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            Abstract
Fanconi anemia (FA) is a DNA repair syndrome generated 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 congenital 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 hematopoietic gene therapy reproducibly confers engraftment and proliferation advantages of gene-corrected hematopoietic 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 corrected HSCs in non-conditioned patients with FA supports that gene therapy should constitute an innovative low-toxicity therapeutic option for this life-threatening disorder.
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                    Fig. 1: Progressive engraftment of gene-corrected cells in non-conditioned patients with FA-A treated by gene therapy.[image: ]


Fig. 2: FANCA lentiviral vector integration profile and genome-wide mapping of UISs after hematopoietic reconstitution of patients with FA treated by gene therapy.[image: ]


Fig. 3: Phenotypic correction of BM progenitors and PB T cells in patients with FA treated by gene therapy.[image: ]


Fig. 4: PB cell counts in patients with FA before and after gene therapy.[image: ]
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Extended Data

Extended Data Fig. 1 Characteristics of the patients with FA enrolled in the gene therapy trial.
a,b, Genotype (a) and hematological and hematopoietic characteristics (b) of the recruited patients. In two patients (FA-02002 and FA-02004), CD34+ cells were collected and then cryopreserved until PB cell counts decreased to levels defined in the gene therapy trial. At that time, cells were thawed, transduced and infused. PB cell counts corresponding to patients FA-02005 and FA-02006 fit the criteria required for both the collection and the infusion of transduced cells. In these two patients, cells were transduced and infused immediately after collection. The table shows PB cell counts and the total content of hematopoietic progenitors per microliter of BM. Additionally, CFC resistance to MMC and percentages of T cells with chromosomal breaks after DEB challenge are shown. CFC values represent mean values corresponding to the scoring of three plates seeded with BM cells obtained before HSC collection and before HSC gene therapy. A total of 25–50 metaphases were analyzed in the DEB tests.


Extended Data Fig. 2 Characteristics of cell products transduced with the therapeutic PGK-FANCA-WPRE* lentiviral vector and infused in non-conditioned patients with FA-A.
G-CSF and plerixafor mobilized CD34+ cells were pre-stimulated for 8–10 h and then transduced with the therapeutic lentiviral vector for another 12–14 h, as described in the Methods. Values of VCN cell−1 were determined in hematopoietic colonies after 14 d of growth in semisolid cultures. In this case, determinations were carried out either in pooled (marked by a hashtag) or individual colonies (marked by a dollar sign). In no instance were mean VCN cell−1 values in lentiviral vector-positive colonies higher than 1.0 copies cell−1. Therefore analyses of the proportion of corrected cells in the PB and BM of treated patients (Fig. 1) are based on the assumption of the presence of 1.0 VCN in transduced cells. Cell viabilities in the infused products, including cryopreserved products, ranged between 84 and 97%. An asterisk denotes that CD34+ cells from one of the two apheresis procedures were purified using a modified immunoselection procedure used to improve the yield of CD34+ cells (see Methods). CFC values represent means ± s.e.m., corresponding to the scoring of three plates seeded with cells from each transduced product.

                          Source data
                        


Extended Data Fig. 3 Representative cytogenetic analysis of BM cells from gene therapy-treated patients with FA-A.
a,b, Representative G-banding karyotypes (a) and FISH analyses of chromosomes 1q, 3q and 7q (b) of BM samples obtained before and after infusion of transduced cells. For cytogenetic studies, 10–20 metaphases of BM cells obtained before and at different time points after the infusion of transduced cells were examined. In total, 200 interphase nuclei per FISH were scored.

                          Source data
                        


Extended Data Fig. 4 Cytogenetic and high-throughput sequencing studies in BM cells from patients with FA-A treated by gene therapy.
The table shows G-banding karyotypes, FISH analyses of chromosomes 1q, 3q and 7q, and array CGH analyses using 400K arrays (Agilent Technologies) of BM samples obtained before and at different times after infusion of transduced cells. The table shows that no cytogenetic nor genomic abnormalities were observed in any of the treated patients, either before or after the infusion of transduced HSCs. Cytogenetic studies were conducted in 10–20 metaphases. In total, 200 interphase nuclei per FISH were scored.


Extended Data Fig. 5 Genome-wide mapping of vector UISs in PB cells of the patients FA-02004 and FA-02005 after gene therapy.
The ten most represented UISs in PB cells from the patients FA-02004 and FA-02005 at different times after gene therapy are shown. Samples were analyzed as in Fig. 3. UISs detected at more than one time point, or with a contribution higher than 1% at one time point are marked with individualized colors. UISs marked in dark gray are those not represented in the top ten rank. RefSeq genes nearest to the UISs are listed in the table. The top ten clones marked in light gray indicate clones with a contribution lower than 1%. The total number of UISs is indicated at the bottom of each column. Because of the high contribution of clone B3GNT3 in PB cells from patient FA-02004 at 18 months post-infusion, analyses carried out at 24 months were conducted in sorted cell lineages, which revealed a marked reduction in the representation of this clone.


Extended Data Fig. 6 Hematopoietic progenitor content in patients with FA-A before and after gene therapy.
Analysis of the CFC content in BM cells from patients with FA before and after infusion of transduced CD34+ cells. Numbers of hematopoietic colonies generated in the presence and absence of MMC (10 nM) are presented. Individual data are shown in dot plots and mean values are represented by bars. Ratios between these numbers indicate the relative MMC resistance of CFCs at different times post-infusion (data shown in Fig. 3). CFC values represent means ± s.e.m. corresponding to the scoring of three plates seeded with BM cells obtained before and after infusion of transduced CD34+ cells. Vector copy numbers per cell obtained in hematopoietic colonies (CVN/CFC) are also represented. An asterisk represents samples not evaluable since the quantity of DNA was under the detection limit for amplification of the human albumin gene by qPCR.

                          Source data
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