the differentiation of MSCs into OBs in vivo, 

such as in CKD patients, potentially affecting bone metabolism 196. Although mouse cell 

lines were initially used in the experiments, the inclusion of data from human primary cells 

and a human cell line provided support for these findings. In previous research, a study 

reported that high doses of FGF23 in pre-OB MC3T3-E1 cell lines stimulated the 

proliferation of MSCs while inhibiting their mineralization 197. Conversely, other authors 

found that significantly lower concentrations of FGF23 directed MSCs toward OB 

differentiation 198. These contradictory results may be attributed, at least in part, to variations 

in FGF23 concentrations and the stages of cell differentiation. Furthermore, MSCs express 

FGF23, and its expression levels increase during the osteo-differentiation process. 

However, in experiments involving M2-10B4 cells, no release of FGF23 was observed 196. 

In summary, the role of FGF23 in the BM niche is complex and interconnected with 

various cellular and molecular components. Further research is required to fully elucidate 

the mechanisms underlying FGF23's actions within the BM and its implications for 

hematopoiesis, especially in the context of anemia and other hematological disorders. 
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AIMS OF THE PROJECT: 
 

We will exploit the Hbbth3/+ (th3) murine model of BThal to achieve the following aims: 

1. To investigate the molecular mechanisms regulating Fgf23 expression in BThal mice: 

1.1  To evaluate gene expression of Fgf23 and correlated enzymes (e.g., Galnt3, 

Fam20c, Furin, Pcsk5) that regulate its post-translational modifications and cleavage 

in bone cells and BM erythroid precursors. 

1.2  To demonstrate the EPO-mediated stimulation of Fgf23 expression by blocking EPO 

pathway through monoclonal anti-EPO antibody. 

1.3  To identify the molecular mechanism by which EPO modulates Fgf23 expression 

through in vitro EPO stimulation and inhibition experiments.  

2. To rescue bone and HSC-BM niche crosstalk by in vivo FGF23 inhibition: 

2.1  To evaluate the rescue of defective bone mineralization and deposition by analyzing 

bone mineral density (BMD) and mineral apposition rate (MAR) and gene expression 

analysis of mineralization-related genes in bone cells. 

2.2  To investigate the rescue of the altered BM niche-HSC crosstalk and the restoration 

of HSC function. 

2.3  To investigate the effect of FGF23 inhibition on ameliorating anemia, acting through 

EPO and its potential anti-apoptotic effect on expanded erythroblasts in BThal BM.  

3. To validate our results on BThal patients’ samples 

3.1  To dose circulating levels of FGF23 in patients affected by transfusion-dependent 

versus transfusion-independent BThal. 

3.2  To evaluate if high FGF23 levels in BThal patients correlate with EPO, bone and 

erythropoietic parameters. 

 

In our recent publication, we demonstrated the molecular mechanisms responsible for 

EPO-mediated FGF23 upregulation in BThal, focusing on the impact of high FGF23 levels 

on bone and HSC-BM niche crosstalk in th3 mice. We developed a targeting strategy to 

improve bone and HSC niche by inhibiting FGF23 signaling using cFGF23 as a blocking 

peptide. Notably, in vivo FGF23 inhibition by cFGF23 peptide in th3 mice fully rescued bone 

defects, BM niche and HSC function 131, with potential translational relevance in improving 

HSC transplantation and gene therapy for BThal. 
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In the section on new results, we deeply investigated the molecular mechanism by which 

EPO regulates Galnt3 expression. Since we revealed differences in the balance between 

intact and C-terminal cleaved forms of FGF23 in th3 mice, we analyzed the molecules 

involved in post-translational modification of FGF23. Our analysis revealed reduced 

GALNT3 enzyme, which preserves the intact form of FGF23, suggesting an increasing 

FGF23 cleavage, both in bone and BM erythroid cells. Indeed, our in vitro experiments 

revealed that EPO activated the Erk1/2 and Stat5 pathways in bone and BM erythroid cells, 

leading to a decrease in Galnt3 transcription. This reduction in GALNT3 enzyme levels 

explained the increased cleavage of FGF23 found in the serum. 

On the other hand, we focused on the FGF23 targeting strategy in improving HSC 

engraftment. We demonstrated that when we transplanted wt and th3 cells in a competitive 

setting into untreated th3 or th3+cFGF23 recipients, we observed partially enhanced 

engraftment in the cFGF23-treated mice indicating that FGF23 inhibition improves the 

supportive capacity of the damaged niche. We hypothesized that prolonged cFGF23 

administration to recipient mice after transplantation could further restore the BM niche and 

boost the graft, thus achieving therapeutic outcomes. We set up several experiments to 

establish the proper dose regimen with withdrawal periods for prolonged cFGF23 treatment 

and we analyzed the BMD and HSC cell cycle at 1 and 2 weeks after discontinuing cFGF23 

administration. Our results showed that rescued BMD and the restoration of defective 

quiescence in th3 HSCs were sustained after the discontinuation of treatment for 1 and 2 

weeks.  

To strengthen the translational relevance of our approach, we will combine in vivo 

autologous GT transplantation with FGF23 inhibition, thus potentially improving the outcome 

since cFGF23 treatment pre- and post-transplantation will refurbish bone and HSC niche 

before HSC harvest and promote early engraftment and terminal erythroid maturation after 

GT. 

Moreover, the use of the FGF23 inhibition strategy could potentially represent a new 

therapeutic approach for the treatment of osteoporosis in BThal patients.  
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THALASSEM IA

Inhibition of FGF23 is a therapeutic strategy to target
hematopoietic stem cell niche defects in β-thalassemia
Annamaria Aprile1*†, Laura Raggi1,2†, Simona Bolamperti3,4, Isabella Villa3,4, Mariangela Storto1,
Gaia Morello5, Sarah Marktel6, Claudio Tripodo5,7, Maria Domenica Cappellini8,9, Irene Motta8,9,
Alessandro Rubinacci3, Giuliana Ferrari1,10*

Clinical evidence highlights a relationship between the blood and the bone, but the underlying mechanism
linking these two tissues is not fully elucidated. Here, we used β-thalassemia as a model of congenital
anemia with bone and bone marrow (BM) niche defects. We demonstrate that fibroblast growth factor 23
(FGF23) is increased in patients and mice with β-thalassemia because erythropoietin induces FGF23 overproduc-
tion in bone and BM erythroid cells via ERK1/2 and STAT5 pathways. We show that in vivo inhibition of FGF23
signaling by carboxyl-terminal FGF23 peptide is a safe and efficacious therapeutic strategy to rescue bone min-
eralization and deposition in mice with β-thalassemia, normalizing the expression of niche factors and restoring
hematopoietic stem cell (HSC) function. FGF23 may thus represent a molecular link connecting anemia, bone,
and the HSC niche. This study provides a translational approach to targeting bone defects and rescuing HSC
niche interactions, with potential clinical relevance for improving HSC transplantation and gene therapy for
hematopoietic disorders.
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INTRODUCTION
The bone marrow (BM) is the primary hematopoietic organ giving
rise to adult blood lineages because of the complex interaction
between hematopoietic stem cells (HSCs) and the BM microenvi-
ronment, termed “niche” (1, 2). Osteolineage cells were the first
cell population to be associated with HSC regulation (3–5). Al-
though their essential role is controversial, recent literature suggests
that HSC maintenance is tightly dependent on bone turnover (6).
Moreover, decades of studies demonstrated a close relationship
between hematopoiesis and bone in disease (7), including clinical
evidence that congenital hemolytic anemias have a deleterious
impact on bone health and are often associated with osteoporosis
and bone defects (8–10). However, the molecular link connecting
anemia, bone, and the HSC niche is still missing.

In this view, β-thalassemia may represent a paradigm to study
this relationship. β-Thalassemia is caused by mutations in
the hemoglobin (Hb) β chain gene and results in ineffective
erythropoiesis, severe anemia, extramedullary hematopoiesis, hep-
atosplenomegaly, iron accumulation, and multiorgan involvement,
including endocrinopathies and bone defects (11). Results on the
mechanisms of bone loss are controversial, and bone disease

retains high morbidity despite current therapies. Correction of β-
thalassemia is achieved by transplantation of HSC from healthy
donors (HDs) (12) or more recently by autologous gene therapy
and experimental gene editing approaches (13–17). The success of
engraftment of transplanted cells in both procedures depends on
the quality of HSC and BM microenvironment; thus, the cross-
talk between HSCs and the niche plays a crucial role in trans-
plant outcome.

We recently demonstrated impaired HSC function in the
Hbbth3/+ (th3) mouse model of β-thalassemia due to the altered
cross-talk with the BM stromal niche. Osteolineage cells and mes-
enchymal stromal cells (MSCs) affect th3 HSC number, quiescence,
and self-renewal capacity (18). In addition, MSCs from patients
with β-thalassemia showed a defective hematopoietic supportive ca-
pacity (19). th3 mice have reduced bone density associated with low
circulating parathyroid hormone (PTH), and PTH treatment is suf-
ficient to recover the BM niche and HSC function (18).

To develop targeting strategies to improve bone complications
and the HSC niche in transplantation settings, we focused our atten-
tion on the role of fibroblast growth factor 23 (FGF23), an inhibitor
of bone mineralization and PTH production (20). FGF23 is a phos-
phaturic hormone mainly secreted by bone cells, and its primary
role is to contribute to phosphate, calcium, and bone homeostasis
(21). In the past decade, its function has been extensively studied as
a negative regulator of phosphate tubular resorption and vitamin D
activation in the kidney. FGF23 is produced as a biologically active
intact protein (iFGF23), inactivated by proteolytic cleavage in the C-
terminal fragment (cFGF23). The 72–amino acid–long cFGF23
peptide specifically blocks FGF23 signaling competing with
iFGF23 for binding to FGF receptor (FGFR) (22), although addi-
tional functions of this fragment are still underexplored. FGF23
action is mediated by binding to FGFR and Klotho co-receptor
and expressed by the kidney, parathyroid glands, and bone (21). In-
herited defects in Fgf23 and Fgf23 processing genes cause rickets,
osteomalacia, fractures, and hypo/hyperphosphatemic disorders.
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Recent literature based on descriptive and correlative studies
placed FGF23 at the crossroads of bone and erythropoiesis. Eryth-
ropoietin (EPO) administration was associated with FGF23 expres-
sion (23), and loss of FGF23 resulted in increased erythropoiesis,
whereas in vivo administration of FGF23 caused a rapid decrease
in erythropoiesis (24). Consistently, in secondary anemia associated
with chronic kidney disease (CKD), inhibition of FGF23 signaling
rescues anemia (25). Among the inhibition strategies effective in
rescuing bone defects, the anti-FGF23 antibody partially improved
bone mineralization (26, 27), with amelioration of anemia in a
mouse model of myelodysplastic syndrome (MDS) (28).

Thus, in the past few years, FGF23 regulation and involvement in
bone disease and erythropoiesis are being increasingly investigated.
However, the molecular mechanisms linking anemia to bone
defects are still unsolved, and the essential role of FGF23 in regulat-
ing the BM niche remains poorly understood. Here, we provide the
first evidence of a significant correlation between increased FGF23,
EPO, and bone disease in patients affected by β-thalassemia, as a
condition of chronic EPO stimulation. These results were con-
firmed in the murine model, which allowed us to mechanistically
prove the causative role of EPO and to propose the inhibition of
FGF23 signaling by cFGF23 peptide as a therapeutic strategy to
restore the impaired BM niche and HSC function.

RESULTS
Patients with β-thalassemiawho havemarked bone defects
showed increased circulating FGF23
To unravel the molecular mechanisms underlying the relationship
between anemia and bone, we used β-thalassemia as a disease model
of severe anemia with bone defects (8, 29, 30). Our analysis included
a large cohort of 40 patients with β-thalassemia, both transfusion-
dependent (TDT) and nontransfusion-dependent (NTDT), and
HD controls (tables S1 and S2). We measured a significantly
higher concentration of total FGF23 in the plasma of patients com-
pared with HDs (P = 0.0008; Fig. 1A) and no changes in iFGF23
(table S3). This cohort of patients displayed bone defects in bone
density and quality. The reduction in areal bone mineral density
(BMDa) revealed at least osteopenia (T score < −1) in 78.6% and
osteoporosis (T score < −2.5) in 50% of cases (Fig. 1B). The trabec-
ular bone score (TBS) showed partially degraded bone microarchi-
tecture (TBS < 1.35) in the 85.7% of patients and degraded bone
(TBS < 1.2) in the 60.7% of patients (Fig. 1C). The T scores, both
at vertebral and femoral levels, negatively correlated with the con-
centration of FGF23 (Fig. 1D) and the osteoblast-derived factor os-
teocalcin (Fig. 1E). We observed a negative correlation between
iFGF23 and T score, suggesting that iFGF23 in thalassemic patients,
even within normal range, is associated with bone dysfunction
(Fig. 1F). Among hematological parameters, FGF23 negatively cor-
related with Hb (Fig. 1G) and positively correlated with the absolute
count of circulating reticulocytes (Fig. 1H). PTH, vitamin D,
calcium, and phosphate serum concentrations were in the normal
range (table S3). Overall, these results provide evidence of an asso-
ciation among FGF23, anemia, and bone defects in a human con-
dition associated with chronic EPO stimulation.

High EPO induces FGF23 through Erk1/2 and Stat5
signaling in bone and BM erythroid cells
Elevated EPO is a hallmark of β-thalassemia. Our cohort of patients
showed increased plasma EPO (Fig. 2A), which positively correlated
with an enhanced concentration of FGF23 (Fig. 2B). To provide
mechanistic insight into this relationship, we used the β-thalassemia
murine model th3 (31), which recapitulates the major features of
NTDT, including ineffective erythropoiesis, anemia, and bone
defects (18, 32). Increased circulating EPO and total FGF23 were
confirmed in th3 mice as compared with wild-type (WT) controls
(Fig. 2, C and D), along with a positive correlation with EPO and
anemia parameters (Fig. 2E and fig. S1, A and B). In vivo neutral-
ization of EPO signaling by injection of anti-EPO antibodies was
sufficient to down-regulate FGF23 (Fig. 2F), affecting both
iFGF23 and cFGF23 (fig. S2, A and B), indicating a potential caus-
ative role of EPO in inducing high FGF23 in β-thalassemia. We ex-
cluded the contribution of other factors associated with ineffective
erythropoiesis, such as erythroferrone (ERFE), because anti-EPO
treatment was able to suppress FGF23 production without affecting
circulating ERFE (fig. S2C).

Bone cells (mainly osteocytes) and erythroid Ter119+ cells ac-
counted for much of the enhanced FGF23 production in th3 BM
fluids (Fig. 2, G and H), although other less-abundant populations,
such as endothelial cells, may also contribute to Fgf23 expression
(fig. S3A). Both bioactive iFGF23 and cleaved cFGF23 were
higher in th3 sera than in WT (fig. S3, B and C). The analysis of
molecules involved in FGF23 regulation revealed reduced expres-
sion of the Galnt3 enzyme, which stabilizes by glycosylation of
the FGF23 peptide and protects it from cleavage, and down-regula-
tion of the Pcsk5 protease in both bone and BM erythroid cells (fig.
S3, D and E). Conversely, Fam20c protein kinase marking FGF23
for proteolytic cleavage and Furin protease were unchanged (fig.
S3, F and G). These data explain the enhanced production of
FGF23 due to its increased expression and cleavage.

To unravel the signaling pathways involved in EPO induction of
FGF23, we modeled in vitro EPO stimulation of WT bone-derived
and BM Ter119+ erythroid cells (Fig. 2I), both expressing the EPO
receptor (Epor) (fig. S4A). Upon in vitro exposure of bone cells to
recombinant human EPO (rhEPO), we found a 3.8-fold activation
of extracellular signal–regulated kinase 1/2 (ERK1/2) (Fig. 2J) with
up-regulation of Fgf23 expression (fig. S4B). Subsequent inhibition
of ERK1/2 signaling by U0126 (fig. S4C) was sufficient to suppress
Fgf23 expression in EPO-stimulated bone cells (Fig. 2K). On the
other hand, in erythroid cells, where the signal transducers and ac-
tivators of transcription 5 (STAT5) signaling is the most activated
cascade, we observed a 2.1-fold increase in Stat5 activation upon
in vitro rhEPO stimulation (Fig. 2L) and induced expression of
Fgf23 (fig. S4D). Inhibition of STAT5 signaling by pimozide (fig.
S4E) decreased Fgf23 expression (Fig. 2M). Preliminary in silico bi-
oinformatic analysis identified consensus sequences for transcrip-
tion factors associated with ERK1/2 and STAT5 signaling within
the promoter region of the Fgf23 gene (fig. S4F), suggesting a tran-
scriptional regulation mechanism. Western blot analysis confirmed
the preferential activation of ERK1/2 in bone cells and of STAT5 in
erythroid cells (fig. S4, G and H). Overall, in vitro EPO stimulation
and signaling inhibition strategies showed that ERK1/2 and STAT5
pathways enhance Fgf23 transcription in bone and BM erythroid
cells, respectively.
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High FGF23 causes bone loss, and its inhibition by cFGF23
rescues bone defects
Consistent with our results in patients, we found that FGF23 nega-
tively associated with volumetric trabecular bone mineral density
(Tb.BMD) and bone parameters in β-thalassemia mice (fig. S5, A
and B). To investigate the causative role of high FGF23 on bone
defects in a condition of chronic EPO stimulation, we inhibited
FGF23 signaling by administering cFGF23 in vivo (FGF23inh).
cFGF23 was reported to be an endogenous competitor to the bio-
logically active iFGF23 in kidney and erythroid cells (22, 25), but the
effects of this inhibition strategy on the bone are unclear.

th3 mice were treated with two consecutive doses of cFGF23 and
terminated after 38 hours, a time point at which both serum phos-
phate and calcium normalized (table S4), indicating the acute action
of the blocking peptide on the phosphaturic function of FGF23.
Treatment efficacy was confirmed by the transitory increase in
serum phosphate. A concomitant acute effect on bone parameters
was also evaluated. Peripheral quantitative computed tomography
(pQCT) analysis showed that treatment rescued the reduced
Tb.BMD (Fig. 3A) in th3 mice (18). Histomorphometric analyses
did not show any increase in the mineral apposition rate (MAR)
compared with untreated animals (Fig. 3B), suggesting that the
rescue of BMD is independent of osteoblastic activity and

Fig. 1. Patients with β-thalassemiawithmarked bone defects showed increased circulating FGF23. (A) Total FGF23 in plasma from HDs (n = 14) and patients with β-
thalassemia (BThal; n = 33) by enzyme-linked immunosorbent assay (ELISA). RU, relative unit. (B) Areal bone mineral density (BMDa) at lumbar spine (vertebral) and
femoral level in patients, reported as T score by DXA (n = 23). (C) Quality of bone microarchitecture of patients, reported as trabecular bone score (TBS; n = 28). (D)
Correlation between FGF23 and BMD at vertebral and femoral levels (n = 23). (E) Correlation between FGF23 and the bone marker osteocalcin dosed in the blood (n
= 14). (F) Correlation between iFGF23 and T score (n = 10). (G) Correlation between FGF23 and Hb concentration (n = 14). (H) Correlation between FGF23 and reticulocyte
count (Retics; n = 13). Red squares indicate patients with transfusion-dependent thalassemia (TDT); white squares indicate patients with nontransfusion-dependent
thalassemia (NTDT). Values are means ± SEM. Two-tailed Mann-Whitney test (A) and Pearson correlation coefficient test (D to H) were used to evaluate statistical sig-
nificance (***P < 0.001).
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Fig. 2. High EPO induces FGF23
through Erk1/2 and Stat5 signal-
ing in bone and BM erythroid cells.
(A) Erythropoietin (EPO) in plasma
from HDs (n = 11) and patients with
β-thalassemia (BThal; n = 26) by
ELISA. (B) Correlation between EPO
and FGF23 in β-thalassemia samples
(n = 24). (C) EPO in sera from WT (n =
8) and th3 (n = 8) mice. (D) Total
FGF23 in sera from WT (n = 10) and
th3 (n = 13) mice. (E) Correlation
between EPO and FGF23 (n = 11). (F)
Experimental design of in vivo ad-
ministration of anti-EPO (α-EPO) an-
tibody to th3 mice. Mice were
euthanized 4 hours after the injec-
tion. Total FGF23 in sera fromWT (n =
4), th3 (n = 4), and th3 + α-EPO (n = 6)
mice by ELISA. i.v., intravenously; Ab,
antibody. (G) Total FGF23 in BM ex-
tracellular fluid (BMEF) from WT (n =
6) and th3 (n = 7) mice. (H) Fgf23
expression relative to Hprt in total
bone, BM, and BM erythroid cells
fromWT (gray bar, n≥ 6) and th3 (red
bar, n ≥ 4) mice by droplet digital
polymerase chain reaction (ddPCR),
reported as fold to WT. (I) Experi-
mental design of WT bone-derived
and BM Ter119+ erythroid cells stim-
ulated by recombinant human EPO
(rhEPO; 100 U/ml) and pretreated for
2 hours with ERK1/2 and STAT5 in-
hibitors, respectively. (J) Analysis of
ERK1/2 signaling in bone cells after 1,
4, and 16 hours of rhEPO stimulation,
assessed as frequency of cells ex-
pressing phosphorylated ERK (p-ERK)
by flow cytometry and expressed as
fold to unstimulated control (Ctrl) (n
≥ 5). (K) Fgf23 expression in bone
cells upon rhEPO stimulation and
ERK1/2 inhibition by U0126, reported
as fold to WT relative to Hprt (n = 5).
(L) Analysis of STAT5 signaling in BM
erythroid cells upon 30 min and 1, 4,
and 16 hours of rhEPO stimulation,
assessed as frequency of cells ex-
pressing phosphorylated STAT5 (p-
STAT5) by flow cytometry and ex-
pressed as fold to unstimulated
control (Ctrl) (n ≥ 5). (M) Fgf23 ex-
pression in BM erythroid cells upon
rhEPO stimulation and Stat5 inhibi-
tion by pimozide (Pimo), reported as
fold to WT relative to Hprt (n = 7). Red
squares indicate patients with transfusion-dependent thalassemia (TDT); white squares indicate patients with nontransfusion-dependent thalassemia (NTDT). Values are
means ± SEM. One- or two-tailed Mann-Whitney test (A, C, D, F, G, H, J, and L), Pearson correlation coefficient test (B and E), and Wilcoxon test (K and M) were used to
evaluate statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001). Bonferroni correction was applied for comparison among more than two groups.
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Fig. 3. High FGF23 causes bone loss,
and its inhibition by cFGF23 rescues
bone defects. (A) In vivo FGF23 inhi-
bition in 8- to 9-week-old female th3
mice by injection of two doses of C-
terminal FGF23 (cFGF23) (10 mg/kg,
i.p.); analyses were performed at ter-
mination upon 38 hours. Volumetric
trabecular bone mineral density
(Tb.BMD) of the proximal tibiae by
pQCT of WT (n = 6), th3 (n = 4), and th3
+ FGF23inh (n = 10) mice is shown. (B)
To quantify mineral apposition rate
(MAR), mineralizing surface, and bone
formation rate (BFR), WT, th3, and th3-
treated mice received intraperitoneal
injection of calcein (40 mg/kg of body
weight) and xylenol orange (90 mg/kg
of body weight) at 7 and 2 days before
euthanasia, respectively. MAR of WT
(n = 6), th3 (n = 5) and th3 + FGF23inh
(n = 4) mice. (C) Percentage of miner-
alizing surface on bone surface
(MS/BS) in WT (n = 4), th3 (n = 3), and
th3 + FGF23inh (n = 4) mice. (D) Rep-
resentative images of ALP+ cells and
percentage of ALP+ area on bone
surface (ALP/BS) inWT (n = 18), th3 (n =
15), and th3 + FGF23inh (n = 27) mice.
(E) PPi concentration in micromolars
per milligram of bone tissue of WT (n =
7), th3 (n = 4), and th3 + FGF23inh (n =
5) mice. (F) Mepe:Dmp1 gene expres-
sion ratio in total bone cells relative to
Hprt from WT (n = 4), th3 (n = 3), and
th3 + FGF23inh (n = 4) by ddPCR. (G) In
vivo long-term FGF23 inhibition
[FGF23inh (LT)] in th3mice by injection
of six doses of cFGF23 (10 mg/kg, i.p.);
analyses were performed at termina-
tion upon 13 days. Percentage of bone
volume on trabecular volume (BV/TV)
of WT (n = 9), th3 (n = 8), th3 +
FGF23inh (n = 7), and th3 + FGF23inh
(LT) (n = 6) mice. (H) Number of oste-
oblasts per millimeter of bone surface
(nObs/BS) in WT (n = 10), th3 (n = 8),
th3 + FGF23inh (n = 7), and th3 +
FGF23inh (LT) (n = 6) mice. (I) Per-
centage of osteoid surface on bone
surface (OS/BS) in WT (n = 9), th3 (n =
8), th3 + FGF23inh (n = 7), and th3 +
FGF23inh (LT) (n = 6) mice. (J) Bone
formation rate (BFR/BS) of WT (n = 6),
th3 (n = 5), th3 + FGF23inh (n = 4), and
th3 + FGF23inh (LT) (n = 6)mice. Values
are means ± SEM. One or two-tailed Mann-Whitney test was used to evaluate statistical significance (*P < 0.05, **P < 0.01, and ***P < 0.001), followed by Bonferroni
correction for comparison among more than two groups.
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Fig. 4. FGF23 inhibition restores BM niche defects and in vivo HSC function. (A to C) Immunohistochemistry (IHC) analysis of OPN, JAG1, and CXCL12 on BM sections
of WT (n = 7), th3 (n = 7), th3 + FGF23inh (n = 6), and th3 + FGF23inh (LT) (n = 3) mice. Quantitative evaluation of stained area by software analysis is expressed as fold
expression relative to the th3 on percentage of positive signal in five nonoverlapping fields at medium-power magnification (×200). (D) Frequency of Ki-67/7-amino-
actinomycin D (7-AAD)–stained HSCs in G0, G1, and S phases of the cell cycle in WT (n = 14), th3 (n ≥ 8), th3 + FGF23inh (n ≥ 12), and th3 + FGF23inh (LT) (n = 7) mice,
reported as percentage of total HSCs. (E) Frequency of grafted HSCs in G0-G1 and S phases of cell cycle from WT (n = 9), th3 (n = 5), th3 + FGF23inh (n = 7), and th3 +
FGF23inh (LT) (n = 3) mice at 16 weeks upon bone marrow transplantation (BMT) into lethally irradiated WT mice. Values are means ± SEM. One or two-tailed Mann-
Whitney test was used to evaluate statistical significance (*P < 0.05, **P < 0.01, and ***P < 0.001), followed by Bonferroni correction for comparison among more than
two groups.
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deposition of new matrix. Nevertheless, we detected a significant
increase in the mineralizing surface in treated mice (P = 0.0286;
Fig. 3C), suggesting that Tb.BMD increased because of restored
mineralization of the existing matrix. Thus, we analyzed the activity
of alkaline phosphatase (ALP), which promotes bone mineraliza-
tion, and the amount of inorganic pyrophosphate (PPi), an inhibi-
tor of bone mineralization that accumulates when ALP activity is
reduced. We found that reduced activity of ALP and high PPi in
th3 mice were normalized upon FGF23inh treatment (Fig. 3, D
and E). Moreover, FGF23inh reversed the high expression of
Mepe, an inhibitor of bone mineralization, and the low expression
of Dmp1, a promoter of bone mineralization (Fig. 3F) by th3 total
bone cells. Together, these data support that FGF23inh is sufficient
to rescue bone matrix mineralization.

To test the efficacy and safety of prolonged treatment [FGF23inh
(LT)], we injected th3 mice with cFGF23 every 2 days for 13 days
(Fig. 3G). The extended regimen did not alter systemic phosphate
and calcium concentrations (table S4). FGF23inh (LT) administra-
tion maintained the increase in Tb.BMD and the positive effect on
bone mineralization observed after short-term treatment (fig. S6, A
to E). Treated th3 mice also showed an ameliorated bone parameters
related to bone formation, including restored bone mass, osteoblast
abundance, osteoid surface, and MAR and bone formation rates
(BFRs) (Fig. 3, G to J, and fig. S6F), without an effect on osteocyte
or osteoclast numbers or osteoclast resorbing activity (fig. S7). Con-
sistent with the negative role of FGF23 on PTH production, our in-
hibition strategy increased the PTH observed in th3 mice (table S4)

(18). A prolonged treatment of 4 weeks confirmed the normaliza-
tion of BMD and MAR parameters (fig. S8), demonstrating the
longer-term efficacy of this strategy.

FGF23 inhibition restores BM niche defects and in vivo HSC
function
We recently demonstrated that defective cross-talk with osteoline-
age cells due to bone defects impairs HSC function in β-thalassemia
(18). Thus, FGF23 inhibition treatment may potentially restore the
altered BM niche and HSCs in β-thalassemia. Immunohistochem-
istry analysis on femurs of FGF23inh-treated animals revealed the
rescue of the key niche factors osteopontin (OPN), Jagged-1 (JAG1),
and C-X-C motif chemokine ligand 12 (CXCL12) in situ expres-
sion, especially after prolonged administration (Fig. 4, A to C,
and fig. S9A). Transcriptional analysis in total bone cells confirmed
these results (fig. S9, B to D). Moreover, immunofluorescence of
OPN, JAG1, and CXCL12 costained with anti–bone-specific
Runt-related transcription factor 2 (RUNX2) antibody assessed
the restored production of these niche factors specifically in the os-
teolineage population (fig. S10, A to C).

In addition, FGF23inh fully restored the quiescent state of th3
HSCs, measured as an increased proportion of HSCs in the G0
phase and a decreased frequency of cycling cells in the G1 or S
phase (Fig. 4D and fig. S11). To assess the rescue of in vivo HSC
function, we transplanted CD45.1 lethally irradiated recipients
with CD45.2 donor cells from th3 mice treated with FGF23inh
(fig. S12A). Analysis at 16 weeks from transplantation showed

Fig. 5. FGF23 inhibition ameliorates the maturation of BM erythroblasts in a congenital anemia. (A) Frequencies of BM erythroid cells at different stages of mat-
uration (Pro-Ery, proerythroblasts; Baso-Ery, basophilic erythroblasts; Poly-Ery, polychromatic erythroblasts; Ortho-Ery, orthochromatic erythroblasts; terminally differen-
tiated reticulocytes and RBCs) were analyzed by labeling total BM cells of th3 (n = 12), th3 + FGF23inh (n = 11), and th3 + FGF23inh (LT) (n = 7)micewith antibodies against
Ter119, CD44, and CD71 expressed on total BM cells by flow cytometry. (B to E) Percentages of early and late apoptotic cells on BM erythroblasts at different stages of
maturation in the BM stained with anti–annexin V antibody and propidium iodide of th3 (n = 17), th3 + FGF23inh (n = 13), and th3 + FGF23inh (LT) (n = 10) mice by flow
cytometry. Values are means ± SEM. Two-tailed Mann-Whitney test was used to evaluate statistical significance (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001),
followed by Bonferroni correction for comparison among more than two groups.
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that HSCs gained a normal quiescent state (Fig. 4E) and were able to
reconstitute hematopoiesis in peripheral blood (PB) and BM, as as-
sessed by restored chimerism (fig. S12, B and C) and balanced fre-
quencies of B lymphocytes, T lymphocytes, and myeloid cells (fig.
S12, D to F), overcoming the impaired repopulation potential of
HSC from untreated donors. Transplantation of th3 cells into un-
treated th3 or th3 + FGF23inh (LT) recipients partially ameliorated
the engraftment in the cFGF23-treated niche (fig. S12, G to I), sug-
gesting a rescued supportive capacity. Overall, these results showed
that our FGF23inh strategy achieved correction of BM niche and
HSC defects.

FGF23 inhibition ameliorates the maturation of BM
erythroblasts in congenital anemia
FGF23 has been recently identified as a negative regulator of eryth-
ropoiesis (24). In secondary anemias, high FGF23 increases the ap-
optosis of erythroid precursors, whereas FGF23 inhibition
ameliorates erythropoiesis (25, 28). However, the outcome of in
vivo inhibition of FGF23 in congenital anemias is unclear. In β-thal-
assemia, ineffective erythropoiesis is characterized by the expansion
of erythroid precursors compensating for anemia and prematurely
dying in the marrow by apoptosis (33), resulting in a low number of
circulating red blood cells (RBCs) and reduced Hb. After FGF23inh
treatment, the frequency of early-stage proerythroblasts (Pro-Ery)
and terminally differentiated cells, mostly reticulocytes, increased,
with no change in the proportion of total BM Ter119+ erythroid
component and intermediate precursors (Fig. 5, A to E, and fig.
S13, A and B). The observed amelioration of erythropoiesis was as-
cribed to an antiapoptotic effect on the erythroid populations, eval-
uated as a reduction in the frequency of early and late apoptotic
cells. In particular, the increase in Pro-Ery population is due to
the decrease of the late apoptotic cells and to a higher frequency
of proliferating ones (Fig. 5B and fig. S13C). We ruled out the con-
tribution of the antiapoptotic effect of EPO or ERFE, because the
FGF23inh treatment did not affect EPO or ERFE concentrations
(fig. S13, D and E). Although erythroid maturation was improved,
Hb concentration and RBC number were unaffected because of the
genetic defect (fig. S13, F and G). These results suggest a positive
effect of FGF23inh strategy on erythroid differentiation that could
be of potential therapeutic value in combination with the genetic
correction of the β-globin defect.

DISCUSSION
Bone hosts the primary site of adult hematopoiesis, and osteoline-
age cells are a component of the HSC niche within the BM. Recip-
rocally, clinical evidence highlighted the association of
hematological disorders with bone defects, and, especially, congen-
ital hemolytic anemias are often paired with bone disease. However,
the molecular link connecting anemia, bone, and the BM niche was
undefined. As the ideal model to study these interactions, we turned
to β-thalassemia, a severe congenital anemia with ineffective eryth-
ropoiesis and multiorgan secondary complications, including bone
alterations. We recently demonstrated an impaired function of HSC
due to the altered cross-talk with the stromal BM niche in β-thalas-
semia th3 mice (18) and a defective supporting capacity of BM
stroma in patients (19). This work demonstrates that FGF23 is in-
creased in β-thalassemia in serum and BM because of up-regulated
FGF23 production in bone and erythroid cells after chronic high

EPO. Thus, FGF23 is a key molecule responsible for bone and
BM niche homeostasis in a congenital hemolytic anemia. We
proved the efficacy of the FGF23 inhibition strategy, exploiting its
naturally produced blocking peptide cFGF23, to correct bone min-
eralization and deposition, and rescue of the impaired cross-talk
between HSCs and the niche.

A recent association study in hereditary hemolytic anemias de-
scribed positive correlation of EPO with FGF23 (34), but no mech-
anistic clue was investigated. The negative correlation of increased
FGF23 with bone quality, BMD, and osteocalcin and its positive
correlation with EPO, anemia, and ineffective erythropoiesis set
FGF23 as the molecule at the crossroads of erythropoiesis and
bone metabolism in the context of both TDT and NTDT human
disease. Consistent with previous reports (34), iFGF23 in our
cohort of patients with thalassemia was not different from healthy
controls. Notably, osteopenia and osteoporosis were evident in most
of the patients, highlighting an unmet medical need for efficacious
therapies to correct bone defects in β-thalassemia. Further analysis
on larger cohorts of patients will allow extending our conclusions to
other conditions associated with anemia. Moreover, because EPO is
clinically used to stimulate erythropoiesis in anemia resulting from
CKD, MDS, or cancer (35), understanding the increase in FGF23
and the impact on the bone in EPO-treated patients is relevant.
Our findings provide interesting insights into the extrahemato-
poietic effect of erythropoietic stress, with a broader impact in
basic research and clinics.

In vivo neutralization of EPO axis was sufficient to normalize
FGF23, thus demonstrating a causative role of EPO in up-regulating
FGF23 production. ERK1/2 and STAT5 pathways were triggered by
EPO in activating Fgf23 transcription by bone and BM erythroid
cells, respectively, suggesting transcriptional regulation. The pro-
posed mechanisms do not exclude a direct effect of EPO on bone
cells. EPO was reported to directly act on bone osteoclasts and os-
teoprogenitors via EPOR controlling bone mass maintenance and
contributing to EPO-induced bone loss (36, 37). The inhibition of
bone formation was hypothesized to occur via an unknown inter-
mediary (36), and we cannot exclude that the missing molecule
acting as a negative regulator on bone osteoblasts is FGF23. In ad-
dition, other BM stromal populations, such as sinusoidal endothe-
lial cells that express Epor, might also have a role in producing
FGF23 in response to EPO (38).

Conversely, we excluded the contribution of other anemia-
related factors, such as ERFE, in enhancing FGF23. Our results
are in line with an ERFE-independent induction of FGF23, as sug-
gested by other groups. Decrease in ERFE after marrow myeloabla-
tion was shown to be ineffective on FGF23 production (23), and no
correlation was found between ERFE and FGF23 in patients suffer-
ing from hemolytic anemias (34). Consistently, a recent study re-
vealed an osteoprotective effect of ERFE by inhibiting bone
resorption (39).

To develop targeting strategies to improve bone complications
and the HSC niche condition in transplantation settings, we inhib-
ited FGF23 signaling by cFGF23, which was reported to be active in
the kidney to reduce the phosphaturic function (22) and in ery-
throid cells to exert an antiapoptotic effect (25). This work provides
evidence of the efficacy of cFGF23 blocking peptide in correcting
bone mineralization and deposition. In vivo FGF23inh rescued
the defective trabecular bone density in th3 mice. A short treatment
of 38 hours was sufficient to enhance matrix mineralization by
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acting on ALP and the expression of the main regulators of miner-
alization, Dmp1 and Mepe, and long-term administration addition-
ally restored bone formation. Given the inhibitory function of
FGF23 on PTH secretion (20), we cannot exclude a positive effect
on bone by the restored PTH upon FGF23inh (LT) treatment.

Our rationale of overdosing cFGF23, which is present at a higher
basal concentration in β-thalassemia, relied on the hypothesis of
boosting a physiological feedback response. In β-thalassemia
mice, the molar excess of cFGF23 is 16.7-fold, whereas a 76-fold
excess is necessary to completely block the binding of bioactive
iFGF23 to the FGFR-Klotho complex (22). Thus, the administration
of exogenous peptide enforced the endogenous mechanism leading
to FGF23 signaling inhibition. To date, other strategies of FGF23
inhibition have been preferred to target bone defects. In particular,
anti-FGF23 neutralizing antibody partially improved bone mineral-
ization (26, 27) and has been recently approved by the U.S. Food and
Drug Administration for the treatment of X-linked hypophospha-
temia and tumor-induced osteomalacia. The kinetics of cFGF23
action is faster than that of anti-FGF23 antibody, which was effec-
tive at partially improving bone mineralization defects after at least 6
weeks of in vivo treatment (26). Thus, the advantage of our cFGF23
inhibition strategy relies on boosting a physiological feedback re-
sponse that might be relevant for amplifying a potentially self-lim-
iting mechanism.

Inhibition of FGF23 signaling normalized the expression of key
niche molecules, such as OPN, JAG1, and CXCL12, involved in the
functional cross-talk between HSC and the stromal niche (40, 41),
thus acting as a therapeutic niche “booster” for an altered BM mi-
croenvironment (18, 42). Consistently, FGF23inh treatments re-
stored the frequency of quiescent β-thalassemia HSCs and
rescued their in vivo function. These results might explain the re-
ported action of FGF23 on expanding the HSC population, suggest-
ing that this effect was not only due to a reduced HSC apoptosis (24)
but was possibly also mediated by the BM niche. In this view, FGF23
would represent the molecule connecting EPO to hematopoiesis,
bone remodeling, and the BM microenvironment. The study of
the role of FGF23 on the BM niche has recently gained increasing
interest because of its function in promoting HSC mobilization (43)
and contributing to the regulation of the BM sinusoidal endothelial
niche (44).

The inhibition of FGF23 also had an antiapoptotic effect on the
expanded BM erythroid compartment, promoting the maturation
of erythroid precursors, as previously shown in secondary
anemias (25). As expected, this is not sufficient to recover the defec-
tive Hb production and RBC count caused by the genetic defect in a
congenital anemia. Nevertheless, in a translational approach, the
combination of autologous gene therapy with FGF23 inhibition
has the potential to improve the outcome because cFGF23 treat-
ment before and after transplantation could potentially refurbish
the bone and the HSC niche before HSC harvest and promote
early engraftment and terminal erythroid maturation after gene
therapy. The translation of our finding to clinical application
might include the use of cFGF23 as an antiosteoporotic therapy
to preserve a healthy bone in thalassemia, because, despite available
treatments, bone defects are still an unmet medical need for pa-
tients. Although a role of FGF23 in granulocyte colony-stimulating
factor–mediated HSC mobilization has been described (41), the ef-
ficacy of combining FGF23 inhibition and mobilization strategies
will need further investigation. This study reports the evidence for

the use of cFGF23 as an efficacious inhibitory strategy to restore
bone and BM microenvironment defects and provides mechanistic
insight on the role of FGF23 in the HSC niche, adding a contribu-
tion to osteohematology and BM niche biology. We propose FGF23
as the molecule connecting erythroid cells to the bone because these
populations are both producers and target cells of FGF23, thus
capable of responding to FGF23 signaling as well as to its inhibition
(fig. S14).

This study presents some limitations. First, the comparison of
circulating FGF23 in patients with thalassemia and healthy controls
should be interpreted with some caution because the two cohorts
were not fully matched for age or sex because of constraints in
sample collection. Second, although this research was focused on
the most abundant bone-derived cells and on erythroid cells as
the main contributors to FGF23 production within the BM, the
role of other less-abundant populations, such as endothelial cells,
cannot be excluded. Further studies will unravel this aspect. Last,
because the results of competitive transplantation in animals
treated by cFGF23 showed only a nonsignificant trend of superior
engraftment, we hypothesize that a prolonged administration of
cFGF23 after transplantation might be needed to achieve a suppor-
tive therapeutic effect.

Overall, we provide three main findings: FGF23 inhibition by
cFGF-23 is efficacious in correcting bone mineralization and depo-
sition in a condition of increased FGF23; FGF23 inhibition is a ther-
apeutic strategy to rescue BM niche and HSC defect; and, last, EPO
is the causal factor inducing Fgf23 transcription by bone and ery-
throid cells acting on ERK1/2 and STAT5 pathways, respectively.
Therefore, the inhibition of FGF23 signaling provides a strategy
to ameliorate bone disease and restore HSC-BM niche interactions
by a “two birds with one stone” approach, with potential transla-
tional relevance for improving HSC transplantation and gene
therapy for β-thalassemia.

MATERIALS AND METHODS
Study design
The objective of this study was to investigate the cause of increased
FGF23 production in β-thalassemia and to demonstrate the restora-
tion of bone and BM niche defects upon inhibition of FGF23 sig-
naling. Our goal was to provide proof-of-concept data for potential
translational application. We developed an in vivo protocol to treat
a mouse model of β-thalassemia by administration of cFGF23
peptide. Efficacy was evaluated in terms of rescue of bone density,
bone deposition, and expression of BM niche molecules by osteoli-
neage cells. The impact of the corrected BM niche on restoring HSC
quiescence and in vivo cycling activity after transplantation was as-
sessed. Plasma samples were obtained from patients with TDT or
NTDT from San Raffaele Hospital and Maggiore Policlinico Hospi-
tal, Milan, Italy. For control purposes, normal plasma samples were
collected. All samples were obtained after informed consent and
with the approval of Institutional Ethical Committees (TIGET09
and BETANICHE protocols). All animal experiments were per-
formed in accordance with approved protocols of the Institutional
Animal Care and Use Committees of San Raffaele Institute (IACUC
#1135). In all experiments, mice of similar ages and sex were used
across all groups and were randomly assigned to each group. Sample
sizes were determined according to previous publications and ex-
perimental experience. The investigators were blinded from the
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group allocation until the treatment and data collection were done.
Experimental data were repeated in two to five independent exper-
iments to obtain an adequate number of biological replicates. All
data presented are biological replicates. No data were excluded
from analysis. Sample sizes, experimental replicates, and statistics
are given in the corresponding figures, figure legends, and data
files. Raw data are reported in data files S1 and S2.

Human samples
Plasma samples were obtained from patients with β-thalassemia
during periodic routine checks, including endocrinological, hema-
tological, and bone densitometry evaluation. Blood cell counts were
performed by the Coulter counter (Sysmex XN 9000). Automated
routine procedures were used for assays of PTH, vitamin D,
calcium, phosphate, and osteocalcin. Bone density was measured
by dual x-ray photon absorptiometry (DXA; Hologic Bone Densi-
tometer, QDR DiscoveryA, version 12.7.3.1), and BMD values were
expressed as T score calculated as SDs from a normal reference pop-
ulation database (30). Data were classified as normal (T score > −1),
osteopenia (−1 > T score > −2.5), or osteoporosis (T score < −2.5),
in accordance with the definition of the World Health Organiza-
tion. TBS is a gray-level textural measure that estimates the spatial
distribution of bone trabeculae (three-dimensional), providing in-
formation about bone quality. TBS can be extracted from the two-
dimensional DXA image of lumbar spine based on experimental
variograms of this image (29).

Mouse model
Female C57BL/6 and C57BL/6-CD45.1 (B/6.SJLCD45a-Pep3b) WT
mice were purchased from Charles River Laboratories. th3 mice
were purchased from the Jackson Laboratory (B6.129P2-Hbb-
b1tm1Unc Hbb-b2tm1Unc/J, JAX:003253) and bred to maintain the
colony in heterozygosity. All analyses were performed on adult 8-
to 10-week-old female mice. Mouse blood counts, including Hb and
RBC measurements, were performed by the hemocytometer IDEXX
ProCyte (IDEXX Laboratories) on whole PB.

In vivo treatments
Monoclonal rat anti-mouse EPO antibody (R&D Systems) was ad-
ministered via intravenous injection at 25 μg per mouse, and mice
were euthanized 4 hours later. To inhibit FGF23, 8- to 9-week-old
female th3 mice were injected intraperitoneally (i.p.) with two doses
of cFGF23 (10 mg/kg; custom-made production by ProteoGenix).
For long-term treatment [FGF23inh (LT)], 6- to 7-week-old female
th3 mice were treated three times per week for 2 weeks with cFGF23
(10 mg/kg, i.p.), and for even longer treatment (FGF23inh–4
weeks), 6- to 7-week-old female th3 mice were treated three times
per week for 4 weeks with cFGF23 (10 mg/kg, i.p.) and euthanized
14 hours after the last injection. On the day of euthanasia, retroor-
bital blood, serum, long bones, and BM were collected for histomor-
phometric, histological, flow cytometry, and molecular analyses. To
analyze biochemical parameters, th3 mice were treated with a single
injection of cFGF23 (10 mg/kg) and euthanized after 24 hours.

Statistical analysis
All statistical analyses were performed using GraphPad Prism soft-
ware, version 9. The specific statistical analysis used in individual
experiments is reported in the corresponding figure legend. Data
are expressed as single values or means ± SEM. The Mann-

Whitney test was used for comparisons between two independent
groups, whereas the Wilcoxon test was performed for comparisons
between dependent groups. Bonferroni correction was applied for
comparisons among more than two groups. Correlation analysis
was performed by Pearson correlation coefficient test.
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SUPPLEMENTARY MATERIALS AND METHODS 1 

Flow cytometry  2 

Murine total BM cells were obtained by flushing femurs and tibiae. To analyze primitive progenitor 3 

and stem cell populations lineage depletion was performed to enrich for lineage negative (Lin-) cells, 4 

using lineage-specific antibodies (GR1, CD11b, CD45R/B220, CD3, TER-119, Milteny Biotech). 5 

Staining was performed with commercially prepared antibodies in MACS Buffer supplemented with 6 

BSA and EDTA (Milteny Biotech). Fluorochrome-conjugated antibodies specific against mouse c-7 

kit (clone 2B8), Sca-1 (D7), CD48 (HM48-1), CD150 (Q38- 480), CD44 (IM7), Ter119 (TER-119), 8 

CD71 (C2), CD45.1 (A20), CD45.2 (104) and Lineage cocktail were purchased from BioLegend, BD 9 

or eBioscience. Cell-cycle analysis on murine HSC was performed using 7-AAD (BD Biosciences) 10 

and anti-Ki67 antibody (B56, BD Pharmingen) after treatment with permeabilization with Cytofix-11 

permeabilization and Permeabilization-wash Buffers (BD Biosciences). Erythroid progenitors were 12 

analyzed by labeling total BM cells with antibodies against Ter119, CD44 and CD71. Cells were 13 

stained with anti-Annexin V antibody and Propidium Iodide (BD Pharmingen) for apoptosis assay. 14 

In vitro EPO-stimulated bone and BM Ter119+ erythroid cells were harvested in fixation buffer 15 

(Invitrogen) containing paraformaldehyde for 20 minutes at room temperature, permeabilized in 16 

methanol for 30 minutes at -20°C and stained with anti-phosphoERK1/2 (eBioscience) and with anti-17 

phosphoSTAT5 (eBioscience), respectively for 30 minutes at room temperature. Cells were acquired 18 

using a FACS Canto II (BD Biosciences) and analyzed with FCS Express Software (De Novo 19 

Software). Sorting of bone-derived populations was performed by using the antibodies against CD45 20 

(30-F11), Ter119, CD31 (MEC13.3), Sca-1 and CD51 (RMV-7). CD31+ endothelial cells and 21 

CD51+Sca-1- osteoprogenitors were sorted using a FACS Aria Fusion (BD Biosciences).  A complete 22 

list of the antibodies used is reported in Data file S3. 23 

 24 

 25 
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In vitro EPO stimulation and signaling inhibition 26 

Bone-derived cells were obtained upon digestion of wt femurs and tibiae with collagenase type I 27 

(STEMCELL Technologies) for 1h at 37°C and incubated with IMDM supplemented with 10% FBS, 28 

and 1% Penicillin/Streptomycin at 1x105 cells/well for 30 minutes. Bone cells were either stimulated 29 

with rhEPO (100U/ml, Janssen) or pre-treated for 2h with the ERK1/2 inhibitor U0126 (Cell 30 

Signaling) 500 μM and incubated with rhEPO. 31 

Total BM cells from femurs and tibiae of wt mice were labeled with anti-mouse Ter-119 MicroBeads 32 

(Milteny Biotech) and positively selected by QuadroMACS Separator (Milteny Biotech) to enrich in 33 

Ter119+ erythroid cells. BM Ter119+ cells were incubated with IMDM supplemented with 10% FBS, 34 

and 1% Penicillin/Streptomycin at 1x106 cells/well for 30 minutes. Cells were either stimulated with 35 

rhEPO (100U/ml, Janssen) or pretreated for 2 h with STAT5 inhibitor Pimozide (Merk) 10 μM and 36 

incubated with rhEPO.  37 

Bone and erythroid cells were fixed, permeabilized, stained for intracellular p-ERK and p-STAT5, 38 

respectively, and analyzed by flow cytometry. Cells were also collected and RNA was extracted.  39 

 40 

pQCT and histomorphometric analysis 41 

Excised mouse tibiae were fixed 24h in 10% buffered formalin and kept in 70% ethanol. pQCT 42 

measurements were performed using a Stratec Research SA+ pQCT scanner (Stratec Medizintechnik 43 

GmbH) with a voxel size of 70 μm and a scan speed of 3 mm/s. To orientate the long axes of the 44 

bones parallel to the image planes, the excised bone specimens were fixed with manufacturer-made 45 

plastic holders. The correct longitudinal positioning was determined by means of an initial “scout 46 

scan”. The scans were analyzed with pQCT software 6.00B using contour mode 2 and peel mode 2 47 

with a threshold of 500 mg/cm3 for the calculation of trabecular and total bone parameters and with 48 

a threshold of 710 mg/cm3 for cortical bone parameters. For histomorphometric analyses tibiae were 49 

incubated O.N. in 0.5M EDTA after fixation. Bones were embedded in 8% gelatin 20% sucrose 2% 50 

PVP 40 in PBS. Five µm sagittal sections were obtained at a Leica cryostat. To quantify nOBs, nOt, 51 
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BV/TV, osteoid surface in the secondary spongiosa Toluidine blue staining was performed and to 52 

quantify nOCs TRAP staining (Leukocyte Acid Phosphatase TRAP kit 387A, Sigma-Aldrich) was 53 

executed. ALP staining was performed using the Alkaline Phosphatase Staining Kit (Red) (ab242286) 54 

from Abcam (Cambridge, UK). To quantify MAR, MS, BFR wt, th3 and th3-treated mice received 55 

i.p. injection of calcein (40 mg/kg body weight) and xylenol orange (90 mg/kg body weight) at 7 and 56 

2 days prior to termination, respectively. Seven µm sagittal sections were mounted with Fluoromount 57 

G (Southern biotech).  All images were acquired at a 20x magnification at a Nikon Eclipse 50i and 58 

quantified with Fiji software, following the standards provided by the ASBMR Histomorphometry 59 

Nomenclature Committee. 60 

 61 

Histological analysis 62 

Immunohistochemistry was carried out on FFPE murine femur tissue sections. Briefly, sections 2.5/3 63 

µm-thick were cut from paraffin blocks, dried, de-waxed and rehydrated. The antigen unmasking 64 

technique was performed using Novocastra Epitope Retrieval Solutions pH6 and pH9 in a 65 

thermostatic bath at 98°C for 30 minutes. Subsequently, the sections were brought to room 66 

temperature and washed in PBS. After neutralization of the endogenous peroxidase with 3% H2O2 67 

and Fc blocking by 0.4% casein in PBS (Novocastra). Wt, th3 and th3-treated samples were incubated 68 

over night with the following primary antibodies at 4 C°: monoclonal anti-mouse OPN (EPR3688, 69 

1:100 ph9, Abcam), monoclonal anti-mouse Jagged1 (E12, 1:100 pH9, Santa Cruz Biotechnology), 70 

monoclonal anti-mouse CXCL12/SDF-1 (79018, 1:50 pH9, R&D). The binding of the primary 71 

antibody was revealed by a polymer detection kit (Leica, Novocastra) and following specific 72 

secondary antibodies, donkey anti-rabbit IgG (H&L) 1:500 (Novex by Life Technologies), rabbit 73 

anti-mouse IgG 1:200 (Sigma Aldrich), and AEC (3-amino-9-ethylcarbazole) substrate-chromogen, 74 

following manufacturer’s instructions. A complete list of the antibodies used is reported in Data file 75 

S3. 76 
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Microphotographs were collected using a Zeiss Axiocam 503 Color digital camera with the Zen 2.0 77 

Software (Zeiss). Slide digitalization was performed using an Aperio CS2 digital scanner (Leica 78 

Biosystems) with the ImageScope software (Aperio ImageScope version 12.3.2.8013, Leica 79 

Biosystems).  80 

Quantitative analyses of IHC stainings were performed by calculating the average percentage of 81 

positive signals in five nonoverlapping fields at medium-power magnification (x200) using the 82 

Nuclear Hub (weak positivity: signal intensity threshold 210; moderate positivity: signal intensity 83 

threshold 188; strong positivity: signal intensity threshold 162), Positive Pixel Count v9 (1þweak 84 

positivity: signal intensity range 220–175; 2þ moderate positivity: signal intensity range 175–100; 3þ 85 

strong positivity: signal intensity range 100–0) ImageScope software and HALO image analysis 86 

segmentation software (v3.2.1851.229, Indica Labs). 87 

 88 

Immunofluorescence analysis 89 

In double-marker immunofluorescence (IF) staining, tissue sections were incubated with the 90 

following primary antibodies: polyclonal anti- Runx-2 (HPA022040, 1:200 pH9 Sigma), monoclonal 91 

anti-JAG1 (E12, 1:100 pH9, Santa Cruz Biotechnology), monoclonal anti-OPN (EPR3688, 1:100 92 

ph9, Abcam), monoclonal anti-CXCL12/SDF-1 (79018, 1:50 pH9, R&D). Slides were analyzed 93 

under a Zeiss Axioscope A1 microscope equipped with four fluorescence channels widefield IF. 94 

Microphotographs were collected using a Zeiss Axiocam 503 Color digital camera with the Zen 2.0 95 

Software (Zeiss). A complete list of the antibodies used is reported in Data file S3. 96 

Quantitative analyses of immunofluorescence staining were performed by calculating the average 97 

percentage of positive cells in five non-overlapping fields at medium-power magnification (x200) 98 

using the HALO image analysis software (v3.2.1851.229, Indica Labs). 99 

 100 

 101 

 102 
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ELISA  103 

Human plasma samples were assayed for Total FGF23 (cFGF23; Immutopics/Quidel), intact FGF23 104 

(Immutopics/Quidel) and EPO (R&D Systems). ELISA for murine EPO (R&D Systems), PTH 105 

(RayBiotech), Total FGF23 (cFGF23, Immutopics /Quidel), intact FGF23 (Immutopics/Quidel), 106 

ERFE (DBA) and CTX-I (RatLaps) were assayed on sera from wt and th3 and th3-treated mice. Total 107 

FGF23 was assayed also on BM extracellular fluid from wt and th3 mice obtained by flushing femoral 108 

BM with 200 µl of PBS, followed by centrifugation. All assays were performed according to 109 

manufacturer’s protocols. Parameters were quantified by measuring the absorbance indicated in the 110 

protocol using Multiskan™ FC Microplate Photometer (Thermo Fisher) and evaluated with the 111 

associated analysis program. 112 

 113 

Western blots 114 

Bone cells were seeded at 2x105 cells/well in triplicates in 48 well plates. After 30 minutes incubation, 115 

the cells were treated with the 100U/mL rhEPO and collected in 100ul of modified RIPA buffer 116 

(EDTA 0,5 M) with a protease and phosphatase inhibitor cocktail (1:50 and 1:100, Sigma-Aldrich) 117 

15 minutes after treatment. BM erythroid cells were seeded at 2x106 cells/well in triplicates in 6 well 118 

plates. After 30 minutes incubation, the cells were treated with the 100U/mL rhEPO and collected in 119 

300ul of modified RIPA lysis buffer 15 minutes after treatment. 24ul of total protein were mixed with 120 

Laemmli sample loading buffer, heated at 95 °C for 10 min, and loaded onto 4–15% Tris-Gly precast 121 

polyacrylamide gels (Bio-Rad) Western blots were performed using specific antibodies for phospho-122 

STAT5 (Tyr694, 1:200, Cell Signaling); total STAT5 (D2O6Y, 1:500, Cell Signaling); phospho-ERK 123 

(E-4, 1:500, St. Cruz); and total ERK1/2 (C-9, 1:500, St. Cruz ). Antibodies were diluted in 5% milk 124 

or BSA Tris-buffered saline with 0.1% Tween20 (Sigma-Aldrich,). After rinsing, membranes were 125 

treated with specific horseradish peroxidase-conjugated secondary antibodies (1:5000) (Cell 126 

Signaling). A complete list of the antibodies used is reported in Data file S3. Chemiluminescent 127 
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signals were collected with the UVITEC MiniHD9 (Cambridge, UK) and quantified by means of the 128 

manufacturer’s Nine Alliance software v. 17.01. GAPDH or Calnexin were used as a loading controls. 129 

 130 

Gene expression analysis  131 

Tibias and femurs previously flushed out and snap frozen in liquid nitrogen were homogenized in 132 

Trizol reagent (Invitrogen, Life Technologies) and RNA was then isolated from total bone cells 133 

according to the manufacturer’s protocol. Total RNA from BM Ter119+ erythroid cells was isolated 134 

using the RNeasy Mini kit (Qiagen) and reverse transcribed. Gene expression analysis was performed 135 

on QX200 Droplet Digital PCR (ddPCR) System (Biorad).  136 

 137 

Transplantation of hematopoietic stem and progenitor cells 138 

For bone marrow transplantation (BMT) experiments, murine BM cells were harvested from wt, th3, 139 

th3 +FGF23inh and th3 +FGF23inh (LT) mice and purified as Lin- cells. 4 x 105 Lin- cells/mouse 140 

CD45.2 donor cells were injected i.v. into lethally irradiated (9 Gy) wt CD45.1 recipient animals. 141 

Percentage of donor-derived cells in PB was determined by FACS analysis at 16 weeks after BMT. 142 

At termination total BM cells were harvested and analyzed for chimerism and grafted HSC cell cycle 143 

profile.  144 

 145 

Competitive bone marrow transplantation 146 

For competitive BMT experiments, a limiting dose of 1x105 per mouse wt (CD45.1) and th3 (CD45.2) 147 

cells are transplanted by i.v. injection into Busulfan-conditioned CD45.1 th3 recipient mice. Recipient 148 

mice were either untreated or treated with cFGF23 peptide for 13days before BMT, resulting in two 149 

experimental groups. Percentage of donor-derived cells in PB and BM was determined by FACS 150 

analysis at 12 and 16 weeks after BMT, respectively.  151 

 152 
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Quantification of PPi levels 153 

PPi was extracted as previously reported (45). Briefly, whole femurs were incubated in 300ul of 1.2 154 

M HCl at 4°C overnight. HCl was evaporated at 99°C for 1h, and samples were resuspended in 200µl 155 

of deionized water. The amount of PPi was quantified using the PhosphoWorks kit (AAT Bioquest) 156 

according to the manufacturer's protocol.  157 

 158 

In silico prediction of consensus sequences 159 

We selected the genomic region spanning 1000bp upstream of FGF23 promoter and we compared 160 

the enrichment of consensus motif for transcription factors associated to ERK1/2 and STAT5 161 

signaling provided by JASPAR and HOCOMOCO databases. This in silico analysis allowed us to 162 

identify the top-ranking transcription factors on Fgf23 promoter with most significant p values.  163 
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Supplementary figures 

 

Fig. S1. FGF23 correlates with anemia parameters. (A) Correlation between FGF23 and 
hemoglobin concentration in wt and th3 mice (n = 10). (B) Correlation between FGF23 and 
reticulocyte count (Retics) in wt and th3 mice (n = 10). Pearson correlation coefficient test was used 
to evaluate statistical significance. 
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Fig. S2. iFGF23, cFGF23, and ERFE upon EPO inhibition. (A) iFGF23 in sera from wt (n = 4), 
th3 (n = 4) and th3+anti-EPO antibody (α-EPO) (n = 6) animals by ELISA. (B) cFGF23 in sera from 
wt (n = 3), th3 (n = 4) and th3+anti-EPO antibody (α-EPO) (n = 6) mice, calculated by subtracting 
the iFGF23 from the total FGF23 values obtained by ELISA. (C) ERFE in sera from wt (not 
detectable, n.d.), th3 (n = 5) and th3+anti-EPO antibody (α-EPO) (n = 5) mice by ELISA. Values 
represent means ± SEM. One-tailed Mann-Whitney test was used to evaluate statistical significance 
(* p <0.05, ** p <0.01), followed by Bonferroni correction for comparison among more than 2 groups. 
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Fig. S3. FGF23 production and processing by bone and BM erythroid cells. (A) Fgf23 expression 
relative to Hprt in bone-derived populations from wt (grey bar, n = 3) and th3 (red bar, n = 3) mice 
by ddPCR: osteoprogenitors (OPr), osteoblasts (OB), osteocytes (Ot) and endothelial cells (EC). The 
average frequencies of each population were indicated as reported by literature or assessed by flow 
cytometry. (B) iFGF23 in sera from wt (n = 10) and th3 (n = 13) animals by ELISA. (C) cFGF23 in 
sera from wt (n = 9) and th3 (n = 13) mice calculated by subtracting the iFGF23 from the total FGF23 
values obtained by ELISA. (D-G) Galnt3 (D), Pcsk5 (E), Fam20c (F), and Furin (G) gene expression 
relative to Hprt by total bone and BM erythroid cells from wt (grey bar, n ≥ 4) and th3 (red bar, n ≥ 
4) mice by ddPCR, reported as fold change relative to wt. Values represent means ± SEM. Two-tailed 
Mann-Whitney test was used to evaluate statistical significance (* p <0.05, ** p <0.01, **** p 
<0.0001). 
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Fig. S4. In vitro EPO stimulation in bone and Ter119+ cells. (A) Epor gene expression relative to 

Hprt by bone-derived (n = 4) and BM erythroid cells (n = 7) from wt mice by ddPCR. (B) Fgf23 

expression relative to Hprt by bone cells upon rhEPO treatment at 4 and 16 hours, reported as ratio 

to unstimulated control (n ≥ 8 mice/group). (C) Frequency of bone cells expressing phosphorylated 

ERK (p-ERK) upon rhEPO stimulation and inhibition by the ERK1/2 inhibitor U0126, by flow 

cytometry and expressed as fold to unstimulated control (Ctrl) (n = 5 independent experiments, each 

dot represents a pool of 2-4 mice). (D) Fgf23 expression relative to Hprt by BM erythroid cells upon 

rhEPO treatment at 1 and 4 hours, reported as ratio to unstimulated control (n ≥ 4 mice/group). (E) 

Frequency of BM erythroid cells expressing phosphorylated STAT5 (p-STAT5) upon rhEPO 

stimulation and inhibition by the STAT5 inhibitor pimozide, by flow cytometry and expressed as fold 

to unstimulated control (Ctrl) (n =7 independent experiments, each dot represents a pool of 2-4 mice). 

(F) Motif enrichment analysis showing top-ranking transcription factors (TF) identified on FGF23 

promoter by JASPAR and HOCOMOCO databases. Putative TF and associated p values are shown. 

(G-H) Bone and BM erythroid cells were collected for protein analysis 15 minutes after EPO 

treatment which showed phosphorylation of STAT5 and ERK1/2 signaling protein by Western blot 

and expressed as fold to unstimulated control (Ctrl) (n = 3 independent experiments, each dot 

represents a pool of 2-3 mice). Values represent means ± SEM. One- or two-tailed Mann-Whitney 

test (B, D, G, H), and Wilcoxon test (C, E) were used to evaluate statistical significance (* p <0.05, 

** p <0.01, *** p <0.001). Bonferroni correction was applied for comparison among more than 2 

groups. 
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Fig. S5. FGF23 correlates with trabecular bone mineral density. (A) Correlation between FGF23 
and Tb.BMD in wt and th3 mice (n = 11). (B) Correlation between FGF23 and ALP in wt and th3 
mice (n = 7). Black rounds: wt mice; Black squares: th3 mice. Pearson correlation coefficient test was 
used to evaluate statistical significance. 
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Fig. S6. Bone features of wt, th3 and th3 upon FGF23 inhibition. (A-C) Volumetric Tb.BMD by 
pQCT, percentage of mineralizing surface on bone surface (MS/BS) and percentage of ALP area on 
bone surface (ALP/BS) in wt (n ≥ 3), th3 (n ≥ 3), th3+FGF23inh (n ≥ 6) and, th3+FGF23inh (LT) (n 
≥ 6) mice. (D) PPi concentration µM/mg bone tissue of wt (n = 3), th3 (n = 3), th3+FGF23inh (n = 
3) mice and th3+FGF23inh (LT) (n = 7). (E) Mepe and Dmp1 gene expression ratio relative to Hprt 
by wt (n = 5), th3 (n = 6), th3+FGF23inh (n = 4) and th3+FGF23inh (LT) (n = 5) total bone cells by 
ddPCR, shown as fold to wt. (F) MAR of wt (n = 3), th3 (n = 3), th3+FGF23inh (n = 4) and 
th3+FGF23inh (LT) (n = 6) mice. Values represent means ± SEM. One-tailed Mann-Whitney test 
was used to evaluate statistical significance (* p <0.05, ** p <0.01, *** p <0.001), followed by 
Bonferroni correction for comparison among more than 2 groups. 
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Fig. S7. Osteocytes and osteoclasts in wt, th3 and th3 upon FGF23 inhibition. (A) Number of 
osteocytes per mm2 of bone surface (nOt/BS) by histomorphometric analysis of the proximal tibiae 
of wt (n = 9), th3 (n = 8), th3+FGF23inh (n = 7) and th3+FGF23inh (LT) (n = 6). (B) Number of 
osteoclasts per mm of bone surface (nOCs/mm) by histomorphometric analysis of the proximal tibiae 
of wt (n = 10), th3 (n = 7), th3+FGF23inh (n = 7) and th3+FGF23inh (LT) (n = 6). (C) CTX-I in sera 
from wt (n = 8), th3 (n = 8), th3+FGF23inh (n = 4) and th3+FGF23inh (LT) (n = 7) mice by ELISA. 
Values represent means ± SEM. 
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Fig. S8. FGF23 inhibition restores bone features upon 4 weeks. (A) In vivo FGF23 inhibition 
in th3 mice by injection of three doses/week of cFGF23 (10 mg/kg i.p.); analyses were performed at 
termination upon 4 weeks. (B) Volumetric Tb.BMD by pQCT of th3 (n = 5) and th3+FGF23inh_4wks 
(n = 5). (C) MAR of th3 (n = 5) and th3+FGF23inh -4wks (n = 5) mice. Values represent means ± 
SEM. One-tailed Mann-Whitney test was used to evaluate statistical significance (* p <0.05). 
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Fig. S9. Long-term FGF23 inhibition restores expression of Opn, Jag1, and Cxcl12 by 
osteolineage cells. (A) IHC analysis of bone-associated JAG1 of wt (n = 8), th3 (n =
9), th3+FGF23inh (n = 7) and th3+FGF23inh (LT) (n = 4) mice. Quantitative evaluation of stained 
area by HALO software analysis is expressed as fold expression relative to the th3 on % of positive 
signal. (B-D) Opn, Jag1, Cxcl12 expression relative to Hprt in total bone from wt (n = 4), th3 (n ≥ 
4), th3+FGF23inh ((n = 4) and th3+FGF23inh_LT (n = 4) mice by ddPCR, shown as fold to th3. 
Values represent means ± SEM. One-tailed Mann-Whitney test was used to evaluate statistical 
significance (* p <0.05, ** p <0.01), followed by Bonferroni correction for comparison among more 
than 2 groups. 

Suppl. Figure 9

wt 
th3

 

th3
 +F

GF23
inh

th3
 +F

GF23
inh

 (L
T)

0

1

2

3

4

Fo
ld

 to
 th

3
%

 P
os

iti
ve

 s
ig

na
l 

Bone-associated 
JAG1

✱✱
✱✱

IH
C

 O
PN

wt th3 th3 +FGF23inh th3 +FGF23inh-LT

50µm 50µm 50µm 50µm

50µm 50µm 50µm 50µm

A

wt 
th3

 

th3
 +F

GF23
inh

th3
 +F

GF23
inh

 (L
T)

0

1

2

3

4

Fo
ld

 c
ha

ng
e 

to
 th

3 
Ja

g1
 v

s.
 H

pr
t

✱

Jag1
✱

wt 
th3

 

th3
 +F

GF23
inh

th3
 +F

GF23
inh

 (L
T)

0.0

0.5

1.0

1.5

2.0

2.5

Fo
ld

 c
ha

ng
e 

to
 th

3 
O

pn
 v

s.
 H

pr
t

✱

Opn
✱

wt 
th3

 

th3
 +F

GF23
inh

th3
 +F

GF23
inh

 (L
T)

0

2

4

6

8

Fo
ld

 c
ha

ng
e 

to
 th

3 
C

xc
l1

2 
vs

. H
pr

t

✱

Cxcl12
✱

B C D



Aprile, Raggi et al. Supplementary Material 

 18 

 
 



Aprile, Raggi et al. Supplementary Material 

 19 

 

Fig. S10. Evaluation of OPN, JAG1, and CXCL12 expression in osteolineage cells.  
Immunofluorescence analysis highlighted the expression of niche molecules in association with 
RUNX2+ osteolineage cells (arrowheads). (A) Representative immunofluorescence images of 
RUNX2 (red signal) or OPN (green signal), in the BM of wt, th3 and th3+FGF23inh (LT) mice. The 
percentage of RUNX2+ and OPN+ on total positive cells is reported (n = 5/group). (B) Representative 
immunofluorescence images of RUNX2 (red signal) or JAG1 (green signal), in the BM of wt, th3 
and th3+FGF23inh (LT) mice. The percentage of RUNX2+ and JAG1+ on total positive cells is 
reported (n = 5/group). (C) Representative immunofluorescence images of RUNX2 (red signal) or 
CXCL12 (green signal), in the BM of wt, th3 and th3+FGF23inh (LT) mice. The percentage of 
RUNX2+ and CXCL12+ on total positive cells is reported (n = 5/group). DAPI is used as nuclear 
marker (blue signal). Original magnifications x200 and x400. Semi-quantitative evaluation is 
expressed as a percentage of double positive stained cells. Values represent means ± SEM. One-tailed 
Mann-Whitney test was used to evaluate statistical significance (* p <0.05, ** p <0.01), followed by 
Bonferroni correction for comparison among more than 2 groups. 
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Fig. S11. Gating strategy for analysis of BM HSC by flow cytometry. Upon discrimination of 

doublets and dead cells by forward- (FSC) and side-scatter (SSC), cells were analyzed by excluding 

residual Lin+ cells, identifying c-Kit+ Sca1+ on the Lin- gate (LSK) and HSC CD150+ CD48- cells 

within the LSK population. Ki-67/7-AAD staining was performed to discriminate between G0, G1 

phase and S-phase of cell cycle in the HSC population. 
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Fig. S12. Transplantation of cells from wt, th3, and treated th3 mice after FGF23 inhibition. (A) 
Experimental design of BMT: 4 x 105/mouse BM Lin- cells from CD45.2 wt, th3, th3+FGF23inh and 
th3+FGF23inh (LT) mice are transplanted by i.v. injection into lethally irradiated CD45.1 wt 
recipients, resulting in four experimental groups. (B-C) Percentage of donor-derived cells in PB and 
BM was determined by FACS analysis at 16 weeks after BMT in wt (n = 6), th3 (n = 6), 
th3+FGF23inh (n = 7) and th3+FGF23inh (LT) (n = 3). (D-F) Percentage of PB lineages (lymphocyte 
B, T and myeloid cells) was determined by FACS analysis at 16 weeks after BMT in wt (n = 6), th3 
(n = 6), th3+FGF23inh (n = 7) and th3+FGF23inh (LT) (n = 3). (G) Experimental design of 
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competitive BMT: 1x105/mouse BM Lin- cells from wt (competitive CD45.2 cells) and th3 CD45.1 
cells are transplanted by i.v. injection into Busulfan conditioned CD45.2 th3 mice.  Recipient mice 
were either untreated or treated with cFGF23 peptide for 13days, resulting in two experimental 
groups. (H) Percentage of donor-derived cells in PB was determined by FACS analysis after BMT in 
th3 (n = 5) and th3+cFGF23 (n = 6). I) Percentage of donor-derived cells in BM was determined by 
FACS analysis at 16 weeks after BMT in th3 (n = 4) and th3+cFGF23 (n = 6). Values represent means 
± SEM. One-tailed Mann-Whitney test was used to evaluate statistical significance (* p <0.05), 
followed by Bonferroni correction for comparison among more than 2 groups. 
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Fig. S13. Erythroid parameters in th3 mice upon FGF23 inhibition. (A) Frequency of erythroid 

Ter119+ cells in BM from wt (n = 9), th3 (n = 12), th3+FGF23inh (n = 6) and th3+FGF23inh (LT) (n 

= 7). (B) Gating strategy for the analysis of BM erythroid populations by flow cytometry: Pro-

erythroblasts are identified as Ter119dim CD71high cells; four distinct clusters can be identified by 

CD44 and FSC analysis on Ter119+ cells (basophilic, polychromatic, orthochromatic erythroblasts, 

and terminally differentiated cells). (C) Percentage of positive pro-erythroblast stained for Ki-67 

marker in the BM of th3 (n = 12), th3+FGF23inh (n = 10) and th3+FGF23inh (LT) (n = 11) mice by 

flow cytometry. (D) EPO in sera from th3 (n = 11), th3+FGF23inh (n = 9) and th3+FGF23inh (LT) 
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(n = 5) mice by ELISA. (E) ERFE in sera from th3 (n = 3), th3+FGF23inh (n = 3) and th3+FGF23inh 

(LT) (n = 3) mice by ELISA. (F,G) Hb concentration (g/dL) and RBC (106/μl) in PB of th3 (n = 13), 

th3+FGF23inh (n = 20) and th3+FGF23inh (LT) (n = 10). Values represent means ± SEM. Two-

tailed Mann-Whitney test was used to evaluate statistical significance (* p <0.05, **** p <0.0001), 

followed by Bonferroni correction for comparison among more than 2 groups. 

  



Aprile, Raggi et al. Supplementary Material 

 25 

 

 
Fig. S14. Working model of FGF23 regulation and action on bone and HSC niche. Left panel, 

Chronic EPO stimulation, characteristic of b-thalassemia induces FGF23 overproduction by th3 bone 

and BM erythroid cells, acting on ERK1/2 and STAT5 pathways, respectively. Increased FGF23 

negatively affects bone mineralization and deposition, thus altering BM niche homeostasis and 

crosstalk with HSC. Right panel, In vivo inhibition of FGF23 signaling by cFGF23 restores b-

thalassemia bone defects, BM niche and HSC function. Created with BioRender.com 
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Table S1. Characteristics of the studied  b-thalassemia cohort. 

 
 

Table S2. Characteristics of healthy donor controls. 

 
 

Table S3. Serum parameters of patients with b-thalassemia. 

 
 

 

 

Characteristics of the studied BThal population
Suppl. Table 1

Characteristic Nr. of patients/total Nr. (%)

Gender Male 17/40 (42.5%)
Female 23/40 (57.5%)

Age
≤40 yrs 13/40 (32.5%)
41-50 yrs 18/40 (45.0%)
≥51 yrs 9/40 (22.5%)

Disease TDT 27/40 (67.5%)
NTDT  13/40 (32.5%)

Transfusions
Regular        27/40 (67.5%)
Occasional 7/40 (17.5%)
No                     6/40 (15.0%)

Chelation Yes 28/40 (70.0%)
No 12/40 (30.0%)

TDT, transfusion-dependent thalassemia; NTDT, non-transfusion-dependent thalassemia.

Characteristics of healthy donor controls
Suppl. Table 2

Characteristic % of total

Gender
Male 30%
Female 70%

Age
≤40 yrs 60%
41-50 yrs 30%
≥51 yrs 10%
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Table S4. Biochemical analysis after cFGF23 treatment in b-thalassemia mice. 

 
 
 
 
 
 

List of Data files 
 
Data file S1. Raw data from main figures 
Data file S2. Raw data from supplementary figures 
Data file S3. List of antibodies 

Suppl.Table 2
Biochemical analysis upon cFGF23 treatment in BThal mice

Group
Serum

Phosphate
(mg/dl)

Statistics
Serum

Calcium
(mg/dl)

Statistics Serum PTH
(pg/ml) Statistics

wt 7.47 ± 0.68 n.s.
p = 0.079 8.24 ± 0.30 n.s.

p = 0.909 21.98 ± 2.6 *
p = 0.027

th3 9.01 ± 0.44 - 8.42 ± 0.34 - 14.32 ± 1.9 -

th3+FGF23inh 
(24h-1 dose) 11.03 ± 0.50 *

p = 0.031 9.95 ± 0.25 *
p = 0.013 N.D. /

th3+FGF23inh 
(38h-2 doses) 7.61 ± 0.46 n.s.

p = 0.078 9.03 ± 0.47 n.s.
p = 0.163 18.77 ± 2.0 n.s.

p = 0.077

th3+FGF23inh (LT) 
(13dd-6 doses) 8.87 ± 0.53 n.s.

p = 0.906 8.40 ± 0.32 n.s.
p = 0.616 23.11 ± 3.7 *

p = 0.034

Statistics are referred to th3 group.
N.D., not done.
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Abstract: In the last decade, research on pathophysiology and therapeutic solutions for β-thalassemia
(BThal) and sickle cell disease (SCD) has been mostly focused on the primary erythroid defect, thus
neglecting the study of hematopoietic stem cells (HSCs) and bone marrow (BM) microenvironment.
The quality and engraftment of HSCs depend on the BM microenvironment, influencing the outcome
of HSC transplantation (HSCT) both in allogeneic and in autologous gene therapy settings. In BThal
and SCD, the consequences of severe anemia alter erythropoiesis and cause chronic stress in different
organs, including the BM. Here, we discuss the recent findings that highlighted multiple alterations
of the BM niche in BThal and SCD. We point out the importance of improving our understanding of
HSC biology, the status of the BM niche, and their functional crosstalk in these disorders towards the
novel concept of combined therapies by not only targeting the genetic defect, but also key players of
the HSC–niche interaction in order to improve the clinical outcomes of transplantation.

Keywords: β-thalassemia; sickle cell disease; bone marrow niche; hematopoietic stem cells

1. Introduction

Hemoglobinopathies are inherited disorders affecting hemoglobin (Hb) production,
estimated to be the most common monogenic diseases worldwide [1]. They include
deletions or point mutations in α- or β-globin genes encoding for Hb chains, resulting in
hemolytic anemia. Mutations can cause abnormalities in the amount of Hb, leading to
thalassemia syndromes, such as β-thalassemia (BThal), or in the Hb structure, as in sickle
cell disease (SCD). The highest prevalence of both diseases has initially been recorded
in the Mediterranean area and Africa; however, because of migrations, they represent a
global health problem nowadays. The severe form of BThal requires lifelong transfusions
associated with iron chelation therapy [2]. As a major consequence of the disease and
treatment, iron overload (IO) occurs in most cases, despite iron chelation, causing chronic
organ damage. SCD is characterized by anemia and vaso-occlusive crises (VOCs), which
can cause ischemic and oxidative organ damage [3]. Allogeneic hematopoietic stem cell
transplantation (HSCT) from healthy donors is the only curative option for both BThal and
SCD patients [4–7]. Gene therapy by gene addition or gene editing strategies in autologous
hematopoietic stem cells (HSCs) are promising curative alternatives for patients lacking a
suitable donor [8–13]. Cases of graft failure have been reported, but causes have not been
deeply investigated and can include an impaired HSC function (autologous setting) and/or
a defective supporting activity of the bone marrow (BM) niche (autologous and allogeneic
settings), worsened by age and disease progression.

HSCs are regulated by signals from the BM microenvironment, termed niche, which
tune hematopoiesis. Stromal and hematopoietic BM cells provide support to HSC activ-
ity and include mesenchymal stromal cells (MSCs), endothelial cells (ECs), megakary-
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ocytes (MKs), and many other hematopoietic cells representing the differentiated progeny
of HSCs [14,15]. Niche composition is dynamic and changes in response to perturbed
hematopoiesis or regeneration following myeloablation and transplantation [16]. Many
studies unraveled its regulation upon stress or in malignancies [17], but little is known
about HSC–niche interactions in hematological-inherited disorders.

Over decades, research on hemoglobinopathies has been mostly focused on the pri-
mary erythroid defect, leaving the study of the HSC and the BM microenvironment almost
completely unexplored. Since the quality and the engraftment of HSCs depend on the BM
microenvironment, niche–HSC crosstalk is important for the outcome of allogeneic and
especially autologous gene therapy HSCT, where both HSCs and BM niche are under stress.

Accumulating evidence highlights that, despite differences in etiology, in both BThal
and SCD, the consequences of severe anemia alter BM erythropoiesis and cause chronic
stress in different organs, including in the BM. In this view, recent findings challenged the
paradigm of BThal and SCD, as disorders confined to erythropoiesis [18] and highlighted
multiple alterations in the BM niche, paving the way towards potential combined therapies
targeting not only the genetic defect, but also HSCs and the BM microenvironment, with
the idea of “Protecting the seed, fertilizing the soil” [19].

In the present review, we summarize the state-of-the-art about HSCs and BM niche
defects in BThal and SCD, and we discuss potential therapeutic solutions to ameliorate
HSC and BM microenvironments in order to improve the clinical outcome of HSCT. We
point out the importance of having a better understanding on HSC biology, the status of
the BM niche, and their functional crosstalk towards the novel concept of targeting the
BM niche.

2. Hemoglobinopathies

Hemoglobinopathies are a group of widespread inherited blood disorders primarily
affecting red blood cells (RBCs), caused by mutations in the genes encoding for the chains of
Hb. Hb is a tetramer composed of four polypeptide chains, each carrying a heme prosthetic
group containing an iron molecule. During development, different combinations of globin
chains are assembled. The first Hb switching event occurs with the transition of the site
of erythropoiesis from the yolk sac to the fetal liver from the production of embryonic
Hb to fetal Hb (HbF, α2γ2). The second switch in humans occurs perinatally with the
decline in HbF synthesis, coupled with the increase in the adult form of Hb (HbA, α2β2). α-
and β-chains are tightly regulated to ensure balanced synthesis. Hemoglobinopathies are
divided into two main groups: thalassemia syndromes with quantitative defects leading
to reduced levels of one type of globin chain, and structural Hb variants, such as SCD,
with qualitative defects causing a change in the structure of the Hb molecule. The highest
prevalence of both diseases has been recorded in the Mediterranean countries, Middle East,
Indian subcontinent, Southeast Asia, and Africa. The distribution of inherited Hb variants
in specific regions is attributed to the natural selection of heterozygote carriers for resistance
against Plasmodium falciparum malaria [20]. Through migration flows, hemoglobinopathies
have spread in Northern Europe, North America, and Australia, evolving into a global
health issue.

2.1. Thalassemia

Thalassemias are autosomal recessive diseases in which mutations occur in either
α- or β-globin genes, resulting in phenotypes with different severities of anemia due to
the imbalanced production of globin chains of adult HbA [21]. It has been estimated that
about 1.5% of the world population is a carrier of thalassemic mutations and more than
60,000 symptomatic individuals are born every year [22].

α-thalassemia is characterized by the deficient synthesis of α-globin chains caused by
deletions within the α-globin gene cluster on human chromosome 16 [23].

BThal is caused by mutations in the β-globin gene on human chromosome 11, leading
to reduced (β+) or absent (β0) synthesis of β-globin chains [24]. Based on the severity
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of the clinical phenotype, patients with BThal have been traditionally classified as major
(β0β0 or β0β+), intermedia (β+β+), or minor (heterozygote carrier) [25]. However, more
recently, BThal patients have been divided based on transfusion therapy requirements
into transfusion-dependent thalassemia (TDT) or non-transfusion-dependent thalassemia
(NTDT). TDT patients are not capable of producing sufficient Hb and undergo lifelong trans-
fusion treatments for survival, while NTDT ones can still require transfusions occasionally
and not for their entire lifetime [2].

More than 300 BThal alleles have been identified, most of which result in a single-
nucleotide substitution in the β-globin gene or flanking regions, as well as small deletions
or insertions within the gene or upstream regulatory elements may occur [25]. At the
molecular level, BThal mutations lead to an imbalance of α/β-globin chains, and an accu-
mulation of the free α-globins which form toxic aggregates. Free Hb and heme catalyze the
formation of reactive oxygen species (ROS), leading to oxidative damage and hemolysis of
circulating RBCs, as well as premature apoptosis of erythroid precursors in the BM. BThal
disease manifestations result in chronic severe anemia which stimulates the production of
erythropoietin (EPO) with a consequent intensive but ineffective expansion of the BM ery-
throid compartment, leading to ineffective erythropoiesis (IE), altered BM homeostasis, and
stress signals [21]. In addition, erythroid activity increases in extramedullary hematopoietic
sites, causing splenomegaly and hepatomegaly.

In BThal multi-organ complications secondary to the primary genetic defects occur,
such as endocrinopathies, including hypogonadism, hypothyroidism, and hypoparathy-
roidism, as well as impaired bone metabolism. Indeed, bone disease, such as osteopenia
and osteoporosis, is a common complication of BThal patients [26,27]. Osteoporosis is
characterized by a significant decrease in bone mineral density (BMD), associated with a
high prevalence of fractures. The causes of bone loss are controversial [28] and a possible
molecular mechanism foresees the decrease in the osteoprotegerin (OPG)/receptor acti-
vator of nuclear factor kappa-β ligand (RANKL) ratio, resulting in increased expression
of RANKL by stromal cells or osteoblasts (OBs), which contributes to enhanced bone re-
sorption by osteoclasts (OCs) [29]. However, the pathophysiology of bone loss is still under
investigated in BThal patients since bone disease retains high morbidity despite therapies.

Finally, IE results in increased iron absorption and primary IO mediated by the de-
crease in hepatic hormone hepcidin levels. Moreover, transfusional iron intake saturates
transferrin receptor capacity, leading to secondary IO, causing damage especially in the
liver, heart, and endocrine organs [2]. Despite the improvement in iron chelation therapies,
IO remains one of the most relevant clinical complications in BThal patients.

2.2. Sickle Cell Disease

SCD is an autosomal recessive inherited blood disorder that affects millions of people
worldwide [1].

SCD is caused by a single-nucleotide mutation of the β-globin gene, resulting in
the production of hemoglobin S (HbS), which induces RBCs to become rigid, sticky, and
misshapen. HbS consists of an A to T transversion, leading to a substitution of a valine for
glutamic acid at position 6 in the β-globin chain [30]. The most common type of SCD is
the severe form, in which people inherit two sickle cell genes. Other forms of SCD include
compound heterozygous conditions, such as HbC with HbS (HbSC) and HbS with BThal
(HbS/β0-thalassemia or HbS/β+-thalassemia) [3].

HbS has a lower oxygen affinity compared to HbA and this condition increases HbS
polymerization, promoting the formation of sickle-shaped RBCs (SS-RBCs) [31]. HbS
polymerization induces cellular rigidity and changes the shape and physical properties
of RBCs, impairing their rheology and survival [32]. Abnormal SS-RBCs cause hemolytic
anemia, cell adhesion, vasoconstriction, and vaso-occlusion in small vessels.

Clinically, the major symptom of SCD is a pain crisis due to the vaso-occlusion of tiny
blood vessels to the chest, abdomen and joints, resulting in VOCs. Several factors trigger
VOCs, including the endothelium which becomes activated by SS-RBCs, recruitment
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of adherent leukocytes, activation of neutrophils, interactions of RBCs with adherent
neutrophils, and ischemia due to the obstruction, thus creating a feedback loop of worsening
endothelial activation. Moreover, the damaged SS-RBCs and activated ECs can produce a
proinflammatory environment that is exacerbated during episodes of crisis. They may lead
to the production of ROS by the ECs and oxidant-dependent activation of the transcription
factor NF-κB, causing inflammatory vasculopathy and vasospasm [33].

Skeletal abnormalities are often associated with SCD [34]. Sickle bone shows reduced
BMD, widening of the marrow cavity, and thinning of the cortical bone due to erythroid
hyperplasia associated with the disease. More than half of SCD patients have low BMD,
closely resembling the features of osteoporotic bone and nearly 30% of adult patients
reported multiple fractures due to low impact trauma. Due to vulnerability to infections,
osteomyelitis occurs frequently in SCD patients and is caused by several types of germs that
enter the bone, leading to osteonecrosis, impaired growth in children, and septic arthritis.

2.3. Therapeutic Options for Hemoglobinopathies

Chronic management for BThal and SCD includes blood transfusion, administration
of hydroxyurea, and iron chelation therapy. A better understanding of the pathogenesis
and improved treatments for hemoglobinopathies have dramatically ameliorated the life
expectancy of patients.

The mainstay treatment for severe BThal patients is the association of regular blood
transfusion and iron chelation therapies. Starting in the first few years of life, they suppress
IE, thus limiting downstream pathophysiological complications, such as heart disease, bone
and endocrine abnormalities, and increasing overall survival of TDT. Iron chelation can
reduce systemic and hepatic iron burden, both in TDT and in NTDT, decreasing the risk of
complications related to IO. However, these therapies are often ineffective due to repeated
transfusions and inadequate patient compliance.

SCD patients need single acute transfusions by replacing SS-RBCs for immediate
benefit, while chronic transfusions help in preventing long-term complications. Regularly
transfused SCD patients require iron chelation treatments too. Hydroxyurea is a myelosup-
pressive agent which is used to prevent painful episodes in SCD. Current evidence suggests
that it acts by inducing HbF, which in turn inhibits intracellular HbS polymerization [35].

The only definitive curative option for both BThal and SCD patients is represented
by the replacement of diseased RBCs with those differentiating from transplanted normal
HSCs [4,6,7,36]. Allogeneic HSCT from normal donors is available to less than 20% of
patients and it is limited by the difficulty of finding suitably matched donors and the
risk of graft rejection [5]. High mortality in patients who underwent transplants was
observed with increased patient age; thus, current recommendations offer allogeneic HSCT
to patients younger than 14 years old who have a suitable HLA-matched donor.

Over the last few decades, promising therapeutic approaches have been developed
to achieve definitive correction of the erythroid defect by ex vivo gene therapy through
both gene addition and gene editing strategies [37]. Gene therapy approach consists of
autologous transplantation of genetically modified hematopoietic stem and progenitor cells
(HSPCs) using lentiviral vectors expressing a globin gene (β-globin or fetal γ-globin) under
the control of globin transcriptional regulatory elements. Recent gene therapy clinical
trials for BThal and SCD have shown promising results. LentiGlobinTM BB305 medicinal
product (commercial name Zyntheglo) consists of autologous CD34+ HSPCs transduced
with BB305 lentiviral vector that encodes for anti-sickling hemoglobin (HbAT87Q) and
showed safety and efficacy in severe SCD and TDT patients with a reduction in transfusion
requirements up to transfusion independence in the vast majority of patients [9,11,12,38].
Furthermore, in the TIGET-BTHAL clinical trial, the primary endpoints of safety and
efficacy were achieved. Decreased transfusion requirement in adult and pediatric TDT
patients and complete independence from transfusions in three of four evaluated children
were obtained by intrabone administration of autologous HSPCs transduced by the GLOBE
lentiviral vector [10]. A different approach employed a lentiviral vector expressing a small
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hairpin RNA targeting the γ-globin repressor BCL11A to increase HbF concentration with
an anti-sickling effect. It was used in patients with severe SCD and showed promising
initial results [39]. Regarding gene editing strategies, they are based on the direct correction
of genetic mutation or disruption of specific DNA sequences in the genome using nucleases.
Ongoing clinical trials in TDT and SCD patients are testing the safety and efficacy of HSPCs
edited with CRISPR-Cas9 (CTX001 drug product) [13] or with ZFNs (ST-400 drug product).
In both cases, targeted nuclease disruption of the repressor BCL11A gene led to γ-globin
reactivation with HbF synthesis. Extended follow-up will define the long-term effects of
gene therapy approaches.

Recently, other experimental therapeutic approaches are under investigation. A novel
strategy aimed to ameliorate IE consists in Luspatercept administration, although the
exact mechanism of action is not fully understood. Luspatercept binds to transforming
growth factor (TGF) β superfamily ligands, enhances late-stage erythropoiesis by blocking
SMAD2/3 signaling, and reduces RBC transfusion requirements in TDT with a proportion
of patients achieving transfusion independence [40]. Mini-hepcidins (i.e., short peptides
that mimic the activity of endogenous hepcidin) [41] and TMPRSS6 inhibitors [42] showed
significant improvements in IE, anemia, and IO in mouse models. Moreover, phase I clinical
studies of Vamifeport, the first oral ferroportin inhibitor, showed efficacy in reducing
cellular iron efflux and in ameliorating IE [43].

Overall, HSCT remains the only definitive cure for hemoglobinopathies. Despite
decades of allogeneic HSCT experience and promising results following gene therapy
clinical trials for BThal and SCD, cases of graft failure have been reported. The causes need
further investigation, but it can include a negative role of stressed BM microenvironment
worsened by age and disease progression [10,37]. In gene therapy, the clinical outcome
depends on different factors, such as the source of HSCs, the efficiency of transduction,
and the status of the BM microenvironment [44]. Furthermore, a recent halt in SCD gene
therapy trials, due to the development of myeloid neoplasms [45], raises the need for a
better characterization of the BM microenvironment in genetic Hb disorders. Studies on
the BM milieu in BThal and SCD suggest that the BM niche could have an impact on HSC
function, thus potentially affecting the HSCT clinical outcome.

3. HSC and the BM Niche

The adult hematopoietic system is maintained by HSCs, which are able to self-renew
and give rise to progenitor cells that proliferate and differentiate into all the mature blood
cells. HSCs are essential to replenish the hematopoietic system after transplantation and
upon exposure to stressors, such as oxidative stress and inflammatory signals [17].

HSCs reside in a specialized microenvironment within the BM, termed niche. At a
steady state, HSCs are maintained quiescent to avoid the exhaustion of the stem cell pool,
but they can rapidly exit from dormancy in response to stress conditions. HSC behaviour is
governed by the complex interactions with different cellular components of the BM niche,
soluble factors, and physical cues [15]. High-resolution imaging studies in mice revealed
that HSC niche include endosteal niches, near the bone surface, and vascular niches, which
can be further divided based on the proximity to arterioles or sinusoids.

3.1. HSC Regulation by the BM Niche

Over the last two decades, the regulation of the BM niche at steady state has been
extensively studied thanks to technical advances in mouse genetics and imaging technolo-
gies [46]. BM populations are intimately connected with each other; alterations of specific
niche cells or depletions of specific factors could negatively impact other niche components,
thus affecting HSC function. Several non-hematopoietic and hematopoietic cell types have
been pointed out.

Stromal BM cells. BM stromal components, such as osteolineage cells, MSCs, and
ECs, provide physical support and control HSC homeostasis.
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Osteolineage cells, lining the endosteum, were the first population to be associated
with HSC regulation [47,48]. OBs are activated by the parathyroid hormone (PTH), and
PTH-stimulated OBs are increased in number and produce high levels of the Notch ligand
Jagged-1 (JAG1), which in turn supports HSC expansion [49].

Osteolineage cells produce many cytokines, including osteopontin (OPN), C-X-C motif
chemokine ligand 12 (CXCL12) (also known as stromal derived factor 1 (SDF1)), stem cell
factor (SCF), thrombopoietin (TPO), and angiopoietin1 (ANGPT1). OB-derived OPN was
reported to control HSC homing and engraftment, as well as suppress the proliferation
of HSCs [50]. However, recent evidence suggests that osteolineage cells do not directly
regulate HSCs, since other populations are the main functional sources of CXCL12, SCF,
TPO, and ANGPT1 [51–54]. Although these studies raised doubts about the essential role
of OBs for HSC maintenance, recent in vivo live imaging suggests that HSC localization
and function are tightly dependent on bone turnover [55].

MSCs are a rare population in the BM located around the blood vessels, which can
self-renew and differentiate into bone, fat, and cartilage. CD146 marks human MSCs
that generate colony-forming unit fibroblasts (CFU-Fs) in vitro and heterotopic ossicles
in vivo [56,57]. In mice, different MSC populations were identified using transgenic mod-
els, including Nestin+ perivascular cells, CXCL12-abundant reticular (CAR) cells, leptin
receptor (LEPR)+ cells, and PDGFRα+ Sca1+ (PαS) cells [51,58–60]. However, it is now
widely recognised that there is overlap among them. MSCs modulate HSC activity by
direct interaction or through the secretion of soluble factors. Among these, N-cadherin
mediates the adhesion of human CD34+ HSPCs to MSCs, preserving their repopulating
ability in a co-culture assay [61]. Of note, N-cadherin+ stromal progenitors preserve HSCs
upon chemotherapy insult [62]. MSCs mainly control HSCs through the release of SCF
and CXCL12 along with other regulatory factors, such as ANGPT1, OPN, and interleukin
7 (IL-7). Moreover, MSCs protect HSCs from stress signals, such as oxidative stress and
inflammation. High ROS levels affect HSC quiescence and function, and MSCs act as ROS
scavengers, preventing myeloablation-induced oxidative damage in HSCs [63].

Adipocytes that arise from MSCs are negative regulators of HSC maintenance. The
number of BM adipocytes inversely correlates with HSC content, and adipogenesis inhibi-
tion accelerates HSC engraftment after transplantation or chemotherapy [64]. By contrast,
adipocyte progenitors were found to sustain HSC regeneration upon chemotherapy by
secreting SCF [65]. Further investigation is required to clarify their regulatory activity.

BM ECs, lining the surface of blood vessels, control vascular integrity, which in turn
affects HSC trafficking and function. Two different EC types can be distinguished based
on their localization and the differential expression of surface markers, i.e., arteriolar and
sinusoidal ECs. The permeability of blood vessels regulates ROS levels in adjacent HSCs
and niche populations, and less permeable arterioles maintain HSCs in a quiescent state
with low ROS levels, whereas leaky sinusoids increase ROS levels in HSCs, thus leading to
their activation and mobilization into the circulation [66]. ECs provide soluble factors that
promote HSC self-renewal and hematopoietic regeneration after injury [67,68]. A loss of
endothelial CXCL12 or SCF causes HSC depletion [51,69].

The sympathetic nervous system, which innervates both the bone and the BM, also
regulates HSC function. Nerve fibers form a network with perivascular stromal cells, con-
trolling HSC mobilization into the bloodstream and stimulating the hematopoietic recovery
after genotoxic stress [70,71]. Non-myelinating Schwann cells that wrap sympathetic nerves
contribute to HSC quiescence through activation of TGFβ and SMAD signaling [72].

Hematopoietic BM cells. Moreover, terminally differentiated cells, including MKs,
macrophages (Mϕs), neutrophils, and regulatory T cells (Tregs), play a key role in the
BM niche.

Initial studies showed that HSCs are located close to MKs in the BM in a non-random
fashion, and MK depletion increases the size of the HSC pool [73]. At a steady state,
MKs directly maintain HSC quiescence by secreting specific factors, such as CXCL4 and
TGFβ [73,74]. However, under chemotherapeutic stress conditions, MKs promote HSC ex-
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pansion through fibroblast growth factor 1 (FGF1) signalling [74]. In addition, MKs regulate
HSC function indirectly through the interaction with bone cells [75,76]. Furthermore, after
myeloablative irradiation, MKs support OB survival by promoting HSC engraftment [77].

Mϕs are an heterogenous population with phagocytic activity present in various
tissues. In response to different environmental signals, they can polarize to M1 (classically
activated or pro-inflammatory) or M2 (alternatively activated or anti-inflammatory) pheno-
types, protecting from infections and promoting tissue repair and regeneration, respectively.
BM Mϕs directly regulate HSC quiescence and self-renewal [78–80]. M2 Mϕs induce HSC
self-renewal, whereas M1 Mϕs exert an opposite role in preserving HSC repopulating
potential [81]. In addition, BM Mϕs indirectly control HSC location by inducing the ex-
pression of HSC retention factors by MSCs, thus regulating the egress of HSCs into the
circulation through neutrophil clearance [82].

Neutrophils control HSC retention by acting on osteolineage cells [83] and play a key
role in the regeneration of the BM niche after transplantation [84]. Whether neutrophils can
directly regulate HSC function remains poorly understood.

Tregs modulate HSCs by cytokine secretion and host immune regulation [85,86].

3.2. HSC Regulation by Stress Signals

Hematopoiesis can be challenged by different sources of stress, such as oxidative
stress, variations in the partial pressure of oxygen, iron levels, and inflammatory signals.
Quiescent HSCs reside in a hypoxic BM niche that promotes glycolytic metabolism over
oxidative phosphorylation and protects HSCs from oxidative stress. Stress signals alter
HSC function by impairing their self-renewal and regeneration capacity [16].

Oxidative stress is the result of intracellular ROS accumulation which causes oxidative
damage of lipids, DNA, and proteins in stem cells [87]. ROS tightly regulates HSC function
through direct modulation of redox-sensitive transcription factors [88] and HSCs maintain
a low basal level of ROS, which preserves stem cell quiescence. In contrast, a physiological
increase in ROS leads to cell proliferation and differentiation [89]. Moreover, the impairment
of antioxidant defense mechanisms reduces HSC quiescence and repopulating ability [90].

Iron is an essential element required for many cellular functions; however, when in
excess, it can cause uncontrolled production of ROS through the Fenton reaction. Moreover,
heme, an iron-containing porphyrin, constitutes 95% of the total iron in humans and its
degradation mediated by heme oxygenase 1 releases iron with further ROS production [91].
HSCs can uptake and store iron, and fluctuation of iron levels can regulate HSC function.
Initial studies in an iron-overloaded mouse model revealed a ROS-mediated reduction in
HSPC number and repopulating ability [92]. Moreover, intracellular IO in HSCs promotes
oxidative stress, leading to their dysfunction and exhaustion [93]. Vice versa, treatments
with iron chelators in vivo and in vitro restore HSPC quiescence and self-renewal [94].
Additionally, iron deficiency seems to negatively affect HSC function [95]. However, it
remains to be explored how intracellular iron levels affect the metabolic and transcriptional
programs underlying HSC function and fate.

Recent advances have highlighted the critical role of inflammation as a source of
stress, affecting HSC fate. The expression of Toll-like receptors (TLRs) on HSC surfaces
allows them to directly sense pathogen-derived products. HSCs proliferate, lose self-
renewal capacity, and rapidly differentiate in response to many inflammatory signals,
such as interferons (IFNs), tumor necrosis factors (TNFs), IL-1, granulocyte-colony stim-
ulating factor (G-CSF), and damage-associated molecular patterns (DAMPs), in order to
replenish myeloid cells [96]. However, chronic exposure to inflammatory cytokines can
injure HSCs [97], and repeated activation of HSCs in response to inflammatory stimuli can
cause DNA damage mediated by high ROS levels [98]. Furthermore, infections trigger
hematopoiesis by acting on HSC cycling properties and long-term function [99] or on BM
niche populations, such as ECs, MSCs, osteolineage, and immune cells [100–102].
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Thus, given the complexity and heterogeneity of the BM niche, it is conceivable
that stress signals exert their effect on HSCs, both directly and indirectly, by acting on
niche populations.

3.3. The HSC Niche in Aging and Disease

Recently, the effects of stressed, aged, and malignant hematopoiesis on HSCs, as well
as the BM microenvironment, have gained increasing attention [17].

During physiological aging, HSC function declines with alterations in immune re-
sponses, contributing to higher susceptibility to infections, autoimmunity, anemia, and
myeloproliferative diseases. The absolute numbers of HSCs increase in aged mice, but their
regenerative potential is reduced with myeloid-biased differentiation and enhanced mobi-
lization into the circulation [103]. Aged HSCs localize far from the endosteum and close to
sinusoidal ECs [104], suggesting that altered HSC distribution is a hallmark of aging. Aging
leads to remodeling of the BM niche with a loss of innervation of BM arterioles [105], and
also skews MSCs differentiation with reduced bone formation and increased adipogenesis.

The BM niches have been recognized as playing a key role in the pathogenesis and
chemoresistance of hematological malignancies [106]. On the one hand, BM niche popula-
tions can facilitate the survival and the expansion of mutant hematopoietic cells, contribut-
ing to malignancy progression and providing protection of malignant cells from chemother-
apy. On the other hand, malignant hematopoiesis can remodel the HSC niche [107–109].

Conversely, the composition and properties of the BM niche in non-malignant hematopoi-
etic disorders affecting the differentiated progeny of HSCs is still under investigated. Few
reports highlighted BM defects in severe combined immunodeficiencies (SCID), such as
adenosine deaminase-SCID (ADA-SCID) with myeloid dysplasia, marrow hypocellularity,
and a reduced frequency of HSCs [110,111]. In patients affected by chronic granulomatous
disease (CGD), hematopoiesis was shown to be dysregulated, and a reduced proportion
of HSCs was reported as a direct consequence of the inflammatory state associated with
the disease [112]. In addition, HSPCs from patients affected by Wiskott–Aldrich syndrome
displayed altered cytoskeleton function, impaired migratory, and homing capacity [113].

Thus, a better characterization of the features of the BM microenvironment and HSCs
in hematological-inherited disorders, including BThal and SCD, is fundamental to assess
potential defects and to improve therapeutic approaches based on allogeneic HSCT and
autologous gene therapy [44].

4. The HSC Niche in BThal and SCD

The HSC BM niche is still poorly investigated in hemoglobinopathies. The status of
HSCs and BM niche, indeed, should be considered in the context of allogeneic HSCT to
ensure a sustained engraftment of donor cells and especially in recent autologous gene
therapy settings, to develop optimized protocols for increasing the efficacy and safety of
ex-vivo genetic manipulation [44]. The reduced number of HSCs available for collection
and the impaired engraftment potential of HSCs in BThal and SCD mouse models [114,115]
highlighted the need for a better characterization of the primitive HSC compartment and
BM niche features to develop targeting strategies for improving the outcome of allogeneic
and autologous HSCT.

To study HSC niche in BThal and SCD, mouse strains recapitulating the main features
of the human diseases were exploited [116]. An investigation of BThal HSCs and BM
niche was performed in the Hbbth3/+ (th3) murine model. th3 mice lack both the adult
βmaj- and βmin-globin genes [117]. Although homozygous knockout mice are not viable,
heterozygotes survive with features of severe BThal intermedia, including reduced RBC
and Hb concentrations, microcytosis, reduced hematocrit and elevated reticulocytes, IE,
splenomegaly, bone malformation, and IO in multiple tissues. The studied mouse mod-
els for SCD include the transgenic SAD, Berkley, and Townes strains [116]. They were
generated by co-expression of the human α2-globin gene and a modified βS-globin gene,
both linked to the β-globin locus regulatory region. The SAD mouse incorporates the βS
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variant with additional mutations known to enhance the severity of the sickle phenotype
into a BThal background [118], whereas the Berkley and Townes transgenic strains carry
the genes for human α- and βS-globin on a genetic background deficient for the murine
β-globin genes and incorporate a YAC containing one or both γ-globin gene sequences to
avert the gestational lethality [119,120]. These models reproduce in vivo sickling of RBCs,
hypoxia, and severe anemia with reduced hematocrit and increased reticulocytes, systemic
microvascular occlusions, hemolytic and renal complications, splenomegaly, and IE of
human SCD. Patient-derived samples were studied for the immunophenotypic character-
ization of HSCs and BM microenvironment to validate findings obtained in mice and to
model in vitro the discovered alterations.

Here, we review the state of the art about the alterations of HSCs and BM niche
populations in BThal and SCD.

4.1. HSCs

BThal. A recent study by Aprile et al. has provided the first demonstration of impaired
HSC function caused by an altered BM niche in BThal [114]. The authors demonstrated
that th3 mice have a decreased number of HSCs, as compared to wild-type (wt) controls.
Cell cycle analysis revealed a loss of quiescence with a lower frequency of HSCs in the
G0 phase and an increased cycling rate with a higher fraction of cells accumulated in the
S phase. These data were corroborated by RNA-seq experiments performed on sorted
th3 HSCs, revealing a positive enrichment of cell-cycle-associated categories, a upregulation
of genes involved in DNA damage, cellular responses to stress, and a downregulation of
stemness genes (including Cdkn1c, Runx1l1, Fgd5, and Hes1), thus highlighting the increased
replication stress and impaired self-renewal ability of HSCs in BThal. To evaluate the
functional activity of BThal HSCs, they performed long-term in vivo transplant experiments
and they observed a competitive disadvantage of th3 HSCs compared to wt ones when
transplanted into th3 mice. Notably, transplantation into wt recipients rescued the long-
term repopulating capacity of th3 HSCs, suggesting that the wt BM microenvironment had
a corrective role in restoring HSC functions. Secondary transplants into wt animals showed
that th3 HSCs recovered their reconstitution capacity with complete normalization of the
quiescent state. On the contrary, th3 HSCs in BThal recipients underwent exhaustion over
time. These results suggested that impaired HSC self-renewal and quiescence in BThal are
not intrinsic defects, but their behavior is affected by prolonged residence in an altered BM
microenvironment, which is progressively worsened by the disease.

In line with these findings, patients affected by TDT showed reduced quiescence of
CD34+CD38− primitive HSPCs [114]. Moreover, the gene expression profile of patients’
CD34+ cells revealed an upregulation of genes associated with stress stimuli and DNA dam-
age, thus indicating an impairment of HSPCs also in the human disease. Consistently, Hua
and colleagues published a reduced frequency of Lin− CD10− CD34+ CD38−\lowCD45RA−

CD90+ HSCs in the CD34+ cell compartment of BThal pediatric patients [121]. Moreover,
and most importantly, RNA-seq analysis of BThal patients’ HSCs showed increased prolif-
eration and reduced stemness [122].

Overall, this evidence highlighted the importance of the BM microenvironment in
preserving HSC fitness in the BThal context.

SCD. Studies in the murine models of SCD revealed defects in SCD hematopoiesis
and HSCs. In SCD, the BM environment is highly enriched for ROS, mainly generated
by SS-RBCs and the activated endothelium. By examining the effects of oxidative stress
on SCD HSCs, Javazon et al. showed that SCD BM has a decreased colony forming unit
potential and a reduced number of Lineage− Sca1+ cKit+ (LSK) HSPCs [123]. Cell cycle
analyses revealed that fewer LSK cells were in the G0 phase, and a significant increase in
lipid peroxidation and ROS in SCD LSKs was detected. HSPCs from SCD mice showed
an impaired engraftment potential, which is partially restored by n-acetyl cysteine (NAC)
antioxidant treatment of LSK cells before transplantation, thus suggesting that an altered
redox environment in SCD affects HSC function.
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The results of reduced clonogenic potential of SCD HSPCs are paralleled by the in-
creased mobilization of multipotent cells in both mice and humans affected by SCD. A
hematopoietic compensatory mechanism was described in SCD, consisting in the mobi-
lization of progenitor cells from the BM to the peripheral blood and their subsequent
uptake into the splenic extramedullary hematopoietic site in response to the erythropoietic
stress [124]. The spleen of SCD mice indeed contains significantly increased numbers of
cycling erythroid colony-forming cells, indicating the strong proliferative pressure on the
erythroid lineage.

Alterations in SCD HSCs were reported by Tang et al., who showed a decrease in HSC
frequency, increased DNA damage, and an accumulation of ROS in HSCs from SCD mice,
associated with the reduced hematopoietic supportive ability of MSCs [115].

Recently, Hua et al. showed a lower proportion of Lin− CD10− CD34+ CD38−\low

CD45RA− CD90+ HSCs in the CD34+ cell compartment of SCD pediatric patients, along
with an increased frequency of CD34+ CD10+ lymphoid progenitor cells [121], suggest-
ing hematopoietic defects also in the human disease. Moreover, the characterization of
circulating hematopoietic populations from adult and pediatric SCD patients confirmed
an increase in CD34bright HSPCs and the mobilization of primitive HSCs in the peripheral
blood as compared to healthy controls [125].

4.2. The Stromal Niche

BThal. To explain the defects in the transplantation outcome of th3 HSCs into a BThal
BM niche, Aprile et al. focused their attention on the interactions between HSCs and
stromal cells, such as osteolineage cells and MSCs in the BM of BThal mice [114]. Bone
disease is a common and severe complication of BThal, resulting from hormonal deficiency,
BM expansion, and iron toxicity. Consistent with the common finding of osteoporosis and
hypoparathyroidism in BThal patients [27], data in th3 mice confirmed a reduced BMD [126]
caused by decreased OB activity and low levels of circulating PTH [114]. Moreover, the
authors showed reduced levels of key niche molecules, such as OPN and JAG1 in the
BM of th3 mice. Interestingly, these molecules are directly regulated by PTH in OBs and
MSCs [49], and their reduction leads to a loss of HSCs quiescence [50]. PTH is a key player
of calcium and phosphate homeostasis, regulating bone remodeling and HSC maintenance
via its specific receptor on BM stromal cells [49]. Aprile and colleagues demonstrated that
the downregulation of PTH- JAG1-Notch1 axis and OPN in BThal leads to defective stromal
BM niche with impaired bone deposition and defective crosstalk between osteolineage cells
and HSCs [114]. These findings were also validated in patients’ samples.

Since MSCs also produce JAG1, the authors analyzed this population in th3 mice.
MSCs are characterized by decreased frequency and lower expression of Jag1 as compared
to wt controls [114]. Consistently, MSCs from BThal patients showed reduced frequency
and clonogenic potential, lower proliferation rate, impaired differentiation potential, and a
reduced capacity to support HSPCs [127].

SCD. Individuals suffering from SCD experience acute and chronic bone pain caused
by occlusive events within the tissue vasculature that result in ischemia, necrosis, and organ
degeneration [34]. However, the pathophysiology of bone defects is still under investigated.
Recent studies have suggested that environmental stimuli, such as inflammation, may
influence the osteoporotic-like phenotype observed in SCD bone [128,129]. Because of the
interactions between SS-RBCs and vascular endothelium, SCD patients display abnormally
high concentrations of inflammatory molecules, especially IL-6, IL-8, and TNF-α. In healthy
conditions, inflammation plays a crucial role in regulating bone remodeling; however,
the chronic inflammation localized within the bone microcirculation may prolong OC
activity via the upregulation of RANKL [130,131]. Micro-CT image analysis of transgenic
SCD mice showed altered bone microarchitecture with fewer trabeculae and deteriorated
structure, indicating progressive damage of SCD bone tissue [132]. Dalle Carbonare et al.
reported that recurrent hypoxia/reperfusion events, mimicking acute VOCs, activate
osteoclastogenesis and bone turnover in SCD mice, with upregulation of the pro-resorptive



Pharmaceuticals 2022, 15, 592 11 of 24

cytokine IL-6 and suppression of osteogenic lineage markers, such as Runx2 and Sparc [133].
The administration of zoledronic acid, a potent inhibitor of osteoclastogenesis and OC
activity, ameliorated bone impairment and promoted osteogenic lineage. These data
supported the view that bone disease in SCD is related to the biased coordination of
remodeling signals towards bone absorption. In addition, the reduced OB recruitment and
the increased OC activity are induced by local hypoxia, oxidative stress, and the release of
IL-6. Furthermore, IO due to chronic transfusions was reported to increase bone resorption
and impair the trabecular microarchitecture in SCD [134].

Human MSCs derived from SCD BM were found to have altered expression of SCF
and CXCL12, but showed normal in vitro functionality [135]. However, recent work by
Tang et al. reported a reduced frequency of MSCs in the BM of SCD mice, ROS accumula-
tion, and a decreased adipogenic and osteogenic differentiation potential, also suggesting
impaired MSC functional properties [115]. Gene expression profiling revealed a decreased
transcription of key niche molecules, such as Opn, as well as vascular cell adhesion to
protein 1 (Vcam1), Angpt1, Scf, and Cxcl12, associated with an impaired ability to maintain
HSCs in vitro and in vivo. These data are in line with increased HSC mobilization and
reduced engraftment upon transplantation. Treatment with NAC and transfusions reduced
MSC oxidative stress and improved the crosstalk between SCD MSCs and HSCs. Activation
of TLR4 by hemolysis contributed to SCD MSC dysfunction.

Alterations in the BM vasculature were reported to be critical for SCD hematopoiesis
too. Park et al. demonstrated that SCD mice have a disorganized BM vascular network with
increased numbers of highly tortuous arterioles and fragmented sinusoidal vessels [136].
In SCD, slow RBC flow and vaso-occlusions diminish local oxygen availability in the BM
cavity and increase ROS production. Elevated levels of HIF-1α were found, triggering
an enhanced neovascularization. Transplantation of BM cells from SCD mice into wt
recipients recapitulated the SCD vascular phenotype by increasing HIF-1α signaling in
normal mice. Conversely, blood transfusions completely reversed the altered vascular
network, highlighting the plasticity of the BM vascular niche.

4.3. Hematopoietic and Soluble Niche Factors

BThal. Data on BThal mice indicate that multi-factorial alterations in the BM niche
can impair HSC self-renewal and repopulating capacity. During the analysis of stromal
components and soluble factors of the BM microenvironment, high systemic and BM local
levels of FGF23 were detected [137]. FGF23 is a negative regulator of bone metabolism
and PTH secretion [138], mainly produced by bone and erythroid cells in response to the
anemia-related factor EPO [139]. The enhanced activation of FGF23 signaling has been
proposed as the mechanism underlying bone disease and low PTH levels in th3 mice,
negatively impacting the functional crosstalk between HSCs and the stromal niche [137].

In addition to the BM stroma, altered levels of multiple local and systemic factors
were found, including SCF, ANGPT1, and CXCL12 [114], as well as a reduction in serum
TPO [140]. Since TPO is a key regulator of both HSCs [53,141] and MKs [73,142], the TPO
defect can have a dual role on BThal HSCs and BM microenvironments, thus contributing
to the impaired HSC–niche crosstalk. Moreover, the condition of chronically reduced TPO
stimulation in BThal is consistent with reported results of higher cycling activity of HSCs
in the absence of TPO [141], and effectively correlates with data of low HSC quiescence in
th3 mice [114]. Low TPO also impacts MK maturation and their downregulated expression
of niche molecules in th3 mice [140].

By focusing on other hematopoietic populations of the BM niche, different BM resident
Mϕs have been reported to indirectly regulate HSC retention by acting on niche stromal
cells [143]. Thus, the dissection of different populations of BM Mϕs in BThal can contribute
to the enhanced proliferation, increased mobilization, and reduced repopulating potential of
th3 HSCs. Since BThal is characterized by IE with reduced erythroid terminal differentiation
and expansion of the BM erythroid precursors, as expected, the frequency of erythroblastic
island Mϕs, essential for erythroblast survival and maturation, was significantly increased
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(unpublished data). BThal neutrophils were reported to display aberrant maturation and
defective effector functions [144]. Reduced BM Mϕ–neutrophil interactions can play a
role in BThal HSC mobilization, through the indirect effect on the production of CXCL12
retention molecule by the BM stromal niche [82]. Preliminary data from the th3 mouse
model showed an imbalanced polarization towards the M1 phenotype and a reduced
neutrophil clearance by BThal BM Mϕs, suggesting a potentially negative effect on HSCs
(unpublished data).

SCD. In the complexity of SCD pathophysiology, many hematopoietic populations
and soluble factors potentially involved in the regulation of the BM microenvironment
homeostasis are altered [145]. However, their direct contribution to the HSC niche is still
completely unexplored.

Among the more studied populations, neutrophils of SCD patients and mice were
activated by the increased production of ROS [146]. They contribute to SCD pathogenesis by
capturing circulating SS-RBCs, inducing VOCs, and secreting inflammatory cytokines [147].
Free heme induces neutrophil extracellular trap (NET) formation by activated neutrophils,
significantly contributing to SCD pathogenesis [148]. In SCD mice, the aged neutrophil
population is expanded and positively correlates with adhesion and interactions with RBCs.
Neutrophil ageing is regulated by the microbiome [149] and neutrophil clearance by BM
was reported to modulate the HSC niche [82]. Thus, the involvement of SCD neutrophils
can be hypothesized in the regulation of the BM microenvironment.

Furthermore, platelets and monocytes in SCD were reported to have an activated
phenotype with an active role in VOC pathogenesis, promoting the inflammation state
associated with the disease [150,151]. SCD indeed have long been recognized as a chronic
inflammatory disease, and, during infection or systemic inflammation, HSCs were reported
to respond directly to inflammatory triggers [152], leading to their activation, expansion,
and enhanced myeloid differentiation [153]. Furthermore, increased circulating heme and
iron, i.e., hallmarks of SCD, were shown to induce Mϕ phenotypic switching toward an
M1 proinflammatory phenotype [154], which has been reported to negatively regulate HSC
maintenance [81]. Whether BM cell populations and HSC function are altered in SCD in
response to pro-inflammatory stimuli still needs to be explored.

4.4. The Role of IO in the BThal BM Niche

IO, associated with IE and therapeutic blood transfusions, is a key element of BThal
pathophysiology. Despite improvements in chelation therapies over the past few years, the
BThal BM niche accumulates a high content of iron. The direct impact of IO on BThal HSCs
remains poorly characterized [155]. Data on BThal th3 mice showed a positive enrichment
of genes involved in iron homeostasis and significantly high levels of free reactive iron in
HSCs, which correlate with increased ROS content (unpublished data).

Recently, Crippa et al. demonstrated that IO negatively affects BM MSCs in TDT
patients [127]. The in vitro exposure of BThal MSCs to increasing doses of iron revealed
an upregulation of iron transporters, such as ZIP14, ZIP18, transferrin receptor 1 (TFR1),
and ferritin, thus suggesting that BThal MSCs can uptake and store iron. These findings
are corroborated by the direct assessment of iron content in BThal MSCs using Perl’s
staining. BThal MSCs display high ROS levels, as a result of the impaired antioxidant
response, which correlates with a significant pauperization of the most primitive CD146+

CD271+ MSC pool. BThal MSCs showed reduced clonogenic capacity, lower proliferation
rate, early cell cycle arrest, and impaired differentiation potential into adipocytes and
bone. In addition, they express lower levels of hematopoietic supportive factors, such as
SCF, CXCL12, cadherin 2 (CDH2), VCAM, ANGPT1, vascular endothelial growth factor
A (VEGFA), IL-6, and FGF2. Therefore, they fail to attract and expand HSCs in transwell
migration assays and 2D co-culture experiments. Consistently, the in vivo transplantation
of CD34+ HSPCs, along with BThal MSCs, revealed a reduced hematopoietic engraftment
upon xenotransplantation in NSG mice. Finally, the authors developed a humanized ossicle
model, consisting of gelatin scaffold pre-seeded with MSCs, ECs, and CD34+ HSPCs, to



Pharmaceuticals 2022, 15, 592 13 of 24

test the ability of BThal MSCs to form a proper BM niche in vivo. Transplantation of the
humanized ossicle into NSG mice showed a delay in the formation of bone and vessels,
as well as a reduced number of human CD45+ hematopoietic cells ossicles derived from
BThal MSCs.

Strikingly, treatment with the iron chelator deferoxamine (DFO) in the presence of iron
decreased the expression of iron transporters, potentiated the antioxidant defense system
in BThal MSCs, and rescued the expression of the hematopoietic supportive factors [127].
Therefore, treatment with chelating agents or antioxidants can represent a therapeutic
strategy to ameliorate BThal MSC supportive capacity, thus potentially improving the
transplantation outcome.

Overall, these findings highlight previously unexplored multifactorial alterations of
BM components in the biocomplexity of BThal and SCD (Table 1 and Figure 1). Elucidating
the overriding players and the functional interconnections between stromal and hematopoi-
etic alterations of the BM HSC niche will pave the way towards potential combined thera-
pies, not only targeting the genetic defect, but also HSC and the BM microenvironment, in
order to improve HSC transplantation and gene therapy approaches.
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Figure 1. The BM HSC niche in healthy conditions and in BThal and SCD. Schematic representation of
the adult BM niche in homeostasis, showing different stromal (osteoblasts, mesenchymal stromal cells,
endothelial cells, Schwann cells, nerve fibers, and adipocytes) and hematopoietic (megakaryocytes,
osteoclasts, macrophages, neutrophils, and Tregs) cell types and niche factors that regulate HSC
quiescence and function (upper panel). The BM niche in BThal and SCD shows alterations in BM
osteolineage cells, mesenchymal stromal cells, endothelial cells, and megakaryocytes, causing the
reduced production of niche molecules supporting HSC activity. The accumulation of ROS, iron, and
inflammatory cytokines contributes to the impairment of HSC maintenance (bottom panel). Created
with BioRender.com.
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Table 1. Altered BM niche populations in BThal and SCD. Alterations are shown as increased (⇑) or
decreased (⇓) levels of specific features in BM niche populations.

Cell Population Disease Species Alterations References

HSC

BThal

mouse

⇓ number
⇓ quiescence
⇓ stemness

⇓ reconstitution capacity
⇑ response to stress

[114]

human

⇓ frequency
⇓ quiescence
⇓ stemness

⇑ response to stress
(HSPC)

[114,121,122]

SCD
mouse

⇓ frequency
⇑ ROS

⇑ DNA damage
⇓ quiescence (HSPC)
⇑mobilization (HSPC)

[115,123,124]

human ⇓ frequency
⇑mobilization [121,125]

Osteolineage cell
BThal

mouse

⇓ BMD
⇓ systemic PTH
⇓ OB activity

⇓ niche molecules
⇑ FGF23

[114,126,137]

human ⇓ niche molecules [114]

SCD
⇓ bone microarchitecture [132]

mouse ⇑ osteoclastogenesis
⇓ osteogenic factors [133]

MSC

BThal

mouse ⇓ frequency
⇓ niche molecules [114]

human

⇓ frequency
⇓ osteogenic and

adipogenic potential
⇑ ROS

⇑ iron content
⇓ niche molecules
⇓ HSPC maintenance

[127]

SCD
mouse

⇓ frequency
⇑ ROS

⇓ osteogenic and
adipogenic potential
⇓ niche molecules
⇓ HSC maintenance

[115]

human ⇓ niche molecules [135]

EC SCD mouse altered BM vasculature
⇑ inflammatory cytokines [136]

MK BThal mouse
⇓ systemic TPO
⇓maturation

⇓ niche molecules
[140]

Neutrophil BThal mouse altered maturation [144]

5. Targeting the HSC Niche in BThal and SCD

The correction of genetic defects in BThal and SCD is achieved by HSCT from normal
donors or by experimental gene therapy with the transplantation of autologous genetically
modified cells. In both settings, the transplanted HSCs and the recipient BM niche are
central elements.
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In comparison to other indications for allogeneic HSCT, there is an unexplained in-
creased risk of graft failure, including cases of late rejection and mixed chimerism [156,157].
Especially in the autologous gene therapy HSCT, where both the donor HSCs and the recip-
ient BM niche are diseased, the additive effect of an impaired HSC function and a defective
supporting activity by the BM niche components, worsened by age and disease progression,
can hamper the engraftment of genetically modified HSCs. The clinical benefits of gene
therapy are dependent on several factors, including the patient’s clinical condition, the
extent of genetic modification, the dose and quality of the engineered engrafting cells, and
the status of the recipient BM niche [37,44]. It is reasonable to expect a negative effect
of the BM microenvironment on HSC function, leading to potentially impaired reconsti-
tution and premature exhaustion. In recent gene therapy trials for hemoglobinopathies,
some cases of absence of clinical benefit, despite the occurrence of early hematopoietic
engraftment, have been reported [9–11]. Low levels of genetically modified HSPCs in
patients with a lack of clinical benefit can lead to impaired HSC function, as well as the
defective supporting activity by niche components, although the root causes have not been
clarified yet. Variability in terms of HSC transduction and in vivo reconstitution poses
limitations for clinical outcome, and the status of the BM microenvironment influences
the quality of HSCs harvested for genetic engineering, as well as their engraftment and
reconstitution capacity once transplanted. Therefore, the comprehension and targeting of
key mechanisms influencing HSC potential offer new avenues to improve gene therapy
and develop combined transplantation approaches.

Moreover, myeloablative conditioning is required in order to obtain high levels of
donor grafts upon HSCT, also in the autologous gene therapy setting, when reduced inten-
sity conditioning is preferred. The effects of reduction in hematopoietic BM populations
and the potential damages to the BM stroma are largely unknown and can have an impact
on the supportive capacity of the BM niche. Recent advances in biological conditioning
strategies by antibody–drug conjugates showed better preservation in the BM architecture.
In this view, more studies are needed to elucidate the influence of conditioning on HSC
niche activity.

Here, we reported proof of concept studies aimed to rescue the identified alterations
of HSCs and BM niche components in BThal and SCD (Figure 2). Although several
works described alterations in SCD BM niche components, functional studies dissecting
the defective interactions between HSC and BM microenvironments are missing. Future
investigation can provide new therapeutic targets to restore the HSC–niche crosstalk.

5.1. Targeting the BM Stromal Niche

The pioneering work by Aprile and colleagues challenged the paradigm of BThal, as a
disorder confined to erythropoiesis, demonstrating that HSCs are impaired in BThal due to
a defective crosstalk with the BM microenvironment because of secondary complications to
the primary genetic defect [114]. Most importantly, these data emphasized the reversibility
of HSC features in stressed conditions since the authors showed that the defect can be
rescued by the administration of PTH and the correction of the BM stromal niche. Indeed,
in vivo PTH treatment to th3 mice normalized BMD, MSC frequency, and the expression of
OPN and JAG1 by the BM stromal niche, thus resulting in the restoration of HSC function.
In BThal patients, treatment with PTH before HSC harvest for gene therapy can protect
HSC function and improve long-term engraftment. Therapeutic targeting of the HSC niche
by PTH stimulation has provided evidence of an effective strategy to stimulate the HSC
pool and increase its engraftment upon transplantation [158], although subsequent studies
using PTH treatment after cord blood transplantation in a heterogenous group of patients
reported disappointing results [159]. The balance between the anabolic and catabolic
effects of PTH needs careful clinical evaluation. Thus, more tunable molecules targeting
the BThal stromal niche alterations should be explored and, in this view, investigation
of mechanisms acting upstream the bone and PTH defects could be a promising option.
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Encouraging results highlighted the efficacy of the FGF23 inhibition strategy to correct bone
mineralization and deposition and rescue the impaired HSC–niche crosstalk in BThal [137].
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Figure 2. Targeting of the BM niche in BThal and SCD. Administration of treatments targeting the
altered HSC niche components can be developed in combination with allogeneic or autologous gene
therapy HSCT to restore the BM microenvironment. This may ameliorate the quality of patient-
derived HSCs that are harvested and manipulated in gene therapy settings and, at the same time,
make the BM niche more permissive for the engraftment of donor cells, both in the allogeneic and the
autologous HSCT. Created with BioRender.com.

On the same line, approaches to correct secondary defects with a potential impact on
the BM niche were exploited in SCD. The administration of zoledronic acid, a bisphospho-
nate drug acting as an inhibitor of osteoclastogenesis and OC activity, ameliorated bone
defects and promoted osteogenic lineage in SCD mice [133]. However, the positive effect
on the HSC niche remains unexplored.

Other potential targeting strategies are those which aim to target primary defects,
i.e., anemia. Blood transfusions are the mainstay of treatment for BThal and SCD and
can also ameliorate secondary complications. Park et al. demonstrated that a 6-week
transfusion regimen completely reversed the abnormal SCD BM vasculature by reducing
proangiogenic mediators, such as VEGF-A, ANG1, and ANG2, as well as markers of
inflammatory vascular activation [71]. Transfusions were demonstrated to also alleviate
SCD MSC disfunction [115]. Upon transfusion, SCD MSCs showed decreased ROS content
and enhanced expression of Scf and Cxcl12, correlating with increased HSC frequency.
Similarly, NAC antioxidant treatment improved SCD MSC ability to maintain HSCs [115].

5.2. Targeting IO and Other Stress Signals

IO due to hemolysis and IE are common hallmarks of BThal and SCD, although
damage caused by IO to the BM microenvironment is largely unknown.

IO in BThal BM was reported to have a negative impact on patient-derived MSCs, re-
ducing their frequency, differentiation ability, and hematopoietic supportive capacity [127].
Thus, targeting the BM niche to reduce iron-induced oxidative stress can ameliorate HSCT
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outcomes. Crippa et al. suggested looking for potential associations between the BM state
and the risk of graft failure in BThal patients undergoing both allogeneic or gene therapy
HSCT, by correlating the levels of BM IO with data of the transplant outcome. Optimizing
current iron chelation therapy can ameliorate MSC status, with potential effects on other
BM niche populations and HSCs.

Increased circulating heme and iron is also a hallmark of SCD pathophysiology. Heme,
indeed, acts as a proinflammatory molecule that activates ECs, neutrophils, and Mϕs.
Hemopexin, an extracellular scavenging system that binds heme, was reported to revert
heme-induced M1 switching of Mϕs in SCD mice [154] and to reduce endothelial toxicity
caused by heme in SCD and BThal models [160]. Whether heme and hemopexin treatment
can play a role in the SCD BM microenvironment is still unknown.

Antioxidant and anti-inflammatory treatments can be effective in restoring the BM
niche and HSC functions impaired by oxidative stress and inflammation, respectively. For
example, NAC treatment was demonstrated to improve the engraftment capacity of HSPCs
in a mouse model of SCD [123].

6. Conclusions and Future Perspectives

Over the last few decades, research on BThal and SCD has been mostly focused on
erythropoiesis, leaving the study of the BM microenvironment and HSCs underexplored.
Recent studies demonstrated that HSC and BM niche components are altered in BThal
and SCD, and that targeting the identified defects can rescue the impaired HSC–BM niche
crosstalk. Thus, supportive therapies which aimed to ameliorate the BM niche and preserve
long-term HSC function need to be pursued and developed. In this view, the combination
of autologous gene therapy with niche targeting has the potential to improve therapeutic
outcomes. Treatment pre- and post-HSCT can refurbish bone and HSC niche before HSC
harvest and promote early engraftment after gene therapy.

Since BThal and SCD represent the most widespread monogenic diseases worldwide,
the impact of novel combined treatments also targeting the BM niche could be relevant,
leading to significant advances in hematology. An investigation of the BM alteration
to develop potential new pharmacological treatments can represent an effective bridge
between basic research and clinical translation from genetic Hb disorders to other diseases
associated with erythropoietic stress.

The works reviewed here open up new questions and point out the need for a deeper
understanding of HSC biology and interactions with the BM niche in diseases. These studies
on BThal and SCD mouse models and patient-derived samples pave the way towards a
novel concept—the complementary investigation of hematopoiesis, not only in steady state,
acute stress, and malignancies, but also in non-malignant hematological disorders, with a
potential impact on HSCT, i.e., the only definitive cure for hemoglobinopathies.

Further investigation will open up new avenues in this line of research.
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CHAPTER III 
 
NEW RESULTS  

We decided to conduct a more comprehensive investigation of the molecular mechanism 

underlying the increased cFGF23 levels in BThal, focusing on the GALNT3 enzyme, which 

preserves the intact form of FGF23 and protects it from cleavage. Concurrently, we wanted 

to strengthen the translational relevance of FGF23 inhibition. We set up several experiments 

to establish the proper dose regimen with withdrawal periods for a prolonged cFGF23 

treatment of thalassemic mice. 

1. High EPO downregulates GALNT3 through Erk1/2 and Stat5 signaling in 
bone and BM erythroid cells 

 
We have demonstrated that EPO is a primary driver of FGF23 transcription and 

production in BThal mice by both bone and erythroid cells. This occurs through its action on 

the Erk1/2 and Stat5 pathways, respectively 131. To unveil the signaling pathways involved 

in the induction of the cleaved form of FGF23 by EPO, we modeled in vitro EPO stimulation 

of wt bone-derived and BM Ter119+ erythroid cells. Upon in vitro exposure to rhEPO for 4 

hours we showed a downregulation of Galnt3 expression in both bone and BM erythroid 

cells (Fig 1A-B). Inhibition of Erk1/2 signaling by U0126 (Fig 1C) and Stat5 pathways by 

Pimozide (Fig 1D) increased Galnt3 in EPO-stimulated bone and BM erythroid cells, 

respectively.  Preliminary in silico bioinformatic analysis identified consensus sequences for 

transcription factors associated with Erk1/2 and Stat5 signaling within the promoter region 

of the Galnt3 gene (Fig. 1E), suggesting a transcriptional regulation mechanism. 
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Fig 1. High EPO levels downregulate GALNT3 through Erk1/2 and Stat5 signaling 

in bone and BM erythroid cells. (A) Galnt3 expression relative to Hprt by bone cells upon 
rhEPO treatment at 4 hours, reported as ratio to unstimulated control (n ≥ 8 mice/group). 
(B) Galnt3 expression relative to Hprt by BM erythroid cells upon rhEPO treatment at 4 
hours, reported as ratio to unstimulated control (n ≥ 13 mice/group). (C) Galnt3 expression 
in bone cells upon rhEPO stimulation and Erk1/2 inhibition by U0126, reported as fold to wt 
relative to Hprt (n = 3). (D) Galnt3 expression in BM erythroid cells upon rhEPO stimulation 
and Stat5 inhibition by pimozide (Pimo), reported as fold to wt relative to Hprt (n = 6). (E) 
Motif enrichment analysis showing top-ranking transcription factors (TF) identified on 
GALNT3 promoter by JASPAR and HOCOMOCO databases. Putative TF and associated p 
values are shown. Values represent means ± SEM. One-tailed Mann-Whitney test (A-B) and 
Wilcoxon test (C-D) were used to evaluate statistical significance (* p <0.05, ** p <0.01).  

 
 

2. Increased BMD and HSC cell cycle was maintained after the discontinuation 
of cFGF23 treatment. 

 
To establish the proper dose regimen with withdrawal periods for prolonged cFGF23 

treatment, we administered six doses of cFGF23 (10 mg/kg) to 6-week-old th3 mice. We 

then assessed BMD and HSC cell cycle upon 14h, 1 and 2 weeks following the 

discontinuation of FGF23 inhibition (Fig. 2A). Our results showed that increased BMD was 

maintained after the discontinuation of treatment up to 2 weeks (Fig. 2B). Additionally, we 
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observed an increased proportion of HSC in quiescence (G0/G1-phase) which was 

maintained up to 2 weeks from cFGF23 treatment discontinuation. Accordingly, the 

frequency of cycling cells in the S-phase was decreased (Fig. 2C). 

 

Fig 2. Increased BMD and HSC cell cycle was maintained after the discontinuation 
of cFGF23 treatment. (A) In vivo long-term FGF23 inhibition (FGF23inh (LT)) in th3 mice 
by injection of six doses of cFGF23 (10 mg/kg i.p.); analyses were performed at termination 
upon 13 days, 1 and 2 wks. (B) Volumetric Tb.BMD of the proximal tibiae by pQCT of th3 (n 
= 6), th3+FGF23inh (LT) (n = 6), th3 +FGF23inh (LT)_1wk (n = 7) and th3 +FGF23inh 
(LT)_2wk (n = 7). (C) Frequency of HSC in G0/G1 and S-phase of the cell cycle from th3 (n 
= 6), th3+FGF23inh (LT) (n = 6), th3 +FGF23inh (LT)_1wk (n = 7) and th3 +FGF23inh 
(LT)_2wk (n = 7). Values represent means ± SEM. One or two-tailed Mann-Whitney test was 
used to evaluate statistical significance (* p <0.05, ** p <0.01), followed by Bonferroni 
correction for comparison among more than 2 groups.  
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DISCUSSION OF NEW RESULTS: 
 
Our analysis in BThal th3 mice revealed significant differences in the balance between 

iFGF23 and cFGF23 forms when compared to wt mice. In th3 mice, both bioactive iFGF23 

and cleaved cFGF23 were elevated in the serum, prompting us to investigate the molecular 

mechanisms underlying these changes.  

Analysis of molecules involved in FGF23 regulation revealed increased Fgf23 and 

decreased Galnt3 expression by bone and BM erythroid cells. GALNT3 stabilizes FGF23 

through glycosylation, protecting it from cleavage, thus explaining enhanced FGF23 

production and cleavage in the context of chronic EPO stimulation. This was in line with a 

study where mice overexpressing human EPO (Tg6 mice) showed reduced Galnt3 

expression in bone and BM, thus leading to increased FGF23 cleavage 167. Additionally, 

acute blood loss in mice, serving as a model for high endogenous EPO, significantly raises 

cFGF23 levels without affecting iFGF23, with a concomitant decrease of Galnt3 mRNA 

expression in BM cells 131,165. Overall, these findings indicate that high EPO levels enhance 

the total amount of circulating FGF23 (both iFGF23 and cFGF23) by shifting the 

iFGF23/cFGF23 ratio in favor of cFGF23 164,167,199-201. 

Looking at other Fgf23-related genes, we found downregulation of the PCSK5 protease, 

involved in FGF23 cleavage, in both bone and BM erythroid cells. We can speculate that 

the decreased Pcsk5 mRNA expression in bone and BM acts as a mechanism to 

counterbalance the increased cFGF23. Conversely, Fam20c protein kinase marking FGF23 

for proteolytic cleavage and Furin protease remained unchanged, as confirmed also in 

studies on Tg6 mice 167. 

To unveil the signaling pathways involved in the induction of the cleaved form of FGF23 

by EPO, we modeled in vitro EPO stimulation of wt bone-derived and BM Ter119+ erythroid 

cells. In vitro EPO stimulation and signaling inhibition strategies showed that Erk1/2 and 

Stat5 pathways are active in enhancing Fgf23 and decreasing Galnt3 transcription in bone 

and BM erythroid cells, respectively.  Thus, EPO-induced FGF23 production can be 

attributed to the downregulation of the Galnt3 expression, resulting in reduced glycosylation 

of the FGF23 peptide and making it susceptible to cleavage. To further elucidate the role of 

specific transcription factors and consensus binding sites on FGF23 and GALNT3 

promoters, we will perform chromatin immunoprecipitation (ChIP) analysis. 

The study of Galnt3 has some limitations since we investigated its expression in bone 

and erythroid cells and not in other stromal cell populations within the BM, such as ECs and 

MSCs. 
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Furthermore, we plan to investigate FGF23 production and FGF23-related genes in other 

organs in the context of BThal. There is evidence to suggest that these molecules may also 

be produced by several organs such as the liver, brain, heart, kidney, and spleen 202-204. 

Focusing on the FGF23 targeting strategy to improve HSC engraftment, the observation of 

a partial enhancement in engraftment through competitive transplantation in cFGF23-

treated mice led us to hypothesize that prolonged cFGF23 administration to recipient mice 

post-transplantation could further restore the BM niche and boost the graft. The long-term 

effect of the FGF23 inhibition strategy in improving BMD and HSC cell cycle in BThal was 

shown to persist for up to 2 weeks by the treatment end. Ongoing histomorphometric 

analysis will provide a better characterization of bone quality. In the future, we plan to 

conduct competitive transplantation experiments by treating recipient mice with a 

maintenance regimen of 2 doses of cFGF23 every 2 weeks for prolonged treatment, aimed 

at a  potential application to ameliorate clinical outcomes.  
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OVERALL DISCUSSION: 
 
The thesis presents a comprehensive investigation of the intricate interplay between 

anemia, bone homeostasis, and BM niche, using BThal as a paradigm to study this 

connection. Clinical evidence links hematological disorders to bone defects, paving the way 

for a detailed exploration of the molecular mechanisms underlying this association. 

In the present study, we investigated the pivotal role of FGF23 in maintaining bone and 

BM niche homeostasis in the context of BThal. Elevated FGF23 production in serum and 

BMEF, attributed to increased FGF23 synthesis by chronic high EPO levels, emerges as a 

key factor in the bone alterations observed in this congenital hemolytic anemia.  

The thesis further explores the broader implications of the FGF23-anemia-bone axis by 

demonstrating a positive correlation between EPO and FGF23 in BThal. This association is 

linked to bone quality and ineffective erythropoiesis, establishing FGF23 as a central 

molecule at the crossroads of erythropoiesis and bone metabolism in BThal patients. 

Mechanistically, we showed EPO as a causative factor in up-regulating FGF23 

production. Indeed, EPO stimulation and signaling inhibition strategies showed that Erk1/2 

and Stat5 pathways are active in enhancing Fgf23 and decreasing Galnt3 transcription in 

bone and BM erythroid cells, respectively.  EPO-induced FGF23 production can be 

attributed to the downregulation of the Galnt3 expression, resulting in reduced glycosylation 

of the FGF23 peptide and making it susceptible to cleavage.  

Furthermore, we plan to investigate FGF23 production and FGF23-related genes in other 

organs in the context of BThal. There is evidence to suggest that these molecules may also 

be produced by several organs such as the liver, brain, heart, kidney, and spleen 202-204. 

Clinical evidence showed that congenital hemolytic anemia has a detrimental impact on 

bone health and is often associated with osteoporosis and bone defects. This insight into 

the extra hematopoietic effects of erythropoietic stress has implications not only for BThal 

but also for conditions like CKD205, MDS206, and cancer207 where EPO is clinically used. 

Understanding the increase in FGF23 and the impact on the bone in EPO-treated patients 

will be relevant.  

While the homodimer EPOR mediates canonical erythropoiesis, the tissue-protective 

effects of EPO operate through a heteromeric receptor composed of EPOR and CD131208. 

The study conducted by Z. Awida et al. is the first to address the in vitro and in vivo beneficial 

effects of Cibinetide on bone metabolism, which specifically binds heteromeric receptors, 

either alone or in combination with EPO209. We showed that cFGF23 administration rescued 
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bone defects without interference with the erythropoietic activity of EPO. However, further 

studies are needed to explore if cFGF23 binds heteromeric EPOR. 

Interestingly, a new generation of erythropoiesis-stimulating agents, such as 

Luspatercept, recently approved for the treatment of TDT patients210  with improvements in 

IE and anemia, was initially developed as exploratory therapies for osteopenia and 

osteoporosis. Our future experiments will explore the correlation of FGF23 with anemia and 

bone parameters in BThal patients before and during the treatment with Luspatercept.  

From the translational point of view, our study validates the efficacy of the FGF23 

inhibition strategy, employing the naturally produced blocking peptide cFGF23, in correcting 

bone mineralization and deposition, and rescuing impaired crosstalk between HSCs and the 

BM niche with potential translational relevance in improving HSC transplantation and gene 

therapy for BThal. We observed to some extent enhanced engraftment of transplanted cells 

in the cFGF23-treated recipient mice indicating that FGF23 inhibition might improve the 

supportive capacity of the damaged niche, although the short-term treatment of recipient 

mice before transplantation is not sufficient to maintain the restoration of bone compartment 

for a long period. We reasoned that prolonged cFGF23 administration to recipient mice after 

transplantation could further restore the BM niche and boost the graft, thus achieving 

therapeutic outcomes.  

Moreover, in a translational context, we are exploring a promising strategy that combines 

autologous gene therapy with FGF23 inhibition. We will transduce th3 Linneg  BM cells with 

a lentiviral vector carrying the β-globin gene (GLOBE LV).  Although the use of cFGF23 

peptide alone is insufficient to recover the decreased Hb production and RBCs count caused 

by genetic defects in congenital anemia, our research has shown that inhibition of FGF23 

improves erythropoiesis by preventing the apoptosis in erythroid populations. We will plan 

to use cFGF23 treatment pre-transplantation to refurbish bone and HSC niche before HSC 

harvest to better increase the quality of donor HSC and use cFGF23 to treat recipient mice 

post-transplantation to promote the early engraftment of donor cells. 

The role of FGF23 in the BM niche has also become a topic of increasing interest due to 

its involvement in the regulation of HSC mobilization. It remains to be determined whether 

high circulating levels of FGF23 in CKD and other congenital anemia including BThal may 

impair HSPC retention in the BM. In this line, we will analyze the expression of FGF23 and 

stemness-related genes in sorted HSCs at steady state and upon stressed conditions 

induced  in vivo and in vitro culture systems to evaluate any intrinsic or microenvironment-

mediated defect in BThal mice compared to controls. We will test our FGF23 inhibition 



 
 

 51 

strategy by cFGF23 blocking peptide injection in th3 mice alone and in combination with G-

CSF or Plerixafor to monitor HSC mobilization. 

Our work provides the first evidence of the efficacy of cFGF23 blocking peptide in 

correcting bone mineralization and deposition. The potential translation of our findings to 

clinical application might include the use of cFGF23 as a promising anti-osteoporotic therapy 

to preserve a healthy bone in BThal, addressing a current medical gap despite the available 

treatments. The potential advantage of using a physiological regulatory pathway of FGF23 

versus a current treatment (i.e. anti-FGF23 antibody administration) is worth to be 

investigated.  
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PERSONAL CONTRIBUTION: 
 
During the 3 yrs PhD program, I have actively designed, performed, and analyzed several 

experiments, contributing to various topics covered in this thesis. I assembled and created 

most of figures and panels included in the thesis, except for those showing results obtained 

with specific techniques attributed to other co-authors or collaborators. The collaborators’ 

contribution is relative to the collection of samples from BThal patients reported in Figure 1, 

as well as the histomorphology and pQCT analysis on bone, as shown in Figure 3 (panels 

A to C, G to J) and Supplementary Figures S6 (panels A, B, F), S7 (panels A, B), and S8. 

Additionally, the histopathological analysis illustrated in Figure 4 (panels A to C) and 

Supplementary Figures S9 A and S10 also benefited from contributions by other team 

members. I provide this clarification to ensure transparency regarding the authorship of data 

represented in individual figures, providing a general understanding of my specific 

contribution to this thesis work. 
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