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Abstract

Hematopoietic stem cell (HSC) gene therapy is a demonstrated effective treatment for X-linked severe com-
bined immunodeficiency (SCID-X1), but B-cell reconstitution and function has been deficient in many of the
gene therapy treated patients. Cytoreductive preconditioning is known to improve HSC engraftment, but in
general it is not considered for SCID-X1 since the poor health of most of these patients at diagnosis and the risk
of toxicity preclude the conditioning used in standard bone marrow stem cell transplantation. We hypothesized
that mobilization of HSC by granulocyte colony-stimulating factor (G-CSF) should create temporary space in
bone marrow niches to improve engraftment and thereby B-cell reconstitution. In the present pilot study
supplementing our earlier preclinical evaluation (Huston et al., 2011), Il2rg - / - mice pretreated with G-CSF
were transplanted with wild-type lineage negative (Lin- ) cells or Il2rg - / - Lin- cells transduced with thera-
peutic IL2RG lentiviral vectors. Mice were monitored for reconstitution of lymphocyte populations, level of
donor cell chimerism, and antibody responses as compared to 2 Gy total body irradiation (TBI), previously
found effective in promoting B-cell reconstitution. The results demonstrate that G-CSF promotes B-cell re-
constitution similar to low-dose TBI and provides proof of principle for an alternative approach to improve
efficacy of gene therapy in SCID patients without adverse effects associated with cytoreductive conditioning.

Introduction

X-linked severe combined immunodeficiency (SCID-
X1), caused by a mutation in the interleukin-2 (IL-2)

receptor gamma gene (IL2RG) leading to a nonfunctional
common gamma chain protein (Noguchi et al., 1993), is the
most common form of SCID, affecting approximately half of
SCID patients. While bone marrow (BM) transplantation
from healthy human leukocyte antigen (HLA)-identical sib-
lings is effective and curative (Fischer, 1999), HLA-matched
sibling donors are available to only *10% of patients (An-
toine et al., 2003). Transplantation from mismatched or un-
related donors has a significantly higher risk of morbidity and
mortality (Gennery et al., 2010). In order to treat SCID-X1
patients lacking a suitable HLA-matched donor, alternative
methods such as hematopoietic stem cell (HSC) gene therapy
have been developed.

The efficacy of gammaretroviral gene therapy to success-
fully treat SCID-X1 was demonstrated in seminal clinical

trials (Gaspar et al., 2004; Hacein-Bey-Abina et al., 2010).
This approach restored T-cell immunity in 18 patients and
resulted in long-term survival for 17 patients out of 20, a
survival rate similar to HLA-identical BM transplantation
(Rocha et al., 2000). T and NK cell counts and serum Ig
levels have been sustained for up to 12 years, and at the time
of the last report, 6 of the 17 patients are no longer in need
of intravenous immunoglobulin (Cavazzana-Calvo et al.,
2012). However, the success of these SCID-X1 clinical trials
was tempered by the development of leukemia-like symp-
toms in five patients (Hacein-Bey-Abina et al., 2008; Howe
et al., 2008). Further investigation revealed that the un-
controlled monoclonal proliferation of T cells in these pa-
tients was because of the gammaretroviral vector integrating
near the proto-oncogenes LMO2 or CCND2, resulting in
vector-derived insertional mutagenesis (Bushman, 2007;
Deichmann et al., 2011). Four of the five affected patients
were successfully treated by chemotherapy without reduc-
ing the effectiveness of the gene therapy, while one patient
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succumbed in spite of chemotherapy treatment (Fischer and
Cavazzana-Calvo, 2008).

Possibly because of the lack of myelosuppressive condi-
tioning, patients in these SCID-X1 clinical trials generally
had poor B-cell reconstitution and low levels of gene
marking in B cells. Similarly, in our experiments, high
levels of circulating T cells, but not B cells, could be seen in
some Il2rg - / - mice after wild-type (WT) lineage-negative
(Lin- ) cell transplantation without conditioning (Huston
et al., 2011). The donor HSCs and B-cell progenitors may
have engrafted poorly in the BM because of the limited
accessibility of occupied HSC niches. The relative advan-
tage in reconstitution and marking of T-cell progenitors
might be attributed to the higher selective advantage of
these cell types, the lack of competing T-cell progenitor
cells in the host (Buckley, 2004), or the ability of multi-
potent progenitors T cells to home directly to the thymus
(Weerkamp et al., 2006). Recently initiated gene therapy
trials to treat SCID-X1 with self-inactivating (SIN) gam-
maretroviral vectors adhere to similar protocols without
preconditioning (Mukherjee and Thrasher, 2013). In con-
trast, pretransplant myelosuppressive conditioning regimens
to suppress or eliminate endogenous BM cells such as those
used in the ADA-SCID (Aiuti et al., 2009; Gaspar et al.,
2011) and Wiskott–Aldrich syndrome trials (Aiuti et al.,
2013) clearly improved B-cell reconstitution, consistent
with the improved ability of donor HSC in clinically fea-
sible numbers to contribute to hematopoietic reconstitution
(Tomita et al., 1994; Giri et al., 2001).

Granulocyte colony-stimulating factor (G-CSF) suppresses
osteoblast lineage cells in the endosteal BM niches, leading
to reduced levels of signaling molecules such as CXCL12,
VLA-4, and c-Kit, which are essential for HSC retention
(Winkler and Levesque, 2006; Winkler et al., 2010;
Greenbaum and Link, 2011), resulting in the release of im-
mature HSCs into circulation (Aiuti et al., 1997; Whetton
and Graham, 1999). Repeated treatment results in the re-
lease of a considerable number of CD34 + cells into the
peripheral blood, which can be harvested and subsequently
used for patients requiring stem cell transplants (Bensinger
et al., 1996; Elfenbein and Sackstein, 2004). The option of
using stem cell mobilization to improve donor cell en-
graftment in HSC transplant recipients has been postulated
before (Chen et al., 2006), and has been attempted in con-
junction with low-dose total body irradiation (TBI) (Mar-
diney and Malech, 1996; Barese et al., 2007), but its use as a
single conditioning regimen before stem cell gene therapy
has not been investigated as yet.

To test whether mobilizing agents can be used to improve
donor HSC engraftment as a potentially less toxic and
clinically applicable method, we compared preconditioning
by G-CSF-induced HSC mobilization (Petit et al., 2002;
Shier et al., 2004; Chen et al., 2006) to 2 Gy TBI, identified
as the minimum radiation dose required for engraftment of
clinically feasible stem cell numbers (Wagemaker et al.,
1986) and applied as described previously (Huston et al.,
2011) as conditioning for transplantation of gene-modified
Il2rg - / - stem cells into Il2rg - / - mice, which have a
CD4lowCD8 - B220 - NK - phenotype. We hypothesized that
mobilization of recipient HSCs would open a window for
engraftment of gene therapy-treated donor HSCs in the BM
and thereby promote B-cell reconstitution.

Materials and Methods

Mice

Il2rg - / - mice and syngenic BALB/c WT mice (Huston
et al., 2011) were bred in the Experimental Animal Center
of Erasmus MC. All mice were used at 6–10 weeks of age
and were maintained in specified pathogen-free conditions.
Experiments were approved by the institutional Animal
Ethical Committee of Erasmus MC in accordance with
legislation in the Netherlands.

G-CSF mobilization

Female Il2rg - / - mice were given subcutaneous injec-
tions of 6 lg of Filgrastim (recombinant methionylated
human G-CSF) (Sandoz) in 50 ll of saline, or saline only,
daily for four consecutive days. Peripheral blood was col-
lected at 5 hr after the last injection, at what is considered to
be the peak mobilization time. The percentages of CD11b + ,
Sca-1 + , and c-Kit + cells were measured via flow cytometry.
Absolute numbers of these cells were calculated based on
total white blood cell (WBC) counts and compared with the
values in those animals 1 day before administration of G-
CSF. Other cohorts of female Il2rg - / - mice were given one
of the aforementioned mobilization protocols and trans-
planted with WT or LV vector-treated Lin- BM cells 5 hr
after the last G-CSF injection.

Lentiviral vectors

Third-generation SIN LV vectors incorporating codon-
optimized IL2RG cDNA driven by either the SFFV viral
promoter or a 1.1 kb section of the native IL2RG promoter
were previously described (Huston et al., 2011). LVs were
produced by standard calcium phosphate transfection of
HEK 293T cells (Follenzi and Naldini, 2002) with the pack-
aging plasmids pMDL-g/pRRE, pMD2-VSVg, and pRSV-
Rev. Vector particle concentration and titration were carried
out as previously described.

Transduction and transplantation
of lineage-negative BM cells

BM cells from male Il2rg - / - and congenic WT BALB/c
mice were purified by lineage depletion (BD Biosciences).
Lin- BM cells were transduced overnight at 106 cells/ml in
serum-free modified Dulbecco’s medium with supplements
(Wognum et al., 2000) in the presence of murine stem cell
factor (mSCF) 100 ng/ml, human FMS-like tyrosine kinase
3-ligand (hFlt3-L) 50 ng/ml, and murine thrombopoietin
(mTPO) 10 ng/ml at HTU multiplicity of infection (MOI) 10
(SF vector) or MOI 3 (ccPr vector). Subsequently, 3 · 105 or
1 · 105 cells were injected into the tail vein of female 2 Gy-
irradiated or G-CSF-treated Il2rg - / - recipients. Mice were
monitored monthly for 6 months by peripheral blood col-
lection and analysis of hematopoietic cell counts and flow
cytometry. Mice were sacrificed 6–7 months posttransplant,
and BM and spleen cells isolated for further analysis.

Immunophenotyping by flow cytometry

Flow cytometric analyses were performed on cells ob-
tained from blood, BM, and spleen. Peripheral blood was
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collected monthly in EDTA tubes by retro-orbital puncture
under isoflurane anesthesia. Complete blood cell counts
were measured using a Vet ABC hematology analyzer (Scil
Animal Care Company GmbH). Blood was lysed and leu-
kocytes were washed three times with Hank’s balanced salt
solution (Invitrogen) containing 0.5% (wt/vol) bovine serum
albumin and 0.05% (wt/vol) sodium azide (HBN). Cells
were incubated for 30 min at 4�C in HBN containing 2%
heat-inactivated normal mouse serum and antibodies against
CD3, CD4, CD8, B220, IgM, IgD, CD11b, Sca-1, and c-Kit
directly conjugated to R-phycoerythrin (PE), peridinin
chlorophyll protein (PerCP), or allophycocyanin (APC; all
antibodies BD Biosciences). Subsequently, cells were wa-
shed and measured on a FACSCanto (BD Biosciences). BM
and spleen cells were evaluated similarly.

Real-time quantitative polymerase chain reactions

Quantitative polymerase chain reaction (qPCR) to quan-
tify the integrated proviral copy number was performed as
described before (Huston et al., 2011). qPCRs were per-
formed on spleen and BM DNA from Il2rg - / - mice
transplanted with male donor cells transduced with LV
vectors to amplify a region of the Y chromosome as described
by Pujal and Gallardo (2008), using 100 ng of genomic DNA
and primers 5¢-TCATCGGAGGGCTAAAGTGTCAC-3¢
and 5¢-TGGCATGTGGGTTCCTGTCC-3¢. A standard curve
was generated using spleen and BM DNA from male BALB/
c mice. All PCRs were performed in triplicate and analyzed
with SDS 2.2.2 software.

Ligation-mediated PCR and LAM-PCR

High-resolution insertion-site analysis by LAM-PCR
(Schmidt et al., 2007) was performed on BM DNA from
Il2rg - / - mice transduced with LV vectors. Restriction en-
zyme Tsp509I was used with the lentiviral (HIV) primer set.
High-throughput sequencing of LAM-PCR products was
performed at GATC Biotech (Konstanz). Following se-
quencing, the barcode and LTR sequences were trimmed
and the remaining genomic sequences uploaded to the
MAVRIC analysis tool (Huston et al., 2012) for alignment
to the mouse genome and annotation of nearby genes.

Immunization and antibodies measured by ELISA

T-cell-dependent specific antibody responses were de-
termined by intraperitoneal immunization with 16 IU of
tetanus toxoid. This process was repeated three times at 2-
week intervals, with plasma collected 2 weeks after the last
immunization and just before the initial immunization. An
ELISA was performed on plates coated with tetanus toxoid,
and HRP goat-anti-mouse IgG1 (Invitrogen) was used to
measure signal. Anti-tetanus antibody TetE3 (AbCam) was
used for calibration. The specific ELISA protocol, using
Covalink 96-well plates (Nunc A/S), was as previously de-
scribed (Huston et al., 2011).

Statistics

p-Values for differences between groups were calculated
via two-tailed Mann–Whitney U-test using GraphPad software.

FIG. 1. Absolute lymphocyte
numbers in Il2rg - / - mice trans-
planted with wild-type Lin- cells
after conditioning regimens. Flow
cytometry profiles and cell counts
were used to calculate mature
lymphocyte numbers in peripheral
blood (left column, absolute num-
ber per ml) and in spleen (right
column, absolute number) of
Il2rg - / - mice transplanted with
3 · 105 Lin- BM cells after G-CSF
mobilization or total body irradia-
tion. 2 Gy = 2 Gy TBI. Measurements
were taken 6 months posttransplant.
Untreated age-matched wild-type
(BALB/c) and Il2rg - / - mice are
included for comparison (horizon-
tal bars indicate statistically sig-
nificant differences between two
groups: *p < 0.05, **p < 0.01). BM,
bone marrow; G-CSF, granulocyte
colony-stimulating factor; TBI, to-
tal body irradiation.
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Results

Evaluation of mobilization by G-CSF in Il2rg - / - mice

To assess the efficacy of G-CSF to mobilize HSCs,
Il2rg- / - mice were treated with 4 consecutive daily injections
of G-CSF, or 4 injections of saline (n = 5 in both groups).
Peripheral blood was collected from these mice 1 day before
the first and 5 hr after the last G-CSF injection to determine
the increase in WBC, CD11b + , Sca-1 + , and c-Kit + cells.

The mobilization protocol resulted in a large increase in
the number of circulating WBC, composed mainly of
CD11b + myeloid cells in Il2rg - / - mice (Supplementary
Fig. S1A; Supplementary Data are available online at www
.liebertpub.com/hum). Of the progenitor/stem cell markers
measured, the most dramatic mobilization effect was seen in
the c-Kit + Sca-1 - subtype, which had a 36-fold increase.
The more stem cell-enriched Sca-1 + c-Kit + population had a
fold increase of 6. In control mice injected with saline,
significant changes were not observed. The absolute num-
bers of these cell types postmobilization are shown in
Supplementary Fig. S1B.

WT Lin- cell transplantation after stem cell mobilization
in Il2rg - / - mice

Female Il2rg - / - mice were subjected to the G-CSF
mobilization protocol described above, 2 Gy TBI or saline
injections, and subsequently transplanted with 3 · 105 male
Lin- WT BALB/c cells (n = 3 per group, experiment re-

peated to a total of n = 6 animals per group). Absolute
lymphocyte numbers in peripheral blood and spleen (Fig. 1)
were determined at 6 months after transplantation and
showed high levels of T- and B-cell reconstitution in both
G-CSF and 2 Gy irradiation groups. Similar results were
found in the BM (Table 1a). Overall, Il2rg - / - mice trans-
planted with WT Lin- cells after G-CSF or 2 Gy TBI con-
ditioning had lymphocyte levels similar to untreated age-
matched WT BALB/c mice (n = 4). Mice transplanted with
WT cells after saline injections had high levels of circulat-
ing T cells but significantly lower B-cell counts compared
with the 2 Gy-treated group. Saline control mice (n = 4) also
had lower levels of Y-chromosome chimerism (i.e., donor
cell chimerism) in BM and spleen (Table 1a). The promi-
nent effect of both G-CSF and 2 Gy conditioning on B-cell
reconstitution, without a significant effect on T cells, is
clearly demonstrated in the splenic differential analysis
(Table 1b). The number of B cells reveals that G-CSF and
2 Gy conditioning promotes B-cell reconstitution to levels
intermediate to those of the Il2rg - / - and WT phenotypes
(Table 1b), also apparent in the CD19 + cells in BM (Table
1c), which in other cell types does not display major dif-
ferences between both phenotypes.

Lentiviral vector gene therapy in Il2rg - / - mice
after G-CSF stem cell mobilization

To determine the efficacy of G-CSF-induced HSC mo-
bilization as a pretransplant regimen before lentiviral gene

Table 1. Spleen and Bone Marrow Parameters in Il2rg
- / -

Mice

Transplanted with BALB/c Lin
-

Cells After Conditioning

Table 1A. Y-Chimerism Levels (Mean – SEM)

Conditioning regimen Spleen cell chimerism (%) BM cell chimerism (%)

G-CSF (n = 6) 50.5 – 12.3 33.3 – 14.6
2 Gy irradiation (n = 6) 50.1 – 10.5 42.7 – 9.0
Saline (n = 6) 28.0 – 7.7 14.3 – 5.8

BM, bone marrow; G-CSF, granulocyte colony-stimulating factor.

Table 1B. Differential Counts ( · 106, Mean – SEM) in Spleen

Conditioning/phenotype CD4CD3 CD8CD3 IgDIgMB220 CD19 CD11bGr1 Cells/spleen

G-CSF (n = 6) 14.0 – 2.5 9.5 – 1.6 16.2 – 3.7 34.5 – 7.6 1.4 – 0.7 101 – 12
2 Gy (n = 6) 18.4 – 2.7 7.1 – 1.1 27.1 – 3.1 42.7 – 6.2 1.0 – 0.4 104 – 12
Saline (n = 6) 13.5 – 2.5 7.0 – 0.7 5.1 – 2.3 10.8 – 3.2 3.3 – 1.5 100 – 7

Controls
BALB/c WT (n = 4) 18.4 – 0.6 8.3 – 0.3 41.9 – 5.7 77.3 – 6.5 2.0 – 0.3 155 – 11
BALB/c Il2rg - / - (n = 4) 3.8 – 1.3 0.2 – 0.1 0.2 – 0.1 2.5 – 0.8 2.5 – 0.9 39 – 18

WT, wild type.

Table 1C. Differential Counts ( · 106 – SEM) in Bone Marrow

Conditioning/phenotype CD4CD3 CD8CD3 IgDIgMB220 CD19 CD11bGr1 Cells/femur

G-CSF 0.7 – 0.1 0.8 – 0.1 0.6 – 0.2 2.0 – 0.5 3.5 – 0.7 28 – 2
2 Gy 0.5 – 0.1 0.4 – 0.1 0.9 – 0.3 2.8 – 0.5 2.7 – 0.4 25 – 3
Saline 0.2 – 0.1 0.5 – 0.1 0.2 – 0.1 0.5 – 0.3 4.0 – 0.8 17 – 4

Controls
BALB/c WT 0.2 – 0.0 0.1 – 0.0 0.4 – 0.1 5.5 – 1.5 3.4 – 0.6 19 – 4
BALB/c Il2rg - / - 0.2 – 0.0 0.0 – 0.0 0.0 – 0.0 0.1 – 0.0 4.6 – 0.4 22 – 4
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therapy, female Il2rg - / - mice were subjected to G-CSF
(n = 5) or 2 Gy irradiation (n = 4) and subsequently trans-
planted with 3 · 105 Lin- Il2rg - / - cells transduced at a
HeLa MOI of 3 overnight with SIN lentiviral vectors con-
taining a codon-optimized human IL2RG gene (coIL2RG)
driven by the spleen focus forming virus (SF) promoter, as
previously described (Huston et al., 2011).

Absolute lymphocyte numbers at 7 months after trans-
plantation in peripheral blood and in spleen cells were
compared with those of untreated Il2rg - / - mice and WT
BALB/c mice (Fig. 2). Significant differences ( p < 0.05)
compared with untreated Il2rg - / - mice were found in
SF.coIL2RG-treated mice in the CD8 + and IgD + IgM +

B220 + peripheral blood lymphocyte populations regardless
of whether the mice were conditioned with G-CSF or 2 Gy
TBI. Spleen vector copy number (VCN) per cell taken from
SF.coIL2RG-treated mice revealed average integrations per
cell of 1.7 and 1.4 for the G-CSF and 2 Gy-conditioned
groups, respectively (Table 2a). BM Y-chimerism levels
were significantly higher in the 2 Gy group compared with
the G-CSF group ( p < 0.05), but spleen Y-chimerism levels
were similar.

To determine whether G-CSF mobilization was sufficient
to allow engraftment of Lin- cells treated with lentiviral
vectors containing an eukaryotic promoter of relatively
low strength, we repeated the G-CSF protocol using the
SF.coIL2RG vector or a vector driven by a 1.1 kb section of
the native IL2RG promoter (ccPr). An MOI of 3 was used
aiming at 1 VCN per cell. The number of Lin- BM cells
transplanted was reduced slightly to 105. The SF group had
significantly higher levels of CD8 + and IgM + IgD + B220 +

splenic lymphocytes compared with the untreated Il2rg - / -

mice (Fig. 3). The ccPr vector was able to increase the T and
B populations in most Il2rg- / - mice, particularly in the
spleen, but not to WT levels. Analyses of Y-chimerism and
vector integration per cell revealed a similar vector copy
number but lower levels of donor cell engraftment in spleen
and BM (Table 2b) for the ccPr group relative to the SF group.

T-cell-dependent antibody responses

To confirm that a specific T-cell-dependent antibody re-
sponse was restored in the Il2rg - / - mice transplanted with
SF.coIL2RG or WT cells, tetanus toxoid immunization at 5

FIG. 2. Comparison of G-CSF
and 2 Gy conditioning regimens
in mice treated with SF.coIL2RG
lentiviral vectors. Reconstitution
of lymphocytes in peripheral blood
(left column) at 6 months and
spleen (right column) at 7 months
after transplantation of 3 · 105

SF.coIL2RG-transduced Il2rg - / -

Lin- BM cells following condi-
tioning regimens of G-CSF or 2 Gy
TBI (2 Gy). Untreated age-matched
Il2rg - / - mice are included for
comparison (horizontal bars indicate
statistically significant differences
between two groups: *p < 0.05).
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months after transplantation (Huston et al., 2011) demon-
strated specific IgG1 antibody levels in all groups given WT
cells or SF.coIL2RG-treated cells (Fig. 4). Antibody titers
were highest in the WT group, but the majority of the mice
in the G-CSF and 2 Gy-conditioned groups had a strong
specific anti-tetanus immune response.

Adverse effects

One mouse in the 2 Gy irradiation group (WT donor
cells) developed a large tumor in the left hind leg and had to
be sacrificed 6 months posttransplant; analysis of the spleen,
BM, and peripheral blood revealed no hematopoietic

Table 2. Y-Chimerism and Viral Integrations per Cell in Il2rg
- / -

Mice

Transplanted with Lentiviral Vector Treated Il2rg
- / -

Lin
-

Cells

Table 2A. Il2rg
- / -

Mice Transplanted with LV.SF coIL2RG Vector-Treated Cells

Conditioning
Spleen cell

chimerism (%)a
BM cell

chimerism (%)a
Integrations

per cell spleenb
Integrations
per cell BMb

G-CSF (n = 5) 52.6 – 5.1 15.0 – 1.0 1.7 – 0.2 1.1 – 0.5
2 Gy irradiation (n = 4) 49.7 – 13.0 53.3 – 13.8 1.4 – 0.2 0.9 – 0.5

Table 2B. Il2rg
- / -

Mice Transplanted with SF or ccPr coIL2RG Vector-Treated Cells

Vector and conditioning
Spleen cell

chimerism (%)a
BM cell

chimerism (%)a
Integrations

per cell spleenb
Integrations
per cell BMb

SF.coIL2RG G-CSF (n = 5) 21.6 – 6.5 11.6 – 2.6 2.0 – 0.3 1.3 – 0.2
SF.coIL2RG 2 Gy (n = 4) 47.9 – 12.0 46.5 – 12.1 1.1 – 0.2 1.1 – 0.4
ccPr.coIL2RG G-CSF (n = 4) 11.5 – 4.4 8.6 – 5.5 1.6 – 0.9 1.3 – 0.3
ccPr.coIL2RG 2 Gy (n = 4) 21.8 – 9.5 17.4 – 3.3 1.5 – 0.1 1.0 – 0.3

aData are shown as mean – SEM.
bVector copy per cell corrected for chimerism.

FIG. 3. Comparison of various
promoter elements in mice given
coIL2RG vectors following a G-CSF
conditioning regimen. Reconstitu-
tion of lymphocytes in peripheral
blood (left column) and spleen (right
column) after transplantation of 105

Lin- Il2rg - / - cells transduced
with coIL2RG lentiviral vectors
containing SF or ccPr promoter el-
ements. Measurements calculated
by cell counts and flow cytometric
analysis 6 months posttransplant.
Untreated age-matched Il2rg - / -

mice are included for comparison
(horizontal bars indicate statisti-
cally significant differences be-
tween two groups: *p < 0.05, **p <
0.01).
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abnormalities. One mouse in the G-CSF group (SF.coIL2RG
donor cells) developed an extremely high WBC count
(258 · 106 cells per ml) 6 months posttransplant and had to
be sacrificed. Analysis of this mouse revealed an enlarged
spleen (980 mg), and a high percentage of CD4 + CD8 + cells
in the BM (60.9%) and spleen. Integration analysis of BM
cells revealed a dominant integration site found in 97% of
all LAM-PCR sequencing reads for this mouse on chro-
mosome 12, in intron 8–9 of the transcriptional repres-
sor gene Pum2; for the purposes of this study, this
leukemic mouse was excluded from group comparison
analysis.

Discussion

We previously documented the benefit of pretransplant
conditioning in improving engraftment of gene therapy-
treated donor HSCs in the mouse model of SCID-X1
(Huston et al., 2011). However, the benefit of using current
conditioning methods such as irradiation and chemother-
apeutic agents to enhance hematopoietic engraftment in
SCID patients has been debated (Haddad et al., 2013), as
these regimens increase the risks of transplant-related
morbidity and mortality (Armitage, 1994), in addition to late
adverse effects such as retarded growth. SCID-X1 patients
are often very young or in such poor health from recurrent
infections by the time they are eligible for gene therapeutic
intervention that even mild myelosuppressive regimens
could be lethal (Cavazzana-Calvo et al., 2005).

Since engraftment of HSCs in BM is a competitive process
(Stewart et al., 1998), we postulated that G-CSF-induced
mobilization of recipient HSC would improve donor cell
engraftment and thereby B-cell reconstitution in immune-
deficient mice. In the present pilot study supplementing our
previous preclinical evaluation (Huston et al., 2011), the
efficacy of G-CSF as an agent to mobilize immature murine
HSCs in Il2rg - / - mice was assessed and found similar to
that in WT mice using murine G-CSF (Cynshi et al., 1991;
Link, 2000). Subsequently, WT and Il2rg - / - lentiviral
vector-transduced Lin- cells were transplanted into G-CSF-
treated Il2rg - / - mice, demonstrating significantly improved

levels of CD8 + and B220+ lymphocytes as well as T-cell-
dependent antibody responses.

We purposely compared the efficacy of G-CSF as a
conditioning agent with the radiation dose of 2 Gy that,
because of the radiation sensitivity of HSCs (Meijne et al.,
1991), eliminates 80–90% of the BM stem cells and was
shown effective in promoting B-cell reconstitution in X-
linked SCID mice using relatively low numbers of trans-
planted cells (Huston et al., 2011). In the present study, we
also choose to test the efficacy of G-CSF by transplantation
of limited numbers of Lin- cells, comparable to 0.4–
1.2 · 108/kg body weight autologous BM cells in humans,
which would contain some 106 CD34 + cells/kg. After 2 Gy
or G-CSF conditioning, the gene-modified cells need to
compete with, respectively, a one or two orders of magni-
tude excess of recipient stem cells.

Irrespective of conditioning, promoter, WT, or gene-
modified Il2rg - / - cells transplanted, T cells increased to
normal or near-normal levels, consistent with the selective
advantage of the T-cell lineage in these mice and BM-
independent homing in the thymus (Weerkamp et al., 2006).
In contrast, B-cell reconstitution was strongly dependent on
conditioning. A consistent difference between G-CSF and
2 Gy conditioning in B-cell reconstitution was not observed,
thus demonstrating the robust efficacy of conditioning by G-
CSF mobilization, which is remarkable in view of the large
difference in competing recipient stem cells and suggests
that conditioning by mobilizing agents might also be ef-
fective in disorders in which gene therapy-treated cells do
not confer a selective advantage at the stem cell level.

The mice displayed significant T-cell-dependent antibody
responses when using the strong viral SF promoter without
any difference between G-CSF and 2 Gy TBI conditioning.
On average, the ccPr groups had lower vector marking and
lower donor cell chimerism relative to mice treated with the
SF vector. The modest efficacy of the ccPr promoter is
consistent with previous observations in this animal model
using 2 Gy conditioning (Huston et al., 2011) and is likely
related to the low strength of the native promoter compared
with the strong viral SF promoter. We do not exclude that,
once sufficient space has been achieved in BM, the gene-
corrected B-cell differentiation also displays a selective
advantage over deficient cells, and therefore is codependent
on the expression level of the IL2RG gene.

A major phenotypic difference in SCID-X1 patients and
Il2rg - / - mice is the presence of (nonfunctional) B cells in
the former, but not in the latter. The presence of these en-
dogenous B cells might be among the reasons why poor B-
cell reconstitution and low levels of B-cell gene marking
were observed in the SCID-X clinical trials. Conversely, the
lack of B cells seen in Il2rg - / - mice could mean that
transplanted B-cell precursors have a lower barrier to en-
graftment than the SCID-X1 patients and that G-CSF mo-
bilization may therefore be more effective in the laboratory
setting than in the clinic. A combination of mobilization
agents and B-cell cytoreductive agents, such as anti-CD20
monoclonal antibody Rituximab (Maloney et al., 1994),
may be required to substantially improve B-cell engraftment
in SCID-X1 patients, as should be further evaluated in
clinical trial. However, B cells do not occupy stem cell
niches and pre-B cells are located specifically in Galectin-1-
expressing niches (Espeli et al., 2009; Mourcin et al., 2011).

FIG. 4. Anti-tetanus toxoid IgG1 immune response. Mice
transplanted with WT BALB/c Lin- cells or SF.coIL2RG
vector-treated Il2rg - / - Lin- cells after 2 Gy TBI or G-CSF
conditioning were subjected to tetanus toxoid immunization
protocol beginning 4 months posttransplant. Concentrations
of plasma anti-IgG1 tetanus toxoid antibodies were deter-
mined 10 days after the last tetanus injection and compared
with untreated BALB/c and Il2rg - / - mice (*p < 0.05,
**p < 0.01 compared with the Il2rg - / - group).
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Successful competition of normal B differentiation with the
deficient SCID B cells will also in humans be dependent on
sufficient engraftment of the precursor stem cells; therefore,
at this stage it should not be excluded that G-CSF condi-
tioning will prove to be sufficient in human patients as well.

Since not all patients respond to G-CSF-induced HSC
mobilization and need additional agents such as Plerixafor
(AMD3100) to improve mobilization (Broxmeyer et al.,
2005; DiPersio et al., 2009), combinations of mobilization
agents that mobilize HSC by different mechanisms (Winkler
et al., 2012) may further improve engraftment to levels
similar to current cytoreductive conditioning. However,
similar to Chen et al. (2006), we have been unsuccessful
using AMD3100 to obtain significant levels of engraftment
following transplantation of clinically feasible stem cell
numbers (unpublished results). In retrospect, this failure is
not surprising in view of the timing of transplantation (2 hr
after AMD3100 administration), which, relative to its
pharmacokinetic properties with a circulating half-life of 4–
5 hr (Hendrix et al., 2000; MacFarland et al., 2010), means
that after 2 hr sufficient AMD3100 is still available to block
homing. In other words, even if there is some homing in the
BM of the transplanted cells, these will be immediately
mobilized by the AMD3100 still present. Other options to
improve engraftment may involve temporary modifications
of either the BM stem cell niches (Kollet et al., 2006) or the
HSC (Campbell et al., 2007; Spiegel et al., 2007; Hoggatt
et al., 2009), for example, by ex vivo expansion (Zhang
et al., 2006) and upregulation of CXCR4 to provide a se-
lective homing advantage to the gene-modified cells (Peled
et al., 1999; Petit et al., 2002; Kahn et al., 2004).

One mouse in the SF.coIL2RG group fell ill with an ex-
tremely high WBC count (258 · 106 cells/liter) at 6 months
posttransplant and had to be sacrificed. FACS analysis of
spleen and BM cells revealed a high percentage of CD4CD8
double-positive cells, suggesting a T-cell leukemia. LAM-
PCR-based integration analysis of BM cells revealed a
dominant integration site on chromosome 12, in intron 8–9
of the transcriptional repressor gene Pum2. This leukemia
highlights the risks inherent to the viral promoter in the
context of the SCID-X1 phenotype as has also been ob-
served by others (Kustikova et al., 2005). The optimal
promoter for SCID-X1 gene therapy is likely a eukaryotic
promoter, such as the ubiquitous chromatin opening element
(UCOE) promoter (Knight et al., 2012), that produces more
robust transgene expression than the native cc promoter
used in our current experiments and is methylation resistant.

To conclude, mobilization of recipient BM HSCs with G-
CSF before transplantation of therapeutic gene-modified
HSCs promotes BM engraftment and functional B-cell re-
constitution in X-linked SCID, providing proof of principle
for this approach that lacks the toxicity of myelosuppressive
conditioning used in current clinical HSC gene therapy trials
(Aiuti et al., 2007, 2013; Biffi et al., 2013) and warrants its
further development to benefit genetic correction of a vari-
ety of monogenic inherited disorders.
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