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Summary
Although modern clinical management strategies have improved the outcome of 
paediatric patients with severe autoimmune and inflammatory diseases over recent 
decades, a proportion will experience ongoing or recurrent/relapsing disease activity 
despite multiple therapies often leading to irreversible organ damage, and compro-
mised quality of life, growth/development and long- term survival. Autologous and 
allogeneic haematopoietic stem cell transplantation (HSCT) have been used success-
fully to induce disease control and often apparent cure of severe treatment- refractory 
autoimmune diseases (ADs) in children. However, transplant- related outcomes are 
disease- dependent and long- term outcome data are limited in respect to efficacy 
and safety. Moreover, balancing risks of HSCT against AD prognosis with continu-
ally evolving non- transplant options is challenging. This review appraises published 
literature on HSCT strategies and outcomes in individual paediatric ADs. We also 
provide a summary of the European Society for Blood and Marrow Transplantation 
(EBMT) Registry, where 343 HSCT procedures (176 autologous and 167 allogeneic) 
have been reported in 326 children (<18 years) for a range of AD indications. HSCT 
is a promising treatment modality, with potential long- term disease control or cure, 
but therapy- related morbidity and mortality need to be reduced. Further research 
is warranted to establish the position of HSCT in paediatric ADs via registries and 
prospective clinical studies to support evidence- based interspeciality guidelines and 
recommendations.
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I N TRODUC TION

Children suffering from severe rheumatic and non- 
rheumatic autoimmune diseases (ADs) have a poor qual-
ity of life (QoL) and a markedly reduced life expectancy 
due to persistent/recurring disease activity leading to pro-
gressive organ damage and disabilities which tend to in-
crease during adolescence and adulthood. Such limitations 
may have life- long implications on future health, growth 
and development, employment, family life and prognosis. 
Severe paediatric ADs present with heterogeneous autoim-
mune and autoinflammatory features which are generated 
from aberrant immune responses targeting organ- specific 
autoantigens. Whilst defects of either B-  or T- cell selection 
may cause autoimmune manifestations characterised by 
circulating autoantibodies, mutations in cells or molecules 
involved in innate immune responses may initiate auto-
inflammatory symptoms at inflammation- prone sites.1,2 
Current conventional treatments are based on broadly- 
acting and often potent immunosuppressive ‘conventional’ 
agents, as well as on more targeted biological disease- 
modifying antirheumatic drugs (DMARDs) and disease- 
modifying therapies (DMTs). Nevertheless, such therapies 
are rarely curative and mostly need to be administered 
life- long, following a stepwise scheme which includes dose 
escalations as well as combinations of different drugs and 
therapy modalities according to current disease activity.3 
Treatment- related, sometimes severe, adverse effects fre-
quently complicate the primary clinical burden of the AD 
on both an acute and long- term basis, impacting on mor-
bidity, mortality, QoL and health economic aspects of the 
disease.4,5

In patients with severe ADs refractory to conventional 
treatments, haematopoietic stem cell transplantation 
(HSCT) may be considered a potentially curative procedure, 
through a ‘resetting’ or replacement (complete or partial) of 
the dysfunctional immune system.6– 10 Long- term outcome 
data and genetic features of allogeneic HSCT in children and 
adults with severe ADs were previously reported.7 In this 
review, we provide a summary of the European Society for 
Blood and Marrow Transplantation (EBMT) registry, dis-
cuss past and current indications, efficacy of published con-
ditioning regimens, associated risks and benefits and future 
directions of HSCT in children with severe autoimmune dis-
eases, focussing on the largest disease groups.

M ECH A N ISTIC ASPEC TS

Haematopoietic stem cell transplantation exerts its thera-
peutic effect in ADs through various biological mechanisms. 
Firstly, the immunosuppressive conditioning regimen prior 
to HSCT is able to temporarily eradicate or suppress cir-
culating and tissue- based auto- reactive cells, rapidly halt-
ing of inflammatory activity. Secondly, the regeneration/
renewal of the immune system resets the aberrant im-
mune response to self- antigens11 and there is support for 

various immunological processes, including induction of 
immune tolerance, associated with longer- term clinical 
improvements.11

Immuno- ablative conditioning and autologous HSCT 
have been shown to induce depletion or attenuation of the 
immunological memory as well as generation of de novo 
naïve T cells and T- cell receptor (TCR) repertoire diver-
sification through a revival of the thymopoiesis.12,13 Since 
thymus- dependent T- cell regeneration post transplant is 
strongly determined by age and ability to administer truly 
lympho- ablative treatments, children may benefit from a 
physiologically more efficient thymopoiesis and ‘thymic 
re- bound’ promoting immune tolerance via ‘thymic re- 
education’ post transplant.14 Moreover, a substantial in-
crease of regulatory T cells (Treg) has been shown to occur 
after HSCT, supporting the hypothesis that recovery of 
immune regulation also contributes to induction and/or 
maintenance of immune tolerance and clinical responses 
post transplant.12

Allogeneic HSCT represents an attractive option for 
patients with refractory AD, since it has the potential to 
induce both complete eradication of auto- reactive cells 
and/or the dysfunctional immune network causing the 
AD, with the potential regeneration of a ‘fresh’ immune 
self- tolerant system.7,15 Clearly, there are cautions associ-
ated with allogeneic HSCT, most notably the potential for 
graft- versus- host disease (GvHD), graft rejection, delayed 
immune reconstitution, and infection susceptibility.16 
However, compared with adults, these risks are signifi-
cantly less in the paediatric age group, and with careful 
donor selection risks of allo- reactivity can be minimised 
in a number of ways, including human leukocyte antigen 
(HLA) compatibility.17– 19 Matched family donors (MFD) 
are considered as first choice providing lower rates of 
transplant- related mortality. Matched unrelated donors 
(MUD) achieve comparable toxicity rates in children 
with malignant diseases and are thus increasingly used 
also in children with non- malignant diseases.20,21 Use 
of MUD can also remove some concerns of inherent ge-
netic components of ADs within families. If fully matched 
donors are not available, umbilical cord blood (CB) has 
been used as a rapidly available source of haematopoietic 
stem cells.22– 24 However, GvHD prophylaxis remains de-
cisive to success, in particular in non- malignant diseases 
where no graft- versus- leukaemia (GvL) effect is required. 
Furthermore, CB lackS antigen- experienced T cells, and 
IS associated with increased infection risk post trans-
plant.25– 27 Haplo- identical HSCT is an almost universally 
available alternative donor source with increasing accep-
tance for malignant and non- malignant diseases, with a 
variety of techniques for T- cell depletion and tolerance 
induction. Graft manipulation with combined negative 
selection of αβ+ T cells and CD19+ lymphocytes was de-
signed to achieve an ideal graft composition in vitro,28– 31 
whilst post- transplant cyclophosphamide (PTCy) is used 
for in vivo lympho- depletion, optionally in combination 
with serotherapy and T- cell add- back procedures.32– 34
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R ATIONA L E A N D CU R R E N T 
TR E N DS FOR H A E M ATOPOIETIC 
STE M CE L L TR A NSPL A N TATION 
I N CHIL DR E N W ITH SEV ER E 
AU TOI M MU N E DISE ASE S

The management of children with severe ADs requires con-
sideration of many, frequently challenging aspects. A broad 
age range, diversified physical and emotional development, 
a large variety of disease entities, with a range of proposed 
pathogenenetic targets,1 and often fluctuant disease activity 
lead to heterogeneous clinical phenotypes and severities with 
variable and highly individualised responses to treatment.

Over the last three decades, both autologous and alloge-
neic HSCT procedures have been performed in children with 
severe ADs, largely sporadically on an individual patient 
basis, with few in clinical trials. In 1996, the first child un-
dergoing a HSCT due to a severe AD (systemic sclerosis, SSc) 
was registered in the section of the EBMT registry associ-
ated with the Autoimmune Disease Working Party (ADWP). 
Paediatric patients are defined by EBMT as younger than 
18 years at time of transplant. By October 2021, 343 HSCT 
procedures, of which 176 were performed with autologous 
graft and 167 with donor stem cells, were reported in 326 
paediatric patients with severe ADs. For this paediatric AD 
cohort, median age at autologous and allogeneic transplant 
was 12.3 years (range 2.7– 17.9) and 7.6 years (range 0.13– 
17.91), respectively. Further information for autologous and 
allogeneic transplant procedures for ADs reported annually 
to the EBMT registry are presented in Figure 1, while major 
transplant indications for both autologous and allogeneic 
HSCT over time are indicated in Figure 2. Available data on 
transplant indications are shown in Tables 1 and 2. Available 
registry information on transplant procedures, including 
main conditioning regimens, use of serotherapy for lympho- 
depletion, donor selection and stem cell source are reported 
in Table 3. A selection of available European studies focus-
sing on or including children with severe ADs are indicated 
in Table 4.

Overall, data are heterogeneous with paediatric patients 
mostly undergoing HSCT with centre- specific conditioning 
regimens, thus limiting systematic comparison of outcome 
results. Even so there are useful trends. Whilst autologous 
HSCT procedures were initially preferred in this patient 
population, there has been a notable shift to allogeneic pro-
cedures during the last 15 years, perhaps driven by a rela-
tively high incidence of treatment- related morbidity and 
mortality (TRM) in autologous HSCT and consistent ad-
vances in transplant strategies.6,7,35– 37

With respect to EBMT registry data for ADs, analyses of 
the specific paediatric group (<18 years) are relatively limited 
compared with the adult cohort. The largest experience of 
allogeneic HSCT in AD is a retrospective EBMT study in a 
predominantly paediatric population with various haema-
tological and non- haematological severe ADs, where HSCT 
supported long- term remission and ‘cure’ with plateauing 
of the Kaplan– Meier survival curves being achieved in the 

majority of patients.7 However, it has to be recognised that 
in this high- risk population, where individualised treatment 
decisions may have been taken because of limited treatment 
options and otherwise poor prognosis, a significant minority 
suffered TRM of 20% at two years. In support of allogeneic 
HSCT for paediatric AD patients, significantly better trans-
plant outcomes were achieved for age under 18 years in more 
recent years.7

Many analyses have been performed for autologous HSCT 
in various ADs, but they have been predominantly in adults 
and very few specifically relating to children.38,39 Responses 
to autologous HSCT are very disease- specific, with high 
level evidence (randomised controlled trials) supporting its 
use in adults with multiple sclerosis (MS) and systemic scle-
rosis (SSc), but variable and unsustained responses in others 
including Crohn's disease (CD) and rheumatic diseases. In 
some paediatric ADs, such as juvenile idiopathic arthritis 
(JIA), autologous HSCT may still have a significant burden 
of adverse effects, some life- threatening. In paediatrics, au-
tologous HSCT has not been generally followed by the high 
frequency of profound and sustained drug- free remissions 
achieved with allogeneic HSCT.

The following sections and Table 4 summarise the reports 
of various AD indications for allogeneic and autologous 
HSCT, focussing on responses and toxicity.

M AJOR I N DICATIONS FOR 
H A E M ATOPOIETIC STE M 
CE L L TR A NSPL A N TATION 
I N CHIL DR E N W ITH SEV ER E 
AU TOI M MU N E DISE ASE S

Rheumatic diseases

Despite remarkable progress in the treatment of rheumatic 
diseases in children based on innovative targeted drugs and 
effective supportive treatment, some children affected by 
rheumatic diseases will experience ongoing disease activity 
into adulthood.35,36 However, current data on rescue therapy 
with HSCT in selected patients are promising. The EBMT 
registry currently provides information on 146 children 
after autologous or allogeneic HSCT for rheumatic diseases. 
Predominant indications for HSCT are systemic or polyar-
ticular JIA (n  =  86), systemic lupus erythematosus (SLE, 
n = 22) and SSc (n = 16). The majority of patients (75%) were 
treated with autologous HSCT.

Juvenile idiopathic arthritis (JIA) refers to all forms 
of arthritis of unknown origin beginning before the age 
of 16 years and persisting over more than =six weeks.40 
Systemic JIA (sJIA, Stills' disease) is a particular form of 
this disease characterised by polyarticular arthritis in com-
bination with a prominent systemic auto- inflammatory 
reaction with overproduction of inflammatory cyto-
kines (in particular IL- 6 and IL- 1) in the absence of auto- 
antibodies.41,42 Systemic JIA is associated with recurrent 
episodes of fever, skin rash, serositis, lymphadenopathy and 
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hepatosplenomegaly leading to frequent medical consulta-
tions and hospitalisations and poor QoL of affected chil-
dren.43 First- line JIA treatment is based on non- steroidal 
anti- inflammatory drugs, mostly in combination with 
immunosuppressive drugs such as methotrexate and cor-
ticosteroids. Targeted therapy with IL- 1-  (e.g., anakinra) or 
IL- 6- inhibitors (e.g., tocilizumab) has been reported to be 
highly effective in selected patients refractory to conven-
tional treatment.42,44– 46

Secondary haemophagocytic lymphohistiocytosis (sHLH) 
or macrophage activation syndrome (MAS), an heterogenous 
life- threatening hyperinflammatory complication of severe 
ADs and, in particular, JIA, occurring in 10% of patients and 
being a major cause of disability and mortality, may develop 
despite cytokine inhibitors, thus requiring further therapeu-
tic modalities in affected children.47– 50 Since 1997, a total 
of 65 autologous HSCT for systemic or polyarticular JIA 
were identified in the EBMT registry. Available data indi-
cate long- term drug- free complete remission (CR) in around 
55% of this patient cohort.36,51 Published conditioning reg-
imens range from less intensive cyclophosphamide- based 
with additional anti- thymoglobuline (ATG) serotherapy to 
more aggressive protocols with combined low- dose total- 
body irradiation (TBI).51– 53 However, a significant propor-
tion of children treated with this procedure developed severe 
treatment- related morbidity and mortality (9%– 14%), mostly 
due to infections after profound lympho- depletion and 
MAS.51– 53 Furthermore, re- emerging auto- reactive T cells 
stimulated rebounding auto- inflammation in a significant 
number of children after autologous transplant even several 

years post transplant, thus opening a therapeutic window for 
allogeneic procedures.36,43

Allogeneic HSCT with an HLA- identical sibling or an un-
related HLA- matched unrelated donor has been successfully 
performed in a paediatric cohort of 16 patients with JIA, 11 
of which (69%) achieved stable CR.43 Sustained CR was also 
reached in the first child transplanted with a haploidentical 
donor for severe JIA.54 However, allogeneic transplant was 
associated with significant TRM (13%) and clinically rele-
vant treatment- related toxicity as acute GvHD grade II– IV 
(19%), infections (56%) and auto-  or alloimmune cytopenia 
(25%), concluding that this procedure should be evaluated in 
controlled trials.43,55

Childhood- onset systemic lupus erythematosus (cSLE) is 
a rare chronic inflammatory disease affecting multiple sys-
tems and occurring before the age of 18 years. Based on a ret-
rospective analysis considering defined diagnostic criteria, 
a disease incidence of 0.3– 0.9 per 100 000 children per year, 
and a prevalence of 3.3– 24 per 100 000 children was reported 
in the past two decades.56 The pathogenesis underlying cSLE 
remains poorly understood, but current reference literature 
claims SLE as an heterogenous group of genetically distinct 
disorders.57– 59 Extensive genomic analysis revealed several 
monogeneic deficiencies and mutations related to the DNA 
coding of the complement system (e.g. C1q deficiency), of the 
type I interferon signalling (e.g. TREX1 mutations) and of 
immune- modulatory protein kinases (e.g. biallelic PRKCD 
mutations) with high susceptibility to cSLE.58

cSLE frequently presents with a severe clinical course 
characterised by lupus nephritis, cytopenia, haemostatic 

F I G U R E  1  Number of autologous and allogeneic haematopoietic stem cell transplantations (HSCT) in children aged 0– 18 years with severe ADs 
reported to the European Society for Blood and Marrow Transplantation data registry associated with the Autoimmune Disease Working Party between 
1996 and 2020
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defects, photosensitivity, neuropsychiatric, and mucocu-
taneous involvement.60– 62 Combined anti- inflammatory 
and immunosuppressive drugs such as systemic glucocorti-
coids, mycophenolate mofetil, azathioprine, cyclophospha-
mide and biologicals (rituximab, belimumab), are currently 
recommended to rapidly induce disease control, thereby 

limiting disease- related organ damage.56 Nevertheless, 
treatment- related adverse effects including infections and 
renal failure, may aggravate clinical burdens in children af-
fected with cSLE. For these children, in particular when a 
genetic component is present, HSCT may represent a feasible 
alternative.

F I G U R E  2  Major indications of autologous (A) and allogeneic (B) haematopoietic stem cell transplantation (HSCT) in children aged 0– 18 years with 
severe ADs reported to the European Society for Blood and Marrow Transplantation (EBMT) data registry associated with the Autoimmune Disease 
Working Party (ADWP) between 1996 and 2020. Abbreviations: AD, autoimmune disease; MS, multiple sclerosis; SLE, systemic lupus erythematosus; 
SSc, systemic sclerosis
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Until now, 22 paediatric patients with severe and re-
fractory SLE who received an autologous (children = 18) or 
an allogeneic (n  =  4) HSCT were registered in the EBMT 
database. Preliminary data on two teenagers suggested 

acceptable toxicity occurring in both patients and consist-
ing in viral infections. Both patients experienced success-
ful CR after conditioning with cyclophosphamide, ATG 
and low- dose TBI prior to autologous HSCT.63 A later ret-
rospective analysis on European adult and paediatric pa-
tients receiving autologous HSCT for severe SLE included 
both above- mentioned patients and 15 further children. 
Conditioning regimen mostly based on cyclophosphamide 
with additional ATG and autologous graft re- infusion al-
lowed CR in 66% of all patients and indicated a probability 
of disease- free survival at five years of 55%. Nevertheless, 
the incidence of severe adverse events, mostly infections, 
was high (53%) and TRM rate was significant (13%).64 The 
clinical course post transplant of two children in a report 
from a Chinese centre after comparable conditioning was 
in line with these results, showing one patient in stable CR 
after four years and the other relapsing after nine months.65 
Promising long- term remissions have been reported in five 
severe paediatric SLE, paralleled by a high rate of virus re-
activations responding to antiviral treatment (80%) and a 
low incidence of other adverse reactions (MAS occurred in 
one child).66

The number of adult and paediatric SLE patients having 
undergone allogeneic HSCT is very limited. To the best of 
our knowledge, very few children have been reported after 
allogeneic HSCT for SLE; most of them had coincidental se-
vere haematological diseases or inborn errors of immunity 
(IEI) as the main transplant indication.

Despite persistent centromere antibodies, a 16- year- old 
girl suffering from cSLE without monogeneic component 
experienced complete remission over five years and substan-
tial improvement of QoL after reduced- intensity condition-
ing with cyclophosphamide, fludarabine and alemtuzumab 
and infusion of a HLA- identical sibling graft (matched sib-
ling donor —  MSD).67

Two patients with cSLE and concomitant severe 
haematological disease (one child with sickle cell dis-
ease  —   SCD68  —   and one other with drug- induced bone 
marrow aplasia69) were transplanted with a MSD graft 
after cyclophosphamide- based myeloablative condition-
ing. Whilst the first patient only developed mild acute 
GvHD and was in CR over 15 years, the child with con-
comitant SCD experienced severe neurological and gastro-
intestinal complications before achieving stable CR over 
31 months.68,69

The clinical course of four children with C1q deficiency 
and cSLE were reported by different authors. Both condi-
tioning regimens and stem cell donors presented important 
differences, and outcome results were heterogeneous. One 
nine- year- old boy with treatment- resistant cerebral SLE 
required donor lymphocyte infusion due to Epstein– Barr 
virus (EBV)- mediated post- transplant lymphoproliferative 
disorder (PTLD) and mesenchymal stem cell (MSC) infu-
sion for treatment- refractory intestinal GvHD which did 
not resolve. The patient died four months after HSCT due 
to massive cerebral haemorrhage and multiorgan failure. 
One 12- year- old girl developed EBV- positive PTLD which 

T A B L E  1  Major indications of HSCT for ADs reported to the 
European Society for Blood and Marrow Transplantation (EBMT) 
data registry associated with the Autoimmune Disease Working Party 
(ADWP) and Paediatric Diseases Working Party (PDWP)

Diagnosis

Transplant procedure

Autologous graft 
(cum. n = 176), n 
(relative %)

Allogeneic graft 
(cum. n = 167), 
n (relative %)

Rheumatic diseases, n (overall %), 146 (43)

sJIA 65 (45) 21 (14)

SLE 18 (12) 4 (3)

SSc 16 (11)

Granulomatosis with 
polyangiitis

2 (1) 1 (1)

Sjogren syndrome 1 (1)

PM- DM 1 (1)

M. Behcet 1 (1)

RA 1 (1)

Other vasculitis 2 (1) 5 (3)

Other connective 
diseases

3 (2) 4 (3)

Other arthritis 1 (1)

Autoimmune cytopenias, n (overall %), 60 (17)

Evans syndrome 3 (5) 13 (22)

AIHA 4 (7) 8 (13)

ITP 3 (5) 2 (3)

Others 1 (2) 26 (43)

Neuroinflammatory diseases, n (overall %), 41 (12)

POMS 32 (78) 1 (2)

NMO 4 (10)

CIDP 1 (2)

Others 2 (5) 1 (2)

Inflammatory bowel diseases (IBD), n (overall %), 35 (10)

CD 16 (46) 5 (14)

Ulcerative colitis 1 (3) 2 (6)

Others 11 (31)

Monogeneic diseasesa, n 
(overall %), 34 (10)

34 (100)

Other AD, n (overall %), 
27 (8)

3 (11) 24 (89)

Abbreviations: AD, autoimmune disease; AIHA, autoimmune haemolytic 
anaemia; CD, Crohn's disease; CIDP, chronic inflammatory demyelinating 
polyradiculoneuropathy; HSCT, haematopoietic stem cell transplantation; ITP, 
autoimmune thrombopenia; NMO, neuromyelitis optica; PM- DM, polymyositis- 
dermatomyositis; POMS, paediatric onset multiple sclerosis; RA, rheumatoid 
arthritis; sJIA, systemic juvenile idiopathic arthritis; SLE, systemic lupus 
erythematosus; SSc, systemic sclerosis.
aFurther patient characteristics are described in Table 2.
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T A B L E  2  Patient characteristics of the subgroup transplanted for monogeneic ADs and reported to the the European Society for Blood and Marrow 
Transplantation (EBMT) data registry associated with the Autoimmune Disease Working Party (ADWP) and Paediatric Diseases Working Party 
(PDWP)

Patient ID
Year of 
transplant

Age at transplant 
(years)

HSCT 
procedure

Transplant 
number Disease classification

1 2011 17.19 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

2 2011 12.85 Allogeneic First Early- onset inflammatory bowel disease with 
IL10R deficiency

3 2012 8.14 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

4 2013 2.98 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

5 2014 0.92 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

6 2014 1.49 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

7 2017 1.33 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

8 2017 4.1 Allogeneic First Autoimmune enteropathy, post- infectious

9 2018 0.88 Allogeneic First SCID (MHC class 2 deficiency)

10 2018 1.54 Allogeneic First SCID (RAG1 deficiency)

10 2018 1.98 Allogeneic Second SCID (RAG1 deficiency)

11 2008 3.76 Allogeneic First Enteropathy with immune dysregulation

12 2012 0.22 Allogeneic First Transfusion- associated GvHD

13 2015 6.46 Allogeneic First Inflammatory bowel disease

14 2015 3.07 Allogeneic First Early- onset inflammatory bowel disease with 
IL10RB deficiency

15 2017 4.73 Allogeneic First Early onset inflammatory bowel disease and 
undefined T- cell deficiency

16 2014 2.32 Allogeneic First MSMD IF KAPPA B ALPHA deficiency

17 2015 10.29 Allogeneic First STAT3 GOF syndrome

18 2016 8.1 Allogeneic First Autoinflammatory disease (PAPA- like 
Syndrome). PSTPIP- I deficiency

19 2016 6.28 Allogeneic First STAT3 GOF syndrome

20 2017 6.81 Allogeneic First STAT3 GOF syndrome

21 2017 1.06 Allogeneic First RALD

22 2014 9.76 Allogeneic First Lymphomatoid granulomatosis, grade I

23 2019 10.22 Allogeneic First Inflammatory bowel disease with CTLA4 
deficiency

24 2018 1.76 Allogeneic First SCID

25 2019 3.66 Allogeneic First alpha- Mannosidose

26 2019 10.37 Allogeneic First RCC

27 2019 3.54 Allogeneic First STAT3 GOF syndrome

27 2020 4.48 Allogeneic Second STAT3 GOF syndrome

28 2015 16.83 Allogeneic First Chediak- Higashi syndrome

29 2017 0.47 Allogeneic First SCID (Omenn syndrome)

30 2018 8.45 Allogeneic First LRBA deficiency

31 2016 16.47 Allogeneic First IPEX syndrome

32 2019 0.85 Allogeneic First IPEX syndrome

Abbreviations: AD, autoimmune disease; GOF, gain- of function; GvHD, graft- versus- host disease; HSCT, haematopoietic stem cell transplantation; IPEX, immune 
dysregulation, polyendocrinopathy, enteropathy, X- linked; MHC, major histocompatibility complex; MSDM, Mendelian susceptibility to mycobacterial disease; PAPA, 
pyogenic arthritis, pyoderma gangrenosum and acne; RALD, RAS- associated leucoproliferative disease; RCC, refractory cytopenia of childhood; SCID, severe combined 
immunodeficiency.
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resolved after rituximab therapy. Three of four children were 
alive and experienced stable CR over six months to two years 
of follow- up.70– 72 Details of four children undergoing allo-
geneic HSCT for severe SLE, two with a genetic component 
(C1q deficiency), were included as a personal communica-
tion in a recent comprehensive review on HSCT in paedi-
atric rheumatic diseases. Three patients have been reported 
as alive and well.36 Furthermore, one child diagnosed with 
early- onset severe SLE and DOCK8 deficiency tolerated the 
HSCT procedure well and was in CR over 12 months after 
transplant.73

Systemic sclerosis (SSc) is a rare multisystem disease af-
fecting the macro-  and microvasculature and leading to skin 
and organ fibrosis.74 An imbalanced T- cell population with 

reduced regulatory T cells and increased CD4- positive ef-
fector memory T cells expressing CD45RA (EMRA) which 
causes cytokine dysregulation was recently suggested to 
play a pivotal role in the development of the juvenile form 
of jSSc.75,76 However, the aetiology of jSSc remains poorly 
understood. Current treatments are mainly based on ex-
pert opinions, but specific recommendations on behalf of 
a European initiative (SHARE  —   Single Hub and Access 
point for paediatric Rheumatology in Europe) were recently 
published with the aim to improve clinical outcome.77,78 
Symptomatic therapies (e.g., prokinetics, antihypertensive 
agents, physiotherapy) are recommended for stable disease. 
When jSSc progresses, immunosuppressive agents, such as 
corticosteroids, cyclophosphamide, methotrexate and my-
cophenolate mofetil, are given. Biologicals (e.g., rituximab, 
tocilizumab, abatacept) and autologous HSCT addressing 
the profound immune dysregulation are recommended in 
children refractory to immunosuppressive treatment.77 In 
adults with rapidly progressive disease and thus high risk of 
mortality, only autologous HSCT was shown to improve the 
chance of disease control and survival.79– 81 Sixteen children 
with progressive therapy- refractory SSc have been reported 
to the EBMT registry after rescue autologous HSCT. The 
first successful autologous transplantation of a girl with ag-
gressive jSSc clinical course despite several lines of treatment 
was published in 1999. Pulmonary function, growth and 
skin findings rapidly improved post transplant and, impor-
tantly, the child did not experience any relevant toxicity after 
myelo- ablation with cyclophosphamide and lymphodeple-
tion with alemtuzumab.82 A European survey of autologous 
HSCT trials for SSc including 57 patients, five of which were 
children, indicated response to transplant in the majority of 
patients, but only 28% of them experienced long- term CR. 
Of note, two thirds of the paediatric cohort achieved long- 
term disease control and 100% survival. However, no data 
on treatment- related toxicity are available in this cohort.83

Until now, allogeneic HSCT for jSSc was restricted to 
adults. Available case reports showed significant improve-
ment of cutaneous and organ disease manifestation,84,85 but 
further research is needed to evaluate the effects of alloge-
neic transplant in this patient population.

Autoimmune cytopenias

Several forms of autoimmunity are directed against vari-
ous stages of haematopoietic cells, from early precursors 
with forms of bone marrow aplasia, generalised in aplas-
tic anaemia and more lineage- specific forms, such as pure 
red cell aplasia (PRCA), to the predominantly peripheral 
destruction of autoimmune haemolytic anaemia (AIHA), 
immune thrombocytopaenia (ITP) and combined involve-
ment of both red cells and platelets (Evans syndrome). In 
children, severe haematological cytopenias caused by auto- 
reactive antibodies (mostly IgG) against blood cell surface 
antigens are rare, but frequently relapse over years despite 
multimodal therapy approaches, thus leading to prolonged 

T A B L E  3  Treatment procedure of haematopoietic stem cell 
transplantation for ADs reported to the European Society for Blood 
and Marrow Transplantation (EBMT) data registry associated with the 
Autoimmune Disease Working Party (ADWP) and Paediatric Diseases 
Working Party (PDWP)

Transplant procedure

Autologous 
graft (cum. 
n = 176), n (%)

Allogeneic graft 
(cum. n = 167), n 
(%)

Conditioning regimen

Cyclophosphamide- 
based

112 (69.1) 11 (6.6)

Treosulphan- based 67 (40.1)

Busulphan- based 2 (1.2) 42 (25.1)

TBI- based 31 (19.1) 8 (4.8)

Other 17 (10.5) 29 (17.4)

NA 14 10

Serotherapy for in vivo T- cell depletion

ATG 139 (97.2) 55 (32.9)

Alemtuzumab 4 (2.8) 77 (46.1)

No 24 (14.4)

NA 33 11

Donor type for alloHSCT

MUD 79 (47.3)

MSD 39 (23.4)

MMR 19 (11.4)

MOR 15 (9)

CB 11 (6.6)

NA 4

Source of stem cells

PBSC 128 (72.7) 78 (46.7)

BM 44 (25) 77 (46.1)

CB 11 (6.6)

BM + PBSC 3 (1.7)

PBSC + CB 1 (0.6)

NA 1

Abbreviations: AD, autoimmune disease; ATG, anti- thymocyte globulin; BM, bone 
marrow; CB, cord blood; MMR, mismatched related donor; MOR, matched other 
related donor; MSD, matched sibling donor; MUD, matched unrelated donor; NA, 
not available; PBSC, peripheral blood stem cells; TBI, total- body irradiation.
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T A B L E  4  Overview of European studies on autologous and allogeneic HSCT for severe ADs in children <18 years of age

Disease
HSCT 
procedure

First 
author Year Study design

Children aged 
<18 years/total Conditioning regimen Disease remission Relapse Survival Complications

TR 
mortality Follow- up Reference

Rheumatic diseases

JIA Autologous De Kleer 2004 Multicentre, 
retrospective

n = 34/34 Cyclophosphamide+low dose  
TBI + rabbitATG, or

CR = 53% 21% OS = 85% Virus infection/reactivation 9% 2.3 years (1– 5) 51

Median age = 9.4 years 
(4.3– 17)

Cyclophosphamide+rabbitATG, or PR = 18% Bacterial infection

Cyclophosphamide + rabbitATG, or Fungal infection

Fludarabine + cyclophosphamide +  
ATG + methylprednisolone

MAS

JIA Autologous Brinkman 2007 Multicentre, 
prospective, 
phase II

n = 22b/22 Cyclophosphamide + low- dose  
TBI + rabbit ATG, or

CR = 36% 60% OS 5 years = 82% Virus infection/reactivation 9% 6.6 years (4.3– 8.6) 52

Median age = 8.5 years 
(4– 18)

fludarabine + cyclophosphamide +  
rabbit ATG

PR = 35% EFS 5 years = 36% MAS

JIA Autologous Abinun 2009 Multicentre, 
prospective

n = 9/9 Cyclophosphamide + rabbit ATG ±  
TBI, or

CR = 57% 29% OS = 86% Virus reactivation 14% 5 years (4.3– 8.6) 53

Median age = 7 years 
(6– 17)

Fludarabine + cyclophosphamide +  
rabbit ATG

Autoimmune tyhroiditis

MAS

JIA Allogeneic Silva 2017 Multicentre, 
prospective

n = 16/16 Fludarabine + melphalan +  
alemtuzumab, or

CR = 69% 13% 88% Virus infection/reactivation 12% 2.4 years (0.2– 8) 43

Median age = 8.4 years 
(range, 2.6– 16)

fludarabine + treosulphan +  
alemtuzumab

aGvHD

Alloimune thrombo- 
cytopaenia and 
neutropaenia

Pneumo- mediastinum/ 
pneumothorax

JIA Allogeneic Morelle 2021 Case report n = 1, 3.7- year- old Busulphan + fludarabine +  
alemtuzumab + rituximab +  
post- cyclophosphamide

CR No Alive Virus infection/reactivation No 3 years 54

Bacterial infection

Autoimmune 
thrombo- cytopaenia

aGvHD

Hypothyreoidism

SLE Autologous Wulffraat 2001 Case report n = 2/2 Cyclophosphamide + low dose  
TBI + ATG

CR No Alive Virus infection/reactivation No 1 and 1.5 years 63

both 14- year- old Sinus bronchitis

SLE Autologous Jayne 2004 Multicentre, 
retrospective

n = 17c/53 Cyclophosphamide- based ± ATG, or CR = 66% 19% OS 1 year = 84% Virus infection/ reactivation 13% 1.9 years (0– 6.5) 64

Median age = 29 years 
(9– 52)

melphalan + VPl6, or PR = 14% OS 4 years = 62% Antiphospholipid syndrome

BEAM + ATG, or DFS 5 years = 55% Haemolytic anaemia

BEAM alone, or EBV- associated PTLD

busulphan + fludarabine + ATG, or AML

melphalan alone

SLE/C1q deficiency Allogeneic Arkwright 2014 Case report n = 1, 16- year- old Treosulphan + fludarabine +  
alemtuzumab

CR No Alive EBV- reactivation 
(subclinical)

No 6 months 72

SLE/C1q deficiency Allogeneic Olsson 2016 Case report n = 2/2, 9-  and 
12- year- old

Treosulphan + fludarabine + ATG CR = 50% 50% OS 2 years = 50% EBV- associated PTLD 50% 4 months and 
2 years

71

aGvHD

(Continues)
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T A B L E  4  Overview of European studies on autologous and allogeneic HSCT for severe ADs in children <18 years of age

Disease
HSCT 
procedure

First 
author Year Study design

Children aged 
<18 years/total Conditioning regimen Disease remission Relapse Survival Complications

TR 
mortality Follow- up Reference

Rheumatic diseases

JIA Autologous De Kleer 2004 Multicentre, 
retrospective

n = 34/34 Cyclophosphamide+low dose  
TBI + rabbitATG, or

CR = 53% 21% OS = 85% Virus infection/reactivation 9% 2.3 years (1– 5) 51

Median age = 9.4 years 
(4.3– 17)

Cyclophosphamide+rabbitATG, or PR = 18% Bacterial infection

Cyclophosphamide + rabbitATG, or Fungal infection

Fludarabine + cyclophosphamide +  
ATG + methylprednisolone

MAS

JIA Autologous Brinkman 2007 Multicentre, 
prospective, 
phase II

n = 22b/22 Cyclophosphamide + low- dose  
TBI + rabbit ATG, or

CR = 36% 60% OS 5 years = 82% Virus infection/reactivation 9% 6.6 years (4.3– 8.6) 52

Median age = 8.5 years 
(4– 18)

fludarabine + cyclophosphamide +  
rabbit ATG

PR = 35% EFS 5 years = 36% MAS

JIA Autologous Abinun 2009 Multicentre, 
prospective

n = 9/9 Cyclophosphamide + rabbit ATG ±  
TBI, or

CR = 57% 29% OS = 86% Virus reactivation 14% 5 years (4.3– 8.6) 53

Median age = 7 years 
(6– 17)

Fludarabine + cyclophosphamide +  
rabbit ATG

Autoimmune tyhroiditis

MAS

JIA Allogeneic Silva 2017 Multicentre, 
prospective

n = 16/16 Fludarabine + melphalan +  
alemtuzumab, or

CR = 69% 13% 88% Virus infection/reactivation 12% 2.4 years (0.2– 8) 43

Median age = 8.4 years 
(range, 2.6– 16)

fludarabine + treosulphan +  
alemtuzumab

aGvHD

Alloimune thrombo- 
cytopaenia and 
neutropaenia

Pneumo- mediastinum/ 
pneumothorax

JIA Allogeneic Morelle 2021 Case report n = 1, 3.7- year- old Busulphan + fludarabine +  
alemtuzumab + rituximab +  
post- cyclophosphamide

CR No Alive Virus infection/reactivation No 3 years 54

Bacterial infection

Autoimmune 
thrombo- cytopaenia

aGvHD

Hypothyreoidism

SLE Autologous Wulffraat 2001 Case report n = 2/2 Cyclophosphamide + low dose  
TBI + ATG

CR No Alive Virus infection/reactivation No 1 and 1.5 years 63

both 14- year- old Sinus bronchitis

SLE Autologous Jayne 2004 Multicentre, 
retrospective

n = 17c/53 Cyclophosphamide- based ± ATG, or CR = 66% 19% OS 1 year = 84% Virus infection/ reactivation 13% 1.9 years (0– 6.5) 64

Median age = 29 years 
(9– 52)

melphalan + VPl6, or PR = 14% OS 4 years = 62% Antiphospholipid syndrome

BEAM + ATG, or DFS 5 years = 55% Haemolytic anaemia

BEAM alone, or EBV- associated PTLD

busulphan + fludarabine + ATG, or AML

melphalan alone

SLE/C1q deficiency Allogeneic Arkwright 2014 Case report n = 1, 16- year- old Treosulphan + fludarabine +  
alemtuzumab

CR No Alive EBV- reactivation 
(subclinical)

No 6 months 72

SLE/C1q deficiency Allogeneic Olsson 2016 Case report n = 2/2, 9-  and 
12- year- old

Treosulphan + fludarabine + ATG CR = 50% 50% OS 2 years = 50% EBV- associated PTLD 50% 4 months and 
2 years

71

aGvHD

(Continues)
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Disease
HSCT 
procedure

First 
author Year Study design

Children aged 
<18 years/total Conditioning regimen Disease remission Relapse Survival Complications

TR 
mortality Follow- up Reference

SSc Autologous Martini 1999 Case report n = 1, 11- year- old Cyclophosphamide + alemtuzumab CR no Alive no No 2 years 82

SSc Autologous Farge 2004 Report of open n = 5a/57 Cyclophosphamide + TBI + ATG CR = 60% 20% OS = 100% NA No 3.1 years (1.1– 5.6) 83

Multicentre 12 years (range 9– 17) Cyclophosphamide + alemtuzumab PR = 20%

Uncontrolled 
phase I– II 
studies

Cyclophosphamide

Autoimmune cytopaenias

Evans syndrome Allogeneic Raetz 1997 Case report n = 1, 5- year- old Cyclophosphamide + TBI CR No Died Hepatic failure Died 0.8 years 97

Transient pulmonary 
insufficiency

aGvHD

Evans syndrome Autologous 
and 
allogeneic

Urban 2006 Case report n = 1, 7- year- old 1st autologous HSCT:  
cyclophosphamide + rabbitATG

No day +12 96

2nd autologous HSCT: fludarabine +  
alemtuzumab

NO +2 months Massive intracranial bleeding

1st allogeneic HSCT: busulphan +  
thiotepa + etoposide + rabbit ATG

CR NO Alive Virus infection/reactivation No 1.5 years

aGvHD

Muscle atrophy

AIHA, ITP, Evans 
syndrome, 
ALPS

Autologous 
and 
allogeneic

Rabusin 2013 Retrospective 
analysis

Overall autologous 
cohort: n = 7/7

Cyclophosphamide- based ± ATG, or CR = 43% 43% EFS = 42% Virus infection/reactivation No 10.5 years (9.4– 11) 39

Median age = 6.99 years 
(1.73– 17.34)

cyclophosphamide + fludarabine ±  
ATG, or

fludarabine ± ATG ± others, or

melphalan alone

Overall allogeneic 
cohort: n = 17/17

Busulphan- based, or CR = 60% 13% EFS = 58% Virus infection/reactivation 12% 6.3 years (0.5– 13)

Median age 8.24 years 
(0.61– 17.77)

cyclophosphamide- based ± ATG, or aGvHD

cyclophosphamide + fludarabine ±  
ATG, or

cGvHD

fludarabine ± ATG ± other, or

data not available (n = 2)

Outcome by disease

Evans syndrome Autologous n = 2 No 50% No

Allogeneic n = 9 56% 11% 33%

AIHA Autologous n = 1 No (DP) no No

Allogeneic n = 5 CR = 40% 40%

ITP Autologous n = 4 CR = 75% 25%

ALPS Allogeneic n = 3 CR = 100% No

Neuroinflammatory diseases

POMS Autologous Burman 2017 Multicentre 
retrospective

n = 21/21 BEAM (BCNU, etoposide,  
cytosine arabinoside, melphalan),  
or cyclophosphamide- based ±  
rabbit or horse ATG

PFS 3- year = 100% 10% OS 3 years = 100% Virus infection/reactivation No 2.8 years (0.1– 
13.2 years)

38

Median age = 16 years 
(9– 18)

Bacterial infection
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Disease
HSCT 
procedure

First 
author Year Study design

Children aged 
<18 years/total Conditioning regimen Disease remission Relapse Survival Complications

TR 
mortality Follow- up Reference

SSc Autologous Martini 1999 Case report n = 1, 11- year- old Cyclophosphamide + alemtuzumab CR no Alive no No 2 years 82

SSc Autologous Farge 2004 Report of open n = 5a/57 Cyclophosphamide + TBI + ATG CR = 60% 20% OS = 100% NA No 3.1 years (1.1– 5.6) 83

Multicentre 12 years (range 9– 17) Cyclophosphamide + alemtuzumab PR = 20%

Uncontrolled 
phase I– II 
studies

Cyclophosphamide

Autoimmune cytopaenias

Evans syndrome Allogeneic Raetz 1997 Case report n = 1, 5- year- old Cyclophosphamide + TBI CR No Died Hepatic failure Died 0.8 years 97

Transient pulmonary 
insufficiency

aGvHD

Evans syndrome Autologous 
and 
allogeneic

Urban 2006 Case report n = 1, 7- year- old 1st autologous HSCT:  
cyclophosphamide + rabbitATG

No day +12 96

2nd autologous HSCT: fludarabine +  
alemtuzumab

NO +2 months Massive intracranial bleeding

1st allogeneic HSCT: busulphan +  
thiotepa + etoposide + rabbit ATG

CR NO Alive Virus infection/reactivation No 1.5 years

aGvHD

Muscle atrophy

AIHA, ITP, Evans 
syndrome, 
ALPS

Autologous 
and 
allogeneic

Rabusin 2013 Retrospective 
analysis

Overall autologous 
cohort: n = 7/7

Cyclophosphamide- based ± ATG, or CR = 43% 43% EFS = 42% Virus infection/reactivation No 10.5 years (9.4– 11) 39

Median age = 6.99 years 
(1.73– 17.34)

cyclophosphamide + fludarabine ±  
ATG, or

fludarabine ± ATG ± others, or

melphalan alone

Overall allogeneic 
cohort: n = 17/17

Busulphan- based, or CR = 60% 13% EFS = 58% Virus infection/reactivation 12% 6.3 years (0.5– 13)

Median age 8.24 years 
(0.61– 17.77)

cyclophosphamide- based ± ATG, or aGvHD

cyclophosphamide + fludarabine ±  
ATG, or

cGvHD

fludarabine ± ATG ± other, or

data not available (n = 2)

Outcome by disease

Evans syndrome Autologous n = 2 No 50% No

Allogeneic n = 9 56% 11% 33%

AIHA Autologous n = 1 No (DP) no No

Allogeneic n = 5 CR = 40% 40%

ITP Autologous n = 4 CR = 75% 25%

ALPS Allogeneic n = 3 CR = 100% No

Neuroinflammatory diseases

POMS Autologous Burman 2017 Multicentre 
retrospective

n = 21/21 BEAM (BCNU, etoposide,  
cytosine arabinoside, melphalan),  
or cyclophosphamide- based ±  
rabbit or horse ATG

PFS 3- year = 100% 10% OS 3 years = 100% Virus infection/reactivation No 2.8 years (0.1– 
13.2 years)

38

Median age = 16 years 
(9– 18)

Bacterial infection

T A B L E  4  (Continued)
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immunosuppressive treatment, repeated transfusions, and 
life- threatening situations. Furthermore, autoimmune cy-
topenias may occur in children with underlying mono-
geneic diseases or after HSCT for any indication.86,87 The 
production of autoantibodies by the donor immune system 
which reacts against haematological antigens produced by 
the graft itself as well as discordant T-  and B- cell recovery 
post transplant with persistent host B-  and plasma cells pro-
ducing antibodies against donor blood cells antigens were 
recently hypothesised.88,89 Importantly, the clinical course 
of post- transplant cytopenias is generally more severe and 
more frequently resistant to conventional treatments than 
spontaneous cytopenias. A distinct pathogenesis has been 
proposed.88,89

First- line treatments with steroids (AIHA) and/or im-
munoglobulins (ITP) and second- line drugs, such as si-
rolimus, ciclosporin, mycophenolate mofetil, rituximab, 
daratumumab and bortezomib, address the pathogenic 
B- cell clone.90,91 In children with persistent ITP, thrombo-
poietin receptor agonists (TPO- RAs), such as eltrombopag 
and romiplostim, may increase circulating platelet count 
by stimulating proliferation and maturation of megakaryo-
cytes.92,93 Both drugs were shown to be a feasible treatment 
option in paediatric patients, but randomised controlled tri-
als comparing both drugs and data on long- term toxicity are 
lacking.92,94

In children refractory to several therapy lines and ex-
periencing life- threatening bleeding, immunosuppressive 
conditioning treatment with profound B- cell depletion prior 
to HSCT may be a curative option. As of October 2021, the 
EBMT registry holds data on 61 paediatric autologous or 
allogeneic HSCT recipients for autoimmune cytopenia, of 
whom 16 suffered from Evans syndrome, 13 from AIHA, 
five from ITP and 27 from other forms of autoimmune cy-
topenia. More than 80% of these children were transplanted 
following an allogeneic procedure. Of note, one child with 

Evans syndrome was diagnosed with a concomitant CTL4- 
deficiency. However, the number of patients with autoim-
mune cytopenias and underlying monogeneic disorders may 
be higher, since further genetic findings diagnosed after the 
primary patient registration in the EBMT registry are po-
tentially underreported in the database due to the limited 
availability of routine genetic testing at the time of HSCT.

An early, mixed EBMT analysis included 36 adults and 
children with autoimmune cytopenia indicated long- term 
progression- free survival (PFS) after autologous or allo-
geneic HSCT of 45% [95% confidence interval (CI) ± 21%] 
and 78% (95% CI ± 28%) respectively, but risks of treatment- 
related toxicity after cyclophosphamide- based condition-
ing were concerning. Unfortunately, no specific data on the 
paediatric subgroup are available.95,96 An updated EBMT 
retrospective analysis of 22 paediatric patients undergoing 
allogeneic (n = 17) or autologous (n = 7) HSCT confirmed 
successful complete remission (CR) in 43% of patients after 
autologous and in 59% after allogeneic HSCT. Again, TRM 
provided further concerns reaching 16% in autologous and 
29% in allogeneic HSCT recipients. However, risks of recur-
rent disease are also significant in this population, as two 
children (18%) died due to disease progression after alloge-
neic HSCT.39

Specific reports of paediatric patients receiving allo-
geneic HSCT for severe Evans syndrome (ES) are limited. 
Two children were reported to achieve complete disease 
remission over nine and 18  months after a condition-
ing with cyclophosphamide/TBI or busulphan/thiotepa/
etoposide/ATG, respectively, with significant toxicity post 
transplant.96,97

In summary, available data suggest successful control of 
severe haematological autoimmunity by both autologous 
and allogeneic HSCT in paediatric patients. However, the 
consistent risk of TRM currently restricts this procedure 
to children with severe autoimmune cytopenias resistant 

Disease
HSCT 
procedure

First 
author Year Study design

Children aged 
<18 years/total Conditioning regimen Disease remission Relapse Survival Complications

TR 
mortality Follow- up Reference

NMO Allogeneic Ceglie 2019 Case report n = 1, 15 years old Thiotepa+treosulphan +  
f ludarabine + rabbit ATG + RTX

PFS and clinical 
improvement

No Alive No No 2 years 99

Inflammatory bowel diseses (IBD)

CD Autologous Burt 2010 Prospective 
phase 1/2

n = 5/24 Cyclophosphamide + horse or  
rabbit ATG

CR = 70%– 80% 40% RFS 5 years = 19% Virus infection/reactivation No 5 years 107

Median age = 16 years 
(15– 18)

Bacterial infection

Fungal infection

Abbreviations: AD, autoimmune disease; aGvHD, acute GvHD; AIHA, autoimmune haemolytic anaemia; ALPS, autoimmune lymphoproliferative syndrome; AML, acute  
myeloid leukaemia; ATG, anti- thymoglobuline; BCNU, bis- chloroethylnitrosourea, carmustine; CD, Crohn's disease; cGVHD, chronic GvHD; CR, complete remission; DFS,  
disease- free survival; DP, disease progression; EBV, Epstein– Barr virus; EFS, event- free survival; GvHD, graft- versus- host disease; HSCT, haematopoietic stem cell  
transplantation; ITP, autoimmune thrombopenia; JIA, juvenile idiopathic arthritis; MAS, macrophage activation syndrome; NA, not available; NMO, neuromyelitis optica;  
OS, overall survival; PFS, progression- free survival; POMS, paediatric onset multiple sclerosis; PR, partial remission; PTLD, post- transplant lymphoproliferative disorder;  
RFS, relapse- free survival; RTX, rituximab; SLE, systemic lupus erythematosus; SSc, systemic sclerosis; TBI, total- body irradiation; TR, treatment- related.
aData refer to the paediatric cohort.
bSubset of the previous cohort of 34 patients.
cIncluding previously published patients.
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to multiple immunosuppressive treatments and TPO- RAs. 
Further data registration and ideally prospective studies 
are needed to support safer transplant protocols and other 
guidance in these rare patients who are resistant to modern 
treatment strategies.

Neuroinflammatory diseases

Neuroinf lammatory diseases such as MS and neuromy-
elitis optica (NMO) are chronic autoimmune- mediated 
demyelinating disorders of the central nervous system 
(CNS) mostly occurring in young adults and gradually 
leading to severe neurological disability.98,99 Although 
increasing, the incidence of NMO and MS in children 
(paediatric- onset MS, POMS) is rare and reaches a peak at 
the age of 12 years and in the age group of 13– 16- year- olds, 
respectively.100,101

A relapsing– remitting clinical course characterised 
by severe cerebral damage leading to severe disability 
and a high relapse rate are unfavourable peculiarities 
of POMS.102,103 In patients with POMS unresponsive 
to treatment with modern disease- modifying drugs 
(DMDs) such as interferon beta (IFN β), glatiramer ac-
etate (GA), natalizumab or rituximab, autologous HSCT 
may successfully suppress CNS inf lammation. Until now, 
32 children treated with autologous transplant and one 
child with allogeneic HSCT for POMS were reported to 
the EBMT registry. Encouraging data on 21 young pa-
tients (patients’ age range was 9– 18 years) after autolo-
gous HSCT have been recently published.38 In this patient 
cohort, the incidence of severe treatment- related toxic-
ity after conditioning with bis- chloroethylnitrosourea 
(BCNU), etoposide, cytosine arabinoside, melphalan 
(BEAM)/ATG or cyclophosphamide/ATG was low: one 
patient experienced Pseudomonas aeruginosa sepsis and 

one other child developed gastrointestinal bleeding and 
disseminated intravascular coagulation (DIC). Outcome 
was impressive with 100% overall survival and PFS at 
three years.38 To our knowledge, no data on children un-
dergoing allogeneic HSCT for POMS have been published 
yet.

Recurrent autoinflammatory episodes primarily in-
volving the optic nerves and spinal cord are characteristic 
clinical signs of NMO. This disease was previously consid-
ered a subtype of MS, but the occurrence of specific anti-
bodies against aquaporin- 4 defined it as an independent 
neuroinflammatory disease.101 Limited experience is avail-
able regarding the use of HSCT in children with NMO, but 
one significant case report was recently published. A girl 
of 15 years with a severe disease course resistant to mul-
tiple treatments had undergone a haploidentical alloge-
neic procedure after ex- vivo depletion of αβ+ T cells and 
CD19 lymphocytes of the graft, and experienced long- term 
disease control and significant clinical improvement at 
2 years of follow- up.99 Three further children receiving al-
logeneic HSCT for NMO have been registered in the EBMT 
database.

Inflammatory bowel diseases

Inflammatory bowel diseases (IBD), including ulcerative 
colitis (UC) and CD, have a rising incidence in children. A 
dysregulated T- cell- mediated mucosal immune response 
against the commensal intestinal microbiota results in 
chronic relapsing auto- inflammation.104,105 In children, IBD 
commonly presents with weight loss, recurrent abdominal 
pain and bloody diarrhoea, but also has a major impact on 
growth and psychosocial development.106 Despite biological 
tumour necrosis factor alpha.

Disease
HSCT 
procedure

First 
author Year Study design

Children aged 
<18 years/total Conditioning regimen Disease remission Relapse Survival Complications

TR 
mortality Follow- up Reference

NMO Allogeneic Ceglie 2019 Case report n = 1, 15 years old Thiotepa+treosulphan +  
f ludarabine + rabbit ATG + RTX

PFS and clinical 
improvement

No Alive No No 2 years 99

Inflammatory bowel diseses (IBD)

CD Autologous Burt 2010 Prospective 
phase 1/2

n = 5/24 Cyclophosphamide + horse or  
rabbit ATG

CR = 70%– 80% 40% RFS 5 years = 19% Virus infection/reactivation No 5 years 107

Median age = 16 years 
(15– 18)

Bacterial infection

Fungal infection

Abbreviations: AD, autoimmune disease; aGvHD, acute GvHD; AIHA, autoimmune haemolytic anaemia; ALPS, autoimmune lymphoproliferative syndrome; AML, acute  
myeloid leukaemia; ATG, anti- thymoglobuline; BCNU, bis- chloroethylnitrosourea, carmustine; CD, Crohn's disease; cGVHD, chronic GvHD; CR, complete remission; DFS,  
disease- free survival; DP, disease progression; EBV, Epstein– Barr virus; EFS, event- free survival; GvHD, graft- versus- host disease; HSCT, haematopoietic stem cell  
transplantation; ITP, autoimmune thrombopenia; JIA, juvenile idiopathic arthritis; MAS, macrophage activation syndrome; NA, not available; NMO, neuromyelitis optica;  
OS, overall survival; PFS, progression- free survival; POMS, paediatric onset multiple sclerosis; PR, partial remission; PTLD, post- transplant lymphoproliferative disorder;  
RFS, relapse- free survival; RTX, rituximab; SLE, systemic lupus erythematosus; SSc, systemic sclerosis; TBI, total- body irradiation; TR, treatment- related.
aData refer to the paediatric cohort.
bSubset of the previous cohort of 34 patients.
cIncluding previously published patients.

T A B L E  4  (Continued)
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(TNFα)- targeted therapies such as infliximab and adali-
mumab having been proven to be highly effective by induc-
ing disease remission in the majority of children with UC or 
CD,106 immune escape mechanisms causing disease relapse 
are frequent and new therapy strategies are needed.

Both autologous or allogeneic HSCT procedures have been 
performed in children with recurrent UC or CD after exhaus-
tion of multiple treatments. Until now, 21 children with CD, 
16 of whom received autologous HSCT and five an allogeneic 
HSCT, and three patients with UC (two after allogeneic and 
one after autologous transplant) have been registered in the 
EBMT database. While no published data on HSCT in chil-
dren with UC are currently available, an American trial in-
cluding five paediatric patients with CD after conditioning 
with cyclophosphamide/ATG and autologous HSCT showed 
no severe treatment- related toxicity, 100% overall survival 
and 40% (two out of five children) PFS at five years. One pa-
tient experienced partial disease remission and two patients 
relapsed, qualifying thus for colectomy and ileostomy 18 and 
30 months after transplant, respectively.107

To our knowledge, there are no published results on al-
logeneic HSCT procedures in children with IBD. However, 
encouraging data on monogeneic diseases manifesting with 
severe IBD [e.g. X- linked inhibitor of apoptosis (XIAP) de-
ficiency108 and homozygous loss of function mutations in 
interleukin- 10 (IL10) and IL10 receptors (IL10R)109] pave the 
way for the potential use of allogeneic HSCT as an effective 
treatment option for the most severe, treatment- refractory 
cases of polygeneic IBD. Further trials are needed to explore 
benefits and reduce treatment- related toxicity in children 
undergoing autologous or allogeneic HSCT for IBD.

Autoimmune diseases with genetic features

All ADs have a genetic component, but some, usually pre-
senting in childhood, have a strong and increasingly well- 
defined monogeneic basis. Such diseases typically present 
with an overlapping spectrum of autoimmune (adaptive 
immunity) and autoinflammatory (innate immunity) fea-
tures, and there is a high degree of overlap with primary 
immunodeficiency diseases and other IEI, for which al-
logeneic HSCT is standard of care. In the recently updated 
phenotypical classification of the International Union of 
Immunological Societies (IUIS), more than 20 monoge-
neic diseases leading to clinical syndromes characterised 
by severe autoimmunity are reported.110 Diseases such as 
chronic granulomatous disease (CGD), XIAP deficiency, 
immune dysregulation polyendocrinopathy enteropathy 
X- linked (IPEX, based on mutation FOXP3), CD25 defi-
ciency, CTLA4 deficiency, and IL10 deficiency represent 
a particularly rare but expanding and clinical heterog-
enous subgroup of IEI which can be cured with allogeneic 
HSCT.111– 113 Some of these molecular defects affecting 
immunological cells therefore increase the risk of malig-
nancy significantly.114 Allogeneic HSCT following expert 
guidelines115 may thus improve life expectancy as well as 

QoL in this patient population and current outcome data 
are promising.116 A recent analysis on 635 children with 
chronic granulomatous disease (CGD), a monogeneic 
disorder frequently presenting with inf lammatory bowel 
disease, and undergoing allogeneic HSCT indicates excel-
lent outcomes with 86% overall survival, 76% event- free 
survival (meaning also disease control) and <10% inci-
dence of acute GvHD at three years post transplant.117 A 
further recent study on children with XIAP deficiency, 
a rare genetic disease which causes severe autoimmun-
ity such as treatment- refractory IBD and life- threatening 
sHLH, reports encouraging survival data after allogeneic 
HSCT following reduced- intensity or reduced- toxicity 
conditioning. Forty children and young adults with a me-
dian age at HSCT of 6.5 years (0.45– 27) reached an over-
all survival rate of 74% and a rate of event- free survival 
of 64% at two years post transplant, but the incidence of 
severe treatment- related toxicities like respiratory distress 
syndrome or life- threatening bleeding was high (25% and 
23%, respectively).108

In summary, further characterisation of genetic compo-
nents of paediatric ADs will evolve our understanding, and 
direct appropriate treatment, including allogeneic HSCT, 
which is a standard of care according to EBMT guidelines.118 
‘Standard’ autologous HSCT is clearly ineffective in these 
patients as a means of long- term cure. However, gene thera-
pies using autologous HSCs are increasingly developed and 
evaluated as discussed below.

FU T U R E DEV E LOPM E N TS

Genetic analysis

In children with severe ADs, genetic analysis increasingly 
reveals monogeneic backgrounds in a significant proportion 
of patients. If a monogeneic disease is identified, an alloge-
neic HSCT is the transplant modality of choice and should 
be evaluated as curative treatment. Therefore, genetic analy-
sis should be considered in all patients where an HSCT is 
discussed in order to allow a proper decision between allo-
geneic and autologous HSCT. Furthermore, genetic findings 
may provide better discrimination between relevant disease 
subgroups, thereby supporting specific treatments and im-
proved outcomes. The development of specifically designed 
next- generation sequencing (NGS) panels can facilitate the 
application of more detailed genetic analysis in routine clini-
cal practice.

Transplant technique and supportive care

The goal of modern highly effective reduced- intensity 
conditioning (RIC)/reduced- toxicity conditioning (RTC) 
regimens leading to consistent myeloid engraftment even 
in the presence of mixed donor chimerism may support 
the beneficial development of an immunological balance 
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and allow long- term remission whilst significantly reduc-
ing the risk of severe treatment- related morbidity such 
as infertility, organ damage and late cancers, as well as 
TRM.36,119– 124

There are a variety of modern chemotherapy and sero-
therapy agents used in conditioning to deliver lympho-  and/
or myelo- ablation, whilst having an improved toxicity pro-
file. These may include modified drugs in the same disease 
class (such as treosulphan) and also targeted therapies, such 
as antibody- linked agents. Irradiation, which is not favoured 
in a non- malignant paediatric setting, can be delivered 
more safely through antibody- targeted means. Recently, 
sophisticated techniques for profound depletion of αβ+ T 
cells and CD19+ lymphocytes from the graft whilst main-
taining immune- modulating γδ+ T cells have been shown 
to lead to excellent outcome results with low rates of acute 
GvHD and stronger immune reconstitution in children un-
dergoing haploidentical HSCT.29,30,125,126 Furthermore, post- 
transplant cyclophosphamide (PTCy) is increasingly used as 
a pharmacological strategy to overcome HLA barriers in the 
setting of allogeneic HSCT, initially from haploidentical do-
nors, but more recently also in matched related and unre-
lated donors.34,127– 129 Although both techniques have been 
used interchangeably in the broader field of non- malignant 
diseases, experience is limited in the setting of ADs and piv-
otal outcome parameters, including incidence of complica-
tions such as acute and chronic GvHD and rejection, need to 
be reported in an accurate and timely manner to registries 
and published in order to inform decision- making in this 
area.

Recent expert guidelines,115 opinions,36 and pharma-
cokinetic studies on conditioning drugs as well as accu-
rate analysis of immune reconstitution post transplant 
support the development of more and more individual-
ised therapy regimens, thereby promising further reduc-
tion of the risk of severe transplant- related morbidity and 
mortality.8,130– 136

Other advanced therapies in autoimmune  
diseases

In patients with severe ADs, the disruption of the central 
and/or peripheral immunologic tolerance causes unwanted 
immune reactions against self- antigens. The activated 
endogenous cytokine network may thus play an impor-
tant role in terms of effectiveness of immunosuppressive 
therapy. Alongside allogeneic HSCT, innovative therapy 
approaches with consistent immune- regulatory proper-
ties, including gene therapy based on both autologous and 
donor cells, MSC infusion and regulatory T- cell (T- reg) 
administration have been developed over the last decades 
for treating severe ADs. Published trials on advanced cel-
lular therapies in patients with ADs report a benign toxicity 
profile, while showing controversial beneficial effects from 
direct cell- to- cell interaction and paracrine action.137– 140 
Nevertheless, there is great variability among different 

trials and numbers of patients are small, warranting further 
studies in this setting.

T- regs are a subset of CD4+ T lymphocytes, endowed with 
immune- regulatory capacities. These cells maintain the phys-
iological immune homeostasis, avoiding excessive inflamma-
tory reactions or responses against self- antigens. Adoptive 
T- reg therapies have been envisaged for inflammatory and 
autoimmune conditions.141 Several clinical trials employed 
polyclonal regulatory cells and proved these approaches to 
be safe, but showed limited efficacy in controlling the under-
lying disease, potentially explained by low numbers of true 
disease- relevant antigen- specific cells in the product.

Considering the relevance of antigen- specific T- regs, dif-
ferent strategies have been designed to increase their num-
bers in patients with severe ADs. Chimaeric antigen receptor 
(CAR)- T cells represent one of the most promising therapy 
approaches in this respect. CAR- T- cell therapies have become 
an effective treatment in B- cell acute lymphoblastic leukae-
mia and other malignant diseases.142 However, in addition 
the ability of CAR- T cells to confer new antigen- specificities 
whilst boosting cell activation may be employed in autoim-
mune models. In early experimental studies on autoimmune 
encephalomyelitis and pemphigus vulgaris, CAR- T cells 
were used to eliminate auto- reactive T and B cells.143,144 The 
successful treatment of a patient with refractory SLE with 
CD19- targeted CAR- T cells has been recently reported.145 
Complete resolution of symptoms was accompanied by sus-
tained depletion of circulating B cells and rapid disappear-
ance of anti- double- stranded DNA antibodies. Thus, T- regs 
may represent ideal candidates for an immune- modulatory 
CAR- T- cell therapy. Pre- clinical studies have evaluated the 
efficiency of CAR- T- regs in controlling the inflammatory 
response in various murine models of ADs and supporting 
further evaluation and potential clinical development.146

Haematopoietic stem cell gene therapy for monogeneic 
diseases and the adoptive transfer of engineered donor T cells 
including a suicide mechanism, have been proven to be safe 
in early clinical trials and may bring consistent advantages 
over the allogeneic transplant strategy.147,148 Whilst only mild 
conditioning treatment is required prior to re- infusion of 
autologous gene- edited stem cells, thus limiting treatment- 
related toxicity, donor T cells were infused at the day of al-
logeneic transplant and shown to support thymic recovery, 
thereby promoting immune reconstitution after HSCT.147– 149 
However, the risk of lymphoproliferation and the achieve-
ment of long- term T- cell persistence post transplant remain 
delicate challenges of such approaches. Novel sophisticated 
techniques are in development and may be able to provide 
efficacious T- cell therapies in patients with severe ADs.148

Other non- haematopoietic stem cell 
transplantation (HSCT) treatments in 
combination with HSCT

While it is likely that current and future developments in 
transplant technique and greater experience will improve 
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outcomes, there will inevitably be advances in ‘standard’ 
treatments as well. While these treatments may be success-
ful in their own right, there may be opportunity to combine 
them with HSCT, for example, as post- transplant mainte-
nance or early salvage treatments. Evidence for using con-
ventional drugs in this context was provided by clinical 
trials in young adults undergoing autologous HSCT for se-
vere CD and responding to anti- TNF therapy post transplant 
for relapsing disease activity despite being resistant/refrac-
tory prior to HSCT.150– 152 Development of future trials and 
studies should be done in collaboration with disease special-
ist groups, in order that meaningful conclusions can be de-
livered in a continually moving field.

CONCLUSION

Severe ADs are rare in childhood and present with a 
wide range of clinical features and variable genetic com-
ponents, but lead to challenging and frequently complex 
management strategies involving multiple treatment regi-
mens. Eventually, some patients exhaust all ‘standard of 
care’ options and are considered refractory to treatment. 
Literature suggests that autologous and allogeneic HSCT 
offer a consistent therapeutic role for treating severe auto-
immune syndromes in children, albeit with a significant 
but defined profile of complications and TRM. Data on 
this specific patient population remains limited, but early 
disease recognition, careful patient selection and multi-
disciplinary approach, before patients are compromised 
by their AD and ongoing attempts at disease control with 
corticosteroid, immunosuppressive and biological treat-
ments, should improve the efficacy and safety of this pro-
cedure. While evaluation of retrospective registry data 
continues to be a valuable resource, prospective clinical 
studies addressing current clinical practice are necessary 
in highly selected patient groups to define the safety and 
efficacy of HSCT and support expert consensus. It is likely 
that current and future developments in transplant tech-
nique and greater experience will improve outcomes, but 
at the same time significant advances in ‘standard of care’ 
treatments are inevitable, and therefore decision- making 
should always be multidisciplinary, whether this be on 
an individual patient basis, in developing guidelines and 
recommendations for wider use, or in designing prospec-
tive clinical studies. The field is continually moving and 
the development of advanced cell and gene therapies using 
haematopoietic stem cells will evolve and is likely to be 
supported by experience of HSCT for ADs in the paediat-
ric age group.
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