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Abstract: Innate immune memory, also termed “trained immunity” in vertebrates, has been recently
described in a large variety of plants and animals. In most cases, trained innate immunity is induced
by pathogens or pathogen-associated molecular patterns (PAMPs), and is associated with long-term
epigenetic, metabolic, and functional reprogramming. Interestingly, recent findings indicate that food
components can mimic PAMPs effects and induce trained immunity. The aim of this study was to
investigate whether bovine milk or its components can induce trained immunity in human monocytes.
To this aim, monocytes were exposed for 24 h to β-glucan, Toll-like receptor (TLR)-ligands, bovine
milk, milk fractions, bovine lactoferrin (bLF), and bovine Immunoglobulin G (bIgG). After washing
away the stimulus and a resting period of five days, the cells were re-stimulated with TLR ligands
and Tumor necrosis factor (TNF-) and interleukin (IL)-6 production was measured. Training with
β-glucan resulted in higher cytokine production after TLR1/2, TLR4, and TLR7/8 stimulation.
When monocytes trained with raw milk were re-stimulated with TLR1/2 ligand Pam3CSK4, trained
cells produced more IL-6 compared to non-trained cells. Training with bIgG resulted in higher
cytokine production after TLR4 and TLR7/8 stimulation. These results show that bovine milk and
bIgG can induce trained immunity in human monocytes. This confirms the hypothesis that diet
components can influence the long-term responsiveness of the innate immune system.
Keywords: innate immune memory; trained immunity; raw bovine milk; bovine IgG; bovine
lactoferrin; dietary compounds; monocytes

1. Introduction
The immune system is divided into two arms, the innate immune system and the adaptive
immune system, of which only the latter is known to build long-lasting immune memory in T and B
cells. However, recent observations have revealed that the innate immune system can also adapt to
previous insults and develop a non-specific memory after infections, a process termed “trained innate
immunity” [1,2]. The concept of trained immunity is based on the observation that after a primary
infection, an enhanced innate immune response is induced in response to secondary infection or
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stimulation. In contrast to adaptive immune memory, this enhanced secondary response of trained
innate immune cells is not only specific for the antigen that induced the primary response, but is rather
a non-specific enhanced response to heterologous stimuli [1]. It is known that invertebrates respond
better towards secondary infections, both to the same pathogen as well as towards other unrelated
infections. It has been shown that in plants and invertebrates, processes termed “systemic acquired
resistance” and “immune priming” occur widely in organisms that possess only an innate immune
system [3–9]. Interesting from an evolutionary perspective, among vertebrates there are indications
that trained immunity occurs in teleost fish, which are the first vertebrates having a functioning
adaptive and innate immune system, as reviewed by Petit and Wiegertjes [10].
In humans, evidence for the existence of trained immunity first emerged from epidemiological
studies on vaccination responses, which have indicated that vaccination induces protection not only
against the target disease, but also cross-protection against other pathogens [11]. The best known
example of this cross-protection is seen after Bacillus Camette-Guérin (BCG) vaccination against
Mycobacterium tuberculosis, which was shown to protect against all-cause mortality by reducing neonatal
sepsis, respiratory infection, and fever [12]. Furthermore, it was shown that BCG vaccination in
humans induced trained immunity in both monocytes and Natural killer (NK) cells three months after
vaccination, which was mediated by increased H3K4 trimethylation in monocytes [13,14].
The mechanism of trained immunity was first described by Quintin et al., who showed that mice
survived when treated first with a sublethal dose of Candida albicans followed by a secondary lethal
C. albicans infection [15]. This outcome was found both in wild-type mice and in T/B-cell defective
(Rag 1-deficient) mice, indicating that the adaptive immune system was not involved in the induction
of trained immunity. Subsequently, it was shown that β-glucan derived from C. albicans could induce
trained immunity in purified human monocytes [15]. Some types of β-glucans are present in the cell
wall of C. albicans, while other types are also present in food as mushrooms, baker’s and brewer’s yeast,
and the cell walls of plants including wheat and oat, as reviewed by Meena et al. [16]. These dietary
β-glucans may induce trained immunity as well, although this remains to be demonstrated.
Low-density lipoprotein (oxLDL) particles, induced in blood as a result of Western diets,
are known to induce trained immunity in human cells in vitro [17]. A Western diet resulted in transient
systemic inflammatory responses in mice, yet at the same time induce long-lived epigenetic and
transcriptomic reprogramming of granulocyte–monocyte progenitor cells, leading to trained immunity
by monocytes [18]. It can thus be concluded that not only infections by pathogens or vaccination can
induce trained immunity, but also dietary components.
Epidemiological studies have revealed that children growing up on a farm and consuming (raw)
farm milk have a reduced incidence of asthma, atopy, hay fever, respiratory tract infections (RTI),
and otitis media compared to children that consumed heat-treated milk [19–21]. The components
that may cause the reduction of allergy and infections in children are thus milk processing-sensitive,
and are therefore thought to be heat-sensitive milk proteins. These findings indicate that raw milk or
its components can modify immune responses in vivo.
More than 400 components have been identified in bovine milk, and these can be subdivided
in multiple fractions [22]. Bovine milk is composed of water (87%), lactose (4–5%), protein (whey
and casein) (3%), lipids and fat (3–4%), minerals (0.8%), and vitamins (0.1%) [23–26]. Whey proteins
make up 20% of protein concentration of milk, whereas caseins represent 80% of milk proteins [27].
The most abundant whey proteins are β-lactoglobulin, α-lactalbumin, immunoglobulins, such as
bovine Immunoglobulin G (bIgG), serum albumin, and lactoferrin (bLF) [27]. Immunologically,
the best studied whey proteins are bovine IgG and lactoferrin [28–31].
The aim of this study was to study whether raw bovine milk, milk fractions, or milk proteins such
as lactoferrin and IgG can induce trained immunity in human monocytes.
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2.1. Blood Samples and Monocyte Purification
2.1. Blood Samples and Monocyte Purification
Buffy coats were collected from healthy blood donors at the Sanquin Blood Supply in Nijmegen,
Buffy coats were collected from healthy blood donors at the Sanquin Blood Supply in
the Netherlands. Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats
Nijmegen, the Netherlands. Human peripheral blood mononuclear cells (PBMCs) were isolated
using Ficoll plaque plus (17-1440-02, GE Healthcare Life Sciences, Uppsala, Sweden). Monocytes
from buffy coats using Ficoll plaque plus (17-1440-02, GE Healthcare Life Sciences, Uppsala, Sweden).
were enriched from freshly isolated PBMCs using negative selection with an Easysep human monoMonocytes were enriched from freshly isolated PBMCs using negative selection with an Easysep
enrichment kit, according to manufacturer’s protocol (19359, Stemcell Technologies, Köln, Germany).
human mono-enrichment kit, according to manufacturer’s protocol (19359, Stemcell Technologies,
Purity was tested by flow cytometry staining isolated cells with α-CD14 (555397, BD Pharmingen,
Köln, Germany). Purity was tested by flow cytometry staining isolated cells with α-CD14 (555397,
Franklin Lakes, NJ, USA), α-CD3 (555334, BD Pharmingen, Franklin Lakes, NJ, USA), α-CD19 (562947
BD Pharmingen, Franklin Lakes, NJ, USA), α-CD3 (555334, BD Pharmingen, Franklin Lakes, NJ, USA),
BD Horizon, Franklin Lakes, NJ, USA), α-CD56 (555516, BD Pharmingen), and fixable viability dye
α-CD19 (562947 BD Horizon, Franklin Lakes, NJ, USA), α-CD56 (555516, BD Pharmingen), and fixable
eFluor 450 (65-0863-14, eBioscience, San Diego, CA, USA). Stained cells were measured on FACS
viability dye eFluor 450 (65-0863-14, eBioscience, San Diego, CA, USA). Stained cells were measured on +
CANTO II. Monocytes isolated from subjects used for analysis all had a purity of >70% CD14
FACS CANTO II. Monocytes
isolated from subjects used for analysis all had a purity of >70% CD14+
+ T cells (see Supplementary Figure S1).
monocytes and <4% CD3
monocytes and <4% CD3+ T cells (see Supplementary Figure S1).
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Figure 1. Trained immunity model in human monocytes. At day 0, peripheral blood mononuclear cells
(PBMCs) were isolated from buffy coats, and monocytes were isolated by negative selection. Monocytes
were stimulated (trained) for 24 h, after which the stimulus was washed away and monocytes
Figure 1. Trained immunity model in human monocytes. At day 0, peripheral blood mononuclear
differentiated towards macrophages during a five-day resting period. At day six, macrophages were
cells (PBMCs) were isolated from buffy coats, and monocytes were isolated by negative selection.
re-stimulated with Toll-like receptor (TLR)-ligands, and after 24 h the supernatant was collected and
Monocytes were stimulated (trained) for 24 h, after which the stimulus was washed away and
measured for cytokines.
monocytes differentiated towards macrophages during a five-day resting period. At day six,
macrophages were re-stimulated with Toll-like receptor (TLR)-ligands, and after 24 h the supernatant
was collected and measured for cytokines.
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2.3. Reagents
Candida albicans β-glucan (1 µg/mL) was a kind gift of Prof. David Williams (East Tennessee State
University), and was isolated and purified as previously described [34]. Pooled human serum was
collected in serum tubes and heat inactivated for 30 min at 56 ◦ C. Afterwards, the serum was aliquoted
and stored −80 ◦ C until use. For every refreshment of the medium, freshly pooled serum was thawed.
Raw bovine milk (1:100), bovine lactoferrin (100 µg/mL), bovine IgG (200 µg/mL), lactose
(463 µg/mL), whey protein (liquid SPC 1:100), casein (264 µg/mL), cream serum (3.6 µg/mL),
and anhydrous milk fat (458.9 µg/mL) were obtained from FrieslandCampina, Wageningen,
The Netherlands. As bLF and bIgG contained some endotoxin, they were treated with Triton-X114 to
remove LPS, as described by Teodorowicz et al. [35]. After LPS removal, bIgG and bLF contained less
than 10 pg/mL LPS at the dilutions used for all experiments. Endotoxin levels were measured using
an Endozyme recombinatant Factor C assay (Hyglos, Bernried, Germany).
2.4. Cytokine Measurement
In the supernatant, the production of interleukin (IL)-6 (558276, BD Pharmingen, Franklin Lakes,
NJ, USA) and Tumor necrosis factor (TNF)-α (560112, BD Pharmingen) was measured using cytometric
bead array on the FACS CANTO II, according to manufacturer’s protocol.
2.5. Statistical Analysis
IBM SPSS Statistics software, version 23, Armonk, NY, USA, was used to perform statistical
analysis. All experiments with β-glucan, raw bovine milk, bovine lactoferrin and bovine IgG were
performed at least five times, with monocytes isolated from PBMC, with a minimum of eleven
volunteers in total. In order to assess the training effect of a specific ligand upon a secondary
stimulation, non-trained cells stimulated with Pam3CSK4, LPS or R848 were compared with trained
cells re-stimulated with Pam3CSK4, LPS, or R848. Differences between the groups were analyzed
using the Wilcoxon signed-rank test, and were considered statistically significant at a p value of <0.05.
On the screening experiments of the training stimuli (Figure 2 and Supplementary Figure S2), statistical
analysis was performed using a paired T-test, after checking the measurements for being normally
distributed using a Shapiro Wilk test.
3. Results
3.1. Screening of Bovine Milk and Milk Fractions for the Induction of Trained Immunity
To determine if milk and its major components can induce trained immunity, we screened the
effects of raw milk, whey proteins, casein, milk fat, cream, and lactose, which were tested on monocytes
using the experimental set-up, as depicted in Figure 1 (based on [32,33]). β-glucans were included
as a positive control, as were TLR ligands as components that induce tolerance in this model system
(see Supplementary Figure S2). As raw milk added directly to human monocytes reduced cell viability,
raw milk’s major components were tested at the equivalent concentrations present in raw milk (casein,
milk fat, cream, and lactose).
Supplementary Figure S2 shows that monocytes stimulated with β-glucans acted as a positive
control, and when re-stimulated with R848, produced higher IL-6 and TNF-α levels compared to
control cells (non-trained cells in culture medium). The same induction of IL-6 and TNF-α was also
seen when cells trained with β-glucans were re-stimulated with Pam3CSK4 (Pam) and LPS. In contrast,
training with TLR-ligands Pam, LPS, and R848 induced tolerance to re-stimulation, as published
elsewhere [32,33], and was not due to cell death.
When raw milk and milk components were tested for their ability to induce trained immunity,
raw milk induced variable production of IL-6 and TNF-α for different secondary stimulations,
while inducing non-significant elevated levels of IL-6 upon Pam, LPS, and R848 stimulation
compared to non-trained cells (Figure 2A). Whey proteins and cream induced trained immunity
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stimulated with R848 (Figure 2A,B). This was also seen after stimulation with Pam and LPS. Milk fat
when re-stimulated with R848 (Figure 2A,B). This was also seen after stimulation with Pam and LPS.
was dissolved in Dimethyl sulfoxide (DMSO), which inhibited cytokine production in the assay. No
Milk fat was dissolved in Dimethyl sulfoxide (DMSO), which inhibited cytokine production in the
additional induction of tolerance was observed by the milk fat diluted in DMSO, therefore it was not
assay. No additional induction of tolerance was observed by the milk fat diluted in DMSO, therefore it
included in further experiments. As whey proteins induced trained immunity comparable to βwas not included in further experiments. As whey proteins induced trained immunity comparable to
glucan for both IL-6 and TNF-α, the effect of three prominent immune-related whey proteins was
β-glucan for both IL-6 and TNF-α, the effect of three prominent immune-related whey proteins was
investigated. LPS-free, isolated bovine lactoferrin (bLF) and bovine IgG (bIgG), but not Transforming
investigated. LPS-free, isolated bovine lactoferrin (bLF) and bovine IgG (bIgG), but not Transforming
Growth Factor (TGF)-β, seem to induce trained immunity. Bovine milk proteins are thus able to
Growth Factor (TGF)-β, seem to induce trained immunity. Bovine milk proteins are thus able to induce
induce trained immunity.
trained immunity.
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Figure 2. Selection of bovine milk fractions that can induce trained immunity. Monocytes were
Figure 2. Selection of bovine milk fractions that can induce trained immunity. Monocytes were
stimulated 24 h in the presence or absence of β-glucan (1 µg/mL), raw milk (1:100), lactose
stimulated 24 h in the presence or absence of β-glucan (1 μg/mL), raw milk (1:100), lactose (463
(463 µg/mL), casein (264 µg/mL), cream (3.6 µg/mL), whey protein (liquid serum protein concentrate
μg/mL), casein (264 μg/mL), cream (3.6 μg/mL), whey protein (liquid serum protein concentrate (SPC)
(SPC) 1:100), milk fat dissolved in Dimethyl sulfoxide (DMSO) (458.9 µg/mL), and DMSO (1.8 uL/mL,
1:100), milk fat dissolved in Dimethyl sulfoxide (DMSO) (458.9 μg/mL), and DMSO (1.8 uL/mL, the
the same concentration as used for milk fat). After five days of rest, the differentiated macrophages were
same concentration as used for milk fat). After five days of rest, the differentiated macrophages were
stimulated for 24 h with R848 (10 µg/mL). After stimulation with R848, the produced IL-6 and Tumor
stimulated for 24 h with R848 (10 μg/mL). After stimulation with R848, the produced IL-6 and Tumor
necrosis factor (TNF)-α (pg/mL) were measured in supernatant. Data shown as mean ± standard
necrosis factor (TNF)-α (pg/mL) were measured in supernatant. Data shown as mean ± standard error
error of mean (SEM), with the IL-6 and TNF-α production of non-trained cells (Roswell Park Memorial
of mean (SEM), with the IL-6 and TNF-α production of non-trained cells (Roswell Park Memorial
Institute (RPMI) medium) as the x-axis and the cytokine production by β-glucan trained cells (positive
Institute (RPMI) medium) as the x-axis and the cytokine production by β-glucan trained cells (positive
control) as dotted lines. RPMI, Beta-glucan, raw milk, lactose: n = 5; all other stimuli: n = 3. Statistical
control) as dotted lines. RPMI, Beta-glucan, raw milk, lactose: n = 5; all other stimuli: n = 3. Statistical
analysis was done by performing a paired T-test. * p < 0.05, # p < 0.10.
analysis was done by performing a paired T-test. * p < 0.05, # p < 0.10.
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In line with the selection experiment and raw bovine milk, bovine IgG was able to consistently
induce trained immunity (Figure 5). When monocytes were stimulated with bIgG and re-stimulated

Nutrients 2018, 10, 1378

6 of 12

Nutrients
2018, with
10, x FOR
REVIEW
In line
the PEER
selection
experiment
Nutrients
2018, 10, x FOR
PEER
REVIEW

6 of 12
and raw bovine milk, bovine IgG was able to consistently
6 of 12
induce trained immunity (Figure 5). When monocytes were stimulated with bIgG and re-stimulated
with R848,
the cells produced more IL-6
and TNF-α and more TNF-α upon LPS stimulation
with
stimulation compared
with R848,
R848, the cells produced more
more IL-6 and TNF-α and more TNF-α upon LPS stimulation
compared
to
non-trained
cells
(RPMI).
Upon
re-stimulation
with
Pam,
bIgG
tended
to
increase
production
to non-trained
toto
increase
thethe
production
of
non-trained cells
cells(RPMI).
(RPMI).Upon
Uponre-stimulation
re-stimulationwith
withPam,
Pam,bIgG
bIgGtended
tended
increase
the
production
of
IL-6
and
TNF-α,
albeit
not
significantly
(Supplementary
Figure
S4).
IL-6
and
TNF-α,
albeit
not
significantly
(Supplementary
Figure
S4).
of IL-6 and TNF-α, albeit not significantly (Supplementary Figure S4).

Figure
3. Induction
of trained
immunity by
raw bovine
milk. Monocytes
24 h
in the
Figure
Monocytes were
were stimulated
stimulated
Figure 3.
3. Induction
Induction of
of trained
trained immunity
immunity by
by raw
raw bovine
bovine milk.
milk. Monocytes
were
stimulated 24
24 h
h in
in the
the
presence
or absence
of
raw
bovine
milk
(1:100);
after
five
days
of
rest,
the
differentiated
macrophages
presence
or
absence
of
raw
bovine
milk
(1:100);
after
five
days
of
rest,
the
differentiated
macrophages
presence or absence of raw bovine milk (1:100); after five days of rest, the differentiated macrophages
were re-stimulated
re-stimulated for 24
24 h with Pam3Cysk4
Pam3Cysk4 (Pam) (10
(10 μg/mL), Ultra-pure
were
Ultra-pure lipopolysaccharide
lipopolysaccharide (LPS)
(LPS)
were re-stimulated for
for 24 hh with
with Pam3Cysk4 (Pam)
(Pam) (10 µg/mL),
μg/mL), Ultra-pure
lipopolysaccharide
(LPS)
(0.1
μg/mL),
or
R848
(10
μg/mL).
After
stimulation
with
R848,
the
produced
IL-6
and TNF-α
TNF-α (pg/mL)
(pg/mL)
(0.1
µg/mL),
or
R848
(10
µg/mL).
After
stimulation
with
R848,
the
produced
IL-6
and
(0.1 μg/mL), or R848 (10 μg/mL). After stimulation with R848, the produced IL-6 and TNF-α (pg/mL)
was measured
measured in supernatant.
supernatant. In
experiments,
was
In 5–6
5–6 independent
independent
experiments, nnn === 15
15 (Pam)
(Pam) or
or nn
n === 12
12 (LPS,
(LPS, R848)
R848)
was measured in
in supernatant. In
5–6
independent experiments,
15
(Pam)
or
12
(LPS,
R848)
Data
shown
as
dot
plot
with
median.
Statistics
was
done
by
performing
aa Wilcoxon
signed
rank
test
Data
shown
as
dot
plot
with
median.
Statistics
was
done
by
performing
Wilcoxon
signed
rank
Data shown as dot plot with median. Statistics was done by performing a Wilcoxon signed rank test
test
between raw bovine milk and RPMI for every secondary stimulation (Pam, LPS, R848).
R848). ** p < 0.01.
between raw bovine milk and RPMI for every secondary stimulation (Pam, LPS, R848). ** p < 0.01.

Figure 4. Bovine
Monocytes
were
stimulated
24 h24inhthe
Bovine lactoferrin
lactoferrindoes
doesnot
notinduce
inducetrained
trainedimmunity.
immunity.
Monocytes
were
stimulated
in
Figure 4. Bovine lactoferrin does not induce trained immunity. Monocytes were stimulated 24 h in
presence
or absence
of bovine
lactoferrin
(bLF) (100
µg/mL);
five days
rest,days
the differentiated
the
presence
or absence
of bovine
lactoferrin
(bLF)
(100 after
μg/mL);
afteroffive
of rest, the
the presence or absence of bovine lactoferrin (bLF) (100 μg/mL); after five days of rest, the
macrophages were
re-stimulated
24 h with Pam3Cysk4
(10 µg/mL),
LPS (10
(0.1μg/mL),
µg/mL),LPS
or R848
differentiated
macrophages
werefor
re-stimulated
for 24 h with
Pam3Cysk4
(0.1
differentiated macrophages were re-stimulated for 24 h with Pam3Cysk4 (10 μg/mL), LPS (0.1
(10
µg/mL).
After
stimulation
with
R848,
the
produced
IL-6
and
TNF-α
(pg/mL)
was
measured
in
μg/mL), or R848 (10 μg/mL). After stimulation with R848, the produced IL-6 and TNF-α (pg/mL) was
μg/mL), or R848 (10 μg/mL). After stimulation with R848, the produced IL-6 and TNF-α (pg/mL) was
supernatant.
In
5–6
independent
experiments,
n
=
15
(Pam)
or
n
=
11
(LPS,
R848).
Data
shown
as
dot
measured in supernatant. In 5–6 independent experiments, n = 15 (Pam) or n = 11 (LPS, R848). Data
measured in supernatant. In 5–6 independent experiments, n = 15 (Pam) or n = 11 (LPS, R848). Data
plot with
was done
by performing
Wilcoxon
signed
rank test between
bLF and
shown
as median.
dot plotStatistics
with median.
Statistics
was doneaby
performing
a Wilcoxon
signed rank
test
shown as dot plot with median. Statistics was done by performing a Wilcoxon signed rank test
RPMI forbLF
every
secondary
(Pam,stimulation
LPS, R848). (Pam,
No significant
differences
were observed.
between
and
RPMI forstimulation
every secondary
LPS, R848).
No significant
differences
between bLF and RPMI for every secondary stimulation (Pam, LPS, R848). No significant differences
were observed.
were observed.

Nutrients 2018, 10, 1378

Nutrients 2018, 10, x FOR PEER REVIEW

7 of 12

7 of 12

Induction of
of trained
trained immunity
immunity by
by bovine
bovine IgG.
IgG. Monocytes
Monocytes were
were stimulated
stimulated 24
24 h in the
Figure 5. Induction
presence
or
absence
of
bovine
IgG
(200
µg/mL);
after
five
days
of
rest,
the
differentiated
macrophages
presence
μg/mL); after five days of rest, the differentiated macrophages
were
or R848
R848 (10
(10 µg/mL).
were re-stimulated
re-stimulatedfor
for24
24hhwith
withPam3Cysk4
Pam3Cysk4(Pam)
(Pam)(10
(10µg/mL),
μg/mL), LPS
LPS (0.1
(0.1 µg/mL),
μg/mL), or
μg/mL).
After
stimulation with
with R848,
R848,the
theproduced
producedIL-6
IL-6and
andTNF-α
TNF-α(pg/mL)
(pg/mL)
was
measured
in supernatant.
After stimulation
was
measured
in supernatant.
In
5 independent
experiments,
= 12.
Datashown
shownasasdot
dotplot
plotwith
withmedian.
median. Statistics
Statistics were
were done
done by
by
5Inindependent
experiments,
n =n 12.
Data
performing
signed
rankrank
test between
bovinebovine
IgG andIgG
RPMI
forRPMI
every secondary
performing aaWilcoxon
Wilcoxon
signed
test between
and
for every stimulation
secondary
(Pam,
LPS,
R848).
*
p
<
0.05.
stimulation (Pam, LPS, R848). * p < 0.05.

4. Discussion
4. Discussion
Here we show that bIgG and raw bovine milk can induce trained immunity in human monocytes.
Here we show that bIgG and raw bovine milk can induce trained immunity in human
These findings confirm the hypothesis that dietary components can modulate the responsiveness of
monocytes. These findings confirm the hypothesis that dietary components can modulate the
the innate immune system to pathogen-related stimuli.
responsiveness of the innate immune system to pathogen-related stimuli.
One of the first components that was shown to induce trained immunity was β-1, 3-(D)-glucan
One of the first components that was shown to induce trained immunity was β-1, 3-(D)-glucan
derived from C. albicans, which exerted this effect via epigenetic changes in trimethylation of
derived from C. albicans, which exerted this effect via epigenetic changes in trimethylation of H3K4,
H3K4, induced after binding to Dectin-1 [15]. Epigenomic profile analysis revealed changes in
induced after binding to Dectin-1 [15]. Epigenomic profile analysis revealed changes in H3K4m1,
H3K4m1, H3K4me3, and H3K27ac when comparing a β-glucan trained compared to non-trained
H3K4me3, and H3K27ac when comparing a β-glucan trained compared to non-trained macrophages
macrophages [33]. Based on these studies β-1, 3-(D)-glucan derived from C. albicans has become
[33]. Based on these studies β-1, 3-(D)-glucan derived from C. albicans has become a model compound
a model compound to study the mechanisms of trained immunity.
to study the mechanisms of trained immunity.
Cell metabolism is important in monocyte-to-macrophage differentiation, and also for M1
Cell metabolism is important in monocyte-to-macrophage differentiation, and also for M1
versus M2 functions [36]. Resting and tolerant macrophages use oxidative phosphorylation to
versus M2 functions [36]. Resting and tolerant macrophages use oxidative phosphorylation to
generate ATP, while activated (trained) macrophages shift to aerobic glycolysis (Warburg effect)
generate ATP, while activated (trained) macrophages shift to aerobic glycolysis (Warburg effect) via
via the dectin-1-Akt-mTOR and HIF-1α pathway [33,37]. Resting macrophages have a functional
the dectin-1-Akt-mTOR and HIF-1α pathway [33,37]. Resting macrophages have a functional
tricarboxylic acid (TCA) cycle that, together with glycolysis, enhances membrane synthesis and induces
tricarboxylic acid (TCA) cycle that, together with glycolysis, enhances membrane synthesis and
TLR-mediated activation in dendritic cells [33]. Two other metabolic pathways that are important
induces TLR-mediated activation in dendritic cells [33]. Two other metabolic pathways that are
in vitro and in vivo for trained immunity induction are glutaminolysis and the cholesterol synthesis
important in vitro and in vivo for trained immunity induction are glutaminolysis and the cholesterol
pathway [38,39]. β-glucan-induced trained immunity via the dectin-1 pathway also effects the TCA
synthesis pathway [38,39]. β-glucan-induced trained immunity via the dectin-1 pathway also effects
cycle, as glycolysis inhibitors (rapamycin) also inhibit β-glucan-mediated trained immunity [38].
the TCA cycle, as glycolysis inhibitors (rapamycin) also inhibit β-glucan-mediated trained immunity
This indicates that β-glucan-induced trained immunity also effects the TCA cycle, and does not only
[38]. This indicates that β-glucan-induced trained immunity also effects the TCA cycle, and does not
signal via the dectin-1 pathway. This links cell metabolism, metabolites, and epigenetic mechanisms,
only signal via the dectin-1 pathway. This links cell metabolism, metabolites, and epigenetic
suggesting that β-glucan induces trained immunity by modifying cell metabolism.
mechanisms, suggesting that β-glucan induces trained immunity by modifying cell metabolism.
In our hands, β-glucan induced higher levels of IL-6 compared to non-trained cells when trained
In our hands, β-glucan induced higher levels of IL-6 compared to non-trained cells when trained
macrophages were re-stimulated with ligands for TLR1/2 (Pam), TLR4 (LPS), and TLR7/8 (R848).
macrophages were re-stimulated with ligands for TLR1/2 (Pam), TLR4 (LPS), and TLR7/8 (R848).
TNF-α production was increased after LPS and R848 re-stimulation. Unexpectedly, TNF-α production
TNF-α production was increased after LPS and R848 re-stimulation. Unexpectedly, TNF-α
was not increased after Pam re-stimulation, which is in contrast to Ifrim et al., albeit using the same
production was not increased after Pam re-stimulation, which is in contrast to Ifrim et al., albeit using
concentration and same supplier of Pam3CSK4 [32].
the same concentration and same supplier of Pam3CSK4 [32].
Until now, it has not been clear if dietary components can also induce immune training in humans
Until now, it has not been clear if dietary components can also induce immune training in
after nutritional intervention. In a pilot study in humans, where baker’s yeast (S. cerevisiae)-derived
humans after nutritional intervention. In a pilot study in humans, where baker’s yeast (S. cerevisiae)β-glucans (1000 mg/day) were used as a food supplement for seven days, no trained immunity
derived β-glucans (1000 mg/day) were used as a food supplement for seven days, no trained
effects were observed [40]. In contrast, it was recently shown that diets high in fat can also induce
immunity effects were observed [40]. In contrast, it was recently shown that diets high in fat can also
induce trained immunity in vivo in mice, and oxLDL can induce immune training in human
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trained immunity in vivo in mice, and oxLDL can induce immune training in human monocytes
in vitro [17,18], suggesting that nutrition may indeed directly affect innate immune function.
As breast milk and bovine milk contain many immune-modulating components [22], we set out
to study whether (raw) bovine milk or milk components can induce trained immunity in human
monocytes as well. A trained immunity effect was observed for IL-6 production by raw bovine milk
when stimulated with TLR1/2 ligand PamCSK4, but not for stimulation through TLR4 or TLR7/8
(Figure 4). In contrast, treatment with bIgG induced trained immunity after stimulation of TLR4
(LPS) and TLR7/8 (R848), but not after TLR1/2 stimulation. This indicates that the training effect of
raw milk (for TLR1/2) is not mediated via bLF or bovine IgG, as no effect was observed for training
with bLF and bIgG after TLR1/2 stimulation. Furthermore, as undiluted and low dilutions of milk
compromised viability of the monocytes, raw milk was tested at a 100-fold dilution, whereas bIgG
was tested at the levels present in raw milk. This can explain why raw milk does not induce trained
immunity via TLR7/8.
It is not clear which component in raw milk is responsible for this training effect. One possibility
is that bovine miRNAs in extracellular vesicles (exosomes) may do this. These vesicles are
described to induced higher production of IL-6, but not higher TNF-α production, in LPS stimulated
RAW264.7 cells [41].
In our initial screen of raw milk and the major milk components, the clearest training effect after
TLR7/8 stimulation was seen for whey proteins (Figure 2), as well as for the isolated whey proteins
bLF and bIgG (data not shown). The whey proteins were a liquid whey fraction that contained 60%
protein, and as with the raw milk, was used at a 100-fold dilution. However, it should be stated
that this preparation also contained some casein and lactose. As these did not have an effect on
innate immune training, we assume the effect seen using this whey proteins was the result of the
presence of bIgG, and possibly also of bLF. Next to whey proteins, lipid-rich cream—but not milk
fat (triglycerides)—induced a small training effect. This indicates that either the lipids or the intact
milk fat globular membranes present in cream serum, but not the triglycerides, may induce trained
immunity to some extent.
For bIgG a consistent trained immunity effect was observed for re-stimulation with TLR7/8.
However, this was not seen for bLF; bLF could induce trained immunity in some donors
(Supplementary Table S1, Supplementary Figure S4C), but the overall response was not significant
(Figure 4). The lack of training induced by bLF in most donors was not due to cell death. Besides, in
Supplementary Table S1 it can be observed that subjects in which no training for bLF is seen, trained
immunity induction by other training-stimuli is possible. It can be thus concluded that the variability
of trained immunity responses depends on the training stimulus, and the mechanisms responsible
for this effect remain to be elucidated in future studies. Furthermore, we have recently observed that
a three peripheral blood mononuclear cells—week dietary intervention with bLF could enhance the
response of pDC of elderly women to TLR7/8 (van Splunter, unpublished observations), and future
studies should determine the involvement of trained immunity in this effect.
BLF can be taken up by human cells via three different receptors: intelectin [42],
low-density-lipoprotein (CD91) [43], and CXCR4 [43]. Most likely, bovine lactoferrin (LF) can also bind
to soluble CD14 and TLR4, as human LF is 69% homologous to bovine LF and can bind sCD14 [44] and
TLR4 [45], which are expressed by monocytes [46]. In a human study in which subjects received 200 mg
bLF and 100 mg Ig-rich whey proteins twice per day, a significant reduction in rhinovirus induced
common cold was observed [47]. This protective effect of bLF and bIgG on rhinovirus infections
that are recognized by the immune system via TLR2 and TLR7/8 might thus be linked to trained
immunity [48].
In addition to the effect shown after TLR7/8 re-stimulation, bIgG was also able to induce trained
immunity when re-stimulated with TLR4, but not with TLR1/2. Bovine Immunoglobulin G is
known to bind to human monocytes, macrophages, and monocyte-derived dendritic cells via FcyRII
(CD32 receptor) [49]. Den Hartog et al. showed that bIgG could bind to human airway pathogens,
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such as respiratory syncytial virus (RSV), haemophilus influenzae type b (Hib) and influenza virus [49].
These pathogens can activate TLR2 and TLR4 (Hib and RSV), TLR7 (RSV and influenza) and TLR8
(RSV) [49–51].
We propose that the mechanism for the trained immunity induction by bIgG occurs via
binding to FcyRII (CD32). In murine macrophages, crosslinking of FcyRII/III leads to activation
of mitogen-activated protein (MAP) kinase family members p38 and JNK [52]. In human monocytes,
inhibiting p38 and JNK abolished trained immunity induced by flagellin (TLR5) after re-stimulating
through TLR4 [32]. TLR induced signaling via MyD88 or TIR-domain-containing adapter-inducing
interferon-β (TRIF) leads to pro-inflammatory cytokine production, and is partly regulated by the
p38MAPK/MK2 pathway [53,54]. Furthermore, in trained immunity epigenetic changes (e.g., H3K4
trimethylation) on the promotor of pro-inflammatory cytokine genes (IL-6, TNF-α) are induced by
training stimuli, resulting in increased cytokine production [15]. Therefore, altogether, we hypothesize
that bIgG can exert a trained immunity effect in macrophages by activating the MAP kinase pathway
via FcyRII, thereby inducing epigenetic changes on the promotors of IL-6 and TNF-α genes, leading to
enhanced NF-κB-dependent TLR-mediated responses.
5. Conclusions
In summary, our data show that raw bovine milk and bIgG isolated from raw colostrum can
induce trained immunity in human monocytes. This strengthens the hypothesis that diet can influence
the responsiveness of the innate immune system. Important to underline however is that the trained
immunity program induced by milk, and milk components are very likely different from those induced
by other dietary components, such as the Western-type diet. This can be concluded by the deleterious
effects of Western-diet-induced trained immunity on atherosclerosis, whereas no such effects have
been reported for milk. Future whole-genome transcriptome and epigenome studies should describe
the trained immunity activation program induced by milk, fully describing the impact of dairy milk
on long-term reprogramming of innate immunity.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/10/1378/
s1. Table S1: Trained immunity induced per training stimulus, compared to non-trained cells. after TLR7/8 (R848)
stimulation (IL-6 production), Figure S1: Gating strategy and purity of isolated monocytes (84.6%). Staining was
performed with live/death staining, CD3 and CD14, Figure S2: Induction of trained immunity or tolerance is
dependent on the training of monocytes. Monocytes were stimulated 24 h in the presence or absence of β-glucan
(1 µg/mL); Pam3Cysk4 (10 µg/mL), LPS (0.1 µg/mL) or R848 (10 µg/mL), after 5 days of rest the differentiated
macrophages were stimulated for 24 h with R848 (10 µg/mL). After stimulation with R848 the produced IL-6 and
TNF-α (pg/mL) was measured in supernatant. Data shown as mean ± SEM, with the IL-6 and TNF-α production
of non-trained cells (RPMI) as x-axis. RPMI and β-glucan n = 5; TLR stimuli n = 3. Data was statistically analysed
using a paired t-test. * p < 0.05, Figure S3: Induction of trained immunity by β-glucan. Monocytes were stimulated
24 h in the presence or absence of β-glucan (1 µg/mL), after 5 days of rest the differentiated macrophages were
re-stimulated for 24 h with Pam3Cysk4 (Pam) (10 µg/mL), LPS (0.1 µg/mL) or R848 (10 µg/mL). After stimulation
with R848 the produced IL-6 and TNF-α (pg/mL) was measured in supernatant. n = 15 (Pam) or n = 12 (LPS, R848)
in 5–6 independent experiments. Data shown as dot plot with median. Statistics was done by performing
a Wilcoxon signed rank test between beta-glucan and RPMI for every secondary stimulation (Pam, LPS, R848).
* p < 0.05; ** p < 0.01, Figure S4; Paired analysis plots of monocytes trained with β-glucan, raw milk, bLF and bIgG
and re-stimulated with Pam, LPS or R848 at day 6. In supernatant of day 7 IL-6 (pg/mL) was measured.
Author Contributions: R.J.J.v.N., M.G.N., L.A.B.J., S.B., H.F.J.S., and M.v.S. designed the experiments. M.v.S.
and T.L.J.v.O. performed the experiments. Data analysis was done by M.v.S. R.J.J.v.N., M.G.N., L.A.B.J., S.B.,
H.F.J.S., and M.v.S. edited and contributed to drafts of the manuscript. All authors approved the final form of
the manuscript.
Funding: This study was financed in part by FrieslandCampina. M.G.N. was supported by a Spinoza grant of the
Netherlands Organization for Scientific Research.
Acknowledgments: We would like to thank Trees Jansen and Liesbeth Jacobs for their willingness to practice the
trained immunity protocol at Radboudumc.
Conflicts of Interest: R.J.J.v.N. is employed by FrieslandCampina, and M.v.S. is supported by an unrestricted
grant from FrieslandCampina.

Nutrients 2018, 10, 1378

10 of 12

References
1.
2.
3.
4.
5.
6.
7.

8.
9.
10.
11.
12.

13.

14.

15.

16.

17.

18.

19.

Netea, M.G.; Quintin, J.; Van Der Meer, J.W.M. Trained immunity: A memory for innate host defense.
Cell Host Microbe 2011, 9, 355–361. [CrossRef] [PubMed]
Netea, M.G.; van der Meer, J.W.M. Trained Immunity: An Ancient Way of Remembering. Cell Host Microbe
2017, 21, 297–300. [CrossRef] [PubMed]
Durrant, W.E.; Dong, X. Systemic Acquired Resistance. Annu. Rev. Phytopathol. 2004, 42, 185–209. [CrossRef]
[PubMed]
Gao, Q.-M.; Zhu, S.; Kachroo, P.; Kachroo, A. Signal regulators of systemic acquired resistance.
Front. Plant Sci. 2015, 6, 228. [CrossRef] [PubMed]
Reimer-Michalski, E.M.; Conrath, U. Innate immune memory in plants. Semin. Immunol. 2016, 28, 319–327.
[CrossRef] [PubMed]
Tate, A.T.; Andolfatto, P.; Demuth, J.P.; Graham, A.L. The within-host dynamics of infection in
trans-generationally primed flour beetles. Mol. Ecol. 2017, 26, 3794–3807. [CrossRef] [PubMed]
Green, T.J.; Helbig, K.; Speck, P.; Raftos, D.A. Primed for success: Oyster parents treated with poly(I:C)
produce offspring with enhanced protection against Ostreid herpesvirus type I infection. Mol. Immunol.
2016, 78, 113–120. [CrossRef] [PubMed]
Kurtz, J. Specific memory within innate immune systems. Trends Immunol. 2005, 26, 186–192. [CrossRef]
[PubMed]
Pham, L.N.; Dionne, M.S.; Shirasu-Hiza, M.; Schneider, D.S. A specific primed immune response in
Drosophila is dependent on phagocytes. PLoS Pathog. 2007, 3, e26. [CrossRef] [PubMed]
Petit, J.; Wiegertjes, G.F. Long-lived effects of administering β-glucans: Indications for trained immunity in
fish. Dev. Comp. Immunol. 2016, 64, 93–102. [CrossRef] [PubMed]
Benn, C.S.; Netea, M.G.; Selin, L.K.; Aaby, P. A Small Jab—A Big Effect: Nonspecific Immunomodulation by
Vaccines. Trends Immunol. 2013, 34, 431–439. [CrossRef] [PubMed]
Aaby, P.; Roth, A.; Ravn, H.; Napirna, B.M.; Rodrigues, A.; Lisse, I.M.; Stensballe, L.; Diness, B.R.; Lausch, K.R.;
Lund, N.; et al. Randomized trial of BCG vaccination at birth to low-birth-weight children: Beneficial
nonspecific effects in the neonatal period? J. Infect. Dis. 2011, 204, 245–252. [CrossRef] [PubMed]
Kleinnijenhuis, J.; Quintin, J.; Preijers, F.; Joosten, L.A.B.; Ifrim, D.C.; Saeed, S.; Jacobs, C.; van Loenhout, J.;
de Jong, D.; Stunnenberg, H.G.; et al. Bacille Calmette-Guerin induces NOD2-dependent nonspecific
protection from reinfection via epigenetic reprogramming of monocytes. Proc. Natl. Acad. Sci. USA
2012, 109, 17537–17542. [CrossRef] [PubMed]
Kleinnijenhuis, J.; Quintin, J.; Preijers, F.; Joosten, L.A.B.; Jacobs, C.; Xavier, R.J.; van der Meer, J.W.M.; van
Crevel, R.; Netea, M.G. BCG-induced trained immunity in NK cells: Role for non-specific protection to
infection. Clin. Immunol. 2014, 155, 213–219. [CrossRef] [PubMed]
Quintin, J.; Saeed, S.; Martens, J.H.A.; Giamarellos-Bourboulis, E.J.; Ifrim, D.C.; Logie, C.; Jacobs, L.; Jansen, T.;
Kullberg, B.-J.; Wijmenga, C.; et al. Candida albicans infection affords protection against reinfection vai
functional reprogramming of monocytes. Cell Host Microbe 2012, 16, 123–128. [CrossRef]
Meena, D.K.; Das, P.; Kumar, S.; Mandal, S.C.; Prusty, A.K.; Singh, S.K.; Akhtar, M.S.; Behera, B.K.; Kumar, K.;
Pal, A.K.; et al. Beta-glucan: An ideal immunostimulant in aquaculture (a review). Fish Physiol. Biochem.
2013, 39, 431–457. [CrossRef] [PubMed]
Bekkering, S.; Quintin, J.; Joosten, L.A.B.; Van Der Meer, J.W.M.; Netea, M.G.; Riksen, N.P. Oxidized
low-density lipoprotein induces long-term proinflammatory cytokine production and foam cell formation
via epigenetic reprogramming of monocytes. Arterioscler. Thromb. Vasc. Biol. 2014, 34, 1731–1738. [CrossRef]
[PubMed]
Christ, A.; Günther, P.; Lauterbach, M.A.R.; Duewell, P.; Biswas, D.; Pelka, K.; Scholz, C.J.; Oosting, M.;
Haendler, K.; Baßler, K.; et al. Western Diet Triggers NLRP3-Dependent Innate Immune Reprogramming.
Cell 2018, 172, 162–175. [CrossRef] [PubMed]
Loss, G.; Apprich, S.; Waser, M.; Kneifel, W.; Genuneit, J.; Büchele, G.; Weber, J.; Sozanska, B.;
Danielewicz, H.; Horak, E.; et al. The protective effect of farm milk consumption on childhood asthma
and atopy: The GABRIELA study. J. Allergy Clin. Immunol. 2011, 128, 766–773. [CrossRef] [PubMed]

Nutrients 2018, 10, 1378

20.

21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

33.

34.

35.

36.
37.

38.

39.

11 of 12

Loss, G.; Depner, M.; Ulfman, L.H.; van Neerven, R.J.J.; Hose, A.J.; Genuneit, J.; Karvonen, A.M.;
Hyvärinen, A.; Kaulek, V.; Roduit, C.; et al. Consumption of unprocessed cow’s milk protects infants from
common respiratory infections. J. Allergy Clin. Immunol. 2015, 135, 56–62. [CrossRef] [PubMed]
Waser, M.; Michels, K.B.; Bieli, C.; Flöistrup, H.; Pershagen, G.; Von Mutius, E.; Ege, M.; Riedler, J.;
Schram-Bijkerk, D.; Brunekreef, B.; et al. Inverse association of farm milk consumption with asthma and
allergy in rural and suburban populations across Europe. Clin. Exp. Allergy 2006, 37, 661–670. [CrossRef]
[PubMed]
Van Neerven, R.J.J.; Knol, E.F.; Heck, J.M.L.; Savelkoul, H.F.J. Which factors in raw cow’s milk contribute to
protection against allergies? J. Allergy Clin. Immunol. 2012, 130, 853–858. [CrossRef] [PubMed]
Haug, A.; Høstmark, A.T.; Harstad, O.M. Bovine milk in human nutrition—A review. Lipids Health Dis. 2007,
6, 25. [CrossRef] [PubMed]
Lindmark-Månsson, H.; Fondén, R.; Pettersson, H.E. Composition of Swedish dairy milk. Int. Dairy J. 2003,
13, 409–425. [CrossRef]
Gaucheron, F. The minerals of milk. Reprod. Nutr. Dev. 2005, 45, 473–483. [CrossRef] [PubMed]
Heck, J.M.L.; van Valenberg, H.J.F.; Dijkstra, J.; van Hooijdonk, A.C.M. Seasonal variation in the Dutch
bovine raw milk composition. J. Dairy Sci. 2009, 92, 4745–4755. [CrossRef] [PubMed]
Pereira, P.C. Milk nutritional composition and its role in human health. Nutrition 2014, 30, 619–627. [CrossRef]
[PubMed]
Lönnerdal, B. Nutritional roles of lactoferrin. Curr. Opin. Clin. Nutr. Metab. Care 2009, 12, 293–297. [CrossRef]
[PubMed]
Ochoa, T.J.; Pezo, A.; Cruz, K.; Chea-Woo, E.; Cleary, T.G. Clinical studies of lactoferrin in children.
Biochem. Cell Biol. 2012, 90, 457–467. [CrossRef] [PubMed]
Korhonen, H.; Marnila, P.; Gill, H.S. Bovine milk antibodies for health. Br. J. Nutr. 2000, 84 (Suppl. S1),
S135–S146. [CrossRef]
Ulfman, L.; Leusen, J.H.W.; Savelkoul, H.F.J.; Warner, J.O.; van Neerven, R.J.J. Effects of bovine
immunoglobulins on immune function, allergy and infection. Front. Nutr. 2018, 5, 52. [CrossRef] [PubMed]
Ifrim, D.C.; Quintin, J.; Joosten, L.A.B.; Jacobs, C.; Jansen, T.; Jacobs, L.; Gow, N.A.R.; Williams, D.L.;
van der Meer, J.W.M.; Netea, M.G. Trained Immunity or Tolerance: Opposing Functional Programs Induced
in Human Monocytes after Engagement of Various Pattern Recognition Receptors. Clin. Vaccine Immunol.
2014, 21, 534–545. [CrossRef] [PubMed]
Saeed, S.; Quintin, J.; Kerstens, H.H.D.; Rao, N.A.; Aghajanirefah, A.; Matarese, F.; Cheng, S.-C.; Ratter, J.;
Berentsen, K.; van der Ent, M.A.; et al. Epigenetic programming of monocyte-to-macrophage differentiation
and trained innate immunity. Science 2014, 345, 1251086. [CrossRef] [PubMed]
Müller, A.; Rice, P.J.; Ensley, H.E.; Coogan, P.S.; Kalbfleish, J.H.; Kelley, J.L.; Love, E.J.; Portera, C.A.; Ha, T.;
Browder, I.W.; et al. Receptor binding and internalization of a water-soluble (1,3)-beta-D-glucan biologic
response modifier in two monocyte/macrophage cell lines. J. Immunol. 1996, 156, 3418–3425. [PubMed]
Teodorowicz, M.; Perdijk, O.; Verhoek, I.; Govers, C.; Savelkoul, H.F.J.; Tang, Y.; Wichers, H.; Broersen, K.
Optimized triton X-114 assisted lipopolysaccharide (LPS) removal method reveals the immunomodulatory
effect of food proteins. PLoS ONE 2017, 12, e0173778. [CrossRef] [PubMed]
O’Neill, L.A.J.; Grahame Hardie, D. Metabolism of inflammation limited by AMPK and pseudo-starvation.
Nature 2013, 493, 346–355. [CrossRef] [PubMed]
Cheng, S.C.; Quintin, J.; Cramer, R.A.; Shepardson, K.M.; Saeed, S.; Kumar, V.; Giamarellos-Bourboulis, E.J.;
Martens, J.H.A.; Rao, N.A.; Aghajanirefah, A.; et al. MTOR- and HIF-1α-mediated aerobic glycolysis as
metabolic basis for trained immunity. Science 2014, 345, 1250684. [CrossRef] [PubMed]
Arts, R.J.W.; Novakovic, B.; ter Horst, R.; Carvalho, A.; Bekkering, S.; Lachmandas, E.; Rodrigues, F.;
Silvestre, R.; Cheng, S.C.; Wang, S.Y.; et al. Glutaminolysis and Fumarate Accumulation Integrate
Immunometabolic and Epigenetic Programs in Trained Immunity. Cell Metab. 2016, 24, 807–819. [CrossRef]
[PubMed]
Bekkering, S.; Arts, R.J.W.; Novakovic, B.; Kourtzelis, I.; van der Heijden, C.D.C.C.; Li, Y.; Popa, C.D.;
ter Horst, R.; van Tuijl, J.; Netea-Maier, R.T.; et al. Metabolic Induction of Trained Immunity through the
Mevalonate Pathway. Cell 2018, 172, 135–146. [CrossRef] [PubMed]

Nutrients 2018, 10, 1378

40.

41.

42.
43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

12 of 12

Leentjens, J.; Quintin, J.; Gerretsen, J.; Kox, M.; Pickkers, P.; Netea, M.G. The effects of orally administered
beta-glucan on innate immune responses in humans, a randomized open-label intervention pilot-study.
PLoS ONE 2014, 9, e108794. [CrossRef] [PubMed]
Sun, Q.; Chen, X.; Yu, J.; Zen, K.; Zhang, C.Y.; Li, L. Immune modulatory function of abundant
immune-related microRNAs in microvesicles from bovine colostrum. Protein Cell 2013, 4, 197–210. [CrossRef]
[PubMed]
Lönnerdal, B.; Jiang, R.; Du, X. Bovine Lactoferrin Can Be Taken Up by the Human Intestinal Lactoferrin
Receptor and Exert Bioactivities. J. Pediatr. Gastroenterol. Nutr. 2011, 53, 606–614. [CrossRef] [PubMed]
Takayama, Y.; Aoki, R.; Uchida, R.; Tajima, A.; Aoki-Yoshida, A. Role of CXC chemokine receptor type 4 as
a lactoferrin receptor. Biochem. Cell Biol. 2017, 95, 57–63. [CrossRef] [PubMed]
Baveye, S.; Elass, E.; Fernig, D.G.; Blanquart, C.; Mazurier, J.; Legrand, D. Human lactoferrin interacts with
soluble CD14 and inhibits expression of endothelial adhesion molecules, E-selectin and ICAM-1, induced by
the CD14-lipopolysaccharide complex. Infect. Immun. 2000, 68, 6519–6525. [CrossRef] [PubMed]
Ando, K.; Hasegawa, K.; Shindo, K.I.; Furusawa, T.; Fujino, T.; Kikugawa, K.; Nakano, H.; Takeuchi, O.;
Akira, S.; Akiyama, T.; et al. Human lactoferrin activates NF-κB through the Toll-like receptor 4 pathway
while it interferes with the lipopolysaccharide-stimulated TLR4 signaling. FEBS J. 2010, 277, 2051–2066.
[CrossRef] [PubMed]
Verschoor, C.P.; Kohli, V. Cryopreserved whole blood for the quantification of monocyte, T-cell and NK-cell
subsets, and monocyte receptor expression by multi-color flow cytometry: A methodological study based on
participants from the Canadian longitudinal study on aging. Cytometry Part A 2018, 93, 548–555. [CrossRef]
[PubMed]
Vitetta, L.; Coulson, S.; Beck, S.L.; Gramotnev, H.; Du, S.; Lewis, S. The clinical efficacy of a bovine
lactoferrin/whey protein Ig-rich fraction (Lf/IgF) for the common cold: A double blind randomized study.
Complement. Ther. Med. 2013, 21, 164–171. [CrossRef] [PubMed]
Triantafilou, K.; Vakakis, E.; Richer, E.A.J.; Evans, G.L.; Villiers, J.P.; Triantafilou, M. Human rhinovirus
recognition in non-immune cells is mediated by Toll-like receptors and MDA-5, which trigger a synergetic
pro-inflammatory immune response. Virulence 2011, 2, 22–29. [CrossRef] [PubMed]
den Hartog, G.; Jacobino, S.; Bont, L.; Cox, L.; Ulfman, L.H.; Leusen, J.H.W.; van Neerven, R.J.J. Specificity
and Effector Functions of Human RSV-Specific IgG from Bovine Milk. PLoS ONE 2014, 9, e112047. [CrossRef]
[PubMed]
Mogensen, T.H.; Paludan, S.R.; Kilian, M.; Ostergaard, L. Live Streptococcus pneumoniae, Haemophilus
influenzae, and Neisseria meningitidis activate the inflammatory response through Toll-like receptors 2,
4, and 9 in species-specific patterns. J. Leuk. Biol. 2006, 80, 267–277. [CrossRef] [PubMed]
Schijf, M.A.; Lukens, M.V.; Kruijsen, D.; Van Uden, N.O.P.; Garssen, J.; Coenjaerts, F.E.J.; Van’t Land, B.;
Van Bleek, G.M. Respiratory syncytial virus induced type I IFN production by pDC is regulated by
RSV-infected airway epithelial cells, RSV-exposed monocytes and virus specific antibodies. PLoS ONE
2013, 8, e81695. [CrossRef] [PubMed]
Rose, D.; Winston, B.; Chan, E.; Riches, D.; Gerwins, P.; Johnson, G.; PM, H. Fc gamma receptor cross-linking
activates p42, p38 and JNK/SAPK mitogen-activated protein kinases in murine macrophages: Role for
p42MAPK in Fc gamma receptor-stimulated TNF-alpha synthesis. J. Immunol. 1977, 158, 3433–3438.
[CrossRef]
Gais, P.; Tiedje, C.; Altmayr, F.; Gaestel, M.; Weighardt, H.; Holzmann, B. TRIF signaling stimulates translation
of TNF-alpha mRNA via prolonged activation of MK2. J. Immunol. 2010, 184, 5842–5848. [CrossRef]
[PubMed]
Tartey, S.; Takeuchi, O. Pathogen recognition and Toll-like receptor targeted therapeutics in innate immune
cells. Int. Rev. Immunol. 2017, 36, 57–73. [CrossRef] [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

