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Abstract

Prolyl endopeptidases (PEP), a family of serine proteases with the ability to hydrolyze the peptide
bond on the carboxyl side of an internal proline residue, are able to degrade immunotoxic peptides
responsible for celiac disease (CD), such as a 33-residue gluten peptide (33-mer). Oral
administration of PEP has been suggested as a potential therapeutic approach for CD, although
delivery of the enzyme to the small intestine requires intrinsic gastric stability or advanced
formulation technologies. We have engineered two food-grade Lactobacillus casei strains to
deliver PEP in an in vitro model of small intestine environment. One strain secretes PEP into the
extracellular medium, whereas the other retains PEP in the intracellular environment. The strain
that secretes PEP into the extracellular medium is the most effective to degrade the 33-mer and is
resistant to simulated gastrointestinal stress. Our results suggest that in a future, after more studies
and clinical trials, an engineered food-grade Lactobacillus strain may be useful as a vector for in
situ production of PEP in the upper small intestine of CD patients.
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Introduction

Celiac disease is a chronic inflammatory disorder of the small intestine caused by the
ingestion of gluten proteins in genetically predisposed individuals. The disease is associated
with a range of symptoms related to malabsorption, such as weight loss, fatigue, diarrhea,
anemia and osteoporosis (Green and Jabri 2003; Shan et al. 2002). Untreated disease is even
associated with increased mortality (Corrao et al. 2001). CD occurs in most parts of the
world with a high prevalence (1:100) (Gujral et al. 2012).

Upon ingestion of gluten, this dietary protein is broken down into numerous proline-rich
peptides, which are resistant to further gastrointestinal digestion. These peptides persist in
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the gut lumen, where they can trigger inflammation (Shan et al. 2002). The 33-mer derived
from a2-gliadin is a vivid example of a particularly immunogenic peptide that harbors six
copies of inflammatory T cell epitopes (Qiao et al. 2004).

The only treatment currently available for CD is a strict long-life gluten free diet. Not only is
this diet expensive, but inadequate food labeling practices and cross-contamination during
food preparation adversely impacts the health and quality of life of celiac patients.
Therefore, alternative treatments for CD are urgently needed. Recent advances in our
understanding of CD pathogenesis have opened the door to potential non-dietary therapies.
One example is the detoxification of dietary gluten by enzymatic cleavage of gliadin
fragments by PEP. Several microbial PEP have been studied, including those from
Flavobacterium meningosepticum (Yoshimoto et al. 1991; Yoshimoto et al. 1980),
Fohingomonas capsulata (Kabashima et al. 1998) and Myxococcus xanthus (Gass et al.
2005). We have chosen the PEP of M. xanthus (Mx PEP) based on the comparative analysis
between these three PEP realized by Shan et al. (2004). Mx PEP shows a high detoxification
activity against the 33-mer, relative resistance to pancreatic and brush border enzymes, and
an optimum pH profile around pH 7.0. However, this enzyme is strongly susceptible to
deactivation under gastric conditions (pepsin and low pH). We therefore sought to generate
a system capable of delivering intact PEP into in an in vitro model of the small intestine
environment. Our approach is complementary to that reported by Gass and coworkers, who
engineered an enteric coated formulation of the enzyme (Gass et al. 2005).

Lactic acid bacteria (LAB) are an attractive vehicle for mucosal delivery of bioactive
molecules (del Rio et al. 2008; del Rio et al. 2010; Wells and Mercenier 2008). They are
extensively used in fermented foods, and many of them have been recognized as GRAS
(Generally Regarded as Safe) microorganisms by the United States Food and Drug
Administration (FDA) and as QPS (Qualified Presumption of Safety) by the European Food
Safety Authority. Among LAB, the genus Lactobacillus has several advantages for this
application, because many strains are members of the human intestinal microbiota (Carr et
al. 2002; Turroni et al. 2013). They can survive passage through the stomach, and remain
viable in the gastrointestinal tract (GIT) for some period of time (Axelsson 1998; Daniel et
al. 2011). Moreover, they can be engineered to express heterologous genes keeping their
food-grade status (Martin et al. 2000).

In this work, we generated two Lactobacillus casei strains with a food-grade integrative
cloning system (Martin et al. 2000), which produce intracellular and extracellular PEP to be
delivered to the simulated intestinal lumen. We demonstrated that the strain producing
extracellular PEP is more efficient in that it resists inactivation under simulated gastric
conditions and then continues to secrete PEP under simulated intestinal conditions.
Therefore, we propose its use to degrade immunotoxic gluten peptides such as the 33-mer
peptide.
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Materials and Methods

Bacterial strains, plasmid, primers and culture conditions

The bacterial strains, plasmids and primers used in this study are listed in Table 1. E. coli
S11 was grown with standard media and growth conditions (Sambrook 1989). Lactobacillus
casel BL23 (Mazé et al. 2010) was cultivated at 37°C without aeration in MRS medium
(Oxoid, Basingstoke, Hampshire, England). When necessary, the medium was supplemented
with the appropriate antibiotics: 100 pg ml~1 ampicillin (Ap), 50 pg mi~1 kanamycin (Km),
0.1 mM IPTG and 80 pg mI~1 X-gal for E. coli, and 2.5 pg ml~1 erythromycin (Em), 5 pg
ml~1 chloramphenicol (Cm) and 0.4 ug ml~1 novobiocin for L. casei (All from Sigma,
Madrid, Spain).

In some cases, the Lactobacillus strains were grown in carbon free basal medium (CFB)
containing bacteriological meat extract, 8 g I71; yeast extract, 4 g I"1; dipotassium
phosphate, 2 g I71; diammonium citrate, 2 g I"1; sodium acetate, 5 g I™1; magnesium sulfate,
0.2 g I"1; manganese sulfate, 0.04 g 1" and Tween 80, 1ml I=1. The carbon source was 0.5%
glucose, lactose or maltose.

For preparation of cell suspensions for gastrointestinal simulation assay, cells were grown
overnight in MRS medium, harvested by centrifugation, 3000 x g for 15 min, washed with
0.85% NacCl, and resuspended in one volume of 10% reconstituted skim milk powder
(Oxoid).

To study the effect of pH on extracellular PEP activity, the strains were cultivated in a
Sixfors bioreactor (Infors AG, Bottmingen, Switzerland). The program for data logging and
control of the bioreactor was Iris NT5 (Infors). Sterile stirred fermentation vessels were set
up and aseptically filled with 400 ml sterile CFB medium (0.5% glucose). Each vessel was
inoculated with 1% cell suspensions. Fermentations were carried out at different pH values:
pH 5.0, 6.0 and 7.0 and uncontrolled pH. The temperature was maintained at 37°C. Batch
cultures were grown for 24 h, and 10 ml samples were obtained from each vessel at 10, 12,
14, 16, 18, 20 and 22 h for PEP activity assay, and at 22 h for 33-mer peptide degradation
and secreted protein precipitation.

Codon usage optimization of the pep gene sequence of M. xanthus

The gene encoding Mx PEP (available from the NCBI database with the accession humber
AAD31004) (Shan et al. 2004) was synthesized based on the preferred codon usage of
Lactobacillus to enhance the translational efficiency (Accession number HG321354). The
pep gene was synthesized by Biomedal S. L. (Sevilla, Spain).

DNA manipulations

L. casei genomic DNA was prepared using 2 x Kirby lytic mix (Parish 1986). Plasmid
isolation was achieved as before (Scheirlinck et al. 1989). Isolation of plasmid DNA from E.
coli was performed by the alkaline lysis method (Sambrook 1989). Restriction endonuclease
digestions, alkaline phosphatase treatments, ligations and others manipulations were
performed according to standard procedures (Sambrook 1989).
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Electroporation of E. coli was undertaken in a Bio-Rad pulser apparatus following the
manufacturer’s recommendations. L. casei was electroporated as described by Wei et al.
(1995). The correct integration of the vectors into the L. casel genome was analyzed by PCR
amplification using the previously described oligonucleotide primers attl and att7 (Alvarez
etal. 1998) (Table 1) in a Mini Cycler™ (MJ Research, Watertown, MA, USA). Site-
specific resolution was confirmed by Southern blot. DNA hybridation was performed using
the non-radioactive DNA Labeling and Detection Kit (Roche Molecular) using protocols
provided by the supplier.

Generation of two integrative plasmids carrying the pep gene of M. xanthus

The aggregation-promoting factor (apf) gene codifies a cell surface protein which is
hypothesized to be involved in the maintenance of cell shape (Jankovic et al. 2003; Ventura
et al. 2002). The APF protein was selected as a vector molecule due to its high secretion
level in the supernatant (Jankovic et al. 2003; Marcotte et al. 2004; Ventura et al. 2002).
Thus, two expression systems based on different elements of the Lactobacillus crispatus apf
gene were constructed for intracellular or secreted production of Mx PEP (Martin et al.
2011). Plasmid pEM182 (Martin et al. 2011) was used as a template for amplification of
three different DNA fragments of the apf gene. The sequences of the primers used for
amplification are shown in Table 1. The promoter region of apf gene was amplified using
the primers Papf-BgllIF and Papf-NcolR (Fragment 1). The promoter region plus the signal
peptide of the apf gene was amplified using the primers Papf-FgllIF and PapfSP-NcolR
(Fragment 2). The apf terminator region was amplified using the primers term-XbalF and
term-EcoRIR (Fragment 3). Fragments 1 and 2 were cloned in Bglll and Ncol sites of
pUK21 vector generating pIPLA1253 and pIPLA1214, respectively. Fragment 3 was cloned
in Xbal and EcoRl sites of plJ2925 (Janssen and Bibb 1993)plasmid generating pIPLA1215.
Plasmid pIPLA1253 and pIPLA1214 were digested with Spel-Xbal and ligated to Xbal
digested pIPLA1215 yielding pIPLA1254 and pIPLA1262, respectively. Plasmid
pIPLA1258 and pIPLA1265 were generated by cloning the 984-bp and the 1108-bp Bglll
fragments from pIPLA1254 and pIPLA1262 into BamHI-digested pEM76 (Martin et al.
2000), an integrative vector based on the integration machinery of bacteriophage A2. The
pIPLA1258 and pIPLA1265 plasmids were used as vectors to integrate in the chromosome
of L. casei a synthetic codon-optimized gene encoding the Mx PEP (pep). The pep gene was
codon-optimized based on the tRNA pool and the codon usage preference of Lactobacillus
genus to enhance the translational efficiency. The codon-optimized pep was cloned in a
pUCES57 plasmid yielding pUC57-pep.

For the construction of the integrative plasmids carrying pep, the pUC57-pep plasmid was
digested with Xbal and Ncol and the resultant 2.1 kb fragment corresponding to pep gene
was cloned into the multicloning site of pUK21 (Vieira and Messing 1991) to generate
pIPLA1500. The Ncol-Xbal insert of pIPLA1500 was then cloned into the Ncol-Xbal site of
the integrative pIPLA1258 and pIPLA1265 vectors, yielding pIPLA1503 and pIPLA1506,
respectively (Fig. 1). Because pIPLA1503 and pIPLA1506 are derived from pEM76, they
contain its depuration system. Following integration, the non-food-grade DNA of the vector
(antibiotic resistance genes and E. coli DNA) remains flanked by two direct repeat six sites,
thus allowing its deletion by the action of a f-recombinase (Martin et al. 2000).
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Enzymatic assays

PEP activity was determined using a synthetic substrate, Succinyl-Ala-Pro-p-NA (NA,
nitroanilide) (Bachem, Bubendorf, Switzerland). The assay mixture contained 625 pl of 50
mM phosphate buffer (pH 7.5), 0.2 M NaCl, 125 pl substrate (1.2 mM) and 250 pl enzyme.
The reaction was stopped by adding 500 pl of 20% trichloroacetic acid. Then it was
harvested by centrifugation (10000 x g for 10 min) and the release of the pNA was
spectrophotometrically detected at a wavelength of 410 nm in a U-2800 Digilab Hitachi
spectrophotometer (Hitachi High-Technologies Corporation, Tokyo, Japan).

Cell extracts of L. casei IPLA1503 were assayed because the activity is intracellular;
however, for L. casel IPLA1506, which secretes PEP, the supernatant of the cultures was
assayed. For preparation of cell extracts, bacterial cultures (20 ml) were harvested by
centrifugation (8000 x g for 10 min), washed twice, and resuspended in 2 ml of 50 mM
phosphate buffer, 0.2M NaCl (pH 7.5). Then, the samples were disrupted using a French
Press operating at 2.3 kbar (Constant Cell Disruption Systems [Low March, Daventry,
Northents, UK]). Cell debris was removed by centrifugation (10,000 x g for 30 min at 4° C),
and the supernatant was used for the activity assays.

One activity Unit (U) was defined as the amount of enzyme required to release 1 umol of p-
NA per min under the assay conditions. The enzyme activities assays were performed in
triplicate. Specific enzyme activity was expressed as milliunits (mU) per mg protein. The
protein concentration was measured using a Pierce BCA Assay Kit (Thermo Fisher
scientific).

SDS-PAGE of secreted proteins

L. casai strains were grown in CFB (0.5% glucose) at pH 7.0 during 22 hours. 100 ml
aliquots of the cultures were centrifuged and the supernatant proteins were precipitated as
previously described (Sanchez et al. 2009). The pellets were re-solubilised in 200 pl of
Laemmli buffer (Laemmli 1970). Proteins were analyzed by SDS-PAGE in 8% (w/v)
polyacrylamide gels and then visualized by standard silver staining.

Determination of 33-mer peptide degradation by RP-HPLC and LC/MS

The capacity of the strain to degrade the highly immunogenic 33-mer peptide derived from
all gliadin (LQLQPFPQPQLPYPQPQLPYPQPQLPYPQPQPF) was assayed
chromatographically (Sealey-Voyksner et al. 2010; Shan et al. 2002). The 33-mer was
chemically synthesized at a purity of 95% (Immunosteps S.L., Salamanca, Spain). The
peptide was dissolved at 10 mM concentration in PBS, pH 7.4. Proteolysis reactions were
performed at 37 °C. The mixture contained the 33-mer (25.5 UM, which corresponds to 100
ppm) and the cellular suspension of each individual strain previously grown at pH 7.0 and
glucose 0.5% (10° cfu mI~1). After each time interval, 150 pl aliquots were removed and
boiled (95°C for 10 min) to inactivate enzyme activity. The sample aliquots were filtered
using a low binding protein filter (0.2 um) and stored at —20°C. The decrease in substrate
concentration, as well as concomitant intermediate and product build-up, were assessed with
RP-HPLC and LC/MS.
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The HPLC chromatographic system consisted of separation module Alliance 2795, PDA
photodiode detector 2996, and data acquisition software Empower (Waters, Milford, MA).
The column used in these analyses was an XTerra MS C18 5 um, 4.6 x 150 mm with a pre
column Nova-Pak C18 4um, 3.9 x 20 mm (Waters), thermostated to 30 °C. The elution
phases consisted of (A) water with 0.1 % (v/v) trifluoroacetic acid and (B) acetonitrile with
0.1% (v/v) trifluoroacetic acid. The gradient program was started with 100% of solvent A
and 0% of solvent B, and changed linearly to reach 62.6 % of solvent A and 37.4% of
solvent B in 34 min. The column was cleaned with 100% of solvent B (5 min) and
equilibrated with the initial conditions for 10 min. UV absorbance was recorded at 215 nm
and 280 nm.

LC/MS was performed on an Agilent 1260 Infinity liquid chromatograph directly interfaced
to an Agilent 6520 Accurate Mass Q-TOF mass spectrometer (Agilent Technologies, Santa
Clara, CA). 10 pl aliquots of each sample were injected via the autosampler onto a 5 um 100
x 2.0 mm Gemini-NX C18 column (Phenomenex, Torrance, CA). After a 2 min hold at 97%
A, compounds were eluted with a linear gradient of 3% to 95% B over 30 minutes, where A
was water with 0.1% (v/v) formic acid and B was acetonitrile with 0.1% (v/v) formic acid.
The flow rate was 0.4 ml min~1. Between each run, the column was washed with 95% B for
10 min and equilibrated with starting conditions for 7 min.

Mass spectrometric detection was achieved in the electrospray positive ion (ESI+) mode.
The source parameters were as follows: 4000 V capillary voltage, 150 V fragmentor voltage,
65 V skimmer voltage, 350 °C drying gas at a flow rate of 11 | min~%, and 35 psig nebulizer
pressure. TOF spectra were acquired in high resolution mode over m/z 100 to 1700.

Data analysis was performed using the Agilent MassHunter Qualitative Analysis Software
Package. The find compounds by formula option was used to extract ion chromatograms
corresponding to the molecular formula of the 33-mer (C199H274N43047) and the expected
Mx PEP degradation products (Shan et al. 2004): YPQPQPF (C43H5gNgO11), QPQPF
(C49H42N703), QPQLP (C26H44N70g), LQLQP (C27H48N703), FPQP (C24H34N506), and
YPQP (C»4H34N505). The software was set to allow H*, K*, Na*, and NH,* as charge
carriers, and an option allowing for discovery of ions resulting from the neutral loss of water
[M-H,01%% was selected. The permitted charge states were z = +1 to +4. Additionally, a list
of all possible 33-mer degradation products was generated by systematically cleaving the
33-mer after each proline residue, generating 74 unique peptides with 68 unique molecular
masses. The ion chromatograms were then screened for the presence of peptides from this
list.

In vitro gastrointestinal stress tolerance assay

The survival of the strain during the passage through the GIT was studied in an in vitro
model described previously (Fernandez de Palencia et al. 2008) with some modifications.
This model simulates the GIT normal conditions. The presence of 0.1% lysozyme mimics
the human saliva. The gastric (G) stress is simulated with the addition of 0.3% pepsin and by
decreasing the pH value every 20 min (pH 5.0 to pH 1.8) (Marteau et al. 1997). The
gastrointestinal (GI) stress was assayed after G stress at pH 5.0, pH 4.1 or pH 3.0 by adding
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bile salts and pancreatic enzymes (pH 6.5). Samples were obtained from intestinal
conditions at 20 and 120 min.

To simulate small intestinal digestion, pancreatic enzymes were used as indicated before
(Shan et al. 2004). A cocktail of 1 mg mI~1 amylase, 1 mg mI~1 trypsin and 1 mg mI~2
chymotrypsin was added in a final concentration of 5 pg ml~1. The bile salts were added to a
concentration of 0.3%.

Bacterial counts were determined at each sampling point. After serial dilutions of samples in
0.85% NaCl solution, samples were plated on MRS media with 2% agar and colonies were
counted after incubation for 48h at 37°C.

To verify PEP production, samples recovered from intestinal conditions were inoculated in 5
ml of new CFB medium for 4 h, and PEP activity was assayed in the supernatant.

Generation of food-grade L. casei strains with a synthetic gene encoding Mx PEP
integrated into the chromosome

Two integrative plasmids carrying the pep gene of M. xanthus were constructed for
intracellular (pIPLA1503) or secreted (pIPLA1506) production of Mx PEP (Fig. 1). They
contain a depuration system to remove the non-food-grade DNA of the vector. Thus, L.
casel BL23 (Mazé et al. 2010) was electroporated with both, pIPLA1503 and pIPLA1506
plasmids. The resulting strains were transformed with the replicative plasmid pEM94
(Martin et al. 2004) which contains the gene encoding the 3 -recombinase, with the aim of
removing by site-specific recombination, the non-food grade DNA located between two six
sites. To eliminate pEM94, which carries a temperature sensitive origin of replication, the
strains were cultured at 37° C. The resulting strains were designated as L. casel IPLA1503
and L. casel IPLA1506, respectively. Proper integration of pIPLA1503 and pIPLA1506, as
well as elimination of the non-food grade DNA and pEM94, was verified by PCR analysis
through attl and att7 primers (Table 1) and by Southern blotting (data not shown).

Effect of different carbon sources in PEP production

To optimize the culture medium for maximal enzyme production, the effect of different
carbon sources on the production of PEP enzyme was analyzed. The strains L. casei
IPLA1503 and L. casei IPLA1506 were grown at 37°C in CFB with glucose, lactose or
maltose. Growth (ODgqg) and pH were evaluated at time intervals of one hour. Because the
growth of both strains was similar, Fig. 2a shows only the data from L. casei IPLA1506
cultivation.

Samples were collected in different phases of growth in the above experiments (i.e., at 5, 13
and 24 h; Fig. 2a), and the PEP activity was measured in cell extracts (L. casei IPLA1503)
or the culture medium (L. casei IPLA1506). As seen in Fig. 2b, PEP activity was
significantly higher in the former samples (1.7-1.9 mU mg~1) compared to the latter (0.006
to 0.1 mU mg~1). Moreover, although better growth was observed in the presence of
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glucose, PEP activity of L. casei IPLA1506 decreased throughout the growth curve,
suggesting a potential effect of media acidification on enzyme activity.

Effect of the medium pH on extracellular PEP activity

As shown previously, the optimal pH of Mx PEP activity is near 7.0 (Yoshimoto et al.
1991). This is not a drawback for intracellular PEP production due to LAB are able to
maintain a neutral cytoplasmic pH even when the pH of the external medium varies
(Nyanga-Koumou et al. 2012). Nevertheless, acidification of the culture medium may be
responsible for the observed drop in extracellular PEP activity. We therefore grew L. casel
IPLA1506 at a controlled pH in a bioreactor, and tested PEP activity of the supernatant in
CFB (0.5% glucose) at controlled pH values in the 5-7 range (Fig. 3). PEP activity was not
detected at pH 5.0. Consistent with this finding, activity disappeared completely after 14 h
when cells were grown without pH control. However, at pH 6.0 and pH 7.0, PEP activity
increased over time. At pH 6.0, PEP activity in the culture medium increased up to 0.7 mU
mg™1, four times more than the maximum value observed in the absence of pH control.
Similarly, the PEP activity at pH 7.0 increased more sharply, with maximum activity of 2.5
mU mg™1 after 22 h (i.e., higher than the intracellular activity from L. casei IPLA1503; Fig.
2b).

To verify that PEP was properly processed during secretion and is intact in the culture
medium of L. casei IPLA 15086, the supernatant proteins were analyzed by SDS-PAGE (Fig.
4). The secreted protein profile was similar with that of the host strain (L. casei BL23), but
showed an extra band whose size corresponds to that of PEP.

Proteolysis of the immunotoxic gliadin peptide (33-mer)

The a-gliadin 33-mer is both resistant to human digestive enzymes and also highly
immunogenic, thus rendering it as a major trigger of the inflammatory response to gluten in
CD (Shan et al. 2002). The capacity of purified Mx PEP to degrade the 33-mer has been
described previously (Gass et al. 2005; Shan et al. 2004). We therefore investigated the
ability of L. casei IPLA1503 and L. casei IPLA1506, to degrade the 33-mer compared to the
control strain L. casel BL23, which does not produce PEP. Proteolytic activity against the
33-mer was monitored over 0-12 h by HPLC (Fig. 5). Under these conditions, the intact
peptide eluted at 31.7 min. Cultures of L. casei IPLA1503 showed the ability to degrade the
33-mer at 12 h but not at 8 h, with the concomitant appearance of a new fragment eluting at
31 min. In contrast, when the 33-mer was incubated with L. casel IPLA1506, more gradual
disappearance of the 33-mer was observed. The strain was able to break down the 63% of
the 33-mer after 8 hours of incubation and it was almost completely degraded after 12 hours,
without the appearance of new concomitant fragments in the chromatogram. These results
support our choice of the L. casel IPLA1506 strain over L. casei IPLA1503.

According to the results obtained - the higher PEP activity in a neutral pH, the correct
secretion of the protein and the fast degradation of the 33-mer peptide - we have chosen the
L. casei IPLA1506 strain for further studies. In order to identify degradation products of the
33-mer, the samples from L. casei BL23 and IPLA1506 were also analyzed by LC/MS. In
this case the proteolytic activity was monitored over 0-16 h. After 8 h of incubation the L.
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casel IPLA1506 strain degraded the 73% of the peptide and it was completely hydrolyzed at
end time. The data agree with the results found by HPLC: the 33-mer was totally degraded
by the L. casei IPLA1506 strain but not by L. casei BL23 (Fig. 6), and no degradation
intermediates or products were detectable.

Resistance to simulated gastrointestinal conditions

L. casal IPLA1506 was added to milk and incubated under simulated GIT conditions in
vitro. In evaluating relevant G and the Gl stresses, we considered the effect of lysozyme,
pepsin, pH, bile salts and pancreatic enzymes on bacterial viability, while also simulating
the gastric emptying process. Fig. 7a shows strain survival in response to G and Gl stresses
at different pH values. Neither lysozyme nor pepsin in the pH 3-5 range affected strain
viability. At a pH of 2.1, the bacterial count decreased 1.3 log units, whereas at pH 1.8 the
colony count had dropped by 3.4 log units.

To simulate the GI stress, samples taken from incubations in the pH 3-5 range were further
incubated with 0.3% bile salts and 0.05 pg ml=1 trypsin, chymotrypsin and amylase for 20
(Gla) or 120 (Glb) min (Fig. 7). Intestinal juice caused a slight reduction in viability (ca. 1
log unit). This different behavior could be correlated with the degree of severity of the
previous gastric incubation of the cell suspensions. Samples from Gla and Glb were used as
inoculum in a CFB medium. PEP activity was assayed after 4 h, verifying that the strain
maintained the ability to secrete active PEP.

Discussion

In recent years oral enzyme therapy has emerged as a promising treatment of CD (Bethune
and Khosla 2012). Microbial PEP enzymes are particularly interesting therapeutic
candidates (Gass et al. 2005; Hausch et al. 2002; Marti et al. 2005; Piper et al. 2004; Pyle et
al. 2005; Shan et al. 2004; Shan et al. 2002). We chose the Mx PEP for our study, based on
the comparative analysis of three PEP enzymes by Shan et al. (2004). However, Mx PEP is
susceptible to acidic pH and pepsin, and is most suitable for gluten detoxification in the
luminal environment of the duodenum (Shan et al. 2004). Thus, a system that delivers the
intact enzyme into the duodenum is needed. Here we have supported that LAB are
particularly well suited for this purpose. They were capable of producing PEP in the
simulated gut conditions, avoiding the previous synthesis and purification steps, thus
lowering treatment costs.

As has been proposed previously (del Rio et al. 2010b; Wells and Mercenier 2008), LAB
have evolved for mucosal delivery of therapeutic proteins. We have engineered L. casei, an
acid-tolerant and probiotic LAB that can colonize the gut, to produce Mx PEP at the site of
action. To achieve this goal, we had to integrate the pep gene stably into the chromosome,
keep the food-grade status of the strain, produce the enzyme in sufficient quantity
constitutively, and produce the enzyme both in the cytoplasm and in the extracellular media.
The two first challenges were overcome via the food-grade integrative system of Martin and
coworkers (Martin et al. 2000; Martin et al. 2004; Martin et al. 2011). This system was used
to deliver a codon-optimized gene encoding Mx PEP under the control of the constitutive
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apf promoter of Lactobacillus crispatus (Martin et al. 2011), and using the apf signal
peptide, it was possible to secrete the 76.8 kDa protein outside the cell.

The engineered strain totally degraded the immunogenic 33-mer peptide. Previously, it was
shown that the Mx PEP specifically cleaves the 33-mer post-proline into 4-7 amino acid
peptides (Shan et al. 2004); however, these degradation products were not detected by
LC/MS. This suggests that initial degradation of the 33-mer by Mx PEP may be rate
limiting. Subsequently, peptidases of the host strain may then quickly further degrade the
Mx PEP peptide products into their constituent amino acids. LAB are known to possess
oligopeptide transporters as well as a variety of intracellular peptidases, and it is likely that
the 33-mer is too large to be imported before its degradation by Mx PEP (Mazé et al. 2010;
Savijoki et al. 2006).

These features have potential implications for the use of the Mx PEP-secreting L. casei
strain in the detoxification of dietary gluten of CD patients. The engineered strain was
incubated with 100 ppm of the immunogenic 33-mer peptide and it was totally degraded in
12 h. As it was described the 33-mer represents approximately the 2.5% of the gliadin
(Comino et al. 2012) and this one is the 50% of the gluten content. Therefore, 100 ppm of
the 33-mer peptide would be roughly equivalent to 8000 ppm of whole gluten. Considering
that the daily gluten intake of a study population in the Netherlands was 13.1g (van
Overbeek et al. 1997), this strain could be a suitable therapy to hydrolyze the daily gluten
traces in the foods during digestion, because as we have supported this strain survived under
simulated GIT conditions, and retained the ability to secrete PEP (Fig. 7). Notably, milk
plays an important role in cell survival; in preliminary studies with the strain resuspended in
culture media or in saline solution, survival was significantly lower (data not shown).
Several studies have shown that the ability of LAB to survive GIT conditions is
considerably enhanced by milk (Conway et al. 1987; Charteris et al. 1998; Wang et al.
2012).

It is well known that LAB are members of the normal gastrointestinal microbiota (Axelsson
1998). Moreover, many LAB strains are used as probiotics, and are beneficial to the health
of their host (Tuohy et al. 2003). More recently, Lactobacillus species have been used to
treat inflammatory bowel diseases (Clarke et al. 2012). Our studies suggest that L. casel
IPLA1506 could be a good candidate for in vitro and in vivo assays in celiac models, and for
clinical trials in the future. Preclinical models have been highly useful to explore the
pathogenesis of CD and asses the efficacy of new therapies. In vitro approaches including
intestinal biopsy organ culture and cell lines were advantageous, however nowadays animal
models provide much information. Different species have been used as animal model of CD
including dogs, horses, monkeys, rats, rabbits and mice, even if none mimics all the features
of the disease (Marietta and Murray 2012; Schuppan et al. 2009; Stoven et al. 2013). Gluten
sensitive rhesus macaques are good for testing new therapies as the applicability of the
barley endoprotease, EP-B2 (Bethune et al. 2008) and new-born rats sensitised with INF-y
and fed gliadin evaluated the administration of a Bifidum strain (Laparra et al. 2013).
Nevertheless for our purpose the mice are good candidates due to their shorter lifespan, the
advances in their genetic manipulation and the ability to radically alter their intestinal
microbiota. Furthermore, a T-cell adjuvant effect of L. casel has been demonstrated in a
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mouse model of gluten sensitivity (D’Arienzo et al. 2008), and the potential of L. casei to
reduce gliadin-specific enteropathy has been observed in this same mouse model (D’ Arienzo
et al. 2011). In fact, administration of L. casel reduces villous atrophy and the abnormal
homeostasis of the gut mucosa.

In summary, we have engineered a food-grade strain of Lactobacillus casei to deliver Mx
PEP activity into the gut environment. The strain has stably integrated into the chromosome
a codon-optimized gene encoding Mx PEP, which is constitutively expressed and whose
product is secreted. The secreted enzyme degrades the immunotoxic 33-mer peptide that
plays a pivotal role in CD pathogenesis. This strain survives simulated gastrointestinal
transit while maintaining the ability to produce and secrete Mx PEP, and could be a good
system to deliver Mx PEP to the duodenum of celiac patients.
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The physical map and relevant features of plasmids pIPLA1503 (a) and pIPLA1506 (b) are
shown. Indicated are the ampicillin (Ap) and erythromycin (Em) resistance genes; the
integration region of bacteriophage A2 (int-attP); the p -recombinase binding sites (six); the
promoter, terminator and signal peptide of the aggregation-promoting factor gene of
Lactobacillus crispatus (Papf, ter and SPapf) and the prolyl endopeptidase gene of
Myxococcus xanthus (pep). Relevant restriction sites are also shown.
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Fig. 2. Effect of different carbon sourceson the growth and PEP production ofL. casei | PLA1503
and L. casei |PLA1506

L. casel IPLA1506 was grown at 37°C in CFB media with different carbon sources: glucose,
lactose and maltose. Panel (a) shows measurements of OD (600 nm) and pH values at a time
intervals of one hour under each carbon source. Discontinuous lines show the points were
the PEP activity was measured. Panel (b) shows the PEP production by L. casel IPLA1503
(left) and L. casei IPLA1506 (right) at three different points of the growth curve (5, 13 and
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24 h) in three different carbon sources (glucose, lactose and maltose). The enzyme activities
assays were performed in triplicate.
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Fig. 3. Time cour se of the PEP production of L. casel |PLA1506 at different pH
The L. casei IPLA1506 strain was grown through fermentations at free pH and diverse

controlled pH values: pH 5.0, pH 6.0 and pH 7.0. The PEP activity was determined in the
supernatant of cell culture.
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Fig. 4. SDS-PAGE analysis of the proteins secreted by L. casei BL23 and L. casei | PLA1506
The proteins of the supernatant of L. casel BL23 and L. casel IPLA1506 cultures were

precipitated and analysed by SDS-PAGE. Lane 1: L. casei BL23. Lane 2: L. casel
IPLA1506.

Appl Microbiol Biotechnol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alvarez-Sieiro et al.

(@

0,080
0,075
0,070
0,065
a 0,060
0,055
0,050
0,045

0,040

(b)
0,090
0,085
0,080
0,075
0,070

a 0,065
0,060
0,055
0,050
0,045
0,040

0,035

(c)
0,090
0,085
0,080
0,075
0,070
a 0,065
0,060
0,055
0,050
0,045

0,040

0,035

30,40

L. casei BL23

30,40 30,60 30,80

L. casei IPLA1503

30,40 30,60 30,80

L. casei IPLA1506

30,60 30,80

Page 20

31,40 31,60 31,80 32,00 32,20 32,40
Minutes

31,40 31,60 31,80 32,00 32,20 32,40
Minutes

31,40 31,60 31,80 32,00 32,20 32,40
Minutes

............... t 8h — t12h

Fig. 5. Hydrolysis of theimmunotoxic 33-mer peptide
The strains L. casei BL23 (a), L. casei IPLA1503 (b) and L. casel IPLA1506 (c) were

incubated with the 33-mer (25.5 pM) during 12 hours. Every four hours aliquots were
removed and the substrate concentration was monitored by RP-HPLC analysis.
Chromatograms show the hydrolysis time course of 33-mer peptide by the strains. The
complete chromatogram appears in a box with the substrate arrowed.

Appl Microbiol Biotechnol. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Alvarez-Sieiro et al. Page 21

34 33-mer standard 100713

34 L. caseiBL23, 0Oh
21709282

34 L.caseiBL23, 16h

13055928

31 L. casei IPLA1506, Oh

ion counts (x 10°)

22536748

34 L.casei IPLA1506, 8h

1 6028153

o i,

3{ L. caseiIPLA1506, 12h

1264820
0 e, o

7 8 9 10 11 12 13 13 14
Time (min)

—
nN
w o
.
o
o A

Fig. 6. LC-M Sanalysis of 33-mer proteolysis products
The strains L. casel BL23 and L. casel IPLA1506 were incubated with the 33-mer peptide

(25.5 uM) for 16 hours at 37°C. Aliquots were taken at the times shown and the analyzed by
LC-MS. After 16 hours of incubation with the IPLA1506 strain, the 33-mer is below the
instrument limit of quantification. The 33-mer peak is highlighted in gray, and labels
represent absolute ion counts.
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Fig. 7. Cell survival (a) and prolyl endopeptidase production (b) after gastric and
gastrointestinal stressesof L. casei | PLA1506

The L. casal strain IPLA1506 was resuspended in milk and submitted to simulated
gastrointestinal conditions to determine the cell survival. To simulate the gastric stress (G)
samples were incubated with lysozyme and pepsin in a decreasing pH values. To simulate
the gastrointestinal stress, samples taken from pH 5.0, pH 4.1 and pH 3.0 where further
incubated with bile salts and pancreatic enzymes during 20 (Gla) and 120 minutes (Gib).
Samples from Gia and Gib (*) were used as preinoculum in a new basal medium. After 4
hours of grow PEP activity was assayed in the supernatant of cell culture.
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Bacterial strains, plasmids and primers used in the present study.

Table 1

Material Relevant properties Eoifignce or
Bacteria
E. coli DHS11 Used for general cloning Gibco-BRL
L. casei BL23 Plasmid-free (16)
L. casei IPLA1503 intracellular PEP producer This work
L. caseilPLA1506  secreted PEP producer This work
Plasmids
pUC57-pep pUC57-borne, pep, ApR BiomedalS.L.
pEM76 pUC19-borne A2 int-attP, six, ApR, EmR (14)
pEM94 pG + host9-borne, &4-recombinase gene, CmR (29)
pUK21 pUC derivative, lacZ, KmR (28)
pEM182 pEM76-borne, pAF100 cassette (26)
plJ2925 pUC19-borne, lacZ, ApR 27)
pEM1214 pUK21-borne, promoter region of apf This work
pEM1215 plJ2925-horne, terminator region of apf This work
pEM1253 pUK21-borne, promoter region and signal peptide of apf This work
pEM1254 plJ2925-borne, promoter and terminator regions of apf, ApR ~ This work
pEM1262 plJ2925-borne, promoter and termination regions and signal ~ This work
peptide of apf, ApR
pIPLA1258 pEM76-borne, promoter and terminator regions of apf, EmR  This work
pIPLA1265 pEM76-borne, promoter and termination regions and signal ~ This work
peptide of apf, EmR
pIPLA1500 pUK21-borne, pep, KmR This work
pIPLA1503 pIPLA1258-borne, pep, EmR This work
pIPLA1506 pIPLA1265-borne, pep, EmR This work
Primers
attl 5’-AGCAGGACGAGAAAGCAATGAATGT-3’ (20)
att7 5’-GCCGGTGTGGCGGAATTGGCAG-3’ (20)
Papf-BgllIF 5’-GAAGATCTGGATAAGGCAGAATAATGGAAT-3’ This work
PapfSP-NcolR 5’-ACCTGGGCATCCATGGCCGGCTGGG-3’ This work
Papf-NcolR 5’-GATTTAATTTCCATGGAAATTCTCTCC-3’ This work
term-XbalF 5’-GGGTCTAGAGAGGAGCTCTCAACTGTAAG-3’ This work
term-EcoRIR 5’-CGGAATTCCTTGAACCGTTTGTGGTGTCGTTT-3” This work

ApR, Ampicillin resistance gene Cm

Appl Microbiol Biotechnol. Author manuscript; available in PMC 2015 August 01.

Page 23

R, chloramphenicol resistance gene. EmR, erythromicyn resistance gene. KmR, kanamycin resistance gene,
apf, aggregation promoter factor gene from Lactobacillus crispatus, pep, prolyl endopeptidase gene from Myxococcus xanthus.



