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ARTICLE INFO ABSTRACT

Keywords: The restrictions on excessive use of antimicrobials in the poultry industry have led to the search for alternative
HD11 strategies including nutritional interventions to enhance gut health with the ultimate aim to prevent gut in-

Chicken toll-like receptors fections. Pectins as prebiotics have shown beneficial effects on gut health in humans and mice by improving the

i;‘:lz cvtosis gut barrier function, altering the gut microbiota, and by modulating the gut immune response. However, little is
Nitr?c 0})]& de known about immunomodulatory properties of pectins in chickens. The present in vitro study assessed the effect
Macrophages of three pectins (SPE6, SPE7, SPES8) differing in methyl esterification, on responsiveness of the chicken macro-

phage cell line HD11 cells and primary monocyte derived macrophage from the blood, through interaction with
chicken TLRs. All three pectins increased gene expression of iNOS and IL10 in chicken macrophages. Differences
in immunomodulatory activity between the three pectins were observed in other assays. The low methoxyl pectin
(SPES) interacted with TLR4 leading to the production of NO, but also to increased phagocytosis of E. coli, while
high methoxyl pectins SPE6 and SPE7 did not activate TLR4. All three pectins were able to attenuate PAM3CSK4
induced activation of chicken macrophages as measured by decreased NO production and phagocytosis. Addi-
tional studies using ITC and flow cytometry suggest that the inhibiting properties of pectins (SPE6, SPE7) on
macrophages are due to pectins occupying TLR2 and blocking PAM3CSK4 to activate chicken macrophages,
whereas SPES8 actually binds to the TLR2 ligand and that way attenuates the PAM3CSK4 induced activation.
Based on these immunomodulatory properties observed in this study, these pectins may in the future be suitable
as feed additive for the treatment and prevention of inflammatory disorders in poultry.

1. Introduction

Poultry farming is an intensive industry responsible for 37 % of the
global meat production [1]. Intestinal infections in chickens like
salmonellosis and coccidiosis not only affect production performance
but can also cause food-borne zoonoses in humans [2]. Restriction to the
use of antimicrobials due to antimicrobial resistance often leads to
destruction of the entire flock to control the spread of disease [3,4]. To
overcome the huge economic losses, alternative strategies aiming at
strengthening the host immune system are warranted [5]. These include
nutritional interventions since feed components in the gut can affect the
gut microbiota as well as intestinal immune cells [6,7].

The gut associated lymphoid tissue (GALT) along with gut epithelial
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cells help to prevent gut infections [8]. The cellular composition of the
GALT includes intraepithelial lymphocytes (IELs) and phagocytes such
as macrophages and dendritic cells that are present in the lamina propria
[9]. Macrophages are among the early responders against microbial
invasions of the intestine, and key players of the innate immune system
[9]. They contribute directly to clearing the infection by production of
nitric oxide (NO) and by phagocytosis and subsequent intracellular
killing of bacteria [10,11]. Moreover, macrophages can produce both
pro- or anti-inflammatory cytokines to attract and activate other im-
mune cells, like T- and B cells, to the site of infection [12].
Macrophages recognize microbial agonists by pattern recognition
receptors, including Toll like receptors (TLRs) which recognize a variety
of microbial agonists [13]. For example, TLR4 interacts with
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lipopolysaccharide (LPS), TLR5 with flagellin and TLR2 interacts with
multiple ligands including small bacterial lipopeptides and lipoteichoic
acid of Gram positive bacteria [14]. Like mammals, chicken immune
cells also contain a variety of TLRs with some avian specific character-
istics [15,16]. Most of the chicken TLRs (chTLR) actually share func-
tional homology with their mammalian counterparts [17-19] except
chTLR15 and chTLR21 that are exclusively expressed in avian species
[20]. Among 10 different TLRs that have been described in chickens
[21], chTLR2 is a complex receptor since there are several isoforms due
to gene duplication and it forms heterophilic dimers with other re-
ceptors, such as two isoforms of chTLR1 [22]. In general, chicken TLR2
is functionally comparable to its mammalian orthologue, recognizing a
variety of microbial components for example peptidoglycan, lipopro-
teins, lipotechoic acid, glycolipids, and zymosan [17], but has a broader
ligand specificity, possibly due to the presence of the isoforms [23].

Dietary fibers have gained substantial attention due to their health
benefits on host [24]. Dietary fibers withstand enzymatic digestion in
the host gut, and modulate immune response through microbiota
dependent and microbiota independent manner [24]. Dietary fibers are
fermented by the gut microbiota producing short chain fatty acid, which
subsequently can interact with host (immune) cells [25-27]. Moreover,
dietary fibers can also pass the gut barrier and directly interact with the
resident immune cells that are embedded between the epithelial cells as
well as in lamina propria [24,28]. This interaction of dietary fibers with
the intestinal epithelial and resident immune cells can modulate im-
mune response resulting into health promoting effects in humans and
animals [29].

Supplementation with dietary fibers as feed additives in poultry re-
sults in beneficial effects on gut health, disease resistance, and produc-
tion performance [30]. Similarly, different pre- and probiotic
supplements in poultry feed have shown to increase the expression of
genes related to innate and adaptive immune responsiveness in the
chicken gut [31-33]. For example, in vivo studies have shown that long
chain glucomannan used as feed additive not only enhanced immune
responsiveness [34], but also impacted Salmonella infection in broiler
chickens that might be due to higher relative abundance of Streptococci
[35]1.

Pectins are complex polysaccharides, structural components of cell
walls of vegetables, plants, and fruits [36]. The most dominant structure
of pectin consists of a polymeric homogalacturonan backbone of a-1,4
linked of galacturonic acid (GalA) residues [37]. Due to their established
health benefits and prebiotic properties, pectins are widely used as di-
etary fiber both in human and animal diet [38]. Apart from modulating
immune responsiveness, they also alter the gut microbiota composition,
and improve the gut barrier function, which gets impaired in inflam-
matory conditions [39]. Functional properties of pectins mostly depend
on the degree of methyl esterification (DM), degree of blockiness (DB),
and neutral side chain structures attached to the rhamnogalacturonan
segment of the polymer [40-45]. The immunomodulatory activity of
pectins in mammalian species is often related to the interaction of
pectins with TLRs on host cells. For example, a low DM citrus pectin has
been shown to block the TLR2/1 receptor on blood derived dendritic
cells in humans and murine RAW 264.7 macrophages in vitro resulting in
anti-inflammatory effects, and was able to reduce doxorubicin induced
inflammation of the ileum in vivo in mice [43]. In addition, citrus pectins
with different DM were able to activate human THP1 monocytes and
were interacting with TLR2 and TLR4 in a DM and methy] ester distri-
bution dependent manner [46].

In chickens only a few studies have described the direct effects of
polysaccharides on chicken immune cells. The activation of chicken
monocytes, and heterophils upon binding to TLR2 and TLR4 has been
described in an in vivo study [47]. Moreover, ulvan extract, a complex
sulphated polysaccharide has been shown to activate chicken gamma-
delta T cells [48]. Glucose oligosaccharides, and glucomannan supple-
mentation in broiler chickens not only modulated immune responsive-
ness as well as enhanced activation of intraepithelial NK cells, but also
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altered gut microbiota composition [34,35]. Additionally, reduction in
chemotactic and phagocytic activity of chicken monocytes, and NK cell
activation [49], after citrus pectin stimulation in vitro has been described
[501, but no mechanism of activation of NK cells after citrus pectin
stimulation was explained. In general, little is known about the immu-
nomodulatory properties of pectins on any chicken immune cells. Innate
immune cells are abundantly present in the intestinal epithelium and the
lamina propria of the chicken gut [9], and act as a potential target of
immunomodulation as they can interact with pectins, used as feed ad-
ditives, through immune receptors. The current study focusses on
chicken macrophages as they are one of the early responders in chicken
gut in case of infection [51].

The purpose of the present study was to determine the immuno-
modulatory properties of three pectins (SPE6, SPE7, and SPES8), that
differ in chemical composition and have shown to affect the cecal
microbiota composition in the in vitro chicken intestinal gut model
called Cecal Chicken ALIMEntary tRact mOdel-2 (CALIMERO-2) (Oost
et al., manuscript in preparation). The study showed that one pectin
(SPES) is able to activate macrophages to produce more nitric oxide,
while pre-incubation of macrophages with SPE6 and SPE7 was shown to
inhibit subsequent activation of macrophages by the TLR2 ligand
PAM3CSK4.

2. Materials and methods
2.1. Pectin samples

Three pectin samples (SPE6, SPE7, and SPE8) were obtained from
Agrifirm (Apeldoorn, the Netherlands). Pectins were dissolved in RPMI-
1640 medium supplemented with 10 % fetal calf serum (FCS) and 200
U/mL each of penicillin and streptomycin (P/S) (all from Gibco, Life
Technologies Limited, Paisley, UK) at a stock concentration of 10 mg/
mL for experiments with HD11 cells; and in DMEM +10 % FCS + P/S for
experiments with the HEKBlue TLR reporter cell line. Dissolved pectins
were stored at —20 °C for future use. Endotoxin level in the pectin
samples was determined using the Endozyme II endotoxin detection kit
(Biomereux Benelux BV, Amersfoort, the Netherlands) and LPS content
was found to be below the detection limit of the kit. Galacturonic acid
content of pectins was determined spectrophotometrically using the m-
hydroxydiphenyl color assay [52,53]. Degree of methyl esterification
was determined by saponification of pectins and measuring the meth-
anol released by head-space gas chromatography (GC) [54]. The mo-
lecular weight of the pectins were determined using high performance
size exclusion chromatography. Oost et al. (manuscript in preparation)
have described the methods for the structural properties and composi-
tion of pectins in detail.

2.2. Cell lines

To study the interaction between toll like receptors (TLR) present on
immune cells and three pectins, human reporter cell lines, HEK-Blue™,
were used: HEKBlue TLR2, HEKBlue TLR4, and HEKBlue Nulll (Inviv-
ogen, Toulouse, France). HEKBlue reporter cell lines are adherent cells
and stably express the soluble embryonic alkaline phosphatase gene that
is under control of an NF-kB/AP-1 responsive promoter. The stimulation
of HEK-Blue TLR reporter cell lines with a specific agonist leads to
production of secreted embryonic alkaline phosphatase (SEAP) that can
be quantified using detection solution called QUANTI-Blue (Invivogen).
The HEKBlue Nulll cell line is the parental cell line of the different
HEKBIlue TLR cell lines and lacks a TLR expression construct. Frozen
stocks (=140 °C) of HEKBlue TLR2, TLR4 and Nulll cells were thawed
and cultured in 75 cm? flasks in DMEM supplemented with 10 % FCS
and 200 U/mL P/S at 37 C incubator. All the cell lines were passaged
twice before maintaining the cell lines in culture medium containing
selection antibiotics (Invivogen). For HEKBlue TLR2 and 4, HEKBlue
selection antibiotics (stock concentration 250x) 1 x was used, while for
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HEKBIlue Nulll cells Normocin (100 pg/mL) was added in the culture
medium.

HD11, a chicken macrophage like cell line [55], frozen at —140 °C in
RPMI-1640 (Gibco, Life Technologies Limited, Paisley, UK) was main-
tained in a 25 cm? or 75 ¢m? cell culture flask (Sigma-Aldrich, Saint
Louis, MO, USA) at 37 °C and 5 % CO3 in complete RPMI 1640 medium
supplemented with 10 % FCS and 200 units/mL penicillin, and 200 mg/
mL streptomycin (P/S) (Gibco, Life Technologies Limited, Paisley, UK).
The cells were passaged twice a week upon reaching 90 % confluency
using 0.05 % trypsin/EDTA (Gibco, Life Technologies Limited, Paisley,
UK). The cells were used between passages 2 and 15. HD11 cells have
been described to express a range of chicken TLR, such as TLR1/6/10,
TLR2 Typel, TLR2 Type 2, TLR3, TLR4, TLR5, and TLR7 [19].

2.3. Blood monocyte derived macrophages (MDMs)

Peripheral blood mononuclear cells (PBMCs) were isolated using a
protocol described by Peng et al., [56] from fresh blood anticoagulated
with heparin (Leo Pharma B.V., Amsterdam, the Netherlands) of 36
weeks old healthy layer chickens (Novogen white) using Ficoll density
separation and stored at —140 °C until further use. Briefly, to isolate
primary monocytes, PBMCs (1 x 10° cells) were seeded in a 96 well
plate per well in 200 pL of RPMI-1640 culture medium supplemented
with 10 % FCS, and P/S. After 6 h of incubation at 41 °C, non-adherent
cells were removed. The cells were washed 3 times with PBS to remove
remaining non-adherent cells. Subsequently, the adherent cells, which
are monocytes, were maintained in 200 pL. RPMI medium with FCS and
P/S additionally supplemented with recombinant granulocyte-
macrophage colony-stimulating factor (GM-CSF) at a concentration of
1:1600 for 3 days at 41 °C to differentiate monocytes to macrophages
[56]. Recombinant GM-CSF was produced by transfecting COS-7 cells
with pCI-neo (Promega Corporation, Madison, Wisconsin, USA) that
expresses the relevant cytokine, which were a kind gift from P. Kaiser
and L. Rothwell (The Roslin Institute, Edinburgh, UK). Next, macro-
phages were stimulated with pectins and activation was assessed.

2.4. Alamar blue cell viability assay

Effects of pectin stimulations on viability of HD11 and HEKBlue
TLR2 cells were determined by the Alamar blue viability assay. For that,
cells were stimulated with different pectins (0.6 to 2.5 mg/mL) for 24 h.
An unstimulated control with only cells and culture medium, and a
positive control with cells and 1 % Triton X-100 (Sigma-Aldrich, Merck,
St. Louis, MO, USA), was included. After 24 h, supernatant was removed
and 100 pL of 10 % Alamar blue reagent (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) in RPMI medium was added to each well
and incubated at 37 °C, 5 % CO», for 4 h. The absorbance of each well was
measured at a wavelength of 570 nm with a reference at 600 nm, using a
FLUOstar Omega microplate reader (BMG Labtech, Ortenberg,
Germany).

2.5. TLR-mediated activation of HEKBlue reporter cell lines

Briefly, 5 x 10* HEKBlue TLR2, HEKBlue TLR4, and Nulll cells per
well were seeded in a 96 well plate in 200 pL complete DMEM culture
medium and stimulated with pectins (0.6-2.5 mg/mL) for 24 h at 37 °C,
5 % CO,. Following incubation, 20 pL supernatant from each well was
collected in a 96 well plate and mixed with 180 pL HEK-Blue detection
medium (Invivogen) to measure SEAP production. The amount of SEAP
was quantified by measuring the optical density (OD) at 650 nm using
iMark microplate absorbance reader (Bio-Rad Laboratories, Hercules,
California, United States).

2.6. Nitric oxide (NO) production assessed by Griess assay

NO production by HD11 cells after stimulation with different pectins
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was measured using the Griess assay. Briefly, in a 96-well Flat-bottom
plate, 5 x 10* cells in 200 pL of RPMI-1640 culture medium were
seeded per well. The next day, supernatants were removed, and cells
were stimulated with pectins (0.6-2.5 mg/mL). PAM3CSK4 (20 ng/mL)
was used as positive control, and only RPMI-1640 medium as negative
control. After 24 h of incubation, 50 pL of supernatant was pipetted in a
new 96-well flat-bottom plate and then 50 pL of 10 mg/mL sulfanil-
amide (2.5 % phosphoric acid) (Sigma, Missouri, USA) was added. The
mixture was incubated for 5 min at room temperature in the dark. After
that 50 pL of 3 mg/mL N-(1-napthyl) ethylenediamine dihydrochloride
(Sigma, Missouri, USA) was added and incubated again in the dark for 5
min at room temperature. Finally, the absorbance was measured at a
wavelength of 550 nm using an iMark microplate absorbance reader.
The concentration of NO was determined using a standard of sodium
nitrite (3.13-100 pM).

To determine the NO production by MDMs, 100,000 cells were
stimulated with pectins (2.5 mg/mL), PAM3CSK4 (100 ng/mL), and
only medium for 24 h. The next day, 50 pL of supernatant was taken in a
96 well flat bottom plate and a Griess assay was performed as described
above.

2.7. Expression of IL10, iNOS, and TNFa genes as measured by real-time
qPCR

The gene expression of specific cytokines and immune-related genes
in HD11 cells was measured using real-time qPCR (RT-qPCR). Briefly, in
a 12-wells plate 5 x 10° cells per well were seeded and incubated at
37 °C, 5 % CO2 overnight. The next day, cells were stimulated with 2.5
mg/mL of pectins, PAM3CSK4 (20 ng/mL) as positive control, or me-
dium as negative control for 24 h at 37 °C. Following stimulation, the
supernatant was removed and HD11 cells were harvested using 0.05 %
trypsin/EDTA. The cells were then centrifuged at 208 xg for 5 min and
the pellet was lysed in 350 pL RLT-buffer (Qiagen, the Netherlands)
containing 1 % p-mercaptoethanol after centrifugation. RNA was
extracted using RNeasy mini kit (Qiagen, 74,106) according to the
manufacturer's description, and quantified on a Nanodrop spectropho-
tometer (Isogen, the Netherlands). Subsequently, 500 ng of RNA was
reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad, Vee-
nendaal, the Netherlands) according to manufacturer's guidelines.
Finally, the 500 ng of cDNA was diluted 1:1 using ultrapure water.

RT-qPCR was performed on a CFX384 Connect qPCR system (Bio-
Rad). The primer sequences of target genes and house-keeping gene are
depicted in Table 1. For each reaction 12.5 pL SYBRgreen (Bio-Rad,
Veenendaal, the Netherlands), 1 pL (400 nM) of forward primer, 1 pL
(400 nM) of reverse primer and 5.5 pL ultrapure water along with 5 pL of
c¢DNA sample was added per well. The reaction was performed using the
following conditions: initial denaturation cycle of 5 min at 95 °C; fol-
lowed by 40 cycles of 10 s at 92 °C, 10 s at 55 °C, and 30 s at 72 °C. This
was followed by the last step of 1 min at 95 °C and 2 min at 65 °C. Target
gene expression levels were normalized against the expression levels of
the house keeping gene GAPDH.

Table 1
Primer sequences used for real time RT-qPCR.

Gene Accession number Sequence: 5'- 3'
5
110 wszIsle e CGTCTCCITGATCTGCTTCATG
wos U0 CTAGCAGUOCTIGAMGOAC
59
sy T AT
G 1;:1:2)11_1 ng;::;_ o145 Forward f(;l;)C]}GTGCTAAGCGTGTTATC
Reverse GCATGGACAGTGGTCATAAG
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2.8. PAM3CSK4 binding assessed by flow cytometry

To determine the binding of PAM3CSK4 to TLR2 on HD11 cells, FITC
labelled PAM3CSK4 was used. Briefly, 2.5 x 10* HD11 cells were seeded
in a 24 well plate, supernatant was removed the following day and cells
were preincubated with pectins for 1 h at 37 °C and 5 % CO». Subse-
quently, the cells were treated with PAM3CSK4-FITC (500 ng/mL) for
30 min at 37 °C. After PAM3CSK4-FITC treatment, cells were washed
with PBS and detached with 0.05 % trypsin/EDTA. Cells were centri-
fuged twice in PBS and then stained with viakrome808 (Beckman
Coulter Life Sciences, Indianapolis, USA) for 30 min at RT. After that, the
cells were centrifuged and resuspended in 200 uL of FACS buffer and
analysed on a Cytoflex flow cytometer (Beckman Coulter, Woerden, the
Netherlands). At least 100,000 events were recorded.

2.9. Phagocytosis assessed by flow cytometry

The phagocytotic capacity of HD11 cells after pectin stimulation was
determined using a Fluorescence-activated Cell Sorting (FACS) based
method. For that, 2.5 x 10* HD11 cells per well were seeded in a 24 well
plate in complete RPMI-1640 medium. After overnight incubation, su-
pernatant was removed and HD11 cells were stimulated with either
pectins only (0.6-2.5 mg/mL) for 24 h, or 1 h pre-incubation with
pectins followed by treatment with PAM3CSK4 (with the pectin still
present) at 37 °C and 5 % CO; for 23 h. After the incubation, superna-
tants were removed and the HD11 cells were incubated with log-phase
Green Fluorescent Protein-labelled (GFP) Escherichia coli (source) with
a Multiplicity of Infection (MOI) of 50 for 1 h at 37 °C and 5 % CO,. After
1 h of incubation supernatants were removed and the cells were washed
three times with ice-cold PBS. The cells were washed and detached using
0.5 % trypsin/EDTA, and transferred to a 96 well U-bottom plate and
centrifuged for 3 min at 200 xg. The supernatants were discarded, and
the cells were then washed 2 times with 200 pL ice-cold PBS. After the
last washing step, cells were stained with live/dead marker viak-
rome808 (1:400) in PBS for 30 min at room temperature in the dark.
After live/dead staining, cells were washed twice with FACS buffer and
resuspended in 200 pL of FACS buffer. The cell suspensions were ana-
lysed for bacterial uptake using the Cytoflex flow cytometer and at least
100,000 events were recorded.

2.10. Interaction between pectins and PAM3CSK4 assessed by isothermal
titration calorimetry (ITC)

Interaction between pectins and PAM3CSK4 was studied using
isothermal titration calorimetry (ITC). Binding between PAM3CSK4 and
chicken Cathelicidin-2 (CATH-2) was used as positive control [61].
Briefly, CATH-2 was diluted to 400 pM, PAM3CSK4 was diluted to a
concentration of 330 pM, and Pectins were diluted to a concentration of
25 puM in 50 % PBS. The syringe of the ITC was filled with 50 pL of
PAMB3CSK4 (330 pM) solution and the chamber was filled with 169 pL
Pectin solution. For interaction between CATH-2 and PAM3CSK4, sy-
ringe was filled with CATH-2 (400 uM) and titrated against PAM3CSK4
(165 pM). After baseline was determined, 2 pL injections were per-
formed at 300 s intervals. All experiments were executed on a NANO ITC
(TA instruments — Waters LLC, New Castle, USA). The experiments were
performed at 37 °C and the data was analysed using the Nano Analyze
software (TA instruments — Waters LLC, New Castle, USA).

2.11. Statistical analysis

Statistical analysis of the results was performed using Graphpad
Prism program version 9 (San Diego, CA, USA). The data are represented
as mean + SEM. Statistical significance was determined using one-way
ANOVA with Dunnett's multiple comparisons test. The statistical sig-
nificance of phagocytosis assay was determined by two-way ANOVA,
while p < 0.05 was considered as statistically significant.
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3. Results
3.1. Structural characteristics of pectins

The pectins SPE6 and SPE7 are characterized as high methoxyl
pectin (HMP), while SPES8 clearly represented a low methoxyl pectin
(LMP) as based on galacturonic acid (GalA) content and DM (Table 2). In
addition to the DM, also the distribution of methyl esters over the
homogalacturonan backbone has been described with descriptive pa-
rameters [62] (Table 2). Both HMPs have a similar, rather random dis-
tribution of methyl esters over the pectin backbone. Despite the low DM,
the LMP had about a similar degree of blockiness value as of DM. The
molecular weight distribution of the three pectins are rather similar
(Table 2).

3.2. Effect of Pectins on viability of HEKBlue TLR2 cells and HD11 cells

To exclude possible toxic effects of pectins on the cell lines used in
the study, the viability of HEKBlue TLR2, and HD11 cells was deter-
mined using the Alamar blue viability assay upon culture with the
different pectins. Alamar blue reagent is a resazurin based, ready to use
solution that uses the reducing power of live cells to measure cell
viability [63]. The concentrations of the pectins used in this study
(0.6-2.5 mg/mL) did not affect the viability of HEKBlue TLR2 or HD11
cells as compared to unstimulated control as shown in Fig. 1A and B
respectively. Treatment of HEKBlue TLR2, and HD11 cells with Triton X-
100 resulted in a reduced cell viability.

3.3. SPE6 and SPE7 bind and activate hTLR2, while SPE8 activates both
hTLR2 and hTLR4

To determine whether pectins are able to interact with TLRs, the
human TLR reporter cell lines HEKBlue Nulll, HEKBlue TLR2, and
HEKBlue TLR4 were stimulated with the pectins SPE6, 7 and 8. Stimu-
lation of HEKBlue Nulll cells for 24 h at 37 C did not release SEAP, as
shown in Fig. 2A. In contrast, all three pectins stimulated the HEKBlue
TLR2 to produce SEAP, while only SPE8 stimulation resulted in SEAP
production in HEKBlue TLR4 cells (Fig. 2B-C). Stimulation of HEKBLUE
TLR2 with the pectins resulted in similar SEAP levels as stimulation with
the TLR2 agonist, PAM3CSK4. These experiments show that pectins
SPE6,7 and 8 can indeed bind and crosslink human TLR2 and 4.

3.4. Effect of Pectins on NO production and cytokine gene expression in
chicken HD11 cells

In the next set of experiments, chicken HD11 cells were stimulated
with pectins SPE6, SPE7, and SPE8 (0.6-2.5 mg/mL) to determine
whether pectins can activate HD11 cells. Stimulation with SPE6 and
SPE7 did not affect NO levels, while stimulation with pectin SPE8
resulted in a moderate but significant increase in NO production
compared to unstimulated control (Fig. 3A). Next, the effect of pectins
on cytokine production by HD11 cells was determined at gene expres-
sion level, using iNOS and TNFa as representative proinflammatory
genes, and IL10 as a representative anti-inflammatory gene. Incubation
of HD11 cells with either of the three pectins resulted in a significant
upregulation of iNOS and IL10 m RNA expression (4-16 fold) while there
was no effect on TNFa gene expression levels (Fig. 3B-D).

3.5. SPE®6 significantly reduced PAM3CSK4 induced NO production by
HDI11 cells

To determine the affinity of chicken TLR2 for the SPE6, SPE7, and
SPES8 pectins and PAM3CSK4, HD11 cells were stimulated with the TLR2
ligand PAM3CSK4, and different pectins in three slightly different
competition experimental setups. Stimulation of HD11 cells with
PAM3CSK4 alone resulted in a significant increase in NO production
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Table 2
Descriptive parameters of pectins.
Pectins GalA (w/w%) M, (kDa)" DM (%) DB (%)° DBaps (%)° DBpgume (%) DBpime(%)*
SPE6 (HMP) 68.2 131 63 22 8 22 31
SPE7 (HMP) 72 135 63 20 7 22 35
SPE8 (LMP) 76.9 115 26 25 19 45 0.6

@ Determined by the automated colorimetric m-hydroxydiphenyl assay.

b Molecular weight distribution (Mw) in kDa determined by HPSEC based on the pectin standards.
¢ Degree of methyl-esterification (DM): mol of methanol per 100 mol of the total GalA in the sample. Pectin presenting DM lower than 50 % is considered low methyl-

esterified and DM above 50 % is considered highly methyl-esterified.

d Degree of blockiness: amount of non-esterified mono-, di-, and triGalA per 100 mol of the non-esterified GalA in the sample.
¢ Absolute degree of blockiness: amount of non-esterified mono-, di-, and tri-GalA per 100 mol of total GalA in the sample.

f Degree of blockiness by endo-PG (DBpgme): amount of saturated methyl-esterified

galacturonic residues per 100 mol of total galacturonic acid in the sample.

8 Degree of blockiness by PL (DBpy,e): amount of unsaturated methyl-esterified galacturonic oligomers per 100 mol of total galacturonic acid in the sample.
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are represented as means + SEM of 3 independent experiments done in duplicate.

(+£70 pM) compared to unstimulated control as shown in Fig. 4A. When
both PAM3CSK4 and pectin were added together (co-incubation) no
significant reduction in the NO production by HD11 cells (Fig. 4A) was
observed compared to PAM3CSK4. However, for all pectins, a tendency

towards lower PAM3CSK4-induced NO production at higher pectin
concentrations was present. In the second setup (1 h pretreatment),
HD11 cells were pre-treated with pectins for 1 h, after which the pectins
were washed away and the HD11 cells were subsequently incubated
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with PAM3CSK4 for the next 23 h. This also did not result in a significant
reduction in NO production (Fig. 4B). In the final set-up (1 h pre-
incubation), HD11 cells were preincubated with pectins for 1 h fol-
lowed by treatment with PAM3CSK4 in the presence of pectins for the
following 23 h. In this setup, co-incubation of SPE6 and PAM3CSK4
significantly reduced NO production by HD11 cells compared to
PAM3CSK4 only (Fig. 4C). Co-incubation of PAM3CSK4 with SPE7 and
SPE8 showed a tendency to reduce NO production, but this did not reach
statistical significance.

3.6. Pectins differentially reduce the attachment of FITC labelled
PAM3CSK4 to HD11 cells

The binding of PAM3CSK4 to TLR2 on HD11 cells and the effect of
pectins on this process was assessed by flow cytometry. The represen-
tative gating strategy to determine the binding of FITC conjugated
PAM3CSK4 to HD11 cells is shown in Fig. 5A. HD11 cells preincubated
with SPE6, SPE7 and SPES8 for 1 h followed by 30 min treatment with
PAM3CSK4-FITC (in the presence of the pectins) showed a significantly
reduced attachment of PAM3CSK4-FITC to the cells for all three pectins
compared to unstimulated HD11 cells (Fig. 5B). Among different pec-
tins, SPE6 showed the strongest effect compared to the other two
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pectins.
3.7. Pectin SPE8 binds to PAM3CSK4, while SPE6 and SPE7 do not

The interaction between different pectins and PAM3CSK4 was
determined by isothermal titration calorimetry. SPE8 showed binding to
PAM3CSK4 with a dissociation constant (Kd) of 7.72 pM (Fig. 6A)
comparable to PAM3CSK4 to chicken Cathelicidin-2 (Kd = 1.83 pM) for
which binding to PAM3CSK4 has been described before [61] (Fig. 6D). A
negative enthalpy was observed upon binding of SPE8 to PAM3CSK4,
indicating a mostly electrostatic interaction between both components.
No binding to PAM3CSK4 was observed for the pectins SPE6 and SPE7
(Fig. 6B-C).

3.8. SPES8 increases the phagocytosis of GFP-E. coli by HD11 cells and
decreases the PAM3CSK4 induced phagocytosis of GFP-E. coli

The uptake of GFP-E. coli by HD11 cells upon pectin stimulation was
assessed by flow cytometry. The gating strategy for uptake of GFP-E. coli
is shown in Fig. 7A. Stimulation of HD11 cells by SPE8 showed a sig-
nificant increase in phagocytosis of E. coli from 20 to 30 % positive cells
compared to the unstimulated control. Stimulation with PAM3CSK4
increased phagocytosis to almost 45 % GFP positive cells. SPE6 and
SPE7 did not show any difference compared to the unstimulated control
(Fig. 7B). In the pre-incubation setup, all three pectins actually showed
significant reduction in PAM3CSK4 induced phagocytosis of E. coli
(Fig. 70).

3.9. SPE6 significantly reduces NO production by MDMs

In order to confirm that the observed effects of pectins were not
limited to HD11 cells, stimulations with pectins and PAM3CSK4 were
performed with MDMs. When MDMs were stimulated with pectin SPE8
an increase in NO production was observed, while no increase in NO
production was seen with SPE6 and SPE7, compared to the unstimulated
control (Fig. 8A). Moreover, 1 h pre-incubation of MDMs with pectins
followed by 23 h stimulation with PAM3CSK4 (100 ng/mL) in the
presence of pectins, resulted in a significant reduction in NO production
for SPES6. In the case of SPE7 and SPES8, the NO production was reduced
but this decrease did not reach significance as compared to PAM3CSK4
stimulated MDMs (Fig. 8B).

4. Discussion

Pectins are well known for prebiotic properties and, more recently,
also for their immunomodulatory activity, as they can escape enzymatic
digestion in the small intestine and reach to the colon in chicken gut. In
the colon pectins are degraded by the gut microbiota and used as energy
source to produce short chain fatty acids [64]. During the retention time
in the colon pectins can directly interact with intestinal epithelial as well
as resident immune cells in the intestinal epithelium and lamina propria
as they can pass through the gut barrier [28]. Therefore, it is important
to determine the direct effects of pectins or other dietary fibers with
immune cells, like macrophages, that are well represented among the
phagocytes present in the lamina propria of the chicken gut associated
lymphoid tissue.

In this study the immunomodulatory properties of pectins on chicken
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monocyte derived macrophages, and HD11 cells, a macrophage cell line,
are reported. The main findings are that the studied pectins can indeed
interact with chicken TLRs and depending on the specific pectin can
activate chicken TLR4 or interact with TLR2, not leading to activation of
the TLR but competitively inhibiting the binding of activating ligands.
The pectins used in this study may be nominated as feed additives in
poultry. The chemical composition of pectins is described in a recent
study which showed differences in degree of methylation (DM), mono-
saccharide composition, and molecular weight among these pectins
(Oost et al., manuscript in preparation). Pectin SPE6 and SPE7 are
regarded as high DM pectins (DM 63) and have high molecular weights
(around 135 kDa) compared to SPE8 which is low DM pectin (DM 26)
and also has a lower molecular weight (115 kDa). It has also been
described that these pectins differentially affected short chain fatty acid

production and microbiota composition in the in vitro chicken gut model
CALIMERO-2 (Oost et al., manuscript in preparation). However, how
and if these pectins can affect chicken immune cells is still unknown.
TLRs are the most defined Pattern recognition receptors (PRR) and
multiple studies have described TLR dependent interaction of immune
cells with pectins in mammals [43,65,66]. Therefore, to investigate
potential interaction of pectins with chicken TLRs, initially a human TLR
reporter cell line, HEKBlue, is used as in vitro tool to determine if the
pectins has affinity for (human) TLR2 and 4. Pectin SPE6 and SPE7
stimulated cells via TLR2 while having no effect on TLR4, whereas SPE8
activated both TLR2 and TLR4. Previous studies have shown activation
of immune cells via TLR2 and TLR4 in humans and mice by pectins
derived from different sources [46,65,67]. None of the pectins activated
the HEKBlue Nulll cells, which rules out the possibility of a TLR-
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independent process of activation of these human cells via TLRs. The
difference in the degree of activation of TLR2 by pectins or activating a
different TLR (TLR2 or TLR4) may be due to variation in chemical
composition, for example the degree of methylation (DM) but our set of
pectins is too small to determine proper structure activity correlations
and other factors than DM cannot be ruled out. However, since SPE8 is a
low DM pectin, this might be the reason that TLR4 might be involved
behind activation. A previous study has described the activation of TLR4
by low DM pectins [46].

After the initial activity observations using human TLRs, the effect of
pectin on chicken macrophages was determined. Stimulation of chicken
derived HD11 cells with the three pectins significantly upregulated IL10
and iNOS gene expression, while having no effect on TNFa gene
expression. The effect of the pectins on the IL10 and iNOS was compa-
rable to PAM3CSK4, a TLR2 agonist. This observation is in agreement
with a previous study which has described TLR2-induced upregulation
of IL10 by human THP1 macrophages after stimulation with pectins in
vitro [42]. Interestingly, activation of HD11 cells after interaction with
pectins, leading to increased iNOS gene expression did not result into
actual nitric oxide production except for SPES. It is unclear whether the
difference in NO production (positive for PAM3CSK4 and SPES8, none for
SPE6 and SPE?7) is related to the extent of upregulation of the iNOS gene,
which was highest for SPE8, (Fig. 3B) or whether SPE6 and SPE7
somehow block the gene translation pathway of iNOS, by interfering
with one of the signaling molecules in the pathway, a phenomenon
which has been described in earlier studies for guluronate oligosac-
charides [68], but this is obviously highly speculative. A similar

10

outcome is observed in term of NO production when chicken MDMs
were stimulated with pectins that only SPE8 stimulated MDMs produced
NO.

We also determined the phagocytic activity of chicken MDMs after
stimulation with pectins. SPE6 and SPE7 did not increase phagocytosis
of GFP labelled E. coli compared to the unstimulated control. In contrast,
pectin SPE8 increased phagocytosis of E. coli, but to a lower extent than
PAMB3CSK4. This effect of SPES is likely explained by the fact that it can
stimulate TLR4 (as shown in Fig. 2) which is known to increase
phagocytosis. The effect of pectins on phagocytosis has been studied
before with mixed outcomes depending on the pectin and macrophages
used [50,69-71], hence no consensus on the effect of pectins on levels of
phagocytosis. Most likely the varying chemical and structural charac-
teristics of pectins from different sources play a big role in phagocytic
capacity.

To further investigate whether that the pectins used in this study may
be ligands for chicken TLR2, competition studies with PAM3CSK4 were
performed. We hypothesized that since the pectins seem to have lower
affinity than PAM3CSK4 to activate cells via TLR2, competition between
pectins and PAM3CSK4 should result in a lower activation than
PAM3CSK4 alone. Our observation in the pre-incubation experiments
that resulted in lower NO production of HD11 cells and MDMs, and
reduced phagocytic capacity of HD11 cells confirms the hypothesis. Pre-
exposure of the macrophages to the pectins resulted in less PAM3CSK4
induced activation of HD11 cells, most likely due to decreased binding
of PAM3CSK4 to TLR2. The hypothesis is confirmed by the flow
cytometry analysis that showed that less binding of fluorescently
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labelled PAM3CSK4 to HD11 cells after pre-incubation with pectins.
An alternative explanation for these observations could be that the
pectins are not competing for TLR2 binding but actually bind
PAM3CSK4 itself and thereby partially inhibit PAM3CSK4 binding to
TLR2. The ITC results showed that SPE8 indeed binds to PAM3CSK4 and
that this may contribute to the described effects on PAM3SCK4 activa-
tion of HD11 cells, but it is difficult to predict exactly how much this
direct binding contributes to inhibition of PAM3CSK4 induced activa-
tion. More importantly, no binding to PAM3CSK4 was observed for SPE6
and SPE7 suggesting that for these HM pectins binding to TLR2 can be a
way by which these pectins reduced PAM3CSK4 activation of HD11
macrophages. The difference in the binding to PAM3CSK4 between LMP
SPE8 and HMP SPE6/SPE7 was striking and very likely related to the
difference in structure between these pectins. In line with this expla-
nation, previous literature has shown that (low DM) lemon pectins
blocked TLR2 on HEK-Blue TLR2 cells [72,73]. The same was described
for an orange pectin with high DM and degree of blockiness (DB) which
inhibited TLR2/1. Although it is difficult to directly compare the effect
of different pectins used in different experimental setups, it is interesting
to note that despite the differences in TLR2 structure and dimerization
characteristics between chicken TLR2 and mammalian TLR2 [74,75],
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the general concept of pectin mediated activation may be comparable.

5. Conclusions

The current study demonstrates that the studied pectins have direct
effects on chicken macrophages and we hypothesize that this may occur
via their interaction with TLRs in a pectin structure-dependent manner.
Specifically, we hypothesize that SPE8 binds and activates TLR4, while
all three pectins, to some extent, can interact (but not activate) TLR2,
thereby hindering activation of TLR2 by other ligands. The direct
immunomodulatory influence is a significant factor for feed additives
like pectins, as they may come into contact with immune cells in the
intestinal tract. It is of high importance to determine these effects in the
target animal for which the pectins are intended to be used, in this case
chicken, since immune receptors and immune regulation can differ
considerably between species. It has been described that pectins may
pass the intestinal barrier to directly interact with dendritic cells in
humans and mice [28,76,77], indicative that this could happen in
chicken as well. Although this study did not set up to determine a cor-
relation between structural characteristics of pectins and their interac-
tion with macrophages, the differences in functional immunological
properties of SPE6/SPE7 and SPES8 can likely be contributed to differ-
ences in their methyl ester level and distribution. For a more funda-
mental understanding of how these pectins interact with TLRs a
systematic approach with many more different pectins could be evalu-
ated. In addition, further in vivo studies are required to determine more
clearly how in vitro results correlate to immunomodulatory properties of
pectins in disease models in chickens.
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