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Hematopoietic cell transplantation in inborn errors of immunity
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ABSTRACT

Severe Combined Immunodeficiencies (SCID) are rare diseases characterized by ablockage in T-lymphocyte development.
Hematopoietic Cell Transplantation (HCT) is the primary curative therapy, with the highest survival rates correlated to
early diagnosis and the absence of active infections at transplant. The gold standard is a matched related sibling donor
(MSD), but alternative donors like haploidentical family donors are increasingly used. Conditioning regimens vary,
with reduced intensity busulfan and fludarabine often indicated. Early diagnosis via newborn screening and referral
to experienced HCT centers are crucial for improving outcomes. Long-term follow-up is essential, as the cumulative
incidence of late effects, such as neurologic and neurodevelopmental issues, increases over time.

Keywords: Hematopoietic Stem Cell Transplantation. Severe Combined Immunodeficiency. Primary Immunodeficiency
Diseases.

INTRODUCTION

Severe combined immunodeficiencies (SCID) are a group of rare and monogenic diseases characterized
by a blockage in the development of T-lymphocytes. Classical SCID is characterized by the absence of
T-lymphocytes and deficient T-lymphocyte proliferation. SCID may also have defects in B-cell differentiation
and/or function and/or natural killer (NK) cell differentiation.

Current Primary Immunodeficiency Treatment Consortium (PIDTC) guidelines define that patients with
typical SCID must have less than 0.05 x 10° autologous T-cells/L on repetitive testing, with either pathogenic
variant(s) in a SCID-associated gene, very low/undetectable T-cell receptor excision circles or less than 20%
of CD4 T-cells expressing naive markers, and/or transplacental maternally engrafted T-cells. Patients with less
profoundly impaired autologous T-cell differentiation are designated as having leaky/atypical SCID'.
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Omenn syndrome is a form of leaky SCID characterized by patients’ expanded memory T-cells that infiltrate
the skin and other tissues and produce a characteristic generalized erythematous rash, often associated with
lymphadenopathy, hepatosplenomegaly, and other clinical features such as eosinophilia. The rash of Omenn
syndrome can resemble the rash of graft-versus-host disease (GvHD). Therefore, the exclusion of maternal
engraftment is essential to confirm the diagnosis.

Genetic diagnosis helps differentiate SCID from other thymic stromal defects and other causes of secondary
T-cell deficiency. Non-SCID conditions may have defects in thymic function, like deletions in chromosome
22q11.2 (DiGeorge syndrome), pathogenic variants in genes such as FOXN1 and TBX1, or other underlying
causes. These patients may resemble SCID regarding lymphocyte phenotype and clinical phenotype to some
extent, but hematopoietic cell transplantation (HCT) is unlikely to be curative, since the error is in the thymic
stromal cell development?.

PRE-TRANSPLANT MANAGEMENT

Patients must be referred to a specialized center as soon as the diagnosis is made. Immunoglobulin (IVIg)
replacement therapy and pneumocystis pneumonia prophylaxis must be started promptly, and active
infections must be aggressively treated. All blood products should be irradiated and leukodepleted before
transfusion to avoid GvHD and cytomegalovirus (CMV) infection. Breastfeeding from a CMV-positive mother
should be discouraged. Infant CMV DNA polymerase chain reaction (PCR) studies should be conducted since
the diagnosis is made, weekly for four weeks; if all are negative, testing is recommend every three weeks. If
any positive CMV PCR, provide treatment with ganciclovir and/or other effective anti-CMV therapy?.

Patients with SCID are profoundly susceptible to opportunisticinfections,and live vaccines are contraindicated.
The Bacille Calmette-Guérin (BCG) vaccine in these patients can promote disseminated infection by the vaccine
strain and is associated with numerous complications, with increased rates of morbidity and mortality. If the
patient has received BCG before diagnosis, prophylaxis with one or two drugs (isoniazid alone or combined
with rifampin) is recommended. For patients presenting with local or disseminated BCGosis, four or more
drugs may be necessary for the treatment. The use of pyrazinamide is not indicated as BCG is intrinsically
resistant to this drug. Antituberculous drugs are potentially hepatoxic, and special care is necessary with
multidrug interactions in immature livers. Patients that have received BCG might experience worsening of
the disease during aplasia/engraftment and immune reconstitution inflammatory syndrome like symptoms
as T-lymphocyte function is restored*. Table 1 summarizes the main pre-transplant management.

Table 1. Pre-transplant management.

Immediate referral to a specialized center Human leukocyte antigens (HLA) typing (patient + parents and siblings)
Isolation precautions (hospital or home) Immunoglobulin replacement therapy

Pneumocystis pneumonia and fungal prophylaxis
Cytomegalovirus polymerase chain reaction screening
Irradiated and leukodepleted blood products Suspension of breastfeeding from a cytomegalovirus-positive mother
All live vaccines are contraindicated, including Bacille Calmette-Guérin
(BCG) and rotavirus. If the patient is already vaccinated with BCG,
prophylaxis is advised.

Aggressive infection treatment

If BCG disease is present (focal or disseminated), four-drug treatment
should be initiated.

Source: Elaborated by the authors.

TRANSPLANT AND DONOR CHOICE

Patients with SCID present with life-threatening infections (viral, fungal, bacterial) in the first year of life. HCT
for these patients is considered a pediatric emergency and must be performed as soon as possible with the
most rapid and best available donor since survival is highly correlated to the early diagnosis and the presence
of infections at the time of the transplant®. A matched related sibling donor (MSD) (unaffected by the same
disease) is the gold standard. Without an MSD, alternative donors (matched unrelated or umbilical cord blood)

J Bone Marrow Transplant Cell Ther, Vol 6 N1, €299, 2025 2


https://creativecommons.org/licenses/by/4.0/deed.en

Hematopoietic cell transplantation in inborn errors of immunity Part I: severe combined immunodeficiency

may be considered if they are easily accessible®. Haploidentical family donors have been used since the late
1980s and are a growing alternative, since most donors are readily available.

A recent study compared inborn errors of immunity patients undergoing haploidentical transplants with
either in-vitro depletion of CD3+TCRaB/CD19 (TCRafdep) cells or in-vivo T-cell depletion using post-
transplant cyclophosphamide (PTCY). The three-year overall survival was 78% for TCRaff and 66% after
PTCY (p = 0.013). The PTCY approach had higher rates of veno-occlusive disease (VOD), while primary
graft failure and second HCT were more frequent in TCRafdep. The high incidence of graft failure among
TCRafdep recipients, needing a second transplant or other intervention, led to a comparable event-free
survival between the two groups’.

Anin-depth analysis of 37 Brazilian patients who underwent a haploidentical transplant with PTCY showed an
alarming number of SCID patients with severe and very severe VOD (27%), as well as BCG reactivation (34%),
and elevated number of patients needed intensive care unit (35%), mechanical ventilation (27%), and dialysis
(19%). Due to the extremely high morbidity of these children throughout the HCT, they must be referred to
experienced referral centers. The 74% overall survival must be further improved in our country. Defibrotide
should be used aggressively and promptly to treat VOD in these patients to reduce VOD-related mortality®®.

CONDITIONING

Conditioning regimens may vary according to SCID phenotype (presence of B and/or NK cells), genetic defect
(if available), and patients’performance status. Although the most important outcome is developing a functional
T-cell compartment, some degree of myeloid chimerism may help B-cell reconstitution and long-term thymic
output. In very particular cases, HCT can be performed without conditioning (T-B+NK- SCID, with matched
sibling donor). Some patients may not develop B-cell function, requiring lifelong IVlg replacement therapy.

Most indicated regimens (European Society for Immunodeficiencies/Inborn Errors Working Party guidelines)
include a reduced dose of busulfan (pharmacokinetics is recommended)—AUC 60-70 mg*h/L—, associated
with fludarabine + serotherapy (thymoglobulin or alemtuzumab) according to the donor type (Table 2).
Without myeloablative conditioning, the marrow and thymic niches occupied by host progenitor cells will not
be effectively depleted, thus preventing optimal repopulation by donor equivalents. In those cases, the thymic
function is often insufficiently corrected. Genetic defects associated to B+ phenotype (IL2RGC, JAK3, IL7R),
myeloablative conditioning and matched donors are associated with better outcomes'. HCTs without a
conditioning therapy may promote an impaired immune function with the risk of chronic viral infections
with hepatitis, warts, poor quality of life, and the need of a second transplant'>'3,

Table 2. Hematopoietic cell transplantation conditioning and graft-versus-host disease (GvHD) prophylaxis regimens for
pediatric patients: Brazilian Society of Cellular Therapy and Bone Marrow Transplantation Consensus recommendations
for inborn errors of immunity.

Donor type Conditioning GVHD prophylaxis
Mye';’/‘ast;at've CSA + MTX or MMF
MUD Busulfan (AUC 85-95) + fludarabine 160 mg/m? + ATG CSA + MTX or MMF

Haolo 5-10 mg/kg or alemtuzumab 0.5-1 mg/kg Cyclophosphamide 50 mg/kg +3, +4 + CSA + MMF

C’; CSA + MMF or Methylprednisolone
Reduced toxicity

MSD Busulfan (AUC 60-70) + fludarabine 160-180 mg/m? + CSA +MTX or MMF
MUD ATG 5-10 mg/kg or alemtuzumab 0.5-1 mg/k CSA + MTX or MMF

Haplo o/kg ’ 9/k9 Cyclophosphamide 50 mg/kg +3, +4 + CSA + MMF
MSD Fludarabine 150-160 mg/m? + melphalan 140 mg/m? + CSA +MTX or MMF
MUD ATG or alemtuzumab 0.5-1 mg/k CSA + MTX or MMF

Haplo ) 9/k9 Cyclophosphamide 50 mg/kg +3, +4 + CSA + MMF

MSD: matched related sibling donor; MUD: Matched Unrelated Donor; Haplo: Haploidentical Donor; CB: Cord Blood; ATG: anti-thymocyte globulin; CSA: Cyclosporin; MTX:
Metothexate; MMF: Mycophenolate mofetil. Source: adapted from the IEWP recommendations.
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NEWBORN SCREENING

Babies with SCID diagnosed by newborn screening (NBS) and referred to HCT in the first weeks of life have
been studied in Brazil. Conditioning regimens for HCT are not recommended before 6 to 8 weeks old due to
concerns with chemotherapy-induced toxicities, as well as immature metabolism of other drugs. The NBS
in the city of Sdo Paulo demonstrated an incidence of SCID in our population of 1:39,500 live births, much
higher than expected based on average numbers worldwide. All patients with confirmed SCID were referred
for HCT, and despite rapid referral, five out of seven patients developed respiratory viral infections before HCT.
All patients had HCT with haplo-PTCY, with deaths due to adenovirus infection and severe VOD, one each.
HCT were performed at a median age of 113 days old, with an overall survival of 71%’4. NBS centers should
strongly reinforce the need to prevent respiratory viral infections.

GENE THERAPY

Gene therapy has the potential to replace HCT, but it is commercially available in Europe only for adenosine
deaminase deficiency SCID (Strim-velis). Clinical studies for other genetic defects are ongoing'.

LONG-TERM FOLLOW-UP

After more than 50 years since the first transplant for SCID, the long-term complications of transplanting very
young children can be addressed. Updated data from the PIDTC of 399 SCID patients revealed a cumulative
incidence of chronic and late effects of 25% in those alive in two years, increasing to 41%in 15 years after HCT, the
most prevalent being the neurologic, neurodevelopmental, and dental issues. Much of the long-term sequelae
is usually attributed to chemoradiation at conditioning, but there are also many challenging complications of
unconditioned HCT in SCID patients, such as immunoglobulin replacement, attention-deficit/hyperactivity
disorder, warts, and learning disabilities, that were reportedly more prevalent than in the general population™’.
Transplant centers should maintain a long-term follow-up clinic to prevent and treat such complications.

KEY-POINTS

- SCIDs differ in phenotype and genotype, and centers should aim for genetic diagnosis. Special attention
should be paid to non-typical (leaky) SCIDs;

« A myeloid/b-cell engraftment is preferred due to increasing data demonstrating long-term complications
when only the T-cell compartment is corrected;

« Although mieloablative conditioning (MAC) regimens show better overall survival, the haplo-PTCY approach
leads to increased toxicity and a high incidence of VOD. Patients should be referred to experienced HCT
centers if possible;

+ NBS with early diagnosis and referral of babies with SCID to specialized care might improve outcomes.
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