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Abstract

Background/Objectives: Allogeneic hematopoietic stem cell transplantation (allo-HSCT) is
an established therapy for a range of hereditary disorders, including hemoglobinopathies,
primary immunodeficiencies, and lysosomal storage diseases. Despite its long-standing use,
rapid developments in donor availability, conditioning strategies, and supportive care have
significantly broadened and refined its clinical application. This review combines recent
evidence to clarify how these advances redefine current indications and therapeutic expecta-
tions. Methods: We critically analyze contemporary clinical data with a focus on elements
that have undergone meaningful evolution—donor selection algorithms, conditioning
intensity, graft manipulation, and post-transplant management. Comparative outcomes
across major hereditary disease groups were examined to identify emerging trends in
efficacy and safety. Results: The analysis highlights several novel shifts: expanding eligi-
bility due to improved donor options, increasing reliance on reduced-toxicity regimens,
and enhanced understanding of the mechanistic basis for hematologic, immunologic, and
metabolic correction. These developments collectively improve survival and functional
outcomes across diverse hereditary disorders. Conclusions: allo-HSCT remains a key thera-
peutic strategy for selected hereditary diseases, offering durable hematologic and metabolic
correction. The prospective development of gene-addition and genome-editing therapies
creates opportunities to complement—or in some cases replace—allo-HSCT, supporting
the emergence of more personalized treatment approaches.

Keywords: allogeneic HSCT; hematopoietic stem cells; hemoglobinopathies; hereditary
immunodeficiencies; lysosomal storage diseases (LSDs)

1. Introduction

Hematopoietic Stem Cell Transplantation (HSCT) is a therapeutic approach involv-
ing the replacement of hematopoietic stem cells to restore the functions of the human
hematopoietic and immune systems. HSCT also represents a potentially effective strategy
for enzyme replacement, providing the deficient protein in patients [1]. Currently, this
method is employed not only for the treatment of hematologic and oncologic disorders but
also for both symptomatic and pathogenetic therapy of hereditary diseases.

Genetic disorders impose a considerable global health burden, as a substantial propor-
tion of births worldwide are affected by conditions with a hereditary or partially hereditary
basis. Many of these conditions, such as hemoglobinopathies, primary immunodeficiencies,
several inborn errors of metabolism and some other diseases, carry high morbidity and
mortality. Given this enormous and global prevalence, allo-HSCT offers a uniquely power-
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ful therapeutic strategy by providing long-term restoration of hematopoietic, immune, and
metabolic function in patients with hereditary diseases.

A thorough understanding of the mechanisms underlying normal hematopoiesis is
crucial for evaluating the efficacy and safety of hematopoietic stem cell transplantation
aimed at restoring blood cell production in hereditary disorders. The accompanying scheme
illustrates the organization of the hematopoietic system, demonstrating the differentiation
of cells from the stem cell level to mature forms, which participate in the regeneration of
hematopoiesis following transplantation (Figure 1).
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Figure 1. Hematopoiesis scheme [2,3]. The arrow indicates the population of CD34* hematopoietic
stem and progenitor cells illustrated in the early stages of the differentiation hierarchy. Image created
using BioRender.com. Nagieva S. (2025) https:/ /app.biorender.com/illustrations/68626b5bd8619352
b0966ea3 (accessed on 1 October 2025).

Depending on the source of hematopoietic stem cells (HSCs) and the donor type,
HSCT can be classified into several main types:

Allogeneic Hematopoietic Stem Cell Transplantation (allo-HSCT) involves the use of
donor-derived stem cells. This method enables the restoration of normal hematopoiesis
through the engraftment and proliferation of donor hematopoietic progenitor cells. Suit-
able donors for allo-HSCT include related HLA-identical, related HLA-mismatched or
haploidentical, unrelated HLA-identical, and unrelated HLA-mismatched individuals.
According to the literature data, umbilical cord blood can also serve as a graft source in a
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limited number of cases, due to the restricted cell quantity in a single cord blood unit and
specific engraftment characteristics [4,5].

Allo-HSCT allows for maximal replacement of the patient’s pathological hematopoietic
and immune cell clones [6]. Another advantage of this approach is the possibility of utilizing
donor material when autologous HSCT is not feasible. Additionally, allo-HSCT confers a
graft-versus-leukemia (GVL) effect, whereby donor immune cells recognize and eliminate
residual malignant cells, thereby reducing the risk of leukemia relapse [7]. Despite its high
efficacy in treating malignant and certain hereditary disorders, the method is associated
with limitations, including immunologic and toxic complications, which must be considered
when selecting a donor [8].

Autologous Hematopoietic Stem Cell Transplantation (auto-HSCT) uses the patient’s
own stem cells for transplantation. This approach is primarily applied in the treatment
of oncologic diseases in which the hematopoietic system itself is not affected. In such
cases, auto-HSCT serves to restore hematopoietic function following intensive chemother-
apy [9]. Patient-derived HSCs are collected, cryopreserved, and later reinfused. The main
advantages of auto-HSCT include the absence of graft-versus-host disease (GVHD), as the
transplanted cells are autologous.

2. Historical Background

The first attempt to restore hematopoietic function using bone marrow transfusion
illustrates how the field progressed from empirical experimentation to a biologically in-
formed, precision-based therapy. In that study in 1939, 43 daily transfusions and intra-
venous sternal bone marrow infusions were performed on a patient with aplastic ane-
mia [10]. Although the procedure did not achieve the expected increase in leukocyte and
platelet counts, it shifted thinking toward the hematopoietic system as a transplantable,
regenerable organ long before the mechanisms of stem cell biology were understood.

In 1957, Edward Donnall Thomas and colleagues described the transplantation of
HSCs from a healthy donor to patients with oncologic diseases who had undergone radio-
and chemotherapy. At that time, all patients succumbed within 100 days due to severe graft-
versus-host effects [11]. Only in 1979, following the study of histocompatibility systems,
were the first successful outcomes of allogeneic HSCT reported, with 50% of patients with
acute lymphoblastic leukemia achieving remission [12].

HSCT for hereditary diseases was first applied in 1968 to treat a five-month-old child
with severe combined immunodeficiency (SCID), using the bone marrow of the patient’s
sister as the donor source [13]. This procedure introduced another breakthrough: that
HSCT could be curative even without cytotoxic conditioning, provided the recipient had
no functional immunity capable of rejecting donor cells. This revealed that the success of
HSCT depends not only on donor compatibility but also on the underlying pathophysiology
of the disease. It opened the door to treating hereditary disorders, demonstrating that
transplantation could replace entire defective cellular lineages, not just rescue hematopoietic
recovery after cancer therapy. The expansion of HSCT in the 1970s-1980s to metabolic
diseases [14] and hemoglobinopathies [15] represented a shift from reactive treatment
of malignancy toward proactive correction of genetic disorders. This period marked the
conceptual foundation of HSCT as a platform for disease modification—an idea that directly
paved the way for today’s gene-therapy—-enhanced autologous approaches.
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3. Allogeneic Hematopoietic Stem Cell Transplantation for the Treatment
of Various Groups of Hereditary Disorders (Table 1)

3.1. Allogeneic HSCT for the Treatment of Hemoglobinopathies

Hemoglobinopathies are a group of inherited disorders characterized by structural de-
fects or impaired synthesis of hemoglobin. These pathologies arise from biallelic pathogenic
variants in the genes encoding globin chains, leading to disrupted erythrocyte function and
clinical manifestations including anemia, hypoxia, and hemolysis. Structural hemoglobin
abnormalities include sickle cell disease (SCD), while conditions associated with impaired
globin chain synthesis include alpha- and beta-thalassemia [16].

Table 1. Clinical outcomes and key limitations of Allo-HSCT in major hereditary disorders. HLA—
Human Leukocyte Antigen, GVHD—Graft-Versus-Host Disease, SCID—Severe Combined Immun-
odeficiency, PID—Primary Immunodeficiency, MPS I—Mucopolysaccharidosis Type I, ERT—Enzyme
Replacement Therapy, HSCT—Hematopoietic Stem Cell Transplantation.

Disorder Survival Outcomes Key Limitations/Complications
High survival with HLA-identical Graft rejection, acute/chronic GVHD,
Sickle Cell Disease sibling donors; best outcomes in early transplant-related toxicity; reduced

childhood.

benefit in adults with organ damage.

[3-Thalassemia

Highest survival in patients transplanted
before adolescence; reduced survival in
adults with advanced disease.

Graft failure or recurrence of native
hematopoiesis; GVHD,
alloimmunization, and iron overload
increasing risk.

Primary Immunodeficiencies

Excellent outcomes in infants with SCID;
variable survival in broader PID cohorts.

GVHD, graft rejection, infectious
complications; long-term endocrine,
fertility, and malignancy risks.

Improved cognitive outcomes when

Limited effect on established skeletal or

MPS I : cardiac pathology; insufficient
transplanted pre-symptomatically. neurological benefit if delayed.
Better outcomes when HSCT is Persistent neurodevelopmental deficits;
Krabbe Disease performed in the neonatal period; high dependence on timing; notable

variable benefit in later-onset forms.

mortality in some cohorts.

Niemann-Pick Type B

Potential improvement in hepatic and
pulmonary function.

Minimal impact on neurological disease;
higher risk profile compared to ERT; use
is highly restricted.

Metachromatic
Leukodystrophy

Survival depends on disease stage at
transplantation, with best results in early
or pre-symptomatic cases.

Limited efficacy once neurodegeneration
is established; progression may continue
despite HSCT.

Sickle Cell Disease is defined by the presence of at least one HbS allele (p.(Glu6Val)
variant in the HBB gene) along with a second pathogenic variant in HBB, resulting in
abnormal hemoglobin polymerization and erythrocyte deformation. The most common
form is the homozygous p.Glu6Val (Hb S/S) variant. Major clinical manifestations in-
clude pallor, jaundice, and chronic pain due to vaso-occlusive episodes in internal organs,
hemolytic anemia, and splenomegaly. Globally, approximately 4 million individuals are
affected by SCD, with most cases in Russia concentrated in southern regions near endemic
areas [17,18].

Allogeneic HSCT from a healthy donor can replace the patient’s defective hematopoi-
etic cell population with cells producing normal hemoglobin A (HbA) instead of mutant
HbS, significantly improving survival. In an international study of 1000 patients with SCD
who received allo-HSCT from HLA-identical siblings, the median age at transplantation
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was 9 years. Optimal outcomes were observed in younger patients: among children under
5 years, five-year overall survival (OS) reached 99%, and event-free survival (EFS) 96%.
In contrast, patients over 15 years had OS and EFS of 88% and 84%, respectively. Key
factors associated with transplant failure included older age, use of peripheral blood rather
than bone marrow as the graft source, and outdated conditioning regimens. In the overall
cohort, graft rejection occurred in 23 patients, and 70 deaths were reported, mainly due to
infections, graft-versus-host disease, and therapy-related toxicity. Despite this, five-year OS
and EFS for the entire cohort were 92.9% and 91.4%, respectively. Transplantation in child-
hood demonstrates the greatest potential for life extension and durable remission, whereas
efficacy in adults, particularly with organ involvement, is limited, and life expectancy
remains below the general population [19].

A single-center study of allo-HSCT in patients with congenital hemoglobinopathies,
including SCD, included 38 children (4 with SCD) with a median age of 8 years at transplan-
tation. The use of HLA-identical sibling donors and pharmacokinetically tailored busulfan-
based conditioning achieved primary graft engraftment in 92.5% of cases. Five-year OS and
EFS were 90.5% and 81.7%, respectively. Six patients required retransplantation, while acute
and chronic GVHD affected approximately one-fifth of patients, alongside a single case of
hepatic veno-occlusive disease [20]. Other risks include infertility and endocrine disorders
due to aggressive conditioning regimens and subsequent immunosuppression [21].

The development of autologous HSCT based on gene-replacement therapy or genome-
editing technologies such as CRISPR-Cas9 offers a promising approach for curative treat-
ment of SCD without the risk of graft rejection or GVHD. Over the past 5-10 years, approx-
imately 50-150 HSCT procedures for SCD have been performed annually worldwide, with
30-80 procedures per year in the United States. Although relatively rare, the number of
these transplants is gradually increasing due to expanded patient selection criteria, the use
of haploidentical and alternative donors, and improved conditioning regimens [22,23].

Beta-Thalassemia is also caused by pathogenic variants in HBB, resulting in impaired
or absent 3-globin chain synthesis. Excess x-chains aggregate, damaging erythrocytes
and causing hemolysis. Phenotypic heterogeneity depends on the type and combina-
tion of pathogenic variants. Three main forms are recognized: major, intermediate, and
minor. Beta-thalassemia major manifests in early childhood with severe anemia, hep-
atosplenomegaly, craniofacial skeletal deformities, and requires regular transfusions. Inter-
mediate forms are milder and may not require regular transfusions but are prone to chronic
anemia and iron overload complications. Minor forms are often asymptomatic or present
with mild microcytic hypochromic anemia and are usually identified during screening or
family studies.

Following donor HSC transplantation, engraftment in the bone marrow initiates
normal hematopoiesis, gradually displacing defective erythropoietic cells. This restores
full hemoglobin synthesis, corrects «-/3-globin chain imbalance, improves erythrocyte
maturation, and reduces hemolysis, eliminating the need for regular transfusions and
significantly improving quality of life [24]. Data from the international registry of beta-
thalassemia patients who underwent allo-HSCT show overall survival of approximately
90%, with children and adolescents under 14 treated at an earlier age achieving up to 96%
survival. Adults with more advanced disease and extensive clinical manifestations had
survival rates around 80% [25].

Graft rejection or recurrence of recipient hematopoiesis occurs in 10-15% of cases [26],
influenced by factors such as inadequate immunosuppression or conditioning, particularly
in patients with high erythropoietic activity. Alloimmunization from multiple prior trans-
fusions increases immune responses against donor cells, and severe iron overload exerts
toxic effects on bone marrow and other organs, reducing transplant tolerance [27]. Use
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of peripheral blood stem cells (PBSCs) rather than bone marrow is associated with more
pronounced immune reactions, including acute and chronic GVHD, further increasing re-
jection risk [28]. According to the American Society for Blood and Marrow Transplantation,
15 patients (47%) with primary and 14 (46.6%) with secondary graft failure underwent a
second allo-HSCT among 62 patients with failed HSCTs out of 513 procedures [29]. Caocci
et al. reported that a successful first HSCT ensures long-term survival comparable to
conservative management while providing transfusion independence and maintaining
good quality of life in the long term [30].

3.2. Allogeneic HSCT for the Treatment of Inherited Primary Immunodeficiencies

Inherited primary immunodeficiencies (PIDs) are a group of monogenic disorders char-
acterized by defects in one or more components of the immune system. These conditions
manifest as increased susceptibility to recurrent infections, autoimmune and autoinflam-
matory diseases, or malignancies. According to the 2022 update from the International
Union of Immunological Societies, ten main groups of PIDs have been classified based on
molecular-genetic and clinical-immunological characteristics [31]:

Combined immunodeficiencies

Combined immunodeficiencies with additional phenotypic features
B-cell deficiencies, agammaglobulinemia, or hypogammaglobulinemia
Immune dysregulation disorders

Congenital defects of phagocytes (quantitative or functional)

Defects of innate immunity

Autoinflammatory diseases

Complement system deficiencies

XN UE =

Bone marrow functional disorders

—_
[

Phenocopies of primary immunodeficiencies

Allogeneic HSCT has demonstrated high efficacy as a primary therapeutic approach
for patients with PIDs. In these patients, autologous hematopoietic stem cells are unable to
produce fully functional lymphocytes, rendering them more vulnerable to infections and
autoimmune manifestations. Following transplantation, the immune system is reconsti-
tuted from healthy donor cells. Timely allo-HSCT is critical for optimal outcomes in PIDs,
with the highest survival rates observed when transplantation occurs in infancy, prior to
the onset of severe infections or irreversible organ damage. For example, infants under
3.5 months with severe combined immunodeficiency achieved a five-year overall survival
(OS) of 94% [32].

A retrospective analysis of 135 transplants conducted in Australia and New Zealand
for patients with SCID, Wiskott-Aldrich syndrome, and chronic granulomatous disease
reported a five-year OS of 72%. Disease-specific survival rates were 70%, 81%, and 69%,
respectively. The study found no statistically significant effect of donor type (related
vs. unrelated) or graft source on OS or transplant-related mortality. Notably, the use of
unrelated HLA-identical cord blood produced outcomes comparable to unrelated HLA-
identical bone marrow transplantation [33].

In a 32-year study at IRCCS Istituto Giannina Gaslini (Italy), outcomes of 67 trans-
plants in children with congenital immunodeficiencies were analyzed. Five-year OS was
83.4%, with a median patient age of 2.5 years and median follow-up of 4 years. Graft
rejection—both acute (immediately or within the first few weeks) and chronic (months post-
transplant)—occurred in only 10.9% of cases. Acute graft-versus-host disease was observed
in 18.7% of patients, less frequently in haploidentical transplants. The authors reported
improved survival and reduced complications over time with the use of TCRx3/CD19
depletion [34].
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Allogeneic HSCT with TCRx[3 /CD19 depletion is particularly useful when urgent
transplantation is required from a related HLA-mismatched (haploidentical) donor. After
apheresis and cell washing, cells are labeled and incubated with biotin-conjugated anti-
TCR«f antibodies. Following additional washing, paramagnetic microspheres conjugated
with anti-biotin and anti-CD19 antibodies are added to selectively bind TCR&f3- and CD19-
positive cells. The suspension is then processed through a magnetic column, retaining
labeled cells while unlabeled cells pass through. The final graft is enriched in CD34*
hematopoietic stem cells, TCRy? T cells, and NK cells, with minimal residual TCRxf3 and
B cells (CD19) [35,36].

However, allogeneic HSCT is not suitable for all patients. It is indicated for severe PIDs
with high risk of mortality without transplantation. Donor availability is a critical factor.
In the absence of a related donor, or in patients with significant somatic complications,
transplantation carries a high risk of adverse events [37,38], including fungal infections
of the skin, liver, or gastrointestinal tract. Early post-transplant infections are particularly
concerning under immunosuppressive therapy used to prevent graft rejection. Long-term
risks include endocrine disorders, infertility, and secondary malignancies [39].

Despite potential risks, HSCT markedly improves prognosis for most patients with
severe PIDs. Early diagnosis, timely transplantation, and the availability of a compatible
donor enable near-normal life expectancy and quality of life. Contemporary data indi-
cate substantial improvements in survival: in many forms of PID, five-year OS exceeds
70-94%, especially when transplantation occurs in infancy before the development of
infectious complications.

3.3. Allogeneic HSCT for the Treatment of Lysosomal Storage Disorders

Lysosomal storage disorders (LSDs) are inherited diseases caused by defects in lyso-
somal enzymes, leading to abnormal accumulation of corresponding substrates. As a
result, LSDs are characterized by multisystemic dysfunctions affecting various organs.
Allogeneic HSCT aims to replace the patient’s defective cells with healthy donor-derived
hematopoietic stem cells capable of producing the necessary lysosomal enzymes.

Recent clinical studies consistently demonstrate that the degree of donor hematopoietic
chimerism is a key determinant of metabolic correction for lysosomal storage disorders.
Full or near-full donor chimerism is strongly associated with normalization of lysosomal
enzyme activity and improved biochemical markers, including reduction of accumulated
substrates [40]. Patients achieving complete donor engraftment show the most effective
metabolic response, particularly in mucopolysaccharidosis type I and related disorders,
whereas mixed chimerism often results in low enzyme levels and incomplete substrate
clearance [41]. Long-term follow-up indicates that stable donor chimerism—especially from
a non-carrier donor—supports sustained enzyme correction, while declining chimerism
may lead to partial biochemical relapse [42]. Collectively, these findings underscore that
both the magnitude and lineage distribution of donor chimerism are critical parameters for
achieving durable metabolic correction after HSCT.

To date, allo-HSCT has demonstrated efficacy in the treatment of several LSDs, in-
cluding mucopolysaccharidosis type I (MPS I, Hurler syndrome), types 11, 1V, and VI,
Krabbe disease, adrenoleukodystrophy, metachromatic leukodystrophy, Gaucher disease,
and others (Table 2).
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Table 2. Allogeneic HSCT in Lysosomal Storage Diseases. LSD—Lysosomal Storage Diseases, AR—Autosomal Recessive Inheritance, GVHD—Graft-versus-Host
Disease, ERT—Enzyme Replacement Therapy, SRT—Substrate Reduction Therapy, HRT—Hormone Replacement Therapy, EMA—European Medicine Agency.
*—with early allogeneic HSCT [43-53].

Fysosomal Storage Gene, Inheritance Global Optimal Timing for STYear s Common Side T Alternative Worldwide
Diseases Amenable to Tyvpe Prevalence Transplantation Survival Rate Indications Effects Contraindications Treatment Newborn
Allo-HSCT P P * Options Screening
Skcletal  PRT (Laronidase,
MP Before 2 years of age Severe form deformities, heart pre’ Y
S I (Hurler . . o . . . combined with
IDUA, AR 1:100,000 (prior to neurological 70-80% without marked GVHD, infections valve defects, Yes
syndrome) . HSCT),
symptoms) CNS involvement severe CNS .
damage symptomatic
therapy
Within 30 days of life Presymplomatic  GVHD, cogniive S Svmbtomatic
Krabbe disease GALC, AR 1:100,000 (pre-symptomatic 70-80% HAge Il and motor & ymp Yes (USA)
infantile or . symptoms in late therapy
stage) . . dysfunction - .
juvenile forms diagnosis
. . . Before onset of . Presence of .
Niemann-Pick disease, SMPD1, AR 1:250,000 neurological No average Seve.re liver and GVHD, infections neurological ERT (Olipudase Yes (EMA)
type B data lung involvement alfa)
symptoms symptoms
. . Gene therapy
Metachromati Pre-symptomatic or Latilm.f antlrlslor GVHD, infections, Advanced (Atidarsagene
crachromatc ARSA, AR 1:40,000-100,000 early symptomatic 57-74% carty juveni e neurological neurological autotemcel), Yes (EMA)
leukodystrophy forms (rarely .o - . :
stages complications impairment symptomatic
adult form)
therapy
Gene therapy
. . Elivaldogene
. Before severe brain Childhood . Severe cerebral ( 8
Adrenoleukodystrophy ABCDI, thnked 1:20,000 (males) damage (Loes 85-90% cerebral form GVHD’ endocrine involvement (Loes autotemcel?, Yes (USA)
recessive : ) disorders symptomatic
score < 9) (highest efficacy) score >9) . .
therapy (including
HRT)
Before onset of Visceral Severe ERT
Gaucher disease GBA, AR 1:50,000 neurological <60% involvement GVHD, infections neurological (Imiglucerase), Yes
symptoms symptoms SRT
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Allogeneic HSCT for mucopolysaccharidosis type I (MPS I) significantly improves
cognitive function. However, its ability to slow neurodegeneration is most evident when
performed before neurological symptoms appear, highlighting the need for early interven-
tion [43]. The procedure does not reverse established skeletal deformities or cardiac valve
defects. For optimal outcomes, HSCT is recommended in combination with enzyme re-
placement therapy (ERT) specifically developed for MPS I. Based on a European consensus
process for the management of MPS |, it is recommended to initiate ERT immediately after
diagnosis while awaiting allo-HSCT, ideally before the age of 2.5 years [44].

Gene therapy approaches are also being developed for MPS I, aimed at delivering a
functional copy of the IDUA gene. One of the leading candidates, OTL-203, uses autologous
hematopoietic stem cells modified with a lentiviral vector and has demonstrated promising
clinical benefits, including cognitive and somatic improvement.

For Krabbe disease, allo-HSCT is applied in late infantile (24 years) and juvenile (after
6 years) forms. Outcomes vary depending on the timing of transplantation and disease
severity at the time of the procedure. In one patient cohort, post-transplantation motor
deficits persisted into adolescence, while another cohort exhibited no disease manifestations,
with 25% mortality over 15 years [45]. Transplantation within the first month of life in
asymptomatic carriers of pathogenic GALC variants resulted in normal enzyme activity.
However, the effect was not permanent: during follow-up from 4 months to 6 years,
cognitive and motor impairments emerged [46]. Early identification of Krabbe disease
via preclinical or neonatal screening can substantially improve quality of life and survival
when HSCT is performed within the first 14 days of life [47].

Allogeneic HSCT for Niemann-Pick disease type B offers potential benefits for hepatic
and pulmonary manifestations by normalizing sphingomyelinase activity [48,49]. Its effi-
cacy is limited regarding neurological symptoms, and CNS involvement must be carefully
considered when selecting therapy. ERT with olipudase alfa (Xenpozyme) is currently
preferred and safer, particularly for systemic manifestations without severe CNS involve-
ment. Allo-HSCT is considered an alternative when ERT is unavailable or within research
protocols [50].

For metachromatic leukodystrophy, allo-HSCT is used in late infantile (6 months—
4 years) and early juvenile (4—6 years) forms, and occasionally in adult-onset disease
(>16 years) to address primary CNS manifestations. Five-year overall survival ranges from
42% to 72%, without clear differences among subtypes [51]. Libmeldy (atidarsagene au-
totemcel), an autologous HSCT using gene-modified hematopoietic stem cells, is approved
in the US and Europe for presymptomatic late infantile and early juvenile patients with
preserved ambulation and before cognitive decline [52]. Lentiviral vector-based autologous
HSCT in preclinical studies demonstrated a fourfold increase in ARSA gene expression
compared with the approved product [53].

Allogeneic HSCT remains a pathogenetically justified option for several lysosomal
storage disorders, particularly in patients with systemic involvement and when performed
early. However, transplant-related risks and limited impact on neurological outcomes,
especially with CNS disease, constrain its wider use. Today, HSCT is mainly considered as
an adjunct or alternative to enzyme replacement therapy.

4. Procedure for Allogeneic Hematopoietic Stem Cell Transplantation in
the Treatment of Hereditary Disorders

To determine the necessity of allogeneic hematopoietic stem cell transplantation (allo-
HSCT), a comprehensive assessment of clinical indications should be performed [54,55]:

e  Confirm the patient’s diagnosis through molecular-genetic testing.
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Assess disease stage and severity, as HSCT is most effective in many disorders, such
as lysosomal storage diseases (LSDs), when performed prior to the onset of neurologi-
cal symptoms.

Evaluate the patient’s somatic condition, since individuals with severe multi-organ
failure may have contraindications to myeloablative conditioning and an increased
risk of mortality.

Consider the patient’s age and weight, as transplantation outcomes tend to be more
favorable at younger ages.

Review the availability of alternative therapies, since for certain hereditary disorders,
enzyme replacement therapy (ERT) or gene therapy may represent the most effective
treatment option.

According to the recommendations of the European Society for Blood and Marrow

Transplantation (EBMT), indications for HSCT are divided into four main categories: stan-
dard of care (S), clinical option (CO), under development (D), and generally not recom-

mended (GNR). For diseases classified as S, transplantation provides superior outcomes

compared with alternative treatments. In the CO category, efficacy is recognized, but

the small patient population limits the availability of robust comparative data. Indica-

tions within the D category are currently investigational, and transplantation should be

performed within scientific protocols. In situations classified as GNR, transplantation is

generally considered inappropriate [56,57].

5. Steps of Allogeneic HSCT (Figure 2)

1.

Donor Selection and HLA Typing. Determining indications for HSCT, HLA typing
is performed for the patient and their immediate relatives (parents and siblings).
Selection of the donor and graft source must consider several clinical factors, including
disease type and stage, remission status, and transplantation urgency. While an HLA-
identical related donor (sibling) remains preferred, survival outcomes are comparable
when using an HLA-matched unrelated donor. In the absence of a fully matched
related or unrelated donor, haploidentical transplantation from a related donor may
be considered. Recent data suggest that, under certain conditions, haploidentical
HSCT can achieve comparable efficacy and graft-versus-host disease risk to fully
matched donor transplantation.

Graft Collection and Preparation. Peripheral blood stem cells (PBSC) have increas-
ingly become the preferred source of hematopoietic stem cells (HSCs) over bone
marrow. To maximize the CD34" stem cell pool, donors are often mobilized with
recombinant granulocyte colony-stimulating factor (G-CSF) or, less commonly, pler-
ixafor, a reversible CXCR4 antagonist, which stimulates leukopoiesis and mobilizes
HSCs into peripheral blood. Collection is performed via apheresis. In some centers,
graft manipulation is performed, such as T-cell depletion through TCRx(3/CD19
elimination, as previously described [58].

Recipient Conditioning. After comprehensive evaluation, indication confirma-
tion, and planning, the recipient undergoes conditioning. Conditioning involves
chemotherapy and/or total body irradiation (TBI) to induce myelo- and immuno-
suppression. This step creates bone marrow niches for donor HSC engraftment
and prevents graft-versus-host reactions. Conditioning regimens are classified as
myeloablative, non-myeloablative, reduced-intensity, and immunoablative.

Myeloablative conditioning employs high-dose chemotherapy and/or TBI, almost com-
pletely eradicating the recipient’s bone marrow; this is standard for hemoglobinopathies.
Non-myeloablative conditioning uses minimal chemotherapy doses, preserving en-
dogenous hematopoiesis and relying partly on the graft-versus-leukemia effect. This
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approach is rare and mainly for non-malignant diseases or patient’s intolerant to
toxic regimens.

e  Reduced-intensity conditioning partially suppresses bone marrow while significantly
reducing immune activity, suitable for patients with comorbidities or older age.

e Immunoablative conditioning primarily suppresses a hyperactive or pathological
immune system, partially preserving marrow function. This regimen is widely used in
non-malignant disorders involving immune overactivation, such as aplastic anemia.

Latest reports emphasize that optimizing conditioning protocols is critical for improv-
ing the safety and efficacy of allogeneic HSCT in non-malignant disorders. Traditional
myeloablative conditioning is associated with substantial toxicity, leading to a transition to-
ward reduced-toxicity and reduced-intensity approaches, particularly for pediatric patients
and those with significant comorbidities. Treosulfan-based regimens have demonstrated
favorable toxicity profiles and are increasingly recommended for primary immunodeficien-
cies [59]. In transfusion-dependent (3-thalassemia, protocols combining pre-transplant im-
munosuppression with modified myeloablative conditioning have improved engraftment
stability, reduced mixed chimerism, and achieved high overall survival and transfusion-
free survival rates [60]. Additionally, non-myeloablative conditioning strategies have
shown effectiveness in second HSCT after graft failure, achieving durable engraftment
with comparatively lower toxicity [61,62]. These advances highlight the need for ongoing
refinement of conditioning regimens personalized to non-malignant diseases to minimize
late complications while maintaining reliable donor cell engraftment.

4. Stem Cell Transplantation and Engraftment. At this stage, the selected CD34* cells
are infused into the patient via a central venous catheter.

5. Early Post-Transplant Period. Engraftment typically occurs between 14 and
28 days [63,64]. During this period, colony-stimulating factors are administered,
and additional transfusions may be provided to support hematopoiesis. To reduce
graft rejection and acute GVHD risk, a combination of chemotherapy and immuno-
suppressive therapy is initiated. Successful haploidentical transplantation is enhanced
by the use of antithymocyte globulin during conditioning, post-transplant cyclophos-
phamide for in vivo T-cell depletion, or a combination thereof [65,66]. After allo-HSCT,
the emergence of immune tolerance can be tracked through T cells, early NK-cell
reconstitution, and cytokine profiles. Higher levels of donor-derived regulatory T cells
(CD4*CD25*FoxP3*) are linked to reduced GVHD risk and better immune control. In
the early post-transplant phase, changes in cytokines such as IL-10, TGF-f3, and others
reflect the balance between immune activation and regulation [67,68]. Supportive
measures include transfusions and G-CSF to stimulate leukopoiesis. In the context
of chemotherapy-induced aplasia, continuous microbiological monitoring is critical,
requiring prophylactic antimicrobial therapy, including antifungal agents, as well as
timely initiation of antibacterial and antiviral treatments. Bone marrow aspirates are
performed to evaluate myelogram and chimerism. In cases of suboptimal chimerism,
immunosuppressive therapy intensity is adjusted, or donor lymphocyte infusions
(DLI) are administered when feasible [69].

6. Long-Term Follow-Up. Post-transplant follow-up involves monitoring for disease
manifestations, chimerism status, signs of acute (<100 days) and chronic (>100 days)
GVHD, vaccination, functional recovery measures, and assessment of long-term
prognosis and quality of life.
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Figure 2. Allogeneic HSCT procedure steps. Descriptions for each step illustrated in the scheme
are provided in the relevant section of the article. HLA typing—Human Leukocyte Antigen typing
(molecular analysis of donor-recipient HLA genes to assess immunological compatibility). CD34*
cells—hematopoietic stem and progenitor cells capable of self-renewal and multilineage differentia-
tion. Image created using BioRender.com. Nagieva S. (2025) https:/ /app.biorender.com/illustrations/
686290e663aa6d29145612a3 (accessed on 1 October 2025).

6. Relevance of Allogeneic HSCT

Hematopoietic stem cell transplantation is a highly effective treatment for a range of
severe hereditary disorders, including primary immunodeficiencies, hemoglobinopathies
(such as beta-thalassemia and sickle cell disease), and lysosomal storage disorders. The
success of therapy largely depends on the timing of transplantation. Early intervention,
before the onset of significant clinical complications, substantially improves survival,
enhances quality of life, and reduces the risk of disability. Therefore, the diagnosis of these
disorders in the earliest days of life, at preclinical stages, is critical for timely initiation of
treatment. Neonatal screening has become a key tool for such early detection and is actively
implemented in healthcare systems in many developed countries.

In several countries worldwide, neonatal screening covers a broad spectrum of condi-
tions potentially amenable to HSCT. In the United States, since 2018, mandatory screening
includes multiple hereditary disorders, such as beta-thalassemia, sickle cell disease, severe
combined immunodeficiency, and certain lysosomal storage disorders (MPS I, Pompe dis-
ease, adrenoleukodystrophy, among others) [70]. Expanded newborn screening panels are
also in place in European countries, Japan, Israel, and Australia, encompassing metabolic
disorders, immunodeficiencies, and hematologic pathologies [71]. In Russia, expanded
neonatal screening including TREC/KREC quantification was introduced in 2023, leading
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to the diagnosis of 726 children in 2024, including 121 with primary immunodeficiencies,
highlighting the program’s effectiveness and need for further expansion.

Recent progress in gene-therapy-based autologous HSCT provides curative alterna-
tives without the risks of graft rejection or GVHD. Lentiviral-modified or CRISPR-edited
autologous hematopoietic stem cells have shown high efficacy for 3-thalassemia, SCD, MPS
I, and metachromatic leukodystrophy, in some cases outperforming traditional allogeneic
HSCT in safety profiles. By using a patient’s own hematopoietic stem cells genetically cor-
rected ex vivo or via lentiviral vectors or CRISPR-based editing—these therapies eliminate
the need for a matched donor and virtually remove the risks of graft-versus-host disease or
graft rejection. Early diagnosis through neonatal screening is becoming even more critical,
as timely access to both allogeneic and autologous gene-therapy HSCT prevents irreversible
damage and reduces long-term reliance on supportive therapies.

7. Conclusions

Allogeneic hematopoietic stem cell transplantation continues to play a pivotal role
in the treatment of severe hereditary disorders, remaining an effective method of disease-
modifying therapy when performed in a timely manner. Clinical outcomes support the use
of this approach in cases of early diagnosis and appropriate indications. However, strict
patient selection criteria, procedural risks, and limited efficacy in the presence of severe
central nervous system involvement remain challenges requiring further investigation.
Current progress in gene-therapy-based autologous HSCT—using lentiviral vectors or
genome editing - offers a promising alternative that avoids graft-versus-host disease and
expands eligibility for patients lacking matched donors. However, the long-term durability
and safety of gene-modified grafts require further study, particularly regarding insertional
mutagenesis, immune dysregulation, and late organ toxicity. Optimal conditioning strate-
gies that balance engraftment with reduced toxicity remain undefined, especially for infants
and patients with comorbidities. Additionally, reliable biomarkers predicting treatment
response and the ideal timing of intervention are still lacking. Future efforts should focus
on refining low-toxicity conditioning, improving long-term safety of gene-modified cells,
establishing optimal timing for intervention, and integrating newborn screening data to
guide personalized, earlier treatment strategies. This direction of research is essential for
maximizing clinical benefit and reducing lifelong treatment burdens.
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