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1. Introduction 

Professional antigen presenting cells, in particular dendritic cells (DCs) are central players in 
the immune response (Steinman & Banchereau 2007). Their function is dual; on the one hand 
DCs evoke strong immune responses against antigens that are considered hazardous, on the 
other hand DCs induce tolerance against self-antigens. To that end, DCs need to present 
antigen-derived peptides in the context of MHC class I or class II molecules to CD8+ and CD4+ 
T cells, respectively. It is the context in which these peptides are presented that determines the 
outcome of the immune response, immune activation versus tolerance. Consequently, DCs 
have become targets for immunotherapy against not only cancer and infectious disease, but 
also autoimmune diseases and transplantation rejection (Palucka et al.).   
Key to successful DC-based immunotherapy is the delivery of the antigen of interest, be it 
cancer, viral or auto-antigens, to DCs, as well as the delivery of molecules that dictate the 
immune stimulatory capacity of the DCs. Therefore, it is not surprising that much effort has 
been put in the development of vectors for genetic modification of DCs (Breckpot et al. 
2004c). Of these lentiviral vectors (LVs), often derived from human immunodeficiency virus 
type 1 (HIV-1) are amongst the most efficient gene delivery vehicles, for both in vitro and in 
vivo modification of DCs (Escors & Breckpot ; Breckpot et al. 2007a). In addition, these LVs 
were demonstrated to activate the innate immune system through interaction with amongst 
others Toll-like receptors (TLRs), a characteristic that makes LVs even better suited for 
immunotherapeutic approaches against cancer and infectious diseases (Breckpot et al. ; 
Brown et al. 2006a). As immune activation of DCs is critical for the induction of antigen-
specific immunity, several strategies have been developed to further strengthen the immune 
response by introduction of immune modulating molecules or by modulation of well-

known activation pathways such as the nuclear factor-kappaB (NF-κB), mitogen activated 
protein kinase (MAPK) p38 and MAPK c-Jun N-terminal kinases (JNK) pathways (Breckpot 
& Escors 2009a). Although LVs inherently activate DCs, they have also been evaluated for 
their ability to switch of the stimulatory capacity of DCs, thus to generate tolerogenic DCs. 
The strategies exploited therefore are similar to the strategies employed to activate DCs and 
include introduction of single inhibitory molecules and modulation of pathways that 
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regulate the tolerogenic potential of DCs, such as the MAPK extracellular signal-regulated 
kinase (ERK) pathway (Arce et al. ; Gould & Favorov 2003).   
In the remainder of this chapter, we will give a comprehensive overview on how DCs have 
evolved to the cell type of choice for manipulation of the immune system, why LVs are 
successful for the genetic modification of DCs and which developments have led to the use 
of LVs to generate stimulatory or tolerogenic DCs. We will further touch upon the concerns 
that are raised in terms of translating the use of LVs to the clinic, i.e. the biosafety of LVs, 
summarizing strategies to avoid off-target transduction, and linked herewith insertional 
mutagenesis. Finally, we will conclude this chapter with our view on the future perspectives 
for the use of LVs to manipulate DCs, hence the immune system. 

2. Dendritic cells 

Dendritic cells (DCs) as we know them today were described during the mid 1970s by Ralph 
Steinman and co-workers as a rare subset of accessory cells, which are characterized by 
stellate cytoplasmatic protrusions. It was this tree-like morphology that led to their name 
(Dendron is Greek for tree) (Steinman & Cohn 1973). DCs are a heterogeneous population 
for which individual DC subtypes have been described. These DC subtypes differ in tissue 
distribution, surface marker expression and their capacity to stimulate T cells (Palucka et al.). 
Moreover, DCs have a remarkable functional plasticity. On the one hand DCs can induce 
immune responses against invading pathogens (non-self). On the other hand DCs can 
induce T cell anergy/depletion, and regulatory T cells (Treg) to avoid unwanted immune 
reactions against auto-antigens (self) (Fig. 1). This Janus-like functional behaviour is 
correlated with complex decision-making processes, triggered by the presence or absence of 
so called danger signals, hence resulting in the expression of stimulatory and/or inhibitory 
molecules, respectively (Coquerelle & Moser). Although, we are still deciphering the DC 
system in its complexity, DCs have entered the clinic as a cellular therapeutic. 

2.1 Dendritic cell subsets 

Originally it was thought that DCs were of myeloid origin. Studies demonstrating in vitro 
generation of DCs from monocytes (Sallusto & Lanzavecchia 1994), and in vivo studies 
demonstrating the differentiation of phagocytic monocytes to DCs (Randolph et al. 1999) 
supported this idea. Later on, the existence of lymphoid DCs was evidenced (Wu et al. 1996; 
Wu et al. 1998). These CD11c+ MHC class II+ myeloid and lymphoid DC subtypes were 
afterwards termed CD8- DCs or CD8+ DCs, respectively. Together they are called 
conventional DCs (cDCs). Importantly, it was demonstrated in several in vivo studies that 
both CD8- and CD8+ DC subsets could be generated from either lymphoid (Martin et al. 
2000; Traver et al. 2000), or myeloid progenitors (Traver et al. 2000), mounting the question 
whether these subsets are really distinct or represent different developmental states. cDCs 
can be found within lymph nodes, spleen, and thymus, but not in bone marrow (Steinman & 
Cohn 1973). They are believed to cross-present antigens to T cells (den Haan & Bevan 2002), 
as such stimulate a T helper type 2 (TH2, humoral) and type 1 (TH1, cellular) immune 
response (Maldonado-Lopez et al. 1999). In humans, DCs expressing BDCA-1 (CD1c) and 
BDCA-3 (CD141) are considered the counterparts of mouse cDCs. However, these human 
DC subsets are often termed myeloid instead of conventional. Human myeloid DCs are 
characterized by their ability to produce high amounts of interleukin (IL)-12 in response to 
several stimuli (van Duin et al. 2006), thus to induce cellular immunity.   
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Fig. 1.  Schematic representation of DC subsets and their functional plasticity. Generally 
DC subsets are divided into cDCs (blue) and pDCs (grey). These DC subsets differ in tissue 
distribution, expression of PRRs, hence their ability to sense pathogens and subsequently 
stimulate appropriate T cell responses. Dependent on the stimuli these DCs encounter they 
will become tolerogenic or immunogenic, hence induce tolerance (Treg, red) or immunity 
(effector T cells, green), respectively. 

Another DC subset, the plasmacytoid DCs (pDCs) were described a decade ago (Siegal et al. 
1999). Whereas mouse pDCs express CD11c, human pDCs express low to undetectable 
levels of CD11c. Instead, human pDCs are characterized by the expression of CD4, CD45RA, 
as well as the expression of high levels of CD123 (IL-3 receptor) and the c-type lectin 
receptor BDCA2. Recently, it was described that pDCs can be further divided into 
subclasses based on the expression of CD2 (Matsui et al. 2009). pDCs reside in the same 
tissues as cDCs, and can moreover be found in bone marrow (Nakano et al. 2001), where 
they are believed to be a precursor for cDCs (Soumelis & Liu 2006; Segura et al. 2009). 
Nonetheless, pDCs, isolated from mice and humans, are functionally distinct from cDCs. In 
their resting state, pDCs play an important role in the induction of tolerance (Martin et al. 
2002). However, pDCs are best known for the ability to produce high amounts of type I 
interferon (IFN) in response to viral infection (O'Keeffe et al. 2002; Fitzgerald-Bocarsly et al. 
2008). In fact, pDCs control the progress of a virus infection at various levels: (i) through 
non-specific blockade of viral replication by type I IFN, (ii) by promoting the maturation of 
pDCs as well as other DC subsets (Fonteneau et al. 2004), and (iii) through the specific 
stimulation of adaptive anti-viral CD8+ T cell responses (Di Pucchio et al. 2008). 
The last DC subset to be discussed, the epidermal Langerhans’ cells (LCs), was in fact 
described in 1868 by Paul Langerhans (Merad & Manz 2009), almost a century before the 
description of cDCs (Steinman & Cohn 1973). LCs are characterized by the expression of 
Langerin and Birbeck granules. Furthermore, they are characterized by their long life span 
(weeks) when compared to other DC types (3-10 days) (Kamath et al. 2002). Upon activation 
LCs migrate through the dermis into regional lymph nodes to present antigens to T cells 
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(Romani et al. 2003). Because of this migration they are categorized as migratory DCs, a 
category, which also comprises other non-lymphoid tissue residing DCs, amongst which 
dermal DCs. LCs and dermal DCs are often grouped as skin DCs. It is generally accepted 
that these have a potent T cell stimulatory capacity (Romani et al. 2003; Larregina & Falo 
2005; He et al. 2006). Nevertheless, as for pDCs and cDCs, a possible tolerogenic capacity has 
been reported for skin DCs (Grabbe et al. 1995; Kaplan et al. 2005).  

2.2 Dendritic cells and the regulation of immune responses  
In addition to subsets with functional specialization, DCs are endowed with a remarkable 
functional plasticity. The hypothesis is that distinct DC activation stages play a role in the 
induction of tolerance versus immunity. This is correlated with the two-signal model of T cell 
stimulation, in which it is proposed that a productive T cell response requires recognition of 
MHC/peptide complexes by the T cell receptor (TCR) (signal 1) along with signalling 
through co-stimulatory molecules (signal 2). Indeed, steady-state cDCs and pDCs, have 
been described to induce T cell tolerance (Jonuleit et al. 2001; Mahnke et al. 2002; Martin et al. 
2002), whereas both activated DC types have been shown to induce immunity (Salio et al. 
2003; Cerundolo et al. 2004; Salio et al. 2004). 
Immature DCs efficiently take up pathogens, apoptotic cells and particulate antigens from the 
environment by phagocytosis, macropinocytosis, or endocytosis; process these but are 
considered inefficient in presenting these to T cells (Wilson et al. 2004). Hence, immature DCs 
are believed to induce tolerance (Steinbrink et al. 1997; Lutz & Schuler 2002). Indeed, in steady-
state conditions DCs remain immature and tissue-resident, express small amounts of MHC 
and co-stimulatory molecules hence induce T cell anergy instead of T cell activation upon DC-
T cell interaction (Hawiger et al. 2001). Furthermore, injection of immature DCs in humans 
induces tolerance (Dhodapkar et al. 2001; Jonuleit et al. 2001; Dhodapkar & Steinman 2002). In 
contrast, activated DCs are considered to be immunogenic. Maturation of DCs can be induced 
by a variety of signals, such as microorganisms (Rescigno et al. 2000; Beyer et al. 2001), 
cytokines (Jonuleit et al. 1997), interaction with CD4+ TH cells (Caux et al. 1994; Mackey et al. 
1998a; Mackey et al. 1998b) and chemicals like haptens (Aiba et al. 1997; Aiba & Tagami 1998; 
Aiba & Tagami 1999). DC maturation is associated with several coordinated events, including: 
(i) loss of endocytic and phagocytic receptors; (ii) changes in morphology; (iii) up-regulation of 
MHC and co-stimulatory molecules, such as CD40, CD80 and CD86, adhesion molecules and 
chemokine receptors, such as CCR7 (Tuyaerts et al. 2007a). The latter is one of the first changes 
and enables DCs to migrate from the periphery to the T cell areas of draining lymphoid organs 
(Forster et al. 2008). Here DCs present antigenic peptides in the context of MHC molecules to T 
cells. The phenotypic changes, high expression of antigen presenting, co-stimulatory and 
adhesion molecules, make mature DCs potent inducers of T cell immunity. However, the view 
that immature DCs induce tolerance and mature DCs induce immunity is simplified. It has 
been demonstrated that mature DCs can contribute to T cell tolerance through the induction of 
Treg (Verhasselt et al. 2004). It was suggested that the maturation trigger dictates the T cell 
polarizing or tolerating immune functions of the DCs. Some stimuli have been demonstrated 
to promote induction of TH1 responses, hence cellular immunity, whereas others hamper full 
DC maturation and cytokine production, hence promote tolerance.   

2.3 Stimulatory dendritic cells  

The immune system is constantly faced with choices. When confronted with a microbe, it 
must first decide whether to respond or not. If it chooses to respond, then it must decide 
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what kind of response to launch. A hallmark of the mammalian immune system is its ability 
to launch qualitatively distinct types of responses against different pathogens (Pulendran et 
al. 2008). Immune responses against T cell-dependent antigens can be divided in (i) CD4+ 

TH1 responses, which are characterized by high secretion of IFN-γ, and induced against 
intracellular microbes, (ii) CD4+ TH2 responses, which are characterized by the secretion of 
cytokines, such as IL-5 and IL-13, and induced against extracellular pathogens, (iii) CD4+ 
TH17 responses, characterized by the secretion of IL-17, and induced against fungi (Bettelli et 
al. 2007; Reiner 2007), and finally (iv) Treg responses, with suppressive activity, and which 
are essential to maintain tolerance to host antigens (Wing & Sakaguchi). Treg can also be 
induced by some microbial stimuli (Belkaid 2007), and are abundantly present in the blood, 
lymphoid organs and tumours of cancer patients (Vence et al. 2007; Ahmadzadeh et al. 2008), 
as such Treg enable evasion from the immune system.   
For the treatment of cancer and infectious diseases, a CD4+ TH1 response is required to 
induce a strong CD8+ cytotoxic T cell (CTL) response (Breckpot & Escors 2009a). These CTLs 
will then kill the target cells. To activate T cells, at least two signals are required (i) antigen 
recognition and (ii) co-stimulation. In the presence of tolerogenic mechanisms, as it is the 
case in cancer, an additional third signal is required. This is obtained by triggering of innate 
sensing pathways (Breckpot & Escors 2009a). As co-stimulatory molecules are not expressed 
by immature DCs, it goes without saying that DC activation (maturation) is a key event that 
determines the T cell stimulatory potential of DCs.  
Differentiation of immature to mature DCs requires pathogen recognition. Groups of 
pathogens express similar structures such as bacterial and viral nucleic acids or repetitive 
elements in the bacterial cell wall or within the viral envelope, enabling the recognition of a 
wide variety of pathogens. These structures are called pathogen-associated molecular patterns 
(PAMPs) and are recognized on DCs by pathogen recognition receptors (PRRs). The best-
studied PRRs are the TLRs, although other PRRs, such as Nod-like receptors, RIG-I-like 
receptors, as well as some members of the C-type lectin family, are described. Distinct 
pathogens express different PAMPs and this combination works as a fingerprint that triggers a 
specific set of PRRs (Akira et al. 2006; Barton & Kagan 2009; Geijtenbeek & Gringhuis 2009). As 
such complex signalling networks are activated. These cooperate, integrate and finally 

converge into a few pathways, of which the NF-κB and the MAPK pathways are examples 
(Rescigno et al. 1998; Sato et al. 1999; Re & Strominger 2001; Caparros et al. 2006; Kawai & Akira 
2008). These are described in detail elsewhere (Breckpot & Escors 2009c).  
The concept of co-stimulation was first introduced by Kevin Lafferty and co-workers 
(Lafferty et al. 1979). In the last decades, a large number of co-stimulatory molecules have 
been identified, which can be divided in members of the (i) B7 and (ii) tumour necrosis 
factor (TNF) type family. B7.1 (CD80) and B7.2 (CD86) are textbook examples of the B7 
family. These transmit strong co-stimulatory signals to T cells through interactions with 
CD28 on T cells (Greenwald et al. 2005). Recently, this group was expanded with a number 
of new members including ICOS ligand, PD-L1 (B7-H1), PD-L2 (B7-DC), B7-H3 and B7-H4. 
All these molecules are expressed on DCs. The corresponding CD28 members that are 
inducible expressed on T cells are ICOS, PD-1 and BTLA. It is important to mention that not 
all B7 family members are co-stimulatory. In fact, many of these new members have been 
linked to induction of tolerance hence they are discussed in the next section. The TNF type 
family of co-stimulatory molecules, includes CD70, OX40L, GITRL and 4-1BBL, which are 
expressed on DCs and their corresponding receptors CD27, OX40 (CD134), GITR and 4-1BB 
(CD137), expressed on T cells (Watts 2005). Some co-stimulatory molecules exemplified by 
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CD83, which is expressed on mature DCs, but also on T cells, can’t be classified in either 
group. So far, no receptor has been identified for this molecule (Hirano et al. 2006; Aerts-
Toegaert et al. 2007; Prechtel et al. 2007).   
Initial activation of naive T cells generally occurs through interactions with CD28, after 
which they differentiate into effector T cells, and up-regulate other co-stimulatory 
molecules. Depending on the stimulus, expression of co-stimulatory ligands on DCs will 
vary. Their relative expression will ultimately determine the quality of the T cell stimulation 
hence the T cell function. It has to be mentioned that the importance of co-stimulatory 
molecules is not limited to the stimulation of effector T cells, but can moreover involve 
modulation of Treg, as described for GITRL and OX40L. It has been shown that triggering of 
GITR results in alleviation of Treg suppression of effector T cells. Although Treg 
constitutively express GITR, the effect of GITR-GITRL interactions is not mediated through 
functional impairment of Treg, but rather protection of effector T cells against Treg 
(Stephens et al. 2004). However, whether these observations in mice can be translated to a 
human setting remains unclear (Tuyaerts et al. 2007b). Direct inhibitory effects on Treg 
suppression have been shown for OX40L (Valzasina et al. 2005), which upon binding with 
OX40 on Treg mediates down-regulation of Foxp3 and the Tregs’ suppressive capacity (Vu 
et al. 2007). For other co-stimulatory molecules (CD70 and 4-1BBL), of which its receptors are 
also expressed on Treg, no unequivocal effect on Treg function has been described.  

2.4 Tolerogenic dendritic cells  
In physiological conditions, the organism is in direct contact with millions of innocuous 
antigens of different origins.  Many of them are bacterial antigens, such as those present 
within the gut. Others vary from pollen, yeast, dust mites and chemicals of all sorts. Until 
recently, it was thought that the immune system was constantly and restlessly fighting 
potentially dangerous organisms and antigens. This view has certainly become obsolete, and 
it is not inaccurate to consider the immune system in a kind of steady-state in which 
tolerance is the default outcome and has to be maintained at all costs, except when a real 
threat arises. Therefore, several tolerogenic mechanisms are constantly in place.   
One of the first mechanisms to be described is central tolerance, in which auto-reactive T 
cells are eliminated in the thymus by clonal deletion (Griesemer et al. 2010). Although this 
mechanism is essential to eliminate most auto-reactive T cells, it can’t explain the aetiology 
of autoimmune disorders in which self-antigens are clearly recognised. Even though clonal 
deletion is efficient, it does not eliminate all auto-reactive T cells. Interestingly, many auto-
reactive T cells that survive clonal deletion further differentiate into natural Foxp3+ CD4+ 
Treg (Sakaguchi et al. 2008; Griesemer et al. 2010). These are strong and intrinsic 
immunosuppressive, and are part of the central tolerance. Research on Treg has recently 
exploded, although ample experimental evidence of their existence was provided during the 
1970s (Rich & Pierce 1973; Ha et al. 1974; Taussig 1974). However, early studies were 
abandoned partly by the inexistence of specific cell markers associated with suppressive T 
cells. Nevertheless, Sakaguchi and colleagues demonstrated that high expression of CD25 
and Foxp3 was characteristic for natural Treg (Hori et al. 2003; Sakaguchi 2003), which re-
awakened research into this fundamental T cell type. Importantly, many of the early studies 
drew similar conclusions to more recent studies on Treg (Basten et al. 1974; Kirchner et al. 
1974; Polak & Turk 1974). Even so, clonal deletion and natural Treg activity can’t explain 
tolerance towards many other auto- and foreign antigens, which are not present in the 
thymus. Theoretically strong immune responses should constantly arise towards a wide 
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variety of antigens. However, this is not the case, and the organism still remains tolerant 
towards most antigens. Differentiation of inducible Treg specific for peripheral antigens can 
partially fill this experimental and conceptual gap. Inducible Treg derive from naïve CD4+ T 

cells and can be broadly classified into Tr1 (CD4+ CD25+ IL-10+ or TGF-β+) and TH3 (CD4+ 
CD25+ Foxp3+) cells (Mahnke et al. 2003; O'Garra et al. 2004; Peng et al. 2004; Arce et al. 2011). 
For differentiation of inducible Treg to occur, antigens have to be captured, processed and 
presented in a tolerogenic context. DCs, which induce Treg differentiation and inhibition of 
effector T cell expansion, are termed tolerogenic DCs.  
There is no compelling evidence demonstrating that tolerogenic DCs are a truly specialised cell 
type that is exclusively devoted to suppress immune responses. In fact, tolerogenic DCs 
encompass a wide range of DCs which acquire immune suppressive activities in particular 
circumstances. Firstly, it is well known that steady state DCs can capture antigens in 
peripheral tissues and migrate to secondary lymphoid organs. Antigen presentation by 
immature DCs leads to T cell inactivation (anergy), apoptosis and Treg differentiation 
(Dhodapkar et al. 2001; Hawiger et al. 2001; Bonifaz et al. 2002; Kretschmer et al. 2005). 
Secondly, DCs located in certain anatomical parts such as the mucosa and gut, are intrinsically 
tolerogenic. Interestingly, retinoic-acid (vitamin A) metabolising enzymes are critical in their 
suppressive functions. Mucosal DCs in contact with many microbial-derived antigens are 
potently immunosuppressive, particularly after TLR2 signal transduction (Dillon et al. 2006; 
Ilarregui et al. 2009; Manicassamy et al. 2009). Treatment of DCs with lectin ligands such as 
galectin 1 or potent immunosuppressive cytokines also renders them tolerogenic (Corinti et al. 
2001; Ghiringhelli et al. 2005; Dillon et al. 2006; Rutella et al. 2006; Ilarregui et al. 2009; Arce et al. 
2011). Importantly, certain types of specialised myeloid-derived cells with very potent intrinsic 
immunosuppressive capacities have been found in recent years. These cells are known as 
myeloid-derived suppressor cells and inhibit T cell proliferation through a variety of 
mechanisms (Li et al. 2009; Srivastava et al. 2010). In addition, certain types of monocytes are 
immunosuppressive cells, and are involved in establishing tolerance after organ 
transplantation (Garcia et al. 2010). According to the expression of surface molecules, 
tolerogenic DCs are generally considered to be immature. This is characterised by low levels of 
MHC and co-stimulatory molecules (Rutella et al. 2006; Escors et al. 2008; Breckpot & Escors 
2009b; Arce et al. 2010). It is believed that because of their immature phenotype antigen 
presentation is inefficient, and expansion of effector T cells is hampered. However, 
phenotypical mature DCs can also be potently tolerogenic. These mature tolerogenic DCs exert 
their suppressive activities through secretion of high levels of immunosuppressive cytokines 
(Rutella et al. 2006).  
The mechanisms by which tolerogenic DCs exert their activity are certainly varied in nature, 
and it is likely that several of these take place simultaneously. As mentioned, tolerogenic 
immature DCs are thought to lead to inefficient antigen presentation to naive T cells. 
Therefore, expansion of effector T cells is, if not prevented, at least severely reduced. However, 
there is evidence that these DCs do present antigens, although the interaction between 
immature DCs and T cells is transient and leads to T cell anergy, apoptosis or Treg 
differentiation (Rothoeft et al. 2006). An important characteristic that seems to be common in 
all tolerogenic DCs is the secretion of potent immunosuppressive cytokines during antigen 
presentation (Ghiringhelli et al. 2005; Dillon et al. 2006; Escors et al. 2008; Ilarregui et al. 2009; 

Arce et al. 2010; Saraiva & O'Garra 2010). In fact, at least in the presence of TGF-β, strong TCR 
stimulation during antigen presentation greatly enhances Foxp3+ Treg differentiation. 
Tolerogenic DCs can also secrete high amounts of IL-10, a potent immunosuppressive 
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cytokine, resulting in differentiation of mainly Tr1 cells (Kuhn et al. 1993; Saraiva & O'Garra 
2010). In addition IL-10 autocrine and paracrine activities keep DCs in an immature stage 
(Takayama et al. 1998; Corinti et al. 2001). DCs can also up-regulate surface expression of 
molecules with T cell inhibitory activities. This is the case for some members of the B7 family. 
One of the most extensively studied immunosuppressive members is PD-L1, the ligand of the 
T cell inhibitory receptor PD-1. Binding of PD-L1 to PD-1 on T cells, especially in the case of 
chronic antigen exposure, renders T cells inactive (exhausted) (Sakuishi et al. 2010). This is a 
critical mechanism by which many tumour cells exert their immunosuppressive activities 
towards effector CD8+ T cells. PD-L1 is expressed ubiquitously, but it is likely that its 
expression on DCs and other professional antigen presenting cells has a more specific role. 
Importantly, binding of PD-L1 expressed on DCs to CD80 on T cells has been shown to be 

required for TGF-β dependent antigen-specific Treg differentiation (Wang et al. 2008). A 
second PD-1 ligand was described that is specifically expressed on DCs and macrophages, 
termed PD-L2. However, it is unclear whether PD-L2 is truly immunosuppressive 
(Radhakrishnan et al. 2009). Recently, other B7 family members have also been shown to exert 
immunosuppressive activities (Sica et al. 2003). Finally, another interesting mechanism is up-
regulation of amino acid-metabolising enzymes. Intriguingly, many of these are triggered by 

TGF-β (Belladonna et al. 2009). It has been known for some time that increased arginase 
activity in DCs suppresses immune responses (Munder 2009; Norian et al. 2009). Indoleamine 
2,3-dioxygenase up-regulation, a tryptophan-metabolising enzyme, suppresses immune 
responses (Fallarino et al. 2002; Mellor & Munn 2004). Interestingly, Tregs can induce DCs to 
up-regulate several of these metabolic enzymes, resulting in infectious tolerance that amplifies 
the suppressive capacities of regulatory DCs and T cells (Cobbold et al. 2009).  

3. Lentiviral vectors 

Viruses are excellent candidates for the development of efficient gene delivery systems. As 
intracellular obligate parasites, they are specialized in the delivery of their genome to cells. 
Therefore it is no surprise that viruses have always been of interest for gene therapeutic 
applications. Nowadays a large number of viruses have been evaluated, e.g. adenovirus, 
adeno-associated virus, herpes virus, poxvirus, retrovirus, lentivirus, et cetera (Escors & 
Breckpot 2010). The first human gene therapy trial was performed in the 1970s and applied an 
arginase encoding Shope papilloma virus to treat hyperargininemia (Friedmann & Roblin 
1972). By 1985, gene transfer with viral vectors to mammalian cells was performed routinely 
and the use of the γ-retroviral Murine leukaemia virus for gene delivery was introduced 
(Mann et al. 1983). This seemed promising as these viruses integrate their cargo into the host 
genome. It was Brenner et al (Brenner et al. 1993) who demonstrated the proof-of-principle of γ-
retroviral gene transfer in hematopoietic stem cells (HSCs). The first clinical trial using γ-
retroviral vectors (RVs) was carried out by Anderson and colleagues to correct severe 
combined immunodeficiency (SCID) in 1991 (Anderson et al. 1990). The majority of clinical 
gene therapy trials today use γ-RVs, despite their relative low stability, the low titers and their 
inability to transduce quiescent cells. More importantly, worrisome incidents of RV induced 
insertional mutagenesis were reported (Pincha et al. 2010).  Lentiviruses, which as γ-
retroviruses are members of the Retroviridae, were suggested to be an attractive alternative, 
since they are capable of transducing both dividing and non-dividing cells (Bukrinsky et al. 
1993; Lewis & Emerman 1994). Moreover, their integration into the host genome is, in contrast 
to γ-retroviruses, associated with lower genotoxicity (Montini et al. 2006). 
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At the end of the 1990s, the use of recombinant LVs was boosted, especially for transduction 
of non-dividing cells (Akkina et al. 1996; Naldini et al. 1996a; Naldini et al. 1996b; Reiser et al. 
1996).  Another 10 years later the first clinical trial using LV modified cells for the treatment 
of HIV infection was completed (Lu et al. 2004). 

3.1 Development of recombinant lentiviral vectors  
Lentiviruses are characterized by a diploid 7-12 kb single stranded RNA genome with 
positive polarity that is reverse transcribed to double stranded DNA upon host cell entry 
(Coffin 1997).  Diploidy permits genetic recombination, which accounts partially for their 
success as procreators of the acquired immunodeficiency syndrome, a disease that develops 
by slowly affecting the immune systems’ function (lenti meaning slow).  Lentiviruses 
include primate and non-primate retroviruses, e.g. HIV and simian immunodeficiency virus, 
and caprine arthritis-encephalitis virus, equine infectious anaemia virus, Maedi-visna virus, 
feline immunodeficiency virus and bovine immunodeficiency virus, respectively (Breckpot 
et al. 2008; Escors & Breckpot 2010).  The spherical virion measures about 80-120 nm in 
diameter, has a mass of 2.5 x 105 kDA and a density of 1.16 g/ml in sucrose density gradient. 
Its envelope consists of a plasma membrane derived phospholipid bilayer loaded with 
surface (SU) and transmembranary (TM) glycoproteins and is supported on the inside by 
the non-glycosylated structural matrix (MA) proteins (Fig. 2). Within the envelope the 
nucleocapsid, comprised of capsid (CA) proteins, surrounds the viral genome, which is 
packaged together with nucleocapsid (NC) proteins and a few copies of the enzymes reverse 
transcriptase (RT), integrase (IN) and protease (PR). 
 

 

Fig. 2. Schematic representation of a retroviral particle. The viral envelope consists of a 
lipid bilayer loaded with viral proteins. These are composed of TM and SU components, 
linked via a disulphide bridge and encoded by de env genes. Internal non-glycosylated 
proteins are coded by the gag region of the viral genome and comprise MA, CA and NC 
proteins. The products of the pol – coding region are the RT and IN, while the PR is coded by 
the pro gene that resides between the gag and the pol gene. 

The replication cycle of lentiviruses starts with the attachment of the viral envelope proteins to 
specific receptors on the host cell surface (Flint S.J. 2009). This interaction defines the tropism 
and results in conformational changes of SU and TM, which allows the hydrophobic fusion 
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peptide of TM to insert in the cellular membrane, as such allowing the release of the 
nucleocapsid complex in the cytoplasm (Schaffer et al. 2008). The reverse transcription process 
sets off by primer binding of a viral tRNA and produces successively the negative and positive 
linear DNA strands till the DNA molecule called provirus is formed. Important are its cis-
acting ends called long terminal repeats (LTRs) that are shown juxtaposed in preparation for 
integration (Fig. 3). As a unique characteristic of lentiviruses, viral DNA and IN gain access to 
the nucleus by formation of a pre-integration complex. Therefore, the lentiviral genome 
contains not only a 3’ polypurine tract (PPT), as other retroviruses, but also a central PPT (Fig. 
3) (Charneau & Clavel 1991). The latter sequence together with a central termination sequence 
(CTS) controls the formation of a stable 99-nucleotide long plus strand overlap in the linear 
DNA molecule in cis, which enables active pro-viral nuclear import (Follenzi et al. 2000; 
Zennou et al. 2000). The subsequent integrative recombination is catalyzed by the IN, which 
uses the outer att sequences on the LTRs to grab the pro-viral DNA and results in random 
insertion of the viral DNA in the host genome. Transcription of the integrated provirus is 
mediated by cellular RNA polymerase II and results in different subsets of RNA molecules 
namely: mRNA molecules and new viral single stranded RNA genomes. The most important 
viral genes encoding mRNA molecules are: (i) the env (envelope) gene which encodes SU and 
TM; (ii) the gag (group specific antigen) gene which encodes the internal structural proteins MA, 
CA and NC; (iii) the pol (polymerase) gene which codes for the enzymes IN and RT including a 
DNA polymerase as well as its associated RNase H activity and finally (iv) the pro (protease) 
gene which encodes PR. Based on genomic organization retroviruses can be divided in simple 
and complex viruses. The simple viral genomes only encode the three genes, gag, pol, and env, 

common to all retroviruses, such as α-, β-, and γ-retroviruses. In contrast, complex viruses have 
a genome that encodes several accessory genes that affect viral gene expression and/or 
pathogenesis. Lentiviruses encode not only two extra regulatory genes tat and rev but also 
several accessory genes such as vpr, vpu, vif and nef.  After transcription of the unspliced full-
length viral RNA and translation of the mRNA encoding viral proteins, everything is 
transported to the cytoplasm where virion maturation occurs.  The cis-acting packaging signal, 
ψ (psi), is required to ensure viral genome packaging and subsequent budding of the particle 
from the cell to give rise to infectious virions. 
 

 

Fig. 3. Schematic representation of the pro-viral HIV-1 genome. All genes of the provirus 
(gag, pol, pro, vif, vpr, vpu, rev, tat, env and nef) are flanked on either side by identical ‘long 
terminal repeats’ (LTRs) that consist of a U3, R and U5 fragment. The pro-viral 
transcriptional control elements like the actual promoter and enhancer sequences can be 
found in the U3 regions. Ψ represents the encapsidation signal. Unlike most retroviruses, 
HIV and other LVs have two copies of the PPT, one at the border of the 3’LTR (3’ polypurine 
tract) and the other located within the pol-coding region (central polypurine tract [red line] 
together with a central termination sequence [green line]). 

Given the fact that lentiviruses are pathogenic, it is crucial to develop a recombinant LV that is 
replication deficient, safe and efficient in transduction of target cells. Therefore, LVs have been 
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vigorously modified, which has contributed to their widespread use as a gene delivery shuttle. 
A safety concern is the possible generation of replication-competent LVs (RCLs) as a 
consequence of genetic recombination (Wu et al. 2000). Therefore, LVs are produced by 
transient transfection of producer cells (HEK 293T) with at least three plasmids. This allows 
separation of cis- and trans-acting sequences. Generally the following plasmids are used: (i) a 
packaging, (ii) a transfer, and (iii) an envelope plasmid. All plasmids have been scrutinized to 
enhance their performance in terms of safety and efficacy (Breckpot et al. 2007a).   
The packaging plasmid provides all viral structural and enzymatic sequences, encoded by 
gag and pol, to make an infective virion in trans. Based on the packaging plasmid 
recombinant LVs can be divided into different generations. The first generation is 
represented by a plasmid encoding the entire gag and pol sequence in trans to enable 
packaging of the transfer construct together with the viral regulatory genes tat and rev and 
the virulence genes vif, vpr, vpu and nef. The second generation plasmid is multiply 
attenuated by removal of the four virulence genes without any negative effect on 
transduction efficacy as these genes seemed dispensable for the efficient generation of HIV-
derived LVs (Zufferey et al. 1997). In the third generation, the rev gene is expressed from a 
separate plasmid (Dull et al. 1998). Furthermore also the tat sequence could be removed by 
insertion of a strong constitutional promoter in the 5’ LTR of the transfer vector. More 
recently the importance of the development of non-integrating LVs (NILVs) has been 
brought to the attention because of the oncogene transactivation incidents in some clinical 
trials with γ-RVs. Although the LV integration profile seems more favourable than that of γ-
RVs (Montini et al. 2009), several groups tested the transduction efficacy of NILVs by 
mutating the catalytic triad within the IN gene of the packaging plasmid (Wanisch & Yanez-
Munoz 2009). Improved safety without major reduction in efficacy was demonstrated (Negri 
et al. 2007; Karwacz et al. 2009; Wanisch & Yanez-Munoz 2009). Downsides are the lower 
titers, higher doses needed and the fact that there still is a chance for integration of about 0.1 
to 2.3% (Apolonia et al. 2007). An alternative to IN deficiency is site-specific integration into 
a safe harbour sequence of the target cell. Several strategies have been described, e.g. Cre-
loxP carrying LVs, use of the zinc finger nuclease or meganuclease technology, et cetera 
(Matrai et al. 2010; Michel et al. 2010; Silva et al. 2011). Furthermore, the discovery that the 
LEDGF/p75 protein controls the site of integration of HIV-derived LVs presents new 
possibilities to control mutagenesis (Ciuffi 2008; Silvers et al. 2010). 
The transfer plasmid is the only plasmid derived from the viral genome where all viral 
coding regions are replaced by the expression cassette. An important improvement for 
safety was the development of so called self-inactivating (SIN) vectors (Zufferey et al. 1998). 
These rely on the introduction of a deletion in the U3 region of the 3’ LTR.  This deletion will 
be transferred to the 5’ LTR of the pro-viral DNA during reverse transcription, which 
abolishes production of full-length vector RNA in transduced cells. This has several 
advantages: (i) it minimizes the risk for emerging RCLs, (ii) it reduces the chance that 
cellular coding sequences located adjacent to the integrated pro-viral sequence will be 
aberrantly expressed due to the promoter activity in the 3’ LTR and (iii) it prevents 
transcriptional interference between the LTRs and an internal promoter. As the expression 
of genes delivered by LVs is often inefficient, several strategies were developed to 
ameliorate this. Firstly, the promoter within the expression cassette can be varied. Instead of 
using strong constitutive promoters, such as the promoter of cytomegalovirus or spleen 
focus forming virus, one can choose a cell-specific promoter as these are less sensitive to 
promoter inactivation and less likely to activate the host-cell defence machinery (Liu et al. 
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2004). Secondly, the incorporation of the cPPT and CTS into the transfer plasmid not only 
improved LV yields, but also provided enhanced transgene expression by mediating active 
nuclear import of the provirus (Follenzi et al. 2000; Sirven et al. 2000). Addition of 
posttranscriptional regulatory elements such as the Woodchuck hepatitis virus regulatory 
element (WPRE) has also been explored (Zufferey et al. 1999). Although some groups 
demonstrated improved gene expression by modification of polyadenylation, RNA export 
and/or translation, others reported only a negligible benefit (Breckpot et al. 2003). Another 
issue is epigenetic silencing and heterochromatin formation nearby the inserted provirus, 
which hampers its transcription. This silencing process can be avoided by the insertion of 
insulators or with vectors containing an enhancer-less ubiquitously acting chromatin-
opening element (Zhang et al. 2007; Nielsen et al. 2009). To improve safety, the incorporation 
of a suicide-gene has been proposed to eliminate cells that are transformed as a consequence 
of LV integration (Tseng et al. 2009). Finally the discovery of RNA interference opens novel 
possibilities for LVs in terms of stable gene silencing (Gu et al. ; Arrighi et al. 2004), as well as 
for LV de-targeting strategies (Brown et al. 2006b). 
Last but not least also the envelope plasmid is variable. Since wild-type HIV-1 glycoproteins 
have a restricted tropism and do not allow production of high titer LV preparations, 
heterologous glycoproteins are used for LV production. This process is termed 
pseudotyping and most commonly the envelope of the vesicular stomatitis virus (VSV.G) is 
used. This rhabdovirus envelope glycoprotein interacts with an ubiquitous receptor and 
subsequently confers a broad host-cell range and high vector particle stability (Burns et al. 
1993; Marsac et al. 2002; Schaffer et al. 2008). 

3.2 Lentiviral vectors for the in vitro modification of dendritic cells  
Efficient transduction of human DCs with transgenic vectors has been challenging for 
several reasons.  Human DCs are usually generated from peripheral blood-derived 
quiescent CD14+ progenitors or from mitotically hypoactive primitive CD34+-derived 
progenitor cells. Therefore, the capacity of LVs to transduce quiescent and non-dividing 
cells turned out to be an important asset for DC transduction. The first successful 
transduction of human monocyte-derived DCs with LVs was described by Unutmaz et al 
(Unutmaz et al. 1999) in 1999. Since then, several research groups have reported successful 
transduction of human monocyte-derived (Gruber et al. 2000; Schroers et al. 2000; Dyall et al. 
2001; Firat et al. 2002; Breckpot et al. 2003; Lizee et al. 2004), human CD34+-derived DCs 
(Salmon et al. 2000; Oki et al. 2001; Sumimoto et al. 2002) and mouse bone marrow-derived 
DCs (Metharom et al. 2001; Breckpot et al. 2003) with varying efficiencies. Transgene 
expression was found to be stable in monocyte-derived DCs (Gruber et al. 2000; Breckpot et 
al. 2003) and CD34+-derived DCs (Oki et al. 2001). However, for mouse DCs, the kinetics are 
somewhat more complicated, due to a process which is called pseudotransduction (Dullaers 
et al. 2004), and which results in a wrong estimation of the transduction efficiency when 
analyzed early after transduction. Nevertheless, DCs can be modified at high efficiency 
(Breckpot et al. 2003). Importantly, there is quite some variability in transduction efficiency 
among different reports. This most likely reflects the diversity in DC sources, techniques 
and vectors used for transduction (Breckpot et al. 2004a). 

3.3 Lentiviral vectors for the in vivo modification of dendritic cells  
As broad-tropism LVs efficiently transduced mouse and human DCs in vitro, it was next 
questioned whether these LVs can be used to transduce DCs in vivo, as such circumvent the 
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labour-intensive, time- and money-consuming procedure of generating DCs ex vivo. 
Dullaers et al (Dullaers et al. 2006) used a PCR-based method to demonstrate the presence of 
the LV delivered transgene in the draining lymph node at days 2 and 10, but not day 25 post 
administration of LVs in the footpad. These data were confirmed in flow cytometry, 
demonstrating that the PCR signal correlated with a small percentage (less than 1%) of 
transduced CD11c+ cells (unpublished data Dullaers et al).  Using the same injection route, 
Esslinger et al (Esslinger et al. 2003) showed transduction of CD11c+ cells in the lymph node 
by immunohistochemical analysis, whereas He et al (He & Falo 2006) were able to 
demonstrate by flow cytometry that transduced DCs present in the lymph node after 
footpad injection of GFP encoding LVs originated from locally transduced migratory skin 
DC. More recently, a new imaging technique, in vivo bioluminescence imaging, was used to 
visualize cells transduced in situ with Firefly luciferase encoding LVs upon footpad injection 
(Breckpot et al.). Intravenous administration of LVs also leads to transduction of DCs in the 
spleen (VandenDriessche et al. 2002; Palmowski et al. 2004; Arce et al. 2009). These studies 
indicate that LVs, independent of the route of administration transduce DCs in situ and have 
instigated the exploration of LVs as an off-the-shelf vaccine. 

4. Exploitation of lentivirally transduced dendritic cells in anti-cancer 
immunotherapy 

Active anti-tumour immunotherapy is based on the delivery of tumour antigens (Boon & 
van der Bruggen 1996) in a way that induces therapeutic immunity. As several tumour-
induced tolerogenic mechanisms are in place it is not sufficient to stimulate effector T cells, 
it is moreover critical to circumvent suppressive immune cells, such as Treg.  Such anti-
tumour immunity can only be induced by professional antigen presenting cells, in particular 
DCs, and requires presentation of the tumour antigen-derived peptides to both CD4+ and 
CD8+ T cells in the context of strong co-stimulation. As mentioned previously LVs have 
been tested as vehicles, for ex vivo and in vivo antigen delivery to DCs.  In the following 
section we will discus the induction of potent T cell mediated immune responses that can 
control tumour growth by ex vivo, as well as in situ LV transduced DCs.  Finally, we will 
discuss some strategies that have been explored to enhance the performance of LV-based 
vaccines. 

4.1 Evaluation of ex vivo lentiviral vector transduced dendritic cells as a cellular anti-
tumour vaccine 
Since the beginning of the millennium, several reports on the use of tumour antigen 
encoding LVs for the ex vivo modification of DCs have been published.  As it is of 
paramount importance that tumour antigen-derived peptides are efficiently processed and 
presented on the DC surface in order to efficiently prime and activate tumour antigen-
specific T cells, it was first evaluated whether LV transduced DCs activate established T cell 
lines.  Note, strategies in which the tumour antigen encoding genetic sequence is fused to 
the sequence encoding class II targeting signals, such as the first 80 amino acids of the 
invariant chain (Ii80), were employed to obtain not only presentation of antigenic peptides 
in MHC class I, but furthermore in MHC class II in order to activate CD8+ and CD4+ T cells, 

respectively (Bonehill et al. 2005).  As mentioned before, the activation of IFN-γ producing 
CD4+ TH1 cells supports priming and maintenance of CTLs, moreover in anti-tumour 
immunotherapy, it has been shown that these CD4+ TH1 cells mediate tumour rejection 
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(Bonehill et al. 2003). Both human and mouse LV transduced DCs were able to activate 
established CD8+ and CD4+ T cell lines specific for epitopes derived from various relevant 
tumour antigens, such as MAGE-3 (Breckpot et al. 2003), Melan-A (Firat et al. 2002; 
Sumimoto et al. 2002) and tyrosinase (Lizee et al. 2004) in the human system and for the 
surrogate antigen ovalbumin (OVA) (Breckpot et al. 2003; He et al. 2005), as well as for TRP-2 
(Metharom et al. 2001) in the murine system.  
Moreover, several groups reported on the in vitro priming of naive T cells against tumour 
antigens using LV transduced human DCs. Firat et al (Firat et al. 2002) stimulated CD8+ T 
cells in bulk with monocyte-derived DCs that were transduced with LVs encoding a 
melanoma poly-epitope and demonstrated expansion of tetramer+ CD8+ T cells, which 
could specifically lyse gp100 and Melan-A peptide-pulsed targets. We showed priming of 
both CD8+ and CD4+ T cells against the poorly immunogenic melanoma antigen MAGE-
A3 after in vitro stimulation with DCs transduced with LVs encoding the fusion protein 
Ii80MAGEA3 (Breckpot et al. 2003). The primed CD8+ T cells were further cloned and 
characterized enabling the identification of a novel HLA-Cw7 restricted MAGE-A3 
peptide (Breckpot et al. 2004b). A number of groups evaluated the potential of mouse DCs 
transduced with LVs as a cellular anti-tumour vaccine in vivo.  Herein, the induced 
immune response was characterized and tested for protection against tumour growth. We 
showed that immunization with DCs transduced with OVA encoding LVs induced a 
strong CTL response, resulting in specific lyses of OVA-expressing tumour cells after in 
vitro restimulation (Breckpot et al. 2003) or in vivo upon delivery of autologous OVA 
peptide-pulsed spleen cells (Dullaers et al. 2006). He et al (He et al. 2005) confirmed these 
data. It was moreover demonstrated that these CTL responses were protective against a 
subsequent challenge with a lethal dose of OVA-expressing B16 melanoma cells and 
slowed down the outgrowth of pre-existing tumours (He et al. 2005; Dullaers et al. 2006). 
Later on, it was shown with endogenous tumour antigens that the results obtained with 
the strong immunogenic OVA were not an overestimation of the potential of LV 
transduced DCs as a cellular therapeutic. Tumour antigens such as TRP-2 (Metharom et al. 
2001) and erbB2 (mouse analogue of human Her-2/neu) (Mossoba et al. 2008) were used 
to demonstrate induction of strong CTL responses and decreased tumour growth. 
Importantly, Wang et al. (Wang et al. 2006) extended these data in a mouse hepatoma 
model, immunized with LV transduced DCs expressing three hepatoma-associated 
antigens, which are self-antigens that are highly expressed in tumour cells, demonstrating 
CD4+ and CD8+ T cell responses against all three hepatoma antigens, as well as regression 
of established tumours.  Delivery of multiple tumour antigens might overcome the 
problem of tumour escape due to antigen loss (Dullaers et al. 2006). Finally, it has to be 
noted that several groups compared DCs transduced with LVs to DCs pulsed with 
(tumour) antigen-derived peptides (He et al. 2005; Metharom et al. 2005) or electroporated 
with mRNA (Dullaers et al. 2004), two strategies that were approved in the clinic, 
demonstrating that LV modified DCs elicited stronger and longer-lasting anti-tumour T 
cell responses.  
These studies suggest that ex vivo LV transduced DCs are effective in therapeutic treatment 
of cancer.  However, this strategy has important drawbacks common to all DC-based 
vaccination approaches. Because the vaccine is patient-specific it requires specialized 
personnel and facilities for vaccine production. Consequently, there is a high cost and 
considerable time required for vaccine production and quality control. It is for that reason 
that direct administration of LVs in vivo has gained substantial interest.  
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4.2 Evaluation of lentiviral vectors as an off-the-shelf anti-tumour vaccine 
For LVs to be an effective vaccine they have to transduce DCs in situ, a pre-requisite that 
is fulfilled.  Furthermore, the in vivo transduced DCs need to process the transgene, have 
to be activated so they migrate to lymphoid organs, where they subsequently present 
transgene-derived epitopes in the context of MHC molecules and strong co-stimulation to 
T cells. Hence, the degree of tumour antigen-specific CTL induction can be considered as 
a reliable measure for the value of direct administration of tumour antigen encoding LVs 
in tumour immunology. Antigen-specific CTLs could be generated upon direct 
administration of LVs using HLA-Cw3 as a model antigen (Esslinger et al. 2003). Similar 
results were obtained in HLA-A transgenic mice using a LV encoding a minigene 
containing the dominant human Melan-A HLA-A*0201 epitope (Chapatte et al. 2006) or 
human telomerase reverse transcriptase (hTERT) (Adotevi et al. ; Rusakiewicz et al.). 
Using OVA as an antigen, it was confirmed that direct administration of LVs resulted in a 

higher number of IFN-γ producing CD8+ T cells, which had a higher lytic capacity as 
compared to those primed with ex vivo transduced DCs (Dullaers et al. 2006). Memory 
CTL responses were also significantly stronger upon LV administration. Other studies 
with tumour antigens such as NY-ESO (Palmowski et al. 2004), TRP-2 (Kim et al. 2005), 
TRP-1 (Liu et al. 2009) and CEA (Loisel-Meyer et al. 2009), have also shown potent 
immune responses upon vaccination with LVs. Comparison of in vivo administration of 
LVs to the peptide or DNA vaccination strategy was performed in a HLA-A transgenic 
mice, by Chapatte et al (Chapatte et al. 2006) and Rusakiewicz et al (Rusakiewicz et al.), 
demonstrating that stronger tumour-specific immune responses were elicited when 
immunization was performed with LVs. 
 

Reference Dose Route Antigen 

Esslinger et al 2 x 107 EFU sc (footpad, tail base) Cw3, mini Melan-A 

Palmowski et al 1 x 106 PFU iv (tail vein) NY-ESO 

Kim et al 1.6 x 106 PFU sc (footpad) TRP-2 

Rowe et al 1 x 107 IU iv (tail vein) OVA 

Dullaers et al 2 x 107 TU sc (footpad) OVA 

He et al 1 x 106 TU sc ( footpad ) OVA 

Chapatte et al 2 x 107 EFU sc (tail base) Melan-A 

Liu et al 2.5 x 107 TU sc (footpad) TRP-1 

Loisel-Meyer 0.15 × 106 TU sc (footpad) CEA 

Rusakiewicz et al 1 x 107 TU sc (footpad) hTERT 

Table 1. Summary of the studies evaluating LVs as an off-the-shelf vaccine. 

Although CD4+ T cell responses were shown to be necessary for the priming and 
maintenance of CTLs when DCs are used for vaccination, not much data is available on the 
role of CD4+ T cell help in the induction of CTLs upon immunization with LVs. Esslinger et 
al (Esslinger et al. 2003) showed that CD4 depletion reduces the primary CTL response upon 
direct administration of LVs. Similarly, we (Dullaers et al. 2006) showed that although there 
was a larger requirement for CD4+ T cell help during the primary response in case of 
immunization with ex vivo transduced DCs compared to direct administration of LVs; CD4+ 
T cell depletion strongly reduced the capacity to mount a recall CTL response in both cases. 
Interestingly, Marzo et al (Marzo et al. 2004) showed that in the case of a VSV infection, a 
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functional CD8+ T cell memory response can be generated in the absence of CD4+ T cells, 
this in contrast to an infection with Listeria monocytogenes. These authors suggest that the 
difference might be due to the fact that VSV can directly infect DC whereas L. monocytogenes 
antigens need to be cross-presented. Since, the currently applied LVs are pseudotyped with 
VSV envelopes, it needs to be further examined to what extent the CTL response is CD4+ T 
cell-dependent.  
The generation of specific T cell responses is a convenient read-out for the success of a 
vaccination strategy however; there are many examples of discrepancies between immune 
responses and anti-tumour responses (Rosenberg et al. 2005). Therefore, it is critical to 
evaluate the effect of LV vaccination on tumour growth. Rowe et al (Rowe et al. 2006) 
showed significantly improved protection of mice vaccinated with LVs encoding OVA 
against a subsequent tumour challenge. Similarly, Dullaers et al (Dullaers et al. 2006) showed 
that direct administration of LVs offers increased protection to a subsequent tumour 
challenge compared to DC vaccination and a significantly improved survival of tumour 
bearing mice. Other studies using TRP-2 (Kim et al. 2005), TRP-1 (Liu et al. 2009) or CEA 
(Loisel-Meyer et al. 2009) as tumour antigen, demonstrated improved survival of tumour 
bearing mice receiving LVs encoding these tumour antigens.  Liu et al (Liu et al. 2009) 
showed that this type of immunization could result in complete regression of small 
subcutaneous tumours, which correlated with enhanced numbers of functional CD8+ T cells 
in the tumour environment. Therefore, these studies highlight the potential of LVs encoding 
tumour antigens as an anti-cancer therapeutic. 
These studies demonstrate that administration of LVs doesn’t provoke immunological 
tolerance, but rather elicits powerful CTL responses against transgene-encoded proteins. 
This suggests a certain degree of immunogenicity of LVs or components within LV 
preparations, leading to activation of innate viral-sensing pathways and as a consequence 
induction of strong adaptive immunity. Therefore, it is not surprising that several studies 
addressed the immunogenicity of LVs. LVs are generally derived from HIV-1, for which 
activation of pDCs through TLR7 triggering has been demonstrated (Fonteneau et al. 2004; 
Beignon et al. 2005). It was demonstrated in vivo that activation of pDCs by recombinant LVs 
is mediated by several mechanisms. Brown et al. (Brown et al. 2006a) reported a TLR7-
dependent type I IFN response, whereas a role for TLR9 was demonstrated by Pichlmair et 
al (Pichlmair et al. 2007), who demonstrated that VSV.G pseudotyped LV preparations 
contain tubulovesicular structures of cellular origin, which carry nucleic acids. These 

structures triggered TLR9 in pDCs, whereas LVs pseudotyped with a γ-retroviral envelope 
didn’t (Lopes et al. 2008), suggesting that this particular mechanism is not necessary for 
potent immune stimulation. More recently, Rossetti et al (Rossetti et al.) demonstrated that 
also human blood-derived pDCs are activated in a TLR7/9-dependent way by LVs in vitro. 
These observations were not surprising as the pDC subset is the DCs subset that is best 
equipped to sense viral infections. However, recombinant LVs also target cDCs. Therefore, 
this DC subset should not be neglected when the LV immunogenicity is discussed. Gruber et 
al (Gruber et al. 2000) reported that transduction of cDCs at low MOI didn’t result in DC 
activation, whereas Tan et al. (Tan et al. 2005) described that transduction of cDCs at high 
MOI results in up-regulation of adhesion, stimulatory and antigen presenting molecules. 
Furthermore, these DCs displayed enhanced allo-stimulatory capacities and an altered 
cytokine secretion pattern. To clarify these results, we (Breckpot et al. 2007b) transduced 
DCs with LVs at varying MOI, confirming that transduction of DCs with LVs at low MOI 
results in considerable transgene delivery, without activation, whereas transduction at high 
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MOI indeed leads to DC maturation. A role for protein kinase R, a cytosolic receptor that 
interacts with double stranded RNA during LV replication, and several TLRs was suggested 
(Breckpot et al. 2007b). In our recent in vivo study, we demonstrated that cDCs are activated 
upon LV infection. More importantly, we showed that this activation was dependent on 
retroviral reverse transcription and critically dependent on the signal adaptor molecules 
MyD88 and TRIF, hence TLR signalling. Experiments with TLR knock out DCs 
demonstrated that both TLR3 and TLR7 are involved in the DC activation (Breckpot et al.).   
It is important to stress that induction of therapeutic anti-tumour immunity is critically 
dependent on an inflammatory environment in order to overcome tolerance, and active 
inhibitory mechanisms exerted by suppressive immune cells, such as Treg, as well as 
tumour cells. Such an inflammatory environment can be achieved by strong activation of the 
innate arm of the immune system, in particular through the engagement of TLRs. This was 
highlighted by Yang et al (Yang et al. 2004) and by Lang et al (Lang et al. 2005), who 
demonstrated that tolerance of antigen-specific CTLs could be broken by persistent TLR 
ligation. In that respect, we demonstrated that DCs activated by LVs via TLR3 and TLR7, 
efficiently expanded antigen-specific CTLs, whereas DCs lacking either TLR lacked this CTL 
inducing capacity (Breckpot et al.). Furthermore, it has been described that signalling 
through certain combinations of TLRs on DCs not only provided a synergy with respect to 
the production of stimulatory cytokines such as IL-12, which is essential in the 
differentiation of CD4+ T cells to a TH1 phenotype (Gautier et al. 2005; Napolitani et al. 2005), 
but also offered protection from suppressive Treg that actively quench the anti-tumour 
immune response (Warger et al. 2006). As a consequence, much research efforts have been 
put in designing approaches that enhance the intrinsic immunogenicity of LV-based 
vaccines. Some of these will be discussed in the next section. 

4.3 Engineering lentiviral vectors to enhance the immune stimulatory capacity of 
dendritic cells  
To enhance the immunogenic potential of LVs, and concomitantly prevent the actions of 
tolerogenic mechanisms over transduced DCs, LVs can be engineered to not only deliver the 
tumour antigen but also deliver molecules that enhance DC activation. Based on our 
growing knowledge on the importance of TLRs for DC activation and which activation 
pathways are triggered by these TLRs, several TLR-based strategies have been developed to 
enhance the immune stimulatory capacity of DCs upon LV transduction.  
Over the years LPS, which binds to TLR4 has been extensively used to activate DCs in vitro 
(Ardeshna et al. 2000; Arrighi et al. 2001; da Silva Correia et al. 2001). LPS-mediated 
activation remarkably enhances stimulation of DC-mediated immune responses in vitro, and 
overcomes suppression by Treg, a critical factor in anti-tumour immunology (Pasare & 
Medzhitov 2003). However, its clinical use is limited by its cytotoxicity. Therefore, the 
feasibility of using RVs encoding a constitutive active TLR4 (caTLR4) for DC maturation has 
been evaluated (Xu et al. 2007). This was achieved by linking the cytoplasmic domain of 
TLR4 to the extracellular single-chain immunoglobulin anti-erbB2. However, no activation 
of an immortalized DC line, JAWSII was observed, although a similar strategy, i.e. 
electroporation with mRNA encoding caTLR4, was recently shown to activate human DCs, 
resulting in priming of Melan-A CTL responses (Bonehill et al. 2008). Using a similar cloning 
strategy Xu et al (Xu et al. 2007) generated RVs encoding MyD88 or IRAK-1, two major 
adaptor molecules in TLR triggered activation pathways. Again they used the JAWSII DC 
line to evaluate the chimeric proteins, demonstrating that only the IRAK-1 chimera 
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mediated IL-12 and TNF-α secretion, and enhanced OVA-specific CD4+ T cell responses. 
Akazawa et al (Akazawa et al. 2007) expressed MyD88 and TRIF, another major TLR signal 
transduction molecule in mouse DCs using LVs. MyD88-modified DCs produced IL-6 and 
IL-12, but didn’t up-regulate phenotypic markers, whereas TRIF expression stimulated IFN-
β production and increased levels of CD86. Both MyD88 and TRIF increased the allo-
stimulatory capacity of the modified DCs, and tumour outgrowth was delayed after 
immunization with these DCs.   
Introduction of MyD88 or IRAK-1 in DCs activates the NF-κB pathway. NF-κB is a well-
studied transcription factor that targets genes associated with DC maturation. Sustained NF-
κB activation in DCs using LVs has been achieved by expressing Kaposi’s sarcoma 
associated human herpes virus vFLIP (Rowe et al. 2009). In this case, DC maturation was 
enhanced by up-regulation of MHC, adhesion (ICAM-1) and co-stimulatory molecules 

(CD80, CD86, CD40), and increased secretion of TNF-α and IL-12. vFLIP-modified DCs 
significantly increased antigen-specific CTL responses resulting in enhanced anti-tumour 
immunity (Karwacz et al. 2009; Rowe et al. 2009). Another effective approach leading to 
sustained NF-κB activation consists of down-regulating the negative feedback molecule, A20 
of which the expression is under the immediate control of NF-κB. A20 deactivates several 
adaptor molecules of the TNFR, IL-1/TLR signalling pathways by ubiquitinating/de-
ubiquitinating activity (Vereecke et al. 2009). Therefore, A20 down-regulation could result in 
prolonged NF-κB activation, resulting in DCs with enhanced stimulatory capacity. LV 
delivered A20-targeted shRNA (Song et al. 2008) and direct introduction of siRNA (Breckpot 
et al. 2009) were applied to down-regulate A20 in mouse and human DCs, respectively. 
These approaches showed that A20 controls DC maturation, cytokine production and 
immunostimulatory potency. Human DCs with down-regulated A20 expression had an 
increased NF-κB activity and showed enhanced and sustained IL-10 and IL-12 secretion. 
These DCs were more potent in stimulating Melan-A CTL responses (Breckpot et al. 2009). 
Mouse DCs with down-regulated A20 expression showed enhanced expression of co-
stimulatory molecules and pro-inflammatory cytokines. Moreover, these DCs hyper-
activated tumour-specific CTL and TH cells, which were refractory to Treg suppression 
(Song et al. 2008).  

Besides LVs that target the NF-κB pathway, LVs have been engineered to increase the DC’s 
immunogenicity by introducing specific genes that modulate intracellular MAPK pathways. 
p38 was activated by expressing MKK6 mutants containing glutamate and aspartate 
residues in their activation loop, mimicking phosphorylated serine or threonine residues 
(Raingeaud et al. 1996). A fusion protein between MKK7 and JNK1 was expressed to achieve 
constitutive JNK1 phosphorylation (Escors et al. 2008). Expression of constitutive activators 
prevents inactivation by phosphatase-dependent negative feedback mechanisms, which 
may counteract tolerogenic mechanisms in anti-tumour immunity. In the absence of TLR 
stimulation, p38 activation resulted in a DC maturation phenotype different from full 
maturation as achieved by LPS treatment (Escors et al. 2008). Particularly, there was specific 
up-regulation of co-stimulatory molecules and absence of significant secretion of pro-
inflammatory cytokines (Escors et al. 2008). Interestingly, co-expression of OVA with the p38 
activator in DCs significantly increased antigen-specific CD4+ and CD8+ T cell responses 
leading to increased anti-tumour immunity (Escors et al. 2008; Karwacz et al. 2009).  
Additionally, MAPK p38 constitutive activation also increased CD8+ T cell responses to 
human tumour antigens NY-ESO in a humanized HLA-A2 mouse model and Melan-A in a 
human DC-T cell culture (Escors et al. 2008). Specific activation of JNK1 in DCs showed only 
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a moderate up-regulation of co-stimulatory molecules and no significant secretion of pro-
inflammatory cytokines, confirming previous studies, which suggested that JNK marginally 
controls DC maturation (Nakahara et al. 2004; Escors et al. 2008).  On the other hand, 
increased antigen-specific CD8+ T cell expansion was achieved in mice after subcutaneous 
vaccination with LV expressing MKK7-JNK1, suggesting that JNK1 may play a subtle but 
important role in DCs in vivo (Escors et al. 2008). 

5. Exploitation of lentivirally transduced dendritic cells for the induction of 
tolerance 

There are many ways in which DCs have been utilised for the treatment of autoimmune 
disorders.  This chapter will focus on genetic modification using LVs, rather than providing 
an extensive review of all DC-based methods.  Because the achievement of immune 
suppression is more challenging than inducing activation, there are a limited number of 
reports on the use of LVs as immunosuppressive (tolerogenic) therapeutic agents.  
An obvious approach to genetically modify DCs for the treatment of autoimmune disorders 
is to express potent immunosuppressive cytokines. In fact, there are a few reports of DC 
modification using mainly RVs expressing immunosuppressive cytokines for the treatment 
of inflammatory diseases (Lee et al. 1998; Takayama et al. 1998; Morita et al. 2001). The 
equivalent approach has been undertaken by transduction of DCs using LVs expressing IL-
10 in an OVA-dependent model of experimental asthma (Henry et al. 2008). In vivo 
intratracheal injection of OVA-pulsed DCs modified with LVs expressing IL-10 effectively 
inhibited airway inflammation and asthma-associated symptoms.  Interestingly, it was 
demonstrated that host IL-10 expression was absolutely required for the IL-10 DCs to inhibit 
asthma (Henry et al. 2008). Therefore, IL-10 expression from DCs was playing an indirect 
role in inhibiting disease. Interestingly, a significant increase in Foxp3+ Treg expressing IL-
10 were expanded, and their adoptive transfer prevented OVA-sensitized mice from 
eosinophilia after OVA challenge (Henry et al. 2008). 
An attractive option for programming tolerogenic DCs is to modulate signalling pathways 
involved in differentiation of immunosuppressive DCs. This approach regulates expression 
of gene clusters, which act in a concerted action in physiological functional tolerogenic DCs. 
There is quite a wide range of experimental evidence linking MAPK ERK activation to 
immune suppression and tolerance (Agrawal et al. 2006; Caparros et al. 2006; Dillon et al. 
2006; Escors et al. 2008). Constitutive activation of the ERK pathway can be readily achieved 
by expression of constitutively active MEK1 mutants, the upstream ERK kinase (Pages et al. 
1994; Raingeaud et al. 1996; Escors et al. 2008; Anastasaki et al. 2009).  Particularly, DCs 
modified with a LV expressing a MEK1 mutant with a deletion in the coding region of the 
nuclear export signal, together with two activating mutations resulted in DCs with a marked 
immature phenotype (Escors et al. 2008). ERK-activated mouse and human DCs showed a 

pronounced CD40 down-regulation and secretion of significant amounts of TGF-β (Escors et 
al. 2008; Arce et al. 2010). These DCs were strongly immunosuppressive, leading to 
differentiation of antigen-specific Foxp3+ Treg in vivo and in vitro (Arce et al. 2010). These 
differentiated Treg strongly proliferated after a second antigen encounter in inflammatory 
conditions. A LV vaccine based on an ERK activator was successfully applied for the 
treatment of inflammatory arthritis in a mouse model (Arce et al. 2010). This therapeutic 
approach could be applied even when the specific arthritogenic antigen was not specifically 
targeted. Application in human therapy could follow a similar approach in which 
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simultaneous ERK activation and expression of an endogenous antigen could be used to 
inhibit arthritis even though the arthritogenic antigens are not well characterized and may 
vary between patients. 
Interestingly, constitutive activation of the type I IFN signalling pathway was also 
immunosuppressive in DCs. Expression of a constitutively active IRF3 mutant (IRF3 2D) in 
mouse DCs induced expression of high levels of IL-10 (Escors et al. 2008). Interestingly, 
vaccination with a LV co-expressing IRF3 2D with an OVA-containing transgene resulted in 
systemic expansion of OVA-specific Foxp3+ Treg (Escors et al. 2008). In physiological 
conditions, phosphorylated IRF3 dimerizes and translocates to the nucleus where it 

transactivates type I IFN promoters, leading to IFN-β production, a potent antiviral cytokine 
(Fitzgerald et al. 2003). Interestingly, it has been known for some time that components of 
the type I interferon pathway are in fact immunosuppressive (Chang et al. 2007). This is also 
the basis of the use of type I IFNs for the treatment of multiple sclerosis (Comabella et al. 

2002; Billiau 2006). Very interestingly, production of both IFN-β and IL-10 share a common 
pathway when activated by TLR signalling (Hacker et al. 2006; Chang et al. 2007). It has been 

proposed that phosphorylated IRF3 may link IFN-β production with IL-10 secretion through 
a MyD88-dependent pathway (Escors et al. 2008). Taking advantage of this, activators of the 
type I IFN pathway could be expressed in DCs for the treatment of autoimmune disorders 
such as multiple sclerosis.  
An alternative to constitutive activation of immunosuppressive pathways is to specifically 
inhibit pro-inflammatory signalling pathways.  Possibly, one of the major pro-inflammatory 

pathways in DCs is NF-κB (Breckpot & Escors 2009b). Consequently, silencing of 
components from the NF-κB pathway could theoretically prevent DC maturation and 
induce immune suppression and tolerance. For instance, this has been successfully applied 
by silencing Rel-B in DCs by delivery of a specific shRNA using LVs (Zhang et al. 2009). Rel-
B silencing was sufficient to confer DCs resistance to TLR-derived maturation signals and to 
inhibit experimental autoimmune myasthenia gravis in a mouse model (Zhang et al. 2009). 
Interestingly, just by inhibiting NF-κB, DCs acquired tolerogenic activities characterised by 
inhibition of T cell proliferation and differentiation of Foxp3+ Treg.  
Another interesting approach is the exploitation of naturally occurring negative feedback 
mechanisms of pro-inflammatory pathways. This has been achieved by over-expressing 
suppressor of cytokine signalling 3 (SOCS-3) in DCs using LVs (Li et al. 2006). SOCS comprise 
a family of cytoplasmic proteins induced by cytokine-mediated signal transduction. They form 
part of a negative feedback mechanism that limits cytokine-induced signalling. Expression of 
SOCS3 in mouse DCs results in immature DCs with down-regulated MHC molecules and 
reduced CD86 (Li et al. 2006). These modified DCs exhibit an impaired signalling by IL-12 and 
IL-23, and reduced expression of these cytokines. More importantly, enhanced secretion of IL-
10 was observed, which polarised T cell responses towards a TH2 type.  Interestingly, SOCS3-
expressing DCs could efficiently inhibit the development of EAE, an experimental model for 
human multiple sclerosis (Li et al. 2006). 
Recently, a LV-based shRNA delivery system was successfully applied for the treatment of 
experimental collagen-induced arthritis without specific targeting of the arthritogenic 
antigen (collagen) (Lai Kwan Lam et al. 2008). Direct administration of a LV encoding a 
siRNA specific for B cell activating factor (BAFF) to the inflamed joint was sufficient to 
inhibit arthritis. BAFF is a member of the TNF family which is mainly involved in regulating 
B cell maturation and functions (Batten et al. 2000; Yang et al. 2010). Interestingly, elevated 
BAFF levels have been found in the serum of patients suffering from several autoimmune 
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disorders including rheumatoid arthritis. Very interestingly, it was demonstrated that LVs 
preferentially transduced DCs in the inflamed joint, and that BAFF silencing in these DCs 
interfered with DC maturation. Local BAFF silencing inhibited pro-inflammatory T cell 
development and inhibited production of pro-inflammatory cytokines such as IL-17, IL-23 
and IL-6 (Lai Kwan Lam et al. 2008). Importantly, these authors clearly demonstrated that (i) 
LVs can be directly administered to the site of inflammation, (ii) they preferentially 
transduce local DCs and (iii) it is not strictly necessary to target the arthritogenic antigen. 
In addition to manipulation of signalling pathways, there are small peptides with broad 
activities including immune suppression. Direct intraperitoneal immunisation with a LV 
encoding vasointestinal peptide (VIP) reduced the severity of collagen-induced arthritis in a 
mouse model (Delgado et al. 2008). Interestingly, vaccination with this LV significantly 
inhibited the secretion of a wide array of pro-inflammatory cytokines both systemically and 
in the joint. This tolerogenic LV-vaccination expanded Foxp3+ Treg (Delgado et al. 2008). 
However, VIP has a variety of physiological functions apart from its immunosuppressive 
properties. Therefore, in this case, it would be desirable to modify DCs ex vivo with a VIP-
expressing LV followed by in vivo transfer (Toscano et al. 2010). In fact, VIP expression in 
DCs was sufficient to keep them in an immature stage, leading to secretion of high levels of 
IL-10 (Toscano et al. 2010). In vivo administration of VIP-expressing DCs had beneficial 
therapeutic effects in EAE mice and in the cecal ligation and puncture model, both models 
relevant for multiple sclerosis and sepsis in humans (Toscano et al. 2010). 

6. Limitations of lentiviral vectors for direct in vivo application  

Although the HIV-based vector system is by far the best developed among the various LVs, 
a variety of quality, safety, efficacy, regulatory and ethical concerns slacken the frequent 
employment of HIV-based vectors in a clinical setting. In view of DC modulation, the scope 
of this review will be limited to the biological risks and immunogenic consequences of LV-
based vaccination. Safety seems the most pressing issue as LVs are derived from an 
integrating pathogenic agent, lethal in humans. As mentioned, one of the main adverse 
events to consider is the potential generation of RCLs. However, to date no RCLs have been 
reported for LV packaging systems. This can be partially explained by the separation of cis-
and trans-acting sequences during LV production, but also by the fact that SIN LVs are less 
likely to produce RCLs (Pauwels et al. 2009). A major setback for viral gene therapy clinical 
trials was caused by the development of leukaemia in five patients of two separate γ-RV 
gene therapy trials for X-linked SCID as a consequence of insertional activation of the LMO2 
gene (proto-oncogene) by the LTR enhancer. As genomic integration is common to all 
retroviruses, the associated risk of insertional mutagenesis and/or transactivation of 
adjacent sequences must be taken into account for LVs as well (Howe et al. 2008). However, 
as these observations were made with γ–RV it would be to hasty to extrapolate this risk to 
the multiply attenuated recombinant LV system used today. An in vitro mapping study 
comparing RV and LV integration in transduced human HSCs revealed that RV but not LV 
hot spots were highly enriched in proto-oncogenes, cancer-associated and growth-
controlling genes, suggesting that LVs have a lower propensity for integrating in potentially 
dangerous regions within the human genome (Cattoglio et al. 2007). Furthermore, an in vivo 
genotoxicity assay using a tumour-prone murine model, also showed differences in the 
oncogenic potential of RVs and LVs. Herein, it was shown that LTRs co-determine the 
vector’s genotoxic potential, supporting the choice of SIN LVs (Montini et al. 2009). Recently, 
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immune-deficient mice received LV transduced HSCs, and were followed for 2-6 months. 
No LV-associated adverse events were observed, and none of the mice had detectable levels 
of HIV p24 antigen in their sera (Bauer et al. 2008). More recently also the concept of clonal 
dominance came forward for LVs in a phase I/II clinical trial using HSCs transduced by a 
SIN LV with chromatin insulators (Bank et al. 2005). This clonal dominance seems to be due 
to growth and/or survival advantage conferred by gene-activating or -suppressing effects of 
the integrated LV. Importantly, such induced clonal dominance didn’t lead to malignant 
transformation (Fehse & Roeder 2008). Additional potential adverse events are 
seroconversion of the subject to components of the HIV-1 vector, mobilization and 
subsequent spread of mobilized vector particles to previously untransduced cells and 
tissues, and transmission of exogenous DNA to cells of the germ line (Romano et al. 2003). 
In view of LV based vaccination, the induced innate and adaptive immune reactions 
against the LV particle, transduced cells and/or its transgene product, act as a double-
edged sword. This immunogenicity may aggravate a robust immune reaction, which is 
possibly advantageous in the context of e.g. anti-tumour immunotherapy. However, 
unwanted immune responses may curtail the induction of tolerance, which is desired for 
the treatment of e.g. transplantation rejection or autoimmune diseases. As broad tropism 
LVs are capable of transducing DCs but also other cell types, this can have important 
consequences in view of the immunological outcome. On the one hand transgene 
expression by non-DCs could lead to uptake of cellular remains from these cells by DCs 
followed by antigen presentation in the context of MHC class II and via cross-presentation 
in the context of MHC class I. In this way not only a CTL response is triggered, but also 
TH cells, which are important to induce a proper CTL response (Matrai et al. 2010). On the 
other hand DCs also play an important role in the induction and maintenance of 
peripheral tolerance against self-antigens (Steinman 2007). In this context, persistent 
expression of the transgene by a non-DC, as a consequence of LV integration in a 
terminally differentiated long-living cell, could also lead to induction of peripheral 
tolerance (Follenzi et al. 2004). Thus, upon broad tropism LV vaccination, the antigen-
specific immune response could be initiated by transduced DCs (direct priming), and 
theoretically by non-lymphoid cells (cross-priming). However, the latter might also 
counteract the envisaged immune response, which makes it hard to predict the 
immunological outcome. Therefore, targeting of LVs to DCs, the cell type of choice to 
induce immunity or tolerance has been explored. Two different approaches have been 
successfully attempted (i) transcriptional targeting in which DC-specific promoters are 
exploited and (ii) transductional targeting in which DC-specific LV entry is achieved. 
Transcriptional targeting has been extensively discussed by Frecha et al (Frecha et al. 
2008). 
We believe that transductional targeting of LVs to DCs is a very interesting strategy to tackle 
safety and efficacy concerns all at once, since: (i) DCs have a relative short half-life, which 
decreases the chance for malignant transformation after insertional mutagenesis, since this is 
a multi-step process (Fehse & Roeder 2008), (ii) there is no risk for transmission of 
exogenous DNA to the germ line, (iii) non-DC transduction is prevented which can 
overcome unwanted interference with the desired immune response, (iv) DC subset-specific 
targeting paves the way to fundamental research on the exact role of each DC subset in the 
development of diseases, as well as their therapeutic importance.  
As the LV tropism is determined by the envelope glycoprotein, pseudotyping allows the 
generation of LVs with a specific transduction pattern. To date, there is no natural DC-
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specific envelope glycoprotein identified. In first instance, it was attempted to modify 
existing envelope proteins by means of genetic engineering to obtain DC-specific binding 
without disrupting membrane fusion. An example of this application is the construction of a 
LV where the VSV.G envelope is replaced by a chimeric version of a scFv, coupled to a (i) N-
terminal end of the VSV.G protein (Dreja & Piechaczyk 2006), (ii) the amphotrophic MLV 
protein (Gennari et al. 2009), (iii) the sindbis virus envelope protein  (Morizono et al. 2009; 
Zhang et al. 2010) or (iv) the H-protein of the measle virus envelope, which is than combined 
with its F-protein (Ageichik et al.). However, these manipulations result in viral particles 
with low stability and limited binding- and fusion capacities. Alternatively, the sindbis 
glycoprotein can be mutated in its heparin sulphate receptor (HSR) binding part whereby it 
exclusively binds to DC-SIGN, a DC-specific glycoprotein (Yang et al. 2008). Importantly, 
with this strategy DC-specific transduction could be demonstrated in vivo. It was moreover 
demonstrated that a strong T cell response could be generated that induced tumour 
regression. An alternative method to target LVs to specific cell types was proposed by 
Chandrashekran et al (Chandrashekran et al. 2004). Since RVs and LVs obtain their envelope 
after budding from the cell membrane of the producer cell line, every glycoprotein that is 
expressed on this membrane, will be incorporated in the viral envelope. Through this 
mechanism a membrane bound form of stem cell factor (mbSCF) was incorporated in the 
membrane of a RV producing cell line, which produced ecotropic RVs. This envelope 
doesn’t allow transduction of human cells. However, binding of the mbSCF onto its 
receptor, c-kit, resulted in the transduction of human c-kit+ cells by the mbSCF-containing 
and ecotropic envelope pseudotyped RVs. This strategy was later on expanded by Yang et al 
to LVs (Yang et al. 2006). They incorporated a fusogenic protein (derived from influenza A 
or sindbis virus), as well as an antibody against CD20 in the plasmamembrane of the LV 
producing cell line. Subsequently LVs were produced, which transduced B cells both in vitro 
and in vivo. Importantly, Zhang et al (Zhang et al.) engineered a truncated version of VSV.G 
(VSV.GS), which resulted in a binding-defective, but fusogenic envelope, which still confers 
vector stability hence allows production of high titer LVs. It was shown that LVs that 
incorporate the VSV.GS together with mbSCF in their viral surface efficiently transduced c-
kit+ cells. This strategy could be translated to DCs, where DC-specific molecules, such as 
BDCA-2 or DEC-205 are targeted (Dzionek et al. 2001; Bonifaz et al. 2004; Yang et al. 2008).  
As molecular cloning of classic antibodies or fragments thereof is challenging, alternatives 
have been explored. One of these is the use of antibodies from members of the family of 
Camilidae (i.e. dromedaries, camels, llamas), which produce a unique class of antibodies 
composed of two identical heavy chains as opposed to the conventional (four-chain) 
antibody repertoire (Hamers-Casterman et al. 1993). The antigen-binding part of the 
molecule is composed of only one single variable region (termed VHH, or Nanobody, Nb). 
These antigen-specific antibody fragments offer many advantages: (i) they are highly 
soluble, (ii) they can refold after denaturation whilst retaining their binding capacity, (iii) 
cloning and selection of antigen-specific Nbs obviate the need for construction and 
screening of large libraries, (iv) as Nbs can be fused to other proteins, it should be possible 
to present them on the cell membrane of a producer cell line, thus generating LVs that 
incorporated a DC-specific Nb in their envelope during budding as described above . 

7. Conclusion and future perspectives 

To date, numerous studies have demonstrated that LVs are excellent candidates for the 

treatment of immunological pathologies such as cancer and infectious diseases. This can be 
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explained by their capacity to transduce DCs in vivo, which is followed by efficient 

expression, processing and presentation of the introduced transgenes via MHC class I and 

class II molecules, thereby (re) activating an effector and TH1 response, respectively. 

Although LVs comprise an intrinsic immunogenic potential, crucial for effective activation 

of transduced DCs, they have been exploited as a means to induce antigen-specific tolerance 

for the treatment of diseases with an autoimmune aetiology and transplantation rejection as 

well. Although this seems contradictory, this duality endows the LV with the potential to 

become the vaccine tool of choice with an infinite number of application possibilities. 

Although we are convinced of the LVs’ potential as an immunotherapeutic, we give a 

concise overview of the extra improvements we believe are necessary to moderate the 

translation of the LVs from bench to bedside.  

 

 

Fig. 4. Schematic representation of what we believe is the ultimate strategy to successfully 

exploit the advantageous of LVs and DCs for immunotherapeutic purposes. Herein, LVs 

encoding antigen and immune modulating molecules are pseudotyped with a binding-

defective but fusogenic envelope glycoprotein, as well as a DC-specific Nb (1).  The latter 

will dictate binding of the LVs to DCs, after which the envelope mediates fusion (2). 

Subsequently, the DCs are rendered immunogenic or tolerogenic, depending on the 

envisaged therapy, and the DCs present antigen-derived peptides in the context of MHC 

class I and class II molecules, hence induce effector T cells or Treg (3).  

A first improvement will be the overall use of third generation LVs to curtail the risk of 

RCLs. Secondly, the use of NILVs is believed to be an inevitable strategy to diminish the 

LVs’ potential to induce insertional mutagenesis. A third improvement to increase both 

safety and efficacy lies within transductional targeting of the LV to DCs in vivo. Therefore 

we propose to exploit the Nb display technology to target LVs to DCs in combination with 
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LV-based modulation of two signal transduction pathways within the DCs (Fig. 4). The Nb 

display technology is based on the natural budding mechanism of LVs as they are released 

from the LV producing cell. This mechanism allows the incorporation of a binding-defective 

but fusogenic glycoprotein together with a DC-specific Nb in the plasmamembrane of the 

LV producer cells and subsequently in the viral envelope. The DC-specific Nb will bind to 

its antigen on the DC surface whereupon the fusogenic envelope induces transduction. In 

this way LVs shuttle their cargo into the DC. Subsequently DCs can be conditioned to 

become either stimulatory or tolerogenic for the introduced transgene(s). For this purpose 

we can modulate adaptor molecules, such as the MAPK ERK, which switches on a 

tolerogenic pathway (Arce et al.) or A20, which inhibits the stimulatory NF-κB pathway 

(Song et al. 2008). Down-regulation of both will elevate the DC’ immunogenic potential, 

whereas their up-regulation could ameliorate its tolerogenic potential. We strongly believe 

that this strategy can pave the way toward a safe and multifunctional LV toolbox. 

8. Acknowledgements 

The Oxford Structural Genomics Consortium is a registered UK charity (1097737) that 
receives funds from the Canadian Institutes of Health Research, The Canadian Foundation 
for Innovation, Genome Canada through the Ontario Genomics Insitute, GlaxoSmithKline, 
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.  David Escors, Cleo Goyvaerts and Karine Breckpot are funded by an Arthritis 
Research UK career development fellowship (18433), the research committee of the ‘Vrije 
Universiteit Brussel’ (OZR) and the Research foundation Flanders (FWO-V), respectively. 
The research performed at the Laboratory of Molecular and Cellular Therapy is funded by 
FWO-V, the Agency of Innovation by Science and Technology (IWT), the Interuniversity 
Attraction Poles Program, the ‘Stichting tegen Kanker’ and the Belgian State - Belgian 
Science Policy. 

9. References 

Adotevi O, Mollier K, Neuveut C, Dosset M, Ravel P, Fridman WH, Tartour E, Charneau P, 

Wain-Hobson S,  Langlade-Demoyen P Targeting human telomerase reverse 

transcriptase with recombinant lentivector is highly effective to stimulate antitumor 

CD8 T-cell immunity in vivo. Blood. 115, 3025-3032. 

Aerts-Toegaert C, Heirman C, Tuyaerts S, Corthals J, Aerts JL, Bonehill A, Thielemans K,  

Breckpot K (2007). CD83 expression on dendritic cells and T cells: correlation with 

effective immune responses. Eur J Immunol. 37, 686-695. 

Ageichik A, Buchholz C,  Collins MK Lentiviral vectors targeted to MHC II are effective in 

immunization. Hum Gene Ther. 

Agrawal A, Dillon S, Denning TL,  Pulendran B (2006). ERK1-/- mice exhibit Th1 cell 

polarization and increased susceptibility to experimental autoimmune 

encephalomyelitis. J Immunol. 176, 5788-5796. 

Ahmadzadeh M, Felipe-Silva A, Heemskerk B, Powell DJ, Jr., Wunderlich JR, Merino MJ,  

Rosenberg SA (2008). FOXP3 expression accurately defines the population of 

www.intechopen.com



 
Viral Gene Therapy 

 

334 

intratumoral regulatory T cells that selectively accumulate in metastatic melanoma 

lesions. Blood. 112, 4953-4960. 

Aiba S,  Tagami H (1998). Dendritic cell activation induced by various stimuli, e.g. exposure 

to microorganisms, their products, cytokines, and simple chemicals as well as 

adhesion to extracellular matrix. J Dermatol Sci. 20, 1-13. 

Aiba S,  Tagami H (1999). Dendritic cells play a crucial role in innate immunity to simple 

chemicals. J Investig Dermatol Symp Proc. 4, 158-163. 

Aiba S, Terunuma A, Manome H,  Tagami H (1997). Dendritic cells differently respond to 

haptens and irritants by their production of cytokines and expression of co-

stimulatory molecules. Eur J Immunol. 27, 3031-3038. 

Akazawa T, Shingai M, Sasai M, Ebihara T, Inoue N, Matsumoto M,  Seya T (2007). Tumor 

immunotherapy using bone marrow-derived dendritic cells overexpressing Toll-

like receptor adaptors. FEBS Lett. 581, 3334-3340. 

Akira S, Uematsu S,  Takeuchi O (2006). Pathogen recognition and innate immunity. Cell. 

124, 783-801. 

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, 2581-2585. 

Anastasaki C, Estep AL, Marais R, Rauen KA,  Patton EE (2009). Kinase-activating and 

kinase-impaired cardio-facio-cutaneous syndrome alleles have activity during 

zebrafish development and are sensitive to small molecule inhibitors. Human 

molecular genetics. 18, 2543-2554. 

Anderson WF, Blaese RM,  Culver K (1990). The ADA human gene therapy clinical protocol: 

Points to Consider response with clinical protocol, July 6, 1990. Hum Gene Ther. 1, 

331-362. 

Apolonia L, Waddington SN, Fernandes C, Ward NJ, Bouma G, Blundell MP, Thrasher AJ, 

Collins MK,  Philpott NJ (2007). Stable gene transfer to muscle using non-

integrating lentiviral vectors. Mol Ther. 15, 1947-1954. 

Arce F, Breckpot K, Stephenson H, Karwacz K, Ehrenstein MR, Collins M,  Escors D 

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. 

Arce F, Breckpot K, Stephenson H, Karwacz K, Ehrenstein MR, Collins M,  Escors D (2010). 

Selective ERK activation suppresses inflammatory arthritis via tolerogenic 

dendritic cells and antigen-specific regulatory T cells. Arthritis and rheumatism. DOI 

10.1002/art.30099. 

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 and rheumatism. 63, 84-95. 

Arce F, Rowe HM, Chain B, Lopes L,  Collins MK (2009). Lentiviral vectors transduce 

proliferating dendritic cell precursors leading to persistent antigen presentation 

and immunization. Mol Ther. 17, 1643-1650. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

335 

Ardeshna KM, Pizzey AR, Devereux S,  Khwaja A (2000). The PI3 kinase, p38 SAP kinase, 

and NF-kappaB signal transduction pathways are involved in the survival and 

maturation of lipopolysaccharide-stimulated human monocyte-derived dendritic 

cells. Blood. 96, 1039-1046. 

Arrighi JF, Pion M, Wiznerowicz M, Geijtenbeek TB, Garcia E, Abraham S, Leuba F, Dutoit 

V, Ducrey-Rundquist O, van Kooyk Y, Trono D,  Piguet V (2004). Lentivirus-

mediated RNA interference of DC-SIGN expression inhibits human 

immunodeficiency virus transmission from dendritic cells to T cells. J Virol. 78, 

10848-10855. 

Arrighi JF, Rebsamen M, Rousset F, Kindler V,  Hauser C (2001). A critical role for p38 

mitogen-activated protein kinase in the maturation of human blood-derived 

dendritic cells induced by lipopolysaccharide, TNF-alpha, and contact sensitizers. J 

Immunol. 166, 3837-3845. 

Bank A, Dorazio R,  Leboulch P (2005). A phase I/II clinical trial of beta-globin gene therapy 

for beta-thalassemia. Ann N Y Acad Sci. 1054, 308-316. 

Barton GM,  Kagan JC (2009). A cell biological view of Toll-like receptor function: regulation 

through compartmentalization. Nat Rev Immunol. 9, 535-542. 

Basten A, Miller JF, Sprent J,  Cheers C (1974). Cell-to-cell interaction in the immune 

response. X. T-cell-dependent suppression in tolerant mice. J Exp Med. 140, 199-217. 

Batten M, Groom J, Cachero TG, Qian F, Schneider P, Tschopp J, Browning JL,  Mackay F 

(2000). BAFF mediates survival of peripheral immature B lymphocytes. J Exp Med. 

192, 1453-1466. 

Bauer G, Dao MA, Case SS, Meyerrose T, Wirthlin L, Zhou P, Wang X, Herrbrich P, Arevalo 

J, Csik S, Skelton DC, Walker J, Pepper K, Kohn DB,  Nolta JA (2008). In vivo 

biosafety model to assess the risk of adverse events from retroviral and lentiviral 

vectors. Mol Ther. 16, 1308-1315. 

Beignon AS, McKenna K, Skoberne M, Manches O, DaSilva I, Kavanagh DG, Larsson M, 

Gorelick RJ, Lifson JD,  Bhardwaj N (2005). Endocytosis of HIV-1 activates 

plasmacytoid dendritic cells via Toll-like receptor-viral RNA interactions. J Clin 

Invest. 115, 3265-3275. 

Belkaid Y (2007). Regulatory T cells and infection: a dangerous necessity. Nat Rev Immunol. 

7, 875-888. 

Belladonna ML, Orabona C, Grohmann U,  Puccetti P (2009). TGF-beta and kynurenines as 

the key to infectious tolerance. Trends in molecular medicine. 15, 41-49. 

Bettelli E, Korn T,  Kuchroo VK (2007). Th17: the third member of the effector T cell trilogy. 

Curr Opin Immunol. 19, 652-657. 

Beyer T, Herrmann M, Reiser C, Bertling W,  Hess J (2001). Bacterial carriers and virus-like-

particles as antigen delivery devices: role of dendritic cells in antigen presentation. 

Curr Drug Targets Infect Disord. 1, 287-302. 

Billiau A (2006). Anti-inflammatory properties of Type I interferons. Antiviral research. 71, 

108-116. 

Bonehill A, Heirman C,  Thielemans K (2005). Genetic approaches for the induction of a 

CD4+ T cell response in cancer immunotherapy. J Gene Med. 7, 686-695. 

www.intechopen.com



 
Viral Gene Therapy 

 

336 

Bonehill A, Heirman C, Tuyaerts S, Michiels A, Zhang Y, van der Bruggen P,  Thielemans K 

(2003). Efficient presentation of known HLA class II-restricted MAGE-A3 epitopes 

by dendritic cells electroporated with messenger RNA encoding an invariant chain 

with genetic exchange of class II-associated invariant chain peptide. Cancer Res. 63, 

5587-5594. 

Bonehill A, Tuyaerts S, Van Nuffel AM, Heirman C, Bos TJ, Fostier K, Neyns B,  Thielemans 

K (2008). Enhancing the T-cell stimulatory capacity of human dendritic cells by co-

electroporation with CD40L, CD70 and constitutively active TLR4 encoding 

mRNA. Mol Ther. 16, 1170-1180. 

Bonifaz L, Bonnyay D, Mahnke K, Rivera M, Nussenzweig MC,  Steinman RM (2002). 

Efficient targeting of protein antigen to the dendritic cell receptor DEC-205 in the 

steady state leads to antigen presentation on major histocompatibility complex 

class I products and peripheral CD8+ T cell tolerance. J Exp Med. 196, 1627-1638. 

Bonifaz LC, Bonnyay DP, Charalambous A, Darguste DI, Fujii S, Soares H, Brimnes MK, 

Moltedo B, Moran TM,  Steinman RM (2004). In vivo targeting of antigens to 

maturing dendritic cells via the DEC-205 receptor improves T cell vaccination. J Exp 

Med. 199, 815-824. 

Boon T,  van der Bruggen P (1996). Human tumor antigens recognized by T lymphocytes. J 

Exp Med. 183, 725-729. 

Breckpot K, Aerts JL,  Thielemans K (2007a). Lentiviral vectors for cancer immunotherapy: 

transforming infectious particles into therapeutics. Gene Ther. 14, 847-862. 

Breckpot K, Aerts-Toegaert C, Heirman C, Peeters U, Beyaert R, Aerts JL,  Thielemans K 

(2009). Attenuated expression of A20 markedly increases the efficacy of double-

stranded RNA-activated dendritic cells as an anti-cancer vaccine. J Immunol. 182, 

860-870. 

Breckpot K, Corthals J, Heirman C, Bonehill A, Michiels A, Tuyaerts S, De Greef C,  

Thielemans K (2004a). Activation of monocytes via the CD14 receptor leads to the 

enhanced lentiviral transduction of immature dendritic cells. Hum Gene Ther. 15, 

562-573. 

Breckpot K, Dullaers M, Bonehill A, van Meirvenne S, Heirman C, de Greef C, van der 

Bruggen P,  Thielemans K (2003). Lentivirally transduced dendritic cells as a tool 

for cancer immunotherapy. J Gene Med. 5, 654-667. 

Breckpot K, Emeagi P, Dullaers M, Michiels A, Heirman C,  Thielemans K (2007b). 

Activation of immature monocyte-derived dendritic cells after transduction with 

high doses of lentiviral vectors. Hum Gene Ther. 18, 536-546. 

Breckpot K, Emeagi PU, Thielemans K (2008). Lentiviral vectors for anti-tumor 

immunotherapy. Curr Gene Ther. 8, 438-448. 

Breckpot K,  Escors D (2009a). Dendritic cells for active anti-cancer immunotherapy: 

targeting activation pathways through genetic modification. Endocr Metab Immune 

Disord Drug Targets. 9, 328-343. 

Breckpot K,  Escors D (2009b). Dendritic Cells for Active Anti-cancer Immunotherapy: 

Targeting Activation Pathways Through Genetic Modification. Endocrine, metabolic 

& immune disorders drug targets. 9, 328-343. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

337 

Breckpot K,  Escors D (2009c). Dendritic cells for active anti-cancer immunotherapy: 

targeting activation pathways through genetic modification. Current Drug Targets. 

Breckpot K, Escors D, Arce F, Lopes L, Karwacz K, Van Lint S, Keyaerts M,  Collins M HIV-1 

lentiviral vector immunogenicity is mediated by Toll-like receptor 3 (TLR3) and 

TLR7. J Virol. 84, 5627-5636. 

Breckpot K, Heirman C, De Greef C, van der Bruggen P,  Thielemans K (2004b). 

Identification of new antigenic peptide presented by HLA-Cw7 and encoded by 

several MAGE genes using dendritic cells transduced with lentiviruses. J Immunol. 

172, 2232-2237. 

Breckpot K, Heirman C, Neyns B,  Thielemans K (2004c). Exploiting dendritic cells for 

cancer immunotherapy: genetic modification of dendritic cells. J Gene Med. 6, 1175-

1188. 

Brenner MK, Rill DR, Holladay MS, Heslop HE, Moen RC, Buschle M, Krance RA, Santana 

VM, Anderson WF,  Ihle JN (1993). Gene marking to determine whether autologous 

marrow infusion restores long-term haemopoiesis in cancer patients. Lancet. 342, 

1134-1137. 

Brown BD, Sitia G, Annoni A, Hauben E, Sergi Sergi L, Zingale A, Roncarolo MG, Guidotti 

LG,  Naldini L (2006a). In vivo administration of lentiviral vectors triggers a type I 

interferon response that restricts hepatocyte gene transfer and promotes vector 

clearance. Blood. 

Brown BD, Venneri MA, Zingale A, Sergi Sergi L,  Naldini L (2006b). Endogenous 

microRNA regulation suppresses transgene expression in hematopoietic lineages 

and enables stable gene transfer. Nat Med. 12, 585-591. 

Bukrinsky MI, Haggerty S, Dempsey MP, Sharova N, Adzhubel A, Spitz L, Lewis P, 

Goldfarb D, Emerman M,  Stevenson M (1993). A nuclear localization signal within 

HIV-1 matrix protein that governs infection of non-dividing cells. Nature. 365, 666-

669. 

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 

efficient gene transfer into mammalian and nonmammalian cells. Proc Natl Acad Sci 

U S A. 90, 8033-8037. 

Caparros E, Munoz P, Sierra-Filardi E, Serrano-Gomez D, Puig-Kroger A, Rodriguez-

Fernandez JL, Mellado M, Sancho J, Zubiaur M,  Corbi AL (2006). DC-SIGN ligation 

on dendritic cells results in ERK and PI3K activation and modulates cytokine 

production. Blood. 107, 3950-3958. 

Cattoglio C, Facchini G, Sartori D, Antonelli A, Miccio A, Cassani B, Schmidt M, von Kalle 

C, Howe S, Thrasher AJ, Aiuti A, Ferrari G, Recchia A,  Mavilio F (2007). Hot spots 

of retroviral integration in human CD34+ hematopoietic cells. Blood. 110, 1770-1778. 

Caux C, Massacrier C, Vanbervliet B, Dubois B, Van Kooten C, Durand I,  Banchereau J 

(1994). Activation of human dendritic cells through CD40 cross-linking. J Exp Med. 

180, 1263-1272. 

Cerundolo V, Hermans IF,  Salio M (2004). Dendritic cells: a journey from laboratory to 

clinic. Nat Immunol. 5, 7-10. 

www.intechopen.com



 
Viral Gene Therapy 

 

338 

Chandrashekran A, Gordon MY,  Casimir C (2004). Targeted retroviral transduction of c-

kit+ hematopoietic cells using novel ligand display technology. Blood. 104, 2697-

2703. 

Chang EY, Guo B, Doyle SE,  Cheng G (2007). Cutting edge: involvement of the type I IFN 

production and signaling pathway in lipopolysaccharide-induced IL-10 

production. J Immunol. 178, 6705-6709. 

Chapatte L, Colombetti S, Cerottini JC,  Levy F (2006). Efficient induction of tumor antigen-

specific CD8+ memory T cells by recombinant lentivectors. Cancer Res. 66, 1155-

1160. 

Charneau P,  Clavel F (1991). A single-stranded gap in human immunodeficiency virus 

unintegrated linear DNA defined by a central copy of the polypurine tract. J Virol. 

65, 2415-2421. 

Ciuffi A (2008). Mechanisms governing lentivirus integration site selection. Curr Gene Ther. 

8, 419-429. 

Cobbold SP, Adams E, Farquhar CA, Nolan KF, Howie D, Lui KO, Fairchild PJ, Mellor AL, 

Ron D,  Waldmann H (2009). Infectious tolerance via the consumption of essential 

amino acids and mTOR signaling. Proc Natl Acad Sci U S A. 106, 12055-12060. 

Coffin JH, SH.; Varmus, HE. (1997). Retroviruses. Woodbury, NY: Cold Spring Harbor 

Laboratory Press. 

Comabella M, Imitola J, Weiner HL,  Khoury SJ (2002). Interferon-beta treatment alters 

peripheral blood monocytes chemokine production in MS patients. Journal of 

neuroimmunology. 126, 205-212. 

Coquerelle C,  Moser M DC subsets in positive and negative regulation of immunity. 

Immunol Rev. 234, 317-334. 

Corinti S, Albanesi C, la Sala A, Pastore S,  Girolomoni G (2001). Regulatory activity of 

autocrine IL-10 on dendritic cell functions. J Immunol. 166, 4312-4318. 

da Silva Correia J, Soldau K, Christen U, Tobias PS,  Ulevitch RJ (2001). Lipopolysaccharide 

is in close proximity to each of the proteins in its membrane receptor complex. 

transfer from CD14 to TLR4 and MD-2. J Biol Chem. 276, 21129-21135. 

Delgado M, Toscano MG, Benabdellah K, Cobo M, O'Valle F, Gonzalez-Rey E,  Martin F 

(2008). In vivo delivery of lentiviral vectors expressing vasoactive intestinal peptide 

complementary DNA as gene therapy for collagen-induced arthritis. Arthritis and 

rheumatism. 58, 1026-1037. 

den Haan JM,  Bevan MJ (2002). Constitutive versus activation-dependent cross-

presentation of immune complexes by CD8(+) and CD8(-) dendritic cells in vivo. J 

Exp Med. 196, 817-827. 

Dhodapkar MV,  Steinman RM (2002). Antigen-bearing immature dendritic cells induce 

peptide-specific CD8(+) regulatory T cells in vivo in humans. Blood. 100, 174-177. 

Dhodapkar MV, Steinman RM, Krasovsky J, Munz C,  Bhardwaj N (2001). Antigen-specific 

inhibition of effector T cell function in humans after injection of immature dendritic 

cells. J Exp Med. 193, 233-238. 

Di Pucchio T, Chatterjee B, Smed-Sorensen A, Clayton S, Palazzo A, Montes M, Xue Y, 

Mellman I, Banchereau J,  Connolly JE (2008). Direct proteasome-independent 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

339 

cross-presentation of viral antigen by plasmacytoid dendritic cells on major 

histocompatibility complex class I. Nat Immunol. 9, 551-557. 

Dillon S, Agrawal S, Banerjee K, Letterio J, Denning TL, Oswald-Richter K, Kasprowicz DJ, 

Kellar K, Pare J, van Dyke T, Ziegler S, Unutmaz D,  Pulendran B (2006). Yeast 

zymosan, a stimulus for TLR2 and dectin-1, induces regulatory antigen-presenting 

cells and immunological tolerance. J Clin Invest. 116, 916-928. 

Dreja H,  Piechaczyk M (2006). The effects of N-terminal insertion into VSV-G of an scFv 

peptide. Virol J. 3, 69. 

Dull T, Zufferey R, Kelly M, Mandel RJ, Nguyen M, Trono D,  Naldini L (1998). A third-

generation lentivirus vector with a conditional packaging system. J Virol. 72, 8463-

8471. 

Dullaers M, Breckpot K, Van Meirvenne S, Bonehill A, Tuyaerts S, Michiels A, Straetman L, 

Heirman C, De Greef C, Van Der Bruggen P,  Thielemans K (2004). Side-by-side 

comparison of lentivirally transduced and mRNA-electroporated dendritic cells: 

implications for cancer immunotherapy protocols. Mol Ther. 10, 768-779. 

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, 630-640. 

Dyall J, Latouche JB, Schnell S,  Sadelain M (2001). Lentivirus-transduced human monocyte-

derived dendritic cells efficiently stimulate antigen-specific cytotoxic T 

lymphocytes. Blood. 97, 114-121. 

Dzionek A, Sohma Y, Nagafune J, Cella M, Colonna M, Facchetti F, Gunther G, Johnston I, 

Lanzavecchia A, Nagasaka T, Okada T, Vermi W, Winkels G, Yamamoto T, Zysk 

M, Yamaguchi Y,  Schmitz J (2001). BDCA-2, a novel plasmacytoid dendritic cell-

specific type II C-type lectin, mediates antigen capture and is a potent inhibitor of 

interferon alpha/beta induction. J Exp Med. 194, 1823-1834. 

Escors D,  Breckpot K Lentiviral vectors in gene therapy: their current status and future 

potential. Arch Immunol Ther Exp (Warsz). 58, 107-119. 

Escors D,  Breckpot K (2010). Lentiviral vectors in gene therapy: their current status and 

future potential. Arch Immunol Ther Exp (Warsz). 58, 107-119. 

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, 3050-

3061. 

Esslinger C, Chapatte L, Finke D, Miconnet I, Guillaume P, Levy F,  MacDonald HR (2003). 

In vivo administration of a lentiviral vaccine targets DCs and induces efficient 

CD8(+) T cell responses. J Clin Invest. 111, 1673-1681. 

Fallarino F, Vacca C, Orabona C, Belladonna ML, Bianchi R, Marshall B, Keskin DB, Mellor 

AL, Fioretti MC, Grohmann U,  Puccetti P (2002). Functional expression of 

indoleamine 2,3-dioxygenase by murine CD8 alpha(+) dendritic cells. Int Immunol. 

14, 65-68. 

Fehse B,  Roeder I (2008). Insertional mutagenesis and clonal dominance: biological and 

statistical considerations. Gene Ther. 15, 143-153. 

Firat H, Zennou V, Garcia-Pons F, Ginhoux F, Cochet M, Danos O, Lemonnier FA, 

Langlade-Demoyen P,  Charneau P (2002). Use of a lentiviral flap vector for 

www.intechopen.com



 
Viral Gene Therapy 

 

340 

induction of CTL immunity against melanoma. Perspectives for immunotherapy. J 

Gene Med. 4, 38-45. 

Fitzgerald KA, McWhirter SM, Faia KL, Rowe DC, Latz E, Golenbock DT, Coyle AJ, Liao 

SM,  Maniatis T (2003). IKKepsilon and TBK1 are essential components of the IRF3 

signaling pathway. Nat Immunol. 4, 491-496. 

Fitzgerald-Bocarsly P, Dai J,  Singh S (2008). Plasmacytoid dendritic cells and type I IFN: 50 

years of convergent history. Cytokine Growth Factor Rev. 19, 3-19. 

Flint S.J. ELW, . Racaniello V.R,  Skalka A.M. (2009). Principles of virology. Washington, DC: 

ASM Press. 

Follenzi A, Ailles LE, Bakovic S, Geuna M,  Naldini L (2000). Gene transfer by lentiviral 

vectors is limited by nuclear translocation and rescued by HIV-1 pol sequences. Nat 

Genet. 25, 217-222. 

Follenzi A, Battaglia M, Lombardo A, Annoni A, Roncarolo MG,  Naldini L (2004). Targeting 

lentiviral vector expression to hepatocytes limits transgene-specific immune 

response and establishes long-term expression of human antihemophilic factor IX 

in mice. Blood. 103, 3700-3709. 

Fonteneau JF, Larsson M, Beignon AS, McKenna K, Dasilva I, Amara A, Liu YJ, Lifson JD, 

Littman DR,  Bhardwaj N (2004). Human immunodeficiency virus type 1 activates 

plasmacytoid dendritic cells and concomitantly induces the bystander maturation 

of myeloid dendritic cells. J Virol. 78, 5223-5232. 

Forster R, Davalos-Misslitz AC,  Rot A (2008). CCR7 and its ligands: balancing immunity 

and tolerance. Nat Rev Immunol. 8, 362-371. 

Frecha C, Szecsi J, Cosset FL,  Verhoeyen E (2008). Strategies for targeting lentiviral vectors. 

Curr Gene Ther. 8, 449-460. 

Friedmann T,  Roblin R (1972). Gene therapy for human genetic disease? Science. 175, 949-

955. 

Garcia MR, Ledgerwood L, Yang Y, Xu J, Lal G, Burrell B, Ma G, Hashimoto D, Li Y, Boros 

P, Grisotto M, van Rooijen N, Matesanz R, Tacke F, Ginhoux F, Ding Y, Chen SH, 

Randolph G, Merad M, Bromberg JS,  Ochando JC (2010). Monocytic suppressive 

cells mediate cardiovascular transplantation tolerance in mice. J Clin Invest. 120, 

2486-2496. 

Gautier G, Humbert M, Deauvieau F, Scuiller M, Hiscott J, Bates EE, Trinchieri G, Caux C,  

Garrone P (2005). A type I interferon autocrine-paracrine loop is involved in Toll-

like receptor-induced interleukin-12p70 secretion by dendritic cells. J Exp Med. 201, 

1435-1446. 

Geijtenbeek TB,  Gringhuis SI (2009). Signalling through C-type lectin receptors: shaping 

immune responses. Nat Rev Immunol. 9, 465-479. 

Gennari F, Lopes L, Verhoeyen E, Marasco W,  Collins MK (2009). Single-chain antibodies 

that target lentiviral vectors to MHC class II on antigen-presenting cells. Hum Gene 

Ther. 20, 554-562. 

Ghiringhelli F, Puig PE, Roux S, Parcellier A, Schmitt E, Solary E, Kroemer G, Martin F, 

Chauffert B,  Zitvogel L (2005). Tumor cells convert immature myeloid dendritic 

cells into TGF-beta-secreting cells inducing CD4+CD25+ regulatory T cell 

proliferation. J Exp Med. 202, 919-929. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

341 

Gould DJ,  Favorov P (2003). Vectors for the treatment of autoimmune disease. Gene Ther. 10, 

912-927. 

Grabbe S, Steinbrink K, Steinert M, Luger TA,  Schwarz T (1995). Removal of the majority of 

epidermal Langerhans cells by topical or systemic steroid application enhances the 

effector phase of murine contact hypersensitivity. J Immunol. 155, 4207-4217. 

Greenwald RJ, Freeman GJ,  Sharpe AH (2005). The B7 family revisited. Annu Rev Immunol. 

23, 515-548. 

Griesemer AD, Sorenson EC,  Hardy MA (2010). The role of the thymus in tolerance. 

Transplantation. 90, 465-474. 

Gruber A, Kan-Mitchell J, Kuhen KL, Mukai T,  Wong-Staal F (2000). Dendritic cells 

transduced by multiply deleted HIV-1 vectors exhibit normal phenotypes and 

functions and elicit an HIV-specific cytotoxic T-lymphocyte response in vitro. Blood. 

96, 1327-1333. 

Gu W, Payne E, Sun S, Burgess M,  McMillan NA Inhibition of cervical cancer cell growth in 

vitro and in vivo with dual shRNAs. Cancer Gene Ther. 

Ha TY, Waksman BH,  Treffers HP (1974). The thymic suppressor cell. I. Separation of 

subpopulations with suppressor activity. J Exp Med. 139, 13-23. 

Hacker H, Redecke V, Blagoev B, Kratchmarova I, Hsu LC, Wang GG, Kamps MP, Raz E, 

Wagner H, Hacker G, Mann M,  Karin M (2006). Specificity in Toll-like receptor 

signalling through distinct effector functions of TRAF3 and TRAF6. Nature. 439, 

204-207. 

Hamers-Casterman C, Atarhouch T, Muyldermans S, Robinson G, Hamers C, Songa EB, 

Bendahman N,  Hamers R (1993). Naturally occurring antibodies devoid of light 

chains. Nature. 363, 446-448. 

Hawiger D, Inaba K, Dorsett Y, Guo M, Mahnke K, Rivera M, Ravetch JV, Steinman RM,  

Nussenzweig MC (2001). Dendritic cells induce peripheral T cell unresponsiveness 

under steady state conditions in vivo. J Exp Med. 194, 769-779. 

He Y,  Falo LD (2006). Induction of T cell immunity by cutaneous genetic immunization 

with recombinant lentivector. Immunologic research. 36, 101-117. 

He Y, Zhang J, Donahue C,  Falo LD, Jr. (2006). Skin-derived dendritic cells induce potent 

CD8(+) T cell immunity in recombinant lentivector-mediated genetic 

immunization. Immunity. 24, 643-656. 

He Y, Zhang J, Mi Z, Robbins P,  Falo LD, Jr. (2005). Immunization with lentiviral vector-

transduced dendritic cells induces strong and long-lasting T cell responses and 

therapeutic immunity. J Immunol. 174, 3808-3817. 

Henry E, Desmet CJ, Garze V, Fievez L, Bedoret D, Heirman C, Faisca P, Jaspar FJ, Gosset P, 

Jacquet AP, Desmecht D, Thielemans K, Lekeux P, Moser M,  Bureau F (2008). 

Dendritic cells genetically engineered to express IL-10 induce long-lasting antigen-

specific tolerance in experimental asthma. J Immunol. 181, 7230-7242. 

Hirano N, Butler MO, Xia Z, Ansen S, von Bergwelt-Baildon MS, Neuberg D, Freeman GJ,  

Nadler LM (2006). Engagement of CD83 ligand induces prolonged expansion of 

CD8+ T cells and preferential enrichment for antigen specificity. Blood. 107, 1528-

1536. 

www.intechopen.com



 
Viral Gene Therapy 

 

342 

Hori S, Nomura T,  Sakaguchi S (2003). Control of regulatory T cell development by the 

transcription factor Foxp3. Science. 299, 1057-1061. 

Howe SJ, Mansour MR, Schwarzwaelder K, Bartholomae C, Hubank M, Kempski H, 

Brugman MH, Pike-Overzet K, Chatters SJ, de Ridder D, Gilmour KC, Adams S, 

Thornhill SI, Parsley KL, Staal FJ, Gale RE, Linch DC, Bayford J, Brown L, Quaye M, 

Kinnon C, Ancliff P, Webb DK, Schmidt M, von Kalle C, Gaspar HB,  Thrasher AJ 

(2008). Insertional mutagenesis combined with acquired somatic mutations causes 

leukemogenesis following gene therapy of SCID-X1 patients. J Clin Invest. 118, 

3143-3150. 

Ilarregui JM, Croci DO, Bianco GA, Toscano MA, Salatino M, Vermeulen ME, Geffner JR,  

Rabinovich GA (2009). Tolerogenic signals delivered by dendritic cells to T cells 

through a galectin-1-driven immunoregulatory circuit involving interleukin 27 and 

interleukin 10. Nat Immunol. 10, 981-991. 

Jonuleit H, Kuhn U, Muller G, Steinbrink K, Paragnik L, Schmitt E, Knop J,  Enk AH (1997). 

Pro-inflammatory cytokines and prostaglandins induce maturation of potent 

immunostimulatory dendritic cells under fetal calf serum-free conditions. Eur J 

Immunol. 27, 3135-3142. 

Jonuleit H, Schmitt E, Steinbrink K,  Enk AH (2001). Dendritic cells as a tool to induce 

anergic and regulatory T cells. Trends Immunol. 22, 394-400. 

Kamath AT, Henri S, Battye F, Tough DF,  Shortman K (2002). Developmental kinetics and 

lifespan of dendritic cells in mouse lymphoid organs. Blood. 100, 1734-1741. 

Kaplan DH, Jenison MC, Saeland S, Shlomchik WD,  Shlomchik MJ (2005). Epidermal 

langerhans cell-deficient mice develop enhanced contact hypersensitivity. 

Immunity. 23, 611-620. 

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, 3094-3103. 

Kawai T,  Akira S (2008). Toll-like receptor and RIG-I-like receptor signaling. Ann N Y Acad 

Sci. 1143, 1-20. 

Kim JH, Majumder N, Lin H, Watkins S, Falo LD, Jr.,  You Z (2005). Induction of therapeutic 

antitumor immunity by in vivo administration of a lentiviral vaccine. Hum Gene 

Ther. 16, 1255-1266. 

Kirchner H, Chused TM, Herberman RB, Holden HT,  Lavrin DH (1974). Evidence of 

suppressor cell activity in spleens of mice bearing primary tumors induced by 

Moloney sarcoma virus. J Exp Med. 139, 1473-1487. 

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, 1219-1227. 

Kuhn R, Lohler J, Rennick D, Rajewsky K,  Muller W (1993). Interleukin-10-deficient mice 

develop chronic enterocolitis. Cell. 75, 263-274. 

Lafferty KJ, Warren HS,  Woolnough JA (1979). A mediator acting as a costimulator for the 

development of cytotoxic responses in vitro. Adv Exp Med Biol. 114, 497-501. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

343 

Lai Kwan Lam Q, King Hung Ko O, Zheng BJ,  Lu L (2008). Local BAFF gene silencing 

suppresses Th17-cell generation and ameliorates autoimmune arthritis. Proc Natl 

Acad Sci U S A. 105, 14993-14998. 

Lang KS, Recher M, Junt T, Navarini AA, Harris NL, Freigang S, Odermatt B, Conrad C, 

Ittner LM, Bauer S, Luther SA, Uematsu S, Akira S, Hengartner H,  Zinkernagel RM 

(2005). Toll-like receptor engagement converts T-cell autoreactivity into overt 

autoimmune disease. Nat Med. 11, 138-145. 

Larregina AT,  Falo LD, Jr. (2005). Changing paradigms in cutaneous immunology: adapting 

with dendritic cells. J Invest Dermatol. 124, 1-12. 

Lee WC, Zhong C, Qian S, Wan Y, Gauldie J, Mi Z, Robbins PD, Thomson AW,  Lu L (1998). 

Phenotype, function, and in vivo migration and survival of allogeneic dendritic cell 

progenitors genetically engineered to express TGF-beta. Transplantation. 66, 1810-

1817. 

Lewis PF,  Emerman M (1994). Passage through mitosis is required for oncoretroviruses but 

not for the human immunodeficiency virus. J Virol. 68, 510-516. 

Li H, Han Y, Guo Q, Zhang M,  Cao X (2009). Cancer-expanded myeloid-derived suppressor 

cells induce anergy of NK cells through membrane-bound TGF-beta 1. J Immunol. 

182, 240-249. 

Li Y, Chu N, Rostami A,  Zhang GX (2006). Dendritic cells transduced with SOCS-3 exhibit a 

tolerogenic/DC2 phenotype that directs type 2 Th cell differentiation in vitro and 

in vivo. J Immunol. 177, 1679-1688. 

Liu BH, Wang X, Ma YX,  Wang S (2004). CMV enhancer/human PDGF-beta promoter for 

neuron-specific transgene expression. Gene Ther. 11, 52-60. 

Liu Y, Peng Y, Mi M, Guevara-Patino J, Munn DH, Fu N,  He Y (2009). Lentivector 

immunization stimulates potent CD8 T cell responses against melanoma self-

antigen tyrosinase-related protein 1 and generates antitumor immunity in mice. J 

Immunol. 182, 5960-5969. 

Lizee G, Gonzales MI,  Topalian SL (2004). Lentivirus vector-mediated expression of tumor-

associated epitopes by human antigen presenting cells. Hum Gene Ther. 15, 393-404. 

Loisel-Meyer S, Felizardo T, Mariotti J, Mossoba ME, Foley JE, Kammerer R, Mizue N, Keefe 

R, McCart JA, Zimmermann W, Dropulic B, Fowler DH,  Medin JA (2009). Potent 

induction of B- and T-cell immunity against human carcinoembryonic antigen-

expressing tumors in human carcinoembryonic antigen transgenic mice mediated 

by direct lentivector injection. Molecular cancer therapeutics. 8, 692-702. 

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, 86-95. 

Lu X, Yu Q, Binder GK, Chen Z, Slepushkina T, Rossi J,  Dropulic B (2004). Antisense-

mediated inhibition of human immunodeficiency virus (HIV) replication by use of 

an HIV type 1-based vector results in severely attenuated mutants incapable of 

developing resistance. J Virol. 78, 7079-7088. 

Lutz MB,  Schuler G (2002). Immature, semi-mature and fully mature dendritic cells: which 

signals induce tolerance or immunity? Trends Immunol. 23, 445-449. 

www.intechopen.com



 
Viral Gene Therapy 

 

344 

Mackey MF, Barth RJ, Jr.,  Noelle RJ (1998a). The role of CD40/CD154 interactions in the 

priming, differentiation, and effector function of helper and cytotoxic T cells. J 

Leukoc Biol. 63, 418-428. 

Mackey MF, Gunn JR, Maliszewsky C, Kikutani H, Noelle RJ,  Barth RJ, Jr. (1998b). 

Dendritic cells require maturation via CD40 to generate protective antitumor 

immunity. J Immunol. 161, 2094-2098. 

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, 4862-4869. 

Mahnke K, Schmitt E, Bonifaz L, Enk AH,  Jonuleit H (2002). Immature, but not inactive: the 

tolerogenic function of immature dendritic cells. Immunol Cell Biol. 80, 477-483. 

Maldonado-Lopez R, De Smedt T, Michel P, Godfroid J, Pajak B, Heirman C, Thielemans K, 

Leo O, Urbain J,  Moser M (1999). CD8alpha+ and CD8alpha- subclasses of 

dendritic cells direct the development of distinct T helper cells in vivo. J Exp Med. 

189, 587-592. 

Manicassamy S, Ravindran R, Deng J, Oluoch H, Denning TL, Kasturi SP, Rosenthal KM, 

Evavold BD,  Pulendran B (2009). Toll-like receptor 2-dependent induction of 

vitamin A-metabolizing enzymes in dendritic cells promotes T regulatory 

responses and inhibits autoimmunity. Nat Med. 15, 401-409. 

Mann R, Mulligan RC,  Baltimore D (1983). Construction of a retrovirus packaging mutant 

and its use to produce helper-free defective retrovirus. Cell. 33, 153-159. 

Marsac D, Loirat D, Petit C, Schwartz O,  Michel ML (2002). Enhanced presentation of major 

histocompatibility complex class I-restricted human immunodeficiency virus type 1 

(HIV-1) Gag-specific epitopes after DNA immunization with vectors coding for 

vesicular stomatitis virus glycoprotein-pseudotyped HIV-1 Gag particles. J Virol. 

76, 7544-7553. 

Martin P, Del Hoyo GM, Anjuere F, Arias CF, Vargas HH, Fernandez LA, Parrillas V,  

Ardavin C (2002). Characterization of a new subpopulation of mouse CD8alpha+ 

B220+ dendritic cells endowed with type 1 interferon production capacity and 

tolerogenic potential. Blood. 100, 383-390. 

Martin P, del Hoyo GM, Anjuere F, Ruiz SR, Arias CF, Marin AR,  Ardavin C (2000). 

Concept of lymphoid versus myeloid dendritic cell lineages revisited: both 

CD8alpha(-) and CD8alpha(+) dendritic cells are generated from CD4(low) 

lymphoid-committed precursors. Blood. 96, 2511-2519. 

Marzo AL, Vezys V, Klonowski KD, Lee SJ, Muralimohan G, Moore M, Tough DF,  

Lefrancois L (2004). Fully functional memory CD8 T cells in the absence of CD4 T 

cells. J Immunol. 173, 969-975. 

Matrai J, Chuah MK,  VandenDriessche T (2010). Recent advances in lentiviral vector 

development and applications. Mol Ther. 18, 477-490. 

Matsui T, Connolly JE, Michnevitz M, Chaussabel D, Yu CI, Glaser C, Tindle S, Pypaert M, 

Freitas H, Piqueras B, Banchereau J,  Palucka AK (2009). CD2 distinguishes two 

subsets of human plasmacytoid dendritic cells with distinct phenotype and 

functions. J Immunol. 182, 6815-6823. 

Mellor AL,  Munn DH (2004). IDO expression by dendritic cells: tolerance and tryptophan 

catabolism. Nature reviews. 4, 762-774. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

345 

Merad M,  Manz MG (2009). Dendritic cell homeostasis. Blood. 113, 3418-3427. 

Metharom P, Ellem KA, Schmidt C,  Wei MQ (2001). Lentiviral vector-mediated tyrosinase-

related protein 2 gene transfer to dendritic cells for the therapy of melanoma. Hum 

Gene Ther. 12, 2203-2213. 

Metharom P, Ellem KA,  Wei MQ (2005). Gene transfer to dendritic cells induced a 

protective immunity against melanoma. Cell Mol Immunol. 2, 281-288. 

Michel G, Yu Y, Chang T,  Yee JK (2010). Site-specific gene insertion mediated by a Cre-loxP-

carrying lentiviral vector. Mol Ther. 18, 1814-1821. 

Montini E, Cesana D, Schmidt M, Sanvito F, Bartholomae CC, Ranzani M, Benedicenti F, 

Sergi LS, Ambrosi A, Ponzoni M, Doglioni C, Di Serio C, von Kalle C,  Naldini L 

(2009). The genotoxic potential of retroviral vectors is strongly modulated by vector 

design and integration site selection in a mouse model of HSC gene therapy. J Clin 

Invest. 119, 964-975. 

Montini E, Cesana D, Schmidt M, Sanvito F, Ponzoni M, Bartholomae C, Sergi Sergi L, 

Benedicenti F, Ambrosi A, Di Serio C, Doglioni C, von Kalle C,  Naldini L (2006). 

Hematopoietic stem cell gene transfer in a tumor-prone mouse model uncovers low 

genotoxicity of lentiviral vector integration. Nat Biotechnol. 24, 687-696. 

Morita Y, Yang J, Gupta R, Shimizu K, Shelden EA, Endres J, Mule JJ, McDonagh KT,  Fox 

DA (2001). Dendritic cells genetically engineered to express IL-4 inhibit murine 

collagen-induced arthritis. J Clin Invest. 107, 1275-1284. 

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, 549-558. 

Mossoba ME, Walia JS, Rasaiah VI, Buxhoeveden N, Head R, Ying C, Foley JE, Bramson JL, 

Fowler DH,  Medin JA (2008). Tumor protection following vaccination with low 

doses of lentivirally transduced DCs expressing the self-antigen erbB2. Mol Ther. 16, 

607-617. 

Munder M (2009). Arginase: an emerging key player in the mammalian immune system. 

British journal of pharmacology. 158, 638-651. 

Nakahara T, Uchi H, Urabe K, Chen Q, Furue M,  Moroi Y (2004). Role of c-Jun N-terminal 

kinase on lipopolysaccharide induced maturation of human monocyte-derived 

dendritic cells. Int Immunol. 16, 1701-1709. 

Nakano H, Yanagita M,  Gunn MD (2001). CD11c(+)B220(+)Gr-1(+) cells in mouse lymph 

nodes and spleen display characteristics of plasmacytoid dendritic cells. J Exp Med. 

194, 1171-1178. 

Naldini L, Blomer U, Gage FH, Trono D,  Verma IM (1996a). 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, 11382-11388. 

Naldini L, Blomer U, Gallay P, Ory D, Mulligan R, Gage FH, Verma IM,  Trono D (1996b). In 

vivo gene delivery and stable transduction of nondividing cells by a lentiviral 

vector. Science. 272, 263-267. 

Napolitani G, Rinaldi A, Bertoni F, Sallusto F,  Lanzavecchia A (2005). Selected Toll-like 

receptor agonist combinations synergistically trigger a T helper type 1-polarizing 

program in dendritic cells. Nat Immunol. 6, 769-776. 

www.intechopen.com



 
Viral Gene Therapy 

 

346 

Negri DR, Michelini Z, Baroncelli S, Spada M, Vendetti S, Buffa V, Bona R, Leone P, 

Klotman ME,  Cara A (2007). Successful immunization with a single injection of 

non-integrating lentiviral vector. Mol Ther. 15, 1716-1723. 

Nielsen TT, Jakobsson J, Rosenqvist N,  Lundberg C (2009). Incorporating double copies of a 

chromatin insulator into lentiviral vectors results in less viral integrants. BMC 

Biotechnol. 9, 13. 

Norian LA, Rodriguez PC, O'Mara LA, Zabaleta J, Ochoa AC, Cella M,  Allen PM (2009). 

Tumor-infiltrating regulatory dendritic cells inhibit CD8+ T cell function via L-

arginine metabolism. Cancer Res. 69, 3086-3094. 

O'Garra A, Vieira PL, Vieira P,  Goldfeld AE (2004). IL-10-producing and naturally 

occurring CD4+ Tregs: limiting collateral damage. J Clin Invest. 114, 1372-1378. 

O'Keeffe M, Hochrein H, Vremec D, Caminschi I, Miller JL, Anders EM, Wu L, Lahoud MH, 

Henri S, Scott B, Hertzog P, Tatarczuch L,  Shortman K (2002). Mouse plasmacytoid 

cells: long-lived cells, heterogeneous in surface phenotype and function, that 

differentiate into CD8(+) dendritic cells only after microbial stimulus. J Exp Med. 

196, 1307-1319. 

Oki M, Ando K, Hagihara M, Miyatake H, Shimizu T, Miyoshi H, Nakamura Y, Matsuzawa 

H, Sato T, Ueda Y, Gansuvd B, Kato S,  Hotta T (2001). Efficient lentiviral 

transduction of human cord blood CD34(+) cells followed by their expansion and 

differentiation into dendritic cells. Exp Hematol. 29, 1210-1217. 

Pages G, Brunet A, L'Allemain G,  Pouyssegur J (1994). Constitutive mutant and putative 

regulatory serine phosphorylation site of mammalian MAP kinase kinase (MEK1). 

Embo J. 13, 3003-3010. 

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, 1582-1587. 

Palucka K, Banchereau J,  Mellman I Designing vaccines based on biology of human 

dendritic cell subsets. Immunity. 33, 464-478. 

Pasare C,  Medzhitov R (2003). Toll pathway-dependent blockade of CD4+CD25+ T cell-

mediated suppression by dendritic cells. Science. 299, 1033-1036. 

Pauwels K, Gijsbers R, Toelen J, Schambach A, Willard-Gallo K, Verheust C, Debyser Z,  

Herman P (2009). State-of-the-art lentiviral vectors for research use: risk assessment 

and biosafety recommendations. Curr Gene Ther. 9, 459-474. 

Peng Y, Laouar Y, Li MO, Green EA,  Flavell RA (2004). TGF-beta regulates in vivo 

expansion of Foxp3-expressing CD4+CD25+ regulatory T cells responsible for 

protection against diabetes. Proc Natl Acad Sci U S A. 101, 4572-4577. 

Pichlmair A, Diebold SS, Gschmeissner S, Takeuchi Y, Ikeda Y, Collins MK,  Reis e Sousa C 

(2007). Tubulovesicular structures within vesicular stomatitis virus G protein-

pseudotyped lentiviral vector preparations carry DNA and stimulate antiviral 

responses via Toll-like receptor 9. J Virol. 81, 539-547. 

Pincha M, Sundarasetty BS,  Stripecke R (2010). Lentiviral vectors for immunization: an 

inflammatory field. Expert Rev Vaccines. 9, 309-321. 

Polak L,  Turk JL (1974). Reversal of immunological tolerance by cyclophosphamide through 

inhibition of suppressor cell activity. Nature. 249, 654-656. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

347 

Prechtel AT, Turza NM, Theodoridis AA,  Steinkasserer A (2007). CD83 knockdown in 

monocyte-derived dendritic cells by small interfering RNA leads to a diminished T 

cell stimulation. J Immunol. 178, 5454-5464. 

Pulendran B, Tang H,  Denning TL (2008). Division of labor, plasticity, and crosstalk 

between dendritic cell subsets. Curr Opin Immunol. 20, 61-67. 

Radhakrishnan S, Cabrera R, Bruns KM, Van Keulen VP, Hansen MJ, Felts SJ,  Pease LR 

(2009). Indirect recruitment of a CD40 signaling pathway in dendritic cells by B7-

DC cross-linking antibody modulates T cell functions. PLoS ONE. 4, e5373. 

Raingeaud J, Whitmarsh AJ, Barrett T, Derijard B,  Davis RJ (1996). MKK3- and MKK6-

regulated gene expression is mediated by the p38 mitogen-activated protein kinase 

signal transduction pathway. Mol Cell Biol. 16, 1247-1255. 

Randolph GJ, Inaba K, Robbiani DF, Steinman RM,  Muller WA (1999). Differentiation of 

phagocytic monocytes into lymph node dendritic cells in vivo. Immunity. 11, 753-

761. 

Re F,  Strominger JL (2001). Toll-like receptor 2 (TLR2) and TLR4 differentially activate 

human dendritic cells. J Biol Chem. 276, 37692-37699. 

Reiner SL (2007). Development in motion: helper T cells at work. Cell. 129, 33-36. 

Reiser J, Harmison G, Kluepfel-Stahl S, Brady RO, Karlsson S,  Schubert M (1996). 

Transduction of nondividing cells using pseudotyped defective high-titer HIV type 

1 particles. Proc Natl Acad Sci U S A. 93, 15266-15271. 

Rescigno M, Granucci F,  Ricciardi-Castagnoli P (2000). Molecular events of bacterial-

induced maturation of dendritic cells. J Clin Immunol. 20, 161-166. 

Rescigno M, Martino M, Sutherland CL, Gold MR,  Ricciardi-Castagnoli P (1998). Dendritic 

cell survival and maturation are regulated by different signaling pathways. J Exp 

Med. 188, 2175-2180. 

Rich RR,  Pierce CW (1973). Biological expressions of lymphocyte activation. II. Generation 

of a population of thymus-derived suppressor lymphocytes. J Exp Med. 137, 649-

659. 

Romani N, Holzmann S, Tripp CH, Koch F,  Stoitzner P (2003). Langerhans cells - dendritic 

cells of the epidermis. APMIS. 111, 725-740. 

Romano G, Claudio PP, Tonini T,  Giordano A (2003). Human immunodeficiency virus type 

1 (HIV-1) derived vectors: safety considerations and controversy over therapeutic 

applications. Eur J Dermatol. 13, 424-429. 

Rosenberg SA, Sherry RM, Morton KE, Scharfman WJ, Yang JC, Topalian SL, Royal RE, 

Kammula U, Restifo NP, Hughes MS, Schwartzentruber D, Berman DM, Schwarz 

SL, Ngo LT, Mavroukakis SA, White DE,  Steinberg SM (2005). Tumor progression 

can occur despite the induction of very high levels of self/tumor antigen-specific 

CD8+ T cells in patients with melanoma. J Immunol. 175, 6169-6176. 

Rossetti M, Gregori S, Hauben E, Brown BD, Sergi LS, Naldini L,  Roncarolo MG HIV-1-

Derived Lentiviral Vectors Directly Activate Plasmacytoid Dendritic Cells, Which 

in Turn Induce the Maturation of Myeloid Dendritic Cells. Hum Gene Ther. 22, 177-

188. 

www.intechopen.com



 
Viral Gene Therapy 

 

348 

Rothoeft T, Balkow S, Krummen M, Beissert S, Varga G, Loser K, Oberbanscheidt P, van den 

Boom F,  Grabbe S (2006). Structure and duration of contact between dendritic cells 

and T cells are controlled by T cell activation state. Eur J Immunol. 36, 3105-3117. 

Rowe HM, Lopes L, Brown N, Efklidou S, Smallie T, Karrar S, Kaye PM,  Collins MK (2009). 

Expression of vFLIP in a lentiviral vaccine vector activates NF-{kappa}B, matures 

dendritic cells, and increases CD8+ T-cell responses. J Virol. 83, 1555-1562. 

Rowe HM, Lopes L, Ikeda Y, Bailey R, Barde I, Zenke M, Chain BM,  Collins MK (2006). 

Immunization with a lentiviral vector stimulates both CD4 and CD8 T cell 

responses to an ovalbumin transgene. Mol Ther. 13, 310-319. 

Rusakiewicz S, Dosset M, Mollier K, Souque P, Charneau P, Wain-Hobson S, Langlade-

Demoyen P,  Adotevi O Immunogenicity of a recombinant lentiviral vector 

carrying human telomerase tumor antigen in HLA-B*0702 transgenic mice. Vaccine. 

28, 6374-6381. 

Rutella S, Danese S,  Leone G (2006). Tolerogenic dendritic cells: cytokine modulation comes 

of age. Blood. 108, 1435-1440. 

Sakaguchi S (2003). The origin of FOXP3-expressing CD4+ regulatory T cells: thymus or 

periphery. J Clin Invest. 112, 1310-1312. 

Sakaguchi S, Yamaguchi T, Nomura T,  Ono M (2008). Regulatory T cells and immune 

tolerance. Cell. 133, 775-787. 

Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK,  Anderson AC (2010). Targeting 

Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-tumor 

immunity. J Exp Med. 207, 2187-2194. 

Salio M, Cella M, Vermi W, Facchetti F, Palmowski MJ, Smith CL, Shepherd D, Colonna M,  

Cerundolo V (2003). Plasmacytoid dendritic cells prime IFN-gamma-secreting 

melanoma-specific CD8 lymphocytes and are found in primary melanoma lesions. 

Eur J Immunol. 33, 1052-1062. 

Salio M, Palmowski MJ, Atzberger A, Hermans IF,  Cerundolo V (2004). CpG-matured 

murine plasmacytoid dendritic cells are capable of in vivo priming of functional 

CD8 T cell responses to endogenous but not exogenous antigens. J Exp Med. 199, 

567-579. 

Sallusto F,  Lanzavecchia A (1994). Efficient presentation of soluble antigen by cultured 

human dendritic cells is maintained by granulocyte/macrophage colony-

stimulating factor plus interleukin 4 and downregulated by tumor necrosis factor 

alpha. J Exp Med. 179, 1109-1118. 

Salmon P, Kindler V, Ducrey O, Chapuis B, Zubler RH,  Trono D (2000). High-level 

transgene expression in human hematopoietic progenitors and differentiated blood 

lineages after transduction with improved lentiviral vectors. Blood. 96, 3392-3398. 

Saraiva M,  O'Garra A (2010). The regulation of IL-10 production by immune cells. Nature 

reviews. 10, 170-181. 

Sato K, Nagayama H, Tadokoro K, Juji T,  Takahashi TA (1999). Extracellular signal-

regulated kinase, stress-activated protein kinase/c-Jun N-terminal kinase, and 

p38mapk are involved in IL-10-mediated selective repression of TNF-alpha-

induced activation and maturation of human peripheral blood monocyte-derived 

dendritic cells. J Immunol. 162, 3865-3872. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

349 

Schaffer DV, Koerber JT,  Lim KI (2008). Molecular engineering of viral gene delivery 

vehicles. Annu Rev Biomed Eng. 10, 169-194. 

Schroers R, Sinha I, Segall H, Schmidt-Wolf IG, Rooney CM, Brenner MK, Sutton RE,  Chen 

SY (2000). Transduction of human PBMC-derived dendritic cells and macrophages 

by an HIV-1-based lentiviral vector system. Mol Ther. 1, 171-179. 

Segura E, Wong J,  Villadangos JA (2009). Cutting edge: B220+CCR9- dendritic cells are not 

plasmacytoid dendritic cells but are precursors of conventional dendritic cells. J 

Immunol. 183, 1514-1517. 

Sica GL, Choi IH, Zhu G, Tamada K, Wang SD, Tamura H, Chapoval AI, Flies DB, Bajorath 

J,  Chen L (2003). B7-H4, a molecule of the B7 family, negatively regulates T cell 

immunity. Immunity. 18, 849-861. 

Siegal FP, Kadowaki N, Shodell M, Fitzgerald-Bocarsly PA, Shah K, Ho S, Antonenko S,  Liu 

YJ (1999). The nature of the principal type 1 interferon-producing cells in human 

blood. Science. 284, 1835-1837. 

Silva G, Poirot L, Galetto R, Smith J, Montoya G, Duchateau P,  Paques F (2011). 

Meganucleases and other Tools for Targeted Genome Engineering: Perspectives 

and Challenges for Gene Therapy. Curr Gene Ther. 11, 11-27. 

Silvers RM, Smith JA, Schowalter M, Litwin S, Liang Z, Geary K,  Daniel R (2010). 

Modification of integration site preferences of an HIV-1-based vector by expression 

of a novel synthetic protein. Hum Gene Ther. 21, 337-349. 

Sirven A, Pflumio F, Zennou V, Titeux M, Vainchenker W, Coulombel L, Dubart-

Kupperschmitt A,  Charneau P (2000). The human immunodeficiency virus type-1 

central DNA flap is a crucial determinant for lentiviral vector nuclear import and 

gene transduction of human hematopoietic stem cells. Blood. 96, 4103-4110. 

Song XT, Evel-Kabler K, Shen L, Rollins L, Huang XF,  Chen SY (2008). A20 is an antigen 

presentation attenuator, and its inhibition overcomes regulatory T cell-mediated 

suppression. Nat Med. 14, 258-265. 

Soumelis V,  Liu YJ (2006). From plasmacytoid to dendritic cell: morphological and 

functional switches during plasmacytoid pre-dendritic cell differentiation. Eur J 

Immunol. 36, 2286-2292. 

Srivastava MK, Sinha P, Clements VK, Rodriguez P,  Ostrand-Rosenberg S (2010). Myeloid-

derived suppressor cells inhibit T-cell activation by depleting cystine and cysteine. 

Cancer Res. 70, 68-77. 

Steinbrink K, Wolfl M, Jonuleit H, Knop J,  Enk AH (1997). Induction of tolerance by IL-10-

treated dendritic cells. J Immunol. 159, 4772-4780. 

Steinman RM (2007). Dendritic cells: Understanding immunogenicity. European Journal of 

Immunology. 37, S53-60. 

Steinman RM,  Banchereau J (2007). Taking dendritic cells into medicine. Nature. 449, 419-

426. 

Steinman RM,  Cohn ZA (1973). Identification of a novel cell type in peripheral lymphoid 

organs of mice. I. Morphology, quantitation, tissue distribution. J Exp Med. 137, 

1142-1162. 

Stephens GL, McHugh RS, Whitters MJ, Young DA, Luxenberg D, Carreno BM, Collins M,  

Shevach EM (2004). Engagement of glucocorticoid-induced TNFR family-related 

www.intechopen.com



 
Viral Gene Therapy 

 

350 

receptor on effector T cells by its ligand mediates resistance to suppression by 

CD4+CD25+ T cells. J Immunol. 173, 5008-5020. 

Sumimoto H, Tsuji T, Miyoshi H, Hagihara M, Takada-Yamazaki R, Okamoto S, Ikeda Y, 

Takahashi T,  Kawakami Y (2002). Rapid and efficient generation of lentivirally 

gene-modified dendritic cells from DC progenitors with bone marrow stromal cells. 

J Immunol Methods. 271, 153-165. 

Takayama T, Nishioka Y, Lu L, Lotze MT, Tahara H,  Thomson AW (1998). Retroviral 

delivery of viral interleukin-10 into myeloid dendritic cells markedly inhibits their 

allostimulatory activity and promotes the induction of T-cell hyporesponsiveness. 

Transplantation. 66, 1567-1574. 

Tan PH, Beutelspacher SC, Xue SA, Wang YH, Mitchell P, McAlister JC, Larkin DF, McClure 

MO, Stauss HJ, Ritter MA, Lombardi G,  George AJ (2005). Modulation of human 

dendritic-cell function following transduction with viral vectors: implications for 

gene therapy. Blood. 105, 3824-3832. 

Taussig MJ (1974). Demonstration of suppressor T cells in a population of 'educated' T cells. 

Nature. 248, 236-238. 

Toscano MG, Delgado M, Kong W, Martin F, Skarica M,  Ganea D (2010). Dendritic cells 

transduced with lentiviral vectors expressing VIP differentiate into VIP-secreting 

tolerogenic-like DCs. Mol Ther. 18, 1035-1045. 

Traver D, Akashi K, Manz M, Merad M, Miyamoto T, Engleman EG,  Weissman IL (2000). 

Development of CD8alpha-positive dendritic cells from a common myeloid 

progenitor. Science. 290, 2152-2154. 

Tseng JC, Daniels G,  Meruelo D (2009). Controlled propagation of replication-competent 

Sindbis viral vector using suicide gene strategy. Gene Ther. 16, 291-296. 

Tuyaerts S, Aerts JL, Corthals J, Neyns B, Heirman C, Breckpot K, Thielemans K,  Bonehill A 

(2007a). Current approaches in dendritic cell generation and future implications for 

cancer immunotherapy. Cancer Immunol Immunother. 56, 1513-1537. 

Tuyaerts S, Van Meirvenne S, Bonehill A, Heirman C, Corthals J, Waldmann H, Breckpot K, 

Thielemans K,  Aerts JL (2007b). Expression of human GITRL on myeloid dendritic 

cells enhances their immunostimulatory function but does not abrogate the 

suppressive effect of CD4+CD25+ regulatory T cells. J Leukoc Biol. 82, 93-105. 

Unutmaz D, KewalRamani VN, Marmon S,  Littman DR (1999). Cytokine signals are 

sufficient for HIV-1 infection of resting human T lymphocytes. J Exp Med. 189, 1735-

1746. 

Valzasina B, Guiducci C, Dislich H, Killeen N, Weinberg AD,  Colombo MP (2005). 

Triggering of OX40 (CD134) on CD4(+)CD25+ T cells blocks their inhibitory 

activity: a novel regulatory role for OX40 and its comparison with GITR. Blood. 105, 

2845-2851. 

van Duin D, Medzhitov R,  Shaw AC (2006). Triggering TLR signaling in vaccination. Trends 

Immunol. 27, 49-55. 

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, 813-822. 

www.intechopen.com



 
Dendritic Cells and Lentiviral Vectors: Mapping the Way to Successful Immunotherapy 

 

351 

Vence L, Palucka AK, Fay JW, Ito T, Liu YJ, Banchereau J,  Ueno H (2007). Circulating tumor 

antigen-specific regulatory T cells in patients with metastatic melanoma. Proc Natl 

Acad Sci U S A. 104, 20884-20889. 

Vereecke L, Beyaert R,  van Loo G (2009). The ubiquitin-editing enzyme A20 (TNFAIP3) is a 

central regulator of immunopathology. Trends Immunol. 30, 383-391. 

Verhasselt V, Vosters O, Beuneu C, Nicaise C, Stordeur P,  Goldman M (2004). Induction of 

FOXP3-expressing regulatory CD4pos T cells by human mature autologous 

dendritic cells. Eur J Immunol. 34, 762-772. 

Vu MD, Xiao X, Gao W, Degauque N, Chen M, Kroemer A, Killeen N, Ishii N,  Chang Li X 

(2007). OX40 costimulation turns off Foxp3+ Tregs. Blood. 110, 2501-2510. 

Wang B, He J, Liu C,  Chang LJ (2006). An effective cancer vaccine modality: lentiviral 

modification of dendritic cells expressing multiple cancer-specific antigens. Vaccine. 

24, 3477-3489. 

Wang L, Pino-Lagos K, de Vries VC, Guleria I, Sayegh MH,  Noelle RJ (2008). Programmed 

death 1 ligand signaling regulates the generation of adaptive Foxp3+CD4+ 

regulatory T cells. Proc Natl Acad Sci U S A. 105, 9331-9336. 

Wanisch K,  Yanez-Munoz RJ (2009). Integration-deficient lentiviral vectors: a slow coming 

of age. Mol Ther. 17, 1316-1332. 

Warger T, Osterloh P, Rechtsteiner G, Fassbender M, Heib V, Schmid B, Schmitt E, Schild H,  

Radsak MP (2006). Synergistic activation of dendritic cells by combined Toll-like 

receptor ligation induces superior CTL responses in vivo. Blood. 108, 544-550. 

Watts TH (2005). TNF/TNFR family members in costimulation of T cell responses. Annu Rev 

Immunol. 23, 23-68. 

Wilson NS, El-Sukkari D,  Villadangos JA (2004). Dendritic cells constitutively present self 

antigens in their immature state in vivo and regulate antigen presentation by 

controlling the rates of MHC class II synthesis and endocytosis. Blood. 103, 2187-

2195. 

Wing K,  Sakaguchi S Regulatory T cells exert checks and balances on self tolerance and 

autoimmunity. Nat Immunol. 11, 7-13. 

Wu L, D'Amico A, Winkel KD, Suter M, Lo D,  Shortman K (1998). RelB is essential for the 

development of myeloid-related CD8alpha- dendritic cells but not of lymphoid-

related CD8alpha+ dendritic cells. Immunity. 9, 839-847. 

Wu L, Li CL,  Shortman K (1996). Thymic dendritic cell precursors: relationship to the T 

lymphocyte lineage and phenotype of the dendritic cell progeny. J Exp Med. 184, 

903-911. 

Wu X, Wakefield JK, Liu H, Xiao H, Kralovics R, Prchal JT,  Kappes JC (2000). 

Development of a novel trans-lentiviral vector that affords predictable safety. Mol 

Ther. 2, 47-55. 

Xu Y, Darcy PK,  Kershaw MH (2007). Tumor-specific dendritic cells generated by genetic 

redirection of Toll-like receptor signaling against the tumor-associated antigen, 

erbB2. Cancer gene therapy. 14, 773-780. 

Yang L, Bailey L, Baltimore D,  Wang P (2006). Targeting lentiviral vectors to specific cell 

types in vivo. Proc Natl Acad Sci U S A. 103, 11479-11484. 

www.intechopen.com



 
Viral Gene Therapy 

 

352 

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, 326-334. 

Yang M, Sun L, Wang S, Ko KH, Xu H, Zheng BJ, Cao X,  Lu L (2010). Novel function of B 

cell-activating factor in the induction of IL-10-producing regulatory B cells. J 

Immunol. 184, 3321-3325. 

Yang Y, Huang CT, Huang X,  Pardoll DM (2004). Persistent Toll-like receptor signals are 

required for reversal of regulatory T cell-mediated CD8 tolerance. Nat Immunol. 5, 

508-515. 

Zennou V, Petit C, Guetard D, Nerhbass U, Montagnier L,  Charneau P (2000). HIV-1 

genome nuclear import is mediated by a central DNA flap. Cell. 101, 173-185. 

Zhang F, Thornhill SI, Howe SJ, Ulaganathan M, Schambach A, Sinclair J, Kinnon C, Gaspar 

HB, Antoniou M,  Thrasher AJ (2007). Lentiviral vectors containing an enhancer-

less ubiquitously acting chromatin opening element (UCOE) provide highly 

reproducible and stable transgene expression in hematopoietic cells. Blood. 110, 

1448-1457. 

Zhang XY, Kutner RH, Bialkowska A, Marino MP, Klimstra WB,  Reiser J Cell-specific 

targeting of lentiviral vectors mediated by fusion proteins derived from Sindbis 

virus, vesicular stomatitis virus, or avian sarcoma/leukosis virus. Retrovirology. 7, 

3. 

Zhang XY, Kutner RH, Bialkowska A, Marino MP, Klimstra WB,  Reiser J (2010). Cell-

specific targeting of lentiviral vectors mediated by fusion proteins derived from 

Sindbis virus, vesicular stomatitis virus, or avian sarcoma/leukosis virus. 

Retrovirology. 7, 3. 

Zhang Y, Yang H, Xiao B, Wu M, Zhou W, Li J, Li G,  Christadoss P (2009). Dendritic cells 

transduced with lentiviral-mediated RelB-specific ShRNAs inhibit the 

development of experimental autoimmune myasthenia gravis. Molecular 

immunology. 46, 657-667. 

Zufferey R, Donello JE, Trono D,  Hope TJ (1999). Woodchuck hepatitis virus 

posttranscriptional regulatory element enhances expression of transgenes delivered 

by retroviral vectors. J Virol. 73, 2886-2892. 

Zufferey R, Dull T, Mandel RJ, Bukovsky A, Quiroz D, Naldini L,  Trono D (1998). Self-

inactivating lentivirus vector for safe and efficient in vivo gene delivery. J Virol. 72, 

9873-9880. 

Zufferey R, Nagy D, Mandel RJ, Naldini L,  Trono D (1997). Multiply attenuated lentiviral 

vector achieves efficient gene delivery in vivo. Nat Biotechnol. 15, 871-875. 

www.intechopen.com



Viral Gene Therapy
Edited by Dr. Ke Xu

ISBN 978-953-307-539-6
Hard cover, 450 pages
Publisher InTech
Published online 20, July, 2011
Published in print edition July, 2011

InTech Europe
University Campus STeP Ri 
Slavka Krautzeka 83/A 
51000 Rijeka, Croatia 
Phone: +385 (51) 770 447 
Fax: +385 (51) 686 166
www.intechopen.com

InTech China
Unit 405, Office Block, Hotel Equatorial Shanghai 
No.65, Yan An Road (West), Shanghai, 200040, China 

Phone: +86-21-62489820 
Fax: +86-21-62489821

The development of technologies that allow targeting of specific cells has progressed substantially in recent
years for several types of vectors, particularly viral vectors, which have been used in 70% of gene therapy
clinical trials. Particular viruses have been selected as gene delivery vehicles because of their capacities to
carry foreign genes and their ability to efficiently deliver these genes associated with efficient gene expression.
This book is designed to present the most recent advances in viral gene therapy

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Cleo Goyvaerts, Grazyna Kochan, David Escors and Karine Breckpot (2011). Dendritic Cells and Lentiviral
Vectors: Mapping the Way to Successful Immuno Gene Therapy, Viral Gene Therapy, Dr. Ke Xu (Ed.), ISBN:
978-953-307-539-6, InTech, Available from: http://www.intechopen.com/books/viral-gene-therapy/dendritic-
cells-and-lentiviral-vectors-mapping-the-way-to-successful-immuno-gene-therapy



© 2011 The Author(s). Licensee IntechOpen. This chapter is distributed
under the terms of the Creative Commons Attribution-NonCommercial-
ShareAlike-3.0 License, which permits use, distribution and reproduction for
non-commercial purposes, provided the original is properly cited and
derivative works building on this content are distributed under the same
license.

https://creativecommons.org/licenses/by-nc-sa/3.0/

