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Abstract 

The discovery of dendritic cells (DCs) was followed by an intensive research period aiming at 

the identification of mechanisms that could induce or inhibit adaptive immune responses 

through the manipulation of these cells. Only in the recent years the role of metabolic pathways 

in DC regulation has started to become clear. Metabolic regulators might allow the generation 

of DCs with prominent immunogenicity or the interference with chronic immune activation 

accompanying autoimmune responses or HIV-1 infection. Therefore the focus of this thesis is 

on novel mechanisms that regulate DC function, the relevance of these in generation of DC 

vaccines and on the delineation of pathways that potentially contribute to the unbalanced 

immune responses during HIV-1 infection. In paper I, we show that lactate inhibits the 

differentiation of human inflammatory DCs in a cell culture concentration dependent manner. 

DCs differentiating in the presence of low lactate concentrations are immune-stimulatory as 

shown by the production of inflammatory cytokines, the induction of Th1 differentiation and 

the migration in a trans-well system. In contrast, DCs from dense cultures produce high levels 

of IL-10 and trans-differentiate into osteoclasts. In paper II, we demonstrate an efficient 

modulation of DC vaccine immunogenicity by modulating cell culture density during DC 

development. DCs from sparse cultures migrated more efficiently to draining lymph nodes and 

induced more robust antigen-specific T cell activation in vivo as compared to dense DC 

cultures. In addition, DCs developing in sparse cultures exhibited a transcriptional profile 

associated with increased cholesterol and lipid biosynthesis, suggesting a link between lipid 

biosynthetic pathways and DC activities. In, paper III we explored the role of DC plasticity in 

regulating DC/HIV-1 interactions. We showed that DC responses to HIV-1 were largely 

dependent on the functional characteristics of the cells and strain-specific features of the virus. 

Suppressed DCs up-regulated production of inflammatory cytokines after HIV-1 exposure, 

whereas the virus could block cytokine production in the more immunogenic DC types 

suggesting unique viral pathways induced in the different DC lineages. Finally, in Paper IV we 

provided evidence that the population of CD4+CD70+ T cells is expanded in lymphopenic 

HIV-1 infected individuals potentially contributing to B cell abnormalities. In conclusion, the 

studies presented in this thesis identified new mechanisms and metabolic components that 

regulate DC immunogenicity and novel immune-modulatory pathways operating during HIV-1 

infection. 
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1 INTRODUCTION 
1.1 THE MONONUCLEAR PHAGOCYTE SYSTEM  

In the early 20th century Ilya Mechnikov described the concept of phagocytosis and for the first 

time set the basis for the discovery of the cellular innate arm of immunity.  Studies conducted 

the late 19th and early 20th century led to the establishment of the term reticuloendothelial 

system (RES) to describe cells with capacity to take up and clear unwanted material, or in other 

words to phagocytose. The cells of the RES reside in different tissues such as the lung and the 

liver. Later studies revealed that monocytes could differentiate under inflammatory conditions 

into macrophages and the RES was renamed into the mononuclear phagocyte system (MPS), 

containing monocytes and macrophages (1). It was not until 1973 that R. Steinman described a 

third member of the MPS, the dendritic cell (DC) (2, 3).  Monocytes, macrophages and DCs are 

all myeloid cells, grouped together in the MPS based on the finding that DCs and macrophages 

can differentiate from monocytes (4, 5). The concept of monocyte being the sole precursor of 

macrophages and DCs has been re-formulated today (6). Studies have shown that monocytes 

can differentiate into specific subsets of macrophages and DCs under inflammatory conditions 

(7, 8). However the precursor cells that differentiate into monocytes, macrophages and DCs 

under steady state conditions have been investigated only recently.  

Under steady state and inflammatory conditions the MPS is maintained by different 

mechanisms: a) by proliferation of long-lived tissue resident cells (9) b) through differentiation 

from hematopoietic progenitors (10, 11) and c) by replenishment from monocytes in specific 

tissues. The fact that monocyte deficient mice have normal numbers of DCs in the tissues or 

that monocytopenia does not affect the number of macrophages in the liver supports the idea 

that monocytes are not the major DC and macrophage precursor under steady state, at least for 

specific tissues (12-15). As shown in figure 1 the development of monocytes, macrophages and 

DCs involves successive steps of differentiation from hematopoietic stem cell (HSC) 

progenitors that lead to generation of precursors with limited capacity for differentiation into 

another member of the MPS.  Transcriptional networks that define the characteristics of the 

differentiated cells regulate each step towards a more committed precursor. The monocyte-

macrophage-DC precursor (MDP) represents the proliferating precursor for monocytes, 

macrophages and DCs. However, recently another precursor named common monocyte 

progenitor (cMoP) was shown to independently and specifically give rise to monocytes and 

monocyte-derived macrophages (16). The MDP can further differentiate into the common DC 
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precursor (CDP) that subsequently differentiates into the conventional DC precursor (pre-cDC) 

or plasmacytoid DC precursor (pre-pDC) that generate the conventional DC (cDC) and 

plasmacytoid DC (pDC) subsets respectively. Monocytes exiting into the blood and into 

peripheral tissues can differentiate after receiving the appropriate signals into short-lived 

macrophages or specific DC subsets such as monocyte derived DCs (moDCs) and 

inflammatory DCs (15, 17-20). Finally the long-lived tissue resident cells of the MPS derive 

from progenitors during embryogenesis (5). 

 

Figure 1. The developmental pathways for generation of monocytes, macrophages and DCs involve the 

differentiation of precursors in the bone marrow (BM) from HSCs. The MDP can give rise to BM monocytes (BM 

mono), to CDP and to the cMoP. Each one of these precursors can then differentiate into the final cell types found 

in blood or in peripheral tissues. Monocytes can differentiate to moDCs or macrophages or Tip DCS. The CDP can 

give rise to the pre-cDC or pre-pDC that in the periphery differentiate into cDC subsets and pDCs respectively (5). 

1.1.1 Monocytes 

Monocytes, are scavenging cells. They circulate in blood and tissues and they can take up 

apoptotic cells, foreign substances and pathogens.  In response to pathogen-associated 

compounds monocytes produce a range of cytokines that are specific for each monocyte subset 
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(21). In human blood, monocytes express CD11b, CD11c and are divided into mainly 2 subsets 

the CD14highCD16- and the CD14lowCD16+ (22, 23).  The two subsets are not only defined by 

the differential expression of markers but also by the expression of chemokine receptors and 

the capacity to respond to chemokines (24, 25). In mice, the equivalent subsets of human 

CD14high and CD16+ monocytes have also been described. The expression of CD115, low 

levels of F4/80 and CD11b characterize the murine monocyte subsets. The two main subsets 

differentially express the Ly6C, CCR2 and CX3CR1 molecules. The Ly6C+ subset expresses 

high levels of CCR2 and low levels of CX3CR1 whereas the second subset that resembles the 

CD16+ human monocyte subset expresses CX3CR1 but no CCR2 and low levels of Ly6C. 

Inflammation has been shown to increase the exit of monocytes from the BM to the blood (23). 

1.1.2 Macrophages 

Macrophages express high levels of scavenger receptors, integrins, and various other receptors 

that help with the engulfment and clearance of debris thereby maintaining tissue homeostasis.  

Under inflammatory conditions, specific environmental factors and the presence of pathogen- 

or danger-associated molecular patterns (PAMPs or DAMPs) that bind to pattern recognition 

receptors (PRRs) macrophages receive signals that lead to their activation (26, 27). Because of 

their high plasticity, the existence of alternative milieus composed by distinct cytokine 

combinations and unique interactions with different cells of the adaptive or innate arm of 

immunity, macrophages can differentiate from monocytes into distinct subpopulations termed 

as M1 or M2 with distinct cytokine production profiles and unique capacities to polarize T cell 

responses (28).  

1.1.3 DC subsets in human and mice 

In contrast to macrophages and monocytes, myeloid DCs are specialized and excel in antigen 

processing and presentation.  Moreover, DCs are characterized by increased motility compared 

to macrophages that remain in the tissues (29). The identification of distinct DC subsets by 

flow cytometry has been puzzling since markers used for identification of DCs, such as CD11c, 

are also expressed on macrophages and monocytes (30-32). 

The categorization of DCs in the respective subsets is based on their functionality which is 

associated with their anatomical localization, their migratory pattern and the mode of DC 

differentiation for example in response to infection or during homeostasis (20). Human and 

mouse DC subsets are characterized by the combination of distinct expression markers but with 
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equivalent functions between the two species. DCs can be categorized in 4 different subsets: 

the cDCs, pDCs, Langerhans cells (LC) and the monocyte-derived/related DCs (20, 33). 

In mice, all DC subsets express CD11c. cDCs can either reside in peripheral or in lymphoid 

tissues. Peripheral tissue resident DCs, which can belong to a CD11b+ or CD11b-CD103+ 

subset (34), take up antigen in the tissues such as the mucosa and subsequently migrate to the 

lymphoid tissues for antigen presentation (35). Lymphoid resident DCs are located in spleen, 

thymus and lymph nodes (LNs) and differentiate from the pre-DC precursors (20, 36, 37). They 

can be separated in different subsets based on expression of CD4 and CD8. Using these 

markers three subsets have been identified: the CD4+CD8α-, the CD4-CD8α+ and the CD4-

CD8α- DC subsets (35, 38).  

In humans the cDC subsets express myeloid markers including CD11c, CD11b and they can be 

separated into two subsets based on the expression of CD1c or CD141. CD1c+ DCs is the 

major human DC population and is present is blood, tissues and the lymphatics (33). In specific 

tissues such as the dermis CD1c+ DCs also express CD1a and lack the expression of Langerin 

(39, 40). In contrast CD1a is not expressed by blood DCs (41). The second subpopulation, the 

CD141+ DCs, is present both in lymphoid and non-lymphoid tissues, including the skin.  This 

subset is similar to the CD8+ and the CD103+ mouse DC subsets, and these DC subsets are 

particularly efficient in inducing CD8+ T cell responses (42, 43). 

PDCs are unique in their ability to produce type I interferons (IFNs) in response to viral 

infections (44, 45). They do not express myeloid antigens such as CD11c and CD11b (35). LCs 

comprise a unique migratory DC population, residing in the epidermis of the skin and in other 

epithelia. LCs are characterized by the expression of the C-type lectin Langerin. In humans, 

LCs express CD1a (46). A DC type that is monocyte related in human is the CD14+ DCs that 

reside in non-lymphoid tissues such as the dermis. CD14+ DCs express CD209 but they do not 

express markers characteristic of cDCs (33).  

Under inflammatory conditions an increase in DC generation as well as in the appearance of 

specific DC types has been described. The nature of developing DCs depends on the 

inflammatory signal that monocytes get exposed to.  In mice, in vivo, in response to 

lipopolysaccharide (LPS) monocytes have been shown to differentiate into CD209a expressing 

moDCs with antigen presentation capacity similar to classical DCs (47). In response to Listeria 

infection in mice or in psoriatic skin in humans, another DC type termed the Tip-DC appears 
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that is characterized by increased tumor necrosis factor alpha (TNFα) and inducible nitric oxide 

synthase (iNOS) production (48, 49). In humans upon inflammation, monocytes differentiate 

into cells with inflammatory DC properties that express CD1a, CD1c but lack expression of 

CD209 (50).  

The development of DC subsets from precursors and their maintenance in the periphery 

depends on cytokines and each subset differentiates under the influence of a tight network of 

transcription factors.  The cytokines known to be involved in DC lineage differentiation are: 

FMS-like tyrosine kinase 3 ligand (Flt3L), macrophage colony stimulating-factor 1 (CSF-1), 

granulocyte macrophage colony stimulating-factor (GM-CSF), TNFα and transforming growth 

factor beta (TGF-β) with each cytokine acting at specific stages of differentiation and 

supporting different subsets (51). Among the most important transcription factors that regulate 

DC subset development are members of the STAT and the interferon regulatory factor (IRF) 

family of proteins (52).  

1.1.4 In vitro generated DCs 

DC heterogeneity and the relative low frequencies of the DC subsets in blood and tissues have 

promoted the development of methods for generation of large quantities of DCs in vitro (53, 

54). The protocols for generation of mouse bone marrow-derived dendritic cells (BMDCs) and 

human moDCs were first described during the ´90s and the in vitro generated cells were 

characterized as DCs based on the expression of major histocompatibility molecules and on the 

ability of the cells to process and present antigens to T cells (55, 56). 

In mice, the generation of DCs in vitro is based on the use of CD34+ progenitors or BM cells in 

the presence of cytokines that support DC development in vivo or in vitro such as Flt3L or GM-

CSF (56-58). Even though GM-CSF is widely used for in vitro generation of DCs, in vivo GM-

CSF has little effect on the generation of DC subsets in steady state whereas it is responsible 

for DC differentiation in the presence of inflammation (59). GM-CSF BMDCs are a population 

of CD11C+MHCII+ DCs; moreover, BMDCs differentiating in the presence of GM-CSF/IL-4 

are shown to be more similar to inflammatory DCs rather than to steady state DCs (60). 

However, recent work conducted with BMDCs has shown that the outcome of GM-CSF 

differentiation in cell culture is the development of a heterogeneous population containing both 

cDCs and monocyte-derived macrophages (61). In contrast, development of DCs with Flt3L 



 6 

leads to the development of DCs that are closely related to pDCs and cDCs (62). In addition, 

contrarily to GM-CSF, Flt3L is necessary for the development of cDCs and pDCs in vivo (63).  

Human CD34+ progenitors and monocytes cultured in presence of GM-CSF and TNFα or GM-

CSF and IL-4 respectively have been used for the generation of DCs (55, 64, 65). moDCs 

express CD1a, CD1b, CD1c, CD11c and CD209 but lack expression of CD14 (55, 66).  

However, studies have also verified the existence of heterogeneous DC subsets in human 

moDCs with the differentiation of CD1a+ and CD1a- cells being regulated by external factors 

(67, 68).  

1.2 ROLE OF DCS IN GENERATION OF IMMUNE RESPONSES  

The innate immune system recognizes pathogens in a non-antigen specific manner. The 

recognition of foreign substances is rapid and leads finally to the activation of both the innate 

and adaptive immune system. The subset of DCs, the mode of DC activation, environmental 

clues and cytokines regulate the nature of the subsequent adaptive immune response (69).   

1.2.1 Encounter of activating signals and migration  

Dendritic cells reside in most tissues and have particularly important roles in tissues with close 

proximity to the environment such as the intestinal mucosa or the skin. Positioning of DCs at 

the interface between the external environment and the internal organs facilitates the rapid 

recognition of pathogens (70). 

PAMPs and DAMPs are recognized by conserved receptors in DCs called PRRs. Among PRRs 

the best characterized are Toll-like receptors (TLRs), which comprise 11 members located 

either on the cell surface or in endosomes. Each TLR recognizes unique patterns in pathogens 

(PAMPs) or self-components (DAMPs) thereby initiating an appropriate immune response. 

TLR4 recognizes microbial LPS, TLR9 responds to CpG rich microbial DNA whereas viral 

single-stranded RNA (ssRNA) signals through TLR7 (71, 72).  Apart from pathogen related 

patterns, TLRs can also recognize endogenous ligands such as heat shock proteins or protein 

fragments from inflamed tissues (73).  Each DC subset expresses a unique set of TLRs. 

Myeloid DCs and moDCs express TLR1-8, whereas TLR9 is expressed only in myeloid DCs 

(74). Binding of ligands to TLRs leads to the activation of MyD88-dependent and MyD88-

independent pathways. Activation of these pathways in the peripheral tissues leads to up-
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regulation of cytokine production, increased expression of co-stimulatory molecules and 

increased migration towards the LNs (75). Apart from activation of DCs through direct TLR 

ligation, activation and conditioning of DCs by tissue secreted cytokines has also been reported 

(76, 77). 

Trafficking of DCs from blood to peripheral tissues and to lymphoid tissues is dependent on the 

differential expression of adhesion molecules including integrins as well as to the expression of 

chemokine receptors (70). Adhesion molecules such as vascular cell adhesion molecule 1 

(VCAM-1) expressed by the lymphatic tissue facilitate DC migration (78, 79).  Survival of 

DCs upon arrival to the LNs is limited and after interaction with T cells they remain in the LN 

for approximately 48 hours (80, 81). 

CCL2, CCL7 and CCL20 are highly expressed in inflamed tissues and facilitate LC precursor 

movement in a CCR2 and CCR6 dependent manner (82, 83); moreover the exit of monocytes 

from BM during inflammation is regulated by CCR2 (84).  

Immature DCs or DC precursors move from blood to tissues where they can become mature by 

exposure to inflammatory cytokines or to PAMPs. Maturation of DCs leads to increase 

expression of CCR7 and CXCR4 that enables them to migrate to secondary lymphoid tissues in 

a CCL19/CCL21 and CXCL12 dependent way (85, 86). However, DC subset specific 

differences based on the expression of CCR7 has also been reported with a lower percentage of 

CD8α- DCs expressing CCR7 compared to CD8α+ DCs upon maturation (87). Surprisingly, 

CD8α- DCs more efficiently migrate to LNs indicating that additional mechanisms regulate DC 

migration (87). In addition, migration of BMDCs in a CCR7 dependent manner is regulated by 

environmental and metabolic factors including lipid derivatives (88). Apart from chemokine 

receptors another family of proteins called semaphorins has been recently shown to control DC 

migration, e.g. Sema7a regulates human moDC migration in response to CCL21 (89). In 

addition, sphingosine-1-phosphate (S1P), a lysophospholipid metabolite recognized by S1P1 

and S1P3 receptors, regulates DC mobility in vivo (90, 91). Finally, migration of mature DCs to 

draining LNs is occurring through the afferent lymphatic vessels and not through high 

endothelial venules as in the case of T lymphocytes (92-95). 
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1.2.2 Dendritic cell maturation: Antigen presentation, co-stimulation and cytokine 

production 

Immature DCs have an increased capacity for capturing molecules and by this way to sample 

the environment through phagocytosis, endocytosis and macropinocytosis (96). In addition they 

express receptors that directly recognize potential antigens and capture them for processing and 

antigen presentation. These receptors include, apart from TLRs, the family of C-type lectins 

such as dendritic cell inhibitory receptor 2 (DCIR2) and the mannose receptor (97-99), Fc and 

complement receptors (100). 

Recognition of PAMPs leads to DC maturation, which is accompanied by down- regulation of 

phagocytosis. DC maturation with appropriate stimuli leads to generation of immunogenic DCs 

characterized by a distinct transcriptional profile and functional properties as compared to a 

homeostatic partial DC maturation that leads to DCs with the capacity to maintain tolerance 

under steady state (101, 102). DC activation is associated with changes in the expression of cell 

surface markers and the production of unique cytokine combinations, determined by the 

activation stimuli and DC lineage-specific features.  

Under steady state, DCs express low levels of MHCII and co-stimulatory molecules such as 

CD80, CD86, CD40 and CD83. Upon infection, injury or exposure to cytokines including 

TNFα, DCs up-regulate the expression of MHCI, MHCII, CD80, CD86, CD40, CD83 on their 

surface, migrate to LNs and secrete cytokines that enables them to activate and expand naive T 

cells (Figure 2) (101-104). Other molecules that mediate adhesion of DCs to T-cells are also 

up-regulated upon DC maturation including CD54 and CD58 (105).   

Immature DCs accumulate MHCII molecules in endosomes and lysosomes (106, 107). The 

increased MHCII expression occurring upon DC maturation is regulated mainly post-

translationally through transport of MHCII molecules from endosomes to the plasma 

membrane (104). Moreover, different DC subsets have distinct antigen-processing machineries 

for antigen presentation in either MHCI (for endogenous antigens) or MHCII (for exogenous 

antigens)-dependent pathways. Mouse CD8α+ DCs are more efficient in phagocytosis of debris 

and MHCI-dependent antigen presentation, whereas CD8α- DCs are more efficient in MHCII-

dependent antigen presentation (97, 108). Apart from co-stimulatory molecules that induce T 

cell activation, DCs can also express inhibitory ligands including the programmed death-

ligands 1 and 2 (PDL-1 and PDL-2) that can suppress T cell activation (109, 110).  
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DCs can produce a number of inflammatory or suppressive cytokines including IL-12, IL-1, 

IL-6, IL-10, TNF, IL-23 and TGF-β (111-113). The plasticity in cytokine production of DCs is 

determined by many factors and the type of activation stimulus regulates the functionality of 

mature DCs. DCs that recognize intracellular pathogens and other microbial products such as 

LPS produce high levels of IL12p70 (114-116) and further interaction of DCs with activated T 

cells through CD40-CD40L leads to enhancement of IL-12 production by DCs (117). 

Cytokines, like IL-12 itself, GM-CSF and IL-4 can also enhance IL-12 production by DCs 

(116). Moreover, IL-12 is produced early after DC activation and subsequent activation leads to 

the inability of DCs to produce IL-12 (118). 

IL-10, a suppressive cytokine that can inhibit IL-12 production by DCs, is induced by 

activation of different PRRs and by a number of pathogens (119). TLR2 recognition leads to, 

among others, the production of IL-10 and IL-6 by DCs (120-123). Moreover, binding of 

Mycobacterium Tuberculosis (Mtb) to the C-type Lectin, Dendritic cell-specific intercellular 

adhesion molecule-3-grabbing non-integrin (DC-SIGN) also induces IL-10 production by DCs 

(124).  

Encounter of some extracellular bacteria and specific fungi can lead to the production of IL-23 

and IL-6 by DCs (125, 126). Finally specific microbial products such as zymosan or exposure 

to environmental factors can induce DCs that produce high levels of TGF-β, IL-10 and retinoic 

acid (127, 128).  

Apart from the type of TLR activation, other factors, such as the developmental origin of the 

DCs, regulate the type of cytokines produced. For example CD8α+ DCs produce higher levels 

of IL-12 compared to CD8α- DCs (129).  
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Figure 2. Different factors including cytokines and pathogens can induce maturation of DCs. At the immature 

state, DCs can take up antigens and process them. Upon maturation DCs up-regulate the machinery needed for 

induction of T cell activation. [Modified from (130) and (131)]. 

DC maturation is a process that can also be regulated by a plethora of cytokines, growth and 

metabolic factors and can be affected by pathological conditions such as infections, 

inflammatory diseases and cancer (132, 133). In the context of tumor microenvironment that is 

characterized by generalized DC dysfunction, tumor infiltrating DCs are maintaining an 

immature status (134). IL-6 and IL-10 are produced by tumor cells and have been shown to 

inhibit the differentiation and maturation of antigen-presenting cells (APCs) whereas GM-CSF 

production by tumor cells led to generation of immature APCs (133, 135-138). A growth factor 

that can also impair DC differentiation and maturation is vascular endothelial growth factor 

(VEGF).  VEGF is produced by tumor cells and is up-regulated in response to hypoxia (139, 

140). High levels of VEGF in cancer patients are associated with increased number of 

immature APCs and impaired DC differentiation (141).  

In Figure 2, the major factors influencing the transition of DCs from an immature to a mature 

state, together with the changes in DC phenotype and function, are depicted. 
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1.2.3 Polarization of the adaptive immune responses  

The maturation of DCs is the prerequisite for activation of T cells. The three signals, antigen 

presentation, co-stimulation and cytokine production are all necessary for efficient T cell 

activation and the absence of co-stimulatory signals or cytokines lead to T cell anergy or 

apoptosis. In the absence of inflammation, presentation of self-antigens by steady state DCs 

maintains homeostasis and tolerance (142-144).  

Naive CD4+ T cells contact antigen loaded mature DCs in lymphoid tissues. Recognition of 

MHCII/antigen by T-cell receptor, CD3 activation, the delivery of co-stimulatory signals 

through CD28 and other molecules expressed on T cells, and a supportive cytokine milieu, are 

all necessary for naive T cell activation, expansion and T cell lineage differentiation (145, 146). 

Moreover, factors such as the antigen concentration and the duration of antigen presentation 

affect the lineage differentiation of T cells (147, 148).  

Naïve T cells are characterized by the expression of a set of surface molecules that are up- or 

down- regulated upon activation. In mice, antigen recognition and T cell activation leads to up-

regulation of CD69, CD44, CD25 (149) and to CD62L down-regulation (150). In human, naïve 

T cells express CD45RA and CCR7; activation and expansion of T cells leads to the generation 

of effector T cells that express CD45RO, whereas activation leads to down-regulation of CCR7 

(151, 152). The T cell responses end with most of the effector T cells being depleted by 

apoptosis and a population of memory T cells remaining. Effector memory (EM) T cells do not 

express CCR7, and express heterogeneous levels of CD62L whereas central memory (CM) T 

cells express high levels of CD62L, CCR7 and are CD45RO+ (153, 154). In terms of function, 

both CD4+ and CD8+ EM can respond more quickly to antigenic stimulation with production 

of cytokines or perforin, in contrast to CM T cells (153). 

CD4+ T helper (Th) cell lineages are characterized by the expression of unique transcription 

factors and the production of distinct cytokines (Table 1). IL-12 produced by DCs is the major 

Th1 inducing cytokine (155) and the absence or suppression of IL-12 leads to Th2 

development. Th1 cells produce IFN-γ, IL-2 and Lymphotoxin-α and support cell mediated 

immunity and the function of macrophages (156). However, in the absence of IL-12, CD4+ T 

cells can still differentiate into IFN-γ producing cells (157, 158). Moreover, mouse 

CD8αα+DEC205+ DCs can induce Th1 responses in an IL-12 independent but CD70 

dependent way (158). In addition, IL-10 can inhibit Th1 responses (159). 
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 IL-4, IL-5 and IL-13 are some of the cytokines that induce Th2 differentiation, necessary for 

protection against parasites (156, 160, 161). Th2 cells can produce a range of cytokines 

including IL-10, IL-4 and IL-5 (156, 162) and are an important Th subset for induction of 

humoral immunity and production of the immunoglobulines IgE and IgA (163). IL-23, IL-21, 

IL-6, TGF-β and IL-1β can induce the differentiation of Th17 CD4+ T cells with specific 

combinations of these cytokines being more important for mouse or human Th17 development; 

TGFβ, IL-2 and IL-10 induce the generation of regulatory T cells (Tregs) (164-166).  

CD4+ Th cells transfer signals received from innate cells such as DCs towards humoral 

immunity. In the case of T cell-dependent antigens, Th cells can subsequently activate B cells 

for antibody production (167). CD4+ Th cells are necessary for all steps leading to generation 

of antigen specific plasma cells including affinity maturation and class switching (168, 169).  

Apart from CD4+ T cells, DCs can cross-present exogenous antigen using MHCI and thereby 

activate CD8+ T cells. Specific co-stimulatory molecules such as the 4-1BBL expressed in DCs 

enhance CD8+ T cell activation (170). IL-12 is a cytokine that induces CD8+ activated effector 

T cell differentiation at the expense of CD8+ memory T cell development (171). Even though 

studies have shown that DCs can directly activate CD8+ T cells, other studies prove that CD4+ 

T cells are necessary for the generation of efficient CD8+ T cell responses (172-174). 

Table 1. Synopsis of the main CD4+ Th subsets including the key transcription factors necessary for their 

differentiation and the main cytokines produced by the different Th lineages [Adapted from (175)]. 

 

 

 

 

 

 

 

CD4+ Th subset Master transcription 
factor 

Cytokines 

Th1 T-bet IFN-γ 

Th2 GATA 3 IL-4, IL-5 

Th17 RORγt IL-17, IL-22 

Tfh BCL-6 IL-21 

Treg FOXP3 TGF-β 
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1.2.4 Regulation of DC function by external metabolic factors 

A number of metabolic intermediates have been shown to modulate DC functions. Lipids and 

cholesterol have diverse roles in DC regulation both during disease and homeostasis. In 

atherosclerosis, low-density lipoprotein (LDL), which is the most important transporter of 

cholesterol in the blood, and oxidized low-density lipoprotein (oxLDL) induce DC maturation 

accompanied by impaired capacity of DCs for migration to lymphoid tissues (176-178).  

Dyslipidemia impairs CD8α- DC function, leading to a decreased IL-12 production upon 

activation and to a preferential polarization of Th2 responses (179). In addition, a high number 

of DCs from cancer patients compared to healthy individuals accumulate lipids with 

concomitant impairment in antigen presentation (180). In accordance, DCs treated with 

polyunsaturated fatty acids (PUFA) produced less inflammatory cytokines upon activation and 

less efficiently induced T cell activation (181). In contrast to these data, under homeostatic 

conditions, liver DCs can be separated based on their lipid levels with lipid rich DCs being 

highly immunogenic whereas lipid poor DCs inducing tolerance (182).  

Different types of fatty acids and cholesterol intermediates can regulate DC function by binding 

to nuclear receptors that form heterodimers with retinoid X receptor (RXRs), such as 

peroxisome proliferator activated receptors (PPARs) and liver X receptors (LXRs). These 

heterodimer receptors can regulate both metabolic processes and inflammatory responses in 

DCs (183, 184). In the case of increased cholesterol concentration, oxysterols activate LXRs 

that can subsequently promote the transcription of genes that encode for proteins associated 

with cholesterol efflux and lipid metabolism such as ATP-binding cassette transporter 

1(ABCA1), apolipoprotein E (ApoE), Scd1 and Scd2 (184-186). In addition, LXR activation 

leads to anti-inflammatory responses by myeloid cells. LXRα activation by tumor-secreted 

compounds leads to down-regulation of CCR7 expression in DCs infiltrating tumors (187). In 

macrophages, LXRα activation leads to decreased iNOS expression and IL-6 production, and 

ligands for LXRs can reduce inflammation in diseases of inflammatory etiology such as 

Alzheimer’s disease (188, 189).  

The counter regulation of cholesterol and lipid metabolism is mediated through sterol 

regulatory element-binding proteins (SREBPs), which get activated at low cholesterol 

concentrations and lead to increased expression of genes associated with cholesterol 

biosynthesis. The importance of cholesterol biosynthesis in DC function has become apparent 

from studies showing that moDCs treated with agents that block cholesterol biosynthesis 
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during activation such as simvastatin or atorvastatin produced lower levels of inflammatory 

cytokines including IL-8 and IL-12, expressed lower levels of co-stimulatory molecules and 

human leucocyte antigen- antigen D related (HLA-DR) and were less sufficient in inducing T 

cell proliferation and Th1 polarization (190). 

The second nuclear receptor shown to regulate both metabolic processes and inflammatory 

responses by DCs is PPARγ, which is expressed in hematopoietic cells and is up-regulated in 

DCs during differentiation from monocytes (191-193). PPRAγ is activated by binding to fatty 

acids, oxLDL and prostaglandin related molecules (194-196). Binding of ligands to PPRAγ 

leads to down regulation of IL-12 production and differentiation of moDCs in presence of 

PPRAγ ligands lead to a profound impairment of DC development with an inability to up-

regulate CD1a expression, to produce inflammatory cytokines and to induce T cell proliferation 

(193, 197). Moreover, PPARγ activation in DCs was shown to mainly regulate the expression 

of genes associated with lipid biosynthesis and to reduce the accumulation of lipids in the cells 

(198). In monocytes, activation of PPRAγ leads to increased expression of ABCA-1 (199) and 

to the inhibition of TNFα, IL-6 and IL-1B production (200). Another cholesterol derived 

molecule, vitamin D can also confer a tolerogenic profile in DCs (201, 202). 

Apart from lipid and cholesterol intermediates, products of carbohydrate metabolism can also 

regulate DC function. Succinate, a Krebs cycle intermediate, can signal to DCs through specific 

receptors thereby enhancing inflammation (203). Lactate, the main product of anaerobic 

glycolysis, has also profound effects on DC differentiation. Lactate produced by tumor cells 

can inhibit moDC differentiation and the production of inflammatory cytokines (204, 205). 

Lactate is transported in and out of cells through monocarboxylate transporters (MCT1-MCT4) 

together with protons (206) or through Slc5a8, Slc5a12 together with sodium (207, 208). 

Therefore the pH gradient and the lactate concentration regulate the transport of lactate (209, 

210). In table 2 a summary of the known factors present in tumor microenvironment that 

influence regulatory DC development and function are shown.   

Acidosis present during inflammation in response to pathogens, during autoimmune reactions 

(211, 212) and in tumors also affects DC functionality (213-215) and has a profound effect on 

the maturation of DCs. Exposure of immature BMDCs to low extracellular pH improves cross-

presentation and leads to more efficient cytotoxic T lymphocyte (CTL) activation and antibody 

responses (216). Moreover, human moDCs exposed to acidosis exhibit higher maturation status 

as measured by the expression of CD86 and HLA-DR and synthesize more IL-12 (215). Based 
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on these data, lactate accumulation in the environment of developing DCs (tumor 

microenvironment) or at sites of DC activation (inflamed tissues) might have fundamentally 

different effects on the cells. 

Another external factor regulating DC development and function is hypoxia. Hypoxia is a 

common feature in tumors and inflamed tissues and can regulate the expression of cytokines 

and growth factors. BMDCs developing under constantly hypoxic conditions produced lower 

level of cytokines including IL12p70 and IL-10 upon activation (217). Human immature DCs 

differentiated under hypoxic conditions produced higher levels of VEGF and exhibited altered 

chemokine production whereas the maturation and the T cell activation potential was similar to 

DCs developing under normal oxygen tension (218). The effects of a hypoxic environment are 

to a large extent mediated through stabilization of hypoxia-inducible factor 1A (HIF1A) that 

regulates the expression of many genes including VEGF and CXCR4 (219, 220). BMDCs 

developed under hypoxic conditions expressed higher levels of CCR7 and human moDCs 

exposed to hypoxia more efficiently migrate in a transwell in vitro system. In both cases 

hypoxia induced the effects through HIF1A (217, 221).  

Table 2. Factors secreted either by the tumor or present in the tumor microenvironment and captured by DCs such 

as lipids that impair DC differentiation/ maturation or inducing apoptosis thereby enhancing immune suppression 

[Adapted from (132)]. 
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1.2.5 Endogenous metabolic pathways in DC regulation 

Nutrient availability, hypoxia and metabolic pathways including fatty acid metabolism, 

oxidative phosphorylation (OXPHOS), amino acid metabolism and glycolysis are important 

players regulating both DC development and the mode of dendritic cell activation. 

Differentiation of DCs from monocytes is associated with an increased expression of PPARγ 

that control mitochondria development (222-224). The importance of mitochondria during DC 

differentiation has been shown by studies proving that inhibition of OXPHOS impairs DC 

differentiation and that GM-CSF and IL-4, the cytokines driving DC differentiation in vitro, 

can promote cell respiration and adenosine triphosphate (ATP) production (222, 225). Apart 

from OXPHOS, fatty acid synthesis is also crucial for the development of DCs, in both humans 

and mice (226).  

The metabolic demands and pathways of non-activated, activated inflammatory and tolerogenic 

DCs (tol-DCs) are also very different. Non-activated DCs and tol-DCs rely on catabolic 

pathways for ATP production including fatty acid oxidation linked to OXPHOS (227-229). 

Moreover, products of 12/15 lipooxygenase (12/15 LOX), an enzyme that catalyzes 

phospholipid or free fatty acid oxidation, can inhibit BMDC maturation and IL-23 production 

in response to LPS (230).  Another characteristic of tol-DCs is the increased uptake and 

metabolism of specific amino acids. Arginase 1 (Arg-1) is expressed by tolerogenic IL-10 

producing tumor DCs and can be induced by prostaglandin E2 (PGE2) (231). In addition, 

tumor DCs take up more arginine than control DCs (232). The depletion and metabolic 

degradation of arginine by Arg-1 expressing DCs leads to suppression of CD4+ and CD8+ T 

cell responses (231, 233).  Similar to Arg-1, indoleamine 2,3-dioxygenaase (IDO), which 

metabolizes tryptophane to kynurenines, is expressed by tumor-derived tol-DCs and is up- 

regulated by vitamin D3 in BMDCs (234, 235).  IDO expressing DCs promote Treg 

differentiation, inhibit T cell proliferation and lead to T cell apoptosis (236).                                                                                                                                                                                                                                                                                                                              

Tumor cell metabolism in the presence of normal oxygen concentration or under normoxic 

conditions relies mainly on aerobic glycolysis and to a less extent on OXPHOS (237). The 

metabolic reliance of tumor cells on glycolysis facilitates anabolic processes such as the 

generation of nucleotides from the pentose phosphate pathway, necessary to support the 

demands of cell proliferation (229). Similarly to tumor cell metabolism, DC activation through 

TLRs results in a switch from OXPHOS to glycolysis leading to increased lactate production 

(227, 238). This switch can be separated in two distinct steps. In the early stage of DC 
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activation ATP is still provided by OXPHOS but there is an increased rate of glycolysis that 

through the tricarboxylic acid cycle (TCA) provides the intermediate molecules necessary for 

fatty acid synthesis, expansion of endoplasmic reticulum (ER) and Golgi and secretion of 

cytokines needed for T cell activation (239).  Moreover, citrate serves a substrate for the 

generation of pyruvate, with the concomitant production of nicotinamide adenine dinucleotide 

phosphate (NADPH) that through the NADPH oxidase leads to the generation of reactive 

oxygen species (ROS) (240). Blockage of ROS production after LPS treatment inhibits DC and 

T cell activation (241). At later time points after activation, iNOS induction and the subsequent 

nitric oxide (NO) production inhibit enzymes involved in the electron transport chain (242) and 

forces the cells to use aerobic glycolysis for energy production (243). Blocking the switch to 

glycolysis inhibits DC activation (227, 239).  

An important sensor of nutrient availability in DCs that can coordinate DC differentiation and 

function in connection to metabolic processes is mammalian target of rapamycin (mTOR). 

mTOR can be activated by a plethora of factors including cytokines and TLR activation (244) 

and mTOR inhibition leads to impairment of DC development or to decreased capacity for T 

cell activation (245, 246).  Activation of the mTOR pathway leads to activation of anabolic 

pathways including fatty acid and cholesterol biosynthesis (247). In addition, mTOR as well as 

reactive oxygen species (ROS) can increase the expression of HIF1A, which, in turn, induces 

the expression of genes involved in glycolysis as well as the expression of glucose transporter 1 

(GLUT1) that enhances glucose transport into the cells (240, 248). Upon DC activation, HIF1A 

deficiency results in lower co-stimulatory molecule expression and decreased capacity to 

activate T cells (238, 240, 249).  

1.3 IMMUNOTHERAPY USING DCS 

1.3.1 Ex vivo generation of DCs for treatment of cancer and autoimmune diseases  

Tumor infiltrating DCs are modified by the tumor microenvironment, which impairs both their 

differentiation and maturation processes thereby down-regulating the immune responses 

against tumor antigens (250). Therefore the idea of improving immune responses against 

tumors through generation of efficient immune-stimulatory DC vaccines has gained ground 

during the last decades. Two main strategies of using DCs for manipulation of immune 

responses have been developed: 1) targeting DC subsets in vivo and 2) generation of 

autologous DCs ex vivo.  
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Specific markers have been used for targeting DC subsets in vivo with many of them belonging 

to the C-type lectin family including DC-SIGN and the mannose receptor or to FcγR (251). 

Mannan linked to tumor antigens for targeting DCs that express C-type lectins has been used in 

clinical trials against different types of tumors (251). In breast cancer patients this approach led 

to a tumor-free state after 5 years compared to 27% tumor reappearance in the control group 

(252). Apart from the antigen, the maturation signals provided to DCs such as the type of 

cytokine combinations or TLR ligands could define the immunogenicity of DC vaccines (253) . 

The second approach is the generation of autologous DC vaccines ex vivo using CD34+ 

precursors or monocytes from the blood of patients. The precursors differentiate into immature 

DCs with the help of different cytokine combinations. Immature DCs are then loaded with 

antigen, receive maturation signals and are injected back into the patient (251).  

A number of clinical trials using ex vivo generated DCs for the treatment of different tumor 

types have been conducted, confirming the safety of the method (254). The most common 

outcome in such vaccination trials is the detection of antigen specific immune responses with 

no detectable clinical improvement; however in a small fraction of patients increased tumor 

regression or improved survival has been achieved (255, 256). FDA approved the first DC 

vaccine for metastatic prostate cancer named Sipuleucel T, after clinical trial results showing an 

increased survival in patients (257, 258). 

A number of factors influence the type and the outcome of immunological responses elicited by 

DC vaccines, including the differentiation protocol used to generate DCs, the maturation 

stimuli, the site of injection, the number of injected DCs, the type of antigen, the method used 

for antigen-loading and the presence of already established immune-regulatory mechanisms in 

the host (259). The most common protocol for the generation of immature DCs for 

immunotherapy is the culture of monocytes in the presence of GM-CSF and IL-4. DC vaccines 

generated with this protocol and loaded either with peptides or tumor lysates have been used in 

clinical trials against melanoma, renal cell carcinoma and glioma confirming the 

immunogenicity of the vaccine preparations (260-262). However, combination of IL-15 with 

GM-CSF was shown to be more efficient at inducing CD8+ T cell responses compared to DCs 

developing in the presence of IL-4 (263, 264). 

Maturation of DCs is a critical point in generation of immunogenic DC vaccines. Immature 

DCs are not able to induce immune responses but rather can induce tolerance. On the contrary, 
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mature DCs can elicit CD4+ and CD8+ antigen specific immune responses (265). The standard 

protocol for maturation of DCs in clinical applications includes IL-1β, TNF, IL-6 and PGE2 

(266). However, DCs matured under the influence of PGE-2 produced high levels of IL-10 and 

low levels of IL-12 (267, 268). Therefore new cytokine combinations for DC maturation 

including IL-1β, TNF, IFNα and IFN-γ were used that resulted in higher production of IL-12 

by DCs and more efficient CTL induction (269, 270).    

The site of DC injection also influences the type of T cell response. Intradermal injection leads 

to polarization of Th1 responses whereas intravenous injection mainly leads to non-polarized T 

cells and antibody production (271). The number of the injected DCs together with the 

migratory capacity of the cells define how many DCs will reach the lymphoid tissues and  

initiate immune responses. In addition, the type of signals used during DC differentiation or 

maturation might differentially regulate DC migration. For example, PGE2 could upregulate 

CCR7 expression and DC migration (272, 273). 

Even though a number of parameters can be optimized when generating DC vaccine 

preparations, advanced disease stage and the presence of tolerogenic mechanisms can suppress 

DC function and limit the induction of  potent T cell responses by the vaccines. The presence of 

Tregs as well as the capacity of both immature and mature DCs to expand inducible and natural 

Tregs respectively are major obstacles for induction of efficient anti-tumor immune responses 

(274, 275). Indeed, Tregs expand at tumor sites and in blood in cancer patients and high tumor 

Treg infiltration is associated with a poor prognosis (276-278).  

A comparison of different types of cancer vaccines in patients with metastatic melanoma, 

revealed that the clinical response rate using DC vaccines is almost 10%; compared to the 

second best methodology that exploits  tumor cell vaccines which reaches a clinical response 

rate of approximately 5% stressing the potential superiority of DC vaccines in inducing 

efficient anti-tumor responses (259) .  

Contrary to anti-cancer DC vaccines, the DC preparations generated to target autoimmune 

diseases should possess the capacity to induce or restore tolerance. Tolerogenic DCs have been 

shown to protect against a number of autoimmune diseases in mice (279). For example, tol-

DCs protected mice from experimental autoimmune encephalomyelitis (EAE) by inducing 

Tregs (280). Antigen loaded immature DCs were able to induce tolerance in vivo in humans 

both by inducing Tregs and by inhibiting T cell effector function (281, 282). In the case of 
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autoimmune disease, tol-DCs should preferentially express low levels of co-stimulatory 

molecules and produce high levels of suppressive cytokines thereby inhibiting generation of 

inflammatory immune responses (279). Similarly to DC vaccines against tumors, a number of 

parameters influences the generation of DCs with tolerogenic properties. The methods for 

generation of tol-DCs can vary, with one of them being the treatment of DCs with anti-

inflammatory cytokines such as IL-10 and TGFβ (279). Moreover,  the selection of 

autoantigens for DC pulsing and the route of DC injection are important determinants of 

vaccine efficiency (283). In Figure 3, a synopsis of the desired charasteristics of immunogenic 

or tolerogenic DC vaccines together with some of the most common protocols for their 

generation is depicted. 

 

 

 

 

 

 

 

 

 

 

Figure 3.  The generation of inflammatory or tol-DCs ex vivo can be achieved by isolation of autologous 
monocytes or other precursors followed by culture with appropriate cytokines. The immature DCs can mature and 
be injected back into patients after antigen loading. Maturation, IL-12 production, migration to the LNs and 
induction of Th1 polarization and CTL responses are desirable features of vaccines against tumors. In contrast, tol-
DC vaccines should maintain an immature or semi-mature phenotype, produce IL-10, expand Tregs, express 
enzymes that can induce tolerance such as Arg-1 and IDO but should still retain their capacity to migrate to LNs. 
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1.3.2 Correlates of tumor targeting DC vaccine efficiency 

The desired immunological responses elicited by anti-cancer DC vaccines include: the 

appropriate activation of CD4+ Th cells and their polarization into Th1 cells, the induction of 

potent CTLs, the inhibition of Treg expansion and the reversal of the tolerogenic profile 

induced and maintained by the tumors (253). However, immunological responses have not 

always correlated with clinical responses and some important immunological responses such as 

IFN-γ production by CD8+ T cells cannot be used for determining the type of immunity 

elicited by the vaccine (253, 284). Therefore the identification of parameters that can be used to 

evaluate the clinical efficacy of DC vaccines is still under intense investigation.  

DC maturation status is one of the parameters that might define the immune and clinical 

responses to different vaccines. Maturity of DCs is associated with improved clinical responses 

in prostate cancer and melanoma (284, 285). DC maturation leads to increased expression of 

chemokine receptors, increased migration to the LN and increased capacity to contact T cells 

(286). Increased DC migration to LN was associated with improved survival of glioblastoma 

(287) and melanoma patients (286, 288). Apart from maturation, the production of IL12p70 by 

DCs and the subsequent increased antigen specific CD8+ T cell responses were associated with 

improved clinical outcome in melanoma (289). In addition stronger Th1 induction and lower 

Treg numbers in the tumors could also relate to improved clinical outcomes (290, 291).  

1.4 HUMAN IMMUNODEFICIENCY VIRUS TYPE 1 (HIV-1) INFECTION AND 

THE IMMUNE SYSTEM 

1.4.1 The virus life cycle 

HIV-1 is a lentivirus belonging to the family Retroviridae (292). The virion consists of a core, 

which encloses the viral genome as well as proteins necessary for virus replication. A host 

derived lipid membrane surrounds the core (293). The genome of the virus is composed of 2 

ssRNAs of positive sense. Apart from the genome, the virus core also contains viral enzymes: 

protease, integrase and reverse transcriptase as well as viral tRNA primers (294). Binding of 

the virus glycoproteins to CD4 and to the co-receptors (CCR5 or CXCR4) and subsequent 

fusion of membranes facilitate entry of the virus to the cell. This leads to release of the core 

components into the cytoplasm. In the cytoplasm, viral reverse transcriptase reverse transcribes 

viral RNA giving rise to dsDNA. dsDNA generation is followed by disintegration of this 

complex and by formation of the pre-integration complex, consisting of multiple viral and host 
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proteins. The dsDNA is then transferred to the nucleus through nuclear pores where it can 

integrate into the host genome (295). 

Resting T cells are not good targets for virus replication. However, T cell activation results in 

increased virus replication with CD4+ memory T cells being preferentially infected (296-300). 

The cellular targets of HIV-1 also include myeloid cells, including macrophages and DCs, 

which express several receptors that the virus can bind (294). Primary HIV-1 infection is 

established mainly by CCR5 using HIV-1 variants (R5) whereas at later time points CXCR4 

(X4) using virus strains can also appear (301, 302). 

1.4.2 HIV-1 transmission and disease progression 

The main routes of HIV-1 transmission include sexual intercourse and mother-to-child 

transmission (303). The initial phase of infection is called the eclipse phase, and it covers the 

time period from when the first cell becomes infected until the appearance of the virus in the 

blood. This phase is characterized by intensive viral replication. The eclipse phase is 

accompanied by a phase of peak viremia, which is followed by a decline of CD4+ T cells in the 

blood. Thereafter viremia levels are reduced due to the activation of the adaptive immune 

system and to the function of cytotoxic T cells (304, 305). The chronic phase of the disease can 

last for up to 20 years and is characterized by viral replication and by normal or decreasing 

levels of CD4+ T cells. When the CD4+ T cell counts decline to levels lower than 200 cells/µl 

blood, the infected individual progresses to acquired immune deficiency syndrome (AIDS). At 

this disease stage, the immune system cannot control infectious agents and tumors (306). 

Progression to AIDS can be predicted by a number of different parameters during the acute or 

chronic phase of the disease.  CD4+ T cell count is the most important parameter predicting 

both disease progression and survival (307, 308). Increased T cell activation and increased 

levels of cytokines during the chronic disease stage such as IL-6 and IL-10 are also predictors 

of disease progression (308, 309). 

1.4.3 The role of DCs in HIV-1 infection  

The main anatomical locations through which HIV-1 establishes infection after sexual 

transmission are the mucosal surfaces of the gastrointestinal (GI) and the reproductive tract. 

During HIV-1 transmission LCs located at the mucosa and myeloid DCs present at the 

submucosa can capture the virus (310). DCs express a plethora of receptors known to mediate 

HIV-1 binding including CD4, CCR5, CXCR4, DC-SIGN, TAM receptors and Siglec-1 (310-
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313). However, the distribution of the receptors that bind HIV-1 differs between DC subsets 

and their maturation state (314). Both cervical and vaginal immature DCs express high levels 

of DC-SIGN and can bind HIV-1 through interactions with viral gp120 (315, 316). In contrast, 

Siglec-1 is highly expressed by mature blood myeloid DCs and binds to sialylated residues of 

the HIV-1 envelope (314).  MoDCs similarly to vaginal and cervical DCs express high levels 

of C-type lectins including DC-SIGN but also express CD4 and CCR5 (313). 

After binding HIV-1, DCs can migrate to lymphoid tissues and transfer infective virions to T 

cells, thereby facilitating the spread of the virus. The transfer of HIV-1 from DCs to T cells 

through the formation of infectious synapse is called trans-infection (311, 317). Infection in 

trans can be mediated by viral particles bound to the DC,  by viruses maintained in intracellular 

vehicles (318-320) and by virus particles associated with exosomes (321). In Figure 4, the 

possible pathways that HIV-1 follows after binding and entrance into DCs are shown. 

Alternatively, HIV-1 can productively infect DCs and infection can subsequently be transferred 

to T cells, a phenomenon called infection in cis (322). However, infection of DCs by HIV-1 is 

less efficient compared to T cell infection (310, 323) due to the expression of endogenous 

restriction factors in DCs that limit virus replication including SAMHD1 and APOBEC3G 

(324). Infection in cis has been shown to be important for maintenance of long-term infection 

of T cells (325). Transmission of HIV-1 to T cells and replication of the virus in DCs are also 

regulated by the DC maturation status, with more activated DCs transmitting HIV-1 more 

efficiently to T cells (326, 327). However, at the same time increased DC maturation and the 

associated low CCR5 expression decrease infection among DCs (326, 328-330). 

HIV-1 can alter DC functionality and maturation, thereby influencing the outcome of immune 

responses. Both direct DC infection and indirect bystander mechanisms have been shown to 

affect DC responses. Cytokines including TNFα and IFNα produced by cells that directly 

recognize and respond to HIV-1, e.g. pDCs, were shown to induce cDC maturation (331). 

Furthermore, productively infected DCs, detected through the presence of HIV-1 capsid protein 

p24 in the cells, were unable to up-regulate IL12p70 upon activation with CD40L (332).  

Viral proteins can also modulate DC function. Viral gp120 and Vpr can inhibit both the 

production of IL-12 by DCs and T cell activation whereas at the same time they can induce 

production of IL-10 by the cells (333-335). In contrast binding of HIV-1 to DC-SIGN was 

shown to increase IL-12 mRNA expression in DCs activated with LPS (336). In some studies, 
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infection of moDCs by HIV-1 does not change their maturation profile measured by the 

expression of markers including CD83 and MHCII (337) whereas in other studies up-regulation 

of co-stimulatory molecules in DCs following treatment with HIV-1 has also been reported 

(332, 338). Infected moDCs can up-regulate co-stimulatory molecules including CD86 and 

CD80, are more potent at inducing T cell activation and limit T cell infection through a type I 

IFN mechanism (339). These studies, although controversial, suggest the existence of 

heterogeneous mechanisms that regulate the response of DCs to HIV-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  The alternative routes HIV-1 follows after entering a DC. The virus, through receptors including CD209 

(DC-SIGN), binds to DCs and thereafter can enter the cell and establish productive infection after integration into 

the genome of the host (N: nucleus). Alternatively the virus can get endocytosed and remain in vesicles where it 

associates with exosomes or remains close to cell surface and gets transferred to CD4+ T cell through the 

infectious synapse. In addition, viral antigens can reach the ER where they can get loaded and presented by MHC 

molecules. Finally in the cytoplasm, HIV-1 antigens can be recognized by PRRs such as MDA5 or RIG-I or by 

TLRs expressed in endosome (EN) that lead to DC activation [Adapted from (310) and (321)]. 

 

HIV-1 infection is associated with a decline of both cytotoxic and Th1 responses stressing the 

importance of a balanced IL-12 production for the maintenance of efficient anti-viral immune 

responses (340-342). During chronic HIV-1 infection macrophages, monocytes and DCs 

produce lower level of IL-12 upon activation and addition of IL-12 ex vivo in peripheral blood 

mononuclear cells (PBMCs) from infected individuals can restore impaired T cell responses 

(343). Moreover, transfer of plasma from HIV-1 infected individuals to DCs from healthy 
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donors was shown to inhibit the production of IL-12, IL-6 and TNFα upon TLR activation in a 

virus-independent way (324, 344). 

1.4.4 Systemic immune alterations during HIV-1 infection  

The hallmark of HIV-1 infection is the loss of CD4+ T cells in the blood, and an early and 

profound depletion of the same cells in the mucosa (345, 346). Loss of mucosal integrity due to 

severe loss of CD4+ T cells leads to microbial translocation, which is the leakage of microbial 

products such as LPS and Lipoteichoic acid (LTA) from the GI tract to the circulation. These 

microbial products can afterwards activate innate cells including DCs and macrophages, which 

can produce inflammatory cytokines including TNFα and IL-6 (346-349). Even though there is 

a profound decrease in CD4+ T cells, the remaining antigen specific CD4+, CD8+ T cells and 

B cells can directly get activated by HIV-1. Moreover, virus or viral proteins gp120 or Nef can 

activate a plethora of immune cells including pDCs and macrophages (309, 350-354). Finally 

CD4+ T cell loss leads to reactivation of chronic latent viruses of the Herpes family that further 

activate the immune system (309, 355). This whole process leads to a situation in which 

immune deficiency due to CD4+ T cell loss is accompanied by a generalized immune 

activation. Indeed, immune activation is one of the major forces leading to T cell depletion and 

can be used as predictor of disease progression (356, 357). Immune activation during HIV-1 

infection is accompanied by increased activation of CD4+ and CD8+ T cells which can be  

measured by markers including HLA-DR, CD38 and the proliferation marker Ki67 (309).  

1.4.5 Taking a closer look into the disturbances of T and B cell compartments during 
HIV-1 infection 

HIV-1 infection is accompanied by alterations in the T cell compartment. Resting cells 

including naive and central memory CD8+ T cells are depleted and CD8+ T cells with an 

activated phenotype are expanded, both EM and effector memory RA (TEMRA) (358). 

Similarly, CM CD4+ T cells are preferentially infected and depleted during HIV-1 infection 

(309, 359). The T cell subset disturbances are accompanied by generation of exhausted CD8+ 

and CD4+ T cells. T cell exhaustion is particularly prominent in viremic patients and is 

characterized by the reduced capacity of T cells to respond to antigen, proliferate and produce 

cytokines (360-362). Some of the major inhibitory markers expressed on exhausted T cells 

during chronic viral infections are PD-1, CTLA-4 and CD160 (363). Blockage of the PD-1 

inhibitory signal reversed the functional impairment of CD8+ T cells from HIV-1 untreated 

individuals (362). Interestingly enough, anti-retroviral therapy (ART) can revert the exhausted 
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phenotype of T cells in the blood but does not revert the exhausted profile of T cells in the GI 

tract or in patients with severe CD4+ T cell depletion (364-367). Moreover, the balance 

between T cell survival and apoptosis is affected. HIV-1 infection leads to a decreased capacity 

for renewal of cells of hematopoietic origin and to altered levels of cytokines regulating T cell 

survival, such as IL-7 (368, 369), whereas at the same time immune activation leads to T cell 

apoptosis (370).  

B cell activation during HIV-1 infection can result both from direct virus binding to the B cell 

receptor (BCR) and by bystander signals, including cytokines (350, 371, 372). The 

dysfunctions characterizing the B cell compartment, similarly to T cells, include both hyper-

activation and exhaustion. Chronic B cell activation leads to accumulation of activated B cell 

subsets including tissue-like memory B cells and activated memory B cells (372, 373). The 

accumulation of these subsets has been connected to viral replication (374) and an increased 

frequency of immature transitional B cells in lymphopenic individuals during late disease 

stages has also been reported (375). Moreover, B cells from HIV-1 infected individuals express 

high levels of activation markers including CD80, CD70 and increased levels of Fas and CD38, 

indicating abnormalities in both differentiation and apoptotic pathways (376-378). 

Furthermore, B cells differentiate into antibody secreting cells, produce high levels of 

antibodies, and are characterized by impaired survival (372, 379, 380). Finally, B cells that get 

activated during HIV-1 infection recognize not only HIV-1 but a range of antigens, resulting in 

production of both antigen and non-antigen specific immunoglobulines in the blood of infected 

individuals, a phenomenon called hypergammaglobulinemia (381).  

As a consequence of chronic immune activation, exhausted antigen specific B cells appear in 

HIV-1 infected viremic individuals. Exhausted B cells express inhibitory receptors and are 

particularly enriched within the tissue-like memory B cell compartment (382). Finally, HIV-1 

infection leads to loss of classical memory B cells which are important components of the 

serological memory against previous vaccinations, e.g pneumonococcus and measles vaccines, 

and natural infections; the role of ART in preventing or restoring the loss of classical memory 

B cells when initiated early during infection is still debated (383). The frequency of classical 

memory B cells in patients initiating ART is not restored to normal levels (384) 

One of the mechanisms that contribute to the hypergammaglobulinemia during HIV-1 infection 

is the altered communication between B and T cells through co-stimulatory molecules. CD40L, 

expressed on T cells, binds to CD40 on B cells and promotes B cell responses to T cell-
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dependent antigens. This co-stimulatory pathway is particularly important for generation of 

memory B cells (385). A higher percentage of T cells in HIV-1 infected individuals express 

CD40L and in the same individuals B cells expressed higher level of CD40. The frequency of 

CD4+CD40L+ T cells correlates with IgG levels indicating that CD40L expressing T cells 

contribute to abnormal B cell activation (386). Another modified co-stimulatory pathway 

during HIV-1 infection is the CD70-CD27 pathway. CD70 is a member of the TNF family, 

which is expressed on activated T cells, B cells and DCs (387, 388). Interaction of CD70 

expressed on T cell with its ligand CD27 expressed on B cells regulates antibody production 

and B cell apoptosis (388, 389). In HIV-1 infected individuals a higher proportion of T cells 

express CD70 compared to uninfected controls and the activation of B cells from HIV-1 

infected individuals through CD27 leads to increased production of IgG, as compared to 

controls (373). 
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2 THE PRESENT STUDY 
2.1 AIMS OF THE THESIS 

The aims of this thesis are:  

Paper I. To study endogenous mechanisms that influence the functional profile of 

developing human DCs.  

 

Paper II. To analyze the effect of cell culture density-dependent mechanisms on DC 

vaccine efficiency using in vivo and antigen specific mouse models. 

 

Paper III.  To understand whether the plasticity of DCs acquired during differentiation 

influences their responses to HIV-1. 

 

Paper IV. To evaluate the role of CD70 expression on T cells in B cell dysfunctions of 

chronically infected HIV-1 individuals. 
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2.2 RESULTS AND DISCUSSION 

2.2.1 Paper I. Dendritic cell reprogramming by endogenously produced lactic acid 

MoDCs are one of the most commonly used DC type in research and clinical applications. A 

substantial experimental variability was observed in moDC responses in our lab as well as 

between different research groups, which prompted us to investigate this phenomenon. The 

variability between moDCs is exhibited both in terms of function and phenotype. Previously, it 

has been shown that monocytes cultured with GM-CSF and IL-4 develop to a mixture of both 

CD1a+ and CD1a- DCs, with the CD1a+ DCs producing higher levels of IL-12 and TNFα 

upon CD40L activation (67). 

Understanding the mechanisms leading to more inflammatory or suppressor DC development 

would give us the opportunity to manipulate these pathways in order to achieve more 

immunogenic or tolerogenic immune responses in the context of DC vaccines against tumors or 

autoimmune diseases.    

In the first study we showed that the proportions of differentiated CD1a+CD14- and CD1a-

CD14+ DCs are highly dependent on the cell culture concentration during differentiation. 

Sparse cultures consist of a higher proportion of CD1a+CD14- DCs whereas in dense cultures a 

population of CD1a-CD14+ DCs appears. On the contrary to these markers, the percentage of 

CD209 expressing cells was equal and independent of the cell culture concentration (Figure 

5A, 5B). Upon activation with LPS, DCs from 0.125x106 monocyte/ml cultures produced 

higher level of IL-12 whereas DCs from the cells culture concentration of 2x106 monocytes/ml 

produced higher levels of IL-10 (Figure 5C). The higher IL-12 production was also depicted in 

the capacity of DCs developing in sparse cultures to induce Th1 polarization upon co-culture 

with naïve T cells (Figure 5D). 
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Figure 5. moDCs were generated using the cell concentrations of 2x106/ml, 0.5x106/ml and 0.25X106/ml. On day 

6, the cells were collected and the expression of CD1a, CD14 (A) and CD209 (B) was evaluated using flow 

cytometry. Cell numbers were adjusted so that equal numbers of cells were used for activation with LPS. IL-12 and 

IL-10 concentration was measured in the cell culture supernatant after 24h of activation, using enzyme-linked 

immunosorbent assay (ELISA) (C). LPS activated moDCs from 0.25x106 monocytes/ml and 2x106 monocytes/ml 

were co-cultured with allogeneic naïve CD4+ T cells. After 8 days of co-culture, the cells were re-stimulated with 

PMA/Ionomycin and the percentage of IFNγ+ cells was measured using flow cytometry (D). 

 

We noticed that a molecule with a molecular weight (MW)<3kD could be transferred with the 

cell culture supernatant from dense cultures and inhibit differentiation of CD1a+CD14- in 

sparse cultures. Lactic acid produced by tumor cells could inhibit differentiation of CD1a+ DCs 

and IL-12 production by DCs upon LPS activation (204). We found that lactate accumulated in 

the supernatants of dense moDC cultures already at day 1 of differentiation (Figure 6A). 

Moreover, blockage of lactate production during early stages of DC differentiation increased 

CD1a expression and the capacity of the cells to produce IL-12 in response to LPS (Figure 6B, 

6C). To corroborate the role of lactate in our system, we treated sparse moDC cultures with 

different concentrations of lactic acid or with the respective controls. Treatment with lactic acid 

concentrations ≥2.5mM led to inhibition of CD1a+CD14- development (Figure 6D) and 

significantly reduced the capacity of DCs to produce IL-12 upon LPS activation (Figure 6E).  

In summary, we have described a previously unidentified role for autocrine lactate production 

in regulating DC development.  
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Figure 6. The cell culture concentration of lactate was measured in the supernatants of moDCs deriving from 

different cell culture concentrations (A). Oxamic acid was applied to moDC cultures using the cell culture density 

of 2x106monocytes/ml and the percentage of CD1a expressing cells was measured on day 6 with flow cytometry 

(B). Oxamic acid was applied at different time points and for different time durations. On day 6 the cells were 

collected and activated with LPS. After 24h the supernatants were collected and analyzed for IL-12 concentration 

with ELISA (C). Different concentrations of lactic acid without pH adjustment, or the respective controls were 

added to the density of 0.25x106 monocytes/ml. On day 6 the cells were collected and stained for CD1a and CD14 

(D) or were activated with LPS for 24h. The cell culture supernatant was collected and the IL-12 concentration was 

measured using ELISA (E). 

 

In paper I, we prove that manipulation of monocyte concentration during differentiation leads 

to development of DCs with distinct immunological functions.  At the same time, we have not 

identified the mechanism leading to increased lactate production in dense cultures. Whether the 

increased lactate production is due to increased aerobic or anaerobic glycolysis of the cells or it 

is the result of high cell concentration is a question that remains to be answered. Moreover, the 

contribution of cell contact and cell communication during moDC differentiation in regulating 

metabolic processes in cells and the subsequent DC functional responses remains to be studied.  

Lactate is accumulating in inflamed and hypoxic areas such as tumors and arthritis synovia 

(390-392). Particularly in inflamed synovia a concentration of approximately 10mM is detected 

(393). Lactate can act as a signal molecule and inhibits switch to glycolysis and T cell 

migration when present during activation as well as glycolysis rates under steady state in T 
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cells (394). In our system lactate levels were different during DC differentiation, but equal 

when DC activation was initiated. However, a situation in which lactate during DC 

differentiation might imprint the metabolic status and expression of glycolytic enzymes in the 

cells thereby regulating DC responses at later time points can be envisaged.  

2.2.2 Paper II. Immunogenicity is preferentially induced in sparse dendritic cell 
cultures 

The disassociation of immunological and clinical responses in patients receiving DC 

vaccinations and the limited number of individuals responding favorably to such vaccines point 

to a need of more detailed studies identifying the critical factors regulating the immunogenicity 

of the DC vaccine preparations (284). Taking into account the findings from paper I, we 

decided to investigate whether the cell culture concentration dependent endogenous 

mechanisms could influence the immunogenicity of DC vaccines. In this project, we generated 

mouse DC vaccines using a range of cell culture concentrations and studied their efficiency in 

inducing immune responses using both in vitro and in vivo models. 

Similarly to the human moDC system, BMDCs developing in sparse cultures produced higher 

levels of IL-12 upon activation. In contrast, we could not detect any significant difference in 

IL-10 production between the different cell concentrations in the mouse system (Figure 7A). In 

addition, on the contrary to the human system, BMDCs from sparse cultures expressed higher 

levels of co-stimulatory molecules including CD86 as well as MHCII upon activation as 

compared to dense cultures (Figure 7B). The functional and phenotypic differences between 

BMDCs from sparse and dense cultures were also depicted in their capacity to migrate to LN 

and to activate T cells both in vitro and in vivo. BMDCs from sparse cultures more efficiently 

migrated to the draining LN after in vitro activation compared to BMDCs from dense cultures 

(7C). Moreover, antigen-loaded BMDCs from sparse cell cultures induced a significantly 

higher antigen-specific T cell proliferation in vivo compared to BMDCs from dense cultures 

(Figure 7D).  

To acquire an insight into the transcriptional programs and pathways that are associated with 

more or less immunogenic BMDCs obtained from sparse or dense cultures, respectively, we 

used affymetrix gene chip array. Our analysis revealed a higher expression of several genes 

regulating cholesterol and lipid biosynthesis in sparse BMDC cultures (Figure 8A). In addition 

genes encoding for proteins that regulate cholesterol efflux were highly expressed in BMDCs 

from dense cultures. Moreover, a set of genes associated with immunogenic DC development 



 

 33 

was highly expressed in sparse cultures (Figure 8B) whereas genes associated with immune-

regulatory BMDC development were highly expressed in dense cultures (Figure 8C). 

 
Figure 7. BM cells were collected from femurs and tibias of mice. The cells were cultured in the cell culture 

concentrations of 0.5x106, 4x106 or 20x106 BM cells/ml with GM-CSF. On day 6 the cells were collected and 

CD11C+ cells were enriched using magnetic separation. Equal number of cells from the different cell culture 

densities were activated with LPS for 24h and analyzed for IL-10 and IL-12p40 production with ELISA (A). 

Alternatively the cells were activated with different TLR ligands and the expression of CD86 and MHCII was 

measured using flow cytometry (B). Carboxyfluorescein succinimidyl ester (CFSE) labeled BMDCs were 

activated with LPS in vitro and thereafter equal numbers were injected to the footpad of C57BL6 mice. 3 days later 

the draining LNs were analyzed using flow cytometry (C). Antigen-loaded and activated CD45.1+ BMDCs were 

injected in the footpad of CD45.1+ mice. 24h before DC transfer, CSFE labeled CD45.2+ p25 T cells were 

administered intravenously to the same animals. The draining LNs were collected 3 days later and analyzed with 

flow cytometry (D). 
 

Although in paper I a density dependent lactate accumulation was shown to inhibit 

inflammatory DC development, we could not detect a similar influence of the endogenous 

lactic acid production in BMDC cultures (data not shown). Differences in the density 

dependent mechanisms regulating DC immunogenicity in mouse and human systems could 

probably be explained by the different cell compositions in the two systems of DC 

development and by species-specific biological differences. 
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Figure 8. BMDCs were generated as mentioned in figure 7 and activated with LPS for 4h before lysis of the cells 

and RNA isolation. The Affymetrix gene chip array was used for gene expression analysis. The values were 

normalized and log2 transformed before further analysis. 

In the human system highly enriched CD14+ cells were used for generation of moDCs whereas 

in the mouse system total BM cells were used that develop into CD11C+ BMDCs in the 

presence of GM-CSF. The BM cell types that differentiate into DCs in the presence of GM-

CSF in vitro are not extensively studied. However, BM Ly6C+ monocytes were shown to be 

the precursor of IL-4/GM-CSF BMDCs (60). In addition other type of cells including B cells 

and already differentiated CD11C+ DCs are present in the BM (395). The heterogeneous 

composition of the BM and the interactions between the cells may account for the distinct 

density dependent mechanisms that lead to differentiation of DCs with unique immune profiles 

in the mouse versus the human system. Moreover, the pre-requisites and mechanism that 

regulate differentiation of distinct progenitors into DCs are not yet studied and may be 

implicated in the density-dependent differences noticed between human and mouse DCs. 

The microarray analysis conducted in mouse BMDCs suggests an important role of cholesterol 

and lipid biosynthesis in immunogenic DC development. The role of cholesterol and lipid 

biosynthesis in the function of myeloid cells has been studied mainly in atherosclerosis (396). 
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Interestingly, usage of Ldlr-/- mice fed with high fat diet resulted in cholesterol loaded 

macrophages, that down-regulated the expression of a number of genes encoding for enzymes 

regulating cholesterol biosynthesis including LSS, DHCR24, HMGCR whereas at the same 

time genes encoding for the transporters ABCA-1, ABCG1 and ApoE were up-regulated (397). 

Moreover, genes involved in lipid biosynthesis such as Fasn and Fads2 were down-regulated 

in cholesterol-loaded macrophages whereas Scd2 expression was up-regulated (397). The 

transcriptional response of macrophages to cholesterol loading resembles the gene expression 

profile of dense BMDCs indicating that in the dense BMDCs an overloading of the cells with 

cholesterol might occur at some time point during differentiation affecting both DC 

development and the responses to activation signals. However, more detailed studies with 

measurements of the fatty acid and cholesterol contents and the kinetics of their production in 

BMDCs from dense and sparse cultures are needed to clarify the role of cholesterol and lipid 

biosynthesis in inflammatory DC development.  

In contrast, in DCs from sparse cultures, an increased expression of genes controlling 

cholesterol biosynthesis can be noticed. Cholesterol accumulates in lipid rafts and it is also used 

for the prenylation of proteins involved in cell signaling (398). Lipid rafts are important 

topological regulators of antigen presentation as MHCII molecules accumulate in them thereby 

facilitating antigen presentation (399). Blocking cholesterol biosynthesis in DCs was shown to 

inhibit uptake of antigen and antigen presentation (398); in addition it led to inhibition of 

maturation as measured by the expression of CD86, HLA-DR and CCR7 (400). Therefore is 

seems plausible that the higher expression levels of cholesterol biosynthetic genes in sparse 

BMDCs are connected to the higher capacity of these cells to express co-stimulatory molecules 

and to activate CD4+ T cell responses. 

2.2.3 Paper III. Dendritic cell response to HIV-1 is controlled by differentiation clues 
in the cells and strain-specific properties of the virus  

DCs are modulated by HIV-1 or viral proteins leading to reduced pro-inflammatory cytokine 

expression and altered maturation in addition to an overall decrease in circulating DC numbers 

in HIV-1 infected individuals (401-406). 

In Paper I we showed that moDC cultures comprise a heterogeneous population of cells that are 

regulated by metabolic pathways in a cell culture concentration dependent manner. Taking into 

account the variability of DC subsets and the diverse effects, both stimulatory and suppressive 

of HIV-1 described in DCs (310) we decided to investigate whether the differentiation 
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plasticity of DCs could influence the outcome of DC-HIV-1 encounters. In this study we 

generated DCs that are characterized by unique functional profiles using dense and sparse 

cultures as described in paper I.  

Pre-treatment of suppressed DCs (2x106 monocytes/ml) with the HIV-1 strains SF162 or IIIB 

led to up-regulation of IL-12, CCL2 and CCL7 production after LPS treatment whereas 

exposure of inflammatory moDCs (0.2x106 monocytes/ml) to the viruses under the same 

conditions led to inhibition of almost all cytokines and chemokines measured (Figure 9A and 

9B). Interestingly, the CCR5 using HIV-1 strain SF162 and the CXCR4 using IIIB could both 

modulated IL-12 production, in a similar manner, whereas another CCR5 using HIV-1 strain, 

BaL had no such effect under the same conditions (Figure 9C). 

 

 

 

 

 

 

 

 

 

Figure 9. moDCs were generated using the cell culture concentrations of 0.2x106 monocytes/ml (inflammatory: 

inf) and 2x106 monocytes/ml (suppressor: sup). The cells were collected on day 3 and treated using the same 

conditions with SF162, IIIB or control supernatants for 24h, before activation with LPS. The cytokine and 

chemokine production were measured with ELISA in supernatants of suppressor (A) and inflammatory moDCs 

(B). The IL-12 production was measured after treatment with the HIV-1 strains IIIB, SF162 and BaL (C). 

Moreover, we showed that the HIV-1 induced functional changes in the two DC types could 

not be attributed to differential levels of infection between the DC types as similar and very low 

level of infection occurred in the different DC types, in the presence of SF162 or IIIB (Figure 

10 and data not shown). In contrast, BaL, which did not modulate IL-12 levels, could infect the 
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DCs at a somewhat higher level, although still only a minority of the DCs was productively 

infected (Figure 10). Further experiments suggested that the modulatory effects of HIV-1 did 

not require DC-SIGN expression on the cells and that these effects were most probably 

mediated by different mechanisms on suppressed and inflammatory DCs. For suppression, both 

virus-size components and viral proteins (gp120, Nef) could play a role, whereas the 

stimulatory effects of HIV-1 might be mediated by larger compounds, which can include 

virions, microvesicles or larger macromolecule complexes. 

 

 

 

 

 

 

Figure 10. moDCs from sparse or dense cultures were treated with SF162 and Bal. In some cultures allogeneic 

CD4+ T cells were also added to facilitate DC infection. On day 6, intracellular stainings for the HIV-1 core 

protein p24 were performed, to assess the frequency of productively infected cells. DCs were distinguished through 

CD209 (DC-SIGN) expression in co-cultures. 

HIV-1 can alter DC responses and inhibit recognition by the adaptive immune system (407). In 

paper III, we show that DC responses to HIV-1 are not following invariable virus-encoded 

programs. Instead, the functional changes induced by the virus are strongly dependent on the 

differentiation programs of DCs and also on strain-specific virus characteristics.  

DCs differentiate under the influence of multiple environmental signals and therefore changes 

in location, timing or the type of inflammatory process may result in distinct DC responses to 

HIV-1 in vivo, which could modulate HIV-1 disease progression in multiple ways. Moreover, 

HIV-1 strain-specific properties are also important in defining DC responses, suggesting DC-

HIV-1 interactions can differ between patients carrying different viral strains.  
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2.2.4 Paper IV. Increased extrafollicular expression of the B-cell stimulatory molecule 
CD70 in HIV-1-infected individuals  

The accelerated activation and increased turnover of B cells are implicated in 

hypergammaglobulinemia, B cell exhaustion and loss of serological memory during HIV-1 

infection (372, 376, 408). A number of mechanisms have been associated with B cell 

abnormalities, including the increased percentage of T cells expressing CD40L or the increased 

plasma IL-10 concentration in HIV-1 infected individuals (386). At the same time CD70, a 

potent co-stimulatory molecule is expressed on a higher percentage of CD4+ T cells during 

HIV-1 infection (409). Therefore in paper IV we decided to investigate the potential roles of 

CD70 in the HIV-1 associated disease progression. 

 

 

Figure 11. The CD70+ T cells among CD4+ T cells were measured in all groups of individuals as described in the 

text (A). The percentage of CD70+ cells among CD45RA+CCR7+ (N), CD45RA-CCR7+ (CM), CD45RA-CCR7- 

(EM) and CD45RA+CCR7- (TEMRA) was measured using flow cytometry (B). PBMCs from healthy individuals, 

HIV-1 infected lymphopenic or non-lymphopenic patients were analyzed with flow cytometry. The percentages of 

chemokine receptor positive cells among CD70+ and CD70- cells are shown for all groups (C).  

 

CD70 expression was measured on T cells from the four groups of individuals: 1) non-infected 

controls, 2) non-treated viremic individuals characterized by different levels of HIV-1 
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replication and CD4+ T cell counts>350/ml, 3) ART-treated HIV-1 infected individuals with 

CD4+ T cell counts>200/ml and 4) ART-treated HIV-1 infected individuals who remained 

lymphopenic (CD4+ T cell counts<200/ml) despite a successful and stable control of virus 

replication. 

A significant increase of the percentage of CD70 expressing CD4+ T cells was detected in the 

ART-treated lymphopenic cohort (Figure 11A). We could associate the increased CD70 

expression with an increased T cell activation, as reflected by the more differentiated (EM and 

TEMRA) phenotype of CD70-expressing cells and their relatively lower IL-7Ra expression 

and higher Ki67 positivity, as compared to the CD70- counterparts (Figure 11B and data not 

shown). Interestingly, the chemokine receptor and cytokine profile analysis and the localization 

studies in HIV-infected humanized mice suggested that the CD70+ T cells home preferentially 

to non-follicular sites (Figure 11C) and exert inflammatory, Th1-type responses in peripheral 

tissues. In paper IV we provide evidence that CD70 expression increases during lymphopenia 

in HIV-1 infected individuals and the potent B cell stimulatory effects of CD70 could increase 

B cell activation at diverse sites of inflammation.  

In inflammatory diseases such as arthritis or diabetes the presence of lymphoid infiltrates and 

the formation of ectopic lymphoid tissue in the inflamed tissue is a well-studied phenomenon 

regulated by chemokines and inflammatory cytokines including TNF (410). Even though 

inflammatory infiltrates are formed in inflamed tissues of HIV-1 infected individuals (411) the 

extent to which such a process is contributing to the generalized B cell abnormalities is not 

known. However our data suggest that CD70 expressing CD4+ T cells could contribute to B 

cell activation and hypergammaglobulinemia together with other known factors outside the 

lymphoid tissues in HIV-1 infected and lymphopenic individuals.   

2.3 CONCLUSIONS AND FUTURE PERSPECTIVES 

Our first two studies were motivated by the need of developing more efficient anti-cancer DC 

vaccines. In papers I and II we showed that a simple manipulation of the cell concentration 

can lead to more or less immunogenic DC preparations. However, studies on tumor models 

would be necessary to further evaluate the efficacy of DC vaccines generated in dense or sparse 

cultures. It also remains to be investigated whether DCs obtained from dense cultures could act 

as suppressors of T cell activation, as suggested by profound IL-10 expression in the human 

model and the gene expression profile of the mouse DCs. The recent discovery of a monocytic 
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and DC like lineage, co-existing in mouse BMDC cultures (61) indicated the possibility that the 

density-dependent pathways could modulate the ratio of these cells. Potentially distinct subsets 

might co-exist also in the human model, suggesting a possibility for monitoring moDC 

compositions in order to predict the efficiency of individual vaccine preparations. The 

percentage of the previously described human CD1a- moDC subset unfortunately did not 

correlate well with the cytokine profile of the cells (paper I) indicating the need to find further 

molecular markers predicting anti-cancer efficacy in moDC cultures.   

In addition to vaccine implications, in paper I and paper II we showed the relevance of 

endogenous metabolic pathways in shaping the functionality of developing DCs. Our 

preliminary findings indicated unique expression pattern of a set of metabolism-associated 

genes in human moDC developing in dense and sparse cultures, which suggests that lactic acid 

levels might not simply reflect the amount of cells in the culture but that DCs could obtain 

different metabolic profiles in dense and sparse cultures. We do not yet fully understand the 

mechanistic details of the cell concentration-dependent pathways and the lack of lactic acid 

effects in the mouse BMDC model suggested a multifactorial regulation of the cells. Lactic 

acid itself can have diverse roles in DC regulation, since the suppressive effects during 

development are in contrast with the glycolysis-dependence of DC activation and the 

stimulatory effects of an acidic microenvironment of DC cytokine productions (215, 227, 238). 

The effects of lactic acid should therefore be studied and compared at different stages of DC 

development and activation, which is relatively easy in cell culture models but complicated in 

vivo. The role of cholesterol and fatty acid biosynthesis in determining DC immunogenicity 

also requires further studies, evaluating lipid content of the different DC types and the effects 

of lipid modulatory treatments on DC functions.  

In papers III and IV, we described two mechanisms that potentially influence immune 

responses in HIV-1 infected individuals. In Paper III we showed that DC heterogeneity 

influence how the cells react to HIV-1. Following up this line of research it would be 

interesting to study the interaction of in vivo existing DC subsets with HIV-1 to better 

understand the role of DCs in the pathogenesis of HIV-1 infections. It would also be interesting 

to compare more HIV-1 isolates and understand the molecular reasons for a differential effect 

on DCs. Longitudinally collected virus isolates from the same individuals could help us to 

determine whether the virus evolution could shape HIV-1-DC interactions and whether the 

modulation of DC activities could represent a selection criteria for new virus variants. The role 
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of DCs in HIV-1 infection and the associated disease progression is an extensively studied area, 

which nevertheless remained highly speculative due to the limited possibilities for studying 

DCs in vivo. It is important to note, based on the results of our study, that HIV-1 does not carry 

uniform DC modulatory programs; different DCs might respond differently to virus encounters 

and strain-specific features can further diversify the cellular responses.  

Finally in Paper IV we have characterized a mechanism that can contribute to the B cell 

disturbances and hypergammaglobulinemia in HIV-1 infected individuals. Although CD70 is 

an extremely powerful inducer of B cell activation, as suggested by several experimental 

studies (412-415), its role in driving B cell activation in autoimmunity or HIV-1 infection has 

remained speculative. Animal models mimicking subtle increases in CD4+CD70+ T cell 

subsets could help us to better understand the pathological consequences of CD70 up-

regulation within a physiological range, on the contrary to previous overexpression models. It 

has also remained to verify whether CD4+CD70+ T cells isolated from the peripheral blood 

could induce a similar non-antigen-specific B cell activation as our group has previously shown 

in an other experimental system (413). The contrasting effects of CD4+ T cell depletion and the 

increase of CD4+CD70+ T cell frequencies should also be considered: could it be that this 

subset is preserved due to unique homeostatic regulation or is it so that their increased 

frequency reflects the constant replenishment of this population, even in highly lymphopenic 

conditions? Due to the limited sample availability, further studies on the role of CD70 

molecules in lymphopenic HIV-1 infected individuals would be highly complicated, but the 

contribution of CD70 in autoimmunity remains an interesting area to study.  

 

 

 

 

 

 



 42 

2.4 MATERIALS AND METHODS 

Cell cultures for generation of moDCs (Papers I and III) 

For generation of human monocyte derived DCs, buffy coats from healthy individuals were 

used. Briefly, CD14+ monocytes were isolated using a Ficoll-centrifugation and magnetic 

separation. The monocytes were counted and cultured using different cell concentrations in the 

range of 0.125-2x106/ml in the presence of GM-CSF and IL-4. In all functional experiments the 

cells were compared using equal cell concentrations. 

Mice and BMDC generation (Paper II) 

We used CD45.1 mice on C57BL6 background, C57BL6 mice and P25 TCR-transgenic (Tg) 

mice, both males and females, at age between week 8-12. Bone marrow cells were collected 

from femurs and tibias and cultured using different cell concentrations (0.5X, 4X or 

20X106/ml) in the presence of GM-CSF for 6 days. On day 6 the cells were collected and 

enriched using magnetic separation for CD11c+ cells. In all the functional experiments the cells 

were compared using equal cell concentrations. 

Study populations (Paper IV) 

As described earlier, we selected patient groups to study the effects of viremia (treatment naïve, 

viremic, non-lymphopenic patients) and lymphopenia (ART-treated, non-viremic, CD4+ T cell-

depleted patients). We have also studied successfully treated HIV-1 infected individuals (non-

viremic, non-lymphopenic) and non-infected controls.  

Activation of BMDCs and moDCs (Papers I, II, III) 

Human moDCs and CD11c+ murine BMDCs were cultured using equal cell concentrations and 

activated by different stimuli. Cytokine levels were analyzed in the supernatants 24-hours later. 

HIV-1 propagation and pre-treatment of moDCs with HIV-1 (Paper III) 

For virus propagation PBMCs from two donors were activated with phytohemmaglutinin 

(PHA) for three days, and thereafter these cells were mixed and infected with HIV-1 strains 

SF162, IIIB or BaL, in the presence of IL-2. On day 7 new PHA-activated PBMCs were added 

to the culture and the virus propagation continued up to day 14. Control supernatants were 
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generated using the same procedure, in the absence of the virus. To purify the supernatants, 

100KD MW filters were used for concentration of supernatants followed by a wash with equal 

volume of PBS. The 50% Tissue culture infective dose (TCID50) of the virus stocks was 

calculated using PHA activated PBMCs in which IL-2 and serial dilutions of the virus were 

added. MoDCs were pre-treated with 100 TCID50 of the viruses for 24h before activation with 

LPS for additional 24h. 

In vivo assays for analysis of BMDC migration and antigen specific T cell proliferation 

(Paper II) 

For BMDC migration assays, the DCs were stained with CFSE and activated for 3h in vitro 

with LPS. The cells were washed and 1x106 cells from each density were injected into the 

footpad of C57BL6 mice. The number of migrated CFSE+ cells was analyzed 3 days later in 

the draining LN using Countbright beads. Antigen-specific T cell activation and proliferation 

were analyzed in vivo using CFSE labeled P25 TCR-Tg T cells. The CD45.2+ T cells were 

injected intravenously in CD45.1+ mice recipients. 24h later antigen-loaded and LPS activated 

CD45.1+ BMDCs were injected into the foot-pad of the same recipients. T cells were isolated 

from the draining LNs at different time-points and analyzed ex vivo using flow cytometry.  

Flow cytometry (All papers) 

Antibodies conjugated with fluorescence molecules were used in different combinations. For 

intracellular staining, the cells were fixed and permeabillized using CytofixFix/CytoPerm and 

Perm/wash buffers (BD bioscience).  

ELISA (All papers) 

The quantification of cytokines and antibodies in the cell culture supernatants or human plasma 

was performed using commercially available ELISA kits.  
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