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Ex Vivo Hematopoietic Stem Cell Gene Therapy

From Leboulch. Nature 500; 280 (2013)

Successes and challenges in clinical gene therapy. 
Kohn et al. Gene Therapy (2023) 30:738–746

Not in FA



5. Infusion 
(No conditioning)

CD34+ cell 

purification

1. Mobilization and Collection of CD34+ cells: 2-3 x (G-CSF+Plerixafor)

4. Transduction (24h) + Early release criteria

Phase I/II Gene Therapy Trial for FA-A Patients

2. ± Cryopreservation

PGK-FANCA.Wpre* LV

FANCOSTEM

FANCOLEN-I

Patient with signs of 

BMF



Trial Infused CD34+ cells/Kg VCN/Cell Conditioning

FANCOLEN I: 540,000 
(72,500  - 1,919,000) 

0.49 
(0.17 – 0.91)

No

Other GT trials (Not BMF)
260 individual data 

(Tucci et al. Nat Comm 2022)

8.95x106 
(30,000- 71x106) 

1.6 
(0.05-9.4)

No: 12 trials

  Yes: 45 trials

Challenges for FANCOLEN I

❑ No conditioning

❑ Reduced number of infused CD34+ cells



Progressive Engraftment of Gene-marked Hematopoietic Cells 

after Gene Therapy 

Note: 5 of 8 evaluable patients met the VCN criterion of efficacy: ≥0.1 copies/cell at the 2nd year post-infusion 

Data cut-off date: June-2023
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BM

PB

X

Subject ID
cCD34+ cell 

dose/kg

Patient 2 (C) 243,000 

Patient 4 (F) 408,630

Patient 8 (C) 134,300

Patient 3 (C) 169,920

Patient 7  (F) 144,130

Patient 1 (F) 238,000

Patient 6 (C) 48,575

Patient 9 (F+C) 1,738,100



Progressive Phenotypic Correction of PB T cells and BM Progenitor Cells

X

Subject ID
cCD34+ cell 

dose/kg

Patient 2 (C) 243,000 

Patient 4 (F) 408,630

Patient 8 (C) 134,300

Patient 3 (C) 169,920

Patient 7  (F) 144,130

Patient 1 (F) 238,000

Patient 6 (C) 48,575

Patient 9 (F+C) 1,738,100
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Months post gene therapy
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Patient 2

Patient 4

Accelerated Engraftment in Early Stages of the Disease 

Prevents BMF Progression in the Long-term

Data cut-off date: June 2023



1.- Lentiviral-mediated gene therapy in FA is safe

2.- First demonstration showing that infusion of cCD34+ cells in non-conditioned FA patients 

mediates progressive engraftment of phenotypically-corrected multipotent HSPCs 

4.- Delayed engraftment of cHSPCs in advanced stages of BMF does not prevent BMF 

5.- Accelerated engraftment of cHSPCs in early stages of the disease reverts BMF

progression (Evident in 2 patients up to 7y post-GT)

❑ First demonstration showing clinical efficacy of gene therapy in a BMF syndrome

❑ Efficient FA gene therapy should require the infusion of significant numbers of corrected 

HSCs during early stages of BMF

Conclusions: FANCOLEN-I



FANCOLEN II: 
Impact of Changes in the Inclusion Criteria of FA Gene Therapy

Trial Infused CD34+ cells/Kg VCN/Cell Conditioning

FANCOLEN I (Phase I/II; 8 patients) 540,000 (72,500 - 1,919,000) 0.49 (0.17 - 0.91) No

FANCOLEN II (Phase II; 14 patients)
1.85x106 (200,000 - 4,100,000) 

>3-Fold increase
1.70 (0.62 - 2.50) No

Other GT trials (Not BMF)

260 individual data 

(Tucci. Nat Comm 2022)

8.95x106 (30,000- 71x106) 1.6 (0.05-9.4)

No: 12 trials

Yes: 45 trials

❑ FANCOLEN I (Phase I/II) Initial inclusion criteria: 
▪ Evidence of BMF

❑ FANCOLEN II (Phase II) Inclusion criteria: 
▪ Evidence of BMF

▪ >30 CD34+ cells/µl BM



FANCOLEN II: Progressive Gene Marking of Hematopoietic Cells

Note: 8 out of the 12 patients at ≥1-year post gene therapy have increasing and sustained genetic correction

LTFU

Data cut-off date: 11-Sep-2023



Progressive Phenotypic Correction (MMC-resistant BM Progenitor Cells)

Note: Sustained MMC resistance in BM is demonstrated in 7 out of the 12 patients with ≥1-year post gene therapy

LTFU

Data cut-off date: 11-Sep-2023



Representative Longitudinal ISA: Patient 6 (2010)

%VCN-Corrected Abundance of Insertions = [% contribution to all UIS] × [VCN] if PB VCN ˂1.0   OR
= [% contribution to all UIS] × [1.0] if PB VCN ≥1.0

* Integration within a transcription unit
~ Integration within 50kb of a proto-oncogene

Months Post-Infusion
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PB Vector Copy Number

Resistance to 10nM MMC in BM CFU (%)
• Colored areas represent all integrations detected in top 10 

integrations at any timepoint

• The gray area represents all other identified integrations and 
reflects the VCN (in %) at each timepoint

• Tables below display the VCN-corrected contributions of top 
10 integrations at each timepoint

Data cutoff: September 11, 2023

VCN-Corrected Contributions of Top 10 Integrations 

BM=bone marrow; BMF=Bone marrow failure; CFU=Colony-forming unit; MMC=Mitomycin-C; PB=Peripheral blood; 
RBC=Red blood cell; VCN: Vector copy number; UIS=Unique insertion sites.

Month 12

0.25%: KDM2A*

0.21%: LOC105371046*

0.18%: DYRK1A~*

0.17%: DOCK7*

0.15%: CD33*

0.15%: CNNM2*

0.14%: MYO9B*

0.13%: FAT4*

0.13%: NR2C2*

0.13%: POLE*

Month 15

0.42%: TPX2*

0.40%: BRD4~*

0.40%: ILF3*

0.33%: CBFB~*

0.33%: GOLGA2*

0.30%: VAV1~*

0.30%: VPS13C*

0.26%: ARHGAP35*

0.26%: NELFE*

0.23%: DYRK1A~*

Month 18

1.11%: NR2C2*

0.94%: FAT4*

0.83%: TCF20*

0.73%: CYSLTR1

0.71%: POLK*

0.71%: VPS13C*

0.69%: PACS1*

0.60%: BRD4~*

0.56%: ARHGAP35*

0.54%: WASF2~*

Month 21

1.49%: NR2C2*

1.18%: TLE3

1.00%: VPS13C*

0.83%: BRD4~*

0.83%: TCF20*

0.76%: ARHGAP35*

0.66%: ZDHHC17*

0.62%: SEC14L1*

0.52%: THCAT158*

0.45%: CYSLTR1

Month 24

2.66%: NR2C2*

0.97%: NELFE*

0.94%: TLE3

0.85%: CARD8~*

0.73%: SEMA3C

0.70%: PPP6R2*

0.61%: THCAT158*

0.59%: SNAP23*

0.53%: BRD4~*

0.53%: GFI1B~*

Month 28

2.89%: NR2C2*

1.24%: TLE3

1.08%: THCAT158*

0.87%: SEC16A*

0.74%: POLK*

0.74%: TCF20*

0.74%: ZNF318~*

0.67%: ARHGAP35*

0.67%: ARHGAP35*

0.67%: C6orf15

Month 36

3.10%: CBFB~*

2.06%: NR2C2*

1.89%: CNOT6L*

1.73%: NELFE*

1.01%: TLE3

0.78%: SPNS3*

0.65%: ILF3*

0.59%: VSTM5

0.52%: POLK*

0.46%: DHRS2

Blood count graphs: Dotted lines indicate projected blood count decreases based on 
natural history evaluation from n=139 FA-A patients (IFAR registry, data on file)

NEUTROPHILS

HEMOGLOBIN PLATELETS

LEUKOCYTES



Preliminary FANCOLEN II Conclusions

• RP-L102 infusion is well tolerated with a highly favorable safety profile
- No clonal dominance or insertional mutagenesis related to RP-L102

- Polyclonal integration patterns identified 

- 1 patient developed T cell lymphoblastic lymphoma not related to RP-L102

- 1 patient experienced an infusion-related reaction (transient, Grade 2)

• 8 of 12 patients with ≥ 1 year of follow up have demonstrated sustained 

and progressively increasing genetic correction
- Genetic correction associated with phenotypic correction and hematologic stability

RP-L102 is a potentially curative therapy to prevent FA-related BMF, 

which can be administered without conditioning-related toxicities



• No conditioning: Very short hospitalization

• Negligible risk of GVHD

• Unlikely to increase risk of SCC

• Does not preclude allo-HSCT

• Limited to patients with a certain HSC reserve

• Experimental therapy

Advantages and Current Limitations of Gene Therapy 

over allo-HSC Transplant

BMF

HD

P
B
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e

lls

Years

Allo-BMT
(+ Conditioning)

Gene Therapy
(No conditioning)
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….If you want to go far go together

Patients, Families and Clinicians

Aurora de la Cal



Questions!





Alternative Donor Hematopoietic Cell Transplantation for Fanconi Anemia

MacMillan et al. Blood 125:3798-804; 2015 

> 4-fold increased incidence of SCC 

   and other cancers likely due to:

– Conditioning 

– GvHD

Alter et al. Haematologica, 103:30-39; 2018

Furquim et al. Crit Rev Hem Onc 125: 35-40;2018 
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Very Prolonged/low Engraftment Levels of Corrected HSCs do not 
Prevent Progression of BMF
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Basis of Allogeneic HSC Transplantation

HSCs from a 

healthy donor

FA Patient

Chemo/Radiotherapy

✓ Immunosupression: Prevent graft 

rejection

✓ Facilitate HSC engraftment 

New PB cells from Donor HSCs

Modified from Cell Imagine Core



FA: A Model of Stem Cell Disease

Gene Therapy

HSC Proliferation advantage

Conditioning is not required

• More protracted time to 

engraftment relative to other GTs

• Limited polyclonality

• Well tolerated; without risk of 

conditioning related toxicities

• Most patients discharged within 48 

hours following infusion

• Unique disease associated with

HSC engraftment W/O conditioning
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Somatic Mosaicism: Natural Gene Therapy in FA HSCs

Mechanisms of Genetic Reversion leading to Somatic Mosaicism:

• Back Mutation

• Second-site mutation

• Gene conversion

• Intragenic cross-over



Characteristics of the patients and gene therapy medicinal products

Subject ID Gender

Race or 

Ethnic 

Group

Age at time 

of Gene 

Therapy

FANCA gene variant Product VCN/ cell

MMC 

resistance 

(%)

CD34+ cell 

dose/kg

cCD34+ cell 

dose/kg

Patient 1 M Gypsy 4
C295C>T;

C295C>T
Fresh 0.17# 12.1 1,400,000 238,000

Patient 2 M Gypsy 5
C295C>T;

C295C>T
Cryopr 0.45# 30.3 540,000 243,000

Patient 3 M Caucasian 7
C. 1115-1118 Del TTGG;

C. 1115-1118 Del TTGG
Cryopr 0.24$ 27.0 708,000 169,920

Patient 4 M Caucasian 5
C. 3788-3790 Del TCT;

C. 2851C>G
Fresh 0.53# 49.2& 771,000 408,630

Patient 5 M Gypsy 6
C295C>T;

C295C>T
Cryopr N.D N.D. 300,000 ---- 

Patient 6 F Caucasian 6
C. 4130 C>G;

C. 1115-1118 Del TTGG
Cryopr 0.67$ 34.0 72,500 48,575

Patient 7 M Arab 3
Del EX 1-43;

C. 3788_3790 Del TCT
Fresh 0.71$ 76.5 203,000 144,130

Patient 8 M Caucasian 6
C. 1858_1859 insC;

C. 893+2 T>C
Cryopr 0.34$ 29.9 395,000 134,300

Patient 9 F Caucasian 3
Del EX 1-43;

C. 1115-1118 Del TTGG

Fresh and 

Cryo
0.91$ 67.9 1,910,000 1,738,100



Factors Predictive of Successful HSPC Mobilization 

CD34+ cells at V5 (PB)
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Sevilla, Navarro, Rio et al. MTMCD 22: 66-75, 2021



FANCOLEN-I: 
Phase I/II Gene Therapy Trial in Patients with Fanconi anemia A 

❑ Main inclusion criteria:

▪ Evidence of BMF 

▪ In 2018, this inclusion criterion was eliminated 

❑ Safety endpoints: 

▪ Incidence of AEs and serious AEs (Vital signs and physical 

examinations); Clonal dominance; Replication competent lentivirus

❑ Efficacy Endpoints: 

▪ Primary efficacy endpoint: Engraftment of transduced cells: ≥ 0.1 

VCN/cell in BM or PB at the 2nd year post-infusion

▪ Secondary end point: Significant increase in at least one 

hematologic parameter at the 2nd year post-infusion



Analysis of Proviral Unique Insertion Sites in PB cells at the Latest Follow-up Visit  
(Patients with VCN/cell>0.02)

Patient 1
238,000 cCD34+ cells/Kg

Patient 2
243,000 cCD34+ cells/Kg

Patient 3
169,920 cCD34+ cells/Kg

Patient 4
408,630 cCD34+ cells/Kg)

Patient 7
144,130 cCD34+ cells/Kg

Patient 8
134,300 cCD34+ cells/Kg

Month 84 Month 84 Month 36 Month 72 Month 18 Month 30

% Contr.

VCN 

corrected 

% Contr.

Closest 

Gene
% Contr.

VCN 

corrected 

% Contr.

Closest 

Gene
% Contr.

VCN 

corrected 

% Contr.

Closest Gene % Contr.

VCN 

corrected 

% Contr.

Closest 

Gene
% Contr.

VCN 

corrected 

% Contr.

Closest 

Gene
% Contr.

VCN 

corrected 

% Contr.

Closest 

Gene

32,27 3,76 SMG1* 18,84 16,33 ENG* 39,8 5,7 ZFAND3* 4,52 3,63 JAML* 43,10 1,62 CHSY3 16,84 4,61 STRBP

27,27 3,18 C16orf91 9,43 8,17 SESN1* 18,77 2,69 ZMYM2~* 3,47 2,78 VPS45 21,96 0,83 CCDC170 15,25 4,17 ITGAX

18 2,1 MAP1S 8,94 7,75 INPP4B* 12,65 1,81 SSH2* 2,87 2,3 VAV1~* 13,81 0,52 EMSY 11,74 3,21 GPR33

3,18 0,37 RNF38* 8,17 7,08 CLEC1A* 9,95 1,42 PRKACB* 2,71 2,18 THRAP3~* 8,96 0,34 LINC01324 11,01 3,02 SP100

2,55 0,3 KANSL1* 5,66 4,9 PPP2R2B* 3,6 0,52 TRAIP 2,41 1,94 VAV1~* 4,73 0,18 NDRG3 10,43 2,86 GLCE

2,27 0,27 C16orf91 4,54 3,94 VPS45* 3,26 0,47 B3GNT3* 2,26 1,81 PIK3CB* 3,94 0,15 DHX33 8,33 2,28 METRNL

1,18 0,14 EIF4G3* 3,93 3,41
HNRNPUL

2-BSCL2*
3,21 0,46 IL10RA* 1,66 1,33

ARHGAP2

7*
1,68 0,06

APOBEC3

A_B
6,05 1,66 LSM14A

0,82 0,1 ATAD2B* 2,8 2,43 PRPF39* 2,58 0,37 ITCH* 1,66 1,33 RSRC2* 1,31 0,05 WDTC1 3,02 0,83 SLC24A3

0,73 0,08 C16orf91 2,66 2,3 CALCRL* 2,48 0,36 SCFD1* 1,51 1,21 RERE* 0,43 0,02 DNAJC8 2,34 0,64 CA10

0,73 0,08 DAZAP1* 2,64 2,29 PHACTR4* 2,13 0,3 UBA7~ 1,51 1,21 RNPS1* 0,08 0,00 FKBP5 2,17 0,59 INTS4

69 110 28 203 14 64

Patient 2 Patient 4

Shared UISs in myeloid and 

lymphoid cell lineages

Data cut-off date: June 2023



Identification of a Gain in Chromosome 1 (1q-gain) in BM and PB cells from 

Patient 1 after Gene Therapy 

Time after 

Gene 

Therapy

H. Niño Jesús Saint-Louis Hospital (Exploratory studies)

Cytogenetic 

Abnormality 

(FISH)

Frequency Cytogenetic 

Abnormality

(aCGH)

Frequency

Somatic 

Mutations

(148 myeloid 

panel)

Total BM Total BM
CD34+ 

BMCs
Lin- BMCs

72 months 1q-gain 5% 1q-gain 10-15% ND EP300 and ETV

77 months 1q-gain 15% 1q-gain 10-20% 10-20% No detectable

84 months 1q-gain 23% 1q-gain 20% 20% No detectable

Data cut-off date: June 2023



Total Colonies

(-MMC)
MMC-Resistant colonies

(+MMC)

FA-corrected + Uncorrected FA-corrected

Expected result if 1q-gain 
is associated with the LV

Healthy colonies1q-gain colonies + 1q-gain colonies

Is the 1q-gain Monosomy Associated with Gene Therapy?

Experimental Approach

Uncorrected 

colony

Gene-

corrected 

colony

Sandra Rodríguez

Data cut-off date: June 2023
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% Colonies with 1q-gain

Time after 

Gene 

Therapy

- MMC

+ MMC 

(100% tested colonies 

with the provirus)

72 months 20.0% (3/15 colonies) 0% (0/15 colonies)

77 months 42.9% (6/14 colonies) 0% (0/14 colonies)

84 months 62.5% (10/16 colonies) 0% (0/12 colonies)

FISH analysis of the 1q-gain in Patient 1 BM-derived Colonies generated in 

the Presence and the Absence of MMC 

Data cut-off date: June 2023
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FANCOSTEM Conclusions

❑ The proposed HSPC mobilization protocol for FA patients is safe

❑ The combined use of Filgrastim and Plerixafor facilitates the collection of significant numbers of 

mPB CD34+ cells from FA patients in early stages of BMF: 

▪ Median value 1.1x106 (0.34 to 5.06 x106) purified CD34+ cells/Kg 

❑ Patients capable of mobilizing clinically-relevant numbers of CD34+ cells can be predicted:

▪ Age: The 9 patients younger than 6y mobilized ≥ 5 CD34+ cells/µL PB, and thus were eligible 

for HSPC collection

▪ Basal BM CD34+ cell numbers: The 8 patients with ≥ 30 CD34+ cells/µL BM were defined as 

good CD34+ cell mobilizers (≥ 10 mPB CD34+ cells/Kg)

Sevilla*, Navarro*, Rio* et al. Molecular Therapy Methods & Clinical Develop 22 (66-75), 2021



Gene Complementation Promotes the Engraftment of Corrected FA mPB

HSCs in NSG mice. Rio*, S. Navarro* et al. Blood 2017
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First Infusion of Gene-corrected CD34+ cells 

(14th January 2016)
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Inherited Diseases Currently Treated by HSC Gene Therapy

ALD; MLD; Hurler



Ceccaldi et al. Cell Stem Cell 2012

Reduced Numbers of Hematopoietic Stem Cells in 

Bone Marrow from FA Patients



Patient 2
(243,000 cCD34+ cells/Kg)

Patient 4
(408,630 cCD34+ cells/Kg)

UISs shared by myeloid and lymphoid cell 

lineages

UISs shared by myeloid and lymphoid cell 

lineages

Clonal Repopulation Analysis in Patients 2 and 4

Data cut-off date: June 2023

UISs

UISs
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