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Regulated transgene expression may improve the 
safety and efficacy of hematopoietic stem cell (HSC) 
gene therapy. Clinical trials for X-linked chronic granu-
lomatous disease (X-CGD) employing gammaretroviral 
vectors were limited by insertional oncogenesis or lack 
of persistent engraftment. Our novel strategy, based 
on regulated lentiviral vectors (LV), targets gp91phox 
expression to the differentiated myeloid compartment 
while sparing HSC, to reduce the risk of genotoxicity 
and potential perturbation of reactive oxygen species 
levels. Targeting was obtained by a myeloid-specific 
promoter (MSP) and posttranscriptional, microRNA-
mediated regulation. We optimized both components 
in human bone marrow (BM) HSC and their differen-
tiated progeny in vitro and in a xenotransplantation 
model, and generated therapeutic gp91phox expressing 
LVs for CGD gene therapy. All vectors restored gp91phox 
expression and function in human X-CGD myeloid cell 
lines, primary monocytes, and differentiated myeloid 
cells. While unregulated LVs ectopically expressed 
gp91phox in CD34+ cells, transcriptionally and post-
transcriptionally regulated LVs substantially reduced 
this off-target expression. X-CGD mice transplanted 
with transduced HSC restored gp91phox expression, 
and MSP-driven vectors maintained regulation dur-
ing BM development. Combining transcriptional 
(SP146.gp91-driven) and posttranscriptional (miR-
126-restricted) targeting, we achieved high levels of 
myeloid-specific transgene expression, entirely sparing 
the CD34+ HSC  compartment. This dual-targeted LV 
construct represents a promising candidate for further 
clinical  development.
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INTRODUCTION
Chronic granulomatous disease (CGD) is caused by defects in 
genes encoding the subunits of the nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase complex, responsible for 
the respiratory burst.1,2 The oxidase catalyzes the production of 
reactive oxygen species, which are critical to the killing of phago-
cytosed pathogens. Accordingly, CGD patients are affected by 
severe, life-threatening bacterial and fungal infections as well as 
extensive tissue granuloma formation. X-linked CGD (X-CGD) is 
due to mutations in the CYBB gene which encodes for the gp91phox 
 subunit.3,4 To date, CGD patients are treated with antimicrobial 
and antifungal prophylaxis, but mortality remains high (3% per 
year).5 Hematopoietic stem cell transplantation (HSCT) represents 
a definitive treatment for patients with a suitable human leukocyte 
antigen-matched donor.6,7 Despite recent improvements in HSCT 
 protocols,8–10 treating CGD patients in whom conventional treat-
ment has failed and lack an human leukocyte antigen-matched 
donor remains challenging and is still associated with substantial 
complications. Gene transfer into hematopoietic stem/progenitor 
cells (HSPC) represents a promising approach, especially for this 
patient group. Gene therapy (GT) trials for X-CGD conducted 
so far have resulted in low-level engraftment or transient clini-
cal benefit.11–15 Lack of long-term efficacy has been attributed to a 
progressive decrease in transduced cell engraftment or methyla-
tion of the viral promoter leading to silencing of transgene expres-
sion. These findings led to the hypothesis that ectopic gp91phox 
expression in HSPC could cause the production of reactive oxy-
gen species that may damage DNA, alter cell growth, or induce 
apoptosis.16,17 A subtle competitive disadvantage of HSPC engi-
neered with gp91phox expressing vector in a host with a highly acti-
vated bone marrow (BM) environment due to recurrent infections 
might have favored the loss of gene-modified cells. Alternatively, 
immune-mediated mechanisms against gp91phox expressing cells 
could have contributed to the lack of long-term persistence. In 
contrast, most patients treated with HSPC transduced with a 
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spleen focus forming virus-based retroviral vector (SFFV-RV) 
developed myelodysplasia with monosomy 7 caused by insertional 
activation of the EVI1-MDS1 proto-oncogene.8,18 The frequency 
of this adverse event underlines the fact that only gp91phox-trans-
duced cells with a gain-of-function event could persist in patients 
treated with GT protocols employing LTR-driven RV.

Overall, these findings support the need for safer and more 
effective gene correction strategies for X-CGD. Self-inactivating 
lentiviral vectors (SIN-LVs) with an internal promoter are the 
most promising candidates for this approach due to their higher 

proficiency in transducing HSC and their improved safety profile 
compared with retroviral vectors.19 To restore physiological expres-
sion of gp91phox, SIN-LVs were designed to allow transcriptional 
targeting of gp91phox to myeloid cells using different promoters,  
including a fusion cathepsin G and c-fes promoter,20 a human 
micro-RNA 223 promoter,21 an A2UCOE insulator  element in 
combination with the MRP8 myeloid specific promoter,22 and 
a minimal gp91phox synthetic promoter combined with various 
transcription factor-binding sites.23 These vectors showed good 
specificity in differentiated cells, but a variable degree of leakiness 

Figure 1  Optimized detargeting of the hematopoietic stem/progenitor cells (HSPC) compartment by miRNA target sequences. (a) Measuring 
miRNA activity in primary human HSPC by bidirectional reporter lentiviral vectors (BdLVs). Comparing the miR-126 reporter, BdLV.126T(2), with a 
control (Ctrl-)BdLV allows precise quantification of GFP downregulation without the need for matching vector copy number (see Methods section 
for details). The scheme shows in vitro and in vivo assays to comprehensively measure the activity of 126T(2) in human hematopoiesis. (b) Activity of 
the 126T(2) target in cord blood (CB) (n = 2 donors) and bone marrow (BM) (n = 4 donors), either in the HSPC compartment (CD34+CD38−CD90+, 
CD34+38−, and 34+38+, 2 days after transduction), or after 2 weeks in myeloid differentiating condition (G-CSF and FCS 10%). CFU-G/M, colony 
forming units granulocyte/monocyte, CD34hiCD13+; MB, myeloblasts, CD34+/lowCD13+CD11b−; PMC, promyelocytes, CD34−CD13+CD11b−; MC, 
myelocytes, CD13+CD11b+CD16−; MMC/GR, metamyelocytes/granulocytes, CD13+CD11b+CD16+. The dotted line represents the GFP mean fluo-
rescence intensity (MFI) of the Ctrl BdLV. The differences in GFP expression between the subsets are highly significant (Two-way analysis of variance 
(ANOVA)), while there is no significant difference between HSPC source (CB versus BM). (c,d) Activity of 126T(2) in vivo. BM CD34+ HSPC were trans-
duced with BdLV.126T(2) or Ctrl.BdLV, and transplanted into NSG mice (n = 4 per group). (c) Representative FACS plots show reporter expression in 
human CD45+ cells recovered from the BM of hematochimeric mice at 24 weeks post-transplantation. Upper row: plots gated on CD34+CD38− HSPC; 
lower row: FACS plots gated on CD33+CD11b+ myeloid progeny. (d) Quantification of the in vivo activity of the 126T(2) in the indicated subpopula-
tions. The following surface marker profiles were used to define subpopulations: HSC/MPP: CD34+CD38−CD45RA−CD10−; MLP: CD34+CD38−CD45R
A+CD10+ or - as indicated; CMP/MEP: CD34+CD38+CD45RA−; GMP: CD34+CD38+CD45RA+CD10−; B/NK: CD34+CD38+CD45RA+CD10+. The dot-
ted line represents the GFP MFI of the Ctrl BdLV. Statistics were performed by one-way ANOVA, and * indicates P < 0.05 in Bonferroni’s post test against 
CD33+ cells. FACS, fluorescence-activated cell sorting; FCS, fetal calf serum; GFP, green fluorescent protein; PGK, phosphoglycerate kinase.
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in murine progenitors, and no information was provided on the 
specificity in human repopulating HSPC.

To further restrict transgene expression from human HSPC 
and, at the same time, allow robust expression in differentiated 

mature cells, we exploited posttranscriptional regulation by 
microRNA (miRNA),24–27 inserting target sequences for HSPC-
specific miRNA into the LV cassette. Using this approach, we 
obtained a 5–30-fold downregulation of the transgene in mouse 
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and human HSPC, while expression remained largely unaffected 
in differentiated cells which do not express these miRNA.27 This 
strategy allowed us to overcome HSPC toxicity by galactocerebro-
sidase and conditional suicide genes achieving a stable BM graft in 
mice.27 However, the optimal number and combination of miRNA 
target sequences remained to be determined.

Here we show that LV encoding miRNA-mediated posttran-
scriptional control elements and myeloid-specific transcriptional 
elements allow unprecedented levels of myeloid-specific trans-
gene expression, entirely sparing the CD34+ HSPC compart-
ment. Therapeutic LV encoding gp91phox effectively corrected the 
X-CGD phenotype in gp91phox-deficient cell lines, primary cells, 
and gp91phox-deficient mice while maintaining strictly regulated 
transgene expression.

RESULTS
Optimized detargeting of the HSPC compartment by 
miRNA target sequences
To optimize posttranscriptional regulation, we screened combi-
nations of target sequences for miR-126 and miR-130a or targets 
for novel putative HSPC-specific miRNAs27 in human cord blood 
(CB) for their capacity to repress transgenes in a differentiation 
stage-specific manner (Supplementary Figures S1 and S2). Two 
targets for miR-126 (126T(2)), either alone or in combination with 
two miR-130a targets, performed best, resulting in regulation indi-
ces of 10.7 and 12.9, respectively, when comparing CD34+CD38− 
HSPC with CD13+ myeloid progeny (Supplementary Figure S2). 
We further characterized the regulatory potential of the 126T(2) 
target on CB (n = 2 additional donors) and BM (n = 4 donors) in 
short-term or myeloid differentiation culture using the bidirec-
tional lentiviral reporter vector platform (BdLV)24,25,27 (Figure 1a).  
126T(2) activity was similar in CB and BM, with a 10–18-fold 
reduction of transgene expression in CD34+CD38−CD90+ HSPC 
and unrestricted expression in differentiated myeloid cells, with 
loss of miR-126 activity occurring around the myeloblast/promy-
elocyte stage (Figure 1b). We then reconstituted NSG mice with 
human BM CD34+ cells transduced with BdLV.126T(2) or Ctrl.
BdLV, and quantified transgene expression in the xenografted 
cells 24 weeks after transplantation (Figure 1c,d). Importantly, 
we found persistent downregulation of transgene expression in 
CD34+ HSPC, with a gradient of activity extending from HSC 

(25-fold downregulation) to multipotent progenitors (7–20-fold 
repression) and committed progenitors/precursors (3–6-fold 
repression). Differentiated cells (B cells and myeloid cells) reached 
70–80% of transgene expression levels with respect to the Ctrl 
BdLV, indicating a near-complete loss of miR-126 activity, in line 
with the in vitro results.

Combined transcriptional/posttranscriptional 
regulation further improves targeting to 
differentiated myeloid cells
With the aim of maximizing expression in differentiated myeloid 
cells while minimizing it in HSPC, we combined posttranscrip-
tional, miR-126-based detargeting with a myeloid-specific pro-
moter (MSP) composed of a 1.5 kb minimal promoter sequence 
from the gp91phox locus fused to the SP146 synthetic enhancer/
promoter.23,28 CD34+ HSPC from human BM were transduced 
with matched doses of a phosphoglycerate kinase (PGK).GFP 
control LV, the transcriptionally targeted MSP.GFP LV and the 
dual-targeted MSP.GFP.126T(2) LV (Figure 2a), and promoter 
activity was compared in liquid culture as described above for 
BdLV.126T(2), as well as in myelo-erythroid colonies. Average 
vector copy number (VCN) per cell measured after 2 weeks in 
culture was comparable for the 3 LVs (Figure 2b), as was the per-
centage of GFP+ cells in the more differentiated, CD34−CD38+ 
compartment (Figure 2c). On the  contrary, CD34+CD38− cells 
transduced with the MSP constructs expressed less GFP com-
pared with the PGK LV, indicating that the transcriptional activity 
of the MSP is decreased in HSPC with respect to PGK. Strikingly, 
GFP expression was virtually absent in CD34+CD38−CD90+ 
HSPC when the MSP was combined with the 126T sequence 
(Figure 2c,d). Transgene expression was quantified as the mean 
fluorescence intensity (MFI) corrected for transduction level (see 
Materials and Methods). The MSP and the combined MSP.126T 
LVs were, respectively, 10- and 100-fold less active in the most 
primitive CD34+CD38−CD90+ compartment compared with 
PGK. During myeloid differentiation, transgene expression in 
MSP- or MSP.126T-transduced cells was similar and surpassed 
the PGK group 5–10 fold (Figure 2d,e). A similar expression pat-
tern was seen for CD14+ monocyte/macrophage subsets, while 
the MSP was not active in CD235+ erythroid cells (Figure 2f). 
To compare the differentiation-stage specific  activity of each LV 

Figure 2 Transcriptional targeting by the SP146/gp91phox promoter in human BM populations. (a) Vector maps of the myeloid-specific promoter 
(MSP) based on a minimal gp91phox promoter from the endogenous locus fused to the synthetic SP146 element and the ubiquitous PGK promoter 
(Ctrl LV) which was used as a reference. (b) CD34+ bone marrow (BM) cells (n = 4, two different donors) were transduced with the vectors indicated 
in (a), and vector copy number (VCN) was assessed after 14 days of in vitro culture (mean + SEM). (c) Transgene expression during in vitro culture is 
shown for the two vector groups (mean + SEM). Culture conditions and subpopulations are the same as in Figure 1d. P < 0.001 (two-way analysis of 
variance (ANOVA)), * indicates significance levels after Bonferroni post-test correction, with the following reference populations: before the slash: MSP 
versus PGK; after the slash: MSP versus MSP.126T. (d) Representative FACS plots showing GFP expression of MSP- (black line) or Ctrl LV- (gray area) 
transduced cells in CD34+CD38+CD90+ hematopoietic stem/progenitor cells (HSPC) (top) or CD34−CD13+CD11b+ myeloid progeny (bottom). 
(e) Mean fluorescence intensity (MFI) (arithmetic mean) of the GFP-positive cells shown in (c). P < 0.001 (two-way ANOVA), and * indicates significance 
levels after Bonferroni post-test correction. (f) Representative histograms and MFI quantification in the indicated subpopulations recovered from day 
14 myeloerythroid colonies (n = 3). Two-way ANOVA: P < 0.0001 (subpopulations), ns (MSP versus MSP.126T). (g) Differentiation-stage-specific activ-
ity of PGK, PGK.126T(2), MSP, MSP.126T(2). Indicated subpopulations (see Figure 1b for legend) were identified in a 2-week myeloid differentiation 
culture of CD34+ bone marrow (BM), and MFI of each subpopulation was internally normalized to the most primitive cell fraction in the culture, i.e., 
CD34hi13−11b− cells (HSPC). (h,i) In vivo activity of the MSPs. BM CD34+ HSPC were transduced with MSP LV, MSP.LV.126T(2), or PGK Ctrl.LV, and 
transplanted into NSG mice (n = 4 per group). Representative FACS plots show GFP expression in the indicated subpopulations of human CD45+ cells 
recovered from the PB of hematochimeric mice at 10 (CD33+, CD19+ cells) or 17 weeks (CD3+ cells) post-transplantation. The bar graph on the right 
shows GFP expression of the MSP in the indicated subpopulations (green bars, median; d) and the MFI of the GFP-positive cells relative to the mean 
MFI of the Ctrl LV in the indicated subpopulation (white bars, mean + SEM). The dotted line represents the average %GFP+ cells in the CtrlLV group 
(left y-axis) and the GFP MFI of the Ctrl LV (right y-axis). FACS, fluorescence-activated cell sorting; PB, peripheral blood; PGK, phosphoglycerate kinase.
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construct, we measured the GFP MFI in myeloid subpopulations 
in a bulk culture containing both primitive and progressively 
differentiated cellular elements, and normalized it to the MFI 
of CD34hiCD11b−CD13− HSPC within the same vector group 
(Figure 2g). The activity of the PGK promoter peaked in progeni-
tors and progressively decreased during myeloid differentiation to 
~50% of its original value, and addition of the 126T(2) element 
improved this myeloid specificity index from 0.5 to 5. Noteworthy, 
the MSP had a very favorable expression profile, with a 30-fold 
induction of transgene expression during myeloid differentiation, 
and addition of the miR-126 target sequences further improved 

this regulation index to more than 100-fold. Finally, we tested the 
performance of the MSP LVs in comparison with PGK in vivo 
after long-term repopulation of NSG mice with LV-transduced 
BM HSPC. Analysis of human CD45+ BM cells at 18 weeks post-
transplant showed little GFP expression in the CD34+ HSPC com-
partment, particularly in the most primitive HSC compartment 
and in CD10+ B cell progenitors. Expression was further reduced 
to barely detectable levels by adding the 126T(2) element, fully in 
line with the in vitro culture data (Figure 2h). Expression from the 
MSP was absent in T cells and similar to that of PGK in CD19+ 
B lymphocytes. Importantly, we confirmed a robust induction of 
transgene expression in CD33+ myeloid cells in vivo, surpassing 
the PGK promoter several fold (Figure 2i). These in vivo results 
were confirmed in an independent experiment, and transduction 
of mature human monocytes/macrophages showed that our MSP 
performed at least equally to PGK in the latter phagocytic cell 
population (Supplementary Figure S3).

Regulated LVs reduce ectopic gp91phox expression in 
human CD34+ cells from normal donors
We next generated and tested different LVs that expressed human 
codon-optimized gp91phox cDNA29 and were transcriptionally and/
or posttranscriptionally detargeted from HSPC (MSP.gp91_126T(2), 
MSP.gp91, or PGK.gp91_126T(2), respectively) (Supplementary 
Figure S1). As a control, we used a ubiquitous cellular promoter 
(PGK.gp91). Initially, we measured gp91phox expression in BM 
CD34+ cells from healthy donor (HD) after short-term culture 
(4  days) and found that gp91phox protein was almost undetectable 
in CD34+ HSPC (1.31%), while it started to be expressed (15.3%) 
in CD34− cells generated during in vitro culture (Supplementary 
Figure S4). Then we compared transgene regulation from PGK.
gp91_126T(2), MSP.gp91, and MSP_126T(2) with the constitutive 
PGK.gp91 vector. We found that HD BM CD34+ cells transduced 
with the PGK.gp91 vector ectopically expressed gp91phox (Figure 3a; 
Supplementary Figure  S4). In contrast, transduction with PGK.
gp91_126T(2), MSP.gp91, and MSP_126T(2) resulted in substan-
tially reduced gp91phox expression in CD34+ cells with respect to 
PGK-transduced cells (5.9% ± 1.6, 9.5% ± 3.3 and 6.6 ± 1.8 versus 
32.7% ± 6.8). Reduced ectopic gp91phox expression was also evident 

Figure 3 Prevention of ectopic expression in human CD34+ cells of 
healthy donor transduced with regulated vectors. (a) The histograms 
represent % of gp91phox positive cells (mean ± SEM) within CD34+ cell 
gates, in four independent experiments. Statistical analysis was per-
formed with one-way analysis of variance (ANOVA) with Bonferroni 
post-test correction, * indicates P < 0.05, **indicates P < 0.01, and *** 
indicates P < 0.001. (b) gp91phox-estimated mean fluorescence inten-
sity (MFI) (as reported in Supplementary Methods) of HD CD34+ 
cells transduced with the indicated vectors. Statistical analysis was per-
formed as in (a). (c) FACS analysis of transgene expression in human 
progenitor cell subsets: hematopoietic stem cell (CD34+ CD38− CD90+ 
CD45RA−), MPP (CD34+ CD38− CD90− CD45RA−), MLP (CD34+ 
CD38− CD90− CD45RA+), GMP (CD34+ CD38+ CD90− CD45RA+), 
CMP/MEP (CD34+ CD38+ CD90− CD45RA+). The histograms repre-
sent the percentage of gp91phox positive cells in the indicated subsets  
(n = 3, mean ± SEM). The mean vector copy number ± SEM was 1.0 ± 0.2 
for MSP.gp91 and 1.1 ± 0.2 for MSP.gp91.1262T. Statistical analysis was 
performed with one-way ANOVA with Bonferroni post-test correction, 
* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001, and 
**** indicates P < 0.0001. FACS, fluorescence-activated cell sorting; HD, 
healthy donor; PGK, phosphoglycerate kinase.
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when comparing MFI values, confirming the proficiency of both reg-
ulation systems in detargeting HSPC in the CGD setting (Figure 3b). 
On the other hand, gp91phox was overexpressed in differentiated 
CD34− cells transduced by all vectors (Supplementary Figure S4).

Finally, we decided to analyze more in detail the heterogeneous 
CD34+ populations to test the efficiency of MSP-regulated vec-
tors in the most primitive human cell subsets. MSP.gp91_126T(2) 
was most efficient in detargeting transgene expression and more 

Figure 4 Regulated transgene expression with restored gp91phox expression and function in X-linked chronic granulomatous disease (X-CGD) 
cells. (a,b) X-CGD CD34+ cells from Pt1 and Pt2 were transduced with the indicated vectors at 100 MOI and analyzed for the surface expression of 
gp91phox by FACS, after 4 days of liquid culture in serum-free medium with SCF, FLT3L, TPO, and IL-3. Vector copy number reported for each sample is 
calculated on the total population after in vitro culture. In (c) bars show the gp91phox MFI of transduced CD34+ cells relative to the mean fluorescence 
intensity of HD untransduced cells in CD16+CD11b+ and CD14+CD11b+ gated cells for Pt 1 and Pt 2. (d,e) Nicotinamide adenine dinucleotide 
phosphate oxidase activity in myeloid (CD11b+) cells from Pt1 and Pt2 measured by DHR assay. The bars show the percentage of Rhodamine123 
cells after PMA stimulation. DHR, dihydrorhodamine 123; FACS, fluorescence-activated cell sorting; HD, healthy donor; MOI, multiplicity of infection; 
PMA, phorbol 12-myristate 13-acetate; SCF, stem cell factor; TPO, thrombopoietin.
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importantly, the lowest gp91phox expression was observed in the 
most primitive fraction of HSC and MPP, revealing a significative 
difference between the MSP.gp91 vector and the combined MSP.
gp91_126T(2) LV at a comparable VCN (Figure 3c).

Regulated expression of the gp91phox transgene and 
biochemical correction in HSPC from X-CGD patients
We then collected BM from two X-CGD patients (Pt1 and Pt2) and 
transduced CD34+ cells with the therapeutic LVs.30 After short-
term culture, all LVs restored gp91phox expression in differentiating 
cells at levels (range of gp91phox 6–23%) consistent with transduc-
tion efficiency (VCN per cell range 0.1–0.5). In addition, X-CGD 
CD34+ cells transduced with LV.PGK.gp91 showed ectopic 

expression of gp91phox (7–13%), which was strongly reduced by the 
regulated vectors (Figure 4a,b).

To evaluate transgene expression and function in differenti-
ated cells, LV-transduced CD34+ X-CGD patients’ cells were 
differentiated along the myeloid lineage. Gp91phox expression 
was restored in neutrophils (CD16+CD11b+) and monocytes 
(CD14+CD11b+) after transduction with therapeutic LV at com-
parable VCN (Supplementary Figure S5). Restored intracellular 
gp91phox expression was also confirmed in differentiated CD11b+ 
cells (Supplementary Figure S6). Expression on a per-cell basis 
was highest in MSP vector-transduced cells, reaching 50–70% and 
120–130% of normal donor levels in granulocytes and monocytes, 
respectively (Figure 4c). Importantly, NADPH oxidase function 

Figure 5 Restored gp91phox expression and function in primary X-linked chronic granulomatous disease macrophages. PB monocytes from 
three patients were cultured with M-CSF and transduced after 1 week with the indicated vectors in the presence of virus-like particles-VPX. (a) Mean 
fluorescence intensity and % of gp91phox expression are indicated in cells gated for CD206 and CD14. Untransduced cells and HD macrophages are 
shown for comparison. (b) Representative NADPH oxidase activity measured by cytochrome c assay is shown. The bars show the superoxide produc-
tion after PMA-stimulation of patient 1. M-CSF, macrophage colony stimulating factor; PB, peripheral blood; PMA, phorbol 12-myristate 13-acetate; 
VPX, virion protein X.
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was reestablished in Pt1 in 25–40% of cells (Figure 4d), and trans-
duced cells reached on average 45% of HD oxidase activity after 
phorbol 12-myristate 13-acetate stimulation (data not shown). 
In Pt2 (Figure 4e), a single integrant of MSP.gp91_126T(2) LV 
restored NADPH oxidase function after myeloid differentiation, 
similar to the MSP LV and better than the phosphoglycerate 
kinase (PGK) vectors.

Correction of gp91phox expression in primary human 
macrophages from X-CGD patients
To confirm the ability of the combined regulated vector to restore 
gp91phox expression in human macrophages, we isolated periph-
eral blood (PB) monocytes from three X-CGD patients and 
induced them to differentiate in culture in the presence of M-CSF. 
Macrophages were transduced in the presence of virus-like particles 
containing Vpx to overcome inhibition of LV transduction.31 Both 
PGK.gp91_126T(2) and MSP.gp91_126T(2) vectors restored trans-
gene expression in 22–48% of patient cells, with a tendency of the 
MSP-based vector to induce higher MFI compared with PGK, to 
~50% of HD levels (Figure 5a). Transduced macrophages showed 
restoration of NADPH oxidase activity as assessed by cytochrome 
C assay, in agreement with gp91phox expression levels (Figure 5b).

Correction of gp91phox expression and NADPH activity 
in X-CGD mice
To confirm that the regulated vectors effectively restored gp91phox 
expression and NADPH activity in vivo, we transduced Lineage 
negative (Lin−) cells, harvested from BM of X-CGD mice, with 
the therapeutic vectors and transplanted them into irradiated 
recipients. All GT-treated mice showed engraftment of vector-
transduced cells at sacrifice (Table 1 and Figure 6). In the PB, 20–
70% of granulocytes and monocytes expressed human gp91phox, in 
agreement with the VCN of the respective treatment group (which 
was lowest for PGK and MSP.gp91_126T(2) mice). As previously 

suggested,23 gp91phox expression on B and T cells was significantly 
restricted using both MSP-driven vectors (Figure 6a). Next, we 
investigated correction of NADPH oxidase activity in these cells. 
As expected, dihydrorhodamine 123 activity was absent (0.4%) in 
PB neutrophils of mice transplanted with X-CGD BM, while it was 
restored in mice transplanted with wt BM or gene therapy-treated 
X-CGD BM to the degree of gp91phox positive cell engraftment 
(Figure 6b and data not shown). By comparing oxidase activity in 
corrected granulocytes, we confirmed the superior performance 
of the MSP-driven vectors (59 and 38% of wt NADPH oxidase 
activity in the MSP and MSP.126T(2) groups, respectively) com-
pared with PGK (17 and 23% for PGK and PGK.126T(2), respec-
tively) (Figure 6c).

Finally, we analyzed gp91phox expression in successive stages 
of granulocytic differentiation in the BM, comparing the expres-
sion levels of the four therapeutic vectors in most primitive HSC, 
multipotent progenitors with myeloid and lymphoid potential 
(GMLP), in lineage-committed GMP, and in immature granu-
locytes (Figure 6d). The PGK vectors showed similar gp91phox 
expression in all these developmental stages, with no obvious dif-
ference between PGK and PGK.126T(2). This is not surprising, 
given that miR-126 is 10-fold less active in mouse with respect to 
human HSC,27 and 2 miR-126 targets might not be sufficient to 
achieve stringent regulation in mice. However, we noted a clear 
developmental stage-specific upregulation of gp91phox expression 
from the MSP constructs, which stand out as the superior vectors 
for CGD gene therapy in this work.

DISCUSSION
The present study describes a novel gene therapy approach for 
X-CGD which is based on the use of autologous HSPC trans-
duced ex vivo with novel, gp91phox-expressing SIN LVs exploiting 
two complementary strategies to regulate transgene expression. 
Our MSP.gp91_126T(2) vector restored up to 50% of normal 
NADPH oxidase activity in X-CGD mice, as well as in primary 
X-CGD patient phagocytes (myeloid cells differentiated in vitro 
from CD34+ cells or macrophages differentiated from PB mono-
cytes). Gp91phox was detected by surface and intracellular expres-
sion on primary cells and confirmed by western blot on a human 
cell line (data not shown). In contrast, expression was nearly 
absent in CD34+ HSPC. To our best knowledge, this vector most 
closely mimics gp91phox expression in healthy donors and features 
the strongest transgene induction during myeloid differentia-
tion reported so far, although a formal side-by-side comparison 
ex vivo and in vivo with previously described myeloid-specific 
LV-gp91phox vectors20,22 remains to be done. This stringent level of 
transgene expression control is based on two cornerstones: post-
transcriptional and transcriptional regulation.

Posttranscriptional regulation relies on the HSPC-specific 
expression of miRNAs with high regulatory potential, which 
degrade transcripts containing complementary binding sites.26,27 
In this work, we confirm substantial activity of miR-126 and miR-
130a in human BM HSPC and suggest, in the case of miR-126T, 
an optimum of two tandem repeats, since more copies reduced 
expression in differentiated cells. Even though the addition of two 
miR-130aTs further increased HSPC de-targeting by 30–40%, we 
decided to proceed with the 126T(2) element due to emerging 

Table 1 Vector copy number of gene therapy-mice calculated at 
sacrifice in bone marrow, spleen, thymus, and peripheral blood

Mice LV
Bone 

marrow Spleen Thymus
Peripheral 

blood

#1 PGK.gp91 3.5 4.8 2.4 1.6

#2 2.8 2.7 3.2 1.3

#3 3.5 5.9 3.9 3

#4 PGK.
gp91_126T(2)

5.6 6.6 7.4 3.6

#5 4.9 7 5.6 3.3

#6 5.6 5.1 4 2.7

#7 MSP.gp91 4.6 5.6 4.6 9.7

#8 4.5 5.5 5 2.5

#9 4.3 5 5.4 ND

#10 MSP.
gp91_126T(2)

3.6 3.2 3 1.9

#11 1.2 2 1.4 1.6

#12 1.9 1.5 1.1 3.5

#13 2 2.4 1.7 1.4

ND, not done.
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Figure 6 Restored gp91phox expression and biochemical correction in X-linked chronic granulomatous disease (X-CGD) mice treated with 
gene-corrected Lin-negative cells. X-CGD mice were irradiated at 900 RAD and injected with X-CGD Lin− cells transduced with the indicated 
regulated vectors. Mice were sacrificed after 20 weeks and analyzed for gp91phox expression in PB and bone marrow (BM); nicotinamide adenine 
dinucleotide phosphate oxidase function was evaluated in PB granulocytes and monocytes. (a) Expression of gp91phox in PB Granulocytes (CD11b+, 
Gr1+, CD48+), monocytes (CD11b+, Gr1−, CD48hi), B cells (B220+, CD48+), and T cells (CD3+). Statistical analysis was performed with one-way 
analysis of variance with Bonferroni post-test correction, * indicates P < 0.05, ** indicates P < 0.01, and *** P < 0.001. (b) Representative plots of 
DHR assay on PB cells of mice transplanted with X-CGD Lin- or wt Lin- or or transduced X-CGD Lin−. (c) Mean fluorescence intensity of DHR-positive 
cells in PB granulocytes and monocytes. (d) The presence of the therapeutic gene gp91phox was investigated in different BM progenitor cell subsets. 
Statistical analysis was performed as in (a). DHR, dihydrorhodamine 123.
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data on the functional role of miR-126 in hematopoiesis. MiR-126 
loss-of-function in HSC is well tolerated32 and can result in benign 
HSC expansion, without causing exhaustion or transformation.33 
On the other hand, ectopic miR-126 expression can contribute 
to hematologic malignancy.34 It is highly unlikely that expression 
of the 126T(2) sequence from the promoters used in this study, 
which have moderate or low activity in CD34+ cells, inhibits the 
regulation of natural miR-126 targets. Indeed, more than 10 inte-
grations per cell of a vector that overexpresses 8 tandem repeats 
of an optimized, bulged miR-126 target sequence from the strong 
SFFV promoter were necessary to produce a loss-of-function phe-
notype in HSPC.33 In a worst-case scenario, if ex vivo transduction 
of CD34+ HSPC with the GT constructs generated rare clones 
which express, due to copy number accumulation and integration 
site-specific features, the 126T(2) to high enough levels to saturate 
miR-126, we would expect the resulting phenotype to be benign. 
This is further supported by the description of a single-nucleotide 
polymorphism in pri-mir-126, which is fairly prevalent in the 
general population and reduces miR-126 expression several fold.35

The second cornerstone to direct transgene expression to the 
differentiated myeloid compartment relies on transcriptional tar-
geting. Several groups have proposed myeloid-specific regulatory 
elements for CGD gene therapy.20,22,23,28 The MRP8 promoter com-
bined with a chromatin-opening element, A2UCOE, was shown 
to effectively drive gp91phox expression in myeloid cells.22 However, 
concerns of disturbing host gene function and driving inser-
tional mutagenesis by the A2UCOE element remain.36 Recently, 
Santilli et al.20 designed a vector containing a chimeric myeloid-
specific promoter which reestablished transgene expression in 
gp91phox−/− myeloid cells, but limited data were available to sup-
port  differentiation stage specificity in human CD34+ cells. These 
studies underline the challenges to find specific, yet sufficiently 
strong, promoters to allow correction of the CGD disease phe-
notype. We focused on the SP146.gp91phox MSP, which has shown 
promise in terms of specificity and efficacy in mice, as well as in 
an in vitro culture model of human CB.23,28 We provide a detailed 
characterization of this promoter in human BM cells and in NSG 
mice, both in vitro and in vivo, document its excellent differen-
tiation stage specificity with robust expression in mature myeloid 
cells, and show disease correction in granulocytes/monocytes 
differentiated in vitro from CD34+ BM cells or PB monocytes of 
CGD patients, and in X-CGD mice in vivo.

The degree of HSPC detargeting in total human CD34+ cells by 
the MSP promoter was similar to PGK-driven 126T(2). When the 
transcriptional and posttranscriptional regulations were combined 
in the same vector using either a GFP reporter or gp91phox, this 
resulted in the strongest downregulation of the transgene in most 
primitive human CD34+ cell subsets (CD34+/CD38−/CD90+).

Notably, the MSP provided stronger transgene expression than 
PGK in myeloid cells derived from primary huCD34+ BM cells, 
in primary human macrophages as well as in murine myeloid cells 
differentiated in vivo. Indeed, the performance in relevant primary 
cells should dictate promoter choice for clinical development and, 
based on this premise, all tested vectors restored NADPH oxidase 
activity in patient cells to sufficient levels to confer therapeutic 
benefit.1,37 This was seen with a VCN between 0.1 and 0.5, com-
patible with a single integrant per transduced cell. Transduction 

efficiency can be further enhanced by the use of optimized pro-
tocols, increased rounds of transductions, and purified vectors.38

Due to their different mechanisms of action, posttran-
scriptional and transcriptional regulation, are complementary. 
Combining both approaches in the context of the LV backbone 
might have several advantages: expression in HSPC is virtually 
abrogated, concerns for miRNA saturation are further mitigated 
due to the very modest activity of the MSP in HSPC. This hypoth-
esis is based on the assumption that HSPC represent a more effi-
cient substrate for malignant transformation than differentiated 
myeloid cells. Even though this has been documented in experi-
mental models,39 the improved safety of the MSP still needs to be 
formally demonstrated using insertional mutagenesis models.40,41

The regulated SIN LVs described in this work represent a sig-
nificant evolution with respect to previous generation retroviral 
vectors and constitutively expressing LVs. Recent data from clini-
cal trials indicate that the SIN LV platform allows highly efficient 
in vitro HSPC transduction (>90%) resulting in robust and stable 
(>2 years) in vivo marking of HSPC with a safe integration profile in 
children with metachromatic leukodystrophy or Wiskott-Aldrich 
syndrome.42,43 The regulatory elements included in the vectors 
described here represent a further evolution of the SIN LV platform 
by avoiding the exposure of CD34+ cells to the transgene prod-
uct. This overcomes potential concerns that inappropriate gp91phox 
expression may interfere with reactive oxygen species homeosta-
sis, which is evolving as an important principle in regulating HSC 
fate.17,18 Indeed, replication stress induces elevation of intracellular 
reactive oxygen species levels and the accumulation of persistent 
DNA damage within human HSCs, as observed in in vivo models 
of human hematopoiesis and HSC transplanted patients. However, 
while Stein et al. observed an increase in DNA double-strand breaks 
post-gene therapy in X-CGD patients, the phenotype could not be 
reproduced in vitro by overexpression of gp91phox. Furthermore, the 
patient would not be exposed to the transgene product at the time 
of transplant infusion and during subsequent weeks, potentially 
reducing the risk of triggering an antitransgene immune response. 
This risk has to be considered especially in patients exposed to neu-
trophil transfusions or with extensive tissue damage due to the con-
ditioning regimen, ongoing infection, and autoimmunity related 
to the CGD disease and in those receiving conditioning regimens 
without immunosuppression. Importantly, the vectors employed 
in this work support robust and stable transgene expression in dif-
ferentiated myeloid cells which are the natural target population 
in CGD, and the MSP closely mimics the endogenous expression 
profile of gp91phox—not surprisingly, since specificity is, at least in 
part, dictated by its own promoter. The paradigm of regulated vec-
tor cassettes that lack expression in HSC but get activated during 
differentiation is applicable to a broader spectrum of diseases, e.g., 
lysosomal storage disorders,27 and will help to make HSC gene ther-
apy safer and more efficacious. CGD represents an optimal scenario 
to clinically test this next generation of regulated vectors.

MATERIALS AND METHODS
Lentiviral vectors. Bidirectional miRNA reporter vectors were described 
previously.25 A codon-optimized gp91phox sequence29 was cloned into the 
BamHI-SalI sites of the various LV containing different promoters. The 
PGK and SFFV backbones were previously described by our laboratory,27 
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while the MSP was obtained from Barde et al.23 miRNA target sequences 
(miRT) were designed and cloned as described19,25,44 For the LV production 
and purification, see Supplementary Methods and ref. 45.

Isolation, transduction, and culture of human HSPC. Human CD34+ cells 
were purified from BM of X-CGD patients using the CD34 MicroBeads kit 
(Miltenyi Bergisch Gladbach, Germany). BM samples were obtained after 
informed consent following the Declaration of Helsinki standard ethics 
procedure with approval of the Children’s Hospital Bambino Gesù Ethical 
Committee, while patients were undergoing general anesthesia for unre-
lated diagnostic procedures. Human BM or CB CD34+ cells from healthy 
donors were purchased from Lonza (Basel, Switzerland). Culture conditions 
and transduction procedures are described in Supplementary Methods.

NSG and X-CGD model. NOD.Cg-Prkdcscid Il2rgtm1Wjil/SzJ (NSG) and 
B6.129S6− Cybbtm1Din/J mice, Ly5.2 (X-CGD) mice were purchased from 
the Jackson Laboratory (Charles River Italia, Lecco, Italy) and maintained 
in specific pathogen-free conditions at the Charles River Animal Facility 
(Calco, Italy). All animal work was approved by the Animal Care and Use 
Committee of the San Raffaele Hospital (IACUC 455 and 476) and com-
municated to the Ministry of Health and local authorities according to 
Italian law. Eight-to-10-week-old mice (male or female) were sublethally 
irradiated (210 cGy for NSG and 900 cGy split dose for X-CGD) and 
transplanted with 500,000 transduced CD34+ BM HSPC or transduced 
Lin− from X-CGD mice. Cell engraftment was measured in the peripheral 
blood starting at 7–8 weeks post-transplant.

Flow cytometry and functional and molecular analyses. Antibody staining 
and flow cytometry are described in Supplementary Methods. Functional 
oxidase activity assays were performed by the “Burst test kit” (Orpegen 
Pharma, Heidelberg, Germany) following the manufacturer’s instructions. 
Superoxide release was assessed by a cytochrome c reduction assay.46

Statistical analysis. Calculation of comparative transgene expression lev-
els is described in the Supplementary Methods. Unless otherwise indi-
cated, graphs show the mean ± SEM. For pairwise comparisons, we used 
a Student’s t-test if n > 6 and a Mann–Whitney test if n ≤ 6. If more than 
two groups were to be compared, we used an analysis of variance test with 
Bonferroni posttest. Significance levels are as follows: *P < 0.05; **P < 0.01; 
***P < 0.001; ****P < 0.0001.

SUPPLEMENTARY MATERIAL
Figure S1. Schematic diagram of the lentiviral vectors used in this 
study.
Figure S2. Optimization of miRNA target sequences to de-targeted 
the CD34+ HSPC compartment.
Figure S3. Performance of the SP146/gp91phox MSP promoter in 
human primary cells.
Figure S4. Regulated vectors reduce gp91phox ectopic expression 
in HD CD34+ cells gp91phox.
Figure S5. Restored gp91phox expression in monocytes and neutro-
phils differentiated in vitro.
Figure S6. Restored intracellular gp91phox expression in differentiated 
X-CGD CD34+ cells.
Methods
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