
Clinical and immunological outcome after paediatric stem cell
transplantation in inborn errors of immunity
Lum, S.H.

Citation
Lum, S. H. (2021, January 20). Clinical and immunological outcome after paediatric stem cell
transplantation in inborn errors of immunity. Retrieved from
https://hdl.handle.net/1887/139163
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/139163
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/139163


 
Cover Page 

 
 

 
 
 

 
 
 

The handle http://hdl.handle.net/1887/139163 holds various files of this Leiden 
University dissertation.  
 
Author: Lum, S.H. 
Title: Clinical and immunological outcome after paediatric stem cell transplantation in 
inborn errors of immunity 
Issue date: 2021-01-20 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/139163
https://openaccess.leidenuniv.nl/handle/1887/1�




Chapter 3

Improved transplant survival and long-term 

disease outcome in children with  

MHC class II deficiency 

         Su Han Lum

Claire Anderson 

Peter McNaughton 

Karin Engelhardt 

Brigid MacKenzie

Helen Watson 

Hamoud Al-Mousa

 Waleed Al-Herz

 Bandar Al-Saud

 Reem Mohammed

 Daif ALZahrani D

 Hamza Ali Alghamdi

 Loie Goronfolah

 Zohreh Nademi

 Sahar Habibollah 

Aisling Flinn 

Benjamin Shillitoe

 Stephen Owens

 Eleri Williams

 Marieke Emonts

 Sophie Hambleton 

 Mario Abinun

Terry Flood

 Andrew Cant

Andrew R Gennery 

Mary Slatter

Blood, 2020; 135(12): 954-973

Selected as CME article by Blood



Chapter 3

82

Abstract

Major histocompatibility complex (MHC) class II deficiency is a rare but life-threatening 

primary combined immunodeficiency. Haematopoietic cell transplantation (HCT) remains 

the only curative treatment for this condition, but transplant survival in the published series 

was poor. We analysed the outcome of 25 such patients undergoing first HCT at our centre 

between 1995 and 2018. Median age at diagnosis was 6.5 months (range, birth to 7.5 years). 

Median age at transplant was 21.4 months (range, 0.1-7.8 years). Donors were matched 

family donors (MFD) (n=6), unrelated donors (UD) (n=12) and haploidentical donors (HID) 

(n=7). PBSC was the stem cell source in 68% of patients. Conditioning was treosulfan-based in 

84% of patients; 84% received either alemtuzumab (n=14) or ATG (n=8) as serotherapy. With 

a 2.9-year median follow-up, overall survival (OS) improved from 33% (95%CI, 46-68%) for the 

children transplanted before 2008 (n=6) to 94% (95% CI, 66-99%) for children transplanted 

after 2008 (n=19) (p=0.003).  For HCT after 2008, the OS according to donor was 100% for 

MFD, 100% for UD and 85% for HID (p=0.40). None had grade III-IV acute or chronic GvHD. 

Latest median donor myeloid and lymphocyte chimerism was 100% (range, 0-100%) and 

100% (range, 64-100%) respectively. Latest CD4+ T-lymphocyte number was significantly 

lower in transplant survivors (n=14) compared to post-transplant disease controls (p=0.01). 

All survivors were off immunoglobulin replacement and had protective vaccine responses 

to tetanus and Haemophilus influenza. None had any significant infection or autoimmunity. 

Changing transplant strategy in our center has significantly improved outcomes for MHC 

class II deficiency.
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Introduction

Major histocompatibility complex (MHC) class II deficiency is a rare autosomal recessive 

combined immunodeficiency.(15) The MHC class II genes are located on chromosome 6 - 

expression is largely restricted to activated T-lymphocytes, thymic epithelial cells and antigen 

presenting cells [APC] (dendritic cells, macrophages and B-lymphocytes). In patients with 

MHC class II deficiency, the MHC locus itself is intact but transcriptionally silent owing to loss-

of-function mutations in one of four genes encoding the key regulatory factors, CIITA (class 

II transactivator), RFX5 (regulatory factor 5), RFXAP (RFX-associated protein) and RFXANK (RFX-

associated ankyrin-containing protein).  MHC class II molecules are pivotal for the adaptive 

immune system and guide the development and function of CD4+ T-lymphocytes. The 

immunologic hallmark of the disease is the absence of constitutive and inducible expression 

of MHC class II molecules on all cell types which leads to impaired antigen presentation by 

HLA-DR, HLA-DQ, and HLA-DP molecules on APC.(16) The lack of MHC class II expression 

on thymic epithelium leads to delayed and incomplete maturation of CD4+ T-lymphocyte 

population. Overall, MHC class II deficiency leads to combined immunodeficiency with 

defective CD4+ T-lymphocyte maturation and activation and a lack of T helper lymphocyte-

dependent antibody production by B-lymphocytes, resulting in significant susceptibility to 

severe infections(17).

Haematopoietic cell transplantation (HCT) is the only curative therapy for children with MHC 

class II deficiency. The natural history of non-transplanted patients is dismal and the main 

cause of death is overwhelming viral infection.(18) Very few children survive into adulthood.

(19) HCT for MHC class II deficiency is challenging as many children have significant co-

morbidities at the time of HCT, increasing their susceptibility to regimen-related toxicities, 

serious infections, graft rejection and graft-versus-host disease (GvHD). Historically the use 

of HCT has been limited due to the high risk of transplant-related morbidity and mortality. 

Reported transplant survival was poor compared to those seen in children with classical 

severe combined immunodeficiency (SCID), with a survival rate of 50% or less(17, 20-

23). In the light of significant improvements in transplant care for children with primary 

immunodeficiency (PID) over time, the present retrospective study aimed to examine the 

transplant survival and long-term disease outcomes of children with MHC class II deficiency 

transplanted at a single national centre. 

Methods

From January 1995 to December 2018, a total of 25 children with MHC class II deficiency 

underwent first HCT at Great North Children’s hospital, Newcastle Upon Tyne, United 
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Kingdom. The diagnosis of MHC class II deficiency was confirmed by absence of DR 

expression on monocytes, B lymphocytes and T lymphocytes. The clinical and laboratory 

data were retrieved from the transplantation database, patients’ medical files and laboratory 

records. Long-term follow-up outcomes from overseas patients were collected from 

respective referral hospitals. Written informed consent was obtained from the parents or 

legal guardians of the patients as per institutional practice for HCT. 

Donor selection, stem cell source, conditioning regimen and 
GvHD prophylaxis

The donor selection hierarchy was as follows: (i) matched family donor, (ii) matched 

unrelated donor, (iii) single antigen mismatched unrelated donor, (iv) haploidentical donor. 

For unrelated donor grafts, donor-recipient matching was by allele-level typing at HLA-A, 

-B, -C, -DQ and –DR. Prior to 2009, the conditioning regimen was busulfan or treosulfan, 

cyclophosphamide with or without serotherapy. From 2009, the conditioning regimen was 

switched to a myeloablative reduced toxicity regimen (RTC) using fludarabine, treosulfan 

and alemtuzumab for matched family and unrelated donors while fludarabine, treosulfan, 

thiotepa, ATG (Grafalon®) and rituximab were used for TCRαβ/CD19-depleted parental 

grafts. Marrow was the conventional preferred stem cell source but PBSC was preferred for 

patients who received RTC with matched donors or TCRαβ/CD19-depleted parental grafts. 

Before 2008, GvHD prophylaxis regimens were variable but consisted primarily of ciclosporin 

alone (CSA) or in combination with methotrexate (MTX). From 2008, GvHD prophylaxis shifted 

almost exclusively to CSA and mycophenolate mofetil (MMF). From 2017, the recipients of 

TCRαβ/CD19-depleted parental graft did not receive any post-transplant GvHD prophylaxis.

Supportive care

Prior to transplant, all patients were screened by PCR for viremia, gut viruses and respiratory 

viruses from bronchoalveolar lavage samples. Surveillance for cytomegalovirus (CMV), 

adenovirus, Epstein Barr virus (EBV), human herpes virus type 6 (HHV6) viraemia, respiratory 

and gut viruses was performed weekly since 2000. All patients received antimicrobial 

prophylaxis against fungi, Pneumocystis jiroveci (PCP), and human herpesvirus reactivation. 

All patients received immunoglobulin replacement until normal IgM was made. Donor 

haematopoietic chimerism monitoring was monitored by molecular techniques. 



Improved transplant survival and long-term disease outcome in children with MHC class II deficiency

85   

3         

Definition and endpoints

The main outcomes of interest were overall survival (OS) and event-free survival (EFS). OS 

was defined as survival from first HCT to last follow-up or death. An event was defined as 

death, graft failure or second procedures for slipping chimerism. Other endpoints assessed 

were as follows: (i) time to neutrophil recovery (first day of achieving a neutrophil count ≥ 0.5 

× 109/L for three consecutive days); (ii) time to platelet recovery (platelet > 20 × 109/L without 

transfusions for 7 days); (iii) incidences of transplant-related complications as defined and 

graded according to existing institutional guidelines at the time of HSCT, including infections, 

hepatic veno-occlusive disease (VOD) and GvHD; (iv) degree of donor haematopoietic 

chimerism at the most recent assessment; (v) immune reconstitution.

Statistical analysis

Quantitative variables were described with median and range while categorical variables 

were reported with counts and percentages. Chi-square test was used to compare 

categorical variables. Probabilities of OS and EFS were calculated using the Kaplan-Meier 

estimate. Log-rank test was used to compare predictors on OS. Variables analysed included 

age at transplant, year of transplant (1995 to 2008 vs 2009 to 2018), donor type, stem cell 

source and stem cell dose. For immune reconstitution kinetics for first 12 months and latest 

lymphocyte subset results, a nested matched case-control study was performed in which 

each MHC class II-deficient patient was matched with 2 disease controls for the following 

variables: age (difference < 2 years at transplant for immune reconstitution kinetics and 

at last review for latest lymphocyte subset), donor type, stem cell source, conditioning 

regimen, serotherapy, GvHD prophylaxis and CMV reactivation. Disease controls (n=36) 

were patients who were transplanted for alternative PID diagnoses: severe combined 

immunodeficiency (SCID) (n=10), CD40 ligand deficiency (n=2), Wiskott-Aldrich syndrome 

(n=7) and chronic granulomatous disease (n=13) and other PID (n=4; 1 natural killer cell 

deficiency; 1 inducible co-stimulator deficiency; 1 hemophagocytic lymphohistiocytosis; 1 

combined immunodeficiency. Lymphocyte subset at last review was available for 14 of 19 

survivors (1 on active treatment for GvHD, 1 was less than one year post-HCT at the time of 

analysis, 3 overseas patients were uncontactable). Multilevel mixed effects modelling was 

performed for the longitudinal analysis of CD3+, CD4+, CD8+, CD19+, NK cells and HLA-DR. 

Wilcoxon rank-sum test was used to compare latest lymphocyte subsets between patients 

and disease controls as above. All p-values quoted are two-sided, with a level of significance 

of 0.05.  Statistical analyses were performed using STATA 14.2.
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Results

Patient characteristics 

Patient clinical and immunological features at presentation are shown in tables 1 and 2. 

The median age at diagnosis was 6.5 months (range, at birth to 7.5 years). Immunological 

evaluation performed at referral showed that 14 (56%) had lymphocytopenia, 10 (40%) 

normal lymphocyte count and one had lymphocytosis. CD4+ lymphocytopenia was present 

in 19 patients (76%) and 6 (24%) had a normal CD4+ lymphocyte count. Six (24%) had CD19 

lymphocytopenia. All except 4 patients who were diagnosed at birth had multiple infections. 

Ten (40%) had a history of Pneumocystis jiroveci pneumonia, 13 (53%) had viral enteropathy 

and 14 (56%) had growth failure at transplant. Two patients had autoimmune phenomena (1 

polyarticular juvenile idiopathic arthritis (JIA); 1 probable autoimmune hepatitis). Two siblings 

were affected by macrophage activation syndrome (MAS) prior to transplant (patients 8 

and 9). Patient 8 was diagnosed with polyarticular JIA at 14 months of age and treated with 

etanercept, infliximab, methotrexate, local and systemic steroids. The diagnosis of MHC class 

II deficiency was made following immunological evaluation for prolonged fever at the 7 years 

of age. Three months prior to HCT, she developed MAS with persistent fever, cytopenia, high 

serum ferritin (highest 38,348mg/L), elevated triglycerides, and low fibrinogen. She responded 

to steroid and ciclosporin. There were no clinical features and no laboratory evidence of MAS 

reactivation during HCT. Patient 9 was diagnosed at 22 months of age after the diagnosis of 

MHC class II deficiency was made in patient 8. Patient 9 had chronic diarrhoea since birth but 

did not have history of JIA. Similarly, patient 9 developed MAS while waiting for HCT, of which 

she responded well to steroid and ciclosporin. Three patients (Patients 15, 19, 21) had novel 

homozygous RFXANK mutation c.477C>A (p.Ser159Arg) and Patient 7 had novel homozygous 

CIITA mutation c.3003C>G (p.D1001E).

Transplantation characteristics

Transplantation characteristics are summarized in tables 2 and 3. The median age at 

transplant was 21.4 months (range, 0.9 months to 7.8 years) and the median interval 

between diagnosis and transplant was 9.2 months (range, 0.9 months to 6 years). Six (24%) 

had matched family donors, 12 (48%) had unrelated donors and 7 (28%) had haploidentical 

donors. Unmanipulated PBSC was the stem cell source in 10 (40%) patients and 7 (28%) 

received TCRαβ/CD19-depleted parental PBSC. Only one patient received a cord blood 

transplant. Treosulfan-based reduced toxicity conditioning was used in 84% of patients 

(n=21). Twenty-one patients (84%) received either alemtuzumab (n=14) or ATG (n=8) as 

serotherapy. 
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Engraftment and transplant-related complications (Table 3)

The median day to neutrophil and platelet engraftment was 15 days (range, 8 to 22 days), 

and 16 days (range, 11 to 42 days) respectively. Thirteen (52%) patients had acute GvHD, 

of whom 4 (16%) had grade II acute cutaneous GvHD and none had visceral GvHD. None 

had grade III-IV acute GvHD or chronic GvHD. All five patients who had pre-transplant 

parenteral-nutritional dependent enteropathy were able to establish full enteral nutrition 

post-transplant. The parenteral nutrition was discontinued at a median day of 135 post-

HCT (range, 67 to 641 days) in these patients. Sixteen (64%) patients developed new onset 

viremia during transplant. Five of six deaths were due to transplant-related complications 

(4 pneumonitis; 1 cerebral haemorrhage). Patient 5 had congenital pelvic ureteric junction 

obstruction and died of urosepsis after two successful matched family donor transplants 

and good immune reconstitution. 

Overall and event-free survival 

The median duration of follow-up of surviving patients was 2.9 years (range, 0.7 to 7.3 

years). The 3-year OS was 78% (95% CI, 56-91%), rising to 94% (95% CI, 66-99%) for children 

transplanted after 2008 (n=19) versus 33% (95%CI, 46-68%) for the children transplanted 

between 1995 and 2008 (n=6) (p=0.003) (Figure 1a and 1b). For transplants after 2008, the 

OS was comparable between matched family (100%), unrelated donor transplants (100%) 

and haploidentical donor (83%, 95% CI, 27 to 97%) (p=0.40) (Figure1c). Age at transplant 

(p=0.59), stem cell source (p=0.50), total nucleated cell dose (p=0.59) and CD34 cell dose 

(p=0.59) and stem cell doses were not associated with OS in patients who were transplanted 

between 2009 to 2018.

The 3-year EFS for the cohort was 78% (95% CI 56-91%). Of 3 patients (patient 2, 5 and 22) 

who had graft failure, two died (patients 2 and 22) during second transplant (1 cerebral 

haemorrhage; 1 pneumonitis). Patient 5 underwent a successful second transplant with 

good immune reconstitution but died of urosepsis 3.8 years after a second transplant.

Donor chimerism, immune reconstitution and long-term disease 
outcome

Long-term follow-up data, available for 14 transplant survivors, are shown in table 4. The 

median age of long-term survivors was 5.3 years (range, 2.2 to 14 years) with median 

duration of follow-up of 3.5 years (range, 1.1-7.3). The median donor myeloid and lymphocyte 

chimerism at last follow-up (n=19) was 100% (range, 0-100%) and 100% (range, 64 to 100%) 

respectively. Immune-reconstitution kinetics within first 12 months was available in 18 of 19 

survivors (one patient was excluded for on-going active GvHD treatment) and is illustrated 
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in Figure 2. By comparison with disease controls, patients transplanted for MHC class II 

deficiency had significantly lower CD4+ T-lymphocyte counts at months 5 (p=0.06), 6 (p=0.01) 

and 12 (p=0.002) post-transplant and at latest follow-up (p=0.01) (Figure 3). While seven 

survivors (50%) had low or low normal CD4+ T-lymphocytes at last review, the remainder 

had CD4+ T lymphocyte counts in the normal range. There was no significant difference 

in circulating CD3+ (p=0.61), CD8+ (p=0.59), CD19+ (p=0.90), NK cells (p=0.22) or % activated 

T-lymphocytes (HLA-DR) (p=0.66) between patients and controls at any time point post-

transplant. Donor type had no impact on immune reconstitution kinetics (supplemental 

figure 1). All long-term survivors were well with no end organ damage (Table 4). Patient 14 had 

good neurological recovery after enterovirus meningitis with communicating hydrocephalus. 

All survivors were off immunoglobulin replacement and had protective vaccine responses. 

None had any significant infection or autoimmunity. 

Discussion

This is one of the largest haematopoietic cell transplantation series for MHC class II deficiency 

from a single transplant center over the past two decades. A number of important observations 

emerge from this report. Whilst the majority of patients present with classical clinical and 

immunological features, some patients can have non-infectious manifestations and an 

unusual pattern of laboratory results. The overall survival has improved significantly and no 

patient had either severe acute GvHD or chronic GvHD. Despite numerically decreased CD4+ 

T-lymphocyte reconstitution, all transplant survivors had good immunological outcome. 

Children with MHC class II deficiency usually present with a clinical phenotype that is very 

similar to SCID and generally have severe CD4+ T-lymphocytopenia, hypogammaglobulinemia 

and lack of antigen-specific antibody responses. The CD4+ lymphocytopenia reflects the 

abnormal CD4+ thymocyte development due to defective MHC class II expression in the 

thymus. CD8+ T-lymphocyte counts may be normal or raised, leading to an inverted CD4/CD8 

ratio.  The diagnosis is confirmed by absence or very low HLA-DR expression on lymphocytes 

which is the immunological hallmark of the disease. In our cohort, 6 (24%) had a normal 

CD4+ T-lymphocyte, 4 (16%) had a high CD8+ T-lymphocyte count and 8 (32%) had a normal 

CD4:CD8 ratio. Autoimmunity was the first presentation in patient 8, who was treated with 

multiple biologic agents for refractory arthritis before the diagnosis of MHC class II deficiency 

was made. She and her younger sibling (patient 9), both of whom had homozygous CIITA 

mutation, developed macrophage activation syndrome prior to transplant, which has not 

been reported previously. Although disseminated BCGitis is not expected in these patients 

because of the presence of residual immunity in the form of CD8+ T-lymphocytes and natural 

killer cells, one patient in our cohort had disseminated BCGosis prior to transplant. 
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We have shown that the 3-year OS has improved to 94% for children with MHC class II 

deficiency transplanted since 2008, comparable to HCT for children with severe combined 

immunodeficiency.(17, 20-24) Small et al. (2013) reported transplant survival of 69% in 16 

children with MHC class II deficiency from five transplant centers in the Europe and the 

United States. Al-Mousa et al. (2010) reported a similar transplant survival of 66% in a cohort 

of 30 patients from a single transplant center in Saudi Arabia. Many factors have contributed 

to this improvement in our center including a detailed graft selection hierarchy, superior 

HLA matching technology, improved methods for graft manipulation, improved supportive 

care, vigilant infection surveillance and pre-emptive treatment, more effective anti-microbial 

therapy and a multidisciplinary team approach prior to and after HCT. In our center, we 

have used reduced toxicity conditioning with fludarabine, treosulfan, and alemtuzumab for 

family and unrelated donor transplant since 2009. Our haploidentical transplant strategy 

in this cohort includes conditioning with fludarabine, treosulfan, thiotepa, ATG (Grafalon®) 

and rituximab and graft manipulation by TCRαβ/CD19 depletion of peripheral blood stem 

cells. The OS following haploidentical transplant in our cohort was comparable with family 

and unrelated donor transplants, with a single fatality. Despite being diagnosed at 6 months 

of age, the deceased patient was referred for transplant at 6 years, by which age he had 

multiple viral infections, gut failure and chronic lung disease. The use of alemtuzumab and 

graft engineering has reduced the incidence of acute GvHD in our cohort compared to high 

reported incidence ranging 47-73%.(23, 25, 26) A high incidence of acute GvHD in previous 

reports may be due to inadequate in-vivo T-lymphocyte depletion and chronic viral infection. 

Despite pre-HCT enteropathy is common in our study cohort, none had gut GvHD.

The long-term disease outcome in our cohort is excellent with good immunological 

outcomes, infection-free and recovery of previous organ damage. In contrast to Klein et al.’s 

observation of persistent CD4+ lymphopenia in all eight transplant survivors in his series of 

19 transplants, 50% (n=7) of the survivors have normal CD4+ lymphocytes post-transplant.

(21) Godthelp et al. described impaired immune repertoire in two patients with partial 

engraftment post-HCT.(27) The persistent CD4+ T-lymphopenia in some patients might be 

explained by impaired thymocyte maturation caused by defective MHC class II expression 

on thymic epithelia. Our cohort with the largest series of transplant survivors showed 

that despite low CD4+ T-lymphocyte numbers, transplanted patients show normalization 

of antigen-specific T-lymphocyte stimulation and antibody production in response to 

immunization antigens. However, it is unclear what the long-term impact of decreased CD4+ 

T-lymphocyte reconstitution may be, particularly the risks of autoimmunity and premature 

immunosenescence.
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In conclusion, HCT is a safe curative therapy for children with MHC class II deficiency. 

Unrelated and parental haploidentical donors are associated with excellent survival at 

our center, comparable to matched family donors. As young age at HCT is associated with 

favourable outcome in children with MHC class II deficiency, HCT should be performed as 

early as possible after the diagnosis, before the onset of disease-related organ damage. 

(21) Family screening plays an important role in advancing the transplant care for children 

with MHC class II deficiency. There is a need for a multi-center study using registry data to 

delineate the predictors of transplant survival and long-term disease outcomes in children 

with MHC class II deficiency. Advances in graft manipulation, additional cellular therapy and 

patient-tailored conditioning regimens may enable precise personalised transplant care 

and further improve the transplant survival while reducing late effects such as infertility. In 

addition, it is conceivable that gene therapy may in future offer a therapeutic alternative for 

children with MHC class II deficiency.  
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Table 3: Patient and transplantation characteristics and outcome after HCT in children with 
MHC class II expression deficiency (N=25)

Patient characteristics
Year of transplant

1998-2007, n (%) 6 (24)
2008-2018, n (%) 19 (76)

Male, n (%) 15 (60)
Age at diagnosis, months, median (range) 6.5 (at birth – 89.6)
Age at transplant, months, median (range) 21.4 (0.9-93.3)
Interval between diagnosis and HCT, months, median (range) 9.2 (0.9 – 71.5)
Newborn MHC class II expression deficiency, n (%) 4 (16)
Positive family history, n (%) 12 (48)
Consanguineous parents, n (%) 22 (88)
BCG vaccination, n (%) 21 (84)
History of PCP pneumonia, n (%) 10 (40)
Pre-transplant chronic diarrhoea, n (%) 13 (52)
Growth failure at HCT (<9th centile), n (%) 14 (56)
Pre-transplant autoimmune disease, n (%) 2 (8)
Donor characteristics
Type of donor

Matched family donor, n (%) 6 (24)
Matched unrelated donor, n (%) 6 (24)
Mismatched unrelated donor+, n (%) 6 (24)
Parental haploidentical donor*, n (%) 7 (28)

Stem cell source
Marrow, n (%) 7 (28)
Unmanipulated PB, n (%) 10 (40)
TCR αβ/CD19 depleted PBSC, n (%) 7 (28)
CB, n (%) 1 (4)

Graft details
Marrow

TNC, x 108/kg, median (range) 4.1 (2.5-11.5)
CD34, x 106/kg, median (range) 3.4 (3.1-5.9)
CD3, x108/kg 0.61 (0.37-1.0)
CD19, x107/kg 3.85 (1.6-6.1)

Unmanipulated PB
TNC, x 108/kg, median (range) 16.8 (13.4-42.7)
CD34, x 106/kg, median (range) 12.5 (6.3-28.6)
CD3, x108/kg 4.95 (3.4-9.6)
CD19, x107/kg 9.6 (1.6-22.0)

TCR αβ/CD19 depleted PBCS
TNC, x 108/kg, median (range) 12.7 (7.6-28.0)
CD34, x 106/kg, median (range) 26.1 (6.9-56.6)
CD3, x107/kg 4.2 (1.4-45)
CD19, x105/kg 6.0 (3.6-12.0)
TCR αβ , x104/kg 5.0 (2.7-7.0)
NK cells x107/kg 5.5 (1.8-11.0)
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Transplant characteristics
Conditioning regimen

Myeloablative conditioning (MAC)
Busulfan-Cyclophosphamide, n (%) 3 (12)
Treosulfan-Cyclosphosphamide, n (%) 2 (8)
Fludarabine-Treosulfan-Thiotepa, n (%) 7 (28)

Reduced toxicity conditioning (RTC)
Treosulfan-fludarabine, n (%) 12 (48)
Fludarabine-melphalan, n (%) 1 (4)

Serotherapy
None, n (%) 4 (12)
ATG#, n (%) 8 (32)
Alemtuzumab, n (%) 14 (56)

GVHD prophylaxis
None, n (%) 5 (20)
CSA alone, n (%) 3 (12)
CSA + MTX, n (%) 2 (8)
CSA + MMF, n (%) 14 (56)
CSA + steroid (for CB), n (%) 1 (4)

Haematopoietic recovery
Days to neutrophil recovery, median (range) 15 (8-22)
Days to platelet recovery, media (range) 16 (11-42)
Transplant-related complications
Acute GvHD 13 (52)

Grade II-IV, n (%) 4 (16)
Grade III-IV, n (%) 0

Chronic GvHD2 0
Veno-occlusive disease, n (%) 0
CMV viraemia, n (%) 7 (28)
Adenoviraemia, n (%) 9 (36)
HHV6 viraemia, n (%) 7 (28)
EBV viraemia, n (%) 1 (4)
Number of patients required parenteral nutrition, n (%) 17(68)
Number of patients with graft failure, n (%) 3 (12)

Secondary autologous reconstitution, n (%) 2 (8)
Secondary aplasia, n (%) 1 (4)

Cause of death (n=6)
Pneumonitis 4 (16)
Cerebral haemorrhage 1 (4)
Infection 1 (4)

+6 had 9/10 mismatched unrelated donor transplant; *3 received add-back T cells; #6 had ATG (Grafalon) 
and 1 had thymoglobulin								         
ATG: anti-thymocyte globulin (Grafalon) for haploidentical transplant; CB: cord blood; CSA: ciclosporin; 
MMF: mycophenolate mofetil; MTX: methotrexate; PBSC: peripheral blood stem cells; TNC: total 
nucleated cell dose
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Supplemental fi gure 1: CD4+ lymphocyte reconstitution kinetics according to donor types
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