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Abstract

With an incidence of 11 million new cases per year and a prevalence of 374 million cases,
asthma is a prominent allergic disease. In asthmatic patients, the immune system acts hyper sensitive
upon encounter with an allergen such as house dust mite (HDM). As a result, patients with asthma
suffer from coughing, sneezing and chest tightness, resulting in a depleted life quality. This
substantiates the high need for research to the fundamentals of asthma and potential preventative
methods.

Over the past decades, a correlation has been shown between breast feeding and the
development of asthma. The human milk components human milk oligosaccharides (HMQOS) have been
suggested as potential preventative players against asthma. However, the underlying mechanisms of
HMOS on asthma prevention are yet to be elucidated. Therefore, the aim of this study was to explore
the potential preventative effect of systemic HMO1 and HMO2 on airway epithelium upon HDM
exposure. First, an HDM titration was performed on Calu-3 cells. Subsequently, Calu-3 cells were
incubated with HMO1 or HMO2, and exposed to HDM. Also, an in vivo experiment was performed with
BALB/c mice fed a diet containing HMO1 or HMO2 and sensitised to HDM.

It was insignificantly determined that ALl conditions exposed to HDM after 24 hours exerted
representative circumstances in vitro. This suggests that ALl can be applied as a model to mimic the
lung in vitro and that HDM exerts its effect on the lungs within 24 hours. Additionally, the conditions
incubated with HMO1 and HMO2 potentially showed a protective trend over the lung epithelial cells
that were exposed to HDM reflected by the TEER in vitro. These results advocate for a potential
protective mechanism of HMO1 and HMO2 on the lung epithelial cells when they are exposed to HDM,
though repetition of the experiment is needed. In vivo mice exposed to HDM significantly depicted
high fractions of activated DCs compared to Sham mice, but lower fractions of CD86+ expressing DCs,
without a significant effect of HMO1 or HMO2. This suggests that DCs are activated by HDM and

subsequently migrate to the lymph nodes in order to activate naive T cells.
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ALl: air-liquid interface

APC: antigen presenting cell
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GM-CSF: granulocyte-macrophage colony-stimulating factor
HDM: house dust mite

HMOS: human milk oligosaccharides

IFN-y: interferon gamma
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IL: interleukin

ILC: innate lymphoid cell

MHC: major histocompatibility complex

PAMP: pathogen-associated molecular patterns
PAR-2: protease-activated receptor 2

PBS: phosphate buffered saline

PRR: pattern recognition receptor

SDI: socio-demographic index

Tc cell: cytotoxic T cell

TCR: T cell receptor

TEER: trans-epithelial electrical resistance
TGF-B: tumor growth factor

Th cell: T helper cell

TLR: toll-like receptor

Treg: regulatory T cell

TSLP: thymic stromal lymphopoietin

Z0-1: zonula occludens 1



Introduction

In 2019, a prevalence of 374 million asthma cases globally has been described. Each year, this
number increases with an incidence of 11 million cases (1). Asthma is a chronic disease, in which the
immune system acts hyper sensitive. Depending on environmental and/or genetic factors, one can be
diagnosed with asthma at young age or develop asthma throughout life (1,2). It has been found that
children with exposure to a great spectrum of environmental microorganisms are less likely to develop
asthma, than children who are less exposed to those microorganisms (3). In line with other research
outcomes (4-6), this substantiates the hygiene hypothesis. The hygiene hypothesis suggests that early
exposure to allergens prevents the likelihood of developing allergic asthma (7). Allergens are proteins
that are capable of evoking an allergic reaction (7,8). In allergic patients, the homeostasis in the body
is disturbed by allergens and an allergic reaction occurs as a result (9).

Little exposure to allergens may enhance the likelihood of allergic asthma development early
in life, or later in life, once abruptly exposed to an allergen (7). This results in early-onset or late-onset
allergic asthma, respectively. Examples of allergic triggers are pollens, dander of animals or house dust
mite (HDM) (2,10). These triggers will lead to asthmatic symptoms, amongst which coughing, sneezing
and chest tightness, resulting in a depleted quality of life (11). The severity of these symptoms differ
between individuals and also between countries. In countries with a low and middle socio-
demographic index (SDI) - an index that reflects the duration of education, the income per capita and
fertility of people younger than 25 years - more death cases occur as a result of asthma (1,12).
Antihistamines soothe or suppress the allergic response for a little while, but opposingly may cause
fatigue (13). Additionally, social pressure due to absence from work may be enhanced. No curing
treatment has been developed yet, with ongoing use of tempering drugs as result. Patients with
asthma sometimes need their drugs daily or even require hospitalisation in case of extreme
exacerbations. Therefore, drugs and healthcare costs may rise high (13). Altogether, this substantiates
the importance of research to the fundamentals of allergic responses in the lungs and possible
preventative methods against asthma.

A correlation has been shown between the development of allergic diseases and breast
feeding over the past decades (14-18). Therefore, a protective role of components in human milk
against the development of allergies has been suggested (19). Examples of the most abundant human
milk components are lactose, lipids and human milk oligosaccharides (HMQS) (20). Children without
the opportunity of being breastfed often are given formula milk in order to make sure that they also
receive sufficient nutrients during their development (21). Most infant formulas are derived from
cow’s milk, soy milk, or other sources, and are composed accordingly to the composition of human

milk (22). The underlying effects of the milk components on potential prevention of asthma



development are yet to be elucidated. More knowledge on the effects of milk components is required
for further optimisation of infant formulas (22).

As HMOS are the third most abundant substances in human milk (23), several roles for HMQOS
have been investigated and described (24). In the gut, HMOS have been suggested to play an important
role influencing the epithelium and they have shown to interact with the immune system (25-27).
Besides, HMOS act as fuel for growth of certain bacteria that are located in the gut, amongst which
species of Bifidobacteria and Bacteroides (28,29). This host microbiome symbiosis in the gut is
reckoned to maintain a healthy balance in the body, whereas imbalance may result in pathological
circumstances (30). Also, studies have proposed that HMOS have the ability to cross the intestinal
epithelium and enter the systemic circulation (31,32). Even though more evidence becomes clear
regarding the effect of HMOS in the gut, the potential protective mechanism of HMOS in the lung yet
needs elucidation as the immunomodulatory effects of these systemic HMOS in the lung are still
unclear (33,34).

This paper dives into the immunomodulatory effects of HMOS on the prevention of asthma
development. Firstly, the basics of immunity are explained. Then, asthma is elaborated upon and the
fundamentals of HMOS are discussed. Successively, performed experiments are explained. In the
discussion, the link between literature and performed experiments is framed and results will be

elucidated upon.



The immune system

In order to remain healthy and to make sure that foreign substances or organisms do not stand
a chance of damaging the body, the immune system operates actively when needed. The firstimmune
mechanisms for protection are several barriers that exist in order to prevent threats from entering the
body. The epithelial cell layers, mucus production and cilia amongst others form obstructions that
complicate development of infection (35). Epithelial cell layers contain epithelial cells that are packed
together via tight junctions and adherens junctions (36). Tight junctions are composed of
transmembrane proteins occludin and claudin and the cytoplasmic scaffolding proteins zonula
occludens 1 (Z0-1), 2 and 3. In order to strengthen the attachment to neighbouring cells, the
cytoplasmic scaffolding proteins are connected to actin, which is a component of the cytoskeleton (36).
Together, these components create a tight structure between epithelial cells, so that the extent of
epithelium permeability is determined. Adherens junctions on the other hand are formed by
interaction between cadherin and catenin proteins (36). Cadherins are transmembrane proteins that
interact with transmembrane proteins on other cells. Cadherin proteins are attached to the actin
cytoskeleton via interaction with catenin proteins. Catenins enable attachment to actin in order to
facilitate the interaction between epithelial cells (36).

Epithelial cells are organised either as simple, stratified or pseudostratified epithelium layers.
Simple epithelium consists of one single cell layer, while stratified epithelium contains multiple
epithelial cell layers. Pseudostratified epithelium is organised as one single cell layer, but seemingly
contains multiple layers. In the lung, the epithelium mostly is pseudostratified. The pseudostratified
airway epithelium origins from basal cells that are located underneath the epithelium. These act as
progenitor cells that differentiate into ciliated epithelial, goblet or club cells or other types of airway
epithelial cells (37). Goblet cells and club cells secrete mucus, that consists of a combination of mucins,
electrolytes, metabolites, antimicrobial proteins, and fluids. Upon secretion, the cilia located on
ciliated airway epithelial cells sway the mucus up in the airways in order to remove intruders (37).

However, whenever a foreign substance or organism has found its way to circumvent these
first barriers, the innate and adaptive immune systems will become activated. Via cellular and humoral
components, an attempt to constrain the foreign substance or organism will then be conducted. Of
the innate and the adaptive immune system, the innate immune system acts on pathogens or tissue
damage first. The innate immunity entails humoral components such as complement and cells such as
mast cells, macrophages and dendritic cells (DCs) (38,39). These pick up signals of pathogens or

damaged tissue cells and become activated in order to act on the infection or tissue damage.



The innate immune system

The recognition of an entered pathogen is facilitated with the activation of the complementary
system. One of the actions that the complement exerts, is the opsonisation of the pathogen in order
to enable innate immune cells to engulf and take up the pathogen (40). Cells like mast cells contain
toll-like receptors (TLRs), Fc-receptors that are able to bind immunoglobulin E (IgE) and complement
receptors to recognize the (opsonized) pathogen (41). As a result of pathogen recognition, the mast
cell will degranulate and mediators are released for the induction of several mechanisms. The release
of inflammatory components will enhance the vascular permeability and fluid accumulation, and
chemokines like C-C motif chemokine 20 (CCL20) and CCL22 induce the recruitment of other immune
cells amongst which eosinophils, neutrophils, macrophages and dendritic cells (41). Eosinophils and
neutrophils belong to the granulocyte subpopulation. As their name already suggests, they contain
granulocytes with several proteins that mediate the environment upon secretion (42,43). Eosinophils
are known for their combat against parasites by means of degranulation and their activity in inflamed
tissues and allergy (43). Neutrophils are attracted by interleukin 8 (I1L8) and act against microorganisms
through phagocytic behaviour and degranulation, and play a role in inflammation as well (42,44).

Macrophages maintain the homeostasis of surrounding tissues by means of phagocytic activity
(45). These cells contain a broad range of pattern recognition receptors (PRRs) by which they are able
to recognise pathogenic components, called pathogen-associated molecular patterns (PAMPs), or
alarming particles from damaged cells, named damage-associated molecular patterns (DAMPs)
(45,46). After identification of PAMPs or DAMPs by the PRRs, the macrophage engulfs the substances
and appends it to the phagosomal compartment. This compartment then merges with a lysosomal
compartment. The lysosomal compartment is filled with toxic and reactive components that will
degrade the content of the phagosomes (45). Degraded materials then will be presented via the major
histocompatibility complex (MHC) type Il on the cell surface of the macrophage in order to expand the
number of activated T cells. Besides sensing its environment, phagocytosis and alarming of the
adaptive immune system, the macrophage performs chemotaxis (45).

The dendritic cell is another important player in the homeostasis of cell tissue and its
surroundings. Depending on the type of activation, the DC will act accordingly to it. Several types of
receptors are expressed on the cell surface of DCs. Examples are dendritic cell-specific intercellular
adhesion molecule-grabbing nonintegrin (DC-SIGN), TLRs and Fc-receptors. Like the macrophage, the
dendritic cell is able to perform phagocytosis, in which these receptors are involved. They monitor the
recognition and internalization of potentially damaging materials, subsequently leading to the
processing and presentation of the materials (45,47). As a result of TLR or Fc-receptor recognition of

pathogens, more MHC-peptide complexes will be expressed on the DC membrane (48,49).



Additionally, more costimulatory molecules are expressed and immunomodulatory cytokines
increasingly are produced. Via the DC-SIGN and ICAM-2 interaction, of which the latter is presented on
the endothelium, the DC will migrate towards the lymph node where it presents the processed antigen
to the yet inactivated T cell. The interaction between DC-SIGN and ICAM-3 that is presented on the T
cell membrane causes the DC and T cell to get in contact (47). Whereas CD4+ T cells recognize
exogenous antigen-derived peptides on MHCII receptors, CD8+ T cells recognize peptides that are
presented via MHCI receptors on the DC membrane. The presentation of internalized antigen-derived
peptides on MHCI receptors is called ‘cross-presentation’. Via this mechanism the recognition of
tumour cells or pathogen infected cells is mediated (50). Together with immunomodulatory cytokines
and costimulatory molecules, the presentation of antigen-derived peptides on MHCI and MHCII
enhances the activation of T cells and thereby the innate and adaptive immune systems are connected

with help of the DC.

The adaptive immune system

When the first innate response has taken place, the adaptive immunity is activated and
cooperation between the innate and adaptive immune systems continues. Where the innate immune
response (mostly) is not specific, the adaptive immunity targets specific antigens. The adaptive
immunity entails cells like T cells (developed in the thymus) and B cells (developed in the bone marrow)
and contains humoral components such as immunoglobulins. Common lymphoid progenitors are
derived from hematopoietic stem cells that eventually will transform into T cells, B cells, or natural-
killer cells.

During development of naive T cells in the thymus, either the co-stimulator CD8 or CD4 is
downregulated, resulting in the formation of CD8+ cytotoxic T cells (Tc cells) or CD4+ helper T cells (Th
cells) respectively (51,52). Tc cells are able to recognise MHC type | that is expressed by nucleated cells
(53,54). Tc cells are well known for their expertise in terminating host cells that are infected with a
pathogen. Tc cells recognise the MHCI receptor on the infected cell presenting an antigen, interact
with their T cell receptor (TCR) and cytotoxic granules then are released into the cytosol of the infected
host cell. This way, infected host cells are terminated and the pathogen stands less chance to survive
and do more harm (55).

In the secondary lymphoid tissues, amongst which the spleen, lymph nodes, Peyer’s patches,
adenoids and tonsils, antigen presenting cells (APCs) such as DCs or macrophages, expose epitopes on
their membrane-bound MHC-receptor type Il to naive CD4+ T cells (56). T cells contain a TCR that is
able to recognise these complementary epitopes. Upon recognition and by stimulation of several

cytokines, CD4+ T cell differentiation is activated into amongst others Thl cells, Th2 cells, Th9 cells,



Th17 cells and regulatory T cells (Treg). The direction of which the naive T cell differentiates into is
dependent on the type of antigen, the type of cytokines and the type of APC that the T cell is exposed
to (35,56-58). Once the Th cell has differentiated, they can be defined accordingly to their cytokine
production or lineage-specific transcription factors (57).

Due to APC secreted IL-12 stimulation of the naive T cell, transcription factors STAT1, STAT4
and T-bet are activated and Th1 cells are developed (35,57,59). Th1 cells secrete interferon gamma
(IFN-y), which mediates a response against viruses and intracellular bacteria (59). Derived from
multiple cells amongst which eosinophils, mast cells and natural killer cells, cytokine IL-4 induces
transcription of transcription factors STAT6 and GATA3, which enhance Th2 development. Th2 cells
mostly produce IL-4, IL-5 and IL-13, which play a role in allergies and immunity against parasites (59—
61). Due to the combination of cytokines IL-4 and tumor growth factor B (TGF-B), respectively secreted
by Th2 cells and also slightly by mast cells and basophils, and macrophages, Th9 cell differentiation is
enhanced through transcription factors such as STAT6, IRF4 and PU.1 (62). Th9 cells secrete IL-9, which
has a pleiotropic function on cells amongst which T cells, B cells, mast cells and airway epithelial cells.
Th9 therefore plays a role in several diseases amongst which autoimmunity and allergies (63—65). Th17
cells are developed through the activation of transcription factors STAT3 and RORyT by means of
stimulation by the combination of TGF-B, IL-6 and IL-23, which are mainly secreted by macrophages
(65—67). Th17 cells are active in cell-mediated inflammation and autoimmune diseases (59). Besides
these mentioned effector T cells, there is another subset of naive CD4+ derived cells, called regulatory
T cells. TGF-B in combination with IL-2 drives naive CD4+ cells towards Treg cells (68). A positive
feedback loop is created, as Treg also produces TGF-f besides the cytokine IL-10. The immune response
is inhibited by Tregs in order to manage self-tolerance and homeostasis in the body. T cell proliferation
and cytokine production are under influence of Tregs, which results in the prevention of allergies or
autoimmunity development (59,69).

Naive B cells contain a B cell receptor integrated in the membrane that is composed of CD79
and an Ig. The latter has the ability to bind to specific antigens. Upon exposure to a complete antigen
and connection with a helper T cell, the B cell differentiates into an effector B cell, called plasma B
cells. The plasma B cell secretes antibodies against the pathogen (35,56,70).

Another subtype of cells that arises from the common lymphoid precursors, just as the T- and
B-lineages, is the innate lymphoid cell (ILC) type. Common lymphoid precursors then are stimulated
towards ILC-restricted progenitors and eventually turn into common helper-like ILC progenitors. These
in turn differentiate either into ILC type 1, type 2 or type 3, based on their cytokine expression. ILCs
are subdivided amongst the innate immune response and play an important role in the communication

with the adaptive immune response (71,72).
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Overall, the immune system contains several mechanisms that will prevent pathogens from
entering. The epithelium together with mucus and cilia impede the chances of pathogens. Once
entered however, the innate immune system is the next encounter that will try to combat the
pathogen. Upon activation, the innate immune system induces the adaptive immune system to come
in play. With these mechanisms, the pathogen is actively battled and homeostasis of the body will be
maintained. However, in certain circumstances these protection mechanisms lack the ability to
recognize, identify or degrade the pathogen, causing it to be insufficiently or excessively activated. In
case of allergies such as asthma, the immune system is excessively activated with subsequent suffering

of the patient.
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Asthma

Classification

As previously mentioned in the introduction, asthma is a severe disease with 11 million new
cases per year (1). Several endotypes have been described for asthma, in which early onset comprises
a mild type and late or ultra-late asthma are severe types of asthma. These endotypes can be classified
in type 2 low-asthma (Figure 1), type 2-high asthma or type 2-ultra high asthma endotypes (Figure 2)
(73). Type 2 high-asthma is associated with the type 2 immune response after exposure to a trigger, of
which IL4, IL5 and IL13 monitor this response. Type 2 high-asthma is distinguished from type 2 low-
asthma by expression of high blood eosinophil and IgE levels (73). In extreme occurrence of the type 2
immune response, one is diagnosed with the type 2-ultra high asthma endotype. This endotype is
reflected by even higher expression of blood concentrations of eosinophils and type 2 immune related
genes. IL2 production hereby is one of the upregulated cytokines mirroring the type 2 immune
response. Elderly in particular seem to be prone to this endotype (73). Not much is known about type
2 low-asthma yet, as biomarkers of this endotype need to be specified. However, a reduced CD8+ Tc
cell gene expression has been suggested to reflect the type 2 low-asthma endotype (73). When an
asthmatic patient hardly shows any sign of having a type 2 immune response, the phenotype will be
classified as type 2-low asthma (2,74). These patients suffer from asthmatic symptoms such as airway
obstruction, but contain no increased levels of eosinophils (75). In this paper, the focus mainly will be

on type 2-high asthma.

Type 2-low asthma

e e

Often stable mild disease Late onset airway disease Early onset Late onset
Intermittent obstruction Obese High dose corticosteroids Infection/smoking
Minimal obstruction Moderate obstruction Moderate obstructon
Mediators: IL-18, IL-6 Minimal response to Mediators: IL-18,neutrophils
bronchodilators

Figure 1: The disease gradient of endotype 2-low asthma (2). Symptoms of the early onset type 2-low asthma can be defined
as mild. Type 2 biomarkers are not present. Late onset of this endotype often is due to high dose usage of corticosteroids,

smoking and obesity. High amounts of IL-18 and neutrophils are expressed..
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Type 2-high asthma |

Early onset allergic asthma Early onset allergic asthma Late onset Complex T2 (ultra) high asthma
Mild disease Moderate to severe disease Moderate to severe disease Very severe
Responsive to CS Responsive to CS Less responsive to CS Refractory to CS
Mediators: IL-4, IL-13, IgE Mediators: IL-4, IL-5, IL-13 Nasal polyposis Signs of Ultra-high T2 genes
Mediators: IL-4, IL-5, IL-13 T cell dominant disease
Mediators: IL-4, IL-5, IL-13, IFN-y

Figure 2: The disease gradient of endotype 2-high asthma (2). Early onset type 2-high asthma is associated with mild symptoms
and corticosteroid therapy can aid in the oppression of these symptoms. Late onset type 2-high asthma is more severe and
patients in this stage express a more intense type 2 immune response with IL4, IL5 and IL13 as mediators. Type 2-ultra high

asthma is considered as the most severe type in which no response to corticosteroid therapy can be observed.

House dust mite

In healthy circumstances, the development of naive CD4+ T helper cells (Th cells) into either
Th1 or Th2 is in balance. Upon antigen exposure, the naive CD4+ Th cell is activated and differentiates
towards a Th1 cell. According to the hygiene hypothesis however, the development of the naive CD4+
T cells will shift towards a more prominent Th2 subset, when children are exposed to allergens too
little. Then, once exposed to an allergen, the type 2 immune response is activated and an allergic
reaction is induced after second exposure (76,77). House dust mites are amongst the examples of
allergens that are able to evoke a type 2 immune response in the airways (10). The HDM species
Dermatophagoides pteronyssius (Der p), Dermatophagoides farina (Der f) and Euroglyphus maynei (Eur
m) are the most common that have been described, of which Der p 1 is the major allergen in HDM.
The faeces of these species contain components that incite the activation of the immune system or
damage to surrounding tissues and thereby enhance an allergic reaction (78). For instance, HDM faeces
contain lipopolysaccharide (LPS) structures that are able to bind to TLR4, a receptor that is expressed
on the cells surface of the lung epithelium (79). Subsequently, cytokines of the type 2 immune response
are released by lung epithelial cells, comprised of IL33, IL25, thymic stromal lymphopoietin (TSLP) and
granulocyte-macrophage colony-stimulating factor (GM-CSF).

HDM species are grouped into several types, accordingly to their immune system incitement
within the type 2 immune response (Table 1), of which group 1 and 2 are best understood (78,80).
Group 1 is known as cysteine proteases, which destroy the attachment between epithelial cell layers.
Additionally, they exert functions such as degranulation of mast cells and production of type 2
inflammatory cytokines. Group 2 mimicries the myeloid differentiation factor 2-like lipid binding
protein. This group activates the epithelium and DCs and wields contraction of smooth muscle. These

effects are on the basis of an asthmatic response (80).
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Table 1: The types of HDM and their results of action (80). A total of 24 HDM groups have been described. Each group is

determined by its molecular species and the type of response they evoke. Group 1 and 2 have been most thoroughly studied.

HDM groups 3-24 are not depicted in the table.

HDM group

Types of HDM identified

Molecular species

Immune system incitement

1

Derp 1, Der f 1, Der m 1,
Ders 1, Eurm 1, Blot1,

Psoo 1, Sars 1

Cysteine protease

1. Disrupting tight junctions
between airway epithelial cells.
2. Cytokine, chemokine and
collagen production.

3. Enhancement of Th2
polarisation, recruiting
inflammatory cells.

4, Mast cell and eosinophil
degranulation.

5. Proliferation of smooth
muscle cells.

6. CD40 and DC-SIGN cleavage in
DCs.

7. Airway remodelling.

8. Diminished indoleamine 2,3-
dioxygenase activity and Thil
polarisation.

9. Cleavage in epithelial cells,
DCs, eosinophils, and other
inflammatory cells, action yet
unknown.

10. Cleavage of tight junctions
occludin and zonula occludens-1
in airway epithelial cells.

11. Activation of TGF- B.

12. Binding to mannose receptor
on DCs.

13. Maturation of fibroblasts.
14. al-antitrypsin and collectins

airway cleavage.
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2 Der p 2, Der f 2, Der s 2, | Myeloid 1. Myeloid differentiation factor
Eur m 2, Lep d 2, Tyr p 2, | differentiation 2 mimicry.

Gly d 2, Aca s 2, Pso o 2, | factor 2-like lipid | 2. Activation of TLRs (TLR2 and
Aleo 2, Suim2,Blot2 binding protein TLR4) expressed on DCs, airway
epithelial cells and smooth
muscle cells.

3. Release of tumor necrosis
factor-a.

4. Th2  polarisation and
recruitment of inflammatory
cells by means of cytokine and
chemokine production.

5. Indoleamine 2,3-dioxygenase
downregulation.

6. Binding to C-type lectin

receptors on DCs.

Airway response upon HDM exposure

HDM particles are inhaled and penetrate deep into the lungs. Here, the particles encounter
the lung epithelial cells, that express the molecules TLR and protease-activated receptor 2 (PAR-2). The
HDM particles cut the tight junctions ZO-1, occludin or claudin in between the lung epithelial cells to
enter the lamina propria or bind to TLR4 or PAR-2 that are expressed on the epithelial cell surface
(81,82). Binding of the HDM particles to PAR-2 results in activation of the NF-kB pathway in the
epithelial cells, that enhances production of uric acid, which is an endogenous danger signal. Besides,
binding to PAR-2 induces CCL20 production of the lung epithelial cells, which enhances immune cell
recruitment via binding to CCR6, which is present on amongst others immature DCs and neutrophils
(83).

Binding of the HDM particles to TLR4 triggers secretion of IL25, IL33, TSLP and GM-CSF by the
epithelial cells (81). Patrolling DCs are then activated either through IL25, IL33, TSLP and GM-CSF, or
through the uptake of an allergen particle that has crossed the epithelial barrier by means of cleavage
of ZO-1, occludin and claudin that hold epithelial cells together (80). B-glucan, a component of HDM,
is able to bind to dectin-1 and thereby activate CD11b+ DCs. Dectin-1 is a C-type lectin belonging to
the set of PRRs that is expressed on the surface of CD11b+ DCs. (84). Another C-type lectin, called DC-
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SIGN, is also able to recognise B-glucan of HDM (85). The HDM particle is taken up and processed for
presentation on the MHCII receptor.

Developing into a more mature DC, the activated DC cell starts to express higher levels of
MHCII receptors, CD40, CD80, CD86 and OX40 ligand in order to trigger naive T cells (48). The activated
DC enters an afferent lymphatic vessel and flows to a lymph node. Here, the DC connects with a naive
CD4+ T cell via TCR and Notchl. The DC presents the HDM particle via MHCII to the TCR and binds
Notch1l with Jagged (61,64). In combination with IL4 stimulation, the presentation of the antigen
triggers the naive CD4+ T cell to differentiate towards Th2. During this process, the Th2 cell will
encounter other APCs that express OX40 ligand. Binding of the Th2 cell to OX40 ligand presenting APCs
results in amplification of the signal (86). The Th2 cells subsequently activate naive B cells located in
the lymphoid follicles of the lymph node. This is accomplished through interaction of co-stimulatory
molecules CD40 and CD40L, and CD80 or CD86 with CD28. This induces class switching in the naive B
cell, where gene fragments encoding for the heavy chain of the antibody are altered such that the B
cell will produce Igk. The light chain is retained in order to recognise the HDM particle. IgE is then
transported to the site of allergen entrance via lymphatic vessels. Either allergen specific or non-
specific IgE binds to the FceRl receptor that is located on mast cells that are present in the tissue. This
mechanism sensitises the mast cells for subsequent exposure to HDM (61,80).

After second exposure of the body to an HDM particle, IgE bound on the mast cell recognises
the particle, and the mast cell releases histamine and prostaglandin. After degranulation, smooth
muscles contract and mucus is produced, resulting in airway hyperresponsiveness and other symptoms
that are experienced with allergic asthma (56,61,80). Besides DC activation, I1L25, IL33, TSLP and GM-
CSF also stimulate ILC2s (87). These cells take part of the type 2 immune response and, just like the
Th2, produce IL13 and IL5 upon stimulation. Airway hyperresponsiveness is induced by IL13, as mucus
hyperproduction and smooth muscle contraction occur (2,88). IL5 is released into the bloodstream as
ILC2s are to be found nearby vessels and eosinophils are attracted to the site of allergen entry (89). IL5
recruits and enhances development of eosinophils, which secrete major basic proteins that induce
mast cell degranulation and potentially damage the surrounding tissue with bronchoconstriction as
result. The secretion of TGF-B and IL13 enhance the triggering of nearby smooth muscle cells, resulting
in airway hyperresponsiveness and remodelling (90). This described allergic response is illustrated in

Figure 3.
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Figure 3: The allergic response after exposure to HDM (56,61,64,80,91). Epithelial cells induce activation of DCs, which in turn

migrate to a nearby lymph node and activate development of naive T cells into Th2 cells. Th2 cells induce class switching in B

cells. B cells produce IgE that attach to the FceRl receptor on mast cells. Upon next encounter with an HDM particle, the mast

cell will degranulate and an allergic response occurs.
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HMOS

Over the past decades, a correlation has been stated between the development of allergic
diseases and breast feeding (14—-18). Components in human milk therefore have been suggested as
protective players against the development of allergies (19). Lactose, lipids and HMOS are examples
of the most abundant human milk components (20). Infant formula milk is manufactured as substitutes
for human milk. Mothers who are not able to breast feed their children can compensate with
administration of formula milk (21). Cow’s milk, soy milk or other sources are applied for the
production of formula milk, and the composition is similar to that of human milk. However, more
knowledge on the effects of milk components on potential prevention of asthma development is
required for further optimisation of infant formulas (22).

HMOS are the third most abundant components in human milk. HMOS belong to the family of
soluble, non-digestible glycans on which a sialyl or fucosyl group can be added (92). There are five
monosaccharides of which HMOS consist, namely glucose, galactose, N-acetylglucosamine, fucose and
sialic acid (Figure 4A). Via glycosidic interactions these monosaccharides compose a total of about 200
HMOS (24). HMOS contain an end terminus composed of galactose and glucose, better known as
lactose. Galactose and glucose are bound via a B1-4 glycosidic linkage and elongation of the structure
is performed through interaction with galactose and N-acetylglucosamine units via f1-3 or B1-6
glycosidic bonds (Figure 4B) (92). Addition of a sialyl acid subunit distinguishes neutral and acidic
HMOS, of which both groups can be non-fucosylated or fucosylated (23). Examples of neutral
fucosylated HMOS are 2’-fucosyllactose, which is to be found in the highest concentrations as
compared to other HMOS in human milk, and 3-fucosyllactose, which is a structural isomer of 2’-
fucosyllactose. Acidic non-fucosylated HMOS are amongst others 3’-sialyllactose and 6’-sialyllactose,
which differ from each other due to a discriminated glycosidic linkage between the sialic acid to lactose
(Figure 4C) (25). HMOS are present in human milk with a concentration ranging from 5 to 20 g/L (93).
This concentration depends on the mother’s genetic background and lactation stage (94). In regard to
their abundance in human milk, several roles for HMOS as potential players in allergic prevention have

been researched and described (23,24).
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Figure 4: The 5 different monosaccharides and formation of HMOS (24). (A) Glucose, galactose, N-acetylglucosamine, fucose
and sialic acid are the five monosaccharides of which HMOS consist, chemically illustrated in the D-configuration. (B) The
general elongation formula for HMOS formation. (C) 6 different HMOS as reflection of monosaccharide combinations and

sialyl and fucosyl addition.

Via breast feeding the infant will receive human milk, taking up components such as HMOS.
They enter the intestinal tract and exert several functions over the gut epithelium (Figure 5) (24). In
the gut, HMOS act as players in pathogen blocking and can be converted into short chain fatty acids by
local bacteria. Certain bacteria such as Bifidobacteria and Bacteroides are located in the gut and apply
HMOS as fuel for growth (28,29). The allocation of these bacteria in the gut maintains a healthy
environment in the gut, while disturbance of this host microbiome symbiosis will result in pathological
circumstances (30). Another role has been described for HMOS as supporters of the epithelial barrier,
as HMOS are able to directly interact with the mucosal immune system (25-27). Lastly, the HMOS can

be transported over the epithelium to enter the systemic circulation (31,32).
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Figure 5: The four roles described for HMOS in the gut (24). (1) HMQOS can act as pathogen blocking and be fermented by the
bacteria present in the gut into short chain fatty acids. (2) HMOS exert a role in the support of the epithelial barrier. (3) The
mucosal immune system can interact with HMOS directly in order to enhance a cascade. (4) HMOS can enter the systemic

circulation via transport over the gut epithelium.

Evidently, the mechanisms of HMOS in the gut become more clear. Nonetheless, the potential
protective effects of HMOS in the lung also need more clarification as the immunomodulatory effects
of these systemic HMOS in the lung are still undefined (33,34). Several studies have emphasized the
correlation between breast fed children and the effect on development of asthma (14-18), resulting
in the hypothesis that HMOS exert a protective role over the airways (19). HMOS are able to cross the
epithelium, consecutively enter the systemic circulation and interact with the immune system (25—
27,31,32). Due to these mechanisms and the suggested protective role of HMOS over the airways, the
aim of the next study was to explore the effect of HDM on bronchial airway epithelial cells and the
potential protective effects of HMOS HMO1 and HMO?2. First, an HDM titration was performed on
Calu-3 cells. Subsequently, Calu-3 cells were basolaterally incubated with HMO1 or HMO2 and apically
exposed to HDM.
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Methods & Materials

In vitro: Calu-3 as bronchial airway epithelial cell appliance

Culturing of airway epithelial cells in flasks

A human sub-bronchial adenocarcinoma cell line called Calu-3 (ATCC, USA) was used as an
airway epithelial substitute (95). The cells were stored in liquid nitrogen and cultures were started in
25 cm? flasks (Greiner Bio-One, The Netherlands). The cells were cultured in minimum essential
medium (Gibco, Invitrogen, USA) containing additional 10% fetal calfs serum, 1% penicillin-
streptomycin, 1% non-essential amino acids and 1% sodium pyruvate. After reaching 80% confluency,
the cells were transferred to 75 cm? flasks (Greiner Bio-One, The Netherlands). Incubation occurred at
37°Cin a humidified atmosphere containing 5% CO2 and 95% 02. The Calu-3 cells were kept in culture

until further use up to a maximum passage number of 35. Medium was refreshed every 3 to 4 days.

Culturing of Calu-3 cells in transwells

Proliferated until a confluency of 80%, a density of 1 x 108 cells per cm? of the Calu-3 cells was
apically transferred to 12 transwell inserts (0.33-cm2 polyester, 0.4-um pore size; Corning Costar, USA)
in a volume of 200 uL medium. On the basolateral side, 500 uL of medium was added. After 24 hours,
the apical medium was removed from the air-liquid interface (ALIl) conditions (Figure 6). Medium on
the basolateral side and in the submerged conditions also on the apical side was refreshed every 2 to
3 days. The cells were cultured for 14 days in transwell before experiments were started and 200 ul of

apical medium was added to ALl conditions at the start of an experiment.

Air-liquid interface Submerged
(ALI)

Ty T O T

Figure 6: The ALl and submerged conditions of the transwell. Basolaterally, 500 uL was added in both conditions. In the

submerged condition, 200 ul was also added apically.
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Measurement of the TEER

Volt-Ohm Meter

Each time the medium was refreshed, the trans-epithelial electrical resistance (TEER) was
measured manually as well, to reflect the integrity development of the cell monolayer. One hour prior
to measurement, the ALl conditions were provided with 200 uL prewarmed medium. After one hour
of incubation at 37°C, the TEER was measured with the Millicell® ERS Volt-Ohm Meter (Merck,
Germany). The Volt-Ohm Meter was cleaned with purified ethanol and fresh minimum essential

medium in between each measurement.

Locsense Artemis
The Locsense Artemis (Locsense B.V., The Netherlands) was used to follow TEER development
continuously over time. A customized SmartSense (Locsense B.V) was provided for the specific

experimental characteristics.

HDM titration

An HDM titration was performed to determine the optimal concentration. HDM extract (Greer
Laboratories Inc, USA) was added in different concentrations to the apical side of airway epithelial cells
in transwells. The HDM titration was performed with a layout accordingly to Table 2. TEER was
measured and supernatant was collected 24 hours and 72 hours after HDM administration.
Supernatants were stored at 20 C for cytokine and chemokine analysis. After 72 hours, permeability

assay and viability of the cells was assessed.

Table 2: the layout of the HDM titration experiment.

ALI 0 ug/mL

ALI 10 ug/mL

ALI 25 ug/mL

ALI 50 ug/mL

ALI 100 ug/mL

ALI 250 ug/mL

Submerged 0
ug/mL

Submerged 10

ug/mL

Submerged 25

ug/mL

Submerged 50

ug/mL

Submerged
100 ug/mL

Submerged
ug/mL

250

HMOS incubation

Calu-3 cells were cultured in transwell plates and grown for 17 days. On day 17 the cells were
incubated with either 0.01% or 0.05% HMO1 and HMO2 (Carbosynth, USA) basolaterally, accordingly
to Table 3. 24 hours after HMOS incubation supernatants were collected and 10 ug/mL HDM was
added apically. 6 and 24 hours after HDM administration TEER was measured and at 24 hours
supernatant was collected and stored in -20C until further analysis (Figure 7). At 24 hours, permeability

and viability of the cells was assessed.
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Table 3: the layout of HMOS incubation and HDM addition. HDM was added apically, the HMOS were added basolaterally. All

transwells were treated in ALl condition.

0 ug/mL HDM 0 ug/mL | 0 ug/mLHDM 0 ug/mL HDM 0 ug/mL HDM -
0 ug/mL HMOS HDM 0.05% HMO1 0.01% HMO2 0.05% HMO2
0.01% HMO1

10 ug/mL HDM 10 ug/mL | 10 ug/mLHDM | 10 ug/mLHDM | 10 ug/mLHDM | -
0 ug/mL HMOS HDM 0.05% HMO1 0.01% HMO2 0.05% HMO2
0.01% HMO1

Cell

. Apical HDM addition
seeding (6 and 24 hours)*
and growth

(17 days)* /——\

Permeability assay
Viability assay

= L ]
- .
L L] [ ] -
— - _\\\
Basodateral HMOT or e
HMO2 ncubation e
{24 hours)®
Basolateral
supernatant ———————  ELISAs
collected*

Figure 7: Treatment of Calu-3 cells in transwells. The cells were grown for 17 days and then incubated with either HMO1 or

HMO?2 basolaterally. Subsequently, HDM was added apically.

Permeability assay

In order to determine the permeability of the airway epithelial cell monolayer, a permeability
assay with 4kD fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich, USA) was performed. All
transwells were washed twice both apically and basolaterally with phosphate buffered saline (PBS)
(Sigma-Aldrich, USA) to remove phenol red. 4kD FITC-dextran was added to the apical compartment
of each transwell and 100 ulL of the basolateral compartment was collected twice. For the HDM

titration experiment, time samples were collected after 30 and 60 minutes. For the HMOS incubation
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experiment, the samples were collected 2 and 4 hours after FITC-dextran addition. Fluorescence was

measured at 450nm-655 nm with a GloMax® Discover reader (Promega, USA).

Viability assay

The viability of the cells was assessed with Cell Proliferation Reagent WST-1 (Roche, Swiss).
10% WST was added to the apical compartment of transwell plates. Apical samples were collected
after 30 and 60 minutes for the HDM titration experiment. For the HMOS incubation experiment, the
apical samples were collected 1 and 2 hours after addition of WST. The OD values were obtained at

450nm-655 nm with the GloMax® Discover reader (Promega).

In vivo: Administration of HMOS to BALB/c male mice and exposure to HDM

BALB/c mice

BALB/c male mice (6 weeks old) (Charles River, Germany) were obtained for the experiment.
The mice were placed in sterile bio-contained conditions using IVC cages. Animal experiments were
performed in compliance with the Guidelines of the Ethical Committee on the Use of Laboratory

Animals of the Utrecht University (AVD1080020198826).

Experimental set-up

The mice were ad libitum fed an AIN93H diet containing either 0.5% or 1% HMO1 or HMO2
(Jennewein, Germany) and provided with sterile water. The diets were produced by SNIFF (Germany).
Anesthetised with isoflurane, the mice were either sensitised with 40ul PBS (Sigma-Aldrich) or with 1
ug HDM (Der pl, Greer Laboratories, USA) intranasally two weeks after arrival. 7 days after the
sensitisation, the challenge of the animals started, persisting daily for 5 days. Here, either PBS (Sigma-
Aldrich) or 10 ug HDM in 40ul PBS (Sigma-Aldrich) was administered intranasally. 72 hours after the
last challenge, the mice were anesthetised with a mix of ketamine with medetomidine followed by
measurement of the lung performance with using increasing doses of acetyl-B-methyl-choline chloride

(Sigma-Aldrich). After sacrifice, lungs were flushed and tissues were collected for further analysis.

Flow cytometry analysis

After the lung tissue of the mice was collected and the cells were restimulated with
restimulation medium, the DCs were isolated by using a mixture of CD11c-PerCP-Cy5.5, CD11b-Pe-Cy7,
CD40-FITC, MHC-II-PE, LAP-BVA421 (Pacific Blue), OX40L-APC and CD86-BV510 and the Fixable Viability

Dye APC-Cy7. Non-specific binding sites were blocked using human FC block (BD Biosciences, USA)

24



prior to antibody staining. The BD FACS Conto Il (Becton Dickison, USA) was used for measurement of
the cells, of which analysis was performed with Flowlogic software version 8.3 (Inivai Technologies,

USA).

Enzyme-linked immunosorbent Assay (ELISA)

The collected supernatants of the HDM titration and HMOS incubation experiments were
analysed for secretion of IL25, 1L33, GM-CSF, CCL20, CCL22 (R&D systems, USA), IL8 and TSLP (Thermo
Fischer Scientific, USA). Assays were performed according to the protocol of the manufacturer.
Depending on the cytokine that was measured, the samples were diluted according to a pre-
determined ratio with ELISA diluent. CCL20 and CCL22 were diluted 1:3 and IL8 was diluted 1:9. All the
other cytokines measured were diluted with a ratio of 1:1. After measurement, outliers were
extrapolated. GM-CSF was left out of the HDM titration analysis, due to skewed results. The

concentrations were determined with the GloMax® Discover reader (Promega) at 450 nm to 560 nm.

Statistical analysis

Graphpad Prism 9 software (USA) was used for statistical analysis. First, a normality and
lognormality test was performed to determine whether the data fits a normal distribution. When the
data did not fit a normal distribution, the data were transformed with logarithm or square root.
Subsequently, a one-way ANOVA was performed followed up by Bonferroni’s or Dunnett’s multiple
comparison post hoc test. In case data did not fit a normal distribution after transformation, the
Kruskal Wallis test was used for appliance. Statistical significance was reached at p values of <0.05 and

data were illustrated as mean = SEM.
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Results

In vitro: HDM titration

The TEER of the ALl and submerged cultured cells develop in a parallel trend

To observe the growth of the Calu-3 cells that were seeded in the transwells, the TEER was
measured over 14 days (Figure 8). 3 days after seeding, the TEER of both ALl and submerged conditions
had parallelly developed. On day 7, the development of the submerged condition distinguished with
22% from the ALI condition, rising up to a difference of 56% on day 10 with a stagnation of the
submerged conditions. However, the ALl conditions remained to develop TEER consistently until day
14 with a smaller difference of 16%. After 14 days, the TEER in both conditions seemed to stabilize and

no significant difference between ALl and submerged was observed.
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Figure 8: The TEER development of Calu-3 cells in transwells over 14 days (n=4). A one-way ANOVA was performed followed
with a Bonferroni’s multiple comparison post hoc test. Data are represented as mean + SEM of n = 4. The difference between

ALl and submerged conditions was not significant.
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HDM addition decreases the TEER of Calu-3 cells in ALl conditions after 24 hours

After Calu-3 cells reached a stable plateau in TEER on day 14, an HDM titration was performed.
Two different methods were used to follow TEER for 72 hours after HDM addition (Figure 9). A manual
method using the Millicell® ERS Volt-Ohm Meter and the chopstick was compared with automated
measurements of the Locsense Artemis. The Volt-Ohm Meter measured an increase of 20% of the
control after 24 hours, but a decrease of 35% after 72 hours in the ALl condition as compared to before
HDM addition (Figure 9A). The other ALI HDM conditions reflected an overall decrease of the TEER
after 24 hours, except for the 250 ug/mL condition. The decrease of TEER remained preserved after 72
hours in HDM conditions 10 ug/mL, 50 ug/mL and 100 ug/mL. The HDM condition of 25 ug/mL
increased again after 72 hours, while the HDM condition of 250 ug/mL depicted a decrease. However,
no statistical significance was reached.

In the submerged conditions measured with the Volt-Ohm Meter, the control showed a
decrease with 36% of the TEER after 24 hours compared to before HDM addition (Figure 9B). This
decrease continued up to a decrease of 54% as illustrated after 72 hours. This trend was mimicked by
the other HDM conditions, except for the condition of 50 ug/mL. The control depicted the lowest TEER
after 72 hours compared to the other HDM concentrations. The TEER of the submerged conditions was
lower as compared to the ALl conditions after 72 hours. Nevertheless, all data were not statistically
significant.

As previously mentioned, the TEER was also measured with the Locsense Artemis directly after
HDM addition, and 24 hours and 72 hours after HDM addition (Figure 9C). The ALl conditions showed
a decrease of TEER except for the control and the HDM condition 10 ug/mL. The control and the HDM
condition of 10 ug/mL depicted the same TEER as compared to before HDM addition. After 72 hours,
the TEER was reduced more in all conditions, including the control and HDM condition 10 ug/mL both
with a decrease of 20% compared to before HDM addition. The HDM condition of 100 ug/mL showed
the highest TEER compared to the other conditions after 72 hours. Nevertheless, no statistical
significance was reached.

The submerged conditions depicted a different trend (Figure 9D). The TEER of HDM conditions
25 ug/mL and 100 ug/mL rose with 10% and 17%, respectively, after 24 hours compared to before
HDM addition. The HDM condition of 50 ug/mL remained stable and the control and HDM condition
10 ug/mL dropped after HDM addition with 8% and 10%, respectively. Subsequently, the TEER of all
conditions diminished for the control and HDM conditions 10 ug/mL and 50 ug/mL after 72 hours, all
reflecting absolute percentages of 86%. The HDM conditions of 25 ug/mL and 100 ug/mL depicted
percentages of 84% and 94%, respectively, after 72 hours. HDM condition 250 ug/mL depicted no

fluctuations over time. However, all data were not statistically significant.
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Figure 9: The TEER of Calu-3 cells after HDM addition measured with the Volt-Ohm Meter and the Locsense Artemis. The Volt-
Ohm Meter was used for measurement of the ALI (A) and submerged conditions (B). For comparison, the Locsense Artemis
was used for measurement of the ALl (C) and submerged conditions (D). A one-way ANOVA together with Bonferroni’s post-

hoc tests were applied for the analysis of statistical significance. Data are illustrated as mean + SEM of n = 4. No statistical

significance was reached.
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HDM decreases permeability in ALI conditions

The amount of basolateral 4kD FITC dextran reflects the permeability of the Calu-3 monolayer
measured after 30 minutes (Figure 10) and 60 minutes (Appendix A). 30 minutes after 4kD FITC dextran
addition, the ALl control depicted higher permeability than the other HDM conditions. Conditions with
10 ug/mL HDM and 100 ug/mL HDM showed lowest permeability. In submerged conditions, the
transwells with an HDM concentration of 10 ug/mL and 50 ug/mL showed the highest permeability.
The control and 100 ug/mL HDM showed lowest permeability. These results were not statistically

significant.
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Figure 10: The permeability of the Calu-3 monolayer after HDM addition, measured with basolateral collected 4kD FITC
dextran at t=30 minutes. A one-way ANOVA together with Bonferroni’s post-hoc tests were performed for the analysis of

statistical significance. Data are illustrated as mean + SEM of n = 4. These results were not statistically significant.
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Higher HDM concentrations increase the viability of the Calu-3 cells in ALI condition

A viability assay of the Calu-3 cells was performed with apical administered WST. Apical
supernatant was collected 30 minutes (Appendix B) and 60 minutes (Figure 11) after WST addition. 60
minutes after WST addition, the viability of the cells was assessed. Concentrations 50 ug/mL HDM and
100 ug/mL HDM depicted the highest values in ALl conditions. The 10 ug/mL HDM condition showed
lowest viability of the cells after addition of HDM. In submerged conditions, the control and condition
100 ug/mL showed highest viability of the Calu-3 cells. The condition of 250 ug/mL HDM depicted the
lowest viability of the cells. All the OD values remained under a value of 1.0. No statistical significance

was reached, therefore viability of the cells was not significantly affected by HDM.
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Figure 11: The viability of the Calu-3 cells in the transwells after HDM addition, measured with WST at t=60 minutes. The OD
values remain under a score of 1.0. ). A one-way ANOVA together with Bonferroni’s post-hoc tests were applied for the analysis

of statistical significance. Data are illustrated as mean + SEM of n = 4. No statistical significance was reached.
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Lower concentrations of HDM enhance the basolateral chemokine release in ALl conditions 24
hours after addition

Basolateral supernatant from Calu-3 cells was collected 24 hours and 72 hours after HDM
exposure. The supernatant was analysed on the release of alarmins CCL20, IL33, IL25, TSLP (Figures 12

- 15) and IL8 (Appendix C) to observe the activation of the airway epithelial cells.

10 ug/mL HDM enhances CCL20 release in ALl condition after 24 hours

In ALI conditions, all HDM concentrations showed higher CCL20 secretion than their controls.
HDM concentration 10 ug/mL significantly depicted the highest CCL20 levels after 24 hours in ALI
condition. After 72 hours, HDM concentrations 10 ug/mL again showed the highest CCL20 secretion,
though not statistically significant.

In submerged conditions, the control illustrated the highest CCL20 secretion after 24 hours and
72 hours. Condition 250 ug/mL depicted lowest secretion of CCL20. High variance between conditions

was reached. However, these data were not statistically significant.
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Figure 12: Basolateral release of CCL20 by Calu-3 cells after HDM exposure. A one-way ANOVA was performed followed with
a Bonferroni’s multiple comparison post hoc test. Data are illustrated as mean + SEM of four independent plates (# p <0.1, *

p <0,05).

Submerged HDM concentration 250 ug/mL induces release of IL33 after 24 hours
In ALl condition, HDM concentrations 10 ug/mL and 25 ug/mL reached highest secretion of
IL33 after 24 hours. HDM concentrations 50 ug/mL and 250 ug/mL depicted the lowest IL33 secretion.

After 72 hours, only concentrations 25 ug/mL and 50 ug/mL showed higher IL33 secretion than the
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control. HDM concentration 10 ug/mL illustrated lower 1L33 secretion than the control. Besides, 10
ug/mL showed lower secretion values at t = 72 hours compared to the IL33 secretion at t = 24 hours.
Nonetheless, these data were not significant.

In submerged conditions, the IL33 secretion was enhanced parallel to increasing HDM
concentration at t = 24 hours. HDM concentration 250 ug/mL significantly depicted higher L33
secretion than the control. 72 hours after HDM addition, the IL33 secretion was enhanced parallel to
increasing HDM concentration as well, except for HDM concentration 250 ug/mL, depicting lower
levels than after 24 hours. Solely HDM concentration 250 ug/mL in submerged conditions after 24

hours was statistically significant.
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Figure 13: Basolateral release of IL33 by Calu-3 cells after HDM exposure. A one-way ANOVA was performed followed with a
Bonferroni’s multiple comparison post hoc test. Data are illustrated as mean + SEM of four independent plates (# p <0.1, * p

<0,05).

ALl conditions insignificantly depict higher release of IL25 than submerged conditions after HDM addition
In ALI conditions, HDM concentration 250 ug/mL depicted the lowest IL25 secretion compared
to control after both 24 hours and 72 hours. After 72 hours, HDM concentrations 10 ug/mL, 25 ug/mL
and 50 ug/mL showed increased secretion of IL25, also compared to the control.
Compared to the ALl conditions, the submerged conditions secreted low concentrations of
IL25. HDM concentration 250 ug/mL depicted the highest IL25 secretion after 72 hours compared to

all other submerged conditions. However, these data altogether illustrated no statistical significance.
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Figure 14: Basolateral release of IL25 by Calu-3 cells after apical HDM exposure. A one-way ANOVA was performed followed
with a Bonferroni’s multiple comparison post hoc test. Data are illustrated as mean + SEM of four independent plates. No

statistical significance was reached.

HDM concentration 250 ug/mL in submerged condition enhances TSLP release

In ALI conditions, HDM concentrations 10 ug/mL, 25 ug/mL and 250 ug/mL depict higher TSLP
values than control after 24 hours. After 72 hours, all HDM concentrations, except for 25 ug/mL, depict
an increase of TSLP secretion. Besides, all HDM concentrations show higher TSLP secretion than
control, except for HDM concentration 50 ug/mL.

In submerged conditions, HDM concentrations 10 ug/mL, 50 ug/mL and 250 ug/mL show
highest secretion of TSLP after 24 hours. HDM concentrations 25 ug/mL and 100 ug/mL depict lower
TSLP secretion than the control. At t = 72 hours, HDM concentrations 10 ug/mL and 50 ug/mL show a
decrease, as all HDM concentrations illustrate lower TSLP secretion than the control, except for 250
ug/mL. Except for HDM concentration 250 ug/mL, the other data of TSLP secretion are not statistically

significant.
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Figure 15: Basolateral release of TSLP by Calu-3 cells after HDM exposure. A one-way ANOVA was performed followed with a
Bonferroni’s multiple comparison post hoc test. Data are illustrated as mean + SEM of four independent plates (# p <0.1, * p

<0,05).
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In vitro: HMOS incubation and HDM addition

After the HDM titration, it was determined that the next experiment would be performed with
ALI conditions, with a working concentration of 10 ug/mL. To study the preventive effects of HMOS on
HDM mediated cytokine release, HMOS were added to the basolateral compartment 24 hours before

HDM stimulation. Barrier integrity was measured as well as cytokine release (Appendices D-J).

The TEER potentially increases upon HMOS and HDM exposure

Calu-3 cells were grown and reached a stable TEER after 2 weeks. Next, the cells were
incubated with two physiologically relevant concentrations of HMO1 and HMO?2 for 24h (Figure 16A)
basolaterally. After 24 hours of HMOS incubation, the TEER was measured and HDM was added
apically. Subsequently, the TEER was measured again 30 hours (Figure 16B) and 48 hours (Figure 16C)
after HMOS incubation.

After 24 hours of HMO1 and HMO2 incubation, the resistance of 0.01% HMO1 and 0.05%
HMO2 increased. After 30 hours of HMOS incubation and addition of HDM, the TEER of all conditions,
including the condition with 10 ug/mL HDM increased compared to the control. This trend continued
after 48 hours of HMOS incubation. Nevertheless, no statistical analysis was performed yet, as single

values are illustrated.
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Figure 16: The TEER of one plate after incubation with HMO1 and HMO2 measured after t = 24h (A), t = 30h (B) and t = 48h
(C), which are compared to t = Oh. On day 17 (t = Oh) the Calu-3 cells were incubated with either HMO1 or HMO2. After 24
hours of HMOS incubation, HDM was added apically. Data are illustrated as single values. No statistical analysis was

performed yet on these data.
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The permeability of Calu-3 cells potentially is protected against HDM by HMO1 incubation

The results of the HDM titration depicted little permeability deviation between ALl HDM
conditions. Therefore, it was decided to collect basolateral supernatant on later time points for the
HMOS preincubation experiment. Instead of 30 and 60 minutes time points, the basolateral
supernatant was collected within 2 (Appendix D) and 4 hours.

The results showed higher amounts of basolateral 4kD FITC dextran here than in the HDM
titration experiment (Figure 17). As illustrated, more basolateral 4kD FITC dextran was caught over
time from 2 to 4 hours in each condition. The Calu-3 cells exposed to 0.05% HMO?2 depicted the highest
permeability over time. The Calu-3 cells that were exposed to 10 ug/mL HDM and not HMOS expressed
lower permeability than the control. Furthermore, the conditions incubated with HMOS and exposed
to HDM, depicted lower permeability than their counter-conditions exposed to HMOS solely, except
for condition 0.05% HMO1. Besides, the conditions exposed to both HMOS and HDM illustrated lower
amounts of 4kD FITC dextran than the control, but not the 10 ug/mL HDM condition. Nevertheless, no

statistical analysis was performed on these data yet, as single values are illustrated.
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Figure 17: The permeability of Calu-3 cells of one plate performed with 4kD FITC dextran after HMOS incubation and HDM
addition. The 4kD FITC dextran was collected 4 hours after apical addition. Data are illustrated as single values. No statistical

analysis was performed yet on these data.
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HMO1 potentially maintains viability of Calu-3 cells exposed to HDM

While testing viability in HDM titration, OD-values remained relatively low. Thus, longer

incubation was chosen before collection of the apical supernatant for the HMOS preincubation

experiment. This time, apical supernatant was collected at 1 (Appendix E) and 2 hours after addition

of WST, leading to high OD values.

Compared to the WST assay of the HDM titration experiment, the OD values here increased

with extended incubation (Figure 18). In regards to the control, HMO1 and HMO2 depicted lower

viability of the Calu-3 cells in conditions without HDM. The condition containing 10 ug/mL HDM

showed lower viability than the control. However, the conditions containing both HDM and HMO1

depicted higher viability than the condition with HDM, but lower than the control. The condition

containing 0.01% HMO2 with HDM showed lowest viability compared to all other conditions.

Nevertheless, no statistical analysis was performed on these data yet, as single values are illustrated.
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Figure 18: The viability of Calu-3 cells of one plate performed with WST after HMOS incubation and HDM addition. The apical

supernatant was collected 2 hours after WST addition. The data are illustrated as single values. No statistical analysis was

performed yet on these data.

IL33 and TSLP depict a trend in decreased release of conditions containing HDM

Basolateral supernatant from Calu-3 cells was collected 48 hours after HMOS incubation. Then,

the supernatant was analysed for the secretion of alarmins IL33 (Figure 19), TSLP (Figure 20), CCL20,
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CCL22, IL8, IL25 and GM-CSF (Appendices F —J) and to observe the potential protective effect of HMOS

over the airway epithelial cells.

The secretion of IL33 is lowest in conditions containing HDM

After 48 hours of HMOS incubation, the control condition contains the highest IL33 levels of
all conditions without HDM. The condition with 0.05% HMO2 contains the lowest levels of IL33
compared to the other conditions without HDM. The condition with 0.05% HMO2 and HDM shows the
highest secretion of IL33 compared to the other conditions containing HDM. Overall, the IL33 secretion
by Calu-3 cells is lower in all conditions containing HDM compared to the conditions without HDM,
including the control. The control without HDM depicts the highest secretion of IL33. Nevertheless, no

statistical analysis was performed yet.
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Figure 19: Basolateral release of IL33 48 hours after HMOS incubation. Data are illustrated as single values. No statistics were

performed yet on these data.

The conditions containing HDM depict the lowest secretion of TSLP

The control and condition with 0.01% HMO2 and without HDM contain the highest levels of
TSLP compared to the other conditions without HDM. The condition without HDM and with 0.01%
HMO1 depicts the lowest levels of TSLP. In the conditions with HDM, the condition with 0.05% HMO1
illustrates the highest TSLP levels. Altogether, the conditions without HDM reflect higher levels of TSLP

than the conditions containing HDM. However, these data are not statistically significant yet.
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Figure 20: Basolateral release of TSLP 48 hours after HMOS incubation. Data are illustrated as single values. No statistics were

performed yet on these data.
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In vivo: Administration of HMOS to BALB/c male mice and exposure to HDM

HDM sensitised BALB/c mice depict an insignificant lower fraction of viable cells than Sham
BALB/c mice were sensitised and challenged with HDM while fed a diet containing HMO1 or

HMO2. Subsequently, development of the immunological response was investigated.

The percentage of viable cells in the lungs of the treated BALB/c mice was determined (Figure 21). The

Sham group insignificantly depicted the highest percentage of viable cells. Compared to the other

mice, the mice sensitised with HDM and fed a diet containing 0.5% HMO2 insignificantly depicted the

lowest fraction of viable cells. No significant difference between Sham and the other groups sensitised

with HDM was observed.
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Figure 21: The percentage of viable cells in Sham and sensitised BALB/c mice fed a diet with HMO1 or HMO2. A one-way

ANOVA was applied followed with a Dunnett’s multiple comparison post hoc test. Data are illustrated as mean + SEM

BALB/c mice exposed to HDM depict higher fractions of CD11b+ CD11c+/HLA-DR+ cells than
Sham

The percentage of CD11c+/HLA-DR+ cells in the lungs was observed (Figure 22A). No significant
effects were observed between mice sensitised with HDM and Sham mice. However, all mice exposed
to HDM depicted higher levels of CD11c+/HLA-DR+ cells than Sham. The mice fed a diet containing
HMO1 or HMO2 showed higher fractions of CD11c+/HLA-DR+ cells than mice exposed to HDM solely.
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Subsequently, the fraction of CD11b+ cells of CD11lc+/HLA-DR+ cells in the lungs was
determined (Figure 22B). Mice exposed to HDM and fed a normal diet significantly illustrated higher
levels of CD11b+ cells compared to Sham. Except for mice fed a diet of 0.5% HMO1, the mice fed a diet

of HMO2 and 1% HMO1 showed lower levels than HDM exposed mice fed a normal diet, but not lower

than Sham.
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Figure 22: The percentage of CD11c+/HLA-DR+ cells (A) and CD11b+ in CD11c+/HLA-DR+ cells (B). A one-way ANOVA was
performed followed with a Dunnett’s multiple comparison post hoc test. Data are illustrated as mean + SEM (# p <0.1, * p

<0,05, ** p <0.01).

HDM sensitised BALB/c mice fed a normal diet express lower fractions of CD86+ DCs than Sham

CD11c+/HLA-DR+ cells, reflecting the DCs present in the lung, were selected and analysed for
the presence of markers CD40, OX40L and CD86 (Figure 23) on the external cell membrane.

Cells expressing CD40 composed a lower percentage of the CD11c+/HL-DR+ cells in the mice
treated with HDM, than in the Sham mice. Additionally, the mice fed a diet with HMO1 or HMO2
expressed a lower fraction of CD40+ cells than the mice fed a normal diet and exposed to HDM. The
mice fed with diets composed of 1% HMO1 or HMO2 expressed the lowest fraction of CD40+
CD11c+/HL-DR+ cells. However, these data were not statistically significant.

The Sham mice also contained the highest fraction of OX40L expressing cells of the
CD11c+/HLA-DR+ cells. Compared to the other mice treated with HDM, the mice fed a 1% HMO1 or
HMO2 diet showed the lowest fraction of OX40L+ expressing CD11c+/HLA-DR+ cells. Nonetheless,

these data were not significant.
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The CD86 expressing cell fraction was highest in Sham mice as compared to the other mice.
Mice sensitised and challenged with HDM with a normal diet expressed a significant lower fraction of
CD11c+/HLA-CR+ cells compared to the Sham mice. Mice fed a diet containing 0.5% HMO2
insignificantly presented the lowest CD86 expressing fraction of CD11c+/HLA-DR+ cells compared to

the other mice groups.
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Figure 23: The percentage of CD40+ expressing (A), OX40L+ expressing (B) and CD86+ expressing (C) cells of CD11c+/HLA-DR+
cells of BALB/c mice treated with HMO1 or HMO2. A one-way ANOVA was performed followed with a Dunnett’s multiple

comparison post hoc test. Data are illustrated as mean + SEM (# p <0.1, * p <0,05, ** p <0.01, *** p <0.001).
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Discussion

Asthma has been described as a chronic allergic disease of which 374 million people suffer
worldwide and with an incidence of 11 million new cases (1). Several triggers have been proposed to
evoke an asthmatic response, such as animal dander, pollens, LPS and HDM (2,10). The epithelial
barrier is the first encounter of allergens such as HDM. In order to test the effect of HDM on airway
epithelial cells, several culturing conditions have been applied (96). One of these conditions is the
submerged condition. Submerged culturing of the epithelial cells has been applied in research
purposes (97,98). However, in submerged conditions the ciliated characteristics of the airway epithelial
cells are diminished, which results in less reliable physiological circumstances. Opposingly, the ALI
condition has been suggested to reflect a more representative condition (99). In our study, the ALI
conditions depicted an insignificant but parallel reliability of TEER development compared to
submerged condition. Therefore, the ALl condition potentially could be proposed as a representative
future condition to work with in transwell culturing of airway epithelial cells.

Previous studies have observed the effect of HDM on the bronchial lung epithelium. They have
stated a disruption of tight junctions Z0O-1, claudin-1 and occludin in between the epithelial cells
through the proteolytic activity of HDM (99-102). Our current study potentially proposes a
substantiation of these findings measured with both the Volt-Ohm Meter and the Locsense Artemis.
Namely, the insignificant decrease of TEER after 24 hours in ALl conditions after HDM addition (Figure
9) might suggest a disruption of the Calu-3 monolayer caused by HDM. In contrast, the submerged
conditions didn’t depict a comparable trend between Volt-Ohm Meter and Locsense Artemis and also
compared to ALl conditions, which again motivates the culturing of airway cells in ALl condition.
Although no trend was observed in submerged conditions, the obtained data do reflect a potential
effect of HDM on Calu-3 cells within 24 hours after HDM addition. This potential timeframe was
confirmed by studies of Post et al. (102).

Measurement of the TEER was performed with the Volt-Ohm Meter and the Locsense Artemis,
leading to discrepancies between measurements (Figure 9). In other cell models it has been proposed
that measurement with the Volt-Ohm Meter might lead to significant threefold differences between
TEER measurements in the same cell model (103). This might be due to the viscosity of culture medium,
leading to higher TEER values. Besides, comparison of TEER values obtained via Volt-Ohm Meter
measurement and other technical approaches such as the Locsense Artemis also result in differences
(104). Therefore, it is of importance to maintain similar conditions during each measurement. In the
current study, differences in conditions might have occurred, as apical medium seemed to have

evaporated after incubation, leading to discrepancies between measurements.
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In a cohort-study performed by Tovey et al., bed dust of 516 children was investigated on its
content of HDM. Children that were exposed to 13.51 - 23.40 ug of major allergen Der p 1/gram of
dust showed highest prevalence of asthma development (4). Nevertheless, a representative
concentration for HDM addition to cells in vitro to our knowledge hasn’t been proposed before.
Previous studies have applied HDM concentrations ranging from 10 ug/mL to 100 ug/mL
(102,105,106). In addition, the current study has performed a titration to determine the HDM
concentration that is most representative for natural circumstances, ranging from 10 ug/mL to 250
ug/mL. In ALl conditions, CCL20 release by Calu-3 cells significantly occurred in an HDM concentration
of 10 ug/mL (Figure 12), and an insignificant increase of release of L33 and TSLP (Figures 13 and 15).
This leads to the suggestion that lower concentrations of HDM lead to the type 2 immune response.
However, in submerged conditions, the HDM concentration of 250 ug/mL also leads to a significant
release of IL33 and TSLP, impeaching the suggestion that lower concentrations of HDM exert a more
representative effect on airway epithelium cells. Therefore, the HDM titration could be repeated in
order to determine the most representative HDM concentration with more certainty.

A correlation has been shown between breastfeeding and the prevention of development of
asthma (14-18). HMQOS are the third most abundant components in human milk, of which HMO1 and
HMO2 are some of the most present examples (107). Approximately 1 to 4% of HMOS becomes
systemically available (108). The effect of systemic available HMOS on airway epithelial cells that are
exposed to HDM yet needs elucidation. Therefore, the current experiment aimed to observe the effect
of HMO1 and HMO2 on Calu-3 cells exposed to HDM. The yet statistically untested results depicted a
trend in increase of TEER in conditions incubated with HMOS after HDM was added, which potentially
might suggest a synergistic interplay between HDM and HMOS. However, to our knowledge, no
previous studies have emphasised a potential synergistic interplay before. Another alternative could
be the strengthening effect of HMOS on the TEER of Calu-3 cells. HMOS are able to bind to receptors
such as TLR4 and DC-SIGN (109,110), which are also binding receptors of HDM (85). TLR4 has been
shown to be present on the basolateral surface of airway epithelial cells (111). Future research should
perform immunohistochemistry in order to observe the potential competitive binding of HMO1, HMO2
and HDM to basolateral expressed TLR4 and the potential protective effect of HMO1 and HMO2 on
the TEER and cytokine release of the airway epithelial cells. Additionally, immunohistochemistry could
enlighten upon the potential binding of HMO1 and HMO2 to DC-SIGN that is expressed on the cell
surface of DCs and its effects (109).

CD11b+ CD11c+/HLA-DR+ have been described as DCs that are able to activate naive T cells
(112,113). In the current studies, the CD11b+ CD11c+/HLA-DR+ cells composed a high fraction of the
overall percentage of CD11c+/HLA-DR+ cells (Figure 22). Besides, the fraction of CD11b+ CD11c+/HLA-

DR+ cells was significantly higher in mice exposed to HDM and fed a normal diet compared to Sham
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mice. This suggests activation of the present DCs in the lung by means of HDM exposure. Mice exposed
to HDM and fed a diet of HMO1 or HMO?2 insignificantly depicted lower fractions of CD11lb+
CD11c+/HLA-DR+ cells, which can potentially suggest that a larger fraction of the DCs had already
migrated to the lymph nodes, or less DCs have become activated due to HMO1 or HMO2.

Additionally, activation of DCs enhances the expression of costimulatory molecules such as
CD80 and CD86 and the MHCII receptor on the cell surface of DCs. After activation, the DCs migrate
towards the lymph node in order to activate naive T cells (48). A significant decrease in the fraction of
CD86+ DCs in mice fed a normal diet and exposed to HDM was shown in the current study compared
to Sham (Figure 23C). As activated DCs take 24 to 72 hours to migrate towards the lymph nodes (114),
and the last challenge of the BALB/c mice occurred in this time span, this suggests that more mature
DCs have migrated to the lymph nodes in order to activate naive T cells upon HDM exposure.
Therefore, a significant decrease in the fraction of CD86+ DCs in the mice fed a normal diet could be
explained. No significant increased levels of CD86+ CD11c+/HLA-DR+ cells CD40+ CD11c+/HLA-DR+
cells and OX40L+ CD11c+/HLA-DR+ cells in mice fed a diet with HMO1 or HMO2 and exposed to HDM
was observed compared to Sham mice, what suggests that HMO1 and HMO2 do not exert an effect on
the migration of CD86+, CD40+ and OX40L+ DCs to the lymph nodes.

The current studies could serve as substantiation of the use of ALl conditions and the use of
lower concentrations of HDM in in vitro models of airway epithelial cells. Furthermore, preincubation
with HMOS HMO1 and HMO2 might potentially exert a protective effect over airway epithelial cells
when exposed to HDM in vitro. In vivo, HDM exposed mice depicted activation of DCs and potential
migration to surrounding lymph nodes in order to activate naive T cells. However, experiments should
be repeated in order to obtain a more representative outcome and to elucidate on the potential
protective effects of systemic available HMOS like HMO1 and HMO?2 in the lungs for prevention of

asthma development.

The increasing number of asthma patients emphasises the importance of finding a solution for
the development of asthma. As correlations have been observed between breastfeeding and the
development of asthma, suggestions have been made for the potential protective role of HMQS, which
are the third most abundant human milk components. This study highlights the negative effect of HDM
on the epithelium of the lungs, in line with other research outcomes. Additionally, HMOS HMO1 and
HMO2 are described as potential protective players against the negative effect of HDM on the lung
epithelium, though more research needs to be performed in order to substantiate the findings in the

current studies.
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Appendices

Appendix A: Permeability of Calu-3 cells 60 minutes after HDM addition
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Appendix A: The permeability of Calu-3 cells exposed to HDM, 60 minutes after 4kD FITC dextran addition. Data are illustrated

as mean + SEM of four independent plates. No statistical significance was reached.
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Appendix B: Viability of Calu-3 cells 30 minutes after HDM addition
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Appendix B: The viability of Calu-3 cells exposed to HDM, 30 minutes after WST addition. Data are illustrated as mean + SEM

of four independent plates. These results were not statistically significant.
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Appendix C: Basolateral release of IL8 by Calu-3 cells after HDM addition
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Appendix C: Basolateral release of IL8 after HDM addition. Data are illustrated as mean + SEM of four independent plates. No

statistical significance was reached.
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Appendix D: Permeability of Calu-3 cells 2 hours after 4kD FITC dextran addition
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Appendix D: The permeability of Calu-3 cells exposed to HMOS and HDM, 2 hours after 4kd FITC dextran addition. Data are

illustrated as single values. No statistics were performed yet on these data.

59



Appendix E: Viability of Calu-3 cells 1 hour after WST addition
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Appendix E: The viability of Calu-3 cells exposed to HMOS and HDM, 1 hour after WST addition. Data are illustrated as single

values. No statistics were performed yet on these data.

60



Appendix F: Basolateral release of CCL20 by Calu-3 cells after HMOS incubation
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Appendix F: Basolateral release of CCL20 48 hours after HMOS incubation. Data are illustrated as single values. No statistics

were performed yet on these data.
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Appendix G: Basolateral release of CCL22 by Calu-3 cells after HMOS incubation
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Appendix G: Basolateral release of CCL22 48 hours after HMOS incubation. Data are illustrated as single values. No statistics

were performed yet on these data.
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Appendix H: Basolateral release of IL8 by Calu-3 cells after HMOS incubation
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Appendix H: Basolateral release of IL8 48 hours after HMOS incubation. Data are illustrated as single values. No statistics were

performed yet on these data.
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Appendix |: Basolateral release of IL25 by Calu-3 cells after HMOS incubation
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Appendix |I: Basolateral release of IL25 48 hours after HMOS incubation. Data are illustrated as single values. No statistics

were performed yet on these data.
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Appendix J: Basolateral release of GM-CSF by Calu-3 cells after HMOS incubation
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Appendix J: Basolateral release of GM-CSF 48 hours after HMOS incubation. Data are illustrated as single values. No statistics

were performed yet on these data.
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