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INTRODUCTION 

 

Antigen Presenting Cells 

Antigen presenting cells (APC) are a heterogeneous population of 

leukocytes whose aim is to capture and transfer information from the 

outside to the cells of the adaptive immune system. Thanks to the 

expression of major histocompatibility complex (MHC) class I and II 

and costimulatory molecules, APC are indeed fundamental in the 

promoting functional activity to T cells. Endogenous peptides, derived 

from intracellular sources such as replicative viruses, are presented on 

MHC class I molecules to CD8+ T cells, while exogenous peptides, 

derived from extracellular sources such as microbes, are presented on 

MHC class II molecules to CD4+ T cells. 

In lymphoid organs, the three main populations of APC are dendritic 

cells (DC), macrophages, and B cells. DC are the most effective cells 

in priming naïve T cells, partly because macrophages and B cells 

express appropriate costimulatory molecules only upon infection or 

contact with microbial products. On the contrary, if antigen (Ag) 

concentrations are very low, B cells baring high affinity receptors 

(Immunoglobulin (Ig)M or IgD) for Ags are the most effective APC 

because the other APC cannot capture enough Ag. There are also non-

professional APC, which express MHC class II and costimulatory 

molecules for short periods of time throughout sustained 
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inflammatory responses. Fibroblasts, glial cells, pancreatic b cells, 

epithelial and vascular endothelial cells belong all to this second 

group of APC. Because most of the abovementioned cells are not 

efficient in processing proteins into MHC-binding peptides, it is 

unlikely that they contribute significantly to induction of T cell 

responses. Exceptions are the thymic epithelial cells, which 

constitutively express MHC molecules and play a critical role in 

presenting MHC-peptide (MHCp) complexes to maturing T cells 

within the thymus. 

Often the term APC is used synonymously with DC, but the concepts 

ad terms, as Steinman precised in one of his review1, they are 

different: the term APC best refers to antigenicity, which means the 

use of MHC products to present peptides, while DC couple 

antigenicity with the immunogenicity (or tolerogenicity). DC not only 

present Ags, but have also a number of other features that are required 

for promoting specific immune responses to T cells. 

 

Dendritic cells (DC) 

Through their capacity to discriminate among self, altered-self, 

and non-self, DC are suited to organize the immune defence to 

intruders, to prevent tissue damage and excessive inflammation 

even when a powerful immune response is ongoing, and to 

induce immunological tolerance when required. DC act as 

adjuvants with their unique ability to induce primary immune 
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responses, but their characteristics enable them not only to 

regulate T-cell activation, but also to maintain T-cell tolerance in 

the periphery. Moreover, thanks to their ability to migrate, DC 

display unique properties that allow them to form a link between 

the periphery and lymphoid organs, where immune responses are 

generally initiated.  

Ralph Steinman discovered in the mouse spleen this rare 

population of cells characterized by stellate morphology and 

extended veils2 and named them DC. From this milestone study 

his group then demonstrated that: i) DC, which prominently 

express both MHC class I and II molecules3, were unrivalled 

stimulators of T cells in primary mixed leukocytes reactions4; ii) 

DC process protein Ags and initiate Ag-specific cellular immune 

responses5. Starting from Steinman’s work, DC were then 

studied extensively, and there is now clear evidences that 

multiple subsets of DC exist with specialized phenotypes and 

functions. Nevertheless, DC display unifying features, such as 

morphology, ability to process and present Ags, capacity to 

migrate from body barriers to the T cell zones in lymphoid 

organs, and competence in cross-talking with T cells. 
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Figure 1. Checkpoints of dendritic cell immunology. Immature 

dendritic cells (iDC) are circulating in the blood or recruited to 

peripheral tissues, where they continuously internalize antigens that 

can be processed by an endosomal, MHC class-II-restricted pathway. 

After antigen capture and depending on the nature of the antigen, DC 

migrate to the draining lymphoid tissue and mature phenotypically, 

upregulating the expression of costimulatory and MHC class II 

molecules. They present peptide–MHC class II complexes on the cell 

surface, interact with antigen-specific lymphocytes and mature 

functionally, activating T cells and producing pro-inflammatory 

cytokines, such as interleukin-12 (IL-12) and tumour-necrosis factor-

a (TNF-a) (modified from Hackstein & Thomson 2004) 
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Dendritic cell features  

Antigens processing and presentation  

DC are specialized in Ag processing and can efficiently present 

endogenous and exogenous Ags in both MHC class I and II 

contexts. Other cells, like macrophages, can present Ags in the 

MHC II context efficiently, but the Ag processing is different. 

While macrophages endocytose and rapidly digest Ags, DC 

sequester and preserve capture Ags for later presentation. This 

preservation, critical for immunogenicity, is due to two peculiar 

DC characteristics: i) low lysosomal protease activity, resulting 

in a limited capacity for lysosomal degradation (peptides 

presented by DC are 8-27 amminoacids long); ii) low acidity of 

DC lysosomes that results in decreased Ag digestion rate, 

ultimately leading to an increase availability of partially 

processed peptides for MHC loading.  

DC capture Ags from the environment through two different 

mechanisms: micropinocytosis and receptor-mediated 

phagocytosis. The pinocytic vesicles allow DC to sample a large 

volume of extracellular fluid and soluble proteins that are present 

at low concentrations. Phagocytosis and DC activation is 

mediated by Pathogen Associated Molecular Patterns (PAMP), 

like bacterial carbohydrates or nucleic acids, which engage 

specific receptors: Toll Like Receptors (TLR), C-type Lectins 
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Receptors (CLR), and receptors from the Specific Intracellular 

adhesion molecule-3-Grabbing Non-integrin (SIGN) family. In 

addition, DC also express Fc receptors that mediate ingestion of 

opsonized particles and can be activating or inhibitory. The latter 

maintain DC in an immature tolerogenic state.  

Captured soluble and particulate Ags are targeted to MHC class 

II compartments in order to be presented to CD4+ T cells. In 

immature DC, MHC class II molecules are rapidly internalized 

and have a short half-life. Maturation of DC lead to increased 

class II synthesis and powered translocation of MHC II-peptide 

complexes to cell surface, where they remain stable for days. 

To generate CD8+ cytotoxic T cells (CTLs), DC process Ags in 

the cytosol, where they undergo ubiquitin conjugation. The 

ubiquitinylated proteins are directed to the proteasome, which 

cleaves proteins into peptides that are then translocated into 

Endoplasmatic Reticulum (ER), trimmed into 8-10 amminoacids 

and loaded on MHC class I. Another interesting pathway leading 

to CD8+ T cell responses is the cross-presentation, an alternative 

MHC class I pathway that can present peptides derived from 

extracellular Ags.  

Maturation and migration  

DC exist in two functionally distinct and phenotypically 

different stages: steady-state and activated. Steady-state DC 
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capture and present Ags to T cells, but the outcome of this 

antigen presentation is tolerance and not immunity. These DC 

express high levels of pattern recognition and activation 

receptors, allowing them to sense changes in the environment, 

like pathogens and inflammatory cytokines (i.e. Tumor Necrosis 

Factor a (TNF- a) and Interleukin (IL-)1b).  

Upon receipt of an activation stimulus, DC undergo phenotypic 

and functional changes that culminate in the complete transition 

from Ag-capturing cell to APC. DC loss adhesive structure, 

reorganize cytoskeleton, and acquire high cellular motility, that 

lead to DC migration from the periphery to draining secondary 

lymphoid organs. Mature DC entrance in the draining lymph 

nodes is driven to the paracortical area by a CCL19 and CCL21 

chemokine gradient7. Upon encounters T cells, DC receive 

additional maturation signals from CD40 ligand (CD40L), 

RANK, CD137 and OX40 ligand (OX40L) molecules, which 

induce the release of chemokines that attract lymphocytes8. 

These DC-T cell interactions in the lymph nodes have been 

confirmed in the living state with two-photon microscopy9,10. 

DC- T cell cross-talk 

DC play a central role both in initiation of naïve T cell responses 

and in effective re-stimulation of memory T cells. An essential 

step in the initiation of an immune response is the formation of 
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the immunological synapse between different APC, including 

DC, and T cells via cell surface receptors and secreted 

molecules. Along with presenting an Ag in the context of MHC 

class I and II, DC also provide additional signals to T cells by 

expressing an array of co-stimulatory molecules (i.e. CD80, 

CD86, CD40) and by secreting different cytokines (i.e. IL-12, 

Interferon (IFN)-g, IL-10). All these components are required for 

productive T cell priming to occur and the different signals will 

determine the outcome of a naïve T cell polarization. Thus, 

through different cytokine secretion, DC orchestrate Ag-specific 

T cell differentiation toward T helper (Th)1, Th2, Th17, T 

follicular helper (Tfh) or Treg pathways. A key molecule 

expressed on DC suitable for T cell clonal expansion, effector 

and memory cell formation and maintenance is CD70, the 

receptor for CD27, expressed on T cells11,12. When T cell 

encounter MHCp complex on DC in absence of costimulatory 

molecules, the outcome of the immune response is the induction 

of tolerance:	 DCs induce transient antigen-specific T cell 

activation followed by T cell deletion and unresponsiveness13. In 

addition to enforce tolerance to self and harmless environmental 

Ags, DC can silence self-reactive T cells by inducing anergy or 

deletion: these mechanisms involve ligation of inhibitory 

molecules, such as Programmed cell Death Ligand 1 (PDL-

1)14,15. Notably, DC are also involved in promoting tolerance 

through the induction of T regulatory (Treg) cells. In vitro 
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differentiated DC subsets specialized in tolerance induction will 

be better described at the end of this chapter.  

  

Subsets of human dendritic cells 

DC lineage 

There is a classical division of DC in two main lineages: myeloid 

(myDC) and plasmacytoid DC (pDC).  

MyDC express typical myeloid markers, such as CD11c, CD13, 

CD33 and CD11b. CD11c is shared between monocytes and DC, 

but the use of other markers, like CD1c (BDCA-1) and CD141 

(BDCA-3), allows the identification of different myeloid DC 

subsets16. Moreover, a third subset of myDC is present in tissue 

and lymph nodes, characterized by the expression of CD14+ with 

a monocyte-like or macrophage-like phenotype. These cells, 

initially called interstitial DC, may arise from classical 

monocytes. 

pDC express CD123, CD303 (BDCA-2) and CD304 (BDCA-4) 

and lack myeloid markers16. Their name is linked to their 

morphology, which is similar to that of plasma cells.  

In addition, there are two specialized self-renewing DC 

populations: Langerhans cells (LC), present in stratified 
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squamous epithelium and capable of differentiating into 

migratory DC, and microglia, found in the parenchyma of the 

brain. The latter is not unanimously considered a DC type, due to 

some shared features with macrophages.		
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Figure 2. Distribution of major human dendritic cell (DC) subsets 

in blood, epithelial tissues and lymph nodes. Broken arrows indicate 

relationships that require further confirmation in humans. Classical 

monocytes, blood myeloid DC (mDC) and plasmacytoid DC (pDC) 

are derived from bone marrow progenitors and are putative precursors 

of tissue and lymphoid DCs (from Collin et al. 2013)  
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Blood DC subsets 

Peripheral blood is easily accessible from the human body, and 

because of limited access to human tissue, much of early work in 

humans has focused on blood DC. For this reason, blood DC are 

well defined in humans, and are likely to be precursors of tissue 

and lymphoid organ DC. Indeed, blood pDC, CD1c+ and 

CD141+ myDC are immature forms of their tissue counterparts18–

20. The nomenclature of different DC population in blood was 

discussed extensively among scientists, and now there is a 

classification approved by the Nomenclature Committee of the 

International Union of Immunological Societies21. 

CD1c+ myDC are the major population of human myDC in 

blood. They express a variety of TLR and other PAMP receptors 

that stimulate them to secrete TNF- a, IL-8 and IL-10, and, upon 

TLR7/8 ligation, IL-1219. CD1c+ myDC are good stimulators of 

naïve CD4+ T cells, but have inferior capacity to cross-present 

Ag to CD8+ T cells compared to CD141+ myDC22. 

CD141+ myDC represent 10% of human blood myDC. The wide 

expression of CD141 on other cells, like migratory CD14+ and 

CD1c+ myDC, make it difficult to identify them22, even though 

they show a lower expression of CD11b+ and CD11c+ compare 

to CD1c+ myDC23. CD141+ myDC are considered the prominent 

cross-presenting DC subset, because their ability to stimulate 
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CD8+ T cells with exogenous Ag is higher compared to any 

other DC population22,24. CD141+ myDC have enhanced ability 

to take up dead or necrotic cells via CLEC9A and sense viral 

nucleic acids with TLR3 and TLR825. Conversely, CD141+ 

myDC did not express Fc receptors and thus lack the ability to 

uptake Ag-antibody complexes16. CD141+ myDC secrete IL-12, 

TNF- a, IFN-b and IFN-l upon different TLR stimulation19,22,26. 

In literature there are conflicting results about the comparison of 

cytokine profile between CD141+ and CD1c+ myDC, probably 

due to different combination of TLR stimuli19,27. 

CD303+ pDC are the most abundant DC subset in the blood, and 

are characterized by their production of type I IFN in response to 

viruses28. To identify and discriminate them against myDC, 

CD68 marker can be used in combination with CD123 and 

CD30429. To sense viral and self nucleic acids, these DC express 

very high levels of TLR7 and TLR9. Upon TLR stimulation, 

CD303+ pDC secrete high levels of IFN-a/b but no IL-10 or IL-

1227. Freshly isolated CD303+ pDC do not prime naïve T cells 

efficiently and appear less mature compared to myDC until28. 

They are able to induce Treg cells and tolerance, an ability 

probably linked to the uptake of DNA released from apoptotic 

cells through TLR730,31.  
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Macrophages 

Macrophages play different roles in maintaining the organism’s 

integrity, by directly participating in pathogen elimination and 

repairing tissue under sterile inflammatory conditions. 

Macrophages capture both extra- and intracellular pathogens, 

eliminate or deliver them to appropriate sub-compartments of 

lymphoid organs. While DC are uniquely suited for stimulating 

naïve T cells in secondary lymphoid organs, macrophages 

usually present Ag in the periphery to activated, already primed, 

T cells. This interaction makes macrophages important effector 

cells during adaptive immunity.	Moreover, macrophages act as 

regulator of immune responses, thanks to their ability to limit the 

induction of effector specific responses. 

 

Macrophages as APC 

Macrophages, like DC, have all the machinery required for Ag 

processing and presentation of exogenous peptides and 

endogenous peptides in the context of MHC class II and class I, 

respectively. Macrophages can recognize foreign or modified-

self Ags through different pattern recognition receptors that 

mediates either phagocytosis or endocytosis. In the former case, 

Ags are opsonized by antibodies or complement and their 

recognition occurs through Fc or complement receptors (FcR or 
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CR, respectively). The direct recognition of Ags by macrophages 

occurs via different receptors: lectins (Mannose Receptor (MR), 

b-glucan receptor (or dectin-1), scavenger receptors (SR)-A, and 

TLRs. As indicated above, Ag processing in macrophages is 

different compared to that of DC, since it usually leads to 

complete neutralization of up-taken proteins or microorganisms.  

 

Subsets of macrophages 

There are different subpopulations of macrophages, each one 

displaying its own characteristics. In tissues, macrophages 

acquire unique and distinct morphological and functional 

properties, becoming highly specialized cells, like Kupffer cells 

in the liver. Based on the stimuli used to induce their activation 

and polarization, the conventional macrophage nomenclature 

indicates M1 as classical activated macrophages and M2 as 

alternatively activated macrophages, mirroring the Th1 and Th2 

subdivision of T helper cells32. In the 1980s, the effect of IFN-g 

on macrophages was demonstrated, showing an increase release 

of peroxide and subsequent enhanced ability to kill intracellular 

pathogens33. Ten years later, IL-4 was found to induce 

alternative macrophage activation34. 

Due to the fact that macrophages are probably the most plastic 

cell among cells of hematopoietic origin, this schematic 
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subdivision in M1/M2 subsets can be too restrictive. While in 

some pathological conditions, such as allergic reaction, parasite 

infections, and many tumours, the functional phenotypes of 

macrophages in vivo mirror those of canonical in vitro defined 

M1- or M2- polarized states, in others, like degenerative 

disorders, macrophage populations express mixed or unique 

phenotypes35. Therefore, this dichotomy should be interpreted in 

a more elastic way.  
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Figure 3. Macrophage subsets and their interaction with different 
Th cells. (A) M1 macrophages crosstalk with TH1 and NK cells. (B) 

M2 induction of macrophages is driven by TH2 cells, basophils and 

innate lymphoid cells through their secretion of IL-4, IL-13 or IL-33. 

(B) M2-like macrophages are polarized by interaction with Treg cells. 

(modified from Biswas & Mantovani 2010) 
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M1 macrophages  

M1 are the classical activated  macrophages. M1 activation can 

be mediated by IFN-g or GM-CSF derived by other cell types, 

including Th1, CTL CD8+ T, or NK cells37,38, or by other stimuli, 

like LPS derived by Gram-negative bacteria39. 

M1 macrophages produce inflammatory cytokines, like IL-12, 

IL-23, IL-6, IL1b, and TNFa, with low or no secretion of IL-10. 

They express high levels of MHC class II, CD68, CD80 and 

CD86 molecules, phagocyte large numbers of pathogens and kill 

intracellular organisms. Once activated, M1 macrophages exhibit 

strong microbicidial properties by synthesis of Nitrogen Oxide 

(NO) and acidify the phagosome40,41.  

In general, classically activated M1 macrophages are potent 

effector cells that kill microorganisms and tumor cells, and 

produce copious amounts of pro-inflammatory cytokines. 

 
 
M2 macrophages  

Macrophages activated through alternative pathways are referred 

as M2. M2 activation is initially described dependent on IL-4 

and IL-13 secreted by other cell types, including Th2 CD4+ T, 

innate lymphoid (ILC) cells, and basophils. Subsequently, IL-33 

and IL-21 have been showed to drive M2 activation42,43. 

Moreover, other stimuli, including glucocorticoids, vitamin D3, 
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Transforming Growth Factor (TGF-)b, and IL-10 promote M2-

like functional phenotypes, displaying some but not all 

properties of IL-4/IL-13 activated macrophages44.  

M2 macrophages produce low amounts of pro-inflammatory 

cytokines (IL-12, IL-1, TNF and IL-6), secrete IL-10, IL-1 

receptor antagonist (IL-1ra), and a variable set of other 

cytokines, depending on the signal used for their activation. M2 

macrophages are characterized by the expression of the 

macrophage mannose receptor, CD206, and the up-regulation of 

CD200R glycoprotein45. CD163 is another marker of M2 

macrophages, but its expression is not highly specific46. 

Alternatively activated macrophages show enhanced 

phagocytosis, but not enhanced killing functions towards 

microbes. NO production, that characterized M1 macrophages, is 

counteracted by enhanced expression of arginase, competing 

with NO synthases for L-arginine as its substrate47. It has been 

demonstrated that M2 macrophages actively inhibit proliferation 

of peripheral blood lymphocytes, and CD4+ T cells in vitro48.  

In general, M2 cells participate in polarized Th2 responses, 

parasite clearance, and dampening inflammation, and promoting 

tissue remodelling, angiogenesis, tumor progression, and 

immune-regulation. 
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In vitro differentiated monocyte-derived 

dendritic cells 

DC can be differentiated in vitro by culturing peripheral blood 

CD14+ monocytes with GM-CSF and IL-449 or CD34+ 

hematopoietic progenitors cells with GM-CSF and TNF-a50. A 

large array of mediators has been used to modulate in vitro 

differentiated DC, to induce tolerogenic cells51. Among the 

others, the most studied and well-characterized to generate 

human tolerogenic DC are 1alpha,25-dihydroxyvitamin D3 

(VitD3), dexamethasone (Dexa), rapamycin (RAPA), and IL-10. 

Treatment of DC with these agents prevents their maturation 

and/or activation, or impairs their capacity to produce IL-12 

while maintains IL-10 production. 

 

Vitamin D3-induced tolerogenic dendritic cells  

DC differentiated in the presence of VitD3 (VitD3-DC) induce 

cells that express low levels of HLA class II and co-stimulatory 

molecules and produce IL-10, in absence of IL-1252,53. VitD3-

DC displayed increased levels of membrane-bound TNF-a and 

PDL-1, both critical for induction of IL-10-expressing Treg cells 
54,55. Several reports described also the effect of VitD3 on ex vivo 

isolated human DC, with different outcome depending on the 
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treated DC subset. Circulating CD1c+ myDC cultured in the 

presence of VitD3 become CD141+CD14+ILT3+ IL-10 

producing DC, with phenotype and function similar to CD141+ 

dermal DC. These modified DC induce development of 

Foxp3+Treg cells56. Conversely, VitD3 treatment of dermal DC 

up-regulates the expression of IL-10 and promote IL-10+Foxp3- 

T cells57.  

 

Dexamethasone-induced tolerogenic dendritic cells 

Dexamethasone-induced tolerogenic DC (Dexa-DC) are 

characterized by low expression of MHC II and costimulatory 

molecules and enhanced levels of ILT2, ILT3 expression, and 

IL-10 secretion58,59. As VitD3-DC, Dexa-DC acquire the ability 

to induce contact-dependent Treg cells that suppress T cell 

responses in an Ag-dependent manner55. Moreover, Dexa-DC 

maintain their immunosuppressive phenotype even upon TLR4 

stimulation60. 

 

VitD3 and Dexa-induced tolerogenic dendritic cells 

VitD3 and Dexa singularly induce tolerogenic phenotype in DC, 

but they also synergize in promoting human tolerogenic DC. 

VitD3/Dexa-DC produce higher levels of IL-10 compared to DC 
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treated with VitD3 or Dexa61, and inhibit T cell proliferation and 

induce suppressor T cells62. A phase I study in rheumatoid 

arthritis (RA) has been performed with VitD3/Dexa-DC pulsed 

with autologous synovial fluid injected in the joint of patients63. 

None of the patients experienced flares in the treated knee in the 

first 5 days after DC injection, demonstrating VitD3/Dexa-DC 

stability. If the inflamed joint milieu had modified VitD3/Dexa-

DC, pathogenic T cells would be activated, worsening RA 

symptoms. Based on this phase I trial, authors consider that 

tolDC therapy is safe and worthy of further investigation. Two 

new trials are planned, one from the same group in RA and the 

other by Martines-Caceres group in multiple sclerosis 

(S.Gregori, personal communication). In the latter, VitD3/Dexa-

DC will be pulsed with Myelin Oligodendrocyte Glycoprotein 

(MOG) Peptides. 

 

Rapamycin-induced tolerogenic dendritic cells 

Rapamycin acts through binding to the serine/threonine protein 

kinase Mammalian Target of RAPA (mTOR) and it is currently 

used to prevent allo-graft rejection, due to its broad-ranging 

effects on immune system. Addition of RAPA during DC 

differentiation (RAPA-DC) suppressed immunostimulatory 

molecule expression, but paradoxically also decreased the  
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expression of PDL-164. RAPA-DC are poorly stimulatory, 

induce T-cell hyporesponsiveness65, and promote of Foxp3+ T 

cells66,67. However, following TLR ligation with LPS, RAPA-DC 

display enhanced IL-12p70 secretion, with concomitant 

decreased production of IL-10, thus acquiring a potential to 

promote activation of T cell immunity, rather than immune 

regulation68. 

 

IL-10-induced tolerogenic dendritic cells 

In vitro differentiated DC treated with IL-10 in the last two days 

of culture show lower levels of HLA class II expression and fail 

the upregulation of co-stimulatory molecules, but if a strong 

maturation stimulus by IL-1b, TNF-a, and IL-6 cytokine 

mixture is added together with IL-10, this modulation of surface 

molecules is not observed69. Moreover, IL-10 treatment 

upregulates ILT3, ILT4, PDL-1, PDL-2 and HLA-G 

expression70,71. The profile of cytokine release of IL-10 treated 

DC differs according to protocols used for DC generation. 

Nevertheless, the amount of pro-inflammatory cytokines like IL-

6 and TNF-α is similar as compared to classically matured DC. 

In contrast, IL-10 production is dramatically increased and the 

release of IL-12 and IL-23 is abolished70,72. IL-10 treated DC 

dampen CD4+ and CD8+ T cell immune responses73,74. However, 
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the ability to induce T regulatory cells with suppressive ability is 

acquired only if IL-10 is given to DC together with activating 

cytokine cocktail70,75. With this differentiation protocol, the 

resulting DC are consisting of two distinct subpopulations: 

immature CCR7−CD83−HLA-DRlow cells and mature 

CCR7+CD83+HLA-DRhigh cells76. Despite both populations 

express ILT-3 and ILT-4 co-inhibitory molecules and are able to 

induce Treg, CCR7+CD83+HLA-DRhigh DC promote a Treg 

population with stronger suppressive capacity, showing an 

activated phenotype. Moreover, when re-stimulated with IL-1b, 

IL-6, and TNF-a, CCR7+CD83+HLA-DRhigh DC maintain their 

phenotype, revealing resistance to further inflammatory stimuli. 

These characteristics made CCR7+CD83+HLA-DRhigh IL-10-DC 

an interesting tolerogenic DC population for cell therapy.  

 

DC-10 

DC-10 are a distinct population of tolerogenic dendritic cells, 

which can be generated from peripheral blood monocytes by 

addition of IL-10 from the beginning of differentiation culture 77. 

DC-10 are not only generated in vitro, but are also present in 

vivo in blood, spleen and in the decidua of pregnant women77,78. 

DC-10 are CD11c+CD11b+CD40+ DC, express CD14 and CD16 

but not CD1a; although not activated, display a mature 
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phenotype, being CD80+ CD86+ and HLA-DR+. DC-10 

spontaneously secrete high amounts of IL-10, in the absence of 

IL-12, and produce IL-6 and low levels of TNFα. DC-10 induce 

the differentiation of Ag-specific T regulatory type 1 (Tr1) cells 

in vitro77. Differently from other in vitro differentiated 

tolerogenic DC, DC-10 maintain their phenotype and functions 

also upon LPS stimulation, and showed increased IL-10 

production79. To efficiently induce Tr1 cells, the three key 

molecules are IL-10, HLA-G and ILT4. HLA-G expression 

levels vary among donors, and are genetically defined. DC-10 

expressing low levels of HLA-G are less potent in induce Tr1 

cell differentiation compared to DC-10 with high HLA-G 

expression80. A single stimulation of allogeneic naïve T cells 

with DC-10 is sufficient to generate a population of T cells 

comprising up to 15% of allo-specific Tr1 cells81,82. DC-10 can 

induced not only allo-specific, but also Ag-specific Tr1 cells: 

DC-10 differentiated from monocytes of allergic patients and 

pulsed with allergen efficiently promote the generation of 

allergen-specific Tr1 cells able to suppress cytokine production 

by effector Th2 cells in vitro83. We set up a clinical grade 

protocol to induce DC-10 in vitro and indeed they are currently 

used to generate IL-10-producing T Regulatory Type 1 (Tr1) 

cells for cell therapy79,81. This strategy has been applied in two 

different clinical setting: DC-10 have been differentiated from 

patients underwent hematopoietic stem cell transplantation, in 
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order to induce host-specific Tr1 cells of the donor84, and kidney 

donors, to generate donor-specific Tr1 cells of patients85.  
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SCOPE OF THE THESIS 

The group I worked with during my PhD identified a subset of 

tolerogenic dendritic cells, called DC-10, characterized by the 

ability to produce high levels of IL-10. DC-10 can be generated 

in vitro from monocytes in the presence of IL-10 and are potent 

inducers of adaptive IL-10-producing Tr1 cells. This ability is 

dependent on both IL-10 secretion and the co-expression at high 

levels of HLA-G, a non-classical HLA class I molecule, and its 

receptor immunoglobulin-like transcript 4 (ILT-4). In vitro 

generated DC-10 are currently used for generating Tr1 cells for a 

Treg-based cell therapy, but we are interested in using them also 

as DC-based cell therapy.  

The aim of my thesis was to further characterized DC-10, both 

phenotypically and functionally. Specifically, two major lines of 

research have been investigated:  

• Molecular profile of DC-10 (Chapter 2 and 3): 

To identify specific DC-10 markers, we performed DNA 

microarray-based global transcriptional profiling of in vitro 

differentiated DC-10, comparing them to mature DC (mDC), 

and differentially expressed genes (DEGs) were then 

validated in comparison to both mDC and immature DC 

(iDC). Identification of specific markers will allow in vivo 
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tracking of DC-10 in both physiological and pathological 

setting in the clinic. 

Moreover, DC-10 miRNome profile was assessed by RT-

PCR. Analysing together DEGs identified by DNA 

microarray and specifically up-regulated and down-regulated 

miRNAs will help in better defining the molecular profile of 

DC-10, highlighting which pathways are fundamental for 

their tolerogenic role. 

   

• Modulation of in vitro and in vivo allogeneic T cell 

responses by DC-10 (Chapter 4): 
We investigated whether tolerogenic ability of DC-10 was 

also exerted on CD8+ T cells, with co-culture experiments in 

allogeneic setting and we evaluated DC-10 immune-

modulatory effects on both CD4+ and CD8+ allogeneic T 

cells in NSG mouse model. Results from this study will 

provide a rationale for the use of DC-10 as DC-based cell 

therapy in allogeneic context.  
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ABSTRACT 

DC-10 are a tolerogenic population of human IL-10-producing 

dendritic cells (DC), characterized by the expression of HLA-G 

and ILT-4, that efficiently induce antigen-specific  T regulatory 

type 1 (Tr1) cells in vitro. DC-10 can be differentiated in vitro 

by culturing peripheral blood monocytes with GM-CSF, IL-4 

and IL-10, are present in vivo in peripheral blood and secondary 

lymphoid organs, and are enriched in human decidua during 

pregnancy. Thus far, DC-10 have been identified by the co-

expression of CD14, CD11c and CD83; however, these markers 

are not specific and the cell activation influences CD83 

expression. To define specific markers improving the 

identification and selection of in vivo occurring DC-10, we 

performed gene expression profile of in vitro differentiated DC-

10. We identified CD141 (BDCA-3) and CD163 being 

specifically expressed by in vitro differentiated DC-10 and we 

showed the specificity of these markers in peripheral blood of 

healthy volunteers. The co-expression of CD141 and CD163 in 

combination with CD14 and CD16 allowed the isolation of in 

vivo occurring DC-10 and their identification in peripheral 

blood. As well as being an important finding for the biology of 

DC-10, the use of these biomarkers makes it feasible to track 

DC-10 in vivo to further dissect their role in different 

physiological and pathological settings.  
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INTRODUCTION 

Dendritic cells (DC) are professional antigen presenting cells 

with a unique ability to prime immune responses1. DC not only 

control immunity but also maintain homeostasis and regulate 

responses to self and non-self antigens2. This dual function, 

which ensure the integrity of the organism, is possible thanks to 

the presence of different DC subsets with specialized phenotype 

and functions: pro-inflammatory and tolerogenic DC. In human 

blood there are two major classes of DC, myeloid DC (myDC) 

and plasmacytoid DC (pDC)3. The former secrete IL-12 and 

TNF- a and are efficient in priming naïve CD4+ and CD8+ T 

cells4,5. In steady state conditions, circulating myDC have an 

immature phenotype and can induce tolerance. pDC are the 

major producers of type I IFN in response to viruses, have a less 

mature phenotype compared to myDC and can promote T 

regulatory (Treg) cells, an ability probably linked to the uptake 

of DNA released from apoptotic cells through TLR76–8. 

In 2010 a new subset of DC was described in human blood and 

spleen 9: the DC-10, a population of human tolerogenic DC. DC-

10 has been then identified also in the decidua of pregnant 

women10 and at higher frequency in blood of AML patients11. 

DC-10 can be differentiated in vitro by culturing peripheral 
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monocytes in the presence of IL-109 and are currently used to 

generate IL-10-producing T regulatory type 1 (Tr1) cells from 

cell-based therapies12–14. DC-10 express CD11c, CD14 and 

CD16, and have a mature myeloid phenotype, as confirmed by 

the expression of CD80, CD86, and HLA-DR. DC-10 produce 

high levels of IL-10 in the absence of IL-12, and this 

characteristic, together with the expression of HLA-G and ILT4 

on cell membrane, is a critical factor involved in DC-10-

mediated induction of Tr1 cells9,15. DC-10 were originally 

identified in blood and secondary lymphoid organs according to 

the co-expression of CD11c, CD14, and CD839; however these 

markers are not specific for DC-10 and the expression of CD83 

is highly influenced by the activation of the cells.  

In the present study, we showed that in vitro and in vivo DC-10 

expressed high levels of CD141 and CD163, in combination 

with CD14 and CD16. Ex vivo isolated 

CD14+CD16+CD141+CD163+ cells are functionally 

superimposable to in vitro differentiated DC-10: FACS-sorted 

DC-10 secrete IL-10, whose production is further increased by 

LPS stimulation, in absence of IL-12, DC-10 prime allogeneic 

naïve CD4+ T cells, and induce an allo-specific IL-10-producing 

T cell population. 
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MATERIALS AND METHODS 

 

Cell preparation 

Human peripheral blood was obtained from healthy donors in 

accordance with local committee approval, and informed consent 

was provided for the use of blood samples according to the 

Declaration of Helsinki. Peripheral blood mononuclear cells 

(PBMCs) were isolated via density gradient centrifugation over 

Lymphoprep (Axis-Shield PoC AS, Oslo, Norway). Monocyte 

fraction of PBMC was enriched by a Percoll® Gradient (GE 

Healthcare, USA) as described previously16.  

 

DC differentiation 

CD14+ monocytes were isolated from PBMC by positive 

selection using CD14 MicroBeads (Miltenyi Biotech, Germany) 

according to the manufacturer’s instructions. Cells were cultured 

in RPMI 1640 (Lonza, Switzerland) supplemented with 10% 

FCS (Euroclone, Italy), 100 U/ml penicillin/streptomycin 

(Lonza, Switzerland), 2 mM L-glutamine (Lonza, Switzerland), 

supplemented with rhGM-CSF (Miltenyi Biotech, Germany) at 

100 ng/ml,  rhIL-4 (Miltenyi Biotech, Germany) at 10 ng/ml, and 
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rhIL-10 (CellGenix, Germany) at 10 ng/ml for 7 days to obtained 

DC-10. On day 3, half of differentiation medium was added to 

wells. On day 5, DC differentiated in the absence of rhIL-10 

were matured by addition of 1 μg/ml of LPS (Sigma Aldrich, 

CA, USA) for additional 2 days to obtain mature DC (mDC) or 

left un-stimulated to generate immature DC (iDC). For 

microarray analysis, 1 μg/ml of LPS (Sigma Aldrich, CA, USA) 

was added at day 5 of DC-10 differentiation to generate “DC-

10_LPS” cells from 4 donors. Resulting DC were recovered on 

day 7 and their phenotype was evaluated by flow cytometry.  

 

Flow cytometry 

DC were stained with antibodies against CD1a, CD14, CD16, 

HLA-DR, CD11c (Becton Dickinson, NJ, USA), CD141, 

(Miltenyi Biotech, German), CD163, CLEC4G (R&D system, 

MN, USA), CD35, FPR1(Becton Dickinson, NJ, USA), ENG 

(Biolegend, CA, USA). A two steps staining was performed for  

KITLG (Abcam, OR, USA) and LILRB5 (R&D system, MN, 

USA), with a secondary antibody donkey anti-rabbit (Biolegend, 

CA, USA) and anti-goat (R&D system, MN, USA), respectively. 

FcR Blocking Reagent (Miltenyi Biotec, German) is used to 

avoid not specific staining. Samples were acquired using a 

FACS Canto II Flow Cytometer (Becton Dickinson, CA, USA), 
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and data were analysed with FlowJo software (FlowJo, LLC 

Oregon, USA).  

For sorting, cells were stained with anti-CD1c, anti-CD141 

(Miltenyi Biotech, German), anti-CD11c, anti-CD163, anti-

CD16 (Becton Dickinson, NJ, USA) and anti-CD14 (Biolegend, 

CA, USA) antibodies and sorted using a FACS Aria II Flow 

Cytometer (Becton Dickinson, CA, USA) with a 100 μm nozzle.  

 

Microarray analysis  

We differentiated mDC and DC-10 from peripheral blood 

monocytes of seven distinct healthy donors, and DC-10_LPS 

from four of them. We extracted total RNA with an RNeasy 

Mini kit (QIAGEN, CA, USA) according to manufacturer’s 

instructions. We carried out the preparation of terminal-labeled 

complementary DNA (cDNA), hybridization to the whole-

transcript GeneChip Human Gene 1.0 ST Array (Affymetrix, 

Santa Clara, CA, USA) and scanning of the arrays according to 

the manufacturer’s protocols (https://www. affymetrix.com). We 

preprocessed raw data with the robust multichip analysis (RMA) 

algorithm. We considered genes differentially expressed if log2 

fold change values was >1 or <-1, with P<0.05. We performed 

all these steps using R and Bioconductor 
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RT-PCR 

Cells were thawed as dry pellet, total RNA were extracted using 

RNeasy Kit (QIAGEN, CA, USA) and cDNA was synthesized 

with the high-capacity cDNA Reverse Transcription kit (Applied 

Biosystems, Foster City, CA) according to manufacturer’s 

instructions. cDNA from mDC, iDC and DC-10 was loaded in 

Low Density Taqman® cards with TaqMan Universal PCR 

Master Mix (Applied Biosystems, CA, USA) and PCR was 

performed on ABI Prism 7900 HT Sequence Detection System 

(Applied Biosystems, CA, USA) following manufacturer’s 

instructions. SDS 2.2.1 software was used to analyse data, using 

RPL0 as endogenous control. Quantification relative to 

endogenous control was carried out using the following formula: 

DCT= CTgene-CTRPL0; relative gene expression = 2-DCT. 

 

T cell purification and culture 

CD4+ T cells were purified from PBMC by negative selection 

using the untouched CD4+ T cell Isolation kit II (Miltenyi 

Biotech, Germany) according to the manufacturer’s instructions. 

The recovered CD4+ T cells were depleted of CD45RO+ cells 

using anti-CD45RO-coupled magnetic beads (Miltenyi Biotech, 
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Germany). 104 DC were cultured with 105 allogeneic 

CD4+CD45RO- T cells in 200 µl of X-VIVO 15 medium (Lonza, 

Switzerland), supplemented with 5% human serum (Sigma 

Aldrich, CA, USA), and 100 U/ml penicillin/streptomycin 

(Lonza, Switzerland). After 5 days, T cells were collected, 

washed, and analysed for their functions. For secondary mixed 

leucocyte reaction (MLR), PBMC autologous to sorted DC-10 

and myDC were depleted of CD3+ cells by Dynabeads® CD3 

(Thermofisher, MA, USA) and used as stimulator at 1:1 ratio 

with allogeneic primed CD4+ T cells. 

 

Proliferation and activation of T cells 

To analyse their proliferation, CD4+ T cells were labelled with 

Cell Proliferation Dye eFluor® 670 (eBioscience, CA, USA) and 

stimulated with allogeneic sorted DC-10 or myeloid DC (10:1, 

T:DC) for 5 days. Co-culture supernatants were frozen for 

cytokine evaluation and T cells were collected and stained with 

anti-CD25 and anti-HLA-DR antibodies (Becton Dickinson, CA, 

USA). To measure CD4+ T cell proliferation, dilution of the 

proliferation dye was evaluated by flow cytometry. 
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Cytokine determination 

To measure IL-6, IL-10, IL-12, and TNF-α produced by sorted 

populations, 105 cells were plated per well in 100 μl final 

volume. Cells were left un-stimulated or activated with 200 

ng/ml of LPS (Sigma, CA, USA) and supernatants were 

collected after 48h. Levels of IL-6, IL-10, IL-12 and TNF-α 

were determined by 4-plex Bio-Plex system according to the 

manufacturer's instructions (Bio-Rad, CA, USA).  

To measure cytokine production by activated CD4+ T cells, IFN-

γ, GM-CSF and IL-10 levels were determined by BD OptEIA™ 

ELISA kit (Becton Dickinson, CA, USA). 

 

Statistical analysis 

Non-parametric Mann-Whitney U test for continuous variable or 

Wilcoxon matched pairs test (two-tailed) were used for statistical 

analysis. All results are presented as mean values±SD. 

Differences were regarded as significant at *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.001. Results were analysed using 

GraphPad Prism 5.0 (GraphPad Software, CA, USA). 
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RESULTS 

DC-10 specific transcriptome profile is 

maintained upon LPS activation 

We performed a microarray analysis of RNA from in vitro 

differentiated DC-10 on Affymetrix GeneChip® Human Whole 

Transcript, monitoring the expression of 28869 human genes. As 

control, mature DC (mDC) from the same healthy donors (HDs) 

were used. Results showed that the transcriptome profile of DC-

10 is consistent among the 7 donors and is different from that of 

mDC (Fig.1A). Global hierarchical clustering analysis reveals 

two distinct clusters, corresponding to DC-10 and mDC. 

According to a log2 fold change (log2FC) and P values, we 

identified 1971 differentially expressed genes (DEGs) in DC-10 

as compared to mDC, 932 up-regulated and 1039 down-

regulated (Fig.1B). The higher expression of CD14, FCGR3A 

(encoding CD16), LILRB2 (encoding ILT-4), and IL-10, and the 

lower expression of IL-12B (encoding IL-12p40) (Suppl. Fig. 1) 

in DC-10 compared to mDC validated the microarray expression 

data. To study DC-10 stability, we also analysed the 

transcriptome profile of DC-10 activated with LPS. Results 

showed only 505 DEGs between DC-10 un-stimulated and LPS-

activated, while the differences in the transcriptome of DC-10 

with mDC were maintained (1791 DEGs) (Fig.1B). Thus, DC-10 
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are a stable population of DC with a defined transcriptional 

profile that differ from that of classical mDC.  

 

CD141 and CD163 allows in vivo identification of 

DC-10  

To identify DC-10 specific markers, among the 1971 DEGs, we 

focused on genes encoding for protein expressed on the 

cytoplasmatic membrane. We selected 17 genes that were over-

expressed in in vitro differentiated DC-10 and showed the 

highest P value (p<0.01) compared to mDC (Suppl Fig.2A) The 

expression of these genes was validated in RT-PCR on in vitro 

differentiated DC-10 and mDC from additional 4 HDs. Results 

showed that the expression of the selected genes was consistent 

among donors and, with the exclusion of PLXNA2 and ABCC2, 

all genes were confirmed to be differentially expressed between 

in vitro differentiated DC-10 and mDC (Fig.2A). To further 

select specific marker of DC-10, we investigated the expression 

of the validated 15 genes in in vitro differentiated immature DC 

(iDC) from the same donors, since iDC are known to be 

tolerogenic cells17. Results indicated that all these 15 genes were 

differentially expressed in DC-10 compared to iDC (Fig. 2B). 

We selected genes with a mean fold change expression in DC-10 

compared to iDC higher than 10 for further validation (Table 1). 
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We evaluated the protein expression of the eight top ranking 

genes on in vitro differentiated DC-10 from additional new HDs. 

DC-10 significantly expressed higher levels of TBHD(CD141) 

(89.91±5.85%, mean±SD, n=9, p=0.004), CD163 (86.59±5.24%, 

mean±SD, n=9, p=0.004), and CLEC4G (90.75±9.29%, 

mean±SD, n=7, p=0.031 and p=0.016) compared to both iDC 

and mDC differentiated in vitro from the same donors (Fig.3A). 

DC-10 expressed CR1 (CD35) (54.36±32.04%, mean±SD, n=7), 

FPR1 (66.53±32.68%, mean±SD, n=7), and LILRB5 (LIR8) 

(60.48±16.55%, mean±SD, n=5) at variable levels, which 

resulted significantly higher compared to mDC for all markers 

and to iDC for FPR1 and LIR8. Notably, DC-10 are a very 

homogenous population of cells at the end of differentiation, 

therefore the latter three proteins were excluded for being DC-10 

specific markers for the variability of the expression levels 

observed among donors tested (Fig.3A). Although the expression 

level of ENG (CD105) on DC-10 (91.40±12.93%, mean±SD, 

n=6) was statistically different compared to both iDC and mDC 

(p=0.03), this protein could not be considered specific for DC-

10, since it was present at lower levels on both mDC 

(35.28±27.55%, mean±SD, n=6) and iDC (29.33±26.24%, 

mean±SD, n=6) (Fig.3A). Finally, KITLG was not validated at 

protein level. These results indicate that in vitro differentiated 

DC-10 specifically expressed high levels of CD141, CD163, and 
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CLEC4G. 

We next investigated the expression of these selected biomarkers 

on peripheral blood mononuclear cells (PBMC), focusing on the 

CD14+CD16+ population that contains DC-10 9, CD14+CD16- 

classical monocytes, and CD14lowCD16+ non-classical 

monocytes (Fig.3B). Results showed that CD14+CD16+ 

expressed CD141 at significantly higher levels (57.66±12.80%, 

mean±SD, n=9, p=0.004) compared to both CD14+CD16- and 

CD14lowCD16+ cells (36.99±17.52%, and 19.08±9.49%, 

mean±SD, n=9, respectively). CD163 was highly expressed on 

both CD14+CD16+ and CD14+CD16- cells (92.65±10.07%, and 

94.06±5.01%, mean±SD, n=8, p=0.008), while its expression 

levels on CD14lowCD16+ monocytes were significantly lower 

(44.63±21.90%, mean±SD, n=8). CLEC4G was equally 

expressed in CD14+CD16- (20.46±14.18%, mean±SD, n=7), 

CD14lowCD16+ (16.34±5.20%, mean±SD, n=7) and 

CD14+CD16+ (19.85±8.18%, mean±SD, n=7) populations. 

Therefore, none of the above markers are selective for in vivo 

occurring DC-10, however the combination of CD141 and 

CD163 with CD14 and CD16 allow DC-10 identification. DC-10 

and classical monocytes could be discriminated by the 

expression of CD16, but activated monocytes up-regulate CD16 

expression. On the contrary, CD141 is not up-regulated upon 

activation in classical monocytes and thus it can be used to 
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distinguish DC-10 from classical monocytes (Fig.3C). CD163 

instead discriminates DC-10 from non-classical monocytes. 

Based on these analyses we concluded that the co-expression of 

CD14, CD16, CD141 and CD163 allow the identification of DC-

10 in peripheral blood. 

 

CD14+CD16+CD141+CD163+ DC-10 produce IL-

10 in absence of IL-12 

DC-10 were sorted according to the co-expression of CD14, 

CD16, CD141, and CD163 from PBMC of HDs. After gating 

according to physical parameters, we selected CD16+ cells, 

regardless of CD14 expression levels, and CD141+CD163+ cells 

were FACS-sorted (suppl. Fig. 3S). As control, CD14+CD16- 

classical monocytes and CD16+CD163- non-classical monocytes 

were isolated from PBMC of the same HDs. DC-10 were the 

only cell population that at steady state secreted IL-10 

(526.5±476.3 pg/ml, mean±SD, n=6), and its levels increased 

upon LPS activation (880.9±667 pg/ml, mean±SD, n=6) 

(Fig.4B). As expected, classical monocytes secreted IL-10 upon 

LPS activation at levels comparable to that of DC-10 

(752.6±297.8 pg/ml, mean±SD, n=6), whereas non-classical 

monocytes did not. DC-10 did not secreted IL-12 in steady state 

and upon LPS stimulation, with the exception of one out of six 
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donors tested. Moreover, DC-10 produced IL-6 at similar levels 

of classical monocytes at steady state (33.03±4.20 and 

29.90±13.22 ng/ml, mean±SD, n=6, respectively), and upon 

activation, IL-6 production by DC-10 was comparable to that of 

classical and non-classical monocytes stimulated with LPS 

(34.58±3.25, 39.17±2.82, and 29.06±8.18 ng/ml, mean±SD, 

n=6). Finally, DC-10 secreted higher levels of TNF-a compared 

to classical monocytes, both at steady state (3.13±0.31 and	

0.6±0.67 ng/ml, mean±SD, n=6, respectively) and upon 

activation (10.79±8.07 and 3.23±1.13 ng/ml mean±SD, n=6, 

respectively). Instead, TNF-a secretion by non-classical 

monocytes is lower at steady state (0.96±0.86 ng/ml, mean±SD, 

n=6) and higher upon LPS stimulation (22.59±26.21 ng/ml, 

mean±SD, n=6,) compared to DC-10. Overall, these data 

indicate that CD14+CD16+CD141+CD163+ DC-10 display a 

cytokine profile characterized by a high IL-10/IL-12 ratio, 

superimposable to that of in vitro differentiated DC-109,15.  

 

CD14+CD16+CD141+CD163+ DC-10 induce low 

activation and proliferation of allogeneic naïve 

CD4+ T cells 



	

	

63 

FACS-sorted CD14+CD16+CD141+CD163+ DC-10 were then 

used to stimulate allogeneic naïve CD4+ T cells. As control, we 

used myeloid DC (myDC) sorted based on the co-expression of 

CD1c and CD11c. After 5 days of culture, significant lower 

levels of CD25 and HLA-DR were observed on DC-10-

stimulated CD4+ T cells (10.34±9.56% and 6.84±5.88%, 

mean±SD, n=6, respectively) compared to cells primed with 

myDC from the same donor (35.97±19.16% and 25.75±8.49%, 

mean±SD, n=6, respectively) (Fig.5A). A significant reduction 

in proliferation of 82.41±11.76% (mean±SD, n=8, p=0.0078) 

was observed in DC-10-stimulated CD4+ T cells (5.82±5.86%, 

mean±SD, n=8) compared to myDC-stimulated cells 

(31.64±10.64%, mean±SD, n=8) (Fig.5B). Moreover, the 

secretion of IFN-g and GM-CSF by activated T cells were also 

significantly lower in culture with DC-10 (1367±1117 pg/ml and 

299.5±131.9 pg/ml, mean±SD, n=8, respectively) compared to 

those with myDC (580.4±128.0 pg/ml and 3100±1635 pg/ml, 

mean±SD, n=8) (Fig.5C). These findings indicate that FACS-

sorted CD14+CD16+CD141+CD163+ DC-10, similarly to in vitro 

differentiated DC-109 poorly activated allogeneic naïve CD4+ T 

cells and hypo-stimulated their proliferation and cytokine 

production compared to myDC. Notably, when CD4+ T cells 

primed with DC-10 were re-stimulated with the same allogeneic 

antigen used for their priming, produce IL-10 (798.3±255.2 

pg/ml, mean±SD, n=3), at higher levels compared to T cells 
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primed with myDC (261.0±299.4 pg/ml, mean±SD, n=3). These 

findings indicate that FACS-sorted 

CD14+CD16+CD141+CD163+ DC-10 induce a CD4+ T cell 

differentiation towards an IL-10 producing population. 
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DISCUSSION 

We showed that the combined expression of CD141 and CD163 

with CD14 and CD16 identifies human tolerogenic DC-10. 

CD14+CD16+CD141+CD163+ cells secrete spontaneously, and 

upon activation, IL-10 in the absence of IL-12, stimulate 

allogeneic naïve CD4+ T cells at lower levels compared to pro-

inflammatory myeloid DC, and induce IL-10-producing CD4+ T 

cells. The co-expression of CD14, CD16, CD141 and CD163 is 

specific for DC-10 since classical and non-classical monocytes, 

as well as myeloid DC do not co-express these markers. The 

combined expression of CD14, CD16, CD141 and CD163 can be 

used to purify DC-10 and track these cells in different 

physiological and pathological conditions in humans. 

The expression of CD141 characterized a population of 

circulating myeloid DC, the classical BDCA-3+ myDC5,18. 

Despite sharing CD141 expression, DC-10 and classical BDCA-

3+ myDC differ in several aspects. Classical BDCA-3+ myDC 

are lineage negative cells, thus they do not express either CD14 

or CD16; display a cytokine profile mainly characterized by the 

expression of IL-124, with an IL-10/IL-12 ratio opposite to that 

of DC-1019; stimulate high proliferation and IFN-g secretion by 

allogeneic CD4+ T cells, and IFN-g levels are even higher 

compared to that induced by classical CD1c+ myDC5. In the 
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dermis of human skin, it has been described a population of 

CD14+CD141+ DC that share some features with DC-10, 

including the constitutive IL-10 secretion and the ability to 

induce T cell hypo-responsiveness. Both skin CD14+CD141+ DC 

and DC-10 promote T regulatory (Treg) cells differentiation, but, 

while the former induce FOXP3 Treg cells, the latter promote T 

regulatory T type 1 (Tr1) cells. Chu et al. suggested that skin 

CD14+CD141+ DC have an essential role in the maintenance of 

skin homeostasis and in the regulation of both systemic and 

tumor alloimmunity20.   

The scavenger receptor CD163 is a molecule strictly linked to 

IL-10: its expression can be induced by IL-1021, and the 

engagement of CD163 elicited potent IL-10 secretion22. 

Therefore, CD163 expression on DC-10 is not surprising and it 

has been previously shown9. CD163 is commonly found at high 

levels on various tissue resident macrophages that are polarized 

towards M2-like phenotype. This is not the only characteristic 

that DC-10 shared with M2 macrophages: DC-10 showed up-

regulation in anti-inflammatory and pro-angiogenetic factors, 

and have an interesting matrix remodeling signature (data not 

shown) However, DC-10 are blood circulating cells, with a 

classical DC morphology, express TLR3, which can be found 

only on DC23, and are able to prime efficiently naïve CD4+ T 

cells, even though in a tolerogenic fashion9. Interestingly, 
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CD14+CD163high CD160high human myeloid cells has been 

recently identified in intestinal lamina propria: these cells 

produce high levels of IL-10 and suppress effector T cell 

proliferation via a Foxp3+Treg-independent mechanism. These 

DC are reduced in number and impaired in their suppressive 

activity in ulcerative colitis, suggesting an immune-regulating 

role in gut homeostasis24.  

We have previously identified DC-10 in blood and secondary 

lymphoid organ as a subset of CD11c+CD14+ monocytes that 

expressed CD839. In the present study we selected DC-10 as 

CD14+CD16+CD141+CD163+ cells, which are superimposable to 

CD11c+CD14+CD83+ DC-10 in term of phenotype and 

stimulatory ability. CD14+CD16+CD141+CD163+ cells were 

indeed CD11c+, HLA-G+ and ILT-4+ and induced naïve CD4+ T 

cell proliferation at similar levels compared to  

CD11c+CD14+CD83+ DC-10 (data not shown). The advantage of 

CD14, CD16, CD141, and CD163 is to avoid the use CD83, 

whose expression is variable among donors and is influenced by 

activation status of the cells: classical monocytes can indeed up-

regulate CD83 expression upon stimulation. Conversely, CD141 

and CD163 are stably expressed on DC-10 and is neither express 

nor can be induced on classical and non-classical monocytes, 

respectively.  

Ex vivo sorted CD14+CD16+CD141+CD163+ DC-10 demonstrate 
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functional activities similar to in vitro differentiated DC-10. 

They indeed presented the same unique cytokine profile, with 

high IL-10/IL-12 ratio, and both IL-6 and TNF-a secretion 

independently from LPS stimulation. Similar to in vitro 

differentiated DC-10, ex vivo sorted DC-10 prime naïve CD4+ T 

cells, inducing a low activation and proliferation. Moreover,  

DC-10-primed CD4+ T cells when re-stimulated with the same 

allogeneic antigen used in priming (allo-Ag) secrete IL-10. Thus, 

ex vivo sorted DC-10 are able to induce an allo-Ag specific IL-

10 producing CD4+ T cell population, resemble their in vitro 

differentiated counterpart. Further analyses will investigate 

whether CD14+CD16+CD141+CD163+ DC-10 promote allo-

specific Tr1 cells. 

The identified combination of markers will allow in vivo 

tracking of DC-10 in physiological conditions and the study of 

their contribution to different organs homeostasis. DC-10 

express CCR99, which is a gut homing receptor, and the 

identification of CD14+CD163highCD160high: tolerogenic cells in 

the intestinal lamina propria24 suggests the presence of DC-10 in 

this organ and probably an active role in the maintenance of gut 

homeostasis. Moreover, we are now able to evaluate the 

potential alteration in DC-10 frequency and functions in 

different clinical setting and how this could impact disease 

prognosis.  
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In summary, we have discovered two markers, CD141 and 

CD163, whose expression combined with CD14 and CD16 allow 

the identification of tolerogenic DC-10 in humans. These 

markers make it possible to study the in vivo localization of DC-

10 in different physiological and pathological setting in humans, 

and the role of DC-10 in subjects with T cell mediated diseases.	 
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FIGURE LEGENDS 

 

Figure 1. DC-10 specific transcriptome profile. A. Two-

dimensional heatmaps of all significant (false discovery rate 

<0.05) differentially expressed genes. Genes in red are expressed 

at higher levels compared to the mean signal intensities in all 

experiments, genes in green are down-regulated, and genes in 

black have signal intensities close to the mean expression level. 

Genes are in columns and the samples are in rows. Data in rows 

have been clustered. B. Scatterplot of differential expression 

between mDC and DC-10. Each dot represents the averaged 

Log2 expression of a single gene in mDC and DC-10. Dashed 

diagonal lines indicate the thresholds for Fold Change (FC>1 or 

FC<-1).  

 

Figure 2. Validation and selection of putative DC-10 

markers in RT-PCR. DC-10, mDC and iDC were 

differentiated in vitro from peripheral blood monocytes of 4 

healthy donors. Relative mRNA amounts from DC-10, mDC (A) 

and iDC (B) were normalized to housekeeping gene RPL0 

(deltaCt), and the relative expression values were calculated as 2-
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(deltaCt)*103. Numbers represent arbitrary units. Each dot 

represents a single donor.  

 

Table 1. Selection of top ranking genes differentially 

expressed in DC-10 compared to iDC. Averaged fold 

change expression of genes from Figure 2B in DC-10 compared 

to iDC are indicated in the table. 

 

Figure 3. Co-expression of CD14, CD16, CD141 and 

CD163 identifies DC-10. A. DC-10, mDC and iDC were 

differentiated in vitro from peripheral blood monocytes of 

healthy donors. Expression of indicated markers was measured 

by flow cytometry. Each dot represents a single donor and lines 

indicate mean. *P≤0.05, **P≤0.01. B. Expression of CD141, 

CD163 and CLEC4G was evaluated on three different 

population of PBMC: CD14+CD16+ population that contains 

DC-10, CD14+CD16- classical monocytes and CD14lowCD16+ 

non-classical monocytes. Each dot represents a single donor and 

lines indicate mean. **P≤0.01. C. Expression of CD141 and 

CD163 (right) measured on CD14+CD16+ populations in non-

activated and activated PBMC (left) are shown. The percentages 

of cells in each quadrant are indicated.  
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Figure 4. Ex vivo DC-10 produce IL-10 in absence of IL-

12. DC-10, classical and non-classical monocytes were sorted 

from HD peripheral blood and were left un-stimulated or 

stimulated with LPS for 48 hours. Concentration levels of IL-10, 

IL-12, TNF-a, and IL-6 in culture supernatants of the indicated 

cells were evaluated by 4-plex BioPlex. Each dot represents a 

single donor and lines indicate mean 

 

Figure 5. Ex vivo DC-10 induce low activation and 

proliferation of allogeneic naïve CD4+ T cells. Naïve CD4+ 

T cells were cultured with allogeneic DC-10 or myDC (ratio 

10:1) for 5 days. A. Activation status of CD4+ T cells were 

evaluated by CD25 and HLA-DR staining. Numbers indicate 

percentages of positive cells gated on CD4+. Each dot represents 

a single donor *P < 0.05 B. Proliferative responses were 

evaluated by dye dilution at FACS. Each dot represents a single 

donor. **P < 0.01. C. IFN-γ and GM-CSF in culture 

supernatants were measured by ELISA. Each dot represents a 

single donor. **P < 0.01. D. Naive CD4+ T cells cultured for 7 

days with DC-10 or myDC were re-stimulated for 3 days with 

CD3- cells, autologous to sorted DC. IL-10 in culture 
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supernatants was measured by ELISA. Each dot represents a 

single donor.  

 

Figure 1s. Validation of samples for transcriptome 

profiling and of DNA microarray results. DC-10 and mDC 

were differentiated in vitro from peripheral blood monocytes of 

7 healthy donors. Log2 expression of CD14, FCGR3A, LILRB2, 

IL-10 and IL12B determined by the DNA microarray is shown. 

Each dot represents a single donor and lines indicate mean. 

 

Figure 2s. Selection of putative DC-10 markers by DNA 

microarray results. Log2 expression of DEGs encoding for 

surface molecules determined by the DNA microarray is shown. 

Each dot represents a single donor and lines indicate mean. 

**P≤0.01, ***P≤0.001 and ****P≤0.0001.  

 

Figure 3s. Gating strategy for ex vivo DC-10 isolation.  

DC-10 were identified in the peripheral blood according to 

FSChigh SSChigh physical parameters and CD14, CD16, CD141 

and CD163 co-expression. Dot plots from one representative 

donor are shown.  
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ABSTRACT 

Human Leukocyte Antigen (HLA)-G is a non-classical HLA 

class I molecule with known immune-modulatory functions. Our 

group identified a subset of human dendritic cells, named DC-

10, that induce adaptive IL-10-producing T regulatory type 1 

(Tr1) cells via the IL-10-dependent HLA-G/ILT4 pathway. In 

this study we aimed at defining the role of HLA-G in DC-10-

mediated Tr1 cell differentiation. We analyzed phenotype, 

functions, and genetic variations in the 3’ un-translated region of 

the HLA-G locus of in vitro differentiated DC-10 from 67 

healthy donors. We showed that HLA-G expression on DC-10 

was donor-dependent. Functional studies demonstrated that DC-

10, independently from the HLA-G expression, secrete IL-10 

and negligible levels of IL-12. Interestingly, DC-10 with high 

HLA-G promoted allo-specific anergic T cells that contain a 

significantly higher frequency of Tr1 cells, defined as IL-10-

producing (P=0.0121) or CD49b+LAG-3+ (P=0.0031) T cells, 

compared to DC-10 with low HLA-G. We found that the HLA-G 

expression on DC-10 was genetically imprinted, being 

associated with specific variations in the 3’ un-translated region 

of the gene, and it may be finely tuned by miRNA-mediated 

post-transcriptional regulation. These data highlight the 

important role of HLA-G to boost DC-10 tolerogenic activity 

and confirm that IL-10 production by DC-10 is necessary but not 
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sufficient to promote Tr1 cells at high frequency. These new 

insights on the role of HLA-G in DC-10-mediated induction of 

Tr1 cells provide additional information for their clinical use in 

future Tr1- or DC-10-based cell therapy approaches. 
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INTRODUCTION 

HLA-G is a non-classical HLA class I molecule originally 

identified and characterized in trophoblasts where it confers 

protection to the semi-allogeneic fetus from the maternal 

immune system1,2. More recently, it has become evident that 

HLA-G plays a role in promoting and maintaining tolerance in 

autoimmunity and organ transplantation, and immune escape in 

cancer and infectious diseases. HLA-G is characterized by a 

relatively low allelic polymorphism and a highly restricted tissue 

distribution in comparison with classical HLA class I molecules. 

In healthy condition, in addition to trophoblasts, HLA-G 

expression is restricted to amniotic cells, adult thymic medulla, 

erythroblasts, cornea, pancreatic islets, and endothelial and stem 

cells3. By alternative splicing of a single mRNA transcript, seven 

different HLA-G isoforms, four membrane-bound (HLA-G1, -

G2, -G3, and -G4) and three soluble (HLA-G5, -G6, and -G7) 

can be generated4,5. Moreover, the activity of matrix 

metalloproteinases (MMPs) is responsible for the proteolytic 

cleavage of HLA-G1 from the membrane, and the release of 

shed HLA-G16. Thus far, the best-characterized isoforms are 

HLA-G1, the most stable membrane-bound isoform, HLA-G5, 

and shed HLA-G1.  

Several polymorphisms are present both in the promoter and in 

the 3’ un-translated region (UTR) of the HLA-G gene that can 
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influence its expression7. The best-characterized polymorphism 

in the 3’UTR is the insertion/deletion (Ins/Del) of 14 base pairs 

(bp), which has been respectively associated with 

decreased/increased mRNA stability8-10. The +3142 G/C single 

nucleotide polymorphism (SNP) has been also proposed to 

control HLA-G expression, since the presence of G may increase 

the affinity of mRNA for the microRNA (miR)-148a, miR-148b 

and, miR-15211,12. Additional less studied SNPs are present in the 

3’UTR at positions +3001 T/C, +3003 T/C, +3010 G/C, +3027 

C/A, +3035 C/T, and +3196 C/G13, which represent potential 

miRNA-binding sites, and thus may regulate HLA-G 

expression14, and the +3187 A/G located in proximity to an AU-

rich motif, which affects mRNA stability15. These 

polymorphisms cluster at least in 15 different haplotypes 

identified in Brazilian populations13,16, and a number of less 

frequent haplotypes found in other populations17,18. 

The functions of HLA-G are oriented towards immune inhibition 

and induction of tolerance. Through the direct binding to the 

inhibitory receptors Immunoglobulin-Like-Transcript (ILT)2 and 

ILT4, and Killer cell Immunoglobulin-Like Receptor 

(KIR)2DL419, HLA-G mediates short-term inhibition of natural 

killer (NK) cells20, cytotoxic T-lymphocyte21, B cells22, and 

dendritic cells (DC)23,24; and long-term induction of regulatory 
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cells including HLA-G-expressing T regulatory (Treg) cells23, 

CD4low and CD8low suppressor T cells25, Tr1 cells26, and DC-1027. 

DC-10 are a subset of human tolerogenic DC that are present in 

vivo27-29 and can be differentiated in vitro by culturing monocytes 

in the presence of IL-10. DC-10 secrete IL-10, are CD11c+, 

express CD14, CD16, HLA-G and ILT4 and, although not 

activated, display a mature myeloid phenotype, being CD86+ and 

HLA-DR+. The secretion of IL-10 and the expression of 

membrane-bound HLA-G and ILT4 are critical factors involved 

in DC-10-mediated induction of Tr1 cells27. In the present study, 

we investigated the role of HLA-G in DC-10-mediated Tr1 cell 

induction and whether polymorphisms present at the 3’UTR of 

the gene influence the expression of membrane-bound HLA-G 

on DC-10.-12, DC-10 prime allogeneic naïve CD4+ T cells, and 

induce an allo-specific IL-10-producing T cell population. 
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MATERIALS AND METHODS 

 

Peripheral blood was obtained on informed consent in 

accordance with the Declaration of Helsinki under protocols 

approved by the ethical committee of the San Raffaele Telethon 

Institute for Gene Therapy.  

 

Cells preparation 

Human peripheral blood was obtained from healthy donors 

(HDs) upon informed consent in accordance with local ethical 

committee approval (Protocol TIGET03) and with the 

Declaration of Helsinki. Peripheral blood mononuclear cells 

(PBMCs) were separated by density gradient centrifugation over 

Lymphoprep (Nycomed Amersham). 

 

DC differentiation 

CD14+ monocytes were isolated from PBMC by positive 

selection using CD14 MicroBeads (Miltenyi Biotech, Germany) 

according to the manufacturer’s instructions. Cells were cultured 

in RPMI 1640 (Lonza, Italy) supplemented with 10% Fetal 
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Bovine Serum (FBS) (Lonza, Italy) or with 5% Human Serum 

(HS) (EuroClone, Italy), 100 U/ml penicillin/streptomycin 

(Lonza, Italy), 2 mM L-Glutamine (Lonza, Italy), (DC medium) 

at 37°C in the presence of 10 ng/ml rhIL-4 (R&D Systems, 

Minneapolis MN, USA) and 100 ng/ml rhGM-CSF (Genzyme, 

Seattle WA, USA) with 10 ng/ml of rhIL-10 (BD, Bioscience, 

CA, USA) for 7 days to differentiate DC-10. Cells cultured with 

rhIL-4 and rhGM-CSF on day 5 were matured with 1 μg/ml of 

LPS (Sigma, CA, USA) for additional 2 days to generate mDC. 

At day 7, DC were collected, phenotypically analyzed, and used 

to stimulate T cells. 

 

T-cell purification 

CD4+ T cells were purified from PBMC by negative selection 

using the untouched CD4+ T cell Isolation kit (Miltenyi Biotech, 

Germany) according to the manufacturer’s instructions. CD4+ T 

cells were then depleted of CD45RO+ cells using anti-CD45RO-

coupled magnetic beads and LD negative selection columns 

(Miltenyi Biotech, Germany). In the purified cells the proportion 

of CD4+CD45RO-CD45RA+ was consistently greater than 90%. 
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Flow cytometric analysis 

DC were initially incubated for 15’ with FcR blocking reagent 

(Miltenyi Biotech, Germany) and stained for additional 30’ with 

anti-CD14 (MFP9, BD Bioscience, CA, USA), anti-CD11c (B-

ly6, BD Bioscience, CA, USA), anti-CD1a (HI149, BD 

Bioscience, CA, USA), anti-HLA-DR (TU36, BD Bioscience, 

CA, USA), anti-CD86 (BU63, Invitrogen, Camarillo CA, USA), 

anti-ILT4 (42D1, Beckman Coulter, Marseille, France) and, anti-

HLA-G (MEM-G9, Exbio, Praha, Czech Republic) mAbs. T 

cells were stained with anti-CD45RA (HI100, Biolegend, San 

Diego, CA, USA), anti-CD4 (SK3, BD Bioscience, California, 

USA), anti-CD49b (AK-7, Biolegend, San Diego, CA, USA), 

anti-LAG-3 (FAB2319, R&D System), mAbs. The staining for 

CD49b and LAG-3 was performed at 37°C for 15 minutes. 

Samples were acquired using a FACS Canto II flow cytometer 

(Becton Dickinson, CA, USA), and data were analyzed with 

FCS express (De Novo Software, CA, USA). Quadrant markers 

were set accordingly to unstained controls.  

Intracellular IL-10, IL-4, IFN-g and IL-2 were detected by flow 

cytometry. Briefly, T cells (1 x 106/ml) were stimulated with 

leukocyte activation kit according to manufacturers’ instructions 

(BD Bioscience, California, USA) in complete medium. 6 hours 

after activation, T cells were collected, washed in PBS, and 

incubated with anti-hCD4 (SK3, BD Bioscience, California, 
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USA). Subsequently, T cells were permeabilized with 

Cytofix/CytopermTM kit according to manufacturers’ instructions 

(BD Bioscience, California, USA) and incubated with anti-hIL-2 

(MQ1-17H12, BD Pharmingen), anti-hIL-4 (MP4-25D2, BD 

Bioscience, California, USA), anti-hIL-10 (JES3-9D7, BD 

Bioscience, California, USA), and anti-hIFN-g (B27, BD 

Bioscience, California, USA) mAbs. Samples were acquired 

using a FACS Canto II flow cytometer (Becton Dickinson, CA, 

USA), and data were analyzed with FCS express (De Novo 

Software, CA, USA). Quadrant markers were set accordingly to 

unstained controls. 

 

T-cell differentiation 

1x105 DC were cultured with 1x106 allogeneic CD4+CD45RO- T 

cells in 1ml of X-vivo 15 medium (Lonza, Italy), supplemented 

with 5% pooled AB human serum (Lonza, Italy), and 100 U/ml 

penicillin/streptomycin (Lonza, Italy). After 7 days, rhIL-2 

(20U/ml) (Chiron) was added, and cells were expanded for 

additional 7 days. Fourteen days after initiation of the culture, T 

cells were collected, washed, and analyzed for their functions. T 

cells stimulated with DC-10 are referred as T(DC-10), and T 

cells stimulated with mDC as T(mDC). Cultures with DC-10 

typically resulted in 8-10-fold reduction in T-cell expansion 
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compared to cultures stimulated with mDC. 

 

Proliferation and suppression of T cells 

CD4+CD45RO- T cells were stimulated with allogeneic DC 

(10:1, T:DC ratio) in a final volume of 200 μl of X-vivo 15 

medium (Lonza, Italy), supplemented with 5% pooled AB 

human serum (Lonza, Italy), and 100 U/ml 

penicillin/streptomycin (Lonza, Italy) for 4 days and then pulsed 

for 16h with 1 μCi/well 3H-thymidine.  

To analyze the proliferative capacity of T(DC-10) and T(mDC) 

cell lines in response to allogeneic stimulation, T cells were 

stimulated with allogeneic mDC (10:1, T:DC ratio)  in a final 

volume of 200 μl of medium for two day and then pulsed for 16h 

with 1 μCi/well 3H-thymidine.  

To evaluate the suppressive activity of T(DC-10), or T(mDC) 

cells, autologous CD4+ T cells (Responders) were thawed  and 

stained with Dye eFluor® 670 (eBioscience, California, USA) 

and activated with allogeneic mDC (10:1, T:DC ratio). 

Suppressor cells were added at a ratio of 1:1. The percentage of 

divided responder T cells was calculated by gating on CD4+ 

cells, as described elsewhere1. 
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Cytokine determination: ELISA  

To measure IL-10, IL-12, IL-6, and TNF-a, DC were left un-

stimulated or activated with 50 ng/ml of rhIFN-g (R&D Systems, 

Minneapolis MN, USA) and 200 ng/ml of LPS (Sigma, CA, 

USA) for 2 days. Cytokine levels were determined in culture 

supernatants by ELISA according to the manufacturer's 

instructions (BD Bioscience, California, USA). The limits of 

detection were as follows: IL-6: 15 pg/ml, IL-10: 5 pg/ml, IL-12: 

30 pg/ml, and TNFa: 5 pg/ml.  To measure IFN-g production 

by T cells, culture supernatants were harvested after 48, 72, and 

96 hours of culture and levels of IFN-g were determined by 

ELISA according to the manufacturer's instructions (BD 

Biosciences). The limit of detection was 30 pg/ml. 

 

Detection of soluble HLA-Gs  

Levels of shed HLA-G1 and soluble HLA-G5 were determined 

by enzyme-linked immunosorbent assay (ELISA), as previously 

described2,3. To detect sHLA-G (shed HLA-G1 and HLA-G5) 

plates (Nunc-Immuno Plate PolySorp, Thermoscientific, 

Denmark) were coated with the mAb G233 (Exbio, Czech 

Republic), whereas to detect HLA-G5 plates were coated with 

the mAb 5A6G7 (Exbio, Czech Republic). sHLA-G or HLA-G5 

were detected with biotinylated b-microglobulin and W6/32 
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mAbs (Exbio, Czech Republic), respectively. Supernatants from 

HLA-G transfected LCL721.221 cells4, and HeLa HLA-G5-

transfected cells (kindly provided by Dr. Rizzo, Università di 

Ferrara) purified by affinity chromatography by using the W6/32 

mAb were used for the generation of standard calibration curves 

for shed HLA-G and HLA-G5, respectively. The limit of 

sensitivity was 1 ng/ml.  

 

Amplification and sequencing of 3’UTR of the HLA-G gene 

Genomic DNA was extracted from PBMCs using a commercial 

kit (QIAamp, QIAGEN, Italy) according to the manufacturer’ s 

instructions. Briefly, 100 ng of genomic DNA were amplified in 

a 25 µl reaction containing 1X polymerase chain reaction (PCR) 

buffer (Roche, USA), 0.2 mM dNTP mix (Roche, USA), 1.5 

mM MgCl2 (Roche, USA), 0.8 U Taq Polymerase (Roche, 

USA), and 1 µM of each primer (For: 5’ 

TCACCCCTCACTGTGACTGA 3’; Rev: 5’ 

TTCTCATGTCTTCCATTTATTTTGTC 3’). The initial 

denaturation step was carried out at 95° C for 3 min, followed by 

30 cycles at 93° C for 60 s, 58° C for 60 s, 72° C for 60 s, and by 

a final extension step at 72° C for 10 min. The amplification 

product was evaluated using a 2.5% agarose gel, purified using a 

commercial kit (Wizard SV Gel and PCR Clean-Up System, 
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Promega, WI, USA) according to the manufacturer’ s 

instructions, and subjected to direct sequencing on both strands. 

All polymorphic sites observed at the 3’UTR were individually 

annotated and named according to previous reports5. 

 

miRNA extraction and quantification 

Cells were thawed as dry pellet, small RNA were extracted using 

mirVana Isolation Kit following manufacturer’s instructions 

(Ambion, Austin, TX). Real-time RT-PCR was used to quantify 

the amounts of miR-152-3p, miR-2110 and, miR-93* (Applied 

Biosystems, Foster City, CA) transcripts in DC-10 compared to 

those of CD14+ precursor cells. Briefly, PCR was carried out for 

40 amplification rounds in the presence of Taqman® microRNA 

Assay system (Applied Biosystems, Foster City, CA), using 

miR-let-7a (Applied Biosystems, Foster City, CA) as 

endogenous control. Reactions were carried out in duplicate or 

triplicate in an ABI Prism 7900 HT Sequence Detection System 

(Applied Biosystems, Foster City, CA) and SDS 2.2.1 software 

was used to analyze the data. The same threshold was applied to 

calculate the Ct values for each PCR reaction. Quantification 

relative to CD14+ precursor cells was carried out using the 

comparative CT method: ∆CT= CTmiR-X-CTmiR-let-7a; ∆∆CT= 

∆CTsample-∆CTCD14+; relative miR-X expression = 2-∆∆CT. 
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Real-time quantitative PCR analyses  

Total RNA was extracted with the RNeasy Mini kit (Qiagen, 

Hilden, Germany), and cDNA was synthesized with the high-

capacity cDNA Reverse Transcription kit (Applied Biosystems, 

Foster City, CA) according to the manufacturer’s instructions. 

Real-time analysis were performed using ABI Prism 7900 HT 

Sequence Detection System (Applied Biosystems, Foster City, 

CA) and SDS 2.2.1 software to analyze the data. Real-time RT-

PCR was used to quantify the amounts of HLA-G transcripts 

compared with those of JEG-3 as previously described 6. Briefly, 

duplex PCR was carried out for 40 amplification rounds in the 

presence of TaqMan Universal PCR Master Mix, using the pre-

developed TaqMan assay reagent GAPDH as endogenous 

control [probe with VIC reporter and 6-

carboxytetramethylrhodamine (TAMRA) quencher (Applied 

Biosystems, Foster City, CA)], HLA-G-specific probe located in 

exon 5 [200 nM; (Applied Biosystems, Foster City, CA): 5’-

CACTGGAGCTGCGGTCGCTGCT; 6-carboxyfluorescein 

(FAM) reporter and TAMRA quencher] and HLA-G-specific 

primers [300 nM (Applied Biosystems, Foster City, CA): 

forward 5’-CTGGTTGTCCTTGCAGCTGTAG; reverse 5’-

CCTTTTCAATCTGAGCTCTTCTTTCT]. Quantification 

relative to JEG-3 was carried out in duplicate, using the 
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comparative CT method: ∆CT= CTHLA-G-CTGAPDH; ∆∆CT= 

∆CTsample-∆CTJEG-3; relative HLA-G expression = 2-∆∆CT. 

 

Statistical analysis 

Sample mean results were compared using the non-parametric 

Mann-Whitney U test for continuous variable. HLA-G 3’UTR 

allele and genotype frequencies were obtained by direct count. 

Comparison of allele and genotype frequencies between 

populations was performed using the chi-squared test. 

Correlation between membrane-bound HLA-G and ILT4 

expression was performed using the Spearman correlation test. 

Comparison between DC-10FBS and DC-10HS was performed by 

using paired t-Test. All results are presented as mean 

values±SEM. Differences were regarded as significant at *P 

<0.05, **P <0.01, and ***P <0.001. The results were analyzed 

using GraphPad Prism 5.0 (GraphPad Software, Inc. La Jolla, 

CA).  
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RESULTS 

In vitro differentiated DC-10 express variable 

levels of membrane-bound HLA-G  

Independently from the donor, DC-10 differentiated in vitro as 

described in Material and Methods, were CD11c+CD14+CD1a-

CD86+HLA-DR+ (Figure 1A and 1B). High variability in the 

expression of membrane-bound HLA-G (ranging from 3.5% to 

97.7%) and of ILT4 (ranging from 0.5% to 70.7%; Figure 1A 

and 1B) was observed. Notably, ILT4 expression correlated with 

that of HLA-G (R2=0.46, P<0.0001). mDC differentiated from 

the same donors of DC-10 were CD11c+CD1a+CD14-CD86bright, 

and did not express HLA-G (<3%) (Figure 1C). Based on the 

expression of HLA-G, DC-10 were classified as HLA-Ghigh and 

HLA-Glow when the percentage of HLA-G-expressing cells was 

higher or lower than 38%, respectively. This threshold value was 

determined as <95% of confidence interval of the mean of HLA-

G-expressing cells among all DC-10 tested. 

HLA-Ghigh and HLA-Glow DC-10 spontaneously secreted IL-10 at 

comparable levels, and negligible levels of IL-12 and TNF-

a (Figure 1D). Upon LPS and IFN-g stimulation, the release of 

IL-10, but not of IL-12, by DC-10 increased, and no differences 

were observed between HLA-Ghigh and HLA-Glow DC-10. Upon 
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activation HLA-Ghigh and HLA-Glow DC-10 secreted comparable 

amounts of TNF-a (Figure 1D). As expected, mDC 

differentiated in vitro from the same donors from whom DC-10 

were generated, secreted high levels of IL-12, and limited 

amounts of TNF-a, and of IL-10 at steady state and upon 

activation (Figure 1D). 

To investigate whether the expression of HLA-G by DC-10 was 

influenced by the culture conditions used for their differentiation 

(i.e. the presence of FBS), we compared the phenotype and 

cytokine production profile of DC-10 generated in media 

supplemented with FBS (DC-10FBS) or HS (DC-10HS). DC-10, 

independently from the media used, were CD14+CD1a-

CD86+HLA-DR+ and expressed both HLA-G and ILT4 at 

variable levels (Figure 2A). DC-10FBS and DC-10HS produced 

high levels of IL-10 and low amounts of IL-12 spontaneously 

and upon LPS and IFN-g stimulation, and TNF-a upon 

stimulation (Figure 2B). Thus, the phenotype of DC-10 is not 

affected by the culture conditions used for their generation. 

Overall, DC-10 generated from different donors are mature 

myeloid CD14+ cells, with a high IL-10/IL-12 ratio, and express 

variable levels of membrane-bound HLA-G and ILT4. 

 



	

	

107 

DC-10 with high membrane-bound HLA-G 

promote T-cell anergy  

Naïve CD4+ T cells stimulated with allogeneic HLA-Ghigh and 

HLA-Glow DC-10, at 10:1 ratio, showed a significantly lower 

proliferative response compared to T cells primed with mDC 

generated from the same donor. A reduction in proliferation of 

91±7.4% (mean±SEM, n=5) and of 91.3±2.4% (mean±SEM, 

n=7) induced by HLA-Ghigh and HLA-Glow DC-10, respectively, 

was observed (Figure 3A and Supplementary Figure 1A). 

Accordingly, the levels of IFN-g secreted by T cells stimulated 

with HLA-Ghigh or HLA-Glow DC-10 were lower than those 

produced by T cells primed with mDC (Figure 3A). Similar 

results were obtained using DC-10HS: 82.5±5.2% (mean±SEM, 

n=8) reduction in proliferation of T cells stimulated with DC-

10HS compared to that obtained with T cells primed with mDC, 

and low IFN-g production by T cells (Figure 3B), confirming 

that culture conditions have not effect on the functional activity 

of DC-10. 

To investigate the function of T cells primed with HLA-Ghigh and 

HLA-Glow DC-10, secondary responses were evaluated. After 

one round of stimulation, T cells primed with HLA-Ghigh DC-10 

[T(DC-10high) cells] were hypo-responsive to re-activation with 

mDC differentiated from the same donor used in primary 
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stimulation, showing a reduction in proliferation of 61.9±18% 

(mean±SEM, n=5) compared to T cells primed with mDC 

(T(mDC) cells) (Figure 3C and Supplementary Figure 1B). 

Conversely, T cells obtained with HLA-Glow DC-10 [T(DC-10low) 

cells] showed high proliferative responses when re-activated 

with mDC with a limited reduction in proliferation (40.3±13.8%, 

mean±SEM, n=7; Figure 3C and Supplementary Figure 1B). 

IFN-g production by T(DC-10high) cells, and at lower extend, by 

T(DC-10low) cells, re-challenged with mDC, was also reduced 

compared to that secreted by T(mDC) cells (Figure 3C). Thus, 

high expression of membrane-bound HLA-G on DC-10 is 

required to promote T-cell anergy in allogeneic naïve CD4+ T 

cells. 

 

DC-10 with high membrane-bound HLA-G 

induce Tr1 cell differentiation  

T(DC-10high) cells contained a significantly higher frequency of 

IL-10-producing cells (on average 10%) compared to both 

T(DC-10low) cells (on average 3.4%, P=0.0121) and T(mDC) 

cells (on average 3.5%, P=0.0127) (Figure 4A). Moreover, in 

T(DC-10high) cell cultures IFN-g producing cells were on average 

58.1%, and the frequency of IL-4-producing cells was very low 

(2.5±1.2%, mean±SEM, n=3; Figure 4A). Conversely, T(DC-
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10low) cells contained variable percentage of IFN-g T cells 

(ranging from 0.3% to 60.8%), and low frequency of IL-4+ T 

cells (1.9±0.93%, mean±SEM, n=8) (Figure 4A). The 

percentages of IFN-g and IL-4+ in T(mDC) cells generated in 

parallel were comparable to those observed in T(DC-10high) and 

T(DC-10low) cells (Figure 4A). 

Tr1 cells can be identified by the co-expression of CD49b and 

LAG-330. Thus, we evaluated the frequency of CD49b+LAG-

3+CD45RA- cells in T(DC-10high) and T(DC-10low) cells. Results 

indicated that T(DC-10high) cells contained a higher frequency of 

CD49b+LAG-3+CD45RA- cells (on average 11.3%) compared to 

both T(DC-10low) (on average 4.3%) and T(mDC) cells (on 

average 2.2%, P=0.0031) (Figure 4B). In line with the presence 

of high frequency of Tr1 cells, T(DC-10high) cells suppressed the 

proliferation of autologous CD4+ T cells activated with mDC 

(40.3±11.1%, mean±SEM, n=3), while T(DC-10low) cells did not 

(Figure 4C).These findings indicate that,high levels of 

membrane-bound HLA-G on DC-10 improved their ability to 

prime T cells to become IL-10-producing Tr1 cells in vitro. 

 

HLA-Ghigh  and HLA-Glow DC-10 secrete 

comparable levels of shed HLA-G1  
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To determine whether the low expression of membrane-bound 

HLA-G observed on HLA-Glow DC-10 was ascribed to their 

ability to shed HLA-G1 from the membrane, we evaluated in 

culture supernatants the amounts of shed HLA-G1. We detected 

shed HLA-G1 in 4 out of 16 unstimulated DC-10 (1.9±0.4 

ng/ml, mean±SEM) and in 9 out of 16 stimulated DC-10 (3±0.4 

ng/ml, mean±SEM; Figure 5A). Conversely, soluble HLA-G5 

was never detected in DC-10 culture supernatants. Interestingly, 

mDC generated in parallel secreted higher levels of shed HLA-

G1 than DC-10 both in steady state and upon activation (P=0.04) 

(Figure 5A). No differences were observed in the ability of 

HLA-Ghigh and HLA-Glow DC-10 to release shed HLA-G1 

(Figure 5B). Thus, in vitro differentiated DC-10 secrete low 

levels of shed HLA-G1, but not HLA-G5. Moreover, the low 

expression of membrane-bound HLA-G observed on HLA-Glow 

DC-10 is not associated with an increased release of shed HLA-

G1. 

 

Frequencies of 3’UTR HLA-G genotypes in 

donors with HLA-Ghigh or HLA-Glow DC-10  

Polymorphisms at 3’UTR of the HLA-G locus influence its 

expression31, thus we investigated whether variability in this 

region can be associated with membrane-bound HLA-G 
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expression on DC-10. Donors from whom we differentiated DC-

10 were typed at the 3’UTR and the presence of eight different 

polymorphic sites was inferred: the 14bp Ins/Del (rs1704), 

+3003 C/T (rs1707), +3010 C/G (rs1710), +3027 A/C 

(rs17179101), +3035 C/T (rs17179108), +3142 C/G 

(rs1063320), +3187 A/G (rs9380142) and +3196 C/G 

(rs1610696). We observed that the 14bp Ins allele was 

significantly highly represented both in single dose (66%) and in 

double copy (45%) in donors with HLA-Glow DC-10 compared 

to those with HLA-Ghigh DC-10 (36%, P= 0.0009 and 14%, P= 

0.0065, respectively; Figure 6A). Since 14bp Ins is in strong 

linkage disequilibrium with G in position +314232, we classified 

donors according to the presence of the 14bp Ins/Del and +3142 

C/G polymorphisms as following: InsG/InsG, DelC/DelC, 

DelC/InsG, and DelG/X. The relative frequencies of these alleles 

and genotypes are shown in Figure 6B. As expected, we 

confirmed the high frequency of the InsG allele in donors with 

HLA-Glow DC-10 and we found that the DelC allele was 

significantly less represented in donors with HLA-Glowcompared 

to HLA-Ghigh DC-10 (P= 0.0213; Figure 6B). 

We next defined the frequencies of HLA-G 3’ UTRs according 

to Castelli et al. classification13, and we found that UTR-1 and 

UTR-2 were overall the most frequent haplotypes in our cohort 

of donors, being UTR-1 observed in 40% of donors with HLA-
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Ghigh DC-10, and UTR-2 in 39% of donors with HLA-Glow DC-

10 (Table 1). Accordingly, UTR-2/UTR-2 was significantly 

higher represented in donors with HLA-Glow compared to HLA-

Ghigh DC-10 (P= 0.036; Table 1). Moreover, 19% of donors with 

HLA-Ghigh DC-10 were UTR-3/DelC, whereas none of the 

donors with HLA-Glow DC-10 had this genotype (P= 0.013; 

Table 1). 

The presence of the 14bp Ins has been associated with low 

mRNA stability and reduced soluble HLA-G protein 

production33. We therefore investigated whether the levels of 

mRNA for HLA-G were variable in DC-10 from different 

3’UTR HLA-G typed donors. Overall the amount of HLA-G 

transcripts was very low, and in 7 out of 13 samples resulted 

below the detection limit. Nevertheless, the highest amounts of 

HLA-G transcript were from donor with 14bp Ins/Del and 14bp 

Del/Del genotypes (Supplementary Figure 2). 

These findings demonstrate that the expression levels of 

membrane-bound HLA-G on DC-10 can be influenced by 

specific polymorphisms at the 3’UTR of the HLA-G locus, and 

that the UTR-2/UTR-2 genotype is more frequent among donors 

from whom DC-10 with low HLA-G were generated, while 

UTR-3/DelC genotype in donors with high HLA-G expression 

on DC-10. 
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miR-152 is highly expressed in in vitro 

differentiated DC-10  

We hypothesized that miR-152, miR-148a, and miR-148b, 

which target G at position +3142, may be responsible for the low 

membrane-bound HLA-G expression observed in DC-10 from 

donors carrying the UTR-2/UTR-2 genotype. We evaluated the 

expression of miR-152, miR-2110 and, miR-93a predicted to 

have high binding affinity for HLA-G mRNA 14 in in vitro 

differentiated DC-10 compared to CD14+ precursors. Results 

showed that miR-152 was expressed on average 2.1 fold more 

(n=5) in DC-10 than in CD14+ cells (Figure 7). Conversely, 

miR-2110 and miR-93a were respectively equally or less 

expressed in DC-10 than in CD14+ cells (Figure 7). Thus, the 

expression of miR-152 can be involved in the post-

transcriptional regulation of HLA-G in DC-10, especially in 

those donors with 3’UTR haplotypes with G in position +3142. 
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DISCUSSION 

In the present study, we defined the important role of HLA-G in 

DC-10-mediated induction of Tr1 cells. We showed that the 

expression of membrane-bound HLA-G on DC-10 is donor-

dependent and that, in the presence of similar levels of IL-10, a 

high expression of HLA-G on DC-10 is required to induce at 

high frequency Tr1 cells in vitro. We also established that 

3’UTR genetic variations influence the HLA-G expression on 

DC-10 that might be finely tuned by miRNA-mediated post-

transcriptional regulation. 

We confirmed that, similar to other populations of tolerogenic 

DC previously described, G-CSF-induced DC34,35 and dermal 

CD141+ cells36, DC-10 differentiated in vitro from monocytes 

using our standardized protocol27 are CD14+. In addition, DC-10 

expressed variable levels of HLA-G depending on the donor, and 

according to this, DC-10 can be classified in HLA-Ghigh or HLA-

Glow. Notably, we found that the expression of HLA-G on DC-10 

correlated with that of ILT4, but not with the expression of ILT2 

or of ILT3, which were highly expressed on DC-10 (data not 

shown). These findings are in line with a previous report 

showing that in transfected antigen-presenting cell (APC) lines 

the ectopic expression of HLA-G promoted the up-regulation of 

ILT2, ILT3, and ILT437. 
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By proteolytic shedding, the HLA-G1 trans-membrane isoform 

can be released as shed HLA-G1, which retains all the functions 

of the membrane counterpart6,38. We postulated that low levels of 

HLA-G on DC-10 were associated with an increased production 

of shed HLA-G1. However, comparable low amounts of shed 

HLA-G1 were generated from both HLA-Glow and HLA-Ghigh 

DC-10. The production of shed HLA-G1 is regulated by the 

activity of MMPs38, and specifically by MMP-239. Data from the 

gene expression profile of in vitro differentiated DC-10 indicated 

that MMPs are present in DC-10 (Comi et al., unpublished data). 

Thus, we can hypothesize that in HLA-Glow DC-10 the great 

majority of HLA-G1 molecules is rapidly cleaved and released 

as shed HLA-G1, whereas the higher amounts of HLA-G1 

synthesized in HLA-Ghigh DC-10 saturate the activity of MMPs 

and, as a result, more HLA-G1 is expressed as trans-membrane 

isoform.  

It has been previously reported that constitutive high HLA-G 

expression confers to APCs the ability to inhibit primary T-cell 

responses23. Conversely, we herein showed that DC-10 displayed 

low stimulatory activity regardless to HLA-G expression levels. 

This result is not surprising, since DC-10, independently from 

HLA-G expression, secrete high levels of IL-10, which is known 

to directly inhibit T-cell responses in vitro40-43. We previously 

demonstrated that IL-10, either exogenously added or derived by 
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DC-10, inhibited the proliferation of allogeneic naïve T cells in 

vitro44,45. 

DC-10 prime T cells to become Tr1 cells via the IL-10-induced 

HLA-G/ILT4 pathway27. Although IL-10, ILT4, and HLA-G are 

important for DC-10 tolerogenic activity, their relative 

contributions in inducing Tr1 cells were not investigated. The 

identification of DC-10 that spontaneously expressed high or 

low HLA-G, allowed us to finally demonstrate that the high 

levels of HLA-G on DC-10 are required to efficiently induce 

anergic T cells, and consequently Tr1 cells. We indeed proved 

that HLA-Ghigh DC-10 promoted Tr1 cells, identified as IL-10-

producing or as CD49b+LAG-3+CD45RA-30 T cells, at higher 

frequency than HLA-Glow DC-10. In addition, we confirmed the 

key role of IL-10 in DC-10-induced T-cell anergy (and Tr1 

cells)27,43-45, since, in a limited number of donors, we found that 

T cells primed with HLA-Glow DC-10 became hypo-responsive 

to secondary stimulation. In this study we showed that although 

IL-10-derived by DC-10 is necessary for promoting T-cell 

anergy, it is not sufficient to promote the differentiation of Tr1 

cells at high frequency. The low HLA-G (and ILT4) expression 

on DC-10 hampers the amplification of the DC-10-mediated 

tolerogenic loop, consisting in inhibiting T cell activation via 

ILT2 and promoting HLA-G and ILT4 expression on 

neighboring DC-10, and the consequent induction of IL-10, 
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which sustains Tr1 cell generation. Being HLA-G expression on 

DC-10 genetically determined, future studies aimed at up-

regulating HLA-G in donors prone to generate HLA-Glow DC-10 

will definitively prove our hypothesis.   

Studies investigating 3’UTR HLA-G polymorphisms and HLA-

G expression primarily focused on the association between the 

14bp Ins/Del polymorphism and soluble HLA-G isoforms33,46. 

Only recently these analyses have been enlarged to other 

polymorphisms in the 3’UTR region of HLA-G and to 

membrane-bound HLA-G47,48. In the present study, we screened 

the association of multiple variations in the 3’UTR HLA-G, 

considering alleles, genotypes, haplotypes, and diplotypes with 

membrane-bound HLA-G expression on DC-10. We reported 

that the majority of donors with HLA-Glow DC-10 carried 

haplotypes, such as UTR-2, UTR-5, UTR-7, containing 14bp Ins 

and G in position +3142, both variations previously associated 

with low mRNA stability10,14. These results are in line with a 

recent work showing that UTR-2 and UTR-5 associated with low 

expression of soluble HLA-G 48. The presence of G at position 

+3142 increases the affinity of miR-152, miR-148a, and miR-

148b for mRNA, promoting the repression of HLA-G 

expression14. Moreover, the over-expression of miR-148a or 

miR-152 in JEG-3 or LCL721.221 cell lines promotes post-

transcriptional down-regulation of membrane-bound HLA-G49,50.  
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Interestingly, analysis of the miRNome profile of DC-10, in 

comparison to that of mature DC, identified 10 differentially 

expressed miRNAs, and among those miR-148a (Comi et al. 

unpublished data). Moreover, miR-152 was highly expressed in 

DC-10 as compared to CD14+ precursors. Thus, it can be 

postulated that post-transcriptional regulation of mRNA 

encoding for HLA-G may occur in DC-10 generated from 

donors carrying double dose of 3’UTRs haplotypes with +3142 

G. The higher frequency of UTR-2, UTR-5, and UTR-7 in 

donors with HLA-Glow DC-10 supports this hypothesis. 

Although several questions regarding the mechanisms associated 

with polymorphic sites at 3’UTR of HLA-G need to be 

addressed, the present study evidences a link between the 

presence of 14bp Ins and the low expression of HLA-G, and 

indicates that this effect can be finely tuned by additional 

variations present at the 3’UTR, such as the +3142 C/G possibly 

via miRNA-mediated post-transcriptional regulation. 

In conclusion, this study provides new insights on the role of 

HLA-G in DC-10-mediated Tr1 cell induction: i) high 

expression of HLA-G is required for efficient induction of Tr1 

cells via DC-10; ii) the contribution of soluble HLA-G isoforms 

in DC-10-mediated induction of Tr1 cells is negligible; iii) 

3’UTR HLA-G haplotypes and genotypes can be associated with 

the expression of membrane-bound HLA-G on DC-10 and, 
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consequently, with their ability to prime naïve T cells to become 

Tr1 cells. To our knowledge, this is the first comprehensive 

study in which 3’UTR polymorphisms have been associated with 

membrane-bound HLA-G expression and with tolerogenic 

properties of a specific cell subset. DC-10 are currently used to 

generate allo-specific Tr1 cells for adoptive Treg-based cell 

therapy, but they represent an interesting therapeutic tool to 

induce or re-establish immunological tolerance in different 

clinical settings including allogeneic transplantation or 

autoimmune diseases. Results on the influence of 3’UTR 

genotypes on HLA-G expression on DC-10 and their tolerogenic 

activity provide new important tools for donor selection in 

several clinical settings such as hematopoietic stem cell and solid 

organ transplantation, and will also be relevant for understanding 

the immunological mechanisms underlying autoimmune diseases 

and cancer. 
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FIGURE LEGENDS 

 

Figure 1. In vitro differentiated DC-10 express variable 

levels of membrane-bound HLA-G. Expression levels of 

CD14, CD1a, CD11c, CD86, HLA-DR, HLA-G, and ILT4 on in 

vitro differentiated DC-10 and mDC were evaluated by FACS 

analysis. (A) Percentages of positive cells for the indicated 

markers in n= 33 independent donors are shown. (B) One 

representative donor out of 30 HLA-Ghigh DC-10 (upper panels), 

and one out of 24 HLA-Glow DC-10 (lower panels) are presented. 

Numbers represent percentages of positive cells in each 

quadrant. (C) One representative donor out of 54 mDC is 

presented. Numbers represent percentages of positive cells in 

each quadrant. (D) DC-10 were left un-stimulated or stimulated 

with LPS and IFN-g for additional 2 days. Concentration levels 

of IL-10, IL-12, and TNF-a in culture supernatants of the 

indicated cells are shown. Mean±SEM of n=11 (HLA-Ghigh DC-

10), n=15 (HLA-Glow  DC-10), and  n=26 (mDC) independent 

experiments. 

 

Figure 2. DC-10 differentiated with FBS or HS have 

comparable phenotype and cytokine profile. (A) 
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Expression levels of CD14, CD1a, CD11c, CD86, HLA-DR, 

HLA-G, and ILT4 on DC-10 differentiated from CD14+ cells 

isolated from the same donor with FBS (DC-10FBS) or HS (DC-

10HS) were evaluated by FACS analysis. One representative 

donor out of 9 DC-10FBS (upper panels), and DC-10HS (lower 

panels) are presented. Numbers represent percentages of positive 

cells in each quadrant. (B) DC-10 were left un-stimulated or 

stimulated with LPS and IFN-g for additional 2 days. 

Concentration levels of IL-10, IL-12, and TNF-a in culture 

supernatants of the indicated cells are shown. Mean±SEM of n= 

6 independent experiments. 

 

Figure 3. DC-10 with high levels of membrane-bound 

HLA-G promote T-cell anergy. (A) Naive CD4+ T cells 

were cultured with allogeneic in vitro differentiated HLA-Ghigh 

DC-10, HLA-Glow DC-10, and mDC (ratio 10:1). Proliferative 

responses were evaluated 4 days after culture by [3H]-thymidine 

incorporation for additional 16 hours (left panel). Mean±SEM of 

n=5 DC-10high, n=7 DC-10low, and n=12 mDC independent 

experiments. IFN-g production was evaluated 4 days after 

culture (right panel). Mean±SEM of n=4 DC-10high, n=6 DC-

10low, and n=10 mDC independent experiments. (B) Naive CD4+ 

T cells were cultured with allogeneic in vitro differentiated DC-

10FBS, and DC-10HS from CD14+ cells isolated from the same 
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donor (ratio 10:1). Proliferative responses were evaluated 4 days 

after culture by [3H]-thymidine incorporation for additional 16 

hours (left panel); IFN-g production was evaluated 4 days after 

culture (right panel). Mean±SEM of n=8 independent 

experiments. (C) Naive CD4+ T cells were stimulated with 

allogeneic HLA-Ghigh DC-10 [T(DC-10high)], HLA-Glow DC-10 

[T(DC-10low)], or mDC [T(mDC)] for 14 days. After culture, T 

cells were tested for their ability to proliferate in response to 

mDC from the same allogeneic donor used in priming. 

Proliferative responses were evaluated 2 days after culture by 

[3H]-thymidine incorporation for additional 16 hours (left panel). 

Mean±SEM of n=5 [T(DC-10high)], n=7 [T(DC-10low)], and  

n=12 [T(mDC)] independent experiments. IFN-g production was 

evaluated 2 days after culture (right panel). Mean±SEM of n=5 

[T(DC-10high)], n=6 [T(DC-10low)], and  n=11 [T(mDC)] 

independent experiments. 

 

Figure 4. DC-10 with high membrane-bound HLA-G 

induce Tr1 cell differentiation. Naive CD4+ T cells were 

stimulated with allogeneic HLA-Ghigh DC-10 [T(DC-10high)], 

HLA-Glow DC-10 [T(DC-10low)], or mDC [T(mDC)] for 14 days. 

(A) After culture, T cells were activated with PMA/IONO 

(leukocyte activation kit) for 6 hours (as described in Methods), 

and cytokine production was determined by intracytoplasmic 
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staining. Percentages of IL-10-, IFN-g, and IL-4-producing cells 

in T(DC-10high) (n= 3), T(DC-10low) (n= 8), and T(mDC) (n= 11) 

cells are presented. Each dot represents a single donor and lines 

indicate mean, *P < 0.05.  (B) After culture, the frequencies of 

CD4+ T cells co-expressing CD49b and LAG-3 in T(DC-10high), 

T(DC-10low), and T(mDC) cells were analyzed by FACS. One 

representative plot for each cell lines (left panels) and 

percentages of CD49b+LAG-3+CD45RA- in 5, 3, and 8 

independent experiments for T(DC-10high),  T(DC-10low), and 

T(mDC) cells, respectively, are shown (right panel). Numbers 

represent percentages of positive cells in each quadrant. Each dot 

represents a single donor and lines indicate mean, ** P <0.01. 

(C) T(DC-10high)  and T(mDC) cells were tested for their ability 

to suppress responses of autologous CD4+ T cells activated with 

mDC (Responders). Percentages of suppression mediated by the 

indicated T cell populations are indicated. One representative 

donor out of three tested is showed. 

 

Figure 5. HLA-Ghigh and HLA-Glow DC-10 secrete 

comparable levels of shed HLA-G1. DC-10 and mDC were 

left un-stimulated or stimulated with LPS and IFN-g for 

additional 2 days. (A) Concentration levels of shed HLA-G1 in 

culture supernatants of DC-10 and mDC are shown. mean±SEM; 

n=4 (DC-10) and n=9 (mDC) unstimulated and n=8 (DC-10) and 
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n=12 (mDC) stimulated with LPS and IFN-g (B) Concentration 

levels of shed HLA-G1 in culture supernatants of HLA-Ghigh and 

HLA-Glow DC-10 are shown. Mean±SEM; n=1 (HLA-Ghigh DC-

10) and n=3 (HLA-Glow DC-10) unstimulated and n=3 (HLA-

Ghigh DC-10)  and n=6 (HLA-Glow DC-10) stimulated with LPS 

and IFN-g. 

 

Figure 6. Frequencies of 3’UTR genotypes in donors 

with HLA-Ghigh and HLA-Glow DC-10. (A) Allele and 

genotype frequencies for 14 bp Ins/Del polymorphism, and for 

(B) 14  bp Ins/Del and +3142 G/C polymorphisms in 67 healthy 

donors (n= 36, HLA-Ghigh DC-10 and n= 31 HLA-Glow DC-10) 

are shown. * P <0.05, ** P <0.01, *** P <0.001. 

 

Figure 7. miR-152 is highly expressed by in vitro 

differentiated DC-10. miRNAs were extracted from in vitro 

differentiated DC-10 and the expression of the indicated 

miRNAs was evaluated by RT-PCR. Following normalization to 

miR-let7a, relative mRNA amounts from DC-10 cells were 

adjusted to corresponding expression levels of a calibrator 

(corresponding CD14+ precursors). Numbers represent arbitrary 
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units. Each dot represents a single cell preparation and lines 

indicate mean. 

 

Figure S1. DC-10 with high levels of membrane-bound 

HLA-G promote T-cell anergy. (A) Naive CD4+ T cells 

were cultured with allogeneic in vitro differentiated HLA-Ghigh 

DC-10, HLA-Glow DC-10, and mDC (ratio 10:1). Proliferative 

responses were evaluated 4 days after culture by [3H]-thymidine 

incorporation for additional 16 hours. One representative donor 

out of 6 for HLA-Ghigh DC-10 and one out of 8 for HLA-Glow 

DC-10 independent donors tested are presented. Numbers 

represent the percentages of reduction in proliferation of naïve 

CD4+ T cells stimulated with DC-10 compared to those activated 

with mDC. (B) Naive CD4+ T cells were stimulated with 

allogeneic HLA-Ghigh DC-10 [T(DC-10high)], HLA-Glow DC-10 

[T(DC-10low)], or mDC [T(mDC)] for 14 days. After culture, T 

cells were tested for their ability to proliferate in response to 

mDC from the same allogeneic donor used in priming. 

Proliferative responses were evaluated 2 days after culture by 

[3H]-thymidine incorporation for additional 16 hours. One 

representative donor out of 6 HLA-Ghigh DC-10 and one out of 8 

HLA-Glow DC-10 independent donors tested are presented. 

Numbers represent the percentages of anergy of T(DC-10) 
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compared to T(mDC) calculated as follows: 100-[(T(mDC cpm)-

T(DC-10 cpm)/T(mDC cpm)*100]. 

 

Figure S2. Quantification of HLA-G mRNA transcripts in 

DC-10. DC-10 were differentiated in the presence of IL-4, GM-

CSF and IL-10 for 7 days. On day 7, total mRNA was extracted 

from DC-10 and expression of HLA-G gene was evaluated by 

RT-PCR. Following normalization to GAPDH, relative mRNA 

amounts from DC-10 cells were adjusted to corresponding 

expression levels of a calibrator (JEG-3 cell line). Numbers 

represent arbitrary units. DC-10 were obtained from the 

indicated 3’UTR genotyped donors. 

 

.  
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ABSTRACT 

DC-10 are a subset of human tolerogenic DC characterized by 

the ability to produce IL-10 and by the expression of HLA-G and 

ILT4. DC-10 are inducible in vitro by culturing peripheral blood 

monocytes with IL-10, and are present in vivo in blood, 

secondary lymphoid organs, and in decidua of pregnant women. 

DC-10 modulate CD4+ T cell responses and promote the 

differentiation of naïve CD4+ T cells in T regulatory type 1 (Tr1) 

cells in vitro. Thus far, little is known about the role of DC-10 on 

CD8+ T cell responses. In this work, we investigated the in vivo 

and in vitro DC-10-mediated modulation of CD8+ T cells. In 

humanized NSG mice DC-10 primed both CD8+ and CD4+ T 

cells, anergizing them against allogeneic antigen (allo-Ag). DC-

10 activated allogeneic CD8+ T cells in vitro at lower levels 

compared to mature DC (mDC), induced anergic allo-specific 

CD8+ T cells, and suppressed allogeneic  CD8+ T cells activated 

with mDC  in a contact-independent manner. These findings 

indicate that DC-10 modulate CD8+ T cell responses in vitro and 

and in vivo. The ability of DC-10 to limit allo-reactive CD8+ T 

cell responses allows the long-term allo-specific tolerance via 

the generation of Tr1 cells and support the potential use of DC-

10 as DC-based therapy to prevent graft rejection. 
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INTRODUCTION 

Dendritic cells (DC) are highly specialized antigen presenting 

cells, important initiators of primary T cell responses. DC 

activate lymphocytes, but they also tolerize T cells to self- and 

not harmuful antigens (Ag), minimizing autoimmune reactions1. 

The immunosuppressive and immunomodulatory abilities of DC 

make them interesting tool for cell therapy to promote/restore 

tolerance in T cell mediated diseases2. Tolerogenic DC can lead 

T regulatory (Treg) cells induction from naïve T cells, and 

anergy or deletion of effector T cells. Several phase I clinical 

trials are currently ongoing, and first results demonstrated that 

tolerogenic DC are well tolerated3. 

Among different tolerogenic DC subsets, we focused our study 

on DC-10 that can be differentiated in vitro by culturing 

peripheral blood monocytes in the presence IL-104. DC-10 

express CD11c, CD14, CD16, CD141 and CD163 and, although 

not activated, display a mature myeloid phenotype, being 

CD80+, CD86+ and HLA-DR+. Secretion of high levels of IL-10 

and expression of membrane-bound HLA-G and ILT4 are 

critical factors involved in DC-10-mediated induction of T 

Regulatory Type 1 (Tr1) cells4,5. Based on these findings, DC-10 

are currently used in the clinic to generate allo-specific IL-10-

producing Tr1 cells from cell-based therapies6–8.  
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The aim of the present work was to investigate the potential use 

of DC-10 as DC-based cell therapy approach to induce tolerance. 

We demonstrated that DC-10 prime CD8+ and CD4+ T cells in 

vivo and in vitro, inducing hypo-responsive allo-specific T cells. 

In vitro studies showed that DC-10 induce low allogeneic CD8+ 

T cell activation and proliferation and DC-10-primed CD8+ T 

cells are hypo-proliferative upon restimulation. Finally, DC-10 

suppress allogeneic CD8+ T responses induced by activation 

with mature DC in a contact-independent manner. 
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MATERIALS AND METHODS 
 
 

Cell preparation 

Human peripheral blood was obtained from healthy donors in 

accordance with local committee approval, and informed consent 

was provided for the use of blood samples according to the 

Declaration of Helsinki. Peripheral blood mononuclear cells 

(PBMCs) were isolated via density gradient centrifugation over 

Lymphoprep (Axis-Shield PoC AS, Oslo, Norway).  

 

DC differentiation 

CD14+ monocytes were isolated from PBMC by positive 

selection using CD14 MicroBeads (Miltenyi Biotech, Germany) 

according to the manufacturer’s instructions. Cells were cultured 

in RPMI 1640 (Lonza, Switzerland) supplemented with 10% 

FCS (Euroclone, Italy), 100 U/ml penicillin/streptomycin 

(Lonza, Switzerland), 2 mM L-glutamine (Lonza, Switzerland), 

supplemented with rhGM-CSF (Miltenyi Biotech, Germany) at 

100 ng/ml, rhIL-4 (Miltenyi Biotech, Germany) at 10 ng/ml, and 

rhIL-10 (CellGenix, Germany) at 10 ng/ml for 7 days to obtained 

DC-10. On day 3, half of differentiation medium was added to 
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wells. On day 5, DC differentiated in the absence of rhIL-10 

were matured by addition of 1 μg/ml of LPS (Sigma Aldrich, 

CA, USA) for additional 2 days to obtain mature DC (mDC) or 

left un-stimulated to generate immature DC (iDC). Resulting DC 

were recovered on day 7 and their phenotype was evaluated by 

flow cytometry.  

 

In vivo experiments  

6- to 8-week-old female NSG mice were obtained from Charles-

River Italia (Calco, Italy). The experimental protocol was 

approved by the internal committee for animal studies of our 

institution (Institutional Animal Care and Use Committee 

[IACUC #632]). On day 0 mice were injected with PBMC (107) 

alone or in combination with allogeneic mDC or DC-10 (106). 

Cells were re-suspended in 250 µl of PBS and infused 

intraperitoneally. Mice were euthanized at day 14 to analyse 

human cells in the spleen. 2x105 total splenocytes were then 

plated with 104 mDC, from the same donor of injected DC (allo-

mDC) or from an un-related donor (third party mDC). After 3 

days 3H-timidine was added in the last 16 hours of co-culture to 

quantify proliferation. In some experiments, total splenocytes 

were labelled with Cell Proliferation Dye eFluor® 670 



	

	

153 

(eBioscience, CA, USA) and proliferation was evaluated by 

proliferation dye diluition. 

 

T cell purification and culture 

CD8+ T cells were purified from PBMC by negative selection 

using the CD8+ T cell Isolation kit (Miltenyi Biotech, Germany) 

according to the manufacturer’s instructions. For naïve CD8+ T 

cell isolation, the recovered CD8+ T cells were depleted of 

CD45RO+ cells using anti-CD45RO-coupled magnetic beads 

(Miltenyi Biotech, Germany).  

105 allogeneic CD8+ T cells were cultured with 104 DC (DC-10, 

mDC or iDC) in 200 µl of X-VIVO 15 medium (Lonza, 

Switzerland), supplemented with 5% human serum (Sigma 

Aldrich, CA, USA), and 100 U/ml penicillin/streptomycin 

(Lonza, Switzerland). In same experiment, autologous DC-10 

were added at 1:1 ratio to cultures (104). After 5 days, T cells 

were collected, washed, and stained for activation markers. 

Alternatively, 3H-timidine was added in the last 16 hours of co-

culture to quantify proliferation.  

106 naïve CD8+ T cells were cultured with 105 allogeneic mDC 

or DC-10 with addition of 5 ng/ml of IL-7 (PeproTech, NJ, 

USA) and IL-15 (R&D System, MN, USA). After 7 days, cells 
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were collected and 105 primed CD8+ T cells were re-stimulated 

with 104 mDC from the same donor of injected DC (allo-mDC) 

for 3 days or from an un-related donor (third party mDC) for 5 

days. 3H-timidine was added in the last 16 hours of co-culture to 

quantify proliferation. 

In transwell experiments, 106 CD8+ T cells were stimulated with 

105 allogeneic mDC in the lower chamber of transwell, while in 

the upper chamber 5*105 CD8+ T cells were co-cultured with 105 

allogeneic DC-10, syngenic to mDC. As control, 106 CD8+ T 

cells stimulated with 105 allogeneic mDC alone or in 

combination with 105 allogeneic DC-10 were used. After 5 days, 

T cells were collected, washed, and stained for activation 

markers and proliferation.  

 

Flow cytometry 

To evaluate DC phenotype, cells at day 7 of differentiation 

protocol were stained with antibodies against CD1a, CD14, 

CD16, HLA-DR, CD11c (Becton Dickinson, NJ, USA).  

To quantify human chimerism in spleens of NSG mice, 

splenocytes were co-stained with anti-human CD45 (Biolegend), 

anti-human CD3, anti-human CD8, anti-CD4 and anti-murine 

CD45 (Becton Dickinson, CA, USA) antibodies. Total 



	

	

155 

splenocytes were labelled with Cell Proliferation Dye eFluor® 

670 (eBioscience, CA, USA) and proliferation was evaluated by 

proliferation dye diluition. 

To study activation of CD8+ T cells, at the end of co-cultures 

cells were washed and stained with anti-CD3 (Biolegend), anti-

CD8, anti-CD25, anti-CD71 and anti-CD137 antibodies (Becton 

Dickinson, CA, USA). To measure CD8+ T cell proliferation in 

transwell experiments, intracellular staining was performed with 

Foxp3/Transcription Factor Staining Buffer Set (eBioscience 

CA, USA) and anti-Ki67 antibody (Becton Dickinson, CA, 

USA). 

FcR Blocking Reagent (Miltenyi Biotec, German) is used to 

avoid not specific staining. Samples were acquired using a 

FACS Canto II Flow Cytometer (Becton Dickinson, CA, USA), 

and data were analysed with FlowJo software (FlowJo, LLC 

Oregon, USA).  

 

ELISA 

To measure IFN-γ released by activated CD8+ T cells, co-culture 

supernatants were tested in classical sandwich ELISA following 

manufacturer’s instruction (Becton Dickinson, CA, USA). 

Levels of sHLA-G were determined as previously described9. To 
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detect sHLA-G plates were coated with purified G233 antibody 

(Exbio, Czech Republic), while biotinylated W6/32 (Exbio, 

Czech Republic) was used as secondary antibody. Supernatants 

from HLA-G transfected LCL721.221 cells10 purified by affinity 

chromatography by using the W6/32 mAb were used for the 

generation of standard calibration curves for shed HLA-G. 

 

Statistical analysis 

Non-parametric Mann-Whitney U test for continuous variable or 

Wilcoxon matched pairs test (two-tailed) were used for statistical 

analysis. All results are presented as mean values±SEM. 

Differences were regarded as significant at *P<0.05, **P<0.01, 

***P<0.001 and ****P<0.001. Results were analysed using 

GraphPad Prism 5.0 (GraphPad Software, CA, USA). 
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RESULTS  

DC-10	 prime CD4+ and CD8+ T cells in vivo, 

inducing an allo-specific hypo-responsiveness  

We studied the ability of in vitro differentiated DC-10 to prime T 

cell responses in humanized mice. NSG mice were co-injected 

with PBMC and allogeneic DC-10 or mature DC (mDC). After 

14 days, the human chimerism within the spleen was similar in 

mice injected with DC-10 and mDC, an average 49% (±3.7%, 

±SEM) and 65% (±2.3%, ±SEM) in DC-10-injected and mDC-

injected mice, respectively. The majority of human cells were 

CD3+ (89.34±3.08% and 86.28±1.43%, mean±SEM, n=5, in DC-

10 and mDC injected mice, respectively), whereas the CD4/CD8 

ratio was different (Suppl. Fig.1). In DC-10-injected mice an 

equal percentage of CD4+ and CD8+ T cells was observed, while 

in mDC-injected mice we found an expansion of CD4+ T cells 

(60.88±3.18%, mean±SEM, n=5), which were 2-fold higher 

compared to CD8+ T cells  (28.46±1.37%, mean±SEM, n=5).  

Upon in vitro re-challenge of spleen cells with mDC autologous 

to injected DC (allo-mDC), T cells from DC-10-injected mice 

proliferated significantly (p=0.008) less compared to those of 

mDC-injected mice (Fig.1A). Conversely, T cells from DC-10-

injected and mDC-injected mice poorly proliferated upon re-

stimulation with a third party mDC, demonstrating an effective 



	

	

158 

in vivo allo-specific priming. We next investigated the 

proliferative response of CD4+ and CD8+ T cells from spleen of 

mice injected with PBMC and allogeneic DC-10 or mDC. 

Results showed that CD4+ T cell response to mDC autologous to 

injected DC (allo-mDC) was significantly (p=0.011) lower in 

DC-10-injected mice compared to that in mDC-injected mice, 

but significantly higher (p=0.047) compared to that in mice 

injected with PBMC alone (Fig.1B). Similarly, CD8+ T cells 

from DC-10-injected mice showed a significant lower (p=0.006) 

proliferative response to allo-mDC, but comparable to that of 

CD8+ T cells from mice injected with PBMC alone. CD4+ and 

CD8+ T cell proliferation to third party mDC was similar in the 

three groups (Fig.1B). These data indicate that DC-10 prime T 

cells in vivo, and promote allo-specific hypo-responsiveness, in 

both CD4+ and CD8+ T cells.  

 

DC-10 induce low activation and proliferation of 

allogeneic CD8+ T cells  

To define the ability of DC-10 to modulate allogeneic CD8+ T 

cell responses, we next performed in vitro experiments. CD8+ T 

cells were stimulated with allogeneic DC-10 for 5 days and the 

levels of CD71, CD25, and CD137 expression was monitored. 

As control, CD8+ T cells were stimulated with mDC and 
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immature DC (iDC) generated from the same donor of DC-10. 

Results shown in Figure 2A indicate that CD8+ T cells 

stimulated with allogeneic DC-10 expressed significantly lower 

levels of the activation markers CD71, CD25, and CD137 

(p=0.004, p=0.004 and p=0.008, respectively) compared to T 

cells stimulated with mDC (Fig.2A). Moreover, the percentages 

of CD71+ CD8+ and CD25+ CD8+ cells in DC-10 co-cultures 

were also significantly lower (p=0.008) compared to those 

observed in T cells stimulated with iDC. Although DC-10 

promoted mild up-regulation of the abovementioned activation 

markers, the frequencies of positive cells were significantly 

higher (p=0.004) compared to those of un-stimulated CD8+ T 

cells (Fig.2A). The proliferative response of allogeneic CD8+ T 

cells stimulated with DC-10 was in line with the activation 

marker profile. DC-10 induced a significantly lower proliferation 

compared to both mDC and iDC (p<0.0001), but higher 

compared to that of un-stimulated T cells (p<0.0001) (Fig.2B). 

In 3 out of 13 donors tested, we observed in DC-10 co-cultures 

IFN-g production, which was lower compared to that measured 

in both iDC and mDC co-cultures (Fig.2C). In conclusion, these 

data indicate that DC-10 activate and induce proliferation in 

CD8+ T cells at low levels.  
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DC-10 anergize naïve CD8+ T cells against an 

antigen-specific re-stimulation 

We next studied the potential of DC-10 to induce anergic allo-

specific CD8+ T cells. We therefore primed naïve CD8+ T cells 

with allogeneic DC-10, and test their response upon secondary 

stimulation. Results depicted in Figure 3A showed that DC-10-

primed CD8+ T cells proliferated at lower levels compared to 

mDC-primed T cells, when allo-mDC were used as stimulators. 

Conversely, the proliferative response towards third party mDC 

was similar in both DC-10- and mDC-primed CD8+ T cells. 

Upon allo-mDC CD8+ T cells primed with DC-10 secreted lower 

levels of IFN-g  compared to T cells primed with mDC. 

Differently from what we observed in proliferation, also third 

party mDC promoted lower IFN-g secretion by DC-10-primed T 

cells. These results demonstrated that DC-10 prime naïve CD8+ 

T cells and induce allo-specific anergy.  

 

DC-10 suppress mDC-stimulated CD8+ T cell 

response  

To evaluate whether DC-10 can modulate an ongoing immune 

response, we assessed their suppressive ability on activated 

allogeneic CD8+ T cells. To this end, CD8+ T cells were 
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stimulated with allogeneic mDC in the presence or absence of 

DC-10 autologous to mDC. Addition of DC-10 to co-culture 

significantly (p=0.002) dampened mDC-mediated CD8+ T cell 

responses, with an average of 39.4% (n=10) of suppression of 

proliferation (Fig.4A). Similarly, DC-10 significantly (p=0.01) 

inhibited the secretion of IFN-g induced by mDC (5.14±0.41 

pg/ml vs 8.55±1.15 pg/ml, mean±SEM, n=10) (Fig.4B). Thus, 

DC-10 inhibit allo-specific CD8+ T cell responses mediated by 

autologous mDC.  

We next investigated whether DC-10-mediated suppression of 

CD8+ T cells activated by allogeneic mDC was contact-

dependent. CD8+ T cells were stimulated with allogeneic mDC in 

the lower chamber of transwell, while in the upper chamber 

CD8+ T cells were co-cultured with DC-10. After 5 days, the 

proliferative response of allogeneic CD8+ T cells in the lower 

chamber was evaluated by Ki67 staining. DC-10 in transwell 

condition suppressed the proliferation of mDC-stimulated CD8+ 

T cells, as demonstrated by the lower percentages of Ki67+ cells 

(4.2±1.36% and 18.12±3.95%, mean±SEM, n=6, respectively) 

(Fig.4C). Surprisingly, the inhibition of CD8+ T cell proliferation 

mediated by DC-10 in transwell was even higher compared to 

that exerted by DC-10 in co-culture (8.58±2.38% of Ki67+ cells, 

mean±SEM, n=6). An average of 76.33% and 52.5% of DC-10-

mediated suppression in transwell and co-cultures, respectively, 
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was observed. Moreover, DC-10 in transwell reduced IFN-g 

production by CD8+ T cells stimulated with mDC at similar 

levels that those observed with DC-10 in co-culture (Fig.4D). In 

conclusion, DC-10 suppress proliferation and consequent IFN-g 

production of allo-stimulated CD8+ T cells in a contact-

independent manner.  

The three key molecules for CD4+ T regulatory Type 1 (Tr1) 

cells induction by DC-10 are IL-10, HLA-G and its receptor 

ILT-4. IL-10 levels in the co-colture supernatants were very low 

(data not shown), indicating that IL-10 secreted by DC-10 

cannot mediated CD8+ T cell suppression. HLA-G is not only 

expressed as membrane-bound, but can also be secreted or 

released from cell membrane by shedding11. We therefore 

evaluated the sHLA-G levels in the supernatants. Interestingly, 

addition of DC-10 in transwell resulted in a 2-fold increase in 

sHLA-G levels compared to those found in mDC-CD8 co-

culture (3988±612 and 1723±278 pg/ml, mean±SEM, n=5) 

(Fig.4E). Surprisingly, sHLA-G in DC-10 co-colture showed 

similar concentration to that in mDC-co-colture (2112±182 

pg/ml, mean±SEM, n=5) (Fig.4E). These results suggested DC-

10 suppressive effect on CD8+ T cells could be mediated by 

sHLA-G.  
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DISCUSSION 

We showed that DC-10 modulate CD4+ and CD8+ allogeneic T 

cell, both in vivo and in vitro. DC-10 injected in NSG mice 

prime allogeneic CD4+ and CD8+ and promote their allo-specific 

hypo-responsiveness. The low activation and proliferation of 

CD8+ T cells is observed also in vitro, when DC-10 are co-

cultured with allogeneic CD8+ T cells. Moreover, allogeneic 

naïve CD8+ T cells primed by DC-10 are anergic and secrete 

very low levels of IFN-g when restimulated with the same allo-

antigen (allo-Ag) used for their priming, while responsiveness to 

unrelated Ags is maintained. Finally, addition of DC-10 

modulate proliferation and IFN-g production of CD8+ T cells 

activated with mature DC (mDC). The suppressive mechanism 

mediated by DC-10 is contact-independent and might be 

mediated by the secretion and shedding of soluble HLA-G.  

DC-10 modulation of CD4+ T cell responses has been already 

demonstrated4. DC-10 are currently used for generating T 

regulatory Type 1 (Tr1) cells for a Treg-based cell therapy. Less 

is known about the modulatory activity exerted by DC-10 on 

CD8+ T cells. In this study, we showed that DC-10 activate at 

low levels allogeneic CD8+ T cells, both in vitro and in vivo. The 

low level of activation is not dependent on IL-10 secreted by 

DC-10.  Differently from CD4+ T cells, IL-10 does not 
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suppressed CD8+ T cell proliferation12, and addition of 

neutralizing anti-IL-10R antibodies during activation of CD8+ T 

cells by DC-10 or IL-10 addition during activation of CD8+ by 

allogeneic mDC do not increase proliferation (data not shown). 

The low proliferative response induced by DC-10 in allogeneic 

CD8+ T cells is not associated with the absence of signals 

necessary for their proper activation. Three signals are required 

for optimal CD8+ T cell activation: antigen presentation to TCR, 

engagement of CD28 by costimulatory molecules, and 

cytokines-mediated signals, predominantly via IL-12. DC-10 

express HLA class I molecules at levels comparable to that 

expressed by both immature (iDC) and mature DC, and display a 

mature phenotype, with CD80 and CD86 expression higher than 

iDC. Moreover, addition of exogenous IL-12 during activation 

of CD8+ T cells by DC-10 partially increased T cell proliferation 

(data not shown), which, however, never reached the levels 

observed when CD8+ T cells are stimulated with mDC.   

Based on these data, we hypothesized that DC-10 should provide 

negative signals to CD8+ T cells that prevent their activation and 

proliferation. Among molecules highly expressed by DC-10, 

which may provide inhibitory signals to CD8+ T cells, HLA-G 

might be the player. However, results with neutralizing anti-

HLA-G antibodies added during DC-10-mediated activation of 

CD8+ T cells did not reverse the low proliferative response. 
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Notably, DC-10 expressed high levels of ILT-3, molecule known 

to inhibit T cell proliferation and suppress differentiation of IFN-

g CD8+ cytotoxic T cells13. We are currently investigating 

whether signal mediated by ILT3 to CD8+ T cells may limit their 

activation and consequent proliferation. The presence of an 

inhibitory signal provided by DC-10 to CD8+ T cells is further 

confirmed by the induction of allo-specific anergic T cells. 

Anergic CD8+ T cells have been described to be induced upon 

IL-10-treated DC stimulation14. However, differently from the 

latter CD8+ T cells, the phenotype of CD8+ T cells generated 

upon stimulation with DC-10 did not express up-regulated levels 

of CTLA-4 (data not shown). A population of allo-specific 

suppressor CD8+ T cells have been described by Liu et al.15, the 

CD8+CD28- suppressor T (Ts) cells, which are induced upon 

repetitive stimulation of PBMC with allogeneic antigen 

presenting cells. Anergic CD8+ T cells induced by DC-10 

express CD28 and do not express FOXP3, indicating that are 

distinct from CD8+CD28- Ts cells. Interestingly, DC-10-primed 

CD8+ T cells resemble the CD8+ Treg cells generated by 

stimulating CD8+ T cells with CD40-ligand activated 

plasmacytoid DC16, which are hypo-responsive and secrete low 

levels of IFN-g upon re-stimulation with the same allo-Ag used 

for their priming. It has still to be defined whether anergic CD8+ 

T cells induced by DC-10 suppress allo-proliferation of 
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autologous naïve CD8+ T cells, similar to Treg cells induced by 

activated pDC.  

DC-10 suppression of mDC-stimulated CD8+ T cell demonstrate 

that DC-10 not only modulate CD8+ T cell in primary response, 

but also affect an ongoing response. The inhibition mediated by 

DC-10 is not dependent on competition between mDC and DC-

10 for CD8+ priming, as shown by transwell experiments. 

Moreover, the latter experiments demonstrate that DC-10-

mediated suppression of activated CD8+ T cells is contact-

independent. Differential expression levels of soluble HLA-G in 

presence or absence of DC-10 in the CD8/mDC co-culture 

suggest that HLA-G can be the key molecule mediating DC-10 

suppressive activity on activated CD8+ T cells. We are currently 

testing whether inhibition of HLA-G-mediated signalling into 

CD8+ T cells by blocking ILT-2, one of the HLA-G receptors, 

could revert CD8+ T cell proliferation. Another possible 

candidate involved in DC-10-mediated inhibition of activated 

CD8+ T cells is CD163, which is expressed at high levels on DC-

10 cell membran 4 (Comi et al., manuscript in preparation). It has 

been reported that CD163 can be cleaved by proteases and 

released as soluble form17 which significantly inhibit T cell 

proliferation upon phorbol-ester (TPA) stimulation18. We will 

investigate whether DC-10 release sCD163 from their membrane 

at steady state or upon activation and if this molecule in involved 
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in DC-10 tolerogenic activity. Addition of exogenous VEGF 

during T cell stimulation with anti-CD3 antibody and IL-2 

reduced proliferation19. VEGF is secreted by DC-10 at steady 

state and upon TLR stimulation (data not shown), thus, we are 

planning to define whether VEGF could be responsible for DC-

10 mediated suppression of CD8+ T cells. It cannot be excluded 

that the above mentioned mechanisms could cooperate in DC-

10-mediated suppression of CD8+ T cells. 

In summary, DC-10 modulate allogeneic CD8+ T cells in vitro 

and in vivo, overall limiting their proliferation and anergizing 

them towards allo-Ags, strongly support the potential use of DC-

10 as DC-based cell therapy. In allogeneic transplantation, DC-

10 ability to anergize T cells in primary immune response would 

be a valuable tool to generate a favourable milieu for 

establishment of a long-term tolerance, mediated by Tr1 

induction. Conversely, dampening of mDC-stimulated CD8+ T 

cell response demonstrates DC-10 ability to modulate an 

ongoing immune response, and thus the possibility to use DC-10 

as cell therapy in autoimmune disorders.  
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FIGURES 

 

Comi	M.	et	al.,	Figure	1	
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Comi	M.	et	al.,	Figure	2	
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FIGURE LEGENDS 

 

Figure 1. DC-10 induce hypo-responsiveness in in vivo 

primed T cells. NSG mice were intraperitoneally injected with 

PBMC (107 cells) and allogeneic mDC or DC-10 (106 cells). 

After 14 days mice were sacrificed and total splenocytes were 

re-challenged in vitro with mDC of the same donor of DC 

injected in mice (allo-mDC) or third party mDC. A. Proliferative 

responses were evaluated after 4 days of co-culture by 

radioactive thymidine (3HThy) incorporation in the last 16 hours 

of culture. One out of three independent experiments is shown. 

**P<0.01. B and C. Proliferative responses were evaluated after 

3 days of co-culture by proliferation dye diluition. Percentages 

of proliferated human CD4+ and CD8+ in response to allo-mDC 

(B) or third party mDC (C) are indicated. Each dot represents a 

single mouse and lines indicate mean. *P<0.05, **P<0.01 

 

Figure 2.	DC-10 induce low activation and proliferation of 

allogeneic CD8+ T cells. CD8+ T cells were cultured alone or in 

the presence of allogeneic mDC, iDC or DC-10 at 10:1 ratio for 

4 days. A. Activation of CD8+ T cells was evaluated by CD71, 

CD25 and CD137 staining. Numbers indicate percentages of 
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positive cells gated on CD8+ T cells. Each dot represents a single 

donor and lines indicate mean. Only statistics against DC-10 are 

indicated in the plot. *P < 0.05. B. Proliferative responses were 

evaluated by 3HThy incorporation in the last 16 hours of culture. 

Each dot represents a single donor and lines indicate mean. Only 

statistics against DC-10 are indicated in the plot ****P < 0.0001 

C. IFN-γ in culture supernatants were measured by ELISA. Each 

dot represents a single donor and lines indicate mean. Only 

statistics against DC-10 are indicated in the plot ***P < 0.001 *P 

<0.05 

 

Figure 3. DC-10 anergize CD8+ T cells in allo-specific 

manner. Naïve CD8+ T cells were cultured with allogeneic 

mDC or DC-10 at 10:1 ratio for 10 days and then CD8-primed 

cells were re-stimulated either with allogeneic mDC from the 

same donor for 2 days, or with third party mDC for 4 days. A. 

Proliferative responses were evaluated by 3HThy incorporation 

in the last 16 hours of culture. One representative donor out of 3 

tested is shown. B. IFN-γ production was quantified in co-

culture supernatants. One representative donor out of 3 tested is 

shown. 
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Figure 4. DC-10 suppress mDC-stimulated CD8+ T cells 

response. A and B. CD8+ T cells were cultured with allogeneic 

mDC in presence or absence of DC-10, autologous to mDC, for 

5 days. Proliferative responses (A) were evaluated by 3HThy 

incorporation in the last 16 hours of culture and IFN-γ (B) in 

culture supernatants was measured by ELISA. Each dot 

represents a single donor. *P <0.05, **P< 0.01. C, D and E. 

CD8+ T cells were cultured with allo-mDC for 5 days in three 

different conditions: alone, in the presence of DC-10 or in the 

lower chamber of transwell, with CD8+ T cells and DC-10 in the 

upper chamber of transwell. Proliferation (C) was measured by 

intracellular staining for Ki67, IFN-γ (D), and sHLA-G (E) in 

culture supernatants were measured by ELISA. Each dot 

represents a single donor.  

 

Supplementary Fig.1 Spleen composition of NSG mice 

injected with PBMC and mDC or DC-10. NSG mice were 

intraperitoneally injected with PBMC (107 cells) and allogeneic 

mDC or DC-10 (106 cells). After 14 days mice were sacrificed 

and spleen composition was analysed at flow cytometry. A. 
Human chimerism is calculated as 

%humanCD45+/(%humanCD45++%murineCD45+)*100. B. 

Percentages of CD3, CD4 and CD8 positive cells are quantified 
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in humanCD45+ (hCD45+) gate. Each dot represents a single 

mice and lines indicate mean. 
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CONCLUSIONS AND PERSPECTIVES 

Dendritic cells play a key role in immune system: they stimulate 

immune responses to pathogens and non-self antigens (Ags), and 

induce and maintain tissue homeostasis and immunological 

tolerance towards self or non-harmful Ags. This dual activity is 

achieved by specific functional segregation in pro-inflammatory 

and tolerogenic DC. Pro-inflammatory DC differentiated in vitro 

have been already applied in the clinic as cell therapy to promote 

active immune responses, typically in tumours1. Conversely, 

tolerogenic DC have become only recently a promising tool to 

suppress immune responses in T-cell mediated diseases, 

including transplantation and autoimmune disorders2,3. The 

development of methods to generate clinical grade products 

allowed the application of tolerogenic DC-based therapy, and	

thus far, clinical trials demonstrated the safety and feasibility of 

this approach. However, one of the open issues for improving 

the safety and the efficacy of a successful DC-based cell therapy 

is the stability of infused DC and the maintenance of their 

tolerogenic properties once they are introduced in an 

inflammatory environment. Gene expression profile data 

presented in this thesis demonstrates that DC-10 maintain a 

stable transcriptome upon activation: only 505 genes were 

differentially expressed between DC-10 in steady state and upon 

LPS stimulation. Moreover, LPS-activated DC-10 maintain their 
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cytokine production profile, the ability to poorly stimulate both 

CD4+ and CD8+ T cells (data not shown), and to promote the 

induction of anergic allo-specific Tr1 cells4. In addition, upon 

activation via different TLRs, DC-10 never acquired the ability 

to secrete IL-12, but produce high levels of IL-10 (data not 

shown). In vivo data confirmed the stability of the tolerogenic 

functions of DC-10: injected DC-10 are able to prime in vivo 

allogeneic T cells, limiting their proliferation and anergizing 

both CD4+ and CD8+ T cells towards allo-Ags. These findings 

strongly support the potential use of DC-10 as DC-based cell 

therapy to prevent allograft rejection in transplantation. In this 

setting, DC-10 administered concomitantly with the transplant 

would modulate primary allo-immune responses, allowing the 

establishment of a long-term tolerance by the induction of allo-

specific CD4+ Tr1 cells. In addition, it can be foreseen the use of 

DC-10 as cell product to restore tolerance in autoimmune 

diseases. In this clinical condition, it can be envisaged that DC-

10 would be administered to patients with active autoimmune 

diseases, therefore, once injected, they should be able to inhibit 

an ongoing immune response and restore the correct balance 

between immunity and regulation by inducing Ag-specific 

Tregs. We demonstrated that addition of DC-10 in mDC-induced 

allogeneic T cells, either total PBMC (data not shown) or CD8+ 

T cells, suppress proliferation and modulate T cell responses. 

These findings support the modulatory activity of DC-10 not 
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only during primary responses but also during an ongoing 

immune response. To restore autoAg-specific tolerance, DC-10 

would both selectively control Ag-specific effector T (Teff) cell 

responses and support the induction and/or expansion of Ag-

specific Tregs. To confer Ag-specificity to DC-10 different 

approaches can be envisaged and are currently under 

development. The first one is in vitro pulsing of DC-10 with a 

selected autoAg, similar to the current approach used in the 

clinical trial in rheumatoid arthritis and multiple sclerosis with 

tolerogenic DC generated with vitamin D3 and Dexamethasone5–

7. Alternatively, to confer stable expression of autoAg by DC-10, 

we are currently testing the use of lentiviral vector-mediated 

gene transfer. If successful, the latter approach will lead to the 

generation of stable Ag-specific tolerogenic DC-10. 

DC-10 are central determinant in the IL-10-mediated tolerance: 

they modulate the microenvironment towards long-lasting and 

self-feeding tolerance through the in vivo generation of Ag-

specific Tr1 cells. Thus far, the lack of specific biomarkers 

allowing DC-10 detection in vivo limits their study. The 

identification of CD141 and CD163 as specific markers that in 

combination with CD14 and CD16 allow DC-10 detection and 

selection in vivo provides a powerful tool either for tracking 

these cells or for investigating their tolerogenic activity ex vivo. 

The possibility to track and identify DC-10 will make it possible 
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to study their in vivo localization and, therefore, their 

contribution in promoting tissue and organs homeostasis. 

Moreover, the enumeration of DC-10 in vivo will be critical for 

defining their role in physiological and pathological conditions. 

We are currently investigating whether the frequency and 

phenotype of DC-10 vary in peripheral blood in healthy 

conditions by analysing donors at different age. Moreover, we 

have already started the analysis of the frequency of DC-10 in 

peripheral blood and tissues of patients affected by autoimmune 

diseases, including Type 1 Diabetes (T1D), Celiac Disease (CD) 

or patients underwent allogeneic hematopoietic stem cell 

transplantation for b-thalassemia who developed tolerance 

associated with Tr1 cells. In the context of T1D, we are defining 

whether DC-10 frequency in peripheral blood may be used as 

biomarker to stage disease development, whereas in CD we are 

testing whether DC-10 frequency increased under gluten-free 

diet sustaining the induction of Tr1 cells. Results will be critical 

important for better define the role of in vivo occurring DC-10 in 

tolerance induction. 

Crossing transcriptome and miRNome data, we will define 

specific pathways up- or down-regulated in DC-10 involved in 

their cell identity and functions. The analysis of expressed genes 

and their post-transcriptional regulation will allow the 

identification of key molecules, which can be used to induce 
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“super” DC-10. We already set up a protocol for high efficient 

DC-10 transduction with lentiviral vectors and the over-

expression of tolerogenic molecule through this platform will 

result in increasing or further stabilizing DC-10 activity. Among 

molecules known to confer potent tolerogenic activity of DC-10,  

we are currently testing the effect of HLA-G over-expression in 

DC-10. Indeed, based on the presented results, DC-10 expressing 

high levels of HLA-G more efficiently promote the induction of 

Tr1 cells in vitro.  

Overall, results from this thesis improved the knowledge on the 

biology of in vitro differentiated DC-10 and, the use of identified 

markers it makes it possible to better characterize in vivo 

occurring DC-10.  
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