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1. The  innate  immune system: pathogen recognition and defense 
strategies 

Vertebrate immune cells are classified as innate and adaptive immune cells. Innate 
immune cells mainly comprise macrophages, dendritic cells, natural killer cells, mast 
cells, neutrophils and eosinophils. Immediately after physical barriers, these cells 
constitute the first line of defense against pathogenic insults due to their ability to 
discriminate conserved protein, carbohydrates, lipids or nucleic acids structures that 
originate from the invading pathogens (1,2). These structures, defined pathogen associated 
molecular patterns (PAMPs), are recognized by the germ-line DNA encoded pattern 
recognition receptors (PRRs) expressed by the innate immune cells (1,3).  
The engagement of PRRs by PAMPs leads to the induction of an intracellular signaling 
cascade that activates innate immune cells, whose primary function is to clear the 
invading pathogen and infected cells, limiting the pathogen dissemination. The 
containment of pathogen spreading is mediated through direct lysis of the pathogen (such 
as via production of reactive oxygen species), and through induction of cell death of 
infected cells. Within the diverse mechanisms that lead to infected cell death, apoptosis 
(or programmed cell death) occupies a major role. Apoptosis can be triggered by proteases 
that enter the infected cell’s cytoplasm, for instance granzyme B, or by ligand-receptor 
interaction (4). The latter is the mechanism used by immune cells that express apoptosis-
inducing members of the tumor necrosis factor (TNF) superfamily of proteins (4,5). The 
sacrifice of infected cells through apoptosis for the benefit of the organism as a whole 
constitutes an efficient strategy of immune defense of multicellular organisms. 
Importantly, this controlled form of cell death permits infected cells to be removed in a 
controlled way, avoiding the excessive immune reaction that would be generated by 
uncontrolled cell death.  
This primary mechanism of immune defense is reinforced in vertebrates by adaptive 
immune cells, which mainly include B and T cells. Innate immune cells are equipped with 
the intracellular machinery that allows the processing and presentation of pathogen 
antigens to B and T cells, and defines them as antigen presenting cells (APC). Together 
with the expression of chemo-attractants and co-stimulatory molecules, this property 
allows innate immune cells to recruit and instruct the response of the adaptive immune 
system. Dendritic cells (DCs) play a major role in antigen presentation, thereby bridging 
innate and adaptive immune responses (6). By circulating through the body, DCs sample 
the extracellular environment and in case of infection activate B and T cell responses in 
the lymph nodes. The B cells and T cells establish an immunological memory that 
remembers and promptly responds to the same pathogens during recurrent future 
infections. 
DCs represent a highly heterogeneous population, which include different subsets with 
different origin, location, activation and function, and surface marker expression. Within 
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the DC populations, conventional DCs (cDCs) have been mainly described for their good 
antigen presentation capacities as modulators of the B and T cell response. Additionally, 
dendritic cells can induce cell death through apoptosis. This function characterizes the DC 
subtype plasmacytoid dendritic cells (pDCs) (7,8). pDCs have potent cytotoxic properties. 
In fact, they can directly activate apoptosis in infected and tumorigenic cells through the 
induction of the TNF family member TNF-related apoptosis-inducing ligand (TRAIL) (9). 
This characteristic represents one of the qualities that clearly distinguishes pDCs from the 
other subtypes of DC, and contributes to make this cell type unique within innate immune 
cells.  
 

2. Plasmacytoid dendritic cells 

Plasmacytoid dendritic cells (pDCs) constitute a unique subset of DCs that display 
specific molecular features primarily dedicated at nucleic acid sensing, type I IFN 
production, and induction of apoptosis of target infected or tumor cells (7,8). 
Due their morphological, phenotypical and functional similarity to other immune cells, 
pDCs have been defined through the years as “plasmacytoid T cells”, “plasmacytoid 
monocytes”, “natural type-1 Interferon producing cells” and “type 2 dendritic cell 
precursor” (8). Their characterization in humans converged in 1999, when these different 
cell types were identified to constitute the same entity (10,11). Within the following years, 
pDCs were also found in mouse (12-14), rat (15), pig (16), cow (17), and monkey (18), 
indicating that this cell type is conserved between mammals.  
In humans, pDCs are found in the thymus, the bone marrow, the fetal liver, in the 
secondary lymphoid organs such as spleen, lymph nodes, tonsils and Peyer’s patches. 
Within the peripheral blood, they are found at a frequency of less than 0.5% of total 
mononuclear cells. They are characterized by a plasma cell-like morphology, meaning 
that the cytoplasm is mainly occupied by rough endoplasmic reticulum and mitochondria, 
and with a small fraction of Golgi apparatus (8,10,19). Phenotypically, human pDCs 
express the T cell markers CD4 and mayor histocompatibily complex (MHC)II, and show 

high levels of CD45RA and IL-3R compared to their counterpart cDCs. In contrast to 

other immune cell types, pDCs are CD11c- and Lineage- (CD3, CD14, CD16, CD19, 
CD20, CD56). Two additional surface proteins, the C-type lectin transmembrane 
glycoproteins BDCA-2 and BDCA-4 are homogeneously expressed on human pDCs. The 
levels of other surface markers such as CD2 vary between pDCs and distinguish 
subpopulations with different phenotypical and functional properties (20). The notion that 
pDCs comprise a heterogeneous cell population is supported by studies in mice. pDC 
populations with different functions have been identified on the basis of CD4 expression 
(21). In contrast, all mouse pDCs are characterized by low levels of CD11c, and 
expression of CD45RA, the B and granulocyte cell markers B220 and GR-1, and PDCA-1. 
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In addition, mouse pDCs can be distinguished by the expression of CD45RB, SiglecH, 
Bst, Ly6C and Ly49Q (12-14). In contrast to their human counterpart, mouse pDCs lack 

IL-3R expression. 
 

2.1. pDC development and its transcriptional control 

pDCs originate from hematopoietic stem cell (HSC) progenitors that are present in 
thymus, bone marrow, fetal liver and umbilical cord blood. In the initial step of 
differentiation, HSC progenitors develop into common myeloid and lymphoid progenitors 
(CMP and CLP). pDCs can develop from both progenitors through distinct intermediate 
cell precursors. The generation of pDC from CMP occurs through a common dendritic 
cell progenitor (CDP), which can also give rise to cDCs (22,23). Alternatively, pDCs can 
derive from CLPs through an intermediate precursor that also generates B cells (24). This 
lymphoid origin is consistent with the observation that pDCs show genetic and functional 
overlap with lymphocytes: they express B cell-related transcription factors such as Spi-B 
(25), and a proportion of pDCs underwent D-J rearrangment of the IgH locus and 
expresses B-lineage related genes such as Pax5, Rag1/2 and the T-lineage related pre-T-

cell alpha (pre-T) (26,27). 

Independent of whether the pDCs are derived from a lymphoid or myeloid origin, pDC 
development is strictly Fms-like tyrosine kinase 3 ligand (Flt3L)-dependent. In fact, 
recombinant Flt3L induces pDC development from CD34+CD45RA- progenitor cells that 
resides in hematopoietic organs (28). Also mouse studies emphasize the requirement of 
Flt3L for pDC development: depletion of Flt3L leads to profound impairment of pDC 
development, while administration of recombinant Flt3L drastically expands the pDC 
fraction and rescues the generation of pDCs from Flt3+ hematopoietic progenitors (29-31).  
Flt3L-enhanced pDC development is primarily mediated by the transcription factor 
STAT-3. This is illustrated by substantial reduction of pDCs and abrogation of Flt3L-
mediated pDC development in STAT-3 deficient mice (32). In contrast to STAT-3, 
STAT-5 blocks pDC development downstream of Granulocyte/Macrophage Colony-

Stimulating Factor (GM-CSF) and TNF-. These two cytokines impair the generation of 

pDCs from murine bone marrow cells in favour of the generation of CD11c+CD11b+B220- 
myeloid DCs (28). The inhibitory effect of STAT-5 is primarily due to inhibition of 
interferon responsive factor (IRF)8, a transcription factor that is required for pDC 
development (33), as shown by selective impairment of pDC development in IRF8 
deficient mice (34).  
Two other transcription factors, the ETS transcription factor PU.1, and the zinc finger 
transcription factor Ikaros are also involved in pDC development. Indeed, knockdown of 
PU.1 in human hematopoietic precursors impairs pDC generation in vitro (35), and mice 
with low Ikaros expression show low levels of peripheral pDCs (36). Furthermore, the E 
and Id protein transcription factors are essential controllers of pDC development. E 
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proteins belong to the basic helix-loop-helix family (bHLH) of transcription factors that 
include E2-2/TCF4, HEB/TCF12 and the two E2A splice-variants E12 and E47 (37). E 
protein transcriptional activity is inhibited by interaction with Id-proteins (Id1-4), which 
contain the HBH domain for protein interaction, but unlike E proteins lack the DNA-
binding domain (37). Among E proteins, E2-2 is essential for pDC development. 
Evidence for this is provided by the observation that germ-line deletion of E2-2 results in 
the absence of pDCs (38). In addition, knock-down of E2-2 in human hematopoietic 
progenitors inhibits, while overexpression of E2-2 enhances pDC development (39). The 
importance of E2-2 expression for pDC development is shown also by the effect of its 
transcriptional repressors, the Id proteins (Id1-4). While E2-2 enhances pDC 
development, Id2 and Id3 block this process. Indeed, overexpression of Id2 and Id3 in 
human CD34+ hematopoietic precursor leads to a strong inhibition of pDC development 
(40); similarly, Id2-/- mice showed increased percentage of splenic pDCs (41).  
E2-2 and Id2 are part of a genetic network that includes transcription factor Spi-B, another 
member of the ETS family of transcription factors. Spi-B is required for pDC 
development, as shown by impaired pDC generation from human fetal liver CD34+CD38- 
hematopoietic precursors when Spi-B is knocked down (35). Likewise, Spi-B 
overexpression in CD34+ CD1a- thymic progenitors increases the percentage and absolute 
number of pDCs (42). Spi-B cooperates with E2-2 in promoting the development of 
pDCs. This is indicated by the enhanced generation of pDCs in Spi-B/E2-2 
overexpressing thymic progenitors (42), and by the inability of Spi-B to rescue pDC 
development when the E2-2 transcriptional repressor Id2 is overexpressed (39,42). Spi-B 
expression is tightly regulated by E2-2, suggesting that this transcription factor plays a 
fundamental role during pDC development. Indeed, the Spi-B gene contains few E protein 
regulatory regions to which E2-2 can bind and influence Spi-B levels. Reduced E2-2 
expression diminishes Spi-B levels in pDCs (38).  
The importance of Spi-B in the development of pDCs is also highlighted by its role in 
regulating anti-apoptotic genes during this process. This role of Spi-B will be further 
described in chapter 2, and sheds new light on the mechanisms involved in the 
transcriptional regulation of pDC survival during pDC development.  
 

2.2. pDC function 

pDCs exert several functions: 1) they sense invading pathogens through Toll-like receptor 
(TLR)7 and TLR9, the two PRRs that they highly express. Upon activation, pDCs 2) 
secrete high levels of type I interferons and other pro-inflammatory cytokines, such as 

TNF- and IL-6; 3) they express co-stimulatory molecules and activate T cells; and 4) 

acquire the capacity to kill infected cells by inducing TNF-related apoptosis-inducing 
ligand (TRAIL). These four main features are described in the following paragraphs. 
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Particular attention is given to the control of pDC cytotoxicity via TRAIL, as these will be 
subject of chapter 3, chapter 4, and chapter 5 of this thesis.  
 

2.2.1. Pathogen sensing of pDCs 

pDCs are characterized by the selective expression of TLR7 and TLR9, two PRRs that 
recognize  conserved nucleic acid structures of microbial genomes. TLR7 recognizes 
single stranded (ss)RNA derived from viruses such as Influenza, HIV-1, herpes simplex 
virus (HSV)-1 and -2, and Sendai virus (43-45). TLR9 recognizes DNA containing 
unmethylated CpG motifs, found at high frequencies in the genomes of viruses and 
bacteria (46). TLR7 and TLR9 can also be engaged by the synthetic family of 
imidazoquinolines (Imiquimod and R848) and CpG oligonucleotides, respectively, which 
are nowadays widely employed as adjuvants for vaccination (47,48).  
Unlike most TLR receptors that recognize microbial compounds on the cell surface, the 
interaction between TLR7 and TLR9 and their ligands occurs in the cell endosome and 
lysosome, to where the nucleic acids of engulfed viruses and bacteria are relocated. After 
ligand encounter, TLR7 and TLR9 recruit an initial signaling complex composed of the 
adaptor proteins myeloid differentiation primary-response gene 88 (MYD88), interleukin 
(IL)-1 receptor-associated kinase 1 (IRAK1), IRAK4 and TNF receptor-associated factor 
6 (TRAF6). Formation of this initial complex directs the activation of three major 
signaling cascades, respectively mediated by nuclear factor-kB (NF-kB), 
phosphatidylinositol 3-kinase (PI3K), and mitogen-activated protein kinase (MAPK) 
(44,49). These signaling cascades direct the production of cytokines and other 
inflammatory mediators of pDCs, and control pDC proliferation and survival. Upon TLR7 
and TLR9 triggering, also the interferon IFN regulatory factor 7 (IRF7) is recruited to the 
initial MYD88/IRAK/TRAF signaling complex where it is phosphorylated. 
Phosphorylation of IRF7 results in its translocation from the cytosol to the nucleus where 
it mediates the transcription of type I IFN genes (50-52). 
 

2.2.2. Secretion of type I IFNs and other cytokine production  

pDCs play a crucial role in directing the host defense towards microbial infections. Upon 
activation, they produce massive amounts of type I IFN, critical cytokines with antiviral 
and regulatory activity in innate and adaptive immunity (53-55). Specifically, TLR 
triggering leads to production and secretion of the major members of type I IFNs family, 

IFN- and -rapidly after stimulation (56,57). The rapid production of these IFNs is 

primarily dependent on the transcription factor IRF7 (50,51). That IRF7 is essential for 
type I IFN production is shown in pDCs isolated from IRF7-/- mice, which lose the ability 

to produce IFN- and - upon stimulation (58,59). IFN production is also enhanced by 

PI3K, which has been shown to promote the translocation of activated IRF7 to the nucleus 
(60). Moreover, type I IFN production in pDCs depends on autocrine signaling through its 
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receptor, IFN-R. In fact, pDCs from mice lacking the type I IFN receptor (IFN-R) are 

unable to produce IFN- and IFN- upon stimulation with TLR7 and TLR9 ligands 

(58,59). 

In addition to IFN- and - also the other type I and type III IFNs are induced in activated 

pDCs (57). Although these IFNs have not been completely characterized yet, their 
induction and function appears to be stimulus-dependent, and only partially overlapping 

with the ones of IFN- and - (56,57,61,62). 

Importantly, activated pDCs produce high levels of TNF- and IL-6 (56), thereby 

enhancing adaptive immune responses. The expression of these cytokines is regulated 
through different mechanisms than type I IFNs, requiring the activation of NF-kB 
pathway downstream of TLR7 and TLR9 stimulation. Moreover, activated pDCs express 
chemokine receptors including CXCR3, CXCR4, and chemokines such as IL-8, CCL2 
and -4 and CXCL10, which are responsible for pDC migration to inflamed tissues and the 
recruitment of additional immune cells such as natural killer (NK) and T cells (63).  
 

2.2.3. Antigen presentation ability of pDCs 

In addition to the production of cytokines and chemokines, activated pDC also upregulate 
co-stimulatory molecules, and molecules involved in antigen presentation for efficient 
activation of T cells. These include the co-stimulatory molecules CD40, CD80, CD83, 
CD86, and the antigen presentation molecules MHC I and II (64,65). Despite the presence 
of a functional antigen presentation machinery, pDCs show a limited efficiency of antigen 
presentation or cross-presentation to T cells when compared to cDCs. This might partially 
be explained by their limited ability to capture antigens, lower expression levels of MHC I 
and II by pDCs, or a faster turnover of these molecules on pDC surface compared to cDCs 
(64,65). Also, the induction of co-stimulatory molecules in pDCs does not occur as 
optimal as for cDCs (64). Nevertheless pDC have been successfully employed as antigen 
presenting cells and efficiently used in cancer immunotherapy studies (66).  
 

2.2.4. TRAIL‐induced cytotoxicity  

One feature that distinguishes pDCs from cDCs is the ability to express TRAIL upon 
activation (9). TRAIL belongs to the TNF family of proteins that control cell survival, 
proliferation and death (5), and TRAIL has been principally described to promote 
apoptosis in tumor and infected cells (5,67,68). TRAIL is a type II membrane protein with 
two transmembrane domains, one intracellular domain uncoupled to the intracellular 
signaling sequence, and an extracellular domain responsible for binding to the TRAIL 
receptors (TRAIL-R). Five TRAIL-R have been discovered to date, of which two, 
TRAIL-R1 and TRAIL-R2, are responsible for inducing apoptosis upon binding with their 
ligand TRAIL. In contrast, the decoy receptors TRAIL-R3 and TRAIL-R4 lack the 
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complete intracellular domain and therefore cannot initiate the apoptosis signaling 
cascade. TRAIL can also bind to the soluble decoy receptor TRAIL-R5 (also named 
osteoprotegerin, OPG) and plays a specific role in osteoclast development. The signaling 
pathways that lead to TRAIL-mediated apoptosis through TRAIL-R1 and TRAIL-R2 have 
been extensively studied, and are summarized in Fig. 1. 
 

 
Figure 1. TRAIL‐induced apoptosis. The  interaction of TRAIL with TRAIL‐R1 and TRAIL‐R2  leads to 
trimerization of the receptor and  initiation of the extrinsic apoptosis signaling pathway. TRAIL‐R1 
and TRAIL‐R2 intracellular death domains (DD) interact with the Fas‐associated protein with death 
domain  (FADD),  establishing  the  protein  death‐inducing  signaling  complex  (DISC).  Through  its 
death effector domain  (DED), FADD recruits pro‐caspase‐8  to  the DISC. This  interaction activates 
the autocatalytical activity of the pro‐caspases 8. Substrate of caspase‐8 is pro‐caspase‐3, which by 
turning  into  active  caspase  3  activates  the  caspase  cascade  leading  to  apoptosis  induction. 
Caspase‐8 can also activate the intrinsic apoptosis pathway by cleavage of the pro‐apoptotic Bcl‐2 
family member Bid. Cleaved Bid (tBid) translocates to the mitochondria and mediates cytocrome c 
release from the mitochondria through the activation of the Bcl‐2 pro‐apoptotic members, Bax and 
Bad. This intrinsic apoptosis pathway culminates with the activation of caspase 9 mediated by the 
protein complex apoptosome, which  is formed upon cytocrome c release by association of Apaf1 
and members of the Bcl‐2 family. As final result of these pathways, cells acquire the phenotypical 
changes  that  characterize  apoptosis:  cell  shrinkage,  membrane  blebbing,  mitochondrial 
permeability and DNA and cell fragmentation. 
 
 

Several studies have shown that stimulation of pDCs with the natural TLR7 and TLR9 
ligands influenza virus, HIV, and HTLV leads to expression of TRAIL on pDCs (69-73). 



Introduction 

19 

 1 

This is shown in the pDC-like cell line GEN2.2, which acquires TRAIL expression upon 
stimulation with influenza, R848 or CpG in vitro (9). The induction of TRAIL in pDCs 
also occurs during in vivo infections, as shown by the increase of percentage of blood 
TRAIL+ pDCs in HIV-1 patients compared to non-infected or healthy controls (73). 
Numerous studies have shown that expression of TRAIL on activated pDCs correlates 
with their cytotoxic activity. TRAIL+ pDCs from HIV infected patients induce apoptosis 
in infected CD4+ T cells expressing TRAIL-R1 or TRAIL-R2 (71,73). In addition, 
Influenza-, R848- and CpG-stimulated pDCs have been shown to induce TRAIL-mediated 
apoptosis in tumor cell lines (69). Furthermore, treatment of basal cell carcinoma with the 
TLR7 ligand Imiquimod induces infiltration of pDCs expressing TRAIL into the lesion. 
These pDCs can induce apoptosis in vitro in the Jurkat cell line in a TRAIL-dependent 
manner (74). Similarly, pDC infiltrations are increased in Imiquimod-treated melanoma 
skin lesions in mice, and are responsible for regression of the lesion mainly through 
TRAIL-mediated killing of tumor cells (75,76).   
 

2.2.4.1. TRAIL expression in pDCs and its transcriptional control  

Although it is now widely accepted that TLR7 and TLR9 stimulation results in induction 
of TRAIL expression in pDCs, it is still not well understood which signaling pathways are 
involved in this process. Initial studies described the type I IFN-R signaling as the central 

mediator of TRAIL induction in pDCs. In fact, in vitro IFN- and - stimulation of pDCs 

induces TRAIL expression; similarly, blocking IFN-R signaling by means of type I IFN 
blocking antibodies can impair TRAIL induction in pDCs (69,71,73,76). However, these 
and additional studies showed that blocking of IFN-R signaling is able to reduce but not 
completely block the induction of TRAIL upon TLR stimulation (69,70,73). Overall, 
these observations imply that, in addition to type I IFN-R signaling, other signaling 
pathways downstream of TLRs are also involved in TRAIL induction in pDCs. A recent 
study has confirmed that TRAIL expression in pDCs is mediated also independently of 
IFN-R signaling. Indeed, blocking of PI3K and p38MAPK signaling, which are activated 
only downstream of TLR but not IFN-R signaling, impairs the induction of TRAIL in 
pDCs after stimulation with the TLR7 ligands Influenza and R848 (70). PI3K does not 
regulate TRAIL only upon TLR7 stimulation. As we describe in chapter 3 of this thesis, 
also TLR9-stimulated pDCs can induce TRAIL via PI3K signaling, through the 
expression of the transcriptional regulator NGFI-A-binding protein 2 (NAB2). Overall, 
our findings also highlight the fact that TRAIL induction in pDCs is a highly controlled 
process that occurs in two steps: downstream of TLR signaling partially through 
PI3K/NAB2, and downstream of IFN-R signaling. This process has implications on pDCs 
cytotoxicity against infected and tumor cells, which will be further discussed in chapter 3 
and chapter 7 of this thesis. 
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2.2.4.2. NGFI‐A‐binding protein 2 (NAB2) 

NGFI-A-binding protein 2 (NAB2) is defined as transcriptional regulator, a class of 
proteins that do not directly bind to DNA but associate and control the activity of other 
DNA-binding transcription factors. Specifically, NAB2 physically interacts with the 
DNA-binding zinc finger transcription factors early growth response (EGR)-1, EGR-2 and 
EGR-3 (77), and either activates or represses their transcriptional activity. These 
properties are mediated by two conserved NAB2 domains: the N-terminal NAB conserved 
domain 1 (NCD1), through which NAB2 interact with EGRs, and the C-terminal NCD2 
domain for NAB2, through which NAB2 regulates EGR function (78). These two 
domains are also found in NAB1, the highly homologous family member of NAB2. 
Furthermore, NCD1 and NCD2 domains share a 95% homology between mouse and 
human, and are conserved between NAB proteins in mammals and invertebrates, 
indicating their essential role for NAB function (78). 
NAB2 mRNA is constitutively expressed in mouse brain, spleen, thymus, heart, and testis 
(77), and it controls the transcription of genes essential for neuronal and immune cell 
development (79-82), immune cell function (83,84), and cardiovascular regeneration after 
injury (85). NAB2 levels are induced by numerous extracellular stimuli such as growth 
factors and cytokines, and changes in the extracellular microenvironment (77). T cell 
receptor (TCR) engagement also leads to the induction of NAB2 expression in T cells. 
NAB2 activates transcription of the effector molecule IL-2, thereby promoting T cell 
function (83,84). NAB2 expression is also enhanced upon stimulation in pDCs, and plays 
a key role in controlling their cytotoxicity via TRAIL. In fact, as we describe in chapter 
3, stimulation of pDCs through TLR7 and TLR9 results in enhanced NAB2 levels, which 
results in TRAIL expression. In addition, in chapter 4 of this thesis, we show that NAB2 
is also induced in natural killer (NK) cells upon activation with the cytokines IL-2 and IL-
15 and promotes TRAIL expression. Overall, this indicates that the regulation of TRAIL 
by the transcriptional regulator NAB2 is conserved within immune cells. 
The transcriptional regulation mediated by NAB2 is dependent on its association with the 
DNA-binding transcription factors EGRs, which are rapidly induced by the same stimuli 
that induce NAB2 (79,82-84). Of the four EGR family members, EGR-1, EGR-2 and 
EGR-3 associate with NAB2 through physical interaction between their conserved R1 
domain with the NCD1 domain of NAB2 (77,78). By binding to EGRs, NAB2 regulates 
their transcription activity. Initial studies suggested that NAB2 acts as a co-repressor of 
EGR-mediated transcription. Indeed, EGR-1 and EGR-2 activity, measured through 
luciferase reporter plasmids in murine fibroblasts, was impaired by NAB2 in a dose-
dependent manner (77). Additionally, NAB2 was shown to inhibit EGR-1-mediated 

transcription of TGF-, MMP-3 and p21 genes in PC12 cells (86), and EGR2-mediated 

transcription of genes essential for peripheral nerve myelination, such as the signaling 
protein Rad (80,81). Similarly to NAB2, the highly homologous NAB1 protein can inhibit 
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EGR-2 and EGR-3-mediated transcription of FasL, TRAIL and TNF- genes in intestinal 

epithelial cells (87). However, NAB2 can also co-activate EGR-1-mediated gene 
transcription. Indeed, in activated T cells and kidney cells, NAB2 promotes IL-2 and 
luteinizing hormone (LH) transcription by binding to EGR-1 (84,88). NAB2 co-repressor 
or co-activator activity is also influenced by the EGR feedback loop of regulation. Indeed, 
by binding to the EGR responsive elements in the NAB2 promoter, EGR-1, EGR-2 and 
EGR-3 can influence NAB2 expression levels (89,90). This has been shown in T cells 
from EGR-2-/-  and EGR-3-/- mice, which show increased NAB2 levels compared to wild 
type mice (83). Like EGR-1, EGR-2 and EGR-3 modulate NAB2 levels also in 
neuroectodermal and epithelial cells. However, unlike in T cells, NAB2 levels in these 
cell types are diminished by EGR knock-down (89,90). Overall, these data demonstrate 
that NAB2 and EGR function in gene regulation is highly dependent on the cellular 
context. This concept also arises from our studies on TRAIL regulation by NAB2/EGR-1 
in pDCs, NK cells and T cells (chapter 4 and chapter 5 of this thesis, (91)), and  reveals 
that transcriptional regulation mediated by the NAB2/EGR network is a highly 
multifaceted process. 
 

3. Recognition of non‐self nucleic acids 

The ability of pDCs to exert their function relies on their capacity to recognize viral and 
bacteria ssRNA and unmethylated CpG motifs through TLR7 and TLR9. This strategy to 
detect nucleic acids through PRRs is an important mechanism employed by innate 
immune cells to detect pathogen invasion. PRRs that recognize non-self nucleic acids 
belong to three main families: Toll-like receptors (TLRs), retinoic acid-inducible gene I 
(RIG-I)-like receptors (RLRs) (92,93) and absent in melanoma 2 (AIM2)-like receptors 
(ALRs) (94,95). Members of each of these families are characterized by stuctural 
homology and common signaling pathways, which are further described in Fig. 2.  
One key element that facilitates nucleic acid PRRs to discriminate between self and non-
self nucleic acids is represented by their position within the cell. These PRRs are located 
in the endosomes and lysosomes, and in the cytosol of innate immune cells, allowing them 
to promptly detect the presence of exceptional nucleic acids derived from viruses and 
bacteria that invade these compartments. Each PRR has a specific localization where they 
detect microbial nucleic acids. Specifically, the TLR family members are located in 
endosomes and lysosomes and recognize nucleic acids from pathogens that reach these 
compartments after phagocytosis. In turn, RLRs and ALRs, being present in the cytosol, 
recognize nucleic acids from pathogens that infect the cell directly via this cell 
compartment (3).  
Cellular location of nucleic acid PRRs is not sufficient per se for immune cells to 
recognize pathogen-derived nucleic acids. Innate immune cells principally distinguish 
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non-self nucleic acids based on their structure and post-transcriptional modifications, 
which are mostly/frequently different from their own nucleic acids.  
 

3.1. Recognition of structure of nucleic acids 

Genome structure and/or conformation play a key role for innate immune cell recognition 
of nucleic acids from invading pathogens. A number of PRRs have evolved in innate 
immune cells to detect characteristic microbial nucleic acid stuctures, such as the the viral 
ssRNA or double stranded (ds)RNA structures. In particular, TLR7 recognizes ssRNA, 
while TLR3 binds to dsRNA from invading dsRNA viruses or that are generated during 
the ssRNA virus replication (3,96,97). TLRs are associated with MYD88 and/or TIR 

domain-containing adaptor inducing IFN- (TRIF) adaptor molecules, key mediators of 

TLR signaling. In addition to TLR3 another receptor, the RLR family member melanoma 
differentiation-associated gene 5 (MDA5), has been identified to recognize dsRNA in the 
cytosol (96), indicating that the same viral RNA can be detected by multiple receptors. 
This redundancy of receptors represents one of the key features of the nucleic acid 
recognition system, and suggests the development of a precise mechanism of pathogen 
detection aimed at minimizing the pathogen immune evasion.  
 

3.2. Recognition of post‐transcriptional modifications of nucleic acids 

Host and pathogen genomes are characterized by different post-transcriptional 
modifications. Of these, base methylation is a well-studied system that provides a means 
to discriminate self from non-self. The first observation that differences in methylation 
status of invading and host genomes mediate immune responses derives from 
unmethylated CpG motifs. As observed in 1995, unmethylated CpG dinucleotides 
embedded in bacteria DNA sequences induce B cell activation and antibody secretion. In 
contrast, artificial methylation of the CpG motifs could abrogate this response. (98). It is 
now well-established that the induction of an immune response relies on the differences in 
methylation status between microbial and vertebrate CpG dinucleotides: while CpG 
dinucleotides are unmethylated in viruses and bacteria, these motifs bear 5-methyl-
cytosine in vertebrate DNA at a frequency of about 70% (48). Mediator of unmethylated 
CpG responses is the PRR TLR9 (99). 
Recently, it was found that the methylation status of mRNA can be mimicked by 
pathogens to evade immune recognition. The ribose 2’-O-methylation of mRNA 5’-cap 
(that is promoted by 2’-O-methyltransferase), is found in coronavirus and other viruses 
such as vaccinia virus and flavivirus, and constitutes a mechanism for immune evasion 
during host invasion. Indeed, coronaviruses lacking 2’-O-methyltransferase, therefore 
lacking mRNA 2’-O-methylation, are recognized in innate immune cells through MDA5 
(100,101).  
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In chapter 6 of this thesis, we propose that GATC motifs with N6-methyl-adenine, which 
are found in DNA of numerous bacteria and viral strains such as Escherichia coli, 
Salmonella enterica and and Legionella pneumophila promote the activation of innate 
immune cells (102). Specifically, we show that when GATC motifs bearing N6-methyl-
adenine are delivered into the cytosol of macrophages and DCs, they enhance their 
expression of activation molecules and the cytokines. Together with the observation that 
mammals lack the enzyme which generates N6-methyl-adenine modification, the DNA 
methyltransferase (Dam) (102), our data suggest that N6-methyl-adenine in GATC motifs 
represents another means to discriminate between self and non-self nucleic acids. 
 

3.3. Other criteria and mechanisms for recognition of cytosolic DNA 

Structure and post-transcriptional modifications clearly distinguish non-self nucleic acids, 
but they do not fully explain how non-self intracellular infection with dsDNA leads to 
immune activation. Similarly, synthetic interferon stimulatory DNA sequences (ISD) or 
B-form DNA, such as poly(deoxyadenylic-deoxythymidylic) acid (Poly(dA:dT)), are 
potent inducers of type I IFNs in murine macrophages, and stromal cells (103,104). 
Although sequences derived from numerous bacterial and viral strains such as Legionella 
pneumophila, Listeria monocytogenes and vaccinia viruses are immunogenic, their 
recognition is not entirely dependent on their sequence (104,105). Additional evidence 
that the DNA sequence is not the only cause of DNA recognition is the observation that 
cytoplasmic self DNA and DNA derived from apoptotic cells can also activate production 
of type I IFN and other inflammatory cytokine in innate immune cells (92,104). One of 
the key elements that control the recognition of dsDNA is its length. DNA sequences less 
than 45bp long were unable to activate innate immune cells (104), and increments in DNA 
size correlate with increased production of type I IFNs (94).  
Current research is focused at delineating the properties that confer immunogenicity to 
DNA, and at defining the signaling pathways by which intracellular DNA leads to the 
production of inflammatory mediators. Overall, the studies performed so far reveal that 
recognition of cytosolic dsDNA is fully independent on TLR signaling, since the response 
to dsDNA in MYD88-/-TRIF-/- and wild type mice are comparable (106). In contrast, the 
response to dsDNA depends on other adaptor molecules: TBK/IRF1, ASC and STING 
(94) (Fig. 2). These signaling molecules have been linked so far to only few receptors. 
The first identified receptor was the DNA-dependent activator of IRFs (DAI) receptor. 
DAI mediates type I IFNs genes in mouse embryonic fibroblasts (MEF) upon recognition 
of dsDNA, by interacting with the TBK1/IRF3 complex (107). However, DAI-/- knock 
out mice react normally to dsDNA analogues and plasmid DNA, indicating that other 
receptors are involved in the recognition of extracellular DNA. Subsequently, the 
inflammosome receptor absent in melanoma-2 (AIM2) has been identified to recognize 

intracellular dsDNA. Upon engagement, AIM2 mediates IL-1 production through the 
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inflammasome adaptor molecule ASC and caspase-1 activation (108). Recently IFI16 (or 
p204), a member of the family of receptors with structural homology to AIM2, have been 
reported to mediate the immune response to dsDNA. IFI16 recognizes dsDNA and 
mediates type I IFN production by interaction with the adaptor molecule STING, IRF3 
and TBK-1, but independently of ASC (105).  

 
Figure 2. Recognition of  intracellular nucleic acids and related signaling pathways. Nucleic acids 
from  viruses  and bacteria  activate  innate  immune  cells  through  a  complex  system of PRRs  and 
intracellular  signaling  pathways.  dsRNA,  ssRNA  or  unmethylated  CpG  motifs  in  dsDNA  are 
recognized in endosomes by TLR3, TLR7 and TLR9, respectively. TLR7 and TLR9‐mediated activation 
signaling requires the adaptor molecules MYD88;  in contrast, TLR3 recruits the adaptor molecule 
TRIF (109). Both MYD88 and TRIF mediate the production of proinflammatory cytokines such as IL‐
6 and  IL‐12p40  through NF‐kB, while  they utilize alternative pathways  to  induce  type  I  IFN gene 
transcription (TLR7 through phosphorylation and translocation of  IRF7 to the nucleus, while TLR3 
leads  through  IRF3  phosphorylation  and  activation  through  the  TBK/IKK‐I  kinases).  dsRNA 
sequences are also recognized by the RLR family of PRRs. RIG‐I recognizes short dsRNA of up to 1kb 
that contain a 5’‐triphosphate cap (110,111). In turn, MDA5 recognizes dsRNA longer that 2kb. RIG‐
I and MDA5 activation leads to the recruitment of the adaptor protein IPS‐1 (also named MAVS or 
Cardiff),  which  leads  to  NF‐kB‐dependent  production  of  pro‐inflammatory  cytokines,  and 
IRF3/IRF7‐dependent type I IFN gene transcription.  
Except  from  unmethylated  CpG  DNA,  the  recognition  of  dsDNA  occurs  exclusively  in  the  cell 
cytosol. dsDNA can be converted into intermediate RNA by Polymerase III complex, which is then 
recognized by the RIG‐I proteins. dsDNA can also lead to TBK1/IRF3 complex activation and type I 
IFN production, partially through the DNA‐dependent activator of  IRFs (DAI). Additionally, dsDNA 
stimulation enhances type I IFN production through IFI16 receptor, TBK1/IRF3 and STING‐mediated 

pathway. IFI16 also promotes IL‐1 production, but does so independently of ASC. In contrast, ASC 
is required for IL‐1production upon AIM2 receptor engagement by dsDNA.  
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Although still not completely understood, the receptors and signaling pathways that 
participate in recognition and response to nucleic acids constitute the base of a highly 
organized defense mechanism of innate immune cells towards insults from invading 
pathogens. As well illustrated by pDCs, some of the responses towards pathogen nucleic 
acids (i.e. the recognition of ssRNA and unmethylated CpG motifs by TLR7 and 9) have 
been fairly well characterized. In contrast, further research is necessary to identify new 
candidate patterns in non-self nucleic acids that are recognized by innate immune 
receptors. Defining the mechanisms that underlie the response of innate immune cells 
towards pathogens nucleic acids will contribute to the design of new therapeutic strategies 
towards infectious and related immune diseases. 
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