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Integration-defective lentiviral vectors (IDLVs) have become
an important alternative tool for gene therapy applications
and basic research. Unfortunately, IDLVs show lower trans-
gene expression as compared to their integrating counterparts.
In this study, we aimed to improve the expression levels of
IDLVs by inserting the IS2 element, which harbors SARs and
HS4 sequences, into their LTRs (SE-IS2-IDLVs). Contrary to
our expectations, the presence of the IS2 element did not abro-
gate epigenetic silencing by histone deacetylases. In addition,
the IS2 element reduced episome levels in IDLV-transduced
cells. Interestingly, despite these negative effects, SE-IS2-IDLVs
outperformed SE-IDLVs in terms of percentage and expression
levels of the transgene in several cell lines, including neurons,
neuronal progenitor cells, and induced pluripotent stem cells.
We estimated that the IS2 element enhances the transcriptional
activity of IDLV LTR circles 6- to 7-fold. The final effect the IS2
element in IDLVs will greatly depend on the target cell and the
balance between the negative versus the positive effects of the
IS2 element in each cell type. The better performance of SE-
IS2-IDLVs was not due to improved stability or differences
in the proportions of 1-LTR versus 2-LTR circles but probably
to a re-positioning of IS2-episomes into transcriptionally active
regions.

INTRODUCTION

Lentiviral vectors (LVs) have proven to be highly successful in several
gene therapy protocols over the last 20 years." Their success is partly
explained by their ability to transduce dividing and non-dividing
cells, including hematopoietic stem cells (HSCs),Z"1 neurons,” ’ and
T cells.* "'’ However, concerns have been raised regarding the poten-
tial risk of inherent insertional mutagenesis caused by integrative
LVs.'" The use of integration-defective LVs (IDLVs) is a logical op-
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tion for minimizing insertional mutagenesis risk when target cells
are quiescent. IDLVs are also an interesting alternative for transient
expression in dividing cells.'*>° As with their integrative counterpart,
the tropism of IDLV particles can be altered and adapted to target
cells pseudotyped with different envelope proteins.”"**

Current research in the field of retroviral vectors shows that LVs are
often more effective than their IDLV counterparts in terms of gene
expression”>** mainly due to the tendency of IDLVs to undergo
epigenetic silencing as a result of nuclear chromatinization.”>> In
2013, Pelascini et al.”” showed that histone deacetylase (HDAC) activ-
ity is the principal cellular determinant underlying weak IDLV tran-
scriptional activity. Different strategies have been used to enhance the
transgene expression of episomal molecules in both viral- and non-
viral-based systems. In non-viral episomal gene delivery systems,
genomic elements based on scaffold or matrix attachment regions
(SARs or S/MARs) are widely used to enhance transcription levels
and to maintain long-term expression rates.”**' This is mainly due
to the capacity of SARs elements to bind transcription factors such
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Figure 1. Inclusion of IS2 Element into IDLVs Enhances eGFP Expression
Levels in 293T Cells

(A) Schematic representation of SE-IS2, SE, SEWP-IS2, and SEWP. eGFP,
enhanced green florescence protein; SFFV, spleen focus forming virus promoter;
WPRE, woodchuck hepatitis virus posttranscriptional regulatory element. (B)
Representative plots showing eGFP expression profiles of 293T cells transduced
with the different IDLVs. An MOI of 0.3 was used to maintain the percentage of
eGFP* cells below 50%. The eGFP* population gates were set to 0.2%-0.7% of
eGFP™ cells in the untransduced population and subtracted from the % obtained
under the different vectors and conditions for the analysis. The percentages (%) and
expression levels (MFI) of the eGFP* population are shown in each plot. (C) Graphs
showing relative % of GFP* cells (top graphs) and relative expression levels (MFI,
bottom graphs) in 293T cells of SE-IS2-IDLVs and SE-IDLVs in the absence (left
graphs) or presence (right graphs) of the WPRE element. Values represent means +
SEM of at least four separate experiments (“p < 0.05).

as special AT-rich binding protein 1 (SATB1), nuclear matrix protein
4 (Nmp4) and CCCTC-binding factor (CTCEF), in addition to their
capacity to promote nucleoprotein structural aggregation, histone
acetyltransferase recruitment, and ATP-dependent chromatin re-

modeling complexes.”* As with the SAR elements, the inclusion of
other cis-acting elements based on the 5’ cHS4 chicken hypersensitive
site 4 (HS4) chicken B-globin insulator (cHS4) also increases non-
viral episomal efﬁciency33 due, in part, to the interaction of the
cHS4 element with the matrix via CTCF nuclear proteins.*’ This nu-
clear factor avoids heterochromatin spreading in episomal DNA
when bound to the cHS4 sequence.”* "’

Several research groups have achieved varying levels of success in
their attempt to improve IDLV expression by inserting different frag-
ments of the B-interferon SARs element into IDLVs.**~>°
the use of SARs elements to improve IDLV transcription efficiency
has only been studied in relation to immunoglobulin k (Igk) SARs se-
quences. Grandchamp et al.”
general, no effect on transduction efficiency and observed an
improvement only in differentiated primary neural progenitor cells.

However,

concluded that these elements had, in

We have previously reported that the inclusion of the IS2 element
(which combines a synthetic SAR [SAR2] and a 650-pb fragment of
the chicken B-globin HS4 insulator) in LVs reduced biological viral
titers but improved transgene expression and prevents epigenetic
silencing in human embryonic stem cells (hESCs) and hematopoietic
pluripotent cells (HSCs). However, these effects were cell type depen-
dent, since no improvement in transgene expression could be
observed on K562 cells and other immortalized cell lines.”” In the pre-
sent study, we tested whether the IS2 element could improve IDLV
gene expression in different cell types. Although the presence of the
IS2 element did not abrogate epigenetic silencing, it did improve
IDLV efficiency in several cell lines. Surprisingly, in spite of the
improved expression levels, the inclusion of the IS2 element into
IDLVs (SE-IS2-IDLVs) reduced 3-5 times the amount of episomal
vector in transduced cells relative to those transduced with unmodi-
fied SE-IDLVs. We have estimated that the IS2 element enhances the
transcriptional activity of SE-IS2-episomes 6- to 7-fold. The final ef-
fect of the IS2 element in IDLV's will greatly depend on the target cell
and the balance between the negative versus the positive effects of the
IS2 element in each cell type. We have also shown that the IS2 element
does not improve the stability of IDLV episomes and that, although
there is a change in the ratio of 1-LTR/2-LTR circles, this is not the
mechanism involved in the increased transcriptional activity of the
SE-IS2-IDLV episomes. Finally, a fluorescence in situ hybridization
(FISH) analysis suggested that the improved behavior SE-IS2-IDLV
episomes is probably due to a distinct nuclear re-positioning into
transcriptionally active regions, as suggested by the aggregation of
SE-IS2-IDLV episomes into DAPI-low regions.

RESULTS

The Inclusion of the IS2 Insulator in the Long Terminal Repeat of
IDLVs Improves Their Expression Levels in 293T Cells in an
HDAC-Independent Manner

We generated IDLV particles from an SE lentiviral backbone contain-
ing or not the IS2 element” > with and without WPRE (woodchuck
hepatitis virus posttranscriptional regulatory element) (Figure 1A).
We first analyzed the efficiency of different IDLVs in 293T cells.
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Figure 2. Apicidin Enhances Gene Expression of IDLV Transduced Cells
Independently of the Presence of the IS2 Element

(A) Representative plots showing eGFP expression profiles of 293T cells transduced
with the SE or SE-IS2 at MOI = 0.2, in the absence or presence of 0.4 uM apicidin.
(B) Graphs showing % of GFP* cells transduced with the SE-IS2-IDLVs and SE-
IDLVs in the absence (—) or presence (+) of 0.4 uM apicidin. Values represent
means + SEM of at least four separate experiments (*p < 0.05).

These cells were transduced with an equal MOI, estimated based on
the Applied Biological Materials (ABM) Lentiviral qPCR Titer Kit
(see Materials and Methods), and 3 days later, we analyzed the per-
centage of eGFP™ cells and the transgene expression levels (measured
as mean fluorescence intensity [MFI] of the eGFP* population). We
found that the incorporation of the IS2 element into the IDLVs signif-
icantly increased the expression levels of eGFP in the absence and
presence of the WPRE element (Figure 1B, MFI; Figure 1C, bottom
graphs). We also found an increase in the percentage of GFP" cells,
which reached significance only in the absence of the WPRE element
(Figure 1B, %; Figure 1C, upper graphs). We further corroborated
that the effect of the IS2 element on IDLVs was maintained at higher
MOIs (Figure S1).

Prevention of histone deacetylation, the main factor underlying
weak IDLV transcriptional activity, could explain the higher SE-
IS2-IDLVs expression levels.”” In order to study this possibility,
we analyzed SE-IDLV and SE-IS2-IDLV GFP expression levels in
the presence and absence of apicidin, an HDAC inhibitor
(HDAC:I). As can be observed in Figure 2, the addition of apicidin
enhanced the eGFP expression to a similar degree in cells trans-
duced with SE-IDLVs and in those transduced with SE-IS2-IDLVs
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(2.90-fold and 2.35-fold, respectively). These findings suggest that
IS2-mediated enhancement is caused by an HDAC-independent
mechanism.

The Insertion of the I1S2 Element into the IDLV Backbone Does
Not Affect RNA Packaging into Vector Particles but Reduces the
Amount of IDLV Episomes in the Target Cells

It has been described previously that insertions of large fragments
into the 3’ long terminal repeat (LTR) of LVs reduce their efficacy.
These insertions do not affect viral particle production but reduce
reverse transcription efficacy in target cells.””>”° We therefore
analyzed the effect of IS2 (1.2 kb long) on LV and IDLV transgene
expression, vector production, and reverse transcription products in
293T target cells. The vector production efficacy was measured from
the vector supernatants using ABM’s Lentiviral qPCR Titer Kit. This
kit calculates the transduction units (TU) per mL based on an equa-
tion that convert genome copies per mL (GC/mL) values to TU/mL
(see Materials and Methods for details). The value obtained using
this formula is generally very close to the amount of effective parti-
cles per mL,” although this can vary depending on the vector back-
bone. The relative amounts of reverse transcription products of the
different vectors were quantified by qPCR using the U3Fw/PBSRev
primers pair (see Figure S2). As expected, we did not observe any
effect of the IS2 on vector production of LVs or IDLVs (data not
shown). Also in agreement with previous observations,”> > the
insertion of IS2 into the LTR had a negative effect on the expression
levels of integrative LVs (Figure 3A, left plots) that correlated with a
reduction of the amount of reverse transcribed products in target
cells (Figure 3B, left bars). Interestingly, although the insertion
IS2 also caused a similar reduction of IDLV reverse transcription
products (Figure 3B, right bars), we observed a significant improve-
ment in both the percentage and the expression levels (Figure 3A,
right plots).

IDLV Episomes Harboring the 1IS2 Element Express Higher
mRNA Levels and Have a Distinct Nuclear Localization

The IS2 is a chimeric DNA element containing a synthetic SAR
(SAR2) and a 650-pb fragment of the chicken B-globin HS4 insu-
lator.”> As mentioned in the introduction, these elements could

8-39,41
that can

enhance transcription or increase episomal stability”
also lead to an improved transgene expression. In order to study
the mechanisms involved in the IS2 effect, we first analyzed the incre-
ment in transcriptional efficacy of SE-IS2 episomes in comparison
with SE episomes. To do that, we measured eGFP mRNA expression
levels of 293T cells transduced with equivalent MOIs of SE-IDLVs
and SE-IS2-IDLVs at 72 hr post-transduction and normalized to
the amount of vector genomes (Figure 4A). This analysis showed
that the SE-IS2 episomes express 6-7 times more mRNA than SE-
episomes.

We next analyzed whether the enhanced transcriptional activity of
SE-IS2 episomes was due to an effect on their longtime stability.
We therefore studied the eGFP expression levels (Figure 4B) and
the relative amount of SE-IS2 episomes (Figure 4C) related to SE
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episomes at different time points post-transduction (24 hr to 7 days).
Our data showed that the IS2 element does not influence the stability
of the IDLV expression (Figure 4B) or the stability of IDLV episomes
(Figure 4C).

We finally analyzed whether the presence of IS2 in the IDLV epi-
somes could influence their nuclear localization to transcriptionally
active sites since SAR elements bind several factors that promote the
aggregation of nucleoproteins, HDAC recruitment, and chromatin
remodeling complexes that enhance transcription.”>**"*” We per-
formed a FISH analysis on 293T cells transduced with SE-IDLVs
and SE-IS2-IDLVs at an MOI of 10 using SE plasmid as probe.
As we can observe in Figures 4D and S3, the SE-IDLV episomes
are uniformly distributed inside the nuclei, while the SE-IS2-IDLV
episomes follow a more aggregated pattern. An analysis of the
DAPI/probe co-localization indicated that the episomes harboring
IS2 localized preferentially into regions with lower DAPI signal
compared to the SE-IDLV episomes (Figure 4E). These data indi-
cated that the better behavior of SE-IS2-IDLV episomes is probably
due, in part, to a distinct nuclear re-positioning compared to SE-
IDLV episomes.

Insertion of the IS2 Element into the IDLV Reduces the Formation
of Lower Expressing 2-LTR Circles

Large LTR inserts such as the IS2 element can also increase homolo-
gous LTR recombination favoring 1-LTR circle formation that are su-
perior to 2-LTR circles in terms of transgenic expression,”>”® and this
could be another potential mechanism behind the improved tran-
scriptional activity of SE-IS2-IDLVs. In order to study this possibility,
we generated a control IDLV (SE-1.2kb) harboring an equivalent
insertion (1.2 kb) of irrelevant DNA at the same LTR location

times the amount of reverse-transcribed prod-

ucts in 293T target cells (Figure 5C). Addition-
ally, as expected by their increased LTR size, the amount of 2-LTR cir-
cles (calculated by qPCR using the q2-LTRfw/q2-LTRrev primers [see
Figure S2]) related to total episomes (calculated by qPCR using the
AU3fw/PBSrev primers [see Figure S2]) was reduced similarly on
SE-IS2 and SE-1.2kb IDLVs (Figure 5E), suggesting a similar increase
on 1-LTR circles in both IDLVs. However, contrary to the SE-IS2-
IDLVs, the transgene expression of SE-1.2kb IDLVs was 2.5 lower
than SE-IDLVs (Figure 5A, plots, and Figure 5D), which correlates
with the observed reduction on IDLVs episomes (Figure 5C). These
data indicate that the decrease of the 2-LTR circles is not the main
mechanism involved on the increased transcriptional activity of the
SE-IS2-IDLV episomes, since the 293T cells transduced with the
SE-1.2kb IDLVs showed a similar 2-LTR decrease but no effect on
transcription efficacy.

The Final Effect of the IS2 Element Depends on the Target Cell
and Vector Backbone

We next studied the potential applications of IS2-IDLVs in different
target cells of interest with regard to gene therapy and/or basic
research, such as neural progenitor cells (NPCs), neuronal cells
(NCs), induced pluripotent stem cells (iPSCs), mesenchymal stromal
cells (MSCs), human oral mucosa (HOM), human skin fibroblasts
(HSF), and T cells. The different cell types were transduced with equal
amounts of SE-IDLVs/SE-IS2-IDLV (NPCs, MOI = 3; iPSCs, MOI =
10; HSFs and HOMs, MOI = 10; T cells, MOI = 5; hMSCs, MOI = 5)
and, 3 days later, we analyzed transgene expression levels in terms of
MFI and percentage of eGFP" cells. The incorporation of the 1S2
element resulted in a marked increase in GFP expression levels in
NPCs regardless of the presence or absence of the WPRE element
(MFI SE = 740 versus SE-IS2 = 2,048, and SEWP = 4,410 versus
SEWP-IS2 = 10,073) (Figures 6A and 6C). However, in differentiated
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Figure 4. The I1S2 Element Does Not Affect the Stability of IDLV Episomes but Enhances Their Transcriptional Efficacy and Relocates Them into DAPI-Low

Nuclear Domains

(A) Graph showing the relative amount of eGFP mRNA expression level in 293T cells transduced with IDLV-SE and IDLV-SE-1S2 normalized to the amount of vector genomes
in each target cell. (B) Representative plots showing eGFP expression profiles of 293T cells transduced with SE (top) and SE-IS2 (bottom) IDLVs at MOI = 0.5 and analyzed at
days 3, 5, and 7 post-transduction. The percentages (%) and expression levels (MFI) of the eGFP* population are shown in each plot. (C) Relative amount of SE-IS2-IDLVs
episomes related to SE-IDLVs at different time points post-transduction. (D) Representative confocal images showing nuclear distribution of SE- and SE-IS2-IDLV episomes.
The cells were transduced at MOI = 10 in order to obtain several episomes inside the cells. The cells were subsequently fixed, methanol permeabilized, and incubated with
Alexa Fluor 555 IDLV-labeled probes. (E) Graph showing the chromatin/IDLV colocalization in 293T cells transduced with SE- and SE-IS2-IDLVs. Values represent the
Mander’s overlap coefficient (MOC; see Materials and Methods for details) between DAPI (DNA staining blue) and Alexa Fluor 555 (IDLV staining, in red). Values represent

means = SEM of at least four separate experiments (“p < 0.05).

neurons (Figures 6B and 6D; Figure S4), the inclusion of IS2 enhanced
expression levels only in WPRE-negative IDLVs (MFI SE = 797
versus SE-IS2 = 2,178), a positive effect that was masked by the inclu-
sion of the WPRE sequence (Figure 6B, bottom; Figure 6D, right
bars). As previously shown in undifferentiated neurons, the incorpo-
ration of IS2 into the IDLV backbone significantly improved perfor-
mance in iPSCs either in the absence (Figure 7A, top plots; MFI SE-
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IS2 = 894 versus MFI SE = 613) or in the presence of WPRE (Fig-
ure 7A, bottom plots; MFI SEWP-IS2 = 1,426 versus MFI SEWP =
1,154; Figure 7B, right graph). Contrary to NPCs and iPSCs, we could
not find any significant positive effect of IS2-IDLVs in terms of global
effects on eGFP" expression pattern in the different T cell subpopu-
lations (Figure S5), HOM, HSF, or hMSCs (Figure S6 and data not
shown).
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We finally analyzed whether the IS2 element had a similar effect when
inserted in a different IDLV backbone expressing the transgene under
a physiological promoter. We used an LV backbone previously pub-
lished by our group (AWE)>® that express eGFP through the WAS
(Wiskott-Aldrich syndrome) gene promoter only in hematopoietic
cells® and generated the 1S2-AWE (Figure 8, top). Since the WAS
promoter is hematopoietic specific, we tested the behavior of AWE-
IDLVs versus AWE-IS2-IDLVs in Jurkat cells (an immortalized line
of human T lymphocytes). As can be observed in Figure 8, the results
were similar to that obtained with the SE-IDLVs. Indeed, although the
cells transduced with AWE-IS2-IDLVs had 3-4 times lower episome
numbers on target cells, compared to those transduced with AWE-
IDLVs (Figure 8, graph), they expressed similar or slightly higher
levels of eGFP (Figure 8, plots).

in non-dividing cells or when transient expres-

sion is sufficient or desirable. Integrative LVs
have several properties that make them an attractive tool for gene de-
livery, such as the ability to deliver inserts of up to 12 kb, the active
translocation to intact nuclei, and the possibility of using different en-
velopes that enable efficient gene delivery in almost all the cell lines
analyzed. These characteristics have led scientists to extend the range
of potential applications by developing IDLVs,”" which maintain
several properties of LVs while expressing the transgene without inte-
grating their genome into the host chromosome. IDLVs extend the
applicability of LVs, which are safer when stable expression is
required in non-dividing cells (neurons, hepatocytes) and can also
achieve transient expression in actively dividing cells.*>*>
the expression levels and titers of IDLVs are generally lower than
those of LVs, " which has limited the applications of this
technology.

However,
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Figure 6. The IS2 Sequence Improves Transgene
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The relatively low expression levels of IDLV's have been linked to epige-
netic silencing through cellular defense mechanisms that apply hetero-
chromatin marks to episomal viral sequences. This cellular response,
which is not restricted to IDLV systems, affects different vector genomes
such as herpes simplex viruses and adenoviruses.”>”**”® The episomal
viral DNA is “chromatinized” and acquires nucleosome-like properties
immediately after entry into the nucleus.**®® In particular, IDLV ge-
nomes have been previously reported to undergo heterochromatiniza-
tion through histone deacetylation, a process that can be reversed using
HDAGi such as sodium butyrate’” and valproic acid.** For basic
research purposes and some clinical applications, HDACi could be
used to improve IDLV efficiency; however, in most gene therapy set-
tings, the use of HDACi is not desirable due to potential severe side ef-
fects, such as the development of malignancies. We have previously
described an improved IS2 insulator (which combines a synthetic
SAR element [SAR2] and a 650-pb fragment of the chicken B-globin
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T

HS4 insulator) that avoid silencing and enhance
LV expression in hESCs and HSCs.”> We there-
fore hypothesized that the inclusion of the IS2
element in IDLVs could improve their behavior
by avoiding epigenetic transcriptional silencing
through HS4 activity and by improving transcrip-
tion efficiency through SAR activity. Contrary to
expectations, the presence of the IS2 element did
not abrogate epigenetic silencing by HDACs,
although it did improve the transcriptional effi-
SEWP SEWP ciency of episomal IDLVs.
-IS2

Up to now, most attempts to improve IDLVs

have focused on improving the stability of
DNA episomal circles either through transient cell cycle arrest®® or
by the inclusion of SAR elements alone** >’ or combined with repli-
cation origin (http://www.vivebiotech.com/technology). However,
efficient stable transgene expression in highly dividing cells using
IDLVs can be difficult to achieve. As an alternative, we have focused
on improving the transient transgene expression levels of IDLVs
through insertion of the IS2 element. Although the presence of SAR
sequences in this element could also affect expression stability, we
did not find this type of effect, which is in line with the observations
of Kymaldinen et al,”® who did not observe any differences in
episomal establishment in IDLVs containing a SAR sequence. How-
ever, these data differ from other studies that show that the insertion
of a full 1.2-kb or minimal 155-pb fragment of the B-interferon SAR
elements in IDLVs provided a sustained transgene expression.*®*’
These contradictory findings could be explained by the differences
in SAR elements used in the different IDLVs. Verghese et al."’ and
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Figure 7. The IS2 Sequence Improves Transgene Expression in iPSCs

(A) Representative plots showing eGFP expression profiles of iPSCs transduced
with the SE, SE-IS2, SEWP, and SEWP-IS2 IDLVs at MOI = 10. The percentage (%)
of the eGFP* population and the relative transgene expression levels (MFI) are
shown in each plot. (B) Graphs showing the relative percentage of eGFP* cells (top)
and the relative transgene expression levels (bottom) in iPSCs transduced with
different IDLVs and normalized to the levels obtained with SE-IDLVs. The values
represent means + SEM of at least four separate experiments (“p < 0.05).

Xu et al.*’ used the full B-interferon SARs element and a 155-bp frag-
ment, respectively. On the other hand, Kymiliinen et al.”® used a
truncated form of 0.7 kb, while the IS2 element contained a synthetic
SARs element consisting of 4 SAR recognition signatures (MRS).** It
is therefore possible that both the 1.2-kb B-interferon SAR element
and the 155-bp fragment are required for episomal maintenance.

We inserted the IS2 element into the lentiviral backbone 3’ LTR in or-
der to be duplicated during the reverse transcription process. This

procedure enhances the effect of SAR sequences (the more sequences
the better) and/or increases homologous recombination in order to
promote the formation of 1-LTR circles, which is reported to be 2-
to 4-fold more effective for expression than 2-LTR circles.”” To differ-
entiate between these two effects, we constructed a 1.2 kb IDLV len-
tiviral backbone that has the same insertion in the LTR as IS2-IDLV
but contains an irrelevant sequence. The 1-LTR form is the result of
homologous recombination between the LTRs, while 2-LTR circles
are the result of non-homologous end joining (NHEJ),”””" meaning
that longer LTRs are expected to render higher levels of 1-LTRs.
Our analysis showed that the inclusion of both the IS2 element and
the irrelevant sequence 1.2 kb did not affect vector titer (estimated
based on ABM’s Lentiviral qPCR Titer Kit; see Materials and
Methods) but reduced the amount of episomes on transduced cells
and also the amount of 2-LTR circles related to total episomes. While
IS2-IDLVs episomes showed an increased eGFP transgene expression
as compared to unmodified IDLVs, the 1.2kb IDLV episomes showed
no effect. These data suggest that, as described previously,™® the inser-
tion of the IS2 element into the LTRs reduced the reverse transcrip-
tion process, rendering these IDLVs less efficient in generating
IDLV episomes in target cells. Additionally, they also indicated that
the enhanced expression of IS2-IDLV episomes cannot be explained
by the increment in 1-LTR forms, since this effect is not present in the
SE-1.2kb IDLVs.

The improved behavior of IDLV's harboring the IS2 element could be
due to an improved transcriptional activity of the IDLV episomes or
to improved mRNA stability and/or expression of IS2-containing
transcripts. However, the insertion of IS2 into integrative LVs
reduced their expression levels in 293T cells, and they also contained
the IS2 element in their mRNAs. We can therefore conclude that the
better performance of IS2-containing episomes must be due to an ef-
fect related to transcription and not to mRNA stability and/or other
effects on the mRNA. We therefore focused our attention on trying to
understand the potential mechanism involved in this enhanced tran-
scriptional activity of SE-IS2-IDLVs. By normalizing the transcrip-
tion levels to the relative amount of total vector DNA genomes, we
estimated that the transcriptional activity of IS2 episomes is 6- to 7-
fold higher than unmodified SE episomes. These positive effects of
the IS2 sequence counter-balance the negative effect on episome gen-
eration in target cells. Therefore, the final effect the IS2 element in
IDLVs will greatly depend on the target cell and the balance between
the negative (less efficacy of episome generation) versus the positive
(enhanced transcription) effects of the IS2 element in each cell type.
Interestingly, the IS2 element still has a similar activity when inserted
into a different LV backbone expressing the transgene through the
WAS promoter, suggesting that the effect could be independent of
the promoter used.

The elements contained in the IS2 (HS4 and SAR sequences) function
as DNA anchor points for the chromatin scaffold and organize the
chromatin into structural domains that separate different transcrip-
tional units from each other and provide a platform for the assembly
of the factors involved in transcription regulation.*>”* Several studies
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Figure 8. Performance of the IS2-IDLVs Expressing the Transgene through
the Human WAS Promoter

(A) Scheme of the IDLVs harboring the human WAS promoter. (B) Representative
plots showing eGFP expression profiles of Jurkat cells transduced with AWE and
AWE-IS2 (top) and the SE- and SEIS2 (bottom)-IDLVs at MOI = 0.5. The percentage
(%) of the eGFP* population and the expression levels (MFI) are shown in each plot.
(C) Graphs showing the relative vector DNA genomes in IDLV-transduced cells at
72 hr after transduction. Values represent means + SEM of at least four separate
experiments (*p < 0.05).

indicate that these elements are located in proximity to expressed
genes at the 5’ end or near transcription start sites.”> Several pieces
of evidence suggest that these elements may poise the DNA for tran-
scription by allowing interaction with ubiquitous tissue-specific tran-
scription factors, such as special SATB-1,”>7* NMP4,”® and CTCF;”®
these, in turn, recruit regulatory proteins such topoisomerases and
ATP-dependent chromatin remodeling complexes to mediate a
more expression-permissive state.”” These nuclear domains involved
in transcription and replication stain poorly with DAPI due to a lower
DNA context.”® In this direction, our FISH analysis showed that, while
the SE-IDLV episomes were uniformly distributed throughout the
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nuclei, the SE-IS2-IDLV episomes followed a more aggregated pattern
into DAPI-low regions. These observations indicate that the improved
behavior of SE-IS2-IDLV episomes is probably in part due to a prefer-
ential nuclear re-positioning into transcriptionally active regions.

In summary, we have designed a new LV backbone that improves the
expression levels of IDLV's through a 6- to 7-fold increase in the tran-
scriptional activity of IDLV episomes due to the inclusion of the IS2
element at the LTR. However, as the inclusion of this element also
negatively affects the amount of episomal vectors produced in target
cells, the final effect on different cell types varies. We did observe an
objective increase in transgene expression only in certain cell types,
such as 293T cells, NPCs, neurons, and iPSCs. Additional improve-
ments such as the reduction of IS2 element size and/or the design
of new backbones harboring this element in different locations could
further enhance the effectiveness of IDLVs as a vector system.

MATERIALS AND METHODS

Cell Lines

293T cells (CRL11268; American Type Culture Collection [ATCC],
Rockville, MD) were cultured in DMEM (Invitrogen, Edinburgh,
Scotland), supplemented with 10% fetal bovine serum (FBS; Invitro-
gen). The Jurkat T lymphocyte line (TIB-152) (ATCC, Manassas, VA)
was grown in RPMI medium supplemented with 10% FBS and Peni-
cillin-Streptomycin Solution (Biowest). Human neural progenitor
cells (Gibco human neural stem cells [NSCs], H9 hESC-derived,
cat. no. N7800) were maintained in StemPro NSC serum-free me-
dium (SFM) (KnockOut DMEM/F-12, StemPro NSC SFM supple-
ment, basic FGF recombinant protein, and EGF recombinant protein;
Gibco, Thermo Fisher Scientific). Plates were previously coated with
poly-L-Ornithine 10 pg/mL (Sigma-Aldrich, St. Louis, MO; https://
www.sigmaaldrich.com) and laminin 20 pg/mL (Thermo Fisher Sci-
entific, cat. no. 23017-015). The human iPSC line PBMCI1-iPS4F1
were grown as previously described by Montes et al.”” All of the hu-
man cells used in this study were donated by healthy individuals after
informed consent according to the Institutional Guidelines.

Neural Cell Differentiation In Vitro

When the human neural progenitor cells were 90% confluent, the
complete growth medium was replaced by the neural differentiation
media (NSC SFM Media without basic fibroblast growth factor
[FGF] recombinant protein or epidermal growth factor [EGF] recom-
binant protein) and maintained at 37°C in 5% CO, 20%0O,. The me-
dium was changed every 3-4 days for 28 days. The mature neural-like
cells were characterized by immunocytochemistry (see Supplemental
Information).

Lentiviral Vector Constructs

The IS2 element, which combine the HS4-650 fragment and the
SAR2, were designed and synthesized as previously described.’
SE,*° SEWP,*! AWE,” and SEIS2°* plasmids have been previously
described. The SEWP-IS2 and AWE-IS2 were generated by the inser-
tion of the IS2 element into the Bbsl site of the 3’ LTR of the SEWP
and AWE plasmids, respectively. The SE-1.2kb plasmid was
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Table 1. Pairs of Primers Used to Establish the 2-LTR Relative to the Total IDLV DNA Ratio by Real-Time PCR and Estimate the cDNA Amount of eGFP

Primer Pair Orientation Sequence Amplified Forms
Fw 5'-GCCTCAATAAAGCTTGCCTTG-3'
q2-LTR 2-LTR circles
Rv 5-TGGGAGTGAATTAGCCCTTCCA-3'
AU3 Fw 5-GATCTGCTTTTTGCTTGTACT-3'
total viral DNA
PBS Rv 5'-GAGTCCTGCGTCGAGAGAGC-3'
Fw 5'-GCTGTCATCTCTTGTGGGCTGT-3’
qhAlb genomic normalization
Rv 5'-ACTCATGGGAGCTGCTGGTTC-3'
Fw 5'-GCCCGACAACCACTACCT-3'
GFP GFP ¢cDNA
Rv 5'-CGTCCATGCCGAGAGTGA-3'
Fw 5'-ATGGGGAAGGTGAAGGTCG-3'
GAPDH GAPDH cDNA
Rv 5'-GGGGTCATTGATGGCAACAATA-3

The q2-LTR pair of primer flanks the 2-LTR circle junction. The second pair of primers amplify all forms of reverse transcribed products (bottom). The ghAlb is used as a control for
genomic normalization. GFP ¢cDNA primers pair amplifies the eGFP cDNA. GAPDH primers were used for cDNA normalization. FW, forward; Rv, reverse.

generated by inserting a 1.2-kb fragment from SEN (SFFV-eGFP-
Nluc) plasmid (https://www.genscript.com and our unpublished
data) into the SE plasmid.

Viral Production and Titration

LVs and IDLVs were generated by transient transfection of 293T cells
using the different vector plasmid together with the packaging
plasmid pCMVDR8.91 (http://www.addgene.org/Didier_Trono) for
LVs and pCMVDRD8.74 (kindly provided by Howe S.]. [UCL Great
Ormond Street Institute of Child Health, University College London,
London, UK]) for IDLVs, as well as the p-MD-G plasmid encoding
the vesicular stomatitis virus (VSV-G) envelope gene (http://www.
addgene.org/Didier_Trono). Transfection was performed with the
aid of LipoD293 (SignaGen Laboratories, Ijamsville, MD, USA) ac-
cording to the manufacturer’s instructions, and the supernatants
were harvested at 48 hr and 72 hr after transfection. Viral titers
were determined by the estimation of TU/mL using ABM’s Lentiviral
qPCR Titer Kit to convert the amount of viral copies per mL (GC/mL)
to TU/mL as indicated by the manufacturer.

Cell Transduction

Concentrated as well as unconcentrated LV and IDLV supernatants
were used to transduce different cell lines. Cells were washed with
Dulbecco’s PBS (1 x) (Biowest), counted, and plated on 48-well plates
and incubated for 5 hr with different LV and IDLV particles at
different MOIs (from 0.3 to 10). Media were changed after 5 hr.
NPCs and 293T cells were washed with Dulbecco’s PBS (1x) (Bio-
west), dissociated with TrypLE (Gibco), and plated on 24-well plates
in the presence of the fresh viral particles at different TU/cells. The
cell line PBMC1-iPS4F1 was incubated for 5 hr on the day of passage
with a concentrated virus in the presence of 8 ug/mL Polybrene and
10 uM Y-27632 (Sigma-Aldrich).

Flow Cytometry
At different times (72 hr to 7 days) after transduction, the different
cell types were harvested and washed twice with fluorescence-acti-

vated cell sorting (FACS) buffer (PBS containing 2 mM EDTA and
2% FBS), acquired on a FACS Canto II flow cytometer and analyzed
using FACS Diva software (BD Biosciences). eGFP expression was de-
tected in the fluorescein isothiocyanate (FITC) channel in a flow cy-
tometer (BD FACScanto).

Profile of Extrachromosomal Forms of IDLV DNA

The 2-LTR:total IDLV DNA ratio in transduced cells was determined
by real-time PCR using different primer pairs (Table 1) that enable us
to discriminate 2-LTR from total IDLVs DNA. As an internal control,
we also used primers for the human albumin locus (hAlb). DNA of
transduced cells was extracted 72 hr after transduction using a
QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany; https://www.
giagen.com:443/us). Real-time PCRs were performed using the
QuantiTect SYBRGreen PCR kit (QIAGEN) on a Stratagene
MX3005P System (Agilent Technologies, Santa Clara, CA; https:/
www.agilent.com). The PCRs were performed using the following
run program: 10" at 95°C for denaturation, 40 cycles of 15 min at
95°C, 60 min at 60°C, and 72°C for 60” followed by the melting curve.
PCR data were analyzed according to the comparative Cr method.*”

mRNA Analysis by RT-qPCR

Total RNA was obtained using the Trizol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. RNA samples were
reverse transcribed using the Superscript first-strand system (Invitro-
gen), and qPCRs were performed using the QuantiTect SYBRGreen
PCR kit (QIAGEN) on a Stratagene MX3005P system (Agilent Tech-
nologies, Santa Clara, CA; https://www.agilent.com). The primers
used are listed in Table 1.

FISH

FISH based on the use of an orange 8 (Alexa Fluor 555) fluorescent
probe was employed to localize IDLVs in cells as previously
described.®” In brief, to generate the IDLV-FISH probe, DNA from
the vector plasmid was directly labeled by Nick Translation according
to the manufacturer’s specifications (Invitrogen, Edinburgh,
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Scotland). Fixed cells with Carnoy’s fixative were hybridized over-
night at 37°C with the SE probe. After post-hybridization washes,
the cells were counterstained with DAPI in anti-fade solution (Molec-
ular Probes). Images were acquired on a Zeiss LSM 710 confocal mi-
croscope (Carl Zeiss, Jena, Germany; https://www.zeiss.com). The
extent of colocalization was performed using Mander’s overlap coef-
ficient (MOC)* to quantify the degree.

Statistical Analysis

All data are represented as means + SEM. Statistical analysis was per-
formed using GraphPad Prism software (GraphPad Software, La
Jolla, CA; https://www.graphpad.com) by applying the unpaired
two-tailed t test. Statistical significance was defined as a p value < 0.05.
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