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Summary

Dendritic cells (DCs) are essential for generating T-cell-based immune

responses through sensing of potential inflammatory and metabolic cues

in the local environment. However, there is still limited insight into the

processes defining the resultant DC phenotype, including the type of early

transcriptional changes in pro-inflammatory cues towards regulatory or

type 2 immune-based cues induced by a variety of exogenous and endoge-

nous molecules. Here we compared the ability of a selected number of

molecules to modulate the pro-inflammatory phenotype of lipopolysac-

charide (LPS) and interferon-c (IFN-c)-stimulated human monocyte-

derived DCs towards an anti-inflammatory or regulatory phenotype,

including Ascaris suum body fluid [helminth pseudocoelomic fluid

(PCF)], the metabolites succinate and butyrate, and the type 2 cytokines

thymic stromal lymphopoietin and interleukin-25. Our data show that

helminth PCF and butyrate treatment suppress the T helper type 1 (Th1)-

inducing pro-inflammatory DC phenotype through induction of different

transcriptional programs in DCs. RNA sequencing indicated that helminth

PCF treatment strongly inhibited the Th1 and Th17 polarizing ability of

LPS + IFN-c-matured DCs by down-regulating myeloid differentiation

primary response gene 88 (MyD88)-dependent and MyD88-independent

pathways in Toll-like receptor 4 signaling. By contrast, butyrate treatment

had a strong Th1-inhibiting action, and transcripts encoding important

gut barrier defending factors such as IL18, IL1B and CXCL8 were up-reg-

ulated. Collectively, our results further understanding of how compounds

from parasites and gut microbiota-derived butyrate may exert

immunomodulatory effects on the host immune system.
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Introduction

Dendritic cells (DCs) are specialized antigen-presenting

cells that initiate and direct a variety of specific T-cell

responses. This depends on expression of pattern recogni-

tion receptors on DCs, including Toll-like receptors

(TLRs), nucleotide-binding oligomerization domain-like

receptors and RIG-I-like receptors,1 activation of which

leads to initiation of distinct transcriptional programs.

Different classes of pathogen-associated molecular pat-

terns (PAMPs) induce different types of T helper cell

responses, where effective responses to intracellular and

virus-based PAMPs promote T helper type 1 (Th1), fungi

and extracellular bacterial PAMPs promote T helper type

17 (Th17), and helminth parasites induce type 2 (Th2)

responses.1 Additionally, the influence of transforming

growth factor-b during the interaction with the DC

induces the differentiation of naive T helper cells towards

Abbreviations: COX2, cyclooxygenase-2; DCs, dendritic cells; HSF1, heat shock factor 1; IFN-c, interferon-c; LPS, lipopolysaccha-
ride; MyD88, myeloid differentiation primary response gene 88; PAMPs, pathogen-associated molecular patterns; PCF, pseudo-
coelomic fluid; PD-L1, programmed death-ligand 1; Rab7b, Ras related in brain 7b; Th1, type 1 helper; Th17, type 17 helper;
Th2, type 2 helper; TLRs, Toll-like receptors; Treg, regulatory T cells; TSLP, thymic stromal lymphopoietin
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regulatory T (Treg) cells,2,3 which play important roles in

limiting immunopathologies and maintaining immune

homeostasis.

In addition to PAMPs, intestinal DCs can also sense

specific endogenous signals originating from the intestinal

epithelium in response to PAMP stimulation, including

thymic stromal lymphopoietin (TSLP), interleukin-25

(IL-25) and IL-33. TSLP has been reported to influence

DCs to promote Th2 responses,4 and IL-33 seems to fur-

ther strengthen TSLP-DC-mediated Th2 responses5 as

well as inducing Treg cell immune responses.6 Addition-

ally, succinate, an intermediate metabolite of the Krebs

cycle, and butyrate, a fiber-derived gut bacterial metabo-

lite, have both been reported to induce immune regula-

tory mechanisms in PAMP-exposed DCs.7,8

Due to the strong Th2/Treg responses induced by hel-

minths,9,10 deliberate infection with helminths has been

extensively explored as a therapy for various inflammatory

disorders.11 However, helminth infections per se may not be

necessary to exploit helminth-mediated host protection

because helminth-derived products themselves have proven

effective in relieving pro-inflammatory conditions.12–16 Sev-

eral studies have addressed the mode of immunomodulation

induced by different helminth-derived products, which

appear to possess an ability to down-regulate gene expres-

sion of TLR4 signaling-associated molecules such asMYD88,

IRAK2, IRF8, JUN, RELA and TLR4,17 thereby inhibiting

synthesis of pro-inflammatory cytokines (IL-12p70, tumor

necrosis factor-a (TNF-a)) and chemokines (Chemokine

(C-C motif) ligand 5 (CCL5, also known as RANTES),

and macrophage inflammatory protein-1b (CCL4)).18 Fur-

thermore, helminth-derived products have been reported to

increase the levels of SOCS1 and PTPN6 mRNAs as well as

their cognate proteins19 or to strongly induce OX40L and

programmed death-ligand 1 (PD-L1) surface expres-

sion.14,19,20 Collectively, these modulations result in a DC

phenotype that is able to promote Th2 polarization, as con-

firmed by DC–T-cell co-culturing experiments.14,18

As described above, DCs can sense diverse molecular

signals that skew Th1-polarizing DCs towards another

phenotype, which, dependent on the molecule, can result

in Th2, Th17 or Treg differentiation of naive T helper

cells. However, detailed insights into the specific molecu-

lar mechanisms whereby Th1–PAMP-exposed DCs are

skewed to these other T helper cell-based responses are

lacking; in particular, there is limited knowledge into

Th2-promoting programs21,22 that are of importance for

the generation of immunological memory to helminth

infections. To increase this understanding, we here com-

pared the extent to which exogenous helminth-derived

compounds from Ascaris suum as well as endogenous

bacterial metabolites and type 2 immune response-medi-

ating cytokines were able to skew DCs exposed to Th1-in-

ducing PAMPs towards an anti-inflammatory or type 2/

regulatory phenotype. The results described herein show

that helminth-derived compounds hold a strong potential

to down-regulate both Th1 and Th17 immune responses,

thereby furthering our understanding of helminth-driven

immune regulation.

Materials and methods

Helminth pseudocoelomic fluid and bitter melon extract
preparation

Fresh, adult A. suum worms obtained from the intestine

of pigs at a local slaughterhouse (Danish Crown, Ring-

sted, Denmark), were initially rinsed in water and sterile

phosphate-buffered saline (PBS), and then kept in sterile

PBS during the whole procedure of pseudocoelomic fluid

(PCF) preparation. Worms were decapitated and PCF

was collected by gently massaging the outside of the cuti-

cle, while wearing sterilized gloves, as described in ref. 23,

and PCF was centrifuged at 3000 g for 20 min (to sepa-

rate the debris and other contents like eggs, damaged tis-

sue etc.). The supernatant was then sterile filtered

through a 0�2-lm syringe filter and stored at �80°C until

use. The PCF was tested negative for contamination with

lipopolysaccharide (LPS) as described in23. Average dry-

matter content of the filtered PCF was determined based

on freeze–drying.

Generation and stimulation of human monocyte-derived
dendritic cells

Human peripheral blood mononuclear cells were isolated

from buffy coats from human donors using Ficoll-Paque

gradient centrifugation. CD14+ monocytes were isolated

from peripheral blood mononuclear cells by magnetic-ac-

tivated cell sorting (Miltenyi Biotec, Bergisch Gladbach,

Germany) and cultured in complete medium consisting

of RPMI-1640 (Lonza, Basel, Switzerland; BE12-167F)

supplemented with 10% heat-inactivated fetal bovine

serum (Gibco, Grand Island, NY, USA; 10270-098), 2 mM

L-glutamine (Lonza, BE17-605E), 50 µM 2-mercap-

toethanol (Gibco, 21985-0223), 1% penicillin-strepto-

mycin at 37° and 5% CO2. During the differentiation

stage, complete medium was added 150 U/ml recombi-

nant human IL-4 (Miltenyi, 130-093-922) and 160 U/ml

recombinant human granulocyte–macrophage colony-

stimulating factor (Miltenyi, 130-093-866) to obtain

monocyte-derived DCs (moDCs).24 Medium was replaced

after 3 days of culturing, and moDCs were used 6 days

after the start of culture. The cells were on average >70%
CD1a-positive, and with <3% CD14+ CD16+ cells, based

on flow cytometry as in ref. 24, and responded with high

levels of IL-12p70 production upon stimulation with LPS

and interferon-c (IFN-c) (mean IL-12p70 production of

4641�8 pg/ml; SD = 688�1 pg/ml). Cells were harvested

and rested for 1 hr at 37° and 5% CO2 before
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stimulation. At this point, moDCs were supplemented

with complete medium containing TSLP (to a final con-

centration of 25 ng/ml; Miltenyi, 130-106-271), IL-25

(25 ng/ml; Miltenyi, 130-115-646), TSLP + IL-25 (both

25 ng/ml), helminth PCF (100 lg dry matter/ml, tested

in different doses in pre-study experiments), butyrate

(2 mM; Sigma, St Louis, MO; B5887), or succinate

(0�5 mM and 2 mM, di-sodium succinate hexahydrate

[S7594751; Merck, Darmstadt, Germany]). Unstimulated

cells were supplemented with complete medium alone.

Immediately afterwards, medium containing Escherichia

coli O26:B6 LPS (final concentration of 100 ng/ml; Sigma,

L2654) and IFN-c (10 ng/ml; R&D Systems, Minneapolis,

MN; 285-IF-100) was added. Cells were stimulated for 4

or 20 h at 37°, 5% CO2 and 95% humidity.

Cytokine enzyme-linked immunosorbent assay

After stimulation for 20 hr, the cell-free culture super-

natants were harvested and frozen at �80° until further

analysis. IL-12p70 levels were determined using enzyme-

linked immunosorbent assay (ELISA; R&D Systems,

DY1270) according to the manufacturer’s protocol.

Flow cytometry

The moDCs were collected after harvesting of culture

supernatants, washed in PBS + 0�1% NaN3 + 1% fetal

bovine serum (FACS buffer) (280 g for 5 min, 5°), incu-
bated for 10 min with Fc-receptor block (2% heat-inacti-

vated human serum in FACS buffer), and stained with

fluorophore-conjugated antibodies in FACS buffer for

30 min, washed and analyzed immediately on a FACS

Canto II (BD Biosciences, San Jose, CA) with a three laser

(405, 488 and 633 nm) configuration. Antibodies used

for flow cytometry were CD1a-fluorescein isothiocyanate

(eBiosciences, San Diego, CA; 11-0149-42), HLA-DR-

Peridinin chlorophyll protein-Cy5.5 (BD Biosciences,

347402), CD14-phycoerythrin-Cy7 (eBiosciences, 25-

0149-42), CD86-V450 (BD 560357), CD40-allophyci-

cyanin (BD Biosciences, 555591). Cells were kept at 4°
throughout the staining procedure.

RNA extraction, RT-qPCR and RNA sequencing

The transcriptional profile of stimulated human moDCs

was evaluated after 4 hr of stimulation. Upon 4 hr of

stimulation, cells were immersed and stored in RNApro-

tect Cell Reagent (Qiagen, Hilden, Germany) at �80° until
further analysis. RNA was isolated using the RNeasy micro

kit (Qiagen) according to the manufacturer’s instructions.

Total RNA concentration was measured using a Qubit 2.0

fluorometer (ThermoFisher Scientific, Waltham, MA) and

quality was checked using a high-sensitivity RNA

Pico chip (Agilent Bioanalyzer) according to the

manufacturer’s protocol. cDNA was prepared by reverse

transcription of 5�6 ll of purified RNA. Resulting cDNA

was amplified using the Smart-seq2 protocol25 with minor

modifications, and using the primers and reagents listed

in the Supplementary material (Table S1). In brief, the fol-

lowing conditions for cDNA synthesis were used: incuba-

tion of the reverse transcription RT Master mix and input

RNA (72° for 3 min), addition of template-switching

oligo master mix, reverse transcription (42° for 90 min,

followed by 10 cycles of 50° for 2 min, 42° for 2 min, and

finally inhibition of the reaction at 70° for 15 min. The

cDNA amplification was performed by incubating the

cDNA and cDNA preamplification master mix at 98° for

3 min, followed by 19 cycles of 98° for 15 seconds, 67°
for 20 seconds and 72° for 6 min, with a final extension

at 72° for 5 min using the PCR cycler and reagents (see

Supplementary material, Table S1). The cDNA Obtained

was purified using AMPure XP beads (Beckman Coulter,

Pasadena, CA; A63881), quantified using Qubit HS

dsDNA Assay Kit (Life Technologies, Carlsbad, CA), and

checked for quality and library size using a High-Sensitiv-

ity DNA chip (Agilent Bioanalyzer, Santa Clara, CA).

For RNA sequencing, sequencing libraries from ampli-

fied cDNA from moDCs were generated using the Nex-

tera XT DNA library preparation kit with multiplexing

primers according to the manufacturer’s protocol (Illu-

mina, San Diego, CA; FC-131-1096). Resultant cDNA

libraries were purified, quantified and checked for library

fragment size distributions as described above. cDNA

libraries with insert sizes of 200–700 bp were used for

paired-end sequencing on the Illumina NovaSeq 6000

sequencing platform (Novogene Corporation, Beijing,

China). Cutadapt (v1�15) was used to remove sequencing

adapters and low-quality reads from the de-multiplexed

raw data. STAR (v2.6.0) and RSEM26 were used to map

and align the clean reads and perform transcript quantifi-

cation, respectively. After mapping transcripts to gene

symbols, we obtained a gene count matrix with 17 220

genes and removed the least abundant transcripts for the

31 genes with duplicate gene symbols, resulting in a list

of 17 189 genes. To remove low-abundance transcripts,

the data set was filtered to only include genes that were

present in at least three samples with at least five reads,

resulting in a set containing 8312 genes. Differentially

expressed genes were identified using SAM-SEQ v3�027
using a two-class paired analysis with 20 re-samplings

and 100 permutations. Pathway gene enrichment analysis

was performed using the Reactome Pathway Database.28

Sequencing data are available at the NCBI Gene Expres-

sion Omnibus (GEO: GSE137229).

Statistics and data analysis

Data analyses were performed using FLOWJO software

(v10.0.7; Treestar, Ashland, OR), PRISM 8.0.2 (GraphPad
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Software, Graphpad, San Diego, CA) and R v3.5.2 (R

Core Team, Vienna, Austria (2018)). While using PRISM,

one-way analysis of variance was performed followed by

the Holm–Sidak method for multiple comparisons with

*P < 0�05, **P < 0�01, ***P < 0�001. For RNA-seq differ-

ential gene expression and gene set enrichment analysis,

q-values < 0�1 were considered as statistically significant.

Results

Helminth PCF and butyrate suppress LPS + IFN-c-
induced IL-12p70 secretion in moDCs while TSLP
and IL-25 have no effect

Initially, we compared an exogenous helminth-derived

compound from A. suum, endogenous bacterial metabo-

lites and type 2 immune response-mediating cytokines for

their ability to skew DCs exposed to Th1-inducing

PAMPs towards an anti-inflammatory or type 2/regula-

tory phenotype. The endogenous epithelial-derived

cytokines IL-25, IL-33 and TSLP are all regarded as

important modifiers of the gut environment. We there-

fore aimed to test for their capacity to regulate the Th1-

pro-inflammatory program in moDCs. However, before

initiation of the studies we first analyzed a set of our own

RNA-seq data from unstimulated moDCs (n = 9) for

expression of mRNAs encoding the receptors for the

cytokines IL-25 (IL17RB), IL-33 receptor (IL1RL1) and

TSLP (CRLF2). We identified expression of the receptors

for IL-25 (IL17RB) and TSLP (CRLF2) in moDCs, but

were unable to detect expression of mRNA encoding the

IL-33 receptor (IL1RL1) (see Supplementary material,

Fig. S1a). Based on these results, we therefore included

IL-25 and TSLP in the panel of stimuli.

We next compared the immunomodulatory potential

of the compounds in LPS- and IFN-c-activated moDCs

(Fig. 1a). We used human moDCs for the study, because

they represent the only DCs to express TLR4, required

for a full response to the bacterial Th1-promoting PAMP

LPS.29 Escherichia coli LPS is present in the small intestine

during normal conditions30 and may act as an activating

PAMP of intestinal monocytes, turning them into

moDCs. As we have experienced that moDCs from some

donors are refractory to IL-12p70 production after LPS

stimulation, we co-stimulated moDCs with IFN-c, which
allows for a full activation of the Toll–interleukin-1
receptor-domain-containing adaptor-inducing interferon-

b and nuclear factor-jB responses via the IFN-c receptor

even in CD1a-low moDCs.24,31 LPS + IFN-c-matured

moDCs classically attain a pro-inflammatory phenotype

with an increased cell-surface expression of maturation

and co-stimulatory markers such as HLA-DR, CD80,

CD86 and CD40, as well as production of high amounts

of IL-12p70, which is needed to promote Th1 polariza-

tion.32 We first screened the potential for helminth PCF,

butyrate, TSLP, IL-25 and TSLP + IL-25 in combination

to suppress the LPS + IFN-c-induced Type 1 immune

profile of high IL-12p70, as low levels of IL-12p70 are a

prerequisite for any compound with Th1–PAMP skewing

potential that may promote the DCs to develop into a

Th2, Th17 or Treg phenotype.32 Among those com-

pounds, only helminth PCF and butyrate were able to sig-

nificantly inhibit LPS + IFN-c-induced IL-12p70

secretion (q < 0�001), whereas TSLP and IL-25, individu-

ally or in combination, failed to do so (Fig. 1b). Simi-

larly, only helminth PCF (q < 0�03) and butyrate

(q < 0�001), enhanced CD86 expression levels, and only

butyrate led to decreased expression of CD40 (q < 0�001;
Fig. 1b). We also tested if the complex helminth PCF

solution would hold immune-activating components in

itself by stimulating moDCs with helminth PCF alone.

We obtained similar stimulation profiles to those seen for

unstimulated (immature) moDCs (see Supplementary

material, Fig. S1b), indicating than no Th1-promoting

PAMPs are present in the helminth PCF solution.

These data indicated that helminth PCF and butyrate

exhibited differential immunomodulatory properties in

pro-inflammatory moDCs and may hold specific poten-

tials to be further addressed. On the contrary, the epithe-

lial-derived cytokines IL-25 and TSLP showed no

immunomodulatory properties in pro-inflammatory

moDCs.

Helminth PCF predominantly suppresses Th1 and
Th17 programs in pro-inflammatory moDCs

To explore the regulation of the genes involved in the

early process of rewiring of pro-inflammatory moDCs by

helminth PCF and butyrate, we used RNA-seq to generate

transcriptional profiles of moDCs stimulated with

LPS + IFN-c alone or in combination with helminth PCF

or butyrate for 4 hr. Helminth PCF resulted in significant

down-regulation of the expression of 131 genes in

LPS + IFN-c-activated moDCs (Fig. 2a), whereas no

genes exhibited significantly up-regulated expression, sug-

gesting that helminth PCF exerts general immune sup-

pressing effects in Type 1-activated moDCs. Many of the

genes whose expression was down-regulated by helminth

PCF encode immune-polarizing and modifying cytokines

(e.g. IL12A, IL12B, IL23A, IFNB1) and chemokines (e.g.

CCL3, CCL4, CXCL1, CXCL2), surface receptors (e.g.

TLR4, PTGER4), cytoplasmic receptors (e.g. NOD2), tran-

scription factors/regulators (e.g. IRF8, NFKB1, NFKBIZ),

enzymes (e.g. IDO1, PTGS2) and molecules involved in

intracellular signaling (e.g. IRAK2, TRAF1). Several of the

down-regulated genes also encode proteins involved in

moDC maturation and stimulatory activity, antigen pre-

sentation (e.g. CTSS, LAMP3) and apoptosis (e.g. GOS2,

BIRC2, BCL2A1) (Fig. 2b; and see Supplementary mate-

rial, Data S1).
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Helminth PCF did not regulate the expression of

genes involved in moDC migration (e.g. CCR7 and

CXCR5), suggesting that helminth PCF-exposed moDCs

probably maintain their ability to migrate to the nearby

lymph nodes and prime antigen-specific T cells. Hel-

minth PCF treatment slightly decreased mRNA expres-

sion of the co-stimulatory molecule CD40 and the

maturation marker CD83 without affecting the transcrip-

tion levels of the two other co-stimulatory molecules

CD80 and CD86. The flow cytometric analysis showed a

significant increase of cell surface expression of CD86 in

helminth PCF-treated moDCs (Fig. 1b), which was not

identified at the mRNA level, perhaps due to the low

fold increase and/or presence of preformed, surface-recy-

cled CD86.

The RNA-seq analysis revealed a down-regulation of

expression by helminth PCF of genes that are crucial for DC-

mediated Th1 and/or Th17 immune responses (Fig. 2a). The

combined transcriptional profile of helminth PCF-exposed

moDCs, in terms of their ability to promote specific naive T

helper cell polarization and further immune amplification, is

provided in Fig. 2(b). From this, it appears that helminth

PCF-treated moDCs hold a limited potential to polarize and

amplify Th1 and Th17 immune responses. This conclusion is
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Figure 1. Helminth pseudocoelomic fluid (PCF) and butyrate suppress lipopolysaccharide (LPS) + interferon-c (IFN-c)-induced interleukin-

12p70 (IL-12p70) secretion in monocyte-derived dendritic cells (moDCs). (a) Overview of study design: (i) isolation of CD14+ monocytes from

human blood peripheral blood mononuclear cells, (ii) differentiation of monocytes into dendritic cells (moDCs) using recombinant human IL-4

and granulocyte–macrophage colony-stimulating factor (GM-CSF) for 6 days, (iii) stimulation of moDCs with indicated compounds (1), (iv) col-

lection and preparation of samples for RNA-seq, flow cytometry and ELISA analyses. End-point measures are the type of transcripts (mRNA;

RNA-seq, 4 hr of stimulation), surface marker expression (flow cytometry, 20 hr) and cytokines (proteins, 20 hr) produced by the stimulated

moDCs. The figure also displays the specific molecules guiding naive T helper cell polarization into different effector T cells. GM-CSF, granulo-

cyte–macrophage colony-stimulating factor; LPS, lipopolysaccharide; IFN-c, interferon-c; PCF, pseudocoelomic fluid; Th1, type 1 T helper cells;

Th2, type 2 T helper cells; Th17, type 17 T helper cells; Tregs, regulatory T cells. (b) Concentration of secreted IL-12p70 in cell-free culture

supernatant and expression of the co-stimulatory molecules CD40 and CD86 in moDCs stimulated with the indicated compounds relative to

LPS + IFN-c only. Final concentrations of the compounds were as follows: IL-25: 25 ng/ml, TSLP: 25 ng/ml, PCF: 100 lg dry matter/ml, Buty-

rate: 2 mM. Levels of IL-12p70, CD40 and CD86 in LPS + IFN-c-stimulated moDCs were: IL-12p70: 4641�8 � 688�1 pg/ml, CD40: 1647 � 361

MFI, CD86: 2424 � 311 MFI. MFI, median fluorescence intensity, mean � SD. The experiment was performed using moDCs from three differ-

ent donors. *P < 0�05, ***P < 0�001 by one-way analysis of variance and Dunnett’s post-test for multiple comparisons to LPS + IFN-c.
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based on the significant down-regulation of transcripts of

IL12A, IL12B, IL1B, IL23A and IL6 by helminth PCF. The

IL12A and IL12B genes encode the subunits of the cytokine

IL-12p70, while IL23A and IL12B encode subunits of IL-23.

IL-12p70 promotes Th1 polarization when provided as signal

3 from the DC to a naive CD4+ T cell, whereas IL-1b in com-

bination with IL-23 and IL-6 promotes Th17 polarization

in na€ıve human T-cells.33 At 4 hr upon activation, helminth

PCF also down-regulated expression of genes encoding tran-

scription factors or transcriptional regulators associated with
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Figure 2. Helminth pseudocoelomic fluid (PCF) predominantly targets T helper type 1 (Th1) and Th17 polarizing abilities in pro-inflammatory

monocyte-derived dendritic cells (moDCs). (a) Differentially expressed genes arranged by fold change in PCF + lipopolysaccharide (LPS) + inter-

feron-c (IFN-c) -stimulated moDCs compared with LPS + IFN-c only. All genes (131) with a q-value < 0�1 are shown. (b) Predicted phenotype

of moDCs based on their transcriptional profile. The illustration focuses mainly on molecules from moDCs involved in the polarizing signals

provided to naive T helper cells. Shown are the differentially regulated genes with a q-value < 0�1. Black: genes up-regulated by LPS + IFN-c (rel-

ative to unstimulated moDCs), Red: genes down-regulated by PCF + LPS + IFN-c (relative to LPS + IFN-c only). Th1, type 1 T helper cells;

NK, natural killer cells; Tcyto, cytotoxic T cells; Th17, type 17 T helper cells; Neu, neutrophils; Th2, type 2 T helper cells; Mo, monocytes; Tregs,

regulatory T cells.
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Th1 and Th17 polarization. In the normal Type 1 polarizing

moDCs, LPS binding to TLR4 brings multiple transcription

factors and transcription regulators into action, including

nuclear factor-jB, AP-1, IKBa, IKBf, interferon regulatory

factor 3 (IRF3), KLF6, LITAF and NFE2L2, which are

involved in promoting Th1 and/or Th17 immune

responses.34–38 Furthermore, LPS-stimulated IRF8 is associ-

ated with enhanced Th1 and Th17 immune response levels39

through a positive feedback loop involving type 1 IFN signal-

ing.40 Helminth PCF significantly down-regulated transcripts

of IRF8, NFKB1, NFKBIZ, KLF6 and LITAF genes in Type 1

polarizing moDCs, further supporting progression into a

non-Th1 and/or Th17 polarizing phenotype. Furthermore,

helminth PCF exposure decreased moDC transcript levels for

the cytokine-encoding genes IFNB1, IFNL1, LTA, TNF,

TNFSF15 and IL1A33,41–44 and the chemokine-encoding

genes CCL3, CCL4, CCL5, CXCL1, CXCL2, CXCL3 and

CXCL8,45,46 which are all associated with promotion of type

1 and/or type 17 immune responses.

Notably, transcripts of STAT5A and CCRL2, which

have been associated with DC-mediated Th2 immune

responses46,47 were also down-regulated in helminth PCF-

treated moDCs. However, expression of IRF4, which is

critical for DC-mediated Th2 differentiation,48 remained

unaffected by helminth PCF. Similarly, expression of

genes encoding many Th2 chemo-attractants (e.g. CCL1,

CCL8, CCL13, CCL22)46 remained unaffected by helminth

PCF treatment. The mRNA levels of PTGS2, which

encodes the enzyme cyclooxygenase-2 (COX-2), was

among the genes most down-regulated by helminth PCF

treatment (Fig. 2a; see Supplementary material, Data S1).

Recently, the COX-2 product prostaglandin E2 has been

shown to be involved in DC-mediated Th2 polarization

in an autocrine manner20 and has also been shown to

induce expression of the Th2 and Treg chemo-attractant

CCL22 in inflammatory DCs.49 However, CCL22 mRNA

expression was not affected in helminth PCF-treated

moDCs. These findings indicate that helminth PCF treat-

ment might hold distinct immunoregulatory properties

that also modulate DC-mediated Th2 and/or Treg cell

polarization.

Previous studies have shown that helminth-derived

products inhibit LPS-induced DC activation by suppress-

ing TLR4 signaling pathways.17,50 Using microarray and

RT-PCR techniques, Klaver et al.17 showed that soluble

products of the pig helminth Trichuris suis decreased

transcript levels of various components of MyD88-depen-

dent (IRAK2, JUN and RELA) and type 1 IFN signaling

(IFNB, IRF8 and GBP2) molecules in LPS-stimulated

moDCs. Additionally, T. suis soluble products induced

expression of the protein Ras related in brain 7b, which

associated with simultaneous reduction of TLR4 surface

expression.17 Similarly, we found that helminth PCF also

modified expression of genes involved in TLR4 signaling.

Levels of mRNA encoding MAP3K8, A20, IRAK2, SOCS3

and TRAF1, all of which are involved in TLR4 signal-

ing37,51 were significantly down-regulated by helminth

PCF in LPS + IFN-c-activated moDCs.

Lipopolysaccharide-stimulated DCs have been shown to

be unresponsive to re-stimulation with LPS or

LPS + IFN-c, whereas they are fully capable of being acti-

vated by CD40L, activated T cells, and their products.52

Here we identified that helminth PCF treatment down-

regulated expression of mRNA encoding several surface

molecules (CD40, IL15RA, ICAM1, PTGER4, PTAFR,

CD87, IL10RA, ADORA2A and CCRL2) in LPS+ IFN-c-
activated moDCs, suggesting that helminth PCF treatment

might prevent re-stimulation of moDCs by subsequent

signals associated with either initiation and/or amplifica-

tion of different immune responses. Given that helminth

PCF down-regulated IL15RA transcript levels, it is possi-

ble that helminth PCF-treated moDCs will have less effi-

cient natural killer cell-activating properties. Interleukin-

15Ra is important for the Type 1 response, as IL-15Ra
can enhance the anti-tumor properties of natural killer or

CD8+ T cells through trans-presentation when bound to

IL-15.53 Similarly, helminth PCF treatment down-regu-

lated expression of PTAFR, encoding the receptor of pla-

telet-activating factor, which can promote Th17 immune

responses via IL-6 induction in moDCs,54 indicating that

helminth PCF-treated moDCs might evade further activa-

tion by platelet-activating factor.

To further examine the immunomodulatory properties of

helminth PCF in pro-inflammatory DCs, we went on to per-

form a pathway analysis including all the significantly down-

regulated genes. Using the Reactome pathway database,28 we

found that genes whose expression was down-regulated by

helminth PCF were enriched in 10 pathways (Table 1). Most

of them are involved in inflammatory processes, further sup-

porting the idea that helminth PCF exerts immunosuppress-

ing effects in pro-inflammatory moDCs. Particularly,

helminth PCF treatment down-regulated the expression of

genes involved in inflammatory signaling pathways associ-

ated with different cytokines and chemokines as well as cel-

lular stress conditions. Additionally, PCF treatment also

seemed to down-regulate the expression of genes encod-

ing elements of heat-shock response pathways (DNAJB6 and

HSPA1A), which are activated in response to cellular stress

inducers, e.g. pathogen infections.

Helminth PCF and butyrate modify gene expression
in pro-inflammatory moDCs differently

Butyrate has previously been shown to exert

immunomodulatory effects in LPS-stimulated moDCs,7 to

be associated with improving homeostasis at mucosal

sites,55 and promoting Treg cell development at mucosal

sites in mouse models.56 As butyrate is acknowledged to

hold these important immunoregulatory properties, and

as it, similarly to helminth PCF, was found to act as an
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immunomodulator of LPS+IFN-c-matured moDCs

(Fig. 1b), we sought to compare the immunomodulatory

properties of helminth PCF and butyrate to analyze dif-

ferences and similarities between the two.

Butyrate treatment of LPS + IFN-c-activated moDCs

resulted in an extensive regulation of the transcriptional

profile with a total of 3480 genes being significantly regu-

lated, out of which expression of 1703 was up-regulated

and expression of 1777 genes was down-regulated

(Fig. 3a), indicating that butyrate treatment exerted a

broader immunomodulation on pro-inflammatory

moDCs in comparison with helminth PCF treatment (131

genes, Fig. 2a). We found 101 regulated genes to be

shared between butyrate- and helminth PCF-treated

moDCs (Fig. 3a). Out of these genes, butyrate treatment

up-regulated expression of 10 genes and down-regulated

expression of 91 genes compared with the LPS + IFN-c-
activated moDCs, whereas expression of all these 101

genes was significantly down-regulated by helminth PCF

treatment (see Supplementary material, Data S1).

Focusing on the immune relevant genes regulated by

helminth PCF and butyrate, we found multiple transcripts

of genes that encode proteins involved in promoting Th1

and/or Th17 immune responses via moDCs to be down-

regulated (Fig. 3b). In the context of Th1 immune

responses, butyrate treatment down-regulated expression

of mRNA encoding the Th1-polarizing effector molecules

IL12A, IL12B and CD40, which is coherent with the flow

cytometric and ELISA analyses (Fig. 1b), and the Th1

immune amplifying chemokine-encoding genes CCL5 and

CXCL9. Although IL12A expression was suppressed in

both helminth PCF- and butyrate-treated moDCs, the

down-regulation of the other four genes was stronger for

butyrate-treated moDCs. In contrast, expression of

mRNA encoding the monocyte- and lymphocyte-attract-

ing chemokine gene CCL3 was up-regulated in butyrate

treatment but down-regulated with helminth PCF treat-

ment. However, helminth PCF treatment also down-regu-

lated expression of IFNB1, LTA and CCL4 mRNA,

suggesting that although both helminth PCF and butyrate

Table 1. Down-regulated pathways (q-value < 0�01) obtained by gene set enrichment analysis on genes from human monocyte-derived dendritic

cells (moDCs) stimulated with helminth pseudocoelomic fluid (PCF) + lipopolysaccharide (LPS) + interferon-c (IFN-c) versus LPS + IFN-c
alone

Pathway1 P-value q-value Genes involved

Interleukin-10 signaling 1�11 9 10�16 1�77 9 10�13 CXCL8, IL10RA, CCL3L3, PTAFR, CXCL1, CXCL3, PTGS2, CXCL2, TNF, ICAM1,

IL1A, IL6, CCL5, IL1B, CCL4, CCL3, IL12B, IL12A

Interleukin-4 and

Interleukin-13 signaling

1�11 9 10�10 8�82 9 10�8 SOCS3, IL1A, IL6, CXCL8, IL23A, IL1B, IL12B, IL12A, PTGS2, TNF, ICAM1

Signaling by interleukins 4�47 9 10�8 2�38 9 10�5 CXCL8, CCL3L3, PTAFR, CXCL1, NOD2, CXCL3, PTGS2, CXCL2, TNF, ICAM1,

SOCS3, IFNL1, UBB, IRAK2, CCL5, CCL4, UBC, CCL3, IL12B, IL12A, MAP3K8,

STAT5A, LYN, IL15RA, IL10RA, NFKB1, NFKBIA, IL1A, IL6, IL23A, IL1B,

TMEM2

Attenuation phase 6�95 9 10�8 2�76 9 10�5 DNAJB6, UBB, HSPA1A

Cytokine signaling in

immune system

8�52 9 10�7 2�72 9 10�4 CD40, CXCL8, CCL3L3, PTAFR, CXCL1, NOD2, CXCL3, PTGS2, CXCL2, TNF,

ICAM1, SOCS3, IFNL1, UBB, IRAK2, CCL5, CCL4, UBC, CCL3, IL12B, IL12A,

MAP3K8, STAT5A, LYN, IL15RA, TNFSF15, IFNB1, IL10RA, NFKB1, NFKBIA,

IL1A, IL6, IL23A, IL1B, TMEM2, LTA, IRF8, BIRC2

Senescence-associated

secretory phenotype

(SASP)

1�57 9 10�6 4�16 9 10�4 IL1A, IL6, HIST2H2AA4, CXCL8, UBB, H3F3B, IL1B, UBC, NFKB1

Immune system 2�04 9 10�6 4�23 9 10�4 CD40, CXCL8, TNFAIP6, TNFAIP3, CXCL1, CXCL3, CXCL2, TNF, CTSS, ICAM1,

SEC61A1, TUBB6, DHX58, IL12B, IL12A, MAP3K8, IL15RA, PLAUR, RHOF,

RAP2C, EEF1A1, IL1A, RNF144B, TUBB2B, IL23A, IL1B, LTA, IRF8, ORAI1,

TLR4, CFB, BIRC2, FTL, SRC, CCL3L3, PTAFR, DAPP1, NOD2, PTGS2, RFTN1,

SOCS3, SDCBP, IFNL1, UBB, IRAK2, CCL5, CCL4, UBC, CCL3, SLAMF7, CD58,

STAT5A, LYN, TNFSF15, IFNB1, IL10RA, NFKB1, NFKBIA, COL1A1, IL6,

TMEM2, ABI1, TRIM36, PTX3, HSPA1A

HSF1 activation 2�12 9 10�6 4�23 9 10�4 EEF1A1, DNAJB6, UBB, HSPA1A

HSF1-dependent

transactivation

5�67 9 10�6 1�0 9 10�3 DNAJB6, UBB, HSPA1A

Chemokine receptors bind

chemokines

6�25 9 10�5 9�94 9 10�3 CXCL9, CXCL8, CCL5, CCRL2, CXCL1, CXCL3, CXCL2

Abbreviations: HSF1, heat-shock factor 1.
1Reactome Pathway Database (https://reactome.org/).
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might be able to inhibit Th1 polarization, helminth PCF

specifically down-regulated a broader set of immunologi-

cal effector molecules and might be more efficient in lim-

iting amplification of Th1 immune responses.

We observed striking differences between helminth

PCF- and butyrate-induced immunomodulation in rela-

tion to Th17 immune responses. Whereas helminth PCF

down-regulated expression of most of the genes associated

with either Th17 polarization (IL6, IL1B and IL23A) or

amplification of Th17 immune responses (IL1A, CXCL1,

CXCL2, CXCL3 and CXCL8), butyrate treatment only sig-

nificantly down-regulated expression of IL6. Furthermore,

butyrate treatment up-regulated expression of a few genes

known to be involved in either Th17 polarization (IL1B)

or amplification (CXCL3 and CXCL8). Most of the genes

encoding transcription factors and transcription regulators

down-regulated by helminth PCF treatment were also

down-regulated by butyrate except for IRF8, which is

associated with enhanced Th1 and Th17 immune

responses levels.39 Notably, the transcript levels of NFKBIZ

were up-regulated by butyrate treatment and down-regu-

lated by helminth PCF. Increased activity of the product

of NFKBIZ, IjB-f, has been associated with enhanced

Th17 polarization and immune amplification.36 However,

as IL12B, which is essential for formation of the Th17

amplification cytokine IL-23, is strongly down-regulated

by butyrate, it is rather unlikely that butyrate-treated

moDCs effectively promote Th17 immune responses.

Finally, we noted that helminth PCF uniquely down-regu-

lated PTGS2 transcript levels, whereas no such effect was

observed in response to butyrate treatment. Similarly,

mRNA expression of the maturation marker gene CD83

was only down-regulated by helminth PCF treatment.

Succinate is unable to down-regulate IL-12p70
secretion in LPS + IFN-c-activated moDCs

Succinate has previously been reported to be secreted by

helminths57 and to exert immunoregulatory properties on

poly(I:C) co-stimulated human DCs.8 We therefore spec-

ulated whether succinate could be involved in mediating

the immune suppressive effects of helminth PCF.

LPS + IFN-c-activated moDCs were co-stimulated with

0�5 and 2 mM of succinate. We found that succinate even

at the highest concentration failed to induce significant

immunomodulatory changes in IL-12p70 production and

CD40 and CD86 expression in LPS + IFN-c-activated
moDCs (Fig. 4). Similarly, 2 mM succinate did not induce

any significant transcriptional changes in LPS + IFN-c-
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Figure 3. Helminth pseudocoelomic fluid (PCF) and butyrate modify

gene expression in lipopolysaccharide (LPS) + interferon-c (IFN-c) -

stimulated monocyte-derived dendritic cells (moDCs) differently.

(a) Venn diagram displaying unique and shared regulated genes

(q value < 0�1) in helminth PCF + LPS + IFN-c- and

butyrate + LPS + IFN-c-stimulated moDCs relative to LPS + IFN-c
only. (b) Distinct regulation of immune relevant genes in helminth

PCF + LPS + IFN-c- and butyrate + LPS + IFN-c-stimulated moDCs

capable of modifying DC-guided T helper cell polarization and immune

cell trafficking. Black: genes down-regulated by both helminth PCF and

butyrate, Black in bold: genes up-regulated by butyrate, but down-regu-

lated by PCF, Red: genes down-regulated by PCF uniquely but not regu-

lated by butyrate. Mo, monocytes; Neu, neutrophils; NK, natural killer

cells; Tcyto, cytotoxic T cells; Th1, type 1 T helper cells; Th17, type 17 T

helper cells; Th2, type 2 T helper cells; Tregs, regulatory T cells.
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activated moDCs (data not shown). These findings indi-

cate that succinate is unable to transcriptionally repro-

gram LPS + IFN-c-matured DCs, and further emphasize

that the immunosuppressive effects of helminth PCF on

LPS + IFN-c-activated moDCs may be mediated by other

compounds than succinate.

Discussion

The overall aim of our study was to explore the early

transcriptional changes induced by helminth PCF, the

bacterial metabolites succinate and butyrate, and the Type

2 immune response-mediating cytokines TSLP and IL-25

on Type 1-promoted inflammatory moDCs. Our explora-

tory analysis of the transcriptional data presented herein

suggests that helminth PCF holds a strong potential to

down-regulate Th1 and Th17 immune responses, whereas

we only detected down-regulation of Th1 immune

responses during LPS- and IFN-c-induced inflammatory

conditions by butyrate.

Previous studies have examined the immunomodula-

tory effects of helminth PCF on human moDCs reporting

that helminth PCF conditioning suppresses pro-inflam-

matory cytokine production (IL-12p70, IL-6, IL-23 and

TNF-a) in LPS-stimulated moDCs.58,59 Our analysis of

the early transcriptional profile of helminth PCF-treated

LPS + IFN-c-matured moDCs supports these previous

findings and suggests that helminth PCF may interfere

with TLR4 signaling to exert its immunosuppressive

effects, as indicated by identification of decreased expres-

sion of molecules downstream of TLR4 activation. Our

results showed that helminth PCF down-regulated expres-

sion of genes encoding components of predominantly the

MyD88-dependent but also the MyD88-independent

TLR4 signaling cascade like IRAK2,60 MAP3K8,61 IFNB

and IRF8.40 Predominant down-regulation of the MyD88-

dependent pathway is supported by the observation that

helminth PCF treatment down-regulated TNF, IL6,

IL12A, IL12B and PTGS2 transcript levels, which are pri-

marily induced after MyD88-dependent pathway activa-

tion.62 Additionally, helminth PCF treatment also seemed

to further down-regulate the IFN-b induction pathway as

supported by down-regulated TRIM36 mRNA expression

levels, because TRIM36 is associated with potentiation of

IFN-b expression.63

Understanding DC-mediated Th2 induction has been a

long-standing focus in immunology and is mainly based

on studies wherein soluble egg antigen (SEA) from Schis-

tosoma mansoni and T. suis soluble products were

employed to initiate DC-mediated Th2 immune

response.14,17,18,20 In soluble egg antigen, one of the mul-

tiple compounds that can induce DC-mediated Th2

immune responses is omega-1; a glycosylated T2 RNase

that can inhibit pro-inflammatory protein synthesis,

induce strong surface expression of OX40L on DCs and

increase the IL-4/IFN-c ratio in DCs and allogenic naive

CD4+ T-cell co-culturing experiments.18,19 T2 RNase

homologs have been suggested to be present in the

A. suum genome,18 implying that helminth PCF might

hold similar Th2-inducing properties, but this notion

was previously refuted based on findings that PCF treat-

ment did not alter IL-4 levels in allogenic naive CD4+ T

cells co-cultured with DCs.58 Moreover, a recent study

showed that soluble egg antigen treatment of DCs

induced prostaglandin E2 synthesis, resulting in auto-

crine induced OX40L, which further primed DCs to ini-

tiate Th2 responses.20 The observations in our study,

and the study by Midttun et al.58 that helminth PCF

down-regulated PTGS2 transcripts as well as COX-2

protein levels indicate that helminth PCF-treated moDCs

might not be able to induce prostaglandin E2-dependent

DC-mediated Th2 responses. However, more studies are

needed to confirm this as Ascaris spp. infections indeed

are known to induce Th2/Treg immune responses in

humans.64,65 Perhaps under in vivo settings, Ascaris spp.

may trigger additional signals to initiate Th2 responses.

Furthermore, because helminth PCF is a mixture of

multiple antigenic proteins and glycans,66–68 and we and

previous studies did not use fractionated PCF compo-

nents, it remains possible that the Th2-inducing compo-

nents of PCF may be masked by other PCF components

exerting differential immunomodulatory effects. To this,

it is important to add that transcript levels of the tran-

scription factor IRF4, which is critical for DC-mediated

Th2 differentiation,48 remained unaffected by helminth

PCF treatment.

Contrasting the probable induction of Th2 immune

responses in humans, two mouse studies strongly support

the potential of helminth PCF to induce robust Treg cell

responses as well as increased IL-10 levels during LPS-in-

duced inflammatory conditions.69,70 In both studies, mice

were injected with 1 lg LPS with or without PCF supple-

mentation into an air pouch and the researchers observed

that helminth PCF prevented LPS-induced leukocyte

influx and suppressed pro-inflammatory cytokine (IL-1b,
TNF-a and IL-6) secretion. Furthermore, helminth PCF

supplementation has also been shown to induce Treg cells

during non-LPS-induced inflammatory conditions.15,16

Although we did not focus on the chemical composi-

tion of the helminth PCF, it seems that both protein69,70

and glycan68,71 structures in PCF could be responsible for

their immunoregulatory potential. Notably, the metabolite

succinate has been shown to be secreted by the helminth

Nippostrongylus brasiliensis.57 Our observation that succi-

nate did not exert any immunomodulatory effects on

LPS + IFN-c-activated moDCs suggests that the

immunomodulatory effects of helminth-derived succinate

depend on other helminth compounds, or that distinct

helminths might use different immunomodulatory mech-

anisms.
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A recent study showed that butyrate treatment of LPS-

matured moDCs suppressed IL-12p70 secretion and

priming of Th1 and Th2 responses.7 Based on the tran-

scriptional profile of butyrate-treated LPS + IFN-c-ma-

tured DCs, we here find that butyrate treatment of

moDC does not lead to an immunosuppressive pheno-

type as strong as PCF treatment. This is suggested based

on the increased butyrate-induced expression of IL18,

CXCL8 and IL1B transcript levels,36,45,46 which are all

related to the Type 17 immune axis. Although we identi-

fied a strong down-regulation of the IL12B, making it dif-

ficult to form the Th17-amplifying cytokine IL-23, other

components of a Th17-polarizing phenotype are in play,

e.g. relayed by the specific up-regulation of IL1B and

NFKBIZ along with unaltered IL1A levels by butyrate

treatment. During DC-mediated Th17 induction, IL-1b
may mediate a positive-feedback loop in an autocrine/

paracrine fashion via IjB-f to promote Th17 polariza-

tion.36 However, as the IL-23 subunit IL12B is strongly

down-regulated by butyrate, and IL-23 is a cardinal

cytokine for Th17 amplification, we conclude that butyrate-

treated pro-inflammatory moDCs will hold a non-Th17-

polarizing phenotype, as also supported by Kaisar et al.,7

while promoting an innate based Type 17 environment.

As addressed above, it has previously been shown that

butyrate and helminth PCF can promote Treg cell induc-

tion in vivo. However, it seems that they induce different

Treg cell subsets, as butyrate treatment of DCs induces

IL-10-producing Type 1 Treg cells,7 whereas helminth

PCF induces inducible CD4+ CD25hi Foxp3+ Treg cells.70

Importantly, inducible Foxp3+ Treg cells could be gener-

ated via different mechanisms, one of which is dependent

on the enzyme indoleamine 2, 3-dioxygenase (IDO).72

However, our finding that helminth PCF treatment in

moDCs led to the down-regulation of expression of the

IDO1 gene (see Supplementary material, Data S1) sug-

gests that this pathway might not be involved in the

reported PCF-induced moDC-mediated Treg cell

induction. Likewise, we found that helminth PCF did not

up-regulate the expression of other core genes involved in

the negative regulation of immune responses, e.g. PDL1

encoding PD-L1. Considering, the PD-L1–programmed

cell death protein 1 axis plays a critical role in the induc-

tion of Treg cells as well as being involved in immune

evasion,73 the observation that helminth PCF did not up-

regulate PDL1 gene expression suggests that other

immune evasive mechanisms might be employed by

A. suum.

The finding that TSLP and IL-25, even when combined,

did not exert identifiable immunosuppressive effects in

pro-inflammatory moDCs suggests that either the Type

1-polarizing mediators LPS in combination with IFN-c
have more dominating effects than TSLP and/or IL-25, or

that TSLP and IL-25 might act indirectly on moDCs.

Indeed, during Type 2 immune responses in mice, IL-25

and/or TSLP have been shown to indirectly down-regu-

late DC-mediated Type 1 inflammatory conditions

through their effects on ILC2s.74

In conclusion, our results indicate that helminth PCF

harbors a potent potential to down-regulate genes

involved in the progression of Th1 and Th17 responses

by moDCs, suggesting possible prophylactic and thera-

peutic applications of helminth PCF against Th1- and/

or Th17-dependent autoimmune diseases. By contrast,

butyrate induced a more diverse regulatory phenotype

in DCs that might favor intestinal homeostasis during

normal conditions. Collectively, our results contribute

to our understanding of the mechanisms by which hel-

minth A. suum and the gut microbiota-derived metabo-

lite butyrate modulate moDC-mediated immune

responses.
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Fig. S1. (a) mRNA expression level of indicated cyto-

kine receptors in immature and mature [lipopolysaccha-

ride (LPS) + interferon-c (IFN-c) -stimulated] monocyte-

derived dendritic cells (moDCs), n = 9. (b) Concentra-

tion of secreted interleukin-12p70 in cell-free culture

supernatant from moDCs stimulated with or without

LPS + IFN-c and helminth pseudocoelomic fluid (PCF),

relative to control (immature moDCs), n = 3.

Table S1. Reagents and primers used for reverse tran-

scription and cDNA amplification.

Data S1. List of differently regulated genes in dendritic

cells stimulated with Helminth pseudocoelomic fluid

(PCF) + lipopolysaccharide (LPS) + interferon-c (IFN-c)
or Butyrate + LPS + IFN-c versus LPS + IFN-c alone.
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