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Position effects limit the curative potential of gene 
 transfer strategies for the hemoglobinopathies by induc-
ing clonal variability of transgene expression. We evalu-
ated the mitigating effects of the chicken hypersensitivity 
site 4 (HS4) insulator among lentiviral vector-transduced 
human hematopoietic cells. We constructed  various 
lentiviral vectors using a green fluorescent protein 
(GFP) reporter under the control of a reverse-oriented 
murine stem cell virus (MSCV)-long-term repeat (LTR) 
promoter or a reverse-oriented β-globin expression cas-
sette. A full-length HS4, a tandem HS4 core, and a single 
core insulator were inserted into the 3′ LTR in both for-
ward and reverse orientation. All but the reverse single 
core insulator significantly decreased titers. All reduced 
%GFP without increasing mean fluorescence intensity 
(MFI) among erythroid progeny of transduced human 
CD34+ cells. A lower coefficient of variation (CV) was 
observed only among progeny of the full-length vector-
transduced cells, yet a fivefold reduction in transduction 
efficiency was observed. In xenografted mice, the single 
core insulator decreased both the %GFP and the MFI at 
4 and 8 weeks after transplantation with no difference in 
CVs. These data demonstrate that the inclusion of HS4 
insulator elements lowers viral titers, reduces  efficiency 
of transduction, and produces minimal effects on trans-
gene expression among human hematopoietic cells 
in vitro and in vivo.
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IntroductIon
Hematopoietic stem cell (HSC)-targeted gene therapy using 
 retrovirus-based vectors is potentially curative for hemoglobin dis-
orders such as the β-thalassemias and sickle-cell disease. In order 
to be successful, gene addition strategies must achieve high-level 
β-globin gene expression from vector constructs among erythroid 
progeny of transduced HSCs, especially for sickle-cell disease in 

which the production of pathologic β-globin continues after gene 
transfer. Significant improvements in the level of β-globin expres-
sion from viral vectors have resulted from the inclusion of large 
fragments of the locus control region, a reverse-oriented β-globin 
gene including introns, and the β-globin 3′-untranslated region in 
HIV1-based lentiviral vector systems.1–4 This vector system stably 
transmits the human β-globin gene and corrects the β-thalassemia 
intermedia phenotype of Hbbth3/+ mice,2 and also proved sufficient 
for phenotypic correction of a novel thalassemia major mouse 
model.5 Confirmatory results were also obtained by others in both 
thalassemia and sickle-cell disease mouse models.4,6–9 These results, 
while encouraging, may prove difficult to duplicate in humans and 
the development of methods to improve upon expression among 
human blood cells remains a priority.

The site of vector integration can influence gene expression 
among the progeny of transduced HSCs. HIV1 vectors have a 
general tendency toward equal integration into activated genes in 
the genome.10 In blood cells that derive from transduced stem/ 
progenitor cells, the chromosome regions in which the vector 
provirus integrates may close during subsequent differentiation, 
resulting in reduction of transgene expression termed chromo-
somal position effects. Because many variations of viral integration 
sites exist in transduced HSCs, the position effect has the potential 
to further introduce clonal variability of transgene expression.11

Position effects were previously shown to be overcome by 
inserting chromatin insulator elements, such as the chicken 
hypersensitivity site 4 (HS4). The HS4 insulator has two 
described functions: enhancer-blocking activity that reduces 
enhancing effects on a promoter when inserted between the two; 
and barrier activity that prevents chromosomal position effects 
when the gene expression cassette is flanked by the insulator.12 
Within the 1.2-kb full-length HS4 insulator, a 250b core element 
appears the important regulatory sequence for insulator func-
tion, especially for enhancer-blocking activity.13 Recent work 
demonstrates that the 1.2 kb HS4 insulator element reduces 
position effects in mouse erythroleukemia (MEL) cells and 
mouse erythroid cells in vivo, resulting in a consistent high-
level expression of an HIV1-based therapeutic β-globin gene.14 
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However, it remains unknown whether the HS4 insulator can 
perform similarly in transduced human HSCs.

The incorporation of insulator elements may also have untow-
ard consequences. Insertion of insulator fragments into 3′ long-
term repeat (LTR) to achieve flanking of the expression cassette 
after integration reduces viral titers because of restrictions in 
reverse transcription and increased homologous recombination.15 
As the size of the inserted HS4 insulators increases, viral titers also 
decrease.14,16 These effects are especially problematic for β-globin 
vectors which are already encumbered by low titers and low trans-
duction efficiency for human primary HSCs. We thus sought to 
determine the effects of HS4 insulators on lentiviral vector titer, 
transduction efficiency, and transgene expression among primary 
human blood cells, and to determine the utility of this approach.

results
Insulators decreased vector titers except  
for reverse-oriented 250b Hs4 insulator
We constructed various types of insulated lentiviral vectors to 
evaluate the function of the HS4 insulator. We used a reverse-
oriented green fluorescent protein (GFP) expression unit under 
the control of a murine stem cell virus (MSCV)-LTR promoter 
(rMpGFP vector) (Figure 1a), and a conventional reverse-oriented 
β-globin expression cassette in which the globin gene was changed 
to GFP complementary DNA (BGpGFP vector) (Figure 1b). This 
was done because the orientation of inserted HS4 insulator frag-
ments changed the mean fluorescent intensity (MFI) of transgene 
expression from vectors that contained a forward-oriented GFP 
expression cassette (data not shown).16 A full-length HS4 insula-
tor (1.2 kb HS4), a tandem HS4 core insulator (2 × 250b HS4), or 
a single core insulator (250b HS4) were inserted into the 3′LTR 
(Figure 1). We also constructed insulated vectors in which for-
ward (F) and reverse (R) orientated insulator fragments were 
inserted into the LTR.

To evaluate the efficiency of vector preparation when insula-
tor fragments were inserted into the LTR, we tittered the insulated 
vectors using the HeLa cell line for rMpGFP vectors (Figure 2a), 
and the MEL cell line for BGpGFP vectors (Figure 2b). Vector 
titers decreased with the insertion of the 1.2 kb HS4 and the 2 × 
250b HS4 insulators in both orientations and both vector con-
structs in a size dependent manner, compared to the uninsulated 
vector (parent) [N = 3, P < 0.05 in one-way analysis of variance 
(ANOVA)]. Reverse-oriented insulator vectors showed higher 
titers than forward-oriented insulator vectors, except for the 250b 
HS4 in the rMpGFP vector (N = 3, P < 0.05 in t-test). The 250b 
HS4 R insulator preserved vector titers in both vector constructs, 
compared to the uninsulated vector.

Insulated vectors transduce human Hscs less 
efficiently than Mel cell lines
To evaluate the influence of various types of HS4 insulators on 
chromosomal position effects, we analyzed GFP expression in dif-
ferentiated MEL cells after transduction with insulated rMpGFP 
and BGpGFP vectors before differentiation. Overall, in insulated 
rMpGFP vectors, the ratios of %GFP in differentiated cells to 
%GFP in undifferentiated cells (ΔGFP+) of insulated vectors were 
higher, but MFIs were lower, indicating that although there were 

more GFP+ cells, each differentiated cell had lower GFP  expression 
levels. The 1.2 kb HS4 F and 2 × 250b HS4 F vectors yielded higher 
ΔGFP+ than that of the uninsulated vector ( parent) (N = 3, P < 
0.05 in one-way ANOVA). The MFIs of GFP for the 1.2 kb HS4 F 
and R vectors were inferior to that of the uninsulated vector (P < 
0.05 in one-way ANOVA) (Figure 3a). The coefficient of varia-
tion (CV) showed no significant difference among insulated and 
uninsulated vectors (Figure 3a). In contrast, there were no clear 
trends in the insulated BGpGFP vectors. Only the 1.2 kb HS4 F 
insulated vector showed higher ΔGFP+, lower MFI, and lower 
CV compared to the parent vector (N = 3, P < 0.05 in one-way 
ANOVA) (Figure 3b).

To evaluate the function of various types of HS4 insulators in 
primary human hematopoietic cells, we analyzed GFP expression 
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Figure 1 lentiviral vectors to evaluate insulator functions in eryth-
roid cells. (a) We constructed reverse-oriented GFP (rMpGFP) expres-
sion cassette under the control of an MSCV-LTR promoter or (b) β-globin 
(BGpGFP) expression cassette in which the globin gene was changed to 
GFP cDNA. A full-length HS4 insulator (1.2 kb HS4), a tandem HS4 core 
insulator (2 × 250b HS4), or a single core insulator (250b HS4) were 
inserted into the LTR, in forward or reverse orientations. GFP, green fluo-
rescent protein; HS4, hypersensitivity site 4; LCR, locus control region; 
MSCVp, murine stem cell virus-long-term repeat promoter; Poly A, poly-
adenylation signal; UTR, untranslated region; βGp, β-globin promoter.
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Figure 2 Viral titers among insulated vectors. Titers were evaluated in 
HeLa cell line for (a) insulated rMpGFP vectors and in (b) MEL cell line 
for insulated BGpGFP vectors. Titers were the lowest with the insertion 
of the largest insulators, compared to the uninsulated vector (parent) 
(N = 3, P < 0.05 in one-way ANOVA). The smallest 250b HS4 R insulator 
yielded the best vector titers in either vector constructs. Reverse-oriented 
insulators showed higher vector titers than the forward-oriented insula-
tors, except the 2 × 250b HS4 in rMpGFP vectors. ANOVA, analysis of 
variance; HS4, hypersensitivity site 4; MEL, mouse erythroleukemia.
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in glycophorin A (GPA)+ cells originating from human CD34+ 
cells that were transduced with insulated rMpGFP vectors at a 
multiplicity of infection (MOI) of 3. On day 16 after erythroid 
differentiation, the inclusion of 1.2 kb HS4 and 2 × 250b HS4 
insulators in both orientations decreased %GFP compared to the 
uninsulated vector (parent) (N = 3, P < 0.05 in one-way ANOVA) 
(Figure 3c). The MFIs from the insulated vectors were similar 
to those of the uninsulated vector. All insulated vectors had a 
 tendency toward lower CVs, but only the 1.2 kb HS4 F insulated 
vector showed a significant difference (N = 3, P < 0.05 in one-way 
ANOVA) (Figure 3c). These data suggest that HS4 insulators have 
minimal effects on transgene expression levels, and insulators of 
1.2 kb HS4 and 2 × 250b HS4 reduce transduction efficiency in 
human erythroid cells, even when MOIs were matched.

Insulated vectors showed modest  
enhancer-blocking activity
We next evaluated enhancer-blocking activity among various 
types of HS4 insulators that were inserted between a cytomegalo-
virus (CMV) enhancer and a MSCV-LTR promoter (Figure 4a). In 
transduced HeLa and 293T cell lines, almost all the HS4 insulator 

Differentiated MEL cells in rMpGFP vectors

∆GFP+ MFI

0

0

0 2 4 6 0 25 50 75 100 0 50 100 150

0.1 0.2 0.3 0.4 0 50 100 150 0 100 200 300 400

1.2kb HS4 F *

*

*

*

*

*

*

*

*

*

*
1.2kb HS4 R

2 × 250b HS4 F

2 × 250b HS4 R

250b HS4 F

250b HS4 R

Parent

1.2kb HS4 F

1.2kb HS4 R

2 × 250b HS4 F

2 × 250b HS4 R

250b HS4 F

250b HS4 R

Parent

*P < 0.05

*P < 0.05

*P < 0.05

0.5 1.0 1.5 0

CV

∆GFP+ MFI CV

%GFP MFI CV

0 50 100 15010 20 30 40

a

Differentiated MEL cells in BGpGFP vectorsb

1.2kb HS4 F

1.2kb HS4 R

2 × 250b HS4 F

2 × 250b HS4 R

250b HS4 F

250b HS4 R

Parent

GPA+ human erythroid cells in rMpGFP vectorsc

Figure 3 Function of forward- and reverse-oriented insulators in 
differentiated Mel and human erythroid cells. To evaluate whether 
insulated vectors could escape from position effects, we evaluated GFP 
expression by ∆GFP+ (%GFP in differentiated cells divided by %GFP in 
undifferentiated cells), mean fluorescent intensity (MFI), and coefficient 
of variability (CV). In (a) rMpGFP vectors, insulated vectors had higher 
∆GFP+, lower MFI, and similar CV (N = 3, P < 0.05 in one-way ANOVA). 
In (b) BGpGFP vectors, insulated vectors had similar ∆GFP+, MFI, and 
CV, except for the vectors containing 1.2k HS4 F (N = 3, P < 0.05 in one-
way ANOVA). In (c) GPA+ human erythroid cells, which originated from 
transduced CD34+ cells, the two larger insulators yielded lower %GFP 
(N = 3, P < 0.05 in one-way ANOVA). Although the insulated vectors 
appeared to have lower CVs, there was no significant difference with 
the exception of the 1.2k HS4 F vector in BGpGFP vectors and GPA+ 
cells (N = 3, P < 0.05 in one-way ANOVA). ANOVA, analysis of variance; 
GFP, green fluorescent protein; HS4, hypersensitivity site 4; MEL, mouse 
erythroleukemia.
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Figure 4 enhancer-blocking activity of various insulators. (a) We 
constructed lentiviral vector plasmids expressing GFP under the control 
an MSCV-LTR promoter (MSCVp) with CMV enhancer (CMVe), in which 
various types of HS4 insulator fragments were inserted between the 
CMV enhancer and the MSCV-LTR promoter. (b) MFIs of GFP expression 
were evaluated in HeLa cell line and 293T cell line. Almost all types of 
HS4 insulator reduced enhancement of GFP expression (N = 3, P < 0.05 
in one-way ANOVA with the exception of 1.2 kb HS4 F in HeLa cells), 
showing enhancer-blocking activity of HS4 insulators. CMV enhancer, 
CMVe-enhancing vector that did not include HS4; GFP, green fluores-
cent protein; HS4, hypersensitivity site 4; LTR, long-terminal repeat; 
MFI, mean fluorescent intensity; MSCV, murine stem cell virus; parent, 
parent vector not including CMVe and HS4.
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types significantly blocked CMV enhancer activity (N = 3, P < 
0.05 in one-way ANOVA with the exception of 1.2 kb HS4 F in 
HeLa cells), but could not eliminate enhancer activity completely 
(0–42% reduction rates) (Figure 4b).

the reverse-oriented 250b Hs4 insulator showed 
lower %GFP and MFI in human GPA+ cells 
in erythroid culture and human white blood 
cells in xenografted mice
Given the minimal effects of HS4 insulators and lower vector titers 
with globin vectors, we chose the 250b HS4 R insulator, which had 
the highest titer, to evaluate transgene expression in human eryth-
roid cells. We transduced human CD34+ cells with the uninsu-
lated BGpGFP vector, the 250b HS4 R insulated BGpGFP vector, 
and the standard MpGFP vector containing a forward-oriented 
GFP expression cassette under the control of a MSCV-LTR pro-
moter as a maximal transduction control (all at MOI = 20). We 
then followed the time course of GFP expression among GPA+ 
cells in erythroid culture (Figure 5). As expected, %GFP and 
MFIs decreased and CVs increased in GPA+ cells transduced with 
MpGFP, demonstrating a chromosomal position effect. However, 
the insulated vector containing 250b HS4 R showed lower %GFP 
(N = 3, P < 0.05 in t-test on days 11, 13, and 20) and lower MFIs 
(N = 3, P < 0.05 in t-test on days 13 and 20), compared to those 
of the uninsulated BGpGFP vector. There was no significant 

difference in CVs. These data show that this 250b HS4 R insulator 
decreased transduction efficiency and transgene expression level 
in human erythroid cells and did not protect the transgene from 
position effects in short-term ex vivo erythroid culture.

We then transduced human CD34+ cells with escalating MOIs 
of the 250b HS4 R insulated vector, and evaluated GFP expres-
sion of GPA+ cells at day 13 of erythroid culture (Figure 6). 
The insulated vector (250b HS4 R) showed lower %GFP at MOI 
10, 25, and 50 (N = 3, P < 0.05 in t-test) and lower overall GFP 
expression (%GFP × MFI) at MOI 25 and 50 (N = 3, P < 0.05 in 
t-test)  compared to the uninsulated BGpGFP vector. These results 
demon strate that the decrease in GFP expression associated with 
the inclusion of HS4 insulator elements was not overcome by 
increasing MOI, despite having comparable infectious and p24 
titers (Supplementary Figure S1).

To evaluate CpG methylation status in the MSCV-LTR pro-
moter, we used an AscI restriction enzyme that is blocked by CpG 
methylation. Using this enzyme, we can detect methylated provi-
rus as a 2.8 kb band and unmethylated provirus as a 2.0 kb band. 
Human CD34+ cells were transduced with parent MpGFP vector 
and 250b HS4 R insulated vector, and these cells were differenti-
ated to erythroid cells for 17 days. The parent vector and 250b 
HS4 R vector were detected at 2.0 kb as an unmethylated signal 
(Supplementary Figure S2).

To evaluate transgene expression from the insulated vector 
in vivo, we transplanted human CD34+ cells into NOD/SCID/
IL2Rγnull mice following transduction with the 250b HS4 R insu-
lated rMpGFP vector or the control. We then followed GFP expres-
sion among human CD45+ cells in the peripheral blood of the 
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Figure 5 GFP expression in human erythroid cells after transduction 
with an insulated BGpGFP vector. To evaluate whether an HS4 insula-
tor can protect differentiation-dependent reduction of transgene expres-
sion (position effect), human CD34+ cells were transduced with MpGFP 
(forward-oriented GFP-expressing vector under the control of an MSCV-
LTR promoter), BGpGFP (reverse-oriented GFP-expressing vector under 
the control of a β-globin promoter), and BGpGFP vector containing a 
reverse orientation HS4 core insulator (250b HS4 R), all at MOI of 20. 
GFP expression in GPA+ cells was serially analyzed over days of culture. 
%GFP and MFIs decreased and CVs increased from cells transduced with 
the control MpGFP vector, showing position effects. The 250b HS4 R 
insulator showed lower %GFP and lower MFI (N = 3, P < 0.05 in t-test on 
days 13 and 20), compared to those of the uninsulated vector BGpGFP. 
There was no difference in CVs. CV, coefficient of variation; GFP, green 
fluorescent protein; HS4, hypersensitivity site 4; LTR, long-terminal 
repeat; MFI, mean fluorescent intensity; MSCV, murine stem cell virus.
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Figure 6 titration of BGpGFP vectors in human erythroid culture. 
GFP expression of GPA+ cells was evaluated with escalating MOI of 
BGpGFP vectors on day 13 of human erythroid culture. The insulated 
vector (250b HS4 R) showed lower %GFP in MOI 10, 25, and 50 (N = 
3, P < 0.05 in t-test) and lower overall GFP expression (%GFP × MFI) at 
MOI 25 and 50 (N = 3, P < 0.05 in t-test), compared to the uninsulated 
BGpGFP vector, demonstrating that the inclusion of HS4 insulator ele-
ments decreases GFP expression, and could not be overcome by increas-
ing MOI. GFP, green fluorescent protein; HS4, hypersensitivity site 4; 
MFI, mean fluorescence intensity; MOI, multiplicity of infection.
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transplanted mice for 27 weeks (Figure 7). The insulated  vector 
showed lower %GFP and MFIs among human CD45+ cells in vivo, 
4 and 8 weeks after the transplantation (P < 0.05 in t-test). There was 
no significant difference in CVs between insulated and uninsulated 
vectors at all time points. When humanized murine bone marrow 
cells were evaluated by linear amplification- mediated PCR, the 
results demonstrated multiple integration bands (Supplementary 
Figure S3). These data revealed that the 250 HS4 R insulator low-
ered transduction efficiency and transgene expression levels in 
human white blood cells in vivo, while providing a minimal pro-
tective effect on the chromosomal position effects encountered in 
the transduction of human hematopoietic cells.

dIscussIon
For a therapeutic effect in hemoglobin disorders, HSC gene 
transfer requires high-level expression of the β-globin gene per 
transduced cell. Current therapeutic vectors combining a large-
sized locus control region, intron-dependent globin gene, and 
the 3′ untranslated region produced in an HIV1-based vector can 
achieve globin expression levels approaching those sufficient for 
amelioration of the hemoglobinopathies in humans. One of the 
remaining obstacles is the potential for reduction of transgene 
expression over time.

In rhesus gene transfer preclinical studies as well as human 
gene therapy trials, transgene expression rates among peripheral 
blood cells generally increase for the first month post-transplant, 
decrease over the next 2–3 months, and finally plateau at low 
 levels around 6 months after transplantation.17–19 One explanation 
for these observations is that committed progenitors reconstituted 

peripheral blood cells for the first 3 months, and stem cells 
 reconstituted at 6 months and beyond.20 Alternatively, lower long-
term transgene expression can result from transgene methylation, 
histone acetylation, or vector integration sites changing from 
euchromatin (open) to heterochromatin (closed) following HSC 
differentiation (chromosomal position effects). These changes in 
the proviral sequences can occur at any time and may influence 
eventual transgene expression.

We thus designed a series of experiments testing whether 
methylation or position effects was more dominant in reducing 
transgene expression. We first evaluated the effects of the HS4 insu-
lators on vector production. Viral titer is one of the most impor-
tant factors in clinical human gene therapy applications targeting 
globin disorders because current therapeutic vectors already have 
10–100 fold lower titers compared to gene marking vectors. In the 
present work, we demonstrated that incorporation of a full-length 
1.2 kb HS4 insulator led to a five to tenfold reduction in viral titers 
(Figure 2), which would render its inclusion impractical for clini-
cal use. On the other hand, insertion of a reverse-oriented 250b 
HS4 core insulator did not decrease viral titers. As such, we fur-
ther tested this 250b HS4 R insulator among in vitro differentiated 
human erythroid cells and in a human xenograft model.

When we transduced HEL cell line with 1.2 k HS4 F insu-
lated or uninsulated MpGFP vector, and cultured long-term after 
 single-cell sorting, GFP expression did not decrease in both insu-
lated and uninsulated vectors up to 6 months (data not shown). 
This lack of change in %GFP and MFI led us to other experi-
ments using differentiated MEL cell lines and human CD34+ 
primary cells. Insulated and uninsulated vectors showed lower 
MFIs or %GFP expression following differentiation, suggesting a 
position effect (Figures 3 and 5). In a separate erythroid culture 
of transduced human CD34+ cells, there was no CpG methyla-
tion of the viral internal promoter 17 days after differentiation 
(Supplementary Figure S2). These data suggest that the gradual 
reduction of GFP expression was more dependent on chromo-
somal position effects, rather than on DNA methylation in this 
ex vivo differentiation culture.

Generally, higher MOIs lead to higher transduction rates 
reaching up to 100%. However, human CD34+ cells revealed dose-
dependent rates of transduction at lower MOIs only, and these 
transduction rates plateaued at below 100% at higher MOIs.17 These 
observations suggest that human CD34+ cells have some specific 
regulatory factors for viral transduction and this regulation is satu-
rated by a large amount of viral vectors. In GPA+ erythroid cells after 
differentiation from transduced CD34+ cells, the normal MpGFP 
vectors increased transduction rates with escalating MOIs (up to 
50), but BGpGFP vectors did not (Figure 6). We then measured 
p24 titers and infectious titers in transduced HeLa cells, and both 
titers were similar in forward-oriented vectors (Supplementary 
Figure S1). However, the reverse-oriented vectors (rMpGFP, which 
was used as a surrogate for BGpGFP) had high p24 titers but sig-
nificantly lower infectious titer (Supplementary Figure S1). This 
discrepancy suggested that around tenfold more viral particles of 
reverse-oriented vectors were used for CD34+ cell transduction 
and erythroid differentiation, compared to those of forward-ori-
ented vectors at MOIs which were calculated by infectious titers. 
Therefore, BGpGFP vectors of low MOIs (calculated by infectious 
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Figure 7 Insulator functions in human WBcs in xenograft mice. 
Human CD34+ cells were transduced with rMpGFP with and without 
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titers) might saturate some regulation factors of viral transduction 
with noninfectious particles and therefore not increase transduc-
tion rates even with higher MOIs. To test whether such noninfec-
tious viral particles can block viral transduction, we performed 
additional experiments by transducing human CD34+ cells with a 
forward-oriented vector (MpGFP) at MOI 10 along with escalating 
MOI of a reverse-oriented vector (rMpGFP), because rMpGFP vec-
tor included more noninfectious viral particles than MpGFP vec-
tors (Supplementary Figure S1). Addition of the rMpGFP vector 
at MOI 50 reduced total GFP expression rates of both the MpGFP 
vector and the rMpGFP vector, compared to those of same MOI 
of MpGFP vector alone (Supplementary Figure S4). These data 
suggest that a large amount of noninfectious viral particles might 
saturate some regulation factors and block viral transduction for 
human CD34+ cells. Possible reasons include that a large amount of 
viral particles might saturate vesicular stomatitis virus glycoprotein 
receptors (since vesicular stomatitis virus glycoprotein envelop was 
used for all lentiviral vectors),21 many viral RNAs might enhance 
innate immunity reaction,22–24 or a large amount of preintegration 
complex might saturate nuclear transport factors.25,26

Whether to include HS4 insulators in therapeutic vectors 
depends upon both major properties of HS4 insulators. A lack of 
efficacy in improving transgene expression could be balanced by 
efficacy in enhancer-blocking ability. In a clinical study of gamma 
retroviral gene therapy for X-linked severe combined immunode-
ficiency disease, four successfully treated patients  developed T-cell 
type acute lymphoblastic leukemia by insertional mutagenesis.27–29 
Although the vector design of a self- inactivating-LTR and a 
 lineage-specific promoter may significantly reduce the risk of 
insertional mutagenesis,30,31 we reasoned that the insertion of the 
HS4 insulator into 3′LTR may further reduce risk by the enhancer-
blocking activity in the LTRs after integration. Our results demon-
strated a modest enhancer-blocking effect when HS4 insulators are 
placed between a strong enhancer and a constitutively active pro-
moter (Figure 4), and thus provide a minor improvement over self-
inactivating-lentiviral vectors with a  lineage-specific promoter.

Another clinical gene therapy trial, but for β-thalassemia, is 
now ongoing in France.32,33 Two patients received autologous bone 
marrow transplantation in which enriched CD34+ cells were trans-
duced with HIV1-based lentiviral vector containing a β-globin gene 
under the control of component of the β-globin locus control region, 
β-globin promoter, and 3′ untranslated region. This vector included 
tandem 250b chicken HS4 insulator elements in the LTR. The first 
patient had prolonged post-transplant cytopenia and eventually 
received backup CD34+ cells for hemato poietic rescue. The second 
patient with HbE/β-thalassemia had hematopoietic reconstitution 
5 weeks after transplantation, and became transfusion independent 
with a hemoglobin level above 9 g/dl around 1 year later. However, 
a “relative clonal dominance” was found: around 10% of genetically 
modified cells were derived from one clone, identified by integra-
tion in the HMGA2 gene. The HMGA2 gene is a chromatin-binding 
protein, which interacts with transcription factors to regulate gene 
expression. The presence of HMGA2 clone may be explained by 
engraftment from a small number of transduced HSCs, or by the 
250b HS4 insulator fragments being insufficient to prevent inser-
tional mutagenesis, but longer follow-up and more in depth analysis 
will be necessary to fully understand this observation.

In summary, the full-length HS4 insulator was proved 
 undesirable for in vivo gene transfer experiments because of pro-
hibitively low viral titers. While reverse-oriented 250b HS4 core 
insulators demonstrated no reduction in titers, transduction 
efficiency was reduced in human GPA+ cells (ex vivo erythroid 
culture) and in engrafted human cells (immunodeficient mice). 
Together these data and the available clinical trial observations 
suggest that HS4 insulated vectors produce minimal effects on 
expression and offer modest enhancer-blocking activity at a cost 
of reduced titers and reduced transduction efficiency when tested 
in human primary cells both in vitro and in vivo.

MAterIAls And MetHods
Plasmid construction. We constructed various types of insulated lentiviral 
vectors to evaluate HS4 insulator function (Figure 1). HIV1-based lenti viral 
vector plasmids were kindly provided by Dr Arthur Nienhuis.34 We used 
a reverse-oriented GFP expression cassette under the control of a MSCV-
LTR promoter (rMpGFP) (Figure 1a) or a conventional reverse-oriented 
β-globin expression cassette, in which the β-globin gene was changed to 
GFP complementary DNA (pCL20c BGpGFP) (Figure 1b). The β-globin-
expressing lentiviral plasmid was kindly provided by Dr Michel Sadelain.2 
A full-length HS4 insulator (1.2 kb HS4), a tandem HS4 core insulator (2 × 
250b HS4), and a single core insulator (250b HS4) were inserted into the 
deleted U3 region of 3′LTR. The insulator elements were inserted in both 
forward (F) and reverse (R) orientations.

To evaluate enhancer-blocking activity, we constructed a forward-
oriented lentiviral vector plasmid expressing GFP under the control 
of an MSCV-LTR promoter with a CMV enhancer. Forward and 
reverse orientations of the 1.2 kb HS4, 2 × 250b HS4, and 250b HS4 
insulators were inserted between the CMV enhancer and MSCV-LTR 
promoter (Figure 4a). A detail of plasmid construction is shown in the 
Supplementary Materials and Methods.

Lentiviral vector preparation. Self-inactivating HIV1-based lentiviral 
 vectors were prepared and tittered as previously described.16,17,35 Briefly, 
lentiviral vectors were prepared in 10 cm dishes by cotransfection of 
293T cells with 10 μg of various vector plasmids, 6 μg of Gag/Pol plasmids 
(pCAG-KGP1.1R), 2 μg of Rev/Tat plasmids (pCAG4-RTR2), and 2 μg 
of vesicular stomatitis virus glycoprotein envelope plasmids (pCAGGS-
 vesicular stomatitis virus glycoprotein). The rMpGFP vectors were  tittered 
on HeLa cells, and the BGpGFP vectors on MEL cells, as previously 
described.16,17,35 For triplicate evaluation of viral titers, 8 × 105 293T cells 
were cultured on 6-well dishes. Twenty-four hours later, 20 μg of plasmid 
mixtures were divided into three and these were added to 293T cells using 
calcium phosphate transfection methods.16,17,35

Transduction of cells and erythroid differentiation. The MEL cell line 
(D1B, TIB-56; ATCC, Manassas, VA) was transduced with various insu-
lated vectors. These vectors were added to 12-well plates containing 1 × 105 
cells per 1 ml of Roswell Park Memorial Institute 1640 medium contain-
ing 10% fetal bovine serum (FBS) and 8 μg/ml polybrene (hexadimethrine 
bromide; Sigma-Aldrich, St Louis, MO). Three or four days later, GFP 
expression was detected by flow cytometry analysis using FACSCalibur 
(BD Biosciences, Franklin Lakes, NJ). Transduced MEL cells were induced 
to differentiate in Dulbecco’s modified Eagle medium, 10% FBS, and 
5 mmol/l N,N′-hexamethylene bisacetamide (Sigma-Aldrich).14 Six days 
later, GFP expression was evaluated by FACSCalibur. HeLa and 293T cell 
lines were cultured in Dulbecco’s modified Eagle medium containing 10% 
FBS and were transduced under the same conditions as the MEL cell line.

Human CD34+ cells were isolated by positive immunoselection from 
peripheral blood mononuclear cells that were harvested by leukapheresis 
after recombinant human granulocyte colony-stimulating factor injection 
under a protocol approved by the National Institute of Diabetes and 
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Digestive and Kidney Diseases (NIDDK) Institutional Review Board.17 The 
CD34+ cells were transduced with insulated or control lentiviral vectors in 
X-VIVO10 medium supplemented with stem cell factor, FMS-like tyrosine 
kinase 3 ligand, and thrombopoietin, as previously described.17 Transduced 
CD34+ cells were cultured in erythroid differentiation medium consisting 
of Dulbecco’s modified Eagle medium containing 30% FBS, bovine serum 
albumin, β-mercaptoethanol, dexamethasone, holo-transferrin, stem 
cell factor, erythropoietin, and transforming growth factor-β.36 Human 
erythroid cells were detected using a human GPA—phycoerythrin 
conjugated antibody (clone GA-R2; BD Biosciences), and GFP expression 
in GPA+ cells was evaluated by flow cytometry using a FACSCalibur.

Human xenograft mouse model. Male NOD/SCID/IL2Rγnull mice (NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ; Jackson Laboratory, Bar Harbor, ME) that were 
8-weeks old were used following the guidelines set out by the Public Health 
Services Policy on Humane Care and Use of Laboratory Animals under a 
protocol approved by the NIDDK Animal Care and Use Committee. Mice 
were intraperitoneally injected with 35 mg/kg busulfan (Busulfex; PDL 
BioPharma, Redwood City, CA) 2 days before transplantation.37 Human 
CD34+ cells (2 × 106 cells per mouse) were prestimulated for 24 hours and 
transduced with insulated (250b HS4 R) or uninsulated rMpGFP vectors at 
MOI 20 for 24 hours.17 Transduced human CD34+ cells were then injected 
into the tail vein of the mice. Following transplantation, we obtained 
peripheral blood of the mice to evaluate GFP expression in human CD45+ 
cells (human CD45-phycoerythrin antibody; clone HI30, BD Biosciences) 
over 6 months post-transplantation.

Statistical analysis. Statistical analyses were performed using JMP 7 soft-
ware (SAS Institute, Cary, NC). In vitro experiments comparing various 
types of insulated vectors to the uninsulated vector were analyzed using 
Dunnett’s test (one-way ANOVA). In vivo experiments comparing the 
250b HS4 R insulated vector and the uninsulated vector were analyzed 
using the Student’s t-test. A P value of <0.05 was deemed significant. SEs of 
the mean are shown as error bars in all figures.

suPPleMentArY MAterIAl
Figure S1. Comparison of infectious titers with p24 titers.
Figure S2. Evaluation of CpG methylation status by AscI enzyme 
 activity in the MSCV promoter.
Figure S3. Multiple integration patterns evaluated by LAM-PCR.
Figure S4. Effects of addition of rMpGFP vector on CD34+ cell trans-
duction with MpGFP vector.
Materials and Methods.
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