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Abstract

The human milk oligosaccharide 3′-sialyllactose (3′SL) has previously been shown to activate mur-

ine dendritic cells (DC) in a Toll-like receptor (TLR) 4-mediated manner ex vivo. In this study we

aimed to investigate whether 3′SL has similar immunomodulatory properties on human DC. 3′SL
was shown to induce NF-κB activation via human TLR4. However, LPS was detected in the com-

mercially obtained 3′SL from different suppliers. After the removal of LPS from 3′SL, we studied

its ability to modify DC differentiation in vitro. In contrast to LPS and 3′SL, LPS-free 3′SL did not

induce functional and phenotypical changes on immature DC (iDC). iDC that were differentiated in

the presence of LPS or 3′SL showed a semi-mature phenotype (i.e., fewer CD83+CD86+ DC), pro-

duced IL-10 and abrogated IL-12p70 and tumor necrosis factor-alpha levels upon stimulation with

several TLR ligands. Differentiation into these tolerogenic DC was completely abrogated by LPS

removal from 3′SL. In contrast to previous reports in mice, we found that LPS-free 3′SL does not

activate NF-κB via human TLR4. In conclusion, removing LPS from (oligo)saccharide preparations

is necessary to study their potential immunomodulatory function.
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Introduction

The organization and function of the neonatal mucosal immune sys-
tem is largely shaped during the first months of life under the influ-
ence of microbial colonization and breast milk (Brugman et al.
2015). Breast milk is an unique exogenous source of oligosacchar-
ides which promotes growth and immune function (Bode 2012;
Brugman et al. 2015; Charbonneau et al. 2016). Human milk oligo-
saccharides (HMOs) consist of a disaccharide lactose backbone at
the reducing end that can be elongated into a trisaccharide contain-
ing a neutral (fucose) or acidic (sialic acid) fraction or more complex
oligosaccharides. The binding of the sialic acid N-acetylglucosamine
to the backbone via either a α-2,3- or α-2,6 linkage results in 3′-sia-
lyllactose (3′SL) or 6′-sialyllactose (6′SL), respectively. 3′SL and
6′SL are abundant acidic oligosaccharides present in human and
bovine milk (ten Bruggencate et al. 2014).

HMOs escape enzymatic hydrolysis and are fermented in the
colon, facilitating the outgrowth of beneficial gut bacteria. Low
levels of HMOs can be absorbed in the small intestine and reach sys-
temic circulation where they may interact with immune cells
(Rudloff et al. 2012; Ruhaak et al. 2014). HMOs are also postu-
lated to regulate mucosal immune function, although their mechan-
ism is poorly understood (Bode 2012; Kulinich and Liu 2016). The
architecture of HMOs is considered essential for their effect on the
immune system (Bode and Jantscher-Krenn 2012). Human milk
components, including HMOs, have been postulated to modulate
Toll-like receptor (TLR) signaling on immune cells and induce regu-
latory responses (He et al. 2016; Kulinich). Moreover, oligosacchar-
ide mixtures used for infant nutrition were shown to activate human
epithelial cell lines (Ortega-González et al. 2014), human monocytes
(Lehmann et al. 2015) and murine monocytes (Capitán-Cañadas
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et al. 2014) in a TLR4-mediated manner in vitro. In mice, 3′SL was
shown to induce colitis and isolated mesenteric lymph node den-
dritic cells (DC) were shown to be activated ex vivo by 3′SL in a
TLR4-dependent manner as the cause of inflammation (Kurakevich
et al. 2013). On the other hand, TLR4 activation was shown to be
essential for proper immune education, which protected mice from
autoimmune diabetes (Vatanen et al. 2016). Activation of the
immune system by such HMOs via TLR4 therefore may be essential
for immune development in early life. The aim of the current study
was to investigate the immunomodulatory properties of 3′SL on
human DC development.

Results

In line with a previous mouse study, 3′SL showed NF-κB activation
via human TLR4 (Figures 1A) and not via TLR2 or TLR2-1
(Figure S1). Since LPS is a major bacterial contaminant that signals
via TLR4, we wanted to exclude contamination with LPS in 3′SL.
Unexpectedly, two batches from different suppliers of commercial 3′
SL were tested positive in a recombinant factor C LAL assay, which
resulted in human TLR4-mediated NF-κB activation (Figure S2). The
3′SL used in study contained 10 ± 0.17 EU/mg 3′SL (Figure 1B).
Therefore, 3′SL was treated with an optimized Triton X-114 meth-
od (Teodorowicz et al. 2017) to remove any trace of LPS
(Supplementary Materials and Methods). HPLC analysis confirmed
that the concentration of 3′SL was unaltered after applying the
Triton X-114 method (Figure S3). This methodology decreased the
LPS contamination drastically to 0.11 ± 0.08 EU/mg (Figure 1B).
Next, we investigated whether 3′SL, LPS-free 3′SL, or ultrapure LPS
were able to activate NF-κB via human TLR4. The TLR4 signaling
activity in 3′SL was completely abrogated by LPS removal
(Figure 1A).

To study the effect of LPS contamination of 3′SL on DC differ-
entiation, we cultured freshly isolated monocytes for 6 days in the
presence of IL-4 and GM-CSF with or without 3′SL, LPS-free 3′SL
or ultrapure LPS to generate immature DC (iDC). The concentra-
tion of ultrapure LPS was matched to the concentration of LPS con-
tamination measured in the 3′SL sample (10 EU/mg; Figure 1B).

The concentrations of 3′SL used in this study were based on breast
milk concentrations, which range between 76 and 300 μg/ml (ten
Bruggencate et al. 2014). Surface marker expression on DC was
measured by flow cytometry (Supplementary Materials and
Methods). DC differentiated in the presence of LPS or 3′SL showed
a dose-dependent increase in the expression of the regulatory DC
markers CD80 and PD-L1 and the production of IL-6, tumor necro-
sis factor-alpha (TNF-α) and IL-10 (Figures 2A,B and S4). However,
the surface marker expression and cytokine production was not ele-
vated compared to monocyte-derived DC (moDC) when monocytes
were cultured in the presence of LPS-free 3′SL (Figure 2A,B). Thus
phenotypical changes on iDC induced by 3′SL were shown to be
fully driven by LPS contamination. Next, we investigated the
response of the different DC types to subsequent stimulations with
LPS or Poly I:C + R848. iDC differentiated in the presence of LPS
or 3′SL resulted in tolerogenic DC; showing a semi-mature pheno-
type that produced significantly less TNF-α and abrogated IL-12p70
levels (Figure 2C,D and S5). In contrast, DC differentiated in the
presence of LPS-free 3′SL showed a fully mature phenotype (CD86
+CD83+) capable of producing IL-6, IL-12p70 and TNF-α in simi-
lar levels compared to moDC upon stimulation with Poly I:C +
R848 (Figure 2C,D) or LPS (Figure S6).

Discussion and conclusions

In literature, HMOs, plant-derived oligosaccharides, and other poly-
saccharides are shown to be immunogenic via interacting with
TLR4 on human and murine myeloid (Kurakevich et al. 2013;
Capitán-Cañadas et al. 2014; Lehmann et al. 2015) and epithelial
cells (Ortega-González et al. 2014). Kurakevich and colleagues
demonstrated that mouse pups receiving milk devoid of 3′SL were
less prone to develop colitis. Interestingly, the authors showed that
3′SL, which was tested negative for LPS contamination, activated
mesenteric lymph node DC in a TLR4-dependent manner in vitro
(Kurakevich et al. 2013). However, here we show that 3′SL is not
capable of activating NF-κB via human TLR4 after the removal of
LPS. This suggests that the specificity of mouse TLR4 is different
from human TLR4. Interestingly, TLR4-mediated activation of
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DM
EM

LP
S (1

0 
EU/m

l)

3'S
L 

(1
 m

g/
m

l)

LP
S-fr

ee
 3

'S
L 

(1
 m

g/
m

l)
0

5000

10000

15000

N
F

-κ
B

 a
ct

iv
at

io
n

(l
um

in
es

ce
nc

e 
un

its
)

3'S
L

3'S
L c

lea
n

3'S
L 

cle
an

 +
 5

EU

0

2

4

6

8

10

12
LPS contamination

E
U

/m
g

Fig. 1. LPS in 3′SL induces TLR4-mediated NF-κB activation. (A) 3′SL (1mg/ml), LPS-free 3′SL (1mg/ml) and LPS (10 EU/ml) were tested for their NF-κB activation

via TLR4 (n = 3). (B) 3′SL was tested for LPS contamination using a recombinant factor C LAL assay. LPS-free 3′SL was included with or without a 5 EU spiked

control (n = 2). Data are represented as mean ± SEM.
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Fig. 2. LPS induced tolerogenic DC. Monocytes were cultured with IL-4 and GM-CSF with or without LPS-free 3′SL, 3′SL or LPS. (A) The relative CD80 and PD-L1

expression is shown on iDC. The MFI (median fluorescence intensity) was normalized to the expression on moDC of the respective donor. (B) The production of

IL-6, TNF-α and IL-10 was measured in the supernatants (n = 6). (C) Next, these iDC were stimulated with Poly I:C and R848. The percentage of CD86+CD83+ DC

was assessed after 48 hours. (D) The cytokines TNF-α, IL-10, IL-6 and IL-12p70 were measured by CBA (n = 3). Significance differences compared to moDC are

indicated with; a = P < 0.001, b = P < 0.01 and c = P < 0.05. Data are represented as mean ± SEM.
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moDC by a mixture of the prebiotic oligosaccharides scGOS/lcFOS
was shown to induce IL-10 production and increased the number of
FoxP3+ T cells (Lehmann et al. 2015). The authors show that these
moDC released a distinct array of cytokines upon LPS stimulation
compared to scGOS/lcFOS stimulation, which contained endotoxin
levels of <3 ng/ml. It has been widely acknowledged that human
and murine myeloid cells are particularly sensitive to LPS contamin-
ation (Schwarz et al. 2014). LPS induces a negative feedback loop in
monocytes involving IL-6- and IL-10-mediated SOCS3 and STAT3
activation that dampens TLR signaling (Yoshimura et al. 2007;
Frick et al. 2010). STAT3 was also shown to bind the PD-L1 pro-
motor directly and to regulate its expression in TLR activated
monocytes (Wölfle et al. 2011), explaining upregulation of mem-
branous PD-L1 by LPS. We showed that DC exposed to LPS during
the differentiation period produced abrogated IL-12p70 levels to
multiple TLR ligands. Moreover, these DC showed a semi-mature
phenotype, which is known to be involved in the polarization of
naive T cells into regulatory T cells (Hubo et al. 2013; Nikolic and
Roep 2013). Insufficient removal of LPS results in activation of
human monocytes and DC, which makes them hyporesponsive
towards secondary stimulation with TLR ligands. Thus, false con-
clusions about the immunomodulatory capacity of the molecule of
interest may be drawn due to LPS contamination. The data shown
here demonstrate that the presence of >0.5 EU/ml LPS as measured
in commercially available 3′SL preparations during DC differenti-
ation results in tolerogenic DC. Hence, it is an absolute necessity to
remove LPS from glycan samples before studying their immunomo-
dulatory capacity in vitro.

Supplementary data

Supplementary data are available at Glycobiology online.
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