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ABSTRACT
Inherited bone marrow failure syndromes (IBMFS) comprise a heterogeneous group of rare genetic disorders characterized 
by defective hematopoiesis, congenital anomalies, and a predisposition to clonal evolution and malignancies. Hematopoietic 
cell transplantation remains the only curative option for the hematologic manifestations of these disorders, although it does 
not correct congenital malformations or eliminate the long-term risk of non-hematopoietic cancers. This review summarized 
current evidence and transplantation strategies for major IBMFS, including Fanconi anemia, dyskeratosis congenita/
telomere biology disorders, Diamond-Blackfan anemia, Shwachman-Diamond syndrome, congenital neutropenia, 
congenital amegakaryocytic thrombocytopenia, and other inherited thrombocytopenias. We discussed disease-specific 
transplant indications, donor selection, conditioning regimens, graft source preferences, and outcomes across different 
patient populations. Advances in reduced-intensity conditioning and post-transplant cyclophosphamide have expanded 
donor availability, improving survival even with alternative donors. Nevertheless, long-term challenges persist, such as 
increased risks of solid tumors, endocrine dysfunction, and organ toxicity, emphasizing the need for multidisciplinary care 
and lifelong surveillance. Optimal outcomes depend on timely referral to specialized centers, meticulous donor screening, 
and individualized transplant strategies tailored to the unique biology of each disorder.

Keywords: Hematopoietic Stem Cell Transplantation. Congenital Bone Marrow Failure Syndromes. Fanconi Anemia. 
Dyskeratosis Congenita. Anemia.
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INTRODUCTION
Inherited bone marrow failure syndromes (IBMFS) are a heterogeneous group of rare genetic disorders 
characterized by the inadequate production of one or more hematopoietic lineages, resulting in cytopenias 
and an increased predisposition to malignancy1,2. They are associated with distinct biological mechanisms, 
such as defective DNA repair pathways in Fanconi anemia, telomere maintenance defects in dyskeratosis 
congenita, ribosomopathy in Shwachman-Diamond syndrome and Diamond Blackfan anemia, and functional 
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defect in thrombopoietin receptor in congenital amegakaryocytic thrombocytopenia. These disorders 
typically manifest in childhood, often associated with physical anomalies and systemic manifestations, as 
well as an increased risk of clonal evolution—myelodysplasia (MDS) and acute myeloid leukemia (AML)—and 
non-hematopoietic neoplasias, particularly gynecological and squamous cell carcinomas2,3. 

Hematopoietic cell transplantation (HCT) is an effective cure for the hematologic manifestations in IBMFS, but 
it does not cure the congenital malformations or reduce the long-term risk of non-hematopoietic cancers. In 
fact, HCT may increase the risk of malignancies. 

It is essential to screen potential family donors for carrier status. Specialized centers are needed for managing 
these patients due to their higher susceptibility to toxicities and the need for tailored care throughout the 
transplant process1,2,4–7.     

FANCONI ANEMIA
Fanconi anemia, the most common IBMFS (incidence ~1:100,000–160,000 births), is typically an autosomal 
recessive genetic disorder affecting DNA repair, causing increased chromosomal breakage8. Clinical 
presentation varies; about 70% show congenital abnormalities, while others are diagnosed later due to 
pancytopenia, MDS, or malignancies. Bone marrow failure affects 90% by age 40, often in late childhood. 
Complications include AML, MDS, and solid tumors, particularly head and neck squamous cell carcinomas 
and gynecologic cancers. Due to genomic instability, Fanconi anemia patients are highly susceptible 
to alkylating agents and radiation toxicity, increasing the risks of severe mucositis and gastrointestinal 
complications, making HCT particularly challenging. However, HCT is the only curative treatment for the 
hematologic manifestations of Fanconi anemia, indicated for patients with severe cytopenias, high-risk 
cytogenetic abnormalities, or MDS/AML. Early transplantation—before transfusions, infections, or clonal 
evolution—leads to better outcomes. 

Fanconi anemia patients face a 30–40% cumulative risk of myeloid malignancies by age 40, often linked 
to cytogenetics abnormalities (e.g., 1q gain, monosomy 7/del(7q), 3q gain, RUNX1 mutations) guiding 
HCT urgency. Preventing MDS/AML is critical, as HCT outcomes are significantly worse when performed in 
active disease9,10. 

The ideal donor is a matched sibling (Table 1), and screening potential family donors is essential, as some 
may be asymptomatic carriers of Fanconi anemia. Transplant advances expanded donor options, especially in 
resource-limited settings. Post-transplant cyclophosphamide enabled successful, cost-effective haploidentical 
HCT with adapted protocols (Table 2)9. 

Bone marrow is the preferred graft source due to a lower risk of graft-versus-host disease (GVHD). Umbilical 
cord blood should only be considered for a matched related donor (MRD), while peripheral blood stem cells 
should be avoided due to the high risk of severe GVHD. Younger, healthier donors provide better outcomes 
due to superior cell quality and proliferation potential.

Table 1. Hematopoietic cell transplantation outcomes by donor type.

Donor type Outcomes

Matched sibling donor Five-year overall survival of 83–94%. Acute GVHD rates of 6–20%11

Matched unrelated donor Five-year overall survival of 86%. Acute GVHD rates of 12–29%11,12

Haploidentical donor 
Five-year OS of 82%. Acute GVHD rates of 35% with reduced-intensity conditioning and post-transplant 

cyclophosphamide13

Active myelodysplasia / 
acute myeloid leukemia

Three-year progression-free survival and OS of 53%10

Source: Elaborated by the authors. GVHD: graft-versus-host disease.
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Table 2. Conditioning and graft-versus-host disease (GVHD) prophylaxis for hematopoietic cell transplantation 
in Fanconi anemia.

Aplastic phase and matched sibling donor (MSD)

Conditioning 

Cyclophosphamide 60 mg/kg (D-6, D-5, D-4, D-3).
Mesna 160% of Cy dose, divided into five doses (0, 3, 6, 9, and 12 hours after Cy).

Rabbit ATG 5-7.5 mg/kg (D-3, D-2, D-1) given to patients older than 10 years old and patients with other matched 
related donors.

GVHD prophylaxis
Cyclosporine 4 mg/kg per day between D-1 and D+100, with gradual tapering after that.

Methotrexate (D+1 = 15 mg/m2; D+3, +6 and +11 = 10 mg/m2).
Related cord blood unit: cyclosporine + methylprednisolone or mycophenolate mofetil

Aplastic phase and matched unrelated donor (MUD)

Conditioning

Cyclophosphamide 60 mg/kg (D-6, D-5, D-4, D-3).
Mesna 160% of Cy dose, divided into five doses (0, 3, 6, 9, and 12 hours after Cy).

Fludarabine 150 mg/m2 (D-6, D-5, D-4, D-3, D-2).
Rabbit ATG 5-7.5 mg/kg (D-3, D-2, D-1).

GVHD prophylaxis
Cyclosporine 4 mg/kg per day between D-1 and D+180, with gradual tapering after that during two or three months.

Methotrexate (D+1 = 15 mg/m2; D+3, +6 and +11 = 10 mg/m2).

Aplastic phase and haploidentical donor

Conditioning
Alemtuzumab 0.66 mg/kg SC (D-7, D-6, D-5).

Fludarabine 150 mg/m2 (D-6, D-5, D-4, D-3, D-2).
Total body irradiation 100 cGy at D-1.

GVHD prophylaxis

Post-transplant cyclophosphamide 50 mg/kg (D+3, D+4).
Mesna 160% of Cy dose, divided into five doses (0, 3, 6, 9, and 12 hours after Cy).

Cyclosporine 4 mg/kg per day between D+5 and D+180, with gradual tapering after that during two or three months.
MMF intravenous 40–45 mg/kg per day between D+5 and D+90.

Myelodysplastic phase or acute myeloid leukemia

< 10% of blasts in bone 
marrow

Use the recommended protocol for Fanconi anemia in aplastic phase.

≥ 10% of blasts in bone 
marrow

FLAG (Fludarabine 30 mg/m2 daily D1-5 + Cytarabine 1,000 mg/m2 twice daily D1-5 + G-CSF 5 mcg/kg daily D1-5) 
followed by the recommended Fanconi anemia protocol for the aplastic phase, starting 14 days after the initiation of 

chemotherapy.
In protocols in which total body irradiation is not included in the conditioning regimen (MSD or MUD), add 200 cGy 

on D-1.
It is important to initiate this scheme only with a confirmed transplant schedule.

GVHD prophylaxis

Cyclosporine 4 mg/kg per day between D-1 (if MSD or MUD) or D+5 (if haploidentical donor) and D+180, with gradual 
tapering after that during two or three months.

Methotrexate: 15 mg/m2 on D+1 and 10 mg/m2 on days +3, +6 and +11 (if MSD or MUD).
MMF intravenous 40–45 mg/kg per day between D+5 and D+60 (if haploidentical donor).

Source: Elaborated by the authors.

Important points are: 

• Expert consultation is recommended for deciding on advanced-phase HCT timing and regimen; 

• We strongly advise that advanced phase or haploidentical HCT should be performed exclusively at expert 
centers.

After HCT, Fanconi anemia patients require long-term monitoring due to complications from the disease and 
treatment. They face a significantly higher risk of head and neck squamous cell carcinoma, often diagnosed 
between the ages of 20–40, making early detection and prevention vital. Surveillance should include annual 
oral exams, endoscopic and colonoscopic screenings starting at age 18, annual endocrinological and 
hematological assessments, tracking issues like hypothyroidism, osteoporosis (50% by age 30), and organ 
toxicity, and avoiding alcohol and tobacco13–16. 
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CONGENITAL DYSKERATOSIS/TELOMERE BIOLOGY DISORDERS
Telomere biology disorders are characterized by impaired telomere maintenance, resulting in very short 
telomeres and a wide spectrum of clinical manifestations. The classical presentation, known as congenital 
dyskeratosis, includes the mucocutaneous triad of dysplastic nails, oral leukoplakia, and lacy reticular skin 
pigmentation, which may be subtle or absent initially but progresses over time. Pediatric patients may also 
present severe phenotypes like Hoyeraal-Hreidarsson syndrome, Revesz syndrome, or Coats plus syndrome17–19. 
Beyond dermatological manifestations, congenital dyskeratosis are associated with systemic complications, 
including cytopenias, pulmonary fibrosis, and liver cirrhosis/fibrosis. Bone marrow failure and increased risks 
of MDS and AML are significant, especially in children and adolescents, requiring early intervention17–19. 

While androgens can offer transient hematopoiesis improvement, HCT is the only cure for bone marrow 
failure. Although there is no consensus on the ideal conditioning regimen for congenital dyskeratosis, the 
current practice is fludarabine-based reduced intensity conditioning (RIC) (Table 3), minimizing radiation/
alkylating agents to reduce late effects (organ damage, secondary malignancies), especially in children20. 
Despite improved results in the past decade due to RIC regimens, long-term survival remains poor due to 
disease progression (pulmonary and liver fibrosis and hepatopulmonary syndrome)7,21. 

Table 3. Conditioning and graft-versus-host disease (GVHD) prophylaxis for hematopoietic cell transplantation in 
dyskeratosis congenita.

Matched related or unrelated donors

Conditioning 

Cyclophosphamide 60 mg/kg (D-6, D-5, D-4, D-3)
Mesna 160% of Cy dose, divided into five doses (0, 3, 6, 9, and 12 hours after Cy)

Fludarabine 150 mg/m2 (D-6, D-5, D-4, D-3, D-2)
Rabbit ATG 5 mg/kg (D-3, D-2, D-1)

GVHD prophylaxis Same as Fanconi anemia

Source: Elaborated by the authors.

A retrospective multicenter study of HCT outcomes in congenital dyskeratosis reported better outcomes in 
younger patients (≤ 20 years old) with a three-year overall survival of 72% compared to 43% in older patients 
(p = 0.017), with no significant difference in outcomes (overall survival and event free survival) between 
MRD and matched unrelated donor (MUD) recipients22. Recently, a Brazilian study with 29 Telomere biology 
disorders patients who underwent HCT reported one, five, and ten-year OS probabilities of 86.2, 60.3, and 
44.2%, respectively, with a higher probability of better survival in MRD transplants compared to MUD. This 
cohort demonstrated a low probability of OS (less than 30% in 15 years) and EFS (less than 50% after the 
first year of transplant), suggesting that HCT should be considered on an individual basis, especially in 
the pediatric context, to balance risks and benefits21. 

HCT is indicated for aplastic phase, myelodysplasia, or acute leukemia. Ideally, transplant should precede 
the need for transfusions, serious infections, or clonal evolution. Besides prototypical dyskeratosis congenita, 
HCT is also recommended for severe aplasia with extremely short telomeres (<1%), even without classic 
dyskeratosis congenita symptoms17,23.

DIAMOND-BLACKFAN ANEMIA 
Diamond-Blackfan anemia is a rare inherited red cell aplasia caused by an intrinsic defect in erythropoietic 
progenitors, resulting in hereditary anemia that manifests in early infancy24. It should be considered in all 
children under 1 year old who present with macrocytic or normocytic anemia, reticulocytopenia, normal 
marrow cellularity, and reduced or absent marrow red cell precursors24. Diamond-Blackfan anemia is a 
cancer predisposition syndrome, increasing risk of hematological malignancies (MDS/AML), and solid tumors 
like osteosarcoma25. 
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Table 4. Indications for hematopoietic cell transplantation in Diamond-Blackfan anemia.

Indications

Patients unresponsive to corticosteroid therapy or those dependent on corticosteroids with doses greater than 0.3 mg/kg/day, or 
unacceptable steroid toxicity.

Transfusion-dependence and/or alloimmunization.
Pancytopenia or progression to acute leukemia or myelodysplastic syndrome.

Source: Elaborated by the authors.

Table 5. Conditioning and graft-versus-host disease (GVHD) prophylaxis for hematopoietic cell transplantation 
in Diamond-Blackfan anemia.

Matched related or unrelated donors

Conditioning 
Busulfan 16–20 mg/kg* (D-6, D-5, D-4, D-3).

Fludarabine 160 mg/m2 (D-6, D-5, D-4, D-3, D-2).
Rabbit ATG 5 mg/kg (D-3, D-2, D-1).

GVHD prophylaxis
BM: cyclosporine + methotrexate (D+1: 15 mg/m2; D+3, +6 and +11: 10 mg/m2).

Related cord blood unit: cyclosporine + methylprednisolone or mycophenolate mofetil.
Source: Elaborated by the authors. *Busulfan dose should be myeloablative, weight-based, and ideally guided by pharmacokinetic monitoring.

The therapeutic approach is based on chronic red blood cell transfusions used mainly in infants and 
patients refractory to corticosteroid therapy, which is considered first-line treatment, with an approximately 
80% success rate25. However, due to the significant adverse effects of corticosteroids on the physical and 
neurocognitive development of younger children, their use should be restricted to patients older than 1. HCT, 
a potentially curative treatment for Diamond-Blackfan anemia, is indicated for patients who do not respond 
to first-line therapy24,25, as detailed in Table 4. In 2020, data from the Brazilian group demonstrated a five-year 
OS of 70% (95% confidence interval—95%CI 57–85%) in pediatric patients with Diamond-Blackfan anemia 
transplanted in Brazil. Considering transplants performed with an MRD, the OS was 80% (95%CI 65–97%), 
while in patients who received a transplant from an MUD, the OS was 73% (95%CI 52–100%)26. Data from the 
European group recently demonstrated an excellent OS of 91% (95%CI 84–98%) in patients who received a 
transplant from an MRD and MUD with a median follow-up of 4.5 years27.

The best results are obtained with an MRD and hematopoietic stem cells from bone marrow. Myeloablative 
busulfan-based conditioning regimens is currently recommended (Table 5)24,25,27. Transplantation should 
be carried out in patients under 10 years old, preferably before the age of 5. Busulfan dose should be 
myeloablative, weight-based, ideally using pharmacokinetics. GVHD prophylaxis for patients with compatible 
related or unrelated donors (bone marrow) should include cyclosporine and a short course of methotrexate26.

SHWACHMAN-DIAMOND SYNDROME 
Shwachman-Diamond syndrome is a rare autosomal recessive ribosomopathy caused by SBDS gene 
mutations, essential for ribosome biogenesis. It is characterized by exocrine pancreatic insufficiency, 
metaphyseal dysostosis, and bone marrow dysfunction, with severe hematologic complication risk28,29. 
Clinically, Shwachman-Diamond syndrome presents in infancy with failure to thrive, recurrent infections, 
and malabsorption due to pancreatic insufficiency, leading to nutritional deficiencies. Skeletal abnormalities 
include short stature and rib cage deformities. Hematologic complications range from neutropenia to 
pancytopenia, with significant clonal progression risk. Diagnosis relies on genetic testing for SBDS mutations, 
complemented by bone marrow and pancreatic function assessments29. 

HCT, a potentially curative treatment for SDS, is indicated for patients with progressive cytopenias or 
pancytopenia, transfusion dependence, or MDS/AML progression. No consensus exists on optimal 
Shwachman-Diamond syndrome conditioning, but the best results were obtained in patients receiving a 
reduced-intensity conditioning regimen using a MRD or MUD28. Outcomes for bone marrow failure show 
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a five-year survival rate of 72%, whereas patients with MDS/AML face a significantly poorer prognosis, with 
only 15% surviving beyond five years29. Donor selection is crucial, with MRD preferred, and reduced-intensity 
conditioning (Table 6) recommended to minimize toxicity28. Long-term monitoring is essential due to 
transplant-related complications and inherent malignancy risk30.

Table 6. Conditioning and graft-versus-host disease (GVHD) prophylaxis for hematopoietic cell transplantation 
in Shwachman-Diamond syndrome.

Matched related or unrelated donors

Conditioning 

Cyclophosphamide 120 mg/kg (D-6, D-5).
Mesna 160% of Cy dose, divided into five doses (0, 3, 6, 9, and 12 hours after Cy).

Fludarabine 150 mg/m2 (D-6, D-5, D-4, D-3, D-2).
Rabbit ATG 5 mg/kg (D-3, D-2, D-1).

GVHD prophylaxis
Cyclosporine + methotrexate (D+1: 15 mg/m2; D+3, +6 and +11: 10 mg/m2) or mycophenolate mofetil 

40–45 mg/kg/day.
Source: Elaborated by the authors.

CONGENITAL NEUTROPENIA 
Congenital neutropenia is a rare disorder characterized by persistently low absolute neutrophil count, typically 
below 500 cells/µL, due to a maturation arrest of myelopoiesis in the bone marrow, leading to recurrent 
and severe bacterial and fungal infections31. The condition is associated with several germline mutations, 
with ELANE mutations accounting for 50–60% of cases. Other genetic syndromes, such as GATA2 deficiency, 
Shwachman-Diamond syndrome, Chediak-Higashi syndrome, and Griscelli syndrome, can also present with 
chronic neutropenia31. 

The standard treatment for severe congenital neutropenia is continuous granulocyte-colony stimulating factor 
(G-CSF) therapy31. The primary goal is to maintain ANC levels above 1,000 cells/µL, which is typically achievable 
with G-CSF doses of 3–5 μg/kg/day. Patients requiring doses of 10–15 μg/kg/day are defined as poor responders, 
while those requiring > 20 μg/kg/day are considered non-responders32. Beyond the risk of life-threatening sepsis, 
congenital neutropenia also carries a significant long-term risk of progression to MDS/AML, particularly in poor 
responders to G-CSF31. HCT is the only curative treatment currently available and should be offered to patients 
who are poor or non-responders to G-CSF or those who develop AML/MDS31,32. For children under 10 years 
old with a healthy MRD, HCT may be considered even for good responders32,33. According to EBMT guidelines, 
a myeloablative conditioning regimen is recommended32. A busulfan-based regimen resulted in excellent 
outcomes, with a 93% survival rate for fully matched donors—related or unrelated—and 75% for mismatched31. 
Data with alternative donors are limited but suggest favorable outcomes34,35.

CONGENITAL AMEGAKARYOCYTIC THROMBOCYTOPENIA AND OTHER INHERITED THROMBOCYTOPENIAS
Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare inherited disorder characterized by severe 
thrombocytopenia from birth, progressing to bone marrow failure36. It is mainly caused by mutations in the 
c-MPL gene, with rare cases linked to THPO mutations37. Blood smear shows normal size platelets, and bone 
marrow analysis typically reveals absent megakaryocytes38,39. Somatic malformations are not common in 
CAMT, and there is not a clear relationship with clonal progression37. 

The only curative therapy is HCT, and the ideal moment to perform it is before a high transfusion burden and 
progression to severe aplastic anemia39,40. However, patients with THPO mutations do not benefit from HCT 
and should be treated with thrombopoietin receptor agonists38. HCT with a healthy MRD using bone marrow 
is the best option of treatment41, but unrelated and haploidentical donors are also acceptable choices31–33. 
Other congenital thrombocytopenias may also require HCT in specific cases as Wiskott-Aldrich syndrome. 
Severe forms of Bernard-Soulier syndrome, an autosomal recessive disorder with large dysfunctional platelets, 
may also warrant HCT when significant bleeding occurs. 
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Additionally, thrombocytopenias associated with mutations in MECOM, HOXA1, ETV6, and RUNX1 carry a risk 
of bone marrow failure or clonal evolution, making HCT a preventive option in selected cases41. Conditioning 
regimens typically include myeloablative busulfan and fludarabine, which have demonstrated favorable 
outcomes (Table 7). If the patient develops severe aplastic anemia, the conditioning regimen should be like 
that used for sAA. Reduced-intensity conditioning has also been associated with positive results40,42–44. MRD 
is the preferred choice, but alternative donors, such as unrelated matched donors, are also viable, though 
associated with a higher risk of complications, including GVHD40,42,43.

Table 7. Conditioning and graft-versus-host disease (GVHD) prophylaxis for hematopoietic cell transplantation 
in congenital amegakaryocytic thrombocytopenia.

Conditioning

Matched related donor
Busulfan 16–20 mg/kg* (D-6, D-5, D-4, D-3).

Fludarabine 160 mg/m2 (D-6, D-5, D-4, D-3, D-2).

Matched unrelated donor
Busulfan 16–20 mg/kg* (D-6, D-5, D-4, D-3).

Fludarabine 160 mg/m2 (D-6, D-5, D-4, D-3, D-2).
Rabbit ATG 5 mg/kg (D-3, D-2, D-1).

GVHD prophylaxis

Bone marrow: cyclosporine + methotrexate (D+1: 15 mg/m2; D+3, +6 and +11: 10 mg/m2).
Related cord blood unit: cyclosporine + methylprednisolone or mycophenolate mofetil.

Source: Elaborated by the authors. *Busulfan dose should be myeloablative, weight-based, and ideally guided by pharmacokinetic monitoring.

CONCLUSION
HCT is currently the only curative treatment for the hematologic complications associated with various IBMFS. 

All family donors must undergo thorough screening before being considered as potential donors. Patients 
and families should be informed that HCT corrects only the hematologic manifestations of the disease. 

Long-term follow-up is essential to monitor for late effects of both the transplant and the underlying genetic 
disorder. 

Iron overload should be managed aggressively. 

Patients with telomere biology disorders may experience disease progression, including pulmonary and liver 
fibrosis, as well as vascular complications. 

Particular attention should be paid to the increased cancer risk in all IBMFS patients, especially in Fanconi 
anemia, Diamond-Blackfan anemia, and dyskeratosis congenita.
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