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Key Points

• IV delivery of FV vector
using the phospho-
glycerate kinase
promoter outperforms
EF1a-containing
vector in the canine
SCID-X1 model.

•G-CSF/AMD3100 mo-
bilization before in vivo
FV vector delivery
improves kinetics
and clonal diversity
of lymphocyte
reconstitution.

Hematopoietic stem-cell gene therapy is a promising treatment of X-linked severe combined

immunodeficiency disease (SCID-X1), but currently, it requires recipient conditioning, extensive

cell manipulation, and sophisticated facilities. With these limitations inmind, we explored a

simpler therapeutic approach to SCID-X1 treatment by direct IV administration of foamy virus

(FV) vectors in the caninemodel. FV vectors were used because they have a favorable integration

site profile andare resistant to serum inactivation.Here,we show improved efficacyof our in vivo

gene therapy platform bymobilization with granulocyte colony-stimulating factor (G-CSF) and

AMD3100 before injection of an optimized FV vector incorporating the human phosphoglycerate

kinase enhancerless promoter. G-CSF/AMD3100mobilization before FV vector delivery

accelerated kinetics of CD31 lymphocyte recovery, promoted thymopoiesis, and increased

immune clonal diversity. Gene-corrected T lymphocytes exhibited a normal CD4:CD8 ratio and a

broad T-cell receptor repertoire and showed restored gC-dependent signaling function. Treated

animals showed normal primary and secondary antibody responses to bacteriophage

immunization and evidence for immunoglobulin class switching. These results demonstrate

safety and efficacy of an accessible, portable, and translatable platform with no conditioning

regimen for the treatment of SCID-X1 and other genetic diseases.

Introduction

Human X-linked severe combined immunodeficiency (SCID-X1) is a failure of both cellular and humoral
immune responses caused by mutations in the common g chain gene (gC), which results in the absence
of T and natural killer (NK) cells and dysfunctional B lymphocytes. SCID-X1 is fatal in the first 2 years of
life unless the immune system is reconstituted through bone marrow transplantation (BMT) or gene
therapy. Because most individuals lack a matched donor, haploidentical parental bone marrow depleted
of mature T cells is often used.1,2 However, this procedure is limited by risks of graft-versus-host disease
and incomplete immune reconstitution, resulting in failure to make adequate antibodies and hence
requiring long-term immunoglobulin replacement, late loss of T cells because of failure to engraft
hematopoietic stem cells, chronic warts, and lymphocyte dysregulation.

An alternative approach to BMT is ex vivo hematopoietic stem and progenitor cell (HSPC) gene therapy,
where blood or marrow HSPCs are enriched from patients, transduced with viral vectors to deliver
the functional gC gene, and transplanted back into the patient. Although self-inactivating (SIN)
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gammaretroviral vectors (RVs) and SIN lentiviral vectors (LVs)
are currently used in the clinical setting with considerable
success,3,4 ex vivo gene therapy still faces multiple challenges
that include: (1) the extensive manipulation of HSPCs, resulting
in loss of multipotency and/or reduced fitness for engraftment
after transplantation, (2) considerable genotoxic risks to the
patients of various conditioning regimens used to enhance
engraftment of gene-modified HSPCs, and (3) need for
advanced infrastructures for the collection, culture, transduc-
tion, validation, and reinfusion of HSPCs, consequently restrict-
ing this form of treatment to a select few institutions worldwide.
With these limitations in mind, we explored in vivo gene therapy,
which consists of the direct delivery of the viral vector to the
patient. In vivo gene therapy is a simple and attractive approach
because it requires neither genotoxic conditioning nor ex vivo
cell processing and thus can be adopted at many institutions
worldwide, including those in developing countries.

To evaluate these novel therapeutic approaches, we used the canine
SCID-X1 preclinical model because it has nearly identical disease
phenotype and clinical manifestation when compared with human
SCID-X1.5-7 Both human and canine SCID-X1 are characterized by
absent thymic T-cell development and dysregulated B-cell germinal
center responses, leading to low immunoglobulin levels (immuno-
globulin A [IgA] and IgG), failure to thrive, and early mortality resulting
from viral and/or bacterial infection.8-13 The utility of this model was
previously validated by studies employing ex vivo HSPC gene therapy
(reviewed by Felsburg et al14) and more recently by direct IV
administration of the viral vector.15 Unlike VSV-G pseudotyped LVs,
foamy virus (FV) vectors are resistant to human serum inactivation,16

which gives them a specific advantage during in vivo delivery. FV
vectors are nonpathogenic integrating retroviruses,16-18 which are
highly effective for HSPCgene transfer19-22 and potentially safer than
SIN RVs and SIN LVs because of their favorable integration
profile.23,24 These properties contribute to their safety as established
in the canine model21,25,26 and in the murine xenotransplantation
model.20,27-29

We previously demonstrated the feasibility of in vivo gene therapy in
canine SCID-X1 with IV injection of FV vector expressing human
codon optimized gC driven by the short elongation factor-1 a
promoter (EF1a; EF1a.gC.FV).30 Successful lymphocyte expan-
sion was reported in these animals, but clonal diversity and T-cell
receptor (TCR) repertoire were low, which prompted further
optimization of our method. In the current study, we began by
investigating the use of an alternative promoter derived from the
human phosphoglycerate kinase (PGK) gene on our FV vector
(PGK.gC.FV) and then studied the use of a cell mobilization regimen
with granulocyte colony-stimulating factor (G-CSF) and AMD3100
before in vivo FV vector administration. This novel approach
substantially improved therapeutic outcome by accelerating kinetics
of CD31 lymphocyte recovery and increasing thymopoiesis and
immune clonal diversity.

Materials and methods
Study approval

All experiments were performed in accordance with protocols
approved by the University of Pennsylvania and Fred Hutchinson
Cancer Research Center Institutional Animal Care and Use
Committees (#50855 at Fred Hutchinson).

Mobilization regimen and FV vector injection

SCID-X1–affected neonatal pups at ;1 kg (age 3 weeks) were
injected subcutaneously (SQ) with 5 mg/kg of canine G-CSF
twice per day for 4 days and with a last single dose of canine
G-CSF (5 mg/kg SQ) with AMD3100 (4 mg/kg SQ) 6 to 8 hours
prior on the day of FV vector injection for mobilization of
hematopoietic stem cells (HSCs); this dose regimen was
previously published by Thakar et al.31 Six hours after AMD3100
administration and immediately before FV vector injection, 0.5 mL
of peripheral blood was collected to measure CD341 cell
frequency in peripheral blood by staining with anti-canine CD34
monoclonal antibody (clone 1H6; Serotec, Raleigh, NC). For
vector administration, the injection site was sterilely prepared, and
a 23-G catheter was placed in the cephalic vein. Vector was
administered slowly over 2 to 5 minutes, and animals were
monitored for injection-related reactions. If required, antihista-
mines and anti-inflammatories (glucocorticoids) were administered.
Animals were monitored for temperature, pulse, and respiration
rates every 15 minutes for next 2 hours and hourly thereafter for
the following 24 hours.

FV vectors

FV vectors were produced by polyethylenimine transfection of 4
plasmids in HEK293T cells as previously described,32 with the
exception that 37.7 mg of transfer plasmid and 10.8, 16.1, and
0.8 mg of FV helper plasmids pFVGagCO, pFVPolCO, and
pFVEnvCO, respectively, and 198.6 mL of 1 mg/ml polyethyle-
nimine were used per 15-cm plate. The FV helper plasmids
were codon optimized to improve expression and to eliminate
the potential for recombination. Vector-containing supernatant
was passed through a 0.45-mm filter, concentrated 100-fold
by ultracentrifugation at 23°C, titered on HT1080 cells, and
frozen at280°C until use in Iscove modified Dulbecco medium
containing 5% dimethyl sulfoxide.

Determination of in vivo gene marking and
phenotype analysis

Gene marking and phenotype analysis of peripheral blood leuko-
cytes were determined by flow cytometry using antibodies de-
scribed in our previous study.30 Surface interleukin-2 (IL-2) receptor
gC expression was determined by staining with APC anti-human
CD132 antibody clone TUGh4 (Biolegend, San Diego, CA). Blood
was collected in EDTA or heparin tubes, subjected to hemolysis,
and washed in phosphate-buffered saline plus 2% fetal bovine
serum. Flow cytometry analysis was performed on either a BD LSR
II or FACSCanto flow cytometer (Becton Dickinson, San Jose, CA)
to measure fluorescent gene marking or fluorescent antibody cell-
surface receptor phenotyping. Vector copy number was determined
by measuring WPRE levels with the TaqMan quantitative real-time
polymerase chain reaction (PCR) assay. 300 ng of genomic
peripheral blood leukocyte DNA was amplified at least in duplicate
with a WPRE-specific primer/probe combination (59-CCT CCT
TGT ATA AAT CCTGGT TG-39 and 59-GGT TGCGTCAGCAAA
CAC AG-39; probe: 59-FAM-GAG GAG TTG TGG CCC GTT
GTC-TAMRA-39). A canine IL-3–specific primer/probe combination
(59-ATG AGC AGC TTC CCC ATC C–39, 59–GTC GAA AAA
GGC CTC CCC–39; probe: 59–FAM-TCC TGC TTG GAT GCC
AAG TCC CAC-TAMRA-39) was used to adjust for equal loading
of genomic DNA (gDNA).
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Foamy RIS analysis

Retrovirus integration site (RIS) analysis was performed as
previously described.33,34 gDNA was extracted from leukocytes
collected at various time points from either peripheral blood or bone
marrow or from the tissues harvested at necropsy by Qiagen Blood
DNA Mini Kit or Gentra Puregene Blood kit (both from Qiagen), per
manufacturer instructions. FV vector long terminal repeat–genome
junctions were amplified by modified genomic sequencing PCR as
described.30 Resulting sequence libraries were subjected to paired-
end Illumina MiSeq platform sequencing. RISs were identified using
a bioinformatic method as previously described in detail. Valid
integration sites were scored after locating primer sequence,
FV long terminal repeats, absence of FV vector sequence, and
potential canine gDNA. Potential genomic sequences were
mapped to the canine genome (canFam3) using a standalone
version of BLAT available from the University of California Santa
Cruz Genome Browser. Sequences corresponding to the same
genomic locus were grouped together to determine the total
number of unique RIS events (clones) identified in the sample.
Additional details on bioinformatic analysis of data are given below.

In vitro T-lymphocyte functional assay

In the mitogen-induced proliferation assay, peripheral blood mono-
nuclear cells (PBMCs) were isolated by ficoll centrifugation, and
1 3 106 to 2 3 106 cells were stimulated with 5 mg/mL of
phytohemagglutinin (Sigma, St. Louis, MO) for 48 hours in
complete medium at 37°C and 5% carbon dioxide. Cell pro-
liferation was assessed using flow cytometric CellTrackerTM dye
assay (ThermoFisher Scientific) as per manufacturer instruction.
For phosphorylated STAT5 (pSTAT5) and pSTAT3 analysis,
PBMCs were incubated for 4 to 6 hours at 37°C and 5% carbon
dioxide in complete medium (RPMI with 10% fetal calf serum,
1% L-glutamine, and 0.5% Pen/Strep), after which they were
stimulated with IL-2 or IL-21 for 20 to 25 minutes as described
previously.30 pSTAT3 and pSTA5 phosphorylation was subse-
quently monitored by intracellular staining with pSTAT3 antibody
(BD Phosflow cat #557815) and pSTAT5 y694 antibody (BD
Phosflow cat #612599), respectively, and analyzed by flow
cytometry.

Bacteriophage immunization assay

Generation of specific antibody responses and immunoglobu-
lin class switching was assessed after immunization with the

T cell–dependent neoantigen bacteriophage wX174. This bacte-
riophage does not replicate or cause illness in humans and
induces helper T cell–dependent antibody response when used
as immunogen.35 Mobilized (H864 and H867) and nonmobilized
(R2258 and R2260) animals were injected with a first dose
of bacteriophage wX174 at 8 to 12 months post–FV vector
treatment and with a second dose 6 weeks later, and immune
response was assessed at 1, 2, and 4 weeks postinjection. Total
wX-174–specific antibody in each plasma sample was determined
by using a standardized phage neutralization assay36 and was
expressed as the rate of phage inactivation or K value as derived
from a standard formula. Specific antibody levels were plotted as
log K value against time. Total antibody production (pan IgG,IgA,
IgM) was quantitatively measured (test code SO633; Phoenix
Laboratories, Seattle, WA) from serum collected from FV-treated
animals.

TCR spectratyping and TREC analysis

For spectratyping analysis, peripheral blood was hemolysed and
RNA was extracted from 5 3 106 white blood cells using the
RNeasy Mini Kit (cat #74104; Qiagen, Valencia, CA). Complemen-
tary DNA was generated from 100 to 400 ng of RNA using 200 U of
SuperScript II Reverse Transcriptase (cat #18064-022; Invitrogen,
Grand Island, NY) and oligo dT following manufacturer instructions.
Complementary DNA was amplified using 17 specific forward TCR
vector b primers and a common 6-FAM–conjugated reverse primer,
as previously published.37 The products were analyzed on an
Applied Biosystems ABI 3730xl DNA Analyzer, and GeneMapper
software (version 4.0) was used for the analysis of peak sizes (Life
Technologies, Grand Island, NY). For TCR excision circle (TREC)
analysis, peripheral blood was lysed and DNA was extracted from
5 3 106 cells using the Qiagen QIAamp DNA Blood Mini Kit (cat
#51106). A real-time quantitative PCR method was used as
previously described to detect signal joint TRECs.38

Results
Improved gene marking and lymphocyte
reconstitution in vivo using vector PGK.gC.FV

To optimize our in vivo gene therapy protocol, we began by
comparing FV vector using EF1a.gC.FV with an identical vector
containing the PGK promoter (PGK.gC.FV). In vitro transduction of
human and canine CD341 cells using matching doses of each

Table 1. Animals treated with in vivo FV vector gene therapy

ID Weight at injection, kg Age at injection, d FV Dose of vector, IU Mobilization WBCs, 3 109 /L Estimated MOI*

R2202 NA 1 EF1a.GFP.2A.gC 4.2 3 108 No NA NA

R2203 NA 1 EF1a.GFP.2A.gC 4.2 3 108 No NA NA

R2258 1.04 18 EF1a.GFP.2A.gC 4.0 3 108 No 7.67 1.21

PGK.mCherry.2A.gC 4.0 3 108

R2260 1.05 18 EF1a.mCherry.2A.gC 4.0 3 108 No 6.64 1.40

PGK.GFP.2A.gC 4.0 3 108

H864 0.8 16 PGK.mCherry.2A.gC 4.0 3 108 G-CSF/ AMD3100 16.42 0.28

H867 1.1 16 PGK.mCherry.2A.gC 4.0 3 108 G-CSF/ AMD3100 18.04 0.26

IU, infectious units; MOI, multiplicity of infection; NA, not available; WBC, white blood cell.
*MOI at the time of injection was calculated based on the number of virus particles injected divided by the estimated number of circulating WBCs (considering an average blood volume of

86 mL/kg).
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vector showed increased expression by approximately twofold in
both cell types for PGK.gC.FV, determined by cis-linked fluorophore
expression as surrogate marker (supplemental Figure 1). EF1a.gC.FV
and PGK.gC.FV were then directly compared in vivo using
a competitive repopulation assay, in which 2 newborn SCID-X1
animals were injected intravenously with equal doses of each FV
vector (R2258 and R2260; Table 1). Distinct cis-linked fluorophore,
GFP or mCherry (linked to the gC gene with a T2A peptide), was
used to track immune reconstitution, and the configuration of the
fluorophores was permuted in the second animal to rule out any
effect of the reporter gene. As shown in Figure 1A and Table 1,
R2258 was injected with combination of EF1a.GFP.2A.gC.FV
and PGK.mCherry.2A.gC.FV, whereas R2260 was injected
with EF1a.mCherry.2A.gC.FV and PGK.GFP.2A.gC.FV (total of
4.0 3 108 infectious units or an estimated multiplicity of infection
of 1.21 or 1.40, respectively, at the time of injection).

The absolute number of circulating lymphocytes steadily increased
in both treated dogs during the course of 2.5 years posttreatment
while remaining within the normal range (Figure 1B). Strikingly, a
majority of gene marking (70% to 90%) in peripheral blood came
from the PGK.gC.FV vector in both animals, whereas marking from
the EF1a.gC.FV vector comprised only a small fraction (5% to 10%;
Figure 1C). Interestingly, the early kinetics of gene marking in
peripheral blood lymphocytes in these 2 animals was substantially
improved as compared with animals treated with the EF1a.gC.FV
vector in our previous study30 (R2202 and R2203; Table 1). As shown
in Figure 2C, the fraction of gene-corrected peripheral lymphocytes
reached 40% in both R2258 and R2260 at 6 weeks postinjection, as
compared with,5% for the EF1a.gC.FV-treated animals30 (compare
blue and orange lines). These results demonstrated superior
therapeutic performance of the PGK.gC.FV vector, which will be
the preferred vector platform for subsequent experiments using
in vivo delivery.

G-CSF/AMD3100 mobilization enhances kinetics of
T-lymphocyte expansion and immune clonal diversity
in FV-treated animals

Although a majority of circulating T lymphocytes expressed the gC
transgene in treated SCID-X1 dogs, marking in cell lineages with no
selective advantage such as B lymphocytes and myeloid cells was
low, albeit above background (supplemental Figures 2A-B and 3),
suggesting that our delivery approach did not effectively target
the most primitive HSCs. Previous studies showed that a
combination of G-CSF and AMD3100 efficiently mobilizes multi-
potent progenitor cells in peripheral blood in animal models and in
patients.39-42 On the basis of these findings, we treated 2 SCID-X1
canine pups at ;3 weeks of age with 5 mg/kg of G-CSF twice per
day from day 24 to 21 before FV injection and a single dose of G-
CSF with 4 mg/kg of AMD3100 on the morning of the injection
(animals H864 and H867; Table 1; Figure 2A). Treatment was well
tolerated and resulted in a 6.4- to 7.2-fold increase in circulating
CD341 cells at 6 hours post-AMD3100 administration (2.30% and
2.59% of total white blood cells in the 2 mobilized SCID-X1 animals,
respectively, as compared with 0.36% in a nonmobilized littermate
normal control, consistent with values for steady state hematopoi-
esis9; Figure 2B).

Injection of vector PGK.mCherry.2A.gC.FV at 6 hours post-
AMD3100 administration significantly increased the kinetics

of lymphocyte expansion and gene marking as compared with
kinetics in nonmobilized FV-treated animals, despite lower esti-
mated multiplicity of infections at the time of vector injection (0.28
and 0.26; Table 1). The fraction of gene-corrected lymphocytes in
peripheral blood of mobilized animals reached 80% at 6 weeks
posttreatment, whereas it took .20 weeks in nonmobilized animals
to reach similar levels (Figure 2C). Accordingly, the time required to
reach normal lymphocyte counts was markedly reduced in the
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Figure 1. Competitive injection of SCID-X1 dogs with EF1a and PGK FV

vectors. (A) Dogs R2258 and R2260 were injected with a combination of FV

vectors PGK.gC.FV and EF1a.gC.FV containing the fluorophores eGFP or mCherry.

(B) Kinetics of lymphocyte reconstitution (lymphocytes per microliter of peripheral

blood) in R2258 and R2260. Range of lymphocyte counts in healthy dogs is shown

by horizontal dashed lines. (C) Long-term analysis of gene marking in peripheral

blood lymphocytes from R2258 and R2260 for the PGK and EF1a FV vectors

based on fluorophore expression. Lymphocyte population was defined based on
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mobilized animals (Figure 2D); absolute CD31 lymphocyte counts
reached 2.53 109/L in mobilized animals at 40 days post-FV vector
injection as compared with ;0.1 and 0.4 3 109/L in nonmobilized
animals injected with EF1a.gC.FV or competitively with PGK.gC.FV
and EF1a.gC.FV, respectively (compare H864/H867 with R2202/
R2203 and R2258/R2260; Figure 2E). Vector copy number
measured longitudinally from peripheral blood was comparable in
mobilized and nonmobilized animals and steadily increased over
a range of 0.1 to 1.5 (Figure 2F). We also verified that
corrected lymphocytes expressed IL-2 receptor gC by surface
antibody staining and found slightly higher gC expression in treated
SCID-X1 animal H867 as compared with the normal littermate
control H866 (supplemental Figure 2C). Despite substantially
improving T-lymphocyte reconstitution, HSPC mobilization did
not increase gene marking in myeloid cells or B lymphocytes.
(supplemental Figure 3).

We hypothesized that in addition to improving kinetics of lymphocyte
reconstitution, mobilization may also enhance clonal diversity of
gene-corrected cells. RIS analysis from peripheral white blood
cell DNA showed a marked increase in integration events (ie,
clones) in mobilized dogs H864 and H867 as compared with
nonmobilized dogs R2258 and R2260, despite use of an equal
dose of PGK.gC.FV (Table 1). As shown in Figure 3 (legend in
supplemental Figure 4), the fraction of clones that contributed
to ,1% of total gene marking (represented by gray area) was
higher in the mobilized animals as compared with nonmobilized
animals (,35% in R2258 and R2260 [Figure 3A] vs 75% to 85% in
H864 and H867 [Figure 3B]). No clonal dominance was observed in
any animal, but some persisting clones contributing to.10% of total
gene marking were found in the nonmobilized animals, albeit with no
indication of expansion (Figure 3A). Taken together, these data
suggest that G-CSF/AMD3100 treatment before IV FV vector
delivery increases both the kinetics of lymphocyte recovery and
the diversity of immune reconstitution in SCID-X1 canines.

Improved thymic output and broad TCR repertoire in
mobilized FV-treated animals

Lymphocytes originating from the thymus that have not yet been
exposed to antigens express a naı̈ve CD45RA1 phenotype, thus
providing a measure of thymic output. The 2 nonmobilized FV
vector–treated animals (R2258 and R2260) initially showed normal
frequency (;90%) of CD31CD45RA1 T cells in peripheral blood,
but their frequency subsequently declined to ;50% at 1 year
posttreatment (Figure 4A). In comparison, levels of CD31CD45RA1

cells remained stable in mobilized dogs H864 and H867 for at least
15 months posttreatment and continue to be monitored (Figure 4B).
Thymic output was assessed independently by analysis of TRECs
originating from TCR gene rearrangement during T-lymphocyte
maturation. In the nonmobilized animals, TRECs were initially 10-fold
lower in treated dogs, as compared with a normal littermate control,
and then gradually declined over time (Figure 4C). In contrast,
TRECs in the mobilized animals reached normal levels as early as
3 months posttreatment and remained similar to the littermate
control up to ;400 days posttreatment (Figure 4D). Despite a
drop seen at later time points, TREC levels were maintained at
higher levels in the mobilized animals relative to nonmobilized
animals. In summary, mobilization before FV vector injection of
SCID-X1 canines increased thymic output to levels comparable
to those in a healthy control.

A majority of expanded CD31 lymphocytes were mature, express-
ing the coreceptor CD4 or CD8, with a small fraction of cells being
CD4/CD8 double positive or double negative (supplemental
Figure 5A-B). Both mobilized animals H864 and H867, as well as
nonmobilized animal R2258, showed normal CD4:CD8 cell ratios,
averaging 2, whereas nonmobilized animal R2260 showed an
inverted ratio. The reason for this skewed ratio is not well
understood but may have been caused by ongoing chronic
infections, as observed in our previous study.30 A majority of
circulating T lymphocytes in R2258/R2260 and H864/H867
stained positive for TCR ab starting at 2 months posttreatment,
consistent with observations from healthy canines and humans
(supplemental Figure 5C; data not shown). We assessed TCR
diversity in each treated animal by TCR vector b spectratyping,
which analyzes genetic rearrangement of the variable region of the
TCR b gene. The 2 animals mobilized with G-CSF/AMD3100
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showed robust spectratype profiles, characterized by Gaussian
distribution of fragments sized across 17 families of TCR vector b
segments up to at least 1 year posttreatment, similar to that of an
aged-matched normal littermate (Figure 5A-B). In comparison, the
spectratype profile of nonmobilized animal R2258 seemed normal
throughout the experiment, but the profile of R2260 was weaker,
suggesting lower TCR diversity (supplemental Figure 6). Together,
3 of the 4 FV-treated SCID-X1 animals showed normal T-cell
maturation and TCR diversity representative of healthy animals.

Restoration of T- and B-lymphocyte function in
PGK.gC.FV-treated animals

The functionality of the gC-dependent signaling pathways in
corrected lymphocytes obtained from all FV-treated animals was
verified by measuring tyrosine phosphorylation of the effector
molecule STAT3 after in vitro stimulation with IL-21. As compared
with cells obtained from a normal littermate control, equivalent levels
of STAT3 phosphorylation were detected in CD31 lymphocytes
from nonmobilized SCID-X1 dogs R2258 and R2260 (Figure 6A) or
from mobilized FV-treated animals H864 and H867 (supplemental
Figure 7). We further confirmed that T lymphocytes isolated from
these animals could respond and proliferate when exposed to the
T-cell mitogen phytohemagglutinin (Figure 6B). In conclusion, these
results demonstrate restoration of T cell–specific signaling path-
ways in FV-treated SCID-X1 dogs.

Next, we evaluated primary and secondary antibody responses
and immunoglobulin class switching after immunization with the
T cell–dependent neoantigen bacteriophage wX174. All treated
animals exhibited primary and secondary antibody responses
that were within the range of those of normal canine control
(compare blue and green lines with black line; Figure 7A), with
no noticeable differences between mobilized and nonmobilized
animals. Polyclonal IgM, IgG, and IgA concentrations were
also measured from serum of mobilized dogs at 14 and
15 months posttreatment and showed a slight increase in
IgM levels with a corresponding decrease in IgA in the treated
SCID animals as compared with littermate control, indicating
partial restoration of B-lymphocyte function (Figure 7B). The low
levels of corrected peripheral B lymphocytes detected in these
animals (ranging from 0% to 4%; supplemental Figures 2A
and 3C) may account for this partial restoration of humoral
responses.

Safety of in vivo FV vector gene therapy and
G-CSF/AMD3100 treatment

In vivo gene therapy proved beneficial for all SCID-X1 dogs; the
nonmobilized animals (R2258 and R2260) lived for.2.5 years in a
nonsterile environment, and the 2 mobilized animals (H864 and
H867) are currently .16 months of age. Complete blood cell
count analysis for all animals remained within the normal range
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during the first year posttreatment, but neutrophil and monocyte
counts gradually increased at later time points (supplemental
Figure 8A-E), probably reflecting inflammatory responses to parasitic
or viral infection. R2258 and R2260 eventually developed papillo-
mavirus (PV) infections, similar to observations from SCID-X1
canines43 or patients treated with BMT or gene therapy,4,44 and
had to be euthanized at 830 days posttreatment. Tissues from these
animals were collected and analyzed by RIS for biodistribution
assessment of the foamy provirus. A vast majority of RISs (.90%)
detected in tissues (supplemental Figure 9) were also found in

peripheral blood samples at the same time point, indicating that they
originated from contaminating blood cells present in perfused tissues
(supplemental Figure 10). Ovaries and testes showed the smallest
number of integration events (37 and 56, respectively, as comparedwith
766 and 469 in blood), and none of the RISs found exclusively in the
gonad tissues (ie, unique RIS) appeared at biologically relevant
frequencies, except for 1 integration site in the ovaries (chromosome
38; 34 522; 4.28%; supplemental Table 1A). No unique RIS at a
biologically relevant frequency was detected in semen from male H867
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(supplemental Figure 11; supplemental Table 1B). Taken together,
these results suggest that off-target transduction events by in vivo FV
vector treatment are rare events, with no compelling evidence of provirus
integration in the germ line, a finding also supported by the study of
progeny issued from FV-treated male R2260, discussed in the next
section (supplemental Table 2).

Discussion
Ex vivo HSC gene therapy clinical trials involving SCID-X1 patients
are demonstrating clear clinical benefits (reviewed by Cavazzana
et al45) but require elaborate protocols, sophisticated facilities, and
gentotoxic conditioning. Here, we propose a simpler, safer, and
more versatile gene therapy approach to SCID-X1 that involves the
direct IV injection of FV vectors with no prior conditioning regimen.
Important improvements in our method were made by mobilizing
HSPCs with G-CSF and AMD3100 before injection with an
optimized FV vector containing a stronger enhancerless PGK

promoter. Kinetics of lymphocyte reconstitution were markedly
increased, presumably because of transduction of a greater pool
of lymphocyte precursors in blood, which also enhanced thymopoi-
esis and clonal diversity. As compared to our previous study where
all EF1a.gC.FV-treated animals succumbed to chronic infections by
330 days posttreatment,30 survival was improved in all PGK.gC.FV-
treated SCID-X1 dogs, which lived for as long as 2.5 years.

A critical parameter in vector design is the choice of a promoter-
enhancer element with sufficient strength to drive efficient immune
reconstitution and with minimal risk of inadvertent enhancer-
mediated gene transactivation. All current SCID-X1 clinical trials
use viral vectors containing the EF1a promoter to drive expression
of the gC gene.3,4 This choice of promoter was validated in previous
studies that compared genotoxic risks associated with the
physiological cellular promoters from the human EF1a or PGK
genes or from the endogenous gC gene.46,47 In addition, in a
murine model of SCID-X1, progenitor cells transduced with the
EF1a-containing LV completely restored lymphoid development
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and immune function, whereas cells modified with PGK-containing
vector resulted in poor immune reconstitution.48 Nevertheless, the
long form (;1200 bp) of EF1a promoter was used in this study,
whereas our EF1a.gC.FV vector contains the shorter form (;250
bp), similar to the clinically approved vector.4 Our competitive
injections of EF1a.gC.FV and PGK.gC.FV vectors of SCID-X1 pups
clearly showed superiority of the PGK vector, which accounted for
.80% of gene marking, and no evidence of clonal dominance.
Superior performance of the PGK promoter was similarly demon-
strated in a radiation-sensitive SCID murine model with complete
functional correction of the Artemis gene achieved with a PGK LV,
whereas cytomegalovirus LV or EF1a LV led to incomplete
correction49; efficacy of a PGK.gC SIN LV was also validated for
ex vivo SCID-X1 gene therapy using a murine model.50 Although it
remains to be determined whether the PGK promoter is a better
choice in other delivery methods and disease contexts, stronger
expression of the gC transgene, as determined by the fluorescence
reporter, correlated with increased vector performance in our
model.

G-CSF and AMD3100 in combination have been used successfully
to increase CD341 cells in peripheral blood of mice, nonhuman
primates, and humans.39,40,42 Both G-CSF and AMD3100 have
mobilizing properties by acting on distinct cellular pathways, and
combinatory treatment has resulted in additive effects.51 G-CSF
suppresses osteoblast lineage cells in the bone marrow niche,
leading to reduced levels of signaling molecules (eg, CXCL12, VLA-
4, c-Kit), which are essential for HSPC retention.52 The bicyclam
AMD3100 is a potent, selective, and reversible antagonist of the
CXCR4 chemokine receptor that disrupts the binding of CXCR4 to
SDF-1, thereby mobilizing HSCs into the blood.41,53 Kinetics of
HSPCmobilization by AMD3100 alone were previously assessed in
adult dogs,54 in which the treatment was well tolerated and
circulating CD341 cells increased three- to 10-fold, with peak
mobilization at 8 to 10 hours posttreatment. Similarly, G-CSF/
AMD3100 mobilization of immunodeficient humanized mice
increased colony forming units isolated from peripheral blood by
2.3- and 8.2-fold, respectively.42 Our mobilization of SCID-X1 pups
with G-CSF/AMD3100 showed a comparable sevenfold increase
in circulating CD341 cells at 6 hours posttreatment.

Beyond mobilizing HSPCs in peripheral blood, G-CSF and
AMD3100 also affect other cell lineages. Circulating lymphocyte
and monocyte counts were increased by medians of 1.5- and
fourfold, respectively, in mobilized adult canines as compared with
untreated controls.54 In rhesus macaques, AMD3100 increased
numbers of B and T lymphocytes, which included CD41 and CD81

T cells, central and effector memory T cells, and NK cells in peripheral
blood.55 In addition, macaques receiving transplants of G-CSF/
AMD3100-mobilized CD341 cells manifested faster lymphocyte
recovery as compared with nonmobilized animals, likely because of
increased blood count of lymphoid precursors.56 Our demonstration
of faster blood T-lymphocyte recovery and increased thymopoiesis
and clonal diversity in G-CSF/AMD3100-mobilized SCID-X1 pups
implies that a larger pool of T-cell progenitors was transduced after
IV-delivered FV vectors. These corrected T-cell progenitors may
directly home to the thymus, as suggested by previous findings,57 and
subsequently mature into CD41 and/or CD81 T lymphocytes. The
decline in both TRECs and CD45RA1 naı̈ve T cells at 8 to 9 months
posttreatment in the 2 nonmobilized canines can be explained either
by the inability of the hypoplastic SCID thymus to sustain

thymopoiesis or by the poor engraftment of gene-corrected HSCs
capable of self-renewal and continuous production of functional
T cells. G-CSF/AMD3100 mobilization substantially increased TREC
levels in treated SCID-X1 animals and may help prolong thymic
output.

The 2 nonmobilized FV-treated animals developed cutaneous warts
because of severe PV disease at ;28 months posttreatment after
arrival in the new canine colony. Both SCID-X1 canines and human
patients are known to be susceptible to PV infections.43,44 A
retrospective study of 41 SCID human patients who survived .10
years after BMT reported that 50% of patients developed chronic
severe PV infection.44 No correlation could be drawn between PV
disease and NK count or function, despite the capacity of NK
cells to eliminate PV-infected cells. Deficiency in function of
keratinocytes, the target cells of PV infection, provides an alternative
explanation for PV susceptibility, because they express gC-
dependent cytokine receptors such as IL-4, which activates the

0.01
0

primary secondary

2 4

Weeks

K(
v)

6

R2258

R2260

H864

H867

Normal

8 10

0.1

1

10

100

1000

A

mg/dL

B
IgM IgG IgA

Normal 62/189 1576/1850 61/40

H864 500/540 1000/1576 <29/35

H867 382/270 3152/1850 29/29

Standard range 100-400 670-1650 35-270

Figure 7. Immunoglobulin responses in treated SCID-X1 canines. (A)

Bacteriophage immunoglobulin response in serum of FV-treated SCID-X1 dogs

(mobilized, green; nonmobilized, blue) and in a normal control (red) 62 standard

deviations (dashed lines). Animals were injected with a first dose of bacteriophage

wX174 at 8 to 12 months post–FV vector treatment and with a second dose

6 weeks later. Primary and secondary immune responses to injection were assessed

at 1, 2, and 4 weeks, compared with preinjection levels, and expressed as the rate

of phage inactivation or K value (Kv; described in Methods). (B) Quantitative

measurement of the 3 main classes of immunoglobulin in serum of mobilized animals

at 14 and 15 months posttreatment as compared with a normal control. Standard

range is based on normal dog age 1 year.

996 HUMBERT et al 8 MAY 2018 x VOLUME 2, NUMBER 9



release of proinflammatory cytokines under normal conditions.
Further work is needed to better define the function of gC-
dependent signaling pathway in anti–human PV immunity.

Upon sexual maturity, treated male R2260 sired 3 litters via artificial
insemination, overall resulting in a normal pedigree and arguing
against possible transduction of the germ line by FV vectors, thus
corroborating our RIS data showing absence of relevant integration
site in semen obtained from H867. Although 1 unique integration
site was documented in ovaries from R2258, it may have originated
from transduction of accessory cells and not from germ cells.

BMT has traditionally been the preferred treatment of SCID-X1
patients, but recent findings have demonstrated faster T-cell
reconstitution in SCID-X1 patients treated by ex vivo gene therapy
as compared with haploidentical HSC transplantation,3,4,58,59

suggesting that gene therapy may ultimately become the front-line
therapeutic modality. With the caveat of comparing different
species and age groups, we find that our improved conditions
using G-CSF/AMD3100 mobilization before FV vector injection
result in comparable or higher CD31 cell reconstitution in treated
SCID-X1 pups as compared with SCID-X1 patients treated with
ex vivo SIN RV or SIN LV gene therapy.3,4,59 Of note, data from
SCID-X14 and adenosine deaminase SCID patients60 indicate
that low-dose conditioning with busulfan is well tolerated in
patients undergoing retroviral-based gene therapy and is
emerging as standard of care for the treatment of these primary
immunodeficiencies.

Overall, our study demonstrates the safety, feasibility, and efficacy
of FV vectors for in vivo gene therapy and suggests that this
approach may provide prompt and effective treatment of newborn
SCID-X1 patients in the future after routine genetic screening
without the complications associated with ex vivo manipulation of
HSCs or conditioning. Beyond SCID-X1, this methodology may be
applicable in patients with Fanconi anemia, who have a genetic
defect in DNA crosslink repair, where functionally corrected cells
have a natural selective advantage, and transduction of the
therapeutic gene into a few stem cells is expected to be sufficient

for therapeutic efficacy. Ex vivo gene therapy in patients with
Fanconi anemia currently presents important challenges because of
the low number and fragility of CD341 HSPCs recovered from
bone marrow or mobilized peripheral blood.61 In vivo gene therapy
thus offers an interesting alternative approach, and future work will
focus on the redesigning of the viral vector to exclusively target
primitive HSCs.
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