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Abstract

Currently, risk assessment of the allergenic p@éenf novel proteins relies heavily on evaluatipgtein
digestibility under normal conditions based on theory that allergens are more resistant to gadéstinal
digestion than non-allergens. There is also prapagsidance for expanded in vitro digestibility assanditions to
include vulnerable sub-populations. One of the dyitey rationales for the expanded guidance is thatent in
vitro assays do not accurately replicate the raxigghysiological conditions. Animal scientists hdwag sought to
predict protein and amino acid digestibility forepision nutrition. Monogastric production animagspecially
swine, have gastrointestinal systems similar todmsnand evaluating potential allergen digestibilitthis context
may be beneficial. Currently, there is no compgllevidence that the mechanisms sometimes postulatee
associated with allergenic sensitization, e.g. @dtanodification of stomach pH, are valid among quction
animals. Furthermore, examples are provided whereliologically representative assays are bettgredicting
protein and amino acid digestibility compared witlose designed to mimic in vivo conditions. Greaemphasis

should be made to align in vitro assessments withvio data.

Keywords: Allergenicity, Novel proteins, In vitr@says, Animal nutrition, Risk assessment

1. Introduction

In what is considered a seminal study, Astwood.€tl896) reported that allergenic proteins wergeno
resistant to proteolytic digestion than non-all@iggroteins. Since then, resistance to digestiché
gastrointestinal (Gl) tract has been considereghaneon property of food allergens. However, whenitamithl
allergens and non-allergens were selected comtgoltir protein structural family, resistance toedition was not a
differentiator (Fu et al., 2002, Herman et al., @902007, Schnell and Herman, 2009, Bggh and Ma@6416).
Furthermore, some proteins that are considered tdlergenic have been shown to be readily degrhgéde Gl
tract, and rapidly degraded in pepsin assaysAeagh 3 in peanuts (van Boxtel et al., 2008). Seragion can,
therefore, occur by routes other than post-gastsdés observed in oral allergy syndrome. Thuspgemoubt has
been cast as to whether resistance to digestisuffisient to differentiate between an allergemniotpin and a non-

allergenic protein.
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The European Food Safety Authority (EFSA) has riéggmoposed expanded guidance for the generation

of in vitro data to aid in the risk assessmentmfeal genetically modified proteins for allergenyc{fEFSA, 2016).
Briefly, it is proposed that a two-step in vitr@edstion assay be used to determine the extenbtdiprdigestion. A
range of conditions is recommended to reflect #mgye of gastrointestinal conditions found in thenho
population, including weakened digestive functibhe FAO/WHO decision tree, however, advocates for
assessment of comparative resistance to pepsie alibim the understanding that human digestiongbliivariable
and the assay is not a perfect indicator of alleigiey (Taylor, 2002). EFSA’s review of the litetaie regarding in
vitro protein digestion assays, although extensiayld benefit from expanding the scope of in viigestibility
work that is assessed. If assessmemnestance of proteins to digestion is critical, then it wdlde worthwhile to
review the literature fosusceptibility of proteins to digestion, vis a vis, nutrient daility in animal nutrition.
There have been extensive efforts over the lagirabdecades to accurately predict protein and @@
digestibility, and other metrics of protein availdp, for animal production nutrition (Stein et.a2007). The main
advantage of reviewing the literature from an ahipraduction perspective is the wealth of in vivotein and
amino acid digestibility data available across sahdifferent feedstuffs. Swine have long been uwsedodels for

the human gastrointestinal tract and are sengiiveany of the same allergens as humans (Rupa 208ab).

It is from this perspective that we add to thedigse regarding two underpinnings of the allergigni
guidance. Namely, (1) alteration of protein diggiity by external modifiers and (2), in vitro agsaas a predictor

of in vivo digestibility.

2.1 Alterations to gastric pH and protein digestibility

The pH of the gastric phase has received muchtitteim relation to food allergy since it is belex/that
impaired digestion may result in the stability 8&éeyenic proteins and in sensitization (Astwoodlet 1996).
Researchers point to an increased incidence ofdtlerhies among users of antacid medications la@drize that
such medications increase gastric pH and theréfgoair the ability of pepsin to digest allergeniofgins

(Untersmayr and Jensen-Jaroli, 2008, Pali-Schallmsen-Jarolim, 2011).

Gastric pH is indeed low, with fasting pH beinga®&l <1 among some individuals. Yet, pH increases
dramatically during a meal, with gastric pH risteg83<pH<5 (Clark et al., 1993, Gardner et al., 200dng and

Singh, 2008). This is also true in swine (Chianglgt2008). This increase in gastric pH is pdstidle to the
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buffering capacity of the meal, and therefore,gkient of the pH rise is dependent on the matrirmanents of the
meal. This pH rise is necessary to continue aaidetion and pepsinogen production from parietdbaatd prevent
negative feedback (Di Mario and Goni, 2014). Thstiga pH begins to drop as the food bolus begimadwe into
the small intestine and returns to its fasting pirty gastric emptying. The return to a low pH tladticates that
gastric acid secretion can cease. Thus, when ®ptesent, pepsin is functioning under sub-optjpial This is not
to understate the importance of low pH to the deasibn of proteins and activation of pepsin (Henregaal.,
2006b). While the optimal pH for pepsin is ofteriéeed to be 2.0, the optimal pH for digestion adiydiffers
depending on what substrate is being digestedsahece organism from which the pepsin was colle(@@#ger and
Fenton, 1965, Tanaka and Yada, 1996, Yoshimasu @082), the individual from which it was collect, and even
the condition within an individual (Roberts 200&jurthermore, the peptides produced by digestisirgporcine
and human pepsin can differ (Ulleberg et al. 20Thus, the effects of pH on the human digestioamf given
protein using porcine pepsin as a surrogate fordmpepsin (as is common in in vitro assays) mayewen

qualitatively, mimic the situation in humans.

The active ingredient in most popular over the ¢teuantacids is calcium carbonate, and calcium
carbonate is also one of the most used calciuntesdor production animals. Elevated calcium intakeng
production animals may be similar to human intakeadd neutralizing products. Recent evidence imsvhas
indicated that high calcium intake depresses grq@tnzalez-Vega et al., 2016, Merriman et al., 20kéas been
known for some time that acid-base balance affgatath performance. Such growth depression may édiated
through depressed nutrient digestion and avaitglatising from elevated gastric pH. However, Mexai et al.
(2016) indicates that feed efficiency (and, the@fautrient availability) was not impacted. Instdaed intake was
depressed with high (~2x observed requirementjgalintake. Gonzalez-Vega et al., 2016 observddations in
feed efficiency, but only when phosphorus intake Veav. When phosphorus intake was increased (anottieal
buffer), no difference in feed efficiency was obsagt. Patience et al. (1986) fed increasing amoafrdedium
bicarbonate or potassium bicarbonate and obsemwedteration to nitrogen, lysine, or tryptophaneditibility.

Thus, evidence suggests that nutrient availabidityains the same.

Weanling pigs often suffer from allergic reacti@m growth depression when soybean is fed (Coffey e

al., 2000). These symptoms are mitigated as thageg, thus, sensitivity is believed to arise dubé¢ immature
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gut of the weanling pig. Given that the gastricgfth weanling pig is often >5, it is certainly p&ilole that a high
pH is limiting enzymatic activity. However, the p@ninant protease during weaning is not pepsinrdiber
chymosin, an enzyme that plays a critical role itk wiotting (Rezaei et al., 2013). It is not urttile ~5' week of
age that pepsin becomes the predominant protebhss, ®ne might ask: even if pH were lowered, wdahé&te be
additional protein degradation? Would any versiba pepsin assay have accurately segregated diilgeatid
indigestible proteins in the weanling pig? The hssof administering acidifiers in animal productiovould appear
to indicate that the hypothesis that pH is the ngaiwver may hold merit. The primary aim of acidifiés to reduce
gastric pH and allow pepsin to operate in a moverizble environment, thus improving protein digestiThe use
of acidifiers does indeed improve protein avaiip@nd growth performance. However, the resulta ofeta-
analysis have indicated that there is no alteratiagastric pH in swine when an acidifier is fet;luding in
weanling pigs (Tung and Pettigrew, 2006, Kil et 2011, Suiryanrayna and Ramana, 2015). These\atigars
indicate that pepsin is likely no more active wiaenacidifier is fed than when it is omitted, aneh@chanism other

than increased enzyme efficacy is at play, e.giced pathogen load in an acidic environment.

Currently, the pathway to allergenicity proposedsbyne researchers is not fully supported by obsens
in similar scenarios in animal production. Both iatore and mature pigs appear to be quite resisigrii changes
due to external acid modifiers, and there is nardi@kage between their intake and reduced digest@pacity.
Even among dyspeptic human individuals, it doesappiear likely that enzyme efficacy is impairedtigh
changes to gastric pH. However, inherently reduligdstive capacity, as in weanling pigs, may preeie animals
to sensitization, and this is likely a more criticantributor to allergen susceptibility. Underglsicenario,
examination of pH in in vitro models may prove fless as predictors of determining the allergeoieptial of

novel proteins.
2.2 Invitro models of protein and amino acid digestibility in production animals

A number of factors may affect protein digestililih the gastrointestinal tract and these may be of
importance when designing an in vitro model (Swaigband Catignani, 2001). Fiber, by forming compkewith
or surrounding proteins, or by influencing gut stime, may impact the extent of protein digestibikewise,
fiber may also increase secretion of mucin, andetheincrease the endogenous loss of amino acdstie

intestinal tract (Mathai et al., 2016). The pregeatother matrix components may also stimulatekspthe
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production of other gastrointestinal enzymes tmaakdown elements preventing action by proteoltizymes.
Anti-nutritive factors such as phytate and tanmivay bind proteins and amino acids and prevent theiilability;
others such as trypsin inhibitor prevent actiorplteolytic enzymes. Processing factors such akicgalso affect
protein digestion. Ultimately, the net total of tilkse effects dictates the extent of protein Hydi®. To replicate
the net total in vitro, we either need to includidactors (which may not be possible or feasibtg)adjust a few
factors so that in vitro digestion aligns with thtigysiologically observed net digestion. In otherag rather than
adding additional factors to the model, the enzgomecentration of a simple one or two enzyme mods} be
adjusted to align with in vivo digestion. The in@gito pinpoint the exact conditions necessargdourately predict
in vivo digestibility is likely due to the fact tha vivo enzyme concentrations and efficacy aredly tied to meal
composition and quantity, as well as other stimtilivould also suffice to say that no single assasufficiently

robust to be used across different feedstuffs.

It has been pointed out that current efforts to imigastric conditions are not always physiologigall
relevant and do not take into account susceptibpailations, e.g. infants or adults with impairededitive
functions, and that assay conditions must be rgewatral conditions, namely variable pH, to accdonthese
populations (Moreno, 2006, EFSA, 2016). Such aniopidoes not take into account that in many cas&son-
physiological” representation may be required f@icate in vivo observations (as determined by daad ileal
digestibility, regression analysis technique, avgh assay). In one example, the in vitro proteid amino acid
digestibility of animal protein meals was foundbietter correlate with in vivo digestibility whenetltoncentrations
of pepsin in a standard pepsin assay was redud@0®2% from 0.2% (Johnston and Coon, 1979, Pard®%y,
Bellaver et al., 2000). If one were to alter pHaistandard pepsin assay, the ultimate result woeila reduction in
pepsin action. Yet, in the example of animal pridereducing the concentration of pepsin in anyasgaeveral
orders of magnitude can be more representativaaririal’ digestibility. Non-physiological in vitroonditions may
also be better at predicting digestibility of otimettrients as well, e.g. digestible energy (HamsnSUniversity of

lllinois, personal communication).

Although invitro assays containing multiple enzymes are gélydratter at predicting digestibility
(Ravindran and Bryden, 1999), this is not alwaye tand many in vitro assays that have been des@ltqpmimic

physiological conditions have not necessarily pdedi greater accuracy in predicting in vivo proidigestibility as
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compared with simpler assays. Rochell et al. (2@b&)pared the correlation of two in vitro assaygepsin assay
(at 0.2%) and an immobilized digestive enzyme (IDBA&say, with chick standard ileal amino acid dipédiy
(SIAAD) for various animal proteins. The IDEA assayan immobilized enzyme assay that includes figgghase
with pepsin and an intestinal phase with pancreatitich is conceptually similar to USP dissolutiesting. Results
of the study indicated that the correlation betwienpepsin assay and SIAAD was greater than tirelation
between PC-IDEA and SIAAD. A trial report summagyNovus International, Inc. (2012) regarding the o
IDEA across several plant and animal proteins imdid that “the accuracy of the predicted valueewesufficient

for use in nutritional models” despite generallgthcorrelations.

Even if correlations were high, they may mask #wk lof accuracy of an in vitro model if not validdt
against in vivo values. Graham et al. (1986) regabthat an in vitro assay had generally good catitgis between
in vitro and in vivo protein solubilties’&0.78) of various feedstuffs, but that in vitrowgtilities were on average
21 percentage points greater than in vivo proteiatslities. Similar observations reported from etlstudies
(Schasteen et al., 2007, Cho and Kim, 2011). Restilh study by Qiao et al. (2004) indicated thmairavitro assay
mimicking USP dissolution testing significantly eyaredicted the number of peptides (>1 kDa) lefiigasted
compared with aim vivo digestibility study. This is a critical finding\ygn the proposed 9 amino acid (~1 kDa)
cutoff for allergenic potential by EFSA. Signifidatifferences between the predicted in vitro aranial
digestibilities of several critical amino acids andiivo ileal determined values were observed.ukacy issues can
be overcome and prediction equations generatecyrbyif appropriate in vivo data are available &duz Mendes

et al., 2016).
3. Conclusion

Impaired protein digestibility may play a role imod allergenicity. However, it should be understtiat
current in vitro models do not offer sufficient acacy to discriminate to the level of detail dediyy EFSA; and
this is further complicated by a lack of consensusligestibility as a predictor of allergenicityutBs et al. (2012)
reviewed current in vitro models of protein and monacid digestibility and concluded that in vitrodels are most
useful atranking food proteins according to their protein digesitipi Furthermore, Minekus et al. (2014) stated tha

“An accurate prediction of the in vivo bio-acced#ip (availability for absorption through the gufall) is



For Peer Review Only

189 limited...Ranking [emphasis added] of the digestion of differentduris is more feasible...” Indeed, that is the

190 familiar role of in vitro models among animal ntitrnists.
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Highlights

* Risk assessment of allergenicity of novel proteins relies on in vitro digestibility

e Itis questioned whether in vitro digestibility can distinguish allergenic proteins

* Proposed pathways to sensitization are not supported by production animal data
* Physiologically-based assays may not be better at predicting in vivo digestibility



