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Hematopoietic Tumors in a Mouse Model
of X-linked Chronic Granulomatous Disease
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Chronic granulomatous disease (CGD) is a rare inherited dis-
order due to loss-of-function mutations in genes encoding
the NADPH oxidase subunits. Hematopoietic stem and pro-
genitor cell (HSPC) gene therapy (GT) using regulated lentivi-
ral vectors (LVs) has emerged as a promising therapeutic
option for CGD patients. We performed non-clinical Good
Laboratory Practice (GLP) and laboratory-grade studies to
assess the safety and genotoxicity of LV targeting myeloid-
specific Gp91phox expression in X-linked chronic granuloma-
tous disease (XCGD) mice. We found persistence of gene-cor-
rected cells for up to 1 year, restoration of Gp91phox expression
and NADPH oxidase activity in XCGD phagocytes, and
reduced tissue inflammation after LV-mediated HSPC GT.
Although most of the mice showed no hematological or
biochemical toxicity, a small subset of XCGD GT mice devel-
oped T cell lymphoblastic lymphoma (2.94%) and myeloid leu-
kemia (5.88%). No hematological malignancies were identified
in C57BL/6 mice transplanted with transduced XCGD HSPCs.
Integration pattern analysis revealed an oligoclonal composi-
tion with rare dominant clones harboring vector insertions
near oncogenes in mice with tumors. Collectively, our data sup-
port the long-term efficacy of LV-mediated HSPCGT in XCGD
mice and provide a safety warning because the chronic inflam-
matory XCGD background may contribute to oncogenesis.

INTRODUCTION
Chronic granulomatous disease (CGD) is a rare inherited disorder
caused by loss-of-function mutations in the genes encoding the
components of the nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase responsible for generating free radicals (i.e., reac-
tive oxygen species [ROS] and other intermediates) in neutrophils,
monocytes, and macrophages.1 Because the NADPH oxidase com-
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plex is required for the killing of bacterial and fungal microorganisms,
affected patients present high susceptibility to recurrent life-threat-
ening infections and suffer from a chronic inflammatory response
that together lead to granuloma formation in various organs and pre-
mature death.2 The majority of CGD cases (~70%) are X-linked in-
herited due to mutations in the gene encoding the Gp91phox subunit
(XCGD), which primarily affect males, while the remaining cases
carry autosomal recessive traits affecting both males and females.

Conventional treatments of CGD consist of lifelong prophylactic
administrationof antibacterial and antifungal agents, interferon gamma
(IFNg), and granulocyte infusions to help prevent and treat infections.
However, infections and chronic inflammation still cause significant
morbidity and mortality.3 Hematopoietic stem cell (HSC) transplanta-
tion (HSCT) from matched or haploidentical donors provides a long-
term cure for patients with CGD.4–6 Reduced-intensity conditioning
regimens may diminish acute morbidity associated with HSCT, poten-
tially relevant in patients with ongoing/recurrent infections. Yet, alloge-
neic HSCT in CGD requires a careful balancing act between toxicity,
infections, graft failure, and graft-versus-host disease (GVHD), which
impact the overall and event-free survival.

Gene therapy (GT) using autologous hematopoietic stem and progen-
itor cells (HSPCs) corrected with a functional gene copy represents
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an attractive therapeutic option for CGD patients who cannot be
considered for conventional HSCT. Clinical trials of GT using autol-
ogous HSPCs demonstrated the long-term correction of disease de-
fects in pediatric patients with primary immunodeficiencies (PIDs),
including adenosine deaminase (ADA) deficiency,7–9 Wiskott-
Aldrich syndrome,10–12 and X-linked severe combined immunodefi-
ciency (SCID-X1).13

The initial GT clinical trials for CGD using autologous CD34+ HSPCs
transduced ex vivo with a g-retroviral (g-RV) vector in the absence of
bone marrow (BM) conditioning showed the feasibility of the proced-
ure.14,15 However, after the initial engraftment of transduced cells, the
proportion of gene-corrected granulocytes declined within 3–
4 months in most patients,14 indicating that only a few HSPCs en-
grafted and suggesting the need for preparative conditioning prior
to gene-modified cell infusion. Subsequent phase I GT clinical trials
have been conducted in XCGD patients receiving myeloablative con-
ditioning followed by infusion of patients CD34+ transduced with a
g-RV vector in which the Gp91phox expression is driven by the Friend
mink cell spleen focus-forming virus (SFFV) long terminal repeat
(LTR).16–21 Although gene-marked cells remained detectable in the
peripheral blood, only a small proportion of circulating neutrophils
showed a functionally reconstituted NADPH oxidase, indicating
either a lack of transduction of long-term HSCs or counter selection
of transduced cells or a progressive silencing of transgene expression.
Nevertheless, the few functionally corrected neutrophils were suffi-
cient to fully or partially resolve pre-existing life-threatening infec-
tions. In the German/Swiss study, 4 of the 12 XCGD patients
receiving gene-corrected CD34+ HSPCs and presenting long-term
engraftment developed severe myelodysplasia after therapy because
of the expansion of dominant clones carrying the g-RV integrated
within or nearby the proto-oncogenes MDS1-EVI1 and
PRDM16.16,19,21 One patient died of multiorgan failure caused by
septic shock, and the others were rescued by allogeneic HSCT.

These studies provide evidence of the potential clinical efficacy of GT
for CGD but also highlight the need for a much more effective and
safer way to deliver genes into HSPCs. Compared with g-RV vector,
self-inactivating lentiviral vectors (LVs) offer the advantage of short
and more efficient transduction of HSPCs accompanied by a reduced
risk for insertional mutagenesis, as demonstrated by several mouse
and human studies.22,23 Different LVs encoding human Gp91phox un-
der the control of a myeloid-specific promoter (MSP) have been
developed, and their efficacy was tested in preclinical models.24–27

Transduction of mouse BM-derived XCGD lineage-negative (Lin�)
cells and human XCGD CD34+ HSPCs with an LV encoding
Gp91phox under a synthetic chimeric myeloid promoter
(pCCLchimGp91s) drove higher Gp91phox expression and NADPH
activity in myelomonocytic cells (i.e., neutrophils) and myeloid cell
progenitors compared with lymphoid cells in vitro and in vivo.24

Therapeutic efficacy and no evidence of toxicity were reported in a
preclinical study performed according to Good Laboratory Practice
(GLP) using a clinical-grade G1XCGD LV to transduce human
CD34+ XCGD cells and mouse XCGD Lin� cells.25
Initial results from a multicentric phase I/II lentiviral GT trial using
the G1XCGD LV have been recently reported.28 Nine patients with
severe XCGD received autologous G1XCGD-transduced CD34+

following myeloablative conditioning, and safety and efficacy were
assessed for a minimum of 12 and a maximum of 36 months. Two
patients died within 3 months of treatment for pre-existing comor-
bidities. VCN and NADPH oxidase activity in blood neutrophils
were stable in six of seven patients over 24 months. Analysis of vector
integration site (IS) distributions revealed a polyclonal repertoire of
gene-modified cells, and none of the most abundant clones did harbor
ISs in or nearby MECOM (MDS/EVI1). Surviving patients did not
experience new bacterial and fungal infections.

Our group developed the dual-targeted MSP.Gp91_126T(2) LV
(MSP.Gp91.2T), which allows efficient Gp91phox expression in phago-
cytic cells (neutrophils and monocytes) and de-targeting in the HSPC
compartment.26,27 TheMSP.Gp91.2T has a self-inactivating configura-
tion, with LTR sequences at the terminal ends, the splice donor and the
acceptor site, the c encapsidation signal including the 50 portion of the
gag gene, a Rev-responsive element, and a woodchuck hepatitis virus
post-transcriptional regulatory element. A codon-optimized Gp91phox

sequence was cloned downstream aMSP based on a minimal Gp91phox

promoter from the endogenous locus fused to the synthetic SP146
element. Two tandem sequences complementary to microRNA-126-
3p, which is highly expressed in HSPCs, but not in differentiated cells,
were cloned to the 30 of Gp91phox coding sequence, thereby reducing
off-target transgene expression. The inclusion of the miR-126 micro-
RNA targets leaves unaltered the potential transactivation activity of
the synthetic promoter.

We showed that theMSP.Gp91.2T vector promotes sustainedGp91phox

expression andNADPHoxidative activity in human andmouse XCGD
myeloid cells, whereas it remained transcriptionally inactive in CD34+

cells.26 GTmediated byMSP.Gp91.2T-transducedHSPCs was effective
in protecting XCGD mice from S. aureus pulmonary infection.27

Despite the extensive investigation of the efficacy of HSPC GT for
XCGD in cells and mouse model systems, there is little information
about long-term (>5 months) safety and efficacy in non-clinical
studies with LV-mediated GT for XCGD.24,25 Also, insertional geno-
toxicity has been conducted by transplanting LV-transduced
Lin� cells isolated from CD45.2 C57BL/6mice into CD45.1 recipients
followed up to 26 weeks.27 Although these are undoubtfully useful in-
vestigations, they did not take into account the CGD inflammatory
background, which might contribute to the emergence of unfavorable
events. Therefore, in view of clinical application, we conducted a GLP
toxicology and tumorigenicity study in XCGD mice to evaluate the
long-term efficacy and potential adverse reactions following LV-
mediated HSPC GT. We show the long-term correction of NADPH
oxidase activity in peripheral blood granulocytes of XCGD mice
receiving GT for up to 1 year in the absence of evident signs of organ
toxicity. However, a small subset of XCGDmice receiving transduced
XCGD HSPCs showed an oligoclonal insertion profile and developed
T cell lymphoma or myeloid leukemia. In contrast, healthy C57BL/6
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A B Figure 1. HSPC Gene Therapy Improved the Long-

Term Survival of XCGD Mice

(A) Curves compare the survival rate of XCGD UT (n = 20),

Mock (n = 20), and GT (n = 20) mice over 52 weeks (*p <

0.05). (B) Body weight changes of mice were monitored

weekly in mice of the XCGD Mock and GT groups. Values

are given as mean ± SD. The comparisons among groups

were performed only at 52 weeks (***p < 0.001).
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mice transplanted with HSPCs isolated from XCGD mice and trans-
duced with the MSP.Gp91.2T LV exhibited a highly polyclonal
pattern of LV integrations with no evidence of general toxicity or
development of tumors. These findings suggest that the selection
pressure as a result of the chronic exposure to the inflammatory
milieu, a hallmark of CGD, may have favored the emergence of
adverse events from genotoxic insertions.

RESULTS
Evaluation of Systemic Toxicity in XCGDMice Transplanted with

MSP.Gp91.2T-Transduced HSPCs

In view of the prospective clinical development of HSPC GT for
XCGD, we executed a GLP toxicology study to assess the long-term
term efficacy, toxicity, and tumorigenicity of MSP.Gp91.2T-mediated
GT in XCGD mice (Table S1). Lin� HSPCs isolated at high purity
(>99%, containing 2.6% of Sca1+c-kit+ cells) from the BM of donor
male Cybb�/� (XCGD) mice were transduced with a purified prepa-
ration of the MSP.Gp91.2T LV26 at high-titer virus transduction
(multiplicity of infection [MOI] = 200) to ascertain potential toxic ef-
fects on transduced cells. Transduced Lin� HSPCs were transplanted
into lethally irradiated XCGD male mice (XCGD GT group, n = 20)
(Figure S1A). A group of XCGD mice received mock-transduced
Lin� HSPCs (XCGD Mock group, n = 20), and a group of non-irra-
diated age-matched untreated (UT) XCGD mice was included as a
control (XCGD UT mice, n = 20). Upon transduction, sca1+ c-kit+

cells were 1.21% and 0.90% in the XCGD Mock and GT groups,
respectively (Figure S1B), with a transduction efficiency of 100%
and a median vector copy number (VCN) per genome of 2.19 (range
1.03–5.94) in colony-forming units (CFUs) (Figure S1C).

Transplantation of transduced cells was well tolerated by recipient
mice. No difference in survival between XCGD GT and UT mice
was observed, whereas a substantial proportion (~60%) of XCGD
Mock mice died early, possibly because of the combined effect of con-
ditioning and lack of Gp91phox (Figure 1A). Three mice belonging to
the XCGD Mock group died shortly after treatment as a result of
radiation-related complications and were excluded from the study.
On average, XCGD GT and Mock surviving mice gained little weight
during the 52 weeks of observation, in contrast with UTmice, because
of pre-transplant irradiation (Figure 1B).

Fur discoloration manifested in XCGDGT andMock groups, but not
in XCGDUTmice starting fromweek 8 related to pre-transplant irra-
88 Molecular Therapy Vol. 29 No 1 January 2021
diation. Lesions of the skin and eyes, hair loss, and swollen hindlimb,
forelimb, and muzzle recurrently occurred in all mice, mostly in
XCGD UT mice (UT, 4/20, 20%; Mock, 1/17, 6%; GT, 2/20, 10%),
and thus were not related to the transplanted MSP.Gp91.2T-trans-
duced HSPCs.

Clinical chemistry parameters (glucose, total protein) in the blood
were similar between XCGD GT and Mock mice at 52 weeks post-
transplant, while the levels of alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) were lower than in XCGD Mock
mice, but within the normal range (Figure S2A), excluding potential
toxic effects in kidney, liver, pancreas, gut, and the cardio-circulatory
system.

Efficient Long-Term Immune Reconstitution in XCGDMice after

HSPC GT

We evaluated the degree of hematopoietic and immune reconstitu-
tion achieved post-GT in XCGD recipient mice by hemogram and
flow cytometry analyses in the peripheral blood at 11, 30, and 50weeks
after transplantation. Hematological analysis showed that erythrocyte
and hemoglobin (HGB) levels were comparable between XCGD
Mock and GT at 50 weeks post-transplant, but lower compared
with wild-type (WT) and XCGD UT, probably because of myeloabla-
tive conditioning (Figure S2B). Circulating platelet (PLT) number
was similar in all groups. XCGDMock and UT mice showed elevated
total white blood cells (WBCs), which returned to normal in XCGD
GT mice, with amelioration of the inflammatory background
(Figure S2B).

The proportion of T cells in peripheral blood of XCGD GT mice was
similar to that ofWTmice at 11 and 30 weeks and increased in XCGD
GT mice at 52 weeks post-treatment (Figure S3A). B cells and
monocytes were comparable between XCGD Mock and GT mice at
all time points (Figure S3A). Peripheral blood granulocytes were
higher in XCGD GT mice compared with XCGD Mock mice at 30
and 50 weeks post-transplant (Figure S3A). No differences were
observed in the lymphoid and myeloid compartments of the spleen
and BM of XCGD Mock and GT mice at 52 weeks post-transplant
(Figures S3B and S3C). Long-term multi-lineage HSCs (multipoten-
tial progenitor [MPP]), myeloid (granulocyte-macrophage progeni-
tor [GMP]), lymphoid (granulocyte-macrophage-lymphocyte
progenitor [GMLP]), and erythroid (MEP, ERY) progenitors were de-
tected in the BM of XCGD GT and Mock mice at similar levels
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Figure 2. Gene Therapy Specifically Restored Gp91phox Expression in Myeloid Cells of Peripheral Blood, BM, and Spleen of XCGD GT Mice

(A) Determination of VCN in peripheral blood leukocytes at 11, 30, and 50 weeks after treatment, and BM cells and splenocytes of XCGD GT mice at termination (52 weeks),

as assessed by quantitative PCR (qPCR) using a ViiA7 Real-Time PCR System. Values are given as median and interquartile range. *p < 0.05; **p < 0.01; ***p < 0.001. (B–D)

Gp91phox expression was measured in monocytes and Ly6G+ granulocytes isolated from peripheral blood at the indicated time points (B), spleen (C), and BM (52 weeks) (D)

of XCGD UT, Mock, and GT mice. Values are given as median and interquartile range. For data shown in (B), post hoc comparisons were performed within a group among

time points and within a time point among groups. ***p < 0.001.
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(Figures S3D and S3E). The observed similarities in the primary im-
mune cell subsets in XCGD GT mice and age-matched UT and WT
mice are indicative of a successful recovery of the size of these periph-
eral immune cell pools after GT.

The MSP.Gp91.2T LV Effectively Restored Gp91phox Expression

and NADPH Oxidative Activity in XCGD GT Mice

We determined whetherMSP.Gp91.2T-mediated HSPC transduction
can lead to the correction of the genetic defect in XCGDGTmice. Vec-
tor-positive cells were detected in peripheral blood leukocytes with a
median VCN value per genome of 6.45, 4.24, and 3.95 at 11, 30, and
50 weeks post-treatment (Figure 2A). A higher median VCN value
was detected in splenocytes compared with total BM cells (6.29 versus
4.62, respectively) at 52 weeks post-treatment (Figure 2A).

We then measured the surface expression of human Gp91phox in
XCGD GT mice. Gp91phox was expressed by ~68% and ~60% of pe-
ripheral blood monocytes and granulocytes, respectively, of XCGD
GT mice at 11 weeks post-GT, whereas the Gp91phox expression
remained very low or undetectable in T and B cells (Figure 2B; Fig-
ure S4). Although the proportion of Gp91phox-positive monocytes
remained stable (median ~60%) in the peripheral blood at 30 and
50 weeks, the fraction of Gp91phox-expressing granulocytes declined
from the median value of 60% to ~20% at 50 weeks after GT (Fig-
ure 2B). The percentage of Gp91phox-positive monocytes was higher
than that of gene-corrected granulocytes in the spleen and BM (Fig-
ures 2C and 2D).

Next, we assessed the activity of NADPH oxidase in myeloid cells iso-
lated from XCGD GT mice receiving transduced HSPCs by a stan-
dard dihydrorhodamine (DHR) assay.29 NADPH oxidase activity
was fully corrected in peripheral blood granulocytes of XCGD GT
mice and reached ~40% of normal levels in monocytes (Figure 3A).
A similar trend was present in the granulocytes and monocytes of
the BM compared with peripheral blood (Figure 3B). A noteworthy
decreased incidence and degree of severity of acidophilic macro-
phagic pneumonia with the disappearance of abscesses and neutro-
philic inflammatory cell infiltrate were observed in the lungs of
XCGD GT mice, indicating that the reconstituted NADPH oxidase
activity corrected the pulmonary CGD phenotype (Figure 3C).

Collectively, these data indicate that the MSP.Gp91.2T LV vector re-
stores long-term physiological NADPH-mediated superoxide pro-
duction, which effectively eradicates the respiratory tract infections
typically present in the XCGD mouse model.

Evaluation of the Long-Term Toxicity and Tumorigenicity

following MSP.Gp91-Mediated Transduction in Mouse HSPCs

Mortality was observed in mice of each experimental group
throughout the study, starting from week 22. We performed full
Molecular Therapy Vol. 29 No 1 January 2021 89
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Figure 3. Restoration of NADPH Oxidase Activity in Mononuclear Phagocytes of XCGD GT Mice Corrects Pulmonary Inflammation

(A and B) NADPH oxidase activity was measured in monocytes and granulocytes of the peripheral blood (A) and BM (B) of XCGD UT, Mock, and GT mice by a dihydro-

rhodamine (DHR) assay for flow cytometric detection. The reference values for age-matched wild-type (WT) mice were also shown. Statistical difference was shown for

comparisons between XCGD GT mice versus the other groups (**p < 0.01; ***p < 0.001). (C) Hematoxylin and eosin (H&E) staining of sections of lungs of XCGD UT, Mock,

and GT mice. Original magnification 100�; scale bars: 100 mm. *p < 0.05.
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necropsy and histopathological evaluation of tissues of interim
unscheduled deaths and terminal killed. The spleen of XCGD UT
mice was characterized by marked expansion of the red pulp
with increased extramedullary hematopoiesis and the high
presence of myeloperoxidase (MPO)-positive myeloid cells (Fig-
ure 4A). We also noticed increased cellularity of F4/80+ histio-
cytes/macrophages in the BM of XCGD UT mice, which correlated
to elevated levels of inflammatory cytokines, including interleukin
90 Molecular Therapy Vol. 29 No 1 January 2021
(IL)-1b, CCL5, and IL-12p40, in the BM milieu (Figures 4B
and 4C).

The most likely causes of premature death are summarized in Table
S2. Morbidity related to the CGD phenotype was observed in 4 out
of 5 XCGD UT mice and in 3 out of 9 XCGD Mock mice euthanized
because of poor health conditions. These mice showed swollen hin-
dlimb/forelimb, enlarged muzzle, enlarged mandibular lymph nodes,
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Figure 4. Tissue and Systemic Inflammation in

XCGD Mice

(A and B) H&E sections of the spleen (A) and BM (B) of WT

and XCGD mice. Consecutive sections were stained with

H&E or immune stained with myeloperoxidase (MPO) and

F4/80 antibodies. Spleen: original magnification 100�;

scale bars, 100 mm; original magnification 200�, scale

bars, 20 mm. BM: original magnification 200�, scale bars,

50 mm; original magnification 400�, scale bars, 20 mm.

(C) Cytokines in the milieu of total BM collected from

XCGD and WT mice measured by multiplex bead assay.

Values are given as mean ± SEM. *p < 0.05.
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abnormal colored lungs, skin wound, and enlarged liver and spleen
correlating with systemic inflammatory conditions, characterized by
abscesses with colonies of bacteria, increased diffuse neutrophilic in-
flammatory cell infiltrate, acidophilic macrophagic pneumonia at
microscopic analysis, and thus considered the cause of morbidity. De-
layed manifestations of irradiation, as moderate to marked
glomerulonephropathy associated with hemorrhages, thrombosis, ne-
crosis, depletion of lymphoid cells in lymphoid tissues, and presence
of fluid in the thoracic cavity, were considered the cause of death and
morbidity in 4 out of 9 euthanized XCGDMock mice between 40 and
51 weeks after treatment and in 1 out of 4 XCGDGTmice at 41 weeks
post-treatment. Adenocarcinoma with metastasis in mesenteric
lymph nodes with abscesses, necrosis, and neutrophilic cell infiltrates
in the liver and sarcoma of the skin with systemic inflammation were
considered the cause of morbidity in 2 out of 9 XCGD Mock mice at
29 weeks after treatment.

Changes related to pre-transplant conditioning (glomerulonephrop-
athy, lens degeneration, seminiferous tubule degeneration, hypertro-
phy of the zona fasciculata of adrenal glands, decreased cellularity of
lymphocytes in lymphoid organs) were detected in XCGD Mock and
Mol
GT mice with similar incidence and degree of
severity. Proliferative lesions, such as bronchio-
loalveolar and gastrointestinal adenomas, ade-
nocarcinomas, cortical adenomas, and benign
medullary tumor of adrenal glands, observed
in XCGD GT mice were considered sponta-
neous or related to irradiation, because they
also occurred in XCGD UT and Mock mice.

Some XCGD GT mice showed evident signs of
disease. One XCGD GT mouse was euthanized
39 weeks after transplantation because of poor
health conditions, and based on the micro-
scopic observation, the cause of morbidity
could not be determined (Table S2). Diffuse
lymphoblastic lymphomas were seen in one
XCGD UT (TM035-20) euthanized at 41 weeks
after treatment and in one XCGD GT mouse
(TM035-29) euthanized at 27 weeks after treat-
ment. T cell origin of lymphomas was
confirmed by CD3 immunostaining of the thymus (Figure 5A). The
lymphoma cells in the thymus, spleen, and BM of the mouse
TM035-29 had an average VCN of ~3.5, and Gp91phox protein driven
by the MSP was undetected (Figure 5B; Table S3).

One XCGD GTmouse (TM035-22) was found dead at 28 weeks after
treatment with an enlarged spleen, and lymph nodes showed diffuse
myeloid leukemia, as confirmed in the thymus by immunoreactivity
for MPO (Figure 6A; Table S2). Analysis of the hematopoietic pro-
genitor compartment revealed an expansion of a population pheno-
typically resembling GMLP (Lin� sca-1+ c-kit+ CD48+ CD150-)
and GMP (Lin� c-kit+ CD48+ CD150�) progenitors (Figure 6B).
The leukemic cells expressed Gp91phox, and VCN was on average
~9 and ~7 in the BM and spleen, respectively (Table S3).

We performed a retrospective analysis of all XCGD GT mice used in
previous laboratory-grade efficacy studies, and identified 1 out of 14
XCGD GT mice (RD021-54) with increased spleen weight micro-
scopically characterized as myeloid leukemia with massive infiltration
of myeloid cells expressing Gp91phox (Figures S5A–S5D). Similar to
the TM035-22 mouse, flow cytometry analysis confirmed an
ecular Therapy Vol. 29 No 1 January 2021 91
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Figure 5. Histopathological and Flow Cytometry

Analysis of Organs of XCGD GT Mice with

Lymphoblastic Leukemia

(A) H&E staining of representative sections of thymus, BM,

spleen, lung, and liver from the XCGD GT mice presenting

diffuse lymphoblastic lymphoma (TM035-29) as

confirmed by CD3 staining. Original magnification for

thymus and BM is 400�, scale bars: 50 mm; original

magnification of lung, spleen, and liver is 200�, scale

bars: 20 mm. (B) CD4 and CD8 profiles from XCGD and

WTmice thymocytes isolated frommouse TM035-29 with

lymphoblastic leukemia. Gp91expression in single-posi-

tive CD4 and double-negative CD4 CD8 was also shown.

Molecular Therapy
accumulation of an undifferentiated GMP-like phenotype in the BM
(Figure S5C). We noted high VCN in the peripheral blood (37),
spleen (39), and BM (29) of the mouse RD021-54.

The overall prevalence rate of lymphoblastic lymphoma was 4.16%
(1/24) in the XCGD UT group and 2.94% (1/34) in the XCGD GT
group, while myeloid leukemia was 5.88% (2/36) in XCGD mice
transplanted with transduced XCGD HSPCs and none in the other
groups. Statistical analysis of the tumor incidence was performed us-
ing Fisher’s exact test for the following comparisons: knockout (KO)
GT versus KO Mock, KO GT versus KO UT, KO UT versus KO
Mock, and no significant difference was found among the considered
pairs of groups.

The XCGD Disease Background May Contribute to Malignant

Transformation of Myeloid Cell Precursors upon LV-Mediated

GT

The appearance of neoplastic transformation in XCGD GT mice
prompted us to investigate whether chronic tissue inflammation
typical of the XCGD mouse model could predispose LV-transduced
HSPCs to develop myeloid leukemia. We thus transplanted XCGD
Lin� cells transduced with the MSP.Gp91.2T vector in lethally irradi-
ated C57BL/6 CD45.1 mice (n = 12) (Table S1). The tumorigenic po-
tential of transduced cells infused in WT mice was assessed for up to
34 weeks and compared with UT CD45.1 C57BL/6 mice (n = 10) and
mice receiving untransduced XCGD HSPCs (n = 16).

Pathological findings similar to those characterizing the CGD model
(acidophilic macrophagic pneumonia and granulomatous inflamma-
tion) were observed in WT mice transplanted with untransduced
92 Molecular Therapy Vol. 29 No 1 January 2021
XCGD HSPCs, confirming the transfer of the
disease by HSCT and, thus, its immune-medi-
ated origin. These findings were not recognized
in UT CD45.1 C57BL/6 and WT mice receiving
LV-transduced XCGD HSPCs. Other micro-
scopic changes observed in mice of all groups
were incidental changes, related to the species
background and mouse age. Noteworthy, none
of the WT GT mice developed myeloid leuke-
mia, suggesting a possible role of chronic in-
flammatory XCGD background in promoting transduced myeloid
cell progression toward leukemic transformation.

IS Analysis Reveals Reduced Polyclonality in XCGD GT Mice

To assess MSP.Gp91.2T LV genotoxicity, we performed a genome-
wide analysis of the LV IS in total BM cells isolated from XCGD
GT and WT GT mice at study termination. Overall, a total of
17,520 (average ISs/mouse = 876 ± 332, range 249–1,457) and
4,439 (average ISs/mouse = 370 ± 102, range 176–531) ISs were
retrieved andmapped fromXCGDGT andWTGTmice, respectively
(Table S4). The genomic distribution of ISs showed a marked ten-
dency of the MSP.Gp91.2T LV to integrate within gene bodies with
no bias for promoter regions, as expected for LV (Figure S6A).

To identify the gene classes preferentially targeted by ISs of the
MSP.Gp91.2T vector, we performed an enrichment analysis of anno-
tations associated with the genomic regions targeted by the pooled LV
ISs retrieved from XCGD GT and WT GT mice. We found an over-
representation of gene classes related to nuclear structure, chromatin
modification, and other gene classes that have already been described
as preferentially targeted by LV insertions as a result of an integration
bias of the parental virus rather than genetic selection caused by inser-
tional mutagenesis (Figure S6B).10,30,31 Genes recurrently targeted by
LV ISs at a frequency higher than expected by a random distribution
were recognized by common insertion site (CIS) analysis.32 Overall,
five CIS genes were identified in both datasets, none of which, how-
ever, was related to cancer (Figure 7A; Table S5). Moreover, we
analyzed the gene integration frequency between the two groups
(RD027 versus TM035) using a Fisher’s exact test adjusted with false
discovery rate (FDR), where the two dichotomic variables of the
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Figure 6. Characterization of Myeloid Leukemia Developed in Some XCGD GT Mice

(A) H&E staining of representative sections of the thymus, BM, spleen, lung, and liver from the XCGDGTmice (TM035-22) with diffusemyeloid leukemia as confirmed byMPO

staining. Original magnification for thymus and BM is 400�, scale bars: 50 mm; original magnification of lung, spleen, and liver is 200�, scale bars: 20 mm. (B) Representative

immunophenotypic analysis of BM cells isolated from XCGDGTmice with myeloid leukemia. HSC and different progenitors were identified within the Lin� sca-1+ c-kit+ (LSK)

and Lin� c-kit+ (LK) gates by the cell surface markers indicated.
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contingency matrix are “belonging or not to a gene,” thus reporting
the number of ISs targeting that gene on all the other ISs. We selected
genes with a number of ISs > 2. None of the 337 genes with ISs higher
than 2 resulted in significant targeting (p < 0.05), thus demonstrating
that the CIS targeting frequency is not statistically different between
the two studies (Figure S6C).

To address the clonality of the reconstituted hematopoietic system in
XCGD GT and WT GT mice, we analyzed the diversity of the clonal
population in each mouse measured by the Shannon diversity index
(Figure 7B). BM cells isolated from WT GT and most of the XCGD
GT mice (16/20) showed a polyclonal repertoire with an average
Shannon diversity of 4.75 ± 0.29, except BM cells isolated from
XCGD GT mice TM035-22, -29, -39, and -40, which showed reduced
clonal diversity (average Shannon diversity index 2.7 ± 0.47). No sig-
nificant difference was found by comparing the average diversity in-
dex between the groups (Wilcoxon test; Figure 7B). Most of the
marked cell clones of post-transplantation BM samples had a relative
abundance of <10% (Figure 7C). In XCGD GT TM035-22, -29, -39,
and -40 mice, we observed few clones with high abundance (>10%),
highlighting the oligoclonal IS pattern in these mice, in line with their
lower Shannon diversity index (Figure 7B). In the BM samples of
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oligoclonal mice, we observed clusters of three to nine ISs with a
similar relative abundance and those were dominant compared
with the remaining ISs (<10%), suggesting a common clonal origin.
Indeed, with the high transduction levels achieved in this study,
clones with multiple integrations are expected to be relatively
frequent. For instance, BM cells of the XCGD GT TM035-22 mouse
developing myeloid leukemia had a cluster of abundant ISs targeting
the Epha7, Trib2, Sepp1, Kctd4, Pros1, and Rcl1 genes and the onco-
gene Ahi1 (Figure 7C). Sesn1 and Adgrl2 genes, along with the
proto-oncogene Top1, were among the most abundant in BM cells
of the XCGD GT TM035-29 mouse with lymphoblastic lymphoma.
Although the TM035-39 and TM035-40mice of the XCGDGT group
did not develop any apparent neoplastic disease, ISs in the cancer-
associated MDS1-Evi1 and Etv1 genes were identified among the
most abundant clones (Figure 7C). Moreover, the proto-oncogenes
Ahi1,Mecom, Bcl11a, and Etv1 were targeted in additional mice mul-
tiple times and ranked among the most abundant ISs (Table S7). The
expression of some of the genes targeted in the most abundant clones
was assessed in the total BM cells isolated from all of the XCGD GT
and WT GT mice. We found significant downregulation of Mecom
expression in the BM of KO GT mice compared with WT GT mice,
whereas the expression of Etv1, Top1, Ahi1, and Ppp6c was compara-
ble (Figure S7), suggesting that there is no evidence of transactivation
of these genes by the vector integration.

To trace the dynamics and clonal heterogeneity of the leukemic cell
population in vivo, we adoptively transferred the splenocytes of the
XCGD GT mouse RD021-54 with myeloid leukemia into three
non-obese diabetic severe combined immunodeficiency (NOD-
SCID) IL-2Rgnull (NSG) mice. Leukemic cells readily emerged in
the peripheral blood of secondary NSG recipients, which were eutha-
nized at 43 days post-transplant because of poor health conditions.
Vector-positive cells were detected in peripheral blood leukocytes
(VCN = 24.7) and BM (VCN = 25.4) at the study endpoint (Table
S6). IS analysis was performed in samples from peripheral blood,
spleen, and BM of the mouse RD021-54 and secondary recipients.
We identified a total of 738 and 234 unique ISs in the primary
RD021-54 mouse and secondary recipient NSG mice, respectively.
Clonal tracking analysis revealed a progressive enrichment of clones
in the peripheral blood over time and BM at termination, indicative of
an ongoing clonal expansion. In contrast, samples from the control
mouse RD021-51 with no tumor showed a highly polyclonal vector
integration profile (Figure 7D; Figure S8). The identification of the
Figure 7. Integration Site Analysis of MPS.Gp91.2T LV in Total BM Cells Isolate

(A) Volcano plot of CIS analysis results. The gene integration frequency normalized by g

Grubbs test for outliers (�log base 10 of p value). According to the p value, dots are colore

gene name, colored according to ontological annotation of tumor suppressor (blue), pr

been highlighted with dark red labels (i.e., Mecom). (B) Boxplot of clonal heterogeneity

between the two groups resulted in not significant. (C) Boxplot representation of clona

relative percentage of observed genomes on the total number of genomes in that samp

mm9). (D) Heatmap representation of the top 50 LV-targeted genes identified in the perip

GT mouse RD021-54 with myeloid leukemia. Follow-up (FU) are 6, 12, 20, and 33 week

whereas the secondary recipient NSG mice were sacrificed after 43 days.
same number of identical ISs in all secondary NSG mice indicates
that the leukemia was monoclonal. ISs in the proximity of some on-
cogenes, such as Myb, Mpp7, Zbtb7a, and Cblb, were identified (Fig-
ure 7D). Some of the top ISs found in the PB and BM samples from
mouse RD021-54 at euthanasia were also highly present among all
samples from secondary recipient NSG mice, indicating the detection
of tumor-marking clones.

The observations thatWTmice receiving transduced XCGD BM cells
showed a sizable polyclonal repertoire of LV integrations and did not
develop malignant hematopoietic neoplasia argue against the possi-
bility that vector genotoxicity alone was the cause of myeloid leuke-
mia developing in some XCGDGTmice, and suggest that the inflam-
matory disease background was also crucial for clonal selection and
progression to neoplastic transformation.

DISCUSSION
The present GLP study describes the long-term therapeutic efficacy,
toxicity, and tumorigenicity of GT for XCGD based on LV-mediated
correction of HSPCs evaluated over 1 year in a large cohort of XCGD
mice. The transducing vector used in our experiments was the MSP-
Gp91.2T LV recapitulating physiological Gp91phox expression prefer-
entially in myeloid lineage cells.26,27 Indeed, sustained Gp91phox

expression was detected in myeloid cells, but not T and B cells, of
the peripheral blood, spleen, and BM of GT-treated XCGD mice.
We also found that LV-driven Gp91phox expression had no adverse
effect on the hematopoietic repopulation because transduced HSPCs
engrafted and differentiated properly in the peripheral blood, BM,
and spleen of XCGD GT-treated mice.

Gp91phox expression in monocytes was stable, but progressively
declined in granulocytes over 50 weeks. In contrast, NADPH oxi-
dase activity remained constant in both phagocytes with a signifi-
cantly higher ROS production in activated granulocytes (58.95 ±

19.70) compared with monocytes (38.65 ± 19.48), suggesting the
possibility of an underestimation of the fraction of Gp91phox-
expressing cells. Indeed, only the Gp91phox molecules expressed
on the cell surface, but not those positioned intracellularly, have
been revealed by our staining protocol performed in the absence
of permeabilizing agents. It was shown that in resting neutrophils,
Gp91phox is found primarily intracellularly in the membrane of sec-
ondary granules.33,34 Upon activation, these granules are mobilized
from these internal compartments to the cell surface or phagosome
d from XCGD and WT Mice Transplanted with Transduced HSPCs

ene length is represented on the x axis, whereas the y axis shows the p value of CIS

d in violet if significant (<0.05) and in gray if not. Significant genes are labeled with the

oto-oncogene (red), and “other” (green). Genes with known clonal expansions have

measured with the Shannon diversity index. Wilcoxon test on the average entropy

l abundance in mice. For each sample, IS abundance had been measured as the

le. ISs with abundance above 10% are labeled with the closest gene name (RefSeq

heral blood, BM, and spleen of secondary recipient NSGmice shared with the XCGD

s for the peripheral blood and 33 weeks for the BM of XCGD GT mouse RD021-54,
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membrane.35 In steady-state monocytes/macrophages, Gp91phox

localizes to both the plasma membrane and the endocytic recycling
compartment. Therefore, it appears that the percentage of the
Gp91phox+ cells may be an underestimate for granulocytes and not
for monocytes. Another possibility is a progressive decline in the
number of transduced granulocytes due to their short half-life
when they reach the bloodstream. Although we did not have direct
evidence for transduction levels in granulocytes, the average of the
VCN calculated in the total blood leukocytes mirrored the DHR
trend. The VCN dropped from 11 to 30 weeks, then remained stable
at three to four copies at 50 weeks. The first VCN decline is in line
with higher gene transfer into progenitors than stem cells and may
explain the diminished Gp91phox staining, but not the DHR assay.
The second drop between 30 and 50 weeks may be caused by
some degree of vector silencing (even though we do not have direct
evidence for this), again amplified by the suboptimal staining pro-
cedure for Gp91phox.

Histopathological analysis of a wide range of tissues revealed that
gene-corrected granulocytes and monocytes were able to markedly
improve most of the hallmark features of mouse XCGD (systemic
inflammation, hemorrhages, extramedullary hematopoiesis) and
eradicate pulmonary inflammation and bacteria-containing abscesses
in GT-treated XCGDmice. Correction of XCGD symptomsmarkedly
improved the morbidity and mortality of XCGD mice, bringing the
1-year survival rate up from 40% to 80%. The long-term phenotypic
correction of XCGD pathology in the mouse model highlights the po-
tential therapeutic benefit of the LV-mediated ex vivo GT approach
for XCGD patients.

Important concerns that our study revealed are the potential toxicity
and tumorigenicity associated with MSP.Gp91.2T LV-transduced
HSPCs in XCGD mice. Clinical chemistry parameters monitored in
the plasma during the study and at termination revealed no biochem-
ical toxicity in the liver, pancreas, kidney, and cardio-circulatory sys-
tem. However, 4 (20%) XCGDmice died between 27 and 42 weeks. A
detailed pathological examination revealed that two mice had died of
hematological malignancies, namely, a lymphoblastic lymphoma and
myeloid leukemia, occurring at 27 and 28 weeks post-transplant,
respectively. The other two XCGD mice presumably died of renal in-
juries and inflammatory-associated changes in lungs. None of the
long-term surviving XCGD GT mice exhibited leukemia-associated
symptoms.

From the integrated analysis of the GLP study and additional labora-
tory-grade experimentations, we observed the development of T cell
lymphomas in the XCGD UT (1/24, 4.16%) and GT (1/34, 2.94%)
groups. Cells from the thymus, BM, and spleen of the XCGD GT
mouse with the lymphoma were vector positive (VCN ~3.5) but did
not express Gp91phox, consistent with the fact that the transgene is ex-
pressed only in myeloid cells. Lymphomas of the T cell and B cell line-
age commonly develop in many strains of mice, including C57BL/6,
at an incidence rate of 10%–50% in aging mice.36 Incidence is accel-
erated and/or enhanced by irradiation, which results in early mortal-
96 Molecular Therapy Vol. 29 No 1 January 2021
ity.37,38 In light of these observations, it seems likely that this type of
tumor is associated with irradiation and the disease background,
although we cannot exclude a possible contribution of LV-mediated
genotoxicity. Two out of 34 mice (5.88%) receiving HSPC GT devel-
oped a myeloproliferative syndrome. Peripheral blood and BM of
these mice were positive for Gp91phox, indicating that myeloid
leukemia originated from transduced donor cells. Statistical analysis
revealed no significant difference in tumor incidence rates for KO
GT versus KO Mock or KO UT. This was expected because of the
sporadic appearance of tumors and the small sample size of mice
per group.

Although a large number of different ISs were found in most XCGD
GT mice indicative of a sizable polyclonal distribution of LV cor-
rected HSPCs, BM cells of the XCGD GT mice developing myeloid
leukemia revealed a low clonal diversity reflected by the high domi-
nance of a few clones. Once transplanted into immunocompromised
recipient mice, leukemic clones harboring a similar IS pattern rapidly
expanded, indicating that they derive from the original tumor. Most
abundant clones harbored LV integrations targeting Epha7, Trib2,
Kctd4, Sepp1, Pros1, and Myb genes that have not been reported as
oncogenes or tumor suppressor genes associated with insertional
mutagenesis for leukemia or lymphoma development. No hotspots
of integrations were identified within Mds1-Evi1, Lmo2, Prdm16,
and Setbp1 genes, well-established hallmarks of insertional mutagen-
esis in mice and clinical trials,16,19,39,40 including XCGD. Overall, the
IS analysis showed that oligoclonal reconstitution has occurred in
some XCGD GT mice. Although IS analysis shows no enrichment
of IS targeting oncogenes, some vector insertions near oncogenes,
such as Ahi1, Mecom, Etv1, Myb, and other cancer-related genes,
have been found among the most abundant cell clones in mice with
oligoclonal reconstitution. Despite the concerns raised by these obser-
vations, no overexpression of the oncogenes targeted by LV ISs in the
oligoclonal samples was observed, suggesting that the ISs were
neutral.

To the best of our knowledge, this is the first report to describe a
possible association between LV-mediated GT and an increased
risk for myeloid leukemia in preclinical GT studies for XCGD. Amye-
lodysplastic syndrome secondary to insertional mutagenesis occurred
in phase I/II trials for XCGD in patients receiving CD34+ cells trans-
duced with an LTR-driven g-RV.16,19,21 Before this work, toxicity
studies conducted in mice using a similar LV-mediated approach tar-
geting Gp91phox expression in phagocytes reported no significant
adverse events related to GT treatment.24,25 Moreover, the lentiviral
G1XCGD vector recently used in a multicenter trial did not show
any infusion-related adverse events over 24-month follow-up,28 simi-
larly to other diseases treated with HSPC GT.40

Some of the differences between the mouse studies can be attributed
to the variations in the experimental design.24,25 First, in our study,
XCGD GT mice were monitored for up to 1 year, whereas the
maximum duration of the post-transplant follow-up previously re-
ported was 6 months. Because XCGD GT mice developed myeloid
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leukemia starting from 7 months after GT, it is possible that the onset
of possible adverse events could have been unnoticed by Brendel
et al.25 Second, a contributing factor can be the numerosity of mice
analyzed. Earlier tumorigenicity studies have been conducted on far
fewer mice per each experimental group (n = 5–7), and thus
this setting reduced the probability of occurrence of tumors. Third,
the different results may have been exacerbated by our higher MOI
transduction conditions compared with previous studies, which
may have amplified the risk for insertional mutagenesis events.
Fourth, the design of MSP.Gp91.2T vector slightly differs from the
G1XCGD.25 The MSP promoter used to drive physiological Gp91phox

expression in phagocytes was composed of a minimal promoter
sequence from the Gp91phox locus fused to the SP146 synthetic
enhancer/promoter.26,41 It is possible that this design may have
increased the oncogenic risk compared with the G1XCGD vector,
which comprises a chimeric promoter containing binding sites for
PU.1 and C/EBP-a transcription factors expressed by the myeloid
lineage.24 Another difference between the two vectors is the incorpo-
ration of two miR-126 target sites into the 30 UTR of the Gp91phox

expression cassette of MSP.Gp91.2T to allow the degradation of
Gp91phox mRNA in HSCs, thereby limiting the ROS-mediated
toxicity in these cells.26

One of the most remarkable differences between our and a previ-
ous study25 can be attributed to the use of different mouse models.
Brendel et al.25 utilized healthy mice, in place of XCGD mice, as
sources for both donor Lin� cells and recipient mice. Whenever
XCGD mice were used, the longest follow-up period was 4 months.
Although WT mice are commonly accepted for in vivo toxicology
and genotoxicity studies, the mouse model of human disease is of
the highest value because it enhances not only the predictability of
toxicity of a medicinal product but also allows understanding of
the mechanisms of toxicity. This viewpoint is particularly relevant
for XCGD, because the use of the disease mouse model, which
mimics the clinical situation, allows a more accurate evaluation
of potential adverse events, including tumors, during GT experi-
mentations. Indeed, when we examined the effect of disease
background on genotoxicity and tumorigenicity related to GT
treatment, we made some interesting observations. Transplanta-
tion of untransduced XCGD HSPCs caused the appearance of
the pathological hallmarks related to the XCGD phenotype, con-
firming the immune-mediated origin of the disease. We also
confirmed in WT recipient mice that, upon GT, most of the
XCGD symptoms were markedly reduced. In stark contrast with
findings obtained in XCGD recipient mice, none of the WT
mice transplanted with transduced XCGD HSPCs developed
adverse events, including proliferative lesions. This could be
because of the too-small sample size of WT GT mice analyzed.
Indeed, assuming a similar rate of tumor incidence in KO GT
and WT GT groups, one would not expect to identify mice with
leukemias. However, IS analysis revealed a polyclonal distribution
in all mice with no abnormal clonal expansion, with exceptions for
few clones above 20% for one mouse. CISs revealed no tumor sup-
pressor or oncogenes in the top targeted genes. By comparing the
two studies, we did not observe significant differences in terms of
gene frequency and IS abundance.

The high VCN, along with the inflammatory stress hematopoiesis,
could have contributed to the observed likelihood of leukemia/lym-
phoma development. Although not significant, the clear separation
of tumor occurrence in KO GT versus WT GT mice receiving the
same XCGD cells transduced with the same vector may suggest an
implication of the disease background as a potential critical risk factor
influencing the fitness of gene-corrected cells, thereby enhancing the
potential myeloid transformation of stem-cell-derived clones. Consis-
tently, there is evidence that hyperinflammation in patients and mice
with XCGD severely affects the HSC compartment by promoting cell
cycling of quiescent HSPC cells.42 We observed an expansion of F4/
80+ histocytes/macrophages and MPO+ myeloid cells in the BM
and spleen, respectively, of XCGDmice.We also found elevated levels
of inflammatory cytokines (IL-1b, CCL5, and IL-12p40) in the BM
milieu collected from XCGD mice compared with age-matched WT
control mice. It was shown that blocking in vivo IL-1-mediated
inflammation by IL-1 receptor antagonist can revert in part the he-
matopoietic dysfunction in XCGD mice.42 It is therefore possible
that a hyperinflammatory microenvironment together with radia-
tion-induced damage of the BM niche, as such, cooperates with inser-
tional mutagenesis to favor in the early phase the development of
dominant clones harboring LV insertions toward progression into
malignancy. Therefore, halting inflammation in patients with
XCGD could be relevant for two reasons. On the one hand, the
administration of anti-inflammatory, immune modulators before
GT procedure could reduce HSC stress and improve both the quality
and the quantity of the HSPCs collected. On the other hand, blockade
of inflammatory cytokines during GT could restore the physiological
self-renewal activity of HSCs, thereby limiting chronic overproduc-
tion of myeloid cells, genomic instability, and potentially the acquisi-
tion of somatic mutations.

Our study confirms and extends prior reports that LV-mediated
ex vivo GT for XCGD might be an effective approach to guarantee
a long-term correction of the disease. We have also uncovered a po-
tential contribution of the XCGD inflammatory background, along
with high VCN, that may have favored the clonal expansion of
some transduced HSPCs, eventually leading to the development of
leukemia and/or lymphoma. Future preclinical studies with a much
larger number of mice would be needed to reveal these sporadic
adverse events occurring in the XCGD mouse model and reach
some statistical power.

MATERIALS AND METHODS
Mice

B6.129S-Cybbtm1Din/J mice (Cybb�/� mice, stock #002365) on a
C57BL/6J background were purchased from The Jackson Laboratory,
and C57BL/6N CD45.1 and NSG were mice from Charles River. Mice
were maintained at IRCCS San Raffaele Scientific Institute SPF Ani-
mal Facility under specific pathogen-free conditions. All experimental
procedures were approved by the Animal Care and Use Committee of
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the Fondazione San Raffaele del Monte Tabor (IACUC 647) and
communicated to the Ministry of Health and local authorities in
accordance with the Italian legislation.

LV Production

A third-generation self-inactivating vesicular stomatitis virus
(VSV.G)-pseudotyped LV was constructed on a pCCL backbone, as
previously described.43,44 The non-GMPMPS.126T LV lots were pro-
duced and purified by MolMed S.p.A. (Milan, Italy).

Transduction and Transplantation of Murine Hematopoietic

Progenitors

BM cells were collected by flushing from femurs and tibias of a pool of
male and female XCGDmice. Lin� HSPCs isolated using the Lineage
Cell Depletion Kit (Miltenyi) were cultured in Stem Span serum-
free expansion medium (Stem Cell Technologies) supplemented
with 1% L-glutamine, 1% penicillin/streptomycin, murine stem cell
factor (SCF; 100 ng/mL), murine thrombopoietin (TPO; 50 ng/mL),
human Flt3L (100 ng/mL), and human IL-3 (20 ng/mL; all from
PeproTech) for 2 h. Cells were then cultured in the presence or
absence (Mock) of a clinical preparation of MSP.Gp91.2T LV at an
MOI of 200 for 16 ± 2 h.

Untransduced and transduced cells (1 � 106/mouse) were injected
intravenously in lethally (9 Gy split into two equal doses) irradiated
7- to 9-week-old XCGD male mice (XCGD GT mice, n = 20). Only
male mice have been used in consideration of the fact that X-linked
CGD usually affects only males. Mice were monitored for 52 weeks.
Lin� HSPCs isolated from XCGD mice and transduced or not with
the MSP.Gp91.2T LV (0.5 � 106/mouse) were injected intravenously
in lethally (9 Gy split into two equal doses) irradiated 7- to 9-week-old
WTCD45.1 male and female mice (XCGDGTWTmice, n = 12), and
mice were monitored for 34 weeks.

Secondary Transplant of Myeloid Leukemia

Splenocytes of the XCGD GT mouse RD021-54 (1.5 � 106/mouse)
were injected intravenously into irradiated (1 Gy) 7- to 8-week-old
NSG female mice (n = 3) and monitored daily for 43 days.

Measurements of Transduction Efficiency

After transduction, cells were cultured in liquid culture medium
(Stem Span medium supplemented with 10% v/v fetal bovine
serum [FBS], 1% L-glutamine, 1% penicillin/streptomycin [P/
S], mSCF [100 ng/mL], mTPO [50 ng/mL], hFlt3L [100 ng/mL],
and hIL-3 [20 ng/mL]; all from PeproTech) for 3 days. To promote
myeloid differentiation, medium was removed, and cells were main-
tained in cell expansion myeloid differentiation medium (RPMI sup-
plemented with 10% v/v FBS, P/S, 1% L-glutamine, and mouse G-CSF
[100 ng/mL]) for an additional 14 days. Transduction efficiency was
evaluated by qPCR using a primers/probe set designed in the com-
mon packaging signal region (Psi) of LVs upstream of the gag start
codon, as previously described.45 Mouse b-actin was used as the
housekeeping gene (the list of primers and probes sequences is shown
in Table S8). VCN was determined on genomic DNA extracted from
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transduced cells after in vitro culture for 14 days and single hemato-
poietic CFUs. Colonies were defined as negative CFUs when the VCN
was <0.5 copy/genome and as positive when >0.5 copies/genome.
Transduction efficiency was calculated as number of positive CFUs
� 100/number of total CFUs.
Blood Chemistry Tests

Peripheral blood samples were collected from the tail vein in the
absence of anti-coagulant at 15 and 52 weeks post-treatment. The
serumwas separated at room temperature by centrifugation. Analyses
were performed by the Research Toxicology Centre S.p.A (Pomezia,
Rome, Italy).
Hemocytometer Analysis

Red blood cells (RBCs), HGB, PLTs, and total WBCs were measured
in the peripheral blood of mice using the Procyte DX Analyzer
(IDEXX) at 11, 30, and 50 weeks upon treatments.
Flow Cytometry Staining

Blood (~50 mL) was withdrawn from the tail vein in EDTA-coated
tubes at 11, 30, and 50 weeks post-treatment. Blood was incubated
with RBC lysis buffer to remove erythrocytes (ACK buffer for
10 min at room temperature [RT]). BM cells were harvested at
52 weeks. Cells were incubated with (Fc) blocking and labeled with
the following antibodies for 30 min at 4�C: anti-CD3, anti-CD48,
anti-B220 (CD45RA), anti-CD11b, anti-Ly6G, and anti-Gp91phox.
Cells were acquired on a Gallios flow cytometer (Beckman Coulter).
Percentages of lymphoid (CD3+ T cells, B220+ B cells) and myeloid
cells (CD11b+ Ly6G+ granulocytes, CD11b+ CD48+ monocytes)
were determined within the CD45.2+ cells, and then the proportion
of cells expressing the human Gp91phox was calculated for each
subpopulation.

The frequency of stem and progenitor cells was evaluated in total BM
preparations isolated from age-matched XCGD UT, Mock, and GT
mice at study termination (50 ± 2 weeks) by flow cytometry. Cells
(6 � 106) were labeled with the following antibodies: lineage cocktail
(CD3, Ly-6G/Ly-6C, CD11b, CD45R/B220, and TER-119), CD45.2,
sca-1/Ly-6A/E, c-kit/CD117, CD48, and CD150. The list of the anti-
body clones and fluorochromes is included in Table S9. Samples have
been acquired using a BD FACSCanto II system and analyzed with
the BD FACSDiva Software. On the CD45.2 gate, the long-term repo-
pulating HSCs were identified as Lin� sca-1+ c-kit+ CD48� CD150+,
MPP as Lin� sca-1+ c-kit+ CD48� CD150�, GMLP as Lin� sca-1+

c-kit+ CD48+ CD150�, GMP as Lin� sca-1� c-kit+ CD48+ CD150�,
erythroid progenitors (ERY) as Lin� sca-1� c-kit+ CD48� CD150�,
and megakaryocyte-erythroid progenitors (MEPs) as Lin� sca-1� c-
kit+ CD48+ CD150+ cells.
Engraftment of Transduced Cells

The average VCN per cell was determined by qPCR using the instru-
ment ViiA 7 Real-Time PCR System (Applied Biosystems). Blood,
spleen, and BM DNA were purified using the QIAmp DNA Blood
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Mini Kit (Qiagen) and amplified by qPCR (Table S8), as already
described.45

NADPH Oxidase Activity

Blood (~100 mL) was withdrawn from the tail vein in heparin-coated
tubes at 11, 30, and 50 weeks post-treatment, and BM cells were incu-
bated with RBC lysis buffer to remove erythrocytes (ACK buffer for
10 min at RT). NADPH oxidase activity was determined by flow cy-
tometry as rhodamine 123 generation derived from ONOO�-depen-
dent oxidation of DHR123.29 In brief, cells were incubated at 37�C for
10 min with allophycocyanin (APC)-conjugated anti-mouse CD11b,
Pacific Blue-conjugated CD48, and phycoerythrin (PE)-conjugated
Ly6G antibodies in PBS-gg (PBS with 0.1% gelatin and 0.09%
D-glucose) containing catalase (1,000 U/mL) and DHR123 (2 mg/sam-
ple; Sigma-Aldrich). To activate NADPH oxidase, we incubated cells
with phorbol myristate acetate (PMA; 500 ng) at 37�C. After 15 min,
the reaction was stopped on ice, and cells were analyzed immediately
on a FACSCanto II (BD Biosciences). DHR123+ cells were gated on
CD11b+ CD48+ monocytes and CD11b+ Ly6G+ granulocytes.

Cytokine Measurement

Cytokines were measured in the BM fluid collected from UT XCGD
and WT mice using the Bioplex Mouse Cytokine Standard Plex (Bio-
Rad), according to the manufacturer’s instructions.

Histopathological Analysis

A full necropsy was performed, and gross observations were recorded
in all mice. The following organs were collected: adrenal glands, BM
(right femur and tibia, sternum), brain, cecum, colon, duodenum,
eyes with optic nerves, heart, ileum, jejunum, kidneys, liver together
with gall bladder, lungs, lymph nodes (mandibular and mesenteric),
rectum, salivary glands, spleen, stomach, testes, thymus, and macro-
scopic abnormalities. Organs were fixed in 10% buffered formalin,
trimmed and embedded in paraffin wax, sectioned, and stained
with hematoxylin and eosin for histological examination. Selected
slides were stained with monoclonal rat anti-human CD3 (Bio-
Rad), rat anti-mouse B220/CD45R (clone RA3-6B2; Bio-Rad), and
rat anti-mouse F4/80 (clone CI: A31; Bio-Rad) after antigen retrieval.
Immunoreactions were revealed using a rat on rodent HRP-polymer
(Biocare Medical) and the 3,3 diaminobenzidine (DAB) as
chromogen (Biocare Medical). Slides were then counterstained with
hematoxylin. Histopathological examination was performed by
board-certified pathologists on all tissues of the study animals. A
peer review was performed by a second board-certified pathologist
on all mice with significant histological findings, including all
neoplasia, according to GLP SR-TIGET Test Facility Standard
Operating Procedures.

IS Analysis

For the retrieval of vector ISs fromTM035 and RD027 groups of mice,
we adopted a sonication-based linker-mediated (LM) PCRmethod on
genomic DNA isolated from total BM cells, as described previ-
ously.46,47 In brief, genomic DNA (300 ng) was sheared using a Cova-
ris E220 Ultrasonicator (Covaris, Woburn, MA, USA), generating
fragments with a target size of 1,000 bp. The fragmented DNA was
split into three parts to generate technical replicates and, by using
the NEBNext Ultra DNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich, MA, USA), subjected to end repair, 30 adenylation,
and ligation to linker cassettes (Integrated DNA Technologies,
Skokie, IL, USA) containing a 8-nucleotide sequence barcode used
for sample identification, a 12-random-nucleotide sequence used
for quantification purposes, and all the sequences required for the
Read 2 Illumina paired-end sequencing, tracked within our labora-
tory information management system.48,49 Ligation products were
then subjected to 35 cycles of exponential PCR using primers specific
for the LV LTR and the linker cassette. The amplification product is
then re-amplified with an additional 10 PCR cycles using a primer
specific for the linker cassette and the LTR (containing ID barcode
and random sequences and compatible for Read 1 Illumina
sequencing) and sequenced using the Illumina HiSeq platform (Illu-
mina, San Diego, CA, USA).

ISs from the RD021 group of mice were retrieved through linear
amplification-mediated (LAM) PCR as previously described.50

Sequencing reads were processed by a dedicated bioinformatics pipe-
line (VISPA2) as previously described.49 In brief, paired sequence
reads are filtered for quality standards, barcodes identified for sample
demultiplexing of the sequence reads, the cellular genomic sequence
mapped on the human genome (version hg19), and the nearest Re-
fSeq gene assigned to each unambiguously mapped IS. Clonal abun-
dance from (LM)-PCR-processed samples was estimated as described
previously,46,47 where the number of genomes with the same IS is
calculated by counting the number of fragments with different sizes
(generated by sonication) belonging to each individual IS and the
different random barcodes (12 random nucleotides) attached to
each fragment.51 The relative abundance of each clone is then calcu-
lated as the percentage of genomes with a specific IS over the total ge-
nomes. CISs were identified by using the Grubbs test for outliers.32

Enrichment analysis for ontological classes among the targeted genes
by vector integrations was performed by the Genomic Regions
Enrichment of Annotations Tool (GREAT).52 Statistical analyses
involving ISs have been performed with R software.

For the generation of the heatmap graphs for IS clonal tracking in
RD021 mice, we plot sequencing read values through R package gplots
(https://cran.r-project.org/web/packages/gplots/gplots.pdf) with a scale
of color intensities reflecting the amount of sequencing reads for
each IS.

Statistical Methods

The pairwise comparison of survival curves in Figure 1A was
performed with the log rank test, and p values were adjusted with
Bonferroni’s correction to account for multiple comparisons. For
comparing the distribution of a numerical variable among indepen-
dent groups, the Mann-Whitney test was employed in case of two
groups (Figures 4C; Figure S6), while in case of more than two groups
(Figures 1B, 2C, 2D, and 3B; Figures S3B–S3E) the Kruskal-Wallis test
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was used, followed by a post hoc analysis performed with Dunn’s
test when the p value of the test was below the significance level.
In Figure 2A, the comparisons of numerical variables amongmatched
groups were performed with Friedman’s test, followed by a post hoc
analysis performed with the Conover’s test when the p value of the
test was below the significance level. In the case of longitudinal
analysis with a different number of samples at the different time
points (Figures 2B and 3A; Figures S2A, S2B, andS3A), comparisons
among groups were performed with linear mixed-effect (LME)
models. In order to meet the assumption of normality of the residuals
of the model, when necessary, an appropriate transformation was
applied to the response variable, and eventually, few outliers were
not included in the analysis. In particular, the following transforma-
tions were applied for the analysis: the percentage of Gp91phox+

monocytes and granulocytes (Figure 2B) were transformed with
the square and fourth root, respectively; the percentages of DHR+

monocytes and granulocytes (Figure 3A) were transformed with the
square and cubic root, respectively; total serum protein value (Fig-
ure S2A) was raised to the power of four, whereas alanine and aspar-
tate aminotransferase levels were log transformed; RBC, HGB, and
PLT counts (Figure S2B) were raised to the power of six, four, and
two, respectively; the percentages of T cells, B cells, and monocytes
(Figure S3A) were squared, whereas the percentage of granulocytes
was log transformed. For testing differences between all pairs of
groups at fixed time point or differences among time points for a fixed
group, a post hoc analysis was performed by using the R package phia.
In all types of post hoc analysis, p values were adjusted with Bonfer-
roni’s correction to account for multiple comparisons and/or testing.
The Fisher’s exact test was used for comparing tumor incidence be-
tween two groups. p values less than 0.05 were considered significant.
All statistical analyses were performed using R 3.5.0 (http://www.R-
project.org).
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