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We previously showed correction of sickle cell anemia (SCA) in
mice utilizing a lentiviral vector (LV) expressing human
g-globin. Herein, we made a G16D mutation in the g-globin
gene to generate the G16Dmutation (GbGM) LV to increase fetal
hemoglobin formation. We also generated an insulated version
of this LV, GbGMI, inserting a 36-bp insulator from the Foamy
virus in the long terminal repeats of the LV. Preclinical batches
of GbGM and GbGMI LV showed both were highly efficacious
in correcting SCA in mice, with sustained gene transfer in pri-
mary transplanted SCA mice and high hematopoietic stem cell
(HSC) transduction in colony-forming unit-spleen in secondary
transplantedmice. CRISPR-mediated targeting of the proviruses
into the LMO2 proto-oncogene showed remarkably reduced
LMO2 activation by both insulated and uninsulated LV,
compared to the SFFV g-RV vector targeted to the same locus.
We therefore used the GbGM LV to perform preclinical human
CD34+ gene transfer.We assessed gene transfer and engraftment
of human HSCs in two immunocompromised mouse models:
persistent stable GbGM-transduced cell engraftment was compa-
rable to that of untransduced cells with no detrimental effects on
hematopoiesis up to 20 weeks post transplant. These robust pre-
clinical studies inmouse andhumanHSCsallowed its translation
into a clinical trial.

INTRODUCTION
Sickle cell anemia (SCA) is a devastating hereditary disorder due to a
change in the sixth codon of the human b-globin (HBB) gene that re-
sults in the replacement of glutamic acid by valine in hemoglobin, re-
sulting in formation of sickle hemoglobin (HbS). HbS polymerizes
upon deoxygenation,1,2 changing the shape of the normally round
red blood cells (RBCs) to sickle shaped cells.1,3,4 Sickle RBCs are rigid
and poorly deformable and clog microcirculation, causing substantial
organ damage and critical painful episodes, severely affecting the qual-
ity of life and are a significant impact on the healthcare system.5,6 The
molecular diagnosis of SCA was discovered seven decades ago,2,7 yet
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curative options remain limited. Current therapeutic approaches for
SCA involve management of symptoms, chronic transfusions, or life-
long use of hydroxyurea, which reactivates endogenous fetal hemoglo-
bin (HbF). However, compliance with daily life-long drug therapy and
frequent monitoring of blood counts and costs are barriers to effective
therapy. Additionally, a portion of patients do not respond to hydroxy-
urea.8 Allogeneic hematopoietic stem cell transplantation (allo-HSCT)
offers a cure for SCA, but its use is limited by the availability of well-
matched donors, risk of graft rejection, and risk of graft-versus-host
disease.9,10 Genetic modification followed by autologous HSCT, in
which patients are their own hematopoietic stem cell (HSC) donors
for gene modification, provides a promising alternative strategy for
the permanent cure of SCA,7,11–13 circumventing the limitations of
donor availability and immune side effects associated with allo-HSCT.

Lentiviral vectors (LVs) have now been in clinical trials for over
15 years and have resulted in the cure of several inherited blood dis-
eases such as severe combined immunodeficiency, chronic granuloma-
tous disease, adrenoleukodystrophy (ALD) (Skysona), Wiskott-
Aldrich syndrome, SCA, and b-thalassemia (Zynteglo).14–22 We have
previously shown that a human gamma-globin LV, GbG, which carries
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Figure 1. Effects of GbGM and GbGMI Lentiviral vector (LV) vector gene transfer in primary transplanted SS mice

(A) Structure of a modified g-globin gene (GbGM) carrying self-inactivating lentiviral vector GbGM (without the Foamy virus insulator element [top panel]) and (with the Foamy

virus insulator [bottom panel, triangle labeled as FI]) GbGMI in its proviral form. A point mutation was created in exon 1 g-globin gene to change glycine, G, at the 16th codon to

aspartic acid, D. (B) Bonemarrow (BM)-derived stem and progenitor cells (lineage– Sca1+ cKit+ [LSK]) of donor SSmice were transduced with GbGM or GbGMI LV and VCN in

the LSK cells post gene transfer were transplanted into sub-lethally irradiated SS recipient mice. (C) The vector copy number (VCN) in PB, BM, and spleen (analyzed via qPCR)

(legend continued on next page)
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the human Ag-globin exons and b-globin non-coding regions and is
driven by the b-globin gene promoter and the locus control region’s
(LCR) hypersensitive sites 2, 3, and 4 enhancers, expresses therapeutic
levels of HbF to correct SCA in a humanized sickle mouse model with
reduced intensity conditioning.22 Herein, we mutated the GbG LV,
termed GbGM, to achieve a competitive advantage of the gG16D-globin
over bSickle globin chains to form the HbF tetramer. The GbGM re-
sulted in a 1.5–2� increase in HbF expression and therefore enhanced
the anti-sickling efficacy more than the base GbG LV (Grimley et al.,
personal communication).

Despite the fact that erythroid-lineage-specific enhancers in self-inacti-
vating LV have shown an excellent safety profile in other gene therapy
trials for SCA and b-thalassemia, the LCR enhancer has been shown to
have weak activity in HSCs, and hence there may be a small risk of vec-
tor-mediated genotoxicity.24–26 Chromatin insulators in LV can add an
additional safety feature by blocking enhancers located within the inte-
grating vector genome.27 However, prior chromatin insulators have
generally been large, recombined, or have lowered vector titers. We
discovered a small potent enhancer-blocking insulator sequence in
Foamy virus vectors that does not affect vector titers28 and inserted
this in the 30 long terminal repeat (LTR) of GbGM to generate the
GbGMI LV so that the insulator is copied over to the 50 LTR in the pro-
virus (integrated vector) to assess if it further improves safety.

Herein, we performed preclinical studies of GbGM and GbGMI LV to
evaluate and compare their efficacy in correcting SCA phenotype in
a Berkeley sickle mouse [Tg(Hu-miniLCRa1GgAgdbS) Hba0/0

Hbb0/0]29 (SS) model and a secondary transplant colony-forming
unit (CFU)-spleen (CFU-S) assay. We also evaluated the enhancer-
blocking ability of GbGM and GbGMI LV by knocking in the provirus
forms within the LMO2 proto-oncogene. We found both vectors were
similarly efficacious at correcting SCA and had a remarkably better
safety profile than retroviral (RV) vectors, which have been known
to increase LMO2 expression, resulting in leukemia.We then evaluated
long-term engraftment and biodistribution of the GbGM-transduced
human CD34+ cells from healthy donors after xenotransplantation in
NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) and NOD.Cg-KitW�41J

Tyr+ Prkdcscid Il2rgtm1Wjl/ThomJ (NBSGW)30 mouse models as pre-
clinical studies to support the phase 1/2 clinical development of
GbGM gene therapy for SCA (ClinicalTrials.gov: NCT02186418). After
selecting the GbGM vector to proceed to the clinic and to include in the
Investigational New Drug (IND) submission, we conducted a safety
assessment of the vector in healthy mice.31

RESULTS
Effective gene transfer in murine hematopoietic stem and

progenitor cells in vitro and in vivo

We modified our previously published GbG LV that expresses high
level of HbF and corrects SCA inmice following reduced intensity con-
at 24 weeks after transplant of GbGM or GbGMI LSK cells in primary recipients. (D) Modifi

HbF (F cells) in GbGM and GbGMI mice at 24 weeks are shown; data presented as mean

Statistics: unpaired Student’s t test. ns, not significant; *p < 0.05, **p < 0.01.

Molec
ditioning.23 We improved this LV by generating the GbGM LV, which
carries a point mutation (G16D in the g-globin gene) (Figure 1A), to
increase HbF tetramer formation by altering the g-globin electrostatic
charge as compared to native g-globin (data under review as a separate
manuscript). Additionally, for further safety of GbGM, a 36-bp
sequence of the Foamy virus insulator was added to the 30 LTR to
generate the GbGMI LV to potentially block activation of the surround-
ing genes by the b-globin LCR enhancer in the LV (Figure 1A). The LV
concentrated titers were very similar between GbGM and GbGMI LV
(Figure S1A).

The pathophysiology of SS mice closely resembles severe human
SCA and thus SS mice were used as both donor and recipients for
the study. Preliminary pilot experiments were performed to opti-
mize a vector multiplicity of infection (MOI) that results in a high
transduction efficiency. Based on the results, an MOI of 25 was cho-
sen for targeting vector copy number (VCN) of 2–5 copies per cell.
Lineage� Sca-1+ cKit+ (LSK) hematopoietic stem and progenitor
cells (HSPCs) were sorted from SSmouse bone marrow (BM), trans-
duced with GbGM or GbGMI vector, or sham transduced (mock),
followed by transplantation into sub-lethally irradiated recipient
SS mice. Transplanted mice were followed for 24 weeks or more,
and the effects on hematological parameters at different time points
were analyzed (Figure S1B). A portion of transduced LSK cells were
maintained in culture for 14 days for VCN analysis of the cells that
were transplanted. The GbGM-transduced HSPCs showed an
average VCN of 4.8 per cell, while GbGMI-transduced HSPCs had
an average VCN of 3.3, indicating high level of gene transfer
in vitro (Figure 1B).

Following transplant, all mice were monitored daily and weighed
weekly. Animals had minimal weight fluctuations and showed no
remarkable weight loss in the peri-transplant period. There were
four animal deaths observed during the study (three in the mock
group and one in the GbGM group in the period of 9–18 weeks),
which were likely related to sickle cell disease or procedure-related
mortality (as is routinely seen in SSmice). Peripheral blood (PB) anal-
ysis of mice transplanted with GbGM- and GbGMI-transduced HSPCs
at 6–8 weeks post transplant showed VCN similar to the in vitroVCN
in the transduced LSK cells (Figures S1C and S1B). Human globin
subtype analysis via capillary zone electrophoresis (CZE) of GbGM

mice and GbGMI mice showed �39%–48% HbFG16D expression at
6–8 weeks (Figure S1D).

Sustained engraftment and phenotypic correction in primary

transplant recipient SS mice

To evaluate the long-term engraftment of gene-marked donor cells,
recipient GbGM, GbGMI, and mock SS mice were terminally bled
and sacrificed at 24 weeks post transplantation. Analysis of VCN in
PB showed an average of 2.3 copies per cell in GbGM mice and
ed fetal hemoglobin (HbFG16D) production and (E) the percentage of cells containing

± SEM. Each symbol in the bar graph represents an individual animal. (C, D, and E)
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Figure 2. Hematological parameters after GbGM

and GbGMI LV gene transfer in primary transplanted

SS mice

Hematological parameters of mock, GbGM, and

GbGMI mice at 24 weeks post primary transplant.

(A) Hemoglobin (Hb), (B) red blood cell (RBC) count,

(C) hematocrit (HCT), (D) reticulocytes, and (E) white

blood cell (WBC) count in the PB. (A–E) n = 5 mock SS

mice, n = 6 GbGM SS mice, and n = 8 GbGMI SS mice.

Geometric mean was marked in each scatterplot. Each

symbol represents an individual animal. Statistics: one-

way ANOVA. ns, not significant; *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001. Note: one GbGM mouse

was excluded from terminal CBC analysis due to a clot

in the PB.
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1.3 copies per cell in GbGMI mice, which were clinically relevant
VCNs (1–3 copies per cell is commonly achieved in the clinical
setting) (Figure 1C). Similar levels of VCNwere also observed in other
hematopoietic organs such as BM and spleen (Figure 1C) at 24 weeks
post transplantation, demonstrating gene marking in a long-term re-
populating HSC. The expression of anti-sickling globin HbFG16D

showed similar level of HbFG16D in GbGM and GbGMI mice
(Figures 1D and S2E). An F cell analysis was also performed to assess
the percentage of HbF containing RBCs. We observed greater than
80% F cells in the PB of GbGM and GbGMI animals (Figure 1E). In
addition, HbF containing erythroid cells were also detected in BM
and spleen ranging from 52% to 54% in GbGM mice and 44% to
47% in GbGMI mice (Figure S2A).

A high F cell percentage was associated with sustained hematological
correction in both GbGM and GbGMI mice until the end of the study.
Analysis of hematological indices in recipient SS mice showed signif-
icant reduction in anemia with more than an average of 4 g/dL in-
crease in Hb compared to the mock mice. The Hb rose to 9.2 ±

0.7 g/dL (mean ± standard error of mean [SEM]) in GbGM mice
and 8.7 ± 0.5 g/dL in GbGMI mice, whereas mock mice had Hb of
4.8 ± 0.5 g/dL (Figure 2A). Similarly, RBC counts and hematocrit
(HCT) fractions were significantly increased in both GbGM and
GbGMI mice when compared to mock mice, suggesting higher RBC
4 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025
survival in themice receiving vector-transduced
cells (Figures 2B and 2C). Reticulocytosis was
also markedly reduced from 40.2% ± 2.6% in
mock mice down to 7.9% ± 1.3% and 9.9% ±

2.1% in GbGM and GbGMI mice, respectively
(Figure 2D).

Leukocytosis is reflective of chronic inflamma-
tion in SCA.32 Indeed, the SS mice transplanted
with mock-transduced HSPCs presented with
increased leukocyte counts, while, in both
GbGM and GbGMI mice, leukocytosis was
significantly improved (Figure 2E).
Improved RBC function from GbGM- and GbGMI-transduced

HSPCs in SS mice

In order to assess functional correction with GbGM and GbGMI

LV, we evaluated the sickling kinetics and RBC membrane deform-
ability in the PB of SS recipient mice at 24 weeks after transplan-
tation by ektacytometry using Lorrca Oxygenscan.33 During ekta-
cytometry, RBCs’ ability to deform/elongate is measured with
increasing shear stress under normoxia. Sickle RBCs are rigid
and less deformable than normal RBCs due to membrane damage
sustained from sickling and unsickling.34 Normal or wild-type
(WT) RBCs elongate easily at low shear stress, while sickle RBCs
resist elongation even at higher shear stress. In both GbGM and
GbGMI mice, RBC deformability was markedly improved, ap-
proaching that of normal (C57BL/6J) WT RBCs when compared
to mock mice before and after one cycle of deoxygenation/reoxyge-
nation (Figures 3A and 3B). RBC sickling kinetics were measured
by subjecting PB RBCs to controlled deoxygenation from normoxic
to hypoxic levels of oxygen pressure (pO2 < 15 mm Hg) followed
by reoxygenation back to normoxic levels and measuring RBC de-
formability (elongation index [EI]) at a fixed shear stress.33 EImax

(highest EI at ambient pO2), point of sickling (PoS: pO2 when
the EI drops to 95% of the EImax), and EImin (minimum EI after
deoxygenation) were measured. Blood analysis at 24 weeks post
transplant showed both GbGM and GbGMI animals with



Figure 3. RBCmembrane deformability and sickling

kinetics in GbGM and GbGMI mice as compared to

mock mice

(A and B) RBC membrane deformability (elongation index

[EI]) was measured at increasing shear stress (between

0.3 and 30 Pa) under ambient pO2 for GbG
M, GbGMI, and

mock mice along with a WT C57 mouse as control

(A) before deoxygenation and (B) after one round of

deoxygenation and reoxygenation. Data presented as

mean ± SEM. (A and B) Statistics: two-way ANOVA;

***p < 0.001, ****p < 0.0001. (C–F) Oxygen scan

ektacytometry curves on RBCs from GbGM, GbGMI,

and mock mice that were subjected to controlled

deoxygenation from pO2 of 150 mm Hg to 15 mmHg,

followed by reoxygenation. EImax is the highest

deformability; the point of sickling (PoS) or the pO2 at

which the EI drops to 95% of the EImax is denoted by

filled circles in each group. EImin is the lowest

deformability that occurs when HbS polymerizes

maximally at low pO2. (D–F) The EImax, EImin, and pO2 at

PoS, respectively. Data in the deformability curves and

oxygen-scan curves represent the mean deformability

of all animals in that group: n = 5 mock SS mice, n = 7

GbGM SS mice, and n = 8 GbGMI SS mice. (D–F) Data

are presented as mean ± SEM. One-way ANOVA. ns,

not significant; **p < 0.01, ***p < 0.001.
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remarkably improved parameters when compared to mock mice
(Figures 3C, 3D, and 3F). The PoS of RBCs in GbGM and
GbGMI mice occurred at significantly lower pO2 of 20.2 ± 3.4
and 18.7 ± 3.9 mmHg, respectively, when compared to a pO2 of
38.7 ± 8.1 mmHg in mock mice (Figures 3C and 3F). Both EImin

and EImax were significantly improved as well (Figures 3C–3E).
C57 WT mice had no change in EI upon deoxygenation and reox-
ygenation as expected (uppermost curve in orange, Figure 3C).
Thus, RBC functional parameters showed that both GbGM and
GbGMI mice had significantly lower propensity to sickle and
sickled only with extreme hypoxia with a minimal reduction in
EImin deformability compared to mock and had improved mem-
brane deformability even during normoxia (EImax) when compared
to the mock RBCs.
Molecular Therapy: Method
Reduced extramedullary erythropoiesis,

hemolysis, and improved survival

Spleen size is enlarged in sickle mice due to
stress erythropoiesis and increased extravas-
cular hemolysis.35,36 There was approximately
50% reduction in spleen to body weight ratio
in GbGM mice and a 64% reduction in GbGMI

mice when compared to that inmockmice (Fig-
ure S2B), likely from reduced hemolysis, and
reduced extramedullary hematopoiesis from
the improved RBC health in both vector groups.
SS recipient animals were followed up for 24 to
26 weeks post transplant where GbGM and
GbGMI animals showed significantly improved
survival (seven out of eight GbGM survived; eight out of nine
GbGMI survived) when compared to mock animals (five out of eight
animals survived) at 24 weeks post primary transplant.

High transduction efficiency in HSCs as seen in CFU-S in

secondary transplanted mice

A secondary mouse CFU-S assay was performed to determine the
proportion of GbGM and GbGMI-transduced cells. BM was collected
from primary mice (1T) at 24 weeks and injected into eight secondary
(2T) C57 WT recipients per group for obtaining CFU-S at 12 days
post secondary transplant. Each colony was dissociated into a sin-
gle-cell suspension and cells were divided for DNA isolation to deter-
mine VCN and for HbF staining to determine the percentage F cells in
each colony. The percentage vector or HbF-positive CFU-S in 2T
s & Clinical Development Vol. 33 June 2025 5
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Table 1. HSC transduction efficiency in CFU-S in 2T mice

1T mouse ID Group

Total #
of CFU-S
isolated

Average
VCN per
CFU-S

% transduced
CFU-S (based
on VCN+

colonies)

% transduced
CFU-S
(based on
F cell+

colonies)

1

GbGM

28 6.2 50 35.7

2 25 8.5 96 88

3 29 2.6 65.5 51.7

4 24 1.9 79.2 91.7

5 45 3.7 93.3 91.1

6 24 2.8 43.5 95.8

7 34 3.3 72.7 85.3

Average 29.9 4.1 71.5 77.0

8

GbGMI

36 2.2 41.7 44.4

9 29 3 86.2 75.9

10 39 3.8 56.8 46.2

11 20 3.1 60.6 20

12 35 2.7 40 88.6

13 25 4 40 92

14 38 2.8 81.6 100

15 33 1.7 60 33.3

Average 31.9 2.9 58.4 62.6

Eight 2T mice were transplanted with BM from one 1T mouse, and 3–5 CFU-S were
isolated from each 2T mouse 12 days after the secondary transplant. The 1T animal
from which the 2T CFU-S were derived are listed in column 1 and the total CFU-S iso-
lated from all the 2T mice from that 1T mouse are listed in column 3. Half the CFU-S
isolated was subjected to VCN analysis, and the other was half stained for HbF and sub-
jected to flow cytometry. The HSC transduction efficiency in the 1T mice was calculated
as the percentage of the number of CFU-S positive for vector copies divided by the total
CFU-S isolated from the eight 2T mice transplanted from one 1T mouse or the percent-
age of the number of CFU-S positive for F cells (by FACS) divided by the total CFU-S
isolated from all 2T mice transplanted from one 1T mouse. The percentage transduced
CFU-S was thus calculated in two ways, based on VCN+ CFU-S (column 5) or F cell+

CFU-S (column 6): the threshold value to qualify F cell+ colonies, >12% positive cells;
the threshold value to qualify VCN+ colonies, R0.4 copies per cell, to exclude contam-
ination from surrounding splenic cells that get dissected along with the CFU-S. The per-
centage F cells and VCN in individual CFU-S in Figure S3.
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mice represented the percentage of transduced cells that were en-
grafted in primary SS recipient mice. About 30 CFU-S in 2T mice
transplanted from one 1T mouse were typically isolated. Secondary
CFU-S data showed high percentage of transduced CFU-S in
GbGM mice (77% F cell-positive colonies and 71% VCN-positive col-
onies; Table 1). Similarly, the GbGMI group had approximately 63% F
cell-positive CFU-S and 58% VCN-positive CFU-S (Table 1). These
data suggest that, on average, approximately 60%–70% of cells were
efficiently transduced using GbGM and GbGMI vectors. The percent-
age F cells in individual 2T CFU-S obtained from all animals in GbGM

group ranged from 50% to 90% and 44% to 66% in the GbGMI group
(Figure S3A). The average VCN per 2T CFU-S in GbGMmice was 4.1
and that in GbGMI mice was 2.9 (Table 1; Figure S3B). Overall, the
results of 2T CFU-S assay reflected the maintenance of long-term
gene-modified HSPCs in the transplanted recipients.
6 Molecular Therapy: Methods & Clinical Development Vol. 33 June 202
Enhancer-blocking effects (reduced proto-oncogene activation)

by GbGM and GbGMI

A genotoxicity assay was developed to assess the safety of GbGM

and the insulated GbGMI LV. As a positive control, spleen focus-
forming virus (SFFV) g-RV vector, known to cause genotoxicity
and activate proto-oncogenes such as LMO2,37,38 was used in the
assay. We identified a novel 36-bp foamy virus (FV)-derived insu-
lator sequence with potent enhancer-blocking effects.28 In order to
test the ability of the strong LCR enhancer in the GbGM provirus
to activate LMO2, and the propensity of the Foamy insulator flank-
ing the GbGMI provirus to block the LMO2 activation, we knocked
in the proviral forms of GbGM, GbGMI, and SFFV using clustered
regularly interspaced short palindromic repeat (CRISPR) in HeLa
cells (Figures S4A and S4B). The donor templates consisted of the
proviral forms of the three vectors flanked by LMO2 homology
arms. The GbGM and GbGMI donor plasmids contained a GFP
expression cassette in addition, to allow selection of transfected cells.
Since the SFFV RV expressed GFP driven by the SFFV promoter as
a part of the proviral sequence, no additional GFP cassette was
added to this plasmid (Figure S4A). The CRISPR-Cas9 plasmid
had a BFP selection marker (Figure S4A). HeLa cells were trans-
fected and dual BFP/GFP-expressing cells were sorted in bulk,
expanded, and cloned as single cells, and about 6–12 clones
confirmed molecularly to have precise targeted homology directed
repair were allowed to proliferate for further analyses. Overall,
approximately 1,425 total single-cell clones were derived, screened,
and molecularly characterized to identify clones with correct gene
targeting into LMO2 (Table S1). HeLa cells have four LMO2 alleles.
The clones selected for LMO2 expression analyses showed similar
median number of chromosomal alleles (a median of two alleles)
targeted with the provirus with all three vectors, GbGM, GbGMI,
and SFFV RV vectors (Figure S4C).

Next, we analyzed the LMO2 mRNA expression in targeted clones.
Mock transfected/unedited HeLa cells have no LMO2 expression and
therefore served as the negative control. The K562 cell line expresses
very high levels of LMO2 and served as a positive control. LMO2
expression of clones with integrated SFFV, GbGM, and GbGMI provi-
ruses showed a high upregulation of LMO2 by SFFV but no tominimal
increase in LMO2 mRNA expression with GbGM and almost no upre-
gulation of LMO2 expression by the GbGMI provirus. The difference in
LMO2 expression between GbGM and GbGMI provirus clones was not
statistically significant when multiple comparisons were done using
ANOVA, albeit comparison only of GbGM and GbGMI using t test
was significant (p = 0.015). Overall, we observed a highly significant
decrease in LMO2 expression in both GbGM and GbGMI group
when compared to the SFFV RV group (Figure 4A).

A western blot for LMO2 protein expression showed no expression in
both GbGM and GbGMI bulk-sorted cells or clones, similar to uned-
ited HeLa cells. Hence, at the protein level, we did not detect any
LMO2 protein expression with either the GbGM or GbGMI vector.
However, the samples in the SFFV RV group showed LMO2 protein
expression (Figure 4B).
5



Figure 4. Expression of LMO2 following targeted integration of GbGM and

GbGMI and SFFV provirus sequences

(A) LMO2 mRNA expression in individual HeLa cell clones confirmed to have tar-

geted integration of the different provirus sequences. Unedited HeLa cell clones,

which do not express LMO2, were the negative control, and K562 cells, known to

express extremely high levels of LMO2, were the positive control. Each symbol

represents an individual clones. Data presented as mean ± SEM. Statistics: one-

way ANOVA. ns, not significant; ****p < 0.0001. (B) Western blot analysis of bulk-

sorted edited HeLa cells, and three individual molecularly confirmed clones targeted

with each of the three provirus sequences, probed for LMO2 protein expression.

Since K562 cells expressed very high levels of LMO2 protein, a lower exposure of

the gel.
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In summary, we found both GbGM and GbGMI to be efficacious at
correcting SCA. Both vectors carry erythroid specific enhancers and
showed significantly reduced LMO2 proto-oncogene activation as
compared to the SFFV RV LTR enhancer. The GbGMI LV tended
to have stronger enhancer-blocking effects than GbGM; the differ-
ences, however, were not statistically significant between the two.
Hence, we decided on GbGM as the vector to be translated to a trial
and performed further preclinical studies to demonstrate the safety
of this vector. These studies have recently been published.31 Since
Molec
we previously reported rigorous safety analysis on a GbGM vector
surrogate (where the g-globin gene was replaced by GFP and the
vector backbone and promoter-enhancers were identical),24 we did
not pursue further safety studies using the in vitro immortalization
(IVIM) assay. We did not perform IVIM assay or long-term safety
of the GbGMI vector in mice after the decision on the clinical vector
was made.

Human CD34+ HSPCs transduced with GbGM vector sustained

long-term engraftment of gene-marked cells after

xenotransplantation in NSG and NBSGW mice

To assess the ability of engraftment of human HSPCs transduced
with GbGM vector, we utilized human CD34+ cells isolated from
adult mobilized peripheral blood (MPB) from a healthy donor as
this source is relevant for gene-modified autologous transplanta-
tion rather than cord blood-derived HSPCs. Human MPB-derived
CD34+ cells were transduced with GbGM vector at an MOI of 50
and transplanted into NSG and NBSGW mice. As a control, we
also transplanted untransduced MPB-derived human CD34+ cells
with similar culture condition as the transduction group
into sub-lethally irradiated NSG mice (mock). The GbGM-trans-
duced CD34+ cells were transplanted at varying cell doses into
sub-lethally irradiated NSG mice (0.1e6, 0.5e6, and 1e6 cells/
mouse; Figure 5A) and non-irradiated NBSGW mice (0.5e6 and
1e6; Figure 6A). Next, there was no difference of human cell
engraftment observed in mock versus GbGM NSG mice, showing
lack of toxicity of the vector to HSPC and their engraftment
(Figure 5B).

BM was analyzed at 20 weeks post transplantation. Dose response
was observed; the level of human CD45+ cell engraftment in
GbGM NSG mice was significantly higher for the dose groups of
0.5e6 (57.3 ± 3.7, mean ± SEM) and 1.0e6 (51.3 ± 4.0) cell dose
group when compared to 0.1e6 CD34+ lower cell dose group
(22.6 ± 8.8) in all GbGM mice (Figure 5A). In addition to human
CD45+ cell engraftment, its differentiation into various lineages
(representative fluorescence-activated cell sorting [FACS] shown
in Figure S5) was also similar in all groups and comparable to
mock mice in the BM, with similar proportion of human CD19+ B
cells, CD33+ myeloid cells, CD3+ T cells, and CD34+ HSPCs
(Figure 5C).

Similar results of a dose response and lineage output were seen in
the spleen and thymus of the transplanted NSG mice. A dose-
response increase of hCD45+ engraftment in the spleen of GbGM-
transduced mice was observed at increasing cell dose (Figure S6A),
and multi-lineage distribution with higher proportion of B and
T cells was observed in the spleen (Figure S6B). The VCN per
cell analyzed in both spleen and thymus was similar to the VCN
in BM except for the highest cell dose (1e6) group in the thymus
(Figure S6C). The human CD45+ cell engraftment was highest in
the thymus of the GbGM mice as compared to BM and spleen
with an average of 49%–72% of human cells being T cell population
(Figures S6D and S6E).
ular Therapy: Methods & Clinical Development Vol. 33 June 2025 7
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Figure 5. Engraftment of GbGM-transduced human

CD34+ HSPCs in NSG mice

(A) Engraftment of human CD34+ cells transduced with

GbGM Lentiviral vector (LV) or with no vector (mock) and

transplanted into sub-lethally irradiated female NSG

recipient mice at three different cell doses as indicated

at 20 weeks. Engraftment was measured as human

CD45+ (hCD45+) cells in BM. (B) Comparative

engraftment in NSG mice were injected with 0.5e6

mock and GbGM CD34+ cells at 20 weeks. (C) Multi-

lineage differentiation to lymphoid (B lymphoid [CD19+],

T lymphoid [CD3+], myeloid (CD33+) cells, and HSPCs

(CD34+) in BM of GbGM and mock mice. (D) VCN

determined in GbGM-transduced human CD34+ cells

expanded in culture for 14 days (bulk liquid culture) or in

pooled/bulk colony-forming units (CFU) and burst-

forming unit-erythroid (BFU-E) colonies collected from

the colony forming assay. (E) VCN in BM 20 weeks post

transplant of the indicated number of CD34+ cells. Each

symbol represents an individual mouse. GbGM n = 6

NSG mice and mock n = 3 NSG mice. Data are

presented as mean ± SEM. Each symbol represents an

individual mouse. Statistics: (A and E) one-way ANOVA,

(B) unpaired Student’s t tests. ns, not significant;

*p < 0.05; **p < 0.01.

Molecular Therapy: Methods & Clinical Development
A small portion of GbGM-transduced CD34+ cells were maintained in
a bulk liquid culture and also plated as colony-forming unit cells
(CFU-Cs) in methylcellulose medium for 2 weeks. In vitro gene trans-
fer was assessed via qPCR on both bulk liquid culture and CFU-Cs,
showing a similar VCN of 0.9 per cell (Figure 5D), which was similar
to the VCN in vivo (an average of 1.1 VCN/cell in BM of all GbGM

mice across all cell dose group) (Figure 5E).

Similarly, analysis of human engraftment in the BM of non-irradi-
ated NBSGW mice showed an average human CD45 chimerism
ranging from an average of 48%–65% (higher engraftment with
increasing CD34+ cell dose) with normal proportion of multi-line-
8 Molecular Therapy: Methods & Clinical Development Vol. 33 June 2025
ages with predominant B cell and low T cell
engraftment (Figures 6A and 6B). Human
CD45 engraftment was also present at high
levels in spleen of the GbGM-transplanted an-
imals and similar lineage distribution to that in
BM (Figures S7A, S7B, 6A, and 6B). VCN
analysis in BM of NBSGW mice showed an
average VCN of 0.8–0.9 per cell and similar
levels in spleen (Figures 6C and S7C), demon-
strating an efficient transduction of human
HSPCs and its maintenance in vivo. Finally,
secondary transplant was performed to follow
up for the long-term engraftment of trans-
duced stem cells. A 12-week post-transplanta-
tion analysis in secondary NBSGW mouse BM
revealed a long-term human CD45 engraft-
ment with normal lineage distribution and
sustained gene transfer in vivo with an average copy number of
0.8 per cell (Figures 6D and 6E), confirming high HSC gene
transfer.

DISCUSSION
We have previously reported that a hybrid gene carrying the human
g-globin exons and b-globin non-coding elements and promoter in
an LV, GbG, expresses high levels of HbF to correct SCA in SS
mice.23 We next modified the LV in the same GbG vector backbone
by creating a G16D mutation (GbGM vector) to alter the electrostatic
property of g-globin and therefore improve its ability to form theHbF
tetramer. Comparisons of the two vectors indeed show that GbGM



Figure 6. Engraftment of sGbGM Lentiviralvector

(LV)-transduced human CD34+ HSPCs in NBSGW

mice

(A–C) MPB-derived human CD34+ cells transduced with

sGbGM LV were transplanted into five NBSGW primary

recipient mice at two different doses as indicated. At

20 weeks, BM cells from the primary mice were

analyzed for hematological reconstitution by flow

cytometry. (A) Human CD45+ (hCD45+) cell engraftment

and (B) multi-lineage differentiation of lymphoid (B

lymphoid [CD19+], T lymphoid [CD3+]), myeloid

(CD33+), and HSPCs (CD34+) in GbGM mice. (C) BM

was analyzed to evaluate in vivo VCN in GbGM mice at

20 weeks post transplant. Each symbol represents an

individual mouse. n = 5 GbGM NBSGW mice per cell

dose. Data are presented as mean ± SEM. (A and C)

Statistics: unpaired Student’s t tests. ns, not significant;

**p < 0.01. (D and E) BM of primary transplanted GbGM

NBSGW mice (1e6 CD34+ cell dose group) at 20 weeks

was transplanted into secondary NBSGW recipients

(2T) for evaluating the long-term reconstitution of gene-

modified stem cells. (D) Human CD45+ cell engraftment

(left y axis) and VCN (right y axis) and (E) multi-lineage

reconstitution in 2T NBSGW mice analyzed at 12 weeks

post transplant. n = 5 GbGM NBSGW 2T mice. Data are

presented as mean ± SEM. Each symbol represents an

individual mouse.
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expresses 1.5- to 2-fold higher HbF/vector copy than GbG (data are
being submitted as a separate study). In the preclinical studies pre-
sented herein, GbGM is potent/efficacious at correcting SCA, with
reduced intensity conditioning.

It becomes essential to have a consistent and more predictable
expression of the therapeutic gene for achieving a long-term effect,
especially for diseases where a higher proportion of gene-corrected
HSCs and higher level of transgene expression are required. How-
ever, in the past, LV showed variable transgene expression and
required a high number of vector copies per cell for a sustained
therapeutic effect.39 In order to address this, we had previously de-
signed LVs flanked by the 1.2-kb chicken hypersensitive site-4
(cHS4) chromatin insulator element, which has both enhancer-
blocking and barrier activity to protect from chromatin position ef-
fects. This resulted in higher human b-globin expression due to
reduced position effects. However, despite the multiple advantages
of cHS4 insulator, its large size significantly lowered vector titers
and therefore was not clinically translatable. Later, we showed the
Molecular Therapy: Method
mechanism of the reduction of titers by
cHS4 was mainly due to the length of the
insert in the 30 LTR.40 Attempts to use tandem
copies of cHS4 insulator “core” sequences on
both sides of the transgene cassette to improve
the insulator activity resulted in lower titers
and aberrant splicing into a cryptic splice
site.41 Moreover, two copies of insulator core
elements added in the LV LTR showed reten-
tion of mostly a single copy in the provirus due to the recombina-
tion of the insulator sequences.42 The insulator element (CCCTC)
that binds the protein CTCF (CCCTC-binding factor) has
enhancer-blocking properties.43 We discovered a 36-bp CTCF-bind-
ing motif element in Foamy virus LTR that has potent enhancer-
blocking effect.28 Even though erythroid specific LCR enhancers
in LV have shown safety in clinical trials of thalassemia and SCA,
the LCR has low activity in HSPCs.26 We therefore added a 36-bp
enhancer-blocking FV insulator sequence in the 30 LTR position
to our GbGM expression cassette to assess a proto-oncogene-acti-
vating potential of GbGM and GbGMI. Furthermore, the small size
of this insulator sequence overcomes the common issue of insulator
addition-mediated reduction in viral vector titers, which was indeed
the case. When analyzed for enhancer-blocking effect by integrating
the GbGM and GbGMI in the LMO2 proto-oncogene, both vectors
had remarkably reduced activation of LMO2, with GbGMI showing
almost no activation. The difference between the GbGM- and
GbGMI-mediated LMO2 mRNA expression was not statistically sig-
nificant, though.
s & Clinical Development Vol. 33 June 2025 9
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Both GbGM and GbGMI were transduced at similar MOI; however, an
in vitro copy-number analysis revealed higher VCN in the GbGM

group when compared to GbGMI, which is likely due to biological
variability in transduction or slightly smaller size of GbGM vector.
The preclinical studies were done with one large preclinical batch
of the two vectors. Although it is highly unlikely, a rigorous compar-
ison with different vector preparations of both vectors is necessary to
determine if the small 36-bp insulator sequence affects transduction
efficiency. Nevertheless, a detailed analysis of transplantation of
genetically modified HSCs into secondary mice showed that, in
both the GbGM and GbGMI groups, the in vitro gene transfer into
LSK HSPCs (which had a VCN of 4.8 and 3.3, respectively) was sus-
tained at nearly 85% in the HSC assay in secondary mice (average
VCN in secondary CFU-S was 4.1 and 2.9, respectively), even though
the VCN in primary mice at 6 months appeared lower. When
analyzed for anti-sickling globin HbFG16D expression in both
GbGM and GbGMI groups, approximately 36%–50% HbF was seen
as early as 6 weeks post transplants and both groups of mice had
nearly 40% HbFG16D 6 months post primary transplant, with approx-
imately 80%–90% F cells.

The GbGM and GbGMI animals had improved survival compared to
mock animals. The one GbGM mouse that died had similar VCN and
percentage HbF to all the other GbGMmice, and the histological anal-
ysis was inconclusive because of significant autolysis observed in the
major organs due to death prior to sacrifice. Procedural mortality is
common in SS mice and therefore the cause of death was likely due
to this reason.

Both GbGM and GbGMI transduction significantly improved hemato-
logical indices in recipient sickle mice, including reduced anemia, re-
ticulocytosis, and leukocytosis, which was evident in RBC functional
assays: improved overall RBC deformability and the initiation of sick-
ling of RBCs was significantly delayed at much lower oxygen concen-
trations when compared to mock animals. This is the first preclinical
assessment of using Oxygenscan as a functional assay to study the
correction of SCA disease phenotype by using modified gamma-
globin carrying LV \. This analysis provides proof of concept to eval-
uate this technique as a functional assay in the clinic. Notably, GbGMI

mice, even with lower VCN than GbGM mice, had almost similar
levels of HbFG16D, suggesting a higher probability of expression
conceivably due to insulator-mediated decreased interference from
repressive cellular sequences flanking the provirus. This result was
also reflected in the secondary CFU-S.

Overall, both vectors were similarly efficacious. Our prior study using
IVIM,24 and in vivo studies in primary and secondary transplanted
mice, showed markedly reduced genotoxicity with the GbG vector.
This vector has an identical backbone to GbGM and only differs
from GbGM by the G16D mutation in g-globin. The clinical experi-
ence with similar uninsulated b-globin vector that has been used to
treat over 50 patients with thalassemia and SCA has also shown vector
safety. Based on this, we selected GbGM as the vector to take forward
into human preclinical and clinical studies. Additionally, we conduct-
10 Molecular Therapy: Methods & Clinical Development Vol. 33 June 20
ed a safety profile assessment study for this vector in healthy mice to
support our IND submission.31

A large-scale transduction and transplant of human CD34+

HSPC from MPB with the preclinical lot of GbGM showed a VCN
of 0.9–1, with 90% gene transfer based on CFU plated from the trans-
duced CD34+ cells in vitro. This VCN levels were retained and iden-
tical in vivo, both in NSG and NBSGWmice 20 weeks post transplant.
Engraftment of CD34+ cell was also dose dependent, with no toxicity
or effect on the lineage output.

In summary, these preclinical studies in the sickle-to-sickle transplan-
tation SS mouse model allowed a thorough comparison of the efficacy
and safety of the GbGM and the insulated GbGMI vectors in mouse
and human HSCs. Both vectors completely correct the sickle cell
phenotype in SS mice, with insignificant differences in safety. The
GbGM LV resulted in high-level gene transfer into human HSCs
and retention of the same VCN in vivo as was seen in vitro in two
different types of immune-deficient mouse model 5 months post
transplant and was chosen to be the vector that was translated to a
phase I/II clinical trial (NCT 02186418). While the current data
show no evidence of genotoxicity (even in primary and secondary
transplants), more comprehensive studies would strengthen the
safety profile over the long term. We acknowledge that late-stage ma-
lignancy risk, particularly in conditions like sickle cell disease (SCD),
are still a valid concern, given what has been documented in clinical
scenarios involving busulfan treatment44 and the baseline risk of
Acute Myeloid Leukemia (AML) in SCD patients.45

MATERIALS AND METHODS
Mice

SS mice28 (ages ranging from 6 to 15 weeks; 16 females and
eight males) were used for this study. SS mice are knockouts for
mouse bmajor- and a-globin genes and express human sickle hemoglo-
bin (HbS) from human a- and bS-globin from a transgene. The SS
mouse pathology resembles severe human SCD. All animals in this
study were bred and maintained in Cincinnati Children’s Research
Foundation’s vivarium under Institutional Animal Care and Use
Committee (IACUC)-approved protocols.

The immunocompromised NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG)
and NBSGW29 mice were purchased from The Jackson Laboratory
(USA). The study was conducted in compliance with the current
version of the following: (1) Animal Welfare Act Regulations
(9 CFR); (2) US Public Health Service Office of Laboratory Animal
Welfare (OLAW) Policy on Humane Care and Use of Laboratory An-
imals; (3) Guide for the Care and Use of Laboratory Animals (Insti-
tute of Laboratory Animal Resources, Commission on Life Sciences,
National Research Council, 1996); and (4) AAALAC accreditation.

LV design, titration, and murine HSPC transduction

The GbGM vector is identical to the previously published GbG lenti-
viral vector (LV)23 except for an additional point mutation in exon 1
that changes glycine (G) at the 16th position to aspartic acid (D),
25
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generating HbFG16D instead of HbF. The GbGMI LV has the FV insu-
lator (36-bp sequence) in the 30 LTR. LV were produced by transient
co-transfection of 293T cells (ATCC) as described previously.28,46

The viral vectors were titered on mouse erythroleukemia (MEL) cells
using serial dilutions and quantifying the HbF-expressing cells by
flow cytometry, as previously described.46

Pilot studies (both in vitro and in vivo) were performed initially to
optimize experiments and procedures for determining the efficacy
of GbGM and GbGMI vectors in correcting the SCD phenotype in
SS mice. Based on the pilot studies results, various assays were per-
formed in this definitive transplant study to yield efficacy endpoints
in primary and secondary mice. This experiment was designed to
transplant 24 SS-recipient mice with BM derived from stem and pro-
genitor cells (Lineage– Sca1+ cKit+: LSK cells) of 24 donor SS mice
transduced with either mock (negative control) or with GbGM or
GbGMI LV. BM was harvested from all four limbs of SS donor mice
and the single-cell suspensions were prepared by dissecting all four
limbs and pelvic bones (hind limbs consisted of femurs, tibias, and
iliac crests) of all mice and crushing the bones in a mortar with sterile
cold medium (Iscove’s Modified Dulbecco’s Medium supplemented
with 2.0% FBS and 1% penicillin/streptomycin). BM mononuclear
cells (MNCs) were isolated using Ficoll separation medium, stained
with murine lineage antibody cocktail (against T cells, B cells, myeloid
cells, and erythroid cells), and then the lineage-negative cells were ob-
tained after magnetic lineage depletion procedure. After staining, the
lineage-depleted cells were then sorted on a FACS ARIA for live LSK
cells. The LSK cells were pre-stimulated for 2–4 h and transduced in
StemSpan medium containing recombinant 10 ng/mL murine inter-
leukin (IL)-3, 50 ng/mL murine Stem Cell Factor (SCF), and
25 ng/mL of murine Thrombopoietin (TPO) for all three groups
(mock, GbGM, and GbGMI). An in vitro pilot study on LSK cells
was conducted to decide on an optimal vector MOI (MOI of 25)
that resulted in a high transduction efficiency without an overt
toxicity. Twenty-two hours after transduction, the LSK cells from
each group were harvested. Cells were then injected into 24 recipient
SS mice (eight mice per group), with each mouse receiving approxi-
mately 46,000 LSK cells. After harvesting most (>95%) of the LSK
cells from the wells for transplant, StemSpan medium with cytokines
was added back into the wells to expand the remaining LSK cells for
in vitro bulk culture VCN in the input cells. The LSK cells expanded
in vitro were then harvested for VCN of input LSK cells at 14 days.
DNA was extracted and a real-time PCR was run for VCN from
each of the bulk cultures.

BM transplantation

On the day of transplant, primary recipient SS mice were sub-lethally
irradiated with 875 cGy, split into two doses of 700 and 175 cGy, given
approximately 3–4 h apart. LSK donor cells were harvested, washed
once using 1� Dulbecco’s phosphate-buffered saline (DPBS), centri-
fuged, and re-suspended in sterile cold 1� DPBS then intravenously
(i.v.) injected into irradiated SS mouse tail vein. Each SS-recipient
mouse received approximately 46,000 LSK cells, which were re-sus-
pended in 200 mL of sterile 1� DPBS for injection via tail vein.
Molec
Following transplant, all mice were observed daily and weighed
weekly. The observations were unremarkable except for an occasional
eye swelling (resolved) and hair loss in a couple of mice. Animals had
nominal weight fluctuations with no remarkable weight loss in the
peri-transplant period. There were four animal deaths observed dur-
ing the study (in three mock mice and one GbGMmouse), which were
likely related to the severity of SCD or to the procedural mortality in
this model. Mice were bled at 6 weeks post transplant to determine the
gene transfer and the success of the transplant via F cell analysis. Mice
were then bled at 20 weeks post transplant to obtain a complete blood
count (CBC), reticulocytes, HbF, F cell analysis, and VCN. Mice were
considered evaluable if VCN was 0.5 or greater and analyzed further
after 20 weeks. At 24–26 weeks, mice were sacrificed for organ eval-
uation and measurement of hematological parameters. BM processed
after the sacrifice of evaluable primary animals was injected into eight
secondary recipients per group for obtaining CFU-S.

Hematological assessment

Whole blood was obtained from SS mice from the retro-orbital sinus
in EDTA tubes. A portion of the whole blood was subjected to CBC
measurement using Hemavet 950FS (Drew Scientific, CT, USA)
blood analyzer under mouse settings.

Reticulocyte analysis was performed using fresh or fixed blood. For
fresh samples, 300 mL of Retic-COUNT reagent (BD Biosciences)
and 1 mL of blood were mixed and incubated at room temperature
for 30 min in the dark. For samples fixed with 4% paraformaldehyde
(PFA), 250 mL of BD Retic-COUNT reagent, and 15 mL of PFA-fixed
blood were mixed and incubated at room temperature for 1 h in the
dark. Samples were analyzed by flow cytometry on FACS Canto 1 (BD
Biosciences, San Jose, CA).

RBC functional analyses

RBC deformability was assessed using a laser-assisted optical rota-
tional red cell analyzer (Lorrca, RR Mechatronics, the Netherlands)
where the EI of RBCs was measured at increasing shear stress
under ambient pO2. RBC sickling characteristics were measured by
subjecting RBCs to Lorrca with the Oxygenscan module 5. About
300–500 mL of whole EDTA blood samples were collected from
SS-recipient mice at 24–26 weeks post primary transplant and about
40–50 mL of whole blood (containing 200 million RBCs) was utilized
for Oxygenscan and ektacytometry.

VCN analysis

After extracting the genomic DNA either from lysed blood (WBCs) or
from whole BM, a real-time qPCR was run to determine the VCN us-
ing primers and probes described previously.6 In some samples, the
VCN was determined by using digital droplet PCR (ddPCR). For
qPCR, the R-U5 region was amplified, and, for ddPCR, the Psi region
was amplified. Mouse ApoB was used as an endogenous control.

CZE for globin analysis

The percentage of therapeutic globin (HbFG16D) in mouse blood sam-
ples was determined by CZE using RBC lysate (Capillarys 2, Sebia,
ular Therapy: Methods & Clinical Development Vol. 33 June 2025 11
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France) at Erythrocyte Diagnostic Laboratory (EDL), Comprehensive
Mouse and Cancer Core (CCHMC).

Flow cytometry for F cells

Flow cytometry for human HbF was performed using fixed and per-
meabilized whole blood stained with anti-human Phycoerythrin
(PE)-conjugated HbF antibody (Thermo Fisher Scientific, USA #
MHFH04) per manufacturer’s instructions.

Secondary transplant and CFU-S harvest

BM was processed after the sacrifice of primary animals (1T) (using
both hindlimbs of each 1T mouse); 1 � 105 BM cells/mouse were in-
jected into eight sub-lethally irradiated secondary C57BL/6 (WT) re-
cipients (2T) per group for obtaining 30 CFU-S at 12 days post sec-
ondary transplant. The irradiation dose for 2T mice was 900 cGy
split over 3–4 h with an initial dose of 700 cGy followed by a second
dose of 200 cGy.

Human CD34+ cell transduction and engraftment

Human MPB cells were purchased from AllCells and CD34+ cells
were isolated via CliniMacs device (Miltenyi Biotec, Auburn, CA,
USA), cryopreserved, and then transduced with GbGM vector at an
MOI of 50 in Stromal Cell Growth Medium (SCGM) (CellGenix,
Portsmouth, NH, USA) supplemented with human recombinant hu-
man SCF (rh-SCF, 300 ng/mL), rh-FLT3L (300 ng/mL), rh-TPO
(100 ng/mL) (all cytokines from Peprotech, Cranbury, NJ, USA),
and T707 (transduction enhancer) for 36–42 h. The harvested trans-
duced human CD34+ cells were cryopreserved and later thawed and
transplanted via tail vein injection into sub-lethally irradiated (175
cGy for the whole-body radiation using an X-ray irradiator equipped
with a parallel opposed dual X-ray source system [CIDX]) NSG mice
at three different cell doses of 0.1e6, 0.5e6, and 1e6 viable CD34+ cells
and into non-irradiated NBSGW mice at 0.5e6 and 1e6 CD34+ cell
dose. Mice were observed daily, and body weight was measured
weekly for the duration of the study (no change in body weight was
observed among all groups). Mice were sacrificed at 20 weeks post
transplantation and BM (from femurs, tibias, and pelvic bones),
spleen, and thymus were collected, and single cell suspensions were
prepared. Cells from all sources (BM, spleen, and thymus) were
used for DNA extraction (Quick DNA/RNA miniprep plus kit
[Zymo Research, #D7003, Irvine, CA, USA]) and VCN was analyzed
via qPCR (for details, see “VCN analysis” section). Human CD45+ cell
engraftment and multi-lineage distribution was assessed by flow cy-
tometry using the following antibodies: Brilliant Violet 421 anti-
mouse CD45 antibody (#103134), APC anti-humanCD45 Antibody
(#304037), anti-human hCD33-Phycoerythrin (PE) (#366608), anti-
human hCD19-PE-Cy7 (#302216), anti-human hCD34-PerCP-
Cy5.5 (#343522), and anti-human hCD3-FITC (#317306) (all anti-
bodies were from BioLegend, San Diego, CA, USA). The sample
acquisition was performed using MACSQuant 10 analyzer (Miltenyi
Biotec, Auburn, CA). The flow cytometry results were analyzed using
FlowJo software (version 10.8.1, Ashland, OR, USA). For secondary
transplant, BM from primary mice (1e6 CD34+ cell dose group
only) was harvested, depleted of mouse CD45+ cell using biotin rat
12 Molecular Therapy: Methods & Clinical Development Vol. 33 June 20
anti-mouse CD45 (BD Biosciences, San Jose, CA, USA, catalog #
553078) and streptavidin Particles Plus (BD Biosciences, San Jose,
CA, USA, catalog #557812), and transplanted into five non-irradiated
secondary NBSGW recipients at 1:1 ratio via tail vein injection. At
12 weeks post transplant, 2T mice were analyzed for human CD45+

cell engraftment and lineage distribution.

Statistical analyses

The one tailed Student’s unpaired t test in GraphPad Prism version
9.3.0 (GraphPad software, La Jolla, CA, USA) was used to analyze
comparisons between two groups. ANOVA was used for analyzing
>2 samples. Values were expressed as mean ± SEM. A p value of
<0.05 was considered statistically significant.

DATA AVAILABILITY
All of the data and materials will be available upon request.
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