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LV-HSC correction in mouse model



Metachromatic leukodystrophy(MLD)

-Arylsulfatase A (ARSA) deficiency: lysosomal storage disease
-Autosomal recessive disease
-Causes accumulation of the enzyme substrate sulfatide and 
sphingolipids in microglia and specific neurons (CNS) and in 
Schwann cells and macrophages (PNS)
-Causes demyelination and neurodegeneration, severe progressive 
cognitive and motor impairment
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LV-HSC in the CNS

(A) cerebellums of transplanted 
mice, analyzed at 3 months 
(left panel, scale bar: 200 μm) 
and 6 months (middle and right 
panels, scale bar: 300 μm) after 
BMT. 
(B–E) brain sections from 
transplanted mice 9 months 
after BMT, immunostained as 
indicated. 

Postive cells are those injected 
not the resident neurons or glial 
cells



LV-HSC in the PNS

Representative cryostatic sections 
of the dorsal root ganglion (A), 
sciatic nerve (B), and acoustic 
ganglion (C) of a transplanted 
mouse, 6 months after BMT . (D) 
Vector-expressing cells in the PNS 
of a representative secondary 
transplant recipient. Cryostatic 
section from the dorsal root 
ganglion 4 months after BMT,



ARSA activity and neurophysiology (PNS)

7 months pst BMT, sulfate metabolism Motor conduction in 8 and 12 months old mice

PBMCs



Motor learning and coordination -CNS

Twelve-month-old mice transplanted with ARSA-transduced or WT HSCs and two cohorts of untreated As2–

/– mice of 3 and 12 months of age were tested on an accelerating rotarod apparatus (n = 12–30 per group). 

Latencies to fall off the rotarod were recorded 



Protection from lipid accumulation

Long-term protection from lipid storage and demyelination in transplanted MLD mice. Toluidine Blue–
stained sections of the sciatic nerve of representative 12-month-old MLD mice transplanted with GFP-
LV– and ARSA-LV–transduced As2–/– HSCs, or with WT HSCs. Several demyelinated fibers (arrows) 
and metachromatic granules in Schwann cells are present in mock-treated and WT HSC–transplanted 
mice, whereas they are almost absent in mice transplanted with gene-corrected cells



Lentiviral Hematopoietic Stem Cell Gene 
Therapy Benefits Metachromatic 
Leukodystrophy
Alessandra Biffi et al et Luigi Naldini

Ex-vivo approach LV-PGK ARSA vector in 
HSC from patient

Science 23 August 2013: Vol. 341 no. 6148

GSK, Fondazione Telethon and 
Fondazione San Raffaele to 
collaborate on gene therapy for rare 
diseases



Safety of vector 
batches

Third generation LV-
PGK-ARSA in 
stimulated CD34+ 
cells



Transplant details

2 LV-transduction round Presymptomatic patients 
with affected siblings



Patients



Gene marking in patients after HSC-GT
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ARSA expression in patients after HSC-GT 

ARSA activity measured with the p-
nitrocatechol sulfate (PNC) assay 

Representative DEAE cellulose-
chromatography analysis on cerebrospinal fluid 
(CSF) from a pool of four HDs, of a MLD 
patient before treatment and of the same 
patient 1 year after gene therapy.

Specific activity 
(toward MUS) of the 
ARSA enzyme 
isolated from the CSF

Stable and above normal 
ARSA expression in 
hematopoietic lineages and 
efficient delivery and 
bioavailability in CNS



Clinical follow up of MLD patients after HSC-GT 

Gross Motor 
Function Measure 
(GMFM)
score (A) and nerve 

conduction velocity 
index (B)

Axial T2 weighted fast spin-echo 
Magnetic Resonance images (top) 
and FLAIR MR images (bottom) 
obtained from patient MLD01 at 
baseline (before GT) and at +2 years 
after treatment, and corresponding 
(equivalent) images of an age-
matched untreated patient with LI-
MLD 



LV genomic integration 
profile. 

A: analysis on ISs from three patients 
with MLD and two patients with 
ALD who had been treated with 
HSC-GT. NB LV80% IS within genes

>800 LAM PCR on the 3 MLD patients
Different cell types
Mapped 14482 sites for MLD01
11077 for MLD02
10959 for MLD03

C No cloning dominance over time



Frequency distribution along chromosomes 

Venn diagrams showing the overlap 
between CIS genes in the MLD and 
ALD HSC-GT trials

Common 
insertion site 
analysis



Stem cell marking and 
clonal dynamic

Sustained clonogenic activity of engrafted 
cells-efficient transduction and engraftment 
of HSCs

Several IS shared among progenitors and 
mature myeloid and lymphoid cells indicating 
efficient transduction and engraftment of HSCs 



Science 23 August 2013: Vol. 341 no. 6148-
Phase I-II trial . Conclusions 

• Ok transgene expression
• Ok engraftment
• Ok integration
• No side effect
• Blocked degeneration

• Follow up needed



Clinical Trial Follow up

Sessa M, Lorioli L, et al., Naldini L. Biffi A. Lentiviral 
haematopoietic stem-cell gene therapy in early-onset 
meatchromatic leukodystrophy: an ad-hoc analysis of a non-
randomised, open-label, phase ½ trial. The Lancet 2016

9 patients enrolled 2010-2013



Clinical Trial Follow up



Clinical Trial Follow up

Cerebrospinal fluid



Clinical Trial Follow up

Gross Motor 
Function Measure 
(GMFM)
score



Conclusions

All 9 enrolled patients survived 
High level of transduced cells engraftment (thanks to high 
transduction efficacy of HSC by lentiviral vectors and ablative 
regimen)
All patients experiment therapeutic benefit (before or very early after 
symptom onset), protection from massive CNS demyelination, 
amelioration of PNS morphology and function. Robust level of 
ARSA production in HSC and their progeny and for efficient 
enzyme delivery in nervous system allowing sulphatides removal.

Further follow up

Extended Clinical trial up to 20 patients



Fondazione Telethon, Ospedale 
San Raffaele e l’azienda 
produttrice, Orchard Therapeutics

https://www.telethon.it/
https://www.hsr.it/
https://www.hsr.it/
https://www.orchard-tx.com/


Lentiviral Hematopoietic Stem Cell Gene Therapy in Patients 
with Wiskott-Aldrich Syndrome

Alessandro Aiuti1, et al, et Luigi Naldini

Science 23 August 2013: Vol. 341 no. 6148 

LV third generation in CD34+ cells, BMT



Wiskott-Aldrich Syndrome

WASP deficiency (intracellular key regulator of actin 
polymerization)

X linked mutation in WAS gene
Recessive

Bone marrow disease – recurrent infection, low platelet
counts (thrombocytopenia)

HSPC transplantation from an HLA-identical donor is the 
treatment of choice

http://en.wikipedia.org/wiki/Platelet
http://en.wikipedia.org/wiki/Thrombocytopenia


9 patients

3 reported



Engraftment of transduced cells and WASP expression after 
gene therapy

VCN per genome 
was evaluated by 
qPCR at different 
time points (up to 2.5 
years) 

WAS protein 
expression measured 
by cytofluorimetric 
analysis 

PB

BM



Clinical features and immune function of WAS patients after 
gene therapy

A. Platelets counts 

B. Summary of 
bleeding events, C. 
disease score, D. TCR 
driven proliferation, 
E-G blood cell 
activity

NK cytotoxic activityFormation of NK immunological 
synapse. 

effector T cells 



Long-term polyclonal engraftment of gene-corrected 
HSPC, assessed by longitudinal integration site 
profiling

Clones from diff cells at different time points=> LAMPCR => Seq => insertion sites=>frequency

LAM PCR and next generation sequencing detected 
>2,400,000 IS sequences mapped to 33,363 unique 
chromosomal positions



Multilineage engraftment and activity of gene-
corrected HSPC



Common insertion sites and oncogenic hits in lentiviral versus γ-
retroviral gene therapy



Science 23 August 2013: WAS Phase I-II trial 
Conclusions 

• Platelets ok
• Lymphoid cells ok
• Protection from bleeding and resolution of eczema
• HSC engraftment, nultilineage
• No insertion in cancer prone sites
• No dominant clone

Long term follow up needed



Gene therapy treatment for Cerebral Adrenoleukodystrophy



2017



Gene therapy treatment for Cerebral Adrenoleukodystrophy

-ALD or CALD is an X-linked diseases
-Characterized by demyelination and neurodegeneration, that leads to 
loss of neurologic function and death
- Caused by deficiency in ALD protein encoded by ABCD1 gene
- ALD is a transporter implicated in metabolism of VLCFA (very long 

chain fatty acids
- HCT allogenic 

- Gene therapy: ex vivo transduction of CD34+ positive cells with 
lenti-D



Gene therapy treatment for CALD. Protocol 

PB

PB



Gene therapy treatment for Cerebral Adrenoleukodystrophy. 
Gene marking and ALD expression

PB

PB



Gene therapy treatment for Cerebral Adrenoleukodystrophy. Clinical 
Follow up

PB

PB



Gene therapy treatment for Cerebral Adrenoleukodystrophy. 
Conclusions

15/17 treated patients therapy was effective, stable neurologic 
functions and are free of major functional disabilities 
2 patients died from disease complications (had severe symptoms at 
time of infusion)
LAM-PCR analyses don’t evidence clonal expansions no 
preferential integration site in protoncogenes

More longer and more wider studies has brought to EMA approval


