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Abstract

Background—Previous studies have shown that foamy viral (FV) vectors are a promising 

alternative to gammaretroviral and lentiviral vectors and insulators can improve FV vector safety. 

However, in a previous analysis of insulator effects on FV vector safety, strong viral promoters 

were used to elicit genotoxic events. Here we developed and analyzed the efficacy and safety of a 

high-titer, clinically relevant FV vector driven by the housekeeping promoter elongation factor-1α 
and insulated with an enhancer blocking A1 insulator (FV-EGW-A1).

Methods—Human CD34+ cord blood cells were exposed to an enhanced green fluorescent 

protein expressing vector, FV-EGW-A1, at a multiplicity of infection of 10 and then maintained in 

vitro or transplanted into immunodeficient mice. Flow cytometry was used to measure engraftment 

and marking in vivo. FV vector integration sites were analyzed to assess safety.

Results—FV-EGW-A1 resulted in high-marking, multi-lineage engraftment of human 

repopulating cells with no evidence of silencing. Engraftment was highly polyclonal with no 

clonal dominance and a promising safety profile based on integration site analysis.

Conclusions—An FV vector with an elongation factor-1α promoter and an A1 insulator is a 

promising vector design for use in the clinic.
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Introduction

Hematopoietic stem cell (HSC) gene therapy has shown great promise in several clinical 

trials. Gammaretroviral and lentiviral (LV) vectors have provided sustained therapeutic 

benefit to patients with severe combined immunodeficiency (SCID)1,2, Wiskott-Aldrich 

Syndrome (WAS)3 and chronic granulomatous disease (CGD).4 However, in early clinical 
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trials using gammaretroviral vectors some patients experienced severe adverse events such 

as vector mediated leukemia post-treatment1,5,6. Leukemia was caused by gammaretroviral 

vector proviruses inserting near proto-oncogenes resulting in clonal expansion.7 Following 

these adverse events the gene therapy field has moved to using LV vectors8, which have an 

improved safety profile relative to gammaretroviral vectors. However, clonal expansion has 

been observed in patients treated with LV vectors.9 Vector modifications such as the 

incorporation of housekeeping promoters and insulator elements10,11 have the potential to 

further improve the safety of HSC gene therapy.

Foamy virus (FV) vectors are a promising alternative to gammaretroviral and LV vectors. 

FV vectors have a broad tissue tropism eliminating the need for pseudotyping.12 They also 

have a large transgene capacity13 making them useful for diseases that require either large or 

multiple transgenes. Also, FV vectors can be produced at high titers14,15 making them 

clinically relevant for a wide range of diseases. In terms of safety, FV vectors have a 

favorable integration profile16 and have been shown to have less read-through transcription 

than gammaretroviral vectors or LV vectors.17 FV vectors have been used to successfully 

treat canine leukocyte adhesion deficiency in dogs maintaining a polyclonal distribution of 

gene-marked cells.18,19 When FV and LV vectors were compared in human repopulating 

cells in an immunodeficient mouse model, FV vectors were shown to have a more 

polyclonal distribution with fewer total integrations near or within proto-oncogenes.20 In this 

study LV vectors had 5 dominant clones with integrations in or near proto-oncogenes 

whereas FV vectors had zero dominant clones near or in proto-oncogenes, suggesting that 

FV vectors may be a safer alternative to LV vectors.20

Strong viral promoters, such as the spleen focus forming virus (SFFV) promoter, have the 

potential to activate nearby genes leading to clonal expansion and ultimately malignancy.
21–23 Cellular promoters derived from human housekeeping genes, such as elongation 

factor-1α (EF1α) or phosphosglycerate kinase (PGK), can reduce the genotoxic risk of 

retroviral vectors. Vectors containing PGK had reduced tumor acceleration in comparison to 

vectors containing the SFFV promoter.23 The EF1α promoter drives persistent, therapeutic 

levels of transgene expression in several hematopoietic lineages.24,25 Salmon et al. showed 

that the EF1α promoter maintained higher expression than PGK in differentiated 

hematopoietic cells and showed no evidence of silencing.24 Together these studies highlight 

that EF1α is an efficient promoter in hematopoietic repopulating cells with the potential for 

use in the clinic.

Chromatin insulators can be incorporated into retroviral vectors as an additional safety 

feature.26 The insulator is typically inserted into the U3 region of the 3’ long terminal repeat 

(LTR) and during reverse transcription the insulator is copied to the 5’ LTR. This results in 

two insulators that flank the transgene. Insulators can block nearby gene transactivation by 

enhancer elements within the vector provirus. They can also potentially reduce silencing of 

the transgene due to encroaching methylation.27 Our lab recently compared uninsulated FV 

vectors with FV vectors insulated with either the cHS4 insulator or the A1 insulator in SCID 

repopulating cells.28 In this previous study vectors contained a strong SFFV promoter in 

order to elicit genotoxicity, thereby improving the ability to detect the effects of insulators. 

In human repopulating cells FV vectors with A1 insulators had a more polyclonal 
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distribution and were observed less frequently within 50 kb of proto-oncogenes than 

uninsulated FV vectors. A1 insulated vectors also had significantly less proviral integrations 

near the transcription start sites (TSS) of genes.28 FV vectors have a strong CTCF insulator 

in the LTR29, but the A1 insulator improved safety when stressed with a genotoxic SFFV 

promoter.28

The SFFV promoter is a useful tool to enhance genotoxicity for evaluating alternate vector 

designs including insulated vectors. However, SFFV would not be used in a clinical setting. 

Thus, in the present study, our goal was to perform a pre-clinical evaluation of a FV vector 

with an internal EF1α internal promotor and an A1 chromatin insulator. We evaluated an 

EF1α-driven, A1 insulated vector using cord blood CD34+ human repopulating cells in the 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mouse model. FV-EGW-A1 resulted in efficient 

multi-lineage transgene expression and the integration profile compared favorably to vectors 

with a strong SFFV promoter. This novel pre-clinical data supports the evaluation of EF1α-

driven A1 insulated FV vectors in a clinical setting.

Materials and methods

Construction of FV-EGW-A1 vector

The EF1α promoter sequence used corresponds to the human genome draft genome hg38 on 

chromosome 6 from base pair 73,520,999 to 73,521,240 using the University of California-

Santa Cruz BLAT tool.30 The promoter was synthesized and cloned into a FV backbone 

using standard molecular biology techniques. FV vector FV-EGW-A1 was constructed by 

cloning the A1 insulator fragment11,31 into the 3’ LTR of FV-EGW using the cut sites SalI 

and DrdI.

Vector preparation

FV vectors were produced by transient transfection of vector and helper plasmids into 

human embryonic kidney 293T cells using polyethylenimine (Polysciences, Warrinton, PA) 

and titered on HT1080 cells as previously described.32

Transduction of CD34+ human cord blood cells and progenitor assay

CD34+ human cord blood cells (StemCell Technologies, Rosalind, CA) were thawed, pooled 

and prestimulated as previously described.33 Prestimulation media consisted of Iscove’s 

Modified Dulbecco Medium with 10% heat inactivated fetal bovine serum, 5,000 U 

penicillin/streptomycin, and 100 ng/mL of the recombinant human cytokines interleukin 3, 

interleukin 6, stem cell factor, thrombopoietin, Fms-related tyrosine kinase 3 ligand, and 

granulocyte colony stimulating factor (ProSpec, Brunswick, NJ). Cells were transduced with 

FV vectors at a multiplicity of infection (MOI) of 10, or mock transduced with 

prestimulation media. Cells were incubated for 19 hours at 37°C. Cells were then harvested 

and used for either transplant, liquid culture or the colony forming unit (CFU) assay, as 

previously described.34
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Xenotransplants of human cord blood CD34+ cells

All animal protocols were approved by the Institutional Animal Care and Use Committee of 

Washington State University.

4-week-old NSG mice (The Jackson Laboratory, Bar Harbor, ME) were housed in sterile 

microisolater cages and given water supplemented with tetracycline for 4 weeks. Mice 

received 25 mg/kg of busulfan (Sigma-Aldrich, St. Louis, MO) in a split dose 48 and 24 

hours before transplantation. Busulfan doses were prepared in a 1:3 ratio of dimethyl 

sulfoxide and Roswell Park Memorial Institute Medium and delivered via intraperitoneal 

injections. 24 hours after conditioning, 1 × 105 FV vector exposed cells were transplanted 

into the mice via tail vein injections. At 3 week intervals, from 6 to 27 weeks post-

transplant, 100 μl of peripheral blood was collected from the saphenous vein of each mouse 

to evaluate engraftment and marking. Mice were euthanized at 27 weeks post-transplant and 

whole blood, whole femurs were collected. Blood was collected via cardiac puncture and 

bone marrow was harvested from both the right and left femurs.

Engraftment and marking analysis in the peripheral blood and bone marrow

50 μL of peripheral blood or ~5×105 bone marrow cells were suspended in flow buffer 

(phosphate-buffered saline with 10% heat inactivated fetal bovine serum) and were used for 

engraftment and marking analysis. To block non-specific staining, rat anti-mouse CD16/

CD32 Fc block was added to each sample and incubated for 15 minutes on ice. Samples 

were then stained with fluorophore conjugated antibodies and incubated on ice for 30 

minutes, as previously described.33 Red blood cells were lysed using 2 mL of 1X Red Blood 

Cell lysis buffer (Santa Cruz Biotechnology, Dallas, TX) per sample, mixed by inversion and 

incubated for 10 minutes at room temperature in the dark. Then 2 mL of flow buffer was 

added, cells were centrifuged for 5 minutes at 500 g and washed with 2 mL of flow buffer. 

Centrifugation was repeated and cells were resuspended in 200 μL of flow buffer. Samples 

were than analyzed using the Beckman-Coulter Gallios flow cytometer and analyzed using 

Kaluza software (Beckman-Coulter, Indianapolis, Indiana). Analysis for blood was based on 

5,000 events from the live cell gate and analysis for bone marrow was based on 10,000 

events from the live cell gate.

Analysis of integration profiles

Genomic DNA was extracted from bone marrow samples (Gentra puregene blood kit, cat # 

158445, Qiagen). 3 μg of genomic DNA from each mouse was processed using modified 

genomic sequencing (MGS)-PCR as previously described35 and sequenced on an Illumina 

MiSeq (Genomic Sequencing and Analysis Facility, University of Texas-Austin, Austin, 

Texas). Sequences were then paired with Paired-End read merger software36 and processed 

with the Vector Integration Site Analysis (VISA) server as previously described.37 For 

cancer gene analysis, we used 1,571 cancer genes that had corresponding RefSeq mRNAs 

from the Network of Cancer Genes 5.0 as of January 4th, 2016.38 This list contains both 

proto-oncogenes and tumor suppressor genes. An integration site was considered to be 

within an oncogene when it was located within the oncogene transcript.
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Results

Our goal was to evaluate the ability of a FV vector with a housekeeping EF1α promoter and 

an A1 insulator to provide multi-lineage gene marking in human CD34+ repopulating cells 

in the NSG model, and to evaluate safety by performing retroviral integration site (RIS) 

analysis. We first modified the previously described28 A1 insulated FV vector to contain the 

EF1α promoter, resulting in the vector, FV-EGW-A1 (Figure 1). FV-EGW-A1 could be 

produced at high titer, greater than 2×108 EGFP TU/mL (Figure S1).

Efficient marking in human cord blood CD34+ progenitors

Human cord blood CD34+ cells were exposed to FV-EGW-A1 at an MOI of 10. Cells were 

then maintained in liquid culture, plated in methylcellulose for CFU analysis or transplanted 

into NSG mice. At 10 days post vector exposure, FV-EGW-A1 had a transduction frequency 

of 18% with a mean fluorescence intensity of 61.7 (Figure S1). The gene marking in 

progenitors was 30% as determined by enhanced green fluorescent protein (EGFP) 

expression in CFUs, with a plating efficiency of 42%.

Next we assessed 5,133 RIS retrieved from CD34+ cord blood cells that were maintained in 

liquid culture for ten days post vector exposure. The percentages of RIS integrating within 

genes and near TSS of genes was also similar to what we have observed for FV vectors in 

previous studies (Table 1).

Efficient engraftment and stable, multi-lineage transgene expression of SCID repopulating 
cells

Human cord blood CD34+ cells were exposed to FV-EGW-A1 at an MOI of 10 and then 

transplanted into myeloablated, 4-week-old NSG mice. Engraftment of human CD45+ 

(hCD45) cells steadily increased from an average of 5% to an average of 72% at 27 weeks 

post-transplant (Figure 2a). Marking in the peripheral blood stabilized at 18 weeks post-

transplant (Figure 2b), and was similar to marking in the bone marrow at 27 weeks (22% 

EGFP hCD45+ cells). Multi-lineage marking was observed in all of the transplanted mice 

with no lineage-specific effects (Figure 2c). Thus, FV vectors with a clinically relevant 

design using the EF1α promoter and A1 insulator provided sustained expression in a high 

percentage of repopulating cells with multi-lineage engraftment and with no evidence of 

silencing.

Polyclonal distribution of SCID repopulating cells with no dominant clones in vivo

The development of vector-mediated malignancies can take years to develop in patients. The 

vector-mediated malignancies observed in HSC gene therapy patients have been the result of 

vectors integrating near proto-oncogenes. These integrations cause the proto-oncogenes to 

be dysregulated and give the clones a competitive advantage, resulting in clonal dominance. 

Thus, we carefully evaluated the contribution and distribution of RIS in the bone marrow of 

the transplanted mice to screen for potential indicators of genotoxicity.

A total of 809 unique RIS were captured from the bone marrow of the 6 mice at 27 weeks 

post transplantation. The A1 insulated FV vector driven by EF1α integrated in a nearly 
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random distribution with a slight increase of RIS 1 kb upstream from TSS. We compared 

this to the 5,133 RIS retrieved from the CD34+ cord blood cells that were maintained in 

liquid culture for ten days post vector exposure and saw no large differences from the 

integration profile (Figure 3).

For FV-EGW-A1, there were a similar number of RIS within genes and within 50 kb of TSS 

of genes to FV-SGW-A1 (Table 2). As expected, the number of RIS within 50 kb of TSS was 

significantly lower than previously seen in the uninsulated FV and LV vectors with the 

SFFV promoter, FV-SGW and LV-SGW. While the frequency of integrations within proto-

oncogenes was lower for FV-EGW-A1 the number of integrations within 50 kb of TSS of 

proto-oncogenes was the same (Table 2).

RIS in each mouse were analyzed using span count28 to detect clonal contribution and 

dominance. Clonal dominance is defined as a single integration accounting for over 20% of 

all RIS spans. SCID-repopulating cells were highly polyclonal and no clonal dominance was 

observed in any of the mice (Figure 4). Next, we analyzed the top ten clones from each 

mouse for proximity to proto-oncogenes. A top ten clone in one mouse (M6) had a clone 

accounting for 6.2% of the total spans with an integration 30 kb downstream from the proto-

oncogene CYP2A6.

We also compared the RIS to a list of 38 lymphoid-specific proto-oncogenes.39 Two 

integrations were within 50 kb of proto-oncogenes on this list. One RIS (M1) was identified 

2 kb upstream from the TSS of MLLT10 but only accounted for less than 1% of the total 

spans in this mouse. Another RIS (M3) integrated 11 kb upstream from the TSS of STIL but 

only accounted for less than 1% of the total spans in this mouse.

Discussion

HSC gene therapy has enormous potential for hematopoietic disorders and genetic diseases. 

Therefore it is important to develop vectors that reduce vector mediated adverse side effects. 

Here we provide novel pre-clinical data that supports the use of a FV vector with an EF1α 
promoter and an A1 insulator in patients.

Previously it was shown that the A1 insulated FV vector fulfilled the criteria for a promising 

insulated vector by providing significant insulating activity while maintaining high vector 

titer.28 However, the previous study utilized a strong SFFV promoter to evaluate the 

potential effects of the A1 insulated FV vector on the host genome. While SFFV is an 

effective tool for determining the genotoxic potential of new vectors, here we evaluated the 

safety of a clinically relevant A1 insulated FV vector. The A1 insulated FV vector driven by 

the housekeeping promoter EF1α was high titer and resulted in a highly polyclonal 

distribution of RIS, a reduced number of integrations near proto-oncogenes, and no clonal 

dominance in human cord blood CD34+ SCID repopulating cells.

Previously in a direct comparison of FV and LV vectors with identical transgene cassettes 

driven by the SFFV promoter, FV vectors had a significantly lower integration frequency 

within 50 kb of TSS of proto-oncogenes than LV vectors.20 However the SFFV promoter is 
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not suitable for clinical applications. Here we showed a FV vector with a housekeeping 

promoter EF1α and an A1 insulator has a safe profile.

Clonal expansion is often a precursor to vector-mediated malignancies and occurs when a 

clone containing an RIS has a competitive advantage. Dominant clones can gain a growth or 

survival advantage from integrating near a proto-oncogene or proliferative gene. Although 

not all dominant clones will lead to clonal outgrowth and malignancy, the identification of 

dominant clones is informative as to the relative safety of retroviral vectors. LV and FV 

vectors are less prone to clonal dominance than gammaretroviral vectors16 and offer a 

promising alternative vector system for HSC gene therapy. A 2015 study by Negre et al. 

demonstrated that LV vectors corrected β-thalassemia in mice and reported that no evidence 

of clonal outgrowth was observed.40 Another group recently developed a self-inactivating 

LV vector carrying a codon-optimized human IL2RG cDNA driven by EF1α.41 This vector 

was shown to be effective at restoring T, B and NK cell counts in the bone marrow and 

peripheral blood of Il2rg−/−/Rag2−/− mice. They reported the mice to have polyclonal 

distributions with no signs of clonal dominance.41 In these two studies, the RIS from all of 

the mice were pooled showing a polyclonal/oligoclonal distribution.

One strength of our study is that we evaluated clonal dominance in individual transplanted 

mice. In studies where the RIS date is pooled from multiple mice, clonal dominance can be 

masked due to averaging the percentage of clonal abundance across multiple mice. With 

increases in the throughput of next generation sequencing and reductions in cost, we suggest 

that for future studies of RIS in SCID repopulating cells that data be reported per mouse to 

allow comparisons of vector genotoxicity between studies. Here we show that all of the FV-

EGW-A1 mice individually maintain a polyclonal distribution of RIS with no evidence of 

clonal dominance. This approach is more sensitive for the identification of true dominant 

clones as evidenced by comparing the clonal contribution of individual mice to the pooled 

data (Figure 4).

The transactivation of proto-oncogenes remains a major concern for retroviral genotoxicity. 

Thus the enrichment of proviral integrations near the TSS of proto-oncogenes is of interest 

for therapeutic applications. FV proviruses are observed less frequently in hematopoietic 

repopulating cells near or within proto-oncogenes than commonly used vector system 

proviruses such as LV.16,20,42 Specifically, simple direct comparisons in both the dog 

model42 and human CD34+ cells in the NSG mouse model20 showed that FV proviruses 

integrate less frequently within 50 and 500 kb of proto-oncogene TSSs than LV proviruses. 

We previously showed that A1 insulated FV proviruses had reduced integrations near or 

within proto-oncogenes than uninsulated FV proviruses.28 In the current study we observed 

that the addition of the EF1α promoter to the A1 insulated FV vector design maintains a low 

number of integrations near and within proto-oncogenes and supports that EF1α does not 

negatively affect the integration distribution of FV vectors.

Two of the FV-EGW-A1 RIS integrated within 50 kb of proto-oncogenes associated with 

lymphocytic leukemias. RIS 21528954 integrated 2 kb upstream from MLLT10 and RIS 

47325060 integrated 11 kb upstream from STIL. MLLT10 encodes a transcription factor and 

is involved in multiple chromosomal rearrangements that result in various leukemias. STIL 
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encodes a cytoplasmic protein implicated in regulation of the mitotic spindle checkpoint. 

Chromosomal aberrations involving STIL may be a cause of some T-cell malignancies. 

Neither of these integrations showed signs of clonal outgrowth with both RIS accounting for 

less than 1% of the clonal contribution for each respective mouse. No FV vector integrations 

were observed near MDS1-EVI1 or LMO2.

In conclusion, FV-EGW-A1 allows for high marking, multi-lineage engraftment with no 

evidence of silencing. In a murine xenotransplantation model, FV-EGW-A1 resulted in a 

polyclonal population of SCID repopulating cells with no evidence of clonal dominance and 

a reduced number of proviral integrations within proto-oncogenes. Our study shows that the 

addition of the housekeeping promoter EF1α does not compromise the safety of an A1 

insulated FV vector. Our data support the use of an EF1α-driven, A1 insulated FV vector in 

a clinical setting.
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Figure 1. 
Vector design of FV-EGW-A1. EF1α, human elongation factor-1 alpha; EGFP, enhanced 

green fluorescent protein; W, woodchuck hepatitis virus post-transcriptional element; A1, 

A1 enhancer-blocking insulator element; pA, polyadenylation site (polyadenylation occurs 

from the vector LTR).
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Figure 2. 
Engraftment of human hematopoietic repopulating cells and vector marking in peripheral 

blood in vivo. (a) Engraftment of human hematopoietic repopulating cells in peripheral 

blood collected 6–27 weeks post-transplant. (b) Proportion of human hematopoietic 

repopulating cells expressing EGFP. (c) Multi-lineage marking in peripheral blood. Marking 

was quantified by expression of enhanced green fluorescent protein (EGFP).
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Figure 3. 
Retroviral integration sites of foamy viral vector FV-EGW-A1 in vitro and in vivo. 

Percentage of integrations per kb in relation to transcription start sites of RefSeq genes.
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Figure 4. 
Clonality analysis of foamy viral vector FV-EGW-A1 proviral integrations in vivo. Each bar 

represents the clonal composition in the bone marrow of individual mice. The last bar 

represents the combined analysis for the pooled integrations from all of the mice. The white 

boxes depict the top ten clones with the highest span counts for each mouse. The number on 

top of each bar represents the total number of unique integrations. RIS is retroviral 

integration site, M is mouse.
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Table 1.

Distribution of integration sites in transduced human cord blood 10 days post vector exposure

Vector Unique RIS Within genes Within 50 kbp of TSS In proto-oncogenes Within 50 kbp of proto-oncogene TSS

FV-EGW-A1 5,133 44.6% 51.2% 8.3% 7.9%

FV-SGW-A1
1 6,489 41.8% 49.0% 8.2% 7.6%

FV-SGW
1 1,594 43.0% 53.5% 8.8% 7.9%

1
data from Browning et al. 2017

RIS is retroviral integration sites, TSS is transcription start sites
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Table 2.

Distribution of integration sites in human repopulating cells

Vector Type Vector Unique RIS In Genes Within 50 kb of TSS In Proto-oncogenes Within 50 kb of proto-
oncogene TSS

Foamy FV-EGW-A1 809 40.0% 54.3% 5.3% 8.0%

FV-SGW-A1
1 913 38.6% 54.4% 8.1%

a 8.0%

FV-SGW
2 826 40.0% 59.8%

a
9.5%

a 9.6%

Lenti LV-SGW
2 461 74.0%

a
73.0%

a
12.3%

a
12.6%

a

N/A Random 1000 43.8%
b

44.8%
a 6.7% 6.8%

1
data from Browning et al. 2017

2
data from Everson et al. 2016

a
significantly different than FV-EGW-A1, p<0.001

b
significantly different than FV-EGW-A1, p<0.05

RIS is retroviral integration sites, TSS is transcription start sites

J Gene Med. Author manuscript; available in PMC 2019 July 19.


	Abstract
	Introduction
	Materials and methods
	Construction of FV-EGW-A1 vector
	Vector preparation
	Transduction of CD34+ human cord blood cells and progenitor assay
	Xenotransplants of human cord blood CD34+ cells
	Engraftment and marking analysis in the peripheral blood and bone marrow
	Analysis of integration profiles

	Results
	Efficient marking in human cord blood CD34+ progenitors
	Efficient engraftment and stable, multi-lineage transgene expression of SCID repopulating cells
	Polyclonal distribution of SCID repopulating cells with no dominant clones in vivo

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.

