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ABSTRACT The aim of this study was to demonstrate the capacity of probiotic lac-
tobacilli to hydrolyze immunogenic gluten peptides. Eighteen commercial strains of
probiotic lactobacilli with highly variable peptidase activity (i.e., aminopeptidase N,
iminopeptidase, prolyl endopeptidyl peptidase, tripeptidase, prolidase, prolinase, and
dipeptidase), including toward Pro-rich peptides, were tested in this study. Ten pro-
biotic strains were selected on the basis of their specific enzyme activity. When
pooled, these 10 strains provided the peptidase portfolio that is required to com-
pletely degrade the immunogenic gluten peptides involved in celiac disease (CD).
The selected probiotic mixture was able to completely hydrolyze well-known immu-
nogenic epitopes, including the gliadin 33-mer peptide, the peptide spanning resi-
dues 57 to 68 of the a9-gliadin (a9-gliadin peptide 57-68), A-gliadin peptide 62-75,
and +y-gliadin peptide 62-75. During digestion under simulated gastrointestinal condi-
tions, the pool of 10 selected probiotic lactobacilli strongly hydrolyzed the wheat bread
gluten (ca. 18,000 ppm) to less than 10 ppm after 360 min of treatment. As determined
by multidimensional chromatography (MDLC) coupled to nanoelectrospray ionization
(nano-ESl)-tandem mass spectrometry (MS/MS), no known immunogenic peptides were
detected in wheat bread that was digested in the presence of the probiotics. Accord-
ingly, the level of cytokines (interleukin 2 [IL-2], IL-10, and interferon gamma [IFN-v])
produced by duodenal biopsy specimens from CD patients who consumed wheat
bread digested by probiotics was similar to the baseline value (negative control).
Probiotics that specifically hydrolyze gluten polypeptides could also be used to hy-
drolyze immunogenic peptides that contaminate gluten-free products. This could
provide a new and safe adjunctive therapy alternative to the gluten-free diet (GFD).

IMPORTANCE This study confirmed that probiotic Lactobacillus strains have different
enzymatic abilities for hydrolyzing polypeptides, including the Pro-rich epitopes in-
volved in the pathology of CD. Ten lactobacilli with complementary peptidase activi-
ties that hydrolyze gluten peptides during simulated gastrointestinal digestion were
selected and tested. The results collected showed the potential of probiotic formulas
as novel dietary treatments for CD patients.

KEYWORDS celiac disease, probiotic lactobacilli, peptidases, gluten immunogenic
peptides, cytokines

eliac disease (CD) is an immune-mediated enteropathy that is triggered by the
ingestion of gluten (in genetically susceptible individuals) and that results from
the interaction between gluten and immune, genetic, and environmental factors (1).
The prevalence of CD is as high as 1% in European countries (2), and its clinical
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presentation can include a wide spectrum of insidious symptoms, including abdominal
pain, although it is often asymptomatic. The ingestion of gluten is necessary for the
development of disease, and the only effective therapy for CD patients is a gluten-free
diet (GFD). Additional environmental factors (such as interactions among intestinal
microbiota and immunity and dietary factors) seem to be involved in the development
of CD (3-5). The intestinal microbiota drives mucosal cell differentiation, intestinal
permeability, and the immune response to environmental antigens (3). The salivary and
intestinal microbiotas of CD patients differ from those of healthy controls both at the
time of diagnosis and after remission following a GFD (6-8). A GFD itself could be
involved in the microbial imbalance of CD patients (9, 10). A GFD decreases the relative
amount of several beneficial strains of gut bacteria (e.g., Bifidobacterium and Lactoba-
cillus) and reduces the ability of fecal samples to stimulate a host's immunity (10).
Recently, novel treatments for CD patients have been proposed (11, 12). Among the
novel therapies under investigation is an enzyme strategy that uses microbial proteases
and peptidases for gluten detoxification (13, 14). Current research is focused on the oral
administration of microbial endopeptidases with various degrees of tolerance to the
gut environment, the transamidation of gliadin, and the use of trans-glutaminase
inhibitors (15, 16). Indeed, several microbial proteases and peptidases are often inhib-
ited in the stomach by pepsin and pH, which reduce their activity on gluten molecules
and enable immunogenic peptides to be generated in the small intestine (17). A
biotechnological strategy that hydrolyzes gluten (residual concentration, =<8 ppm)
during food processing and that uses select sourdough lactobacilli and food-grade
fungal proteases was recently developed (18, 19). The combined activity of general
aminopeptidase type N (PepN; EC 3.4.11.11), endopeptidase (PepO; EC 3.4.23), and
prolyl endopeptidyl peptidase (PEP; EC 3.4.21.26) promoted the hydrolysis of the CD
immunogenic 33-mer peptide into five small peptides (20). PepN and X-prolyl dipep-
tidyl aminopeptidase (PepX; EC 3.4.14.5) produced dipeptides from the 33-mer, which
were mainly degraded into free amino acids (FAA) via prolidase (PepQ; EC 3.4.13.9) and
PepX. The remaining dipeptides were hydrolyzed through PepQ. Overall, 5 peptidases
are required to completely degrade the 33-mer and other synthetic immunogenic
peptides (20).

In vitro studies (3) have demonstrated that the proteinase and peptidase activities of
the gut microbiota degrade gliadin peptides, which affects their toxicity. Indeed,
gluten-degrading bacteria have been isolated from the gastrointestinal tracts of hu-
mans and pigs (21-25). Previously, it was shown that Lactobacillus rhamnosus GG
improves the intestinal permeability of Caco-2 cells when exposed to gliadin peptides
(26). Strains belonging to the Bifidobacterium genus (e.g., Bifidobacterium longum CECT
7347, Bifidobacterium bifidum CECT 7365) decreased the cytotoxic and inflammatory
effects of gluten peptides (25, 27). On the basis of this scientific evidence, the use of
select probiotic strains for their ability to hydrolyze gluten epitopes under human
gastrointestinal conditions could be a new strategy to improve/maintain the health of
CD patients.

The ability of probiotic lactobacilli to hydrolyze gluten epitopes under simulated
gastrointestinal conditions was evaluated in this study. A combined approach of
multidimensional chromatography (MDLC) and nanoelectrospray ionization (nano-ESI)-
tandem mass spectrometry (MS/MS) with immunological analysis was performed to
determine the gluten-detoxifying activity of the probiotic strains.

RESULTS

Peptidase activities of probiotic lactobacilli. All Lactobacillus strains showed
general PepN activities for Leu-p-nitroanilides (Leu-p-NA) which ranged from 1.79 to
9.96 units (U) (median value, 6.08 U) (Fig. 1A). The strains Lactobacillus delbrueckii subsp.
bulgaricus SP5 and L. plantarum LP27 and LP35 showed the highest activities (9.96 *
0.44, 9.94 = 0.37, and 8.59 = 0.35 U, respectively).

Compared to their PepN activity, these strains showed lower proline iminopeptidase
(Pepl; EC 3.4.11.9) activity (median value, 1.35 U) (Fig. 1B). The strains with the highest
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FIG 1 Aminopeptidase type N (PepN; EC 3.4.11.11) (A), proline iminopeptidase (Pepl; EC 3.4.11.9) (B),
and prolyl endopeptidyl peptidase (PEP; EC 3.4.21.26) (C) activities of Lactobacillus strains for the
Leu-p-nitroanilide (Leu-p-NA), Pro-p-NA, and Z-Gly-Pro-Arg-p-NA substrates, respectively. One unit of
activity was defined as the amount of enzyme required to liberate 1 umol of p-NA per min under the
assay conditions. The data are represented as means * standard deviations from three independent
assays. Box plots are also shown, in which the tops and bottoms of the boxes represent the 75th and
25th percentiles of the data, respectively. The tops and bottoms of the error bars represent the 5th and
95th percentiles of the data, respectively. The rhombus in each box plot extends to the outliers ().

*, selected strains.

Pepl activity were

L. paracasei BGP2 and LPCO1 and especially L. delbrueckii subsp.

bulgaricus SP5 (5.73 = 0.11, 8.05 = 0.37, and 9.81 = 0.46 U, respectively). The median
value for PEP activity was 1.81 U, and L. paracasei BGP12 and BGP2, L. plantarum LP33,
and L. rhamnosus SP1 were the strains with the highest PEP activity (Fig. 1C).

All strains also showed tripeptidase (PepT; EC 3.4.11.4; median value, 6.57 U; Fig. 2A),
PepQ (median value, 14.08 U; Fig. 2B), prolinase (PepR; EC 3.4.13.8; median value, 7.99
U; Fig. 2C), and dipeptidase (PepV; EC 3.4.13.11; median value, 3.75 U; Fig. 2D) activities.
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FIG 2 Tripeptidase (PepT; EC 3.4.11.4) (A), prolidase (PepQ; EC 3.4.13.9) (B), prolinase (PepR; EC 3.4.13.8)
(C), and dipeptidase (PepV; EC 3.4.13.11) (D) activities of Lactobacillus (cell density of 10° CFU/ml) strains
for Leu-Leu-Leu, Val-Pro, Pro-Gly, and Leu-Leu substrates, respectively. One unit of activity was defined
as the amount of enzyme required to liberate 1 umol amino acid per min under the assay conditions.
The data are represented as the means *+ standard deviations from three independent assays. Box plots
are also shown, in which the tops and bottoms of the boxes represent the 75th and 25th percentiles of
the data, respectively. The tops and bottoms of the error bars represent the 5th and 95th percentiles of
the data, respectively. The rhombus in each box plot extends to the outliers (<). *, selected strains.

L. plantarum LP40 was the strain with the highest PepT, PepQ, and PepR activities,
whereas L. casei BGP93 had the highest PepV activity.

The strains with the highest complementary peptidase activities (L. casei BGP93; L.
delbrueckii subsp. bulgaricus SP5; L. paracasei LPCO1 and BGP2; and L. plantarum BGP12,
LP27, LP35, LP40, LP47, and SP1) were selected for further analysis.
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FIG 3 Hydrolysis of the 33-mer peptide by 10 lactobacilli (10° CFU/ml) (Lactobacillus casei BGP93; Lactobacillus bulgaricus SP5; Lactobacillus paracasei LPCO1 and
BGP2; and Lactobacillus plantarum BGP12, LP27, LP35, LP40, LP47, and SP1). Reverse-phase high-performance liquid chromatography (RP-HPLC) was used to
analyze 750 ppm the 33-mer peptide with probiotic lactobacilli at the beginning of incubation (gray line) and after 24 h of incubation (black line) at 37°C. mAU,
milli-absorbance units.

Hydrolysis of Pro-rich synthetic peptides. Cells (1 X 10° CFU/ml) were pooled
from the following strains: L. casei BGP93; L. delbrueckii subsp. bulgaricus SP5; L.
paracasei LPCO1 and BGP2; and L. plantarum BGP12, LP27, LP35, LP40, LP47, and SP1.
Pooled cells were incubated in a buffer solution with 200 mM either the peptide
spanning residues 57 to 68 of the a9-gliadin (a9-gliadin peptide 57-68), A-gliadin
peptide 62-75, y-gliadin peptide 134-153, or the gliadin 33-mer peptide. After 24 h at
37°C, the 33-mer peptide was completely hydrolyzed by the pooled cells (1 X 10°
CFU/ml) (Fig. 3). Complete hydrolysis also occurred for «9-gliadin peptide 57-68,
A-gliadin peptide 62-75, and y-gliadin peptide 134-153 (data not shown).

Gluten epitope hydrolysis during simulated gastrointestinal digestion. The
addition of the 10 selected lactobacilli during simulated gastrointestinal digestion
significantly decreased the final quantity of gliadin peptides in Triticum aestivum cv.
Sagittario compared to that for the control. As estimated by a specific enzyme-linked
immunosorbent assay (ELISA), the concentration of gliadin peptides was less than 10
ppm after incubation with the probiotic lactobacilli at 37°C for 360 min. As shown by
an R5 antibody-based sandwich and competitive ELISA (R5-ELISA), the concentration of
residual gluten in the control (wheat bread digested without probiotics [Ct]) was 1,200
ppm. The probiotic strains hydrolyzed gluten under the simulated gastrointestinal
conditions; after 360 min of hydrolysis, the residual gluten levels were less than 20 ppm.
Overall, no significant differences (P = 0.584) were found between samples with
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probiotic strains and skim milk (PB-SM) and samples with probiotic strains without skim
milk (PB) (2.94 and 12.45 ppm, respectively). A similar amount of residual gluten was
found using the R5-ELISA (data not shown).

Peptides from the hydrolyzed samples were separated by reverse-phase high-
performance liquid chromatography (RP-HPLC) and identified by MDLC coupled with
nano-ESI-MS/MS. No traces of known gluten epitopes were detected in the samples
digested with the addition of the probiotic cells. The lowest concentration detectable
by nano-ESI-MS/MS was determined using different concentrations (1 to 100 ppm) of
the synthetic immunogenic 33-mer peptide with the digested wheat bread samples (Ct,
PB, and PB-SM) (data not shown).

Cytokine expression in duodenal biopsy specimens from patients with CD.
Wheat bread pepsin-trypsin (PT)-digested samples (Ct and PB) were subjected to
gliadin and glutenin polypeptide extraction and used (5 mg/ml) to treat duodenal
biopsy specimens from CD patients. The stimulated duodenal biopsy specimens pro-
duced significantly higher levels of interleukin 2 (IL-2) mRNA in response to PT
digestion of wheat bread than in response to the negative control (RPMI 1640) (Fig. 4A).
In contrast, no overexpression of IL-2 mRNA was detected in duodenal biopsy speci-
mens treated with PT digestion products, which corresponds to PT digests of wheat
bread containing 10 selected probiotic strains. According to the mRNA level, oversyn-
thesis of the IL-2 protein was found only in the supernatant of duodenal biopsy
specimens from CD patients treated with the PT digestion products of gliadins from Ct.

Similar trends were also found for IL-10 and interferon gamma (IFN-vy). These genes
were overexpressed only in response to the PT digestion products of wheat bread that
were not treated with the 10 probiotic strains (Fig. 4B and C). The levels of IL-10 and
IFN-y mRNA in biopsy specimens treated with a PT digest of PB were not significantly
(P > 0.05) different from those in the samples treated with RPMI 1640. ELISA analysis
confirmed the quantitative real-time PCR (RT-PCR) data for IL-10 and IFN-y. The highest
concentrations of IL-10 and IFN-vy proteins (P < 0.05) were found in biopsy specimens
treated with the PT digest of wheat bread without the 10 probiotic strains.

DISCUSSION

It is difficult for many CD patients to strictly adhere to a GFD because traces of
gluten are found in the majority of processed foods. In addition, gluten-free products
are generally more expensive than their counterparts, and their availability varies
around the world, especially in developing countries (28, 29). It is estimated that gluten
contamination of GFDs occurs for 32 to 55% of CD patients (30). Probiotics could play
a key role in degrading and/or modifying immunogenic epitope contaminants in
gluten-free products during gastrointestinal digestion (25, 31). This study demonstrated
that 10 strains of probiotic lactobacilli hydrolyze gluten under gastrointestinal condi-
tions. Eighteen commercial strains of probiotic lactobacilli were characterized for
peptidase activity (also toward Pro-rich peptides), and all showed a high variability.
Previously, it was shown that the probiotic preparation VSL#3, which contains Strepto-
coccus thermophilus, Lactobacillus plantarum, L. acidophilus, L. casei, L. delbrueckii subsp.
bulgaricus, Bifidobacterium breve, B. infantis, and B. longum, decreased the toxicity of
wheat flour during extended sourdough fermentation (32). However, the ability of
VSL#3 or sourdough lactobacilli to hydrolyze Pro-rich peptides and gliadin polypeptides
was lost when the individual strains were tested. This occurred because no single lactic
acid bacterial or bifidobacterial strain possesses all the peptidases required to degrade
the peptides involved in CD (9, 20, 33). According to these findings, 10 strains were
selected on the basis of their specific enzymatic activities. When pooled, the 10 strains
provided the complete portfolio of peptidases required to degrade the gliadins and
glutenin polypeptides involved in CD. It is well-known that several gliadins and
glutenin peptides (e.g., a9-gliadin peptide 57-68 [34], A-gliadin peptide 62-75 [35],
v-gliadin peptide 134-153 [36], and the gliadin 33-mer peptide [17]) are recognized by
human leukocyte antigen (HLA)-DQ2 (or HLA-DQ8) molecules. HLA molecules bind
gliadin and glutenin peptides to CD4* T cells, which initiate the CD inflammatory

July 2017 Volume 83 Issue 14 e00376-17

Applied and Environmental Microbiology

aem.asm.org 6

1sanb Aq 2T0Z ‘0E aunr uo /Bio wise war//.dny wod) papeojumoq


http://aem.asm.org
http://aem.asm.org/

Probiotics in CD: Simulated Gut Hydrolysis of Gluten

>

g Ing
o &
J

=
)]

o
)

=
>

Concentration of IL-2 (ng/uL)
=
N

©
=}

PB RPMI

cbi1 Cb2 CD3 Cb4 (D5 Cb6 CD7 CD8 <CD9 CD10

2.0 4

1.6 A

1.2 4

0.8 A

0.4 A

Concentration of IL-10(ng/uL)

ct RPMI

cbi1 Cb2 CD3 CDb4 CD5 Cb6 CD7 CD8 CD9 CD10

ECt mPB ERPMI

o
3

o
>

Concentration of IFN-gamma (ng/uL)
=
N

o
o

PB RPMI

EACt mPB ERPMI

FIG 4 Effects of pepsin-trypsin (PT) digestion on baker’s yeast wheat bread under simulated gastrointestinal
conditions in terms of interleukin 2 (IL-2) (A), interleukin 10 (IL-10) (B), and interferon gamma (IFN-vy) (C) mRNA
expression. Ct, baker's yeast wheat bread hydrolyzed by gastrointestinal enzymes; PB, baker’s yeast wheat bread
hydrolyzed by gastrointestinal enzymes and 10 strains of lactobacilli (10° CFU/ml) (Lactobacillus casei BGP93;
Lactobacillus delbrueckii subsp. bulgaricus SP5; Lactobacillus paracasei LPCO1 and BGP2; and Lactobacillus plantarum
BGP12, LP27, LP35, LP40, LP47, and SP1); RPMI, negative control (medium alone); GAPDH, glyceraldehyde-3-
phosphate dehydrogenase (endogenous control); CD1 to CD10, celiac disease patients. Box plots are also shown.

processes. Indeed, a9-gliadin peptide 57-68, A-gliadin peptide 62-75, y-gliadin peptide
134-153, and especially the gliadin 33-mer peptide are not hydrolyzed by gastric and
pancreatic proteases, and their small brush border membrane enzymes remain intact
for a long time (more than 20 h) in the human intestine (17). The pool of 10 probiotic
strains completely hydrolyzed «9-gliadin peptide 57-68, A-gliadin peptide 62-75,
v-gliadin peptide 134-153, and the gliadin 33-mer peptide in vitro.
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An effective probiotic treatment removes gliadin and glutenin polypeptide contam-
inants from GFDs by degrading all gluten-derived immunogenic peptides during
gastrointestinal digestion. A microbial enzyme treatment for CD patients has been
proposed; however, several problems remain regarding its resistance and activity
during gastrointestinal digestion (37, 38). Probiotic strains should be able to resist
gastric digestion and adhere to the intestinal epithelium (39). It has also been shown
that bacteria have a specific transport system to intake immunogenic oligopeptides
(19). Under simulated gastrointestinal conditions, the pool of probiotic lactobacilli
strongly hydrolyzed gluten during wheat bread digestion. After 360 min, the resultant
gluten concentration was less than 10 ppm. As determined by MDLC coupled to
nano-ESI-MS/MS, no known immunogenic peptides were detected in the digested
wheat bread that was treated with the 10 probiotic strains. Despite the results obtained
by chemical and R5-based immunological analyses, the detection of all immunogenic
epitopes may be incomplete. Because the possibility of the presence of unknown
immunogenic peptides cannot be excluded, cytokine expression in duodenal biopsy
specimens from CD patients (38, 40) was studied. In particular, biopsy specimens were
treated with wheat bread that was digested in either the presence or absence of
probiotics (PB and Ct, respectively). Previously, it was shown that gliadin challenge of
untreated and treated CD patients increased cytokine expression (e.g., IFN-vy, IL-2) in the
lamina propria, which was associated with significant histological changes in the small
intestinal mucosa of these patients (41). IL-10 was also induced in gliadin-stimulated in
vitro or in vivo models (42). The amount of IL-10 induced positively correlated with the
activity of gliadin-reactive T cells (43, 44). Indeed, IL-10 is an anti-inflammatory cytokine
that can be induced under gluten stimulation to suppress inflammatory cytokine
secretion from TH1 cells. However, a pilot study with CD patients showed that there
were no positive effects (45). After wheat bread digestion, the remaining gluten
polypeptides, which are recognized by HLA molecules, activated the T cells from
duodenal biopsy specimens, resulting in high levels of cytokine secretion (46, 47).
According to these previous studies, the levels of IL-2 and IL-10 were higher in the
duodenal biopsy specimens from CD patients treated with digested wheat bread (Ct)
than in the untreated duodenal biopsy specimens (RPMI 1640). However, the addition
of the 10 probiotic lactobacilli to the simulated gastrointestinal digestion of wheat
bread inhibited the induction of IL-2 and IL-10 in the duodenal biopsy specimens from
CD patients.

IFN-y drives the innate and adaptive immune responses that produce strong
inflammatory effects leading to mucosal injury and the atrophy of villi (37). It was
shown that the use of antibodies to block IFN-y not only inhibits the activation of
metalloproteinases and the influx of gluten peptides through the intestinal barrier but
also deters mucosal injury (48, 49). Previously, baked wheat products containing gluten
that was hydrolyzed by lactic acid bacteria and fungal proteases during sourdough
fermentation did not induce IFN-vy (19) in vitro, thus yielding products that were safe for
CD patients (18). As expected, the gastrointestinal digestion products from wheat bread
strongly induced IFN-y synthesis. Interestingly, the level of IFN-y produced by the
duodenal biopsy specimens from CD patients treated with digested wheat bread and
the 10 probiotic lactobacilli was similar to the baseline value (RPMI 1640). Previously, it
was shown that B. longum CECT 7347 together with gluten in an animal model of
gliadin-induced enteropathy reduced the induction of IFN-y and improved villus width
and enterocyte height (50). Other bifidobacterial strains (e.g., Bifidobacterium lactis, B.
bifidum) also reduced the level of IFN-y in an in vitro model (e.g., peripheral blood
mononuclear cells) stimulated by gliadin polypeptides (51). Probiotics could be useful
for relieving symptoms and reducing molecular mucosal inflammation by downregu-
lating the cytokines involved in CD pathogenesis (52) and hydrolyzing the gluten
polypeptides that contaminate food. Probiotic administration could reduce the risk of
mucosal inflammation due to the unintentional ingestion of gluten.

The findings of this study provide evidence that the selected probiotic lactobacillus
strains have the potential to hydrolyze immunogenic peptides during gastrointestinal
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digestion, which decreases gluten toxicity for CD patients. Further studies will be
performed to reduce the number of strains required without affecting the hydrolytic
efficacy toward the immunogenic peptides. The application of probiotics specifically
selected for their hydrolytic activity on gluten polypeptides provides a new and safe
adjunctive therapy for a GFD.

MATERIALS AND METHODS

Microorganisms and culture conditions. The following strains were obtained from the probiotic
Culture Collection of Sacco Srl (Cadorago, Italy) and selected because of their protease and peptidase
activities, including toward Pro-rich peptides: L. casei BGP93; L. delbrueckii subsp. bulgaricus SP5; L.
paracasei LPCO1, BGP1, and BGP2; L. plantarum BG112, BGP12, LP27, LP33, LP35, LP36, LP39, LP40, LP42,
LP47, and LP32; L. rhamnosus SP1; and L. reuteri DSM17938 (33). Strains were propagated for 24 h at 30°C
in MRS broth (Oxoid, Basingstoke, Hampshire, United Kingdom). When used for fermentation and
enzymatic assays, Lactobacillus cells were cultivated until the late exponential phase of growth was
reached (approximately 12 h).

Enzyme assays. PepN, Pepl, and PEP activities were determined as described by De Angelis et al. (33)
and Gallo et al. (53) using Leu-p-NA, Pro-p-NA, and Z-Gly-Pro-Arg-p-NA, respectively. The assay mixture
contained 900 wl of 2.0 mM substrate in 0.05 M potassium phosphate buffer and 100 ul of cellular
suspension (10° CFU) at pH 7.0. The mixture was incubated at 30°C for 1 h, and the absorbance was
measured at 410 nm. The data were compared to the values on standard curves generated using p-NA
(54). One unit of activity was defined as the amount of enzyme required to liberate 1 wmol of p-NA/min
under the assay conditions.

PepT, PepQ, PepR, and PepV activities were determined using Leu-Leu-Leu, Pro-Gly, Val-Pro, and
Leu-Leu substrates, respectively. Activities for tri- and dipeptides were determined using the Cd-
ninhydrin method (54). The same assay conditions used for the p-NA substrates were used. One unit of
activity was defined as the amount of enzyme required to liberate 1 wM amino acid per min under the
assay conditions. The data were compared to standard curves created using Leu (54). All synthetic
substrates were obtained from Sigma Chemical Co.

Hydrolysis of Pro-rich synthetic peptides. The following peptides were chemically synthesized and
used in this study: a9-gliadin peptide 57-68 (Q-L-Q-P-F-P-Q-P-Q-L-P-Y) (34), A-gliadin peptide 62-75
(P-Q-P-Q-L-P-Y-P-Q-P-Q-S-F-P) (35), y-gliadin peptide 134-153 (Q-Q-L-P-Q-P-Q-Q-P-Q-Q-5-F-P-Q-Q-Q-R-
P-F) (36), and the gliadin 33-mer peptide (L-Q-L-Q-P-F-P-Q-P-Q-L-P-Y-P-Q-P-Q-L-P-Y-P-Q-P-Q-L-P-Y-P-Q-
P-Q-P-F) (17). A mixture containing 50 ul of each cellular suspension (10° CFU), 200 mM peptide, and
0.05% (wt/vol) NaN; in 1 ml of 50 mM phosphate buffer at pH 7.5 was incubated for 24 h at 37°C with
stirring (150 rpm). The peptides were evaluated by RP-HPLC using an Akta purifier system (peptide
analysis) and a Biochrom 30 series amino acid analyzer (FAA analysis) as described above.

PT digest. To simulate in vivo digestion, gliadins extracted from T. aestivum cv. Sagittario were
subjected to sequential PT hydrolysis steps (32) in suspensions containing cells of the 10 pooled
Lactobacillus strains (a total of 10° CFU/ml). PT digestion of T. aestivum cv. Sagittario (without Lactoba-
cillus cells) was used as a positive control (19). After digestion, the PT digests were heated at 100°C for
30 min to inactivate the enzymes and then freeze-dried for further analysis.

Hydrolysis of baker’s yeast wheat bread. Simulated gastric and intestinal fluids were added to 5
g of baker's yeast bread, chewed for 30 s, and collected in a beaker with 10 ml of NaK phosphate (0.05
M, pH 6.9). Chewed baker’s yeast bread (Ct) was suspended in a simulated gastric juice that contained
NaCl (125 mM/liter), KCI (7 mM/liter), NaHCO; (45 mM/liter), and pepsin (3 g/liter) (Sigma-Aldrich Co., St.
Louis, MO, USA). The final pH was adjusted to 2.0 with HCl. To mimic hydrolysis by probiotics colonizing
the gastrointestinal tract, baker’s yeast bread was further incubated with a final cell density of approx-
imately 9.0 log CFU/ml of the pooled lactobacillus culture (PB). To simulate the presence of other proteins
during gastrointestinal digestion, an additional experiment was performed in which reconstituted skim
milk (SM; 11% [wt/vol] solids) was added prior to inoculation with the simulated gastric juices at pH 2.0
(PB-SM). The suspension was incubated at 37°C under anaerobic conditions and stirred to simulate
peristalsis. After 120 min of gastric digestion, the mixture was collected and suspended in simulated
intestinal fluid, which contained 0.1% (wt/vol) pancreatin and 0.15% (wt/vol) Oxgall bile salt (Sigma-
Aldrich Co.) at pH 8.0. The suspension was incubated at 37°C under agitation for 360 min. After
incubation, the samples were put on ice and immediately analyzed.

Immunological analysis. An immunological analysis was performed using an R5-ELISA (55, 56). The
R5-ELISA was performed using a Transia plate detection kit, and the manufacturer’s instructions were
followed (Diffchamb, Vastra Frélunda, Sweden).

MDLC and nano-ESI-MS/MS. MDLC coupled with nano-ESI-MS/MS was used to analyze the hydro-
lyzed samples. The HPLC apparatus consisted of an Ettan MDLC machine (GE Healthcare) equipped with
a Zorbax 300 SD C,; precolumn (5 by 0.3 mm) and a Thermo Electron BioBasic-8 column (150 by 0.18
mm). The MDLC was connected to a Finnigan LCQ Deca XP Max ion trap mass spectrometer (Thermo
Electron) through its nano-ESI interface. Ten-microliter aliquots of each sample were injected. The HPLC
separations were performed at a flow rate of 75 ul/min using a gradient elution of water (eluent A) and
84% acetonitrile (eluent B), both of which contained 0.1% (vol/vol) formic acid. The following program
was used: 0% eluent B for 30 min, 0 to 100% (vol/vol) eluent B for 100 min, isocratic elution with 100%
eluent B for 100 min, 0% eluent B for 5 min, and column reconditioning for 30 min. The flow rate at the
nano-ESI source was 2.5 ul/min. The LCQ spectrometer, which was completely controlled by Xcalibur
software (Thermo Electron), was operated in the positive ion mode. MS chromatograms in total ion
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current-monitoring (m/z range, 50 to 2,000) and select ion-monitoring modes were recorded for each
sample.

Mucosal biopsy specimens and organ culture. The study adhered to the Declaration of Helsinki
and was approved by the ethical committee of the Department of Interdisciplinary Medicine, University
of Bari Aldo Moro. Duodenal biopsy specimens were obtained from 10 CD patients (age range, 19 to 30
years) following a GFD. All CD patients expressed the HLA-DQ2 phenotype. CD was diagnosed according
to European Society for Pediatric Gastroenterology, Hepatology, and Nutrition criteria (57). Immediately
after excision, all biopsy specimens were placed in ice-chilled culture medium (RPMI 1640; Gibco-
Invitrogen, UK) and transported to the laboratory within 30 min.

Duodenal biopsy specimens were cultured for 4 h using the organ tissue culture method originally
described by Browning and Trier (58). Briefly, the biopsy specimens were oriented villous side up on a
stainless steel mesh and positioned over the central well of an organ tissue culture dish (Falcon, USA).
The well contained RPMI 1640 (Gibco-Invitrogen, UK) supplemented with 15% fetal calf serum (Gibco-
Invitrogen, UK) and 1% penicillin-streptomycin (Gibco-Invitrogen, UK). The dishes were placed in an
anaerobic jar, which was supplied with 95% O, and 5% CO,, before the jar was sealed and incubated at
37°C. Four biopsy specimens from each CD patient were cultured with digested baker’s yeast wheat
bread either in the absence of the 10 probiotic lactobacilli (Ct), in the presence of the 10 probiotic
lactobacilli (PB), or in culture medium (RPMI 1640).

RNA extraction and cDNA synthesis. Biopsy specimens from each patient were rinsed and stored
in RNAlater (Qiagen GmbH, Germany) at —80°C to preserve the RNA. Total RNA was extracted from the
tissues using an RNeasy minikit (Qiagen GmbH) according to the manufacturer’s instructions. The
concentration of mRNA was estimated by determination of the UV absorbance at 260 nm. Aliquots of
total RNA (500 ng) were reverse transcribed using random hexamers, TagMan reverse transcription
reagents (Applied Biosystems, Monza, Italy), and 3.125 U/ul of MultiScribe reverse transcriptase to a final
volume of 50 ul. The cDNA samples were stored at —20°C.

RT-PCR for IFN-v, IL-2, and IL-10 genes. RT-PCR was performed in 96-well plates using an ABI Prism
7500HT fast sequence detection system (Applied Biosystems). Data collection and analyses were per-
formed using the machine software. PCR primers and fluorogenic probes for the target genes (IFN-v, IL-2,
and IL-10 genes) and the endogenous control (glyceraldehyde-3-phosphate dehydrogenase [GAPDH])
were purchased as a TagMan gene expression assay and a predeveloped TagMan assay (Applied
Biosystems), respectively. The assays were supplied as a 20X mix of PCR primers and TagMan Minor
Groove Binder 6-carboxyfluorescein dye-labeled probes with a nonfluorescent quencher at the 3’ end of
the probe.

Two-step reverse transcription-PCR was performed using first-strand cDNA with a final concentration
of 1X TagMan gene expression assay mix and 1X TagMan universal PCR master mix. The final reaction
volume was 25 ul. Each sample was analyzed in triplicate, and all experiments were repeated twice. A
nontemplate control (RNase-free water) was included with every plate. The following thermal cycler
conditions were used: 2 min at 50°C (uracil DNA glycosylase activation), 10 min at 95°C, and 40 cycles of
15 s at 95°C and 1 min at 60°C. Initially, a standard curve and a validation experiment were performed
for each primer/probe set. Six serial dilutions (20 to 0.1 ng/ul) of IFN-v, IL-2, or IL-10 cDNA were used as
a template for each primer/probe set. A standard curve was generated by plotting the threshold cycle
(C;) values against the log of the amount of input cDNA. The C; value is the PCR cycle at which an
increase in reporter fluorescence above the baseline level is first detected. The average value for the
target gene was normalized using an endogenous reference gene (the GAPDH gene). A healthy duodenal
biopsy specimen was used to calibrate all of the experiments.

The levels of IFN-v, IL-2, and IL-10 proteins secreted into the supernatant were quantified by ELISA
in 96-well round-bottom plates (Tema Ricerca, Milan, Italy) according to the manufacturer’'s recommen-
dations.

Statistical analysis. Experimental data were subjected to analysis of variance (ANOVA), and pairwise
comparisons of the treatment mean values were conducted using Tukey’s test with a P value of <0.05
and the statistical software Statistica (version 8.0; StatSoft Inc., Tulsa, OK, USA).
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