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Abstract 
Preliminary data from our research group indicated that mucosal CD1a+ dendritic cells (DCs) 

possessed immune regulatory potentials, and the initial aim of this project was thus to study 

the functional properties of CD1a+CD1c+ DCs isolated from small intestinal mucosa as well 

as CD1a+CD1c+ DCs generated in vitro from precursors isolated from blood, in terms of their 

cytokine production and effect on T cells. However, when we isolated CD1c+ DCs from 

blood using the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit we discovered that the kit 

isolates two different populations instead of a homogenous population of DCs. We therefore 

aimed to determine the identity of these two populations and investigate the functional 

difference between them first, before proceeding with the primary project. In this study we 

showed that the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit isolates two distinct 

populations: CD1c+CD14– DCs and CD1c+CD14+ monocytes. We established that a 

subpopulation of blood monocytes, consisting of mostly CD14++CD16– classical and 

CD14++CD16+ intermediate monocytes, expressed CD1c+, and that also small-intestinal 

CD14hi monocytes expressed CD1c. Next we showed that the isolated CD1c+ DCs and 

CD1c+ monocytes had strikingly different properties given their differential expression of 

surface markers, which makes it evident that these two populations should not be treated as 

one entity. In the next part of the project we induced CD1a expression in blood CD1c+ DCs 

and CD1c+ monocytes by TGFβ treatment, and saw that their cytokine production was 

independent of CD1a, but that the CD1c+ monocytes produced higher amounts of TNFα than 

the CD1c+ DCs. We also analyzed TNFα production of CD1a+ versus CD1a– cells among 

small intestinal tissue DCs, and observed no differences between these subsets. In terms of T 

cell activation, we showed that CD1c+ DCs promoted more T cell activation than CD1c+ 

monocytes, and that within the DCs, CD1a+ DCs promoted less proliferation of T cells than 

CD1a– DCs. T cells in coculture with CD1c+ monocytes were more likely tBet+ than when 

cocultured with DCs, indicating that monocytes skewed the T cells towards a TH1 phenotype. 

These results again emphasized the risks of treating the two functionally different cell 

populations isolated by the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit as one entity. 

Collectively, these data did not support the hypothesis that the CD1a+CD1c+ subsets within 

DCs and monocytes possess a regulatory phenotype.  
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1. Introduction 

1.1. The innate immune system 
The immune system protects an organism from harmful invading pathogens, such as 

bacteria, viruses, fungi, parasites, and eradicates damaged and malignant host cells 

[1]. At the same time it maintains immune homeostasis by promoting tolerance to 

harmless antigens, commensal bacteria, healthy cells and tissues [2]. 

The immune system comprises specialized organs, tissues and cells that work together 

to protect us from being infected [1]. The immune system can be classified into the 

innate and adaptive immune system. While the innate immune system repels all 

pathogens equally in a non-specific manner, the adaptive immune system provides a 

versatile response, and mediates immunological memory. The innate immune system 

is activated soon after encountering a pathogen. It is an ancient form of immunity 

which is present in nearly all multicellular organisms [1]. The different elements of 

the system comprises anatomical barriers, secretory molecules and cellular 

components [3]. 

The body’s first line of defense consists of a physical barrier of epithelia lining the 

surfaces in contact with the environment, such as skin and in the respiratory, 

gastrointestinal and urogenital tract. These surfaces also constitute a chemical barrier 

by secreting antimicrobal substances that inhibit bacterial growth and kill pathogens 

[1]. 

 

In order for innate immune cells to distinguish self from non-self, they are equipped 

with pattern recognition receptors (PRRs) on their surface which recognize pathogen-

associated molecular patterns (PAMPs) that are shared among pathogens, but absent 

on host cells [4]. Recognition of PAMPs enhances the immune cells’ phagocytic 

capacity and initiate gene expression in response to the pathogens, and both of these 

responses can occur quickly even if the host has never been previously exposed to a 

particular pathogen [3]. These can also be members of the Toll-like receptor (TLR) 

family of transmembrane proteins with signaling receptors [3]. The different TLRs 

can be activated in response to different exogenous and endogenous ligands, and 

express molecules that can both initiate an inflammatory response and induce an 
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adaptive immune response [3]. An example is lipopolysaccharide (LPS), a component 

of the outer cell membrane of Gram-negative bacteria, which binds to and activates its 

receptor TLR4, leading to expression of pro-inflammatory factors such as the 

cytokine tumor necrosis factor (TNF) α [5]. 

 

The effector cells of the innate immune system consist of phagocytic cells that engulf 

and kill pathogens and cytotoxic cells that kill virus infected cells [3]. Neutrophils are 

the most abundant immune cell. They are granulated phagocytic short-lived cells, 

which are abundant in blood, but are scarcely present in normal, healthy tissues. 

Neutrophils are rapidly recruited to sites of infection, engulf opsonized 

microorganisms and kill them with reactive oxygen species (in a process called 

respiratory burst) and hydrolytic enzymes [3]. Neutrophils also release antimicrobial 

peptides during a process called degranulation. Furthermore, activation of neutrophils 

causes the release of web-like structures of DNA, called neutrophil extracellular traps 

[6]. This structure composed of chromatin and serine proteases traps microorganisms 

extracellularly and provides a local environment to establish high concentrations of 

antimicrobial peptides for killing of the microorganisms. In addition these structures 

may serve as a physical barrier that prevents further spread of pathogens [6]. 

Eosinophils and basophils are granulocytes that share a common precursor with 

neutrophils, but are not phagocytic cells. Both defend against parasitic infections, and 

may be involved in asthma and allergic responses [7, 8]. Eosinophils contain granules 

with highly basic and cytotoxic proteins that are released upon activation or during 

cell necrosis, in addition to enzymes that can cause oxidative damage upon targets. 

When they are activated, a respiratory burst occurs [8]. Basophils secrete lipid 

metabolites, vasoactive amines (e.g. histamine) and cytokines (e.g. IL4/IL13), which 

are all hallmarks in allergic inflammation. These may be released in response to an 

allergen binding to IgE bound to immunoglobulin E receptor (FcεRI) on basophils 

[9].  

Mast cells are granulated cells resident in the epithelia at barrier sites of the body. 

They orchestrate immune responses by releasing a broad array of mediators from their 

granules, including histamine and cytokines, into the local microenvironment. 

Inappropriate or hyperactive responses by mast cells may cause allergic reactions [10, 

11]. 
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Natural killer (NK) cells are large lymphocytes that migrate to the site of 

inflammation where they prevent the spread of infection by eradicating virus- or 

bacteria-infected cells, by releasing cytotoxic proteins stored within secretory 

lysosomes. They also secrete cytokines that prevent viral replication in infected cells 

[1]. 

The complement system is also a part of the innate immune system that complement 

immunological and inflammatory processes [3]. It is made up of a large number of 

distinct plasma proteins that are produced mainly by the liver and circulate in the 

blood and extracellular fluid [12]. Most component factors are inactive until they are 

activated in a proteolytic cascade [3] . Some components of the complement can be 

activated directly by PAMPs [3] . They can mediate elimination of pathogens by 

poreformation leading to cell lysis, or by providing opsonization by coating or tagging 

the pathogens’ surface, making them detectable for phagocytic cells with receptors for 

these proteins [12]. 

 

1.1.1. DCs 

The mononuclear phagocyte system comprises DCs, monocytes and macrophages 

[13]. DCs are specialized antigen presenting cells (APCs) that migrate from tissue to 

lymphoid organs to initiate adaptive immune responses [14]. They are specialized to 

present antigens through major histocompatibility complex class two (MHCII) 

leading to induction of a cluster of differentiation (CD) 4+ T cell response, but can also 

present antigens to CD8+ T cells via MHCI, and interact with NK cells [15]. Blood 

DCs are likely to be precursors of DCs in tissue and lymphoid organs, and tissue DCs 

seem to be more activated than their blood counterparts [16]. DCs can be either 

migratory DCs that migrate from tissue to lymphoid organs, or resident DCs in 

lymphoid tissue that have originated directly from the blood [16]. 

 

Hematopoietic stem cells (HSCs) in the bone marrow give rise to the macrophage and 

DC precursor (MDP), which differentiates into a common DC precursor (CDP) and 

monocytes (Figure 1) [17]. The FMS-like tyrosine kinase 3 (Flt3) receptor is 

expressed on DC precursors, and the ligation by the growth factor Flt3 ligand (Flt3L) 

is critical for development of DCs (Figure 1) [18], and may be used as a specific 

marker for the DC lineage. CDP cells have lost the ability to give rise to monocytes 
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and can differentiate into pre-myeloid (m) DCs or pre-plasmacytoid (p) DCs through 

Flt3L ligation in the bone marrow [17]. Pre-mDCs have lost the ability to become 

pDCs, and give rise to two mDC subsets in blood [19, 20].  

 

 
 

Figure 1: Developmental pathways for murine DCs. In the bone marrow HSC give rise to the common myeloid 

progenitor (CMP) that differentiate into MDP. MDP give rise to monocytes and CDP, which gives rise to pre-

mDCs and pre-pDCs in a Flt3L dependent manner, that leaves the bone marrow and becomes mDCs and pDCs. 

Figure is adapted from [21]. 

 

 

In blood, DCs are defined as cells that are negative for lineage (Lin) markers (CD3, 

CD19, CD14, CD20, CD56, glycophorin A) and constitutively express MHCII [21]. 
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DCs can be divided into three groups: two subsets of mDCs both characterized as 

Lin−MHCII+CD11c+ cells and pDCs characterized, by using blood dendritic cell 

antigens (BDCA), as Lin−MHCII+CD303(BDCA2)+CD304(BDCA4)+ (Figure 2) [21-

23]. CD11c is an integrin and a versatile adhesive receptor that participates in cell-cell 

interactions, such as transmigration through the endothelium, functions as a cell 

surface receptor for several soluble factors, such as LPS and mediates binding to 

complement components [24].   

 

 
 

Figure 2: DC populations in human peripheral blood during steady state conditions. Surface markers used to 

identify these populations and the percentages of the populations within the DC pool are indicated. Figure adapted 

from [25]. 

pDCs share origin with, but have a different life cycle than mDCs. They are found 

mainly in blood and lymphoid tissues in steady state, and they enter lymph nodes 

from blood [21]. They express low levels of MHCII, co-stimulatory molecules and 

CD11c, and a narrow range of PRRs, including TLR7 and 9 [22]. They can migrate to 

inflammatory sites where they can release large amounts of interferon (IFN) α in 

response to viruses [22].  

 

The mDCs can be divided in two subsets based on their expression of the non-

overlapping markers CD1c (BDCA1) or CD141 (BDCA3) (Figure 2) [23]. CD1c+ 

DCs represent the major population of mDCs in blood, tissue and lymphoid organs 

[16]. They are also present among resident DCs in tonsils [26] and spleen [27]. They 
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are equipped with a broad range of TLRs and PRRs [28] and are potent stimulators of 

naïve CD4 T cells [29]. 

 

CD1c+ DCs, but not CD141+ DCs, express signal-regulatory protein (SIRP) α [27], a 

receptor for the protein CD47 [30]. CD1c+ DCs secrete TNFα, interleukin (IL) 8, 

IL10 and IL12 when stimulated [27].  

CD1a, like CD1c, is a member of the CD1 family of transmembrane glycoproteins, 

which are structurally related to MHCI and MHCII proteins and mediate presentation 

of mycobacterial lipidic or glycolipidic antigens to T cells [31, 32]. CD1a has been 

shown to be expressed by a subset of CD1c+ DCs in upper airway mucosa, small 

intestine [33] and bronchial mucosa (Richter et al., unpublished), but the role of 

CD1a+ DCs has not been determined.  

AXL, a member of the TAM (TYRO3, AXL, MER) receptor tyrosine kinase family, 

is a receptor expressed on DCs and macrophages. It mediates tolerogenic response by 

blocking cytokine production and promoting phagocytosis of apoptotic cells [34, 35]. 

Melum et al. observed an induction of AXL by TGFβ on blood CD1c+ DCs [33]. 
 

CD141+ DCs form a minute blood population compared to CD1c+ DCs [21]. CD141+ 

DCs have been found in dermis, lung, kidney and intestine [21], but also among 

resident DCs in lymph node, spleen, tonsil and bone marrow [36]. Upon stimulation 

CD141+ DCs secrete TNFα, CXCL10 and IFNλ, but low amounts of IL12 p70 

compared to CD1c+ DCs [37]. The C-type lectin family member 9A (CLEC9A), also 

known as DNGR1, is a marker specifically expressed on CD141+ DCs [38]. Via 

Clec9A, CD141+ DCs can take up dead or necrotic host cells [39]. They also sense 

viral nucleic acids with TLR3 [36] and TLR8 [38]. Thus they are especially important 

during viral infection [38]. CD141+ DCs are specialized to present antigen on MHCI 

to CD8+ T cells [40, 41]. The chemokine receptor XCR1 is expressed by CD141+ 

DCs, and the specific ligand XCL1 is secreted by NK cells and CD8+ T cells. A 

ligation of XCR1 by XCL1 ensures communication between CD8+ T cells and the 

XCR1+ DCs, which initiate an adaptive response through cross-presentation of 

antigen on MHCI complexes to CD8+ T cells [41].  

 

Langerhans cells (LC) are a self-renewing DC population found in the stratified 

squamous epithelia of the epidermis and mucosae [15, 16]. They express high levels 
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of E-cadherin, CD1a and langerin, and contain Birbeck granules [15]. Langerin 

(CD207) is a type II transmembrane C-type lection, a glycan-binding protein, which 

mediates endocytosis of non-peptide antigens expressed by mycobacteria and fungae. 

Langerin is expressed by Langerhans cells and other DCs [42]. Langerin induces 

Birbeck granules as a consequence of the antigen-capture function, providing access 

to a nonconventional pathway for antigen capture [43]. Due to their position within 

epidermis and mucosae, LCs are critical for the immune responses towards pathogens 

and tumors and play an important role in allergic skin diseases [15]. 

 

In the gut, DCs are located diffusely throughout the lamina propria and within 

intestinal lymphoid tissues also called gut-associated lymphoid tissues [44]. The gut is 

continually exposed to foreign antigens derived from dietary constituents and the 

large numbers of microbes that reside within the intestinal lumen [44]. The 

homeostasis in the gut depends on the immune system to eliminate potential harmful 

pathogens, but also tolerate the commensal bacteria and food antigens [44]. DCs 

determine generation of either immunogenic or tolerogenic immune responses [45]. In 

the human small intestine, two major DC populations have been defined using 

SIRPα+ and integrin alpha E (CD103) (Figure 3).  

 

CD103+SIRPα+ DCs in the gut lack CD141 and DNGR1 and are related to CD1c+ 

DCs in blood. CD103+SIRPα+ DCs in the gut are efficient inducers of T cell 

proliferation and can induce Th1, Th17 and regulatory T cells (Treg) [30]. 

CD103+SIRPα− DCs in the gut co-express CD141 and DNGR1 and are related to 

CD141+ DCs in blood [30]. CD103+SIRPα− DCs in the gut induce less T cell 

proliferation than CD103+SIRPα+ DCs and do not induce Treg to the same extent [30]. 

These CD103+ DC populations in the gut express the mucosa associated integrin α4β7, 

and chemokine receptor (CCR) type 6 and CCR7, while a subpopulation of 

CD103+SIRPα+ DCs expresses CCR9, and the CD103+SIRPα− DCs express CXCR3 

[30]. There is evidence that CD103+CX3CR1−CCR7+ DCs in the gut are involved in 

tolerance and inducing gut-specific T cells through the production transforming 

growth factor beta (TGFβ) and retinoic acid [46]. 

CD103 is also an adhesion molecule that can retain cells within the mucosal epithelia 

(gut, oral, skin epidermis) by binding to its ligand, the cell-adhesion molecule E-

cadherin expressed by epithelial cells [47]. CD103 has been shown to be induced on 
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blood DCs during culture with cell-free culture biopsy supernatant [46], indicating 

that CD103 is induced on DCs when they enter tissue. More specifically, CD103 is 

upregulated by TGFβ, which is produced by epithelial cells among others, and 

therefore CD103-upregulation will occur near the epithelial compartment [47].  

 

 

 

Figure 3: DC subpopulations in the mouse and human intestinal LP. A. DC subsets in intestinal LP identified 

by expression of CD103 and CD11b for mouse or SIRPα for human and mouse. B. Surface markers used to 

identify mouse and human DC subset in the intestinal LP. Figure adapted from [44]. 

 

DCs that enter tissues are usually immature mDCs with an antigen acquiring 

phenotype, and lacking a lymphocyte stimulating phenotype [15]. When capturing an 

antigen, the DCs migrate from the site of infection in tissue toward the T cell areas of 

draining lymph nodes, while they undergo a maturation process [21]. The antigen is 

degraded into peptides that are loaded onto MCH molecules and presented on the cell 

surface to be recognized by T cell receptors (TCRs) on T cells. This, together with co-

stimulatory signals through cell-cell interaction and presence of cytokines, leads to 

activation of naive TH cells [21]. During this maturation process the DCs lose the 

ability to absorb antigens, while they gain the ability to stimulate T cells [15]. This 

maturation requires ligation of CD40 on DCs by its ligand on T cells, with a 

consequent change in morphology, function and surface molecules. MHCII, co-
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stimulatory molecules (such as CD54, CD80 and CD86) and CCR7 are upregulated, 

allowing the DCs to localize to lymphoid tissues and interact with T cells [15, 21]. 

 

1.1.2. Monocytes 

Monocytes circulate in the blood, bone marrow, and spleen and do not proliferate in 

steady state [14]. They produce inflammatory cytokines and phagocytose cells and 

particles. They are equipped with CCRs that mediate migration from blood to tissue. 

In tissues, they may differentiate into inflammatory DC and macrophages during 

inflammation [14], or function as short-lived effector cells maintaining their 

phenotype [48]. Inflammatory DCs take part in innate and adaptive immunity, and are 

able to mediate inflammation by activating TH17 cells [15, 16]. 

 

Blood monocytes are differentiated from MDP, derived from HSC in bone marrow 

(Figure 1) [17]. The generation and survival of monocytes is dependent on the 

hematopoietic growth factor receptor CSF1R (M-CSFR, CD115), expressed on 

monocytes [49]. Up to date there are three major subpopulations of human monocytes 

described: classical CD14++CD16−, intermediate CD14++CD16+ and non-classical 

CD14+CD16++ monocytes (Figure 4) [50]. CD14 is a glycosylphosphatidylinositol-

anchored glycoprotein that acts as a co-receptor for LPS, together with TLR4 [51]. 

Human CD14++CD16− and CD14+CD16++ monocyte subsets are the equivalent of 

mouse Ly6Chi and Ly6Clow cells, respectively [52]. Murine Ly6Chi monocytes have an 

estimated half-life of approximately 18h [53], contrasting an estimated 5–7 days for 

the Ly6Clow monocytes [54]. Ly6Chi monocytes show low expression of the 

chemokine receptor CX3CR1, but express CCR2, which facilitates recruitment to sites 

of inflammation via chemokine ligand type 2 (CCL2). In contrast, Ly6Clow monocytes 

are characterized by a smaller size, lack of CCR2 and a higher expression of 

CX3CR1, and they are constantly recruited to tissue in a CX3CR1-dependent manner 

[55]. They exhibit long range crawling on the endothelial surface in the luminal side 

of blood vessels where they circulate, and can coordinate repair by recruiting 

neutrophils [56].  
Emerging evidence suggests that blood monocyte subsets in steady state represent 

stages of developmental sequence [57]. Following the administration of 5-

bromodeoxyuridine to mice [54] and macaques [58] the tracer sequentially appears in 
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CD14++CD16−cells, then in CD14++CD16+ cells, and finally in CD14+CD16++ cells, 

thus defining different stages of monocyte maturation [58]. It is therefore thought that 

CD14+CD16++ cells may represent terminally differentiated blood-resident 

macrophages, which correlates with these cells’ ability to patrol the endothelial 

surface in blood vessel [57]. This is also in line with the murine equivalent Ly6Clow 

having a longer half-life than Ly6Chi monocytes [57]. The Ly6Chi monocytes are 

shown to constitutively traffic into skin, lung, and lymph nodes (LNs) [48]. This 

shows that monocytes can function in non-lymphoid organs and recirculate to LNs, 

without differentiation to DCs or macrophages [48]. 

 

 
 

Figure 4: Monocyte subpopulations in human peripheral blood during steady state conditions. Surface 

markers used to identify these populations and the percentages of the populations within the monocyte pool are 

indicated. Figure adapted from [25]. 

In the gut as in other tissues, monocytes may differentiate into macrophages or DCs 

and function as effector cells [57]. A population of CD103−SIRPα+ DCs in the gut is 

most likely partly derived from blood monocytes, and their gene expression profile is 

similar to that of Ly6Chi monocytes [59]. In the gut they express α4β7, CX3CR1 and 

lower levels of CCR7 compared to CD103+SIRPα+ DCs [30, 45]. They induce T cell 

proliferation, but do not activate Treg to the same extent as CD103+SIRPα+ DC [30]. 

Monocyte derived CD103−CX3CR1+CCR7− DCs are considered proinflammatory 

[46].  
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1.1.3. Macrophages 

Macrophages are long-lived phagocytic cells that reside in the tissues throughout the 

body and are especially abundant in areas where infections are likely to arise, 

including the lungs and gut, but also in large numbers in connective tissues, liver and 

spleen [3]. These long-lived cells are among the first cells to encounter invading 

pathogens [3]. They are important for the clearance of apoptotic cells, cellular debris 

and pathogens [13], but also play a role in activating other immune cells [1]. 

 

Macrophages can be divided into classical M1 and alternative M2 macrophages, 

based on their function. The classical M1 macrophages are involved in pathogen 

clearance, antitumor immunity and inflammatory responses by production of 

proinflammatory factors (TNFα/IL6/12/23) [60]. They express high levels of MHCI 

and II, required for their presentation of antigens. IFNγ, LPS, and TLR agonists 

stimulate their activation. The alternative M2 macrophages exert anti-inflammatory 

responses, wound healing and pro-tumorigenic properties and their activation is 

stimulated by IL4 and IL13 [60].  

 

Even though monocytes can constantly be recruited to tissues and differentiate into 

macrophages, recent studies in mice show that adult tissue macrophages are also 

derived from yolk sac and foetal liver precursors that seed the tissues before birth, and 

that these macrophages are maintained by self-renewal throughout adulthood [57, 61]. 

The origins of adult macrophages in the steady state vary between tissues: particularly 

the skin and gut contain adult monocyte-derived macrophages, while the brain 

contains microglia derived from yolk sac-derived precursors [57]. 

 

1.2. The adaptive immune system 
The adaptive, or acquired, immune system builds up a specific immune response and 

establishes specific immune memory [2, 62]. In contrast to the PRRs of the innate 

system, each cell in the adaptive system has cell-surface receptors with a unique 

antigen specificity that enables a much more specific protection [2]. The generated 

effector cells can differentiate into memory cells, which are reactivated upon re-

exposure to a previously encountered antigen [62]. 
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The two main cell types of the adaptive immune system are B cells and T cells. B 

cells mainly mediate a humoral response by secreting antibodies neutralizing 

pathogens [2]. T cells, which play important roles in all arms of immunity [2], will be 

discussed next in more detail. 

 

1.2.1. Priming of T cells 

T cells migrate from their place of origin in the bone marrow to the thymus for 

maturation where they undergo positive selection, selecting for cells that are able to 

recognize self MHC, and negative selection eliminating self-reactive cells [62]. The 

remaining naïve T cells migrate to secondary lymphoid organs where they can be 

activated by APCs [63]. The TCR is a disulfide-linked membrane-bound 

heterodimeric protein composed of two highly variable polypeptide chains expressed 

as part of a complex of invariant CD3 molecules [63]. The two chains have a constant 

region proximal to the cell membrane, and a variable region where foreign antigens 

bind. The TCR recognize antigens as peptides in complex with the MHC on the 

surface of APCs [63], and via CD3, intracellular signals are transduced to the cell 

nucleus to initiate proliferation and differentiation into effector T cells [1].  

T cells are either CD4+ or CD8+, depending on which co-receptor is present on their 

surface. CD8+ T cells interact with MHCI present on virtually all nucleated cells, 

giving the CD8+ T cells the ability of communicating with a wide variety of cells 

[63]. CD8+ T cells are cytotoxic cells, able to kill cells infected with an intracellular 

pathogen directly by releasing cytotoxins leading to apoptosis of the infected cell 

[63]. CD4+ T cells mature into T helper cells (TH), which play an important role in 

controlling and regulating the immune system by communicating with other 

leukocytes. They stimulate the immune responses of B cells, macrophages and 

cytotoxic T cells [63]. CD4+ T cells interact with MHCII on professional APCs, 

which includes DCs, monocytes, macrophages or certain B cells [63]. The most 

important APCs are DCs. They express co-stimulatory molecules such as B7 that can 

bind to CD28 on T cells. Programmed death-ligand 1 (PD-L1) is a type I 

transmembrane proteins that belongs to the B7 family of co-signaling molecules [57]. 

It can bind the PD1 receptor on T cells which will inhibit T cell activation and induce 

cell death. PD-L1 thus transmits an inhibitory signal that regulates the balance 

between T cell activation, tolerance, and immune-mediated tissue damage, reducing 
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autoimmune reactions and promoting self-tolerance [64, 65]. The majority of 

experimental data supports this notion, but there are also studies showing that PD-L1 

can act as both inhibitor and stimulator of T cell activation in vitro [66]. 

 

1.2.2. T cell subsets 

DCs can activate different subsets of CD4+ helper T cells in response to the pathogen 

they are presenting. Depending on the signals from the DCs, co-stimulatory signals 

and the cytokine milieu at the time of antigen encounter, CD4+ T cells can be 

polarized into these subtypes know at the present: TH1, TH2, TH17, TH9, TH22 an Treg 

(Figure 5) [67]. 

 

 
Figure 5: Naïve T helper cell differentiate into subsets in response to cytokines.  The signature cytokines for 

each subset are shown in bold. Figure adapted from [68]. 

 

TH1 cells are effective in the defense against intracellular viral and bacterial infection 
[67]. T box transcription factor (tBet) is a TH1-specific transcription factor that 

controls the expression of the hallmark TH1 cytokine, IFNγ. IL12 signaling induces 

tBet that, together with signal transducer and activator of transcription (STAT) 4, 

initiates polarization of naïve TH precursor cells into TH1 lineage, by a combined 

activation if TH1 genetic programs and inhibition of TH2 programs [68, 69].  

TH2 cells play an important role in and in host defense against extracellular parasitic, 

bacterial and fungal infections, especially in the intestinal tract and lung, and are 

involved in allergic diseases. Cytokines such as IL4 and thymic stromal 

lymphopoietin drive the differentiation of TH2 cells [67]. IL4 induces the transcription 
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factor GATA-3 that, together with STAT6, initiates polarization into TH2 cells. TH2 

cells typically produce IL4, IL5 and IL13 [68]. 

TH17 cells are competent effectors against extracellular bacteria and fungi. TGFβ 

together with IL6 induces RORγt expression, and IL6, IL21 and IL23 activate 

STAT3, leading to the differentiation of TH17 cells [67]. TH17 cells typically produce 

IL17 and IL22 [67]. 

 

TH9 cells are a distinct subset of CD4+ T cells termed after their hallmark cytokine, 

IL9. TH9 cells seem be involved in autoimmune and inflammatory diseases, but they 

are also a source for IL10 and may harbor anti-inflammatory functions [68]. Their 

differentiation is dependent on TGFβ and IL4, which induces transcription of PU.1 

and IRF4, necessary for differentiation into TH9 cells [68]. 

TH22 are a subset of CD4+ T cells termed after their hallmark cytokine IL22 and may 

play a role in autoimmune diseases, allergy and skin diseases [68]. IL6 and TNF 

induce the transcription factor aryl hydrocarbon receptor (AHR) leading to the 

differentiation of TH22 cells [68]. 

 

Treg are a subset of TH cells with an immunoregulatory function, and includes natural 

Treg generated in the thymus and inducible Treg generated by post-thymic maturation 

and induction by APCs [68]. TGFβ induces the expression of Foxp3, which together 

with STAT5 leads to differentiation of TH cell into Treg. They produce IL10 and 

TGFβ, which are critical for mediation of their suppressive function [68]. IL10 is a 

type II anti-inflammatory cytokine that limits the magnitude of an immune response 

by suppressing the activation and cytokine release by T cells by blocking the 

expression of co-stimulatory molecules, MHCII, cytokines, chemokines and 

chemokine receptors and by inhibiting antigen presentation [70]. 

 

1.3. Aims of the project 
Melum et al. have found that a subset of CD1c+ DCs in the human upper airway and 

small intestinal mucosa expresses the surface protein CD1a under steady state 

conditions [33]. Furthermore, CD1a expression could be induced in CD1c+ DC in 

peripheral blood upon TGFβ treatment [33]. Based on the finding that mucosal and 

TGFβ-treated blood-derived CD1a+CD1c+ DCs express scarce amounts of TNFα and 
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higher amounts of AXL [33], we hypothesized that CD1a+CD1c+ DCs constitute a 

subset of DCs with immunoregulatory properties. The aim for this project was to 

study the functional properties of CD1a+CD1c+ DCs derived from blood and in small 

intestinal mucosa with regard to potential immunoregulatory features. 

An intermittent aim arose when we discovered that the kit used for isolating CD1c+ 

DCs from blood selected two phenotypically different cell populations instead of a 

homogeneous population of DCs. In previous experiments [33] these populations 

were treated as one entity. We therefore aimed to determine the identity of these two 

CD1c+ populations and investigated the functional difference between them. 

Subsequently proceeding with the initial project, we then assessed the cytokine 

production and the ability to prime naïve CD4+ T cells in CD1a+ versus CD1a– cells. 
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2. Materials and methods 

 

2.1. Patient material 
Buffy coats were obtained from healthy blood donors at Blodbanken, Ullevål Sykehus 

and at the Department of Pathology, Oslo University Hospital, Oslo, Norway. 

Normal small intestinal mucosa was obtained from distal duodenum resected during 

Whipple procedure performed on pancreatic cancer patients at Rikshospitalet, Oslo 

University Hospital, Oslo, Norway. 

All participants provided written consent, and the Norwegian Regional Committee for 

Medical Research Ethics approved the study. 

 

2.2. Lymphocyte isolation 

2.2.1. Isolation of PBMCs  

Buffy coats were diluted 1:3 to 40 ml with RT PBS (Sigma) per 50 ml falcon tube, 

and carefully layered on top of 10 ml Lymphoprep™ at RT (Axis-Shield), avoiding 

mixing of the two phases. The tubes were centrifuged at 800 g for 20 min at RT. The 

purified PBMCs formed a distinct white layer between the plasma and the 

Lymphoprep solution, which was carefully removed and added to new 50 ml falcon 

tubes. The cells were washed twice with PBS by centrifuging at 350 g for 5 min at 4 

°C to remove platelets and remaining lymphoprep solution. After washing, the cells 

were resuspended in PBS or RPMI (Bio Whittaker), and counted by staining 10 µl of 

the cell suspension 1:1 with Tryptophan blue (Life Technologies) and using the 

Countess® Automated Cell Counter (Life Technologies). 

2.2.2. Isolation and culture of CD1c+ cells from PBMCs 

CD1c+ DCs and monocytes were isolated from PBMCs using the MACS CD1c 

Dendritic Cell Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) 

according to the manufacturer’s instructions (Appendix 2). In brief, the cells were 

resuspended in 200 µl MACS buffer (PBS with 0.5% BSA (Sigma) and 2 mM EDTA 

(Gibco – Thermo Fischer)) per 108 total cells. 100 µl of each FcR Blocking Reagent, 



	  

	  	   17	  

CD19 MicroBeads and CD1c-Biotin per 108 total cells were added to the cell 

suspension, and the cells were mixed and incubated at 2-8 °C for 15 min. The cell 

suspension was washed by adding 10x labeling volume of MACS buffer, centrifuged 

and resuspended in 500 µl MACS buffer per 108 total cells. 

An LD Column was placed in the magnetic field of a MACS Separator and rinsed 

with 2 ml MACS buffer, and the cell suspension was applied onto the column. B cells 

magnetically labeled with CD19 MicroBeads were retained in the column, while 

unlabeled cells passed through and were collected. The column was washed with 2x1 

ml MACS buffer, added when the column reservoir was empty. The collected effluent 

was resuspended in 400 µl MACS buffer per initial starting cell number of up to 108 

total cells. 100 µl Anti-Biotin MicroBeads per 108 cells of initial cell count were 

added, and the cells were mixed and incubated at 2-8 °C for 15 min. The cells were 

washed and resuspended in 500 µl MACS buffer per 108 cells of initial cell count. 

An MS Column was placed in the magnetic field of a MACS Separator and rinsed 

with 500 µl MACS buffer and the cell suspension was applied onto the column. 

CD1c+ cells indirectly magnetically labeled with CD1c-Biotin and Anti-Biotin 

MicroBeads were retained in the column, while unlabeled cells passed through. The 

column was washed with 3 x 500 µl MACS buffer, added when the column reservoir 

was empty. The column was removed from the separator and placed on a 15 ml falcon 

tube. 1 ml MACS buffer was added to the column and the plunger was pushed into 

the column, flushing out the positively selected CD1c+ cells. 

1 x 106 – 3 x 106 CD1c+ cells were cultured at 37°C in 1 ml RPMI containing 10% 

FCS, 1% L-glutamin and 1% penicillin-streptomycin and stimulated with 40 ng/ml 

TGFβ (R&D Systems) for 48 hours to induce CD1a expression.  After stimulation the 

cells were harvested and washed using PBS, and stained for extracellular antibodies 

as described below. 

If further stimulated, the cells were incubated 37°C in 1 ml RPMI containing 10% 

FCS, 1% L-glutamin and 1% penicillin-streptomycin with 1 µg/ml LPS (Sigma) and 

10 µg/ml Brefeldin A (Sigma) for respectively 4.5 and 3.5 hours or 1 µg/ml LPS and 

0.7 µl/ml GolgiStop (BD bioscience) for 18 hours, depending on the cytokines of 

interest. After stimulation the cells were harvested and washed using PBS with 1% 

FCS and 2mM EDTA, and stained for intracellular cytokines as described below. 
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2.2.3. Isolation of LPMCs from resection tissue 

The segment of small intestine was opened longitudinally and washed with PBS to 

remove bile and intestinal content, and 3-4 mm-wide strips were cut off the mucosal 

folds using surgical scissors. The epithelial cells were removed by shaking the tissue 

in PBS with 1% FCS and 2mM EDTA for 15 min at 37°C, following removal of 

detached cells by pressing the tissue on 100 µm mesh and washing with PBS. This 

was done three times.  

The remaining tissue was cut into small pieces and incubated in RPMI containing 2.5 

mg/ml liberase (Roche) and 20 U/ml DNase I (Roche), with continuous rotation on 

magnetic mixer for 60 min at 37 °C. The cell suspension was then mixed with a 

pipette and passed through a 100 µm cell strainer and washed with PBS. Lamina 

propria mononuclear cells (LPMCs) were isolated from the cell suspension by 

Lymphoprep density gradient separation as described above. 

2.2.4. Depletion of CD14+ cells  

CD14+ and CD14– cells were isolated from PBMCs and LPMCs using MACS CD14 

MicroBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the 

manufacturer’s instructions. In brief, approximately 3 x 106 blood cells or 1 x 108 

tissue cells were resuspended in 80 µl MACS buffer per 107 total cells. 20 µl CD14 

MicroBeads were added per 107 total cells, and the cells were mixed and incubated at 

2-8 °C for 15 min. The cell suspension was washed with 1-2 ml of MACS buffer per 

107 cells, and up to 108 cells were resuspended in 500 µl MACS buffer. 

An LS Column was placed in the magnetic field of a MACS Separator and rinsed 

with 3 ml MACS buffer, and the cell suspension was applied onto the column. Cells 

magnetically labeled with CD14 MicroBeads were retained in the column, while 

unlabeled cells passed through and were collected. The column was washed with 3x3 

ml MACS buffer, added when the column reservoir was empty. All eluted volume 

was combined to collect CD14– cells, except the last wash. The column was removed 

from the separator and placed on a 15 ml falcon tube. 5 ml MACS buffer was added 

to the column and the plunger was pushed into the column, flushing out the positively 

selected CD14+ cells.  

The CD14-depleted LPMCs were stimulated at 37°C in 1 ml RPMI containing 10% 

FCS, 1% L-glutamin and 1% penicillin-streptomycin with 1 µg/ml LPS for 4.5h with 

addition of 10 µg/ml Brefeldin A after 1 h. After stimulation the cells were harvested 
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and washed using PBS with 1% FCS and 2mM EDTA, and stained for intracellular 

cytokines as described below. 

 

2.3. Immunostaining 

2.3.1. Immunostaining for extracellular flow cytometry 

The cells used for extracellular flow cytometry were full PBMCs or isolated CD1c+ 

cells. The cells were resuspended in 50 µl FACS buffer (PBS with 2% FCS and 0.1% 

NaN3) per well in a 96 well plate. The cells were washed and resuspended in 50µl 

FACS buffer. 2.5 µl of each surface antibody (Table 1) was added to the respective 

wells and incubated on ice for 20 min in the dark. Cells were washed once in FACS 

buffer, resuspended in 500 µl flow buffer and transferred to flow tubes. Topro1 (Life 

Technologies) or Propidium Iodide (PI, Sigma) was added in each sample shortly 

prior to acquisition to exclude dead cells. The samples were vortexed and analyzed on 

a BD LSRFortessa™ flow cytometer. 
 

Table 1: Antibodies used for extracellular flow cytometric analysis 

Antigen Conjugate  Clone Host Source  

HLA-DR BV605 L243 Mouse BioLegend 

CD45  BV510 HI30 Mouse BioLegend 

CD11c APC S-HCL-3 Mouse BD biosciences 

CD11c V450 B-ly6 Mouse BD biosciences 

CD14 APC-Cy7 HCD14 Mouse BioLegend 

CD1a Alexa Fluor 488 HI149 Mouse BioLegend 

CD1a PE HI149 Mouse BioLegend 

CD1c PE L161 Mouse BioLegend 

CD1c PerCP L161 Mouse BioLegend 

CD1c APC L161 Mouse BioLegend 

CD1c APC AD5-8E7 Mouse Miltenyi Biotec 

CD172a/b (SIRPα/β) PE-Cy7 SE5A5 Mouse BioLegend 

CD103 APC B-Ly7 Mouse eBioscience 

CD103 PE B-Ly7 Mouse eBioscience 

CD207 (langerin) PE DCGM4 Mouse Beckman Coulter 

PD-L1 (CD274) APC PD-L1 Mouse Beckman Coulter 

DNGR1 (CLEC9A) PE 8F9 Mouse BioLegend 

CD115 PE  9-4D2-1E4 Rat BioLegend 
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Flt3 (CD135) PE 4G8 Mouse BD biosciences 

CD25 APC 2A3 Mouse BD biosciences 

CD3 PE-Cy7 UCHT1 Mouse eBioscience 

CD16 PE 3G8 Mouse BioLegend 

 

2.3.2. Immunostaining for intracellular flow cytometry 

Cells were mixed with 120 µl of a 1:1000 dilution of fixable viability dye eFluor450 

or eFluor780 (eBioscience) or LIVE/DEAD® Fixable Green Dead Cell Stain (Life 

Technologies) and incubated on ice for 30 min in the dark. 

The cells were then washed and resuspended in 50 µl FACS buffer. 2.5 µl of each 

surface antibody (Table 1) were added to the respective wells and incubated on ice for 

20 min on ice in the dark. Foxp3 / Transcription Factor Staining Buffer Set Kit 

(eBioscience) was used for permeabilization according to the manufacturer’s 

instructions. The cells were washed twice with 150 µl FACS buffer and resuspended 

in 150 µl of fixation/permabilization concentrate diluted 1:4 with 

fixation/permabilization diluent and incubated on ice for 30 min in the dark. The cells 

were washed and resuspended in 50 µl permabilization buffer diluted 1:10 with dH2O. 

2.5 µl of intracellular antibodies and isotype controls (Table 2) were added to the 

respective samples and incubated on ice for 30 min in the dark. The cells were 

washed with 150 µl permabilization buffer and resuspended in 200-500 µl FACS 

buffer and transferred to flow tubes. Samples were analysed on a BD LSRFortessa™ 

flow cytometer. 

 
Table 2: Antibodies used for intracellular flow cytometric analysis. 

Antigen Conjugate  Clone Host Source 

tBet PE O4-46 Mouse BD biosciences 

IFNγ PE 4S.B3 Mouse BD biosciences 

Isotype Ctrl PE MOPC-21 Mouse BD biosciences 

IL-10 BV421 JES3-9D7 Rat BioLegend 

Isotype Ctrl BV421 RTK2071 Rat BioLegend 

TNFα BV605 Mab11 Mouse BioLegend 

TNFα Alexa Fluor 488 Mab11 Mouse eBioscience 

Isotype Ctrl Alexa Fluor 488 P3.6.2.8.1 Mouse eBioscience 

Isotype Ctrl FITC MOPC-21 Mouse BD biosciences 
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2.3.3. Mixed lymphocyte reaction 

Approximately 2 x 106 CD1c+ cells were isolated using the CD1c+ Dendritic Cell 

Isolation Kit, and cultured to induce CD1a expression with 40 ng/ml TGFβ as 

described above. The cells were washed with PBS and stained with antibodies listed 

in Table 3 following the protocol for extracellular immunostaining as aforementioned. 

The cells were resuspended in sterile sorting buffer containing PBS with 1% BSA and 

2.5 mM EDTA and transferred to FACS tubes. Topro1 was added to the samples 

immediately prior to analysis, and samples were run on the cell sorter BD FACSAria 

IIuTM. CD45+HLA-DR+CD11c+CD14–CD1a– and CD45+HLA-DR+CD11c+CD14–

CD1a+ DCs, and CD45+HLA-DR+CD11c+CD14+CD1a– and CD45+HLA-

DR+CD11c+CD14+CD1a+ monocytes were sorted in a 4-way sorting chamber. SIRPα 

was included for later data analysis, but was not used for the sorting. 

 
Table 3: Antibodies used for sorting. 

Antigen Conjugate Clone Host Source 

HLA-DR PerCP-Cy5.5 L243 Mouse BioLegend 

CD45 APC-Cy7 HI30 Mouse BioLegend 

CD11c APC S-HCL-3 Mouse BD biosciences 

CD14 PB HCD14 Mouse BioLegend 

CD172a/b (SIRPα/β) PE-Cy7 SE5A5 Mouse BioLegend 

CD1a PE HI149 Mouse BioLegend 

 

Naïve CD4+ T cells isolated by the MACS Naïve CD4+ T cell isolation kit (Miltenyi 

Biotec) in accordance with the manufacturer’s instructions (Appendix 2), and stored 

at -70 °C, were thawed and resuspended in prewarmed 0.1% BSA in PBS, for a final 

concentration of 1 x 106 cells/ml. 10 mM CFSE dye (Molecular Probes) was added 

and incubated at 37°C for 10 min. The staining was quenched by adding 5 volumes of 

ice-cold RPMI or 0.1% BSA in PBS to the cells and incubated on ice for 5 min. The 

cells were washed twice with RPMI or 0.1% BSA in PBS, and resuspended in RPMI.  

Between 4000 to 25 000 sorted DCs and monocytes were cultured together with 

labeled naïve CD4+ T cells in a 1:5 ratio in 200 µl RPMI containing 10% FCS 

(Sigma), 1% L-glutamin (Bio Whittaker) and 1% penicillin-streptomycin (Bio 

Whittaker) for 6 days. On the sixth day of culture the supernatants were removed and 
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stored at -70 °C for later analysis. The cells were incubated at 37°C in RPMI 

containing 10% FCS, 1% L-glutamin and 1% penicillin-streptomycin and stimulated 

with 25 ng/ml PMA (Sigma), 250 ng/ml Ionomycin (Sigma) and 10 µg/ml Brefeldin 

A for 3.5 hours. After stimulation the cells were harvested and washed with PBS and 

stained for intracellular cytokines as described above. 

2.3.4. Immunofluorescence tissue staining 

Intestinal biopsy specimens were mounted, with the villi facing outwards, on a slice 

of carrot using optimal cutting temperature (OCT) compound (Tissue Tek). The carrot 

was then placed inside a capsule of aluminum foil filled with OCT and snap-frozen in 

liquid nitrogen, and stored at -70°C. The frozen biopsy was mounted on a metal tissue 

disc using OCT compound, with the carrot perpendicular to the disc. The disc was 

secured in a chuck in the chamber of the cryostat and 4 µm cryosections were cut. For 

proceeding to haematoxylin and eosin (H&E) staining, regular glass slides were used. 

The slide was placed in a metal rack and left in hematoxylin (Riedel-de Haën) for 2 

min, hexamin (VWR) for 15 sec and azophloxin (Waldeck) for 45 sec, and cleansed 

under running tap water between each step. Then the slide was washed in 70%, 96% 

and absolute ethanol and left in saffron (Waldeck) for 1 min. The tissue was 

dehydrated with absolute ethanol. The slide was mounted by placing a drop of Eukitt 

(Sigma) on the slide and placing a coverslip (size 1) on top. This H&E quick staining 

was done to evaluate the morphology of the sections, and to decide which tissues to 

use for immunofluorescence stainings. Haematoxylin stains the basophilic structures, 

as nuclei, ribosomes and endoplasmic reticulum with a purplish blue stain. Eosin/ 

azophloxin gives a red stain to eosinophilic structures such as most cytoplasmic 

proteins. In this H&E quick staining saffron was used, which stains the connective 

tissue orange. The H&E sections were stored in dark at RT. 

For immunofluorescence staining, superfrost glass slides were used. The slides were 

air-dried overnight at RT, fixed in acetone for 10 min and dried for 15 min. If not 

used right away, slides were packed back to back with sections facing outwards, 

wrapped in aluminum foil and stored at -20°C.  

Primary mouse anti-human antibodies (Table 4) were diluted to the required 

concentration in PBS with 1.25% BSA. Sections on the slide were encircled using a 

wax pen to avoid contamination between sections. The sections were covered with 50 

µl of the primary monoclonal antibodies (mAbs) and incubated in a humidity chamber 
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for 1 hour at RT. The slides were washed by dipping a couple of times in PBS, then 

kept in PBS for 2 min on a shaking table. Excess PBS was dried off using a cotton 

towel without touching the sections. 

Secondary goat anti-mouse antibodies (Table 5) were diluted to required 

concentration in PBS with 12.5% BSA and centrifuged for 10 min on 14000 rpm. The 

supernatants were kept and the pellet discarded. The sections were covered with 50 µl 

of the secondary mAbs and incubated in a humidity chamber for 30 min at RT in the 

dark. The slides were washed by dipping a couple of times in PBS, then kept in PBS 

for 2 min on a shaking table. The slides were dipped in 1 µg/ml Hoechst (Molecular 

Probes) in PBS with 0.2% metanol and then washed in dH2O. Excess dH2O was dried 

off using a cotton towel without touching the sections. The slides were mounted by 

placing a drop of polyvinyl alcohol (PVA, Sigma) on the slide and placing a coverslip 

(size 0) on top. The sections were stored at 4°C in the dark. Pictures were taken on an 

Olympus Fluoview FV1000 cofocal microscope (Olympus Corporation) on a 

BX61WI microscope base, with the objective 60xLUMFI N.A. 1.10, and the 488nm 

argon, 543 nm and 633nm HeNe lasers.  

 
Table 4: Antibodies used for immunofluorescence analysis: primary antibodies. 

Antibody Clone Isotype Source 

CD14  IgG1 Gift from Terje Espevik 

CD1c AD5-8E7 IgG2 Miltenyi Biotec 

 

 

Table 5: Antibodies used for immunofluorescence analysis: secondary antibodies. 

Origin of antibody Origin of antigen Conjugate Source 

Goat Mouse IgG1 Cy3 Southern Biotech 

Goat Mouse IgG2 α 488 Molecular Probes  

 

2.4. Immunoassays 
Cytokines in supernatant from coculture were measured using the Bio-Plex ProTM 

Human Treg Cytokine Panel, 12-Plex (#171AL003M, Bio-Rad Laboratories). 

All diluents were brought to RT. Standards and controls were reconstituted with 781 

µl and 250 µl culture medium respectively, vortexed for 5 sec and incubated on ice for 



	  

	  
24	  

30 min. 1 part 10x stock washing buffer solution was diluted with 9 parts deionized 

water. 

Frozen supernatants from co-cultures were thawed on ice and centrifuged at 1000 x g 

for 15 min at 4°C to remove any cellular debris or precipitates. Coupled beads were 

vortexed for 30 sec, diluted with the required volume of Bio-Plex® assay buffer and 

protected from light with aluminum foil.  

After incubating the standards, an eight-point standard curve with a threefold dilution 

between each point was prepared. 150 µl culture medium was added to eight 1.5 ml 

polypropylene tubes labeled S2 to S8 and blank. The standards were vortexed for 5 

sec and 75 µl was transferred to the S2 tube. The S2 tube was vortexed and 75 µl was 

transferred from S2 to S3. This was repeated until S8. 

Coupled beads were vortexed for 30 sec and 25 µl was added to each well. The wells 

were washed two times with 100 µl wash buffer using a magnetic plate holder. 

Samples, standards, blank and controls were vortexed for 5 sec and 50 µl of each were 

transferred to the appropriate wells. The plate was covered with sealing tape and 

aluminum foil to protect from light, and incubated on a shaker at 850 ± 50 rpm for 1 

hour at RT. 

The 10x detection antibodies were vortexed for 15-20 sec, centrifuged for 30 sec, and 

diluted with the required volume of Bio-Plex detection antibody diluent HB 10 min 

prior to use.  

After incubating the samples, the wells were washed three times with 100 µl wash 

buffer using a magnetic plate holder. Detection antibodies were vortexed for 5 sec, 

and 25 µl was added to each well. The plate was covered with sealing tape and 

aluminum foil to protect from light, and incubated on a shaker at 850 ± 50 rpm for 30 

min at RT. 

While the samples were incubating, the 100x stock of streptavidin-PE was vortexed 

for 5 sec, centrifuged for 30 sec and diluted with the required volume of assay buffer 

10 min prior to use.  

After incubating the samples, the wells were washed three times with 100 µl wash 

buffer using a magnetic plate holder. The diluted streptavidin-PE was vortexed for 5 

sec, and 50 µl was added to each well. The plate was covered with sealing tape and 
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aluminum foil to protect from light, and incubated on a shaker at 850 ± 50 rpm for 10 

min at RT. 

After incubating the samples, the plate was washed three times with 100 µl wash 

buffer per well using a magnetic plate holder. The samples were resuspended with 

125 µl assay buffer and the plate was covered with sealing tape and aluminum foil, 

and incubated on a shaker at 850 ± 50 rpm for 30 sec at RT before reading the plate in 

a BioPlex® MAGPIXTM (Bio-Rad Laboratories). 

 

2.5. Data analysis and statistics 
A BD LSRFortessaTM (BD Biosciences) was used to analyze the samples, whereas a 

cell sorter BD FACSAria IIuTM (BD Biosciences) was used to sort the cells. BD 

FACSDiva software (BD Biosciences), used on the computer that was connected to 

the flow cytometer, operated the machine. After acquisition of the samples, the data 

was exported from the BD platform and further analysis was done using FlowJo v10 

software (Tree Star Inc.). FMO controls and isotype controls were used to set the 

threshold for a positive population. 

GraphPad Prism software (version 4; GraphPad Software) was used to perform 

statistical analyses. One-way ANOVA with Tukey posthoc test was used for multiple 

comparisons. In cases where there were only two groups to compare, a two-tailed, 

paired T test was used. A P value are indicated using the symbols * < 0.05, ** < 0.01, 

*** < 0.001. 
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3. Results 
 

The initial aim for this project was to study properties of DC subpopulations defined 

by CD1a expression within CD1c+ DCs in blood and small intestine. To induce CD1a 

expression in blood DCs, CD1c+ DCs were isolated using the CD1c (BDCA-1)+ 

Dendritic Cell Isolation Kit, and treated with TGFβ for 48h [33]. However, the kit 

appeared to be isolating two different populations instead of a homogenous 

population of DCs. This was further investigated before proceeding with the initial 

project. After the identity of these two populations was determined, both cell 

populations were included for the rest of the project. 

3.1. CD1c+ DCs and CD1c+ monocytes are isolated by the CD1c+ 

Dendritic Cell Isolation Kit 

3.1.1. CD1c+ Dendritic Cell Isolation Kit isolates two discrete cell populations, 

expressing different levels of CD14 

The manufacturer of the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit claims that the 

kit performs a specific isolation of myeloid DCs, with a minor proportion expressing 

CD14 (Figure 6). 
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Figure 6: Isolation of CD1c myeloid DCs from PBMCs according to the CD1c (BDCA-1)+ Dendritic Cell 

isolation Kit data sheet. PBMCs are stained for CD19 and CD1c (BDCA-1)+ using Anti-Biotin antibodies. A. 

PBMCs before isolation. B. PBMCs after B dell depletion. C. Isolated CD1c (BDCA-1)+ DCs. Figure is adapted 

from the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit datasheet (Miltenyi Biotec). 

To confirm this we performed a staining of PBMCs before CD1c isolation, and the 

positive and negative fraction after isolation (Figure 7A). 

APCs are defined by their expression of MCH II, which in humans include human 

leukocyte antigen (HLA) -DR, and the lymphocyte common antigen CD45. HLA-

DR+CD45+APCs may then be separated into DCs and monocytes as CD11c+CD14– 

and CD11c+CD14+ cells, respectively. PBMCs, isolated CD1c+ cells and cultured 

cells were gated on according to Supplementary figure 1, 2 and 3, respectively 

(Appendix 3). In PBMCs a subpopulation of DCs expressed CD1c, and monocytes 

showed a low overall expression of CD1c (Figure 7A). 

The kit efficiently isolated CD1c+CD45+HLA-DR+ cells and the residual fraction was 

depleted of CD1c+ cells (Figure 7A). In contrast to the claim of the manufacturer, a 

major population of CD1c+ cells expressed CD14 in the positively isolated fraction 
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(Figure 7A). The monocyte contamination varied greatly among donors, ranging from 

25-70% monocytes in the positively selected fraction (Figure 8). After 48h of culture 

of the sorted population, two phenotypically distinct populations were very 

pronounced: one population expressed high levels of HLA-DR and low levels of 

CD14, corresponding phenotypically to DCs, and one population expressed lower 

levels of HLA-DR and high levels of CD14, corresponding phenotypically to 

monocytes (Figure 7A). In addition, CD1c seemed to be downregulated during the 

culture (Figure 7A). 

From these results it can be concluded that the kit efficiently and specifically isolated 

CD1c+ APCs, but that the sorted fraction included two distinct cell populations. 

3.1.2. Isolated CD1c+CD14– cells are DCs and CD1c+CD14+ cells are monocytes 

In line with the classical definition, CD14– and CD14+ cells have been called DCs and 

monocytes respectively, based on their expression of CD14. To confirm this, a 

staining for the growth factor receptors Flt3 and CD115, which are preferentially 

expressed by DCs and monocytes, respectively, was performed. Freshly isolated 

CD1c+ cells were split into a CD14 positive and negative fraction and cultured for 

48h to generate phenotypically distinct populations. In both fractions only the 

CD14low cells expressed Flt3 and only the CD14+ cells expressed CD115 (Figure 7B), 

confirming that the CD14– cells constituted DCs and CD14+ cells represented 

monocytes. 
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Figure 7: Flow cytometry analysis of PBMCs before and after isolation by CD1c (BDCA-1)+ Dendritic Cell 

isolation Kit. PBMCs isolated from buffy coats were separated into CD1c positive and negative fractions, using 

the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit. DCs are shown in blue and monocytes are shown in red. A. 

Flow cytometry analysis showing the distribution of cells expressing CD14 and expression of CD1c in full 

PBMCs, positive and negative isolated fractions, and after 48h culture of the positive fraction. Data are 

representative for at least 3 donors. B. Isolated CD1c+ cells were separated into a CD14 positive and negative 

fraction, and cultured for 48h. Flow cytometry analysis showing the expression of Flt3 and CD115 in 

CD1c+CD14– and CD1c+CD14+ cells. Data are representative for 2 donors.  
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Figure 8: Percentage of CD14+ cells among isolated CD1c+ APCs. CD1c+ cells were isolated from PBMCs 

using the isolated using the CD1c (BDCA-1)+ Dendritic Cell isolation Kit and cultured for 48h. Expression of 

CD14 was assessed by flow cytometry.  

 

3.2. Monocytes express CD1c 

3.2.1. Blood monocytes express CD1c 

Having identified CD14– cells as DCs and CD14+ cells as monocytes among the 

CD1c+ isolated population (Figure 7B), we sought to confirm this finding in fresh 

PBMCs. SIRPα and DNGR-1 were used to define the two main subsets of myeloid 

DCs, CD1c+ DCs and CD141+ DCs, respectively. SIRPα+ DCs expressed CD1c while 

DNGR1+ DCs were negative (Figure 9A). A subpopulation of monocytes, which are 

all SIRPα+, expressed CD1c (Figure 9A).  

Since CD1c expression was not confined to DCs, but also detectable on monocytes, 

CD1c cannot be used alone for specific identification and isolation of the CD1c+ DC 

subset.  

 

As a CD1c+ subpopulation was detected in monocytes (Figure 9A), we sought to 

determine if CD1c expression is confined to a specific subtype of monocytes. The 

three major populations of monocytes in blood were defined based on their expression 

of CD14 and CD16. Primarily CD14++CD16– classical and CD14++CD16+ 

intermediate monocytes expressed CD1c, and these subsets were therefore 

preferentially enriched after isolation of CD1c+ cells using the kit in comparison to 

CD14+CD16++ non-classical monocytes (Figure 9B). 
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Figure 9: Expression of CD1c in DCs and monocytes in PBMCs. PBMCs were isolated from buffy coats and 

CD1c+ cells were isolated using the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit. DCs are shown in blue and 

monocytes are shown in red. A. Flow cytometry analysis of PBMCs showing the expression of Flt3 and CD115 in 

HLA-DR+CD45+ PBMCs, and the expression of CD1c in SIRPα+ and DNGR1+ DCs subpopulations, and in 

monocytes. Data are representative for 3 donors B. Flow cytometry analysis of PBMCs (data are representative for 

2 donors) and isolated CD1c+ cells (data are representative for 3 donors) showing the expression of CD14 and 

CD16 among monocytes, and the expression of CD1c in classical (CD14++CD16–), intermediate (CD14++CD16+) 

and non-classical (CD14+CD16++) monocytes and DCs.  

 

3.2.2. Mucosal tissue monocytes express CD1c 

Given the expression of CD1c by monocytes in blood, we next investigated whether 

also mucosal tissue monocytes express CD1c. Indeed, we found that monocytes 

derived from human small-intestinal LPMCs, which are all SIRPα+, also expressed 

CD1c (Figure 10A), albeit at lower levels compared to LPMC DCs. To validate this 

finding, in situ immunofluorescence staining for CD1c (green) and CD14 (red) in 

cryosections of normal duodenal mucosa was performed (Figure 10B). We readily 
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observed CD14– DCs expressing CD1c, as well as an abundant population of CD1c–

CD14+ monocytes (Figure 10B, upper panel). In addition, we also identified scattered 

CD1c+CD14+ monocytes in the intestinal lamina propria (Figure 10B, lower panel), 

thus confirming the presence of CD1c+ monocytes in mucosal tissues in vivo.  

 
 

Figure 10: Expression of CD1c on LPMCs and small intestinal mucosa. LPMC were isolated from resection 

tissue. Cryosections of normal duodenal mucosa were stained with CD1c, CD14 and nuclei were stained with 

Hoechst. A. Flow cytometry analysis showing CD1c expression in SIRPα+ and SIRPα– DCs subpopulations, and in 

monocytes. DCs are shown in blue, monocytes are shown in red and FMO controls are shown in grey. Data are 

representative for 59 donors. B. Three-color immunofluorescence staining showing expression for CD1c (green) 

and CD14 (red) and Hoechst-stained nuclei (grey). Data are representative for 1 donor. 
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3.2.3. CD14– and CD14+ CD1c+ cells differentially regulate surface marker 

expression during culture  

According to the manufacturer of the CD1c DC purification kit, the sorted cells 

homogenously constitute myeloid DCs, and numerous publications have treated them 

as one entity [71-73]. As it was apparent that these CD1c+ APCs are also contained 

monocytes, we next investigated if there was any functional difference between the 

isolated DCs and monocytes. To this end, we cultured the isolated CD1c+ cells and 

performed surface marker stainings of CD1a, CD207, PD-L1 and CD103.  

 

The initial plan for this project was to study characteristics of CD1c+CD1a+ DCs. 

CD1a and CD207 have been shown to be upregulated in DCs in blood by TGFβ 

treatment (Melum et al., unpublished data) and are co-expressed in tissue DCs 

(Richter et al., unpublished data). Therefore, we wanted to investigate whether culture 

or TGFβ-treatment induces CD1a or CD207 in both DCs and monocytes subsets. 

Moreover, PD-L1 is a co stimulatory molecule expressed on DCs [65] and CD103 is 

an adhesion molecule expressed on DCs that can be upregulated by TGFβ [47], and 

we were interested in how these two markers were expressed among the isolated DCs 

and monocytes. 

 

CD1a was found to be upregulated by TGFβ treatment in both DCs and monocytes 

(Figure 11A), while only DCs upregulated CD207 expression after TGFβ treatment 

(Figure 11B). Furthermore, PD-L1 was strongly upregulated by culture in DCs, but 

not in monocytes (Figure 11C). While DCs showed a significant and strong 

upregulation of CD103 during culture and in response to TGFβ treatment, monocytes 

only showed moderate upregulation of CD103 expression after TGFβ treatment 

(Figure 11D).  

Given the differential expression of these markers it is evident that the isolated CD1c+ 

DCs and CD1c+ monocytes have strikingly different properties. 
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Figure 11: Expression of CD1a, CD207, PD-L1 and CD103 in DCs and monocytes. CD1c+ cells were isolated 

from PBMCs using the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit. Flow cytometry plots and graphs showing 

the expression of CD1a, CD207, PD-L1 and CD103 in CD1c+CD14– DCs and CD1c+CD14+ monocytes in native 

cells or after culture with or without TGFβ for 48h (n=4-12).  

 

3.3. Properties of subsets within CD1c+ DCs defined by CD1a 

3.3.1. No detectable difference in cytokine secretion in the CD1c+CD1a+ and 

CD1c+CD1a– subsets within DCs and monocytes 

An initial hypothesis was that the CD1c+CD1a+ DCs might exhibit a regulatory 

phenotype [33], and one of the aims for this project was to study functional properties 

associated with CD1c+CD1a+ and CD1c+CD1a– DCs. To induce CD1a expression in 
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blood DCs, CD1c+ DCs were isolated using the CD1c (BDCA-1)+ Dendritic Cell 

Isolation Kit, and treated with TGFβ for 48h [33]. The cells were further stimulated 

with LPS, and TNFα and IL10 production was analyzed by flow cytometry (Figure 

12A).  

TNFα is a proinflammatory cytokine, which regulates immune function, apoptosis 

and inflammatory response [74]. Blood monocytes were found to produce significant 

higher amounts of TNFα in response to LPS than the DCs (Figure 12A). This 

represents another important functional difference between the isolated CD1c+ DCs 

and CD1c+ monocytes. Moreover, TNFα production in DCs and monocytes was 

independent of CD1a expression (Figure 12A). Of note, all subsets expressed IL10 to 

a similar extent, independent of their CD1a expression (Figure 12A). 

  

We next studied the functional properties of tissue derived DCs expressing CD1a+ or 

CD1a– DCs. Stimulation with LPS and brefeldin A decreases surface levels of CD14, 

rendering tissue monocytes phenotypically undistinguishable from DCs (data not 

shown), we therefore first depleted CD14+ cells from LPMCs from normal duodenal 

mucosa, and then stimulated the remaining CD14– population with LPS. TNFα 

production was assessed by flow cytometry and the cells were gated on according to 

Supplementary figure 4 (Appendix 3). In general, a higher fraction of mucosal DCs 

expressed TNFα compared to blood DCs (Figure 12B). However, there were no 

differences between the subpopulations of intestinal DCs in terms of TNFα 

production (Figure 12B).  
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Figure 12: Cytokine analysis in blood DCs and monocytes and tissue DCs. PBMCs were isolated from buffy 

coats and CD1c+ cells were isolated using the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit, and cultured with 

TGFβ for 48h. LPMC were isolated from resection tissue and depleted for CD14+ cells using the MACS CD14 

MicroBeads. A. Quantifiction of TNFα and IL10 expression in CD1a+ and CD1a– DCs and monocytes from blood 

(n=3) by flow cytrometry after LPS stimulation. B. Quantification of TNFα expression in CD1a+ and CD1a– 

CD14– DCs from small intestinal tissue (n=3) by flow cytrometry after LPS stimulation.  

 

3.3.2. DCs induce more T cell proliferation than monocytes 

As an initial hypothesis was that the CD1c+CD1a+ DCs might represent a regulatory 

DC subset, we assessed if CD1a+ DCs differ from CD1a– DCs in their potential to 
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prime T cells. In order to investigate this, CFSE-labeled naïve CD4+ T cells isolated 

from blood were cultured together with FACS-sorted CD1a+ and CD1a– DCs from an 

allogeneic donor, and proliferation was measured by CFSE-dilution. Since the CD1c 

isolation kit provided sorted fractions contaminated with monocytes, CD1a+ and 

CD1a– monocytes were also FACS-sorted and cultured together with T cells. 

Strikingly, T cells cultured together with DCs showed a significant higher 

proliferation rate than T cells cultured together with monocytes (Figure 13). Within 

the DCs, the TGFβ-induced CD1a+ DCs promoted less proliferation of T cells than 

the DCs remaining CD1a–. By contrast, there was no significant difference between 

CD1a– and CD1a+ monocytes in terms of T cell activation. These results revealed 

another functional disparity between CD1c+ DCs and CD1c+ monocytes, and 

confirmed that blood-derived TGFβ-induced CD1a+ DCs were less efficient in 

inducing T cell proliferation than CD1a– DCs. 

 

We then wanted to assess whether the activated T cells exhibited altered functional 

properties. After restimulation with PMA/ionomycin there was a trend for increased 

TNFα production within the activated T cells after coculture with monocytes 

compared to coculture with DCs (Figure 13A). Furthermore, monocytes induced tBet+ 

T cells to a greater extent than DCs (Figure 13B), indicating that monocytes skewed 

the T cells towards a TH1 phenotype. 

We also observed very low levels of IL10+ proliferating T cells after restimulation 

with PMA/ionomycin, independent of the APC subset (Figure 13B).   

 

To further investigate if the cocultures generated T cells with regulatory properties, 

cytokines in the supernatants from the cocultures were measured using the immuno 

assay Bio-Plex ProTM 12-plex Human Treg Cytokine Panel. The concentrations of 

these 12 key biomarkers were measured in coculture supernatans: IL2, IL10, IL12 

p40, IL12 p70, IL19, IL20, IL22, IL26, IL27 (p28), IL28A/ IFNλ2, IL29/ IFNλ1 and 

IL35. 

IL2 is a type 1 four α-helical bundle cytokine produced primarily by activated CD4+ T 

cells and drives their proliferation and differentiation. IL2 is also thought to modulate 

TH differentiation, by regulating the expression of receptors for cytokines and 

transcription factors, and in this way lead the differentiation into different types of TH 

cells, either by promotion or inhibition of cytokine cascades [75]. Only IL2 was found 
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in high concentrations in supernatants of proliferating cells, while the other cytokines 

were produced in amounts below the detection limit of the Bio-Plex Assay. An 

apparent trend of higher amounts of IL2 in the supernatants from the cocoultures with 

the DCs than with the monocytes was observed, with a significantly higher 

concentration of IL2 in the supernatants from the cocultures with the CD1a+ DCs 

compared to CD1a+ monocytes (Figure 13A). This was in concordance with the 

higher T cell proliferation observed in cocultures with DCs, since IL2 drives 

proliferation and differentiation of activated T cells. 
 

 
 
Figure 13: T cell proliferaton and cytokine analysis after coculture with CD1a+or CD1a– DCs or CD1a+ and 

CD1a– monocytes. Naïve CD4+ T cells were isolated from PBMCs using the MACS Naïve CD4+ T cell isolation 

kit. PBMCs were isolated from buffy coats and CD1c+ cells were isolated using the CD1c (BDCA-1)+ Dendritic 

Cell Isolation Kit, and cultured with TGFβ for 48h. CD1a+ and CD1a– DCs and CD1a+ and CD1a– monocytes 

were then sorted and cultured together with naïve CD4+ T cells for 6 days. Supernatants were collected and T cells 

were restimulated with PMA/ionomycin. A. Proliferation of T cells and IL2 concentration in supernatant from 

cocultures (n=3-4) were measured after 6 days of coculture, using flow cytometry and Bio-Plex Immuno assay 

respectively B. Expression of TNF, tBet and IL10 were measured after 6 days of coculture in T cells restimulated 

with PMA/ionomycin.  
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4. Discussion 
The aim of this study was to characterize DC subpopulations defined by CD1a expression 

within CD1c+ DCs in blood and small intestine, and to investigate if the CD1a+ DCs exhibit a 

regulatory phenotype as suggested by earlier findings [33]. Initially, we found that the CD1c 

(BDCA-1)+ Dendritic Cell Isolation Kit, used to isolate CD1c+ DCs from blood, isolated both 

CD1c+ DCs and CD1c+ monocytes. Furthermore, we found that monocytes express CD1c 

both in blood and tissue. We analyzed cytokine production and T cell activation by 

CD1c+CD1a+ and CD1c+CD1a– DCs as well as monocytes, but observed no differences 

between the subpopulations in terms of IL10 or TNF production. However, CD1c+CD1a+ 

DCs induced less T cell proliferation. We further found that the two isolated populations 

varied greatly in their expression of surface markers and cytokine as well as their potential to 

active naïve T cells. 

 

4.1. Methodological considerations 

Flow cytometry is a method for detecting markers on cells in suspension. The cells are 

stained with fluorochrome-labeled antibodies specific for cell surface, cytoplasmic or nuclear 

proteins. Stained cells are suspended in a fluid and passed through a nozzle to form a stream 

of cells that are passed one by one through a laser beam [1]. The fluorophores will absorb the 

light from the laser and emit light of a specific wavelength that is detected by a range of 

detectors, so-called photomultiplier tubes, fitted with optic filters that allow passage of 

specific wavelengths of light, which is converted to an electronic signal [76]. This allows 

multiple markers to be detected simultaneously, as the different fluorescent-labeled markers 

are excited and emit light at different wavelengths. In addition to fluorescence data, scattered 

light provides information about the cells size (forward scatter) and granularity (side scatter). 

Fluorescence-Activated Cell Sorting (FACS) allows for the isolation of cells of interest based 

on their expression of markers [77]. 

Flow cytometry is an essential laboratory technique both in research and clinical institutions. 

It generates information about single cells in a highly sensitive, semi-quantitative and 

reproducible manner. It also has high specificity for rare cell subsets and can detect cells at 

low frequencies. [77]  
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Other immunological techniques that can be used to detect markers using antibodies are 

immunohistochemistry, western blot and immuno assays, such as Bio-Plex and enzyme-

linked immunosorbent assays (ELISA).  

Immunohistochemistry detects antigens in tissue, allowing the determination of the location 

of cells expressing the protein of interest. However, this method is less sensitive than flow 

cytometry and only allows the combination of a limited number of fluorophores, and thus a 

limited number of target antigens. Western blot measures proteins from cells in cell lysates 

and also identifies the targeted protein by its molecular weight, but it does not provide any 

information about where in the cell the marker was located. In addition, western blot does not 

allow quantifying the expression of the target protein per cell. Immuno assays measure 

soluble markers (secreted from cells) in supernatants. Since we wanted to characterize cells 

using multiple markers and their cytokine production, flow cytometry, was the most suited 

method. In addition, immunofluorescence tissue staining was performed to confirm the 

findings gained from flow cytometry and concentration of markers in supernatant from 

cocultures was measured using Bio-Plex. 

Flow cytometry is a highly advanced technique but also has drawbacks and limitations. First 

of all, the method requires that the cells are analyzed in a single-cell suspension. One of the 

methods for separation of cells is enzymatic digestion, which may lead to degradation of 

surface proteins and glycoproteins on the cells. As we used enzymatic digestion with liberase, 

the potential degradation of surface proteins by this enzyme was routinely tested. 

Furthermore, information about morphology and structure of the tissue and the location of the 

target antigen is lost [76]. This can be complemented by combining the method with 

immunohistochemistry staining of tissue.  

The performance of the flow cytometer requires validation of fluorescence intensity and 

optimized instrument settings. The flow cytometer used in this project is equipped with four 

lasers (blue (488 nm), red (640 nm), violet (405 nm) and yellow-green (561 nm)), and can 

theoretically detect 18 different fluorophores. The fluorescence spectra from the 

fluorochromes may overlap and detectors can detect fluorescence originating from more than 

one fluorochrome, which could lead to false positive signals. This problem becomes an 

increasingly significant issue, as more fluorochromes are employed on a single cell. The 

amount of markers that can be detected simultaneously is thus limited, and therefore we 

included no more than 9 fluorophores in each experiment. Also the spectral overlap has to be 
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accounted for using compensation controls, consisting of single stain controls for each 

fluorochrome and an unstained control that allows for electronic subtraction of the spillover 

from each fluorescence channel [76]. There are commercially available standard counting 

microbeads such as cytometer setup and tracking (CST) beads, which provide standardization 

for settings such as laser delay and detector voltages. However, it may still be necessary to 

set the voltages manually by the operator depending on the sample.  

Further challenges of the technique are potential non-specific binding by the antibodies and 

autofluorescence of the cells, which both may lead to false positive results if not 

compensated. Thus, in addition to the single-stained compensation controls, there are several 

other controls used to validate the staining. Fluorescence-minus-one (FMO) controls, which 

are samples stained with the same fluorochrome labeled antibodies as the rest of the samples, 

minus the antibody of interest, are ideal to set the gate boundaries defining positive and 

negative cells. Irrelevant isotype-matched antibodies may identify issues with unspecific 

antibody-binding, which is particularly important for intracellular staining [78, 79]. Finally, 

unstained cells will reveal the background autofluorescence of the sample. Ideally, all these 

controls should be applied, but the cell numbers available usually restricts analysis to FMO-

controls for selected markers. In addition, blocking with serum proteins can reduce non-

specific binding. 

The selection of the positive or negative cells relies only on the setting of gates, which is not 

standardized but determined by the person analyzing the data. This could also lead to false 

and varying results depending on how the operator chooses to set the gates. In all our 

experiments we defined the cutoff to < 1% positive cells in the respective FMO and isotype 

control gates. Choosing a different cutoff value would change the absolute values, but not the 

general trend. 

4.2. CD1c expression in DCs and monocytes 
The APC population isolated by the CD1c (BDCA-1)+ Dendritic Cell Isolation Kit 

differentiated into two very pronounced populations after culture (Figure 7). One population 

expressed high levels of HLA-DR, corresponding phenotypically to DCs, and one population 

expressed lower levels of HLA-DR, corresponding phenotypically to monocytes. Also there 

were more CD14+ cells after culture, thus CD14 was either upregulated during culture or the 

CD14+ cells proliferated more, or some of the DCs died. The factors that might induce CD14 
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or kill DCs in these cultures are not known. A reason for the monocytes to proliferate more 

than the DCs could be that FCS in the culture medium contains several growth factors, eg. 

M-CSF that could stimulate proliferation in monocytes more than in DCs.  

 

Furthermore, during culture CD1c and SIRPα (Supplementary figure 3, Appendix 3) are 

downregulated in DCs, while CD1c, but not SIRPα, is downregulated in monocytes. It is 

uncertain what causes this downregulation, but the downregulation of CD1c in differentiating 

monocytes is in line with the hypothesis that CD14++CD16– classical monocytes differentiate 

to CD14++CD16+ intermediate monocytes and then CD14+CD16++ non-classical monocytes 

[54, 58]. Since we see that the classical and intermediate monocytes express CD1c (Figure 

9B), the downregulation could be caused when the classical monocytes differentiate into non-

classical monocytes during culture, and concomitantly lose CD1c.  

 

It is uncertain what mechanisms underlie the downregulation of SIRPα during culture, and 

why it is not downregulated in monocytes. One reason could be that the DCs are dependent 

on specific factors to maintain expression of SIRPα that the monocytes are not dependent on. 

It is unlikely that the SIRPα– population is generated by a rapid growth of contaminating 

SIRPα– cells, as the purity of isolated CD1c+ cells was routinely excellent (Figure 7A). 

 

When comparing CD1c expression in monocytes in Figure 7A and 9A, it becomes evident 

that the staining intensity is variable. This is because two different fluorophores with 

different brightness were used, PerCp in Figure 7 and APC in Figure 9. We also directly 

compared these two fluorophores in samples of the same patients and confirmed that the 

brighter fluorophore resulted in higher staining intensity. Also, there is a great variation in the 

relative abundance of isolated CD1c+ monocytes (Figure 8). This is probably due to 

interindividual variation, because a standardized method was strictly followed for the 

isolation and two donors were included in parallel in most of the experiment. 

When analyzing surface marker expression in CD1c+ DCs and monocytes, we also assessed 

PD-L2 expression, but no expression was observed, neither in DCs or monocytes.  

 

4.3. CD1c+ monocytes 
The present study identifies CD1c+ monocytes in human blood and small intestine. The 

BDCA-antibodies generated by Dzionek et al., 15 years ago extended the definition of human 
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blood DCs described by HLA-DR, CD4, CD11c and CD123. The CD1c antibody BDCA-1 

was introduced as a specific marker for a subset of CD11c
bright

 CD123
low

 myeloid BDCs, with 

the exception of B cells, which has been the accepted paradigm since then [23]. Dzionek et 

al., saw that a minor proportion of the CD1c+ cells expressed CD14 to a variable degree, and 

explained it with a linear differentiation model where CD1c–CD14+ monocytes give rise to 

CD1c+CD14– cells DCs, rather than a common precursor of both cell types [23]. However, no 

comparative data have been provided on the CD1c+CD14– and CD1c+CD14+ cells.  

 

In this thesis we showed that these CD1c+ cells are monocytes. When Dzionek et al. 

identified BDCA-1, they isolated cells using the BDCA-1 antibody, after depleting the cells 

of CD19+ B cells, but not for monocytes [23]. Furthermore, they did not include any other 

monocyte markers than CD14 in their phenotype analysis of the isolated cells. This suggests 

that CD1c is not confined to DCs and cannot be used alone for specific identification and 

isolation of the CD1c+ DC subset.  

 

Recent findings of Toschka suggest that these CD1c+CD14+ cells represent a novel human 

DC subset with inflammatory properties originating from CD14++CD16– monocytes, 

probably being precursors of inflammatory DCs found in inflamed tissues [80]. Some of their 

findings are in line with the findings in this project: surface marker expression of 

CD1c+CD14+ cells resembles that of monocytes and they cluster with CD14+CD16–CD1c– 

monocytes at transcriptional level [80]. They also see a higher TNF production in 

CD1c+CD14+ cells than in CD14–CD1c+ DCs, concordant with the findings in this project. 

 

We also observed CD1c expression on monocytes in gut, both by flow cytometry and 

immunofluorescence staining. These CD1c+CD14+ monocytes observed in tissues are likely 

derived from monocytes from blood that have migrated into tissue. These are most likely 

monocytes that express CD1c to a lesser extent than CD14–SIRPα+ tissue DCs. They do not 

express CD103 and may therefore be recently recruited to the tissue, but following 

downregulation of CD14 and upregulation of CD103 they can become CD14–CD103+SIRPα+ 

DCs. Watchmaker et al. show that CD103+SIRPα+ and CD103–SIRPα+ DCs express CD1c 

[30], and that especially the latter subset is related to monocytes.  

Little is known about the regulation of CD1 molecules on human APCs, but CD1c is 

upregulated on monocytes differentiating to DCs [81]. The CD1c+ monocytes we isolated 
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from blood did not upregulate CD103 during culture, so perhaps this process is dependent on 

additional growth factors not present in the culture conditions. CD1c+CD14+ cells have also 

been observed by others, both in normal nasal mucosa [82] and in blood and inflamed skin 

[80]. 

4.4. CD1c+CD1a+ DCs as an immunoregulatory subset 
This study aimed to investigate if CD1a+ DCs exhibit a regulatory phenotype as suggested by 

earlier findings [33]. However, there was no difference in terms of TNFα and IL10 secretion 

between CD1c+CD1a+ and CD1c+CD1a– subsets derived from blood, neither in DCs nor 

monocytes, and no difference between the subpopulations of intestinal DCs. These results are 

in contrasts to earlier findings where CD1a+CD1c+ DCs were shown to produces less TNFα 

than CD1a–CD1c+ DCs [33]. These earlier findings are most likely a consequence of treating 

the DCs and monocytes isolated with the kit as one entity. An evidence for this is that the 

population called DCs in the earlier findings shows a higher expression of TNFα than in our 

results. As our results also demonstrate, there is a significant higher production of TNFα in 

the monocytes than in the DCs, and looking at a mixture of DCs and monocytes would 

therefore give a higher total TNFα expression. Also, the amount of TNFα expressed in earlier 

results varies greatly (20-90% in CD1a–CD1c+ DCs), which is probably due to the fact that 

the percentage of monocytes isolated by the kit varies among donors.  

 

Our results in intestinal DCs also differ from earlier findings, which show that intestinal 

CD1c+CD1a+ DCs produce less TNFα than CD1c+CD1a– DCs [33]. This could be caused by 

contamination of monocytes in the DC gate, since the cells in earlier experiments were not 

depleted for CD14+ cells before stimulation with LPS and brefeldin A. As brefeldin A 

treatment reduces the amount of surface CD14, CD1c+ monocytes and CD1c+ DCs will be 

hard to distinguish by flow cytometry. An evidence for this is that when we conducted the 

experiment without depletion of CD14+ cells, we observed a lower TNFα expression in 

CD1c+CD1a+ DCs than CD1c+CD1a– DCs (data not shown). We also attempted to detect for 

IL10 in small intestinal DCs, but observed no IL-10 staining. 

 

Melum et. al also states that sorted CD1c+CD1a+ DCs display reduced HLA-DR expression 

compared to CD1c+CD1a– DCs [33]. However, we did not see any difference in HLA-DR 

levels comparing CD1a+ and CD1a– CD14– DCs (data not shown). The earlier findings could 
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thus be skewed by monocyte contamination, since after culture the isolated CD1c+ monocytes 

show lower levels of HLA-DR than the DCs, and tend to upregulate CD1a to greater extent.  

 

However, the blood-derived TGFβ-induced CD1a+ DCs induced less T cell proliferation than 

the DCs remaining CD1a–. This result, as opposed to the cytokine secretion, indicates that the 

CD1c+CD1a+ DCs may exhibit regulatory properties, at least in terms of the ability to prime 

T cell responses. The reason for this is currently unclear, but could be explained by reduced 

or altered expression of costimulatory molecules on this subset. 

 

4.5. Conclusion and further prospects 
In summary, we found a population of CD1c+CD14+ cells in blood corresponding to 

CD14++CD16– classical and CD14++CD16+ intermediate monocytes. In the tissues, these cells 

probably either lose CD1c and downregulate CD14, as they become non-classical monocytes, 

or lose CD14, as they differentiate into CD1c+CD14– DCs. 

Furthermore, based on TNF secretion, our results challenge earlier evidence suggesting that 

CD1c+CD1a+ DCs have an immunoregulatory role. However, the finding that blood-derived 

TGFβ-induced CD1a+ DCs induced less T cell proliferation than the DCs remaining CD1a– is 

compatible with the notion that CD1c+CD1a+ DCs represents an immunoregulatory subset.  

 

For future studies of the CD1a subsets it would be interesting to further assess their effects on 

T cells. In particular, it will be important to address whether the different DC populations 

induce differential polarization to either Treg or various effector subsets among the responding 

T cells. Melum et. al observed a higher expression of AXL in the CD1c+CD1a+ DCs, 

compared to CD1c+CD1a– DCs [33], which remains to be investigated with respect to the 

current knowledge about CD1c expression in monocytes. In addition, molecular 

characterization by gene profiling of the APC subsets identified here will provide valuable 

insight into the functional capacities among the phenotypically heterogeneous network of 

APCs.   
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Appendix 1: Abbreviations 
 

AHR  Aryl hydrocarbon receptor 

APC  Antigen presenting cells 

BDCA  Blood dendritic cell antigen 

BrdU  5-bromodeoxyuridine 

BSA  Bovine serum albumin 

CCL  Chemokine ligand 

CCR  Chemokine receptor 

CD  Cluster of differentiation 

CDP  Common DC precursor 

CLEC9A  C-type lectin family member 9A 

CMP  Common myeloid progenitor 

CST  Cytometer setup and tracking 

DC  Dendritic cell 

EDTA  Ethylenediaminetetraacetic acid 

ELISA  Enzyme-linked immunosorbent assays 

FACS  Fluorescence-Activated Cell Sorting 

FCS  Fetal calf serum 

Flt3  FMS-like tyrosine kinase 3 

FMO  Fluorescence minus one 

GMP  Granulocyte macrophage precursor 

H&E  Haematoxylin and eosin 

HLA  Human leukocyte antigen 

HSC  Hematopoietic stem cell 

IL  Interleukin 

IFN  Interferon 

LC  Langerhans cells 

Lin  Lineage 

LN  Lymph node 

LPMC  Lamina propria  mononuclear cells 

LPS  Lipopolysaccharide 

mDC  Myeloid dendritic cell 
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MDP  macrophage and DC precursor 

MHC  Major histocompability complex 

MLP  Multi lymphoid progenitor 

mAbs  Monoclonal antibodies 

MPS  Mononuclear phagocyte system 

NK  Natural killer 

nm  nanometre 

OCT  Optimal cutting temperature 

PAMP  Pathogen-associated molecular patterns 

PBMC  Peripheral blood mononuclear cells 

PBS  Phosphate buffered saline 

pDC  Plasmacytoid DC 

PD-L1  Programmed death ligand 1 

PRR  Pattern recognition receptor 

PVA  Polyvinyl alcohol 

RT  Room temperature 

SIRP  Signal-regulatory protein 

STAT  Signal transducer and activator of transcription 

TCR  T cell receptor 

TGF  Transforming growth factor 

TH  T helper cell 

TLR  Toll-like receptor 

TNF  Tumor necrosis factor 

Treg  Regulatory T cell 
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Appendix 2: Data sheets 
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Appendix 3: Supplementary figures 
 

 

 
 

Supplementary figure 1: Flow cytometry analysis and gating strategy of PBMCs. The gating starts in the upper left plot 

and follows the directions of the arrows. Lymphocytes are selected based on size and granularity. In the next two plots, 

single cells are gated for, excluding doublets. Live cells are gated for as negative for Topro1 in the following plot. APCs are 

defined and gated as HLA–DR+CD45+ in the next plot. In the following plot, CD14–CD11c+ DCs and CD14+CD11c+ 

monocytes are gated for, and their SIRPα expression is gated on in two separate plots, when required. 
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Supplementary figure 2: Flow cytometry analysis and gating strategy of PBMCs after isolation by CD1c (BDCA-1)+ 

Dendritic Cell isolation Kit. The gating starts in the upper left plot and follows the directions of the arrows. Lymphocytes 

are selected based on size and granularity. In the next two plots, single cells are gated for, excluding doublets. Live cells are 

gated for as negative for Topro1 in the following plot. APCs are defined and gated as HLA–DR+CD45+ in the next plot. In 

the following plot, CD14–CD11c+ DCs and CD14+CD11c+ monocytes are gated for, and their SIRPα expression is gated on 

in two separate plots, when required. 
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Supplementary figure 3: Flow cytometry analysis and gating strategy of PBMCs after isolation by CD1c (BDCA-1)+ 

Dendritic Cell isolation Kit and 48h culture. The gating starts in the upper left plot and follows the directions of the 

arrows. Lymphocytes are selected based on size and granularity. In the next two plots, single cells are gated for, excluding 

doublets. Live cells are gated for as negative for Topro1 in the following plot. APCs are defined and gated as 

HLA–DR+CD45+ in the next plot. In the following plot, CD14–CD11c+ DCs and CD14+CD11c+ monocytes are gated for, 

and their SIRPα expression is gated on in two separate plots, when required. 
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Supplementary figure 4: Flow cytometry analysis and gating strategy of LPMCs after CD14 depletion. The gating 

starts in the upper left plot and follows the directions of the arrows. Lymphocytes are selected based on size and granularity. 

In the next two plots, single cells are gated for, excluding doublets. Live cells are gated for as negative for viability dye in 

the following plot. APCs are defined and gated as HLA–DR+CD45+ in the next plot. In the following plot, CD14–CD11c+ 

DCs are gated for. CD1c+SIRPα+ cells are gated for in the last plot. 


