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Abstract
X-linked agammaglobulinemia (XLA) is a primary antibody disorder due to a muta-
tion	 in	 the	Bruton	 tyrosine	 kinase	 gene	 that	 requires	 lifelong	 immunoglobulin	 re-
placement resulting in a significant economic burden and treatment abandonment. 
Hematopoietic stem cell transplantation (HSCT) offers an alternative option for 
complete	 cure.	 In	 our	 series,	 two	 children	with	 XLA	 underwent	 successful	 HSCT	
using a myeloablative conditioning with thiotepa, treosulfan, and fludarabine from 
a matched sibling donor. The second child had rejected his first graft following a 
busulfan-based regimen with resultant autologous reconstitution. At 6 months post-
HSCT,	serum	IgG	were	normal,	off	IVIG,	and	had	no	infections.	Both	children	after	
a median follow-up of 20 months have 100% chimerism. Treosulfan-based reduced 
toxicity myeloablative HSCT has encouraging results with a positive impact on the 
socioeconomics in developing countries.
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1  | INTRODUC TION

XLA is the most common monogenic primary antibody deficiency that 
is	due	to	mutations	of	the	Btk	gene,	which	leads	to	failure	of	differen-
tiation	of	pre-B	cells	to	mature	B	cells	with	absence	or	severely	low	B	
cells and serum immunoglobulins.1,2 Significant delays in the diagnosis 
remain a challenge in developing countries resulting in late presen-
tation of these children with complications including bronchiectasis, 

inflammatory bowel disease, herpetic meningitis, unexplained neuro-
degenerative disorders and seronegative arthritis, and malignancy.3,4

Lifelong administration of immunoglobulin is the mainstay treat-
ment for XLA.5	 In	 developing	 countries,	 the	 government	 support	
program, and health insurance schemes contribute meagerly to im-
munoglobulin therapy, resulting in high abandonment rate.

HSCT is the therapeutic option for various primary immune de-
ficiencies like severe combined immune deficiency, Wiskott Aldrich 
syndrome,	 chronic	 granulomatous	 disease,	 and	 hyper	 IgM	 syn-
drome.6-8 However, its role as a curative option for XLA has not been 
explored	because	of	transplant-associated	morbidity	like	GvHD	and	
mortality.

Abbreviations:	AUC,	Area	under	the	curve;	Btk,	Bruton	tyrosine	kinase;	CD,	Cluster	of	
differentiation;	GvHD,	Graft-vs-host	disease;	HSCT,	Hematopoietic	stem	cell	
transplantation;	IgG,	Immunoglobulin	G;	IVIG,	Intravenous	immunoglobulin;	USD,	United	
States dollar; XLA, X-linked agammaglobulinemia.

www.wileyonlinelibrary.com/journal/petr
mailto:
https://orcid.org/0000-0001-5771-8214
mailto:ramya.december@gmail.com


2 of 4  |     VS et al.

With the advent of reduced toxicity myeloablative conditioning 
regimen, this therapeutic option could be extended to children with 
XLA to avoid lifelong administration of immunoglobulin, prevention 
of	complications,	and	improving	quality	of	life.

In	this	report,	we	present	two	patients	with	XLA	who	were	success-
fully transplanted with 100% chimerism and immune reconstitution.

2  | METHODS

Two children diagnosed with XLA were referred to our center for 
HSCT.	 Immunological	 analysis	of	 child	1	 include	absolute	 lympho-
cyte counts of 4500/mm3, CD3 + T cells 6319/mm3,	CD19	+	B	cells	
0,	and	serum	 IgG	of	105	mg/dL.	Child	2	had	absolute	 lymphocyte	
of 5200/mm3,	CD3	+	T	cells	4673/mm3,	CD19	+	B	cells	1/mm3, and 
serum	IgG	of	150	mg/dL.	Diagnosis	in	the	first	child	was	confirmed	
based on the above lymphocyte subset analysis and immunoglobulin 
profile.	Candidate	 gene	 sequencing	 in	 the	 second	 child	 confirmed	
pathogenic	BTK	gene	mutation.

Families of both the children were appropriately counseled re-
garding HSCT, and written informed consent was obtained from the 
parents. The work and the study have been approved by the institu-
tional review board.

Conditioning regimen for child #1 included Thiotepa 8 mg/kg on 
Day-7,	Treosulfan	14	g/m2 on Day-6, -5 and -4 and Fludarabine 40 mg/
m2 on Day-6, -5, -4 and -3. Child # 2 received Fludarabine 40 mg/m2 
and	Busulfan	3.2	mg/kg/d	on	Day-6,	-5,	-4	and	-3	during	the	first	trans-
plant.	In	view	of	secondary	graft	failure,	child#2	underwent	a	second	
HSCT. During the second HSCT, conditioning included thiotepa, treo-
sulfan, and fludarabine in the doses mentioned above. He received pe-
ripheral blood stem cells from his matched sibling and CD34 cell dose 
in the infused graft was 6.5 × 106/kg recipient body weight.

GvHD	 prophylaxis	 included	 tacrolimus	 and	 short	 course	 meth-
otrexate at a dose of 5 mg/m2 on day +1, followed by 10 mg/m2 on 
day	+3,	+6	and	+11.	IVIG	replacement	every	4	weeks	was	continued	
throughout HSCT and post-HSCT until documented immune reconsti-
tution. Source of stem cells was bone marrow in two transplants, and an 

additional granulocyte colony stimulating factor-mobilized peripheral 
blood	stem	cells	 in	 second	 transplant	 in	child	#	2.	Both	 the	children	
were on antifungal prophylaxis with fluconazole followed by mica-
fungin and antiviral prophylaxis with acyclovir until engraftment.

3  | RESULTS

Both	children	had	grade	II	mucositis	in	the	neutropenic	period	and	
required	parenteral	 nutrition.	There	were	episodes	of	 febrile	neu-
tropenia; however, no significant bacterial of fungal infections were 
noted in the peri-engraftment period.

Child	#1	had	100%	stable	chimerism	documented	on	day	+17,	30,	
60,	90	and	180.	He	had	mild	chronic	skin	GvHD,	which	was	treated	
with steroids and imatinib up until a year post-HSCT. His CD3 + T cell 
counts	were	normalized	at	3	months,	and	CD19	+	B	cells	at	4	months	
post-HSCT	 (Figure	 1),	 and	 serum	 IgG	 level	 normalized	 6	 months	
post-HSCT (Figure 2). He is now 3 years post-transplantation and is 
free of infections.

Child # 2 engrafted by day +14 and had 100% donor chimerism. 
At day +60, his chimerism dropped to 58%. He had secondary graft 
rejection	 and	 autologous	 reconstitution	where	 his	CD19	+	B	 cells	
and immunoglobulin levels were documented to be in the pre-HSCT 
range.	He	was	maintained	on	monthly	IVIG.	A	year	later,	he	under-
went second transplantation with peripheral blood stem cells. He 
engrafted	with	documented	100%	chimerism	on	day	+17,	30,	60	and	
90	 and	 is	 off	 IVIG	 replacement.	He	 had	 no	 significant	GvHD	 and	
GvHD	prophylaxis	were	tapered	and	stopped	9	months	post-HSCT.	
His	CD3	+	T	cells,	CD19	+	B	cells	 (Figure	1),	and	serum	IgG	 levels	
(Figure 2) normalized at 3, 4, and 5 months post-HSCT.

Patient characteristics are summarized in Table 1.

4  | DISCUSSION

Children with primary antibody deficiencies present with recur-
rent infections, autoimmunity, and increased risk for malignancy. 

F I G U R E  1   Recovery of lymphocyte 
fraction of CD19 + cells in both the 
children with values depicted pre-HSCT, 
on day 60 and day 120 post-HSCT
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IVIG	 replacement	 reduces	 frequency	 and	 severity	 of	 infections,	
prevents	 infectious	 complications,	 and	 improves	 quality	 of	 life.	
Lifelong	replacement	of	IVIG	in	a	country	where	22%	of	our	popu-
lation is below the poverty line is a significant obstacle for the op-
timal	treatment.	This	results	in	a	high	abandonment	rate	in	India,	
particularly	in	the	second	and	third	decades	of	life,	when	require-
ment for the amount of immunoglobulin is increased because of 
increased weight. Furthermore, majority of the children continue 
to have breakthrough infections. HSCT is a curative treatment 
for a number of several primary immune deficiency disorders.6-8 
There are, however, reservations with regard to XLA where im-
munoglobulin replacement is still the standard of care. Recurrent 
infections lead to end-organ damage with a propensity for lym-
phoreticular malignancy. Hence, the role of HSCT with a curative 
intent needs to be explored in these children to avoid long-term 
complications.

There have been a few reports of HSCT in XLA. Howard et al 
have reported a case series of HSCT in XLA in six young patients 
without using a conditioning regimen wherein no stable chimerism 

or an increase in the CD19 fraction or immunoglobulin level was 
achieved.	They	concluded	that	successful	engraftment	would	require	
aggressive immunosuppression.9 Abu-Arja et al10 have reported suc-
cessful HSCT in a patient diagnosed to have XLA with acute myeloid 
leukemia	 using	 a	myeloablative	 conditioning.	 Ikegame	et	 al11 used 
a reduced-intensity conditioning regimen with fludarabine/cyclo-
phosphamide/anti-thymocyte globulin/3 gray total body irradiation 
in a 28-year-old male patient with life-threatening infections who 
underwent allogenic matched sibling donor HSCT. Although busul-
fan-based conditioning regimen offers myeloablation, pharmaco-
kinetic monitoring with AUC is essential to prevent graft failure as 
seen with our second child.12

Treosulfan-based conditioning has less regimen-related toxicity, 
and it follows linear pharmacokinetics; hence, drug monitoring is not 
required.13	It	is	well	tolerated	in	children	with	primary	immune	de-
ficiency disorders; both our children on this protocol engrafted and 
achieved 100% chimerism.

IVIG	 replacement	 is	 simple	and	effective	 therapy.	However,	 to	
administer it lifelong causes considerable financial burden for the 

F I G U R E  2   Recovery of 
Immunoglobulin	(IgG)	levels	in	both	the	
children with values depicted pre-HSCT, 
on day 60 and day 120 post-HSCT
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Characteristics Child 1
Child 2- 
transplant 1

Child 2- 
transplant 2

1. Age at presentation 8 mo 1 y 1 y

2. Age at transplant 1 y 5 mo 1 y 8 mo 2 y 10 mo

3. HLA match 6/6 6/6 6/6

4. Donor Sister Brother Brother

5. Stem cell source Bone	marrow Bone	marrow Peripheral blood 
stem cells

6. Conditioning regimen Thiotepa/ Fludarabine/
Treosulfan

Fludarabine/ 
Busulfan

Thiotepa/ 
Fludarabine/
Treosulfan

7.	Follow-up a. Complete chimerism
b.	Chronic	skin	GvHD-	

settled with steroids, 
imatinib

c. 3 y post-transplant

Secondary graft 
failure

a. Complete 
chimerism
b.	No	GvHD
c. 1-y 

post-transplant

TA B L E  1   Characteristics of both the 
children with XLA who underwent HSCT
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families particularly in developing countries even when partially sup-
ported by government and non-government organizations. The av-
erage	cost	of	5	g	of	IVIG	is	USD	220	every	4	weeks	with	the	expense	
increasing exponentially with the growth of the child. The upfront 
cost of a matched sibling donor HSCT is approximately USD 21500.

5  | CONCLUSION

Treosulfan-based reduced toxicity myeloablation regimen followed 
by	HSCT	 is	 a	 curative	option	 for	XLA	patients.	Our	case	 series	of	
HSCT from matched sibling donors gives a ray of hope for children 
with XLA who suffer with serious and often life-threatening infec-
tions, autoimmune manifestations, and malignancies. This one-time 
procedure	 compared	 with	 lifelong	 IVIG	 administration	 is	 curative	
and is cost effective. The use of alternative donor source remains 
to be explored.
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