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immunodeficiency
Ambroise Marçais 1,2✉, Nizar Mahlaoui3, Bénédicte Neven4, Fanny Lanternier5, Émilie Catherinot6, Hélène Salvator6,
Morgane Cheminant1, Maxime Jeljeli7, Vahid Asnafi2, Peter van Endert 8, Louis-Jean Couderc6, Olivier Lortholary5, Capucine Picard9,
Despina Moshous4, Olivier Hermine1, Alain Fischer 3,4 and Felipe Suarez1✉

© The Author(s), under exclusive licence to Springer Nature Limited 2022

Primary immunodeficiencies (PID) are heterogeneous inborn errors of the immune system. Allogeneic hematopoietic stem cell
transplantation (allo-HSCT) is curative and safe at the pediatric age but remains underperformed in adults. We report our
experience on 32 consecutive adult patients with various PID including 17 (53%) with a combined immune deficiency, six (19%)
with a disease of immune dysregulation and nine (28%) with a chronic granulomatous disease (CGD) who underwent an allo-HSCT
between 2011 and 2020. The median age at transplant was 27 years (17–41). All assessable patients engrafted. The majority of
patients received a fludarabine-Busulfan (FB) based regimen (FB2-3 in 16, FB4 in 12). Overall survival (OS) was 80.4% (100% for CGD
and 74% for other PID patients) at 9 months and beyond (median follow-up 51.6 months). Six patients died, all in the first-year post-
transplant. Cumulative incidences of grade II–IV acute GVHD/chronic GVHD were 18%/22%. Stem cell source, GVHD prophylaxis and
conditioning intensity had no impact on OS. All surviving patients had over 90% donor chimerism, immune reconstitution, no sign
of active PID related complications and were clinically improved. Allo-HSCT is effective in young adults PID patients with an
acceptable toxicity and should be discussed in case of life-threatening PID.

Bone Marrow Transplantation (2022) 57:1520–1530; https://doi.org/10.1038/s41409-022-01739-x

INTRODUCTION
Primary immunodeficiencies (PID) are heterogeneous inborn
disorders affecting the immune system [1, 2]. PID patients
experience a wide variety of clinical manifestations ranging from
infections to autoimmune, inflammatory and/or malignant com-
plications. Initial symptoms and clinical diagnosis often occur
during childhood but may be delayed until adulthood [3].
Allogeneic hematopoietic stem cell transplantation (Allo-HSCT)

is curative for pediatric PID patients with a good safety record.
Severe combined immune deficiency (SCID) is the most severe
form of PID and is usually lethal within the first year of life [4].
Outcome after allo-HSCT of SCID patients is dramatically improved
with upfront early transplantation [5, 6]. Moreover, patients with
combined immune deficiency (CID), primary immune regulation
disorders (PIRD) and numerous other PID types will also require
allo-HSCT because of the severity of the clinical phenotype usually
during childhood [7–12]. Allo-HSCT may be indicated when
prognosis is known to be pejorative based on the clinical and
genetic diagnosis or when clinical manifestations lead to organ

damage that will ultimately impact prognosis [13]. In case of
unequivocal transplant indication, it should be performed sooner
rather than later to prevent organ damage from repeated or
severe infections or immune mediated complications thereby
improving transplant outcomes [14].
However, a number of PID patients will require allo-HSCT during

adulthood either because of delayed onset of symptoms or
increasing severity of clinical manifestations later in life, leading to
a delayed diagnosis. Alternatively, suitable donors may only
become available at later times in life [15]. Likewise, the
improvement of life expectancy due to efficient supportive care
may allow a number of PID patients to reach adulthood and
become eligible for the procedure. As such, it is likely that adult
physicians will be increasingly exposed to PIDs patients who while
require an allo-HSCT [16, 17].
Few studies have reported experiences of allo-HSCT in adult PID

patients and included mostly CGD patients. A recent large study
from the EBMT registry has reported the outcome of allograft for
CGD and has included 77 adults [18]. Another recent study has

Received: 9 January 2022 Revised: 17 May 2022 Accepted: 8 June 2022
Published online: 6 July 2022

1Service d’Hématologie Adultes, Assistance Publique-Hôpitaux de Paris, Hôpital Necker Enfants Malades, Université Paris Cité, Paris, France. 2Laboratoire d’onco-hématologie,
Institut Necker-Enfants Malades, INSERM U1151, Université Paris Cité, Paris, France. 3Centre de Référence Déficits Immunitaires Héréditaires (CEREDIH), Hôpital Necker Enfants
Malades, Assistance Publique-Hôpitaux de Paris, Université Paris Cité, Institut Imagine, Paris, France. 4Service d’immuno-hématologie pédiatrique, Assistance Publique-Hôpitaux
de Paris, Hôpital Necker Enfants Malades, Université Paris Cité, Paris, France. 5Service de Maladies Infectieuses et Tropicales, Centre d’Infectiologie Necker-Pasteur, Assistance
Publique-Hôpitaux de Paris, IHU Imagine, Hôpital Necker Enfants Malades, Université Paris Cité, Paris, France. 6Service de pneumologie, Hôpital Foch, Suresnes, France.
7Laboratoire d’immunologie, Assistance Publique-Hôpitaux de Paris, Hôpital Cochin, Université Paris Cité, Paris, France. 8Laboratoire immunologie, INSERM, U1151, 75015,
Université Paris Cité, Paris, France. 9Centre d’études des Déficits Immunitaires, Hôpital Necker Enfants Malades, Assistance Publique Hôpitaux de Paris, Université Paris Cité,
Institut Imagine, Paris, France. ✉email: ambroise.marcais@aphp.fr; felipe.suarez@aphp.fr

www.nature.com/bmt

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-022-01739-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-022-01739-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-022-01739-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41409-022-01739-x&domain=pdf
http://orcid.org/0000-0002-6844-7920
http://orcid.org/0000-0002-6844-7920
http://orcid.org/0000-0002-6844-7920
http://orcid.org/0000-0002-6844-7920
http://orcid.org/0000-0002-6844-7920
http://orcid.org/0000-0003-3782-0750
http://orcid.org/0000-0003-3782-0750
http://orcid.org/0000-0003-3782-0750
http://orcid.org/0000-0003-3782-0750
http://orcid.org/0000-0003-3782-0750
http://orcid.org/0000-0003-4025-5983
http://orcid.org/0000-0003-4025-5983
http://orcid.org/0000-0003-4025-5983
http://orcid.org/0000-0003-4025-5983
http://orcid.org/0000-0003-4025-5983
https://doi.org/10.1038/s41409-022-01739-x
mailto:ambroise.marcais@aphp.fr
mailto:felipe.suarez@aphp.fr
www.nature.com/bmt


also reported a favorable outcome of a cohort 29 patients
including 11 CGD and 18 various other PID patients [19]. Two
smaller studies have reported 18 Adolescent Young Adult (AYA)
patients and 14 Adult patients with Common Variable Immune
Deficiency (CVID) and various PID respectively [20, 21].
Allo-HSCT for adult PID patients is probably underperformed as

transplant related morbidity and mortality may exceed the benefit
of curing PID and may discourage physicians outside expert
centers. The paucity of publications underlines the lack of
experience and the need for new reports in order to establish
guidelines in this setting notably regarding the trigger to consider
allo-HSCT.

PATIENTS AND METHOD
Study design
We performed a single center retrospective study on 32
consecutive patients with various PID who underwent an allo-
HSCT between 2011 and 2020. This study was approved by the
scientific board of the French reference centre for primary
Immune Deficiency (CEREDIH). All patients provided signed
informed consent.

Immunological reconstitution and oxidative burst in CGD
patients
All patients were evaluated for immunological reconstitution by
flow cytometry of lymphocyte subsets, serum immunoglobulin

levels and antibody response to vaccines. Phagocyte oxidative
burst (dihydrorhodamine, DHR) was analyzed in CGD patients.
Details are presented in the supplementary methods section.

Chimerism follow-up
Chimerism was analyzed on whole blood by quantitative real-time
polymerase chain reaction for insertion/deletion polymorphism as
previously described [22].

Definition of the endpoints and statistical analysis
Data are presented as frequency (percent) or median (range). The
endpoints studied were overall survival (OS), GVHD free, relapse
free overall survival (GRFS), transplant related mortality (TRM),
acute and chronic graft versus host disease (aGVHD and cGVHD
respectively). Endpoints were analyzed at the reference date of
January 1st, 2021. Follow-up durations were computed as the time
interval between date of transplant to the date of event, date of
last follow-up or reference date, whichever occurred first.
Cumulative incidence of aGVHD and cGVHD were analyzed with
death as competing risk. OS and GRFS were estimated using
Kaplan–Meier product-limit estimator. All tests were two-sided
and P values <0.05 were considered as indicating significant
association.

RESULTS
Patient characteristics/Indication for allo-HSCT
Tables 1, 2 Thirty patients out of 32 (93.9%) were males. The
median age at time of transplant was 26.9 years (range, 17–41).
Seventeen patients (53%) had CID, six (19%) had PIRD and nine
(28%) had CGD. Twenty-six (81%) patients had a genetic diagnosis.
Nine (28%) patients had a history of lymphoma prior to allo-HSCT
with a median of 7.1 mo. (range 4.8–14.8) prior to allo-HSCT and
had received immuno-chemotherapy. Nineteen (59%) had a
history of autoimmune/ inflammatory complication including auto
immune cytopenia (n= 10), inflammatory bowel disease (IBD, n=
5), vasculitis (n= 3) arthritis (n= 2) and myopericarditis (n= 1), of
whom 13 were active at the time of transplantation. Seven (22%)
patients were splenectomised prior to allo-HSCT with a median age
at splenectomy of eight years (range 3–36). At time of allo-HSCT, 16
patients had an active infection including invasive fungal infections
(IFI, n= 6), biliary tract cryptosporidial cholangitis (n= 3), bacterial
infections (n= 6), and viral infections (VZV and HPV, n= 3).
Nineteen (59%) were on IgRT prior to allo-HSCT. Sixteen (50%)
patients had a high-risk Hematopoietic Cell Transplantation-
Specific Comorbidity Index (HCT-CI) score (i.e., ≥3) [23].

Transplant modalities
Tables 3 and 4 According to the EBMT classification, 24 (78%)
received a reduced toxicity conditioning (RTC) and seven (22%) a
reduced intensity conditioning (RIC). The remaining patient
received a full myeloablative conditioning (MAC) [24]. The majority
of patients (n= 28, 87.5%) received a Fludarabine- Busulfan (FB)
based platform including reduced intensity (FB2, Busulfan= 6.4
mg/kg i.v., n= 4), sub-myeloablative reduced-toxicity dose (FB3,
Busulfan= 9.6 mg/kg i.v., n= 12) and myeloablative reduced-
toxicity dose (FB4, Busulfan= 12.8 mg/kg i.v., n= 12) [25, 26].
Therapeutic dose monitoring (TDM) of busulfan was performed
only for the first three patients with CGD (UPN 16, 17 and 25).
Twenty-two (69%) patients received in vivo T depletion (alemtu-
zumab or thymoglobulin). Alemtuzumab was administrated
according to T. Güngör publication [12]. GVHD prophylaxis with
cyclosporine was used in almost all patients. The stem cell source
was mobilized peripheral blood stem cells (PBSC) in 23 patients
(72%) and bone marrow (BM) in nine (28%). Donors were HLA
matched sibling donors (MSD) for nine (28%), matched unrelated
donors (MUD) for 17 (53%), mismatched unrelated (one class I
mismatch, MMUD) for four (12%) and haplo-identical for two (6%).

Table 1. Patient’s characteristics.

N= 32 (%)

Gender, no (%)

Female 2 (6.2%)

Male 30 (93.8%)

PID subtype, no (%):

CID 17 (53.1%)

PIRD 6 (18.8%)

CGD 9 (28.1%)

Age (years) of first symptoms (median, range) 1.70 [0.06;34.3]

Age (years) at clinical diagnosis (median, range) 3.81 [0.27;34.8]

Time between first symptoms and diagnosis
(median, range)

0.41 [0.00;14.2]

Age at transplant (median, range) 26.9 [17.2;41.4]

Delay between diagnosis and allo-HSCT
(median, range)

19.4 [2.03;38.3]

Active infection at time of allo-HSCT 16 (50.0%)

History of AI 20 (62.5%)

Active AI at time of allo-HSCT, no (%) 13/20 (65.0%)

History of lymphoma, no (%) 9 (28.1%)

Preallo-HSCT chemotherapy, no (%) 9 (28.1%)

IgRT prior to allo-HSCT, no (%) 9 (59.4%)

Splenectomy, no (%) 7 (21.9%)

Age at splenectomy (median, range) 8.00 [3.00;36.0]

HTC-CI score, no (%)

High (>2) 16 (50%)

Intermediate (1–2) 13 (40.6%)

Low (0) 3 (9.38%)

Main organ contributing to HCT-CI score (%)

Pulmonary 16 (50%)

Hepatitis 4 (12.5%)

Active IBD 4 (12.5%)

AI autoimmunity/autoinflammation (AI), HCT-CI hematopoietic cell
transplantation-comorbidity index.
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Engraftment
Thirty-one evaluable patients engrafted (no graft failure and one
early death). The median time to neutrophil (>0.5 G/l) and platelet
recovery (>50 G/l) was 17 days and 16 days respectively. As
expected, we observed a shorter time (although not statically
significant) to neutrophil and platelet engraftments in PBSCs
compared to BM recipients (median time to neutrophil engraft-
ment 16 days versus 23 days in for PBSC and BM respectively, p=Ta
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Table 3. Transplant characteristics.

N (%)

Patients N= 32

Donor typea

MSD 9 (28.1)

MUD 17 (53.1)

MMUD (one class I mismatch) 4 (12.5)

HAPLO 2 (6.3)

Donor gender:

F 11 (34.4)

M 21 (65.6)

Donor CMV status

Negative 14 (43.8)

Positive 18 (56.2)

Conditioning type

BuCy 1 (3.12)

FB4 12 (37.5)

FB3 12 (37.5)

FB2 4 (12.5)

RFC 1 (3.12)

T1B2F 1 (3.12)

Flu-Cy-TBI 2 Gy 1 (3.12)

Flu-Bu subgroup (N= 28)

FB2-3 16 (57.1%)

FB4 12 (42.9%)

Stem cells source

BM 9 (28.1%)

PBSC 23 (71.9%)

T cell depletion/repletion

None 8 (25.0%)

Alemtuzumab 11 (34.4%)

ATG 11 (34.4%)

PTCy 2 (6.25)

GVHD prophylaxisb

CsA-MMF 17 (53.1)

CsA-MTX 13 (40.6)

TAC-MMF 1 (3.12)

TAC-MTX 1 (3.12)

Alem alemtuzumab, ATG anti-thymo-globulin, B IV busulfan, BM bone
marrow, C cyclophosphamide, CsA cyclosporine, F fludarabine, HAPLO
sibling haplo-identical donor, MSD matched sibling donor, MUD matched
related donor, MMUD mismatched unrelated donor, MMF mycophenolate
mofetil, MTX methotrexate, PBSC peripheral blood stem cell, PTCy post-
transplant cyclophosphamide, R Rituximab, TAC tacrolimus, T Thiotepa.
aMolecular high-resolution typing of HLA-A, -B, -C, -DQ, and -DRB1 alleles
was performed for each patient and donor.
bIn the absence of GVHD, MMF was stopped at D+ 100 and cyclosporine
was tapered at six months and discontinued at 1-year post allo-HSCT.
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0.12; median time to platelet engraftment 14 days versus 25 days
for PBSC and BM respectively, p= 0.24).

Graft versus host disease
Seven patients developed grade II–IV aGVHD (6 skin, 1 gut)
including 2 grade III–IV aGVHD (1 skin and 1 gut). The cumulative
incidence rate at D+ 100 of grade II–IV aGVHD and grade III–IV
aGVHD were 18.7% (95% CI 5.2–32.2) and 6.3% (95% CI 4.7–31.3)
respectively (Fig. 1a). cGVHD was evaluated in the 27 patients who
survived beyond D+ 100 and occurred in seven patients (two
mild, three moderate, two severe). Among those, one patient died
from cGVHD and one was still under immunosuppressive
treatment at last follow-up. The 1-year cumulative incidence rate
of cGVHD and moderate to severe cGVHD was 22% (95% CI,
6.3–37.6) and 15% (95% CI, 1.5–28.5) respectively (Fig. 1b).
Cumulative incidences of aGVHD and cGVHD did not differ with
respect to PID category (Fig. 2a, b), donor type, stem cell source,
serotherapy, pre-transplant malignancy and HCT-CI. However, pre-
transplant splenectomy in patients with CID or PIDR was
associated with significantly more acute and chronic GVHD.
Indeed, the cumulative incidence rate of grade II–IV aGVHD and
grade III–IV aGVHD at D+ 100 was 57.0% and 28.5% respectively
for patients who had prior splenectomy compared to 12.5% and
0% respectively for patients who did not (p= 0.026 and 0.029).
The 1-year cumulative incidence rate of cGVHD and moderate/
severe cGVHD was 50.0% for patients who had prior splenectomy
compared to 10.0% for patients who did not (p= 0.04)
(supplementary fig. 1A and B).

Transplant related mortality and organ toxicity (Tables 3 and 4)
Six patients died, all in the 1st year post transplant (five before
D+ 100). The causes of death were steroid refractory aGVHD
(n= 2), cGVHD (n= 1), multi-organ (MOF, n= 1) failure following
refractory veno-occlusive disease/sinusoidal obstruction syndrome
(SOS), infection (n= 1), cardiac toxicity (n= 1). The cumulative
incidence of TRM was 15% (95% CI 2.6–27.4) at three months and
19% (95% CI 4.7–31.3) at one year. Five of the six patients had an
HCT-CI score ≥3. The two patients (UPN 15, DNA-PKcs deficiency
and UPN 24 ADA deficiency) who had received a haplo-identical
transplant died before D+ 30 from acute cardiac dysfunction
(UPN 15) and progressive multifocal leukoencephalopathy (PML,
UPN 24). The PML was, upon review, probably present before
allo-HSCT.
One patient (UPN3, ALPS) died from multi-organ failure after

MUD transplant following Bu-Cy conditioning. Two CID patients
(UPN 12 and 27) died from steroid refractory aGVHD after MSD
transplants following FB4 conditioning. One patient with XLP1
(UPN 22) died from cGVHD 9.4 months after a MMUD transplant
following FB2 regimen. Outside lethal complications, we observed
four transient organ specific toxicities including 3 grade 3 hepatic
(elevated liver enzymes and bilirubin) despite defibrotide prophy-
laxis in all cases (UPN 9, 22 and 23) and one grade 3 pulmonary
(massive hemoptysis in the context of bronchiectasis, UPN 11).

OS and GRFS
Twenty-six patients were alive with a median follow-up of
51.6 months (range 12.6–120.9). OS was 80.4% at nine months
and beyond. The composite endpoint GRFS was 75% at 12 months
and beyond (Fig. 1c, d). OS at nine months and beyond was 100%
and 74% for CGD patients and other PIDs respectively. GRFS at
12 months and beyond was 90% and 52% for CGD patients and
other PIDs respectively (Fig. 2c, d). There was no impact of genetic
diagnosis, donor type (MSD vs MUD), stem cell source, HTC-CI
score, pre-transplant malignancy, serotherapy on OS and GRFS.
Pre-transplant splenectomy in the CID and PIDR cohort was
associated with a worse GRFS but not OS. Indeed, the GRFS and
OS was 14.3% and 57.1% respectively for patients who had prior
splenectomy compared to 81.2% and 81.2% respectively forTa
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patients who did not (p= 0.0008 and p= 0.23) (Supplementary
fig. 1C, D).

Outcome of patients receiving a FB based conditioning
regimen
Among the 26 patients who received a FB platform (16 FB2-3 and
12 FB4) conditioning, eight experienced grade II–IV aGVHD (2
grade III–IV) and seven cGVHD (two mild, three moderate, two
severe). The cumulative incidence rate of aGVHD at D+ 100 and
cGVHD at 1 year were respectively 25% and 23%. We observed a
lower incidence of aGVHD in the FB2-3 group compared to the
FB4 group with notably no grade III–IV aGVHD in the FB2-3 group
and two fatal cases of aGVHD in the FB4 group. The cumulative
incidence rates of grade II–IV aGVHD and grade III–IV aGVHD at
D+ 100 was 12.5% and 0% in the FB2-3 group compared to 41.5%
and 16.5% in the FB4 group (p= 0.058) (Fig. 3a). The cumulative
incidence of cGVHD at 1-year was 31% in the FB2-3 group
compared to 10% in the FB4 group (18.8% and 10% respectively
for moderate to severe cGVHD) (Fig. 3b). There was no difference
in terms of OS (90% and 83% in the FB2-3 and FB4 groups
respectively), GRFS (73% and 72%) and TRM (1 death in the FB2-3
group and two deaths in the FB4 group) (Fig. 3c, d).

Outcome of PID related complications after allo-HSCT
Infectious complications. Complete resolution of active pre-
transplant infections (n= 16) was observed in all patients by D
+ 100 except for 2 with severe bronchiectasis and Pseudomonas
aeruginosa colonization. All patients with IFI at time of allo-HSCT
(n= 6) discontinued antifungal therapy after calcineurin inhibitor
cessation. Two patients with disseminated molluscum at time of

allo-HSCT completed cleared their skin lesions at day 55 and 73
respectively despite still being under immunosuppression. The
spectrum of infections after allo-HSCT differed from that of the
pre-transplant period. Eleven patients developed CMV reactivation
(no CMV disease), which were all treated successfully with
standard antiviral therapy and four developed asymptomatic
EBV reactivation (plasma viral load >4 log), which resolved in all
cases after 1 or 2 infusions of Rituximab. One CGD patient
developed a proven pulmonary mucormycosis at D+ 35. One
patient with Wiskott–Aldrich syndrome developed a Mycobacter-
ium avium intracellulare bronchiolitis at D+ 120. These 2 patients
were successfully treated without relapse.

PID-associated colitis/autoimmunity. Active autoimmune/inflam-
matory complications at time of allo-HSCT resolved in affected
patients (n= 13) and none of the six additional patients with a
history of autoimmunity and/or inflammation relapsed after allo-
HSCT.

Lymphoma. Of the nine patients with a history of lymphoma,
only one relapsed at day +90, while still on immunosuppression
with cyclosporine and with full donor chimerism, and remains in
complete remission more than six years after salvage chemo-
radiotherapy (four cycles of association of cytarabin and cisplatin
followed by radiotherapy).

Immune reconstitution (Fig. 4 and Supplementary Table 1–3)
Median last follow-up evaluation time was 45 months (range
13–100) for immune cell reconstitution and 50 months (range
13–94) for immunoglobulin levels.
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Fig. 1 Acute GVHD, Chronic GVHD, Overall survival and GRFS in the whole cohort. a Cumulative incidences of grade II–IV and severe (grade
III–IV) aGVHD, (b) Cumulative incidences of cGVHD and moderate to severe cGVHD, (c, d). Kaplan–Meier survival curves of OS and GRFS in the
whole cohort.
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T-cell reconstitution. T-cell reconstitution occurred progressively in
all patients with a median count of CD4 positive cells of 100/µl (range
6–624), 270/µl (range 43–725), 427/µl (range 146–2467) and 477/µl
(range 179–1138) on D+ 100, 1-year, 2-years and at last follow-up
respectively. Median CD8+ cells were 142/µl (range 2–2500), 349/µl
(range 32–2181) and 548/µl (range 41–1411) on D+ 100 and at one
year and last follow-up respectively (Fig. 4a, b).
Reconstitution was also observed in the naive CD4+ and

CD8+ subsets (12 patients analyzed). Median pre-transplant
CD4+CD45RA+CD31+ cells was 2.5% (range 0.1–29) and
increased to 8% (range 0.5–30) and 19.5% (6–35) at one and two
year respectively. Naive CD4+ remained stable between two years
post-transplant and at last follow-up (Fig. 4d). Naive CD8+
reconstitution was slightly slower with a pre-transplant median
of 20% (range 2–39), and medians of 5% (range 0.1–18.5), 9.5%
(range 3–50) and 14% (range 1–53) CD8+CD45RA+CCR7+ cells at
one year, two year and last follow-up respectively.

B-cell reconstitution. B-cells reconstitution was delayed with
median of 34 (range 0–468) CD19+ cells/µl on day +100, 137
(range 0–718) at year 1 and 440 (range 120–1092) at last follow-up.
Memory B-cell reconstitution was evaluated in nine patients. At last
follow-up, median CD19+CD27+ was 10% (range 5–22) (Fig. 4e, f).

Immunoglobulin reconstitution. Humoral reconstitution was eval-
uated in 24 patients. Only values of patients never on IGRT (n=
12) or at least six months after IGRT discontinuation (n= 12) were
analyzed. Median IgG levels was 13.4 g/l (range 10.7–33) before
transplantation, 11 g/l (range 6.4–13.49), 9.37 (range 6.31–11.17)

and 9.86 (range 6.36–14.4) at one year, two year and last follow-up
respectively (Fig. 4g). IgA and M reconstitutions are depicted in
Fig. 4h, i. Thirteen patients discontinued IgRT (median time to
discontinuation 22.1 mo., range 6–40.7).

Vaccine response. antibody response to tetanus toxoid and
pneumococcal polysaccharide was available after vaccination for
19 patients (six CGD and 13 CID) and all developed protective
titres. Seven patients were evaluable for antibody response to
SARS-COV2 after two doses of COVID RNA vaccine (six CID and
one CGD). All developed high IgG titres to SARS-COV2 Spike
protein (median IgG 32453, range 15,886–40,000).

Donor chimerism
Chimerism was evaluated at D+ 100, one year and at last follow-
up (median time 29 mo., range 11–73) in 28 patients. The
frequency of patients achieving >90% donor chimerism at D+
100, one year and at last follow-up, was 92.5% (>99%, 44.4%),
92.3% (>99%, 57.7%) and 94.6% (>99%, 67.9%) respectively
(Supplementary Table 3). The frequency of patients achieving
50–89% donor chimerism at D+ 100, 1 year and at last follow-up
was 7.4%, 7.7% and 3.6% respectively.

Recovery of a normal oxidative burst in CGD patients
All CGD patients had null DHR+ cells prior to transplantation.
Median DHR+ cells were 88% (range 79–99), 95.5% (range 83–98),
95 (range 89–99) and 95 (range 92–99) at d+ 30, d+ 180, 1 year
and last follow-up (15 mo., range 13–50) respectively (data not
shown).
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Quality of life (QoL)
Among the 26 patients who survived at least one-year post allo-
HSCT, 22 (84.5%) had been hospitalized at least two weeks in the
year preceding transplantation for PID related complications.
Between D+ 100 and 1-year post-transplant, seven patients (27%)
were hospitalised (four for infectious complications, one each for
lymphoma relapse, GVHD and diabetes). During the second-year
post-transplant, only three patients (11.5%) required hospitalisa-
tions (all for infections). No hospitalisation for PID nor transplant
related causes occurred after two years post transplantation.
Immunosuppressive therapy was discontinued in 24 patients with
a median of 11.6 mo. (range 4.1–90.3). Two patients are still on
immunosuppressive therapy (one for moderate cGVHD and one
for kidney transplantation predating allo-HSCT). All but one of the
14 surviving patients who received IgRT prior to transplant
discontinued immunoglobulins. At one-year post allo-HSCT, all
surviving patients had an ECOG status of zero. Furthermore, all
patients resumed their normal education or employment course
within 1 year of transplantation.

DISCUSSION
This study reports the outcome of 32 consecutive adult patients
with various life-threatening PID who received an allo-HSCT
during a ten-year period with a median follow-up >4 year after
allo-HSCT. It represents a large unbiased cohort and includes a
large majority of CID and PIRD patients (72% of the cohort).
Findings of this study confirm that allo-HSCT is relatively safe

and efficient for adult patients with PID, particularly following RIC
or RTC. We show especially that FB2-3 conditioning regimen allow

a durable engraftment with favorable toxicity profile compared to
myeloablative regimens, which is consistent with previous reports
in pediatric patients [12, 27]. Only the first three patients with CGD
had TDM as per protocol. Because we found no significant
differences in engraftment and toxicity, we chose not to continue
with this routine.
Neither HTC-CI score nor type of donor (MSD versus MUD) or

serotherapy (none vs ATG, vs alemtuzumab) influence OS or GRFS.
However, we observed that, in the “CID and PIDR” cohort, pre-
transplant splenectomy was associated with more acute and
chronic GVHD which translates in worse GRFS but OS. No
conclusions can be drawn regarding the feasibility of haplo-
identical transplantation given the limited number of patients [28].
Complications observed after allo-HSCT were comparable to those
observed in the context of hematological malignancies (GVHD,
CMV, EBV reactivations) and easily manageable. We did not
observe an increased mortality rate with regards to the
comorbidity profile of this PID cohort as reflected by the high
HCT-CI score. Indeed, a recent study, with mostly pediatric
patients shows that high HCT-CI score correlates with poor
outcome even in non-malignant hematological disease such as
PID [29]. In our study, of the six deaths, three occurred after a
myeloablative conditioning, two in the context of haplo-identical
SCT. The only patient who died after a RIC had very long history of
PID related complications. With regards to our findings this patient
would have been transplanted sooner nowadays.
The triggers for allo-HSCT included severe infections, lymphomas

and autoimmunity/ autoinflammation which all rapidly resolved
without recurrence after allo-HSCT (mostly before D+ 100).
Specifically, severe infections, such as IFI, do not preclude allo-
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HSCT in patients with PID. The majority of the patients who were on
IgRT for years to decades were able discontinue immunoglobulins
and had a satisfactory immune recovery with positive vaccine
responses. Remarkably, thymopoiesis was apparent with recovery
of significant proportions of recent thymic emigrant naive T cells,
and we demonstrated that recovery of memory B cells was
possible. Moreover, in addition to the reversion of the clinical and
immunological phenotypes after allo-HSCT, we observed a rapid
recovery of patients and improved QoL.
Our results build upon those of other groups [19] to clarify the

role of allo-HSCT in the treatment of adult patients with severe
PID. With respect to delayed PID complications as well as late
transplant complications, the long follow-up strengthens our

conclusions. Furthermore, it provides new findings notably for CID
patients conditioned mainly with the homogeneous FB platform.
These results led us to adopt FB3 conditioning regimen, which has
a similar toxicity profile compared with Flu-Mel [30, 31], as our
standard conditioning for these patients.
In conclusion, we demonstrate that reduced toxicity allo-HSCT is

relatively safe, can cure the PID and prevent further organ damage.
We also demonstrate that pre-transplant active PID related complica-
tions, such as inflammatory colitis or severe active infections, are not
associated with significant post-transplant complications and should
not dissuade physicians from opting for allo-HSCT in this setting. The
extremely favorable outcome for CGD patients in particular pleads for
the upfront use of allo-HSCT in most adult with this PID.
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Fig. 4 Immune reconstitution. Immune reconstitution after allo-HSCT. Each dot represents a patient at a given timepoint. The horizontal
black bar within the scatter plot indicates the median value for the given timepoint. a–c Reconstitution of CD4+, CD8+ and NK in cells/µl for
patients with CGD (red), CID (blue) and PIRD (orange). For details, see supplementary table 2. d Reconstitution of recent thymic emigrant naive
CD4+ in % for patients with CGD (red), CID (blue) and PIRD (orange). The horizontal dashed grey line indicates the lower limit of naive CD4+
cells (20%) and memory B-cells (10%). e, f Reconstitution of CD19+ B cells in cells/µl and memory B-cells in for patients with CGD (red), CID
(blue) and PIRD (orange). The horizontal dashed grey line indicates the lower limit of memory B-cells (10%). g Serum IgG levels in g/l. Values
for patients never on IgRT are shown in red starting before transplantation and at 1 year, 2 years and last follow-up. Patients on IGRT are
shown in blue starting at least 6 months after weaning of immunoglobulins (one patient at one year, five patients at two years and 12 patients
at last follow-up. h Serum IgA levels in g/l. Patients with initial low IgA counts (<0.7 g/l) are shown in red. Patients with initial IgA between 0.7
and 2.5 g/l are shown in blue and patients with initial IgA levels above 2.5 g/l are shown in orange. Overall, IgA levels remained stable from the
entire cohort (median IgA 1.53 g/l pre-transplant and 1.41 g/l, 1.48 g/l and 1.75 g/l at one year, two years and last follow-up. Patients with low
IgA pre-transplant (median IgA 0.04, range 0–0.39), increased steadily to 0.13 g/l (range 0–2.36), 0.31 g/l (range (0–1.47) and 0.77 (range
0.1–2.26) at 1 year, 2 years and last follow-up. i Serum IgM levels in g/l. Patients with hyper-IgM syndrome are shown in red and patients with
other PID are shown in blue. Across both groups, median IgM increased from 0.42 g/l (range 0–4.1) pre-transplant, to 0.64 g/l (range 0–3.1) at 1
year, 0.78 g/l (range 0.11–2.4) at two years and 0.97 g/l (range 0.25–3.4) at last follow-up. In patients with hyper-IgM syndrome, median pre-
transplant IgM levels was 1.86 g/l (range 1.43–4.1). At 1-year, median IgM was 1.74 g/l (range 0.78–3.1), at two years median IgM was 1.33 g/l
(range 0.89–1.81) and at last follow-up median IgM was 1.34 g/l (range 0.74–1.48). Most patients with other PID had low pre-transplant IgM
levels with a median IgM of 0.4 g/l (range 0–3.48) and progressively increased to normal or near normal values (median IgM 0.87, range
0.25–3.4) at last follow-up.
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