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Abstract
Allergic sensitization starts with epithelial cell activation 
driving dendritic cells (DCs) to instruct T helper 2 (Th2) cell 
polarization. Food allergens trigger intestinal epithelial cell 
(IEC) activation. Human milk oligosaccharides may temper 
the allergic phenotype by shaping mucosal immune re-
sponses.We investigated in vitro mucosal immune develop-
ment after allergen exposure by combining ovalbumin 
(OVA)-preexposed IEC with monocyte-derived DCs (OVA-
IEC-DCs) and subsequent coculture of OVA-IEC-DCs with Th 
cells. IECs were additionally preincubated with 2′FL or 3FL.
OVA activation increased IEC cytokine secretion. OVA-IEC-
DCs instructed both IL13 (p < 0.05) and IFNγ (p < 0.05) secre-
tion from Th cells. 2′FL and 3FL permitted OVA-induced epi-
thelial activation, but 2′FL-OVA-IEC-DCs boosted inflamma-
tory and regulatory T-cell development. 3FL-OVA-IEC 
lowered IL12p70 and IL23 in DCs and suppressed IL13 (p < 
0.005) in T cells, while enhancing IL17 (p < 0.001) and IL10 (p 
< 0.005).These results show that OVA drives Th2- and Th1-

type immune responses via activation of IECs in this model. 
2′FL and 3FL differentially affect OVA-IEC-driven immune ef-
fects. 2′FL boosted overall T-cell OVA-IEC immunity via DC 
enhancing inflammatory and regulatory responses. 3FL-
OVA-IEC-DCs silenced IL13, shifting the balance towards 
IL17 and IL10.This model demonstrates the contribution of 
IEC to OVA Th2-type immunity. 2′FL and 3FL modulate the 
OVA-induced activation in this novel model to study allergic 
sensitization. © 2022 The Author(s).

Published by S. Karger AG, Basel

Introduction

Allergic disease, which currently affects over 150 mil-
lion Europeans, has become the most common chronic 
disease in Europe. It is estimated that by 2025, more than 
50% of the European population will suffer from at least 
one type of allergy [1]. Up to 10% of infants are affected 
by food allergies in Western countries, mainly caused by 
allergens in hen’s eggs, cow’s milk, and peanuts [2]. Previ-
ously the increasing prevalence had been observed in 
Westernized countries only; however, similar trends are 
now shown globally [3–5]. Although key components of 
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the underlying immunological mechanisms of food aller-
gies have been extensively studied, a deeper understand-
ing of the onset and regulation of these mechanisms is 
lacking [6]. In vitro models to study the development of 
allergic sensitization at mucosal and other epithelial sites 
need to be developed to further investigate the intrinsic 
capacity of potentially allergenic proteins to drive sensi-
tization and develop strategies to prevent sensitization 
[7]. Key events in the mechanisms of allergic sensitization 
involve in particular the direct crosstalk between epithe-
lial cells and dendritic cells (DCs) and the consequent ef-
fect on T-cell development, which can be studied using 
human in vitro coculture assays, although these models 
have not made use of allergens to provoke epithelial acti-
vation [8–10].

The mucosal immune system in the gastrointestinal 
(GI) tract defends the host against pathogenic intruders, 
while it is also essential for the establishment of oral toler-
ance to harmless food proteins. In the case of food allergy, 
oral tolerance is hampered by specific food allergens such 
as the major hen’s egg allergen ovalbumin (OVA). OVA 
is an important food allergen as it can escape GI digestion 
and has an intrinsic capacity to induce immune activation 
[11]. Allergic sensitization to a food protein can occur 
upon exposure via the skin and even lungs or upon oral 
exposure. When the process of oral tolerance induction is 
interrupted, a Th2-driven immune response against the 
food protein is initiated instead. In the GI tract, a mono-
layer of intestinal epithelial cells (IECs) separates the lu-
minal content from the underlying mucosal immune sys-
tem. IEC control homeostasis and contribute to oral tol-
erance induction but upon activation, IEC drive the 
establishment of allergic sensitization [12]. The initial re-
sponse of the intestinal epithelium to a potential allergen 
plays a central role in the subsequent activation of type 
2-driven inflammation, mediated by alarmins such as 
IL33, TSLP, and IL25 [13]. These alarmins prime DCs to 
become type 2 instructing cells, characterized by in-
creased expression of costimulatory factors such as CD80, 
CD86, and OX40L while producing mediators such as 
CCL22 [14]. In addition, alarmins inhibit type 1 and reg-
ulatory type polarizing signals from DCs such as IL12p70, 
IL15, and IL10 [15]. Upon arrival in mesenteric lymph 
nodes, type 2 instructing DCs encourage the proliferation 
of Th2 cells instead of instructing the development of reg-
ulatory T cells (Treg) or anergy. These Th2 cells are re-
quired for the development of allergic sensitization as 
they instruct IgE isotype switching of allergen-specific B 
cells [13]. Modulation of the initial epithelial response to 
potential allergens may contribute to altered crosstalk be-

tween IEC and DC, dominated by suppressed secretion 
of alarmins and an increase in regulatory factors such as 
TGFβ, galectin-9, and retinaldehyde dehydrogenase 
(RALDH) [10]. These factors can contribute to maintain-
ing intestinal homeostasis by supporting regulatory T cell 
development and, therefore, possibly play a role in pre-
venting allergic sensitization. In this respect, the compo-
sition and activity of the intestinal microbiota or the 
availability of specific dietary components such as fibers 
may promote the development of oral tolerance and 
thereby influence the risk of developing allergies [16].

Human milk oligosaccharides (HMOS) potentially 
possess such modulatory properties and may contribute 
to the development of homeostasis in the intestines. 
HMOS are important for the development of the infant’s 
microbiome and consequent immune maturation. More-
over, HMOS come directly in contact with epithelial cells 
and immune cells and modulate immune properties both 
locally as well as systemically [16]. With >200 HMOS 
structures identified, the fucosylated HMOS form a dis-
tinguished group of HMOS and are among the most com-
mon HMOS found in human milk [17]. Depending on 
the expression of an active form of the gene FUT2, the 
production of 2′-fucosyllactose (2′FL) is mediated [18]. 
However, ∼22% of European mothers do not express an 
active form of FUT2 [19, 20]; these mothers are enzymat-
ically impaired to generate an α1-2 glycosidic linkage of 
the fucose group, resulting in the exclusive production of 
3-fucosyllactose (3FL). Although 2′FL (Fuc-α1,2-Gal-
β1,4-Glc) and 3FL (Gal-β1,4-Glc-α1,3-Fuc) are structur-
ally very similar, they may differentially shape the neo-
nate’s immune system based on the notification that they 
can differentially bind to distinct cellular receptors [21, 
22]. Recently, manufactured 2′FL and 3FL have become 
available, making it possible to study the structure-specif-
ic immunomodulatory properties of these HMOS.

In the current study, a human in vitro model for OVA-
induced mucosal inflammation by using OVA-exposed 
HT-29 cells was developed. The crosstalk between these 
OVA-preexposed IECs (OVA-IECs) and human mono-
cyte-derived DCs was studied. Next, the OVA-IEC-DCs 
were cocultured with allogenic human naïve CD4+ T cells 
to study the functional effect on T-cell development, 
mimicking events occurring in the lymph nodes to which 
the DCs migrate upon luminal allergen sampling. These 
steps are key events during allergic sensitization and are 
relatively poorly understood in food allergy [7]. Focusing 
on these sequential steps known to be required for driving 
type 2 allergic sensitization, the effects of epithelial OVA 
exposure were deciphered. In addition, the differential 
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immunomodulatory effects of the HMOS 2′FL and 3FL 
were explored in the model. Complex in vitro models, 
such as those presented here, contribute to elucidating 
the processes involved by enabling separate analysis of 
each key event in mucosal immune activation, which in 
this case is exemplified by using the food allergen OVA.

Materials and Methods

HT-29 Cell Culturing
As the IEC model, the human colon adenocarcinoma HT-29 

cell line (passages 148–156) was used. The cells were cultured in 
culture flasks (Greiner, Germany) with McCoy’s 5A medium (Gib-
co, USA) supplemented with 10% FCS (Gibco), penicillin (100 U/
mL), and streptomycin (100 μg/mL) (Sigma-Aldrich, UK) as cell 
culture medium. The HT-29 cells were kept in an incubator with 
a 5% CO2 influx at 37°C. The medium was refreshed every 2–3 
days, and the cells were passaged at 80–90% confluency by trypsin-
ization.

HT-29-Cell OVA Stimulation and HMOS Exposure
HT-29 cells were diluted 5 times based on surface area and 

transferred to a 48-well flat-bottom plate (500 μL/well). The cells 
were cultured for 6 days until 100% confluency. On the 6th day, 
the HT-29 cells were preincubated with 0.1% (wt/vol%) 2′FL, 3FL 
(both HMOS are synthetically derived from lactose, Carbosynth, 
UK) dissolved in McCoy’s 5A medium for 24 h. The next day, the 
medium was refreshed containing new HMOS and the cells were 
exposed to 100 μg/mL OVA (Albumin from chicken egg white – 
lyophilized powder, ≥98% agarose electrophoresis; Sigma-Al-
drich). After 24 h, 500 μL supernatant was collected, and the cells 
were lysed with 350 μL RLT buffer (Qiagen, Germany) containing 
β-mercaptoethanol (Sigma-Aldrich). Supernatants were stored at 
−20°C and cells at −70°C until further use. Endotoxin contamina-
tion was measured by a LAL assay (Charles River, USA) according 
to the manufacturers protocol (2′FL [3.0 pg/mg], 3FL [6.26 pg/
mg], OVA [960 ng/mg]).

PBMC Isolation
Isolation of human PBMCs from buffy coats from healthy do-

nors (Dutch Blood Bank, The Netherlands) was performed by den-
sity gradient centrifugation in Leucosep-tubes (Greiner). Next, the 
cells were washed two to three times with PBS (Lonza, Switzerland) 
containing 2% FCS. The remaining erythrocytes were lysed with 
red blood cell lysis buffer (4.14 g NH4Cl, 0.5 g KHCO3, 18.6 mg 
Na2EDTA in 500 mL demi water, sterile filtered, pH = 7.4) for 5 
min on ice. Isolated PBMCs were counted and resuspended in a 
concentration of 2 × 106 cells/mL in RPMI 1640 with 2.5% FCS, 
penicillin (100 U/mL), and streptomycin (100 μg/mL).

Monocyte-Derived Dendritic-Cell Isolation and Culture
Monocytes were isolated from PBMCs through magnetic sepa-

ration via negative selection (Miltenyi Biotec, Germany). For this 
purpose, FcR blocking reagent was added to the PBMCs prior to 
adding the Biotin-Antibody Cocktail per the manufacturer’s in-
struction. PBMCs were gently mixed and incubated on ice for 10 
min. After another 15 min incubation on ice with Biotin Micro-

Beads, the cells were added to LS columns that were placed in a 
QuadroMACS separator (Miltenyi Biotech). Collected effluent 
contained the enriched monocyte fraction. The isolation proce-
dure yielded 87–92% pure monocyte suspensions as determined 
by flow cytometric analysis of the percentage of cells expressing 
CD14. The monocytes (1 × 106 cells/mL) were then cultured for 7 
days in RPMI 1640 (Lonza) with 10% FCS, penicillin (100 U/mL) 
and streptomycin (100 μg/mL). Human recombinant IL4 (100 ng/
mL) and GM-CSF (60 ng/mL) (Prospec, Israel) were used to dif-
ferentiate monocytes into immature monocyte-derived dendritic 
cells (moDCs). The medium was changed on days 2, 4, and 6. On 
day 7, cytokines were washed away and the moDCs were collected 
for further use. The frequency of CD11c+HLA-DR+ expressing 
moDC was 41 ± 9.5% across donors.

Naïve T-Cell Isolation
Naïve CD4+ T cells were isolated from PBMCs using the Naïve 

CD4+ T-cell Isolation Kit II (Miltenyi Biotec), allowing for nega-
tive selection of the naïve Th cells, according to the manufacturer’s 
protocol, and were resuspended (1 × 106 cells/mL) in T-cell me-
dium (IMDM with 10% FCS, penicillin [100 U/mL], streptomycin 
[100 μg/mL], 20 μg/mL apo-transferrin [Sigma-Aldrich], and 50 
µM β-mercaptoethanol) until further use. The isolation procedure 
yielded a 60–83% naïve Th-cell suspension.

HT-29 Cell, HT-29-moDC, moDC-T-Cell Model
This model is used to simulate crosstalk between epithelial cells 

and dendritic cells, and subsequently coculture of dendritic cells 
and naïve T cells during allergic sensitization. The model is devel-
oped to mimic the natural order of occurrence and will also be 
discussed in this sequence (see Fig. 1).

HT-29-moDC Coculture
Six days prior to the experiment, HT-29 cells were seeded in a 

5 times dilution (based on surface area) in 12-well transwell inserts 
(polyester membrane, 0.4 μm pores) (Corning Incorporated, 
USA). The cells were incubated at 37°C, 5% CO2, and the cell cul-
ture medium was refreshed every other day. On the 6th day me-
dium was refreshed again and cells were apically exposed to OVA 
(100 μg/mL) (Sigma-Aldrich) for 24 h. In the case of the experi-
ments with HMOS, HT-29 cells were preincubated with 2′FL, 3FL 
(0.1% wt/vol dissolved in McCoy’s 5A medium) (Carbosynth, UK) 
on day 5 for 24 h. The next day, the medium was refreshed contain-
ing new HMOS and the cells were exposed to OVA (100 μg/mL) 
(Sigma-Aldrich). After 24 h of OVA exposure, the apical medium 
with stimuli was washed away and a new McCoy’s 5A medium 
without stimuli was added. 5 × 105 moDC in 1,500 μL RPMI 1640 
medium were transferred into a new 12-well plate. The transwell 
inserts with washed HT-29 cells were transferred to designated 
moDC wells. After 48 h of IEC/moDC coculture at 37°C, the in-
serts containing IEC were removed. Basolateral content was cen-
trifuged and moDCs were collected for phenotyping by flow cy-
tometry and subsequent coculture with naïve T cells. Cell-free su-
pernatants were stored at −20°C for cytokine secretion analysis.

DC-T-Cell Coculture
Isolated naïve T cells were cocultured (in a 10:1 ratio [T:DC]) 

with IEC-primed moDCs, from the IEC-moDC coculture, in a 24 
well flat-bottom plate for 5 days at 37°C in T-cell medium (1 × 106 
cells/mL). Naïve T cells were stimulated with IL2 (5 ng/mL) 
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Fig. 1. Overview of the immunological mechanism of the sensitiza-
tion cascade leading to food allergy, including major cell types and 
soluble mediators. Upon ingestion of a potential allergen, the epi-
thelium will produce alarmins, such as IL33 and TSLP, which 
prime DCs to instruct a type 2 dominated response in T cells. 
These Th2 cells induce class switching in B cells to produce IgE, 
which will bind to mast cells. During a subsequent encounter with 
the allergen, the mast cells will degranulate, releasing symptom-

inducing mediators such as histamine. The first steps of this mech-
anism are mimicked in this novel-developed sequential in vitro 
coculture model for gut sensitization of which a schematic over-
view is represented. The epithelial cells are exposed to OVA and 
washed. The OVA-preexposed epithelial cells are cocultured with 
moDC for 48 h to prime the DC. Next, these OVA-IEC-primed 
DCs are cocultured with naïve CD4+ T cells to instruct Th cell po-
larization. Created with Biorender.com.
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(Prospec) and anti-CD3 (150 ng/mL, clone CLB-T3/2) (Sanquin) 
prior to coculture allowing generic activation to be further direct-
ed by the primed allogenic moDCs. During these 5 days of cocul-
ture, the medium was not refreshed. After incubation, the super-
natant was collected and stored at −20°C for cytokine secretion 
analysis.

Enzyme-Linked Immunosorbent Assay
Supernatants collected from IEC, IEC/moDC, and moDC/T-

cell cultures were analyzed for chemokine and cytokine secretion 
with Enzyme-Linked Immunosorbent Assays. ELISA kits were 
used to determine IL6, IL8, IL10, IL13, IL17, TGFβ, IFNγ (Thermo 
Fischer Scientific, USA), IL23, IL25, CCL22, IL12p70 (R&D Sys-
tems, USA), IL5, and IL15 (BioLegend, USA) secretion following 
the manufacturers’ protocols. Galectin-9 was measured using an 
antibody pair (R&D Systems), using 0.75 μg/mL of both the affini-
ty-purified polyclonal antibody and biotinylated affinity-purified 
polyclonal antibody. High-binding 96-well plates (Costar Corning, 
USA) were coated with cytokine-specific capture antibodies and 
stored at 4°C overnight. Nonspecific binding was prevented by 

blocking with 1% BSA in PBS for 1 h, after which the samples were 
diluted accordingly and added to the 96-well plates for 2 h at room 
temperature or overnight at 4°C. After washing, the appropriate 
detection antibodies were added. The plates were washed again, 
and wells were incubated with Streptavidin-HRP or Avidin-HRP 
for 30 min, and substrate solution (TMB, Thermo Fischer Scien-
tific) was added after the final washings. The reaction was stopped 
by adding 1M H2SO4. Optical density was measured at 450 nm, 
with a correction at 655 nm, using a GloMax® Discover Microplate 
Reader (Promega, USA). The concentration was calculated from 
calibration curves in each plate using GloMax® software.

cDNA Synthesis and Real-Time qPCR
OVA-activated and/or 2′FL- or 3FL-preincubated HT-29 cells 

(IEC) were lysed in 350 μL RNA lysis buffer (provided with RNA 
isolation kit) and stored at −70°C until cDNA synthesis. mRNA 
was isolated using a RNeasy mini kit (Qiagen, Germany) following 
the manufacturer’s protocol. Total mRNA content was measured 
using a NanoDrop (ND-1000 Spectrophotometer [Thermo Fisher 
Scientific]). The purity of mRNA samples was calculated using the 

a b c

d e f

g h i

Fig. 2. Cytokine and chemokine release 
from IECs after apical stimulation with 100 
μg/mL OVA for 24 h. IL33 (p = 0.0929) (a), 
TSLP (b), IL25 (c), CCL20 (d), CCL22 (e), 
IL8 (f), Galectin-9 (g), TGFβ (p = 0.0844) 
supernatant concentrations (h), and 
RALDH relative mRNA abundance (i) 
were measured 24 h after stimulation. Data 
is analyzed by paired t test, n = 9, mean ± 
SEM (#p < 0.1, *p < 0.5, **p < 0.01, ***p < 
0.001).
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260/280 nm and 260/230 nm ratios; ratios between 1.8 and 2.0 were 
considered high purity. cDNA was synthesized from mRNA using 
the iScript cDNA synthesis kit (Bio-Rad Laboratories, USA) and a 
T100 Thermal Cycler (Bio-Rad Laboratories). Primers were in-
house designed and manufactured by Bio-Rad Laboratories. The 
specificity and efficiency of primers were analyzed with dilution 
series of pooled cDNA samples and a temperature gradient to con-
firm melting curves and determine optimal annealing tempera-
tures. Real-time PCR reactions were performed using a mastermix 
of Sybr green (Bio-Rad), nucleas-free water (Bio-Rad), a forward 
and reverse primer, and isolated cDNA in a 96-well hard-shell 
plate (Bio-Rad). The samples were heated at 95°C for 3 min, dena-
tured for 10 s at 95°C, followed by 30 s of annealing at the appro-
priate temperature, after completion of 40 cycles, samples were 
heated again for 10 min at 95°C and cooled down in a CFX96 Real-
Time Systems (Bio-Rad). GAPDH (Bio-Rad) was used as a refer-
ence gene. The relative mRNA expression was calculated using the 
formula: relative mRNA abundance = 100.000 × (2 Ct [GAPDH] 
− Ct [target mRNA]) [23].

Flow Cytometry
The moDCs that were collected after IEC/moDC culture were 

transferred to 96-well plates (Costar Corning). After washing the 
cells with PBS, the viability of the cells was measured with Fixable 
Viability Dye 780-APC Cyanine 7 (eBioscience). Blocking buffer 
(PBS with 2.5% FCS and human Fc block (BD Biosciences, USA) was 

added for 30 min at 4°C to prevent nonspecific binding of antibodies. 
Next, extracellular staining was performed using titrated volumes of 
the following antibodies: CD11c-PerCP eFluor 710 (clone 3.9), HLA-
DR-PE (clone LN3), CD80-FITC (clone 2D10.4), CD86-PE Cyanine 
7 (clone IT2.2), and OX40L-APC (clone RM134L). After 30 min of 
staining at 4°C, cells were washed, resuspended, and flow cytometric 
measurements were performed using BD FACS Canto II (Becton 
Dickinson, USA), and acquired data were analyzed using FlowLogic 
software (Inivai Technologies, Australia).

Statistical Analysis
Statistical analyses were performed using Graphpad Prism 9 

software. Data were analyzed using paired t test or one-way ANO-
VA followed by Bonferroni’s post hoc test on selected pairwise 
comparisons. If data did not fit a normal distribution, logarithmic 
transformation was applied prior to further analysis. p < 0.05 is 
considered statistically significant, and data is represented as mean 
± SEM of n = 3, n = 6, or n = 9 independent repeats per dataset.

Results

The Allergen OVA Induces IEC Activation
The IEC activating properties of the high allergenic 

food protein OVA were investigated in an intestinal in 

Fig. 3. Phenotype of moDCs after 48 h coculture with OVA-IECs. Percentage of surface expression of CD11c and 
HLA-DR was examined as a representation of a DC phenotype, within this population the percentage of expression 
of CD80, CD86, and OX40L was measured. Viability of the moDC was unaffected by coculture with OVA-stimulat-
ed IECs (Control = 70.7% ± 10.7, OVA = 66.9% ± 9.8) Data is analyzed by paired t test, n = 6, mean ± SEM.
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vitro setting, by subjecting IEC apically to the allergen 
OVA mimicking the in vivo situation (Fig. 1). After 24 h, 
OVA-induced IEC inflammatory response was measured 
in collected supernatants. OVA exposure promoted the 
release of several cytokines by the HT-29 cells (Fig. 2). 
Secretion of the alarmins IL33 and TSLP, but not IL25, 
were significantly increased (Fig. 2a–c). In addition, the 
release of chemoattractants CCL20, CCL22, and IL8 
(Fig.  2d–f) were significantly elevated. Simultaneously, 
the secretion of immunoregulatory TGFβ (Fig. 2h) was 
also found to increase, which was not observed for galec-
tin-9 (Fig. 2g) and RALDH mRNA expression (Fig. 2i). 
These results demonstrate that OVA is capable of induc-
ing the release of inflammatory mediators in IEC, includ-
ing alarmins known to play a role in the induction of al-
lergic sensitization.

OVA-IECs Decrease Inflammatory Mediator Release 
during moDC Coculture
The HT-29/moDC transwell model represents the ep-

ithelial cell and DC crosstalk as takes place in vivo (Fig. 1). 
After 24 h exposure to OVA, the OVA exposed IEC 
(OVA-IEC) were washed, IEC containing transwell filters 
were placed in a new plate and moDCs were added to the 
basolateral compartment. In this model, the effects of the 
activated OVA-IEC on the crosstalk with basolateral 
moDCs after 48 h were studied. The frequency of 
CD11c+HLA-DR+ surface marker expression of OVA-
IEC conditioned moDCs was not affected compared to 
control-IEC conditioned moDCs (Fig. 3). Percentage of 
cells expressing the costimulatory markers CD80, CD86, 
and OX40L was unaffected, as well as MFI levels of ex-
pression (data not shown). In addition, several secreted 

a b c

d e f

g h i

Fig. 4. Chemokine and cytokine secretion 
from 48 h IEC/moDC coculture after 24 h 
stimulation of IECs with OVA. Superna-
tant concentrations of CCL22 (a), IL6 (b), 
IL8 (c), IL15 (p = 0.0707) (d), IL12p70 (e), 
IL23 (f), Galectin-9 (g), TGFβ (h), and 
IL10 (i) were measured. Data is analyzed by 
paired t test, n = 6, mean ± SEM (*p < 0.05).
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mediators were measured in the supernatant of the IEC-
DC cocultures (Fig. 4). In the OVA-IEC exposed moDC 
cocultures a significant decrease in CCL22 (Fig.  4a), 
IL12p70 (Fig. 4e), IL23 (Fig. 4f), and IL10 (Fig. 4i) was 
observed compared to control-IEC exposed moDCs, 
while the levels of IL6, IL8, IL15, galectin-9, and TGF-β 
remained unaltered. Collectively, OVA-IEC-DCs did not 
show a matured phenotype since the expression of co-
stimulatory molecules remained unaffected, while they 
secreted a smaller amount of several mediators during 48 
h of incubation.

OVA-IEC-DCs Instruct IL13 and IFNγ Release in 
Allogenic Naïve Th Cells
To study the functionality of OVA-IEC-DCs, the 

primed moDCs were cocultured for 5 days with alloge-

neic naïve Th cells. Supernatants of the IEC-DC/T-cell 
coculture were collected for cytokine quantification. 
IL13, IL9, and IL5 were measured to reflect the develop-
ment of type 2 allergic inflammation, whereas IFNγ rep-
resents type 1 inflammation, IL25 and IL17 reflect type 17 
inflammation, and for a regulatory response galectin-9, 
TGFβ, and IL10 were measured (Fig. 5). Naïve T cells in-
cubated with OVA-IEC-DCs secreted increased levels of 
IL13, and IFNγ, while TGFβ showed a similar tendency 
(p = 0.0970) compared to T cells cocultured with control-
IEC-DCs (Fig. 5a, d, h). IL9, IL5, IL25, and IL17 (Fig. 5b, 
c, e, f) and also galectin-9 and IL10 were not affected, even 
though IL10 showed an inclining pattern (Fig. 5g, i). Since 
both type 2 and type 1 cytokines were induced and regu-
latory IL10 showed an increasing pattern, also the ratios 
were calculated to determine the immune balance. The 

a b c

d e f

g h i

Fig. 5. Cytokine secretion from moDC/na-
ïve T-cell coculture after priming of moDCs 
with OVA-stimulated IECs. Supernatant 
concentrations of IL13 (a), IL9 (b), IL5 (c), 
IFNγ (d), IL25 (e), IL17 (f), Galectin-9 (g), 
TGFβ (p = 0.0970) (h), and IL10 (i) were 
measured. Data is analyzed by paired t test, 
n = 6, mean ± SEM (*p < 0.05).
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IL13/IL10, IFNγ/IL10, IL13/TGFβ, and IFNγ/TGFβ ra-
tios (data not shown) were significantly higher when T 
cells were cocultured with OVA-IEC-DCs compared to 
control-IEC-DCs. These data reveal that OVA-exposed 
IECs affect moDC function resulting in the development 
of type 2 and type 1 immunity and a shift in immune bal-
ance at the expense of a regulatory response in naïve Th 
cells.

Exposing IECs to 2′FL or 3FL Induces Production of 
Regulatory Mediators from IECs, IEC-DCs, and DC/T 
Cells
In the developed model, the effects of HMOS 2′FL and 

3FL were studied when exposed to IEC in the absence 
(2′FL-IEC or 3FL-IEC) or presence of OVA (2′FL-OVA-
IEC or 3FL-OVA-IEC). After 48 h exposure to HMOS, 
with added OVA exposure in the last 24 h, the IECs were 
washed, IEC-containing transwell filters were placed in 
a new plate and moDCs were added to the basolateral 
compartment. Table 1 shows the effects of the primed 
2′FL-IEC or 3FL-IEC in absence of OVA in the different 
steps of these models. After IEC-moDC coculture, 
moDCs were again combined with allogenic naïve Th 
cells for the final coculture step. Both 2′FL and 3FL did 
not affect the secretion of alarmins and chemoattractants 
but the secretion of IEC-derived TGFβ tended to in-
crease. Upon subsequent IEC-moDC coculture, most 
mediators were produced similarly using 2′FL-IEC or 
3FL-IEC compared to the control-IEC. However, 2′FL-
IEC conditioned DCs (2′FL-IEC-DC) tended to increase 
TGFβ, while 3FL-IEC conditioned DCs (3FL-IEC-DC) 
cocultures showed decreased IL12p70 concentrations 
compared to control-IEC-DCs. During the subsequent 
IEC-moDC/T-cell coculture, again most cytokines levels 
were unaffected except for decreased concentrations of 
galectin-9 in both 2′FL-IEC-DC/T cell as well as 3FL-
IEC-DC/T-cell cultures, while TGFβ was significantly 
increased. In addition, 3FL-IEC-DCs also increased IL10 
and tended to increase IL25 secretion in the IEC-DC/T-
cell coculture.

OVA-Induced IEC Activation Is Differentially 
Modulated by 2′FL and 3FL
Subsequently, the immunomodulatory effects of 2′FL 

and 3FL on OVA-IEC activation were studied. HT-29 
cells were incubated for 24 h with HMOS prior to and 
during OVA exposure, and after 24 h inflammatory me-
diator release was assessed. Combined exposure of OVA 
and 2′FL or 3FL increased IL33 release compared to un-
stimulated HT-29 cells (Fig.  6a), IL33 concentrations Ta
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were higher in 3FL, and OVA exposed HT-29 cells super-
natants compared to 2′FL-OVA-IEC supernatants. Se-
cretion of TSLP (Fig. 6b) was significantly increased upon 
OVA stimulation compared to control, which is abol-
ished by 2′FL and 3FL preincubation (Fig. 6b). Exposure 
to OVA and 2′FL increased secretion of CCL20 compared 

to control-IEC, while OVA enhanced CCL22 and IL8 se-
cretion in the presence or absence of 2′FL or 3FL (Fig. 6d, 
e). 2′FL or 3FL preincubation did not change IL25 and 
galectin-9 levels, but exposure to OVA in the presence of 
3FL tended to increase TGFβ (Fig. 6c, f, g). Interestingly, 
the relative mRNA expression of RALDH (Fig. 6i) was 

a b c

d e f

g h i

Fig. 6. Cytokine and chemokine release from IECs after 24 h apical preincubation with 2′FL or 3FL followed by 
apical stimulation with 100 μg/mL OVA for another 24 h. IL33 (a), TSLP (b), IL25 (c), CCL20 (d), CCL22 (e), 
IL8 (f), Galectin-9 (g), TGFβ (p = 0.0796) supernatant concentrations (h), and RALDH relative mRNA abun-
dance (i) were measured 24 h after stimulation. Data is analyzed by one-way ANOVA and Bonferroni’s post hoc 
tests, n = 5 or n = 6, mean ± SEM, log transformation was performed when data did not fit normal distribution 
(#p < 0.1, *p < 0.5, **p < 0.01, ***p < 0.001).
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only increased when HT-29 cells were exposed to 2′FL-
OVA but not to OVA alone or 3FL-OVA. Also, 2′FL 
alone did not enhance RALDH expression (Table 1). The 
levels of secreted mediators indicate that 2′FL and 3FL 
differentially modulate the IEC response to OVA-in-
duced inflammation.

3FL Increases CD86 Expression while Blocking 
Cytokine Release in OVA-IEC-DCs
Next, the effects of the HMOS on the crosstalk between 

OVA-primed HT-29 cells and moDCs were investigated 
by measuring effects on DC maturation by surface mark-
er expression (Fig. 7) and cytokine secretion (Fig. 8). Sur-
face expression of CD80 and OX40L (Fig. 7a, c) remained 
unaltered by the 2′FL and 3FL preincubation of OVA-
IEC-DCs. However, an increased percentage of CD86 ex-
pressing cells was observed in the 3FL-OVA-IEC-DCs 
compared to the OVA-IEC-DCs, indicating enhanced 
DC maturation when primed with HT-29 exposed to 
OVA in the presence of 3FL (Fig. 7b).

In addition, CCL22 secretion (Fig.  8a) in the OVA-
IEC-DC coculture was not affected by 2′FL or 3FL. How-
ever, 2′FL but not 3FL, significantly enhanced IL6 release, 
and 2FL-OVA-IEC-DCs showed an inclining pattern for 
IL15 and IL10 when compared to OVA-IEC-DCs (Fig. 8b, 
e, i). By contrast, 3FL-OVA-IEC-DCs had lower concen-
trations of IL12p70 and IL23 compared to control-OVA-
IEC-DCs and/or control-IEC-DCs (Fig.  9d–f). Regula-
tory mediators galectin-9, TGFβ, and IL10 (Fig.  8h, i) 
were not significantly affected.

Hence, these results indicate that the differential mod-
ulation by 2′FL and 3FL of the OVA-induced IEC inflam-
matory response is mainly shown in the differences in 
cytokine release during subsequent IEC-moDC cocul-
tures. 2′FL was capable of promoting IL6 release. By con-
trast, 3FL enhanced the expression of costimulatory 
marker CD86 on OVA-IEC-DC, while lowering the re-
lease of IL12p70 and IL23 in the coculture.

3FL Exposed OVA-IEC-Primed DCs Inhibit 
IL13 Release by T Cells, while 2′FL Boosts both 
Inflammatory and Regulatory Mediator Secretion
Next, the function of the 2′FL and 3FL-OVA-IEC-

primed moDCs was studied using DC/T-cell cocultures 
to determine the effects on downstream naïve T-cell de-
velopment. OVA-IEC-DCs and 2′FL-OVA-IEC-DCs in-
creased the secretion of IL13 by naïve T cells, while this 
was hindered by 3FL-OVA-IEC-DC. Furthermore, 2′FL-
OVA-IEC-DCs increased or tended to increase inflam-
matory IL9, IFNγ, and IL25 but also regulatory mediators 
TGFβ and IL10 secretion by T cells compared to DCs 
primed with control, OVA or 3FL-OVA-exposed IECs 
(Fig.  9a–i). Both 2′FL-OVA-IEC-DCs and 3FL-OVA-
IEC-DCs increased IL17 compared to control-OVA-
IEC-DCs exposed T cells. However, next to 2FL, also 3′FL 
enhanced regulatory IL10 secretion in parallel (Fig. 9f, i). 
On the other hand, galectin-9 concentrations were de-
creased by both 2′FL and 3FL (Fig. 9g).

These data together show that the initial differential 
response observed in HMOS preincubated and OVA 

a b c

Fig. 7. a–c Percentage of surface expression of CD80, CD86, and OX40L in moDC (CD11c+/HLA-DR+ cells), 
cocultured with HMOS preincubated and OVA-stimulated IECs, was measured. Data is analyzed by one-way 
ANOVA and Bonferroni’s post hoc tests, n = 3, mean ± SEM (*p < 0.5).
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stimulated IEC, results in downstream altered T-cell re-
sponses. 2′FL-OVA-IEC priming of DCs shows a general 
increase in inflammatory and regulatory cytokine secre-
tion, dominated by a regulatory IL10 component. In-
stead, 3FL-OVA-IEC priming of DCs prevents the secre-
tion of type 2-related cytokines and enhances the regula-

tory response by increasing IL10 levels. Hence, improving 
the balance of both IL10 and TGFβ over effector type 2 
and type 1 Th cell responses and enhancing the type 1 
over type 2 response skewing away from the allergic phe-
notype.

a b c

d e f

g h i

Fig. 8. Chemokine and cytokine release from IEC/moDC coculture after HMOS preincubation and OVA stimu-
lation of IEC. Supernatant concentrations of CCL22 (a), IL6 (b), IL8 (c), IL15 (d), IL12p70 (p = 0.0779) (e), IL23 
(f), Galectin-9 (g), TGFβ (h), and IL10 (i) were measured. Data is analyzed by one-way ANOVA and Bonferroni’s 
post hoc tests, n = 3, mean ± SEM, log transformation was performed when data did not fit normal distribution 
(#p < 0.1, *p < 0.5, **p < 0.01, ***p < 0.001).
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Discussion

A rise in the incidence and prevalence of allergic dis-
orders has been recognized, and food allergies are one of 
the first allergies to develop already early in life. There-
fore, there is an increasing need for preventive strategies. 

Complex immunological human in vitro models are used 
to study the crosstalk between the intestinal epithelium 
and cells involved in mucosal immune development and 
regulation. Here, a novel approach is chosen in which ep-
ithelial exposure to the hallmark allergic protein OVA 
was shown to trigger the sequential steps known to drive 

a b c

d e f

g h i

Fig. 9. Cytokine secretion from moDC/naïve T-cell coculture after priming of moDCs with HMOS preincubated 
and OVA-stimulated IECs. Supernatant concentrations of IL13 (a), IL9 (p = 0.0664; p = 0.0963) (b), IL5 (c), IFNγ 
(p = 0.0630) (d), IL25 (e), IL17 (f), Galectin-9 (g), TGFβ (p = 0.0596) (h), and IL10 (i) were measured. Data is 
analyzed by one-way ANOVA and Bonferroni’s post hoc tests, n = 3, mean ± SEM, log transformation was per-
formed when data did not fit normal distribution (#p < 0.1, *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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allergic sensitization (Fig. 1). The model does not aim to 
instruct allergen-specific T-cell responses but immune 
polarization based on epithelial activation induced by the 
food allergen. Hence, it indicates the intrinsic capacity of 
the allergenic protein to drive immune activation includ-
ing type 2 immunity via epithelial cell activation. Such 
sequential human IEC-DC and DC/T-cell models can 
provide insight into key immunological events and po-
tential targets for preventing allergic diseases. A recent 
study aimed to develop a similar model combining a mu-
rine epithelial cell line with murine DCs and T cells iso-
lated from murine spleens [24]. Fu et al. [24] exposed the 
murine epithelial and the dendritic cells to OVA in a tran-
swell system and transferred basolateral cell-free super-
natant to murine T cells. Based on mRNA expression, 
they observed similar effects in response to OVA as we 
have demonstrated on mediator secretion. However, in 
the current manuscript we only exposed the IEC to OVA, 
which resulted in activation of the IEC. IECs were washed 
and cocultured with moDCs. Ensuring that in our model, 
direct effects of OVA on moDC are excluded, showing 
the contribution of OVA-activated IEC to sequential im-
mune activation. Beyond the development of this OVA-
induced novel human coculture model for mucosal im-
mune activation, we also studied the effects of 2′FL or 3FL 
on the inflammatory effects induced by OVA on IEC and 
the subsequent modulation of the moDCs and allogeneic 
naïve T-cell response.

OVA exposure of HT-29 cells was found to activate 
these cells to release type 2 inflammatory mediators 
(Fig. 2), which are known to attract and instruct DC. An 
allergen from peach induces the expression of type 2 driv-
ing IL33, IL25, and TSLP by Caco-2 epithelial cells [25]; it 
is known that increased levels of IL33 and TSLP drive DCs 
to a proallergic phenotype [26, 27]. This indicates the in-
trinsic capacities of OVA to provoke epithelial activation, 
showing both a type 2 as well as a type 1 profile in media-
tor release. The observed increased secretion of the che-
moattractants CCL20 and IL8 is known to recruit innate 
immune cells, including DC, to the site of inflammation 
[9]. Elevated levels of galectin-9, TGFβ, and RALDH are 
part of maintaining this mucosal homeostasis by inducing 
Treg formation [23, 28–30]. Upon OVA exposure, TGFβ 
levels were increased, while galectin-9 and RALDH levels 
were not affected. The increase of TGFβ alone, to compen-
sate for the increase in inflammatory mediators, may not 
be sufficient to restore local homeostasis during OVA ex-
posure. This was observed since moDCs cocultured with 
these OVA-primed IECs were found to drive immunity 
instead of tolerance at the T-cell level.

DC2 type maturation is characterized by induced ex-
pression of the surface markers OX40L, CD80, CD83, and 
CD86 [31, 32]. Even though OVA-IECs produced many 
inflammatory mediators, including type 2 driving cyto-
kines (Fig.  2), coculture of the OVA preexposed IECs 
with immature moDCs did not induce phenotypic DC2 
type maturation. However, the secretion of type 1 driving 
mediators IL15, IL12p70, type 17 driving IL23, and regu-
latory IL10 secretion were reduced in the OVA-IEC-DC 
coculture, as was also the case for type 2 driving CCL22, 
thus the function of these DCs was changed. Indeed, dur-
ing subsequent coculture of these OVA-IEC-DCs with 
naïve Th cells, OVA-IEC-instructed DCs were capable of 
differentially inducing a distinct T-cell cytokine response.

Strikingly, during the following coculture of the OVA-
IEC-primed DCs with allogenic naïve T cells showed the 
functional response of these DCs, as they enhanced type 
2 IL13 as well as type 1 IFNγ secretion by the Th cells 
(Fig. 5). OVA lowered type 1, 2, 17 and regulatory type 
mediator production in the OVA-IEC-DC coculture set-
ting. However, the overall balance may have contributed 
to the instruction of both a type 2 as well as a type 1 effec-
tor T-cell response [15, 33, 34]. The developed model 
omits the presence of the allergen during DC and T-cell 
interaction and instead makes use of generic TCR-cell ac-
tivation [32] since to show an allergen-specific response 
it would require allergen-specific Th memory cells from 
hen’s egg-allergic patients allowing allergen-specific au-
tologous DC/T-cell activation [35]. Interestingly, the cel-
lular crosstalk between OVA exposed HT-29 cells func-
tionally affected moDCs, which instructed T cells to elic-
it these type 2 and type 1 immune activation of the T cells. 
Hence, activation of the HT-29 cells by OVA is sufficient 
to instruct DCs to drive immune activation at the T-cell 
level, which indicates a generic immunopolarizing effect. 
Epithelial-derived mediators are known to instruct DC 
development [31], indicating the relevance of the ob-
served effects in this novel developed human in vitro 
model of allergic sensitization in the intestine. This un-
derpins the relevance of using epithelial cells as the main 
component in driving allergy development in models that 
study the sensitizing capacity of proteins.

A vast amount of allergy development originates early 
in life, which may be redirected by specific HMOS. There-
fore, the effects of HMOS 2′FL and 3FL on the OVA-in-
duced type 2 inflammation were explored in the IEC-
moDC-T-cell model. Preincubating IECs with 2′FL or 
3FL for 24 h prior to OVA exposure differentially modi-
fied the OVA-induced mediator secretion (Fig. 6). 2′FL 
incubation resulted in an increased secretion of CCL20 
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and expression of RALDH while hindering the increase 
in TSLP, possibly enhancing downstream regulatory 
mechanisms. Alike 2′FL, 3FL prevented the rise in TSLP 
but further enhanced IL33 levels. Although IL33 is main-
ly known for its proinflammatory, type 2 driving role, 
more evidence is gathering that IL33 may also be involved 
in enhancing Treg formation [36] and therefore possibly 
in the prevention of inflammatory responses. Both 2′FL 
and 3FL differentially modified the OVA-induced HT-29 
cell activation, which subsequently influenced the out-
come of the moDC development and T-cell response.

Silencing of the costimulatory markers, like CD86, has 
been used as a novel therapeutic approach to dampen al-
lergic responses [37] and a previous study demonstrated 
that HMOS could reduce the expression of these markers 
[38]. Yet, in our current study surface marker expression 
remained unaffected in the 2′FL-IEC-DC. However, a 
strong increase in IL6 release was observed by these DCs. 
IL6 release by DCs is known to enhance differentiation 
into T helper subsets while inhibiting the development 
and activity of Treg cells [39]. On the other hand, incuba-
tion with 3FL increased the expression of CD86 in OVA-
IEC-DCs and almost completely silenced IL6, IL8, 
IL12p70, and IL23 secretion by DC. Perdijk et al. [40] 
demonstrated that incubating moDCs in the presence of 
TGFβ induced a tolerogenic phenotype, characterized by 
an increased expression of CD86 and a reduced secretion 
of IL6, IL8, and IL12p70. These findings correlate with 
our observed effects since high levels of TGFβ were re-
leased also from 3FL-OVA-IEC.

The functional consequences of IEC exposure to 2′FL 
and 3FL prior to OVA activation were further studied via 
the downstream effects of the OVA-IEC-primed DCs on 
naïve T-cell development. Here we showed 2′FL-OVA-
IEC-DCs to induce a general immunostimulatory effect 
which is counterbalanced by an increase in regulatory 
IL10 and TGFβ release from the differentiated T cells 
(Fig. 9), which was also observed in the absence of OVA 
(Table  1). Previously, Ayechu-Muruzabal et al. [10] 
showed, in a dissimilar transwell coculture model, that 
2′FL induces increased secretion of IFNγ and IL10 under 
type 1 inflammatory conditions, while no changes in IL13 
were observed. Yet we observe an increase in type 2 IL13 
alongside a general increase in type 9 as well as type 1, type 
17, and regulatory cytokine release in the DC/T-cell cocul-
ture. Nonetheless, the 2′FL modulation in our experi-
ments is dominated by a regulatory response over inflam-
matory, based on the decreased IL13/IL10, IL13/TGFβ, 
IFNγ/IL10, and IFNγ/TGFβ ratios (data not shown). In 
previous studies 2′FL, similar to nondigestible oligosac-

charides, was capable of enhancing galectin-9 levels in 
IEC/PBMC cocultures; however, this was always in the 
presence of CpG-ODN [10, 41, 42]. Similar to those stud-
ies, 2′FL and 3FL do not induce galectin-9 release by IEC 
nor IEC/DC cultures themselves. However, in the current 
study, they lowered galectin-9 release in the supernatants 
of the DC/T cells, which may relate to the increased IL17 
release since galectin-9 is known to suppress IL17 levels 
[23]. Thus, in contrast to the immunostimulatory effect of 
2′FL, 3FL is capable of silencing IL13 secretion, while en-
hancing IL17 and IL10 release. Though IL17 is generally 
related to Th17 cells, a subset of IL17 secreting Tregs has 
been identified in vitro. The development of functional 
IL17 + Tregs is induced by IL6 but inhibited by TGFβ [43]. 
Unlike 2′FL, 3FL-IEC-DCs exposed T cells did not en-
hance TGFβ levels but strongly increased IL-10 secretion. 
This may indicate that 3FL suppresses the development of 
a type 2 response, in association with enhanced regulatory 
response in this sequential coculture model mimicking al-
lergic sensitization taking place in the intestinal mucosa.

The expression of 2′FL or 3FL in breast milk depends 
on maternal genetic polymorphisms in fucosyltransfer-
ases 2 (FUT2) which has been linked to different immu-
nological outcomes in children [44]. Although 2′FL and 
3FL are structurally related, their downstream effects 
were clearly distinguishable in this complex in vitro mod-
el. The differential effects of 2′FL and 3FL could be ex-
plained by observed differences in binding affinity for 
epithelial receptors or other types of interaction with IEC. 
For example, 2′FL and 3FL were found to differentially 
modulate mucus production (MUC2 expression) by gob-
let cells both during homeostasis as well as under inflam-
matory conditions [45]. Furthermore, 2′FL binds to ga-
lectin-1, -3, -7, and -9, while 3FL shows no affinity for 
these receptors [21, 46]. Future studies are needed to fur-
ther decipher the mechanisms by which these two HMOS 
differentially affect immune polarization in this sequen-
tial intestinal sensitization model.

There is a need for complex in vitro models to study 
mucosal immune activation induced by allergenic pro-
teins. Here, we aimed to emphasize the importance of 
crosstalk between intestinal epithelial cells and underly-
ing DC, which drives further T-cell development at the 
inductive sites such as the mesenteric lymph nodes. How-
ever, the use of HT-29 cells in this model can be consid-
ered suboptimal as this is a colon adenocarcinoma cell 
line, which does not completely represent all functional 
properties of the intestinal epithelium and future studies 
should consider the confirmation of these findings in oth-
er epithelial cell lines and the use of primary epithelial 
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cultures [47–49]. Nonetheless, HT-29 transwell coculture 
models have previously shown their predictive signifi-
cance, for example by identifying galectin-9 as an immu-
nomodulatory biomarker in an in vitro HT-29/PBMC co-
culture model [10, 23], which was confirmed in murine 
models for food allergy and a clinical study [41, 50].

Several studies have been exploring similar possibilities 
to develop complex in vitro models to study mucosal im-
mune activation. As mentioned earlier, a comparable 
model as presented here, using murine cells has recently 
been described [24]. However, most models only study the 
effects of allergens on barrier properties of intestinal epi-
thelial cells [8, 51], and immune interactions in the ab-
sence of IEC using innate and/or adaptive cells from ani-
mals, human volunteers, or allergic donors [32, 35, 52–
54]. Some models combining Caco-2 cells with immune 
cells were used to study immune activation upon allergens 
or oligosaccharides crossing the intestinal barrier [25, 55–
57]. Although these studies are all relevant to investigating 
parts of the allergic mechanism, our model combines sev-
eral key components in the cascade driving allergic sensi-
tization following the kinetics of events occurring at dif-
ferent compartments in the intestines [7]. We demon-
strated the importance of allergen-induced epithelial 
activation and the crucial role of epithelial cells in the 
crosstalk with underlying immune cells during the initial 
process of immune activation and allergic sensitization. 
This model allows future studies to focus on unraveling 
mucosal immune mechanisms of high and low-allergenic 
food-derived proteins. In this way, it can be further evalu-
ated for its value to discriminate between low and high 
allergenic novel food proteins. The model can be expand-
ed by combining the IEC-DC-instructed Th cells with au-
tologous B cells to study IgE isotype switching and subse-
quent mast-cell degranulation. In addition, further refine-
ments may include the introduction of primary epithelial 
cells and immune cells derived from allergic donors. Fur-
thermore, the model may be translated into an organ-on-
a-chip aiming to identify the sensitizing capacities of nov-
el proteins and possible immunomodulatory effects of di-
etary components. Further development and validation of 
this model should demonstrate its value in reducing the 
use of existing in vivo models.

Conclusion

This study investigated the immunological crosstalk in 
a novel human in vitro coculture model for OVA-in-
duced type 2 inflammation (Fig. 1), in which IEC activa-

tion plays a key role in type 2 and type 1 T-cell develop-
ment. OVA preexposed HT-29 cells direct underlying 
moDC to instruct a type 2 and type 1 characterized re-
sponse in T cells. In addition, 2′FL and 3FL were able to 
differentially modulate the epithelial response to OVA-
mediated epithelial activation. 2′FL-OVA-IECs imprint-
ed moDC instructed a general increased inflammatory 
and regulatory cytokine secretion upon DC/T coculture. 
In contrast, when exposed to 3FL-OVA-IEC, the DC sup-
pressed the type 2 response, while enhancing the regula-
tory response in the DC/T-cell coculture. Suggesting that, 
although structurally similar, 2′FL and 3FL have different 
immunomodulatory properties by modifying the cross-
talk between intestinal epithelial cells and dendritic cells 
which drive adaptive immune responses.
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