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ABSTRACT 

Dendritic cells (DC) are professional antigen presenting cells which link innate and 

adaptive immunity through recognition and processing of pathogens, migration to 

secondary lymph nodes, presentation of antigens to naïve T cells and contribution to T 

cell proliferation and differentiation into various classes of effector T cells.  

N-3 fatty acids including docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) 

were reported to have protective anti-inflammatory effects in clinical studies and animal 

models of colitis, sepsis, and stroke. However, the mechanisms involved in the anti-

inflammatory function of EPA and DHA are not elucidated. Recent studies, including our 

own, investigated the effect of n-3 fatty acids on dendritic cells, and reported that DHA 

reduced the capacity of human monocyte-derived DC (hMo-DC) and of murine bone 

marrow derived conventional DC (BMDC) to produce IL-12 and to stimulate CD4+ T 

cell proliferation.  

The objectives of this thesis were to provide a comprehensive analysis of the in vitro 

effects of DHA on conventional myeloid DC, including CD4+ T cell activation and 

differentiation, and on the in vivo effects of dietary DHA on splenic DC and in a model 

of experimental autoimmune encephalomyelitis (EAE). First, I report on the effects of 

DHA on the phenotype and function of BMDC in terms of endocytosis, chemokine 

receptor expression and migration, and cytokine production. Next, I investigated the 

effects of DHA-treated DC on CD4+ T cell proliferation and differentiation in response to 

specifc antigens. Finally, I assessed the effects of dietary DHA in response to in vivo LPS 

stimulation and in a model of neuroautoimmune disease, i.e. EAE.  
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My studies show that pretreatment with DHA prevents LPS-induced DC maturation, 

resulting in the maintenance of an immature DC phenotype characterized by low 

expression of MHCII and costimulatory molecules (CD40, CD80, CD86), maintenance 

of high CCR5 expression and lack of CCR7 upregulation. DHA also maintained a high 

level of endocytosis in DC. From a functional point of view, these phenotypic traits result 

in retention of fully phagocytic DC at the inflammatory site, lack of migration towards 

the lymph node, and poor stimulatory capacity for T cells. Exposure to DHA inhibited the 

production of proinflammatory cytokines and chemokines such as IL-6, TNFα, CCL-4, 

and IL-12p70. I also found that DHA prevents IL-12p70 production in DC activated by 

ligands for toll like receptors (TLRs) located either on the plasma membrane or 

intracellular. In addition, I show for the first time that DHA has a similar inhibitory effect 

on IL-23 and IL-27, two other members of the IL-12 family. The effects of DHA on 

cytokine production were shown to be mediated through activation of PPARγ and 

inhibition of NFκBp65 nuclear translocation, associated with reduction in IκB 

degradation. Dietary DHA inhibited production of IL-12 family cytokines in vivo.   

Regarding the effects on CD4+ T cells, I found that DC treated with DHA (DC-DHA) had 

poor stimulatory capacity for CD4+ T cells in terms of proliferation. This was associated 

with an increase in p27(kip1), a cell cycle arresting agent. A higher percentage of T cells 

were arrested in G0/G1 in co-cultures with DC-DHA compared to DC controls. Although 

DC-DHA reduced T cell proliferation, effector T cells were not anergic and did not have 

suppressive function. T cells activated by DC-DHA also showed lower levels of IFNγ 

and IL-17 secretion. The percentage of IFNγ producing cells was also lower in T cells 
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activated by DC-DHA, suggesting that the lower levels of IFNγ were due not only to 

reduced proliferation but also to the inhibition of Th1 differentiation. Accordingly, there 

was decreased expression of Tbet, GATA-3 and RORγt, master transcription factors for 

Th1, Th2, and Th17 in T cells co-cultured with DC-DHA. In contrast, T cells co-cultured 

with DC-DHA expressed higher levels of TGFβ  which might be the reason for reduced 

proliferation since TGFβ plays an important role in the induction of p27(kip1).   

Dietary DHA had a preventive effect in EAE lowering the EAE clinical score and 

resulting in less weight loss. The beneficial effect of dietary DHA in EAE was associated 

with reduced numbers of IFNγ- and IL-17-producing CD4+ T cells in both spleen and 

central nervous system (CNS). 

In conclusion, DHA maintains DC in an immature stage characterized by lower levels of 

MHCII and co-stimulatory molecules (CD40, CD80 and CD86), and poor stimulatory 

capacity for T cells. The DHA inhibition of pro-inflammatory cytokines (IL-12p70, IL-23, 

and IL-6) production in DC results in decreased Th1 and Th17 differentiation, cells that 

play an important role in autoimmune diseases. The protective effect of dietary DHA in 

EAE is associated with a reduction in Th1 and Th17 cell differentiation and CNS 

infiltration.  
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CHAPTERS 

1. Background 

1.1. Dendrtic Cells 

Dendritic cells (DC) were identified in 1973[1]. They were described as adherent, 

heterogeneous cells, with a variety of shapes such as bipolar, elongated, stellate or 

dendritic cells. Since then, DC were extensively studied and it was found that DC play a 

crucial role in immune responses. They are professional antigen presenting cells (APC), 

and work as sentinels recognizing pathogens. Immature DC migrate to inflammatory sites, 

take up and process pathogens, mature into cytokine and chemokine producing cells  and 

migrate to neighboring lymph nodes where they present antigens to naïve CD4+ T cells 

initiating specific immune responses. Therefore, DC bridge the innate and adaptive 

immune response. 

1.1.1. Classification of Dendritic cells 

Based on the expression of surface markers and function, there are two categories of DC 

in both humans and mice, i.e. conventional/myeloid DC (cDC) and plasmacytoid DC 

(pDC).  

    Mouse cDC. cDC are present in both blood and tissues. They have a short life span and 

are replaced by blood-borne precursors[2]. The expression of CD11c, MHCII, CD4, 

CD8α, CD11b, and CD205 was used to identify subsets of mouse cDC (reviewed in[3]). 

CD8α+ DC were initially classified as “lymphoid DC”, while CD8α−DC were considered 
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as “myeloid DC”. However, this concept is now considered obsolete because both 

lymphoid and myeloid precursors differentiate into CD8a+ and CD8a- DC[4]. Currently, 

cDC are classified into three subsets[5], i.e. lymphoid organ resident DC, migratory DC 

and inflammatory DC. Lymphoid-organ resident DC are located in lymphoid organs 

including spleen, lymph nodes, bone marrow, and thymus. They express MHCII and high 

levels of CD11c. They have the ability to present antigens from lymph or blood to T cells 

to induce immune responses or tolerance. Splenic DC have been extensively studied and 

include CD8a+CD4-, CD8a-CD4+ and CD8a-CD4- DC [6]. Migratory DC are located in 

almost all non-lymphoid organs and migrate to the draining lymph nodes. They express 

high levels of CD11c and MHCII, endocytose antigen and migrate to the draining lymph 

node to activate T cells. Inflammatory DC are derived from monocytes under 

inflammatory conditions, express high levels of CD11c and CD11b, and activate local 

effector or memory T cells.  

    Mouse pDC. pDC are different from conventional DC. They are relatively long-lived 

and some of them have the ability to rearrange the immunoglobulin locus[7]. They exist 

in bone marrow and in all peripheral organs. In steady state, they do not have cytoplasmic 

protrusions or veils and can not stimulate T cells[8]. However, they rapidly obtain the 

morphological and phenotypical characteristics of cDC after activation, become antigen-

presenting cells and activate T cells (reviewed in [2]). Another characteristic of pDC is 

the secretion of large amounts of type I interferons in response to viral infection. 

All pDC express high levels of B220[9], intermediate levels of CD11c and low levels of 

MHCII, and no CD11b and CD205[8]. In terms of CD4 and CD8 markers, there are 
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several types of pDC[8]. Only CD4−CD8− pDC are present in blood. Four phenotypes of 

pDC exist in other organs, including CD4−CD8−, CD4−CD8+, CD4+ CD8− and 

CD4+CD8+ pDC. 

    Human DC. Some of the surface markers characterized on mouse DC are not 

expressed on human DC. All human DC express CD4, but not CD8α. Human DC are 

also divided into cDC and pDC. However, the characteristics of some DC are not clear 

due to the limited availability of human tissues.  

In steady state, there are three subtypes of cDC based on location, i.e. non-lymphoid 

tissue DC, lymphoid tissue DC, blood DC. Although non-lymphoid tissue cDC are 

present in most human organs, only the DC from skin have been extensively studied. 

Langerin+CD1a+ Langerhans cells (LC) are present in the epidermis[10], and two subsets 

including CD1a+DC and CD14+DC are found in dermis[11]. The major function of 

immature LC is to induce T cell tolerance[10], while the mature LC play an essential role 

in activating CD8+ T cells[12]. Dermal CD14+DC can activate CD4+ T cells to help naïve 

B cells to produce IgM, IgG and IgA[12]. The function of CD1a+ DC is not clear. cDC 

are also found in other organs such as kidney[13], liver[14], cornea[15]. Various cDC are 

found in lymphoid tissues. In tonsils, there are five populations of cDC, i.e. HLA-

DR++CD11c+CD83+ CMRF-56+; HLA-DR+ CD11c+ CD13+; HLA-DR+ CD11c+ CD13−; 

HLA-DR+ CD11c− CD123+; and HLA-DR+ CD11c− CD123−cDC[16]. cDC located in 

lymph nodes express CD103[17], while CD1a–CD3–CD4+CD8– cDC are located in 

thymus[18]. Most of splenic cDC are CD11c+HLA-

DR+Lin−CD54+CD40lowCD86lowCD80-CD83- and a small population of splenic cDC are 
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CD11c-[19]. In blood, cDC are HLA-DR+CD11c+CD1C+[20] or HLA-DR+BDCA-3+ 

cells[21]. In inflammatory condition, cDC can be derived from blood monocytes[22].  

Human pDC are found in blood and tonsils[23] and are CD123++CD4+CD11c–

CD303+CD304+ cells[24]. Similar to mouse pDC, human pDC express TLR7 and TLR9 

and produce large amounts of Type 1 IFN in response to viral infections. In contrast to 

cDC, mature pDC induce predominately regulatory T cells [25].     

1.1.2. Origin of Dendritic Cells  

Initially, DC were considered to be derived from bone marrow myeloid precursors.  It 

was reported that macrophages, granulocytes, and DC were induced from mouse bone 

marrow MHCII negative precursors in the presence of GM-CSF[26]. Some studies also 

provided direct evidence of DC differentiation and showed that the transfer of mouse 

bone marrow common myeloid progenitors (CMP) into irradiated recipients resulted in 

the development of the cDC and pDC in spleen and thymus[4]. Further studies found that 

CMP were heterogeneous in terms of Flt3 expression and that cDC and pDC arose only 

from Flt3+ CMP[27]. The DC development pathway starting with CMP was described 

recently by Merad[28]. CMP differentiate into macrophage-DC progenitors (MDP). MDP 

give rise to monocytes and common DC precursor (CDP). Both cDC precursors (pre-DC) 

and pDC arise from CDP in the bone marrow. Then pre-DC leave the bone marrow, 

circulate in blood, and finally end up in lymphoid or nonlymphoid organs where they 

differentiate into resident DC. It was also observed that monocytes differentiate into DC 

in subcutaneous tissues in vivo[29]. 
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On the other hand, it was suggested that some DC may derive from lymphoid precursors 

because thymic cDC and cDC in mouse spleen and lymph nodes express markers which 

were related to lymphoid cells, such as CD8α, CD4, CD2 and CD25[30]. Similar to the 

direct evidence for cDC derived from bone marrow, cDC were found in the thymus of 

irradiated recipients after transfer of intrathymic lymphoid-restricted precursors[31]. 

However, studies also demonstrated that mouse bone marrow common lymphoid 

progenitors (CLP) were able to differentiate into all splenic and thymic DC subsets [4]. 

Taken together, these studies support the idea that DC can be derived from either myeloid 

or lymphoid progenitors, and that the DC phenotype does not reflect their lineage origin. 

Some early studies suggested that human pDC arose from lymphoid tissues because IL-3 

and CD40-ligand induced CD4+ CD11c−CD3− cells isolated from tonsils differentiate 

into DC with poor endocytic capacity [32]. Human CD34+ hematopoietic progenitor cells 

were not able to differentiate into pDC after knockdown of Spi-B, a hematopoietic-

specific Ets family transcription factor expressed exclusively in lymphoid cells[33]. 

However, subsequent studies found that Flt3+ subpopulations of either CLP or CMP 

could differentiate into both cDC and pDC in vitro and in vivo[4, 34]. In the presence of 

GM-CSF and TNFα, human CD34+ bone marrow precursors were able to differentiate 

into DC[35].  It has been also reported that GM-CSF and IL-4 induce the differentiation 

of DC from human monocytes [36]. 

In conclusion, Flt3+ early myeloid or lymphoid progenitors can give rise to both cDC and 

pDC. The Flt3L is crucial for the generation of steady-state DC. Under inflammatory 

conditions, i.e., in the presence of GM-CSF, monocytes can differentiate into cDC. 
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1.1.3. In Vitro Generation of Dendritic Cells 

    In vitro generation of mouse DC. In mice, DC are usually generated from bone 

marrow cells since few DC precursors can be isolated from peripheral blood or tissues. 

Various stem cells serve as precursors for B cells, neutrophils, macrophages and DC. 

GM-CSF is crucial for the differentiation of DC. In the 1990s, the protocol for generating 

large quantities of pure DC from mouse bone marrow cells was established[37, 38]. Fresh 

whole bone marrow cells are cultured in the presence of 20 ng/ml GM-CSF with medium 

containing penicillin (100 U/ml), streptomycin (100 μg/ml), L-glutamine (2 mM), and 

10% heat-inactivated FBS. On day 3, the culture is supplemented with an equal volume 

of medium containing GM-CSF. After 7-8 days of continuous culture, immature DC 

develop[38]. If the culture period is extended to 12 days, the purity and yield of DC is 

further increased, but with various degrees of maturation[37].  

Mouse pDC can also be developed by culturing bone marrow cells[39]. Fresh bone 

marrow cells are cultured in the presence of Flt3 ligand (100 ng/ml). On day 5, half of the 

medium is replaced by fresh medium containing Flt3 ligand. After 10 days of culture, 

more than 40% CD11c+CD11b-B220+Gr1+ pDC are generated[39].  

    In vitro generation of human DC. In humans, DC or DC presursors can be obtained 

primarily from peripheral blood. Hematopoietic stem cells can be found either in bone 

marrow or in human umbilical cord blood. In addition, DC can also be derived from 

blood monocytes.  
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cDC derived in vitro from human umbilical cord CD34+ hematopoietic stem cells were 

reported in the 1990s[40]. CD34+ stem cells were cultured in medium containing stem 

cell factor, GM-CSF and TNFα for 5-6 days. The cells were separated into two 

populations, i.e. CD14+CD1a- and CD14-CD1a+ DC precursors. Either one of these two 

populations can be cultured for another 6-7 days in the presence of GM-CSF and TNFα.  

On day 11-14, two DC populations with different characteristics were developed. CD14+ 

DC are able to induce antibody production in B cells through activating CD4+ T cells 

while the biologic role of CD1a+ DC is not clear. cDC can also be differentiated from 

peripheral blood mononuclear cells[41]. Peripheral blood mononuclear cells isolated 

from blood and cultured in medium containing 2% human AB serum with rhGM-CSF 

and rhIL-4 for 6-7 days give rise to cDC. Peripheral blood mononuclear cells can also 

give rise to pDC when cultured in the presence of Flt3 ligand, and thrombopoietin can 

expand the generation of pDC[42].  

1.1.4. Pattern recognition receptors 

DC recognize pathogens or damaged tissues through pattern recognition receptors (PRRs) 

recognizing pathogen associated molecular patterns (PAMPs). These receptors include 

the toll like receptors (TLR), NOD-like receptors (NLRs), C-type lectin receptors (CLR) 

and RIG-I-like receptors (RLRs).  

    Toll like receptors. TLRs are involved in the recognition of bacterial, fungal and viral 

molecular patterns. TLRs are highly conserved type 1 transmembrane proteins related to 

the IL-1 receptor (IL-1R). Various TLRs are expressed in vertebrates and invertebrates. 
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Currently, 10 and 12 functional TLRs were discovered in humans and mice, respectively. 

TLR1-9 are expressed in both mouse and human cDC, while TLR10 is present only in 

human DC and TLR11 only in mouse DC[43]. The two newly discovered TLRs, TLR12 

and TLR13, are not present in humans. They are present predominantly in mouse CD8a+ 

DC and the ligands for TLR12 and 13 are not known[6]. TLR3 and TLR7-9 are located 

in a specialized endosomal compartment while the other TLRs are located on the cell 

surface. TLR2 forms heterodimers with TLR1 or TLR6, recognizing peptidoglycans, 

lipopeptides and lipoproteins from various bacteria. Other cell surface TLRs also 

recognize bacterial components, such as TLR4 for bacterial LPS[44] and TLR5 for 

flagellin. TLR3, 7- 9 are all nucleic acid receptors. TLR3 recognizes viral double-

stranded RNA (dsRNA)[45]. TLR7 and 8 are involved in the recognition of 

imidazoquinolines and ssRNA. TLR9 recognizes bacterial and viral CpG DNA. These 

intracellular TLR also play a role in nucleic-acid mediated autoimmune diseases[46]. 

Mouse TLR11 recognizes components of uropathogenic bacteria and profilin-like 

molecules of the protozoan parasite Toxoplasma gondii [47]. Both mouse and human 

pDC express only TLR7-9 and secrete high levels of type 1 IFN in response to viruses[8]. 

After stimulation by microbial components, intracellular signaling pathways are initiated 

in DC. There are two major signaling pathway, the MyD88-dependent pathway and the 

TRIF-dependent pathway. The MyD88-dependent pathway is induced by ligands of most 

of TLRs including TLR1, TLR2, TLR4-9 and TLR11[48]. TLR3 only stimulates the 

TRIF-dependent pathway. TLR4 activates both MyD88-dependent and TRIF-dependent 

pathways. Once the MyD88-dependent pathway is triggered, a cascade of signaling is 
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induced, IRAK1/4 → TRAF6 → TAK1/TAB1 → IKK, leading to the activation of 

NFκB[49]. NFκB, a heterodimer composed primarily of p65 and p50 subunits, is located 

in the cytoplasm in an inactive form bound to IκB. After stimulation, IκΒ 

phosphorylation leads to its ubiquitination and degradation. Subsequently, NFκΒ is 

released and translocates to the nucleus, inducing the expression of pro-inflammatory 

cytokines, chemokines and other effectors of the innate immune response. In the MyD88-

dependent pathway, another transcription factor, AP-1, is also activated through a series 

of MAP kinases such as p38, JNKs and ERK1/2[49]. In the TRIF-dependent pathway, 

IRF3 is phoshorylated and translocates to the nucleus. The activation of these 

transcription factors leads to the production of inflammatory cytokines, type I interferons 

and chemokines[50]. 

NOD like receptors and C-type lectin receptors. NLRs are cytoplasmic proteins and 

consists of  a central nucleotide-binding domain and C-terminal leucine-rich repeats[51]. 

Twenty two NLRs are present in the mammalian genome and are classified into 2 major 

subfamilies, NLRC and NLRP. NLRs play an important role in detection of cytosolic 

PAMPs. Nod1 and Nod2 recognize bacterial peptidoglycan[52]. NLRP1 senses anthrax 

lethal toxin, MDP, and potassium efflux[53]. Besides potassium efflux, NLRP3 was also 

involved in the recognition of ATP, muramyl dipeptide, bacterial toxins, xenocompounds, 

viral nucleic acids, β-amyloid fibrils and malarial hemozoin. NLRC detects both bacterial 

flagellin[54] and the bacterial type III secretion apparatus[55]. Upon stimulation, NLR 

trigger some signal transduction pathways, such as NF-kB (Nod1 and Nod2)[52] and the 

caspase-1 inflammasome pathways (NLRC4, NLRP3 and NLRP1)[56] and induce 
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autophagy (Nod1, Nod2 and NLRC4) and cell death (NLRC4, NLRP1 and NLRP3)[57]. 

C-type lectin receptors (CLRs) are transmembrane receptors which have a carbohydrate-

binding domain. CLRs are activated by carbohydrates on microorganisms such as viruses, 

bacteria and fungi, which leads to the production of pro inflammatory cytokines[58].  

    RIG-I-like receptors. RLRs comprise two N-terminal caspase recruitment 

domains(CARDs), a central DEAD box helicase/ATPase domain and a C-terminal 

regulatory domain[59]. There are 3 members in RLR family, RIG-I, melanoma 

differentiation-associated gene 5 (MDA5) and LGP2. All of them are located in the 

cytoplasm and detect dsRNA. RIG-I recognizes relative short dsRNA and induce type 1 

IFN production. 5′ triphosphate end can enhance its activation[60].  MDA5 is activated 

by long dsRNA[61]. LGP2 is very different from other RLRs because it lacks a CARD. It 

was reported that it inhibited the activation of RIG-I and MDA5[62].  

1.1.5. Dendritic Cells and Immune Responses 

Immature DC have a high capacity to capture antigens and express low levels of MHCII 

and costimulatory molecules (CD40, CD80, CD86), but high levels of CCR5. After 

microbial infection or tissue damage, immature DC migrate to inflammatory sites 

responding to inflammatory chemokines through CCR5. Immature DC recognize PAMPs 

produced by microbes and inflammatory compounds released by damaged tissues 

through TLRs. After stimulation by microbial products, DC mature and release large 

amounts of proinflammatory and antiviral cytokines, which activate innate immune cells, 

limiting the infectious process. Depending on the receptors stimulated, DC secrete 
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various kinds and amounts of cytokines. These cytokines and chemokines include IL-6, 

TNFα, IL-10, IL-12p70, IL-23, IL-27, CCL-3 and CCL-4[63]. Among these cytokines, 

IL-12p70, IL-23 and IL-27 belong to the IL-12 family. All of the IL-12 family cytokines 

are involved in CD4+ T cell differentiation or development[64]. 

Beside the production of pro-inflammatory cytokines and chemokines, mature DC also 

upregulate the expression of MHCII and costimulatory molecules, and undergo a change 

in the expression of chemokine receptors, downregulating CCR5 and upregulating CCR7. 

Mature DC migrate to lymph nodes in response to chemokines constitutively expressed in 

secondary lymphoid organs, such as CCL19/21, and activate T cells. DC represent the 

essential cellular link between innate and adaptive immunity. In addition, DC can also 

function as inducers and maintainers of tolerance to self antigens following uptake of 

apoptotic cells and induction of anergic or regulatory T cells[65]. 

1.1.6. IL-12 Family Cytokines  

All IL-12 family cytokines, i.e. IL-12p70, IL-23, IL-27 and IL-35, are heterodimers 

(Figure 1) [66]. DC can produce all the IL-12 family cytokines except for IL-35, 

following exposure to TLR ligands. Depending on the type of TLR ligand, various 

amounts of IL-12 family cytokines are induced, due to differences in the transcriptional 

control of genes that encode the different subunits of the IL-12 family 

cytokines(reviewed in [64]).  

IL-12p70 consists of two subunits, the p35 and the p40 chains. The IL-12p70 receptor 

(IL-12R) is also a heterodimer consisting of two subunits, IL-12Rβ1 and IL-12Rβ2. IL- 
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Figure 1. IL-12 family cytokines and their signaling pathway.  All the IL-12 family 

cytokines and their receptors are heterodimers. IL-12p70 is composed of p40 and p35 

subunits and binds to its receptor consisting of the IL-12Rβ1 and IL-12Rβ2 subunits. 

IL-23 consists of the unique p19 chain and shares the p40 chain with IL-12p70. 

Similarly, the IL-23 receptor shares IL-12Rβ1 with the IL-12R and has a unique 

subunit, IL-23R. IL-27 is composed of p28 and EBI3 and binds to a receptor consisting 

of gp130 and WSX-1. IL-12p70, IL-23 and IL-27 activate JAK/STAT pathways. IL-35 

consists of p35 and EBI3 and its receptor and signaling pathway are not known. 

Adapted from Gee et al [66]. 

Produced by APCs (including DC) Produced by Treg  

IL-35 
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12Rβ1 is a type I transmembrane protein primarily expressed on NK cells, activated T 

cells and DC[67, 68]. The IL-12Rβ2 is the functional component of  the IL-12 receptor. 

IL-12R is upregulated by Th1 promoting cytokines such as IFNα and IFNγ[69]. In the 

signaling pathway, IL-12p70 activates the Janus associated kinase 2 (Jak2), tyrosine 

kinase 2 (Tyk2) and some members of the signal transducer activator of transcription 

(STAT) family such as STAT1, STAT4 and STAT5 [70, 71]. Among the STATs, STAT4 

plays a pivotal role in IL-12p70 signal.  

IL-23 was discovered in 2000[72], and consists of the unique p19 subunit and the p40 

subunit shared with IL-12p70. The p19 subunit is expressed in human and murine 

monocytes, DC, microglia and murine Th1 cells [72]. The IL-23 receptor (IL-23R)  

shares IL-12Rβ1 with the IL-12R and has the unique subunit IL-23R[73]. The IL-23R is 

expressed on activated and memory T cells, NK cells, monocytes, macrophages and DC 

[68, 73]. It was reported that IL-23 stimulates the proliferation of CD4+ memory T cells 

and the modest production of IFNγ, but not the proliferation of naïve T cells (reviewed in 

[74]). IL-23 activates JAK2 and Tyk2, followed by various STATs such as STAT1, 

STAT3, STAT4, STAT5 depending on cell type[73, 75, 76]. STAT3 and STAT4 are 

involved in IL-17 expression in Th17 cells[77].  

IL-27 was discovered in 2002 and consists of two subunits, p28 and Epstein Barr virus 

induced gene 3 (EBI3)[78], which display structural homology with the p35 and p40 

subunits [64, 78]. The IL-27 receptor (IL-27R) consists of the IL-27Rα (WSX-1) subunit 

and the gp130 subunit. The WSX-1 subunit is responsible for IL-27 binding and the 
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signaling gp130 subunit is shared with the IL-6 receptor [79]. IL-27R is expressed on 

CD4+ T cells, macrophages, endothelial cells, mast cells, activated B cells, monocytes, 

Langerhans cells, and mature DC [78, 80-83]. In naive CD4+ T cells, IL-27 activates 

JAK1, JAK2, Tyk2 and STATs (STAT1-5)[84-87]. The signaling pathway induced by 

IL-27 is also dependent on cell activation. For example, in naive CD4+ T cells, IL-27 

activates both STAT1 and STAT3, but only STAT3 activity is retained in activated T 

cells[88]. Some studies showed that IL-27 also stimulates the expression of the 

suppressor of cytokine signalling (SOCS)3 protein, which inhibits STAT activation[88, 

89]. Therefore, the function of IL-27 is dependent not only on the cell type but also on 

the activation state.  

Another new member of IL-12 family cytokines, IL-35, was discovered in 2007, and 

consists of the IL-12p35 and the IL-27 EBI3 subunit[90]. The production and function of 

IL-35 is not clear. It has been reported that IL-35 was secreted by regulatory T cells (Treg) 

and involved in their inhibitory function[90].  

1.1.7. DC and T Cell Differentiation  

Upon activation, DC acquire T-cell stimulatory capacity and migrate to secondary lymph 

nodes. Mature DC present antigens to, and stimulate naïve CD4+ T cells. Several signals 

are required for CD4+ T cell activation and differentiation, i.e. the interaction between T 

cell receptor (TCR) on T cells and the MHCII/Ag complex on DC, the interaction 

between costimulatory molecules CD28 (T cells) and CD80/CD86 on DC, and cytokine 

signaling.  
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Depending on the microenvironment, T cells differentiate into Th1, Th2, Th17, Tfh, and 

regulatory T cells (Treg) (Figure 2)[91]. The differentiated CD4+ T cells produce specific 

cytokines, such as IFNγ by Th1, IL-4, IL-5, IL-13 by Th2, IL-17, IL-21 by Th17, IL-10, 

TGFβ by induced Treg (iTreg), IL-4, IL-21 by Tfh. Th1, Th2, Th17, and Tfh cells play 

an important role in inflammatory responses. Treg, including naturally occurring Treg 

(nTreg), iTreg and class 1 Treg (Tr1) are involved in immune suppression. It is important 

to note that the subsets of effector T cells are not terminally differentiated lineages. Some 

subsets of cells can be converted to other phenotypes (Figure 2). For example, iTregs can 

secrete IL-17 in the presence of IL-6 and IL-21[92], or become Tfh cells when interacting 

with B cells via CD40[93]. Upon stimulation of IL-12 or IL-4, Th17 cells are converted 

to Th1 [94] or Th2 cells[95], respectively.  

IL-12 activates STAT4 and induces the differentiation of Th1 cells. Tbet is the master 

transcription factor for Th1 differentiation. Th1 cells produce pro-inflammatory cytokines  

such as IFNγ, TNFα and TNFβ, with IFNγ as the signature Th1 cytokine. Th1 cells are 

involved in the elimination of intracellular pathogens and in acute inflammatory reactions. 

In addition, Th1 cells play an important role in immune responses to tumors[96].  

However, Th1 cells also induce self damage, resulting in inflammatory diseases such as 

inflammatory bowel disease[97], and autoimmune diseases such as multiple sclerosis[98], 

diabetes I [99], rheumatoid arthritis[100].  

IL-4 promotes the differentiation of naïve T cells into Th2 cells by activating STAT6. 

The differentiation of Th2 cells is regulated by the transcription factor GATA-3[101]. 

Th2 cells secrete IL-4, IL-5, IL-9, IL-10 and IL-13. Th2 cells contribute to humoral 
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Figure 2.  CD4+ T cell differentiation is dependent on the cytokine microenvironment. 

Antigen presenting cells can activate naïve CD4+ T cells to differentiate into various 

subtypes of effector T cells. Naïve CD4+ T cells differentiate into Th1 cells in the 

presence of IL-12. IL-4 promotes Th2 cell differentiation. The combination of IL-6 

and TGFβ drives the differentiation of Th17 cells. TGFβ, retinoic acid (RA) and IL-2 

induce Treg cell differentiation. IL-21 is important for Tfh differentiation. There is 

plasticity among subsets of effector T cells. Treg can be converted to Th17 in the 

presence of IL-6 and IL-21. Th17 can switch to Th1 or Th2 in the presence of IL-12 or 

IL-4, respectively. Adapted from Zhou et al [91].   
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responses through help provided to activated B cells. Th2 cells are important in the 

elimination of extracellular pathogens. Similar to Th1 cells, Th2 cells also induce 

pathological changes such as asthma[102] and allergy[103]. 

Th17 cells are a recently discovered subset of helper T cells. The combination of TGFβ 

and IL-6 initiates the differentiation of Th17 cells and expression of IL-23R, followed by 

IL-17 expression by IL-23. Th17 cells produce pro-inflammatory cytokines such as IL-6, 

IL-17A, IL-17F[104], IL-21[105], and IL-22[106]. IL-17 expression is mediated by the 

transcription factor ROR gamma t(RORγt)[107]. This subset of T cells supports 

neutrophil survival and function, and plays an essential role in autoimmune diseases, such 

as experimental autoimmune encephalomyelitis (EAE) [108], and inflammatory bowel 

disease[109].  

There are three types of Treg, i.e. nTreg, iTreg and Tr1 cells. nTreg develop in the 

thymus. They express high levels of CD25, CTLA-4 and GITR, produce IL-10 and have 

membrane-bound TGFβ[110]. iTreg are derived from naïve T cells in the presence of 

TGFβ following antigenic activation. iTreg produce large amounts of IL-10 and 

TGFβ[111]. Both nTreg and iTreg express Foxp3. Tr1 are another type of Treg, which 

also produce IL-10 and TGFβ, but do not express Foxp3[112]. Treg maintain self 

tolerance and immune homeostasis through several mechanisms: (1) production of 

inhibitory cytokines including IL-10, IL-35 and TGFβ; (2) granzyme-A, granzyme-B, 

and perforin dependent lysis of effector T cells; (3) metabolic disruption including 

apoptosis mediated by IL-2 deprivation, cAMP induction or adenosine receptor 2A 
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activation; (4) induction of the immune suppressive molecule indoleamine 2,3-

dioxygenase (IDO) in DC(reviewed in [113]). 

Follicular helper T cells (Tfh) are found at the edge of the B cell zones and follicular 

regions in the germinal centers in the secondary lymphoid organs. IL-21 is required in 

Tfh differentiation. Tfh cells are identified by high expression of CXCR5, the receptor 

for the chemokine CXCL13 which is abundant in B cell zones[114].  Tfh cells produce 

IL-10 and IL-21[115], which induce high affinity antibody production from B cells.  

Th9 cells have been only recently discovered[116]. Th9 cells which might represent a 

different type of effector CD4+ T cells, are identified by high level expression of IL-10 

and IL-9. Further studies are needed to clarify the characteristics and functions of this 

type of CD4+ T cells. 

1.2. Experimental Autoimmune Encephalomyelitis 

1.2.1. Multiple Sclerosis 

Multiple sclerosis (MS) is a central nervous system (CNS) disease mediated by an 

autoimmune response. Myelin specific T cells are activated in the periphery, 

predominantly in the deep cervical lymph nodes, and migrate through the blood brain 

barrier (BBB) into the CNS. In the CNS, these activated T cells are reactivated by 

resident antigen presenting cells (APC) such as microglia and/or perivascular 

macrophages or DC. Cytokines produced by immune cells trigger the production of 

chemokines by astrocytes, microglia, and endothelial cells, which induce further 
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infiltration of immune cells. The inflammation in the CNS results in tissue damage 

including demyelination, oligodendrocyte cell death, axonal damage, gliosis, and 

neurodegeneration [117]. The communication between neuronal cells is impaired and 

motor and sensory functions are compromised. Patients with MS have various 

neurological symptoms including optic neuritis, sensory dysfunction and muscle 

weakness. So far, although some genetic and environmental risk factors have been 

reported, MS etiology is still elusive and there is no effective long term therapy. Hence, 

the animal models of MS are needed to study the mechanisms and to test various 

treatments.  

1.2.2. Treatment of MS 

Although a number of agents have been developed since the 1990s(reviewed in [118]), 

there is no known cure for this disease. IFNβ is a first-line agent for the treatment of MS 

and has been used for decades. IFNβ reduces antigen presentation, inhibits co-stimulatory 

molecule expression and pro-inflammatory cytokine production in APC[119]. It also 

inhibits CD4+ T cells proliferation, Th1 and Th17 differentiation[120]. Glatiramer acetate 

(Copaxone), another first-line agent, is a synthetic amino acid polymer. The therapeutic 

effects of glatiramer acetate are due to its high affinity MHC binding in the 

periphery[121], induction of Treg and Th2 cells, inhibition of MBP-specific T cell 

response[122], and production of brain-derived neurotrophic factor by glatiramer acetate 

specific T cells. Mitoxantrone and natalizumab are second-line agents. Mitoxantrone is 

an immunosuppressive agent[123]. Natalizumab is a neutralizing antibody against VLA-4 

expressed on most leukocytes and can block lymphocyte infiltration to CNS[124]. Some 
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emerging agents such as Cladribine, Fingolimod and Terifunomide are still in clinical 

trials.  

1.2.3. Experimental Autoimmune Encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) is a useful animal model for 

understanding the pathophysiology of MS.  EAE can be induced by direct immunization 

with myelin peptides such as myelin oligodendrocyte glycoprotein (MOG)[125], myelin 

basic protein (MBP)[126] or proteolipid protein (PLP)[127]. Due to the various affinities 

of peptides to MHC, different strains of animals are susceptible to various peptides. Two 

strains of mice are commonly used to induce EAE, SJL (H-2s) and C57BL/6 (H-2b) mice. 

PLP is used in SJL mice and the disease is characterized by a relapsing-remitting course 

of paralysis[127]. C57BL/6 mice are immunized with MOG to induce EAE, which shows 

a chronic progressive clinical course[125].  

    CD4+ T cells in EAE. CD4+ T cells are the major players in EAE. In addition to active 

immunization, EAE can also be induced by adoptive transfer of antigen specific CD4+ T 

cells[128]. In healthy individuals, the BBB limits access of circulating cells to the CNS. 

To initiate EAE, CD4+ T cells have to enter the CNS through the BBB. It has been 

reported that upon activation, CD4+ T cells upregulate expression of CCR6 [129], which 

plays an important role in T cell migration into the CNS. CC-chemokine ligand 20 

(CCL20), the ligand for CCR6, is constitutively expressed by epithelial cells in brain.  

Activated CD4+ T cells migrate to the subarachnoid space, where selectins and other 

adhesion molecules are constitutively expressed[130]. Once in the CNS, activated CD4+ 

20



 

T cells are reactivated by resident MHCII+ APC, such as microglia, macrophages and DC. 

The inflammation in CNS leads to the activation of perivascular endothelial cells, which 

upregulate the expression of adhesion molecules. As a result, more T cells can migrate 

into the CNS through the BBB. In brain parenchyma, the presence of T cells and the 

subsequent infiltration and/or activation of innate immune cells such as macrophages, 

neutrophils and microglial cells results finally in demyelination due to repeated damage 

to oligodendrocytes.  

    Th1, Th17 CD4+ T cells and different types of EAE. Among the subsets of effector T 

cells, Th1 were thought to be the primary mediator in both EAE and MS. It was reported 

that CNS infiltrating T cells secreted IFNγ[131], and EAE was induced by adoptive 

transfer of Th1 T cells[132]. Moreover, in MS patients the disease was exacerbated by 

IFNγ treatment[133]. IFNγ not only stimulates many types of cells to produce 

chemokines which recruit macrophages and monocytes, but also activates macrophages 

and microglia.  

However, Th1 are not the only subset of CD4+ T cells involved in EAE. Mice deficient in 

IFNγ still developed severe EAE[134], and antibodies against IFNγ exacerbated 

EAE[135].  Recently, Th17 cells became the important mediators in EAE[136]. P35 IL-

12 deficient mice lacking IL-12p70 develop severe EAE, whereas p19 IL-23 deficient 

mice were resistant to EAE[137]. This suggested that Th17 cells whose development 

depends on IL-23 and not on IL-12p70 contribute to the development of EAE. 

Microarray analysis of tissue obtained from autopsy of MS patients showed increased 

transcripts of genes encoding IL-17[138]. Th17 cells produce the pro-inflammatory 
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cytokines IL-17A and IL-17F, and stimulate other cells to secrete proinflammatory 

molecules such as IL-6, GM-CSF, matrix metalloproteinases (MMPs) and CXC 

chemokines including CXCL8 (a potent neutrophil chemoattractant). EAE induced by 

adoptive transfer of Th17 cells was more severe than that induced by adoptive transfer of 

Th1 cells[108]. In addition, neutralizing antibodies against IL-17 had a therapeutic effect 

on EAE development [139]. All these findings supported the conclusion that Th17 plays 

an important role in EAE.  

    Clinical symptoms in EAE. The classic signs of EAE in mice are ascending paralysis, 

starting at the distal end of the tail and developing rostrally to the whole tail, the 

hindlimbs and the forelimbs[140-142]. Pathological analysis showed that CNS lesions 

were located predominantly in the spinal cord in classical EAE[140, 142]. However, 

some mice showed atypical signs, i.e. the presence of forelimb paralysis without hind 

limb paralysis or tail paralysis[143, 144]. Recently, it was found that the development of 

classic or atypical EAE is dependent on the Th17:Th1 ratio of infiltrating myelin-specific 

T cells[144]. T cells with high Th17:Th1 ratio infiltrate the brain parenchyma and cause 

atypical EAE. At low Th17:Th1 ratio, T cells migrate to the spinal cord parenchyma, 

which leads to the development of classical EAE. Atypical EAE shares more similarities 

to human MS than classical EAE. 

1.3. N-3 Fatty Acids 

Essential fatty acids (EFAs), a family of polyunsaturated fatty acids, are important 

components of all cell membranes and are required for a variety of cellular functions. 
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There are two kinds of EFAs, the n-6 fatty acids (previous ω−6 fatty acids or omega-6 

fatty acids) derived from linoleic acid (LA) and n-3 fatty acids (previous ω−3 fatty acids 

or omega-3 fatty acids) derived from α-linolenic acid (ALA) (Figure 3)[145]. The 

unsaturated fatty acids are defined by the position of the final carbon-carbon double bond. 

For example, n−3 fatty acids have a final carbon–carbon double bond in the third carbon 

from the methyl end. Docosahexaenoic acid (DHA) is a 22 carbon carboxylic acid and 

contains six double bonds that begin at the third carbon from the methyl end of the 

molecule, so its nomenclature is 22: 6 n-3. Both n-3 fatty acids and n-6 fatty acids utilize 

the same enzymes to produce prostaglandins, thromboxanes and leukotrienes (the 3 and 2 

series, respectively) (Figure 3). Under certain conditions, n-3 fatty acids can also be 

processed to produce resolvins and neuroprotectin (see below). Most of the n-6 fatty 

acids metabolites are strong pro-inflammatory molecules, while n-3 fatty acids 

derivatives are either weak inflammatory or anti-inflammatory molecules (reviewed in 

[145]).  

1.3.1. Source of Essential Fatty Acids (EFA) 

Linoleic acid is found in cereals, eggs, poultry, most vegetable oils, whole-grain breads, 

baked goods, margarine, sunflower, saffola, and corn oils. Human milk and cow’s milk 

contain modest amounts of arachidonic acid (AA) which belongs to the n-6 fatty acid 

family. There are significant amounts of AA in meat, egg yolks, some seaweeds. α-

Linolenic acid (ALA) is from canola oil, flaxseed oil, linseed rapeseed oils, walnuts, and 

leafy green vegetables. ALA can be converted to eicosapentaenoic acid (EPA) and DHA, 

but the efficiency varies depending on species and is very low in humans. Algae are the 
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Figure 3. Metabolism of n-3 and n-6 fatty acids. N-6 fatty acids and n-3 fatty acids are 

derived from linoleic acid (LA) and α-linolenic acid (ALA), respectively. Both are 

metabolized by the same enzymes to produce prostaglandins, thromboxanes and 

leukotrienes (the 3 and 2 series, respectively). N-3 fatty acids can also be processed to 

produce resolvins and neuroprotectin. Most of the n-6 fatty acids metabolites are strong 

pro-inflammatory molecules, while n-3 fatty acids derivatives are either weak 

inflammatory or anti-inflammatory molecules. Adapted from Das [145]. 
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primary source of DHA and EPA. Therefore, marine fish are the major source of EPA 

and DHA for humans[145]. In contrast, fresh water fish contain trivial amounts of EPA 

and DHA. In general, human average daily intake of EFAs is around 7-15 g/day in 

Europe and the United States [145]. In the US, the combined intake of DHA and EPA is 

about 100 mg/d because of limited intake of marine food [146]. Moreover, much of the 

poly-unsaturated fatty acids (PUFAs) are lost during cooking, and therefore direct oral 

supplementation of EPA and DHA is necessary in most instances.  

1.3.2. Utilization and Metabolism of EPA and DHA 

DHA and EPA are obtained primarily from the diet but are also synthesized 

endogenously in the liver from ALA through a series of desaturation and elongation 

reactions. ALA is metabolized by enzymes including Δ6 and Δ5 desaturases and 

elongases, to long-chain metabolites EPA and DHA (Figure 3) [147]. Desaturases 

remove 2 hydrogens, whereas elongases add 2 carbons.  

Among the essential fatty acids, DHA is the most abundant n-3 fatty acid in membranes 

and exists in all organs, particularly in brain and retina. It has been reported that uptake of 

0.2–6g/day DHA for 1-6 months results in dose dependent increases in plasma 

phospholipid DHA and in the reduction of phospholipid AA (n-6 fatty acid) [148]. As 

expected, the concentration of DHA in plasma was also increased through dietary fish oil, 

which contains both DHA and EPA[149].   

Following enteral or parenteral administration of n-3 fatty acids, they are found in blood, 

adipose tissue and cell membranes[150]. In plasma, n-3 fatty acids circulate as free fatty 
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acids, incorporated into lipoproteins, or as phospholipids. In cells, they are stored 

predominantly in the adipose tissue as triglycerides or in cellular membranes as 

phospholipids, sphingolipids and/or plasmalogens. Circulating free fatty acids enter cells, 

and the majority are esterified via acyl-CoA transferase into membrane-residing 2-

lysophospholipids (Figure 4)[150]. These phospholipids serve as a supply of EPA/DHA 

in cells. It has been proposed that following proinflammatory signals, DHA is cleaved 

from membrane phospholipids by a calcium-independent phospholipase[151]. The 

majority of free DHA is activated by acyl-CoA synthetase and re-esterified into 2-

lysophospholipids or triglycerides by acyl-CoA transferase. Other free EPA/DHA are 

internally metabolized, i.e. through oxidation as an ATP source; through lipid 

peroxidation to lipoperoxides, isoprostanes and other reactive species which are 

potentially harmful (reviewed in [150]); through oxygenation by cyclooxygenases and 

lipoxygenases to synthesize eicosanoids including prostaglandins, leukotrienes, protectins 

of the D series and resolvins of the D or E series. In contrast to prostaglandins and 

leukotrienes derived from AA (the 2 series), the counterparts formed from DHA and EPA 

(the 3 series) are weak inflammatory molecules.  

Resolvins and protectins were recently discovered (reviewed in [152, 153]). EPA and 

DHA are separately converted to inflammation resolving mediators (resolvin E or 

resolvin D series and protectins) by lipoxygenases 15-LOX and 5-LOX. DHA or EPA is 

also processed by aspirin-treated COX2 in human vascular endothelial cells to produce 

18R-HEPE  or  17R-HDHA,  which  is  released and converted rapidly to Resolvin E  or  

26



 

 

 
 

Figure 4. Cellular storage and metabolism of n-3 fatty acids. Free EPA and DHA are 

released from triglycerides (TRIG) and phospholipids (PL) in adipocytes, lipoproteins 

and artificial chylomicrons by lipases or phospholipases. In plasma, most of 

circulating free fatty acids bind albumin. In cells, EPA or DHA can be incorporated 

by acyl transferase into storage TRIG or membrane phospholipids. EPA or DHA can 

be released by lipolysis or phospholipase from TRIG or membrane phospholipids, 

respectively. Free EPA/DHA can be processed to produce ATP as energy, to 

synthesize eicosanoids (prostaglandins, leukotrienes, protectins and resolvins) and  

harmful lipoperoxides and isoprostanes. Adapted from Singer et al [129].  
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Resolvin D series by 5-LOX in polymorphonuclear cells (PMN), respectively, when 

endothelial cells interact with PMN.  

1.3.3. The Protective Effects of N-3 Fatty Acids in Inflammatory Conditions and 

Autoimmune Diseases 

N-3 fatty acids are not only essential for normal development but also have beneficial 

effects in autoimmune and inflammatory diseases. Epidemiological studies showed low 

incidence or absence of autoimmune and inflammatory disorders, such as psoriasis, 

coronary heart disease, asthma, type-1 diabetes, and multiple sclerosis in Greenland 

Eskimos who have a high dietary intake of n-3 fatty acids from seafood [154].  

    Rheumatoid arthritis. Rheumatoid arthritis is a chronic inflammatory disease. One 

study showed that a fish oil diet decreased the incidence of collagen-induced arthritis, but 

had no effect on the severity of joint inflammation of arthritic animals [155]. A clinical 

trial was performed on patients with rheumatoid arthritis in 1985[156]. The patients took 

polyunsaturated fatty acids enriched diet and EPA (experimental group) or saturated fatty 

acids enriched diet and placebo (control group) for 12 weeks. The experimental group 

showed improvement in morning stiffness and number of tender joints[156]. A further 

study reported that the neutrophil production of LTB4 was lower in arthritis patients 

supplemented with DHA and EPA[157]. In conclusion, dietary n-3 fatty acids 

supplementation provides modest therapeutic benefits in rheumatoid arthritis[158]. 

    Inflammatory bowel disease. Inflammatory bowel disease (IBD) includes Crohn’s 

disease and ulcerative colitis. Patients with ulcerative colitis had high levels of 
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LTB4[159], a pro-inflammtory derivative of AA. Fish oil supplementation inhibited the 

production of LTB4, which led to significant histological improvement and reduced the 

need for prednisone[159]. In patients with Crohn’s disease, supplementation with 2.7 g of 

fish oil decreased the rate of relapse[160]. In a rat IBD model, dietary incorporation of n-

3 fatty acids led to a reduction in the inflammatory response and decreased colonic TNFα 

and LTB4 levels[161].  All these studies suggest that n-3 fatty acids have protective 

effects on IBD. 

    Multiple sclerosis. Few studies focused on the effects of n-3 fatty acids on multiple 

sclerosis and showed inconsistent results. Some indirect evidence came from 

epidemiological studies. One study showed a complete absence of MS in a population of 

Greenland Eskimos who consumed a diet rich in ocean fish [154]. And another study 

indicated fish oil consumption was linked to a lower rate of MS [162]. It has been also 

reported that dietary n-3 fatty acids were beneficial in newly diagnosed MS patients [163]. 

Other clinical trials showed fish oil improved clinical score in patients who had been 

diagnosed with MS for 2-3 years, but without statistical significance[164, 165]. These 

studies suggested that n-3 fatty acids were more efficient in early stage[163] than late 

stage of disease[164] and that n-3 fatty acids alone [163] were more efficient than the 

combination of n-3 and n-6 fatty acids[164]. Therefore, it is possible that n-3 fatty acids 

have a preventive effect for people susceptible to MS.  

    Cardiovascular diseases. Cardiovascular diseases including coronary heart disease, 

stroke, high blood pressure and heart failure are among the most common diseases. The 

effects of n-3 fatty acids on cardiovascular diseases have been extensively studied. 
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Initially, epidemiological studies indicated that there was an opposite relationship 

between fish consumption and mortality from coronary artery disease[166, 167]. This 

was supported by subsequent studies. A clinical trial reported that there was a 30% 

reduction in mortality in patients who consumed fish twice a week[168]. The 

supplementation of 1 g per day of n-3 fatty acids after myocardial infarction also 

significantly reduced mortality in cardiovascular patients [169]. The intake of n-3 fatty 

acids also led to a slight reduction in blood pressure[170], an important risk factor for 

cardiac disease. In another study, 1.7 g per day of n-3 fatty acids significantly reduced the 

incidence of myocardial infarction, but had no effects on cardiovascular patient mortality 

[171]. This clinical trial included only a small number of patients. In terms of stroke, 

recent studies showed that a diet low in n-3 fatty acid was associated with a higher 

incidence of stroke [172, 173]. N-3 fatty acids were also reported to have neuroprotective 

effects in animal models of stroke, partially through inhibition of microglial function[174, 

175]. Furthermore, neuroprotectin D1, a derivative of DHA, was shown to have 

protective effects in a mouse stroke model by limiting the infiltration of leukocytes, 

inhibiting NFκB activation and COX2 expression[153]. Taken together, n-3 fatty acids 

have beneficial effects in cardiovascular diseases. 

    Neurological diseases. Inflammation is also involved in the pathology of some 

neurological diseases such as schizophrenia, Huntington’s disease and Alzheimer’s 

disease. Low fish intake and low blood levels of DHA led to an increased risk for 

Alzheimer’s disease (AD) [176]. Animal studies showed that DHA deficient diets 

resulted in high levels of oxidative damage and loss of dendrites, and DHA enriched diets 
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significantly decreased oxidative damage and improved cognitive functions[177]. In an 

animal model of AD, DHA inhibited the production of lipid peroxide and reactive oxygen 

species in the cerebral cortex and the hippocampus and improved memory [178]. A 

further study showed that neuroprotectin D1, a DHA derivative, induced the expression 

of antiapoptotic and neuroprotective genes and improved neuronal cell survival [179].  

1.3.4. The Anti-Inflammatory Effects of DHA on Immune Cells 

The effects of n-3 fatty acids on innate immune cells have been studied in terms of 

phagocytosis, phenotype and cytokine production. Phagocytosis is the first step for the 

innate immune response to eliminate invading pathogens and to induce adaptive immune 

responses. The effects of fatty acids on phagocytosis have been studied in human 

neutrophils and monocytes. It was found that high ratios of n-3 to n-6 fatty acids 

correlated positively with phagocytosis by neutrophils and monocytes[180]. Another 

study showed that intake of dietary EPA and DHA for 6 months increased neutrophil 

endocytosis by about 40% and the monocyte endocytic activity by about 200% in healthy 

human subjects[181]. However, in vitro experiments showed that DHA did not affect the 

endocytic activity of immature human DC[182]. Similar to human DC, DHA did not 

show any effect on endocytosis in immature mouse DC in our study[183].  However, we 

found that DHA prevented the reduction of endocytosis in mature DC[183]. 

Both MHCI and MHCII are involved in antigen presentation to T cells. Human B cells 

treated with DHA showed lower levels of MHCI and reduced susceptibility to lysis by 

alloreactive CD8+ T cells[184]. Rats fed with fish oil showed lower levels of MHCII on 
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DC, which also displayed an impaired capacity to stimulate splenic lymphocytes [185]. 

Dietary fish oil inhibited IL-1, IL-6 and TNFα production from human mononuclear cells, 

and the inhibitory effects lasted for about 20 weeks[186, 187]. In vitro studies showed 

that exposure to DHA maintains human DC stimulated with TLR ligands in an immature 

state characterized by low levels of MHCII, CD40, CD80, CD86, and lack of 

inflammatory cytokine production (TNFα, IL-12p70, IL-1)[182, 188, 189]. In THP-1 

cells, a human macrophage cell line, EPA and DHA inhibited IL-1β, IL-6 and TNFα 

secretion stimulated by LPS[190]. In addition, our study showed that DHA prevented the 

production of two other important IL-12 family cytokines, i.e. IL-23 and IL-27[183, 191], 

which play an important role in CD4+ T cell differentiation. We also found dietary DHA 

have similar inhibitory effects on the in vivo IL-12 family cytokines [183].   

The influence of n-3 fatty acids on T cell function have been studied for several years. It 

was reported that n-3 fatty acids inhibited rat lymphocyte proliferation and IL-2 

production in vitro [192]. EPA also decreased the production of IL-4 and proliferation of 

human lymphocytes in vitro [193]. Similar to the in vitro effects of n-3 fatty acids, in 

vivo studies showed that lymphocytes from animals fed with n-3 fatty acids had lower 

levels of proliferation[194, 195]. Splenocytes from fish oil fed mice produced low levels 

of IL-1 [196]. In humans, dietary fish oil also decreased lymphocyte proliferation[187, 

193, 197, 198], and IL-2 production[198]. However, the mechanisms involved in the 

DHA inhibition of T cell proliferation and Th17 differentiation are not known.   

Resolvins and protectins have potent anti-inflammatory actions and play an important 

role in the resolution of inflammation and return to homeostasis. For example, both 
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resolvin D1 and protectins derived from DHA can block the migration of PMN, stimulate 

monocytes removal of apoptotic necrotic PMN, and have protective effects in stroke, 

asthma, colitis and peritonitis(Figure 5)[153]. Recently, we reported that DC generated in 

the presence of Resolvin E1 induced apoptosis in activated T cells through the expression 

of  IDO in DC [199].   

1.3.5. The Molecular Mechanisms for the Anti Inflammatory Effects of DHA 

Although n-3 fatty acids have been investigated for many years, the molecular 

mechanism for their beneficial effects are still not fully understood. The following 

mechanisms have been proposed: (1) modification of cell membrane properties and lipid 

composition [200]; (2) blockage of  NFκB nuclear translocation [200]; (3) capacity to 

function as PPARγ agonists,  resulting in the inhibition of inflammatory cytokine gene 

expression [201].  

    Cell membrane properties and lipid composition. In the cell membrane, n-3 fatty acids 

are incorporated primarily into phospholipids, sphingolipids and plasmalogens. These 

unsaturated fatty acids, important constituents of all cell membranes, can modify the 

biophysical properties of membranes such as fluidity, thickness, and deformability, and 

subsequently influence membrane associated protein function including enzymes and 

receptors [202]. Although n-3 fatty acids were able to modify lipid rafts, there was no 

clear, direct evidence to show that the anti-inflammatory function of n-3 fatty acids is due 

to the modification of lipid rafts[203].  DHA, EPA, and AA compete for incorporation at 

the sn-2 position in membrane phospholipids [204]. The increase in DHA leads to the 
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displacement of AA from the cell membrane phospholipid pool. The relative proportion 

of these fatty acids determines their availability after phospholipase cleavage. In addition, 

after being released from the cell membrane by phospholipases, the fatty acids serve as 

substrates for the same enzymes, i.e. cyclooxygenases and lipoxygenases. Therefore, the  

intake of n-3 fatty acids can influence the balance of pro-inflammatory and anti-

inflammatory eicosanoids derived from n-6 and n-3 fatty acids, respectively.  

    NFκB signaling pathway. DHA inhibits the NFκB signaling pathway at multiple 

levels. A previous study reported that DHA inhibited COX-2 expression in macrophages 

transfected with a constitutively active TLR4 construct, but not in cells transfected with a 

 
 
 
 
 
Figure 5. DHA derived resolvins and protectins. DHA is processed by aspirin-

acetylated COX2 or LOX pathways to resolvins and protectins. Both derivatives 

play an important role in blocking PMN migration and have beneficial effects in 

peritonitis, renal ischemic injury, colitis, stroke, asthma, and Alzheimer's disease. 

Adapted from Ariel et al [153]. 

Reduce PMN migration. 
Stroke, asthma, peritonitis, 
Alzheimer's disease.  

Block PMN infiltration. 
Peritonitis, renal ischemic 
injury, colitis.
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constitutively active form of MyD88[205]. This suggests that DHA interferes with NFκΒ 

signaling at the level of TLR4.   

A number of studies showed that DHA inhibited IκB phosphorylation and degradation 

and subsequently blocked the nuclear translocation of NFκB in various types of cells. 

Lower levels of p65 were detected in nuclear extracts from THP-1 cells pretreated with 

DHA[206]. The activation of NFκB was decreased in human kidney-2 (HK-2) cells 

treated with DHA[207]. In Caco-2 cells, DHA kept IκB at higher levels[208]. DHA also 

inhibited NFκB nuclear translocation in human retinal endothelial cells resulting in lower 

ICAM-1 and VCAM-1 expression [209]. 

    PPARγ activation. DHA also has inhibitory effects on gene expression independent of 

the phosphorylation and degradation of IκB. N-3 fatty acids serve as ligands for a nuclear 

receptor, peroxisome proliferator-activated receptors gamma (PPARγ)[201], an important 

mediator in immune response [210-212]. PPARγ is expressed in dendritic cells, 

macrophages, B cells and T cells. In dendritic cells, PPARγ ligands enhanced the 

endocytic capacity, decreased CD40 and CD80, and inhibited cytokine production (IL-12, 

IL-15, IL-6 and TNFα) (reviewed in [213]). PPARγ acts as a transrepressor blocking the 

expression of target gene induced by other transcription factors such as NFκB and AP-1. 

Recently, a mechanistic model has been proposed for PPARγ action in LPS stimulated 

macrophages [214]. In the resting state, a co-repressor complex which consists of NCoR, 

SMRT and HDAC acts as a key checkpoint for regulating the inflammatory response. 

The clearance of the co-repressor complex was characterized by Huang et al[215].  TLR4 
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stimulation results in nuclear translocation of p65/p50 and of IKKε. The phosphorylation 

of adjacent c-Jun/NCoR complexes by IKKε initiates the degradation of the corepressor 

complex by the 19S proteasome. Following removal of the corepressor, the transcription 

of inflammatory genes is activated. In cells treated with a PPARγ ligand and LPS, the 

activated PPARγ is conjugated with SUMO1 (small ubiquitin-like modifier). The 

conjugated PPARγ binds to the corepressor complex and block its degradation, 

preventing the expression of target genes.   
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2. Materials and Methods 

2.1. Mice 

B10.A mice (I-Ek), C57BL/6 mice (H-2b), TCR-Cyt-5CC7-I/Rag1-/- transgenic (PCCF-

specific TCR Tg; I-Ek) and C57BL/6-Tg (Tcra2D2,Tcrb2D2)1Kuch/J (MOG35-55 specific 

TCR) were purchased from Jackson Laboratory (Bar Harbor, ME) and Taconic (Hudson, 

NY). Transgenic mice were bred and maintained in the Temple University School of 

Medicine animal facility (Philadelphia, PA) under pathogen-free conditions. All mice 

used were between 6 and 10 wk of age. Mice were handled and housed in accordance 

with the guidelines of the Temple University Animal Care and Use Committee. 

2.2. Reagents 

Lipopolysaccharide (LPS) (Escherichia coli O26:B6), polyinosinic-polycytidylic acid 

(PolyI:C), peptidoglycan (PGN), pertussis toxin (PTX), streptavidin-peroxidase, phorbol 

myristate acetate (PMA), ionomycin, fluorescein isothiocyanate (FITC)–conjugated 

dextran and streptavidin-peroxidase were purchased from Sigma-Aldrich (St. Louis, MO). 

CD4+CD25+ regulatory T cell isolation kit, CD4 and CD11c MicroBeads were purchased 

from Miltenyi Biotec (Bergish-Gladbach, Germany). Pigeon cytochrome c fragment 

(PCCF), myelin oligodendrocyte glycoprotein (MOG) 35-55, proteolipid protein (PLP) 139-

151, 1X HBSS, 10X HBSS and CpG ODN 1826 were purchased from InvivoGen (San 

Diego, CA). Recombinant murine GM-CSF, IL-12p70, TNFα, IL-6, CCL-19 and CCL-4 

were purchased from Peprotech Inc (Rocky Hill, NJ). The ELISA kit for murine IL-

27p28, capture and biotinylated anti-mouse IL-17, recombinant mouse IL-17, 
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recombinant TGFβ, APC-conjugated anti mouse TLR4 and recombinant mouse IL-2 

were purchased from R&D Systems (Minneapolis, MN). DHA, GW9662, Rosiglitazone 

and peroxisome proliferator activated receptor γ (PPARγ) transcription factor assay kit 

were purchased from Cayman Chemical (Ann Arbor, MI). Capture and biotinylated anti-

mouse IL-23 antibody, recombinant IL-23, PE-conjugated anti-mouse CD25, mouse 

regulatory T cell staining kit, APC-conjugated anti-mouse INFγ, purified anti-mouse 

CCR5, biotin goat anti-Armenian hamster IgG and APC-conjugated streptavidin were 

purchased from eBioscience (San Diego, CA). FITC-conjugated anti-mouse CD80, CD86, 

CD40, MHCII, CD4, CD44; PerCP-CyTM5.5 conjugated anti-mouse CD69; PE-

conjugated anti-mouse IL-17; recombinant mouse IL-10, IFNγ; capture and biotinylated 

anti-mouse IL-2, IL-12/p70, IL-6, TNFα, IFNγ, IL-10 and CCL-4; GolgiPlug, annexin V-

FITC apoptosis detection kit I, Cytofix/Cytoperm, Perm/Wash buffer; the Cycle TEST 

PLUS DNA reagent kit; and TMB Substrate Reagent Set were purchased from BD 

PharMingen (San Diego, CA). Nuclear extract kit and TransAm NFκB p65 transcription 

factor assay kit were purchased from Active Motif North America (Carlsbad, CA). 

Phospho-NF-κB p65 (Ser536) (93H1) Rabbit mAb, anti-IκBα mouse mAb were 

purchased from Cell Signaling Technology, Inc (Danvers, MA). Anti-GAPDH rabbit 

mAb were purchased from Fitzgerald Industries International (Concord, MA). Goat anti-

rabbit and goat anti-mouse antibodies conjugated to infrared dye were purchased from 

LI-COR (Lincoln, NE). DNase I grade II and Liberase TL were purchased from Roche 

(Indianapolis, IN). Ketamine HCl was purchased from Fort Dodge Animal Health (Fort 

Dodge, IA). Xylazine was purchased from Butler Animal Health Supply (Dublin, OH). 
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0.5 M EDTA was purchased from Promega Corporation (Madison, WI). Percoll was 

purchased from GE Healthcare (Piscataway, NJ). Mycobacterium tuberculosis H37 RA 

was purchased from Difco (Detroit, MI). Alexa Fluor 488 goat anti-rabbit IgG Ab and 

CellTrace™ CFSE Cell Proliferation Kit was purchased from Invitrogen Molecular 

Probes, Inc(Eugene, OR).  

2.3. Generation and Purification of DC from Bone Marrow 

DC were generated from bone marrow. Briefly, femur and tibiae were removed from 6- 

to 8-wk-old male B10.A mice. Both ends of the bones were cut open and bone marrow 

cells were flushed out and washed with ice-cold RPMI 1640 medium (Invitrogen Life 

Technologies Research Laboratory). 2×106 bone-marrow cells were cultured in 100 mm 

petri dishes containing 10 ml RPMI 1640 medium supplemented with 10% heat-

inactivated FBS (Atlanta Biologicals, Norcross, GA), 2mM L-glutamine, and 20 ng/ml 

recombinant GM-CSF. After three days, another 10 ml of complete medium containing 

GM-CSF was added to each dish. On day 7, the non-adherent cells were harvested and 

purified by immunomagnetic sorting with anti-CD11c-coated magnetic beads using the 

autoMACS system according to the manufacturer’s instructions (Miltenyi Biotec). The 

purity of the sorted cells was determined by FACS analysis (>96% for CD11c+ cells).   

2.4. FACS Analysis 

Cells were subjected to FACS analysis in a 3-color FACSCalibur (BD Biosciences, 

Mountain View, CA). Data were collected for 10,000 cells and analyzed using Cellquest 

software from BD Biosciences (San Jose, CA). DC or T cells washed with ice cold PBS 
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and incubated for 30 minutes at 4°C with various FITC/PE/APC/PerCP conjugated 

antibodies and were analyzed by flow cytometer after extensive wash. For CCR5 

expression, DC were treated with LPS for 48h and stained with purified anti-mouse 

CCR5. To determine the phosphorylated p65 in DC, DC were treated with 50μM DHA 

for 24h followed by LPS treatment for 20, 40, and 60 minutes. DC were fixed with 

Phosflow Fix buffer, washed with Perm/wash buffer, incubated with Phospho-NF-κB p65 

Rabbit mAb and Alexa Fluor 488 goat anti-rabbit IgG Ab subsequently, analyzed by 

FACS. For the detection of Foxp3, IFNγ, IL-17 production in T cells, cells were first 

stained with anti-CD4 and/or anti-CD25 or anti-CD4/anti-CD25 alone, fixed with 

Cytofix/Cytoperm buffer, washed with Perm/wash Buffer, incubated with anti-Foxp3, 

IFNγ and IL-17, respectively, and analyzed by FACS. The specificity of the primary Abs 

was established with appropriate isotype-matched controls.  

2.5. Apoptosis Assay with Annexin V and Propidium Iodide (PI) Staining 

After treatment, DC or T cells were washed and adjusted to 1 × 106 cells/ml in staining 

buffer. Annexin V and PI staining was performed according to the protocol provided by 

BD Pharmingen, and the cells were analyzed immediately by flow cytometry.  

2.6. Endocytosis 

Endocytosis was measured as the cellular uptake of FITC-dextran (Sigma-Aldrich) and 

was quantified by flow cytometry. Briefly, DC (5×105 cells/well) were incubated in 

medium containing FITC-dextran (0.5 mg/ml; molecular mass 40 kDa) for 2h at 37°C. 

As a negative control, DC were precooled to 4°C prior to incubation with FITC-dextran 
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at 4°C for 2 hours. Subsequently, incubated cells were washed 3 times with cold PBS and 

analyzed by FACS.  

2.7. Cytokine and Chemokine ELISA 

Cytokine production was determined by sandwich ELISA. DC were cultured in 12-well 

culture plates (1×106cells/ml or 2×106 cells/ml) and pretreated with various concentration 

(0.1, 1, 10, 25, 50 μM) of DHA for 24h, followed by LPS (0.1 μg/ml) for 12 or 24h. 

Supernatants were harvested and subjected to ELISA. DC-CD4+ T cell co-cultures or 

splenocyte culture were also harvested and subjected to sandwich ELISA for IL-2, IFNγ 

and IL-17. The detection limits were: 15pg/ml for IL-6, TNFα, IL-17, IL-2 and IL-10; 30 

pg/ml for IFNγ, IL-23 and IL-12p70; 20 pg/ml for CCL-4 and 4.7 pg/ml for IL-27.  

2.8. Real-time RT-PCR 

The expression of p19, p35, p40, IL-27p28, EBI3, CCR5, CCR7, COX2, 5-LOX, 15-

LOX, p27 (kip1), Tbet, GATA3, RORC, Foxp3, and TGFβ were detected by SYBR 

Green-based real-time RT-PCR. RNA was prepared from 4×106 purified CD11c+ DC or 

CD4+ T cells activated by DC or DC-DHA using an Ultraspec RNA isolation system 

according to the manufacturer’s instructions (Biotecx Laboratories, Houston, TX). RNA 

(1 μg) was reversed transcribed to cDNA and subjected to real time PCR. The PCR 

mixture (20 μl), consists of 4 μl diluted cDNA, 16 μl of SYBR Green containing the PCR 

master mix and 150 nM of each primer. Real-time PCR was performed using the 

Stratagene Mx3005P. The following primers were used: p19 sense, 5'-
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TGCTGGATTGCAGAGCAGTAA-3' and antisense, 5'-

ATGCAGAGATTCCGAGAGA-3'; p35 sense, 5'-GAGGACTTGAA GATGTACAG-3' 

and antisense, 5'-TTCTATCTGTGTGAGGAGGGC-3'; p40 sense, 5'-

GACCCTGCCGATTGAACTGGC-3' and antisense, 5'-CAACGTTGCATCCTAGGA 

TCG-3'; p28 sense, 5'-TCTGGTACAAGCTGGTTCCTGG-3' and antisense, 5'-

TAGCCCTGAACCTCAGAGAGCA-3'; EBI3 sense, 5'-GAGGGTCCGGCTTGATGAT 

T-3' and antisense, 5'-CACGGTGCCCTACATGCTAA-3'; CCR5 sense, 5′-

CATCGATTATGGTATGTCAGCACC-3′ and antisense, 5′-

CAGAATGGTAGTGTGAGCAGGAA-3′; CCR7 sense 5′-

CCAGGAAAAACGTGCTGGTG-3′ and antisense 5′-

GGCCAGGTTGAGCAGGTAGG-3′; COX2 sense, 5′-AACCCAATCAGCGTTTCTCG-

3′ and antisense 5′-CTTAGTTCCGTTTCTCGTGGTCA-3′;  5-LOX sense, 5′-

CAGGGAGAAGCTGTCCGAGT-3′ and antisense 5′-GCAGA 

GGCCGTGAAGATCAC-3′; 15-LOX, sense:  5′-CCTCTCGAAATCGCTGGTCTA-3′ 

and antisense, 5′-GTGGCGGCGACCAGTATCT-3′; p27(kip1) sense, 5'-

CGGCGGCAAGGTTTGGAGAGG-3' and antisense, 5'-

GGAGGAGGCAGGAGGAGGTGG-3'; Tbet sense, 5'-CGGTACCAGAGCGGCAAGT-

3', and antisense, 5'-CATGCTGCCTTCTGCCTTTC-3'; GATA3 sense, 5'-

TACTTGCGTTTTTCGCAGGA-3', and antisense, 5'-GATCTGTCGCTTTCGGGCCT-

3'; RORC sense, 5'-GCGGAGCAGACACACTTACA-3', and antisense, 5'-

TCCACCACCACAGCTGAGAGG-3'; Foxp3 sense, 5'-

CAGCTGCCTACAGTGCCCCTA-3', and antisense 5'-

CATTTGCCAGCAGTGGGTAG-3'; TGFβ sense, 5'-
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GACCTGGGTTGGAAGTGGATC-3', and antisense 5'-

GAAGTTGGCATGGTAGCCCTT-3'; β-actin sense, 5'-

TCCACCACCACAGCTGAGAGG-3' and antisense, 5'-

CAGCTTCTCTTTGATGTCACG-3'. The cycling conditions were 95°C for 15s, 75°C 

for 1 min, 57oC for 30 sec, for 40 cycles, followed by a melting point determination or 

dissociation curves. The expression level of each gene is indicated by the number of 

cycles needed for the cDNA amplification to reach a threshold. The amount of DNA is 

calculated from the number of cycles by using standard curves and the results are 

normalized to β-actin. 

2.9. Chemotaxis Assay 

Purified DC were preincubated with 50μM DHA for 24h, followed by an additional 24h 

treatment with 0.1 μg/ml LPS and assayed for migration in response to the chemokine 

CCL19 (100 ng/ml). The lower chambers of Transwell plates (8.0μm pore size; Corning, 

Acton, MA) were filled with 600μl serum-free medium with or without CCL19. DC 

(1×105 cells in 0.1 ml) resuspended in serum-free medium were deposited in the upper 

chambers of the Transwell plates and allowed to migrate for 4h at 37°C in 5% CO2. The 

numbers of migrated DC harvested from the lower chambers were counted by FACS (60-

second counts). 
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2.10. PPARγ Binding To PPRE Containing Oligonucleotides 

Nuclear extracts were prepared as recommended by the manufacturer (Cayman 

Chemicals) from 5x106 DC treated as described in Results. The amounts of activated 

PPARγ were determined by using an ELISA based kit with immobilized oligonucleotides 

containing peroxisome proliferator responsive element (PPRE). 2 μg nuclear extract were 

incubated in each well overnight at 4°C without agitation. Treatment with primary Ab 

specific for PPARγ was followed by a secondary antibody conjugated to HRP and 

colorimetric readout at 450 nm. Detection antibodies and positive controls were provided 

with the manufacturer’s kit. 

2.11. NFκB Translocation Assay 

DC were incubated in 50 μM DHA for 24h and treated with 0.1μg/ml LPS for 1h. 

Nuclear proteins were prepared using the nuclear extract kit (Active Motif) according to 

the manufacturer’s protocol. The amount of active NFκBp65 in the nuclear extract was 

detected using ELISA based TransAM NFκB kits containing immobilized NFκBp65 

consensus site oligonucleotides. 5ug nuclear extract was added to each well, followed by 

primary antibodies that recognize a p65 epitope accessible only in activated p65 bound to 

target DNA. An HRP-conjugated secondary antibody provides a sensitive colorimetric 

readout quantified at 450 nm. Results are expressed as relative activity, i.e. absorbance 

values above those observed in samples without any treatment (medium). 
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2.12. Cell Extracts and Western Blots 

Whole cell extracts were generated by lysing DC in buffer containing 50 mM Tris-HCl 

pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% sodium deoxycholate, 0.1% SDS, 1% Triton X-

100, 1 mM PMSF, and protease inhibitor cocktail (Sigma-Aldrich). Samples were run on 

SDS-PAGE gels and transferred onto nitrocellulose membrane. The membrane was 

probed with primary antibodies against IκBα and GAPDH, followed by infrared 

conjugated secondary antibodies and scanned using the ODYSSEY Infrared Imaging 

system (LI-COR).  

2.13. The Effects of Dietary DHA on In Vivo Expression of IL-12 Family Cytokines 

Four wks old B10.A mice (groups of 5) were fed with control diet (no DHA) or DHA-

enriched diet (0.22% DHA) (Table 1) for 5 wks. 12h after inoculation of 50μg LPS i.p., 

expression of p40, p19, p35, p28 and EBI3 was determined by real time RT-PCR in 

purified splenic CD11c+ DC. The DHA supplement, under the trade name DHASCO, 

was obtained from Martek Biosciences Corporation (Columbia, MD). The diet was 

produced at Research Diets Incorporated (New Brunswick, NJ).  

2.14. Purification of Splenic CD11c+ DC 

Spleens cut into small pieces were incubated in HBSS w/Ca+2, Mg+2 containing 0.5mg/ml 

Liberase Blendzyme II and 1mg/ml DNase I at 37oC for 30min. Debris was removed by 

filtering cells through cell strainers (70 μm). Spleen CD11c+ DC were purified using  the 
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Table 1. Total Composition of Control and DHA Diets Per Manufacturer’s Analysis 

Product # Control Diet DHA Diet 

 gm% kcal% gm% kcal% 

Protein   20   20  20   20 

Carbohydrate   61   59  61   59 

Fat   10   22  10   22 

Total  100  100 

kcal/gm     4.1     4.1  

Ingredient gm kcal gm kcal 

Casein, 80 Mesh     0     0     0     0 

Casein, Alcohol Extracted 200 800 200 800 

L-Cystine     3   12     3   12 

Corn Starch 150 600 150 600 

Maltodextrin 10 150 600 150 600 

Sucrose 100 400 100 400 

Dextrose 200 800 200 800 

Cellulose, BW200   50     0   50     0 

Soybean Oil     0     0     0     0 

Safflower Oil, High Oleic 100 900   94.5 850.5 

DHASCO (40% DHA)     0     0     5.5   49.5 

t-BHQ     0.014     0     0.014     0 

Mineral Mix S10022G   35     0   35     0 
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 autoMACS system and CD11c magnetic beads as recommended by the manufacturer 

(Miltenyi Biotec).  

2.15. Isolation of CD4+ T Cells 

Purified naive CD4+ T cells were isolated from the spleen of PCCF-specific TCR-Tg 

mice or MOG35-55 specific TCR-Tg mice by positive immunomagnetic selection using 

anti-CD4 mAb magnetic beads (Miltenyi Biotec).  The purified T cells were 98% CD4+ 

as determined by FACS analysis.  CD4+ T cells, CD4+CD25+ T cells, CD4+CD25- T cells 

were also isolated using CD4+CD25+ regulatory T cells isolation kit according to 

manufacture’s protocol.  

2.16. T Cell Proliferation Assay 

T cell proliferation was measured in triplicate cultures in flat-bottom 96 well microtiter 

plates. Different numbers of DC (0.25–1×104 cells/well) from B10.A or C57B/6 mice 

Table 1. (continued)     

Product # Control Diet DHA Diet 

Ingredient gm kcal gm kcal 

Vitamin Mix V10037      10     40     10    40 

Choline Bitartrate        2.5       0       2.5      0 

Total 1000.514 4152 1000.514 4152 
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were cultured in triplicate in the presence or absence of DHA (50μM), followed by LPS 

(0.1 μg/ml) for 24 h and pulsed with PCCF (5 μM), MOG35-55 (50μg/ml) or proteolipid 

protein (PLP; nonspecific Ag, 20 μg/ml) for 2 h at 37°C (5% CO2). After extensive 

washing with PBS, DC were cocultured with PCCF-specific or MOG35-55 Tg CD4+ T 

cells (1×105 cells/well). Negative controls consisted of DC or T cells alone. To study 

whether DC-DHA induce anergy in T cell, activated T cells (TDC or TDC-DHA) were 

generated from myelin oligodendrocyte glycoprotein (MOG)35-55-specific CD4+ T cells 

cultured with DC or DC treated with DHA (DC-DHA) pulsed with MOG35-55 and 

activated with LPS. TDC or TDC-DHA (2×105 cells/well) were cultured with different 

number of regular DC stimulated with LPS and pulsed with MOG35-55. Proliferation assay 

was also detected in splenocytes from mice with EAE.  Splenocytes were harvested at 

day 11 after immunization, cultured at 2×106/ml and restimulated ex vivo with MOG35-55 

(50μg/ml). On day 3 of culture, 3H-thymidine (1μCi per well) was added and 

incorporation was measured after 16h. Cells were harvested on fiberglass filters, and 

[3H]TdR incorporation was measured in a liquid scintillation  counter. To determine 

whether Foxp3+ T cells enhanced by T cells and DC-DHA coculture were functional 

Treg. Proliferation suppressive assays were performed as follows: 1×105 MOG35-55 

specific CD4+ T cells were activated with MOG-pulsed DC or DC-DHA in the presence 

or absence of 2 ng/ml TGFβ and 50 U/ml IL-2 for 3 days, rested for 2 days in the 

presence of IL-2 and re-cultured with CFSE-labeled (5 μM, according to the 

manufacturer’s protocol) naïve MOG Tg-CD4+ T cells (0.1×105) and 0.1×104 MOG-

pulsed DC, in 200 μl medium in 96-well plates. Three days later, proliferation was 
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assessed by CFSE dilution using FACS. The proliferation of naïve CD4+ T cells was 

based on gated CFSE labeled cells. 

2.17. Cell Cycle Analysis 

DC or DC treated with DHA (DC-DHA) were pulsed with 50μg/ml MOG35-55 and 

stimulated with 0.1 μg/ml LPS for 24 h. After extensive washing, DC or DC-DHA were 

cultured with MOG35-55 specific CD4+ T cells at 1 to 20 ratio. Three days later, cell cycle 

analysis was performed on activated T cells using the Cycle TEST PLUS DNA Reagent 

Kit according to the manufacturer's instructions. The detection of each phase of the cell 

cycle was based on the measurement of the DNA content of nuclei labeled with 

propidium iodide (PI). The cells were trypsinized with 250 μL of trypsin buffer for 10 

min at room temperature after washing with buffer solution for 3 times. Then 200 μl of 

solution containing trypsin inhibitor and RNase buffer were added. After 10 minutes of 

incubation at room temperature, the cells were stained with 200μl propidium iodide stain 

solution for another 10 minutes at 4°C. Finally, samples were analyzed by FACS.  

2.18. EAE Induction 

C57BL/6 mice (3 wks old) were fed with control or DHA diet for 5 weeks as described 

before. Mice were injected with 200μg MOG33-55 peptide emulsified in complete Freund's 

adjuvant containing Mycobacterium tuberculosis H37 RA (final concentration 2mg/ml) 

s.c. on day 0 and 100 ng pertussis toxin (PTX) i.p. on day 0 and on day 2. Clinical scores 

were as follows: 0, normal mouse, no overt signs of disease; 1, limp tail or hind limb 

weakness; 2, limp tail and hind limb weakness; 3, partial hind limb paralysis; 4, complete 
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hind limb paralysis; 5, moribund state. At stage 5, animals were euthanized and removed 

from the calculation for the clinical score. Both clinical scores and weight were followed 

for 60 days. 

2.19. Isolation of Inflammatory CD4+ T Cells From CNS 

C57BL/6 mice were immunized as described before. Isolation of mononuclear cells was 

performed at peak of clinical disease (day 18). Mice were anesthetized with 20 μl of mix 

of ketamine HCl and xylazine and perfused through the left cardiac ventricle with 30 ml 

of HBSS containing 2mM EDTA. The brain was dissected and spinal cord was flushed 

out with HBSS. CNS tissue was digested with 10 ml HBSS containing DNAse I (0.1 

mg/ml for brain and 0.05 mg/ml for spinal cord) and Liberase (0.05 mg/ml for brain and 

0.025 mg/ml for spinal cord) for 45 min at 37°C with shaking, followed by blocking 

solution (10% FCS, 10 mM EDTA in HBSS).  The tissue was pelleted and resuspended in 

10 ml of 30% isotonic Percoll (diluted with 10x HBSS and distilled water), underlaid 

with 5 ml of 70% isotonic Percoll. Mononuclear cells were isolated from the 30/70 

interphase after gradient centrifugation. Cells were washed with RPMI 1640 medium. 

Mononuclear cells were cultured in the presence of PMA (50 ng/ml), ionomycin 

(500ng/ml) and GolgiPlug (1μl/ml) for 4h. Cells were stained with FITC anti-CD4 for 30 

min, fixed and permeabilized using Cytofix/Cytoperm and Perm/Wash buffer according 

to the manufacturer’s instructions. Then cells were stained with APC anti-IFNγ and PE 

anti-IL-17 for 30 min. FACS analysis was performed. T cells were identified by gating on 

CD4. The number of cytokine producing cells was calculated from the percentage of 

cytokine-positive CD4+ T cells. We determined the number of CD4+ T cells in the CNS 
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by multiplying the percentage of positive cells by the total number of mononuclear cells 

isolated from the CNS. 

2.20. Statistical Analysis 

Results are described as mean +/- SD. Comparisons between two groups were done using 

Student t test, whereas comparisons among multiple groups were done by one way 

ANOVA. Bonferroni test was used for post hoc comparisons among multiple groups 

where appropriate. Statistical significance was determined as p values less than 0.05. All 

statistical analyses were performed using SPSS 12.0 software. 
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3. Results 

3.1. Effects of DHA on cDC Phenotype and Function 

3.1.1. DHA Maintains an Immature Phenotype in cDC  

Increased expression of MHCII and costimulatory molecules are hallmarks of DC 

maturation. To determine whether DHA affects DC maturation, CD11c+ bone marrow-

derived DC were pretreated with DHA for 24h followed by LPS for an additional 24h. 

Immature DC displayed low levels of MHCII, CD40, CD80, and CD86, and their 

expression was dramatically increased following LPS stimulation. DHA prevented the 

LPS-induced upregulation of MHCII and costimulatory molecules (Figure 6A).  

In contrast to immature DC which take up antigens efficiently, antigen uptake is 

significantly reduced in mature DC. We investigated the effects of DHA on the capacity 

of immature and LPS-matured DC to take up FITC-dextran, and found that DHA 

prevented the decrease in endocytosis following LPS treatment (Figure 6B). Taken 

together, these results suggest that DHA contributes to the maintenance of an immature 

status in LPS-stimulated DC.    

3.1.2. Effects of DHA on CCR5/7 Expression and DC Chemotaxis  

Immature DC express high levels of CCR5 and migrate in response to chemokines 

generated during inflammation. In contrast, mature DC downregulate CCR5, upregulate 

CCR7 expression, and migrate in response to chemokines constitutively expressed in 

secondary lymphoid organs, such as CCL19/21.  We investigated the effects of DHA on  
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capacity CD11c+ DC (1×106/ml) were treated with 50 μM DHA for 24hcapacity. CD11c DC (1×10 /ml) were treated with 50 μM DHA for 24h,

followed by LPS (0.1 μg/ml) for another 24h. (A) Cells were analyzed for
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control) or 37oC and assessed for endocytosis by flow cytometry. Results are

expressed as percentage positive cells and geometric mean fluorescence
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CCR5 and CCR7 expression. Immature DC treated with or without DHA expressed high 

levels of CCR5 mRNA. LPS treatment reduced CCR5 mRNA expression significantly. In 

contrast, DC pretreated with DHA retained high CCR5 expression even following LPS 

treatment (Figure 7A – left panel).  Similar results were obtained in terms of surface 

CCR5 protein expression (Figure 7A – right panel).  

As expected, CCR7 expression was highly induced upon LPS treatment. In contrast, there 

was no CCR7 induction in DC pretreated with DHA (Figure 7B). In agreement with high 

CCR7 expression in LPS-treated DC we observed that high numbers of LPS-treated DC 

migrated in response to CCL19, a CCR7 chemotactic ligand.  In contrast, immature DC 

and DC treated with DHA plus or minus LPS did not migrate above control levels (no 

CCL19) (Figure 7C).  

These results indicate that pretreatment with DHA maintains an immature phenotype in 

LPS stimulated DC, in terms of surface markers, endocytic capacity, and directional 

chemotactic migration.    

3.1.3. DHA Prevents Cytokine and Chemokine Release from LPS-Stimulated DC  

In contrast to immature DC, LPS-treated DC secrete proinflammatory cytokines and 

chemokines including IL-12p70, IL-23, IL-6, TNFα, CCL3 and CCL4, and anti-

inflammatory cytokines such as IL-10. To investigate the effect of DHA on 

cytokine/chemokine production, we pretreated DC with DHA, followed by LPS 

stimulation. DHA inhibited the release of IL-6, TNFα, CCL-4, and IL-10 in a dose-

dependent manner (Figure 8A-D). For the IL-12 family, i.e. IL-12p70, IL-23 and IL-27,  
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we observed a similar dose-dependent inhibition of cytokine secretion, accompanied by a 

significant inhibitory effect on the mRNA expression of IL-23p19, IL-12p35, IL-23/IL-

12p40 and IL-27p28 (Figure 9 A-B).  

3.1.4. DHA Prevents IL-12p70 Production through Effects on PPARγ and NFκB 

Several possible mechanisms could be involved in the inhibitory effect of DHA on LPS-

induced cytokine production in DC. Since DHA inhibited surface molecule expression 

and pro-inflammatory and anti-inflammatory cytokine production, we tested whether 

DHA induced apoptosis in cDC by using Annexin V/PI staining. The inhibitory effects of 

DHA were not due to DC apoptosis, since exposure to DHA of immature or LPS-

stimulated DC did not increase the percentage of apoptotic or necrotic cells (Figure 10).  

To determine whether DHA has an impact on TLR4 expression, DC were treated with 50 

μM DHA for 24h, followed by TLR4 FACS analysis. No significant differences were 

detected (Figure 11). DHA is an unsaturated fatty acid, which can be incorporated in the 

plasma membrane. Pretreatment of DC with DHA for 24h before LPS addition inhibited 

IL-12p70 production. Shorter preincubation times, or exposure to DHA simultaneously or 

after LPS treatment had much lower or no inhibitory effect (Figure 12A). In a second set 

of experiments we preincubated DC with DHA for 24h, washed them extensively and 

exposed them to LPS. Similar levels of IL-12p70 inhibition were observed with DC that 

were washed or not washed following DHA exposure (Figure 12B). These experiments 

were in agreement with the proposed incorporation of DHA into the DC plasma 

membrane.   
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Figure 9. DHA prevents expression and production of IL-12 family cytokines 

in LPS-treated DC. 
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 Figure 9. (continued) (A) CD11c+ DC (1x106 cells/ml) were treated with 50 μM DHA 

for 24h followed by LPS (0.1 μg/ml) for various periods of time (3, 6, and 12 h) for 

p35IL-12, p40IL-12/IL-23, and p19IL-23 mRNA or 3h for p28IL-27 and EBI3p27 

mRNA expression. (B) DC (1×106/ml for IL-12p70 and IL-27 and 2×106/ml for IL-

23) were cultured in the presence of different concentration of DHA for 24h, followed 

by LPS for 12h (for IL-23) or 24h (for IL-12p70 and IL-27). Supernatants were 

subjected to ELISA. Data represent the mean +/- SD. * p<0.01, # p<0.05, compared 

with LPS-treated samples (no DHA).  

 
 

Figure 10. DHA does not induce apoptosis in DC.  CD11c+ DC were preincubated 

with 50 μM DHA for 24h, followed by treatment with 0.1 μg/ml LPS for 24h. 

Cells were stained with Propidium Iodide (PI) and Annexin V and apoptosis were 

analyzed by flow cytometry (quadrant values represent percentage of cells). One 

representative experiment of three is shown. Med-medium control. 
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To investigate whether DHA could affect cytokine production in response to signaling 

through various TLR, we pretreated DC with DHA, followed by stimulation with LPS 

(TLR4 ligand), PGN (TLR2 ligand), CpG (TLR9 ligand), poly I:C (TLR3 ligand) and 

combined CpG and poly I:C treatment. We observed profound inhibition of both IL-

12p70 and IL-23 for LPS, PGN and poly I:C stimulation, and reduction in cytokine 

production for the combined CpG and poly I:C treatment (Figure 12C, D). Since TLR3 

and 9 are expressed intracellular on endosomes, these experiments suggest that DHA is 

released and acts intracellularly.  

In an effort to elucidate the transcriptional mechanisms we focused on the peroxisome 

proliferator activated receptor γ (PPARγ), which has the capacity to bind unsaturated 

fatty acids including DHA, and on the NFκB signaling pathway.  

DC were pretreated with increasing concentrations of DHA for 24h, followed by LPS 

stimulation.  Nuclear  extracts  were  tested  for  PPARγ  activation  by  using  a  PPARγ  

 

Figure 11. DHA does not affect TLR4 expression. CD11c+ DC (1×106/ml) were 

treated with 50 μM DHA for 24h. Cells were analyzed for TLR4 expression by flow 

cytometry. One representative experiment of three is shown. 
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Figure 12. Effects of DHA on IL-12p70 production initiated by signaling 

through various TLR. 
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regulatory sequence (PPRE)-containing oligonucleotide binding assay. We observed high 

levels of PPARγ binding in DC treated with DHA concentrations that proved inhibitory 

for cytokine production (Figure 13A). The specificity of PPARγ binding in DC treated 

with DHA and LPS was confirmed by use of the specific inhibitor GW9662, which 

reduced binding to control levels. As a control for PPARγ binding specificity, we used 

the PPARγ agonist Rosi which induced binding in DC treated with LPS in the absence of 

DHA (Figure 13B).  

Next, we assessed the involvement of PPARγ in DHA-mediated inhibition of cytokine 

production. The PPARγ inhibitor GW9662 did not affect LPS-induced IL-12p70 

production (Figure 13C). PPARγ activation by Rosi prior to LPS treatment resulted in 

Figure 12. (continued) (A) CD11c+ DC (1 ×106/ml) were pretreated with 25 μM 

DHA for various periods of times (24h or 30 min prior to LPS, simultaneously with 

LPS, 30 min and 12h after LPS). Supernatants were harvested and assayed for IL-

12p70 by ELISA. (B) CD11c+ DC were treated with 25 μM DHA for 24h, and 

washed extensively with PBS prior to LPS addition. Supernatants were harvested 

and assayed for IL-12p70. (C, D) CD11c+ DC  (1×106 cells /ml for IL-12p70 and 

2×106 cells /ml for IL-23) were pretreated with 25 μM DHA for 24h followed by 

different TLR ligands (LPS 0.1 μg/ml, PGN 10 μg/ml, CpG 1 μM, poly I:C 50 

μg/ml, CpG 1 μM + poly I:C 50 μg/ml) for an additional 12h (for IL-23) or 24h (for 

IL-12p70). Supernatants were harvested and assayed for IL-12p70 or IL-23 by 

ELISA. 
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approximately 40% reduction in IL-12p70 production. As expected, this reduction was 

abolished by the PPARγ inhibitor GW9662 (Figure 13C). Similar to Rosi, DHA 

pretreatment resulted in a similar reduction in IL-12p70. However, in this case, the 

reduction was only partially reversed by GW9662 (Figure 13C), an indication that other 

factors in addition to PPARγ mediate the inhibitory effect of DHA on IL-12p70 

production.  

Since NFκB is a major transcription factor for the expression of cytokine/chemokine 

genes, we evaluated the possible role of DHA on NFκB signaling pathway in LPS-treated 

DC. First, we measured phosphorylated p65 at different time points of LPS treatment and 

found that DHA did not decrease p65 phosphorylation (Figure 14A). Similar to the 

PPARγ activation assay, we prepared DC nuclear extracts and measured p65 binding to 

oligonucleotides containing κB specific sequences. DC treated with LPS exhibited high 

nuclear κB binding which was not affected by pretreatment with Rosi (Figure 14B), 

indicating that p65 nuclear translocation in response to LPS was PPARγ independent. In 

contrast to Rosi, DHA reduced p65 binding by approximately 50% (Figure 14B). In 

addition, GW9662 did not reverse the reduction of p65 binding by DHA. These results 

indicated that DHA reduced p65 nuclear translocation, and the lack of effect of Rosi and 

GW9662 suggested that PPARγ activation did not play a role in NFκBp65 nuclear 

translocation in DC treated with LPS or LPS+DHA. The inhibitory effect of DHA on 

NFκB translocation may be mediated through the inhibition of IκB degradation. Indeed, 

Western blots confirmed that LPS induced a significant reduction in IκB, whereas DHA 

pretreated samples contained higher IκB levels (Figure 14C).    
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Figure 13. DHA activates PPARγ. (A) CD11c+ DC (5 ×106) were pretreated

with increasing concentrations of DHA for 24h followed by 0 1 μg/ml LPSwith increasing concentrations of DHA for 24h, followed by 0.1 μg/ml LPS

stimulation for 16h. Activation of nuclear PPARγ was evaluated through

binding to oligonucleotides containing PPRE as described in Methods. (B) DC

were pretreated with the PPARγ inhibitor GW9662 (10μM) for 2h, followed bywere pretreated with the PPARγ inhibitor GW9662 (10μM) for 2h, followed by

50 µM DHA or 1 μM of the specific PPARγ agonist Rosiglitazone (Rosi) for

24h, and LPS (0.1 μg/ml) for an additional 16h. Activation of PPARγ was

determined as described in (A).

64



 

 
Figure 13. (continued) (C) CD11c+ DC (1×106/ml) were pretreated with 4 mM 

GW9662 for 2h before the addition of 5 mM DHA or 0.4 mM Rosi (for 24h) and LPS 

for an additional 24h. Supernatants were collected and IL-12p70 production was 

determined by ELISA. 

 
 
 
Figure 14. DHA blocks NFkB p65 nuclear translocation.   
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In addition, since cycloxygenases (COX) and lipoxygenases (LOX) are involved in the 

generation of both pro- and anti-inflammatory lipid mediators, we also tested the effects 

of DHA on the expression of COX2, 5-LOX and 15-LOX in immature and LPS-treated 

DC. As expected, LPS induced COX2 expression. Pretreatment with DHA significantly 

reduced COX2 expression, supporting the anti-inflammatory role of DHA (Figure 15). In 

contrast to COX2, immature DC express 5-LOX and 15-LOX and LPS significantly 

reduces their expression. DHA affected 5-LOX and 15-LOX expression in an opposite 

manner, increasing 5-LOX and reducing 15-LOX expression (Figure 15).  

Figure 14. (continued) DHA blocks NFkB p65 nuclear translocation.  (A)  1×106 DC 

were preincubated with DHA for 24h, followed by LPS treatment for 20 min, 40 min, 

and 60 min. Phosphorylated p65 was detected by flow cytometry. One experiment out 

of three is shown. (B) 1×107 DC were preincubated with DHA, Rosi, Rosi + DHA for 

24h, followed by LPS treatment for 1h. Presence of NFkB p65 in DC nuclear extracts 

was determined by binding to kB containing oligonucleotides. Results are expressed 

as relative activity, i.e. absorbance values above those observed in the absence of LPS 

stimulation. (C) DC were pretreated with DHA for 24h, followed by LPS stimulation 

for 40 min, and cell lysates were subjected to Western blot analysis for IkBa. 

Numbers represent relative densitometric levels. One experiment out of three is 

shown.  
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3.1.5. In Vivo Effect of DHA on IL-12 Family Cytokine Expression  

To assess the possible anti-inflammatory role of DHA in vivo, we investigated the effect 

of dietary DHA on the expression of splenic IL-12 cytokine family members. Mice were 

maintained on a regular or DHA-enriched diet for 5 weeks, followed by LPS inoculation. 

Splenic DC were purified and analyzed for expression of IL-12p40, IL-12p35, IL-23p19, 

 

Figure 15. The effects of DHA on the expression of COX-2, 5-LOX and 15-LOX.  

CD11c+ DC were treated with 50 μM DHA for 24h, followed by LPS for 12h. Total 

RNA was isolated and the expression of COX-2, 5-LOX, and 15-LOX was 

determined by real-time RT-PCR. One experiment of three is shown.  
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IL-27p28 and IL-27EBI3. With the exception of EBI3, all other IL-12 family cytokine 

subunits were significantly reduced in splenic DC from mice on the DHA-enriched diet 

(Figure 16). These results indicate that, similar to our in vitro results, DHA affected 

cytokine expression in vivo in splenic DC.   

 

 

 

Figure 16. DHA prevents the in vivo expression of IL-12 family cytokines. Mice 

were fed with control or DHA diet (5 mice per group) for 5 weeks. Then these mice 

were injected i.p. with LPS 50 μg per mouse. 12h later, spleen CD11c+ DC were 

purified. The expression of P40, P35 and P19 were detected by real time RT-PCT. 
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3.2. The Effects of DHA-Treated DC on CD4+ T Cell Proliferation and Differentiation 

3.2.1. DHA Treatment Impairs the Capacity of DC to Activate Naïve CD4+ T Cells 

The above results indicate that pretreatment with DHA maintains an immature phenotype 

in LPS-stimulated DC in terms of surface markers, directional chemotactic migration, 

and cytokine production. Next, we assessed the capacity of DHA-treated DC to activate 

naïve T cells in two TCR transgenic systems. Pigeon cytochrome C fragment (PCCF) - or 

myelin oligodendrocyte glycoprotein (MOG)-specific CD4+ T cells were purified from 

the spleen of TCR transgenic mice and co-cultured with various numbers of DC 

pretreated with DHA for 24h (DC-DHA) or with control DC (DC). DC or DC-DHA were 

treated with LPS and pulsed with either PCCF or MOG (or proteolipid protein (PLP) as 

negative control) for 24h, followed by extensive washing prior to co-culture with CD4+ T 

cells. In agreement with the lack of increase in MHCII, CD40, CD80 and CD86, the 

DHA-treated DC were poor stimulators of T cell proliferation in a system consisting of 

DC pulsed with specific antigens and antigen-specific TCR transgenic (Tg) T cells 

(Figure 17A-B).    

Moreover, we observed decreased expression of the T cell activation markers CD25, 

CD44 and CD69 (Table 2) which was paralleled by reduced T cell activation. T cells co-

cultured with DC-DHA also produced significantly lower levels of IL-2 (Figure 17C). 

Since reduced proliferation could be due to T cell apoptosis, we assessed apoptosis by 

flow cytometry. There was no significant change in apoptosis in co-cultures with DC-

DHA compared to control DC (Figure 17D).  
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Figure 17. DC-DHA are poor stimulators of antigen specific CD4+ T cells.
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Figure 17. (continued) DC-DHA are poor stimulators of antigen specific CD4+ T 

cells. (A and B) CD11c+ DC from B10.A mice (A) or C57BL/6 (B) were treated with 

(DC-DHA) or without (DC) 50 μM DHA for 24 h, stimulated with LPS and pulsed 

with 5 μM PCCF (pigeon cytochrome c fragment), 50 μg/ml MOG35-55 (myelin 

oligodendrocyte glycoprotein), or PLP (proteolipid protein) (20 μg/ml; nonspecific 

Ag) for an additional 24h, followed by extensive washing. Various numbers of DC-

DHA or DC were cultured with TCR Tg CD4+ T cells (2×105 cells/well) (PCCF-

specific in A and MOG-specific in B) in 96-well plates for 3 days. [3H]-thymidine 

(1μCi per well) was added and incorporation was measured after 16h. Controls: DC 

(no T cells): 30.5 ± 6.3, T cells (no DC): 15 ± 2.8, DC/PLP/T cells (non specific Ag): 

57.3 ± 8.6. (C) DC from C57BL/6 mice were cultured with MOG35-55 specific CD4+ T 

cells at 1/20 ratio. Three days later, supernatant was collected and IL-2 production 

was determined by ELISA. (D) The apoptotic status of T cells was assessed using 

flow cytometry (annexin V/PI staining) after 3 days of co-culture and quadrant values 

represent percentage of cells. One representative experiment of three is shown. (E) 

DC and DC-DHA were cultured with MOG-specific CD4+ T cells at 1/20 ratio. T 

cells were collected after 0 h, 24 h, 48h, and 72h and p27(kip1) expression was 

detected by real time RT-PCR. * P<0.05, compared with DC-T cells co-cultures. (F) 

Cell cycle analysis was also performed on activated CD4+T cells after 3 days of co-

culture. The changes in cell cycle were quantified by flow cytometry after PI staining 

as described in methods. The experiment was performed three times, and the ratio of 

cells in the G0/G1, S, and G2/M phases were expressed as mean ± SD. * P<0.05, 

compared with DC-T cells co-cultures. 
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Table 2. DC-DHA Activated T Cells Show Less Activation  
 

 DC + T cells DC-DHA + T cells 

 % of cells MFI % of cells MFI 

CD 25 86.9±0.5 426.3±4.5 74.9±1.3* 196.7±9.7* 

CD44 64.2±0.4 162.7±3.7 54.7±1.3* 135.9±0.1* 

CD69 64.0±1.3 143.8±3.5 48.3±1.4* 118.6±0.5* 

     

Data are means ± SD, n=3. Asterisk indicates difference from LPS treatment: * 

P<0.01. MED: medium control, Percentage of positive cells were based on isotype 

control. CD11c+ DC from C57BL/6 mice were treated w/o 50 μM DHA (DC or DC-

DHA) for 24h, then stimulated with 0.1 μg/ml LPS and pulsed with 50 μg/ml of 

MOG 35-55. Then DC were cultured with MOG-specific Tg CD4+ T cells (2×105 

cells/well) for 3 days. The expression of CD25, CD44, and CD69 on T cells were 

detected by flowcytometry.  
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Cell cycle exit can be also responsible for reduced proliferation. DHA has been reported 

to promote neuronal and retinal phosphoreceptor differentiation by inducing cell cycle 

arrest in the G1 phase through prolonged and increased expression of p27(kip1) [216, 

217]. p27(kip1) expression was measured by real time RT-PCR at different time points in 

co-cultures with DC or DC-DHA. A significant increase was observed at 72h in T cells 

co-cultured with DC-DHA (Figure 17E). To determine whether the increase in p27(kip1) 

is indeed associated with changes in T cell cycle, we performed cell cycle analysis by 

FACS using propidium iodide labeled T cells. Indeed, in agreement with the observed 

increase in p27(kip1), a higher percentage of T cells remained in G0/G1 phase when co-

cultured with DC-DHA (Figure 17F).  

3.2.2. DHA Modulates CD4+ T Cell Differentiation 

To assess the effect of DC-DHA on CD4+ T cell differentiation, we co-cultured naïve T 

cells with LPS-activated, MOG-pulsed DC or DC-DHA for 24 and 48h and measured T 

cell expression of the master transcription factors Tbet (Th1), RORγt (Th17), GATA-3 

(Th2) and Foxp3 (Treg) by real time RT-PCR. Maximum expression of Tbet and RORγt 

occurred at 24h, and expression of both transcription factors was reduced in T cells co-

cultured with DC-DHA (Figure 18A-B). GATA-3 expression was also reduced by DHA 

at 24 and 48h (Figure 18C). Supernatants collected after 72h were subjected to ELISA. 

As expected, IFNγ and IL-17 were decreased in co-cultures containing DC-DHA 

(Figure18A-B). We also detected the production of intracellular IFNγ by FACS and 

found that IFNγ producing cells were reduced by about 50% in T cells co-cultured with 

DC-DHA  (Figure 18 A right panel).  IL-4  secretion  was  undetectable  in  T  cells  co- 
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Figure 18. DC-DHA affects CD4+ T cell differentiation.
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cultured with control DC, as well as DC-DHA. In contrast to IFNγ and IL-17, TGFβ 

expression was increased in T cells co-cultured with DC-DHA (Figure 18D right panel). 

In terms of Foxp3 expression, T cells co-cultured with DC-DHA expressed higher levels 

than those co-cultured with DC (Figure 18D, left panel). However, in both cases Foxp3 

expression was significantly lower than in the naïve T cell population. We reached a 

similar conclusion by analyzing the percentages of CD4+CD25+Foxp3+T cells by FACS 

(Figure 19A, left panels). These results suggest that proliferation of effector T cells and 

not of Treg, leads to the apparent decrease in Foxp3 expression in activated T cells. Since 

T cells co-cultured with DC-DHA proliferate less than those exposed to control DC, the 

observed slight increase in Foxp3 is the result of reduced proliferation of effector T cells. 

To confirm that DC-DHA do not induce new Foxp3+ T cells, we separated splenic 

CD4+CD25- T cells by immunomagnetic methods and co-cultured them with DC-DHA or 

DC pulsed with MOG35-55. The TDC cultures showed a reduced number of Foxp3+ cells 

Figure 18. (continued) DC from C57BL/6 mice were treated with or without 50 μM 

DHA for 24h, followed by 0.1 μg LPS and pulsing with MOG35-55 for another 24h and 

extensive washing. DC and DC treated with DHA (DC-DHA) were cultured with 

MOG35-55-specific CD4+ T cells at 1/20 ratio. 24 and 48h later, T cells were collected, 

the expression of Tbet (A), RORC (B), GATA-3 (C) and Foxp3 (D) were assessed by 

real time RT-PCR. Three days later, supernatants were collected and the production of 

IFNγ and IL-17 was determined by ELISA (A and B). T cells were collected and 

subjected to real time RT-PCR to detect expression of TGFβ (D).  
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(1.9 versus 3.8%), whereas the TDC-DHA cultures maintained the number of Foxp3+ cells 

observed in the untreated control (4 versus 3.8%) (Figure 19A, right panels). These 

results confirm that DC-DHA do not induce Foxp3 expression in naïve T cells.  

To test whether DC-DHA induce anergy in CD4+ T cells, CD4+ T cells were isolated 

following co-culture with DC-DHA, rested in the presence of exogenous IL-2, and 

restimulated with LPS-treated, MOG-pulsed DC. The T cells previously exposed to DC-

DHA were not anergic, since they proliferated at the same rate as T cells initially 

stimulated with control DC (Figure 19B). To determine whether TGFβ is required for the 

induction  of  functional  Treg  by  DC-DHA,  TDC-DHA  and  TDC  were  generated  in  the 

presence of TGFβ, followed by co-culture with naïve T cells and regular DC. The 

percentages of CD4+CD25+Foxp3+ T cells increased in both TDC-DHA and TDC (Figure 

19C). To test the possible suppressive activity of T cells exposed to DC-DHA (TDC-DHA), 

the cells were co-cultured with CFSE-labeled MOG-specific naïve T cells in the presence 

of LPS-stimulated, MOG-pulsed DC. Proliferation of naïve T cells was similar in the 

presence of TDC-DHA or TDC (Figure 19D). Also, we did not observe any difference 

between the proliferation of naïve T cells in the presence of TDC+TGFβ or TDC-DHA+TGFβ 

(Figure 19D). These results confirmed that the apparent increase in CD4+CD25+Foxp3+ T 

cells in co-cultures with DC-DHA is not due to the induction of functional Treg.   
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Figure 19. (continued) (A) Splenic CD4+ T cells, CD4+CD25- T cells, CD4+CD25+ T 

cells were isolated as described in methods. Foxp3 expression was analyzed by flow 

cytometry in naïve CD4+ T cells, CD4+CD25- T cells, CD4+CD25+ T cells and CD4+ 

T cells or CD4+CD25- T cells activated with DC or DC-DHA. One representative 

experiment of three is shown. (B) Activated T cells (TDC or TDC-DHA) were generated 

from MOG35-55-specific CD4+ T cells cultured with DC or DC-DHA pulsed with 

MOG35-55 and activated with LPS. TDC or TDC-DHA (2×105 cells/well) were cultured 

with different number of regular DC stimulated with LPS and pulsed with MOG35-55. 

Three days later, proliferation was measured. (C)  Activated T cells were generated 

from MOG-specific CD4+ T cells cultured with DC or DC-DHA in the presence or 

absence of 2 ng/ml TGFβ plus 50U IL-2. The Foxp3+ expression was analyzed in the 

same way as in (A). (D) 1×105 cells/well activated T cells (TDC, TDC-DHA, TDC+TGFβ 

and TDC-DHA+ TGFβ which are generated from naïve CD4+ T cells cultured with DC, 

DC-DHA, DC+TGFβ and DC-DHA+TGFβ, respectively) were cultured with 

syngeneic MOG-specific naïve CD4+ T cells (Tn) (1×105 cells/well) in the presence 

of DC (1×104 cells/well) pulsed with 50 μg/ml MOG35-55. Only naïve CD4+ T cells 

were labeled with CFSE. Naïve CD4+ T cell proliferation was determined by the 

dilution of CFSE using FACS. The analysis was based on CFSE labeled cells. One 

representative experiment of three is shown. 
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3.3. Effects of Dietary DHA in Experimental Autoimmune Encephalomyelitis (EAE) 

3.3.1. Dietary DHA Has a Beneficial Effect in EAE 

Both Th1 and Th17 cells play an important role in the development of autoimmune 

diseases, including EAE. Since exposure of DC to DHA inhibited T cell differentiation 

into Th1/Th17 subsets, we assessed the effect of dietary DHA in an active EAE model. 

Mice were fed a DHA-enriched diet for 5 wks, followed by EAE induction as described 

in Methods. Dietary DHA did not delay EAE onset, but significantly reduced disease 

severity (Figure 20A). In terms of weight loss, the mice on the enriched DHA diet lost 

significantly less weight and recovered faster than those on the control diet (Figure 20B).  

3.3.2. Dietary DHA Inhibit Th1 and Th17 Differentiation in EAE   

To investigate whether the protective effect of dietary DHA is due to the inhibition of T 

cell proliferation and differentiation into Th1/Th17 effectors, splenocytes obtained on day 

11 were restimulated ex vivo with MOG35-55, and tested for proliferation and for IFNγ 

and IL-17 production. There were significant decreases in proliferation and IFNγ/IL-17 

secretion in splenocytes from mice on the DHA enriched diet (Figure 21A). We also 

investigated the numbers of brain (Figure 21B) and spinal cord (Figure 21C) infiltrating 

CD4+ T cells, and their functional phenotype through intracellular staining for IFNγ and 

IL-17 on day 18 (peak of clinical disease). Both the percentage and numbers of 

CD4+IFNγ+ (Th1) and CD4+IL-17+ (Th17) cells were much lower in the CNS of mice on 

the DHA enriched diet (Figure 21B, C).  
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Figure 20. Dietary DHA suppresses experimental autoimmune

encephalomyelitis. C57BL/6 mice were fed a control (n=13) or DHA diet

(n=13) for 5 wks. Mice were immunized with MOG 35–55 as described in

Methods. Clinical scores and weight were followed daily for 60 days. At the

end of the observation period one mouse had died in the control group and

none in the DHA group. (A) Kinetics of mean clinical score; (B) Percentage

change in weight. * p<0.05, compared with control group. Data shown are

representative of two independent experiments.
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Figure 21. Dietary DHA inhibits Th1 and Th17 differentiation and reduces 

numbers of CNS infiltrating Th1, Th17 and total CD4+ T cells.
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 Figure 21. (continued) C57BL/6 mice fed a control or DHA diet were immunized 

with MOG35–55 as described in Methods. (A) Splenocytes (2x106/ml) isolated from 

spleen on day 11 post immunization (before disease onset) were cultured ex vivo in 

the presence of 50 μg MOG35–55 for 3 days. Proliferation was determined by [3H]-

thymidine incorporation. Supernatants were subjected to ELISA for IL-17 and IFNγ. 

One representative of 3 experiments is shown. (B-C) Intracellular cytokine staining of 

FITC-gated CD4+ T cells isolated from central nervous system (CNS) the brain (B) or 

spinal cord (C) of mice at the peak of disease (day 18) (cells pooled from 3 animals) 

(left panels show flow cytometric analysis; right panels show calculated numbers of 

cytokine-producing cells). Data are representative of two independent experiments. 
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4. Discussion 

The impact of diets rich in n-3 PUFAs and of DHA and EPA administration has been 

evaluated in clinical studies and various animal models, and protective effects were 

described in animal models of colitis, sepsis, and stroke [161, 218-223]. The fact that n-3 

PUFAs, transgenic fat-1 mice expressing a gene encoding an n-3 fatty acid desaturase 

which enables production of n-3 from n-6 PUFAs exhibit low NFκB activity, reduced 

levels of TNFα and IL-1β, and are protected from colitis confirms the anti-inflammatory 

effect of n-3 PUFAs [224].  

The ability of n-3 fatty acids and of their metabolic derivatives to reduce and resolve 

inflammation focused attention on immune cells. Inhibitory effects on transendothelial 

neutrophil migration and enhanced macrophage-mediated clearance of apoptotic PMNs 

by resolvins and protectins are well documented [152, 225, 226]. In addition, recent 

studies reported n-3 fatty acids effects on dendritic cells and T lymphocytes.  

In vitro experiments using human monocyte-derived DC showed that DHA, and to a 

lesser degree EPA, prevents LPS-induced upregulation of MHCII and costimulatory 

molecules (CD80, CD86, CD40) and cytokine production [182, 188, 189]. In this thesis, I 

investigated the effects of DHA on conventional murine bone marrow-derived DC in 

terms of phenotype and function. I concluded that DC treated with DHA and LPS 

maintain an immature phenotype characterized by low expression of MHCII and 

costimulatory molecules (CD40, CD80 and CD86), maintenance of high CCR5 

expression and lack of CCR7 upregulation[183, 191]. From a functional point of view, 

these phenotypic traits result in lack of migration towards the lymph node expressed 
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chemokines CCL19/CCL21, and poor stimulatory capacity for T cells. DHA induced and 

maintained a high level of endocytosis in DC[183, 191]. Together with the fact that 

DHA-treated DC maintain CCR5 expression and therefore remain at the inflammatory 

site, the high endocytic activity might contribute to the removal of apoptotic cells. Such 

an activity was described for macrophages recruited by lipoxins during the resolution 

phase of inflammation [152]. Studies from our laboratory also indicated that DC 

generated in the presence of Resolvin E1 acquired the capacity to induce apoptosis in 

activated, but not naïve T cells, through an IDO-mediated mechanism [199].  

Pretreatment with DHA inhibited DC production of proinflammatory molecules, i.e. IL-6, 

TNFα, CCL-4, and of the anti-inflammatory cytokine IL-10. This is in agreement with a 

report on human monocyte-derived DC generated in the presence of DHA [182], and in 

contrast to conjugated linoleic acid which inhibited LPS-induced IL-12 in murine DC 

through upregulation of IL-10 [227]. Therefore, different PUFAs could act through 

different molecular mechanisms to attenuate the DC proinflammatory response. In 

agreement with others [182, 188, 189], we found that DHA had a profound inhibitory 

effect on IL-12p70 production[183, 191]. Some reports also indicated that DHA favors 

Th2 differentiation which is in agreement with its inhibitory effect on IL-12 production 

by DC [182, 188, 189, 228].  In addition, we found for the first time that DHA has a 

similar inhibitory effect on the other two members of the IL-12 family, i.e. IL-23 and IL-

27[183, 191]. IL-23 inhibition could have a significant impact on T cell differentiation in 

terms of Th17, since IL-23 has been reported to maintain the Th17 functional phenotype 

[229-232]. 

84



 

In our system, exposure of DC to DHA prevented the upregulation of COX2 by LPS and 

maintained PGE2 at levels observed for unstimulated DC. A similar observation was 

reported by Zeyda et al [189] for human monocyte-derived DC generated in the presence 

of EPA. Since 15-LOX is the enzyme required for DHA processing to generate protectins 

and D series resolvins, we expected DHA pretreatment to result in the upregulation of 15-

LOX. Instead, we observed that DHA increased 5-LOX, and decreased 15-LOX 

expression. TGFβ is the only other example of an anti-inflammatory agent that induces 5-

LOX while decreasing 15-LOX expression [233]. 

Dietary DHA are stored into plasma membrane-residing 2-lysophospholipids. DHA can 

be cleaved by phospholipases and processed by lipoxygenases into protectins and D-

series resolvins (reviewed in [151, 153]). In our experimental system, 24h preincubation 

with DHA was optimal for the inhibition of IL-12p70 production, and IL-12p70 

inhibition was observed even when DHA-pretreated DC were washed extensively prior to 

LPS treatment, suggesting that exogenous DHA was incorporated into DC. The precise 

location and possible effects on plasma membrane composition and organization remain 

to be established. The fact that DHA inhibited IL-12p70 production following DC 

stimulation through plasma membrane TLR as well as through endosomal membrane 

TLR also suggests cellular localization and intracellular release of DHA.  

The intracellular signaling pathways elicited by DHA or DHA metabolites and their final 

transcriptional targets are not known. Initially the anti-inflammatory effects of DHA and 

EPA have been attributed to the inhibition of the cycloxygenase COX2. However, recent 

studies established that DHA and EPA also alter the composition of lipid rafts in immune 
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cells, act as ligands for peroxisome proliferator-activated receptors (PPARs) and retinoid 

X receptors (RXR), and generate endogenous metabolites involved in the resolution of 

inflammation such as resolvins, docosatrienes and neuroprotectins [147, 225, 234-237].  

PPARγ is a nuclear receptor activated by endogenous and exogenous ligands, with 

multiple physiological functions, including immune regulation [201, 238, 239]. 

Eicosanoids and PUFAs, including DHA, are endogenous PPARγ ligands [240, 241]. In 

DC, macrophages, T and B cells, PPARγ acts primarily as an anti-inflammatory agent 

(reviewed in [201, 238-241]). PPARγ transrepression of cytokine/chemokine gene 

expression in macrophages and DC includes ligand-dependent SUMOylation of PPARγ 

followed by binding and stabilization of corepressor complexes, resulting in maintenance 

of active suppression of inflammatory genes [201]. Since DHA acts as a PPARγ ligand, 

we investigated whether inhibition of LPS-induced IL-12p70 expression was mediated 

through PPARγ activation. We observed that the same concentration of DHA that 

inhibited IL-12 also induced PPARγ activation. PPARγ activation by DHA was inhibited 

by GW9662, and mimicked by rosiglitazone, a synthetic PPARγ agonist.  The inhibitory 

effect of DHA on IL-12p70 production was partially reversed by GW9662. Taken 

together these results strongly suggest that the DHA effect on DC expression of IL-12, 

and presumably of other cytokines as well, is mediated, at least partially, through 

PPARγ activation.  

The partial reversal observed with the PPARγ inhibitor led us to consider that other 

factors might also be involved in the inhibition of IL-12p70. Since NFκB is an essential 
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transcription factor for cytokine/chemokine gene expression, we assessed the effect of 

DHA on NFκB signaling. N-3 fatty acids have been reported to affect TLR4 

receptors[205]. However, we did not find changes in TLR4 expression and DHA did not 

inhibit the phosphorylation of p65. This indicates that DHA did not act  upstream of p65 

phosphorylation in the NFκB signaling pathway. However, our results indicated a 

reduction of approximately 50% in the amounts of nuclear p65 bound to specific κB 

oligonucleotide sequences in DC treated with DHA and LPS. The reduction in p65 

nuclear translocation correlates with DHA-mediated IκB stabilization. The fact that the 

PPARγ antagonist GW9662 did not reverse the DHA-induced reduction in p65 nuclear 

translocation argues against a PPARγ-mediated effect on NFκB nuclear translocation.  

Based on our results and on the model proposed by Straus and Glass [201] we propose 

the following model for the effect of DHA on cytokine/chemokine gene expression in 

LPS-stimulated conventional DC (Figure 22): in the absence of DHA, LPS-induced 

signaling results in the ubiquitination of the corepressor complex, its degradation by the 

19S proteosome, and subsequent binding of NFκB to promoters of inflammatory genes. 

In contrast, in DHA-treated DC, DHA or DHA metabolites act through two different 

pathways to inhibit expression of proinflammatory genes. The first pathway involves 

stabilization of IκB resulting in sequestration of NFκB in the cytoplasm and reduced 

NFκB nuclear translocation. The second pathway is initiated by DHA or DHA 

metabolites binding to PPARγ, resulting in its SUMOylation. SumoPPARγ binds to the 

corepressor  complex  blocking  its  degradation,  leading  to  the maintenance  of  active  
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Figure 22. Model for DHA inhibition of pro-inflammatory gene expression in

DC. Left panel. In the absence of stimulation, a corepressor complex

t i i NC R i i t d ith th t f i fl tcontaining NCoR is associated with the promoter of inflammatory genes

repressing transcription. Middle panel. After DC stimulation with LPS, the

intracellular signaling pathway is activated, resulting in NFκB nuclear

translocation and in the ubiquitination and degradation of the corepressortranslocation and in the ubiquitination and degradation of the corepressor

complex. Inflammatory gene expression is induced. Right panel. DHA inhibits

IκB degradation, leading to a reduction in NFκB nuclear translocation. In

addition, DHA acts as a PPARγ ligand, causing conjugation of SUMO1., γ g , g j g

Ligand bound, SUMOylated PPARγ binds to the NCoR containing complex

and inhibits its degradation. As a result, active repression of inflammatory

gene transcription is maintained.
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repression. The combination of repressor stabilization and inhibition of NFκB nuclear 

translocation results in lack or reduced expression of proinflammatory genes.  

In conclusion, DHA maintains DC in an immature stage characterized by low expression 

of costimulatory molecules, lack of cytokine/chemokine production, high endocytic 

activity, and maintenance of the CCR5hiCCR7lo chemokine receptor pattern which 

prevents DC migration in response to lymph node-derived chemokines [183]. The 

inhibitory effects of DHA, at least on IL-12p70 production, are mediated by activation of 

PPARγ and blockage of NFκB nuclear translocation.  

Cytokines released by activated DC are essential in T cell differentiation, with IL-12p70 

promoting Th1, IL-6 and TGFβ promoting Th17 differentiation, and IL-23 maintaining 

the Th17 functional phenotype. The combined effects of DHA on costimulatory 

molecules, IL-12, IL-6 and IL-23 production, and on DC migration are strong indicators 

that DHA might also affect T cell proliferation, activation and differentiation. 

Several studies using T cell/mitogens showed a reduction in proliferation and IL-2 

production following treatment with DHA or dietary n-3 fatty acids [195, 242, 243]. Our 

studies extended these observations to a physiologically relevant situation, using antigen-

specific stimulation of T cells through antigen presentation by DC[191]. Pre-exposure of 

DC to DHA led to a significant decrease in their capacity to stimulate T cells and affected 

CD4+ T cell differentiation. The reduction in T cell proliferation was not due to apoptosis, 

and was most probably related to cell cycle arrest, as suggested by increased levels of 

p27(kip1).  P27 is a member of the Cip/Kip family of universal cyclin-dependent kinase 
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inhibitors which arrest cells in the G1 phase [244]. TGFβ is the major activator of p27 

through increased transcription, decreased proteosomal degradation, and increased 

nuclear translocation [245, 246]. Based on increased expression of both TGFβ and p27 in 

T cells co-cultured with DHA-treated DC we propose that T cell proliferation is inhibited 

through the TGFβ  p27(kip1) axis. Since there is an opposite relationship between IL-2 

and p27 [247], reduced levels of IL-2 in T cells exposed to DC-DHA could also favor 

increases in p27 and therefore contribute to the inhibition of T cell proliferation.  

DC-DHA affected CD4+ T cell differentiation. Expression of the master transcription 

factors Tbet and RORγt was reduced, and differentiation into Th1 and Th17 cells was 

inhibited. A similar decrease in Tbet and Th1 differentiation was reported with dietary 

DHA for T cells restimulated ex vivo in the absence of DC [248]. In our study, we found 

the percentage of IFNγ producing cells is also lower in T cells activated by DC-DHA, 

which suggests that at least lower level of IFNγ production is not only due to reduced 

proliferation but also due to the inhibition of Th1 differentiation. However, we could not 

substantiate the increase in Th2 cells reported by Attapka and colleagues[248], since in 

our experimental system GATA-3 expression was also downregulated and IL-4 levels 

were undetectable. In contrast to Tbet, GATA-3 and RORγt, there was an apparent Foxp3 

increase in CD4+ T cells treated with DC-DHA in the absence or presence of exogenous 

TGFβ. However, T cells did not become anergic and did not exhibit suppressive activity. 

A recent study reported on the disconnect between induction of Foxp3 and suppressive 

activity in murine T cells treated with DHA [249]. Similar to Yessoufou and 

colleagues[249], we saw increases in Foxp3, CTLA-4, GITR and TGFβ in CD4+ T cells. 
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However, in contrast to Yessoufou et al[249], in our experimental system this occurred 

with T cells co-cultured with DHA-treated DC, which excludes a direct effect of DHA on 

T cells. One possible explanation is that the higher percentage of Foxp3+ cells was due to 

lower proliferation of effector T cells in co-cultures with DC-DHA. Another possible 

explanation for expression of Foxp3 in the absence of T cell anergy or suppressive 

activity is the need for additional factor(s) for inducing regulatory functions. Recently, 

both NFAT and RUNX1 have been shown to be critical for Foxp3 induction of CTLA-4 

and CD25, repression of IL-2, and for maintaining the Treg/Th17 balance [250, 251]. The 

effect of DHA-treated DC on the expression of NFAT and RUNX1 in CD4+ T cells 

remains to be established.  

In conclusion, our studies established that pre-exposure of DC to DHA (DC-DHA) prior 

to stimulation through TLR maintains the immature phenotype in terms of low expression 

of co-stimulatory molecules and lack of proinflammatory cytokine expression (IL-12p70, 

IL-23, and IL-6). As a result, DC-DHA exhibit low stimulatory activity for CD4+ T cells, 

leading to reduced proliferation of naïve antigen-specific T cells (TDC-DHA) and increased 

expression of the cell cycle arresting agent p27(kip1). In contrast to T cells co-cultured 

with regular DC, TDC-DHA differentiation into Th1, Th2 and Th17 is drastically inhibited, 

in agreement with reductions in Tbet, GATA-3 and RORγt. On the other hand, TDC-DHA 

express higher levels of TGFβ. We propose that TGFβ is the major factor responsible for 

the inhibition of T cell proliferation through the induction of p27(kip1).  

Dietary n-3 DHA and EPA were shown to be protective in models of 

inflammatory/autoimmune diseases such as polymicrobial sepsis, periodontitis, 
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peritonitis and colitis [161, 222, 224, 252, 253]. Fat-1 transgenic mice which synthesize 

n-3 PUFA from n-6 PUFA exhibit reduced systemic inflammation in acute 

pancreatitis[254]. Due to their anti-inflammatory effects, n-3 fatty acids might impair 

host resistance to infection. Although dietary n-3 fatty acids did not have a negative 

impact on resistance to Pseudomonas aeruginosa in mice [255], they increased the 

susceptibility of guinea pigs to Mycobacterium tuberculosis [256]. Dietary DHA delayed 

reovirus clearance in a murine enteric reovirus infection model [257], and induced high 

morbidity and mortality in influenza infections [258].  Also, fat-1 transgenic mice were 

reported to be more susceptible to pulmonary TB infection[259].  

Recently, DHA emerged as a major player in neuroinflammation. DHA crosses the brain 

blood barrier through passive diffusion [260], and is the most abundant n-3 fatty acid in 

the phospholipids of brain and retina [261]. DHA and its derivative neuroprotectin D1 

(NPD1) promote neuronal and retinal pigment epithelial cell survival by inducing 

antiapoptotic and neuroprotective gene-expression programs in models of ischemia-

reperfusion, experimental brain damage, Alzheimer disease, and oxidative stress [176, 

261-263]. Although encouraging data for n-3 fatty acid supplementation in MS  were 

reported in a number of studies [165, 264, 265], there are no published data on the effects 

of DHA/EPA or their derivatives in EAE. Our study is the first to show a significant 

beneficial effect on clinical EAE scores and a significant decrease in the numbers of 

encephalitogenic Th1/Th17 cells in spleen and CNS of EAE mice that received dietary n-

3 fatty acids[191]. However, whether DHA has beneficial effects on autoimmune 
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diseases or inflammatory diseases through its metabolites resolvins and protectins is to be 

addressed.  

Based on our results and on data reported in the literature, we propose that dietary DHA 

affects multiple molecular/cellular interactions in EAE (Figure 23)[266]. First, DHA 

inhibits the maturation of APC, including DC, leading to the inhibition of CD4+ T cell 

proliferation and Th1/Th17 differentiation. Second, DHA also decreases the proliferation 

of CD4+ T cells and differentiation of Th1 and Th17 directly[195, 248, 267, 268]. Third, 

it has been reported that DHA prevents the expression of adhesion molecules in coronary 

artery[269] and retinal vascular endothelial cells[209]. Therefore, DHA might also 

downregulate adhesion molecule expression in brain endothelial cells, interfering with 

the migration of immune cells into the CNS. Fourth, DHA has anti-inflammatory effects 

on brain resident microglial cells[270]. Taken together, this results in reduced 

encephalitogenic T cell development and infiltration into the CNS, reduced release of 

pro-inflammatory  cytokines and chemokines, leading to decreased disease severity.   

Our data suggested that dietary DHA has preventive effects on EAE. It is also interesting 

to test the therapeutic effects of DHA after EAE induction in future.   In terms of 

mechanism, dietary DHA inhibited CD4+ T cell proliferation and Th1, Th17 

differentiation and decreased CNS infiltrating Th1 and Th17 cells. Whether the reduction 

of CNS infiltrating Th1 and Th17 cells is also due to impaired migration is not clear. So I 

propose to clarify this using an adoptive transfer animal model. Naïve MOG35-55 

specific CD4+ T cells are activated with MOG in vitro. Then these activated CD4+ T cells 

are injected into C57B/6 mice fed with control/DHA  diet  to  induce  EAE.  Analysis  of  
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Figure 23. Mechanisms involved in the protective effects of dietary DHA in

EAE. Adapted from Miller et al [266]. First, DHA inhibits the maturation of

APC, including DC, leading to the inhibition of CD4+ T cell proliferation and

of Th1/Th17 differentiation. Second, DHA also decreases the proliferation of

CD4+ T cells and differentiation of Th1 and Th17 directly. Third, DHA

downregulates adhesion molecule expression in brain endothelial cells,

i f i i h h i i f i ll i h CNS F h DHAinterfering with the migration of immune cells into the CNS. Fourth, DHA

has anti-inflammatory effects on brain resident microglial cells. As a result,

fewer activated immune cells enter the CNS and the general reduction in the

inflammatory process contributes to the attenuation of clinical symptoms.
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CNS mononuclear cells will be performed. Recently it was shown that γδT cells also play 

an important role in EAE[271]. I propose to investigate the in vitro effects of DHA on 

γδT cells and study the role of γδT cells in the beneficial effects of DHA on EAE.  
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APPENDIX 

Abbreviations 

AA, arachidonic acid; Ab, antibody; Ag, antigen; ALA, α-linolenic acid; APC, antigen 

presenting cells; BBB, blood-brain barrier; BMDC, bone marrow derived conventional 

DC; CCL, chemokine (C-C motif) ligand; CCR, Chemokine (C-C motif) receptor; CD, 

cluster of differentiation; cDC, conventional DC; CLP, common lymphoid progenitor; 

CLR, C-type lectin receptor; CMP, common myeloid progenitors; CNS, central nervous 

system; COX, cycloxygenase; CpG, cytosine linked to a guanine by a phosphate bond; 

CpG ODN, CpG-containing oligodeoxynucleotides; DC, dendritic cell; DC-DHA, DC 

treated with DHA; DHA, docosahexaeoic acid; EAE, experimental autoimmune 

encephalomyelitis; EBI3, Epstein-Barr virus induced gene 3; EFAs, Essential fatty acids; 

EPA, eicosapentaenoic acid; FACS, fluorescence-activated cell sorting; FITC; 

fluorescein isothiocyanate; FBS, Fetal Bovine Serum; GM-CSF, granulocyte-macrophage 

colony-stimulating factor; hMo-DC, human monocyte-derived DC; HRP, horseradish 

peroxidase; IDO, indoleamine 2,3-dioxygenase; IL, interleukin; ISO, isotype; LA, 

linoleic acid; LOX, lipoxygenase; LPS, lipopolysaccharide; MBP, myelin basic protein; 

MED, medium; MHC, major histocompatibility complex; MOG, myelin oligodendrocyte 

glycoprotein; MS, multiple sclerosis; NFκB, nuclear factor kappa-light-chain-enhancer of 

activated B cells; NLR, NOD like receptor; PAMP, pathogen associated molecular 

patterns; PCCF, pigeon cytochrome C fragment; pDC, plasmacytoid DC; PGE2, 

prostaglandin E2; PGN, proteoglycan; PLP, proteolipid protein; PolyI:C, Polyinosinic-
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Polycytidylic acid; PPARγ, peroxisome proliferator activated receptor gamma; PPRE, 

peroxisome proliferator responsive element; PUFAs, poly unsaturated fatty acids; RLR, 

RIG-I-like receptors; Rosi, Rosiglitazone; STAT, signal transducer activator of 

transcription; SUMO, small ubiquitin-like modifier; TCR, T cell receptor; TG, transgenic; 

TLR, toll-like receptor; TMB, tetramethylbenzidine; TNF, tumor necrosis factor. 
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