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Abstract: Marine-derived sulfated polysaccharides have been shown to possess certain
antivirus, antitumor, antiinflammatory and amtoagulant activitiesHowever, then vivo
immunomodulatory effects of marixterived pure compounds have been less well
characterized. In this study, we investigated the effect of ascophyllan, a sulfated polysaccharid
purified from Ascophyllum nodosunon the maturation of nuse dendritic cells (DCs)

in vitro andin vivo. Ascophyllan induced upegulation of cestimulatory molecules and
production of preanflammatory cytokines in bone marrederived DCs (BMDCSs).
Moreover,in vivo administration of ascophyllapromotes ugregulation of CD40, CD8O0,
CD86, MHC class | and MHC class Il and production oBlUL-12and TNFU i n spl een
cDCs. Interestingly, ascophyllan induced a higher degree dftimmlatory molecule
up-regulation and pranflammatory cytokine prduction than fucoidan, a markuerived
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polysaccharide with welllefined effect for promoting DC maturation. Ascophyllan also
promoted the generation t#N-o-producingThl and Tcl cells in the presence of DCs in

an IL-12-dependent manner. Finally, myeloidifferentiation primary response 88
(MyD88) signaling pathway was essential for DC maturation induced by ascophyllan.
Taken together, these results demonstrate that ascophyllan induces DC maturation, and
consequently enhances Thl and Tcl respanséaso. This knowledge could facilitate the
development of novel therapeutic strategies to combat infectious diseases and cancer.
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1. Introduction

One of the new research trends in teeelopment of immunomodulatory agents is to search for
candidates among natural products, because they have relatively low or tolerablg itoxakitical
applications[1,2]. After decades of extensive studies, some mat@rerzed pure compounds with
strong immunomodulatory activities have been identified, mostly thraugiiro studies. Then vivo
immunomodulation effects of mariterived pure compounds have been less well investigated.
Ascophyllan is a complex and heterogeneous sulfated polysaeshahdth is extracted from brown
alga Ascophyllum nodosurfA. nodosum [3]. The characteristic monosaccharide composition of
ascophyllan is obviously distinguishable from those of fucoidan, which cerftasnse as a main
sugar component with sulfate graupt!]. A recent study has demonstrated that ascophyllan induces
much higher levels of nitric oxide (NO) production from mouse macrophage cell line RAW264.7 than
fucoidan [5]. In anin vitro study, ascophyllamvas shown to promote secretion of tumor necrosis
factorU ( FTUNF and gr a n-stimolatingtfactor GC€EF) from RAW264.7 cell§3].
Moreover, systemic administration of ascophyllan enhances splenic natural killer (NK) cell activity
against murindymphoma celline YAC-1 [6]. In contrast to its effects on macrophages and NK cells,
the effects of ascophyllan on DCs, especially spleen DCs, are largely uncharacterized.

Dendritic cells (DCs)play a key role in initiating and controlling the magnituated the quality
of adaptive immune responsd%,8]. Upon exposure to microbial stimuli, DCs undergo a
maturation process characterized by increased expressionstifedatory molecules, production of
pro-inflammatory cytokines and presentation of agrig (Ags) to T cell$7i 9]. Different subsets of
DCs show different s gpewitienh DEsgaDCs) havea sdlectinesability @D 8 |
crosspresent exogenous Ags though MHC clag LL1]. This function is crucial for the generation of
cytotoxic T cells against virus and nuclear Ags from necrotic ¢&lly In contrast, the extracellular
antigens are captured and mov e'dcDGAsowhithhtteen aen d o s
degraded to antigenic peptides and complexed with MHC class Itutedeto be recognized by CD4
T cells[12,13] During maturation of DCs, Apaded DCs migrate spontaneously to secondary lymph
nodes and acquire the capacity to stimulate T cells. These DCs pdro#ammatory cytokines
that determine or crucially fluence the induction of specific types of cytokim®ducing CD4 helper
T cells and CD8 cytotoxic T cel[9,14]. However, the outcome of T cell stimulation by DCs can also
be apoptosis depending on the state of maturation of th¢IB($].
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Sulfated poysaccharides possess certain biological activities such asvirasti antitumor,
antrinflammatory and anttoagulant activitiegl7i 19]. Moreover,fucoidan a sulfated polysaccharide,
has been well defined asmaturationinducing agent on humamonocytederived DCs (MDDCs),
peripheral blood DCs (PBDCs) and mousme marrowderived DCs (BMDCs)20i 22]. However
sulfated polysaccharidmediatedimmune responsem vivo, especially DC maturation and T cell
activation, have not been fully investigatelhe present study was undertaken to test the hypothesis
thatin vivo administration of ascophyllan, a sulfated polysaccharide &omodosumcan induce the
maturation of DCs and the consequent activation of T cell responk®sover, we compared the
ascophyllan and fucoidan in the effect of DC maturafiorvivo and in vitro. These resultsnay
provide a potential new therapeutic strategy to combat viral and bacterial infection and cancer.

2. Results and Discussion
2.1. Ascophyllan Promotes the Actiea of BMDCs

Previous reports showed that ascophyllan can induce activation of mouse macrophages. We
therefore assessed whether ascophyllan can also induce activation or maturation of mouse
BMDCs in vitro. Bone marrow cells were isolated from C57BLMice and cultured with
granulocytemacrophage colongtimulating factor GM-CSH and interleukin4 (IL-4) to generate
immature BMDCs. After six days of culture, the majority of the cells were immature BMDCs based on
the expression of CD11c. We furthernstilated these cells witb 0 ¢ gascophbyllan orwith
50 e€eg/ mL fucoidan as a positive control. Afte
promoted thedendritic morphological changes in BMDCs (Figure 1A). Moreover, the expression
levelsof co-stimulatory molecules CD40, CD80, CD86 and MHC class Il on BMDCs were markedly
increased by ascophyllan (Figure 1B). Next, we measured phagocytic activity, which is a specific
function of immature DCs. The results revealed that the phagocytic woi\BMDCs had undergone
a notable decrease after ascophyllan treatment (Figure 1C). Interestingly, ascophyllan treatment
showed a stronger effect on inducing BMDC activation than fucoidan as indicated by higher levels
of CD40, CD86 and MHC class Il andower levels of dextran uptake in the BMDCs
(Figure 1BC). To confirm this observation, we assessed the-dependent effect of ascophyllan
and fucoidan on BMDC activation. As shown in Figure 1D, ascophyllan treatment a19 ore g / mL
induced more potémp-regulation of CD86 and MHC class Il compared to fucoidan at the same doses.
These data demonstrate that ascophyllan induces activation of BMDCs and its effect is stronger thar
that of fucoidan.
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Figure 1. Activation of bone marrowderived dendriticcells BMDCs) by ascophyllan.
Bone marrow cells (Ix 10°%) were incubated with 20 ng/mgranulocytemacrophage
colony-stimulating factor GM-CSH and 20 ng/mLinterleukin4 (IL-4) for six days, and
then stimulated with ascophyllan or fucoidan for 24 &) Morphological changes were
analyzed by microscopyB) Expression of surface esiimulatory molecules measured by
flow cytometry (C) Dextran uptake was analyzed from ascophyl@nfucoidantreated
BMDCs after incubation with dextraRITC for 1 h at 4 037 °C; (D) CD86 and MHC
class Il expression levels were measured in ascophydiafucoidantreated BMDCs at
indicated dose*(p < 0.05,** p < 0.01 compared to fucoidan). All data are representative
of or the average of analyses of six independantples.
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2.2. Ascophyllan Induces the Activation of Spleen G4&vo

Our in vitro observation that ascophyllan promotes BMDC activation prompted us to investigate
the effect of ascophyllan on spleen DC activatianvivo. We injected 50 mg/kg ascoglan
intravenouslyi(v.) to C57BL/6 mice and analyzed spleen DCs 24 h later. Ascophyllan treatment led to
a significant decrease in the proportion and nunmdfespleen cDCs, which were identified as
lineagéCD11¢ cells, whereas fucoidamad no significant effect (Figure 24, = 0.02). Moreover,
ascophyllan administrationduced a substantial increase in the surface levels of CD40, CD80, CD86,
MHC class | and MHC class Il in spleen cDCs (Figure 2B).
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Figure 2. In vivo administration of scophyllan induces spleaonventional DC ¢DC)
activation. C57BL/6 mice were injectéatravenously i(v.) with 50 mg/kg ascophyllan or
50 mg/kg fucoidan for 24. (A) Percentage of lineaf@D11¢ cDCs was analyzed by
flow cytometry (left panels). Absolute numbers of live, lineB@B11¢ cells were
shown (right pane])(B) Expression levels of CD40, CD80, CD86, MHC class | and
MHC class Il were measured by flow cytomet§) Percentage of lineat@D11¢C D 8" U

or lineagéCD11¢C D 8 UDCs was analyzed on a flow cytometry (left panels). Absolute
numbers of live, lineag€D11¢'C D 8 Bells (middle panel) or lineag@D11¢'C D 8 Oells
(right panel) were shown (right pangllp) Expression level of CD40, CD80, CD86, MHC
class | and MHC class Il were measured by flow cytometry. All data are representative of
or the average of analyses of six independent samples.
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We next examined the effect of ascophyliam the expression of estimulatory molecules in
CD8Hnd C€dd& Bubpopulations 24 h after injection of ascophyllan or fucoidan. As shown in
Figure 2C, ascophyll an treat meand |GEBEUGlumbers, ma
whereas fucoidandrat me n't i nduced a dec i ee&swthout affecting ¢ghe n u m
C D 8 &DCs. Furthermore, the expression levels of CD40, CD80, CD86, MHC class | and MHC class
|l were markedly i acde&&E&dby asnophyllattedtmem [F&ylie 2D).
Consistent with the results obtained from BMDCs, ascophyllan induced a greatgulgtion of
CD40, CD80, CD86, MHC c IC®Kl€ cDCs aadhadyredter upgutatiosql | e e r
CD40 and CDB86 'GDilc sOCkirevivecondarédlib fucoidan. These data indicate that
systemic administration of ascophyllan induces activation of spleeniegD@/o and its effect is
stronger than fucoidan.

2.3. Ascophyllan Promotes Psimflammatory Cytokine Production from DCs

MaturedDCs produce high levels of pmflammatory cytokines. To determine whether ascophyllan
affects production of cytokines, we treated BMDCs or spleen DCs with ascophyllan for 2 h or 24 h and
analyzed the production of pmflammatory cytokines. Ascophyllatteatment of BMDCs for 2 h
induced upregulation of 116, IL-12p40 and TNFU mMRNA | e v e-R3p19 (Figure 3A)oTthe | L
secretion levels of U6, IL-12p70 and TNFU wer e al so dramatically i nc
BMDCs treated with ascophyllanorf 24 h (Figure 3B). Moreoverin vivo administration of
ascophyllan to C57BL/6 mice caused a marked increase in mRNA levelsoflit12p40 and TNFJ
from splenocytes 2 h pestjection compared to PB8eated control mice (Figure 3C). Serum levels
of IL-6, IL-12p70and TNF) wer e al so substantially increase
with its effect on cestimulatory molecule expression, ascophyllan induced greatezguypation of
IL-6 and I-12, butnot TNFU t han f uc oi dascophyllan ard éucomlan tdid noyihdyce
IL-23 production in either BMDGis vitro or splenocytes vivo (Figure 3B,D).

To specifically measure the production of cytokines by spleen cDCs, we isolated'DBage
cDCs from splenocytdsy electronic sorting 2 h after ascophyllan administration, and incubated these
cells in culture medium for 4 h (Figure 3E). Purified CD1dDCs from mice treated with ascophyllan
secreted dramatically higher amounts ofdlLIL-12p70 and TNFJ t h aerfrom RBS8treated mice
(Figure 3F). Therefore, systemic administration of ascophyllan induced maturation of spleen cDCs as
indicated by ugregulation of cestimulatory molecules anatoduction of preinflammatory cytokines.

Ascophyllan is a fucan, andhis structural differences with fucoidan based on a backbone of uronic
acid (mannuronic acid) with fucose containing brache&3-(Bxylosyl-L-fucose4-sulfate)[3,4]. Although
fucoidan and ascophyllan have a number of structural and bioactive similahggsalso possess
different functions. Ascophyllan promotes growth of normal kidney MDCK cells, whereas fucoidan is
toxic to these cell§23]. Moreover, ascophyllan can induce much higher levels of NO production in
RAW264.7 cells than fucoidgb]. Although, fucoidan has been well defined as a maturatidacing
agent on human and mouse Di@svitro [20i 22], we demonstrate that ascophyllan can also promote
DC maturation, botlin vitro andin vivo, and its effect is stronger than fucoidan. These restdtga
line with the previous study performed using RAW264.7 ¢elistro.
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Figure 3. Ascophyllan induces prmflammatory cytokine production. BMDC were incubated

with 50 € g / radcophyllan or fucoidan for 2 h or 24 RA)(mRNA levels of IL-6,

IL-12p40, 1l-23p19and TNFU i n BMDCs were meas@®@)le-d 2 h a
IL-12p70, 1-23 and TNFU l evel s i n cul ture swpernat a
fucoidantreatedBMCDs 24 h after treatmenfC) Cytokine mRNA levels in splenocytes

were meased 2 h after 50 mg/kg ascophyllan or 50 mg/kg fucoidan injection

(D) Cytokine concentrations in sera from ascophyllan fucoidantreated mice are

shown (E) LineagéCD11c¢" cDCs were electronically sorted on a FACS Aria Il

(Becton Bicknson) 2h after ascophyllan injection. The purities of the sorted cells are

shown (F) Purified cDCs were incubated in culture medium for 4 h, and cytokine
concentrations in the culture medium were measured by ELISA. All data are representative

or the average of analysekat least six samples for each group.
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24. AscophyllarPromotes Generation of Thl and Tcl Cell¥ivo

Cytokineproducing DCs play a key role in the generation of effector T cell subsets, including Thl,
Th2 and Th17 cells. Since ascophyltzm induce thenat ur at i dan o f CADEYIVE next



