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Abstract
Chronic granulomatous disease (CGD) is an inherited primary immunodeficiency disorder characterised by recurrent and
often life-threatening infections and hyperinflammation. It is caused by defects of the phagocytic NADPH oxidase, a
multicomponent enzyme system responsible for effective pathogen killing. A phase I/II clinical trial of lentiviral gene
therapy is underway for the most common form of CGD, X-linked, caused by mutations in the gp91phox subunit of the
NADPH oxidase. We propose to use a similar strategy to tackle p47phox-deficient CGD, caused by mutations in NCF1, which
encodes the p47phox cytosolic component of the enzymatic complex. We generated a pCCLCHIM-p47phox lentiviral vector,
containing the chimeric Cathepsin G/FES myeloid promoter and a codon-optimised version of the human NCF1 cDNA.
Here we show that transduction with the pCCLCHIM-p47phox vector efficiently restores p47phox expression and biochemical
NADPH oxidase function in p47phox-deficient human and murine cells. We also tested the ability of our gene therapy
approach to control infection by challenging p47phox-null mice with Salmonella Typhimurium, a leading cause of sepsis in
CGD patients, and found that mice reconstituted with lentivirus-transduced hematopoietic stem cells had a reduced bacterial
load compared with untreated mice. Overall, our results potentially support the clinical development of a gene therapy
approach using the pCCLCHIM-p47phox vector.

Introduction

Chronic granulomatous disease (CGD) is an inherited dis-
order of blood phagocytic cells that renders patients sus-
ceptible to certain bacterial and fungal infections and prone

to sterile inflammatory complications [1]. The disorder is
caused by mutations in genes encoding the Eros chaperone
[2, 3] or any of the five subunits (gp91phox, p22phox, p40phox,
p47phox and p67phox) of the NADPH oxidase enzyme that
mediates pathogen clearance via production of reactive
oxygen species, activation of granule proteases and forma-
tion of neutrophil extracellular traps [4, 5]. Gp91phox defi-
ciency, which is responsible for X-linked CGD, accounts
for the majority and generally most severe cases of CGD
(65–70%) while p47phox deficiency is the most common
among autosomal recessive forms.
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Despite enormous progress in diagnostic tests for CGD
leading to more effective prophylactic treatments, the only
curative option remains hematopoietic stem-cell transplan-
tation (HSCT), although this is complicated by the risks of
graft versus host disease and chemotherapy-related toxicity,
especially in patients with underlying organ dysfunction/
inflammation [6, 7]. HSC gene therapy for CGD was
developed in the early 1990s with disappointing results,
mainly as a result of gamma retrovirus-mediated insertional
mutagenesis and loss of functional correction over time
partly due to promoter methylation leading to transgene
silencing [8–10]. Recently, a lentiviral gene-therapy trial for
the X-linked form of CGD has shown stable reconstitution
of NADPH oxidase activity in six out of eight patients with
>1-year follow up [11]. The lentiviral vector used in the trial
contains a chimeric promoter (CHIM) consisting of the 5′
minimal flanking region of the myeloid human genes CTSG
(Cathepsin G) and FES (c-Fes) and preferentially drives
high transgene expression in mature granulocytes and
monocytes, the affected cells in CGD [12]. In this study, we
propose to use a parallel lentiviral vector for the treatment
of p47phox-deficient CGD (p47phox CGD). p47phox CGD
accounts for ~25% of all CGD cases in western countries
although its frequency rises in regions with high degree of
consanguinity [13–15]. The disease is caused by mutations
in the NCF1 gene [16] (a deletion of GT at the start of the
exon 2 accounts for almost 84% of cases [17]) encoding
p47phox, the cytoplasmic component that, upon phosphor-
ylation and translocation to the membrane, coordinates the
assembly of the cytosolic subunits of NADPH oxidase
resulting in the activation of the enzymatic complex.
p47phox CGD has been historically associated with a milder
phenotype compared with X-CGD as the majority of
patients have residual superoxide production; however,
infections are still a major cause of mortality and morbidity
and patients still suffer from gut disease and inflammation
[18].

In this study, we tested the pCCLCHIM-p47phox lenti-
viral vector for its ability to restore p47phox expression and
NADPH oxidase function in human p47phox-deficient cells
and in a murine model of the disease. To evaluate the ability
of the newly developed gene therapy protocol to confer
protection against pathogens in vivo, p47phox-null mice
reconstituted with lentivirus-transduced cells were chal-
lenged with Salmonella Typhimurium (one of the major
threats for CGD patients in developing countries and the
leading cause of septicaemia in a European cohort [19]) and
showed that the infection burden is significantly reduced,
although not completely eradicated, after gene therapy.
Taken together, our results demonstrate that lentiviral gene
therapy may be a valuable alternative to HSCT for patients
with p47phox CGD lacking a suitable donor.

Materials and methods

Vector construction

A codon-optimised form of the NCF1 coding sequence
(GeneArt, Regensburg, Germany) was initially cloned into
the pCR™ Blunt II-TOPO® vector (ThermoFischer Scien-
tific) and subsequently removed by MluI (blunt)-XhoI
restriction sites and cloned into the BamHI (blunt)-SalI site
of the pCCLCHIM-GFP vector [12] in place of GFP. An
HpaI-XhoI fragment containing the CHIM-p47phox cassette
was then sub-cloned in place of the CHIM-gp91phox in the
clinical G1XCGD vector [20] to form the pCCLCHIM-
cop47_WPRE4 (hereby referred as pCCLCHIM-p47phox).
A truncated version of the vector pCCLCHIM-p47phox

lacking the first 600 bp of the codon-optimised NCF1
coding sequence was used for mock transduction. The
sequence of the transcriptional cassette for the full length
and truncated version of the pCCLCHIM-p47phox is shown
in Supplementary Fig. 1.

Cell culture and differentiation

Human PLB985, an acute myeloid leukaemia cell line
(DSMZ GmbH), was cultured in RPMI 1640 medium
(ThermoFisher Scientific), 10% FBS (ThermoFisher Sci-
entific) and 1% Penicillin-Streptomycin (ThermoFisher
Scientific) at a concentration of 300,000 cells/ml. For
granulocytic differentiation, PLB985 (250,000 cells/ml)
were seeded in RPMI 1640 medium containing 0.25% FBS,
0.5% di-methyl formamide (Sigma-Aldrich, St. Louis,
Missouri) and 1x Nutridoma-CS (Roche, Basel). Media was
added every other day for 4 days in order to maintain the
cell concentration at 250,000 cells/ml.

Lineage negative cells were isolated from mouse femur,
tibia and hips using the Lineage Cell Depletion Kit (Mil-
tenyi Biotec, Auburn, CA). Cells were cultured in Stem
Spam media (StemCell Technologies, Vancouver, Canada)
enriched with 100 ng/ml mFlt-3, 100 ng/ml mSCF and 25
ng/ml hTPO (all cytokines were from Peprotech, Rocky
Hill, NJ) during transduction. For granulocytic differentia-
tion, cells were cultured at a concentration of 300,000/ml
for 9 days in RPMI, 20% FBS supplemented with 100 ng/
ml of granulocytic colony-stimulating factor (Peprotech).

Monocyte-derived macrophages (MDMs) were obtained
as previously described in Chiriaco et al. [21]. Briefly,
monocytes were isolated from peripheral blood mono-
nuclear cells of p47phox-deficient CGD patients through
positive selection using CD14+ microbeads and MS col-
umns (Miltenyi Biotec) following the manufacturer’s
instructions. Patients signed a written informed consent in
accordance with the Declaration of Helsinki and ethical
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approval NRES committee London (REC reference 04/
Q0501/119). Cells were cultured for 7 days in RPMI 1640
containing 10% FBS, 1% P/S and 50 ng/ml of macrophage
colony-stimulating factor (Peprotech).

Vector production

Lentiviral vector supernatants were produced by transiently
co-transfecting 293T cells with the polyethylenamine (PEI,
Sigma-Aldrich) and the DNA complexes containing the
transfer vector, the vesicular stomatitis virus-G envelope
plasmid (pMD.G2) and packaging plasmid (pCMVdR8.74).
The viral supernatants were concentrated by ultra-
centrifugation at 24,000 rpm for 2 h at 4 °C. The viral titre
was determined by transducing PLB985 cells with serial
dilutions of the vector preparation and analysing vector
copy number (vcn) by quantitative PCR, 3 days post
transduction.

Lentiviral transduction

For lentiviral transduction of MDMs, virion protein X
incorporated into virus-like particles (Vpx-VLP) were
produced by co-transfecting 293T cells with pMD.G2, the
VSV-G containing plasmid and the Simian immunodefi-
ciency virus-derived packaging plasmid SIV3+ (a kind gift
of Dr Cimarelli) [22]. MDMs (7 days into the differentia-
tion protocol) were transduced for 24 h with the
pCCLCHIM-p47phox vector at multiplicity of infection
(MOI) 5 or 50 after 6-h incubation with Vpx-VLP particles.
Three days post transduction cells were incubated for 10
min in Trypsin-EDTA (ThermoFisher Scientific) and
gently scraped off the culture plate for FACS analysis by
LSRII (Becton Dickinson). Lentiviral transduction of
PLB985 cells or murine lineage negative cells was per-
formed by adding the vector supernatant in culture media
for 24 h.

p47phox detection and flow cytometry analysis

MDMs were stained with anti-human CD11b-APC (clone
M1/70, Biolegend), washed in PBS/0.5% BSA, fixed and
permeabilized using the Perm/Fix kit (Nordic MUbio)
according to manufacturer’s instructions. Cells were incu-
bated with the anti-human p47phox antibody (clone 1, Bec-
ton Dickinson) in permeabilization buffer for 20 min
followed by staining with a secondary FITC-conjugated
mouse IgG (Beckman Coulter) before analysis in the LSRII
instrument (BD Bioscience).

Murine cells (1 × 106 cells) were initially co-stained with
a mix of anti Gr-1-APC (clone RB6-8C5, Biolegend) and
anti CD11b-PercpCy5.5 (clone M1/70, Bioscience), or with

a mix of anti B220-APC (clone RA3-6B2, Bioscience) and
anti-CD3-PeCy5 (clone 17A2, Biolegend) in the presence
of γFc blocking and then intracellularly stained for p47phox

as described above. PLB985 clones were analysed for
p47phox expression after granulocytic differentiation by
staining with an anti-human CD11b-PE (clone M1/70,
Biolegend) followed by intracellular staining with anti-
human p47phox-(clone 1) APC labelled by Beckton Dick-
inson services. FACS analysis was performed in CyAnTM

ADP (Beckman Coulter).

Dihydrorhodamine test (DHR)

Differentiated PLB985 cells (5 × 105) were stained with the
myeloid marker CD11b-APC (clone M1/70, Biolegend).
Cells were then incubated with 2.9 μM of DHR 123 (DHR;
Sigma-Aldrich) in 500 μl of PBSgg (0.05% gelatin, 0.09%
D-glucose) containing 150 U/ml of catalase (Sigma-
Aldrich) for 15 min at 37 oC and subsequently activated
with 1 μg/ml of PMA (Sigma-Aldrich) for further 15 min at
37 oC. Cells were kept on ice and analysed in CyAnTM ADP
(Beckman Coulter) within 30 min.

For murine cells, 50 μl of blood or 1 × 106 bone marrow
cells were stained with APC labelled anti-murine CD11b
(clone M1/70, Biolegend) and anti-murine Gr-1 (clone
RB6-8C5, Biolegend) antibodies before being subjected to
a DHR test as above described. DHR positivity was cal-
culated by gating on the cells with high SSC and high
expression of CD11b/Gr-1 defined as granulocytes.

Primary and secondary transplantation of p47phox

null mice

p47phox null mice (B6 [Cg]-Ncf1m1J/J) were kindly provided
by Dr Ulrich Siler, University of Zurich and bred at the
University College London-Bloomsbury Campus. C57BL/6
mice were purchased from Charles River Laboratories,
Netherlands. All procedures were performed following the
Animals Scientific Procedures Act 1986, Amendment
Regulations 2012 (ASPA). Sample size was determined
based on previous experience.

Lineage negative cells were isolated from 6 to 8 weeks
old male and female mice and cultured for 24 h in the
presence of the truncated pCCLChim-Δ600p47phox vector
(Mock) or the pCCLChim-p47phox vector, MOI 100. Cells
(6.5 × 105) were intravenously injected into lethally irra-
diated (9.5 Gy: split dose of 6 and 3.5 Gy into two con-
secutive days) recipient mice, 4–5 h after the last irradiation.
Transplanted mice were monthly bled to monitor recon-
stitution levels. Four to six months post-transplantation
(depending on the experiment) mice were sacrificed and
peripheral blood, bone marrow, spleen and thymus were
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harvested for analysis. For secondary transplantation, we
harvested ~4 × 107 cells from hips, femurs and tibia of six
gene-therapy-treated animals and injected half in the tail
vein of newly prepared recipient mice (1:2 ratio).

Salmonella challenge

For the Salmonella challenge 5 × 105 colony-forming unit
(CFU) of Salmonella enterica serovar Typhimurium M525
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in sterile PBS (Sigma-Aldrich) was i.v.-administered to the
mice. Animals were monitored daily for 7 days and sacri-
ficed if they lost ≥20% of weight, according to the NC3Rs
recommendation. In a different set of experiments animals
were left for 3 days after the S. Typhimurium injection and
sacrificed at day 3 post infection. Quantification of bacterial
counts in peripheral blood, spleen and liver were performed
by serial dilution and plating onto agar plates (Thermo-
Fisher Scientific Oxoid).

Statistical analysis

For comparison among two groups we used the Student’s t
test. For comparisons among more than two groups we
used the analysis of variance (ANOVA) followed by Sidak
or Bonferroni post-test correction. The Kaplan–Meier sur-
vival curve was analysed using the log-rank (Mantel–Cox)
test. p values < 0.05 were considered statistically sig-
nificant. All tests were performed using GraphPad Prism
version 7.

Results and discussion

Lentiviral gene therapy restores p47phox expression
in human cells

We generated a self-inactivating lentiviral vector containing
the ‘chimeric’ myeloid promoter (CHIM) [12] and a codon-
optimised version of the NCF1 coding sequence

(cop47phox). A schematic representation of the
pCCLCHIM-p47phox vector is shown in Fig. 1a.

In order to evaluate the efficacy of our lentiviral gene
transfer in human cells, we created a myeloid cell line
with a defective p47phox protein by electroporating
PLB985 cells with a Cas9: guide RNA ribonucleoprotein
complex targeting exon 1 of the NCF1 locus (Supple-
mentary information and Supplementary Fig. 2a). The cell
line, named p47KD, lacks NADPH oxidase activity
(Supplementary Fig. 2b) and shows a dramatically
reduced p47phox protein expression upon myeloid differ-
entiation when compared with wild-type cells (Supple-
mentary Fig. 2c, d).

We firstly confirmed the ability of the pCCLCHIM-
p47phox lentiviral vector to restore NADPH oxidase function
in the p47KD cells by a DHR flow cytometric assay mea-
suring production of reactive oxygen species (Fig. 1b). We
next derived clonal populations from cells transduced with
the pCCLCHIM-p47phox vector to correlate levels of p47phox

expression with the vcns of each clone (Fig. 1c). We found
a positive correlation (Pearson’s r= 0.839; R2= 0.705)
between vcn/cell and expression of p47phox, suggesting that
the levels of p47phox found in each clone are not influenced
by position effects. This is in line with previous reports
[12, 23] showing stable and vector-dependent expression of
a transgene driven by the chimeric promoter in the context
of lentiviral vectors.

Due to the difficulty in recruiting hematopoietic stem and
progenitor cells (HSPCs) donors among the small cohort of
p47phox CGD patients in UK, we tested the gene therapy
protocol in macrophages derived from CD14+ mono-
cytes (MDMs) that were isolated from peripheral blood of
patients. We transduced MDMs using a low and high MOI
and evaluated the percentage of p47phox positive cells, as
well as the levels of transgene expression (Fig. 1d).
Transduction was performed in the presence of the Vpx,
used to overcome the interference that the monocytic
SAMHD1 protein poses on reverse transcription [24]. As
expected, lentiviral transduction using MOI 5 resulted in a
lower percentage of p47phox-positive macrophages com-
pared with MOI 50 (Fig. 1d, upper and lower left panel), but
the levels of expression were similar to those found in
healthy donors (Fig. 1d, lower right panel) indicating good
performance of the vector.

Lentiviral gene therapy restores p47phox expression
and NADPH oxidase function in a mouse model of
p47phox-deficient CGD

We next investigated the ability of lentiviral gene therapy to
rescue the enzymatic activity of the NADPH oxidase in a
mouse model of p47phox-deficient CGD. We transduced
lineage negative HSPCs (Lin−ve) from p47phox−/− mice with

Fig. 1 Gene therapy rescues the p47phox CGD phenotype in human
cells. a Schematic representation of the provirus showing the Chimeric
promoter (CHIM), the codon-optimised NCF1 coding sequence
(cop47phox) and the WPRE4. b Dihydrorhodamine test (Rho123) in
the p47phox knock-down PLB985 cells (p47KD) that were transduced
with the pCCLCHIM-p47phox lentiviral vector (LV.p47) at different
multiplicity of infections (MOIs) and differentiated into granulocytes
(CD11b+) with di-methyl formamide. Representative FACS plots out
of three experiments. c Clonal populations (n= 11) were obtained by
single cell sorting PLB985 p47KD cells 1 week after transduction with
1 × 107 transducing units (TU)/ml of the pCCLCHIM-p47phox vector.
The plot shows on the Y-axis levels of p47phox expression, as measured
by the mean fluorescence intensity (MFI) over wild-type cells and on
the X-axis vector copy number for each clone (n= 3 experiments; data
are presented as mean ± SD; R2= squared Pearson’s coefficient of
correlation (p= 0.0012)). d Representative FACS plots showing
p47phox expression after lentiviral transduction with the pCCLChim-
p47phox vector (MOI 5 and 50) in monocyte-derived macrophages
(MDMs) from one p47phox CGD patient (upper panel). p47phox

expression in untransduced cells from the same patient (UN) and from
a healthy donor (HD) are shown as negative and positive control,
respectively. Lower left panel: percentage of p47phox positive cells
among the CD11b+ve population. Lower right panel: p47phox expres-
sion levels as measured by MFI. Data are presented as mean ± SD
(n= 6; ***p < 0.001, one-way ANOVA followed by Bonferroni post-
test correction).
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increasing amounts of the pCCLCHIM-p47phox lentiviral
vector as shown by increasing vector copies in transduced
cells (Fig. 2a). Vector transduction did not alter the ability
of p47phox−/− Lin−ve to form myeloid colonies in a CFU

assay (Supplementary Fig. 3a). Upon myeloid differentia-
tion, granulocytes containing ≥2 vector copies per cell
exhibited DHR levels close to wild type suggesting that the
strength of the chimeric promoter is comparable to that of
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the endogenous p47phox promoter (Fig. 2a and Supple-
mentary Fig. 3b).

In order to test our gene therapy protocol in vivo, we
transduced p47phox−/− Lin−ve with the lentiviral vector at
MOI 100 for 24 h (resulting in five vector copies per cell)
and transplanted the cells into lethally irradiated p47phox−/−

recipients. As control, p47phox−/− mice were also trans-
planted with mock-transduced p47phox−/− (Mock) or with
wild-type (HSCT) Lin−ve cells. Analysis of peripheral blood
samples 5 months post transplantation showed a percentage
of DHR positive cells ranging from 46 to 70% in six out of
eight animals reconstituted with lentivirus-transduced cells
(Fig. 2b). We were not able to detect any functional neu-
trophils in the blood of two animals (data not shown) cor-
relating with almost undetectable vcns in hematopoietic
organs (Table 1, experiment A). Of note the same two
animals did not have any DHR positive cells in their blood,
1 month after transplantation, suggesting that they were not
engrafted with donor cells probably due to technical reasons
(Supplementary Fig. 4a).

Experimental mice were sacrificed 6 months post trans-
plantation. Analysis of superoxide production in the bone
marrow of transplanted mice confirmed that gene therapy
rescued a high number of functional neutrophils in all
engrafted mice (Fig. 2c). We then quantified the levels of
p47phox expression in different hematopoietic cell lineages
(Fig. 2d). As expected, due to the nature of the chimeric
promoter, a high percentage of neutrophils and monocytes
expressed the p47phox transgene in comparison with a lower
percentage of B cells and T cells (Fig. 2d and Supple-
mentary Fig. 4b), mirroring the physiological pattern of
p47phox expression.

The longevity of our treatment was tested by trans-
planting bone marrow cells from the gene therapy, Mock

and HSCT groups into secondary p47phox−/− recipient
mice and monitoring the percentage of functional
neutrophils over time for 4 months (Fig. 3a). Vcns in
primary- and secondary-transplanted animals are shown
in Table 1 (experiment A). In contrast to other studies
where p47phox−/− mice reconstituted with gene-corrected
cells have been monitored for only a few weeks post
transplantation [25] we observed mice for almost 1 year
(when taking into account primary and secondary
mice) without witnessing any significant decrease in
neutrophil function. Our study suggests that with our

Fig. 2 Gene therapy rescues the p47phox CGD phenotype in a
murine model of p47phox-deficient CGD. a Quantification of
NADPH oxidase activity (as assessed by a DHR test; rhodamine
123) in lineage negative cells that have been transduced with dif-
ferent amounts of pCCLCHIM-p47phox (LV.p47) and undergone
granulocytic differentiation. Vector copy number/cell (vcn) is shown
in each plot. Representative FACS plots out of two replicates.
b DHR assay in peripheral blood granulocytes from gene-therapy-
treated mice (#1-#6), 5 months post transplantation. DHR plots from
p47phox−/− mice transplanted with wild-type (HSCT) or mock-
transduced p47phox−/− (Mock) cells are also shown as positive and
negative controls. c FACS plots showing a DHR assay in bone
marrow granulocytes from gene-therapy-treated mice (#1-#6),
6 months post transplantation. d Percentage of p47phox positive cells
(as assessed by antibody immunostaining and FACS analysis) out of
granulocytes (CD11b+/Gr-1high) and monocytes (CD11b+/Gr-1low)
from the bone marrow, and T cells (CD3+) and B cells (B220+) from
the spleen of transplanted animals (#1-#6), 6 months post gene
therapy. A mock transplanted mouse is shown as negative control
for the staining.

Table 1 Vector copy number in the peripheral blood and other
hematopoietic organs of gene therapy mice (primary and secondary).

Experiment A Mice PB BM SP Thy

Primary transplant #1 6.35 6.3 6.97 7.62

#2 5.54 6.15 5.54 5.06

#3 2.55 6.03 6.22 7.93

#4 5.94 3.96 4.79 3.49

#5 4.72 6.62 5.53 5.34

#6 6.12 6.57 5.73 6.18

#7 0.20 0.00 0.10 0.02

#8 0.00 0.40 0.00 0.00

Secondary transplant #1 5.87 Underwent Salmonella
challenge#2 2.91

#3 3.99

#4 4.01

#5 5.04

#6 2.78

#7 1.55

#8 4.06

#9 4.98

#10 4.16

Experiment B Mice PB BM SP

Primary transplant #1 1.31 1.57 1.1

#2 1.30 0.83 0.96

#3 3.66 Underwent Salmonella challenge

#4 4.68

#5 2.39

#6 1.47

#7 5.44

#8 5.20

#9 7.25

#10 5.95

Secondary transplant #1 0.35 0.15

#2 0.96 0.59

#3 0.53 0.29

#4 1.47 0.97
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protocol we are able to transduce HSPCs without affecting
their engraftment or repopulation ability, a reassuring
finding given the difficulties experienced in the first
human trials with gamma retroviral vectors for CGD [26]
where correction was mainly transient, in the absence of
clonal expansion.

Lentiviral gene therapy improves the outcome of
Salmonella Typhimurium infection in p47phox-
deficient CGD mice

We completed the efficacy evaluation of the pCCLCHIM-
p47phox lentiviral vector by assessing whether gene-therapy

a b

c

0 1 2 3 4 5 6 7 8
0

10
20
30
40
50
60
70
80
90

100
110

WT

p47-/-

LV.p47

Mock

HSCT

p47-/- LV.p47 Mock 
0

2

4

6

8

10
**

****

WT HSCT

****

p47-/- LV.p47 Mock 
0

2

4

6

8

10
****

************

****

WT HSCT

*****
***

p47 -/- LV.p47 Mock HSCT
0

1

2

3

4

WT

HSCT LV.p47 HSCT LV.p47 HSCT LV.p47
15

20

25

30

35

40

45

50

55

60

65

70

75

 1M                   2M                    4M

D
H

R
+v

e
gr

an
ul

oc
yt

es
 %

Days post infection

P
er

ce
nt

 s
ur

vi
va

l

DHR: <35%   >35%
4

5

6

7

8

*

 <35%  >35%
2

3

4

5

6

7

lo
g

10
 C

FU
/g

r

*

Liver

 <35%   >35%
0

1

2

3

lo
g

10
 C

FU
/m

l

*

lo
g

10
 C

FU
/m

l

Liver

BloodSpleen

Spleen Blood

DHR: DHR:

***

lo
g

10
 C

FU
/g

r
lo

g
10

 C
FU

/g
r

lo
g

10
 C

FU
/g

r

A. Schejtman et al.



could limit infection in mice challenged with Salmonella.
We have chosen to use systemic administration of Salmo-
nella Typhimurium mainly for its robust reliability, as
demonstrated in the gp91phox−/− and p22phox−/− mouse
models [27]. Secondary graft recipients alongside with
C57BL/6 wild-type and p47phox−/− mice were intravenously
injected with 5 × 105 CFU of attenuated Salmonella
Typhimurium. Upon bacterial challenge, the gene therapy
group (LV.p47) survived longer than the Mock or
p47phox−/− groups, similar to secondary recipients of wild-
type cells (HSCT). Untreated C57BL/6 wild-type animals
were resistant to the infection (Fig. 3b). The severity of this
infection model in CGD mice has already been described
[27] and confirmed in this study by the rapid death of
p47phox−/− mice.

The efficacy of gene therapy was also reflected in a
reduction in bacterial load when additional gene-therapy-
treated mice were sacrificed 3 days post Salmonella
Typhimurium infection. CFU counts in spleen, liver and
peripheral blood of p47phox−/− mice reconstituted with
lentivirus-transduced cells were significantly lower than
those measured in p47phox−/− or mock-treated mice
although higher than those found in C57BL/6 mice and in

p47phox−/− mice transplanted with wild-type cells (Fig. 3c
upper panels). The effect was more pronounced in mice
with >35% of DHR positive granulocytes in their peripheral
blood (Fig. 3c; lower panels). This result is in keeping with
a previous report showing that transplanted X-linked CGD
mice with 30% donor chimerism have a significantly
reduced bacterial load, upon Salmonella infection, in com-
parison with gp91phox-null animals [28] and suggests that
the levels of NADPH-oxidase activity that we obtain in
lentivirus-transduced phagocytic cells is sufficient for clin-
ical effect. Of note, a recent study conducted on 162 carriers
of X-linked CGD reports that 20% of functional neutrophils
are required to confer protection against life-threatening
infections [29], although lower levels also have very sig-
nificant effects [30]. Secondary transplantation experiments
confirmed the longevity of the gene therapy treatment
(Supplementary Fig. 4c). Vcns in the blood of gene-
therapy-treated mice shown in Fig. 3c and Supplementary
Fig. 4c are presented in Table 1 (experiment B).

Taken together, the results presented here show that our
lentiviral gene therapy protocol by the use of the
pCCLCHIM-p47phox vector can stably restore p47phox

expression and NADPH-oxidase function in relevant cells
and ameliorate infections.

Targeted insertion of the therapeutic NCF1 coding
sequence in the AAVS1 safe harbour locus [31] or targeted
correction of the GT base pair deletion at the start of NCF1
exon 2 [32] have recently been proposed as alternatives to a
gene addition protocol. However, despite rapid advances in
the gene editing field for monogenic blood disorders, pro-
tocols that contemplate the need for cell proliferation/acti-
vation in order to promote homology-directed repair could
prove unsuited for HSC that are already compromised by
chronic inflammation and may show an accelerated loss of
stem-cell phenotype upon culture [33]. We believe that a
lentiviral transduction protocol that entails short-term
ex vivo cell culture will offer a rationale treatment option
for p47phox CGD.
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Fig. 3 Survival and bacterial count in response to Salmonella
Typhimurium infection. a Analysis of NADPH oxidase function
(DHR test) in peripheral blood granulocytes from secondary-
transplanted p47phox−/− mice at 1, 2 and 4 months post transplanta-
tion. Shown are mice transplanted with bone marrow cells taken from
wild-type (HSCT) or gene-therapy-treated (LV.p47) animals. One
mouse in the LV.p47 group was sacrificed at 3 months due to the
development of a B-cell leukaemia. Vector copy number in the
peripheral blood of LV.p47 secondary-transplanted animals (4 months
post transplantation) is shown in Table 1, experiment A. b Kaplan–
Meier curve showing the survival of HSCT (n= 2), Mock (n= 2) and
LV.p47 (n= 10) secondary recipients after intravenous injection of
5 × 105 CFU of Salmonella Typhimurium M525. p47phox−/− mice
(n= 10) and C57BL/6 wild-type mice (n= 10) were used as control of
the experiment. ***p < 0.001 denotes the significant difference
between the LV.p47 and p47phox−/− groups. Statistical analysis was
made by the log-rank test. c p47phox−/− mice were transplanted with
lentivirus-transduced (LV.p47) or mock-transduced (Mock) p47phox−/−

and with wild-type (HSCT) Lin−ve cells. Four months post-gene
therapy mice were challenged with S. Typhimurium. Three days post-
infection bacterial load was assessed in spleen, liver and blood. Nor-
mal C57BL/6 (WT) and p47phox−/− mice were used as control for the
experiment. Upper panels: bacterial counts (expressed as CFU/gr or
CFU/ml) in the spleen (left), liver (middle), peripheral blood (right) of
LV.p47 (n= 7), HSCT (n= 8) or Mock (n= 8), p47phox−/− (n= 8)
and WT (n= 8) mice. Data are presented as mean ± SD. Statistical
analysis was performed with one-way ANOVA with Sidak’s post-test
correction; **p < 0.001, ***p < 0.001, ****p < 0.0001. Lower panels:
bar graphs showing the mean ± SD of bacterial counts found in the
spleen (left), liver (middle) and blood (right) of mice with high DHR >
35% (n= 4 for spleen and liver; n= 3 for blood as one outlier was
removed) and low <35% DHR (n= 3). DHR was determined in the
blood of LV.p47 mice 4 months post transplantation. Statistical ana-
lysis was performed using a Student’s t test, *p < 0.05.

Lentiviral gene therapy rescues p47phox chronic granulomatous disease and. . .



Compliance with ethical standards

Conflict of interest AJT is on the Scientific Advisory Board of
Orchard Therapeutics and Rocket Pharmaceuticals. HBG is the Chief
Scientific Officer for Orchard Therapeutics. The other authors declare
that they have no conflict of interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Rider NL, Jameson MB, Creech CB. Chronic granulomatous
disease: epidemiology, pathophysiology, and genetic basis of
disease. J Pediatric Infect Dis Soc. 2018;7:S2–5.

2. Thomas DC, Charbonnier LM, Schejtman A, Aldhekri H,
Coomber EL, Dufficy ER, et al. EROS/CYBC1 mutations:
decreased NADPH oxidase function and chronic granulomatous
disease. J Allergy Clin Immunol. 2019;143:782–785.e1.

3. Arnadottir GA, Norddahl GL, Gudmundsdottir S, Agustsdottir
AB, Sigurdsson S, Jensson BO, et al. A homozygous loss-of-
function mutation leading to CYBC1 deficiency causes chronic
granulomatous disease. Nat Commun. 2018;9:4447.

4. Segal AW. How superoxide production by neutrophil leukocytes
kills microbes. Novartis Found Symp. 2006;279:92–8. discussion
98-100, 216-109

5. Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I, Wahn V,
et al. Novel cell death program leads to neutrophil extracellular
traps. J Cell Biol. 2007;176:231–41.

6. Yanir AD, Hanson IC, Shearer WT, Noroski LM, Forbes LR,
Seeborg FO, et al. High incidence of autoimmune disease after
hematopoietic stem cell transplantation for chronic granulomatous
disease. Biol Blood Marrow Transplant. 2018;24:1643–50.

7. Connelly JA, Marsh R, Parikh S, Talano JA. Allogeneic hema-
topoietic cell transplantation for chronic granulomatous disease:
controversies and state of the art. J Pediatric Infect Dis Soc.
2018;7:S31–9.

8. Ott MG, Schmidt M, Schwarzwaelder K, Stein S, Siler U, Koehl
U, et al. Correction of X-linked chronic granulomatous disease by
gene therapy, augmented by insertional activation of MDS1-EVI1,
PRDM16 or SETBP1. Nat Med. 2006;12:401–9.

9. Stein S, Ott MG, Schultze-Strasser S, Jauch A, Burwinkel B,
Kinner A, et al. Genomic instability and myelodysplasia with
monosomy 7 consequent to EVI1 activation after gene therapy for
chronic granulomatous disease. Nat Med. 2010;16:198–204.

10. Grez M, Reichenbach J, Schwable J, Seger R, Dinauer MC,
Thrasher AJ. Gene therapy of chronic granulomatous disease: the
engraftment dilemma. Mol Ther. 2011;19:28–35.

11. Kohn D, Booth C, Kang EM, Pai SY, Shaw KL, Santilli G, et al.
Lentiviral vector gene therapy for X-linked chronic granulomatous
disease. Nat Med. 2020;26:200–6.

12. Santilli G, Almarza E, Brendel C, Choi U, Beilin C, Blundell MP,
et al. Biochemical correction of X-CGD by a novel chimeric
promoter regulating high levels of transgene expression in mye-
loid cells. Mol Ther. 2011;19:122–32.

13. Koker MY, Camcioglu Y, van Leeuwen K, Kilic SS, Barlan I,
Yilmaz M, et al. Clinical, functional, and genetic characterization
of chronic granulomatous disease in 89 Turkish patients. J Allergy
Clin Immunol. 2013;132:1156–63.e5.

14. Fattahi F, Badalzadeh M, Sedighipour L, Movahedi M, Fazlollahi
MR, Mansouri SD, et al. Inheritance pattern and clinical aspects of
93 Iranian patients with chronic granulomatous disease. J Clin
Immunol. 2011;31:792–801.

15. Tajik S, Badalzadeh M, Fazlollahi MR, Houshmand M, Bazargan
N, Movahedi M, et al. Genetic and molecular findings of 38
Iranian patients with chronic granulomatous disease caused by
p47-phox defect. Scand J Immunol. 2019;90:e12767.

16. Noack D, Rae J, Cross AR, Ellis BA, Newburger PE, Curnutte JT,
et al. Autosomal recessive chronic granulomatous disease caused
by defects in NCF-1, the gene encoding the phagocyte p47-phox:
mutations not arising in the NCF-1 pseudogenes. Blood.
2001;97:305–11.

17. Kuhns DB, Hsu AP, Sun D, Lau K, Fink D, Griffith P, et al. NCF1
(p47(phox))-deficient chronic granulomatous disease: compre-
hensive genetic and flow cytometric analysis. Blood Adv.
2019;3:136–47.

18. Marciano BE, Spalding C, Fitzgerald A, Mann D, Brown T,
Osgood S, et al. Common severe infections in chronic granulo-
matous disease. Clin Infect Dis. 2015;60:1176–83.

19. van den Berg JM, van Koppen E, Ahlin A, Belohradsky BH,
Bernatowska E, Corbeel L, et al. Chronic granulomatous disease:
the European experience. PLoS ONE. 2009;4:e5234.

20. Brendel C, Rothe M, Santilli G, Charrier S, Stein S, Kunkel H,
et al. Non-clinical efficacy and safety studies on G1XCGD, a
lentiviral vector for ex vivo gene therapy of X-linked chronic
granulomatous disease. Hum Gene Ther Clin Dev. 2018;29:
69–79.

21. Chiriaco M, Farinelli G, Capo V, Zonari E, Scaramuzza S, Di
Matteo G, et al. Dual-regulated lentiviral vector for gene therapy
of X-linked chronic granulomatosis. Mol Ther. 2014;22:1472–83.

22. Goujon C, Jarrosson-Wuilleme L, Bernaud J, Rigal D, Darlix JL,
Cimarelli A. With a little help from a friend: increasing HIV
transduction of monocyte-derived dendritic cells with virion-like
particles of SIV(MAC). Gene Ther. 2006;13:991–4.

23. Leon-Rico D, Aldea M, Sanchez-Baltasar R, Mesa-Nunez C,
Record J, Burns SO, et al. Lentiviral vector-mediated correction of
a mouse model of leukocyte adhesion deficiency type I. Hum
Gene Ther. 2016;27:668–78.

24. Hrecka K, Hao C, Gierszewska M, Swanson SK, Kesik-Brodacka
M, Srivastava S, et al. Vpx relieves inhibition of HIV-1 infection
of macrophages mediated by the SAMHD1 protein. Nature.
2011;474:658–61.

25. Brendel C, Hanseler W, Wohlgensinger V, Bianchi M, Tokmak S,
Chen-Wichmann L, et al. Human miR223 promoter as a novel
myelo-specific promoter for chronic granulomatous disease gene
therapy. Hum Gene Ther Methods. 2013;24:151–9.

26. Keller MD, Notarangelo LD, Malech HL. Future of care for
patients with chronic granulomatous disease: gene therapy and
targeted molecular medicine. J Pediatric Infect Dis Soc. 2018;7:
S40–4.

27. Thomas DC, Clare S, Sowerby JM, Pardo M, Juss JK, Goulding
DA, et al. Eros is a novel transmembrane protein that controls the
phagocyte respiratory burst and is essential for innate immunity. J
Exp Med. 2017;214:1111–28.

A. Schejtman et al.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


28. Felmy B, Songhet P, Slack EM, Muller AJ, Kremer M, Van Maele
L, et al. NADPH oxidase deficient mice develop colitis and bac-
teremia upon infection with normally avirulent, TTSS-1- and
TTSS-2-deficient Salmonella Typhimurium. PLoS ONE. 2013;8:
e77204.

29. Marciano BE, Zerbe CS, Falcone EL, Ding L, DeRavin SS, Daub
J, et al. X-linked carriers of chronic granulomatous disease: Ill-
ness, lyonization, and stability. J Allergy Clin Immunol.
2018;141:365–71.

30. Kuhns DB, Alvord WG, Heller T, Feld JJ, Pike KM, Marciano
BE, et al. Residual NADPH oxidase and survival in chronic
granulomatous disease. N Engl J Med. 2010;363:2600–10.

31. Merling RK, Sweeney CL, Chu J, Bodansky A, Choi U, Priel DL,
et al. An AAVS1-targeted minigene platform for correction of
iPSCs from all five types of chronic granulomatous disease. Mol
Ther. 2015;23:147–57.

32. Merling RK, Kuhns DB, Sweeney CL, Wu X, Burkett S, Chu J,
et al. Gene-edited pseudogene resurrection corrects p47(phox)-
deficient chronic granulomatous disease. Blood Adv. 2017;1:
270–8.

33. Weisser M, Demel UM, Stein S, Chen-Wichmann L, Touzot F,
Santilli G, et al. Hyperinflammation in patients with chronic
granulomatous disease leads to impairment of hematopoietic stem
cell functions. J Allergy Clin Immunol. 2016;138:219–28.e9.

Lentiviral gene therapy rescues p47phox chronic granulomatous disease and. . .


	Lentiviral gene therapy rescues p47phox chronic granulomatous disease and the ability to fight Salmonella infection in mice
	Abstract
	Introduction
	Materials and methods
	Vector construction
	Cell culture and differentiation
	Vector production
	Lentiviral transduction
	p47phox detection and flow cytometry analysis
	Dihydrorhodamine test (DHR)
	Primary and secondary transplantation of p47phox null mice
	Salmonella challenge
	Statistical analysis

	Results and discussion
	Lentiviral gene therapy restores p47phox expression in human cells
	Lentiviral gene therapy restores p47phox expression and NADPH oxidase function in a mouse model of p47phox-deficient CGD
	Lentiviral gene therapy improves the outcome of Salmonella Typhimurium infection in p47phox-deficient CGD mice

	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




