
 

 

Effects of fractions and compounds from 
marine invertebrates on immune responses 

 
 
 
 

90 credits 
 
 
 

Jón Þórir Óskarsson 
 

 

 

 

 

 

Thesis for the degree of Master of Science 
University of Iceland 

School of Health Sciences 

Faculty of Medicine 



  

 

Effects of fractions and compounds from 
marine invertebrates on immune responses 

 

Jón Þórir Óskarsson 

 

 

 

 

 

 

 

Thesis for the degree of Master of Science 

Supervisor: 

Jóna Freysdóttir, Professor, Department of Immunology and Centre for Rheumatology Research, 

Landspítali – the National University Hospital of Iceland and Faculty of Medicine, University of Iceland 

Advisor: 

Ingibjörg Harðardóttir, Professor, Biochemistry and Molecular Biology, Faculty of Medicine, University 

of Iceland 

Masters committee:  

Sesselja Ómarsdóttir, Professor, Faculty of Pharmaceutical Sciences, University of Iceland 

 

 

Faculty of Medicine 

School of Health Sciences, University of Iceland 

February 2017



  

 

 

 

 

 

 



  

 

 

Áhrif efnaþátta og efnasambanda úr 
sjávarhryggleysingjum á ónæmissvör 

 

90 einingar 

Jón Þórir Óskarsson 

 

 

 

 

 

Ritgerð til meistaragráðu í líf- og læknavísindum 

Umsjónarkennari: 

Jóna Freysdóttir, prófessor, Ónæmisfræðideild og Rannsóknarstofa í gigtsjúkdómum, Landspítali og 

Læknadeild Háskóla Íslands 

Leiðbeinandi:  

Ingibjörg Harðardóttir, prófessor, Lífefna- og sameindalíffræði, Læknadeild Háskóla Íslands 

Meistaranámsnefnd: 

Sesselja Ómarsdóttir, prófessor, Lyfjafræðideild Háskóla Íslands 

 

 

Læknadeild 

Heilbrigðisvísindasvið Háskóla Íslands 

Febrúar 2017 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ritgerð þessi er til meistaragráðu í líf- og læknavísindum og er óheimilt að afrita ritgerðina á 

nokkurn hátt nema með leyfi rétthafa. 

© Jón Þórir Óskarsson 2017 

 

Prentun: Svansprent ehf. 

Reykjavík, Ísland 2017



  

3 

Abstract 

Natural products are a productive and well recognized source of new therapeutics and much recent 

interest has been on exploring the vast biodiversity of marine organisms in search of novel bioactive 

compounds. The pathobiology of an array of autoimmune and inflammatory disorders is characterized 

by dysregulation of immune responses, leading to a chronic state of inflammation. Modulation of 

immune responses by bioactive natural compounds could, therefore, be of therapeutic value in the 

treatment of pathological inflammation. Antigen presenting cells (APCs), in particular dendritic cells 

(DCs), are capable of polarizing T cells towards specific effector phenotypes dependent on the nature 

of their activation and are a prime target for evaluating immunomodulating effects of natural 

compounds in the search for effective immunotherapeutic agents. 

The aim of this study was to identify and isolate anti-inflammatory compounds from marine 

invertebrates using a bioassay-guided isolation procedure and characterize the immunomodulatory 

effects of obtained bioactive fractions/compounds on DCs and DC mediated T cell activation. Human 

monocyte-derived DCs were matured and activated by lipopolysaccharide (LPS), tumour necrosis 

factor (TNF)-α and interleukin (IL)-1β and cultured in the presence of fractions/compounds from the 

sponge (Porifera) Halichondria sitiens (H. sitiens) for 24 h. The effects of fractions/compounds on DC 

maturation was evaluated by the expression of the antigen-presentation and co-stimulation molecules 

CD86 and HLA-DR, respectively, and the anti-inflammatory properties were evaluated by measuring 

concentrations of the pro-inflammatory cytokines IL-12p40 and IL-6 and the anti-

inflammatory/regulatory cytokines IL-10 and IL-27. The effects of H. sitiens fractions on DC mediated 

T cell activation was evaluated by measuring secretion of T helper (TH) cell specific cytokines, 

interferon (IFN)-γ (TH1), IL-13 (TH2), IL-17 (TH17) and IL-10 (regulatory T cell, Treg), by allogeneic 

CD4+ T cells activated by DCs which had been treated with selected bioactive fractions. 

Fractionation of H. sitiens resulted in a number of bioactive fractions but not in the isolation of pure 

bioactive compounds. The bioactive fractions contained mostly lipid compounds and had different 

effects on cytokine secretion by DCs, reducing and/or enhancing secretion of pro- and anti-

inflammatory cytokines, respectively. The H. sitiens fractions did not affect maturation of the DCs, as 

was evident by unaltered expression of the surface molecules, CD86 and HLA-DR. These molecules 

are important for effective activation of T cells and DCs matured in the presence of fractions from H. 

sitiens are, therefore, expected to have unimpaired T cell activation capacities. Most of the bioactive 

fractions inhibited secretion of the pro-inflammatory cytokines IL-12p40 and IL-6 and two fractions 

enhanced secretion of the anti-inflammatory cytokine IL-10. Furthermore, allogeneic CD4+ T cells 

activated by DCs treated with fraction B3b3-J, which reduced IL-12p40 and IL-6 production by DCs, 

secreted less of the TH1 specific cytokine IFN-γ and more of the TH2 specific cytokine IL-13, indicating 

a TH2 biased differentiation of the T cells. Two of the fractions from H. sitiens induced morphological 

changes in the DCs. These changes were characterized by extreme elongation of the DC dendrites. 

Taken together, these results show that H. sitiens contains bioactive compounds that are capable 

of affecting secretion of both pro- and anti-inflammatory cytokines by DCs and modulate DC mediated 
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T cell activation. These compounds could, therefore, have immunotherapeutic potential in the 

treatment of inflammatory disorders. 
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Ágrip 

Náttúruefni eru mikilvæg uppspretta nýrra lyfja og síðustu áratugi hefur verið lögð aukin áhersla á 

nýtingu sjávarlífvera í leit að lífvirkum efnum til þróunar á lyfjasprotum. Langvarandi ræsing á 

ónæmissvörum getur leitt af sér króníska bólgu sem er einkennandi þáttur í meingerð fjölda 

sjálfsofnæmis- og bólgusjúkdóma og því geta lífvirk efni sem tempra ónæmissvör verið mögulegt 

meðferðarúrræði gegn langvarandi bólgu. Sýnifrumur, þá sérstaklega angafrumur, stjórna sérhæfingu 

óreyndra T frumna í mismunandi gerðir verkfrumna sem hafa hlutverk ýmist í miðlun eða temprun á 

ónæmissvörum. Þetta sérhæfingarferli er háð því umhverfi sem angafrumurnar ræsast í og leiðir af sér 

viðeigandi ónæmissvör undir eðlilegum kringumstæðum. Með því að skoða tjáningu á 

einkennissameindum fyrir ræstar angafrumur og seytingu á ónæmisstýrandi boðefnum er hægt að 

meta ónæmistemprandi áhrif náttúruefna í leit að bólguhamlandi lyfjasprotum. 

Markmið rannsóknarinnar var að greina og einangra bólguhamlandi efni úr sjávarhryggleysingjum 

með notkun lífvirknileiddrar einangrunar og skilgreina ónæmistemprandi áhrif lífvirkra 

efnaþátta/efnasambanda á angafrumur og angafrumu-miðlaða ræsingu á T frumum. Smáætur 

(monocytes) voru einangraðar úr blóði og sérhæfðar í angafrumur sem síðan voru þroskaðar og 

ræstar með lípópólýsakkaríði (LPS), tumour necrosis factor (TNF)-α og interleukin (IL)-1β samhliða því 

sem þær voru ræktaðar með efnaþáttum/efnasamböndum einangruðum úr Halichondria sitiens (H. 

sitiens) svampi (Porifera) í 24 klst. Áhrif efnaþátta/efnasambanda á þroskun angafrumna voru metin 

með því að mæla tjáningu á sýni- og hjálparboðssameindunum HLA-DR og CD86 á yfirborði 

angafrumna og ónæmistemprandi áhrif metin með mælingu á styrk bólguboðefnanna IL-12p40 og IL-6 

og bólguhamlandi/ónæmisstýrandi boðefnanna IL-10 og IL-27 í frumufloti. Áhrif efnaþátta á 

angafrumu-miðlaða ræsingu á CD4+ T frumum voru metin með mælingu á styrk boðefna sem 

einkenna mismunandi T hjálparfrumusvipgerðir, interferon (IFN)-γ (TH1), IL-13 (TH2), IL-17 (TH17) og 

IL-10 (Treg), í floti úr samrækt angafrumna sem höfðu verið meðhöndlaðar með völdum lífvirkum 

þáttum og ósamgena T frumna. 

Þáttun á H. sitiens leiddi af sér fjölda lífvirkra efnaþátta en skilaði ekki einangrun á hreinu lífvirku 

efni. Lífvirku þættirnir innihéldu að mestu lípíð og höfðu þeir áhrif á seytingu angafrumna á boðefnum, 

ýmist til minnkunar og/eða aukningar á bólgu- og bólguhamlandi boðefnum. H. sitiens efnaþættirnir 

höfðu ekki áhrif á þroskun angafrumna þar sem tjáning á yfirborðssameindunum HLA-DR og CD86 

hélst óbreytt. Tjáning á þessum sameindum er mikilvæg fyrir ræsingu T frumna og því ættu lífvirku H. 

sitiens efnaþættirnir ekki að hafa áhrif á ræsigetu angafrumna. Flestir lífvirku þættirnir drógu úr 

seytingu á bólguboðefnunum IL-12p40 og IL-6 og tveir þættir juku seytingu á bólguhamlandi boðefninu 

IL-10. Ósamgena CD4+ T frumur sem ræstar voru af angafrumum sem höfðu verið meðhöndlaðar með 

þætti B3b3-J, sem dró úr seytingu angafrumna á IL-12p40 og IL-6, seyttu minna af TH1 boðefninu 

IFN-γ og meira af TH2 boðefninu IL-13, sem bendir til að ónæmissvarið sveigist frá TH1 yfir í TH2 

sérhæfingu á T frumum. Tveir þættir höfðu áhrif á formgerð angafrumna sem einkenndust af töluverðri 

ílengingu á öngum frumnanna. 



  

6 

Samantekið sýna þessar niðurstöður að H. sitiens svampurinn inniheldur lífvirk efnasambönd sem 

hafa áhrif á bæði bólgumiðlandi og bólguhamlandi boðefnaseytingu angafrumna og á angafrumu-

miðlaða ræsingu á T frumum. Þessi efnasambönd gætu því haft gildi við meðferð á langvarandi bólgu. 
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1 Introduction 

Nature has been an important source of medicinal products for centuries and a large number of critical 

drugs in use today are of natural origins (1). Traditionally, research on natural sources has focused on 

terrestrial plants and microorganisms due to the ease of access. Over the last decades there has been 

an increased focus on investigating organisms of marine origins for drug leads (1, 2). The ocean, 

covering more than 70% of the earth’s surface, is the largest ecosystem on earth with immense 

biological diversity and is considered a huge and underutilized biological resource of new chemical 

diversity with great potential for biomedical applications (1, 3).  

Inflammation is a physiological process, initiated in response to infection or tissue damage. Just as 

the inflammatory response, the resolution of inflammation is an active process aimed at restoring 

homeostasis in the affected area after neutralization of the causing agent and limiting inflammation 

related damage to tissues (4). Dysregulation or continuous stimulus leading to excessive inflammation 

can have serious consequences as is evident in various diseases where chronic inflammation is 

believed to be a significant pathogenic factor. Several drugs are available for treating inflammation 

and immune related diseases, however, many of them have limited specificity and elicit adverse side 

effects (5). 

Given the vast biodiversity of the marine world, screening for anti-inflammatory effects of natural 

products from marine invertebrates can give valuable results in the search of more effective options in 

the treatment of inflammatory disorders. 

1.1 Marine natural products 

Marine natural compounds are often structurally complex with great biochemical specialization and 

have evolved under pressure to interact efficiently with their biological targets (6, 7). Different 

environmental conditions, such as temperature, salinity, chlorophyll content and water quality, within 

the marine world and markedly different from that of terrestrial environments, has given marine 

organisms capacity to produce unique compounds with diverse metabolic and ecological roles, 

enabling marine organisms to survive in extremely competitive environment. Many of the bioactive 

natural compounds exert their effects as secondary metabolites, enhancing their host’s survival as 

strategies in their given environment, such as in defensive, antifeedant, attractant, hunting, and 

pheromone roles (3, 8). As part of chemical defences, natural products have evolved into highly potent 

(given their rapid dilution in an aquatic environment) inhibitors of physiological processes (9).  

1.1.1 Marine biotechnology and the state of the art 

The field of marine biotechnology is relatively young and investigation of the marine environment has 

largely been restricted to tropical and subtropical regions although, more recently the exploration has 

expanded to colder regions (1). The traditional and most widespread process for bioactive product 

discovery is using a bioassay-guided isolation procedure, where crude extracts obtained from a 

biological source are fractionated and screened against a specific target at each fractionation step, 

ideally obtaining a single bioactive compound (10).  
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The discovery of two bioactive nucleosides, Cytarabine (Ara-C) and Vidarabine (Ara-A), derived 

from unusual nucleosides which were isolated from the Caribbean sponge Tectitethya crypta in the 

early 1950s paved the way for marine natural products with potential therapeutic value. Ara-C 

(Cytosar-U®) was approved in 1969 as a chemotherapeutic drug to treat different forms of leukaemia 

and continues to be used in treatment of myeloid leukaemia, non-Hodkin’s lymphoma and meningeal 

leukaemia. Ara-A (Vira-A®) is an antiviral drug approved in 1976 with activity against various virus 

infections. It has now been replaced by less toxic and more metabolically stable alternatives (10, 11). 

A systematic investigation of novel biologically active agents from marine sources only began in the 

mid-1970s and since then there have been more than 30,000 novel bioactive compounds reported 

from marine sources (12). Currently, seven marine natural product or marine natural product-derived 

drugs have been approved for clinical use by the U.S. Food and Drug administration (FDA) (table 1), 

approximately 24 others are in different phases of clinical trials and many more in preclinical phase 

(13). The waters around Iceland are largely unexplored with respect to chemical composition of 

marine organisms of pharmacological interest. Iceland is located in the midst of the North Atlantic 

Ocean were cold and warm water masses meet and along with geothermal activity creates unique 

environmental oceanic conditions which might contribute to the pharmacological potential of marine 

derived natural products from organisms adapted to these unusual environmental conditions (14). 

 

Table 1. Clinically approved drugs from marine sources. Adapted from (3, 13). 

Compound name
Trademark (FDA 

approved year)

Marine 

Organism

Chemical 

Class

Molecular 

Target
Disease Company

Trabectin (ET-743) Yondelis® (2015) Tunicate Alkaloid
Minor groove of 

DNA
Cancer PharmaMar

Brentuximab 

vedotin (SGN-35)
Adcetris® (2011)

Mollusc / 

Cyanobacterium

Antibody drug 

conjugate

CD30 & 

microtubules
Cancer Seattle Genetics

Erubin Mesylate 

(E7389)
Halaven® (2010) Sponge Macrolide Microtubules Cancer PharmaMar

Omega-3-acid 

ethyl esters
Lovaza® (2004) Fish

Omega-3 fatty 

acid

Trygliceride-

synthesizing 

enzymes

Hypertri-

glyceridemia
GlaxoSmithKline

Ziconotide Prialt® (2004) Cone snail Peptide
DNA 

polymerase
Pain

Jazz 

Pharmaceuticals

Vidarabine (Ara-A) Vira-A® (1976) Sponge Nucleoside
Viral DNA 

polymarase
Antiviral

King 

Pharmaceuticals

Cytarabine (Ara-C) Cytosar-U® (1969) Sponge Nucleoside
DNA 

polymerase
Cancer

Bedford 

Laboratories  

 

One of the best known sponge metabolite possessing anti-inflammatory properties is the 

sesterpenoid manoalide, originally isolated in 1980 from the sponge Luffariella variabilis (15, 16). In 

1983 manoalide was shown to prevent the neurotoxin action of β-bungarotoxin in an animal model and 

was further shown to inactivate purified phospholipase (PL)-A2 (17). The anti-inflammatory activity of 

manoalide and related compounds have since been extensively studied and it was tested in phase II 

clinical studies as a topical anti-inflammatory drug for the treatment of psoriasis but the studies were 

discontinued due to disappointing results arising from insufficient bioavailability (18). Selected marine 

sponge-derived compounds with reported anti-inflammatory activities are listed in table 2. 
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Table 2. Examples of sponge derived compounds with anti-inflammatory properties (19-31). 

Compound Source Chemical class Activities [IC50 or ED50]

Perthamides C-D Theonella swinhoei Peptides Reduction of mouse paw oedema [0,3 mg/kg]

Terpioside B Terpios sp. Glycolipid Inhibition of NO release by activated macrophages [<10 µM]

Plakortide P
Plakortis 

angulospiculatus
Polyketide Inhibition of TXB2 production in activated rat microglia [0,93 µM]

Carteramine A Stylissa carteri Alkaloid Inhibition of neutrophil chemotaxis [5 µM]

Bolinaquinone Dysidea sp. Sesquiterpenoid
Inhibition of colonic inflammation in mice; anti-inflammatory      

effects in acute and chronic inflammation models  [various]

Petrosaspongiolide 

M
Petrosaspongia nigra Setsterpenoid

Inhibition of colonic inflammation in mice; anti-inflammatory       

effects in acute and chronic inflammation models  [various]

Dysidea quinones Dysidea cf. cristagalli Quionones Inhibition of superoxide production of neutrophils [3 µM - 11 µM]

Manzimes A-F
Haliclona, Amphimedon, 

Xestospongia sp.
Alkaloids Inhibition of TXB2 and O2

. in rat microglia [<0,016 - >10 µM]

Avarol (1) &      

Avarone (2)
Dysidea avara Sesquiterpenoids

Reduction of mouse paw oedema [1: 9,2 mg/kg 2: 4,6 mg/kg]; 

inhibition of O2
-  production in leukocytes [96,6 µM 2: 123,2 µM]

Frondosins A-E Dysidea frondosa Sesquiterpenoids
Inhibition of IL-8 receptor binding in murine ovary membranes 

[various]

Pourewic acid A, 

Methylpourewate B 

& Cadlinolide C

Chelonaplysilla     

violacea
Ditepenoids Inhibition of O2

- production by  neutrophils [74, 58, 13 µM]

Manzamine A

Suavine Coscinoderma mathewsi Sesterterpenoids Inhibition of PGE2 and NO in activated macrophages [7,3 µM] 

Acanthostrongylophora 

sp.
Alkaloids Inhibition of TXB2 production in activated rat microglia [<0,1 µM]

 

 

A number of different assays have been used to detect anti-inflammatory activity of compounds 

and some are widely used for screening natural compounds. Many of these assays are focused on the 

activities of the innate immune system, evaluating inhibition of known inflammatory agents or general 

reduction of inflamed tissues (16, 32). Commonly used assays to evaluate anti-inflammatory activity of 

natural compounds are the murine paw and murine ear oedema assays for acute inflammation. In 

these assays, inflammation is induced by foreign agents such as carrageenan or 12-O-

tetradecanoylphorbol acetate and the inflamed tissue treated with a natural compound. The level of 

anti-inflammatory activity is determined by evaluating the weight of the inflamed tissue in animals 

treated with the natural compound as compared with that in control animals (29, 33). These assays 

are, like other anti-inflammatory in vivo assays, impractical for screening purposes and are more 

commonly used to further delineate anti-inflammatory properties of natural compounds with known 

activity in in vitro models. Number of assays look at inhibition of inflammatory agents produced by 

innate immune cells by natural compounds in vitro as indication of anti-inflammatory activity. One such 

marker for anti-inflammatory activity is PLA2, a lipolytic enzyme involved in the hydrolysis of 

phospholipids, producing arachidonic acid, the precursor of potent inflammatory mediators including 

prostaglandins, thromboxanes, leukotrienes and lipoxins (33, 34). Reactive oxygen species (ROS) and 

reactive nitrogen species (RNS) act both as signalling molecules and mediators of inflammation, but 

chronic or prolonged production of these molecules can lead to tissue damage and development of 

pathological conditions as is evident in many inflammatory diseases (35-37). Inhibition of induced nitric 

oxide (NO) and superoxide production have been used for evaluation of anti-inflammatory properties 

of natural compounds in vitro using visible spectrophotometry (21, 27). 
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1.1.2 Marine invertebrates 

Marine invertebrates, particularly sponges, have been over recent decades a significant source of new 

chemical diversity with a wide range of reported bioactivities, including novel compounds with 

antitumour, antimicrobial, anti-inflammatory and immunosuppressive properties (see citation (38) 

Marine Natural Compounds and other previous reviews by the same authors covering the literature for 

marine natural products together with their biological activities).  

To survive in a competitive milieu, marine invertebrates, lacking most physical defences, must rely 

on actions of bioactive agents, produced by the organisms or obtained from microbial sources for 

defence and other physiological and biological processes (8, 9). Sessile, soft-bodied marine 

invertebrates, such as sponges, tunicates, bryozoans and soft corals, are therefore prime candidates 

to possess bioactive metabolites.  

A large proportion of bioactive compounds isolated from various marine invertebrates are thought 

to be of microbial origin, metabolites synthesized by symbiotic bacteria (reviewed in (39)). As most 

microorganisms are still uncultivable, significant advances in the development of cultivation-

independent techniques will give greater insight into the taxonomical diversity and chemical potential 

of marine symbiotic communities which could be key to solving some of the inherent difficulties of 

working with natural compounds such as access to sustainable supplies (10, 40).  

1.1.2.1 Sponges 

Sponges (Porifera) are the oldest and widely considered the most primitive extant metazoan animals, 

with fossils dating back over 500 million years (41). Sponges are benthic suspension feeders (with the 

exception of a few carnivorous species) and as sessile animals without obvious physical defences, 

have high frequency of chemical defence agents against environmental stress factors such as 

predation, microbial overgrowth, infections and competition for space (3, 42). Sponges have gained 

much recent interest in the field of marine biotechnology for they are a rich source of bioactive 

compounds including terpenoids, sterols, cyclic peptides, fatty acids, alkaloids and peroxidases with 

more novel bioactive metabolites obtained from sponges each year than any other marine taxon (38, 

42, 43). Sponges are globally distributed (figure 1), found in marine and freshwater systems and are 

divided into four distinct classes, Calcarea, Hexactinellida, Demospongiae and Homoscleromorpha, 

with Demospongiae containing the majority of extant species (3). Currently, there are over 8700 valid 

species listed by The World Porifera Database, almost all of them found in seawater (44).  

Halichondria sitiens is a Boreal-Arctic marine sponge of the Demospongiae class and was first 

described in 1870 by Eduard Schmidt (45). The sponge is semi-globular in shape, yellowish in colour 

and has numerous characteristic upstanding papillae (46). No H. sitiens derived compounds have 

been reported.  
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Figure 1. Global diversity of sponges.  

Number of sponge species described from different marine ecosystems. Figure from (47). 

 

The sponge body is comprised of cellular grade organization and the basic body plan of filtering 

sponges is formed of several organized cell layers of different functions (figure 2). The sponge skeletal 

system has traditionally been used for classification and is comprised of spicules, composed of a 

calcareous (CaCO3) or siliceous (SiO2) structural elements or a combination of both. The epidermis 

(pinacoderm) is comprised of epithelial cells (pinacocytes) interspersed with porocytes which form a 

porous aquiferous system throughout the sponge, allowing water suspended material to reach the 

inner layers. Specialized flagellated cells (choanocytes) form chambers linked to the aquiferous 

system inside the sponge where they induce water movement through the body and filter out food 

particles. The mesophyll is comprised of collagenous material in which archaeocytes reside and digest 

food particles via phagocytosis. The archaeocytes are totipotent, capable of differentiating into all 

other sponge cell types including oocytes for sexual reproduction and gemmules for asexual 

reproduction. The mesophyll also harbours dense communities of microorganisms which can comprise 

up to 40% of the sponge volume (3, 43).  

 

Figure 2. The anatomy plan and feeding strategy of filtering sponges.  

The body plan of sponges consists of a skeletal system covered with epithelial cells. 
Interspersed in the epithelial layer are porocytes which form the aquiferous system allowing 
water to enter the layers. Choanocytes pump water through the cells and concentrate 
insoluble food particles for digestion by archaeocytes (ameobocyte). Figure from (48). 
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1.2 The immune system 

The human immune system functions to maintain homeostasis in an individual in regards to 

microorganisms and other infectious agents and it does so by the action of a variety of effector cells 

and molecules along with anatomical barriers. The immunological defences consist of the innate and 

adaptive immune systems. The innate immune system is evolutionary ancient and delivers rapid 

response against invading pathogens or tissue damage but is limited in flexibility to combat ever 

evolving pathogens that evade its actions. It consists of diverse non-cellular features, such as skin 

barrier, anti-microbial agents and the complement cascade, and a cellular component, which includes 

specialized cell populations including dendritic cells (DCs), granulocytes, monocytes (MCs), 

macrophages and natural killer cells. Different from the innate system which is only capable of 

responding to conserved molecular pathogenic motifs and limited to fixed receptor repertoire, the 

adaptive immune system utilizes somatically recombined antigen receptor genes to recognize virtually 

any antigen and responding in pathogen specific manner through the action of T and B cells (49).  

The initiation of an immune response begins after a pathogen or other foreign matter breaches 

anatomical and chemical barriers and is detected by the tissue resident cells of the innate immunity, 

mainly macrophages, DCs and mast cells, through pattern recognition receptors (PRR). Activated 

tissue resident cells begin to remove the infectious agent by phagocytosis and production of effector 

molecules and inflammatory mediators, promoting infiltration of innate immune cells, mainly 

neutrophils, to the site of infection through activated endothelium of blood vessels. This inflammatory 

response is crucial for the initial clearance of the infectious agent and for the subsequent activation of 

the adaptive immune system by antigen-presenting cells (APCs) in draining lymphoid tissues. 

Activation of the adaptive immune cells is based on clonal selection of lymphocytes bearing highly 

diverse antigen-specific receptors and gives rise to antigen-specific effector B and T cells able to 

target a specific pathogen and create immunological memory, allowing a more rapid and effective 

response upon reinfection. After neutralization of the infectious agent, homeostasis of the inflamed site 

is restored by a transition from inflammation to resolution promoted by anti-inflammatory and 

pro-resolution mediators (50, 51). The resolution phase is important for the clearance of inflammatory 

cells and initiation of tissue repair and if the acute inflammatory response fails to resolve in a normal 

manner it can lead to a chronic state of inflammation. Chronic inflammation can arise in the case of 

unsuccessful clearance of pathogens or in autoimmune disorders and can acquire different 

characteristics dependent on the type of T cells present. Non-resolving inflammation is a major 

contributing factor in the pathogenesis in a wide array of diseases (52). 
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1.2.1 DCs and T cells 

DCs are a group of bone marrow-derived leukocytes with significant phenotypic heterogeneity and 

functional plasticity, performing different functions within the immune system depending on their 

maturation state and location (53-55). As APCs they are specialized for the uptake, transport, 

processing and presentation of antigens to naїve T cells, serving as a bridge between the innate and 

the adaptive immunity. APCs are capable of both initiating an adaptive immune response and 

generating tolerance by deletion of self-reactive T cells in the thymus and promoting tolerance to 

self-components in the periphery (53, 54, 56). DCs are widely distributed throughout the body where, 

in an immature state they are continuously sampling their environment. Any encounter of the immature 

dendritic cells (imDCs) with microbial products or tissue damage, sensed through various PRRs as 

pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) 

respectively, promotes maturation and activation of DCs, enabling DC migration to lymphoid organs 

along with upregulation of co-stimulatory molecules required for effective interaction with naïve T cells, 

rendering them the role of powerful APCs (53, 54).  

Naïve T cells circulate between blood and lymph nodes which enables them to sample the antigen 

environment of different tissues. In lymphoid organs DCs activate a specific T cell response through 

presentation of peptide fragments of protein antigens on MHC class molecules to the T cell receptor 

(TCR) on T cells along with expression of surface co-stimulatory molecules leading to activation and 

differentiation of naїve T cells into one of three types of functional effector T cells, cytotoxic T cells, 

helper T cells, or regulatory T cells. The CD4 and CD8 co-receptors distinguishes T helper (TH) and T 

regulatory cells from cytotoxic T cells, respectively, and function alongside the TCR during interactions 

with APCs. DCs further polarize the CD4+ T helper cell response through differential secretion of 

cytokines leading to immunity or tolerance. The specific actions of DCs are influenced by the nature of 

their activation while in immature stage, which includes PRR stimulation, antigen uptake and signals 

from other cells, such as, cytokines and direct cell-cell interaction (50, 54, 57).  

CD4+ T cells can be functionally divided into five major subsets, T helper 1 (TH1), T helper 2 (TH2), 

T helper 17 (TH17), follicular T helper (TFH) and T regulatory (Treg) cells. TH1 cells are important in 

fighting intracellular pathogens and are generated upon naïve T cell priming in the presence of 

interleukin (IL)-12. TH1 cells mediate type 1 immune responses by secretion of type 1 cytokines 

including interferon (IFN)-γ which promotes destruction of intracellular bacteria by macrophages, 

inhibits proliferation of TH2 cells and induces IL-12 production by DCs (49, 58). Dysregulation of type 1 

responses have been linked to immunopathology of several autoimmune disorders such as in 

rheumatoid arthritis (59, 60). TH2 cells are generated upon naïve T cell priming in the presence of IL-4 

and they secrete type 2 cytokines including IL-4, IL-5 and IL-13. Type 2 immune responses are 

important in fighting multicellular parasites by enhancing barrier defences at mucosal surfaces and 

stimulating immunoglobulin (Ig)E antibody production of B cells. Type 2 responses also mediate 

allergic diseases such as asthma (49, 58, 61). TH17 cells are important in fighting extracellular bacteria 

and fungi and are generated upon naïve T cell priming in the presence of IL-6 and IL-1β (62). TH17 

cells produce IL-17 which induces cytokine, anti-microbial peptide and chemokine production in 

various immune and non-immune cell types, promoting inflammation and neutrophil attraction to 
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infected tissues. Dysregulation of TH17 responses can drive chronic inflammation in autoimmune 

diseases such as psoriasis (58, 63, 64). TFH cells are important in providing help for B cells as they are 

activated in the germinal centres, and take on type 1, type 2 or type 3 cytokine secretion in line with 

the differentiation of TH1, TH2 or TH17 cells (65, 66). Tregs are generated upon naïve T cell priming in 

the presence of IL-10 and act to suppress immune responses of other T cells by secretion of the 

anti-inflammatory cytokines IL-10 and transforming growth factor (TGF)-β. Tregs are important for 

prevention of unwanted immune responses and to maintain tolerance to self. Suppression of immune 

responses by Tregs can have detrimental effects on immunosurveillance and antitumor activity. On 

the other hand, dysregulation of Treg responses can lead to autoimmune diseases (58, 67). An 

overview of the polarization of TH cell phenotypes by DC stimulated differentiation is shown in figure 3. 

 

   

Figure 3. DC mediated TH cell polarization.  

ImDCs sample the environment of peripheral tissues and are activated by encounters of 
microbial products through PRR. mDCs migrate to draining lymphoid organs where they 
prime antigen-specific naïve T cells and polarize the T cell differentiation by differential 
cytokine secretion based on the nature of their activation, promoting the development of TH 
effector phenotypes that secrete distinct cytokines. Adapted from (68). 

 

It has become increasingly evident that the immunobiology of T helper cell subsets is more 

complicated than the traditional and simplified classification of subsets and their effector functions 

depicted above. In recent years the number of T helper cell subsets has increased and accumulating 

evidence suggests that their effector phenotypes and differentiation into T cell lineages is more plastic 

than previously thought (58, 69). 

The interaction between DCs and T cells is a key component in the activation of the adaptive 

immune response and the fact that DCs can direct the polarization of TH cells makes them an ideal 

target for examination of the immunological effects of natural compounds.  
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1.3 In vitro DC model 

The DC model used in this study for screening evaluates the ability of natural compounds/fractions to 

suppress the maturation of DCs into inflammatory phenotype. DCs are in low concentration in 

peripheral blood and together with a lack of DC specific markers makes them hard to isolate in 

sufficient quantities for research (70, 71). However, imDCs can be generated from blood-derived MCs 

by exposure to IL-4 and granulocyte-macrophage colony stimulating factor (GM-CSF), a characteristic 

used in this study. These cells resemble the DCs patrolling all tissues searching for PAMPs or DAMPs 

(72). The MC-derived DCs are then activated, through stimulation of immunological pathways by 

lipopolysaccharide (LPS) and the pro-inflammatory cytokines IL-1β, and tumour necrosis factor 

(TNF)-α, promoting inflammatory settings in the DCs, including upregulation of pro-inflammatory 

cytokines and surface molecules essential for T cell activation (73, 74). The DC model used in this 

project is depicted in figure 4. 

Most in vitro screening models for anti-inflammation are based on inhibition of inflammatory 

mediators produced by cells of the innate immune system. The DC model is an in vitro adaptation of 

the activation of adaptive immune responses by APCs and evaluates the anti-inflammatory properties 

by effects of natural compounds on cytokine secretion and expression of cell surface maturation 

markers by DCs and the ability of treated DCs to activate and differentiate TH cell populations. 

 

Figure 4. DC model.  

Isolated MCs are differentiated into imDCs by culturing them in the presence of IL-4 and 
GM-CSF. The imDCs are further activated by stimulation with the inflammatory mediators 
LPS, TNF-α and IL-1β and cultured with or without natural compounds. Upon activation 
imDCs develop into mDCs characterized by upregulation of T cell stimulatory molecules and 
inflammatory cytokines (75). 

 

1.3.1 Surface molecules on DCs and activated T cells 

The successful differentiation of purified MCs into imDC is confirmed by downregulation of the MC 

specific marker CD14 (the molecule is also expressed on macrophages but those are mainly tissue 

resident cells and in low numbers in blood) (76, 77). Resting imDCs are specialized for sampling the 

microenvironment of peripheral tissues and are characterized by low expression levels of MHC 

molecules and T cell co-stimulatory molecules, such as CD80 and CD86, but high expression of 

various receptors important for phagocytosis (78). Upon activation by pathogen sensors, imDC 
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upregulate expression of MHC and co-stimulatory molecules and develop into mature DCs (mDCs) 

specialized for T cell priming (79, 80). The expression of the human MHC class II molecule (HLA-DR) 

and CD86 are used in this study to evaluate the activation status of the DCs. 

Upon activation, T cells upregulate expression of various molecules participating in adhesion, 

migration and homing. Expression of CD69 (early activation marker) is induced early in the activation 

of naïve T cells which leads to downregulation of the lymphocyte migratory sphingosine-1-phosphate 

(S1P) receptor and retention of the T cells within the lymphoid organ. After proliferation and 

differentiation, CD69 expression is downregulated allowing localization of S1P receptor on the surface 

of the T cells which are then able to leave the lymphoid organ. Other molecules that are upregulated 

during activation of T cells are adhesion molecules that direct T cells from lymphoid organs to sites of 

inflammation, such as the very late antigen (VLA)-4 (CD49d), which facilitates binding to molecules 

expressed on activated endothelium and the intracellular adhesion molecule (ICAM)-1 (CD54) which is 

important for cell-cell interactions as well as extravasation of T cells to inflamed tissues (50).  

1.3.2 Immunological signalling and cytokines 

Activation of DCs by microbial products and cytokines promotes upregulation of cytokines through 

intracellular pathways. LPS binds toll-like receptor (TLR)4 in conjunction with accessory proteins MD-2 

and CD14, activating a mitogen-activated protein kinase (MAPK) signalling cascade mediated by 

phosphorylation of e.g. ERK, JNK and P38 protein kinases that stimulate gene expression. The 

functional outputs of the TLR4 pathway include upregulation of inflammatory cytokines and other 

regulators of adaptive immune responses, such as IL-6, IL-12 and IL-10. The pro-inflammatory 

cytokines IL-1β and TNF-α amplify the inflammatory response by promoting nuclear factor (NF)-kB 

and MAPK activation through their respected receptors (74, 81). The pro-inflammatory cytokines IL-12 

and IL-6, secreted by DCs, promote immune responses and inflammation through the action of T cells. 

IL-10 is an anti-inflammatory cytokine, involved in suppression of immune responses and inflammation 

by inhibiting IL-12 secretion of DCs and promoting activation of immune suppressive T cell 

phenotypes (50). The recently discovered IL-27 was initially considered pro-inflammatory and shown 

to induce proliferation of naïve T cells and inducing IFN-γ producing TH1 cells in synergy with IL-12 

(82). Later discoveries have revealed a more dual role for IL-27 in immune responses and 

inflammation and engagement in multiple regulatory activities such as promotion of IL-10 production 

and antagonization of TH17 populations (reviewed in (83)). 

Reduced expression of pro-inflammatory cytokines in DCs by inhibition of inflammatory immune 

pathways by the action of exogenous compounds could affect the adaptive immune response in a way 

to inhibit differentiation of T cells with inflammatory phenotypes. 
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2 Aims 

The aim of this study was to use a bioassay-guided isolation procedure to isolate and characterize 

anti-inflammatory compounds from marine invertebrates using a DC model for determining their 

anti-inflammatory effects and their mechanism of action. 

 

Specific aims 

a) To determine the effects of fractions/pure compounds from marine invertebrates on maturation 

of DCs. 

b) To determine the effects of DCs matured in the presence of fractions/pure compounds from 

marine invertebrates on activation and differentiation of T cells. 

c) To determine the effects of fractions/pure compounds from marine invertebrates on intracellular 

pathways and production of signalling molecules by DCs. 
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3 Materials and methods 

3.1 Bioassay-guided isolation of H. sitiens  

H. sitiens was collected by scuba diving from the rocks of Kolbeinsey, the northernmost part of 

Iceland, at a depth of approximately 10 m in May of 2012. The organism was identified as H. sitiens by 

Dr. Hans Tore Rapp at the University of Bergen and a voucher specimen was deposited at the Faculty 

of Pharmaceutical Sciences, University of Iceland. The collected H. sitiens were kept at -20°C until 

July 2015 when they were lyophilized and extracted with dichloromethane (DCM, CH2Cl2) and 

methanol (MeOH, CH3OH) in a ratio of 1:1 using maceration at room temperature for 24 h and the 

process repeated twice. The extract was fractioned using solvent partitioning (a modified Kupchan 

method) into five fractions (Hexane [A], CHCl3 [B], CH2Cl2 [C], n-Butanol [D] and H2O [E]). Bioassay-

guided isolation procedure was applied to obtain fractions with immunomodulating effects in the DC 

model (figure 5). Proton nuclear magnetic resonance (1H NMR) and high resolution mass 

spectrometry (HRMS) were used to identify chemical structures in the fractions. Part of obtained 

fractions were dissolved in DMSO at the concentration of 20 mg/ml and stored at -80°C until their 

bioactivity was tested. The B fraction was subjected to SPE Silica gel CC (DCM-MeOH 100:0100:0), 

obtaining eight subfractions (B1 - B8). The B2 and B3 fractions were separated by Sephadex LH-20 

CC (MeOH) into four fractions each (B2a - B2c + B2crystal and B3a - B3d, respectively). Fractions B2b 

and B3b were subjected to preparative high-performance liquid chromatography (HPLC) (MeOH-H2O, 

10:900:100, 8.0 ml/min, Luna C18 column) to obtain four subfractions each (B2b1 - B2b4 and B3b1 

- B3b4, respectively).  

Fractions B2b3, B2b4 and B3b3 were further separated by semi-preparative HPLC (Acetonitrile 

(ACN)–H2O, [B2b3; 0-36 min 70% and 36-50 min 100% ACN] [B2b4; 0-20 min 80%, 25-30 min 

80-100% and 30-50 min 100% ACN] [B3b3; 0-5 min 10%, 5-30 min 10-100% and 30-50 min 100% 

ACN], 4.0 ml/min) obtaining subfractions B2b3-1 - B3b3-7, B2b4-1 - B2b4-5 + B2b4-31, -33, -35 and -

37 and B3b3-1 - B3b3-5 + B3b3-A - B3b3-R, respectively.  

Two bioactive subfractions were obtained from B2b3, i.e. B2b3-2 and B2b3-5. B2b3-5 contains 

fatty acids, sterols and glycerides but further purification was not possible due to limited amount of 

sample and lack of main constituents. The B2b3-2 fraction was further fractioned by semi-preparative 

HPLC (ACN-H2O, 0-20 min 60% ACN, 20-22 min 60-100% ACN, 22-30 min 100% ACN, 4.0 ml/min) 

yielding five subfractions (B2b3-2-1 - B2b3-2-5). Of these only B2b3-2-2 showed bioactivity in the DC 

model. It contained a number of fatty acids but further purification was not possible due to limited 

amount of sample.  

One B2b4 subfraction, B2b4-1, was bioactive. B2b4-1 was subjected to semi-preparative HPLC 

(ACN-H2O, 0-5 min 10% ACN, 5-30 min 10-100% ACN, 33-50 min 100% ACN, 4.0 ml/min) and ten 

subfractions collected, four of them being bioactive (B2b4-1-4, -5, -6 and -26). Further purification of 

B2b4-1-4 was not possible due to limited amount of sample and lack of main constituents. B2b4-1-5 

was fractionated further by semi-preparative HPLC yielding five subfractions, B2b4-1-5A - 5E, but 

none of them possessed bioactive properties. Fraction B2b4-1-6 contains a number of fatty acids and 
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glycerides with too many constituents with similar chemical properties for further isolation by available 

methods. B2b4-1-26 contains known unsaturated fatty acids.  

B3b3 yielded eight bioactive subfractions (B3b3-F – B3b3-J, B3b3-L, B3b3-O and B3b3-P) but 

further purification of these fractions was not possible due to limited amount of the samples (A HPLC 

graph of B3b3 is shown in appendix 3). Monoheptadecanoin (MHD) and (2’R)-1-O-(2’-

methoxyhexadecyl)-sn-glycerol (G-S1) were identified by 1H NMR and HRMS as the main constituents 

in fraction B3b3-J (appendix 3). Pure synthetic MHD (NU-CHEK-PREP) and G-S1(84) (obtained from 

professor Guðmundur G. Haraldsson, University of Iceland) were tested but showed no bioactivity in 

the DC model. Figure 5 shows a schematic overview of the fractionation process. Fractions with anti-

inflammatory properties are coloured red. 

 

Figure 5. Schematic overview of bioassay-guided fractionation of H. sitiens.  

H. sitiens was lyophilized and extracted in dichloromethane (CH2Cl2) and methanol (CH3OH) 
solution and fractioned further based on solubility in non-polar to polar solvents (hexane-
H2O). At each step in the process, fractions were screened for anti-inflammatory activity and 
bioactive fractions (coloured red) were selected for further fractionation based on size and 
polarity. Compounds G-S1 and MHD (monoheptadecanoin) were identified in fraction B3b3-J 
and obtained from synthetic sources. 
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3.2 Generation of DCs 

DCs were generated from MCs isolated from human blood (buffy coat) obtained from the Icelandic 

blood bank, Blóðbankinn (The National Bioethics Committee approval#: 06-068). First, peripheral 

blood mononuclear cells (PBMCs) were isolated from the blood using density gradient cell separation 

medium (Histopaque, Sigma) and washed three times with magnetic-activated cell sorting (MACS) 

buffer (Phosphate buffered saline (PBS) with 0.5% bovine serum albumin (BSA; Millipore) and 2 mM 

Ethylenediaminetetraacetic acid (EDTA)) and counted in Trypan blue dye (Sigma) using Neubauer 

improved cell counting chamber slides. PBMCs were then diluted in MACS buffer to a concentration of 

12.5 x 107 cells/ml and MCs purified from the PBMCs with positive selection using MACS technique. 

CD14+ MCs were labelled with CD14 antibody conjugated with magnetic nanoparticles (CD14 

MicroBeads, Miltenyi Biotec) and the PBMC solution applied onto a LS+/VS+ column (Miltenyi Biotec) 

placed in a strong magnetic field. Non-labelled cells passed through the column in MACS buffer before 

CD14+ MCs were collected in a separate vial after removing the column from the magnetic field. 

Purified CD14+ MCs were counted using the same method as before and diluted in medium (RPMI 

1640 L-glutamine with 10% foetal calf serum (FCS) and 5 ml of penicillin and streptomycin solution, all 

from Invitrogen). The CD14+ MCs were then seeded into 48 well cell culture plates (Nunc) at 0.5 x 106 

cells/ml along with 25 ng/ml of IL-4 and 50 ng/ml of GM-CSF (both from R&D Systems), stimulating 

differentiation of MCs into imDCs, and placed in an incubator (5% CO2, 37°C and 95% humidity) for 

seven days. On day seven cells were harvested and counted as before. The imDCs were diluted in 

fresh medium and seeded in 48 well culture plates, 500 µl per well, at a concentration of 2.5 x 105 

cells/ml along with IL-1β (10 ng/ml, R&D Systems), TNF-α (50 ng/ml, R&D Systems) and LPS (500 

ng/ml, Sigma), promoting activation of the imDCs to mDCs. At the same time, extract or fractions from 

H. sitiens dissolved in dimethyl sulfoxide (DMSO, Merck) were added to the culture.  

The extract or fractions were dissolved in DMSO at the concentration of 20 mg/ml and kept at 

-80°C until use. At the day of use, the solution was diluted to 0.5 mg/ml in medium and 10 µl applied to 

the appropriate wells at a final concentration of 10 µg/ml. The same concentration of DMSO (0.005%) 

as in the culture wells with the extracts and fractions was used as solvent control. This amount of 

DMSO did not affect the viability, cytokine secretion or expression of surface molecules as compared 

with DCs cultured without fractions or solvent. The DCs were cultured for 24 h, harvested and 

supernatant collected after centrifugation (1200 rpm for 10 min at 4°C) and stored at -80°C for 

cytokine measurements. The cells were collected and stained for flow cytometry (FACS) analysis. 
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3.3 Co-culture of DCs and T cells 

T cells were isolated from human blood using the same method as used for isolation of MCs, using 

CD4 antibodies labelled with magnetic nanoparticles (CD4 MicroBeads, Miltenyi Biotec) instead of 

CD14 antibody. CD4+ T cells were then diluted to a concentration of 2 x 106 cells/ml in culture medium 

and cultured in a ratio of 10:1 with allogeneic mDCs in 96 well, U-bottomed culture plates (Nunc). The 

mDCs, generated as described above and cultured with or without extract or fractions from H. sitiens 

for 24 h, were harvested and diluted in culture medium to a concentration of 2 x 105 cells/ml and 

seeded with the T cells. After six days of co-culture, cells were harvested and spun (1200 rpm for 10 

min at 4°C). The supernatant was collected and stored at -80°C for cytokine measurements and the 

cells were resuspended in staining buffer and transferred into FACS tubes for FACS staining.  

3.4 Cytokine measurements 

DuoSet sandwich ELISA kits (R&D Systems) were used to measure cytokine levels in supernatant of 

DC cultures and DC-T cell co-cultures. ELISA, 96-well microplates (MaxiSorp; Nunc) were coated with 

cytokine specific capture antibodies, 100 µl per well in PBS and incubated overnight at room 

temperature (RT). The coating solution was then discarded and 300 µl of blocking solution (PBS with 

1% BSA, 5% sucrose and 0.05% NaN3) added to each well for prevention of nonspecific binding of 

antibodies and the plates incubated for 1 h at RT followed by 4 washes with washing buffer (PBS with 

0.05% Tween (Sigma)) using an autowasher (BioTex). Next, standards and supernatant samples, 

diluted in ELISA buffer (EB, PBS with 1% BSA) were added to the plates. The standard curves 

consisted of 7 dilutions of standards, generated by twofold serial dilutions and a blank. After adding 

standards and samples the plates were incubated for 2 h at RT followed by 4 washes. Biotin-labelled 

detection antibodies diluted in EB were then added to each well and the plates incubated for 2 h at RT 

followed by 4 washes. Next horseradish peroxidase (HRP) conjugated streptavidin was added to each 

well and the plates incubated in the dark for 20 min followed by 4 washes. Substrate solution (TMB 

One, KEM-EN-TEC) was then added to each well initiating a chemical reaction catalysed by HRP 

producing coloured product with the colour intensity being relative to the cytokine concentration in the 

samples and standards. The reaction was stopped by adding 0.18 M sulphuric acid and absorbance 

measured at 450 nm by spectrophotometer (Thermo multiskan EX). All samples and standards were 

measured in duplicates and the average absorbance of the duplicates used after subtracting the 

average absorbance levels of the blanks. Standard curves were constructed with concentration on 

x-axis (pg/ml) and absorbance on y-axis and the cytokine concentration in the samples read from the 

standard curves. As the levels of cytokine secretion, especially of IL-12p40 and IL-10, were highly 

variable between individual blood donors with over 10-fold difference in control samples the results 

were given as secretion index (SI), where cytokine concentration in supernatants of DCs cultured with 

extract or fractions was divided by cytokine concentration in supernatants of DCs cultured with the 

solvent only. When determining the anti-inflammatory effects of fractions from H. sitiens reduced levels 

of IL-12p40 was the main indicator, followed by increased levels of IL-10 and then reduced levels of 

IL-6. As IL-27 has both been linked to pro- and anti-inflammation, its levels were noted but not used 

for bioassay-guided isolation. 
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3.5 Surface molecule expression 

FACS analysis was used to determine the percentage of cells expressing certain surface molecules 

and the mean expression levels (MFI). Cell solutions containing approximately 0.5 x 105 cell were 

placed in FACS tubes (Falcon), blocking solution (normal human serum and normal mouse serum in a 

ratio of 1:1) added to minimize non-specific binding of antibodies to Fc-receptors and the mixture 

incubated on ice for 10 min. Fluorescence-labelled monoclonal antibodies were added and 

isotype-specific monoclonal antibodies used as controls (antibodies used for FACS staining are listed 

in appendix 4) and the cells incubated on ice for 20 min. The cells were then washed with 2 ml of 

staining buffer (PBS containing 0.5% BSA, 2 mM EDTA and 0.1% NaN3) and spun at 1200 rpm for 

5 min at 4°C. The staining buffer was discarded after centrifugation and the cells resuspended in 300 

µl of fixing agent (1% paraformaldehyde in PBS). The cells were collected using FACSCalibur flow 

cytometer (BD Biosciences) and data analysed using Flowing Software 2 (Cell Imaging Core, Turku 

Centre for Biotechnology). The flow cytometric staining of CD14 was performed to monitor the purity of 

isolated MCs and determine whether their differentiation into imDC was successful (figure 6). 

Successful activation of the mDC was determined with increased percentage of positive cells and the 

mean expression levels (mean fluorescent intensity, MFI) of the DC activation markers CD86 and 

HLA-DR (figure 6 and appendix 2).  
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Figure 6. The effects of differentiation and maturation of DCs on expression of surface 
molecules.  

MCs were cultured with IL-4 and GM-CSF for seven days to differentiate them into imDCs, 
that were further incubated with LPS, IL-1β and TNF-α for 24 h to mature them into mDCs. 
The graph shows percentage of positive cells for CD14 (MC marker), CD86 and HLA-DR 
(DC maturation markers) for MCs after isolation, imDCs after differentiation at day 7 and 
mDCs after maturation. mDCs were incubated with solvent only (DMSO) or not (NEG). The 
data are shown as mean percentage of positive cells ± SEM, n=10-18. 
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3.6 Phospho-specific antibody flow cytometry (phospho-flow) 

Phospho-flow analysis was used to determine the percentage of cells with phosphorylated signalling 

kinases and the mean phosphorylation levels (MFI). imDCs were generated as described above and 

seeded at a concentration of 5 x 105 cell/ml in 48 well culture plates. The cells were rested for 1 h in 

an incubator before activation with LPS (500 ng/ml), TNF-α (50 ng/ml) and IL-1β (10 ng/ml) and 

treatment with or without H. sitiens fractions. The activation process was stopped at three time points 

(5, 10 and 15 min) by addition of 500 µl of 3.4% formaldehyde. The cells were harvested and spun at 

300g for 8 min at 4°C and supernatant discarded. The cells were placed in FACS tubes and 500 µl of 

95% methanol which had been kept at -20°C was added to each tube for permeabilization of the cell 

membranes and tubes placed in -20°C overnight. Staining buffer was then added to cell solution and 

cell spun at 300g for 8 min at 4°C. The supernatant was discarded and the cells resuspended in 50 µl 

of staining buffer. The cells were stained with fluorescent-labelled antibodies and isotype specific 

antibodies were used as controls (appendix 4). The antibody staining procedure was done by the 

same method as described above. The cells were collected using Navios flow cytometer (Beckman 

Coulter) and data analysed using Kaluza software (Beckman Coulter). 

3.7 Fluorescent-antibody staining for confocal imaging 

Confocal imaging was used for visualisation of surface and intracellular molecules. These methods 

describe two separate experiments with some differences in procedures (1: actin filaments, 

microtubules and nuclei; 2: CD86, HLA-DR and nuclei). ImDCs were generated as described above 

and 2.5 x 105 cells placed per well on four well cell culture chamber slides (Nunc). The cells were 

activated by LPS, TNF-α and IL-1β, treated with or without H. sitiens fractions and incubated in cell 

culture chamber (1: 2 h; 2: 24 h). The supernatant was discarded, cells washed with PBS and fixed in 

-20°C acetone for 10 min. The slides were left to dry and PBS added for 10 min (1: PBS only 2: PBS 

with 5% goat serum and 0.3% Triton-X). The antibodies were diluted in immunofluorescence buffer 

(PBS with 1% BSA, 0.3% Triton-X) and cells incubated with the antibody solution (1: 30 min at RT; 2: 

overnight at 4°C for CD86 and HLA-DR and 10 min RT for nuclei staining). The cells where washed 

twice with PBS for 5 min and sample mounted with a mounting medium (Fluoromount, Sigma) and a 

cover slide and sealed using a nail polish. The pictures were taken using a confocal microscope 

(Olympus FV1000) and secondary image processing done in FlouView10 software (Olympus). 

3.8 Statistical analysis 

All data are presented as mean ± standard error of the mean (SEM). Statistical analysis was done 

using Mann-Whitney U test when comparing relative secretion levels and unpaired t-test for all other 

data using SigmaStat software and statistical difference indicated with (*) if p˂0.1, *p˂0.05, **p˂0.01, 

***p˂0.001.  
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4 Results 

4.1 Immunomudulatory effects of H. sitiens fractions in vitro 

To determine whether fractions/compounds from H. sitiens had anti-inflammatory effects, immature 

MC-derived DCs were matured and activated in the presence of fractions/compounds from H. sitiens 

for 24 h and the supernatant collected for measurement of cytokine levels.  

4.1.1 Effects of fractions from H. sitiens on viability 

The viability of DCs cultured with or without extracts/fractions/compounds from H. sitiens was 

assessed visually by light microscopy. There was no effect of extracts/fractions/compounds on cell 

viability when compared with the viability of DCs cultured without extracts/fractions/compounds. For 

selected bioactive fractions trypan blue viability assay was performed, confirming no cytotoxic effects 

of the fractions evaluated (figure 7).  
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Figure 7. The effects of fractions from H. sitiens on viability of DCs.  

The viability of DCs cultured with or without H. sitiens fractions was assessed by trypan blue 
assay. imDCs were matured and stimulated in the presence/absence of fractions from H. 
sitiens at the concentration of 10 µg/ml. Untreated (NEG) and solvent treated (DMSO) cells 
served as controls. Data are expressed as the mean percentage ± SEM of live cells, n=3.  
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4.1.2 Effects of fractions from H. sitiens on cytokine production by DCs 

The effects of maturation and stimulation of the DCs in their ability to secrete the cytokines IL-12p40 

and IL-10 was determined. ImDCs did not secrete detectable levels of these cytokines. Maturation of 

the DCs with TNF-α and IL-1β increased the secretion as did stimulation with LPS. When the DCs 

were treated with TNF-α, IL-1β and LPS they secreted the highest levels of the cytokines (figure 8).  

To evaluate the anti-inflammatory activity of fractions from H. sitiens their effects on DC secretion 

of the pro-inflammatory cytokines IL-12p40 and IL-6 and the anti-inflammatory/regulatory cytokines IL-

10 and IL-27 was determined (figure 9). Absolute cytokine levels for IL-12p40 and IL-10 production of 

DCs cultured with terminal fractions are shown in figure 10 for comparison and absolute and relative 

cytokine levels for all tested H. sitiens fractions are listed in appendix 1. 

 

 
 

Figure 8. The effects of maturation/stimulation of DCs on their secretion of IL-12p40 and IL-10. 

ImDCs were incubated with TNF-α (50 ng/ml) and IL-1β (10 ng/ml) or LPS (500 ng/ml) or a 
combination of both for 24 h. Results are represented as mean ± SEM, n=2.  
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The effects of bioactive fractions from H. sitiens on cytokine secretion by DCs are shown in figure 

9. Decreased IL-12p40 production by the DCs was used as the main criterion for selecting bioactive 

fractions for further fractionation. All bioactive fractions, except for B2b3-2-2, B3b3-O and B3b3-P, 

decreased IL-12p40 secretion by DCs compared with that in controls. Most of the fractions within the 

B2 fractionation lineage lead to around 50% decrease in IL-12p40 secretion by the DCs and 

decreased IL-10 secretion to similar levels (figures 9A and 9B). The effects of the B2 fractions on DC 

secretion of IL-6 were less pronounced than their effects on IL-12p40 and IL-10 secretion (figures 9A 

and 9B). Only the B2b4-1 fraction (derived from the B2 fraction) resulted in significant reduction of 

IL-27 levels (figure 9B). Fractions of the B3 lineage were in general more effective inhibitors of 

IL-12p40 production than fractions of the B2 lineage (figures 9A and 9C) but showed less tendency to 

inhibition of IL-10 secretion (figures 9A and 9C). All B3b3 subfractions decreased IL-6 secretion by 

10-20% and five inhibited secretion of IL-27 (figure 9C). Of all fractions, only two, B3b3-O and B3b3-P, 

enhanced the production of IL-10 (figure 9C). 
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Figure 9. The effects of bioactive H. sitiens fractions on cytokine secretion by DCs.  

DCs were matured and activated in the presence or absence of fractions from H. sitiens of 
the first four fractionation steps (A) and the subsequent B2 (B) and B3 (C) fractions at 
10 µg/ml for 24 h. The levels of IL-12p40 (red), IL-10 (blue), IL-6 (green) and IL-27 (yellow) in 
the supernatant were determined by ELISA. The results are expressed as SI which is the 
ratio of cytokine levels in the supernatant of mDCs cultured with H. sitiens fractions to 
cytokine levels in the supernatant of mDCs cultured without fractions. The dotted line 
indicates the ratio for the solvent control only and has the level one. The tables below the 
figures show the number of blood donors; statistical difference between cytokine secretion 
by cells incubated with the respective fraction and that by cells incubated without fractions; 
and absolute cytokine levels of corresponding controls (pg/ml). Difference between groups 
were evaluated using Mann-Whitney U test and determined significant if p˂0.05. *p˂0.05, 
**p˂0.01, ***p˂0.001, ns = non-significant. 
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IL-12p40 and IL-10 concentrations in supernatants from DCs incubated with selected B2 and B3 

subfractions are shown in figure 10. This is done to show how variation within donors affects the 

results. However, examining the absolute concentration levels of these cytokines, without eliminating 

the inter-donor variances, demonstrates further the inhibitory effects of these subfractions on these 

cytokines. The B2 subfraction B2b4-1-26 and all the B3b3 subfractions, except O and P, reduced 

IL12p40 secretion by DCs, while B2b4-1-26 and only the B3b3-F subfraction decreased IL-10 

secretion (figures 10A and 10B). All other fractions had a tendency towards decreasing IL-12p40 

and/or IL-10 secretion, except for B2b4-1-6 and B3b3-O (figures 10A and 10B). 
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Figure 10. The effects of fractions from H. sitiens in IL-12p40 and IL-10 concentrations in 
supernatants from DCs.  

DCs were matured and activated in the presence or absence of fractions from H. sitiens at 
10 µg/ml for 24 h and the concentration of IL-12p40 (A) and IL-10 (B) in the supernatants 
determined by ELISA. The results are shown as mean cytokine levels ± SEM. The number of 
blood donors for each fraction is indicated in brackets. Differences between groups were 
evaluated by t-test and statistical difference indicated with (*) if p˂0.1, *p˂0.05, **p˂0.01, 
***p˂0.001. 
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4.1.3 Effects of fractions from H. sitiens on DC expression of surface 
molecules 

The effects of fractions from H. sitiens on the maturation of the DCs were determined by evaluating 

their effects of expression of CD86 and HLA-DR. None of the bioactive B2 and B3 fractions affected 

expression levels (appendix 2) or the percentage of cells positive for either CD86 or HLA-DR (figure 

11). 

 

 

 

 

Figure 11. The effects of bioactive fractions from H. sitiens on DC expression of CD86 and 
HLA-DR.  

DCs were matured and activated in the presence or absence of fractions from H. sitiens of 
the B2 (A) and B3 (B) fractionation lineages at 10 µg/ml for 24 h and the proportion of cells 
expressing CD86 and HLA-DR determined by flow cytometry. The data are shown as mean 
percentage of positive cells ± SEM, n=1-7. 
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4.2 Allogeneic activation of CD4+ T cells by DCs treated with H. sitiens 
fractions B3b3 and B3b3-J 

The effects of selected fractions from H. sitiens, the B3b3 or B3b3-J fractions, on the capacity of DCs 

to activate and differentiate allogeneic CD4+ T cells were evaluated. The B3b3-J fraction was chosen 

for its promising effects on DC cytokine production and B3b3 for comparison as its shows similar 

effects in the DC model but to a lesser degree. Activated DCs were cultured with the bioactive 

fractions at a concentration of 10 µg/ml for 24 h and then co-cultured with allogeneic CD4+ T cells for 

six days. 

4.2.1 Cytokine production by activated T cells 

B3b3 and B3b3-J decreased IL-12p40 secretion by DCs in the co-cultures in a similar manner as they 

did when the DCs were cultured alone, while only B3b3-J resulted in decrease in IL-6 secretion 

(figures 12A and 12C). B3b3-J also decreased IL-10 concentration in the co-cultures compared with 

that in controls, whereas B3b3 had no effect (figures 12A and 12C). As IL-10 is produced both by the 

DCs and the T cells the IL-10 source cannot be determined by ELISA but is placed with the DC 

specific cytokines in figure 12A to simplify presentation of the data. DCs matured in the presence of 

B3b3 or B3b3-J led to reduced levels of IFN-γ secretion and raised levels of IL-13 secretion, without 

affected the secretion of IL-17 (figure 12B).  
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Figure 12. Cytokine levels in co-culture supernatant of DCs treated with B3b3 and B3b3-J and 
allogeneic CD4+ T cells. 

DCs matured and activated in the presence or absence of B3b3 and B3b3-J fractions at a 
concentration of 10 µg/ml for 24 h were culture with isolated CD4+ T cells for six days and 
cytokine concentration in the supernatants determined by ELISA. The A and B graphs show 
relative amount of DC specific and T cells specific cytokines, respectively‡. The absolute 
cytokine concentrations are depicted in C. The dotted line indicates the ratio for solvent 
control alone which is one. Data are shown as means ± SEM, n=6. Differences between 
groups were evaluated using Mann-Whitney U test (A and B) or t-test (C) and statistical 
difference indicated with (*) if p˂0.1, *p˂0.05, **p˂0.01. ‡IL-10 is produced by both DCs and 
T cells. 
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4.2.2 Expression of surface molecules by mDCs and allogeneically activated 
T cells 

To evaluate the capacity of DCs treated with the fractions B3b3 and B3b3-J to activate T cells, 

expression of surface molecules that are markers for different stages of T cell activation, i.e. CD54, 

CD49d and CD69 was determined. Maturing and activating the DCs in the presence of B3b3 and 

B3b3-J did not affect their ability to induce T cell expression of any of the activation markers evaluated 

(figure 13B). Neither did the fractions affect expression of DC maturation markers following the 

co-culture (figure 13A). 
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Figure 13. Surface expression following co-culture of DCs treated with B3b3 and B3b3-J and 
allogeneic CD4+ T cells.  

DCs matured and activated in the presence or absence of B3b3 and B3b3-J fractions at a 
concentration of 10 µg/ml for 24 h were cultured with isolated CD4+ T cells for six days and 
the expression of CD86, HLA-DR and CD14 on DCs (A) and CD54, CD49d and CD69 on T 
cells (B) determined by flow cytometry. The results are expressed as mean ± SEM of 
positive cells and the mean fluorescence intensity ± SEM for each molecule, n=6. 
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4.3 Effects of B3b3-I and B3b3-F on MAPKs 

To investigate the mechanism by which the B3b3 subfractions, B3b3-I and B3b3-F (chosen as B3b3-J 

was finished) affect cytokine secretion by DCs, their effects on phosphorylation of MAPKs, i.e. ERK1/2 

and p38, were evaluated by phospho-flow assay. Activation of the DCs increased the proportion of 

cells with phosphorylated ERK1/2 and p38 and enhanced the mean intensity of p-ERK1/2 and p-p38. 

Neither fraction affected phosphorylation of ERK1/2 at any of the time-points examined (figure 14A). 

Treatment with both B3b3-I and B3b3-F resulted in a significant increase of fluorescent intensity of 

p-p38 at all time-points but did not affect the percentage of cells with phosphorylated p38 (figure 14B). 
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Figure 14. Effects of B3b3-I and B3b3-F on phosphorylated ERK1/2 and p38 MAPKs in activated 
DCs.  

DCs were matured and activated in the absence (black line) or presence of fractions B3b3-I 
(blue line) and B3b3-F (green line) at a concentration of 10 µg/ml for 5, 10 or 15 min and the 
levels of phosphorylated ERK1/2 (A) and p38 (B) determined by flow cytometry. 
Unstimulated imDCs are shown for comparison. The results are expressed as the mean 
percentage of positive cells ± SEM and the MFI ± SEM, n=3. Differences between groups 
were evaluated using t-test and statistical difference indicated with *p˂0.05. 
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4.4 Effects of fractions from H. sitiens on DC morphology 

While screening for the anti-inflammatory effects of the fractions on the DCs, it was noticed that some 

of the fractions had effects on their morphology resulting in up to three extremely elongated dendrites. 

Fractions B2b3-5 and B3b3 had the most effect on the morphology of the DCs leading to extremely 

elongated dendrites on a large proportion of the DCs (figure 15). Confocal imaging of the cells 

revealed that microtubules run the entire length of the elongated dendrites and at the end of the 

dendrites there seemed to be a round shape actin rich mass (figure 16). To investigate if the effects of 

B2b3 on morphological changes in the DCs effected their maturation, the DCs were stained with 

fluorescent labelled antibodies against maturation markers for confocal imaging. The confocal images 

did not reveal differential expression of HLA-DR or CD86 compared with DCs matured with other 

fractions or solvent alone (figure 17). 

 

 

 

Figure 15. The effects of B2b3-5 on morphological changes of the DCs.  

DCs were matured and activated in the presence or absence of B2b3-5 at 10 µg/ml for 2h 
and viewed in a light microscope. 20x magnification. Scale bar represents 50 µm. 
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Figure 16. Confocal images of the cytoskeleton of DCs treated with fraction B2b3-5.  

DCs were cultured on slides and treated with fraction B2b3-5 at 10 µg/ml or solvent only for 
2 h before fluorescent staining. The images show actin filaments (actin, green), microtubules 
(tubulin, red) and nuclei (blue). Scale bars represent 50 µm. 
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Figure 17. Confocal images of surface molecular markers for DCs maturation.  

DCs were cultured on slides and treated with fraction B3b3 at 10 µg/ml or solvent only for 24 
h before fluorescent staining. The images show HLA-DR (red), CD86 (green) and nuclei 
(blue). Scale bars represent 50 µm. 
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5 Discussion 

The present study shows that the sponge H. sitiens contains bioactive compounds which inhibit or 

enhance the production of inflammation-related cytokines by DCs. The fractionation process yielded a 

number of bioactive fractions most of which contained lipids and other lipophilic compounds. The B3b3 

subfractions showed the most promising anti-inflammatory effects, potently reducing the secretion of 

IL-12p40 and/or enhancing the secretion of IL-10. The B3b3-J fraction reduced the secretion of all 

measured cytokines and had potent effect on reducing IL-12p40 and IL-27 secretion. Furthermore, 

DCs treated with fraction B3b3-J had impaired ability to induce secretion of the TH1 specific cytokine 

IFN-γ by co-cultured CD4+ T cells while enhancing their secretion of the TH2 specific cytokine IL-13, 

indicating immunomodulatory effects of the fraction on DC mediated differentiation of TH cells. 

Increased phosphorylation of the p38 kinase was detected at all measured time-points in DCs treated 

with fractions B3b3-I and B3b3-F although the fractions did not affect the total number of cells with 

phosphorylated p38. Treatment with fractions B2b3-5 and B3b3 induced morphological changes in 

DCs, characterized by extremely elongated dendrites. 

5.1 Bioassay-guided fractionation of H. sitiens 

Bioassay-guided isolation procedure has been widely used for isolation of bioactive compounds from 

natural sources including sponges and other marine invertebrates and has resulted in the identification 

of numerous compounds with wide variety of activities, including anti-tumour (85, 86), anti-microbial 

(87, 88) and anti-inflammatory activity (24, 89). Majority of the chemical structures identified within the 

bioactive fractions in the present study belong to lipid groups, such as fatty acids, sterols and 

glycerides. According to a recent review covering the literature of novel bioactive sponge-derived 

compounds from 2001 to 2010, terpenoids and alkaloids constitute the majority of reported bioactive 

sponge-derived compounds (90). The same trend was observed for sponge-derived anti-inflammatory 

compounds in other review articles covering the reported bioactivities of marine natural products, with 

frequent reports of anti-inflammatory terpenoids and alkaloids, whereas few reports were of anti-

inflammatory sponge-derived compounds belonging to the chemical classes identified in the present 

study (33, 38, 91). 

Preliminary results from the laboratory of the supervisors had shown that non- to semi-polar 

fractions from H. sitiens had anti-inflammatory effects in the DC model and the sponge was therefore 

chosen for bioassay-guided isolation of anti-inflammatory compounds in this study (92). After solvent 

partitioning of the extract from H. sitiens, the B fraction, containing non- and semi-polar compounds, 

had the most effect on cytokine production by DCs and was chosen for further fractionation. After five 

to six fractionation steps 14 terminal fractions with considerable bioactivity were obtained.  

The major limiting factors in the isolation process were the inherent difficulty of separating lipophilic 

compounds and the low yield of subfractions after five to six fractionation steps, despite a large 

amount of H. sitiens extract. It is relatively difficult to isolate lipophilic compounds with similar chemical 

properties and even after five to six fractionation steps, some of the fractions still contained many 

compounds, thus lacking a main constituent suitable for further separation using liquid 
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chromatography, which is the methodology mainly used to isolate natural products. Bioactive 

compounds are often produced in miniscule quantities by sponges or their microbial symbionts, and 

quantity is often a limiting factor in both the isolation and possible pharmaceutical application of novel 

bioactive compounds (3). Halichondrin B is an example of bioactive compound in limited supply from 

natural sources. In a study where Halichondrin B was first described and shown to have potent anti-

tumour activity, the fractionation of 600 kg of the Halichondria okadai sponge yielded only 12.5 mg of 

Halichondrin B (93). For comparison, 1.1 - 2.7 mg of the bioactive B3b3 subfractions were obtained in 

the present study. The isolation of bioactive compounds in trace amounts from natural sources is 

neither economical nor practical and synthesis can be necessary to obtain compounds in larger 

amounts for further research. The total synthesis of Halichondria B was reported few years after its 

discovery (94) and a synthetic analogue of Halichondrin B is now marketed as an drug against 

metastatic breast cancer (95, 96). 

The B3b3-J fraction contained few compounds and showed potent effects on the cytokine secretion 

of DCs. The major constituents in the B3b3-J fraction were identified as monoheptadecanoin (MHD) 

and (2’R)-1-O-(2’-methoxyhexadecyl)-sn-glycerol (G-S1). MHD is commercially available and was 

obtained from a supplier. G-S1 had previously been synthesized by professor Guðmundur G. 

Haraldsson (84) and he provided the compound for the present study. However, when the pure 

compounds were tested in the DC model they showed no anti-inflammatory effects. This suggests that 

the bioactive properties of the B3b3-J fraction are located in one or more of the minor constituents, 

which could also be the case for other bioactive fractions. These minor constituents are most likely 

highly potent and produced in miniscule quantities, making their isolation a difficult process and often 

impossible. 

5.2 Immunomodulatory effects of H. sitiens fractions 

DCs are important activators of T cells and their secretion of cytokines determines the differentiation of 

TH cells into different phenotypes. DCs are therefore prime targets for evaluating immunomodulatory 

effects of natural compounds. 

Decreased IL-12p40 secretion by DCs was used as the main criterion for selecting bioactive 

fractions for further fractionation and hence most bioactive fractions from H. sitiens inhibited DC 

secretion of this pro-inflammatory cytokine. IL-12 production by DCs is a determinant for the 

polarization of naïve T cells into TH1 effector phenotype, which is characterized by secretion of the 

pro-inflammatory cytokine IFN-γ (97, 98). IL-12 is made up of two subunits, i.e. p40 and p35. Another 

IL-12 family member, IL-23 also has the same p40 subunit along with p19 (99). Measuring IL-12p40, 

therefore, detects both IL-12 and IL-23, however, previous experiment, measuring IL-12 (as IL-12p70) 

and IL-23 levels individually, showed that DCs produced much more IL-12p40 than IL-12p70 and very 

low levels of IL-23 under the same experimental conditions (Jóna Freysdóttir, oral communication, 

2016). With those results in mind and because the IL-12p40 ELISA is more robust than other ELISAs, 

IL-12p40 measurements are used in this study and interpreted as being mainly representing IL-12 

concentrations.  
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Treatment with B3b3-J resulted in considerable reduction of IL-12p40 secretion by DCs and was, 

therefore, chosen as a candidate for investigating immunomodulating effects of treated DCs on T cell 

activation and differentiation and B3b3 was used for comparison as the mother fraction which also 

reduced IL-12p40 secretion but not to the same extent as the subfraction. Corresponding with the 

inhibition of IL-12p40 production by DCs after culture with fraction B3b3 and subfraction B3b3-J, DCs 

treated with these fractions reduced IFN-γ production by allogeneic CD4+ T cells, indicating an 

impaired TH1 differentiation capacity of DCs cultured with these fractions. TH1 cells are potent inducers 

of inflammation in response to microbial stimuli and have been associated with the pathogenesis of 

organ specific autoimmune disorders by maintaining chronic inflammation in tissues expressing their 

cognate autoantigen (100, 101). The potential of TH1 cells to induce chronic inflammation has been 

shown in studies where adaptive transfer of ex vivo generated TH1 cells lead to onset of rheumatoid 

arthritis, inflammatory bowel disease and diabetes in murine disease models (102-104). TH1 and IFN-γ 

inhibition have been proposed as therapeutic targets for the treatment of type 1 driven disorders (105, 

106).  

Many of the bioactive fractions reduced DC secretion of IL-6 although to a much lesser extent than 

their reduction of IL-12p40 secretion. IL-6 is another pro-inflammatory cytokine and is, along with 

IL-1β, important for differentiation of naïve T cells into TH17 phenotype (62). TH17 mediated immune 

responses have been associated with the pathology of inflammatory and autoimmune disorders, such 

as rheumatoid arthritis and psoriasis, and inhibition of TH17 polarization by exogenous compounds 

could therefore be beneficial in those inflammatory settings (107-109). Although DCs matured in the 

presence of the subfraction B3b3-J secreted lower levels of IL-6 they did not affect IL-17 production by 

the co-cultured T cells as would have been expected. Others have shown that although the local 

anaesthetic and cardiac depressant Lidocaine potently inhibited DC secretion of IL-6 it did not affect 

the differentiation of TH17 cells in vitro or in vivo. As for the B3b3-J subfractions, Lidocaine reduced 

IL-12 secretion by DCs and inhibited TH1 differentiation of CD4+ T cells (110). The unaffected IL-17 

production in the present study may be due to a number of factors in the complex regulation of CD4+ T 

cell differentiation, such as the reduction in IL-6 secretion being insufficient or changes in the TH 

population dynamics as IFN-γ and IL-4, produced by TH1 and TH2 cell, respectively, negatively 

regulate proliferation of TH17 cells (111). Reduced TH17 differentiation as a consequence of lower IL-6 

levels may, therefore, be counteracted by reduced levels of inhibitory factors, such as IFN-γ in the 

present study. 

Along with decreasing DC secretion of the pro-inflammatory cytokines IL-12p40 and/or IL-6, 

enhanced secretion of the anti-inflammatory cytokine IL-10 would be preferable when screening for an 

anti-inflammatory mediator. Only two of the bioactive fractions, i.e. B3b3-O and B3b3-P, enhanced the 

secretion of IL-10 by DCs with most of the bioactive fractions decreasing DC secretion of IL-10. IL-10 

is well established as an anti-inflammatory cytokine, exerting multiple effects in down-regulation and 

resolution of the inflammatory response, inhibiting production of pro-inflammatory mediators by APCs 

and suppressing T cell responses (112-114). It is also a major determinant in differentiation of naïve T 

cells into a Treg phenotype (50, 115). Tregs maintain tolerance to self and prevent unwanted immune 

responses and enhancing T regulatory activity could have beneficial effects in inflammatory and 
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autoimmune disorders. Immune regulation is necessary to prevent pathological immune responses 

and the importance of regulation is clearly evident in conditions characterized by impaired Treg 

functions (reviewed in ((116)). Tregs have been proposed as a therapeutic mediators and are being 

tested for treatment of type 1 diabetes (117) and prevention of graft-versus-host disease (118), by 

using ex vivo enhancement of polyclonal Tregs. Whether DCs matured in the presence of the fractions 

that increased IL-10 secretion could increase differentiation of naïve T cells into Tregs was not 

examined due to insufficient time. 

Few of the bioactive fractions examined in the present study reduced DC secretion of the cytokine 

IL-27. IL-27 a member of the IL-12 family with evidence of dual role in inflammation as it has both 

been reported to have a pro- and an anti-inflammatory effect depending on the cell population it 

influences. Studies have shown that IL-27 contributes to TH1 differentiation by inducing IL-12 

responsiveness in naïve T cells (119) but on the other hand it has been associated with suppressing T 

cell hyperactivity as a negative regulator of infection-induced T cell functions (120) and antagonize 

TH17 differentiation through inhibition of RORγt (121). The inhibition of DCs secretion IL-27 by the 

H. sitiens fractions can therefore not be interpreted as pro- or anti-inflammatory but might be relevant 

in some inflammatory settings. 

The cytokine IL-4 is considered to be the main cytokine produced during naϊve T cell differentiation 

that induces TH2 polarization of T cells (122), although other cytokines have been implicated in type 2 

immune responses, such IL-25, IL-33 and thymic stromal lymphopoietin (TSLP) (123-125). The TH2 

specific cytokine IL-13 was measured in the co-cultures from DCs and T cells and CD4+ T cells 

activated by DCs treated with B3b3-J enhanced the production of IL-13 by the CD4+ T cells by more 

than two-fold. This effect may have been exerted by direct effect of the DCs but could also be a 

consequence of reduced IFN-γ production as IFN-γ inhibits proliferation of IL-4 induced TH2 cells by 

antagonization of signal transducer and activator of transcription (STAT)-6 (126, 127). As TH2 inducing 

cytokines were not measured it cannot be concluded which factor might be more prominent. Increased 

TH2 type immune response could be an unwanted secondary development of TH1 inhibition as it may 

enhance levels of IgE and other immune mediators, induced by TH2 cells, that are associated with 

asthma and allergy (128-130). Conditions that favour TH2 polarization and negative regulation of TH1 

cells can be considered anti-inflammatory in type one immune driven disorders and anti-inflammatory 

effects of the TH2 specific IL-13 and IL-4 cytokines have been reported, inducing inhibition of pro-

inflammatory cytokine and nitric oxide (NO) production by activated macrophages (131).  

The bioactive fractions from H. sitiens did not have cytotoxic effects on the DCs nor did they 

downregulate their expression of the antigen presenting and co-stimulation molecules, HLA-DR and 

CD86, respectively. The DCs treated with the bioactive fractions are therefore expected to have 

unimpaired T cell stimulatory capacity. Furthermore, DCs treated with the fractions B3b3 and B3b3-J 

and cultured with allogeneic CD4+ T cells had no effect on expression of the T cell activation markers 

CD54, CD49d and CD69. The low percentage of cells expressing CD69 is likely due to the fact that 

CD69 is expressed early in the T cell activation process and may have been downregulated after six 

days of co-culture (132). To investigate the effects of the fractions further on T cell differentiation it is 
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necessary to do intracellular staining of cytokines and transcription factors specific for the different TH 

phenotypes. 

The effects of the H. sitiens fractions on cytokine secretion by DCs may be mediated by effects on 

signalling pathways downstream of the LPS, TNF-α and/or IL-1β activation. To investigate the effects 

of H. sitiens fractions on intracellular pathways, DCs were treated with fractions B3b3-I and B3b3–F 

for they reduced the secretion of the pro-inflammatory cytokines IL-12p40 and IL-6 and their effects on 

phosphorylated ERK1/2 and p38 kinases was evaluated. Treatment with B3b3-I and B3b3-F increased 

phosphorylation of p38 but did not affect phosphorylation of ERK1/2. The increase in phosphorylated 

p38 does not correlate with the inhibition of cytokine production exerted by these fractions as LPS, 

TNF-α and IL-1β have been shown to promote maturation of DCs and upregulation of pro-

inflammatory cytokines through induction of p38 (133-135). The B3b3-F reduced the secretion of all 

measured cytokines more potently than B3b3-I, however, no difference was observed in the level of 

phosphorylation of p38 between treatments. 

The results indicate that at least some of the fractions are capable of affecting intra-cellular 

pathways but further experiments are needed to elucidate their mechanism of action for inhibition of 

cytokine production by DCs. The regulation of cytokine production is an intricate process with number 

of contributing factors and the fractions might affect other components in the signalling pathways 

downstream of LPS, TNF-α and IL-1β activation, such as NFκB which is involved in the expression of 

pro-inflammatory cytokines (74) or affect the regulation at a later time. The bioactive fractions contain 

mostly lipid compounds and could be affecting the inflammatory signalling at the membrane level. 

Studies have shown that TLR4 and other receptor molecules that are implicated in LPS activation 

localize in lipid rafts following LPS stimulation and the integrity of the lipid rafts is essential for effective 

signalling (136). Treatment with known anti-inflammatory compounds have also been shown to inhibit 

the production of pro-inflammatory mediators in LPS stimulated immune cells by disrupting localization 

of these receptor molecules in lipid rafts (137, 138). 

5.3 Effects of fractions from H. sitiens on DC morphology 

The morphological changes of the DCs, characterized by extremely elongated cells, were observed to 

some degree in few fractions and in minute portion of the cells in other fractions and in controls. 

Fractions B3b3 and B2b3-5 induced morphological changes in majority of the cells without affecting 

their survival. That the elongated cells were observed in both solvent treated and untreated cells early 

after stimulation and were not linked to reduction in their cytokine secretion or expression of 

maturation markers, led to the conclusion that these cells were fully functional and the fractions might 

by inducing some intrinsic mechanism in the DCs. The confocal images show clear effects of the 

fractions on the conformation of the cytoskeleton and it is possible that they are having an effect on 

the regulation of microtubules and/or actin filaments.  

DCs are highly motile and form polarized actin protrusions at the leading edge followed by 

depolimerization of actin and microtubules at the trailing edge, allowing migration over surfaces (139). 

The Rho guanosine triphosphate (GTP)ases are involved in the dynamics of the actin filaments and 

are important regulators of cell morphology, motility and adhesion (140). Cells of the myeloid lineage 
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also form actin containing structures at the polarized end called podosomes, involved in cell trafficking 

and are regulated by the Wiskott-Aldrich syndrome protein (WASp) in cooperation with the 

Rho GTPase CDC42Hs (141). The podosome formation is dynamic and restricted to immature 

myeloid cells. It has been reported that stabilization of the podosomes impairs the motility of DCs and 

their transmigration over endothelium (142) and that WASp deficient DCs have impaired ability to form 

podosomes and lamellipodia which results in loss of polarity and often extreme elongation of the DCs 

(143). It has also been shown that imDCs cultured with T cells in the presence of superantigens 

induced dissolution of podosomes and morphological modification of the cytoskeleton, characterized 

by increased mobility and elongated DCs in a process dependent on chemokines produces in DC-T 

cell interactions (144). Therefore, the results obtained in this study indicate that the B3b3 and B2b3-5 

fractions might be affecting the regulation of cytoskeletal and migratory processes of DCs through the 

action of Rho GTPases but further research is needed to elucidate their mechanism of action and 

possible effects on immune responses.  

5.4 The DC model and H. sitiens 

The DC model is an in vitro model used in this project to screen for and study the immunomodulatory 

effects of marine derived natural products. The effects of exogenous compounds on the cytokine 

production of activated DCs has been used to some extent as a model to screen for anti-inflammatory 

effects of natural compounds and to study immunomodulating effects of novel and known anti-

inflammatory agents on DC mediated T cell activation (110, 145, 146).  

Various other approaches have been used to study anti-inflammatory effects of natural 

compounds in vitro. These are often less time-consuming than the DC model, evaluating inhibitory 

effects on inflammatory mediators in innate immune cells (see table 2). In vitro anti-inflammation 

models give valuable information in screening for bioactivity and are an ethical and cost-effective 

choice in studies like this but never fully replicate in vivo situations which have to be conducted before 

bioactive compounds can be considered relevant for therapeutic use.  

Although several fractions from H. sitiens had promising anti-inflammatory activity in the present 

study, no pure bioactive compounds from were obtained. Obtaining pure bioactive compounds from 

H. sitiens could be achieved with more starting material as small quantities of the bioactive fractions 

was a major limiting factor in the isolation of pure compounds. However, a higher yield of subfractions 

does not guarantee a successful isolation of bioactive compounds, for lipophilic compounds with 

similar chemical properties are inherently difficult to separate. Further studies evaluating the anti-

inflammatory properties and the mechanism of action of bioactive compounds from H. sitiens will have 

to be conducted before they are considered relevant for therapeutic use but this is impractical before a 

pure novel bioactive compound is obtained. 
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6 Conclusions 

Several fractions from the marine sponge, H. sitiens, had effects on cytokine secretion by DCs 

stimulated in vitro, some of them reducing secretion of the pro-inflammatory cytokines IL-12p40 and 

IL-6 and others enhancing the secretion of the anti-inflammatory cytokine IL-10. CD4+ T cells activated 

by DCs that had been treated with a fraction that reduced IL-12p40 and IL-6 production by DCs 

secreted less of the TH1 specific cytokine IFN-γ and more of the TH2 specific cytokine IL-13, indicating 

a reduced TH1 but increased TH2 DC-mediated T cell activation. The H. sitiens sponge may contain 

bioactive compounds with therapeutic potential in the treatment of pathogenic inflammation. 
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Appendix 1 

Apx. Table 1. The effects of H. sitiens fractions on IL-12p40 and IL-10 secretion by DCs. 

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

DMSO CT 26 78559 6600 - - 1,000 0,000 DMSO CT 26 6026 735,9 - - 1,000 0,000

NEG 26 75722 6586 78559 6600 0,952 0,035 NEG 26 6534 799,6 6026 735,9 1,080 0,032

B (100µg/ml) 7 5929 3406 49476 15432 0,095 0,049 B (100µg/ml) 7 233,6 67,08 4621 1128 0,047 0,011

B 3 13642 6839 29202 11099 0,450 0,078 B 3 3110 628,7 2893 584,8 1,075 0,007

B2 7 46813 11835 56668 13310 0,756 0,110 B2 7 4712 834,3 5038 985 0,953 0,039

B3 5 31429 15121 56582 18540 0,406 0,115 B3 5 3374 869,6 5132 1410 0,667 0,031

B2b 7 39570 12833 56668 13310 0,619 0,074 B2b 7 3603 689,1 5038 985 0,721 0,042

B3b 5 28490 14854 56582 18540 0,409 0,097 B3b 5 3296 900,3 5132 1410 0,633 0,060

B2B1 5 49967 16668 56582 18540 0,973 0,116 B2B1 5 4940 1281 5132 1410 0,978 0,034

B2B2 5 19915 11252 56582 18540 0,405 0,125 B2B2 5 3406 997,4 5132 1410 0,645 0,031

B2B3 5 30002 14244 56582 18540 0,497 0,103 B2B3 5 2604 644,5 5132 1410 0,519 0,039

B2B4 7 46660 16373 56668 13310 0,684 0,141 B2B4 7 4800 915,2 5038 985 0,980 0,047

B3b1 5 39798 16857 56582 18540 0,732 0,144 B3b1 5 4210 1030 5132 1410 0,845 0,037

B3b2 5 19989 7688 56582 18540 0,507 0,174 B3b2 5 3330 941,3 5132 1410 0,639 0,028

B3b3 7 30337 11459 76719 18487 0,474 0,134 B3b3 7 2473 389,5 4451 1075 0,682 0,131

B3b4 5 32303 16635 56582 18540 0,483 0,111 B3b4 5 4169 1051 5132 1410 0,831 0,062

B2b3-1 2 51814 5696 66348 681,5 0,780 0,078 B2b3-1 2 3052 1453 4098 1328 0,704 0,127

B2b3-2 5 48750 12059 81142 11589 0,574 0,067 B2b3-2 5 2898 643,5 6122 992,4 0,444 0,058

B2b3-3 2 49516 3228 66348 681,5 0,747 0,056 B2b3-3 2 3244 1443 4098 1328 0,757 0,107

B2b3-4 2 53054 13338 66348 681,5 0,802 0,209 B2b3-4 2 3361 997,5 4098 1328 0,828 0,025

B2b3-5 5 53088 12963 81142 11589 0,628 0,079 B2b3-5 5 3403 693,4 6122 992,4 0,536 0,037

B2b3-6 2 58263 4753 66348 681,5 0,879 0,081 B2b3-6 2 4511 1138 4098 1328 1,129 0,088

B2b3-7 2 44652 3798 66348 681,5 0,674 0,064 B2b3-7 2 3925 1317 4098 1328 0,954 0,012

B2B4-1 5 51363 11886 77357 13998 0,644 0,031 B2B4-1 5 2941 666,7 6405 770,2 0,440 0,054

B2B4-2 2 54838 15876 56884 16829 0,966 0,007 B2B4-2 2 4819 284,5 4805 640 1,013 0,076

B2B4-3 2 60203 13727 56884 16829 1,082 0,079 B2B4-3 2 4642 213 4805 640 0,977 0,086

B2B4-4 2 56465 10921 56884 16829 1,026 0,111 B2B4-4 2 3827 371,5 4805 640 0,821 0,187

B2B4-5 5 68348 13323 77357 13998 0,870 0,034 B2B4-5 5 5296 729,6 6405 770,2 0,824 0,040

B2B4-31 2 51748 15847 56884 16829 0,907 0,010 B2B4-31 2 3797 5 4805 640 0,804 0,106

B2B4-33 4 69993 12154 72721 12252 0,958 0,013 B2B4-33 4 6331 1701 6346 1525 0,986 0,058

B2B4-35 2 49824 14955 56884 16829 0,875 0,004 B2B4-35 2 4739 393,5 4805 640 0,993 0,050

B2B4-37 2 51883 15765 56884 16829 0,910 0,008 B2B4-37 2 4780 207 4805 640 1,007 0,091

B3b3-A 4 96510 10060 107972 12631 0,899 0,033 B3b3-A 4 3936 704 3410 685,7 1,174 0,068

B3b3-B 4 99325 8543 107972 12631 0,931 0,046 B3b3-B 4 3923 627,2 3410 685,7 1,176 0,057

B3b3-C 4 99347 9712 107972 12631 0,927 0,041 B3b3-C 4 3827 725 3410 685,7 1,135 0,085

B3b3-D 4 98282 8467 107972 12631 0,922 0,055 B3b3-D 4 3673 745,7 3410 685,7 1,076 0,055

B3b3-E 4 82101 5318 107972 12631 0,783 0,073 B3b3-E 4 3950 593,2 3410 685,7 1,240 0,223

B3b3-F 4 28205 2113 107972 12631 0,273 0,042 B3b3-F 4 1450 332,2 3410 685,7 0,471 0,135

B3b3-G 4 41995 2407 107972 12631 0,401 0,039 B3b3-G 4 2579 529,9 3410 685,7 0,798 0,158

B3b3-H 4 46547 4661 107972 12631 0,440 0,045 B3b3-H 4 2679 473,1 3410 685,7 0,827 0,142

B3b3-I 7 57695 6226 100700 10193 0,579 0,032 B3b3-I 7 3999 634,2 5151 931,3 0,844 0,125

B3b3-J 6 32948 5045 89446 14492 0,387 0,065 B3b3-J 6 4487 2009 6270 2045 0,676 0,109

B3b3-K 6 65464 10467 89446 14492 0,734 0,045 B3b3-K 6 6622 2010 6270 2045 1,188 0,190

B3b3-L 4 42929 8005 107972 12631 0,400 0,058 B3b3-L 4 2742 415,3 3410 685,7 0,865 0,162

B3b3-M 4 72071 6495 107972 12631 0,676 0,037 B3b3-M 4 4678 935,6 3410 685,7 1,453 0,300

B3b3-N 4 65691 5619 107972 12631 0,619 0,045 B3b3-N 4 3618 885,6 3410 685,7 1,098 0,245

B3b3-O 4 74768 9777 107972 12631 0,711 0,099 B3b3-O 4 4260 843,8 3410 685,7 1,251 0,024

B3b3-P 4 89875 8023 107972 12631 0,850 0,084 B3b3-P 4 4433 781,5 3410 685,7 1,322 0,099

B3b3-Q 4 85165 9564 107972 12631 0,797 0,069 B3b3-Q 4 4206 774,3 3410 685,7 1,260 0,138

B3b3-R 4 83605 8379 107972 12631 0,784 0,064 B3b3-R 4 4179 759,3 3410 685,7 1,255 0,141

B2B3-2A 2 88004 22152 88558 10763 0,978 0,131 B2B3-2A 2 6233 2721 7886 2967 0,770 0,056

B2B3-2B 2 85381 10671 88558 10763 0,964 0,003 B2B3-2B 2 4654 1867 7886 2967 0,584 0,017

B2B3-2C 2 81607 12419 88558 10763 0,918 0,029 B2B3-2C 2 6998 2145 7886 2967 0,915 0,072

B2b3-2-1 2 72751 8940 99195 13899 0,735 0,013 B2b3-2-1 2 4319 647 5361 872,5 0,808 0,011

B2b3-2-2 3 55559 18996 108484 12275 0,488 0,121 B2b3-2-2 3 2958 871,7 6292 1059 0,452 0,059

B2b3-2-3 2 60664 13866 99195 13899 0,604 0,055 B2b3-2-3 2 3622 348 5361 872,5 0,683 0,046

B2b3-2-4 2 56478 6386 99195 13899 0,572 0,016 B2b3-2-4 2 2944 719,5 5361 872,5 0,542 0,046

B2b3-2-5 2 63189 12134 99195 13899 0,632 0,034 B2b3-2-5 2 3589 630 5361 872,5 0,668 0,009

B2B4-1-1 2 55115 1251 66348 681,5 0,831 0,010 B2B4-1-1 2 4209 1269 4098 1328 1,035 0,026

B2B4-1-2 2 57969 1663 66348 681,5 0,874 0,016 B2B4-1-2 2 4330 1824 4098 1328 1,019 0,115

B2B4-1-3 2 54848 6685 66348 681,5 0,828 0,109 B2B4-1-3 2 4163 2110 4098 1328 0,949 0,207

B2B4-1-4 6 46519 16374 81142 11589 0,626 0,126 B2B4-1-4 5 4041 909,6 6122 992,4 0,629 0,051

B2B4-1-5 6 40394 14741 81142 11589 0,539 0,111 B2B4-1-5 5 3188 925,7 6122 992,4 0,472 0,082

B2B4-1-6 3 44820 23316 86585 20242 0,460 0,149 B2B4-1-6 3 2136 740,9 5450 1555 0,371 0,077

B2B4-1-7 2 35082 11320 66348 681,5 0,531 0,176 B2B4-1-7 2 3683 1205 4098 1328 0,898 0,003

B2B4-1-15 2 45134 8613 66348 681,5 0,679 0,123 B2B4-1-15 2 3975 1873 4098 1328 0,918 0,160

B2B4-1-26 4 31254 9997 77615 6961 0,378 0,094 B2B4-1-26 4 1697 505,8 4086 749,9 0,391 0,077

B2B4-1-31 2 25692 2527 66348 681,5 0,388 0,042 B2B4-1-31 2 2905 1638 4098 1328 0,647 0,190

B2B4-1-5A 2 62494 15151 88558 10763 0,695 0,087 B2B4-1-5A 2 6407 3045 7886 2967 0,777 0,094

B2B4-1-5B 2 65892 13050 88558 10763 0,737 0,058 B2B4-1-5B 2 7964 3610 7886 2967 0,976 0,091

B2B4-1-5C 2 63120 18906 88558 10763 0,697 0,129 B2B4-1-5C 2 8233 3544 7886 2967 1,019 0,066

B2B4-1-5D 4 76789 7854 88720 5037 0,860 0,050 B2B4-1-5D 4 6520 2017 5980 1717 1,066 0,079

B2B4-1-5E 2 68872 22653 88558 10763 0,758 0,164 B2B4-1-5E 2 7492 3579 7886 2967 0,908 0,113

MHD 10 4 81453 26851 81990 22497 0,971 0,119 MHD 10 4 8810 3785 8615 3768 1,098 0,097

G-S1 2 120318 5785 120268 2904 1,000 0,024 G-S1 2 8955 254,5 12373 472,5 0,724 0,007

Fraction/       

Compound

IL-12 secretion (pg/ml)

N

IL-10 secretion (pg/ml)

Fraction/       

Compound
N

Control Control

SI SI
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Apx. Table 2. The effects of H. sitiens fractions on IL-6 and IL-27 secretion by DCs. 

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

DMSO 40x 23 28515 2667 - - 1,000 0,000 DMSO 40x 20 2069 1028 - - 1,000 0,000

NEG 23 28404 2601 28515 2667 1,012 0,019 NEG 17 2593 1422 2289 1205 1,069 0,055

B (100µg/ml) 4 18637 7739 26813 10741 0,691 0,030 B (100µg/ml) 4 280,7 51,66 8491 4010 0,106 0,052

B B

B2 4 26063 9246 26813 10741 1,100 0,148 B2 4 5406 2391 8491 4010 0,726 0,068

B3 2 42949 2211 45236 3096 0,951 0,016 B3 3 4979 2400 10386 5036 0,646 0,176

B2b 4 24918 10397 26813 10741 0,896 0,039 B2b 4 4965 2449 8491 4010 0,557 0,049

B3b 2 44774 2668 45236 3096 0,990 0,009 B3b 3 5868 3003 10386 5036 0,560 0,064

B2B1 2 41740 5509 45236 3096 0,919 0,059 B2B1 2 14344 156,1 15422 106,4 0,930 0,017

B2B2 2 23375 16937 45236 3096 0,545 0,412 B2B2 3 7537 3694 10386 5036 0,647 0,081

B2B3 2 44025 4189 45236 3096 0,971 0,026 B2B3 3 3789 1817 10386 5036 0,406 0,043

B2B4 4 27544 11527 26813 10741 0,993 0,038 B2B4 5 5658 2876 6855 3510 0,918 0,127

B3b1 2 45180 3366 45236 3096 0,998 0,006 B3b1 2 11593 1695 15422 106,4 0,753 0,115

B3b2 2 31420 10874 45236 3096 0,714 0,289 B3b2 3 7019 3486 10386 5036 0,923 0,266

B3b3 4 28090 5037 33570 6856 0,867 0,078 B3b3 5 1321 596,2 6453 3663 0,606 0,197

B3b4 2 42201 5049 45236 3096 0,930 0,048 B3b4 3 7960 3941 10386 5036 0,761 0,054

B2b3-1 2 23964 1007 25308 1750 0,954 0,106 B2b3-1

B2b3-2 5 30767 5888 36296 5496 0,831 0,053 B2b3-2 3 163,3 41,75 421,9 129,5 0,412 0,043

B2b3-3 2 22515 1526 25308 1750 0,898 0,122 B2b3-3

B2b3-4 2 23590 314 25308 1750 0,938 0,077 B2b3-4

B2b3-5 5 31923 6226 36296 5496 0,858 0,046 B2b3-5 3 188,4 48,78 421,9 129,5 0,472 0,041

B2b3-6 2 25577 306,5 25308 1750 1,016 0,082 B2b3-6

B2b3-7 2 19735 725,5 25308 1750 0,786 0,083 B2b3-7

B2B4-1 5 25757 8920 29528 9200 0,810 0,061 B2B4-1 5 428,5 162,5 876,8 347 0,473 0,101

B2B4-2 2 9633 2094 8389 1949 1,152 0,018 B2B4-2 2 1572 663,5 1559 615 0,995 0,033

B2B4-3 2 7836 1768 8389 1949 0,936 0,007 B2B4-3 2 1709 855 1559 615 1,042 0,137

B2B4-4 2 9014 1199 8389 1949 1,101 0,113 B2B4-4 2 1258 357,5 1559 615 0,848 0,106

B2B4-5 5 27422 8310 29528 9200 0,965 0,048 B2B4-5 5 631,7 207,7 876,8 347 0,765 0,084

B2B4-31 2 7345 1302 8389 1949 0,887 0,051 B2B4-31 2 955 693 1559 615 0,518 0,240

B2B4-33 4 18611 6456 18663 6216 0,964 0,060 B2B4-33 2 1074 397,5 1559 615 0,697 0,020

B2B4-35 2 7310 1576 8389 1949 0,875 0,015 B2B4-35 2 1231 543 1559 615 0,772 0,043

B2B4-37 2 7994 2302 8389 1949 0,940 0,056 B2B4-37 2 1387 531 1559 615 0,895 0,013

B3b3-A 4 24950 3772 27251 3931 0,917 0,038 B3b3-A 2 601,3 356,6 552,1 295,7 1,042 0,088

B3b3-B 4 25932 4089 27251 3931 0,950 0,031 B3b3-B 2 591,3 362,6 552,1 295,7 1,009 0,117

B3b3-C 4 27375 4034 27251 3931 1,003 0,035 B3b3-C 2 514,9 280,8 552,1 295,7 0,926 0,013

B3b3-D 4 25758 4315 27251 3931 0,940 0,037 B3b3-D 2 586,3 266,1 552,1 295,7 1,127 0,122

B3b3-E 4 25286 4642 27251 3931 0,918 0,046 B3b3-E 2 530,4 305,9 552,1 295,7 0,931 0,055

B3b3-F 4 21256 3064 27251 3931 0,791 0,074 B3b3-F 4 207,5 106,1 816,7 308,7 0,222 0,030

B3b3-G 4 23607 3677 27251 3931 0,868 0,047 B3b3-G 4 258,7 152,2 816,7 308,7 0,218 0,108

B3b3-H 4 22796 2865 27251 3931 0,850 0,064 B3b3-H 4 352,5 244,6 816,7 308,7 0,308 0,115

B3b3-I 7 28589 3838 34267 4473 0,841 0,038 B3b3-I 5 209,1 56,96 474 121,6 0,439 0,070

B3b3-J 6 22283 3032 27963 3011 0,795 0,059 B3b3-J 4 231,7 89,42 587,5 150,4 0,406 0,097

B3b3-K 6 24165 3422 27963 3011 0,861 0,066 B3b3-K 4 410,5 111,8 587,5 150,4 0,691 0,072

B3b3-L 4 22115 3076 27251 3931 0,826 0,084 B3b3-L 4 249,7 129,8 816,7 308,7 0,244 0,070

B3b3-M 4 24516 4057 27251 3931 0,903 0,077 B3b3-M 2 297,1 171,6 552,1 295,7 0,521 0,032

B3b3-N 4 22947 4133 27251 3931 0,845 0,088 B3b3-N 2 393,3 234,8 552,1 295,7 0,680 0,061

B3b3-O 4 22865 3357 27251 3931 0,845 0,053 B3b3-O 2 503,3 373,5 552,1 295,7 0,770 0,264

B3b3-P 4 23620 4110 27251 3931 0,867 0,070 B3b3-P 2 399,7 293,3 552,1 295,7 0,616 0,201

B3b3-Q 4 23343 3811 27251 3931 0,860 0,067 B3b3-Q 2 263,8 206,3 552,1 295,7 0,389 0,165

B3b3-R 4 23210 3822 27251 3931 0,853 0,061 B3b3-R 2 364,6 273,1 552,1 295,7 0,555 0,198

B2B3-2A 2 28139 5526 28936 4115 0,965 0,054 B2B3-2A

B2B3-2B 2 29555 4299 28936 4115 1,021 0,003 B2B3-2B

B2B3-2C 2 28652 4287 28936 4115 0,989 0,007 B2B3-2C

B2b3-2-1 2 28284 1363 31384 229 0,901 0,037 B2b3-2-1 2 202,5 5,5 312,5 19,5 0,651 0,058

B2b3-2-2 3 34622 9153 39227 7844 0,862 0,053 B2b3-2-2 3 196,9 77,91 400 88,21 0,459 0,080

B2b3-2-3 2 27301 1143 31384 229 0,870 0,043 B2b3-2-3 2 185 30 312,5 19,5 0,601 0,134

B2b3-2-4 2 26202 1318 31384 229 0,835 0,036 B2b3-2-4 2 131 22 312,5 19,5 0,416 0,044

B2b3-2-5 2 28073 44,5 31384 229 0,895 0,005 B2b3-2-5 2 161,5 19,5 312,5 19,5 0,516 0,029

B2B4-1-1 2 22609 164,5 25308 1750 0,897 0,056 B2B4-1-1

B2B4-1-2 2 23609 258,5 25308 1750 0,937 0,055 B2B4-1-2

B2B4-1-3 2 23335 916 25308 1750 0,929 0,100 B2B4-1-3

B2B4-1-4 5 32311 6244 36296 5496 0,872 0,043 B2B4-1-4 3 386,2 166,6 421,9 129,5 0,778 0,227

B2B4-1-5 5 29477 5496 35296 5496 0,782 0,066 B2B4-1-5 3 326,4 143 421,9 129,5 0,658 0,189

B2B4-1-6 3 26164 11849 35177 9920 0,686 0,129 B2B4-1-6 1 515,3 0 575 0 0,896 0,000

B2B4-1-7 2 17484 819,5 25308 1750 0,692 0,015 B2B4-1-7

B2B4-1-15 2 23495 1925 25308 1750 0,938 0,141 B2B4-1-15

B2B4-1-26 4 19247 4650 28953 3289 0,646 0,090 B2B4-1-26

B2B4-1-31 2 16227 1644 25308 1750 0,649 0,110 B2B4-1-31

B2B4-1-5A 2 26616 5978 28936 4115 0,909 0,077 B2B4-1-5A

B2B4-1-5B 2 25941 6942 28936 4115 0,880 0,115 B2B4-1-5B

B2B4-1-5C 2 25140 7009 28936 4115 0,852 0,121 B2B4-1-5C

B2B4-1-5D 4 29188 4158 30767 3133 0,938 0,045 B2B4-1-5D

B2B4-1-5E 2 24765 6793 28936 4115 0,839 0,115 B2B4-1-5E

MHD 10 4 23256 8281 19675 7409 1,218 0,078 MHD 10 4 148,5 12,31 175,5 17,9 0,856 0,053

G-S1 2 29719 80 32332 2923 0,927 0,086 G-S1 2 91,5 0,5 146 10 0,632 0,042

Control

IL-6 secretion (pg/ml) SI IL-27 secretion (pg/ml) SI

Fraction/       

Compound
N

Control Fraction/       

Compound
N
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Appendix 2 

 

 

Apx. Figure 1. The effects of bioactive fractions from H. sitiens on expression levels of CD86 
and HLA-DR on DCs. 

DCs were matured and activated in the presence or absence of H. sitiens fractions of the B2 
(A) and B3 (B) fractionation lineages at 10 µg/ml for 24 h and the expression levels of CD86 
and HLA-DR determined by flow cytometry. The number of blood donors for each fraction is 
indicated in brackets. The data are shown as mean fluorescent intensity (MFI) ± SEM. 
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Appendix 3 

 

Apx. Figure 2. HPLC chromatograph of the B3b3 fraction from H. sitiens. 

High-performance liquid chromatography (HPLC) was used to identify the constituents in H. 
sitiens fractions which were further fractioned using preparative-HPLC. Subfractions were 
collected either as a mixture of constituents with similar properties (indicated with numbers at 
the bottom of the graph) or as main constituents (indicated with letters). Two compounds 
were identified in the B3b3-J fraction as Monoheptadecanoin and (2’R)-1-O-(2’-
methoxyhexadecyl)-sn-glycerol (G-S1). 
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Appendix 4 

Apx. Table 3. Fluorescence-labelled monoclonal antibodies used in flow cytometry. 

Antibody Cat# Isotype (mouse) Conjugate Supplier

CD14 MCA596APC IgG2a APC Bio-Rad

CD86 MCA1118F IgG1 FITC Bio-Rad

HLA-DR 555812 IgG2a PE BD Pharmingen

CD54 353108 IgG1κ FITC BioLegend

CD49d 304304 IgG1κ PE BioLegend

CD4 25-0049-42 IgG1κ PE-Cy7 eBioscience

CD69 17-0699-42 IgG1κ APC eBioscience

phospho-ERK1/2 53-9109-42 IgG1κ Alexa Flour 488 eBioscience

phospho-p38 560313 IgG1κ Pacific blue BD Biosciences

APC isotype CT MCA929APC IgG2a APC Bio-Rad

FITC isotype CT MCA928F IgG1 FITC Bio-Rad

PE isotype CT MCA929PE IgG2a PE Bio-Rad

FITC isotype CT 400110 IgG1κ FITC BioLegend

PE isotype CT 400112 IgG1κ PE BioLegend

PE-Cy7 isotype CT 25-4714-42 IgG1κ PE-Cy7 eBioscience

APC isotype CT 17-4714-42 IgG1κ APC eBioscience

Alexa Flour isotype CT 53-4714-42 IgG1κ Alexa Flour 488 eBioscience

Pacific blue isotype CT 558120 IgG1κ Pacific blue BD Biosciences  


