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Dietary Intake of Yeast-Derived 𝜷-Glucan and Rice-Derived
Arabinoxylan Induces Dose-Dependent Innate Immune
Priming in Mice

Bart G. J. Moerings, Jurriaan J. Mes, Jeroen van Bergenhenegouwen, Coen Govers,
Miriam van Dijk, Renger F. Witkamp, Klaske van Norren, and Suzanne Abbring*

Beta-glucans and arabinoxylans are known for their immunostimulatory
properties. However, in vivo these have been documented almost exclusively
following parenteral administration, underemphasizing oral intake.
C57BL/6 mice are fed either a control diet or a diet supplemented with
yeast-derived whole 𝜷-glucan particle (yWGP) or with rice-derived
arabinoxylan (rice bran-1) at a concentration of 1%, 2.5%, or 5%
weight/weight (w/w) for 2 weeks. Thereafter, cells from blood, bone marrow,
and spleen are collected for ex vivo stimulation with various microbial stimuli.
Dietary intake of yWGP for 2 weeks at concentrations of 1% and 2.5% w/w
increases ex vivo cytokine production in mouse blood and bone marrow,
whereas 5% w/w yWGP shows no effect. In the spleen, cytokine production
remains unaffected by yWGP. At a concentration of 1% w/w, rice bran-1
increases ex vivo cytokine production by whole blood, but 2.5% and 5% w/w
cause inhibitory effects in bone marrow and spleen.
This study demonstrates that dietary yWGP and rice bran-1 induce immune
priming in mouse blood and bone marrow, with the strongest effects observed
at 1% w/w. Future human trials should substantiate the efficacy of dietary
𝜷-glucans and arabinoxylans to bolster host immunity, focusing on dose
optimization.
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1. Introduction

Traditionally, innate immunity was be-
lieved to lack the ability to adapt after an
initial encounter with a pathogen. How-
ever, recent observations have shown
that upon stimulation various adapta-
tions can occur in innate immune cells,
resulting in either enhanced or dimin-
ished immune responses. Examples in-
clude cell differentiation, trained immu-
nity, tolerance, and priming.[1–3] During
priming, the initial stimulus alters the
functional state of innate immune cells,
and their immune status does not re-
vert to baseline before the subsequent
stimulation or infection occurs.[1] Conse-
quently, the influence of a second chal-
lenge in primed cells typically exhibits an
additive or synergistic effect with the ini-
tial stimulus. Unlike adaptive immunity,
this altered innate immune response is
not only specific to the initial trigger
but also to unrelated secondary stimuli.[2]
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Although adaptations in innate immune compartments were ini-
tially identified in the context of vaccinations, subsequent re-
search has demonstrated that specific nutritional components
can also impact innate immune functioning.[4,5] This renders it
one of the mechanisms through which dietary components con-
tribute to shaping the immune system and the promotion of over-
all health.
Fungal-derived 𝛽-glucans have gained much attention as

ligands for pattern recognition receptors (PRRs) which play
key roles in immune modulation.[6] Beta-glucans are glucose
polymers whose structure is determined by their source of
origin.[7] For instance, 𝛽-glucans derived from fungi are mainly
characterized by the presence of 𝛽-(1,6)-linked branches along
the 𝛽-(1,3) linear backbone.[8] A substantial body of litera-
ture indicates that fungal-derived 𝛽-glucans are recognized
as microbe-associated molecular patterns (MAMPs). Through
activation of PRRs, they induce immune mechanisms and
modulate the response to infection, inflammation, and can-
cer progression.[9,10] In addition, PRR activation by fungal 𝛽-
glucans has also been shown to induce trained innate im-
munity, as demonstrated through extensive in vitro studies
using various cellular models[11–13] and, to a lesser extent,
in vivo experiments.[14] As an example, when human mono-
cytes are pre-exposed to 𝛽-glucans, their immune response
is enhanced upon a subsequent secondary stimulation with
microbial ligands in vitro.[12] Furthermore, animal studies
have demonstrated that systemic administration of 𝛽-glucan
provides macrophage-mediated protection against subsequent
pathogenic challenges such as Candida albicans and Staphylococ-
cus aureus.[12,15]

Apart from 𝛽-glucans, arabinoxylans have also gained at-
tention as potent immunomodulators.[16] Arabinoxylans, found
in cereals, constitute a major part of human dietary fiber
intake and consist of a 𝛽-(1,4)-linked xylose backbone with
arabinose branches substituted at the xylose O-2 and/or O-
3 positions.[17] In vitro studies have demonstrated that arabi-
noxylans have a wide variety of immunostimulatory effects on
innate immune cells.[18–21] For example, we recently reported
that rice bran-derived arabinoxylan preparations were able to
enhance immune activity in primary human macrophages.[5]

In vivo studies have revealed that orally administrated ara-
binoxylans can activate the innate immune system, leading
to increased NK cell activity against neuroblastoma and tu-
mor formation, as well as elevated numbers of myeloid-
derived dendritic cells in the peripheral blood of multiple
myeloma patients.[22–24] Furthermore, a dietary intervention
study in healthy older individuals revealed that oral admin-
istration of an arabinoxylan preparation tended to increase
antibody titers and seroconversion rates following influenza
vaccination.[25]

Despite recent progress in understanding immune responses
following parenteral administration of 𝛽-glucans, the effective-
ness of orally administered 𝛽-glucans and arabinoxylans is
not well understood.[26,27] Particularly in human clinical stud-
ies, there remains uncertainty about the extent of gastroin-
testinal absorption and the subsequent peripheral availabil-
ity of 𝛽-glucans. For instance, Leentjens et al. reported min-
imal detectable serum concentrations of 𝛽-glucan, along with
a lack of effect on leukocyte cytokine production and mi-

crobicidal activity.[28] Although established systemic presence
in humans is lacking, there is evidence suggesting favor-
able outcomes for upper respiratory infections (URTIs) fol-
lowing oral ingestion.[29,30] Beta-glucans and arabinoxylans, as
part of a healthy diet or supplements, offer promising can-
didates that would support host immunity in the defense
against pathogens.[31] However, additional research is needed
to determine the efficacy of oral administration of these
fibers, including the identification of optimal sources and
dosages.
The current study aims to investigate whether dietary in-

take of 𝛽-glucan and arabinoxylan enhances innate immune
responsiveness in mice. In addition, we aimed to identify the
most effective oral dose. To this end, mice were fed either a diet
supplemented with yeast-derived whole glucan particle (yWGP),
or a diet supplemented with an arabinoxylan preparation derived
from rice bran (rice bran-1) at a concentration of 1%, 2.5%,
or 5% weight/weight (w/w) for 2 weeks. Cells from different
immunological organs were subsequently isolated and ex vivo
challenged to assess a potential priming effect.

2. Experimental Section

2.1. Diets

Yeast-derived whole 𝛽-glucan particle (yWGP; Invivogen,
Toulouse, France) or a preparation of arabinoxylans isolated
from rice bran (rice bran-1 (RiFiber); RiceBran Technologies,
The Woodlands, TX, USA) was added to the AIN-93 M diet at
a concentration of 1%, 2.5%, or 5% w/w (with a correction for
fiber purity) at the expense of cellulose (Table S1, Supporting
Information; Ssniff Spezialdiäten GmbH, Soest, Germany). The
AIN-93 M diet without 𝛽-glucan or arabinoxylan supplemen-
tation was used as control diet. The characteristics of yWGP
and rice bran-1, such as solubility, protein content, molecular
weight distribution, branching and linkages, monosaccharide
composition, total saccharide content (i.e., purity), and LPS/LTA
contamination levels can be found in Table S2, Supporting
Information.

2.2. Animals

Male C57BL/6J mice, aged 4 weeks (Envigo, Horst, The Nether-
lands), were housed in conventional type II cages (n = 3/cage)
with wood–wool bedding, a play tunnel, and a gnawing stick on
a 12 h light/dark cycle in humidity- (66 ± 2.5%, mean ± SD) and
temperature (21 ± 0.5 °C)-controlled conditions with unlimited
access to food and water. Mice arrived at the animal facilities in
groups of three which prevented re-randomization and aggres-
sion. Upon arrival, cages were randomly assigned to the control
and experimental groups and mice were habituated to the labo-
ratory conditions for 12 days prior to the start of the study. This
study was conducted under an ethical license of the national com-
petent authority (CCD,Centrale CommissieDierproeven) includ-
ing a positive advice from the local animal ethics committee (Wa-
geningen University, The Netherlands), and all animal proce-
dures were approved by the AnimalWelfare Body, following prin-
ciples of good laboratory animal care—securing full compliance
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Figure 1. Schematic overview of the study design. Male C57BL/6J mice were acclimated on AIN-93 M control feed to the laboratory conditions for 12
days before the start of the study. Following this habituation period, experimental groups (n = 12 per group) received a specific fiber-supplemented
diet (1% yWGP, 2.5% yWGP, 5% yWGP, 1% rice bran-1, 2.5% rice bran-1, or 5% rice bran-1 w/w) for a duration of 2 weeks. The control group (n =
12) remained on the AIN-93 M control diet. Body weight and food intake were assessed daily. At the end of the 2-week exposure period, mice were
anesthetized and euthanized by cervical dislocation. Blood and immunological organs were collected for ex vivo analysis.

to the European Directive 2010/63/EU for the use of animals for
scientific purposes.

2.3. Experimental Design

After a habituation period of 12 days on the AIN-93 M control
diet, the experimental groups (n = 12 per group) were switched
to either a yWGP- or rice bran-1-supplemented diet for 2 weeks.
For both diets, three different fiber concentrations were tested,
namely 1%, 2.5%, and 5% w/w. The control group (n = 12) re-
mained on the AIN-93 M control diet. During the study period,
body weight and food intake were assessed daily. Food intake was
determined by weighing back the food left in the cages. After 2
weeks of exposure to the different fiber-specific diets, mice were
anesthetized with isoflurane followed by blood collection via or-
bital bleeding. Immediately thereafter, mice were euthanized by
cervical dislocation, and immunological organswere collected for
the ex vivo assessment of a potential priming effect. A schematic
representation of the experimental design was shown in
Figure 1.

2.4. Whole Blood Stimulation

Lithium heparin-anticoagulated blood was collected to assess im-
mune responsiveness of whole blood.Whole blood samples were
stimulated ex vivo for 6 and 24 h with 1 µg mL-1 lipopolysaccha-
ride (LPS; derived from Escherichia coli serotype O111:B4; Sigma-
Aldrich, Zwijndrecht, The Netherlands), after which the samples
were centrifuged for 10 min at 2000 × g. Plasma was aliquoted
and stored at −80 °C until further cytokine analysis.

2.5. Isolation and Stimulation of Bone Marrow Cells

Following euthanasia of the mice, hind legs were removed from
the hip joint and bone marrow was thoroughly flushed from

both femurs and tibiae using a needle and syringe. The resulting
bone marrow cell suspension was passed through a 70 µm cell
strainer (Falcon, Corning Incorporated, Corning, NY, USA), cen-
trifuged (1400 × g, 7 min), and incubated with lysis buffer (1.5 M
NH4Cl, 0.1 M NaHCO3, and 10 mM EDTA [all from Merck,
Darmstadt, Germany] in demineralized water, filter-sterilized) to
remove red blood cells. Cells were then resuspended in RPMI
1640—Glutamax—HEPES culture medium supplemented with
10% FBS, 1%MEMnon-essential amino acids, 1% sodium pyru-
vate, and 1% penicillin/streptomycin (all from Gibco, Bleiswijk,
The Netherlands) and added to 24-well tissue culture-treated
plates (5 × 105 cells/well; Greiner Bio-One, Alphen a/d Rijn, The
Netherlands). To ex vivo assess a potential priming effect, whole
bone marrow cells were treated with 1 µg mL−1 LPS, 10 µg mL−1

PAM3Cys (EMC Microcollections, Tübingen, Germany), or 1 ×
107 cells mL−1 heat-killed Pseudomonas aeruginosa (HK-PA; In-
vivoGen, San Diego, CA, USA) for 24 h at 37 °C, 5% CO2. To
examine a priming effect in adherent bone marrow cells, non-
adherent cells were removed after overnight incubation by replac-
ing the culture medium, and adherent cells were stimulated with
LPS, PAM3Cys, or HK-PA for 6 and 24 h. The resulting super-
natants were collected and stored at−20 °C until further analysis.

2.6. Isolation and Stimulation of Splenocytes

To isolate splenocytes, spleens were collected and homogenized
using a syringe and a 70 µm cell strainer. The resulting single
cell suspensions were incubated with lysis buffer to eliminate red
blood cells. Splenocytes (5 × 105 cells well−1) were then cultured
in flat-bottomed 96-well tissue culture plates (Corning Costar,
New York, NY, USA). To ex vivo investigate a potential priming ef-
fect, splenocytes were stimulated with 1 µgmL−1 LPS, 10 µgmL−1

PAM3Cys, or 1 × 107 cells mL−1 HK-PA for 4 and 24 h at 37 °C,
5% CO2. A potential priming effect was also assessed in spleen
adherent cells. To this end, splenocytes were cultured overnight
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Figure 2. Exposure to yWGP and rice bran-1 increased pro-inflammatory cytokine levels after ex vivo LPS challenge in whole blood cultures. TNF-𝛼 (A,C)
and IL-6 (B,D) release by whole blood cultures from both rice bran-1- and yWGP-exposed animals measured in plasma samples collected 6 h after LPS
stimulation and 24 h after medium or LPS stimulation. Data are presented as mean ± SEM, n = 12 for control animals and n = 12 for yWGP- or rice
bran-1-exposed animals. *p < 0.05, **p < 0.01, as analyzed with one-way ANOVA followed by Dunnett’s multiple comparisons test.

at 37 °C, 5% CO2. The following day, nonadherent splenocytes
were removed by replacing the culture medium, and adherent
cells were stimulated with LPS, PAM3Cys, or HK-PA for 6 and
24 h. Supernatants were collected and stored at −20 °C for fur-
ther analysis.

2.7. Cytokine Measurements

The production of tumor necrosis factor alpha (TNF-𝛼), inter-
leukin (IL)-6, and IL-10 in the obtained supernatants was deter-
mined by means of ELISA (BioLegend, San Diego, CA, USA) ac-
cording to manufacturer’s protocol.

2.8. Statistical Analysis

Datawere presented asmean± standard error of themean (SEM)
and differences compared to the control group were statistically
determined using one-way ANOVA followed by Dunnett’s multi-
ple comparisons test. When data were not normally distributed,
log transformation was applied. If log transformation did not
result in normality, the non-parametric Kruskal–Wallis test fol-
lowed by Dunn’s multiple comparisons test was used. For the
results on cytokine production after ex vivo stimulation of bone
marrow cells and splenocytes, a sample size of n = 6 (instead of n
= 12) was used for the control group as values between the two co-
horts used showed significant differences. Food intake and body
weight were analyzed with two-way repeated measures ANOVA
and mixed-effects model for repeated measures, respectively, fol-

lowed byDunnett’smultiple comparisons test. All statistical anal-
yses were performed using GraphPad Prism software (version
9.3.1; GraphPad Software, San Diego, CA, USA) and results were
considered statistically significant when p < 0.05.

3. Results

3.1. Both yWGP and Rice Bran-1 Induce Innate Immune Priming
in Circulating Immune Cells

All experimental diets were consumed equally and no differences
in body weight were observed between the control and experi-
mental groups (Figure S1, Supporting Information).
To assess whether dietary intake of different concentrations

of yWGP or rice bran-1 induces immune priming in innate im-
mune cells in the circulation, TNF-𝛼 and IL-6 production was
measured after ex vivo stimulation of whole bloodwith LPS. TNF-
𝛼 and IL-6 are prototypical pro-inflammatory cytokines and are
considered direct measures of innate immune functioning. Ani-
mals exposed to all three yWGP-supplemented diets showed in-
creased TNF-𝛼 levels in whole blood cultures compared to control
animals for both 6 and 24 h LPS stimulation (Figure 2A). In addi-
tion, exposure to 1% and 5% yWGP resulted in a higher release
of IL-6. However, this difference did not reach statistical signifi-
cance (Figure 2B). Production of the anti-inflammatory cytokine
IL-10 was not affected by yWGP exposure (Figure S2A, Support-
ing Information).
For rice bran-1, exposure to the 1% concentration also in-

creased TNF-𝛼 levels compared to control animals (Figure 2C).
This effect was observed for both 6 and 24 h LPS stimulation

Mol. Nutr. Food Res. 2024, 68, 2300829 2300829 (4 of 12) © 2024 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 3. yWGP exposure enhanced immune responsiveness in bone marrow-derived cells. TNF-𝛼 and IL-6 concentrations measured in supernatant
after ex vivo stimulation of whole (A,B) and adherent (C,D) bone marrow-derived cell populations with medium or LPS for 6 and 24 h. Data are presented
as mean ± SEM, n = 6 for control animals and n = 12 for yWGP-exposed animals. *p < 0.05, **p < 0.01, ***p < 0.001, as analyzed with one-way ANOVA
followed by Dunnett’s multiple comparisons test.

(Figure 2C). IL-10 levels also tended to increase in these animals
(Figure S2B, Supporting Information). No effect of rice bran-1 on
IL-6 production was observed (Figure 2D).

3.2. yWGP Exposure Increases Ex Vivo TNF-𝜶 and IL-6 Release
Upon Stimulation of Bone Marrow Cells

Modulation of myeloid progenitor cells in the bone marrow is
an integral component of the long-lasting protective effects of
trained immunity.[32] Whole and adherent bonemarrow cell pop-
ulations from animals orally exposed to yWGP were therefore
stimulated ex vivo with different microbial stimuli (i.e., LPS,
PAM3Cys, and HK-PA) to assess effects on pro-inflammatory cy-
tokine responses. Exposure to yWGP clearly induced innate im-
mune priming effects in both the whole bone marrow popula-
tion as well as in the adherent cells (Figure 3A–D, Tables 1 and
S3, Supporting Information). One percent yWGP-exposed ani-
mals showed an enhanced TNF-𝛼 production in most conditions
tested (with the exception of the whole bone marrow population
stimulated with PAM3Cys for 24 h and the adherent bone mar-
row cells stimulated with LPS for 6 h; Figure 3A,C, and Table 1).
IL-6 production in these animals was elevated in all conditions
tested (Figure 3B,D, and Table S3, Supporting Information). The
priming effects of 2.5% yWGP were most clearly observed in
the adherent bone marrow population, particularly for TNF-𝛼
(Figure 3C and Table 1). IL-6 production in these animals was
mainly increased upon LPS stimulation (Figure 3B,D, and Table
S3, Supporting Information). Interestingly, in contrast to what

was observed in the whole blood compartment, animals orally
exposed to 5% yWGP showed no change in the secretion of TNF-
𝛼 and IL-6 (Figure 3A–D, Tables 1 and S3, Supporting Informa-
tion).

3.3. Differential Effects of Rice Bran-1 on Immune
Responsiveness of Bone Marrow Cells

Like for yWGP, immune priming effects were also assessed in
bone marrow cells from rice bran-1-exposed animals after an ex
vivo challenge. Upon 24 h LPS stimulation, the whole bone mar-
row cell population of 1% rice bran-1-exposed animals released
higher amounts of TNF-𝛼 compared to the whole bone marrow
cell population of control animals (Figure 4A), whereas no effect
on IL-6 release was observed (Figure 4B). In contrast, exposure
to 2.5% and 5% rice bran-1 did not affect TNF-𝛼 production
upon LPS or PAM3Cys stimulation, and even caused a decrease
after HK-PA stimulation (Table 1). This decrease in TNF-𝛼
production was also observed in the adherent bone marrow cell
population. After 6 h of stimulation with LPS, PAM3Cys, or
HK-PA, TNF-𝛼 levels were decreased in all rice bran-1-exposed
animals (Figure 4C and Table 1). For IL-6, the reduction was only
observed in animals exposed to the 2.5% and 5% concentration
(Figure 4D and Table S3, Supporting Information). Upon ex
vivo stimulation for 24 h with LPS (Figure 4C,D), PAM3Cys,
or HK-PA (Tables 1 and S3, Supporting Information), adherent
bone marrow cells did not exhibit any changes in TNF-𝛼 and IL-6
production.
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Figure 4. Opposing effects of rice bran-1 on bone marrow-derived cell responses. The release of TNF-𝛼 and IL-6 by whole (A,B) and adherent (C,D)
bone marrow-derived cells from rice bran-1-exposed and control animals was measured in supernatant collected 6 and 24 h after ex vivo medium or LPS
stimulation. Data are presented as mean ± SEM, n = 6 for control animals and n = 12 for yWGP-exposed animals. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001, as analyzed with one-way ANOVA followed by Dunnett’s multiple comparisons test.

3.4. Exposure to yWGP Does Not Affect Splenocyte
Responsiveness

The spleen functions as a reservoir of undifferentiated mono-
cytes that can be mobilized to the circulation in response to in-
flammatory stimuli.[33] Splenic immune cell populations of ani-
mals orally exposed to yWGP were therefore stimulated ex vivo
to investigate whether priming effects were also observed in the
spleen. Results showed no significant difference in TNF-𝛼 and
IL-6 levels in whole and adherent splenocyte populations of ani-
mals exposed to 1%, 2.5%, or 5% yWGP compared with control
animals after 4 h (whole splenocyte population) or 6 h (adherent
splenocyte population) LPS stimulation ex vivo (Figure 5A–D).
After 24 h stimulation with LPS, the whole splenocyte popula-
tion of animals exposed to 5% yWGP showed reduced IL-6 levels
compared to the control group (Figure 5B), while TNF-𝛼 levels
were not affected (Figure 5A). Adherent splenocyte populations
of yWGP-exposed animals showed no altered TNF-𝛼 or IL-6 pro-
duction after ex vivo stimulation for 24 h with LPS compared to
control animals (Figure 5C,D). Comparable to LPS stimulation,
ex vivo stimulation with PAM3Cys or HK-PA did not alter TNF-𝛼
responses by both splenocyte populations of yWGP-exposed ani-
mals (Table 2). PAM3Cys stimulation did reduce IL-6 secretion by
the whole splenocyte population of animals exposed to 5% yWGP
(Table S4, Supporting Information), which is in line with the ef-
fects observed after LPS stimulation. IL-6 production by adherent
splenocytes was not affected after PAM3Cys stimulation in these
animals. The same applied to IL-6 production after HK-PA stim-
ulation (Table S4, Supporting Information).

3.5. Splenic Immune Cell Populations of 2.5% and 5% Rice
Bran-1-Exposed Animals Show Reduced Pro-Inflammatory
Cytokine Production after Ex Vivo Challenge

To determine whether innate immune priming was induced in
the spleen after dietary intake of rice bran-derived arabinoxylan
preparations, cytokine production by splenocyte populations was
measured after ex vivo stimulation. Stimulation with LPS (Figure
6A,B), PAM3Cys, and HK-PA (Tables 2 and S4, Supporting In-
formation) for 4 h reduced TNF-𝛼 and IL-6 production from the
whole splenocyte population of animals exposed to 5% rice bran-
1 compared to control animals. This reduction in cytokine pro-
duction was also observed in splenocytes harvested from animals
exposed to 2.5% rice bran-1 after PAM3Cys and HK-PA stimu-
lation (Tables 2 and S4, Supporting Information). The 1% rice
bran-1 group only showed a reduction in IL-6 production after
PAM3Cys stimulation (Table S4, Supporting Information). After
24 h of stimulation, none of these effects were observed anymore
(Figure 6A,B, Tables 2 and S4, Supporting Information). For the
adherent splenocyte population, inhibition of cytokine produc-
tion by rice bran-1 was mainly observed after 24 h stimulation.
Exposure to both 5% and 2.5% rice bran-1 reduced the TNF-𝛼
production after LPS and PAM3Cys stimulation (Figure 6C and
Table 2). A trend towards a decrease in the production of TNF-𝛼
was observed after HK-PA stimulation (Table 2). For IL-6, effects
were less pronounced. Only a tendency towards a reduction was
observed in animals exposed to 5% rice bran-1 after LPS andHK-
PA stimulation (Figure 6D and Table S4, Supporting Informa-
tion). A reduction in cytokine production was also observed after
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Figure 5. yWGP did not induce innate immune priming in whole and adherent splenocyte populations. After 2 weeks on a yWGP-supplemented (1%,
2.5%, and 5% w/w) diet, the whole (A,B) and adherent (C,D) splenocyte populations were collected and ex vivo stimulated with medium or LPS. TNF-𝛼
and IL-6 release by splenocytes from yWGP-exposed and control animals was measured in supernatants collected 4, 6, and 24 h after medium or LPS
stimulation. Data are presented as mean ± SEM, n = 6 for control animals and n = 12 for yWGP-exposed animals. *p < 0.05, as analyzed with one-way
ANOVA followed by Dunnett’s multiple comparisons test.

6 h stimulation of adherent splenocytes, but only for PAM3Cys
stimulation (Tables 2 and S4, Supporting Information).

4. Discussion

The stimulation and maintenance of host defence mechanisms
against pathogens are of high relevance for immunocompro-
mised individuals, including the elderly. Beta-glucans and ara-
binoxylans hold significant promise as immune activators, as ev-
idenced by numerous in vitro and in vivo studies involving both
animals and human subjects.[2,12,16,25,29] However, the in vivo evi-
dence has been predominantly acquired following parenteral ad-
ministration (either peritoneal or intravenous).[34–37] By contrast,
evidence supporting their immune-enhancing effects after oral
intake, naturally the most practical method for regular consump-
tion, is only limited.[22,25,30] The present study demonstrates the
dose-dependent impact of dietary exposure to yeast-derived 𝛽-
glucan (yWGP) or arabinoxylan (rice bran-1) on immune cell
responsiveness in mice. Both yWGP and rice bran-1 increased
TNF-𝛼 and IL-6 levels in whole blood and bonemarrow cells after
ex vivo stimulation. The highest immune reactivity was observed
at the lower concentrations tested (1% and 2.5% w/w for yWGP
and 1% w/w for rice bran-1). Interestingly, no priming effects
were observed in the spleen.
Beta-glucans and arabinoxylans, found in various foods and

used in dietary supplements, are non-digestible dietary fibers.
The yWGPutilized in this study has been extensively investigated
for its immune-enhancing properties.[29,38] When administered
intravenously, intraperitoneally, or subcutaneously, 𝛽-glucans in-

creased immune responsiveness.[39,40] However, human clinical
trials involving oral consumption have reported less convincing
effects thus far.[41–43] Although numerous reports suggest en-
hanced resistance to URTIs among immunocompromised popu-
lations following oral administrations of 𝛽-glucans, these primar-
ily rely on self-reported symptoms. In the vast majority of cases,
minimal or no significant alterations were detected in immune
parameters.[41,42] Studies exploring the effects of oral 𝛽-glucan
administration on immune function have often been limited to
assessing its impact on the levels of circulating cytokines and
chemokines.[44–46] Additionally, these studies often focus on in-
vestigating only one specific source and dose of 𝛽-glucan. In the
current study, we not only explored a dose range, but assessed the
effects of oral yWGP on the functionality of innate immune cells
isolated from various compartments.
Our findings in mice that oral administration of yWGP in-

creases the ex vivo-stimulated cytokine release in whole blood
cultures are in line with the few human studies that also involved
assessing cytokine production upon ex vivo stimulation.[29,47,48]

Similar to 𝛽-glucans, we previously reported that rice bran-
derived arabinoxylan preparations have the ability to enhance in-
nate immune responsiveness in vitro.[5] Among the tested ara-
binoxylan sources, rice bran-1 exhibited the strongest effects in
vitro. Consequently, this specific arabinoxylan preparation was
selected for the present study. In line with our previous in vitro
findings and the current results obtained with yWGP, animals
exposed to rice bran-1 showed increased TNF-𝛼 levels in ex vivo-
stimulated whole blood cultures. For rice bran-1, the results were
dependent on the fiber dose. Only the whole blood cultures from
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Figure 6. Splenocytes from rice bran-1-exposed animals show reduced pro-inflammatory cytokine production following ex vivo LPS challenge. After a
2-week period of receiving a rice bran-1-supplemented diet (1%, 2.5%, or 5% w/w), the whole (A,B) and adherent (C,D) splenocyte populations were
isolated and ex vivo stimulated with medium or LPS. Release of TNF-𝛼 and IL-6 by splenocytes from rice bran-1-exposed and control animals was
measured in the collected supernatant at 4, 6, and 24 h after medium or LPS stimulation. Data are presented as mean ± SEM, n = 6 for control animals
and n = 12 for yWGP exposed animals. *p < 0.05, as analyzed with one-way ANOVA followed by Dunnett’s multiple comparisons test.

animals that had consumed the 1% fiber diet displayed an in-
creased ex vivo cytokine response.
The discovery of memory function in hematopoietic stem

cells[32] provides a possible explanation for the phenomenon of
short-lived immune cells in blood acquiring memory. It is note-
worthy that monocytes and dendritic cells have a relatively short
lifespan in both mice and humans, typically around 5–7 days.[49]

Consequently, reprogramming ofmyeloid progenitors within the
bone marrow contributes to the generation of trained immunity
within the myeloid cell compartment comprising blood mono-
cytes and tissuemacrophages.[35] For this reason, we investigated
whether dietary exposure to yWGP or rice bran-1 for 2 weeks
also induces innate immune priming in bone marrow-derived
cells. We observed, for the first time, that whole bone marrow
cultures as well as the adherend cell fractions displayed an en-
hanced cytokine secretion upon re-stimulationwith heterologous
stimuli. Animals fed with 1% and 2.5% yWGP showed enhanced
release of TNF-𝛼 and IL-6. Interestingly, no effect was observed
in animals fed 5% yWGP, indicating the dose-dependency of the
yWGP-induced priming effect (which was not observed in whole
blood cultures). In contrast to yWGP, rice bran-1 showed differ-
ential effects in restimulated whole bone marrow cultures and
adherend cell cultures. While only the 1% rice bran-1 induced
enhanced TNF-𝛼 release in whole bone marrow cultures, an in-
verse effect was observed in adherend cell cultures where TNF-𝛼
and IL-6 levels were reduced following LPS stimulation. This ef-
fect was particularly noticeable at concentrations of 2.5% and 5%.
These observations align with recent in vitro research indicat-
ing that low-dose priming with PRR ligands induces training ef-

fects in primary macrophages, while high-dose priming leads to
prolonged inhibition of inflammatory cytokine release.[50,51] Fur-
thermore, the difference in cytokine release between whole bone
marrow cells and adherent cells may be attributed to differences
in cell composition. Previous studies indicate that non-adherent
bonemarrow cells consist mainly of immature/nuclear red blood
cells, lymphocytes, monocytes, and granulocytes.[52,53] With se-
lective adhesion, there is a decrease in lymphocytes and imma-
ture/nuclear red blood cells, while the populations of mono-
cytes and granulocytes remain stable.[53] As a result, adherent
bone marrow cells consist mainly of monocytes/macrophages
and granulocytes, with TNF-𝛼 production mediated mainly by
these cells. This production is less influenced by lymphocytes,
among others. This shift in cell composition likely contributes to
the increased production observed in adherent bone marrow cell
cultures compared with whole bone marrow cells.
The spleen is a site of extramedullary hematopoiesis and a

reservoir of undifferentiated monocytes.[54] However, our find-
ings revealed no evidence of increased cytokine production
upon ex vivo challenge in splenic immune cell populations de-
rived from animals orally exposed to varying concentrations of
yWGP/rice bran-1. These results are in line with the study of Fer-
reira et al. demonstrating that removal of the spleen does not
modulate the ability of animals exposed intraperitoneally to 𝛽-
glucan to elicit a proinflammatory cytokine response against a
secondary stimulation.[55]

The increased ex vivo-stimulated release of pro-inflammatory
cytokines that we observed following oral administration of
yWGP or rice bran-1 could be attributed to immune priming, in
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which the initial fiber stimulus modifies the functional state of
innate immune cells, causing an additive response upon the sec-
ondary stimulation (the ex vivo stimulation).[1] Since epigenetic
alterations are known to underlie this phenomenon, further re-
search in this area is of great interest. In addition, it would be
interesting for future research to investigate training regimes in-
volving a wash-out period between fiber exposure and ex vivo
challenge. Our findings demonstrate that the effects of yWGP
and rice bran-1 on immune responsiveness are dose-dependent.
The strongest priming effects were consistently observed at doses
corresponding to a content of 1% w/w for both fiber types. Con-
sumption of feed with concentrations of 2.5% w/w showed ef-
fects only in the case of yWGP, while an even higher concentra-
tion of 5% w/w failed to induce innate immune priming (except
in whole blood cultures from yWGP animals). Intriguingly, con-
suming feed containing 5% w/w rice bran-1 for 2 weeks even di-
minished cytokine responses in splenocytes and adherent bone
marrow cultures of the mice. These findings suggest that, partic-
ularly for rice bran-1, the doses usedmight be somewhat high for
effectively inducing innate immune priming. For yWGP, an op-
timal response might be attainable with a concentration lower
than those currently studied. Consequently, additional experi-
ments are warranted to more accurately determine the optimal
dosage for dietary supplementation. In addition to priming, im-
mune modulation by dietary fibers could also be caused by an in-
direct prebiotic effect. Future exploration of alterations in micro-
biota composition and its metabolites therefore also holds con-
siderable intrigue.
To the best of our knowledge, this is the first demonstration of

oral exposure to yWGP and rice bran-1 leading to innate immune
priming in the blood and bone marrow compartments of mice.
The effects were found to be dose-dependent, with most substan-
tial outcomes observed at the lowest dose given, corresponding
to 1% w/w. The capacity to induce immune priming appears to
also depend on the fiber source, with 𝛽-glucan showing greater
potency compared to arabinoxylan at the dosages used. While the
precise underlying mechanisms are yet to be determined, our re-
sults indicate that oral administration of yWGP and rice bran-1
enhances immune responses in mice. This aligns with in vitro
training studies on human monocytes and in vivo studies us-
ing parenteral administration. The efficacy of 𝛽-glucans and ara-
binoxylans as dietary ingredients or supplements for bolstering
host immunity warrants further substantiation in future human
trials, with an emphasis on dose optimization.
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