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A B S T R A C T

Oat β-Glucans were studied for their immunological impact before and after enzymatic di-

gestion in order to enhance the efficacy of oat β-Glucans for application in functional foods.

Oat β-Glucan is reported to have minimal impact compared to its fungal counterpart in vitro.

Digestion with endo-glucanase enhanced its efficacy towards stimulating MCP-1, RANTES,

IL-8, and IL-4 production in human dendritic cells as compared to the nondigested β-Glucan.

This effect resulted from an enhanced activation of the Dectin-1 receptor. Our data suggest

that the immune-stimulation was dependent on the β-(1-3) linkages and the reduced par-

ticle size of digested β-Glucans. Thus, we show that enzymatic pre-digestion of dietary fibres

such as oat β-Glucan enhances its impact on specific immune receptors. We also demon-

strate that particle size and/or molecular weight of oat β-Glucans and exposure of specific

binding sites for the receptors might be important tools for designing efficacious func-

tional feed and food additives.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Evidence is accumulating that dietary fibre intake reduces the
chance on typical Western diseases (Sonnenburg & Sonnenburg,
2014) .This includes diseases with an immune component such
as inflammatory bowel disease (Oliveira et al., 2013). The exact
mechanisms behind this are not fully understood, but factors
that were suggested to play a role are changes in gut microbiota
composition and short chain fatty acid (SCFA) profiles in the in-
testine.These changes have been reported to attenuate immune
responses as shown in several mice studies (Arpaia et al., 2013;
Hansen et al., 2013; Smith et al., 2013) and clinical trials (Kiely,
Ajayi, Wheeler, & Malone, 2001; Lecerf et al., 2012; Meijer, de Vos,
& Priebe, 2010). More recently, it has been shown that many
dietary fibres activate the so-called pattern recognition recep-
tors (PRRs) on gut immune cells (Bermudez-Brito et al., 2015) and
modulate immune responses as well as gut barrier function (Vogt
et al., 2014). Insight in methods to enhance or regulate the impact
of immune activating dietary fibres on PRRs can become a helpful
tool in designing novel functional food and feed additives.

β-Glucan with β-(1-3) linkages from fungi is one of the first
discovered dietary fibre with immune-activating properties via
direct binding to PRRs (Brown et al., 2002). The β-Glucan mol-
ecule binds the PRR C-type lectin domain family 7 member A
(CLEC7A) receptor also known as Dectin-1 receptor (Brown et al.,
2002). β-Glucans can be found in many food and feed ingre-
dients like yeast cell walls and oat (Knudsen, 2014). Reportedly,
the immune activating capacity of oat depends on its β-(1-3,
1-4) Glucan content (Estrada et al., 1997) and oat glucans are
commonly applied in feed and food products (Bartlomiej,
Justyna, & Ewa, 2012). Despite these beneficial immune effects,
the molecular mechanisms by which the effects of oat β-Glucan
are accomplished are not completely understood. While pu-
rified oat β-Glucan has been shown to have only limited
immune activating capacity in vitro compared to for example
fungal β-Glucans (Noss, Doekes, Thorne, Heederik, & Wouters,
2013), substantial beneficial effects have been reported for oat
β-Glucan in vivo (Murphy, Davis, Carmichael, Mayer, & Ghaffar,
2009; Volman et al., 2010). This might be explained by chemi-
cal modification of oat β-Glucans by digestion in the intestine.

The difference in β-(1-3), β-(1-6), or β-(1-4) linkages in
β-Glucan molecules are considered a major reason for differ-
ences in immune activating capacity of different β-Glucans
(Adams et al., 2008). β-Glucans are polymers of D-glucose linked
by β-(1-3), β-(1-6), and/or β-(1-4) linkages. The lectin binding
domain in Dectin-1 receptor is known to be specific for glucans
with β-(1-3) and β-(1-6) linkages wherein presence of β-(1-4)
along with β-(1-3) and β-(1-6) in the glucan molecule can posi-
tively influence the interaction with the Dectin-1 receptor
(Brown & Gordon, 2001). The type of linkages in β-Glucan mol-
ecules as well as solubility is source dependent (Brown &
Gordon, 2003). Oat β-Glucan is mainly composed of β-(1-3) and
β-(1-4) linkages (Estrada et al., 1997). In addition to the link-
ages in the β-Glucan molecule, Dectin-1 interaction is described
to be dependent on the particularity of the molecule (Goodridge
et al., 2011). Particulate β-(1-3) glucans from fungal source were
shown to be stronger stimulators of the Dectin-1 receptor than
soluble β-Glucans. Particulate β-Glucans cluster Dectin-1 re-
ceptors on the membrane. This clustering leads to expulsion

of neighbouring negative regulators such as CD45 and CD148
of Dectin-1 induced immune activation (Goodridge et al., 2011)
and to a strong activation in immune cells such as dendritic
cells that subsequently produce pro-inflammatory cytokines
(Yokota, Takashima, Bergstresser, & Ariizumi, 2001). Soluble β-(1-
3) Glucan is not able to cluster Dectin-1 receptors and fails to
reduce the negative regulatory pathways resulting in lower ac-
tivation patterns (Goodridge et al., 2011).

In the present study, we hypothesized that enzymatic deg-
radation of oat β-Glucans into oligomers leads to changes in
particle size and will impact the oat β-Glucan induced immune
responses in human dendritic cells by changing the binding
kinetics to the Dectin-1 receptor.The interaction of the polymer
and enzymatic digested molecules were studied with two splice
variants of human Dectin-1, i.e. Dectin-1A and Dectin-1B.
Dectin-1A has a stalk region between the extracellular domain
and the transmembrane domain which is absent in Dectin-
1B with possible effects for immune activation (Willment,
Gordon, & Brown, 2001; Yokota et al., 2001). Additionally, the
relationship between activation patterns of oat β-Glucan with
particle size was studied.

2. Material and methods

2.1. β-Glucans and enzymatic modification

Commercial oat β-(1-3, 1-4) Glucan (medium viscosity) was pur-
chased from Megazyme (Wicklow, Ireland). Endo-glucanase from
Aspergillus niger was provided by DSM Food Specialities (Delft,
the Netherlands). β-Glucan (10 mg/mL) was suspended in 10 mM
sodium acetate buffer (pH 5.0). Enzyme was added at 0.5 µL/mg
β-Glucan. The mixture was incubated at 37 °C for 12 hours in
a head-over-trail rotator. Enzyme was inactivated by boiling the
mixture for 10 min. Solutions (1.0 mL) were filtered through a
0.22 µm filter membrane for chemical characterization. Other
solutions were lyophilized for further analysis.

β-Glucan samples were tested using a LPS specific ELISA
(ELISA kit from Clone-cloud corp., Houston, TX, USA). The LPS
concentration was lower than the detection levels of 4 ng/mL.
None of the β-Glucan samples applied in this study were re-
sponsive at this concentration.

2.2. Molecular weight distribution measurement by
HPSEC

To monitor the molecular weight change of β-Glucan after
enzyme treatment, high performance size exclusion liquid chro-
matography (HPSEC) was performed on an Ultimate 3000 HPLC
system (Thermo Scientific, Waltham, MA, USA) using a PWX-
guard column (6 mm i.d. × 40 mm, Tosoh Bioscience, Tokyo,
Japan) and three TSK-gel columns connected in series (4000,
3000, and 2500 SuperSW, 6 mm i.d. × 150 mm per column,Tosoh
Bioscience,Tokyo, Japan). A sample of 10 µL (2.5 mg/mL in 10 mM
sodium acetate buffer, pH 5.0) was injected and eluted with
0.2 M sodium nitrate at a flow rate of 0.6 mL/min at 55 °C. The
HPLC system was controlled by Chromeleon version 7. Detec-
tion was achieved with a refractive index (RI) detector Shodex
R101 (Showa Denko, Japan). The molecular mass distribution
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of polysaccharides was estimated by applying pullulan stan-
dards (Sigma-Aldrich, St Louis, MO, USA).

2.3. Characterization of monosaccharide and
oligosaccharides by HPAEC

The enzymatically released monosaccharides and oligosac-
charides were analysed by high performance anion exchange
chromatography (HPAEC) using an ICS 5000 system (Thermo
Scientific) equipped with a CarboPac PA-1 column (2 mm
i.d. × 250 mm) in combination with a CarboPac guard column
(2 mm i.d. × 50 mm) and pulsed amperometric detection (PAD).
A gradient elution was performed by varying the proportion
of solvent A (1 M NaOAc in 0.1 M NaOH) to solvent B (0.1 M
NaOH) at a flow rate of 0.3 mL/min. The solvent gradient was
as follows: 0–36 min from 0 to 40% A; 36–40 min washing step
with 100% A; 40–55 min equilibration step with 100% B.

2.4. Particle size measurement

The particle size of β-Glucan with and without enzymatic di-
gestion was determined using laser light diffraction (Mastersizer
2000, Malvern Instruments Ltd, Malvern, UK) equipped with
a Hydro SM sample dispersion unit as described before
(Bermudez-Brito, Rosch, Schols, Faas, & de Vos, 2015).

2.5. Human Dectin-1 reporter cell lines

HEK-BlueTM Null1 cells (InvivoGen,Toulouse, France) were stably
transfected with pUNO1-hDECTIN1a or pUNO1-hDECTIN1b
plasmids (InvivoGen). The expression plasmids were linear-
ized with NotI Fast digest enzyme (Thermo scientific). HEK-
BlueTM Null1 (InvivoGen) cells were seeded at 500,000 cells/mL
in 12-well culture plates (Corning costar, New York, NY, USA)
and incubated overnight in DMEM culture media (Lonza, Basel,
Switzerland) with 10% de-complemented foetal calf serum (60 °C
for 1 hour), 50 U/mL Penicillin (Sigma-Aldrich), 50 µg/mL Strep-
tomycin (Sigma-Aldrich) and 100 µg/mL Normocin (InvivoGen).
The next day, transfection was performed using Lipofectamine
LTX® (Life technologies, Carlsbad, CA, USA). Purified, 1 µg linear
plasmid was diluted in low serum media Opti-MEM® (Life tech-
nologies) and mixed with 3.5 µL of Lipofectamine LTX® (Life
technologies).The transfection mix was incubated at room tem-
perature for 30 min and subsequently added to the cells for
24 hours incubation; transfected cells were selected using
12 µg/mL blasticidin (InvivoGen) and 100 µg/mL zeocin
(InvivoGen). Single cell clones were selected by serial dilution
in a 96-well plate.

2.6. Human Dectin-1 reporter cell line assay

HEK-Null1-Dectin-1A and HEK-Null1-Dectin-1B cell lines were
cultured and maintained in DMEM culture media (Lonza) with
10% de-complemented foetal calf serum (60 °C for 1 hour),
50 U/mL Penicillin (Sigma-Aldrich), 50 µg/mL Streptomycin
(Sigma-Aldrich), 100 µg/mL Normocin (InvivoGen) supple-
mented with 12 µg/mL Blasticidin (InvivoGen) and 100 µg/mL
Zeocin (InvivoGen). The parental cell line, HEK-BlueTM Null1
(InvivoGen) cells express soluble embryonic alkaline phospha-
tase (SEAP) under control of a NF-κB AP-1 responsive promoter.

Upon stimulation with Dectin-1 agonists, HEK-Null1-Dectin-
1A and HEK-Null1-Dectin-1B are activated, leading to transport
of NF-κB transcription factor to the nucleus resulting in ex-
pression and secretion of SEAP, which can be quantified using
Quantiblue (InvivoGen). Cells were stimulated with 1 mg/mL
oat β-Glucan for 24 hours at 37 °C. The inactivated enzyme was
added as control at a similar concentration as used to digest
β-Glucan to exclude potential artefacts due to the enzyme. Su-
pernatant of activated reporter cells were mixed with QUANTI-
Blue in a ratio of 1:10 and quantified at 650 nm using a Versa
Max ELISA plate reader (Molecular devices, Sunnyvale, CA, USA).
The NF-κB activation in unstimulated cells was subtracted from
the activation levels in stimulated cells. The assay was per-
formed in 96-well plates (Corning costar) using 10 repeats.

2.7. Human dendritic cell stimulation with β-Glucan

Human dendritic cells (MatTek, Ashland, MA, USA) were seeded
in a 96-well culture plate at 1,000,000 cells/mL in 100 µL DC-
MM (MatTek) (Bermudez-Brito et al., 2015). After 24 hours at
37 °C, each well was treated with β-Glucan at 100 µg/mL dis-
solved in DC-MM (MatTek). Untreated dendritic cells were used
as negative control. To determine the specificity of activa-
tion, Dectin-1 was first blocked with Dectin-1 blocking antibody
(InvivoGen, Toulouse, France) at 10 µg/mL for 1 hour at 37 °C
and then treated with different β-Glucan samples at 100 µg/mL,
as mentioned above. After 24 hours, supernatant was used to
quantify different cytokines/chemokines. The experiment was
performed six times.

2.8. Cytokine detection

The production of MCP-1, RANTES, IL-8, IL-4, TNF-α, and IL-
23 in human dendritic cells were quantified using the multiplex
kit (Affymetrix, Santa Clara, CA, USA). The antigen standards
provided were dissolved and diluted 4-fold to have seven se-
rially diluted standards. Magnetic beads were dispersed in a
96-well black plate and washed with a hand-held magnetic plate
holder with 150 µL wash buffer. The standards (in duplicate)
and samples (50 µL) were added to the magnetic beads, mixed
on a plate shaker and incubated overnight at 4 °C on a stable
flat surface. Next, the magnetic beads were washed three times
and incubated with 25 µL/well of antibody detection mix for
30 min on a plate shaker at room temperature. The plate was
washed three times and incubated with 50 µL/well streptavidin-
PE for 30 min at room temperature on a plate shaker. The 96-
well plate was washed three times and beads were dispersed
in 120 µL of reading buffer per well and read in a Luminex-
100 instrument with StarStation software (Luminex, Austin,TX,
USA).

2.9. Statistical analysis

The data were analysed using Graphpad Prism 5 program (La
Jolla, CA, USA) and represented with standard deviation. The
data were tested to have non-parametric distribution. The sta-
tistical differences were analysed using Mann–Whitney U-test.
p value < 0.05 was considered statistically significant (*p < 0.05,
**p < 0.01, and ***p < 0.001).
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3. Results

3.1. Characterization of β-Glucan and its digests

Molecular mass distribution of untreated and enzymatic di-
gested β-(1-3, 1-4) Glucan was analysed with HPSEC (Fig. 1).
Incubation with endo-glucanase decreased soluble high mo-
lecular mass β-Glucan (370 kDa) to low molecular mass
oligosaccharides (<3.0 kDa). Oligosaccharides formed upon deg-
radation of oat β-Glucan were further characterized using HPAEC
(Fig. 2). Cello-oligosaccharides were used as standards to iden-
tify the oligomers. In addition to monomeric glucose a range
of (1-4)-β-D-gluco-oligosaccharides with different degrees of
polymerisation (DP; DP2-7) were formed after digestion with
endo-glucanase. The other unidentified peaks presumably rep-
resent various (1-3),(1-4)-β-D-gluco-oligosaccharides and (1-
4)-β-D-gluco-oligosaccharides with a DP > 10.

3.2. Digested oat β-Glucan is a more potent stimulators
of dendritic cells than the β-Glucan polymer

To study the immune modulating capacity of nondigested and
digested oat β-Glucan, human dendritic cells were incubated

with soluble nondigested or endo-glucanase digested oat
β-Glucan and studied for cytokine/chemokine production. Den-
dritic cells were stimulated with oat β-Glucan in the presence
or absence of Dectin-1 blocking antibody, to study the Dectin-1
dependency of the cytokine production. After 24 hours, super-
natants were analysed for the presence of innate cytokines
MCP-1, RANTES, IL-8, the Th2 promoting cytokines IL-4, the Th1
stimulating cytokines TNF-α, and the Th17 supporting cytokines
IL-23.

When compared to nondigested oat β-Glucan, the di-
gested oat β-Glucan had a stimulating effect on several
chemokines and cytokines. The digested oat β-Glucan induced
a 1.4 fold higher production of MCP-1 (p < 0.05) and a 4.6 fold
enhancement of RANTES production (p < 0.01) as compared to
nondigested oat β-Glucan (Fig. 3). Also the production of the
chemotactic cytokine IL-8 (p < 0.01) and the Th2 promoting
cytokine IL-4 (p < 0.05) were increased.The production of TNF-α
and IL-23 were not statistically significantly different between
the digested and the nondigested oat β-Glucan, but we found
a consistent trend of increased production with the digested
oat β-Glucan. The statistically increased production of MCP-
1, RANTES, IL8, and IL-4 by the digested oat β-Glucan was not
observed in the presence of a Dectin-1 blocking antibody il-
lustrating that the enhancement of these cytokines is Dectin-1
dependent (Fig. 3). Production of IL-8 and IL-23 after Dectin-1
antibody treatment with digested β-Glucan was less reduced
compared to nondigested β-Glucan (p < 0.01).

3.3. Digested oat β-Glucan activate Dectin-1 more than
nondigested oat β-Glucan

Next, we investigated whether the difference in immune ac-
tivation between the nondigested β-Glucan and the digested
β-Glucan can be explained by a difference in activation of the
Dectin-1 receptor. To this end, we developed HEK293 reporter
cell lines with Dectin-1 receptors and an NF-κB responsive SEAP
reporter gene. This was done both for Dectin-1A (full length)
and Dectin-1B (stalk-less variant), which are the two differ-
ent human splice variants of the Dectin-1 receptor. As shown
in Fig. 4, the enzymatic digested oat β-Glucan had a statisti-
cally significant higher impact on both Dectin-1A and Dectin-
1B (p < 0.001) when compared to the nondigested oat β-Glucans.
These differences could not be explained by the presence of
enzyme in the digested samples as the control containing in-
activated enzyme could not activate any of the Dectin-1 reporter
cell lines.

3.4. Difference in activation of Dectin1 by nondigested
and digested oat β-Glucan is particle size dependent

As it has been reported that the impact of β-(1-3) Glucan mol-
ecules on Dectin1 is dependent on the particular nature of the
β-Glucans (Goodridge et al., 2011), we questioned whether this
could be an explanation for the differences in Dectin1 activa-
tion between nondigested and enzymatic digested oat β-Glucan.
The majority (90%) of the particles of nondigested β-Glucan were
found to have a wide size range of 51.4–2000 µm, with an
average median particle size of 251.1 µm. Enzymatic diges-
tion by endo-glucanase resulted in a shift of the particle size
distribution towards smaller particles (Fig. 5). The average

Fig. 1 – HPSEC elution patterns of oat β-Glucan before (solid
line) and after (dotted line) endo-glucanase digestion.
Molecular weight (Mw) calibration as indicated is based on
pullulans with distinct Mw.

Fig. 2 – HPAEC elution patterns of oat β-Glucan digested
with endo-glucanase (a) and of standard cellodextrins (b).
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median particle size of digested β-Glucan was decreased to
106.9 µm with a range between 2.4 to 590.1 µm. This suggests
that smaller particles of endo-glucanase digested oat β-Glucan
might be associated with a more pronounced impact on human
dendritic cells.

4. Discussion

Oat is one of the main sources for β-(1-3, 1-4)Glucan in food
and feed (Knudsen, 2014). Its efficacy as immunomodulating

dietary fibre was subject of debate because of the reported
limited immune activating capacity of oat β-Glucan in vitro (Noss
et al., 2013). Our study shows that discrepancies between in
vitro and in vivo observations of oat β-Glucan might be caused
by the fact that the immunological potency of oat β-Glucan is
developed in vivo upon degradation of oat β-Glucan by
microbiota-derived enzymes in the gastrointestinal tract. In this
study, we applied the enzyme endo-glucanase in our design
to follow the changes in efficacy of Dectin-1 activation by oat
β-Glucan as model for the fate of oat β-Glucan in vivo. Endo-
glucanase is one of the carbohydrate digesting enzymes
produced by commensal microbiota degrading β-(1-3, 1-4)

Fig. 3 – Enzymatic digested oat β-Glucan activates dendritic cells stronger than the nondigested samples. Human dendritic
cells treated with soluble nondigested or enzyme digested β-Glucan. Co-incubation with Dectin-1 blocking antibody
(‘+dectin1 ab) and unstimulated dendritic cells is (DC) were used as control. The indicated statistical differences were
measured by Mann–Whitney U-test at n = 6 (*p < 0.05; **p < 0.01).
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Glucans from the diet (Beckmann, Simon, & Vahjen, 2006; El
Kaoutari et al., 2013). As shown, endo-glucanase digestion
induced chemical as well as particle size changes and was as-
sociated with enhanced activation of Dectin-1. The digestion
of oat β-Glucan resulted in a stronger immune response in den-
dritic cells through stimulation of both splice variants of Dectin-
1, i.e. Dectin-1A and Dectin-1B.

Based on our observations, we propose the following mecha-
nisms by which the efficacy of Dectin-1 activation and
associated immune activation is enhanced (Fig. 6). Upon di-
gestion by the endo-glucanase, oat β-Glucan undergoes cleavage
of the β-(1-4) linkages, as confirmed by presence of cellodextrins
and β-(1-3) linkage enriched (1-3, 1-4)-β-D-gluco-oligosaccharides
in the digests. This cleavage does bring many changes in the
molecular weight and the mean particle size of oat β-Glucans.
It is likely that more β-(1-3) linkages were accessible to the
Dectin-1 receptor after the endo-glucanase cleavage of oat
glucan. These β-(1-3) linkages in β-Glucan are the primary

linkages responsible for Dectin-1 binding and activation (Adachi
et al., 2004).The availability of β-(1-3) linkages for Dectin-1 might
be further enhanced by the presence of smaller size glucan par-
ticles having a higher surface area and therefore facilitate the
interaction between Dectin-1 and the enzymatically exposed
β-(1-3) linkages of oat β-Glucan. Also, the particle size of di-
gested oat β-Glucan is in the range described to cluster receptors
leading to a strong activation in immune cells (Goodridge et al.,
2011). This clustering of Dectin-1 receptors has been de-
scribed for particulate fungal β-Glucans with a size of 3 µm.
Endo-glucanase digestion of oat-β-Glucan reduced the par-
ticle size from 51.4–2000 µm to 2.4–590.1 µm particles, and thus
includes particles sizes reported to cluster Dectin-1 receptors
(Goodridge et al., 2011).

The immune activating potential of oat β-Glucan was studied
in both human dendritic cells and Dectin-1 reporter cell lines.
Surprisingly, the effects of digested oat β-Glucan were more
pronounced in dendritic cells than in reporter cell lines. Ac-
tivation of the Dectin-1 receptor in the reporter cells lines is
demonstrated only via NF-κB mediated production of SEAP. Al-
though, NF-κB is an important transcription factor, it is not the
only downstream pathway activated through Dectin-1 activa-
tion in normal immune cells such as dendritic cells. In dendritic
cells, other transcription factors like NFAT are also activated
downstream and contribute to production of pro-inflammatory
cytokines (Goodridge, Simmons, & Underhill, 2007; Gringhuis
et al., 2009). Production of IL-8 and IL-23 by digested oat
β-Glucan was less reduced by dectin-1 antibody in dendritic
cells compared to nondigested β-Glucan. These differences
might be due to interaction of digested oat β-Glucan with other

Fig. 4 – Enzymatic digested oat β-Glucan activates Dectin-1
stronger than the nondigested β-Glucan. Dectin-1A (4A)
and Dectin1B (4B) activation was represented as NF-κB
activation and measured at 650 nm. The statistical
differences were calculated using Mann–Whitney U-test at
n = 10 (***p < 0.001).

Fig. 5 – Enzymatic digestion reduces median particle size of
oat β-Glucan. (a) Particle size distribution curves and
(b) cumulative particle size distributions before and after
enzyme digestion.
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immune receptors like complement receptor 3 on dendritic cells
than Dectin-1 receptors (Tsoni & Brown, 2008).

The previously reported differences between in vitro and in
vivo efficacy of oat β-Glucan should not be interpreted as a sug-
gestion that undigested oat β-Glucan has no Dectin-1 stimulatory
capacity at all. Our dendritic cell study shows that digested
β-Glucan was more immunostimulatory but also nondigested
β-Glucan enhanced production of MCP-1, RANTES, IL-8, IL-4,TNF-
α, and IL-23 in dendritic cells. This corroborates the findings of
others (Murphy et al., 2012) demonstrating enhanced produc-
tion of IL-6,TNF-α, and IL-1β by peritoneal and lung macrophages
from mice, after stimulation with undigested oat β-Glucan. Our
finding that degradation to oligomers enhances the efficacy of
oat β-Glucan induced immunomodulation is in line with other
in vivo study.This study demonstrates that specifically low mo-
lecular weight oat β-Glucan was more efficacious in preventing
LPS induced enteritis in mice than a high molecular weight coun-
terpart (Wilczak et al., 2015).

Our data demonstrate that enzymatic modification of dietary
fibres such as oat β-Glucan in the gastro-intestinal tract might
enhance the impact of dietary fibres directly on pattern rec-
ognition receptors. To our opinion, this is an important finding
as it might lead to better design of immune-active oat β-Glucan
for both feed and food. We feel that our system in which treat-
ment by fungal enzymes is mimicking in vitro digestion might
contribute to a better understanding of the efficacy and mecha-
nisms of action of dietary fibres in vivo and enhance the
predictive value of in vitro assays. Also, it reveals to our opinion
a novel type of interplay between dietary fibres, microbiota,
and immunity. Up to now, the immune effects of dietary fibres
are predominantly assumed to occur via stimulation of immune
cells by intact dietary fibres and the formation of immune re-
sponse attenuating SCFA after fermentation/utilisation by the
microbiota (Arpaia et al., 2013; Hansen et al., 2013; Smith et al.,
2013). Here, we demonstrate that microbiota derived enzymes
can transform dietary fibres into more bioactive oligosaccha-
rides or structures that after digestion have enhanced impact
on pattern recognition receptors. This may be another novel
process in the interplay between dietary fibres, intestinal mi-
crobial ecology, and immune responses. A better understanding

of this interplay may lead to design of better and more tar-
geted efficacy of dietary fibres and might be microbiota
composition dependent.

Application of enzymatically digested oat β-Glucan in diets
might result in improvement of specific immune responses.
Normally, oat β-Glucan is fermented in the colon (Knudsen,
Jensen, & Hansen, 1993) and has, as a consequence, minimal
effects in the small intestine (Mowat & Agace, 2014) where the
majority of immune signalling occurs. The immune effects can
be introduced in the small intestine by applying enzymatic di-
gested oat β-Glucan in food and feed. It enhances chemokine
RANTES, which is an important mediator against viral infec-
tions (Crawford, Angelosanto, Nadwodny, Blackburn, & Wherry,
2011; Gudmundsdottir & Risatti, 2009) and bacterial infec-
tions (Chen et al., 2015; Kikuchi et al., 2000).The use of digested
oat β-Glucan might therefore lead to reduction of the use of
antibiotics in the live-stock industry (McEwen & Fedorka-Cray,
2002). Also, our approach of physicochemical analysis in com-
bination with demonstrating biological efficacy enhancement
might be helpful tools for food and feed companies to con-
trollably modify structure and particle size of β-Glucans or other
dietary fibres for targeted purposes.

5. Conclusions

In summary, we show that endo-glucanase digestion of oat
β-Glucan increases its immune activating potential in human
dendritic cells through increased activation of Dectin-1 recep-
tors. The increased immune activity of digested oat β-Glucan
might be attributed to enhanced exposure of β-(1-3) linkages
after digestion and by reduced particle size.The endo-glucanase
digestion mimics the β-Glucan digestion by microbiota derived
enzymes.Thus, enzymatic digestion of oat β-Glucan is a mecha-
nism for in vivo enhancement of immune activating effects of
oat β-Glucan and also a possible strategy for industry to enhance
oat β-Glucan immune stimulating effects in feed and food
applications.

Fig. 6 – Proposed mechanism of increased immune-activity of enzyme digested oat β-Glucan. The endo-glucanase digestion
of oat β-Glucan leads to reduced particle sizes of β-Glucan and more exposed β-(1-3) linkages that interact with the Dectin-1
receptor. Smaller particle size provides increased surface area, supporting better stimulation of dendritic cells through
clustering and activation of Dectin-1 receptors.
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