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Introduction

The LRBA (lipopolysaccharide-responsive beige-like 
anchor) gene was discovered in 2001 [1]. It belongs to the 
BEACH family of proteins and has been found to func-
tion as a chaperone for other intracellular and transmem-
brane proteins, protecting them from lysosomal degradation 
[1–5]. Biallelic deleterious variants in LRBA that disrupt 
expression and/or function of LRBA protein, resulting in a 
severe and often life-threatening immune dysregulatory dis-
ease, were first described in 2012 [6–8]. LRBA plays a cen-
tral role in preventing lysosomal degradation of the immune 
regulatory protein CTLA4, thereby enabling its traffick-
ing to the cell surface. Thus, a central physiological defect 
caused by impaired expression or function of LRBA protein 
is a secondary lack of CTLA4 expression on the surface of 
regulatory T (Treg) cells, leading to immune dysregulation 
[3]. The spectrum of disease manifestations and severity in 
patients with LRBA deficiency is broad, and characterised 
by recurrent infections, sinopulmonary disease, inflamma-
tory bowel disease (IBD), cytopenia, and autoimmunity. 
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Abstract
LRBA deficiency is an inborn error of immunity defined by autoimmunity, lymphoproliferation, recurrent infections, cyto-
penia, and inflammatory bowel disease. Despite recent advances in managing this disease with targeted biologic therapy, 
haematopoietic stem cell transplant (HSCT) remains the only cure. However, great variability exists between protocols 
used to transplant patients with LRBA deficiency. We describe a cohort of seven patients with LRBA deficiency who 
underwent HSCT using a myeloablative, reduced toxicity regime of fludarabine, treosulfan, and thiotepa at two transplan-
tation centres from 2016 to 2019. Data were collected both retrospectively and prospectively, measuring time to engraft-
ment, infectious complications, incidence of graft versus host disease, and post-transplantation chimerism. Six of seven 
patients survived transplantation, and four of six surviving patients achieving treatment-free survival. We thus recommend 
that HSCT with fludarabine, treosulfan, and thiotepa-based conditioning be considered in patients with LRBA deficiency.
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Milder, and even asymptomatic cases, have also occasion-
ally been described [3, 6–21].

A range of therapeutic options have been employed to 
manage the variability of clinical manifestations of LRBA 
deficiency. In addition to corticosteroids and steroid-spar-
ing medications such as sirolimus [6–10, 12, 14–20, 22], 
CTLA4 replacement using the CTLA4-IgG4 fusion prod-
uct abatacept has shown promise [3, 11, 17, 21]. However, 
despite evidence of successful immune modulation, cure 
can only be achieved by haematopoietic stem cell trans-
plantation (HSCT) [3, 9–11, 20–23]. The first report of suc-
cessful HSCT for LRBA deficiency was published in 2015 
by Seidel et al., which showed that HSCT could cure all 
symptoms of LRBA deficiency [10]. Since then, Tesch et 
al. reported the largest case series to date of 24 transplanted 
LRBA-deficient patients, which showed that for patients 
with severe disease, HSCT achieves a better quality of 
life than conventional medical therapy or abatacept [24]. 
Despite these studies, no consensus exists as to the crite-
ria for transplantation, optimal chemotherapy regimen, and 
degree of donor chimerism required for cure. In this report, 
we describe HSCT using fludarabine, treosulfan, and thio-
tepa-based conditioning in patients with LRBA deficiency, 
from two transplant centres.

Methods

Between February 2017 and February 2019, we prospec-
tively recruited all patients at Hadassah University Hospital 
diagnosed with LRBA deficiency who underwent HSCT. We 
documented pre-HSCT disease severity, immune deficiency 
and dysregulation activity (IDDA) score [24], donor HLA 
compatibility, graft source, chemotherapy regimen, engraft-
ment, development of graft vs. host disease (GvHD), and 
infectious complications. We also retrospectively analysed 
transplantation data for one patient who was initially treated 
at Hadassah University Medical Center, but migrated to Bel-
gium and underwent HSCT at University Hospitals Leuven. 
Approval for this study was obtained from the institutional 
review board of both institutions, in accordance with the 
principles of the Declaration of Helsinki, and all patients (or 
their parents) provided written consent for participation in 
this study. Statistical analysis was performed using Graph-
Pad Prism (GraphPad Software; Boston Massachusetts).

Results

Pre-HSCT Patient Characteristics

Seven patients from six families were recruited over the 
study period, one from University Hospitals Leuven (P1) and 
six from Hadassah University Hospital (P2-7). All patients 
were of Palestinian Arab ethnic origin and of consanguine-
ous parentage. Baseline patient information is presented in 
Table 1. Index cases were diagnosed via whole exome or 
Sanger sequencing (for siblings of index cases), and a lack 
of expression of LRBA protein was confirmed via Western 
Blot for all patients. The average patient IDDA score prior 
to HSCT was 41.5 (range 15–78), and patients exhibited 
a range of disease manifestations, particularly recurrent 
infections, cytopenia, lymphadenopathy, hepatospleno-
megaly, sinopulmonary disease (including bronchiectasis), 
and inflammatory bowel disease (Table 1). Transplanta-
tion was undertaken when medical therapy failed to con-
trol life-threatening disease manifestations (P4, 5, and 6), or 
the cumulative disease burden was deemed too high by the 
patient and/or family (P1, 2, 3, and 7). For the first group 
(P4-6), HSCT was undertaken urgently, whereas for the lat-
ter (P1-3, P7) group the decision to proceed to transplanta-
tion, and the timing of transplantation, was individualized.

HSCT and Donor Characteristics

HSCT and graft characteristics are summarised in Table 2. 
The median age at transplant was 9 years (range 3–25 
years). Patients were transplanted with a reduced toxicity 
conditioning regimen. P1 underwent HSCT at University 
Hospitals Leuven and received fludarabine and treosulfan 
conditioning, with alemtuzumab serotherapy as per protocol 
D of the EBMT/ESID inborn errors working party guide-
lines [25]. All other patients underwent HSCT at Hadassah 
University Medical Center and received rituximab 10 days 
prior to graft infusion, and underwent conditioning with 
fludarabine, treosulfan, and thiotepa, with anti-thymocyte 
globulin (ATG) serotherapy as per protocol B of the EBMT/
ESID guidelines [25]. All patients were transplanted using 
bone marrow derived stem cells, five from matched sibling 
donors, one from a matched related donor, and one from a 
9/10 matched unrelated donor. Of the related donors, two 
were wild type for LRBA and four were heterozygous car-
riers of a pathogenic LRBA allele (Table 2). Cyclosporine 
A (CsA) and mycophenolate mofetil (MMF) were used for 
GvHD prophylaxis in both centres. HSCT was performed 
in high efficiency particulate absorbing (HEPA) filtered 
negative pressure rooms, with anti-microbial prophylaxis 
and virus screening (CMV, EBV, adenovirus, HHV6) as 
per local guidelines. Whole-blood chimerism was assessed 
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initially at day + 30 post-HSCT, and then at three-monthly 
intervals to one year post-transplant, and yearly thereafter.

Transplant Outcomes

Transplant outcomes are summarised in Table 2. Six 
patients survived HSCT, yielding an overall survival (OS) 
rate of 85.7%, with five of six surviving patients demon-
strating full donor chimerism at an average of four years 
post-HSCT. Three of six surviving patients are living symp-
tom- and treatment-free, and P1 (with ongoing chronic 
GvHD (cGvHD)) is able to participate in all acts of daily 
living. IDDA score decreased from a pre-transplant mean 
of 41.5 to a post-transplant mean of 3.05 (range: 0-11.5). 

Use of heterozygous or wild type donors did not impact 
transplant outcome, irrespective of how this was assessed 
or measured.

Neutrophil engraftment (defined as a neutrophil 
count ≥ 0.5 × 109 cells/L for three consecutive days) 
occurred on average at day + 21.5 post-HSCT. Platelet 
engraftment (defined as a platelet count ≥ 20 × 109 cells/L 
for three consecutive days), took longer at a mean of 25.7 
days post-HSCT. Patients required greater platelet sup-
port than they did red blood cell support, with the average 
number of platelet transfusions by day 100 standing at 29 
compared to the average number of blood unit transfusions 
being 7.5 (Table 2).

Table 1 Pre-HSCT patient characteristics
Patient 1 2 3 4 5 6 7
Gene 
variant

c.7970T > G, 
p.I2657S

c.7970T > G, 
p.I2657S

c.7869_7873delTTCTA, 
p.S2624Rfs*23

c.8437 C > T, 
pQ2813X

c.7869_7873delTTCTA, 
p.S2624Rfs*23

c.8174_8175insCATG, 
p.N2727Hfs*13

c.7970T > G, 
p.I2657S

Gender F M M M M M M
Ethnic-
ity

Palestinian Arab

Age at 
diag-
nosis

9 14 26 2 8 9 3

Dis-
ease 
mani-
festa-
tions

Cytopenia
Lymphade-
nopathy
Spleno-
megaly
HG
Bronchiec-
tasis
Recurrent 
infections
Failure to 
thrive

Cytopenia
Lymphade-
nopathy
Hepato-
spleno-
megaly
IBD
HG
Bronchiec-
tasis
Recurrent 
infections
Vitiligo
Failure to 
thrive

Cytopenia
Lymphadenopathy
Hepatomegaly
IBD
HG
Bronchiectasis Emphy-
sematous lung disease
Recurrent infections
Neurological features

Severe 
IBD with 
metabolic 
acidosis and 
electrolyte 
disturbance
Lymphade-
nopathy
Pneumonia
Recurrent 
infections
Failure to 
thrive

IBD
Recurrent infections
Splenomegaly

Cytopenia
Lymphadenopathy
HG
Sinopulmonary 
disease
Recurrent infections

Lymphade-
nopathy
IBD
HG
Bronchiec-
tasis
Recurrent 
infection
Dysuria
Failure to 
thrive

Pre-
HSCT 
Treat-
ment

IVIg
Hydroxy-
chloroquine
Abatacept

IVIg
Prednisolone
Mycopheno-
late mofetil
Sirolimus

IVIg
Prednisolone
Rituximab
Foscarnet for CMV 
infection

Prednisolone
Sirolimus
Methotrexate

Prednisolone
Sirolimus

IVIg
Prednisolone
Mycophenolate 
mofetil
Sirolimus
Abatacept

IVIg
Abatacept

Pre-
HSCT
IDDA 
Score

38 36 55 78 33 15 36

Indica-
tion 
for 
trans-
plant

Cumula-
tive disease 
burden

Cumulat-
ing disease 
burden

Cumulative disease 
burden

Life-
threatening, 
treatment-
refractory 
IBD with 
electrolyte 
disturbance

Life threatening IBD Treatment-refractory 
thrombocytopenia

Cumula-
tive disease 
burden

F: female; M: male, HG: hypogammaglobulinemia; IVIg: intravenous immunoglobulin; IBD: inflammatory bowel disease; CMV: cytomega-
lovirus
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Patient 1 2 3 4 5 6 7
Age at transplant 
(years)

9 17 26 3 8 13 5

Transplant centre University Hospital Leuven Hadassah University Medical Center
Conditioning regimen Fludarabine 30mg/m2, d-9 

to -5
Treosulfan 14 g/m2, d-8 
to -6

Rituximab 375mg/m2, day − 10; Fludarabine 30mg/m2, d-9 to -5; Treosulfan 14 g/m2, 
d-8 to -6; Thiotepa 5 mg/kg, d-4 to -3

GvHD Prophylaxis Alemtuzumab 0.2 mg/kg, 
day − 8 to -4
MMF and CsA

ATG (Patients P2-P6 received Thymoglobulin 2.5 mg/kg, d-4 to d-1; P7 received Frese-
nius 15 mg/kg, d-4 to d-2)
CsA 3 mg/kg, from d-1; MMF 15 mg/kg three times per day, from d + 1 to d + 30

Donor source MSD (WT) MRD (HZ) MSD (HZ) MSD 
(HZ)

9/10 MUD MSD (WT) MSD 
(HZ)

Cell source Bone marrow Bone marrow Bone 
marrow

Bone 
marrow

Bone 
marrow

Bone marrow Bone 
marrow

Cell dose
(CD34 × 106/kg)

3.27 3.46 2.53 1.35 2.53 1.9 4.66

Engraftment (days)
Neutrophils/platelets

30/31 22/22 - 19/18 19/29 19/22 20/32

G-CSF doses 0 5 7 0 5 2 0
Transfusions
(RBC/platelets)

Information not available 8/35 9/78 1/5 16/35 8/8 3/13

Infections Parainfluenza virus
Adenovirus reactivation
CMV reactivation
Staphylococcus epidermi-
dis sepsis

Aspergillus AOM
Fungal lung cavitation
EBV liver and viremia
CMV colitis
BK virus with haemor-
rhagic cystitis

Klebsiella Nil Recurrent 
adenovirus 
colitis and 
viremia
BK virus 
with haem-
orrhagic 
cystitis 
CMV 
colitis

BK virus with 
haemorrhagic 
cystitis
CMV, HHV-6, 
and adenovirus 
viremia

CMV 
virae-
mia
Salmo-
nella 
diar-
rhoea

Acute GvHD No Skin: grade 1
Gut: grade 3 (treated 
with steroids & ECP)

- Skin, 
grade 2

Gut, grade 
4

No Skin, 
grade 
2

Chronic GvHD Scleroderma
Chronic kidney disease

No - No No Yes No

Other complications ITP- treated with 
Rituximab
Unconditioned CD34+ top-
up (4 × 106/kg) four months 
post- transplant

Neutropenia day + 60
(treated with G-CSF)
Oral ulcers

Severe 
mucositis
Gram 
negative 
sepsis
Respira-
tory failure
Atrial 
fibrillation
Hypoten-
sion
Multi-
organ 
failure
ARDS

Donor 
chime-
rism 96% 
day + 30, 
92% 
at six 
months
Treated 
with 
1 × 106 
cells/kg 
DLI

Peripheral 
neuropathy
Prolonged 
post-HSCT 
diarrhoea 
for one year

Grade IV GvHD 
of the liver fol-
lowing 10 × 106/
kg DLI at eight 
months post-
HSCT (given 
to treat donor 
chimerism of 
84%)
Gastric ulcers 
and melena

Nil

Donor chimerism Donor Donor - 74% Donor Donor Donor

Table 2 HSCT characteristics and outcomes
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tacrolimus, Etanercept, CsA, sirolimus, IVIg, ruxolitinib, 
IL2, and ECP with limited success. Eventually, liver GvHD 
was brought under control with Alemtuzumab. P6 is cur-
rently three years post-initial HSCT, with full donor chime-
rism, normal liver function, and is treatment-free (Table 2).

The only fatality was P3, who was the oldest patient in 
our cohort and had accumulated the most comorbidities 
prior to HSCT (IDDA: 55, Table 1), with particularly severe 
lung disease characterised by widespread bronchiectasis 
and emphysematous lung changes. He rapidly developed 
multi-organ failure and died 13 days after transplant.

Discussion

The first individual case report of successful HSCT for 
LRBA was published in 2015 [10], with the first case series 
collating data from 12 patients who underwent HSCT for 
LRBA deficiency following in 2018 [22]. It was reported 
that four patients achieved complete treatment-free remis-
sion, four patients achieved partial remission and required 
ongoing medical therapy, and four patients died secondary 
to transplant-related complications. Thus, the OS in this 
study was 67%. These publications established, crucially, 
that (a) LRBA deficiency was amenable to transplantation, 
(b) non-haematological aspects of the disease were cured by 
HSCT, and (c) heterozygous family members could serve as 
donors for HSCT [9–11, 20, 22, 23].

These 12 cases were subsequently included in the larg-
est comparison between medical therapy and HSCT in 
LBRA defiiciency, published in 2020, which also included 
our cohort of patients [24]. Tesch et al. reported that the OS 
for the 52 patients who received medical therapy (includ-
ing abatacept) was higher than that of the 24 transplanted 
patients (82.7% vs. 70.8%, respectively). However, trans-
planted patients had a significantly higher pre-transplantation 
disease activity score than those who continued to receive 
medical therapy (IDDA: pre 32.9 vs. post 20.8, p = 0.006), 
and patients transplanted after 2015 (n = 10) recorded an 

Three patients developed acute GvHD of the skin, which 
was mild in all cases and resolved with topical steroid 
therapy. In contrast, two patients (P2 and P5) developed 
severe GVHD of the gut (grade III and grade IV disease, 
respectively), which in both cases was associated with 
viral reactivation, making differentiation between GvHD 
and viral-induced colitis difficult. In P2, grade III GvHD 
was associated with EBV hepatitis and CMV colitis. Con-
sequently, P2 required treatment with rituximab, foscarnet, 
steroids, and extra-corporeal photophoresis (ECP) for one 
month. P5 had suffered pre-HSCT CMV colitis, EBV colitis, 
and was known to carry adenovirus and HHV6 in his stool 
prior to transplantation. Pre-HSCT diarrhoea continued and 
three weeks post-transplantation he suffered reactivation 
of CMV colitis which was treated with ganciclovir. At 10 
weeks post-HSCT he developed adenovirus colitis which 
was treated with cidofovir. Diarrhoea in P5 Itook approxi-
mately one year to completely settle. In contrast to P2 and 
P5, P4 suffered severe, life-threatening diarrhoea prior to 
transplant which completely resolved with his first dose of 
ATG; he suffered no post-transplant gastrointestinal GvHD 
despite undergoing donor lymphocyte infusion (DLI) six 
months post-HSCT to try and boost donor chimerism.

Two patients developed cGvHD. P1 suffers ongoing 
cGvHD in the form of scleroderma and kidney disease. She 
is non-compliant with treatment, receiving IVIg approxi-
mately every eight weeks and not taking her prescribed 
Imatinib. Despite this, she has good quality of life and is 
not limited in activities of daily living. P6 developed grade 
IV GvHD of the liver at day + 270 post-transplant, follow-
ing a 10 × 106 lymphocytes/kg DLI that was given due to 
concerns that falling donor chimerism (84% on whole blood 
assessment at the time of DLI) would lead to reappearance 
of disease features secondary to immune dysregulation in 
the patient’s returning immune system. Liver biopsy also 
found hepatic adenovirus, parvovirus, and HHV-6. Biliru-
bin peaked at 542µmol/L (normal range: 0–17 µmol/L), 
with direct bilirubin at 484µmol/L (normal range 0-3.4 
µmol/L). Various therapies were trialled including steroids, 

Patient 1 2 3 4 5 6 7
Outcome, years 
post-transplant

Alive, 5
IVIg every two months

Alive, 5
ITP resolved with 
steroid
Recent episode 
of pneumococcal 
pneumonia

Deceased, 
day + 13

Alive, 4
Treatment 
free

Alive, 4 Alive, 4
Treatment free

Alive, 
4
Treat-
ment 
free

Post-HSCT IDDA 
score

11.5 3.8 N/A 0 0 0 3

MMF: Mycophenolate mofetil; CsA: Cyclosporine A; ATG: Antithymocyte globulin; MSD: matched sibling donor; MRD: matched related 
donor; MUD: matched unrelated donor; HZ: heterozygous (carrier); WT: wild type; G-CSF: granulocyte colony stimulating factor; GvHD: 
graft vs. host disease; ITP: immune thrombocytic purpura; RBC: red blood cells; AOM: Acute Otitis Media, EBV: Epstein Barr Virus; DLI: 
donor lymphocyte infusion; ARDS: Acute Respiratory Distress Syndrome, DLI: Donor Lymphocyte Infusion

Table 2 (continued) 

1 3

Page 5 of 8     3 



Journal of Clinical Immunology            (2025) 45:3 

and all but one demonstrate full donor chimerism: P4’s last 
recorded whole-blood chimerism was 74% at 15-months 
post-HSCT. We have not been able to assess individual lin-
eage chimerism, as it is not performed at the treating centre, 
thus it is possible his T cell (and Treg) chimerism is higher 
than that of B and myeloid cell lineages, and is sufficiently 
controlling immune dysregulation. As he remains treat-
ment- and symptom-free, we have not pursued any further 
lymphocyte or stem-cell infusions to try and improve his 
whole blood chimerism. We aimed for full donor chime-
rism in all patients, although P6 demonstrates the risk of 
DLI to achieve this, and P4’s successful outcome suggests 
full donor chimerism may not be necessary although longer-
term monitoring will be necessary to answer this question.

GvHD caused significant burden in our cohort and whilst 
cutaneous GvHD was generally mild, gut GvHD was par-
ticularly severe in several patients. This likely reflects sig-
nificant pre-HSCT gastrointestinal viral load, a pre-existing 
inflammatory milieu, and prolonged engraftment time in 
the gastrointestinal tract post-HSCT. P1 is the only patient 
with ongoing cGvHD, however they can perform all acts 
of daily living with good quality of life despite ongoing 
medical therapy. Interestingly, no patient who received pre-
HSCT rituximab developed cGvHD (with the exception of 
P6, in whom hepatic cGvHD was related to DLI). Whilst 
rituximab is not routinely included in HSCT conditioning 
regimens, there is some evidence of its efficacy in prevent-
ing acute and chronic GvHD in transplantation undertaken 
to cure malignant disease [30–34]. Despite our small sample 
size, these results show promise and the role of prophylactic 
rituximab in primary immune disorders with a significant 
immune dysregulatory component warrants further inves-
tigation, as does the role of serotherapy in patients with 
immune dysregulatory and/or immune deficiency diseases.

Despite the overall success of HSCT in our cohort, the 
path to cure was arduous for most patients. Prolonged time 
to engraftment of neutrophils and platelets meant patients 
suffered a high burden of infectious complications and 
required significant supportive therapy with multiple and 
prolonged courses of anti-microbials, and prolonged blood 
product support. Viral reactivation was seen in five of six 
surviving patients. All patients in our cohort were trans-
planted with marrow-derived stem cells, and it is possible 
that the use of peripheral blood-derived stem cells would 
lead to faster engraftment and lessen the infectious burden, 
albeit at the cost of an increased risk of GvHD. It is also 
likely that earlier progression to HSCT would decrease the 
pre-transplantation infectious burden.

Three patients in our cohort (P1, P6, and P7) were treated 
with abatacept prior to transplantation (P1: two months; P6 
and P7: six months). All three suffered varying degrees of pul-
monary compromise prior to transplantation, and abatacept 

OS of 90%, compared to 57.1% OS for patients undergoing 
HSCT prior to 2015 (n = 14). This suggests that transplant 
data is skewed by early experiences with patients who had 
more severe disease and underwent HSCT late in their dis-
ease and treatment course, and that outcomes improved with 
time and familiarity with both the disease and transplanta-
tion for LRBA deficiency. Indeed, patients transplanted 
within three years of diagnosis with low disease burden 
demonstrated 100% OS. Lung disease was a particularly 
severe risk factor, as all transplant-related deaths occurred 
in those with lung disease (i.e. OS was 100% in patients 
with no pulmonary manifestations of LRBA deficiency). 
Most promisingly, patients who survived HSCT reported 
significantly lower IDDA scores than those who remained 
untransplanted (6.3 vs. 20.8, respectively; p = 0.005), sug-
gesting that timely transplant can prevent years of burden-
some disease [24].

Whilst these cohorts provided crucial evidence regarding 
the promise of HSCT, certain questions remain unanswered. 
Specifically, conditioning regimens varied widely between 
transplant centres, with some employing myeloablative 
conditioning (MAC) and others choosing various reduced 
intensity or sub-myeloablative or reduced toxicity combina-
tions [3, 9–11, 20–23]. There remains no consensus as to 
the minimal level of acceptable post-transplantation donor 
chimerism, and the use of bone marrow vs. peripherally-
derived donor stem cells has not been addressed. In our 
cohort, we describe seven patients with LRBA deficiency 
who underwent HSCT with a reduced toxicity regimen of 
fludarabine and treosulfan, with the addition of thiotepa 
and pre-conditioning rituximab in six of seven patients. In 
patients P2-P7, thiotepa was added as it is the experience 
of the treating centre that this significantly increases the 
likelihood of achieving full donor chimerism [26], which 
is important given the immune dysregulation often associ-
ated with LRBA deficiency. In addition to chemotherapy, 
all patients received serotherapy even though five of seven 
patients underwent transplantation using a MSD. There is 
evidence from the oncology literature that, in the setting of 
MSD transplant, the addition of serotherapy reduces the risk 
of GvHD without negatively impacting survival and relapse 
rate [27–29]. We would hypothesize that in non-malignant 
immune deficiency disorders with significant immune dys-
regulation, the addition of serotherapy would also decrease 
the rate of GvHD.

OS in our study was 85.7%, in-line with that described by 
Tesch et al. for patients transplanted after 2015 [24]. The one 
fatality in our cohort was the oldest patient who had accu-
mulated the most comorbidities and pre-HSCT risk factors, 
making his transplant very high risk: severe bronchiectasis, 
emphysematous lung disease, splenectomy, and colectomy. 
All surviving patients are in complete disease remission 
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