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Objectives  

Dendritic cells (DCs) are professional antigen-presenting cells bridging innate and 

adaptive immunities. DCs are heterogeneous cell populations which conduct diverse 

functions in the regulation of immunological activation and tolerance. The 

immunological characteristics of DCs are distinctively determined depending on 

internal and external factors such as their origin, anatomical location, and local 

microenvironment. Among such factors, oxidized phospholipid products are known 

to regulate the differentiation and activation of DCs. Platelet-activating factor (PAF) 

and prostaglandin (PG) E2 are the representative inflammatory phospholipid 

products that are generated during early differentiation phase of DCs. However, 

little is known about the action mechanism of these lipid molecules in the 

differentiation, activation, and function of DCs that were investigated in the present 

study using human monocyte-derived DCs. 



Methods  

To investigate the role of PAF and PGE2 signals in immunological characteristics of 

DCs, CD14+ monocytes isolated from peripheral blood mononuclear cells (PBMCs) 

were differentiated into immature DCs in the presence of antagonists or agonists for 

PAF receptor (PAFR), E-prostanoid receptor 2 (EP2), or EP4. The immature DCs 

were stimulated with heat-killed Streptococcus pneumoniae (HKSP) to examine 

their phenotypic maturation and cytokine production. Expression of co-stimulatory 

molecules, MHC class II, programmed death-ligand (PD-L) on the DCs was 

analyzed by flow cytometry. Amount of IL-12p70, TNF-α, and IL-10 in the culture 

media of DCs was measured by enzyme-linked immunosorbent assay (ELISA). To 

examine T lymphocyte-activating capacity of the DCs, unstimulated or HKSP-

stimulated DCs were co-cultured with autologous CD3+ T lymphocytes, and then 

proliferation, activation, and differentiation of T lymphocytes were analyzed by 

flow cytometry.  

 

To ascertain the physiological relevance of PGE2 to the immunological 

characteristics of DCs, immature DCs were differentiated in the presence of 

umbilical cord blood (UCB)-derived mesenchymal stem cells (MSCs) which 

constitutively produce PGE2. Separately, immature DCs were differentiated from 

UCB in which PGE2 is sustained in high levels. The immature DCs were stimulated 

with either heat-killed Escherichia coli (HKEC) or lipopolysaccharide (LPS) from 

E. coli to examine their maturation, cytokine production, and T lymphocyte-

activating capacities. Expression of co-stimulatory molecules, MHC proteins, and 

PD-L on the DCs was analyzed by flow cytometry. Production of IL-12p70, TNF-α, 

and IL-10 by the DCs was analyzed by ELISA. To examine DC-mediated activation 

of T lymphocytes, unstimulated or HKEC-stimulated DCs were co-cultured with 

autologous T lymphocytes, and then the proliferation, activation marker expression, 



and cytokine production of the T cells were analyzed by flow cytometry. 



Results 

DCs differentiated in the presence of PAFR antagonist, CV6209 (CV6209-DCs), 

showed decreased expression of CD1a, CD80, and PD-L1, but increased expression 

of CD86 and CD14 in comparison with those of DCs differentiated without 

CV6209 (control DCs). Phagocytic capacity of CV6209-DCs against HKSP were 

higher than that of control-DCs. In response to the stimulation with HKSP, 

CV6209-DCs weakly induced co-stimulatory molecules, MHC class II, and PD-Ls. 

In addition, CV6209-DC negligibly produced IL-12p70, TNF-α, and IL-10. When 

CV6209-DCs were co-cultured with autologous CD3+ T lymphocytes, they weakly 

induced proliferation, activation marker expression, and cytokine production of the 

T lymphocytes compared to control DCs. Furthermore, CV6209-DCs preferentially 

induced differentiation of IL-10+TGF-β+ regulatory T lymphocytes. These results 

suggest that PAFR signaling is essential for the differentiation of immunogenic DCs 

which have typical stimulatory phenotypes and functions.  

 

DCs differentiated in the presence of EP4 antagonist exhibited markedly 

attenuated expression of co-stimulatory molecules and IL-12p70 in responses to 

HKSP. When the DCs were co-cultured with autologous T lymphocytes, they 

weakly induced proliferation and activation of the T lymphocytes. However, 

significant differences in phenotypes and functions were not observed in DCs 

differentiated in the presence of EP2 antagonist in comparison with those of control 

DCs. Low doses of PGE2 preferentially activating EP4 potentiated expression of 

co-stimulatory molecules, production of IL-12, and T lymphocyte-activating 

capacity of the DCs. In contrast, high doses of PGE2 activating both EP2 and EP4 

enhanced tolerogenic properties of DCs, weak induction of maturation markers, 

negligible production of IL-12, and 



low T lymphocyte-activating capacity. Using the similar mechanism, UCB-MSCs



differently regulated the immunological characteristics of DCs by distinctively

 activating EP2 and EP4 signaling. Small number of UCB-MSCs activating EP4 

enhanced stimulatory functions of DCs, whereas large number of UCB-MSC 

potentiated tolerogenic properties of DCs by activating EP2 signaling. These results 

indicate that PGE2 differently regulates immunological characteristics of DCs by 

distinctively activating its two different receptors. 

 

UCB-DCs contained less CD1a+ DCs than APB-DCs. UCB-DCs exhibited 

lower expression of CD80, MHC class I and II, and DC-SIGN, but higher endocytic 

activity, than APB-DCs. UCB-DCs stimulated with LPS weakly augmented the 

expression of maturation markers and production of IL-12 and TNF-α but potently 

expressed IL-10. When UCB-DCs were co-cultured with CD14+ cell-depleted 

allogeneic PBMCs, they weakly induced the proliferation, surface expression of 

activation markers, and IFN-γ production of T lymphocytes compared with APB-

DCs. UCB contained higher levels of PGE2 than APB, which might be responsible 

for tolerogenic phenotypes and functions of UCB-DCs. Indeed, APB-DCs prepared 

in the presence of PGE2 exhibited CD1a-CD14+ phenotypes with tolerogenic 

properties including weak maturation, impaired IL-12 production, and negligible T 

lymphocyte activation as UCB-DCs did. Taken together, UCB-DCs are suggested to 

have tolerogenic properties, which might be due to PGE2 highly sustained in UCB.



Conclusions 

Activation of PAFR signal potentiates immunogenic properties of human 

monocytes-derived DCs. PGE2 differently regulates immunogenic and tolerogenic 

characteristics of DCs by distinctively activating its two different receptors, EP4 

and EP2. PGE2 mediates immunomodulatory functions of UCB-MSCs that alters 

differentiation and activation of DCs. In addition, PGE2 sustained at high 

concentration in UCB preferentially induces tolerogenic characteristics of UCB-

DCs. Conclusively, PAF and PGE2 efficiently mediate immunogenic and 

tolerogenic properties, respectively, of DCs, contributing to immune homeostasis.  
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Chapter I. Introduction 

1. Dendritic cells (DCs), regulators of immunological activation and 

tolerance 

1.1. General characteristics of DCs 

Dendritic cells (DCs) are one of the best antigen-presenting cells to bridge innate 

and adaptive immunities. DCs are heterogeneous cell populations that are present in 

most tissues and play a pivotal role in the clearance of invading pathogens and 

malignant cells before the initiation of antigen-specific adaptive immune responses. 

Although DCs differ in their origins, anatomical localization, phenotypes, and 

functions [1], most of the DC subtypes take up antigens and present them to naïve T 

lymphocytes. Maturation of DCs is an important process in the mediation of 

adaptive immune responses. In normal condition, DCs exist in an immature state. 

Immature DCs are characterized by high endocytic capacity, but low expression 

levels of co-stimulatory molecules, MHC proteins, and cytokines [2]. Recognizing 

microbial components or apoptotic cells through pattern-recognition receptors, DCs 

change phenotypes and functions to optimize themselves for stimulating naïve T 

lymphocytes. DCs up-regulate the expression of co-stimulatory molecules, MHC 

proteins, and cytokines [3]. Mature DCs migrate to T lymphocyte regions in 

draining lymph nodes and efficiently activate antigen-specific T effector cells by (i) 

presenting MHC-associated antigens to naïve T lymphocytes, (ii) providing co-

stimulatory signals via CD80, CD86 and CD40, and (iii) creating a specific local 

environmental milieu by producing various cytokines such as interleukin (IL)-12, 

IL-6, and IL-10 [4]. Through these cellular processes, DCs mediate antigen-specific 

immunity or tolerance. 
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1.2. Immunological properties of immunogenic DCs and tolerogenic DCs 

DCs can be functionally divided into two major subtypes. One is an immunogenic 

DC and the other is a tolerogenic DC. Immunogenic DCs are fully matured DCs 

that efficiently stimulate innate and adaptive immune responses. Expressing high 

levels of co-stimulatory molecules, MHC proteins, and inflammatory cytokines, the 

immunogenic DCs can preferentially induce differentiation of effector T 

lymphocytes [2]. In contrast, tolerogenic DCs display favorable expression of co-

inhibitory molecules such as programmed death-ligand 1 (PD-L1) and PD-L2 [5], 

and production of anti-inflammatory cytokines including IL-10 and transforming 

growth factor (TGF)-β, which create immunosuppressive microenvironment prone 

to elicit regulatory T lymphocytes (Treg) [6, 7]. Tolerogenic DCs control excessive 

immune responses by attenuating differentiation and activation of immune cells 

including inflammatory macrophages and T lymphocytes [8]. Indeed, deficiency 

and/or malfunction of tolerogenic DCs have been implicated in the progression of 

uncontrolled inflammatory disorders such as autoimmune diseases and allergic 

diseases [9, 10].  

 

2. Immunomodulating factors for differentiation and activation of DCs 

2.1. Soluble factors 

DCs developed at different conditions exhibit distinctive immunological features in 

their differentiation, activation, and function. Soluble mediators including cytokines, 

chemokines, and lipid metabolites importantly mediate these responses of DCs. 

Expression of the soluble mediators affecting DC properties are distinctively 
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regulated depending on the anatomical location and several extrinsic factors such as  

microbial infection [11]. Of the soluble mediators, granulocyte macrophage-colony 

stimulating factor (GM-CSF) is an essential cytokine for differentiation of 

inflammatory DCs which are predominantly induced at infections. Invading 

pathogens and the microbial components stimulate epithelial cells in the infected 

tissues to produce inflammatory cytokines such as GM-CSF and tumor necrosis 

factor (TNF)-α [12], which promote differentiation of the recruited DC progenitors 

into DCs. Indeed, combined stimulation with GM-CSF and IL-4 markedly 

differentiates IL-12-producing DCs and mediates induction of type 1 helper T 

lymphocytes (TH1) [13]. Furthermore, co-treatment with GM-CSF and IL-15 

stimulates DCs to produce type 17 helper T lymphocytes (TH17)-eliciting cytokines 

such as IL-6, IL-1β, and IL-23 [13]. In contrast, IL-10 and TGF-β preferentially 

induce tolerogenic DCs that promote differentiation of Treg [14, 15]. Prostaglandin 

(PG) E2 and indoleamine 2,3-dioxygenase have also been reported to suppress 

differentiation of monocytes into immunostimulatory DCs [16, 17]. 

 

2.2. Cellular factors 

Immunological characteristics of DCs can be determined by cellular interactions. 

Tissue-supporting stromal cells and epithelial cells provide progenitors of DCs with 

information about their anatomical locations through cell-to-cell contact manner or 

soluble factors and induce them to differentiate into tissue-specific DCs [18]. 

Additionally, some of cancer cells exploit DCs to evade immune surveillance [19] 

by modulating immunological characteristics of the cells. Multipotent mesenchymal 

stem cells (MSCs) are also characterized by their immunomodulatory functions. 

MSCs exhibit immune-evasive phenotypes, lacking co-stimulatory molecules and 

MHC class II [20, 21]. Furthermore, MSCs constitutively produce immuno-
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suppressive mediators such as PGE2, IL-6, and indoleamine 2,3-dioxygenase, 

inhibiting normal development and immunostimulatory functions of DCs [22]. 

Indeed, previous studies have demonstrated that hematopoietic stem cells and 

monocytes exposed to MSCs or their culture media failed to acquire conventional 

phenotypes and functions of stimulatory DCs, which were mediated by MSC-

derived IL-6, macrophage-colony stimulating factor (M-CSF), and/or PGE2 [23, 

24]. MSCs also activated Notch signaling in DC progenitors and interfered with 

their normal differentiation into immunogenic DCs [25].  

 

3. Immunological characteristics of DCs and monocytes from umbilical 

cord blood (UCB) 

3.1. UCB 

Umbilical cord is a specialized tissue connecting fetus to its mother. UCB is an 

important source for investigating immune responses of early life since it contains 

diverse types of immune cells and progenitors at the developmental stages [26]. 

Previous reports have shown that the cells derived from UCB exhibited 

compromised immune responses against allografts or microbes [27], which might 

be ascribed to the tissue-specific immunosuppressive microenvironment. Indeed, 

plasma of UCB contains less TH1-promoting cytokines such as IL-12, TNF-α, and 

IFN-γ, but more IL-6, IL-10, and PGE2 than that of adult peripheral blood (APB) 

[28]. Probably, the different composition of the plasma components between UCB 

and APB might be associated with distinct immune responses of neonates and adults. 

Furthermore, the tolerogenic milieu of UCB contributes to the protection of fetus 

from pathologic inflammation and maternal adaptive immunity. Nowadays, UCB is 

considered a promising allogeneic source of stem cells for transplantation [26] due 

to (i) high frequencies of hematopoietic progenitor cells [26], (ii) a low incidence of 
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graft versus host disease, and (iii) convenience of accessibility and human leukocyte 

antigen (HLA) matching. Indeed, UCB transplantation for some of hematopoietic 

disorders and metabolic diseases in children shows high rates of success [26].   

 

3.2. DCs derived from UCB 

It is important to understand immunological characteristics of DCs in early life for 

enhancing the efficacies of immunization conducted after birth and for clinical use 

of the fetal sources. DCs derived from UCB (UCB-DCs) exhibit distinctive 

immunological features from those of APB. UCB-DCs display a low level of co-

stimulatory molecules, low responsiveness to microbial components, and low 

lymphocyte-activating capacity [29, 30]. In addition, UCB-DCs preferentially 

induce differentiation of Treg rather than effector T lymphocytes [31]. Many 

researchers have assumed that UCB-DCs with tolerogenic characteristics dampen 

efficacies of vaccination and increase susceptibilities to infections. In contrast, 

UCB-DCs with immunosuppressive characteristics alleviate immune rejection 

following transplantation of UCB [27]. However, the regulatory mechanisms 

determining immunological properties of UCB-DCs have not yet been understood 

well.  

 

3.3. Monocytes in UCB  

Blood monocytes are commonly used in the preparation of DCs for cell therapy 

since they can differentiate into diverse subtypes of DCs. Monocytes consist of two 

populations, CD14+CD16- classical monocytes and CD14+CD16+ non-classical 

monocytes [32]. Non-classical CD14+CD16+ monocytes have been known as 

inflammatory monocytes of which the proportion is significantly increased in the 

blood of patients with systemic inflammatory diseases such as bacterial sepsis [33]. 
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Interestingly, UCB and APB also exhibit difference in the ratio of CD14+CD16+ 

monocytes to CD14+CD16- monocytes. UCB displays significantly reduced 

frequencies in CD14+CD16+ monocytes [34]. However, it is yet to be elucidated 

whether the lower proportions of CD14+CD16+ monocytes in UCB have a 

correlation with the tolerogenic immune responses of UCB-DCs and what factors 

are associated with the distinctive immunological features of UCB-DCs. 

 

4. Platelet-activating factor (PAF) 

4.1. Physiological functions of PAF 

PAF is a representative phospholipid metabolite associated with platelet aggregation, 

inflammation, and allergic responses. Under physiological conditions, PAF mediates 

cell-to-cell adhesions, interactions, and signal transduction by autocrine and/or 

paracrine manner [35]. It is also involved in differentiation and activation of 

immune cells such as neutrophils, monocytes, and T lymphocytes [36-38]. 

Additionally, PAF regulates proliferation and apoptosis of tissue-supporting 

fibroblasts, epithelial cells, and stromal cells [39-41]. At infections, synthesis of 

PAF is markedly increased by microbial stimulation [42] or inflammatory cytokines 

such as GM-CSF and IL-1 [43, 44]. PAF facilitates leukocyte recruitment to the 

inflamed tissues by dilating blood vessels [45] and potentiates stimulatory functions 

of neutrophils, macrophages, and DCs infiltrated to the infective sites [46], which 

exacerbate inflammation. As PAF mediates hypotension, thrombosis, and multiple 

organ failure [45, 47], it has been considered as an etiologic agent of diverse 

inflammatory disorders including septic shock, necrotizing enterocolitis, 

autoimmune diseases, and cancer. 

 

4.2. Synthesis and degradation of PAF 



7 

 

PAF is synthesized via two different enzymatic pathways. One is de novo pathway 

and the other is remodeling pathway. In the steady state, PAF is mainly synthesized 

by de novo pathway [48]. PAF-phosphocholinetransferase constitutively expressed 

in a variety of cell types transfers phosphocholine base group to 1-O-alkyl-2-acetyl-

sn-glycerol and converts the phospholipid into PAF. Basal levels of PAF sustained 

in the human blood is about 18	± 5 pg/ml [49], which is required for conducting its 

physiological functions. Under inflammatory conditions, most of PAF molecules are 

synthesized by remodeling pathway [48]. Microbial stimulation or inflammatory 

cytokines up-regulate the expression of cytosolic phospholipase A2 (cPLA2) [50]. 

This enzyme generates lyso-PAF by cleaving arachidonic acid from sn-2 position of 

phosphatidylcholine, a dominant phospholipid consisting plasma membrane of 

mammalian cells (40-50%), and then acetyltransferase converts the lyso-PAF into 

PAF by acetylating the free hydroxyl group in the sn-2 position [35]. PAF is an 

unstable molecule of which the half-life in the human blood is limited to a few 

minutes [51]. All the PAF molecules are rapidly converted into lyso-PAF by PAF-

acetylhydrolase regardless their synthetic pathways.  

 

4.3. PAF receptor and its signaling 

PAF exerts physiological functions by binding to its single specific receptor, PAF 

receptor (PAFR), one of G protein-coupled receptor, which is expressed on diverse 

cell types including platelet, endothelial cells, granulocytes, monocytes, and 

lymphocytes [52]. PAFR recognizes an sn-1 ether bond, a short sn-2 acetyl group, 

and a phosphocholine head group of PAF or PAF-like lipids [35]. Activation of 

PAFR induces phosphatidylinositol turnover, raises intracellular calcium level, and 

activates protein kinase C (PKC) [35]. The rise of cytosolic calcium results in an 

increase of cPLA2, an enzyme needed for release of arachidonates, suggesting that 
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PAFR activation entails synthesis of eicosanoids including prostaglandins (PGs), 

thromboxane, and leukotrienes [53, 54]. In addition, PAFR signaling activates janus 

kinase 2 (JAK2)-mediated signaling transducers and activators of transcription 

(STAT) [55, 56] and mitogen-activated protein kinase (MAPK) members [57]. Upon 

the agonist binding, PAFR is rapidly desensitized by phosphorylation of the 

intracellular C-terminal region [58], PKC-dependent inactivation of phospholipase 

C-β3 pathway, a key downstream signal of PAFR [59], or arrestin-dependent 

internalization [60].  

 

4.4. Roles of PAF in DC-mediated immune responses 

PAF modulates immune responses of DCs and their progenitors. A previous study 

demonstrated that stimulation with PAF promoted human monocyte-derived 

Langerhans cells to express IL-6, IL-1β, and IL-23, leading to induction of TH17 

cells [36]. In addition, PAF was reported to play an important role in the migration 

of DCs to draining lymph nodes. Epidermal Langerhans cells from PAFR-deficient 

mice displayed impairment in their migratory ability to lymph nodes [61]. In 

contrast, PAF seemed to regulate excessive immune activation of DCs by inducing 

expression of immunosuppressive mediators. Murine bone marrow-derived DCs up-

regulated expression of PGE2 and IL-10 by PAFR-dependent manner when they 

were stimulated with LPS, which negatively controlled expression of co-stimulatory 

molecules, production of IL-12, and T lymphocyte activating ability of the DCs [62]. 

However, in an early phase of DC differentiation, the functions of PAF and PAFR 

signaling have not yet been determined on the differentiation, activation, and 

immunological functions of human monocyte-derived DCs. 
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5. PGE2 

5.1. Physiological functions of PGE2 

PGE2 is the most widely studied lipid mediator among PG isomers. It regulates 

various physiological processes such as inflammation, fever, pain, mucosal integrity, 

uterine contraction during parturition, and tumor growth [63-65]. Under 

inflammatory conditions, PGE2 plays an important role as a vasodilator that 

facilitates leukocyte influx to the infection sites [65] and exacerbates inflammation 

by activating the infiltrated granulocytes and macrophages. Recent studies have 

demonstrated crucial functions of PGE2 on the normal development of immune 

system and maintenance of immune homeostasis [65]. PGE2 supports survival, 

homing, and homeostatic proliferation of hematopoietic stem cells [66]. In addition, 

it contributes to resolution of inflammation by attenuating effector functions of 

inflammatory immune cells such as neutrophils, mast cells, and macrophages [65]. 

Furthermore, PGE2 promotes differentiation of immunosuppressive cells including 

myeloid-derived suppressor cells and Treg, creating immunosuppressive 

circumstance that tends to develop cancers [67].  

 

5.2. Synthesis and degradation of PGE2 

In the human blood, basal levels of PGE2 is around 54 ±	1 pg/ml [68], which is 

important for conducting aforementioned physiological functions. However, under 

inflammatory conditions, an approximate 5-fold increase in the plasma PGE2 levels 

are observed [68]. PGE2 is synthesized from arachidonic acids liberated from 

phospholipids in the plasma membrane under both normal and inflammatory 
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conditions. The free arachidonates are converted into PG precursor, PGH2, by 

cyclooxygenases (COX), and then PGE2 synthesis is completed by PGE synthase 

[69]. COX1 is constitutively expressed in most cell types and contributes to 

immediate synthesis of PGE2 in the steady states, whereas inducible COX2 is 

involved in the delayed production of PGE2 under inflammatory circumstances [70]. 

PGE2 is unstable lipid molecule that has rapid turnover rate in vitro and in vivo 

conditions because it is quickly degraded into 15-keto PGE2 by 15-hydroxyl PG 

dehydrogenase [69, 71]. The half-life of PGE2 in vitro condition is about 20 

minutes, but that of in vivo condition is less than 10 minutes [72].  

 

5.3. Receptors for PGE2 and the signaling 

PGE2 has complex and multiple effects on the physiological responses of many cell 

types, which is ascribed to the presence of its four different receptors, E-prostanoid 

(EP) receptor 1, 2, 3, and 4 [73]. Each of the EP receptors has different affinity, 

downstream signals, and duration of activation [65]. Among the four types of EP 

receptors, EP2 and EP4 can bind to Gsα subunit of which the coupling results in the 

activation of cyclic adenosine monophosphate (cAMP)/protein kinase A (PKA) 

signaling. However, EP4 also activates other intracellular signals including 

phosphatidylinositol 3-kinase (PI3K)/protein kinase B (PKB) or β-catenin pathways 

[74] because its long cytoplasmic tail can specifically bind to Giα, which are 

associated with EP4-specific functions distinct from those of EP2 activation. In 

addition, EP4 has higher affinity to its ligand (Ki = 7.3	± 0.4 nM) than EP2 (Ki = 

53	± 1.8 nM) [75]. Upon agonist-induced activation, EP4 is rapidly desensitized by 

G protein-coupled receptor kinase and/or β–arrestin 1-dependent manner, while the 

expression of EP2 is sustained for longer period of time [75].  

 



11 

 

5.4. Roles of PGE2 in DC-mediated immune responses 

With respect to the immune responses of DCs, PGE2 shows heterogeneous 

immunomodulatory effects depending on the differentiation and activation stages of 

the cells. In the early phases, PGE2 suppresses DC-mediated induction of TH1 and 

cytotoxic T lymphocytes (CTL) [67]. In line with this, DCs differentiated in the 

presence of PGE2 exhibits attenuation in the production of IL-12p70 but 

enhancement in the expression of IL-10, promoting differentiation of TH17 rather 

than TH1 [17]. In contrast, PGE2 has been used as an activating factor for already 

developed DCs [76, 77]. Combined treatment with PGE2 and other inflammatory 

cytokines such as IL-1β and TNF-α efficiently induces phenotypic maturation of 

DCs [78]. In addition, PGE2 potentiates migratory abilities of DCs toward draining 

lymph nodes by increasing expression of CCR7 on the cell surface [79]. However, 

underlying mechanisms by which PGE2 separately regulates DC-mediated immune 

responses have not yet been understood. Therefore, further studies are needed to 

clarify the exact roles of PGE2 in the differentiation, activation, and immunological 

function of DCs. 

 

6. Aim of the present study 

 

The aim of the present study is to investigate role of PAF and PGE2 signals in the 

immunological characteristics of DCs. Under the research aim, (i) role of PAFR 

signaling and (ii) role of different PGE2 signals via EP2 and EP4 in the 

differentiation, activation and function of human monocyte-derived DCs were 

investigated. Additionally, to examine physiological relevance of PGE2 to the 

immunological properties of DCs, (iii) immunomodulatory effects of UCB-MSCs 

constitutively producing PGE2 on the phenotypic and functional characteristics of 

DCs and (iv) immune responses of DCs derived from UCB in which PGE2 is 
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sustained in high levels were analyzed. 

 

 

Chapter II. Materials and Methods 

1. Reagents and chemicals  

 

Ficoll–Paque PLUS and HetaSep solution were purchased from GE Healthcare 

(Uppsala, Sweden) and Stem Cell Technology (Vancouver, Canada), respectively. 

Keratinocyte-serum free media (K-SFM) and D-media (formula 78-5470EF) were 

obtained from GIBCO BRL (Grand Island, NY, U.S.A.). Endothelial growth 

medium (EGM)-2 SingleQuot was purchased from Lonza (Walkersville, MD, 

U.S.A.). RPMI 1640 and penicillin-streptomycin solution were obtained from 

HyClone (Logan, UT, U.S.A.). Anti-human CD14 magnetic bead and anti-human 

CD3 magnetic bead were purchased from BD Biosciences (San Diego, CA, U.S.A.). 

Trypsin-EDTA and EDTA solution were purchased from GIBCO. Fetal bovine 

serum (FBS) was obtained from GIBCO or HyClone. Recombinant human GM-

CSF was purchased from Peprotech (Rocky Hill, NJ, U.S.A.) or R&D Systems 

(Minneapolis, MN, U.S.A.). Recombinant human IL-4 was from R&D Systems. 5-

(and-6)-carboxyfluorescein diacetate succinimidyl ester (CFDA-SE) and FITC-

conjugated dextran (MW 40,000) were obtained from Molecular Probes (Eugene, 

OR, U.S.A.). Dimethyl sulfoxide (DMSO), red blood cell (RBC) lysing buffer, 

hydrocortisone, N-acetyl-L-cystein, calcium chloride, insulin, ascorbic acid, NS398, 

phorbol myristate acetate (PMA), ionomycin, brefeldin A, paraformaldehyde, and 

PGE2 were obtained from Sigma Aldrich Inc. (St. Louis, MO, U.S.A.). PF04418948 

and L-161,982 were obtained from Tocris Bioscience (Bristol, UK). CV6209 and 

PAF C-16 were obtained from Wako (Osaka, Japan) and Enzo Life Science 
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(Farmingdale, NY, U.S.A.), respectively. Saponin was obtained from Fluka Chemie 

GmbH (Steinheim, Germany). Ultra-pure LPS from E. coli serotype K12 was 

purchased from Invivogen (San Diego, CA, U.S.A).DifcoTM Luria Bertani (LB) 

broth, BBLTM blood agar base, and BactoTM Todd Hewitt broth (THB) were 

purchased from BD Biosciences (Sparks, MD, U.S.A.). Enzyme-linked 

immunosorbent assay (ELISA) kits for human IL-12p40 and IFN-γ were obtained 

from R&D Systems. Human IL-12p70, TNF-α, and IL-10 ELISA kits were 

purchased from BioLegend (San Diego, CA, U.S.A.). PGE2 competitive ELISA kit 

was from Arbor assays (Ann Arbor, MI). PE-labeled anti-human CD1a antibody, 

APC-labeled anti-human CD14 antibody, FITC-labeled anti-human CD80 antibody, 

PE-labeled anti-human CD83 antibody, APC-labeled anti-human CD86 antibody, 

APC-labeled anti-human PD-L1 antibody, PE-labeled anti-human PD-L2 antibody, 

PE-labeled DC-SIGN antibody, APC anti-human CD25 antibody, APC-labeled anti-

human CD3 antibody, Alexa Fluor® 647-labeled anti-human IFN-γ, Alexa Fluor® 

647-labeled anti-human IL-17A, APC-labeled anti-human IL-4 antibody, PE-

labeled anti-human TGF-β antibody, APC-labeled anti-human IL-10 antibody, and 

Alexa Fluor® 647-labeled anti-human FOXP3 antibody were purchased from 

BioLegend. Alexa Fluor® 647 labeled anti-human CD205 antibody, FITC-labeled 

anti-human CD206 antibody, FITC-labeled anti-human HLA-DR, DP, DQ antibody 

for MHC class II and PE-Cy5 anti-human HLA-A, B, C antibody for MHC class I 

were obtained from BD Biosciences. All isotype-matched antibodies were 

purchased from BD Biosciences and BioLegend. COX2 (C-20) antibody was 

purchased from Santa Cruz Biotechnology (Dallas, TX, U.S.A). PE-labeled anti-

goat IgG antibody was obtained from Jackson ImmunoResearch (West Grove, PA, 

U.S.A.).  
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2. Preparation of heat-killed bacteria 

 

Escherichia. coli BL21 (DE3) was obtained from Stratagene (La Jolla, CA). Single 

colony of E. coli was taken by streaking on LB agar and inoculated in LB broth. 

Bacteria were cultured in LB broth media at 37°C until mid-log phase and harvested 

by centrifugation. The bacterial cells were suspended in phosphate-buffered saline 

(PBS) and killed by heating at 60°C for 1 h. To confirm the complete killing, heat-

treated bacteria were plated onto LB agar plates and cultured overnight at 37°C. No 

bacterial colonies were observed. Streptococcus pneumoniae (ATCC6330) was 

obtained from Americal Type Culture Collection (Manassas, VA, USA). S. 

pnemoniae was streaked on a blood agar plate and single colony of the bacteria was 

taken and inoculated in THB. The bacteria were cultured at 37°C until mid-log 

phase and harvested by centrifugation. Bacterial cells were suspended in PBS and 

killed by heating at 75°C for 1 h. To confirm the complete killing, heat-treated 

bacteria were plated onto blood agar plates and cultured overnight at 37°C. No 

bacterial colonies were observed. 

 

3. Carboxyfluorescein succinimidyl ester (CFSE) labeling of bacteria 

 

Heat-killed E. coli (HKEC, 1 × 109 CFU/ml) and heat-killed S. pneumoniae (HKSP, 

1 × 109 CFU/ml) were suspended in 1 ml PBS containing 10 μM CFDA-SE and 

incubated for 15 min at 37°C to for fluorescent labeling of the bacterial cells. The 

bacterial suspensions were centrifuged at 2,991 × g for 5 min and supernatant was 

discarded. The bacteria were washed with PBS once, and then re-suspended in PBS 

to adjust to 1 × 109 CFU/ml. 

 

4. Isolation of UCB-derived mesenchymal stem cells (UCB-MSCs) 
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RBCs in UCB were removed using HetaSep solution, and then mononuclear cells 

were isolated by density-gradient centrifugation using Ficoll–Paque PLUS. 

Mononuclear cells were suspended in D-media containing EGM-2 and 10% FBS at 

a density 2 × 105 cells/ml and seeded in 6-well cell culture plates for 3 days. Non-

adherent cells were removed, and spindle-shaped adherent colony-forming cells 

were cultured until the cells were 40-50% confluent. To check whether the isolated 

cells were MSCs, expression of MSC markers on the cells was analyzed by flow 

cytometry (FACSCalibur, BD Biosciences). To further expand MSCs, the cells were 

cultured in K-SFM supplemented with bovine pituitary extract, recombinant human 

epidermal growth factor, hydrocortisone, N-acetyl-L-cysteine, calcium chloride, 

insulin, and ascorbic acid to further expand the cells.  

 

5. Generation of monocyte-derived DCs  

5.1. Isolation of monocytes  

 

APB and UCB were provided from the “Red Cross” and from “ALL CORD, the 

public cord blood bank of Seoul Metropolitan Boramae Medical Center (Seoul, 

Korea)”, respectively. All experiments using human blood were conducted under the 

approval of the Institutional Review Board of the Seoul National University. To 

obtain peripheral blood mononuclear cells (PBMC) or cord blood mononuclear cells 

(CBMC), APB and UCB were two-fold diluted with PBS and overlaid on Ficoll–

Paque PLUS. PBMCs and CBMCs were obtained by collecting buffy-coat after 

density-gradient centrifugation with brake off at 479 × g, for 20 min at room 

temperature. The mononuclear cells were washed with PBS three times to remove 

platelets, and then treated with RBC lysing buffer for 5 min to eliminate remained 

RBCs.  
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5.2. Magnetic separation of CD14+ monocytes  

 

Mononuclear cells were washed with PBS containing 2 mM EDTA, and then 

incubated with anti-human CD14 magnetic beads for 30 min at room temperature. 

The cells were suspended in PBS containing 2 mM EDTA and 1.5% FBS, and then 

CD14-expressing cells were isolated by magnetic separation. Residual magnetic 

beads in the isolated cells were removed and the CD14+ monocytes were suspended 

in RPMI 1640 media containing 10% FBS, 100 U/ml penicillin, 100 mg/ml 

streptomycin, and 0.25 mg/ml amphotericin B at a density of 2 × 106 cells/ml. To 

differentiate the monocytes into immature DCs, human recombinant GM-CSF and 

IL-4 were added to the monocytes. CD14- fractions were collected and frozen at -

80°C to further use for mixed leukocyte reaction (MLR) analysis. 

 

5.3. Differentiation of DCs in the presence of PAF or its receptor antagonist 

 

To examine functions of PAFR signaling on differentiation and activation of DCs, 

the CD14+ monocytes (2 × 106 cells/ml) were treated with either CV6209 (2 μM) or 

PAF C-16 (2 μM) in the presence of human recombinant GM-CSF (5 ng/ml, R&D 

system) and IL-4 (18 ng/ml). After 24 h, the monocytes were washed with PBS to 

remove residual CV6209 or PAF C-16 and cultured in RPMI 1640 media containing 

GM-CSF and IL-4 for another 4 days to differentiate them into immature DCs. To 

induce maturation of the immature DCs, DCs (2.5 × 105 cells/ml) were stimulated 

with HKSP (2.5 × 106 CFU/ml) for 24 h in the presence of GM-CSF (2.5 ng/ml) and 

IL-4 (9 ng/ml). 

 

5.4. Differentiation of DCs in the presence of PGE2 or its receptor antagonists 
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To examine role of endogenous PGE2 signaling in differentiation and activation of 

DCs, CD14+ monocytes (2 × 106 cells/ml) were treated with either PF04418948 (5 

and 10 μM) or L-161,982 (5 and 10 μM) and differentiated into immature DCs for 5 

days in the presence of human recombinant GM-CSF (5 ng/ml, R&D system) and 

IL-4 (18 ng/ml). To examine effects of exogenous PGE2 on phenotypes and 

functions of DCs, the monocytes (2 × 106 cells/ml) were stimulated with PGE2 

(0.01, 0.1, 1, 10, and 100 nM) in the presence of GM-CSF (5 ng/ml, R&D system) 

and IL-4 (18 ng/ml) for 24 h, and then the cells were washed with PBS to remove 

the residual PGE2. The unstimulated and PGE2-stimulated monocytes were 

differentiated into immature DCs for another 4 days. The immature DCs (2.5 × 105 

cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 24 h in the presence of 

GM-CSF (2.5 ng/ml) and IL-4 (9 ng/ml) to induce maturation of the cells. 

 

5.5. Differentiation of DCs in the presence of UCB-MSCs 

 

To explore immunomodulatory effects of UCB-MSCs, CD14+ monocytes (2 × 106 

cells/ml) were co-cultured with UCB-MSCs at various MSC to monocyte ratios 

(1:106, 1:105, 1:104, 1:103, 1:102, and 1:30), and then the monocytes were 

differentiated into immature DCs in the presence of human recombinant GM-CSF 

(50 ng/ml, Peprotech) and IL-4 (18 ng/ml) for 5 days. The DCs (2.5 × 105 cells/ml) 

were stimulated with either E. coli LPS (100 ng/ml) or HKEC (1 × 106 CFU/ml) for 

24 h in the presence of GM-CSF (25 ng/ml) and IL-4 (9 ng/ml) to induce maturation 

of the cells.  

 

5.6. Differentiation of APB-DCs and UCB-DCs 

 

CD14+ monocytes isolated from PBMCs or CBMCs were suspended in RPMI at a 

2 × 106 cells/ml. To differentiate the monocytes into immature DCs, the cells were 
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stimulated with human recombinant GM-CSF (50 ng/ml, Peprotech) and IL-4 (18 

ng/ml) for 5 to 6 days. The immature DCs (5 × 105 cells/ml) were stimulated with 

either E. coli LPS (100 ng/ml) or HKEC (1 × 106 CFU/ml) for 24 h to 48 h in the 

presence of GM-CSF (25 ng/ml) and IL-4 (9 ng/ml) to induce maturation of the 

cells. 

 

6. Morphologic analysis of DCs 

 

Monocytes were differentiated into immature DCs for 5 to 6 days. Morphologies of 

DCs were analyzed by digital inverted fluorescence microscope (Nikcon) and SPOT 

microscope camera software (SPOT Imaging Solutions). Sizes and granularity of 

DCs were analyzed by flow cytometry and FlowJo software (TreeStar). More than 

seven thousands cells were acquired for each sample and dead cells were gated out.  

 

7. Phenotypic analysis of DCs 

 

DCs (5 × 104 cells) were harvested and treated with PBS containing 1% human 

plasma to block Fc receptors expressed on the DCs. DCs were stained with 

fluorochrome-conjugated monoclonal antibodies specific for CD1a, CD14, CD80, 

CD86, HLA-DR, DP, DQ, PD-L1, PD-L2, DC-SIGN, CD206, and CD205 for 30 

min at 4°C, and then washed with PBS once. To examine phenotypic changes of 

DCs upon LPS or bacterial stimulation, unstimulated or stimulated DCs were 

stained with antibodies specific for their maturation markers including CD80, CD83, 

CD86, HLA-DR, DP, DQ, and PD-L1 for 30 min at 4°C. Geometric mean 

fluorescence intensity (MFI) of the cells was analyzed by flow cytometry 

(FACSCalibur, BD Bioscience). More than seven thousands cells were acquired for 

each sample and dead cells were gated out. All the flow cytometic data were 
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analyzed by FlowJo software.  

 

8. Phagocytosis assay  

 

To analyze phagocytic abilities of DCs, the DCs (5 × 104 cells) were cultured with 

CFSE-labeled heat-killed bacteria (5 × 106 CFU) in 20 μl PBS for 1 h at 4°C and 

37°C, respectively, and then the cells were washed with PBS once. MFI of the cells 

was analyzed by flow cytometry as described above. The actual phagocytosis (net 

MFI) of the DCs was calculated by subtracting the MFI at 4°C for bacterial binding 

from the MFI at 37°C for bacterial internalization. All the flow cytometic data were 

analyzed by FlowJo software.  

 

9. Dextran-FITC uptake assay  

 

Endocytic capacity of monocytes, unstimulated DCs, and LPS-stimulated DCs were 

measured using a dextran-FITC uptake assay. Briefly, the cells were washed with 

PBS and suspended in complete RPMI 1640 containing dextran-FITC (1 mg/ml) 

and incubated for 1 h at 4°C or 37°C to measure non-specific or specific uptake, 

respectively. Then, the cells were washed three times with ice-cold PBS containing 

2% FBS, and the MFI of the cells was analyzed by flow cytometry as described 

above. The actual uptake (net MFI) was calculated by subtracting the MFI at 4°C 

from the MFI at 37°C. All the flow cytometic data were analyzed by FlowJo 

software. 

 

10. Cytokine quantification  

 

DCs (2.5 × 105 cells/ml) were stimulated with either LPS (100 ng/ml) or heat-killed 

bacteria (2.5 × 106 CFU/ml) for 24 h and the supernatant was collected. Amount of 
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IL-12p70, TNF-α, and IL-10 in the culture supernatant was measured by ELISA 

according to manufacturer’s instructions. In some experiments for characterizing 

UCB-DCs, APB or UCB-DCs (1 × 105 cells/ml) were stimulated with either LPS 

(100 ng/ml) or HKEC (1 × 106 CFU/ml) for 24 h or 48 h, and then amount of IL-

12p40, IL-12p70, TNF-α, and IL-10 in the culture supernatant was measured by 

ELISA according to manufacturer’s instructions. To quantify cytokine production 

by PBMCs cultured with DCs, unstimulated, LPS-stimulated, or HKEC-stimulated 

DCs (2 × 104 cells) were co-cultured with CD14+ cell-depleted autologous or 

allogeneic PBMCs (2 × 105 cells) for 3 days, and then the culture supernatant was 

subjected to ELISA to measure amount of IFN-γ and IL-10. 

 

11. Autologous MLR assay  

 

To isolate CD3+ T lymphocytes from PBMCs, CD14+ cell-depleted PBMCs were 

incubated with anti-human CD3 magnetic bead for 30 min at room temperature. The 

cells were suspended in PBS containing 2 mM EDTA and 1.5% FBS and separated 

on magnetic field. CD3+ cells were enriched by positive selection and labeled with 

CFDA-SE (10 μM) for 15 min at 37°C. DCs (2.5 × 105 cells/ml) were stimulated 

with heat-killed bacteria (2.5 × 106 CFU/ml) for 12 h, and the supernatant was 

removed. The unstimulated or heat-killed bacteria-stimulated DCs (5 × 104 cells) 

were co-cultured with the CFSE-labeled autologous T lymphocytes (5 × 104 cells) 

for 4 days. To measure proliferation and activation of T lymphocytes by the 

stimulation with DCs, the T lymphocytes were stained with anti-human CD25 

antibodies for 30 min at 4°C and subjected to flow cytometic analysis.  

 

12. Allogeneic MLR assay  
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PBMCs were incubated in PBS containing CFDA-SE (10 μM) for 15 min at 37 °C. 

DCs (2.5 × 105 cells/ml) were treated with HKEC (1 × 106 CFU/ml) for 24 h. The 

unstimulated and HKEC-stimulated DCs (5 × 104 cells) were co-cultured with 

CFSE-labeled allogeneic PBMCs (5 × 105 cells) for 3 to 5 days. On day 3, the 

culture supernatant was collected and subjected to ELISA for measuring the amount 

of IFN-γ and IL-10 (R&D Systems). On day 5, CFSE-labeled PBMCs were stained 

with anti-human CD3 antibodies to detect T lymphocytes among the mixed 

leukocytes, and proliferation of the CD3+ cells and CD3- cells was analyzed by flow 

cytometry. To examine the expression of activation markers on T lymphocytes, 

PBMCs were stained with anti-human CD3 antibodies, anti-human CD25 

antibodies, and anti-human HLA-DR, DP, DQ antibodies, and the cells were 

analyzed by flow cytometry. 

 

13. Analysis of intracellular cytokine expression of T lymphocytes 

 

DCs (2.5 × 105 cells/ml) were stimulated with heat-killed bacteria (2.5 × 105 cells/ml) 

for 12 h, and then the unstimulated or heat-killed bacteria-stimulated DCs (5 × 104 

cells) were co-cultured with CFSE-labeled autologous T lymphocytes (5 × 104 cells) 

for 4 days. The T lymphocytes were re-stimulated with PMA (0.5 μM) and 

ionomycin (1 μg/ml) for 4 h in the presence of brefeldin A (1 μg/ml) before harvest. 

To analyze intracellular cytokine expression in the T lymphocytes, the cells were 

fixed with PBS containing 4% paraformaldehyde for 15 min at 4°C and washed 

with PBS once. The T lymphocytes were permeabilized by treatment with PBS 

containing 0.1% saponin for 15 min at 4°C, and then the cells were stained with 

Alexa Fluor® 647-labeled anti-human IFN-γ antibodies, Alexa Fluor® 647-labeled 

anti-human IL-17A, or APC-labeled anti-human IL-4 antibodies for 30 min at 4°C. 

Expression of intracellular cytokines in the T lymphocytes was analyzed by flow 
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cytometry and FlowJo software.  

 

14. Analysis of intracellular COX2 in monocytes  

14.1. COX2 in monocytes treated with PAFR antagonist or agonist 

 

CD14+ monocytes (5 × 105 cells/ml) were stimulated with either CV6209 (2 μM) or 

PAF C-16 (2 μM) in the presence of GM-CSF (5 ng/ml, R&D system) and IL-4 (18 

ng/ml) for 4 h, 16 h, or 24 h. The monocytes were washed with PBS once, and then 

the cells were suspended in PBS containing 4% paraformaldehyde and incubated for 

15 min at 4°C. The monocytes were permeabilized with PBS containing 0.1% 

saponin for 15 min at 4°C, and then the cells were stained with primary anti-human 

COX2 antibodies for 30 min followed by stain with PE-labeled anti-goat IgG 

antibodies for another 30 min at 4°C. Expression of COX2 in the monocytes was 

analyzed by flow cytometry and FlowJo software.  

 

14.2. COX2 in monocytes co-cultured with UCB-MSCs 

 

CD14+ monocytes (5 × 105 cells/ml) were co-cultured with UCB-MSCs at various 

MSC to monocyte ratios (1:105, 1:104, 1:103, 1:102, and 1:10) in the presence of 

GM-CSF (50 ng/ml, Peptrotech) and IL-4 (18 ng/ml) for 24 h. The monocytes were 

stained with APC-labeled anti-human CD14 antibodies to distinguishably detect 

monocytes from UCB-MSCs. Then, the monocytes and UCB-MSCs were fixed 

with PBS containing 4% paraformaldehyde for 15 min at 4°C and permeabilized by 

treatment with PBS containing 0.1% saponin for 15 min at 4°C. The cells were 

stained with primary anti-human COX2 antibodies for 30 min followed by stain 

with PE-labeled anti-mouse IgG antibodies for another 30 min at 4°C. Expression of 

COX2 in the monocytes or UCB-MSCs was analyzed by flow cytometry and 
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FlowJo software. 

 

15. PGE2 quantification 

 

To measure concentration of PGE2 in human plasma, heparinized UCB and APB 

were centrifuged at 1,320 × g for 10 min at 4°C to obtain the plasma. The plasma 

was used to determine PGE2 levels using a PGE2 ELISA kit according to the 

manufacturer’s instruction. To measure amount of PGE2 produced by UCB-MSCs 

and/or monocytes, CD14+ monocytes (5 × 105 cells/ml) were co-cultured with 

UCB-MSCs at various MSC to monocyte ratios (1:105, 1:104, 1:103, 1:102, and 1:10) 

in the presence of GM-CSF (50 ng/ml, Peptrotech) and IL-4 (18 ng/ml) for 24 h. 

Amount of PGE2 in the culture supernatant was measured by PGE2 ELISA kit 

according to the manufacturer’s instruction. 

 

16. Statistical analysis 

 

Experimental data were compared using Student’s t-test or ANOVA test (Tukey’s 

multiple comparison test). P values under 0.05 were considered statistically 

significant. Results are indicated as mean ± standard deviation (SD) or mean ± 

standard error of the mean (SEM) 
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Chapter III. Results 

1. Role of PAF signal in immunological characteristics of DCs 

 

1.1. Activation of PAFR is critical for DCs to acquire typical phenotypes 

and phagocytic abilities. 

 

Monocytes highly produce PAF in response to GM-CSF during their differentiation 

into DCs [80, 81]. However, functions of PAF and its signaling on the 

immunological characteristics of DCs have not yet been elucidated. To examine the 

role of PAFR signaling in determining phenotypes and phagocytic capacities of DCs, 

CD14+ monocytes were differentiated into DCs in the absence or presence of PAFR 

antagonist, CV6209, and then morphologies, phenotypes, and phagocytic abilities of 

the DCs were analyzed. DCs differentiated in the presence of CV6209 (CV6209-

DCs) showed smaller sizes and lower granularity than those of control DCs 

differentiated without CV6209 (control DCs) (Fig. 1A and B). CV6209-DCs 

displayed unique phenotypes distinct from those of control DCs. CV6209-DCs 
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contained less CD1a+ CD14- DCs than control DCs (Fig. 2A). In addition, CV6209-

DCs exhibited significantly lower expression of CD80 and PD-L1 but higher 

expression of CD86 than those of control DCs, while the expression of MHC class 

II and PD-L2 was comparable to those of control DCs (Fig. 2B). With respect to the 

phagocytic abilities of the DCs, CV6209-DCs showed markedly enhanced uptake 

abilities to HKSP at 37˚ (Fig. 3A). However, significant differences in the 

expression of phagocytosis-related receptors including DC-SIGN, CD205, and 

CD206 by the DCs was not observed (Fig. 3B). These results indicate that the 

activation of PAFR is crucial for the generation of DCs with typical morphologic, 

phenotypic, and phagocytic characteristics. 
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Figure 1. Morphologies of CV6209-DCs are different from those of control DCs. 

Monocytes (2 × 106 cells/ml) were treated without or with CV6209 (2 μM) for 24 h in the 

presence of GM-CSF and IL-4. After removal of residual CV6209, the monocytes were 

further differentiated into DCs in the presence of GM-CSF and IL-4 for another 4 days. (A) 

Morphologies of the DCs were analyzed using optical microscopy. (B) Sizes and granularity 

of the DCs were analyzed by flow cytometry. These results are representative of three 

independent experiments. 
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Figure 2. Inactivation of PAFR signaling inhibits differentiation of monocytes into DCs 

with typical phenotypes. Monocytes (2 × 106 cells/ml) were treated without or with 

CV6209 (2 μM) in the presence of GM-CSF and IL-4. After removal of residual CV6209, 

the monocytes were further differentiated into DCs for another 4 days. DCs (5 × 104 cells) 

were stained with monoclonal antibodies specific for DC markers and subjected to flow 

cytometric analysis. (A) Expression of CD1a and CD14 on the DCs was analyzed by flow 

cytometry. Numbers on histograms indicate the percentage of cells in each quadrant. Scatter 

plot on the right of the histograms indicates average of CD1a+CD14- cells of each treatment 

group (n=6). (B) Expression of CD80 CD86, MHC class II, PD-L1, and PD-L2 was 

analyzed by flow cytometry. MFI of these markers was indicated in the scatter plots (n=5). 

Statistical differences in the MFI of control DCs and CV6209-DCs were analyzed by 
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Student’s paired t-test.  

 

 

 

Figure 3. Inactivation of PAFR signaling enhances phagocytic ability of DCs. 

Monocytes (2 × 106 cells/ml) were treated without or with CV6209 (2 μM) in the presence 

of GM-CSF and IL-4. After removal of residual CV6209, the monocytes were further 

differentiated into DCs for another 4 days. (A) DCs (5 × 104 cells) were incubated with 

CFSE-labeled HKSP (5 × 106 CFU) for 1 h at 4˚C and at 37˚C, respectively, followed by 

flow cytometric analysis. Numbers on the histograms indicate the percentage of CFSE-

positive DCs (upper) and MFI (lower, in parenthesis) of the DCs. Actual phagocytosis can 

be calculated by subtracting MFI at 4˚C from MFI at 37˚C. (B) Expression of DC-SIGN, 

CD205, and CD206 on the DCs was analyzed by flow cytometry. Gray-filled area and open 

area indicate isotype binding and specific binding, respectively. Numbers in the histogram 

indicates the percentage of positive cells (upper) and MFI (lower, in parenthesis) of the cells, 

respectively. These results are representative of three independent experiments. 
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1.2. PAFR signaling is crucial for enhancing immunogenic properties of 

DCs. 

Maturation of DCs is an important process for the mediation of antigen-specific 

adaptive immune responses, which is accompanied with increase of MHC proteins, 

co-stimulatory molecules, and cytokines [2]. To ascertain the function of PAFR 

signaling on maturation and activation of DCs, phenotypic changes and cytokine 

production of CV6209-DCs was compared to those of control DCs. When the DCs 

were stimulated with HKSP, CV6209-DCs did not efficiently increase expression of 

co-stimulatory molecules including CD80, CD83, and CD86, and MHC class II (Fig. 

4A). Additionally, HKSP-stimulated CV6209-DCs displayed lower expression of 

co-inhibitory molecules such as PD-L1 and PD-L2 than control DCs (Fig. 4A). 

Furthermore, IL-12p70, TNF-α, and IL-10 were not detected in response to HKSP, 

control DCs highly expressed these cytokines (Fig. 5). These results suggest that 

PAFR activation at early phase of DC differentiation is crucial for DCs to efficiently 

induce phenotypic maturation and cytokine production. 
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Figure 4. CV6209-DCs exhibit impairment in their maturation. DCs (2.5 × 105 cells/ml) 

were stimulated with HKSP (2.5 × 106 CFU/ml) for 24 h and stained with monoclonal 

antibodies specific for maturation markers of the cells. Expression of (A) co-stimulatory 

receptors including CD80, CD83, CD86, and MHC class II, and (B) co-inhibitory receptors 

including PD-L1 and PD-L2 was analyzed by flow cytometry. Gray-filled area and open 

area indicate unstimulated and HKSP-stimulated DCs, respectively. Numbers on the 

histograms indicate MFI of the unstimulated DCs (upper) and MFI of the HKSP-stimulated 

DCs (lower). These results are representative of five similar experiments. 
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Figure 5. Inactivation of PAFR signaling abolishes cytokine production of DCs. DCs 

(2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 24 h and the amount 

of IL-12p70, TNF-α, and IL-10 in the culture supernatant was measured by ELISA. Levels 

of the cytokines were indicated as mean ± SD and statistical differences between the 

compared experimental groups were analyzed Student’s unpaired t-test. Representative data 

are shown among three similar experiments. ND denotes ‘not detected’. 
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Functionally mature DCs efficiently induces proliferation and activation of T 

lymphocytes [2]. Activated T lymphocytes highly express activation markers 

including CD69 and CD25 on the surface, and inflammatory cytokines such as IFN-

γ and IL-17 [82]. To ascertain role of PAFR signal in the DC-mediated activation of 

T lymphocytes, unstimulated or HKSP-stimulated CV6209-DCs were co-cultured 

with CFSE-labeled autologous CD3+ T lymphocytes, and then proliferation, CD25 

expression, and cytokine production of the T lymphocytes were analyzed. HKSP-

stimulated CV6209-DCs weakly induced proliferation and CD25 expression of the 

CD3+ T lymphocytes (Fig. 6A). In addition, CD4+ Th and CD8+ CTL were less 

activated by CV6209-DCs (Fig. 6B and C). Furthermore, T lymphocytes co-

cultured with CV6209-DCs did not produce IFN-γ, IL-17A, or IL-4 (Fig. 7A to C). 

These results indicate that blockade of PAFR signaling hampers T lymphocyte-

activating capacities of DCs. Taken together, activation of PAFR is critical for the 

induction of stimulatory properties in DCs with regard to their phenotypic 

maturation, cytokine production, and T lymphocyte-activating capacities. 
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Figure 6. Inactivation of PAFR signaling hampers DC-mediated proliferation and 

activation of autologous T lymphocytes. DCs (2.5 × 105 cells/ml) were stimulated with 

HKSP (2.5 × 106 CFU/ml) for 12 h, and then the unstimulated or HKSP-stimulated DCs (5 × 

104 cells) were co-cultured with CFSE-labeled autologous CD3+ T lymphocytes (5 × 104 

cells) for 4 days. (A) Proliferation and CD25 expression of the CD3+ T lymphocytes were 

analyzed by flow cytometry. Numbers on the histograms indicate the percentage of cells in 

each quadrant. Bar graph on the right of the histograms represents the mean value of 

triplicate measurements. Frequencies of the activated T lymphocytes were indicated as mean 

± SD and statistical differences between the compared experimental groups were analyzed 

by Student’s unpaired t-test. Result shown is representative of five independent experiments. 

N.S. denotes ‘not significant’. (B and C) Proliferation and CD25 expression of CD4+ Th and 

CD8+ CTL were analyzed by flow cytometry. Numbers on the histograms indicate the 

percentage of cells in each quadrant. 
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Figure 7. Inactivation of PAFR signaling impairs DC-mediated induction of IFN-γ-

producing T lymphocytes. DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 106 

CFU/ml) for 12 h, and then the unstimulated or HKSP-stimulated DCs (5 × 104 cells) were 

co-cultured with CFSE-labeled autologous CD3+ T lymphocytes (5 × 104 cells) for 4 days. 

The T lymphocytes were re-stimulated with PMA (0.5 μM) and ionomycin (1 μg/ml) for 4 h 

before harvest in the presence of brefeldin A (1 μg/ml), and then the frequencies of (A) IFN-

γ- producing T lymphocytes, (B) IL-17A- producing T lymphocytes, or (C) IL-4-producing 

T lymphocytes in the mixed cells were analyzed by flow cytometry. Numbers on the 

histograms indicate the percentage of T lymphocytes in each quadrant. Representative data 

are shown among three similar experiment. 
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1.3. Blockade of PAFR renders DCs to mediate tolerogenic immune 

responses. 

Tolerogenic DCs have been reported to induce Treg which usually express forkhead 

box P3 (FOXP3) or anti-inflammatory cytokines such as TGF-β and IL-10 [83, 84] 

and efficiently control excessive activation of T lymphocytes. To further examine 

whether CV6209-DCs have tolerogenic properties, suppressive functions of 

CV6209-DCs on the activation of T lymphocytes were examined. CV6209-DCs 

were stimulated with HKSP, and then the cells were mixed with HKSP-stimulated 

control DCs at various ratios indicated in Fig. 8A. The mixed DCs were 

subsequently co-cultured with autologous CD3+ T lymphocytes, and then the 

proliferation and CD25 expression of the T lymphocytes were analyzed. CV6209-

DCs potently suppressed the proliferation and activation of the T lymphocytes 

induced by control DCs (Fig. 8A). To verify whether the suppressive functions on T 

lymphocyte activation was specific to CV6209-DCs, HKSP-stimulated monocytes, 

instead of CV6209-DCs, were mixed with HKSP-stimulated control DCs at 1:2 and 

1:1. The mixed cells were co-cultured with autologous T lymphocytes and the 

proliferation and CD25 expression of the T lymphocytes were analyzed. Contrary to 

CV6209-DCs, monocytes could not suppress T lymphocyte proliferation and 

activation induced by control DCs (Fig. 8B). To unravel regulatory mechanisms by 

which CV6209-DCs inhibit T lymphocyte proliferation and activation, 

differentiation of Treg was analyzed. CV6209-DCs remarkably increased 

frequencies of IL-10+TGF-β+ T lymphocytes among the total T lymphocytes (Fig. 

9A) but could not efficiently induce FOXP3+ T lymphocytes (Fig. 9B). Considering 

that CV6209-DCs potently exerted suppressive functions on T lymphocyte 

activation and induced IL-10+TGF-β+ Treg, inactivation of PAFR signaling appears 

to potentiate tolerogenic characteristics of DCs. 



36 

 

 

Figure 8. CV6209-DCs exert immunosuppressive functions on proliferation and 

activation of autologous T lymphocytes. DCs (5 × 104 cells) or undifferentiated monocytes 

(5 × 104 cells) derived from same donor were stimulated with HKSP (2.5 × 106 CFU/ml) for 

12 h. (A) HKSP-stimulated control DCs (5 × 104 cells) and HKSP-stimulated CV6209-DCs 

(5 × 104 cells) were cultured separately or simultaneously at various culture ratios indicated 

in the figure. The DCs were co-cultured with CFSE-labeled autologous T lymphocytes (5 × 

104 cells) for 4 days. Proliferation and CD25 expression of the T lymphocytes were analyzed 

by flow cytometry. Numbers on the histograms indicate the percentage of cells in each 

quadrant. (B) HKSP-stimulated control DCs (5 × 104 cells) and HKSP-stimulated 

monocytes (2.5 × 105 cells/ml) were cultured separately or simultaneously at various ratios 

as indicated in figure. The mixed cells were co-cultured with CFSE-labeled autologous 

CD3+ T lymphocytes (2.5 × 105 cells/ml) for 4 days. Proliferation and CD25 expression of 

the T lymphocytes were analyzed by flow cytometry. Numbers on the histograms indicate 

the percentage of cells in each quadrant. Data shown are representative of three similar 

experiments. 
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Figure 9. CV6209-DCs induce IL-10+ TGF-β+ regulatory T lymphocytes. DCs (2.5 × 105 

cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 12 h, and the unstimulated or 

HKSP-stimulated DCs (5 × 104 cells) were co-cultured with CFSE-labeled autologous CD3+ 

T lymphocytes (5 × 104 cells) for 4 days. (A) The T lymphocytes cultured with the DCs 

were treated brefeldin A (1 μg/ml) for 4 h before harvest, and then the frequencies of IL-10 

and/or TGF-β-producing T lymphocytes were analyzed by flow cytometry. (B) Intracellular 

expression of FOXP3 in the T lymphocytes was analyzed by flow cytometry. Numbers on 

the histograms indicate the percentage of cells in each quadrant. 
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1.4. Prostaglandins partially contribute to DC-mediated tolerogenic 

immune responses upon PAFR inactivation. 

GM-CSF potently stimulates monocytes to produce PAF and PGs [80, 81]. 

Accumulating evidence has suggested that PGs including PGE2 and PGJ2 

potentiate regulatory/tolerogenic functions of DCs [67, 85]. To determine whether 

inactivation of PAFR signaling in monocytes change the expression levels of PGE2-

synthetic enzyme induced by stimulation with GM-CSF, the monocytes were treated 

either with CV6209 or PAF C-16 in the presence of GM-CSF and IL-4, and then the 

expression of PGE2 synthetic enzyme, COX2, was analyzed. In response to GM-

CSF and IL-4, the monocytes markedly up-regulated COX2 expression by time-

dependent manner. However, treatment with either CV6209 or PAF C-16 did not 

alter the expression levels of the COX2 in the monocytes (Fig. 10). To examine 

whether endogenously generated PGE2 contribute to potentiating tolerogenic 

characteristics of CV6209-DCs, PGE2 synthesis was blocked by treatment with 

selective COX2 inhibitor, NS398, during differentiation of the CV6209-DCs 

(CV6209/NS398-DCs). CV6209/NS398-DCs contained more CD1a+ cells than 

CV6209-DCs (Fig. 11A). When the cells were stimulated with HKSP, 

CV6209/NS398-DCs showed higher expression levels of CD80, CD83, CD86, and 

PD-L1 than CV6209-DCs (Fig. 11B). Moreover, they exhibited slight but 

significant augmentation in the production of IL-12p70 and IL-10 in comparison 

with those of CV6209-DCs (Fig. 11C). With respect to the induction of T 

lymphocyte activation, CV6209/NS398-DCs showed higher stimulating potencies 

in proliferation and CD25 expression of the T lymphocytes than CV6209-DCs (Fig. 

12). These results suggest that the endogenously generated PGE2 partially 

contribute to enhancing tolerogenic characteristics of CV6209-DCs. 
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Figure 10. Treatment with GM-CSF and IL-4 increases COX2 in monocytes. Monocytes 

(5 × 105 cells/ml) were pretreated with either CV6209 (2 μM) or PAF C-16 (2 μM) for 1 h, 

and then the cells were stimulated with GM-CSF (5 ng/ml) and IL-4 (18 ng/ml) for 24 h. 

Expression of COX2 in the monocytes were analyzed by flow cytometry. Numbers in the 

histogram indicates the percentage of COX2-positive cells (upper) and MFI (lower, in 

parenthesis) of the cells, respectively.  

 

 



40 

 

 

Figure 11. Blockade of PGE2 synthesis partially restores stimulatory phenotypes and 

cytokine-producing capacities of CV6209-DCs. Monocytes (2 × 106 cells/ml) were 

pretreated with NS398 (5 μM) for 1 h, and then treated with CV6209 (1 μM) for 24 h in the 

presence of GM-CSF and IL-4. After removal of the NS398 and CV6209, the monocytes 

were further differentiated into DCs for another 4 days. (A) Expression of CD1a and CD14 

on the DCs was analyzed by flow cytometry. Numbers on histograms indicate the 

percentage of the cells in each quadrant. (B) DCs (2.5 × 105 cells/ml) were stimulated with 

HKSP (2.5 × 106 CFU/ml) for 24 h, and then the expression of CD80, CD83, CD86, MHC 

class II, and PD-L1 was analyzed by flow cytometry. Gray-filled area and open area indicate 

unstimulated and HKSP-stimulated DCs, respectively. Numbers on the histograms indicate 

MFI of unstimulated- (upper) and HKSP-stimulated cells (lower). (C) Amount of IL-12p70 

and IL-10 in culture supernatant was quantified by ELISA. ND and N.S. denote ‘not 

detected’ and ‘not significant’, respectively. 
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Figure 12. Blockade of PGE2 synthesis partially restores T lymphocyte-activating 

capacity of CV6209-DCs. Monocytes (2 × 106 cells/ml) were pretreated with NS398 (5 μM) 

for 1 h, and then treated with CV6209 (1 μM) for 24 h in the presence of GM-CSF and IL-4). 

After removal of the NS398 and CV6209, the monocytes were further differentiated into 

DCs for another 4 days. DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 106 

CFU/ml) for 12 h, and then the unstimulated or HKSP-stimulated DCs were co-cultured 

with CFSE-labeled autologous CD3+ T lymphocytes (2.5 × 105 cells/ml) for 4 days. 

Proliferation and CD25 expression of the T lymphocytes were analyzed by flow cytometry. 

Numbers on the histogram indicate the percentage of T lymphocytes in each quadrant. 
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1.5. PAF and PGE2 exhibit antagonistic effects on differentiation and 

activation of DCs. 

To ascertain regulatory relations between PAF and PGE2 signaling in differentiation 

and activation of DCs, immature DCs were differentiated in the presence of PGE2 

and/or PAF C-16, and then the phenotypes and functions of the cells were analyzed. 

DCs differentiated with PGE2 (PGE2-DCs) showed CD1a-CD14+ phenotypes rather 

than CD1a+CD14- phenotypes. However, DCs differentiated in the presence of both 

PGE2 and PAF C-16 (PGE2/PAF-DCs) exhibited higher frequencies in 

CD1a+CD14- cell population than PGE2-DCs (Fig. 13A). When the DCs were 

stimulated with HKSP, PGE2-DCs could not efficiently augment the expression of 

CD83, CD86, and PD-L1, but PGE2/PAF-DCs exhibited higher levels in the 

expression of these markers than PGE2-DCs (Fig. 13B). In addition, HKSP-

stimulated PGE2-DCs could not produce IL-12p70, but co-treatment with PAF C-16 

partially recovered the IL-12p70-producing abilities of PGE2-DCs (Fig. 14A). In 

contrast, PGE2-DCs highly produced IL-10 in response to HKSP-stimulation, but 

PGE2/PAF-DCs less produced IL-10 than PGE2-DCs (Fig. 14B). To examine T 

lymphocyte-activating capacities of the DCs, PGE2-DCs and PGE2/PAF-DCs were 

co-cultured with autologous CD3+ T lymphocytes, and then proliferation and 

activation of the T lymphocytes were analyzed. Expressing low levels of co-

stimulatory molecules and cytokines necessary for T lymphocyte activation, PGE2-

DCs could not efficiently induce proliferation, CD25 expression, and IFN-γ 

production of the autologous T lymphocytes. However, PGE2/PAF-DCs exhibited 

higher potencies in eliciting proliferation and activation of the T lymphocytes than 

PGE2-DCs (Fig. 15A). Moreover, frequency of the IFN-γ-producing T lymphocytes 

induced by PGE2/PAF-DCs were higher than that induced by PGE2-DCs (Fig. 15B). 

These results suggest that PAF and PGE2 signaling antagonistically regulate 
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immunostimulatory functions of DCs. 

 

Figure 13. PAF and PGE2 antagonistically regulate phenotypes of DCs. Monocytes (2 × 

106 cells/ml) were stimulated with PGE2 (10 nM) in the absence or presence of PAF C-16 

(0.02, 0.2, and 2 μM) for 24 in the presence of GM-CSF and IL-4 for 24 h. After removal 

residual PGE2 and PAF C-16, the monocytes were differentiated into DCs for another 4 days. 

(A) Expression of CD1a and CD14 on DCs was analyzed by flow cytometry. Numbers on 

histograms indicate the percentage of the cells in each quadrant. (B) The DCs (2.5 × 105 

cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 24, and then the expression of 

CD80, CD83, CD86, MHC class II, and PD-L1 was analyzed by flow cytometry. Gray-filled 

area and open area indicate unstimulated and HKSP-stimulated DCs, respectively. Numbers 
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on the histograms indicate MFI of unstimulated- (upper) and HKSP-stimulated cells (lower).  

 

Figure 14. PAFR and PGE2 signals antagonistically regulate maturation of DCs. 

Monocytes (2 × 106 cells/ml) were stimulated with PGE2 (10 nM) in the absence or 

presence of PAF C-16 (0.02, 0.2, and 2 μM) for 24 in the presence of GM-CSF and IL-4. 

After removal of residual PGE2 and PAF C-16, the monocytes were further differentiated 

into DCs for another 4 days. DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 106 

CFU/ml) for 24, and then the amount of (A) IL-12p70 and (B) IL-10 in the culture 

supernatant was measured by ELISA. Levels of the cytokines were indicated as mean ± SD 

and statistical differences between the compared experimental groups were analyzed 

Student’s unpaired t-test. ND denotes ‘not detected’. 



45 

 

 

Figure 15. PAFR and PGE2 signals antagonistically regulate T lymphocyte-activating 

capacity of DCs. Monocytes (2 × 106 cells/ml) were stimulated with PGE2 (10 nM) in the 

absence or presence of PAF C-16 (0.02, 0.2, and 2 μM) for 24 in the presence of GM-CSF 

and IL-4. After removal of the residual PGE2 and PAF C-16, the monocytes were further 

differentiated into DCs for another 4 days. DCs (2.5 × 105 cells/ml) were stimulated with 

HKSP (2.5 × 106 CFU/ml) for 12, and then the unstimulated and HKSP-stimulated DCs 

were co-cultured with autologous CD3+ T lymphocytes (2.5 × 105 cells/ml) for 4 days. (A) 

Proliferation and CD25 expression of the T lymphocytes were analyzed by flow cytometry. 

(B) The T lymphocytes were re-stimulated with PMA (0.5 μM) and ionomycin (1 μg/ml) for 

4 h before harvest in the presence of brefeldin A (1 μg/ml), and IFN-γ-producing T 

lymphocytes were analyzed by flow cytometry. Numbers on the histogram indicate the 

percentage of T lymphocytes in each quadrant.  
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2. Role of PGE2 signals in immunological characteristics of DCs 

 

2.1. Activation of EP4 signaling is essential for immunostimulatory 

phenotypes and functions of monocyte-derived DCs. 

 

Monocytes produce PGE2 mediated by GM-CSF stimulation during their 

differentiation into DCs [80, 81]. PGE2 binds to EP2 and EP4 predominantly 

expressed on the monocytes. However, it is not yet clearly known about the 

functions of the different PGE2 receptor signals on differentiation and activation of 

human monocyte-derived DCs. To investigate roles of EP2 and/or EP4 signals in 

the regulation of DC differentiation and activation, monocytes were differentiated 

into DCs in the presence of EP2 antagonist (ant.EP2-DCs), EP4 antagonist 

(ant.EP4-DCs), or DMSO as a vehicle control (control DCs). Both ant.EP2-DCs and 

ant.EP4-DCs displayed similar morphologies and sizes to those of control DCs (Fig. 

16A and B). Expression levels of CD1a and CD14 on ant.EP2-DCs and ant.EP4-

DCs were also comparable to those of control DCs (Fig. 17A). In addition, the DCs 

exhibited similar expression levels of other phenotypic markers including CD86, 

MHC class II, CD11c, PD-L1, and PD-L2 (Fig. 18B). To examine functions of the 

endogenous PGE2 signaling in phagocytic ability of DCs, ant.EP2-DCs and 

ant.EP4-DCs were co-cultured with CFSE-labeled HKSP at 4˚C and 37˚C, 

respectively. Phagocytic activity of ant.EP2-DCs against HKSP was comparable to 

that of control DCs, but that of ant.EP4-DCs was slightly decreased (Fig. 18A). 

Additionally, no significant differences in the expression of phagocytosis-related 

receptors including CD206, DC-SIGN, and CD205 were observed in ant.EP2-DCs 

and ant.EP4-DCs compared to those of control DCs (Fig. 18B). These results 

indicate that inactivation of endogenous PGE2 signaling through EP2 or EP4 does 

not alter morphologic, phenotypic and phagocytic characteristics of DCs. 
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Figure 16. Morphologies of DCs differentiated in the presence of PGE2 receptor 

antagonists are comparable with those of control DCs. Human monocytes (2 × 106 

cells/ml) were differentiated into immature DCs in the presence of EP2 antagonist 

(PF04418948, 10 μM) or EP4 antagonist (L-161,982, 10 μM) for 5 days. As a vehicle 

control, the monocytes were treated with 0.05% DMSO, and then the cells were 

differentiated into DCs. (A) Morphologies of DCs were analyzed by optical microscopy. (B) 

Sizes and granularity of the DCs were analyzed by flow cytometry.  
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Figure 17. Phenotypes of DCs differentiated in the presence of PGE2 receptor 

antagonists are similar to those of control DCs. Human monocytes (2 × 106 cells/ml) were 

differentiated into DCs in the presence of either PF04418948 (5, 10, and 20 μM) or L-

161,982 (5, 10, and 20 μM) for 5 days. As a vehicle control, the monocytes were treated 

with 0.05% DMSO, and then differentiated into DCs. (A) Expression of CD1a and CD14 on 

the DCs was analyzed by flow cytometry. Numbers on the histograms indicate percentage of 

the cells in each quadrant. (B) Expression of CD86, MHC class II, CD11c, PD-L1, and PD-

L2 on ant.EP2-DCs (PF04418948, 10 μM), ant.EP4-DCs (L-161,982, 10 μM), and control 

DCs was analyzed by flow cytometry. Gray-filled area and open area indicate isotype 

binding and specific specific binding, respectively. Numbers in the histogram indicates the 

percentage of positive cells (upper) and MFI (lower, in parenthesis) of the cells.  
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Figure 18. Inactivation of EP4 signaling attenuates phagocytic abilities of DCs. Human 

monocytes (2 × 106 cells/ml) were differentiated into DCs in the presence of PF04418948 (5 

and 10 μM) or L-161,982 (5 and 10 μM) for 5 days. As a vehicle control, the monocytes 

were treated with 0.05% DMSO, and then differentiated into DCs. (A) DCs (5 × 104 cells) 

were incubated with CFSE-labeled HKSP (5 × 106 CFU) for 1 h at 4˚C (bacterial binding) 

and at 37˚C (bacterial uptake), respectively, followed by flow cytometric analysis. Actual 

phagocytosis can be calculated by subtracting MFI at 4˚C from MFI at 37˚C. (B) Expression 

of CD206, DC-SIGN, and CD205 was analyzed by flow cytometry. Gray-filled area and 

open area indicate isotype binding and specific specific binding, respectively. Numbers in 

the histograms indicate the percentage of positive cells (upper) and MFI (lower, in 

parenthesis) of the cells, respectively.  
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To ascertain immunological functions of ant.EP2-DCs and ant.EP4-DCs, the DCs 

were stimulated with HKSP, and the expression of maturation markers including co-

stimulatory molecules, MHC class II, and programmed death-ligands on the DCs 

was analyzed. Ant.EP4-DCs stimulated with HKSP exhibited remarkably attenuated 

induction of CD83 and CD86 in comparison with those of control DCs (Fig. 19A). 

With respect to the expression of co-inhibitory molecules, PD-L1 and PD-L2 were 

slightly reduced in ant.EP4-DCs (Fig. 19B). On the other hand, HKSP-stimulated 

ant.EP2-DCs did not show significant differences in the expression levels of these 

markers compared to those of HKSP-stimulated control DCs (Fig. 19A and B). Next, 

production of pro-inflammatory and anti-inflammatory cytokines by the DCs were 

measured. Ant.EP4-DCs exhibited markedly reduced production of IL-12p70 but 

enhanced expression of IL-10 by the stimulation with HKSP. Additionally, ant.EP2-

DCs showed increase in the production of IL-10 but not IL-12p70 (Fig. 20A and C). 

However, no significant differences in the production of TNF-α were observed 

among the DCs (Fig. 20B). Taken together, endogenous PGE2 signaling through 

EP4 is essential factor for inducing phenotypic maturation and IL-12p70 production 

of the DCs. 
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Figure 19. Inactivation of EP4 signaling attenuates maturation of DCs upon 

stimulation with HKSP. Monocytes (2 × 106 cells/ml) were treated with PF04418948 (5 

and 10 μM), L-161,982 (5 and 10 μM), or DMSO (0.05%), and then the cells were 

differentiated into DCs in the presence of GM-CSF and IL-4 for 5 days. DCs (2.5 × 105 

cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 24 h. (A) Expression of CD80, 

CD83, CD86, MHC class II, (B) PD-L1, and PD-L2 was analyzed by flow cytometry. Gray-

filled area and open area indicate unstimulated and HKSP-stimulated DCs, respectively. 

Numbers on each histogram indicate MFI of the DCs (upper: MFI of unstimulated DCs, 

lower: MFI of HKSP-stimulated DCs).  
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Figure 20. Inactivation of EP4 signaling reduces HKSP-induced IL-12p70 production 

of DCs. Monocytes (2 × 106 cells/ml) were treated with PF04418948 (10 μM), L-161,982 

(10 μM), or DMSO (0.05%), and then the cells were differentiated into DCs in the presence 

of GM-CSF and IL-4 for 5 days. DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 

106 CFU/ml) for 24 h. The amount of (A) IL-12p70, (B) TNF-α, or (C) IL-10 in the culture 

supernatant was quantified by ELISA. Levels of the cytokines were indicated as mean ± SD 

and statistical differences between the compared experimental groups were analyzed 

Student’s unpaired t-test. Representative data are shown among three similar experiments. 

ND and N.S. denote ‘not detected’ and ‘not significant’, respectively. 
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2.2. EP4 signaling is important for DC-mediated T lymphocyte 

activation. 

 

To examine T lymphocyte-activating capacities of ant.EP2-DCs and ant.EP4-DCs, 

the DCs were stimulated with HKSP and co-cultured with autologous CD3+ T 

lymphocytes, and then proliferation, activation marker expression, and cytokine 

production of the T lymphocytes were analyzed. Ant.EP2-DCs did not show 

significant differences in the induction of proliferation and activation of CD3+ T 

lymphocytes compared to control DCs (Fig. 21A). However, ant.EP4-DCs 

exhibited attenuated T lymphocytes activating capacities (Fig. 21B). In addition, 

subsets of T lymphocytes including CD4+ Th and CD8+ CTL exhibited attenuated 

proliferation and expression of CD25 when they were co-cultured with ant.EP4-

DCs (Fig. 22A and B). Furthermore, ant.EP4-DCs negligibly induced 

differentiation of IFN-γ-producing T lymphocytes (Fig. 23). These results indicate 

that endogenous PGE2 signaling via EP4 is important for inducing immunogenic 

DCs stimulating T lymphocyte proliferation and activation.  
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Figure 21. Inactivation of EP4 signaling impairs DC-mediated proliferation and 

activation of autologous T lymphocytes. Monocytes (2 × 106 cells/ml) were treated with 

either PF04418948 (5 and 10 μM) or L-161,982 (5 and 10 μM) and differentiated into DCs 

for 5 day. DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 12 h, 

and then the unstimulated or HKSP-stimulated DCs (5 × 104 cells) were co-cultured with 

CFSE-labeled autologous CD3+ T lymphocytes (5 × 104 cells) for 4 days. Proliferation and 

CD25 expression of the T lymphocytes induced by (A) ant.EP2-DCs or by (B) ant.EP4-DCs 

were analyzed by flow cytometry. Numbers on the histograms indicate percentage of cells in 

each quadrant. Bar graphs on the right panel represent the mean value of triplicate 

measurements. Frequencies of the activated T lymphocytes were indicated as mean ± SD 

and statistical differences between the compared experimental groups were analyzed 

Student’s unpaired t-test. Representative data are shown among three similar experiments.   
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Figure 22. Blockade of EP4 signaling attenuates DC-mediated proliferation and 

activation of T lymphocyte subsets. Monocytes (2 × 106 cells/ml) were treated with either 

PF04418948 (10 μM) or L-161,982 (10 μM), and then differentiated into DCs for 5 day. 

DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 12 h, and then 

the unstimulated or HKSP-stimulated DCs (5 × 104 cells) were co-cultured with CFSE-

labeled autologous CD3+ T lymphocytes (5 × 104 cells) for 4 days. Proliferation and CD25 

expression of (A) CD4+ T lymphocytes and (B) CD8+ T lymphocytes were analyzed by flow 

cytometry. Numbers on the histograms indicate percentage of cells in each quadrant.  
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Figure 23. Inactivation of EP4 signaling hampers DC-mediated induction of IFN-γ-

producing T lymphocytes. Monocytes (2 × 106 cells/ml) were treated with PF04418948 (10 

μM), L-161,982 (10 μM), or DMSO (0.05%), and then the cells were differentiated into DCs 

in the presence of GM-CSF and IL-4 for 5 days. DCs (2.5 × 105 cells/ml) were stimulated 

with HKSP (2.5 × 106 CFU/ml) for 12 h, and then the unstimulated or HKSP-stimulated 

DCs (5 × 104 cells) were co-cultured with CFSE-labeled autologous CD3+ T lymphocytes (5 

× 104 cells) for 4 days. The T lymphocytes were re-stimulated with PMA (0.5 μM) and 

ionomycin (1 μg/ml) for 4 h before harvest in the presence of brefeldin A (1 μg/ml), and then 

the frequencies of IFN-γ-producing T lymphocytes were analyzed by flow cytometry. 

Numbers on the histograms indicate the percentage of T lymphocytes in each quadrant. 
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2.3. Blockade of EP4 signaling potentiates tolerogenic properties of DCs. 

 

To ascertain whether inactivation of EP4 signaling renders the DCs to be 

tolerogenic, suppressive functions of ant.EP4-DCs were examined in the activation 

of T lymphocytes. Ant.EP4-DCs and control DCs were separately stimulated with 

HKSP, and then the cells were mixed together at control DC to ant.EP4-DC ratios 

10:1, 2:1, and 1:1. The mixed DCs were subsequently co-cultured with CFSE-

labeled autologous CD3+ T lymphocytes, and then the proliferation and activation 

marker expression of the T lymphocytes were analyzed. Ant.EP4-DCs potently 

suppressed proliferation and CD25 expression of T lymphocytes induced by control 

DCs as well as they merely exhibited weak T lymphocyte-activating capacities (Fig. 

24A). To verify whether the suppressive effects on T lymphocytes activation were 

specific to ant.EP4-DC, HKSP-stimulated monocytes, instead of ant.EP4-DCs, were 

mixed with control DCs as indicated culture ratios (10:1, 2:1, and 1:1) and co-

cultured with T lymphocytes. Unlike ant.EP4-DCs, monocytes could not suppress 

the activation of T lymphocytes induced by control DCs (Fig. 24B). These results 

suggest that inactivation of EP4 signaling triggers tolerogenic DCs with potent 

suppressive effects on activation of T lymphocytes.  
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Figure 24. DCs differentiated in the presence of EP4 antagonist exert suppressive 

functions on the activation of autologous T lymphocytes. DCs (5 × 104 cells) or 

undifferentiated monocytes (5 × 104 cells) derived from same donor were stimulated with 

HKSP (2.5 × 106 CFU/ml) for 12 h. (A) HKSP-stimulated control DCs (5 × 104 cells) and 

HKSP-stimulated ant.EP4-DCs (5 × 104 cells) were cultured separately or simultaneously at 

various culture ratios indicated in the figure. The DCs were co-cultured with CFSE-labeled 

autologous T lymphocytes (5 × 104 cells) for 4 days. (B) HKSP-stimulated control DCs (5 × 

104 cells) and HKSP-stimulated monocytes (2.5 × 105 cells/ml) were cultured separately or 

simultaneously at various ratios as indicated in figure. The mixed cells were co-cultured 

with CFSE-labeled autologous CD3+ T lymphocytes (2.5 × 105 cells/ml) for 4 days. 

Proliferation and CD25 expression of the T lymphocytes were analyzed by flow cytometry. 

Numbers on the histograms indicate the percentage of cells in each quadrant.  
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2.4. PGE2 distinctively regulates immunological characteristics of DCs 

by 

selectively activating of EP2 and/or EP4 signals. 

 

Previous findings have shown that DCs differentiated from PGE2-stimulated 

monocytes produced IL-10 rather than IL-12p70, and weakly activated T cell 

responses [17]. However, some of the former studies demonstrated positive effects 

of PGE2 in DC-mediated type I T cell responses [86]. To clarify the specific 

functions of PGE2 on determination of the immunological characteristics of DCs, 

monocytes were stimulated with PGE2 at various concentrations and differentiated 

into DCs. Similar expression levels of CD1a and CD14 were observed in DCs 

differentiated from monocytes stimulated with low doses of PGE2 (~1 nM, 

PGE2low-DCs) to those of control DCs differentiated without PGE2. However, 

CD1a- CD14+ cells were increased in DCs differentiated with high doses of PGE2 

(10 to 100 nM, PGE2high-DCs) (Fig. 25A). PGE2low-DCs efficiently up-regulated 

expression of CD80, CD83, and CD86 in response to the stimulation with HKSP, 

but PGE2high-DCs exhibited weak induction of these markers even with HKSP 

stimulation (Fig. 25B). Significantly enhanced production of IL-12p70 was 

observed in PGE2low-DCs stimulated with HKSP, but the IL-10-producing abilities 

of the cells were markedly reduced. In contrast, PGE2high-DCs highly produced IL-

10 in response to HKSP rather than IL-12p70 (Fig. 26A and B). Concomitantly, 

PGE2low-DCs potentiated the proliferation, CD25 expression, and IFN-γ production 

of autologous T lymphocytes, but PGE2high-DCs scarcely induced these responses in 

the T lymphocytes (Fig. 26C and D). These results suggest that PGE2 differently 

regulates immunological characteristics of DCs depending on its concentrations. 
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Figure 25. PGE2 alters expression of phenotypic markers of DCs. Monocytes (2 × 106 

cells/ml) were stimulated with various concentrations of PGE2 (0.01, 0.1, 1, 10, and 100 nM) 

for 24 h in the presence of GM-CSF and IL-4. After removal of residual PGE2, the 

monocytes were further differentiated into DCs for another 4 days. (A) Expression of CD1a 

and CD14 on the DCs was analyzed by flow cytometry. Numbers on the histograms indicate 

the percentage of cells in each quadrant. (B) DCs (2.5 × 105 cells/ml) were stimulated with 

HKSP (2.5 × 106 CFU/ml) for 24 h and expression of CD80, CD83, CD86, and MHC class 

II was analyzed by flow cytometry. Gray-filled area and open area indicate unstimulated 

DCs and HKSP-stimulated DCs, respectively. Numbers on the histograms indicate MFI of 

the unstimulated DCs (upper) and MFI of HKSP-stimulated DCs (lower).  
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Figure 26. P PGE2 differently regulates DC-mediated immune responses depending on 

its concentrations. Monocytes (2 × 106 cells/ml) were stimulated with various 

concentrations of PGE2 (0.01, 0.1, 1, 10, and 100 nM) for 24 h in the presence of GM-CSF 

and IL-4. After removal of residual PGE2, the monocytes were further differentiated into 

DCs for another 4 days. (A and B) DCs (2.5 × 105 cells/ml) were stimulated with HKSP (2.5 

× 106 CFU/ml) for 12 h or 24 h, and then the amount of IL-12p70 and IL-10 in the culture 

supernatant was measured by ELISA. (C and D) The HKSP-stimulated DCs (5 × 104 cells) 

were co-cultured with CFSE-labeled autologous CD3+ T lymphocytes (5 × 104 cells) for 4 

days. (C) Proliferation and CD25 expression on the T lymphocytes were analyzed by flow 

cytometry. (D) The T lymphocytes were re-stimulated with PMA (0.5 μM) and ionomycin (1 

μg/ml) for 4 h in the presence of brefeldin A (1 μg/ml) before harvest, and then frequencies 

of IFN-γ-producing T lymphocytes were analyzed by flow cytometry. Numbers on the 

histograms indicate the percentage of T lymphocytes in each quadrant.  
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To ascertain the mechanism by which different doses of PGE2 oppositely 

regulate the immunological properties of the DCs, it was examined whether the DC 

precursors selectively activate EP2 and EP4 signals in response to different 

concentrations of PGE2. Monocytes were stimulated with either low dose (1 pM, 

PGE2low-DCs) or high dose (50 nM, PGE2high-DCs) of PGE2 in the presence of its 

receptor antagonists, and then the cells were differentiated into DCs. As previous 

data shown, PGE2low-DCs and PGE2high-DCs exhibited different potencies in the 

induction of IL-12p70 and T lymphocyte activation (Fig. 27A to C). PGE2low-DCs 

potentiated production of IL-12p70, T lymphocyte proliferation, and activation. 

However, the enhanced stimulatory functions were abrogated in PGE2low-DCs 

differentiated with EP4 antagonist (Fig. 27B and C). In contrast, PGE2high-DCs 

containing less CD1a+CD14- cells showed attenuated IL-12p70 production and T 

lymphocyte-activating capacities. Treatment with EP2 antagonist increased 

frequency of the CD1a+CD14- cells in PGE2high-DCs (Fig. 27A). In addition, 

treatment with either EP2 antagonist or EP4 antagonist partially restored IL-12p70-

production and T lymphocyte-activating capacities of PGE2high-DCs. These results 

indicate that low doses of PGE2 potentiate immunogenic properties of the DCs by 

selectively activating EP4 signaling, but high doses of PGE2 diminish the 

stimulatory characteristics of the cells by co-activating EP2 and EP4 signals. Taken 

together, PGE2 differentially regulates immunogenic and tolerogenic characteristics 

of DCs by distinctively activating EP4 and/or EP2 signals. 
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Figure 27. PGE2 distinctively modulates DC-mediated immune responses by selective 

activation of EP2 and/or EP4 signals. Monocytes (2 × 106 cells/ml) were pretreated with 

either EP2 antagonist (5 μM) or EP4 antagonist (5 μM) for 1 h, and then the cells were 

stimulated with PGE2 (1 pM or 50 nM) for 24 h in the presence of GM-CSF and IL-4. After 

removal of residual PGE2, the monocytes were further differentiated into DCs for another 4 

days. (A) Expression of CD1a and CD14 on the DCs was analyzed by flow cytometry. 

Numbers on the histograms indicate the percentage of cells in each quadrant. (B) DCs (2.5 × 

105 cells/ml) were stimulated with HKSP (2.5 × 106 CFU/ml) for 24 h, and then the amount 

of IL-12p70 and IL-10 in the culture supernatant was measured by ELISA. (C) The HKSP-

stimulated DCs (5 × 104 cells) were co-cultured with CFSE-labeled autologous CD3+ T 

lymphocytes (5 × 104 cells) for 4 days. Proliferation and CD25 expression on the T 

lymphocytes were analyzed by flow cytometry. Numbers on the histograms indicate the 

percentage of T lymphocytes in each quadrant.  
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3. Immunomodulatory effects of human UCB-MSCs on 

immunological characteristics of DCs   

 

3.1. UCB-MSCs modulate phenotypic characteristics of DCs. 

 

Human MSCs have been known to suppress activation of various immune cells 

including T lymphocytes and natural killer (NK) cells [22, 87]. In the present study, 

immunomodulatory effects of MSCs derived from UCB (UCB-MSCs) on 

differentiation and activation of DCs were examined. Monocytes were co-cultured 

with UCB-MSCs at various MSC to monocyte ratios and differentiated into DCs 

(MSC-DCs). Similar expression levels of CD1a and CD14 was observed in MSC-

DCs differentiated at low MSC to monocyte ratios (1:106 to 1:104, MSClow-DCs) 

compared to those of control DCs differentiated without UCB-MSCs. However, 

MSC-DCs differentiated at high MSC to monocyte ratios (1:103 to 1:30, MSChigh-

DCs) displayed CD1alow/-and CD14+ phenotypes (Fig. 28A). MSChigh-DCs 

expressed higher expression levels of CD80, MHC class II, DC-SIGN, PD-L1 and 

PD-L2, but lower levels of CD86 than control DCs. On the other hand, MSClow-DCs 

showed similar expression levels of these molecules compared to those of control 

DCs (Fig. 28B). These results indicate that MSC-DCs differentiated at different 

MSC to monocyte ratios exhibit different expression levels of their phenotypic 

markers, suggesting that UCB-MSCs alter phenotypic characteristics of DCs. 
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Figure 28. UCB-MSCs alter phenotypes of DCs. Monocytes (2 × 106 cells/ml) were co-

cultured with UCB-MSC at various MSC to monocyte ratios (1:106, 1:105, 1:104, 1:103, 

1:102, and 1:30), and the monocytes were differentiated into DCs in the presence of GM-

CSF and IL-4 for 5 days. (A) Expression of CD1a and CD14 on the DCs was analyzed by 

flow cytometry. Numbers on the histograms indicate the percentage of the cells in each 

quadrant. (B) Expression of phenotypic markers of DCs including co-stimulatory molecules, 

MHC class II, DC-SIGN, and programmed death-ligands was analyzed by flow cytometry. 

Gray-filled area and open area indicate isotype binding and specific binding, respectively. 

Numbers on the histograms indicate MFI of DCs. 
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3.2. DCs differentiated at different MSC to monocyte ratios exhibit 

distinctive immunological characteristics. 

 

To examine immunological characteristics of MSC-DCs, phenotypic changes, 

cytokine production, and T lymphocyte-activating capacities of the DCs were 

analyzed. MSClow-DCs stimulated with LPS efficiently up-regulated expression of 

CD83, CD86, and PD-L1 on the surface, whereas MSChigh-DCs showed attenuated 

induction of CD83 and CD86, but enhanced expression of PD-L1 (Fig. 29). In 

response to LPS, MSClow-DCs and MSChigh-DCs exhibited difference in the 

production of IL-12p70. MSClow-DCs showed higher expression level of IL-12p70 

than that of control DCs, but MSChigh-DCs could not produce IL-12p70 (Fig. 30A). 

However, both MSClow-DCs and MSChigh-DCs attenuated production of TNF-α and 

IL-10 compared to those of control DCs (Fig. 30B and C). When MSC-DCs were 

co-cultured with either autologous PBMCs or T lymphocytes, MSClow-DCs and 

MSChigh-DCs oppositely regulated activation of T lymphocytes. PBMCs co-cultured 

with LPS-stimulated MSClow-DCs showed enhanced production of IFN-γ with slight 

increase of IL-10 expression. In contrast, PBMCs co-cultured with LPS-stimulated 

MSChigh-DCs preferentially expressed IL-10 rather than IFN-γ (Fig. 31A and B). In 

addition, MSClow-DCs efficiently induced proliferation and expression CD25 of the 

T lymphocytes more than control DCs did. However, MSChigh-DCs failed to elicit 

proliferation and activation of the T lymphocytes (Fig. 31C). All these results 

suggest that MSC-DCs differentiated at different MSC to monocyte ratios have 

different stimulatory potencies in phenotypic maturation, cytokine production, and 

T lymphocyte activation. 
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Figure 29. UCB-MSCs attenuate maturation of DCs. Monocytes (2 × 106 cells/ml) were 

co-cultured with UCB-MSC at various MSC to monocyte ratios (1:106, 1:105, 1:104, 1:103, 

1:102, and 1:30), and the monocytes were differentiated into DCs in the presence of GM-

CSF and IL-4 for 5 days. DCs (2.5 × 105 cells/ml) were stimulated with LPS (100 ng/ml) for 

24 h, and then the expression of CD80, CD83, MHC class II, and PD-L1 on the DCs were 

analyzed by flow cytometry. Gray-filled area and open area indicate unstimulated cells and 

LPS-stimulated cells, respectively. Numbers on the histograms indicate MFI of the 

unstimulated (upper) and LPS-stimulated (lower) DCs. 
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Figure 30. UCB-MSCs attenuate cytokine-producing capacity of DCs except for IL-

12p70. Monocytes (2 × 106 cells/ml) were co-cultured with UCB-MSC at various MSC to 

monocyte ratios (1:106, 1:105, 1:104, 1:103, 1:102, and 1:30), and the monocytes were 

differentiated into DCs in the presence of GM-CSF and IL-4 for 5 days. DCs (2.5 × 105 

cells/ml) were stimulated with LPS (100 ng/ml) for 24 h. Amount of (A) IL-12p70, (B) 

TNF-α, and (C) IL-10 in the culture supernatant was measured by ELISA. Levels of the 

cytokines were indicated as mean ± SD and statistical differences between the compared 

experimental groups were analyzed Student’s unpaired t-test.  
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Figure 31. DCs differentiated at different MSC to monocyte ratios exhibit distinctive 

stimulating potencies in T lymphocyte activation. Monocytes (2 × 106 cells/ml) were co-

cultured with UCB-MSC at various MSC to monocyte ratios (1:106 to 1:30) and 

differentiated into DCs in the presence of GM-CSF and IL-4 for 5 days. (A and B) The DCs 

(2.5 × 105 cells/ml) were stimulated with LPS (100 ng/ml) for 24 h, and then the DCs were 

co-cultured with monocyte-depleted autologous PBMCs for 3 days. Amount of IFN-γ and 

IL-10 in the culture supernatant was measured by ELISA. (C) DCs (2.5 × 105 cells/ml) were 

stimulated with HKEC (2.5 × 106 CFU/ml) for 12 h, and then the unstimulated and HKSP-

stimulated DCs were co-cultured with CFSE-labeled autologous CD3+ T lymphocytes (2.5 × 

105 cells/ml) for 4 days. Proliferation and expression of CD25 of T lymphocytes were 

analyzed by flow cytometry. Numbers on the histograms indicate the percentage of cells in 

each quadrant.  
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3.3. PGE2 mediates phenotypic and functional alteration of DC induced 

by UCB-MSCs. 

 

Previously, MSCs were reported to exert their immunomodulatory functions by 

PGE2-dependent manner [22, 24]. In the present study, involvement of PGE2 in the 

regulatory mechanism by which UCB-MSCs modulate immunological 

characteristics of DCs was investigated. Expression of COX2 was examined in 

monocytes and UCB-MSCs when they were cultured separately or simultaneously 

to determine the major producer of PGE2. Monocytes increasingly expressed COX2 

at co-culture with UCB-MSCs (Fig. 32A). Also, co-culture with monocytes 

enhanced the expression of COX2 in UCB-MSCs (Fig. 32B). Concomitantly, higher 

level of PGE2 was detected in co-culture of UCB-MSCs and monocytes than in the 

separate culture (Fig. 32B). To ascertain the specific roles of PGE2 in determining 

immunological characteristics of MSC-DCs, MSClow-DCs and MSChigh-DCs were 

differentiated in the presence of COX2 inhibitor, NS398, and then the phenotypic 

and functional changes of the DCs were analyzed. Treatment with NS398 partially 

restored expression level of CD1a (Fig. 33A) and increased LPS-induced expression 

of CD83 and CD86 on MSChigh-DCs (Fig. 33B). In addition, MSChigh-DCs 

differentiated with the COX2 inhibitor efficiently augmented proliferation and 

CD25 expression of the autologous T lymphocytes (Fig. 33D). On the other hand, 

inhibition of COX2 in MSClow-DCs showed different effects from those in MSChigh-

DCs. Treatment with NS398 abolished an enhancement of IL-12p70 production and 

T lymphocyte-activating abilities of MSClow-DCs (Fig. 33C and D). These results 

indicate that PGE2 derived from UCB-MSCs and/or monocytes differently regulate 

immunological characteristics of MSClow-DCs and MSChigh-DCs.  
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Figure 32. UCB-MSCs augment expression of COX2 and PGE2 by monocytes. (A) 

Monocytes (1 × 105 cells) were cultured without or with various numbers of UCB-MSCs 

(from 100 to 104 cells) for 18 h. (B) UCB-MSC (1 × 104 cells) were cultured without or with 

various numbers of monocytes (from 101 to 105 cells) for 18 h. The expression of COX2 in 

the CD14+ monocytes and CD14- UCB-MSCs was analyzed by flow cytometry. Gray-filled 

area and open aria indicate isotype binding and specific binding, respectively. Numbers on 

the histograms indicate MFI of the cells. (C) The monocytes (1 × 105 cells) were cultured 

without or with indicated number of UCB-MSCs for 18 h, and then the amount of PGE2 in 

the culture supernatant was analyzed by ELISA. Levels of PGE2 were indicated as mean ± 

SD and statistical differences between the compared experimental groups were analyzed 

Student’s unpaired t-test.  
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Figure 33. Blockade of PGE2 synthesis abolishes immunomodulatory effects of UCB-

MSCs on DC-mediated immune responses. Monocytes (2 × 106 cells/ml) were pretreated 

with NS398 (5 μM) for 1 h and co-cultured with UCB-MSCs (MSC to monocyte ratios, 

1:105 or 1:30), and then the monocytes were differentiated into DCs for 5 days. (A) The 

expression of CD1a and CD14 on the DCs was analyzed by flow cytometry. Numbers on the 

histograms indicate the percentage of cells in each quadrant. (B and C) DCs (2.5 × 105 

cells/ml) were stimulated with LPS (100 ng/ml) for 24 h, and (B) expression of CD83 and 

CD86 was analyzed by flow cytometry. Numbers on the histograms indicate MFI of 

unstimulated DC (upper) and LPS-stimulated DC (lower). (C) Amount of IL-12p70 was 

measured by ELISA. (D) DCs (2.5 × 105 cells/ml) were stimulated with HKEC (2.5 × 106 

CFU/ml) for 12 h and co-cultured with CFSE-labeled autologous T lymphocyte (2.5 × 105 

cells/ml) for 4 days, and then the expression of CD25 and proliferation of the T lymphocytes 

was analyzed by flow cytometry. Numbers in the histograms indicate the percentage of cells 

in each quadrant. These data are representative of three similar experiments. 
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3.4. UCB-MSCs distinctively modulate immunological properties of DC 

by selectively activating EP2 and/or EP4. 

 

PGE2 conduct various cellular functions in monocytes by stimulating EP2 and/or 

EP4 receptor signaling [73]. Here, it was examined whether the PGE2 produced by 

UCB-MSCs and/or monocytes selectively activates its receptor signals through EP2 

and/or EP4 and distinctively regulates immunological properties of MSC-DCs. 

MSClow-DCs and MSChigh-DCs were differentiated in the presence of either EP2 

antagonist or EP4 antagonist, and then the expression of maturation markers and T 

lymphocyte-activating capacities of the DCs were analyzed. Inactivation of PGE2 

signals through EP2 and EP4 receptors restored HKEC-induced CD83 and CD86 

expression on MSChigh-DCs (Fig. 34A). In addition, the DC-mediated proliferation 

and CD25 expression of the T lymphocytes was markedly increased upon 

inactivation of EP2 and EP4 signaling in MSChigh-DCs (Fig. 34C). On the other 

hand, the enhanced T lymphocyte-activating functions of MSClow-DCs were 

abrogated only by treatment with EP4 antagonist (Fig. 34C). These data suggest that 

large number of UCB-MSCs induce DCs with low immunostimulatory functions by 

activating both EP2 and EP4 signaling, whereas relatively small number of UCB-

MSCs potentiate stimulatory properties of the DCs by solely activating EP4 

signaling. Taken together, UCB-MSCs differently regulate immunogenic 

characteristics of DCs by selectively activating PGE2 signals through EP2 and/or 

EP4. 
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Figure 34. UCB-MSCs separately regulate DC-mediated immune responses by selective 

activation of EP2 and/or EP4. Monocytes (2 × 106 cells/ml) were pretreated either with 

EP2 antagonist (5 μM) or EP4 antagonist (5 uM) for 1 h, and then the cells were 

differentiated into DCs in the presence of UCB-MSCs (MSC to monocyte ratios, 1:105 and 

1:30) for 5 days. (A) DCs (2.5 × 105 cells/ml) were stimulated with HKEC (2.5 × 106 

CFU/ml) for 24 h, and then the expression of CD83 and CD86 on the cells was analyzed by 

flow cytometry. Gray-filled area and open area indicate unstimulated and HKEC-stimulated 

DCs, respectively. Numbers on the histograms indicate MFI of unstimulated (upper) and 

HKEC-stimulated (lower) cells. (B) The HKEC-stimulated DCs (5 × 104 cells) were co-

cultured with CFSE-labeled autologous T lymphocytes (5 × 104 cells) for 4 days and 

proliferation of T lymphocytes was analyzed by flow cytometry. Numbers on the histograms 

indicate the percentage of the proliferated cells.  
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4. Immunological characteristics of human UCB-derived DCs 

 

4.1. UCB-DCs display distinctive features from APB-DCs in phenotypes 

and endocytic capacity. 

 

The morphology, phenotypes, and endocytic activity of UCB-DCs and APB-DCs 

were comparatively investigated. Microscopic analyses showed that monocytes and 

DCs from both UCB and APB displayed similar morphologies (Fig. 35A). UCB-

derived monocytes exhibited lower expression of CD14 than APB-derived 

monocytes. When the monocytes were differentiated into DCs, UCB-DCs displayed 

less CD1a+ cells but more CD14+ cells than APB-DCs (Fig. 35A and B). UCB-DCs 

showed significantly lower levels of CD80, MHC class I, MHC class II, and DC-

SIGN than APB-DCs, while the expression of CD86, CD205, and CD206 was not 

significantly different from those of APB-DCs (Fig. 35C to I). UCB-DCs displayed 

better endocytic activity than APB-DCs (Fig. 35J). These results indicate that UCB-

DCs exhibited lower expression of CD1a, CD80, MHC class I and II, and DC-SIGN 

but higher CD14 expression and endocytic capacity than APB-DCs. 
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Figure 35. UCB-DCs display distinctive features from APB-DCs in phenotypes and 

endocytic capacity. CD14+ monocytes (2 × 106 cells/ml) isolated from UCB and APB were 

differentiated into DCs in the presence of human GM-CSF (800 U/ml) and IL-4 (500 U/ml) 

for 6 days. (A) Morphology of monocytes and DCs from UCB and APB was observed by 

microscopic analyses (upper panel). The expression of CD1a and CD14 on the cell surface 

was analyzed before and after differentiation (lower panel). (B) Percentages of CD14+ cells 

or CD1a+ cells in UCB-DCs and in APB-DCs were shown in a scatter plot. Expression of (C) 

CD80, (D) CD86, (E) MHC class I, (F) MHC class II, (G) DC-SIGN, (H) CD205, and (I) 

CD206 on the DCs were analyzed by flow cytometry and net MFI of the cells was shown in 

scatter plots. Net MFI was obtained by subtracting MFI of isotype from that of each protein 

expression. (J) The cells (1 × 105 cells) were suspended in 50 μl of PBS containing dextran-

FITC (1 mg/ml) for 1 h at 4°C (non-specific uptake) and 37°C (specific uptake). Endocytic 

activity of the DCs was examined by flow cytometric analysis. The vertical axis indicates 

net MFI values of the DCs subtracting MFI at 4°C from MFI at 37°C. Statistical differences 

between the two experimental groups were analyzed by Student’s t-test. The results are 

shown as mean ± SEM. N.S. denotes not significant. 
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4.2. LPS weakly induces the maturation of UCB-DCs and their 

expression of inflammatory cytokines in comparison with those of APB-

DCs. 

 

Since maturation of DCs is an important process in the mediation of immune 

responses, the phenotypic changes and cytokine expression of DCs were examined. 

LPS-stimulated UCB-DCs showed poor induction of co-stimulatory molecules and 

MHC proteins, while APB-DCs exhibited significant augmentation in the 

expression of these molecules (Fig. 36A and B). UCB-DCs still sustained high 

endocytic activity even after LPS stimulation, while LPS-matured APB-DCs 

showed remarkably decreased endocytic activity (Fig. 36C). The expression of 

phagocytosis-related receptors (CD205 and CD206) was minimally changed in 

LPS-treated UCB-DCs (Fig. 36D). UCB-DCs produced significantly lower IL-

12p40 and TNF-α but higher IL-10 in response to LPS than APB-DCs did (Fig. 

36E). HKEC-stimulated UCB-DCs weakly induced IL-12p70 in comparison with 

HKEC-stimulated APB-DCs (Fig. 36F). Taken together, these results indicate that 

UCB-DCs exhibit less mature phenotypes than APB-DCs in response to LPS or 

HKEC. 
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Figure 36. LPS weakly induces the maturation of UCB-DCs and their expression of 

inflammatory cytokines in comparison with those of APB-DCs. (A and B) DCs (5 × 105 

cells/ml) were stimulated with LPS (100 ng/ml) for 48 h. Expression of DC maturation 

markers (CD86, CD80, CD83, and MHC class I and II) on the cell surface was analyzed by 

flow cytometry. (C) Unstimulated and LPS-stimulated DCs (1 × 105 cells) were suspended 

in PBS containing dextran-FITC (1 mg/ml, 50 μl) for 1 h at 4°C and 37°C and subjected to 

flow cytometric analysis. The vertical axis indicates the net MFI values of the DCs 

subtracting MFI at 4°C from MFI at 37°C. (D) The expression of phagocytosis-related 

receptors (CD205 and CD206) was analyzed by flow cytometry. (E) DCs (5 × 105 cells/ml) 

were stimulated with LPS (100 ng/ml) for 48 h, and the amount of IL-12p40, TNF-α, and 

IL-10 in the culture supernatant was measured by ELISA. (F) The DCs (2.5 × 105 cells/ml) 

were stimulated with HKEC (1 × 106 CFU/ml), and the amount of IL-12p70 in the culture 

supernatant was determined by ELISA. The statistical differences among the experimental 

groups were analyzed by ANOVA. P values under 0.05 were considered statistically 

significant. The results are shown as mean ± SEM. N.S. denotes not significant. 
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4.3. UCB-DCs weakly induce proliferation and activation of allogeneic T 

lymphocytes. 

 

One of the major functions of DCs is to stimulate naïve T lymphocytes to 

differentiate into various effector T lymphocytes [88]. To examine T lymphocyte-

activating capacities of DCs, unstimulated or HKEC-stimulated DCs were co-

cultured with CD14+ cell-depleted allogeneic PBMCs. HKEC-stimulated UCB-DCs 

induced less proliferation of CD3+ T lymphocytes and CD3- cells in PBMCs than 

APB-DCs (Fig. 37A). In addition, HKEC-stimulated UCB-DCs weakly induced 

IFN-γ production, while that of HKEC-stimulated APB-DCs by PBMCs was 

potently induced. However, HKEC-stimulated UCB-DC and APB-DC exhibited no 

significant difference in IL-10 expression of PBMCs (Fig. 37B). Concomitantly, 

UCB-DCs poorly induced CD25+MHC class II+ T lymphocytes, while APB-DCs 

increased those cell populations (Fig. 37C). These results indicate that UCB-DCs 

weakly induced activation of allogeneic T lymphocytes in comparison with APB-

DCs. 
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Figure 37. UCB-DCs weakly induce proliferation and activation of T cells. DCs (5 × 104 

cells) were stimulated with HKEC (1 × 106 CFU/ml) for 24 h, and the allogeneic PBMCs (5 

× 105 cells) were co-cultured with the stimulated DCs for 3 to 5 days. (A) Cells were stained 

with anti-human CD3 antibodies to detect T lymphocytes from the PBMCs. Proliferation of 

T lymphocytes among the PBMCs was analyzed by the CFSE-dilution assay followed by 

flow cytometric analysis. Numbers on the histograms indicate the percentage of cells on 

each quadrant. (B) The amount of IFN-γ (upper panel) and IL-10 (lower panel) in the 

supernatant of PBMCs co-cultured with UCB-DCs or APB-DCs was measured by ELISA. 

Statistical differences among the experimental groups were analyzed by ANOVA. P values 

under 0.05 were considered statistically significant. The results are shown as mean ± SEM. 

N.S. denotes not significant. (C) Expression of T lymphocyte activation markers (CD25 and 

MHC class II) on CD3+ cells was analyzed by flow cytometry. The number in each quadrant 

indicates the percentage of cells. The results shown are representative of three similar 

experiments. 
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4.4. Reduced frequencies of CD14+CD16+ monocytes in UCB correlate 

with increased level of blood PGE2. 

 

CD14+CD16- and CD14+CD16+ monocytes exhibit different immunological 

properties when they differentiate into DCs [89]. To unravel the mechanism 

responsible for the distinct phenotypes and functions of UCB-DCs, monocyte 

subtypes of UCB and APB were analyzed. Frequencies of CD14+CD16+ monocytes 

were significantly lower in UCB than in APB (Fig. 38A). PGE2 is a potent 

immuno-modulator that regulates differentiation and activation of various immune 

cells and is known to exist at a high level in UCB [90]. Thus, PGE2 concentration in 

the plasma of UCB and APB was measured and examined whether it was related to 

the frequencies of CD14+CD16+ monocytes. Higher amounts of PGE2 were 

detected in the plasma of UCB than in that of APB (Fig. 38B). The PGE2 level of 

UCB plasma was inversely correlated with the percentage of CD14+CD16+ 

monocytes (R2 = 0.834) (Fig. 38C). To examine whether PGE2 is directly involved 

in the regulation of CD14+CD16+ monocyte differentiation, CD14+ monocytes 

isolated from APB were cultured with or without PGE2. An increase of 

CD14+CD16+ cells was observed in the monocytes cultured in the absence of PGE2 

(Fig. 38D), which is concordant with the previous report [91]. In contrast, 

CD14+CD16+ cells were decreased in the monocytes cultured in the absence of 

PGE2 (Fig. 38D). These results suggest that the reduced frequencies of 

CD14+CD16+ monocyte in the UCB have relevance to the levels of PGE2 in the 

plasma.  
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Figure 38. Reduced frequencies of CD14+CD16+ monocytes in UCB correlate with 

increased level of blood PGE2. (A) Mononuclear cells were isolated from UCB and APB, 

and the subtypes of monocytes were analyzed by flow cytometry. The scatter plot shows 

frequencies of CD14+CD16+ monocytes in the UCB and APB. (B) The amount of PGE2 in 

the plasma of UCB and APB was quantified by ELISA. Statistical differences were analyzed 

by Student’s t-test. The results are presented as mean ± SEM. (C) The correlation between 

plasma PGE2 levels and frequencies of the CD14+CD16+ monocytes in UCB was analyzed. 

(D) Monocytes isolated from APB were cultured in RPMI 1640 containing 10% FBS with or 

without PGE2 (1 μM) for 24 h. Changes in the expression of CD16 on CD14+ monocytes 

were analyzed by flow cytometric analysis. The results shown are representative of five 

independent experiments. 
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4.5. PGE2 induces differentiation of monocytes into UCB-DC-like cells. 

 

To further investigate the role of PGE2 in phenotypic and functional characteristics 

of DCs, APB-monocytes were differentiated into DCs in the absence (control DCs) 

or presence of PGE2 (PGE2-DCs). PGE2-DCs preferentially expressed CD14 rather 

than CD1a, while control DCs expressed CD1a but not CD14 (Fig. 39A). PGE2-

DCs displayed higher endocytic activity than control DCs (Fig. 39B). Unlike 

control DCs, PGE2-DCs weakly augmented the expression of co-stimulatory 

molecules in response to LPS (Fig. 39C). PGE2-DCs expressed low IL-12p70 but 

remarkably high IL-10 in response to HKEC. In contrast, the HKEC-stimulated 

control DCs efficiently up-regulated IL-12p70 but weakly induced IL-10 (Fig. 39D). 

HKEC-stimulated PGE2-DCs poorly induced allogeneic T lymphocyte proliferation 

when compared to that of APB-DCs (Fig. 39E). Furthermore, PGE2-DCs induced 

lower levels of IFN-γ but more IL-10 in the co-culture with allogeneic PBMCs than 

control DCs (Fig. 39F). These results show that monocytes exposed to PGE2 are 

differentiated into DCs similar to UCB-DCs. 
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Figure 39. PGE2 induces differentiation of monocytes into UCB-DC-like cells. 

Monocytes (2 × 106 cells) isolated from APB were differentiated into DCs in the presence or 

absence of exogenous PGE2 (10 nM) for 6 days, and the expression of CD14 and CD1a on 

the DCs was analyzed by flow cytometry. (B) Endocytic activity of the DCs was examined 

by dextran-FITC uptake assay followed by flow cytometric analysis. (C) Expression of 

maturation markers (CD80, CD83, and CD86) on DCs stimulated with LPS (100 ng/ml) for 

24 h was analyzed by flow cytometry. (D) DCs (2.5 × 105 cells/ml) were stimulated with 

HKEC (1 × 106 CFU/ml) for 24 h, and the amount of IL-12p70 and IL-10 in the culture 

supernatant was measured by ELISA. DCs (5 × 104 cells) were stimulated with HKEC (1 × 

106 CFU/ml) for 24 h, and the unstimulated or HKEC-stimulated DCs were co-cultured with 

allogeneic PBMC (5 × 105 cells) for 3 to 5 days. (E) Proliferation of T lymphocytes in the 

PBMCs was analyzed by flow cytometry. (F) The amount of IFN-γ and IL-10 in the culture 

supernatant was measured by ELISA. The results shown are representative of three 

independent experiments. 
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Chapter IV. Discussion 

 

In the present study, it was investigated the role of PAF and PGE2 signals in the 

immunological characteristics of DCs with respect to their differentiation, activation, 

and function. Activation of PAFR was essential for eliciting immunostimulatory 

properties in DCs considering the results that the DCs differentiated in the presence 

of PAFR antagonist failed to acquire typical phenotypes and immunostimulatory 

functions of DCs. Most phenotypic and functional characteristics of the DCs 

differentiated in the presence of PAFR antagonist were considerably similar to those 

of previously identified tolerogenic DCs [6, 67, 92]. On the other hand, PGE2 

signals through its two different receptors, EP2 and EP4, showed different effects 

on the regulation of DC functions. Activation of EP4 by low doses of PGE2 was 

crucial for immunogenic characteristics of DCs, while the activation of EP2 by high 

doses of PGE2 was important for triggering tolerogenic properties in the cells. In 

addition, UCB-MSCs distinctively modulated characteristics of DCs by selectively 

activating EP4 and EP2 signals. Furthermore, DCs derived from UCB in which the 

level of PGE2 was highly sustained exhibited immunosuppressive characteristics in 

their phenotypic maturation, cytokine production, and T lymphocyte-activating 

ability. These results suggest that PAF and PGE2 complementarily regulate 

immunological characteristics of human DCs and contribute to immune homeostasis. 

 

Inactivation of PAFR signaling potentiated tolerogenic properties of DCs. 

Expression of CD1a, typical phenotypic marker of immunogenic DCs, was 

significantly decreased in CV6209-DCs. Additionally, expression of co-stimulatory 

molecules, production of cytokines such as IL-12 and TNF-α, and activation of T 

lymphocytes by CV6209-DCs were lower than those by control DCs. These 

characteristics of CV6209-DCs are in line with those of tolerogenic DCs generated 
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in vitro conditions [6, 92]. Previous studies have shown that DCs exhibiting 

immunosuppressive properties little expressed CD1a on the cell surface, whereas 

they showed high levels of other phenotypic markers for DCs, MHC class II, CD86, 

and DC-SIGN [93, 94]. The CD1alow/- DCs was reported to display low levels of 

maturation markers, production of pro-inflammatory cytokines, and weak T 

lymphocyte-activating capacities compared to those of immunostimulatory CD1a+ 

DCs [127, 128]. Moreover, CD1alow/- DCs were also reported to induce diverse types 

of Treg [94, 95], indicating that the CD1alow/- DCs preferentially mediate tolerogenic 

immune responses. Considering that CV6209-DCs preferentially elicited IL-

10+TGF-β+ Treg, inactivation of PAFR signaling in the early phase of differentiation 

seems to impart tolerogenic characteristics to DCs. 

 

Atypical differentiation of DCs upon blockade of PAFR signaling seems to be 

ascribed to impairment of intracellular signals required for normal development of 

DCs. GM-CSF has been known to primarily stimulate JAK2 in DC progenitor cells 

and subsequently activate both STAT and PI3K pathways to differentiate the 

progenitors into DCs [96]. PAF was also reported to activate JAK2-mediated STAT 

signaling pathway [55] and modulate GM-CSF-induced immune responses in many 

cell types [97, 98]. Previous studies have shown that treatment with PAFR 

antagonists such as WEB2086 and CV6209 efficiently blocked phosphorylation of 

JAK2 in human monocytic cells and murine macrophage-like cells, respectively [55, 

56]. Taken together, the failure of acquiring immunostimulatory properties for DCs 

might be due to inhibitory effects of PAFR antagonist on the GM-CSF-induced 

activation of JAK2 and its downstream signals. 

 

In this study, enhanced production of IL-12p70 and elicitation of TH1 were 
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observed in DCs differentiated in the presence of low doses of PGE2. However, 

treatment with EP4 antagonist, but not EP2 antagonist, abolished the stimulatory 

properties of the DCs, indicating that selective activation of EP4 signaling by low 

doses of PGE2 potentiates immunostimulatory functions of DCs. Although little has 

been known about stimulatory characteristics of PGE2 particularly on DC-mediated 

TH1 responses so far, a previous study showed that treatment with low dose of 

PGE2 polarized naïve T lymphocytes toward IFN-γ-producing TH1 cells, which 

were predominantly mediated by EP4 activation [86]. The authors of the study 

proposed that PGE2 might enhance the action of IL-12 since they could not observe 

the same responses of the PGE2-treated T lymphocytes without IL-12. Recently, 

PGE2 has been reported to augment the expression of receptors for IL-12 and IFN-γ 

by EP4-dependent manner [99]. These previous and the present findings suggest 

that the activation of EP4 signaling potentiates TH1 responses by enhancing 

production of IL-12 by DCs. 

 

Contrary to EP4 signaling, activation of EP2 by high doses of PGE2 potentiated 

tolerogenic characteristics of DCs. DCs differentiated in the presence of high 

concentrations of PGE2 little produced IL-12 and could not augment T lymphocyte 

proliferation and activation. However, treatment with EP2 antagonist markedly 

abrogated the tolerogenic properties of the DCs exposed to PGE2. In addition, the 

blockade of EP4 signaling partially abolished the effects of the high-dose PGE2. 

Previous studies also have demonstrated that PGE2-mediated suppression of IL-12 

production and TH1 elicitation by DCs involves the activation of EP2 and/or EP4 

[100, 101]. Furthermore, EP2 signaling have been reported to attenuate activation of 

NK cells [102], cytotoxicity of T lymphocytes [103], and inflammation of activated 

macrophages [104]. Activation of EP2 augments cAMP in many cell types, which 
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usually suppresses inflammatory functions of immune cells [105, 106]. Indeed, 

cAMP elevation in DCs attenuated IL-12 production of the cells by potentiating IL-

10 expression [105, 107]. Therefore, it is convincing that immunosuppressive 

functions of DCs are mainly mediated by EP2 activation. 

 

The dual effects of PGE2 have previously been reported in many cell types. 

Expression of IL-23 was oppositely regulated in DCs depending on concentrations 

of PGE2 [108]. In addition, TNF-α production in murine macrophages [109], 

differentiation of rat chondrocytes [110], and water-chloride absorptive functions of 

colon epithelial cells were differently regulated by different concentrations of PGE2 

[111]. The opposite functions of PGE2 by concentrations may be due to the 

presence of multiple EP receptors on those cell types that have different affinity, 

duration of activation, and downstream signaling. Since EP4 has higher affinity to 

PGE2 than EP2 [112], low doses of PGE2 selectively activate EP4 but high doses of 

PGE2 can stimulate both EP2 and EP4. EP4 is rapidly desensitized following PGE2 

binding, whereas the EP2 signaling is prolonged relatively for a long time [75]. 

With respect to downstream signaling of those receptors, EP4 preferentially 

activates PI3K pathway, which is crucial for regulating expansion, survival, and 

stimulatory functions of DCs [96]. However, EP2 activates cAMP/protein kinase A 

(PKA) signaling pathway, mediating anti-inflammatory and immunosuppressive 

functions of PGE2 on DCs [65]. Taken together, the differences in the properties of 

EP2 and/or EP4 signaling may result in distinctive immunological characteristics of 

DCs differentiated in the presence of PGE2.  

 

In the regulation of differentiation, activation, and function of DCs, PAF and 

PGE2 showed mutually antagonistic effects. Treatment with PAF partially 
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abrogated tolerogenic properties of DCs differentiated in the presence of PGE2. 

Additionally, DCs differentiated in the presence of PAFR antagonist restored their 

stimulatory phenotypes and functions by blocking the action of PGE2, indicating 

that the antagonistic interactions between PAF and PGE2 in the regulation of DC 

characteristics. Although these two lipid mediators have exhibited similar effects on 

eliciting inflammatory responses or developing cancers [113, 114], they showed 

antagonistic effects on certain immune responses. PGE2 potentiated migratory 

ability of DCs by up-regulating expression of metalloprotease-9 [115], but PAF 

retained DCs to stay in peripheral tissues. In allergic responses, PAF exacerbated 

allergen-induced inflammation by accelerating neutrophil infiltration [116], while 

PGE2 restrained allergic pulmonary inflammation [117]. PAF and PGE2 also 

showed opposite effects on platelet aggregation [118]. The antagonism between two 

lipid molecules may be an important part of regulatory strategies for maintaining 

immune homeostasis. Specific mechanisms by which these lipid mediators exert 

antagonistic functions on those physiological responses should be further 

investigated. 

 

UCB-MSCs distinctively modulated immunological characteristics of DCs 

toward both immunity and tolerance. Previously, MSCs have been reported to 

predominantly suppress differentiation and activation of DCs and other immune 

cells such as T lymphocytes and NK cells [22, 23, 87]. Although MSCs produce 

diverse immuno- modulatory mediators including PGE2, IL-6, and M-CSF [23, 24, 

119], they predominantly utilized PGE2 for suppressing immune responses of DCs 

[24]. In agreement with the previous findings, here, it was shown that maturation, 

cytokine production, and T lymphocyte-activating ability were markedly attenuated 

in DCs differentiated in the presence of large number of UCB-MSC, which were 
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mediated by EP2 signaling. Contrary to this, IL-12 production and TH1-inducing 

ability were markedly potentiated in DCs differentiated in the presence of small 

number of UCB-MSCs and these responses were resulted from the activation of 

EP4 signaling. However, in the mouse liver, activation of EP4 by MSC-derived 

PGE2 elicited tolerogenic characteristics in DCs, contributing to alleviation of 

hepatic inflammation induced by bacterial infection [120]. The discrepancy between 

the present and the previous findings may be ascribed to differences in the species, 

source of the DC progenitors and MSCs, and affinity of EP4 to PGE2. 

 

In clinical fields, MSCs have widely been used as cell therapeutics for 

degenerative diseases [121] or immune-related disorders [122, 123]. As MSCs 

possess potent immunosuppressive functions, their application so far was restricted 

to some inflammatory disorders such as graft versus host disease and autoimmune 

diseases [122, 123]. The present study identified the novel functions of MSCs on 

enhancing stimulatory properties of DCs. Some of recent findings have shown that 

MSCs were capable of exerting both immunostimulatory and immunosuppressive 

functions depending on stages of development or activation states of the target 

immune cells. In early phases of DC differentiation, MSCs potently inhibited DC 

progenitors to differentiate into conventional DCs with stimulatory characteristics 

[23, 87]. However, MSCs rather induced mild maturation of DCs at the late stages 

of differentiation [124]. In addition, MSCs also distinctively regulated cytotoxic 

activity of NK cells at different activation states [22, 125]. Given that DCs and NK 

cells are important sentinels for detecting and eliminating malignant cells such as 

cancer cells and infected cells, MSCs could be applied to immunocompromised 

disorders such as cancers and infectious diseases. 
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In this study, UCB-DCs contained more CD1a- cells and weakly expressed the 

maturation markers and inflammatory cytokines in response to LPS or HKEC, 

which are crucial for the activation of subsequent adaptive immunity. These results 

are in keeping with the previous report that UCB-DCs showed lower expression 

level of co-stimulatory molecules, MHC class II, and IL-12p70 in response to LPS 

or dying cells including apoptotic cells and necrotic cells [126]. Therefore, UCB-

DCs might be less potent than APB-DCs in the induction of adaptive immunity due 

to inadequate provision of co-stimulatory signals and immunostimulatory cytokines 

to T lymphocytes necessary for the generation of effector T lymphocytes. Indeed, it 

was observed that UCB-DCs weakly induced the proliferation and activation of T 

lymphocytes at the co-culture of UCB-DCs and allogeneic PBMCs. All these 

properties of UCB-DCs seem to be associated with those of CD1a- DCs, in light of 

the fact that CD1a- DCs even in response to LPS displayed a decrease in the 

expression of CD83, CD86, and IL-12p70 and activation of T lymphocytes [127, 

128]. 

 

PGE2 levels are highly sustained in the human placenta and UCB to maintain 

pregnancy and help in uterine contractions during parturition [129]. Considering 

that PGE2 levels soar transiently in both maternal and fetal circulation during 

periparturition [63], exposure of immune cells and their precursors to high amounts 

of PGE2 seems to be inevitable. Here, it was found that the precursors of UCB-DCs 

were exposed to high concentrations of PGE2, which would enhance tolerogenic 

properties during differentiation. In addition, UCB contained a lower number of 

CD14+CD16+ monocytes, which are known as activated monocytes, than APB. The 

PGE2 level in the UCB plasma has inverse correlation with the frequencies of 

CD14+CD16+ cells and treatment with PGE2 indeed suppressed the differentiation 

of CD14+CD16- monocytes into CD14+CD16+ monocytes. Concomitant with the 
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present findings, reduction of inflammatory CD14+CD16+ monocytes in UCB and 

its implications for weak immune responses of newborns to infections has been 

reported [34]. Taken together, these data suggest that sustaining high PGE2 levels in 

UCB might be a plausible strategy for protecting the immunocompromised neonates 

from excessive inflammation.  

 

Immunogenic DCs protect host from infectious diseases and cancers by 

stimulating innate and adaptive immunities, whereas tolerogenic DCs efficiently 

control the excessive activation of inflammatory cells including effector T 

lymphocytes, and NK cells [8]. However, both types of DCs could place the host in 

danger if their stimulatory or suppressive functions are uncontrolled. Indeed, 

pathogenesis of some inflammatory disorders such as autoimmune diseases and 

allergic diseases are closely associated with hyperactivation of immunogenic DCs 

[130]. In contrast, functional deficiency of the immunogenic DCs creates 

tolerogenic condition prone to develop immunocompromised diseases such as 

cancers [131, 132]. Since DCs are key players that finely tune immunity and 

tolerance, mechanisms for DC differentiation, activation, and regulation of their 

immunological properties need to be extensively investigated. 

 

In the present study, distinctive roles of PAF and PGE2 in the immunological 

characteristics of DCs were determined. In the steady state, PAF and EP4-mediated 

PGE2 signaling contribute to the enhancement of immunostimulatory properties of 

DCs. In contrast, PGE2 potentiates tolerogenic properties of DCs by activating both 

EP2/EP4 signaling under inflammatory conditions or cancer progression (Fig. 40). 

Although the present study proposes that DC-mediated immune homeostasis is 

potently associated with the PAF and PGE2, the physiological relevance should be 

verified using in vivo models. Therefore, PAF and PGE2 can be applied to the 
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development of DC-targeting therapeutic agents for the prevention and treatment of 

inflammatory diseases and cancers. 

 

Figure 40. PAFR signal and PGE2 signals differently regulate immunological 

characteristics of DCs and contribute to immune homeostasis. Activation of PAFR 

signaling potentiates immunostimulatory functions of DCs. PGE2 differently regulates 

immunogenic and tolerogenic characteristics of DCs by distinctively activating its two 

different receptors, EP4 and EP2. Activation of EP4 by low concentrations of PGE2 

enhances immunostimulatory characteristics of DCs, while the activation of EP2 by high 

concentrations of PGE2 suppresses stimulatory properties of the cells. PGE2 mediates 

immunomodulatory functions of UCB-MSCs that altered differentiation, activation, and 

functions of DCs. Finally, PGE2 sustained at high concentration in UCB preferentially 

induces tolerogenic properties of UCB-DCs. 

 



94 

 

 

Chapter V. References 

1. Kushwah, R. and Hu, J. (2011) Complexity of dendritic cell subsets and their 

function in the host immune system. Immunology 133, 409-19. 

2. Tisch, R. (2010) Immunogenic versus tolerogenic dendritic cells: a matter of 

maturation. Int. Rev. Immunol. 29, 111-8. 

3. Dearman, R. J., Cumberbatch, M., Maxwell, G., Basketter, D. A., Kimber, I. (2009) 

Toll-like receptor ligand activation of murine bone marrow-derived dendritic 

cells. Immunology 126, 475-84. 

4. Kapsenberg, M. L. (2003) Dendritic-cell control of pathogen-driven T-cell 

polarization. Nat. Rev. Immunol. 3, 984-93. 

5. Wolfle, S. J., Strebovsky, J., Bartz, H., Sahr, A., Arnold, C., Kaiser, C., Dalpke, A. 

H., Heeg, K. (2011) PD-L1 expression on tolerogenic APCs is controlled by 

STAT-3. Eur. J. Immunol. 41, 413-24. 

6. Boks, M. A., Kager-Groenland, J. R., Haasjes, M. S., Zwaginga, J. J., van Ham, S. 

M., ten Brinke, A. (2012) IL-10-generated tolerogenic dendritic cells are 

optimal for functional regulatory T cell induction--a comparative study of 

human clinical-applicable DC. Clin. Immunol. 142, 332-42. 

7. Zhang, X., Huang, H., Yuan, J., Sun, D., Hou, W. S., Gordon, J., Xiang, J. (2005) 

CD4-8- dendritic cells prime CD4+ T regulatory 1 cells to suppress antitumor 

immunity. J. Immunol. 175, 2931-7. 

8. Dugast, A. S. and Vanhove, B. (2009) Immune regulation by non-lymphoid cells 

in transplantation. Clin. Exp. Immunol. 156, 25-34. 

9. Luckey, U., Maurer, M., Schmidt, T., Lorenz, N., Seebach, B., Metz, M., 

Steinbrink, K. (2011) T cell killing by tolerogenic dendritic cells protects mice 

from allergy. J. clin. invest. 121, 3860-71. 



95 

 

10. Stenger, E. O., Turnquist, H. R., Mapara, M. Y., Thomson, A. W. (2012) Dendritic 

cells and regulation of graft-versus-host disease and graft-versus-leukemia 

activity. Blood 119, 5088-103. 

11. Plantinga, M., Hammad, H., Lambrecht, B. N. (2010) Origin and functional 

specializations of DC subsets in the lung. Eur. J. Immunol. 40, 2112-8. 

12. Hirata, Y., Egea, L., Dann, S. M., Eckmann, L., Kagnoff, M. F. (2010) GM-CSF-

facilitated dendritic cell recruitment and survival govern the intestinal 

mucosal response to a mouse enteric bacterial pathogen. Cell Host Microbe 7, 

151-63. 

13. Harris, K. M. (2011) Monocytes differentiated with GM-CSF and IL-15 initiate 

Th17 and Th1 responses that are contact-dependent and mediated by IL-15. J. 

Leukoc. Biol. 90, 727-34. 

14. Geissmann, F., Revy, P., Regnault, A., Lepelletier, Y., Dy, M., Brousse, N., 

Amigorena, S., Hermine, O., Durandy, A. (1999) TGF-beta 1 prevents the 

noncognate maturation of human dendritic Langerhans cells. J. Immunol. 162, 

4567-75. 

15. Steinbrink, K., Jonuleit, H., Muller, G., Schuler, G., Knop, J., Enk, A. H. (1999) 

Interleukin-10-treated human dendritic cells induce a melanoma-antigen-

specific anergy in CD8(+) T cells resulting in a failure to lyse tumor cells. 

Blood 93, 1634-42. 

16. Jurgens, B., Hainz, U., Fuchs, D., Felzmann, T., Heitger, A. (2009) Interferon-

gamma-triggered indoleamine 2,3-dioxygenase competence in human 

monocyte-derived dendritic cells induces regulatory activity in allogeneic T 

cells. Blood 114, 3235-43. 

17. Kalinski, P., Hilkens, C. M., Snijders, A., Snijdewint, F. G., Kapsenberg, M. L. 

(1997) IL-12-deficient dendritic cells, generated in the presence of 

prostaglandin E2, promote type 2 cytokine production in maturing human 

naive T helper cells. J. Immunol. 159, 28-35. 



96 

 

18. Cheng, P., Nefedova, Y., Corzo, C. A., Gabrilovich, D. I. (2007) Regulation of 

dendritic-cell differentiation by bone marrow stroma via different Notch 

ligands. Blood 109, 507-15. 

19. Gabrilovich, D. (2004) Mechanisms and functional significance of tumour-

induced dendritic-cell defects. Nat. Rev. Immunol. 4, 941-52. 

20. Le Blanc, K., Tammik, C., Rosendahl, K., Zetterberg, E., Ringden, O. (2003) HLA 

expression and immunologic properties of differentiated and undifferentiated 

mesenchymal stem cells. Exp. Hematol. 31, 890-6. 

21. Tse, W. T., Pendleton, J. D., Beyer, W. M., Egalka, M. C., Guinan, E. C. (2003) 

Suppression of allogeneic T-cell proliferation by human marrow stromal cells: 

implications in transplantation. Transplantation 75, 389-97. 

22. Spaggiari, G. M., Capobianco, A., Abdelrazik, H., Becchetti, F., Mingari, M. C., 

Moretta, L. (2008) Mesenchymal stem cells inhibit natural killer-cell 

proliferation, cytotoxicity, and cytokine production: role of indoleamine 2,3-

dioxygenase and prostaglandin E2. Blood 111, 1327-33. 

23. Nauta, A. J., Kruisselbrink, A. B., Lurvink, E., Willemze, R., Fibbe, W. E. (2006) 

Mesenchymal stem cells inhibit generation and function of both CD34+-

derived and monocyte-derived dendritic cells. J. Immunol. 177, 2080-7. 

24. Spaggiari, G. M., Abdelrazik, H., Becchetti, F., Moretta, L. (2009) MSCs inhibit 

monocyte-derived DC maturation and function by selectively interfering with 

the generation of immature DCs: central role of MSC-derived prostaglandin 

E2. Blood 113, 6576-83. 

25. Li, Y. P., Paczesny, S., Lauret, E., Poirault, S., Bordigoni, P., Mekhloufi, F., Hequet, 

O., Bertrand, Y., Ou-Yang, J. P., Stoltz, J. F., Miossec, P., Eljaafari, A. (2008) 

Human mesenchymal stem cells license adult CD34+ hemopoietic progenitor 

cells to differentiate into regulatory dendritic cells through activation of the 

Notch pathway. J. Immunol. 180, 1598-608. 

26. Ballen, K. K., Gluckman, E., Broxmeyer, H. E. (2013) Umbilical cord blood 



97 

 

transplantation: the first 25 years and beyond. Blood 122, 491-8. 

27. Lin, S. J., Yan, D. C., Lee, Y. C., Hsiao, H. S., Lee, P. T., Liang, Y. W., Kuo, M. L. 

(2012) Umbilical cord blood immunology: relevance to stem cell 

transplantation. Clin. Rev. Allergy Immunol. 42, 45-57. 

28. Pettengill, M. A., van Haren, S. D., Levy, O. (2014) Soluble mediators regulating 

immunity in early life. Front. Immunol. 5, 457. 

29. Encabo, A., Solves, P., Carbonell-Uberos, F., Minana, M. D. (2007) The 

functional immaturity of dendritic cells can be relevant to increased tolerance 

associated with cord blood transplantation. Transfusion 47, 272-9. 

30. Naderi, N., Pourfathollah, A. A., Alimoghaddam, K., Moazzeni, S. M. (2009) Cord 

blood dendritic cells prevent the differentiation of naive T-helper cells towards 

Th1 irrespective of their subtype. Clin. Exp. Med. 9, 29-36. 

31. Jin, Y. Y., Wang, X., Du, J., Cao, R. M., Law, H. K., Wang, J. J., Chen, T. X. (2014) 

Epstein-Barr virus induces the differentiation of semi-mature dendritic cells 

from cord blood monocytes. Hum. Immunol. 75, 306-16. 

32. Strauss-Ayali, D., Conrad, S. M., Mosser, D. M. (2007) Monocyte subpopulations 

and their differentiation patterns during infection. J. Leukoc. Biol. 82, 244-52. 

33. Fingerle, G., Pforte, A., Passlick, B., Blumenstein, M., Strobel, M., Ziegler-

Heitbrock, H. W. (1993) The novel subset of CD14+/CD16+ blood monocytes is 

expanded in sepsis patients. Blood 82, 3170-6. 

34. Pedraza-Sanchez, S., Hise, A. G., Ramachandra, L., Arechavaleta-Velasco, F., King, 

C. L. (2013) Reduced frequency of a CD14+ CD16+ monocyte subset with high 

Toll-like receptor 4 expression in cord blood compared to adult blood 

contributes to lipopolysaccharide hyporesponsiveness in newborns. Clin. 

Vaccine Immunol. 20, 962-71. 

35. Prescott, S. M., Zimmerman, G. A., Stafforini, D. M., McIntyre, T. M. (2000) 

Platelet-activating factor and related lipid mediators. Annu. Rev. Biochem. 69, 

419-45. 



98 

 

36. Drolet, A. M., Thivierge, M., Turcotte, S., Hanna, D., Maynard, B., Stankova, J., 

Rola-Pleszczynski, M. (2011) Platelet-activating factor induces Th17 cell 

differentiation. Mediators Inflamm. 2011, 913802. 

37. Vercellotti, G. M., Yin, H. Q., Gustafson, K. S., Nelson, R. D., Jacob, H. S. (1988) 

Platelet-activating factor primes neutrophil responses to agonists: role in 

promoting neutrophil-mediated endothelial damage. Blood 71, 1100-7. 

38. Rose, J. K., Debs, R. A., Philip, R., Ruis, N. M., Valone, F. H. (1990) Selective 

activation of human monocytes by the platelet-activating factor analog 1-O-

hexadecyl-2-O-methyl-sn-glycero-3-phosphorylcholine. J. Immunol. 144, 3513-

7. 

39. Heon Seo, K., Ko, H. M., Kim, H. A., Choi, J. H., Jun Park, S., Kim, K. J., Lee, H. 

K., Im, S. Y. (2006) Platelet-activating factor induces up-regulation of 

antiapoptotic factors in a melanoma cell line through nuclear factor-kappaB 

activation. Cancer research 66, 4681-6. 

40. He, J. and Bazan, H. E. (2006) Synergistic effect of platelet-activating factor 

and tumor necrosis factor-alpha on corneal myofibroblast apoptosis. Invest. 

Ophthalmol. Vis. Sci. 47, 883-91. 

41. Behrens, T. W. and Goodwin, J. S. (1990) Control of human T cell proliferation 

by platelet-activating factor. Int. J. Immunopharmacol. 12, 175-84. 

42. Camussi, G., Mariano, F., Biancone, L., De Martino, A., Bussolati, B., 

Montrucchio, G., Tobias, P. S. (1995) Lipopolysaccharide binding protein and 

CD14 modulate the synthesis of platelet-activating factor by human 

monocytes and mesangial and endothelial cells stimulated with 

lipopolysaccharide. J. Immunol. 155, 316-24. 

43. Bussolino, F., Breviario, F., Tetta, C., Aglietta, M., Mantovani, A., Dejana, E. 

(1986) Interleukin 1 stimulates platelet-activating factor production in 

cultured human endothelial cells. J. clin. invest. 77, 2027-33. 

44. DeNichilo, M. O., Stewart, A. G., Vadas, M. A., Lopez, A. F. (1991) Granulocyte-



99 

 

macrophage colony-stimulating factor is a stimulant of platelet-activating 

factor and superoxide anion generation by human neutrophils. J. Biol. Chem. 

266, 4896-902. 

45. Yost, C. C., Weyrich, A. S., Zimmerman, G. A. (2010) The platelet activating 

factor (PAF) signaling cascade in systemic inflammatory responses. Biochimie. 

92, 692-7. 

46. Park, O. J., Han, J. Y., Baik, J. E., Jeon, J. H., Kang, S. S., Yun, C. H., Oh, J. W., 

Seo, H. S., Han, S. H. (2013) Lipoteichoic acid of Enterococcus faecalis induces 

the expression of chemokines via TLR2 and PAFR signaling pathways. J. 

Leukoc. Biol. 94, 1275-84. 

47. Zimmerman, G. A., McIntyre, T. M., Prescott, S. M., Stafforini, D. M. (2002) The 

platelet-activating factor signaling system and its regulators in syndromes of 

inflammation and thrombosis. Crit. Care Med. 30, S294-301. 

48. Snyder, F. (1988) Metabolism of platelet activating factor and related ether 

lipids: enzymatic pathways, subcellular sites, regulation, and membrane 

processing. Prog. Clin. Biol. Res. 282, 57-72. 

49. Denizot, Y., Aupetit, C., Bridoux, F., Alphonse, J. C., Cogne, M., Aldigier, J. C. 

(2000) Deregulated platelet-activating factor levels and acetylhydrolase 

activity in patients with idiopathic IgA nephropathy. Nephrology, dialysis, 

transplantation 15, 1344-7. 

50. Konieczkowski, M. and Sedor, J. R. (1993) Cell-specific regulation of type II 

phospholipase A2 expression in rat mesangial cells. J. clin. invest. 92, 2524-32. 

51. Stafforini, D. M., McIntyre, T. M., Carter, M. E., Prescott, S. M. (1987) Human 

plasma platelet-activating factor acetylhydrolase. Association with lipoprotein 

particles and role in the degradation of platelet-activating factor. J. Biol. Chem. 

262, 4215-22. 

52. Honda, Z., Ishii, S., Shimizu, T. (2002) Platelet-activating factor receptor. J. 

Biochem. 131, 773-9. 



100 

 

53. Clark, J. D., Lin, L. L., Kriz, R. W., Ramesha, C. S., Sultzman, L. A., Lin, A. Y., 

Milona, N., Knopf, J. L. (1991) A novel arachidonic acid-selective cytosolic 

PLA2 contains a Ca(2+)-dependent translocation domain with homology to 

PKC and GAP. Cell 65, 1043-51. 

54. Kramer, R. M., Roberts, E. F., Manetta, J., Putnam, J. E. (1991) The Ca2(+)-

sensitive cytosolic phospholipase A2 is a 100-kDa protein in human monoblast 

U937 cells. J. Biol. Chem. 266, 5268-72. 

55. Lukashova, V., Chen, Z., Duhe, R. J., Rola-Pleszczynski, M., Stankova, J. (2003) 

Janus kinase 2 activation by the platelet-activating factor receptor (PAFR): 

roles of Tyk2 and PAFR C terminus. J. Immunol. 171, 3794-800. 

56. Han, S. H., Kim, J. H., Seo, H. S., Martin, M. H., Chung, G. H., Michalek, S. M., 

Nahm, M. H. (2006) Lipoteichoic acid-induced nitric oxide production depends 

on the activation of platelet-activating factor receptor and Jak2. J. Immunol. 

176, 573-9. 

57. Marques, S. A., Dy, L. C., Southall, M. D., Yi, Q., Smietana, E., Kapur, R., 

Marques, M., Travers, J. B., Spandau, D. F. (2002) The platelet-activating factor 

receptor activates the extracellular signal-regulated kinase mitogen-activated 

protein kinase and induces proliferation of epidermal cells through an 

epidermal growth factor-receptor-dependent pathway. J. Pharmacol. Exp. Ther. 

300, 1026-35. 

58. Ali, H., Richardson, R. M., Tomhave, E. D., DuBose, R. A., Haribabu, B., 

Snyderman, R. (1994) Regulation of stably transfected platelet activating factor 

receptor in RBL-2H3 cells. Role of multiple G proteins and receptor 

phosphorylation. J. Biol. Chem. 269, 24557-63. 

59. Ali, H., Fisher, I., Haribabu, B., Richardson, R. M., Snyderman, R. (1997) Role of 

phospholipase Cbeta3 phosphorylation in the desensitization of cellular 

responses to platelet-activating factor. J. Biol. Chem. 272, 11706-9. 

60. Chen, Z., Dupre, D. J., Le Gouill, C., Rola-Pleszczynski, M., Stankova, J. (2002) 



101 

 

Agonist-induced internalization of the platelet-activating factor receptor is 

dependent on arrestins but independent of G-protein activation. Role of the C 

terminus and the (D/N)PXXY motif. J. Biol. Chem. 277, 7356-62. 

61. Fukunaga, A., Khaskhely, N. M., Sreevidya, C. S., Byrne, S. N., Ullrich, S. E. 

(2008) Dermal dendritic cells, and not Langerhans cells, play an essential role 

in inducing an immune response. J. Immunol. 180, 3057-64. 

62. Koga, M. M., Bizzarro, B., Sa-Nunes, A., Rios, F. J., Jancar, S. (2013) Activation 

of PAF-receptor induces regulatory dendritic cells through PGE2 and IL-10. 

Prostaglandins Leukot.Essent. Fatty Acids 89, 319-26. 

63. Sastry, B. V., Hemontolor, M. E., Chance, M. B., Johnson, R. F. (1997) Dual 

messenger function for prostaglandin E2 (PGE2) in human placenta. Cellular 

and molecular biology 43, 417-24. 

64. Sinha, P., Clements, V. K., Fulton, A. M., Ostrand-Rosenberg, S. (2007) 

Prostaglandin E2 promotes tumor progression by inducing myeloid-derived 

suppressor cells. Cancer research 67, 4507-13. 

65. Kalinski, P. (2012) Regulation of immune responses by prostaglandin E2. J. 

Immunol. 188, 21-8. 

66. Hoggatt, J., Singh, P., Sampath, J., Pelus, L. M. (2009) Prostaglandin E2 

enhances hematopoietic stem cell homing, survival, and proliferation. Blood 

113, 5444-55. 

67. Obermajer, N., Muthuswamy, R., Lesnock, J., Edwards, R. P., Kalinski, P. (2011) 

Positive feedback between PGE2 and COX2 redirects the differentiation of 

human dendritic cells toward stable myeloid-derived suppressor cells. Blood 

118, 5498-505. 

68. Faist, E., Mewes, A., Baker, C. C., Strasser, T., Alkan, S. S., Rieber, P., Heberer, G. 

(1987) Prostaglandin E2 (PGE2)-dependent suppression of interleukin alpha 

(IL-2) production in patients with major trauma. J. Trauma 27, 837-48. 

69. Phipps, R. P., Stein, S. H., Roper, R. L. (1991) A new view of prostaglandin E 



102 

 

regulation of the immune response. Immunology today 12, 349-52. 

70. Nakatani, Y., Hokonohara, Y., Kakuta, S., Sudo, K., Iwakura, Y., Kudo, I. (2007) 

Knockout mice lacking cPGES/p23, a constitutively expressed PGE2 synthetic 

enzyme, are peri-natally lethal. Biochem. Biophys. Res. Commun. 362, 387-92. 

71. Tai, H. H., Ensor, C. M., Tong, M., Zhou, H., Yan, F. (2002) Prostaglandin 

catabolizing enzymes. Prostaglandins Other lipid mediat. 68-69, 483-93. 

72. Brochhausen, C., Zehbe, R., Watzer, B., Halstenberg, S., Gabler, F., Schubert, H., 

Kirkpatrick, C. J. (2009) Immobilization and controlled release of 

prostaglandin E2 from poly-L-lactide-co-glycolide microspheres. J. Biomed. 

Mate.r Res. A 91, 454-62. 

73. Hull, M. A., Ko, S. C., Hawcroft, G. (2004) Prostaglandin EP receptors: targets 

for treatment and prevention of colorectal cancer? Mol. Cancer Ther. 3, 1031-9. 

74. Yokoyama, U., Iwatsubo, K., Umemura, M., Fujita, T., Ishikawa, Y. (2013) The 

prostanoid EP4 receptor and its signaling pathway. Pharmacological reviews 

65, 1010-52. 

75. Nishigaki, N., Negishi, M., Ichikawa, A. (1996) Two Gs-coupled prostaglandin E 

receptor subtypes, EP2 and EP4, differ in desensitization and sensitivity to the 

metabolic inactivation of the agonist. Molecular pharmacology 50, 1031-7. 

76. Rieser, C., Bock, G., Klocker, H., Bartsch, G., Thurnher, M. (1997) Prostaglandin 

E2 and tumor necrosis factor alpha cooperate to activate human dendritic 

cells: synergistic activation of interleukin 12 production. J. Exp. Med. 186, 

1603-8. 

77. Jonuleit, H., Kuhn, U., Muller, G., Steinbrink, K., Paragnik, L., Schmitt, E., Knop, 

J., Enk, A. H. (1997) Pro-inflammatory cytokines and prostaglandins induce 

maturation of potent immunostimulatory dendritic cells under fetal calf 

serum-free conditions. Eur. J. Immunol. 27, 3135-42. 

78. Kalinski, P., Schuitemaker, J. H., Hilkens, C. M., Kapsenberg, M. L. (1998) 

Prostaglandin E2 induces the final maturation of IL-12-deficient 



103 

 

CD1a+CD83+ dendritic cells: the levels of IL-12 are determined during the 

final dendritic cell maturation and are resistant to further modulation. J. 

Immunol. 161, 2804-9. 

79. Scandella, E., Men, Y., Gillessen, S., Forster, R., Groettrup, M. (2002) 

Prostaglandin E2 is a key factor for CCR7 surface expression and migration 

of monocyte-derived dendritic cells. Blood 100, 1354-61. 

80. Servillo, L., Balestrieri, C., Giovane, A., Pari, P., Palma, D., Giannattasio, G., 

Triggiani, M., Balestrieri, M. L. (2006) Lysophospholipid transacetylase in the 

regulation of PAF levels in human monocytes and macrophages. FASEB J. 20, 

1015-7. 

81. Heystek, H. C., Mudde, G. C., Ohler, R., Kalthoff, F. S. (2000) Granulocyte-

macrophage colony-stimulating factor (GM-CSF) has opposing effects on the 

capacity of monocytes versus monocyte-derived dendritic cells to stimulate the 

antigen-specific proliferation of a human T cell clone. Clin. Exp. Immunol. 120, 

440-7. 

82. de Heusch, M., Oldenhove, G., Urbain, J., Thielemans, K., Maliszewski, C., Leo, 

O., Moser, M. (2004) Depending on their maturation state, splenic dendritic 

cells induce the differentiation of CD4(+) T lymphocytes into memory and/or 

effector cells in vivo. Eur. J. Immunol. 34, 1861-9. 

83. Yvon, E. S., Vigouroux, S., Rousseau, R. F., Biagi, E., Amrolia, P., Dotti, G., 

Wagner, H. J., Brenner, M. K. (2003) Overexpression of the Notch ligand, 

Jagged-1, induces alloantigen-specific human regulatory T cells. Blood 102, 

3815-21. 

84. Mennechet, F. J. and Uze, G. (2006) Interferon-lambda-treated dendritic cells 

specifically induce proliferation of FOXP3-expressing suppressor T cells. 

Blood 107, 4417-23. 

85. Gosset, P., Bureau, F., Angeli, V., Pichavant, M., Faveeuw, C., Tonnel, A. B., 

Trottein, F. (2003) Prostaglandin D2 affects the maturation of human monocyte-



104 

 

derived dendritic cells: consequence on the polarization of naive Th cells. J. 

Immunol. 170, 4943-52. 

86. Yao, C., Sakata, D., Esaki, Y., Li, Y., Matsuoka, T., Kuroiwa, K., Sugimoto, Y., 

Narumiya, S. (2009) Prostaglandin E2-EP4 signaling promotes immune 

inflammation through Th1 cell differentiation and Th17 cell expansion. Nat. 

Med. 15, 633-40. 

87. Najar, M., Rouas, R., Raicevic, G., Boufker, H. I., Lewalle, P., Meuleman, N., 

Bron, D., Toungouz, M., Martiat, P., Lagneaux, L. (2009) Mesenchymal stromal 

cells promote or suppress the proliferation of T lymphocytes from cord blood 

and peripheral blood: the importance of low cell ratio and role of interleukin-

6. Cytotherapy 11, 570-83. 

88. Steinman, R. M. and Hemmi, H. (2006) Dendritic cells: translating innate to 

adaptive immunity. Curr Top Microbiol Immunol. 311, 17-58. 

89. Sanchez-Torres, C., Garcia-Romo, G. S., Cornejo-Cortes, M. A., Rivas-Carvalho, 

A., Sanchez-Schmitz, G. (2001) CD16+ and CD16- human blood monocyte 

subsets differentiate in vitro to dendritic cells with different abilities to 

stimulate CD4+ T cells. International immunology 13, 1571-81. 

90. Belderbos, M. E., Levy, O., Stalpers, F., Kimpen, J. L., Meyaard, L., Bont, L. 

(2012) Neonatal plasma polarizes TLR4-mediated cytokine responses towards 

low IL-12p70 and high IL-10 production via distinct factors. PloS One 7, 

e33419. 

91. Kruger, M., Coorevits, L., De Wit, T. P., Casteels-Van Daele, M., Van De Winkel, J. 

G., Ceuppens, J. L. (1996) Granulocyte-macrophage colony-stimulating factor 

antagonizes the transforming growth factor-beta-induced expression of Fc 

gamma RIII (CD16) on human monocytes. Immunology 87, 162-7. 

92. Ilarregui, J. M., Croci, D. O., Bianco, G. A., Toscano, M. A., Salatino, M., 

Vermeulen, M. E., Geffner, J. R., Rabinovich, G. A. (2009) Tolerogenic signals 

delivered by dendritic cells to T cells through a galectin-1-driven 



105 

 

immunoregulatory circuit involving interleukin 27 and interleukin 10. Nat. 

Immunol. 10, 981-91. 

93. Remes Lenicov, F., Rodriguez Rodrigues, C., Sabatte, J., Cabrini, M., Jancic, C., 

Ostrowski, M., Merlotti, A., Gonzalez, H., Alonso, A., Pasqualini, R. A., Davio, C., 

Geffner, J., Ceballos, A. (2012) Semen promotes the differentiation of 

tolerogenic dendritic cells. J. Immunol. 189, 4777-86. 

94. Svajger, U., Obermajer, N., Jeras, M. (2010) Dendritic cells treated with 

resveratrol during differentiation from monocytes gain substantial tolerogenic 

properties upon activation. Immunology 129, 525-35. 

95. Thomson, A. W., Turnquist, H. R., Zahorchak, A. F., Raimondi, G. (2009) 

Tolerogenic dendritic cell-regulatory T-cell interaction and the promotion of 

transplant tolerance. Transplantation 87, S86-90. 

96. van de Laar, L., Coffer, P. J., Woltman, A. M. (2012) Regulation of dendritic cell 

development by GM-CSF: molecular control and implications for immune 

homeostasis and therapy. Blood 119, 3383-93. 

97. Kowanko, I. C., Bates, E. J., Ferrante, A. (1992) Platelet-activating factor 

inhibits proteoglycan synthesis and enhances neutrophil-mediated 

proteoglycan degradation in cartilage explants. Arthritis Rheum. 35, 918-25. 

98. Resnick, M. B., Colgan, S. P., Parkos, C. A., Delp-Archer, C., McGuirk, D., Weller, 

P. F., Madara, J. L. (1995) Human eosinophils migrate across an intestinal 

epithelium in response to platelet-activating factor. Gastroenterology 108, 409-

16. 

99. Yao, C., Hirata, T., Soontrapa, K., Ma, X., Takemori, H., Narumiya, S. (2013) 

Prostaglandin E(2) promotes Th1 differentiation via synergistic amplification 

of IL-12 signalling by cAMP and PI3-kinase. Nat. Commun. 4, 1685. 

100. Fabricius, D., Neubauer, M., Mandel, B., Schutz, C., Viardot, A., Vollmer, A., 

Jahrsdorfer, B., Debatin, K. M. (2010) Prostaglandin E2 inhibits IFN-alpha 

secretion and Th1 costimulation by human plasmacytoid dendritic cells via E-



106 

 

prostanoid 2 and E-prostanoid 4 receptor engagement. J. Immunol. 184, 677-84. 

101. Okano, M., Sugata, Y., Fujiwara, T., Matsumoto, R., Nishibori, M., Shimizu, K., 

Maeda, M., Kimura, Y., Kariya, S., Hattori, H., Yokoyama, M., Kino, K., Nishizaki, 

K. (2006) E prostanoid 2 (EP2)/EP4-mediated suppression of antigen-specific 

human T-cell responses by prostaglandin E2. Immunology 118, 343-52. 

102. Walker, W. and Rotondo, D. (2004) Prostaglandin E2 is a potent regulator of 

interleukin-12- and interleukin-18-induced natural killer cell interferon-

gamma synthesis. Immunology 111, 298-305. 

103. Martinet, L., Jean, C., Dietrich, G., Fournie, J. J., Poupot, R. (2010) PGE2 inhibits 

natural killer and gamma delta T cell cytotoxicity triggered by NKR and TCR 

through a cAMP-mediated PKA type I-dependent signaling. Biochem. 

Pharmacol. 80, 838-45. 

104. Johansson, J. U., Pradhan, S., Lokteva, L. A., Woodling, N. S., Ko, N., Brown, H. 

D., Wang, Q., Loh, C., Cekanaviciute, E., Buckwalter, M., Manning-Bog, A. B., 

Andreasson, K. I. (2013) Suppression of inflammation with conditional deletion 

of the prostaglandin E2 EP2 receptor in macrophages and brain microglia. J. 

Neurosci. 33, 16016-32. 

105. van der Pouw Kraan, T. C., Boeije, L. C., Smeenk, R. J., Wijdenes, J., Aarden, L. A. 

(1995) Prostaglandin-E2 is a potent inhibitor of human interleukin 12 

production. J. Exp. Med. 181, 775-9. 

106. Luo, M., Jones, S. M., Phare, S. M., Coffey, M. J., Peters-Golden, M., Brock, T. G. 

(2004) Protein kinase A inhibits leukotriene synthesis by phosphorylation of 5-

lipoxygenase on serine 523. J. Biol. Chem. 279, 41512-20. 

107. Braun, M. C., He, J., Wu, C. Y., Kelsall, B. L. (1999) Cholera toxin suppresses 

interleukin (IL)-12 production and IL-12 receptor beta1 and beta2 chain 

expression. J. Exp. Med. 189, 541-52. 

108. Poloso, N. J., Urquhart, P., Nicolaou, A., Wang, J., Woodward, D. F. (2013) PGE2 

differentially regulates monocyte-derived dendritic cell cytokine responses 



107 

 

depending on receptor usage (EP2/EP4). Mol. Immunol. 54, 284-95. 

109. Renz, H., Gong, J. H., Schmidt, A., Nain, M., Gemsa, D. (1988) Release of tumor 

necrosis factor-alpha from macrophages. Enhancement and suppression are 

dose-dependently regulated by prostaglandin E2 and cyclic nucleotides. J. 

Immunol. 141, 2388-93. 

110. Schwartz, Z., Gilley, R. M., Sylvia, V. L., Dean, D. D., Boyan, B. D. (1998) The 

effect of prostaglandin E2 on costochondral chondrocyte differentiation is 

mediated by cyclic adenosine 3',5'-monophosphate and protein kinase C. 

Endocrinology 139, 1825-34. 

111. Kreydiyyeh, S. I., Markossian, S., Hodeify, R. F. (2006) PGE2 exerts dose-

dependent opposite effects on net water and chloride absorption from the rat 

colon. Prostaglandins Other lipid mediat. 79, 43-52. 

112. Konger, R. L., Billings, S. D., Thompson, A. B., Morimiya, A., Ladenson, J. H., 

Landt, Y., Pentland, A. P., Badve, S. (2005) Immunolocalization of low-affinity 

prostaglandin E receptors, EP and EP, in adult human epidermis. J. Invest. 

Dermatol. 124, 965-70. 

113. Oshima, H. and Oshima, M. (2013) The role of PGE2-associated inflammatory 

responses in gastric cancer development. Semin. Immunopathol. 35, 139-50. 

114. Tsoupras, A. B., Iatrou, C., Frangia, C., Demopoulos, C. A. (2009) The 

implication of platelet activating factor in cancer growth and metastasis: 

potent beneficial role of PAF-inhibitors and antioxidants. Infect. Disord. Drug 

Targets 9, 390-9. 

115. Yen, J. H., Khayrullina, T., Ganea, D. (2008) PGE2-induced metallo-proteinase-

9 is essential for dendritic cell migration. Blood 111, 260-70. 

116. Watanabe, M., Sugidachi, A., Omata, M., Hirasawa, N., Mue, S., Tsurufuji, S., 

Ohuchi, K. (1990) Possible role for platelet-activating factor in neutrophil 

infiltration in allergic inflammation in rats. Int. Arch. Allergy Appl. Immunol. 92, 

396-403. 



108 

 

117. Lundequist, A., Nallamshetty, S. N., Xing, W., Feng, C., Laidlaw, T. M., Uematsu, 

S., Akira, S., Boyce, J. A. (2010) Prostaglandin E(2) exerts homeostatic 

regulation of pulmonary vascular remodeling in allergic airway inflammation. 

J. Immunol. 184, 433-41. 

118. Iyu, D., Glenn, J. R., White, A. E., Johnson, A. J., Fox, S. C., Heptinstall, S. (2010) 

The role of prostanoid receptors in mediating the effects of PGE(2) on human 

platelet function. Platelets 21, 329-42. 

119. Jiang, X. X., Zhang, Y., Liu, B., Zhang, S. X., Wu, Y., Yu, X. D., Mao, N. (2005) 

Human mesenchymal stem cells inhibit differentiation and function of 

monocyte-derived dendritic cells. Blood 105, 4120-6. 

120. Zhang, Y., Cai, W., Huang, Q., Gu, Y., Shi, Y., Huang, J., Zhao, F., Liu, Q., Wei, X., 

Jin, M., Wu, C., Xie, Q., Zhang, Y., Wan, B., Zhang, Y. (2014) Mesenchymal stem 

cells alleviate bacteria-induced liver injury in mice by inducing regulatory 

dendritic cells. Hepatology 59, 671-82. 

121. Abdallah, B. M. and Kassem, M. (2009) The use of mesenchymal (skeletal) stem 

cells for treatment of degenerative diseases: current status and future 

perspectives. J. Cell Physiol. 218, 9-12. 

122. Le Blanc, K., Frassoni, F., Ball, L., Locatelli, F., Roelofs, H., Lewis, I., Lanino, E., 

Sundberg, B., Bernardo, M. E., Remberger, M., Dini, G., Egeler, R. M., 

Bacigalupo, A., Fibbe, W., Ringden, O., Developmental Committee of the 

European Group for, B., Marrow, T. (2008) Mesenchymal stem cells for 

treatment of steroid-resistant, severe, acute graft-versus-host disease: a phase 

II study. Lancet 371, 1579-86. 

123. Liang, J., Zhang, H., Hua, B., Wang, H., Lu, L., Shi, S., Hou, Y., Zeng, X., 

Gilkeson, G. S., Sun, L. (2010) Allogenic mesenchymal stem cells 

transplantation in refractory systemic lupus erythematosus: a pilot clinical 

study. Ann. Rheum. Dis. 69, 1423-9. 

124. van den Berk, L. C., Roelofs, H., Huijs, T., Siebers-Vermeulen, K. G., Raymakers, 



109 

 

R. A., Kogler, G., Figdor, C. G., Torensma, R. (2009) Cord blood mesenchymal 

stem cells propel human dendritic cells to an intermediate maturation state 

and boost interleukin-12 production by mature dendritic cells. Immunology 

128, 564-72. 

125.Spaggiari, G. M., Capobianco, A., Becchetti, S., Mingari, M. C., Moretta, L. (2006) 

Mesenchymal stem cell-natural killer cell interactions: evidence that activated 

NK cells are capable of killing MSCs, whereas MSCs can inhibit IL-2-induced 

NK-cell proliferation. Blood 107, 1484-90. 

126. Wong, O. H., Huang, F. P., Chiang, A. K. (2005) Differential responses of cord 

and adult blood-derived dendritic cells to dying cells. Immunology 116, 13-20. 

127. Gogolak, P., Rethi, B., Szatmari, I., Lanyi, A., Dezso, B., Nagy, L., Rajnavolgyi, E. 

(2007) Differentiation of CD1a- and CD1a+ monocyte-derived dendritic cells is 

biased by lipid environment and PPAR gamma. Blood 109, 643-52. 

128. Leslie, D. S., Dascher, C. C., Cembrola, K., Townes, M. A., Hava, D. L., 

Hugendubler, L. C., Mueller, E., Fox, L., Roura-Mir, C., Moody, D. B., Vincent, M. 

S., Gumperz, J. E., Illarionov, P. A., Besra, G. S., Reynolds, C. G., Brenner, M. B. 

(2008) Serum lipids regulate dendritic cell CD1 expression and function. 

Immunology 125, 289-301. 

129. Amash, A., Holcberg, G., Sheiner, E., Fleisher-Berkovich, S., Myatt, L., Huleihel, 

M. (2009) Lipopolysaccharide differently affects prostaglandin E2 levels in 

fetal and maternal compartments of perfused human term placenta. 

Prostaglandins Other lipid mediat. 88, 18-22. 

130. Ganguly, D., Haak, S., Sisirak, V., Reizis, B. (2013) The role of dendritic cells in 

autoimmunity. Nat. Rev. Immunol. 13, 566-77. 

131. Ma, Y., Shurin, G. V., Gutkin, D. W., Shurin, M. R. (2012) Tumor associated 

regulatory dendritic cells. Semin. Cancer Biol. 22, 298-306. 

132. Ma, Y., Shurin, G. V., Peiyuan, Z., Shurin, M. R. (2013) Dendritic cells in the 

cancer microenvironment. J. Cancer 4, 36-44. 



110 

 



 

 

국  

 

 

지상 포  면역학  특 에  소  

인자  프 스타 란  E2 신  역할 

 

 

  경 

울 학  학원 

학과 면역  분자미생  공 

(지도 : 한 승 ) 

 

 

 

목   

지상 포는 천  면역과 획득면역  연결해주는 인 

항원 시 포  면역학  과 내  조 에  핵심 인 역할  

행한다. 지상 포  면역학  특  구 포  래, 해부학  , 

국소 미 경과 같  인자에 라  다르게 조 다. 이러한 요소들 

에 , 인지질 산 들  지상 포  분 , , 능 조  에  

요하게 작용한다. 소  인자  프 스타 란  E2는 인 

염증  인지질 매개인자  지상 포   분 단계에  생 다. 

하지만 재 지 지상 포  분   를 롯한 면역학  특  

조 에  이들  역할과 상 작용  잘 알  있지 않다. 본 

연구에 는 인체 단핵구 래 지상 포  면역학  특 에  소  

인자  프 스타 란  E2  능과 상  조  조사하 다. 



 

 

실험 법 

소  인자  프 스타 란  E2  신 달에 른 

지상 포  면역학  특  조  연구하  해  말 액 부  

분리한 CD14+ 단핵구에 소  인자 용체  프 스타 란  

E2 용체  항  또는 작용 를 각각 처리한 후, 미  

지상 포  분 시 다. 병원  미생  자극에 른 포    

싸이토카인  양상  알아보  해  열  가하여 사멸시킨 

폐구균  미  지상 포를 자극한 후, 포 면  동시자극/억  

분자  MHC 단 질   포 분 를 이용하여 하 다. 

또한, 효소면역 법  이용하여 IL-12p70, TNF-α, IL-10  

생 량  분 하 다. 지상 포에 한 T 림프구   양상  

조사하  해  열-사멸 폐구균  자극한 지상 포 또는 자극  

하지 않  미  지상 포를 각각 자가 래 T 림프구  함께 

양하고, T 림프구  증식,  마커 , 포 내 싸이토카인 생  

양상  포 분 를 이용하여 하 다. 

 

지상 포  면역학  특 과 프 스타 란  E2  생리학  

연  규명하  해  프 스타 란  E2를 지속  생 하는 

 래 간엽 포  CD14+ 단핵구를 동시 양하고 이를 

미  지상 포  분 시 다. 또한, 프 스타 란  E2  농도가 

높게 지 고 있는 부  분리한 CD14+ 단핵구를 미  

지상 포  분 시 다. 병원  미생  자극에 른 지상 포  

  싸이토카인  양상  알아보  해  열  가하여 사멸시킨 

장균  각 지상 포를 자극한 후, 포 면  동시자극/억  분자 

 MHC 단 질   포 분 를 이용하여 하 다. 또한, 

효소면역 법  이용하여 IL-12p70, TNF-α, IL-10  생 량  분  



 

 

하 다. 지상 포에 한 T 림프구   양상  조사하  해  

열-사멸 장균  자극한 지상 포 또는 자극  하지 않  미  

지상 포를 각각 T 림프구  함께 양하고 T 림프구  증식과 

 마커   포 분 를 이용하여 하 다. 

 

결  과 

소  인자 용체  항 를 처리한 후 분  도한 

지상 포는 조군 지상 포에 해  CD1a, CD80, PD-L1  게 

하 고 CD86과 CD14는  많이 하고 있었 며, 열-사멸 

폐구균에 한 높  탐식 능  보 다. 소  인자 용체 신 가 

불  지상 포는 열-사멸 폐구균  자극 시, 동시자극/억  분자 

 MHC class II를 조군 지상 포에 해  약하게 하 고 IL-

12p70, TNF-α, IL-10과 같  싸이토카인  거  생 하지 않았다. 뿐만 

아니라 자가 래 T 림프구  증식,  마커 , 싸이토카인 생  

역시 효과  도하지 않았다. 이들  히  IL-10과 TGF-β를 

생 하는 조  T 포  분 를 진시 다. 이 결과들  소  인자 

용체를 매개한 포 내 신 달이 단핵구가 면역학   가지는 

지상 포  분 하는데 필 이라는 것  미한다. 

 

프 스타 란  E2  용체인 EP4  항 를 처리한 후 분  도한 

지상 포는 열-사멸 폐구균  자극 시, 조군 지상 포에 해  

동시자극분자  과 IL-12p70  생  능 이 낮았다. 또한, 이들  

자가 래 T 림프구  합하여 양하여 T 림프구  양상  

분 해본 결과, 조군 지상 포에 해  약한 T 림프구 증식   

능  나타내었다. 면, EP2  항 를 처리한 후 분  도한 

지상 포는 조군 지상 포과 해 보았   과 능에  



 

 

인 차이를 보이지 않았다. EP4  EP2  는 단핵구에 처리한 

프 스타 란  E2  농도에 라  다르게 조 었는데, 낮  농도  

프 스타 란  E2는 EP4를  시  지상 포  동시자극분자 

, 싸이토카인 생 , T 림프구 증식 등 면역학   증가시 다. 

, 높  농도  프 스타 란  E2는 EP2  EP4  를 

매개하여 상  지상 포  면역  감소시 다. 프 스타 란  E2  

각  다른 용체  양상에 른 상  효과는  래 간엽 

포  지상 포 분    조 에 도 찰 었는데, 간엽 

포  합 양에 른 단핵구 내 EP4  는 지상 포  

면역학   증가시 고,  EP2  는 지상 포  

면역학  내  강 시 다. 이러한 결과들 부  프 스타 란  E2가 

각  다른 용체 를 매개하여 지상 포  면역학  특 이 다르게 

조 한다는 것  알  있다. 

 

 래 지상 포는 인  말 액 래 지상 포에 해  

CD1a, CD80, MHC class I, MHC class II, DC-SIGN   이 낮게 

찰 었지만 항원탐식작용  말 액 래 지상 포 보다 높게 

나타났다. LPS  자극 시,  래 지상 포는 마커, IL-12p70, 

TNF-α   낮게 생산하 지만 IL-10   히 증가시 다. 

동종 타가 래 합 구  동시 양한  래 지상 포는 

말 액 래 지상 포에 해  T 림프구  증식,  마커 , 

IFN-γ  생  약하게 도하 다. 에 는 인  말 액에 보다 

높   프 스타 란  E2가 검출 었는데, 이는  래 

지상 포    면역 내  도 능 과 높  상 계가 있는 

것  나타났다. 실 , 높  농도  프 스타 란  E2  존재 하에 분  

도한 지상 포는 과 싸이토카인  양상 그리고 T 림프구 



 

 

 도 에   래 지상 포  사한 특  나타내었다. 

이 결과들   내  프 스타 란  E2가 지상 포  면역학  내  

조 에 여한다는 것  나타낸다. 

 

결   

이상  연구결과들 부  다 과 같  결  도출할  있다. 소  

인자 용체  신  는 인간 단핵구 래 지상 포  

면역학   향상시킨다. 면, 프 스타 란  E2는 용체인 EP4  

EP2   양상에 라  지상 포  면역학  과 내  다르게 

조 한다. 또한 프 스타 란  E2는  래 간엽 포에 한 

지상 포  분 , ,  능 변 에  핵심 조 인자  작용할 뿐만 

아니라, 면역학  내  나타내는  래 지상 포  분   특  

조 에 도 요한 역할  행한다. 결  소  인자  

프 스타 란  E2 용체 에 른 포 내 신 달  지상 포  

과 내  효과  조 하여 면역학  항상  지에 여한다.  

_____________________________________________________________ 

주요어: 인체 지상 포, 소  인자, 프 스타 란  E2, 

지상 포  , T 포  

학 번: 2006-23508 
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