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Maladie de Fanconi : quelles actualités ?

� Age au diagnostic diminue : précocité des diagnostic 
par les pédiatres

� Prise en charge Hématologique :
¡ Suivi hématologique codifié

MDS or AML.15 OS rates at 1, 3, and 5 years were 44%, 41%, and
35%, respectively. The cumulative incidence of relapse at 2 years
was 11%. There was no difference in OS by donor type (related vs
unrelated).

HSCTstudies are summarized inTable 1.Overall,HSCT is the only
definitive treatment of FA patients withMDS and AML, and currently
offers a 30% to 40% long-term OS rate.47

HSCT indications in FA patients with clonal evolution

When amatched donor is available, the optimal time for HSCT outside
clonal evolution is the need for transfusion support (severe BMF or
severe isolated cytopenia).40,48 Patientswith a level of genetic reversion

(somatic mosaicism) but without severe aplasia or additional poor-
prognosis clone do not need HSCT. Regarding FA patients with clonal
evolution, decision-making criteria for HSCT include overt AML and
MDS with excess of blast cells, significant dysplasia, and/or poor-
prognosis cytogenetic abnormalities (Figure 1). Based on informa-
tion in FA6,7,27,33,34 and non-FA49,50 patients, we have provisionally
retained as poor-prognosis abnormalities 27q, 13q, complex
karyotype, andRUNX1-abn. Conversely,11q is a common and early
somatic chromosomal abnormality in FA patients’ BM cells but can
be seenwithout dysplasia and, by itself, does not seem tobe associated
with rapid transformation.6,7,27,33 Other abnormalities such as 25q,
211q, and220q can be found, although more rarely, like in non-FA
MDS patients in whom they are not considered poor-prognosis
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Figure 1. How we diagnose and manage FA patients with MDS and AML. aWe defined provisional cytogenetic/molecular categories by reference to MDS/AML literature in

FA6,7,27,33,34 and non-FA49,50 patients (also see text). RUNX1-abn can include RUNX1 gene mutation, deletion, and/or translocation.7 Genetic reversion (hematopoietic
somatic mosaicism) is not indicated in the figure to keep it simple. bThe timing of BM monitoring is discussed, especially because repeated aspiration is poorly tolerated in

children, adolescents, and young adults.40 The overall consensus is that a 1-year basis of BM aspirate is reasonable and should be adapted in response to blood cell count
changes, myelodysplasia signs, increased blast proportion, and/or cytogenetic evidence of clonal evolution. Conversely, BM monitoring is likely to be slightly delayed in FA
children under age 10 years (except in BRCA2/FANCD1 patients), given the rarity at this age and relatively slow pace of clonal progression. cThe classical reduced-intensity

conditioning (RIC) regimen consists of 90 mg/m2 of fludarabine (30 mg/m2 on days 24, 23, and 22) and 40 mg/kg of cyclophosphamide (10 mg/kg on days 25, 24, 23, and
22) in the case of matched related donor. One might argue that, in the case of MDS/AML, low-dose cyclophosphamide/fludarabine alone would not suffice as conditioning
therapy due to the substantial number of residual host cells early after transplant with this approach and the risk of relapse; an alternative is the use of TBI (2-3 Gy) in patients

with MDS/AML and an HLA- matched sibling donor.16,48 In the case of matched unrelated donor, the conditioning regimen consists of fludarabine (120 mg/m2), cyclophosphamide
(40 mg/kg), and TBI (2 Gy). GVHD prophylaxis consists of mycophenolate acid and cyclosporine. Anti-thymocyte globulin is used in total doses of 5 mg/kg in the case of matched
unrelated donor only. Others favor ex vivo T-cell depletion with an add-back of T cells to achieve a fixed graft T-cell dose of 1 3 105 CD3 cells per kilogram recipient.62 In the case of

CB HSCT, we do not use anti-thymocyte globulin in the conditioning regimen. dOthers do not recommend cytoreduction, except in patients with BRCA2 mutations16,48,62; the
sequential strategy comprising pretransplant chemotherapy with fludarabine (30 mg/m2 per day for 5 days) and cytarabine (1 g/m2 twice per day for 5 days) with granulocyte

colony-stimulating factor injections (FLAG), followed 3 weeks later by an RIC regimen (4 days of cyclophosphamide, 10 mg/kg; 4 days of fludarabine, 30 mg/m2; and TBI,
2 Gy) delivered during chemotherapy-induced aplasia. Again, anti-thymocyte globulin is used in total doses of 5 mg/kg in the case of matched unrelated donor only. In the
case of CB HSCT, we do not use anti-thymocyte globulin in the conditioning regimen. eScreening for malignancies, including oropharyngeal, dental, and gynecological examinations,

forms part of long-term patient care. Long-term multidisciplinary surveillance is also mandatory for all patients post-HSCT.40 The multiple problems in early age, subsequent
requirements for HSCT, and continuing poor prognosis in survivors due to cancer susceptibility are a source of stress for FA patients and their families. Adequate psychosocial
support and a coordinated, multidisciplinary team with dedicated physicians are the cornerstones to successful management.40 CGH, comparative genomic hybridization; FLAG,

fludarabine/cytarabine/granulocyte colony-stimulating factor; GVHD, graft-versus-host disease; SIC, severe isolated cytopenia; SNP, single nucleotide polymorphism.
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MDS or AML.15 OS rates at 1, 3, and 5 years were 44%, 41%, and
35%, respectively. The cumulative incidence of relapse at 2 years
was 11%. There was no difference in OS by donor type (related vs
unrelated).

HSCTstudies are summarized inTable 1.Overall,HSCT is the only
definitive treatment of FA patients withMDS and AML, and currently
offers a 30% to 40% long-term OS rate.47

HSCT indications in FA patients with clonal evolution

When amatched donor is available, the optimal time for HSCT outside
clonal evolution is the need for transfusion support (severe BMF or
severe isolated cytopenia).40,48 Patientswith a level of genetic reversion

(somatic mosaicism) but without severe aplasia or additional poor-
prognosis clone do not need HSCT. Regarding FA patients with clonal
evolution, decision-making criteria for HSCT include overt AML and
MDS with excess of blast cells, significant dysplasia, and/or poor-
prognosis cytogenetic abnormalities (Figure 1). Based on informa-
tion in FA6,7,27,33,34 and non-FA49,50 patients, we have provisionally
retained as poor-prognosis abnormalities 27q, 13q, complex
karyotype, andRUNX1-abn. Conversely,11q is a common and early
somatic chromosomal abnormality in FA patients’ BM cells but can
be seenwithout dysplasia and, by itself, does not seem tobe associated
with rapid transformation.6,7,27,33 Other abnormalities such as 25q,
211q, and220q can be found, although more rarely, like in non-FA
MDS patients in whom they are not considered poor-prognosis
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Figure 1. How we diagnose and manage FA patients with MDS and AML. aWe defined provisional cytogenetic/molecular categories by reference to MDS/AML literature in

FA6,7,27,33,34 and non-FA49,50 patients (also see text). RUNX1-abn can include RUNX1 gene mutation, deletion, and/or translocation.7 Genetic reversion (hematopoietic
somatic mosaicism) is not indicated in the figure to keep it simple. bThe timing of BM monitoring is discussed, especially because repeated aspiration is poorly tolerated in

children, adolescents, and young adults.40 The overall consensus is that a 1-year basis of BM aspirate is reasonable and should be adapted in response to blood cell count
changes, myelodysplasia signs, increased blast proportion, and/or cytogenetic evidence of clonal evolution. Conversely, BM monitoring is likely to be slightly delayed in FA
children under age 10 years (except in BRCA2/FANCD1 patients), given the rarity at this age and relatively slow pace of clonal progression. cThe classical reduced-intensity

conditioning (RIC) regimen consists of 90 mg/m2 of fludarabine (30 mg/m2 on days 24, 23, and 22) and 40 mg/kg of cyclophosphamide (10 mg/kg on days 25, 24, 23, and
22) in the case of matched related donor. One might argue that, in the case of MDS/AML, low-dose cyclophosphamide/fludarabine alone would not suffice as conditioning
therapy due to the substantial number of residual host cells early after transplant with this approach and the risk of relapse; an alternative is the use of TBI (2-3 Gy) in patients

with MDS/AML and an HLA- matched sibling donor.16,48 In the case of matched unrelated donor, the conditioning regimen consists of fludarabine (120 mg/m2), cyclophosphamide
(40 mg/kg), and TBI (2 Gy). GVHD prophylaxis consists of mycophenolate acid and cyclosporine. Anti-thymocyte globulin is used in total doses of 5 mg/kg in the case of matched
unrelated donor only. Others favor ex vivo T-cell depletion with an add-back of T cells to achieve a fixed graft T-cell dose of 1 3 105 CD3 cells per kilogram recipient.62 In the case of

CB HSCT, we do not use anti-thymocyte globulin in the conditioning regimen. dOthers do not recommend cytoreduction, except in patients with BRCA2 mutations16,48,62; the
sequential strategy comprising pretransplant chemotherapy with fludarabine (30 mg/m2 per day for 5 days) and cytarabine (1 g/m2 twice per day for 5 days) with granulocyte

colony-stimulating factor injections (FLAG), followed 3 weeks later by an RIC regimen (4 days of cyclophosphamide, 10 mg/kg; 4 days of fludarabine, 30 mg/m2; and TBI,
2 Gy) delivered during chemotherapy-induced aplasia. Again, anti-thymocyte globulin is used in total doses of 5 mg/kg in the case of matched unrelated donor only. In the
case of CB HSCT, we do not use anti-thymocyte globulin in the conditioning regimen. eScreening for malignancies, including oropharyngeal, dental, and gynecological examinations,

forms part of long-term patient care. Long-term multidisciplinary surveillance is also mandatory for all patients post-HSCT.40 The multiple problems in early age, subsequent
requirements for HSCT, and continuing poor prognosis in survivors due to cancer susceptibility are a source of stress for FA patients and their families. Adequate psychosocial
support and a coordinated, multidisciplinary team with dedicated physicians are the cornerstones to successful management.40 CGH, comparative genomic hybridization; FLAG,

fludarabine/cytarabine/granulocyte colony-stimulating factor; GVHD, graft-versus-host disease; SIC, severe isolated cytopenia; SNP, single nucleotide polymorphism.
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� Prise en charge Hématologique :
¡ Amélioration des conditionnements d’allogreffe

recipients, stem cell sources were heterogeneous in terms of
donor and degree of HLA matching as shown in Table 1, with
the majority of patients receiving BM (n = 36 [63%]; UCB, n = 20
[35%]; combination of BM and UCB, n = 1 [2%]). The median
cell dose for AD-HCT recipients was 2.2 × 107 TNCs/kg and
.7 × 106 CD34+ cells/kg. Cell doses were not statistically dif-
ferent between MSD-HCT and AD-HCT. The duration of
hospitalization for HCT (including those patients who died
before discharge) was a median of 4 days longer in AD-HCT
recipients compared with MSD-HCT recipients (28 days [range,
11-211 days] versus 24 days [range, 20-52 days]; P = .02).

Survival
OS at 5 years post-HCT was not statistically significantly

different between the 2 groups (94% [95% CI, 65%-99%] for
MSD-HCT recipients and 86% [95% CI, 74%-93%] for AD-HCT
recipients; P = .37) (Figure 2). The median duration of follow-
up was 10.3 years for MSD-HCT recipients and 6.2 years for
AD-HCT recipients is 10.3 and 6.2 years, with all deaths oc-
curring within the first year after HCT. The risk of death
increased with poor pre-HCT renal function, with only 60%
OS for the 5 patients with a GFR <40 mL/min/1.73 m2, com-
pared with 90% for the 69 patients with better renal function
(univariate analysis, P = .02; multiple regression, HR, 5.4;
P = .04). Pre-HCT androgen use also was associated with de-
creased 5-year OS, with a survival estimate of 33% for the 3
patients requiring androgen and 90% for the 71 patients
without exposure (univariate analysis, P < .01; multiple re-
gression, HR, 10.1; P < .01). However, for both of these factors,
the low patient numbers reduce confidence in the reported
significance.

Donor type had no association with OS in multiple re-
gression (AD-HCT: HR, 1.9: 95% CI, .2-16.2; P = .54 compared
with the MSD-HCT reference group). However, a statistical-
ly significant difference in OS by stem cell source was
observed, with UCB associated with an increased risk of death
compared with BM in multiple regression analysis (UCB: HR,
6.3; 95% CI, 1.3-31.0; P = .02). There were too few deaths to
allow further analysis of the interaction between donor type
(MSD versus AD) and stem cell source (BM versus UCB). The
9 patients who died following HCT included 1 MSD-HCT re-
cipient who died of GVHD and 8 AD-HCT recipients who died
from various attributable causes, including graft failure (n = 3),
GVHD (n = 2), infection (n = 1), regimen-related toxicity (n = 1),
and multiorgan failure (n = 1).

Figure 1. MSD- and AD-HCT conditioning regimens and GVHD prophylaxis for FA-associated SAA. CY, cyclophosphamide; FLU, fludarabine; XRT, irradiation
(with thymic shielding); SIRO, sirolimus.

Figure 2. No difference in 5-year OS between MSD-HCT and AD-HCT.

768 C.L. Ebens et al. / Biol Blood Marrow Transplant 24 (2018) 765–771
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Summary

The outcomes of adult patients transplanted for Fanconi anaemia (FA)
have not been well described. We retrospectively analysed 199 adult
patients with FA transplanted between 1991 and 2014. Patients were a med-
ian of 16 years of age when diagnosed with FA, and underwent transplan-
tation at a median age of 23 years. Time between diagnosis and transplant
was shortest (median 2 years) in those patients who had a human leucocyte
antigen identical sibling donor. Fifty four percent of patients had bone
marrow (BM) failure at transplantation and 46% had clonal disease (34%
myelodysplasia, 12% acute leukaemia). BM was the main stem cell source,
the conditioning regimen included cyclophosphamide in 96% of cases and
fludarabine in 64%. Engraftment occurred in 82% (95% confidence interval
[CI] 76–87%), acute graft-versus-host disease (GvHD) grade II–IV in 22%
(95% CI 16–28%) and the incidence of chronic GvHD at 96 months was
26% (95% CI 20–33). Non-relapse mortality at 96 months was 56% with
an overall survival of 34%, which improved with more recent transplants.
Median follow-up was 58 months. Patients transplanted after 2000 had
improved survival (84% at 36 months), using BM from an identical sibling
and fludarabine in the conditioning regimen. Factors associated with
improved outcome in multivariate analysis were use of fludarabine and an
identical sibling or matched non-sibling donor. Main causes of death were
infection (37%), GvHD (24%) and organ failure (12%). The presence of
clonal disease at transplant did not significant impact on survival. Second-
ary malignancies were reported in 15 of 131 evaluable patients.

Keywords: Fanconi anaemia, allogeneic transplant, myelodysplasia, inborn
bone marrow failure syndrome.
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Clinical Research: Alternative Donors

Haploidentical Bone Marrow Transplantation with
Post-Transplant Cyclophosphamide for Children and
Adolescents with Fanconi Anemia

Carmem Bonfim 1,*, Lisandro Ribeiro 1, Samantha Nichele 1, Gisele Loth 1, Marco Bitencourt 1,
Adriana Koliski 1, Cilmara Kuwahara 1, Ana Luiza Fabro 1, Noemi F. Pereira 1, Daniela Pilonetto 1,
Monica Thakar 2, Hans-Peter Kiem 3, Kristin Page 4, Ephraim J. Fuchs 5, Mary Eapen 6,
Ricardo Pasquini 1

1 Hospital de Clinicas, Federal University of Parana, Curitiba, Brazil
2 Department of Pediatric Hematology Oncology, Blood and Marrow Transplantation Program, Medical College of Wisconsin, Milwaukee, Wisconsin
3 Cell and Gene Therapy Program, Fred Hutchinson Cancer Research Center, Seattle, Washington
4 Department of Pediatrics, Pediatric Blood and Marrow Transplant Program, Duke University Medical Center, Durham, North Carolina
5 Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University School of Medicine, Baltimore, Maryland
6 Department of Medicine, Medical College of Wisconsin, Milwaukee, Wisconsin

Article history:
Received 5 July 2016
Accepted 3 November 2016

Keywords:
Haploidentical
Inherited bone marrow failure
syndromes
Fanconi anemia

A B S T R A C T
We describe haploidentical bone marrow transplantation with post-transplant cyclophosphamide (PT-CY) for
30 patients with Fanconi anemia (FA). Twenty-six patients were transplanted upfront, and the preparatory regimens
included fludarabine 150 mg/m2 + total body irradiation 200 to 300 cGy ± CY 10 mg/kg without (n = 12) or with
rabbit antithymocyte globulin (r-ATG) 4 to 5 mg/kg (n = 14). Four patients were rescued after primary or sec-
ondary graft failure after related or unrelated donor transplantation with the above regimen with (n = 2) or without
r-ATG (n = 2). PT-CY at 25 mg/kg/day (total dose, 50 mg/kg) followed by cyclosporine and mycophenolate mofetil
was given to all patients. All patients engrafted in the subgroup of patients who did not receive r-ATG (n = 14),
but their transplant course was complicated by high rates of acute and chronic graft-versus-host disease (GVHD),
and only 8 patients are alive. In the subgroup that received r-ATG (n = 16), 14 patients had sustained engraft-
ment, severe GVHD rates were lower, and 13 patients are alive. Hemorrhagic cystitis occurred in 50% of patients,
whereas cytomegalovirus reactivation occurred in 75%. One-year overall survival for the entire cohort was 73%
(95% CI, 64% to 81%), and all surviving patients achieved full donor chimerism. In conclusion, haploidentical donor
transplantation with PT-CY is a suitable option for FA patients without a matched related or unrelated donor.

© 2017 American Society for Blood and Marrow Transplantation.

INTRODUCTION
Allogeneic hematopoietic stem cell transplantation (HSCT)

is the only treatment able to cure the hematologic compli-
cations related to Fanconi anemia (FA), and results are better
when transplantation is performed early and with an HLA-
matched unaffected sibling [1,2] If a matched family donor
is not available, patients may be treated with androgens, but
response is usually short-lived [3]. Although the results of HLA-
matched unrelated donor transplantation for FA have improved
during the past decade, long-term survival is suboptimal and
donor availability remains a challenge for non-Caucasians

[1,2,4,5]. In addition, in countries with modest to low Gross
Domestic Product, costs associated with procurement of grafts
from unrelated donor is prohibitive [5-8]. In a 2012 survey
of Latin American HSCT practices, 4 countries had a national
unrelated donor registry, 14 countries had an established HSCT
program, and 7 countries were performing unrelated donor
transplants. The Latin American Group of Bone Marrow Trans-
plantation estimates only 10% of expected transplants are being
performed in this region now [7].

Until recently, haploidentical donor transplantation re-
quired T cell–depletion techniques not widely available in
Latin America. The recent success of haploidentical donor bone
marrow transplantation with post-transplant cyclophospha-
mide (PT-CY) for graft-versus-host disease (GVHD) prophylaxis
for hematologic malignancy has allowed this strategy to be
extended for nonmalignant hematologic diseases [9-14].
Haploidentical graft acquisition costs are modest compared
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with unrelated donor sources (volunteer adults and banked
cord blood) [15-18]. Herein we report the results of
haploidentical transplantation for FA performed at a single
institution in Brazil between 2008 and 2015.

METHODS
Patients

Between April 2008 and December 2015, 26 children and adolescents
without a matched related or unrelated donor received a first haploidentical
transplant at the Federal University of Parana, Curitiba, Brazil. Four addi-
tional patients were also treated for graft failure after failing a prior related
(n = 1) or unrelated donor transplant (n = 3). All patients had failed at least
1 course of androgen therapy with oxymetholone or danazol. One patient
(unique patient number [UPN] 1) was previously reported [9].

All donor–recipient pairs were mismatched at ≥2 HLA loci. Donors were
not primed with granulocyte colony-stimulating factor before harvest, and
unmanipulated bone marrow was the only graft used for transplantation.
Informed consent was obtained from the patient or legal guardian before
transplantation. The Ethical Committee of the Hospital de Clinicas, Federal
University of Parana, Curitiba, Brazil approved the study.

The diagnosis of FA was confirmed by the diepoxybutane test and
screened with a panel that included 11 previously described mutations. These
mutations were c.2853-19del19, c.1115_1118delTTGG, c.2535_2536delCT,
c.987_990delTCAC, and c.3788_3790delTCT in the FANCA gene; c.456 + 4 A > T,
c. 67delG, c.1393C>T, and c.65G>A in the FANCC gene; and c.1077-2A>G and
c.1480 + 1G>C in the FANCG gene.

Preparatory Regimen and GVHD Prophylaxis
Conditioning regimens varied by transplant period. Four regimens were

used, and modifications were based on clinical observation. The regimens
were (1) CY 10 mg/kg, fludarabine (FLU) 150 mg/m2, and total body irradi-
ation (TBI) 200 to 300 cGy (n = 5); (2) FLU 150 mg/m2 and TBI 200 cGy (n = 9);
(3) FLU 150 mg/m2, TBI 200 cGy, rabbit antithymocyte globulin (r-ATG) 4
to 5 mg/kg (n = 13); and (4) FLU 150 mg/m2, TBI 100 cGy, and r-ATG 4 to
5 mg/kg (n = 3). Mesna was co-administered with the CY (160% dose of CY
in 5 divided doses at 0, 3, 6, 9, and 12 hours after CY infusion). All patients
received GVHD prophylaxis that included PT-CY 25 mg/kg/day on days +3
and +4. On day +5, cyclosporine was initiated at a dose of 3 mg/kg/day i.v.
adjusted to achieve therapeutic levels and mycophenolate mofetil (MMF)
at a dose of 15 mg/kg/dose p.o. or i.v. 3 times daily with a maximum dose
of 3 g/day.

Supportive Care
Antimicrobial prophylaxis with levofloxacin was started on day –8 and

continued until broad-spectrum antibiotics were initiated and
sulfamethoxazole-trimethoprim from day –8 and continued for at least 6
months post-transplant. Acyclovir and fluconazole or micafungin were given
beginning on day –1. Cytomegalovirus (CMV) antigenemia was monitored
twice a week, whereas adenovirus and Epstein-Barr virus (EBV) were moni-
tored every 2 weeks and treatment instituted when appropriate.
Ursodeoxycholic acid was started on day –8 and continued for 30 days post-
transplantation. Filgrastim 5 μg/kg/day was started on day +5 and contin-
ued until neutrophil recovery. All patients were treated in protective isolation
rooms with high-efficiency particle air filters.

HLA Typing and Donor Selection
Patients and potential donors (parents and siblings) were typed for HLA-

A, -B, -C, -DRB1, and -DQB1 loci at medium resolution level by reverse
sequence specific oligonucleotides using multiplex flow analysis LABType
SSO (One Lambda Inc., Canoga Park, CA). An extended family search for a
suitable haploidentical donor was performed whenever patients had spe-
cific HLA antibodies against parents or siblings. Donor-specific antibodies
(DSA) identification and monitoring was performed by bead-based multi-
plexing technology using LABScreen Single Antigen (One Lambda Inc.). HLA
Fusion software (One Lambda Inc.) was used for both HLA typing and an-
tibody identification. The assignment of anti-HLA antibodies took in
consideration median fluorescence intensity values (reactions > 1000 were
positive) under the light of epitope analysis. The mother was the preferred
donor until 2014 and thereafter the father or a male relative when avail-
able [15].

Endpoints
Neutrophil recovery was defined as the first of 3 consecutive days with

an absolute neutrophil count ≥ .5 × 109/L and platelet recovery ≥ 20 × 109/L
without platelet transfusion during the previous 7 days. Primary graft failure
was defined as ≤5% donor chimerism in peripheral blood by day +30. Sec-
ondary graft failure was defined as loss of donor chimerism to ≤5% after
achieving neutrophil recovery with >5% donor chimerism. Chimerism assays

were PCR-based amplification of short tandem repeat regions on periph-
eral blood at days 30, 100, 180, and 365 and thereafter annually [19]. Mixed
chimerism was defined as >5% and <95% donor and full chimerism as ≥95%
donor. Acute GVHD was graded according to establish criteria [20], and chronic
GVHD was graded according to the 2005 National Institutes of Health Con-
sensus criteria [21]. The global severity score, mild, moderate, and severe,
was calculated using the maximum severity score of chronic GVHD.

Statistical Methods
Descriptive data are presented in Tables 1 to 4. The primary outcome

was overall survival, and death from any cause was considered an event.
Overall survival was analyzed using the Kaplan-Meier method [22].

RESULTS
The characteristics of the 26 children and adolescents who

received a first haploidentical bone marrow transplanta-
tion, their transplant conditioning regimens, donor
characteristics, and outcomes are presented in Tables 1 and
2. Table 1 describes the population who did not receive r-ATG
and Table 2, those who received r-ATG. Table 3 describes re-
cipients of a second transplantation for graft failure.

Among the 26 recipients of a first haploidentical trans-
plant, 22 were transplanted for marrow failure. Other
indications include refractory cytopenia with PAPA syn-
drome (pyogenic arthritis, pyoderma gangrenosum, and acne;
n = 1) and acute myeloid leukemia (AML; n = 3). Two pa-
tients with AML received pretransplant chemotherapy with
1 cycle of mini-Fludarabine, Aracytin and G-CSF (n = 1) [23]
and 1 cycle of low-dose aracytin plus tioguanine (n = 1). None
was in remission at transplantation. The patient who did not
receive chemotherapy had 70% of myelomonocytic blasts in
the bone marrow and leukemia cutis. Only 5 of 25 patients
studied had clonal cytogenetic abnormalities, and 3 had re-
fractory cytopenia (n = 1) or AML (n = 2) at transplantation.
Genetic subtypes were identified in 11 patients (FANCA in 8,
FANCC in 1, and FANCG in 2). All others had a negative screen-
ing panel.

The median age at transplantation was 10 years (range,
4 to 16), and 81% were male. The median number of trans-
fusions was 9 (range, 1 to >100). Two patients had no prior
RBC transfusion. The median disease duration was 4.2 years
(range, 1 to 10). Pretransplant exposure to CMV, EBV, and toxo-
plasma were common as demonstrated by seropositivity in
92% (n = 24), 81% (n = 21), and 77% (n = 20) of 26 patients, re-
spectively. Haploidentical donors were siblings (n = 5) or
parents (n = 21); the mother was the donor in 65% of trans-
plants. Three patients had DSAs (median fluorescence intensity
> 9000) and were treated with a single dose of rituximab
(375 mg/m2) and 3 to 6 sessions of plasmapheresis in the
weeks preceding transplantation. Two patients responded and
1 did not (median fluorescence intensity > 15,000). The
median number of total nucleated cells infused was 7.0 × 108/
kg (range, 2.8 to 14.9).

Twenty-five of 26 patients demonstrated initial engraft-
ment, including 3 patients with DSAs. The median time to
neutrophil recovery was 15 days (range, 11 to 21) and plate-
let recovery, 18 days (range, 10 to 129). One patient
experienced primary graft failure and 1 experienced second-
ary graft failure; both were in aplastic phase, had fewer than
10 previous blood transfusions, had no DSAs, and belonged
to the r-ATG group (Table 2).

Protocol Evolution
The conditioning regimen for UPNs 1 and 2 comprised CY

10 mg/kg, FLU 150 mg/m2, and TBI 200 cGy; UPNs 3 to 5 had
AML and received the same regimen with the TBI dose in-
creased to 300 cGy. All 5 patients had sustained engraftment,
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a b s t r a c t
We report the outcome of 12 consecutive pediatric patients with Fanconi anemia (FA) who had neither an
HLA-identical sibling nor an HLA-matched unrelated donor and who were given T celledepleted, CD34þ

positively selected cells from a haploidentical related donor after a reduced-intensity, fludarabine-based
conditioning regimen. Engraftment was achieved in 9 of 12 patients (75%), and the cumulative incidence of
graft rejection was 17% (95% confidence interval [CI], 5% to 59%). Cumulative incidences of grades II to IV acute
and chronic graft-versus-host disease were 17% (95% CI, 5% to 59%) and 35% (95% CI, 14% to 89%), respectively.
The conditioning regimen was well tolerated, with no fatal regimen-related toxicity and 3 cases of grade III
regimen-related toxicity. The cumulative incidence of transplant-related mortality was 17% (95% CI, 5% to
59%). The 5-year overall survival, event-free survival, and disease-free survival were 83% (95% CI, 62% to
100%), 67% (95% CI, 40% to 93%), and 83% (95% CI, 62% to 100%), respectively. These data demonstrate that a
fludarabine-based conditioning regimen, followed by infusion of high doses of T celledepleted stem cells, is
able to ensure engraftment with good overall survival and disease-free survival, confirming the feasibility of
haploidentical hematopoietic stem cell transplantation in FA. To the best of our knowledge, this is the largest
series of hematopoietic stem cell transplantation from a haploidentical related donor in FA patients reported
to date.

! 2014 American Society for Blood and Marrow Transplantation.

INTRODUCTION
Fanconi anemia (FA) is a genetically and phenotypically

heterogeneous disorder characterized by the variable pres-
ence of multiple congenital somatic abnormalities, the
gradual onset of bone marrow failure involving one or more
hematopoietic cell lineages, and predisposition to develop
clonal hematopoietic disorders, as well as solid tumors,
mostly head and neck squamous-cell carcinomas [1-5]. On a
cellular level, FA is characterized by chromosome fragility
and hypersensitivity to DNA interstrand cross-linking agents.
With an incidence of approximately 1 out of 100,000 births
per year, it is the most common cause of constitutional bone
marrow failure [6].

FA is caused by germline mutations, inherited in an
autosomal (or rarely X-linked) recessive pattern. To date, 15
genes are known to be involved in FA pathogenesis [7,8], and
because patients with mutations in any of these genes share
a characteristic cellular and clinical phenotype, they have
been postulated to interact in a common cellular pathway
involved in DNA repair processes, known as the FA pathway

[9]. More recently, using whole-exome and Sanger se-
quencing on DNA of 2 unclassified FA patients, Bogliolo et al.
[10] identified ERCC4 (Xeroderma pigmentosum group F) as
an additional FA-associated gene, thus called FANCQ.

Optimized supportive care, including RBC/platelet trans-
fusions, androgen therapy, recombinant growth factors, and
prevention/treatment of infectious complications, is a critical
aspect of conservative management of FA patients once
advanced marrow failure occurs [11]. Allogeneic hemato-
poietic stem cell transplantation (HSCT) is currently the only
therapeutic option able to restore normal hematopoiesis in
patients with FA, with the potential for definitively cor-
recting the occurrence of marrow failure associated with
the disease and for preventing/treating myeloid malig-
nancies, although it does not affect the congenital defects
in other tissues and cannot prevent the late occurrence of
solid tumors. Initial attempts at HSCT for FA patients yielded
poor results, mainly due to the underlying defect in DNA
repair and hypersensitivity to treatment with irradiation
and cytotoxic agents, such as cyclophosphamide (Cy), lead-
ing to excessive regimen-related toxicity and severe acute
graft-versus-host disease (GVHD) [12,13]. Pretransplantation
conditioning regimens specifically developed for FA patients
and based on the use of low-dose Cy and limited-field irra-
diation (thoracoabdominal irradiation) have met with some
success [14].
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Despite significant improvement in outcome for FA pa-
tients transplanted from an HLA-identical sibling donor [14-
16], results from alternative donor transplantations have
been less encouraging [14]. Nonetheless, over the past 2 de-
cades significant improvements in alternative donor HSCT
have been achieved, mainly due to the optimization of HLA
typing for donor selection, conditioning regimens, with
fludarabine (Flu) playing a pivotal role [16], and to the
introduction of T celledepletion techniques for graft mani-
pulation, making indications to transplantation in FA quite
consistent regardless of the donor used.

Notwithstanding some encouraging results and potential
benefits of allogeneic HSCT from an HLA partially matched
related donor in FA patients, current evidence in the medical
literature is limited to case reports and small retrospective
case series [14,17-26]. The present study describes the out-
comes of 12 consecutive pediatric FA patients who under-
went T celledepleted (TCD) HSCT from an HLA partially
matched relative, after a Flu-based preparative regimen.

METHODS
Data Collection

Data concerning patient, disease, graft characteristics, transplantation
outcomes, and follow-up were collected by means of standardized data
collection forms for each patient.

Patients
Twelve consecutive patients affected by FA received a TCD peripheral

blood stem cell allograft from an HLA-haploidentical related donor between
July 2001 and June 2012 at 2 Italian pediatric HSCTcenters (Pavia and Rome).
Details on patient, donor, and transplantation characteristics are reported in
Tables 1 and 2. Three of 12 patients (patients 1, 4, and 5, Table 1) have been
already described in previously published reports [20,23]. Written informed
consent was obtained from all patients or from their parents/legal guardians
in accordance with the Declaration of Helsinki.

The patients, 8 girls and 4 boys, ranged in age from 5.9 to 21.7 years
(median, 8.6) at time of transplantation. FA diagnosis was confirmed by
means of diepoxybutane-induced chromosome breakage assay in all cases.
Median age at diagnosis was 6.7 years (range, 2.7 to 12.4), and median time
from diagnosis to HSCT was 2.4 years (range .3 to 19.0).

At timeof transplantation, all patientswereRBCand/or platelet transfusion
dependent, butnopatient had severe ironoverloadorwas refractory to platelet
transfusions.Nopatient inourcohorthadahistoryofandrogenexposurebefore
transplant. Two patients had evidence of clonal evolution at time of first eval-
uation. Patient 8 was diagnosed with both myelodysplastic syndrome with
chromosome 5q31 deletion and chromosome 17p13.1 deletion involving the
TP53 tumor suppressor gene and T cell non-Hodgkin lymphoma (serology
showed positive viral capsid antigen and Epstein-Barr nuclear antigen IgG and
negative viral capsid antigen IgM, whereas blood Epstein-Barr virus-DNAwas
negative)andwastreatedwithachemotherapyregimenconsistingof low-dose
Flu (25mg/m2/day for2days), L-asparaginase (10,000U/m2/day for4days), and
dexamethasone (20mg/m2/day for 4 days) with a remarkable reduction of the
mediastinal mass at time of HSCT. Patient 11 had acute myeloid leukemiawith
a complex karyotype, namely 46,XX,der(6)t(6;?),der(7)t(7;?),der(15)t(15;?),
der(16)t(16;?),der(18)t(18;?), and was successfully induced into remission
before HSCT through 2 chemotherapy cycles consisting of Flu, cytosine arabi-
noside, and liposomal doxorubicine. In all patients, high-resolution molecular
typing was performed to characterize HLA class I and II loci.

Donors
Donors were HLA-typed using low-resolution DNA methods for HLA-A

and HLA-B loci and high-resolution molecular typing at HLA-C and HLA
class II loci. All donors were first-degree relatives, completely matched with
the patient at 1 haplotype, with second haplotype mismatches detailed as
follows. Eleven of 14 donors were full-haplotype mismatched (HLA-A, -B, -C,
and -DR antigen mismatches); in 2 cases 3 mismatches on the antigen level
and 1mismatch on the allele level (HLA-Aor -C)were present; in 1 case donor
and recipient were different for 3 HLA loci and matched for HLA-DR. Seven of
14 donorswere killer immunoglobulin-like receptor (KIR)-ligandmismatched
with the respective recipient.Mediandonoragewas41 years (range, 30 to 58),
with mothers and fathers used in 5 and 7 cases, respectively.

Donor selection was based on the following algorithm. First, a natural
killer (NK)-alloreactive donor, according to the KIR/KIR ligand mismatch
model, was chosen by virtue of the effect of donor NK cell alloreactivity on
prevention of GVHD and graft rejection [27]. Second, the mother was
selected if no NK-alloreactive donor was available because better outcomes
have been reported in parent-to-child transplantation for patients receiving
mother-donor grafts [28]. Two patients who rejected their first allograft
underwent a second HSCT using the other haploidentical parent as a donor.

Each donor received granulocyte colony-stimulating factor by subcu-
taneous injection at a dose of 10 mg/kg/day. Donor peripheral blood stem
cells were collected via leukapheresis, starting on day 4 of granulocyte
colony-stimulating factor administration, and TCD by means of CD34þ cell
positive selection, using the CliniMacs one-step procedure (Miltenyi Biotech,
Bergisch Gladbach, Germany).

Table 1
Details of the 12 Patients, Follow-Ups, and Transplant Outcomes

Patient
No.

Sex Age at
Diagnosis (yr)

Age at
HSCT (yr)

Diagnosis
HSCT (yr)

Disease Status No. of HSCT
Received

Engraftment aGVHD cGVHD Follow-
Up (yr)

Outcome

1 F 9.0 15.3 6.4 Transfusion
dependent

1 Rejection Absent Absent 11.5 Alive and well
after 2nd HSCT2 Engraftment

2 M 4.1 8.5 4.4 Transfusion
dependent

1 Engraftment Absent Not assessable .3 Died from RSV
pneumonia

3 F 8.5 9.2 .7 Transfusion
dependent

1 Engraftment Absent Limited 1.2 Alive and well

4 F 2.7 8.3 5.6 Transfusion
dependent

1 Engraftment Absent Absent 7.1 Alive and well

5 F 3.0 6.3 3.3 Transfusion
dependent

1 Engraftment Grade II Absent 7.1 Alive and well

6 F 5.8 8.0 2.2 Transfusion
dependent

1 Engraftment Absent Absent 3.3 Alive and well

7 F 7.5 8.7 1.2 Transfusion
dependent

1 Engraftment Grade I Limited 6.9 Alive, limited
cGVHD

8 M 4.9 5.9 1.0 Transfusion
dependent NHL

1 Rejection Absent Absent .7 Alive and well
after 2nd HSCT2 Engraftment

9 M 12.4 12.8 .3 Transfusion
dependent

1 Died before
engraftment

Not assessable Not assessable .03 Died from Candida
sepsis

10 M 5.9 6.7 .8 Transfusion
dependent

1 Engraftment Absent Absent .5 Alive and well

11 F 9.0 28.7 19.7 Transfusion
dependent AML

1 Engraftment Grade II Limited 1.0 Alive and well

12 F 7.4 10.0 2.6 Transfusion
dependent

1 Engraftment Absent Absent 1.3 Alive and well

RSV, respiratory syncytial virus; NHL, non-Hodgkin lymphoma; AML, acute myelogenous leukemia.
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Fanconi anemia (FA) is a DNA repair syndrome gener-
ated by mutations in any of the 22 FA genes discovered to 
date1,2. Mutations in FANCA account for more than 60% of 
FA cases worldwide3,4. Clinically, FA is associated with con-
genital abnormalities and cancer predisposition. However, 
bone marrow failure is the primary pathological feature of FA 
that becomes evident in 70–80% of patients with FA during 
the first decade of life5,6. In this clinical study (ClinicalTrials.
gov, NCT03157804; European Clinical Trials Database, 2011-
006100-12), we demonstrate that lentiviral-mediated hema-
topoietic gene therapy reproducibly confers engraftment 
and proliferation advantages of gene-corrected hematopoi-
etic stem cells (HSCs) in non-conditioned patients with FA 
subtype A. Insertion-site analyses revealed the multipotent 
nature of corrected HSCs and showed that the repopulation 
advantage of these cells was not due to genotoxic integrations 
of the therapeutic provirus. Phenotypic correction of blood 
and bone marrow cells was shown by the acquired resistance 
of hematopoietic progenitors and T lymphocytes to DNA 
cross-linking agents. Additionally, an arrest of bone marrow 
failure progression was observed in patients with the highest 
levels of gene marking. The progressive engraftment of cor-
rected HSCs in non-conditioned patients with FA supports 
that gene therapy should constitute an innovative low-toxicity 
therapeutic option for this life-threatening disorder.

Although the very low number of hematopoietic stem cells 
(HSCs) in patients with Fanconi anemia (FA)7 has limited the 

collection of HSCs in previous gene therapy trials8–10, the prolifera-
tive advantage observed in naturally reverted hematopoietic stem 
and progenitor cells (HSPCs) from mosaic patients with FA11–14 sug-
gested that the infusion of low numbers of gene-corrected HSCs 
might be sufficient for their engraftment after autologous trans-
plantation. Nevertheless, none of the gene therapy trials conducted 
to date have shown engraftment of corrected HSCs in patients 
with FA9,10. Several factors may account for these negative results, 
including the collection of low numbers of HSCs from bone marrow 
(BM) or granulocyte colony-stimulating factor (G-CSF)-mobilized 
peripheral blood (PB), the use of prolonged transduction protocols 
with gamma-retroviral vectors, or the absence of patients’ condi-
tioning before the infusion of transduced cells (see review in ref. 15).

The use of CD34+ cells mobilized with G-CSF and plerixafor, 
together with the short transduction of these cells with FANCA len-
tiviral vectors, enabled us to demonstrate the repopulating potential 
of gene-corrected FA subtype A (FA-A) HSCs in a xenogenic trans-
plantation model16. On the basis of our preclinical observations, we 
developed the current clinical trial in which gene-corrected HSCs 
were reinfused in patients with FA without any cytotoxic condition-
ing regimen.

CD34+ cells were obtained from pediatric patients (aged 
3–6 years) before the development of severe BM failure (BMF) 
(see Extended Data Fig. 1 and the main inclusion criteria of the 
FANCOSTEM-1 HSC mobilization trial in the Methods). In con-
trast, because the primary objective of the FANCOLEN-1 gene ther-
apy trial was to evaluate the safety of the therapeutic strategy, only 
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006100-12), we demonstrate that lentiviral-mediated hema-
topoietic gene therapy reproducibly confers engraftment 
and proliferation advantages of gene-corrected hematopoi-
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nature of corrected HSCs and showed that the repopulation 
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peripheral blood (PB), the use of prolonged transduction protocols 
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of gene-corrected FA subtype A (FA-A) HSCs in a xenogenic trans-
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CD34+ cells were obtained from pediatric patients (aged 
3–6 years) before the development of severe BM failure (BMF) 
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Maladie de Fanconi : quelles actualités ?

� Age au diagnostic diminue : précocité des diagnostic 
par les pédiatres

� Prise en charge Hématologique :
¡ Thérapie géniqueLETTERS
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Fanconi anemia (FA) is a DNA repair syndrome gener-
ated by mutations in any of the 22 FA genes discovered to 
date1,2. Mutations in FANCA account for more than 60% of 
FA cases worldwide3,4. Clinically, FA is associated with con-
genital abnormalities and cancer predisposition. However, 
bone marrow failure is the primary pathological feature of FA 
that becomes evident in 70–80% of patients with FA during 
the first decade of life5,6. In this clinical study (ClinicalTrials.
gov, NCT03157804; European Clinical Trials Database, 2011-
006100-12), we demonstrate that lentiviral-mediated hema-
topoietic gene therapy reproducibly confers engraftment 
and proliferation advantages of gene-corrected hematopoi-
etic stem cells (HSCs) in non-conditioned patients with FA 
subtype A. Insertion-site analyses revealed the multipotent 
nature of corrected HSCs and showed that the repopulation 
advantage of these cells was not due to genotoxic integrations 
of the therapeutic provirus. Phenotypic correction of blood 
and bone marrow cells was shown by the acquired resistance 
of hematopoietic progenitors and T lymphocytes to DNA 
cross-linking agents. Additionally, an arrest of bone marrow 
failure progression was observed in patients with the highest 
levels of gene marking. The progressive engraftment of cor-
rected HSCs in non-conditioned patients with FA supports 
that gene therapy should constitute an innovative low-toxicity 
therapeutic option for this life-threatening disorder.

Although the very low number of hematopoietic stem cells 
(HSCs) in patients with Fanconi anemia (FA)7 has limited the 

collection of HSCs in previous gene therapy trials8–10, the prolifera-
tive advantage observed in naturally reverted hematopoietic stem 
and progenitor cells (HSPCs) from mosaic patients with FA11–14 sug-
gested that the infusion of low numbers of gene-corrected HSCs 
might be sufficient for their engraftment after autologous trans-
plantation. Nevertheless, none of the gene therapy trials conducted 
to date have shown engraftment of corrected HSCs in patients 
with FA9,10. Several factors may account for these negative results, 
including the collection of low numbers of HSCs from bone marrow 
(BM) or granulocyte colony-stimulating factor (G-CSF)-mobilized 
peripheral blood (PB), the use of prolonged transduction protocols 
with gamma-retroviral vectors, or the absence of patients’ condi-
tioning before the infusion of transduced cells (see review in ref. 15).

The use of CD34+ cells mobilized with G-CSF and plerixafor, 
together with the short transduction of these cells with FANCA len-
tiviral vectors, enabled us to demonstrate the repopulating potential 
of gene-corrected FA subtype A (FA-A) HSCs in a xenogenic trans-
plantation model16. On the basis of our preclinical observations, we 
developed the current clinical trial in which gene-corrected HSCs 
were reinfused in patients with FA without any cytotoxic condition-
ing regimen.

CD34+ cells were obtained from pediatric patients (aged 
3–6 years) before the development of severe BM failure (BMF) 
(see Extended Data Fig. 1 and the main inclusion criteria of the 
FANCOSTEM-1 HSC mobilization trial in the Methods). In con-
trast, because the primary objective of the FANCOLEN-1 gene ther-
apy trial was to evaluate the safety of the therapeutic strategy, only 

Successful engraftment of gene-corrected 
hematopoietic stem cells in non-conditioned 
patients with Fanconi anemia
Paula Río1,2,3, Susana Navarro1,2,3, Wei Wang4,5, Rebeca Sánchez-Domínguez1,2,3, 
Roser M. Pujol2,6,7,8, José C. Segovia1,2,3, Massimo Bogliolo2,6,7,8, Eva Merino2,9, Ning Wu4, 
Rocío Salgado10, María L. Lamana1,2,3, Rosa M. Yañez1,2,3, José A. Casado1,2,3, Yari Giménez1,2,3, 
Francisco J. Román-Rodríguez1,2,3, Lara Álvarez1,2,3, Omaira Alberquilla1,2,3, Anna Raimbault11,12, 
Guillermo Guenechea1,2,3, M. Luz Lozano1,2,3, Laura Cerrato1,2,3, Miriam Hernando1,2,3, Eva Gálvez2,9, 
Raquel Hladun13,14, Irina Giralt14, Jordi Barquinero14, Anne Galy15, Nagore García de Andoín16, 
Ricardo López17, Albert Catalá2,18, Jonathan D. Schwartz19, Jordi Surrallés2,6,7,8, Jean Soulier11,12, 
Manfred Schmidt4,5, Cristina Díaz de Heredia13,14, Julián Sevilla! !2,9 and Juan A. Bueren! !1,2,3*

NATURE MEDICINE | VOL 25 | SEPTEMBER 2019 | 1396–1401 | www.nature.com/naturemedicine1396

LETTERS
https://doi.org/10.1038/s41591-019-0550-z

1Hematopoietic Innovative Therapies Division, Centro de investigaciones Energéticas, Medioambientales y Tecnológicas, Madrid, Spain. 2Centro de 
Investigación Biomédica en Red de Enfermedades Raras, Madrid, Spain. 3Instituto de Investigaciones Sanitarias de la Fundación Jiménez Díaz, Madrid, 
Spain. 4Division of Translational Oncology, German Cancer Research Center and National Center for Tumor Diseases, Heidelberg, Germany. 5GeneWerk, 
Heidelberg, Germany. 6Department of Genetics and Microbiology, Universitat Autònoma de Barcelona, Barcelona, Spain. 7Servicio de Genética, Hospital 
de la Santa Creu i Sant Pau, Barcelona, Spain. 8Instituto de Investigaciones Biomédicas, Hospital de la Santa Creu i Sant Pau, Barcelona, Spain. 9Servicio 
de Hematología y Oncología Pediátrica, Fundación de Investigación Biomédica, Hospital Infantil Universitario Niño Jesús, Madrid, Spain. 10Servicio 
de Hematología, Hospital Universitario Fundación Jiménez Diaz, Instituto de Investigaciones Sanitarias de la Fundación Jiménez Díaz, Madrid, Spain. 
11Université de Paris (IRSL, INSERM, CNRS), Paris, France. 12Hôpital Saint-Louis, Paris, France. 13Servicio de Oncología y Hematología Pediátricas, Hospital 
Universitari Vall d’Hebron, Barcelona, Spain. 14Vall d’Hebron Institut de Recerca, Barcelona, Spain. 15Généthon, Evry, France. 16Hospital Universitario 
Donostia, San Sebastián, Spain. 17Osakidetza Basque Health Service, Pediatric Oncology and Hematology Unit, Cruces University Hospital, Barakaldo, Spain. 
18Servicio de Hematología y Oncología, Hospital Sant Joan de Déu, Barcelona, Spain. 19Rocket Pharma, New York, NY, USA. *e-mail: juan.bueren@ciemat.es

Fanconi anemia (FA) is a DNA repair syndrome gener-
ated by mutations in any of the 22 FA genes discovered to 
date1,2. Mutations in FANCA account for more than 60% of 
FA cases worldwide3,4. Clinically, FA is associated with con-
genital abnormalities and cancer predisposition. However, 
bone marrow failure is the primary pathological feature of FA 
that becomes evident in 70–80% of patients with FA during 
the first decade of life5,6. In this clinical study (ClinicalTrials.
gov, NCT03157804; European Clinical Trials Database, 2011-
006100-12), we demonstrate that lentiviral-mediated hema-
topoietic gene therapy reproducibly confers engraftment 
and proliferation advantages of gene-corrected hematopoi-
etic stem cells (HSCs) in non-conditioned patients with FA 
subtype A. Insertion-site analyses revealed the multipotent 
nature of corrected HSCs and showed that the repopulation 
advantage of these cells was not due to genotoxic integrations 
of the therapeutic provirus. Phenotypic correction of blood 
and bone marrow cells was shown by the acquired resistance 
of hematopoietic progenitors and T lymphocytes to DNA 
cross-linking agents. Additionally, an arrest of bone marrow 
failure progression was observed in patients with the highest 
levels of gene marking. The progressive engraftment of cor-
rected HSCs in non-conditioned patients with FA supports 
that gene therapy should constitute an innovative low-toxicity 
therapeutic option for this life-threatening disorder.

Although the very low number of hematopoietic stem cells 
(HSCs) in patients with Fanconi anemia (FA)7 has limited the 

collection of HSCs in previous gene therapy trials8–10, the prolifera-
tive advantage observed in naturally reverted hematopoietic stem 
and progenitor cells (HSPCs) from mosaic patients with FA11–14 sug-
gested that the infusion of low numbers of gene-corrected HSCs 
might be sufficient for their engraftment after autologous trans-
plantation. Nevertheless, none of the gene therapy trials conducted 
to date have shown engraftment of corrected HSCs in patients 
with FA9,10. Several factors may account for these negative results, 
including the collection of low numbers of HSCs from bone marrow 
(BM) or granulocyte colony-stimulating factor (G-CSF)-mobilized 
peripheral blood (PB), the use of prolonged transduction protocols 
with gamma-retroviral vectors, or the absence of patients’ condi-
tioning before the infusion of transduced cells (see review in ref. 15).

The use of CD34+ cells mobilized with G-CSF and plerixafor, 
together with the short transduction of these cells with FANCA len-
tiviral vectors, enabled us to demonstrate the repopulating potential 
of gene-corrected FA subtype A (FA-A) HSCs in a xenogenic trans-
plantation model16. On the basis of our preclinical observations, we 
developed the current clinical trial in which gene-corrected HSCs 
were reinfused in patients with FA without any cytotoxic condition-
ing regimen.

CD34+ cells were obtained from pediatric patients (aged 
3–6 years) before the development of severe BM failure (BMF) 
(see Extended Data Fig. 1 and the main inclusion criteria of the 
FANCOSTEM-1 HSC mobilization trial in the Methods). In con-
trast, because the primary objective of the FANCOLEN-1 gene ther-
apy trial was to evaluate the safety of the therapeutic strategy, only 

Successful engraftment of gene-corrected 
hematopoietic stem cells in non-conditioned 
patients with Fanconi anemia
Paula Río1,2,3, Susana Navarro1,2,3, Wei Wang4,5, Rebeca Sánchez-Domínguez1,2,3, 
Roser M. Pujol2,6,7,8, José C. Segovia1,2,3, Massimo Bogliolo2,6,7,8, Eva Merino2,9, Ning Wu4, 
Rocío Salgado10, María L. Lamana1,2,3, Rosa M. Yañez1,2,3, José A. Casado1,2,3, Yari Giménez1,2,3, 
Francisco J. Román-Rodríguez1,2,3, Lara Álvarez1,2,3, Omaira Alberquilla1,2,3, Anna Raimbault11,12, 
Guillermo Guenechea1,2,3, M. Luz Lozano1,2,3, Laura Cerrato1,2,3, Miriam Hernando1,2,3, Eva Gálvez2,9, 
Raquel Hladun13,14, Irina Giralt14, Jordi Barquinero14, Anne Galy15, Nagore García de Andoín16, 
Ricardo López17, Albert Catalá2,18, Jonathan D. Schwartz19, Jordi Surrallés2,6,7,8, Jean Soulier11,12, 
Manfred Schmidt4,5, Cristina Díaz de Heredia13,14, Julián Sevilla! !2,9 and Juan A. Bueren! !1,2,3*

NATURE MEDICINE | VOL 25 | SEPTEMBER 2019 | 1396–1401 | www.nature.com/naturemedicine1396

Rio P, Sept 
2019



Problématiques à long terme

� Croissance, puberté & ostéoporose

� Fertilité & grossesses

� Cancers solides

� Transition vers l’âge adulte

� Suivi multidisciplinaire



Croissance

� Naissance : retard de croissance intra utérin

� Déficit en hormone de croissance

� Hypothyroïdie

� Traitement par corticoïdes ou androgènes

� Allogreffe de CSH



Croissance

� taille < normale : 60% des patients sont concernés

� 10% patients taille > moyenne nationale

� Taille moyenne 
¡ 1,61m homme

¡ 1,50 femme 

� Facteurs associés plus petite taille : déficit GH, 
hypothyroïdie, hypogonadisme



Déficit hormone de croissance

� Prévalence varie en fonction des études (25 à 50%)

� Plus fréquente post allogreffe de CSH (8 vs 25%)

� Dépistage : dosage IGF1, IGFBP3, test de stimulation 
GH et IRM hypophysaire

� Traitement rGH
¡ Efficacité inconstante dans la maladie de Fanconi

¡ Etude registre : pas de sur-risque de cancers dans la 
population général, risque cardiovasculaire discuté



Hypothyroïdie

� Prévalence élevée ≈ 60%

� Plus fréquente post allogreffe de CSH 

� Dépistage : dosage annuel TSHus, T4L

� Particulier retard de croissance



Androgènes

� Fusion prématurée des cartilages de croissance

� Essentiellement si âge jeune
¡ Dose minimale possible

¡ Le plus tard possible



Hypogonadisme

� Fille : 
¡ puberté précoce (impact sur la croissance): agoniste GnRH 

pour retarder la puberté 

¡ Retard pubertaire (>13 ans): oestrogenes faible dose

� Garçon: 
¡ retard pubertaire (14 ans) : petite dose de testosterone, à 

adapter progressivement à l’âge 



Ostéoporose

� Résultats des études très hétérogènes  

� Surveillance 
¡ 250H VitD et apports calciques : annuellement

¡ Osteodensitometrie

÷ à partir de 14 si pas d’atcd d’allogreffe

÷ Avant la greffe puis 1 après la greffe

÷ Tous les 5 ans

¡ Traitement hormonal substitutif : ménopause précoce



Diabete et Insulino-resistance

� Fréquence accrue / population générale

� Plus fréquente si BMI élevé

� Dépistage régulier (dysplipidemie à rechercher si 
insulino-resistance)

� Recommandations prise en charge identique à la 
population generale



Fertilité & Grossesse

� Homme : fertilité réduite du fait d’une oligo ou 
azoospermie mais pas nulle

� Impact du traitement des retards pubertaires à évaluer
� Impact du temps : nécessité de faire des 

cryoconservation de gamètes adulte jeune (18 ans) et 
avant toute allogreffe
¡ Peu de données dans la littérature sur les grossesses de père atteints 

de FA



Fertilité & Grossesse

� Femme : puberté âge normal le plus souvent

� Insuffisance ovarienne fréquente (dosage AMH)

� Ménopause précoce fréquente

� Impact du temps : nécessité de proposer des 
cryoconservation de gamètes adolescence et adulte 
jeune et avant toute allogreffe en vue de PMA



Grossesses

pregnancy loss are significant issues for patients with inherited
bone marrow failure syndromes; however, healthy live births can
occur despite pregnancy complications related to the severity of the
underlying disease.
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To the editor:

Pregnancies in patients with inherited bone marrow failure syndromes in the NCI cohort

Neelam Giri,1,* Pamela Stratton,2,* Sharon A. Savage,1 and Blanche P. Alter1

1Clinical Genetics Branch, Division of Cancer Epidemiology and Genetics, National Cancer Institute, and 2Office of the Clinical Director, Eunice Kennedy

Shriver National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, MD

Wereadwith great interest the recent letter inBlood, byGansner et al, on
the topicof pregnancies inpatientswith an inheritedbonemarrow failure
syndrome (IBMFS).1 We agree that these rare patients have reduced
numbers and complicated pregnancies, andwe think that our experience
in this area serves to reinforce thepointsmadeby those authors.Wehave
been involved in the care of a larger number of patients, withmanymore
pregnancies, with informative complications and outcomes.

The National Cancer Institute (NCI) IBMFS program opened in
2002; enrollment is biased only by volunteerism, based on self-
referral and chart review, with 54% of the patients discussed
subsequently seen by the authors at the National Institutes of
Health Clinical Center. The protocol was approved by the NCI
Institutional Review Board, and all participants signed consent forms

(registered at www.clinicaltrials.gov as #NCT00027274). This cohort of
women includes.100 who were postmenarchal, of whom 67 were
sexually active (Table 1). All diagnoses were confirmed with
clinical and syndrome-specific laboratory findings, including geno-
typing in 78% of the 67.2,3 Seven patients had undergone HCT: 1with
FA and 1 with DC; each of these had 2 pregnancies. The FA patient
had1miscarriage and1elective abortion; theDCpatient haddonor egg
and IVF for her first pregnancy, and IVF and preimplantation genetic
diagnosis for the second, after the gene had been identified. Twodozen
patients did not have any pregnancies and were on androgens or using
birth control.

There were a total of 102 pregnancies in the 67 women: 25
miscarriages in 13 women, 71 live deliveries of 74 babies (3 sets of
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twins), 16 preterm births, and 26 C-sections. Infertility was re-
ported frequently in FA, because of POI. Infertility in DC was less
frequent, associated with endometriosis or scarred fallopian tubes.
AMH was decreased in all the infertile FA and DC women who
were tested.4,5

Complications were related to hematologic, obstetrical, and
fetal circumstances (Table 2). Almost half of the whole group
of pregnant women had decreased hematopoiesis in 1 or all
lineages, and 20% of the patients received red cell and/or platelet
transfusions. The cytopenias may have reflected a combination of
the need for expanded hematopoiesis in pregnancy, plus the re-
duced marrow response because of the IBMFS. Preeclampsia during
pregnancy in FA was reported by us earlier6 and was now noted
in DC as well. The number of primary C-sections appeared un-
usually high, perhaps related to maternal hematopoietic problems and
preeclampsia.

Overall, patients with FA had decreased fertility, increased
POI,4 and increased premature births and C-sections, as well as
decreasedhematopoiesisduringgestation.7-9ThosewithDChadnormal

fertility, increased miscarriages, premature infants, and C-sections, as
well as decreased hematopoiesis, although less common than in FA.
One woman with DC had scarred fallopian tubes but did become
pregnant after several attempts, whereas 1 with DBA and scarred
fallopian tubes did not become pregnant. Despite the increased
maternal and obstetric complications, most of the live-born babies
were clinically well, although half of the babies from mothers
with a dominant syndrome would be expected to be affected.

The topic of pregnancy in patients with an IBMFS was addressed
by us in the past, and the conclusions from those reports,6,10-13 the
Gansner et al letter,1 and our current analyses remain unchanged.
Women with any IBMFS who desire pregnancy or are pregnant
would benefit from care provided by a multidisciplinary team of
fertility specialists, high-risk maternal-fetal specialists, neonatolo-
gists, and hematologists, with expertise in bone marrow failure
disorders. The women may have hematologic problems that may
worsen during pregnancy, the rate of C-sections may be high, and
the fetuses may be premature or have neonatal problems (whether
affected with the syndrome or not).14 In most cases, the maternal
hematologic complications will be transient, and the women will
return to their prepregnancy hematologic status. However, all indivi-
duals with these syndromes have variably increased risks of cancer,
and thus, they must receive appropriate counseling and surveillance
during pregnancies and beyond.15
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Table 1. Women with IBMFSs

FA DC DBA SDS Total

N attained menarche 36 29 20 10 95

N ever sexually active 25 23 16 3 67

No HCT 21 21 15 3 60

N HCT 4 2 1 0 7

N unable or uninterested in pregnancy 9 6 7 2 24

Infertility * 9 3 3 0 15

Decreased AMH 8 2 2 0 12

IVF† 1 3† 0 0 4

N of women who had pregnancy 7 17 9 1 34

No HCT 6 16 15 32

After HCT 1 1 0 2

N of pregnancies 13 46 41 2 102

Range of pregnancies per woman 1-5 1-6 1-10 2 1-10

N of women with miscarriage 2 7 3 1 13

N of miscarriages‡ 2 13 8 2 25

N of women with elective abortions 1 1 4 0 6

N of elective abortions§ 1 1 6 0 8

N of live deliveries (live births)|| 10 (11)|| 32 (34)|| 29 (29) 0 71 (74)

N of term (37-42 wk) 7 25 23 — 55

N of preterm (27-36 wk) 3 7 6 — 16

N of C-sections{ 4 17 5 26

N with known gene# 18/25 20/23 13/16 1/3 52/67

AMH, anti-Müllerian hormone; C-section, cesarean section; DBA, Diamond-
Blackfan anemia; DC, dyskeratosis congenita; FA, Fanconi anemia; HCT, hemato-

poietic cell transplantation; IVF, in vitro fertilization; SDS, Shwachman-Diamond
syndrome.

*Infertility: All with FA had primary ovarian insufficiency (POI); 1 with FA used

in vitro fertilization (IVF) with donor egg followed by embryo implantation. One
DC woman underwent 10 cycles of IVF with 1 successful pregnancy. One with DC

required ovarian stimulation with clomiphene for 3 pregnancies. One with severe
aplastic anemia followed by myelodysplastic syndrome and then acute myeloid
leukemia was unable to get pregnant while aplastic. Two with DBA had POI (1 after

HCT, and 1 had ovarian agenesis); and 1 additional with DBA had scarred tubes.
†DC: 2 IVF for infertility, 2 in 1 woman for donor egg and preimplantation genetic

diagnosis, respectively, 1 DC woman provided her own egg for a surrogate mother

because of the DC woman’s prior pregnancy complications; 1 woman with DC had
scarred tubes but became pregnant after several attempts; 1 with DBA had scarred
tubes and failed to become pregnant.

‡DC women: 4 had 2, and 1 had 3. DBA women: 2 had 2, and 1 had 4. SDS woman:
1 had 2.

§DBA women: 1 had 3 elective abortions.
||Live births exceed deliveries because of twins, 1 set in FA and 2 sets in DC.
{One with DBA had C-section associated with uterine fibroids.

#Known genotypes: FA, FANCA 14, FANCC 4; DC, TERC 11, TERT 4, RTEL1 3,
TINF2 2; DBA, RPS29 6, RPS19 3, RPS7 2, RPS26 1, RPL35 1; SBDS 1.

Table 2. Number of women with complications during viable
pregnancies

FA DC DBA SDS Total

N with viable pregnancy 6 17 9 0 32

N with any complications 6 9 5 0 20

Hematology 6 6 4 0 16

AA 0 3 0 0 3

Anemia without AA 4 2 4 0 10

Thrombocytopenia without AA 4 3 0 0 7

RBCs and/or platelets transfusion 5 4 3 0 12

Obstetric 4 6 0 0 10

Preeclampsia 2 3 0 0 5

Placenta previa/abruption 1 1 0 0 2

Failure to progress 1 2 0 0 3

Gestational diabetes 0 0 1 0 1

Fetal 1 1 2 0 4

Fetal distress 1 1 1 0 3

Stillbirth 0 0 1 (Hydrops) 0 1

AA, alastic anemia; RBC, red blood cell.
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twins), 16 preterm births, and 26 C-sections. Infertility was re-
ported frequently in FA, because of POI. Infertility in DC was less
frequent, associated with endometriosis or scarred fallopian tubes.
AMH was decreased in all the infertile FA and DC women who
were tested.4,5

Complications were related to hematologic, obstetrical, and
fetal circumstances (Table 2). Almost half of the whole group
of pregnant women had decreased hematopoiesis in 1 or all
lineages, and 20% of the patients received red cell and/or platelet
transfusions. The cytopenias may have reflected a combination of
the need for expanded hematopoiesis in pregnancy, plus the re-
duced marrow response because of the IBMFS. Preeclampsia during
pregnancy in FA was reported by us earlier6 and was now noted
in DC as well. The number of primary C-sections appeared un-
usually high, perhaps related to maternal hematopoietic problems and
preeclampsia.

Overall, patients with FA had decreased fertility, increased
POI,4 and increased premature births and C-sections, as well as
decreasedhematopoiesisduringgestation.7-9ThosewithDChadnormal

fertility, increased miscarriages, premature infants, and C-sections, as
well as decreased hematopoiesis, although less common than in FA.
One woman with DC had scarred fallopian tubes but did become
pregnant after several attempts, whereas 1 with DBA and scarred
fallopian tubes did not become pregnant. Despite the increased
maternal and obstetric complications, most of the live-born babies
were clinically well, although half of the babies from mothers
with a dominant syndrome would be expected to be affected.

The topic of pregnancy in patients with an IBMFS was addressed
by us in the past, and the conclusions from those reports,6,10-13 the
Gansner et al letter,1 and our current analyses remain unchanged.
Women with any IBMFS who desire pregnancy or are pregnant
would benefit from care provided by a multidisciplinary team of
fertility specialists, high-risk maternal-fetal specialists, neonatolo-
gists, and hematologists, with expertise in bone marrow failure
disorders. The women may have hematologic problems that may
worsen during pregnancy, the rate of C-sections may be high, and
the fetuses may be premature or have neonatal problems (whether
affected with the syndrome or not).14 In most cases, the maternal
hematologic complications will be transient, and the women will
return to their prepregnancy hematologic status. However, all indivi-
duals with these syndromes have variably increased risks of cancer,
and thus, they must receive appropriate counseling and surveillance
during pregnancies and beyond.15
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Bébés en bonne santé
• Infertilité
• Insuffisance ovarienne
• Prématurité
• Cytopénies



Cancers solides

� Survenue plus précoce après la greffe (GVH)

� Carcinomes épidermoïdes de la cavité orale & oropharynx

� Carcinomes HPV induit : région ano-genitale

� Hypersensibilité à la chimiothérapie et la radiothérapie : dose 
limitante très faible

� Expérience réduite des thérapies ciblées 

= > Prévention ++

= > Dépistage des lésions pré-cancereuses

=> Exérèse précoce toute lésion suspecte 



Cancers solides

Base de la prise en charge

= > Prévention ++

= > Dépistage des lésions pré-cancereuses

=> Exérèse précoce toute lésion suspecte 



Prévention des cancers solides

� Stomatologique & ORL
¡ Tabac 

¡ Alcool

¡ Hygiène buccodentaire

¡ Eviter les bains de bouche alcoolisé

¡ Suivi stomatologique 1 à 2 fois par an 

¡ Exérèse de toute lésion suspecte le plus rapidement possible

¡ Réévaluation précoce



Prévention des cancers solides

� Oesophage
¡ Tabac 

¡ Alcool

¡ Dépistage et traitement du reflux gastro-oesophagien

¡ Fibroscopie oesogastroduodenale si apparition de lésions pré-
tumorales ou tumorales bouche ou oropharynx (1 à 2 fois par 
an)



Prévention des cancers solides

� Dermatologique
¡ Protection solaire : vêtements & crème indice maximal

¡ Examen dermatologique annuel au minimum (incluant la 
region ano-genitale chez les hommes)



Prévention des cancers solides

� Gynécologique
¡ Vaccination contre l’HPV (garçon & fille)

¡ Examen gynécologique annuel (frottis annuel si activité 
sexuelle ou âge > 18 ans) 

¡ Echographie pelvienne pour dépister d’éventuelles variations 
anatomique à la puberté



Prévention des cancers solides

� Hépatique : si traitement ou antécédent de 
traitement par androgènes
¡ IRM hépatique annuelle

¡ Dosage aFP

¡ Tous : vaccination contre l’hépatite B



Prévention des cancers solides

� General : 
¡ Consultation précoce si doute sur une lésion

¡ Eviter les irradiations : RP, scanner, TEP scanner



Transition vers l’âge adulte

� Etape complexe 

� Souvent responsable d’une rupture de suivi (dans 
toutes les pathologies chroniques)

� Nécessité de garder un suivi spécialisé 

� Rôle des centres de référence : 
¡ Orienter vers un hématologue adulte coordinateur

¡ Identifier les spécialistes et guider la surveillance d’organe

¡ Préparer l’avenir : surveillance, fertilité, études/vie 
professionnelle, vie familiale



Suivi multidisciplinaire

� Nécessaire pour être à la pointe dans chaque 
discipline

� Time consoming mais doit pouvoir être organisé

� Rôle des centres de référence : 
¡ Orienter vers un hématologue adulte coordinateur

¡ Identifier les spécialistes et guider la surveillance d’organe

¡ Discuter les traitements potentiellement toxique



Suivi multidisciplinaire

� Préparer l’avenir
¡ Prévention et dépistage

¡ Fertilité & Grossesse

¡ Etudes & Vie professionnelle

¡ Vie familiale

� Nouveaux traitements 
¡ Hématologie/Oncologie

¡ PMA



CRMR Aplasies médullaires

� Informer

� Coordonner et guider la prise en charge

� Recherche fondamentale et translationnelle

� Recherche clinique – études prospectives et 
rétrospectives
� Maladie de Fanconi & Cancer solides : prise en charge 

thérapeutique (2019) 

� Maladie de Fanconi & Fertilité (2020)



CRMR Aplasies médullaires

� RIME
� Registre des insuffisances médullaires acquises & 

constitutionnelles

� Biobanque pour les patients non greffés

� Inclusion par un médecin (non opposition & 
consentement) 

� cr.aplasiemedullaire.sls@aphp.fr

¡ Collaboration étroite avec associations patients

mailto:cr.aplasiemedullaire.sls@aphp.fr


CRMR Aplasies médullaires

Hôpital Saint 
Louis

Pr R de Latour
Pr Socié

Dr Rigolet

Hôpital Robert 
Debré

Dr T Leblanc
Pr JH Dalle

Laboratoire 
Fanconi

Pr J Soulier

aplasiemedullaire.com


