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Retroviral vector-mediated gene therapy is promising, but genotoxicity has limited its use in the clinic.
Genotoxicity is highly dependent on the retroviral vector used, and foamy viral (FV) vectors appear
relatively safe. However, internal promoters may still potentially activate nearby genes. We developed
insulated FV vectors, using four previously described insulators: a version of the well-studied chicken
hypersensitivity site 4 insulator (650cHS4), two synthetic CCCTC-binding factor (CTCF)-based insula-
tors, and an insulator based on the CCAAT box-binding transcription factor/nuclear factor I (7xCTF/NF1).
We directly compared these insulators for enhancer-blocking activity, effect on FV vector titer, and fidelity
of transfer to both proviral long terminal repeats. The synthetic CTCF-based insulators had the strongest
insulating activity, but reduced titers significantly. The 7xCTF/NF1 insulator did not reduce titers but
had weak insulating activity. The 650cHS4-insulated FV vector was identified as the overall most
promising vector. Uninsulated and 650cHS4-insulated FV vectors were both significantly less genotoxic
than gammaretroviral vectors. Integration sites were evaluated in cord blood CD34+ cells and the
650cHS4-insulated FV vector had fewer hotspots compared with an uninsulated FV vector. These data
suggest that insulated FV vectors are promising for hematopoietic stem cell gene therapy.

INTRODUCTION

RETROVIRAL VECTOR-MEDIATED GENE THERAPY has
enormous potential to cure genetic disorders and
has been used successfully to correct hematopoi-
etic diseases in numerous clinical trials.1–6 Early
SCID-X1 (X-linked severe combined immunodefi-
ciency) clinical trials using gammaretroviral (GV)
vectors were successful in treating the SCID-X1
phenotype; however, patients in two clinical trials
developed leukemia as a result of vector-induced
genotoxicity.7,8 Preclinical studies and additional
clinical trials for SCID-X1 and Wiscott-Aldrich
syndrome have continued to show similar or even
higher rates of oncogenesis as a severe adverse side
effect of retroviral hematopoietic stem cell (HSC)
gene therapy.9–11 These side effects are caused by
enhancer elements within integrated vector pro-
viruses that activate nearby proto-oncogenes.7,11–16

Advanced designs of retroviral vectors have elimi-
nated or greatly reduced the native retroviral en-
hancer elements in the long terminal repeats

(LTRs), significantly increasing the safety of mod-
ern vectors.14,17–19 However, the promoters neces-
sary for sufficient gene expression to correct a
disease phenotype may contain enhancer elements
with the potential to cause dysregulation, which
has already been documented.4 These genotoxic
side effects are a major hurdle to the safety of ret-
roviral vector-mediated gene therapy, limiting
adoption of this approach in the clinic.

Increasing the safety of retroviral vectors can be
approached in several different ways, and the
choice of vector parent virus is paramount. Retro-
viruses have specific integration site preferences
that, in addition to removing the native viral en-
hancers, can be used to increase the safety of ret-
roviral vectors.20 Vectors developed from foamy
virus (FV), the only member of the Spumare-
trovirinae subfamily of retroviruses, have an inte-
gration profile that is potentially safer than other
retroviral vectors.20–24 FV vectors have a reduced
preference for integration within CpG islands
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known to be DNA regulatory regions and near
promoters compared with GV vectors, and a re-
duced likelihood to integrate within genes relative
to lentiviral (LV) vectors.20,21 In addition to a more
desirable integration profile, FV vectors also have a
lower propensity to dysregulate nearby genes
when directly compared with GV and LV vectors.25

These increased safety features, in addition to a
large therapeutic transgene-carrying capacity17

and broad tissue tropism including human mobi-
lized peripheral blood and cord blood-derived
CD34+ cells,23,26 suggest that FV vectors are a
promising vector for safer HSC gene therapy.

FV vectors appear to be relatively safe, but the
internal promoter-enhancers necessary for thera-
peutic gene expression could potentially activate
nearby genes. A proven approach to reduce this
source of genotoxicity is to add chromatin insula-
tors to retroviral vectors.18,27–29 Chromatin insu-
lators are DNA sequences that protect genes from
inappropriate transcription, often by recruiting
proteins necessary for chromatin remodeling
and scaffold attachment.30–32 There are two types
of insulators: barrier insulators and enhancer-
blocking insulators.30 Barrier insulators are se-
quences that allow for an abrupt change from closed
to open chromatin and protect genes from being
silenced. Enhancer-blocking insulators, hereafter
referred to as insulators, prevent enhancer ele-
ments from acting on promoters when the insulator
is between an enhancer and promoter. We hypoth-
esized that adding insulators to FV vectors might
improve their safety.

Here four previously described promising can-
didate insulators were evaluated for use in FV
vectors. A 650-bp version of the well-studied
chicken hypersensitivity site 4 (cHS4) originally
described by Arumugam and colleagues33 and
three synthetic insulators described by Gaussin
and colleagues34 were tested. The 650-bp cHS4
(650cHS4) is a combination of the 5¢ 250-bp core,
which contains a CCCTC-binding factor (CTCF)-
binding site, and the 3¢ 400 bp of the 1.2-kbp
cHS4.35,36 This 650cHS4 insulator reduces the
genotoxicity of GV and LV vectors.18,33 Of the three
synthetic insulators tested here, two have multiple
binding sites for CTCF and the third has multiple
binding sites for the CCAAT box-binding factor/nu-
clear factor 1 (CTF/NF1). The CTF/NF1 protein is
believed to be involved in barrier insulation and its
DNA-binding sequence seems to impart enhancer-
blocking activity when presented in multiple re-
peats.34,37–39 Reduced genotoxicity of GV vectors
has previously been demonstrated with all of these
insulators. Using a series of assays, including a

plasmid-based assay to evaluate insulator activity
and a novel shuttle vector approach to assess the
fidelity of insulator transfer from the vector plasmid
to the integrated vector provirus, a cHS4-based in-
sulated FV vector was found to be promising and
evaluated for its relative genotoxicity.

MATERIALS AND METHODS
Cell culture

All cell lines were maintained at 37�C and 5%
CO2. HEK293T and HT1080 fibroblasts were cul-
tured in HyClone high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (SH30022.01; Thermo
Scientific, Waltham, MA) supplemented with
10% fetal bovine serum (FBS) (S11550; Atlanta
Biologicals, Lawrenceville, GA) and penicillin–
streptomycin (50 U/ml) (17-602E; Lonza, Walkers-
ville, MD). WEHI-3 cells (TIB-68; American Type
Culture Collection [ATCC], Manassas, VA) were
maintained between 2 · 105 and 2 · 106 cells/ml in
Iscove’s modified Dulbecco’s medium (IMDM) (12-
722F; Lonza) supplemented with 10% FBS, 0.05 M
2-mercaptoethanol (Sigma-Aldrich, St. Louis, MO),
and penicillin–streptomycin (50 U/ml). For the
production of WEHI CM IL-3 tissue culture addi-
tive, 2 · 105 cells/ml were plated and cultured for
5 days. Medium was then collected, clarified by
centrifugation at 400 · g, filtered through a 0.22-
lm (pore size) filter (Millipore, Bedford, MA), and
stored at –20�C. 32D cells (CRL-11346; ATCC)
were maintained between 2 · 105 and 1 · 106 cells/
ml in RPMI 1640 (SH30027.01; Thermo Scientific)
supplemented with 10% FBS, 10% WEHI CM, and
penicillin–streptomycin (50 U/ml). For interleukin
(IL)-3 depletion experiments, 32D cells were grown
in RPMI, 10% FBS, and penicillin–streptomycin
(50 U/ml) after extensive washing with phosphate-
buffered saline (PBS).

Plasmids and plasmid construction
Insulator elements have been previously de-

scribed.33,34 Spacers in synthetic insulators were
derived from mouse utrophin cDNA (GenBank ac-
cession number: BC062163.1) as previously de-
scribed.34 All insulators were synthesized with
flanking NsiI restriction sites. The FV vector
plasmid FV-PGW was previously described40 and
carries an enhanced green fluorescent protein
(EGFP) reporter transgene expressed from a hu-
man phosphoglycerate kinase (PGK) promoter.
FV-SGW is an FV vector plasmid containing an
EGFP reporter transgene expressed from a spleen
focus-forming virus (SFFV) promoter. These FV
vector plasmids contain an added NsiI restriction
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site at the U3 deletion site of the 3¢ LTR to facilitate
inserting insulators. The FV-SGWKO vectors were
developed by cloning an SalI restriction site-
flanked R6Kc bacterial origin of replication and
kanamycin resistance cassette into the SalI re-
striction site within FV-SGW. The enhancer-
blocking test plasmid was created by synthesizing
the cytomegalovirus (CMV) enhancer, multiple
cloning site with NsiI restriction site, CMV mini-
mal promoter expressing mCherry, and poly(A)
signals into a pUC57 backbone. The PGK-driven
EGFP expression cassette was derived from the
vector FV-PGW.40 The 1.2-kbp cHS4 insulator was
amplified by PCR from chicken genomic DNA
(69233; Novagen/EMD Millipore, Darmstadt, Ger-
many), using primers 5¢-ATATTCCCCCATCCTC
ACTGA-3¢ and 5¢-GAAGAAAAGAAGCAGGCTT
TC-3¢ and Phusion high-fidelity polymerase (Thermo
Scientific). Insulators were cloned into the NsiI re-
striction site of all plasmids and vectors. The LTRs of
FV-PGW and insulated FV constructs were cloned
into the multiple cloning site of the enhancer-
blocking test plasmid with ClaI and PvuII. All insu-
lators were synthesized by Blue Heron Biotechnology
(Bothell, WA) or GenScript (Piscataway, NJ).

Vector production and titer
Vectors were produced on HEK293T cells plated

on poly-L-lysine-coated plates by polyethylenimine
(PEI) transfection of vector plasmids with vector-
packaging helper plasmids as previously de-
scribed.41–43 The GV vector CL-SGN was generated
from pCAG-GFP, a gift from F. Gage (plasmid no.
16664; Addgene, Cambridge, MA),44 where an
SFFV EGFP neomycin cassette was cloned in be-
tween the EcoRI sites, using standard molecular
biology techniques. The GV vector CL-SGN and the
LV vector LV-SFFVEGFP were both pseudotyped
with a vesicular stomatitis virus G glycoprotein
(VSV-G) envelope. The functional titers of all vec-
tors were determined after transduction of HT1080
fibroblasts and flow cytometric analysis for EGFP-
expressing cells.

Enhancer-blocking activity assay
HEK293T cells (4 · 105) were plated on poly-L-

lysine-coated wells of 12-well plates. Cells were
transfected with 1 lg of control or insulator-
containing enhancer-blocking test plasmid and
incubated for 40–45 hr before harvest for flow cy-
tometric analysis on an BD Accuri C6 flow cyt-
ometer (BD Biosciences, San Jose, CA). To evaluate
insulating activity, the ratio of mCherry mean
fluorescence intensity (MFI) to EGFP MFI was
determined for the EGFP-positive cells. The con-

trol ratio was normalized to 100% and the percent
expression as compared with control was deter-
mined for all inserted sequences.

Shuttle vector rescue for insulator fidelity
HT1080 fibroblasts were infected with the in-

sulated FV-SGWKO vector, sorted for EGFP ex-
pression to greater than 95% transduction, and
expanded to at least 1.5 · 106 cells. DNA was then
extracted from the cells, digested with the restric-
tion enzyme NdeI, ligated and transformed into
electrocompetent TransforMax EC100D pir+ Es-
cherichia coli (ECP09500; Epicentre, Madison,
WI), and plated on kanamycin-containing plates.
Colonies were isolated and sequenced by Beckman
Coulter Genomics Services (Danvers, MA), using
primers 5¢-TATGCCTCCCGCTATGCTCG-3¢ and
5¢-CCTGTGGAACACCTACATCTG-3¢ for the 5¢
and 3¢ LTRs, respectively. Retrieved sequences
were aligned to vector sequence data using the
BioEdit alignment tool (Ibis Biosciences, Carlsbad,
CA). Retrieved sequences that did not contain
chromosome junctions were further processed to
verify integration. DNA was extracted from se-
lected colonies, digested with AvrII, and sequenced
(Macrogen Korea, Seoul, South Korea) using pri-
mer 5¢-TAAACCGACTTGATTCGAGAA-3¢.

32D genotoxicity assay
32D cells (2 · 106 or 1 · 108) were plated in log

phase at 5 · 105 cells/ml in 32D WEHI CM medium
and transduced with CL-SGN, FVSGW, or FVSGW-
650cHS4-R vector at a multiplicity of infection
(MOI) of 2 or with LV-SFFVEGFP at an MOI of 0.4,
resulting in 3–5% transduction as previously de-
scribed.18 CL-SGN and LV-SFFVEGFP transduc-
tions were carried out in the presence of protamine
sulfate (4lg/ml). Cells were cultured for 48 hr, to
allow for transduction, and then enriched by flow
sorting for EGFP-expressing cells (S3 cell sorter;
Bio-Rad, Hercules, CA). Sorted cells were allowed to
recover in 32D WEHI CM medium for 24 hr and then
thoroughly washed with PBS and transferred to
RPMI supplemented with FBS and penicillin–
streptomycin. Forty-eight hours later, cells were
counted and plated at a concentration of 5 · 105 cells/
ml in MethoCult semisolid medium (04230; Stemcell
Technologies, Vancouver, BC) containing RPMI.
Colonies were scored after 4–5 weeks of incubation.

Transduction of human cord blood CD34+ cells
Human cord blood CD34+ progenitor cells (2C-

101; Lonza) were stimulated and maintained be-
tween 5 · 105 and 1 · 106 cells/ml in IMDM with
10% FBS and a 100-ng/ml concentration each of
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recombinant human interleukin (rhIL)-3, rhIL-6,
recombinant human stem cell factor (rhSCF),
recombinant human thrombopoietin (rhTPO),
rhFlt-3, and recombinant human granulocyte
colony-stimulating factor (rhG-CSF) (ProSpec,
Ness-Ziona, Israel). After 24 hr of culture, 1 · 106

cells were harvested and exposed to FVSGW or
FVSGW-650cHS4-R on CH-296-coated suspension
culture plates at an MOI of 10 for 16 hr. Cells were
then transferred to standard tissue culture-treated
plates maintained for up to 10 days. Transduced
cells were sorted by EGFP at 5 days post-
transduction. At 10 days, remaining cells were
harvested and DNA was extracted with a Gentra
Puregene tissue kit (Qiagen, Valencia, CA).

Quantitative real-time PCR for relative
retroviral vector integration copy number

DNA extracted from 5-day in vitro-cultured
transduced CD34+ cells was assessed for copy num-
ber by quantitative real-time PCR assay for the
EGFP transgene carried by the retroviral vectors.
Forty nanograms of DNA was amplified in triplicate
with the EGFP primers 5¢-TGAGCAAAGACCCC
AACGAG-3¢ and 5¢-TCGTCCATGCCGAGAGTGAT-
3¢. As an internal control, the b-globin gene was
amplified with primers 5¢-ATATCCCCCAGTTTAG
TAGTTGGA-3¢ and 5¢-CCACAAGTATCACTAAGC
TCGC-3¢. PCR-amplified DNA for standard ampli-
fication curves was generated with the previously
described primers. Standard curves were run in
triplicate with a 10-fold dilution series ranging from
100 to 107 copies. Reactions contained 10ll of Ap-
plied Biosystems SYBR green master mix (Thermo
Fisher Scientific, Grand Island, NY) and a 0.2 lM
concentration of each primer in a total volume of
20ll. Quantitative real-time PCR was performed on
a CFX384 Touch (Bio-Rad) under the following
thermal cycling conditions: 95�C for 10 min, 40 cy-
cles of 95�C for 15 sec and 61�C for 1 min, and a final
extension at 65�C for 5 min. Vector copy number per
cell is expressed as the ratio of EGFP gene copies to
b-globin copies.

Modified genomic sequencing-polymerase
chain reaction and integration
site analysis

Three micrograms of genomic DNA was ana-
lyzed by modified genomic sequencing-polymerase
chain reaction (MGS-PCR) as previously de-
scribed45,46 and sequenced on an Illumina MiSeq
(Genomic Sequencing and Analysis Facility, Uni-
versity of Texas-Austin, Austin, TX). Briefly, ge-
nomic DNA was sheared to an average fragment
size of 1.5 kbp with a HydroShear (Digilab, Marl-

borough, MA) set to a speed code of 12. Fragment
ends were repaired (terminator end repair kit;
Lucigen, Middleton, WI) and a linker sequence was
ligated to the fragments. Fragments then under-
went two sets of 30-round exponential PCR. The
first, exponential PCR was done with biotin-tagged
FV LTR primer 5¢-ACCGACTTGATTCGAGAACC-
3¢ and linker primer 5¢-GACCCGGGAGATCTG
AATTC-3¢. After MACS (magnetic-activated cell-
sorting) bead purification (Dynabeads M-280
streptavidin; Thermo Fisher Scientific) to enrich
for biotin-tagged fragments, samples were ampli-
fied by PCR with FV LTR primer containing a
sample identifier sequence (XXXXXXX) and an Il-
lumina MiSeq platform adaptor sequence (in
boldface) 5¢-AATGATACGGCGACCACCGAGAT
CTACAC/XXXXXXX/ACACTCTTTCCCTACAC
GACGCTCTTCCGATCT/GCTAAGGGAGACAT
CT-3¢ and a linker primer also containing a sample
identifier and an Illumina MiSeq platform adaptor
5¢- CAAGCAGAAGACGGCATACGAGAT/XXX
XXXX/GTGACTGGAGTTCAGACGTGTGCTCT
TCCGATC/GATCTGAATTCAGTGGCACAG-3¢.
Samples were enriched for fragments between 400
and 800 bp by agarose gel purification (QIAquick
gel extraction kit; Qiagen, Germantown, MD) and
excess primers were further removed with AMPure
XP beads (Beckman Coulter, Indianapolis, IN).
Sequencing reads were paired with Paired-End
reAd mergeR (PEAR) software,47 and processed
and mapped to the Genome Reference Consortium
(GRC) build GRhg38 human genome map with the
Vector Integration Site Analysis (VISA) server (see
https://visa.pharmacy.wsu.edu/ bioinformatics/).48,49

VISA was also used to generate a random 10,000-
site data set for comparison. PERL scripts querying
oncogene databases were used to assess integra-
tions within and near known proto-oncogenes as
previously described.20,41 Retroviral integration
site (RIS) data sets were divided into a minimum of
three nonoverlapping randomly selected matched
size data sets of 1588 unique RIS for hotspot
analysis.

RESULTS
Development of insulated FV vectors

We chose four insulators, previously shown to be
effective in GV or LV vectors, for our studies
(Fig. 1a). The first insulator we used is derived
from the well-studied chicken hypersensitivity site
four (cHS4). The cHS4 insulator is a 1.2-kbp ge-
nomic region within the chicken b-globin locus that
binds many proteins, including CTCF, and has
been extensively used in retroviral vectors to re-
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duce genotoxicity. Previous studies have shown that
cHS4 reduces retroviral vector titers.33,50 Thus, for
our studies we used the 650-bp version originally
described by Arumugam and colleagues,33 which
has similar activity to the full-length cHS4. We also
evaluated synthetic insulators described by Gaussin
and colleagues.34 These insulators have repeated
CTCF-binding elements in order to increase their
efficacy. 6xCTCF and 12xCTCF contain repeats of
either the CTCF-binding sites from cHS4 and the
blocking element a/d (BEAD) insulator from the
human a/d T cell locus (6xCTCF) or the consensus
CTCF-binding site (12xCTCF).51,52 The 7xCTF/NF1
insulator is not based on CTCF binding but has se-
ven repeats of the binding site for CTF/NF1. This
insulator was originally described as a barrier in-
sulator but may have blocking activity as well when
repeated in tandem.34,37,38

Similar to previously developed insulated ret-
roviral vectors,53,54 the insulators were positioned
in the U3 region of the 3¢ LTR of replication-
incompetent FV vectors (Fig. 1b).17,40 Enhancer
elements function bidirectionally but insulators
can prevent the enhancer activation of promoters
only when between the enhancer and promoter.30

To best prevent enhancer-mediated dysregulation
of nearby genes, the therapeutic transgene cassette
needs to be flanked by insulators. Placing the in-
sulator in the U3 region of the 3¢ LTR uses the
retroviral/vector genome replication strategy in

order to accomplish this flanking. During vector
production the vector genome is transcribed from a
plasmid and then reverse transcribed to make
integration-competent replicate vector genomes.
During reverse transcription the 3¢-LTR U3 region
is copied to the 5¢ LTR. Addition of the insulator to
the U3 region of the 3¢ LTR results in vector ge-
nomes and subsequent integrated vector pro-
viruses with insulators in both the 5¢ and 3¢ LTRs,
effectively blocking any activity from the internal
promoter on the upstream or downstream flanking
host genome (Fig. 1c). To reduce the potential
negative impact of insulator sequences on titer, the
insulators were placed at the site of a 582-bp de-
letion made during previous vector development.17

All developed vectors contain an EGFP gene cas-
sette controlled by a PGK promoter or SFFV pro-
moter in the location where a therapeutic transgene
would be located.

Enhancer-blocking activity assay
To assess the insulating activity of the candi-

date insulators, we designed a dual-fluorescence
enhancer-blocking test plasmid that features a
separated CMV enhancer and minimal promoter
(CMVe/CMVmin) controlling mCherry expression
and a control EGFP expression cassette (Fig. 2a).
Insulators were placed between the CMVe and
CMVmin and the ratio of mCherry to EGFP ex-
pression was compared (Supplementary Fig. S1;

Candidate insulators

650cHS4

6xCTCF

12xCTCF

7xCTF/NF1

250 bp CTCF core 3’ 400 bp

BEAD CTCF cHS4 CTCF

CTCF

CTF/NF1

Insulator

EGFPPromoterCMV R U5 R U5

EGFPPromoter

Insulated FV vector plasmid construct

Insulated FV vector DNA and provirus

U3

R U5U3R U5

CAR EGFPPromoterCMV R U5 R U5U3

FV vector plasmid construct

U3

EGFPPromoterR U5 RU3

Insulated FV vector RNA intermediate

Insulated FV vectors

Action of insulators in FV vector provirus

CAR

CAR

CAR

a b

c

Figure 1. Insulated foamy viral (FV) vectors. (a) Candidate insulators. The 650cHS4 insulator is derived from the 1.2-kbp chicken hypersensitivity site 4 (cHS4)
from the chicken b-globin locus. This insulator contains the 5¢-most 250-bp core containing the CCCTC-binding factor (CTCF)-binding domain and the terminal
400-bp portion. The 6xCTCF insulator contains alternating repeats of the CTCF-binding domain from blocking element a/d (BEAD) and the cHS4 CTCF-binding
domain. The 12xCTCF insulator contains consecutive repeats of a CTCF-binding domain consensus sequence separated by unique spacers. The 7xCTF/NF1
insulator contains consecutive repeats of the CTF/NF1-binding domain. (b) Insulated FV vector construction. Insulators were inserted into the U3 deletion site
of the 3¢ LTR. The FV vector DNA is transfected into HEK293 cells to make vector virions. During vector preparation the vector DNA is initially transcribed into
RNA, which is encapsidated and reverse transcribed into DNA that is integrated into the host genome. During the process of reverse transcription, the 3¢ LTR,
including the insulator, is copied to the 5¢ LTR so that the integrated provirus is flanked by the insulators. CAR is the cis-acting region containing the remaining
portions of the FV gag, pol, and env sequences necessary for vector genome packaging and integration. (c) Insulators block the internal promoter from acting
on adjacent host genes.
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supplementary data are available online at
www.liebertpub.com/hum). Because the assay is
based on a circular plasmid, the CMVe can act as
an enhancer on the CMVmin from either the 5¢ or 3¢
end of the mCherry gene cassette. To isolate the
effects of the test insulator and block the CMVe
from acting in the 5¢ direction as a downstream
enhancer, a permanent full-length cHS4 insulator
was positioned at the 3¢ end of the mCherry gene

cassette. The full-length cHS4 insulator is present
in the control as well as the plasmids containing
insulators so that the reduction in mCherry gene
expression normalized to EGFP observed is due
to the insulator placed between the CMVe and
CMVmin. This plasmid assay has some key differ-
ences from previously reported assays to improve
the detection of enhancer-blocking activity. Pre-
viously described assays have used antibiotic resis-
tance and reduction in the number of live cells to
determine insulator activity, which requires selec-
tion of stably transfected cells over a few weeks.34,35

Our assay uses changes in the intensity of a fluo-
rescence reporter, which allows for highly quanti-
tative determination of insulator activity from
transfected cells within a few days by flow cytome-
try. The assay also features a 400-bp spacer between
the minimal CMV promoter and the enhancer ele-
ment to allow for improved range of motion for the
enhancer to interact with the promoter.

Enhancer-blocking activity was found for all
insulators with a broad range of activity (Fig. 2b).
The 7xCTF/NF1 insulator was the least potent in-
sulator and the 12xCTCF insulator was the most
potent. Interestingly, there was a significant dif-
ference between the activities of the forward- and
reverse-oriented 650cHS4 insulators, which was
not observed with the synthetic insulators. To
further investigate how insulators would function
within the FV vector, the entire LTR from insu-
lated FV vectors was then cloned between the
CMVe and CMVmin (Fig. 2c). Inserting insulators
into the FV vector LTR sequence significantly de-
creased the activity of the 6xCTCF insulator from
30 to 47%. For other insulators, insulator function
stayed the same or was improved. Interestingly,
the forward-oriented 650cHS4 insulator had ob-
servably stronger enhancer-blocking activity when
tested in the presence of the FV LTR (45%) than in
the absence of the LTR (80%) (Fig. 2b and c).

Effect of insulators on FV vector titer
LTR-insulated FV vectors containing an EGFP

expression cassette were made in HEK293T cells
and titered on HT1080 human fibroblasts (Fig. 3).
For these experiments EGFP acted as a marker for
transduction, which could be visualized by fluo-
rescence microscopy and quantitated by flow cy-
tometry. The 7xCTF/NF1 insulator had a minimal
effect on FV vector titer. The two CTCF-based in-
sulators with repeated CTCF elements, 12xCTCF
and 6xCTCF, dramatically reduced titers. 6xCTCF
was not evaluated further because of the low titers.
Neither the size of the insulator, as seen with LV
vectors,50 nor the strength of the insulator had a

a

b

c

Figure 2. Enhancer-blocking activity of candidate insulators. (a)

Enhancer-blocking plasmid construct. Insulators or an FV vector LTR
containing an insulator to be tested were placed in the multiple cloning site
between the CMV enhancer and the CMV minimal promoter controlling the
expression of mCherry. The ratio of mCherry expression to EGFP expression
was then determined. SVPA, simian virus 40 (SV40) polyadenylation site;
TKPA, thymidine kinase polyadenylation site. (b) Insulator activity.
Enhancer-blocking plasmid with no insulator (Control) or with the indicated
insulators was transfected into HEK293T cells and the effect of insulators
on enhancers, determined by intensity of fluorescence, was evaluated by
flow cytometry 40–45 hr posttransfection. Columns represent the percent-
age of normalized mCherry expression as compared with the uninsulated
control. (c) Enhancer-blocking capacity of insulators in the context of the
FV LTR. *p < 0.05 compared with control; **p < 0.05 between samples;
#p < 0.05 compared with insulator alone.
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consistent effect on titer. Interestingly, the titer of
FV vectors with insulators in the forward orienta-
tion were consistently lower than FV vectors with
insulators in the reverse orientation. However, the
reverse-oriented 650cHS4 insulator could still be
produced at a clinically relevant titer, less than 5-
fold lower than the titer of an uninsulated FV
vector, and more than 107 transducing units/ml

after vector concentration. The choice of promoter
to drive EGFP did not affect the changes in titer
(data not shown).

Fidelity of transfer of insulators
to proviral LTRs

For insulators to be effective, they must be re-
tained as the 3¢ LTR of the vector plasmid is cop-
ied to the 5¢ and 3¢ LTRs of the integrated vector
provirus during vector production, reverse tran-
scription, and integration. Previous studies have
identified problems with the retention of repeated
elements within retroviruses as well as retaining a
tandem repeat of the 250-bp cHS4 core.55–57 To
evaluate the fidelity of transfer of insulators during
vector production and transduction a shuttle vector
rescue (SVR) approach was used to isolate inte-
grated vector proviruses and sequence the LTRs
(Fig. 4a and b).20 The SVR FV vector contains an
R6Kc bacterial origin of replication and a kana-
mycin resistance cassette between the transgene
expression cassette and the FV vector LTR. After
integration with the SVR FV vector, the host cell
genome will contain integrated vector proviruses
with bacterial origins of replication and kanamycin
resistance cassettes. The DNA from the transduced
cells can now be extracted and digested with a re-
striction enzyme that cuts the genomic DNA but
does not cut the integrated provirus. Of the di-
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Figure 3. Titers of insulated FV vectors. HT1080 fibroblasts were trans-
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control. *p < 0.05 compared with control.
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Figure 4. Shuttle vector rescue for analysis of insulator fidelity. A shuttle vector rescue strategy was used to isolate whole integrated vector proviruses and
evaluate the presence of insulators from both the 5¢ and 3¢ LTRs. (a) Schematic of the shuttle vector rescue insulated FV vector construct with an R6Kc bacterial
origin of replication and kanamycin resistance cassette between the EGFP gene cassette and the 3¢ LTR. (b) Shuttle vector rescue process to rescue whole
integrated proviruses from transduced HT1080 genomic DNA. Genomic DNA is isolated from transduced cells and then digested with the restriction enzyme NdeI,
which does not cut within the provirus, to produce DNA fragments with an intact vector provirus. Digested DNA is then ligated and transformed into electro-
competent Escherichia coli. Plasmid DNA from transformed kanamycin-resistant colonies containing proviruses is isolated and both the 3¢ and 5¢ LTRs are
sequenced to determine the fidelity of transfer of the insulators to each LTR. In the example, two rescued proviruses are shown; the top one has an intact 6X
element, whereas the bottom one has deleted two elements in both the 5¢ and 3¢ LTRs. (c) Percentage of intact insulated LTRs rescued after shuttle vector rescue.
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gested DNA, only the fragments containing inte-
grated proviruses will have kanamycin resistance
cassettes. These fragments can then be ligated and
transformed into bacteria for isolation on kanamycin-
containing plates. In this way, the complete provirus
can be captured as a plasmid, and both LTRs can be
sequenced for direct comparison. SVR thus allowed
us to rapidly evaluate the fidelity of transfer of in-
sulators from vector plasmids into both vector pro-
virus LTRs. Both 650cHS4 and 7xCTF/NF1 were
retained at high frequency regardless of orientation
(Fig. 4c and Supplementary Table S1). The 12xCTCF
insulator was not efficiently retained, with a dra-
matic decrease in fidelity when the insulator was in
the forward orientation. For all captured proviruses
where loss of an insulator occurred, the deletions
were large (at least 150 bp) and only one to three
CTCF-binding sites remained when the insulator
was in the forward orientation. With few exceptions,
the provirus 5¢ and 3¢ LTRs were identical, suggest-
ing the errors occurred during reverse transcription.
The insulator with the lowest fidelity tested in the
fidelity assay, 12xCTCF in forward orientation, re-
sulted in the lowest titer FV vector.

Evaluating the safety of insulated
FV vectors in vitro

The FV vectors containing the 650cHS4 in re-
verse orientation were determined to be the most
promising insulated vectors for further studies
because of a clinically relevant titer, significant
enhancer-blocking activity, and efficient retention
of insulators in both LTRs within integrated vec-
tor proviruses. Therefore we began assessing the
genotoxicity of these vectors in vitro, using a pre-
viously described assay using 32D myeloid cells.18

32D cells are an IL-3-dependent cell line where
genotoxicity is measured by the frequency at which
cells become IL-3 independent. IL-3 independence
can be achieved by activation of autocrine IL-3
production or by activation of numerous oncogenes
that negate the need for IL-3.58 As described by Li
and colleagues,18 the 32D in vitro assay is 10-fold
more sensitive to genotoxic events than assays
using normal mouse bone marrow, and genotoxi-
city can be detected from GV with as few as 1 · 106

cells at 3% transduction efficiency.
Previous studies have suggested a reduced po-

tential for FV vector genotoxicity compared with GV
vectors. In anticipation of this, we used vectors with
SFFV-controlled EGFP gene cassettes and increased
the number of total cells in the assay. Although not a
promoter currently used in retroviral gene therapy
clinical trials, the SFFV promoter represents a
worse-case scenario to fully stress the action of the

insulators. For FV vectors we expanded the proce-
dure to 1 · 108 cells at 5% transduction efficiency in
order to detect possible genotoxicity. The 32D cell
assay shows that FVSGW and FVSGW-650cHS4-R
are both significantly less genotoxic than the control
GV vector (CL-SGN) (Fig. 5a). Because LV vectors
are becoming more popular for gene therapy studies

Figure 5. In vitro assessment of genotoxicity. (a) 32D cells were trans-
duced with the indicated vectors and plated in IL-3-deficient semisolid
medium for 4–5 weeks to allow for colony development. Shown is the mean
fold difference with standard deviation as compared with untransduced
control cells per 5 · 105 plated cells. CL-SGN, n = 4; LV-SFFVEGFP, n = 34;
FVSGW, n = 45; FVSGW-650cHS4-R, n = 43. (b) CD34+ stem cells from cord
blood were transduced with either FVSGW or FVSGW-650cHS4-R and
cultured in vitro for 5 or 10 days before genomic DNA extraction for
modified genomic sequencing-polymerase chain reaction (MGS-PCR).
Captured integrations were ordered by position in the genome, and the
distances between nearest integration sites were evaluated. Columns
represent the percentage of total integrations within 50 kbp of two other
integration sites. Each average is based on at least three randomly chosen
nonoverlapping unique sets of 1588 integrations from the available MGS-
PCR sequencing data. *p < 0.001 compared with LV-SFFVEGFP, FVSGW, and
FVSGW-650cHS4-R; **p < 0.05 compared with FVSGW; ***p < 0.01 com-
pared with FVSGW; #p < 0.05 compared with day 5.
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because of their reduced genotoxicity compared with
GV vectors,28,59 1 · 108 32D cells were also trans-
duced with an SFFV-containing LV vector (LV-
SFFVEGFP). Consistent with previous findings, LV-
SFFVEGFP is also significantly less genotoxic than
CL-SGN with no detectable difference in the fre-
quency of 32D colony formation compared with the
FV vectors. Therefore, while CL-SGN consistently
causes conversion of 32D cells to IL-3 independence,
this conversion is not consistently detectable for FV
or insulated FV and suggests that these vectors are
both relatively safe and at least as safe as LV vectors.

Reduced genotoxicity of insulated vectors
in human cord blood CD34+ cells

Ultimately, insulated FV vectors used for HSC
gene therapy will need to be safe in patient cells
that are used in the clinic. We thus explored po-
tential signs of genotoxicity in transduced and
in vitro-cultured human CD34+ cord blood cells by
performing RIS analysis of MGS-PCR-captured
integration sites. Our goal was to determine whe-
ther the 650cHS4 insulator would affect the inte-
gration profile as well as evaluate integrations
near proto-oncogenes and hotspots that may have
clinical relevance and warn of potential genotoxic
side effects in a clinically relevant target cell.
Again, FV vectors containing a highly genotoxic
SFFV promoter were used to maximize potential
differences between the control uninsulated vector
and the insulated vector. Cord blood CD34+ cells
were transduced at an MOI of 10, resulting in 12.7
and 13.2% EGFP-expressing cells, respectively, for
insulated and noninsulated FV vectors (Supple-
mentary Fig. S2a). Before DNA extraction for RIS
retrieval, samples were enriched to about 80%
EGFP-expressing cells and equal transduction ef-
ficiency was verified by qPCR (Supplementary
Fig. S2b and c). MGS-PCR of extracted DNA re-
sulted in the capture of 4764 unique integrations
from insulated FV vector-transduced samples
and 9765 unique integrations from uninsulated
FV vector-transduced samples (Supplementary
Table S2). The integration profiles of FV and
FVSGW-650cHS4-R were assessed after 5 days of
in vitro culture (Supplementary Fig. S3). Addition
of the cHS4 insulator did not significantly change
the distribution of integration sites in proximity to
transcription start sites (TSS) or DNase hyper-
sensitivity sites, nor did it change the frequency of
integrations within genes on day 5 after vector
exposure (Supplementary Table S2). We also as-
sessed integration sites for proximity to known
proto-oncogenes and extended the culture time to
10 days to evaluate any potential skewing during

in vitro culture. From the 14,529 integrations sites
retrieved from day 5 and the additional 5976 sites
and 13,120 sites retrieved from insulated and un-
insulated FV vector-transduced samples, respec-
tively, we were able to determine that there was no
significant difference in the number of FV or FV-
650cHS4-R vector integrations observed near
proto-oncogenes (Supplementary Table S2).

We then assessed the frequency of integration
hotspots. A hotspot is defined as an area of the
genome where clusters of integrations are observed
more frequently than expected by chance. On the
basis of previous evaluations of GV and LV vector
hotspots and common insertion sites we defined
three integrations in a span of 50 kbp or less as a
hotspot.60,61 To avoid bias from integration site
sample size differences, the MGS-PCR data sets
were divided into a minimum of three nonover-
lapping subsets of 1588 unique integration sites.
Integrations within hotspots were then identified
from these subsets. Fewer integration hotspots
were observed from FVSGW-650cHS4-R-insulated
FV vector-transduced CD34+ cells than from the
uninsulated FV vector-transduced cells (Fig. 5b).
We also observed a statistically significant increase
in the number of hotspots captured from day 5 to
day 10 in uninsulated FV vector-transduced sam-
ples that was not seen in the insulated counter-
part. The integration hotspots were also less likely
to be near known oncogene TSS, although these
differences were not statistically significant (Sup-
plementary Fig. S4). These data show that the
650cHS4 insulator reduced the frequency of inte-
gration hotspots when used in otherwise identical
FV vectors.

DISCUSSION

Retroviral vectors have enormous potential for
HSC gene therapy, but genotoxicity continues to be a
major concern for their clinical use. Here we describe
the development of an insulated FV vector and show
that in human cord blood CD34+ cells, fewer in-
tegrants occurred within hotspots compared with
an uninsulated FV vector. We also describe a new
rapid plasmid-based assay for insulator function
and a shuttle vector assay to rapidly assess the
fidelity of insulator transfer to the integrated vector
provirus.

An insulated FV vector should have potent in-
sulating activity and must be produced at high-
enough titer for efficient HSC transduction. It
should also maintain insulator fidelity during
transfer of the insulator from the 3¢ vector plasmid
LTR to both LTRs of the integrated vector provirus
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in order to flank the transgene cassette. We found
that thepreviouslydescribed 12xCTCFand 6xCTCF
insulators were potent in a plasmid-based assay;
however, they greatly reduced FV vector titers
below what can be used in a clinical setting. Also,
when the fidelity of transfer of the 12xCTCF insu-
lator was evaluated, 33% (reverse orientation) to
87% (forward orientation) of integrated proviruses
had deletions of the repeated CTCF elements. Ta-
ken together, these data suggest that repeated el-
ements of CTCF mediate potent insulating
activity, but future designs need to reduce recom-
bination during vector production. This may be
possible by creating repeated CTCF elements that
are not based on a consensus CTCF element, but
instead use different CTCF elements with mis-
matches to reduce the potential for recombination.
Evaluation of CTCF-binding sites in the human
genome has established hundreds of CTCF-binding
domains, so designing repeated CTCF elements
with potent insulating activity that do not reduce
vector titers may be possible.62–65

Only the FV vectors with 650cHS4 in the reverse
orientation fulfilled the criteria of significant insu-
lating activity, high titer, and high fidelity of insu-
lator transfer from vector plasmid to vector
provirus. By using vectors with a strong SFFV in-
ternal promoter, we showed in the established and
sensitive 32D assay that the FV vectors were sig-
nificantly less genotoxic than a GV vector (CL-SGN)
and similar in genotoxicity to an LV vector (LV-
SFFVEGFP) (Fig. 5a). Neither the LV vectors nor
the FV vectors produced consistently reproducible
transformation of 32D cells to factor independence.
As such, we were unable to establish a difference
in genotoxicity between FVSGW and FVSGW-
650cHS4-R with this assay. However, when integra-
tion sites in cord blood CD34+ cells were compared, a
potential difference in safety was observed between
the uninsulated and insulated FV vectors. The
global distribution of captured integration sites
from both vector-transduced samples were similar,
as expected, with no significant difference in distri-
bution of integrations near gene TSS, integrations
within genes, or near or in known proto-oncogenes
(Fig. 5b and Supplementary Table S2). We also
did not identify clonal dominance within any of
the samples, consistent with FV vector-transduced
samples being highly polyclonal with and without
an insulator.41,66 Despite these similarities, a sig-
nificant reduction in the number of observed inte-
gration sites within hotspots was observed when
FV vectors were insulated. The effect is seen as
early as 5 days after vector exposure and increases
over time as indicated by a significant increase in

the number of observed integrations within hot-
spots in uninsulated FV vector-transduced samples
(Fig. 5b). Furthermore, we did not observe a change
in the number of integrations within hotspots of in-
sulated FV vector-transduced samples over time.
Therefore our data show the insulator is potentially
reducing the effects of the strong promoter on the
surrounding host genome, thus reducing skewing
from the initial polyclonal distribution of the trans-
duced samples and inhibiting the proliferation of cells
containing integration within a hotspot.

We speculate that the initial distribution of inte-
gration sites with respect to hotspots is not signifi-
cantly different for the uninsulated and insulated
FV vectors. This is because the insulator element is
not expected to alter the integration profile. How-
ever, as early as day 5, the uninsulated vector is
potentially promoting a growth advantage of hot-
spots (Fig. 5b). By day 10 this difference is signifi-
cantly greater, which is consistent with 5 days being
sufficient time for skewing of hotspots. In this study
we chose to use a highly genotoxic promoter, SFFV,
in order to maximize the potential to observe a re-
duction of skewing by an insulator element. In the
setting of gene therapy a less genotoxic promoter
would be preferred, but it must still provide suffi-
cient transgene expression to correct the disease
phenotype.67,68 Also, genotoxicity has still been ob-
served in some vectors with housekeeping promot-
ers such as PGK, which may still benefit from the
use of insulators in a clinical setting.39 Additional
studies to evaluate the effect of the FV-650cHS4-R-
insulated FV vector on skewing in repopulating cells
are warranted, but our data in human cord blood
CD34+ cells suggest that insulated FV vectors may
further improve FV safety.

Evaluating insulators in both forward and re-
verse orientation brought to light some interesting
characteristics that should be taken under consid-
eration when developing insulated vectors. We
found that insulators can have variable activity
depending on their orientation and that this can be
changed in the context of the vector LTR. We also
found that placing an insulator in the FV vector
LTR can increase or decrease the activity of an
insulator (Fig. 2b and c). The direct validation and
comparison of insulator activity within the context
of a retroviral LTR as we have shown here has
previously been understudied, and is critical to
assess insulators for use in retroviral vectors. Our
enhancer-blocking activity assay allowed rapid
assessment of insulators in either orientation and
allows rapid assessment of activity within a LTR.
As new CTCF-based and also non-CTCF-based in-
sulator sequences continue to be identified, the
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plasmid-based enhancer activation assay we de-
scribe here should allow high-throughput analysis
of candidate insulators to efficiently identify novel
promising insulators.

In summary, our findings provide additional
evidence that FV vectors are relatively safe for
gene therapy. We developed a high-titer 650cHS4-
insulated FV vector that transfers the insulator
element with high fidelity to both proviral LTRs.
We also showed that this insulated FV vector may
be safer than an uninsulated FV vector, based on
the frequency of integrants in hotspots in cord
blood CD34+ cells. Previous studies with GV and
LV vectors strongly suggest that insulators add to

the safety of vectors18,33,34,39 and this also seems to
be the case for FV vectors. Our data strongly sup-
port further preclinical evaluation of insulated FV
vectors for HSC gene therapy.
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