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AbstrAct 
Human milk oligosaccharides (hMOs) have beneficial effects on intestinal barrier 

function, but the mechanisms of action are not well-understood. Here we study the 

effects of hMOs on goblet cells, which indicate that some hMOs may enhance mucus 

barrier function through direct modulation of goblet cell function.

The modulatory effects of 2’-FL, 3-FL, LNT2, and GOS on the expression of goblet 

cell secretory related genes MUC2, TFF3, RETNLB, and the Golgi-sulfotransferase genes 

CHST5, and GAL3ST2 of LS174T were determined by real-time quantitative RT-PCR. 3-FL, 

LNT2, and GOS modulated LS174T gene expression profiles in a dose and time-dependent 

manner. In addition, the up-regulation of MUC2 was confirmed by immunofluorescence 

staining. Effects of 2’-FL, 3-FL, LNT2, and GOS on gene transcription of LS174T were also 

assessed during exposure to TNF-α, IL-13, or tunicamycin. During TNF-α challenge, 3-FL 

and LNT2 enhanced MUC2 and TFF3 gene expression. After IL-13 exposure, 2’-FL, 3-FL, 

and LNT2 all showed up-regulating effects on MUC2, 3-FL and LNT2 also enhanced TFF3 

expression. LNT2 significantly reversed Tm-induced down-regulating of TFF3, RETNLB, 

and CHST5. 

Our findings indicate that hMOs may enhance mucus barrier function 

through direct modulation of intestinal goblet cells. Effects were structural and 

stressor-dependent way.
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IntroductIon

Breastfeeding is the gold standard for infant nutrition. The World Health Organization 

(WHO) recommends that infants should be exclusively breastfed for the first six months 

of life [1, 2]. It has been shown, for example, that breastfed infants have a lower risk of 

infection and inflammation than formula-fed babies [3, 4]. Although breastfeeding is 

highly recommended, breastfeeding is not always possible. About 70% of the infants 

cannot be solely fed with breastfeeding for a variety of reasons [5]. These infants receive 

cow’s milk derived infant formulas, which attempts to mimic the nutritional composition 

of breast milk as closely as possible [6, 7]. Important mother milk components for 

neonatal gastrointestinal development are human milk oligosaccharides (hMOs) [8]. 

The high concentration and structural diversity of hMOs are unique to human, more 

than 200 hMOs have been identified up to now [9]. Currently nondigestible fibers such 

as galacto-oligosaccharides (GOS) and inulins are being used to substitute for hMO in 

infant feeding [10], but some hMOs are now also being produced in sufficiently high 

amounts allowing application in infant formula [11].

Several studies show that hMOs provide a variety of health-promoting effects 

[9, 12, 13]. These health effects vary from promoting gut microbiota development [14], 

reducing pathogenic infections by acting as anti-adhesive molecules [15], supporting 

immune development [16, 17], supporting brain development and cognition [18, 19], 

and enhancing gut barrier function [13]. The latter, gut barrier function, is provided by 

tightly connected epithelial cells and mucus. hMOs are known to enhance epithelial 

barrier [20, 21], but the relative effects of individual oligosaccharides on stimulate 

mucus function has not been studied yet. hMOs are also subject to modifications during 

passage through the gastrointestinal tract. It has been shown that hMOs are slightly 

hydrolyzed at low pH during transit through the gastrointestinal tract [22]. This may lead 

to the production of lacto-N-triose II(LNT2), which is the acid hydrolysate of the tetra 

and higher hMOs such as lacto-N-tetraose (LNT) and lacto-N-neotetraose (LNnT) [22–24]. 

How these acid hydrolysates impact mucus is also not known.

Mucus is produced by goblet cells which are columnar epithelial cells found on 

the villus and mainly responsible for the secretion of gel forming mucins, the principal 

barrier between the lumen and the underlying epithelial cells [25, 26]. Mucin 2 (MUC2) 

is the major component of mucus which is produced and secreted by intestinal goblet 
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cells [27]. In addition to mucin production, goblet cells also produce two other important 

proteins: intestinal trefoil factor (TFF) and resistin-like molecules (RELMs), which stabilize 

the mucin polymer and regulate mucin secretion [28]. TFF3 has an important role in 

protecting the intestinal mucosa and has been shown to be essential for restitution [29]. 

RELMβ is an intestine-specific protein encoded by the gene RETNLB, expressed in the 

small and large intestine, within epithelial cells and, in particular, in goblet cells [30]. 

RELMβ also regulates innate colonic functions such as barrier integrity and inflammation 

susceptibility [31]. As a late step in mucus biosynthesis, mucin sulfation occurs within 

the trans-Golgi apparatus [32]. Carbohydrate sulfotransferase 5 (CHST5) and Galac-

tose-3-O-sulfotransferase 2 (GAL3ST2), which are expressed in goblet cells, are involved 

in intestinal mucin sulfation [33, 34].

Mucin synthesis and secretion, in goblet cell function is influenced by a number 

of inflammatory events [35]. The proinflammatory cytokine tumor necrosis factor α 

(TNF-α), which is involved in the pathogenesis of inflammatory bowel diseases (IBD), is 

impacting gene expression and goblet cell function [35]. Also, the Th2 cytokine IL-13 is 

associated with mucus function by preventing intestinal helminth infection by enhancing 

the mucus barrier via stimulating mucus production in goblet cells [36]. Besides immune 

mediators, endoplasmic reticulum (ER) stress has been considered as a major contributor 

to the pathogenesis of IBD [37]. The N-glycosylation inhibitor, tunicamycin (Tm), which 

disrupts mucin glycosylation and induce ER-stress in goblet cells, has been shown to 

induce abnormal mucus synthesis in goblet cells [38, 39]. All these stressors has been 

applied to test the rescuing effects of the most abundant hMOs in mother milk, i.e. 2’-FL, 

3-FL, and the hMOs acid hydrolysate LNT2 on goblet cell function. 

Effects of hMOSs were compared to effects of GOS, which is currently being 

applied in infant formula as a substitute for hMOs and known to enhance intestinal 

barrier function through the modulation of goblet cells [40]. We examined gene 

expression alterations of the goblet cell secretory related genes MUC2, TFF3, RETNLB, 

and the Golgi-sulfotransferase genes CHST5, and GAL3ST2 in the human goblet cell line 

LS174T [35, 38, 40]. In order to further explore the modulatory effects of 2’-FL, 3-FL, LNT2, 

and GOS on goblet cell functions under challenged physiological conditions, we also 

examined the effects of 2’-FL, 3-FL, LNT2, and GOS on gene expression when goblet 

cells were exposed to cytokines (TNF-α or IL-13) as well as to the ER- stressor and mucus 

damaging agent Tm.
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mAterIAls And methods

Co m p o n e nt s

In the present study, GOS, 2’-FL (provided by FrieslandCampina Domo, Amersfoort, the 

Netherlands), 3-FL, and LNT2 (provided by Glycosyn LLC, Woburn, MA, USA) were tested. 

An overview of the structure and components of GOS, two hMOs (2’-FL and 3-FL), and 

one hMO acid hydrolysis (LNT2) are shown in Table 1.

Table 1. Overview of the structure of selected samples

Ce l l  Cu l t u r e a n d R e a g e nt s

The human colorectal cancer cell line LS174T was obtained from American Type 

Culture Collection and maintained in MEM eagle medium (Lonza, Verviers, Belgium) 

supplemented with 10% heat-inactivated fetal bovine serum (Sigma–Aldrich, St. Louis, 

MO), 2 mm l-glutamine (Lonza, Verviers, Belgium), 60 μg/mL gentamicin sulfate (Lonza, 

Verviers, Belgium). Cells were cultured at 37 °C in 5% CO2 as recommended by the 

manufacturer. Recombinant human TNF-α and IL-13 were obtained from PeproTech 

(Rocky Hill, NJ, USA). Tm was supplied by Sigma–Aldrich (St. Louis, MO, USA).

Ce l l s  t r e a t m e nt a n d d o s a g e i n f o r m a t i o n 

LS174T cells were resuspended in fresh culture medium at 3 × 105 cells/mL, after which 

1 mL of cell suspension was seeded per well in 24-well plates (Corning, NY, USA). Cells 

were then cultured until reaching 70–80% confluence. Prior to treatment, cells were 

Name (abbreviated) Structure Schematic diagram

GOS Gal-(Gal)n-Glc n

2’-FL Fucα1-2Galβ1-4Glc

3-FL Galβ1-4Glc
Fucα1-3/

LNT2 GlcNAcβ1-3Galβ1-4Glc

Glucose Galactose Fucose N-acelyglucosamine
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washed twice with 1× phosphate-buffered saline (PBS; Lonza, Verviers, Belgium), after 

which culture medium was replaced by 1 mL of fresh medium containing one of the 

ingredients. For optimizing dosing, LS174T cells were incubated with 1, 5, 10, and 15 

mg/mL of 2’-FL, 3-FL, LNT2, and GOS for 72 h, 10 mg/mL was used for all subsequent 

experiments. LS174T cells were treated with 10 mg/mL GOS, 2’-FL, 3-FL, and LNT2 in the 

absence or presence of cytokines or Tm. Cell culture medium containing TNF-α (10 ng/

mL), IL-13(5 ng/mL), or Tm (1 μg/mL) were used the challenge. Cells were incubated with 

different stimuli for the time periods indicated in the figure captions. 

R NA i s o l a t i o n a n d r eve r s e t ra n s c ri p t i o n 

At the end of the stimulation, LS174T cells were homogenized with TRIzol reagent (Life 

Technologies, Carlsbad, CA, USA). Total RNA was isolated following the manufacturer’s 

instructions, and was reverse transcribed using SuperScript II Reverse Transcriptase 

(Invitrogen, Carlsbad, CA, USA). cDNA synthesized was used for performing quantitative 

PCR.

G e n e e x p r e s s i o n

The real-time quantitative RT-PCR was performed with primer and probe sets (TaqMan 

Gene Expression Assays) for different genes (MUC2 (Hs00159374_m1), TFF3 (Hs00173625_

m1), RELMB (Hs00395669_m1), CHST5 (Hs00375495_m1), GAL3ST2 (Hs00223271_m1), and 

GUSB (Hs99999908_m1)) provided by Applied Biosystems (Foster City, USA) as previously 

described [38, 40] and qPCR Mastermix Plus (Eurogentec, Seraing, Belgium). Reactions 

were carried out in 384-well PCR plates (Thermo Scientific, UK) using ViiA7 Real-Time 

PCR System (Applied Biosystems), and threshold cycle values were calculated by ViiA7 

software. Expression levels of target genes were normalized to the housekeeping 

gene GUS-β, and fold induction was calculated over untreated controls using the 2−ΔΔCt 

methods.

Ce l l  v i a b i l i t y  a n d WS T-1 a s s ay

LS174T cells were resuspended in fresh culture medium at 3 × 105 cells/mL, after which 

100 µL of cell suspension was seeded per well in 96-well plates (Corning, NY, USA). Cells 

were then cultured until reaching 70–80% confluence. Prior to treatment, cells were 
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washed twice with 1× phosphate-buffered saline (PBS; Lonza, Verviers, Belgium), after 

which culture medium was replaced by 100 µL of fresh medium containing one of the 

ingredients. LS174T cells were treated with 1, 5, 10, and 15 mg/mL 2’-FL, 3-FL, and LNT2 

for 72 h. Cell viability was determined by WST-1 assay following the manufacturer’s 

instructions. Briefly, after 72 h treatment, 10 μL WST-1 reagent (Sigma-Aldrich, St. Louis, 

MO, USA) was added to the culture medium in 1:10 final dilution and incubated for 1 

h at 37 °C and 5% CO2. Absorbance (450 nm) was measured using a Benchmark Plus 

Microplate Reader using Microplate Manager version 5.2.1 for data acquisition. The 

data for each sample was plotted as the percentage-change compared to the negative 

control.

I m m u n o f l u o r e s ce n ce s t a i n i n g

LS174T cells were resuspended in fresh culture medium at 3 × 105 cells/mL, after which 

200 µL of cell suspension was seeded per well in 8-well Lab-Tek Chamber Slide (w/

Cover, Nunc, Thermo Fisher Scientific). Cells were then cultured until reaching 70–80% 

confluence. Prior to treatment, cells were washed twice with 1× PBS, after which the 

cells were treated with 10 mg/mL of GOS, 3-FL, and LNT2. After 72 h of treatment, 

immunofluorescence staining was performed as described earlier [41]. Cells were washed 

three times in 1× PBS and fixed with 4% (vol/vol) paraformaldehyde (Sigma-Aldrich, St. 

Louis, MO, USA) for 20 min, followed by 5 min of permeabilization with 0.1% Triton X-100. 

Next, a blocking buffer (1% bovine serum albumin (BSA; Sigma-Aldrich, St. Louis, MO, 

USA), 0.1% Tween-20 (Sigma-Aldrich, St. Louis, MO, USA)) in PBS was introduced to the 

cells for 1 h at room temperature. After overnight incubation with mouse monoclonal 

antibody against MUC-2 (ab11197; AbCam, UK) prepared in blocking buffer (1:200) at 4 °C, 

cells were washed with 1× Dulbecco’s phosphate-buffered saline (DPBS) for three times 

and incubated with Alexa Fluor 488 donkey anti-mouse secondary antibody (1:100, 

Invitrogen, Carlsbad, CA, USA) in the dark for another 30 min, followed by washing three 

times with 1×DPBS. DAPI (1:5000, Sigma-Aldrich, St. Louis, MO, USA) staining in the dark 

for 10 min was applied to stain the nuclei. Then the chamber frame was removed, cells 

on the slide were mounted with CitiFluorTM (Electron Microscopy Sciences, Hatfield, PA, 

USA) and covered with a glass coverslip. The control cells were incubated with 1×PBS 

overnight at 4 °C instead of the primary antibodies. For the negative control group, the 
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primary and secondary antibodies were both replaced with 1×PBS.

Co n f o c a l  m i c r o s co py

All the images were captured with a Leica SP8 confocal laser microscope (Leica 

Microsystems, Wetzlar, Germany) with the 64×/1.4 oil DIC objective. MUC2 was excited 

at 488 nm, and emitted at 506-684 nm (green); DAPI was excited at 405 nm and emitted 

at 410-483 nm (blue). Z-stack (512- × 512- pixel resolution × 8 bit) images of each field 

of view (FOV, 246.51 × 246.51 µm2) were taken with a step length of 1.0 µm from the 

bottom to the top of the monolayer. At least 3 images were taken for one experiment, 

at least 6 individual experiments were performed. The average thickness of the MUC2 

was quantified according to the method of using the Image J software (Version 1.51n; 

National Institutes of Health, USA) as described earlier [42]. The average thickness of each 

slice of MUC2 was calculated as the following equation:

Average thickness=(Total area)/(Total length)

Data for each sample were plotted as the fold-change compared to the negative 

control, which was unstimulated cells. The negative controls were set at 1.

St a t i s t i c a l  a n a l ys i s

The results were analyzed using GraphPad Prism. Normal distribution of the data was 

confirmed using the Kolmogorov-Smirnov test. Parametric values are expressed as 

mean ± standard deviation (SD), nonparametric values are presented as median ± range. 

Statistical comparisons of parametric distributed data were performed using one-way 

ANOVA with Dunnett multiple comparison tests. Non-parametric distributed data were 

assessed using the Kruskal-Wallis test followed by the Dunn’s test. p<0.05 was considered 

as statistically significant (#, * p<0.05, ##, **p<0.01, ###, ***p<0.001, ####, ****p<0.0001).

results

h M O s a n d h M O ’s  a c i d hyd r o l ys i s  p r o d u c t s  d i f f e r e nt l y  m o d u l a t e d 
g o b l e t  ce l l  g e n e s e x p r e s s i o n i n  a  d o s e a n d t i m e - d e p e n d e nt w ay

To investigate whether hMOs 2’-FL, 3-FL and the hMO acid hydrolysis product LNT2 can 

modulate goblet cell function, mRNA expression levels of mucus synthesis related genes 

(MUC2, TFF3, RETNLB, CHST5, and GAL3ST2) were analyzed in LS174T cells. Results were 
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compared to GOS challenged LS174T cells as GOS is known to impact mucus related 

genes in goblet cells [40]. 

For optimizing dosing, LS174T cells were incubated with 1, 5, 10, and 15 mg/

mL of 2’-FL, 3-FL, LNT2, and GOS for 72 h. Gene expression was differently impacted by 

2’-FL, 3-FL, LNT2, and GOS. As shown in figure 1, 2’-FL was not able to alter the mRNA 

levels of mucus synthesis-related genes expression at any of the concentrations tested. 

With 3-FL, 1 and 5 mg/mL of 3-FL did also not show effects on gene expression but at 

10 mg/mL, 3-FL significantly enhanced the expression of MUC2 (1.6-fold, p<0.05, Figure 

1A), TFF3 (1.7-fold, p<0.05, Figure 1B), and RETNLB (1.6-fold, p<0.01, Figure 1C). At 15 mg/

mL 3-FL also upregulated TFF3 expression (1.9-fold, p<0.001, Figure 1B). LNT2 showed 

different modulation effects. MUC2 was upregulated at 5 mg/mL only by LNT2 (1.5-fold, 

p<0.01, Figure 1A) but not by higher concentrations. LNT2 at 5, 10, and 15 mg/mL 

significantly down-regulated CHST5 expression to 0.8-fold (p<0.05), 0.6-fold (p<0.001), 

and 0.8-fold (p<0.05) respectively compare to the control. Also, expression of GAL3ST2 

was down-regulated by incubating with 10 mg/mL (0.8-fold, p<0.05) and 15 mg/mL 

(0.8-fold, p<0.01) LNT2 for 72 h (Figure 1E). GOS upregulated the expression of MUC2 

and TFF3 at 10 and 15 mg/mL (Figure 1A and B), MUC2 was upregulated by 10 mg/mL 

(1.6-fold, p<0.05) and 15 mg/mL (1.5-fold, p<0.01) GOS, and TFF3 was upregulated by 10 

mg/mL (1.4-fold, p<0.05) and 15 mg/mL (1.5-fold, p<0.01) GOS. The cell viability of LS174T 

was quantified after treatment with 1, 5, 10, and 15 mg/mL of 2’-FL, 3-FL, and LNT2 for 

72 h (Figure S1). As mucus synthesis-related genes expression were most altered by 10 

and 15 mg/mL 3-FL, LNT2, and GOS, 10 mg/mL was used for all subsequent experiments 

unless stated otherwise. 

Next, to determine possible time-dependent effects of hMOs on goblet cell 

modulation, expression of the mucus synthesis associated genes were tested at 6, 12, 

24, 48, and 72 h after incubating with 2’-FL, 3-FL, LNT2, and GOS. As shown in Figure 

2, the different hMOs and LNT2 induced differential modulatory effects in goblet cell 

genes, and these effects are time-dependent. As shown in Figure 2, 2’-FL did not alter 

mucus synthesis-related genes expression at any of the time points. 3-FL induced 

at 12, 24, and 48 h of exposure, enhanced MUC2 gene expression which was 1.6, 1.5, 

and 1.6-fold (p<0.05) enhanced. LNT2 also significantly enhance the MUC2 expression 

at 48 h (1.7-fold, p<0.05, Figure 2A). Upregulation was similar as induced by GOS that 
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Figure 1. Dose-response for 2’-FL, 3-FL, LNT2, and GOS and the effects on expression of goblet 
cell secretory and Golgi-sulfotransferase genes. LS174T cells were treated with various doses of 2’-FL, 
3-FL, LNT2, and GOS for 72 h, and mRNA expression of goblet cell secretory and Golgi-sulfotransferase 
genes was measured by real-time RT-PCR. Results are presented as fold change against a negative control. 
Data are presented as median ± range (n=4). Significant differences compared to the negative control 
were determined by using Kruskal-Wallis test followed by the Dunn’s test and indicated by * (p<0.05), ** 
(p<0.01), *** (p<0.001) or by **** (p<0.0001).

enhanced MUC2 gene expression 1.5-fold (p<0.01), but only after 72 h incubation. TFF3 

gene expression was significantly increased after 48 h by 3-FL (1.8-fold, p<0.01), and 

it increased to 2.6-fold after 72 h of 3-FL (p<0.0001) treatment (Figure 2B). LNT2 could 

also enhance the expression of TFF3 at 48 h (1.4-fold, p<0.05). GOS upregulated the TFF3 

gene expression at 48 h (1.6-fold, p<0.05) and 72 h (1.9-fold, p<0.001). The effects of 3-FL 

were more pronounced than with GOS. 3-FL could enhance RETNLB expression at 72 h 

(1.6-fold, p<0.05) while LNT2 was not able to modulate RETNLB. GOS showed a stronger 

upregulating effect on RETNLB at 48 h (2.3-fold, p<0.0001). Only LNT2 could modulate 

CHST5 expression, it was observed that gene expression of CHST5 was down-regulated 

by incubating 6, 24, 48, and 72 h with LNT2 (6 and 24 h: 0.7-fold, p<0.01; 48 and 72 h: 

0.6-fold, p< 0.001; Figure 2D), 12 h incubation also showed a trend of down-regulation 
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Figure 2. Time-dependent modulation of goblet cell secretory and Golgi-sulfotransferase genes in 
LS174T cells induced by 2’-FL, 3-FL, LNT2, and GOS. Expression of MUC2, TFF3, RETNLB, CHST5, and 
GAL3ST2 was quantified by assessing the mRNA expression with real-time RT-PCR at 6, 12, 24, 48, and 72 
h. Results are presented as fold change against untreated control cells under the same stimulation time 
period. Data are presented as mean ± SD (n=6). Significant differences compared to the negative control 
were determined by using one-way one-way analysis of variance with Dunnett multiple comparison tests 
and indicated by * (p <0.05), ** (p <0.01), *** (p <0.001) or by **** (p <0.0001).

3 - FL ,  LN T,  a n d G OS e n h a n ce M U C 2 p r o t e i n e x p r e s s i o n

As 3-FL, LNT2 and GOS differently modulated MUC2 genes expression, and MUC2 is 

the major component of mucus produced and secreted by intestinal goblet cells [27], 

we tested whether 3-FL, LNT2, and GOS, also impacted MUC2 protein expression. 3-FL, 

LNT2, and GOS were incubated with LS174T cells at a concentration of 10 mg/mL. After 

72 h, the cells were stained and analyzed for the average thickness of the MUC2 layer. 

Immunofluorescent staining, 3-FL, LNT2, and GOS all significantly increased the average 

thickness of the MUC2 to 1.2-fold compared to the control (p<0.05, Figure 3). 

(0.8-fold, p = 0.06). Moreover, 2’-FL, 3-FL, LNT2, and GOS did not effectively alter the 

expression of GAL3ST2 at different time points (Figure 2E). 
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Figure 3. Immunofluorescent staining for MUC2 is increased with 72 h treatment of LS174T cells 
with GOS, 3-FL, and LNT2, culture medium served as negative control. (A) Control, GOS, 3-FL, and 
LNT2-treated LS174T cells were stained with anti-MUC2 antibody and FITC-conjugated secondary 
antibody. Cells were counterstained with DAPI. Stained sections were visualized by Leica SP8 confocal laser 
microscope (63 × magnification). (B) The average thickness of MUC2 was quantified using Image J software 
of the 3D images. Results are presented as fold change against negative control. Data are presented as 
mean ± SD (n=6). Statistical significance was measured using one-way analysis of variance with Dunnett 
multiple comparisons test and indicated by * (p <0.05), ** (p <0.01), *** (p <0.001) or by **** (p <0.0001).

h M O s d i f f e r e nt i a l l y  m o d u l a t e t h e t ra n s c ri p t i o n o f  m u c u s 
s y nt h e s i s  g e n e s d u ri n g T N F - α o r  I L-13 c h a l l e n g e

In order to further explore the modulatory potentials of hMOs on goblet cell functions, 

we investigated the effects of hMOs on mucus associated genes in goblet cells exposed 

to the cytokines TNF-α or IL-13. TNF-α and IL-13 are known to influence gene expression 

and goblet cell function [35]. We selected 72 h of exposure as it was found that impact of 

2’-FL, 3-FL, LNT2, and GOS was most pronounced at this time-point (Figure 2). As shown 

in Figure 4, MUC2, TFF3, and GAL3ST2 were not significantly affected by TNF-α stimulation, 
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TNF-α significantly inhibited the gene expression of RETNLB (0.7-fold vs. control, p<0.05) 

and CHST5 (0.8-fold vs. control, p<0.01) compared to the untreated control. 2’-FL, 3-FL, 

and LNT2 did not effectively upregulate the expression of RETNLB and CHST5 in the 

presence of TNF-α, while GOS was found to induce an increased RETNLB and CHST5 

expression in the presence of TNF-α (p<0.001, Figure 4C and D). However, for the two 

genes MUC2 and TFF3, whose transcription was not significantly altered by TNF-α, still 

effects were observed with hMOs during TNF-α stimulation. MUC2 could even in the 

presence of TNF-α be induced by 3-FL (p<0.01) and LNT2 (p<0.05) but not by 2’-FL (Figure 

4A). These effects were similar to that of GOS that also induced the expression of MUC2 

during TNF-α stimulation (p<0.01). The inducing effects of GOS (2.0-fold vs. control, 

p<0.01) were the same as for 3-FL (2.0-fold vs. control, p<0.01) and more pronounced 

than induced by LNT2 (1.8-fold vs. control, p<0.05, Figure 4A). Also, 3-FL enhanced TFF3 

during TNF-α stimulation (1.8-fold vs. control, p<0.001), while 2’-FL and LNT2 did not 

significantly change the gene expression of TFF3 (Figure 4B). GOS also could enhance 

Figure 4. 2’-FL, 3-FL, LNT2, and GOS elicited differential gene expression change in LS174T cells 
during TNF-α challenge. MUC2, TFF3, RETNLB, CHST5, and GAL3ST2 gene expression in LS174T cells was 
measured by real-time RT-PCR following simultaneous stimulation with 10 mg/mL of 2’-FL, 3-FL, LNT2, 
and GOS with TNF-α (10 ng/mL) for 72 h. Results are presented as fold change against negative control. 
Data are presented as mean ± SD (n=6). Statistical significance was measured using one-way analysis of 
variance with Dunnett multiple comparisons test (* vs. control; # vs. TNF-α group; #, *p<0.05; ##, **p<0.01; 
###, ***p<0.001; ####, **** p <0.0001).
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the expression of TFF3 (2.2-fold vs. control, p<0.0001). Its effect was stronger than that of 

3-FL (1.8-fold change vs. control, p<0.001). Furthermore, 2’-FL, 3-FL, LNT2, and GOS did 

not effectively change the expression of GAL3ST2 in the presence of TNF-α (Figure 4E).

IL-13 has different effects on goblet cells than TNF-α. Figure 5 shows that IL-13 

treatment significantly inhibited the gene expression of MUC2 (0.8-fold vs. control, 

p<0.05) and strongly increases the expression of RETNLB (8.4-fold vs. control, p<0.001) 

and CHST5 (4.0-fold vs. control, p<0.01). 2’-FL (1.3-fold vs. control, p<0.05), 3-FL (1.7-fold 

vs. control, p<0.0001), and LNT2 (1.8-fold vs. control, p <0.0001, Figure 5A) significantly 

upregulated MUC2 during IL-13 stimulation. This enhancement was similar as with GOS 

that enhanced the expression of MUC2 1.7-fold in the presence of IL-13 (p<0.0001). 

2’-FL, 3-FL, and LNT2 did not effectively alter the expression of RETNLB and CHST5 in 

the presence of IL-13, while GOS induced an increased RETNLB (15.5-fold vs. control, 

p<0.001) and CHST5 expression (8.2-fold vs. control, p<0.001, Figure 5C and D). For 

the two genes TFF3 and GAL3ST2, which transcription was not significantly altered by 

IL-13, upregulating effects were observed for hMOs during IL-13 stimulation. 3-FL and 

LNT2 induced significantly increased TFF3 expression during IL-13 stimulation (2.6-fold 

vs. control, 2.7 vs. control respectively, p<0.01), while 2’-FL and GOS had no effects on 

TFF3 (Figure 5B). Only LNT2 could elicit the expression of GAL3ST2 (1.6-fold vs. control, 

p<0.05), with 2’-FL, 3-FL, nor GOS altered expression of GAL3ST2 during IL-13 stimulation 

was observed (Figure 5E). 

Overall, 2’-FL, 3-FL, LNT2, and GOS could differentially modulate different 

mucus synthesis genes during TNF-α or IL-13 challenge.
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Figure 5. 2’-FL, 3-FL, LNT2, and GOS elicited differential gene expression change in LS174T cells 
during IL-13 challenge. MUC2, TFF3, RETNLB, CHST5, and GAL3ST2 gene expression in LS174T cells was 
measured by real-time RT-PCR following simultaneous stimulation with 10 mg/mL of 2’-FL, 3-FL, LNT2, and 
GOS with IL-13 (5 ng/mL) for 72 h. Results are presented as fold change against negative control. Data are 
presented as mean ± SD (n=6). Statistical significance was measured using one-way analysis of variance 
with Dunnett multiple comparisons test (* vs. control; # vs. IL-13 group; #, *p<0.05; ##, **p<0.01; ###, 
***p<0.001; ####, **** p <0.0001).

h M O ’s  a c i d hyd r o l ys i s  LN T 2 b u t  n o t  2 ’- FL a n d 3 - FL r e s t o r e d 
Tm - i n d u ce d d e c l i n e d g e n e e x p r e s s i o n o f  m u c u s s y nt h e s i s  g e n e s 

Tm is an N-glycosylation inhibitor known to disrupt mucus synthesis in goblet cells [43]. 

To examine the protective properties of hMOs on Tm-induced disruption of goblet cell 

function, LS174T cells were stimulated with Tm for 24 h after 24 h of pre-incubation with 

different hMOs. This setup of pre-exposure to hMOs was chosen based on previous 

reports demonstrating that pre-treatment showed the most effective protection 

against Tm-induced ER stress in goblet cells [38, 44]. As shown in Figure 6, compared 

to the control, Tm treatment significantly suppressed the expression of MUC2 (0.4-fold 

vs. control, p<0.0001), TFF3 (0.7-fold vs. control, p<0.0001), RETNLB (0.5-fold vs. control, 

p<0.0001), and CHST5 (0.6-fold vs. control, p<0.0001). 2’-FL, 3-FL, LNT2, and GOS could 

not stop the suppression of MUC2 induced by Tm (Figure 6A). Pretreatment with 2’-FL 

and 3-FL could also not prevent Tm induced dampened expression of TFF3, RETNLB, and 

CHST5. However, LNT2 could efficiently restore TFF3 expression to the normal levels in 
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the presence of Tm (1.2-fold vs. control, p<0.0001). GOS also significantly upregulated 

TFF3 during Tm stimulation (0.9-fold vs. control, p<0.01), but the rescuing effects of 

LNT2 were more pronounced than with GOS (Figure 6B). Only LNT2 could enhance the 

expression of RETNLB (0.8-fold vs. control, p<0.01) and CHST5 (0.9-fold vs. control, p<0.01) 

suppressed by Tm stimulation, 2’-FL, 3-FL, and GOS could not prevent down-regulation 

of RETNLB and CHST5 caused by Tm treatment (Figure 6C and D). Moreover, significantly 

diminished GAL3ST2 expression was not found with Tm treatment, and 2’-FL, 3-FL, LNT2 

also could not modulate its expression. Only GOS could elicit the expression of GAL3ST2 

in the presence of Tm (1.2-fold vs. control, p<0.05, Figure 6E). 

The above results suggest that hMO’s acid hydrolysis LNT2 rather than the 

hMOs 2’-FL and 3-FL were able to suppress Tm-elicited impaired expression of mucus 

synthesis genes in goblet cells.

Figure 6. 2’-FL, 3-FL, LNT2, and GOS elicited differential gene expression change in LS174T cells 
during Tm challenge. LS174T cells were first pretreated with 10 mg/mL GOS, 2’-FL, 3-FL, and LNT2 for 
24 h, after which cells were exposed to Tm for another 24 h. MUC2, TFF3, RETNLB, CHST5, and GAL3ST2 
gene expression in LS174T cells was measured by real-time RT-PCR following Tm stimulation. Results are 
presented as fold change against negative control. Data are presented as mean ± SD (n=6). Statistical 
significance was measured using one-way analysis of variance with Dunnett multiple comparisons test (* 
vs. control; # vs. Tm group; #, *p<0.05; ##, **p<0.01; ###, ***p<0.001; ####, **** p <0.0001).
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dIscussIon

Previous studies have shown that hMOs can enhance intestinal barrier function 

[13], however, their ability to do this via enforcing the mucosa by directly impacting 

intestinal goblet cells has not yet been studied. In the present study, we examined 

the effects of two hMOs (2’-FL, 3-FL) and the hMO’s acid hydrolysis product LNT2 on 

the gene expression of goblet cell secretory products and Golgi-sulfotransferases in 

different conditions. We also compared their effects to GOS, which is known to enhance 

intestinal barrier function through the modulation of goblet cells [40]. To the best of 

our knowledge, this is the first study addressing direct modulating effects of hMOs on 

goblet-cells, which demonstrated a structure-dependent effect on goblet cell function 

under homeostatic conditions, during exposure to inflammatory cytokines, and after 

challenge with a mucus synthesis disruptors. Under homeostatic conditions, we 

observed that effects on mucus synthesis related genes were highly dose and structure-

dependent. 3-FL, LNT2, and GOS treatment resulted in a significant increase in MUC2 

synthesis and MUC2 protein secretion. The effects of hMOs and hMO’s acid hydrolysis 

on goblet cells challenged with inflammatory cytokines or a mucus-disrupting agent 

not only showed hMOs structure-dependent effects on mucus synthesis related genes, 

but different effects were also observed during the different challenges. The differential 

effects of hMOs and hMO’s acid hydrolysis on the different studied mucus pathways in 

goblet cells are summarized in Figure 7.

Pooled, mixtures of hMOs isolated from mother milk have been reported to 

support the intestine barrier function by increasing mucin expression [20]. Here, we 

studied the modulatory effects of individual commonly present hMOs in mother milk 

i.e. 2’-FL, 3-FL and its acid hydrolysis product LNT2 on expression of goblet cell secretory 

related genes MUC2, TFF3, RETNLB, and the Golgi-sulfotransferase genes CHST5, and 

GAL3ST2 in goblet cells. The reason for choosing this cell type and not other commonly 

used epithelial cell-lines such as Caco2 is that LS174T cells are highly secretory and 

exhibit more of a clear intestinal mucus secreting goblet-cell phenotype. For that 

reason it is widely used in goblet cell function studies [38, 40, 45]. Non-transformed 

mucin-producing intestine epithelial cells could be a better choice but are to the best 

of our knowledge not available yet. LS174T is also favored because it expresses all the 

tested genes under homeostatic condition, proinflammatory condition, and ER-stress 



Chapter 4

100

Figure 7. Schematic illustrating modulatory effects of 2’-FL, 3-FL, and LNT2 on goblet cells. Goblet 
cells secretory and Golgi-sulfotransferase genes expression induced by 2’-FL, 3-FL, and LNT2 in LS174T 
goblet cell line under steady state, TNF-α, IL-13, and Tm challenge.        : up-regulated;     : down-regulated.

The effects of 2’-FL, 3-FL, and LNT2 on goblet cell function were first assessed 

under homeostatic conditions and effects on mucus synthesis related genes were 

demonstrated to be time and structure-dependent. 3-FL and LNT2 enhanced gene 

expression of MUC2 as well as MUC2 protein expression. MUC2 is the fundamental 

structural constituent of intestinal secreted mucus [46], which indicates both 3-FL and 

LNT2 increase mucus barrier function by direct interacting with goblet cells. 3-FL could 

enhance MUC2 expression as early as after 12 h incubation while LNT2 and GOS needed 

48 hours to enhance MUC2 gene expression in the goblet cells. 3-FL, LNT2, and GOS all 

increased TFF3 expression, but 3-FL had the strongest impact on TFF3. TFF3 is involved 

in protecting the intestinal mucosa and supporting mucus healing [29], 3-FL, LNT2, and 

GOS thus have the ability to promote the intestinal mucus restitution and healing. 3-FL 

also upregulated RELMB gene expression. As RELMβ regulates innate colonic functions 

[38]. which allows studying of the effects of individual hMOs under pro-inflammatory or 

other diseased conditions. 
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such as barrier integrity and susceptibility for inflammation [31], 3-FL might also have 

anti-inflammation properties. Only LNT2 could modulate CHST5 gene expression, CHST5 

was significantly down-regulated by LNT2 at multiple time points. CHST5 is involved in 

intestinal mucin sulfation [33]. 

Regulatory effects of 2’-FL, 3-FL, and LNT2 were also evaluated in the 

presence of the inflammatory cytokine TNF-α and the Th2 cytokine IL-13. TNF-α is a 

major inflammatory cytokine in the pathogenesis of IBD and known to influence gene 

expression and goblet cell function [35]. During TNF-α challenge, structure-dependent 

effects of hMOs and the hMO’s acid hydrolysis product LNT2 were observed. 3-FL and 

LNT2 significantly potentiated the expression of MUC2, and 3-FL also up-regulated TFF3 

gene expression. IL-13 is a key Th2 cytokine which prevents intestinal helminth infection 

by enhancing the mucosal barrier via stimulating mucus production in goblet cells 

[25, 36]. During IL-13 exposure, 2’-FL, 3-FL, and LNT2 all significantly augmented MUC2 

expression, 3-FL and LNT2 also significantly potentiated the expression of TFF3. Under 

homeostatic conditions 2’-FL did not enhance MUC2, but when the cells were exposed 

to IL-13 2’-FL did induce MUC2. LNT2 also had no effects on GAL3ST2 under homeostatic 

conditions but during exposure to IL-13 it upregulated GAL3ST2. The results indicate that 

2’-FL and LNT2 stimulate mucus production specifically during IL13 exposure and not 

under homeostatic conditions. 

Mucin biosynthesis involves C-terminal dimerization and N-glycosylation in 

the ER, followed by O-glycosylation in the Golgi and N-terminal oligomerization. Tm 

induced ER-stress affects N-glycosylation and disrupts mucus synthesis in goblet cells 

[47]. We observed that LNT2 rather than 2’-FL and 3-FL impact mucus function-related 

gene expression. LNT2 significantly rescued the expression of TFF3, RETNLB, and CHST5, 

which indicate LNT2 might protect the mucus barrier during ER-stress. It is possible 

that the unique N-acetylglucosamine (GlcNAc) end of LNT2 is responsible for this 

protective effect. The process of N-glycosylation starts with the synthesis of precursor 

oligosaccharides and formation of a dolichol-linked GlcNAc sugar [48, 49]. The GlcNAc 

end of LNT2 might serve as a substrate for the N-glycosylation and therefore prevent 

Tm-induced decline of mucus synthesis genes.

Nowadays, many cow’s milk derived infant formulas are supplemented with 

non-human oligosaccharides, such as GOS and inulins [10]. A previous study showed 
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that GOS enhances intestinal barrier function through the modulation of goblet cells 

[40], and therefore served as reference in our study. We observed gene up-regulation by 

GOS in homeostatic conditions and during IL-13 challenge, with similar results as Bhatia 

et al [40], Bhatia et al. found that in both homeostatic conditions and IL-13 challenge, 

following treatment with 8 mg/mL GOS for 72 h, the expression of MUC2, TFF3, CHST5, 

and RETNLB of LS174T were significantly upregulated, to a similar extend as reported 

here. The effects of GOS on goblet cells under TNF-α and Tm challenge were not studied 

before. GOS enhanced MUC2, TFF3, RETNLB, and CHST5 gene expression during TNF-α 

challenge as well as up-regulated TFF3 and GAL3ST2 expression during Tm challenge, 

which indicate the protective effects of GOS during inflammatory and ER stress. During 

TNF-α stimulation, GOS showed stronger effects than 3-FL and LNT2 which might be 

explained by its structures. GOS is comprised of galactose units with one glucose unit 

at the reducing end. The length of the chains range from 2 to 10 units with variations in 

branching and glycosyl-linkage, which include β1-3, β1-4, and β1-6 [50].

In conclusion, we demonstrate regulatory effects of hMOs and hMO’s acid 

hydrolysis on goblet cell function via modulation of mucus barrier function related 

genes. Our data indicate that the modulatory effects of hMOs on goblet cells are 

highly structure dependent and different during inflammation and under ER stress. 

Understanding how and which hMOs or hMOs mixtures modulate goblet cell function 

in different inflammatory states contributes to the future design of hMO containing 

products with predictable beneficial effects in specific target groups. Human breast 

milk contains more than 200 different oligosaccharides [9] which have different effects 

and probably influence each other. It remains to be determined whether synthetic, 

single molecules will have similar effects than hMOs in mother milk. Follow-up studies 

are needed to identify the specific structure that regulated goblet cells in different 

conditions as well as the receptors that mediate these effects, as well as whether 

synthetic molecules act similarly as natural occurring hMOs, which might provide a new 

way of promoting intestinal health with nutritional supply. 
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supportIng InformAtIon

Figure S1. Cell viability of LS174T with 1, 5, 10, and 15 mg/mL of 2’-FL, 3-FL, and LNT2 for 72 h, 
culture medium served as negative control. Data are presented as mean ± SD. Significant differences 
compared to the negative control were determined by using one-way ANOVA with Dunn’s multiple 
comparison tests and indicated by * (p<0.05), ** (p<0.01), *** (p<0.001) or by **** (p<0.0001).
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