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Progress toward Effective Gene Therapy for Chronic Granulomatous Disease
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SUMMARY: Previous clinical studies of ex vivo gene therapy for chronic granulomatous disease (CGD) without marrow
conditioning have resulting in transient correction of the oxidase defect in over 0.1% of circulation neutrophils. Use of
improved RD114 envelope pseudotyped vectors capable of transducing >95% of CD34+ stem cells ex vivo, together with
non-ablative marrow conditioning will be incorporated into the next generation of clinical trials of ex vivo gene therapy for
CGD. These maneuvers might result in clinical benefit to CGD patients from gene therapy.
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Patients with chronic granulomatous disease (CGD) have defec-
tive phagocyte oxidase and recurrent life-threatening infections (1).
We have conducted clinical trials of ex vivo gene therapy treating
five patients with autosomal recessive p47phox-deficient and five
patients with X-linked gp91phox-deficient CGD (2-5). We trans-
duced autologous mobilized CD34+ peripheral blood hematopoietic
stem cells (PBSC) ex vivo in serum-free medium in gas permeable
bags with amphotropic envelope pseudotyped MFGS retrovirus
encoding normal p47phox (20% transduction rates) or gp91phox
(70% transduction rates using Retronectin®), respectively (4). In eight
of ten patients, peak levels of 0.004 to 0.13% oxidase normal
corrected peripheral blood neutrophils and monocytes were observed
at 3 -6 weeks with the effect lasting several months per cycle of gene
therapy. Repeated cycles prolonged correction >1 year, but was not
permanent. We conclude that clinically beneficial gene therapy for
CGD will require improved transduction of primitive stem cells,
use of non-ablative marrow conditioning and possibly also co-
expression of an in vivo selectable gene. We used feline endogenous
virus RD114 envelope pseudotyped MFGS-gp91phox vector to
achieve >95% ex vivo transduction. In a NOD/SCID mouse
xenograft model engrafted with human X-linked CGD patient PBSC
transduced with amphotropic MFGS-gp91phox versus RD114
MFGS-gp91phox vector, in vivo levels of gene corrected human
neutrophils were 2.2% versus 22%, respectively (6). CGD vectors
also containing selectable P140K mutant methyguanine methyl-
transferase gene allowed use of O6-benzyl guanine/temozolamide
in vivo selection to further enhance human neutrophil correction
several fold in the NOD/SCID mouse xenograft model (7). A new

clinical trial of gene therapy for X-linked will be started in about a
year using in vivo selectable RD114-MFGS-gp91phox-IRES-
MGMT vector and incorporating non-ablative marrow condition-
ing; an approach that may achieve clinical benefit for CGD patients.
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Fig. 1. Number of oxidase normal neutrophils per 100,000 in the
peripheral blood of a patient with X-linked CGD treated with ex vivo
gene therapy.  The dihydrorhodamine assay using PMA stimulation
of neutrophils was used where oxidase positive cells showed a 3 log
increase in fluorescence compared to uncorrected oxidase negative
cells.  The gating is set so that background is zero cells.  This patient
received two cycles of gene therapy about 50 days apart where ex
vivo transduction was >60% in both treatments.  Marking at a very
low level persisted for almost a year.  Not shown is that no marking
was seen after about one year in this patient.
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Fig. 2.  Enhanced ex vivo transduction of CD34+ PBSC from patient
with X-linked CGD using an RD114 envelope pseudotyped MFGS-
gp91phox vector assessed by flow cytometry with anti-gp91phox
antibody. Transductions were performed with ultracentrifuge
concentrated virus at a titer of about 2×107 infectious particles per
ml at an MOI of 20. Transductions were performed daily overnight
x 3 on days 2 to 5 of culture. Shown is the analysis at day 7 of
non-transduced CGD PBSC (upper panels) and transduced CGD
PBSC (lower panels). The same data is plotted as side scatter (SSC)
versus anti-gp91phox fluorescence in dot plot format (left panels),
and as cell counts/channel versus anti-gp91phox fluorescence in
histogram format (right panels). The open histogram in the bottom
right panel reproduces the pattern from the panel above showing the
non-transduced control cells. This is a typical outcome with the
RD114 vector where transductions ex vivo are greater than 95% of
human CD34+ PBSC.
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Tissue Distribution and Putative Physiological Function of
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SUMMARY: The NOX family of ROS-generating NADPH oxidases consists of 7 members: NOX1 to NOX5, DUOX1 and
2. NOX1 is predominantly found in the colon, where it possibly plays a role in the host defense. NOX2 is the phagocyte
NADPH oxidase, a clearly established host defense enzyme. NOX3 is almost exclusively expressed in the inner ear, where it
is involved in otoconia morphogenesis, but based on its localization might also play a role in the auditory system. NOX4,
widely expressed in kidney, vascular cells, osteoclasts etc.; it might be a constitutively active enzyme, regulated on the level
of gene expression but its precise physiological function remains unknown. NOX5, a Ca2+ activated enzyme is predomi-
nantly expressed in lymphoid tissues and testis, where it might be involved in signaling processes. DUOX1 is expressed in
the thyroid and in respiratory epithelia, and DUOX2 in the thyroid and in gastrointestinal glandular epithelia. Both DUOX
enzymes are involved in thyroid hormone synthesis, but possibly also in epithelial host defense.
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The NOX family of NADPH oxidases is a unique family of
enzymes whose physiological function is the generation of reactive
oxygen species (ROS). Based on our present state of knowledge,
the family consists of 7 members: NOX1, NOX2, NOX3, NOX4,
NOX5, DUOX1, and DUOX2. All NOX family members share a
core structure consisting of 6 transmembrane domains (which
include two heme binding regions), and a relatively long cytoplas-
mic C-terminus (which contains FAD and NADPH-binding regions).

While NOX1, NOX2, NOX3, and NOX4 consist only of the above
described NOX core structure, NOX5, DUOX1 and DUOX2 are
characterized by N-terminal extensions (4,5). In the case of NOX5,
the N-terminal extension consists of 4 EF-hand domains, in the case
of DUOX1 and DUOX2, of 2 EF hand domains, an additional
transmembrane domain, as well as a peroxidase homology domain.
Consistent with their Ca2+-binding EF hand domains, NOX5,
DUOX1, and DUOX2 are Ca2+-activated enzymes (4,5).

NOX1 tissue distribution: Colon: NOX1 was originally also
referred to as mox1 or NOH-1. It shows by far the most abundant
expression in the colon (6,7). Yet, additional sites of NOX1 expres-
sion have been described.

Stomach: NOX1 has been described to be expressed in the guinea
pig stomach. Whether this also applies to other species remains
unclear. At least in human stomach no relevant expression has been
observed (6).

Uterus and prostate: NOX1 is expressed in uterus and prostate.
This expression is markedly lower than expression in the colon, yet
clearly detectable (6,7).

Inducible expression: Interestingly, NOX1 expression is found to
be induced in some cell types, for example in PDGF-induced
expression in aortic smooth muscle (7).

NOX1 function: At this point, the physiological function of
NOX1 remains a matter of hypothesis. Basically two major sugges-
tions have been discussed: host defense function, through ROS-
dependent bacterial killing, and stimulation of cell division through
activation of redox-sensitive intracellular signaling mechanism. At
this point, it appears likely that NOX1 function depends on the cell
type where it is expressed. In the colon, the organ of our body most

heavily exposed to bacteria, a host defense function appears likely,
and the upregulation through inflammatory mediators (see above)
favor such an interpretation. However, the inducible expression in
the vascular system most likely serves another purpose. Participa-
tion in blood pressure regulation appears a possibility. Angiotension-
dependent NOX1 elevations would lead to increased superoxide
generation in the vascular system; superoxide degrades NO and
thereby would lead to an increase in blood pressure. As a more long-
term effect, superoxide might also provide a stimulus for smooth
muscle proliferation and - under pathological conditions - participate
in the cascade leading to atherosclerosis.

NOX2 tissue distribution: Phagocytes: NOX2 is traditionally
referred to as the gp91phox subunit of the “phagocyte NADPH
oxidase”. Clearly white blood cells of myeloid lineage are the
predominant site of expression of NOX2, in particular neutrophil
granulocytes, monocyte/macrophages, and eosinophils.

NOX2 function: NOX2 is beyond any doubt a enzyme of the
host defense, as witnessed by the clinical presentation of patients
with chronic granulomatous disease. Patients with this congenital
disease lack either NOX2 (= gp91phox ) or one of its subunits (p47phox

or p67phox) and suffer from severe infections. As ROS do have a
microbicidal action, the host defense function of NOX2 is in
general attributed to a direct killing of microorganisms by the ROS,
or the interaction of ROS with the myeloperoxidase system.

There is increasing evidence that NOX2 is involved in a variety
of pathological processes, including the development of cardio-
vascular disease; neurodegeneration (8), and HIV pathogenesis (9).

NOX3 tissue distribution: NOX3 appears to be the NOX isoform
with the most restricted and specialized tissue dis-tribution. Indeed,
NOX3 is - at relevant amounts - found almost exclusively in the
inner ear (1,10). Within the inner ear, it appears to have a ubiquitous
tissue distribution, found within sensory epithelia and ganglia both
of the auditory and the vestibular system (1).

NOX3 function: In the NOX3-deficient het (head-tilt) mouse,
lack of otoconia formation and subsequent troubles of equilibrium
are the most obvious phenotype (10). Yet, the abundant expression
of NOX3 in the auditory system (organ of Corti and spiral
ganglion) (1) raise the possibility that additional functions might
exist.

NOX4 tissues distribution: NOX4 was initially also referred to


