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Summary

Interactions between dendritic cells (DCs) and environmental, dietary and

pathogen antigens play a key role in immune homeostasis and regulation

of inflammation. Dietary polyphenols such as proanthocyanidins (PAC)

may reduce inflammation, and we therefore hypothesized that PAC may

suppress lipopolysaccharide (LPS) -induced responses in human DCs and

subsequent T helper type 1 (Th1) -type responses in naive T cells. More-

over, we proposed that, because DCs are likely to be exposed to multiple

stimuli, the activity of PAC may synergise with other bioactive molecules

that have anti-inflammatory activity, e.g. soluble products from the hel-

minth parasite Trichuris suis (TsSP). We show that PAC are endocytosed

by monocyte-derived DCs and selectively induce CD86 expression. Subse-

quently, PAC suppress the LPS-induced secretion of interleukin-6 (IL-6)

and IL-12p70, while enhancing secretion of IL-10. Incubation of DCs with

PAC did not affect lymphocyte proliferation; however, subsequent inter-

feron-c production was markedly suppressed, while IL-4 production was

unaffected. The activity of PAC was confined to oligomers (degree of

polymerization ≥ 4). Co-pulsing DCs with TsSP and PAC synergistically

reduced secretion of tumour necrosis factor-a, IL-6 and IL-12p70 while

increasing IL-10 secretion. Moreover, both TsSP and PAC alone induced

Th2-associated OX40L expression in DCs, and together synergized to up-

regulate OX40L. These data suggest that PAC induce an anti-inflamma-

tory phenotype in human DCs that selectively down-regulates Th1

response in naive T cells, and that they also act cooperatively with TsSP.

Our results indicate a novel interaction between dietary compounds and

parasite products to influence immune function, and may suggest that

combinations of PAC and TsSP can have therapeutic potential for inflam-

matory disorders.

Keywords: dendritic cells; inflammation; parasite; proanthocyanidins;

Trichuris suis.

Introduction

Dendritic cells (DCs) are key players in immune surveil-

lance and homeostasis in various organs, particularly

those with large mucosal surfaces such as the

gastrointestinal tract. A number of specialized populations

of DCs reside in the lamina propria and the gut-asso-

ciated lymphoid tissue (GALT) such as the Peyer’s

patches. Human intestinal DCs are not well characterized,

but in mice different subsets are distinguished by their

Abbreviations: COC, cocoa; DC, dendritic cells; ECGC, epigallocatechin gallate; F1, fraction 1; F2, fraction 2; GALT,
gut-associated lymphoid tissue; LPS, lipopolysaccharide; PAC, proanthocyanidins; TsSP, Trichuris suis soluble products; WCF,
white clover flowers
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expression of CD11b, CD103, CX3CR1 and CCR7, and

they play an important role through antigen sampling

from the intestinal lumen and subsequent presentation of

pathogen antigens to T cells in the GALT.1,2 Hence, DCs

are exposed to both harmless gut flora and pathogenic

intestinal microorganisms such as viruses, bacteria and

parasites, as well as dietary components. They therefore

play a key role in maintaining effective immune home-

ostasis; overt inflammatory responses by DCs such as

excessive secretion of pro-inflammatory cytokines [e.g.

tumour necrosis factor-a (TNF-a)] may lead to the devel-

opment of chronic inflammation, while appropriate cyto-

kine secretion and T-cell activation are also important for

effective clearance of potentially harmful pathogens.3–5

Therefore, modulation of DC activity may be an effective

strategy for ameliorating autoimmune diseases, as well as

invoking a desirable immune response for protection

against intestinal pathogens.

The cytokine profiles secreted by DCs upon activation

by microbial antigens can vary markedly according to the

nature of the pathogen. The established paradigm is that

pathogenic, intracellular bacteria and viruses promote a

vigorous inflammatory response from DCs characterized

by secretion of high levels of TNF-a, interleukin-12 (IL-

12) and IL-6, and subsequent induction of T helper type

1 (Th1) CD4+ T cells that produce large amounts of IL-2

and interferon-c (IFN-c).6,7 In contrast, multicellular hel-

minth parasites invariably invoke a Th2 response,

whereby DCs induce T cells that secrete high amounts of

IL-4, IL-5 and IL-13, and little IFN-c. Protective immu-

nity is thought to derive in part from an IL-4/IL-13-

driven increase in gut motility and fluid secretion that

removes parasites from their intestinal niche.8–11 In

addition, this Th2-driven response results in alternatively-

activated macrophages with wound-healing and anti-

inflammatory properties.12 Interestingly, concurrent

stimulation of DCs with helminth antigens has been

shown to actively down-regulate the Th1 inflammatory

response induced by Toll-like receptor (TLR) agonists

such as lipopolysaccharide (LPS).13 Helminths and/or

their secreted products have therefore been proposed as

novel therapy for chronic inflammatory disorders such as

Crohn’s disease or multiple sclerosis.14,15

Bioactive dietary compounds also have the potential to

markedly influence the immunological milieu of the

body, through either absorption and subsequent systemic

activity or interaction with the numerous innate immune

sentinel cells that reside in the gastrointestinal mucosa.

Indeed, many plant compounds have been reported to

have anti-inflammatory effects; the flavan-3-ol, epigallo-

catechin gallate (EGCG), an abundant molecule in green

tea, has been shown to alleviate symptoms of autoim-

mune inflammation in mice,16,17 and in vitro experiments

have demonstrated that EGCG inhibits inflammatory

responses in macrophages through inhibition of TLR-

dependent pathways.18 A related group of compounds are

proanthocyanidins (PAC; synonym – condensed tannins),

which are oligomeric and polymeric forms of flavan-3-ols

found in dietary components such as fruits, nuts, berries

and beans.

The flavan-3-ol monomeric units that give rise to PAC

are predominantly catechin or epicatechin (comprising

procyanidin-type PAC) or gallocatechin or epigallocate-

chin (comprising prodelphinidin-type PAC, which are less

numerous than procyanidins but found in large amounts

in, for example, blackcurrants and other berries). The

major difference between these monomeric units is an

extra hydroxyl group in the B-ring of prodelphinidins

(Fig. 1). Large variations are also observed in molecular

weight depending on the number of linked flavan-3-ol

units, i.e. leading to different degrees of polymerization.

These molecules have strong bioactivity as they bind read-

ily to other macromolecules such as proteins and polysac-

charides, and have been extensively studied for their

antioxidant19 and antiviral20 properties. In addition, a

number of studies have highlighted the anti-inflammatory

properties of PAC; administration of oligomeric PAC has

been shown to alleviate the symptoms of inflammatory

disorders such as autoimmune arthritis21 or experimental

autoimmune encephalomyelitis22 in mice. The anti-

inflammatory mechanisms of PAC have not been eluci-

dated fully, but have been suggested to involve inhibition

of TLR-dependent signalling pathways and antigen-pre-

senting capacity in macrophages,22,23 as well as down-reg-

ulation of CD11b surface expression in monocytes.24

Despite increased interest in the anti-inflammatory

properties of PAC, their interactions with human DCs is

not yet clear. Peripheral blood monocyte-derived DCs

represent a convenient and widely used model to assess

the effects of various immunomodulatory agents on
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Figure 1. Examples of procyanidin and prodel-

phinidin structure. Chemical structures of epi-

catechin and epigallocatechin, the monomeric

cis isomers giving rise to procyanidin-type and

prodelphinidin-type polymers, respectively.

Note the extra hydroxyl group in the B-ring of

gallocatechin.
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human DC activity.25–27 Here, we prepared well-charac-

terized PAC fractions to investigate effects on human

monocyte-derived DC activity. We hypothesized that

PAC would be recognized and taken up by DCs, and sub-

sequently would inhibit LPS-induced inflammatory

responses. Moreover, we postulated that any anti-inflam-

matory activity of PAC would not act in isolation, but

would interact with other modulatory substances that

may be found in the same environment sampled by the

DCs, which in the case of dietary compounds such as

PAC, would include gastrointestinal parasites. Therefore,

we also determined the effects of simultaneous DC expo-

sure to PAC and products from the helminth Trichuris

suis, a pathogenic pig parasite that causes large problems

in swine production, but has also shown promise in treat-

ing autoimmune diseases in humans. We reasoned that

the well-known Th2-polarizing effects of T. suis11,28 may

synergize with PAC to modulate DC function. We show

that PAC interact directly with human DCs, and down-

regulate inflammatory cytokine responses and subsequent

Th1 responses in naive T cells. Furthermore, PAC and

T. suis soluble products (TsSP) synergize to suppress

inflammatory responses in DCs. Our results may indicate

a novel function of PAC to down-regulate DC-driven

inflammatory processes, and suggest that dietary compo-

nents and parasites can interact to modulate immune

responses.

Materials and methods

Proanthocyanidins

Purified PAC were prepared from either cocoa beans

(COC) or white clover flowers (WCF) to obtain exclu-

sively procyanidin-type or prodelphinidin-type PAC,

respectively. Two fractions were isolated from each plant

extract; a first fraction (F1) that contained lower-molecu-

lar-weight PAC (as measured by mean degree of polymer-

ization), and a second fraction (F2) containing higher-

molecular-weight PAC. The extraction, purification and

analysis procedures have been described before in detail.29

Briefly, to purify PAC, plant material (50 g) was extracted

with acetone/water [7 : 3; volume/volume (v/v)] and

PAC fractions were obtained by Sephadex LH-20 chro-

matography, with F1 eluted using 3 : 7 v/v acetone/water

and F2 eluted with 1 : 1 v/v acetone/water. Analysis of

PAC was undertaken by HPLC-MS to calculate purity,

the molar proportions of monomeric sub-units and mean

degree of polymerization. Results of these analyses have

been published previously,29,30 and are summarized here

briefly in Table 1. In addition, 5-([4,6-dichlorotriazin-2-

yl]amino)fluorescein (DTAF)-tagged PAC were obtained

similarly by acetone/water extraction of Lotus cornicula-

tus and chromatographic purification, followed by con-

jugation to DTAF as previously described.31 Untagged

PAC were prepared in a similar fashion but omitting

the DTAF conjugation step.

Parasite material

Adult T. suis worms were collected from the caecum and

colon of experimentally infected pigs and washed exten-

sively in warm saline. The TsSP were prepared by homog-

enization and sonication of whole worms as previously

described11.

Isolation of monocytes and DC culture

Buffy coats were collected (Copenhagen University Hospi-

tal, Copenhagen, Denmark) from healthy, anonymous

volunteers following written, informed consent. Peripheral

blood mononuclear cells were isolated on histopaque

(Sigma-Aldrich, St Louis, MO) and monocytes were puri-

fied by anti-CD14 microbeads and magnetic separation

(MACS, Miltenyi Biotech, Bergisch Gladbach, Germany).

Monocytes were cultured at 37° in 5% CO2 in complete

RPMI media (RPMI-1640 containing 10% inactivated

fetal bovine serum, 2 mM L-glutamine, 100 lg/ml strepto-

mycin and 100 U/ml penicillin). Monocytes were differ-

entiated into immature DCs in the presence of 12�5 ng/ml

each of IL-4 and granulocyte–macrophage colony-

stimulating factor (R&D Systems, Abingdon, UK) and

routinely used at day 4. Immature DCs were then pre-

treated for 1 hr with PAC or PBS as a control. Concen-

trations of fractions were adjusted to ensure an equal

concentration of PAC between the different samples –
hence, all concentrations refer to concentration [weight

(w)/v] of PAC. After optimization, 10 lg/ml of COC PAC

and 20 lg/ml of WCF PAC (w/v) were found to be opti-

mal concentrations; higher concentrations resulted in sig-

nificant cytotoxicity as judged by 7AAD staining (see

Supplementary material, Fig. S1). Where indicated, TsSP

were added for the final 30 min. Lipopolysaccharide (LPS;

10 ng/ml) was then added and the cells were cultured for

a further 24 hr. For blocking experiments, 10 lg/ml either

anti-CD11b (Clone ICRF44, BD Pharmingen, San Diego,

CA) or anti-67LR (Clone MLuC5, Abcam, Cambridge,

Table 1. Chemical analysis of fractionated proanthocyanidins from

two different plant sources

Sample % purity mDP % PC % PD

COC F1 58�5 2�3 100 0

F2 75�5 5�4 100 0

WCF F1 11�8 1�8 1�8 98�2
F2 100 8�6 1�3 98�7

PC, procyanidin; PD, prodelphinidin; mDP, mean degree of poly-

merization. % purity – g PAC / 100 g fraction. COC, cocoa beans;

WCF, white clover flowers. Full details of the analyses are described

elsewhere.29,30
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UK), or appropriate isotype controls were added 15 min

before the addition of PAC and incubated at 37°. In some

experiments, PAC fractions were pre-incubated in

polyvinylpolypyrrolidone (PVPP) overnight (10 : 1

PVPP : PAC; w/w) at 4°, followed by centrifugation at

3000 g for 10 min, and the supernatant was retained and

used to stimulate DCs. Controls consisted of media alone

incubated with PVPP, and PAC with no PVPP incubated

overnight in an identical fashion.

Mixed lymphocyte reactions

Immature DCs were incubated with either LPS or LPS

with 20 lg/ml WCF F2 for 48 hr, then washed and

counted. For preparation of responder cells, allogenic

peripheral blood mononuclear cells were depleted of

monocytes by removal of CD14+ cells by MACS separa-

tion as described above. The responding lymphocytes

were then labelled with CFSE (1 lM; Sigma-Aldrich) and

then added at a 1 : 10 (DC : responder cell) ratio and

the cells were cultured for 6 days, after which fluores-

cence was analysed by flow cytometry.

Flow cytometry

After 24 hr, DCs were harvested, washed and stained with

either anti CD80-phycoerythrin (Clone L307.4), CD86-

allophycocyanin (Clone FUN-1), MHC-II-FITC (Clone

Tu39), OX40L-phycoerythrin (Clone Ik-1) CD11c-FITC

(Clone B-ly6), CD11b-allophycocyanin (Clone ICRF44),

CD103-FITC (clone Ber-ACT8) or CX3CR1-phycoery-

thrin (clone2A9-1; all from BD Pharmingen). Cells were

acquired on an Accuri C6 flow cytometer. Mean fluores-

cence intensities were calculated after gating on viable

cells. Data were analysed using FCS version 5 (De Novo

Software, Glendale, CA).

ELISA

Supernatants from DC cultures were harvested after 24 hr

and the levels of TNF-a, IL-6 and IL-10 were measured using

the appropriate cytosets (Thermo Fisher, Copenhagen,

Denmark) according to the manufacturer’s instructions.

For IL-12p70, plates were coated with anti-IL-12p70

(eBioscience, San Diego, CA) and detected with biotinylated

anti-IL-12p40/70 (BD Pharmingen), followed by strepta-

vidin–horseradish peroxidase (Life Technologies) and

3,3’,5,5’-Tetramethylbenzidine (TMB) substrate (Sigma-

Aldrich, Schnelldorf, Germany).

Fluorescence microscopy

Immature DCs were stimulated for 1 or 2 hr at 37° or

1 hr at 4° with either media only, DTAF-tagged PAC

(50 lg/ml) or an equivalent concentration of untagged

PAC. Cells were then washed in PBS, fixed in 4%

paraformaldehyde, settled onto poly-L-lysine-coated cov-

erslips and blocked for 1 hr at room temperature with

2% BSA in PBS. Cells were then stained with Alexa Flu-

or-594 anti-human CD31 (Clone WM59; BioLegend, San

Diego, CA) or made permeable with 0�1% saponin fol-

lowed by staining with anti-human CD107b (Clone

H4B4; BioLegend) and Alexa Fluor 594 goat-anti mouse

conjugate (Thermo Fisher, Copenhagen, Denmark). Cells

were mounted in Vectashield with DAPI (Vector Labs,

Carlsbad, CA), and then examined microscopically at

9100 magnification on a Leica HMR DC fluorescence

microscope. Images were processed using IMAGEJ software

(National Institutes of Health, Bethesda, MD, USA).

TLR4-reporter cells

Human embryonic kidney 293 (HEK 293) cells stably

expressing TLR432 were cultured in Dulbecco’s modified

Eagle’s medium supplemented with 10% heat inactivated

bovine serum, 2 mM L-glutamine, 100 U/ml penicillin

and 100 lg/ml streptomycin. Cells were stimulated with

20 lg/ml WCF or COC F2 fraction and/or 10 ng/ml LPS.

After 24 hr, supernatant was harvested and IL-8 produc-

tion was measured by ELISA.

Th1/Th2 skewing assay

Immature DCs were stimulated for 48 hr with either LPS

alone, or in the presence of PAC and/or TsSP. Naive,

allogenic CD45RA+ CD4+ T cells were isolated using the

naive T-cell isolation kit (MACS, Miltenyi Biotech). After

48 hr, DCs were extensively washed in PBS and then

added to naive T cells at a ratio of 1 : 10 DC : T cells.

Cells were then cultured for 12 days in complete RPMI

medium supplemented with 50 U/ml IL-2 (Life Tech-

nologies), with the media changed every 2–3 days for

fresh media containing IL-2. Cells were then washed and

stimulated for 5 hr with a mixture of ionomycin (Sigma-

Aldrich; 1 lg/ml), phorbol 12-myristate 13-acetate

(Sigma-Aldrich; 30 ng/ml) and brefeldin A (Sigma-

Aldrich; 10 lg/ml). Cells were then fixed and permeabi-

lized using the cytofix/cytoperm kit (BD Pharmingen),

and intracellular cytokine staining was carried out by flow

cytometry using anti IL-4-allophycocyanin (Clone 8D4-8)

and IFN-c-FITC (Clone 4S.B3; both from BD Pharmin-

gen). Background responses from unstimulated cells were

subtracted from the stimulated responses.

Data analysis and statistics

Where indicated, ANOVA analyses with Bonferroni post-hoc

testing or paired t-tests were carried out using GRAPHPAD

PRISM (v6.00, GraphPad Software, La Jolla, CA; www.gra

phpad.com). Normality of data was assessed using
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Shapiro–Wilk tests, and where data did not conform to a

normal distribution logarithmic transformation was car-

ried out before analysis. Statistical analyses were per-

formed on either raw cytokine concentrations (ELISA) or

mean fluorescence intensities/percentage of positive cells

(flow cytometry); howeve, for ease of interpretation, the

data are presented in most instances as a percentage of

the response of cells to LPS, and means � SEM. of

untransformed data are presented.

Results

Structurally diverse PAC induce CD86 expression in
DCs

To determine if PAC are recognized by DCs, we first

asked whether DCs incubated with PAC respond by up-

regulating classical cell-surface markers of DC maturation,

and whether structural features of PAC may affect any

such response. To this end, we used purified PAC frac-

tions that consisted exclusively of either procyanidins

(COC) or prodelphinidins (WCF). Monocyte-derived

DCs were then exposed to the various PAC fractions.

After 24 hr, incubation with PAC did not affect expres-

sion of CD80 or MHC-II, in contrast to the strong up-

regulation induced by the TLR4 agonist LPS (Fig. 2a).

However, incubation with F2 fractions from both COC

and WCF induced up-regulation of CD86 expression

(P < 0�01), with both PAC types inducing a similar level

of up-regulation, though the expression was not as pro-

found as that induced by LPS (Fig. 2a).

Characterization of the monocyte-derived DCs showed

that most of the DCs were CD11c+, CD11b+ and CD103�.
Most of the DCs were CX3CR1�, but a small population

(~5%) of the DCs were CX3CR1+ (see Supplementary

material, Fig. S2). Interestingly, PAC seemed to induce

CX3CR1 expression with higher proportions of CX3CR1+

cells present following PAC exposure (Fig. 2b). Given that

PAC probably exert their activity locally in the intestinal

mucosa, and in mice CX3CR1 has been shown to be impor-

tant for allowing DCs to sample antigens from the intestinal

lumen,33 we examined PAC-induced CD86 up-regulation

in CX3CR1� and CX3CR1+ DCs. CD86 expression induced

by PAC was identical in these two populations (Fig. 2c).

The effect of PAC was clearly dependent on the degree

of polymerization, as F1 from COC and WCF containing

an equal amount (w/w) of low mean degree of polymer-

ization (≤ 2�3) PAC did not induce CD86 expression

(P > 0�05; Fig. 2c). No interactions between LPS and

PAC were evident; PAC did not inhibit LPS-induced

expression of any cell-surface activation marker, nor did

they additively increase the expression of CD86 (data not

shown). To confirm the role of PAC, the F2 fractions

were pre-incubated with PVPP to selectively neutralize

PAC. CD86 expression was subsequently abolished in

these PVPP-treated samples (Fig. 2c). These data suggest

that structurally diverse PAC are able to selectively induce

CD86 expression in DCs, which is dependent on their

degree of polymerization.

Proanthocyanidins inhibit LPS-induced
pro-inflammatory cytokine secretion in DCs

We next investigated whether PAC induced cytokine

secretion in DCs. Incubation of DCs with PAC alone did

not result in any measurable cytokine production (data

not shown). However, incubation of DCs with LPS and

both COC or WCF F2 resulted in a reduction

(P < 0�001) in the LPS-induced secretion of the Th1-type

cytokines IL-6 and IL-12p70, while TNF-a secretion was

not affected (Fig. 3a). In contrast, PAC increased the

LPS-induced secretion of the Th2/regulatory type cyto-

kine IL-10 (Fig. 3a,b). The dynamic range of PAC activity

was low, with concentrations of 5 lg/ml of both COC

and WCF still inhibiting IL-6 and IL-12p70 secretion, but

no inhibition was evident at 2�5 lg/ml (see Supplemen-

tary material, Fig. S3a).

The WCF PAC appeared to more strongly inhibit IL-6

and IL-12p70 production and augment IL-10 production

than COC PAC, suggesting that PAC comprised of prodel-

phinidins are stronger regulators of DC activity than those

comprised of procyanidins. A higher concentration of

Figure 2. Oligomeric proanthocyanidins induce CD86 expression in human dendritic cells (DCs). (a) Induction of CD80, CD86 and MHC-II

expression in DCs after 24 hr incubation with cocoa (COC) fraction 2 (F2; 10 lg/ml) or white clover flower (WCF) F2 (20 lg/ml). Shown are

representative FACS plots from five different experiments, each performed with cells from different donors, and comparison of expression of each

DC surface molecule to that induced by lipopolysaccharide (LPS), which was set at 100%. Data are shown as mean � SEM. *P < 0�05;
**P < 0�01 by one-way analysis of variance when compared with medium alone. Grey shaded area represents isotype control. (b) Percentage of

CX3CR1-positive cells in unstimulated DCs or DCs incubated for 24 hr with COC F2 (10 lg/ml) or WCF F2 (20 lg/ml). Experiments were per-

formed three times with cells from different donors, and the mean and inter-donor SEM are shown. (c) CD86 expression (mean fluorescence

intensities) in DCs treated for 24 hr with WC F2 (20 lg/ml) and gated as being either CX3CR1+ or CX3CR1�. Similar results were obtained with

COC F2 (10 lg/ml). The experiments were performed twice with cells from different donors, with similar results. (d) Induction of CD86 expres-

sion in DCs incubated for 24 hr with either LPS, 10 lg/ml COC F1, F2 or F2 pre-incubated with polyvinylpolypyrrolidone (PVPP), or 20 lg/ml

WCF F1, F2 or F2 pre-incubated with PVPP. CD86 expression was assessed by mean fluorescence intensity relative to LPS alone, which was set

at 100%. Experiments were performed three times with cells from different donors, and the mean and inter-donor SEM are shown. *P < 0�05;
**P < 0�01 by one-way analysis of variance when compared with medium alone.
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WCF could be used because of lower cytotoxicity issues,

but we also observed that when equal concentrations of

WCF and COC F2 were used, suppression of IL-12p70

secretion was greater with WCF than with COC

(P < 0�05), whereas suppression of IL-6 showed no signifi-

cant difference (see Supplementary material, Fig. S3b).

Similar to the CD86 expression data (Fig. 2), effects on

cytokine secretion were dependent on polymerization,

with COC and WCF F1 proving inefficient at modulating

cytokine secretion, and the activity of F2 was abolished

by pre-incubation in PVPP (Fig. 3b). Overall, these data

suggest that oligomeric PAC induce a regulatory pheno-

type in DCs that may inhibit inflammatory responses.

Proanthocyanidins are internalized by DCs and
localize to lysosomes

Having established that PAC modulate DC activity, we

next investigated whether PAC were internalized by DCs

or interacted only with the cell periphery. To accomplish

this, we used PAC purified from L. corniculatus and

tagged with the fluorophore DTAF. These PAC had a

mean degree of polymerization of 9�5 (as determine by

thiolysis), indicating a similar molecular weight to the

biologically active F2 fractions from COC and WCF. We

also confirmed that these DTAF-tagged PAC induced

similar functional activity in DCs as COC and WCF PAC,

as evidenced by significant inhibition of IL-6 and

IL-12p70 secretion in LPS-activated DCs (P < 0�05; see

Supplementary material, Fig. S4), indicating that the

DTAF-tagging procedure does not alter the functional

activity of PAC. We then exposed monocyte-derived DCs

to either DTAF-tagged PAC or controls consisting of

untagged PAC or medium only. Single-cell imaging of

DCs demonstrated that the DTAF-tagged PAC were

clearly visible within the cell after 1 hr of exposure

(Fig. 4a). No fluorescence was observed in DCs exposed to

untagged PAC (Fig. 4a) or medium only (data not shown).

To confirm that PAC are internalized by DCs, we per-

formed dual labelling experiments with antibodies against

the DC surface protein CD31, which clearly showed that

PAC were located in the interior of the cell (Fig. 4b).
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Figure 3. Oligomeric proanthocyanidins (PAC) modulate cytokine secretion in lipopolysaccharide (LPS) -activated dendritic cells (DCs). (a) Sup-

pression of LPS-induced cytokine secretion in DCs by addition of 10 lg/ml cocoa (COC) fraction 2 (F2) or 20 lg/ml white clover flower (WCF)

F2. Cytokine secretion in PAC-treated cells is expressed as a percentage of the LPS-induced secretion for each cytokine, where 100% corresponds

to 32 � 3�1 ng/ml for tumour necrosis factor-a (TNF-a), 16 � 4�4 ng/ml for interleukin-6 (IL-6), 3 � 0�5 ng/ml for IL-12p70 and 3 � 1�9 ng/

ml for IL-10. The experiments have been performed at least five times with cells from different donors. The mean and inter-donor SEM are

shown. *P < 0�05; ***P < 0�001 by one-way analysis of variance compared with LPS only. (b) Suppression of LPS-induced cytokine secretion in

DCs by addition of either COC or WCF F2, COC or WCF F1, or COC or WCF F2 pre-incubated with polyvinylpolypyrrolidone; 10 lg/ml PAC

was used for COC fractions and 20 lg/ml PAC was used for WCF fractions. Cytokine secretion in PAC-treated cells is expressed as a percentage

of the Toll-like receptor (TLR) -induced secretion for each cytokine as described above. The experiments have been performed at least three times

with cells from different donors. Mean with inter-donor SEM is shown. *P < 0�05; **P < 0�01; ***P < 0�001 by one-way analysis of variance

compared with LPS only.
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To determine if this was an active endocytotic process,

DCs were incubated with DTAF-tagged PAC at either 37°
or 4°, which demonstrated that internalization of PAC

occurred only at 37°, whereas at 4° PAC bound to the

cell membrane but remained on the exterior of the cell,

co-localizing with CD31 (Fig. 4b). These data suggest that

DAPI DTAF Merge

DTAF-tagged

PAC

Control PAC

CD31 PAC DAPI Merge

4°

37°

PAC LAMP2 DAPI Merge

(a)

(b)

(c)

Figure 4. Endocytosis of proanthocyanidins (PAC) by dendritic cells (DCs). (a) DCs were incubated for 1 hr with either DTAF-tagged PAC or equiva-

lent PAC lacking the DTAF tag (‘Control PAC’). DAPI staining was used to visualize nuclei. Representative results from five different experiments with

cells from different donors. (b) DCs were incubated with DTAF-tagged PAC at either 4° or 37° and stained with DAPI to visualize nuclei and Alexa-

594-conjugated anti-CD31 to visualize DC surface. Representative results from three different experiments with cells from different donors. (c) DCs

were incubated with DTAF-tagged PAC at 37° for 2 hr and stained with DAPI to visualize nuclei and Alexa-594-conjugated anti-LAMP2 to visualize

lysosomes. Representative results from three different experiments with cells from different donors. For all images scale bar indicates 5 lm.
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DCs recognize and actively internalize PAC. Moreover,

PAC appeared to localize to a lysosome-associated mem-

brane protein 2 (LAMP2)-bright compartment within the

DC, suggesting that PAC traffic to lysosomes following

internalization (Fig. 4c).

Proanthocyanidins do not inhibit binding of LPS to
TLR4 and do not signal through 67LR or CD11b

To determine if PAC inhibited LPS-induced cytokine secre-

tion by either binding to and neutralizing TLR4, or else

binding to LPS and preventing it being bound by TLR4, we

used TLR4 reporter cells that secrete IL-8 following TLR4

ligation. As shown in Fig. 5(a), neither COC nor WCF F2

induced IL-8 secretion in these cells, indicating that they

do not interact directly with TLR4. Furthermore, IL-8

secretion was unchanged after the addition of LPS in the

presence of PAC, demonstrating that PAC do not inhibit

the interaction of LPS with TLR4.

Given that PAC were not bound by TLR4, we asked

whether there could be another cognate receptor that

interacts with PAC. Previous studies have demonstrated

that EGCG interacts specifically with 67LR on mouse

DCs,34 while oligomeric PAC have been shown to interact

with CD11b on bovine monocytes.24 We therefore tested

whether blocking either or both these receptors would

ablate the effects of PAC on LPS-stimulated DCs. How-

ever, anti-67LR or anti-CD11b treatment (Fig. 5b), or
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Figure 5. Proanthocyanidins (PAC) do not

inhibit binding of lipopolysaccharide (LPS) to

Toll-like receptor 4 (TLR4) and do not bind

67LR or CD11b on dendritic cells. (a) TLR4

reporter cells were incubated with 20 lg/ml of

either cocoa (COC) fraction 2 (F2) or white

clover flower (WCF) F2 for 24 hr, and stimu-

lated with 10 ng/ml LPS or vehicle control.

TLR4 activation was assessed by measuring the

production of interleukin-8 (IL-8). Results are

the mean � SEM. of three independent experi-

ments. (b) Dendritic cells were incubated with

anti-67LR, anti-CD11b or isotype controls (IC)

for 15 min before the addition of COC F2 or

WCF F2 and then LPS. IL-6 and IL-12p70

secretion was quantified after 24 hr. Cytokine

secretion in PAC-treated cells incubated with

either isotype controls or anti-67LR or CD11b

is expressed as a percentage of the secretion

induced by LPS alone + isotype control, or

LPS alone + anti67LR or CD11b. Mean secre-

tion in isotype-control treated cells activated

with LPS alone was 44 � 8�6 ng/ml for IL-6

and 4 � 1�7 ng/ml for IL-12p70. Experiments

were performed three times with cells from

different donors, and presented as mean � in-

ter-donor SEM. *P < 0�05; **P < 0�001 as

assessed by one-way analysis of variance.
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treatment with both monoclonal antibodies (data not

shown), did not reverse the inhibition of LPS-induced IL-

6 and IL-2p70 secretion in PAC-treated DCs.

Proanthocyanidin-primed DCs do not inhibit
proliferation but inhibit Th1 responses in naive CD4+

T cells

We next assessed whether PAC-primed DCs inhibit

lymphocyte proliferation and/or skew naive CD4+ cells

to a Th1 or Th2 phenotype. The DCs were activated

with either LPS or LPS in the presence of WCF PAC,

as these were most effective at modulating cytokine

secretion (Fig. 2a). Proliferation of lymphocytes

(monocyte-depleted peripheral blood mononuclear

cells) cultured with LPS-matured DCs was not inhib-

ited by co-pulsing DCs with PAC (Fig. 6a). T cells

activated by LPS-primed DCs produced both IFN-c
and IL-4, consistent with a mixed Th1/Th2 type

response that is known to be induced by this antigen

(Fig. 6b). In contrast, T cells activated by DCs that

had been primed by LPS in the presence of PAC pro-

duced very little IFN-c, and IL-4 production was

unchanged (Fig. 6b). Hence, the IL-4/IFN-c ratio was

far higher for T cells activated by PAC-treated DCs

(5�3 versus 1�9; P < 0�01 by paired t-test; Fig. 6b),

hence suggesting that PAC-primed DCs do not inhibit

T-cell proliferation but subsequently drive a Th2 phe-

notype in naive T cells by selective down-regulation of

Th1 responses.

Proanthocyanidins synergize with Trichuris suis
products to modulate cytokine secretion and induce
OX40L expression in DCs

Given the anti-inflammatory properties of PAC, we next

assessed whether PAC would interact with TsSP, which

we have previously shown to markedly inhibit inflamma-

tory responses in DCs. Consistent with our previous

work,11,13 we observed here significant decreases in
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Figure 6. Proanthocyanidin (PAC) -exposed

dendritic cells (DCs) do not reduce lympho-

cyte proliferation but inhibit interferon-c
(IFN-c) production in CD4+ T cells. (a) Repre-

sentative data plot from one of three experi-

ments showing allogenic lymphocyte

proliferation following stimulation with DCs

matured with lipopolysaccharide (LPS) or LPS

+ 20 lg/ml WCF F2. (b) Representative data

plot from one of four experiments showing

interleukin-4 (IL-4) (vertical axis) and IFN-c
(horizontal axis) production in CD4+ T cells.

Allogenic T cells were activated by DCs previ-

ously incubated for 48 hr with either LPS or

LPS + 20 lg/ml white clover flower (WCF)

fraction 2 (F2). T cells were cultured for

12 days and then stimulated for 5 hr with ion-

omycin and PMA to measure cytokine produc-

tion. Unstimulated cells are shown as a

control. (c) Ratio of IL-4-positive cells to IFN-

c-positive cells in CD4+ T cells activated by

DCs previously incubated with LPS or LPS +

WCF F2 as described above. Results are

mean � SEM of four independent experiments

with DCs from different donors. **P < 0�01
by paired t-test.
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LPS-induced TNF-a, IL-6 and IL-12p70 secretion after

pre-incubation of DCs with a concentration of 40 lg/ml

TsSP (mean reductions of 64%, 43% and 57%, respec-

tively; Fig. 7a). Incubation of DCs with higher concentra-

tions of TsSP (up to 160 lg/ml) failed to result in

increased inhibition of secretion of TNF-a13 and IL-6 and

IL-12p70 (see Supplementary material, Fig. S5), indicating

a saturating effect of TsSP at this concentration. However,

addition of either COC or WCF F2 further decreased

secretion of TNF-a, IL-6 and IL-12p70, indicating that

PAC and TsSP synergized to reduce secretion of these

cytokines (mean reductions of 74%, 69% and 86%,

respectively, for COC and 84%, 79% and 97%, respec-

tively, for WCF; Fig. 7a). Furthermore, an enhancement

of IL-10 secretion was observed when TsSP and PAC

were combined. Cells exposed to TsSP secreted more IL-

10 than DCs pulsed only with LPS, and this effect was

boosted by co-incubation with PAC (Fig. 7a), although

large variations between experiments with cells from dif-

ferent blood donors prevented statistically significant dif-

ferences. These data suggest that reductions in Th1

cytokine secretion, and a corresponding enhancement of

IL-10 secretion, are co-operatively achieved by PAC and

TsSP in a combined effect that is above and beyond the

effect achieved by a saturating concentration of either

treatment in isolation.

Given that we have also previously observed that TsSP

up-regulates OX40L expression in DCs11 which is impor-

tant in driving Th2 responses,35 we also assessed whether

TsSP and PAC would synergize to up-regulate OX40L

expression. Incubation of PAC or TsSP with immature

DCs did not result in increased OX40L expression (data

not shown). As expected, TsSP significantly induced

OX40L expression in LPS-stimulated DCs (P < 0�05;
Fig. 7b,c). Similarly, addition of both COC and WCF F2

to LPS-pulsed DCs resulted in increases in OX40L expres-

sion, although only statistically significant for WCF

(Fig. 7b,c). Strikingly, co-incubation of LPS-stimulated

DCs with TsSP and PAC, particularly WCF F2, resulted

in increased expression of OX40L compared with TsSP

alone (P < 0�001 for WCF; Fig. 7b,d), indicating augmen-

tation of the helminth-induced Th2 polarization by PAC.

Hence, PAC and TsSP interact to influence both cytokine

secretion and OX40L up-regulation in DCs.

Finally, we assessed whether pulsing DCs with a combi-

nation of WCF F2 and TsSP would result in a lower pro-

duction of IFN-c in naive CD4+ T cells, compared with

that observed with WCF F2 alone (Fig. 6). Similar to the

data with WCF F2, T cells activated by DCs primed by

TsSP produced only low amounts of IFN-c (Fig. 8a);

however, IFN-c production in T cells activated by DCs

exposed to both WCF F2 and TsSP was not further

reduced from the already low levels observed with each

treatment in isolation, whereas IL-4 production was again

unaffected. Hence, IL-4 : IFN-c ratios were similar

(P = 0�8) in T cells activated by DCs treated with either

WCF F2 alone, TsSP alone, or WCF and TsSP in combi-

nation (Fig. 8b).

Discussion

The objective of this work was to test the hypothesis that

PAC would modulate LPS-induced responses in human

DCs, and would also interact with TsSP, which are

already known to possess such inhibitory activity.

Our data clearly show that the exposure of DCs to

PAC induces an anti-inflammatory phenotype, with

marked reductions in secretion of inflammatory cytokines

as well as a significant impairment in IFN-c production

by naive CD4+ T cells activated by PAC-pulsed DCs. The

DC phenotype induced by PAC was remarkably similar

to that induced by TsSP, as well as what has been

observed previously with products from other helminths

such as Schistosoma mansoni or Trichinella spiralis.11

Notably, exposure of DCs to both PAC and TsSP resulted

in an augmentation of this phenotype that was above and

beyond that achieved by either single stimulus, perhaps

suggesting that PAC and TsSP modulate DC activity

through independent pathways that co-operatively inhibit

pro-inflammatory cytokine production. Therefore, our

Figure 7. Proanthocyanidins (PAC) and soluble products from Trichuris suis co-operatively inhibit inflammatory cytokine secretion and induce

OX40L expression in lipopolysaccharide (LPS) -activated dendritic cells (DCs). (a) Suppression of LPS-induced cytokine secretion in DCs by

addition of 40 lg/ml Trichuris suis soluble products (TsSP) or TsSP combined with 10 lg/ml cocoa (COC) fraction 2 (F2) or 20 lg/ml white

clover flower (WCF) F2. Cytokine secretion in treated cells is expressed as a percentage of the LPS-induced secretion for each cytokine, where

100% corresponds to 36 � 4�2 ng/ml for tumour necrosis factor-a (TNF-a), 25 � 3�9 ng/ml for interleukin-6 (IL-6), 5 � 0�7 ng/ml for IL-

12p70 and 2 � 1�2 ng/ml for IL-10. The experiments have been performed at least four times with cells from different donors and the mean and

inter-donor SEM are shown. *P < 0�05; ***P < 0�001 by one-way analysis of variance compared with TsSP only. (b) Representative FACS plots

from one of four independent experiments showing OX40+ DCs after 24 hr incubation with media only, LPS, or LPS combined with either TsSP,

COC F2 or WCF F2, and also TsSP + either COC F2 or WCF F2. (c) Percentages of OX40+ DCs after 24 hr incubation with LPS only or LPS

combined with either TsSP, COC F2 or WCF F2. Experiments were performed four times with cells from different donors. Mean � inter-donor

SEM are shown. *P < 0�05, **P < 0�01 by one-way analysis of variance compared with LPS only. (d) Percentages of OX40+ DCs after 24 hr

incubation with LPS combined with either TsSP, or TsSP + COC F2 or WCF F2. Experiments were performed four times with cells from differ-

ent donors. The mean � inter-donor SEM are shown. **P < 0�001 by one-way analysis of variance compared with TsSP only.
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results may shed light on a novel interaction between diet

and an intestinal pathogen that may be important for

regulation of inflammation and immunity.

Proanthocyanidins are clearly recognized by DCs, with

our experiments showing that DCs actively endocytose

PAC, which appear to be trafficked to the lysosomes

within 2 hr, consistent with the putative intracellular traf-

ficking of EGCG and tannin–lysozyme complexes by

mouse macrophages.36,37 DCs then respond by selectively

up-regulating CD86 (and possibly CX3CR1, to a lesser

extent), suggesting at least a partial maturation of the

DCs. However, no cytokine secretion was evident in the

absence of TLR ligation, indicating that PAC do not fully

induce functional DC activity and, instead, selectively

modulate TLR4-driven responses. The presence in the

lysosome raises the possibility that PAC may exert activity

through a modulation of antigen processing, but, clearly,

further studies will be necessary to determine the mecha-

nistic aspects of how PAC are trafficked within DCs, and

the signalling pathways that are modulated by PAC in

LPS-stimulated cells. Ligation of TLR4 primarily triggers

two signalling pathways: the MyD88-dependent pathway,

which leads to nuclear factor-jB translocation and

inflammatory gene expression, and the TIR-domain-con-

taining adapter-inducing interferon-b (TRIF)-dependent

pathway, which results in type I interferon transcrip-

tion38. The influence of PAC on these two pathways is

clearly an area requiring investigation. In addition to a

number of reports from murine models that dietary PAC

may alleviate inflammatory disorders such as colitis,39,40

in vitro studies, working mainly with model murine cell

lines, have demonstrated that polymeric PAC can have

specific anti-inflammatory activity such as a decrease in

nitric oxide production or a reduction in nuclear factor-

jB activation and IL-1b secretion.41,42 Functional conse-

quences of this modulation of DC activity may be a

marked change in naive T helper cell function, as evi-

denced by our data showing significantly impaired IFN-c
production in CD4+ T cells activated by PAC-pulsed

DCs, consistent with previous work showing that dietary

PAC can selectively down-regulate Th1-type inflammatory

responses in mice in vivo.43 The initial contact and pro-

cess(es) involved in recognition of PAC by DCs will also

require further clarification. Given the strong protein-

binding properties of PAC,44 it is perhaps unlikely that

PAC are bound by a cognate receptor and instead are

more likely to interact with a variety of cell surface mole-

cules, and perhaps also lipid rafts in the cell membrane,

as has been shown for the interaction between COC PAC

and human enterocytes45.

Similarly to bioactive dietary compounds such as PAC,

helminths (or their secreted and/or somatic products) can

be said to possess anti-inflammatory properties; indeed,

controlled helminth infection has been shown to alleviate

signs of auto-inflammatory disorders in humans.15 We

therefore hypothesized that the human DC response to

helminths and PAC may share certain similarities. In sup-

port of our hypothesis, we observed a remarkably similar
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Figure 8. Interferon-c (IFN-c) production in

CD4+ T cells activated with dendritic cells

(DCs) exposed to Trichuris suis soluble prod-

ucts (TsSP) and/or proanthocyanidins (PAC).

(a) Representative data plot from one of four

experiments showing interleukin-4 (IL-4) (ver-

tical axis) and IFN-c (horizontal axis) produc-

tion in CD4+ T cells. Allogenic T cells were

activated by DCs previously incubated for

48 hr with either lipopolysaccharide (LPS),

LPS + 40 lg/ml TsSP or LPS + 20 lg/ml white

clover flower (WCF) fraction 2 (F2)/40 lg/ml

TsSP. T cells were cultured for 12 days and

then stimulated for 5 hr with ionomycin and

PMA to measure cytokine production. (b)

Ratio of IL-4-positive cells to IFN-c-positive
cells in CD4+ T cells activated by DCs previ-

ously incubated with LPS, LPS + WCF F2, LPS

+ TsSP or LPS + WCF F2/TsSP as described

above. Results are mean � SEM of four inde-

pendent experiments with DCs from different

donors.
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phenotype whereby LPS-stimulated DCs pulsed either

with TsSP or PAC secreted significantly less IL-6 and IL-

12p70, and more IL-10, than control cells treated only

with LPS, and also resulted in a significantly increased

expression of OX40L, which has been shown to be

important in driving Th2 responses in the context of hel-

minth infections.46 Importantly, we showed that these

effects could be synergistic, in the sense that responses

significantly greater than either treatment in isolation

could be achieved by their combination. The effective

concentrations of PAC were saturated by cytotoxicity at

higher concentrations, whereas the effective range of con-

centrations of TsSP was also shown to be saturable at

concentrations > 40 lg/ml13, perhaps through a lack of

availability of surface receptors needed to bind the active

components of TsSP on DC function. However, the addi-

tion of PAC significantly enhances the effects of this satu-

rating concentration of TsSP, suggesting that PAC

operate through a mechanism distinct from that of TsSP

to influence DC activity, with a similar end-result in

terms of cytokine secretion and OX40L expression.

Although we did not observe a co-operative inhibition of

IFN-c production in T cells activated by DCs exposed to

both PAC and TsSP, this can probably be attributed to

the low levels of IFN-c that were produced by each treat-

ment in isolation, so lowering the scope to observe syner-

gistic effects. Overall, our data may indicate that the

immune-modulating activity of T. suis can be augmented

by the presence of PAC. Interestingly, Zhong et al. have

recently noted a similar phenomenon in sheep leucocyte

preparations exposed in vitro to Haemonchus contortus

antigens, whereby enhanced IL-10 production and

reduced IL-12 production were evident after co-incuba-

tion of the cells with another type of tannin, tannic acid

(a mixture of hydrolysable tannins that contain glucose as

a central core that is surrounded by six or more galloyl

groups)47, suggesting possibly a conserved interaction

between helminth antigens and oligomeric polyphenols.

This interaction between pathogens and these dietary

compounds raises a number of possibilities. In the in vivo

situation, gastrointestinal pathogens such as helminths

and bioactive food compounds are likely to be found in

close proximity within the gut and associated with the

intestinal mucosa, suggesting that the co-operative effects

we have observed in vitro may also be relevant in vivo.

The concentrations of PAC used in our studies are likely

to represent physiological concentrations expected to be

present in the digesta following consumption of PAC-

containing foods,40,48,49 although precise measurements of

local PAC concentrations at the mucosal surface are lim-

ited by methodological difficulties.50 Oligomeric PAC are

known to be poorly absorbed by enterocytes,51 and are

thought to be largely stable through transit of the mono-

gastric gastrointestinal tract (e.g. that of humans, pigs or

rats).49,50 This suggests that the immune-modulating

activity of dietary PAC is probably mediated by sentinel

cells in the gut mucosa, and subsequent modulation of T-

cell activity in the GALT. Dendritic cells are key candi-

dates to be the cells that mediate these effects of PAC,

because of their ability to directly interact with the

contents of the intestinal digesta52.

Intestinal DCs may acquire luminal antigens in two

ways; antigens may be delivered to follicular or lamina

propria-resident DCs by M cells in the epithelium that

capture antigen from the intestinal lumen, or DCs may

sample the luminal contents directly, by either extending

dendrites through the epithelial barrier and transporting

antigens back to the sub-epithelial zone, or by actively

migrating into the lumen where they interact with the

intestinal digesta.52–55 If and how DCs interact with PAC

in vivo is a key question of interest: do DCs directly sam-

ple PAC from the intestinal lumen, or are PAC recognized

by M cells and delivered by transcytosis to DCs residing in

the sub-epithelial region of the gastrointestinal mucosa? In

mice, intestinal DCs appear to be a heterogeneous popula-

tion, with differential functions based on the expression of

surface markers. In the steady state, both CD103+ and

CX3CR1+ reside in the lamina propria and lymphoid tis-

sue, and appear to have distinct functions. CX3CR1

expression has been shown to be crucial in the ability to

sample luminal antigens,56 whereas others have shown that

CX3CR1+ DCs seem to be a non-migratory population

within the lamina propria. Instead, CX3CR1� CD103+

cells can uptake antigen in the epithelium and are better

equipped for subsequent migration to the lymph nodes

and activation of T cells, and are important in the induc-

tion of regulatory T cells and intestinal homeostasis.53,57–59

In contrast, murine CD103� DCs have also been shown to

have migratory and T-cell activation ability but instead

induce pro-inflammatory Th1 and Th17 responses.58,60

Moreover, during infection and inflammation, monocytes

migrate from the blood into the mucosa and can differen-

tiate into DCs with a strong inflammatory phenotype,61,62

so probably resemble monocyte-derived DCs as used in

our current experiments (consisting of CD103� DCs). We

also observed that both CX3CR1� cells and a small popu-

lation of CX3CR1+ cells seemed to equally recognize PAC

(as judged by CD86 expression), suggestive of a conserved

response across distinct populations of DCs. However

whether or not different populations of intestinal DCs

respond identically to PAC is a question that warrants

further attention.

It is also notable that T. suis infection has been

observed to decrease barrier function in the intestinal

mucosa at the site of the infection,63,64 and Hiemstra

et al. have shown that excretory/secretory products from

T. suis can disrupt the tight barrier junctions in epithelial

cells in vitro, enhancing direct contact of antigens to

immune cells residing in sub-epithelial locations.65 Hence,

an intriguing possibility is that interactions between PAC
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and the GALT could be amplified during helminth infec-

tion due to the ‘leaky’ epithelial barriers allowing the pas-

sage of oligomeric PAC molecules that under normal

circumstances may be confined to the gut lumen. The

in vivo interactions between PAC and the gut mucosa,

both alone and in the context of helminth (or other

pathogen) infection is clearly an area where much work is

required.

This putative interaction between a common class of

bioactive dietary compounds and a gut pathogen may

have far-reaching implications. PAC-rich feed supple-

ments are becoming popular in livestock production

because of their antioxidant and anti-inflammatory prop-

erties,19,66 and may have beneficial effects in helminth-

infected animals such as enhancement of Th2-type

protective immune mechanisms that enhance worm

expulsion, or control of excessive gut inflammation. Para-

doxically, T. suis has also been investigated as a therapeu-

tic treatment in humans suffering from autoimmune

disease, in part due to the strong modulatory effects

observed on DC and macrophage function.67,68 However,

clinical trials to investigate effects on diseases such as col-

itis and multiple sclerosis have not been equivocal, with

some reported successes but also a number of negative

results.14,69,70 Our current data may suggest that the effi-

cacy of helminth therapy could be augmented/enhanced

by concurrent nutritional treatment with PAC, either in

the form of PAC-rich dietary sources or administration

of purified, concentrated PAC. Although it is possible,

but expensive, to synthesize oligomeric PAC, large-scale

extraction and purification procedures exist to obtain

PAC from a number of inexpensive plant sources, includ-

ing some agricultural waste products such as berry

pomace.71 Moreover, as discussed above, the physiological

concentrations of PAC needed to exert activity may be

achievable through a PAC-rich diet rather than targeted

treatment with purified PAC. Therefore, ‘combination

therapy’ with helminth products and PAC may be a novel

future avenue for autoimmune treatment.

In conclusion, this study provides the first evidence

that oligomeric PAC can modulate human DC activity,

and that the potential for synergism exists with the mod-

ulatory activity of gastrointestinal parasites that may be

present within the intestine. The activity of PAC was con-

fined to oligomers with a mean degree of polymerization

of at least four, and appeared to be more closely associ-

ated with prodelphinidins rather than procyanidins. Fur-

ther investigation of the in vivo interactions between

dietary PAC and intestinal parasites on immune function

is highly warranted.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. Viability of human dendritic cells (as judged

by 7AAD staining) after exposure for 24 hr to proantho-

cyanidins (PAC) derived from cocoa (COC F2) or white

clover flowers (WCF F2).

Figure S2. Characterization of monocyte-derived

human dendritic cells.

Figure S3. (a) Inhibition of lipopolysaccharide (LPS) -

induced interleukin-6 (IL-6) and IL-12p70 secretion in

human dendritic cells by different concentrations of cocoa

(COC) and white clover flower (WCF) fraction 2 (F2).

Inhibition is relative to LPS only, which was set at 100%.

Results are the mean of four independent experiments,

each performed with cells from different donors. Mean �
inter-donor SEM are shown. *P < 0�05, **P < 0�01,
***P < 0�001 relative to LPS only by one-way analysis of

variance. (b) Inhibition of LPS-induced IL-6 and IL-

12p70 secretion in human dendritic cells by 10 µg/ml of

COC and WCF F2. Inhibition is relative to LPS only,

which was set at 100%. Results are the mean of four

independent experiments, each performed with cells from

different donors. Mean � inter-donor SEM are shown.

Figure S4. Inhibition of lipopolysaccharide (LPS) -

induced interleukin-6 (IL-6) and IL-12p70 secretion in

human dendritic cells by 25 µg/ml of DTAF-tagged

proanthocyanidin (PAC).

Figure S5. Inhibition of lipopolysaccharide-induced inter-

leukin-6 and IL-12p70 secretion in human dendritic cells by

varying concentrations ofTrichuris suis soluble products.

ª 2016 John Wiley & Sons Ltd, Immunology, 150, 312–328328

A. R. Williams et al.


