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Introduction

Haematopoietic cell transplantation (HCT) describes the transplantation of haematopoietic 

stem cells (HSCs) with co-infusion of lymphocytes and other haematopoietic cells, which can 

be found in bone marrow, mobilised peripheral blood and umbilical cord blood. The concept 

of a stem cell was first introduced by Till and McCulloch following their pioneering studies in 

regeneration of the blood system in vivo. (1-3) They observed cellular colonies that formed in 

the spleens of recipient mice which were transplanted with a limiting number of syngeneic 

marrow cells. Analysis of these colonies demonstrated that a very small subpopulation of the 

donor marrow cells had two distinct properties: 1) the ability to self-replicate and 2) the ability 

to generate multiple types of blood cells. These findings introduced the two defining criteria 

of stem cells i.e. self-renewal and multi-potency. Self-renewal is the ability to give rise to a 

HSC itself without differentiation, while multi-potency refers to the ability to differentiate into 

all functional blood cells. HSCs have the ability to reconstitute normal bone marrow function. 

HCT can be used for malignant (leukaemia, lymphoma) and non-malignant disorders (inborn 

errors of immunity (IEI) or primary immunodeficiencies (PID), bone marrow failure, inborn 

errors of metabolism and haemoglobinopathies) that can be treated by replacing the 

haematopoietic system with a population of healthy donor cells. A healthy donor derived 

haematopoietic system is able to correct the diseased bone marrow and cellular immune 

system. 

Bone marrow has been a source of nutrition for many centuries and xeno-transplants were 

described in an ancient Irish manuscript. (4) It was not until adverse haematological effects 

of ionizing radiation were known during World War II that the stimulus for bone marrow 

transplantation was established. (4) Massive radiation exposures provided an opportunity 

to advance/develop therapies for bone marrow failure syndromes and leukaemia. In 1949, 

studies found that shielding of the spleen of a mouse during otherwise lethal irradiation, 

permitted survival. (5) In the 1950s, extensive research in mice had shown that delivery of 

bone marrow could prevent death following lethal irradiation and could be used to cure 

murine leukaemia if bone marrow cells were infused following a dose of irradiation that was 

sufficient to eradicate leukaemic cells. (6-9).  HCT was first pioneered in humans by Professor 

E. Donnall Thomas in 1957, though treatment with irradiation, chemotherapy and bone 

marrow infusion did not initially lead to either long-term development of donor chimerism 

or survival. Subsequently, a series of critical studies in mice, dogs and non-human primates 

that were subjected to high doses of radiation followed by transplantation of marrow grafts 

led to the understanding of the concepts of histocompatibility, conditioning, graft-versus-

leukaemia effects and graft-versus-host disease. (9) Defining the genetic loci controlling 

acceptance and rejection, initially in mice, later in dogs and sub-human primates, was a 
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seminal event. The HLA system in humans was defined by Dausset, Benacerraf, Jan van Rood, 

Paul Teraski, Rose Payne, Felix Rapport and others and this led to the first WHO reference 

on HLA Nomenclature in 1968. 

Advances in defining the HLA system allowed physicians to choose possible bone marrow 

donors. In 1968, De Koning and colleagues in Leiden, and Robert Good in Minneapolis 

reported the first successful allogeneic HCT from an HLA-identical sibling of a child with 

severe combined immunodeficiency (SCID).  At the same time, Bach et al. reported the first 

successful in a child with Wiskott-Aldrich syndrome. (10) After the first successful HCT in 

SCID, HCT was subsequently used to treat severe aplastic anaemia (SAA) and as a rescue 

therapy for haematological malignancies. HCT has been used to treat haemoglobinopathies 

and inherited metabolic diseases since the 1980s. During the 1970s, donor selection, control 

of GvHD, and conditioning regimens became areas of interest in research. In the 1980s 

and 1990s, there was a rapid increase in the number of transplants performed, national 

and international bone marrow registries were established, cord blood was recognised 

as a source of stem cells and T-cell depletion methods were introduced. Over the years, 

transplant outcomes have improved dramatically and transplant survival using alternative 

donors, including unrelated donors and haploidentifical donors is now comparable to 

matched family donors (Figure 1).

This chapter will focus on the principles of HCT in IEI or PID, approach to HCT in IEI (including 

donor selection, stem cell source, graft engineering, and conditioning), early transplant 

complications and late effects.
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Principles of haematopoietic stem cell transplantation in 
inborn errors of immunity

Inborn errors of immunity (IEI) or primary immunodeficiencies (PID) comprise a large, 

heterogeneous group of disorders that result from mutations in genes involved in immune 

host defence and immunoregulation. Long considered as rare diseases, recent studies show 

that one in 2000-5000 children younger than 18 years is thought to have a IEI. There are now 

more than 400 single-gene IEI and the underlying phenotypes are as diverse as infection, 

allergy, autoimmunity, autoinflammation, lymphoproliferation and malignancy. Therefore, 

presenting features, severity and age of diagnosis varies immensely. Based on classification 

which is compiled by International Union of Immunological Societies (IUIS) (11), IEI comprises 

the following subgroups of conditions:

1.	 Severe combined immunodeficiency (SCID)

2.	 Combined immune deficiency (CID) 

3.	 CID with associated features 

4.	 Antibody deficiency

5.	 Immune dysregulation, including haemophagocytic disorders, lymphoproliferative  
disorders, autoimmune diseases, and early onset inflammatory bowel disease 

6.	 Phagocytic cell disorders

7.	 Innate defects

Children born with severe IEI invariably died prematurely until three patients with IEI, 

two with SCID and one with Wiskott Aldrich syndrome (WAS), were transplanted in 1968. 

These three patients demonstrated sustained benefit and prolonged cure from a primary 

genetic defect following HCT. (10, 12, 13) Historically, the utility of HCT in non-SCID IEI was 

initially limited by high rate of graft failure and transplant-related morbidity and mortality.  

Transplant survival and graft outcomes in IEI have significantly improved, particularly since 

2000. (10, 12) Many factors have contributed to this improvement including earlier diagnosis, 

a detailed graft selection hierarchy, superior HLA matching technology, improved methods 

for graft manipulation, greater availability of grafts, improved supportive care, vigilant 

infection surveillance and pre-emptive treatment, and more effective anti-microbial therapy. 

In the modern era, graft engineering, additional cellular therapy and pharmacokinetic-guided 

conditioning regimens enable precise personalised transplant care including prescription 

of graft components, better cell-dosed grafts, and a patient-tailored conditioning regimen. 

(14-16) Today, haematopoietic cell transplantation (HCT) is a well-recognised and effective 
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therapy offering a potential cure for many IEI. Developmental millstones of HCT for IEI in 

Newcastle are summarized in figure 2.

Short-term transplant survival must be carefully distinguished from long-term disease 

outcomes and late effects of transplant. As survival from transplant has improved, more 

attention is now given to long-term disease outcomes and quality of life. The advances in 

the understanding the pathological bases of IEI and the general principles of HCT have 

been crucial for long-term disease outcomes. IEI stemming from defects in the HSCs can 

be corrected by HCT, but immunological diseases due to thymic stromal or other extra-

haematopoietic defects are unlikely to be cured by HCT. The HSCs cannot undergo a 

functional maturation in the defective thymus and this results in poor immune reconstitution 

and poor long-term disease outcomes. Therefore, the decision for HCT in non-SCID IEI must 

take into consideration the risks of HCT and the risks of disease evolution, and must be 

individualized, not only on the basis of the specific IEI, but also on the characteristics of the 

individual patient. With regards to late effects of HCT, transplant recipients are at risk of 

premature onset of chronic health conditions such as malignancy post-transplant, coronary 

heart disease, and musculoskeletal abnormalities. This is caused by injury of normal tissues 

by chemotherapy, infection and graft-versus-host disease. Many of the late effects may not 

manifest for years or even decades after HCT, survivors need ongoing, life-long monitoring. 

Novel transplant strategies, including minimal toxic conditioning regimens, pharmacokinetic 

targeted drug doses, graft manipulation and better GvHD prevention, are required to 

prevent/reduce late effects. 
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Approach to haematopoietic cell transplantation in inborn 
errors of immunity

HCT is a complex medical procedure which requires careful planning. Outcomes following 

HCT depend on the underlying disease, the timing of transplant, patient comorbidities, 

donor selection, and conditioning regimen. Transplant strategies to optimize the transplant 

outcomes of patients with IEI can be divided into three phrases: (1) pre-transplant phase, (2) 

transplant phase; and (3) post-transplant phase. 

Pre-transplant phase

There are several considerations surrounding HCT for IEI including underlying diagnosis, 

patient health status, donor options, local transplant centre practice preferences and 

experience, and family understanding and willingness.  A child with suspected IEI should be 

referred promptly to an expert team for evaluation and confirmation of the diagnosis. The 

transplant process should be initiated and performed as soon as possible. HCT should be 

performed as early as possible before the onset of organ damage from multiple infections 

and inflammation. Younger age at HCT has been consistently shown to be associated with 

improved survival in children with IEI. Early identification of SCID and non-SCID IEI, for 

example through a newborn screening programme, and prompt genetic diagnosis with next 

generation sequencing techniques, have also improved the transplant outcomes. 

Patients might require treatment of infections, respiratory support and nutritional 

rehabilitation to optimize their organ function prior to HCT. A multidisciplinary team with 

participation of respiratory physicians, gastroenterologists, dietitians, psychologists, play 

therapists and other specialists is required in all the phases in order to achieve the best 

outcomes possible. 

Transplant phase

This consists of donor selection, appropriate stem cell source and an optimal conditioning 

regimen. 
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Donor selection  

The selection of a donor is a critical element that influences transplant outcomes. Matching 

donor and recipient for HLA class I (-A, -B, and -C) and class II (-DRB1 and -DQB1) is a key part 

of the success of an allogeneic HCT. Techniques for HLA typing and the HLA nomenclature 

have evolved in parallel with the increasing use of unrelated donors; the discovery of a 

growing number of new alleles, and improved methods of DNA-based HLA typing. Serological 

typing was used for antigen matching and detects HLA proteins using serological antibody-

based assays. Serologic typing might be used for typing within families, but most centres use 

intermediate and high resolution nowadays. For unrelated donors, serologic typing alone is 

insufficient to ensure those donors and recipients share the same HLA genes. Serological 

typing has largely been replaced by the more specific molecular typing. Molecular typing is 

used for allele matching, defines HLA genes based on their DNA sequences. It is the preferred 

method and is required for optimal HLA matching in unrelated donor transplantation. It 

can differ by resolution. High resolution typing defines sets of alleles that encode the same 

protein sequence for the HLA molecule’s antigen binding site, whilst low resolution typing 

provides information regarding the allele group, but not the specific HLA protein. (17, 18) 

The direction of mismatches may impact patient outcome and can be further classified as 

being in the “graft-versus-host” direction or the” host-versus-graft” direction. A graft-versus-

host direction mismatch means that the patient possesses one or more alleles not present 

in the donor. In case of such a mismatch, the donor T cells from the graft would be expected 

to mount an alloreactive response towards the host tissue. A host-versus-graft direction 

mismatch means that the donor possesses one or more alleles not present in the patient. 

In such a mismatch, the host T cells would be expected to mount an alloreactive response 

towards the graft cells. The location of mismatch within an HLA allele may also impact 

patient outcome. Specific peptide position involved in the HLA mismatch determine whether 

mismatch is permissive or non-permissive. Pidala et al. reported that amino acid substation 

at peptide-binding pockets of HLA class I molecules increases risk of severe acute GvHD and 

mortality. (19)

Class II HLA-DPBI has not been involved in donor selection but more attention has been 

given to HLA-DP haplotype recently. Retrospective analyses looking at the impact of HLA-DP 

haplotype on transplant outcomes suggested HLA-DP mismatch was not associated with 

lower survival, but was associated with an increased risk of acute GVHD and a low risk of 

leukaemic relapse. (20-22) Similar to class I and II HLA loci, An HLA-DP mismatch refers to 

either a single or a double HLA-DPB1 allele mismatch in the graft-versus-host or host-versus-

graft direction, or both. HLA-DP mismatches can also be further divided into permissive or 
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non-permissive mismatches depending on the haplotypes involved and the direction of the 

mismatch.

There are several possible donor options: 1) an identical twin (syngeneic); 2) a sibling or 

matched relative/family donor; 3) unrelated donor; 4) mismatched family or unrelated donors. 

As with all allogeneic HCT, an HLA-matched family donor (MFD) is considered to be the optimal 

choice for HCT in IEI. (23) In some diseases such as X-linked chronic granulomatous disease, 

X-linked carrier family donors should be avoided as they have increased risk inflammatory 

and autoimmune symptoms and excessive fatigue due to raised serum IL-8. (24-26) As graft-

versus-host disease confers no benefit to patients with IEI, a matched sibling or matched 

family donor usually remains the first choice. If no suitable family donor is available, a search 

of the national or international unrelated donor registries should be undertaken. Historically, 

transplants with a MFD have had the best overall survival, and success rates have been lower 

with alternative donor sources due to graft rejection and GvHD. However, transplant survival 

and graft outcome have improved dramatically over the past 10 years, due to reduced 

toxicity conditioning regimens, a detailed graft selection hierarchy, superior HLA matching 

technology, better cell-dosed grafts, greater availability of grafts, improved supportive care 

and more effective anti-microbial therapy. As an example, reduced toxicity conditioning in 

CGD and MHC class II deficiency observed comparable survival between MFD, MUD and 

haploidentical donors. (27-30) HLA-haploidentifical HCT is increasingly applied in patients 

lacking a matched donor. Improved ex vivo as well as in vivo T-cell depletion strategies have 

resulted in improved outcomes with mismatched donor HCT. In several recent studies 

outcomes with mismatched donors are comparable with matched unrelated donors which 

clearly has an impact on donor hierarchy. 

Stem cell source 

The multipotent HSCs required for HCT are usually obtained the bone marrow or peripheral 

blood or umbilical cord blood of a related or unrelated donor. The optimal source and 

composition of the HSC product continues to be an area of active clinical investigation. 

Historically bone marrow has been the preferred stem cell source for HCT in children due to 

concerns that peripheral blood stem cell products led to an increased risk of GVHD. In Slatter 

et al.’s report of 160 IEI patients who received uniform conditioning with treosulfan and 

fludarabine, a higher level of myeloid chimerism was found in recipients of PBSC compared 

to CB and BM, without an increased risk of grade III/IV acute or chronic GvHD.(31) This is 

an important finding particularly for patients with diseases where a high level of chimerism 

is required to achieve complete cure. In Newcastle, PBSC is the preferred stem cell source 

except in matched sibling donors. 
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Haploidentical donor transplantation

MSD is available in less than 25% of cases and fewer than 70% of remaining patients will have 

a suitable fully 10/10 matched unrelated donor. This figure is even lower in patients belonging 

to ethnic groups poorly represented in donor registries. HLA-haploidentical HCT has 

emerged now as one of the most commonly employed alternative donor option, either using 

T-deplete or T-replete strategies. Over the past several decades, numerous approaches to 

HLA-haploidentical HCT have been developed.  The three most commonly used approaches 

are: 1) T cell depletion 2) High dose post-transplantation cyclophosphamide (PTCy) 3) “GIAC” 

strategy which uses GCSF-stimulation of the donor; Intensified immunosuppression post-

transplantation; Anti-thymocyte globulin added to conditioning to help prevent GvHD and 

aid engraftment; and Combination of peripheral blood stem cell and bone marrow allografts. 

The first two methods are more commonly used in primary immunodeficiency worldwide 

whilst the “GIAC” strategy is used in China and Italy. 

Removal of T cells from the graft decreases the risk of GvHD. Early attempts to limit GvHD in 

haploidentical donor transplants utilizing ex vivo T-cell depletion were generally successful, 

but recipients were plagued by delayed donor T cell reconstitution and high rates of viral 

infections. (32) Newer methods of selective T cell depletion, including CD3/CD19 and TCRαβ/

CD19 depletion, have observed an overall survival of approximately 80% in children with 

IEI. (16). The latter method does not eliminate gamma-delta-T cells and natural killer cells 

from the graft. While graft manipulation is laborious expensive, PTCy is relatively easy to 

implement and inexpensive and requires no graft manipulation. It was pioneered by the 

Johns Hopkins group and has been increasingly used in both malignant and non-malignant 

disorders, predominantly in adults abut increasingly in children as well. PTCY is selectively 

toxic to proliferating lymphocytes, depletes alloreactive T cells from the donor and the 

recipient, facilitates engraftment and prevents GvHD.  Outcomes using this technique are 

promising in IEI. Neven et a.l reported a 2-year survival of 77.7% in children with IEI and 

Kurzay et al. reported a 2-year OS of 92% and EFS of 77% in children with inborn errors 

of immunity and metabolism. (33, 34) Hence, parental haploidentical donors with newer 

methods of T-lymphocyte depletion have emerged as promising alternative donors.(16, 35-

37)

Conditioning regimens 

The majority of children with IEI undergoing HCT require conditioning therapy for two 

purposes; 1) myeloablation – to create space for donor stem cells; 2) immunosuppression – 

to prevent rejection of donor stem cells. The exception is certain infants with SCID who have 
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limited or no ability to reject the donor graft. However, there has been increasing evidence that 

conditioning in infants with SCID is associated with better thymopoiesis, donor B-lymphocyte 

chimerism, cessation of immunoglobulin therapy and normal quality of life. (38)  The intensity 

of the conditioning regimen can vary substantially and has been classifi ed as myeloablative 

conditioning (MAC), reduced toxicity conditioning (RTC), reduced intensity conditioning (RIC) 

and minimal intensity conditioning (MIC) in decreasing order (Figure 3). MAC, consisting of 

alkylating agents with, or without total body irradiation (TBI), is expected to myeloablate the 

recipient’s haematopoiesis which does not allow for autologous haematological recovery. This 

aims to prevent rejection by the use of supra-lethal chemotherapy to remove host-versus-

graft reactivity and create marrow niche space for donor stem cells. Newer myeloablative 

chemotherapy agents are being explored to reduce toxicity and enable safer HCT. These 

reduced toxicity conditioning (RTC) regimens, including pharmacokinetic targeted Busulfan-

Fludarabine (Bu-Flu) and Treosulfan-Fludarabine, have a comparable myeloablative eff ect 

with conventional MAC but reduced organ toxicities. Compared to MAC, RIC is characterized 

by reversible myelosuppression in the absence of stem cell rescue, reduced regimen-related 

toxicity, and a higher incidence of mixed chimerism. MIC is strictly non-myeloablative, does 

not eradicate host haematopoiesis, and allows relatively rapid autologous haematopoietic 

recovery without a transplant, but adequately myelosuppresses the recipient to enable at 

least partial donor progenitor cell engraftment. 

Figure 3: Intensity of conditioning regimen according to chemotherapy, pharmacokinetic 
guided dosing, timing of serotherapy and combination of chemotherapy, adapted from Lum 
et al. (39)
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Myeloablative conditioning regimens in IEI

Historically, conditioning therapy prior to HCT in IEI was based on the combination of 

alkylators busulfan and cyclophosphamide. However, many children with IEI have significant 

co-morbidities at the time of HCT, and these conventional myeloablative preparative 

regimens are associated with significant toxicity and a relatively high incidence of transplant 

mortality, as well as long-term sequelae. Whilst initial results may have been acceptable, 

appreciation of acute conditioning toxicities and recognition of long-term sequelae have 

increasingly resulted in only few centres now approaching transplantation of IEI patients 

with conventional myeloablative preparative regimens (Table 1).(36, 40-42)

Table 1: Outcome of HCT in IEI after myeloablative conditioning regimens

Author
Year

Year 
of 
HCT

No of 
patients/
Diagnosis

Median 
age at HCT 
(range), 
years

Donor and 
stem cell 
source

Conditioning 
regimen 

OS

Fischer 
1994 (40)

1977-
1991

149 non-
SCID IEI 
received 171 
transplants

Range 0.1-
16

65 MSD/MFD
6 MUD
78 MMUD

Bu+Cy
12 additional TBI

Before 1985: 
51.7%
After 1985: 
81.5%

Klein 
1995 (36)

1981-
1993

19 MHC class 
II deficiency

(7 second 
HCT)

1.4 (0.5-9.5) 8 MFD marrow
1 MMFD marrow
10 HID marrow

All 7 second HCT 
used HID

MFD
Bu20mg/kg + 
Cy 200mg/kg or 
Cy 50mg/kg + 
ALG or 
Cy 50mg/kg + 
CCNU 300mg/m2 
+ procarbazine 
280mg/kg + ALG

MMFD
Bu 16mg/kg + Cy 
200mg/kg or
Bu 20mg/kg 
+ Cy 200mg/
kg + anti-LFA-1 
antibody or
Bu 20mg/kg + Cy 
200mg/kg + anti-
LFA-1 antibody 
+ anti-CD2 
antibody

47%
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Author
Year

Year 
of 
HCT

No of 
patients/
Diagnosis

Median 
age at HCT 
(range), 
years

Donor and 
stem cell 
source

Conditioning 
regimen 

OS

Antoine
2003 (41)

1968-
1999

1082 HCT 
in 919 IEI 
patients

566 HCT in 
475 SCID 
patients
512 HCT in 
444 non-SCID 
PID patients

SCID: 5.5 
mos

Non-SCID: 
34.6 mos

88% marrow
12% PBSC
0.7% CB

T-cell 
depletion:
91% MD
41% UD 
marrow

205 SCID: 
unconditioned
361 SCID: Bu 
8mg/kg + Cy 
200mg/kg

512 non-SCID; 
Bu 16mg/kg + cy 
200mg/kg

SCID: 77% MD 
vs 54% in MMD

Non-SCID: 71% 
MFD vs 42% 
MUD vs 59% 
MMD

Renella 
2006 (42)

1981-
2004

15 MHC class 
II deficiency

1.5 (0.3-5.4) 13 MFD 
marrow
2 MUD marrow

Bu 16-20mg/kg 
+ Cy 200mg/kg
+ ATG in MUD

53%

ALG: antilymphocyte globulin; Bu: Busulfan; CB: cord blood; CCNU: lomustine; Cy: cyclophosphamide; HID: 
haploidentical donor; MD: matched donor; MFD: matched family donor; MMD: mismatched donor; MSD: 
matched sibling donor; MMUD: mismatched unrelated donor; mos: months; MUD: matched unrelated 
donor; OS: overall survival; PID: primary immunodeficiency; SCID: severe combined immunodeficiency; 
TBI: total body irradiation; UD: unrelated donor; WAS: Wiskott Aldrich syndrome

Reduced toxicity conditioning (RTC) regimens in IEI

The use of reduced toxicity conditioning regimens is now generally preferred for patients 

with IEI as there is no malignant disease to eradicate, stable mixed chimerism achieves cure 

for many diseases, and many patients enter HCT with chronic infections and end-organ co-

morbidities. Additionally, many patients are infants at the time of transplant and may be 

more susceptible to toxicity. (43) Less toxic regimens may reduce early and late adverse 

effects, particularly infertility. (15) There are several reduced toxicity regimens that have been 

utilised by investigators in IEI (Table 2). (44-46)

Fludarabine and treosulfan 

Treosulfan (L-treitol-1,4-bis-methanesulfonate) is a prodrug and a water soluble bifunctional 

alkylating agent which has been used for many years as treatment for various neoplasms, 

but more recently as part of conditioning for HCT. In addition to myeloablative properties, 

it has marked immunosuppressive properties which contribute to the achievement of 

stable engraftment post-transplant. It causes relatively low organ toxicity compared to the 

combination of high dose busulfan and cyclophosphamide leading to fewer complications 

such as veno-occlusive disease of the liver.
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The first successful allogeneic transplant in a child using treosulfan was performed in 2000 

and since then many reports have confirmed its efficacy and safety in both malignant and 

non-malignant disorders. (45, 47-53) Slatter et al. first published results of 70 children with IEI 

who received treosulfan in combination with either cyclophosphamide (n=30) or fludarabine 

(n=40) with an overall survival of 81% (median follow up 19 months) equivalent in those 

aged less or greater than one year at time of transplant.(47) Toxicity was low but worse 

after cyclophosphamide, and T cell chimerism was significantly better after fludarabine. 

(52) Slatter et al. more recently reported 160 patients who had received conditioning with 

treosulfan and fludarabine achieving a probability of 2-year survival of 87.1% with a high 

level of complete or stable mixed chimerism in the diseased cell lineage, sufficient to cure 

disease. (53)  There was a high survival rate in children transplanted under 1 year of age in 

whom toxicity can be a problem with conventional and other reduced intensity conditioning 

regimens. (54, 55) A 100-day survival of 94% demonstrated the low toxicity of this regimen 

making it suitable for patients with IEI who often have infection and organ damage prior 

to HCT. In this series, a higher level of myeloid chimerism was found in recipients of PBSC 

compared to CB and BM, without an increased risk of grade III/IV acute or chronic GvHD. This 

highlights the importance of the whole transplant package including stem cell source and 

serotherapy when tailoring therapy. (31)

Excellent results were reported by Lehmberg et al. in 19 patients with hemophagocytic 

lymphohistiocytosis (HLH) following HCT with treosulfan, fludarabine, alemtuzumab, with or 

without thiotepa, all of whom survived with a median follow up of 16 months.(51) 

Haskologlu et al. reported 15 patients with IEI who had a high risk of developing transplant 

related toxicity due to previous lung and liver damages and were given treosulfan based 

conditioning.(56) At 32 months follow up, the overall survival was 86.7% with excellent 

chimerism and low conditioning associated morbidity despite the high-risk population. 

Mixed chimerism is sufficient to achieve cure in some non-malignant disorders but the 

specific diagnosis and level of chimerism needed to achieve cure must be considered when 

balancing the need for increased myeloablation against short and long-term toxicities from 

the conditioning regimen. The addition of thiotepa is common in order to increase the 

intensity of the regimen, but there are few reports of any comparison in outcomes comparing 

Treosulfan and fludarabine with or without additional thiotepa. Yael Dinur-Schejter et al. 

reported 44 patients with non-malignant diseases: 19 received treosulfan with fludarabine 

66.7% of whom achieved complete engraftment compared to 94.7% of 20 patients who 

received additional thiotepa, but this did not translate into any significant difference in 

overall or event free survival. (48)
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Fludarabine and Busulfan

Traditionally busulfan (Bu) was used in combination with cyclophosphamide (Cy) as 

the standard myeloablative conditioning regimen for HCT for both malignant and non-

malignant disorders in both adult and paediatric patients. Cyclophosphamide is increasingly 

being substituted with fludarabine (Flu), a nucleoside analogue with immunosuppressive 

properties, to provide a less toxic but equally effective regimen.(57-59) 

Harris et al. compared 1400 children who received Bu-Cy to 381 who received Bu-Flu. Busulfan 

doses were comparable between the 2 groups and the majority had pharmacokinetic 

monitoring. 803 had non-malignant disorders including 195 with IEI who received Bu-Cy and 

86 who received Bu-Flu.  978 had malignant disorders. Children receiving Bu-Flu for non-

malignant conditions experienced less toxicity than those receiving Bu-Cy, but survival was 

comparable. Children with malignancy had shorter post relapse survival with Bu-Flu than 

Bu-Cy although transplant-related mortality and relapse were similar. (60) 

The pharmacokinetics of busulfan have been studied extensively and the use of a lower 

target area under the curve (45–65 mg/L × h) combined with fludarabine has been pioneered 

by Tayfun Güngör and colleagues in Zurich. Particularly impressive results have been seen 

using this regimen for patients with chronic granulomatous disease (CGD).  56 children 

and young adults with CGD were reported, many of whom had high-risk features such as 

intractable infections and autoinflammation. 21 HLA-matched related-donor and 35 HLA-

matched unrelated-donor transplants were done. The 2-year probability of overall survival 

was 96% (95% CI 86.46 -99.99) and of EFS was 91% (79.78-16.17). Graft-failure occurred in 

5% (three of 56) of patients. The cumulative incidence of acute GvHD of grade III–IV was 4% 

(two of 56) and of chronic GvHD was 7% (four of 56). Stable (≥90%) myeloid donor chimerism 

was documented in 52 (93%) surviving patients. (29)  Similar result was demonstrated by 

Felber et al. in 25 patients with haemophagocytic lymphohistiocytosis who received reduced 

intensity busulfan, fludarabine and alemtuzumab. All patients survived, none had grade III-IV 

acute GvHD, and 4% had limited chronic GvHD. (61)

Dvorak et al. has recently reported the result of the use busulfan at a lower target area under 

the curve (30 mg/L × h) alone or in combination with fludarabine or thiotepa in 10 patients 

with severe combined immunodeficiency. All the patients survived, one patient required 

second HCT, and 3 had no B cell reconstitution. (58)
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Reduced intensity conditioning (RIC) in IEI

Fludarabine and melphalan. Increasing recognition of the significant toxicities associated 

with conventional doses of busulfan and cyclophosphamide, particularly in very young 

infants and especially in those with pre-existing end organ damage, led to the adoption of 

immunosuppressive-based, rather than myelo-ablative-based regimens, with fludarabine 

and melphalan. The results, principally in those with significant pre-existing co-morbidities, 

were striking with significantly improved early survival. (44, 62-65) However, donor chimerism 

was not always optimal, and there was a high incidence of late viral re-activation, and late 

onset acute GvHD. Furthermore, toxicities in infants < 1 year of age remained significant.

(55) Melphalan in particular has been associated with cardiac toxicities.(66) Good results 

have been reported for patients with haemophagocytic lymphohistiocytosis. (67) Patients 

with X-linked inhibitor of apoptosis protein (XIAP) deficiency, which is difficult to transplant, 

also have good outcomes reported using fludarabine and melphalan-based regimens. (68) 

It has been used in adults with IEI with good transplant survival. (63) Whilst the approach 

remains attractive in terms of reduced toxicities, concerns regarding late graft failure and 

high mortality in the < 12-month aged infants remain.

Minimal intensity conditioning for IEI 

Fludarabine and low-dose TBI. Burroughs et al. from the Seattle group reported the 

transplant outcome of using fludarabine and low-dose TBI in 14 IEI patients with significant 

pre-existing organ dysfunction and infections. All received post-transplant GvHD prophylaxis 

with cyclosporin and mycophenolate mofetil but no serotherapy. Overall survival at 3 years 

was 62%, but there were high rates of acute (79%) and extensive chronic GvHD (47%) (69). 

One had graft failure and an additional three patients required a second procedure for 

decreasing chimerism. Of 10 evaluable patients, 8 had correction of immune deficiency 

with stable chimerism. However, the high rate of GvHD has limited the broader use of this 

conditioning regimen in children with IEI. (69, 70)

Antibody-based. Whilst conditioning regimens have undoubtedly become less toxic, the 

ability to achieve donor chimerism without the use of chemotherapeutic agents, particularly 

in patients with non-malignant disease, is extremely attractive. Furthermore, some primary 

immunodeficiencies have significant toxicities associated with the administration of alkylating 

agents, due to the nature of the molecular defect, leading to serious long term effects or 

early mortality.(71-73) A number of different strategies have been employed to minimize the 

exposure to chemotherapeutic agents by the use of antibodies to aid stem cell engraftment, 

with or without adjunct chemotherapy.
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Anti-CD45 antibodies. CD45 is selectively expressed on all leucocytes and haematopoietic 

progenitors but is absent on non-haematopoietic tissues. Straathof and colleagues studied 

16 patients with PID who were less than one year of age or had significant pre-existing 

co-morbidities and were felt not suitable for conventional reduced intensity conditioning.

(54) The conditioning regimen was comprised of alemtuzumab 0·2 mg/kg daily for 3 days 

for unrelated donors, or 0·1 mg/kg daily for 3 days for matched sibling donors on day –8 

to day –6, clinical grade rat anti-CD45 (YTH24·5 and 54·12) 0·4mg/kg on day –5 to day –2, 

fludarabine (30 mg/m2 daily for 5 days on day –8 to day –4) and cyclophosphamide (300 

mg/m2 daily for 4 days on day –7 to day –4). Twelve patients were alive and well at the end 

of the study, one failed to engraft and was successfully re-transplanted, and 3 died – none 

of conditioning toxicity. Donor chimerism was variable but high level and sufficient to cure 

disease in the survivors.

Radioimmunotherapy. Radioimmunotherapy (RIT) is an attractive concept for conditioning 

of patients with IEI as it exploits of the physical cytotoxic effect of radiation and reduces the 

toxicity to other organ systems by its internal application and the conjugation of radioisotopes 

to specific antibodies (74). Radioisotopes emitting α, β or γ-radiation of calculated intensity 

can be brought in direct proximity to the cells of interest. This accounts for malignant cells 

to be eradicated or benign haematopoietic cells to be depleted as part of conditioning 

before autologous or allogeneic HSCT.  The method was developed to allow better and more 

specific control of malignant cells in the setting of HCT without an increase in nonrelapse-

mortality. Considerable clinical data accumulated with conjugates of 90Yttrium or 131Iodine to 

anti-CD20-antibodies in the treatment of patients with refractory or recurrent B-cell-Non-

Hodgkin-Lymphoma (B-NHL). The drugs were used in combination with chemotherapy to 

prepare patients for autologous and allogeneic stem cell transplantation. This experience 

resulted in the approval of two drugs (Zevalin® and Bexxar®) by the FDA at the beginning 

of the century.(74)

The use of RIT for the treatment of leukemias or for myeloablation in non-malignant disease 

until present is limited to clinical studies. A conjugate of 131Iodine to anti-CD45-antibody was 

explored in the treatment of patients with AML and high risk MDS, again a combination of 

RIT with conventional myeloablative or immunosuppressive drugs was used for conditioning 

before allogeneic HCT (75, 76). CD45 is expressed on most AML and ALL blasts as well as on 

virtually all developing and mature cells of normal haematopoiesis. Radiolabeled anti-CD45 

antibody doses up to 43Gy were administered to the bone marrow in combination with RIC 

and allogeneic transplantation with good tolerance and without additional toxicity in younger 

adult patients with AML and MDS. (77)  For children, limited published data exists for the use 

of RIT for pre-transplant conditioning. A conjugate of 90Yttrium to an antibody targeting CD66 
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was used in combination with Melphalan and Fludarabine or TBI for the treatment of children 

with considerable comorbidities with malignant and non-malignant disease. 90Yttrium emits 

pure X-radiation with a maximum range of 11mm and a half-life of 2.7 days (78). With these 

qualities, no isolation of the peediatric patients was necessary, but the dosimetry had to be 

performed with another isotope, emitting γ-radiation to be detected in a γ-camera. CD66 is 

abundantly present on mature myeloid cells but usually not expressed on malignant blasts. 

The therapeutic principle of RIT with this antibody in malignant disease therefore relies on 

the so called “cross-fire effect”, which describes the indirect depletion of blasts by binding of 

the antibody to cells in close proximity (74). In order to avoid graft rejection in unrelated or 

mismatched grafts, recipients received serotherapy with ATG in this setting. 15 of 16 children 

with non-malignant disease survived the procedure, 13/15 with complete donor chimerism. 

The Kaplan-Maier estimation for disease free survival at 24 months was 94%. This clearly 

documented feasibility of and reliable myeloablation by RIT in children and young adults with 

non-malignant disease. 

Anti-CD117 antibodies. The molecule CD117 (c-Kit receptor) is expressed on haematopoietic 

stem cells at all stages of development. Interactions with the ligand of CD117, stem cell factor, 

are crucial for haematopoietic stem cell survival, and this signaling pathway plays a critical 

role in the homing, adhesion, maintenance, and survival of haematopoietic stem cells in 

the haematopoietic niche. Pre-clinical studies demonstrated that using an antibody against 

CD117 to impede CD117-stem cell factor signaling selectively depleted haematopoietic 

stem cells with no effect on differentiated progenitor or mature cell lineages, and enabled 

engraftment of donor cells.(79) A clinical trial is currently in progress using anti-CD117 

antibody alone to treat patients with primary immunodeficiencies (AMG191 Conditioning/

CD34+CD90 Stem Cell Transplant Study for SCID Patients, ClinicalTrials.gov Identifier: 

NCT02963064). The early results of this dose finding study show that some donor stem cell 

chimerism, leading to donor T- and B-lymphocyte chimerism can be achieved. (80) These 

preliminary data are extremely exciting and potentially lead the way to a step change in 

approaches to conditioning in patients with IEI.
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Conditioning for haploidentical donor transplant 

As the outcomes of HCT using newer T-cell depletion methods have improved, there is an 

increasing number of haploidentical transplants performed for both SCID and non-SCID IEI. 

Various non-myeloablative conditioning regimens have been used in T-deplete and T-replete 

haploidentical transplant (Table 3).(16, 81-83) The Great North Children’s Hospital (GNCH) 

group in Newcastle has used fludarabine, treosulfan, ATG (Grafalon) and Rituximab for 

patients who received CD3 TCR αβ/CD19 depleted peripheral blood stem cells. Patients with 

non-SCID IEI received additional thiotepa. The overall survival was comparable with matched 

family and unrelated donor transplant using similar conditioning regimen. (52, 83). Neven et 

al. reported the outcome of Bu-Flu in 22 patients with IEI received haploidentical transplant 

using post-transplant cyclophosphamide. The overall survival and donor chimerism were 

good, but 48% had acute GvHD and 24.2% had chronic GvHD. 

Pharmacokinetic studies 

Although levels of busulfan have been measured for many years, to target the narrow 

myeloablative therapeutic window, minimise toxicity from supra-therapeutic levels and avoid 

sub-myelo-ablation and rejection, it is only recently that the importance of pharmacokinetic 

monitoring of other agents of the conditioning cocktail has been appreciated.

Fludarabine pharmacokinetics. Ivaturi et al. prospectively studied the pharmacokinetics 

and pharmacodynamics of 133 children undergoing HCT for a variety of disorders with a variety 

of conditioning regimens but all included fludarabine. Young age and renal impairment were 

found to lead to an increased exposure. In the setting of malignancy, disease-free survival 

(DFS) was highest 1 year after HCT in subjects achieving a systemic fludarabine plasma 

(f-ara-a) cumulative area under the curve (cAUC) greater than 15 mg*hour/L compared to 

patients with a cAUC less than 15 mg*hour/L (82.6% versus 52.8%, p = 0.04). (84) Further 

development of model-based dosing may minimize toxicity and maximize efficacy, resulting 

in superior outcomes for malignant and non-malignant patients.

Treosulfan pharmacokinetics. Relatively high variability of treosulfan pharmacokinetics 

in paediatric patients may raise the need for implementing therapeutic drug monitoring and 

individual dose adjustment in this group. Vander Stoep et al.  and Mohanan et al.  recently 

published the first results of a relationship between the exposure of treosulfan and early 

toxicity, as well as clinical outcome, in children undergoing conditioning prior to HSCT. In 

the former study, patients with an AUC > 1650 mg*h/L demonstrated a statistically higher 

incidence of mucosal and skin toxicity than those with an AUC 1350 mg*h/L (odds ratio 4.4 
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and 4.5, respectively). The odds of developing hepato- and neurotoxicity were also higher 

in the former group, but the difference did not reach statistical significance. No association 

was found between treosulfan exposure and early clinical outcomes, i.e. engraftment, donor 

chimerism, acute graft-versus-host disease, treatment-related mortality, and overall survival. 

PK parameters were shown to be age-dependent, with higher AUC values in younger children 

(<1 year old) and corresponding lower treosulfan clearance. A challenge in therapeutic 

monitoring of treosulfan within conditioning prior to HCT is a very brief course of treatment, 

consisting of three doses administered on 3 consecutive days. This allows personalization of 

only the second and third dose of the prodrug unless a test dose is applied prior to starting 

the actual regimen. Chiesa et al. showed that treosulfan AUC (area under the curve) was 

strongly associated with mortality (high AUC) and to a lesser extent poor engraftment (low 

AUC).  (85)

Since pharmacokinetic studies of treosulfan began, it has been assumed that plasma (serum) 

concentrations of the prodrug are a good representation of the alkylating activity of its epoxy 

transformers. However, for years, a correlation between treosulfan concentrations in plasma 

and levels of specific DNA adducts in tissues, for example the bone marrow, or clinical effects, 

have not been investigated. Therapeutic drug monitoring of not only prodrug but also its 

active epoxide might be needed. In addition blood pH, body temperature, and intravenous 

fluid delivery may influence  glomerular filtration, tubular reabsorption, and nonenzymatic 

epoxy transformation of the prodrug. (86) 

Serotherapy levels. It is now well recognised that type of serotherapy, dose and timing in 

relation to the transplant all have an impact on outcome of transplant in terms of occurrence 

of GVHD, immune reconstitution importantly in terms of viral reactivation, clearance 

of infection and chimerism. Marsh RA et al. collected data from 105 patients to examine 

the influence of peritransplant alemtuzumab levels on acute GVHD, mixed chimerism, 

and lymphocyte recovery. Significantly higher levels of aGvHD but higher levels of donor 

chimerism, lymphocyte counts at D+30 and T cell counts at D+100 were associated with 

lower Alemtuzumab levels at day zero. (87) Willemsen et al. reported that children who 

received alemtuzumab (n=38) showed a trend to lower risk of acute GvHD but a slower T cell 

and NK cell reconstitution and higher viral infection, compared to children who received ATG 

(n=110). (88) Admiraal et al. demonstrated that exposure to alemtuzumab is highly variable 

upon empirical milligram/kilogram dosing due to the non-linear relationship between body 

weight and alemtuzumab pharmacokinetics. (89)

In a recent report the clearance of the active components of the 2 widely used types of ATG 

(Fresenius/Grafalon and Genzyme) was studied in 38 children with malignant haematological 
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disorders. They found that ATG Fresenius was cleared rapidly and uniformly from the 

circulation whether they received 60mg/kg or 45mg/kg but there were significant differences 

in patients who received a high dose of ATG Genzyme (10mg/kg) who had significantly slower 

reconstitution for CD3, CD4, and CD8 T cells compared to patients who received a low dose 

of ATG genzyme (6-8mg/kg) or ATG Fresenius. (90)
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Post-transplant phase

In this phase, the main tasks are supportive care, monitoring of donor graft and immune 

reconstitution, surveillance of transplant-related complications and rehabilitation of pre-

transplant organ damage. 

Donor chimerism

After allogeneic HCT, it is important to ascertain whether the newly developed haematopoietic 

system is of recipient or donor origin. The investigation of genotypic origin of post-HCT 

haematopoiesis is called chimerism analysis. “Chimera” refers to Greek mythology where 

Homer described a fire-spitting monster with the head of a lion, the body of a goat and the 

tail of a serpent terrorizing Lycia, a region in Asia Minor, and which was finally sacrificed by 

the ancient hero Bellorophon. (91) The term chimerism was first introduced into medicine 

by Anderson et al. who wrote that a chimera is an organism whose cells derive from two 

or more distinct zygote lineages. In 1956, it was first used in the field of transplantation by 

Ford. (7) Since chimerism analyses were first performed in HCT, many different methods 

have been developed, all following the same basic principle using differences in polymorphic 

genetic markers and their products. These methods include cytogenetics, red cell 

phenotyping, restriction fragment length polymorphism analysis (RELP) and fluorescence in 

situ hybridization of sex chromosomes. A major limitation of these methods is that they are 

time consuming and do not offer the possibility to study all patients. (92) The breakthrough 

for the clinical applicability came when polymerase chain reaction (PCR) was developed 

and also utilized for investigation of chimerism. These analyses are mainly performed by 

amplification of variable number of tandem repeats (VNTR) or by the characterization of 

short tandem repeat (STR) markers. (93) Analysis of STR is the predominant method for post-

HCT monitoring of donor engraftment.

Historically, it was believed that complete donor haematopoiesis is essential to maintain 

engraftment after allogenic HCT in humans. In the last few decades, it became evident that 

donor and recipient haematopoiesis could co-exist after HCT in the recipient. This state 

of coexistence of haematopoietic cells is cell mixed chimerism. Mixed chimerism is often 

defined as having donor-derived cells that account for less than 95 percent of peripheral 

blood samples. It is common after non-myeloablative conditioning. Children with most IEI do 

not require complete donor chimerism for cure of the underlying disease but may develop 

symptoms of disease at ill-defined low levels of donor chimerism within relevant cell types 

(generally less than 5 to 20%).
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Immune reconstitution

Following administration of chemotherapy with the goals of myeloablation and 

immunosuppression to prevent graft rejection, there is severe depletion of all haematopoietic 

cells of immune system. Recovery of the innate and adaptive immune systems occurs gradually 

during the post-HCT period. Innate immunity usually recovers over the first few months 

post-HCT whilst complete adaptive immunity reconstitution is often delayed, typically from 

months to even years, which can be further delayed by type of conditioning and serotherapy, 

ex vivo T cell depletion, GvHD, and treatment for transplant-related complications such as 

steroids and monoclonal antibodies.

Both non-haematopoietic and haematopoietic compartments of innate immunity are 

affected by the transplant process. The non-haematopoietic compartment, including physical 

barriers such as skin and mucosal surfaces, can be damaged by preparative chemotherapy 

and recovery can be delayed by gut infections and GvHD. Haematopoietic cells of innate 

immunity include neutrophils, macrophages, dendritic cells, innate lymphoid cells and 

natural killer cells. The first haematopoietic cells to engraft following HCT are monocytes, 

followed by neutrophils, platelets and natural killer (NK) cells. Neutrophil number may return 

to normal within 2 to 4 weeks after HCT, but the function lags behind and only reaches 

normal levels after 2 to 4 months (94, 95). NK cells are lymphocytes of the innate immune 

system, of which different subsets can broadly be characterized by expression of CD56 and 

CD16 in CD3-negative cells. NK cells recover both numerically and functionally within the first 

few weeks after HCT. (96, 97) Low NK cells in the first weeks after HCT are associated with 

lower overall survival and higher infection risk. (98) Monocytes may maintain a suboptimal in 

function for up to one year. (99, 100) Recipient’s macrophages are not significantly ablated by 

the preparative regimen, they are gradually replaced by donor-derived macrophages after 

the first few months of HCT. (101)

The adaptive immune system is significantly impaired following HCT largely due to absence 

naïve T cells and reduced function of more differentiated effector T cells. There is a reversal 

of CD4:CD8 ratio. Recovery of T cell immunity occurs via the peripheral expansion of infused 

donor memory T cells and/or seeding of the thymus by infused donor haematopoietic 

progenitors. Development of new T cells from an allogeneic graft typically takes at least 

3 months, but recovery of T cell function may begin earlier in patients who have received 

reduced intensity conditioning. T cell immune reconstitution generally takes 6 to 12 months. 

It might be delayed in patients who receive serotherapy, steroid and immunosuppressive 

therapy, or who develop graft versus host disease. Similar to T cells, B cell counts are 

completely depleted after transplant, but reach normal levels by nine months after HCT.  

(102)
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The timing of immune reconstitution can be influenced by many factors in the transplant 

process and transplant-related complications, including stem cell source, degree of HLA 

match, conditioning regimen, graft manipulation and GvHD. A number of strategies have 

been proposed to fasten immune recovery, including cytokines such as keratinocyte growth 

factors (KGF), IL-7, Flt-3 ligand, growth hormone, and cellular therapies using memory T cells. 

(103-108)

Early transplant complications

Patients who undergo HCT are subject to numerous complications in the first year after HCT. 

Early complications include infections, toxicities from cytoreductive chemotherapy, graft 

failure, GvHD and post-transplant lymphoproliferative disease. (Table 5) These complications 

can affect many organ systems and they may influence the quality of life, duration of 

hospitalizations, longer-term complications, and HCT outcomes. In the context of HCT for IEI, 

factors that may contribute to early HCT complications include comorbid medical conditions 

(e.g. infection, nutritional status, organ function), history of cancer, conditioning regimen, 

immunosuppressive therapy, duration and degree of cytopenias and severity of GvHD. 

Infection is one of the most common causes of mortality of after HCT. All patients who 

undergo allogeneic HCT are at risk of bacterial, fungal, and viral infections. Appropriate 

prophylactic antimicrobial therapy should be given during HCT. Viral screening and pre-

emptive therapy are essential to reduce the severity of viral infection and organ damage. In 

IEI, all patients should be thoroughly evaluated for infections prior to transplant. Some IEI 

patients are at risk of particular infections. For examples, patients with chronic granulomatous 

disease (CGD) may have refractory fungal or bacterial infection and patients with interferon 

gamma receptor deficiencies may have atypical mycobacterial infections. Cryptosporidium is 

common in patients with CD40 ligand deficiency and DOCK8 deficiency. Pulmonary infection 

is frequent in IEI and some patients may have co-infection with several different pathogens. 

In Newcastle, all patients will undergo bronchoalveolar lavage (BAL) at the time of insertion of 

a central venous catheter before starting preparative chemotherapy. The BAL specimens are 

tested for viruses, bacterias, fungi and mycobacteria prior to transplant.  In Slatter’s report, 

of 69 patients who had a BAL, 39 (57%) were symptomatic and 30 (43%) were asymptomatic. 

Of 39 symptomatic patients, 20 (51%) had pathogens identified: 11 had Pneumocystis jiroveci 

(PCP) (3 had viral co-pathogens) and 9 had a virus and/or bacteria. In 30 asymptomatic 

patients, 6 (20%) had pathogens identified: 1 had PCP and 5 had bacteria. This study showed 

that routine BAL was safe in IEI patients about to undergo HCT and led to management 

changes. (109)
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Chemotherapy related toxicities can be varied according to the intensity of conditioning 

regimens. An expected complication of cytoreductive chemotherapy is myelosuppression. 

Patients may experience symptoms from cytopenia such as anaemia, bleeding and 

infections related to neutropenia. Blood and platelet transfusions are required during the 

period of aplasia. Mucositis may result in pain and diarrhoea. Patients may require enteral 

supplementation via nasogastric tube or parenteral nutrition. Hepatic veno-occlusive disease 

is less common with reduced toxicity conditioning. 

Graft failure 

Graft failure is a serious complication of HCT. It is defined as either lack of initial engraftment 

of donor cells (primary graft failure) or loss of donor cells after initial engraftment (secondary 

graft failure). It may be due to rejection caused by recipient T-cells, NK cells or antibodies. 

The risk factors for graft failure include HLA-mismatched grafts, unrelated donor grafts, T-cell 

depleted transplants, sensitized patients from multiple transfusions and in patients treated 

with a reduced intensity conditioning regimen.

Graft-versus-host disease

Despite advances made in the various aspects of HCT, graft-versus-host disease (GvHD) 

remains a leading cause of morbidity and non-relapse mortality in patients after HCT. GvHD 

occurs when immune cells from the donor’s graft recognize the recipient tissue as foreign, 

thereby initiating an immune reaction that causes disease in the recipient. GvHD has been 

classically divided into acute and chronic based upon the time of onset using a cutoff of 100 

days. However, this conventional classification has been challenged by the recognition of 

signs of acute and chronic GvHD which may occur outside of these designated periods. This 

observation has led to the increased use of clinical findings, rather than a set time period, to 

differentiate between acute and chronic GvHD. (110)

The incidence of grade II-IV aGvHD in children ranges from 40%-85%, depending on patient 

factors, HLA-matching, conditioning regimen, in vivo and ex vivo T-cell depletion.  (111)Acute 

GvHD (aGvHD) mainly affects skin, gut and liver. Acute GvHD is mediated by mature donor 

stem cell derived, donor thymus tolerized T-lymphocytes that recognize and attack disparate 

host antigens resulting in harmful inflammatory responses. The most important targets 

are the HLAs, encoded by major histocompatibility complex (MHC) located on the short 

arm of chromosome 6, which play a key role in tissue histocompatibility and T-lymphocyte 

recognition. The degree of MHC mismatch between donor and recipient is the most important 

determinant of aGvHD, most importantly at the HLA-A, -B, C and DRBI loci. However, even 
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in the setting of an HLA identical family HCT, alloreactivity can still occur due to mismatches 

between minor histocompatibility antigens. 

Chronic GvHD (cGvHD) can occur after previous or ongoing aGvHD or in patients without a 

history of aGvHD. The skin, liver, gut, and lungs are the principal target organs involved in 

patients with cGvHD, but it can affect any other systems. The presenting symptoms of cGvHD 

are in some ways similar to those found in other well-established autoimmune syndromes, 

but there is no uniform presentation in cGvHD. This variation makes clinical therapeutic 

studies difficult 

Transplant-associated thrombotic microangiopathy (TMA)

TMA is now recognised as a severe complication of HCT. It is a generalized endothelial 

dysfunction that leads to microangiopathic haemolytic anaemia, intravascular platelet 

activation, and formation of platelet-rich thrombi within the microcirculation, leading to 

organ failure. (112) It significantly affects patient’s transplant outcomes and well-being. If not 

promptly diagnosed and treated, TMA can lead to significant morbidity such as permanent 

renal injury or mortality. The incidence of TMA is poorly defined, but likely ranges from 10 

to 35%, this wide range of reported incidence is due to various definitions of syndrome 

in assorted studies (113) Multiple factors, such as chemotherapy, mismatched donors, 

viral infections, calcineurin inhibitors and GVHD have been implicated as TMA triggers. An 

analysis of risk factors for the development of TMA lends support to a “Three-Hit Hypothesis”. 

First, patients with either an underlying predisposition to complement activation (e.g. racial 

or genetic) or a pre-existing endothelial injury (e.g. prior myeloablative HCT or prolonged 

calcineurin inhibitors use), are subject to further endothelial injury, mediated by a toxic 

conditioning regimen. Then, a third hit occurs which perpetuates continued endothelial injury 

which triggers activation of the complement system. This can be caused by medications, 

alloreactivity, infections and antibody mediated   (114, 115)

While the hallmark of TMA is kidney involvement, it is important to recognize that other 

organs may also be compromised in TMA, especially the gastrointestinal tract (manifested 

as abdominal pain, nausea, bleeding, and ileus), serosal surface (manifested as pericardial 

and pleural effusion), the cardiopulmonary system (manifested as pulmonary arterial 

hypertension), and the neurological system (manifested as confusion, headaches, and 

seizures). The most reliable modality to diagnose TA-TMA is histological, but tissue biopsies 

in ill recipients with HCT carry significant risks. Clinical TMA diagnosis in recipients with HCT 

requires a high index of suspicion. Laboratory and clinical markers include: 1) LDH above 

normal for age; 2) schistocytes on blood smear; 3) de novo thrombocytopenia or increased 



Chapter 1

50

transfusion requirements; 4) de novo anaemia or increased transfusion requirements; 5) 

hypertension; 6) proteinuria ≥ 30mg/dL; 7) terminal complement activation, sC5b9. Presence 

of 5 of 7 markers are suggestive of TMA.  (116, 117) Early therapy is predicted to result in 

improved survival and long-term outcomes. Therapy for TMA can broadly be classified into 

adjunctive treatment and specific therapy. Adjunctive treatment includes anti-hypertensives, 

withdrawal of ciclosporin, treatment of infection and control of GvHD. Various therapies have 

been considered for TMA, including eculizumab and defibrotide. Dvorak et al. has proposed 

potential approaches to TMA prophylaxis which include: 1) improving baseline endothelial 

health, e.g. vitamin D and eicosapenthaenoic acid (EPA); 2) limiting/repairing endothelial injury 

from conditioning e.g. individualized dosing, allopurinol, defibrotide, statins and N-acetly-

L-cystine; 3) limiting the “Third-hit”, e.g. calcineurin inhibitor free GvHD prophylaxis (such 

as ex vivo T cell depletion), improved GvHD prophylaxis regimens, improved antimicrobial 

prophylaxis and prophylactic rituximab. (114)

Table 5: Early transplant complications according to organ system

Organ system Early complications Contributing factors
Haematology Cytopenias

Bleeding
Chemotherapy 

Infection Bacteria, virus, fungus Chemotherapy, serotherapy, 
T-cell depletion

Pulmonary Pre-engraftment: infection, pulmonary oedema, 
engraftment syndrome
Post-engraftment: infection, idiopathic 
pneumonia syndrome, diffuse alveolar 
haemorrhage, bronchiolitis obliterans

Drug toxicity and radiation 

Gut Mucositis, vomiting, diarrhoea Chemotherapy, infection, 
graft-versus-host disease, 
cord colitis syndrome 

Liver Deranged liver enzyme
Veno-occlusive disease

Chemotherapy
Pre-existing liver diseae

Renal Hypertension
Acute kidney injury

Drugs e.g. ciclosporin, 
tacrolimus, steroid, 
amphotericin B

Neurology Seizure, infection chemotherapy
Multi-organ 
involvement

Transplant associated microangiopathy Chemotherapy, infection, 
calcineurin inhibitors, GvHD
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Late effects after haematopoietic cell transplantation for 
primary immunodeficiency

In the last several decades, HCT has become accepted as a standard-of-care treatment 

modality for an increasing number of diseased haematopoietic and immune systems, but HCT 

is associated with substantial toxicities. Advances in patient and donor selection, preparative 

regimen and supportive care have led to improved survival. As more children survive HCT, 

the price of survival has become increasingly apparent in the protean manifestations of late 

effects of HCT. Therefore, even patients who are cured of their underlying disease may not 

achieve full restoration of health after HCT. Late complications, those manifest beyond one 

year after HCT, can affect many organ systems, persist for the remainder of the affected 

child’s life, impair quality of life and increase mortality. Some late complications (e.g. cGvHD) 

may have begun earlier, while others (e.g. malignancy post-HCT) are first diagnosed years 

after HCT. Some of the late complications (e.g. bronchiolitis obliterans, end-stage renal 

failure) contribute to late mortality, while others (e.g. avascular necrosis, dry mouth) may lead 

to substantial morbidity and impaired quality of life, but do not reduce transplant survival. 

Table 6 summarizes the late complications according to organ system. 

Advances in HCT have led to an increasing number of transplant survivors. Based on a 

CIBMTR data and analysis, the number of HCT survivors is estimated to increase by five 

times by the year 2030 (502, 000 survivors) in the US. (118) Data on late complications in 

children with IEI are sparse, they differ from complications in children who have HCT for 

cancer, as children with IEI are not exposed to chemotherapy and/or radiation before HCT 

for management of primary cancer. Very little is known about late complications following 

reduced intensity conditioning regimen for IEI. (119)
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Aims and outline of this thesis

This thesis examines the clinical and immunological outcome after paediatric stem cell 

transplantation in inherited immune disorders. First part (chapter 1) reviews the general 

principles of HCT in IEI.

The second part (chapter 2-4) of this thesis focuses on practice pattern changes over 

the past three decades in the field of transplant for non-SCID IEI. Chapter 2 focuses on 

transplant survival and its predictors in children with chronic granulomatous disease. In 

Chapter 3 we report the clinical features, transplant survival and long-term disease outcome 

in children with MHC class II deficiency. Chapter 4 we describe the role of HCT in monogenic 

autoimmune diseases.

The third part (chapter 5-6) of this thesis analyses the outcome after HCT in IEI using ex-vivo T 

cell depleted mismatched grafts. Over the past three decades, several methods of facilitating 

HLA-haploidentical donor transplant using ex-vivo T cell depletion have been developed. 

Chapter 5 examines the outcomes according to various T cell depletion methods. Chapter 6 

compares the HCT outcomes between T deplete HLA-mismatched grafts and T-replete HLA-

matched family/unrelated grafts.

Part 4 focuses on late effects of HCT. Chapter 7 reports the incidence, risk factors and 

outcome of autoimmune cytopenia (AIC) after HCT for IEI. Chapter 8 examines the incidence 

and risk factors of non-haematological autoimmunity post-HCT in IEI. Chapter 9 reviews 

current understanding and incidence of malignancy post-HCT in IEI.

Finally, chapters 10 and 11 contains the summary of the thesis and explores the potential 

future directions of research into the diversity in the use of HCT in IEI.
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