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ABSTRACT

Background: Before introducing proteins from new or alternative dietary sources into the market, a
compressive risk assessment including food allergic sensitization should be carried out in order to ensure
their safety. We have recently proposed the adverse outcome pathway (AOP) concept to structure the
current mechanistic understanding of the molecular and cellular pathways evidenced to drive IgE-
mediated food allergies. This AOP framework offers the biological context to collect and structure

existing in vitro methods and to identify missing assays to evaluate sensitizing potential of food proteins.

Scope and Approach: In this review, we provide a state-of-the-art overview of available in vitro
approaches for assessing the sensitizing potential of food proteins, including their strengths and
limitations. These approaches are structured by their potential to evaluate the molecular initiating and key

events driving food sensitization.

Key Findings and Conclusions: The application of the AOP framework offers the opportunity to anchor
existing testing methods to specific building blocks of the AOP for food sensitization. In general, in vitro
methods eval uating mechanisms involved in the innate immune response are easier to address than assays
addressing the adaptive immune response due to the low precursor frequency of allergen-specific T and B
cells. Novel ex vivo culture strategies may have the potential to become useful tools for investigating the
sensitizing potential of food proteins. When applied in the context of an integrated testing strategy, the

described approaches may reduce, if not replace, current animal testing approaches.
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SENSITIZATION TO SUPPORT IN VITRO TESTING STRATEGIES
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H.M. van Bilsen.
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1. Introduction

Food allergy is one of the most common health disr in the western world. The occurrence of food
allergy drastically increased in the last decadik @& current prevalence that reaches up to 10%hef
population (Sicherer & Sampson, 2018). Food alesgire adverse reactions to an otherwise harmless
food or food component that involves an abnormapoase of the body’s immune system to specific
protein(s) in food. The clinical picture of foodeaby is pleiomorphic and can range from gastraitiel
symptoms to severe anaphylaxis (Eigenmann et @082 Most (approximately 90%) of food allergic
reactions are caused by milk, egg, peanuts, tre fish, soya, wheat and shell fish (Boyce, Agsaks,
Jones, & Hugh, 2010). Allergic disease developsa itwo-step process comprising sensitization to the
allergenic food and subsequent elicitation of tergic reaction resulting in symptoms on re-expesio

the allergen.

The contribution of food proteins to healthy agiisgincreasingly documented and the role of these
proteins in a healthy diet recognized. Howevertaming global population places an increased pressu
on the world’s resources to provide not only moue ddso different types of food. The developmert an
introduction of new dietary protein sources hasgbtential to improve food supply sustainabilityhi§
can be achieved via different ways, e.g. througheldmment of new nutritional/protein sources,
improvement of crops, by providing solutions tohteical challenges during manufacturing, as welhyas
valorizing unused side products (Remington et2411,8; Selb et al., 2017). These foods must not pose

risk to public health, thus a comprehensive risseasment should be conducted in order to ensuire the
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safety. Risk assessment should cover different dmmacluding kinetics, toxicology, nutritional effts

and allergenicity (de Boer & Bast, 2018).

Studying the allergenicity of these foods is quitenplex. Firstly, relevant allergenic testing miter
needs to be obtained. To this end, several fa¢togs pH, buffer, fatty substances in matrix estijould

be taken into consideration to obtain an extraat piiovides a good picture of the novel food, whieke

to be optimized case-by-case (Mazzucchelli et24l1,8). In addition, the purification of proteinsght
also be also technically challenging and may reauthemical modifications, which needs to be assts
prior to testing for allergenicity (Mazzucchelli at., 2018). Next to the difficulties to obtain eeant
allergenic testing material, it is evident that gedies of food matrix components are also relewanat
important in the sensitization process. The alleligenever in initial contact with the immune systa a
purified state; the matrix surrounds, interactshwand can affect the physiochemical features ef th
allergens. Currently, the primary influences of thatrix are thought to be antigen bioavailabilityda
release, digestibility and interactions with themome system (McClain, Bowman, Fernandez-Rivas,
Ladics, & Van Ree, 2014). However there are noigiitborward approaches to address the many
variables represented by the matrix componentsad {reviewed by McClain et al., 2014), so addgion
knowledge is required which will help to developl®to incorporate their influence on sensitizatioio

model systems (van Bilsen et al., 2017).

This manuscript focusses on the current availahlevitro tools to study cellular and molecular
mechanisms driving the non-symptomatic sensitinafibase of food allergy resulting in the generation

of food protein-specific IgE.

There are a considerable numbeiirofivo andin vitro data available describing molecular and cellular
events potentially involved in food sensitizatidRecently, these events have been organized in a
sequence of related processes that is plausiblestdt in sensitization and useful to challengerenur
hypothesis by applying the concept of adverse anécpathway (AOP) (van Bilsen et al., 2017). The
proposed AOP framework provides a simplification aofcomplex biological process by collecting,
organizing and evaluating data that describe threntsvof an adverse outcome at a biological level of
organization with relevance for risk assessmene application of the AOP concept allows to identify
the major molecular initiating events (MIE) and lexents (KE) underlying food sensitization (Figtije

The AOP for food sensitization starts with a MIEatving the allergen uptake over the mucosal barrie
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of the gut intestine. The food protein passage imadyce the activation of intestinal epithelial sell
(IECs), representing KE1, followed by the localieation of dendritic cells (DCs) and their migratito

the mesenteric lymph nodes (KE2 and KE3). Theres P€sent processed allergen to naive T cells
priming them toward a T helper type 2 (Th2) resgofiE4). Thus these events may cause the activation

of B cells (KE5) and the production of specific 19§ plasma cells.

The events included in this AOP are still highlyrg@ex at molecular/cellular level, but the challerig
to integrate MIE and KE to better understand thehaaistic pathways of food sensitization induction.
The AOP for food allergy offers the opportunity émchor existing methods for the testing and
assessment of sensitizing potential of food pretdifioreover, it gives insight into which specifissays

are suitable to evaluate the influence of novetlfpmteins and ingredients in the sensitizatiorcess.

It is still a matter of debate whether human, lik&ce, can be sensitized via other routes than the o
route such as via the skin or respiratory routdd&piological studies in human populations seem to
confirm the skin as a relevant route for food d&redion induction and allergy in humans, howewer i
mechanistically not sufficiently understood yet r{vBilsen et al., 2017). Evidence for the respinator
route is even more ambiguous (van Bilsen et afl,720Thereforeijn vitro testing strategies focusing on

the dermal or respiratory route are not exploreitis review.

In this review, we aim to provide the state-of-Hre-of existingin vitro approaches for assessing
sensitizing potential of food proteins based onitlemtified MIE and KE proposed in the AOP for food
sensitization, as described by van Bilsen et an Bilsen et al., 2017). For this propose, we mte\dell
assays previously used for the study of food aflesgfocusing on major read-outs as well as strength

and limitations of these assays..

2. Antigen uptake over intestinal mucosal barrier and epithelium activation

2.1. In vitro modelsto assess tight junction disruption (MIE1)

During the gastrointestinal digestion, intact pimdeand peptide fragments reach the intestinal fume
where they interact with the IECs resulting in gati uptake over the gut barrier. Digestion prodowy
be transferred across the intestinal epitheliumphyacellular transport driven by disruption of tigh

junctions, adherent junctions and desmosomes, septieg MIEL1. Tight junctions are multiprotein
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complexes composed by transmembrane proteins @nclclaudin, junctional adhesion molecule A and

tricellulin) that provide the integrity of the actgosin ring, which controls inter-epithelial perrbéiy.

Typically, epithelialin vitro models employed to study the transport and abisorpf food proteins or
peptides along the intestinal epithelium are basedell lines (including Caco-2, HT-29, T84, andE(®

J2) grown in a transwell system (Cubells-Baezd.e2@15). In this regard, Grozdanovic and co-woske
demonstrated that the exposure of T84 cells tanidati, a kiwifruit cysteine protease, resulted e t
impairment of the epithelial barrier, due to thg@a&ation of occludin promoted by the proteolytiti@an

of actinidin (Grozdanovic et al., 2016). As a cansence, an increase of the intestinal permeabilay
recorded which could contribute to the processeufsiization in kiwifruit allergy. By employing the
Caco-2 cell model, Price et al showed that pealteitgens Ara h 1 and Ara h 2 were able to alter the
intestinal barrier permeability, modifying the amhlization of the transmembrane tight junctiontircs
occludin, JAM-A and claudin-1, with the intracelimladhesion protein ZO-1 (Price, Ackland, Burks,
Knight, & Suphioglu, 2014). In another studf3-conglycinin from soy (Gly m 5) induced a
downregulation of tight junction proteins by usagnodel of IPEC-J2 porcine cells (Zhao et al., 2015
On the other hand, the breach of epithelial bamay be a consequence of Th2 switching and may
possibly reflect the abnormal responses and vicayate triggered by mast cell activation. It hagie
observed that mast cells releasing chymases amatiiee have an impact on the physiology of the
intestinal mucosa, promoting the degradation oftithiet junction occludins (Bischoff & Kramer, 2007)
Moreover, mast cells are involved in the releas@l?-realted cytokines, such as IL-4 and IL-13} tha
influence the modulation of IEC permeability in fdilent human IEC cultures, decreasing the trans-
epithelial electrical resistance (TEER) and seletyiincreasing the apical-to-basal movement ofgins
(Ceponis, Botelho, Richards, & McKay, 2000). In erdo address the integrity of the intestinal
monolayer, the study of the TEER is an importasuésthat provides information about the inter-
epithelial transport, generally associated withateration of the tight junctions and thus relates
paracellular transport. It has been reported tkpbsure of crude apple homogenate produces arasere
of the paracellular resistance in Caco-2 cellshveih augmentation of the expression of severat tigh
junction related genes, including claudin 4 (VreghBastiaan-Net, & Mes, 2011). Zhao et al. have
recently shown that peptides produced during sitadlen vitro digestion of soybeafi-conglycinin,

determine an increase of alkaline phosphataseitgotvith a decrease of mitochondrial respirationT(M
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assay), TEER values and downregulation of claudia&.idin-4, occludin, and ZO-1 expression (Zhao,

Liu, Zhang, Pan, & Qin, 2017).

However, not all food allergens affect TEER resista Moreno et al. reported that the transcellular
transport of purified 2s albumins Ber e 1 (brazit)jrand Ses i 1 (sesame seed) across Caco-2 menolay
did not affect the permeability as assessed byatisence of any change of allergen absorption rate a
TEER values (Moreno, Rubio, Olano, & Clemente, 2006 other work, authors found that hydrolyzed
ovalbumin did not affect MTT values or cell permiéisibindicating a protective effect exerted by the
food matrix on the cell barrier (Grootaert et @017). In addition, TEER values were restored tirth
original levels, demonstrating the absence of aeymanent damage on the monolayer caused by egg
digests tested (Grootaert et al., 2017). In lin¢hvthis, previous studies also reported that pedifi
proteins from wheat«b-gliadin and LTP 1) (Bodinier et al., 2007), peadhru p 3 and LTP 1)
(Tordesillas et al., 2013), and peanut (Ara h 1 Aral h 2) (Price, Ackland, & Suphioglu, 2017) were

able to cross Caco-2 monolayers without compromisell monolayer integrity.

2.2. In vitro models to assess receptor-mediated and unspecific endocytosis (M IE2 and M I E3)

Apart from paracellular transport, food proteinsynadso cross the intestinal epithelium via transda
transport pathways, either receptor-mediated @3, the low affinity FeRII-IgE receptor) (MIE2) or

via unspecific endocytosis (MIE3).

CD23 is expressed by Caco-2, T84 and HT29 cellstlagid expression can be stimulated by IL-4 (Tu et
al., 2005). Using Caco-2 cells, it has been dematest that IgE-antigen (nitrophenyl(NP)-BSA)
complexes trigger the upregulation of IL-8 and CGLZhe supernatant of such triggered Caco-2 cells
induced DC migration in a CCL20-dependent mannéeflal., 2007). In HT29 cells, it has been shown
that CD23 expression and transcellular transpolgBfNP-ovalbumin complexes could be stimulated by
factors present in supernatant of activated mads(ldMC1) and monocyte (THP1) lines (Tu, Oluwole,
Struiksma, Perdue, & Yang, 2009). The role of SigAranscytosis has been studied even less than tha
of CD23, and mainly focus on gliadin peptides. Gacand HT29 cells express CD71 and
transglutaminase 2 (TG2), both shown to co-preaiipitvith SIgA and important for endosomal transport
routing (Lebreton et al., 2012). These reports exeptor-mediated endocytosis are from a few islate
studies, but they show that the role of CD23-mediatnd of CD71/TG2 transcytosis could be examined

usingin vitro models, although more food proteins using thesayasshould be tested.
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Unspecific transport of food proteins may occur efathelial, goblet or M cells and may result natyo

in protein degradation within these cells and datlactivation, but also it can lead to procesproteins
into peptides that can be expressed in the comteMHC-II. The route of uptake seems to have an
important implication for the final outcome. Althglu insufficiently studied, it has been proposed tha
larger cross-linked proteins could be more sernsgibecause they are preferentially taken up byeNsc
and directly interact with immune cells in Peygratches. Roth-Walter and co-workers describedthigat
intestinal transport of solublél-lactoglobulin occurs through enterocytes, while thptake of its
aggregates is redirected to Peyer's patches (Raltek\et al., 2008). On the other hand, smallexdint
proteins are transferred via goblet-associated agasgalso called GAP) and that may be linked to
processing by CD103+ DCs, facilitating toleranciea than to other DCs that are linked to senditina
(McDole et al., 2012). M cell transfer and GAP aot often studied usinign vitro methods, but cell lines
as well as organoids can be adapted to study ttieydar involvement of these transportation routesr
instance, cell lines and intestinal stem cell-dedlivorganoids can be stimulated to form M cells by
RANKL-RANK pathway activation (Kimura, 2018) and ®Acould be studied in specialized cell lines

(HT29-H cells) or in organoids (constitutive presemnf goblet cells).

Endocytosis is a complex process that includes alesemediated uptake mechanisms, clathrin-
dependent and -independent uptake mechanisms, fpeaxoytosis and phagocytosis. These processes
may operate alongside each other and can be stbgieing specific inhibitors (Dutta & Donaldson,
2012). Important to mention here is that many adsth inhibitors (e.g. filipin, cytochalasinD and
monodansylcadaverine) also affect viability as wslITEER values (Price et al., 2017). Little infation
with regard to the importance of various mechanisisndocytosis is yet available for food allergens
But studies with individual proteins show that diffint mechanisms of endocytosis may be involved for
different proteins; for instance, Ara h 1 may beaytosed via a combination of macro-pinocytosid an
clathrin-dependent processes, whereas Ara h 2 meagndocytosed via a combination of macro-
pinocytosis and caveolea-mediated uptake mechaniBrice et al., 2017). Although authors speculate
that the localization of Ara h 2 resulting from tkpecific way of endocytosis is linked to higher
allergenicity of Ara h 2, other potential explawoats such as their different molecular weight orgitxy-

chemical properties should be also considered.

Altogether,in vitro models such as Caco-2 cells cultured onto trahsystems seem suitable to study

the importance of MIE2 and MIE3 in sensitization famd proteins. However, no data is currently
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available for ranges of allergens and clearly thisrmation is needed to link endocytops se as well

as the type of translocation to the sensitizingptial of a food protein.

2.3. In vitro modelsto assess epithelium activation (KE1)

Beyond being transported across the gut epithietialier, food proteins and their digestion prodwarts
able to interact with IECs in the intestinal lumtwereby triggering immune responses. It is widely
accepted that food sensitization involves factammf gut epithelium, which are released after the
activation of IECs (KE1). The presence of food rajns in the gut is mainly detected by pattern
recognition receptors (PRRs), such as toll likeepgars (TLRS), glycan binding receptors (galectimis)
protease-activated receptors (PARS). This leadiset@ctivation of inflammatory mechanism resulting
the activation of the NKB route and initiate the repair process for the aged barrier with the

production and secretion of chemokines, cytokineagtive oxygen species (ROS), and lipid metalmlite

In vitro studies have closely linked the production of R@$he activation of epithelial cells in the case
of aeroallergens. The presence of IL-13 in the remvinent and the activation of PAR-2 receptor have
been implicated in the upregulation of ROS productby epithelial cells (Dickinson et al., 2016;
Nadeem et al., 2015). However, the effect of fobergens on IECs have not been so furtherly studied
and we can only report the case of peanut alleygensghich an increase in the nitric oxide synthgeae

expression has been observed (Starkl et al., 2011).

In response to their activation, IECs are also &hlelease epithelial-specific cytokines (e.g1lLH.-18,
IL-25, IL-33, and the thymic stromal lymphopoietiT SLP-) that are crucial for the initiation of food
protein sensitization. This cytokine environmerduoes the activation of DCs, type 2 innate lymphoid
cells (ILC2), basophils, eosinophils, and mastszedkewing the intestinal immune system towardg2a T
response. IL-33, IL-25, and TSLP are constitutivekpressed by epithelial cells being IL-33 a crucia
regulator of mast cells. Besides that, IL-33 iseald enhance granulocyte, macrophage, and ILC2
responses (Saluja, Khan, Church, & Maurer, 2015213 elicits multipotent progenitor type 2 cells, a
population of innate cells promoting type 2 celhiomity even in absence of ILC2 (Saenz et al., 2013)
Regarding TSLP, its expression is increased in akBIlependent-manner, being able to activate mast
cells and influencing antibody production (Miron@istea, 2012). On the other hand, the productfon o
IEC-derived TGH3 promotes DCs involved in tolerogenic signals, wkhig an important milestone for

the control of allergic sensitization (Wang & Samps2009). Tordesillas et al. examined the efféthe



203 major peach allergen Pru p 3, in comparison witt tf the hypoallergenic peach LTP 1 using Caco-2
204  cells grown in a transwell system. Authors showed in the presence of Pru p 3 an increased expness
205 of Th2-driving cytokines (IL-25, IL-33, and TSLP)as observed. However, with the hypoallergenic
206 protein LTP 1, the induction these cytokines wamisicantly lower (Tordesillas et al., 2013). Irhet
207 study, the effect of the peanut allergen Ara h 21B6s showed upregulation of the inflammatory

208 cytokines IL-B and IL-8 (Starkl et al., 2011).

209 Concluding, the activation of epithelial cells is heterogeneous process in which the cytokine
210 environment is crucial, for this reason the effemftsnore food allergens on IECS should be described
211 using other cell types than Caco-2 cells. Despigefact that the majority of studies are focusedhen
212 analysis of the cytokines expression, other patlsveipuld be explored, such as mucus secretion@dr Ca

213 signaling pathway alterations.
214 2.4. In vitro models to assess antigen uptake combined with epithelium activation (MIE and KE1)

215  Approaches which combine the possibility to evadutdite contribution of allergens transport (MIE) to
216 IEC activation and cytokine production (KE1) arepormtant tools for studying the immunogenic
217 properties of food proteins. The interaction ofdalergens with the intestinal epithelium not oldgds
218  to the secretion of innate cytokines, but alsopiealuction of chemokines and other soluble facsoich
219 as alarmins (e.g. uric acid, ATP, HMGB1, and S16figins) that drive immune polarization by affegtin
220 DC function and the adaptive response (Gavrovitadlanic & Willemsen, 2015; van Bilsen et al.,
221 2017). Furthermore, there is evidence that mediateleased by peripheral blood mononuclear cells
222 (PBMCs) and mast cells contribute to increase fimals permeability which means that immunologic
223 status can, by itself, affect IEC activation anel #itcess of the allergen through epithelium (Talldest

224 al., 2013).

225 In this sense, several strategies have already agempted with relative success. IEC lines grown i
226  transwell systems (e.g. Caco-2, T84, or HCT-8) Haaen used to assess allergen uptake and subsequent
227 epithelium activation by measuring cytokine produttor changes in gene expression induced by
228 allergens (Starkl et al., 2011; Tordesillas et2013). In order to study the influence of inteatigoluble

229  factors from immune cells on IECs, someiitro strategies have used separate monocultures ofdB€s

230 immune cells and then supernatant from immune belésbeen applied to IECs (Martos, Lopez-Exposito,

231 Bencharitiwong, Berin, & Nowak-Wegrzyn, 2011; Tosdias et al., 2013; Yamashita, Yokoyama,
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Hashimoto, & Mizuno, 2016) ovice versa. This strategy may contribute to a better compnsive

understanding of thie vivo cross-talk affecting KE1.

In addition, co-culture systems allowing cross-thétween structural cells (IECs) and effector immun
cells (such as basophils) are being attemptedutdysivhether a food allergen induces not only aatire
epithelial activation, but also its consequenceghenunderlying immune cells, enabling to assess th
immune cell responses through epithelial activat&min vitro model based on the co-culture of Caco-2
cells and rat basophilic leukaemia cells (RBLs) basn used for the study of immune activation upon
Gal d 2 challenge at the apical side of the IEQsidify, Bernasconi, Mercenier, & Corthesy, 2009).

Although not performed, epithelial activation markenay be evaluated using this co-culture system.

More complex co-cultures combining mucoid IECs, #mancoid IECs and B cell lines (Caco-
2/HT29/Raji-B) have been suggested in the litemtas systems to integrate allergen uptake with
epithelial activation markers as well as with madian by the immune cell signals (Araujo & Sarmento

2013). However, such an integrative system hageidbeen used for the study of food allergens.

3. Dendritic cells

3.1. In vitro modelsto assess dendritic cell activation and migration (KE2 and KE3)

As major antigen presenting cells, gut-associatéts Play a key role in immunological pathways
associated to food protein sensitization processdFproteins or their digestion products may induce
activation of DCs (KE2) by C-type lectin recept@l.Rs) or other PRRs leading to a decrease in TLR-
induced IL-12 production, as well as upregulatidrOX40L, TIM-4, or both. In addition, DCs can be
activated by IEC-derived IL-33 which also upregesa©X40L expression on DCs. After allergen uptake
and activation, DCs migrate (KE3) to draining lympddes mediated by the expression of CCR2, CCR5
and CCR7 molecules. Other interesting surface martikeassess as indicators of antigen presentat®n
HLA-DR (MHC class II), CD86 (Katayama et al., 201&)d DC-SIGN binding by fluorescent-labeled

food proteins (Kamalakannan, Chang, Grishina, Samp& Masilamani, 2016).

Besides DC assays analyzing the presence of (lgndinhsurface molecules and cytokine expression,
other methods have been described evaluating fferadices in DC endocytosis by incubating murine
bone marrow-derived DCs (BM-DCs) with FITC-labelgdactoglobulin and byn vitro endolysosomal

degradation of the native and cross-linked formstia allergen (Stojadinovic, Pieters, Smit, &
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Velickovic, 2014). These data indicated differentiest correlated with the sensitizing potentralivo,
suggesting that these additional parameters mayséfilin vitro parameters to evaluate the sensitizing
potential of food proteins. On this regard, BM-Diisve been applied to estimate the effect of thermal
process on ovalbumin and showed that a glycatiaaumt of this allergen, pyrraline, induced higher

uptake by DCs associated with the scavenger recelatss A (Heilmann et al., 2014).

Transcriptomic profiling of allergen-activated D@&sanother approach to compare the DCs activating
potency of food proteins. Comparison of varioud lbeés with human monocyte-derived DCs (moDCs)
by gene profiling suggested that the MUTZ-3 celieliresembles moDCs (Larsson, Lindstedt, &
Borrebaeck, 2006). A clone of this cell line hagieecently used to assess and predict the sémgitiz
potential of proteins in respiratory allergy in t&&nomic Allergen Rapid Detection (GARD) assay. In
this assay, cellular responses induced by eigldctl proteins were assessed using transcriptional
profiling, flow cytometry and multiplex cytokine alysis. A total of 391 potential biomarkers were
identified as a predictive signature and seriexrofs-validations supported the effectiveness & th
model. These results together with biological patyanalysis of the transcriptomic data indicaté tha
investigated cell system is able to capture relegaants linked to type | hypersensitization (Zeéeal.,
2018). Although promising, the relevance of thisdelofor food sensitization induction in general

remains to be established.

Migration assays using BM-DCs (Rhee, Zhong, Rei@kgeong, & Veillette, 2014) or MUTZ-3 cells
(Rees et al., 2011) have been described in trahsy&tems in which activated DCs are applied in the
upper chamber, whereas an appropriate chemokirelded to the lower chamber. After incubation,
migrated cells are harvested from the lower charalper quantified (Rhee et al., 2014). However, these

migration assays have never been proven usefuldadhallergen specific context.

3.2. In vitro models to assess interactions between epithelial and dendritic cells (approaches

integrating KE1, KE2 and KE3)

The IECs- and DCs-derived signals constitute agrgdin-induced inflammatory microenvironment that
triggers DCs maturation and migration. Test methiaderporating IECs and DCs have been developed
in a variety of formats: co-cultures of DCs/IEQwete-dimensional (3D) models reconciling the comple
and dynamic interactions that existvivo between the intestinal epithelium and the lumiide, and

between the epithelium and the underlying immunstesy on the basolateral side (Bermudez-Brito,
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Plaza-Diaz, Fontana, Munoz-Quezada, & Gil, 2013)ese methods have been applied to investigate
cellular and molecular mechanisms triggered by iptals and bacteria. However, the impact of allesgye
on these mechanisms has not yet been investigatedsévely with these test models. Cultures of DCs
supplemented with IEC-conditioned medium may alsabnsidered as alternatives to co-cultures. This
method has been applied in the case of prebiositeythuman moDCs cultured with HT-29 conditioned

medium (de Kivit et al., 2017).

Although several studies have used cultures of IBICBCs to assess the sensitizing potential of food
allergens, only the previously mentioned study ffbondesillaset al. investigated the influence of a food
allergen on the function of co-cultured IECs/DGstHat study, a transwell system with Caco-2 oglis

set up, including PBMCs from healthy donors inlasolateral compartment. The addition of the P8u p
onto the apical chamber induced increased expresditi_-1p, IL-6, IL-10 and TNFe. genes in PBMCs
which was related to the high transport rate adiéhtPru p 3 over the Caco-2 barrier (Tordesillaal gt
2013). These types of methods allow a further atar&ation of the sensitizing potential of allengeby
including the role of cell-cell contact as well asluble molecules taking into account the cellular
interactions. However, several specific limitatianay be encountered during the development of these
methods, such as compatibility of cell types ot ogdia, complexity of the systems, donor vari&pili

when using primary human cells.

4. T and B cell differentiation

4.1. In vitro modelsto assess murine Th2 cell priming (KE4)

Allergens are thought to invoke an allergic resjgodse to their ability to activate T cells throuidpeir
specific cell receptors (TCRs). Besides this prymaathway, the interaction of co-stimulatory and co
inhibitory receptors of T cells (CD28, CTLA-4, OXdP with ligands on antigen presenting cells
activates antigen unspecific signals that leachéodifferentiation of T cells into a Th2 phenotyfan

Bilsen et al., 2017).

Due to the low allergen-specific T céli vivo frequency, re-stimulation of pre-sensitized cels/ivo is
the most widely used method to evaluate primingepidl of common food allergens in mice. Most
studies use splenocytes, mesenteric lymph nodg, cglla combination of both, although lamina prapri

mononuclear cells (Sun et al., 2016) and isolatBdT cells (Kanjarawi et al., 2011; Pochard et al.



317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

2010) have also been evaluated. Cell suspensienprapared from immunized mice and cultured with
the antigen for 3-6 days, depending on the subse@umalyses. T cell proliferation, expression adafic
cellular surface markers and/or cytokine secrettwa mostly determined in these studies. T cell
proliferation is one of the most common ways teeassT cell activation upoex vivo re-stimulation with
the allergen. To this end, several methods sudabeing of cells with a fluorescent dye (Pochardle
2010; Sun et al., 2016), incorporate a radioactiveleoside into new strands of chromosomal DNA
during mitotic cell division (Freidl et al., 2015tojadinovic et al., 2014) or colorimetric assags f
assessing cell metabolic activity (Sun, Liu, Wang, & Feng, 2013; Wai, Leung, Leung, & Chu, 2016)

have been used.

Proliferation assays have been performed [felactoglobulin (Mizumachi, Tsuji, & Kurisaki, 2008;
Stojadinovic et al., 2014), ovalbumin (Castro et 2012; Sun et al., 2016), tropomyosin (Capobiagtco
al., 2008; Wai et al., 2016), Cyp c 1 from carpef8fet al., 2017), peanut (Pochard et al., 206&3hew
and walnut extract (Kulis, Pons, & Burks, 2009)d aoybean proteins (Sun et al., 2013), showindlin a
the cases a strong proliferative response of this. &&pression of specific surface markers havenbe
measured in sensitized mice after challenge witleywhnd ovalbumin, showing an increase in the
percentage of both, activated Thl and Th2 cellspawen to control animals (Lozano-Ojalvo, Perez-
Rodriguez, Pablos-Tanarro, Molina, & Lopez-Fandid@17; Vonk et al., 2017). However, when peanut
extract was used there was no difference in theepgaige of activated Th2 cells, and the percentége

activated Th1 cells was decreased (Vonk et al.7201

Levels of secreted cytokines are often evaluateHId$A or flow cytometry in cell culture supernatan
This method has been used to evaluate severaldib@dens from cow’s milk (Kanjarawi et al., 2011;
Stojadinovic et al., 2014), peanut (Smit et al120hu et al., 2016), hen’s egg (Pablos-Tanaropeiz-
Exposito, Lozano-Ojalvo, Lopez-Fandino, & Molin&@15; Sun et al., 2016), soybeans (Sun et al., 2013)
and shrimp (Wai et al., 2016). Moreover, extractsf whey, hen’s egg white, peanut, cashew, walnut
and sesame seeds have also been evaluated usingdtiiod (Lozano-Ojalvo et al., 2017; Smit et al.,
2015; Vonk et al.,, 2017). A high increased secretdd Th2 cytokines (IL-4, IL-5, IL-13) has been
observed in all the studies, whereas some disccigmnmvere observed between allergenic proteins in
their potency to induce IFM{Stojadinovic et al., 2014; Vonk et al., 2017) abd .0 (Vonk et al., 2017).

A few studies have measured increased levels df7ll( ozano-Ojalvo et al., 2017; Rupa, Nakamura,
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Katayama, & Mine, 2014) , while in other limitedmber of studies IL-22 and TNé&4evels showed no

differences compared to non-sensitized controsd€lablos-Tanarro et al., 2016; Zhu et al., 2016).

The assays described above, have provided effitacgentify known allergens that drive allergic
reactions in individuals and allergen modificatidhat ameliorate their allergenic potential, aslhaslto
identify T cell epitopes of cross-reactivity witther allergens. However, they are not effectivisamtify

the allergenic potential of new proteins that @sponsible for stimulating the underlying Th2 rewes,
mainly due to the need to use cells from previogslysitized mice against the same allergen to perfo
the assay. Moreover, although evaluation of T aefiivation through T cell proliferation assays islely
describe in the literature using different stragsgihe use of indirect methods such as thoserteasure
mitochondrial activity (e.g. MTT or WST assays) slibbe avoided because they reflect viable cell

metabolism and not specifically cell proliferatisaquiring additional confirmations.

4.2. In vitro modelsto assess human Th2 cell priming (KE4)

The activation and priming of naive T cells (KE4&y &llergic food proteins in the draining lymph esd
results from the recognition of an epitope presgbie Th2 driving DCs in the context of HLA (MHC-II)
Most of the approaches for investigating KE4 ushgnan samples are based on #xevivo re-
stimulation of PBMCs from allergic patients and gtady of the allergen-specific induced proliferati
and cytokine production (Flinterman et al., 201@pet al., 2016; Tiemessen et al., 2004; Voccd. et a
2011). Indeed, stimulation of PBMCs from cow’s mikergic children with3-lactoglobulin was found
to induce cell proliferation and increased IL-13epUFN+ release compared to healthy or tolerant
controls (Vocca et al., 2011). Also in PBMCs froeaput allergic patients, allergen-specific proétesn
could be assessed by determining proliferationiwithe CD25+CD134+CD4+ T cell population after
stimulation with raw peanut (Tao et al., 2016). Koer, in peanut allergic patiengs,vivo stimulation of
PBMCs with peanut extract increased both IL-13 Eiidty as well as TNFe levels compared to PBMCs

from healthy controls (Flinterman et al., 2010).

However, as pointed out in the previous sectionkfgd, the precursor frequency of allergen-specific
cells is very low in the peripheral blood of allergatients. In this regard, the generation of T lgges
and T cell clones is an interesting alternative thad to analyze Th2 cell activation (Flintermarak,
2010; Tiemessen et al., 2004). Assays to studyfuhetionality of these allergen-specific T cells kaa

the use of allergen induced selection and cloninignprove the sensitivity of the assay. A mixtufee



375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

lactoglobulin derived synthetic peptides were usedenerate antigen-specific T cell lines and cone
from PBMCs of cow’'s milk allergic patients (Sakafuet al., 2002). Limiting dilution clones were
isolated and then used for epitope mapping. Reshtisved a sequence of 12 amino acids recognized by
three out of six T cell clones from 5 different ipats, which was associated with presentation via
HLADRB1*0405 (Sakaguchi et al., 2002). Kondo etfafther studied intracellular cytokine expression
in two of those clones, showing an increased prialuof IL-4 and IFNy both in combination with IL-

10 (Kondo et al., 2005). In this sense, cytokilease measurement may provide additional informatio
concerning the type of immune response that iedaggainst these epitopes. Tiemessen et al. gedérat
cell clones using whole cow’s milk proteins and gamed the cytokine response in a group of cow'& mil
allergic infants with non-symptomatic allergic matis and healthy donors (Tiemessen et al., 2004).
Results showed that all different groups strikingdacted to milk proteins, although cytokine prdéhre

by allergic individuals was the highest for IL-4,-13, IFN<, and IL-10 (Tiemessen et al., 2004).
However, only the symptomatic group revealed a tieg@r no correlation between IL-4/IFNand IL-

10, while in the other two groups there was a pasitorrelation, showing the importance of IL-10aas
regulatory cytokine involved in tolerance inductidm addition, T cells from the symptomatic grougdh

a high expression of the activation marker CD6@ifléssen et al., 2004). Beyond studying differeirces
T cell phenotype between patients and controlslTepitope disruption can also be studied usirgell
lines as showed by the fact thatactoglobulin was able to induce a higher proétern and cytokine
secretion than its products of hydrolysis (Knippataal., 2012). In short-term peanut-specific T teés
generated from PBMCs of peanut allergic patients, /A1, Ara h 3, and Ara h 6 were identified touiod

the highest proliferation and secretion of IL-1Bpwing that these cell lines created using crudmpe
extract can be useful for allergen identificatidtiriterman et al., 2010). Furthermore, allergercijeT

cell clones from HLA diverse donors can be generateorder to evaluate the epitopes involved irell ¢
activating capacity in a certain HLA context (Petket al., 2011, 2013). This method has been tsed
identify 10 core epitopes of Ara h 1 and 5 coraaoggas of Ara h 2 that could effectively induce Tl ce
proliferation in a HLA-DQ and/or HLA-DR and/or HL®P restricted manner (Prickett et al., 2011,
2013). In the latter study, it was also showed that h 2 peptides were able to enhance IL-4 an8 IL-

secretion (ELISPOT) in PBMCs from peanut allergimdrs (Prickett et al., 2011).

Based on ann silico predictions, Ramesh et al. evaluated the immuriogeatential of 36 Ara h 1

derived peptides studying proliferation and cytekproduction afteex vivo re-stimulation of PBMCs
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from peanut allergic patients with those peptideaniesh et al., 2016). Almost all thesilico selected
peptides induced proliferation and predominanthigh IL-13 release when compared to IFNRamesh
et al., 2016). This study indicates that PBMCs frallergic donors, combined with an appropriate
silico prediction, may yet be sufficient to identify atienic epitopes of certain food proteins. In additi
MHC-peptide tetramers assays have been previogsly to identify allergen-specific T cells in PBMCs.
Delong et al. cultured PBMCs from peanut allergitignts with Ara h 1 peptides loaded on biotinydate
HLA-DR proteins and intracellular cytokine expressivas identified in tetramer labeled cells (Deletg
al., 2011). Results showed that CCR4 expressinghAtaeactive T cells responded to different eg@top

and produced mostly IL-4 beyond other cytokinesldbg et al., 2011).

In these types of assays, allergen-specific T azls be identified by a highly upregulated Th2-gron
culturing environment. They may not provide mucfoimation regarding the sensitizing potential of a
given food protein, but merely indicate whethercsfie (or novel) food-derived proteins or peptidem
be recognized by T cells and pose a potential kikkkeover, these approaches are useful to idembite!

food epitopes that are recognized by T cells.

4.3. In vitro models to assess DC activation/migration and T cell priming (approaches integrating

KE2, KE3 and KE4)

After DC activation (KE2 and KE3), DCs migrate ketdraining lymph nodes and drive T cell activation
and differentiation (KE4)In vitro models to study antigen presentation and polaoizaif ThO toward

Th2 cells are usually based on co-culture appraaakimg DCs and primed T cells.

In methods based on murine cells, BM-DCs have baewgultured with CD4+ T cells from mice
sensitized to peanut (Pochard et al., 2010), wB&gjddinovic et al., 2014) and a panel of purifiedd
proteins (Smit, de Zeeuw-Brouwer, van Roest, dgyJ&nvan Bilsen, 2016). In addition, CD4+ T cells
have also been obtained from TCR transgenic stsainh as DO11.10 (lichmann et al., 2010) or OT-I
mice (Rhee et al.,, 2014). These studies have shothatl DCs increased the expression of
activation/migration markers (MHC-Il, CD80, and GB)&nd the release of stimulatory cytokines such
as IL-6 and IL-12 after re-stimulation with the eatien. Furthermore, activated DCs induce a high
proliferation and a marked Th2 profile (enhanceadprction of IFNy, IL-4, IL-13, and IL-5 determined

by ELISA) in primed CD4+ T cells. Similar resulteere obtained when DCs were directly isolated from
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mesenteric lymph nodes and co-cultured with CD4¢ells from DO11.10 mice (Blazquez & Berin,

2008).

Among humanin vitro models, DCs used for co-culture with T cells hawen obtained from
differentiated THP-1 cell line (Katayama et al.,13D and allergen-pulsed monocyte-derived DCs
(Gomez et al., 2012; Scott-Taylor, Axinia, & Strgl#2017). Allergens have been shown to activate DCs
revealed by an enhanced expression of CD80, CD&8,GD86 (Gomez et al., 2012), production of
inflammatory cytokines (IL-12p70, IL8, TNF-a, and IL-10) and up-regulated expression of MARCH
genes. For the study of the cross-talk with T ¢&BMCs from healthy donors (Tordesillas et al.120

or cashew allergic patients (Archila et al., 20b&ye been previously used. In addition, T celldine
generated from cow’s milk allergic children (Meubeoek et al., 2014) and CD4+ T cells directly
isolated from patient allergic to peach (Gomezlet2912) and other food allergens (Scott-Tayloalet
2017) have been previously used for co-culturessuRe have shown that, in presence of the food
allergen, DCs induce T cell proliferation (observbg flow cytometry using carboxyfluorescein
succinimidyl ester molecule -CFSE- or CD154 stajhim sensitized individuals compared to healthy
donors. In addition, allergen-pulsed DCs triggetivation of T cells and increase the productionTof

cell-like cytokines such as IL-4, IL-13, and IRN-

One of the strengths of humanvitro models is the use of T cells from allergic pateintan autologous
setting, although it coincides with a downside, lthdted number of cells that can be used (Lundherg
al., 2008). In addition, there are variations ia #xperimental protocols used for pulsed-DCs alwitie

the allergen of interest (Gomez et al., 2012; S€atlor et al., 2017) or combined with maturation
factors, such as TNE&; IL-1B, or LPS (Ashjaei et al., 2015). These differendasng maturation can
affect expression of DC co-stimulatory and mataratinarkers and thus the subsequent proliferatioh of
cells and cytokine production, although most of #tedies were able to induce an allergen-specific
response. Despite differences betweenithgitro models, co-cultures of DCs/T cells provide useful
information about antigen presentation and poltionaability of DCs in presence of primed CD4+ T

cells.

4.4, In vitro modelsto assess B cell isotype switching (KE5)

The mechanisms controlling the induction of clasgtch recombination and production of IgE by

switched B cells have been studied extensivibyvitro, the production of IgE by human B cells,
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specifically induced by IL-4 or IL-13 and signallirvia CD40 cell surface molecule, can be monitored
at various levels of the class switching process, including during the otén of the steriles
transcript, which precedes Ig heavy chain locusrasgement by quantitative reverse transcriptiolRPC
(RT-gPCR) or Northern blot assay, the detectioprofiuction ofe excision circles during the 1g heavy
chain locus rearrangement by PCR and the deteofipnoduction of IgE by ELISA as nicely reviewed

by Péne et al., 2005.

Even though severah vitro B cell activation protocols are available (Lin &li@me, 2004; Péne et al.,
2005), to the best of our knowledge no protocolgsehbeen established so far that investigate the

(various levels of) class switching in a food ajlen-specific context.

5. Future per spective

5.1. In vitro micro-fluidics systems

Advances in micro-physiological systems are pragdiesearchers alternative means to gain insigtas i
the molecular interactions of the gastrointestitnatt. These systems combine the benefits of micro-
engineering, micro-fluidics, and cell culture ifid to recreate the environmental conditions prewviain

the human gut. It becomes now possible to consitnugtro systems that more closely approximate those
conditions present within the gut on scales idahtic those encounteréd vivo (Kim, Huh, Hamilton, &
Ingber, 2012). These systems based on micro-fleiidifer numerous advantages over traditional cell-
culturing techniques, including a 3D culture enmim@nt, greater experimental flexibility, the alyilto
precisely tune spatiotemporal oxygen and pH grasjdow shear environments, and the ability forhhig
throughput experimentation. Although currently #afale micro-fluidics systems provide promising
approaches to study local mechanisms that driezgidl responses, they have not yet been useddyg stu
any of the MIE or KE including in the AOP for fosnsitization. Some examples of available micro-

fluid devices are described below.

5.1.1. Human gut-on-a-chip device

A micro device “human gut-on-a-chip” has been depetl by the Ingber group at Harvard University,
which is composed of two micro-fluidic channelspagated by a porous flexible membrane coated with
extracellular matrix and lined by Caco-2 cells tomms the complex structure and physiology of liyin

intestine. The gut micro-environment is establisbgdflowing fluid, which produces low shear stress
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over the micro-channels and exerts cyclic stra@t thimics physiological peristaltic motions (Kimatdt,

2012).

5.1.2. NutriChip

NutriChip is another integrated micro-fluidic platin developed by Swiss scientists for investigating
potential immunomodulatory function of dairy foodhdarepresents a miniaturized artificial human
gastrointestinal tract (Ramadan et al., 2013). iSbip is a culture of a confluent layer of Cacodls
separated from co-cultured immune cells by a pebleemembrane, which allows studying processes
that characterize the passage of nutrients thobghiritestinal epithelium, including the activatioh
immune cells. NutriChip allows application of vitro digested food on its apical side and a basolateral

culture of a monocyte line (U937 cells) differetdichinto macrophages (Ramadan et al., 2013).

5.1.3. Immuno-HuMiX

Human-microbial cross-talk platform (HuMiX) is also micro-fluid device that enables the study of
molecular interactions at the host-microbe intexf@€ain et al., 2017). The features of HUMiX armaikir

to those of the other fluidics systems in whichoalke microbiome component may be introduced.
Moreover, the system can be expanded to analyzentdeactions between the immune system and the
intestinal microbiota in the human gut, the so emhllmmuno-HuMix model. First steps have been

undertaken to integrate human PBMCs in this sygteam et al., 2017).

5.2. Organotypic ex vivo cultures

One of the major weaknesses of IEC lines is thay tire different from the primary cells of the siteal
epithelium, from which they had originally beenlaed. The selection of cells that survive and expa

in vitro often leads to changes in gene expression praffite altered responses. In this respect, primary
isolated cells may therefore be a better modelesysb represent processes in the intestinal mucosa.
Promisingex vivo approaches are the generation of intestinal oidanand the culturing oéx vivo

intestine samples.

5.2.1. Intestinal organoids

Major advances have been made in establishingreuttonditions that support the long-term propagatio

and self-organisation of near-physiological tissuregeneral, isolated somatic stem cells from vaio



517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

organs are cultured in the presence of specifidlsmalecules and growth factors, reflecting essdnti
niche components of the respective tissue of argyiB8D scaffold mimicking the basal lamina has ffiert
been shown to suppoex vivo expansion of intestinal stem ceks vivo and tissue formation that
resembles part of the cellular architecture, h@rarand physiology of then vivo counterpart (Sato &
Clevers, 2013). The culture of intestinal cryptsl &neir growth and differentiation to organoids nisey
an interesting and easy to handle tool to studgrgdin interaction and associated signal transductio

pathways in a complex intestinal system.

Despite the requirement for more expensive teclyyotban IEC lines, intestinal organoids have been
shown to have multiple applications and with theerd development of efficient gene-editing todissi
now possible to generate highly physiological medsl human gastrointestinal diseases (Leushacke &
Barker, 2014). However, the study of allergen tpams across the epithelial barrier is limited by th

inaccessibility of food proteins to the apical saféECs (directed to the lumen of the organoids).
5.2.2. Ex vivo models

Another approach to overcome the major drawbaclkkeaih vitro cell line-based models may be the use
of complete intestinal tissues. In these modeks,afymmetrical distribution of proteins and lipidghe

two plasma membrane domains is facing the intdstimaen. The internal milieu and the presence of
highly organized structures joining adjacent IE€sable selective processes of absorption, transgadt
secretion to take place across the intestinal naucbhe main x vivo intestinal models for intestinal
protein transport studies include the everted sahrtique and the Ussing chamber. These approaches
have been largely used to assess protein trarspdyusing intestinal tissue from sensitized arsithley
may lead to study the effect of sensitization dargen uptake. However, both techniques have severa
limitations including the rapid loss of the tisstability and tissue damages during isolation, vahicay
lead to overestimation of protein transport. Fumtiare, the presence of the muscle layer in theteder
sac method may lead to underestimation of protainsport. On the other hand, interspecies diffagnc
complicate extrapolation of data to humans. In théspect, pigs share more physiological and
immunological similarities with humans than rodeatsl the recently developédTESTiné" method
may be a medium-throughput alternative. INTESTfhis based on intestinal tissues from pigs that are

incubated on a rocker platform in a high oxygembator (Westerhout et al., 2014).

5.3. In silico approaches
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In silico methodologies and tools like databases and cosgrasoftware have been shown useful for the
assessment of potential allergenicity of food prstdbased on their properties. Thésesilico methods
use a number of physico-chemical features (maimiyna acid searches) of proteins that can be predlict
such as B cell epitopes, T cell epitopes and semubomologies (as reviewed by Hayes, Rougé, Barre,
Herouet-Guicheney, & Roggen, 2015). They can idgmthether a novel protein is an existing allergen
and/or has the potential to cross-react with astiex allergen. However, they cannot identify wieeth
novel protein will ‘become’ an allergen, so therefthese approaches have limited value to idetrtiy
novel allergenic proteins (Hayes et al., 2015). Tke of future innovativen silico approaches will be
largely influenced by the choice of databases dgdrithms that will be developed, standardized, and

most importantly, empirically validated.

6. Conclusion

Although basic science studies have identifiedtaofommune pathways behind the allergic response,
sensitization to food proteins is a complex proces®Ilving several molecular and cellular events
(Sicherer & Sampson, 2018; Tordesillas, Berin, &aon, 2017). The simplification of the biological
process of food allergy sensitization by applyihg AOP concept is an effective strategy to idenitify
vitro methods that lead to investigate the sensitiziotertial of food proteins. Previously, such an
approach focusing on MIE and KE described in reggbAOPs for skin and respiratory sensitization have
been used successfully to study the sensitizingnpied chemicals in skin and respiratory allergy

(Ezendam, Braakhuis, & Vandebriel, 2016; Sullivaale 2017).

In this review, we have clustered, structured, disdussed the existirig vitro models that are suitable to
study the MIE and KE involved in the AOP for fodteegy sensitization (van Bilsen et al., 2017).the
best of our knowledge, this is the first time tha AOP concept is applied to structure all avédab
vitro methods to identify the potential sensitizing @afyaof food proteins. In order to recapitulate thk
reviewed assays, focusing on different (combinatiof) MIE and KE reflecting the different building
blocks of the AOP, Table 1 summarizedvitro methods used to evaluate the three major foodgeltes:

chicken ovalbumin (Gal d 2), bovifielactoglobulin (Bos d 5) and peanut 2S albumin (Ar2).

In general,in vitro methods assessing mechanisms involved in thedrimahune response are easier to
address than assays assessing the adaptive immspense of food sensitization: the recognition

molecules used by the innate system (here reflant®tliE, KE1, KE2, and KE3), are expressed broadly
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on a large number of cells, which makes it easieddvelopin vitro methodologies to study specific
building blocks of the AOP, as seen by the richadedvailable tools. However, moie vitro studies of
the transcellular transport based on epithelia¢pemrs (MIE2) or unspecific endocytosis (MIE3) skibu
be carried out to better understand the effecthif type of intestinal acquisition in the sensitgi

potential of food proteins.

On the other hand, the adaptive immune system (fedlected in KE4 and KE5) is composed of small
numbers of T and B cells with specificity of angividual allergen. Therefore the responding celisstn
proliferate after encountering the allergen in ortte attain sufficient numbers to mount an effegtiv
response that can be detected. This feature afdhptive system complicates the developmein witro
approaches to assess KE4 and KES5. This is alsectefl in Table 1 which depicts a limited numbeimof
vitro approaches to address KE4 and the absence ofadlakd®in vitro assay to assess B cell isotype

switching (KE5) in a food-allergen specific context

It must be noted that tha vitro models discussed in this manuscript have beenlafga@ to obtain a
better understanding of the processes involvedad fsensitization. Several of the descrilbeditro
models (summarized in Table 1) seem to be coretlaith the sensitizing potentiah vivo and some
show great promise to closely approximatevivo conditions (e.gin vitro micro-fluidics systems and
organotypic cultures), however as far as we knamenof the described models have been successfully
used to assess the sensitizing potential of a gfee protein by comparing high and low/none
sensitizing food proteins in the assay. To this,énd/ould be an essential step forward to expdre t
panel of tested food proteins by including also /ltam-allergenic proteins. Most likely, none of the
assays will be able to distinguish high from lowinallergenic potency by itself;, however the assays
combined can provide an important set of data whiety be helpful to decide which of the assays are
essential to be part of the weight-of-evidence aaph to determine the sensitizing potential of food
proteins. Unfortunately, to date it is not knowneiler the lack of a suitabie vitro model to assess KE5
(B cell isotype switching) will result in a crucidata gap to determine the sensitizing potentialfwether

the KE5-model is redundant in the overall assesemen

Invitro models based on cell lines are very useful asrekaools to investigate MIE and KE involved in
food allergy sensitization. However, the closeistheell-based systems are to the actual targeetitise

better conclusions can be drawn. The main problems that long-term propagation of native, non-
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transformed single cells or cell clusters from ithtestine was not feasible and it was generallyiassi
that it would not be possible to establish longrtecultures of primary adult tissues without the
introduction of genetic transformations promotingll cproliferation and survival. In recent years,
significant progress has been made in this fieldl rbbust systems have been identified. A varietinof
vitro micro-fluidics systems anek vivo culture strategies has been developed to investipa function

of the intestinal mucosa, which will help to incseahe knowledge of food sensitization process.

Concluding, the application of the AOP frameworKeof the opportunity to anchor existing testing
methods to specific building blocks of the AOP food sensitization which provides insight which
specific methods are available and which still neette developed. When applied in the context of an
integrated testing strategy, such an approach nealyce, if not replace, current animal testing

approaches.
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9. Figure Caption

Figure 1. A tentative Adverse Outcome Pathway deisgy the mechanistic events driving food
sensitization induction. Depicted are those evantsrelationships with substantial evidence foola in
food sensitization induction in human. DC: dendrdell; *Outside the scope of this manuscript. Aedp

from van Bilsen et al., 2017.

10. Table Caption
Table 1. Mainin vitro approaches used to characterize major food atieofebovine milk (Bos d 5),
hen’s egg (Gal d 2) and peanut (Ara h 2), organibidwing the molecular initiation events and key

events described by the adverse outcome pathwdgddrallergic sensitization.



Table 1. Main in vitro approaches used to characterize major food alleofidovine milk (Bos d 5), hen’s egg (Gal d 2) gehnut (Ara h 2), organized following the

molecular initiation events and key events desdrinethe adverse outcome pathway for food allesgitsitization.

D

~

3)

Event Allergen| Invitro method Read-outs Main findings Reference
: Allergen quantification (SDS-PAGE, Western blot anidroscopy). |Enhancedranscellular transport of intact Bos d 5 compawvéti heated Bg . L
Caco-2 and M cells Integrity of ZO-1 (microscopy). ds5. (Rytkonen et al., 200
: I . Bos d 5crossed epithelial barrier by endocytosisreds tryptic peptideq (Bernasconi, Fritsche,
Bosd Caco-2 Allergen quantification (ELISA and microsghp followed para- and transcellular transport. & Corthésy, 2006)
Caco-2 Allergen quantification (ELISA). Enhanceahsport of intact Bos d 5 compared with cross-ihBes d 5. (Stola(ilgi)xl)c etal,
T84, Caco-2 and . . . . Bos d 5 maintained barrier integrity but increageatiuction of IL-8 in (Yamashita et al.,
HCT-8 Monolayer integrity (TEER). Cytokine production (EBA). HCT.8 cells. 2016)
: e Tryptophan residue without a free carboxyl groupbiied Gal d 2 (Tesaki & Watanabe,
Caco-2 Allergen quantification (ELISA). transport. 2002)
MIEL, 2,3 Monolayer integrity (TEER). s . . )
& KE1 Gald 2 Caco-2 Allergen quantification (ELISA and microscopy). Gal d 2 crossed epithelial barrier by endocytosisteanscellular transpoit.(Thierry et al., 2009
Caco-2 Allergen transport (RBL activation test) Bnbed transport of intact Gal d 2 compared withdwe&al d 2. (Martos et al., 201
: Monolayer integrity (TEER and Lucifer Yellow). . N (Matsubara et al.,
Caco-2 Allergen quantification (ELISA and Western blot). Gal d 2 showed higher epithelial passage than dggptooylated Gal d 2. 2013)
HT-29 Monolayer integrity (TEER). Allergen quantificati¢gLISA). Ara h 2 crossed epithelial barrier by endocytosi$ eeduced A20 (Song, Liu, Huang,
Integrity of A20 (Western blot and RT-qPCR). expression. Zheng, & Yang, 2012
: Allergen quantification (ELISA and microscopy). Ara h 2 induced inflammatory responses and showedaced binding
Arah2 Caco-2 Gene expression (RT-qPCR). ability. (Starkl et al,, 2011)
) Monolayer integrity (TEER). . . . I . .
Caco-2 Allergen quantification (Western blot, microscopydd C-MS/MS). Ara h 2 induced disruption of tight junctions. (teriet al., 2014)
Bosd 5 | Mouse BM-DCs | Allergen uptake (flow cytometry). Cytokine prodweti(ELISA). Intact Bos d 5 was internalized faster than crodsetl Bos d 5. (Stolaozllgfxic EieL,
it Allergen uptake (flow cytometry). Gene expressiBiT{QPCR). . ) .
Gald2 THP-1-derived DC Cytokine production (ELISA). Apple polyphenols suppressed Gal d 2 presentatMiAC-Il degradatior|(Katayama et al., 201
KE2& 3 Mouse BM-DCs | Migration assay (flow cytometry). Cytokine producti(ELISA). PTPN12 regulated DC migration and antigen-induceelTresponses. | (Rhee et al., 2014)
Mouse BM-DCs DC maturation (flow cytometry). TLR signals modulated peanut-induce dendritic caliguration. (Pochard et al., 201(
Arah?2
Human Mo-DCs Expression of DC markers (flow cytometry) Peanut extract and agglutinin induced DC activation (Kamalz;léalrgr)lan etak
Human T cell . . ) - . . Bos d 5 induced Th2 cytokine production, but ndteerced proliferation in
clones T cell proliferation (fH]-thymidine). Cytokine production (ELISA) cow’s milk allergic patients. (Schade et al., 2000
KE 4 Bosd 5 Hurgla(l)?“;l'scell Cytokine production (ELISA). T cell activation (flocytometry). T cell activation status was assedatith IL-4 and IL-13 production. (Tlemgggi)n etal,
Human PBMCs T cell proliferation (CFSE). Cytokimeguction (flow cytometry). T cell response was assom%treé)c(ijl\j\gitl)?gh prolifersand Th2 cytokine (Tsuge et al., 2006




Human PBMCs

T cell activation (flow cytometry). Geexpression (RT-qPCR).

Enhanced expression of FoxP3, Nfat-C2, IL-16 and/G48 in patients wif

DCs/primed T cell

DC maturation (flow cytometry). T cell cytokine phaction (ELISA)

Y-

(Pochard et al., 201(

S e (Savilahti et al., 201Q)
persisting cow's milk allergy.
Human PBMCs | T cell proliferation®fi]-thymidine). Cytokine production (ELISA) Bos ditduced T cell proliferation and production of Teyokines. (Vocca et al., 2011
ig/(l)(l):tzzl\‘lﬂ'lz:Nel_ls Cytokine production (ELISA). Bos d 5 induced Th2akyne production, but low IFN-levels. (Kanjarawi et al., 2011)
Human T cell . . ) - ) ) Intact whey proteins induced higher T cell prokfiton and production o L 4
clones T cell proliferation (fH]-thymidine). Cytokine production (ELISA) cytokines than their hydrolysates. (Knipping et al., 2012)
Human T cell line$ T cell proliferation (IH]-thymidine). Cytokine production (ELISA) Intact whey proteins induced T cell proliferatiamdgproduction of IL-13,| (Meulenbroek et al.|
IL-10 and IFNy. 2014)
Human PBMCs | T cell proliferation®ffi]-thymidine). Cytokine production (ELISA) Gal di2duced T cell proliferation and high levels of%L (Ng, Ho;tc,)(é)izl)Drescott
Gald2 -
%%%i?}bg;;??éﬁi T cell proliferation (CFSE). Cytokine productioto@ cytometry). |Gal d 2 induced T cell proliferation and increatled+ and IFNy+ T cells] (Sun et al., 2016)
Hum‘l?ge'i%?ecss anT cell proliferation (fH]-thymidine). Cytokine production (ELISPOT). Ara h 2 increased production of IL-4 and IL-5. (Rett et al., 2011
Arah2| Human PBMCs T cell proliferation and cytokine protion (flow cytometry). Ara h 2 induced T cell pifefation and production of Th2 cytokines. (Vissetsl., 2011)
Human PBMCs | T cell proliferation and expressioff @lell markers (flow cytometry). Peanut allergens increased proliferation of CD4+&8D134+ T cells. (Tao et al., 2016)
Co-culture: BM- n " . - - (Stojadinovic et al.,
Bosd 5 DCs/primed T cel Allergen uptake (flow cytometry). T cell cytokinegoluction (ELISA)| Intact and cross-linked Bos d 5 increased prodnciforh2 cytokines. 2014)
Co-culture: BM- . . . Glycation enhanced Gal d 2 uptake and CD4+ T céiVation compared
KE2,3& 4| Gald2 DCs/CD4+ T cells DC maturation (flow cytometry). T cell cytokine phaction (ELISA). with intact and heated Gal d 2. (lichmann et al., 2010)
Arah 2 Co-culture: BM- Peanut pulsed-DCs induced Th2 response and produgitiL-17 and IFN

Ara h 2: peanut 2S albumin; BM-DCs: bone marrowaaet dendritic cells; Bos d 5: boviifielactoglobulin; CFSE: Carboxyfluorescein succinighidster; DCs: dendritic cells;FoxPdrkhead box
P3; Gal d 2: chicken ovalbumin; GATA-3: GATA bindimprotein 3; KE: key event; LC-MS/MS: liquid chrotography tandem-mass spectrometry; LP: lamina pMIE: molecular initiating
event; MLN: mesenteric lymph nodes; Mo-DCs: moneaygrived dendritic cells; Nfat-C2: nuclear facdbractivated T cells type 2; PBMCs: peripheral blanononuclear cells; PTPN12: protein
tyrosine phosphatase, non-receptor type 12; RBLbasophilic leukemia cells; RT-gPCR: quantitatigeerse transcription PCR; TLR: toll-like recept®EER: trans-epithelial electrical resistance.
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Figure 1. A tentative Adverse Outcome Pathway describing the mechanistic events driving food sensitization induction. Depicted are those events and relationships with

substantial evidence for arolein food sensitization induction in human. DC: dendritic cell; * Outside the scope of this manuscript. Adapted from van Bilsen et a., 2017.



HIGHLIGHTS

The AOP for food sensitization helps to implement in vitro testing approaches.

- Innate immune mechanisms are easier to address than adaptive response.

No in vitro protocols have been established for investigating | gE-class switching.

Ex vivo strategies are promising to address multiple key events at the same assay.
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