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Abstract One of the main advantages of using lentivectors is their capacity to
transduce a wide range of cell types, independently from the cell cycle stage.
However, transgene expression in certain cell types is sometimes not desirable,
either because of toxicity, cell transformation, or induction of transgene-specific
immune responses. In other cases, specific targeting of only cancerous cells within
a tumor is sought after for the delivery of suicide genes. Consequently, great effort
has been invested in developing strategies to control transgene delivery/expression
in a cell/tissue-specific manner. These strategies can broadly be divided in three;
particle pseudotyping (surface targeting), which entails modification of the envelope
glycoprotein (ENV); transcriptional targeting, which utilizes cell-specific promoters
and/or inducible promoters; and posttranscriptional targeting, recently applied
in lentivectors by introducing sequence targets for cell-specific microRNAs.
In this chapter we describe each of these strategies providing some illustrative
examples.
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3.1 Introduction

Lentivectors can effectively transduce a wide range of cells [1, 2]. This property
allows gene correction of potentially any cell type. On the other hand, in some
circumstances transgene expression is desirable in only a limited number of
specific cell targets. For example, intravenous lentivector administration results in
gene transfer to hepatocytes in mouse models. However, this also leads to trans-
gene expression in professional antigen presenting cells such as plasmacytoid
dendritic cells (pDCs). These cells then trigger a transgene-specific immune
response that will result in elimination of transgene-expressing hepatocytes [3].
This ‘‘collateral transduction’’ limits the therapeutic efficacy of some gene therapy
protocols. Therefore, in this case DC transduction has to be avoided at all costs. In
other circumstances, transgene expression in immune cells is therapeutic. For
example, expression of particular mitogen activated protein kinase (MAPK)
constitutive activators in myeloid DCs can either enhance antitumor immune
responses or inhibit immune responses by modulating DC functions [4, 5]. On the
other hand, some of these MAPK modulators may favor cell transformation if
expressed in poorly differentiated cell types [6–8]. Therefore, restricted transgene
delivery to immune cells would increase biosafety. Finally, a transgene may be
toxic in a particular cell lineage but only at certain differentiation stages. This is
exemplified in the correction by gene therapy of globoid cell leukodystrophy, a
lysosomal storage disease caused by inactivating mutations in galactocerebrosi-
dase (GALC) [9]. While GALC expression is highly toxic in early hematopoietic
progenitors, it is therapeutic in mature cells from the hematopoietic lineage [9].
This is an interesting case in which specific transgene delivery was achieved
according to the cellular differentiation stage.

Hence, there are many circumstances in which specific targeting to cell types
and tissues has to be achieved. Therefore, the lentivector tropism has been mod-
ulated by many experimental approaches, and here we will focus on the best-
known examples.

3.2 Modification of Lentivector Tropism by Pseudotyping
(Surface Targeting)

Transgene delivery by lentivectors depends on the recognition of the target cell by
ENV, which is followed by entry into the cell. Therefore, the lentivector tropism is
first determined by specific binding to cell surface receptors. As discussed in
Chap. 2, lentivectors can acquire a wide range of different envelope glycoproteins
during budding at the plasma membrane from the producer cell. This process is
called pseudotyping because the resulting virions (pseudovirions) exhibit the
surface antigenicity provided by a heterologous ENV [10, 11].
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HIV-1 ENV can be used for ‘‘pseudotyping’’ lentivectors, although it does not
lead to high titer preparations. For this reason, one of the most widely used
envelopes for lentivector pseudotyping is the vesicular stomatitis virus glycopro-
tein (VSV-G) [2, 12–14]. VSV-G pseudotyping exhibits many advantages; firstly,
it stabilizes the vector particle, leading to high titer vector preparations, and allows
vector concentration by ultracentrifugation due to its stability [15]. Secondly,
VSV-G is a pantropic envelope, and confers a very broad host cell range [16]. In
fact, it is unclear whether VSV-G binds a specific ubiquitous cell receptor, or binds
to phospholipids in the plasma membrane [15, 17, 18].

However, in some cases restriction of lentivector tropism results in safer in vivo
gene delivery, and can also enhance the therapeutic effects by reducing the
lentivector dose. This is of interest since reaching high titer retrovirus vector
preparations is a major difficulty. For this reason, several strategies have been
applied to achieve specific transductional targeting by surface modification of
ENV as explained below.

3.2.1 Pseudotyping with Heterologous Viral Proteins

The availability of a broad range of existing viral ENVs combined with the
capacity of retrovirus/lentivirus vectors to accommodate heterologous ENVs
makes this strategy simple and straightforward. These lentivectors should exhibit
the same cell/tissue tropism of the virus from which the ENVs originated. The list
of available glycoproteins for lentivector pseudotyping is evergrowing [19].
Summarizing, viral glycoproteins from several viral families have been success-
fully used, including Retroviridae, Baculoviridae, Filoviridae, Flaviviridae,
Arenaviridae, Rhabdoviridae, Paramyxoviridae, and Coronaviridae [19, 20]
(Table 3.1). In this section we will provide key examples.

Lentivectors can be easily pseudotyped with c-retroviral ENVs such as mouse
leukemia virus amphotropic (MLV-A), gibbon ape leukemia virus (GALV), and
feline endogenous retrovirus (RD114) envelopes [21–23]. These envelopes rec-
ognize cellular receptors expressed in a wide range of human cell types, such as
phosphate cotransporters Pit2 for MLV A [24], Pit1 for GALV, and the neutral
aminoacid transporter RDR for RD114 envelope [22, 25–27]. In particular cases,
lentivector pseudotyping requires certain modifications in these ENVs. For GALV
and RD114 ENVs, substitution of the cytoplasmic domain by that of the MLV
enhances their incorporation [23, 28, 29]. The substitution of RD114 cleavage site
with the site specific for HIV protease increases its activity [30]. Lentivectors
pseudotyped with c-retroviral envelopes effectively transduce CD34+ hemato-
poietic precursor cells, a requirement for the treatment of several human genetic
pathologies [31]. In fact, correction of severe combined immunodeficiency (SCID)
was achieved with GALV [32] and MLV-A [33] pseudotyped retrovirus vectors.
GALV ENV was used again for the correction of X-linked chronic granulomatous
disease (CGD) and Wiskott–Aldrich Syndrome [34, 35]. In contrast, correction of
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X-linked adrenoleukodystrophy and b-thalassaemia was achieved with VSV-G
pseudotyped lentivectors because of their superior transduction efficiency [36, 37].

Lentivectors can also be effectively pseudotyped with envelope proteins from
more distant virus families (Table 3.1). These include alphavirus envelopes (Ross
River virus and Semliki Forest virus) which exhibit specific tropism towards
mouse and human dendritic cells [38, 39]; baculovirus gp64, an insect virus
envelope which confers high particle stability and transduction efficiency. Lenti-
vectors pseudotyped with gp64 effectively transduce hepatocytes in vivo, but not
cells from the hematopoietic lineage (or very poorly) including DCs [40, 41].
This property can be exploited to prevent transgene-specific immune responses.
Lymphocytic choriomeningitis (L-CMV) virus ENV pseudotypes transduce cells
from the central nervous system (neurons, neuroblasts, and astrocytes), glioma
cells, and also insulin secreting b cells [42, 43].

The list of lentivector pseudotypes and their application is long. However, there
is one more case worth explaining in detail due to its relevance for T and B cell
human gene therapy. Gene modification of naïve, nonactivated B, and T lym-
phocytes has always been a scientific challenge. Their efficient transduction
requires their activation usually with antiCD3/antiCD28 agonistic antibodies, or by
pretreatment with cytokines [44]. This activation alters their phenotype and
effector functions before they can be transduced. Even VSV-G lentivector
pseudotypes transduce nonactivated T cells inefficiently [44]. Interestingly, effi-
cient transduction of naïve, nonactivated human lymphocytes is achieved with
measles virus H and F ENV (H/F) pseudotypes [45, 46]. Measles virus H/F binds
to SLAM and CD46 leading to efficient virus entry, nuclear transport, and inte-
gration [47]. These lentivectors can also transduce some B cell lymphomas par-
ticularly resistant to lentivector transduction [48, 49].

Table 3.1 Some selected examples of virus envelope glycoproteins commonly used for
lentivector and retrovirus vector pseudotyping

Family Glycoprotein (species) References

Retroviridae Human T lymphotropic virus (HTLV)-1,
maedi-visna virus, gammaretroviruses

[21, 50–53]

Togaviridae Semliki forest virus (SFV), venezuelan equine
encephalitis virus (VEEV), ross river virus (RRV),
and sindbis virus

[38, 54–58]

Rhabdoviridae Vesicular stomatitis virurs, rabies virus,
and mokola lyssavirus

[59–61]

Filoviridae Ebola, marburg virus [62, 63]
Orthomyxoviridae Influenza hemagglutinin [64]
Coronaviridae Severe acute respiratory syndrome (SARS)

coronavirus
[20, 65]

Baculoviridae Baculovirus [40, 41]
Paramyxoviridae Measles virus [46]
Arenaviridae Lymphotropic choriomeningitis virus (LCMV) [42, 43, 66]
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All these examples, especially the last one, demonstrate that it is possible to find
an adequate ENV pseudotype for any target cell type.

3.2.2 Pseudotyping with Modified Viral Glycoproteins

The binding function and tropism of ENV pseudotypes can also be altered by
modification of ENV residues involved in receptor binding. In some cases, their
original tropism can be completely abrogated without affecting their fusion
activities. Then, other molecules such as antibodies, cytokines, or receptor ligands
can provide an alternative binding method.

An example of altering the natural tropism of ENV to achieve specific DC
tropism is the introduction of selected mutations in the Sindbis virus envelope
proteins E1/E2. E1/E2 binds to heparan sulfate, present in most cell types, and also
to DC-SIGN, a DC-specific molecule. While E2 binds to the cell receptor,
E1 mediates membrane fusion. Interestingly, E1 fusion activity is independent of
E2 binding to the cell receptor [67]. Specific E2 mutations abolished binding to
heparan sulfate but not to DC-SIGN. This modification allowed specific lentivector
gene transfer to DCs in vivo [58]. The Sindbis E1/E2 envelope system is also
susceptible to other targeting strategies. In some cases, E2 binding capacities
have been completely abrogated, while providing alternative binding methods
alongside E1/E2 pseudotyping. For example, cell-specific antibodies conjugated
to E2 conferred specific tropism towards P-glycoprotein-expressing melanoma
cells [68], prostate cancer [69], endothelial cells [70], and CD34+ hematopoietic
progenitor cells [71]. Strong antibody conjugation was achieved by introducing the
ZZ domain of protein A in E2. Incorporation of antibodies or any other surface
molecule alongside modified Sindbis ENVs can effectively target lentivectors to
specific cell types [72].

A major setback from the Sindbis-based modification strategies is the
dependence on endocytosis for pH-dependent fusion to occur. Physical retar-
geting of lentivectors does not guarantee their endocytosis. Fortunately,
pseudotyping with measles virus F/H envelope glycoproteins circumvents this
hurdle. While the H subunit mediates cell binding, the F protein triggers pH-
independent fusion [73]. Therefore, F/H lentivector pseudotypes can gain access
by direct fusion with the plasma membrane [74]. Similarly to the Sindbis virus
E1/E2 system, the measles virus H subunit binding residues can be mutated, and
bound to different molecules targeting specific ligands. For example, fusion with
either the epidermal growth factor (EGF) or with a CD20-specific single-chain
antibody resulted in specific lentivector transduction of EGF receptor expressing
cells and CD20+ B lymphocytes, respectively [75]. Of note, the authors of this
study remark the high B cell transduction efficiency. However, it is possible that
the measles virus H/F envelope system itself is the main determinant for B cell
modification [46, 47].
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Engineering of retargeted envelope proteins by covalent fusion to natural
ligands such as cytokines has proved to be a challenge [76]. These strategies have
limited success as the inclusion of a ligand usually inhibits viral entry, with some
limited exceptions such as the Sindbis and Measles virus envelope systems
[76, 77]. One of these examples is the fusion of influenza heamaglutinin with EGF
to target retroviral transduction to EGF receptor-expressing cells [78]. To over-
come the inhibition of vector entry, sequence targets for cellular proteases such as
metalloproteases (MMP) were introduced to release ENV from the fused ligand/
antibody. This strategy has also been applied for the targeting of MMP-expressing
tumors using retrovirus and lentivirus vectors [79–83].

3.3 Transcriptional Targeting

Selective targeting of transgene expression to specific cell types can be effectively
achieved with cell and tissue-specific promoters. In this situation lentivector
transduction is not prevented at cell entry, but rather transgene expression is
restricted to specific cell types. The large number of endogenous cellular pro-
moters potentially allows targeted expression to any cell type or tissue. In addition,
inducible promoters can also be incorporated in lentivector systems, leading to
controlled transgene expression by administration of a given drug. These strategies
add an additional control point for the development of cell-specific lentivectors.

3.3.1 Cell and Tissue Specific Promoters

Specific cell type expression can be achieved by incorporating promoters active in
these specific cells into the lentivectors. Endogenous cellular promoters are in
addition less sensitive to promoter silencing [84, 85]. This is key in human gene
therapy; silencing of the c-retroviral promoter and loss of transgene expression
could have contributed to patient death in the CGD clinical trial [86]. Using
endogenous cellular promoters results in improved stability and longevity of
transgene expression in the target cells. Consequently, a wide range of endogenous
promoters has been introduced in retrovirus and lentivirus transfer vectors.

Using this approach and sometimes by combining viral enhancers with
endogenous promoters, specific gene expression was achieved in a number of cell
types and tissues such as erythroid cells [87–89], endothelial cells [90], retinal
cells [91, 92], neurons [93, 94], glial cells [89, 95, 96], and several cell types in the
hippocampus [97]. Cells of the liver have also been targeted after intravenous
lentivector administration with the use of specific promoters which effectively
restricted expression to hepatocytes [84, 98]. In this particular case, the benefits of
cell-specific gene expression were clearly shown using the albumin promoter,
which resulted in long-term transgene expression in rat liver. In contrast, transgene

34 D. Escors et al.



expression with the cytomegalovirus promoter (CMV) was rapidly silenced
[84, 98]. Importantly, hepatocyte-specific promoters prevent transgene expression
in professional antigen presenting cells, which could raise transgene-specific
immune responses. This is exemplified in the correction of mucopolysaccharidosis
type I in a mouse model with lentivector gene therapy. This disease is caused by
a-L-iduronidase (IDUA) deficiency, which leads to toxic glycosaminoglycan
accumulation in a wide range of cells [99]. Its correction relies on expression of
IDUA in the liver by intravenous administration of a therapeutic lentivector.
However, IDUA is also expressed in antigen presenting cells, limiting the efficacy,
and durability of the correction. To prevent this, IDUA expression was controlled
by the albumin promoter, resulting in long-term expression in the liver, and
minimal transgene-specific immune responses [99].

Cancer cells have also been specifically targeted using ‘‘tumour cell-specific
promoters’’. A lentivector containing a metalloprotease-specific promoter was
used to express proapoptotic genes Bax and tBID in MMP2-expressing cancer cell
lines [100]. The a-fetoprotein promoter was used to deliver suicide genes to
hepatocarcinoma cells [101, 102], and the prostate specific antigen (PSA) pro-
moter for targeting prostate cancer cells. In fact, a lentivector delivering the
diphtheria toxin A gene under the control of the PSA promoter has been used to
eradicate prostate cancer cells in culture and in a mouse tumor model [103].

In other experimental settings, transgene expression is required in immune
cells, particularly DCs. DCs comprise a group of specialized professional antigen
presenting cells, which regulate, and control immune responses [4, 104, 105]. DC-
specific expression has been achieved to induce antitumor immunity using HLA
DRa [106] and Dectin-2 promoters [107]. On the other hand, transcriptional tar-
geting to DCs has been applied to achieve immune suppression. For example,
transgene-specific tolerance was achieved by lentivector-mediated CD11c pro-
moter-controlled expression in transgenic mice [108]. Specific DC targeting to
achieve immunological tolerance widens the application of gene therapy approa-
ches for the treatment of autoimmune diseases and prevention of graft-versus-host
disease.

As mentioned above, possibly one of the most complex tissues/organs to target
is the central nervous system, exhibiting a high cellular diversity [109]. In this
instance, transcriptional targeting has proved to be a reliable technique. Many
cellular promoters are effective for expression in neurons, glial, and hippocampus
cells, such as the synapsin and synapsin-1 promoters [89, 93, 97], enolase
promoter [94], CD44 promoter, glial fibrillary acidic protein, and vimentin
promoters [89, 95]. In some of these cases, high and longlasting transgene
expression has been achieved [94, 97], while other promoters have been less
efficient [95]. In fact, it is often the case that endogenous promoters are not as
strong as those of viral origin. To boost endogenous promoters while retaining
their cell specificity, researchers have modified particular cell-specific promoters
by combination with other promoters or adding enhancers, and artificial tran-
scriptional activators. This is the case for bidirectional promoters in which a
minimal CMV promoter is positioned next to the cell-specific promoter leading to
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transcription in the opposite direction. In this way, transgene expression in the
target cells was enhanced [89]. The combination of several promoters within the
same construct also allows cell-specific expression of more than one transgene. For
example, the interphotoreceptor retinoid binding protein promoter and the guan-
ylate cyclase activating protein promoters were evaluated together with the rho-
dopsin promoter. These combinations were aimed to achieve specific expression of
two trangenes in retinal cells [92].

There is a specific case in which the promoter design has been critical to
achieve therapeutic activities in a human gene therapy [37]. Patients suffering from
b-thalassaemia contain a nonfunctional allele of b-globin, which results in a
marked reduction of its expression. These patients rely on life-long blood trans-
fusions. An obvious approach to correct the disease is to drive b-globin expression
in erythroid cells. Although straightforward from a theoretical point of view, the
accomplishment of relevant functional b-globin expression has been a challenge.
This has been achieved after carefully engineering a lentiviral vector to include the
b-globin gene under the transcriptional control of its endogenous promoter,
introns, and locus control regions [37, 110–112] (Fig. 3.1).

Summarizing, there is a long list of cell-specific promoters that have been
successfully applied in lentiviral vectors, which will surely improve their perfor-
mance and safety in gene therapy.

3.3.2 Regulatable Promoters

Transgene expression can also be controlled using regulatable promoters. The
capacity to regulate transgene expression is crucial for the treatment of genetic
diseases for which the timing or levels of expression is critical. A typical example

Fig. 3.1 Lentivector design for correction of human b-thalassaemia. The design of the
therapeutic lentivector used for the correction of b-thalassaemia is shown. The lentivector
contains an expression cassette resembling the endogenous b-globin gene. This includes, apart
from the endogenous promoter, the 50 and 30 locus control regions (LCRs) placed upstream the
b-globin gene [110]. In addition, 50 and 30 immediate flanking regions from the endogenous
b-globin gene are included and indicated with arrows. Additionally, chicken hypersensitive site 4
(cHS4) b-globin insulator sequences [113] were placed within the LTRs, which prevents
silencing of the expression cassette and transcriptional transactivation of adjacent host genes.
Please note that this lentivector is a self-inactivating construct (Chap. 2) and the minilocus is
placed within the lentivector construct in reverse orientation
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of this is diabetes, in which high blood glucose levels trigger insulin secretion.
Many research groups have developed inducible promoters, and many of these
systems can be incorporated in lentivectors. Probably, one of the first and most
widely used systems utilize tetracycline induction [93, 114–116]. Briefly, there are
two main variations of the tetracycline system; tet-on, leading to inducible
transgene expression after tetracycline (doxycycline) delivery, and tet-off, which
needs constant antibiotic administration to prevent transgene expression [117]. For
obvious reasons, the tet-on system is preferred for gene therapy, and most
published lentivector systems belong to this category [100, 114, 115, 118, 119],
with a few exceptions [93, 120]. In any case, tetracycline-inducible systems are
also prone to inactivation and leaky transcription, and their in vivo application is
not straightforward [121].

To overcome the disadvantages of tetracycline-dependent inducible systems,
other systems have also been adapted to lentivectors, such as the Drosophila
ecdysone receptor system [122, 123]. This is based on the binding of either
ecdysone or synthetic analogs to a heterodimeric protein made of the herpex
simplex virus protein VP16 activation domain fused to the ecdysone receptor
(VgEcR) and the retinoid X receptor (RXR). VgEcR-RXR then binds to the
inducible promoter driving gene transcription [122]. However, this system depends
on the administration of multiple lentivector backbones [123]. More recently, it
has been successfully reduced to a single lentivector backbone by fusing the
tetracycline repressor with the Kruppel-associated Box (KRAB) domain repressor.
This novel fusion protein acts as the regulator. This system has achieved tightly
regulated conditional transgene expression in the brain, for a drug-inducible
transgenic mouse model, or gene silencing in hematopoietic cells [124, 125].

There are quite a number of other inducible systems also adapted to the
lentivector system such as the glucocorticoid inducible promoters and mifepri-
stone-inducible systems [126, 127].

3.3.3 Promoters Controlled by Activation State

There are also many promoters upregulated depending on the activation state of
different cell types. In most cases, these promoters have been utilized as reporter
constructs [4, 128]. An example of these, an NF-jB transactivatable promoter was
engineered by fusing NF-jB binding sites upstream of the minimal CMV pro-
moter, driving expression of reporter fluorescent proteins. Addition of toll-like
receptor (TLR) agonists such as LPS to DCs modified with these lentivectors
resulted in strong transcriptional upregulation of the fluorescent proteins. The
interferon b promoter also achieved similar results. These promoters could be
useful to express transgenes following DC activation, although they have not been
applied in a therapeutic setting yet [4, 128].
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3.3.4 Posttranscriptional Targeting

Without any doubt, the discovery of a regulatory system of gene expression based
on small noncoding RNAs (microRNAs or miRNAs) has revolutionized bio-
medical research. These small noncoding 20–24 nt RNAs, termed siRNAs, are
partially complementary to a wide range of mRNAs. They can post-
transcriptionally inhibit gene expression by either leading to mRNA degradation,
translational repression, or mRNA destabilization.

The miRNAs and their activities are regulated by complex mechanisms with
many variations depending on the species. Therefore, briefly and oversimplifying,
we will describe the main steps controlling miRNA regulation in animal cells.
Firstly, active siRNAs are encoded within large precursor RNA molecules called
miRNAs (Fig. 3.2) which are transcribed by the RNA polymerase II. These long
precursor miRNAs are recognized by a specialized enzymatic pathway (Pasha/
Drosha), which will release the siRNAs in the form of short hairpins (shRNA). The
siRNA refers to the hairpin stem together its complementary strand (in some
particular cases, the complementary strand can also play regulatory roles). This
shRNA is actively exported out of the nucleus to the cytoplasm where it will be
recognized by the enzyme complex Dicer (DCR), which will degrade most of the
shRNA leaving the stem containing the siRNA target and its complementary
sequence (miRNA–miRNA* duplex). This duplex is loaded in the AGO complex
(Argonaut), forming the preRISC (RNA Interference Silencing Complex). Sub-
sequently, the miRNA strand is degraded, leaving its complementary miRNA*
intact within the RISC complex. The RISC complex will scan mRNAs and when
‘‘sufficient’’ complementation is found between the target mRNA and the miRNA*
strand, the mRNA will be degraded. In some cases, the poly-A tail is removed,
leading to mRNA destabilization. Alternatively, mRNA translation may be stalled
(Fig. 3.2).

So, how has this mechanism been exploited for cell specific targeting of
transgene expression? In fact, it is strikingly simple. Different cell types express
different patterns of miRNAs, because they are intimately involved in regulation of
cell differentiation. Therefore, if a transgene delivered by the lentivector contains a
target that is complementary to an endogenously expressed miRNA in cell type A
but not cell type B, transgene expression will take place only in cell type B. The
transgene mRNA will be degraded in type A alone (Fig. 3.3). This system is called
miRNA tagging. However, this is a saturable system. High mRNA levels can
saturate RISC complexes, and the mRNA excess will be translated (although
resulting in reduced expression levels).

The miRNA tagging technology was quickly applied to solve a major problem
in lentivector gene therapy. Direct in vivo lentivector administration leads to rather
efficient transgene-specific immune responses, and while this is a desirable char-
acteristic to boost immunity [5, 107, 128–131], it is detrimental for gene therapy of
genetic/metabolic disorders. Transgene-specific immune responses dramatically
limit the therapeutic activity and survival of corrected cells [3, 99, 132]. To solve
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this problem, transgene expression was abrogated in cells of the hematopoietic
lineage by including four copies of a sequence target for the hematopoietic-spe-
cific miRNA 142 3p, downstream of the transgene coding sequence [133]. This
strategy ensured that the mRNA encoding the transgene would be degraded only in
cells from the hematopoietic lineage, such as lymphocytes, granulocytes and more
importantly, macrophages, and DCs. Consequently, intravenous administration of
142 3p-tagged lentivectors resulted in lack of transgene-specific immune responses
and sustained, long-term transgene expression in hepatocytes [133]. Interestingly,
this strategy resulted in transgene-specific tolerance, as shown by expansion of
Foxp3+ regulatory CD4 T cells (Tregs) [134]. Curiously, detargeting antigen

Fig. 3.2 Simplified mechanism of microRNA (mIR) pathways. A simple scheme for the
production and function of miRNA-dependent control of gene expression is shown. In the cell
nucleus (upper part), miRNAs are encoded in large capped RNA molecules transcribed by the
cellular RNA polymerase II. These large precursors are recognized by a protein complex
containing Drosha and Pasha that will remove the siRNA segment of the short RNA hairpin,
which presents a specific stem-loop secondary structure. The shRNA is exported to the cytoplasm
and it is bound by Dicer (DCR-1), which will degrade the shRNA leaving a miRNA–miRNA*
duplex (miRNA* refers to the complementary sequence to the actual target sequence). This
duplex is loaded in a protein complex containing Argonaute (AGO1 pre-RNA Interference
Silencing Complex or pre-RISC), and the miRNA strand of the duplex is degraded. The AGO1
RISC contains the complementary strand to the target sequence, which is used to ‘‘scan’’ mRNA
molecules exhibiting total and partial complementarity. When matching occurs, the mRNA is
either degraded, destabilized or its translation is repressed
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expression in APCs resulted in Treg expansion [134], when in other experimental
settings antigen presentation plays a critical role for differentiation and expansion
of antigen-specific Tregs [4, 5, 135, 136]. Interestingly, the same authors dem-
onstrated by using the same miRNA-detargeting strategy that transgene expression
in hepatocytes was required for immunological tolerance [134]. Detargeting
transgene expression using miRNA 142 3p effectively allowed factor IX expres-
sion in liver without raising immune responses, leading to correction of hemo-
philia B in a mouse model [137].

Another application of miRNA tagging is transgene expression corresponding
to specific differentiation or activation stages, by utilizing targets for miRNAs with

Fig. 3.3 Mechanism of action of miRNA tagging applied to lentivectors. The upper panel shows
a simplified scheme of a chromosomal integrated lentivector in its ‘‘pro-virus’’ form. This
lentivector contains four copies of the target sequence for an ideal miRNA (target lR A, shown as
a red caption). After transcription, an mRNA is produced encoding the gene of interest followed
by the miRNA target sequences. The mRNA is transported out of the nucleus to the cellular
cytoplasm (lower panels). If the cell is expressing the miRNA A (left panel), an RNA silencing
complex (RISC) containing the miRNA A (blue comb) will bind to its complementary target
sequence present in the mRNA (red comb). This recognition will lead to disruption of gene
translation from that particular mRNA, either by degradation (as shown) or inhibition of
translation. If the cell does not express the miRNA A, gene expression will occur as normal by
translation (right panel)

40 D. Escors et al.



differentiation stage-dependent variable expression levels [138, 139]. For example,
transgene expression can be achieved in only immature DCs, or a combination of
different miRNA targets can achieve transgene expression in specific cell types
within a given tissue [138]. Another example of targeting expression to cells at
different differentiation stages is the introduction of the miRNA 126 target
sequence. This particular miRNA is expressed in endothelial, and some epithelial
cells, in addition to hematopoietic stem cells. This expression pattern was
exploited to target expression of GALC to mature cells from the hematopoietic
lineage for the correction of globoid cell leukodystrophy [9]. Curiously, GALC
expression in hematopoietic stem cells and early progenitors is highly toxic. In
contrast, it is therapeutic in mature cells from the hematopoietic lineage [9].
Therefore, to correct the disease, four copies of the miRNA 126 target sequence
were placed downstream GALC gene. Consequently, GALC was only expressed in
mature hematopoietic cells, leading to disease correction.

Finally, miRNA tagging can also be exploited to track differentiation pathways,
utilizing to the expression pattern of reporter genes containing distinct miRNA
target sequences [139].

3.4 Conclusions

The three main groups of lentivector targeting strategies have promising thera-
peutic applications. Surface targeting ensures the specific entry of the therapeutic
vector to targeted cells, while the use of specific promoters can restrict transgene
expression if transduction of nontarget cells occurs. Finally, miRNA tagging can
add another level of control of transgene expression. In fact, the three strategies
have been already applied for the treatment of hemophilia A. A baculovirus gp64-
pseudotyped lentivector driving expression of factor VIII from the albumin pro-
moter, in combination with miRNA tagging to avoid transgene expression in
APCs, was applied in a mouse model of hemophilia A. Strikingly, in this particular
case it was not sufficient to prevent factor VIII-specific immune responses even
though liver-specific expression was achieved. Macrophage depletion before
lentivector administration had to be performed to achieve therapeutic FVIII levels
[40]. The results from this experiment are difficult to explain, as miRNA tagging
alone was sufficient to correct hemophilia B without inducing FIX-specific
immune responses [137]. This last case demonstrates that even though combining
several targeting strategies to avoid transgene-specific immune responses looks
promising, specific targeting of viral vectors to cells and tissues is still a challenge.

Acknowledgments David Escors is funded by an Arthritis Research UK Career Development
Fellowship (18433). Holly Stephenson is funded by the Biomedical Research Centre, Institute of
Child Health, UCL. Karine Breckpot is funded by the Fund for Scientific Research-Flandes. The
Oxford Structural Genomics Consortium is a registered UK charity (number 1097737) that
receives funds from the Canadian Institutes of Health Research, The Canadian Foundation for
Innovation, Genome Canada through the Ontario Genomics Institute, GlaxoSmithKline,

3 Cell and Tissue Gene Targeting with Lentiviral Vectors 41



Karolinska Institutet, the Knut and Alice Wallenberg Foundations, the Ontario Innovation Trust,
the Ontario Ministry for Research and Innovation, Merck & Co., Inc., the Novartis Research
Foundation, the Swedish Foundation for Strategic Research and the Wellcome Trust.

References

1. Uchida N, Sutton RE, Friera AM, He D, Reitsma MJ, Chang WC, Veres G, Scollay R,
Weissman IL (1998) HIV, but not murine leukemia virus, vectors mediate high efficiency
gene transfer into freshly isolated G0/G1 human hematopoietic stem cells. Proc Natl Acad
Sci U S A 95(20):11939–11944

2. Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, Verma IM, Trono D (1996)
In vivo gene delivery and stable transduction of nondividing cells by a lentiviral vector.
Science 272(5259):263–267

3. Brown BD, Sitia G, Annoni A, Hauben E, Sergi Sergi L, Zingale A, Roncarolo MG,
Guidotti LG, Naldini L (2006) In vivo administration of lentiviral vectors triggers a type I
interferon response that restricts hepatocyte gene transfer and promotes vector clearance.
Blood 1:23–61

4. Arce F, Breckpot K, Stephenson H, Karwacz K, Ehrenstein MR, Collins M, Escors D (2011)
Selective ERK activation differentiates mouse and human tolerogenic dendritic cells,
expands antigen-specific regulatory T cells, and suppresses experimental inflammatory
arthritis. Arthritis Rheum 63:84–95

5. Escors D, Lopes L, Lin R, Hiscott J, Akira S, Davis RJ, Collins MK (2008) Targeting
dendritic cell signalling to regulate the response to immunisation. Blood 111(6):3050–3061

6. Gire V, Marshall CJ, Wynford-Thomas D (1999) Activation of mitogen-activated protein
kinase is necessary but not sufficient for proliferation of human thyroid epithelial cells
induced by mutant Ras. Oncogene 18(34):4819–4832

7. Strobeck MW, Okuda M, Yamaguchi H, Schwartz A, Fukasawa K (1999) Morphological
transformation induced by activation of the mitogen-activated protein kinase pathway
requires suppression of the T-type Ca2+ channel. J Biol Chem 274(22):15694–15700

8. Cowley S, Paterson H, Kemp P, Marshall CJ (1994) Activation of MAP kinase kinase is
necessary and sufficient for PC12 differentiation and for transformation of NIH 3T3 cells.
Cell 77(6):841–852

9. Gentner B, Visigalli I, Hiramatsu H, Lechman E, Ungari S, Giustacchini A, Schira G,
Amendola M, Quattrini A, Martino S, Orlacchio A, Dick JE, Biffi A, Naldini L (2010)
Identification of hematopoietic stem cell-specific miRNAs enables gene therapy of globoid
cell leukodystrophy. Sci Transl Med 2(58):58–84

10. Eckner RJ, Steeves RA (1972) A classification of the murine leukemia viruses.
Neutralization of pseudotypes of Friend spleen focus-forming virus by type-specific
murine antisera. J Exp Med 136(4):832–850

11. Cronin J, Zhang XY, Reiser J (2005) Altering the tropism of lentiviral vectors through
pseudotyping. Curr Gene Ther 5(4):387–398

12. Yee JK, Friedmann T, Burns JC (1994) Generation of high-titer pseudotyped retroviral
vectors with very broad host range. Methods Cell Biol 43(Pt A):99–112

13. Klages N, Zufferey R, Trono D (2000) A stable system for the high-titer production of
multiply attenuated lentiviral vectors. Mol Ther 2(2):170–176

14. Naldini L, Blomer U, Gage FH, Trono D, Verma IM (1996) Efficient transfer, integration,
and sustained long-term expression of the transgene in adult rat brains injected with a
lentiviral vector. Proc Natl Acad Sci U S A 93(21):11382–11388

15. Burns JC, Friedmann T, Driever W, Burrascano M, Yee JK (1993) Vesicular stomatitis
virus G glycoprotein pseudotyped retroviral vectors: concentration to very high titer and

42 D. Escors et al.



efficient gene transfer into mammalian and nonmammalian cells. Proc Natl Acad Sci U S A
90(17):8033–8037

16. Yee JK, Miyanohara A, LaPorte P, Bouic K, Burns JC, Friedmann T (1994) A general
method for the generation of high-titer, pantropic retroviral vectors: highly efficient
infection of primary hepatocytes. Proc Natl Acad Sci U S A 91(20):9564–9568

17. Coil DA, Miller AD (2004) Phosphatidylserine is not the cell surface receptor for vesicular
stomatitis virus. J Virol 78(20):10920–10926

18. Copreni E, Castellani S, Palmieri L, Penzo M, Conese M (2008) Involvement of
glycosaminoglycans in vesicular stomatitis virus G glycoprotein pseudotyped lentiviral
vector-mediated gene transfer into airway epithelial cells. J Gene Med 10(12):1294–1302

19. Bouard D, Alazard-Dany D, Cosset FL (2009) Viral vectors: from virology to transgene
expression. Br J Pharmacol 157(2):153–165

20. Temperton NJ, Chan PK, Simmons G, Zambon MC, Tedder RS, Takeuchi Y, Weiss RA
(2005) Longitudinally profiling neutralizing antibody response to SARS coronavirus with
pseudotypes. Emerg Infect Dis 11(3):411–416

21. Strang BL, Ikeda Y, Cosset FL, Collins MK, Takeuchi Y (2004) Characterization of HIV-1
vectors with gammaretrovirus envelope glycoproteins produced from stable packaging cells.
Gene Ther 11(7):591–598

22. Faix PH, Feldman SA, Overbaugh J, Eiden MV (2002) Host range and receptor binding
properties of vectors bearing feline leukemia virus subgroup B envelopes can be modulated
by envelope sequences outside of the receptor binding domain. J Virol 76(23):12369–12375

23. Sandrin V, Boson B, Salmon P, Gay W, Negre D, Le Grand R, Trono D, Cosset FL (2002)
Lentiviral vectors pseudotyped with a modified RD114 envelope glycoprotein show
increased stability in sera and augmented transduction of primary lymphocytes and CD34+
cells derived from human and nonhuman primates. Blood 100(3):823–832

24. Miller DG, Miller AD (1994) A family of retroviruses that utilize related phosphate
transporters for cell entry. J Virol 68(12):8270–8276

25. Sommerfelt MA, Weiss RA (1990) Receptor interference groups of 20 retroviruses plating
on human cells. Virology 176(1):58–69

26. Kavanaugh MP, Miller DG, Zhang W, Law W, Kozak SL, Kabat D, Miller AD (1994) Cell-
surface receptors for gibbon ape leukemia virus and amphotropic murine retrovirus are
inducible sodium-dependent phosphate symporters. Proc Natl Acad Sci U S A 91(15):
7071–7075

27. Rasko JE, Battini JL, Gottschalk RJ, Mazo I, Miller AD (1999) The RD114/simian type D
retrovirus receptor is a neutral amino acid transporter. Proc Natl Acad Sci U S A 96(5):
2129–2134

28. Marandin A, Dubart A, Pflumio F, Cosset FL, Cordette V, Chapel-Fernandes S,
Coulombel L, Vainchenker W, Louache F (1998) Retrovirus-mediated gene transfer into
human CD34+ 38low primitive cells capable of reconstituting long-term cultures in vitro
and nonobese diabetic-severe combined immunodeficiency mice in vivo. Hum Gene Ther
9(10):1497–1511

29. Christodoulopoulos I, Cannon PM (2001) Sequences in the cytoplasmic tail of the gibbon
ape leukemia virus envelope protein that prevent its incorporation into lentivirus vectors.
J Virol 75(9):4129–4138

30. Ikeda Y, Takeuchi Y, Martin F, Cosset FL, Mitrophanous K, Collins M (2003) Continuous
high-titer HIV-1 vector production. Nat Biotechnol 21(5):569–572

31. Relander T, Johansson M, Olsson K, Ikeda Y, Takeuchi Y, Collins M, Richter J (2005)
Gene transfer to repopulating human CD34+ cells using amphotropic-, GALV-, or RD114-
pseudotyped HIV-1-based vectors from stable producer cells. Mol Ther 11(3):452–459

32. Gaspar HB, Parsley KL, Howe S, King D, Gilmour KC, Sinclair J, Brouns G, Schmidt M,
Von Kalle C, Barington T, Jakobsen MA, Christensen HO, Al Ghonaium A, White HN,
Smith JL, Levinsky RJ, Ali RR, Kinnon C, Thrasher AJ (2004) Gene therapy of X-linked
severe combined immunodeficiency by use of a pseudotyped gammaretroviral vector.
Lancet 364(9452):2181–2187

3 Cell and Tissue Gene Targeting with Lentiviral Vectors 43



33. Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F, Yvon E, Nusbaum P,
Selz F, Hue C, Certain S, Casanova JL, Bousso P, Deist FL, Fischer A (2000) Gene therapy
of human severe combined immunodeficiency (SCID)-X1 disease. Science 288(5466):
669–672

34. Ott MG, Schmidt M, Schwarzwaelder K, Stein S, Siler U, Koehl U, Glimm H, Kuhlcke K,
Schilz A, Kunkel H, Naundorf S, Brinkmann A, Deichmann A, Fischer M, Ball C, Pilz I,
Dunbar C, Du Y, Jenkins NA, Copeland NG, Luthi U, Hassan M, Thrasher AJ, Hoelzer D,
von Kalle C, Seger R, Grez M (2006) Correction of X-linked chronic granulomatous disease
by gene therapy, augmented by insertional activation of MDS1-EVI1, PRDM16 or
SETBP1. Nat Med 12(4):401–409

35. Boztug K, Schmidt M, Schwarzer A, Banerjee PP, Diez IA, Dewey RA, Bohm M,
Nowrouzi A, Ball CR, Glimm H, Naundorf S, Kuhlcke K, Blasczyk R, Kondratenko I,
Marodi L, Orange JS, von Kalle C, Klein C (2010) Stem-cell gene therapy for the Wiskott-
Aldrich syndrome. N Engl J Med 363(20):1918–1927

36. Cartier N, Hacein-Bey-Abina S, Bartholomae CC, Veres G, Schmidt M, Kutschera I,
Vidaud M, Abel U, Dal-Cortivo L, Caccavelli L, Mahlaoui N, Kiermer V, Mittelstaedt D,
Bellesme C, Lahlou N, Lefrere F, Blanche S, Audit M, Payen E, Leboulch P,
l’Homme B, Bougneres P, Von Kalle C, Fischer A, Cavazzana-Calvo M, Aubourg P
(2009) Hematopoietic stem cell gene therapy with a lentiviral vector in X-linked
adrenoleukodystrophy. Science 326(5954):818–823

37. Cavazzana-Calvo M, Payen E, Negre O, Wang G, Hehir K, Fusil F, Down J, Denaro M,
Brady T, Westerman K, Cavallesco R, Gillet-Legrand B, Caccavelli L, Sgarra R, Maouche-
Chretien L, Bernaudin F, Girot R, Dorazio R, Mulder GJ, Polack A, Bank A, Soulier J,
Larghero J, Kabbara N, Dalle B, Gourmel B, Socie G, Chretien S, Cartier N, Aubourg P,
Fischer A, Cornetta K, Galacteros F, Beuzard Y, Gluckman E, Bushman F, Hacein-Bey-
Abina S, Leboulch P (2010) Transfusion independence and HMGA2 activation after gene
therapy of human beta-thalassaemia; 1476-4687 (Electronic) 0028-0836 (Linking); Sep 16
2010, pp 318–322

38. Strang BL, Takeuchi Y, Relander T, Richter J, Bailey R, Sanders DA, Collins MK, Ikeda Y
(2005) Human immunodeficiency virus type 1 vectors with alphavirus envelope
glycoproteins produced from stable packaging cells. J Virol 79(3):1765–1771

39. Lopes L, Dewannieux M, Takeuchi Y, Collins MK (2011) A lentiviral vector pseudotype
suitable for vaccine development. J Gene Med 13(3):181–187

40. Matsui H, Hegadorn C, Ozelo M, Burnett E, Tuttle A, Labelle A, McCray PB Jr, Naldini L,
Brown B, Hough C, Lillicrap D (2011) A microRNA-regulated and GP64-pseudotyped
lentiviral vector mediates stable expression of FVIII in a murine model of Hemophilia A.
Mol Ther 19(4):723–730

41. Schauber CA, Tuerk MJ, Pacheco CD, Escarpe PA, Veres G (2004) Lentiviral vectors
pseudotyped with baculovirus gp64 efficiently transduce mouse cells in vivo and show
tropism restriction against hematopoietic cell types in vitro. Gene Ther 11(3):266–275

42. Kobinger GP, Deng S, Louboutin JP, Vatamaniuk M, Matschinsky F, Markmann JF,
Raper SE, Wilson JM (2004) Transduction of human islets with pseudotyped lentiviral
vectors. Hum Gene Ther 15(2):211–219

43. Miletic H, Fischer YH, Neumann H, Hans V, Stenzel W, Giroglou T, Hermann M,
Deckert M, Von Laer D (2004) Selective transduction of malignant glioma by lentiviral
vectors pseudotyped with lymphocytic choriomeningitis virus glycoproteins. Hum Gene
Ther 15(11):1091–1100

44. Perro M, Tsang J, Xue SA, Escors D, Cesco-Gaspere M, Pospori C, Gao L, Hart D,
Collins M, Stauss H, Morris EC (2010) Generation of multi-functional antigen-specific
human T-cells by lentiviral TCR gene transfer. Gene Ther 17(6):721–732

45. Frecha C, Costa C, Negre D, Gauthier E, Russell SJ, Cosset FL, Verhoeyen E (2008) Stable
transduction of quiescent T cells without induction of cycle progression by a novel lentiviral
vector pseudotyped with measles virus glycoproteins. Blood 112(13):4843–4852

44 D. Escors et al.



46. Frecha C, Levy C, Cosset FL, Verhoeyen E (2010) Advances in the field of lentivector-
based transduction of T and B lymphocytes for gene therapy. Mol Ther 18(10):1748–1757

47. Frecha C, Levy C, Costa C, Negre D, Amirache F, Buckland R, Russell SJ, Cosset FL,
Verhoeyen E (2011) Measles Virus Glycoprotein-Pseudotyped Lentiviral Vector-Mediated
Gene Transfer into Quiescent Lymphocytes Requires Binding to both SLAM and CD46
Entry Receptors. J Virol 85(12):5975–5985

48. Frecha C, Costa C, Levy C, Negre D, Russell SJ, Maisner A, Salles G, Peng KW, Cosset FL,
Verhoeyen E (2009) Efficient and stable transduction of resting B lymphocytes and primary
chronic lymphocyte leukemia cells using measles virus gp displaying lentiviral vectors.
Blood 114(15):3173–3180

49. Levy C, Frecha C, Costa C, Rachinel N, Salles G, Cosset FL, Verhoeyen E (2010) Lentiviral
vectors and transduction of human cancer B cells. Blood 116(3):498–500 (author reply 500)

50. Coskun AK, Sutton RE (2005) Expression of glucose transporter 1 confers susceptibility to
human T-cell leukemia virus envelope-mediated fusion. J Virol 79(7):4150–4158

51. Landau NR, Page KA, Littman DR (1991) Pseudotyping with human T-cell leukemia virus
type I broadens the human immunodeficiency virus host range. J Virol 65(1):162–169

52. Lewis BC, Chinnasamy N, Morgan RA, Varmus HE (2001) Development of an avian
leukosis-sarcoma virus subgroup A pseudotyped lentiviral vector. J Virol 75(19):9339–9344

53. Zeilfelder U, Bosch V (2001) Properties of wild-type, C-terminally truncated, and chimeric
maedi-visna virus glycoprotein and putative pseudotyping of retroviral vector particles.
J Virol 75(1):548–555

54. Kahl CA, Marsh J, Fyffe J, Sanders DA, Cornetta K (2004) Human immunodeficiency virus
type 1-derived lentivirus vectors pseudotyped with envelope glycoproteins derived from
Ross River virus and Semliki Forest virus. J Virol 78(3):1421–1430

55. Kolokoltsov AA, Weaver SC, Davey RA (2005) Efficient functional pseudotyping of
oncoretroviral and lentiviral vectors by Venezuelan equine encephalitis virus envelope
proteins. J Virol 79(2):756–763

56. Kang Y, Stein CS, Heth JA, Sinn PL, Penisten AK, Staber PD, Ratliff KL, Shen H,
Barker CK, Martins I, Sharkey CM, Sanders DA, McCray PB Jr, Davidson BL (2002) In
vivo gene transfer using a nonprimate lentiviral vector pseudotyped with Ross River Virus
glycoproteins. J Virol 76(18):9378–9388

57. Morizono K, Pariente N, Xie Y, Chen IS (2009) Redirecting lentiviral vectors by insertion
of integrin-tageting peptides into envelope proteins. J Gene Med 11(7):549–558

58. Yang L, Yang H, Rideout K, Cho T, Joo KI, Ziegler L, Elliot A, Walls A, Yu D,
Baltimore D, Wang P (2008) Engineered lentivector targeting of dendritic cells for in vivo
immunization. Nat Biotechnol 26(3):326–334

59. Mazarakis ND, Azzouz M, Rohll JB, Ellard FM, Wilkes FJ, Olsen AL, Carter EE,
Barber RD, Baban DF, Kingsman SM, Kingsman AJ, O’Malley K, Mitrophanous KA
(2001) Rabies virus glycoprotein pseudotyping of lentiviral vectors enables retrograde
axonal transport and access to the nervous system after peripheral delivery. Hum Mol Genet
10(19):2109–2121

60. Desmaris N, Bosch A, Salaun C, Petit C, Prevost MC, Tordo N, Perrin P, Schwartz O,
de Rocquigny H, Heard JM (2001) Production and neurotropism of lentivirus vectors
pseudotyped with lyssavirus envelope glycoproteins. Mol Ther 4(2):149–156

61. Akkina RK, Walton RM, Chen ML, Li QX, Planelles V, Chen IS (1996) High-efficiency
gene transfer into CD34+ cells with a human immunodeficiency virus type 1-based
retroviral vector pseudotyped with vesicular stomatitis virus envelope glycoprotein G.
J Virol 70(4):2581–2585

62. Kobinger GP, Weiner DJ, Yu QC, Wilson JM (2001) Filovirus-pseudotyped lentiviral
vector can efficiently and stably transduce airway epithelia in vivo. Nat Biotechnol 19(3):
225–230

63. Sinn PL, Hickey MA, Staber PD, Dylla DE, Jeffers SA, Davidson BL, Sanders DA,
McCray PB Jr (2003) Lentivirus vectors pseudotyped with filoviral envelope glycoproteins

3 Cell and Tissue Gene Targeting with Lentiviral Vectors 45



transduce airway epithelia from the apical surface independently of folate receptor alpha.
J Virol 77(10):5902–5910

64. Nefkens I, Garcia JM, Ling CS, Lagarde N, Nicholls J, Tang DJ, Peiris M, Buchy P,
Altmeyer R (2007) Hemagglutinin pseudotyped lentiviral particles: characterization of a
new method for avian H5N1 influenza sero-diagnosis. J Clin Virol 39(1):27–33

65. Hofmann H, Hattermann K, Marzi A, Gramberg T, Geier M, Krumbiegel M, Kuate S,
Uberla K, Niedrig M, Pohlmann S (2004) S protein of severe acute respiratory syndrome-
associated coronavirus mediates entry into hepatoma cell lines and is targeted by
neutralizing antibodies in infected patients. J Virol 78(12):6134–6142

66. Beyer WR, Westphal M, Ostertag W, von Laer D (2002) Oncoretrovirus and lentivirus
vectors pseudotyped with lymphocytic choriomeningitis virus glycoprotein: generation,
concentration, and broad host range. J Virol 76(3):1488–1495

67. Smit JM, Bittman R, Wilschut J (1999) Low-pH-dependent fusion of Sindbis virus with
receptor-free cholesterol- and sphingolipid-containing liposomes. J Virol 73(10):8476–8484

68. Morizono K, Xie Y, Ringpis GE, Johnson M, Nassanian H, Lee B, Wu L, Chen IS (2005)
Lentiviral vector retargeting to P-glycoprotein on metastatic melanoma through intravenous
injection. Nat Med 11(3):346–352

69. Pariente N, Morizono K, Virk MS, Petrigliano FA, Reiter RE, Lieberman JR, Chen IS
(2007) A novel dual-targeted lentiviral vector leads to specific transduction of prostate
cancer bone metastases in vivo after systemic administration. Mol Ther 15(11):1973–1981

70. Pariente N, Mao SH, Morizono K, Chen IS (2008) Efficient targeted transduction of primary
human endothelial cells with dual-targeted lentiviral vectors. J Gene Med 10(3):242–248

71. Liang M, Pariente N, Morizono K, Chen IS (2009) Targeted transduction of CD34+
hematopoietic progenitor cells in nonpurified human mobilized peripheral blood
mononuclear cells. J Gene Med 11(3):185–196

72. Ziegler L, Yang L, Joo K, Yang H, Baltimore D, Wang P (2008) Targeting lentiviral vectors
to antigen-specific immunoglobulins. Hum Gene Ther 19(9):861–872

73. Earp LJ, Delos SE, Park HE, White JM (2005) The many mechanisms of viral membrane
fusion proteins. Curr Top Microbiol Immunol 285:25–66

74. Funke S, Schneider IC, Glaser S, Muhlebach MD, Moritz T, Cattaneo R, Cichutek K,
Buchholz CJ (2009) Pseudotyping lentiviral vectors with the wild-type measles virus
glycoproteins improves titer and selectivity. Gene Ther 16(5):700–705

75. Funke S, Maisner A, Muhlebach MD, Koehl U, Grez M, Cattaneo R, Cichutek K,
Buchholz CJ (2008) Targeted cell entry of lentiviral vectors. Mol Ther 16(8):1427–1436

76. Waehler R, Russell SJ, Curiel DT (2007) Engineering targeted viral vectors for gene
therapy. Nat Rev Genet 8(8):573–587

77. Martin F, Kupsch J, Takeuchi Y, Russell S, Cosset FL, Collins M (1998) Retroviral vector
targeting to melanoma cells by single-chain antibody incorporation in envelope. Hum Gene
Ther 9(5):737–746

78. Hatziioannou T, Delahaye E, Martin F, Russell SJ, Cosset FL (1999) Retroviral display of
functional binding domains fused to the amino terminus of influenza hemagglutinin. Hum
Gene Ther 10(9):1533–1544

79. Martin F, Neil S, Kupsch J, Maurice M, Cosset F, Collins M (1999) Retrovirus targeting by
tropism restriction to melanoma cells. J Virol 73(8):6923–6929

80. Martin F, Chowdhury S, Neil S, Phillipps N, Collins MK (2002) Envelope-targeted
retrovirus vectors transduce melanoma xenografts but not spleen or liver. Mol Ther 5(3):
269–274

81. Szecsi J, Drury R, Josserand V, Grange MP, Boson B, Hartl I, Schneider R, Buchholz CJ,
Coll JL, Russell SJ, Cosset FL, Verhoeyen E (2006) Targeted retroviral vectors displaying a
cleavage site-engineered hemagglutinin (HA) through HA-protease interactions. Mol Ther
14(5):735–744

82. Duerner LJ, Schwantes A, Schneider IC, Cichutek K, Buchholz CJ (2008) Cell entry
targeting restricts biodistribution of replication-competent retroviruses to tumour tissue.
Gene Ther 15(22):1500–1510

46 D. Escors et al.



83. Springfeld C, von Messling V, Frenzke M, Ungerechts G, Buchholz CJ, Cattaneo R (2006)
Oncolytic efficacy and enhanced safety of measles virus activated by tumor-secreted matrix
metalloproteinases. Cancer Res 66(15):7694–7700

84. Oertel M, Rosencrantz R, Chen YQ, Thota PN, Sandhu JS, Dabeva MD, Pacchia AL,
Adelson ME, Dougherty JP, Shafritz DA (2003) Repopulation of rat liver by fetal
hepatoblasts and adult hepatocytes transduced ex vivo with lentiviral vectors. Hepatology
(Baltimore Md), 37(5):994–1005

85. Liu BH, Wang X, Ma YX, Wang S (2004) CMV enhancer/human PDGF-beta promoter for
neuron-specific transgene expression. Gene Ther 11(1):52–60

86. Stein S, Ott MG, Schultze-Strasser S, Jauch A, Burwinkel B, Kinner A, Schmidt M,
Kramer A, Schwable J, Glimm H, Koehl U, Preiss C, Ball C, Martin H, Gohring G,
Schwarzwaelder K, Hofmann WK, Karakaya K, Tchatchou S, Yang R, Reinecke P,
Kuhlcke K, Schlegelberger B, Thrasher AJ, Hoelzer D, Seger R, von Kalle C, Grez M
(2010) Genomic instability and myelodysplasia with monosomy 7 consequent to EVI1
activation after gene therapy for chronic granulomatous disease. Nat Med 16(2):198–204

87. Hanawa H, Persons DA, Nienhuis AW (2002) High-level erythroid lineage-directed
gene expression using globin gene regulatory elements after lentiviral vector-mediated
gene transfer into primitive human and murine hematopoietic cells. Hum Gene Ther
13(17):2007–2016

88. Moreau-Gaudry F, Xia P, Jiang G, Perelman NP, Bauer G, Ellis J, Surinya KH, Mavilio F,
Shen CK, Malik P (2001) High-level erythroid-specific gene expression in primary human
and murine hematopoietic cells with self-inactivating lentiviral vectors. Blood 98(9):
2664–2672

89. Liu B, Paton JF, Kasparov S (2008) Viral vectors based on bidirectional cell-specific
mammalian promoters and transcriptional amplification strategy for use in vitro and in vivo.
BMC Biotechnol 8:49

90. De Palma M, Venneri MA, Naldini L (2003) In vivo targeting of tumor endothelial cells by
systemic delivery of lentiviral vectors. Hum Gene Ther 14(12):1193–1206

91. Miyoshi H, Takahashi M, Gage FH, Verma IM (1997) Stable and efficient gene transfer into
the retina using an HIV-based lentiviral vector. Proc Natl Acad Sci U S A 94(19):
10319–10323

92. Semple-Rowland SL, Eccles KS, Humberstone EJ (2007) Targeted expression of two
proteins in neural retina using self-inactivating, insulated lentiviral vectors carrying two
internal independent promoters. Mol Vis 13:2001–2011

93. Gascon S, Paez-Gomez JA, Diaz-Guerra M, Scheiffele P, Scholl FG (2008) Dual-promoter
lentiviral vectors for constitutive and regulated gene expression in neurons. J Neurosci
Methods 168(1):104–112

94. Lai Z, Brady RO (2002) Gene transfer into the central nervous system in vivo using a
recombinanat lentivirus vector. J Neurosci Res 67(3):363–371

95. Greenberg KP, Geller SF, Schaffer DV, Flannery JG (2007) Targeted transgene expression
in muller glia of normal and diseased retinas using lentiviral vectors. Invest Ophthalmol Vis
Sci 48(4):1844–1852

96. Geller SF, Ge PS, Visel M, Greenberg KP, Flannery JG (2007) Functional promoter testing
using a modified lentiviral transfer vector. Mol Vis 13:730–739

97. Kuroda H, Kutner RH, Bazan NG, Reiser J (2008) A comparative analysis of constitutive
and cell-specific promoters in the adult mouse hippocampus using lentivirus vector-
mediated gene transfer. J Gene Med 10(11):1163–1175

98. VandenDriessche T, Thorrez L, Naldini L, Follenzi A, Moons L, Berneman Z, Collen D,
Chuah MK (2002) Lentiviral vectors containing the human immunodeficiency virus type-1
central polypurine tract can efficiently transduce nondividing hepatocytes and antigen-
presenting cells in vivo. Blood 100(3):813–822

99. Di Domenico C, Di Napoli D, Gonzalez YRE, Lombardo A, Naldini L, Di Natale P
(2006) Limited transgene immune response and long-term expression of human alpha-L-

3 Cell and Tissue Gene Targeting with Lentiviral Vectors 47



iduronidase in young adult mice with mucopolysaccharidosis type I by liver-directed gene
therapy. Hum Gene Ther 17(11):1112–1121

100. Seo E, Kim S, Jho EH (2009) Induction of cancer cell-specific death via MMP2
promoterdependent Bax expression. BMB reports 42(4):217–222

101. Uch R, Gerolami R, Faivre J, Hardwigsen J, Mathieu S, Mannoni P, Bagnis C (2003)
Hepatoma cell-specific ganciclovir-mediated toxicity of a lentivirally transduced HSV-
TkEGFP fusion protein gene placed under the control of rat alpha-fetoprotein gene
regulatory sequences. Cancer Gene Ther 10(9):689–695

102. Gerolami R, Uch R, Brechot C, Mannoni P, Bagnis C (2003) Gene therapy of
hepatocarcinoma: a long way from the concept to the therapeutical impact. Cancer Gene
Ther 10(9):649–660

103. Zheng JY, Chen D, Chan J, Yu D, Ko E, Pang S (2003) Regression of prostate cancer
xenografts by a lentiviral vector specifically expressing diphtheria toxin A. Cancer Gene
Ther 10(10):764–770

104. Goold HD, Escors D, Conlan TJ, Chakraverty R, Bennett CL (2011) Conventional DC are
required for the activation of helper-dependent CD8 T cell responses after cutaneous
vaccination with lentiviral vectors. J Immunol 186(8):4565–4572

105. Breckpot K, Escors D (2009) Dendritic cells for active Anti-cancer Immunotherapy:
targeting activation pathways through genetic modification. Endocr Metab Immune Disord
Drug Targets 9:328–343

106. Cui Y, Golob J, Kelleher E, Ye Z, Pardoll D, Cheng L (2002) Targeting transgene
expression to antigen-presenting cells derived from lentivirus-transduced engrafting human
hematopoietic stem/progenitor cells. Blood 99(2):399–408

107. Lopes L, Dewannieux M, Gileadi U, Bailey R, Ikeda Y, Whittaker C, Collin MP,
Cerundolo V, Tomihari M, Ariizumi K, Collins MK (2008) Immunization with a
lentivector that targets tumor antigen expression to dendritic cells induces potent CD8+
and CD4+ T-cell responses. J Virol 82(1):86–95

108. Zhang J, Zou L, Liu Q, Li J, Zhou J, Wang Y, Li N, Liu T, Wei H, Wu M, Wan Y, Wu Y
(2009) Rapid generation of dendritic cell specific transgenic mice by lentiviral vectors.
Transgenic Res 18(6):921–931

109. Costantini LC, Bakowska JC, Breakefield XO, Isacson O (2000) Gene therapy in the CNS.
Gene Ther 7(2):93–109

110. Grosveld F, van Assendelft GB, Greaves DR, Kollias G (1987) Position-independent, high-
level expression of the human beta-globin gene in transgenic mice. Cell 51(6):975–985

111. Grosveld F, Greaves D, Philipsen S, Talbot D, Pruzina S, deBoer E, Hanscombe O,
Belhumeur P, Hurst J, Fraser P et al (1990) The dominant control region of the human beta-
globin domain. Ann NY Acad Sci 612:152–159

112. Pawliuk R, Westerman KA, Fabry ME, Payen E, Tighe R, Bouhassira EE, Acharya SA,
Ellis J, London IM, Eaves CJ, Humphries RK, Beuzard Y, Nagel RL, Leboulch P (2001)
Correction of sickle cell disease in transgenic mouse models by gene therapy. Science
294(5550):2368–2371

113. Rivella S, Callegari JA, May C, Tan CW, Sadelain M (2000) The cHS4 insulator increases
the probability of retroviral expression at random chromosomal integration sites. J Virol
74(10):4679–4687

114. Reiser J, Lai Z, Zhang XY, Brady RO (2000) Development of multigene and regulated
lentivirus vectors. J Virol 74(22):10589–10599

115. Vigna E, Cavalieri S, Ailles L, Geuna M, Loew R, Bujard H, Naldini L (2002) Robust and
efficient regulation of transgene expression in vivo by improved tetracycline-dependent
lentiviral vectors. Mol Ther 5(3):252–261

116. Efrat S, Fusco-DeMane D, Lemberg H, al Emran O, Wang X (1995) Conditional
transformation of a pancreatic beta-cell line derived from transgenic mice expressing a
tetracycline-regulated oncogene. Proc Natl Acad Sci U S A 92(8):3576–3580

117. Rose SD, MacDonald RJ (1997) Integration of tetracycline regulation into a cell-specific
transcriptional enhancer. J Biol Chem 272(8):4735–4739

48 D. Escors et al.



118. Farson D, Witt R, McGuinness R, Dull T, Kelly M, Song J, Radeke R, Bukovsky A,
Consiglio A, Naldini L (2001) A new-generation stable inducible packaging cell line for
lentiviral vectors. Hum Gene Ther 12(8):981–997

119. Georgievska B, Jakobsson J, Persson E, Ericson C, Kirik D, Lundberg C (2004) Regulated
delivery of glial cell line-derived neurotrophic factor into rat striatum, using a tetracycline-
dependent lentiviral vector. Hum Gene Ther 15(10):934–944

120. Blomer U, Naldini L, Kafri T, Trono D, Verma IM, Gage FH (1997) Highly efficient and
sustained gene transfer in adult neurons with a lentivirus vector. J Virol 71(9):6641–6649

121. Johansen J, Rosenblad C, Andsberg K, Moller A, Lundberg C, Bjorlund A, Johansen TE
(2002) Evaluation of Tet-on system to avoid transgene down-regulation in ex vivo gene
transfer to the CNS. Gene Ther 9(19):1291–1301

122. Saez E, Nelson MC, Eshelman B, Banayo E, Koder A, Cho GJ, Evans RM (2000)
Identification of ligands and coligands for the ecdysone-regulated gene switch. Proc Natl
Acad Sci U S A 97(26):14512–14517

123. Galimi F, Saez E, Gall J, Hoong N, Cho G, Evans RM, Verma IM (2005) Development of
ecdysone-regulated lentiviral vectors. Mol Ther 11(1):142–148

124. Szulc J, Wiznerowicz M, Sauvain MO, Trono D, Aebischer P (2006) A versatile tool for
conditional gene expression and knockdown. Nat Methods 3(2):109–116

125. Wiznerowicz M, Szulc J, Trono D (2006) Tuning silence: conditional systems for RNA
interference. Nat Methods 3(9):682–688

126. Parker DG, Brereton HM, Klebe S, Coster DJ, Williams KA (2009) A steroid-inducible
promoter for the cornea. British J Ophthalmol 93(9):1255–1259

127. Sirin O, Park F (2003) Regulating gene expression using self-inactivating lentiviral vectors
containing the mifepristone-inducible system. Gene 323:67–77

128. Breckpot K, Escors D, Arce F, Lopes L, Karwacz K, Van Lint S, Keyaerts M, Collins M
(2010) HIV-1 lentiviral vector immunogenicity is mediated by Toll-like receptor 3 (TLR3)
and TLR7. J Virol 84:5627–5636

129. Karwacz K, Mukherjee S, Apolonia L, Blundell MP, Bouma G, Escors D, Collins MK,
Thrasher AJ (2009) Nonintegrating lentivector vaccines stimulate prolonged T-cell and
antibody responses and are effective in tumor therapy. J Virol 83(7):3094–3103

130. Dullaers M, Van Meirvenne S, Heirman C, Straetman L, Bonehill A, Aerts JL, Thielemans K,
Breckpot K (2006) Induction of effective therapeutic antitumor immunity by direct in vivo
administration of lentiviral vectors. Gene Ther 13(7):630–640

131. Palmowski MJ, Lopes L, Ikeda Y, Salio M, Cerundolo V, Collins MK (2004) Intravenous
injection of a lentiviral vector encoding NY-ESO-1 induces an effective CTL response.
J Immunol 172(3):1582–1587

132. Rossetti M, Gregori S, Hauben E, Brown BD, Sergi LS, Naldini L, Roncarolo MG (2011)
HIV-1-derived lentiviral vectors directly activate plasmacytoid dendritic cells, which in turn
induce the maturation of myeloid dendritic cells. Hum Gene Ther 22(2):177–188

133. Brown BD, Venneri MA, Zingale A, Sergi Sergi L, Naldini L (2006) Endogenous
microRNA regulation suppresses transgene expression in hematopoietic lineages and
enables stable gene transfer. Nat Med 12(5):585–591

134. Annoni A, Brown BD, Cantore A, Sergi LS, Naldini L, Roncarolo MG (2009) In vivo
delivery of a microRNA-regulated transgene induces antigen-specific regulatory T cells and
promotes immunologic tolerance. Blood 114(25):5152–5161

135. Mahnke K, Qian Y, Knop J, Enk AH (2003) Induction of CD4+/CD25+ regulatory T cells
by targeting of antigens to immature dendritic cells. Blood 101(12):4862–4869

136. Kretschmer K, Apostolou I, Hawiger D, Khazaie K, Nussenzweig MC, von Boehmer H
(2005) Inducing and expanding regulatory T cell populations by foreign antigen. Nat
Immunol 6(12):1219–1227

137. Brown BD, Cantore A, Annoni A, Sergi LS, Lombardo A, Della Valle P, D’Angelo A,
Naldini L (2007) A microRNA-regulated lentiviral vector mediates stable correction of
hemophilia B mice. Blood 110(13):4144–4152

3 Cell and Tissue Gene Targeting with Lentiviral Vectors 49



138. Brown BD, Gentner B, Cantore A, Colleoni S, Amendola M, Zingale A, Baccarini A,
Lazzari G, Galli C, Naldini L (2007) Endogenous microRNA can be broadly exploited to
regulate transgene expression according to tissue, lineage and differentiation state. Nat
Biotechnol 25(12):1457–1467

139. Sachdeva R, Jonsson ME, Nelander J, Kirkeby A, Guibentif C, Gentner B, Naldini L,
Bjorklund A, Parmar M, Jakobsson J (2011) Tracking differentiating neural progenitors in
pluripotent cultures using microRNA-regulated lentiviral vectors. Proc Natl Acad Sci U S A
107(25):11602–11607

50 D. Escors et al.


	3 Cell and Tissue Gene Targeting with Lentiviral Vectors
	Abstract
	3.1…Introduction
	3.2…Modification of Lentivector Tropism by Pseudotyping (Surface Targeting)
	3.2.1 Pseudotyping with Heterologous Viral Proteins
	3.2.2 Pseudotyping with Modified Viral Glycoproteins

	3.3…Transcriptional Targeting
	3.3.1 Cell and Tissue Specific Promoters
	3.3.2 Regulatable Promoters
	3.3.3 Promoters Controlled by Activation State
	3.3.4 Posttranscriptional Targeting

	3.4…Conclusions
	Acknowledgments 
	References


