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Abstract

Thalassemia is an inherited hemoglobin disorder characterized by chronic hemolytic anemia
and substantial long-term healthcare needs. In β-thalassemia major, patients typically
require regular red blood cell transfusions with iron chelation to prevent transfusional iron
overload. Although supportive care has markedly improved survival, it is associated with
a high treatment burden and does not provide a cure. In recent years, curative and disease-
modifying therapies have expanded the treatment landscape. Allogeneic hematopoietic
stem cell transplantation (HSCT) offers a potentially curative option for selected patients,
while autologous gene therapy and gene-editing approaches have shown the capacity to
achieve transfusion independence in clinical studies. In parallel, pharmacologic advances—
including luspatercept, a transforming growth factor-beta (TGF-β) ligand trap—have been
shown to enhance erythropoiesis and reduce transfusion requirements, and emerging
agents such as fetal hemoglobin inducers (e.g., thalidomide) and the oral pyruvate kinase
activator mitapivat have demonstrated clinically meaningful hemoglobin improvements in
selected populations. Adjunctive strategies, including antioxidants, are under investigation
to mitigate oxidative stress, and applications of artificial intelligence are increasingly used
to support screening, diagnosis, and longitudinal monitoring of iron overload. This review
synthesizes recent advances in curative therapies, novel pharmacologic agents, supportive
strategies, and AI-enabled tools and highlights priorities for future clinical development
and implementation.

Keywords: thalassemia; hematopoietic stem cell transplantation; gene therapy; luspatercept;
thalidomide; iron chelation; antioxidants; artificial intelligence

1. Introduction
Thalassemia comprises a group of autosomal recessive hemoglobin disorders caused

by reduced or absent synthesis of α- or β-globin chains. In particular, β-thalassemia can
result in severe anemia and, in its major form, a lifelong dependence on regular red blood
cell transfusions. It is among the most common monogenic diseases globally: approximately
5% of the world’s population carries a globin gene variant, and an estimated 1.7% has α- or
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β-thalassemia trait [1]. The highest prevalence is observed in the Mediterranean region,
the Middle East, South Asia, and Southeast Asia, a distribution that is largely attributed to
historical selective pressure from malaria [2]. Without treatment, β-thalassemia major leads
to profound anemia, bone marrow expansion, skeletal deformities, and premature death.
Over recent decades, advances in supportive care—principally scheduled transfusion
programs and iron chelation therapy—have transformed β-thalassemia major from a fatal
childhood condition into a chronic, manageable disease for many patients [3].

Standard management of transfusion-dependent thalassemia (TDT) aims to maintain
pre-transfusion hemoglobin concentrations of approximately 9–10 g/dL through periodic
transfusions, thereby supporting normal growth and suppressing ineffective erythropoiesis.
However, transfusion therapy inevitably results in transfusional iron overload because hu-
mans lack a physiological mechanism for active iron excretion. Progressive iron deposition
in the liver, heart, and endocrine organs leads to complications including hepatic fibrosis,
cardiomyopathy, and endocrine dysfunction [3,4]. Consequently, iron overload remains
a major determinant of long-term morbidity and mortality in transfused patients. The
introduction of iron chelators—deferoxamine, deferiprone, and deferasirox—has substan-
tially improved outcomes by reducing total body iron and limiting end-organ injury [5].
These agents promote iron excretion through distinct pharmacologic profiles, and combi-
nation regimens may be used in selected patients to optimize iron removal. Nevertheless,
iron-related organ damage persists in a proportion of patients due to delayed diagnosis,
inadequate chelation intensity, adverse effects, or poor adherence, underscoring the need
for more effective and tolerable strategies for iron-burden management.

Although lifelong transfusion and chelation remain the cornerstone of care, they are
not curative and impose a considerable treatment burden. Allogeneic hematopoietic stem
cell transplantation (HSCT) is currently the only established curative therapy, with the po-
tential to restore normal hematopoiesis; however, its use is constrained by donor availability
and is associated with significant short- and long-term risks, including graft-versus-host
disease, infection, and regimen-related toxicity [6,7]. These limitations have accelerated
development of therapies that can either cure thalassemia or meaningfully modify disease
severity. In the past decade, gene therapy has progressed from proof-of-concept to clinical
implementation, including regulatory approvals for gene-addition approaches, while gene-
editing strategies are rapidly advancing through late-stage clinical evaluation. In parallel,
novel pharmacologic therapies targeting ineffective erythropoiesis or fetal hemoglobin in-
duction aim to reduce transfusion burden, and adjunctive approaches—such as antioxidant
strategies—seek to mitigate downstream pathobiology. Beyond therapeutics, emerging
applications of artificial intelligence are being explored to support screening, diagnosis,
and longitudinal monitoring, with the goal of improving precision and efficiency of care.

This review summarizes contemporary advances across the thalassemia treatment
continuum. We first outline standard supportive care and its limitations, then discuss
curative approaches (HSCT and gene-based therapies), emerging pharmacologic treat-
ments (including luspatercept, thalidomide, and mitapivat), and evolving strategies to
address iron overload and oxidative stress. We also review recent applications of artificial
intelligence in thalassemia care. Table 1 summarizes established and emerging interven-
tions organized by therapeutic intent and typical clinical fit, and Figure 1 provides a
schematic overview of the treatment landscape—spanning supportive, disease-modifying,
and curative strategies—and illustrates where artificial intelligence may augment clinical
decision-making.
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Table 1. Current thalassemia management landscape and emerging advances (by therapeutic intent).

Therapeutic
Intent/Approach Examples Core Mechanism

(High-Level)
Best-Fit Population

(Typical) Key Benefits Key Risks/Limitations Regulatory/Clinical Status
(Headline)

Supportive (replace Hb) Regular red blood cell
transfusions

Replaces deficient
erythrocytes; suppresses
ineffective erythropoiesis

TDT (standard)
Improves

growth/symptoms;
prevents marrow expansion

Iron overload,
alloimmunization,

infections, access burden
Standard of care

Supportive (remove iron) Deferoxamine;
deferiprone; deferasirox

Chelates labile/organ iron
→ excretion

TDT (mandatory); NTDT
(selected)

Reduces organ iron;
improves survival

Toxicities; adherence;
monitoring required

Standard of care
(agents approved)

Curative (allogeneic) Hematopoietic stem cell
transplantation

Donor stem cells replace
defective erythropoiesis

Mainly TDT with suitable
donor; younger/less iron

burden preferred
Potential cure

GVHD, infection, infertility,
regimen toxicity;

donor availability

Established curative option
in selected patients

Curative/functional cure
(autologous gene addition)

Lentiviral β-globin gene
addition products

Patient stem cells modified
ex vivo → sustained Hb

production
TDT (selected)

Transfusion
reduction/independence in

responders; no GVHD

Conditioning toxicity; cost;
specialized centers;

long-term follow-up

Approved in some regions;
real-world uptake variable

Curative/functional cure
(autologous gene editing)

BCL11A enhancer
editing/HbF

reactivation strategies

Edits hematopoietic stem
cells → ↑ fetal hemoglobin TDT (selected) Potential transfusion

independence
Conditioning toxicity;

access; long-term follow-up

Approved in some
regions/rapidly evolving
(update per journal date)

Disease-modifying
(ineffective erythropoiesis) Luspatercept

TGF-β superfamily ligand
trap → improves late-stage

erythropoiesis

TDT adults (selected);
NTDT under

study/selected

Fewer transfusions in
responders; improves

anemia

Hypertension,
thromboembolic risk

(population-dependent),
monitoring

Approved in multiple
regions for

defined indications

Disease-modifying
(RBC metabolism) Mitapivat

Pyruvate kinase activation
→ improves RBC

energy metabolism

α- or β-thalassemia
anemia (selected)

Hemoglobin rise; potential
transfusion reduction

Drug interactions; liver
enzymes; long-term

outcomes still accruing

Recently approved/rapidly
evolving (update per

journal date)

HbF
induction/erythropoiesis

support

Hydroxyurea;
thalidomide/lenalidomide

(context dependent)

↑ HbF; improves
erythroid maturation

NTDT and selected TDT
(context dependent)

Hb increase; may reduce
transfusion needs in subsets

Teratogenicity
(thalidomide), neuropathy,

cytopenias;
variable response

Off-label/region-specific
use; trials ongoing

Adjunct (oxidative
stress/inflammation)

Vitamin E; N-acetylcysteine;
other antioxidants (varies)

Reduce oxidative damage
from iron

overload/hemolysis
TDT/NTDT (adjunct only) Potential reduction in

oxidative injury biomarkers
Evidence heterogeneity; not

disease-modifying alone
Investigational/adjunct; not

standalone therapy

Digital/AI-enabled care

Automated CBC screening;
MRI iron quantification
support; risk prediction

models; decision support

Pattern recognition +
prediction (screening,

monitoring,
complication risk)

System-level benefit for
both TDT/NTDT

Earlier detection; improved
monitoring;

resource optimization

Data bias, generalizability,
governance,

validation requirements

Emerging; needs
prospective

validation & integration

TDT = transfusion-dependent thalassemia; NTDT = non–transfusion-dependent thalassemia. Notes: ↑, increase/improvement; →, leads to/results in.
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Figure 1. Thalassemia treatment landscape from supportive care to curative therapies, with examples
of artificial intelligence–enabled integration across diagnosis, monitoring, and risk prediction.

2. Artificial Intelligence: Innovative Trends in Thalassemia Care
Rapid advances in artificial intelligence (AI) are creating new opportunities to im-

prove thalassemia care across the continuum from screening and diagnosis to longitudinal
monitoring and individualized treatment. AI and machine learning methods can integrate
complex, multimodal datasets—including complete blood count indices, imaging-derived
measures, and (when available) genomic information—to support clinical decision-making
and enable more personalized management. In this section, we summarize key areas in
which AI is being applied in thalassemia. Figure 2 presents an AI-enabled workflow linking
multimodal clinical inputs to algorithmic tasks and downstream decision support within
an appropriate governance framework.

Figure 2. Artificial intelligence (AI)–enabled workflow for thalassemia care, linking multimodal
clinical inputs (laboratory, imaging, transfusion history, and optional genomics) to AI tasks (screening,
iron quantification, and complication-risk prediction) and downstream clinical actions (personalized
monitoring, therapy optimization, and referral for curative options) under a governance framework.

2.1. Enhanced Diagnostics and Classification

Distinguishing thalassemia trait from other causes of microcytic anemia, particularly
iron deficiency anemia, remains a common diagnostic challenge. Conventional indices
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such as the Mentzer index and red cell distribution width (RDW) are widely used but
have only moderate diagnostic performance. Machine learning models that leverage
multidimensional patterns in complete blood count (CBC) parameters have demonstrated
improved discrimination. Several AI classifiers—using approaches such as neural networks,
support vector machines, and random forests—have reported high accuracy for identifying
thalassemia carriers. For example, diagnostic accuracies exceeding 90% for differentiating
β-thalassemia trait from iron deficiency have been reported using multilayer perceptron
neural networks trained on CBC features [8,9].

A representative tool, ThalPred, was developed using machine learning algorithms
and a limited set of CBC parameters, reporting 93% sensitivity and 92% specificity for
distinguishing thalassemia trait from iron deficiency anemia—outperforming conventional
indices in that study [10–12]. Ensemble approaches combining multiple algorithms have
also shown promise for detection of α-thalassemia carriers [13]. Such systems could be
embedded within laboratory information platforms or deployed as standalone clinical
decision-support tools, particularly in settings with limited access to confirmatory genetic
testing. Accurate carrier detection has important implications for counseling, cascade
testing, and prevention strategies.

Role of next-generation sequencing (NGS). While complete blood count–based indices
and hemoglobin analysis remain central to screening, molecular confirmation is increas-
ingly performed using targeted next-generation sequencing (NGS) panels and related
assays. NGS can identify common and rare α- and β-globin variants, resolve ambiguous
or discordant cases (including co-inheritance), and provide definitive carrier status for
counseling and prevention programs. When combined with clinical and laboratory features,
NGS outputs also serve as high-value inputs for AI models that aim to refine diagnostic
classification and downstream risk stratification [3,4].

Image-based screening. Beyond numerical blood indices, AI methods are also being
explored for image-based screening. Computer vision models applied to peripheral blood
film images can identify morphological features associated with thalassemia, and early
work has explored use of digital images to support screening in resource-limited settings.
In addition, exploratory approaches have assessed whether image-based evaluation of
physical signs (e.g., conjunctival pallor) may identify individuals who warrant further
testing [11]. Although these strategies remain at an early stage, they may complement
conventional screening pathways in high-prevalence regions.

2.2. Predictive Analytics for Transfusion Burden and Complications

AI-based predictive analytics may enable more proactive care by forecasting trans-
fusion burden and anticipating complications. Machine learning models have been de-
veloped to predict outcomes such as transfusion requirements, risk of alloimmunization,
and development of iron-related complications including cardiomyopathy. In principle,
predictive models can incorporate clinical and biologic variables (e.g., baseline hemoglobin,
spleen status, genotype, iron indices, and adherence patterns) to estimate how transfu-
sion needs may evolve over time, thereby supporting earlier therapy optimization and
monitoring adjustments.

Prediction of response to disease-modifying agents is another emerging area. Be-
cause responses to therapies such as luspatercept and hydroxyurea are heterogeneous, AI
approaches may help identify predictors of benefit using clinical variables and—where
available—higher-dimensional datasets such as gene expression or other biomarkers. Such
tools could support individualized treatment selection, improve efficiency of therapy
sequencing, and reduce exposure to ineffective interventions.
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2.3. AI-Enabled Iron Overload Monitoring

One of the most mature and clinically relevant applications of AI in thalassemia is
automated interpretation of imaging used to quantify iron burden. MRI is the reference
standard for assessing organ iron deposition, yet interpretation—particularly liver R2/R2*
and cardiac T2* measurements—can be time-consuming and subject to inter-observer
variability. AI models have therefore been developed to automate segmentation and
quantification workflows and to standardize reporting across sites.

For example, deep learning software has been developed to estimate liver iron concen-
tration (LIC) from MRI acquired across multiple centers and scanner platforms [12]. In an
independent test cohort of 1395 MRI scans, the AI approach showed close agreement with
expert reference interpretation and achieved sensitivities and specificities exceeding 90%
for clinically relevant LIC thresholds [12]. Such systems could improve throughput, reduce
variability, and support wider dissemination of MRI-based iron quantification in centers
without specialized radiology expertise in hemoglobinopathies.

Similarly, deep-learning models have been reported for automated LIC staging from
multi-echo liver MRI [14]. HippoNet, a convolutional neural network framework, demon-
strated strong performance for classifying iron burden categories and supporting standard-
ized interpretation across sites [15,16]. In conventional practice, MRI-based LIC estimation
using R2* relaxometry often relies on manual region-of-interest (ROI) placement, and
variability can arise from differences in ROI strategy (e.g., multiple small ROIs versus
whole-liver ROI); whole-liver ROI approaches have been reported to provide more consis-
tent estimates in some settings [17]. Automated approaches may therefore reduce operator
dependence and facilitate harmonized longitudinal follow-up.

Beyond quantification, AI may support risk stratification for iron-related compli-
cations. By analyzing longitudinal trajectories of ferritin, LIC, cardiac T2*, and related
laboratory markers, machine learning models could potentially identify patients at in-
creased short-term risk of cardiomyopathy or endocrine dysfunction and prompt earlier
escalation of chelation intensity or cardiac surveillance. Although these predictive applica-
tions remain investigational, they represent a logical extension of automated measurement
pipelines toward clinically actionable decision support.

3. Standard Management of Thalassemia
3.1. Transfusion Therapy

Chronic red blood cell transfusion is the cornerstone of care for patients with
transfusion-dependent β-thalassemia major. Transfusion programs are typically initiated
in early childhood when severe anemia becomes clinically apparent and are continued
lifelong unless a curative intervention becomes feasible. The usual objective is to maintain a
pre-transfusion hemoglobin concentration of approximately 9–10 g/dL, which suppresses
ineffective erythropoiesis and mitigates symptoms of inadequate tissue oxygen delivery,
including fatigue, skeletal changes, and impaired growth [18,19]. With contemporary trans-
fusion and supportive protocols, survival has improved substantially, and many patients
now reach mid-adulthood and beyond; historically, untreated children rarely survived past
early adolescence [20].

Despite these gains, transfusion therapy carries important risks, including alloimmu-
nization, transfusion reactions, and transmission of infectious agents [21,22]. Although
these risks have been reduced through systematic measures—such as leukoreduction, im-
proved compatibility testing, and stringent donor screening—ongoing vigilance remains
essential [23]. In addition, the need for hospital-based transfusions every 2–5 weeks con-
tributes significantly to treatment burden and negatively affects health-related quality of
life. Recent refinements in transfusion practice aim to reduce transfusion-related morbidity
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while preserving effective suppression of ineffective erythropoiesis. These include broader
use of leukoreduced components, extended red cell antigen matching (and, where avail-
able, genotyping) to reduce alloimmunization, and individualized transfusion intervals
guided by clinical targets and iron-burden monitoring. Standardized dosing strategies and
protocol-driven care pathways have also been emphasized to improve patient-centered
outcomes [24,25].

3.2. Iron Chelation Therapy

The lifesaving benefits of chronic transfusion are accompanied by progressive iron ac-
cumulation because each unit of packed red blood cells contains approximately 200–250 mg
of iron and humans lack a physiological mechanism for active iron excretion. Without ade-
quate chelation, transfusional iron overload leads to iron deposition in the liver, heart, and
endocrine organs, resulting in complications such as hepatic fibrosis/cirrhosis, siderotic
cardiomyopathy with heart failure, and endocrine dysfunction (e.g., diabetes mellitus and
hypogonadism). Historically, iron overload was a leading cause of death in β-thalassemia
major, and survival to near-normal life expectancy was uncommon. Accordingly, iron
chelation therapy is required for all patients receiving chronic transfusions [4,18].

3.3. Iron Chelators

Three chelators are in routine clinical use, each with distinct administration routes,
pharmacologic profiles, and organ-specific effects.

Deferoxamine (DFO). Deferoxamine is a hexadentate chelator administered by sub-
cutaneous infusion (or intravenously in selected circumstances), typically over 8–12 h on
5–7 nights per week. Introduced in the 1970s, DFO markedly improved survival, par-
ticularly by reducing cardiac iron toxicity. However, parenteral administration and the
intensity of the infusion regimen can limit adherence and long-term acceptability.

Deferiprone (DFP). Deferiprone is an oral bidentate chelator introduced in the 1990s
and is commonly administered three times daily. It is particularly effective for myocardial
iron removal and is often used in combination with DFO in patients with high cardiac
iron burden to achieve additive or synergistic iron clearance. Clinically important adverse
effects include neutropenia/agranulocytosis risk and gastrointestinal intolerance.

Deferasirox (DFX). Deferasirox is an oral tridentate chelator introduced in the mid-
2000s and is typically administered once daily. It is widely used because of its convenience
and effectiveness for liver iron reduction. The film-coated tablet formulation (Jadenu®

(Novartis, Basel, Switzerland)) is generally better tolerated than the dispersible tablet
formulation (Exjade®). Notable adverse effects include renal dysfunction and hepatic
enzyme elevation in a subset of patients, necessitating regular laboratory monitoring.

Because chelators differ in binding characteristics, tissue distribution, and tolerability,
therapy should be individualized to iron burden, organ involvement, comorbidities, and
patient preference. Combination regimens (e.g., DFO plus DFP) may be used in selected
patients to intensify iron removal, particularly when cardiac iron burden is severe [19].
Aggressive and appropriately monitored chelation has enabled many patients to reach
adulthood without iron-related cardiac failure or severe endocrine sequelae. Nonetheless,
chelation remains challenging: adherence limitations—especially with DFO—and toxicities
associated with oral chelators can compromise effectiveness, particularly in those with
high iron burden. Strategies to optimize chelation intensity and explore complementary
approaches (e.g., hepcidin mimetics to reduce iron absorption) remain active areas of inves-
tigation. Table 2 provides a practical comparison of commonly used chelators, highlighting
administration, monitoring, and key safety considerations.
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Table 2. Common iron chelators used in thalassemia: practical comparison for clinical use.

Chelator Route/Typical Schedule Relative Strength
(Practical)

“Organ Preference”
(Clinical Shorthand) Key Monitoring Common Adverse

Effects/Safety Concerns Common Use Patterns

Deferoxamine (DFO)

Subcutaneous infusion
(often overnight) or

intravenous; multi-hour
infusions several

days/week

High chelation capacity but
adherence-limited

Historically strong for
cardiac iron when

intensively used; also
effective for liver iron

Ferritin trends; liver iron
concentration (MRI); cardiac
T2* MRI; auditory/visual
exams (long-term); growth

in pediatrics

Infusion burden; local
reactions; ototoxicity/visual

toxicity (dose-related);
growth/bone effects

(children); infections with
certain organisms (rare)

Best when oral options
fail/intolerable; intensified

regimens for severe
overload; combo with DFP

for severe cardiac iron

Deferiprone (DFP) Oral; typically multiple
daily doses

Moderate–high; strong
myocardial effect in

many studies

Often favored for
myocardial iron (especially

when cardiac T2* is low)

Absolute neutrophil count
(strict); ferritin; liver

enzymes; MRI LIC/T2* as
indicated

Neutropenia/agranulocytosis
risk; gastrointestinal effects;
arthralgia; ↑ liver enzymes

Used alone in some;
commonly combined with

DFO in high cardiac
iron burden

Deferasirox (DFX) Oral once daily
(formulation-dependent)

High convenience; effective
hepatic iron reduction

Often strong for liver iron;
cardiac benefit accrues with

sustained use

Serum creatinine/eGFR;
urine protein; liver

enzymes; ferritin; MRI LIC;
cardiac T2* as needed

Renal
dysfunction/proteinuria;
hepatic enzyme elevation;

GI intolerance; rash

Common first-line oral
chelator; adherence

advantage; adjust dosing to
iron intake and tolerability

Monitoring frequency and eligibility differ by guideline, age, baseline organ iron, and comorbidities. Cardiac and liver iron assessment is typically MRI-based (cardiac T2*; liver iron
concentration). MRI, magnetic resonance imaging; T2*, cardiac MRI relaxometry parameter; LIC, liver iron concentration. Notes: ↑, increase/improvement.
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3.4. Supportive Care

Comprehensive management extends beyond transfusion and chelation and includes
prevention and treatment of complications, nutritional support, and psychosocial care.
Folate supplementation is commonly used to support erythropoiesis in the setting of
chronic hemolysis. Endocrine complications—including hypogonadism, growth impair-
ment, and hypothyroidism—require systematic screening and appropriate hormone re-
placement when indicated. Bone disease is common; calcium and vitamin D supple-
mentation are frequently recommended, and bisphosphonates may be considered for
established osteoporosis.

For patients with symptomatic hypersplenism, marked splenomegaly, or escalating
transfusion requirements, splenectomy may be considered, although its use has declined
because of increased risks of infection and thrombosis. Preventive strategies, including
vaccination (e.g., hepatitis B) and monitoring for transfusion-transmitted infections, remain
essential components of long-term care. Overall, the complexity and multisystem nature
of thalassemia necessitate a multidisciplinary approach, particularly as survival improves
and patients age into adulthood.

Despite major advances, standard therapy is not curative and imposes a substantial
lifelong treatment burden. This underscores the importance of emerging interventions
discussed in subsequent sections, especially those with the potential to achieve cure or
meaningfully reduce transfusion dependence.

4. Curative Therapies
4.1. Allogeneic Hematopoietic Stem Cell Transplantation (HSCT)

Allogeneic hematopoietic stem cell transplantation (HSCT) involves infusion of
hematopoietic stem cells from a healthy donor into a patient with thalassemia to establish
durable donor-derived erythropoiesis and thereby achieve cure. First reported in the 1980s,
HSCT has become an established curative modality, with the best outcomes observed in
children and adolescents. In most centers, thalassemia-free survival exceeds 80–90% among
patients receiving a Human Leukocyte Antigen (HLA)-matched sibling transplant [6]. In
low-risk children—typically defined by absence of advanced iron overload and preserved
organ function at the time of transplantation—overall survival and cure rates may exceed
90% [6]. Although success rates decline in older patients and those with higher baseline
risk, advances in transplant technique and supportive care have improved outcomes across
broader patient groups.

Early transplantation—ideally before clinically significant iron-related organ injury
develops—is consistently associated with superior outcomes [6]. Patients presenting with
hepatic fibrosis, poor iron control, or other comorbidities have higher risks of transplant-
related mortality, graft failure, and complications. Prognostic scoring systems, such as
the Pesaro criteria, help stratify risk using variables including liver size, iron burden, and
chelation history. In parallel, improvements in conditioning regimens (e.g., treosulfan- or
fludarabine-based approaches and individualized busulfan dosing) and more effective
graft-versus-host disease (GVHD) prophylaxis have increased the safety of HSCT. The use
of matched unrelated donors and alternative donor platforms (including haploidentical
family donors and umbilical cord blood) has expanded access; however, outcomes remain
less favorable than those achieved with HLA-matched sibling donors [20].

Despite its curative potential, HSCT is available to only a minority of patients world-
wide. It has been estimated that fewer than 10% of transplant-eligible patients ultimately
undergo HSCT [7]. The major constraint is limited availability of suitable HLA-matched
donors, particularly in regions with smaller family sizes and limited donor registries. In
addition, the infrastructure required for safe transplantation—including experienced trans-
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plant centers, supportive services, and long-term follow-up—is not universally accessible,
especially in low-resource settings where thalassemia prevalence is high. HSCT also carries
clinically important risks that must be weighed during decision-making, including GVHD,
graft failure, and regimen-related toxicities (e.g., infertility, secondary malignancies, and
organ injury). Nevertheless, for appropriately selected patients, successful HSCT offers
durable freedom from transfusion dependence and its downstream complications.

In summary, allogeneic HSCT is a well-established curative option for thalassemia with
excellent outcomes in carefully selected candidates, particularly those treated early and with
optimal donor matching [6,7]. Ongoing efforts focus on improving safety and expanding
donor availability—such as haploidentical transplantation with immune modulation—
yet the limitations of HSCT continue to drive rapid development of alternative curative
strategies, most notably gene-based therapies.

4.2. Gene Therapy
Gene Addition (Lentiviral) Therapy

Gene addition therapy for β-thalassemia is based on autologous modification of
hematopoietic progenitor cells to enable sustained production of functional β-globin.
This is typically accomplished through ex vivo transduction of patient-derived CD34+
hematopoietic stem and progenitor cells using a lentiviral vector carrying a functional
β-globin gene and regulatory elements. After collection and laboratory processing, the
transduced cells are reinfused following myeloablative conditioning—commonly busulfan-
based—to facilitate engraftment [21,22]. The modified cells home to the bone marrow
and generate erythroid progeny that express the introduced β-globin, thereby increasing
hemoglobin levels and reducing transfusion requirements.

This strategy culminated in betibeglogene autotemcel (Zynteglo®), which deliv-
ers a βA-T87Q globin gene via a lentiviral vector. In August 2022, the U.S. Food and
Drug Administration approved betibeglogene autotemcel for adult and pediatric patients
with β-thalassemia who require regular red blood cell transfusions [23]. The European
Medicines Agency approved the therapy earlier (2019). Clinical trial outcomes have been
notable: in a pivotal phase III study, 20 of 22 evaluable patients (91%) with transfusion-
dependent thalassemia and non-β0/β0 genotypes achieved transfusion independence after
treatment [24]. Responders maintained hemoglobin concentrations that were typically
above 10 g/dL over extended follow-up [24]. Pediatric outcomes were broadly compara-
ble to adult outcomes in these trials. In patients with more severe genotypes, response
rates were lower but remained clinically meaningful, and ongoing studies are expanding
eligibility criteria to include a wider range of genotypes.

For many patients, achieving transfusion independence represents a major clinical
milestone that is often described as a “functional cure,” given elimination of chronic
transfusion dependence and progressive transfusional iron loading. Some patients may
still require temporary chelation or phlebotomy early after therapy to address pre-existing
iron overload; over time, organ iron can decline as transfusions cease and iron removal
continues. Patients who become transfusion-independent frequently report substantial
improvement in quality of life (QOL).

Important limitations remain. Gene addition therapy is intensive and resource-
demanding and resembles an autologous transplant workflow, requiring mobilization
or marrow harvest, high-dose conditioning chemotherapy, specialized cell processing,
and prolonged monitoring. Conditioning-related toxicities (e.g., mucositis, cytopenias,
infection risk, and transient alopecia) are common, and long-term risks include infertility.
From a vector-safety perspective, lentiviral platforms are engineered to minimize inser-
tional activation of oncogenes, and to date, thalassemia studies have not reported clonal
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dominance or vector-associated malignancy; nonetheless, long-term follow-up remains
essential. Not all patients achieve transfusion independence, and responses may be less
robust in the most severe genotypes (including β0/β0), in which some patients remain
transfusion-reduced rather than transfusion-free. Although the FDA-approved indication
is based on transfusion requirements, evidence in specific subpopulations continues to
evolve, and ongoing work seeks to refine patient selection and optimize vector design and
delivery to improve efficacy across genotypes.

In conclusion, lentiviral gene addition therapy offers a one-time intervention with the
potential to eliminate lifelong transfusion dependence and reduce iron-related morbidity,
but its implementation is constrained by complexity, cost, and specialized infrastructure.
The 2022 FDA approval represents a major advance; however, broad access remains limited
because therapy acquisition and delivery costs and the need for highly specialized centers
are prohibitive in many settings. As real-world experience expands, costs may decline and
may be partially offset by long-term reductions in transfusion- and complication-related
healthcare utilization.

4.3. Gene Editing

In addition to gene addition, genome-editing approaches—particularly CRISPR/Cas9—
have been developed for thalassemia with the goal of modifying endogenous gene regulation
to ameliorate the underlying pathophysiology. Rather than introducing a new β-globin
gene, these strategies edit the patient’s genome to restore a more favorable globin expression
balance. A leading approach targets regulatory pathways that reactivate fetal hemoglobin
(HbF), an observation supported by the clinical phenotype of hereditary persistence of fetal
hemoglobin [25]. This has motivated therapeutic editing of BCL11A, a transcriptional repressor
that suppresses HbF in erythroid cells [26]. By editing an erythroid-specific enhancer of
BCL11A in autologous stem cells, CRISPR-based therapy can reduce BCL11A activity in
erythroid progeny and thereby induce robust HbF expression in circulating red blood cells [27].

Exagamglogene autotemcel (exa-cel; formerly CTX001) is the most advanced clinical
implementation of this concept. In early clinical experience, treated transfusion-dependent
thalassemia (TDT) patients achieved transfusion independence following a single infusion
of edited autologous cells [28]. In a subsequent cohort of 44 individuals with transfusion-
dependent β-thalassemia, 42 (95%) achieved transfusion independence, while the remain-
ing patients experienced substantial reductions in transfusion requirements. These out-
comes have been reported in peer-reviewed clinical trial publications, including detailed
endpoints on durability and safety in transfusion-dependent β-thalassemia [28]. Longitudi-
nal follow-up from initially treated patients has shown sustained transfusion independence
with persistently high HbF levels for more than three years [29]. Conceptually, this ap-
proach harnesses endogenous fetal globin expression rather than relying on transgene
expression, offering a potentially genotype-agnostic mechanism because HbF can function-
ally substitute for deficient adult β-globin.

On 16 January 2024, the U.S. Food and Drug Administration approved exagamglogene
autotemcel (CASGEVY™; exa-cel), a CRISPR/Cas9-edited autologous hematopoietic stem
cell therapy, for patients aged 12 years and older with transfusion-dependent β-thalassemia.
The clinical workflow parallels autologous gene therapy, including stem cell collection,
myeloablative conditioning, and reinfusion. Reported adverse events are predominantly
conditioning-related (e.g., cytopenias and infection risk). To date, no major safety signals
attributable to off-target editing have been reported; however, long-term surveillance
remains essential to evaluate durability and late adverse effects. Emerging trial data suggest
benefits across a range of genotypes, including severe genotypes, consistent with the
mechanistic premise that HbF induction can compensate for deficient adult β-globin [25].
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The availability of both lentiviral gene addition and CRISPR-based gene editing
represents a transformative shift in the therapeutic landscape for β-thalassemia. These
approaches offer curative-intent alternatives for patients without suitable HLA-matched
donors or for those unable to undergo allogeneic transplantation. Nonetheless, major
implementation challenges remain—particularly access, affordability, and the need for
specialized centers—especially in high-burden, resource-limited regions. Even so, the
proof-of-concept is now well established: a single administration of genetically modified
autologous stem cells can achieve durable transfusion independence in many patients
with β-thalassemia. Continued innovation is expected to improve conditioning tolerability,
expand applicability across genotypes and age groups, and potentially extend curative
strategies to α-thalassemia.

5. Progress in Drug Development and Disease-Modifying Therapies
Several pharmacologic agents have been evaluated to improve anemia and reduce

transfusion burden in thalassemia, particularly for patients who lack access to curative
interventions. These therapies act through diverse mechanisms, including promotion of
erythroid maturation, induction of fetal hemoglobin (HbF), and improvement of red cell
metabolism. Below, we summarize the most clinically relevant advances in this area.

5.1. Luspatercept and Enhancement of Erythropoiesis

Luspatercept is an erythroid maturation agent that has expanded disease-modifying
options for β-thalassemia. It is a recombinant fusion protein derived from activin receptor
type IIB (ActRIIB) that functions as a ligand trap for selected transforming growth factor-
beta (TGF-β) superfamily ligands involved in late-stage erythropoiesis [27]. By reducing
aberrant SMAD2/3 signaling—implicated in ineffective erythropoiesis—luspatercept pro-
motes terminal erythroid maturation and increases production of functional red blood cells.
Ineffective erythropoiesis is a central feature of β-thalassemia and contributes to anemia,
marrow expansion, and downstream complications; luspatercept addresses this pathophys-
iology by increasing the proportion of erythroid precursors that mature successfully.

Clinical trials have demonstrated that luspatercept can reduce transfusion require-
ments in adults with transfusion-dependent β-thalassemia. In the phase 3 BELIEVE trial, a
significantly higher proportion of patients receiving luspatercept achieved at least a 33%
reduction in transfusion burden compared with placebo (21% vs. 4.5% over 12 weeks), with
some patients achieving reductions exceeding 50% [28]. In non–transfusion-dependent
populations, luspatercept has been associated with hemoglobin increases on the order of
1–2 g/dL in clinical studies. These data supported approval of luspatercept in 2019 as
the first pharmacologic agent shown to modify transfusion burden in β-thalassemia [29].
Luspatercept is administered subcutaneously every three weeks and is used primarily
in adults with transfusion-dependent thalassemia (TDT) to reduce transfusion volume
and, in selected patients with non–transfusion-dependent thalassemia (NTDT), to improve
anemia-related symptoms.

In real-world practice, some patients experience meaningful extension of transfusion
intervals, and a subset may achieve periods of transfusion independence, often accompa-
nied by improvements in quality of life [30,31]. Reduced transfusion exposure may also
lessen the rate of iron accumulation over time. Luspatercept is generally well tolerated;
the most commonly reported adverse effects include bone pain, arthralgia, dizziness, and
occasional hypertension. Evidence in pediatric populations remains limited, and ongoing
studies are evaluating efficacy and safety in younger patients and in those with very high
baseline transfusion requirements. Sotatercept (an ActRIIA-Fc fusion protein) was evalu-
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ated earlier in related pathways; however, development in this indication did not progress,
and luspatercept demonstrated the most compelling efficacy in β-thalassemia.

Long-term follow-up indicates that responses can be durable, although not all patients
respond and some may experience waning benefit over time. Predictors of response are not
fully defined; lower endogenous erythropoietin levels and lower baseline transfusion bur-
den have been associated with greater likelihood of benefit in some analyses. Future work
will clarify optimal patient selection and evaluate rational combinations with other agents.
Overall, luspatercept represents a substantial advance by offering a disease-modifying
option that targets ineffective erythropoiesis beyond transfusion and chelation alone.

5.2. Induction of Fetal Hemoglobin: Thalidomide and Other Agents

An established disease-modifying strategy in hemoglobinopathies is pharmacologic
induction of fetal hemoglobin (HbF). Because HbF can partially substitute for deficient
adult β-globin, increasing HbF may improve anemia and reduce transfusion burden in
β-thalassemia. This approach is well established in sickle cell disease and has been inves-
tigated in β-thalassemia intermedia and other non–transfusion-dependent phenotypes,
where increases in HbF and total hemoglobin can translate into clinical benefit.

Hydroxyurea. Hydroxyurea is an oral agent that induces HbF and has been used for
decades in β-thalassemia, particularly in non–transfusion-dependent thalassemia (NTDT).
In selected NTDT patients, hydroxyurea has been associated with hemoglobin increases of
approximately 1–2 g/dL and reduced transfusion requirements [32,33]. However, responses
are heterogeneous and generally less robust than those observed in sickle cell disease.
A proportion of patients demonstrate meaningful benefit, while others show minimal
response, and hydroxyurea is therefore used variably by region—often as a second-line or
adjunctive option in NTDT.

Thalidomide. Thalidomide, a teratogenic immunomodulatory agent, has emerged
as one of the most potent oral HbF inducers reported in thalassemia studies. Proposed
mechanisms include epigenetic modulation and activation of signaling pathways such
as p38 MAPK, with downstream effects on γ-globin expression [34,35]. Across studies
in transfusion-dependent thalassemia, thalidomide has been associated with substantial
hematologic responses, including reductions in transfusion burden (often ≥50%) and/or
clinically meaningful hemoglobin increases at doses commonly ranging from 50 to 100
mg/day. Meta-analytic data have reported high overall response rates, with a substantial
proportion of patients achieving transfusion cessation in some cohorts [36,37]. In NTDT,
response rates may be even higher, with reported mean hemoglobin increases on the order
of ~2–3 g/dL in some analyses [29,38]. Collectively, these findings suggest that thalidomide
can convert some patients from a transfusion-dependent to a less transfusion-intensive
phenotype, although response definitions and study designs vary.

Individual studies further support these observations. Yassin et al. reported clinically
meaningful hematologic improvement in multi-transfused β-thalassemia patients receiving
thalidomide [39], and Li et al. reported hemoglobin increases and reduced transfusion needs
in pediatric cohorts [40]. Consequently, in some settings—particularly where advanced
therapies are not accessible—thalidomide has been adopted as a pragmatic option for
selected patients with substantial transfusion burden.

Thalidomide use is limited by clinically important toxicities, including sedation, con-
stipation, peripheral neuropathy, and an increased risk of thromboembolic events; hy-
pothyroidism has also been reported [41,42]. It is contraindicated in pregnancy because
of its well-established teratogenicity, and stringent risk-management measures (including
pregnancy testing and effective contraception) are mandatory for patients of childbearing
potential [43]. Although many adverse events are manageable with dose adjustments and
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interruptions, long-term safety in thalassemia remains incompletely characterized because
most studies have relatively short follow-up (typically 1–2 years) [44,45].

Other HbF-directed agents. Other pharmacologic approaches have been explored,
but results have generally been less consistent than those reported for thalidomide. For
example, the DNA methyltransferase inhibitor decitabine, sometimes combined with
erythropoietin, has demonstrated HbF induction in small studies, including in hemoglobin
E/β-thalassemia [46,47]. However, intravenous administration and the risk of cytopenias
limit widespread use. Histone deacetylase inhibitors have also been evaluated preclinically
as γ-globin reactivators, though clinical translation remains limited.

In summary, thalidomide appears to be an effective and comparatively low-cost oral
HbF inducer in selected thalassemia populations, which may be particularly relevant in
resource-limited settings where transfusion optimization, HSCT, and gene-based therapies
are less accessible. Ongoing controlled trials are needed to better define its risk–benefit
profile, optimal dose and duration, and the patient subgroups most likely to benefit with
acceptable toxicity. Future strategies may include development of safer analogues and
rational combinations (e.g., with luspatercept or hydroxyurea) to enhance efficacy while
minimizing adverse effects.

5.3. Pyruvate Kinase Activators (Mitapivat)

A complementary approach to improving anemia in thalassemia is to enhance red
cell metabolic capacity and thereby improve erythrocyte survival. Thalassemic red blood
cells exhibit metabolic and structural abnormalities that shorten lifespan and contribute to
hemolysis. Mitapivat is an oral activator of red cell pyruvate kinase (PK), a key glycolytic
enzyme that regulates adenosine triphosphate (ATP) generation. By increasing PK activity,
mitapivat raises ATP levels, improves membrane stability, and may reduce hemolysis. Fol-
lowing its initial approval for pyruvate kinase deficiency, mitapivat has been investigated
in other hemolytic anemias, including thalassemia.

In non–transfusion-dependent α- or β-thalassemia, the phase 3 ENERGIZE study
reported that 42% of participants receiving mitapivat achieved a hemoglobin increase
of ≥1 g/dL sustained for at least 12 weeks, compared with 2% in the placebo group
(p < 0.0001) [48,49]. Among responders, the mean hemoglobin increase was approximately
1.7 g/dL. Patient-reported outcomes also suggested improvements in fatigue and exer-
cise tolerance, including performance measures such as the 6-min walk distance [50,51].
Adverse events were generally mild to moderate, with headache, insomnia, and nausea
reported most commonly, and serious adverse event rates were similar to placebo in the
available reports [52].

Mitapivat has also been evaluated in transfusion-dependent thalassemia (TDT), in-
cluding the ENERGIZE-T program. Early-phase data suggest that mitapivat may reduce
transfusion requirements in a subset of patients, and some individuals have achieved
substantial reductions or transient transfusion independence in preliminary studies [53,54].
Phase 3 results in TDT are awaited. Importantly, mitapivat does not directly address globin
chain imbalance; rather, it targets downstream consequences of thalassemia, including
red cell fragility and shortened survival. This mechanistic profile supports consideration
of mitapivat as a complementary agent, potentially used alongside therapies that target
ineffective erythropoiesis or HbF induction (e.g., luspatercept or thalidomide), pending
confirmatory clinical trial data.

On 5 January 2026, the U.S. Food and Drug Administration approved mitapivat
(Aqvesme) for the treatment of anemia in adults with α- or β-thalassemia, and it has also
received regulatory authorization in Saudi Arabia for adult thalassemia indications [55].
Mitapivat therefore represents a first-in-class example of metabolic modulation as a thera-
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peutic strategy in thalassemia. Ongoing studies will refine its optimal positioning, including
use in combination regimens and evaluation in pediatric populations.

5.4. Other Emerging Drugs

Beyond the agents discussed above, several additional therapeutic classes are under
investigation for thalassemia, targeting iron regulation, erythroid stress pathways, and
broader modifiers of erythropoiesis:

Hepcidin mimetics and modulators. Dysregulated iron homeostasis—particularly
suppressed hepcidin and increased intestinal iron absorption—is a key contributor to iron
loading, especially in NTDT. Accordingly, agents that increase hepcidin activity or suppress
ferroportin are being developed. Rusfertide (PTG-300) is a hepcidin mimetic with early-
phase human pharmacokinetic and pharmacodynamic data; its clinical role in thalassemia
remains investigational [56].

mTOR inhibitors. The mechanistic target of rapamycin (mTOR) pathway is impli-
cated in cellular stress responses, and inhibition may influence ineffective erythropoiesis
and globin chain toxicity. Pilot clinical data in β-thalassemia suggest that sirolimus may
modestly increase γ-globin/HbF in selected patients, while preclinical studies support
an autophagy-mediated reduction in toxic globin-chain accumulation; larger controlled
studies are needed to establish efficacy and safety [57–59].

JAK2/STAT5 pathway modulation. Erythropoietin receptor signaling through
JAK2/STAT5 is central to erythroid proliferation and differentiation. Although no es-
tablished JAK2/STAT5-targeted therapy is currently approved for thalassemia, this axis
remains of interest as a potential lever to modulate erythroid maturation and reduce
ineffective erythropoiesis in select contexts [60].

Natural and preclinical agents. Several compounds with antioxidant and anti-
apoptotic properties, such as quercetin, have been evaluated in preclinical models and
cell-based systems. While these agents may influence hypoxia signaling and erythroid stress
pathways, evidence remains insufficient to support routine clinical use, and translation will
require rigorous clinical evaluation.

Combination strategies. Combination therapy is an emerging area of interest, moti-
vated by the multifactorial biology of thalassemia. Rational combinations—such as pairing
luspatercept with an HbF inducer (e.g., thalidomide) or combining mitapivat with agents
targeting ineffective erythropoiesis—may yield additive benefit by addressing distinct
mechanisms. Early reports and case series suggest potential utility, but randomized clinical
trials are required to define efficacy, safety, and optimal sequencing.

Overall, the pharmacologic treatment landscape for thalassemia is expanding rapidly.
As novel agents enter practice, cost and equitable access will be critical considerations, par-
ticularly in low-resource, high-burden regions. In this context, clinicians will increasingly
need to individualize therapy based on disease phenotype, transfusion intensity, comor-
bidity profile, and local availability—balancing efficacy, safety, and feasibility to achieve
meaningful improvements in anemia, transfusion burden, and long-term complications.

6. Iron Overload Management
Effective management of iron overload is a central determinant of long-term outcomes

in thalassemia and directly influences the safety and success of all therapeutic modalities.
Even as disease-modifying agents reduce transfusion requirements and curative approaches
become more widely available, many patients enter these pathways with substantial pre-
existing iron burden that must be addressed to prevent irreversible end-organ injury. This
section summarizes contemporary approaches to iron overload management, including
advances in chelation delivery, monitoring, and adjunctive strategies.
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6.1. Chelation Therapy Updates

As outlined in standard management, the three principal chelators—deferoxamine
(DFO), deferiprone (DFP), and deferasirox (DFX)—remain the foundation of iron removal in
transfused patients. Recent progress has largely reflected optimization of existing therapies
rather than introduction of new chelators. A notable advance has been the development of
the film-coated deferasirox formulation (Jadenu® (Novartis, Basel, Switzerland)), which
can be swallowed whole and replaces the older dispersible formulation (Exjade®). This
formulation has improved gastrointestinal tolerability and dosing convenience and has
been associated with high patient satisfaction without loss of efficacy after conversion from
dispersible tablets [61,62].

Contemporary chelation practice increasingly emphasizes individualized dose titra-
tion guided by quantitative iron assessment. Intensification strategies are commonly
applied in patients with high liver iron concentration (LIC) and/or evidence of myocardial
iron loading assessed by cardiac T2* (an MRI relaxometry measure of myocardial iron),
whereas dose de-escalation is used after achievement of low iron levels to reduce the risk
of over-chelation and toxicity.

Combination chelation remains an important strategy for patients with severe sys-
temic iron overload or organ-specific iron burden that is inadequately controlled with
monotherapy. The most established regimen is combined subcutaneous DFO and oral
DFP. Long-term studies of DFO plus DFP demonstrate enhanced cardiac iron removal
and improved cardiac outcomes compared with DFO alone, supporting its use in patients
with significant myocardial iron loading or iron-related cardiomyopathy [63,64]. Dual oral
chelation (DFP plus DFX) has also been used in selected settings to improve feasibility
and adherence, with smaller studies suggesting reductions in liver iron and serum ferritin;
however, careful monitoring is required because of the potential for additive toxicities.
Triple chelation (DFO plus DFP plus DFX) has been reported in extreme iron overload,
but evidence remains limited, and such approaches should be reserved for highly selected
cases under expert supervision.

6.2. Monitoring Advances

Accurate assessment of iron burden is essential to guide chelation intensity, monitor
response, and prevent end-organ complications. Serum ferritin remains widely used
for longitudinal surveillance but is an imperfect surrogate because it is influenced by
inflammation and liver injury. Consequently, magnetic resonance imaging (MRI)–based
iron quantification has become standard in many settings. Cardiac T2* MRI provides a
validated measure of myocardial iron and has prognostic value, as low T2* values are
associated with increased risk of heart failure. Hepatic iron can be quantified using MRI-
based relaxometry (e.g., R2*, an MRI parameter used to estimate liver iron concentration),
providing an objective estimate of liver iron concentration. Longitudinal, organ-specific
MRI monitoring is increasingly emphasized to guide chelation escalation/de-escalation
and to reduce iron-related morbidity [61].

Additional advances include improved standardization of MRI acquisition and cal-
ibration protocols, as well as broader availability of specialized software platforms and
commercial services that support interpretation and longitudinal tracking. Beyond imag-
ing, several circulating biomarkers—including hepcidin, soluble transferrin receptor, and
non–transferrin-bound iron—are under investigation as complementary tools for risk strat-
ification and monitoring of iron toxicity; however, these remain investigational and are not
yet routinely implemented in clinical practice.
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6.3. Hepcidin Agonists and Iron-Restriction Strategies

A developing adjunctive approach to iron overload management is therapeutic mod-
ulation of hepcidin, the master regulator of systemic iron homeostasis. In β-thalassemia,
hepcidin is inappropriately suppressed by signals arising from ineffective erythropoiesis,
leading to increased intestinal iron absorption and enhanced iron release from macrophages.
This mechanism is particularly relevant in non–transfusion-dependent thalassemia (NTDT),
in which progressive iron loading can occur even in the absence of transfusions. Strategies
to increase hepcidin activity include synthetic hepcidin analogues (e.g., mini-hepcidins)
and pharmacologic induction of endogenous hepcidin production. Although some drugs
(e.g., certain protease inhibitors) have been observed to increase hepcidin in experimental
contexts, they have not demonstrated a practical role in thalassemia care.

Rusfertide (PTG-300), an injectable hepcidin mimetic in clinical development for
disorders of iron dysregulation, is of particular interest as a potential iron-restriction
strategy. In principle, periodic administration could reduce intestinal iron absorption
and complement chelation—especially in NTDT patients with ongoing iron accumulation
driven by increased absorption. To date, however, hepcidin agonists are not established
therapies for thalassemia, and their clinical positioning will depend on efficacy, safety, and
integration with existing chelation regimens.

6.4. Organ-Selective Iron Depletion

Chelators differ in their relative effectiveness for iron removal from specific organs.
Clinically, deferiprone has been associated with favorable myocardial iron clearance,
whereas deferasirox is often effective for liver iron reduction; selected combinations may
therefore be used to target mixed patterns of iron loading. Optimizing iron removal from
endocrine organs (e.g., pituitary gland and pancreas) remains challenging, and ongoing
work seeks to refine chelation strategies that better prevent endocrine morbidity. Evidence
suggests that early, adequately intensive chelation may reduce the risk of hypogonadism
and other endocrine complications. In addition, in post-splenectomy patients—who may
exhibit altered iron distribution with increased macrophage iron sequestration—chelators
with intracellular activity (including DFP) may offer practical advantages in selected cases.

6.5. Addressing Toxicities and Safety Monitoring

Chelation therapy requires systematic safety monitoring and dose adjustment. DFO
may cause growth impairment when used at high doses or initiated very early; contempo-
rary practice therefore tailors dosing to body weight and iron indices and often prioritizes
oral agents in younger children when feasible. DFP carries a rare but serious risk of agran-
ulocytosis, necessitating regular absolute neutrophil count monitoring during treatment.
DFX is associated with renal and hepatic adverse effects in a subset of patients; monitoring
of serum creatinine/eGFR, urine protein, and liver enzymes is therefore required, with
dose modification as needed. These structured safety protocols are essential to maximize
efficacy while minimizing preventable toxicity during long-term therapy.

6.6. Patient Adherence

Adherence is a major determinant of chelation effectiveness and remains a persistent
challenge, particularly for adolescents and young adults managing lifelong therapy. The
burden of nightly infusions (DFO) or multiple daily oral dosing regimens can contribute to
treatment fatigue, interruptions, and suboptimal iron control. Adherence-support strategies
include patient and caregiver education, structured psychosocial support, simplification of
regimens when possible, and use of enabling technologies (e.g., lightweight programmable
infusion pumps for DFO and digital reminders for oral chelation). Peer-support pro-
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grams and patient communities have also been implemented in some centers to reinforce
adherence behaviors and normalize long-term self-management.

6.7. Summary

Iron overload management in thalassemia has advanced substantially through im-
proved chelator formulations, individualized dosing strategies, and broader availability
of MRI-based organ-specific monitoring. Nevertheless, iron removal remains a long-
term, resource-intensive process, and incomplete chelation continues to contribute to pre-
ventable morbidity. Looking ahead, reduced transfusion exposure from disease-modifying
therapies—and curative therapies that eliminate transfusion dependence—should pro-
gressively decrease iron loading in many patients; however, substantial pre-existing iron
burden will still require active management. For patients with severe overload, combina-
tion chelation and emerging adjunctive strategies (including hepcidin-based approaches)
may shorten the time to safe iron levels. In addition, artificial intelligence–enabled tools
(discussed in Section 7) may support risk stratification and personalization of monitoring
and chelation intensity by identifying patients at greatest risk for end-organ complications.
Even as curative strategies expand, rigorous control of iron burden will remain essential to
ensure that gains in survival translate into improved long-term health and quality of life.

7. Antioxidant and Supportive Therapies
Oxidative stress is a well-recognized component of thalassemia pathophysiology. In-

effective erythropoiesis, chronic hemolysis, and iron overload increase circulating and
intracellular pools of free iron, heme, and unpaired globin chains, which promote gener-
ation of reactive oxygen species (ROS). Excess ROS damages red blood cell membranes
and contributes to tissue injury, thereby participating in complications such as endothelial
dysfunction and progressive organ damage. Consequently, antioxidant therapy has been
investigated as an adjunct to standard care, with the aim of reducing oxidative injury and
potentially improving selected clinical and laboratory parameters.

Patients with thalassemia experience persistent oxidative stress related to hemolysis
and iron loading, which can contribute to cumulative cellular and organ injury [1,63]. This
has motivated evaluation of antioxidant co-therapies as supportive strategies to mitigate
oxidative damage alongside transfusion and chelation.

7.1. Natural Antioxidants

Several randomized or controlled studies have evaluated natural antioxidant adjuncts—
such as omega-3 fatty acids, Manuka honey, and Nigella sativa (black seed)—as add-on
therapies to standard transfusion and chelation regimens, reporting improvements in
selected oxidative stress biomarkers and, in some studies, iron indices and hematologic
parameters [2,3].

In one randomized trial, supplementation with omega-3 fatty acids (1000 mg fish
oil) combined with Manuka honey was associated with reductions in oxidative stress
markers and improvements in selected laboratory measures compared with standard care
alone [2,3]. The intervention was reported to reduce plasma 8-iso-prostaglandin F2α (a
lipid peroxidation marker) and to decrease lactate dehydrogenase (LDH), a marker of
hemolysis, relative to controls [4–6]. Improvements in lipid profile were also described,
including increased high-density lipoprotein cholesterol and normalization of low-density
lipoprotein cholesterol compared with controls [7,18]. Several reports additionally sug-
gested favorable changes in iron indices, with lower serum ferritin and serum iron levels
after prolonged supplementation compared with standard therapy [19,20]. In the same
trial series, hemoglobin levels were higher in the antioxidant arm, and fewer transfusion
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sessions were reported during follow-up compared with controls [21,22]. A subsequent
cost-effectiveness analysis suggested that omega-3 plus Manuka honey—and Manuka
honey alone—could be clinically beneficial in reducing oxidative stress biomarkers at
acceptable incremental cost compared with standard care [23,25].

A separate randomized trial examined N. sativa (black seed oil, rich in thymoquinone)
combined with Manuka honey as an adjunct to chelation therapy. The N. sativa plus
Manuka regimen was associated with a greater reduction in serum ferritin than control
regimens, and improvements were also reported in serum iron, transferrin saturation, and
liver enzymes (alanine aminotransferase and aspartate aminotransferase), suggesting atten-
uation of iron-associated oxidative injury [27–30]. Collectively, these studies indicate that
selected natural antioxidant adjuncts may improve oxidative stress biomarkers and some
iron-related indices, although heterogeneity in study design, populations, and endpoints
limits generalizability.

Overall, natural antioxidant adjuncts (e.g., omega-3 fatty acids, Manuka honey, and
black seed oil) may reduce oxidative stress markers and, in selected studies, improve
hematologic indices and transfusion burden [4,21]. However, these interventions should
be interpreted as supportive measures rather than disease-modifying therapy, and larger,
rigorously designed trials are needed to establish reproducible clinical benefit.

7.2. Vitamin E

Vitamin E (α-tocopherol) is a lipid-soluble antioxidant that protects cell membranes
from lipid peroxidation. Patients with thalassemia may exhibit low vitamin E levels due
to increased oxidative consumption, and supplementation has therefore been evaluated
in several studies. Available data suggest that high-dose vitamin E can reduce oxidative
damage markers (e.g., malondialdehyde) and may improve red blood cell stability and
survival [62,64,65]. A meta-analysis of randomized trials reported that pediatric patients
with transfusion-dependent thalassemia receiving vitamin E supplementation for several
months experienced modest increases in hemoglobin (approximately +0.5 to +1.0 g/dL)
and reductions in oxidative stress indices [40,66]. Vitamin E was generally well tolerated
in these studies at doses commonly ranging from 400 to 800 IU/day. Although very high
doses of vitamin E have theoretical bleeding risk, clinically significant coagulation effects
have not been prominent in the published thalassemia trials.

Vitamin E has also been studied as an adjunct to chelation therapy. Limited evidence
suggests that supplementation may improve hepatic oxidative injury and could poten-
tially support liver iron concentration response during deferasirox treatment, although
confirmatory studies are needed [67].

7.3. N-Acetylcysteine (NAC)

N-acetylcysteine (NAC) is a precursor of glutathione, a major intracellular antioxidant,
and has been investigated as a supportive therapy in thalassemia to restore redox balance.
Clinical studies in transfusion-dependent thalassemia have shown that NAC reduces
oxidative stress biomarkers such as F2-isoprostanes and protein carbonyls and may improve
neutrophil oxidative burst regulation by lowering intracellular ROS [68,69]. One study also
reported a modest reduction in infection frequency, potentially through improved immune
cell redox status [65].

NAC alone has not consistently produced substantial hemoglobin increases; however,
benefits on hemoglobin and overall antioxidant status have been reported when NAC
is used in combination with other antioxidants (including vitamin E). A meta-analysis
reported that NAC supplementation, similar to vitamin E, was associated with hemoglobin
increases in children with transfusion-dependent thalassemia on the order of ~0.5–1.0 g/dL
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and improved antioxidant indices [70]. NAC is available as an inexpensive oral sup-
plement and is generally well tolerated; typical dosing in studies has ranged around
10–15 mg/kg/day, with occasional gastrointestinal intolerance or sulfur odor as the most
commonly reported adverse effects.

7.4. Combination Antioxidant Regimens

Given the multifactorial nature of oxidative injury, combination antioxidant regimens
have also been evaluated. A clinical study using vitamin E, vitamin C, and NAC in
patients with hemoglobin E/β-thalassemia reported reductions in oxidative stress markers
with minimal changes in hemoglobin [71]. Another study in β-thalassemia/hemoglobin
E reported decreased oxidative stress, improved hemoglobin, and reduced markers of
hypercoagulability following a year of combination antioxidant supplementation [72].

The rationale for combination therapy is biologically plausible: vitamin E protects lipid
membranes, vitamin C can regenerate oxidized vitamin E and scavenge ROS, and NAC
supports intracellular glutathione synthesis. While generally considered safe at moderate
doses, evidence remains limited by small sample sizes and heterogeneous endpoints.
Common supplement schedules include vitamin E (400–800 IU/day) plus vitamin C (e.g.,
500 mg/day). Vitamin C may also increase iron mobilization and thereby potentially
enhance chelation; however, caution is warranted in poorly chelated patients because
increased labile iron could theoretically aggravate cardiac oxidative injury. Selenium is
sometimes supplemented as a cofactor for glutathione peroxidase, and small trials have
reported modest reductions in oxidative markers, though evidence remains preliminary.

7.5. L-Carnitine

Although not a classical antioxidant, L-carnitine is involved in mitochondrial fatty
acid transport and energy metabolism and has been investigated in thalassemia because
carnitine levels may be reduced in some patients. Limited studies suggest that L-carnitine
supplementation may improve exercise tolerance and, in some reports, cardiac function
parameters in thalassemia major, potentially through effects on myocardial metabolism
and oxidative stress. Evidence remains mixed, and routine use is not standardized.

7.6. Other Supportive Supplements

Supportive care may also include folic acid supplementation to support erythropoiesis
in the setting of increased red blood cell turnover, and zinc replacement in patients with
documented deficiency (relevant to growth and immune function). Curcumin, a natural
polyphenol with antioxidant properties and potential iron-chelating activity, has been
evaluated in a pilot trial; supplementation was associated with reductions in liver iron
and oxidative stress indices but did not produce significant hemoglobin increases [73].
Additional studies are required to confirm any clinical benefit.

7.7. Outcomes and Clinical Positioning of Antioxidant Therapy

Expectations for antioxidant and supportive therapies should be calibrated appropri-
ately: these interventions are adjuncts and should not replace transfusion or chelation. In
most studies, effects on hemoglobin and transfusion burden are modest and inconsistent
across populations. Their primary potential value is reduction in oxidative tissue injury,
which could plausibly mitigate downstream vascular and endocrine complications over
time. For example, oxidative stress contributes to endothelial dysfunction and prothrom-
botic tendency in non–transfusion-dependent thalassemia [64,67,74], which is associated
with complications such as leg ulcers and pulmonary hypertension [74,75]; antioxidant
strategies might reduce risk through improved endothelial function. Some studies have
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reported improvements in flow-mediated dilation, a marker of endothelial function, in
NTDT patients receiving antioxidant supplementation.

In summary, antioxidant adjuncts—including vitamin E and NAC—appear to reduce
oxidative stress biomarkers in thalassemia and may provide modest benefits in selected
hematologic and iron-related parameters. Their low cost and generally favorable safety
profile make them reasonable supportive options in selected patients, particularly those
with evidence of increased oxidative stress; however, larger randomized trials and high-
quality meta-analyses are needed to define their clinical impact and optimal use.

As curative and disease-modifying therapies increasingly address upstream drivers of
hemolysis and iron loading, reliance on adjunctive antioxidant strategies may diminish.
Nevertheless, until such therapies become broadly accessible, supportive interventions that
mitigate oxidative injury may remain relevant components of comprehensive thalassemia
care [69].

8. Genomic Analysis and Personalized Therapy
Thalassemia is genetically heterogeneous: more than 200 pathogenic variants have

been described in the β-globin gene, and clinical severity is further modified by co-inherited
traits and regulatory modifiers [1,3,4]. Emerging applications of artificial intelligence (AI)
in genomics are improving interpretation of sequence variants, including classification
of variants of uncertain significance and prediction of pathogenicity for newly identified
globin variants [4,7]. In addition, machine learning approaches can integrate primary geno-
type with known genetic modifiers to refine phenotype prediction and risk stratification [7].
In complex scenarios—such as co-inheritance of α-thalassemia with β-thalassemia and
the influence of HbF-modifying loci (e.g., BCL11A and related regulatory regions)—AI-
based models may provide more accurate severity estimates than conventional rule-based
approaches, consistent with the central role of HbF regulation and BCL11A biology in
modulating phenotype [26,38]. Such predictions could inform clinically meaningful deci-
sions, including transfusion planning, intensity of monitoring, and timing of referral for
curative-intent interventions [4,39].

Genotype–phenotype interactions and AI-based modifier discovery. Clinical sever-
ity in β-thalassemia is not determined by the primary HBB genotype alone; phenotype
is shaped by interacting modifiers such as co-inherited α-thalassemia, determinants of
fetal hemoglobin (HbF) expression, and variation in erythropoiesis/iron-regulatory path-
ways [3,4,6]. These interactions create clinically meaningful variability in transfusion bur-
den, hemolysis, iron loading, and complication risk among patients with otherwise similar
primary mutations [25,26,31]. AI and machine learning methods are well suited to model
these high-dimensional relationships by combining NGS-derived variant calls with known
modifier loci and longitudinal clinical phenotypes. In large datasets, such approaches
can be used to (i) identify SNP/variant patterns associated with milder versus severe
disease, (ii) prioritize candidate modifier genes for mechanistic follow-up, and (iii) generate
individualized severity predictions that inform transfusion planning, surveillance intensity,
and timing of referral for curative-intent therapies [11,46,76].

AI also has an emerging role in the development and optimization of gene-based
therapies. In gene addition therapy, computational and machine learning methods are
increasingly used to support vector design and optimization of regulatory elements to
improve expression and reduce unwanted integration effects [35,47]. In gene editing,
AI-enabled tools can assist in guiding RNA design and off-target risk prediction—key
determinants of clinical translation—thereby improving the precision and safety profile of
CRISPR-based approaches [25,27]. Collectively, these applications may accelerate develop-
ment of more effective and safer personalized therapies for thalassemia [25,38].
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9. Clinical Decision Support and Telemedicine
Thalassemia-specific AI-enabled clinical decision support systems are in development

to assist clinicians in synthesizing longitudinal patient data and generating evidence-
informed recommendations [11]. Potential applications include optimization of chelation
therapy based on ferritin trajectories, MRI-derived iron measures, renal and hepatic safety
laboratories, and patient-reported symptoms; such systems could also flag patterns sugges-
tive of emerging complications (e.g., endocrine dysfunction) and prompt timely screening
or referral. Because thalassemia requires lifelong monitoring, patients accumulate high-
dimensional longitudinal data that can be difficult to interpret reliably in routine practice.
AI methods are well suited to detect subtle trends, outliers, and early warning signals that
may not be apparent from episodic clinical review [11,77].

In parallel, telemedicine platforms are increasingly being used to support chronic
disease management in thalassemia, particularly for follow-up, adherence reinforcement,
and symptom monitoring between transfusion visits. Some implementations have begun
to incorporate AI-based conversational agents (chatbots) for structured patient education,
symptom triage, and routing of urgent concerns—for example, guiding patients on when to
seek medical evaluation for suspected chelation adverse effects or febrile illness. These tools
should be deployed as clinician-supervised decision support (not autonomous decision-
making), with clear escalation pathways, transparency about limitations, and attention to
data privacy and equity of access [11].

10. Drug Discovery
Looking ahead, artificial intelligence (AI) methods—including deep learning, network

analysis, and multimodal representation learning—may accelerate drug discovery for tha-
lassemia by enabling systematic target identification and compound prioritization [11]. By
integrating pathway-level biology with genomic and transcriptomic data, AI approaches
can help identify regulatory nodes implicated in ineffective erythropoiesis, globin regula-
tion, and iron homeostasis that may represent actionable therapeutic targets [31,76]. For
example, erythroferrone is a key erythroid regulator linking erythropoietic drive to hep-
cidin suppression and iron loading, illustrating how pathway-level nodes can be leveraged
for therapeutic targeting [46]. In parallel, therapeutic strategies that modulate hepcidin
activity (e.g., hepcidin analogs) or increase hepcidin through upstream targets (e.g., TM-
PRSS6 inhibition) provide concrete examples of target classes that can be prioritized and
optimized through data-driven discovery approaches [44,45]. AI-enabled screening and
virtual profiling of chemical libraries can also prioritize candidate compounds for experi-
mental validation, including agents with potential to induce fetal hemoglobin or modulate
erythroid maturation through mechanisms distinct from existing therapies [39,47].

Although AI applications in thalassemia are still emerging, the field is developing
rapidly and holds promise across the care continuum. Early successes in AI-enabled
diagnostic algorithms and automated imaging analysis suggest potential to improve clinical
decision-making, personalize therapy selection, and enhance longitudinal monitoring [9,11].
For patients, these advances could translate into earlier identification of carriers and affected
individuals (supporting counseling and prevention) [12,17], more standardized and scalable
assessment of iron burden (including AI-supported MRI quantification that reduces reliance
on invasive testing), and more individualized treatment strategies informed by integrated
clinical and biological data [61,77].

However, translation into routine practice will require rigorous external validation,
careful evaluation of generalizability across populations and care settings, and transpar-
ent governance frameworks. Clinical deployment should emphasize clinician-in-the-loop
decision support, clear communication of uncertainty, and safeguards against alert fa-

https://doi.org/10.3390/thalassrep16020007

https://doi.org/10.3390/thalassrep16020007


Thalass. Rep. 2026, 16, 7 23 of 28

tigue. Finally, ethical and implementation considerations—including privacy, data security,
bias mitigation, and equitable access—must be addressed to ensure that AI-enabled ad-
vances benefit patients in high-burden regions as well as those in well-resourced health
systems [11].

11. Conclusions
The management of thalassemia has evolved substantially from a framework domi-

nated by transfusion and chelation to a multi-modal therapeutic landscape that includes
curative, disease-modifying, supportive, and technology-enabled strategies. Conventional
supportive care—scheduled red blood cell transfusions with iron chelation—has trans-
formed β-thalassemia major from a fatal childhood condition into a chronic, manageable
disease for many patients. Nevertheless, lifelong transfusion dependence and the cumu-
lative burden and toxicities of chelation underscore the need for therapies that reduce
treatment intensity, prevent complications, and, where possible, achieve cure.

Curative options now exist for selected patients. Allogeneic hematopoietic stem cell
transplantation (HSCT) remains an established curative modality, with thalassemia-free
survival commonly exceeding 80–90% in appropriately selected patients with well-matched
donors [6]. For patients without suitable donors, gene-based approaches have become
increasingly viable. Lentiviral gene addition therapy with betibeglogene autotemcel has
achieved high rates of transfusion independence in clinical trials, representing a functional
cure for many treated individuals [24]. In parallel, genome-editing strategies that induce
fetal hemoglobin through targeted regulatory modification continue to advance and may
further broaden curative applicability across genotypes [25]. Although these therapies
remain resource-intensive and expensive, they provide a clear proof-of-concept that durable
transfusion independence—and potentially cure—can be achieved with a single, one-
time intervention.

At the same time, new pharmacologic therapies are expanding disease-modifying
options for patients who remain on conventional care. Luspatercept addresses ineffective
erythropoiesis and reduces transfusion requirements in a subset of adults with transfusion-
dependent thalassemia [29,30]. Fetal hemoglobin induction strategies, including thalido-
mide and related approaches, have shown clinically meaningful hematologic responses in
selected patients and may be particularly relevant in settings where advanced therapies are
not widely accessible [39]. Mitapivat introduces a distinct mechanism—metabolic modula-
tion of red cell energetics—that can improve hemoglobin and patient-reported outcomes in
α- and β-thalassemia, further diversifying treatment options [48,51]. Together with con-
tinued optimization of iron chelation, supportive care, and management of complications,
these advances support longer survival and improved quality of life.

Artificial intelligence (AI) applications in thalassemia are emerging and may further
enhance care delivery through improved screening, diagnostic classification, individu-
alized monitoring, and risk stratification for iron-related complications [8,12]. As these
tools mature, they may strengthen clinician decision support and enable more proactive,
personalized care—particularly when integrated with robust governance frameworks that
ensure validation, transparency, and safety.

Despite progress, substantial challenges remain. Access to HSCT and gene-based cu-
rative therapies is highly variable, and many patients in low-resource, high-burden regions
remain unable to benefit from these advances. Cost and infrastructure constraints also
limit the availability of newer pharmacologic agents such as luspatercept and mitapivat.
Addressing these disparities will require sustained advocacy, health-system investment,
and global collaboration, including efforts led by organizations such as the Thalassemia
International Federation. Continued research is also needed to improve the feasibility of cu-
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rative therapies (e.g., less toxic conditioning and broader applicability), expand the pipeline
of safe and effective disease-modifying drugs, and define best practices for responsible
implementation of AI-enabled tools in diverse clinical settings.

Overall, thalassemia care is transitioning toward a personalized and increasingly
curative paradigm. The convergence of curative therapies, disease-modifying pharmacol-
ogy, optimized supportive care, and data-driven technologies offers a realistic pathway to
reduce treatment burden, prevent complications, and achieve durable transfusion inde-
pendence for an increasing proportion of patients. Realizing these benefits globally will
depend on equitable access, rigorous implementation science, and sustained commitment
to translating scientific advances into measurable improvements in everyday health and
well-being for individuals living with thalassemia.
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Abbreviations
The following abbreviations are used in this manuscript:

TDT Transfusion-Dependent Thalassemia
NTDT Non-Transfusion-Dependent Thalassemia
HbF Fetal Hemoglobin
HbE Hemoglobin E
RBC Red Blood Cell
RDW Red Cell Distribution Width
HbA Adult Hemoglobin
HLA Human Leukocyte Antigen
R2* MRI Liver Iron Relaxometry Parameter
T2* MRI Cardiac Iron Relaxometry Parameter
HSCT Hematopoietic Stem Cell Transplantation
GVHD Graft-Versus-Host Disease
DFO Deferoxamine
DFP Deferiprone
DFX Deferasirox
LIC Liver Iron Concentration
SC Subcutaneous
PRBCs Packed Red Blood Cells
ActRIIB Activin Receptor Type IIB
TGF-β Transforming Growth Factor-Beta
PK Pyruvate Kinase
NAC N-Acetylcysteine
ROS Reactive Oxygen Species
MDA Malondialdehyde
ALT Alanine Aminotransferase
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AST Aspartate Aminotransferase
ATP Adenosine Triphosphate
AI Artificial Intelligence
MRI Magnetic Resonance Imaging
PBF Peripheral Blood Film
QOL Quality of Life
EF Ejection Fraction
FMD Flow-Mediated Dilation
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