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IntroductIon
The broad tropism of human immunodeficiency virus (HIV-1)–
derived lentiviral vectors and their ability to infect hard-to-trans-
fect cells make them highly attractive for clinical gene therapy 
applications. Stable transduction of target cell populations makes 
them particularly useful for the genetic modification of dividing 
cells. Conventional lentiviral vectors undergo reverse transcrip-
tion shortly after cell entry and form a preintegration complex 
comprising linear viral DNA, integrase, and matrix and cellular 
proteins. The complex is localized to genomic DNA through an 
interaction with lens epithelium–derived growth factor/p75 and 
the viral enzyme integrase subsequently mediates integration 
into host DNA.1–3 The process of integration site selection is not 
random, but favors transcriptionally active regions. Site selection 
is influenced by a variety of factors and as for other retroviral vec-
tors, cellular factors including higher order chromatin structures 
are likely to govern accessibility to target DNA.4,5 Thus around 
70% of HIV-1 integration sites occur in genes compared to a pre-
dicted level of around 30% if the process was purely random.6,7 
Although there is evidence for the targeting of certain chromo-
somal hotspots, lentiviral vectors (unlike γ-retroviral vectors) 
do not appear to exhibit particular preferences for transcrip-
tional start sites, areas close to DNAase1 hypersensitivity sites, 
or CpG islands. Viral integrase plays a key role in integration 
site selection, and this was demonstrated in experiments where 
substitution of HIV integrase with murine leukemia virus inte-
grase resulted in redirection toward a murine leukemia virus–
like integration profile.8 Overall, HIV-1 based lentiviral vectors 
may partially obviate some of the concerns linked to γ-retroviral 
vectors that more frequently target gene regulatory regions 
(accounting for ~20% of integrants) and have been linked to 

insertional mutagenesis. Murine leukemia virus–derived retro-
viral vectors used in two independent studies of autologous stem 
cell gene therapy for X-linked severe combined deficiency have 
caused T-cell leukemiagenesis.9–11 In addition, retroviral inser-
tional transactivation caused clonal expansion of myeloid cells 
and myelodysplasia following retroviral modification of hemato-
poietic stem cells (HSCs) in patients with chronic granulomatous 
disease.12 Ahead of clinical studies of lentiviral vectors, studies 
in mice have been reassuring. In Cdkn2a−/− tumor–prone mice, 
there was a reduced risk of insertional mutagenesis for self-
 inactivating (sin) lentiviral vectors following transduction and 
grafting of murine bone marrow–derived HSCs compared to long 
terminal repeat (LTR)–intact murine retroviruses.13,14 However, it 
should also be borne in mind that recent in vitro studies sug-
gested that there was only a threefold reduction in transform-
ing activity of primary murine HSCs when using lentiviral rather 
than a γ-retroviral backbone with the same SIN configuration.14 
Clinical studies using lentiviral vectors in humans have recently 
been initiated but only limited information is available about the 
longer term consequences of viral integration. To date, there have 
been no reports of adverse insertional events in patients with 
HIV infection who have undergone ex vivo gene modification of 
autologous T cells.15,16 A smaller number of patients have success-
fully undergone lentiviral modification of autologous HSCs, for 
the inherited metabolic disorder Adrenoleukodystrophy without 
significant vector-related toxicity.17 However, in another study of 
HSC lentiviral transduction for the blood disorder β-thalassemia, 
a clonal expansion of erythroid precursors have recently trig-
gered alerts from regulatory bodies.18 The vector used encoded 
elements derived from the β-globin locus control region and 
had insulator sequences incorporated within the LTRs. The 
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underlying mechanism of the clonal expansions is being investi-
gated further but is likely to be related to integration within the 
gene locus for high mobility group A2 proteins. Thus, although 
the integration profile of lentiviral vectors may be inherently more 
favorable than γ-retroviral vectors, the potency and specificity of 
internal regulatory elements are likely to have a greater influ-
ence on biosafety. Even with the inclusion of insulator elements, 
risks associated with disrupted gene expression need to be care-
fully considered. How can the safety profile of lentiviral vectors 
be further improved? One option which is highly attractive for 
non mitotic target cells is to avoid vector integration into genomic 
DNA entirely through the use of integration-deficient (noninte-
grating) lentiviruses (NILV). Such an approach relies on disabling 
conventional integration pathways, for example through muta-
tions in integrase. The biology of NILV vectors has been reviewed 
in detail recently in this journal19 and others20 and therefore only 
the salient features are summarized here. Mutations of integrase 
such as D64V are designed to disrupt its role in proviral integra-
tion, but not to compromise its other functions, including virus 
packaging and nuclear translocation of the preintegration com-
plex.21 Thus, following reverse transcription, lentiviral DNA fails 
to integrate into chromosomal DNA, and is predisposed to form-
ing DNA circles as a consequence of host DNA repair proteins. 
Lentiviral DNA circularizes by nonhomologous end-joining 
forms 2-LTR circles or can undergo homologous recombination 
(HR) of the 5′ and 3′LTRs to form a single LTR form. It has been 
estimated that approximately one-third of linear lentiviral DNA 
forms either 1- or 2-LTR circles in target cells and these episomal 
forms remain transcription competent.22 It is also apparent that 
a greater proportion of HIV DNA forms episomal circles from 
integrase-deficient vectors compared to vectors produced with 
intact integrase. Levels of background integration (through non-
integrase pathways) are extremely low and in nonmitotic cells, 
gene expression from episomal lentiviral circular DNA has been 
sustained for many months.

Clearly this approach is less useful for the sustained correction 
of dividing cell systems such as the hematopoietic cells or skin 
tissue because episomal, nonreplicating, lentiviral forms rapidly 
dilute as cells turnover, and thus transgene effects are lost over 
a period of days or weeks. Gene expression from NILV may also 
not always be as efficient as from an equivalent integrated proviral 

form.23,24 However, it has been shown there is a window of oppor-
tunity during which nonintegrating lentiviral vectors can be used 
to express alternative machinery for the modification of genomic 
DNA. Marrying the cell entry properties of lentivirus with previ-
ously plasmid-based gene therapy tools could produce synergistic 
improvements. Nonintegrating vectors have recently been used 
to deliver recombinase enzymes, meganucleases, and zinc finger 
nucleases (ZFNs) (Table 1).25–27 Importantly, the nonintegrated 
lentiviral DNA forms can also act as a suitable donor template 
for DNA recombination and although efficiency in primary cells 
is currently limited, the prospect of generating single viral con-
structs capable of encoding both the integration/repair enzymes 
and corrected DNA for repair is a realistic ambition. Experience 
from a variety of different hybrid systems is reviewed and the 
generic issues relating to the use of NILV in these experiments, 
and problems with reduced transcriptional activity and back-
ground integration events are considered.

LentIVIrAL-MedIAted FLp recoMbInAtIon
In proof of principle studies, cells were infected with two non-
integrating vectors—one for expression of an enhanced Flp 
recombinase and the other providing a hygromycin-resistance 
transgene flanked by a flippase recognition target (Flp recombi-
nation) site.25 The mechanism of Flp-directed recombination was 
such that only circularized lentiviral molecules were able to inte-
grate successfully. Sustained gene transfer could be demonstrated 
following co-transduction of HEK293 cells, which had been engi-
neered to contain three chromosomal flippase recognition target 
sites. Importantly, only low levels of background integration were 
observed because the vector was designed so that hygromycin 
resistance could only be expressed following Flp-mediated inser-
tion at the target site. Sequence analysis confirmed that 1- and 
2-LTR circles were the major substrate for Flp-mediated inser-
tion. The authors used quantitative PCR to compare the effi-
ciency of plasmid transfection or viral transduction, and found 
that the rate of Flp-mediated integration from 2-LTR circle was 
around 60 times more efficient compared to plasmid. Possible 
reasons for the greater efficiency of 2-LTR-circle-derived inser-
tion include preferential nuclear localization of nonintegrated 
viral DNA and important structural differences in the nature 
of the substrate DNA, including the degree of supercoiling. The 

table 1 Integration-deficient lentiviral vectors (nILV) used to deliver alternative dnA-modifying systems and published efficiencies of gene 
transfer compared to integrating lentiviral vectors

Gene transfer vector Integration mechanism target cell reporter gene
Maximum % stable transduction 
and/or integrants per nILV copy reference

ILV Lentiviral integrase HEK293T eGFP up to 100% 50

NILV Flp recombinase HEK293 Hygromycin 0.01% 
2 × 10−5/copy

25

NILV I-Sce1 meganuclease HEK293 eGFP gene repair 1% 27

NILV Zinc finger nuclease K562 eGFP/IL2Rg chain locus/ 
CCR5 locus

35% 26

NILV Sleeping Beauty (SB11) HeLa Neomycin 2.60% 
4 × 10−4/copy

42

NILV Sleeping Beauty (SB100) HEK293 Puromycin % not reported 
1 × 10−2/copy

43

Abbreviations: eGFP, enhanced green fluorescent protein; ILV, integrating lentiviral; NILV, integration-deficient (nonintegrating) lentiviruses.
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Flp-based system is not therapeutically useful as artificial sites for 
recombination are required, but these experiments supported the 
principle of nonintegrating lentiviral–mediated delivery of alter-
native  integration machinery.

LentIVIrus deLIVery oF nucLeAses And dnA 
repAIr by HoMoLoGous recoMbInAtIon
The creation of a targeted double-stranded DNA break stimulates 
DNA repair machinery and results in increased HR (Figure 1). The 
meganuclease I-Sce1 binds to an 18-bp recognition site and causes 
double-strand breaks in genomic DNA, triggering gene repair by 
HR. Cornu et al. described a lentiviral vector able to undergo gene 
targeting by HR after I-Sce1 activity.27 An I-Sce1 expression cassette 
and a homologous repair template were cloned into independent 
NILVs. Gene conversion at a chromosomal enhanced green fluo-
rescent protein target site was observed in ~1% of HEK293 cells 
transduced with both NILVs compared to 0.03% of cells trans-
duced with the template NILV only. Interestingly, gene conver-
sion occurred in 12% of HEK293 cells when I-Sce1 was expressed 
from an integrating lentiviral vector. The authors suggest that low 
expression from NILVs was a limiting factor in the gene targeting 
frequency. As discussed below, reduced levels of transgene expres-
sion from NILV have been reported elsewhere and strategies to 
increase expression are being investigated.28 Recently, engineered 
heterodimeric variants of homing endonucleases have been shown 
to be capable of targeting genes relevant to human disease such 
as the human xeroderma pigmentosa group C gene.29 Xeroderma 
pigmentosum arises from a defect of nucleotide excision repair 

and engineered variants of the homing endonuclease I-Cre1 
mediated high levels of specific gene targeting without genotoxic-
ity. This example raises the prospect of NILV delivery of further 
custom-engineered endonucleases capable of highly specific DNA 
cleavage.

Another notable hybrid system to date has used NILVs to 
express ZFNs. These zinc-finger assemblies comprise Cys2His2 
zinc fingers, which target specific DNA base triplets. Fusion to 
the nuclease domain of endonuclease Fok1 has generated artifi-
cial ZFNs capable of inducing site-directed double-stranded DNA 
breaks. Subsequent DNA repair by nonhomologous end-joining or 
HR induces permanent genomic modification. Initial studies used 
nucleofection to deliver plasmids expressing ZFNs to target the 
IL2RG locus in cell lines.30 To improve efficiency, more recent work 
has focused on viral delivery. Lombardo et al. generated transduced 
cells with three NILVs: two for expression of ZFN dimerizing pairs 
and one for delivery of the repair template encoding a transgene 
flanked by sequences homologous to the target site.26 Gene conver-
sion was observed at the IL2RG locus in 16% of K562 cells infected 
with all three vectors. Besides gene conversion by substitution, gene 
addition into the IL2RG locus in K562 cells was achieved with an 
efficiency of 3.4% by flanking an enhanced green fluorescent pro-
tein expression cassette with arms homologous to the IL2RG, indi-
cating site-specific integration of the marker gene. Similarly, ZFNs 
have been designed to target the CCR5 locus. CCR5 is a coreceptor 
for HIV-1 entry and a homozygous Δ32 deletion in CCR5 is linked 
to viral resistance in man. Perez et al. sought to permanently dis-
rupt CCR5 expression and recreate the Δ32-CCR5 null phenotype 
in human CD4+ T cells using adenoviral vectors to deliver ZFNs 
targeting the transmembrane domain of CCR5.31 In this situation, 
the ZFN-mediated double-strand break is repaired by nonhomo-
logous end-joining. The primary aim of these experiments was to 
inhibit HIV entry by disruption of CCR5 expression. However, in 
other experiments using NILV encoding a reporter gene/promoter 
cassette flanked with sequences homologous to those upstream and 
downstream of the ZFN target site, site-specific gene delivery by 
HR was demonstrated. Gene addition at the CCR5 locus occurred 
in 35% of K562 cells with a 2% background integration rate and 
0.06% of CD34+ hematopoietic progenitor cells with a 0.005% 
background integration rate.26 The CCR5 locus is being investigated 
as a “safe-harbor” site for integration, as disrupted CCR5 expres-
sion, present in around 1% of the population, does not appear to 
result in any significant reduction in immunity. Ideally, safe-harbor 
sites should be able to support stable gene expression and resist 
silencing. Levels of transgene expression at the CCR5 locus have 
been found to be reduced compared to those at another putative 
safe site, the adeno-associated virus S1 (AAVS1) locus. Such data 
suggest that levels of transcriptional activity are influenced by as 
yet undefined site-specific features. It is also not yet clear how 
 promoter/transgene cassette integration into a “safe-site” impacts 
on the neighboring genes. Although retrovirus-derived  promoters 
have been reported to upregulate neighboring genes by up to 100-
fold, similar effects were not detected for human PGK or EF1α 
promoters.32 Nonetheless, formal studies will need to be under-
taken to demonstrate reduced (or absent) potential for insertional 
mutagenesis in comparison to more conventional γ-retroviral or 
lentiviral vectors.
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ZFN-R
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Figure 1 schematic representation of nonintegrated lentiviral 
(nILV) circles in which 2-Ltrs have joined by nonhomologous end-
joining in the absence of integrase activity. These episomal forms sup-
port transcription and one attractive application has been the delivery of 
nucleases capable of site-specific DNA modification. In the case of zinc 
finger nucleases (ZFNs), the zinc finger motifs bind to opposite strands 
of target DNA sites and this allows dimerization of Fok1 endonuclease 
resulting in double-stranded cleavage of genomic DNA. Alternatively, 
meganucleases (MN) mediate precise DNA cleavage following highly 
specific DNA recognition and binding. Provision of a third NILV, carry-
ing sequences homologous to the cleavage site, provides a template for 
homologous recombination and repair of cleaved genomic DNA, and 
this can allow the insertion of a minimal promoter/transgene cassette if 
flanked by appropriate homology sequences.
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Finally the risk of nuclease-mediated toxicity will have to be 
considered for specific constructs, as it is likely to be dependent 
on a variety of factors including the specificity of DNA cleavage 
and the frequency of target-binding sites.33 For example, engineer-
ing Fok1 endonuclease to require obligate heterodimerization for 
effective DNA cleavage can reduce “off-target” effects mediated by 
conventional Fok1 homodimers.34,35

HybrId LentIVIrus–trAnsposon Vectors
Sleeping Beauty (SB) lentiviral hybrid vectors have been derived 
from a plasmid-based Tc1/mariner-type DNA transposon/ 
transposase system,36 which has been widely explored as an 
integrating vector for transgenesis in eukaryotic cells. The com-
plete wild-type transposon consists of a transposase coding 
sequence flanked by two nonidentical 230-bp inverted repeats.37 
Transposase catalyzes the excision of the transposon from flank-
ing DNA and its reintegration elsewhere in a “cut-and-paste” 
transposition. Insertion occurs at TA-dinucleotide sites and DNA 
repair of both the donor and target DNA strands, results in a 3-bp 
transposon footprint on the donor DNA and duplication of the 
TA-dinucleotide within the target chromosomal DNA.38,39 This 
characteristic signature is useful for indentifying transposition 
events, and integration site analysis in cell lines has shown that 
integration of SB is almost random with respect to genomic fea-
tures such as transcription units and CpG islands.40–42 This may 
be advantageous in terms of reduced risk of genotoxicity, but as 
a plasmid-based system, SB applications may be limited. There 
have been attempts to create hybrid SB-viral vectors. For exam-
ple, adenoviral vectors have been used to deliver transposons and 
transposase cassettes. One insight from such experiments was the 
realization that efficient transposition from the viral DNA requires 
circularization of the viral backbone, and in this regard NILVs 
have the advantage of naturally forming episomal circles. These 
experiences have led to the development of lentivirus:SB hybrid 
vectors in various configurations. Incorporation of a transposon 
cassette, in its correct orientation, between the lentiviral LTRs and 
provision of transposase in trans, from a second nonintegrating 
construct, resulted in effective cut-and-paste transposition.42 This 
configuration has the advantage of inserting a minimal  promoter/
transgene cassette, with all other virus-derived elements remain-
ing episomal and thus being lost upon cell division. As alternative 
option, Staunstrup et al. engineered vectors to permit SB-mediated 
transposition of an entire proviral cassette, including the LTR ele-
ments. This was achieved through the inversion and close opposi-
tion of the left and right SB inverted repeats between the LTRs in 
combination with an enhanced SB mutant (SB100).43 Integration 
site analysis in both cases confirmed that the integration pro-
file was diverted away from that of conventional lentivirus, and 
toward the profile of SB. Intuitively, this would appear to reduce 
the risk of adverse insertional events, but the issue of genotox-
icity has yet to be formally addressed in suitable tumor models. 
Furthermore, the issue of transgene silencing within transposon 
cassettes, and how that relates to integration sites, will also need to 
be studied. It has recently become clear that SB insertions are sub-
ject to a degree of gene silencing and variegation of gene expres-
sion, although further studies comparing different promoter/
enhancer sequences is warranted. Garrison et al. reported that as 

few as 1 in 15 chromosomal insertions in cell lines were able to 
express a fluorescent reporter gene, and treatment of cells with 
methyltransferase or histone deacetylase inhibitors raised this 
proportion to almost 100% (refs. 44,45). For future applications, it 
may be possible to engineer the transposase to target integration 
to specific sites,46 or to utilize other transposase systems such as 
piggybac. The latter was derived from the cabbage looper moth 
Trichoplusia ni and has a carrying capacity of up to 14 kb without 
loss of transposition efficiency.47 Thus hybrid lentiviral:piggybac 
vectors may offer additional advantages over SB vectors in terms 
of larger transgene size, increased transposition efficiency, and 
resistance to overproduction inhibition effects.

GenerIc Issues reLAtInG to nILV  
HybrId Vectors
Although initial experiments in nondividing cells indicated that 
NILV can mediate gene transfer at comparable efficiencies to 
integrating vectors,21 more recently it has become apparent that 
expression levels may well be reduced compared to those from 
stable integrants. The effects on vector titer following the incor-
poration of additional elements in into the lentiviral genome may 
be unpredictable when including expression cassettes flanked by 
target site homology sequences or transposable SB cassettes. The 
consequences of including 3′ PolyA sequences in the sense orien-
tation within transgene cassettes has to be balanced against pos-
sible promoter interference from cassettes cloned in the reverse 
orientation.42

Background integration of NILV is infrequent, in the order of 
10−4 to 10−2 depending on cell type and in the range of background 
integration of plasmid. However, the stable integration of ZFNs, 
transposases, or other DNA-modifying enzymes even in a small 
number of cells would be undesirable. In the case of SB, the trans-
poson would be susceptible to “hopping” by repeated cut-and-
paste retransposition.48 Thus, measures to eliminate background 
integration and/or the inclusion of additional safety genes may be 
required. Thus far, the D64V integrase mutation has proven most 
efficient in preventing integration, and the inclusion of additional 
mutations (for example within the attachment site) has not fur-
ther reduced the frequency of background integration events.22,49 
Pharmacological approaches to disrupt integrase and/or lens 
epithelium–derived growth factor may offer additional security, 
but perhaps the most robust approach would be to link expression 
of nuclease or transposase genes to a suicide gene mechanism. 
This would allow selective prodrug-mediated elimination of cells 
retaining lentiviral copies as a result of background integration of 
full-length provirus.

concLusIons And AppLIcAtIons
If generic issues relating to vector titer and levels of transcriptional 
activity derived from NILV can be addressed, clinical applications of 
vectors carrying DNA modification systems will follow. The group 
of conditions most likely to be the first to benefit from such hybrid 
lentiviral vector technologies are those very same inherited immune 
disorders in which gene therapy successes were demonstrated using 
integrating retroviral vectors. In conditions such as X-linked severe 
combined immunodeficiency, a relatively small number of func-
tional hematopoietic stem or progenitor cells can support immune 
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reconstitution and disease correction because of the strong in vivo 
survival advantage held by cells expressing functional common 
γ-chain receptors. In such conditions, HSCs can be manipulated and 
modified ex vivo, allowing exposure to high multiplicity of infection 
with viral vectors, increasing the likelihood of targeted gene repair. 
Even if repair is achieved in only a small fraction of HSC or lym-
phoid precursor populations, in vivo expansion following reinfu-
sion of corrected cells should provide sustained reconstitution with 
corrected T cells free of virus-derived components.
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