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Abstract

Foods rich in polyphenols such as procyanidins (PC) have been proposed to have anti-inflammatory
properties, and we have previously reported inhibition of lipopolysaccharide (LPS)-induced inflammatory
cytokine secretion in human dendritic cells (DCs) by PC derived from cocoa. To explore the mechanistic
basis of this inhibition, here we conducted transcriptomic analysis on DCs cultured with either LPS or LPS
combined with oligomeric cocoa PC. Procyanidins suppressed a number of genes encoding cytokines and
chemokines such as CXCL1, but also genes involved in the cGMP pathway such as GUCY1A3 (encoding
guanylate cyclase soluble subunit alpha-3). Upregulated genes were involved in diverse metabolic
pathways, but notably two of the four most upregulated genes (NMB, encoding neuraminidase B and
ADCY3, encoding adenyl cyclase type 3) were involved in the cAMP signalling pathway. Gene-set
enrichment analysis demonstrated that upregulated gene pathways were primarily involved in nutrient
transport, carbohydrate metabolism and lysosome function, whereas down-regulated gene pathways
involved cell cycle, signal transduction and gene transcription, as well as immune function. qPCR analysis
verified differential expression of GUCY1A3, ADCY3, NMB as well as a number of other genes, and marked
suppression of LPS-induced CXCL1 and IL-23 protein secretion was also observed. Thus, our results confirm
a marked anti-inflammatory effect of PC in human DCs, which may be related mechanistically to second-
messenger function and metabolic activity. Our results provide a foundation to further investigate
metabolic pathways altered by PC during intestinal inflammation, and further encourage investigation of

the health-promoting potential of PC-rich functional foods.



Introduction

Procyanidins (PC) are a class of bioactive plant polyphenols commonly found in dietary sources such as cocoa,
grapes, nuts and berries. Procyanidins and other related polyphenols have been the object of much
investigation due to their putative health-promoting properties, such as improving cardiovascular health,
reducing oxidative stress, and regulating gastrointestinal inflammation and metabolic function.’* The
mechanisms whereby PC may exert bioactivity have not been fully elucidated, but in in vitro studies isolated
PC molecules have been shown to have strong antioxidant activity and reduce inflammatory responses in
epithelial cells and macrophages by inhibiting toll-like receptor (TLR) induced pathways, including reduction
of mitogen-activated protein kinase activity and NF-KB translocation, resulting in reduced production of

inflammatory cytokines such as IL-1B.>%°

The molecular structure of PC can vary widely depending on the degree of polymerization (DP) of the
constituent catechin and epicatechin flavan-3-ol units (Figure 1), which may give rise to molecules ranging
from dimers to polymers with a DP >20.%! Anti-inflammatory activity has been shown to be associated with
oligomers and polymers, with fractions containing these higher-molecular weight compounds efficiently
inhibiting inflammatory responses in macrophages and Caco-2 cells, where monomers and lower-weight
compounds had no effect.>® As the absorption of PC with a DP >2 in the small intestine appears to be
minimal'?, the modulatory effects of dietary PC likely arise through direct interactions with innate gut
immune cells residing in the mucosa, although phenolic acids that are derived from the microbial breakdown
of PC in the colon and subsequently absorbed may also have systemic immuno-modulatory activity.!* 14
Dendritic cells (DCs) are one of the key innate immune cell populations residing at mucosal surfaces as they
have the ability to sample dietary or microbial compounds either directly from the intestinal lumen, or after
translocation of antigens by M-cells to the lamina propria.’>’ Subsequently, they initiate immune and
inflammatory responses by secreting cytokines that induce proliferation and modulate activity of T-cells.®

Thus, modulatory effects of PC on DC function may be important in their putative anti-inflammatory activity.

We recently reported that the activity of human DCs was markedly altered after exposure to purified cocoa
PC fractions, with a dramatic reduction in inflammatory cytokine production induced by the TLR4 agonist
lipopolysaccharide (LPS). Consistent with previous studies, this was dependent on DP with the activity
residing in the fraction containing PC with DP >4.1° Here, we conducted transcriptomic analysis of LPS-primed
human DCs cultured with or without this bioactive cocoa PC fraction, in order to gain an insight into the

mechanisms underlying the modulatory activity.



Methods

Procyanidins

Cocoa PC were purified as described previously.2® 2! Briefly, cocoa beans were ground, defatted with hexane,
and freeze-dried. The resulting powder was extracted with acetone/water (70:30), freeze-dried again,
dissolved in water and then fractionated over a Sephadex LH-20 column. Fraction 2 was eluted with
acetone/water (80:20), as shown in Supplementary File 1. HPLC-MS was performed using an HPLC Agilent
1100 series system consisting of a G1379A degasser, G1312A binary pump, a G1313A ALS autoinjector, a
G1314A VWD UV detector and a G1316A column oven and API-ES instrument (Hewlett Packard 1100 MSD
Series, Agilent Technologies, Waldbronn, Germany) using an ACE C18 column (3 mm; 25064.6 mm; Hichrom
Ltd; Theale; UK) fitted with ACE guard column at room temperature. The gradient program employed was
1% acetic acid in MilliQ water (solvent A) and HPLC-grade acetonitrile (solvent B) as follows: 0—35 min, 36%
B; 35—40 min, 36-50% B; 40—45 min, 50—100% B, which was followed by 45— 55 min, 100—0% B; 55—60 min,
0% B. The mean DP of PC in this fraction was 5.6 + 0.1 (mean + SEM) , and the purity was 76%, as deduced by
thiolysis and HPLC-MS analysis.?®

Culture and stimulation of DCs

Buffy coats (leukocyte-containing fraction of blood samples) were obtained from anonymous donors at
Rigshospitalet, Copenhagen, Denmark, following written informed consent. PBMCs were isolated using
Histopaque 1.077 (Sigma-Aldrich), and monocytes were then purified using anti-CD14 microbeads and
magnetic separation (MACS, Miltenyi Biotech). Monocytes were seeded in RPMI 1640 media containing 10%
foetal calf serum, 100 U/mL penicillin, 100 pg/mL streptomycin, and 12.5 ng/mL each of recombinant human
GM-CSF and IL-4 (R and D systems, UK). After four days differentiation, maturation was induced with 10
ng/mL LPS (Sigma-Aldrich). Cocoa PC (10 ug/mL, w/v), or PBS as a control, were added 15 minutes prior to
the addition of LPS. The concentration of PC was chosen as it resulted in no toxicity to the DCs, and was
estimated to represent physiological concentrations of PC that would be found in the human intestinal lumen
following normal intake of PC-rich foods.'® 2% 23, Cells were harvested after 6 hours for microarray and gPCR
analysis, and medium was harvested after 24 hours for ELISA. Experiments were performed a minimum of

three times, each time using cells from a different blood donor.

Microarray and gene pathway analysis
RNA was extracted using RNAeasy minikits (Qiagen), and quality was assessed using the Experion platform

(Biorad). Labelling, hybridization and scanning was carried out using the Illumina HT-12 v4.0 platform (AROS



Biotech A/S, Denmark). Data were quantile normalized and log2 transformed prior to statistical analysis using
statistical analysis for microarrays.? For the statistical analysis, only genes significantly expressed in at least
one of the treatment groups were included, and predicted genes and genes with no gene symbol were
removed. Gene set enrichment analysis (GSEA) was used for pathway analysis (Broad Institute,
http://software.broadinstitute.org) using canonical pathways v5.1. Manual inspection of the KEGG,
REACTOME and PID databases was carried out at www.genome.jp/kegg, htpps://reactome.org, and

www.ndexbio.org, respectively. Microarray data is available at GEO under accession number GSE102895.

gPCR
RNA was extracted as above, and cDNA synthesis performed using gScript SuperMix (Quanta Biosciences).
Primer sequences are listed in Table 1. qPCR was performed using 2X PerfeCTa SYBR Green fastmix (Quanta
Biosciences). The following qPCR programme was used: an initial denaturation step at 95°C for 2 minutes
followed by 40 cycles of 15 seconds at 95°C and 20 seconds at 60°C. RPLPO was used as a reference gene for
normalization. Expression was calculated as copy number based on values relative to the quantity of the

reference gene.

ELISA
IL-23 concentrations were determined using commercial paired antibodies (Thermo Fisher) and CXCL1
concentrations were determined using a commercial ELISA kit (Quantakine, R and D systems) according to

the manufacturer's instructions.

Statistical Analysis

Where indicated, ANOVA followed by Dunnett’s multiple comparison test or two-tailed t-tests were carried

out using Graphpad prism v7.0 (Graphpad Software, San Diego, CA). Significance was taken at P<0.05.



Results and Discussion

Transcriptomic analysis of DCs exposed to procyanidins

We have previously shown that cocoa PC suppress the LPS-induced secretion of IL-6 and IL-12p70, whilst
enhancing secretion of the regulatory cytokine I1L-10.2° To explore in greater depth the intracellular pathways
modulated by PC, microarray analysis was performed on DCs incubated in LPS for 6 hours with or without
PC. Procyanidins significantly modulated the expression of ~150 genes (121 upregluated and 36
downregulated; Supplementary File 2). The top up- and down-regulated genes are shown in Figure 2.
Downregulated genes included the inflammatory chemokines CCL1, CXCL1 and CCL19, as well as the
adrenergic receptor ADRA1B, the expression of which we have also shown to be suppressed in DCs by anti-
inflammatory products from the helminth parasite Ascaris suum.?® Also suppressed was GUCY1A3, which
encodes the enzyme guanylate cyclase soluble subunit alpha-3, involved in catalysing production of cyclic
guanosine monophosphate (cGMP). The most upregulated gene was SPINK1, encoding a serine protease
inhibitor involved in trypsin inhibition.?® Also strongly upregluated were NMB and ADCY3, encoding
neuromedin B and adenylyl cyclase type 3, two proteins involved in the production and function of the
second-messenger cyclic adenosine monophosphate (cAMP). The upregulation of both NMB and ADCY3
suggests an increase in cAMP formation, which would be consistent with reports that cAMP suppresses
inflammatory function in human DCs.?’ In contrast, activation of the cGMP/cGMP kinase pathway leads to
pro-inflammatory and migratory activity in DCs.?® Thus, our results suggest that modulation of intracellular
second-messenger activity may contribute to the anti-inflammatory properties of PC. Most of the other up-
regulated genes (e.g. SLC39A11 and MMP10) were also involved in biochemical processes such as zinc
homeostasis and extracellular matrix remodelling® 3%, suggesting a profound effect of PC on cellular

metabolism of DCs.

gPCR and ELISA validation

To confirm the results of the microarray, we conducted qPCR on selected genes indicated in Figure 2, as well
as PTGS2 (encoding cyclooxygenase 2). qPCR confirmed that GUCY1A3, CXCL1 and PTGS2 were all significantly
down-regulated, whilst ADCY3, SPINK1 and NMB were all up-regulated (Figure 3A). We further confirmed the
suppression of CXCL1 and IL-23 by measuring secreted protein levels by ELISA, and confirmed significant

suppression of both (Figure 3B).

Gene pathway analysis



To investigate gene pathways modulated by PC, gene ontogeny and pathway analysis was carried out. A
number of pathways were modulated by PC treatment (Supplementary File 3). The top ten up-regulated gene
pathways identified by GSEA are shown in Figure 4A. Significantly regulated pathways (nominal P value <0.01,
Q-value <0.25) were used for interrogation of the KEGG and REACTOME databases, which indicated that they
were primarily involved in small molecule transport and carbohydrate metabolism (Figure 4B). Gene
pathways connected to lysosomal metabolic function were particularly enhanced, which may be consistent
with our previous data that proanthocyanidins appear to be trafficked to the lysosome after endocytosis by
DCs.? Inspection of the KEGG lysosome pathway (Figure 4C) revealed strong up-regulation of genes encoding
subunits of the vacuolar ATPase (V-ATPase), as well as cholesterol trafficking (NPC1), iron transport
(MCOLN1) and glycolipid metabolism (GBA). Three of the top seven upregluated genes were ATP6VOAL,
ATP6VOA2 and ATP6V1H, all which encode subunits of V-ATPase, an enzyme involved in acidification of
intracellular compartments and regulation of inflammatory cytokine production. Notably, inhibitors of V-

34,32 which would be

ATPase activity increase NF-kB activation and TNFa and IL-12 secretion in macrophages
consistent with increased V-ATPase activity suppressing pro-inflammatory cytokine secretion as observed in

our studies.

The top ten down-regulated pathways are shown in Figure 5A. Significantly regulated pathways (nominal P
value <0.01, Q-value <0.1) were identified in the KEGG, PID and REACTOME databases as being primarily
involved in cell cycle, immune system, gene expression (transcription) and signal transduction (Figure 5B).
Closer expression of the repressed gene pathways showed classical inflammatory pathways such as TLR, IL-
23 and JAK-STAT signalling were down-regulated, which appears to be consistent with reports of inhibitory
effects of PC on certain molecules within the JAK-STAT and MAPK/ERK pathways, e.g. p38, and decreased
production of inflammatory mediators such as PGE2, IL-1B and nitric oxide.” 1% 33 Within the KEGG JAK-STAT
pathway, expression of the pro-inflammatory family of interleukins (e.g. IL12, IL23, IL6, IL28, IL29) as well as
JAK2 and STAT4 were all suppressed (Figure 5C), and within the PID /IL23 pathway genes encoding similar
interleukins as well as CXCL1, CXCL9 and IFNG were all down-regulated (Figure 5D). Other down-regulated
pathways were involved in arachidonic acid metabolism (involved in production of eicosanoids), and

pathways involved in telomere maintenance and RNA polymerase activity.

Overall, these data confirm previous reports that inflammatory and TLR-linked pathways are repressed in
innate immune cells exposed to PC. Our results also suggest that in addition to specific targeting of TLR-linked
pathways, a more generalised effect on cellular maintenance and transcriptional activity is evident after

exposure of cells to PC. We also provide some evidence of a novel mechanism whereby PC modulates



inflammatory activity in DCs by modulating the expression of genes involved in V-ATPase and second-
messenger activity. These pathways are intimately connected: adenylyl cyclase, as a promoter of cAMP, plays
a critical role in regulating the translocation and function of V-ATPases in the lysosome.?* The role of the V-
ATPases in inflammatory cytokine production has been established in several studies, where specific
inhibitors of V-ATPase activity increase TNFa production and NF-kB translocation in macrophages®¥ 3>, as well
as promoting the polarization of macrophages towards an anti-inflammatory M2 phenotype.3® The
mechanisms behind these effects have not been fully elucidated, but appear to be independent of pH
changes caused by V-ATPase activity.3! How PC interacts with V-ATPases has not yet been established. We
speculate that in cells involved in phagocytosis, such as DCs and macrophages, PC are trafficked to the
lysosome upon endocytosis, as we have shown previously!®, and subsequently modulate energy metabolism
and signalling pathways that result from processing of antigens such as LPS, inhibiting the full activation of
the cell and secretion of inflammatory cytokines. Consistent with this, the up-regulation of multiple pathways
involved in nutrient metabolism suggests a profound effect on DC metabolic activity during TLR activation.
The functional implications of this are not yet clear. However, the importance of immunometabolism in
governing the activity of DCs and macrophages during inflammation is becoming increasingly clear, with
altered patterns of glucose metabolism and fatty acid oxidation playing a key role in the transition from a
resting to activated state following antigen internalisation.?”. Metabolic reprogramming of the cell during LPS
exposure may contribute to the anti-inflammatory properties of PC, and further experiments to explore this
are on-going in our laboratory. It will also be of interest to determine whether these effects on nutrient
metabolism are specific to phagocytes such as DCs, and are connected to the effects on lysosome function,

or may be a more generalised response of cells to PC exposure.

Conclusions

We have shown for the first time the genome-wide transcriptional changes occurring in human DCs exposed
to PC during inflammatory stimulus. Our work provides a foundation for understanding how polyphenols
modulate inflammatory activity in human cells. Further work will now focus on understanding how these
changes modify the biochemical activity of human DCs and other innate immune cells under inflammatory

conditions.
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Figure Legends

Figure 1.
Chemical structure of Epicatechin and catechin, the monomeric cis-flavan-3-ol isomers giving rise to

procyanidin oligomers found in cocoa.

Figure 2.

Differentially expressed genes identified by microarray in human dendritic cells (DCs) exposed to cocoa
procyanidins and lipopolysaccharide (LPS), relative to DCs cultured with only LPS (each n=3). Shown are the
top 20 significantly up-regulated and top 15 down-regulated genes (see Supplementary Material for full list

of all regulated genes).

Figure 3.

A) gPCR validation of selected differentially expressed genes in dendritic cells (DCs) exposed to
procyanidins (PC) and lipopolysaccharide (LPS) relative to LPS alone (each n=3). B) Secretion of IL-23 (n=3)
and CXCL1 (n=5) from DCs exposed to LPS alone and LPS and PC. Shown is the mean + S.E.M. # P<0.1;
*P<0.05; **P<0.01; ***P<0.001 compared to LPS only by one-way ANOVA or two-tailed t-test.

Figure 4.

Gene pathways up-regulated by procyanidin (PC) treatment in lipopolysaccharide-exposed dendritic cells
(DCs), as determined by gene-set enrichment analysis (GSEA). A) Top ten up-regulated pathways (see
Supplementary Material for full list of all differentially regulated pathways), B) Gene ontogeny (GO) terms
describing the most enriched gene pathways in PCA-treated DCs, from the KEGG and REACTOME databases

C) Significantly up-regulated genes involved in the KEGG Lysosome pathway, as shown by GSEA.

Figure 5.

Gene pathways down-regulated by procyanidin (PC) treatment in lipopolysaccharide-exposed dendritic cells
(DCs), as determined by gene-set enrichment analysis (GSEA). A) Top ten down-regulated pathways (see
Supplementary Material for full list of all differentially regulated pathways), B) Gene ontogeny (GO) terms
describing the most supressed gene pathways in PC-treated DCs, from the KEGG, PID and REACTOME
databases C) Significantly down-regulated genes involved in the KEGG JAK-STAT pathway, as shown by GSEA,
D) Significantly down-regulated genes involved in the PID IL-23 pathway, as shown by GSEA.



Table 1

Primers used for gPCR

Gene Forward Primer (5' - 3') Reverse Primer (5' - 3')
ADCY3 GAGTCACCCCCGATGTCAAC TTGCCCCAGATGTCGTAGTG
CXCL1 GAACATCCAAAGTGTGAACGTGAAG TTCAGGAACAGCCACCAGTGAG
GUCY1A3 CAACCGTGCCCATCTGTCAAG CATTCAGCCGTTCAAACTCTGG
NMB CCGCGGCCCGGGCACAGCC CGGTGGCCCAGAGGTTGCC
PTGS2 CTTCACGCATCAGTTTTTCAAG TCACCGTAAATATGATTTAAGTCCAC
RPLPO CCTCGTGGAAGTGACATCGT CATTCCCCCGGATATGAGGC
SPINK1 TGCTGCCATCTGCCATATGACCC ATGGCTGAAGTTCTGCGTCCAG

10
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