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Gene transfer into hematopoietic stem cells has been used successfully for correcting lymphoid but not myeloid

immunodeficiencies. Here we report on two adults who received gene therapy after nonmyeloablative bone marrow conditioning

for the treatment of X-linked chronic granulomatous disease (X-CGD), a primary immunodeficiency caused by a defect in the

oxidative antimicrobial activity of phagocytes resulting from mutations in gp91phox. We detected substantial gene transfer in

both individuals’ neutrophils that lead to a large number of functionally corrected phagocytes and notable clinical improvement.

Large-scale retroviral integration site–distribution analysis showed activating insertions in MDS1-EVI1, PRDM16 or SETBP1 that

had influenced regulation of long-term hematopoiesis by expanding gene-corrected myelopoiesis three- to four-fold in both

individuals. Although insertional influences have probably reinforced the therapeutic efficacy in this trial, our results suggest

that gene therapy in combination with bone marrow conditioning can be successfully used to treat inherited diseases affecting

the myeloid compartment such as CGD.

The clinical successes achieved in three phase 1/2 gene therapy studies
aiming at the correction of severe combined immunodeficiencies1–4

was partially facilitated by a selective survival and growth advantage
conferred by the therapeutic gene to lymphocyte precursor cells. For
many hematopoietic disorders, however, particularly those in which
gene expression is crucial for effector functionality of terminally
differentiated cells, bone marrow conditioning or the use of an
in vivo selectable marker gene are thought to be key requisites for
efficient engraftment and survival of gene-transduced cells. In several
clinical trials conducted without bone marrow conditioning, the
engraftment rate of gene-modified cells has been generally low5–9.
This also applies for CGD, a rare inherited immunodeficiency caused
by mutations in any of four genes encoding subunits of the nicotina-
mide dinucleotide phosphate (NADPH) oxidase complex, resulting in

lack of antimicrobial activity of phagocytes10–13. Almost 70% of CGD
cases result from defects in the X-linked gene encoding gp91phox (X-
CGD)14, which together with p22phox forms the heterodimeric,
membrane-associated flavocytochrome b558, the terminal redox center
of the oxidase complex15. As hematopoietic stem cell (HSC) trans-
plantation is usually indicated only for individuals with human
leukocyte antigen (HLA)-matched donors16, a reasonable therapeutic
alternative for individuals with CGD is the genetic modification of
autologous HSCs. Although CGD has been successfully corrected in
animal models by gene transfer in HSCs17–19, similar successes have
not been achieved in humans with CGD5,8,9.

The recent occurrence of three severe adverse events encountered in
one SCID-X1 trial20 has highlighted the risks associated with the use
of integrating viruses in gene therapy21,22. For X-CGD, this risk was
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Microscopy, University of Zurich, Gloriastrasse 30, 8006 Zürich, Switzerland. 13Department of Medicine, Division of Hematology, Karolinska Institute, SE-17177
Stockholm, Sweden. 14Molecular Immunology Unit, Institute of Child Health, 30 Guilford Street, London WC1N 1EH, UK. 15Cincinnati Children’s Research Foundation,
Molecular and Gene Therapy Program, 3333 Burnet Avenue, Cincinnati, Ohio 45229, USA. 16M.G.O., M.S., K.S., S.S. and U.S. contributed equally to this work; C.v.K.,
R.S. and M.G. share senior authorship. Correspondence should be addressed to M.G. (grez@em.uni-frankfurt.de) or C.v.K. (christof.kalle@nct-heidelberg.de).

NATURE MEDICINE VOLUME 12 [ NUMBER 4 [ APRIL 2006 401

ART ICL ES
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

em
ed

ic
in

e



estimated to be low because gp91phox is not known to provide a
survival or growth advantage to transduced cells, and abnormal
hematopoiesis or leukemogenesis have never been observed in animal
models of X-CGD transplanted with gp91phox-expressing cells18,19,23.

Here we report on two adults with X-CGD who were treated with
nonmyeloablative conditioning before the infusion of genetically
modified cells. Sustained engraftment of functionally corrected cells
with therapeutically relevant levels of superoxide production was
unexpectedly followed by in vivo expansion of cell clones containing
insertionally activated growth-promoting genes.

RESULTS

Subjects, transduction and busulfan conditioning

We collected granulocyte colony-stimulating factor (G-CSF)–
mobilized peripheral blood CD34+ cells from two individuals with
X-CGD aged 26 (P1) and 25 years (P2), transduced them with
a monocistronic gammaretroviral vector expressing gp91phox

(SF71gp91phox) and reinfused them 5 d later (Supplementary Methods
online). Transduction efficiency was 45% for P1 and 39.5% for P2, as
estimated by expression of gp91phox. The proviral copy number was 2.6
(P1) and 1.5 (P2) per transduced cell. The number of reinfused
CD34+gp91+ cells per kilogram was 5.1 � 106 for P1 and 3.6 � 106

for P2. Before reinfusion, we administered liposomal busulfan (L-Bu)
intravenously on days –3 and –2 every 12 h at a dose of 4 mg/kg/d.
Liposomal busulfan conditioning was well tolerated by both indivi-
duals. With the exception of a grade I mucositis from day +11 to day
+17 observed in P1, we observed no other nonhematological toxicities.

Both individuals experienced a period of myelosuppression (neu-
trophil nadir, day +14 (P1) and day +15 (P2)) with absolute neutrophil
counts below 500 cells/ml between days +12 and +21 (P1) and days +13
and +18 (P2; Fig. 1a,b). We observed severe lymphopenia (CD4+ cell
counts, o200/ml) in P1 between days +21 and +32, whereas we
observed lymphopenia in P2 only at day +17 (Fig. 1a,b). Cell counts
recovered gradually to the normal values observed before busulfan
conditioning (P1, 476 CD4+ cells/ml, age 19; P2, 313 CD4+ cells/ml,
day –28). We made similar observations for CD8+ and CD19+ cells
(Fig. 1a,b and Supplementary Methods).

Engraftment of gene-modified cells

We detected gene-modified cells in peripheral blood leukocytes (PBLs)
from P1 at levels between 21% (day +21) and 13% (day +80;
Supplementary Methods). From day 157, we observed a continuous
increase in gene-marked cells until day +241. At that point, 46% of
total leukocytes were positive for vector-encoded gp91phox. The
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Figure 1 Hematopoietic reconstitution and gene marking in P1 and P2 after gene therapy. (a,b) Absolute neutrophil counts (right y-axis) and counts of

helper T cells (CD4+CD3+), cytotoxic T cells (CD8+CD3+) and B cells (CD19+; left y-axis) are shown before and after gene therapy for P1 (a) and P2 (b).

Tx indicates the date of reinfusion of gene transduced cells (day 0). (c,d) Quantification of gene-modified cells in peripheral blood leukocytes (PBL),

granulocytes (CD15+), T-cells (CD3+) and B cells (CD19+) for P1 (c) and P2 (d) after gene therapy by Q-PCR. (e,f) Gene marking in CFCs derived from bone

marrow aspirates of P1 (days +122 and +381; e) and P2 (days +119 and +245; f). Vector-containing CFCs were detected by PCR using primers specific for

cDNA encoding gp91phox. Input DNA was controlled by amplification of sequences derived from the human erythropoietin receptor (hEPO-R).
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percentage of gene-marked cells remained at this level until day +381
and decreased thereafter to 27% at day 542 (Fig. 1c). We made a
similar observation in P2. The level of gene-marked leukocytes
fluctuated between 31% (day +35) and 12% (day +149). Thereafter,
we observed an increase in gene-marked cells with 53% of P2’s
leukocytes containing vector-derived sequences at day +413, which
decreased again to 30% at day +491 (Fig. 1d).

We found vector-containing cells predominantly in the myeloid
fraction. The level of gene marking in the granulocytes of P1 increased
from 15% (day +65) to 55% (day +241) and fluctuated thereafter
between 60% (day +269) and 54% (day +542; Fig. 1c). We made
similar observations for P2. Whereas 15% of the granulocytes were
marked at day +84, 48% of the granulocytes contained vector-derived
sequences at day +245 and levels fluctuated thereafter between 36%
(day +343) and 42% (day +491; Fig. 1d). In both subjects, the level of
gene marking in CD3+ cells remained low (range, 2–7% (P1) and
0.4–5% (P2)). In contrast, gene-marking levels in isolated CD19+ cells
of P1 (purity, 498%) were 18% (day +472) and 17% (day +542;
Fig. 1c), whereas in B cells of P2 (purity, 494%) these values
fluctuated between 11% (day +343) and 10% (day +491; Fig. 1d).

We estimated gene marking in bone marrow hematopoietic pro-
genitor cells from the number of vector-positive colony-forming cells
(CFCs). We detected gene-marked CFCs at a frequency of 68.8% (day
+122) and 58.8% (day +381) for P1 (Fig. 1e), whereas these values
were 33.3% (day +199) and 42.8% (day +245) for P2 (Fig. 1f). We
detected vector-derived sequences both in colony-forming units–
granulocyte-macrophage (CFU-GM; range, 63.2–76.9% (P1) and
25.0–66.6% (P2)) and burst-forming units–erythrocyte (BFU-E;
range, 50.0–75% (P1), 20–40.0% (P2)) colonies, indicating effective
gene marking in common myeloid progenitors with long-term
engraftment capacities or in HSCs.

Distribution of retrovirus insertion sites

To study the distribution of gene-modified cells over time, we
conducted a prospective large-scale mapping analysis of retrovirus

insertion sites (RISs) in the subjects’ cells by linear amplification-
mediated PCR24,25 (LAM-PCR; Supplementary Methods). We
retrieved a total of 948 unique LAM-PCR RIS amplification products
(P1, 551 products; P2, 397 products) by shotgun cloning and sequen-
cing, 765 of which (P1, 435 products; P2, 330 products) could be
mapped unequivocally to the human genome. Integration preferen-
tially occurred in gene-coding regions (P1, 47%; P2, 52%) and was
highly skewed toward the ±5 kb of sequence surrounding transcrip-
tional start sites (P1, 20%; P2, 21%; Supplementary Fig. 1 online).

RIS distribution was not stable over time and became increasingly
nonrandom but still polyclonal in both subjects. The clonal contribu-
tion pattern turned into a less diverse pattern with distinct bands
starting 5 months after therapy (Fig. 2a,b), indicating the appearance
of multiple predominant progenitor cell clones that subsequently
contributed substantially to the proportion of gene-corrected granu-
locytes. Sequencing of insertion loci showed that these pattern changes
resulted from the emergence of clones containing an insertion in one
of three genetic loci, termed common integration sites (CISs)26

(Supplementary Tables 1–3 online). All 134 detectable integrations
at these three CISs occurred either in or near PR domain–containing
zinc-finger genes MDS1-EVI1 (91 integrations; P1, 42; P2, 49) or
PRDM16 (36 integrations; P1, 18; P2, 18) or in or near the SETBP1
gene (7 integrations; P1, 7; P2, 0). All insertions were located in
or near the upstream region of these genes, preferentially close to
the transcriptional start site or internal ATG sites (Fig. 2c–e and
Supplementary Fig. 1), showing an unprecedented degree of
nonrandom clustering.

In vivo expansion of MDS1-EVI1, PRDM16 and SETBP1 clones

CIS clones emerged almost 3 months (P1, day +84; P2, day +80) after
treatment and became predominant on day +157 (P1) and day +149
(P2). Their proportional contribution successively increased to 480%
of insertions retrieved from circulating transduced cells within the
next 100–150 d. The levels of contribution from the three CISs
then stabilized, matching the three- to four-fold expansion of
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gene-modified myelopoiesis, and plateaued without abnormal eleva-
tion of total leukocyte or neutrophil numbers (Fig. 3a,b). Individual
clones showed substantial differences in their quantitative contribu-
tion over time. PCR tracking (Supplementary Methods) of the three
CIS clones confirmed the presence of some insertions that were only
detectable in one sample as well as other, more dominant clones that
persistently accounted for substantial percentages of peripheral blood
myeloid cells without evidence of exhaustion (Supplementary Fig. 2
and Supplementary Tables 1–3 online). We further analyzed
dominant clones by quantitative-competitive (QC)-PCR, which con-

firmed their stability for a period of between 5 and 14 months after the
initial expansion (Fig. 3c,d and Supplementary Methods).

The most productive clone in P1 contained two insertions, one in
intron 2 of the MDS1 gene locus and the other one within 18 kb
downstream of OSBPL6 and PRKRA. Its quantitative contribution to
the pool of transduced cells increased from day +122 onward, peaked
at about 80% of gene-modified cells present in the peripheral blood at
day +381 and remained at that level until the last time point analyzed
(day +542). We also detected this clone by QC-PCR in sorted
granulocytes, B cells and T cells at day +542, indicating the
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multilineage potential of the initial transduced cells (Supplementary
Tables 1–3). The increasing dominance of this clone could also be
documented by integration-site analysis and locus-specific PCR of
bone marrow progenitors (CFU-GM and BFU-E). Whereas at day
+192 only 3 out of 6 (3 out of 11 by locus-specific PCR) vector-
containing colonies contained the same two insertion bands, the
dominant clone contributed to 6 out of 7 (28 out of 36 by locus-
specific PCR) colonies at day +381 (Fig. 3e and data not shown).
Analysis of five additional clones showed shared integration sites
between CD3+ cells, CD19+ cells and CD15+ cells obtained from P1
at days +381 and +542, again suggesting effective gene transduction of
HSCs (Figs. 2a and 3c and Supplementary Tables 1–3).

In P2, no single clone showed such a strong dominance up to day
+343 (Fig. 3f). In line with the average of approximately 1.5–2.6
insertions per transduced cell, colonies sampled from long-term
repopulating cells contained between one and four integrants per
cell (Fig. 3e,f).

We obtained the highest frequency of PRDM16-related integration
sites retrieved from P1 by LAM-PCR at day +157 (30% of the
transduced-cell pool). The frequency then continuously decreased
and reached 1.1% at day +542. In P2, the frequency of PRDM16-
inserted clones decreased from day +175 (23.7%) to day +343
(12.8%). Conversely, during the same time period, the frequency of
MDS1-EVI1 integrants increased in P1 from 12% to 90.1%, and in P2
from 20.6% to 64.9%. On day +304, SETBP1 insertions accounted for
8.4% of all integrants in P1, but from day +339 no further SETBP1
insertions were detected by LAM-PCR. Residual activity of individual

SETBP1 clones could be detected by tracking PCR on days +381,
+416, +472 and +542 (Supplementary Tables 1–3).

Properties of MDS1-EVI1, PRDM16 and SETBP1 clones

To confirm the functional influence of these insertions via gene
activation, we analyzed specific mRNA transcripts by RT-PCR (Sup-
plementary Methods online). At day +381, bone marrow cells from
P1 contained substantially elevated levels of both MDS1-EVI1 and of
SETBP1 mRNA transcripts, whereas PRDM16 transcripts were present
at levels comparable to those in control bone marrow (Supplementary
Fig. 3 online). RNA microarray analysis of the same sample confirmed
overexpression of MDS1-EVI1 or EVI1 (36-fold) and SETBP1 (32-
fold). Abnormal expression of PRDM16 was not found (data not
shown). RT-PCR performed on RNA samples obtained from periph-
eral blood leukocytes of P2 at days +287 and +343 showed over-
expression of MDS1-EVI1 and PRDM16, whereas SETBP1 transcripts
were not detected. A microarray analysis of the same samples showed
a 74-fold overexpression of MDS-EVI1 (data not shown).

Transduced cells were strictly dependent on growth factors for
proliferation and differentiation. We observed no colony formation
when bone marrow mononuclear cells (P1, days +122, +192 and
+241) were plated on methylcellulose and cultured for 14 d in the
absence of cytokines (Supplementary Methods). We replated CFCs
derived from CD34+ cells of P1 at day +381 in the presence of
cytokines into secondary and tertiary methylcellulose cultures. Only a
few cell clusters were visible after the second replating, and no growth
was observed in further replatings, thus indicating absence of
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self-renewal capacity. We obtained similar results with cells obtained
from P2 at day +245 (data not shown). Furthermore, we injected
1,000 human CD34+ cells derived from P1 at day +381 into each of
two nude nonobese diabetic–severe combined immunodeficient
(NOD-SCID) B2m�/� mice. We found no engraftment of CD45+

cells in these mice (data not shown). Together, these data suggest that
there is currently no evidence of continued abnormal growth of clones
with MDS-EVI1, SETBP1 or PRDM16 integrants.

Functional reconstitution of phagocytic killing activity

We detected expression of gp91phox by fluorescence-activated cell
sorting (FACS) using the monoclonal antibody 7D5 (ref. 27; Supple-
mentary Methods). gp91phox was present mainly in CD15+ cells with
as many as 60% (P1, day +304) and 14% (P2, day +287) of the cells
expressing the transgene. We found correctly assembled flavocyto-
chrome b558 heterodimers by spectroscopy in cell membrane extracts
from granulocytes obtained from P1 and P2. We also detected
expression of gp91phox in bone marrow derived CD34+ cells from
P1 381 d after transplantation (Supplementary Fig. 4 online).

We assayed functional reconstitution of respiratory burst activity in
PBLs after stimulation with opsonized E. coli by the dihydrorhoda-
mine 123 assay (Fig. 4a,b and Supplementary Methods). We detected
NADPH oxidase activity in 10–20% of P1 leukocytes until day +122.
Thereafter, we observed a strong increase in the number of
oxidase-positive cells, with as many as 57% of the subject’s leukocytes

positive for superoxide production at day +304, followed by a
decrease to 34.4% at day +542 (Fig. 4a). We obtained similar results
with purified granulocytes after stimulation with phorbol 12-myristate
13-acetate (PMA; Fig. 4c,d) or by monitoring the reduction of
nitroblue tetrazolium (NBT) to formazan in gene-corrected neutro-
phils (Fig. 4g,h).

The time course of superoxide production was similar in P2. The
number of oxidase-positive cells was high (435%) shortly after infu-
sion of gene-transduced cells, but decreased to 9.6% at day +149 after
transplantation. Subsequently, we observed an increase in the number
of oxidase-positive cells of up to 24% (day +245; Fig. 4b,e,f). This
value decreased to 15.3% at day +287 and fluctuated thereafter
between 19.8% (day +413) and 15% (day +491). We confirmed
these results by the NBT assay on individual neutrophils (Fig. 4i,j).

We quantified superoxide production in subject neutrophils by the
cytochrome c reduction assay28. Total neutrophils obtained from P1 at
day +193 produced 1.23 nmol superoxide/106 cells/min, which corre-
sponds to 4.13 nmol/106 cells/min after correction for the number of
oxidase-positive cells at this time point (33%). Similarly, total neu-
trophils from P2 at day +50 produced 2.12 nmol superoxide/106

gene-corrected cells/min. In comparison, the amount of superoxide
produced by wild-type neutrophils was 14.35 ± 6.28 nmol superoxide/
106 cells/min (n ¼ 10; Supplementary Fig. 5 online).

As the level of superoxide production in gene-corrected cells was at
most one-third to one-seventh of the level measured in wild-type cells,
we determined whether these cells would be able to kill ingested
microorganisms. Bacterial killing was measured by monitoring
b-galactosidase activity released by engulfed and perforated E. coli as
previously described29 (Supplementary Methods). In this assay,
X-CGD cells showed minimal b-galactosidase activity as a result of
impaired perforation capacity in the absence of superoxide production
(Fig. 5a). In contrast, gene-corrected granulocytes obtained from P1
(day +473) and P2 (day +344) showed a substantial increase in
b-galactosidase activity, suggesting a considerable improvement in
antibacterial activity in neutrophils of both subjects after gene therapy.

We confirmed these results by electron microscopy visualization of
bacterial killing by healthy, X-CGD or gene-corrected neutrophils
from P1 (Fig. 5 and Supplementary Methods). We observed phago-
cytosis of E. coli in all samples. The morphology of E. coli inside of the
phagocytic vacuole, however, differed markedly between specimens.
Whereas the vast majority of E. coli ingested by X-CGD granulocytes
were not degraded (Fig. 5b,e), E. coli ingested by wild-type granulo-
cytes showed clear signs of degradation as revealed by necrotic
microorganisms with irregular morphology (Fig. 5d,h). Neutrophils
from P1 consisted of a mixture of cells with clear bacterial
degradation (Fig. 5c,g), and others without signs of bacterial
degradation that were indistinguishable from noncorrected controls
(Fig. 5c,f). Similarly, gene-corrected granulocytes obtained from P1 at
day +381 were able to degrade Aspergillus fumigatus hyphae as shown
by an enzymatic assay30 and transmission electron microscopy
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Figure 5 Antimicrobial activity of gene corrected neutrophils. (a) Kinetics

of E. coli killing by neutrophils obtained from a healthy donor (positive

control), P1, P2 and an individual with X-CGD compared to incubation

of E. coli in the absence of granulocytes as a negative control. (b–h) Trans-

mission electron microscopy of opsonized E. coli strain ML-35 2.5 h after

phagocytosis by control (d,h), X-CGD (b,e) and P1 day +242 (c,f,g) granu-

locytes at a ratio of 10:1. Black arrows in e and f denote undigested E. coli

inside the phagocytic vacuole. White arrows in g and h indicate E. coli

degradation. Insert on the right upper corner shows magnifications of

undigested (e,f) and digested (g,h) bacteria. Encircled areas in b–d indicate

enlarged cells shown in e–h. Scale bars in b–d, 5 mm; in e–h, 2 mm.
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(Supplementary Fig. 6 online). No killing activity could be shown in
granulocytes from P2 (day +287; data not shown).

Clinical resolution of infection

The results obtained thus far suggest that gene-corrected neutrophils
would potentially be able to sterilize existing bacterial and fungal
infections and thus could provide a clinical benefit to the subjects.
Before gene therapy, whole-body positron emission tomography
(PET) scanning (Supplementary Methods) showed an active bacterial
or fungal infection in each of the two subjects. For P1, a high focal
uptake of fluorine-18-fluoro-2-deoxy-D-glucose (18F-FDG) was
observed in two hypodense lesions in liver segments VII/VIII and
VIII, representing Staphylococcus aureus abscesses (Fig. 6a). Repeat
scans performed 50 d after administration of gene-transduced cells
showed no evidence of lesions in the liver of P1 (Fig. 6b). Similarly, P2
had suffered from severe invasive pulmonary aspergillosis due to A.
fumigatus, visualized by 18F-FDG uptake in PET scanning as a
cavernous cavity extending from the apical to the posterior segment
of the superior lobe on the right side (Fig. 6c). Only minimal 18F-FDG
activity was evident at day +53 after therapy in the cavity wall of P2
(Fig. 6d). Follow-up analysis of the subjects did not show any
reappearance of these lesions. From these and other clinical para-
meters (Supplementary Note online), we conclude that gene therapy
provided a therapeutic benefit to both subjects.

DISCUSSION

Previous attempts to correct human CGD by gene therapy in the
absence of bone marrow ablation have been unsuccessful5,8,9. In
contrast, substantial engraftment of gene-transduced cells and sub-
stantial gene marking in myeloid cells has been observed in gene
therapy studies for adenosine deaminase–severe combined immuno-
deficiency (ADA-SCID) after nonmyeloablative conditioning (ref. 2
and A.J.T., personal communication). In view of these results and
considering that gene-corrected CGD cells are not expected to have a
proliferation or survival advantage over noncorrected cells in vivo, we
used busulfan in a liposomal formulation (L-Bu) for conditioning of
the subjects. L-Bu obviates differences arising from variable intestinal
absorption, has a longer half-life in blood and marrow and is less toxic
to nonhematological organs than other available forms of the drug31,32.
We treated both subjects with antibiotics and antimycotics during the

time of aplasia after chemotherapy, and thus the early resolution of the
liver abscesses in P1 and the marked decrease of active aspergillosis in
the lung in P2 after transplantation probably resulted from the
combined action of antimicrobials and gene-transduced cells. There
has been no evidence of any reappearance of these or any new lesions
in CT and PET scan follow-up examinations of both subjects at later
time periods. This is particularly substantial for P1 because his clinical
condition made it possible to discontinue treatment with antibiotics at
day +65 after transplantation.

Gene marking in peripheral blood leukocytes was sustained at levels
between 10% and 30% for the first 3–4 months after transplantation.
Thereafter, we observed an unexpected expansion of gene-modified
cells with similar kinetics in both subjects. This may have been caused
either by a direct effect of unregulated gp91phox expression in
progenitor cells (in which it is not normally expressed) or by long
terminal repeat (LTR)-driven activation of genes involved in stem cell
engraftment and/or proliferation and survival. The former considera-
tion cannot be formally excluded, but numerous transplantation
studies in X-CGD mice with gp91phox-expressing cells have not
shown any influence of the transgene on cell engraftment, prolifera-
tion or survival18,19,23. Moreover, a survey of the mouse retroviral
tagged cancer gene database (RTCGD) has not shown any insertional
hits affecting the gene encoding gp91phox, suggesting that gp91phox

does not contribute to abnormal cell proliferation or even cancer-
ogenesis in mice. By analogy to observations made in mouse mod-
els33,34, the expansion of morphologically normal hematopoietic cells
is probably caused by the activation of growth-promoting genes as a
result of vector integration. The substantial numbers of clones
detected as well as their predominantly myeloid differentiation pattern
suggest that clonal expansion occurred mostly at an immature
myeloid progenitor rather than at a stem cell level. Indeed the number
of gene-marked T and B cells was low throughout the study, whereas
vector-derived sequences were found predominantly in granulocytes
and in granulocyte-macrophage and erythroid progenitor cells at
similar frequencies. Notably, myeloid cell proliferation was restricted
and did not result in granulocyte numbers exceeding those before gene
therapy, suggesting that the expanded cells retained a nearly physio-
logical response to proliferation stimuli. Similar expansion of myeloid
cells has not been identified in other phase 1 studies, indicating that
either the underlying disease or extrinsic factors like vector type and
dosage, the source of CD34+ cells (G-CSF–mobilized peripheral blood
cells versus bone marrow), in combination with conditioning may
influence the behavior and the fate of gene-transduced cells. In
particular, the use of a vector with the spleen focus-forming virus
(SFFV) LTR, which contains a potent enhancer for gene expression in
hematopoietic stem and myeloid progenitor cells35 may have influ-
enced the outcome of our study and in particular may be responsible
for the transactivation of MDS-EVI1, PRDM16 and SETBP1.

The low level of gene marking detected in peripheral T cells may
suggest transgene toxicity in the lymphoid compartment. Our own
preclinical studies and data from others, however, have shown that
mice repopulated with mouse HSCs transduced with gp91phox-expres-
sing vectors, including SFFV, can be repopulated to high levels with
T and B cells expressing gp91phox (refs. 18,19,23). This suggests to us
that expression of gp91phox does not impair normal lymphoid
development. Thus, the lack of gene marking in peripheral T cells is
probably explained by partial ablation of the lymphoid compartment
and persistence of long-lived cells. In addition, it is likely that new
thymopoiesis in these individuals is limited because of their age and
previous disease state, as has been suggested for older individuals with
SCID-X1 (ref. 36).

a b
P1 P2

c

d

Figure 6 Fused PET scans of P1 (a,b) and fused PET-CT scans of P2 (c,d)

before (a,c) and 50 (b) or 53 d (d) after gene therapy. Circle in a denotes

two active abscesses due to Staphylococcus aureus infection in the liver of

P1, and the circle in c shows 18F-FDG uptake in the wall of a lung cavity of

P2 due to A. fumigatus infection.

ART ICL ES

NATURE MEDICINE VOLUME 12 [ NUMBER 4 [ APRIL 2006 407

©
20

06
 N

at
ur

e 
P

ub
lis

hi
ng

 G
ro

up
  

ht
tp

://
w

w
w

.n
at

ur
e.

co
m

/n
at

ur
em

ed
ic

in
e



The insertional activation of MDS1-EVI1 and PRDM16 as well as
SETBP1 raises concerns that uncontrolled proliferation, abnormal
hematopoiesis and eventually leukemogenesis might result from
such cell clones. The constitutive overexpression of Evi1 in mouse
bone marrow cells has been shown to induce self-limiting myelopro-
liferation followed by a myelodysplastic syndrome (MDS) in mice37.
Similarly, chromosomal translocations leading to deregulated EVI1
expression have been found in human myelodysplastic syndrome and
in acute and chronic myeloid leukemias38. The Mds1-Evi1 gene locus
also is a common target for tumorigenesis produced by wild-type
retrovirus or retrovirus vector–induced insertional mutagenesis, a
process that involves multiple genetic mutations39,40.

Recently it was shown that single Mds1-Evi1 integrations can be
related to long-term in vivo clonal dominance that have not turned
leukemic34. Similarly, the MDS1-EVI1 gene is a CIS location encoun-
tered at a higher than expected frequency in a nonhuman primate
gene-marking study with long-term clonal activity (median, 6 years)
without clonal expansion and without signs of leukemia41. In addi-
tion, we have recently described transient detection of a clone with a
SETBP1 insertion in a clinical gene transfer study which has not
clonally expanded in more than 7 years of follow up42. Moreover, the
transplantation of immortalized mouse myeloid progenitor cell lines
with retrovirus vector integrations in Evi1, Prdm16 and Setbp1, similar
to those found in our clinical study, did not result in engraftment or
leukemia in irradiated hosts33. In contrast, we have found that another
immortalized line containing a Setbp1 integration can engraft and
induce myeloid leukemia in mice (Supplementary Fig. 7 and Sup-
plementary Note online). The multilineage and self-renewing capacity
of the founder cell may be a prerequisite for the leukemogenicity of
this immortalized line, whereas less primitive cells, such as the
common myeloid progenitor, may require more additional cooperat-
ing mutations before they can engraft and induce leukemia in
transplanted hosts. Although we could detect six clones with shared
integration sites in sorted myeloid and lymphoid cells, our functional
in vitro and in vivo assays have not detected subject cell clones of
similarly immature phenotype. Moreover, bone marrow cells isolated
from P1 at different time points had a normal karyotype, were strictly
dependent on cytokines for growth and did not engraft in xenograft
animal models.

We detected sustained superoxide production in neutrophils from
both subjects for more than a year. In addition to their proportion
within the total neutrophil pool, the level of superoxide production
per single gene-transduced cell is likely to be of crucial importance for
restoration of immunity. Partial reconstitution of superoxide produc-
tion in X-CGD mice as well as observations on individuals with
variant CGD have indicated that the degree of protection against
bacterial and fungal infections may differ depending on the level of
oxidase activity43–47. In our study, both subjects cleared infections
refractory to conventional therapy alone with levels of activity between
15% and 30% of normal activity in 20% of the circulating neutrophils.
Even so, this level of correction was insufficient to avoid temporary
reactivation of a chronic bacterial hidradenitis in P2, from which he
had suffered for many years.

Our findings indicate that the genetic modification of human
myelopoiesis is feasible and effective. Although the initial numbers
of gene-corrected cells were substantial and contributed to the
eradication of preexisting bacterial and fungal infections, it is difficult
to predict whether these levels would have been maintained over time
without the proliferative advantage conferred by retroviral insertion.
Our observations now require extended prospective molecular follow
up to evaluate the long-term clinical outcome and determine potential

risks associated with this kind of treatment, including the probability
of malignant transformation. Furthermore, our data provide clear
evidence that LTR-driven retrovirus-induced gene activation occurs as
a consequence of many vector insertion events and often has biological
relevance for the affected cell type. This finding is of substantial
importance for assessing efficacy and biosafety of gene therapy vectors
in ongoing and future clinical trials.

METHODS
Subjects and clinical protocol. Subject 1 (P1, 26 years, 55 kg) was diagnosed at

age 2.5 years. Mutation analysis at the CYBB gene locus revealed the mutation

T343P within the FAD binding domain of gp91phox, leading to the complete

absence of gp91phox protein on the cell surface of neutrophils (phenotype

91XO). P1 was admitted to the hospital with two staphylococcal liver abscesses

resistant to antibiotic treatment. Subject 2 (P2, 25 years, 75 kg) was diagnosed

at birth after a positive family history. Mutation analysis revealed a 5-bp

deletion in exon 10 generating a premature stop codon at amino acid 502,

leading also to the phenotype 91XO. A persisting lung cavity with a thickened,

PET-positive wall was detected, which was related to previous lung aspergillosis.

Both subjects gave written informed consent for participation in the trial after

being informed of the risks and benefits of the treatment in comparison to

other available treatments. Neither subject had an HLA-identical sibling donor.

The protocol was approved by the local Ethics Review Board of the University

of Frankfurt Medical School and the Commission for Somatic Gene Therapy of

the German Medical Council.

Collection of CD34+ cells. We harvested autologous peripheral blood stem

cells (PBSCs) after subcutaneous stimulation with G-CSF at a dose of 10 mg/kg/

d for 6 d and collected them on a Cobe Spectra cell collector at the Blood Cell

Bank in Frankfurt. CD34+ progenitor cells were immunomagnetically selected

on CliniMacs columns (Miltenyi Biotec) following GMP rules. The initial

CD34+ cell numbers were 1.6 � 108 for P1 and 3.5 � 108 for P2.

Conditioning and clinical follow up. We performed nonmyeloablative con-

ditioning by administration of liposomal busulfan every 12 h at 4 mg/kg/d on

days –3 and –2. The interval between the last L-Bu dose and stem cell

reinfusion was 48 h. L-Bu bioavailability was similar for both subjects, as

shown by the area under the curve (AUC) of the plasma concentration time

curve resulting in a median value for the first and third dose of 11,824 ± 229.1

and 12,545 ± 1,126.42 ng � h/ml for P1 and P2, respectively. Under standard

antiemetic prophylaxis, no nausea and vomiting occurred, and no signs of

anorexia, of higher levels of hepatic enzymes or of retention parameters, of

central nervous system toxicity (seizures) or changes in lung function were

documented during or after busulfan conditioning in either subject. P1 and P2

experienced complete but reversible alopecia. The duration of severe neutro-

penia (o500 cells/ml) was 9 and 5 d for P1 and P2, respectively, whereas

lymphopenia (CD4+ cell counts o200 cells /ml) lasted 11 d for P1 and only 1 d

for P2, thereby limiting the likelihood of the reactivation of viral infections, one

of the major complications of allogeneic bone marrow transplantation. During

chemotherapy and the following 30 d, P1 received oral clindamycin, cefalexin

and rifampicin for treatment of liver abscesses, and received cotrimoxazol and

itraconazol as prophylactic standard therapy. Similarly, P2 received oral

cotrimoxazol, rifampicin and intravenous cefotaxim for prophylactic therapy

and received liposomal amphotericin intravenously for treatment of aspergil-

losis. P1 received one blood (day +14) and two platelet (days +15 and +20)

transfusions, P2 received one blood and one platelet transfusion on day +15 as

prophylactic treatment during pancytopenia after chemotherapy. The subjects

left the hospital at day +33 (P1) and day +27 (P2).

After transplantation, each subject has had one episode of a mild

mycoplasma infection (serological positivity, no direct demonstration of

bacteria in the bronchoalveolar lavage) without fever. In P1, a mycoplasma

and Bordetella pertussis bronchitis was diagnosed at day +463. Until this time

point, he had received no prophylactic antifungal and antimicrobial therapy.

The infection was treated at home with an oral antibiotic. In P2, a mycoplasma

pneumonia and sinusitis maxillaris was diagnosed at day +149. This subject

was under prophylactic antibiotic care with cotrimoxazol and was treated at
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home with a standard antibiotic. Both subjects have been free of severe bacterial

and fungal infections and have not been hospitalized for such episodes

since transplantation.

Note: Supplementary information is available on the Nature Medicine website.
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Supplementary Note 

 

Clinical history of P1 and P2 before and after gene therapy 

First diagnosis of X-CGD in patient P1 was done in 1981. He suffered from severe 

bacterial and fungal infections as well as granuloma of the ureter with stenosis, 

pyeloplastic operation (1978), liver abscesses (1980), pseudomonassepticemia 

(1985), candida-oesophagitis(1992), salmonellasepticemia (1993), severe 

osteomyelitis, spondylitis with epidural and paravertebral abscess and corporectomy 

(June 2002). Since 2003 severe therapy-resistant liver abscesses (Staph aureus) 

were diagnosed. On admission to the hospital in Frankfurt, the patient was treated 

with clindamycin, cefalexin, cotrimoxazol and itraconazol, the later two as standard 

long-term prophylaxis. We changed clindamycin to rifampicin orally. After gene 

therapy and resolution of the liver abscesses we removed rifampicin (day +65) and 

kept the standard prophylactic care with itraconazol. During the follow-up and 

concomitant increase in gene marked cells with effective killing of Aspergillus 

fumigatus we removed also itraconazol (day +381). No reappearance of liver 

abscesses and no positive bacterial culture were observed until the last monitoring 

time point. The patient had a net weight gain of 10 kg since transplantation and a 

marked decrease of lung granulomas in the CT scan. Lung function is stable.   

First diagnosis of X-CGD for patient P2 was in 1979. He suffered from cervical 

lymphnode abscesses (1983), meningitis (1985), parotis abscesses (1990), two liver 

abscesses, cervical lymphnode abscesses (1991 and 1992), sinusitis maxillaris 

(1995), bilateral hidradenitis axillaris and pneumonia (2000).  Since 2002 he was 

suffering from bilateral lung aspergillosis with cerebral emboli and formation of a lung 

cavity. The patient was admitted to the hospital treated by voriconazol and 

cotrimoxazol. After gene therapy a complete resolution of the aspergillosis was 



observed, but no improvement in lung function due to excess abuse of nicotine. The 

patient developed a mycoplasma pneumonia (positive serological IgM titers, no 

antigen positivity in serum and sputum, negative culture after bronchoalveolar 

lavage) and sinusitis maxillaris on day +149. He was treated with oral clindamycin for 

3 weeks. During gene therapy and busulfan treatment, we changed voriconazol to 

liposomal amphotericin B until day +23.  We restarted voriconazol on day +24. No 

hospital admissions after gene therapy and no positive bacterial cultures were 

observed. P2 is still under cotrimoxazole/voriconazole prophylaxis because the 

number of oxidase positive cells and the amount of superoxide production per cell 

were less than 20%. Moreover killing of A. fumigatus could not be demonstrated in 

vitro.  

 

Clinical parameters after gene therapy  

 

BM cellularity 

Bone marrow aspirates of both patients were routinely examined at several time 

points (P1: days +122, +192, +241, +381; P2: days +84, +119, +245). Following 

analyses were done: morphology (Pappenheim staining) was normal at all time 

points and showed a completely normal hematopoesis, normal cellularity, normal 

megakaryo, erythro- and granulopoesis and no signs of leukemia. One example each  

is described below: P1 day +381: megakaropoesis normal, X-cell 1%, promyelocytes 

8%, myelocytes 16%, metamyelocytes and bands 14%, segmented 15%, eosinophils 

6%, basophils 1%, monocyte 3%, erythroblasts 21%, plasma cells 2%, lymphoids 

12%. P2 day +245: megakaryopoesis normal, promyelocytes 10%, myelocytes 19%, 

metamyelocytes and bands 12%, segmented 11%, eosinophils 4%, basophils 1%,  

monocytes 3%, erythroblast 26%, plasma cells 4%, lymphoids 10%. 



 

CFU-C content 

Bone marrow aspirates were taken at days +122, +192, +241 and +381 for P1 and at 

days +84, +119 and +245 for P2. On each occasion a bone marrow total BM 

mononuclear cells were plated on methylcellulose (Methocult, Stem Cells 

Technologies) and colony formation was assessed 14 days later. Table 1 shows a 

summary of these data 

 

Table 1.  

P1 CFU-GM per 105 cells BFU-E per 105 cells 

Day +122 25 24 

Day +192 25  33  

Day +241 49  55  

Day +381 70  133  

Day +381 CD34+ (103) 29  60  

P2   

Day + 84 49 88 

Day +119 73 72 

Day +245 153  52  

Day +245 CD34+ (103) 42  12  

  

 

Immunophenotyping  

Immunophenotyping of bone marrow cells performed by FACS analysis with 

antibodies against CD19, CD10, CD10/CD19, CD34, CD33 and CD34/CD33 showed 

no abnormal expression profile or cell counts in either patient at any time.  



 

Immunohistostaining  

Immunohistostaining of bone marrow biopsies for CD10, CD34, CD117, CD3, and 

CD20 was performed at day +381 (P1) and day +491 (P2). No infiltration of blast 

cells, no myelo- or lymphoproliferative disease and no myelodyplastic syndrome were 

seen in these preparations. 

 

BM cytogenetics 

Cytogenetic analysis were performed at the Department of Molecular Pathology, 

University Medical School, Hannover, Germany under the direction of Prof. Dr. med. 

B. Schlegelberger. Following samples were analyzed: P1: day +241 (16 

metaphases), day +381 (18 metaphases); P2 day +119 (15 metaphases), day +245 

(21 metaphases). In all cases a normal karyotype was observed.   

 

T-cell function  

Mononuclear cells obtained at different time points from P1 and P2 were stimulated 

with diverse mitogens and antigens. Proliferative responses were assayed by 3H-

Thymidine incorporation. The ratio of 3H-Thymidine incorporation in mitogen- or 

antigen stimulated vs. non-stimulated cells is given in Table 1 as a quotient. In all 

cases, robust incorporation of 3H-Thymidine were observed, indicating that the 

mitogen and antigen responses of patient lymphocytes are within the range of age-

matched healthy individuals. Also, immunoscope analysis of Vß T lymphocytes at 

day +245 (P1) and day +491 (P2) showed normal T cell receptor repertoires in both 

patients.  



 

Table 1.  

Lymphocyte function  

P1 

Before 

GT 

Quotient  

day +53 

Quotient  

day +597 

Control  

Mitogens     

PHA 302 167-183 57-59 >30 

Staphylococcus Enterotoxin  136 54 >30 

Anti-CD3  109 52 >30 

PMA + Ionomycin  109 32-36 >30 

Antigens     

Candida albicans   12-17 164-175 >10 

Cytomegalovirus  14-18 2 >10 

Tuberculin (purified protein 

derivate) 

 17 183 >10 

Tetanus 63 22-31 78-88 >10 

 Lymphocyte function 

P2  

Before 

GT 

Quotient  

day +50 

 Control  

PHA 482-514 114-152  >30 

Staphylococcus Enterotoxin 370 283  >30 

Anti-CD3 496 210  >30 

PMA + Ionomycin 506 95  >30 

 



 

Antibody production 

Among others normal levels of IgG, IgA, IgM, IgG1, IgG2, IgG3 and IgG4 were found. 

Examples of plasma protein levels are shown below at days +546 (P1) and day +489 

(P2). 

P1 Before GT After GT day +546 Control range 

IgG 995 mg/dl 1140 mg/dl 700-1600 

IgA 218 mg/dl 364 mg/dl 70-400 

IgM 143 mg/dl  57 mg/dl 40-230 

P2 Before GT After GT day +489 Control range 

IgG 1678 mg/dl 1140 mg/dl 700-1600 

IgA 537 mg/dl 383 mg/dl 70-400 

IgM 254 mg/dl 87.2 mg/dl 40-230 

 

Similarly, IgG antibodies against Tetanus Toxoid (610 U/l), Diphteria Toxoid (270 U/l) 

and Hemophilus influenzae Typ B (3.10 µg/ml) were detected at day 597 in serum 

samples of P1.  

 

Mouse integration and transplantation data related to our clinical study.  

More than 80 immortal cell clones were generated after retroviral transduction of 

murine bone marrow cells in the presence of SCF and IL3, of which some have been 

maintained in culture for more than 1.5 years. The majority of these clones had a 

phenotype similar to committed immature myeloid progenitors and were still IL-3 

dependent. All karyotypes were found to be normal. Spontaneous differentiation of 

the cultures yielded neutrophils (10-40%) and macrophages (1-5%). 95% of cells 

could be differentiated into neutrophils in response to G-CSF, whereas GM-CSF 



treatment induced differentiation into macrophages (30%) and neutrophils (70%). 

Addition of PMA induced 50-70% of cells to differentiate into macrophages. 

Integration sites have been analyzed in 37 clones, demonstrating 1 to 7 integrants 

per cell. 7 cell clones showed integrants in the Evi1 gene locus, 13 in the Prdm16 

gene region and 1 in Setbp1. Notably, northern analysis showed that expression of 

Evi1 and Prdm16 was mutually exclusive1.  

The engraftment potential of these immortalized cell lines was also tested. 2-8×106 

Ly5.1+ cells from Evi1 (two clones), Prdm16 (one) and Setbp1 (one) immortalized cell 

lines, together with 5×105 unirradiated C57BL/6-Ly5.2+ supporting bone marrow cells, 

failed to engraft lethally irradiated C57BL/6-Ly5.2+ mice. 

Further, 10 immortalized early hematopoietic progenitor cell clones have been 

produced by retroviral transduction in the presence of SCF and FLT3 ligand. Of 

these, one (SF-1) revealed a very immature phenotype (Sca-1-, 50% c-kit+) with 

lymphomyeloid differentiation capacity and an integration in Setbp1. In contrast to the 

immortalized clones with the committed myeloid progenitor phenotype, 

transplantation of 2.5-5.6×106 Ly5.1+ SF-1 cells did result in a leukemic phenotype.  

All eleven hosts died of leukemia 56-118 days post transplant. Secondary recipients 

of 1×106 leukemic cells developed leukemias 30 days after transplantation. This SF-1 

cell line revealed two integrants, one located at an unknown gene locus (without 

abnormal gene expression) and one in intron 1 of Setbp1.  The leukemic potential of 

SF-1 cells is very likely related to the immature phenotype of the clone (engraftment 

and self-renewal capacity). 

In summary, immortalized early hematopoietic progenitor cells can induce leukemias 

in transplanted hosts whereas immortalized immature myeloid cells can not, 

suggesting that a leukemic outcome can occur from primitive cells immortalized after 

in vitro transduction.   



In our clinical study, we could not detect any SETBP1 integrant in P2 (and no 

SETBP1 overexpression). In contrast, seven integrants into SETBP1, six located 

~20kb upstream and one in intron 1 of the gene, were detected in P1. The position of 

the integrant in intron 1 was similar to the two integrants found in the mouse study. 

This particular clone (77509D02) was detected only once by LAM-PCR in peripheral 

blood of P1 at day +241, but could not be detected at any other time point by tracking 

PCR (Supplementary Tables online).  
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