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Human milk oligosaccharides (HMOS) are a complex mixture of bioactive components
supporting the immune development of breastfed-infants. Dendritic cells (DCs) play a
central role in the regulation of immune responses, being specialized in antigen presen-
tation and driving T-cell priming as well as differentiation. However, little is known about
the direct effects of HMOS on human DC phenotypes and functions. Here, we report that
HMOS mixture isolated from pooled human milk, induced semi-maturation of human
monocytes-derived DCs (moDCs), and elevated levels of IL-10, IL-27 and IL-6 but not IL-
12p70 and TNF-α. Consistently, HMOS-conditioned human moDCs promoted Treg gen-
eration from naı̈ve CD4+ T cells. Interestingly, HMOS limited LPS-induced maturation of
human moDCs, while maintained IL-10 and IL-27 secretion and reduced LPS-induced pro-
duction of IL-12p70, IL-6 and TNF-α. Furthermore, HMOS+LPS-stimulated DCs induced a
higher frequency of Tregs and increased IL-10 production, while a reduction in Tbet+Th1
frequency and IFN-γ production was detected as compared to LPS-DCs. The regulatory
effects of HMOS seemed to be mediated by interactions of HMOS with receptors, including
but not limited to TLR4 and DC-SIGN on human moDCs. In conclusion, HMOS contain
tolerogenic factors influencing human moDCs and thereby modulating the development
of the neonatal immune system.
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Introduction

In the past decades, there has been a growing appreciation that
breast milk beneficially supports the innate immune system [1]
and modulates microbiota composition during the first months
of life. Breastfeeding is known to reduce the risk of inflamma-
tory diseases [2], infectious diseases [3, 4], asthma and allergic
disease [5], as well as autoimmune diseases [6]. Among the var-
ious bioactive components in breast milk, human milk oligosac-
charides (HMOS) have been suggested to play a key role [7, 8].
HMOS are a diverse mixture of over 1000 individual oligosaccha-
rides that belong to different core structures consisting of short
chain and long chain oligosaccharides typically present in a 9:1
ratio. In this paper the term “HMOS” is used as term for the com-
plete mixture of HMOS, when individual compounds are referred
to, they are labelled with their specific name. Among the most
abundant oligosaccharides present in the majority of human milk
samples, are 2’-fucosyllactose (2’FL), 3’-sialyllactose (3’SL), 6’-
sialyllactose (6’SL), and Lacto-N-Fucopentaose I (LNFP-I) [9, 10],
with a disaccharide lactose backbone at the reducing end, consist-
ing of glucose, galactose, N-acetyl-glucosamine, fucose and sialic
acid [7, 11]. Despite facilitating the outgrowth of specific bacte-
ria by serving as metabolic substrates, thereby beneficially shaping
the microbiota composition and metabolism [12], HMOS may also
directly modulate the immune system. It is known that HMOS are
sampled by the lamina propria residing dendritic cells (DCs) [13].
In addition, some structures have been detected in systemic circu-
lation, suggesting absorption in the small intestine [14, 15]. These
findings indicate possibilities of direct interaction between HMOS
and human DCs.

DCs are pivotal in the regulation and development of innate
and adaptive immune responses during infections and inflamma-
tory diseases. Upon sensing environmental signals, DCs mature
and adjust their cytokine microenvironment; they migrate from
the peripheral tissues into and within secondary lymphoid organs
to induce and regulate effector T cell responses. One sub-
population of DCs, the so-called tolerogenic dendritic cell (tDC)
[16–18], are featured by lower levels of co-stimulatory molecules
such as CD80, CD86, CD40, but high expression of inhibitory
markers such as PD-L1 and OX40L. These tDCs respond with a
reduced inflammatory cytokine production such as IL-12, IL-4,
IL-6, and TNF-α, but elevate the regulatory cytokine production
including IL-10, TGF-β, and IL-27. More importantly, tDCs are
functional regulatory T cell (Treg) inducers. Tregs exert their
immunosuppressive capacity through a variety of mechanisms
affecting again both DCs and effector T-cell [19]. Since the neona-
tal immune system is fully in development and can be character-
ized by an immature Th1 immune responsiveness and predom-
inant Th2 activity [20], the induction of tDCs can be seen as a
potential target for prevention and treatment of autoimmune dia-
betes [21] and allergic diseases [16] early in life.

The induction of tDCs has been experimentally achieved by
tolerogenic factors such as prebiotic oligosaccharides and some
commercially available individual HMOS. In human monocytes-
derived DCs (moDCs), a mixture of short-chain galacto-

oligosaccharides (scGOS) and long-chain fructo-oligosaccharides
(lcFOS) at a ratio of 9:1, directly modulated DCs phenotype.
Both cytokine and chemokine production and T-cell priming were
modulated in a TLR4-mediated manner in vitro [22]. In a murine
colitis model pro-inflammatory stimulation was induced by 3’SL,
possibly through direct recognition by intestinal DCs in a TLR4-
dependent manner, whereas 6’SL was not able alter the DCs [23].
Due to the immature immune system of neonates, it can be sug-
gested that specific milk oligosaccharides may provide structural
cues to educate the early innate immune system and prepare the
infant for a possible encounter with pathogenic bacteria.

Despite advances within this field, there is scarce data regard-
ing possible direct immunomodulatory effects of the naturally
occurring HMOS mixture on human DCs phenotype and subse-
quent DC-T-cell interaction. Consequently, the underlying mech-
anism through which HMOS may exert their immunomodulatory
effects on human DCs, during a period of changing environmental
factors, remains unclear. Several receptors through which specific
HMOS structures may exert their immunomodulatory effects on
DCs have been postulated. For example, the LPS recognizing TLR4
on DCs was suggested to be involved in the effects of 3’FL on DCs
both in vitro [24] as well as in vivo [23]. TLR4 has also been sug-
gested to bind to LNFP III which subsequently promoted Th2-like
responses [25], although part may possible by induced by possible
endotoxin contamination [24]. In addition, DC-specific intercel-
lular adhesion molecule-3-grabbing non-integrin (DC-SIGN) has
been suggested to be a major receptor of fucosylated HMOS specif-
ically [26]; and sialic acid binding immunoglobulin-like lectins
(Siglecs) have been shown to bind sialylated oligosaccharides from
human milk [27]. However, whether these postulated interactions
are responsible for distinct biological effects of specific HMOS on
DCs remain to be established.

Therefore, we set out to assess whether and through which
molecular mechanisms HMOS may influence the phenotype and
function of human moDCs. In addition, the influence of HMOS
on LPS-driven maturation and functionality of human moDCs was
tested. The results indicate that HMOS can induce human tDCs,
thereby supporting the immune developmental capacity of human
milk. Identification of possible pathways involved in the induction
of this regulatory phenotype by HMOS may provide new insight
into the cellular and molecular mechanisms through which HMOS
can exert their immunomodulatory effects in humans.

Results

HMOS induce semi-maturation and attenuate
LPS-induced activation of human moDCs

The tolerogenic function of tDCs is determined by their activation
status, they are often semi-matured (reduced expression of
surface markers like MHC-II) with lack of pro-inflammatory
cytokines production but capable to interfere with activation
induced by pro-inflammatory signals like LPS [16]. To test the
effect of HMOS on the expression of MHC-II and costimulatory
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Figure 1. Effects of HMOS on the maturation status of human moDCs in the absence or presence of LPS. (A) Gating strategy of CD14-APC negative
DCs. (B) Representative histograms and (C) (Median Fluorescence Intensity (MFI)) of co-stimulatory molecules CD80-PE, CD86-PE, CD40-PE-Cy7, and
HLA-DR-PerCP-Cy5.5, and inhibitory molecules PD-L1-PE-Cy7 and OX40L-PerCP-Cy5.5. expression of DCs treated by medium, LPS, HMOS (0.8, 2,
5 mg/mL), and HMOS+LPS. Open histograms represent isotype mAb staining. The y-axis of the column bar graphs shows the relative expression of
surface markers obtained by setting medium control as 1-fold within one experiment for each donor. (D) mRNA levels of co-stimulatory molecules
CD80, CD86, CD40, and HLA-DRA, HLA-DRB, and inhibitory molecule PD-L1 expression of DCs treated by medium, LPS, HMOS (5mg/ml), and
HMOS+LPS. The y-axis of the column bar graphs shows the relative mRNA expression obtained by setting medium control as 1-fold within one
experiment for each donor. Immature DCs were generated from human PBMC-derived monocytes, on day 6 immature DCs were stimulated with
either medium (control), or HMOS (0.8, 2, 5 mg/mL) in the presence or absence of 100 ng/mL LPS. DCs were collected at 24 h for flow cytometry
analysis or at 16 h for mRNA levels by qPCR analysis. Results are presented as mean ± SEM (7-9 independent experiments (1-2 donors/experiment)
for flow cytometry analysis, and 2 independent experiments (2-3 donors/experiment) for QPCR analysis). *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.001, paired Student’s t-test.

molecules on human moDCs and during co-stimulation with LPS,
flow cytometry and qPCR analysis were conducted. Stimulation
of immature DCs with LPS and/or HMOS at the highest concen-
tration (5 mg/ml) did not affect the cell viability (Supporting
Information Fig. 2). Within a physiological relevant concentration
range from 0.8 to 5 mg/mL [9, 10], HMOS showed no significant
impact on the protein expression of HLA-DR (Fig. 1B, C), however
upregulated the expression of co-stimulatory molecules CD80
(Fig. 1B, C, p < 0.05 and p < 0.001 for HMOS at 2 and 5 mg/mL,
respectively), CD86 (Fig. 1B, C, p < 0.05, p < 0.05, and p < 0.001
for HMOS at 0.8, 2 and 5 mg/mL, respectively), and CD40
(Fig. 1B, C, p < 0.01 for HMOS at 5 mg/mL) in a concentration-
dependent manner, but not to a full extent compared to the
LPS-induced increase of these surface molecules (Fig. 1B, C). In
addition, HMOS upregulated the expression of inhibitory markers
PD-L1 (Fig. 1B, C, p < 0.01, p < 0.01, and p < 0.001 for HMOS
at 0.8, 2 and 5 mg/mL, respectively), while down-regulated the

expression of OX40L (Fig. 1B, C, p < 0.05 and p < 0.05 for HMOS
at 0.8 and 2 mg/mL, respectively) compared to untreated control
DCs (gating strategy shown in Fig. 1A). At mRNA level, HMOS at
5 mg/mL did not significantly influence the expression of the sur-
face markers except for a significant downregulation in HLA-DRA
(Fig. 1D, p < 0.01) and HLA-DRB (Fig. 1D, p < 0.01). These data
suggest that HMOS addition to immature PBMC derived human
moDC induce semi-maturation as compared to untreated control
DCs and LPS-induced fully matured DCs. LPS alone induced
significant levels of CD80 (p < 0.0001), CD86 (p < 0.0001), CD40
(p < 0.001), and HLA-DR (p < 0.05) compared to untreated
DCs (Fig. 1B, C). With a co-incubation of HMOS and LPS, the
protein expression of CD80, CD86, and CD40 were suppressed
significantly in a concentration-dependent manner, whereas no
change in expression of the inhibitory marker PD-L1 was detected
and expression of OX40L was decreased as compared to LPS alone
(Fig. 1B, C). At mRNA level, LPS increased the mRNA expression
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of CD80 (Fig. 1D, p < 0.05) and CD40 (Fig. 1D, p < 0.05) com-
pared to untreated control. Co-incubation with the combination
of HMOS and LPS slightly decreased the CD80 (Fig. 1D, p = 0.05)
mRNA levels and significantly downregulated HLA-DRA levels
(Fig. 1D, p < 0.01), but significantly increased the mRNA expres-
sion of PD-L1 (Fig. 1D, p < 0.01) compared to untreated control.
These findings indicate that HMOS co-incubation interferes with
the LPS-induced maturation of human moDCs.

Importantly, observed effects of HMOS seemed unlikely to be
induced due to potential LPS contamination as analyzed using
polymyxin B (PB) pretreatment experiments. In a control assay,
PB, an antibiotic recognized for its LPS-neutralizing effects, was
added to LPS and HMOS (5 mg/mL) solution before treating
the moDCs, and expression of CD80 and IL-10 production were
assessed. Addition of PB effectively abolished LPS-induced upreg-
ulation of CD80 (Supporting Information Fig. 3A, p < 0.05, LPS
versus LPS+PB) and IL-10 production (Supporting Information
Fig. 3B, p < 0.05, LPS versus LPS+PB) of DCs, indicating the
neutralizing effects of PB on LPS in this human moDC model.
However, no difference was observed in HMOS-induced CD80
expression (Supporting Information Fig. 3A, no significance
between HMOS and HMOS+PB) and IL-10 production (Sup-
porting Information Fig. 3B, no significance between HMOS and
HMOS+PB) by adding PB. These results indicate that a potential
LPS contamination within HMOS was not sufficient to induce
HMOS-related effects.

HMOS induce an anti-inflammatory cytokine profile
in human moDCs

Only surface expression level changes on human moDCs are
not sufficient to assess the DC function. Therefore, cytokine
production was determined in supernatants of human moDCs
treated with HMOS. An increase in the regulatory cytokine
IL-10 (Fig. 2A, p < 0.01, p < 0.001, and p < 0.001 for HMOS at
0.8, 2, and 5 mg/mL, respectively) and IL-27 (Fig. 2B, p < 0.05 for
HMOS at 5mg/mL) production was detected in the supernatant
of HMOS-conditioned DCs. Whereas no difference was detected
in the Th1-type of cytokine IL-12p70 (Fig. 2C) and Th2-type of
cytokine IL-4 (Fig. 2D) production between HMOS-conditioned
DCs and untreated control DCs. Surprisingly, an increase in the
pro-inflammatory cytokine IL-6 was detected in the supernatant
of HMOS-conditioned DCs (Fig. 2E, p < 0.01 and p < 0.01 for
HMOS at 0.8 and 5 mg/mL, respectively). No significant effect
was detected in the pro-inflammatory cytokine TNF-α production
of human moDCs by HMOS (Fig. 2E). Stimulation of human
moDCs with LPS effectively elevated the release of IL-10 (Fig. 2A,
p < 0.001), IL-12p70 (Fig. 2C, p < 0.0001), IL-6 (Fig. 2E, p < 0.01)
and TNF-α (Fig. 2F, p = 0.05) levels in the supernatant of moDCs
compared to untreated control, while no effect on the DCs
production of IL-27 (Fig. 2B) and IL-4 (Fig. 2E) was detected by
LPS stimulation. Co-incubation of HMOS and LPS significantly
increased levels of IL-10 (Fig. 2A, p < 0.05 and p < 0.01 for HMOS
at 2 and 5mg/mL, respectively) and IL-27 (Fig. 2F, p < 0.05 for

HMOS at 5 mg/mL) in the supernatant of moDCs as compared to
control DCs. On the other hand, co-incubation of HMOS and LPS
completely suppressed the release of pro-inflammatory cytokines
IL-12p70 (Fig. 2C, p < 0.05 and p < 0.0001 for HMOS at 2 and
5 mg/mL, respectively), IL-6 (Fig. 2E, p < 0.01 and p < 0.01 for
HMOS at 0.8 and 2 mg/mL, respectively), and TNF-α (Fig. 2F,
p < 0.05 for HMOS at 0.8 mg/mL) as compared to LPS treated
DCs. Consistently, at mRNA level, an increased expression of
IL-10 (Fig. 2G, p < 0.01), IL-27 (Fig. 2H, p < 0.01) and IL-6
(Fig. 2K, p < 0.05) was detected in the DCs treated by HMOS
(5mg/ml) as compared to control DCs. No differences in mRNA
levels of IL-12p40 (Fig. 2I) and TNF-α (Fig. 2L) expression were
observed between DCs with different treatments. Within DCs
treated with HMOS+LPS, the mRNA levels of IL-12p40 (Fig. 2I,
p < 0.05) and IL-6 (Fig. 2K, p < 0.05) expression was increased
as compared to non-treated DCs. Besides, an increased mRNA
expression of TGF-β was detected in the combination HMOS
and LPS condition compared to LPS treatment alone (Fig. 2J,
p < 0.05). Collectively, these results indicate that the addition
of HMOS alone to moDCs results in cytokine production with a
more regulatory phenotype, whereas the LPS-induced maturation
and (pro-) inflammatory cytokine release by human moDCs, was
inhibited by the co-incubating with HMOS.

HMOS induce the expression of migration markers in
human moDCs

Another feature of the previously described semi-mature tolero-
genic DCs is their lymph node or inflamed site homing potential,
by which DCs can guide T-cell to the proper anatomical locations.
We therefore examined on HMOS-conditioned DCs the expression
of chemokine receptors CCR7 and CXCR3, which are known
to enable DC’s migration to lymphoid organs and inflamma-
tory lesions respectively [27]. An increased expression of CCR7
(Fig. 3B, p < 0.05; Fig. 3C, p < 0.01) and CXCR3 (Fig. 3D, p < 0.05;
Fig. 3E, p < 0.01) at both the protein and mRNA levels respectively
was detected on the moDCs pre-incubated with HMOS (5 mg/mL),
compared to untreated control DCs. LPS is essential for the induc-
tion of migratory activity in tolerogenic DCs [28]. Upon LPS
stimulation, CCR7 mRNA expression was increased (Fig. 3C,
p < 0.01). Upon addition of both HMOS and LPS, an increased
expression of CCR7 and CXCR3 at both protein and mRNA levels
were detected compared to untreated control (Fig. 3B-E). The
increase in expression of CCR7 and CXCR3 suggests that HMOS
may be able to equip human DCs with the capacity to migrate
to lymphoid organs and inflammatory lesion, respectively. In
addition, LPS stimulation seems to enhance this capacity.

HMOS-conditioned human moDCs support regulatory
T-cell development

Both IL-10 and IL-27 released by moDC, are linked to the
induction of CD4+ T-cell with regulatory function [19, 21, 22].
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Figure 2. Effects of HMOS on cytokines release by human moDCs in the absence or presence of LPS. Production of (A) IL-10, (B) IL-27, (C) IL-12p70,
(D) IL-4, (E) IL-6, and (F) TNF-α by DCs treated with medium, HMOS at 0.8, 2 and 5mg/mL in the presence or absence of 100 ng/mL LPS. mRNA
expression of (G) IL-10, (H) IL-27, (I) IL-12p40, (J) TGF-β, (K) IL-6, and (L) TNF-α of DCs treated with medium, 5 mg/mL HMOS, LPS or 5 mg/mL
HMOS+LPS. Immature DCs were stimulated with either medium (control), 100 ng/mL LPS (positive control), (0.8, 2 or 5 mg/mL) HMOS or HMOS in
the presence of 100 ng/mL LPS. After 24 h, supernatants were collected and analyzed for IL-10 (A), IL-12p70 (B), IL-6 (C), TNF-a, and IL-27 release by
ELISA assays and cells were collected for QPCR analysis. Results are presented as mean ± SEM (3 independent experiments (2-3 donors/experiment)
for Elisa assays and 2 independent experiments (2-3 donors/experiment) for QPCR analysis). For panel G-L, the y-axis of the column bar graphs
shows the relative mRNA expression obtained by setting medium control as 1-fold within one experiment and for each donor. *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001, Paired Student’s t-test.

Conversely, IL-12p70 has been shown to reduce the frequency
of regulatory T-cell and Foxp3 expression and enhance the
activation and proliferation of conventional T-cell [23]. To
examine whether HMOS-conditioned DCs can induce regulatory
T-cell development, we conducted an allogenic mixed lymphocyte
reaction (MLR) with the stimulated DCs and purified näıve
CD4+ T-cell from PBMCs. After 6 days of co-culture, CD4+ T-cell
was phenotypically analyzed for the expression of CD25 and
Foxp3. Compared to untreated moDCs, HMOS-conditioned DCs
induced up to 2.5% higher CD25+Foxp3+ Tregs within the
CD4+ T-cell population (Fig. 4B left panel, p < 0.05, p < 0.01
and p < 0.001 for 0.8, 2, and 5 mg/mL HMOS, respectively). No
differences were detected on the percentage Tregs when DCs
were stimulated by LPS compared to untreated DCs. In a culture
of moDCs conditioned by the combination of LPS and HMOS
(0.8, 2, and 5 mg/mL) up to 1.6% higher Tregs were detected
compared to untreated control DCs (Fig. 4B right panel, p < 0.01,
p < 0.01, p < 0.01 for 0.8, 2, and 5 mg/mL HMOS, respectively).
Consistently, HMOS-conditioned DCs significantly increased
IL-10 production by CD4+ T-cell after 6-day co-culture (Fig. 4C
left panel, p < 0.05 for HMOS at 5 mg/mL), while compared to
control DCs, LPS stimulated DCs did not significantly influence
the IL-10 production by CD4+ T-cell. In addition, a higher level of
IL-10 was detected in supernatants of T-cell co-cultured with DCs
treated by LPS and 5 mg/mL HMOS, compared to LPS-DCs and
untreated control DCs (Fig. 4C right panel, p < 0.05, p < 0.05,
respectively). Together, these findings confirmed the regulatory
phenotype of HMOS-conditioned human moDCs, and again, the
presence of LPS did not abolish this phenotype.

HMOS-conditioned human moDCs influence Th1
differentiation

To examine the effects of HMOS-conditioned DCs on T cell
polarization näıve T-cell co-cultured with HMOS-conditioned DCs

were stained with activation marker CD69 and intracellular Tbet
and GATA3 as a Th1 and Th2 T-cell marker, respectively. HMOS-
conditioned DCs showed no significant impact on the priming
of CD69+Tbet+cells nor on CD69+GATA3+cellular polarization
(Fig. 5B, C) as compared to control DCs. An increase in the
percentage of Tbet+ cells was detected in the LPS-stimulated
co-culture of DCs-T-cell compared to untreated control co-culture
(Fig. 5B right panel, p < 0.01). Interestingly, in the context of
possibly excessive Th1 activation induced by LPS-stimulated
DC, HMOS effectively attenuated this effect in a concentration-
dependent manner (Fig. 5B right panel). No changes were
detected in the percentage of GATA3+ expressing cells within the
different DC-T cell co-cultures (Fig. 5C). No differences on IFN-γ
production by T-cell were detected between HMOS-conditioned
DCs and untreated DCs, whereas a significant increase in IFN-γ
level was detected in the supernatant of CD4+ T-cell primed
with LPS-conditioned DCs (Fig. 5E, p < 0.01). Interestingly, also
a lower IFN-γ level was measured in the supernatant of HMOS
(5 mg/ml) + LPS-DCs primed T-cell compared to LPS-DCs primed
T-cell (Fig. 5E, p < 0.05). In conjunction with the GATA3 expres-
sion also no differences were found in IL-4 production between
T-cell primed by DCs with different treatment (Fig. 5F). Together,
these findings indicate that HMOS per se don’t seem to condition
DCs to prime Th1 nor Th2 cells directly; HMOS were able to con-
dition DCs to maintain the CD4+ T-cell balance within the context
of over-activated Th1 responses induced by LPS stimulation.

T cells primed by HMOS-conditioned human moDCs
suppress proliferation of responder CD4+ T cells

Based on the finding that CD4+ T-cell primed by HMOS-
conditioned DCs induce a regulatory phenotype, we tested the
capacity of this primed CD4+ T cell pool to suppress prolifera-
tion of activated responder CD4+ T-cell. CD4+ T-cell obtained
from the primary MLR were co-cultured with CD3/CD28 activated
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Figure 3. Effects of HMOS on the migratory marker’s expression of human moDCs in the absence or presence of LPS. (A) Representative histograms
of CCR7-PerCP-Cy5.5 and CXCR3-FITC expression on the DCs treated by medium, LPS, HMOS (5 mg/ml), and HMOS (5 mg/ml) + LPS. Open histograms
represent isotype mAb staining. MFI of (B) CCR7 and (D) CXCR3 expression on human DCs. mRNA expression of (C) CCR7 and (E) CXCR3 on human
DCs. iDCs were generated and treated as described in the figure legend 1, after 24 h, DCs were analyzed by flow cytometry and qPCR for
the expression of the migration markers CCR7 and CXCR3 at protein and mRNA levels, respectively. Results are presented as mean ± SEM (3
independent experiments (1–2 donors/experiment)). *p < 0.05, **p < 0.01, paired Student’s t-test.

CFSE-labelled responder CD4+ T-cell at different ratios (1:4, 1:2,
1:1) for 5 days. T-cell primed by both 5 mg/mL HMOS- and
5 mg/mL HMOS+LPS-conditioned DCs were capable to suppress
the proliferation of activated responder CD4+ T-cell significantly
(Fig. 6B). The suppressive capacity was most pronounced in the
1:1 ratio co-culture; the proliferation of activated responder CD4+

T-cell was suppressed up to 43% in the presence of HMOS-DCs
primed T-cell (Fig. 6B, p < 0.0001) and up to 39% in the presence
of HMOS+LPS-DCs primed T-cell (Fig. 6B, p < 0.001), whereas
only 28% and 22% suppression was measured in the presence of
LPS-DCs primed T-cell and untreated-DCs primed T-cell, respec-
tively, compared to the condition with only CD3/CD28 activated
CFSE-labelled responder CD4+ T-cell. Overall, these data suggest
that HMOS alone or in the presence of LPS, modulates the capacity
of human moDCs to prime CD4+T-cell with a suppressive capacity.

HMOS induce regulatory DCs possibly through
interaction with DC-SIGN and TLR4 receptors

DC-SIGN [29] and TLR4 [30] are known pathogen recognition
receptors regulating host microbe interaction. Therefore, we

first compared expression levels of TLR4 and DC-SIGN on the
immature DCs (control) and conditioned DCs. Expression levels
of DC-SIGN (both at mRNA and protein levels) were observed to
be lower on DCs cultured with HMOS (5 mg/mL), LPS, and the
combination of HMOS (5 mg/mL) +LPS (Fig. 7A) as compared to
non-treated DCs. TLR4 expression at mRNA level was increased
in the human moDCs treated by HMOS, LPS as well as the
combination of HMOS+LPS (Fig. 7B) compared to the levels
detected within untreated control DCs. However, at protein level,
no changes were detected regarding TLR4 expression on human
DCs by the different treatments (Fig. 7B). Next, we investigated
the role of these two receptors in the IL-10, IL-12p70 production,
and Treg induction capacity of DCs and the influence of HMOS in
the presence or absence of LPS, by conducting receptor blocking
assays. The addition of anti-TLR4 antibody resulted in a reduction
of IL-10 levels detected in supernatants of HMOS-induced human
moDC as compared to control DCs (Fig. 7C, left panel, p < 0.05).
Although IL-10 levels were similar in co-cultures when adding the
anti-DC-SIGN antibody alone, a significant down-regulation could
be detected if the combination of anti-DC-SIGN and anti-TLR4
antibodies were used (Fig. 7C left panel, p < 0.05). A similar pat-
tern was observed in the presence of HMOS and LPS stimulation
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Figure 4. Effects of HMOS-conditioned human moDCs on the induction of Tregs and IL-10 production by T-cell. (A) Representative plots of
CD4+CD25+Foxp3+ Tregs induced by control DCs treated with medium, LPS, HMOS (5 mg/mL), and HMOS (5 mg/mL) +LPS matured DCs. Gating
strategy is shown in Supporting Information Fig. 4. (B) Percentage of CD25+Foxp3+ Tregs from CD4+ T-cell 6–7 days’ post MLR assay. Stimulated
DCs were collected at 24 h and co-cultured with fresh isolated naı̈ve CD4+ T-cell in a 1:10 ratio. After 6–7 days of co-culture, T-cell was harvested
and analyzed for the expression of CD4-PerCP-Cy5.5, CD25-FITC and Foxp3-PE-Cy7 by flow cytometry. (C) IL-10 secretion in the supernatant of
MLR. Supernatant was collected for IL-10 measurement by ELISA assay. Results are presented as mean ± SEM (4 independent experiments (2-3
donors/experiment) for panel B, (3 independent experiments (1-2 donors/experiment) for panel C), *p < 0.05, **p < 0.01, ****p < 0.0001, paired
Student’s t-test.

on DCs (Fig. 7C, right panel). Besides, the addition of anti-TLR4
antibody resulted in no IL-12p70 production, whereas DC-SIGN
blockage slightly increased IL-12p70 production (Fig. 7D, left
panel). In terms of the receptors involved in the effects of HMOS to
suppress LPS-induced IL-12p70 released by Th1-cell polarization
of DCs, we found that blockage of DC-SIGN receptor resulted in
partial inability of HMOS to suppress LPS-induced IL-12p70 pro-
duction (Fig. 7D, right panel, p < 0.05). The addition of anti-TLR4
alone or combined with anti-DC-SIGN antibody led to a complete
suppression on IL-12p70 release (Fig. 7D, right panel, p < 0.05).
The addition of blocking antibodies did not show any significant
effects on the production of IL-10 and IL-12p70 compared to neg-
ative control treatment (Fig. 7E). In addition, within the DC-T-cell
co-culture experiment a reduced percentage of HMOS-induced
Tregs generation by adding anti-DC-SIGN as well as the combina-
tion of anti-DC-SIGN and -TLR4 antibodies was detected (Fig. 7F,
p < 0.05 and p < 0.05, respectively). Whereas no effect was
observed in the generation of Tregs induced by HMOS-conditioned
DCs by the addition of anti-TLR4 antibody alone (Fig. 7F). These
data suggest that both DC-SIGN and TLR4 receptors signaling
are involved in HMOS conditioned DC induced IL-10 production,
whereas DC-SIGN signaling seems to be primarily involved
in generation of Tregs. These findings together indicate that

DC-SIGN signaling indeed contributes to the suppressive capacity
of HMOS on LPS-induced activation in human DCs. However, it is
unclear whether binding of specific HMOS with TLR4 impacts the
inhibition on LPS-induced activation since addition of anti-TLR4
antibody blocks the binding of both HMOS and LPS with TLR4.

Discussion

During the first months of life, breastfeeding plays an essential
role in programming the immune system, in part by modulation of
the microbiota composition [31, 32]. The developing and rapidly
changing microbial community will constantly interact with the
immune system. More importantly, breastfeeding also directly
influences the immune system by providing the infants with
immune modulatory compounds such as HMOS. Several HMOS
structures have been documented not to be digested by GI enzymes
but to be absorbed into the systemic circulation in both breastfed
infants [14] and rats orally administrated with HMOS [15],
suggesting that immune cells such as DCs are likely to be exposed
to HMOS throughout the body. The immune modulatory effects of
prebiotic oligosaccharides mixture [22], as well as specific HMOS
3’FL and 6’SL [24] on human moDCs have been described by
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Figure 5. Effects of HMOS-conditioned human moDCs on the prime of Th1 and Th2 responses. (A) Representative plots of CD69+Tbet+ (left panels)
and CD69+GATA3+ (right panels) CD4 T-cell. Gating strategy is shown in Supporting Information Fig. 4. Percentage of (B) CD69+Tbet+ (Th1) and
(C) CD69+GATA3+ (Th2) cells of the CD4+ T-cell population. (D) Ratio of Th1 and Th2 cells. Production of (E) IFN-γ and (F) IL-4 by co-cultured T-cell.
The expression of CD4-PerCp-Cy5.5, CD69-FITC, Tbet-PE-Cy7, and GATA3-PE was analyzed by flow cytometry. Results are presented as mean ±
SEM, (4 independent experiments (2-3 donors/experiment) for panel B-D, (3 independent experiments (1-2 donors/experiment) for panel E,F). *p <

0.05, **p < 0.01, paired Student’s t-test.

previous studies. However, the effects of the authentic (i.e. com-
plete) HMOS mixture on the human DC phenotype and function
have not been reported before. In the present study, we show for
the first time that HMOS modulate human moDCs in a microbiota-
independent way. The unique mixture of HMOS, isolated from
mature human milk, induces a semi-maturation state and sup-

presses LPS-induced immune activation of human moDCs. These
HMOS-conditioned DCs are then able to modulate T-cell responses
in which both TLR4 as well as DC-SIGN seem to play a role,
suggesting a key role of HMOS in early life immune development.

A recent study indicates that tolerogenic DCs induced by one
specific HMOS 3’SL is attributed to LPS contamination [24],

C© 2019 The Authors. European Journal of Immunology published by
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

www.eji-journal.eu



Eur. J. Immunol. 2019. 49: 1001–1014 Innate immunity 1009

Figure 6. Suppressive capacity of HMOS-conditioned human moDCs on activated responder CD4+ T-cell proliferation. (A) Representative plots of
T-responder cell (Tresp) co-cultured with CD4+T-cell primed by control DCs, LPS treated DCs, HMOS (5 mg/ml) +LPS treated DCs, or HMOS (5 mg/ml)
treated DCs at the ratio of 1:1. (B) The degree of Tresp proliferation after co-culturing with CD4+T-cell primed by different DCs. CD3/CD28 activated
CFSE-labelled responder CD4+T-cell was co-cultured with CD4+T-cell primed by different DCs at ratio 4:1, 2:1, and 1:1 for 5 days. Proliferation of
FITC-positive cells was analyzed by flow cytometry and suppressive functionality was determined by comparing the proliferated CD4-PerCP-Cy5.5
positive T cell. Results are presented as mean ± SEM, (3 independent experiments (1-2 donors/experiment). *p < 0.05, **p < 0.01, ***p < 0.01, ****p <

0.001, paired Student’s t-test.

indicating the necessity of evaluating potential LPS contami-
nation in HMOS preparations. A low level of endotoxins was
detected in the HMOS preparation (data not shown), however
upon removal of potential LPS contamination by the addition of
PB, the observed immune modulatory effects of HMOS on human
moDCs were not significantly influenced. In addition, HMOS-
conditioned DCs induced a remarkably different pattern of mem-
brane co-stimulatory markers expression, cytokine production and
DC-T-cell interactions than LPS-stimulated DCs, supporting the
notification that HMOS do exert immune modulatory effects on
human DCs. On the other hand, since microbial components were
detected within the HMOS preparation, we cannot rule out the
possibility that they play an essential role in combination with
HMOS to steer the moDC generation and maturation. Which in
itself makes sense, because upon birth all infants will be exposed
to a huge amount of different microbial components while form-
ing a stable microbiome. This even suggests that HMOS might
exert their effects specifically in the presence of microbial and or
pathogenic antigens [33]. In this regard it is also known that both
microbial start in early life (i.e. c-section versus natural delivery)
as well as the provision of human milk is essential for development
of infant’s immune system [8].

Studies have demonstrated or suggested direct interactions of
specific HMOS or prebiotic oligosaccharides with murine and/or
human DCs [23, 24, 26]. HMOS are potential gut microbiota
modulators which effectively stimulate the growth of beneficial
bacteria such as Bifidobacteria, and may subsequently increase
bacterial metabolites such as SCFAs production as result of

fermenting HMOS [34]. Both the microbiome alterations [35, 36]
and SCFAs [37, 38] are known to effectively influence phenotype
and function of human DCs. In addition to these features, we show
that HMOS concentration-dependently induce a semi-maturation
of human moDCs. The up-regulation of cytokines such as IL-10
and IL-27 indicates a direct immune regulatory property of HMOS
on human moDCs. This is similar to the effects detected by
scGOS/lcFOS on human moDCs [22]. Proper activation of innate
immune cells is essential for immune education in early life,
therefore activation of DCs by HMOS may be essential for immune
development in neonates [39]. On the other hand, over activa-
tion of immune responses may cause autoimmune diseases and
excessive inflammation [40]. HMOS suppress LPS-induced expres-
sion of DCs surface markers and reduce LPS-mediated (pro-)
inflammatory cytokines IL-12p70 (IL-12p40), IL-6, TNF-α gene
expression and protein release. These findings are in line with
the previously reported feature of specific HMOS 2’FL, which
effectively attenuated LPS-mediated inflammation in human
enterocytes [41]. However, the impact of the total HMOS mixture
or individual HMOS on LPS-induced biological activity on human
DCs have not been described previously and show a critical
co-evolution of both the prebiotic oligosaccharides in conjunction
with the microbiome. It’s worth mentioning that the moDCs gen-
erated in current study do not have a clear separation between
CD11C high, CD11C inter and CD11C low populations and
therefore might also contain minor population of other immune
cells (most likely Macrophages), which might also contribute to
the observed immune modulatory effects of HMOS. This opens
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Figure 7. Effects of HMOS on TLR4 and DC-SIGN expression and activity. (A) DC-SIGN-PE and (B) TLR4-PE-Cy7 expression on human monocyte-
derived immature DCs at protein and mRNA levels assessed by flow cytometry and QPCR assays, respectively. The effects of blockage of TLR4
or/and DC-SIGN receptors on the production of (C,E) IL-10, (D,E) IL-12p70, and (F) Tregs generation. iDCs were pre-incubated with anti-TLR4 or/and
DC-SIGN antibodies for 2h before adding HMOS or/and LPS treatment, supernatant was collected at 24 h for the measurement of IL-10 and IL-
12p70 by Elisa assays, DCs were collected and co-cultured with naı̈ve CD4+ T-cell as described above. Results are presented as mean ± SEM, (4
independent experiments (1-3 donors/experiment). *p < 0.05, **p < 0.01, paired Student’s t-test.

new perspectives for investigating the direct interactions between
HMOS and other immune cells such as macrophages in the future.

Semi-mature DCs, defined by MHC-IIhigh, costimulationhigh,
pro-inflammatory cytokineslow, are potent inducers of IL-10-
producing Treg [42]. In addition, this type of DCs promote Treg
differentiation and limit effector T-cell in the periphery by pro-
duction of IL-10, IL-27, and TGF-β [16]. Our data regarding
HMOS induced DC phenotype and cytokine profile indicating a
promotion of Tregs accompanied by higher IL-10 release. In addi-
tion, the HMOS+LPS-conditioned DCs displayed similar effects

on both generation of Tregs and IL-10 release, supporting the
notification of HMOS condition human moDCs with the capacity
and stability to induce immune resilience. Our observation is in
accordance with earlier in vitro study showing that non-digestible
oligosaccharides-induced semi-mature and IL-10 producing DCs
promoted generation of Tregs [22]. Furthermore, the up-regulated
levels of chemokine receptors CXCR3 and CCR7 suggest that
HMOS might enable DCs even to migrate to lymphoid organs and
inflammatory lesions, respectively. Consistent with previous stud-
ies [28], we found that LPS stimulation was essential in order to
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enhance this capacity induced by HMOS. However, further studies
should be conducted to prove this capacity in vivo as well as to
understand the full range of detailed host-microbe interaction.

Dietary intervention with HMOS in vivo has shown to sig-
nificantly reduce diabetes incidence, possibly through reducing
the induction of diabetogenic cytokines such as IL-17 and IFN-
γ in a NOD-mice model [43]. On the other hand, in line with
known effects of scGOS/lcFOS, we have recently demonstrated
that specific HMOS, namely 2’FL, can effectively enhance vaccine-
specific immune responses by inducing Th1 type of immunity
including IFN-γ responses within an influenza vaccination mouse
model [44]. In this regard, HMOS induced an anti-inflammatory
cytokine profile of DCs that promotes IL-10 producing Tregs gen-
eration in a steady state, suggesting regulatory function of HMOS
in vivo.

Mechanistically, HMOS recognition by human moDC may be
regulated by receptors including but not limited to DC-SIGN and
TLR4. DC-SIGN is involved in the induction of IL-10 and Tregs by
DCs, and TLR4 signaling is involved in IL-10 production by DCs as
well. Although we have observed that blockage of TLR4 abrogated
IL-12p70 production by DCs treated with the combination of
HMOS and LPS, it is difficult to conclude if it is the HMOS-TLR4
interaction that influenced LPS-induced IL-12p70 production
since addition of TLR4 blocking antibody might block the binding
of both specific HMO(S) and LPS with TLR4. Previous studies
regarding the potent receptors involved in specific oligosaccharide
of the total HMOS mixture sensing by DCs indicated involvement
of C-type lectin DC-SIGN in 2’FL-induced immune regulation [26],
TLR4 as for 3’SL-induced immune regulation [23] and Siglecs as a
receptor of 3’SL-, 6’SL-induced immune regulation [26]. However,
to the best of our knowledge, we now for the first time show that
both DC-SIGN and TLR4 receptors are equally important in driving
immune regulatory properties of HMOS mixture of human DCs.
One possible explanation is that different individual oligosaccha-
rides existing within the HMOS mixture have different affinities
for specific receptors. Based on existing evidence [23], it can be
speculated that specific HMOS, such as 3’SL may act as a competi-
tor of LPS for binding to TLR4 receptor in human moDCs, thereby
suppressing LPS-induced activation of DCs. However, further
studies are necessary to identify which individual HMOS bind to
specific receptors, as well as which pathways of DC-SIGN and TLR4
signaling would be involved in the HMOS-induced regulatory
effects.

In summary, for the first time we showed that the authentic
mixture of HMOS isolated from human milk equips human moDCs
with a regulatory phenotype and function, and subsequently
induces Treg expansion. In addition, we demonstrate that HMOS
effectively suppress LPS-induced maturation of human moDCs,
thereby inhibiting LPS-induced pro-inflammatory responses. The
regulatory phenotype of HMOS-conditioned DCs is dependent
on interactions of HMOS with TLR4 and DC-SIGN receptors on
human moDCs. These findings open further perspectives regard-
ing the potential of HMOS to beneficially regulate the immune
responses and shape the inflammatory response in a microbiota-
independent way through DCs in early life.

Materials and methods

Human milk oligosaccharides

HMOS were isolated and purified from pooled mature human milk
samples donated by healthy donors as described previously [43].
This authentic HMOS mixture consists of both long-chain as well
as short-chain structures, (in approx. 9/1 ratio), including neu-
tral core oligosaccharides with fucosylation and/or sialylation ion,
neutral and acidic oligosaccharides, in total 84% HMOS and 16%
lactose. The structural distribution used in the current study is
shown in Supporting Information Fig. 1. Structure analysis was
performed using gel permeation chromatography (GPC), as pre-
viously described [45, 46]. The characterization was performed
by either CGE-LIF, LC or mass spec or a combination of both as
described elsewhere [47].

Generation, stimulation and analysis of human
monocyte-derived dendritic cells

To generate moDCs, human PBMCs were isolated from buffy coats
by means of density gradient centrifugation using LeucoSep tubes
(Greiner). CD14+ monocytes were isolated by CD14 MicroBeads
(Miltenyi Biotec) and cultured in RPMI-1640 with L-Glutamine
supplemented with 10% fetal calf serum (Bodinco), 100U/mL
penicillin/streptomycin, 10 mM HEPES, 1 mM sodium pyru-
vate and Eagles minimum essential medium (MEM) non-essential
amino acids (all from Gibco Life Technologies) in the presence
of 500 U/mL IL-4 and 800 U/mL GM-CSF (both ProSpec). The
monocytes were cultured in a 5% CO2 incubator at 37°C. Imma-
ture moDCs were harvested at day 6 and seeded into a 12-wells
plate (Greiner) at a density of 5 × 105 cells/well in culture medium
without IL-4 and GM-CSF. Immature DCs were either left unstim-
ulated (iDCs, control) or treated with HMOS (0.8, 2, 5 mg/mL) in
the presence or absence of 100 ng/mL ultrapure LPS (E. coli 026:
B6 strain, eBioscience, the Netherlands). After 24 h of stimulation,
DCs were collected and analyzed by flow cytometry (FACS Canto
II) according to the recently published guidelines [48]. Cells were
first stained for viability using Fixable viability dye eFluor 780
(eBioscience, the Netherlands), followed by extracellular staining
of surface markers CD14 (APC), CD80 (PE), CD86 (PE), CD40 (PE-
Cy7), HLA-DR (PerCp Cy5.5) and PD-L1 (PE-Cy7), OX40L (PerCP-
Cy5.5), CXCR3 (FITC), CCR7 (PerCP-Cy5.5), DC-SIGN (PE), TLR4
(PE-Cy7). Furthermore, supernatant was collected and stored at
−80°C to measure cytokine levels of IL-4, IL-6, IL-10, IL12p70, IL-
27, and TNF-α by Elisa according to the manufacturer’s protocol
(all were purchased from eBioscience, the Netherlands).

Allogenic stimulation assay (ASA) of naı̈ve CD4+ T-cell

To assess functionality, moDCs (24h-stimulated as described
above) were co-cultured with allogenic näıve CD4+ T-cell for 6–
7 days in a 96-well U-bottom plate (Greiner) at a 1:10 ratio.
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The näıve CD4+ T cells were purified from PBMCs by MACS
(Näıve CD4+ T-cell isolation kit II, Miltenyi Biotec) and purity
was around 98% as assessed by flow cytometry after isolation.
After 6–7 days of co-culture, supernatant was collected and stored
at -80°C until measurement of cytokine levels (IFN-γ, IL-10, and
IL-4) by ELISA (all kits from eBioscience, the Netherlands). Fur-
thermore, the polarization of T cells was analyzed using flow
cytometry. Cells were first stained for viability using FVD (APC-
Cy7), followed by extracellular staining of CD4 (PerCp-Cy5.5),
CD25 (FITC) and CD69 (FITC). Cells were fixed and permeabi-
lized using the Foxp3 fixation/permeabilization kit (eBioscience,
the Netherlands). Subsequently, cells were stained for intracellu-
lar markers FoxP3 (PE-Cy7), GATA3 (PE) and Tbet (PE-Cy7). All
antibodies were purchased from eBioscience (The Netherlands).

mRNA isolation and quantitative real-time PCR

mRNA was extracted from snap-frozen 16h-stimulated moDCs
using a NucleoSpin R© RNA Plus kit (Macherey-Nagel, Germany)
in combination with the rDNAse set (Macherey-Nagel, Germany)
to remove contaminating DNA. cDNA was synthesized using an
iScriptTM advanced kit (Bio-Rad, USA) according to the manu-
facturer’s protocol in the PTC-100 Programmable Thermal Con-
troller (MJ research, PTC-100). cDNA and mRNA samples were
stored at -80°C. Quantitative analysis was conducted on a CFX96
Real-Time C1000 Thermal Cycler detection system with the use
of an IQTM SYBR R© Green Supermix, according to manufacturer’s
protocol (both from Bio-Rad). Primers for the genes of interest
are listed in Table 1. Primers (produced by Biolegend, USA) were
designed with Primerblast (NCBI, USA) and Beacon Designer (Pre-
mier Biosoft International, USA). Primers were validated based on
the efficiency and R2. Primer specificity was tested by running the
products on a 2% agarose gel (70 minutes; 110V). The expression
of the genes of interest was determined using 12.5ng cDNA and
SYBR green (Bio-rad, USA). The RT-PCR protocol consists of 3 min
at 95°C followed by 10 s at 95°C and 30 s at the optimal primer
annealing temperature as determined beforehand. The samples
were measured in duplo and mean Ct values were used to deter-
mine the relative expression using the Pflaff method and β-actin
as a reference gene.

Functional T-cell suppression assay

To analyze the suppressive capacity of the different DC-induced
T-cell, cells were harvested from the ASA 96-well plate on day
7, thoroughly washed and co-incubated with freshly isolated allo-
genic responder CD4+T-cell at a ratio of 1:1, 1:2, and 1:4. To
track the proliferation of responder T-cell in the suppression assay,
responder cells were pre-labeled with CFSE (Thermo Fisher Sci-
entific, The Netherlands) according to the manufacturers’ instruc-
tions, at a final concentration of 1uM. Dynabeads R© human T-
Activator CD3/CD28 (Thermo Fisher Scientific, The Netherlands)
were added to activate the responder T-cell. After 5 days, the mix
of ASA cells and CFSE labeled responder CD4+ T-cell was stained

Table 1. Sequences of specific primers for detected genes

Gene ID Forward primer
sequence

Reverse primer
sequence

CD80 GCAGGGAACATCA
CCATCCA

ACGTGGATAACACC
TGAACAGA

CD86 CACGGATGAGTGG
GGTCATT

AAGTTAGCAGAGA
GCAGGAAGG

CD40 TGGTGAGTCCTGG
ACAATGG

ACCTTTTTGATAAA
GACCAGCACCA

HLA-DRA AGCACTGGGAGTT
TGATGCT

GCTTTTGCGCAAT
CCCTTGA

HLA-DRB CCCTGAGTGAGAC
TTGCCTG

GAAACGTGGTCGG
GTGTCC

PD-L1 GTGAAAGTCAATG
CCCCATACA

TGTCCAGATGACT
TCGGCCT

IL-10 TACGGCGCTGTC
ATCGATTT

TAGAGTCGCCACC
CTGATGT

IL-27p28 GAGCAGCTCCCTG
ATGTTTC

AGCTGCATCCTCT
CCATGTT

IL-12p40 AGGGACATCATCA
AACCTGACC

GCTGAGGTCTTGT
CCGTGAA

IL-6 CAACCCCCAATAA
ATATAGGACTGG

GGACCGAAGGCG
CTTGTG

TGF-β CCGTGGAGGGGA
AATTGAG

TGAACCCGTTGATG
TCCACTT

TNF-α CCTGCTGCACTTT
GGAGTGA

GAGGGTTTGCTACA
ACATGGG

CCR7 TGTGGTTTTACCG
CCCAGAG

TGACACAGGCATA
CCTGGAAAA

CXCR3 TGGTCCTTGAGG
TGAGTG

GCACGAGTCACTC
TCGTTTT

β-actin AGCACAGAGCCT
CGCCTTT

CATCACGCCCTG
GTGCCT

with Fixable viability dye eFluor 780 and CD4 APC (both eBio-
science, the Netherlands). Suppressive capacity was determined
by setting gates on proliferated CD4+ T-cell and comparing the
percentage of proliferated cells of different conditions.

DC-SIGN and TLR4 blocking assays

Immature human moDCs were pre-incubated with anti-TLR4 and
anti-DC-SIGN (both are purchased from Abcam, the Netherlands)
for 2 h before adding HMOS and/or LPS. Subsequently, cells were
cultured for 24 h to collect supernatant for the measurement of
IL-10 and IL-12p70. Treated DCs were thoroughly washed and
co-cultured with isolated purified näıve CD4+ T-cell for the mea-
surement of Treg generation by flow cytometry.

Ethics statement

For this study, buffy coats of healthy donors were purchased from
Sanquin (Amsterdam) as a source of peripheral blood mononu-
clear cells (PBMCs). The human milk sample collection, storage
and use were approved and carried out in accordance to European
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guidelines and regulations and described in [43]. All healthy
donors (tested negative for Hepatitis and HIV) provided informed
consent to use the voluntary provided human milk sample for
Research Purpose in accordance with the Declaration of Helsinki.
As such, no further ethical approval was required for these studies.

Statistics

Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad Software, La Jolla, CA, USA). Paired Student’s t-test
was used to assess differences between two conditions. p<0.05
was considered as significant. Data were represented as mean ±
SEM.
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