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Propositions

. The observation that CMA-children tolerate “baked” milk better than raw milk is in line with

our findings.
(this thesis)

Computational biology bears similarities to digestion: what is fed in will come out somehow,
be it in a format that you like or not.
(this thesis)

Low-dose oral intake or extensive heating might be better options to prevent food allergy
than strict avoidance of allergens (Yanagida et al. Allergol Int. 2016:65 135-140).

For concentration on a highly demanding task like writing a PhD thesis, the beneficial effect
of classical music is not convincing (Janina et al. Front Psychol. 2017:8), but undoubtedly
better if compared to a noisy background (e.g. frequent construction work in the building).

. The benefit of napping to improve memory and performance has been supported scientifically
(McDevitt et al., Sci Rep. 2018:8) and experienced personally (Ying Deng, Resource 2018:12
back cover).

. After being proud of the art of cooking as a symbol of civilization for thousands of years, we
probably finally figure out it is safer to eat food as raw as possible.
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Chapter 1

Food processing and its effects on protein

Before consumption, food products are often processed in various ways like pickling, cooking, mincing
and fermentation to improve their nutritive value, sensory attributes, and extend their shelf life. In
order to avoid quality problems like undesired microorganisms in food products, reliable disinfection
techniques are used, e.g. high-pressure processing, ultrasound processing, and most frequently
thermal processing [1]. In addition to preservation, thermal processing helps to provide consumers
satisfaction by enhancing food’s palatability and flavour. There are various types of thermal processing,

of which pasteurization and sterilization are the two main types [2].

Protein, as a macronutrient from our food, is among the most important biochemical compounds for
living organisms. A daily intake of 0.8 g protein/kg body weight is commonly advised [3]. Protein is not
only the building block that delivers amino acids to form muscles, skin, blood and internal organs, but
also an essential component for the body’s regulation systems (function as enzymes and hormones)
[4]. Digestion and absorption are essential steps for breaking down food proteins for further reuse of
the constituting amino acids. Digestibility and bioavailability of protein can be altered by heating,
mainly due to heat-induced denaturation and aggregation [5]. A higher digestibility of egg, linseed and
meat proteins was found after heating [6-8]. Besides contributing to protein metabolism, food proteins
also have a direct impact on human health, which can be modulated by heat processing of the protein.
For example, the health promoting impact of bioactive peptides in a number of foods was reduced by
different heat treatments [9]. Undesirable or even toxic amino acid derivatives like lysinoalanine and
D-amino acids may also be formed after thermal processing, depending on the specific heat treatment

used [10].
Industrial milk processing

Thermal processing of milk is an essential step in the dairy industry [11] in which the heating conditions
vary depending on the specifications and demands for target products. Pasteurization, for instance,
takes place at a relatively low heating temperature of around 70 °C for 15-20 seconds and is often used
for liquid milk products. In-package and ultra-high temperature (UHT) sterilization operate at 110 °C
for 10-30 minutes and above 130 °C for seconds, respectively [12]. Spray drying with an inlet temperate
of approximately 130 °C, and an outlet temperature of approximately 60°C, is currently the most
common process to obtain dry products like infant formulas [13]. Strong intermolecular interactions
between proteins, lipids and/or saccharides are often observed in heat-treated cow’s milk [14],
including aggregation and glycation: the two main reactions interfering with the structural

characteristics of the protein.
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Aggregation

During its ribosomal synthesis, a protein is folded into its unique three-dimensional structure, which is
a prerequisite for it to be functional. An energy landscape theory has been proposed describing a shift
towards a low energy phase when protein is converted from the unfolded state into its native
conformation (Figure 1.1) [15]. When sufficient energy inputs are applied, such as heating, high or low
pH or oxidative agents, a protein can be unfolded (thermodynamically high state), which then has the

tendency to achieve a lower energy level and so aggregates formed.

Figure 1.1 Energy state of protein under native and aggregate conditions. After triggering by a
sufficient energy input to unfold, the native protein has the tendency to unfold and aggregate-

achieving a lower energy state. Figure from Herczenik et al. [15].

Heat induced aggregation and structural modifications of food proteins occurs commonly in daily life,
for instance the ‘solidification’ of egg proteins after boiling or frying. It is also widely observed in
processed milk products. For instance, heating of whey protein in solution above 70 °C for a few
minutes led to a higher viscosity and particle size than the untreated control, due to protein

denaturation and aggregation [16, 17].

Maillard Reaction

The Maillard reaction is a complex non-enzymatic reaction between a reducing sugar (e.g. glucose) and
the free amino group of a protein. It can be divided into three stages: the initial, the advanced and the
final stage. In the initial stage, also known as glycation, the carbonyl group of a reducing sugar attaches

to a free amino group of the protein, mainly from lysine and arginine residues, or the a-amino group
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of the N-terminal amino acid. As shown in Figure 1.2, an unstable Schiff base is formed which
irreversibly rearranges into an Amadori product. In the advanced stage, the Amadori product is
degraded and subsequently converted into reactive a-carbonyl compounds. Via further reactions with
additional free amino groups, advanced glycation end products (AGEs) are formed from the a-carbonyl
compounds [18]. In the final stage of the Maillard reaction, brown coloured compounds with high

molecular weight, such as melanoidins, are formed [19].

The extent of the Maillard reaction depends on the reactivity of the sugar. For example, short chain
reducing sugars will be leading to more AGEs compared to long chain sugars, under identical conditions
[20]. Thus, abundant Maillard reaction products (MRPs) can be formed in milk products, due to the
presence of the short chain reducing sugar lactose. It was also shown that low water activity and the
application of high temperature would enhance the formation of AGEs [21]. Such conditions are very
similar to conditions during the production of dry milk products. AGEs like N(g)-carboxymethyllysine

(CML), pyrraline and pentosidine are commonly reported in milk products [22-24].

Figure 1.2 Schematic representation of the initial stage of the Maillard reaction, from Zhang et al. [25].
Nucleophilic attack by a free amino group on the aldehyde of a reducing sugar (e.g. glucose) leads to

the formation of an unstable Schiff base which rearranges into an Amadori product.
Food allergy

Food allergy is an adverse immune response that occurs after consumption of certain food. It affects
about 5% of the children in western countries and the prevalence keeps increasing [26, 27]. The
development of food allergy starts when an immune cell encounters a food allergen (normally protein)

in the gastrointestinal (Gl) tract, oral cavity, skin or respiratory tract for the first time [28]. Antigen
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presenting cells (APCs), such as macrophages and dendritic cells (DCs), engulf the allergen in a vesicle
called a phagosome [29], which processes it into linear peptides. These peptides will be presented to
T helper cells (Th cells) via MHC class Il molecules on the cell surface, which might cause the activation
of an adaptive T helper type 2 (Th2) cell dominated response [30]. Once activated, Th2 cells will secrete
cytokines like IL-4 and IL-13 which would lead to IgE antibody production by B cells [29]. The
attachment of such allergen-specific IgE antibodies to FceRI receptors on the surface of mast cells and
basophils is called allergic sensitization. The elicitation step starts when a second exposure with the
same allergen occurs. This then is recognized and bound by the specific receptor bound antibodies on
the surface of the mast cells and basophils. When crosslinking of specific IgE occurs, chemical
mediators such as histamine will be released [31]. The release of such mediators will lead to a series

of allergic responses, including asthma, rhinitis, urticaria and anaphylaxis [32].

Cow’s milk allergy

As mentioned before, the Gl tract is one of the main sites for the development and allergic
manifestations of cow’s milk allergy (CMA), which is one of the most prevalent food allergies in the
world. The prevalence of CMA is around 2-5% in early childhood [33, 34] and decreases to 0.1-0.5% in
adulthood [35]. Cow’s milk contains about 3% protein, which consists of hundreds of different proteins
[36], of which at least 9 proteins (4 caseins and 5 whey proteins) are known to be allergenic [37].
Twenty percent of the total cow’s milk protein is whey proteins and almost half of the whey proteins
is B-lactoglobulin (BLG), one of the major allergens for CMA [38] together with a-lactalbumin (ALA).
Unlike other whey proteins or casein, BLG is absent in human milk [39]. BLG is a small globular protein
and naturally occurs in the form of a 36-kDa dimer at neutral pH and ambient temperatures. Each of
its subunits consists of 162 amino acids, with 2 disulphide bonds and 1 free cysteine [39, 40]. Caseins
are also reported to be important allergens in CMA, of which asi-casein is suspected to be the most

allergenic [41].

Besides the clearly identified IgE mediated mechanism, as described previously, CMA could also be
generated through a non-IgE mediated pathway. Unlike the rapid response of IgE mediated CMA
(symptoms occurring a few minutes to hours after allergen contact), the hypersensitivity of the non-
IgE mediated CMA is delayed (hours to days) and becomes more dominant with increasing age [42].
The mechanism behind this, in which T lymphocyte subsets and eosinophils are suspected to play the

main role, is still under discussion [43, 44].

There is little doubt that thermal processing influences the immunogenicity of cow’s milk in CMA. Yet

there is still uncertainty about whether thermal processing increases or reduces the allergenicity and
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antigenicity of cow’s milk. Processing of milk was found to either reduce or enhance its allergic
potential depending on the method of processing [45]. For example, heating milk at 80 °C for 10
minutes was shown to induce exacerbated allergic symptoms, such as dermal responses, anaphylactic
shock, IgE level and Th2 cytokines in whey protein sensitized mice, and lower the threshold levels in
CMA children [46]. In another study, CMA children were shown to be more tolerant to extensive

heated milk (> 170 °C) than to raw milk [47].

Influence of denaturation and aggregation on milk protein allergenicity

Allergens contain conformational and/or linear epitopes (unique amino acids sequence), which are
essential forimmunological recognition. Aggregation has a strong influence on the allergenicity of milk
protein through the modification of CMA epitopes, where especially conformational epitopes can be
abolished due to aggregation. Lower allergenicity of aggregated peanut allergen and other food
proteins was observed [48, 49]. After heating, BLG and ALA which both have conformational epitopes
were reported to have reduced antigenicity [50, 51]. On the other hand, the antigenicity of the mainly
linear epitopes containing allergen casein was hardly influenced by the heating [52]. Besides the
destruction of epitopes that happens in aggregation, epitopes that are normally buried inside the
native structure of a protein may also be exposed due to the denaturation. There is also quite some
evidence that aggregation could lead to the formation of new epitopes [53]. BLG is reported to have
multiple new epitopes after heat-induced denaturation [54]. This might explain the observation of
increased antigenicity of BLG and ALA with increased heating up to 90 °C [51]. Higher antigenicity of

BLG was also found when the protein was unfolded using dynamic high-pressure microfluidization [55].

Influence of Maillard reaction on milk protein’s allergenicity

Similar to denaturation and aggregation, the allergenicity of food proteins after being subjected to the
Maillard reaction could also be influenced by the resulting disturbance of the conformational structure
and the formation of complex mixtures of reaction products with reducing sugar from the food matrix
[56]. In addition to modifying conformational epitopes due to structure changes, linear epitopes may
also be disturbed due to the binding of a reducing sugar. The allergenicity of milk protein was widely
reported to decrease after glycation [57]. Conjugation of the lysine from BLG with a reducing sugar
(e.g. lactose) weakened its binding to IgE from CMA patients due to the masking of epitopes [58]. Two
other studies confirmed the masking of epitopes being related to the reduced allergenicity of glycated
BLG [59, 60]. The extent of reduced allergenicity of BLG was related to the extent of the glycation
reaction and the size of the reducing sugar, which further confirms the essential role of epitope

masking [61, 62]. On the other hand, new epitopes can also be formed or exposed during Maillard
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reaction due to structure changes, similar to aggregation. For instance, N(g)-carboxylmethyllysine

(CML), one of the main AGE structures, was shown to be a novel allergenic epitope [63].
Gl tract and its immunity

The Gl tract is not only an essential part of the digestive system, but also one of the main surfaces
where food allergens interact with immune cells. Thus, it is important to understand the influence of
digestion of food proteins to better estimate a protein’s immunogenicity. Usually, a large proportion
of food proteins would be digested by gastric and intestinal enzymes. However, a fraction of remaining
sufficiently large peptides and proteins could pass through the intestinal epithelial cells or be sampled
directly by APCs like DCs, which may induce a reaction of the gut-associated lymphoid tissue (GALT).
M cells, a specific type of epithelial cells, play an essential role in sampling structures in the lumen and
transporting them to the mucosa to be examined by the immune system. M cells are located above
Peyer’s patches, a structure consisting of lymphoid follicles and occupied by various immune cells,
including B cells, T cells, macrophages and DCs [64]. The immunogenicity of a protein strongly depends
on their accessibility to the immune system in the Gl tract. A correlation between epithelial barrier
permeability and food allergy is found in both mouse and human studies [65]. The protein transport

path across the small intestine also differs in food allergy sensitised and non-sensitised persons [66].
The influence of processing on protein digestibility

Digestion is a rather complex process performed mainly in the Gl tract. Digestive enzymes like pepsin,
chymotrypsin, trypsin and elastase, are involved in hydrolysing dietary protein into peptides and amino
acids [67]. Due to ethic and economic reasons in vitro models are used widely instead of animal or
human trials. In protein digestion studies, a two-step system consisting of a gastric and an intestinal
phase is most commonly used [68], while the oral phase is often excluded because the influence of
salivary amylase on protein digestion is limited. Although from a qualitative perspective, the enzymes
involved in digestion are quite clear, quantitative aspects such as enzyme activity, initial protein
concentrations, type of digestion fluids, reaction time and pH vary among studies [69-74], introducing
biases and variation in outcomes. Therefore, the consensus in vitro digestion protocol INFOGEST
(http://www.cost-INFOGEST.eu/) was developed recently which involved more than 35 countries, and
is now widely used for multi-domain research and has been cited over 650 times in Web of Science
[75]. As expected, reduction of result variation was observed by the comparable results upon skim milk
digestion in several laboratories using the INFOGEST protocol [76]. In addition, the findings from the
INFOGEST protocol were corroborated by in vivo digestion results [77]. Milk proteins are highly

digestible, with caseins and ALA mainly being digested in the gastric phase and BLG in the intestinal
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phase. BLG has a well-characterized tertiary structure, consisting of an 8-stranded antiparallel B-barrel
with a 3-turn a-helix on the outer surface and a ninth B-strand flanking the 1st strand [78]. Due to its
compact structure, BLG is relatively resistant to acid hydrolysis and proteolytic enzyme cleavage,
resulting in resistance to gastric digestion. Thus, BLG would reach and be degraded to a large extent in

the intestinal tract, which is contributing to its high allergenic potential [39, 78].

As mentioned above, processing would lead to various structure modifications of food proteins which
will have an influence on protein’s digestion as well. Mostly, protein’s digestibility would increase after
heat-induced unfolding and aggregation and decrease at further elevated temperature (normally
above 100 °C), probably due to formation of insoluble particles [79] or the progression of the Maillard
reaction [81]. As studying the immunogenicity of protein is the objective of this thesis, the focus is
particularly on gastric digestibility rather than total digestibility. As gastric digestibility determines the
amount and degree of digestion of protein that enters the intestinal tract where its immunogenicity
would be manifested. For example, heating processes would not change the total digestibility (gastric
+ intestinal) of milk proteins but have an influence on gastric digestion [80]. Aggregated whey protein
was observed to be digested faster in the gastric phase than native protein, and BLG becomes more
gastric digestible after denaturation [72] [80]. On the contrary, a decrease of digestibility after
glycation of proteins was observed as the low reactivity of digestive enzymes towards the potential
cleavage sites which have been modified by glycation. For example, it was observed that the hydrolysis

of ALA by gastric digestive enzyme decreased with increased degree of glycation [81].

The role of intestinal antigen presenting cells

Upon continuous encounters with foreign molecules, including those from food, it is essential for the
host’s immune system to balance its response between potential pathogens and harmless antigens. A
disturbance of this delicate equilibrium may be the basis of various inflammatory diseases, including
food allergy and inflammatory bowel disease. Intestinal macrophages and DCs play a dominant role in
this antigen identification procedure of ‘friend or foe’ [82, 83]. Both cell types being derived from bone
marrow progenitors, macrophages and DCs differ from each other after being stimulated differently
in the tissue [84]. Although both are professional phagocytes with a similar general structure and
morphology, there are essential functional differences between macrophages and DCs, as detailed in
Figure 1.3. It is possible to distinguish human DCs from macrophages via surface markers. The cellular
surface of DCs is equipped with CD209, CD1c, CD11b and lacking CD14, CD64, CD163, contrasting to
macrophages [85, 86]. Furthermore, they play slightly different roles in the immune system.
Macrophages are mainly responsible for innate immunity, scavenging pathogens, controlling the

inflammatory response and recruiting T cells and B cells which will conduct adaptive immune
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responses. Although also being phagocytic, DCs are more specialized for antigen presentation and
delivering signals to adaptive immune cells than macrophages due to the unique properties of the
phagosome they formed after engulfing antigens. The phagosomes formed by DCs have neutral pH,
low proteolytic and low oxidase activity, enabling them to preserve the antigens well [87]. Lastly, the
tissue location of these two types of cells also differs. The common precursors of macrophages and
DCs from bone marrow, monocytes, arrive at the gut via the blood circulation. After being
differentiated in the lamina propria, macrophages normally settle locally and maintain the homeostatic
microenvironment via phagocytosing potential pathogens and secreting regulatory cytokines [88]. DCs,
on the other hand, have the unique ability to migrate to lymph nodes (chemokine receptor CCR7
dependent) and trigger the naive T cells [89].
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Figure 1.3 Similarities and differences in characteristics of intestinal macrophages (M¢) and dendritic
cells (DCs). Macrophage and DC both inhabit in the lamina propria and sample the antigens from food
in the intestine. Macrophage focuses more on phagocytosis and scavenging, which can lead to
inflammation. After receiving a signal from macrophage or stimulated by a food antigen, DC could
migrate to lymph node, delivering messages to T and B cells and contributing to immune tolerance or

activation. Figure modified from Ferenbach et al. [94].
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Macrophages and DCs both play essential roles in modulating immune responses when the body is
exposed to potential food allergens. Macrophages can secrete not only IL-10 to establish tolerance,
but also IL-1B to enrol innate lymphoid cells and DCs to activate regulatory B cells and regulatory T
cells, which are essential for auto-immune suppression [90]. Moreover, DCs could also secrete IL-12 to
induce T-helper type 1 (Th1) cells to inhibit sensitization to food allergens. Besides contribute to the
development of food tolerance, macrophages and DCs are pivotal for allergic reaction. In an allergic
situation (Th2 response), DCs sample and process the allergen, migrate to lymph nodes and activate T
cells via interaction between CD86 from DCs and CD28 on T cells [90]. TNFa, IL-6, GM-CSF, and IL-10
were found to be produced in high levels by activated DCs in the situation of CMA [91]. Macrophages,
which are more efficient in antigen capturing and presenting, could deliver the antigen to DCs and
active T cells [92]. Macrophages might also directly interact with T-helper cells, having the potential to

induce a Th2 response [93].

Immunomodulatory effects of processed cow’s milk

During the immune sensitisation step, food proteins are firstly phagocytosed by intestinal APCs after
ingestion. After migration to lymph nodes, APCs could activate Th cells (ThO) either into the Thl
phenotype by IL-12 or the Th2 phenotype by IL-4. Th1 secreted cytokines (IL-2, IL-18 and IFNy) are pro-
inflammatory and tend to induce an immune response which would eliminate the potential pathogens,
while Th2 cytokines (IL-4, IL-5, IL10 and IL-13) are anti-inflammatory and promote a humoral immune
response, i.e. antibody production [95]. The polarisation of ThO cells into either Thl or Th2 is
irreversible and the cross-regulation between those two phenotypes could be further regulated by
Treg, Th17 and Th22 [96]. The balance between Thl and Th2 is critical for establishing allergen

tolerance, allergy being more prone to develop when a Th2 > Th1 imbalance occurs [97].

Consumption of raw cow’s milk is commonly associated with a decreased incidence of allergy in
children’s later life [98]. This might be due to the enhanced production of Treg cells after consumption
of raw milk [99]. Cow’s milk is abundant in immune related bioactive components that are active across
species and are able to suppress or enhance human immune responses. Such components include
vitamins, milk fat globule membranes, oligosaccharides, and many different proteins. A statistically
significant inverse association was found between asthma and whey protein but not for lactoferrin,
IgG or TGF-B, suggesting the protective effect of specific, but yet unknown, whey proteins in the

development of allergy [100].

10
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Influence of aggregation on milk protein immunogenicity

Aggregated milk proteins were more taken up via Peyer’s patches than native proteins, thus facilitating
direct interactions with immune cells [101]. A similar observation was reported for aggregated BLG
with lower epithelial uptake but higher sampling through Peyer’s patches compared to native BLG
[102]. Besides being more accessible to intestinal immune cells, protein aggregates could also induce
a different immune response compared to their native form. Aggregates of milk proteins as a result of
pasteurization seemed to enhance the production of Th2-associated antibodies and cytokines in mice

[101].

Although there are ample observations about the influence of aggregation on proteins’
immunomodulatory effect, the mechanism and key determinants are not completely clear.
Aggregation-induced size increase may alter the immune response. Immunogenicity of aggregated
pharmaceutical proteins and inhalant allergens were increased, possibly due to the presence of
microparticles [103, 104]. However, when the particle size exceeded a certain limit (5 um), a reduction
of size-enhanced Th2 response occurred [104]. Innate immune cells such as DCs are found to be less
modulated by large particles than by smaller ones, probably as a consequence of the lower efficiency
in uptake and lower activation of the MHC class Il structure on the cell surface for the large
particles[105-108]. Both inflammatory and anti-inflammatory molecules were secreted by
macrophages treated with aggregated protein, and the production of IL-12, IL-10 and IL-23 by
macrophages triggered by medium-size aggregates was even higher than in response to large
aggregates [109]. Hydrophobicity alteration might also be an explanation for the effect of aggregation
on the immune response. Hydrophobic regions, which are normally buried inside the native structure
of protein, will be exposed during aggregation. Damage-associated molecular patterns (DAMPs), also
known as alarmins, are molecules which could initiate the inflammatory response of the innate
immune system. According to Matzinger et al. [110], hydrophobicity is an ancient DAMP which could

induce an innate immune response.

Influence of Maillard reaction on milk protein immunogenicity

There are fewer studies on the immunomodulatory effect of proteins after glycation. This may be due
to the limited structural modification in the early stage of Maillard reaction. But a specific product of
advanced glycation (CML) was widely associated with diabetes and other immune disorder-related
diseases [111, 112]. AGEs are suspected to have the ability to activate DCs, resulting in a “false alarm”
and promoting sensitization and development of food allergy [113]. The uptake of advanced glycated

ovalbumin by DCs was found to be higher than that of native ovalbumin, leading to an increased

11
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production of IL-6 and transcription factor NF-kB which would further enhance the T cell
immunogenicity and Th2 differentiation ability. This process was reported to be probably mannose
receptor- and the scavenger receptor mediated [114-116]. Although blockage of the receptor of
advanced glycation end products (RAGE) did not have an effect on the uptake, RAGE was found to be
involved in the induction of a Th2-skewing milieu by DCs treated with AGEs in other studies [117, 118].
Moreover, the C-type lectin receptor DC-SIGN was involved in DC and Th2 stimulation upon treatment

with Ara h 1, a natural glycoprotein allergen in peanut [119].

Thesis outline

The main focus of this thesis was to study the effects of structural modifications of food proteins on
their immunogenicity, with a focus on the innate immune system. The significance of these structural
modifications as a result of processing, and its consequences in triggering the innate immune system,
is relatively underexposed. We hope to contribute from a food technological perspective to the
development of tools to estimate and minimise the immunogenicity of processed food proteins, to
hopefully contribute to reducing the incidence and prevalence of CMA. The major allergen of cow’s
milk, B-lactoglobulin (BLG), was treated by three heating methods that induce a range of structural
modifications, to study the connection between these structural modifications and the innate immune

response to the modified proteins.

The intestine is the main surface where exogenous proteins would interact with immune system, and
where an impact of the digestive process on their immunogenicity is likely to happen. Chapter 2
therefore studies the digestibility of native and processed BLG based on an in vitro digestion model
and several important physicochemical properties were measured along the whole digestion.
Moreover, the intestinal epithelial monolayer was mimicked by a Caco-2 insert transwell system with
FITC labelled samples added to the apical side. The amount and exact size of proteins that passed
through the monolayer were measured. Combined with the previous digestion experiment, we can
obtain a basic understanding about the size and quantity of protein that will react with intestinal
immune cells. Chapter 3 describes physicochemical properties of native and heat-processed BLG. Also,
the uptake of FITC-labelled BLG by THP-1 derived macrophage was measured. A correlation analysis
was conducted to find the intricate relations between the physicochemical characteristics of the BLG
and its uptake. In Chapter 4, the gene transcription and expression profile of macrophages and DCs
derived from THP-1 were measured to characterise these cell types and to compare them with the
properties of primary macrophages and DCs. Moreover, a microarray-based gene transcription profile
was determined for these two types of cells and also their response after incubation with native and

processed BLG samples. Gene transcription levels of some cytokines were verified by ELISA. To obtain

12
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a more comprehensive understanding of the parameters that are important determinants of uptake,
in Chapter 5 we applied the same heating method and uptake measurements to other proteins,
lysozyme and thyroglobulin due to their similarity, respectively differences, in molecular weight and pl
with BLG. Correlation analysis was also applied to data of these two proteins to determine whether
the underlying mechanisms of BLG for THP-1 macrophage uptake is applicable more universally. Taken
the uptake capability of all 3 proteins by THP-1 derived macrophage and dendritic like cells together,
the similarity and difference of those two types of cells in the role of phagocyte was estimated.
Additionally, the uptake route of BLG samples by macrophages was studied by blocking each uptake
route separately. The importance of a few representative receptors was evaluated by inhibition ELISA
and the proinflammatory response of macrophage after uptake was evaluate by measuring few related
cytokines. In Chapter 6, all result obtained from previous chapters are integrated and the modulation
of the activity of macrophages and DCs by heat processed protein is discussed in an overall perspective.

This includes a perspective on applications of the obtained knowledge as well as on future research.

13
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Chapter 2

Abstract: Heat treatment is a commonly applied unit operation in the processing of B-lactoglobulin
containing products. This does, however, influence its structure and thereby impacts its activity and
digestibility. We describe how various heat-treatments of B-lactoglobulin change the digestibility using
a modified version of the current consensus INFOGEST protocol. Additionally, protein was investigated
for its translocation over the intestinal epithelial barrier, which would bring them in contact with
immune cells. The extent of gastric digestibility was higher when the protein structure was more
modified, while the influence of glycation with lactose was limited. Translocation studies of protein
across Caco-2 cell monolayers showed a lower translocation rate of protein heated in solution
compared to the others. Our study indicates that structural modifications after different heat-
treatments of B-lactoglobulin increase in particular gastric digestibility and the translocation efficiency
across intestinal epithelial cells, parameters that are essential for estimating the protein’s interaction

with immune cells.
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Heat-treated BLG in the upper digestive tract

Introduction

Cow’s milk allergy is one of the major food allergies, especially in children. The prevalence of cow’s
milk allergy is estimated to be 2.5 % amongst children in the Western Hemisphere [1]. There is some
controversy, based on methodological issues, as to whether the prevalence is increasing [2]. Cow’s
milk contains about 3.5 % protein in which at least 25 different proteins were identified that may act
as an allergen. B-Lactoglobulin (BLG), which accounts for approximately one tenth of all proteins in

cow’s milk, is one of the major allergens [3].

Thermal processing of milk is an essential step in the dairy industry to prolong its shelf life. However,
these heat treatments may lead to unfolding, aggregation, and glycation with lactose [4]. These
structure modifications can either reduce or enhance the allergenic potential of BLG depending on the
processing conditions [5]. Glycation is linked to masking of epitopes and may result in reduced protein
binding by IgE in cow’s milk allergic patients [6]. Antigenicity of BLG was reported to increase with
increasing heating temperature until 90 °C, but to decrease at even higher temperatures [7]. Moreover,
thermal-processing-induced structure modifications may influence the digestibility of the protein,
which could further alter its immunogenicity, as the sensitizing capacity of BLG was observed to be

decreased along the digestion process [8].

Like many other food allergens, BLG resists gastric digestion, mainly due to its stability at the acidic pH
of the gastric environment and its compact structure. This may result in increased exposure of larger
fragments to the gut-associated lymphoid tissue, possibly contributing to the development of an
allergic reaction [9]. The consensus in vitro digestion protocol (INFOGEST) confirmed the resistance of
BLG to gastric digestion. Using this protocol, BLG was reported to be mainly digested in the intestinal
phase, again reflecting physiological processes [10]. Prolonged survival of BLG was also observed in the
jejunum in an in vivo study [11]. In addition to support digestion, the gastro-intestinal (Gl) tract hosts
a large population of immune cells and lymphoid tissue as it is an important route of pathogenic entry.
It is thus essential to study the interaction between food proteins like BLG and the immune system
based on a clear understanding of its digestibility, which can be influenced by the type and severity of
thermal processing that has been applied. For instance, potential cleavage sites for digestive enzymes
buried in the native form of a protein might be exposed due to unfolding. BLG heated at around 70 °C
in solution was reported to be susceptible to gastric digestion [12]. Contrastingly, cleavage sites could
be modified because of glycation and crosslinking, which can both impair the digestibility of BLG [13,
14].
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Allergens can be sampled from the intestinal luminal content by antigen presenting cells [15]. In
addition, allergens may also actively pass through the intestinal epithelial layer and directly contact
with a range of immune cells [16, 17]. Such active transport through the epithelial layer may be studied
with Caco-2 cells that are differentiated into small intestinal-like enterocytes, which have been used
widely for intestinal translocation studies [18]. Literature on the impact of thermal processing of BLG
on its digestibility and intestinal epithelial passage is rather scattered, which was the reason for us to
analyse these effects in one study. Such information can contribute to better evaluations of the impact

of BLG processing on the intestinal immunological response.

Materials and methods

Chemicals

All chemicals were purchased from Sigma Aldrich (St Louis, Missouri, USA) unless otherwise stated.
Sample preparation

B-Lactoglobulin (BLG) was isolated from raw cow’s milk as published [19] and wet-heated (W), high-
temperature dry-heated (H) or low-temperature dry-heated (L), centrifuged, dialyzed and protein

concentration measured as described in Chapter 3.

In vitro gastrointestinal digestion

The applied in vitro digestion protocol is a scaled-down adaptation of the INFOGEST model [20]. BLG
samples were diluted to 2 mg/mL with 140 mM NaCl + 5 mM KCl solution to mimic the oral situation
after which we moved forward with 200 pL. For mimicking gastric digestion, the pH was set to 2 with
1 M HCl and 6.67 uL of pepsin solution (1092 U/mL dissolved in 0.1 M HCI) was added. Samples were
incubated for 1 hour while gently shaking at 37 °C. After the pH was set to 5.8 with 1 M NaHCO3, 1.6
ug pancreatin (6.84 U/mg trypsin activity) and 2.36 ug a-chymotrypsin (65.61 U/mg) from porcine
pancreas, and bile salts (453.8 pg sodium taurocholate and 415.0 ug sodium glycodeoxycholate)
dissolved together in 15 pL of 0.1 M NaHCOs; were added. Again, the pH of samples was adjusted to
6.5 by 1 M NaHCO; after which the samples were incubated at 37 °C while gently shaking to mimic the
intestinal digestion. As a control we prepared a digest which contained all volumes, pH changes and

enzymes but without addition of BLG.
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Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Non-reducing SDS-page was performed by mixing 12 ug of protein sample with a corresponding
volume of NUPAGE® LDS Sample Buffer (4X) (ThermoFischer, Waltham, Massachusetts, USA), followed
by boiling for 5 min and loading on 10% Bis-Tris gels (ThermoFischer, Waltham, Massachusetts, USA)
together with a pre-stained Precision Plus Protein™ Dual Xtra marker (Bio-Rad, Hercules, California,
USA). Gels were running under 160 V for 50 minutes, stained by PageBlue™ Protein Staining Solution
(ThermoFischer, Waltham, Massachusetts, USA) and de-stained by MilliQ water and analysed using
Image Lab version 4.1 software (Bio-Rad, Hercules, California, USA). The lanes of the gels were scanned
with Image Lab version 4.1 (Bio-Rad), and the percentage of undigested protein was calculated based

on the band density ratio of original loading BLG samples.

Ortho-phthalaldehyde (OPA) measurement

Protein samples’ free amino groups along digestion were measured by OPA as described in Chapter 3.
Degree of hydrolysis (DH, %) for gastric or intestinal digestion was calculated separately by the

following equation:

#NH2 after digestion — #NH2 before digesiton
#peptide bonds of BLG

DH (%) = ( ) x 100%

ANS measurement

To determine the change of surface hydrophobicity during digestion, ANS measurement was applied

as described in Chapter 3.

Translocation of protein through the Caco-2 monolayer

Fluorescein isothiocyanate (FITC) isomer | was used to label and track the translocation of protein
through a Caco-2 monolayer. Briefly, 1 mg/mL protein sample was incubated with 0.1 mg/mL FITC in
borate buffer (10 mM, pH 9) overnight at 4 °C. The unbound FITC was filtered out by passing the
mixture through a NAP-10 column (GE healthcare, Chicago, lllinois, USA). The FITC labelled protein
sample was eluted using 0.1 M PBS (pH 7.4) at a final protein concentration of 500 pug/mL.

Caco-2 cells were grown in a 6 or 24- well insert transwell plate (Greiner bio-one, Alphen a/d Rijn, The
Netherlands) using Dulbecco’s Modified Eagles Medium (DMEM) with 4.5 g/L glucose, 4 mM L-
glutamine and 25 mM HEPES (Gibco, Thermo Fisher, Waltham, Massachusetts, USA), supplemented

with 10 % heat inactivated fetal bovine serum (Invitrogen, Paisley, UK). Cells were seeded at a
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concentration of 0.225 x 106 cells/mL. A volume of 150 pL for 24-well and 2 mL for 6-well was added
to the apical side, and 750 pL or 4 ml medium was added to the basolateral side of the transwells,
respectively. The cells developed into small intestinal like cells after 21 days of incubation with medium

being changed three times a week.

To study BLG translocation, the apical medium of both 6 and 24-well inserts was replaced by FITC
labelled protein diluted 2 times (final protein concentration 250 mg/mL) using DMEM medium without
phenol red (Gibco, Thermo Fisher, Waltham, Massachusetts, USA) or medium only as control. After 6
or 24 hours of incubation, basolateral fractions were collected. Fluorescence intensity of the
basolateral medium from 24-well inserts was recorded by Infinite® 200 PRO NanoQuant with i-control
software (Tecan, Mannedorf, Switzerland) in arbitrary units using 495 nm and 525 nm as excitation
and emission wavelength. The final protein concentration was determined using a standard curve of
each individual sample with a concentration range of 0-500 pug/mL. The basolateral medium from 6-
well inserts was concentrated using Amicon Ultra-0.5 mL Centrifugal Filters (Merck Millipore,
Massachusetts, USA) with a cut-off of 3 kDa from 4 ml to 48 uL. From these concentrates, 9 uL was
used for SDS-PAGE as described above and the gel was scanned by Image Lab version 4.1 (Bio-Rad)

using FITC detection settings.

Statistics

The statistical analysis including Dunnett's Test, T test and correlation analysis was performed using
Prism 6 software with p <0.05 considered to be significant. The PCA plot was generated with the
dataset of variables being mean centred and weighted by 1/standard deviation by Unscrambler

software (CAMO, Oslo, Norway).

Results

Wet-heated BLG was digested much faster in vitro than native or high- or low-temperature

dry-heated BLG

Following heat treatment in the presence or absence of lactose, we observed a minimal effect of low-
temperature dry-heating on the polymerisation degree of BLG and the strongest effect of wet-heating,
independent of the presence of lactose (Figure 2.1). An intermediate effect on polymerisation of high-
temperature dry-heating was observed, but unlike for the other treatments, polymerisation of BLG
was enhanced by the presence of lactose. After heating, we digested the BLG samples in a two-step

(gastric and intestinal) in vitro digestion model. SDS-PAGE revealed that the monomeric (18 kDa) and
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dimeric (36 kDa) bands of native BLG remained intact after the gastric phase. Similar to native BLG, the
gastric digestion of low-temperature dry-heated BLG was very limited. High-temperature dry-heated
BLG appeared to be digested somewhat more than both these samples in the gastric phase.
Contrastingly, a considerably larger proportion of wet-heated BLG appeared to be digested in the
gastric phase, as large aggregates were no longer visible. For none of the heat treatments, the presence

of lactose appeared to affect the degradation of BLG during the gastric phase.

A quantitative analysis of the observed protein bands using density scanning revealed that for native
BLG approximately 96% of protein remained undigested following gastric digestion (Table 2.1). Despite
that high- and low-temperature dry-heated samples demonstrated a similar digestion pattern
compared to native BLG as described above, these treatments did result in a significant higher gastric
digestion, with undigested protein in these samples ranging between 63% and 75%. Wet-heated BLG
samples were digested most extensively in the gastric phase, with only about 38% undigested protein

remaining detectable.

Figure 2.1 Native and dry-heated BLG were hardly digested in the gastric phase, but wet-heating prior
to digestion resulted in considerably higher gastric digestion. Native BLG (A), wet-heated, high- and
low-temperature dry-heated BLG in the absence (B) or presence of lactose (C) were loaded on SDS-PAGE
as lane 1: before digestion; lane 2: following gastric digestion; lane 3: following 10 min of intestinal

digestion; lane 4: following 120 min of intestinal digestion; Mw: molecular weight marker.
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Table 2.1 Percentage of native and heated BLG detectable with SDS-Page following various steps of

digestion.
Protein Amount (%) BLG W-BLG H-BLG L-BLG W-lac-BLG H-lac-BLG L-lac-BLG
60 min gastric 95.9£3.1 38.7+58***  63.5 +3.3%*x 74.6 £7.0%*  38.11+85%* 62.7+65%** 66.9 +£0.4%**
10 min intestinal 77.0+2.0 5.7 £2.8%** 36.0 +4.9%** 58.8 +6.4%* 15.2 £1.8***  19.8 +3.1%** 56.3 £3.1%**
120 min intestinal 45+26 0.4+05 5.4+06 6.7 +t0.6 3.0:23 2.8+2.0 10.5 +2.5%

Note: BLG was untreated or heated (W, L or H) in absence or presence of lactose. The shown value was
averaged based on 3 independent experiments data * standard deviation and the statistical differences
were calculated with Dunnett's Test compared each heated BLG sample to native BLG after every

digestion step. *p < 0.05; **p < 0.01; ***p < 0.001.

During the intestinal digestion, the samples analysed after 10 minutes demonstrated that undigested
protein, albeit already at a lower intensity, was still clearly visible (Figure 2.1). Surprisingly, digestion
of BLG that was dry-heated in the absence of lactose resulted in the presence of BLG fractions smaller
than the monomeric BLG. After 120 min of intestinal digestion, native BLG was almost completely
degraded with only a faint monomeric BLG band remaining. We observed a similar impact of intestinal
digestion for all the other samples. The remaining band of undigested BLG was the clearest for the low-

temperature dry-heated BLG in the presence of lactose.

Quantitative analysis confirmed the presence of undigested BLG in samples after ten minutes of
intestinal digestion (Table 2.1). Although a clearly reduced amount of undigested protein was observed
in all samples, this was most pronounced for wet-heated BLG of which only 6 and 15% was still
detectable in the absence and presence of lactose, respectively. After completing the digestion
protocol, all BLG samples were almost completely digested, independent of treatment, as the
percentage of remaining undigested protein for all samples was below 10.5% and only the low

temperature dry heated BLG was higher compared to native BLG.

Relationship between gastric digestibility and physicochemical properties of BLG samples

The physicochemical properties of the heat-treated BLG samples were investigated completely in
Chapter 3. Here, we analysed whether there is a relation between these properties and the observed
differences in gastric digestibility for these samples. A PCA plot (Figure 2.2) and a correlation analysis
(Figure 2.S1) of the physicochemical properties of the variously processed BLG samples versus the

gastric digestibility (percentage of digested protein) showed that the proportion of polymers, exposure
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of hydrophobic regions and percentage of a-helix were positively related to gastric digestibility, as

opposed to B-sheet structure and the proportion of monomers that were negatively related.
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Figure 2.2 Gastric digestibility of BLG samples was related to sample hydrophobicity, proportion of
polymers and percentage of a-helix. Untreated or heated (W, L or H) BLG in absence or presence of
lactose and relationships between their degree of digestion in the gastric phase (gastric), solubility, pH,
AGE formation (AGE), glycation (OPA), percentage of a-helix (helix) or 8-sheet (sheet), proportion of
monomer and dimer (mono), oligomers (oligo), polymers (poly), exposure of hydrophobic regions (ANS)

and surface charge (zeta) were investigated using a PCA.

Wet-heated BLG samples were more extensively hydrolysed during gastric digestion

compared to other samples

The degree of protein hydrolysis during digestion can be quantified by the percentage of released free
amino groups relative to the total number of peptide bonds (161 for BLG). As shown in Figure 2.3, the
degree of hydrolysis (DH) in the gastric phase for native and dry-heated BLG samples was lower
(around 1%) than for wet-heated BLG samples. For wet-heated BLG, the presence of lactose seemed
to increase the DH to a value close to 5% which is significantly higher than for the native and dry-
heated BLG samples. Hydrolysis of the native and dry-heated BLG samples occurred mainly during the
intestinal phase, with the DH being over 6 %. Interestingly, the presence of lactose in the heating
process seemed to exhibit an inhibitory effect during the intestinal digestion phase, especially for wet-

heated samples, leading to a significantly lower DH value.
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Figure 2.3 Wet-heated BLG was most efficiently digested and the presence of lactose specifically
inhibited intestinal digestion. BLG was untreated or heated (W, L or H) in absence or presence of lactose.
Degree of hydrolysis for gastric (A) and intestinal digestion (B) was calculated per digestion phase
separately and shown in a bar chart with N = 2 independent assays. Statistical differences were

calculated with two-tailed unpaired T test between any two samples: *p < 0.05; **p < 0.01.

During gastric digestion, hydrophobic regions in wet-heated BLG samples processed in the

presence of lactose were lost

Because of the importance of hydrophobicity as a marker for a protein’s structural integrity and its
importance in uptake of processed BLG by THP-1 macrophages (Chapter 3), changes in hydrophobicity
of the samples were measured during digestion. For all samples, the ANS signal decreased during
digestion (Figure 2.4). Before digestion, the ANS signal for wet-heated BLG samples was significantly
higher than for the other samples. The ANS signal of wet-heated BLG in the absence of lactose
remained significantly higher compared to native BLG until 10 min of intestinal digestion and remained
numerically, but not significantly, higher after completing the intestinal digestion. On the contrary, we
observed a strong decrease in hydrophobicity of wet-heated BLG in the presence of lactose during the
gastric phase to a value close to native and dry-heated BLG samples, reaching the same level after the

entire digestion process.
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Figure 2.4 Hydrophobicity of wet-heated BLG in the presence of lactose decreased significantly upon
gastric digestion. BLG was untreated or heated (W, L or H) in absence or presence of lactose and the
data were collected from 2 independent experiments with statistical differences calculated with

Dunnett's Test compared processed to native BLG at each digestion step: **p < 0.01; ***p < 0.001.

Wet-heated BLG was less likely to pass across a Caco-2 epithelial monolayer

More than half of the native BLG and dry-heated BLG samples, as well as a considerable proportion of
wet-heated BLG (> 38%), remained undigested after the gastric digestion (Table 2.1). Hence, part of
the BLG in the samples will enter the small intestine in its undigested form. To understand the passage
of undigested protein across epithelial cells, we tested for translocation of BLG across Caco-2
monolayers. To this end, we FITC-labelled BLG samples and applied them for 6 or 24 hours to 3 weeks
old transwell-grown small intestinal-like Caco-2 cells. The amount of protein transferred from the
apical to the basolateral side was determined by measuring the fluorescent signal of the basolateral
fraction (Figure 2.5A). Slightly less than 0.8 % of total input fluorescence signal of native BLG was
detectable at the basolateral side after 6 hours of incubation. Translocation of wet-heated BLG in
presence or absence of lactose to the basolateral side was significantly less compared to native BLG
(ca. 0.1 and 0.3%, respectively). All other samples showed translocation across the Caco-2 monolayer

similar to native BLG.

To identify the protein sizes that translocated to the basolateral compartments, we performed SDS-
PAGE with concentrated samples. Due to the limited effect from the absence of lactose, we focused
on the concentrated basolateral fractions for native BLG and lactose-containing samples only (Figure
2.5B). SDS-PAGE analysis showed that the translocated FITC signal mainly corresponds to monomeric
BLG in all samples. For the samples with a relative high translocation rate (Figure 2.5A) and strong
monomeric BLG signal (Figure 2.5B left), i.e. native and low-temperature dry-heated BLG in the

presence of lactose, there were clear fluorescent bands detectable in basolateral medium after 6 hours
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of incubation (Figure 2.5B right). Moreover, the intensity of the protein fluorescent bands increased

for all samples upon longer incubation time with the Caco-2 cells, indicating continued translocation.

Figure 2.5 Translocation of wet-heated BLG was significantly lower than the other samples. BLG was
untreated or heated (W, H or L) in the presence of lactose, labelled with FITC and added to the apical
side of a Caco-2 transwell insert. (A) After 6 hours incubation, protein percentage was calculated based
on the protein amount corresponding to the detected fluorescent signal of basolateral compartment.
Cell experiments were repeated 3-4 times based on two parallel FITC labelled sample sets. The shown
value was averaged * standard deviation and the statistical differences were calculated with Dunnett's
Test compared to BLG: **p < 0.01; ***p < 0.001. (B) Fluorescence scans were made of the SDS-PAGE
gel of the samples and a representative figure is shown of samples added to the apical side (left) and

the concentrated basolateral fractions resulting from 6 and 24 hours of incubation (right).

Discussion

The native structure of BLG is made up of nine anti-parallel B-sheets and one a-helix [21], making it
rather compact and resistant to pepsinolysis in the gastric phase and partially resistant to degradation
by trypsin in the duodenal phase [22]. Although several pepsin cleavage sites have been predicted in
the amino acid sequence of BLG, the integrity of the B-barrel structure under acid conditions [23]
protects the protein from hydrolysis by rendering the potential cleavage sites inaccessible to this
enzyme [24]. Literature reporting that BLG is hardly digested in the gastric compartment but mainly in
the intestine [10] are in line with our findings (Figure 2.1 and Table 2.1), thereby validating the applied

in vitro digestion protocol. Building on this, we studied a range of well-defined BLG processing
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conditions, to get a better understanding of the relation between the changes to BLG induced by

processing and its digestibility.

Heating BLG in a watery solution has previously been observed to accelerate pepsin digestion [25, 26].
BLG heated under this condition was reported to exhibit increased flexibility of its tertiary structure
and conformational changes [27], as well as unfolding of the protein, leading to the formation of
aggregates [28]. With these structural changes, higher exposure of hydrophobic structures was
observed by us (Figure 2.3) and also others [29, 30]. The hydrophobic binding sites are involved in the
hydrolysis by pepsin [31, 32], thus enhanced accessibility of peptic cleavage sites would be expected
in wet-heated BLG. Indeed, we observed a loss of hydrophobic regions upon gastric digestion, and this
decrease of hydrophobicity was related to the degree of hydrolysis, as shown by wet-heated BLG in
Figure 2.3A and 2.4. The correlation between structural changes and gastric digestibility is indicated
by Figure 2.2 and 2.51, which show a clear relation between gastric digestibility and the structural
change indicators-secondary structure, aggregation, and hydrophobicity. This is in line with our
observation of increasing gastric digestibility correlating with the extent of structural modifications
from native to low-temperature dry-heated, high-temperature dry-heated and wet-heated BLG as
reported in Chapter 3. Higher peptic hydrolysis was observed for BLG samples heated under identical
conditions in the presence of lactose, which is probably due to increased conformational changes

induced by glycation [33, 34].

Not all previous studies on in vitro BLG intestinal digestion report similar results. For example, no
significant digestion was observed in a study [13], while in other studies, BLG could be partly digested
by trypsin (up to 30%) or even completely digested by the end of intestinal digestion [22]. The
variability in digestion protocols and activity of the used enzymes may have led to these different
results. We observed complete digestion of all BLG samples after two hours of intestinal digestion
(Figure 2.1 and Table 2.1). The lower digestibility observed for intestinal digestion of the lactose-
containing heated samples, especially in wet-heated BLG, may be explained by modification of
cleavage sites as the amino acids involved in glycation, lysine and arginine, are also cleavage sites for
trypsin. This is in agreement with a previous study reporting that an increased degree of glycation
increases a protein’s resistance to hydrolysis by lysine/arginine specific proteases [35]. Undigested BLG
was found in the jejunum one hour (and in some cases even two hours) after oral ingestion in vivo [11].
In our study, the existence of undigested protein after 10 minutes of intestinal digestion was also
observed. Due to this presence of undigested protein in the small intestine, the interaction between

undigested BLG samples with intestinal cells is physiologically relevant.
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Translocation of BLG over the intestinal epithelial barrier can lead to the exposure of BLG to immune
cells, which, in particular for heat-treated BLG, may lead to immune activation (Chapter 3).
Translocation over intestinal epithelial cells can occur either paracellular or transcellular and the latter
was reported to be the main route for BLG translocation [36]. Wet-heated BLG showed the lowest level
of translocation through the Caco-2 layer (Figure 2.5), which was also observed by another study [37],
although they did not study the effects of glycation in detail. The significant differences between the
translocation of native and wet-heated BLG samples may be related to the formation of aggregates
and structural modifications. A decrease in transport of particles through a Caco-2 monolayer was
previously related to increasing particle size [38]. Moreover, it was also observed that hydrophobic
compounds had a lower transport rate across Caco-2 monolayer compared to hydrophilic compounds
[39]. Thus, the high hydrophobicity of wet-heated BLG might have further decreased its translocation

through the Caco-2 monolayer.

Conclusion

As shown in our study, native BLG resists in vitro gastric and early intestinal digestion. Heat processing
increased its digestibility to different extents, depending on the specific heating conditions. However,
the undigested form of all processed samples still existed after 10 minutes of intestinal digestion.
Furthermore, we demonstrated that undigested BLG was able to pass over an intestinal epithelial cell
layer. This would allow the native or processed BLG to interact with local immune cells. Previously we
demonstrated that wet-heating of BLG most strongly increased uptake by macrophages. However,
here we demonstrate that wet-heated BLG was the most efficiently digested and also minimally
translocated over the intestinal epithelial cells. We confirmed that heat-treatment affects BLG’s
digestibility and translocation over intestinal epithelial cells. Taken together with the findings in
Chapter 3, this indicates that BLG processing conditions and further in vivo analysis should be

considered as there is a potential for low grade chronic immune activation by heat-treated BLG.
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Figure 2.S1 Gastric digestibility of BLG samples correlates with secondary structure, aggregation and
hydrophobicity. Percentage of protein digested during gastric phase was plotted against 8-sheet,
polymer and monomer/dimer proportion, exposure of hydrophobic region and a-helix. The correlations

were strong with [r| > 0.75 and significant with p < 0.05.
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Chapter 3

Abstract: The aim of this study is to investigate the immunological relevance of modifications of food
protein structure caused by thermal processing. We investigated the uptake of B-lactoglobulin, treated
with 3 different processing methods, by THP-1 macrophages: wet heating (60 °C in solution) and high-
or low-temperature (130 °C or 50 °C, respectively) dry heating, combined with either of 8 types of
saccharides or without saccharide. The processing method that was applied significantly affected the
uptake of B-lactoglobulin by THP-1 macrophages, while the type of saccharide only had an influence in
high-temperature dry heated samples. A set of physicochemical parameters of processed samples was
determined, to determine the samples’ molecular weight, hydrophobicity, amyloid-like structure,
surface charge and secondary structure. Analysis of protein structure alterations indicated the uptake
to be linked to the wet heating processing method and percentage of a-helix structure, amyloid-like
structures, polymers, and hydrophobicity. We hypothesize that both amyloid-like structures and
molecular weight were related to the increased hydrophobicity and therefore postulate that the
exposure of hydrophobic regions is the leading physicochemical characteristic for the observed uptake
of wet heated BLG samples by THP-1 macrophages. This work demonstrates how differential thermal
processing of foods, through protein modification, can have an impact on its interactions with the

immune system.
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Introduction

Bovine milk is a common component of the human diet, especially in western countries. It contains
nutrients such as lactose, fat, oligosaccharides, minerals and proteins. Heat treatments like
pasteurization and ultra-high temperature (UHT) are widely used to increase the safety of raw milk
and extend its shelf life. Such thermal treatments will also lead to structural changes of the milk
proteins. In fact, protein aggregation and glycation were observed as a consequence of the usage of
high temperature in the production of infant formula [1]. An intriguing question is whether such heat

modifications could impact the development of the, still maturing, infant’s immune system.

During food processing, protein is often heat-treated in the presence of saccharides, with which it can
chemically react. This reaction, called the Maillard reaction or glycation, leads to modifications of
protein structure, ranging from the formation of Amadori products in an early stage to protein
crosslinking and degradation in advanced stages of glycation [2]. Heating processes in the presence of
saccharides and the structural changes caused by this heating were reported to affect the
immunological properties of proteins. For instance, glycation of ovalbumin enhanced its uptake by
dendritic cells and its immunogenicity compared to the native protein [3, 4]. Dry heating of whey
protein at 130 °Cin the presence of lactose led to intense glycation with generation of higher particle
diameter and sulfhydryl group accessibility. As a result, the glycated whey protein demonstrated an
increased affinity for the receptor for advanced glycation end products (RAGE), and anti-whey 1gG
binding was reduced [5]. Heat denaturation of the globular whey protein B-lactoglobulin (BLG), the
major protein component of whey protein, was also observed to induce increased infiltration of
mononuclear inflammatory cells and eosinophils in the gastro-intestinal mucosa and a lowered IgE
response compared to native BLG, in an animal trial [6]. Also, the binding of rabbit antiserum to BLG

was shown to depend on the intensity of its prior heat treatment [7].

To clearly link protein structural properties with immunogenicity, BLG represents an interesting and
versatile model, as it is a bovine-milk-derived protein, which is consumed in various processed forms,
from mainly native in pasteurized dairy products to denatured and glycated in high-temperature dried
products. BLG is one of the major allergens in cow’s milk [8]. It consists of 162 amino acids including
16 lysine residues, 3 arginine’s and 1 free cysteine residue [9], which all allow for irreversible tertiary
structure changes such as aggregation upon heat treatment and glycation when this is done in

presence of reducing saccharides [10-13].

In this study we applied three different heat-treatments to BLG in the presence, or absence, of various

reducing saccharides. The nature of the saccharide used for BLG glycation was reported to determine
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the type and extent of glycation-induced changes potentially resulting in differences in physiochemical
properties of BLG [14]. Dry heating at 130 °C will severely change the protein structure and induces
aggregation and glycation as well as lead to the formation of advanced glycation end products [15]. A
mild in-solution heating process for a prolonged time is a common alternative method to induce
limited glycation [16, 17], where the potential formation of aggregates with this method is often
overlooked. Finally, heating below the denaturation temperature of BLG in dry form limits the
structural changes of the protein itself [18] and induces only the early stage of glycation. The resulting
glycated and/or aggregated BLG samples were analyzed for their physicochemical properties, which

were then related to their uptake by THP-1-derived macrophage immune cells.

Materials and methods

Chemicals
All chemicals were purchased from Sigma Aldrich (St Louis, Missouri, USA) unless otherwise stated.
BLG purification

Raw cow’s milk was collected at the Research Facility 'Carus' of the Department of Animal Sciences,
Wageningen UR. B-Lactoglobulin (BLG) was isolated from raw cow’s milk by a mild anion exchange gel
DEAE Sepharose C-6B (GE healthcare, Chicago, lllinois, USA) purification procedure described by De
Jongh et al. [19]. Isolated BLG was lyophilised (Alpha 1-4 LD, Christ, Osterode, Germany) and stored at
-20 °C. The resulting native BLG content was higher than 94% according to size exclusion

chromatography.
Sample preparation
Heat processing of BLG

Purified BLG was dissolved in sodium phosphate buffer (10 mM, pH 7.4, same below) to a protein
concentration of 13 mg/mL. To this BLG solution, eight different types of saccharides were added
which were D-glucose, D-galactose, D-fructose, D-lactose, D-maltose, maltodextrin (dextrose
equivalent 16.5-19.5), fructo-oligosaccharide (FOS; Nutricia Research, Utrecht, the Netherlands), and
galacto-oligosaccharide (GOS; Royal FrieslandCampina, Wageningen, the Netherlands) in a molar ratio
of 1:80 (protein:saccharide) which is similar to raw milk, corresponding to 4 reducing saccharide ends
versus 1 free amino group or no saccharide (control). Solutions of BLG and saccharides were treated
as follows: 1. High-temperature dry heating (H): according to the protocol described by Liu et al. [20].

The sample solutions were lyophilized, incubated in a desiccator with saturated sodium bromide
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solution for 14 days at room temperature to achieve a water activity (Aw) of 0.59, and heated at 130 °C
for 10 minutes; 2. Wet heating (W): heated in solution at 60 °C for 72 hours; 3. Low-temperature dry
heating (L): lyophilized and heated at 50 °C, 9 hours at a relative humidity of 65% (equivalent to Aw
0.65) using a humidity control chamber (HCP108, Memmert, Schwabach, Germany). After heat
processing, samples were dissolved in water to starting concentration (if in dry form) and centrifuged
at 2900 x g for 30 minutes to remove insoluble particles. Supernatants were dialyzed at 4 °C against
MQ-water using a membrane with a cut-off of 12-14 kDa (Thermo Fisher, Waltham, Massachusetts,
USA), changing water twice every 2 hours before dialyzing overnight. Biological duplicates of each
protein sample treatment were prepared and stored at -20°C. Samples were coded by treatment
followed by the saccharide that was used for glycation. Saccharides were abbreviated to glu, gal, fru,
lac, mal, md, FOS and GOS respectively. For example, “W-glu-BLG” represents the BLG sample mixed
with glucose and heated in solution. The final protein concentration of each sample was determined
by the Dumas method using Flash EA 1112 Nitrogen and Carbon Analyzer (Thermo Fischer, Waltham,

Massachusetts, USA) with 6.29 as conversion factor.

Fluorescent labelling

Fluorescein isothiocyanate isomer | (FITC) was dissolved in DMSO to a concentration of 1 mg/mL and
mixed with 1 mg/mL protein samples in borate buffer (10 mM, pH 9) with a volume ratio 1:10. Mixtures
were stored at 4 °C overnight and passed through a NAP-5 column (GE healthcare, Chicago, lllinois,
USA) to remove unbound FITC. Protein samples were eluted from the column using sodium phosphate
buffer. For cellular experiments, the protein samples were diluted in RPMI 1640 medium without
phenol red (Gibco, Thermo Fisher, Waltham, Massachusetts, USA) to 0.1 mg/mL. Fluorescence
intensity in arbitrary units (a.u.) of each diluted sample was recorded by Infinite® 200 PRO NanoQuant
with i-control software (Tecan, Mannedorf, Switzerland) using 495 nm and 525 nm as excitation and

emission wavelength (Table 2.52), to correct for differences in fluorescence intensity between samples.
THP-1 macrophage cellular uptake

The human monocytic leukemia cell line THP-1 (ATCC, Manassas, Virginia, USA) was differentiated into
cells characteristic for resting macrophages (MO0) as described by Chanput et al. [21] in Corning® 96
Well TC-Treated Microplates (Life Sciences, Tewksbury, Massachusetts, USA) with 100 uL cell
suspension (1 x 10° cells) in each well. After exposure to 100 uL sample for 2 hours in a humidified
incubator (37 °C, 5 % CO), cells were washed twice with PBS without Ca?* and Mg?* (Gibco, Thermo
Fisher, Waltham, Massachusetts, USA) and incubated with 100 pL of 0.25 % Trypsin-EDTA (Gibco,

Thermo Fisher, Waltham, Massachusetts, USA) for 5 minutes. Cell suspension in Trypsin-EDTA was
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centrifuged for 5 minutes at 450 x g, then the cell pellet was re-suspended in 150 puL 1 %
paraformaldehyde solution. The mean fluorescence intensity (MFI) of the FITC signal was recorded by
flow cytometry (Accuri C6, BD Biosciences, Franklin Lakes, New Jersey, USA) of at least 5,000 cells for
each sample using BD Accuri C6 software. For the calculation of relative protein uptake, the
background fluorescence intensity of unstimulated cells was subtracted from the obtained MFI after
sample exposure, was subsequently corrected for the sample FITC fluorescent signal measured by
Tecan after labelling: (MFlsample celi-MFlunstimulated cent)/Fluorecencesample, and finally normalized to

untreated BLG signals.

Advance glycation end product (AGE) related fluorescence

Protein samples were diluted to 1 mg/mL in sodium phosphate buffer and 100 uL of each sample was
added to a 96-well black polystyrene plate (Greiner CELLSTAR®, Kremsminster, Austria). The auto-
fluorescence (in a.u.) of AGEs was measured by Infinite® 200 PRO NanoQuant with i-control software
(Tecan, Méannedorf, Switzerland) using 370 nm as excitation wavelength and 440 nm as emission
wavelength. All samples were measured in duplicate and corrected against a sodium phosphate buffer

control.

o-Phtaldialdehyde (OPA) method

The amount of free amino groups in untreated and treated BLG was determined by OPA based on
Nielsen et al. [22]. Briefly, freshly prepared 200 uL OPA reagent was added to 30 pL of 1 mg/mL sample
solution and incubated for 20 minutes at RT, after which the absorbance at 340 nm was measured with
Infinite® 200 PRO NanoQuant (Tecan, Mannedorf, Switzerland). Sodium phosphate buffer was used as
a control and each measurement was performed in duplicate. The amount of free amino groups was
determined using an L-leucine standard curve (0.078-20 mM). The loss of amino groups was calculated
as the percentage of blocked amino groups per protein relative to the free amino groups in untreated

BLG.

Amyloid structure detection

The protein solution at 0.5 mg/mL was mixed with 50 uM Thioflavin T (ThT) in sodium phosphate buffer
using a volume ratio of 1:2. After 1 minute incubation at RT, 150 pL of each sample mixture was
measured in 96-well black polystyrene plate (Greiner CELLSTAR®, Kremsmiinster, Austria) by Infinite®
200 PRO NanoQuant with i-control software (Tecan, Mannedorf, Switzerland) in duplicate using 450

nm and 480 nm as excitation and emission wavelengths respectively. The fluorescence intensity (a.u.)
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of each sample was corrected for a sodium phosphate buffer control and divided by the value of

untreated BLG.

Secondary Structure prediction

Using Circular Dichroism spectra (Figure 3.54), percentages of secondary structure elements were
estimated using BeStSel (http://bestsel.elte.hu/) which is specifically useful for detecting B-sheet-rich
proteins like BLG [23].

Classification of processed BLG in samples according to molecular weight

Based on size exclusion chromatography (SEC) (Figure 3.5S5) , retention volume and area of peaks for
each sample were analyzed using Unicorn 5.31 workstation software (GE healthcare, Chicago, lllinois,
USA) while the molecular weight was calculated using a standard curve made by ovalbumin (43kDa),
conalbumin (75kDa), aldolase (158kDa), catalase (232kDa), ferritin (440kDa) and blue dextran
(2000kDa) from Gel Filtration Calibration Kits (GE healthcare, Chicago, Illinois, USA) Molecular weight
of peaks were divided by the molecular weight of monomeric BLG (18.4 kDa) and values were
categorized into monomer/dimer (1,2), oligomer (3-9), and polymer (> 10). Sample’s molecular weight

proportion of each category was calculated according to peak areas.
Hydrophobicity measurement

To determine the surface hydrophobicity of the samples using the 8-anilino-1-naphthalenesulfonic
acid ammonium salt (ANS) analysis, the method of Alizadeh-Pasdar et al. [24] was modified. One mL
of protein solution at 0.1 mg/mL in sodium phosphate buffer was mixed with 5 uL ANS stock solution
(8 mM in sodium phosphate buffer, prepared in the dark). After incubation in the dark for 15 min, 100
uL of each sample mixture was transferred to a 96-well black polystyrene plate (Greiner CELLSTAR®,
Kremsminster, Austria) and measured by Infinite® 200 PRO NanoQuant with i-control software (Tecan,
Mannedorf, Switzerland) using 390nm and 470 nm as excitation and emission wavelengths
respectively. The fluorescence intensity (a.u.) of each sample was corrected for the sodium phosphate

buffer control, divided by the value of untreated BLG, and shown as relative hydrophobicity (RH).

Surface charge measurement

The Zetasizer Nano ZS and Zetasizer software (Malvern Panalytica, Malvern, UK) were used to measure
the zeta potential, which allows the inference of surface charge of molecules. Prior to measurement,

samples were diluted in MQ to 1 mg/mL and injected into a matched disposable capillary cell

45



Chapter 3

(DTS1070). The measurements were performed at 25 °C and 40 volt and three sequential runs were

averaged to obtain the results.
Statistics

All parameters are presented as means + standard deviation (SD) and differences between parameters
were assessed for their significance with ANOVA using Prism 6 software. Differences with p <0.05 were
considered significant. The Pearson correlation coefficient (r) and two-tailed p value were analyzed
using Prism 6 software. Unscrambler software (CAMO, Oslo, Norway) was used to generate PCA plots
integrating data from various measurements. For PCA, the dataset of variables was mean centered and

weighted by 1/standard deviation to limit the bias from the numerical value.

Results

Heat treatment did not affect crucial parameters for cell cultures experimentation

To link protein structural properties to immunogenicity, we treated BLG in the presence or absence of
reducing saccharides with heating methods that variably induce glycation and aggregation. BLG was
treated with the wet heating (W) or dry heating at low-temperature (L) or high-temperature (H)
methods in the presence of monosaccharides [glucose (glu), galactose (gal) or fructose (fru)],
disaccharides [lactose (lac) or maltose (mal)], polysaccharides [maltodextrin (md),
fructooligosaccharide (FOS) or galactooligosaccharide (GOS)] or in the absence of saccharides. We
firstly analyzed solubility, pH and osmolality of the resulting BLG samples as these properties not only

describe the physicochemical structure but are also critical cell culture parameters.

High-temperature dry heating of BLG reduced its solubility. When this treatment was performed in
presence of monosaccharides the solubility was further and significantly reduced. In contrast, the
addition of saccharides did not alter the solubility of low-temperature dry heated or wet heated BLG
(Figure 3.51). When dissolved in cell culture medium (0.1 mg/ml protein), no significant differences

were observed between medium and protein samples regarding pH and osmolality (Figure 3.52).
Wet heating most strongly increased BLG uptake by THP-1 macrophages

We analyzed whether heat treatment of BLG affected the uptake of BLG by macrophages. To ensure
that the observed effects were due to treatment-induced protein changes, we analyzed
lipopolysaccharide (LPS) contamination in our samples as this may influence results in cellular immune

assays. We observed a maximum of 0.155 ng LPS contamination per 0.1 mg of protein in all samples
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(Table 3.S1) which is well below the threshold at which LPS significantly influenced the uptake of
fluorescent beads by THP-1 macrophages (i.e. 1000 ng/ml; Figure 3.S3).
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Figure 3.1 BLG phagocytosis by THP-1 macrophages is increased upon wet heating. BLG was untreated
or heated (W, L or H) in absence or presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS) and
subsequently fluorescently labelled. BLG uptake by THP-1 macrophages was determined by flow
cytometry as mean fluorescence intensity (MFI). BLG uptake was calculated for each sample and
normalized for untreated BLG uptake. THP-1 macrophages were tested for uptake of untreated BLG or
BLG heat-treated in absence of sugars (A) and wet-heated (B), low-temperature dry-heated (C) and
high-temperature dry-heated (D) BLG in presence of saccharides. Bars represent mean value + SD of 4
independent experiments with 2 independent sample sets. Statistical differences were calculated with

Tukey’s Multiple Comparison Test (A) or Dunnett’s Test (B-D): **p < 0.01.

All heat-treated BLG samples were fluorescently labelled and their uptake by THP-1 macrophages was
measured with flow cytometry and reported in mean fluorescence intensity (MFI) following 2 hours
incubation. The heating method was found to exert a more pronounced effect on the uptake of BLG
than the glycation with various saccharides. Wet-heated BLG, independent of the presence of

saccharides, demonstrated significantly increased levels of uptake by the THP-1 macrophages (Figure
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3.1A and B). Within the dry-heated sample sets, a trend of lowered uptake of BLG was observed for
samples exposed to low-temperature dry heating in the presence of saccharides and of increased
uptake of BLG when treated with high-temperature dry heating in the presence of oligosaccharides

(Figure 3.1C and D).

Physicochemical characterization of BLG samples after heating

Heat treatment, especially in presence of saccharides, led to loss of free amino groups and formation

of AGE-related fluorescence
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Figure 3.2 High- but also low-temperature dry heating in presence of saccharides of BLG led to a loss
of free amine-groups. BLG was untreated or heated (W, L or H) in absence or presence of saccharides
(glu, gal, fru, lac, mal, md, FOS or GOS). Glycation of untreated BLG or BLG heat-treated in absence of
sugars (A) and wet-heated (B), low-temperature dry-heated (C) and high-temperature dry-heated (D)
BLG in presence of saccharides was determined by loss of free amine-groups using OPA. Bars represent
mean value * SD of 4 independent experiments with 2 independent sample sets. Statistical differences
were calculated with Tukey’s Multiple Comparison Test (A) or Dunnett’s Test (B-D): **p < 0.01; ***p <
0.001.
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Heat treatment of protein in the presence of reducing saccharides is known to cause glycation which
we measured using the OPA method to determine the loss of free amino groups. A significant loss of
free amino groups, in comparison to untreated BLG, was detected when wet heating BLG, but not high-
temperature or low-temperature dry heating in the absence of saccharides (Figure 3.2A). For wet
heated samples, no further loss of free amino groups occurred upon incubation with any of the
saccharides (Figure 3.2B). Contrastingly, when treating BLG with high- and low-temperature dry
heating in the presence of any saccharides the loss of free amino groups was significantly increased,
except md, FOS and GOS for low- temperature- and FOS for high-temperature dry heating (Figure 3.2C

and D), with a higher loss of free amino groups compared to wet heated samples.
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Figure 3.3 High-temperature dry heating in presence of saccharides increased BLG fluorescence which
is correlated to advanced glycation end products. BLG was untreated or heated (W, L or H) in absence
or presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS). Advanced glycation end-products
in untreated BLG or BLG heat-treated in absence of sugars (A) and wet-heated (B), low-temperature
dry-heated (C) and high-temperature dry-heated (D) BLG in presence of saccharides was determined by
measuring fluorescence (370 nm exc./440 nm em.). Bars represent mean value * SD of 4 independent
experiments with 2 independent sample sets. Statistical differences were calculated with Tukey’s

Multiple Comparison Test (A) or Dunnett’s Test (B-D): *p < 0.05; **p < 0.01; ***p < 0.001.
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A next step in the chemical process is the formation of advanced glycation end products (AGEs)[25].
Fluorescence intensities at 370/440 nm (exc./em.) were used as an indicator for AGEs formation in the
Maillard reaction [26-28]. In the absence of saccharides, wet-heating but also high-temperature dry-
heating of BLG induced a significant increase of the fluorescent signal compared to untreated BLG
which suggested glycoxidation (Figure 3.3A). This, however, was negligible compared to the observed
signals upon the addition of saccharides during heat-treatment. The addition of specific saccharides
strongly and significantly increased the fluorescent signal of BLG following wet heating (i.e. gal, fru,
FOS and GOS) or low-temperature dry heating (i.e. glu, gal, lac, FOS and GOS; Figure 3.3B and C).
Addition of any saccharide in the high-temperature dry heating treatment of BLG significantly
increased this signal to levels much higher than with either of the other two heating methods (Figure

3.3D).
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Figure 3.4 Wet heating of BLG increased the presence of amyloid-like structures. BLG was untreated or
heated (W, L or H) in absence or presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS). The
presence of amyloid-like structures in untreated BLG or BLG heat-treated in absence of sugars (A) and

wet-heated (B), low-temperature dry-heated (C) and high-temperature dry-heated (D) BLG in presence
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of saccharides was determined by ThT staining. Bars represent mean value + SD of 4 independent
experiments with 2 independent sample sets. Statistical differences were calculated with Tukey’s

Multiple Comparison Test (A) or Dunnett’s Test (B-D): ***p < 0.001.
Wet heating reduced B-sheet formation in BLG but increases amyloid-like structures and a-helices

We analyzed changes in protein structures by determining amyloid-like structure formation (Figure 3.4)
and presence of a-helix and B-sheets (Figure 3.5). Amyloid-like structure formation was measured with
ThT staining which revealed a significant increase compared to untreated BLG only upon wet heating
(Figure 3.4A). The addition of saccharides during the heat treatments did not significantly affect the
formation of amyloid structures compared to treatment of untreated BLG (Figure 3.4B-C). The
prediction of a-helix and B-sheet proportion of the BLG samples was calculated with a software
package using the far UV protein spectrum acquired with CD (Figure 3.54). The spectra of BLG samples
treated with low-temperature dry heating were similar to untreated BLG, whereas wet heating of BLG
alters the spectra in a saccharide-independent manner. High-temperature dry heating of BLG altered
the spectrum compared to untreated BLG and this change was exacerbated upon the addition of

saccharides.

Quantification of a-helix and B-sheet revealed some significant differences (Figure 3.5). Wet heating
significantly increased the percentages of a-helices and reduced the percentages of B-sheets in BLG
(Figure 3.5A, B, E and F). Saccharide addition during treatment did not affect the percentages of a-
helix or B-sheet in the BLG samples, except for glucose which increased a-helix and lowered B-sheet
percentages upon high-temperature dry heating and maltodextrose which lowered a-helix

percentages upon low-temperature dry heating (Figure 3.5C, D, G and H).

Wet heating, but also high-temperature dry heating in presence of saccharides, affected the

formation of soluble aggregates in BLG samples

Molecular weights were categorized into monomeric or dimeric BLG, oligomeric (3-9 BLG molecules)
and polymeric (> 10 BLG molecules) (Figure 3.6). Low-temperature dry heated BLG samples consisted
mainly of dimers which was similar to untreated BLG, whereas wet heated BLG samples mainly
consisted of polymers. For both treatments the addition of saccharides did not affect the aggregation
of BLG. Besides insoluble aggregates, high-temperature dry heating induced a relatively big amount of
soluble oligomers compared to untreated BLG, which appeared to increase with the addition of
saccharides in the order of monosaccharide < polysaccharides < oligosaccharide. High-temperature dry
heating also appeared to induce the dissociation of the normal dimeric form of BLG in solution (Figure

3.55).
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or heated (W, L or H) in absence or presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS). The

Figure 3.5 Wet heating increased a-helix- and lowered 8-sheet proportions in BLG. BLG was untreated
percentages of a-helix (A-D) and B-sheet (E-H) structures in untreated BLG or BLG heat-treated in
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absence of sugars (A, E) and wet-heated (B, F), low-temperature dry-heated (C, G) and high-
temperature dry-heated (D, H) BLG in presence of saccharides were determined using BeStSel software
to analyse UV-CD spectra. Bars represent mean value + SD of 2 independent sample sets, each
averaging 10 repeated measurements. Statistical differences were calculated with Tukey’s Multiple

Comparison Test (A, E) or Dunnett’s Test (B-D, F-H): *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3.6 An increase in BLG multimers was observed upon high-temperature dry heating in presence
of sugars but particularly upon wet heating. BLG was untreated or heated (W, L or H) in absence or
presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS) and measured for aggregation using
SEC chromatography. Stacked bars represent averages following single measurements of 2

independent sample sets.

Heat treatments but also the presence of saccharides affected the zeta potential and exposure of

hydrophobic regions of BLG

The changes in tertiary and quaternary structure might also result in exposure of hydrophobic regions
which could trigger immune responses [29]. Hydrophobicity was determined with the ANS
measurement which revealed a significant increase upon wet heating of untreated BLG (Figure 3.7A).
The addition of saccharides did not alter the exposure of hydrophobic regions of the BLG protein for

any of the three treatments (Figure 3.7B-D).

Finally, we determined the zeta potential as protein surface property. Wet heating of BLG significantly
decreased the zeta potential compared to untreated BLG (Figure 3.8A). This effect, however, was
counteracted by the addition of any of the saccharides during heating, which increased the zeta

potential, except glucose and GOS (Figure 3.8B). In contrast to wet heating, high-temperature dry
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heating showed a trend towards an increased zeta potential of untreated BLG, which further and
significantly increased upon the addition glucose, galactose, fructose, lactose and FOS (Figure 3.8D).
Finally, low-temperature dry heating in absence or presence of saccharides did not alter the zeta

potential compared to untreated BLG (Figure 3.8C).
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Figure 3.7 Wet heating increased exposure of hydrophobic regions of BLG. BLG was untreated or heated
(W, Lor H) in absence or presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS). The exposure
of hydrophobic regions in untreated BLG or BLG heat-treated in absence of sugars (A) and wet-heated
(B), low-temperature dry-heated (C) and high-temperature dry-heated (D) BLG in presence of
saccharides was determined by applying ANS fluorescence normalized to untreated BLG. Bars represent
mean value + SD of 4 independent experiments with 2 independent sample sets. Statistical differences

were calculated with Tukey’s Multiple Comparison Test (A) or Dunnett’s Test (B-D): *p < 0.05.
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Figure 3.8 Wet heating alone, wet heating or high-temperature dry heating in the presence of
saccharides affected the zeta potential of BLG. BLG was untreated or heated (W, L or H) in absence or
presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS). The zeta potential in untreated BLG or
BLG heat-treated in absence of sugars (A) and wet-heated (B), low-temperature dry-heated (C) and
high-temperature dry-heated (D) BLG in presence of saccharides was measured using the Zetasizer.
Bars represent mean value + SD of 2 independent sample sets, each averaging 3 repeat measurements.
Statistical differences were calculated with Tukey’s Multiple Comparison Test (A) or Dunnett’s Test (B-

D): *p < 0.05; **p < 0.01; ***p < 0.001.
Correlation analysis & principle component analysis (PCA)

Heat treatments as well as addition of saccharides during the processing have shown to variably affect
the physicochemical characteristics of BLG. We performed a correlation analysis which included all
samples and measurements. The correlation analysis (Figure 3.9) demonstrated that the transition
from monomer/dimer to polymers, percentage of a-helix and amyloid-like structures, and
hydrophobicity correlated strongly and significantly with uptake of BLG by THP-1 macrophages (|r| >
0.8, p <0.0001). There was a moderate inverse correlation between uptake and percentage of B-sheet

structures, zeta potential, and loss of amino groups (Figure 3.56). We also performed a principle
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component analysis (PCA) (Figure 3.10A) which demonstrated that the type of processing, according
to PC1 and PC2 was strongly related to the uptake of BLG. Wet heated samples were taken up most
efficiently (Figure 3.1B), whereas the type of saccharide did not influence the clustering of wet heated
BLG samples in the PCA. In the PCA, untreated BLG clustered together with BLG that was treated with
low-temperature dry heating in absence or presence of the saccharides and with high-temperature dry
heated BLG in absence of saccharides, indicating that these samples were modified the least. The low-

and high-temperature dry heated BLG in the presence of saccharides, however, clustered separately.

The type of sugar only influenced clustering for the high-temperature dry heated samples. Detailed
analysis including only high-temperature dry heated BLG and untreated BLG (Figure 3.10B) confirmed
that high-temperature dry heated BLG in presence of either monomeric, dimeric and oligomeric
saccharides resulted in separate clusters based on their physicochemical characteristics. Uptake
seemed higher for BLG that was glycated with longer saccharides (Figure 3.1D), but also in this case

the uptake correlated with the occurrence of larger soluble aggregates (Figure 3.6).
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Figure 3.9 Uptake of BLG by THP-1 macrophage correlates with aggregation, presence of amyloid-like
structure, hydrophobicity, and percentage of a-helix. Uptake of thermally treated BLG in the presence
or absence of saccharides was plotted against polymer proportion, amyloid-like structure, exposure of
hydrophobic region and a-helix. The correlations were strong with [r| > 0.8 and significant with p <

0.0001.
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Figure 3.10 Uptake of BLG correlated with wet heating and BLG exposure of hydrophobic regions,

percentage of a-helix, amyloid-like structures and polymers. BLG was untreated or heated (W, L or H)

in absence or presence of saccharides (glu, gal, fru, lac, mal, md, FOS or GOS) and tested for solubility,

pH, uptake by THP-1 macrophages (uptake), AGE formation (AGE), glycation (OPA), amyloid-like
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structure formation (ThT), percentage of a-helix (helix) or 8-sheet (sheet), aggregation [monomer and
dimer (mono), oligomers (oligo), polymers (poly)], exposure of hydrophobic regions (ANS) and surface
charge (zeta). All parameters (A) or all high-temperature dry heating-related parameters (B) were
included in a principle component analysis bi-plot using the Unscrambler software and scattered
according to heat treatment and saccharides, respectively. In Figure B the clustering of

monosaccharides (blue circle), disaccharides (green circle) and oligosaccharides (red circle) is indicated.

Discussion

Processing of food affects the immunogenicity of proteins contained therein, as shown for the
increased allergenic potential of peanuts upon dry roasting [30] and of BLG upon crosslinking [31]. The
suggestion is imminent that structural changes, resulting from the processing of such proteins, form
the molecular basis of this increased immuno- or allergenicity. Structural damage to proteins in
relation to their immunogenicity are already apparent from the DAMP-concept as postulated by
Matzinger [32] or from the precautions that are taken to reduce shear-related damage and aggregate
formation in the preparation of proteins for pharmaceutical applications [33]. In this paper, we
described how wet heating and low- or high-temperature dry heating affects the uptake of B-
lactoglobulin by THP-1-derived macrophages. BLG was chosen as model because it is a known allergen
that is relevant in the context of cow milk allergy. In addition, it is not digested in the human gastric
compartment and stable for at least one hour in the jejunal compartment [34] and therefore relatively

undigested protein fragments can interact with intestinal immune cells.

We expected the physicochemical characteristics of glycation and AGE formation to most strongly
impact protein uptake by macrophages as these properties have been demonstrated to affect protein
immunogenicity [35-39]. Low- and high-temperature dry heating of BLG in presence of saccharides, as
also previously observed [5, 18], resulted in loss of free amino groups suggestive of glycation (Figure
3.2). High-temperature dry heating also induced the formation of AGE-related fluorescence (Figure 3.3)
although AGEs were not directly measured quantitatively. Both heating methods, however, did not
significantly increase BLG uptake by THP-1 macrophages (Figure 3.1). This contrasts with previous
studies which demonstrated that glycation of OVA drives the uptake by dendritic cells [3, 4, 40]. Wet
heating also significantly increased the fluorescent signal linked to AGE formation and demonstrated
a loss of free amino groups when compared to untreated BLG. Both signals were, however, lower
compared to low- or high-temperature dry heated BLG in presence of sugars and could result from
oxidation or other secondary structural changes [41, 42]. Surprisingly, analysis towards receptors

involved in the uptake of glycated OVA (AGE-OVA) revealed that not the documented receptors for
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glycated proteins (i.e. RAGE, galectin-3 and CD36 [39]) but the scavenger receptor class A I/,
recognized as DAMP-receptor, was important for the uptake by DCs. Further comparison showed that,
in these studies, AGE-OVA was obtained by heating at 50 °C for 6 weeks in solution [43] in which the
lengthy incubation period will cause more extensive glycation. As a result, this method holds the
middle between our wet heating and dry heating method. Taken together, it appears possible that the
increased uptake of AGE-OVA should not be attributed solely to the glycation and AGE formation (i.e.
typical physicochemical characteristics of dry heated proteins) and that other wet heating-induced

physicochemical changes played a role as well.

We found that the process of wet heating of BLG, independent of saccharide presence, induced a
significant increase in protein uptake by THP-1 macrophages. Using a correlation and PCA analysis, we
demonstrated that the uptake of BLG following wet heating positively was correlated with
physicochemical parameters of polymerization, exposure of hydrophobic regions, presence of
amyloid-like structures and a-helices and, moderate, correlated inversely with B-sheets, surface
charge and loss of amino groups (Figure 3.9 and Figure 3.56). Most of these physicochemical protein
characteristics have individually been linked to immune responses and/or increased phagocytosis by
macrophages. Seong and Matzinger concluded that almost all immuno-stimulatory molecules were
either entirely hydrophobic or contained exposed hydrophobic regions which can trigger various
receptors such as CD14, toll-like receptors (TLRs) or scavenger receptors that recognize danger-
associated molecular patterns (DAMPs) [32]. Furthermore, they also point out that hydrophobic
structures are prone to aggregation into (insoluble) particles. Aggregation itself has also been linked
to adverse immune responses through stimulating TLRs via intrinsic factors such as size, concentration
and generation of neo-epitopes [44, 45]. Of note, these immune responses appear to result from
stimulation with soluble aggregates and not insoluble large aggregates [46] as shown with fractions of
aggregated amyloid beta. Amyloid beta may be the best-known example of aggregated protein
interacting with the immune system. It is cleared in the brain by macrophages and microglia via binding
by scavenger receptors and TLRs [47, 48], which forms a rationale for the observed relation between
amyloid-like structures in BLG and uptake by THP-1 macrophages. From literature, the relation
between uptake and the increased presence of a-helix structures is less apparent. Similar to wet
heating, high-temperature dry heating in the presence of glucose increased the proportion of a-helices
in BLG (Figure 3.5D). However, this sample didn’t show increased protein uptake which dismisses the

importance of a-helix structures for uptake of BLG by THP-1 macrophages.

Correlation of exposure of hydrophobic regions, protein polymerization (> 10 monomers) and
presence of amyloid-like structures to wet heating-mediated enhanced uptake of BLG was also most

apparent from the individual figures. Of interest, these parameters are all linked to receptor mediated
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uptake in contrast to a-helix and surface charge. The fluorescent dye ThT has been used for decades
to detect amyloid structures for a variety of applications. More recently, the molecular base for this
interaction has been studied. This revealed that in addition to detecting amyloid fibrils, a loss of protein
structure and exposure of hydrophobic regions can also lead to ThT binding in hydrophobic pockets of
globular proteins, which putatively requires 5 aromatic and/or hydrophobic residues [49, 50]. The
observed ThT signal for wet heated BLG samples might therefore result from exposed hydrophobic
regions and provide a false-positive ThT signal. As already discussed above and shown in relation to
ANS measurements [51], aggregation can be a result of exposure of hydrophobic regions. We therefore
postulate that the exposure of hydrophobic regions is the leading physicochemical characteristic for
the observed uptake by THP-1 macrophages of wet heated BLG samples. This is supported by multiple
studies, using various types of particles, that correlated a hydrophobic particle surface to increased

and more rapid uptake by immune cells [52-55].

Conclusion

We have demonstrated that wet heating of BLG increased the exposure of hydrophobic regions and
led to the formation of soluble polymeric aggregates, which we hypothesize are at the basis of the
observed increased uptake by macrophages. As indicated above, thermally processed proteins have
more widely been demonstrated to be able to activate the immune system. The physiological
consequences of such a trigger to the immune system remains to be established but may be relevant

to explain the increased incidences of inflammation-associated health effects.
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Supplementary materials and methods

- Lipopolysaccharide (LPS) detection
The possible presence of the endotoxin LPS in protein samples was analysed using the EndoZyme®
Recombinant Factor C Assay (Hyglos GmbH, Bernried am Starnberger See, Germany) according to the

manufacturer’s instructions.

- Solubility, pH and osmolality

Sample solubility was calculated using the following formula:
protein concentation (mg/mlL) * solution volumn (mL)

Solubility (%) = 1009
olubility (%) starting protein amount (mg) . %

pH and osmolality of protein samples were measured with an Orion Star™ A121 pH Portable Meter
(Thermo Fischer, Waltham, Massachusetts, USA) and Osmomat 030 (Gonotec GmbH, Berlin, Germany)

respectively.

- THP-1 macrophage cellular uptake of fluorescent beads

Fluoresbrite® YG Carboxylate Microspheres 2.0 um (Polysciences, Warrington, Pennsylvania, USA) was
diluted in non-heated human serum to a concentration of 1x 10° containing 0.001, 0.01, 0.1, 1, 10, 100
or 1000 ng/ml LPS. MO THP-1 macrophage was cultivated as indicated in the main text and 2 pL of
fluorescent beads dilution was added to each well. Cells were harvested after incubation for 10, 30,
60, 120, 240 or 360 minutes and measured MFI by flow cytometer using same protocol of BLG sample

uptake.

- Circular Dichroism (CD)

Protein samples were diluted in sodium phosphate buffer containing 0.1 mM EDTA to a concentration
of 0.15 mg/mL and measured by a Jasco J-715 spectropolarimeter (Jasco, Tokyo, Japan). Ellipticity
(mdeg) was recorded within the far UV range from 185 to 260 nm. All samples were measured 10 times
in quartz cuvettes with a path length of 0.1 cm at 20 °C. Values were averaged and corrected for buffer

background afterwards.

- Size Exclusion Chromatography (SEC)

Samples were lyophilised and re-dissolved in 200 pL sodium phosphate buffer containing 150 mM NacCl
to achieve a protein concentration of 10 mg/mL, based on Dumas results. A system of Superdex 200
Increase 10/300 GL column on an Aktamicro machine (GE healthcare, Chicago, lllinois, USA) was

injected with 50 pL sample at flow rate of 0.750 mL/min.
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- Correlation coefficient analysis
Software R 3.4.2 and package “corrplot” were used to calculate a Pearson correlation coefficient and

generate a correlogram (type = "lower”) for visualizing the correlation matrix.

Supplementary data

Table 3.51 LPS contamination in BLG samples

Samples LPS ng/0.1 mg protein
BLG 0.1550
W-BLG 0.0004
W-glu-BLG 0.0023
W-gal-BLG 0.0010
W-fru-BLG 0.0004
W-lac-BLG 0.0077
W-mal-BLG 0
W-md-BLG 0.0038
W-FOS-BLG 0
W-GOS-BLG 0.0006
H-BLG 0.0041
H-glu-BLG 0.0046
H-gal-BLG 0.0089
H-fru-BLG 0.0023
H-lac-BLG 0.0318
H-mal-BLG 0.0274
H-md-BLG 0.0558
H-FOS-BLG 0.0438
H-GOS-BLG 0.0152
L-BLG 0.0040
L-glu-BLG 0.0078
L-gal-BLG 0.0080
L-fru-BLG 0.0045
L-lac-BLG 0.0166
L-mal-BLG 0.0034
L-md-BLG 0.0082
L-FOS-BLG 0.0102
L-GOS-BLG 0.0044

65



Chapter 3

Table 3.52 Fluorescence intensity (a.u. in mean value * SD) of FITC-labelled protein sample for uptake

experiment (N = 4)

sample Fluorescence intensity (a.u.)
BLG 5428 + 4770
W-BLG 14451 + 19996
W-glu-BLG 7294 + 3762
W-gal-BLG 6022 + 4098
W-fru-BLG 8805 £ 6915
W-lac-BLG 7419 + 7414
W-mal-BLG 5982 + 3200
W-md-BLG 7029 £ 4853
W-FOS-BLG 7421 £ 5562
W-GOS-BLG 6546 + 4564
H-BLG 21028 + 25218
H-glu-BLG 6962 + 5517
H-gal-BLG 8317 £ 7700
H-fru-BLG 10793 + 7757
H-lac-BLG 8542 £ 6172
H-mal-BLG 6865 £ 2722
H-md-BLG 8382 + 4732
H-FOS-BLG 10065 + 8951
H-GOS-BLG 8869 + 7731
L-BLG 21677 £ 14161
L-glu-BLG 12925+ 7525
L-gal-BLG 10176 + 4832
L-fru-BLG 18846 + 13023
L-lac-BLG 11808 + 7921
L-mal-BLG 13864 + 7891
L-md-BLG 17012 + 9783
L-FOS-BLG 26942 + 21644
L-GOS-BLG 18505 + 14635
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Figure 3.51 High temperature dry heating, especially in presence of monosaccharides, reduced the
solubility of BLG. BLG was non-treated or heated (W, L or H) in absence or presence of saccharides (glu,
gal, fru, lac, mal, md, FOS or GOS). The solubility of non-treated BLG or BLG heat-treated in absence of
sugars (A) and wet-heated (B), low-temperature dry-heated (C) and high-temperature dry-heated (D)
BLG in presence of saccharides was determined by DUMAS. Bars represent mean value + SEM of 2
independent sample sets. Statistical differences were calculated with Tukey’s Multiple Comparison Test

(A) or Dunnett’s Test (B-D): *p < 0.05; **p < 0.01; ***p < 0.001.

67



Chapter 3

A

8.0
7.8

7.6

pH

7.4

7.2

B

0.4
0.3

(=]

=

°

2 02

7]

o
0.1
0.0

Figure 3.52 The pH or osmolality of treated BLG dissolved in medium were similar to native BLG. BLG
was non-treated or heated (W, L or H) in absence or presence of saccharides (glu, gal, fru, lac, mal, md,
FOS or GOS). The pH and osmolality in non-treated BLG or BLG heat-treated in absence of sugars (A)
and wet-heated (B), low-temperature dry-heated (C) and high-temperature dry-heated (D) BLG in
presence of saccharides were determined with a pH meter and Osmomat, respectively. Bars represent

mean value + SEM of 2 independent sample sets. No statistical significant differences were detected.
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Figure 3.53 LPS did not influence the uptake of beads by THP-1 macrophages with an incubation period
of 120 minutes or below 1000 ng/ml of LPS. The uptake of fluorescent beads by THP-1 macrophages
following stimulation with 0.001, 0.01, 0.1, 1, 10, 100 or 1000 ng/ml of lipopolysaccharide for 10, 30,
60, 120, 240 or 360 minutes was determined by flow cytometry as mean fluorescence intensity (MFI).
Bars represent mean value + SD of 2 independent measurements. Statistical differences were calculated

with a two-way repeated measures ANOVA test: *p < 0.05.
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Figure 3.54 Heating methods and/or the presence of saccharides can alter the secondary structure of
BLG. BLG was non-treated or heated (W, L or H) in absence or presence of saccharides (glu, gal, fru, lac,
mal, md, FOS or GOS). The far UV protein spectrum of wet-heated (A), low-temperature dry-heated (B)
and high-temperature dry-heated (C) BLG in presence of saccharides and non-treated BLG were
determined with circular dichroism. Lines represent mean value of duplicate measurements each

averaging 10 recordings.
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Figure 3.85 Heating methods and/or the presence of saccharides can alter the molecular weight
distribution of BLG. BLG was non-treated or heated (W, L or H) in absence or presence of saccharides
(glu, gal, fru, lac, mal, md, FOS or GOS). The molecular weight distribution of wet-heated (A), low-
temperature dry-heated (B) and high-temperature dry-heated (C) BLG in presence of saccharides and

non-treated BLG were determined with SEC chromatography.
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Figure 3.56 Uptake of BLG by THP-1 macrophage moderately correlates with percentage of 8-sheet,
surface charge and loss of free amino groups. Uptake of thermally treated BLG in the presence or
absence of saccharides was strongly corrected with monomer/dimer proportion, moderate correlated
with percentage of B-sheet, zeta-potential, loss of free amino group amyloid-like structure with an

absolute r value between 0.5 and 0.8. No clear correlation was found between uptake and oligomer
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Figure 3.57 Uptake of BLG by THP-1 macrophage correlates with the percentage of a-helix,
hydrophobicity, aggregation and amyloid-like structure presence. Thermally treated BLG in the
presence or absence of saccharides was tested for solubility, pH, uptake by THP-1 macrophages
(uptake), AGE formation (AGE), glycation (OPA), amyloid-like structure formation (ThT), percentage of
a-helix (helix) or 8-sheet (sheet), aggregation (monomer and dimer (mono), oligomers (oligo), polymers
(poly)), exposure of hydrophobic regions (ANS) and surface charge (zeta). Correlation between these

parameters was determined using R-programming language and the “corrplot” package.
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Chapter 4

Abstract: Allergen recognition and processing by antigen presenting cells is essential for the
sensitization step of food allergy. Macrophages and dendritic cells are both phagocytic antigen
presenting cells and play important roles in innate immune responses and signaling between the
innate and adaptive immune system. To obtain a model system with a homogeneous genetic
background, we derived macrophages and dendritic cells from THP-1 monocytes. The difference
between macrophages and dendritic cells was clearly shown by the difference in transcription
response (microarray) and protein expression levels. Their resemblance to primary cells was analyzed
by comparison to properties as described in literature. The uptake of B-lactoglobulin after wet-heating
(60 °C in solution) by THP-1 macrophages was reported to be significantly increased. To analyse the
subsequent immune response, we incubated THP-1 derived macrophages and dendritic cells with
native and differently processed B-lactoglobulin and determined the transcription and cytokine
expression levels of the cells. A stronger transcriptional response was found in macrophages than
dendritic cells, while severely structurally modified B-lactoglobulin induced a limited transcriptional
response, especially when compared to native and limitedly modified B-lactoglobulin. These results
showed that that processing is relevant for the transcriptional response towards B-lactoglobulin of
innate immune cells and also that the transcriptional response was not related to cellular uptake

efficiency.

76



Exploration of immune responses towards heat-treated BLG

Introduction

A food allergy is an immune mediated reaction against an otherwise harmless protein, also known as
allergen [1, 2]. Cow’s milk allergy is one of the most common food allergies in the world which affects
about 2.5% of all children [3]. Thermal processing of milk is an essential step in the dairy industry to
ensure microbiological safety and prolong shelf life [4]. However, heat treatments like pasteurization,
sterilization and spray drying will affect the structural characteristics of the proteins present in cow’s
milk, including the whey protein B-lactoglobulin (BLG) which is one of the major allergens present in
milk [5-7]. Structural modifications like unfolding, aggregation and glycation with lactose could occur
during the heat treatment, either reducing or enhancing the allergenic potential, i.e. IgE-binding, of

BLG [8, 9].

After passing through the epithelial cells of the intestine, BLG may be taken up by antigen-presenting
cells (APC) of the innate immune system. Of these, macrophages and dendritic cells are considered to
be professional APCs [10]. They have the ability to capture an allergen into specialised
endosomes/lysosomes, and then process it into linear peptides which are expressed on major
histocompatibility complex (MHC) molecules on the outer surface, to which a naive T cell can bind.
Although both derived from the same precursor-monocytes, macrophages and dendritic cells exert
different functions and functional properties. Macrophages focus on scavenging allergens,
manipulating inflammatory responses and recruiting T cells and B cells in situ. Dendritic cells are
specialized in their ability to preserve the ingested allergens, driving T cell responses following their

migration to the secondary lymphoid tissues [11].

To study the immunological response of macrophages and dendritic cells upon exposure to heat-
treated BLG, macrophages and dendritic cells derived from THP-1 cells were used. This approach would
circumvent possible effects of different genetic backgrounds on the cellular responses [12] thus
provides a more reproducible picture of the effect of processing of proteins. THP-1 monocytes
stimulated by phorbol-12-myristate-13-acetate (PMA) are regarded as macrophage-like cells, showing
similarities with primary macrophages in morphology, gene transcription and expression [13-16].
There are only few reports describing the differentiation of THP-1 monocytes into dendritic-like cells.
A recent study showed THP-1 monocytes, stimulated with PMA together with IL-4, to express typical

cellular surface markers and properties of primary immature dendritic cells [17].

By using microarray analysis, the similarities and differences between THP-1 derived macrophages and
dendritic cells were measured based on the transcription levels for their entire genome. Together with

morphology, protein expression levels, and antigen processing capability analyses, their resemblance
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to primary cells was estimated according to the reported properties of primary cells from literature
[18]. Differences in uptake capability of THP-1 derived macrophage-like and dendritic-like cells upon
exposure to differently heat-treated BLG was described in Chapter 3 and 5. Finally, the immune

reactivity of THP-1 derived APCs stimulated by differently heat-treated BLG was analysed in this study.

Materials and methods

Chemicals

All chemicals were purchased from Sigma Aldrich (St Louis, Missouri, USA) unless otherwise stated.

THP-1 cell culture and differentiation

The human monocytic leukemia cell line THP-1 (ATCC, Manassas, Virginia, USA) was differentiated into
cells characteristic for resting macrophages (MO0) as described by Chanput et al. [19] at a concentration
of 1x10° cells/mL using 100 ng/mL phorbol-12-myristate-13-acetate (PMA) for a 48 hours stimulation
followed by 2 times cell washing with medium and another 48 hours of resting. Similarly, using a cell
concentration of 0.25x10° cells/mL, immature dendritic cells (iDC) were generated after incubating
with 20 ng/mL of IL-4 (R&D Systems, Minneapolis, Minnesota, USA) and 20 ng/mL of PMA for 4 days
as described by Katayama et al. [20]. Lipopolysaccharide (LPS) was used to stimulate M0 and iDC into
LPS-M and mature dendritic cells (mDC) with a concentration of 500 ng/mL and 1 ug/mL, respectively,
for 48 hours.

Morphology measurement of cells

The morphology of cells was observed by an automated digital inverted microscope Evos FL Auto 2
(Thermo Fisher, Waltham, Massachusetts, USA) using a 40x objective lens. Scale bars were added to

the picture using Image) software.

Sample preparation and cell stimulation

B-Lactoglobulin (BLG) was isolated from raw cow’s milk as described in the protocol of De Jongh et al.
[21]. Inthe absence or presence of glucose, BLG was wet-heated (W), high-temperature dry-heated (H)
or low-temperature dry-heated (L), centrifuged, dialyzed and the protein concentration measured, as
described previously (Chapter 3). THP-1 derived MO and iDC were incubated in Corning® 24 Well TC-
Treated Microplates (Life Sciences, Tewksbury, Massachusetts, USA) with 100 pug/mL BLG, L-glu-BLG,

H-glu-BLG, W-glu-BLG and the culture medium as a control for 6 hours.
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Microarray analysis

THP-1 derived MO and iDC with or without exposure to BLG samples were incubated in Corning® 24
Well TC-Treated Microplates (Life Sciences, Tewksbury, Massachusetts, USA). RNA of the cultured cells
was extracted as described by Tang et al. [22], using 200 uL TRIzol (Invitrogen, Bleiswijk, The
Netherlands) per well. Each cell experiment was performed in triplicate with cells from different
passage numbers. RNA quality was verified using the RNA 6000 Nano assay on an Agilent 2100
Bioanalyzer (Agilent Technologies, Amstelveen, The Netherlands). Quality approved RNA was labelled
and hybridized to the GeneChip® Human Gene 2.1 ST Array in a GeneTitan® platform (Affymetrix, Santa
Clara, California, USA) according to standard protocols. The arrays were scanned by the high-resolution
scanner of GeneChip Scanner (Affymetrix, Santa Clara, California, USA) and the signal was converted
to cell intensity file (.CEL files) using GeneChip Operating Software (GCOS). The raw CEL data was
normalized using the Bioconductor packages of MADMAX pipeline [23] and analysed after data filtering.
Fold change (FC) of MO and iDC was calculated based on the gene transcription level compared to
monocytes, while FC of MO or iDC incubated with BLG samples was compared with MO or iDC without
incubation. Genes with an absolute FC value > 2 and an intensity-based moderated t-statistics (IBMT)

raw g-value < 0.05 were considered to be significantly differentially transcribed.

Data visualization

The Venn diagrams were generated using Venny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/).

Pathway analysis

Pathway analysis was carried out using the program Ingenuity Pathway Analysis (IPA, Qiagen, Hilden,
Germany). For MO and iDC without BLG incubation and MO incubated with native and low-temperature
dry-heated BLG, only the significantly differentially transcribed genes were uploaded in the software.
The IPA core analysis was done based on setting: “Human” in the “Species” category, and “THP-

1”,”Dendritic cells” or “Macrophages” in the category of “Tissue & Cell lines”.

Cell staining and flow cytometry analysis

Cells cultivated in Corning® 96 Well TC-Treated Microplates (Life Sciences, Tewksbury, Massachusetts,
USA) were harvested as described previously (Chapter 3). Cell surface marker staining was done by
first suspending the cell pellets with 100 pL PBS containing 10 uL FcR blocking reagent (Miltenyi Biotec,
Auburn, CA) and incubating the cell suspensions at 4 °C for 10 min. Then 90 pL PBS containing 1 ulL of

each detection antibody was added to the cells and incubated for 30 min at 4 °C (gently mixed in
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between once). The following fluorescence-labelled mouse anti-human monoclonal antibodies (mAbs)
were used: panel 1 [FITC-conjugated CD209 (clone DCN46), PE-conjugated HLA-DR (clone G46-6), PE-
Cy™7-conjugated CD83 (clone HB15e) and APC-conjugated CD11c (clone B-ly6)], panel 2 [FITC-
conjugated CD14 (clone M5E2), PE-conjugated CD40 (clone 5C3), PE-Cy™7-conjugated CD80 (clone
L307.4) and APC-conjugated HLA-ABC (clone G46-2.6)] and panel 3 [FITC-conjugated CD63 (clone H5C6)
and APC-conjugated CD81 (clone JS-81)] all from BD Biosciences (Franklin Lakes, New Jersey, USA).
After staining, 1 mL PBS was added to the cells followed by centrifugation for 5 minutes at 450 x g. The
cell pellet was resuspended in 150 pL PBS and the mean fluorescence intensity (MFI) of each
fluorescence signal was analyzed for four-color immunofluorescence with an Accuri C6 flow cytometry
(BD Biosciences, Franklin Lakes, New Jersey, USA) of at least 5,000 cells for each sample using BD Accuri

C6 software. The MFI of unstained cells was subtracted from each value.

Cytokine production measurement

Supernatant of THP-1 derived MO and iDC without sample stimulation or incubated for 16 hours with
100 pg/mL samples were collected. The cytokine production measurement was done with the ELISA
Deluxe Set Human IL-8/IL10/IL-6/TNF-a,/CCL20/IL-1B (Biolegend, San Diego, California, United States)

following the manufacturer’s protocol.

Assessing the antigen processing capacity of cells using DQ-ovalbumin (DQ-OVA)

DQ-OVA is a self-quenched conjugate of ovalbumin which will exhibit bright green fluorescence upon
proteolytic degradation. THP-1 derived MO or iDC cells in Corning® 96 Well TC-Treated Microplates
(Life Sciences, Tewksbury, Massachusetts, USA) were incubated with medium containing 10 ug/mL DQ-
OVA (Life Sciences, Tewksbury, Massachusetts, USA) for 1 hour. After that, cells were washed twice
with PBS without Ca?* and Mg?* (Gibco, Thermo Fisher, Waltham, Massachusetts, USA) and incubated
with 100 pL of 0.25 % Trypsin-EDTA (Gibco, Thermo Fisher, Waltham, Massachusetts, USA) for 5
minutes. The cell suspension in Trypsin-EDTA was centrifuged for 5 minutes at 450 x g, after which the
cell pellets were resuspended in 150 pL PBS. The mean fluorescence intensity (MFI) of the FITC signal
was recorded by flow cytometry (Accuri C6, BD Biosciences, Franklin Lakes, New Jersey, USA) of at least

5,000 cells for each sample using BD Accuri C6 software.

Statistics

The statistical analysis of microarray data was performed as described in the previous paragraph. The
statistical analysis of other data was done using Prism 6 software or R studio (package “agricolae”),

considering p < 0.05 to be significant.
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Results

THP-1 monocyte-derived macrophages and dendritic cells differed in morphology

To build genetically homogenous innate immune cell models, we used the THP-1 monocytic cell line to
obtain macrophage-like and dendritic-like cells. After 2 days of culturing in medium supplemented with
100 ng/mL of PMA followed by 2 days of rest or 4 days with 20 ng/ml of PMA and 20 ng/m of IL-4, THP-
1 monocytes differentiated into macrophage-like cells in the resting stage (M0) or immature dendritic-
like cells (iDC), respectively. We first analyzed the morphology of different stimulated cells in
comparison with their precursor monocytes. Morphology of both induced cell types demonstrated an
increase in size while M0 maintained their globosity, and iDC showed an elongated shape (Figure 4.1).

In addition, both induced cell types were adherent in contrast to the monocytes.

Monocyte MO iDC

Figure 4.1 The morphologies of THP-1 monocytes and their derived macrophage-like cells at resting
stage (M0O) and immature dendritic-like cells (iDC) can be distinguished from each other. THP-1
monocytes were differentiated into macrophage-like and dendritic-like cells on a 12 well plate and
analyzed under the microscope. Scale bar is 20 um. Representative pictures of repeated differentiation

experiments were shown.

Gene transcription and pathway analysis of THP-1 monocyte-derived macrophages and

dendritic cells showed different profiles

The gene transcription of MO and iDC was compared qualitatively and quantitatively to that of
monocytes to obtain an indication of up- or down-regulation of specific macrophage and dendric cell
related genes. In total, there were 5,307 genes transcribed significantly differentially in at least one of
the cell types out of more than 25,000 tested genes. As shown in the scatter plot of the significantly
differentially transcribed genes (Figure 4.2A), the correlation of the transcription fold change of MO
and iDC was weak (r =0.645, p < 0.001). Moreover, it can be observed in Figure 4.2B that approximately

half of the significantly differentially transcribed genes were shared by both cell types, but these two
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cell types also showed unique transcription profiles. A detailed list with 25 genes which showed the
largest transcription difference in M0 and iDC cells can be found in Table 4.S1 (increased transcription
in MO0) and 4.S2 (increased transcription in iDC). Notably, the overall fold change in transcription level
of iDC was much higher than for M0O. CYBB, IL7R, CD180, WIPF3, KCNMA1, MMP2, TLR7, ZC3H12D and
CHODL demonstrated higher transcription levels in M0 and these genes are related to antigen uptake,
innate immunity and cell signalling. ENDRA, S1PR1, CHRM3, C3AR1 which also demonstrated higher
transcription levels in MO are related to G protein and its coupled receptors. Four SERPINB related
genes were in the gene list of iDC which might be due to the IL-4 usage for cell stimulation [24, 25].
AQP9, CCL22, INHBE, CD274, MMP7 and VCAM1 which are related to immunological response, EHF,
SSCIMP, NR4A3 and ALDH1A2 which are related to dendritic cell, GJB2 and VCAM1 which are related

to cell adhesion had a higher transcription level in iDC compared to MO.
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Figure 4.2 Significantly differentially transcribed genes in macrophage and dendritic cells have both
similarities and differences. THP-1 monocytes were differentiated into macrophage-like and dendritic-
like cells and the gene transcription level was measured by microarray. Genes with an absolute value
of fold change > 2 and q value < 0.05 in at least one cell type are considered to be significant. The
scatter plot (A) was generated to show the correlation of transcription level between MO and iDC
whereas the Venn diagram (B) showed the numbers of significantly transcribed genes which are shared
or exclusive for different cell types. The Pearson correlation coefficient (r) and two-tailed p value were

analyzed using R studio.
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Canonical Pathways

Inhibition of Matrix Metalloproteases
Estrogen-mediated S-phase Entry

Cell Cycle Control of Chromosomal Replication
Role of Tissue Factor in Cancer

Role of BRCA1 in DNA Damage Response
Bladder Cancer Signaling

Hepatic Fibrosis / Hepatic Stellate Cell Activation
Glioma Invasiveness Signaling

IL-8 Signaling

Hepatic Fibrosis Signaling Pathway
Atherosclerosis Signaling

Granulocyte Adhesion and Diapedesis
Aryl Hydrocarbon Receptor Signaling
Macropinocytosis Signaling

Colorectal Cancer Metastasis Signaling
Ovarian Cancer Signaling

Paxillin Signaling

Acute Phase Response Signaling
Inhibition of Angiogenesis by TSP1

Virus Entry via Endocytic Pathways

IL-6 Signaling

Toll-like Receptor Signaling

GADDA4S5 Signaling

Mismatch Repair in Eukaryotes

Role of CHK Proteins in Cell Cycle Checkpoint Control
Hereditary Breast Cancer Signaling
Cyclins and Cell Cycle Regulation
Leukocyte Extravasation Signaling

IL-10 Signaling

LXR/RXR Activation

Agranulocyte Adhesion and Diapedesis
ATM Signaling

Molecular Mechanisms of Cancer

MO

iDC

Figure 4.3 Significantly associated canonical pathway patterns in MO and iDC differed from each other.

THP-1 monocytes were differentiated into macrophage-like (MO) or dendritic-like cells (iDC) and gene

transcription levels were imported into IPA for canonical pathway analysis. Canonical pathways with a

p value < 0.001 were labelled in red.
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The microarray data were analysed with Ingenuity Pathway Analysis (IPA) based on the significantly
differentially transcribed genes for MO and iDC. The significantly associated canonical pathways (p <
0.001) are listed in Figure 4.3. Inhibition of Matrix Metalloproteases, Atherosclerosis Signaling and Aryl
Hydrocarbon Receptor Signaling which are pathways related to cell differentiation or proliferation
were significantly associated with both cell types, as well as IL-8 Signaling and Granulocyte Adhesion
and Diapedesis which are pathways related to inflammation and immune response. Macropinocytosis
Signaling and Virus Entry via Endocytic Pathways (uptake related), Paxillin Signaling (cell adhesion and
morphology related), Acute Phase Response Signaling and Toll-like Receptor Signaling
(proinflammatory and cytokine related) were significantly associated with M0. On the other hand,
Leukocyte Extravasation Signaling, IL-10 Signaling and Agranulocyte Adhesion and Diapedesis are
immune response related pathways which were significantly associated with iDC. As shown in Table
4.S3, upstream regulators ECSIT, CD40LG, TNF-a, TLR4, CD40, IL17A, IL6 and TNFRSF1A were found to
be activated in both MO and iDC. However, the extent of activation was stronger in iDC than MO, with
TNF-a, TLR-4 and TREM1 had the biggest difference in z-score and TSLP was activated in iDC but absent
in MO.

Surface marker expression, cytokine production and antigen processing clearly

distinguished THP-1 derived macrophages from dendritic cells

To further characterize the two different cell types generated from THP-1 monocytes, based on gene
expression, we measured their cell surface marker expression and secretion of cytokines. In addition,
to compare cells in an inflammatory state, we challenged them with LPS, resulting in LPS-stimulated
macrophages (LPS-M) and mature dendritic cells (mDC). As shown in Figure 4.4, expression of
circulating monocyte-derived macrophage differentiation markers CD14 and HLA-ABC [26, 27] were
significantly higher in MO compared to monocytes or iDC, while the expression of circulating
monocyte-derived dendritic cell marker and T cell activator CD209 [28] was significantly higher in iDC
compared to monocytes or MO. Primary APC surface markers CD11c and CD81 [29, 30] had similar
expression levels in MO and iDC and were both significantly higher expressed than in monocytes.
Furthermore, CD63 which was reportedly expressed on circulating monocyte-derived immature
dendric cells [31], showed significantly higher expression in iDC but not in MO compared to monocytes.
After LPS stimulation, expression of CD83 and CD40, which are related to dendritic cell maturation and
interaction with T and B cells [32], were significantly higher in mDC than iDC or LPS-M. CD209 was
significantly decreased in mDC compared to iDC. On the other hand, cell surface expression levels of
CD14 and CD80 (activated circulating monocyte-derived macrophage marker) [33] on LPS-M were

significantly higher than on both M0 and mDC.
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Figure 4.4 THP-1 derived MO and iDC and their LPS-stimulated forms LPS-M and mDC showed different
surface marker profiles compared to monocytes. THP-1 monocytes were differentiated into
macrophage-like and dendritic-like cells and stimulated with LPS. Expression of surface markers was
checked using fluorescence-labelled antibodies and MFI was measured by flow cytometry. The results
represent the mean MFI + SD of 5 independent experiments. The statistical differences were calculated
with Fishers Least Significant Difference (LSD) test and bars with different letters represent significant

differences (p < 0.05).

The secretion of cytokines also showed significant differences between MO and iDC, and their

corresponding cell types after LPS stimulation (Figure 4.5). Monocytes did not produce any of the
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tested cytokines. There was no significant difference in the secretion levels of IL-6 and IL-10
(inflammation regulatory and anti-inflammatory cytokines) by MO and iDC, which were both non-
significant compared to monocytes. However, the secretion levels of IL-8 and TNF-a (proinflammatory
cytokines) in iDC were significantly higher than MO (avg. 22.0 vs. 0.2 and 0.3 vs. 0 ng/mL respectively).
LPS stimulation led to higher cytokine production for both stimulated cell types compared to their
corresponding non-stimulated cells for all tested cytokines. The significantly higher secretion levels of
IL-8 and TNFa in iDC compared to MO were maintained in their LPS-stimulated cells with a general
higher production level (avg. 75.8 vs. 57.1 and 3.9 vs. 2.2 ng/mL). On the contrary, the production of
IL-6 and IL-10 in LPS-M became significantly higher than in mDC (avg. 1.7 vs. 0.4 and 3.9 vs. 0.5 ng/mL).

IL-12 production was not detected in any of the cell types or differentiation stages (data not shown).
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Figure 4.5 Cytokine production of monocytes (mono) and derived macrophages in the resting stage
(MO) and immature dendritic cells (iDC), LPS-induced macrophages (LPS-M) and mature dendritic cells
(mDC) differs. THP-1 monocytes were differentiated into macrophage-like and dendritic-like cells and
stimulated with LPS. The supernatant of the cell cultures was collected, and the cytokines were
measured using corresponding ELISA kits. The results represent mean values + SD of 2-4 independent
experimental measurements. The statistical differences were calculated with Fishers Least Significant

Difference (LSD) test and bars with different letters represent significant differences (p < 0.05).
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Figure 4.6 The antigen processing ability of macrophage-like cells at resting stage (M0) and immature
dendritic-like cells (iDC) are significantly higher than that of THP-1 monocytes (mono). DQ-OVA shows
florescence when it is taken up and processed by phagocytes. THP-1 monocytes were differentiated
into macrophage-like and dendritic-like cells and incubated with DQ-OVA for 2 hours, after which the
florescence signal was measured by flow cytometry. The results represent mean MFI + SD of 5
independent experimental measurements. The statistical differences between any two data set were

calculated with two-tailed unpaired T-test, **p < 0.01.

A key hallmark of APCs is the internalization and processing of antigens for subsequent presentation
to adaptive immune cells. Using DQ-OVA, we tested the antigen uptake and processing capacity of MO
and iDC. Compared to monocytes, both MO and iDC showed significantly higher antigen processing

ability (Figure 4.6).
Treatment of MO and iDC with processed BLG led to different gene transcription profile

The THP-1 derived MO0 and iDC model was used further to study the impact of processed BLG samples
on the transcription levels. The cells were exposed to native, wet-heated, high- and low-temperature
dry-heated BLG in the presence glucose (BLG, W-glu-BLG, H-glu-BLG and L-glu-BLG), after which the

gene transcription levels were analysed using microarray and compared to non-treated MO and iDC.

In general, there were more upregulated genes than downregulated in either cell type treated by
either sample type. In MO treated with BLG and L-glu-BLG, the highest total number of significantly
differentially transcribed genes (fold change absolute value > 2, q < 0.05) was found (246 and 172
respectively; Figure 4.7A). Figure 4.7C showed that most of the significantly differentially transcribed

genes in MO incubated with L-glu-BLG were also transcribed in MO incubated with BLG. In MO treated
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with H-glu-BLG or W-glu-BLG and iDC treated with any sample, the number of significantly differentially
transcribed genes was below 20 (Figure 4.7A and 4.7B), for which details can be found in Table 4.54
and S5.
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Figure 4.7 THP-1 derived MO and iDC responded with different gene transcription profiles to native or
processed BLG. THP-1 monocytes were differentiated into macrophage-like and dendritic-like cells and
incubated with native and processed BLG samples for 6 hours. The gene transcription level of cells was
measured by microarray based on isolated RNA and expressed as fold change compared to the gene
transcription level of medium control cells. The bar chart indicated the number of significantly (with
fold change absolute value > 2 and q value < 0.05) up or down regulated genes for different BLG sample
treated MO (A) and iDC (B). Venn diagram (C) showed the numbers of significantly transcribed genes

which are shared or exclusive for MO incubated with BLG or L-glu-BLG.

Innate immunity related pathways and upstream regulators were significantly associated or

activated in for MO treated with native or low-temperature dry-heated BLG

The gene transcription profiles of MO treated with native or low-temperature dry-heated BLG were

integrated and interpreted further by IPA to obtain a view towards potentially related immune
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responses. Analysis of the canonical pathways (Figure 4.8) showed that both BLG and L-glu-BLG
induced immune related pathways in MO0 after incubation. Inflammation induction-related pathways
were significantly associated with MO treated with BLG and L-glu-BLG, including Th1l Pathway, NF-kB
Signaling, TNFR1 Signaling, TWEAK Signaling, Activation of IRF by Cytosolic Pattern Recognition
Receptors, TNFR1 Signaling, Toll-like Receptor Signaling, CD40 Signaling, HMGB1 Signaling, TREM1
Signaling. Additionally, pathways like IL-23 Signaling Pathway (Th17 maintenance and expansion),
Communication between Innate and Adaptive Immune Cells, Agranulocyte Adhesion and Diapedesis,
Granulocyte Adhesion and Diapedesis and IL-15 Production (regulatory of natural killer cells and T cells)
which are related to adaptive immunity signalling were also significantly associated with MO treated
with BLG and L-glu-BLG. Compared to MO incubated with BLG, MO incubated with L-glu-BLG did not
show significant association with Th17 Activation Pathway and IL-12 Signaling and Production in
Macrophages. On the contrary, several B cell related pathways and Th2 pathway were only significant

associated in MO0 incubated with L-glu-BLG.

Canonical pathways BLG  L-glu-BLG
IL-23 Signaling Pathway

Dendritic Cell Maturation

IL-17A Signaling in Gastric Cells

Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza
Hepatic Fibrosis / Hepatic Stellate Cell Activation

Role of IL-17A in Arthritis

Altered T Cell and B Cell Signaling in Rheumatoid Arthritis
Communication between Innate and Adaptive Immune Cells

Th1 Pathway

Tryptophan Degradation to 2-amino-3-carboxymuconate Semialdehyde
L-serine Degradation

NF-kB Signaling

Airway Pathology in Chronic Obstructive Pulmonary Disease
Agranulocyte Adhesion and Diapedesis

Granulocyte Adhesion and Diapedesis

Hepatic Fibrosis Signaling Pathway

4-1BB Signaling in T Lymphocytes

TWEAK Signaling

Induction of Apoptosis by HIV1

Activation of IRF by Cytosolic Pattern Recognition Receptors
Lymphotoxin B Receptor Signaling

TNFR1 Signaling

Role of IL-17F in Allergic Inflammatory Airway Diseases

IL-15 Production
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Crosstalk between Dendritic Cells and Natural Killer Cells
FAT10 Cancer Signaling Pathway

TNFR2 Signaling

Toll-like Receptor Signaling

CDA40 Signaling

Neuroinflammation Signaling Pathway

HMGB1 Signaling

TREML1 Signaling

Hepatic Cholestasis

Th17 Activation Pathway

Pathogenesis of Multiple Sclerosis

IL-12 Signaling and Production in Macrophages

Relaxin Signaling
G-Protein Coupled Receptor Signaling

Atherosclerosis Signaling

iCOS-iCOSL Signaling in T Helper Cells

IL-6 Signaling

Gas Signaling

April Mediated Signaling

B Cell Activating Factor Signaling

Role of PKR in Interferon Induction and Antiviral Response

CD27 Signaling in Lymphocytes

Systemic Lupus Erythematosus In B Cell Signaling Pathway
B Cell Development

Th1 and Th2 Activation Pathway

Th2 Pathway

Figure 4.8 Significantly associated canonical pathways in MO incubated with BLG and L-glu-BLG were
mostly related with immune response. THP-1 monocytes were differentiated macrophage-like (M0)
were incubated with native or low-temperature dry-heated BLG in the presence of glucose, and their
gene transcription levels were imported into IPA for canonical pathway analysis. Canonical pathways
with a p value < 0.001 were labelled in red and listed from top to bottom followed the p value difference
between MO and iDC from large to small for categories of p < 0.001 in both M0 and iDC, only MO and

only iDC separately.

As shown in Table 4.56, in MO treated with native BLG, innate immune related regulators ECSIT
(intermediate In Toll Pathway), IFNG (IFNy), TLR4, IL27, TLR2, TNF (TNF-a) and IL-1B were significantly

activated while LY6GE which has immunosuppressive effects [34] was inhibited. There was no clear
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difference in the activated or inhibited upstream regulators in MO incubated with L-glu-BLG compared

to BLG, but the activation levels (based on z-scores) were weaker in the former condition.

Cytokine transcription and secretion level differed for native and processed BLG treated M0

and iDC

Cytokines that regulate cell signalling and immune response were further investigated for estimating
the influence of processing of BLG on innate immune cell responses. From the formerly described
transcription data (microarray), cytokine genes with a significantly differentially transcription level in
MO following incubation with any BLG samples are presented in Table 4.1 (no significantly differentially
transcribed cytokine gene for iDC). In fact, differential transcription was found only in MO incubated
with BLG or L-glu-BLG with transcription levels being slightly higher in BLG stimulated MO. Significantly
higher transcription levels were found for IL23A, 1L32, CCL1, CCL4, CCL5, CCL19, CCL22, CXCL3, CXCLS,
CXCL10 and CXCL11 in BLG treated MO compared to medium-treated MO.

Table 4.1 Transcription fold change of cytokine genes in MO0 incubated with BLG samples

Cytokine BLG L-glu-BLG H-glu-BLG W-glu-BLG
IL23A 2.3% 1.6 1.2 1.0
1L32 3.4% 3.8*% 1.8 2.1
CCL1 4.9% 2.6%* 1.7 14
CCL4 4.5% 3.3 1.3 1.6
CCL5 2.2* 1.8* 1.1 1.2
CCL19 4.9* 4.3* 1.3 1.5
CCL22 3.7% 2.7% 1.6 1.6
CXCL3 3.5% 3.3 -1.2 1.1
CXCL8 14.0%* 9.0 2.2 3.5
CXCL10 3.8*% 5.7* 1.4 2.1
CXCL11 2.1% 1.8 1.3 1.2

Note: The values indicate fold changes of the transcription of THP-1 derived MO and iDC exposed to
different BLG samples compared to their control (exposed to culture medium) of N = 3 experiments, *q

<0.05.

The cytokine secretion of IL-8 (CXCL8), CCL20 and IL-1B in MO incubated with BLG sample is described
in the next chapter, in which we showed a significantly higher secretion of all cytokines by M0
incubated with BLG and L-glu-BLG compared to other BLG samples. In iDC, BLG and L-glu-BLG similarly

induced a significantly increased secretion of IL-8 and IL-1, but not CCL20 (Figure 4.9).
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Figure 4.9 Cytokine response of iDC upon exposure to native or heat-treated BLG varies. BLG was
untreated or heated (W, H or L) in the presence of glucose and incubated with iDC. The cytokine
secretion of IL-8 (A), CCL20 (B) and IL-18 (C) was analysed in the supernatant with ELISA. The results
represent mean values + SD of 3 independent experimental measurements. The statistical differences

were calculated with Dunnett's Test compared to medium control: *p < 0.05; **p <0.01; ***p < 0.001.

Discussion

The differentiation of THP-1 monocytes into macrophage-like cells (M0) by PMA is a common method,
whereas studies about the differentiation into dendritic-like cells are relatively limited [35]. Based on
the protocol of Katayama et al. [20], we generated THP-1 derived dendritic-like cells (iDC) using PMA
and IL-4. The morphology, transcription profile, expression and secretion levels of surface markers and
cytokines, and antigen processing capability of THP-1 derived MO0 and iDC were determined, and these
were compared to their progenitor monocytes. Although PMA was used to derive both cell types, the
lower concentration of PMA and the addition of IL-4 induced dendritic-like cells as a clearly different

cell type from macrophages and monocytes.

The difference of M0 and iDC from their progenitor THP-1 monocytes is clear from their morphology
(Figure 4.1), as well as the vast number of significantly transcribed genes compared to monocytes
(Figure 4.2). There were in total 5254 genes significantly differentially transcribed in MO and iDC
compared to monocytes, of which about half were shared by both cell types. From the canonical
pathway analysis in Figure 4.3, both MO and iDC showed significant association with the cell
differentiation and immune response related pathways, indicating their differentiated cell identities
and essential role in immune responses. Their antigen processing capabilities were illustrated by the
significantly higher MFI signals due to the processing of DQ-OVA compared to monocytes, as shown in

Figure 4.6.
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The difference between iDC and MO was also obvious from their morphology, with a typical circular
shape and the presence of dendrites for iDC (Figure 4.1). When looking at the significantly differentially
transcribed genes compared to monocytes, the correlation between the fold change of MO and iDC is
weak (Figure 4.2A). The fact that iDC had a higher number of significantly differentially transcribed
genes than M0 might be caused by stronger activation of upstream regulators (TNF-a, TLR4, TREM1
and TSLP) and secretion of IL-8 and TNF-a compared to MO (Table 4.53 and Figure 4.5). TNF-a.and TLR4
play essential roles in activating T cells [36, 37]. This coincided with the significantly associated
pathways Leukocyte Extravasation Signaling and IL-10 Signaling (Figure 4.3). CD209, which was
significantly stronger expressed in iDC than in THP-1 monocytes and MO, was also reported to be
involved in dendritic cell-T cell interaction [38]. These observations indicate the additional T cell
signalling function of iDC next to their role in phagocytosis and other immune regulatory functions as
APCs [39]. On the other hand, M0 showed exclusive and significant associations with uptake and
proinflammatory related pathways (Figure 4.3), which is in line with the more prominent role of M0 in
inducing phagocytosis and inflammation compared to iDC. Expression of CD14 was significantly higher
in MO, which is reported to be a pattern recognition receptor for LPS and related to the innate immune
response of macrophages [40]. LPS-stimulated MO secreted significantly higher amounts of IL6 and IL-
10 (Figure 4.5), which is in line with other studies [41, 42]. The transcription levels of the surface
markers (Table 4.57) corroborated the outcomes of the surface marker expression for both M0 and
iDC, and even included more surface marker genes. For instance, CD3G, CD22, CD36, CD109, CD163,
CD180 showed clearly higher gene transcription levels for MO than for iDC, while CD1B, CD1C, CD4,
CD86, CD226, CD274, CD300LB were more transcribed by iDC than by MO. These surface markers may
have potential value in distinguishing MO and iDC for future studies. Overall, our THP-1 derived MO
and iDC could be distinguished from each other and showed clearly differing properties. Moreover,
they successfully represented the primary derived macrophages and dendritic cells by showing the
strengths in antigen uptake, processing and inflammatory response by MO0 and the function of T cell

stimulation and signalling between the innate and adaptive immune system by iDC.

Although iDC had more significantly differentially transcribed genes and higher transcription levels
compared to monocytes than MO, its response to BLG samples was much weaker than MO in both
transcription and cytokine secretion levels (Figure 4.7 and 4.9). BLG was reported to have limited
immunomodulatory effects when incubated with murine DC [43], whereas its immune effect on
macrophages has not been studied yet besides in our uptake study (Chapter 3). As shown in Table 4.1
and Figure 4.9, MO incubated with native and low-temperature dry-heated BLG induced the
transcription and secretion of cytokine genes to higher levels compared to wet-heated and high-

temperature dry-heated BLG. The lower cytokine secretion levels of wet-heated and high-temperature
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dry-heated BLG are probably due to their more severe structural changes after processing, as indicated

previously (Chapter 3).

The inflammatory pathways and activation of innate immunity related upstream regulators in M0 that
were significantly associated with incubation with BLG and L-glu-BLG (Figure 4.8 and Table 4.56) appear
to indicate a pro-inflammatory effect of BLG. There were also quite a number of adaptive immunity
and T cell signalling pathways activated, which is not surprising as other studies also demonstrated
that macrophages have the ability to regulate adaptive immune responses and even directly contact T
cells [44, 45]. The pro-inflammatory effect of BLG and L-glu-BLG could possibly be linked with the
significant association of T helper 1 (Th1) Pathways [46]. In addition to the Th1 response, the response
of MO to incubation with the BLG sample also seemed to impact Th17 cells, as suggested by the
significant association with IL-23, Th17 and several IL-17 related pathways. There was no clear
difference in the activation of upstream regulators by MO incubated with BLG or L-glu-BLG, and they
also shared most of the significantly associated pathways. Glycation in L-glu-BLG, as previously
reported (Chapter 3), might still influence the immunogenicity of BLG to some extent. As indicated in
Figure 4.9, IL-6 Signaling and Th2 Pathway is only significantly associated with MO incubated with L-
glu-BLG. This observation is in line with the finding of the stronger enhancing effect of ovalbumin
glycated at 50 °C for 6 weeks than native ovalbumin towards IL-6 secretion and Th2 differentiation [47].
This study, where human primary monocyte-derived dendritic cells were used and Th2 cytokine (IL-4
and IL-5) secretion levels were measured based on CD4* T cells co-cultures of dendritic cells, showed

that native ovalbumin was also associated with Th1 induction.

Conclusion

Endocytic uptake is the crucial and fundamental step in inducing further primary responses by APCs
[48]. As indicated by our results, MO incubated with BLG samples showed stronger transcriptional
responses than iDC. Wet-heated BLG, which has the severest physicochemical modification and the
highest uptake by APCs among all tested samples (Chapter 3 and 5), did not cause the strongest
transcriptional response by innate immune cells. There is thus no clear relationship between the
uptake efficiency in MO and the transcription-inducing effects of BLG. Glycation, as occurring at low-
temperature dry-heated conditions, might change the immunogenicity of BLG towards a Th2
differentiation enhancing direction which is related to chronic inflammatory disease and allergy [49].
In conclusion, dendritic-like cells were generated successfully from THP-1 monocytes, which clearly
differed from both their progenitor and MO. In addition, the uptake of protein by APCs was shown to
not be linked with gene transcription and cytokine production. It should be noted that this work is

based on in vitro experiments, the result of which still need to be further verified in vivo, as functional
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responses of immune cells, rather than uptake or gene transcription alone, are required to identify

immunogenicity of proteins before and after processing-induced changes.
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Supplementary data

Table 4.51 Top 25 genes with the largest difference in transcription between MO and iDC- higher in
Mo

Gene Mo iDC Gene Ontology Description

name

CYBB 15.1* -1.6 inflammatory response, antigen processing and presentation of
peptide antigen via MHC class |

IL7R 10.3* -2.1  regulation of DNA recombination, signal transduction

EDNRA 19.3*% 1.2 respiratory gaseous exchange, glucose transport

PRR5L 13.5 -1.1 TORC2 signaling, negative regulation of protein phosphorylation

PLK2 5.4¥ -2.6* mitotic cell cycle checkpoint, Ras protein signal transduction

S1PR1 18.3* 1.3 blood vessel maturation, cardiac muscle tissue growth involved in
heart morphogenesis

CHRM3 17.9* 1.3 G-protein coupled acetylcholine receptor signaling pathway, signal

transduction
C30rf80 2.4%  -52*% NA

DYSF 66.4* 5.9* plasma membrane repair, vesicle fusion

SLC9A9 21.1* 1.9 ion transport, transmembrane transport

CD180 9.7 -1.1 positive regulation of lipopolysaccharide-mediated signaling
pathway, B cell proliferation involved in immune response

UST 17.4% 1.7 carbohydrate metabolic process, protein sulfation

ANTXR1 3.3*  -3.1* signal transduction, actin cytoskeleton reorganization

GALNT16 11.2* 1.1 protein glycosylation

C3AR1 11.6* 1.2 metabolic process, complement receptor mediated signaling
pathway

HEY2 14.2*% 1.5 vasculogenesis, muscular septum morphogenesis

SERPINI1 12.9% 1.4* central nervous system development, peripheral nervous system
development

NA 11.0* 1.2 NA

WIPF3 12.6% 1.4 Fc-gamma receptor signaling pathway involved in phagocytosis,
innate immune response

PPFIA2 7.3* -1.2  signal transduction, cell-matrix adhesion

KCNMA1 19.2* 2.2*  blood coagulation, synaptic transmission

MMP2 3.6¥ -2.3* extracellular matrix disassembly, extracellular matrix organization
TLR7 8.7* 1.0 toll-like receptor signaling pathway, toll-like receptor 9 signaling
pathway

ZC3H12D 2.8%  -3.0* negative regulation of cell growth, negative regulation of G1
CHODL 14.3* 1.8 inflammatory response, antigen processing and presentation of
peptide antigen via MHC class |
Note: The values of fold changes indicate the fold change of the gene transcription of MO and iDC

compared to THP-1 monocyte based on 3 parallel cell-based experiments, *q < 0.05 indicates the
significance calculated by intensity-based moderated t-statistics (IBMT). Top 25 genes are genes for

which MO have the highest difference with iDC.
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Table 4.52 Top 25 genes with the largest difference in transcription between MO and iDC- higher in

iDC

Gene name MO0 iDC Gene Ontology Description

SERPINB4 -3.3* 515.0* negative regulation of peptidase activity, regulation of proteolysis

SERPINB3 -1.1 135.2* response to virus, negative regulation of peptidase activity

AQP9 2.8%  243.9*% metabolic process, transport

CCL22 -1.5 51.5*%  cell-cell signaling, response to virus

SERPINB12 1.3 70.7* negative regulation of protein catabolic process, negative
regulation of endopeptidase activity

SERPINB13 -1.2  45.9*  response to UV, regulation of proteolysis

KCNK3 1.3 65.1%* potassium ion transport, synaptic transmission

EHF 1.8 60.7* multicellular organismal development, cell proliferation

SCIMP -2.2 15.0*  positive regulation of ERK1 and ERK2 cascade

SLC1A2 1.0 32.2%* ion transport, synaptic transmission

INHBE 1.2 35.8*  growth

CD274 -1.4  20.0* T cell costimulation, positive regulation of T cell proliferation

NR4A3 1.4 38.5% biological_process, transcription initiation from RNA polymerase ||
promoter

NPR1 1.5 41.3*  positive regulation of renal sodium excretion, positive regulation of
urine volume

ALDH1A2 7.8% 211.9*% retinoic acid metabolic process, negative regulation of cell
proliferation

SPINT2 -2.3* 10.7*  cellular component movement, negative regulation of
endopeptidase activity

MMP7 3.5%  78.4*  extracellular matrix disassembly, extracellular matrix organization

VCAM1 1.3 27.7*%  cytokine-mediated signaling pathway, extracellular matrix
organization

WISP1 1.0 20.9*  cell-cell signaling, signal transduction

TFPI2 12.1* 242.6* blood coagulation, negative regulation of endopeptidase activity

IL13RA2 -1.1 18.3*  signal transduction, cytokine-mediated signaling pathway

GJB2 -1.5 12.7*  transport, gap junction assembly

TGM2 9.3* 156.1* positive regulation of cell adhesion, apoptotic cell clearance

F3 -2.4*%  6.7% blood coagulation, blood coagulation, extrinsic pathway

ROR1-AS1 1.2 18.8* NA

Note: The values of fold changes indicate the fold change of the gene transcription of MO and iDC

compared to THP-1 monocyte based on 3 parallel cell-based experiments, *q < 0.05 indicates the

significance calculated by intensity-based moderated t-statistics (IBMT). Top 25 genes are genes for

which iDC have the highest difference with MO.
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Table 4.53 Significantly activated or inhibited upstream regulators in M0 and iDC (z-score > 2 or < -
2)

Upstream Regulators MO (z-score) iDC (z-score)
ECSIT
CD40LG
TNF
TLR4
CD40
IL17A
IL6
TNFRSF1A
TREM1
GAPDH
TSLP
mir-155
mir-146
TGFB1
LYGE
Note: z-score was calculated by IPA which represents the bias in gene regulation that predicts whether

the upstream regulator exists in an activated or inactivated state. z-score > 2 (red) or < -2 (green) was

considered to be significant.
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Table 4.54 Significantly differentially transcribed genes and their fold change (FC) in H-glu-BLG and
W-glu-BLG treated MO

Sample Gene name FC Gene Ontology Description

H-glu-BLG HLA-DQA2 2.0 cytokine-mediated signaling pathway, antigen processing and
presentation of exogenous peptide antigen via MHC class Il

AMPD3 2.1 purine nucleobase metabolic process, AMP catabolic process

SLC2A6 2.4 transmembrane transport, glucose transport

SOD2 2.6  release of cytochrome c from mitochondria, vasodilation by
acetylcholine involved in regulation of systemic arterial blood
pressure

NCF1C 3.0 oxidation-reduction process

CRIM1 3.3 nervous system development, insulin-like growth factor
receptor signaling pathway

EBI3 3.6 humoral immune response, T-helper 1 type immune response

TNFAIP6 4.1  cell-cell signaling, signal transduction

IL18R1 9.1 signal transduction, immune response

ID1 -3.1 angiogenesis, transforming growth factor beta receptor
signaling pathway

ID3 -2.9 multicellular organismal development, negative regulation of
transcription, DNA-templated

MBNL2 -2.1 regulation of RNA splicing, regulation of alternative mRNA
splicing, via spliceosome

W-glu-BLG  SUMO4 2.1  protein sumoylation

TAF7 2.1  spermine transport, negative regulation of transcription from
RNA polymerase Il promoter

ACKR3 2.1 receptor internalization, chemokine-mediated signaling
pathway

HLA-DQA2 2.2 cytokine-mediated signaling pathway, antigen processing and
presentation of exogenous peptide antigen via MHC class Il

IDO1 2.3 tryptophan catabolic process, female pregnancy

NCF1C 2.5 oxidation-reduction process

SOD2 2.6 release of cytochrome ¢ from mitochondria, vasodilation by
acetylcholine involved in regulation of systemic arterial blood
pressure

EBI3 3.2 humoral immune response, T-helper 1 type immune response

TNFRSF9 3.2 apoptotic process, negative regulation of cell proliferation

CRIM1 3.3 nervous system development, insulin-like growth factor
receptor signaling pathway

TNFAIP6 4.1  cell-cell signaling, signal transduction

TNFSF18 4.5 T cell proliferation involved in immune response, tumor
necrosis factor-mediated signaling pathway

IL18R1 7.6  signal transduction, immune response
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Table 4.S5 Significantly differentially transcribed genes and their fold change (FC) in BLG, H-glu-BLG
and W-glu-BLG treated iDC

Sample Gene name FC  Gene Ontology Description
BLG TNFAIP6 3.7 cell-cell signaling, signal transduction
TRBVS5-5 24 NA
SOD2 2.2 release of cytochrome ¢ from mitochondria, vasodilation by
acetylcholine involved in regulation of systemic arterial blood
pressure
LOC101929565 -2.2 NA
H-glu-BLG OR8A1 3.2 G-protein coupled receptor signaling pathway , axon
guidance
CD6 2.3 cell adhesion, receptor-mediated endocytosis
LINC01099 -2.1 NA
LOC101929565 -2.1 NA
MIR4797 -2.2 NA
AKTIP -2.2  positive regulation of protein phosphorylation, positive
regulation of protein binding
UGT1A5 -2.7 metabolic process
MIR4451 -3.3 NA
W-glu-BLG  UGT1A5 -3.2  metabolic process

Table 4.56 Significantly activated or inhibited upstream regulators in M0 incubated with BLG and L-
glu-BLG (z-score >2 or < -2)

Upstream Regulators BLG (z-score) L-glu-BLG (z-score)

ECSIT

IFNG

TLR4

IL27

TLR2 1.95

TNF N/A

IL1B N/A

LYGE -2.43 -2.43

Note: z-score was calculated by IPA which represents the bias in gene regulation that predicts whether
the upstream regulator exists in an activated or inactivated state. z-score > 2 (red) or < -2 (green) was

considered to be significant.
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Table 4.57 Gene transcription of surface markers in MO and iDC

Phenotypic markers MO iDC
CD1B 1.1 4.6*
CD1C 2.0 12.5*
CD1E 1.9% 2.1*
CD3G 3.3* -1.4
CDh4 1.2 -3.6*
CD9 42.9* 20.8*
CD11c 15.7* 21.2*
CD14 27.9* 9.0*
CD22 87.9* 36.1*
CD36 20.6* 9.4*
CD38 -12.3* -7.4*
CD40 2.3* 5.4%*
CDh44 2.7* 6.4%
CD47 2.0* 1.2
CD52 27.9* 41.7*
CD53 7.4% 9.3*%
CD55 3.4% 2.7*
CD58 2.4% 1.7*
CD59 4.8*% 4.7*
CDh63 1.7* 2.0*
CD70 -4.6* -8.5*
CD79A -1.5 2.1*
Cb81 2.5% 2.0*
CD82 2.7* 4.1*
CD83 7.4% 16.1*
CD84 2.1* 3.8*%
CD86 1.8 9.5%
CD101 1.6 -2.1
CD109 10.1* 2.2%
CD151 2.5% 2.4*
CD163 17.9* 6.6*
CD164 2.3% 2.0*
CD180 9.7* -1.1
CD209 5.7* 13.4*
CD226 2.3 16.6*
CD244 -2.3% -6.4%

CD274 -1.4 20.0*
CD276 3.6* 4.3*
CD300a 5.6* 3.9*%
CD300Ib 2.8* 26.0*
CD320 -2.1% -1.5
HLA-A 2.2% 1.8*%
HLA-B 1.7* 1.7*
HLA-C 2.3% 2.3*
HLA-DPA1 -3.5% -2.6*
HLA-DPB1 -3.5% -2.8%
HLA-DQB1 -2.9*% -6.5*
HLA-DQB2 -1.6* -2.0*
HLA-DRA -12.0* -8.7*
HLA-DRB1 1.0 -4.3*
HLA-DRB5 -3.1%* -5.8*
HLA-DRB6 1.9* 1.2

Note: The values indicate the surface markers’ gene transcription fold changes of THP-1 derived MO
and iDC compared to their control (exposed to culture medium) of N = 3 experiments, *p < 0.05. Only

genes which has significant transcription level in at least one cell type were shown in the table.
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Chapter 5

Abstract: Impact of processing on immunogenicity of food proteins has clearly been demonstrated,
but the underlying mechanisms are still unclear. In our previous study, the uptake of the cow’s milk
protein B-lactoglobulin (BLG) by THP-1 macrophages differed after different processing methods and
was positively correlated with hydrophobicity and aggregation. Here we applied the same 3 processing
methods: wet heating (60 °C) and low- or high-temperature (50 °C or 130 °C, respectively) dry heating
in absence or presence of reducing sugars (i.e. glucose, lactose or GOS) to lysozyme and thyroglobulin,
which have different pl or molecular weight compared to BLG, respectively. Uptake was tested in two
types of, genetically homogeneous, antigen-presenting cells (APCs; being macrophages and dendritic
cells derived from THP-1 monocytes). This revealed a strong correlation between the uptake of the
different protein samples by macrophages and dendritic cells, and confirmed the key role of
hydrophobicity, over aggregation, in determining the uptake. Several uptake routes were shown to
contribute to the uptake of BLG by macrophages. However, cytokine responses following exposure of
macrophages to BLG samples was not related to the levels of uptake. Remarkably, heat-treatment-
mediated increases in uptake did thus not induce immune responses. Together, our results
demonstrate that heat-treatment-induced increased hydrophobicity is the prime driving factor in

uptake, but not in cytokine production, by THP-1 macrophages.
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Introduction

Dietary proteins play an important physiological role, not only in providing amino acids and energy,
but also for the maturation and regulation of the immune system. Proteins are known to be involved
in the regulation of chronic inflammation and be the cause of allergies [1]. For example, a higher intake
of animal protein was found to enhance the pro-inflammatory response of macrophages in mice [2].
Most of the proteins that humans ingest have been through a heating process as part of the food
processing, as a result of which structural modifications, such as glycation (with reducing sugar) and/or

aggregation of proteins, may occur.

In Chapter 3 study on B-lactoglobulin (BLG), the major whey protein of milk, we observed that heat
processing under different conditions altered the physicochemical properties and its uptake by THP-1
macrophages. In particular, heating in solution at 60 °C for 3 days introduced changes in
hydrophobicity and molecular weight, which were shown to be the key determinants for uptake. This
event may be relevant for a possible subsequent immune response [3, 4] and has been linked to heat-
treatment-induced changes in protein’s propensity to induce an allergic reaction [5-7]. Despite the
new findings in that study, obvious limitations relate to the use of a single protein, cell phenotype and

immunological read-out.

Here, we extend previous findings by investigating 2 other proteins (lysozyme and thyroglobulin),
another cell phenotype (THP-1 dendritic cells), and different immunological responses to yield novel
insight. Lysozyme and thyroglobulin were subjected to the same heat treatments as used for BLG.
Lysozyme from chicken egg white is a single chain polypeptide with four disulphide bridges and is a
rather inflexible protein with stable structure and properties [8]. It has a molecular weight of 14.3 kDa
which is similar to 18.4 kDa of BLG and an isoelectric point (pl) of 10.7 [9] which is clearly different
from BLG (pl = 5.2) [10], resulting in a positive net charge of this protein at the physiological pH.
Moreover, it is also known as an allergen, as exemplified by the high incidence of sensitization and
allergenicity to this protein [11]. On the other hand, bovine thyroglobulin, which originates from
follicular cells of the thyroid gland, is a protein that is considered as less allergenic. It has a molecular
weight of 330 kDa as a monomer, making it more than 18 times larger than the mass of the other two
proteins under investigation. It has a complex quaternary structure composed of four subunits that
are disulphide bonded [12, 13]. Its pl (4.6) is close to that of BLG, conferring it a similar charge as BLG
at the pH of the exposure medium. We analysed uptake of heat-treated proteins by macrophages and
dendritic cells and correlated this to physicochemical characteristics. Furthermore, we investigated the
mechanism and receptors that are involved in uptake and identified downstream immunological

responses by quantifying cytokine response.
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Taken together, our findings provide insights into the role of protein size and pl towards
physicochemical changes upon food-processing related heat-treatments. This appears to yield
generalisable correlations between a protein’s physicochemical characteristics and its uptake by
antigen-presenting cells (APCs). Finally, we identified routes of uptake and downstream immunological
responses which will help to clarify the interaction of protein particles with macrophages and the

potential immunoregulatory effect of it.

Materials and methods

Chemicals

All chemicals were purchased from Sigma Aldrich (St Louis, Missouri, USA) unless otherwise stated.
Sample preparation and fluorescent labelling

B-Lactoglobulin (BLG) from cow’s milk, lysozyme from chicken egg white and thyroglobulin from bovine
thyroid were dissolved in sodium phosphate buffer (10 mM, pH 7.4, same below) to a protein
concentration of 5 mg/mL. Besides this solution without saccharides, D-glucose (glu), D-lactose (lac),
and galacto-oligosaccharide (GOS; Royal FrieslandCampina, Wageningen, the Netherlands) were
added to reach a final 1:4 molar ratio of total free amino groups to saccharide reducing ends. Identical
heating methods, being high-temperature dry-heating (H), wet-heating (W) and low-temperature dry-
heating (L), sample preparation and naming were applied to the proteins as indicated in Chapter 3.

Fluorescein isothiocyanate isomer | (FITC) labelling was performed as described in Chapter 3.

THP-1 cell culture and differentiation

The human monocytic leukaemia cell line THP-1 (ATCC, Manassas, Virginia, USA) was differentiated
into cells characteristic for resting macrophages (MO) as described by Chanput et al. [14], at a
concentration of 1x10° cells/mL using 100 ng/mL phorbol-12-myristate-13-acetate (PMA) for a 48
hours stimulation followed by 2 times cell washing with medium and another 48 hours of rest. Using a
cell concentration of 0.25x10° cells/mL and incubation with 20 ng/mL of IL-4 and 20 ng/mL of PMA for
4 days, as described by Katayama et al. [15], immature dendritic cells were generated from THP-1

monocytes.

Physicochemical analysis

The analysis of solubility (protein mass remaining in solution), loss of amino group (OPA method), AGE
formation (fluorescent measurement), exposure of hydrophobicity region (ANS method), surface

charge (zeta-potential measurement), secondary structure (circular dichroism measurement) and
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aggregation (size exclusion chromatography) were performed using the protocols as described in

Chapter 3.

Uptake and blocking of different uptake routes

Uptake experiments were performed as described in Chapter 3. No significant difference of absolute
uptake value has been found for native BLG, thyroglobulin or lysozyme in macrophages or dendritic
cells (Figure 5.51). As there is no bias for the basic uptake capability for the different proteins, all the
uptake results were presented relative to their corresponding native protein to be able to compare
among different proteins. To determine which route of uptake was involved in a protein’s uptake by
THP-1-derived cells, the cells were pre-incubated for 30 minutes with DMSO (control) or different
inhibitors: 25 ug/mL nystatin (caveolae-dependent uptake inhibitor), 10 pug/mL chlorpromazine
(clathrin-dependent uptake inhibitor), 10 pug/mL cytochalasin B (microphagocytosis inhibitor) or all
inhibitors combined, dissolved in DMSO. Following incubation, the cells were washed with PBS and
incubated for 2 hours with FITC-labelled protein samples. Subsequently, the cells were harvested and
measured using flow cytometry as described in Chapter 3. For uptake blocking experiment, 5 pl trypan
blue was added per 100 pl of cell suspension to quench extracellular FITC signal before flow cytometry
measurement especially. Uptake was calculated as either the relative fold change in mean
fluorescence intensity (MFI) relative to control, after correcting for FITC labelling efficiency (control =

1), or as percentage to control (control = 100%).

Soluble receptor for advanced glycation end products (sRAGE), CD36 and Galectin-3
inhibition ELISA

The experiment was performed according to the method of Liu et al. [16]. As a positive control, soy
protein (Bulk Powder, Colchester, UK) was mixed with D-glucose in an equal w/w ratio in 10 mM PBS
buffer (pH 7.4), to a protein concentration of 10 mg/mL and heated for 90 minutes at 120 °C. The
positive control was diluted in 1.5 mM of sodium carbonate buffer pH 9.6 to 20 pug/ml and used for
plate coating by adding 100 uL per well to a Nunc MaxiSorp™ flat-bottom plate (Thermo Fisher,
Waltham, Massachusetts, USA) and incubating overnight at 4 °C. Then the plate was washed 3 times
with PBS buffer pH 7.4 containing 0.05% (v/v) Tween-20. After blocking with 3% bovine serum albumin
(BSA) in PBS for 1 hour at room temperature, the wells were washed 3 times and incubated with 80 pL
protein samples (25 pg/mL) at 37 °C for 1 hour more. The samples were preheated at 37 °C for 45
minutes with recombinant human sRAGE, CD36 or galectin-3 at a concentration of 1, 0.5 or 3 pg/mL
(R&D Systems, Minneapolis, Minnesota, United States) in PBS buffer with 1.5% BSA and 0.025% Tween-

20. For detection, the plate was washed 3 times and incubated with 80 pL per well monoclonal mouse
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IgG2B human sRAGE or galectin-3 antibody (R&D Systems, Minneapolis, Minnesota, United States) at
a concentration of 0.2 ug/ml for 30 minutes shaking at room temperature. After washing 4 times the
plate was incubated 30 minutes shaking at room temperature with 80 uL per well polyclonal goat anti-
mouse HRP-conjugated (DAKO, Glostrup, Denmark) at a concentration 0.25 pg/mL. For galectin-3, an
additional incubation step with 0.2 ug/ml Streptavidin (SDT, Baesweiler, Germany) 80 uL per well for
20 minutes was followed. For CD36, only incubation with goat anti-human IgG/HRP (SouthernBiotech,
Birmingham, Alabama, United States) at a concentration of 0.25 pg/ml for 30 minutes shaking at room
temperature was used for the detection step. For all receptor inhibition ELISA, the plate was then
washed 4 times and 80 puL per well TMB substrate was added and incubated for 10 minutes before
stop the reaction by adding 100 uL of 2% HCIl per well. The absorbance measured at 620 nm by an
Infinite® 200 PRO NanoQuant (Tecan, Madnnedorf, Switzerland) was subtracted from the absorbance
at 450 nm. Each sample was measured in triplicate and values were averaged. Absorbance of buffer
was used as a control and was subtracted from every sample. The absorbance of the control solution
without any inhibition was coded by Abscontrol. The percentage of inhibition for samples was equal to

(Abscontrol-Abssample)/Abscontrol* 100%.

Cytokine production measurement

THP-1 macrophages were incubated with 100 pg/mL of protein sample or medium as control for 16
hours, after which the supernatant was collected. The cytokine production was measured using the
ELISA Deluxe Set Human IL-8/CCL20/IL-1B (Biolegend, San Diego, California, United States), following

the manufacturer’s protocol.

Statistics

The statistical analysis was performed using Prism 6 software (GraphPad Software, San Diego,
California, United States) with p < 0.05 considered to be significant. The correlation analysis was done
by calculating the Pearson correlation coefficient (r) and the two-tailed p value. The PCA plot was
generated with the dataset of variables after being mean centred and weighted by 1/standard

deviation using Unscrambler software (CAMO, Oslo, Norway).

Results

Wet-heating significantly increased uptake of thyroglobulin by THP-1-derived macrophages

whereas heat-treatment did not increase uptake of lysozyme

Thyroglobulin and lysozyme were wet-heated (W), high-temperature dry-heated (H) or low-

temperature dry-heated (L) in the absence or presence of saccharides with different lengths:
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monosaccharide (glucose), disaccharide (lactose) or oligosaccharide (GOS). Soluble protein from each
sample was concentration calibrated, fluorescently labelled and incubated with resting macrophages
that were derived from THP-1 monocytes. High-temperature dry-heating of thyroglobulin in the
presence of glucose and lactose and lysozyme in the presence of glucose led to complete insolubility
(Figure 5.52A and 5.54A) and therefore these samples were excluded from further analysis. Prior to
the experiment, the lipopolysaccharide (LPS) contamination was measured (Table 5.51) and found to
be below the threshold level that significantly affected uptake capacity of THP-1 macrophages (i.e.

1000 ng/mL), as reported in Chapter 3.

For uptake of thyroglobulin samples by macrophages (Figure 5.1A), the type of heat treatment
appeared to play a more determining role than the presence or absence of saccharides. Notably, all
wet-heated samples, regardless of the presence of saccharides, showed significantly increased uptake
compared to untreated protein. Although not significantly differing from untreated protein, high- and
low-temperature dry-heating increased the uptake of thyroglobulin as well. On the contrary, no
significant differences in uptake of lysozyme after different treatments and saccharide exposures were

noticeable (Figure 5.1B).
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Figure 5.1 Uptake of thyroglobulin by macrophages was significantly increased upon wet-heating of
the sample. Thyroglobulin (THY; A) and lysozyme (LYS; B) were untreated or heated (W, H or L) in the
absence or presence of saccharides (glu, lac or GOS). THP-1-derived macrophages (M) were incubated
with FITC-labelled protein samples for 2 hours after which uptake was determined using flow cytometry.
The results represent mean values + SD of N = 4 measurement of 2 independent experiments based on
2 independent sample sets. Statistical differences compared to native proteins were calculated with

Dunnett's Test: *p < 0.05; **p < 0.01.
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Uptake of heat-treated protein samples by THP-1-derived immature dendritic cells is

qualitatively similar to that of THP-1-derived macrophages

The uptake of processed thyroglobulin and lysozyme, as well as BLG which was reported in Chapter 3,
was only tested for macrophages. To expand the understanding of the proteins’ uptake beyond only
macrophages, THP-1-derived immature dendritic cells (iDC) were also tested, with identical
methodology as for macrophages. The uptake of wet-heated thyroglobulin in the absence or presence
of saccharides by these iDC was significantly increased compared to the native protein (Figure 5.2A).
For lysozyme, the relative uptake remained the same regardless of the treatment (Figure 5.2B). The
uptake of wet-heated BLG in the absence or presence of saccharides by iDCs was also increased
compared to the native form, although only reaching significance when heat-treated in the presence
of glucose (Figure 5.2C). When compared to the results obtained with macrophages, the increase in
uptake upon protein wet-heating for iDC was less pronounced (BLG-macrophage data from Chapter 3).
However, the uptake pattern of all samples correlated strongly (r > 0.8, p < 0.0001) between the two

cell types (Figure 5.2D).
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Figure 5.2 Uptake of thyroglobulin, lysozyme and BLG samples by THP-1-derived iDC was strongly and
significantly correlated with uptake by macrophages. Figure A-C: Thyroglobulin (THY), lysozyme (LYS)
and BLG were untreated or heated (W, H or L) in the absence or presence of saccharides (glu, lac or
GOS). THP-1-derived iDC were incubated with FITC-labelled protein samples for 2 hours after which
uptake was determined using flow cytometry. The results represent the mean values + SD of N = 4
measurement of 2 independent experiments based on 2 independent sample sets. Statistical
differences compared to native proteins were calculated with Dunnett's Test: **p < 0.01; ***p < 0.001.
Figure D: the relative uptake values of all protein samples by iDC were plotted against macrophages
(Mg) and the correlation analysis was done by calculating the Pearson correlation coefficient (r) and

two-tailed p value.

Increased uptake of thyroglobulin by THP-1-derived macrophages was correlated to

hydrophobicity and aggregation

Due to the strongly correlated responses of iDC and macrophages in uptake, with a higher relative
uptake by macrophages, the latter was used for further testing. To explain the physicochemical
mechanism behind the differing uptake capability of macrophages for differently treated thyroglobulin

and lysozyme, a set of measurements was performed on the soluble fraction after treatment.

For thyroglobulin, dry-heating at high-temperature significantly decreased its solubility, resulting in
the absence of a soluble fraction when heating was performed in the presence of glucose and lactose
(Figure 5.52A). The soluble fraction of samples in the presence of GOS or without saccharide showed
a strong significant decrease in free amino groups (Figure 5.52B). The former sample also showed
significant increases in both AGE-related fluorescence and formation of polymers (Figure 5.52C and
5.53). Wet-heating did not result in loss of solubility, but also led to formation of polymers and, albeit
less pronounced as for high-temperature dry-heating significant, losses of amino groups and increases
in AGE-related fluorescence. Moreover, wet-heating induced a significant increase in the exposure of
hydrophobic regions as measured by ANS-binding (Figure 5.52D). Dry-heating at low-temperature did
not have much influence on the measured parameters for thyroglobulin, except for a significant loss
of amino groups and a slight increase in oligomer and polymer formation (Figure 5.52B and Figure 5.S3).
There was no significant change in the secondary structure for any of the treated thyroglobulin samples

(Figure 5.S2E and 5.52F).

Applying identical heating and glycation conditions to thyroglobulin did not generate any soluble
aggregates for lysozyme (size exclusion chromatography, data not shown). High-temperature dry-

heating led to a significant decrease of solubility with complete insolubility for the samples heated in
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the presence of glucose (Figure 5.54A). Among the soluble fraction of the high-temperature dry-heated
samples, there was a significant decrease of free amino groups, increases of AGE-related fluorescence
and exposure of hydrophobic regions in the presence of saccharides (Figure 5.5S4B-D). Moreover,
results showed a significant loss of B-sheet structure for all samples except when heated in the
presence of GOS (Figure 5.54F). Similarly, low-temperature dry-heating resulted in a significant loss of
B-sheets in all lysozyme samples. For wet-heated lysozyme, only the exposure of hydrophobic regions

in the presence of saccharides was significantly increased (Figure 5.54D).

To identify the most important physicochemical properties of heat-processed thyroglobulin that are
related to its uptake by macrophages, we performed a principle component analysis (PCA) and a
correlation analysis. In the PCA plot (Figure 5.3). All low-temperature dry-heated samples clustered
together with the untreated thyroglobulin, indicating that the physicochemical properties of these
samples were similar. Uptake was strongly related with wet-heating and positively related to
hydrophobicity (ANS) and polymer proportion, and inversely to monomer and oligomer proportion.
These relations were further confirmed by correlation analyses. As shown in Figure 5.4, there was a
strong correlation between uptake and hydrophobicity and a moderate correlation between uptake
and aggregation, as indicated by the fraction of monomers, polymers and oligomers. Of note is that
the samples were strongly clustering into two groups at the extremes of the data scale for both the
uptake and monomer or polymer content correlation plots (Figure 5.4B and 5.4C); the correlation
between uptake and oligomer content was less profound (Figure 5.4D, p > 0.05). Contrastingly to
thyroglobulin, no clear correlation could be found between treatment and physicochemical properties

for lysozyme in the PCA plot (Figure 5.S5).
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Figure 5.3 Uptake of thyroglobulin by macrophages is related to wet-heating, hydrophobicity and
aggregation. Thyroglobulin (THY) was untreated or heated (W, H or L) in the absence or presence of
saccharides (glu, lac or GOS) and tested for solubility, uptake by THP-1 macrophages (uptake), AGE
formation (AGE), glycation (OPA), percentage of a-helix (helix) or B-sheet (sheet), aggregation
(monomer and smaller (mono), oligomers (oligo), polymers (poly)) and exposure of hydrophobic regions

(ANS). PCA scores of the samples were given in blue and the parameter loadings of the principal

components were given in red.
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Figure 5.4 Correlation analysis of uptake of heat-treated thyroglobulin with physicochemical
parameters. Uptake of thyroglobulin (THY) by macrophages was correlated to hydrophobicity ([r| >
0.7) and proportion of monomer, polymer and oligomer (0.7 > [r| > 0.5). The correlation analysis was

done by calculating the Pearson correlation coefficient (r) and two-tailed p value.

EDC-mediated cross-linking or increased hydrophobicity demonstrates that hydrophobicity

is the main factor driving uptake by macrophages

EDC links the carboxyl and amino group of amino acids, and thereby offers the possibility to crosslink
proteins without heating. This allows for a discrimination between aggregation and other heating-
related effects, like hydrophobicity changes, with regard to their impact on uptake. As shown in Figure
5.5A and 5.5B, the proportion of polymer and monomer significantly increased, resp. decreased, in the
EDC cross-linked BLG and thyroglobulin. On the contrary, only limited aggregation of lysozyme was
observed upon EDC-treatment. Surprisingly, EDC significantly increased the hydrophobicity of

lysozyme (Figure 5.5C) and also its uptake by macrophages (Figure 5.5D).
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Figure 5.5 Increased hydrophobicity appears to be the dominant factor to drive uptake of proteins.
Lysozyme was crosslinked limitedly after EDC treatment based on SEC analysis but caused a significant
increase in both its hydrophobicity and uptake by macrophages. Thyroglobulin (THY), lysozyme (LYS)
and BLG were non-treated or treated with EDC and subsequently analysed for the proportion of polymer
(A), the proportion of monomer/dimer (B), and protein hydrophobicity (C). EDC-treated and non-
treated proteins were fluorescently labelled and their uptake by macrophage (M@) was measured (D).
The results represent the mean values * SD of 3-4 independent experiments with 2 independent sample
sets. Statistical differences were calculated with two-tailed unpaired T-test with Welch’s correction: *p

<0.05; **p <0.01; ***p <0.001.

Uptake of heated-treated BLG was mediated via several routes

To better understand the mechanism of uptake, we set out to identify which routes of uptake were
utilized for the various proteins that differed in physicochemical characteristics and therefore in their
recognition motifs for cells. Native and heat-treated BLG in the presence of glucose was used as a

subset, because these samples covered the whole range of levels of physicochemical modifications.
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Pre-incubation of macrophages with nystatin (caveolae inhibitor) and the combination of inhibitors,
prior to BLG samples exposure, significantly inhibited the uptake (Figure 5.6). The usage of cytochalasin
(microphagocytosis inhibitor) significantly decreased the uptake for both high-temperature dry-heated
and wet-heated BLG (Figure 5.6B and 5.6C). Moreover, chlorpromazine did significantly reduce uptake

of wet-heated BLG, indicating that clathrin was involved in this process (Figure 5.6C).
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Figure 5.6 Several routes appeared to be involved in the uptake of wet-heated BLG. BLG was untreated
or heated (W, H or L) in the presence of glucose (glu) and FITC-labelled. Macrophages were pre-treated
with DMSO (control) or inhibitors (dissolved in DMSO) of clathrin-dependent uptake (chlorpromazine;
chlor), caveolae-dependent uptake (nystatin; nys), microphagocytosis (cytochalasin; cyto) or a
combination of them (combined) for 30 min before a 2 hour incubation with protein samples, then the
uptake was measured using flow cytometry. The relative MFI was calculated by dividing the MFI of a
sample by the MFI of the corresponding control. The results represent mean values *+ SD of multiple
independent cell experiments (N = 2-4) with 2 independent sample sets. The statistical differences were

calculated with one-tailed unpaired T-test compared to control, *p < 0.05, **p < 0.01, ***p < 0.001.
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Inhibition ELISA showed high binding of high-temperature dry-heated and wet-heated BLG
by sRAGE, CD36 and galectin-3

We investigated several receptors of the cells that might be involved in binding and subsequent uptake
of the BLG samples that were heat-treated in the presence of glucose. Using an inhibition ELISA, the
binding of the BLG samples to the soluble receptor for advanced glycation end products (sSRAGE), CD36-
scavenger receptor and galectin-3 was analysed (Figure 5.7). Native BLG did not show any binding to
SsRAGE, galectin-3 or CD36. In contrast, high-temperature dry-heating of BLG induced significant
receptor binding for all three tested receptors. Wet-heating of BLG similarly resulted in binding to all
three receptors, albeit to a lesser extent and only significantly for SRAGE and galectin-3. Finally, low-

temperature dry-heating did not induce any receptor-binding.
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Figure 5.7 Heat-treatment in the presence of glucose induces receptor binding capacity of BLG. BLG
was untreated or heated (W, H or L) in the presence of glucose (glu) and was used to inhibit the binding
of receptor to a positive control in the inhibition ELISA with a concentration of 25 ug/mL. Data shown
are the mean values + SD of N = 4 based on measurement of 2 parallel prepared samples. Statistically
significant differences between native and processed BLG for each receptor was determined using

unpaired two-tailed t-Test, *p < 0.05, **p < 0.01, ***p < 0.001.

Cytokine responses of macrophages following exposure to BLG were reduced upon heat-

treatment of BLG
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Receptor binding and uptake of protein samples can lead to immune activity. The immunological
response could be estimated by the expression of secreted cytokines or chemokines. Upon exposure
of medium to native or heat-treated BLG in the presence of glucose, the response of macrophages was
analysed by measuring the levels of secreted IL-8, CCL20 and IL-1B. As shown in Figure 5.8, non-
processed native BLG induced significant levels of IL-8, CCL20 and IL-1B secretion in macrophages.
High-temperature dry-heating of BLG significantly reduced the secretion of all three analysed cytokines.
A similar reduction was observed in wet-heated BLG for IL-8 and IL-1B, but less strongly and not
significantly for CCL20. There is no clear difference between native and low-temperature dry-heated

BLG in stimulating macrophages’ cytokine secretion.
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Figure 5.8 Cytokine and chemokine responses of macrophages upon exposure to native or heat-treated
BLG varies. BLG was untreated or heated (W, H or L) in the presence of glucose and incubated with
macrophages. The cytokine secretion of IL-8 (A), CCL20 (B) and IL-18 (C) was analysed in the
supernatant with ELISA. The results represent mean values * SD of 2-4 independent experimental
measurements. The statistical differences were calculated with Tukey's Test and means with different

letters (a—c) in the bars indicated significant difference (p < 0.05).

Discussion

In earlier study of Chapter 3, we observed that hydrophobicity and the aggregation state of heat-
processed BLG were important parameters that were related to the protein uptake by THP-1
macrophages. Here, we extended these findings by analysing whether similar relations would apply
for 1) a protein with similar pl but higher molecular weight (thyroglobulin); 2) a protein with similar
molecular weight but higher pl (lysozyme); 3) EDC-aggregated proteins; and 4) another cell type by
using THP-1 dendritic cells. The comparison between THP-1-derived macrophages and dendritic cells
regarding uptake revealed similar patterns for the three tested proteins and the different heat-
treatments. Macrophages and DCs are both able to capture exogenous particles and induce an

immunogenic response, playing an essential role in immunological defence [17]. We did observe,
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however, a quantitative difference in uptake, as the uptake values for wet-heated thyroglobulin and
BLG were relatively higher in macrophages than in DCs. This suggests that macrophages are more
efficient in their phagocytic role than DCs, which is in line with literature stating that uptake by
macrophages is part of their core role in eliminating harmful substances, whereas uptake by DCs is a
mean to initiate an adaptive immune response [18]. Upon comparing the three tested proteins, we
found that the physicochemical alterations upon heat-treatment to thyroglobulin and BLG were similar
through different from lysozyme. These proteins differ in size (thyroglobulin (330 kDa) > BLG (18.4 kDa)
~ lysozyme (14.3 kDa)), pl (lysozyme (10.7) > BLG (5.2) ~ thyroglobulin (4.5)) and denaturation
temperature (lysozyme (75 °C) > BLG (65 °C) ~ thyroglobulin (60°C)) [19-22], suggesting that both pl
and heat stability may be important for heat-induced structural protein changes. The high pl may have
conferred a positive charge to lysozyme during wet-heating (pH 7.4), thereby hindering aggregation
under this condition due to electrostatic repulsion. The strong internal coherence and stability of
lysozyme’s structure may also have contributed to its stability during heat processing [23]. It is
reported that the addition of the saccharides would impact the physicochemical characteristics, in
particular in combination with the different applied heat-treatments [24], but we found only a very

limited influence from the presence of saccharide on the protein characteristics.

Significant increases in uptake of thyroglobulin by macrophages correlated with increases in
hydrophobicity and aggregation that occurred upon wet-heating (Figure 5.3 and 5.4), similar to BLG.
This is in line with the findings on lysozyme, where the lack of uptake of lysozyme by macrophages may
have been related to the lack of aggregation and only minimal increases in hydrophobicity upon heat-
treatment. In order to better distinguish between aggregation and hydrophobicity as drivers of uptake,
we used EDC to chemically crosslink proteins through the carboxyl and amino groups of amino acids
(Figure 5.5), thereby being able to generate protein aggregates without applying a thermal treatment.
Polymerisation was induced for BLG and thyroglobulin, as expected. Unexpectedly, EDC was unable to
induce polymerisation in lysozyme, but it increased its hydrophobicity instead. This might be due to
the intramolecular crosslinking of lysozyme between Lys-13 and Leu-129, as described by Yamada et
al. [25], upon EDC treatment. In contrast to intermolecular crosslinking, which occurs for most proteins
upon EDC treatment, the induction of intramolecular linkages might lead to protein unfolding resulting
in exposure of hydrophobic regions. The strong increase in uptake of EDC-treated lysozyme indicates
that hydrophobicity is a more important driver for uptake of heat-treated proteins than aggregation.
A correlation between hydrophobicity of peptides and uptake by Hela cells was also reported earlier
by Sakagami et al. [26]. Heating of proteins, through its resulting increased exposure of hydrophobicity,

may thus underlie the increased uptake by APCs.
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Next, we aimed to elucidate the uptake route of BLG samples by macrophages. Uptake could be
categorized into clathrin-dependent and clathrin-independent. In clathrin-dependent uptake, also
known as receptor-dependent uptake, cells recognise and internalize the receptor-bound substance
[27]. Clathrin-independent uptake functions via caveolae structures (membrane domains) or actin
(taking up large particles up to 5 um) [28]. Uptake mediated by the CD36 receptor was reported to be
clathrin-dependent, while galectin-3 and sRAGE are thought to be clathrin-independent [29-31].
Caveolae are reported to be involved in the uptake by APCs [32]. Caveolae-dependent uptake might
be the basic route for the uptake of BLG by macrophages as the inhibition of this route led to a reduced
uptake for all samples (Figure 5.6). Uptake of wet-heated BLG by macrophages seemed to involve other
endocytosis routes (Figure 5.6C). The blocking of microphagocytosis led to a significant decrease in
uptake of wet-heated and also high-temperature dry-heated BLG, probably due to the presence of
higher molecular weight particles. The clathrin-dependent route might also be involved in the uptake
of wet-heated BLG by macrophages, as a significant decrease was found when the respective inhibitor
was used. As shown in Figure 5.7, wet-heated BLG in the presence of glucose had clearly higher binding
capacity for sRAGE, galectin-3 and CD36 compared to native BLG. However, it is doubtful if these
receptors do play essential roles in the significantly enhanced uptake of wet-heated BLG, as these
receptors are mainly reported to be involved in the uptake of glycated proteins [33-35], which is not
abundant in wet-heated BLG as shown in our previous study in Chapter 3. The binding of wet-heated
BLG to the receptors may be due to the high hydrophobicity of the sample. For example, the strong
affinity of the S100 protein for sSRAGE was ascribed to a binding mechanism in which hydrophobic
structures are involved [36, 37]. High-temperature dry-heated BLG, which had a high degree of
glycation, bound to all receptors to a higher extent than wet-heated BLG, but its uptake was not
significantly reduced when clathrin-dependent uptake was blocked. This may be due to the fact that
the initial uptake efficiency of high-temperature dry-heated BLG was already low, similar to native and
low-temperature dry-heated BLG. In another study, the uptake of BLG that had been heated in solution
at 60 °C for 10 days with glucose by dendritic cells was reported to be sRAGE independent but
scavenger receptor dependent [38]. Scavenger receptor A was reported to be involved in the uptake
of glycated ovalbumin by macrophages [39], which could thus be a potential target for future
discrimination. The increased uptake of wet-heated BLG might be due to enhancing of the clathrin-

/receptor-dependent route, although the involved receptors still need to be clarified.

IL-8, CCL20 and IL-1PB are proinflammatory cytokines secreted by macrophages when they are activated
by antigens [40]. However, there seems to be no direct relation between the macrophage’s cytokine
release and its uptake of BLG. As shown in Figure 5.8, the cytokine production of macrophages treated

with native and low-temperature dry-heated BLG was generally significantly higher than for the other
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samples. The strong cytokine release of macrophages in response to native BLG exposure might (partly)
be related to the higher levels of LPS contamination in this sample, as shown in Figure 5.S1. Native BLG
had an LPS concentration of 155 pg/mL, while wet-heated, low- and high-temperature dry-heated BLG
in the presence of glucose contained 2.3, 7.8 or 4.6 pg/mL, respectively. A previous study
demonstrated that 500 pg/mL LPS induced a 7-fold increased IL-8 production of THP-1 macrophages
compared to the medium [41]. Here, we found a production of 6,000 pg/mL of IL-8 for macrophages
treated with BLG compared to no production with medium. Thus, although the cytokine production of
macrophages due to BLG exposure might be partly endotoxin-driven, the BLG-induced IL-8, and also
CCL20 and IL-1B, production is much higher than would be expected from the level of LPS
contamination alone. When comparing the samples, the minor structural changes following low-
temperature dry-heating of BLG did not change the levels of cytokine responses. In contrast, high-
temperature dry-heated or wet-heated BLG, with significant structural changes compared to native
BLG, only induced limited cytokine responses by macrophages. This is in line with findings from another
study where BLG-induced production of cytokines by murine bone-marrow derived dendritic cells was
also reduced upon exposure to heated BLG, which these authors claimed to be due to glycation.
However, in this study BLG was heated in solution with glucose for 10 days at 60 °C, similar to our wet-
heating process. This makes it likely that also in their samples, physicochemical changes such as
increased hydrophobicity, rather than glycation, led to a lowered cytokine response [38]. Increased
hydrophobicity of our BLG samples did not induce clear immunological responses but rather lowered
these. Seong and Matzinger [28] hypothesized hydrophobic structures (‘hyppos’) as molecular
patterns that initiate immune responses (DAMPs), playing a role in aetiology of certain pathologies.
Although we found that hydrophobicity was strongly correlated to uptake of protein (aggregates), we
could not establish a direct link with immunogenicity in our strictly in vitro experimental models.
Considering the differences in types of proteins that were included in our study vs. the endogenously
present, malformed proteins that are the basis of Seong and Matzinger’s hypothesis, it is perhaps too

early to correlate our findings to the DAMP-concept.

Conclusion

In conclusion, the uptake of proteins by macrophages and dendritic cells showed strong similarities,
indicating that the protein uptake capacity is, to a considerable extent, independent of the phenotype
of APCs. Processed thyroglobulin shares characteristics of physicochemical changes and THP-1
macrophage uptake properties with processed BLG. Taking also the data of EDC crosslinked proteins
into account, it seems that hydrophobicity is the most important determining factor for uptake.
Receptor-dependent uptake might contribute to the enhanced uptake of wet-heated BLG by

macrophages whereas the exact involved receptors are not clear yet. The uptake of processed BLG by
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macrophages appears to be insufficient to directly correlate with their potential immunogenicity, as
the cytokine secretion pattern of macrophages is not in line with the uptake pattern. Nevertheless, the
obtained data showed clearly that there are immunological consequences of physicochemical
modifications due to different heating methods, which is of relevance to the food industry in

developing new methods to minimize possible adverse immunological effects of processed food.
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Supplementary materials and methods

- Lipopolysaccharide (LPS) detection

The concentration LPS in each sample was checked using the EndoZyme® Recombinant Factor C Assay

(Hyglos GmbH, Bernried am Starnberger See, Germany) according to the manufacturer’s instructions.

Supplementary data

Table 5.51 LPS contamination in samples (ng/0.1 mg protein)

Treatment Thyroglobulin Lysozyme BLG
L 0.69 0.43 0.00
L-glu 0.71 0.36 0.01
L-lac 0.89 0.34 0.02
L-gos 0.97 0.39 0.00
H 0.20 0.23 0.00
H-glu - - 0.00
H-lac - 0.32 0.03
H-gos 0.03 0.17 0.02
w 0.90 0.17 0.00
W-glu 0.71 0.24 0.00
W-lac 0.84 0.30 0.01
W-gos 0.80 0.28 0.00
EDC 0.05 0.31 0.00
native 1.00 0.63 0.16
A B
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Figure 5.51 There is no significant difference between the original uptake value of BLG, lysozyme and

thyroglobulin for THP-1 derived macrophages (Mg, A) and immature dendritic cells (iDC, B). The result

represents the mean value + SD of 4 independent cell experiments. No significant differences have been

found using unpaired T-test with Welch’s correction.
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Figure 5.52 Wet-heating and high-temperature dry-heating significantly altered the physicochemical

properties of native thyroglobulin. Thyroglobulin (THY) was untreated or heated (W, H or L) in the

absence or presence of saccharides (glu, lac or GOS) and a number of physiochemical parameters (i.e.

helix and B-sheet structure)

a-

AGE-related fluorescence, hydrophobicity,

solubility, loss of amino group,

4 measurements of 2 independent

were measured. The results represent mean values + SD of N

experiments based on 2 independent sample sets. Statistical differences compared to native THY were

calculated with Dunnett's Test: *p < 0.05; **p < 0.01; ***p < 0.001. ND: not detectable.
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Figure 5.83 Aggregation of thyroglobulin was prominent upon wet-heating and high-temperature dry-
heating in the presence of GOS. Thyroglobulin (THY) was untreated or heated (W, H or L) in the absence
or presence of saccharides (glu, lac or GOS) and aggregation in the soluble fraction was measured using
size exclusion chromatography. The data points represent the average values of 2 independent sample

sets.
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Figure 5.54 Significant physicochemical modifications of native lysozyme were mainly induced by high-
temperature dry-heating. Lysozyme (LYS) was untreated or heated (W, H or L) in the absence or
presence of saccharides (glu, lac or GOS) and a number of physicochemical parameters (i.e. solubility,
loss of amino group, AGE-related fluorescence, hydrophobicity, a-helix and B-sheet structure) were
measured. The results represent the mean values + SD of N = 4 measurements of 2 independent
experiments based on 2 independent sample sets. Statistical differences compared to native LYS were

calculated with Dunnett's Test: *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 5.85 Wet-heated lysozyme samples had physicochemical properties that are similar to native
lysozyme. Lysozyme (LYS) was untreated or heated (W, H or L) in the absence or presence of saccharides
(glu, lac or GOS) and tested for solubility, uptake by THP-1 macrophages (uptake), AGE formation (AGE),
glycation (OPA), percentage of a-helix (helix) or 8-sheet (sheet), and exposure of hydrophobic regions
(ANS). The aggregation-related parameters, proportion of monomer, oligomers and polymers are not

shown as they did not differ between the samples.
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Chapter 6

The impact of nutrition on health is gaining increasing attention for a variety of reasons, for instance
because of an expected increase of health care cost due to ageing populations in many countries. Only
a small fraction of the foods that humans consume has not been processed, with processing nearly
always including one or more heating steps. To contribute to a better understanding on the impact of
processing on the biological properties of foods, this thesis studied the impact of processing-induced
structural alterations of proteins on their biological properties, in particular on their digestion and on
the impact on the response of cells that belong to the innate part of the immune system. As model
proteins, B-lactoglobulin (BLG), lysozyme and thyroglobulin were selected, because of their differences
as well as similarities in molecular mass and isoelectric point, with most focus on BLG being one of the

main food allergens.

It is well known that the immunomodulatory properties of milk proteins in general, and BLG in
particular, can be altered by heat processing. After pasteurization, the intestinal uptake of the whey
proteins BLG and a-lactalbumin (ALA) switched from transcellular transport to uptake via the Peyer’s
patches and induced significantly higher production of Th2 cytokines in a murine model [1]. The
analysis of the physicochemical, cellular and molecular mechanisms behind this observation is,

however, limited.

The intention of the work described in this thesis is to characterize these physicochemical, cellular and
molecular mechanisms, and thereby contribute from a food technological perspective to the
development of tools for estimating and minimizing the immunogenicity of processed dairy proteins.
The influence of three different heating methods on the kinetics of accessibility, uptake and immune
response of the proteins BLG, thyroglobulin and lysozyme by a THP-1 derived innate immune cells

model was studied.
Impact of processing on the physicochemical properties of protein

During dairy processing, glycation and aggregation will occur due to the heating in the presence of a
reducing saccharide (lactose or other sugars) [2, 3]. Three different heating methods were applied to
BLG, to achieve varying degrees and types of structural modifications (in particular aggregation,
unfolding and glycation). High-temperature dry-heating (H) was performed with a water activity (aw)
of 0.59 and a temperature of 130 °C, which is far above the denaturation temperature of BLG [4]. A
large extent of aggregation and advanced glycation (in the presence of saccharides) was expected in
this sample [5]. On the other hand, after low-temperature dry-heating (L; 50 °C, aw 0.65), limited
unfolding and aggregation as the processing temperature was below the denaturation temperature,

but still glycation in the presence of reducing saccharides was expected [6]. Wet-heating (W) of protein
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in the presence of reducing saccharides in solution at 60 °C for 72 h is a method reported to induce
glycation combined with denaturation and aggregation [7, 8]. A number of physicochemical

measurements was performed on these potentially glycated and/or aggregated BLG samples.

Effect of processing in the absence of saccharides on BLG

As described in Chapter 3, different structural modifications were observed after these three heating
methods. The wet-heating method strongly altered the structure of BLG with significant increases in
molecular weight and hydrophobicity together with changes of the secondary structure. High-
temperature dry-heating led to more limited modification of the structure while low-temperature dry-

heating modified the protein’s native structure even less.

BLG is a protein with one a-helix and nine anti-parallel B-strands around a hydrophobic core [9, 10].
The temperature of wet-heating induces BLG to adopt an intermediate molten globule state [11],
which enables the protein to unfold, leading to exposure of hydrophobic areas and creating ordered
cross-linked BLG probably via rearrangement of disulphide bonds. In another study, BLG aggregates
were found to be disulphide-linked when BLG was heated at 65 °C in solution for hours [12]. The role
of disulphide bonds in the aggregation of the wet-heated aggregated BLG was clearly seen in Figure
6.1. The bands in a non-reducing gel indicating high molecular weight protein aggregates in the upper
part of the W-BLG lane almost completely disappeared in SDS-PAGE under reducing conditions. The
long incubation time (72 hours) enables extensive cross-linking via this disulphide interchange
mechanism, leading to the formation of large but still soluble particles. This hypothesis corroborated
the outcomes, as described in Chapter 3, of significant increases in hydrophobicity, and the large
proportion of polymers observed in SEC chromatography, for wet-heated samples. Due to the limited
aw, protein unfolding proceeds to a much lesser extent in dry-heated samples [13]. High-temperature
dry-heated BLG showed slightly more aggregates than low-temperature dry-heated samples in Figure
3.6, which indicated the effect of temperature on inducing aggregation. As indicated by all the
physicochemical measurements in Chapter 3, there are no clear structural modifications in the low-
temperature heated sample, probably reflecting the simultaneous effects of the limitation in water
activity and a heating temperature well below the denaturation temperature of BLG. This confirms
that the heating temperature, either above or below the denaturation temperature of BLG, is an

essential parameter for predicting the extent of aggregation.
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Figure 6.1 Wet-heated BLG on non-reducing SDS-PAGE showed aggregates bigger than 100 kDa, which
were not visible in electrophoresis under reducing conditions. Wet-heated BLG (W-BLG) was mixed with
NuPAGE® LDS Sample Buffer (4X), boiled for 5 min and loaded on 10% Bis-Tris gels with a pre-stained
Precision Plus Protein™ Dual Xtra marker for non-reducing conditions. For reducing SDS-PAGE, the
protein sample was mixed with 8-mercaptoethanol (volume ratio 10:1) and further followed the same

procedure.

Effect of processing in the presence of reducing saccharides on BLG

Lactose, the main saccharide present in cow’s milk, is a reducing sugar that can react with free amino
groups in proteins, which reaction is commonly known as the Maillard reaction [14]. To analyse the
impact of this important processing-related reaction, BLG was also heated according the mentioned
three processes in the presence of lactose. When dairy proteins are incorporated in complex foods,
also other sugars than lactose may participate in the reaction. Therefore, also other types of reducing

saccharides were included.

The presence of saccharides during heating did not introduce significant structural changes for wet-
heated BLG compared to heating in their absence, as shown in Figure 3.2 and 3.4-3.7. Advanced
glycation end products (AGEs) are likely to be formed in the temperature range of 65-115 °C, which is
higher than the temperatures used for wet-heating [15]. Indeed, there is no further loss of amino

groups in the presence of saccharides, which confirmed that glycation hardly occurred.
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More severe structural changes occurred in high-temperature dry-heated BLG when saccharides were
present. The reaction was severe enough to create insoluble particles, especially for monosaccharides
there were significant decreases of solubility for the final products (Figure 3.51). As shown in Figure
3.2 and 3.3, there was a significant loss of free amino groups and extensive formation of AGEs in the
soluble fraction. The aggregates formed in high-temperature dry-heated BLG in the presence of
saccharides were mainly insoluble and were larger than those formed in wet-heated samples. In the
remaining soluble fraction, there is less disturbance of the basic native structure of BLG because
changes in protein folding were limited as a consequence of the low water activity. The proportion of
aggregates in the soluble fraction of high-temperature dry-heated samples was less than for wet-
heated samples. The presence of saccharides did not induce changes in the hydrophobicity of the
soluble fraction of the samples even though the glycation reached the advanced stage and the
secondary structure seemed to be altered to a larger extent compared to samples that were treated
with the same method but without saccharides. The physicochemical characterisation of the samples

was only performed on the soluble part.

For the low-temperature dry-heated samples, it is clear that glycation was the main reaction that
occurred in the samples. The highest glycated samples were those that were treated with
monosaccharides, followed by moderately glycated samples for disaccharides, and the lowest glycated
samples for polysaccharides. It is known that shorter chain reducing sugars are more reactive in the
Maillard reaction [16]. The inverse correlation between the chain length of the saccharides and the
degree of glycation, as shown in Figure 3.2C, was as expected [17]. Despite the obvious glycation that
occurred in the low-temperature dry-heated BLG samples, the limited progress to the advanced stage
of the Maillard reaction can likely be explained by the low heat load. AGEs were formed limitedly

(Figure 3.3) and structural changes or aggregation hardly took place in these samples (Figure 3.4-3.8).

Effects of processing on lysozyme and thyroglobulin

In Chapter 5, the same processing methods were applied to lysozyme (with a similar molecular weight
but different pl than BLG) and thyroglobulin (much higher molecular weight but similar pl than BLG).
Thyroglobulin showed physicochemical changes similar to BLG, with wet-heated samples forming a
vast amount of aggregates and exhibiting a higher exposure of hydrophobic regions. High-temperature
dry-heated samples showed advanced glycation while there were no clear changes for low-

temperature dry-heated samples compared to native thyroglobulin.

On the other hand, heat processed lysozyme behaved quite differently compared to the other two

proteins. Hardly any modification was observed in wet-heated and low-temperature dry-heated
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lysozyme, while advanced glycation still took place in high-temperature dry-heated samples. The
differences in denaturation temperature of these three proteins might play a role in the differences of
their heat-induced physicochemical behaviour. Lysozyme has the highest denaturation temperature
(75 °C) of the tested proteins (65 °C and 60 °C for BLG and thyroglobulin respectively) [4, 18, 19], which
is above the temperature of wet-heating and low-temperature dry-heating, making structural
modification of lysozyme less likely following these two heating methods. The unique native structure
of lysozyme, encompassing 4 disulphide bonds, enables it to behave like a “hard” protein (i.e. difficult
to structurally modify) [20]. The high pl of lysozyme could also introduce a high positive charge on the
surface of lysozyme at the pH of the experiments, which might further hinder the aggregation by

electrostatic repulsion.

Overall, BLG and thyroglobulin, having a similar pl and denaturation temperature, showed similar
physicochemical modification after the different processing methods. A different physicochemical
modification pattern was observed for lysozyme, which might be related to its higher pl and

denaturation temperature.

Relevance of digestion for exposure of native and processed BLG to innate

immune cells

Protein would only be accessible for intestinal immune cells, and subsequently play a role for the
intestinal immune system, if at least the gastric digestion is survived. In Chapter 2, the impact of
processing-induced modification of BLG was analysed on its digestion and transport across an artificial
epithelial layer. The in vitro digestion model in this study is modified from INFOGEST, a consensus
protocol that is widely accepted by numerous labs and researchers all over the world [21]. Before its
establishment in 2014, digestion protocols included variable starting protein concentrations, digestion
fluid composition, enzyme concentrations, reaction time and pH values. Such variations, as used in
different studies, introduced also large variations in the outcomes, hampering comparison of results

among studies. Examples of different digestion protocols are shown in Table 6.1.

BLG itself is a relatively gastric digestion-resistant protein, due to its compact structure [22]. Based on
the modified digestion model, as described in Chapter 2 (Figure 2.1 and Table 2.1), heat processing
was shown to increase the gastric digestibility of BLG to a different extent depending on the heating

condition.
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Table 6.1 Details for different in vitro digestion systems

Reference Protein Homogenous Gastric system Intestinal system
concentration system
4 mM bile salts, 26.1 mM Bis-Tris
D. Dupont et 63.5mM . 0.15M NaC!, PP 182 buffer, BC 0.4 U/mg protein, PT 34.5
al. [22] 1 mg/ml Pl?osphatl.dylf:h U/mg protein, 1h, pH N
oline, sonication 2.5 U/mg, 0.5h, pH 6.5
M. Corzo- 0.15 M NaCl, PP 165 0:125.M bile salts, 1 M CaCl, 0.25 M
Martinez et 3 mg/ml Dissolution U/mg protein, 2h, pH Bis-Tris buffer, .
al. [23] 25 PT 35:75 U/mg protein, BC 0.62 U/mg
protein, 15min, pH 6.5

M. Minekus . . Sirr.1ulated gastric Simulated intestinal fluid*, PT 1 U/mg
[24] 100 mg/ml Dissolution :2‘;‘; zip ;HO ;J/ me food, BC 0.25 U/mg food, 2h, pH 7.0
T. Singh et Constant 0.034 M NaFI, PP 100 12 mM bile salts, 19 mM CaCl, 1.50
al. [25] 100 mg/ml agitation U/mg protein, 2h, pH mM NaCl, 4 mM Tris buffer, porcine

1.9 pancreatin (8xUSP*), 2h, pH 6.8
M. Sanz et 0.15 M Nacl, PP 3300 0.125 M bile salts, 1 M CaClz, 0.25 M
al. [26] 3 mg/ml * U/mg protein, 2h, pH Bis-Tris, PP 14300 U/mg protein, BC

2.5 62 U/mg protein, 15min-2h, pH 6.5
J. Boyer et 1000 mg/ml Homogenizer ﬁaAF':/FI’L\‘iC;’ n(fléo/z“;lood Porcine bile extract 0.55mg/g food,
al. [27] (whole food) ’ ' " PP 0.0875 mg/g food*, 1h, pH 6.5

0.5h, pH 2.0

Note: PP: porcine pepsin; PT: porcine trypsin; BC: bovine a-chymotrypsin; *: information incomplete

Wet-heated BLG was digested the most in the gastric digestion phase, followed by high-temperature
dry-heated BLG, and the least for low-temperature dry-heated BLG, which hardly differed from native
BLG. The gastric digestibility seems to correlate with the extent of structural modification of BLG after
processing, as a consequence of increased exposure of cleavage sites to digestive enzymes in more
unfolded proteins. The increase in hydrophobicity may also enhance the accessibility of the protein to
pepsin [28], which may explain the increased gastric digestion of wet-heated BLG. Following digestion,
around 1% of the fraction of the BLG samples that survived the gastric digestion was translocated
across a Caco-2 monolayer, except for the wet-heated samples which showed significantly lower
translocation levels compared to the other samples (Figure 2.5). The high molecular weight and high

hydrophobicity of the wet-heated BLG samples might have contributed to their lower translocation.

Although it was observed that the processed BLG, especially after wet-heating, was digested strongly
in the gastric phase and (if undigested) hardly passed through the epithelial layer, it does not
necessarily mean that there is no added value in further studying the interaction between intestinal
immune cells and processed BLG samples. Firstly, almost all or a considerable proportion of resp.
native and processed BLG still is intact after gastric digestion, although the remaining undigested
amount differed. Approximately 60% of wet-heated was digested after gastric digestion (Table 2.1),
being the highest among all the samples. Secondly, the digestion system of infants is less mature than

the adult counterpart, leading to a lower degree of protein hydrolysis due to the higher gastric pH and
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the lower concentrations of digestive enzymes. Significantly higher amounts of undigested protein may
thus reach the intestine and interact with intestinal immune cells in infants than adults [29]. It is
meaningful to study the immune effect of processed BLG since infants are a major consumers of milk
protein-containing powder. Lastly, the physiological intestinal transportation system is more
complicated than the cell model. In the mouse model, aggregated BLG was reported to be sampled by
Peyer’s Patches, whereas native BLG is taken up via epithelial uptake [30]. Moreover, dendritic cells
(DCs) in the lamina propria could sample antigens by protruding the epithelial layer. The increased size,
a characteristic property of wet-heated BLG, was reported to enhance the uptake of particles by DCs

[31].

Although digestion influences the accessibility of differently processed BLG to immune cells, it is still
meaningful to perform the further immunological analyses on undigested BLG samples, due to the
presence of intact protein in the gastric digest. Differently processed protein samples, in identical
concentration, were used for immunological experiments to allow a better comparison between

samples.
Key determinants for the uptake of heat processed protein by THP-1 APCs

In Chapter 3, the uptake of differently processed BLG samples by THP-1 macrophages was analysed
and correlated with the samples’ physicochemical properties, seeking the key parameters for uptake.
The experiment was extended to processed thyroglobulin and lysozyme, and dendritic-like cells, to
find possibly existing ‘universal’ key parameters that influence the uptake of processed proteins with
different properties by THP-1 derived APCs. In line with the less prominent role of DCs in phagocytosis
compared to macrophages, the absolute uptake level for DC of BLG, lysozyme and thyroglobulin was
smaller than for macrophages (Figure 3.1, 5.1, 5.2). Since there was a strong correlation between the
uptake performance of macrophages and DCs (Figure 5.2D), the data for macrophage uptake were
used to further analyse the key parameters that determine the uptake of processed samples. In
Chapter 3, wet-heating of BLG was reported to enhance it uptake significantly, for which
hydrophobicity and aggregation were found to be the key determinants. The set of included proteins
was broadened to lysozyme and thyroglobulin with intrinsic properties differing from BLG (Chapter 5).
In line with physicochemical modifications of thyroglobulin being similar to BLG after processing, wet-
heating also significantly increased the uptake of thyroglobulin, also being strongly correlated to
hydrophobicity and aggregation. It is not possible to postulate a role of hydrophobicity and aggregation
in the uptake of lysozyme after exposure to different heating conditions since there is no clear change

of lysozyme’s physicochemical properties and uptake by macrophages.
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With the help of EDC (a protein crosslinker), aggregates could be generated without the severe
structural changes as occurring upon heat-induced unfolding and exposure of hydrophobic regions.
EDC-crosslinking of BLG and thyroglobulin led to the formation of aggregates but did not increase the
uptake significantly. On the other hand, EDC did not lead to the expected aggregation of lysozyme as,
instead of intermolecular crosslinking, probably intramolecularly crosslinking occurred [32] which
altered the protein structure and increased its hydrophobicity. A significant increase of uptake for EDC-
treated lysozyme was observed, which further confirmed the importance of hydrophobicity in

determining the uptake capability.

The net charge of the cell surface depends on a very complex set of variables which is still disputed
[33]. If the surface of cells is positively charged, due to the abundant phosphatidylserine and ion
transport channels on the cell membrane, it is likely more accessible for negative particles. BLG and
thyroglobulin, which both showed increased uptake, are also both negatively charged (pl < 7) under
experimental conditions. Higher uptake has been observed for more negatively charged particles for
RAW 264.7 murine macrophages and for a few mammalian cell lines including leukemic cell lines UT-7
and K562 [34, 35]. It could also be seen from Figure 5.51 that native lysozyme has the lowest absolute
uptake value compared to the other two proteins. Its positive charge at physiological pH might explain

why heat-treated lysozyme was not readily taken up.

Surface characteristics including hydrophobicity and charge have been shown to be essential for
uptake by macrophages [36]. Based on these observations, it could be concluded that hydrophobicity
plays a more profound role than aggregation in enhancing the uptake of protein by THP-1 macrophages.

Surface charge might also be involved in this process, but further validation is needed.

Immune response of THP-1 derived macrophages and dendritic cells upon

exposure to proteins

As indicated in Chapter 4, the THP-1 monocyte derived macrophage-like (M0) and dendritic-like cells
(iDC) to a considerable extent mimicked the properties of primary monocyte derived cells. Not only
the expected morphology (Figure 4.1) and higher transcription levels of typical genes was observed
(Table 4.51 and 4.S2), but also the expression of surface markers (Figure 4.4) and their antigen
processing capability (Figure 4.6) fitted the observations reported in literature. Although THP-1
monocyte derived macrophages have been widely used, dendritic cells derived from THP-1 monocytes
using a cytokine cocktail of GM-CSF and IL-4 were unable to show induced expression of surface marker
CD86 and HLA-DR as primary monocyte-derived DCs do [37]. Although HLA-DR expression was also not

significantly induced, the stimuli (LPS and IL-4) used in this thesis were able to differentiate the THP-1
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monocyte into a dendritic-like cell type. MO exhibited the strengths of macrophages in antigen uptake,
processing and inflammatory response while T cell stimulation and signalling between innate and

adaptive immune system seemed to be more apparent in iDC.

No significant influence of the type of saccharides on protein structure modification or uptake was
observed in Chapter 3. Thus, for further immune response experiments based on APCs, BLG processed
by different heating methods was used, but only with glucose, as it is one of the most widely used
saccharides in the food industry. After incubation with BLG samples, the transcription response of iDC
was weaker than that of MO0. Although iDC treated with different BLG samples did not show many
immune related genes which were significantly differentially transcribed, the cytokine secretion levels
of IL-8 and IL-1B in native BLG and L-glu-BLG incubated iDC were significantly higher than observed for
other BLG samples, as shown in Figure 4.9. The cytokine inducing effect of native BLG and L-glu-BLG
could be more clearly observed for M0 in Figure 5.8. The protein structural modification of native BLG
was reported to be very limited in the L-glu-BLG sample in Chapter 3. IL-8, CCL-20 and IL-1p are all
related with pro-inflammatory responses which might indicate the inflammation-inducing effect of
native BLG upon incubation with APCs. The inflammation-inducing effect of native BLG is also indicated
by inflammation induction-related pathways which were significantly associated with MO treated with
BLG and L-glu-BLG as shown by pathway analysis (Figure 4.8). The presence of mild glycation products
in L-glu-BLG might cause a Th2 differentiation enhancing impact on MO0. A similar conclusion was drawn
based on the dendritic cell experiment with glycated ovalbumin [38]. It is notable that although cell
exposure to W-glu-BLG led to the highest uptake, but the impact on other analysed immune response
parameters was the lowest among all the samples. Thus, the uptake efficiency in APCs of protein

cannot directly be linked to transcription-inducing effects.

Potential immunological impact of lipopolysaccharide (LPS) and inhibitory protocol

LPS produced by gram-negative bacteria is very commonly present in our daily life, including our diet.
Its increased translocation has been associated with several adverse health conditions, including
Alzheimer’s disease, chronic inflammation of the gut, diabetes, etc. [39]. LPS is used by immune cells
for detection of bacteria and will induce a strong pro-inflammatory cytokine production to deal with
possible bacterial invasion. The levels of LPS, being a strong immune stimulus, should be kept below

threshold levels in in vitro immunological studies as it will obscure the effect of the tested sample itself.

The contamination levels of LPS in the samples used for this thesis is presented in Table 3.51 and 5.51.
The LPS concentration for all samples was below 1 ug/mL, the threshold which was shown to lead to a

significant increase of uptake by THP-1 macrophages (Figure 3.53). BLG samples in general had lower

142



General discussion

LPS levels than lysozyme and thyroglobulin, which might be due to the controlled conditions during in-
house isolation of BLG from cow’s milk. For further immunological research, BLG samples were used
in which processed BLG showed lower LPS levels (2.3-7.8 pg/mL) than native BLG (155 pg/mL). The
lower concentration of LPS in processed samples might be due to the dialysis step in sample

preparation which was meant to remove the unreacted saccharides.

About 5 pg/mL of LPS was found to exert no effect on a healthy human body [40, 41]. THP-1 monocytes
were reported to be less sensitive to LPS stimulation compared to primary monocytes with lower and
even no production for different cytokines [42]. On the other hand, in other immunological studies 10-
100 ng/ml LPS was normally regarded to be sufficient to induce a clear and obvious response, which is
1000x higher than the LPS concentration for the sample set [43-46]. The LPS related pathway was also
not enhanced in data of Chapter 4. Although L-glu-BLG has a much lower LPS level than native BLG,
the immune response it induced in macrophages and dendric cells is as strong as for BLG, which further
supports the notion that the observed immunological effect is mainly induced by the intrinsic
immunogenicity of BLG. Thus, it was concluded that no LPS inhibitory procedure is needed for these

samples.

Macrophage polarization after exposure to native and processed BLG

Activated macrophages can, at the extremes of polarisation, be classified into the pro-inflammatory
cell type M1 and anti-inflammatory cell type M2 [49]. Due to their plasticity, many intermediate
phenotypes may occur. The M1 phenotype produces iNOS and secretes IL-1f, tumour necrosis factor
(TNF), IL-12, IL-18 and IL-23, which all promote a Th1 response. On the contrary, the M2 phenotype is
characterized by a high level of IL-10 and low level of 1I-12, which promotes Th2 responses and is
related to cell proliferation and tissue repair [50]. M2 could be further divided into M2a, M2b and M2c
and M2d according to their different gene transcription profiles and cellular functions [51]. According
to the protocol of Chanput et al. [46], THP-1 monocytes were first differentiated into macrophages at
resting stage (MO0) by PMA, then incubated 6 hours with IFN-y (20 ng/mL) and LPS (1 pg/mL) to induce
an M1 phenotype or IL-4 (20 ng/mL) to induce an M2a phenotype. The M2b or M2c phenotypes were
obtained by incubating MO with LPS (1 pug/mL) and IL-1B (10 ng/mL) or IL-10 (10 ng/mL) for 6 hours,
respectively [52, 53]. To analyse which direction of macrophages polarization has been induced by the
BLG samples, a qPCR analysis was conducted on the THP-1 macrophages treated with native or heated
BLG and phenotype controls. Transcription levels of phenotype related genes CXCL9, arginase, CCL1,
CCL5, CCL15, CCL18, CCL24, CD86, CXCLS, IL-10, IL-12, mannose receptor, TGF-B, TNF-a were measured
by gPCR.
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Figure 6.2 Macrophages at resting stage (MO) treated with native BLG showed a gene transcription
profile closely related to the M2c phenotype, and the ones treated with processed BLG samples related
to the M2b and M2c phenotypes. BLG was untreated or heated (W, L or H) in absence or presence of
glucose and tested for gene transcription of macrophage polarization markers together with M1, M2a,

M2b, M2c cell controls. Gene transcription data were plotted in a bi-plot after PCA analysis.

After incubation with BLG samples for 6 hours, macrophages treated with native BLG seemed to
present a transcription profile close to M2c which is related with suppression of immune responses
and tissue remodelling (Figure 6.2) [53]. This may be interpreted as unexpected, as M1 is reported to
be related with inflammation [54], and native BLG (pro-inflammatory) incubated MO might be
stimulated into this direction. Compared to native BLG, variously processed BLG (especially low-
temperature dry-heated BLG in the presence of glucose) seemed to induce a shift towards the M2b
phenotype, which is typical for its immunoregulatory functions and Th2 enhancing properties [55]. This
observation corroborates the previous conclusion (Chapter 4) about the suppressive inflammatory

effect of L-glu-BLG upon exposure to MO.
Gene transcription profile induced by thyroglobulin and lysozyme

The modification of physicochemical properties of thyroglobulin and lysozyme after heating and their

correlation with uptake by THP-1 APCs has been studied in Chapter 5. Relatively severe modifications
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occurred in wet-heated thyroglobulin, which may be the cause of the significant increase in uptake by
THP-1 APCs. Physicochemical modifications were limited in processed lysozyme and there was no clear
change in uptake compared to native lysozyme. To investigate the responses of THP-1 macrophages
upon exposure to heated lysozyme or thyroglobulin after uptake, the transcription levels of 21 immune
related genes were measured by qPCR (Figure 6.3). There appears to be a correlation between gene
transcription and physicochemical properties as the samples, in the heat map, clustered partly in
relation to the heating methods. For example, all low-temperature dry-heated thyroglobulin samples
were hierarchically clustered with native protein. Almost all wet-heated and high-temperature dry-
heated lysozyme samples were hierarchically clustered with each other. Lysozyme induced a similar
gene transcription profile as thyroglobulin, with the exception of higher transcription levels for CCL1
and IL-10, to which a homeostatic or anti-inflammatory role is assigned, respectively [58, 59]. This

indicated a stronger immune modulatory and anti-inflammatory effect for lysozyme samples.

With respect to transcription of individual genes, the gene transcription level of IL-12 was suppressed
for all samples treated with either protein. The strongest overall increase occurred for CXCL8 (IL-8) in
macrophages that were treated with either sample. CXCL8 is a potent pro-inflammatory chemokine
which is released by macrophages to recruit other cells directly after encountering antigens [56], and
is produced in large amounts in response to the endotoxin LPS. The LPS-contamination in the samples
can be found in Table 5.51, which was between 0.1-1 ng/mL. This LPS concentration is unlikely to
explain the macrophage response, as IL-8 production of THP-1 macrophages did not increase
significantly until the LPS concentration was above 1 ng/mL (data shown in the following content).
Another study showed that monocytes stimulated with 0.2 ng/mL LPS did not show clear IL-8
expression [57]. An increase was also observed for CCL18, CCL5, CCL15, LOX-1, and Galectin-3, albeit

to a lesser extent than CXCLS.
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Figure 6.3 Hierarchical clustering showing different patterns of gene transcription of lysozyme and
thyroglobulin samples. Thyroglobulin (THY; A) and lysozyme (LYS; B) were untreated or heated (W, H
or L) in the absence or presence of saccharides (glu, lac or GOS). The plotted data was log2 value of
average fold change of N = 4 gPCR measurements of 2 independent cell experiments based on 2
independent sample sets. The included genes are IL-12, DC-SIGN, srb1, mannose receptor, RAGE, CD86,
msr1, TGF-8, CD68, NLRP3, CCL24, CXCL9, arginase, IL-10, GAL3, LOX1, CCL1, CCL15, CCL5, CCL18, CXCLS.

After exposing macrophages to the thyroglobulin and lysozyme samples, there was a high transcription
level for M1 markers as CXLC8 and CCL5 [60], while the gene expression profile also showed a typical
IL12'°"IL-10"&" M2 characterizing phenotype [61, 62]. As macrophages do show a high degree of
plasticity, and M1/M2 re-polarization was often observed in vivo [63, 64], it is plausible that the
macrophages in the current study, after protein stimulation, were polarized into a unique subset,
which differs from the characteristic M1 or M2 profile, similar to what was observed for a unique non-
digestible polysaccharides treated macrophages phenotype [65] or a recently found M2d phenotype
[66, 67].

To sum up, the immune responses of macrophages incubated with BLG, thyroglobulin and lysozyme
seemed to be influenced by the processing methods to which the proteins had been exposed. The
importance of the physicochemical modifications or uptake kinetics of protein by THP-1 macrophages
for theirimmunological influence is not clear, whereas the initial intrinsicimmunomodulatory property
of the protein samples might play a dominant role. BLG showed a pro-inflammatory effect on
macrophages. Lysozyme samples showed a stronger anti-inflammatory and immune modulatory effect
than thyroglobulin, and the polarization of these two protein-treated macrophages does not reflect a
typical M1 or M2 phenotype. These results indicate the potential immunomodulatory effect of

proteins, via different processing, on macrophages.
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Maturation of iDC by different concentrations of LPS

After phagocytizing antigens, immature DCs are activated and become mature during the migration
from peripheral tissue to lymph nodes, presenting the antigen on the MHC-II receptor to naive T cells
[68]. There are various protocols for maturing DCs, for which LPS is a commonly used stimulus [69].
After incubation with different concentrations of LPS for 2 days, the expression of CD209 decreased
with increasing concentration, while the expression of CD83 and CD8O0 increased (Figure 6.4). When
the concentration was above 250 ng/mL, the decrease of the expression of CD209 was observed to be
significant. The increase of CD83 and CD80 seemed to reach a plateau at a concentration higher than
125 ng/mL. The concentration of LPS used for human primary monocyte-derived iDC maturation was
normally 1 pg/mL, and 10 pg/mL for mouse iDC [70-72]. This is the first time that mDCs were generated
in a two-step protocol from THP-1 monocytes-derived iDC, other than the direct generation from THP-
1 monocytes [73]. This result demonstrated that LPS with a concentration of 500 ng/mL is sufficient to

mature THP-1 derived iDC.
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Figure 6.4 THP-1 derived iDC stimulated with 500 ng/mL LPS showed the best maturation performance.

iDC was incubated with different concentration of LPS for 2 days and checked by their surface marker
of CD209 (A), CD83 (B) and CD80 (C) using flow cytometry. The results represent the mean MFI + SD of
3independent experiments. Statistical differences compared to iDC were calculated with Dunnett's Test:

*p < 0.05.
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As mentioned above, there were not many significantly differentially transcribed genes in iDC
incubated with BLG samples. However, the cytokine secretion levels of iDC treated with differently
processed BLG showed significant differences. It would be worthwhile to investigate if differently
processed BLG samples could differently mature iDC. Processed BLG in the absence of glucose was also
included to further estimate the effect of glycation. No significant change of mDC markers CD209,
CD83 or CD80 was observed after exposing the iDCs to heat-treated BLG-samples (Figure 6.5). The
immunomodulatory capacity of BLG samples might still not be strong enough to mature iDC. A more
sensitive method would then be needed to give more detailed information about the immunological
influence of BLG samples. For example, a DC and CD4+ T cells coculture system is widely used to be
able to capture the following T cell response after antigen-presenting of DC [38, 74]. Moreover, it gives
the possibility to clearly distinguish the Thl or Th2 skewed immune response induced by the protein

samples.
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Figure 6.5 THP-1 derived iDC stimulated with different BLG samples did not lead to clear maturation.
iDCs were incubated with BLG samples for 2 days and checked by their surface marker expression of
CD209 (A), CD83 (B) and CD80 (C) using flow cytometry. The results represent the mean MFI + SD of 3

independent experiments. No statistical differences compared to iDC were found.

148



General discussion

Conclusions and future perspectives

This thesis demonstrated that wet-heating of BLG led to a higher gastric digestibility and decreased
translocation across a Caco-2 monolayer, which indicates its potentially lowered accessibility to
intestinal immune cells (Chapter 2). Of all the physicochemical modifications, the hydrophobicity
increase of wet-heated BLG is the key determinant for its enhanced uptake by THP-1 macrophages
(Chapter 3), which also applied for other proteins with different molecular weight and pl, and THP-1
iDC as another type of APC (Chapter 5). Further analysis of the response of APCs upon exposure to
processed BLG showed a strong influence of protein structural change for its immunogenicity, for
macrophages in particular, which is based on a well-described and representative THP-1 monocytes-
derived APC model (Chapter 4). In Chapter 5, it was also observed that cytokine secretion of

macrophages incubated with BLG samples did not directly correlate with its uptake behaviour.

The results of this study could help to better understand how the immunogenicity of food proteins can
be modulated through processing. BLG was used as a model protein because of its prominent role in
infant nutrition, and the fact that it is heated in many different ways in industry, leading to a wide
range of structural and chemical modifications. Performing similar studies on other proteins, or on
whole foods, will demonstrate whether, and to which extent, the observations can be extrapolated.
High-temperature dry-heating is a harsh condition which leads to considerable modifications of the
protein, including a major loss of solubility. The quantitative dimension of the physicochemical and
immunological influence of those insoluble aggregates were not included in this thesis but remain
interesting topics for further studies. Ideally, immunological experiments would be done using
digested protein samples, instead of undigested protein samples, as this would better represent the
situation in vivo. Firstly, bioactive peptides which play a functional role in immune modulation could
also be generated upon digestion. Secondly, under in vivo conditions, gastric digestion might break
down the insoluble aggregates in high-temperature dry-heated proteins, increasing its accessibility and
potentially immunogenicity to immune cells. It is of utmost importance to take not only processing-
related, but also possible digestion-related effects into account when studying the physiological impact

of differentially heat-treated dietary proteins.
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Summary

Heat processing is a common procedure in producing cow’s milk products in industry, amongst others
to extend their shelf life. Thermal processing is reported to influence a protein’s structure and
potentially its immunogenicity. This thesis describes the impact of various types of processing on
structural characteristics of B-lactoglobulin (BLG), as the major allergen in cow’s milk allergy, and on
the immune response of antigen presenting cells (APCs) in particular. These cells were chosen as they
are the first immune cells to come in contact with the exogenous food protein and subsequently
initiate further immune responses, including the sensitization step of the allergic reaction. Next to BLG,
thyroglobulin and lysozyme were studied in the thesis to estimate whether generally applicable
conclusions could be drawn on the relationship between structural modifications of proteins and the

subsequent immune responses.

This thesis studied a comprehensive set of parameters that were considered to be relevant for this
question, from a protein’s accessibility to intestinal APCs after processing, its physicochemical
structural modifications to its uptake by APCs and further immune responses. To generate a range of
structural modifications, including unfolding, aggregation and glycation, three different heating
methods were used. Reducing saccharides were also included in the heating process to induce
glycation, which quite commonly occurs in milk processing and is expected to be important for
structural modifications and immunogenicity of the protein. The methods were wet-heating (W;
heating in solution at 60 °C for 3 days) which led to aggregation of protein, high-temperature dry-
heating (H; heating at 130 °C for 10 minutes) for advanced glycation and low-temperature dry-heating

(L; heating at 50 °C for 9 hours) for mild glycation.

In Chapter 2, the changes of the accessibility of BLG to intestinal immune cells after different
processing methods was studied. The intestine is the main surface where exogenous proteins would
interact with the immune system, thus the digestion and transport of proteins across the intestinal
epithelial cell layer may be important for its accessibility to intestinal immune cells. A modified version
of the current consensus in vitro digestion INFOGEST protocol and a Caco-2 insert transwell system,
which mimicked the intestinal epithelial monolayer, were used. The gastric digestibility increased
significantly when the protein structure was severe modified (as observed for wet-heated BLG), being
specifically enhanced by the exposure of hydrophobic regions, while the influence from the presence
of lactose during processing was limited. Translocation studies of BLG across Caco-2 cell monolayers
showed a lower translocation rate of wet-heated BLG compared to the otherwise processed BLG-
samples. Our study indicates that structural modifications of BLG after heating (especially wet-heating)
enhance its digestibility, in particular gastric digestibility, and reduce the translocation efficiency across
intestinal epithelial cells. Of all the heat treatment methods, the wet-heating method decreased the

accessibility of BLG to intestinal APCs the strongest.
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After the gastric digestion and being translocated through the epithelial layer, protein uptake by APCs
would be the first step for its interaction with immune cells. In Chapter 3, macrophages derived from
THP-1 monocytes were exposed to fluorescently labelled BLG samples and the uptake was calculated
after measuring the intracellular fluorescent signal. Wet-heated BLG showed significantly higher
uptake by macrophages compared to native and otherwise processed BLG samples. The presence of
saccharides during processing, and hence the resulting glycation, was found to be not relevant for
uptake efficiency. To link its strong uptake with the structural properties of processed BLG, a set of
physicochemical parameters including molecular weight, hydrophobicity, amyloid-like structure,
degree of glycation, surface charge, and secondary structure was measured. Statistical analysis
demonstrated that uptake was correlated strongly to hydrophobicity, amyloid-like structures, and
aggregation of the protein. Due to the fact that both amyloid-like structures were reported to be
related to the increase of hydrophobicity, we postulate that the exposure of hydrophobic regions and
aggregation are the leading physicochemical characteristics to explain the significantly higher uptake

of wet heated BLG samples by THP-1 macrophages.

In Chapter 4, the immune response of APCs upon exposure to differently processed BLG was measured
by both gene transcription and expression levels. In addition to macrophages, whose role is mainly in
antigen phagocytosis, dendritic cells as another type of APCs that play an important role in signaling
between the innate and adaptive immune system were also included in our study. A biological
response is determined by the actor (in the case of this thesis processed protein samples) and the
recipient (in this thesis the innate immune cells). To be able to obtain a clearer picture of the
importance of variation in the structure of the processed proteins, a read-out system with a maximally
homogenous genetic background was developed. For these experiments, macrophages and dendritic
cells were both derived from THP-1 monocytes. The differences between macrophages and dendritic
cells were clearly shown by their different morphology, transcription (microarray), and protein
expression levels, which is in line with their specific functions in inducing an inflammatory response
and T cell signaling, respectively. After incubation with native and differently heat treated BLG,
stronger transcriptional responses were found in macrophages than dendritic cells. For macrophages
specifically, native and low-temperature dry-heated BLG showed stronger transcription-modulating
effects, while there was not a clear impact from the otherwise treated BLG samples. This might be due
to the strong structural modifications of BLG in these other samples. (Limited) glycation, as occurring
in low-temperature dry-heated BLG, might be related to its T helper 2 (anti-inflammatory) inducing
property. Forimmature dendritic cells, hardly any transcriptional response to processing-modified BLG
was observed. Our results thus indicate that processing-induced structural modification influence the

transcriptional, and in particular the immune response, of macrophages.
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Chapter 3 showed that the uptake of BLG by THP-1 macrophages differed after different processing
methods and was positively correlated with hydrophobicity and aggregation. In Chapter 5, we applied
the same three processing methods that were applied to BLG also to lysozyme and thyroglobulin,
which have different pl or molecular weight compared to BLG, respectively. Uptake was tested in both
THP-1 monocytes-derived macrophages and dendritic cells. A strong correlation between the uptake
of the different protein samples by macrophages and dendritic cells was found and the former cells
showed stronger uptake capability than the latter ones. The key role of hydrophobicity, over
aggregation, in determining the uptake was confirmed by the results for lysozyme and thyroglobulin
and the chemically crosslinked form of all three proteins. Several uptake routes were shown to
contribute to the uptake of BLG by macrophages. However, cytokine responses following exposure of
macrophages to BLG samples were not related to the levels of uptake. Together, our results
demonstrate that heat-treatment-induced increased hydrophobicity is the prime driving factor in
uptake, but also shows that the further immune response by APCs might be governed by other

parameters than uptake capability.

In conclusion, this thesis showed that physicochemical modifications of proteins, e.g. exposure of
hydrophobic regions as a consequence of the wet-heating processing, influences its accessibility and
uptake by APCs stronger than the other two heating methods. Moreover, the potential inherent pro-
inflammatory effect of BLG on macrophages was reduced by severe structural changes. These
outcomes may contribute to reduce the incidence and prevalence of CMA, and possible adverse
immune effects from milk proteins, by better understanding of the underlying immunological

mechanisms.
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