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Abstract: Partially digested gluten fragments from grains including wheat, rye, spelt and barley
are responsible for triggering an inflammatory response in the intestinal tract of Celiac Disease
(CD) and Non-Celiac Gluten Sensitive (NCGS) individuals. Fermentation is an effective method
to metabolize gluten, with enzymes from bacterial or fungal species being released to help in this
process. However, the levels of gluten in commercially available enzymes, including those involved
in gluten fermentation, are unknown. In this study we investigated gluten levels in commercially
available dietary enzymes combined with assessing their effect on inflammatory response in human
cell culture assays. Using antibodies that recognize different gluten epitopes (G12, R5, 2D4, MloBS
and Skerritt), we employed ELISA and immunoblotting methodologies to determine gluten content in
crude gluten, crude gliadin, pepsin-trypsin digested gluten and a selection of commercially available
enzymes. We further investigated the effect of these compounds on inflammatory response in
immortalized immune and intestinal human cell lines, as well as in peripheral blood mononuclear
cells (PBMCs) from coeliac individuals. All tested supplemental enzyme products reported a gluten
concentration that was equivalent to or below 20 parts per million (ppm) as compared with an
intact wheat reference standard and a pepsin-trypsin digested standard. Similarly, the inflammatory
response to IL-8 and TNF-« inflammatory cytokines in mammalian cell lines and PBMCs from
coeliac individuals to the commercial enzymes was not significantly different to 20 ppm of crude
gluten, crude gliadin or pepsin-trypsin digested gluten. This combined approach provides insight
into the extent of gluten breakdown in the fermentation process and the safety of these products to
gluten-sensitive individuals.

Keywords: gluten; fermentation; supplemental enzymes; IL-8; TNF-«; ELISA; immunoblotting

1. Introduction

Various food products including breads, cereals, beer, pasta, sauces and beverages
as well as cosmetic and skincare products utilize gluten-containing grains in their manu-
facturing processes [1]. For some of these products, gluten can be reduced using wheat
starch or wheat that has had the gluten washed out with water. For others, the gluten either
cannot be removed, or, like those derived from fermentation, the wheat is used as substrate
and broken down by microorganisms to form the final product [1]. During fermentation,
enzymes from bacterial or fungal species are released to help in this process, and it has
been suggested that fermentation and enzymatic hydrolysis hold the most potential to
create novel hypo-/nonallergenic wheat products [1]. Bacterial species have a broad ca-
pacity to catabolize different carbohydrates, proteins and lipids as sources of energy. Their
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ability to break down these source substrates is mediated by enzymes whose expression
is under tight regulation by promoter sequences in its genome that are activated by the
presence of the source substate and its degradation products [2]. Ironically, removing the
target substrate (gluten) from the fermentation process dramatically reduces the yield of
enzymes required for the catabolism of the substrate (gluten), as the promoter regions
of the genome that are responsible for the enzyme production are not activated in the
bacteria [3,4]. Furthermore, many more supplemental enzymes including lipases, cellu-
lases, proteases, peptidases and enzymes involved in carbohydrate degradation similarly
have promoter regions that are responsive to wheat to stimulate their production. These
enzymes have demonstrated health benefits in a number of important disciplines across
the lifespan including digestion [5-8], cardiovascular health [9,10], exercise [11] and food
intolerances [12-16]. The ability to use wheat as a starting substrate in the fermentation
process but to have minimal gluten content is paramount for making efficacious products
that can be used by a wide variety of consumers.

Celiac disease (CD) is a chronic autoimmune disorder characterized by fatigue, nausea
and a range of gastrointestinal discomfort and complications initiated by exposure to
dietary gluten. While CD affects 1 in 141 people in the United States [17,18], non-coeliac
gluten sensitivity (NCGS) is thought to be much more prevalent, varying between 1-13% of
the population [19]. Gluten is a mixture of complex proteins called gliadins and glutenins,
rich in prolines and glutamines that are difficult to digest by intestinal enzymes [20]. This
leads to a partial digestion of gluten proteins, generating immunogenic peptides that trig-
ger an inflammatory response in the intestinal tract of CD and NCGS individuals. This
recurring immune response to partially digested gluten fragments causes weakening of the
integrity of the intestinal lining and shrinking of intestinal villi, causing difficulties in nutri-
ent absorption and allowing gluten fragments to penetrate further into the body [21-24],
leading to the associated symptoms. Currently, the only effective treatment for the alle-
viation of the gastointestinal symptoms in CD and NCGS is a strict, gluten-free diet [19]
whereby the absence of immunogenic gluten-derived peptides allows for the healing of the
intestinal barrier [25,26] and the resolution of symptoms.

The FDA defines the term ‘gluten-free” as products that are not made with any gluten-
containing grains or that have been refined to remove the gluten. To meet this criteria,
refined products must be tested to show they contain less than 20 ppm of gluten. However,
the recent ruling on gluten-free labeling of fermented foods by the FDA states that, since no
appropriate test currently exists to quantify gluten in hydrolyzed matrices, they may not
be labeled as gluten-free. This decision was based on the difficulty of quantifying levels
of gluten-derived immunogenic peptides at the end point of the fermentation process,
highlighting the importance of developing better or complementary methods to accurately
quantitate gluten peptides and their immunogenic properties in these products [27]. A
potential, unintended effect of this ruling from the FDA is the elimination of the gluten-free
labeling of supplemental enzymes, including those taken by gluten-sensitive individuals in
order to reduce gluten content from food and reduce symptoms [15,28,29].

Current competitive ELISA quantification of fermented gluten needs to be adapted
to accurately identify the range of gluten peptides produced during the fermentation
of gluten, as it varies across different grains, fermentation organisms and fermentation
processes [30]. Moreover, it has yet to be shown that these specific peptides from these
fermentation processes can elicit an immune response below 20 ppm as specified by the
FDA guidance. These differences in gluten peptide compositions cause a lack of correlation
with the calibration methods used in competitive ELISA, leading to inaccurate quantitation
and subsequent immunogenicity measurements [31]. Additionally, some small peptides
may not interact with the individual antibody used in the competitive ELISA, remaining
undetected and potentially causing the same physiological effects for a gluten-sensitive
individual. Therefore, multiple antibody testing techniques and a complementary detection
method based on cell culture response to digested gluten should be used to determine the
effects of such molecules. In this study, the gluten concentration in supplemental enzymes
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preferentially synthesized during gluten fermentation was assessed using multiplex ELISA
and immunoblots using antibodies targeting multiple epitopes to assess gluten digestion.
A reference pepsin-trypsin hydrolyzed gluten was assessed alongside the supplemental
enzymes using these methodologies to determine gluten content and peptide profile.
Finally, the potential immune response elicited by pepsin-trypsin hydrolyzed gluten and
supplemental enzymes was investigated in immortalized immune and intestinal human cell
lines, as well as in peripheral blood mononuclear cells (PBMCs) from coeliac individuals
and compared with crude gliadin or crude gluten at a concentration of 20 ppm. This
study adapts a proactive approach to addressing the outlined concerns of the limitations of
quantifying gluten-derived products as they pertain to supplemental enzymes by utilizing
a multiplex ELISA approach first published by Panda et al., 2017, combined with human
cell culture models to assess immunopathogenic response [32].

2. Materials and Methods
2.1. Materials

All materials, unless otherwise stated, were purchased from Sigma-Aldrich (Atlanta,
GA, USA and Arklow, Wicklow, Ireland). All buffers and solutions were prepared with
Milli-Q water (resistivity 18.2 M(), Merck Millipore, Saint-Quentin-Fallavier, France).

2.2. Preparation of Samples for Multiplex and Immunoblotting

To prepare samples for ELISA and Immunoblotting, stock solutions of 100 mg/mL
were prepared in 60% ethanol to solubilize gliadins and boiled for 20 min to remove residual
enzyme activity. Samples were cooled to room temperature in an ice bath and centrifuged
for 10 min at 5000 rpm before being further diluted for analysis.

2.3. Hydrolysis of Gluten Using Pepsin and Trypsin Complex

Gluten hydrolysis using the sequential catalyzation of pepsin and trypsin was con-
ducted based on the method of Rio et al. 2021 [33]. The pepsin and trypsin complexes were
provided by Deerland Enzymes and Probiotics and used in the enzyme-to-substrate ratio,
1:20 (w/w), during the hydrolysis procedure. To acidify the gluten, powdered gluten from
wheat was added to 0.1 M sodium phosphate buffer (pH 2.0) to a final concentration of
20 mg/mL and was incubated at 37 °C on a rotating rocker at 150 rpm for 30 min. Pepsin
(10,000 FCC Units/mg) was added into the acidified gluten suspension (10 mg/mL), and
the mixture was incubated at 37 °C on a rotating rocker at 150 rpm for 3 h. An equal volume
of 0.1 M sodium phosphate buffer (pH 8.0) was added to pepsin-gluten mixture, and the
pH was increased to 8.0 using 50% NaOH. The trypsin complex (2500 USP Units/mg) was
then added at 0.5 mg/mL. The mixture was incubated at 37 °C on a rotating rocker at
80 rpm overnight and boiled for 30 min to denature both enzymes. A sample was taken
during each step, diluted to a 5% or 10% concentration (v/v) in 60% ethanol (to a final
concentration of gluten at 0.5 or 1 mg/mL) and boiled for 10 min for the further analysis in
ELISA and immunoblot.

In parallel, the PT-digested gluten was prepared for cell culture work based on the
above preparation with minor variation. After the sample was diluted to 10% concentration
(v/v) in 60% ethanol, the precipitation and concentration of PT-digested gluten was con-
ducted using acetone based on the protocol of Thermo Scientific (See Appendix A): 4 parts
cold acetone (—20 °C) were added to 1 part sample, vortexed and incubated at —20 °C
overnight. The samples were then centrifuged at 3000 rpm for 30 min, the supernatant was
discarded and the acetone was evaporated for one hour at room temperature to leave a
PT-digested gluten pellet.

2.4. Multiplex Competitive ELISA

The antibodies and dilutions used for multiplex ELISA and immunoblotting are found
below in Table 1.
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Table 1. HRP-conjugated antibodies from commercial ELISA kits in this study.

Antibody ELISA Kits Manufacturer Dilution

ELISA Immunoblot

Gtox-G12 G12 Gluten Tox ELISA Competitive G12 Biomedal Diagnostics to 30 ng/mL * to 200 ng/mL
A-G12 G12 AgraQuant Gluten G12 Romer Labs 1to3 1tol
R5Sand R5 RIDASCREEN Gliadin R-BioPharm, AG 1to 35 1to5
R5Comp R5 RIDASCREEN Gliadin Competitive R-BioPharm, AG 1 to 100 1to 15
V10-R5 R5 Veratox for Gliadin R5 (Cat # 8510) Neogen Corp. 1to15 1to 10
V80-GL USDA Veratox for Gliadin (Cat # 8480) Neogen Corp. 1to 10 1to3
MI-GL MIoBS  Wheat/Gluten (Gliadin) MIoBS “ﬁﬁ,ﬁi‘;ﬁ;‘fé‘ff;ﬁiﬁﬁ?nif 1to3 ltol
AlISK Skerritt AllerTek Gluten ELISA Technologies Inc. 1to 15 1to 10
2D4 2D4 Microbiologique Gluten Sandwich Pi BioScientific Inc. 1to 10 1tol

* The Gtox-G12 antibody was provided at a known concentration in mg/mL and diluted to 30 ng/mL for analyses
in the ELISA and 200 ng/mL for the immunoblots. For the other antibodies, the optimized dilution factor is
provided, similar to work performed in Panda et al., 2017 [32].

The multiplex competitive ELISA for gluten detection were performed based on a
competitive ELISA protocol [32].

Microtiter plate wells were coated with either 10 pg/mL or 20 pg/mL gluten antigen.
The ELISAs coated with 10 ug/mL antigen were used for Gtox-G12, A-G12, R5Comp,
V10-R5, V80-GL, MI-GL or ALLSK, while the ELISAs with 20 pg/mL gluten antigen
were for R5Sand or 2D4. To prepare the antigen, a solution of 1 mg/mL wheat gluten
was prepared in phosphate buffer (PBS) containing 0.1% Tween®20, rotated overnight
at room temperature and then diluted in 1x coating buffer (pH 9.6, Appendix A) to a
final concentration of 10 or 20 pug/mL. The coated plates were incubated overnight at
room temperature in the dark. The plates were washed three times with wash buffer (PBS
containing 0.05% Tween®20) and then wells were blocked with 150 uL/well with blocking
buffer (PBS containing 1% bovine serum albumin) at 37 °C for one hour. The plates were
washed an additional four times with the wash buffer after blocking.

A gluten standard (1 mg/mL) from wheat standard was prepared following the same
preparation listed above and then diluted in UD buffer (105 mM sodium phosphate, 75 mM
NaCl, 2% BSA, 0.05% Tween 20, pH 7.4) to generate serial 1:3 dilutions starting at 10 mg/L
(10, 3.33, 1.11, 0.37, 0.12, 0.041 and O ppm) for ELISA standards [6]. Antibodies were
diluted using PBS buffer, as indicated in Table 1. A total of 110 uL of diluted antibody-HRP
conjugates and 110 pL of either gluten standards or samples were mixed at 37 °C for
one hour at 50 rpm on a rotating rocker. Then, 100 uL of each mixture was transferred
to the coated wells in duplicate and incubated at 37 °C for one hour with 50 rpm on a
shaker. After washing the plate four times with the wash buffer, 100 uL of the 3,3',5,5'-
tetramethylbenzidine (TMB) substrate was added in each well and incubated at RT for
30 min in the dark. The reaction was stopped by the addition of 50 puL of 0.2 M sulfuric
acid to each well followed by the measurement of absorbance at 450 nm using a microplate
reader (Bio-Rad model 680). The ELISA performance and measurements were conducted
in triplicate with duplicated samples for each trial.

2.5. Immunoblot Using Automated Capillary Electrophoretic-Based Immunoassays

Immunoblotting was performed using the Wes™ (WS-2450), capillary electrophoretic
immunoassay with 12-230 kDa pre-filled plates, capillary cartridges and reagents from
ProteinSimple (San Jose, CA, USA). The procedure and preparation of reagents including
sample buffer for diluents, 5x fluorescent master mix, biotinylated ladder and luminol-S
in peroxide were based on the protocol of Wes™ and Nelson 2017 [34].
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Two sets of standards were prepared by serial dilution of the extracted 1 mg/mL
wheat gluten with the provided 0.1x sample buffer, generating 50, 25, 20, 5 and 0 and
10, 3.33, 1.11, 0.37, 0.12 and 0 mg/L to measure high or low gluten concentration in a
sample. All test samples were diluted to a final concentration of 1:200 with 0.1 x sample
buffer. Additionally, 5x fluorescent master mix was added to each standard or sample and
incubated at 75 °C for 10 min. The combinations were briefly vortexed and centrifuged
after cooling down on an ice bath [34]. The HRP-conjugated antibodies were diluted
with antibody diluent 2, as detailed in Table 1. All prepared reagents, serial standards,
diluted samples and antibodies were dispensed into the assay plate into the corresponding
well with the volume, as stated in the protocol [34]. The capillary cartridges and assay
plates were inserted, and after approximately 3-h running in Wes™, the peak values of
samples and standards were analyzed by Compass for SW (ver. 6.0) (see Appendix A).
For both ELISA and immune assays, the standard curves were constructed, and the gluten
concentration in samples was calculated using the four-parameter logistic curve of the
online tool available at ATTBioquest (Sunnyvale, CA, USA) (see Appendix A).

2.6. Preparation of Gluten and Gliadin and PT-Digested Gluten for Cell Culture

Water-soluble fractions of crude gluten and gliadin were prepared by the salt-induced
disaggregation method [35], with some modifications. Briefly, 2 g of gluten and gliadin
(Sigma, Ronkonkoma, NY, USA) were suspended in 50 mL 2% NaCl solution and stirred
using a magnetic stirrer for 5 min at 250 rpm. The liquid was discarded, and washing
rounds in 50 mL 2% NaCl solution were repeated four more times. Residual salt was
removed by one round of washing with 50 mL 0.2% NaCl followed by one round of
washing with 50 mL dH,O (exposure time was reduced to 30 s). Ten milliliters of serum-
free media (either MEM or RPMI) were added to the washed gluten and gliadin and stirred
with a magnetic stirrer for four hours. The resulted suspensions were transferred to falcon
tubes and centrifuged for 5 min at 6000 x g. The supernatants were filter-sterilized using
syringe-mounted filters with a 0.45 pm pore diameter (Thermo-Fisher, Dublin, Ireland).
Total protein concentration was determined by a Bicinchoninic Acid Protein Assay Kit
(Sigma), with serum-free MEM or RPMI media used as blank samples. Fetal bovine serum,
glutamine, non-essential amino and antibiotics (as below for cell culture experiments)
were added to gluten and gliadin dissolved in MEM or RPMI to obtain full culture media,
containing 1 mg/mL of wheat storage proteins. The PT-Gluten was prepared as described
earlier. Prior to use, the PT-digested gluten was prepared by suspending in serum-free
culture media (either MEM for Caco-2 work or RPMI for THP-1 cells) to either 20 ppm
(20 mg/L) or 500 ppm (500 mg/L).

2.7. Preparation of Supplemental Enzymes for Cell Culture

Freeze-dried samples of supplemental enzymes were weighed in 15 mL falcon tubes,
prediluted in serum free RPMI medium to a concentration of 10,000 ppm (10 g/L) and boiled
for 10 min at 100 °C to inactivate the enzymes. After that, the tubes were placed on ice for
20 min. Sediment formed during manipulations was removed by centrifugation (6000 rpm,
10 min). Enzymes preparations were immediately taken for THP-1 cells treatment and
adjusted to 20 ppm (20 mg/L) prior to cell work, as described below.

2.8. Cell Culture

The human colorectal adenocarcinoma cell line Caco-2 and the human monocytic cell
line THP-1 were obtained from the DSMZ-German Collection of Microorganisms and Cell
Cultures. All Caco-2 cell line work was performed by Shannon ABC (Munster Technological
University). Cells were propagated using the standard technique in a 5% CO, atmosphere
at 37 °C. Caco-2 were cultured in Minimum Essential Medium Eagle supplemented with
10% Fetal Bovine Serum, 2 mM glutamine, 1% non-essential amino acids, 100 U/mL peni-
cillin and 100 ug/mL streptomycin (MEM and FBS—Sigma, additives—Lonza, Manchester,
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UK). THP-1 cells were grown in RPMI 1640 media supplemented with 2 mM L-glutamine,
10% Fetal Bovine Serum, 100 U/mL penicillin and 100 pg/mL streptomycin (full media).

2.9. Treatment Scheme

Prior to experiment, 5 X 10° THP-1 cells were transferred into 1.5 mL Eppendorf
tubes and centrifuged at 150x g for 15 min. The culture medium was discarded, and the
cells were resuspended in full media containing 20 ppm and 500 ppm of gluten, gliadin
and PT-digested gluten and 20 ppm supplemental enzyme preparations. Four hours
after stimulation, the cells were harvested by centrifugation (8000 x g for 5 min), lysed by
adding 300 pL of Lysis buffer (Monarch Total RNA Miniprep Kit, New England Biolabs,
NEB) and stored at —80 °C for further PCR analysis. In a parallel experiment, culture
supernatants were collected 18 h after stimulation and stored at —80 °C until further
analysis for protein concentrations.

Caco-2 cells were cultured on 48-well plates (Corning) at a density of 3 x 10* cells/well.
Prior to experiment, the cells were washed once with DPBS and subjected to 20 ppm and
500 ppm of gluten, gliadin and PT-digested gluten treatment. Four hours after stimulation,
cell supernatants were removed and 300 pL of Lysis buffer (Monarch Total RNA Miniprep
Kit, New England Biolabs, NEB) was added to the cells, which were then stored at —80 °C
for further PCR analysis. In a parallel experiment, 18 h post-treatment, supernatants were
collected and stored at —80 °C for subsequent protein determination.

2.10. PBMCs Culture Conditions and Treatment

Peripheral blood mononuclear cells (PBMCs) from the peripheral blood of a healthy
donor and a celiac disease patient were purchased from AccuCell®, Bethesda, MA, United
States. Upon receipt, the cells were thawed and resuspended in freshly made RPMI
1640 media containing 2 mM L-glutamine, 10% Fetal Bovine Serum, 100 U/mL penicillin,
100 ug/mL streptomycin and 2 pg/mL amphotericin. The cells were cultured for 48 h at a
concentration of 1 x 10° cell/mL.

The exposure experiment has been done in the same manner as the THP-1 treatment
(see above). Briefly, the cells were centrifuged at 150x g for 15 min and culture media was
replaced with media containing 20 ppm and 500 ppm of gluten, gliadin and PT-digested
gluten. Forty-eight hours after treatment, cell suspensions were collected and cell culture
supernatants were obtained by centrifugation and stored at —80 °C until analysis for
IL-8 concentration.

2.11. Cell Viability Assays

The cell viability assays were done using the CyQUANT™ XTT Cell Viability kit (Invit-
rogen™, Thermo-Fisher, Dublin, Ireland). Twenty-four hours after applying crude gliadin,
gluten or the PT-digested samples, THP-1 and Caco-2 cells were stained with 0.3 mg/mL
solution of XTT (sodium 3’-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy6-
nitro) benzene sulfonic acid hydrate) for 4 h according to the protocol. Absorbance was
then measured at 450 and 595 nm.

2.12. RNA Isolation and Quantitative Real-Time PCR Analysis

Total RNA was extracted from cell lysates using the Monarch Total RNA Miniprep Kit
(NEB). Reverse transcription reaction was performed using the Luna script RT Supermix
kit (NEB). Real-time PCR reactions were set up using pre-made FastStart Universal SYBR
Green Master mix and appropriate primer pairs (all primers Table 2 were tested for linearity
and amplification efficiency) at a concentration of 200 nM using generated cDNA as a
template. The reactions were performed using the following program: initial denaturation
95 °C 5 min, denaturation 94 °C 20 s, annealing 60 °C 20 s, extension 72 °C 20 s (40 cycles).
The specificity of reaction products was confirmed by melting temperature analysis (from
70 °C t0 95 °Cin 0.5 °C/15 s increments). The quantification of target transcripts was done
using RPL5 or GAPDH as a normalizing house-keeping gene.
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Table 2. Primer design for PCR targets.

Target Forward Primer Reverse Primer Reference
IL-8 CAGTTTTGCCAAGGAGTGCT CAACCCTCTGCACCCAGTTIT [36]
TNE-A GCCAGAGGGCTGATTAGAGA TCTTCTGCCTGCTGCACTT [37]
RPL5 GGTCTCTGTTCCGCAGGATG CAGTTTTACCCTCTCGTCGTCT [38]
GAPDH CTTTGACGCTGGGGCTGGCATT TTGTGCTCTTGCTGGGGCTGGT [39]

2.13. ELISA Cytokine Determination

The concentrations of IL-8 in cell culture supernatants were determined by sand-
wich ELISA: Human IL-8/CXCL8 ELISA Kit (RAB0319, Sigma) according to the manufac-
turer’s instruction.

2.14. Statistical Analysis

All cell culture experiments were performed in two biological replicates and three
technical replicates per experiment. The results are expressed as means =+ SD. The values
were compared using two-way ANOVA with Sidak post-hoc test for inflammatory markers
and with one-way ANOVA followed by Dunnett’s post-hoc test for viability assay, and the
differences were considered significant where p < 0.05.

3. Results
3.1. Multiplex ELISA and Immunoblotting of Enzyme Fermentation Products

A multiplex ELISA approach was utilized to measure the amount of fermented gluten
peptides in the concentrated form of supplemental enzymes in a similar manner to previous
publications [32]. All tested supplemental enzyme products reported a gluten concentration
that was equivalent to or below 20 ppm (20 mg/L) as compared with an intact wheat
reference standard—except for the bacterial protease (Table 3), which we previously showed
can interfere with competitive ELISA assays [40]. The wheat input, fermentation broth
and final concentrated enzyme products showed a pronounced reduction throughout
the fermentation process when tested with the various antibodies from the commercially
available gluten detection kits. The composite standard curves (from 0.04 ppm to 10 ppm)
can be found in Supplementary Figure S2.

In order to determine if there were any false positives and to create additional data sets
for the quantitation of gluten in supplemental enzyme products, a multiplex immunoblot-
ting approach was used (Table 4). Intact gluten standards were again used for calibration,
and the banding pattern was used to determine the maximum size in which peaks should be
included for quantitation, as some off-target and non-specific banding did occur at higher
molecular weights. Similar to the ELISA method, the immunoblotting clearly demonstrates
that the concentration of gluten-derived peptides in these supplemental enzyme products
is negligible or below 20 ppm, as determined by the pepsin-trypsin digested sample. The
individual immunoblots are shown in Supplementary Figures S3 and S4.

3.2. Effects of Gluten, Gliadin and Digested Gluten Standard on TNF-« and IL-8 Production in
THP-1 and Caco-2 Cells

Prior to determining the effects of samples on inflammatory response, the viability
of cells after exposure to crude gliadin, crude gluten or PT-digested gluten at 20 ppm
(20 mg/L) and 500 ppm (500 mg/L) was assessed using the XTT method (Supplementary
Figure S1). It was determined that cells from all groups were viable compared to media
controls in Caco-2 (F(6, 47) = 1.742, p = 0.1322) and THP-1 (F(6, 35) = 1.574, p = 0.1839)
cell lines.
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Table 3. Gluten levels for the supplemental enzyme samples were negligible or lower than the PT-digested gluten sample (N = 6). The multiplex ELISAs using
antibodies from commercially available kits specific for gluten detection were used to detect gluten levels in supplemental enzyme preparations. ND = non-detectable.
NA = not available, as only one replicate was above the limit of detection.

Commercial ELISA Kit
Gtox-G12 A-G12 R5Sand R5Comp V10-R5 V80-GL MI-GL AIISK 2D4
Fermentation Product
Antibody
G12 G12 R5 R5 R5 USDA MIoBS Skerritt 2D4
PT-Glu Peﬁ;ﬁggg:in 77.5 + NA 335+ NA 1.5+ NA 1.0 + NA 1.0 £ NA 254+ NA 220+ NA 28.0 + NA 324+ NA
Alpha-G «-Galactosidase ND 0.0 = NA 0.36 0.1 32+30 ND ND 53+038 ND 1.63 £1.43
ALA Acid Lactase ND 0.5+ NA ND 17417 20402 ND 22412 ND 0.1+ NA
ASP Acid Stable ND 04+ NA 04+01 29405 43402 24+ NA 16408 ND 3.8+35
Protease

FL Fungal Lactase ND 04+ NA 0.0 + 0.0 23+0.1 49402 ND 34+18 1.42 + NA 34433

FLC Fungg&z‘d“e ND 0.8 + NA 0.4+ 04 11406 8.0 + 3.3 0.2 +NA 6.7+ 0.8 ND 22421
PI Peptidase I ND 18+0.1 0.8+ 0.6 31405 04+03 0.6 = NA 29424 ND 34429
PIC Peptidase I Conc. ND 14406 03401 14402 0.7 + NA 24+13 14425 ND 24415

PII Peptidase II ND 0.8 = NA 02+0.1 23+0.1 6.5+ 4.6 ND 2.8+0.1 ND 45+41
PIIC Peptidase IT Conc. ND 0.8 +0.2 39+31 40+01 14403 0.2 +NA 37+28 ND 3.5 +2.56
Alpha-G-DE a-Galactosidase IT ND 0.8 + NA 05+ NA 23+0.1 1.2 + NA 0.1+ NA 30+ 14 ND 43 +34
FPA Fungal Protease A ND 0.8 +0.2 1.0+07 6.8 = 8.0 46+48 6.7 +£2.0 32+1.0 1.0 £ NA 43440
BP Bacterial Protease 137 + 4.0 85.5 + 42.8 95+4.1 31+16 183+ 1.0 149 +2.1 49421 1.8+ 0.0 77429
LipAN Lipase AN ND 0.1+01 41+34 29402 32409 17417 3.0 +24 ND 48+33

CellAN Cellulase AN ND 05+04 04+04 25+03 1.2+1.0 1.6 = NA 24+21 ND 37+37
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Table 4. Gluten levels for the supplemental enzyme samples were negligible or lower than the PT-digested gluten standard (PT-Glu) for the majority of antibodies,
as determined by immunoblotting (N = 6). ND = non-detectable.

Commercial ELISA Kit

Fermentation Product Gtox-G12 A-G12 R5Sand R5Comp V10-R5 V80-GL MI-GL AlISK 2D4
Antibody
G12 G12 R5 R5 R5 USDA MIoBS Skerritt 2D4
PT-Glu Peﬁ;;ijf;’g:m ND ND ND ND 36.5 ND ND ND 15
Alpha-G a-Galactosidase ND ND ND ND ND ND ND ND 677.08
ALA Acid Lactase ND ND ND ND ND ND ND ND ND
ASP Acid Stable ND ND ND ND 26.65 ND ND ND ND
Protease
FL Fungal Lactase ND ND ND 95.86 ND ND ND ND ND
FLC F““ggz)kidase ND ND ND ND ND ND ND ND ND
PI Peptidase I ND ND ND ND ND ND ND 606.66 ND
PIC Peptidase I Conc. ND ND ND ND ND ND ND ND ND
PII Peptidase I ND ND ND ND ND ND ND ND 519.23
PIIC Peptidase II Conc. ND ND ND ND ND ND ND ND ND
Alpha-G-DE  «-Galactosidase II ND ND 0.72 ND ND ND ND ND ND
FPA Fungal Protease A ND ND ND ND ND ND ND ND ND
BP Bacterial Protease ND ND ND ND ND ND ND ND ND
LipAN Lipase AN ND ND ND ND 29.53 ND ND ND ND

Cell AN Cellulase AN ND ND ND ND ND ND ND ND ND
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To compare the pro-inflammatory potential of crude gliadin, crude gluten and pepsin-
trypsin digested gluten standard, we assessed their effect on IL-8 and TNF-o production in
THP-1 and Caco-2 cell lines (Figure 1). Stimulation with 20 ppm (20 mg/L) of the whole
molecules and the digested gluten standard had no effect on the IL-8 mRNA level in either
THP-1 or Caco-2 cells (Figure 1A,B). Challenging these mammalian cells with 500 ppm
(500 mg/L) increased IL-8 gene expression in gluten and PT-digested gluten groups in
Caco-2 and THP-1 cells and in the crude gliadin group in THP-1 cells. This increase in
IL-8 mRNA expression was exacerbated in both Caco-2 and THP-1 cells in the PT-digested
gluten group. [Dose F(1, 66) = 33.27, p < 0.0001; Treatment F(2, 66) = 3.322, p = 0.0422;
Interaction F(2, 66) = 2.830, p = 0.0662 for Caco-2] [Dose F(1, 66) = 132.2, p < 0.0001;
Treatment F(2, 66) = 42.62, p < 0.0001; Interaction F(2, 66) = 16.53, p < 0.0001 for THP-1].

6 Caco-2 THP-1 #
# 57
*
o * o
2 2 4-
g @
c 4- 5
2 T 3
£ K}
<
2 2 2-
24 4
E £
@ ©
= o1
0- 0-
Gli Glu PT-Glu Gli Glu PT-Glu Gli Glu PT-Glu Gli Glu PT-Glu
20 ppm 500 ppm 20 ppm 500 ppm
Caco-2 # THP-1 "
60~ 600-
* *
o 40 o 4004
E . E
o ° (=2
[=3 o
Q s Q
- -
= 204 R = 2004
i .
- -,:,- ﬁ - . .ﬁ. -
0- 0-
Gli Glu PT-Glu Gli Glu PT-Glu Gli Glu PT-Glu Gli Glu PT-Glu
E 20 ppm 500 ppm F 20 ppm 500 ppm
Caco-2 THP-1
15+ 6- #
[} # ()] *
= o
% * c
©
.S K
g 107 5 4-
8 )
< .
2 g .
(4 [4
E 5 € 2 L . i
3 :
('8 [T 1
2 %] |
] - il
0- 0-
Gli Glu PT-Glu Gli Glu PT-Glu Gli Glu PT-Glu Gli Glu PT-Glu
20 ppm 500 ppm 20 ppm 500 ppm

Figure 1. Differential effects of 20 ppm (20 mg/L) and 500 ppm (500 mg/L) of crude gliadin (Gli),
crude gluten (Glu) or PT digested gluten (PT-Glu) on IL-8 gene expression (A,B), IL-8 protein secretion
(C,D) and TNF-« gene expression (E,F) in Caco-2 and THP-1 cells, respectively. The dashed line
represents effects of control media only for IL-8 protein expression. * represents significant difference
as compared with the 20 ppm comparator group, p < 0.05. # represents significant difference as
compared with other 500 ppm treatment groups, p < 0.05.
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Similarly, 20 ppm of crude gliadin, crude gluten and PT-digested gluten standard did
not significantly increase IL-8 protein levels in cell culture supernatants (Figure 1C,D) as
compared with the control in Caco-2 (F(3, 42) = 1.753, p = 0.171) or THP-1 cells (F(3, 44) = 3.56,
p = 0.0715). In Caco-2 cells, there was no significant increase in IL-8 secretion in response
to 500 ppm of crude gliadin or crude gluten; however, the increase in protein production
was still apparent in the PT-digested gluten group. In THP-1 cells, 500 ppm increased IL-8
levels in in all treatment groups. The IL-8 increase was most prominent in the PT-digested
gluten group. [Dose F(1, 66) = 47.58, p < 0.0001; Treatment F(2, 66) = 28.77, p < 0.0001;
Interaction F(2, 66) = 27.06, p < 0.0001 for Caco-2] and [Dose F(1, 66) = 511.3, p < 0.0001;
Treatment F(2, 66) = 106.4, p < 0.0001; Interaction F(2, 66) = 95.27, p < 0.0001 for THP-1].

There was no significant difference between the PT-digested gluten and crude gliadin
or gluten in TNF-ot gene expression in either Caco-2 or THP-1 cells at 20 ppm concentration
(Figure 1E,F). At 500 ppm, there was no significant increase in TNF-x gene expression
in Caco-2 or THP-1 cells in response to either crude gliadin or crude gluten. However,
PT-digested gluten significantly increased TNF-o« gene expression in both Caco-2 and
THP-1 cells. [Dose F(1, 59) = 13.59, p = 0.0005; Treatment F(2, 59) = 9.480, p = 0.0003;
Interaction F(2, 59) = 7.340, p = 0.0014 for Caco-2] and [Dose F(1, 66) = 15.95, p = 0.0002;
Treatment F(2, 66) = 13.00, p < 0.0001; Interaction F(2, 66) = 10.03, p = 0.0002 for THP-1].

3.3. Effects of Gluten, Gliadin, Digested Gluten Standard and Supplemental Enzymes on IL-8
Production in THP-1 Cells

Given that a stronger effect was observed in THP-1 cells, in IL-8 response, we further
examined the effect of commercially available enzyme supplements on immune response
with a focus on IL-8 protein expression in this cell line (Figure 2). At 500 ppm (500 mg/L),
the crude gliadin, gluten and the pepsin-trypsin digested gluten evoked a significant
increase in IL-8 response in these THP-1 cells (F(16, 85) = 4.541, p < 0.0001), as determined
by one-way ANOVA followed by Dunnet’s post-hoc test. There was no significant increase
in IL-8 response with the administration of the commercially available enzyme supplements.
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Figure 2. 500 ppm of crude gliadin, gluten and pepsin-trypsin digested gluten evoked an increase
in IL-8 protein expression in THP-1 cells. There was no significant effect of commercially available
enzyme supplements on IL-8 levels. * represents significant difference as compared with the 20 ppm
comparator group, p < 0.05.
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3.4. Effects of Gluten, Gliadin and Digested Gluten Standard on IL-8 Protein Production in
Human Peripheral Blood Mononuclear Cells (PBMCs)

PBMCs from human healthy and coeliac individuals were assessed for their response
to crude gluten, gliadin and pepsin-trypsin digested gluten at 20 ppm (20 mg/L) and
500 ppm (500 mg/L) (Figure 3). PBMCs were chosen, as they include lymphocytes (i.e.,
T cells, B cells and NK cells), monocytes and dendritic cells and so represent a collective
immune response to sensitizing agents. In both healthy (F(1, 30) = 515.5, p < 0.0001) and
coeliac (F(1, 30) = 455.3, p < 0.0001) PBMCs, 500 ppm of the respective treatments signifi-
cantly increased IL-8 levels. In both the PBMCs from healthy individuals (F(2, 30) = 11.75,
p = 0.0002) and from coeliac individuals (F(2, 30) = 84.22, p < 0.0001), the pepsin-trypsin
digestion significantly decreased the inflammatory response as compared with the crude
gluten or gliadin, and in healthy PBMCs, the response to crude gluten was lower than to
crude gliadin.

A Healthy PBMC B Coeliac PBMC
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g + g 20-
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Figure 3. 500 ppm of crude gliadin, gluten and pepsin-trypsin digested gluten evoked an increase in
IL-8 protein expression in PBMCs from both healthy and coeliac donors. Digestion by pepsin and
trypsin significantly decreased IL-8 protein levels in both healthy and coeliac PBMCs. * represents sig-
nificant difference as compared with the 20 ppm comparator group, p < 0.05; + represents significant
difference as compared with all other groups, p < 0.05.

4. Discussion

Herein, we clearly demonstrate that the tested commercially available supplemental
enzymes that are derived from wheat digestion do not have detectable levels of gliadin-,
deamidated gliadin- and glutenin-derived epitopes from gluten proteins or peptides. Al-
though intact gluten may be absent in the enzyme samples, the presence of small or large
gluten-derived peptides equivalent to more than 20 ppm intact gluten that are not identi-
fiable with these various epitopes may still be present in these samples. In these studies,
we utilized wheat gluten, the same source as for the commercially available enzyme sup-
plements, and while intact gluten may not be the perfect calibrant for competitive ELISAs
for fermented goods, it demonstrates that the epitopes are in the proper range for analysis.
We further demonstrate that neither the pepsin-trypsin digested gluten standard nor the
supplemental enzymes elicit an inflammatory response in immortalized immune and in-
testinal human cell lines, as well as in peripheral blood mononuclear cells (PBMCs) from
coeliac individuals at the threshold concentration of 20 ppm, as compared with both crude
gluten and gliadin. This complementary approach provides strong rationale for the idea
that the fermentation process effectively removes gluten and immunogenic peptides and
lends credence to the acceptance of a gluten-free declaration specifically for hydrolyzed
gluten products, including supplemental enzymes, derived from fermentation processes.

Historically, several qualitative and quantitative analytical methods are available for
the detection of gluten in foods and fermented products including ELISAs, Western blotting,
Mass spectrometry, DNA-based methodology and aptamer-based assays—all of which have
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their limitations [41]. Sandwich and competitive ELISAs are the most used methodologies
with monoclonal antibodies such as Skerritt, USDA, 2D4, R5 and G12, as well as polyclonal
antibodies such as MloBS. The polycloncal antibody (MloBS) yielded the highest results on
average for the commercial products (excluding the bacterial protease false-positive) and
thus may be the most conservative estimation for residual gluten concentration in fermented
dietary enzymes for use in safety determination. By combining these methodologies with
physiologically relevant bioassays, a more comprehensive assessment of gluten detection
and potential immunopathogenesis was determined.

Cytokines are important mediators of inflammation and contribute to the pathogen-
esis of many inflammatory diseases associated with the gut. Numerous studies have
demonstrated a role for IL-8 and TNF-o as markers for innate immune activation by gluten
products in vitro [42-51] and in human studies [52-62]. The ELISA and immunoblotting
methodologies tested in this study using gluten-specific epitopes suggest that the sup-
plemental enzymes and the PT digested gluten had less than 20 ppm (20 mg/L) gluten
(Tables 2 and 3). To compliment these findings, the digested gluten standard as a reference
standard for the levels of gluten that would be in the supplemental enzyme groups was
tested for the potential to elicit inflammatory response, using IL-8 and TNF« cytokines in
Caco-2 intestinal cells and THP-1 human monocytes. We further assessed the response to
commercially available supplemental enzymes to assess their effect on immune response.
These samples were compared to crude gliadin or crude gluten preparations at the FDA
denominated gluten-free concentration of 20 ppm and at a higher concentration of 500 ppm
to validate the assays. The co-culturing of gliadin, gluten and PT-digested gluten did not
affect cell viability in our cell lines (Supplementary Figure S1). Furthermore, the results
from cell culture assays demonstrate that at 20 ppm concentration, the PT-digested gluten
and the commercially available supplemental enzymes did not trigger any inflammatory
response of IL-8 or TNF-« compared to the media itself or to crude gluten and crude gliadin
(Figures 1 and 2). Therefore, the inflammatory response elicited by the detectable and
non-detectable peptides generated in the PT-digested gluten standard is no different to
crude gliadin or gluten molecules at a concentration of 20 ppm.

At the higher dose of 500 ppm, PT-digested gluten increased the mRNA levels for
TNF-o and IL-8 as compared to the crude gliadin and gluten (Figures 1 and 2). This is in
line with previous evidence in THP-1 cells where digested gliadin increased IL-8 and TNFx
as compared to crude gliadin alone at 200 ppm [42]. In contrast, other studies in the Caco-2
cell line showed that PT-digested gluten did not exacerbate the effects of 1000 ppm crude
gluten [63]. These observations suggest that there may be a threshold concentration of
crude gliadin or gluten past which the effects of peptides from their hydrolyzation do not
elicit further response. However, further dose response studies using crude and digested
gliadin and gluten in these cell lines are required to confirm this observation. Regardless
of this information, this PT-digested gluten and the supplemental enzymes elicit a similar
negligible inflammatory response as 20 ppm crude gluten and crude gliadin.

PBMCs encompass a heterogeneous cell population with varying relative amounts
of lymphocytes (T cells, B cells and NK cells), dendritic cells and monocytes. These
cells are critical components of the innate and adaptive immune system that defends
the body against infection and plays a role in sensitization to certain epitopes. Using
human PBMCs we demonstrate that the hydrolyzation of gluten with pepsin-trypsin digest
decreases the IL-8 protein response as compared with crude gliadin or gluten. During
the fermentation process used in the synthesis of the commercial enzymes, the wheat
undergoes a more extensive hydrolyzation process than that experienced by pepsin-trypsin
digestion alone. Combining the data from the immunoblots and multiplex with the cell-
based assays, and given that supplemental enzymes and fermentation by-products will
be even further hydrolyzed, we did not further analyze the commercial enzymes in this
assay. However, given that the fermentation process further hydrolyzes these commercially
available enzymes and these ‘neat’ enzymes are further diluted before being commercially
distributed, we can be confident that these compounds will have gluten content below 20
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ppm or that any gluten-derived peptides not detectable by these antibody epitopes will not
elicit an inflammatory response and thus can maintain their claim of being ‘gluten-free’.

5. Conclusions

This study demonstrates that, by using these specific antibody epitopes, there is little
or no gluten products in the supplemental enzymes following fermentation. Furthermore,
these samples that may contain non-detected gluten-derived peptides do not elicit an
inflammatory response in immortalized immune and intestinal human cell lines, as well as
in peripheral blood mononuclear cells (PBMCs) from coeliac individuals at the threshold
dose of 20 ppm. This complementary approach using multiplex ELISA, immunoblotting
and cell-based assays provides strong rationale for the acceptance of supplemental enzymes
in a gluten-free declaration. This is of clinical relevance, as many commercially available
enzymes that are marketed for the alleviation of gastric discomfort and the alleviation
of food sensitivities do so through the degradation of proteins and peptides (including
gluten) to reduce sensitivity. Future work investigating the detection of gluten-derived
peptides should consider appropriate reference calibrants for the more accurate detec-
tion and quantification of peptides in combination with cell-based assays to assess the
potential to modulate the inflammatory tone of non-detectable products of starting gluten
source hydrolysis.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/fermentation8050203 /s1. Figure S1. Viability of Caco-2
and THP-1 cells. Figure S2. Comparison of Standard Curves of the ELISA Antibodies. Figure S3.
Immunoblots of Supplemental Enzymes. Figure S4. Immunoblots of PT-digested products: Im-
munoblots from Wes using antibodies.
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