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Abstract
Background: Hematopoietic stem cell transplantation (HSCT) can cure chronic granu-
lomatous disease (CGD), but it remains debated whether all conventionally treated 
CGD patients benefit from HSCT.
Methods: We retrospectively analyzed 104 conventionally treated CGD patients, of 
whom 50 patients underwent HSCT.
Results: On conventional treatment, seven patients (13%) died after a median time of 
16.2 years (interquartile range [IQR] 7.0-18.0). Survival without severe complications 
was 10 ± 3% (mean ± SD) at the age of 20 years; 85% of patients developed at least 
one infection, 76% one non-infectious inflammation. After HSCT, 44 patients (88%) 
were alive at a median follow-up of 2.3 years (IQR 0.8-4.9): Six patients (12%) died 
from infections. Survival after HSCT was significantly better for patients transplanted 
≤8 years (96 ± 4%) or for patients without active complications at HSCT (100%). Eight 
patients suffered from graft failure (16%); six (12%) developed acute graft-vs-host dis-
ease requiring systemic treatment. Conventionally treated patients developed events 
that required medical attention at a median frequency of 1.7 (IQR 0.8-3.2) events 
per year vs 0 (IQR 0.0-0.5) in patients beyond the first year post-HSCT. While most 
conventionally treated CGD patients failed to thrive, catch-up growth after HSCT in 
surviving patients reached the individual percentiles at the age of diagnosis of CGD.
Conclusion: Chronic granulomatous disease patients undergoing HSCT until 8 years 
of age show excellent survival, but young children need more intense conditioning to 
avoid graft rejection. Risks and benefits of HSCT for adolescents and adults must still 
be weighed carefully.
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1  | INTRODUC TION

Chronic granulomatous disease (CGD) is caused by mutations in 
genes coding for subunits or regulatory proteins of the NADPH 
oxidase complex, that is, X-linked mutations in CYBB or autosomal 
recessive mutations in CYBA, NCF1, NCF2, and CYBC1, that cause 
absent or severely reduced production of superoxide in all phago-
cytes.1,2 Autosomal recessive mutations in NCF4 cause p40phox 
deficiency, a similar, but distinct disease.3 Besides its antimicro-
bial effect, reactive oxygen intermediates have immunoregulatory 
functions: For example, NADPH oxidase is required for the acti-
vation of ataxia-telangiectasia-mutated (ATM) kinase.4 NADPH-
deficient phagocytes show autophagic dysfunction and increased 
production of IL-1β upon activation with LPS and an interferon 
signature.5,6 Therefore, CGD patients are not only at increased 
risk for infections, but also for non-infectious inflammatory granu-
loma formation, in particular inflammatory bowel and chronic lung 
disease.1,7

Conventional treatment of CGD comprises antibacterial and 
antifungal prophylaxis with cotrimoxazole and azoles, as well as 
immunosuppressive therapy.7 Although prophylaxis has strongly 
decreased mortality, infections still occur at 0.26-0.64 per pa-
tient-year8,9 with a cumulative lifetime risk for aspergillosis of 
20%-40%, remaining the leading cause of death. In retrospec-
tive studies, the median lifespan of conventionally treated CGD 
patients is 30-40 years,8 presumably dependent on the resid-
ual activity of the NADPH oxidase.10 Immunosuppressive ther-
apy, including long-term steroids, further increases the risk for 
infections and failure to thrive.7 Consequently, quality of life, 
academic, and professional achievements are impaired on con-
ventional treatment.11,12 In contrast, allogenic hematopoietic stem 
cell transplantation (HSCT) potentially cures CGD. Because trans-
plantation-related mortality was originally at 15%-50%, HSCT was 
used as salvage therapy for patients with recurrent infections or 
refractory inflammation.13,14 Improved human leukocyte antigen 
matching (HLA) and fludarabine-based reduced-toxicity condi-
tioning decreased treatment-related morbidity and mortality, 

apparently regardless of preexisting conditions. So, is current al-
logenic HSCT about to become the treatment of choice for CGD 
patients?15-17

2  | METHODS

2.1 | Recruitment of patients and participating 
centers

Chronic granulomatous disease patients, born after the 01 January 
1980 and treated for at least 3 months with conventional treat-
ment, were eligible. The diagnosis of CGD had to be established by 
two tests for production of superoxide in neutrophils and mono-
cytes. By reviewing patient lists from the European Society of 
Immunodeficiency (ESID) and the Centre de Référence des Déficits 
Immunitaires Héréditaires (CEREDIH) registry, 124 potentially eli-
gible patients were identified in six centers for immunodeficiency 
in France and Germany: 50 in Paris, 23 in Munich, 22 in Berlin, 10 
in Dresden, 10 in Hannover, and nine in Freiburg. Approvals were 
obtained from the ethics committees of the Charité, ESID, and 
CEREDIH. Patients or parents gave informed consent for the study 
and/or for participation in the ESID/CEREDIH registry.
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Key Message

Patients with chronic granulomatous disease (CGD) almost 
certainly benefit from allogenic hematopoietic stem cell 
transplantation (HSCT) from a human leukocyte antigen 
(HLA) matched donor, if performed before 8 years of age. 
Young children need more intense conditioning for stable 
engraftment. However, overall survival post-HSCT may be 
closer to approx. 85% (as opposed to >95% as previously 
reported). Risks and benefits of HSCT for adolescents and 
adults must still be weighed carefully.
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2.2 | Data collection

Data were retrospectively collected at onsite visits in the centers be-
tween May 2016 and September 2017. Definitions on collected data are 
summarized (Table S1). Overall survival (OS) and severe complication-free 
survival were determined for conventionally treated patients and after 
HSCT, respectively. Patients undergoing HSCT were analyzed for event-
free (EFS), that is, engrafted survival. A severe complication was defined 
as a proven or probable fungal infection, disseminated BCGitis, other life-
threatening infections, non-infectious inflammation requiring systemic 
immunosuppressive therapy, organ failure, organ resection, or death. In 
transplanted patients, graft-vs-host disease (GVHD) requiring systemic 
therapy, that is, acute GVHD grade ≥II as defined by Glucksberg et al18 or 
extended chronic GVHD,19 and graft failure were also considered severe 
complications. Besides severe complications, all infections, inflammatory 
events, hospitalizations, and operations regardless of their severity were 
termed events requiring medical attention and calculated per treatment 
life-year. Weight and height were documented and z-scores calculated.

2.3 | Statistical analysis

Statistical analysis was performed using SigmaPlot version 11.0 
(Systat Inc). Comparisons of categorical data were compared by 
using the Fisher exact test and continuous data by using the Mann-
Whitney rank-sum test. Survival data were calculated by the Kaplan-
Meier method and comparisons done by the log-rank method.

3  | RESULTS

3.1 | CGD cohort

Of 124 patients identified, 20 patients were excluded for incomplete 
records, non-acceptance to participate, or death immediately after 

diagnosis. A total of 104 patients remained, 12 females and 92 males. 
While 54 patients continued conventional treatment, 50 received 
HSCT on physician's discretion after a median interval on conventional 
treatment of 3.2 years (interquartile range [IQR] 0.8-8.9). Reasons 
were usually severe complications at a young age and donor availabil-
ity. For direct comparisons between groups, four more patients were 
excluded from the HSCT group to provide a minimum of 6 months of 
follow-up after HSCT. For detailed characteristics, see Table S2.

3.2 | Patients on conventional treatment

Median age of all 104 CGD patients at diagnosis was 2.2 years (IQR 
0.5-5.8) and median follow-up was 9.3 years (IQR 2.4-16.8) (Table S2). 
On conventional treatment, seven patients (13%) died after a median 
time of 16.2 years (IQR 7.0-18.0), six from infections and one from 
non-infectious inflammation. At 20 y/a, estimated OS was 86 ± 5% 
(mean ± SD) and severe complication-free survival was 10 ± 3% 
(Figure 1; compare also Figure S1). Ninety-two patients (88%) suf-
fered from at least one severe complication: 51 developed a bacte-
rial, 44 a fungal or a disseminated BCG infection, 51 colitis, and 20 
an inflammatory lung disease. On conventional treatment, infections 
occurred in 88 patients (85%) at a median frequency of 5 per patient 
(IQR 1-9), mostly affecting the skin and the lung (Figure 2). Identified 
pathogens are shown in Figure S2. Non-infectious inflammatory 
episodes developed in 79 patients (76%) at a median frequency of 
2 per patient (IQR 1-7), mostly affecting the gastrointestinal tract. 
Seventy-four patients (71%) received at least once immunosuppres-
sion; 61 (59%) needed immunosuppression for more than 3 months.

3.3 | Patients after allogeneic HSCT

Fifty patients underwent allogeneic HSCT at a median of 5.6 y/a (IQR 
3.4-11.8). Transplant details are summarized (Table S3). Until the end 
of 2010, 9 of 13 patients (69%) received conventional myeloablative 

F I G U R E  1   A, Probability estimates for overall survival and B, severe complication-free survival of all CGD patients plotted by age in 
years. Indicated are group sizes [and number of events]
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conditioning or were transplanted from a matched related donor, re-
spectively. Thereafter, 29 of 37 patients, respectively, received an 
unrelated transplant or a reduced-toxicity regimen (P = .005). Forty-
four patients in the HSCT group are alive at a median follow-up of 
2.3 years (IQR 0.8-4.9) with an estimated OS of 86 ± 6% and an EFS 
of 73 ± 7% (Figure 3). Six patients died from proven or suspected 
infections, in 5 of the lungs. Four of these patients had undergone 
HSCT with an active infection which progressed during transplanta-
tion and aggravated by either graft failure (n = 2) or chronic GVHD 
(n = 1). The two others had an active inflammatory colitis at time 
of HSCT and died from newly acquired invasive infections associ-
ated with chronic GVHD. Eight patients (14%) suffered from graft 
failure (Figure S3): Altogether five patients had received a busulfan-
based conditioning until the age of 4 years and 2 out of 3 who re-
jected at an older age a reduced-toxicity regimen with busulfan from 
a 9/10 HLA-matched donor resulting in a 4.3-fold elevated relative 
risk of graft failure in these patients (P = .021). After graft failure, 
six received a second donation of whom 5 survived. Acute GVHD 
grade ≥ II requiring systemic therapy was encountered in six patients 
(12%) (Figure S3) and extended chronic GVHD in 4 (8%).

A total of 140 of 152 infectious complications (92%) (of events 
requiring medical attention) occurred within the first year after 

HSCT (Figure 2C). Eighteen patients had symptomatic virus re-
activation requiring therapy (Figure S2), resolving within the first 
year in all but one patient with persisting adenovirus colitis asso-
ciated with GVHD. Seven patients had infections after the first 
year: Three patients developed non-severe pneumonia, two others 
associated with chronic GVHD, and one a lymph node infection, 
later diagnosed as lupus erythematodes. Another patient with a 
history of severe colitis was hospitalized for infectious enteritis. 
Most inflammatory complications (85%) (of events requiring med-
ical attention) occurred within the first year after HSCT as well 
(Figure 2). Only four patients experienced such events later: Two 
had extended chronic GVHD and 2 developed lupus or Hashimoto 
thyroiditis.

Patients undergoing HSCT with an active severe complication 
had an inferior survival (OS 75 ± 9% vs 100%) (Figure 3). Survival 
was also impaired in patients transplanted above 8 y/a (OS 70 ± 12% 
vs 96 ± 4%). Similar differences were seen for patients with more 
than 5 years on conventional treatment before HSCT (OS 67 ± 12% 
vs 97 ± 3%; P = .018). Neither conditioning regime nor donor source 
impacted survival. For engraftment, HLA matching was crucial: EFS 
after a 9/10 HLA-matched transplant was 43 ± 19% in contrast to 
80 ± 7% after a 10/10 HLA-match (P = .014). In addition, EFS for 

F I G U R E  2   Relative frequency of infectious and inflammatory complications for all patients on conventional treatment (A, B) or after stem 
cell transplantation (C, D). Due to multiple events, total number of complications exceeds number of patients. CT, conventional treatment; 
HSCT, hematopoietic stem cell transplantation; GI, gastrointestinal; aGVHD, acute graft-vs-host disease; cGVHD, chronic GVHD
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patients diagnosed after 2 y/a (90 ± 7%) was superior to patients 
diagnosed before (60 ± 10%) (P = .044) (Figure 3).

3.4 | Comparison between conventionally 
treated and HSCT patients

In the conventionally treated group (n = 54), median age at diag-
nosis was 2.9 years (IQR 0.5-8.2), age at first severe complication 
was 5.5 years (IQR 1.8-14.2), and 20 patients (37%) developed their 
first severe complication before or at diagnosis. In the HSCT group 
with minimum follow-up of 6 months (n = 46), median age at diag-
nosis was 1.6 years (IQR 0.5-3.8), age at first severe complication 
was 1.8 years (IQR 0.4-5.4) (P = .002), and 31 patients (67%) devel-
oped their first severe complication before or at diagnosis. Before 
2011, 38 of 46 (83%) conventionally treated patients had developed 
their first severe complication at a median age of 8.0 years (IQR 1.8-
17.1) In contrast, all HSCT patients transplanted before 2011 had 
developed a severe complication on conventional treatment at a me-
dian age of 2.5 years (IQR 0.9-4.4) (P = .024). After 2015, transplant 
practice had changed: five of 13 (38%) transplanted patients had not 

experienced a severe complication before HSCT in contrast to only 
one out of 33 (3%) in earlier years (P = .006).

For the entire cohort, survival after HSCT was not clearly su-
perior to conventional treatment (Figure 4). However, survival rates 
of patients transplanted without active complications (OS 100%), 
particularly, without fungal infections (OS 90 ± 5%), were superior 
to the ones transplanted with active complications (OS 75 ± 9%) or 
with fungal infections (OS 68 ± 16%) and to conventionally treated 
patients. Stratifying for age revealed also a superior survival of 
patients transplanted until 8 y/a (96 ± 4%) and of conventionally 
treated patients who did not develop severe complications until 8 
y/a (95 ± 5%). The latter group had a significantly better outcome 
than patients who were transplanted after 8 y/a (OS 70 ± 12%) and 
conventionally treated patients who experienced their first severe 
complication until this age (OS 25 ± 20%) (Figure 4).

While conventionally treated patients continuously developed 
severe complications over time, only eight of 36 HSCT patients 
(22%) developed one after the first year post-HSCT, which subse-
quently resolved in all but one (3%) (Figure 5). Etiology of these late 
complications was secondary graft failure in four patients, chronic 
GVHD in two, and VZV meningitis as well as autoimmune disease 

F I G U R E  3   Top: Probability estimates for overall survival (OS) after HSCT (A) of entire cohort. OS stratified by (B) active complications in 
patients at time of transplant or (C) by age in years at transplantation. Bottom: Probability estimates for event-free survival (EFS) after HSCT 
(D) of entire cohort. EFS stratified by (E) donor match or (F) age in years of patients at diagnosis. Indicated are group sizes [and number of 
events]
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in one patient, respectively. Two of the graft failures were associ-
ated with very young age; all other late complications were either 
associated with active infection (n = 4) or inflammation (n = 2) at 
HSCT (Table S3). Patients undergoing HSCT without an active 

fungal infection showed a superior severe complication-free sur-
vival (61 ± 9%) than patients with fungal infection (27 ± 13%) or con-
ventionally treated patients (0%). Moreover, patients transplanted 
until 8 y/a had a better severe complication-free survival (69 ± 9%) 

F I G U R E  4   Probability estimates for 
overall survival (OS) in patients after stem 
cell transplantation (HSCT) in comparison 
with conventional treatment (CT). (A) OS 
of entire HSCT vs conventionally treated 
cohort. (B) OS after HSCT stratified 
by active complications at time of 
transplantation in comparison with entire 
conventionally treated cohort. (C) OS after 
HSCT stratified by active fungal infection 
at time of transplantation in comparison to 
entire conventionally treated cohort. (D) 
OS after HSCT stratified by age in years at 
HSCT in comparison with conventionally 
treated patients stratified by age in years 
of first severe complication. Indicated 
are group sizes [and number of events]. 
Time line refers to time post-transplant 
or on conventional treatment. Significant 
differences in pairwise comparisons with 
overall P < .05: (B) b vs a2, (C) b vs a4, (D) 
b1 vs a6, b1 vs b2
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than patients transplanted thereafter (33 ± 11%) or conventionally 
treated patients with a first severe complication until 8 y/a (0%) 
(Figure 5).

Patients who remained on conventional treatment developed 
events that required medical attention at a median frequency of 1.7 
per life-year, whereas patients who proceeded to HSCT had devel-
oped 3.4 of such events on conventional treatment. In the first year 
after HSCT, patients suffered from 7.0 events that required medical 
attention per HSCT life-year, but long-time survivors suffered from 
0 such events during subsequent HSCT life-years (P < .05) (Table S4). 
Immunosuppression stopped in 40 patients (87%) within the first 
year after HSCT.

Z-scores for height and weight revealed that most conventionally 
treated patients increasingly failed to gain weight (median Z-score at 
diagnosis -0.35 [IQR −1.44-0.07] vs at last measurement −1.17 [IQR 
−1.87-−0.21]) and to grow (height at diagnosis −0.90 [IQR −1.21-
−0.38] vs at last measurement −1.59 [IQR −2.35-−1.10]). Growth 

was particularly impaired in conventionally treated patients with a 
first severe complication until 8 y/a. In the HSCT group, patients also 
failed to thrive between diagnosis and HSCT, but showed catch-up 
growth after successful HSCT: weight (at HSCT −0.88 [IQR −1.52-
0.58] vs minimum 2 years post-HSCT −0.76 [IQR −1.32-−0.31]) and 
height (−1.49, IQR [−2.58-0.92] vs −1.13 [IQR −1.66-−0.70]) increased 
post-transplant to values as at diagnosis (Figure 6).

4  | DISCUSSION

Our study is the largest European study that compares the outcome 
of CGD patients on conventional treatment with those receiving 
HSCT. We retrospectively analyzed data from six centers in France 
and Germany, which follow up infants, children, adolescents, and 
adults. All patients were initially on conventional treatment; 50/104 
subsequently underwent HSCT. In addition to standard end-points 

F I G U R E  6   Z-scores for weight (top panel [A, A1, and B]) and height (bottom [C, C1, and D]) conventional treatment (CT [A, A1 and C, 
C1]) in comparison with transplanted patients (HSCT [B and D]). Analyzed were all conventionally treated patients of whom data were 
available at diagnosis, 4-6 y under conventional treatment, and minimum 2 y later. In HSCT patients, data at diagnosis, at time of transplant, 
and minimum 2 y after successful engraftment were compared. Additionally, Z-scores of conventionally treated patients who developed 
their first severe complication before the age of 8 y (white) were compared to other conventionally treated patients who did not (gray) (A1, 
C1). Illustrated are box plots with median, 25th and 75th percentile. Significant differences in pairwise comparisons with overall P < .05 are 
indicated
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of HSCT (OS, EFS), we also described severe complication-free sur-
vival and events which required medical attention. This allows a re-
alistic description of risks and benefits for both ways to treat CGD. 
85% of patients in our cohort developed at least one infection on 
conventional treatment, especially pneumonia and skin infections, 
whereas inflammatory complications were observed in 76%, compa-
rable to previous reports.7,12 We were unable to identify a subgroup 
with favorable prognosis on conventional treatment. Deleterious 
consequences of infections and non-infectious inflammation are 
mirrored by severe failure to thrive in most conventionally treated 
patients in our cohort, as reported previously.9 Therefore, despite 
elaborate prophylaxis, CGD remains a potentially devastating dis-
ease that considerably hampers the quality of life and justifies al-
logenic HSCT as ultimate cure.11,20

Several studies compared the prognosis of CGD patients treated 
conventionally to those with HSCT. While a Swedish study on 41 pa-
tients reported a superior outcome of HSCT (93% vs 74% survival), 
other studies, including ours, fail to describe a clearly better survival 
after HSCT with survival rates ranging from 76% to 90% in both co-
horts.9,21-23 The result of our study is at least in part influenced by 
the fact that patients in the HSCT cohort generally showed a more 
severe course of chronic granulomatous disease than those patients 
who stayed on conventional therapy. However, UK, US, and our data 
indicate a significant reduction of infectious episodes and catch-up 
growth after HSCT.9,23 In addition, due to the retrospective design of 
some studies and supposingly less rigorous follow-up of convention-
ally treated patients in comparison with HSCT patient, some deaths 
among conventionally treated patients may have been missed. Over 
the last decade, transplant series reported survival rates in CGD 
patients after matched donor transplantation of 83%-96%.9,15,16,21-

25 Although some studies emphasize a good tolerability of HSCT 
even in older patients after recurrent infections,15,16 we and others 
showed that in particular patients younger than 5-14 y/a and with-
out active complications at HSCT had an excellent outcome.23-25 
Therefore, all young CGD patients with a ≥9/10 HLA-matched avail-
able donor should be considered for HSCT.

An OS of 96% and 90% as well as an EFS of 91% and 81% re-
ported for busulfan- or treosulfan-containing reduced-toxicity pro-
tocols, respectively, is unsurpassed for HSCT cohorts (Table S5), 
most likely indicating the unrivaled expertise of CGD transplant 
centers that performed these pilot studies.15,16 Further, we, as well 
as others, did neither detect improvement for HSCT patients nor no-
tice superior outcome after reduced-toxicity conditioning compared 
to conventional myeloablative conditioning.23,25 In our series, this 
may be due to the fact that in participating centers early transplants 
before 2011 were primarily offered to carefully selected patients 
with a matched sibling donor, while the introduction of reduced-tox-
icity regimen gave rise to a less restrictive transplant approach. 
Especially with some reduced-toxicity regimens, graft failure rates 
are high.22,26 In CGD, conditioning has to remain sufficiently mye-
loablative to achieve a predominant myeloid donor chimerism. The 
relatively low EFS in our cohort is also due to a high graft failure 
rate in younger children after busulfan-containing conditioning. This 

observation prompted some of us to increase the targeted busulfan 
to higher doses than originally recommended in the study by Güngör 
et al which comprised significantly less children younger 4 y/a than 
our cohort.15

So, general recommendations based on the Güngör-study have 
to be considered with some caution.15 Our data and the cumulative 
experience of others suggest that allogenic HSCT from a matched 
donor is particularly worth to be considered for young CGD pa-
tients.23-25 In contrast, conventionally treated patients who did not 
suffer from any severe complication before 8 y/a showed a better 
survival than patients who underwent HSCT after 8 y/a in our study. 
Moreover, in contrast to other conventionally treated patients, pa-
tients who had not suffered from any severe complication until 8 
y/a hardly displayed failure to thrive. Hence, risks and benefits of 
HSCT for adolescents and adults must, beyond disposability of 
a matched donor, consider the individual clinical course. So, long-
term absence of complications such as aspergillosis or colitis may be 
a better reason for a continuous watch-and-wait strategy than re-
sidual production of superoxide at diagnosis.10 For patients without 
a matched donor, haploidentical HSCT or gene therapy may offer 
alternatives.27-30 Long-term prospective studies to describe overall 
and severe complication-free survival as well as quality of life for 
both, conventionally treated and HSCT patients, are an unmet need.

ACKNOWLEDG MENTS
We thank numerous physicians and nurses of the participating cent-
ers for their invaluable care for patients with chronic granulomatous 
disease, particularly, but not exclusively: Sandra Cyrull, Ina Hardt, 
Patrick Hundsdörfer, Renate Krüger, Sybille Landwehr-Kenzel, 
Lena Oevermann, Christine Schubert, Odette Schütze, Arend von 
Stackelberg, Stephanie Thee, Volker Wahn, Barbara Wolf, and Felix 
Zirngibl from the Berlin-site, Stephan Ehl from the Freiburg-site, 
Achim Freihorst, Almuth Meyer-Bahlburg, Dorothea Viemann from 
the Hannover site, and Bernd H. Belohradsky and Uwe Wintergerst 
from the Munich-site. We thank Sabine El-Helou and Gerhard Kindle 
from the ESID registry. We are particularly indebted to all patients 
and their families for their trust and cooperation over many years. 
Open access funding enabled and organized by Projekt DEAL.

CONFLIC T OF INTERE S T
The authors have no conflict of interest to declare.

AUTHOR CONTRIBUTION
Cinzia Dedieu: Conceptualization (lead); Data curation (lead); Formal 
analysis (supporting); Investigation (lead); Methodology (support-
ing); Project administration (lead); Validation (equal); Visualization 
(supporting); Writing-original draft (supporting); Writing-review 
& editing (supporting). Michael Albert: Data curation (support-
ing); Investigation (supporting); Writing-original draft (supporting). 
Nizar Mahlaoui: Data curation (supporting); Investigation (sup-
porting); Writing-original draft (supporting). Fabian Hauck: Data 
curation (supporting); Investigation (supporting); Writing-original 
draft (supporting). Christian Hedrich: Data curation (supporting); 



584  |     DEDIEU Et al.

Investigation (supporting); Writing-original draft (supporting). 
Ulrich Baumann: Data curation (supporting); Investigation (sup-
porting); Writing-original draft (supporting). Klaus Warnatz: Data 
curation (supporting); Investigation (supporting); Writing-original 
draft (supporting). Joachim Roesler: Data curation (supporting); 
Investigation (supporting). Carsten Speckmann: Investigation (sup-
porting). Johannes Schulte: Data curation (supporting); Investigation 
(supporting); Writing-original draft (supporting). Alain Fischer: Data 
curation (supporting); Investigation (supporting); Writing-original 
draft (supporting). Stephane Blanche: Data curation (support-
ing); Investigation (supporting); Writing-original draft (supporting). 
Horst von Bernuth: Conceptualization (lead); Formal analysis (sup-
porting); Investigation (supporting); Methodology (lead); Project 
administration (lead); Supervision (lead); Validation (equal); Writing-
original draft (lead); Writing-review & editing (lead). Jörn-Sven Kühl: 
Data curation (equal); Formal analysis (lead); Investigation (equal); 
Methodology (lead); Validation (lead); Visualization (lead); Writing-
original draft (supporting); Writing-review & editing (lead).

E THIC AL APPROVAL
Ethical approval was obtained from the central ethics committee 
(Charité, EA2/046/16), the regional ethics committee, ESID, and 
CEREDIH. Patients or their parents gave written consent for the 
study and/or ESID/CEREDIH registry.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1111/pai.13402.

ORCID
Horst von Bernuth  https://orcid.org/0000-0002-5812-7675 

R E FE R E N C E S
 1. Roos D. Chronic granulomatous disease. In: Knaus UG, Leto TL, eds. 

NADPH oxidases: methods and protocols. Methods in molecular biol-
ogy. New York, NY: Springer New York; 2019:531-542. https://doi.
org/10.1007/978-1-4939-9424-3_32

 2. Arnadottir GA, Norddahl GL, Gudmundsdottir S, et al. A homozy-
gous loss-of-function mutation leading to CYBC1 deficiency causes 
chronic granulomatous disease. Nat Commun. 2018;9(1):1-9. https://
doi.org/10.1038/s4146 7-018-06964 -x

 3. van de Geer A, Nieto-Patlán A, Kuhns DB, et al. Inherited p40phox 
deficiency differs from classic chronic granulomatous disease. J Clin 
Invest. 2018;128(9):3957-3975. https://doi.org/10.1172/JCI97116

 4. Harbort CJ, Soeiro-Pereira PV, von Bernuth H, et al. Neutrophil 
oxidative burst activates ATM to regulate cytokine produc-
tion and apoptosis. Blood. 2015;126(26):2842-2851. https://doi.
org/10.1182/blood -2015-05-645424

 5. de Luca A, Smeekens SP, Casagrande A, et al. IL-1 receptor block-
ade restores autophagy and reduces inflammation in chronic 
granulomatous disease in mice and in humans. Proc Natl Acad Sci 
USA. 2014;111(9):3526-3531. https://doi.org/10.1073/pnas.13228 
31111

 6. Kelkka T, Kienhöfer D, Hoffmann M, et al. Reactive oxygen spe-
cies deficiency induces autoimmunity with type 1 interferon sig-
nature. Antioxid Redox Signal. 2014;21(16):2231-2245. https://doi.
org/10.1089/ars.2013.5828

 7. Magnani A, Mahlaoui N. Managing inflammatory manifesta-
tions in patients with chronic granulomatous disease. Paediatr 
Drugs. 2016;18(5):335-345. https://doi.org/10.1007/s4027 
2-016-0182-4

 8. Martire B, Rondelli R, Soresina A, et al. Clinical features, long-
term follow-up and outcome of a large cohort of patients with 
chronic granulomatous disease: an Italian multicenter study. 
Clin Immunol. 2008;126(2):155-164. https://doi.org/10.1016/j.
clim.2007.09.008

 9. Cole T, Pearce MS, Cant AJ, Cale CM, Goldblatt D, Gennery AR. 
Clinical outcome in children with chronic granulomatous disease 
managed conservatively or with hematopoietic stem cell transplan-
tation. J Allergy Clin Immunol. 2013;132(5):1150-1155. https://doi.
org/10.1016/j.jaci.2013.05.031

 10. Kuhns DB, Alvord WG, Heller T, et al. Residual NADPH oxi-
dase and survival in chronic granulomatous disease. N Engl J 
Med. 2010;363(27):2600-2610. https://doi.org/10.1056/NEJMo 
a1007097

 11. Cole T, McKendrick F, Titman P, et al. Health related quality of 
life and emotional health in children with chronic granulomatous 
disease: a comparison of those managed conservatively with 
those that have undergone haematopoietic stem cell transplant. 
J Clin Immunol. 2013;33(1):8-13. https://doi.org/10.1007/s1087 
5-012-9758-0

 12. Dunogué B, Pilmis B, Mahlaoui N, et al. Chronic granulomatous dis-
ease in patients reaching adulthood: a nationwide study in France. 
Clin Infect Dis. 2017;64(6):767-775. https://doi.org/10.1093/cid/
ciw837

 13. Horwitz ME, Barrett AJ, Brown MR, et al. Treatment of chronic 
granulomatous disease with nonmyeloablative conditioning 
and a T-cell-depleted hematopoietic allograft. N Engl J Med. 
2001;344(12):881-888. https://doi.org/10.1056/NEJM2 00103 
22344 1203

 14. Seger RA. Treatment of chronic granulomatous disease with 
myeloablative conditioning and an unmodified hemopoietic al-
lograft: a survey of the European experience, 1985–2000. 
Blood. 2002;100(13):4344-4350. https://doi.org/10.1182/blood 
-2002-02-0583

 15. Güngör T, Teira P, Slatter M, et al. Reduced-intensity condition-
ing and HLA-matched haemopoietic stem-cell transplantation 
in patients with chronic granulomatous disease: a prospective 
multicentre study. Lancet. 2014;383(9915):436-448. https://doi.
org/10.1016/S0140 -6736(13)62069 -3

 16. Morillo-Gutierrez B, Beier R, Rao K, et al. Treosulfan based condi-
tioning for allogeneic HSCT in children with chronic granulomatous 
disease: a multicentre experience. Blood. 2016;128(3):440-448. 
https://doi.org/10.1182/blood -2016-03-704015

 17. Marciano BE, Holland SM. Primary immunodeficiency diseases: 
current and emerging therapeutics. Front Immunol. 2017;8:937. 
https://doi.org/10.3389/fimmu.2017.00937

 18. Glucksberg H, Storb R, Fefer A, et al. Clinical manifestations of 
graft-versus-host disease in human recipients of marrow from HL-
A-matched sibling donors. Transplantation. 1974;18(4):295-304. 
https://doi.org/10.1097/00007 890-19741 0000-00001

 19. Shulman HM, Sullivan KM, Weiden PL, et al. Chronic graft-ver-
sus-host syndrome in man. A long-term clinicopathologic study 
of 20 Seattle patients. Am J Med. 1980;69(2):204-217. https://doi.
org/10.1016/0002-9343(80)90380 -0

 20. Pulvirenti F, Sangerardi M, Plebani A, et al. Health-related quality 
of life and emotional difficulties in chronic granulomatous disease: 
data on adult and pediatric patients from italian network for pri-
mary immunodeficiency (IPINet). J Clin Immunol. 2020;40(2):289-
298. https://doi.org/10.1007/s1087 5-019-00725 -1

 21. Åhlin A, Fugeläng J, de Boer M, Ringden O, Fasth A, Winiarski 
J. Chronic granulomatous disease – haematopoietic stem cell 

https://publons.com/publon/10.1111/pai.13402
https://publons.com/publon/10.1111/pai.13402
https://orcid.org/0000-0002-5812-7675
https://orcid.org/0000-0002-5812-7675
https://doi.org/10.1007/978-1-4939-9424-3_32
https://doi.org/10.1007/978-1-4939-9424-3_32
https://doi.org/10.1038/s41467-018-06964-x
https://doi.org/10.1038/s41467-018-06964-x
https://doi.org/10.1172/JCI97116
https://doi.org/10.1182/blood-2015-05-645424
https://doi.org/10.1182/blood-2015-05-645424
https://doi.org/10.1073/pnas.1322831111
https://doi.org/10.1073/pnas.1322831111
https://doi.org/10.1089/ars.2013.5828
https://doi.org/10.1089/ars.2013.5828
https://doi.org/10.1007/s40272-016-0182-4
https://doi.org/10.1007/s40272-016-0182-4
https://doi.org/10.1016/j.clim.2007.09.008
https://doi.org/10.1016/j.clim.2007.09.008
https://doi.org/10.1016/j.jaci.2013.05.031
https://doi.org/10.1016/j.jaci.2013.05.031
https://doi.org/10.1056/NEJMoa1007097
https://doi.org/10.1056/NEJMoa1007097
https://doi.org/10.1007/s10875-012-9758-0
https://doi.org/10.1007/s10875-012-9758-0
https://doi.org/10.1093/cid/ciw837
https://doi.org/10.1093/cid/ciw837
https://doi.org/10.1056/NEJM200103223441203
https://doi.org/10.1056/NEJM200103223441203
https://doi.org/10.1182/blood-2002-02-0583
https://doi.org/10.1182/blood-2002-02-0583
https://doi.org/10.1016/S0140-6736(13)62069-3
https://doi.org/10.1016/S0140-6736(13)62069-3
https://doi.org/10.1182/blood-2016-03-704015
https://doi.org/10.3389/fimmu.2017.00937
https://doi.org/10.1097/00007890-197410000-00001
https://doi.org/10.1016/0002-9343(80)90380-0
https://doi.org/10.1016/0002-9343(80)90380-0
https://doi.org/10.1007/s10875-019-00725-1


     |  585DEDIEU Et al.

transplantation versus conventional treatment. Acta Paediatr. 
2013;102(11):1087-1094. https://doi.org/10.1111/apa.12384

 22. Parta M, Kelly C, Kwatemaa N, et al. Allogeneic reduced-in-
tensity hematopoietic stem cell transplantation for chronic 
granulomatous disease: a single-center prospective trial. J Clin 
Immunol. 2017;37(6):548-558. https://doi.org/10.1007/s1087 
5-017-0422-6

 23. Yonkof JR, Gupta A, Fu P, Garabedian E, Dalal J, the United States 
Immunodeficiency Network Consortium. Role of allogeneic hema-
topoietic stem cell transplant for chronic granulomatous disease 
(CGD): a report of the United States immunodeficiency network. 
J Clin Immunol. 2019;39(4):448-458. https://doi.org/10.1007/s1087 
5-019-00635 -2

 24. Lum SH, Flood T, Hambleton S, et al. Two decades of excellent trans-
plant survival for chronic granulomatous disease: a supraregional 
immunology transplant center report. Blood. 2019;133(23):2546-
2549. https://doi.org/10.1182/blood.20190 00021

 25. Chiesa R, Wang J, Blok H-J, et al. Haematopoietic cell transplanta-
tion in chronic granulomatous disease: a study on 712 children and 
adults. Blood. 2020;136(10):1201-1211. https://doi.org/10.1182/
blood.20200 05590

 26. Oshrine B, Morsheimer M, Heimall J, Bunin N. Reduced-intensity 
conditioning for hematopoietic cell transplantation of chronic 
granulomatous disease. Pediatr Blood Cancer. 2015;62(2):359-361. 
https://doi.org/10.1002/pbc.25225

 27. Hoenig M, Niehues T, Siepermann K, et al. Successful HLA hap-
loidentical hematopoietic SCT in chronic granulomatous disease. 
Bone Marrow Transplant. 2014;49(10):1337-1338. https://doi.
org/10.1038/bmt.2014.125

 28. Tang X, Zhang Y, Jing Y, et al. Allogeneic hematopoietic stem cell 
transplantation using unrelated cord blood or unmanipulated 
haploidentical donors is effective in pediatric chronic granuloma-
tous disease with inflammatory complications and severe infec-
tion. Bone Marrow Transplant. 2020;55(9):1875-1878. https://doi.
org/10.1038/s4140 9-020-0864-y

 29. Parta M, Hilligoss D, Kelly C, et al. Failure to prevent severe graft-
versus-host disease in haploidentical hematopoietic cell trans-
plantation with post-transplant cyclophosphamide in chronic 
granulomatous disease. J Clin Immunol. 2020;40(4):619-624. 
https://doi.org/10.1007/s1087 5-020-00772 -z

 30. Kohn DB, Booth C, Kang EM, et al. Lentiviral gene therapy for 
X-linked chronic granulomatous disease. Nat Med. 2020;26(2):200-
206. https://doi.org/10.1038/s4159 1-019-0735-5

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Dedieu C, Albert MH, Mahlaoui N, 
et al. Outcome of chronic granulomatous disease - 
Conventional treatment vs stem cell transplantation. Pediatr 
Allergy Immunol. 2021;32:576–585. https://doi.org/10.1111/
pai.13402

https://doi.org/10.1111/apa.12384
https://doi.org/10.1007/s10875-017-0422-6
https://doi.org/10.1007/s10875-017-0422-6
https://doi.org/10.1007/s10875-019-00635-2
https://doi.org/10.1007/s10875-019-00635-2
https://doi.org/10.1182/blood.2019000021
https://doi.org/10.1182/blood.2020005590
https://doi.org/10.1182/blood.2020005590
https://doi.org/10.1002/pbc.25225
https://doi.org/10.1038/bmt.2014.125
https://doi.org/10.1038/bmt.2014.125
https://doi.org/10.1038/s41409-020-0864-y
https://doi.org/10.1038/s41409-020-0864-y
https://doi.org/10.1007/s10875-020-00772-z
https://doi.org/10.1038/s41591-019-0735-5
https://doi.org/10.1111/pai.13402
https://doi.org/10.1111/pai.13402

