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Hematopoietic Stem Cell Gene
Therapy with a Lentiviral Vector 
in X-Linked Adrenoleukodystrophy
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Emmanuel Payen,13,14 Philippe Leboulch,13,14,15 Bruno l’Homme,1 Pierre Bougnères,2 

Christof Von Kalle,6 Alain Fischer,4,8 Marina Cavazzana-Calvo,3,4,5* Patrick Aubourg1,2*†

X-linked adrenoleukodystrophy (ALD) is a severe brain demyelinating disease in boys that is caused by a 
deficiency in ALD protein, an adenosine triphosphate–binding cassette transporter encoded by the ABCD1 
gene. ALD progression can be halted by allogeneic hematopoietic cell transplantation (HCT). We initiated
a gene therapy trial in two ALD patients for whom there were no matched donors. Autologous CD34+ cells
were removed from the patients, genetically corrected ex vivo with a lentiviral vector encoding wild-type
ABCD1, and then re-infused into the patients after they had received myeloablative treatment. Over a span
of 24 to 30 months of follow-up, we detected polyclonal reconstitution, with 9 to 14% of granulocytes,
monocytes, and T and B lymphocytes expressing the ALD protein. These results strongly suggest that 
hematopoietic stem cells were transduced in the patients. Beginning 14 to 16 months after infusion of the 
genetically corrected cells, progressive cerebral demyelination in the two patients stopped, a clinical 
outcome comparable to that achieved by allogeneic HCT. Thus, lentiviral-mediated gene therapy of
hematopoietic stem cells can provide clinical benefits in ALD.

X-linked adrenoleukodsytrophy [(ALD), 
Online Mendelian Inheritance in Man 
database number 300100] is a fatal de- 
myelinating disease of the central nervous sys-
tem (CNS) caused by mutations of the ABCD1 
gene encoding the ALD protein, an adenosine 
triphosphate–binding cassette transporter local-
ized in the membrane of peroxisomes. The ALD 
protein participates in the peroxisomal degrada-

tion of very-long-chain fatty acids (VLCFAs) in

oligodendrocytes and microglia, and deficiency

of this protein disrupts myelin maintenance by

these cells (1). Affected boys enter a phase of

active multifocal brain demyelination when they

are 6 to 8 years old. Most die before reaching

adolescence. Allogeneic hematopoietic cell trans-

plantation (HCT) is the only effective therapy to

date, provided that it can be performed at an early

stage of brain lesions (2, 3). Beyond a certain

stage, demyelination cannot be arrested. The

long-term benefits of HCT in ALD are mediated

by the replacement of brain microglial cells de-

rived from donor bonemarrowmyelo-monocytic

cells (4, 5). Because the potential of HCT is

limited by donor-related constraints and carries a

considerable risk of mortality, we reasoned that

hematopoietic stem cell (HSC) gene therapy

could be an appropriate therapeutic alternative.

Lentiviral vectors, such as those derived

from HIV-1, can transduce nondividing cells

and allow (both in vitro and in mice) a more

efficient gene transfer into HSCs than murine

gamma-retrovirus (gRV) vectors (6, 7). For dis-

eases like ALD, we did not expect that the

limitations of gRV in HSC transduction could be

overcome, because the genetically corrected

hematopoietic cells have no growth advantage

over unmodified cells. However, the greater ef-

ficiency of lentiviral vectors in HSC transduction

suggested that gene correction might be achieved

in a high percentage of HSCs and would there-

fore result in long-term expression of the

therapeutic gene in all hematopoietic cell lineages

of treated patients (8).

ALD gene transfer with lentiviral vectors

in vitro has yielded biochemical correction of

monocytes/macrophages derived from ALD

protein–deficient human CD34+ cells (9). In vivo,

the transplantation of lentivirally transduced mu-

rine ALD Sca-1+ cells (a functional equivalent of

CD34+ cells in humans) into ALD mice resulted

in the replacement of 20 to 25% of brain mi-

croglial cells expressing the ALD protein 12

months after transplantation (10) (fig. S1).

Unfortunately, because the ALD mouse does not

develop cerebral demyelination (11), the neuro-

pathological and clinical effects of lentiviral gene

transfer could not be assessed in this model.

When lentivirally transduced human ALDCD34+

cells were transplanted into nonobese diabetic/

severe combined immunodeficient (NOD/SCID)

mice, the recipient mice showed in vivo expres-

sion of ALD protein in human monocytes and

macrophages derived from engrafted human stem

cells (9). More importantly, human bonemarrow–

derived cells were shown to migrate into the brain

of recipient mice and then differentiate into mi-

croglia expressing the human ALD protein (12).

Ex vivo lentiviral-mediated transfer of the

ABCD1 gene into CD34+ cells from ALD patients.

On the basis of these promising preclinical

data and our past experience in treating more

than 35 ALD patients by HCT, we initiated a

study of lentiviral-mediated HSC gene therapy

in two ALD patients who had progressive

cerebral demyelination and adrenal insufficien-

cy and who had no human leukocyte antigen

(HLA)–matched donor or cord blood for allo-

geneic HCT. These two patients, aged 7.5 years

(P1) and 7 years (P2), had ABCD1 gene mu-

tations (a large deletion from exon 6 in P1 and

E609K mutation in P2), resulting in the ab-

sence of ALD protein detectable by immunocy-

tochemistry in fibroblasts and white blood cells.

Peripheral blood mononuclear cells (PBMCs)

were taken from the patients after stimulation by

intravenous injection of granulocyte colony-

stimulating factor. After positive selection by an

immunomagnetic procedure, CD34+ cells were

pre-activated ex vivo with a mixture of cyto-

kines (10). The cells were then infected with a

replication-defective HIV-1–derived lentiviral

vector (CG1711 hALD) expressing wild-type

ABCD1 cDNA under the control of the MND

(myeloproliferative sarcoma virus enhancer, nega-

tive control region deleted, dl587rev primer bind-

ing site substituted) promoter (10). Transduced

CD34+ cells were frozen so that we could per-

form replication-competent lentivirus assays (10)

before re-infusion. Cryopreserved transduced

CD34+ cells (4.6 × 106 and 7.2 × 106 cells per

kilogram, respectively) were thawed and infused

into P1 and P2, after a fully myeloablative con-

ditioning regimen with cyclophosphamide and

busulfan. Because lentiviral correction does not

provide human or mouse ALD HSCs with a
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selective growth advantage, we used a full

myeloablation regimen, as this step would most

likely increase the engraftment of transduced

HSCs by removal of resident non-transduced

HSCs. We observed that 50% (P1) and 33% (P2)

of infused CD34+ cells expressed the ALD pro-

tein, as shown by immunofluorescence (10) 5

days after transduction. The lentivirally encoded

ALD protein showed enzymatic activity, result-

ing in 55% (P1) to 68% (P2) reduction of

VLCFA levels in transduced CD34+ cells (10).

The mean number of integrated provirus copies

per cultured CD34+ cell was 0.7 and 0.6 for P1

and P2, respectively, 5 days after transduction

(10). The procedure was clinically uneventful.

Hematopoietic recovery occurred at days 13 to 15

after transplant and was sustained thereafter.

Expression of lentivirally encoded ALD

protein in patient’s hematopoietic cells after

autologous transplantation of gene-corrected

CD34+ cells. At day +30 after infusion, ALD

protein was expressed in 23 and 25% of pe-

ripheral blood mononuclear cells from P1 and

P2, respectively (Fig. 1A). In P1, the percentage

of PBMCs expressing lentivirally encoded ALD

protein decreased to 13% at 9 months after trans-

plant and has stabilized to ~10% at 30 months

after transplant (Fig. 1A). In P2, ALD protein

expression decreased to 17% at 9 months after

transplant and has stabilized to 15% at 24 months

after transplant (Fig. 1A). ALD protein expres-

sion correlated well with the mean number of

integrated vector copies in the same cells (P1,

0.14 copies per cell, 30 months after transplant;

P2, 0.20 copies per cell, 24 months after

transplant) (10). VLCFA levels were reduced by

20 and 28% in the PBMCs from P1 and P2 at 24

and 20 months posttransplant, respectively.

In both patients, the lentivirally encodedALD

protein was expressed at percentages between 9

and 14% in the different CD14+, CD19+, CD3+,

and CD15+ peripheral blood lineages, in samples

taken 24 to 30 months after transplantation (Fig.

1, B and C). Expression of ALD protein in bone

marrow CD34+ cells (purity > 99%) went from

20 and 18% (12months) to 18% (24months) and

17% (20 months) in P1 and P2, respectively.

Similarly, vector-derived sequences were present

in 17.3% of colony-forming units–granulocyte-

macrophage (CFU-GM) in P1, 24 months after

HSC gene therapy, indicating effective gene

transfer into common myeloid progenitors with

long-term engraftment capacity.

Longitudinal analysis of lentiviral vector

insertion and clonal hematopoiesis after autol-

ogous transplantation of gene-corrected CD34+

cells. The clonal distribution of gene-modified

cells in vivo was studied prospectively by a

large-scale analysis of lentivirus insertion sites

(ISs) with high-throughput 454 pyrosequenc-

ing of linear amplification–mediated polymer-

ase chain reaction (LAM-PCR) amplicon (13).

Clonal contributions to patient cells were visu-

alized as different size bands representing the

multitude of ISs (Fig. 2, A and B). The sen-

sitivity of LAM-PCR combined with next gen-

eration sequencing permits the determination

of entire insertion repertoires and thereby al-

lows the physiology and kinetics of hemato-

poietic repopulation to be studied in detail. For

LAM-PCR, we applied a combination of restric-

tion enzymes according to an algorithm that al-

lows the amplification of sequences covering all

known genomic sequences. LAM-PCR on >98%

enriched CD14+, CD15+, CD3+, C19+, and bone

marrow CD34+ cells revealed a high number of

distinct ISs, indicating a consistently polyclonal

distribution of lentivirally corrected hemato-

poietic cells over time (Fig. 2, A and B). A total

of 2217 (P1) and 1380 (P2) unique LAM-PCR

amplicons obtained from patient cell samples

before (P1, 501; P2, 484) and after transplanta-

tion (P1, 1719; P2, 900) were unequivocally

mapped to specific positions in the human

genome (14). Collision between samples may

arise from the combination of exquisitely sensi-

tive LAM-PCR with deep-sequencing technolo-

gies, creating false-positive sequence reads.

Collision reads were excluded with the use of a

predefined algorithm (10). Typical for lentiviral

integrants, insertions were distributed mainly in

gene coding regions (P1, 72.71%; P2, 75.80%),

without a particular preference for transcriptional

start sites, and frequently occurred in chromosomes

harboring gene-dense regions (fig. S2) (15).

To determine whether HSCs had been trans-

duced, we compared ISs of lentiviral vector in

purified lymphoid CD3+ and CD19+ cells and

myeloid CD14+ and CD15+ cells from P1 and

P2 after transplant, as well as in their CFU-GM

colonies derived from posttransplant bone mar-

row CD34+ cells. 86 out of 1846 ISs (myeloid,

940 ISs; lymphoid, 906 ISs) in P1 (4.6%) and

12 ISs out of 835 ISs (myeloid, 578 ISs;

lymphoid, 247 ISs) in P2 (1.4%) occurred in

both lymphoid and myeloid cells (Fig. 2, C and

D). To estimate whether sharing ISs between

different lineages could be indicative of initially

transduced primitive hematopoietic progenitor

cells, we calculated P values under the null hy-

pothesis that insertions would follow a Poisson

Fig. 1. Gene marking in P1 and P2 after HSC gene therapy. (A) Percentage of peripheral blood
lymphocytes and monocytes expressing ALD protein before and after HSC gene therapy. Lymphocytes and
monocytes were isolated on a Ficoll gradient and analyzed for the expression of ALD protein after
immunostaining with an anti-ALD protein monoclonal antibody (mAb) (12). (B and C) Expression of ALD
protein in monocytes (CD14+), granulocytes (CD15+), T lymphocytes (CD3+), and B lymphocytes (CD19+)
from P1 and P2. Cells were purified on microbeads with appropriate mAbs, and purity (>99%) was checked
on a FACS cell sorter. Cells were then analyzed for the expression of ALD protein using an anti-human ALD
protein mAb (16). (D) Plasma levels of VLCFAs expressed as C26:0/C22:0 ratio in P1 and P2 before and after
HSC gene therapy. The gray band indicates the normal mean T SD of C26:0/C22:0 fatty acid ratio.
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distribution with expected value E (10). The

observed numbers of identities [86 (P1) and 12

(P2), respectively] were at least 22,000 (P1) and

18,000 times (P2) higher than the values ex-

pected by chance alone; i.e., they were cal-

culated on the basis of a uniform random IS

distribution both over the coding and the non-

coding regions (P = 0). We used quantitative

reverse transcription polymerase chain reaction

(RT-PCR) to verify that cross-contamination of

CD3+ cells and CD14+ cells was below 0.2 to

0.4%. Even if one assumes a hypothetical 2%

contamination rate by fluorescence-activated

cell sorting (FACS), the observed identities in

both lineages were still at least 16,000 times

higher than the expected values (10). These data

indicate that a substantial number of clones with

lymphoid and myeloid lineage capability exist

and that lentiviral transduction of HSCs had

been achieved.

To monitor for early signs of vector-induced

dominance of individual clones, we determined

the quantitative contribution of individual clones

to gene-corrected hematopoiesis by ordering all

distinct ISs according to their abundance in every

deep-sequencing run on samples containing

more than 300 ng of DNA. (Fig. 3, A and B).

The retrieval frequency (sequence count) of

identical ISs in insertion repertoires obtained by

high-throughput sequencing allows a good es-

timate of clonal contribution, provided that the

analyses are performed in samples with compa-

rable clonality, contain a sufficient amount of

DNA (13), and an optimized choice of restriction

enzymes avoids bias in the amplification of ISs

by LAM-PCR. Clonal distribution varied, and no

frequent clone re-appeared with an increasing

count. No dominance emerged among active

hematopoietic clones in the two patients. We also

monitored whether the distribution of RefSeq

genes with vector insertions changed over time.

Insertions affecting the same gene or genomic

region in two or more individual cell clones,

termed common integration sites (CISs), can in-

dicate that insertion in this particular locus might

enhance clonal engraftment, survival or prolifer-

ation. No significant difference existed after

sample-size adjustment in the proportion of CIS

in cells sampled after re-infusion (P1, 30.71%;

P2, 15.74%) comparedwith those sampled before

re-infusion [P1, 8.58%; P2, 9.30%) (fig. S3)].

We analyzed the gene classes targeted by the

lentiviral vector using ingenuity pathway analy-

sis. We found individual gene classes enriched in

engrafted cells, but these classes differed between

P1 and P2 (fig. S4). Although certain CIS or

changes in gene-class enrichment might be re-

lated to vector insertion, these findings are

currently without known biological or clinical

relevance and will be monitored in the molecular

follow-up of our patients.

Neuroradiological and neurologic outcomes

in ALD patients treated by HSC gene therapy.

Before HSC gene therapy, the magnetic reso-

nance imaging (MRI) scan of P1 showed an

Fig. 2. Polyclonal hematopoietic repopulation
after autologous transplantation of gene corrected
CD34+ cells and identical integration sites in
myeloid and lymphoid cells in P1 and P2. (A and
B) LAM-PCR analysis of ex vivo transduced CD34+
cells before transplantation, as well as FACS–sorted
cells and colonies at various months (M) after
transplantation derived from P1 (A) and P2 (B).
CFU, colony forming unit; BM, bone marrow; IC,
internal control derived from the annealing of the
LAM-PCR primers to the 5′LTR sequences. (C and D)

Identical insertion sites found in myeloid (CD14+, CD15+, CFU-GM) and lymphoid (CD3+, CD19+) sorted
cells in P1 (C) and P2 (D). Light blue, IS identified in myeloid cells at the same timepoint; medium blue, IS
identified in myeloid and lymphoid cells at the same timepoint; dark blue, IS identified in lymphoid cells
at the same timepoint. See table S1 for a detailed overview of identical IS found in the different sorted cell
fractions over time.
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abnormal hyperintensity signal that reflected

demyelination of pyramidal tracts within the brain

stem, pons, internal capsulae, and the peri-

ventricular frontal white matter, scored at 2.25

(maximum score = 34 points) (16) (Fig. 4A).

Enhanced gadolinium contrast indicated that the

demyelinating lesions were inflammatory and

disrupted the blood-brain barrier (fig. S5). Con-

trast enhancement of demyelinating lesions disap-

peared completely 12 months after transplant

(fig. S5). Demyelinating lesions continued to

extend into the frontal white matter up to month

14 (demyelination score of 6.75), but since then

have remained unchanged (Fig. 4A). Before

HSC gene therapy, P2 had more extensive de-

myelinating lesions (Fig. 4B) than P1, with ab-

normal hyperintensity signal in the splenium of

the corpus callosum, the white matter of parieto-

occipital lobes, and the auditory pathways scored

at 7 (Fig. 4B). Gadolinium contrast enhancement

disappeared 9months after transplant. A minimal

contrast enhancement had reappeared in P2 16

months after transplant at the anterior edge of the

left parietal white matter lesions, but it has not

been detected since then (fig. S5). Lesions ex-

tended into the posterior parietal white matter up

to 16 months after gene therapy but have

remained stable since then (Fig. 4B). The hyper-

intensity signal involving the auditory pathways

disappeared completely, indicating reversal of

demyelination, a process that does not occur

spontaneously in ALD. Thus, the demyelinating

score of P2 remained at 7, as it was before gene

therapy, despite the extension of lesions in the

parietal white matter. These results are in sharp

contrast with the continuous progression of

cerebral demyelination in untreatedALD patients

(Fig. 4C), but they are similar to what is typically

observed after allogeneic HCT (2, 3). During the

first 12 to 24 months after HCT, a brain MRI

usually shows a progression of the demyelinating

lesions, aggravating the demyelination score by

5 to 6 points out of 34 (3). The demyelinating

lesions then stabilize or even reverse, as ob-

served here, with no further changes for decades

(2, 3).

The neurologic outcomes of P1 and P2 were

also reminiscent of successful allogeneic HCT

(3). In untreated ALD patients, the decline of

performance and verbal functions is inevitably

continuous and devastating during the first 2

years after the onset of inflammatory demyeli-

nating lesions (1). In 40% of ALD patients

treated by allogeneic HCT, an initial decline of

performance abilities without changes in verbal

abilities is followed by stabilization (3). Before

HSC gene therapy, P1 had normal neurologic

examination and normal verbal intelligence

(quotient of 108) but moderate nonverbal per-

formance disability (quotient of 99). After gene

therapy, his verbal intelligence has remained

unchanged (quotient of 104). An initial decline

in nonverbal performance (quotient of 74) has

stabilized. He developedmuscle weakness on the

right side of the body at month 7, which then

started to improve until nearly complete regres-

sion by month 14 after transplant. The motor and

cognitive functions of P2 were normal before and

remained so after HSC gene therapy (verbal

and performance of 103 and 111, respectively, 20

months after gene therapy), with the exception of

a persistent defect in the lower quadrants of the

visual field that appeared 14 months after trans-

plant and has remained stable thereafter. The

myeloablative conditioning regimen is unlikely

to have contributed to these clinical benefits. Of

four patients showing a failure or a marked delay

to engraft after this conditioning regimen in our

allotransplantation series, all uniformly devel-

oped devastating progression of cerebral demy-

elination and cognitive decline.

Plasma VCFA levels of ALD patients de-

crease by ~55% after allogeneic HCT (3), mostly

reflecting replacement of liver macrophages by

donor-derived cells. Plasma VLCFA levels were

reduced by 39% in P1 and 38% in P2, 24 and

20 months after the transplant, respectively (Fig.

1D). Considering that liver macrophages and

peripheral blood monocytes originate from the

same myeloid precursors, this correction of plas-

ma VLCFAwas greater than expected, given that

only 13 to 14% of peripheral blood monocytes

expressed the ALD transgene in P1 and P2.

Similar overcorrection of VLCFA accumulation

was observed in PBMCs and transduced CD34+

cells from P1 and P2, possibly reflecting ALD

protein overexpression or a preferential engraft-

ment of corrected extravascular monocytes/

macrophage progenitors early after infusion.

Fig. 3. Retrieval frequency (relative sequence count) of individual integration
sites in sequenced polyclonal cell samples from P1 (A) and P2 (B). The quan-
titative clonal contribution of individually gene corrected cells was assessed by
counting identical integration site sequences after 454 pyrosequencing of LAM-
PCR amplicons. The relative contribution of individual amplicons is given as the
percentage of all insertion flank sequence reads encountered in the particular
sample. The 10 most frequent ISs are ranked from 1 to 10, according to
frequency. None of the most frequent ISs re-appeared or were found to

contribute a large or growing portion of gene-modified cells to the circulation
over extended periods of time. There was no obvious limitation to the clonal
repertoire nor was there a clonal dominance. Genes listed in boldface were
associated with multiple ISs in different clones (CISs), those listed in red were
associated with ISs in both the lymphoid and the myeloid lineages, and those
genes highlighted in gray were associated with ISs at more than one timepoint.
All others*, all less frequently encountered genetic locations that harbor ISs in
the respective sample analyzed.
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Quantitative RT-PCR of PBMCs from P1 and P2

showed that the ABCD1 transgene was expressed

at a four- to fivefold higher level than the

endogenous mutated ABCD1 gene (table S2) (10).

Discussion. Previous genetic correction of

human HSCs with a murine gRV vector was suc-

cessful only in the setting of immunodeficiency

disorders such as adenosine deaminase deficiency

and severe combined immunodeficiency–X1

(SCID-X1), in which the transgene conferred a

selective growth advantage to lymphocytes de-

rived from transduced HSCs (17–20). Lentiviral

vectors based on HIV-1 are potentially superior

to gRV vectors, particularly in short-term trans-

duction protocols that minimize ex vivo cell ma-

nipulation, because they can be used to transduce

candidate HSCs from patients and because they

maintain sustained transgene expression even

when the genetically corrected HSCs do not

acquire a growth advantage (21, 22). In the

present trial, the long-term stability of ALD pro-

tein expression in myeloid cells, as well as the

presence over time of identical ISs in both the

myeloid and lymphoid lineages, strongly suggest

that HSCs have been transduced with the

capacity to self-renew and repopulate multiple

hematopoietic lineages.

The adverse events that occurred in SCID-

X1 patients treated with gRV vector gene ther-

apy have raised serious concerns about retroviral

integration–related mutagenesis and leukemo-

genesis (23). Transcriptionally active long ter-

minal repeats (LTRs) of retroviral vectors are

major determinants of genotoxicity (24), whereas

the LTR promoter/enhancer of lentiviral vector

used in this study is self-inactivating (SIN) upon

transduction. This and other differences in

lentiviral and oncoretroviral biology suggest that

the risk of insertional mutagenesis by a SIN len-

tiviral vector may be lower than that with gRVs

and even SIN gRVs (24–26). In our study, we

took advantage of new deep-sequencing technol-

ogies for genome-wide monitoring of lentivirus-

marked HSC clonality in the patients. Although

we did not detect obvious clonal skewing or dom-

inance in hematopoiesis, a longer follow-up and a

larger sample size will be required to verify that

the potential for genotoxicity of lentiviral vectors

in this application is low.

Before this gene therapy trial, we did not

know how many corrected HSCs would need to

be infused to achieve clinically relevant neuro-

logical benefit, because this crucial issue could

not be addressed in the phenotypically normal

ALD mouse (11). We only knew that all af-

fected ALD boys who were successfully treated

by allogeneic HCT and showed stabilization

and/or regression of cerebral demyelination had

more than 80% donor-derived engraftment (2, 3).

In the current study, long-lasting expression of

ALD protein in ~15% of monocytes (CD14+), a

population of cells that have the same myelo-

monocytic origin as bone marrow–derived brain

microglia (27), was sufficient to obtain compa-

rable neurological benefits after gene transfer

into autologous HSCs, probably because ALD

protein is overexpressed in microglial cells that

derive from transduced CD34+ cells (28). Fur-

ther studies will be needed to test the balance

between less toxic partial myeloablation and

the need for effective engraftment of transduced

HSCs.

The fact that the neurologic benefits of HSC

gene therapy in ALD were comparable to those

seen with allogeneic HCT supports further test-

ing of this treatment in an extended series of

ALD patients with cerebral demyelination who

do not have an available HLA-matched donor or

cord blood. HSC gene therapy might also be

considered as a therapeutic option for adult ALD

patients who develop cerebral demyelination, for

whom the mortality risk of allogeneic HCT is

~40%. Finally, the recruitment of bone marrow–

derived cells to CNS macrophages/microglia

may provide a new avenue for cell-based gene

therapy in other genetic and multifactorial CNS

diseases.
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